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1. General Introduction
Biological membranes are selective barriers that enclose all cells and (most) organelles, 
separating the internal from the external. A membrane consists of a lipid bilayer and em-
bedded proteins. The bilayer itself is arranged such that the hydrophobic phospholipid 
tails pack in the interior of the membrane, insulated from the aqueous internal and exter-
nal environments by hydrophilic lipid head groups. In isolation, these properties render 
bilayers selectively permeable, with small, nonpolar molecules crossing most readily but 
ions and other polar molecules being essentially impermeable. This serves the important 
functions of trapping biomolecules inside of the cell or organelle as well as defending 
the cell against the environment. Because the lipid bilayer is such an effective barrier to 
biomolecules, membrane-embedded proteins have evolved transport processes to import 
and export a wide variety of solutes across the membrane, including ions, carbohydrates, 
peptides, drugs, and even folded proteins [1]. The inability of charged molecules to diffuse 
easily across the membrane gives rise to asymmetries in the number of molecules, pH and 
charge (ionic strength). 

Membrane proteins are highly abundant and are thought to be encoded for by as much 
as 30 % of the human genome [1]. Membrane transport proteins can be generally clas-
sified as carriers (transporters) or channels (Fig. 1). Transporters operate via a series of 
conformational changes to bind and release a substrate molecule on opposite sides of the 
membrane, in such a way that a defined substrate-binding site can only be accessed from 
one side of the membrane at a time. This is known as the “alternating-access mechanism”, 
a model first proposed over 50 years ago [2] that is supported by substantial biochemical 
and structural evidence [1,3]. On the other hand, the substrate of a channel may be ac-
cessed from both sides of the membrane simultaneously and therefore only permits the 
flow of molecules down their concentration gradients [4].

Transporters can be further sorted based on their transport mechanism into uniport-
ers (facilitators), primary active transporters, and secondary active transporters, each of 

Figure 1: Schematic illustrations of membrane transport proteins. Comparison of channels and trans-
porters shows that transporters undergo an alternating-access mechanism whereas channels are gated pores. 
Adapted from [1].
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which utilize a different energy source to drive transport. Active transporters catalyze 
the translocation of specific substrates across the membrane against their concentration 
gradients and are driven either by directly using a metabolic energy source such as ATP 
(primary transport) or by taking advantage of the electrochemical gradient(s) across the 
membrane (secondary transport). Facilitators transport a solute down its concentration 
gradient, but are distinct from channels due to their alternating-access mechanism.

2. What is secondary transport?
Secondary transporters couple the transport of its specific substrate to the energy stored in 
the transmembrane electrochemical potential of another solute, typically protons (H+) or 
sodium ions (Na+). Primary transporters such as ATP-driven proton pumps, which main-
tain the cytoplasm at a neutral or slightly alkaline pH [5], must first generate these gradi-
ents. In mitochondria and bacteria with respiration the electrochemical proton gradient 
is typically generated by oxidation of a substrate via an electron transfer chain. This then 
leads to a transmembrane proton gradient (ΔpH) that, together with the electrical poten-
tial (ΔΨ), can provide the energy for secondary transport. The result of coupling substrate 
translocation to an ion gradient is uphill transport, which leads to concentration of the 
transporter’s substrate on the opposite side of the membrane. Secondary transporters fall 
into three classes: symporters, which transport both the substrate and coupling molecules 
in the same direction, antiporters, which transport the two molecules in opposite direc-
tions, and uniporters, which transport the substrate down its concentration gradient; in 
case the substrate of a uniporter carries a charge, the transport will be influenced by the 
ΔΨ. In the remainder of this chapter, the focus will be primarily on proton-coupled sym-
porters.

2.1. Examples of proton-coupled symporters

The Major Facilitator Superfamily (MFS) is one of the largest superfamilies of membrane 
proteins, members of which catalyze the symport, antiport, or uniport of a diverse set 
of substrates and are found in all three domains of life [6,7]. Many MFS proteins do not 
have significant sequence similarity, but they share a common structural fold consisting 
of 12 transmembrane α-helices (TMs) arranged in two domains of six TMs, the N- and 
C- domain. These domains are related by a quasi two-fold symmetry axis perpendicular to 
the membrane, and each domain consists of alternating inverted 3-TM repeats [8]. It has 
been suggested that MFS transporters evolved to have such dissimilar sequences by using 
“mix-and-match” intragenic multiplication of these 3-TM bundles [9,10].

As the MFS is one of the largest superfamilies, it also contains some of the best-studied 
secondary transporters. The Escherichia coli proton-galactoside symporter LacY is argu-
ably the most thoroughly-investigated, having been the first membrane transport protein 
of which the gene was cloned and sequenced [11,12], and the purified transporter was 
reconstituted into proteoliposomes for in vitro studies [13-15]. Extensive biochemical, 
biophysical, and structural characterization of LacY and its mutants have made this pro-
tein the archetype of the MFS [16,17]. LacY is part of the Oligosaccharide:H+ Symporter 
(OHS) family [7].
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The Sugar Porter family (SP) is another well-studied family within the MFS and con-
tains both uniporters and proton-coupled symporters, including the mammalian glucose 
uniporters GLUT1-GLUT5, the proton-coupled xylose transporter XylE, and the yeast 
proton-coupled maltose permease Mal11. Owing in part to their relevance in human 
health and disease, the GLUTs have been studied extensively and served as early models 
of nutrient transporters [18,19]. Detailed kinetic and mechanistic studies have also been 
performed with other proton-coupled SP symporters, namely the E. coli galactose trans-
porter GalP [20,21] and the hexose transporter Hup1 from C. vulgaris [22]. So far, five 
SP proteins have had their structures elucidated by X-ray crystallography in at least one 
conformation [23-30]. This has permitted detailed structure-guided mechanistic analysis 
for this family [19].

Another family of the MFS is the Glycoside-Pentoside-Hexuronide (GPH) family [31]. 
The bacterial melibiose symporter MelB can use H+, Na+, and Li+ as coupling ion and is 
regulated by IIA, a component of the PEP-dependent phosphotransferase system (PEP-
PTS). The Streptococcus thermophilus lactose symporter LacS, on the other hand, con-
tains a C-terminal domain that is homologous to IIA and is controlled by PTS-dependent 
phosphorylation [32]. Furthermore, LacS can only use the proton gradient for coupled 
transport and can carry out lactose/galactose exchange without the net movement of pro-
tons [33]. The lactose/galactose exchange has an important physiological role, because ga-
lactose is not metabolized by S. thermophilus (and some other bacteria) and the exchange 
reaction is much faster than the proton symport. The structure of MelB from Salmonella 
typhimurium was recently solved and has shed light on cation selectivity by this unique 
family of transporters [34].

2.2. Conformational changes and proton-coupling mechanisms

Transporters are essentially enzymes that, instead of changing the chemical nature of a 
substrate, catalyze the movement of molecules from one side of the membrane to the 
other. Transporters must complete a series of conformational changes in order to perform 
this task, whereby the substrate and co-substrate bind to the open, apo transporter, at 
which point a major conformational shift switches the substrate accessibility from one 
side of the membrane via an occluded state to the other side and permits dissociation of 
the substrates [1,3]. This is known as the alternating-access mechanism, and the numer-
ous functional transition states may be populated to varying extents during the trans-
port cycle. The occluded intermediate is a key property of transporters, whereby the sub-
strate-binding cavity is fully shielded from the surrounding milieu by protein mass. Before 
crystal structures were available, a wide range of biochemical and biophysical techniques 
already strongly supported alternating access in LacY [35]. Structural studies have since 
revealed several distinct types of alternating-access mechanisms in secondary transport-
ers (reviewed in [36]) and distinct conformational states are available for proteins exhibit-
ing the MFS fold [19,37], LeuT fold [38-42], and the SLC1 family [43-49].

Facilitating these conformational changes are gates that are distinct in transporters from 
the concept of “gating” in channels, in which a gate can open or close the channel pore in 
response to a stimulus. Transporter gates are instead structural components of the trans-
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porter that separate the substrate-binding site from the surroundings at some point in the 
transport cycle [3]. For MFS proteins, gates have been proposed to come in “thick” and 
“thin” varieties, whereby the former occludes access to the trans side of the membrane and 
are associated with the major conformational change from outward-facing to inward-fac-
ing and vice versa, whereas the latter is not associated with such large-scale conformation-
al changes but still regulates accessibility to the substrate [50]. This has been termed the 
“clamp-and-switch” model for conformation cycling in MFS proteins and is supported 
by structural data (Fig. 2) [23,25-30]. Molecular dynamics simulations and biophysical 
studies for a number of secondary transporters have supported this model of flexible gates 
[51-54].

One of the defining features of coupled symport is that the substrate and co-substrate are 
always transported together, and therefore the protein may only alternate access in either 
the presence or absence of both substrates. This thus requires that the protein remains 
in a “locked” state when only one of the two is bound (see Section 2.5, “Leak pathways”, 
for deviations from this rule). The intricacies of how a symporter (or antiporter) can be 
locked and unlocked remains an open question in the transport field. However, crystal 
structures provide clues for this. For instance, the Na+ or H+-coupled melibiose trans-
porter MelB from Salmonella typhimurium was crystallized in two conformational states, 
which revealed that the formation of the distinct sugar-binding site and cation-binding 
site are interdependent; in one structure, a properly-formed sugar-binding site coincides 
with a pyramidal cation-binding site, whereas the other structure shows signs that both 
binding sites are collapsed [34]. The mechanism of proton coupling by the E. coli xy-
lose symporter XylE has also been speculated upon based on several crystal structures 
[23,25,27] and comparison with the human a glucose uniporter homologues [26,28]. It 
appears that sugar binding to XylE can cause part of the extracellular gate to close, howev-
er the protein cannot undergo the transition from outward-facing to inward-facing with-
out protonation of a conserved acidic residue (Asp-27) in TM1 due to interaction between 
the deprotonated aspartate and a conserved arginine (Arg-133) [37]. Upon protonation 
of Asp-27, Arg-133 is free to form cation-π interactions with a conserved tyrosine in the 
C-domain that constitutes part of the extracellular gate in the inward-facing conforma-
tions of GLUT1, GLUT5, and XylE [26,28,29,37]. The equivalent position to Asp-27 in 
the uniporters GLUT1 and GLUT3 is asparagine, which may be viewed as a permanently 
protonated aspartate, and does not interact with the conserved arginine. It thus appears 
that Asp-27 in XylE provides a coupling mechanism by which protonation facilitates the 
outward-to-inward conformational change. Furthermore, molecular dynamics simula-
tions have shown that a significant energy barrier exists for the transition between out-
ward-facing and inward-facing for the protonated XylE in the absence of substrate (EoH 
to EiH and vice versa), whereas this barrier is absent for the deprotonated carrier (Eo to 
Ei and vice versa), which fulfills the role of preventing proton slippage without substrate 
while permitting the required transition of the empty carrier [55].

2.3. Energetics and kinetics of proton-coupled symport

Proton-coupled symport of a neutral solute is driven by the electrochemical proton gra-
dient (Δ       ), which is composed of a transmembrane pH gradient (ΔpH) and membrane 
potential (ΔΨ); the proton motive force (Δp) is represented by the following equation:
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Figure 2: A schematic of the clamp-and-switch model of alternating-access transport by Sugar Porter prote-
ins. First, a flexible interdomain “thin” gate closes the translocation path to occlude the substrate-bound central 
cavity of the protein from the extracellular environment (“clamping”). Next, the N-domain and the C-domain 
rotate around an axis passing through the central cavity such that the transporter is open to the inside of the cell, 
where the substrate can then be released. The thin gate on the intracellular side of the protein then precedes the 
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(1)

where R is the gas constant (8.314 J·mol-1·K-1), T is the absolute temperature in Kelvin, 
and F is the Faraday constant (9.649 × 104 C·mol-1). Note that the driving force of trans-
port will change depending on the charge of the substrate and the stoichiometry between 
substrate and coupling ion [56]. For instance, anionic glutamate-proton symport (electro-
neutral transport) is driven only by the ΔpH, where lysine-proton symport is driven by 
two times ΔΨ plus one time ΔpH. The two components ΔpH and ΔΨ obviously provide a 
thermodynamic basis for transport, but they are also known to act kinetically in different 
capacities on transporters. For instance, in a recent comparison of lysine uptake into pro-
teoliposomes containing proton-coupled lysine transporters from S. cerevisiae (Lyp1) or 
S. typhimurium (LysP), it was shown that transport by Lyp1 was highly dependent on ΔΨ 
regardless of whether a ΔpH was present, whereas transport by LysP occurred with only 
ΔpH in the absence of ΔΨ [57].

Because transporters behave as enzymes, it is often useful to describe substrate transloca-
tion using Michaelis-Menten kinetics with a Km and Vmax. Solute accumulation is achieved 
because the uphill transport of the solute is coupled to the downhill transport of an ion. 
Additionally, transport in a given direction can be favored by asymmetry in the kinetics: 
(1) the substrate-binding affinity (KD) on the outside can be different from that on inner 
surface of the membrane; (2) the Km of transport from in to out can be different than out 
to in, e.g. as shown for Lyp1 from S. cerevisiae [57], and may be related to (1); (3) the ex-
change reaction is favored over solute-proton symport when the rate constant of EoSH to 
EiSH is larger than that of Ei to Eo, e.g. as shown for LacY and LacS; or (4) a combination 
of (1), (2) and (3). For LacY, the Km for efflux is as much as 40-fold higher than that for 
influx [58], but there is remarkably no significant difference in KD of lactose binding to 
right-side-out and inside-out LacY vesicles, in both the presence and absence of  
[59]. It has therefore been proposed that the primary effect of  on LacY is to increase 
the rate of proton release at the inner face of the carrier, thereby permitting a more rapid 
transition to an outward-facing conformation [17]. However, this is not necessarily true 
for (many) other transporters, as the Hup1 hexose-proton symporter from Chlorella vul-
garis shows a 100-fold difference in Km and an estimated 70-fold difference in KD [60]. 
Combined with an approximately 20-fold slower transition from Eo to Ei than the oppo-
site conformational change, Hup1 appears to follow scenario (4) [60]. Unfortunately, only 
these two proton-coupled symporters have been sufficiently studied to be able to describe 
their behavior in such detail.

2.4. Comparison of coupling ions

The two most common coupling ions are H+ and Na+, and cells maintain gradients of each 
across most biological membranes. The electrochemical sodium gradient ( ), which 

return to an outward-facing conformation and thus completes the transport cycle. Surrounding the schematic 
are crystal structures of Sugar Porter transporters in the conformations shown in the model. PDB codes for each 
structure are as follows: rGLUT5, 4YBQ; maltose-bound outward-open hGLUT3, 4ZWC; xylose-bound out-
ward-occluded XylE, 4GBY; maltose-bound outward-occluded hGLUT3, 4ZWB; cytochalasin-bound hGLUT1, 
5EQI; inward-open XylE, 4QIQ; bGLUT5, 4YB9; inward-occluded XylE, 4JA3. Illustration of the transport mo-
del was adapted from [50].
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is composed of a transmembrane sodium gradient (ΔpNa) and membrane potential (ΔΨ); 
the sodium motive force (Δs) is represented by the following equation:

(2)

where R, T and F have the same meaning as in Eq. (1). There is no obvious trend relat-
ing the coupling ion with the transported solute; a transporter for a given solute may be 
proton-coupled in one organism and sodium-coupled in another, and both may even be 
present in the same organism [61]. Indeed, there does not appear to be any predominant 
energetic advantage to one over the other, except that membranes are more permeable to 
protons than to sodium ions and it thus is more costly to maintain a ΔpH than a ΔpNa 
especially at higher temperatures [62]. Ultimately, environmental factors such as tempera-
ture, salinity, and pH appear to be the most significant in influencing the evolution of cat-
ion specificity [61]. For instance, transport in marine organisms is typically coupled to Δs, 
whereas organisms growing at low pH values, which need to generate a large ΔpH to keep 
the internal pH around neutral, use the Δp. An additional consideration is that the con-
centration of protons (pH) can affect a proton-coupled transporter beyond coupling-site 
saturation, namely that any solvent-exposed titratable residue may become protonated 
or deprotonated. Such allosteric effects of pH can influence enzyme kinetics or protein 
stability, leading many secondary transporters to have bell-shaped pH-dependent activity 
profiles where, regardless of the magnitude of ΔpH, coupled transport rates diminish at 
high and low pH values [63].

Interestingly, the same family of transporters may include proton- and sodium-coupled 
transporters, with some proteins able to use both ions interchangeably. This promiscuity 
has been observed in the mammalian sodium-glucose symporter SGLT1 [64] and perhaps 
the most striking example of this is the Glycoside-Pentoside-Hexuronide (GPH) family, 
which is part of the Major Facilitator Superfamily (MFS). Cation selectivity in this family 
can vary significantly between members and even for the same protein transporting dif-
ferent substrates. The E. coli transporter MelB catalyzes transport of melibiose using H+, 
Na+, or Li+ but can only use the latter two for transport of lactose, and the S. thermophilus 
LacS can only catalyze proton-coupled symport of melibiose and lactose, among other 
substrates [31]. Biochemical data demonstrate that these cations compete for a single 
binding site in MelB [65] and the crystal structure of MelB from S. typhimurium, which 
shares cation selectivity and more than 85 % sequence identity with the E. coli MelB [66], 
reveals cation-binding residues arranged in a trigonal bipyramidal geometry known to 
bind metals [34,67,68]. Additionally, single amino acid mutations can lead to shifts in 
cation selectivity or the introduction of leak pathways (see Section 2.5, “Leak pathways”) 
[31,34]. The existence of families with both sodium and proton coupling led to the pro-
posal that H3O

+ could the transported species rather than H+, or at least could play a role 
in protons binding to, or translocation through, the protein, due to its steric similarity to 
Na+ [31,69,70].

2.5. Leak pathways

Thermodynamic equilibrium for the accumulation by a symport mechanism of a neutral 
substrate that is coupled with 1:1 stoichiometry to the electrochemical proton gradient 
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can be described by the following equation:

(3)

where Z = 60 mV. If Δp is -240 mV then 104-fold accumulation of the solute inside the 
cell is possible if thermodynamic equilibrium is reached. For a protein with perfect cou-
pling, where no substrate or co-substrate is transported in the absence of the other, this 
accumulation is concentration-independent. At low concentrations, this likely poses no 
threat to the cells and may be necessary for rapid metabolism. However, at high concen-
trations, if there are no intervening factors preventing uncontrolled uptake, a potentially 
lethal osmotic pressure can build up inside the cells, as has been demonstrated for yeast 
during glycine uptake under specific conditions; a 5 × 104-fold accumulation of glycine 
was observed before cell lysis occurred [71]. The osmotic pressure difference (Δπ) can be 
calculated with the following equation:

(4)

where R = 0.08206 L·atm/mol·K and T is absolute temperature (K). A difference in solute 
concentration between the inside and outside of the cell of 40 mM amounts to a pressure 
difference of about 1 atm, thus with 5 × 104-fold accumulation and 0.01 mM of substrate 
on the outside the internal concentration would increase the internal concentration to 500 
mM and generate an additional 12.5 atm of osmotic pressure.

The phenomenon of excessive accumulation, sometimes referred to as ‘substrate-accel-
erated death’, was similarly observed during uptake of maltose into S. cerevisiae grown 
in maltose-limited conditions [72] and has also been reported in several bacteria for nu-
merous metabolites [73-76]. To avoid this, numerous examples of regulation mechanisms 
are in place to control nutrient uptake at the levels of gene expression and the activity of 
the transporters themselves. In many eukaryotic plasma membrane proteins, for instance, 
inactivation or removal of carriers from the membrane is common; in S. cerevisiae, sev-
eral sugar transporters undergo rapid inactivation and/or degradation in the presence of 
glucose [77-80] and several processes regulate the levels of amino acid permeases [81,82]. 
E. coli also has similar mechanisms of catabolite-regulated inhibition and repression [83]. 
Finally, the substrate accumulated by the cell can act as an inhibitor of the transporter, a 
phenomenon known as trans-inhibition [84-86].

Another strategy to avoid toxic levels of substrates inside the cell is by introduction of a 
leak pathway through the protein that permits efflux of the molecule when the intracel-
lular concentration becomes too high [87]. Indeed, a reduction in steady-state accumu-
lation ratio ([solute]in/[solute]out) with increasing extracellular substrate concentration is 
historically well-documented, including for E. coli transport of thiogalactosides [88,89] 
and arabinose [90], hexose uptake in the eukaryotic C. vulgaris [60], sugar transport in S. 
thermophilus [33], for maltose in yeast membrane vesicles [91], and for some amino acids 
in yeast [87] and cancerous mouse cells [92,93]. We distinguish between two types of 
leak pathways: those mediated by the transporter in question, termed “internal leaks”, and 
those that are not, or “external leaks”. External leaks may simply be passive diffusion of the 
substrate across the membrane, as can be envisioned for weak acids (Gabba et al, unpub-
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lished), or may involve other transporters. It should be noted that membrane permeabil-
ity may vary significantly between different organelles and organisms [94]. Hereafter, we 
present in detail the internal leak pathways of transporters.

