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Voorwoord 
 
Bestijg de trein nooit zonder uw valies met dromen 

(Uit: Bericht aan de reizigers, Jan van Nijlen 1931) 
 
Je koopt een enkeltje Maastricht-Groningen. Officiële reisduur: 4 uur en 20 minuten. 
Vol enthousiasme zet de trein zich in beweging. Landschappen wisselen elkaar 
gestaag af, van zonovergoten glooiende heuvels tot grauwe uitgestrekte vlaktes. Óf en 
wanneer de trein zijn eindbestemming zal bereiken is vooralsnog onbekend. 
Omleidingen, haperende motoren, logistieke problemen; onverwachte vertragingen 
die bij aanvang van de reis reeds ingepland worden. Het eindstation blijft lange tijd 
een leeg begrip. Het ligt onzichtbaar in de toekomst, maar één ding staat als een paal 
boven water: vroegtijdig uitstappen is geen optie. Gelukkig maar, want elk 
tussenstation was de moeite waard. Het was een mooie, spannende en uiterst 
leerzame reis. Het was een reis van uitersten.  
 
Reizen doe je liever niet alleen. Dat ik met een mooi gevoel op mijn promotietijd 
terug kan kijken komt in de eerste plaats door alle mensen die op de één of andere 
manier een steentje bijgedragen hebben aan het tot stand komen van dit boekje. 
Mensen die mij allen zeer dierbaar zijn. Lieve collega’s uit Paddepoel en Haren, lieve 
vrienden en familie, zonder jullie had dit boekje hier nu niet gelegen. Bedankt! 
 
Wat is een trein zonder machinist? Er waren er maar liefst twee: Wil Konings en Bert 
Poolman. De één wilde naar Haren, de ander naar Paddepoel. Het heeft allemaal goed 
uitgepakt. Beste Wil, ik ben twee jaar geleden uit een fantastische groep weggegaan. 
Beste Bert, ik heb een grote bewondering voor jouw enthousiasme voor de 
wetenschap en de manier waarop je dat op anderen over kan dragen.  
 
En dan de thuisblijvers. Lieve ouders, lief zusje, mijn reis is volbracht. “Scriptie” of 
“proefschrift, “afstuderen” of “promoveren”, eigenlijk maakt het allemaal niet uit. 
Bedankt voor jullie geduld en vertrouwen! 
          
 
 

Esther 
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General introduction 
 
 

 
The relevance of membrane protein 
research 
 
Biological membranes play an essential role in 
the existence of all living cells. They are 
composed of lipids and proteins, of which the 
lipids are mostly arranged in bilayer structures. 
Membranes form a barrier between the cell 
interior and its environment, which is not only 
crucial for the generation and interconversion of 
metabolic energy but also for the structural 
organization of the cell. Embedded in these 
membranes are the proteins that effect essential 
reactions such as the generation of metabolic 
energy, the import and export of various solutes 
and proteins, the transduction of signals, cell 
mobility and others. Statistical analysis of all 
known genome sequences predicts that 20 to 
30% of all open reading frames encode integral 
membrane proteins (164). 

Bacteria, eukarya and archaea have 
evolved a variety of mechanisms by which 
solutes can be transported. According to their 
energy coupling mechanisms, transport proteins 
can be divided into three distinct groups, being 
(Fig. 1): (A) primary transporters, which couple 
transport of a solute to a primary source of 
energy such as ATP or light; (B) secondary 
transporters, which use electrochemical 
gradients to drive transport; and (C) groups 
translocaters, which couple the transport of a 
solute to the chemical modification of the 
substrate. These different classes of transporters 
have in common that a transport cycle involves 
distinct conformational states of the protein, and 
the substrate is translocated in a stoichiometric 
relation with, for example, the ions that are co- 
or counter-transported or the ATP that is 
hydrolyzed. Distinct from these transport 
proteins are the channels (D), which do not use 

metabolic energy, but rather allow passage of 
molecules down the concentration gradient in a 
non-stoichiometric process. Channels open and 
close in response to specific signals (ligands, 
voltage, mechanic stimulus) and in the open-
state the translocation may involve 105 to 109 

molecules per second, which is orders of 
magnitude higher than the turnover of the 
fastest primary or secondary transport system. 

