
 

 

 University of Groningen

Unraveling structural and functional features of secondary transport proteins
Heuberger, Esther Helena Maria Laurentius

IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.

Document Version
Publisher's PDF, also known as Version of record

Publication date:
2001

Link to publication in University of Groningen/UMCG research database

Citation for published version (APA):
Heuberger, E. H. M. L. (2001). Unraveling structural and functional features of secondary transport
proteins. s.n.

Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).

The publication may also be distributed here under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license.
More information can be found on the University of Groningen website: https://www.rug.nl/library/open-access/self-archiving-pure/taverne-
amendment.

Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Downloaded from the University of Groningen/UMCG research database (Pure): http://www.rug.nl/research/portal. For technical reasons the
number of authors shown on this cover page is limited to 10 maximum.

Download date: 25-05-2023

https://research.rug.nl/en/publications/58288360-291f-4c41-8e57-aa3dbe28283b


Chapter 5 

 51 

 

Quaternary structure and function of secondary 
transport proteins 

 
Esther H.M.L. Heuberger* & Liesbeth M. Veenhoff* and Bert Poolman 

 

*Both authors contributed equally to this work 
submitted for publication 

 

Summary 
 
In view of the notion of membranes being important sites for regulation and 
scaffolding, it is likely that in evolution oligomerization of membrane proteins has 
evolved as a means to regulate their function. Secondary transporters effect the 
translocation of numerous solutes and are distributed among all living species. This 
review evaluates the techniques used to assess their oligomeric state, and to 
describe the current knowledge of the functions associated with the oligomeric 
organization of secondary transport proteins. 
 
 

 

Introduction 
 
Membranes are the site for entry and exit of 
solutes and proteins, and for transduction of 
signals, and thereby represent a prime target for 
regulation of the physiology of the cell. Rather 
than being a mere lipid matrix in which the 
membrane proteins responsible for these 
reactions randomly float as independent entities, 
complex processes involving several 
components seem efficiently organized at and in 
the membrane. For example the oligomeric 
ligand-gated ion-channels have been proposed 
to interact with specific cytoplasmic proteins 
that link them to the cytoskeleton and to 
intracellular signaling pathways (140). So-
called rafts, which are membrane domains 
highly enriched in sphingolipids and 
cholesterol, have been proposed to recruit given 
proteins to specific areas in the plasma 
membrane of eukaryotes, which will favor the 
protein/protein interactions and affect their 
functioning (9).  

At the functional level, multimerization 
of membrane proteins can provide possibilities 
for scaffolding and allostery as is generally 
accepted for cytoplasmic proteins. Structurally, 
there are also reasons to assume that the 
majority of membrane proteins will exist as 
oligomers, as processes like protein localization 
(2D space) and orientation and volume 
exclusion enhance self-association (44). 

Secondary transport proteins are 
abundant in all known species of eukarya, 
bacteria and archaea, and are involved in the 
uptake or excretion of a wide variety of solutes. 
They use the free energy stored in the 
electrochemical gradients of protons, sodium 
ions, or other solutes across the membrane, 
either in a symport, antiport or a uniport 
mechanism. High resolution structural data are 
so far absent for this class of proteins, but some 
medium (168) or low resolution structures are 
available (153,166,172,175). 
 Although literature on the oligomeric 
state(s) of individual secondary transport 
proteins often suffers from inconsistencies and 
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incompleteness of data sets, there is increasing 
evidence that oligomerization is crucial for 
transporter function. This review evaluates the 
techniques that have been used to study the 
oligomeric state of secondary transport proteins, 
and describes the current knowledge of their 
oligomeric states and functions. For 
experimental details on the various methods one 
is provided with some key references in which 
the focus is on the quaternary structure analysis 
of secondary transport proteins (Table I). 
 