In the absence of significant passive diffusion or additional transporters, one must con-
clude that translocation through the protein of interest is responsible for efflux of substrate 
and the apparent reduction of the steady-state accumulation ratio from what would be 
predicted at thermodynamic equilibrium. Internal leak, also referred to as “slippage”, rep-
resents a deviation from perfect coupling. As discussed in Section 2.2: “Conformational 
changes”, a canonical symporter should be able to alternate access between the two sides 
of the membrane only when neither substrate nor co-substrate are bound and when both 
substrate and co-substrate are bound, but never when only one is bound in the absence of 
the other (Fig. 3A). Any transport of one without the other would be an energetic waste, 
as it would create futile transport cycles and dissipate the electrochemical gradients gen-
erated by the cell, and would be disadvantageous to cells in many circumstances. How-
ever, slippage could be crucial to proper cell function, or even survival, under conditions 
of transitory high intracellular accumulation or large transmembrane ion gradients by 
acting as a sort of safety valve [95]. Clearly, we can see that the steady-state accumulation 
level achieved by cells or transporters analyzed in membrane vesicles is not necessarily at 
thermodynamic equilibrium, but rather represents a kinetic steady-state that results in a 
lower accumulation ratio than what would be predicted by thermodynamics alone. It is 
therefore dependent on the driving forces acting upon the system, the magnitude of leak 

Figure 3: Kinetic schemes of secondary transport. (A) A well-coupled symporter with random order of subs-
trate (S) and co-substrate (H) binding can only make the transition between outward-facing and inward-facing 
when neither or both substrates are bound. Leak pathways exist when a transporter can make this transition in a 
binary complex with either (B) the substrate (ES-leak) or (C) the coupling substrate (EH-leak). (D) A transporter 
in which both binary complexes can re-orient between inward- and outward-facing conformations. 
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pathways, and the kinetic characteristics of the transporter [96]. Kinetic mechanisms have 
been proposed to explain this kinetic steady-state, distinguishing between the two vari-
ants of mobile binary complexes: enzyme-substrate (ES) and enzyme-co-substrate (EH). 
Figure 3B and 3C show kinetic schemes of a transporter with an ES and EH leak, respec-
tively, with a random order of substrate and co-substrate binding and release; in cases with 
apparently non-random binding order, some transitions in the kinetic schemes are likely 
negligible [97,98]. The ES-leak and EH-leak can result in overlapping phenotypes under 
certain conditions, namely that both leak types can transport substrate without co-sub-
strate and vice versa. The two types of leaks are not necessarily mutually exclusive, which 
may further confound experimental interpretation and can be represented by the kinetic 
diagram in Figure 3D. The type(s) of leak can be elucidated only with detailed kinetic 
analysis of the protein using different modes of transport (uptake, efflux, and exchange) at 
a range of substrate concentrations, pH values, and magnitudes of driving force [97,99].

Mutagenesis has proved an effective tool in the study of coupled transport. LacY is un-
doubtedly the most extensively mutated secondary transporter and its leak mutants have 
been categorized based on the observed phenotypes: 1) transport of sugar without pro-
tons; 2) transport of protons in the absence of sugar; 3) proton slippage in the presence 
of sugar [100]. For mutants from the first phenotype, which are characterized by a lack of 
lactose accumulation (coupled transport) while downhill transport is rapid, it is unclear 
whether they are ES-leak or EH-leak, based on current experimental evidence. The second 
category, containing mutants including LacY-A177V, can be considered EH-leak mutants 
and are identified by a reduced Δp in cells expressing these mutant transporters [101]. 
The third category, best represented by LacY-A177V/K319N, likely fits the ES-leak type 
model in which sugar is transported into the cell together with protons but subsequently 
effluxes without protons, leading to reduction in the sugar concentration gradient but also 
of the Δp [102,103]. In some proton-coupled symporters, mutation of a key acidic residue 
to a neutral variant leads intuitively to an ES-leak mutant in which proton-binding no 
longer can occur in the catalytically-relevant position, effectively converting a solute-pro-
ton symporter into a solute uniporter. However, such a mutation often leads to transport 
deficiencies beyond only coupling. For example, in the Sugar Porter (SP) family, there is a 
conserved aspartate in TM1 of most proton-coupled symporters that is often an asparag-
ine among the uniporters, implying that this residue is key for proton coupling. Activity 
was fully abolished in a number of these SP symporters upon mutation of this acidic res-
idue [21,24,27,104]. Recent work with XylE has demonstrated that conversion of a sym-
porter to a uniporter is not as simple as replacing the proton-binding acidic residue with 
a neutral amino acid, as symporters and uniporters have other distinct structural features 
that affect the thermodynamics and function of the protein [55]. Furthermore, GLUT12 
and the S. epidermidis glucose transporter GlcPSe, which contain an aspartate in this posi-
tion, can catalyze both uniport, symport, and partial coupling under different conditions 
[24,105,106]. It has been suggested that GlcPSe represents an evolutionary intermediate 
between uniporters and symporters, as it has a conserved proton-binding site but lacks 
the pKa-modulating residue found in XylE [106].

Substrate slippage in wild-type transporters is not uncommon. The bacterial proton-ga-
lactoside symporter LacS has been shown to contain an ES-leak that can be increased by 
mutation of Glu-379 [33,99]. LacS-E379D and E379A/Q all have normal downhill uptake 
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but have reduced (E379D) or abolished (E379A/Q) substrate accumulation, thus display-
ing characteristic uncoupled transport. Hup1 from C. vulgaris has also been suggested 
to contain a native substrate leak [22]. Interestingly, coupling is fully abolished in the 
presence of the antibiotic nystatin, which interacts with sterols in the membrane but does 
not form pores [107-109]. This may imply the native leak of Hup1 is associated with the 
presence or absence of sterols. Mutation of a conserved aspartate to glutamate does not 
amplify the effects of the ES leak as in LacS; rather, Hup1-D44E causes a significant shift in 
the pH dependence of activity from an optimum of pH 4.5 to about pH 7.0 [110]. Cation 
slippage has been observed in a number of wild-type eukaryotic primary and secondary 
active transporters [95]. The proton-coupled metal ion transporter DCT1 displays sig-
nificant variability in its coupling stoichiometry, ranging from unity to 18 protons per 
Fe2+ [95,111]. Impressively, the single mutation F227I significantly reduced slippage of H+ 
without affecting metal transport [112]. By contrast, the low-level proton slip mediated by 
the human folate symporter PCFT (SLC46A1) significantly increased with the mutation 
H247A [113]. The opposite was found for several single mutations in LacY, which cause a 
proton slip in an otherwise well-coupled transporter [114,115].

3. Conclusion
Secondary active transporters are thermodynamic machines that in many cases convert 
an electrochemical ion gradient into a substrate (Sin > Sout) or product gradient (Pin > Pout). 
While they are driven thermodynamically, kinetic information is necessary to fully un-
derstand the transport mechanism. When combined with the growing number of trans-
porter structures, and in particular the same transporter in multiple conformations, de-
tailed mechanistic models become much more attainable. Some systems are well coupled, 
but many transporters have leak pathways that may serve important biological functions, 
such as acting as a release for dangerously high intracellular solute levels, or may exist as 
evolutionary remnants of an energetically-coupled ancestral protein. These leak pathways 
can be manipulated by mutagenesis to increase or decrease their impact under various 
conditions. Additional research in the future should focus on acquiring a better under-
standing of the differences between homologous uniporters, symporters, and antiporters 
to gain insight into coupling mechanisms and allow for the engineering of interconver-
sion between transport mechanisms for applications in biotechnology (e.g. engineering of 
cells for product export, obtaining cultures with higher yield without compromising cell 
physiology, etc).
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Abstract
Mal11 catalyzes proton-coupled maltose transport across the plasma membrane of Sac-
charomyces cerevisiae. We used structure-based design of mutants and a kinetic analysis of 
maltose transport to determine the energy coupling mechanism of transport. We find that 
wildtype Mal11 is extremely well coupled and allows yeast to rapidly accumulate maltose 
to dangerous levels, resulting under some conditions in self-lysis. Three protonatable res-
idues lining the central membrane-embedded cavity of Mal11 were identified as having 
potential roles in proton translocation. We probed the mechanistic basis for proton cou-
pling with uphill and downhill transport assays and found that single mutants can still 
accumulate maltose but with a lower coupling efficiency than the wildtype. Next, we com-
bined the individual mutations and created double and triple mutants. We found some 
redundancy in the functions of the acidic residues in proton coupling and that no single 
residue is most critical for proton coupling to maltose uptake, unlike what is usually ob-
served in related transporters. Importantly, the triple mutants were completely uncoupled 
but still fully active in downhill efflux and equilibrium exchange. Together, these results 
depict a concerted mechanism of proton transport in Mal11 involving multiple charged 
residues.

Chapter 2
Proton-solute coupling mechanism of the 
maltose transporter from Saccharomyces 

cerevisiae
Ryan K. Henderson and Bert Poolman

Published in Scientific Reports 2017, 7:14375
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Introduction
The first step of sugar metabolism in yeast typically involves transport of the molecule 
into the cell. Monosaccharides like glucose, fructose, and galactose are transported by fa-
cilitated diffusion [80], whereas disaccharides like maltose are taken up by a proton-cou-
pled symport mechanism [91,116]. There are five known maltose-H+ symporters in the 
MAL family [80]. Uniquely, Mal11 catalyzes the proton-coupled symport of a broad 
range of substrates containing an α-glucosyl moiety including maltose, sucrose, treha-
lose, maltotriose, and others [91,116-118]. Mal11 is a member of the Sugar Porter family 
(TCDB 2.A.1.1) of the Major Facilitator Superfamily (MFS) (http://www.tcdb.org). While 
homologous transporters do exist, much of the family exhibits low sequence identity, and 
the defining differences between a uniporter and a symporter are not apparent from se-
quence information. MFS proteins catalyze the transmembrane transport of a wide range 
of substrates and are found across the three domains of life [6]. Most MFS transporters 
consist of 12 transmembrane helices (TMs) and carry out downhill facilitated diffusion of 
substrate or couple the uphill movement of substrate to the electrochemical gradient of a 
co-substrate such as H+ or Na+ in a symport or antiport mechanism [37]. 

The canonical model of MFS symport is the alternating access mechanism, whereby bind-
ing of both substrates triggers a conformational change in the protein to alternately ex-
pose the substrate binding site(s) to the outside and inside of the cell. Importantly, this 
conformational change is permissible in the substrate-free state and the ternary complex 
(both substrates bound) but is forbidden when only one substrate is bound (Fig. 3A of 
Chapter 1), as substrates or ions would otherwise leak into or out of the cell [3,97]. Recent 
structural studies have supported this symport model with evidence for gates that lock the 
transporter in an inward-facing or outward-facing conformation (reviewed in [50]). How-
ever, exceptions to this idealized view of symport have previously been uncovered through 
mutagenesis studies. Mutation of a single amino acid residue can significantly alter the 
coupling properties of a transporter, changing the apparent stoichiometry of transported 
substrate to co-substrate. This is caused by “leak” pathways, whereby the locked binary 
complex of substrate (or ion) with transporter becomes statistically more likely to unlock 
and thus transport one substrate down its concentration gradient in the absence of the 
other (Fig. 3B of Chapter 1) [97]. Examples found through the extensive mutagenesis 
of the Escherichia coli lactose transporter LacY include mutants with proton leaks in the 
absence of substrate [101,103] and mutants with substrate transport without proton trans-
port [115]. Typically, one acidic residue plays a critical role in coupling solute and proton 
cotransport in secondary transporters. In LacY, this residue is Glu-325, which is required 
for (de)protonation of the transporter. Mutants with neutral substitutions to Glu-325 of 
LacY or to Glu-379 of the Streptococcus thermophilus lactose transporter LacS are unable 
to carry out transport steps involving proton translocation but can still catalyze exchange 
and counterflow of lactose [17,99].

In this study, we first created a de novo structural model of Mal11 based on evolutionary 
co-variation of residues in the Sugar Porter family of MFS transporters, using the EVfold 
server [119,120]. We performed site-directed mutagenesis of key acidic residues present 
in the membrane domain of Mal11. The data indicate that the transmembrane acidic res-
idues E120, D123, and E167 are all required for effective coupling of maltose and proton 
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co-transport. Importantly, triple mutants of the three acidic residues are completely de-
ficient in uphill maltose transport but retain full downhill efflux and exchange activity. 
Mutation of any or all of these three acidic residues introduces a substrate leak pathway 
into the maltose transporter. Together, these results suggest a mechanism involving at 
least three acidic residues to ensure proper proton coupling to maltose transport.

Materials and Methods

Yeast strains and growth conditions
S. cerevisiae IMK289 [121], derived from CEN.PK102-3A (MATa MALx MAL2x MAL3x 
leu2-112 ura3-52 MAL2-8C) by replacement of the maltose metabolizing loci MALx1, 
MALx2, MPH2, and MPH3 with loxP, and BY4742 (MATα his3Δ1 leu2Δ0 lys2Δ0 ura3Δ0) 
[122] were used to express variants of Ma11. Synthetic complete drop-out media lacking 
uracil (Ura) and/or leucine (Leu) were made using yeast nitrogen base without amino ac-
ids and the appropriate Kaiser amino acid drop-out supplement (both from Formedium) 
and either 2 % (w/v) glucose (SD) or raffinose (SR). For microscopy and transport exper-
iments, overnight cultures of yeast grown at 30 °C in selective SD media were diluted in 
selective SR media and induced with 0.2 % (w/v) galactose the next morning, when cells 
were still in the exponential phase of growth. The cells were grown an additional 2 h (for 
BY4742 strains) or 2.5 h (for IMK289 strains) before being harvested by centrifugation.

Plasmids and DNA manipulation
Genomic DNA was isolated from BY4742 using a commercially available plasmid pu-
rification kit (BIOKÉ, Leiden, The Netherlands). We amplified the backbone of pFB001 
[57], using primer pair 5273/5274, and the MAL11 gene from BY4742 genomic DNA, 
using primer pair 5271/5272. These DNA fragments were transformed into BY4742, using 
the lithium acetate method, and assembled by homologous recombination, resulting in 
pRHA00 (2μ ori, PGAL1-MAL11-TEV-YPet-TCYC1, URA3 marker). pRHA00L was construct-
ed by amplifying pRHA00 without URA3, using primer pair 5437/5438, and amplifying 
LEU2 from pRS315 [57], using primers 5435/5436, followed by homologous recombina-
tion in BY4742. Single mutants were constructed by using PCR to amplify MAL11 from 
pRHA00L in two halves with 30 to 40 bp sequence overlap at the site of the mutation; 
the two fragments and the pRHA00L backbone were then transformed into BY4742 or 
IMK289 for homologous recombination. Double mutants of E120 and D123 were similar-
ly constructed using homologous primers covering the codons for both residues at once, 
whereas double mutants involving E167 and triple mutants were constructed by using one 
of the single mutant genes as PCR template. Both double and triple mutant plasmids were 
assembled in IMK289; all mutants were fully sequenced and the plasmids were used to re-
transform IMK289. See the Supplementary Information for all plasmids (Supplementary 
Table 3) and primers (Supplementary Table 4) used in this study.

Amino acid sequence alignment
Multiple sequence alignment of Mal11 with other transporters was performed using PSI/
TM-Coffee [123]. Jalview was used for alignment visualization and pairwise alignment 
calculations [124]. Transporter sequences were found with the following UniProt acces-
sion numbers: Mal11 (P54038), XylE (P0AGF4), LacY (P02920), MelB (P02921), GLUT1 
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(P11166), GLUT3 (P11169).

Mal11 structural modeling
De novo structure prediction using evolutionary co-variation of residue pairs was per-
formed with the EVfold server [119,120]. The Pfam multiple sequence alignment of 
~15,000 sequences from the MFS sugar transporter family (PF00083—Sugar_tr) [125] 
was used for the structure prediction and was run using the default settings except that 
the high conservation filter threshold was set to 95%. Homology modeling of Mal11 was 
done using the SWISS-MODEL server [126]. A search for suitable templates yielded XylE 
(PDB: 4GBY) [23] as the proton-coupled transporter most similar to Mal11 and was used 
to predict the structure. 

Fluorescence microscopy
Induced cells were harvested by centrifugation at 3,000 g for 5 min at 4 °C and resuspend-
ed in buffer or media. Cells were kept on ice until a sample was immobilized under a cover 
slip on a glass slide. Fluorescence imaging of live cells was carried out on a Zeiss LSM 710 
scanning confocal microscope (Carl Zeiss MicroImaging, Jena, Germany), equipped with 
a C-Apochromat 40x/1.2 NA objective and a blue argon laser (488 nm). Images were cap-
tured with the focal plane at the mid-section of the cells.

Maltose transport assays
Uphill transport. Induced yeast cells were harvested by centrifugation at 3,000 g for 5 min 
at 4 °C and washed twice by resuspending the cell pellets in 3 mL assay buffer (0.1 M 
potassium-phosphate (KPi) or potassium-citrate-phosphate (KCP) + 10 mM galactose) 
and repeating the centrifugation step. Cells were resuspended in assay buffer and kept on 
ice until used within 4 hours. Most transport assays were performed at 30 °C using cells 
at OD600 of 4, 8 or 16, except when the kinetic parameters of transport (Km and Vmax) were 
determined and OD600 of 20 to 27.5 were used. Cells were incubated at 30 °C for 5 min to 
increase the adenylate energy charge [127], after which [U-14C]maltose (600 mCi/mmol; 
American Radiolabeled Chemicals, Inc.) was added to approximately 48100 Bq/mL to 
start the uptake reaction; the maltose concentrations varied from 0.25 mM to 50 mM. At 
given time intervals, 50 μL samples were added to 2 mL ice-cold KPi or KCP and rapidly 
filtered on cellulose-nitrate filters with 0.45 μm pores (GE-Healthcare, Little Chalfont, 
UK) pre-soaked in KPi or KCP plus 1 mM of maltose to block non-specific adsorption of 
14C-maltose. Filters were washed once with 2 mL KPi or KCP and then dissolved in 2 mL 
scintillation solution (Emulsifierplus, PerkinElmer, Waltham, MA, USA). The amount of 
radioactivity was determined using a liquid scintillation counter (Tri-Carb 2800TR liquid 
scintillation analyzer, PerkinElmer). The amount of maltose in each sample was normal-
ized to 106 cells by counting cells using a flow cytometer and correcting for the fraction of 
fluorescent cells (see “Flow Cytometry”). We used an estimate of 60 fL internal volume per 
cell to calculate the intracellular maltose concentrations.

Efflux and equilibrium exchange. Induced yeast cells were grown and harvested as in “Up-
hill transport” and were washed twice in KPi or KCP containing 10 μM of the protono-
phore carbonyl cyanide-p-trifluoromethoxyphenylhydrazone (FCCP). Cell pellets were 
weighed and resuspended to 0.5 mg/mL wet weight in a radioactive mixture consisting 
of: 10 μM FCCP, [U-14C]maltose (final activity of ~1600 Bq/μL), and KPi or KCP at the 
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desired pH. Resuspended cells were incubated at room temperature overnight. To start 
the efflux reaction, 20 μL of cells were added to 1980 μL buffer supplemented with 10 μM 
FCCP at 30 °C, and the loss of internal maltose was monitored over time; the radioactivity 
in 200 μL samples was filtered and determined as described above. Equilibrium exchange 
was done similarly by dilution of 20 μL of cells into 1980 μL buffer with FCCP containing 
10 mM nonradioactive maltose, unless indicated otherwise in the figure legends.
 
Measurement of cytosolic and extracellular pH
IMK289 bearing pYES2-PACT1-pHluorin was grown, harvested, and washed as described 
in “Uphill transport” and resuspended to OD600 of 10 in assay buffer (KCP supplemented 
with 10 mM galactose). The cytosolic pH was calibrated and measured essentially as de-
scribed previously [128]. Fluorescence measurements at 390 nm or 470 nm excitation and 
512 nm emission were performed using a Jasco FP-8300 fluorescence spectrometer (Jasco, 
Gross-Umstadt, Germany) at 30 °C with stirring. To calibrate the cytosolic pH to the rati-
ometric pHluorin signal, cells were diluted to OD600 of 1 in assay buffers ranging from pH 
6 to pH 8 plus 0.02 % digitonin, incubated for 30 min to allow complete permeabilization, 
after which the fluorescence was measured. To observe proton cotransport, cells were di-
luted to OD600 of 1 in assay buffer in a disposable 4.5 mL plastic cuvette with four clear 
faces (Kartell, Noviglio, Italy) with a magnetic stir bar in the bottom and equilibrated for 5 
min at 30 °C, at which point either maltose or buffer was added. On-line extracellular pH 
measurements were made using a ProLab1000 (SI Analytics, Weilheim, Germany) under 
the same conditions as described for the intracellular pH measurements.

Thin layer chromatography
50 μL cell samples from the transport assays were mixed with 50 μL mobile phase consist-
ing of ethyl acetate:acetic acid:methanol:water (60:15:15:10). 10 μL samples of this mix-
ture were spotted on a rectangular piece of aluminum foil-bound silica TLC plate and re-
solved in a glass jar. The TLC plate was dried overnight in a fume hood. The radioactivity 
was detected on a phosphor storage plate and imaged after 6 days using a Typhoon 9400 
scanner (GE Healthcare, Little Chalfont, UK).

Flow cytometry
Cell samples for flow cytometry were diluted to OD600 of approximately 0.4 in assay buffer. 
20 μL of sample were measured with an Accuri C6 flow cytometer (BD AccuriTM, Durham, 
USA). Fluorescence was detected using the flow cytometer’s built-in 488 nm laser and the 
“FL1” emission detector (533/30 nm).

Results

Wildtype Mal11 is a well-coupled proton-maltose symporter
In ion-linked secondary transporters with a perfect coupling mechanism (Fig. 3A of 
Chapter 1), solute accumulation ([solutein]/[soluteout]) is expected to remain constant 
regardless of the concentration of solute, provided the driving force remains constant. 
By contrast, the presence of a substrate leak pathway (Fig. 3B of Chapter 1) provides a 
means for the solute to leave the cell, an effect that becomes pronounced at high [solutein]. 
We examined uphill transport at various maltose concentrations in S. cerevisiae IMK289 
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expressing Mal11-YPet. We found that maltose accumulated steadily for over 30 min at 
extracellular concentrations below 1 mM. Unexpectedly, we observed loss of maltose from 
cells when the intracellular concentration reached approximately 400 mM (Fig. 1A). TLC 
analysis showed that maltose was not hydrolyzed or broken down over time (Supplemen-
tary Fig. 1a). We reasoned that a reduction in the proton motive force (pmf =  ⁄ F = 
ZΔpH − ΔΨ) could explain the apparent efflux of maltose. Since the ΔpH (=pHin – pHout) 
is a component of , we examined the intracellular (pHin) and extracellular pH (pHout) 
under maltose uptake conditions. We measured pHin in S. cerevisiae IMK289 expressing 
the ratiometric GFP variant pHluorin as well as Mal11 [5,128,129]. We found a maltose 
concentration-dependent drop in pHin upon addition of the disaccharide to galactose-en-
ergized cells, which is consistent with maltose-proton symport (Supplementary Fig. 1B). 
However, the pHin stabilized within 3 min after maltose addition and continued to de-
crease slowly, at a similar rate as cells to which only buffer was added. Furthermore, we 

Figure 1. Maltose uptake by Mal11-YPet. (A) Uphill maltose transport by IMK289 cells expressing Mal11-YPet 
from the GAL1 promoter of pRHA00L, washed and diluted in K-citrate-phosphate at pH 5 (left) and pH 6.5 
(right). [U-14C]maltose was added after an initial 5 min incubation at 30 °C in the presence of 10 mM galactose. 
Transport was measured at 200 μM (☐); 1 mM (); 5 mM (); and 25 mM () of [U-14C]maltose. Data shown 
are representative examples of at least three repeated measurements; we do not show the error bars of the repli-
cate measurements because the experimental conditions were not completely identical. (B) Flow cytometry of 
IMK289 cells expressing Mal11-YPet after 3 min and 45 min in the absence and presence of 25 mM of maltose; 
(top row) a histogram of fluorescence levels at 488 nm excitation and 533/30 nm emission filter; and (bottom 
row) a plot of forward and side scatter.
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found that pHout was constant during maltose uptake (Supplementary Fig. 1C). At a given 
maltose concentration the ΔpH and thus most likely the Δp is constant and the loss of 
maltose cannot be explained by a change in the driving force. 

