
Establishing the mechanistic
basis of sugar transport
 
Abdul Aziz Qureshi

Abdul Aziz Q
ureshi    Establish

in
g th

e m
ech

an
istic basis of su

gar tran
sport

Doctoral Thesis in Biochemistry at Stockholm University, Sweden 2019

Department of Biochemistry and Biophysics

ISBN 978-91-7797-897-8



Establishing the mechanistic basis of sugar
transport
Abdul Aziz Qureshi

Academic dissertation for the Degree of Doctor of Philosophy in Biochemistry at Stockholm
University to be publicly defended on Wednesday 11 December 2019 at 10.00 in Magnélisalen,
Kemiska övningslaboratoriet, Svante Arrhenius väg 16 B.

Abstract
Sugar is a vital molecule required for cell viability and homeostasis. Sugar is important for metabolic energy, energy
storage, signaling, structure and osmolyte regulation. Transport of sugar represents an important physiological process.
Specific membrane transporter families have evolved to mediate the transport of sugar across biological membranes. In
this thesis, we describe our work leading to a better mechanistic understanding of two sugar transporter families, namely
glucose (GLUT) transporters and nucleotide-sugar (NST) transporters.

Members of GLUT transporters, belonging to the Solute Carrier (SLC2) family, are involved in the uptake of various
monosaccharides across the cellular membranes. Activity of different NSTs, belonging to the (SLC35) family, is crucial for
the process of glycosylation by mediating the translocation of activated sugars from the cytoplasm into the lumen of either
Golgi and/or ER organelles. GLUTs and NSTs families carry out transport processes fundamental to human physiology and
pathophysiology. Despite the profound importance of GLUTs and NSTs in human health, comprehensive understanding
of their architecture and mechanistic features with respect to determinants of substrate binding and allosteric coupling at
the molecular level has remained elusive.

In this thesis, we address key functional and structural properties of GLUT and NST mediated sugar transport. We
combine crystal structures with robust binding and transport assays as well as computational approaches. The role of lipids
in fine-tuning the activity of transporters is also exemplified by demonstrating the effect of lipid composition in the transport
activity of GLUTs using in-vitro proteoliposome assays. Our work has not only enhanced the current understanding of
GLUT and NST function, but also developed themes and methods that are likely relevant to many types of small molecule
transporters.
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cancer.

Stockholm 2019
http://urn.kb.se/resolve?urn=urn:nbn:se:su:diva-175422

ISBN 978-91-7797-897-8
ISBN 978-91-7797-898-5

Department of Biochemistry and Biophysics

Stockholm University, 106 91 Stockholm





ESTABLISHING THE MECHANISTIC BASIS OF SUGAR
TRANSPORT
 

Abdul Aziz Qureshi





Establishing the mechanistic
basis of sugar transport
 

Abdul Aziz Qureshi



©Abdul Aziz Qureshi, Stockholm University 2019
 
ISBN print 978-91-7797-897-8
ISBN PDF 978-91-7797-898-5
 
Cover page by Sarah McComas
Printed in Sweden by Universitetsservice US-AB, Stockholm 2019



To my Family





     
     
     
     
     
     
     
     
     
     
     
     
     
     
     
     ´To do things right,
  first you need love,
  then technique`
      
  Antoni Gaudí





 

List of Publications 

Paper I:  
Nomura N, Verdon G, Kang HJ, Shimamura T, Nomura Y, Sonoda Y, Hus-
sien SA, Qureshi AA, Coincon M, Sato Y, Abe H, Nakada-Nakura Y, Hino 
T, Arakawa T, Kusano-Arai O, Iwanari H, Murata T, Kobayashi T, Hamakubo 
T, Kasahara M, Iwata S, Drew D. 
Structure and mechanism of the mammalian fructose transporter 
GLUT5 
Nature. 2015 Oct 15;526(7573):397-401 

 
Paper II:  
Qureshi AA*, Albert Suades*, Rei Matsuoka, Joseph Brock, Sarah E. McCo-
mas, Emmanuel Nji, Laura Orellana, Magnus Claesson, Lucie Delemotte, Da-
vid Drew 
Malarial parasite transporter structure reveals the molecular basis for 
sugar import  
Invited re-submission in Nature 
 
Paper III:  
Qureshi AA, Suades A, McComas S, Delmontte L, Drew D. 
Lipids shape the flat energetic landscape of the GLUT transporter cycle 
Manuscript in preparation 

 
Paper IV:  
Nji E*, Gulati A*, Qureshi AA*, Coincon, M, Drew D.  
Structural basis for the delivery of activated sialic acid into Golgi lumen 
Nat Struct Mol Biol. 2019 Jun;26(6):415-423 

 
*Authors contributed equally  



 

Additional Publications 

Lee C, Kang HJ, Hjelm A, Qureshi AA, Nji E, Choudhury H, Beis K, de 
Gier JW, Drew D. 
MemStar: a one-shot Escherichia coli-based approach for high-level bacte-
rial membrane protein production. 
FEBS Lett. 2014 Oct 16;588(20):3761-9. 

Book Chapter 
 
Qureshi AA, Meier PF, Lee C, Drew D. 
The MEMbrane Protein Single ShoT Amplification Recipe: MemStar. 
Methods Enzymol. 2017;594:123-138.  
 
 
 

 
 



 

Abbreviations 

Cryo-EM   Cryogenic Electron Microscopy 
CMP     Cytidine 5′-monophosphate 
CMP-Sia   CMP-Sialic Acid 
CST     CMP-Sialic Acid Transporter     
C-terminus   Carboxy terminus 
E.coli    Escherichia coli 
GLUT    Glucose Transporter 
GPCR    G protein-coupled receptor 
kDa     Kilo-Dalton 
LeuT     Leucine Transporter 
MFS     Major Facilitator Superfamily 
MD     Molecular dynamics 
NhaA    Sodium-Proton Antiporter 
NST      Nucleotide  Sugar Transporter 
N-terminus   Amino terminus 
SLC     Solute-Carrier 
TM     Transmembrane  
°C      Degree Celcius 
 Å      Ångström 
 

 
 





Table	of	Contents	

Introduction ......................................................................................................... 1 

Biological membrane ............................................................................................. 1 

Membrane transport proteins ............................................................................... 1 

Channels and transporters ..................................................................................... 2 

 ............................................................................................................................... 3 

Alternate access mechanism of transporters ......................................................... 3 

Energetics of transport .......................................................................................... 4 

 ............................................................................................................................... 5 

Solute carrier (SLC) family ...................................................................................... 5 
Structural repeats .............................................................................................. 6 
Discontinuous helices and helical hairpins ........................................................ 6 
MFS fold and Rocker-Switch mechanism .......................................................... 7 
LeuT fold and the Rocking-bundle mechanism ................................................. 8 
The Elevator alternating-access mechanism ..................................................... 9 

Lipids and membrane proteins ............................................................................ 11 
Interactions between membrane proteins and lipids ..................................... 12 

Methodologies for characterizing molecular mechanisms of membrane 
transporters ......................................................................................................... 13 

Expression and Isolation of membrane proteins ............................................. 13 
Structure biology ............................................................................................. 14 
Approaches for analysis of transporter function ............................................. 14 

Glucose Transporters (GLUTs) ............................................................................ 16 

Pathophysiology .................................................................................................. 17 

Functional analysis of GLUT transporters ............................................................ 17 

Structural analysis of GLUT and related sugar porters ........................................ 20 

Nucleotide Sugar Transporters (NSTs) ................................................................ 25 

NSTs in human health and disease ...................................................................... 26 

Transport mechanism and structural findings of NSTs ........................................ 26 

Summary of the publications .............................................................................. 29 



Paper I ................................................................................................................. 29 

Paper II ................................................................................................................ 30 

Paper III ............................................................................................................... 32 

Paper IV ............................................................................................................... 33 

Conclusions and future perspective .................................................................... 35 

Populärvetenskaplig Sammanfattning ................................................................ 37 

Acknowledgements ............................................................................................ 40 

References ......................................................................................................... 44 

 

 

 



1 

Introduction 

Biological	membrane	
 
Cellular and organellar membranes provide a selective barrier by separating 
the boundaries of any living cell and their organelles. The compartmentaliza-
tion by membranes permits the segregation of distinct chemical reactions, and 
thus facilitates the enhancement of biochemical output and efficient distribu-
tion of reaction products (1,2). The role of a membrane is not confined to op-
erate only as a physical barrier, but has further evolved to function as a pivotal 
medium for cellular and intracellular communications, respiration and photo-
synthesis and maintaining an electrical potential, to name a few (3–6).  
 
Membrane proteins are a special class of proteins incorporated by biological 
membranes that are evolved to function in the lipidic environment of the mem-
brane and their activities are crucial for various life-sustaining processes (7–
9). Membrane proteins are integral to all Kingdoms of life and in humans 
comprise 30% of all genes. Due to their roles in cellular physiology and path-
ophysiology, membrane proteins are regarded as major therapeutic targets, ac-
counting for more than 50% of FDA-approved drugs (10–13). Membrane pro-
teins can be broadly separated into different functional classes of receptors, 
enzymes, transporters and channels (14). 

Membrane	transport	proteins	
 
The selective control of the import and efflux of essential small molecules, 
such as sugar, amino acids, nucleotides, inorganic ions and drugs through 
membranes of cells and organelles is a fundamental process for the appropri-
ate functioning of the cell. The coordinated flow of solutes, metabolites and 
ions across biological membranes are mediated by transport proteins. Func-
tions of these transport proteins contribute to the crucial biological processes 
like cell nutrition, communication, signaling, homeostasis and detoxification. 
Hence, it is no surprise that at least 5-15% of genes code for transport proteins 
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across all known genomes. Dysfunction of transport proteins has been estab-
lished in a number of severe genetic diseases that include, for example, cystic 
fibrosis, neurodegeneration, amyotrophic lateral sclerosis, and non-insulin de-
pendent diabetes (14–19).  