Quaternary structure in detergent 
solution 
 
The quaternary structure of membrane proteins 
may seemingly be easier analyzed in the 
detergent solubilized-state than in the membrane-
embedded one, but one has to consider that 
detergent solubilization may not yield the 
protein’s biologically relevant structure. Enzyme 
activity is generally a good indicator of structural 
integrity, but in case of secondary transport 
proteins one can at best obtain a measure of 
ligand binding activity when the protein is in the 
detergent-solubilized state. In addition, except for 
sedimentation equilibrium experiments, all other 
techniques described below are non-equilibrium 
methods, implying that the results depend on the 
strength of the protein-protein interactions, which 
can be influenced by the type of detergent used to 
solubilize the protein. As a consequence, 
observations of monomers in detergent do not 
exclude the presence of higher oligomers in the 
membrane. One also needs an accurate measure 
of the amount of detergent  
(amphiphile) bound to the protein, as the 
amphiphile mass can be in the same range as the 
protein mass (36,59). 
 
Analytical ultracentrifugation. 
 
Analytical ultracentrifugation is a powerful tool 
for the determination of hydrodynamic and 
thermodynamic properties of membrane proteins, 
provided that all parameters that influence the 
mass of the observed species, like the amount of 
bound detergent and solutes, partial specific 

volume of the protein and the detergent, and 
buffer density and viscosity, can be determined at 
the appropriate temperature. The technique also 
requires highly purified protein that is 
homogeneous and stable for at least a few days 
(152). In velocity sedimentation experiments, the 
sedimentation coefficient depends both on the 
mass and the shape of the protein particles. As the 
shape of particles is in general an unknown 
parameter, this technique on its own does not 
allow an appropriate mass determination. When 
studying weakly interacting proteins, i.e. with 
association constants larger than approximately 2 
µM-1, the presence of different protein species can 
be determined by velocity sedimentation. The 
influence of the shape factor is not present in 
sedimentation equilibrium, which makes it a 
more rigorous technique.  
 
Size-exclusion-chromatography. 
 
Estimations of the molecular weight from gel-
filtration experiments are in the same range of 
precision and reliability as those obtained from 
sedimentation velocity analysis, but larger 
amounts of protein are necessary (12). The 
chromatographic behavior of the protein reflects 
the frictional coefficient (containing information 
about size and shape), from which the Stokes’ 
radius can be derived. In combination with a 
sedimentation coefficient, size-exclusion-
chromatography can give a reasonable estimate 
of the molecular mass of the protein or protein 
complex. Precise determination of the amount 
of bound detergent is needed but not easily 
performed. 
 
Blue native electrophoresis. 
 
A Blue Native Polyacrylamide Gel 
Electrophoresis (BN-PAGE) gel (134) works as 
a molecular sieve in which a protein stops 
migrating when it is trapped at a region of 
appropriate pore size. The electrophoretic 
mobility of proteins is obtained through binding 
of negatively charged amphiphilic coomassie 
brilliant blue (CBB) dye. Membrane proteins 
bind relatively more CBB than soluble proteins, 
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and this additional mass needs to be accounted 
for when the oligomeric state is calibrated on 
soluble marker proteins (59). A possible caveat 
of this technique concerns the solubility of the 
protein as CBB replaces the majority of the 
detergent. 
 
Co-purification, co-immunoprecipitation. 
 
Provided that both protein species are 
differently tagged, proof for physical interaction 
between subunits of an oligomer can be 
obtained from co-immunoprecipitation or co-
purification (42,138). Neither of these methods 
allows exact determination of the subunit 
stoichiometry. In addition to the relative 
simplicity of the technique, truncated proteins 
can be used to define the protein parts that are 
involved in the oligomerization. If the 
association constants in detergent solution are 
high, co-immunoprecipitation and co-
purification experiments depend on heterodimer 
formation in the membrane, and thus on co-
expression in one and the same host. 

 
Quaternary structure in the membrane 
 
The oligomeric state of a membrane protein is 
best reflected when it is embedded in the 
membrane. However, in vivo, low expression 
levels and interference of endogenously 
expressed proteins might complicate the 
measurements. In vitro, one has to tackle the 
problem of membrane reconstitution which may 
be inefficient, and correct insertion of the 
protein into the membrane can be difficult to 
achieve. 
 
Chemical cross-linking and transport protein-
reporter chimera. 
 