We then used flow cytometry to examine the integrity of cells during maltose uptake. We 
observed a fluorescent and a non-fluorescent population of cells resulting from galac-
tose-induced expression of Mal11-YPet, as has been previously reported for Gal1-GFP 
[130]. At pH 5 and in the presence of 25 mM maltose, there was a 51 % reduction in the 
number of cells from the fluorescent population after 45 min of uptake, compared to a 60 
% loss of maltose in the transport assays (Fig. 1). In the absence of maltose, there was only 
a 6 % loss of fluorescent cells. This indicates that the cells lyse during maltose uptake, ac-
counting for the apparent loss of maltose. We note that the cells have an enormous capaci-
ty to accumulate maltose – almost 400 mM after 15 min; either the high levels of maltose is 
toxic or the increased internal osmotic pressure is lethal for the cell. This behavior suggests 
that there is no major substrate leak pathway via Mal11, as maltose cannot passively leave 
the cell down its concentration gradient. This is different from what was observed for the 
bacterial lactose transporter LacS, which accumulated much lower levels of substrate with 
accumulation ratios that were strongly dependent on the substrate concentration [33].

Structural modeling of Mal11
We sought to study the maltose-proton coupling of Mal11 in more detail and focused on 
the protonatable (acidic) residues in the membrane domain of the transporter. To identify 
the most probable proton-coupling residues of the 55 glutamates and aspartates present in 
the protein, we constructed a 3D structural model of the Mal11 membrane domain. We 
performed de novo structure prediction of Mal11 based on evolutionary co-variation of 
amino acids in MFS sugar transporters, using the EVfold server [119,120]. In brief, EVfold 
uses a maximum entropy analysis of the sequences of a protein family to determine evo-
lutionary co-variation in pairs of amino acid residues at specific sequence positions. Pairs 
of co-evolved residues are then used as distance constraints to fold the protein of interest 
using the CNS software suite (see [120] for more details). To validate the structural model 
with that of a known MFS transporter, we used SWISS-MODEL [126] to perform homol-
ogy modeling of Mal11. Of the MFS transporters with solved structures, we chose the 
bacterial xylose transporter XylE (outward-facing, partly-occluded; PDB: 4GBY [23]) as 
the homology modeling template because it uses a proton-symport mechanism [131] and 
its sequence aligns well to Mal11 (Supplementary Table 2). Remarkably, the EVfold model 
aligns with the homology model with an RMSD of 2.9 Å (Fig. 2A,B). For comparison, we 
constructed a model of XylE using EVfold and found it aligned to the known outward-fac-
ing, partially-occluded structure of XylE with an RMSD of 4.4 Å, indicating that the Mal11 
EVfold model is a plausible prediction of the actual structure. The EVfold model shows 
the characteristic MFS fold with 12 transmembrane helices, and the topology and tilts of 
the helices match closely to those of known MFS transporters [23,26,28]. The only acidic 
residues present in the central membrane embedded cavity are Glu-120, Asp-123, and 
Glu-167 (Fig. 2C,D), while the other acidic residues appear in extracellular and cytoplas-
mic loops or in the cytoplasmic domain. Given the proximity of Glu-120, Asp-123, and 
Glu-167 to each other and to the purported maltose-binding region, it seemed likely that 
they are involved in maltose and/or proton binding or translocation by Mal11.
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Transport properties of single Mal11 mutants
To explore the roles of the acidic residues in Mal11, we constructed neutral substitutions 
of the 17 acidic residues in the membrane domain of the transporter and screened the 
proteins for correct localization and transport capability. We initially selected S. cerevisiae 
strain BY4742 as host for the MAL11 mutants. This strain contains intact MAL11, MAL31, 
MAL12, and MAL32 genes but lacks a functional transcriptional regulator encoded by 
MALx3, so it cannot express the endogenous maltose metabolism proteins. Therefore, 
only plasmid-borne MAL11 mutants contribute to activity. Mutations to plasma mem-
brane proteins can result in localization problems. Without transporters in the plasma 
membrane, there would be no noticeable transport of maltose and no way to distinguish 
mutants with no activity from those without proper localization. Therefore, we construct-
ed mutant transporters with a C-terminal YPet tag; the fluorescent protein reduced the 
maltose uptake rate by wildtype Mal11 to 70 % compared to Mal11 with no fluorescent 
protein (Supplementary Fig. 2), which most likely reflects a somewhat lower level of ex-
pression of the tagged protein. Mal11-YPet localized to the periphery of the cell, as expect-
ed for a plasma membrane protein (Fig. 3B). We then screened acidic residue mutants for 
localization and found that most localized to the periphery, while the remaining mutants 
localized to the interior of the cell, likely in the cortical endoplasmic reticulum or in the 
vacuole (Supplementary Table 1). Importantly, all mutants of Glu-120, Asp-123, and Glu-

Figure 2. Structural modeling of Mal11. Comparison of the Mal11 structure predicted de novo by the EVfold 
server (blue), using evolutionary coupling information, to a structure based on homology modeling (yellow-
orange). The overlaid structures align to an RMSD of 2.9 Å and are shown as: (A) a side view from within the 
membrane and (B) a top view from the extracellular side of the protein. Three acidic residues predicted to be 
within the transmembrane region of Mal11 are shown from a view within the membrane in (C) the EVfold and 
(D) the SWISS-MODEL structural predictions. The six transmembrane helices and loops from the C-half of the 
protein are omitted for clarity.
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167 localized to the cell periphery.

Maltose transport by Mal11 is driven by the electrochemical proton gradient,  
[117,132]. Since BY4742 has no maltase activity, we could measure uphill maltose trans-
port in whole cells expressing wildtype or mutants of Mal11-YPet. All mutants examined 

Figure 3. Maltose transport by Mal11 mutants. (A) Uphill maltose transport by IMK289 cells expressing wild-
type or singly mutated Mal11-YPet from the GAL1 promoter in K-citrate-phosphate pH 5.2 (left) and pH 7.3 
(right). Cells were diluted to an OD600 of 4 and were incubated for 5 min at 30 °C in buffer plus 10 mM galactose, 
after which 1 mM [U-14C]maltose was added. Bars indicate the accumulation ratios ([maltosein]/[maltoseout]) 
after 60 min of uptake. (B) Representative confocal fluorescence microscopy images of S. cerevisiae BY4742 or 
IMK289 cells expressing Mal11-YPet or mutants from the GAL1 promoter on pRHA00L-based plasmids, inclu-
ding fluorescence (left image of each pair) and brightfield (right) images. Scale bar represents 2 μm. (C) Trans-
port of 1 mM maltose by IMK289 cells expressing Mal11-YPet double mutants at pH 5 (left) and pH 7 (right) (D) 
Transport of maltose by IMK289 cells expressing Mal11 triple mutants. Conditions are the same as described in 
(A) except that cells were used at OD600 of 16 and the uptake after 40 min at pH 5 is shown. The data shown in 
(A), (B), and (D) are representative results of at least three repeated experiments, showing similar trends; we do 
not show the error bars of the replicate measurements because the experimental conditions were not completely 
identical. (E) The kinetic parameters Km and Vmax of wildtype Mal11-YPet and mutants were determined using 
IMK289 cells at OD600 of 20-27.5 in K-citrate-phosphate pH 5. 45 μL cells were equilibrated at 30 °C for 5 min 
before [U-14C]maltose was added to final concentrations ranging from 0.25 mM to 50 mM. After 2 min of incu-
bation, the 50 μL reaction mixture was rapidly filtered as described in the Methods. Each sample was measured 
in triplicate and the 95 % confidence range of the fit is given.
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were capable of uphill maltose transport. Most mutants accumulated maltose to similar 
levels as wildtype Mal11-YPet except for mutants of Glu-120, Glu-167, and the Asn mu-
tation of Asp-123 (Supplementary Table 1). These five mutants were still able to transport 
maltose against a concentration gradient but to much lower levels than the wildtype. 

The ability of these mutants to accumulate maltose indicates the transporters are still cou-
pled to the  but may have an ES leak pathway, which reduces the ability to effectively 
accumulate solutes. For additional characterization, we transformed the six mutants of 
Glu-120, Glu-167, and Asp-123 into IMK289, in which all α-glucosidases and maltose 
transporters have been deleted and without background maltose hydrolysis and transport 
[121]. At pH 7.3 with 1 mM maltose, expression of Mal11-YPet in IMK289 yielded a 
[maltosein]/[maltoseout] ratio of 11, compared to a ratio of 463 at pH 5.2 (Fig. 3A). A simi-
lar pattern was found for the six mutants, and these findings are in line with the pH depen-
dence of maltose transport observed previously [91]. Surprisingly, both Glu-167 mutants 
could accumulate even more maltose than wildtype at pH 7.3 despite accumulating much 
less than wildtype at pH 5.2. This suggests a role for Glu-167 in mediating the pKa of the 
proton-binding site. We note that at pH 5 the Glu-167 mutants have a similar Km to the 
wildtype but the Vmax is much lower (Fig. 3E). Interestingly, D123A could accumulate to 
88 % the level of the wildtype at pH 5.2, whereas D123N reached only 26 % of wildtype 
accumulation.

As an additional confirmation of the dependence of transport on the , we added 
the protonophore FCCP to cells expressing the wildtype or mutant transporters that had 
accumulated maltose and observed downhill efflux in all instances (see Supplementary 
Fig. 3 for an example). The diminished accumulation of the single Glu-120, Glu-167, and 
Asp-123 mutants may thus correspond to a change in the effective stoichiometry between 
maltose and proton translocation, due to the presence of a leak pathway in the transport-
ers [97].

Proton-coupled maltose transport is further reduced in double mutants
To further probe the importance of the residues Glu-120, Asp-123, and Glu-167 in pro-
ton coupling of Mal11, we constructed twelve double mutants of E120A/Q, D123A/N, 
and E167A/Q. All double mutants containing D123A/N displayed peripheral localization, 
whereas we observed internal localization when Glu-120 and Glu-167 were simultane-
ously mutated. This points to a stability problem in transporters with Asp-123 as the only 
acidic residue remaining in the central cavity of Mal11. All of the double mutants with 
peripheral localization reached even lower accumulation ratios than the single mutants 
when assayed at pH 5 (Fig. 3C), except for D123N/E167Q, which had no discernable up-
take. Surprisingly, mutants D123A/E167A and D123A/E167Q could accumulate more 
maltose than the wildtype at pH 7, whereas the other double mutants had diminished 
accumulation at pH 5 and 7.
 
Combining all three mutations eliminates uphill maltose transport
Next, we constructed triple mutants of Glu-120, Asp-123, and Glu-167 to alanine, gluta-
mine, or asparagine. All triple mutants localized to the cell periphery except for Mal11-
E120A/D123A/E167A (Supplementary Fig. 4). Remarkably, while double mutants of 
Glu-120 and Glu-167 were localized to the interior of the cell, introduction of neutral sub-
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stitutions at position 123 restored the proper peripheral localization of the transporters. 
This suggests that interactions between the three acidic residues are important for folding 
or stability of Mal11 in addition to proton coupling. We examined uphill transport of 
maltose and found that all but one of the peripherally-localized triple mutants could only 
equilibrate maltose ([maltosein]/[maltoseout] ~ 1; Fig. 3D), demonstrating that the pro-
ton-coupled symport of maltose has been abolished. The seventh mutant, Mal11-E120Q/
D123A/E167A, did not take up a discernable amount of maltose.

Intracellular pH measurements. 
We expressed pHluorin [5] in IMK289 containing Mal11 mutants without a YPet tag. We 
then monitored the cytoplasmic pH of cells upon addition of either buffer or 25 mM malt-
ose (Fig. 4A). In the strain expressing wildtype Mal11, a large drop in pH was observed 
when maltose was added, indicating maltose-dependent proton transport. A smaller drop 
(30% of wildtype) was observed for E120Q, and an even smaller one (2.4% of wildtype) 
for E167Q. However, there was no change in intracellular pH for the triple mutant D123A/
E120Q/E167Q upon maltose addition. This demonstrates that protons are no longer 
co-transported with maltose, assuming the triple mutants are still capable of facilitating 
significant maltose transport (vide infra).

Efflux and exchange of maltose by Mal11
While uphill maltose transport provides thermodynamic information about the degree 
of coupling in Mal11, it provides little information on the transport kinetics. Moreover, 
reduced transport activity may result in diminished accumulation and not necessarily 
reflect intrinsic (Mal11-mediated) uncoupling of solute and proton fluxes. We preloaded 
IMK289 cells expressing Mal11-YPet with [14C]-maltose in the presence of the protono-
phore FCCP and monitored both the efflux of maltose down its concentration gradient 
and the exchange of intracellular radiolabeled maltose for extracellular unlabeled maltose. 
To check for cell stability under these conditions, we tested the scattering properties and 
YPet fluorescence of the cells at regular intervals using flow cytometry. We found that 
the forward scatter (FSC), side scatter (SSC), relative fluorescence, and number of cells 
remained constant in the maltose preloading conditions for at least 21 h (Supplementary 
Fig. 5D-F). This indicates that the cell size and granularity were stable. Additionally, fluo-
rescence microscopy confirmed that Mal11-YPet remained in the plasma membrane over 
this time period (Supplementary Fig. 5A-C).

IMK289 cells expressing Mal11-YPet and equilibrated with [14C]-maltose were diluted 
into buffer containing FCCP without (efflux) or with (exchange) added maltose, and the 
amount of radioactivity inside the cells was monitored over time (Fig. 4C). Figure 4B 
shows that the difference in efflux and equilibrium exchange catalyzed by wildtype Mal11 
was relatively small at pH 5 and pH 7, suggesting that the slow step(s) of maltose transport 
is not reorientation of the empty carrier between outward-facing and inward-facing con-
formations. Since the pH doesn’t change the rate of either efflux or exchange, the rate-lim-
iting step(s) of the transport process is pH-independent between pH 5-7.

Maltose efflux and exchange by Mal11 mutants. 
The reduced accumulation by mutants could be a manifestation of decreased influx, in-
creased efflux, or a combination of the two. We found that the rates of both efflux and ex-
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Figure 4. Proton cotransport and maltose efflux and exchange by wildtype Mal11 and mutant derivatives. 
(A) IMK289 cells expressing pHluorin constitutively from the ACT1 promoter and wildtype or mutant Mal11 
from the galactose-inducible GAL1 promoter were used in the assays. A cuvette with K-citrate-phosphate pH 5 
and 10 mM galactose was pre-warmed to 30 °C in the fluorescence spectrometer, and cells were added at t = 0 
min to an OD600 of 1. The pHluorin fluorescence was determined at 390 nm and 470 nm excitation and 512 nm 
emission. After 5 min, 50 μL of assay buffer or maltose (to final concentration of 25 mM) was added, as indicated 
by the arrows. These traces are representative examples of more than three repeats that showed similar trends. 
(B) IMK289 cells expressing Mal11-YPet or mutants were pre-loaded with 10 mM [14C]-maltose by overnight 
incubation at room temperature in K-citrate-phosphate pH 5 (circles) or pH 7 (squares) in the presence of 10 μM 
FCCP. At t = 0 min, the overnight cells were either diluted into K-citrate-phosphate containing 10 μM FCCP (eff-
lux, filled symbols) or K-citrate-phosphate containing 10 μM FCCP plus 10 mM maltose (equilibrium exchange, 
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change by wildtype, E167Q, and the triple mutant E120Q/D123A/E167Q were all similar 
at both pH 5 and 7, while E120Q was slower than the rest (Fig. 4B). Four additional triple 
mutants also catalyzed efflux and exchange of maltose at a similar rate to wildtype Mal11 
(Supplementary Fig. 6). These results demonstrate that the mutations of Glu-120, Asp-
123, and Glu-167, even in combination, do not significantly affect the rate-limiting step(s) 
of efflux or exchange by Mal11 in the absence of a proton motive force. Thus, the mutants 
are kinetically fully functional but are affected in the energy coupling mechanism.

Discussion
We have characterized the proton relay network of the maltose transporter from S. cere-
visiae and found that three acidic residues (Glu-120, Asp-123, and Glu-167) are required 
for full coupling and high-level accumulation of sugar. Single and double mutants reduced 
the ability of yeast to accumulate maltose against the concentration gradient, while triple 
mutants were deficient in all uphill transport activity but fully functional in transport 
down the concentration gradient.

We predicted the 3D structure of Mal11 using the EVfold server, which yields a structure 
that, unlike homology modeling, is not biased by an input model [119,120]. While it is 
doubtful that our model would be observed in a crystal structure, it likely represents a 
mixture of possible states due to the inherent conformational changes that occur during 
the “rocker-switch” or alternating access model of transport [3,133]. Nevertheless, the 
model is very good starting point for the design of mutants and the interpretation of trans-
port data. Importantly, the transmembrane helices and many conserved residues in our 
EVfold model of Mal11 match in position to those found in other MFS transporters for 
which crystal structures are available [37,50]. One limitation of this method is that there 
is no reliable way to predict the presence of coordinated water molecules in the protein 
structures, which have been observed in the structures of MFS proteins and may have 
functional roles in proton-coupling and/or substrate binding [23,28,70,134,135]. 

We found that transporters in which Glu-120, Asp-123, or Glu-167 were substituted for 
neutral residues accumulated less maltose than the wildtype Mal11. We propose that mu-
tating any of the charged residues introduces a leak pathway in the transport cycle. There 
are a few possible leak pathways for proton-coupled symporters: ES, EH, or a combination 
of the two. In a secondary transporter where the substrate can also be transported in the 
absence of a proton (ES), transport is more likely to proceed via the ternary (protonated) 
complex at low pH (Fig. 3B of Chapter 1, cycle B), whereas the binary (deprotonated) 
complex is preferred at high pH (Fig. 3B of Chapter 1, cycle A) [97]. For secondary trans-
porters with a proton leak pathway, the binary complex (EH) is favored at low pH. The 
reduced transport activity of all mutants with decreasing concentration of protons is in-

open symbols). (C) Diagrams showing the experimental setup of efflux (top) and exchange (bottom). In both 
cases, cells are preloaded with [14C]-maltose in the presence of FCCP. Proton-coupled transport via the wildtype 
transporter (Mal11) and uniport via a Mal11 triple mutant (Mal11*) are illustrated. For efflux, cells are diluted 
into buffer without any substrate present, permitting maltose to exit down its electrochemical gradient. Equili-
brium exchange is started by dilution of cells into buffer containing an equal concentration of [12C]-maltose as 
the preloaded concentration.
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dicative of an ES leak pathway. In addition, an EH leak causes a reduction in pH gradient 
that is (partly) reversed upon addition of substrate, and this is clearly not what we observe. 
Thus, by mutational analysis we have converted a solute-proton symporter into a uniport-
er, most likely by lowering the free energy of the ES leak pathway.

In general, unpaired charged residues and salt bridges in the hydrophobic core of trans-
port proteins play an important role in their stability and/or catalytic activity (translo-
cation). Two of the best-characterized proton-coupled MFS transporters are XylE [131] 
and LacY [13], and the making and breaking of salt bridges have been shown critical in 
translocation. Despite sharing important structural features with XylE, such as sequence 
motifs of the Sugar Porter family and conserved residues from the substrate-binding 
pocket, the key salt bridge network from XylE is not conserved in Mal11 (Supplementa-
ry Fig. 7). In XylE, there are three charged residues involved in the proton-coupling salt 
bridge network: Asp-27, Arg-133, and Glu-206. It has been proposed that when Asp-27 
is deprotonated, it forms stable salt bridges with Arg-133 and Glu-206. These interactions 
are broken upon protonation of Asp-27, which is thought to trigger large-scale conforma-
tional changes. Asp-27 is a well-conserved residue in the Sugar Porter family, including in 
Mal11 (Asp-123). However, Arg-133 and Glu-206 of XylE are not conserved in Mal11, and 
we find glutamines at the corresponding positions (#214 and 284) in Mal11. We also show 
that Mal11 D123A has transport properties similar to that of the wildtype protein, which 
precludes the possibility that Mal11 has the same salt bridge network as XylE. Finally, the 
sequences of Mal11 and LacY cannot be aligned because the pairwise similarity/identity 
is not statistically significant, and thus we cannot project the salt-bridge network of LacY 
onto Mal11.

Asp-123 is a conserved residue among other proton-coupled transporters of the Sugar 
Porter family including proteins for which high-resolution crystal structures are available 
like XylE and GlcPSe. Mutating the equivalent acidic residue in some homologous trans-
porters eliminated active sugar transport [21,24,27,104]. Indeed, most members of the 
GLUT family of human glucose transporters use a uniport mechanism for the monosac-
charide and contain an Asn in place of the Asp found in XylE and Mal11 (Supplementary 
Fig. 7), which is consistent with the idea that an acidic residue in this position is critical for 
proton coupling. However, mutation of Asp-123 to Ala in Mal11 yielded minimal changes 
in accumulation of maltose, and both the Ala and Asn mutants retained proton-coupled 
transport activity (Fig. 3A, Supplementary Fig. 3). Furthermore, there is no basic residue 
near Asp-123, unlike in XylE and GlcPSe, where an Arg forms part of a salt bridge that is 
broken or rearranged upon protonation and triggers a conformational change in the trans-
porter [24,27]. Therefore, Asp-123 may not participate directly in proton translocation in 
Mal11. In fact, our structural model predicts that the only transmembrane basic residue 
in Mal11, Arg-504, is located in helix 10 in close proximity to Glu-167. Since replacement 
of Glu-167 impairs proton coupling, decreases Vmax, and changes the pH-dependence of 
sugar transport, we speculate that this residue modulates the pKa of proton binding as well 
as participates in a proton transfer relay during the substrate translocation cycle. Indeed, 
given its close proximity to Arg-504 in our model, Glu-167 is likely to have a more direct 
role in proton coupling than Asp-123. Finally, Glu-120 mutations were found to decrease 
uphill maltose transport as well (Fig. 3A). We observed that the Ala mutant has a similar 
Km to the wildtype, but that the Gln mutant has a ten-fold higher Km (Fig. 3E). Glu-120 is 
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situated near the probable maltose-binding pocket and may coordinate the binding of a 
maltose to that of a proton (or vice versa). 

