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Chapter 6 

 

 
 

Summary and concluding remarks 
 
 
 

Introduction 
 
Although xylosides are abundant in nature, 
knowledge about xyloside transporters is scarce. 
Recently, it has been shown that the xyloside 
isoprimeverose is the natural substrate of the 
XylP protein of Lactobacillus pentosus, a 
secondary transport protein belonging to the 
GPH-family of major facilitators. To 
characterize this transport protein in more 
detail, a number of hurdles had to be taken, that 
is, the substrate had to be synthesized, a 
transport assay had to be developed and the 
protein had to be incorporated into an artificial 
membrane system. 

 
Requirements for the analysis of 
isoprimeverose transport by XylP 
 
Transport assay. 
 

Translocation of sugars is usually 
analyzed by following the distribution of 
isotopically labeled substrates across the 
membrane. As radio-labeled isoprimeverose is 
not available, this assay could not be used for 
the characterization of XylP. This inspired us to 
develop a new spectroscopic assay that could be 
generally applicable for the analysis of 
carbohydrate transport reactions (Chapter 2). 
This method makes use of the enzymatic 
oxidation of the free anomeric carbon atom of 
carbohydrates by the PQQ-dependent glucose 
dehydrogenase (sGDH) of Acinetobacter 
calcoaceticus. Upon internalization of sGDH 
into membrane vesicles or proteoliposomes, 
transport of carbohydrates can be followed via 
the sGDH mediated reduction of Cl2Ind (Fig. 1). 
sGDH has several features that are 
advantageous for the use in a generally 
Fig.1. Spectroscopic assay for the 
characterization of carbohydrate transport. 
Upon transport of a carbohydrate across the 
membrane via the transporter, it is internally 
oxidized (ox) by glucose dehydrogenase (sGDH), 
which subsequently reduces (red) the 
electronacceptor Cl2Ind resulting in a decrease of 
the absorbance at 600 nm. From the absorbance 
difference (∆A) per minute the transport rate can be 
calculated. 
59 

applicable transport assay. First, it is an 
extremely stable protein with a high turn-over 
and broad substrate specificity, ranging from 
monosaccharides like glucose, xylose and 
galactose to disaccharides like lactose, 
melibiose and isoprimeverose, and presumably 
even oligosaccharides. Second, the sensitivity of 
the assay is high as Cl2Ind has a relatively high 



Chapter 6 

 60 

extinction coefficient (ε600 = 20.6 mM-1 cm-1) as 
compared to other electron acceptors like NAD+ 
(ε340 = 6 mM-1 cm-1) or TMPD (ε610 = 12 mM-1 
cm-1). Third, the reduction of Cl2Ind can be 
followed at 600 nm, where light scattering due 
to interference of vesicles or proteoliposomes is 
low. With the use of non-oxidizable 
carbohydrate analogues, it is possible to analyze 
exchange reactions and substrate specificity as 
these solutes can be used as counter- or 
competing-substrates. A consequence of the 
carbohydrate oxidation is that solutes are not 
accumulated but transported down their 
concentration gradient, which prohibits 
thermodynamic analysis of solute transport as a 
function of the ion motive force. 

Initially, the assay suffered from high 
background enzyme activities, owing to 
association of sGDH with negatively charged 
lipids; sGDH has a high iso-electric point 
(pI=9.5). This membrane association of sGDH 
is also advantageous, as it caused an apparent 
accumulation of the enzyme inside the 
membrane vesicles/proteoliposomes, but the 
enzymatic oxidation of sugars on the outside of 
the membranes or proteoliposomes required that 
relatively large corrections for transport-
independent oxidation had to be made. We 
succeeded in lowering the external sGDH 
activity by thermal inactivation of the enzyme. 
sGDH is a homodimeric enzyme containing one 
pyrroloquinoline quinone (PQQ) prosthetic 
group per subunit. Ca2+ is essential for both the 
dimerization of the enzyme and the 
reconstitution of the apo-enzyme with PQQ. At 
temperatures above 35ºC, the PQQ dissociates 
from the enzyme and the released Ca2+ can be 
complexed by EDTA. Since EDTA is 
membrane impermeable, the internal Ca2+ is not 
complexed, and internal sGDH can be 
reconstituted again to a fully active protein after 
the temperature is lowered to 25°C (Chapter 3). 
The inactivation of the external enzyme reduced 
the background oxidation with about 90 %.  