Channels	and	transporters	
 
Channels and transporters collectively constitute the class of membrane pro-
teins typically referred to as “transport proteins” or “carriers”. Channel pro-
teins carry out the passive transport of ions and other small solutes, such as, 
water, urea and glycerol, where directionality of transport is dictated by their 
concentration gradient (20–22). In most cases, the functional unit of a channel 
is an oligomer formed by the association of identical or distinct subunits from 
dimers up to heptamers. Channels form a conducting pore that often runs 
through the center of the oligomer with participation from all the subunits (23–
29). The narrowest constriction of the pore is the “selectivity filter”, which 
essentially dictates the specificity and affinity for a particular ion or ions. The 
selectivity filter does not only provide the favorable binding environment for 
the ion, but also must adopt the optimum conductive state upon ion binding. 
Hence, the optimum coordination between hydrated or non-hydrated ions not 
only impact their selectivity, but also their conductive rates (16,26,30–32). 
The passive flow of ions, or any other molecule, through the pore is further 
controlled by the opening of gating domains. Simultaneous opening and clos-
ing of gates operate in response to various signals that can be either biochem-
ical, biophysical, electrical or mechanical (16,33).  
 
Transporters are structurally and mechanistically quite different from chan-
nels. Transporters are evolved not only to mediate the selective uptake of so-
lutes and metabolites across the membrane, but can also carry out the efflux 
of toxic compounds and drugs, hence are directly implicated in drug sensitiv-
ity or resistance (22,34–36). Transporters harbor a major binding pocket that 
specifically coordinates a single substrate, and binding catalyzes a conforma-
tional change of the transporter exposing the substrate-binding pocket to the 
other side of the membrane in an alternating fashion. As such, transporters 
move a single substrate across the membrane, unlike channels (Fig.1). Since, 
the catalytic cycle of the transporter comprises single solute binding and trans-
locating events, transporters are mechanistically more like enzymes than chan-
nels. Transporters follow Michaelis-Menten kinetics with regards to substrate 
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affinities, rates of turnover and inhibition. Transporters are reported to cata-
lyze the transport of (102-105) substrate molecules/s, as compared to the high-
flux achieved by channels (108) ions/s (33,37–40).  

	

Alternate	access	mechanism	of	transporters	
 
The alternating-access mechanism, proposed in the 1950s, is regarded as the 
pioneering and fundamental conceptual framework for transporting a small 
molecule across the membrane (41–43). Later atomic structures of transport-
ers from different families and in various conformations have firmly validated 
the alternating-access mechanism. The principle component of the transport 
model is that the substrate binding cavity becomes accessible from either side 
of the membrane in an alternating fashion. Thus, there is no simultaneous ex-
posure of the binding pocket from both sides of the membrane at the same 
time, and is the major mechanistic distinction between transporters and chan-
nels. According to alternate access model, transporters must undergo a global 
conformational change that can only be attained by an allosteric coupling be-
tween extracellular and intracellular gating elements. Between the major 
structural transitions from outward facing to inward facing states or vice versa, 
there is an intermediate state termed as ´occluded` conformation, whereby the 
binding cavity is nearly concealed from both sides of the membrane at the 
same time (37,44–48). 
 
In contrast to channels (mostly confined to passive diffusion of ions), mem-
brane transporters have further evolved to recognize the transport of structur-
ally and chemically diverse molecules, including drugs and toxic compounds. 

OpenClosed Outward-open Occluded Inward-open

Channels Transporters

Fig.1. A simplified illustration of the mechanistic distinction between  
channels and transporters. The figure is adapted from ref. (50) 
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Supposable the formation of the occluded state is established to match the 
substrate transported to avoid leakage of substrates and/or ions that are cou-
pled in energized transport (22). 

Energetics	of	transport	
 
For many transporters the conformational changes used for alternating access 
are further coupled to different energetic modes. Based on the specific ener-
getic means exploited by the transporters, they can be classified as either pas-
sive or active transporters. Active transporters are further characterized as pri-
mary and secondary active transporters on the basis of the nature of energy 
source. 
 
Active transporters translocate the solute molecules against the concentration 
gradient. Primary active transporters utilize the energy gained from the ATP 
hydrolysis, this family of transporters include rotary motor ATPases, P-type 
ATPases and a large ABC (ATP binding cassette) transporters family (49–
51). Primary active transporters are excluded from the scope of my thesis and 
hence from here onwards, the term “transporter” will be used to refer to either 
passive or secondary-active transporters. 
 
Passive transporters facilitate the transport of solute molecules as dictated by 
their electrochemical gradient resulting in the equilibration of substrate mole-
cules across both sides of the membrane. Passive transporters are also termed 
as facilitators or uniporters. Exploiting an electrochemical gradient to ener-
gize the translocation of substrates is the only real distinction between passive 
and secondary active transporters, otherwise they are highly similar with re-
spect to the structural, mechanistic as well as evolutionary elements. 
 
Secondary active transporters couple the downhill movement of a solute (typ-
ically an ion) to transport the substrate against its concentration gradient. If 
the substrate and driving ion are moving in the same direction it is referred to 
as symport, whereas if the substrate and driving ion are moving in opposite 
directions it is referred to as antiport (50,52–55).  
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Solute	carrier	(SLC)	family	
 
Facilitators (uniporters), symporters and antiporters collectively represent a 
large, and ubiquitous group of membrane transporters found in all Kingdoms 
of life from bacteria to human. Those transporters found in mammals are often 
referred to as solute carrier (SLC) transporters. In humans, SLC members 
make up the second-largest fraction of membrane proteome after G-Protein 
coupled receptors (GPCRs). So far, more than 450 human SLC members have 
been assigned, further grouped into 52 sub-families based on sequence homol-
ogy (51,59,61). Various human SLCs are known to be implicated in Mende-
lian diseases due to  gene mutation and some are established as drug targets 
against several diseases while some can be exploited for drug delivery 
(17,51,56–63). 
 
Transporters with low sequence homology and different gene families with 
distinct functional and mechanistic properties, somehow share the same over-
all structure, which has led to the further classification of transporters based 
on their “fold”. The fold further defines the main core of the overall structure, 
however, there can be additional structural elements specific to sub-families. 
Transporters that catalyze the movement of substrates in either an uniport, 
symport or antiporter mode can share the same fold (50,64,65). Prior to elab-
oration on common transporter folds and their alternating access models, I will 
briefly outline structural motifs found in transporters regardless of the fold. 

extracellular

intracellular

UNIPORTER ANTIPORTER SYMPORTER

Fig.2. Schematic representation of three types of transporters. 
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Structural repeats  
 
Almost all transporters are made up of smaller structural elements that are 
repeated by symmetry. The transmembrane (TM) segments within the struc-
tural repeats are related by a pseudo-two-fold symmetry axis running parallel 
or perpendicular to plane of the membrane. Despite no apparent sequence ho-
mology between two pseudo-symmetric repeats, corresponding TMs in each 
repeat are not only related by structural symmetry but they are found to play 
similar functional roles within the main core of the transporters (65–68). In 
MFS (major facilitator superfamily) of transporters, two 3 TM anti-parallel 
repeats make two 6 TM bundles that are related by two-fold psudo-symmetry 
(69). Members of LeuT and NhaA families, comprise of 5 TM repeats with 
anti-parallel orientation and a pseudo-symmetry axis parallel to the membrane 
(66,70). A threefold pseudo-symmetric structure is formed as a result of three 
repeats of 2 TM segment in case of mitochondrial ATP/ADP carriers (71). 
 

Discontinuous helices and helical hairpins 
 
The unwinding within the middle of a TM segment forms an extended peptide, 
a structural motif that is defined as ´discontinuous helix`. Unlike an intact TM 
helix, discontinuous helical segment provides a partial saturation of polar 
backbone groups with internal hydrogen bonds and thus provides a polar en-
vironment to ensure specific recognition/binding of substrates within a non-
polar environment (72). With perturbed helical structure, discontinuous TM 
segments encompass an intrinsic conformational flexibility and thereby also 
make critical contribution in local structural rearrangements an important pre-
requisite to global conformational isomerization of the transporter (50,72).  
 
Depending on the topology of the discontinuous helical motifs with respect to 
the membrane, discontinuous segments can be divided into transmembrane 
and non-transmembrane discontinuous helices. In NhaA and LeuT folds, 
transmembrane discontinuous helices span the entire membrane from one side 
to the other side of the membrane (73,74). However, in case of ClC H+/Cl- 
exchanger as well as in GltPh, non-transmembrane discontinuous helices do 
not cross the membrane (23,75). Instead these segments make the insert and 
exit from same side of the membrane in an anti-parallel fashion, acquiring a 
hair-pin like shape and thus termed as “helical-hairpins”. 
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MFS fold and Rocker-Switch mechanism 
 
The Major Facilitator Superfamily (MFS) of transporters represents the largest 
subfamily, which includes uniporters, symporters and antiporters. Substrates 
of MFS transporters display an expanded variety of molecules such as pep-
tides, lipids, amino acids, sugars, organic and inorganic ions (76–78). Owing 
to the abundance of MFS transporters and diversity of their substrates, MFS 
members are implicated in crucial biological processes and has been a subject 
of intense structural and biochemical investigations (79–82). Lactose per-
mease (LacY) from E.coli has been a prototype for structural and functional 
studies on transporters. Members of MFS family share a characteristic ´MFS` 
fold across different gene families. Crystal structures of LacY and GlpT were 
determined around the same time and have paved the beginning to unfold the 
architectural details of MFS family members (83,84). 
 