Chemical cross-linking in the membrane is a 
simple method to demonstrate close proximity 
of proteins in their native state (97). However, it 
is difficult to rigorously exclude aspecific cross-
links, and the efficiency of cross-linking is often 
low due to low reactivity or inaccessibility of 
target sites. An alternative approach involves 

fusion of proteins to reporter proteins that gain 
activity upon oligomerization. Important for 
these studies are controls for full-length 
transcription and correct and functional 
membrane insertion. When co-expressing fusion 
proteins with different variants of green 
fluorescent protein, fluorescence resonance 
energy transfer (FRET) can be used to monitor 
close proximity of proteins in vivo (136). 
 
Freeze-Fracture Electron Microscopy. 
 
Freeze-fracture electron microscopy analysis of 
membrane protein oligomerization requires a 
large excess of the protein of interest in the 
membrane (overexpression in Xenopus oocytes) 
or membrane reconstitution of purified proteins. 
Frozen membranes are fractured at the lipid 
bilayer interface and after shadowing with a 
metal film, intramembrane particles can be 
visualized by electron microscopy. The 
technique has been extensively used by 
Eskandari and co-workers, who concluded that, 
without interference of cytoplasmic domains, 
the empirically determined 1.4 nm2 / α-helix can 
be used to determine the number of 
transmembrane helices from the cross-sectional 
area of the observed particles, and thereby the 
oligomeric state (provided secondary structure 
information is available (32). The analysis of 
the particle diameter strongly depends on the 
determination of the thickness of the metal film, 
which can be as thick as the difference between 
the diameter of monomeric and dimeric 12 α-
helical proteins (31,32,36,157). Problems may 
also arise when the secondary structure differs 
from the assumed α-helical organization, e.g., 
the presence of re-entrance loops that line water 
filled cavities as proposed for the glutamate 
transporters of the dicarboxylate/amino 
acid:cation symporter (DAACS) family (142). 
 
Rotational diffusion measurements.  
 
Saturation transfer electron spin resonance (ST-
ESR) and phosphorescence anisotropy 
measurements provide access to motional time 
scales appropriate for observing the rotational 
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mobility of proteins in membranes (10-6 to 10-3 
s). From the rotational diffusion coefficient, one 
can derive the effective radius of the protein 
provided the viscosity of the membrane is 
known (25,145). The strict interpretation in 
terms of uniaxial mobility requires that the 
probe with which the protein is labeled (e.g., the 
spin or phosphorescence probe) solely reflects 
the rotational diffusion of the protein. The rate 
of rotational motion reflects not only the size 
(effective volume), but also the shape for which 
assumptions will have to be made. An estimate 
from the membrane viscosity can be obtained 
by calibration with a membrane protein of 
known shape and structure (145). 
 
Optical microscopy. 
 
Fluorescence correlation spectroscopy (FCS) 
allows determination of single molecule 
diffusion in the membrane. Recent 
developments in reconstitution of membrane 
proteins into giant unilamellar vesicles 
(diameters of 10-100 µm) offer unique 
possibilities to study the association-
dissociation behavior of membrane proteins in 
native-like bilayers (65). Although the 
reconstitution technique has not been used to 
study structure-function relationships of 
membrane transport proteins in artificial 
membranes, the possibilities not only include 
FCS but may be extended to FRET or ultra-high 
resolution multicolor co-localization of 
fluorophore labeled proteins (80). 
 
Function-related quaternary structure  
 
Hetero-oligomer formation.  
 
The functional unit can be deduced from 
analysis of the phenotype resulting from co-
expression or co-reconstitution of mutant 
alleles, either as separate polypeptides or 
covalently linked in tandem. The formation of 
hetero-oligomers is essential in these 
experiments and depends on the characteristics 
of the monomer-oligomer equilibrium. Hetero-
oligomers are most readily formed when the 

association constants of the interacting species 
are identical and low enough to allow mixing at 
practical concentrations. Variation of the 
concentration and type of detergent can be used 
to alter the association constants as can be 
determined with analytical ultracentrifugation 
(7,59). 