 In the last decade, the analysis of the 
structure and function of membrane transport 
proteins gained enormous interest as many 
human diseases turned out to be associated with 
defects in transport, e.g. malfunctioning of the 

Fig. 1. Different classes of solute transporters. 
(A) Primary transporters; (B) Secondary 
transporters; (C) Groups translocaters; (D) Channel 
proteins. 
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glutamate and serotonine transporters in the 
nervous system can lead to neurological and 
psychiatric disorders, and defects in the 
catalysis or regulation of glucose transport 
across the renal brush-border membrane is the 
cause of diabetes. In addition, membrane 
proteins are involved in processes like drug-
resistance and drug-targeting and they can be 
widely exploited for biotechnological purposes. 
So far, high resolution data is available for only 
a few transmembrane proteins, and of the 
systems involved in solute translocation, the 
structural information is restricted to channel 
proteins. To get a better insight in the functional 
and structural features of secondary transport 
proteins, the XylP protein from Lactobacillus 
pentosus and the LacS protein from 
Streptococcus thermophilus were studied 
comparatively. Both proteins belong to the 
galactoside-pentoside-hexuronide family, but 
differ structurally from each other as the LacS 
protein possesses an additional regulatory 
domain. 
 
Secondary transport proteins 
 
General aspects. 
 
Secondary transporters use the free energy 
stored in the electrochemical gradient of 
protons, sodium ions or other solutes across the 
membrane to drive a uniport, symport or 
antiport reaction. The majority of the 
transporters are comprised of 10 to 14 predicted 
transmembrane (TM) α-helices, which is 
generally proposed to be the structural and 
functional unit for secondary transporters 
(91,108). Some proteins consist of only 6 
transmembrane segments, like the members of 
the Mitochondrial Carrier (MC) Family (77), 
and even smaller proteins have been found in 
the Small Multidrug Resistance (SMR) Family. 
The drug antiporter EmrE from Escherichia coli 
belongs to the SMR family and is composed of 
only 4 TM α-helical segments. Sequence 
similarity between the first and the last half of 
12 TM α-helical transporters suggests that these 
proteins have evolved from a gene duplication 

of a six-α-helical polypeptide precursor. The 
two times 6 TM α-helical domains are generally 
connected via a large cytoplasmic loop. In some 
cases, this cytoplasmic loop is supposed to have 
gained a hydrophobic character, which drove 
the insertion of this loop into the membrane and 
resulted in proteins with 14 transmembrane α-
helices. Based on this hypothesis, transport 
proteins with only 6 transmembrane α-helices 
are expected to be functional as a dimer as the 
monomer itself is incomplete and inactive, 
which has been demonstrated for members of 
the MC family (107,126,131). The smallest 
functional unit is proposed for the drug/proton 
antiporter EmrE of E. coli. Although negative 
dominance experiments and binding 
stoichiometry were not conclusive in excluding 
a trimeric protein (98,171), the medium 
resolution projection map obtained from 2-D 
crystals revealed a dimer (153). All together, 
this would result in a functional unit of only 8 
transmembrane α-helices.  

The largest group of secondary 
transporters is the Major Facilitator Superfamily 
(MFS), and its members transport a diversity of 
solutes, ranging from sugars, anions, 
neurotransmitters to drugs. Also the members of 
the galactoside-pentoside-hexuronide (GPH) 
family belong to the MFS. Although the GPH 
proteins show only marginal sequence similarity 
to the other members of the MFS, the use of 
refined search programs clearly suggested that 
these proteins arose from a common ancestor 
(107,130). One of the refined search methods 
comprises hydropathy profile analysis, because 
it seems that, in general, hydropathy is better 
conserved within the families of integral 
membrane proteins than the primary sequence 
(89). 
 
The GPH family. 
 