A canonical MFS fold consists of 12-TM segments that are arranged into two 
discretely folded bundles, the N-terminal bundle and the C-terminal bundle, 
that are linked together by a cytosolic loop. The N- and C- terminal bundles 
are related to each other by a pseudo-two-fold symmetry axis that runs per-
pendicular to plane of the membrane. Within each domain there is a pair of 3-
TM structural-inverted repeats, TMs 1-3 and TMs 4-6 in the N-domain do-
main and TMs 7-9 and TMs 10-12 in the C-terminal domain. The 3-TM struc-
tural-inverted repeat within each bundle is related by 180° rotation around an 
axis parallel to plane of the membrane. The corresponding TMs in each 3-TM 
repeat carry out similar structural and functional operations. TMs 1 and 4 in 
the N-domain and TMs 7 and 10 in the C-domain are placed in the center of 
the transporter sharing the bulk of residues important for the binding of sub-
strate and constitute the substrate translocation pathway (83,85–89). In addi-
tion to the core MFS fold, subfamilies, such as, sugar porters contain cyto-
plasmic helical bundles (ICH) and members of proton-coupled peptide trans-
porter family (POT) contain two intracellular helices. Studies carried out on 
MFS members suggest that MFS transporters are physiological monomers 
(64,87,90). 
 
MFS transporters are proposed to operate by ‘rocker-switch’  transport mech-
anism, described by the structures of various MFS transporters determined in 
one or different conformations (89,91–97). Even contribution by two structur-
ally symmetric bundles constitute the centrally positioned substrate-binding 
site located near the center of the membrane. The symmetric movements of 
the two symmetry related bundles as rigid body around the substrate-binding 
pocket alternate access to the binding site (87–89,91–96,98–104) 
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The coordination of the substrate by MFS transporters can either be contrib-
uted evenly from both bundles or predominately from either the N- or C-ter-
minal bundle. The asymmetric binding of a substrate can lead to gating ele-
ments and occlusion that is also asymmetric. As such, the asymmetric binding 
mode subsequently results in the asymmetric local movements within the two 
bundles during substrate translocation (55,64,93) 
 
 

LeuT fold and the Rocking-bundle mechanism  
 
The leucine transporter LeuT belonging to the neurotransmitter sodium sym-
porter (NSS) uses a sodium-gradient to transport leucine. Following the struc-
ture of LeuT from Aquifex aeolicus reported at 1.65Å in 2005, crystal struc-
tures of various transporters from distinct gene families have been determined 
revealing the same general architecture as LeuT, that ultimately led to the clas-
sification of the ´LeuT` fold (74,105–107). LeuT members are thought to 
function as monomers, but higher oligomers have been observed in mem-
branes (108–110). 
 
The core LeuT fold is made up of 10-TM helices, but the total number of TMs 
can vary  among LeuT members (70,111–113). The main feature of LeuT fold 
is the presence of inverted topological repeat, wherein the first 5-TM segments 
are structurally related to the other 5-TM segments by the two-fold symmetry 
around an axis nearly parallel to the plane of the membrane. Even participation 
from both repeats form two distinct domains, a core domain (from TMs 1, 2, 
6 and 7) and a scaffold domain (from TM 3-5 and TM 8-10). TM 1 and 6, first 
helix of each repeat are dis-continuous helices and are located at the interface 
of two domains nearly in the middle of the bilayer. TM 1,6 and TM 3,8 are 
symmetry related TM segments, that constitute the central translocation path-
way, incorporating the binding sites for ions and substrate (114–118).   
 
The ‘rocking-bundle’ model of alternating access has been proposed for the 
members of the LeuT family. The main theme of this model is that one domain 
of the two structurally distinct bundles, rotates relative to the rather stationary 
domain around an axis that pass through the substrate binding site, hence rep-
resents a simple means to couple the opening of one permeation pathway 
while concealing the other one. Since, members of LeuT family widely differ 
on the choice of driving ions, solutes, ion-solute stoichiometry, subtle varia-
tions among LeuT members with respect to constituents of substrate recogni-
tion and allosteric coupling for transporter isomerization have been described 
in the literature (50,55,66,119,120). 
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The Elevator alternating-access mechanism 
 
GltPh has two helical hairpins and contain two pairs of structural-inverted re-
peats that intertwine to form a transport domain and a scaffold domain 
(50,55,121). In a homo-trimeric GltPh structure, three scaffold domains in the 
center and the corresponding transport domains from each monomer together 
forms the periphery of the trimeric transporter. The bacterial sodium-aspartate 
symporter homologue GltPh from Pyrococcus horikoshii was the first to be 
seen to carry their substrates some 18Å across the membrane (121–124). Due 
to the vertical translocation of the substrate against a fixed domain the rear-
rangements have been described as an ‘elevator’ model. 
 
The NhaA-fold was so-named after the crystal structure of the Na+/H+ anti-
porter NhaA from E.coli (73), and was later seen in an unrelated transporters 
(125). The canonical NhaA fold comprises of two structurally inverted repeat 
of 5-TM segments. First two TM segments from each repeat constitute the 
scaffold domain while other three TM helices from each repeat make up the 
transport domain (73,125,126). Structures of the Na+/H+ antiporter NapA was 
the next protein seen to alternate access using elevator movements and solid-
ified this model as general mechanism (55,127,128).To date a number of dif-
ferent transporter families have revealed to operate by  the elevator model, 
though they are yet to be characterized in further detail (129–133). 
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In summary, rocker-switch and rocking-bundle models of transport represent 
the moving-barrier mode of alternating access, in which the substrate binds 
between two domains that induces the structural transitions of the transporter 
around centrally located substrate-binding site (Fig.3a, b). In contrast the ele-
vator model of transport can also be described as a fixed-barrier model 
(Fig.3c), where substrate binding and movement during substrate transloca-
tion is carried out by only transport domain against a scaffold domain that is 
fixed due to oligomerization (55). 
 
 
 
 
 
 
 
 

A

C

B

Int.

Ext.

Ext.

Int.

Int.

Ext.

Fig.3. Representation of different alternate access models employed by mem-
brane transporters to drive their translocation cycle. (a) Rocker-switch (b) Rock-
ing-bundle (c) Elevator. The figure is adapted from ref. (55) 
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Lipids	and	membrane	proteins		
 
Profound variations exist in the lipidic environment of membranes across all 
domains of life. Nevertheless because of the high structural conservation of 
some membrane proteins from bacteria to human, it could lead to the wrong 
assumption that lipids are playing a passive role into membrane protein func-
tion (134,135). However, the increase in membrane protein structures  com-
bined with advanced biophysical techniques and in silico approaches, clearly 
establishes the role of bilayer lipid constituents in fine-tuning membrane pro-
tein topology, structure and function of membrane proteins (136,137). 
 
In reality, lipids can influence the activity of membrane proteins either directly 
and/or indirectly (138–140). Membrane properties of the lipid bilayer, such 
as, fluidity, membrane curvature and hydrophobic thickness, can indirectly 
exert their influence on membrane protein function (141,142). Indeed, hydro-
phobic mis-match, which is described by the thickness of bilayer adjusting to 
TM length has also been seen by in vitro assays (143,144). Direct modulation 
of membrane protein function is further controlled by molecular interactions 
of specific lipids interactions (141,145–147). 
 
	

LeuT fold
Ext.

Int.

MFS fold NhaA fold

Fig.4. Representative examples of the common folds found among mem-
brane transporters. TM segments, that are related by two-fold pseudo-sym-
metry in a structural repeat are colored as green and red. TM segments, non-
conserved to the main core of the fold are not shown for clarity. Non-transmem-
brane elements are colored yellow. LeuT fold is represented by Leucine trans-
porter (PDB.2A65) (74), MFS by H+/ Xylose transporter (PDB.4GBY) (97) and 
NhaA by Na+/H+ antiporter (PDB.1ZCD) (73). Substrates are represented as 
spheres in magenta in case of MFS and LeuT fold. Figures are made in pymol. 
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Interactions between membrane proteins and lipids  
 
The nature of interactions between lipids and membrane proteins is divided 
into two main types. Lipids that constitute the immediate layer of lipid-protein 
interactions on the surface of a protein are called annular lipids and the layer 
is known as annulus. The other kind of lipids are referred to as non-annular 
or co-factor lipids and are found within the protein or at the interface between 
the protomers and between sub-units (148,149). 
 
Non-annular lipids are demonstrated to make specific interactions with pro-
teins as shown in the crystal structures of membrane proteins even when crys-
tallized in non-lipidic environment. Results obtained from other biophysical 
approaches established the specific role of non-annular lipids in the activity of 
channels/transporters by not only aiding in assembling and stabilizing the 
overall structure/oligomer, but also in facilitating/stabilizing different confor-
mational states during the translocation cycle (141,148,150). 
 
Annular lipids on the other hand are generally void of specific interactions and 
are hardly resolved in the crystal structure of membrane proteins. Nonetheless, 
in few cases annular sites have been proposed to be highly selective suggesting 
their physiological relevance. Specific lipid headgroups on the annular site 
can provide the optimum conditions for the proteins to operate by determining 
the local bulk properties of the membrane (151,152). 
 
Conformational dynamics is an essential mechanistic element of any trans-
porter protein. Protein-lipid interactions can critically contribute to the con-
formational alterations of a transporter during global rearrangements by mod-
ulating the conformational dynamics. Recent studies have demonstrated the 
role of lipids in shaping the conformational energy landscape of transporter 
proteins (153,154). 
 
In summary, recent advancements in native mass-spectrometry combined with 
crystallography, in silico studies, in-vitro functional assays and other ap-
proaches have described lipid-protein interactions that are critical for fine-tun-
ing membrane protein function (155).  
 
 
 
 



13 

Methodologies	 for	 characterizing	 molecular	
mechanisms	of	membrane	transporters	
 
Molecular mechanisms of membrane proteins in most cases best carried out 
by in vitro approaches. This requires methods to overproduce and purify the 
transporter in detergents to mimic their native membrane. These requirements 
can be an impediment to analyzing their function and membrane proteins are 
typically present in small amounts and are very dynamic. These challenges are 
reflected in the small number of membrane proteins deposited in the protein 
data bank as compare to their soluble counterparts. Mechanistic analysis of 
membrane proteins encounters a number of different hurdles starting from 
their recombinant protein expression and continues at every stage from bio-
chemical assays to structure determination (156–158).  