The spectroscopic assay provides a very 
useful tool for the analysis of transport down the 
concentration gradient. New opportunities are 
therefore created for the characterization of 

facilitated diffusion systems or the analysis of 
mutants in which the transport of sugar and 
cation (proton) are uncoupled. As such mutants 
are unable to accumulate substrates, the 
conventional transport assay, which monitors 
the distribution of isotopically labeled substrates 
across the membrane, cannot be used. In the 
spectroscopic assay the concentration gradient 
is maintained by the subsequent oxidation of the 
sugar. Preliminary experiments using 
Lactobacillus pentosus membrane vesicles 
indicated that xylose is transported by facilitated 
diffusion (Heuberger and van Lussenberg, 
unpublished), but definite proof that transport is 
mediated by the mannose-PTS has not yet been 
obtained. 
 
Substrate availability. 
 
The presence of large amounts of substrate is an 
absolute requirement for the characterization of 
a transport process. Although isoprimeverose is 
abundant in nature, being a building block of 
xyloglucan, the disaccharide is not 
commercially available nor is it readily isolated 
from cell wall material. The enzymatic 
degradation of xyloglucan is inefficient due to 
the low solubility of the polymer in water, and 
the separation of the different degradation 
products proved to be very difficult (Heuberger, 
unpublished). Therefore isoprimeverose was 
chemically synthesized using a new and more 
efficient procedure (Chapter 3). Also a non-
oxidizable isoprimeverose analogue, methyl-
isoprimeverose was synthesized, which could be 
used for the analysis of XylP-mediated 
exchange-type of transport. 
 
Functional membrane reconstitution. 
 
Before a membrane transport protein can be 
studied in artificial membranes, the protein has 
to be amplified and purified in relatively large 
amounts. In addition, as membrane proteins 
have a low solubility in water and a tendency to 
aggregate even in the presence of surfactants/ 
detergents, protein stability studies need to be 
performed. The XylP protein could be 
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successfully amplified to approximately 10 % of 
total membrane protein using the nisin inducible 
expression system of Lactococcus lactis, and 
the protein could be purified in a single step 
using nickel-affinity chromatography, yielding a 
purity of approximately 95%.  By varying the 
purification protocol systematically (different 
detergents, pH values, salt concentrations, and 
additives like glycerol and lipids were tested), 
conditions were found in which the protein was 
stable for several days (Chapter 2). Despite a lot 
of effort, we failed, for a long time, to obtain 
functional proteoliposomes. 

Membrane reconstitution of 
transmembrane proteins has been studied for 
many years, but, unfortunately, there is not a 
single method that works in all cases and the 
exact mechanism underlying the reconstitution 
is unknown in most cases. The process of 
membrane reconstitution is often considered to 
be the mirror image of membrane solubilization, 
which can be characterized by a ‘three stage’ 
model (54,55). In the first phase, addition of 
detergent results in partitioning of the 
amphiphile in the lipid phase, without 
solubilization of the liposomes. When the 
bilayer becomes saturated with detergent, the 
system undergoes a structural transition from 
lamellar to a phase in which detergent-saturated 
liposomes co-exist with lipid-detergent mixed 
micelles, eventually resulting in a third phase 
that only comprises lipid-detergent micelles 
(Fig. 2). Following the same scheme in opposite 
direction, the gradual removal of detergent from 
the lipid-detergent micellar solution, would 
result in closed bilayer structures, a process 
termed membrane reconstitution.  