The members of the GPH family were 
previously restricted to bacteria (112), but the 
proteins also appear to be present in eukarya. 
Recently, the distantly-related sucrose:H+ 
symporters of the plant Arabidopsis thaliana 
and a homologue in Schizosacharomyces pombe 
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the unloaded carrier back to the initial 
conformation. Some general features of the 
bacterial members of the GPH family have been 
identified by sequence comparisons and mutant 
analyses. First, the putative transmembrane 
segments II, IV and XI have a strong periodicity 
in terms of hydrophilic and hydrophobic 
residues. The amphipatic character of these 
transmembrane segments suggests interaction 
with both hydrophilic and hydrophobic regions, 
which could represent parts of the translocation 
pathway and protein-lipid interface, respectively 
(112). The prokaryotic members of the GPH 
family have a number of highly conserved 
negatively and positively charged residues in 
predicted transmembrane segments. In the 
putative transmembrane helices II and IV, these 
residues are aligned with the hydrophilic face of 
the helices and thereby excluded from the 
energetically unfavorable membrane 
environment. For the melibiose carrier, MelB, 
of Escherichia coli and the lactose carrier, 
LacS, of Streptococcus thermophilus, these 
residues are thought to be involved in cation 
binding and cation coupling to sugar transport. 
Second, high sequence conservation is observed 
in interhelix 10-11. In S. thermophilus this loop 
in suggested to be located in the core of the 
protein, as electron spin resonance and 
fluorescence measurements demonstrated that 
Fig. 2. Pylogenetic analysis of sugar 
transporters from bacteria and eukarya. The 
picture is taken from Reinders et al., (120). 
Members of the GPH family are underlined. 
Bootstrap analysis was performed on aligned 
amino acid sequences of the Escherichia coli 
lactose transporter (EcLacY), melibiose transporter 
(EcMelB), and gucuronide transporter (EcGusB); 
Pediococcus pentosaceus raffinose transporter 
(PpRafP); Streptococcus thermophilus lactose 
transporter (StLacS); Bacillus subtilus putative 
xyloside transporter (BsYnaJ); Lactobacillus 
pentosus xyloside transporter (LpXylP); 
Schizosaccharomyces pombe maltose transporter 
(SpSUT1) and glucose transporter (SpGHT1); 
Arabidopsis thaliana sucrose transporters (AtSUT4, 
AtSUC2 and AtSUT2), and monosaccharide 
transporter (AtSTP1); Saccharomyces cerevisiae 
hexose transporter (ScHXT1), maltose transporter 
(ScMAL11), and α-glucoside transporter (ScAGT1); 
Solanum tuberosum sucrose transporter (StSUT1); 
Zea mays sucrose transporter (ZmSUT1); Homo 
sapiens glucose transporter (HsSGLT1). 
11 

were classified within the GPH-family (120) 
(Fig. 2). Exciting is the observation of a putative 
sugar:cation symporter in the eukaryotic 
Caenorhabditis elegans, but for the existence of 
this protein there is yet no biochemical 
evidence. Members of the GPH family are all 
predicted to have 12 transmembrane α-helices. 
They all transport a unique set of sugars, mostly 
oligosaccharides, in co-transport with a cation 
(112) via a transport reaction that can be 
described as ‘alternating access’. This implies 
that the binding site is only accessible from one 
side of the membrane at any given time. A full 
translocation cycle comprises the binding of the 
cation and sugar at the outside, reorientation of 
the loaded carrier to the inside, the release of 
substrate and cation, and the isomerization of 

this region is much more rigid than expected for 
a large cytoplasmic loop (146). Interestingly, a 
conserved glutamate in this loop (position 379 
in LacS) was found to be essential for the 
coupled transport of proton and sugar (111).  

On the basis of analysis of site-directed 
and second-site suppressor mutants of LacS and 
MelB, it has been shown that the putative 
helices I, II, IV, VII, X and XI, and the 
interhelix loops 6-7 and 10-11 are involved in 
proton and sugar transport. On the basis of these 
data, a helix packing model has been proposed 
by Veenhoff et al., (Fig. 3). The other helices, 
III, V, VI, VIII, IX and XII, most likely lie 
outside the core of the protein, as mutations in 
residues in these transmembrane segments have 
never been isolated in screens for altered sugar 
specificity or coupling (160). The suggestion 
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that interhelix loop 10-11 is located in the core 
of the protein and is involved in translocation 
comes from second-site suppressor analysis and 
solid-state nuclear magnetic resonance (NMR) 
measurements. The NMR studies indicate that 
the lysine at position 373 in loop 10-11 is within 
15 Å of the anomeric carbon of bound 
galactose.  

A structural feature unique for the 
transporters of the LacS subfamily concerns the 
presence of a 20 kDa cytoplasmic domain that is 
homologous to IIA of various phosphoenol-
pyruvate:sugar phosphotransferase systems 
(PTS). The LacS IIA domain can be 
phosphorylated by phosphoenolpyruvate (PEP) 
in the presence of the general PTS proteins, 
enzyme I and HPr. The IIA domain is not 
required for lactose transport by LacS but can 
regulate transport via its phosphorylation state 
(46). In analogy to LacS, regulation of transport 
activity of the members of the MelB subfamily 
involves the cooperative interaction of the 
soluble IIA protein of the glucose-PTS (IIAGlc), 
which is controlled via the phosphorylation state 
of IIAGlc. Until now, nothing is known about the 
role of the PTS in the regulation of the members 
of the GusB subfamily to which the xyloside 
transporter XylP of Lactobacillus pentosus 
belongs. 
 