Other MFS transporters exhibit a similar reliance on acidic transmembrane residues for 
proper proton coupling. For instance, the multidrug/proton antiporter MdfA contains 
two membrane-embedded acidic residues, neither of which is irreplaceable for antiport 
activity [136]. In fact, MdfA is dependent on the presence, but not strictly the location, 
of acidic residues in the central cavity [137]. Additionally, LacY has eight transmembrane 
charged residues, at least five of which are known to interact in a complex network of 
hydrogen bonds and take part in proton coupling [70,138]. Glu-325, however, is the only 
one that is irreplaceable for proton translocation; transport steps involving (de)proton-
ation are blocked in Glu-325 mutants [17]. Like the LacY Glu-325 mutants, the Mal11 
triple mutants could not perform uphill transport of substrate and are deficient in proton 
coupling. In stark contrast, whereas the LacY Glu-325 mutants had no efflux activity, the 
Mal1 triple mutants could perform efflux just as well as wildtype Mal11 (Supplementary 
Fig. 6). In fact, D123A/E120Q/E167Q could carry out both efflux and exchange of maltose 
at pH 5 and pH 7 at a similar rate to that of wildtype (Fig. 4B), showing that this mutant 
bypasses the steps involving H+ translocation and instead rapidly transports maltose via 
an ES leak pathway (Fig. 3B of Chapter 1, cycle A). 

Wildtype Mal11 is capable of accumulating maltose to exceptionally high intracellular 
concentrations, causing cells to eventually lyse (Fig. 1). We note that an increase in inter-
nal solute (e.g. maltose) of 400 mM increases the internal osmotic pressure by about 10 
atm (Δπ = ΔOsm·R·T; R = 0.082057 L·atm·K-1·mol-1), from which even a rigid cell wall 
may not be able to protect the cell. Accordingly, only the most fluorescent cells were dis-
rupted, thus those that expressed Mal11-YPet at high level and had the greatest transport 
capacity. Our observations of excessive maltose accumulation suggest a tight coupling of 
the maltose and proton fluxes in wildtype Mal11. A transporter with an ES-leak pathway 
would accumulate less since flux out of the cell increases with increasing intracellular 
substrate concentrations. Thus, in terms of metabolic energy conservation, a well-coupled 
transporter is most efficient but doesn’t allow protection under conditions of excessive sol-
ute accumulation. In growing, maltose-metabolizing yeast, the accumulation of maltose 
will be less because intracellular maltose hydrolase alleviates this burden. However, malt-
ose addition to cells grown under maltose-limited conditions has been shown to cause cell 
death [72]. Under such growth conditions, the maltose transport capacity is much higher 
than in cultures with excess maltose. If transport capacity is in excess of hydrolysis activity, 
then accumulation of maltose will occur, which eventually will lead to cell lysis. Coupling 
efficiency has also been studied in the bacterial disaccharide transporter LacS, and, con-
trary to Mal11, this system clearly displays an ES leak pathway in the wildtype protein 
[33,97]. In fact, the single and double mutants of Mal11 behave similarly to wildtype LacS.

In conclusion: we propose a concerted mechanism of proton transport in Mal11, involv-
ing three anionic residues, which allow for efficient, highly coupled symport of maltose 
and protons. As a result, yeast can rapidly accumulate maltose to dangerous levels, result-
ing under some conditions in self-lysis.
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Supplementary Information

Supplementary Figure 1. S. cerevisiae accumulates genuine maltose. (A) Thin-Layer Chromatography was 
performed by sampling IMK289 cells expressing Mal11-YPet after 10 and 80 min of [14C]maltose (final concen-
tration of 1 mM) uptake. Samples were spotted on an aluminum foil-bound silica TLC plate and resolved using 
a mobile phase of ethyl acetate:acetic acid:methanol:water (60:15:15:10). The radioactivity was detected on a 
phosphor storage plate and later imaged. (B) Intracellular pH was measured, as described in the Methods section 
and in the legend of Fig. 4a, during uptake of maltose by IMK289 expressing pHluorin and wildtype Mal11. At 
5 min (arrow), either buffer (grey) or maltose (200 μM, purple; 1 mM, orange; 5 mM, green; 25 mM, blue) was 
added. The experiments were performed in K-citrate-phosphate pH 5 in the presence of 10 mM galactose. (C) 
Extracellular pH was measured as described in the Methods section. After 5 min of incubation at 30 °C, maltose 
(arrow) was added to IMK289 cells expressing Mal11 and pHluorin, with pH recorded every 5 sec. Cells at an 
OD600 of 4 were used in K-citrate-phosphate pH 5.

Supplementary Figure 2. Maltose uptake by Mal11 and Mal11-YPet. IMK289 cells expressing either wildtype 
Mal11 (☐) or Mal11-YPet () were grown and prepared as described in the Methods section. Cells at an OD600 
of 16 were incubated at 30 °C in the presence of 1 mM [U-14C]maltose and transport was followed by taking 
samples at the indicated time points.
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Supplementary Figure 3. FCCP dissipates the proton motive force and causes efflux of pre-accumulated 
maltose. BY4742 cells expressing Mal11-YPet (black squares), D123A (blue triangles), D123N (green circles), or 
no protein (empty plasmid; white squares) were equilibrated to 30 °C for 5 min, after which 1 mM 14C-maltose 
was added and samples were taken to measure the transport. After 10 min of incubation with maltose, 10 μM 
FCCP was added (arrow) and maltose efflux was observed.

Supplementary Figure 4. Localization of Mal11-YPet triple mutants. IMK289 cells expressing Mal11-YPet 
triple mutants from the GAL1 promoter of pRHA00L-based plasmids were grown and prepared as described in 
the Methods section. Fluorescence images obtained with 488 nm excitation (left) and brightfield (right) images 
are shown and the scale bar represents 2 μm. 
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Supplementary Figure 5. FCCP treatment does not affect Mal11-YPet localization or fluorescence. IMK289 
cells expressing Mal11-YPet from pRHA00L were resuspended to 0.5 mg/mL (wet weight) in K-citrate-phospha-
te pH 7 with 10 μM FCCP. Fluorescence microscopy and flow cytometry were performed as described in the 
Methods section before treatment (A,D) and after overnight incubation (21 h) at 4 °C (B, E) or 30 °C (C, F). The 
scale bar of the microscopy images is 2 μm. The flow cytometry results shown in D-F are the fluorescence as mea-
sured with 488 nm excitation and 533/30 nm emission filter (left) and plots of forward and side scatter (right). 

Supplementary Figure 6. Efflux and exchange of maltose by wildtype Mal11-YPet and triple mutants. (A) 
Efflux and (B) exchange of maltose by Mal11-YPet (black) and triple mutants D123A/E120Q/E167Q (purple), 
D123N/E120A/E167Q (blue), D123N/E120Q/E167A (red), and D123N/E120Q/E167Q (green) in K-phosphate 
pH 7 and preloaded with 1 mM 14C-maltose. Cells were prepared and the experiment was carried out as des-
cribed in the Methods section and in the legend of Fig. 4B, except that exchange was performed with 50 mM 
maltose in the buffer into which the preloaded cells were diluted at the start of the experiment.
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Supplementary Figure 7. The acidic residue network of Mal11 is not conserved in other sugar transporters. 
(A) Multiple sequence alignment of Mal11, GLUT1 (SLC2A1), and XylE, performed using PSI/TM-Coffee. Blue 
highlighted residues are colored according to conservation using the BLOSUM62 substitution matrix. Yellow 
circles indicate the charged transmembrane residues from Mal11, and green circles show the charged residues 
involved in the proton-coupling salt bridge network in XylE. Red underlines specify the transmembrane regions 
of XylE. (B) The model of XylE in the outward-occluded conformation (PDB ID: 4GBY) used to construct the 
homology model of Mal11 from a side view within the membrane (left) and a zoom-in from the top of the xylose 
and proton binding sites (right). Bound xylose is colored magenta. The residues are labeled according to XylE 
with the aligned Mal11 residue in parentheses and are colored green (neutral residues), red (acidic), or blue 
(basic). 
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Supplementary Table 1. Screening of Mal11 mutants for localization and uptake. BY4742 cells expressing 
wildtype or mutant Mal11-YPet from the GAL1 promoter were grown and prepared as described in the legend of 
Fig. 1. YPet fluorescence at 488 nm was tracked with fluorescence microscopy to determine the cellular localiza-
tion of each mutant: P, peripheral localization; ER, cortical endoplasmic reticulum; ND, not determined. Uphill 
transport of 0.1 mM or 1 mM maltose was measured for 10 minutes in K-phosphate pH 6: +, > 25 % of wildtype 
transport; +/-, < 25 % of wildtype transport.
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Supplementary Table 2. Percentage identities of pairwise alignments between Mal11 and several MFS 
transporters. Alignments were generated using PSI/TM-Coffee and percentage identity was calculated in Jal-
view. For LacY and MelB, no statistically significant pairwise alignment with Mal11 could be made.

Supplementary Table 3. Plasmids used in this study



40

2

Supplementary Table 4. Primers used in this study
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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
Second-site suppressors of uncoupled mutants 

provide insight into the energy coupling 
mechanism of Mal11

Ryan K. Henderson, Sophie de Valk, Robert Mans, and Bert 
Poolman

Manuscript in preparation
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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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Abstract
The proton-coupled symporter Mal11 catalyzes the uptake of maltose into Saccharomy-
ces cerevisiae. Using a predicted structure, we identified eleven likely residues involved 
in maltose binding or transport in the central cavity of Mal11. We constructed alanine 
mutants of these amino acids to examine their effects on cellular localization and maltose 
transport and found critical roles for Asn-249, Trp-252, Gln-256, Gln-379, and Tyr-507. 
After initial characterization, additional mutations of these five residues were constructed 
to determine if activity could be restored and found these residues to be largely irreplace-
able. Our results suggest a specific sugar-binding site consisting of evolutionarily con-
served and unconserved residues, which provides a solid foundation for further studies.
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Introduction
The first step of maltose metabolism in yeast is the uptake of the disaccharide across the 
plasma membrane, which is catalyzed by one of a number of proton-coupled transporters 
[80,91,116]. One of these, Mal11, is unique in its broad substrate specificity for α-glu-
cosides such as maltose, sucrose, maltotriose, and others [117,118]. Mal11 is a member 
of the Sugar Porter (SP) family within the Major Facilitator Superfamily (MFS), which 
consists of sugar transporters that catalyze either downhill facilitated diffusion or uphill 
substrate transport coupled to the electrochemical proton gradient [37]. 

Given the importance of sugars as carbon and energy sources, numerous sugar-binding/
modifying proteins have been extensively studied, including enzymes, lectins, ligand re-
ceptors, substrate-binding proteins, and transporters. Crystal structures of substrate-bind-
ing proteins associated with ABC transporters have provided detailed information about 
the general properties of ligand and sugar recognition. Since the hydroxyl groups of car-
bohydrates are solvent-exposed and stereospecific, they are often involved in key hydro-
gen bonds with protein side-chains and thus enable substrate specificity [158]. Indeed, the 
sugar-binding sites of substrate-binding proteins contain many polar, planar side chains 
with two or more functional groups capable of forming hydrogen bonds with the sugar 
hydroxyls [158]. Furthermore, aromatic residues in the binding sites tend to form stacking 
interactions with monosaccharyl ring units. This is best observed in the maltose or malto-
dextrin-binding protein (MBP) of Escherichia coli, in which the protein forms 16 hydro-
gen bonds with a bound maltose that is packed between four aromatic residues [159]. In 
MFS sugar transporters, there is a single substrate-binding site in a central cavity that is 
formed by the N- and C-halves of the proteins. Just like in other sugar-binding proteins, 
polar amino acid side chains form hydrogen bonds with the characteristic sugar hydroxyl 
groups and hydrophobic or aromatic residues stack against the sugar rings. The best char-
acterized is the LacY galactoside transporter from E. coli. The binding site residues [17] 
and the portions of the substrates involved in recognition by the transporter [160] were 
all but known by the time the first substrate-bound crystal structure was solved [161]. 
Subsequent structures [162-164] backed up the conclusions from biochemical and bio-
physical studies that numerous charged and polar residues form hydrogen bonds with the 
bound substrate and that there is hydrophobic stacking between Trp-151 and one of the 
galactopyranosyl rings. Similarly, bacterial proton-xylose symporter XylE and the human 
glucose facilitator GLUT3 are the two SP transporters with ligand-bound structures, and 
in both cases all hydroxyl groups from the bound sugar form at least one hydrogen bond 
with the transporter [23,28,165].

While others have explored the energy coupling mechanism of maltose transport in yeast 
[91,116,117] and we have previously characterized the residues involved in proton-cou-
pling by Mal11 (Chapters 2 and 3), only limited work has been done to examine the sugar 
binding site of this transporter [166,167]. On the basis of a structural model predicted de 
novo from evolutionary covariation constraints, we identified polar (Asn and Gln) and 
aromatic (Phe, Trp, Tyr) amino acids in the central cavity of Mal11 and performed mu-
tagenesis to elucidate their roles in the catalytic activity and coupling efficiency of the 
transporter. These results provide a framework for additional characterization and manip-
ulation of substrate specificity in Mal11.



59

4

4. BINDING-SITE RESIDUES

Materials and Methods

DNA manipulation
All plasmids used in this study are listed in Supplementary Table 1, and all primers in 
Supplementary Table 2. Mal11 mutants were constructed as described in Chapter 2 by 
PCR amplification of the MAL11 gene from pRHA00L [168] as two fragments with 30-40 
bp homology at the mutation site using primer 5271 combined with a specific primer for 
the first fragment and primer 5272 combined with a specific primer for the second frag-
ment. We used primers 5273 and 5274 to amplify the pRHA00L backbone and then used 
in vivo homologous recombination in IMK289 to assemble the three fragments into whole 
plasmids. To validate strains, plasmids were isolated from transformed IMK289 using a 
commercial plasmid purification kit (BIOKÉ, Leiden, The Netherlands). The open reading 
frames of isolated plasmids were sequenced and transformed into E. coli for storage. 

Strain construction and growth conditions
Saccharomyces cerevisiae strain IMK289 [121], created by replacement of loci MALx1, 
MALx2, MPH2, and MPH3 with loxP in CEN.PK102-3A (MATa MALx MAL2x MAL3x 
leu2-112 ura3-52 MAL2-8C), was used for Mal11 mutant expression. Synthetic complete 
drop-out media was made using yeast nitrogen base and a Kaiser leucine drop-out amino 
acid supplement (Formedium) plus 2 % (w/v) glucose (SD/-Leu) or raffinose (SR/-Leu). 
For all experiments, yeast cultures were first grown overnight at 30 °C in SD/-Leu, diluted 
into SR/-Leu, and finally diluted into SR/-Leu plus 0.2 % (w/v) galactose for induction of 
the GAL1 promoter during exponential phase of growth. Cells were grown in the presence 
of galactose for 2.5 h to optimally induce protein expression, at which point they were 
harvested by centrifugation.

Structural modeling of Mal11
The predicted structure of Mal11 presented in Chapter 2 was used in this study. Briefly, 
the EVfold server [119,120] was used to perform de novo structure prediction of Mal11 
based on evolutionary co-variation of residue pairs across a multiple sequence alignment. 
See Chapter 2 for full details.

Multiple sequence alignment
The primary amino acid sequences of Mal11 homologues were aligned using PSI/
TM-Coffee [123] and alignments were visualized using Jalview [124]. Protein sequences 
were obtained from the following UniProt accession numbers: Mal11 (P54038), Mal21 
(E9P8G0), Mal31 (P38156), Mal61 (P15685), Mph2 (P0CD99), XylE (P0AGF4), GLUT1 
(P11166), GLUT3 (P11169), bovine GLUT5 (P58353), rat GLUT5 (P43427), and GlcPSe 
(A0A0H2VG78).

Fluorescence microscopy
Cell pre-growth was executed as described in “Strain construction and growth conditions”. 
Cells induced for Mal11 variant expression were collected by centrifugation at 3,000 g for 
5 min at 4 °C, resuspended in 0.1 M potassium phosphate pH 6 or media, and stored on 
ice until use. Cell samples were placed between a cover slip and a glass slide. A Zeiss LSM 
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710 scanning confocal microscope (Carl Zeiss MicroImaging, Jena, Germany), equipped 
with a blue argon laser (488 nm) and a C-Apochromat 40x/1.2 NA objective, was used for 
fluorescence imaging of live yeast cells expressing Mal11-YPet and mutants. All images 
were taken with the focal plane at the mid-section of the cells.

Measurement of maltose transport
Yeast cells induced for expression of Mal11 wildtype or mutants were collected by centrif-
ugation at 3,000 g for 5 min at 4 °C, washed twice in assay buffer (10 mM galactose mixed 
with either 0.1 M potassium-phosphate (KPi) or potassium-citrate phosphate (KCP) buf-
fers) by resuspension in the buffer and repeating centrifugation. Finally, cells were re-
suspended in assay buffer and kept on ice until use within 4 h. Uphill maltose transport 
was measured in whole cells at 30 °C. First, cells were incubated for 5-10 min at 30 °C 
to increase the adenylate energy charge [127]. Next, [U-14C]maltose (600 mCi/mmol; 
American Radiolabeled Chemicals, Inc.) was added to roughly 48100 Bq/mL to begin the 
uptake reaction with the maltose concentration ranging from 0.25 mM to 50 mM. At in-
dicated time points, 50 μL samples were taken and mixed with 2 mL ice-cold KPi or KCP 
buffer, rapidly filtered using cellulose-nitrate filters with 0.45 μm pores (GE-Healthcare, 
Little Chalfont, UK) that were pre-soaked in KPi or KCP with 1 mM maltose, washed 
once with another 2 mL KPi or KCP, and finally dissolved in 2 mL scintillation solution 
(Emulsifierplus, PerkinElmer, Waltham, MA, USA). Radioactivity in each sample was de-
termined by liquid scintillation counting (Tri-Carb 2800TR liquid scintillation analyzer, 
PerkinElmer). Flow cytometry was used to count the number of cells and determine the 
fraction of fluorescent cells in the samples. Using this data, the amount of maltose was 

Figure 1. Structural model of potential binding site residues. (A) A side view of the de novo predicted struc-
ture of Mal11 using the EVfold server. Aromatic residues of interest are colored magenta (B) and long, polar 
residues are colored green (C), both shown as a top-view from the extracellular space.
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normalized to 106 cells and corrected for the fraction of fluorescent cells, that is, the cells 
expressing Mal11-YPet. We used 60 fL internal volume per cell for intracellular maltose 
concentration calculations. 

Flow cytometry 
Samples of cells were diluted to OD600 of between 0.25 and 0.4 in assay buffer. We analyzed 
20 μL samples with an Accuri C6 flow cytometer (BD AccuriTM, Durham, USA), and cel-
lular fluorescence was detected using the flow cytometer’s built-in 488 nm laser and FL1 
emission detector (533/30 nm).

Results

Identification of possible binding site residues.
Recent crystal structures of sugar transporters with bound substrates have proven essen-
tial in understanding general characteristics of sugar recognition [23,28]. Sugars contain 
polar and nonpolar atoms, and it is thus not surprising that specific binding of the sub-
strate involves a number of polar, nonpolar, and charged residues. Since there is no crystal 
structure of Mal11 available, we used the EVfold-predicted structural model presented 
in Chapter 2 (Fig. 1A). This model exhibits the characteristic Major Facilitator Super-
family (MFS) fold in which a central cavity is formed between two domains, each with 6 
transmembrane segments (TMs). This central cavity is the single substrate-binding site 
in all known MFS transporters [37]. We began by examining this region of the protein to 
select residues with potential roles in sugar binding. We chose to focus on two classes of 
functionally relevant amino acids: aromatic residues (Phe, Tyr, Trp) and aliphatic, polar 
residues (Asn, Gln)(Fig. 1B,C). In a multiple sequence alignment of several well-charac-
terized maltose transporters, we found that all of the five aromatic and six polar residues 
were conserved except for Asn-380 (Fig. 2).

Comparison of Mal11 with sugar transporters with known structures
We used a multiple sequence alignment to compare the identified residues in Mal11 with a 
number of SP transporters with known structures: XylE from E. coli, GLUT1 and GLUT3 
from H. sapiens, GLUT5 from R. norvegicus (rGLUT5) and B. taurus (bGLUT5), and Gl-
cPSe from S. epidermidis (Fig. 3). These monosaccharide transporters are members of the 
Sugar Porter (SP) family within the MFS and have high sequence conservation with each 
other, whereas Mal11 is more distantly related. We found that residues Asn-249 and Glu-
379 are very similar or invariant across these sequences, indicating critical roles in sugar 
binding/transport. Furthermore, Trp-252, Glu-256, Asn-380, Tyr-484, Tyr-507, and Asn-
508 align to substrate-binding positions in the homologues, indicating potential roles for 
those in Mal11 as well. Finally, Trp-221, Gln-225, and Trp-376 are not conserved in the 
monosaccharide transporters and do not align to known substrate-binding residues. Since 
Mal11 has different specificity and transports disaccharides, these three could still be in-
volved in sugar binding.