Depending on the type of detergent used 
for solubilization, various methods can be used 
for detergent removal. Detergents with a high 
critical micelle concentration (cmc), like octyl-
β-D-glucoside or cholate, can be easily removed 
by dialysis, detergent dilution or, as these 
detergents generally form small micelles, by 
size-exclusion chromatography. Removal of 
detergents with a low cmc, like n-dodecyl-β-D-
maltoside or Triton X-100, is more difficult as 
these amphiphiles are not readily diluted below 
Fig.2. ‘Three-stage-model’ of the solubilization of 
preformed liposomes with increasing amounts of 
detergent. The picture is taken from J. Knol (70a) 
Rsat and Rsol refer to the concentration at which the 
membranes are saturated with detergent and fully 
solubilized, respectively. Lipid and detergent 
molecules are depicted in gray and black, 
respectively. 
61 

their cmc and removal by dialysis is time-
consuming as only the monomeric form can 
pass the dialysis membrane. Moreover, low cmc 
detergents tend to bind to membrane proteins 
with high affinity, which complicates their 
removal. An effective method for the removal 
of low cmc detergents involves binding to 
polystyrene beads, which is also applicable for 
the removal of high cmc detergents. 

The key factor in the reconstitution 
process is the insertion of the protein in the lipid 
bilayer. With respect to protein-lipid 
interactions, two models have been proposed by 
Eytan et al., that is, either the protein 
participates in the transition from micellar to 
lamellar phase, or liposomes have to be formed 
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first by partial removal of the detergent, and 
protein insertion occurs into detergent-
destabilized liposomes (33). Presumably, the 
most critical factor in the reconstitution 
procedure is the aggregation state of the protein 
at the moment of transition from mixed micelles 
to closed liposomes (54,123). It is difficult to 
monitor the protein aggregation state and 
changes herein in the presence of both lipids 
and detergent. Other parameters that largely 
influence the reconstitution efficiency and the 
homogeneity of protein distribution relate to the 
type of detergent and lipids, rate of detergent 
removal, pH, temperature, size of the micelles, 
and the use of preformed liposomes versus 
mixed detergent-lipid micelles.  

Although XylP was most stable in 
DDM, the functional membrane reconstitution 
of XylP from DDM or Triton X-100 extracts 
turned out to be problematic. On the basis of 
experience with membrane reconstitution of 
LacS and other membrane proteins 
(38,47,118,158), the initial method involved 
detergent-destabilized preformed liposomes as 
starting material and polystyrene beads 
(Biobeads) for detergent removal. This method 
has proved to be superior over detergent 
dilution- or dialysis-based reconstitution 
procedures for a large number of membrane 
proteins. The failure of this membrane 
reconstitution method for XylP most probably 
relates to the tendency of XylP to form higher 
oligomeric structures upon slow removal of 
detergent. Suggestions have been made that 
insertion of proteins occurs via the monomeric 
state and that the efficiency depends on the 
stability of the protein and the capacity of the 
detergent to dissociate oligomers (17). n-octyl-
β-D-glucoside (OG) is suggested to be very 
efficient in monomerizing membrane proteins, 
which could be advantageous for membrane 
reconstitution. OG-mediated reconstitution via 
detergent dilution or dialysis was initially 
neglected, because membrane proteins, 
including XylP, are unstable in this detergent 
and aggregate in the process of purification. 
Although, the stability of XylP was highly 
impaired when the protein was purified in OG, 

aggregation was only observed after a few 
hours. Aggregation of XylP could be minimized 
by purifying the protein in DDM and 
exchanging this detergent for OG just prior to 
membrane reconstitution. Since membrane 
reconstitution based on OG-dilution is fast, the 
protein is exposed to the detergent for only a 
limited period of time (123). In view of the 
observation that XylP stability in OG could be 
maintained within the time-course of the 
procedure, the OG-dilution reconstitution 
method was applied, which yielded functional 
membrane reconstituted XylP.  

In conclusion, it is clear that as long as 
the exact mechanisms of membrane 
reconstitution and the contribution of the 
various parameters in this process are unknown, 
it is difficult to rationalize the approach that 
should be taken when starting with a new 
protein. An important lesson learned from all 
the efforts put into membrane reconstitution is 
that the experimental approach should be set up 
as broad as possible for every newly studied 
protein. 
 