There is little or no information on the 
monomer to oligomer equilibrium of membrane 
transport proteins in the membrane, but the 
association is probably stronger than in 
detergent solution (7,36,44,138,145). Assuming 
a strong association in the membrane, hetero-
oligomer formation should occur before 
membrane insertion, and thus depends on the 
kinetics of synthesis and processing of both 
species. 
 
Functional complementation and functional 
dominance.  
 
Prerequisites are the availability of a suitable 
pair of mutants that yield complementation or a 
functional (negative or positive) dominant 
phenotype when present in a hetero-oligomeric 
complex, the formation of hetero-oligomers and 
functional membrane insertion. The exact 
functional unit can in principle be determined 
from the extent of functional dominance or 
complementation; i.e., the observed relationship 
between the activity and the ratio of 
complementing or functionally dominant 
alleles. However, usually the expression or 
reconstitution levels cannot be determined 
accurately enough to distinguish between for 
example dimers and trimers. 
Negative or positive functional dominance, 
being suppression or increase of activity upon 
co-expression or co-reconstitution of a 
functional and a non-functional protein, either 
or not as a tandem fused polypeptide, can 
provide strong evidence that the transport 
protein functions as an oligomeric structure 
(128,138,161). Controls for correct membrane 
reconstitution or expression are best performed 
using a cysteine mutant that is inactivated by 
modification with a thiol-specific reagent, as 
activity can be measured before and after 
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modification. When functional dominance is not 
observed in the tandem fusion approach, 
independent proof, excluding that two (or more) 
active sub-units of two tandem-fusions associate 
to form a functional oligomer, should be 
provided. Similarly, when functional dominance 
is not observed upon co-reconstitution or co-
expression of active and inactive polypeptides, 
one needs to confirm that hetero-oligomers are 
indeed formed, before concluding that the 
functional unit is monomeric. 

Functional complementation by co-
expression or co-reconstitution of two non-
functional alleles, can also provide evidence for 
a structural and functional oligomer (42). In co-
expression experiments, recombination events 
should be excluded. A definite proof for a 
monomeric functional unit is not possible as a 
given combination of mutations may not result 
in complementation. 
 
Protein:lipid titration. 
 
The minimal functional unit can be deduced 
from the activity of proteoliposomes with 
increasing protein to lipid ratios; a linear 
increase in activity is expected if the functional 
unit is a monomer, whereas an exponential 
increase is indicative of a larger functional unit 
(138). These studies, however, can falsely 
indicate a monomeric functional unit if a strong 
association in detergent solution has led to 
incorporation of an oligomeric species at protein 
to lipid ratios far below the on average one 
monomer per liposome. In addition, activity 
measurements, under conditions that on average 
less than one monomer per liposome is present, 
are generally difficult to perform and 
inaccurate. 
 
Oligomeric state and activity of 
secondary transport proteins 
 
We summarized the current knowledge on the 
oligomeric state and activity of secondary 
transport proteins (Table I). The presented 
conclusions about the structural and functional 
oligomeric state are based on critical assessment 

of the literature, taking into account the 
limitations of the different methods and 
rigorousness of the presented data. Overall, the 
exact oligomeric state of a protein in the 
membrane is not easily determined. For reasons 
discussed above, the data predicting a 
monomeric structure, should be considered 
preliminary, whereas those predicting an 
oligomeric organization are, to our opinion, 
generally more reliable. Biophysical 
measurements in detergent solution are perhaps 
more precise but require highly stable and pure 
protein, and, the observed quaternary structure 
may be affected by the non-native environment. 
Functional studies are unable to reveal the 
precise oligomeric state but if biological activity 
can be related to quaternary structure, e.g., by 
complementation and assays for functional 
dominance, this type of data is probably most 
informative. The functional analyses are highly 
strengthened if combined with biophysical 
methods that report the quaternary structure in 
detergent and the membrane.  

For the mitochondrial carriers with six 
predicted α-helices, dimerization is proposed to 
be necessary for the formation of a functional 
transporter, as the monomer itself is incomplete 
and inactive. Clearly, also the majority of the 
twelve α-helical membrane proteins, of which 
the quaternary structure has been studied, do 
have an oligomeric organization (Table I), but 
the relationship with function has only been 
established in a few cases. 

