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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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