Characterization of XylP in the in vitro 
membrane reconstituted system 
 
Kinetic analysis of the transport reaction 
catalyzed by XylP revealed an affinity constant 
(Km) of 4.5 ± 0.5 mM and a maximal transport 
rate (Vmax) of 870 ± 45 nmol mg-1 min-1; the 
transport rate corresponds to a kcat of 44 min-1 
(Chapter 3). Preloading the XylP proteo-
liposomes with the non-oxidizable iso-
primeverose analogue methyl-isoprimeverose 
resulted in a 2-fold stimulation of the oxidation 
rate, which is indicative for isoprimeverose/ 
methyl-isoprimeverose exchange transport. As 
expected for a member of the GPH family, 
isoprimeverose uptake via the XylP protein is 
stimulated by the membrane potential (∆ψ 
inside negative relative to outside). The 
subsequent inhibitory effect of the ∆ψ on the 
transport reaction is most probably caused by a 
reversed ∆pH (inside acidic relative to outside) 
as a result of passive influx of protons in 
response to the ∆ψ. 
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Cation selectivity. 
 
Within the GPH family, the transport of 
carbohydrates can be coupled to different 
cations. The LacS protein of S. thermophilus 
and the GusB protein of E. coli exclusively 
couple the transport of solutes to protons 
(35,82). The MelB protein of E. coli, on the 
other hand, can either use Na+ and Li+, H+ and 
Li+ or only H+ as coupling ions, depending on 
the sugar that is transported (156,169).  The 
presence of Na+ has no effect on the uptake of 
isoprimeverose by XylP, and although the 
influence of Li+ was not studied, we conclude 
that the proton rather than the sodium motive 
force is the most likely driving force for uptake 
(Chapter 3). 
 
Substrate specificity. 
 
Both LacS and MelB can transport a broad 
range of substrates. In addition to melibiose, 
MelB can transport several α- and β-
galactosides like, α-methyl-, ethyl- and phenyl- 
derivatives of galactose, TMG, o-nitrophenyl-β-
galactoside, several monosaccharides like 
galactose, fucose and arabinose, and even larger 
carbohydrates like the tri- and tetragalactosides 
raffinose and stachyose (170). Extensive study 
of the substrate specificity of the LacS protein 
by Veenhoff et al., showed that this protein is 
specific for the galactose moiety of lactose 
rather than the glucose which is metabolized by 
the organism. Besides the disaccharide lactose 
and monosaccharide galactose, the transporter 
tolerates many galactose analogues having an 
additional moiety attached to the C1 position 
either in α- or β-configuration. Even galactose 
derivatives containing large hydrophilic or 
hydrophobic substituents at the C1 hydroxyl, 
like raffinose, ONPG, and X-Gal, are 
transported with reasonable rates (162).  
 It is clear that in addition to 
oligosaccharides, both MelB and LacS also 
transport monosaccharides, in contrast to what 
is stated by Saier et al., (130). This does not 
hold true for the xyloside transporter, XylP, 
which does not show any affinity for the 

monosaccharide xylose (Chapter 3). In analogy 
with MelB and LacS one could speculate that 
the substrate specificity of the XylP protein is 
determined by the xylose moiety. An additional 
requirement would be the presence of a 
glycosidic bond, but it cannot be excluded that a 
disaccharide is the minimal unit for transport. 
Except for the studies with methyl-
isoprimeverose, there is, so far, no information 
available about the nature of the groups that can 
be tolerated at the C1 hydroxyl of xylose, neither 
about the specificity for α or β configurations of 
the disaccharides. 
 
Quaternary structure of integral 
membrane proteins 
 
Quaternary structure of XylP. 
 