Characterization of alanine mutants
We substituted each of the 11 identified residues for alanine and transformed the mul-
ticopy plasmids containing YPet-tagged mutant transporters into IMK289. This back-
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ground strain contains no enzymes involved in α-glucoside transport or catabolism, and 
thus the observed activity can only be from the expressed mutant proteins [121]. We used 
a similar mutant-screening pipeline to what is described in Chapter 2; we first examined 
cellular localization of the YPet-tagged mutants using fluorescence microscopy, followed 
by measurement of radiolabelled maltose uptake into whole cells. We found that 10 of the 
11 alanine mutants localized predominantly to the plasma membrane (Fig. 4A), although 
Q256A and N380A both show significant fluorescence in subcellular compartments. The 

Figure 2. Multiple sequence alignment of maltose transporters. Comparison of the primary sequences of five 
closely-related maltose and α-glucoside transporters from S. cerevisiae: Mal11, Mal21, Mal31, Mal61, and Mph2. 
The sequences are highlighted blue to show conservation calculated using the BLOSUM62 substitution matrix. 
Potential binding-site residues of Mal11 are in green (long, polar residues) or magenta (aromatic residues) cir-
cles.
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Figure 3: Multiple sequence alignment of Sugar Porter members. Comparison of the primary sequences of 
Mal11 with six Sugar Porters with known structures: XylE, GLUT1, GLUT3, rat GLUT5, bovine GLUT5, and 
GlcPSe. Like in Figure 2, conservation is shown using blue highlighting and calculated with the BLOSUM62 
substitution matrix. The potential binding site residues of Mal11 are circled in green (long, polar residues) 
and magenta (aromatic residues). For XylE and GLUT3, for which ligand-bound structures have been solved, 
residues that hydrogen bond (cyan) or have van der Waals interactions (orange) with the ligand (xylose for 
XylE, glucose for GLUT3) are circled.
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Figure 4: Characterization of alanine mutants. (A) Representative confocal fluorescence microscopy images 
of IMK289 cells expressing alanine mutants of Mal11-YPet from the GAL1 promoter after 2.5 h of galactose 
induction. Scale bars represent 2 μm. (B) Uphill maltose transport by IMK289 cells expressing alanine mutants 
of Mal11-YPet in K-citrate phosphate at pH 5 (black columns) and pH 7 (white columns), or K-phosphate pH 6 
(grey columns). Cells were diluted to an OD600 of 4 and incubated with 1 mM [U-14C]maltose at 30 °C for at least 
50 min, and the final accumulation ratios of maltose are indicated as columns.
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eleventh, N508A, exhibited intracellular localization, most likely to the cortical endoplas-
mic reticulum and vacuole. Interestingly, Asn-508 is located one helix turn above Arg-
504, the alanine mutant of which also causes improper localization and may be involved 
in a salt bridge that helps to govern proton coupling in the transporter, as discussed in 
Chapter 3. 

Next, we measured transport of maltose at pH 6 by the mutants with proper localization 
(Fig. 4B). Two of the mutants, W252A and Y507A, displayed no transport, while anoth-
er three (N249A, Q256A, and Q379A) had less than 10% activity compared to wildtype 
Mal11. All five of these are situated in conserved sugar-binding positions, with Asn-249 
and Gln-379 highly conserved in the SP family (Fig. 2). W376A also had severely di-

Figure 5: Characterization of additional Mal11 mutants. (A) Representative fluorescence microscopy images 
of IMK289 cells expressing mutants of Mal11-YPet from the GAL1 promoter after 2.5 h of galactose induction. 
Scale bars represent 2 μm. (B) Uphill maltose transport by IMK289 cells expressing mutants of Mal11-YPet. 
Cells were diluted in K-phosphate pH 6 to an OD600 of 4 and incubated with 1 mM [U-14C]maltose at 30 °C for 
at least 50 min. Columns indicate the final accumulation ratios.
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minished sugar transport with ~20% the wildtype activity, while the remaining mutants 
maintained significant maltose transport. We have previously observed altered pH-de-
pendence of sugar transport upon mutagenesis of key residues, such as for mutants of 
Glu-167 (Chapter 2). Therefore, we then compared maltose transport by mutants with 
detectable activity at pH 5 and pH 7 (Fig. 4B). Contrary to what was observed in mu-
tants of Glu-167, the mutants of putative binding-site residues showed similar profiles of 
pH-dependent uptake as wildtype Mal11.

Additional mutagenesis of irreplaceable residues
We further investigated the roles of the five residues whose alanine mutants have less than 
10% transport activity compared to wildtype Mal11 by constructing additional mutants. 
We observed proper plasma membrane localization for each of the new mutant trans-
porters (Fig. 5A). Next, we measured maltose uptake by these transporters and found that 
while W252A and Y507A were fully inactive, mutants W252Y and Y507F retained a small 
but significant transport activity; W252F was also inactive (Fig. 5B). This indicates that 
there should be a residue with some polarity at position 252 and an aromatic residue at 
507. Additionally, activity was abolished in mutants N249S, Q256S, Q256N, and Q379N, 
indicating that the wildtype residues are greatly preferred even when the mutated residue 
has a side-chain with similar properties as the genuine amino acid. The effect of pH on 
transport by these mutants was similar to what was observed in the alanine mutants in 
that transport was high at pH 5 and decreased with increasing pH (Fig. 6). 

Dependence of transport on sugar concentration
We then measured the initial transport rate as a function of maltose concentration and 
were able to estimate kinetic parameters Km and Vmax for mutants Y484A and W252Y (Fig. 
7). The Km values for the mutants were higher (i.e. lower transport affinity) than for the 
wildtype transporter, indicating some role for these residues in maltose binding. Notably, 
W252Y showed a roughly ten-fold increase in Km. Surprisingly, there was not a large de-
crease in Vmax for these mutants. For the other mutants tested (Q225A, N249A, N380A, 

Figure 6: pH-dependence of maltose uptake. Uphill maltose transport by IMK289 cells expressing mutants of 
Mal11-YPet in K-citrate phosphate at pH 5 (black columns) and pH 7 (white columns), or K-phosphate pH 6 
(grey columns). Cells were diluted to an OD600 of 4 and incubated with 1 mM [U-14C]maltose at 30 °C for at least 
50 min, and the final accumulation ratios of maltose are indicated as columns. The asterisks indicate that no data 
is shown for N249S at pH 7 or for Y507F at pH 6.
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Q379A, and Q379S), the activity at high maltose concentrations was too low or the error 
too high to accurately estimate a Km and Vmax.
 

Discussion
We have used mutagenesis to demonstrate the necessity of eleven aromatic and polar ami-
no acids located in the central cavity of the transporter. Of the residues examined, the 
alanine mutants of five showed little or no activity: Asn-249, Trp-252, Gln-256, Gln-379, 
and Tyr-507 (Fig. 4B). Mutants W252A and Y507A showed no transport activity at all. 
This most likely occurs due to a strong reduction in maltose binding affinity, although 
an alternative explanation would be that these residues stabilize the transporter in one 
conformation such that transport cannot occur. Localization of YPet-tagged protein was 
used in this study to screen for improperly-folded/targeted transporters, but inactivity due 
to locking of the protein in an outward or inward-facing conformation may not affect the 
localization, as has been observed in the yeast arginine transporter Can1 [169]. Asn-249 
and Gln-379 are highly conserved in homologous transporters (Fig. 2, 3) and mutations 
at the corresponding sites in XylE and GLUT1 cause significant reductions in transport 
[23,170,171]. Interestingly, it has been shown that mutation of Gln-166 in rGLUT5 (Asn-

Figure 7: Dependence of transport rate on maltose concentration. (A) Plots of substrate concentration ver-
sus initial transport rate for Mal11-YPet and seven mutant transporters. The calculated Km and Vmax values of 
those with sufficient data are shown. Transport was measured at concentrations ranging from 0.25 mM to 50 
mM [U-14C]maltose at 30 °C, and the initial rate was calculated from the linear part of the transport curve. (B) 
Michaelis-Menten kinetic parameters were estimated for W252Y and Y484A. The values for wildtype Mal11-
YPet are taken from Chapter 2.



68

4

249 in Mal11) to glutamic acid causes a shift in substrate specificity from fructose to glu-
cose [29]. Although we observed little maltose transport by mutants N249A and N249S, it 
would be useful to perform further tests to see if a similar change in transported substrate 
can be observed. The other three residues (Trp-252, Gln-256, Tyr-507) are not conserved 
in the bacterial and human homologues, but are fully conserved among the maltose trans-
porter homologues from yeast (Fig. 2,3).

Mutations to a number of residues had smaller effects on substrate transport Tyr-484 is 
special because the homologous residue in XylE, GLUT1, and GLUT3 closes the bottom 
of the central cavity [23,26,28], and mutation to alanine in XylE (Trp-392) almost fully 
abrogates all transport and counterflow activity [23]. Interestingly, this is not the case for 
rGLUT5 or bGLUT5, both of which have a deeper central cavity due to the presence of 
alanine at this position [29]. Because we observed only a slight reduction in activity upon 
mutation to alanine, Tyr-484 does not appear to have a significant contribution to sub-
strate binding/transport (Fig. 4B). Alternatively, a deeper central cavity may change how 
maltose binds to the transporter but not the rate of transport. If the substrate binds deeper 
in the cavity, then the substrate specificity of Mal11-Y484A is expected to be different. 
Further studies will be needed to test this.

In Chapter 2, we demonstrated that neutral mutants of acidic residues generally do not af-
fect the Km for maltose transport by Mal11 with the exception of E120Q, which increased 
the Km ten-fold. While this position is a conserved substrate-binding residue, it is gener-
ally aromatic in distant SP homologues (Fig. 2,3). We know from our work in Chapter 2 
that Glu-120 is involved with proton coupling. Residues Trp-221, Gln-225, and Trp-376 
are conserved in the maltose transporters but not in more distant SP transporters, and 
their alanine mutations had minor or moderate effects on transport activity of Mal11 (Fig. 
2,3,4B). These three residues are in close proximity to Arg-504 and Glu-167, which like-
ly form a salt bridge involved in mediating proton coupling and are also not conserved 
in more distant SP transporters. This suggests that Trp-221, Gln-225, and Trp-376 have 
evolved to take part in the complex interactions necessary for regulating proton coupling, 
perhaps by creating an environment around this salt bridge to make such an interaction 
more favorable, and therefore these residues are not crucially involved in sugar binding. In 
fact, we show in Chapter 3 that mutation of Trp-376 to serine restores transport activity to 
the uncoupled mutant Mal11-E120A/D123N/E167A. Additionally, we found that mutat-
ing Asn-508 to alanine caused improper localization of the transporter (Fig. 4A). This res-
idue is also not conserved in the more distant SP transporters but is invariant in maltose 
transporter homologues, and we hypothesize that this residue also serves to accommodate 
the possible salt bridge between Arg-504 and Glu-167. Since it is located at the interface 
between the N- and C-halves of Mal11, Asn-508 may have additional roles in protein sta-
bility and conformational regulation, and therefore mutation of it leads to mislocalization. 

A number of central cavity residues are known binding site residues in the bacterial and 
mammalian SP homologues but are not conserved in the maltose transporters and may be 
involved in the diverse substrate specificities observed between members of the family. A 
conserved tyrosine in TM7 of XylE (Tyr-298) and the GLUT transporters is purportedly 
involved in closing off the sugar-binding site from the bulk water of the extracellular space 
[27,37]. In maltose transporter homologues, Gly-388 occupies this position and there is 
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instead a tyrosine located one helix turn above it (Tyr-392). Additionally, maltose is an 
exofacial competitive inhibitor of glucose transport by GLUT3, and in the structure of the 
maltose-bound transporter this tyrosine is oriented away from the central cavity, implying 
that the binding site is unable to be closed off from the extracellular space, which may 
provide a structural basis for the inhibition [28]. Therefore, we suggest that the location of 
the tyrosine in this helix may in part sterically dictate the size of the saccharide that can be 
transported by the protein. It is then possible that the substrate specificity of Mal11 could 
be limited to only monosaccharides by making a double mutation to Mal11 (G388Y and 
A384N) to make it more similar to XylE and the GLUT transporters. 

There are a number of unanswered questions that should be addressed in future work. 
Given the industrial relevance of maltose, maltotriose, and trehalose as feedstocks, the 
molecular basis of substrate specificities within the maltose transporter families is of great 
importance. Analysis of the variation in substrate-binding and central cavity residues 
among these transporters should be performed to identify which residues are responsible 
for the various substrate specificities. This then leads to another question for the future: 
can we design binding sites for specific sugars (or other substrates), and what are the 
limitations to the substrates Mal11 can transport? The MFS members are known for trans-
porting a vast diversity of substrates, including amino acids, sugars, ions, and drugs [6], 
and comparing substrate-binding strategies among MFS transporters will help us to fully 
understand the molecular basis of transport by this important superfamily.
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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-



77

5

5. MAL11 PURIFICATION

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.



87

5

5. MAL11 PURIFICATION

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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Is there a common mechanism of proton-coupled sym-
port?
Transport of substrate and driving ion in an efficient symporter is obligatorily coupled; 
translocation of one is forbidden in the absence of the other. In Chapter 2, we demonstrate 
that Mal11 is extremely well coupled, to the extent that maltose uptake induces lysis in 
cells overexpressing Mal11. We began this study by looking to homologues of Mal11 to 
help elucidate the mechanism of proton-coupling and identified Asp-123 as a highly con-
served residue in the coupling machinery; mutation of this residue to Ala causes numer-
ous coupling deficiencies in related transporters [21,24,27,104]. However, Mal11-D123A 
is almost unaffected in its uphill maltose transport activity. We then performed mutagen-
esis of the remaining two anionic central cavity residues of Mal11 (Glu-120 and Glu-167). 
We found that each catalyzed significantly reduced coupled transport and concluded that 
the mutations introduced a leak pathway by which substrate could efflux from the cell 
without a proton. Mixing the mutations to create double mutants led to even less uphill 
transport, and triple mutants were fully unable to catalyze this transport. Strikingly, we 

Figure 1. A structural comparison of proton coupling in XylE (left) and Mal11 (right). Surrounding residues 
are colored based on general property: acidic (red), basic (blue), hydrophobic or aromatic (green), polar (pink), 
and small polar (orange). The structures shown are the XylE xylose-bound outward-occluded conformation 
(4GBY) and the homology model constructed based on this structure for Mal11 (see Chapter 2). (A) A focus on 
the conserved Asp residue from XylE (Asp-27) and Mal11 (Asp-123). For clarity, Mal11 residues 126-138 and 
XylE residues 30-42 from the top of TM1 are omitted. (B) A focus on the non-conserved Arg-504 from Mal11 
(Val-412 in XylE).
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could measure wildtype-like efflux and exchange activity in the triple mutants, indicating 
that only proton transport, and not maltose transport, is impaired. 

The archetypical proton-xylose symporter XylE from Escherichia coli is a homologue of 
Mal11 and has been crystallized in multiple conformations, allowing insight into the pro-
ton-coupling mechanism of this transporter [23,25,27]. It appears that substrate binding 
in XylE can occur in the absence of a proton, but that protonation of Asp-27 permits clo-
sure of the extracellular gate. A key part of this mechanism is the salt-bridge formed in the 
outward-facing conformation between Asp-27 and Arg-133, a residue that is conserved 
in most symporters and uniporters alike in the Sugar Porter family. Upon protonation 
of Asp-27, this interaction is broken and Arg-133 becomes available to form cation-π 
interactions with the conserved Tyr-298. However, Mal11 represents a deviation from 
its homologues in that it does not have a basic residue at this position but a glutamine. 
Mal11 instead has Arg-504 in TM10, in the C-domain of the protein. This residue is in 
close proximity to the two non-conserved acidic residues Glu-120 and Glu-167. While the 
properties of side chains near Asp-123 are similar to that observed in XylE (i.e. primarily 
polar residues), the environment around the trio Glu-120, Glu-167, and Arg-504 is highly 
polar while the corresponding region in XylE is hydrophobic (Fig. 1). This demonstrates 
a significant difference between the two proteins and is likely present to accommodate 
the three charged residues at the interface between the two domains of Mal11. This also 
indicates that the mechanism of energy coupling in Mal11 is different from that in XylE 
and, indeed, from that of other proton-coupled Sugar Porters.

What is the mechanism of proton-coupled transport 
in Mal11?
Clearly, with the exception of the Asp in TM1 (Asp-123 in Mal11), the critical energy-cou-
pling amino acids are not conserved between Mal11 and the other Sugar Porter homo-
logues. We therefore cannot gain much insight into the mechanics of coupling in Mal11 
by only looking at homologues, and instead must interpret our results in light of structural 
models (Chapter 2). The results presented in Chapter 2 show that the N-domain acidic 
residues are critical in proton coupling, but the question remained as to how they facilitate 
proton coupling. Some important clues were found in the mutagenesis study (Chapter 2) 
and the directed evolution study (Chapter 3), in which triple mutants deficient in growth 
on sucrose were evolved until rapid growth was achieved.

In Chapter 2, as already mentioned, the conserved Asp-123 does not appear to have a sig-
nificant role in proton coupling. D123A does not significantly affect transport but the Asn 
mutant does, perhaps due to restriction of conformational flexibility in TM1 rather than 
a direct role in proton coupling. It is the only one of the three acidic residues that cannot 
take over proton-coupled transport when the other two are mutated; we only observed 
mislocalization of these double mutants. Mutation of Glu-167, however, causes significant 
changes to the transporter properties; proton-coupled uptake is 5-fold lower at pH 5.2 but 
1.5-3-fold greater at pH 7.3 compared to wildtype. The Vmax values of E167A and E167Q 
are 6-20-fold lower than for wildtype, but efflux and exchange are unaffected. In double 
mutants where Glu-167 is the only remaining acidic residue, the pH-dependence of up-
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take is the same as for wildtype. Mutation of Glu-120 to Gln causes a 10-fold increase in 
Km of maltose uptake and slows downhill efflux and equilibrium exchange in the presence 
of FCCP, indicating that this residue interacts with the substrate and perhaps that Glu-120 
must be deprotonated to do so, as Gln mimics a protonated Glu. However, Glu-120 does 
not appear to be critical for maltose recognition since the E120A mutant has a similar Km 
as wildtype. When Glu-120 is the only remaining acidic residue, in combination with the 
D123A mutation, the pH-dependence of uptake mimics that of Glu-167 single mutants. 
These results together suggest that Glu-167 is the principal protonation site in the trans-
port cycle. Glu-120 is located in close proximity to Glu-167 and therefore likely links the 
proton-binding site to substrate binding, perhaps via interaction in the absence of sub-
strate. Glu-167 mutants display a change in the pKa of transport. If Glu-167 is the primary 
proton-binding residue, this suggests that a residue with a different pKa has taken over the 
task. We propose that Glu-120 takes over role of proton coupling in these mutants, as it is 
in a different environment that may increase the pKa of the carboxyl side-chain. This also 
explains why the same pH-dependence of transport is observed in double mutants lack-
ing Glu-120 as in wildtype, but a shifted pH-dependence is observed in double mutants 
lacking Glu-167. 

In Chapter 3, we found a total of five mutants containing second-site suppressor muta-
tions. There were three neutral-to-acidic mutations, of which only one is located in the 
N-domain (V163D), but all three are positioned at the top of the central cavity and near 
the trio of mutated residues. Furthermore, these three evolved mutants appear facilitate 
low levels of sugar accumulation, indicating inefficient energy-coupled transport. It’s 
clear then that an anionic residue in this position is sufficient to perform proton-coupled 
transport to some extent. Protonation of an acidic residue in this region above the sub-
strate-binding site may therefore facilitate closure of the extracellular gate of Mal11, thus 
improving the transport kinetics and supporting yeast growth on sucrose. 

The other two mutants obtained from the evolution experiment were R504C and W376S, 
both positioned in the C-domain at the bottom of the central cavity in close proximity 
to each other. As mentioned above, Arg-504 is the only basic residue in the Mal11 trans-
membrane region, may form a salt bridge with Glu-167, and is the only remaining charged 
residue in the triple mutants. The question of why Arg-504 and Trp-376 have mutated, 
and how they restore growth on sucrose, is complex. It would seem that a basic residue 
without an interaction partner would destabilize a protein, however given the highly hy-
drophilic environment surrounding Arg-504 this may not be the case (1b). We know that 
the triple mutants can catalyze downhill efflux and equilibrium exchange of maltose in the 
presence of FCCP at a similar rate to wildtype Mal11, but downhill uptake is unknown for 
these transporters. It is possible that uptake by the triple mutants is significantly slower 
than the wildtype under physiological conditions, meaning the evolved mutation must 
somehow improve the kinetics of the transporter. Significantly, basic residues can form 
strong cation-π interactions, and the planar guanidinium group of Arg arranges in a par-
allel stacking geometry with aromatic residues [193]. It is logical then that Arg-504 and 
Trp-376 may interact during one or more conformations in the Mal11 transport cycle. 

We thus propose a model of proton-coupled transport by Mal11 in which coupling is 
controlled by (1) protonation of Glu-167 to disrupt the interdomain salt bridge with Arg-
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504, quickly followed by (2) interaction of Arg-504 with Trp-376 to permit opening of 
the cytoplasmic side of the protein (Fig. 2). Furthermore, if protonation at the bottom 
of the central cavity dictates opening/closing of the cytoplasmic gate, then sugar binding 
should dictate opening/closing of the extracellular gate, such that both are required for 
the transport cycle and to prevent uncoupled transport. However, it is unclear as to which 
occurs first. Thus: Glu-167 becomes protonated and sugar binds to outward-facing Mal11 
and induces closure of the extracellular gate; Arg-504 is released from the salt bridge with 
Glu-167 and is free to swing away from the transport path to interact with Trp-376, open-
ing the cytoplasmic face of the protein. The inward-facing transporter then releases the 
two substrates, at which point the inward-to-outward switch becomes possible with the 
availability of Glu-167 for interaction with Arg-504.