From studies of two sugar transporters 
of the Major Facilitator Superfamily, 
cooperativety between subunits has been 
proposed in the reorientation of the empty 
binding-site. Secondary transport is often 
described as ‘alternating access’, that is, a 
binding-site is accessible only from one side of 
the membrane at any given time. A complete 
translocation cycle thus involves reorientation 
of loaded and empty binding-sites. As 
cooperativety within the dimer of LacS was 
only observed in the catalysis of proton motive 
force-driven lactose proton symport and not in 
equilibrium exchange, it has been proposed that 
the subunits of LacS are functionally coupled in 
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Table I: Quaternary structure and functional unit of secondary transport proteins. 
 
 
Families of secondary transporters (1) 
 

 
Protein 
 

 
Species 
 

 
No. of α-helices 
 

Sugar Porter GLUT1 Human 12 
Drug:H+ Antiporter TetA E.coli 12 
Organophosphate:Pi Antiporter  UhpT E.coli 12 
Oligosaccharide:H+ Symporter  LacY E.coli 12 

LacS S.thermophilus 12 Galactoside-Pentoside-Hexuronide:Cation 
Symporter XylP Lb.pentosus 12 
4 TMS Small Multidrug Resistance; drug:H+ 
antiport EmrE E.coli 4 
GDP-Mannose:GMP Antiporter LPG2 L.donovani 5-10 
 Vrg4 yeast 6-8 
Solute:Sodium Symporter  SGLT1 rabbit 14 
 vSGLT V.parahaemolyticus 14 

SERT mouse/rat/human 12 
rGAT-1 rat 12 
NET rat 12 Neurotransmitter: Sodium Symporter  

GlyT1/2 mouse/rat 12 
EAAT3 human 
EAAT2 human Dicarboxylate/Amino Acid:Cation (Na+ or 

H+) Symporter (DAACS) 
GLAST rat 

    8 (6)
 

8 
8 

Citrate:Cation Symporter   CitS K.pneumoniae 11 

AAC bovine 6 
OGC bovine 6 Mitochondrial Carrier  
PiC yeast 6 

Cation-Chloride Cotransporter  NKCC1 rat 10-12 
Anion Exchanger  Band 3 human 8-14 
NhaA Na+:H+ Antiporter NhaA E.coli 12 
Monovalent Cation:Proton Antiporter-1  NHE1,3 rat 12 
Phosphate:Na+ Symporter NaPi-IIA rat 8 
 
 
 
(1) Saier, M.H., Jr. (1998) Transport protein classification http://www-
biology.ucsd.edu/~msaier/transport; (2) The oligomeric state as predicted from crystal structures 
was decisive in the consensus oligomeric state depicted; (3) auc: analytical ultracentrifugation, bnp: 
blue native page, bs: binding stoichiometry, cc: chemical crosslinking, cp: co-immunoprecipiptation 
and co-purification, cs: crystal structure, fc: functional complementation, fd: functional dominance 
studies, ff: freeze fracture EM, fm: FRET microscopy, rd: rotational diffusion, rf: reporter fusion, rt: 
reconstitution titration, sec: size exclusion chromatography; (4) due to space limitations we refer to 
those papers in which the references for the papers describing the depicted techniques can be found; 
(5) Despite the evidence for a monomeric structure, in vivo complementation studies suggest that 
the protein functions as an oligomer (96b); (6) there are two re-entrance loops in addition to the eight 
transmembrane α-helices. 
 

http://www-biology.ucsd.edu/~msaier/transport;
http://www-biology.ucsd.edu/~msaier/transport;
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Quaternary structure (2) 