Expression and Isolation of membrane proteins 
 
The native expression levels of membrane proteins are not sufficient enough 
and therefore, they need to be over-produced. Overexpression of membrane 
proteins, however, usually leads to cell toxicity as a consequence of the satu-
ration of membrane protein biogenesis/secretion machinery (156). In case of 
successful overexpression, the subsequent extraction of well-expressed mem-
brane protein from its native environment by use of detergents often leads to 
aggregation (137). 
 
Therefore, it is very critical to screen for suitable candidates for functional and 
structural studies. The fluorescence from GFP fusions can be exploited to 
monitor the protein behavior at any step of expression, solubilization and pu-
rification (159–161). Detergent screening can further be carried out by sub-
jecting detergent solubilized membranes of GFP-fusions to fluorescence size 
exclusion chromatography (FSEC). The impact of various detergents on the 
monodispersity of GFP-fusion is indicative of the stability of membrane pro-
tein (162,163). Hence, without purifying the protein of interest, information 
about the expression levels and relative stability can be deduced, that eventu-
ally play a decisive role in setting up the further course of structural and func-
tional proceedings for a suitable candidate.  
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Structure biology  
	
Crystallization of membrane proteins is greatly hampered by the presence of 
large micelles around the protein, thus impeding the formation of sufficient 
crystal contacts (164,165). The inherent flexibility of micelles can further 
weaken the chances of forming these contacts, a pre-requisite to form well-
diffracting protein crystals. This phenomenon is highly intensified in case of 
membrane transporters due to their extreme dynamic nature resulting in con-
formational heterogeneity and absence of large soluble domains that can be 
helpful to make crystal contacts. In order to overcome these significant obsta-
cles various strategies have been devised that proved to be effective in the 
efforts to determine membrane protein structures. Some of these approaches 
include, mutagenesis to enhance protein stability and thus increasing the 
chances of crystallizing in shorter-chain detergents (166,167). The use of Fab 
or Fv fragments in the crystallization process can also be trialed to expand the 
surface area beyond micelle size available to make well-ordered crystal con-
tacts and also restraining the conformational flexibility (168–170). Recent ad-
vancements in the hardware and software components of single-particle cryo-
EM has certainly contributed significantly to membrane protein structures 
(171,172), but even here transporters are lagging behind other classes as many 
of them are still too small (around 40 to 60 kDa) and unlike channels, most 
function as monomers and lack symmetry.   

Approaches for analysis of transporter function  
 
The interaction of transporter to its substrate/ligand can be monitored by iso-
thermal titration calorimetry (ITC), nuclear magnetic resonance spectroscopy 
(NMR) and scintillation proximity assay (SPA) etc (173–176). These tradi-
tional techniques have their own advantages and limitations and therefore 

Fig.5. Schematic representation of tools and strategies exploited in the 
study of membrane transporters. 
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novel approaches for the identification of substrates through binding assays 
are being reported from time to time (177,178). Nevertheless, binding studies 
can be quite useful for screening of ligands and determination of their binding 
affinities. The gained information can be exploited in carrying out crystalliza-
tion experiments, synthesis of high affinity inhibitors and establishing 
transport assays. 
 
Membrane transporters are quite unique with regard to their function of trans-
locating molecules across the membrane. Therefore, the key element for func-
tional characterization of transporter proteins is to demonstrate the transloca-
tion of specific labelled substrate of the membrane incorporated transporter. 
A transport assay is critical for the development of potent drug molecules 
(179).  
 
Due to great deal of difficulty to establish in vitro based assays, mainly due to 
inherent fragile nature of transporters, in-vivo based transport assays using na-
tive cells have been mostly employed for the functional analysis of transport-
ers (180–183). One advantage of utilizing intact cells is that the transporter 
functions in its natural environment and there is no requirement of extracting 
the protein. Nevertheless, one cannot rule out the contribution from other 
membrane proteins or the degradation of substrate from the metabolic machin-
ery of living cells (173). Heterologous expression systems have therefore been 
exploited to monitor the transport activity of non-native membrane transport-
ers in hosts with minimal endogenous transport activity, such as, oocytes from 
Xenopus laevis (184,185). Although a number of different transporters have 
been expressed and functionally analyzed in oocytes, limitations like interac-
tions of exogenous proteins with natively expressed proteins have been re-
ported in several studies (184,186,187). Furthermore, it can be difficult to cal-
culate levels for kcat estimates (188) and it is not possible to analyse how the 
lipids composition influences transport activity (153,154). 
 
Altogether, limitations of exploiting cells for functional analysis of transport-
ers make it nearly impossible to outline conclusive account on the specificity, 
kinetic parameters and mutational analysis of transporter proteins. Therefore, 
the establishment of liposome-based assays using purified components is the 
“gold-standard” in functional characterization of transport function. Neverthe-
less, despite the immense importance of in vitro based transport assays, their 
development and optimization are a well-recognized technical hurdle in the 
membrane transporter field. This problem is even more of an issue for eukar-
yotic transporters because they are less stable in detergent solution than their 
bacterial counterparts (162).   
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Glucose Transporters (GLUTs) 

Glucose is well-known as the most preferred energy source in all Kingdoms 
of life. In mammals, there are two  major groups of glucose transporters, fa-
cilitative glucose transporters commonly referred to as (GLUTs) and sodium-
coupled glucose co-transporters (SGLT) (189,190). 
 
The GLUT family belongs to SLC2A family and they contain fourteen differ-
ent isoforms.  Despite the close sequence homology among different GLUT 
isoforms, they display profound variations with respect to tissue localization, 
expression levels, substrate specificity and transport kinetics (190,191). 
 
Based on sequence similarities the fourteen GLUT isoforms can be sub-
grouped into three different classes. Class I (GLUT 1-4 and 14), Class II 
(GLUT 5, 7, 9 and 11) and Class III (GLUT 6, 8 ,10, 12 and 13). In addition 
to monosaccharides, myo-inositol, urate, glucosamine and ascorbate are also 
reported to be transported by GLUTs (192,193). 
 
All GLUT isoforms are uniporters, GLUT13 is the only exception and re-
ported to operate as H+/myoinositol symporter. In spite of an immense interest 
in GLUTs, physiological substrate for a number of GLUT members are still 
yet to be assigned, due to the inherent difficulties of working with membrane 
transporters (193). 
 
GLUTs belong to “sugar porter” (SP) family, that constitutes the largest sub-
family within well-known MFS family of transporters. The SP family is ubiq-
uitous and its members are found from archaea to humans. Transporters, part 
of SP family are known to employ uniport or symport mode of transport 
(194,195). In addition to harbor a canonical MFS fold, representatives of SP 
consist of intracellular helical bundle (ICH) also called as ´sugar porter motif` 
which is well-conserved within SP family across all the Kingdoms, not found 
in others sub-groups of MFS family. This motif is involved in interhelical salt-
bridges, that result in the stabilization of outward-facing state, that might in-
dicate its relevance to native physiological environment (55,95).  
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Pathophysiology		
 
Since GLUTs are important to cellular metabolism, dysfunction or perturbed 
regulation of GLUTs is implicated in serious pathophysiological manifesta-
tions. For example, GLUT1 deficiency syndrome or (DeVivo disease) is a re-
sult of aberrant mutations in GLUT1, which lead to various clinical outcomes 
including microencephaly, infantile-onset seizures and retarded development 
(196–199). Development of Fanconi-bickel syndrome is a manifestation of 
GLUT2 gene mutations and can have several clinical phenotypes (200,201). 
Disruptive cellular localization of GLUT4 is linked to increased insulin re-
sistance, which can lead to type-2-diabetes and obesity (202,203). Enhanced 
expression of a few GLUTs isoforms is further implicated in tumorigenesis 
due to increased oxidative glycolysis (Warburg effect) and hence, GLUTs 
have been established as a novel avenue for the treatment of cancer and in 
addition can be exploited as diagnostic and prognostic markers in cancer 
(204–208). 

Functional	analysis	of	GLUT	transporters	
 
GLUTs have been subjected to various biochemical studies for their compre-
hensive biochemical and structural characterization for decades (209–213). 
GLUT1 is among the foremost transporters that have been characterized to 
understand the carrier-mediated transport of the solute in general by showing 
the uptake of radiolabelled D-glucose into liposomes after partial/crude pro-
tein extraction from human erythrocytes (214). Various studies have been car-
ried out for the biochemical analysis of different GLUT isoforms, revealing 
important insights about their substrate specificity and kinetic parameters 
(185,215–218). However, majority of these studies were carried out using in-
tact cells. Functional characterization of any mammalian GLUT employing 
liposome-based assays with recombinantly expressed and isolated protein has 
yet to be reported. A recent study has exploited a bacterial homolog of GLUTs 
as a template for mechanistic investigations and drug development on GLUTs 
as they reported that they were unable to establish a GLUT proteoliposome 
assay (158).  
 
The inherent dynamic and fragile properties of transporters combined with 
some degree of lipid selectivity for their activity make it a very daunting task 
to develop robust liposome-based transport assays. The development of robust 
proteoliposome-based transport assay with purified recombinantly expressed 
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GLUTs more specifically GLUT5 has been the major task of my doctoral the-
sis. 
 
GLUT5 is an established specific D-fructose transporter mainly expressed on 
the apical side of enterocytes. High expression levels of GLUT5 are shown in 
breast cancer has designated the transporter as an avenue for breast cancer 
therapies and hence a suitable candidate for structural and functional studies 
(215,219–221). 
 
In brief, the liposomes were initially prepared by plant lipids and GLUT5 from 
rattus norvegicus was reconstituted, however, the specific uptake of radio-
labelled 14C-D-fructose was not significant enough (Fig.6b) compared to 
empty liposomes to monitor the accurate measurements for kinetic analysis, 
substrate specificity and mutant analysis. Surprisingly, the problem was not 
limited to high background levels of transport but there was also uptake of 
non-substrate sugars like 14C-D-glucose by reconstituted rGLUT5 (Fig.6c). 
This clearly indicated that the liposome preparation needs to be optimized to 
ensure high specific uptake of only substrate sugars as it is critical not only 
for functional analysis but it can have serious implications in the efforts for 
drug development against GLUTs. 
 