The xyloside transporter XylP of 
Lactobacillus pentosus, a member of the 
GPH family 
 
Xylose metabolism in Lactobacillus pentosus. 
 
Lactobacillus pentosus is a facultative 
heterofermentative bacterium that is used in the 
fermentation of vegetables like olives, 
cucumbers and cabbages (173). Unlike most 
other Lactobacillus species, Lactobacillus 
pentosus is able to use xylose as a sole energy 
source. Upon transport of xylose, the first steps 
in the xylose metabolism are identical for all 
organisms, involving two intracellular enzymes, 
that is, a D-xylose isomerase (XylA), which 
isomerizes D-xylose into D-xylulose, and a D-
xylose kinase (XylB), which phosphorylates 
Fig. 3. Helix packing model of the lactose 
transport protein, LacS, of Streptococcus 
thermophilus. The picture is taken from Veenhoff 
et al., (160) and updated with new data by L. M. 
Veenhoff. Continuous lines connect residues that 
were identified by second-site suppressor analysis 
in LacS. Dashed lines connect residues that were 
identified by second-site suppressor analysis in 
MelB. The black circle in loop 10-11 indicates the 
position of residue 373, which is located within 15 
Å from bound galactose. Stars indicate residues 
where substrate binding and/or translocation can 
protect for site-directed cysteine modification in 
LacS. Residues that are involved in coupling sugar 
and proton translocation in LacS are indicated in 
gray. The hydrophobic faces of amphipathic helices 
II, IV and XI and the face of helix VII that harbors 
residues important for the specificity of proton and 
sugar binding in MelB are shaded.  
xylulose into xylulose-5-phosphate. In a variety 
of bacteria, including Escherichia coli (144), 
Bacillus megaterium (137), Bacillus subtilis 
(48), some Lactococcus lactis strains (30), and 
Lactobacillus pentosus (85,86), the genes 
encoding the D-xylose isomerase and D-xylose 
kinase, xylA and xylB genes, are organized in an 
operon (Fig. 4). The expression of the xylA and 
xylB genes is induced in the presence of xylose 
and is under control of a regulator protein 
encoded by xylR. The mode of regulation can be 
different for the various organisms. In Gram-
negative enteric bacteria, the transcription factor 
appears to function as a positive regulator 
(43,81,139,144), whereas in Lactobacillus 
pentosus and other Gram-positive organisms 
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expression of the xylAB operon is negatively 
regulated by a repressor protein 
(75,84,127,135,141).  

In some organisms, for example E. coli 
(144) and B. megaterium (137), the xyl operon 
structure also comprises the gene(s) encoding 
the xylose transporter (Fig. 4). Until recently, 
only two mechanisms of xylose transport were 
known in bacteria, that is, secondary transport 
in which xylose is co-transported with a proton 
or a sodium ion (13,20,21,76,137,139,147, 
150,154) and high affinity primary transport in 
which solute accumulation is driven by the 
hydrolysis of ATP (83,147,149,154). As the xyl 
operon of Lactobacillus pentosus also contained 
a gene encoding a putative transporter, XylP, 
this protein was initially thought to be involved 
in xylose transport. However, the observation 
that another gene of the operon, xylQ, encoded 
an α-xylosidase indicated that XylP could be 
involved in xyloside transport (14,15).  

Xyloside metabolism in Lactobacillus 
pentosus. 
 
In general, lactobacilli do not degrade large 
polysaccharides such as cellulose and 
hemicellulose, but readily ferment smaller 
carbohydrates. As lactobacillus species do not 
have the extracellular enzymes necessary for the 
degradation of polysaccharides, they are 
dependent for their substrate supply on the 
presence of cellulolytic microorganisms. The 
endoglucanases produced by these organisms 
act on cellulose and hemicellulose, yielding 
smaller oligosaccharides like xylosides (167). 

The xyloside transporter, XylP, of 
Lactobacillus pentosus is a secondary transport 
system belonging to the GusB subfamily of 
GPH transporters (112). The protein is 
composed of 12 putative transmembrane α-
helices with the N- and C-termini located at the 
cytoplasmic side of the membrane (Fig. 5). The 