This model can be used to explain the phenotypes of the mutant transporters. The triple 
mutants lack Glu-167, meaning no salt bridge forms with Arg-504 and thus makes the 
outward-facing conformation less favorable and the inward-facing state more favorable 
(Fig. 2). Such a mechanism explains why the triple mutants apparently have slow uptake 
(as evidenced by lack of growth on sucrose) but wildtype-like efflux and exchange, due 
to the unchanged or improved likelihood of an inward-facing conformation that easily 
binds sugar. Similarly, the evolved strains can also be compared to this model. The evolved 
Asp residues one helix-turn above Gln- or Ala-167 may serve to facilitate closure of the 
extracellular gate upon substrate binding and may even bind substrate due to their posi-
tion at the top of the central cavity (Fig. 2). Arg-504 is likely too far away for salt-bridge 
formation, so the outward-facing conformation likely remains unfavorable compared to 
the wildtype. However, an acidic residue at the top of the binding pocket is likely unfavor-
able when charged (deprotonated), but protonation and interaction of this residue with 
the substrate would promote closure of top of the transporter. Furthermore, this would 
provide a mechanism for leaky proton coupling and may even create an EH-leak pathway. 
In the second class of evolved mutants, R504C and W376S, both interactions that me-
diate proton coupling in the wildtype transporter have been disrupted (Fig. 2). Without 
the interaction between Arg-504 and Trp-376, the inward-facing conformation becomes 
less favorable than in the triple mutants and increases the likelihood of the outward-fac-
ing conformation, thereby increasing the opportunity for substrate binding and therefore 
transport, without the components that make proton-coupling possible. Although it must 
still be experimentally confirmed, these two transporters appear to be fully uncoupled 
sugar uniporters, which is in accordance with the transport model presented here. Fur-
thermore, we found that W376A causes a great reduction in maltose transport (Chapter 
4), although this residue is not conserved except in closely related maltose transporters. 
This suggests that Trp-376 could also be involved in substrate binding. It is possible that 
interaction of Trp-376 with the sugar regulates the interaction between Arg-504 and Trp-
376; for instance, sugar dissociation from the inward-facing transporter may destabilize 
this interaction, freeing Arg-504 to re-form a salt bridge with Glu-167 and facilitate the 
return of the transporter to the outward-facing conformation. 

Future directions
This thesis dealt primarily with the proton coupling mechanism of Mal11, but we also 
examined sugar recognition through mutagenesis of central cavity residues (Chapter 4). 
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Figure 2. Model of proton-coupled transport by Mal11. In the wildtype transporter, the cycle of conformatio-
nal changes is regulated by the alternate interactions of Arg-504 with Glu-167 or Trp-376. In the outward-facing 
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Mal11 is unique among maltose transporters in that it has broad substrate specificity for 
sugars containing a α-glucosyl moiety. Although we were able to identify five residues that 
are largely irreplaceable for maltose transport (Asn-249, Trp-252, Gln-256, Gln-379, and 
Tyr-507), we are very interested in further study of the amino acids that impaired, but did 
not abolish, transport. Some of these and others may underlie recognition of the diverse 
set of substrates for Mal11. It is therefore of interest to examine the transport (inhibi-
tion) of different sugars with similar molecular structures. Mal11 appears to recognize the 
α-glucosyl moiety of its substrates, instead of the entire sugar, thus permitting transport of 
sugars ranging in size from a single sugar ring (α-methylglucoside) up to three sugar rings 
(maltotriose) [117]. However, numerous homologues cannot recognize certain sugars. 
Mal11 may simply have extra space in parts of the central cavity where sugars of various 
size and shape can fit. As mentioned in Chapter 4, an analysis of binding site residues 
among SP transporters and maltose transporters with known substrate specificities should 
be performed to determine which ones are crucial to the selectivity of different sugars.

Finally, we optimized the expression of Mal11, six single mutants of acidic residues, and 
one triple mutant in Pichia pastoris (Chapter 5). We attempted to purify the wildtype 
transporter and, while overall we were unsuccessful, we presented a starting condition 
from which further optimization can be done and identified the issues that must be ad-
dressed during this optimization. Additionally, the implementation of the Superdex 200 
Increase 5/150 GL column with a small bed volume will aid significantly in further trials 
by saving time and resources. Once a reliable purification protocol has been developed 
for Mal11 and its mutants, there are many questions that can be explored through in vitro 
experimentation (Chapter 5). It will be critical to study the transport mechanism in detail 
to support the model proposed in Figure 2, including study of the detergent-solubilized 
and proteoliposome-reconstituted Mal11 and mutants.

conformation, binding of a proton (yellow circle) to Glu-167 releases Arg-504 and permits interaction with 
Trp-376. Binding of sugar (pink hexagons) causes the extracellular gate to close around the substrate. With both 
sugar and proton bound, the transporter switches to an inward-facing conformation and releases its substrates 
before returning to an outward-facing conformation. In the triple mutant transporters (Chapter 2; Mal11XXX = 
E120X/D123X/E167X), the salt bridge between Glu-167 and Arg-504 can no longer form, and without trans-
membrane acidic residues the transporters are no longer proton-coupled. Thus, only sugar is transported. In 
this figure, Mal11QAQ is shown. In the triple mutants with an evolved acidic residue (Chapter 3; Mal11QNQ/V163D, 
Mal11QAQ/A384D, and Mal11QNA/A515D), the acidic residue facilitates closure of the extracellular gate of the protein. 
This makes the conformational transitions occur more rapidly than in the triple mutants. However, with the 
evolution of a central cavity acidic residue comes (partial) restoration of proton-coupled transport. In this figure, 
Mal11QAQ/A384D is shown. The evolved triple mutants with a mutation at the bottom of the central cavity (Chapter 
3; Mal11QAQ/R504C and Mal11ANA/W376S), both interactions governing proton-coupled conformational changes are 
disrupted and thus conformational changes may be more flexible and less regulated. Without a protonatable 
residue in the central cavity, proton binding cannot occur and thus the transporter is uncoupled, as in the triple 
mutants. In this figure, Mal11QAQ/R504C is shown.



98

6



99

REFERENCES

References

1. Shi Y: Common folds and transport mechanisms of secondary active transporters. Annu Rev 
Biophys 2013, 42:51–72.

2. Jardetzky O: Simple allosteric model for membrane pumps. Nature 1966, 211:969–970.

3. Forrest LR, Krämer R, Ziegler C: The structural basis of secondary active transport mechanisms. 
Biochim. Biophys. Acta 2011, 1807:167–188.

4. Gadsby DC: Ion channels versus ion pumps: the principal difference, in principle. Nat. Rev. Mol. 
Cell Biol. 2009, 10:344–352.

5. Orij R, Postmus J, Beek Ter A, Brul S, Smits GJ: In vivo measurement of cytosolic and mitochon-
drial pH using a pH-sensitive GFP derivative in Saccharomyces cerevisiae reveals a relation 
between intracellular pH and growth. Microbiology (Reading, Engl.) 2009, 155:268–278.

6. Pao SS, Paulsen IT, Saier MH: Major facilitator superfamily. Microbiol. Mol. Biol. Rev. 1998, 62:1–
34.

7. Reddy VS, Shlykov MA, Castillo R, Sun EI, Saier MH Jr: The major facilitator superfamily (MFS) 
revisited. FEBS Journal 2012, 279:2022–2035.

8. Yan N: Structural advances for the major facilitator superfamily (MFS) transporters. Trends Bio-
chem. Sci. 2013, 38:151–159.

9. Madej MG, Dang S, Yan N, Kaback HR: Evolutionary mix-and-match with MFS transporters. 
Proc. Natl. Acad. Sci. U.S.A. 2013, 110:5870–5874.

10. Madej MG, Kaback HR: Evolutionary mix-and-match with MFS transporters II. Proc. Natl. Acad. 
Sci. U.S.A. 2013, 110:E4831–8.

11. Teather RM, Müller-Hill B, Abrutsch U, Aichele G, Overath P: Amplification of the lactose carrier 
protein in Escherichia coli using a plasmid vector. Mol. Gen. Genet. 1978, 159:239–248.

12. Büchel DE, Gronenborn B, Müller-Hill B: Sequence of the lactose permease gene. Nature 1980, 
283:541–545.

13. Newman MJ, Foster DL, Wilson TH, Kaback HR: Purification and reconstitution of functional 
lactose carrier from Escherichia coli. J. Biol. Chem. 1981, 256:11804–11808.

14. Foster DL, Garcia ML, Newman MJ, Patel L, Kaback HR: Lactose-proton symport by purified lac 
carrier protein. Biochemistry 1982, 21:5634–5638.

15. Viitanen P, Garcia ML, Kaback HR: Purified reconstituted lac carrier protein from Escherichia 
coli is fully functional. PNAS 1984, 81:1629–1633.

16. Kaback HR, Sahin-Tóth M, Weinglass AB: The kamikaze approach to membrane transport. Nat. 
Rev. Mol. Cell Biol. 2001, 2:610–620.

17. Guan L, Kaback HR: Lessons from lactose permease. Annu Rev Biophys Biomol Struct 2006, 35:67–
91.



100

18. Mueckler M, Thorens B: The SLC2 (GLUT) family of membrane transporters. Mol. Aspects Med. 
2013, 34:121–138.

19. Yan N: A Glimpse of Membrane Transport through Structures-Advances in the Structural Biol-
ogy of the GLUT Glucose Transporters. J. Mol. Biol. 2017, 429:2710–2725.

20. Henderson PJ: Proton-linked sugar transport systems in bacteria. J. Bioenerg. Biomembr. 1990, 
22:525–569.

21. Henderson PJ, McDonald TP, Steel A, Litherland GJ, Cairns MT, Martin GE: The variability of ki-
netic parameters for sugar transport in different mutants of the galactose-H+ symport protein, 
GalP, of Escherichia coli. Biochem. Soc. Trans. 1994, 22:643–646.

22. Tanner W: The Chlorella hexose/H(+)-symporters. Int. Rev. Cytol. 2000, 200:101–141.

23. Sun L, Zeng X, Yan C, Sun X, Gong X, Rao Y, Yan N: Crystal structure of a bacterial homologue 
of glucose transporters GLUT1-4. Nature 2012, 490:361–366.

24. Iancu CV, Zamoon J, Woo SB, Aleshin A, Choe J-Y: Crystal structure of a glucose/H+ symporter 
and its mechanism of action. Proc. Natl. Acad. Sci. U.S.A. 2013, 110:17862–17867.

25. Quistgaard EM, Löw C, Moberg P, Trésaugues L, Nordlund P: Structural basis for substrate trans-
port in the GLUT-homology family of monosaccharide transporters. Nat. Struct. Mol. Biol. 2013, 
20:766–768.

26. Deng D, Xu C, Sun P, Wu J, Yan C, Hu M, Yan N: Crystal structure of the human glucose trans-
porter GLUT1. Nature 2014, 510:121–125.

27. Wisedchaisri G, Park M-S, Iadanza MG, Zheng H, Gonen T: Proton-coupled sugar transport in 
the prototypical major facilitator superfamily protein XylE. Nat Comms 2014, 5:4521.

28. Deng D, Sun P, Yan C, Ke M, Jiang X, Xiong L, Ren W, Hirata K, Yamamoto M, Fan S, et al.: Molecu-
lar basis of ligand recognition and transport by glucose transporters. Nature 2015, 526:391–396.

29. Nomura N, Verdon G, Kang HJ, Shimamura T, Nomura Y, Sonoda Y, Hussien SA, Qureshi AA, 
Coincon M, Sato Y, et al.: Structure and mechanism of the mammalian fructose transporter 
GLUT5. Nature 2015, 526:397–401.

30. Kapoor K, Finer-Moore JS, Pedersen BP, Caboni L, Waight A, Hillig RC, Bringmann P, Heisler I, 
Müller T, Siebeneicher H, et al.: Mechanism of inhibition of human glucose transporter GLUT1 
is conserved between cytochalasin B and phenylalanine amides. Proc. Natl. Acad. Sci. U.S.A. 
2016, 113:4711–4716.

31. Poolman B, Knol J, van der Does C, Henderson PJ, Liang WJ, Leblanc G, Pourcher T, Mus-Veteau I: 
Cation and sugar selectivity determinants in a novel family of transport proteins. Mol. Microbi-
ol. 1996, 19:911–922.

32. Poolman B, Knol J, Mollet B, Nieuwenhuis B, Sulter G: Regulation of bacterial sugar-H+ symport 
by phosphoenolpyruvate-dependent enzyme I/HPr-mediated phosphorylation. PNAS 1995, 
92:778–782.

33. Foucaud C, Poolman B: Lactose transport system of Streptococcus thermophilus. Functional 
reconstitution of the protein and characterization of the kinetic mechanism of transport. J. Biol. 
Chem. 1992, 267:22087–22094.



101

REFERENCES

34. Ethayathulla AS, Yousef MS, Amin A, Leblanc G, Kaback HR, Guan L: Structure-based mecha-
nism for Na+/melibiose symport by MelB. Nat Comms 2014, 5.

35. Smirnova I, Kasho V, Kaback HR: Lactose permease and the alternating access mechanism. Bio-
chemistry 2011, 50:9684–9693.

36. Drew D, Boudker O: Shared Molecular Mechanisms of Membrane Transporters. Annu. Rev. Bio-
chem. 2016, 85:543–572.

37. Yan N: Structural Biology of the Major Facilitator Superfamily Transporters. Annu Rev Biophys 
2015, 44:257–283.

38. Weyand S, Shimamura T, Yajima S, Suzuki S, Mirza O, Krusong K, Carpenter EP, Rutherford NG, 
Hadden JM, O’Reilly J, et al.: Structure and molecular mechanism of a nucleobase-cation-sym-
port-1 family transporter. Science 2008, 322:709–713.

39. Ressl S, Terwisscha van Scheltinga AC, Vonrhein C, Ott V, Ziegler C: Molecular basis of transport 
and regulation in the Na(+)/betaine symporter BetP. Nature 2009, 458:47–52.

40. Shimamura T, Weyand S, Beckstein O, Rutherford NG, Hadden JM, Sharples D, Sansom MSP, Iwata 
S, Henderson PJF, Cameron AD: Molecular basis of alternating access membrane transport by 
the sodium-hydantoin transporter Mhp1. Science 2010, 328:470–473.

41. Perez C, Koshy C, Yildiz Ö, Ziegler C: Alternating-access mechanism in conformationally asym-
metric trimers of the betaine transporter BetP. Nature 2012, 490:126–130.

42. Penmatsa A, Gouaux E: How LeuT shapes our understanding of the mechanisms of sodium-cou-
pled neurotransmitter transporters. J. Physiol. (Lond.) 2014, 592:863–869.

43. Yernool D, Boudker O, Jin Y, Gouaux E: Structure of a glutamate transporter homologue from 
Pyrococcus horikoshii. Nature 2004, 431:811–818.

44. Boudker O, Ryan RM, Yernool D, Shimamoto K, Gouaux E: Coupling substrate and ion binding 
to extracellular gate of a sodium-dependent aspartate transporter. Nature 2007, 445:387–393.

45. Reyes N, Ginter C, Boudker O: Transport mechanism of a bacterial homologue of glutamate 
transporters. Nature 2009, 462:880–885.

46. Jensen S, Guskov A, Rempel S, Hänelt I, Slotboom DJ: Crystal structure of a substrate-free aspar-
tate transporter. Nat. Struct. Mol. Biol. 2013, 20:1224–1226.

47. Guskov A, Jensen S, Faustino I, Marrink SJ, Slotboom DJ: Coupled binding mechanism of three 
sodium ions and aspartate in the glutamate transporter homologue GltTk. Nat Comms 2016, 
7:13420.

48. Canul-Tec JC, Assal R, Cirri E, Legrand P, Brier S, Chamot-Rooke J, Reyes N: Structure and al-
losteric inhibition of excitatory amino acid transporter 1. Nature 2017, 544:446–451.

49. Garaeva AA, Oostergetel GT, Gati C, Guskov A, Paulino C, Slotboom DJ: Cryo-EM structure of the 
human neutral amino acid transporter ASCT2. Nat. Struct. Mol. Biol. 2018, 25:515–521.

50. Quistgaard EM, Löw C, Guettou F, Nordlund P: Understanding transport by the major facilitator 
superfamily (MFS): structures pave the way. Nat. Rev. Mol. Cell Biol. 2016, 17:123–132.

51. Stelzl LS, Fowler PW, Sansom MSP, Beckstein O: Flexible gates generate occluded intermediates 



102

in the transport cycle of LacY. J. Mol. Biol. 2014, 426:735–751.

52. Fowler PW, Orwick-Rydmark M, Radestock S, Solcan N, Dijkman PM, Lyons JA, Kwok J, Caffrey 
M, Watts A, Forrest LR, et al.: Gating topology of the proton-coupled oligopeptide symporters. 
Structure 2015, 23:290–301.

53. Wang L-Y, Ravi VM, Leblanc G, Padrós E, Cladera J, Perálvarez-Marín A: Helical unwinding and 
side-chain unlocking unravel the outward open conformation of the melibiose transporter. Sci 
Rep 2016, 6:33776.

54. Latorraca NR, Fastman NM, Venkatakrishnan AJ, Frommer WB, Dror RO, Feng L: Mechanism of 
Substrate Translocation in an Alternating Access Transporter. Cell 2017, 169:96–107.e12.

55. Ke M, Yuan Y, Jiang X, Yan N, Gong H: Molecular determinants for the thermodynamic and 
functional divergence of uniporter GLUT1 and proton symporter XylE. PLOS Computational 
Biology 2017, 13:e1005603.

56. Poolman B, Konings WN: Secondary solute transport in bacteria. Biochim. Biophys. Acta 1993, 
1183:5–39.

57. Bianchi F, Klooster JSVT, Ruiz SJ, Luck K, Pols T, Urbatsch IL, Poolman B: Asymmetry in inward- 
and outward-affinity constant of transport explain unidirectional lysine flux in Saccharomyces 
cerevisiae. Sci Rep 2016, 6:31443.

58. Winkler HH, Wilson TH: The role of energy coupling in the transport of beta-galactosides by 
Escherichia coli. J. Biol. Chem. 1966, 241:2200–2211.

59. Guan L, Kaback HR: Binding affinity of lactose permease is not altered by the H+ electrochemi-
cal gradient. PNAS 2004, 101:12148–12152.

60. Komor E, Haass D, Komor B, Tanner W: The active hexose-uptake system of Chlorella vulgaris. 
Km-values for 6-deoxyglucose influx and efflux and their contribution to sugar accumulation. 
Eur. J. Biochem. 1973, 39:193–200.

61. Lolkema JS, Speelmans G, Konings WN: Na(+)-coupled versus H(+)-coupled energy transduc-
tion in bacteria. Biochim. Biophys. Acta 1994, 1187:211–215.

62. Speelmans G, Poolman B, Abee T, Konings WN: Energy transduction in the thermophilic anaero-
bic bacterium Clostridium fervidus is exclusively coupled to sodium ions. PNAS 1993, 90:7975–
7979.

63. Poolman B, Driessen AJ, Konings WN: Regulation of solute transport in streptococci by external 
and internal pH values. Microbiol. Rev. 1987, 51:498–508.

64. Hirayama BA, Loo DD, Wright EM: Protons drive sugar transport through the Na+/glucose 
cotransporter (SGLT1). J. Biol. Chem. 1994, 269:21407–21410.

65. Damiano-Forano E, Bassilana M, Leblanc G: Sugar binding properties of the melibiose permease 
in Escherichia coli membrane vesicles. Effects of Na+ and H+ concentrations. J. Biol. Chem. 
1986, 261:6893–6899.

66. Guan L, Nurva S, Ankeshwarapu SP: Mechanism of melibiose/cation symport of the melibiose 
permease of Salmonella typhimurium. Journal of Biological Chemistry 2011, 286:6367–6374.

67. Yamashita A, Singh SK, Kawate T, Jin Y, Gouaux E: Crystal structure of a bacterial homologue of 



103

REFERENCES

Na+/Cl--dependent neurotransmitter transporters. Nature 2005, 437:215–223.

68. Kovalevsky AY, Hanson BL, Mason SA, Yoshida T, Fisher SZ, Mustyakimov M, Forsyth VT, Blakeley 
MP, Keen DA, Langan P: Identification of the elusive hydronium ion exchanging roles with a 
proton in an enzyme at lower pH values. Angew. Chem. Int. Ed. Engl. 2011, 50:7520–7523.

69. Boyer PD: Bioenergetic coupling to protonmotive force: should we be considering hydronium 
ion coordination and not group protonation? Trends Biochem. Sci. 1988, 13:5–7.

70. Smirnova I, Kasho V, Sugihara J, Choe J-Y, Kaback HR: Residues in the H+ translocation site 
define the pKa for sugar binding to LacY. Biochemistry 2009, 48:8852–8860.

71. Indge K, Seaston A, EDDY AA: The Concentration of Glycine by Saccharomyces uvarum: Role 
of the Main Vacuole and Conditions Leading to the Explosive Absorption of the Amino Acid. 
Journal of General Microbiology 1977, 99:243–255.

72. Postma E, Verduyn C, Kuiper A, Scheffers WA, Van Dijken JP: Substrate-accelerated death of Sac-
charomyces cerevisiae CBS 8066 under maltose stress. Yeast 1990, 6:149–158.

73. Postgate JR, Hunter JR: Accelerated Death of Aerobacter aerogenes Starved in the Presence of 
Growth-Limiting Substrates. Journal of General Microbiology 1964, 34:459–473.

74. Strange RE, Dark FA: “Substrate-Accelerated Death” of Aerobacter aerogenes. Journal of General 
Microbiology 1965, 39:215–228.

75. Strange RE, Hunter JR: “Substrate-Accelerated death” of Nitrogen-Limited Bacteria. Journal of 
General Microbiology 1966, 44:255–262.

76. Calcott PH, Postgate JR: On Substrate-accelerated Death in Klebsiella aerogenes. Journal of Gen-
eral Microbiology 1972, 70:115–122.

77. Brondijk TH, van der Rest ME, Pluim D, de Vries Y, Stingl K, Poolman B, Konings WN: Catabolite 
inactivation of wild-type and mutant maltose transport proteins in Saccharomyces cerevisiae. J. 
Biol. Chem. 1998, 273:15352–15357.

78. Medintz I, Wang X, Hradek T, Michels CA: A PEST-like sequence in the N-terminal cytoplasmic 
domain of Saccharomyces maltose permease is required for glucose-induced proteolysis and 
rapid inactivation of transport activity. Biochemistry 2000, 39:4518–4526.

79. Horak J, Wolf DH: Catabolite inactivation of the galactose transporter in the yeast Saccharo-
myces cerevisiae: ubiquitination, endocytosis, and degradation in the vacuole. J Bacteriol 1997, 
179:1541–1549.

80. Horak J: Regulations of sugar transporters: insights from yeast. Curr. Genet. 2013, 59:1–31.

81. Lin CH, MacGurn JA, Chu T, Stefan CJ, Emr SD: Arrestin-related ubiquitin-ligase adaptors reg-
ulate endocytosis and protein turnover at the cell surface. Cell 2008, 135:714–725.