In paper III, we describe the extensive optimization cycle using various lipids 
and lipid combinations to develop a robust in vitro proteoliposome assay. Ul-
timately the use of specific fraction of brain extract from bovine has resulted 
in a robust specific uptake of 14C-D-fructose by reconstituted rGLUT5 
(Fig.6d), that enabled us to carry out comprehensive functional characteriza-
tion of GLUT5 including mutagenesis and has the potential to be employed in 
the characterization of other GLUTs. The efforts to optimize the assay even-
tually led us to decipher the role of specific lipids in GLUT activity that could 
have physiological relevance. 
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Fig.6. Development/optimization of liposome-based assay for GLUTs. (a) Rep-
resentation of proteoliposome containing reconstituted GLUT5 prepared for the up-
take of radiolabeled 14C-D-fructose. (b) Time- dependent uptake of 14C-D-fructose 
by rGLUT5 into proteoliposomes made from plant lipid extract (filled circles), non-
facilitated uptake was measured into empty liposomes (non-filled circles). (c) Time- 
dependent uptake of 14C-D-glucose by rGLUT5 into proteoliposomes made from 
plant lipid extract (filled circles), non-facilitated uptake was measured into empty 
liposomes (non-filled circles). (d) Time- dependent uptake of 14C-D-fructose by 
rGLUT5 into proteoliposomes made from bovine brain lipid extract (non-filled cir-
cles), non-facilitated uptake was measured into empty liposomes (filled circles) and 
uptake of 14C-D-glucose by rGLUT5 into proteoliposomes made from bovine brain 
lipid extract (non-filled squares). Errors bars represent s.e.m. of 3 independent ex-
periments (paper III. unpublished).  
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Structural	 analysis	 of	 GLUT	 and	 related	 sugar	
porters	
 
The first structure of any sugar porter was a bacterial homolog XylE of GLUT 
(1-4) which was determined in the substrate bound and apo-conformations, 
followed by human GLUT1 in an inward-facing apo-conformation. Structures 
of XylE and GLUT1 have revealed a canonical MFS fold, which is composed 
of two symmetric N- and C-terminal bundles that are connected by an intra-
cellular helical bundle (ICH), unique to sugar porters from bacteria to humans. 
XylE and GLUT structures showed that they utilize a rocker-switch alternat-
ing access mechanism (95–97). The XylE and GLUT1 structures further re-
vealed that the C-terminal domain largely coordinates the substrate sugar and 
is only coordinated by one residue in the N-terminal bundle. This asymmetry 
indicated that substrate gating and occlusion could be asymmetric. 
 
In paper I, we determined the X-ray crystal structures of GLUT5 from rattus 
norvegicus in an open, outward-facing conformation and GLUT5 from bos 
taurus in an open, inward-facing conformation (222). Comparison of these 
structures with published structures of the related XylE, a proton-coupled 
sugar transporter from E. coli (96,97), showed how transport in GLUT5 is 
controlled by a combination of both local and global rearrangements. In par-
ticular local rearrangements of half-helices TM7a and TM10b gate access to 
the substrate binding site. Our paper was published in the same journal for an 
independent study showing the structure of human GLUT3 in complex with 
glucose to 1.5 Å resolution. In addition to providing clearer detail to how D-
glucose was coordinated they also reached the same conclusions regarding the 
role of TM7a and TM10b gating helices. Interestingly, however, XylE has 
been shown to bind D-glucose with a similar affinity as D-xylose, but is not 
transported. This highlighted that there has to be “correct” coupling between 
sugar binding and gating. 
 
In paper II, to gain a deeper insight into how GLUT transporters are selective 
for specific sugars we decided to work on the distantly related homologue 
from the malarial parasite Plasmodium falciparum PfHT1, which was re-
ported to being able to transport both D-glucose and D-fructose with kinetics 
(KM) equivalent to the dedicated D-glucose (GLUT3) and D-fructose 
(GLUT5) transporters (223,224); this is unusual, in contrast GLUT proteins 
only have high affinity for either D-glucose or D-fructose sugars (193). To 
understand how PfHT1 has evolved into a promiscuous sugar transporter, we 
determined its crystal structure in complex with glucose (Invited re-submis-
sion). The PfHT1 structure was crystallized in the hitherto “missing” occluded 
conformation of the GLUT transport cycle, allowing a unique glimpse into 
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how sugar is coordinated during substrate translocation. Unexpectedly, what 
we found was that the sugar binding site in PfHT1 was almost identical to that 
of human GLUT3 (225). However, PfHT1 mutations made to match either 
GLUT3 or GLUT5 sugar-binding sites failed to shift sugar preferences. In-
deed, after exhaustive mutagenesis we concluded that the ability of PfHT1 to 
robustly transport both D-glucose and D-fructose sugars could not be at-
tributed to the small differences in their sugar-binding sites. 
 
Most revealingly, what we found was that the extracellular gating helix TM7b 
has formed unique polar contacts with TM1, which has enabled PfHT1 to 
more easily retain an occluded conformation, a pre-requisite for alternating 
access. Indeed, these TM1-TM7b polar contacts, located some ~15 Å from the 
sugar binding pocket, were determined to be critical for transport. Compara-
tive MD simulations of human GLUT3 and PfHT1 confirmed that PfHT1 
could more easily retain an occluded state. We concluded that PfHT1 had not 
achieved substrate promiscuity by modifying its sugar binding site, but by 
evolving substrate-gating dynamics. Broadly speaking, PfHT1 appeared to be 
less “fussy” in what sugars it transported as its “door” shut more easily; an 
obvious advantage for the parasite. Although TM7b substrate-gating dynam-
ics might be different in PfHT1, we think this model is relevant to GLUT pro-
teins. On a more general level, it demonstrated to us how substrate-gating in-
teractions and dynamics could allosterically control whether a substrate is 
transported or not. Rather than sugar binding and dissociation driving the con-
formational changes through an “induced-fit” model e.g., lactose transporter 
LacY (226), we conclude that in GLUT transporters the weakly binding sugars 
catalyze transport by “conformational-selection”.  
 
In summary, our work has provided new fundamental insights into the mech-
anism of sugar transport. In particular, how substrate specificity is accom-
plished by the different GLUT isoforms is a question of critical importance. 
One could imagine that this might be answered by determining the structures 
of GLUT isoforms that are specific for different sugars and subsequent com-
parison of the constituents of their binding pockets. This information would 
eventually help to dissect the molecular details underlying the sugar prefer-
ence by different isoforms. We were expecting to see the obvious differences 
with respect to binding pocket between the crystal structure of GLUT5 (paper 
I), a dedicated fructose transporter and already reported GLUT1 structure that 
is a specific glucose transporter. However, we were unable to decipher the 
molecular determinants that are involved in assigning the substrate preference 
in GLUT1 and GLUT5 for three main reasons. 
 

a. Structures of GLUT1 and GLUT5 both were solved in the apo-con-
formation without substrate; therefore, residues involve in sugar co-
ordination could not be assigned. 
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b. Despite the sequence similarity of 43% between human GLUT1 and 
bovine GLUT5, they super-imposed well with a r.m.s.d of 1.2 Å for 
364 pairs of Ca atoms. In addition to structural similarity, most of the 
residues lining the binding cavity in GLUT1 and GLUT5 are con-
served, so no obvious differences could be deduced in the binding 
preference. 

c. Lack of proteoliposome transport assays using purified material for 
mutagenic analysis was the further addition to the hurdles in unravel-
ling the molecular details linked to determinants of substrate specific-
ity among the members of GLUT family. 

 
 
These outcomes led us to set two main targets for further proceedings in our 
study of GLUTs. 
 

1. Development and optimization of robust liposome-based transport as-
says, that could enable us to carry out exhaustive biochemical charac-
terization including mutagenic analysis. 

2. The decision to work on PfHT1 for structural and functional studies, 
which was established as a promiscuous sugar porter. 

 
In paper III, we describe the extensive optimization cycle that ultimately led 
to the development of robust in vitro proteoliposome transport assay, which 
has further enabled us to biochemically characterize PfHT1 (paper II) and 
ratGLUT5 (paper III). At the time, no mammalian GLUT isoforms had, so 
far, been reported with functional characterization using liposome-based as-
says with a high signal to noise ratio; this is still the case to date (95,225) 
 
The tedious and intense cycle underwent to establish the in vitro GLUT 
transport assay has also, to our surprise, demonstrated the critical role of lipid 
composition to a greater extent than we anticipated. Their sensitivity to lipid 
composition is likely to be a result of the fact that GLUT must sponetenously 
reset themselves to an opposite-facing conformation after releasing the sub-
strate sugar. This spontaneous resetting is the rate-limiting step in the transport 
cycle. It is likely that the fluidity and composition of the membrane could in-
fluence this process. Therefore, one could conclude that composition of lipids 
might play a critical role in shaping the conformational energy landscape of 
GLUTs during the translocation of sugar molecules as postulated in paper III.  
 
The structural and functional findings of PfHT1 (paper II) turned out to be 
highly insightful. The outcomes of this study have laid the basis of unique 
conceptual means for the understanding of substrate specificity, where sub-
strate specificity is not solely determined by the chemistry of the binding 
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pocket but is actually determined by the finely-tuned coupling elements be-
tween substrate binding and gating dynamics. The unseen conformation as re-
vealed by the structure of PfHT1 with glucose bound in occluded state has 
provided novel insights into the coordination of sugar in the binding pocket. 
The novel conformational state observed in PfHT1 allowed us to construct 
arguably the complete alternate access cycle of sugar transport by combining 
structures of other sugar porters captured in different conformations (Fig. 7). 
 