Fig. 4. Schematic representation of the organization of the xyl operons of various bacteria. Data are 
from the following sources: Escherichia coli (144), Bacillus megaterium (137), Bacillus subtilis (48), 
Lactobacillus pentosus (85,86), Lactococcus lactis (30). 
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Fig. 5. Secondary structure model of XylP. Indicated are the twelve putative transmembrane helices, the 
charged residues located in the transmembrane segments, and the highly conserved residues in the 
interhelix loop 10 -11. 
4 

ylP protein effects the transport of the 
yloside isoprimeverose, a building block of 
yloglucan (14,15) (chapter 3), which is the 
rincipal hemicellulose component in the 
rimary cell wall of plants and one of the most 
bundant storage polysaccharides in seeds (Fig. 
). Xyloglucan forms a complex polysaccharide 
etwork with cellulose and pectin via a strong 
ydrogen bonding network. Although abundant 
n nature, the fate of xylosides in bacterial 
etabolism is poorly documented. Following 

ransport of isoprimeverose into the bacterial 
ell, the disaccharide is hydrolyzed by an α-
ylosidase, XylQ, (14) into the mono-
accharides xylose and glucose, which are 
ubsequently metabolized via the pentose 
hosphate pathway. The genes encoding the 
ylP and XylQ proteins are clustered with those 
f the xylose metabolism genes (Fig. 4) and are 
nduced in the presence of xylose. Within the 
PH family, XylP is most closely related to a 
utative β-(1,4)-xyloside transporter XynC 
YnaJ) of Bacillus subtilis, which is like XylP 
lustered with a gene encoding a xylan β-1,4-

xylosidase and induced by xylose. In many 
microorganisms homologues of the xylP and 
xylQ genes are clustered together and the 
corresponding proteins are likely to have a role 
in the uptake and metabolism of xylosides, as 
has been proposed for the putative xyloside 
transporter (XynT) and β-1,4-xylosidase 
(XynB) of Lactococcus lactis (30) (Fig. 4). 
 
Xylose transport in Lactobacillus pentosus. 
 
As the xylP gene does not encode the xylose 
transporter and the organism is capable of using 
xylose as a sole carbon source, there must be 
another protein responsible for the uptake of 
this sugar. Recently, suggestions have been 
made that xylose is taken up by facilitated 
diffusion via the phosphoenolpyruvate: 
mannose phosphotransferase system (mannose 
PTS) (16). Evidence for this notion came from 
spontaneous 2-deoxy-D-glucose-resistant mu-
tants, defective in the transport of mannose, 
which were also impaired in their growth on 
xylose. In some of the mutants the inability to 
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grow on xylose could be complemented by the 
IIB protein of the mannose-PTS of 
Lactobacillus curvatus, supporting the idea that 
the mannose-PTS is involved in xylose 
transport. As in other mutants growth on xylose 
could be restored by complementation with the 
xylose transporter of Lactobacillus brevis, 
defects in genes involved in xylose metabolism 
could be excluded. PTS systems catalyze the 
concomitant transport and phosphorylation of 
sugars at the expense of phosphoenol pyruvate 
(PEP). The inability to detect PEP-dependent 
phosphorylation of xylose suggests that the 
sugar enters the cell by facilitated diffusion. In 
literature, other examples of PTS systems 
involved in facilitated diffusion of sugars are 
known, like the transport of D-galactose and 
trehalose via the mannose-PTS of S. 
typhimurium (116,117), and the transport of 

galactose and fructose via the glucose-PTS of E. 
coli (73,74).  

As facilitated diffusion systems do not 
accumulate substrates in the cell interior and the 
rate of transport is determined by the 
subsequent metabolism, this type of transport is 
not easily characterized with the conventional 
transport assays that make use of the 
distribution of radio-labeled substrates. Chapter 
2 describes the development of a new 
spectroscopic transport assay that bypasses 
many problems associated with radio-labeled 
distribution methods. With this spectroscopic 
assay evidence was obtained for facilitated 
diffusion of xylose in Lactobacillus pentosus as 
will be discussed in chapter 6. 
 
Structural organization of secondary 
transport proteins 
 
Quaternary structure. 
 
Membranes are an important site for regulation 
as they allow the entry and export of solutes and 
the transduction of signals, and are therefore a 
suitable place for regulation of these processes 
at the level of protein-protein interactions. For 
cytoplasmic proteins, oligomerization is a 
generally accepted property that is used to 
regulate enzyme activity or to extend the 
possible functions of the proteins. A well 
known example of the importance of 
oligomerization in protein function is 
represented by hemoglobin, the oxygen carrier 
of erythrocytes. Hemoglobin is a tetrameric 
protein to which oxygen binds in a cooperative 
manner, meaning that binding of oxygen to one 
monomer enhances the binding to the others. In 
addition, metabolites such as 2,3-
bisphosphoglycerate but also the pH and the 
CO2 pressure modulate the cooperative behavior 
of hemoglobin, which allows the protein to bind 
O2 with high affinity in the lungs and to 
efficiently release O2 in actively metabolizing 
tissues (148).  