 
Functional unit Techniques (3) References (4) 

dimer and tetramer dimer and tetramer bs,cc,ces,ff,sec (52,176) 
trimer  cp,cs,rf (172) 

monomer monomer rt,sec (1) 
monomer monomer auc,cs,fd,ff,rd,rt (5) (19,25,128,175) 

dimer monomer and dimer auc,bnp,fd,ff,rd (36,59,145,161) 
dimer  auc,bnp,ff (59) 
dimer dimer or trimer 

 fd,cs,bs (153) 
oligomer  ccm,cp (61) 
oligomer oligomer cp,fd,sec (39) 
monomer  ff (32) 
monomer  ff (157) 
oligomer oligomer cc,cp,fd,fm (136) 
oligomer  fm (136) 

 oligomer fd (68) 
monomer  auc,bnp (90) 
oligomer  cc,ff (31,51) 
oligomer  cc (51) 
oligomer  cc (51) 

dimer  bnp,cp (59,114) 

dimer dimer auc,bs,cc,sec (138) 
dimer  cc (4) 
dimer dimer cp,fd,rt (138) 
dimer  cc (97) 

dimer and tetramer dimer auc,bs,cs,sec (12,165,166) 
dimer dimer cp,cs,fc,sec (42,168) 

oligomer  cp,fd,rf (34) 
 monomer fd (71) 
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the step associated with conformational 
reorientation of the empty binding-site, a step 
unique for proton motive force-driven uptake 
(161). This implies that at any time the two 
subunits of a dimer are in opposing 
conformations, consistent with what has been 
proposed for GLUT1. In GLUT1, the 
cytochalasin B binding capacity doubled and 
allosteric interactions between substrate 
binding-sites on adjacent subunits were 
abolished upon the conversion from tetramer to 
dimer (176).  

A possible role for oligomerization in 
regulation of transport activity has recently been 
described for the Na+/H+ antiporter NhaA (42). 
The activity of NhaA is highly dependent on 
pH, as is expected for a carrier that is involved 
in regulation of the intracellular pH, sodium 
content and cell volume. Inter-subunit cross-
linking altered the pH profile, depending on the 
type of cross-linker used. The hypothesis has 
been put forward that the interaction between 
the subunits is important for the regulation of 
NhaA by pH.  

Exciting also is the suggestion that 
expression of alternative splice products could 
provide a mechanism for regulation of the 
activity of oligomeric transport proteins, as has 
been postulated from preliminary data on the rat 
norepinephrine transporter NET and the human 
brain glutamate transporter EAAT2 (68,99).  

Changes in oligomeric state also seem to 
play a role in the multiple functions of the Band 
3 protein, namely anion exchange, anchoring of 
the membrane to the cytoskeleton, binding of 
haemoglobin and glycolytic enzymes, and 
senescence. A dimer of Band 3 is sufficient for 
anion transport. The observed tetramers seem to 
provide interactions with the cytoskeleton via 
their cytosolic domains of the protein, whereas 
clustering of Band 3 into higher oligomers has 
been proposed to trigger binding of antibodies 

to an extra-cellular part of the protein which 
causes the removal of aged and damaged cells 
(12,165).  

Oligomerization of glutamate 
transporters of the DAACS family might relate 
to their dual activity. These transporters have 
structural features, eight membrane spanning α-
helices and two re-entrance loops, that are 
unique among secondary transport proteins. In 
analogy with channel proteins, where re-
entrance loops play a crucial role in their 
functioning, these structures might relate to the 
channel-like properties of some of the glutamate 
transporters. Although there is no experimental 
evidence yet, suggestions have been made that 
each monomer of EAAT3 could act as an 
independent glutamate transporter, whereas the 
multimeric organization could fulfill the 
channel function by forming an ion-channel in 
between the subunits, an arrangement also 
proposed for the aquaporin structures (31,142). 

In conclusion, although seemingly a 
simple and trivial problem, experimentally it is 
very difficult to rigorously address the 
oligomeric state and function of membrane 
transport proteins. To our opinion there is not a 
single approach that gives an unequivocal 
answer. The most rigorous analysis involves a 
combination of different biophysical methods 
and complementation assays. Nonetheless, 
important progress has been made in recent 
years, from which the picture emerges that 
evolution has made use of the advantages given 
by modulation of quaternary structure for the 
purpose of regulation of activity and extension 
of functions of secondary transport proteins. 
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