To conclude, we were able to develop a robust proteoliposome GLUT 
transport assay. Critical role of lipid composition in the development of 
transport assays was described that indicates their physiologically relevance. 
The insights gained form our work on PfHT1 has highlighted the importance 
of conformational dynamics in defining the substrate preference for transport. 
The overall progress made with respect to technical aspects and conceptual 
understanding of sugar porters can potentially be beneficial in the develop-
ment of specific inhibitors with therapeutic potential.  
  

 
 
 
 
 
 
 
 



24 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.7. Schematic of the structural-basis of the sugar porter alternating-access 

mechanism. To summarize, in the outward and outward-occluded conformations the 

substrate-gating helix TM7b (magenta and transparent) is mobile and samples either 

states, as seen in MD simulation of human GLUT3. Substrate binding conformation-

ally stabilises the outward-occluded-state. In the occluded state, the salt-bridge inter-

actions between ICH5 in the C-terminal bundle and ICH1-4 are lost, subsequently 

breaking the intra-bundle salt-bridge network catalyses global rocker-switch rear-

rangements of the N- and C-terminal bundles. In the inward-occluded conformation, 

the intracellular gating helix TM10b (cyan) that is related by inverted-symmetry to 

TM7b, spontaneously moves outward to the inward-open conformation. After sugar 

release, the sugar porter spontaneously resets itself to the outward-facing confor-

mation through an “empty” occluded-state (paper II. Unpublished). 
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Nucleotide Sugar Transporters (NSTs) 

Glycosylation is the covalent attachment of sugar molecules to proteins and 
lipids and is a fundamental process that has key significance to various bio-
logical processes. For example, glycosylation is associated with enhanced pro-
tein solubility and stability, immune responses, communication between cell 
to cell and cell to extracellular matrix, and protein targeting (227–231). 
 
Attachment of a sugar to protein or lipid chain is catalyzed by glycosyltrans-
ferases and takes place in the lumen of Golgi and/or the Endoplasmic Reticu-
lum (ER). However, the activation of sugar molecules for glycosylation is lo-
calized to cytoplasm or nucleus and therefore, the task to translocate the 
charged sugars to the lumen through the organellar membrane is executed by 
a group of membrane expressed nucleotide sugar transporters (NSTs). NSTs 
belong to the human SLC35 family of solute carriers, further grouped into 
seven sub-families (A-G). In total eight sugars are found to be essential for 
optimum functioning of the human body that are transported by NSTs in the 
form of CMP-sialic acid, UDP-galactose, UDP-GlcNAc, UDP-GalNAc, 
UDP-GlcA, UDP-xylose, UDP-glucose and GDP-fucose. Nearly all sugars 
are assigned at least one NST (232–234).  
 
Despite low sequence homology among NSTs, multiple substrate specificity 
has been identified in some of the NSTs, however, specificity is still shown to 
be maintained at the level of nucleotide, while sugar part can vary in a nucle-
otide sugar substrate. Hence, the nucleotide part is the most significant in es-
tablishing the substrate binding to the NST (235–237). 
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NSTs	in	human	health	and	disease			
 
Activity of NSTs is critical for the process of glycosylation and therefore sev-
eral glycosylation related disorders have been shown to link with impaired 
nucleotide sugar transport. Dysfunctional due to genetic abruptions, GDP-fu-
cose and CMP-sialic acid transporters contribute to two mendelian diseases, 
congenital disorder of leucocyte adhesion deficiency II (LAD II) and glyco-
sylation IIf (CDG IIf) respectively (238–240). Members of NST family have 
been reported to mediate the translocation of anti-tumor drug thus influencing 
the process of glucuronidation in the liver (241,242). Virulence of some path-
ogenic fungi is shown to be dependent on nucleotide-sugars, suggesting an 
opportunity to explore NSTs as drug targets against anti-fungal diseases (243–
246). 
 
Hyper-sialylation of tumor cells is directly associated with their metastatic 
potential and reduction of sialic acid expression on cancer cells by targeting 
CMP-sialic acid transporter (CST) has been shown to alleviate the metastatic 
potential of tumorigenic cells (247,248). CST can also be exploited in gly-
coengineering of several glycoprotein-based therapeutics since, sialylation 
has a direct role in dictating the efficacy of such therapeutics (249).	
	

Transport	mechanism	 and	 structural	 findings	 of	
NSTs	
 
The transport cycle of NSTs is driven by the inward movement of nucleotide 
sugars from cytosol to the lumen of ER or Golgi and the outward movement 
of corresponding nucleotide monophosphate from lumen to the cytoplasm 
(232,233). Hence, NSTs are classified as antiporters. Interestingly, however, 
a number of studies reported the transport of uncoupled nucleotide sugar in 
absence of the corresponding mononucleotide on the other side of the mem-
brane, which led to description of such transport as ´leaky` (233,250–252).  
 
Based on the structure, NSTs were classified as belonging to the drug/metab-
olite exporter (DME) family (253). The crystal structure of amino acid ex-
porter from bacterium Starkeya novella came in 2016, which revealed a novel 
DME-fold (254). Since then, two more structures with the DME-fold were 
reported (255,256). Despite numerous studies, structural information of NSTs 
was not available until 2016, when the crystal structure of GDP-mannose 
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transporter Vrg4 from Saccharomyces cerevisiae was reported in apo and 
GDP-mannose bound conformations (255). Interestingly, by employing lipo-
some-based transport assays they concluded, Vrg4 was a strict ´antiporter`. 
 
In paper IV, we have focused our mechanistic studies on the CMP-sialic acid 
transporter. CSTs are quite unique among their counterparts within the NST 
family of transporters due to their localization confined to only Golgi mem-
branes (250,257). They are also atypical in that they transport a nucleotide 
monophosphate in both directions, i.e., either coupled or uncoupled to CMP-
sialic acid (258). We determined the crystal structure of CST from plant in 
both CMP-bound and apo conformations. By combining the structure with 
binding and in vitro transport data we concluded that the recognition for CMP-
Sia is established primarily by the CMP moiety. Because CST exchanges 
CMP-Sia for CMP and, since recognition is established by CMP, this conclu-
sion further implied that CST proteins should be able to carry out homo-ex-
change (CMP/CMP). Indeed, we were able to also measure robust transport 
of either CMP or CMP-Sia passive transport in the absence of either CMP-Sia 
or CMP on the other side (259). This data supported observations made in 
Golgi vesicles (260) and indicated that the facilitative transport by CST might 
have a physiological function.  
 
Thus, it appears that like GLUTs, they have a flat-energetic landscape, which 
enables them to spontaneously reset to the opposite state in the absence of 
their counter-substrate. It is likely that, like GLUT proteins, their re-setting 
through an empty occluded state is rate-limiting to their transport cycle. In-
deed, we could show that loading up liposomes with the counter-substrate in-
creases CST transport rates 5-fold, (259). 
 
In summary, NSTs have been described as ´leaky` transporters in literature 
and various studies have reported the uniport and antiport activity by NSTs  
(233,250–252). However, due to low signal to noise ratio for the specific up-
take of labelled substrates as observed in these studies, conclusions drawn 
about the NST mechanism remained elusive. Interestingly the very first struc-
ture reported for any NST member was shown to be a ´strict antiporter` with 
no uniport activity in proteoliposome assays using purified material (255). 
Since, the study has exploited robust transport assays using purified material, 
the uniport and antiport activity could be clearly monitored and that showed 
no signs of uniport activity by Vrg4. This is quite a deviation from what is 
established in the field of NSTs and hence, raised so many concerns about the 
studies carried out earlier, since most of these studies were carried out in vivo 
without isolating protein from native membranes. This highlighted the signif-
icance of employing liposome-based assays with purified material for the dis-
section of mechanistic properties of NSTs. Contrary to what was observed for 
Vrg4, we were able to show robust uptake of labelled substrate in absence and 
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presence of counter substrate by reconstituted CST into proteoliposomes. Alt-
hough, the transport rates were higher when proteoliposomes were loaded in-
side with counter substrate, but a robust uptake was also monitored in un-
loaded proteoliposomes (Fig.8). Based on our findings on CST as demon-
strated by transport assays, we assigned CST as a physiological antiporter that 
can also act as uniporter. Our work on CST is more in agreement with earlier 
studies on NSTs except the study on Vrg4 that was defined as ´strict anti-
porter`. CSTs are quite unique to their counterparts with regard to their sub-
strate specificity, it is likely that such conformational flexibility incorporated 
by CSTs to carry out their functions is indicative of physiological relevance. 
Nevertheless, our study on CSTs has paved the way for a new debate with 
regard to the mechanistic properties of NST family of transporters and empha-
sizes the need for broader mechanistic characterization of other NSTs. 
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Fig.8. Passive and secondary-active transport mechanisms of CST. (a) Time-
dependent uptake of 3H-CMP into un-loaded proteoliposomes by CSTZM (open 
circles). Non-specific uptake was estimated into liposomes without protein (filled 
circles). (b) Time-dependent uptake of 3H-CMP into CMP-Sia pre-loaded prote-
oliposomes by CSTZM (open circles). Non-specific uptake was estimated into lip-
osomes without protein (filled circles) (paper IV).  
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Summary of the publications 

Paper	I	
 
Glucose transporters (GLUTs) are a group of membrane transporters that carry 
out facilitated diffusion in mammals. There are fourteen isoforms of GLUTs 
that vary on the basis of substrate specificity, tissue localization and kinetic 
parameters. GLUT5 is the only isoform that was reported to specifically 
transport D-fructose and showed no activity for D-glucose or any other mon-
osaccharides. GLUT5 is mainly expressed on the apical side of the entero-
cytes, but low levels of expression are also found in skeletal muscle, testis and 
kidney. GLUT5 mediated uptake of D-fructose has been linked with several 
metabolic syndromes as well as in certain cancers, that described GLUT5 as 
a drug target in the fight against tumors, in particular breast cancer. Hence, 
GLUT5 was chosen as a suitable target for our structural and functional stud-
ies on GLUTs. The findings could potentially reveal the molecular differences 
among different GLUT isoforms, contribute to the substrate preference and so 
the selective inhibition could possibly be achieved. It is worth mentioning that 
GLUT1 was the only GLUT isoform, specific for D-glucose was reported with 
a crystal structure earlier to this study. 
 