Innumerous opportunities for regulation 
are possible through the interaction of 
cytoplasmic proteins with membrane proteins. 

Fig. 6. Structures of (A) xyloglucan and (B) 
isoprimeverose. 
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An example is for instance the IIA protein 
(IIAGlc) of the glucose-PTS  in enteric bacteria. 
IIAGlc not only interacts with the components of 
the PTS in order to catalyze concomitant 
glucose transport and phosphorylation, but the 
protein also plays a key role in the regulation of 
non-PTS carbohydrate transporters and 
metabolic enzymes. In Gram-negative enteric 
bacteria this regulation involves the allosteric 
interaction  of unphosphorylated IIAGlc with 
non-PTS transporters, such as the ion-linked 
transporter for melibiose (MelB), lactose 
(LacY) and raffinose (RafP), the ATP-binding- 
cassette transporter for maltose (MalK), and 
glycerol kinase of E. coli (60,125,129,155,159, 
163). In the phosphorylated state IIAGlc is 
involved in transcriptional control by 
stimulating the activity of adenylate cyclase. 
Unfortunately, there is no solid biochemical 
evidence for the interaction between IIAGlc and 
adenylate cyclase (23,119).  

Recently, it has been shown that the 
membrane-bound IICB complex of the glucose-
PTS of E. coli is involved in transcriptional 
control, as glucose induction is mediated by the 
direct physical interaction between the IICBGlc 
complex and the Mlc (making large colonies) 
protein, depending on the phosphorylation state 
of the IICBGlc complex. Free Mlc can bind to 
and repress its target genes such as those for the 
glucose PTS proteins. In the presence of 
glucose, dephosphorylated IICBGlc recruits Mlc 
and sequesters it from binding to its target 
promoters, resulting in a derepression of gene 
expression (100). 

In recent years, it has become apparent 
that membrane proteins do not operate as free-
floating entities, but rather they cooperate in 
larger oligomeric complexes. The best known 
examples are from channel proteins. The 
eukaryotic water-conducting channels (aqua-
porins) and the E. coli glycerol facilitator, 
which are all members of the Major Intrinsic 
Protein Family, assemble in the membrane as 
tetramers of four independent channels. The 
suggestion has been made that the central pore 
between the four subunits can form an ion-
channel (29,37,143). A similar arrangement has 

been proposed for the human neural glutamate 
transporter, EAAT3, which functions both as a 
glutamate transporter and a glutamate-gated 
chloride channel (31). For the glycerol 
facilitator it has also been speculated that the 
protein exists in close association with glycerol 
kinase, which would tune the uptake and ATP-
dependent phosphorylation of glycerol (92,163). 
Also the eukaryotic ligand-gated ion channels 
are oligomeric complexes that interact with 
specific cytoplasmic proteins, through which 
linkage to the cytoskeleton and to intracellular 
signal transduction pathways is possible (140). 
Another example concerns the KATP channels, as 
they are a combination of transport ATPases 
complexed with potassium channel subunits. 
KATP channels are composed of four 
sulfonylurea receptors (SURs), members of the 
ATP-binding cassette (ABC) transporter family, 
and four potassium inward rectifiers (Kir6.1 and 
Kir6.2), that assemble to form a large octameric 
complex. Opening of the channels has been 
proposed to be regulated via the ABC 
transporter subunits (10). 

The overall impression is that both 
homo- and hetero-oligomer formation of 
proteins in the membrane plays an important 
role in nature. At the functional level, it can 
create possibilities for scaffolding and allostery. 
Structurally, there might be a reason as well for 
multimerization, as the restrictive volume of the 
2-dimensional space  enhances self-association, 
allowing a more efficient packing in the 
membrane (44).  

In view of the notion that the membrane 
is a site particularly well suited for regulation at 
the level of protein-protein interactions, it is 
unlikely to assume that secondary membrane 
transport proteins would solely operate as 
monomeric units. The quaternary structure and 
function of oligomerization of secondary 
transport proteins will be evaluated in chapter 5 
of this thesis. 
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Quaternary structure analysis of proteins of 
the GPH family. 
 