82. Hinnebusch AG, Natarajan K: Gcn4p, a master regulator of gene expression, is controlled at 
multiple levels by diverse signals of starvation and stress. Eukaryotic Cell 2002, 1:22–32.

83. Görke B, Stülke J: Carbon catabolite repression in bacteria: many ways to make the most out of 
nutrients. Nat. Rev. Microbiol. 2008, 6:613–624.

84. Adelman JL, Ghezzi C, Bisignano P, Loo DDF, Choe S, Abramson J, Rosenberg JM, Wright EM, 



104

Grabe M: Stochastic steps in secondary active sugar transport. Proc. Natl. Acad. Sci. U.S.A. 2016, 
113:E3960–6.

85. Johnson E, Nguyen PT, Yeates TO, Rees DC: Inward facing conformations of the MetNI methi-
onine ABC transporter: Implications for the mechanism of transinhibition. Protein Sci. 2012, 
21:84–96.

86. Gerber S, Comellas-Bigler M, Goetz BA, Locher KP: Structural basis of trans-inhibition in a mo-
lybdate/tungstate ABC transporter. Science 2008, 321:246–250.

87. Eddy AA: Slip and leak models of gradient-coupled solute transport. Biochem. Soc. Trans. 1980, 
8:271–273.

88. Buttin G, Cohen GN, Monod J, Rickenberg HV: [Galactoside-permease of Escherichia coli]. Ann 
Inst Pasteur (Paris) 1956, 91:829–857.

89. Kepes A: [Kinetic studies on galactoside permease of Escherichia coli]. Biochim. Biophys. Acta 
1960, 40:70–84.

90. Novotny CP, Englesberg E: The L-arabinose permease system in Escherichia coli B/r. Biochim. 
Biophys. Acta 1966, 117:217–230.

91. Van Leeuwen CC, Weusthuis RA, Postma E, Van den Broek PJ, Van Dijken JP: Maltose/proton 
co-transport in Saccharomyces cerevisiae. Comparative study with cells and plasma membrane 
vesicles. Biochem. J. 1992, 284 ( Pt 2):441–445.

92. Heinz E, Mariani HA: Concentration work and energy dissipation in active transport of glycine 
into carcinoma cells. J. Biol. Chem. 1957, 228:97–111.

93. Hacking C, Eddy AA: The accumulation of amino acids by mouse ascites-tumour cells. Depen-
dence on but lack of equilibrium with the sodium-ion electrochemical gradient. Biochem. J. 
1981, 194:415–426.

94. Stein WD: CHAPTER 2 - Simple Diffusion across the Membrane Bilayer. In Transport and Diffu-
sion Across Cell Membranes. Edited by Stein WD. Academic Press; 1986:69–112.

95. Nelson N, Sacher A, Nelson H: The significance of molecular slips in transport systems. Nat. Rev. 
Mol. Cell Biol. 2002, 3:876–881.

96. Driessen AJ: Secondary transport of amino acids by membrane vesicles derived from lactic acid 
bacteria. Antonie Van Leeuwenhoek 1989, 56:139–160.

97. Lolkema JS, Poolman B: Uncoupling in secondary transport proteins. A mechanistic explanation 
for mutants of lac permease with an uncoupled phenotype. J. Biol. Chem. 1995, 270:12670–12676.

98. Krupka RM: Coupling mechanisms in active transport. Biochim. Biophys. Acta 1993, 1183:105–
113.

99. Poolman B, Knol J, Lolkema JS: Kinetic analysis of lactose and proton coupling in Glu379 
mutants of the lactose transport protein of Streptococcus thermophilus. J. Biol. Chem. 1995, 
270:12995–13003.

100. Varela MF, Wilson TH: Molecular biology of the lactose carrier of Escherichia coli. Biochim. Bio-
phys. Acta 1996, 1276:21–34.



105

REFERENCES

101. King SC, Wilson TH: Characterization of Escherichia coli lactose carrier mutants that transport 
protons without a cosubstrate. Probes for the energy barrier to uncoupled transport. J. Biol. 
Chem. 1990, 265:9645–9651.

102. Brooker RJ: An analysis of lactose permease “sugar specificity” mutations which also affect the 
coupling between proton and lactose transport. I. Val177 and Val177/Asn319 permeases facili-
tate proton uniport and sugar uniport. J. Biol. Chem. 1991, 266:4131–4138.

103. Eelkema JA, O’Donnell MA, Brooker RJ: An analysis of lactose permease “sugar specificity” mu-
tations which also affect the coupling between proton and lactose transport. II. Second site re-
vertants of the thiodigalactoside-dependent proton leak by the Val177/Asn319 permease. J. Biol. 
Chem. 1991, 266:4139–4144.

104. Caspari T, Stadler R, Sauer N, Tanner W: Structure/function relationship of the Chlorella glu-
cose/H+ symporter. J. Biol. Chem. 1994, 269:3498–3502.

105. Wilson-O’Brien AL, Patron N, Rogers S: Evolutionary ancestry and novel functions of the mam-
malian glucose transporter (GLUT) family. BMC Evol. Biol. 2010, 10:152.

106. Bazzone A, Zabadne AJ, Salisowski A, Madej MG, Fendler K: A Loose Relationship: Incomplete H 
+ /Sugar Coupling in the MFS Sugar Transporter GlcP. Biophys. J. 2017, 113:2736–2749.

107. Komor B, Komor E, Tanner W: Transformation of a strictly coupled active transport system into 
a facilitated diffusion system by nystatin. J. Membr. Biol. 1974, 17:231–238.

108. Opekarová M, Tanner W: Nystatin changes the properties of transporters for arginine and sug-
ars. An in vitro study. FEBS Letters 1994, 350:46–50.

109. Opekarová M, Urbanová P, Konopásek I, Kvasnicka P, Strzalka K, Sigler K, Amler E: Possible ny-
statin-protein interaction in yeast plasma membrane vesicles in the presence of ergosterol. A 
Förster energy transfer study. FEBS Letters 1996, 386:181–184.

110. Will A, Grassl R, Erdmenger J, Caspari T, Tanner W: Alteration of substrate affinities and specific-
ities of the Chlorella Hexose/H+ symporters by mutations and construction of chimeras. J. Biol. 
Chem. 1998, 273:11456–11462.

111. Gunshin H, Mackenzie B, Berger UV, Gunshin Y, Romero MF, Boron WF, Nussberger S, Gollan JL, 
Hediger MA: Cloning and characterization of a mammalian proton-coupled metal-ion trans-
porter. Nature 1997, 388:482–488.

112. Nevo Y, Nelson N: The mutation F227I increases the coupling of metal ion transport in DCT1. J. 
Biol. Chem. 2004, 279:53056–53061.

113. Unal ES, Zhao R, Chang M-H, Fiser A, Romero MF, Goldman ID: The functional roles of the 
His247 and His281 residues in folate and proton translocation mediated by the human pro-
ton-coupled folate transporter SLC46A1. J. Biol. Chem. 2009, 284:17846–17857.

114. Franco PJ, Brooker RJ: Functional roles of Glu-269 and Glu-325 within the lactose permease of 
Escherichia coli. J. Biol. Chem. 1994, 269:7379–7386.

115. Matzke EA, Stephenson LJ, Brooker RJ: Functional role of arginine 302 within the lactose per-
mease of Escherichia coli. J. Biol. Chem. 1992, 267:19095–19100.

116. Serrano R: Energy requirements for maltose transport in yeast. Eur. J. Biochem. 1977, 80:97–102.



106

117. Han EK, Cotty F, Sottas C, Jiang H, Michels CA: Characterization of AGT1 encoding a general 
alpha-glucoside transporter from Saccharomyces. Mol. Microbiol. 1995, 17:1093–1107.

118. Stambuk BU, de Araujo PS: Kinetics of active alpha-glucoside transport in Saccharomyces cere-
visiae. FEMS Yeast Res. 2001, 1:73–78.

119. Marks DS, Colwell LJ, Sheridan R, Hopf TA, Pagnani A, Zecchina R, Sander C: Protein 3D struc-
ture computed from evolutionary sequence variation. PLoS ONE 2011, 6:e28766.

120. Hopf TA, Colwell LJ, Sheridan R, Rost B, Sander C, Marks DS: Three-dimensional structures of 
membrane proteins from genomic sequencing. Cell 2012, 149:1607–1621.

121. de Kok S, Yilmaz D, Suir E, Pronk JT, Daran J-M, van Maris AJA: Increasing free-energy (ATP) 
conservation in maltose-grown Saccharomyces cerevisiae by expression of a heterologous malt-
ose phosphorylase. Metab. Eng. 2011, 13:518–526.

122. Brachmann CB, Davies A, Cost GJ, Caputo E, Li J, Hieter P, Boeke JD: Designer deletion strains 
derived from Saccharomyces cerevisiae S288C: a useful set of strains and plasmids for PCR-me-
diated gene disruption and other applications. Yeast 1998, 14:115–132.

123. Chang J-M, Di Tommaso P, Taly J-F, Notredame C: Accurate multiple sequence alignment of 
transmembrane proteins with PSI-Coffee. BMC Bioinformatics 2012, 13 Suppl 4:S1.

124. Waterhouse AM, Procter JB, Martin DMA, Clamp M, Barton GJ: Jalview Version 2--a multiple 
sequence alignment editor and analysis workbench. Bioinformatics 2009, 25:1189–1191.

125. Finn RD, Bateman A, Clements J, Coggill P, Eberhardt RY, Eddy SR, Heger A, Hetherington K, 
Holm L, Mistry J, et al.: Pfam: the protein families database. Nucleic Acids Res. 2014, 42:D222–30.

126. Biasini M, Bienert S, Waterhouse A, Arnold K, Studer G, Schmidt T, Kiefer F, Gallo Cassarino T, 
Bertoni M, Bordoli L, et al.: SWISS-MODEL: modelling protein tertiary and quaternary struc-
ture using evolutionary information. Nucleic Acids Res. 2014, 42:W252–8.

127. Guimarães PMR, Multanen J-P, Domingues L, Teixeira JA, Londesborough J: Stimulation of ze-
ro-trans rates of lactose and maltose uptake into yeasts by preincubation with hexose to in-
crease the adenylate energy charge. Applied and Environmental Microbiology 2008, 74:3076–3084.

128. Diakov TT, Tarsio M, Kane PM: Measurement of vacuolar and cytosolic pH in vivo in yeast cell 
suspensions. J Vis Exp 2013, doi:10.3791/50261.

129. Miesenböck G, De Angelis DA, Rothman JE: Visualizing secretion and synaptic transmission 
with pH-sensitive green fluorescent proteins. Nature 1998, 394:192–195.

130. Stockwell SR, Landry CR, Rifkin SA: The yeast galactose network as a quantitative model for 
cellular memory. Mol Biosyst 2015, 11:28–37.

131. Lam VM, Daruwalla KR, Henderson PJ, Jones-Mortimer MC: Proton-linked D-xylose transport 
in Escherichia coli. J Bacteriol 1980, 143:396–402.

132. Stambuk B: Active α-glucoside transport in Saccharomyces cerevisiae [Internet]. FEMS Microbi-
ol. Lett. 1999, 170:105–110.

133. Kaback HR, Smirnova I, Kasho V, Nie Y, Zhou Y: The alternating access transport mechanism in 
LacY. J Membrane Biol 2011, 239:85–93.



107

REFERENCES

134. Andersson M, Bondar A-N, Freites JA, Tobias DJ, Kaback HR, White SH: Proton-coupled dynam-
ics in lactose permease. Structure 2012, 20:1893–1904.

135. Doki S, Kato HE, Solcan N, Iwaki M, Koyama M, Hattori M, Iwase N, Tsukazaki T, Sugita Y, Kandori 
H, et al.: Structural basis for dynamic mechanism of proton-coupled symport by the peptide 
transporter POT. Proc. Natl. Acad. Sci. U.S.A. 2013, 110:11343–11348.

136. Sigal N, Molshanski-Mor S, Bibi E: No single irreplaceable acidic residues in the Escherichia coli 
secondary multidrug transporter MdfA. J Bacteriol 2006, 188:5635–5639.

137. Sigal N, Fluman N, Siemion S, Bibi E: The secondary multidrug/proton antiporter MdfA tolerates 
displacements of an essential negatively charged side chain. J. Biol. Chem. 2009, 284:6966–6971.

138. Sahin-Tóth M, Dunten RL, Gonzalez A, Kaback HR: Functional interactions between puta-
tive intramembrane charged residues in the lactose permease of Escherichia coli. PNAS 1992, 
89:10547–10551.

139. Yuen CM, Liu DR: Dissecting protein structure and function using directed evolution. Nat Meth 
2007, 4:995–997.

140. Yuan L, Kurek I, English J, Keenan R: Laboratory-directed protein evolution. Microbiol. Mol. Biol. 
Rev. 2005, 69:373–392.

141. Johannes TW, Zhao H: Directed evolution of enzymes and biosynthetic pathways. Curr. Opin. 
Microbiol. 2006, 9:261–267.

142. Leemhuis H, Kelly RM, Dijkhuizen L: Directed evolution of enzymes: Library screening strate-
gies. IUBMB Life 2009, 61:222–228.

143. Jessen-Marshall AE, Brooker RJ: Evidence that transmembrane segment 2 of the lactose per-
mease is part of a conformationally sensitive interface between the two halves of the protein. J. 
Biol. Chem. 1996, 271:1400–1404.

144. Jessen-Marshall AE, Parker NJ, Brooker RJ: Suppressor analysis of mutations in the loop 2-3 mo-
tif of lactose permease: evidence that glycine-64 is an important residue for conformational 
changes. J Bacteriol 1997, 179:2616–2622.

145. Saraceni-Richards CA, Levy SB: Second-Site Suppressor Mutations of Inactivating Substitutions 
at Gly247 of the Tetracycline Efflux Protein, Tet(B). J Bacteriol 2000, 182:6514–6516.

146. Pazdernik NJ, Cain SM, Brooker RJ: An Analysis of Suppressor Mutations Suggests That the Two 
Halves of the Lactose Permease Function in a Symmetrical Manner. Journal of Biological Chem-
istry 1997, 272:26110–26116.

147. Pi J, Chow H, Pittard AJ: Study of Second-Site Suppression in the pheP Gene for the Phenylala-
nine Transporter of Escherichia coli. J Bacteriol 2002, 184:5842–5847.

148. Arastu-Kapur S, Arendt CS, Purnat T, Carter NS, Ullman B: Second-site Suppression of a Non-
functional Mutation within the Leishmania donovaniInosine-Guanosine Transporter. Journal 
of Biological Chemistry 2005, 280:2213–2219.

149. Marques WL, Mans R, Henderson RK, Marella ER, Horst JT, Hulster E de, Poolman B, Daran J-M, 
Pronk JT, Gombert AK, et al.: Combined engineering of disaccharide transport and phospho-
rolysis for enhanced ATP yield from sucrose fermentation in Saccharomyces cerevisiae. Metab. 
Eng. 2017, 45:121–133.



108

150. Verduyn C, Postma E, Scheffers WA, Van Dijken JP: Effect of benzoic acid on metabolic fluxes in 
yeasts: a continuous-culture study on the regulation of respiration and alcoholic fermentation. 
Yeast 1992, 8:501–517.

151. Pronk JT: Auxotrophic yeast strains in fundamental and applied research. Applied and Environ-
mental Microbiology 2002, 68:2095–2100.

152. Gietz RD, Woods RA: Transformation of yeast by lithium acetate/single-stranded carrier DNA/
polyethylene glycol method. Meth. Enzymol. 2002, 350:87–96.

153. Hatanaka H, Mitsunaga H, Fukusaki E: Inhibition of Saccharomyces cerevisiae growth by simul-
taneous uptake of glucose and maltose. J. Biosci. Bioeng. 2018, 125:52–58.

154. Chen L-Q, Hou B-H, Lalonde S, Takanaga H, Hartung ML, Qu X-Q, Guo W-J, Kim J-G, Underwood 
W, Chaudhuri B, et al.: Sugar transporters for intercellular exchange and nutrition of pathogens. 
Nature 2010, 468:527–532.

155. Chen L-Q, Cheung LS, Feng L, Tanner W, Frommer WB: Transport of Sugars. Annu. Rev. Biochem. 
2015, 84:865–894.

156. Zhou Y, Qu H, Dibley KE, Offler CE, Patrick JW: A suite of sucrose transporters expressed in 
coats of developing legume seeds includes novel pH-independent facilitators. The Plant Journal 
2007, 49:750–764.

157. Thorens B, Mueckler M: Glucose transporters in the 21st Century. American Journal of Physiolo-
gy-Endocrinology and Metabolism 2010, 298:E141–E145.

158. Quiocho FA: Atomic structures of periplasmic binding proteins and the high-affinity active 
transport systems in bacteria. Philos. Trans. R. Soc. Lond., B, Biol. Sci. 1990, 326:341–51– discus-
sion 351–2.

159. Spurlino JC, Lu GY, Quiocho FA: The 2.3-A resolution structure of the maltose- or maltodex-
trin-binding protein, a primary receptor of bacterial active transport and chemotaxis. J. Biol. 
Chem. 1991, 266:5202–5219.

160. Olsen SG, Brooker RJ: Analysis of the structural specificity of the lactose permease toward sug-
ars. J. Biol. Chem. 1989, 264:15982–15987.

161. Abramson J, Smirnova I, Kasho V, Verner G, Kaback HR, Iwata S: Structure and mechanism of the 
lactose permease of Escherichia coli. Science 2003, 301:610–615.

162. Guan L, Mirza O, Verner G, Iwata S, Kaback HR: Structural determination of wild-type lactose 
permease. PNAS 2007, 104:15294–15298.

163. Chaptal V, Kwon S, Sawaya MR, Guan L, Kaback HR, Abramson J: Crystal structure of lactose 
permease in complex with an affinity inactivator yields unique insight into sugar recognition. 
Proc. Natl. Acad. Sci. U.S.A. 2011, 108:9361–9366.

164. Kumar H, Kasho V, Smirnova I, Finer-Moore JS, Kaback HR, Stroud RM: Structure of sugar-bound 
LacY. Proc. Natl. Acad. Sci. U.S.A. 2014, 111:1784–1788.

165. Farwick A, Bruder S, Schadeweg V, Oreb M, Boles E: Engineering of yeast hexose transporters to 
transport D-xylose without inhibition by D-glucose. Proc. Natl. Acad. Sci. U.S.A. 2014, 111:5159–
5164.



109

REFERENCES

166. Vidgren V, Ruohonen L, Londesborough J: Characterization and functional analysis of the MAL 
and MPH loci for maltose utilization in some ale and lager yeast strains. Applied and Environ-
mental Microbiology 2005, 71:7846–7857.

167. Smit A, Moses SG, Pretorius IS, Cordero Otero RR: The Thr505 and Ser557 residues of the 
AGT1-encoded alpha-glucoside transporter are critical for maltotriose transport in Saccharo-
myces cerevisiae. J Appl Microbiol 2008, 104:1103–1111.

168. Henderson R, Poolman B: Proton-solute coupling mechanism of the maltose transporter from 
Saccharomyces cerevisiae. Sci Rep 2017, 7:14375.

169. Gournas C, Saliba E, Krammer E-M, Barthelemy C, Prévost M, André B: Transition of yeast Can1 
transporter to the inward-facing state unveils an α-arrestin target sequence promoting its ubiq-
uitylation and endocytosis. Mol. Biol. Cell 2017, 28:2819–2832.

170. Mueckler M, Weng W, Kruse M: Glutamine 161 of Glut1 glucose transporter is critical for trans-
port activity and exofacial ligand binding. J. Biol. Chem. 1994, 269:20533–20538.

171. Hashiramoto M, Kadowaki T, Clark AE, Muraoka A, Momomura K, Sakura H, Tobe K, Akanuma 
Y, Yazaki Y, Holman GD: Site-directed mutagenesis of GLUT1 in helix 7 residue 282 results in 
perturbation of exofacial ligand binding. J. Biol. Chem. 1992, 267:17502–17507.

172. Newstead S, Kim H, Heijne von G, Iwata S, Drew D: High-throughput fluorescent-based opti-
mization of eukaryotic membrane protein overexpression and purification in Saccharomyces 
cerevisiae. Proc. Natl. Acad. Sci. U.S.A. 2007, 104:13936–13941.

173. Byrne B: Pichia pastoris as an expression host for membrane protein structural biology. Curr. 
Opin. Struct. Biol. 2015, 32:9–17.

174. Cereghino GPL, Cereghino JL, Ilgen C, Cregg JM: Production of recombinant proteins in fermen-
ter cultures of the yeast Pichia pastoris. Curr. Opin. Biotechnol. 2002, 13:329–332.

175. Ruiz SJ: Translocation across biological membranes: activity, structure and regulation of trans-
porters. 2017, [no volume].

176. Day RE, Higgins VJ, Rogers PJ, Dawes IW: Characterization of the putative maltose transporters 
encoded by YDL247w and YJR160c. Yeast 2002, 19:1015–1027.

177. Hollatz C, Stambuk BU: Colorimetric determination of active alpha-glucoside transport in Sac-
charomyces cerevisiae. J. Microbiol. Methods 2001, 46:253–259.

178. Vidgren V, Londesborough J: Over-expressed maltose transporters in laboratory and lager 
yeasts: localization and competition with endogenous transporters. Yeast 2018, doi:10.1002/
yea.3322.

179. Dietvorst J, Londesborough J, Steensma HY: Maltotriose utilization in lager yeast strains: MTT1 
encodes a maltotriose transporter. Yeast 2005, 22:775–788.

180. Hino T, Arakawa T, Iwanari H, Yurugi-Kobayashi T, Ikeda-Suno C, Nakada-Nakura Y, Kusano-Arai 
O, Weyand S, Shimamura T, Nomura N, et al.: G-protein-coupled receptor inactivation by an 
allosteric inverse-agonist antibody. Nature 2012, 482:237–240.

181. Shimamura T, Shiroishi M, Weyand S, Tsujimoto H, Winter G, Katritch V, Abagyan R, Cherezov 
V, Liu W, Han GW, et al.: Structure of the human histamine H1 receptor complex with doxepin. 
Nature 2011, 475:65–70.



110

182. Long SB, Campbell EB, Mackinnon R: Crystal structure of a mammalian voltage-dependent 
Shaker family K+ channel. Science 2005, 309:897–903.