To characterize the quaternary structure 
of membrane proteins in detergent solution, the 
stability of the protein in the solubilized state 
has to be considered with exceptional care. A 
lot of effort was put in the analysis of detergent-
solubilized XylP, which turned out to be a 
protein with a high propensity of self-
association (Chapter 3). Sedimentation 
equilibrium experiments revealed a monomer to 
dimer equilibrium with an association constant 
of about 60 ± 30 ml-1 mg-1, which is about an 
order of a magnitude higher than for LacS. The 
presence of dimeric XylP was confirmed by 
BN-PAGE. As XylP dimers were present on a 
BN-PAGE gel at much higher detergent 
concentrations than the LacS dimers, the 
different association constants of XylP and 
LacS are qualitatively reflected by the 
electrophoresis technique (Chapter 4).  The 
membrane reconstituted-state of XylP was 
analyzed by freeze-fracture electron 
microscopy, from which a particle size 
corresponding to 27.6 ± 1.3 TM α-helices could 
be determined. This is consistent with XylP 
being a dimer when embedded in a lipid 
membrane. There is little known about the 
association constants of protein subunits in the 
membrane, but they are assumed to be larger 
than in detergent solution as the effects of 
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excluded volume, proteins orientation with 
respect to the membrane, and high protein 
concentration provide a driving force for self-
association (44).  

As the IIA domain of the LacS protein is 
a structural feature that is not shared by the 
homologous XylP protein, the analysis of the 
quaternary structure of XylP was used to make 
some generalizations about the structural 
organization of the members of the GPH family. 
The observation that XylP is also dimeric, with 
an even higher association constant than LacS, 
suggests that the membrane-embedded domain 
is seemingly involved in the formation of the 
dimer interface. Interestingly, recent studies on 
the oligomeric state of the soluble IIA protein of 
the E. coli N,N,diacetylchitobiose PTS provided 
evidence for stable dimers of a IIA protein in 
both the phosphorylated and dephosphorylated 
state (66,67). These observations underscore the 
possibility that within the LacS dimers, 
intermolecular contacts are not confined to the 
transmembrane parts only but that additional 
interactions may occur between two 
neighboring IIA domains. 

Exciting also is the observation that the 
enzyme β-galactosidase (LacZ), responsible for 
the hydrolysis of lactose, can be co-purified 
with the transporter, indicating physical 
interaction between the two proteins. 
Monomeric β-galactosidase of S. thermophilus 
has a mass of 117 kDa, but similar to β-
galactosidase of E. coli, the protein is most 
likely present in the cell as a tetramer composed 
of four identical subunits (2). The enzyme 
hydrolyzes β-galactosidic bonds and its activity 
can therefore be analyzed with the chromogenic 
substrate O-nitrophenyl-β-D-galactopyranoside 
(β-ONPG), which colors yellow upon 
hydrolysis. During BN-PAGE, proteins are kept 
in their native and active conformation and the 
presence of β-galactosidase can therefore be 
confirmed by in gel hydrolysis of β-ONPG. 
When membrane vesicles of S. thermophilus 
were solubilized, active β-galactosidase species 
were observed at migration distances 
corresponding to monomeric and dimeric β-
galactosidase, but the majority of the protein 

migrated at a distance, corresponding to a 
higher oligomer. The presence of LacS in this 
protein band was established after electro-
phoresis in a second dimension in the presence 
of SDS. So far, the stoichiometry of the proteins 
in this band is still uncertain. The LacS protein 

Fig.3. Schematic representation of the lactose 
transporter LacS of S. thermophilus and its 
possible interaction with β-galactosidase. 
Indicated are the two monomers of the LacS dimer 
with the regulatory IIA domains, the hydrolysis of 
lactose into glucose and galactose and the crystal 
structure of the tetrameric E. coli β-galactosidase 
(taken from Juers et al., (64)) The LacS dimer is 
depicted with an inside and an outside facing 
substrate binding site. (A) Transport and hydrolysis 
of lactose with β-galactosidase in the cytoplasm. 
After hydrolysis of lactose, galactose can diffuse 
into the cytoplasm (B) Transport and hydrolysis of 
lactose with β-galactosidase bound to the 
transporter. After hydrolysis of lactose, galactose 
can be directly bound to the transporter. Side view 
of the crystal structure of the tetrameric E. coli β-
galactosidase (C) Top view of the crystal structure 
of the tetramer of the E. coli β-galactosidase with 
the central channel between the four subunits. 
Proteins are drawn to scale based on the 
dimensions of the β-galactosidase crystal structure 
(64) and the dimensions of LacS derived from 
freeze-fracture electron microscopy analysis (36). 
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was not present in partly purified β-
galactosidase (Heuberger, Veenhoff and 
Duurkens, unpublished results). 