In this study, mammalian GLUT5 homologs from, rattus norvegicus 
(rGLUT5) and bos taurus (bGLUT5) were selected after screening of GLUT5 
homologs from various mammalian sources, for downstream structural and 
functional studies. GLUT5 was recombinantly expressed in saccharomyces 
cerevisiae. Extracted and purified GLUT5 was subjected for crystallization 
experiments. rGLUT5 was crystallized in complex with Fv antibody fragment. 
Structures of rGLUT5 and bGLUT5 were determined in outward-open and 
inward-open conformations and hence revealed the structural rearrangements 
occur to isomerize from outward-facing to inward-facing states.  
 
Due to difficulties in establishing robust proteoliposome transport assays, 
tryptophan fluorescence quenching assay was established to monitor substrate 
binding, exploiting a single tryptophan residue in the binding pocket. Strong 
tryptophan fluorescence quenching was observed upon addition of D-fructose 
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but not D-glucose, L-fructose etc. Mutational analysis using binding assay re-
vealed asymmetric binding mode, since residues that weakened the tryptophan 
fluorescence quenching upon mutation were part of C-terminal bundle. This 
observation is in agreement with the structural findings on sugar porters re-
ported from human and bacteria. The closest isoform to GLUT5 is GLUT7 
that was shown to transport D-glucose as well as D-fructose. Comparative 
analysis revealed that in GLUT5, Q166 is replaced by glutamate in GLUT7. 
The mutation of Q166 to glutamate was shown to abolish the binding of D-
fructose whereas acquired the binding affinity for D-glucose. However, due 
to lack of transport assays we could not determine if the Q166E variant could 
transport D-glucose as well. 
 
Comparison of outward-facing and  inward-facing conformations of GLUT5 
has revealed asymmetric structural rearrangements that is consistent with 
asymmetric binding mode mainly confined to C-terminal bundle. Local struc-
tural transitions of TM7 and TM10 in C-terminal bundle underlie the global 
rearrangements of the transporter during substrate translocation, that led us to 
propose a ligand-gated pore mechanism for sugar transport by GLUTs. 
 

Paper	II	
 
Due to increase in resistance towards available therapies against malaria, there 
is a constant need to develop potent remedies for the treatment of malaria. 
With the availability of Plasmodium falciparum genome, the deadliest of ma-
laria causing species, many potential genes have been established as drug tar-
gets against the protozoa. One of such targets is the hexose transporter 
(PfHT1). PfHT1 was shown to facilitate the uptake of various monosaccha-
rides employing in-vivo studies. Most importantly PfHT1 acquired the ability 
to transport both D-glucose and D-fructose with same affinities as reported for 
specific mammalian GLUT transporters, GLUT3 and GLUT5 respectively. 
Therefore, PfHT1 is quite unique in comparison to its mammalian counter-
parts (GLUTs) which essentially transport either D-glucose or D-fructose. 
With respect to protein sequence, PfHT1 is also quite distant to mammalian 
and bacterial sugar porters, that indicate a likelihood of unique binding mode 
in PfHT1. 
 
One of the outstanding questions with respect to mechanisms of GLUTs is 
related to their specificities for specific sugars. Therefore, PfHT1 represents a 
very suitable target for our structural and functional investigations on GLUTs. 
The findings could potentially help to understand, how substrate specificity is 
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achieved in different GLUT isoforms, that can be exploited for their selective 
inhibition. 
 
PfHT1 was recombinantly expressed and subsequently isolated form 
saccharomyces cerevisiae. Purified PfHT1 was subjected for extensive crys-
tallization trials for structure determination. For functional analysis of PfHT1, 
we employed intensely optimized liposome- based transport assays using pu-
rified protein. Crystal structure of PfHT1 was solved to 3.6 Å resolution and 
revealed a D-glucose molecule in the binding pocket. The binding mode is 
similar to what was seen for mammalian and bacterial sugar porters, and quite 
similar to human GLUT3 that was solved with bound glucose molecule. How-
ever, comparative analysis of PfHT1 structure with other sugar porter struc-
tures in combination with statistical approaches, led us to designate the ob-
served conformation as an ´occluded state`, not seen so far for any available 
structures from the sugar porter family.  
 
By employing the liposome-based assays, we validated the promiscuity of 
PfHT1 and showed the ´facilitative` uptake of various monosaccharides for 
the first time using in vitro assays. Kinetic parameters were determined for the 
uptake of various monosaccharides including D-glucose and D-fructose, that 
are in agreement with what was reported employing in-vivo assays. Position 
of OH-groups at position C-3 of D-glucose was found to be most critical fol-
lowed by C-4 as demonstrated by competitive uptake assays for labeled D-
glucose in the presence of non-labeled epimers of D-glucose. Surprisingly, 
most of the residues interacting to D-glucose are conserved in PfHT1and 
GLUT3 and therefore, extensive mutational analysis was carried out to under-
stand the molecular basis of substrate promiscuity in PfHT1. PfHT1 variants 
generated to mimic the binding pockets of either GLUT3 or GLUT5 were 
failed to shift the sugar preference. Therefore, residues placed close to the 
binding pocket were mutated to mimic GLUT3, but still no switch in sugar 
preference was observed and the impact of mutations was similar in the affin-
ity for D-glucose and D-fructose.  In contrast to mammalian and bacterial 
sugar porters, unique polar interactions were found in PfHT1 between TM1 
and TM7b, and found to be critical the formation of the ´occluded-state` in the 
presence of substrate. Although, these interactions are quite distant to binding 
pocket but they are critical for sugar transport monitored by mutagenesis using 
transport assays. MD simulations further highlighted the role of these polar 
interactions in PfHT1 in stabilizing the occluded state in presence of sugar 
compared to GLUT3 that remains very mobile regardless of the sugar pres-
ence. Based on the outcomes of our structural and functional analysis on 
PfHT1 we conclude that PfHT1 has not acquired substrate promiscuity by 
modifying the sugar-binding pocket, but rather by evolving the substrate gat-
ing interactions and dynamics. 
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Paper	III	
 
Structural information gained from crystal structures GLUT1, GLUT3 and 
GLUT5 have illuminated various important aspects about molecular architec-
ture of GLUT transporters. However, none of these reported structures were 
supported by biochemical characterization that include mutagenic analysis 
due to lack of robust liposome-based transport assays using isolated material. 
Hence, comprehensive understanding about sugar recognition and transloca-
tion cycle of GLUTs could not be attained. This study was primarily con-
ducted to address this very crucial barrier in the comprehensive description of 
GLUTs mechanistic features. The main focus of this study was to develop a 
robust liposome-based transport assay, to perform uptake assays of labeled 
sugars by reconstituted GLUT proteins into proteoliposomes. One of the main 
issues in developing such assays is the low specific uptake compare to non-
specific uptake of substrates (signal to noise ratio), that could lead mis-inter-
pretation of the results. We later found during the study that problem was not 
limited to low signal to noise ratio but if the liposomes are not prepared from 
appropriate mixture of lipids, it could result in the uptake of non-substrate 
sugar by reconstituted GLUT protein. Therefore, an exhaustive cycle to screen 
for right lipid composition was carried out using commercially available lipid 
extracts that eventually led us in finding the right combination of lipid mixture 
to make liposomes. The proteoliposomes thus prepared with right lipids have 
shown the robust specific uptake of labeled sugar by a reconstituted GLUT 
protein.  
 
The establishment of robust transport assay subsequently enabled us to carry 
out descriptive functional characterization of rat GLUT5 that	was not reported 
in (paper	I) due to lack of transport assays. We showed that GLUT5 is a spe-
cific D-fructose transporter as demonstrated by transport assays using differ-
ent labelled sugars and by competitive uptake of labelled D-fructose in the 
presence of various non-labelled sugars. Kinetic parameters for D-fructose up-
take of GLUT5 were also determined for the first time using purified material 
and proteoliposome assays. Mutational analysis of GLUT5 was also con-
ducted to unravel the molecular determinants implicate in governing substrate 
specificity and translocation. Hence, assigning this work as the first robust 
study of its kind reported for any mammalian GLUT transporter to date. 
 
Due to critical role of lipids in establishing transport assays for GLUTs, we 
were interested to decipher the role of specific lipids in modulating GLUT 
activity in proteoliposomes. Therefore, based on the composition of different 
lipid species (as determined by lipidomics) in a lipid extract that we used for 
our optimized assay, we were able to prepare proteoliposomes for our 
transport assays using synthetic lipids. The use of synthetic lipids to make 
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proteoliposomes, thus can be exploited to manipulate lipid composition in or-
der to understand the contribution of specific lipids in modulating GLUT ac-
tivity.  
 
GLUT proteins are uniporters, implying they have to undergo a global con-
formational change in the absence of substrate after releasing substrate on one 
side of the membrane during the translocation cycle. This indicate low ener-
getic barriers between different conformational states; however, inappropriate 
lipid composition could potentially perturb the energetic landscape of GLUT 
translocation cycle. Based on our results obtained so far, we propose a kinetic 
frame work for the conformational energy landscape of sugar transport by 
GLUTs, that is fine-tuned by specific lipid composition. 

Paper	IV	
 
The labelling of glycolipids and glycoproteins with terminal sialic acid mole-
cule takes place in the lumen of golgi, is critical for growth and development. 
CMP-sialic acid transporter (CST), localized to the membranes of golgi, me-
diates the translocation of activated sialic acid as CMP-sialic acid from cyto-
plasm to the lumen of the golgi. CST is one of the two transporters from NST 
family that contribute to the mendelian diseases due genetic mutations, 
whereas aberrant CST activity is linked to serious pathological conditions. 
Hyper-sialylation of tumor cells was shown to associate with their metastatic 
potential as well, designating CST as potential target against tumors.  
 