So far, the lactose transporter LacS of S. 
thermophilus is the only member of the GPH 
family for which the quaternary structure has 
been elucidated. LacS catalyzes the uptake of a 
variety of galactosides either in symport with 
H+, proton motive force-driven uptake, or in 
exchange for another sugar. Analytical 
ultracentrifugation, freeze-fracture electron 
microscopy (36), rotational correlation 
spectroscopy (145), and negative-dominance 
analysis (161) revealed that this protein is 
organized as a dimer, in which each subunit 
harbors a full translocation pathway. Co-
operativity, indicative of functional subunit 
interaction, was observed in the proton motive 
force-driven uptake reaction but not in exchange 
transport. On the basis of these results, it has 
been proposed that coupling of the two LacS 
monomers is associated with the reorientation of 
the empty carrier, a step unique for proton 
motive force-driven uptake. Characterization of 
a member of the GPH family without the 
soluble regulatory domain present in LacS, 
could give more insight in the structural 
organization of this family of proteins and the 
domain(s) involved in dimerization. The 
quaternary structure analysis of the xyloside 
transporter XylP of Lactobacillus pentosus is 
presented in chapter 4. 
 
Hetero-oligomer formation within the GPH-
family. 
 
Does hetero-oligomerization play a role in the 
regulation of transport reactions catalyzed by 
proteins of the GPH family? Although XylQ is 
a cytosolic protein, α-xylosidase activity is 
associated with the membrane fraction of the 
cell. This could either mean that XylQ has a 
high affinity for the membrane lipids or that the 
protein specifically interacts with the transporter 
XylP (14). A direct interaction between a 
transporter and the first metabolic enzyme has 
been observed for LacS and β-galactosidase 

(LacZ) of S. thermophilus as will be discussed 
in chapter 6. In vivo, LacS catalyzes the 
internalization of lactose, which, subsequently 
is hydrolyzed by β-galactosidase, yielding the 
monosaccharides glucose and galactose. 
Glucose is metabolized but the majority of S. 
thermophilus strains cannot utilize the galactose 
moiety, even though the genes necessary for 
galactose metabolism are present. In stead, 
galactose is used as a counter-substrate in the 
exchange reaction with lactose, and this mode 
of transport occurs both in Gal- and Gal+ cells. 
The overall reaction is a lactose/galactose 
exchange without the net movement of protons. 
This mode of transport is about an order of a 
magnitude faster than the lactose-H+ symport 
reaction. Since the galactose unit of lactose is 
the part that is recognized by the LacS protein 
(162) and this monosaccharide is subsequently 
used in the second half of the exchange 
reaction, it would be most favorable when 
hydrolysis of the lactose would occur near the 
cytoplasmic sugar binding site of LacS. In order 
to achieve this, the LacS and LacZ could form a 
hetero-oligomeric complex. With the use of 
Blue Native Polyacrylamide Gel Electro-
phoresis (BN-PAGE), a technique that is 
described in chapter 4 of this thesis, we were 
able to show that LacS and β-galactosidase are 
associated in a complex when S. thermophilus 
membrane vesicles were solubilized with 
detergent (Heuberger, Veenhoff and Duurkens, 
unpublished results). Despite the fact that the 
data are still preliminary and a functional role of 
the LacS-LacZ interaction has not yet been 
established, it could represent a nice example of 
how hetero-oligomer formation increases 
metabolic efficiency. 
 
Outline of this thesis 
 
Transport processes are essential for the 
existence of all organisms as transport proteins 
represent the gateway for solutes into or out of 
the cell. As a consequence, transporters are also 
the cause of many problems when they are 
hampered in their functioning (diseases, 
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biotechnological conversions etc.). Insight in 
the mechanistic features and structural 
organization of these proteins is therefore of 
broad interest and importance. This thesis 
makes a contribution to the understanding of the 
mechanisms of secondary transport proteins 
through a description of the functional and 
structural properties of the xyloside transporter 
XylP of Lactobacillus pentosus.  In addition, the 
work describes some new and improved 
methodologies for the characterization of 
transport reactions and quaternary structure 
analysis of membrane proteins.  
 As the natural substrate of XylP, the 
disaccharide isoprimeverose, was not 
commercially available, nor easily isolated from 
cell wall material, the carbohydrate was 
chemically synthesized as described in chapter 
3. Chapter 2 describes the development of a 
new spectroscopy-based transport assay for the 
analysis of carbohydrate transport reactions. An 
assay that is especially useful for those 
carbohydrate transporters for which radio-
labeled substrates are not available, for the 
analysis of uniport transport reactions and/or for 
the characterization of mutants in which the 
transport of sugar and cation (proton) are 
uncoupled. In chapter 3, this spectroscopic 
assay was applied to study the transport of 
isoprimeverose by the XylP protein, which first 
had to be purified and reconstituted into an 
artificial membrane system.  
 As long as it is extremely hard, so far 
impossible, to obtain high resolution structural 
data of secondary transporters, one has to rely 
on methods that provide a low or medium 
resolution structure, specific information on 
ligand binding-site, subunit interactions, etc. In 
chapter 4, the use of Blue Native Page Gel 
Electrophoresis for the analysis of quaternary 
structure is evaluated, and the technique was 
used in combination with analytical 
ultracentrifugation and freeze-fracture electron 
microscopy to determine the oligomeric 
structure of XylP. Chapter 5 critically evaluates 
the techniques that are available to study the 
quaternary structure of membrane proteins, and 
it provides an overview of the quaternary 

structures and the oligomeric function of 
secondary transporters studied so far.
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Summary 
 