183. Hou X, Pedi L, Diver MM, Long SB: Crystal structure of the calcium release-activated calcium 
channel Orai. Science 2012, 338:1308–1313.

184. Deng Z, Paknejad N, Maksaev G, Sala-Rabanal M, Nichols CG, Hite RK, Yuan P: Cryo-EM and 
X-ray structures of TRPV4 reveal insight into ion permeation and gating mechanisms. Nat. 
Struct. Mol. Biol. 2018, 25:252–260.

185. Aller SG, Yu J, Ward A, Weng Y, Chittaboina S, Zhuo R, Harrell PM, Trinh YT, Zhang Q, Urbatsch 
IL, et al.: Structure of P-glycoprotein reveals a molecular basis for poly-specific drug binding. 
Science 2009, 323:1718–1722.

186. Daly R, Hearn MTW: Expression of heterologous proteins in Pichia pastoris: a useful experi-
mental tool in protein engineering and production. J. Mol. Recognit. 2005, 18:119–138.

187. Inan M, Meagher MM: Non-repressing carbon sources for alcohol oxidase (AOX1) promoter of 
Pichia pastoris. J. Biosci. Bioeng. 2001, 92:585–589.

188. Ramón R, Ferrer P, Valero F: Sorbitol co-feeding reduces metabolic burden caused by the overex-
pression of a Rhizopus oryzae lipase in Pichia pastoris. J. Biotechnol. 2007, 130:39–46.

189. Çelik E, Calik P, Oliver SG: Fed-batch methanol feeding strategy for recombinant protein pro-
duction by Pichia pastoris in the presence of co-substrate sorbitol. Yeast 2009, 26:473–484.

190. Martinez Molina D, Lundbäck A-K, Niegowski D, Eshaghi S: Expression and purification of the 
recombinant membrane protein YidC: a case study for increased stability and solubility. Protein 
Expr. Purif. 2008, 62:49–52.

191. Smirnova I, Kasho V, Sugihara J, Vázquez-Ibar JL, Kaback HR: Role of protons in sugar binding to 
LacY. Proc. Natl. Acad. Sci. U.S.A. 2012, 109:16835–16840.

192. Lee CC, Williams TG, Wong DWS, Robertson GH: An episomal expression vector for screening 
mutant gene libraries in Pichia pastoris. Plasmid 2005, 54:80–85.

193. Flocco MM, Mowbray SL: Planar stacking interactions of arginine and aromatic side-chains in 
proteins. J. Mol. Biol. 1994, 235:709–717.



111

ENGLISH SUMMARY

Perfect Imperfection

All cells are surrounded by biological membranes, which allow certain molecules to cross 
and prevent others from entering the cell. Assimilation of nutrients from the environment 
is thus a hurdle that must be overcome. For this purpose, cells have evolved proteins that 
can span the membrane and provide access to the necessary chemicals for survival and 
growth. 

In Chapter 1, I broadly explain what has been learned about active transport from more 
than 50 years of research. We know that transport proteins are responsible for moving 
molecules across membranes and, in many cases, these molecular machines require the 
input of energy to do so. For secondary active transport, this energy is generated by cells 
and stored as a difference in the concentration and charge of molecules on each side of 
the membrane, known as electrochemical ion gradients. We also know of a plethora of 
examples of secondary transporters, present in all cells from all Kingdoms of life. Many 
have been sequenced, some have been characterized biochemically, and their physiologi-
cal roles identified. Some have been extensively and specifically mutated to determine the 
critical amino acid residues for transporter function, and even the molecular structures of 
a few have been solved.

However, despite all this progress, the exact molecular mechanism of how secondary 
transporters can harness electrochemical ion gradient to transport molecules is poorly 
understood. It is well known that a transporter must change its shape during transport 
in order to move its substrate molecule across the membrane. A symporter, which trans-
ports two different molecules in the same direction, must bind the solutes on one side 
of the membrane and change shape to release them on the other side of the membrane. 
In order to couple the movement of both molecules, the protein must be flexible under 
certain conditions and inflexible under others; that is, some transitions are “forbidden”. 
For instance, a symporter should only be able to switch conformations when both solutes 
are bound (to transport across the membrane) or when neither is bound (to return the 
transporter to the original state, ready to bind the next set of solutes). The key here is that 
neither molecule should be transported without the other, and so a transporter should 
become “locked”, or conformationally inflexible, when only one is bound. That said, rules 
are meant to be broken, and there are a number of misbehaving proteins that don’t always 
follow these rules, leading to proteins that have “leak pathways”, or uncoupled transport of 
one substrate molecule in the absence of the other. Biology does not serve to make perfec-
tion, and “imperfect” mechanisms may actually serve useful functions. For instance, un-
controlled uptake by a perfect symporter is like putting air into a balloon without a release 
valve or back pressure mechanism, and this can cause a large increase in osmotic pressure 
to potentially dangerous levels for the cell. But if the transporter contains a leak pathway, 
it can relieve this pressure if the substrate concentration inside the cell becomes too high.

Summary
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Introducing imperfection to create something new

In this thesis, I focus on understanding how a particular sugar transporter, Mal11 from 
the brewing yeast Saccharomyces cerevisiae, is able to use the energy stored in the electro-
chemical transmembrane proton gradient to move sugars across the membrane and into 
the cell. Initially, we were interested in this protein because of its industrial relevance; 
Mal11 can transport a wide variety of sugars that are used in industrial fermentations, 
including maltose, sucrose, and maltotriose. By bringing sugars into the cell, Mal11 per-
forms the first step of metabolism for these sugars and therefore is critical for energy 
generation and carbon utilization in yeast cells.

Mal11 is a proton-coupled sugar symporter, meaning it transports one proton and one 
sugar molecule into the cell with each cycle of conformational changes. In Chapter 2, we 
sought to understand in detail the pathway of proton co-transport through Mal11. First, 
we examined transport by the wildtype Mal11 and discovered that it was extremely well 
coupled. In fact, we could observe cells popping like balloons after uptake of maltose, 
indicating that there is no leak pathway for sugar to leave the cell when there is too much 
inside. In order to understand the mechanism of a transporter, we needed to look at the 
amino acid building blocks. We know from related proteins that acidic amino acids often 
play an important role in proton coupling, since they are able to bind and release protons 
under different conditions. However, Mal11 has 55 acidic amino acid residues, so we had 
to narrow this down a bit. We made predictions of what the 3D structure of Mal11 would 
be and used these models to identify possible proton-binding amino acid residues in the 
protein and found three in particular located in a cavity in the center of the protein. To see 
how these amino acids influence transport, we engineered a series of new transporters, 
each with a different mutation to one of these amino acids. Once we had the mutant trans-
porters, we could measure how well they transport maltose. We expected that one of these 
three amino acids would be critical for proton coupling. To our surprise, proton-coupled 
maltose transport was reduced, but not eliminated, in mutations of all three amino acids. 
This meant that all three of these amino acids appeared important, but not essential, for 
proton coupling.

We reasoned that we were actually creating a proton leak pathway through Mal11 by mak-
ing these mutations; the coupling in our mutants was less perfect, rescuing the cells from 
the self-killing observed in the wildtype protein. Intrigued, we combined the mutations 
into double and triple mutations and we found that the triple mutants are maltose uni-
porters; they can transport maltose without the requirement of energy from the electro-
chemical proton gradient. In nature, there exists no known maltose uniporter, so this is 
the first instance of a transporter like this.

Hijacking nature to improve the uniporters

Even though these triple mutant transporters were uncoupled sugar uniporters, cells 
containing them were unable to grow on maltose or sucrose media. Mal11, like all other 
proteins, is the culmination of generations and generations of natural selection and evo-
lution. Nature has optimized Mal11 to be a proton-coupled sugar symporter, not a sugar 
uniporter, and therefore its reasonable that changing only three of the 616 amino acids 
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in the protein will not make an optimal sugar uniporter. We thus wanted to understand 
why the cells couldn’t grow despite being able to transport sugar, and more importantly, 
to see what additional mutations to the transporter or genome could improve the trans-
porter enough to allow yeast growth. In Chapter 2, we made the mutations rationally from 
the 3D models. However, the complexity here is much greater and so we chose the more 
random approach of directed evolution. This technique mimics the natural process of 
evolution in the laboratory by randomly introducing mutations and forcing the yeast to 
adapt to a desired condition: growth on sucrose. Thus, in Chapter 3, we extend the results 
from Chapter 2 by evolving uncoupled triple mutant uniporters on sucrose until they 
could grow rapidly. This study yielded 5 evolved triple mutant transporters, each with a 
different additional mutation. Remarkably, three of these have evolved an acidic residue 
in a new location and appear to once again be proton-coupled. This tells us that the proton 
transport pathway in Mal11 is complex, involves more than the three residues mutated 
in Chapter 2, and needs only an acidic amino acid residue in the central cavity to allow 
sugars to be accumulated against the concentrations. The other two acidic residues are 
required to improve the coupling efficiency, which in case of wildtype Mal11 has resulted 
in a transporter that can catalyze very high levels of maltose uptake. If the maltose is me-
tabolized fast enough then the cell does not jeopardize its own safety. 

A foundation for further study

In Chapter 4, we switched our focus from the proton transport pathway to the binding site 
for maltose. By comparing our 3D models from Chapter 2 to models of similar transport-
ers, we were able to identify 11 binding site residues. Mutation of any one of these led to 
reduced transport activity. In particular, five residues were found to be irreplaceable, and 
we thus consider these the most important in sugar recognition and/or transport. Given 
the importance of this transporter for industrial fermentations, this work can be of help in 
finding proteins with desired transport properties and sugar specificities.

Our experiments on Mal11 in Chapters 2-4 were performed using living yeast cells. How-
ever, to fully understand this protein, we sought to isolate the protein in a purified form. 
This would allow us to study Mal11 without the influence of other proteins and to control 
completely the conditions of the experiments. In Chapter 5, using the yeast Pichia pastoris, 
we were able to optimize the production of Mal11 and seven of the mutants studied in 
Chapters 2 and 3. Unfortunately, we could not find conditions in which stable and pure 
Mal11 could be isolated. Despite this, we still provide a framework for additional condi-
tions to try and many experiments to perform once obtained.

My final thoughts on proton-coupled transport and Mal11 are described in Chapter 6. I 
address a major question of the field: is there a common mechanism of proton coupling? 
I then detail the key results from Chapters 2-4 and propose a molecular mechanism of 
transport by Mal11 that I believe logically explains our observations. Science keeps mov-
ing, and the work on Mal11 is far from finished. I therefore also propose additional ex-
periments to answer the key questions surrounding this transporter and related proteins.
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Perfecte imperfecties

Alle cellen zijn omgeven door een biologische membraan die dient ter barrière waardoor 
sommige moleculen wel en andere niet kunnen toetreden tot de cel. Assimilatie van nu-
triënten uit de omgeving is daarom een horde die overkomen moet worden. Hiervoor 
hebben cellen eiwitten geëvolueerd die het membraan spannen en hierdoor toegang ver-
lenen voor de benodigde moleculen voor overleving en groei.

In hoofdstuk 1 leg ik uit wat we momenteel weten van actief transport op basis van het 
onderzoek van de afgelopen 50 jaar. Wij weten dat transporteiwitten verantwoordelijk 
zijn voor de verplaatsing van moleculen over membranen en dat dit in veel gevallen en-
ergie nodig is voor dit proces. Voor secundair actief transport, is de energie door cellen 
opgewekt en als het ware opgeslagen in concentratie- en ladingsverschillen over het mem-
braan. Dit wordt ook wel elektrochemische ion gradiënten genoemd. Er zijn een veelvoud 
voorbeelden van secundaire transporters aanwezig in alle taxonomische rijken van het 
leven. Vele zijn gesequenced en sommige zijn biochemisch gekarakteriseerd waardoor 
hun fysiologische rol bekend is. Daarnaast zijn sommige extensief en specifiek gemuteerd 
om essentiële aminozuren te identificeren die een rol spelen bij de functie van de trans-
porter, en er zijn zelfs enkele structuren opgehelderd.

Ondanks al deze progressie is het moleculaire mechanisme m.b.t. de koppeling van de 
elektrochemische ion gradiënten aan het transport van moleculen matig begrepen. We 
weten dat een transporter van vorm moet veranderen tijdens het transport van zijn sub-
straat over het membraan. Een symporter, die twee verschillende moleculen in eenzelfde 
richting transporteert, moet beide moleculen binden aan een zijde van het membraan 
alvorens van vorm te veranderen om vervolgens beide moleculen los te laten aan de an-
dere zijde van het membraan. Om het transport van beide moleculen aan elkaar te kop-
pelen moet het eiwit onder bepaalde condities enerzijds flexibel en anderzijds inflexibel 
zijn, in andere woorden sommige transities zijn “verboden”. Bijvoorbeeld, een symporter 
zou alleen van conformatie kunnen veranderen als beide substraten zijn gebonden (voor 
transport over het membraan) of wanneer geen van de substraten is gebonden (om terug 
te keren naar de originele staat, klaar om een nieuwe set van substraten te binden). De 
sleutel hier is dat geen van de substraten enkel getransporteerd kunnen worden, en dus 
moet een transporter op slot, of conformatie inflexibel zijn wanneer een enkel substraat is 
gebonden. Dit gezegd hebbende, regels zijn er, om gebroken te worden. Er zijn een aantal 
eiwitten die zich zogezegd misdragen en niet altijd de regels volgen, wat leidt tot eiwitten 
die ‘’leak pathways’’ hebben, of ontkoppelt transport van een substraat in de afwezigheid 
van de ander. Biologie streeft niet naar perfectie en ‘imperfecte’ mechanismen zouden 
weleens betekenisvolle functies hebben. Ter illustratie, ongecontroleerde opname van een 
perfecte symporter is als het oppompen van een ballon zonder een overdrukventiel of te-
gendruk mechanisme, en dit kan leiden tot enorme verhogingen van de osmotische druk 
naar zodanig gevaarlijk hoge levels voor de cel. Maar als de transporter een ‘’leak path-
way’’ bevat, kan het zijn druk kwijt als de substraat concentratie in de cel te hoog wordt.
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De introductie van imperfectie om iets nieuws te creëren

In dit proefschrift leg ik de focus op hoe een suiker transporter, en in het bijzonder Mal11, 
van de brouwers gist Saccharomyces cerevisiae, het mogelijk maakt om de energie op-
geslagen in de elektrochemische transmembraan proton gradiënt te gebruiken voor de 
verplaatsing van suikers over het membraan in de cel. Initieel was onze interesse in dit 
eiwit vanwege de industriële relevantie; Mal11 kan een variëteit van suikers transporteren 
die gebruikt kunnen worden in industriële fermentatie, waaronder maltose, sucrose en 
maltotriose. Mal11 zorgt voor de eerste stap door suikers in de cel te brengen en is daar-
door cruciaal voor de generatie van energie en koolstof utilisatie in gist cellen.

Mal11 is een proton gekoppelde suiker symporter, wat betekent dat het één proton samen 
met één suiker moleculen transporteert in de cel per cyclus van conformaties. In hoofd-
stuk 2, proberen we de route van proton co-transport door Mal11 in detail te begrijpen. 
Eerst, hebben wij transport van wild-type Mal11 onderzocht en ontdekt dat het extreem 
gekoppeld was. Extreem betekent dat we zelfs cellen konden observeren die ontplofte als 
ballonnen na maltose opname. Wat aangaf dat er geen ‘’leak pathway’’ voor suiker was 
wanneer de concentratie in de cel te hoog wordt. Om het mechanisme van een transporter 
te begrijpen moeten we kijken naar de bouwstenen, de aminozuren. Het is bekend dat in 
gerelateerde eiwitten zure aminozuren vaak een rol spelen bij de proton-koppeling, deze 
zijn immers in staat om een proton te binden of los te laten onder bepaalde condities. Dit 
gegeven, Mal11 heeft 55 zure aminozuren, daarom moesten we de selectie uitdunnen. 
Hiervoor hebben wij voorspellingen van de 3D structuur van Mal11 gemaakt en dit model 
gebruikt om mogelijke proton bindende aminozuren in het eiwit te vinden. Uiteindelijk 
vonden wij drie aminozuren die zich in de centrale holte van het eiwit bevinden. Om te 
testen hoe deze aminozuren het transport beïnvloeden hebben wij een set nieuwe trans-
porters gemaakt d.m.v. een serie van mutanten waarin elk een andere mutatie van één 
van deze aminozuren bevat. Na constructie van deze mutanten hebben wij het vermogen 
om maltose te transporteren getest. Wij hadden verwacht dat één van deze drie amino-
zuren cruciaal zou zijn voor protonkoppeling. Tot onze verbazing, protonkoppeling was 
verminderd, maar niet geëlimineerd. Dit betekende dat alle drie de aminozuren blijkbaar 
belangrijk zijn voor transport, maar niet essentieel voor protonkoppeling.

Wij redeneerde dat wij door het maken van deze mutatie in Mal11 in feite een route aan 
het creëren waren die lek was voor protonen. De koppeling in onze mutanten was minder 
perfect waardoor deze cellen gered waren van het zelfdodende effect geobserveerd in het 
wilde-type eiwit. Hierdoor geïntrigeerd, hebben wij de mutaties gecombineerd in dubbele 
en driedubbele mutanten en vonden dat de driedubbele mutanten maltose uniporters war-
en. Zij kunnen maltose transport faciliteren zonder de energie van de elektrochemische 
proton gradient te gebruiken. Zo’n maltose uniporter is onbekend in na detuur waardoor 
deze driedubbele mutanten dit eerste type transporter in zijn soort is.

Kapen van de natuur om uniporters te verbeteren

Ondanks dat de driedubbele mutanten losgekoppelde suiker uniporters waren, konden 
cellen die deze uniporters bevatten niet groeien op maltose of sucrose in het medium. 
Mal11, zoals alle andere eiwitten. Is de culminatie van generatie op generatie natuurlijke 
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evolutie en selectie. De natuur heeft Mal11 geoptimaliseerd tot een proton gekoppelde 
suiker transporter, niet een uniporter en daarom is het aannemelijk dat het veranderen 
van enkel drie aminozuren van de 616 aminozuren in het eiwit niet resulteren in een op-
timale suiker transporter en dus willen wij begrijpen waarom cellen niet konden groeien 
ondanks de mogelijkheid tot suiker transport. Daarnaast, wellicht belangrijker, of additio-
nele mutaties in de transporter of het genoom het transport zodanig kan verbeteren dat 
gist kan groeien. In hoofdstuk 2 hebben wij getracht om de mutaties rationeel te maken 
door een 3D-model te gebruiken. Echter, de complexiteit hier is groter en daarom heb-
ben wij gekozen voor een willekeurige benadering. In dit geval directed evolution. Deze 
techniek imiteert het natuurlijke proces van evolutie in het laboratorium door willekeurig 
genetische mutaties te introduceren. Hiermee wordt gist geforceerd om zich aan te passen 
aan onze gewenste conditie, namelijk groeien op sucrose. Hoofdstuk 3 is een extensie 
van de resultaten uit hoofdstuk 2, door de losgekoppelde driedubbele mutanten te evolu-
eren op sucrose medium tot deze snel groeien. Deze studie resulteerde in 5 geëvolueerde 
driedubbele mutanten, waarbij elke een andere additionele mutatie bevat. Opmerkelijk, 
drie van deze zijn weer geëvolueerd tot een proton gekoppelde transporter door een nieu-
we mutatie op een alternatieve positie tot een zuur aminozuur. Dit zegt ons dat de proton 
transport route in Mal11 zeer complex is, het omvat meer dan de drie gemuteerde amino-
zuren in hoofdstuk 2 en het heeft een enkel aminozuurresidu in de centrale holte nodig 
om suikers tegen hun concentratie gradiënt te accumuleren. De andere twee residuen zijn 
nodig om de koppeling efficiëntie te verhogen, wat in Mal11 heeft geresulteerd in een 
transporter die enorme levels van maltose opname kan katalyseren. Maar, als de conversie 
van maltose snel genoeg is hoeft dit geen gevaar te zijn voor zijn eigen veiligheid.

Een fundament voor verdere studie

In hoofdstuk 4 veranderen we onze focus van de proton transport route naar de binding-
splek voor maltose. Door het 3D model uit hoofdstuk 2 te vergelijken met 3D-modellen 
van vergelijkbare transporters waren wij in staat om 11 bindingsplek residuen te identi-
ficeren. Mutaties in elk van deze residuen resulteerde in gereduceerd transportactiviteit. 
In het bijzonder, 5 residuen waren onvervangbaar, welke wij hierdoor beschouwen als de 
meest belangrijke in suiker herkenning en/of transport. Dit werk kan behulpzaam zijn 
in het vinden van eiwitten met wenselijke transport eigenschappen en suiker specificiteit 
gezien het belang van deze transporter voor industriële fermentatie.

Onze experimenten op Mal11 in de hoofdstukken 2-4 zijn uitgevoerd met levende gist 
cellen. Echter, om dit eiwit volledig te begrijpen, hebben wij getracht om het eiwit te isol-
eren in gezuiverde vorm. Dit zou de weg vrijmaken voor het studeren van Mal11 zonder 
de invloed van andere eiwitten en onder condities die wij volledig kunnen controleren. In 
hoofdstuk 5 zijn wij erin geslaagd, door de gist Pichia pastoris te gebruiken, om de pro-
ductie van Mal11 te optimaliseren alsmede zeven mutanten uit hoofdstuk 2 en 3. Helaas 
konden wij geen condities vinden die gezuiverde en geisoleerde Mal11 stabiel hielden. 
Desondanks, verlenen wij een model voor het onderzoeken van additionele condities die 
uiteindelijk kunnen leiden tot vele experiment wanneer geslaagd.

Mijn laatste ideeën over proton gekoppeld transport en Mal11 zijn beschreven in hoofd-
stuk 6. Hierin adresseer ik een grote vraag in het veld: is er een gemeenschappelijk mech-
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anisme van proton koppeling? Daarna treed ik in detail tot de resultaten van de hoof-
stukken 2-4 en doe ik een voorstel voor een moleculair mechanisme voor transport door 
Mal11, waarvan ik geloof, een logische verklaring is van onze observaties. De wetenschap 
blijft zich bewegen, en het werk m.b.t. Mal11 is verre van voltooid. Daarom stel ik ook 
additionele experimenten voor om antwoord te verkrijgen op vragen omtrent deze trans-
porter en gerelateerde eiwitten.
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