Although the sites of interaction 
between LacS and LacZ are unknown, it is 
worth noting that a stretch of 19 amino acids is 
highly conserved between LacS and β-
galactosidase (Poolman, unpublished results).  

 
 

LacS 516 TTGKLVDLSSVSDKHFASG 
LacZ 488 TTGYLVDLSSVNDEHFASG 
 

In the LacS protein, this sequence is 
present in the cytoplasmic IIA domain and most 
probably lines the protein surface. This 
sequence is specific for the LacS and β-
galactosidase of S. thermophilus, as it is not 
present in IIA domains of close related 
homologues of LacS (e.g. LacS of Lactobacillus 
bulgaricus), or in other β-galactosidases. 
Current research is aimed at elucidating the role 
of this sequence segment in both proteins, 
which could relate to the physical interaction 
between LacS and LacZ.  The 3-dimensional 
structure of the E. coli β-galactosidase shows a 
464 kDa tetrameric protein with dimensions of 
175 x 135 x 90 Å and a channel located in 
between the four subunits.  (Fig. 3C) (64). On 
the basis of this structure, the conserved amino 
acid stretch in the S. thermophilus β-
galactosidase would be located on the entry of 
the central pore between the four subunits. If 
LacS and LacZ of S. thermophilus would 
interact via the conserved sequence segment, it 
is imaginable that large parts of the IIA domains 
of dimeric LacS are buried inside the β-
galactosidase ‘channel’. In this way, the enzyme 
could shield the intracellular space surrounding 
the transporter, thereby preventing the incoming 
substrates from diffusion into the cytoplasm. 
After hydrolysis, the large pore can shuttle the 
released glucose moiety into the cytoplasm, 
whereas the galactose moiety can be rebound 
directly to the transporter (Fig. 3B). 

A similar interaction between transporter 
and hydrolyzing enzyme is possible for XylP 
and the α-xylosidase XylQ of L.pentosus. 

Monomeric XylQ is an 81 kDa protein, which 
behaves on a BN-PAGE gel as an oligomer with 
a mass larger than 400kDa (Heuberger, 
unpublished). Previous studies showed that all 
hydrolyzing activity of this protein is associated 
with the membrane (14). The sequence of XylQ 
contains two hydrophobic stretches of 23 and 20 
residues, but as these stretches are conserved 
among the eukaryotic α-glucosidases, known 
not to span the cytoplasmic membrane, they are 
most likely not involved in the association of 
the protein with the membrane (14). Although 
there is no experimental evidence, it is possible 
that in analogy with LacZ-LacS in S. 
thermophilus, XylQ associates to the membrane 
via the XylP protein. The interaction between a 
transporter and the substrate modifying enzyme 
is not very usual, but it has been speculated for 
the glycerol facilitator-glycerol kinase couple in 
E. coli (163).  
 
Quaternary structure of secondary transport 
proteins. 
 