Inspite of great importance of CSTs in cell physiology and pathophysiology, 
no structural information on CST is available until this study is reported.  In 
this study, we set out to determine the crystal structure of CST from plant Zea 
mays and conducted exhaustive binding and proteolipsome-based transport 
assays on both plant and human CSTs. CST was recombinantly expressed in 
saccharomyces cerevisiae, subsequently extracted and purified. CSTZM was 
crystallized by vapor diffusion and in meso (lipidic cubic phase (LCP)) meth-
ods in the absence and presence of CMP, respectively. Crystal structure of 
CSTZM was determined in both apo- and CMP-bound conformations by mo-
lecular replacement.  
 
By employing proteoliposome transport assays, we showed the uptake of la-
beled CMP and CMP-sialic acid into proteoliposomes with reconstituted CST 
in an antiport as well as uniport fashion. The preloading of proteoliposomes 
by either CMP or CMP-Sialic acid has indeed, shown to enhance the uptake 
of labeled substrate, suggesting that, CSTs are physiological antiporters that 
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can also operate as facilitators. The differences in the affinities for CMP and 
CMP-sialic acid as demonstrated by binding and uptake assays has defined 
CMP moiety as major determinant of substrate recognition by CSTs. Michae-
lis constant KM values for the uptake of CMP by plant and human CSTs re-
constituted into proteoliposomes were also determined.   
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Conclusions and future perspective 

Conformational dynamics is a critical link between the structure of enzyme 
molecule and its biological activity. As mentioned earlier, transporters are 
quite similar to enzymes on mechanistic terms and follow Michaelis-Menten 
kinetics. However, contrary to enzymes the main crux of the transporter´s bi-
ological activity is the transport of solutes across the membrane that requires 
the global conformational alterations of the transporter within a complex en-
vironment of the membrane. Intuitively the role of transporter dynamics be-
comes more profound in carving its mechanistic elements with respect to 
transport energetics, substrate specificities and kinetic properties. In addition, 
the contribution of diverse lipid composition in modulating the conforma-
tional dynamics of membrane transporters has just begun to unfold. 

 
In case of enzymes, the role of conformational diversity to attain functional 
promiscuity that can potentially lead to enzyme evolution with new functions 
has been established using sophisticated computational and experimental ap-
proaches (261–265). However, due to intrinsic fragile nature of membrane 
transporters there are number of obstacles associated to their structural and 
functional studies subsequently impeding the comprehensive understanding 
of their mechanistic dynamics. The work presented in this thesis contribute to 
that understanding by combining the rigorously optimized proteoliposome 
transport assays, structural as well as computational approaches.  
 
GLUTs have been biochemically investigated for too long, however, for the 
very first time our work could demonstrate the molecular basis of substrate 
specificity in sugar porters. We propose that instead of modifying the binding 
pocket for specific sugar transport, sugar porters have evolved the dynamic 
components of sugar binding and gating that eventually assign them either 
promiscuous or specific for the transport of sugar molecules (paper I and II). 
The role of lipids in establishing proteoliposome transport assays  is found to 
be of critical importance. Subsequent experimental observations suggest that 
lipid specificity underlies the fine-tuning of conformational energy landscape 
of GLUT translocation cycle, that can essentially impact the kinetics of sugar 
transport (paper III).  
 



36 

The imperfect coupling in NSTs with respect to energetics of transport is 
demonstrated using in vitro transport assays with purified CST (paper IV). 
The ability of CST to operate as uniporter as well as antiporter is indicative of 
the conformational flexibility incorporated by CST that could be physiologi-
cally relevant. 
 
In spite of great importance of membrane transporters in human physiology 
and pathology, the broader understanding of their transport machinery is still 
in infancy and there is a long road ahead. Our study not only presents unique 
conceptual means but also suggests that a broader understanding of transporter 
working model can only be viable if a combination of various biophysical, 
biochemical and in silico approaches are employed covering all major aspects 
of transporter functions in a lipidic environment. Although, this represents a 
daunting task, the outcome is likely to also aid the pharmacological efforts 
being invested in these transporters for the benefit of human health. 
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Populärvetenskaplig Sammanfattning  

I naturen är det ett fundamentalt krav för alla levande celler att dra nytta av 
energin för att kunna upprätthålla dess olika fysiologiska processer. Socker är 
en viktig källa till den metaboliska energin som är viktig för cellens livskraft 
och för att upprätthålla den cellulära fysiologin. Förutom att förse med energi, 
är socker även ansvarig för strukturella och funktionella roller. Cellmembra-
net som förser cellens struktur och stabilitet är däremot inte genomträngligt 
för socker och andra hydrofila molekyler på grund av dess lipidorganisation. 
Cellmembran har därför utvecklats för att inkorporera en speciell klass av 
membranproteiner som kallas för ”transportörer”. Dessa är involverade i 
transporten av olika molekyler så som socker, aminosyror och läkemedel över 
membranet. På grund av deras viktiga roll i regleringen av olika biokemiska 
processer, kan funktionella fel i dessa transportörer leda till patologiska mani-
festationer.  
 
Specifika membrantransportgrupper har under evolutionens gång utvecklats i 
syfte att förmedla upptag av sockermolekyler över cellmembranet. I den här 
avhandlingen beskriver jag vårt arbete för en förbättrad strukturell och funkt-
ionell förståelse av två sockertransportfamiljer; glukostransportörer (GLUT) 
och nukleotid-sockertransportörer (NST).  
 
GLUT-familjen består av fjorton olika medlemmar med specifik vävnadslo-
kalisering och sockerpreferens för respektive medlem. Aktiviteten hos NST-
familjens olika medlemmar är avgörande för glykosyleringsprocessen genom 
att förmedla translokation av aktiverade sockerarter från cellens cytoplasma 
till lumen hos antingen Golgi- och/eller ER-organeller. Avvikande funktioner 
hos GLUT- och NST-medlemmar leder till allvarliga patologiska tillstånd re-
laterade till tillväxt och utveckling. Det visades att en förbättrad aktivitet av 
specifika GLUT och NST förknippas med skadliga sjukdomstillstånd som 
cancer och diabetes. Detta gör dem till attraktiva måltavlor för utformning och 
utveckling av hämmande läkemedel 
 
Trots den stora betydelsen av dessa två sockertransportfamiljer i mänsklig fy-
siologi, förblir den övergripande mekanistiska förståelsen för dessa transpor-
törer oklar. Eftersom dessa proteiner verkar i en dynamisk membranmiljö be-
stående av olika lipider, är extraktion av dessa proteiner från deras naturliga 
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miljö för senare strukturell och funktionell karakterisering en mycket välkänd 
barriär. Isolering av dessa proteiner från membran resulterar oftast i deras ned-
brytning. Den funktionella karaktäriseringen av dessa transportörer i deras na-
turliga miljö, omgiven av andra proteiner, är svår på grund av komplexiteten 
hos membranmiljön som kan leda till svårigheter att dra specifika slutsatser 
gällande deras funktioner. Därmed är det mycket viktigt att studera funktionen 
hos dessa transportörer i ett isolerat system som fortfarande efterliknar deras 
fysiologiska miljö. Detta kan möjliggöra observationer av specifika interakt-
ioner mellan dessa transportörer med deras substrat och potentiella hämmare. 
I denna avhandling bidrog vi med en insats att övervinna utmaningarna i stu-
dien av GLUT- och NST-familjetransportörer. 
 
Sammanfattningsvis kunde vi bestämma strukturen hos däggdjurs GLUT5 vil-
ket är en specifik fruktostransportör och ett etablerat läkemedelsmål inom 
bröstcancerbehandling. Vi har karakteriserat GLUT5 genom att använda op-
timerade funktionella in-vitro analyser med renat protein. GLUT5 blir således 
det första GLUT-proteinet från däggdjur med en sådan beskrivande biokemisk 
analys som hittills rapporterats. I samband med arbetet av GLUT-proteiner 
från däggdjur har vi också bestämt strukturen för en sockertransportör från 
malariaparasit, som är avgörande för parasitens livskraft i blodstadierna i dess 
livscykel. Detta ledde till slutsatsen att denna transportör kan utnyttjas som 
läkemedelsmål i kampen mot malaria. Malariasockertransportören är mycket 
promiskuös och kan transportera flera olika sockerarter, vilket inte är fallet 
med GLUT-proteiner från däggdjur som är specifika för en viss typ av sock-
erart. Resultaten kan leda till utformningen av potenta molekyler riktade mot 
transportören för att behandla malaria, som fortfarande orsakar en halv miljon 
dödsfall världen över. 
 
Vidare är CMP-sialinsyratransportören (CST) en medlem av NST-familjen 
och är nödvändig för tillväxt och utveckling. CST transporterar CMP-sial-
insyra från cellens cytosol till Golgiapparaten där protein- och lipidsialylering 
sker. Eftersom hyper-sialylering av tumörceller visade sig vara kopplat till de-
ras metastatiska potential kan inriktning på CST vara en potentiell strategi för 
behandling av cancer. Dessutom kopplas verkningsgraden av sialylering hos 
glykoproteinbaserade läkemedel också till deras effektivitet. Därav kan CST 
användas i glykosyleringsprocesser för framställning av potenta läkemedel. 
 
Strukturen för en växt-CST bestämdes där bindnings- och transportanalyser 
avslöjade nya molekylära detaljer för substratigenkänning och transport av 
CST-transportmaskinerna. Resultaten av studien om CST kan således vara till 
hjälp i farmakologiska studier som är relevanta för NST-familjen av transpor-
törer. 
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Avslutningsvist drar jag slutsatsen att studien inte bara har stärkt den nuva-
rande förståelsen av GLUTs och NSTs strukturella och mekanistiska funkt-
ioner, utan den har också utvecklat teman och metoder som sannolikt förstär-
ker de strukturella och funktionella undersökningar som genomförts för andra 
typer av små molekyltransportörer. 
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