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Chapter 6

Conclusions and Perspectives

Ryan K. Henderson
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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 



97

6

6. CONCLUSIONS

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.
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