Unraveling the three-dimensional structures of 
membrane proteins has proved to be difficult for 
many years now. For the group of secondary 
transport proteins, high resolution data are, so 
far, not present. A complete understanding of 
the transport mechanisms carried out by 
secondary transporters is, however, impossible 
without knowledge of both the function and 
structure of the proteins. Some low resolution 
structural data are available for the 
multidrug/H+ antiporter EmrE, the lactose-H+ 
symporter LacY, and the tetracycline/H+ 
antiporter TetA of E. coli, and the erythrocyte 
anion exchanger Band 3 (153,166,172,175). The 
Na+/H+ antiporter NhaA of E. coli is the only 
protein for which the structure has been solved 
to medium resolution (7 Å resolution in the 
plane of the membrane and 14 Å resolution 
perpendicular to the membrane). Although at 
this resolution, the 12 helices of NhaA are well 
resolved and the molecular organization 
predicts a dimeric protein, it is too low to 
achieve any information about the helices and 
residues that form the dimer interface, the 
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substrate binding site, the translocation 
pathway, and the molecular mechanism of ion-
coupling (168). So far, the analysis of 
quaternary structure of membrane proteins is 
restricted to methods like, analytical 
ultracentrifugation, freeze-fracture electron 
microscopy, chromatography, rotational 
correlation spectroscopy, radiation inactivation, 
chemical cross-linking, reconstitution titration 
experiments, or complementation analysis. Blue 
Native Page gel electrophoresis (BN-PAGE) 
(chapter 4) turned out to reliably reflect the 
oligomeric state of LacS, XylP and Enzyme II 
of the mannitol-PTS of E. coli. Provided care is 
taken in the handling of the proteins and the 
analysis of the data when proteins are 
solubilized in the presence of Coomassie. The 
simplicity of the BN-PAGE technique makes it 
very useful for the initial screening of the 
quaternary structure of integral membrane 
proteins in general. The technique as described 
by Schägger et al., (133,134) has already been 
used for the analysis of oligomeric structure and 
identification of oligomer composition of 
membrane proteins, but the amount of CBB that 
binds to the hydrophobic parts of the proteins 
was not accounted for, resulting in an 
overestimation of the actual protein mass. We 
determined a factor of 1.8 for the conversion of 
the molecular weight of membrane transport 
proteins when calibrated on soluble marker 
proteins, which corresponds to a mass increase 
of 80% as a result of coomassie and/or detergent 
binding to the membrane proteins. Using this 
conversion factor, also the oligomeric state of 
three other α-helical membrane transport 
proteins could be determined, which revealed 
mono- and dimeric species for the multidrug 
transporter LmrA of L. lactis, a dimer for the 
citrate transporter CitS of Klebsiella pneumonia, 
and a monomer for the multidrug transporter 
LmrP of L. lactis. These studies underscore the 
suggestion that many secondary transport 
proteins actually have an oligomeric structure 
larger than monomeric. 
 

Evaluation of quaternary structure of 
secondary transport proteins and the role of 
oligomerization in protein function. 
 
When searching the literature for quaternary 
structure information of secondary transport 
proteins, one encounters a lot of inconsistency, 
incompleteness and lack of rigorous data. The 
major pitfall is related to the difficulty of getting 
information about proteins while embedded in 
the native environment. In vivo studies reflect 
the native state of proteins most reliably, 
however, the expression is often low and 
interference of other proteins might obscure the 
interpretation. In vitro studies produce more 
detailed information, but, one has to take into 
consideration that the detergent-solubilized state 
may not reflect the biologically relevant state of 
the protein. Besides, due to their low solubility, 
protein stability is not guaranteed, which is not 
only a problem for studying the protein-
detergent complex but also affects an efficient 
membrane reconstitution. All processes should 
be controlled with exceptional care when 
drawing conclusions about the quaternary 
structure. As there is not one single approach 
that will give an unambiguous answer to the 
oligomeric organization of a membrane protein, 
the most rigorous analysis includes a 
combination of functional and biophysical 
techniques.  

A remarkable observation was that most 
of the secondary transporters for which 
quaternary structure has been studied so far are 
indeed oligomeric, also proteins with 12 
transmembrane segments per monomeric unit. 
How many transmembrane helices are 
necessary for making up a transport pathway? 
So far, there is no data available that answers 
this question, but the low resolution structure of 
EmrE of E. coli indicates that 8 transmembrane 
segments could be sufficient. In the absence of 
high resolution data, there is no conclusive 
information of where substrates are exactly 
bound and which residues are involved in the 
formation of the translocation pathway. The 
observation, however, that the majority of the 
proteins for which the quaternary structure has 
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been analyzed exist as oligomers, suggests that 
also for secondary transporters nature has used 
the advantages of oligomerization as a tool for 
regulation.  

Nonetheless, in the last couple of years a 
lot of progress has been made in the analysis of 
quaternary structures and the understanding of 
their role in cell physiology. The intriguing 
picture emerges that evolution has used the 
advantages of oligomerization of membrane 
proteins, and that the membrane is a complex 
and well organized structure where extensive 
regulation occurs via specific protein-protein 
interactions. 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

  


	I
	Introduction
	Requirements for the analysis of isoprimeverose transport by XylP
	Transport assay.
	Substrate availability.
	Functional membrane reconstitution.