A carbohydrate transport assay was developed which does not require isotopically 
labeled substrates, but allows one to follow transport reactions 
spectrophotometrically.  The assay makes use of a membrane system, hybrid 
membranes or proteoliposomes, bearing the transport system of interest, and a 
PQQ-dependent aldose dehydrogenase (sGDH) and the electron acceptor 2,6-
dichlorophenol-indophenol (Cl2Ind) enclosed in the vesicles lumen. Following 
transport across the vesicular membrane, the sugar is oxidized by sGDH. The 
accompanying reduction of Cl2Ind results in a decrease in the absorption at 600 nm. 
The assay was developed and optimized for the lactose carrier (LacS) of 
Streptococcus thermophilus and both solute-H+ symport and exchange type of 
transport could be measured with high sensitivity in crude membranes as well as in 
proteoliposomes. To observe exchange transport, the membranes were preloaded 
with a non-oxidizable substrate analogue and diluted into assay-buffer containing 
an oxidizable sugar. Transport rates measured with this assay can be compared 
with those achieved with the conventional assay using isotopically labeled 
substrates. The method is particularly suited for determining transport reactions 
that are not coupled to any form of metabolic energy like uniport reactions, or for 
characterizing mutant proteins with a defect energy coupling mechanism or 
systems with high affinity constants for sugars. 
 
Introduction 
 
Bacteria have evolved different transport 
systems to provide for their need to take up 
nutrients or to release unwanted products. 
Basically, three distinct transport mechanisms 
exist for carbohydrates, that is (i) primary 
transport systems, which couple the uptake of 
sugar to the hydrolysis of ATP;  (ii) secondary 
transport systems, which couple the uptake of 
sugar to the downhill transport of another solute 
(e.g., H+ or Na+ ions) in the same direction 
(symport), to the subsequent metabolism of the 

sugar (uniport) or to the downhill transport of 
another solute in opposite direction (antiport or 
exchange); and (iii) PEP-dependent 
phosphotransferase systems (PEP-PTS), which 
catalyze uptake concomitant with 
phosphorylation of the sugar. 

Translocation of sugars via either of 
these transport mechanisms is usually analyzed 
by following the distribution of isotopically 
labeled substrates across the membrane, that is, 
between the outer and inner compartment of a 
membrane system. Since not all substrates are 
available in an isotopically labeled form, and 
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conventional transport assays have a number of 
limitations, we devised an alternative transport 
method that is applicable for the study of 
primary and secondary carbohydrate transport 
systems, but it may even find its use in studying 
PEP-PTSs as is discussed below.  The idea for 
the assay was born out of our research on a 
putative xyloside transport system, XylP, that is, 
homologous to the lactose transporter (LacS) of 
Streptococcus thermophilus studied here. To 
demonstrate the usefulness of the method, it was 
necessary to first apply it to the well-
characterized LacS protein as virtually nothing 
is known about the XylP system. 

 The new assay requires a membrane 
system in which a carbohydrate transport 
protein is present in a liposome or membrane 
vesicle, and in which the soluble PQQ-
dependent aldose dehydrogenase (sGDH) is 
enclosed. sGDH, originating from 
Acinetobacter calcoaceticus, is a homodimeric 
enzyme containing one PQQ and two Ca2+ ions 
per monomer (24,27,40,49,95). The enzyme has 
a broad substrate specificity and a high 
turnover. On the condition that the substrate has 
a hydroxyl group at the C1 position, sGDH 
catalyzes not only the oxidation of 
monosaccharides like glucose, xylose and 
galactose, but also disaccharides like lactose 
and melibiose. Oligosaccharides may also be 
substrate of the enzyme, albeit with a lower 
affinity than mono- or disaccharides (105). 
Upon oxidation of the aldose sugar into the 
corresponding aldono-δ-lactone, the PQQ 
cofactor is reduced and subsequently re-
oxidized by artificial dyes like 2,6-
dichlorophenol-indophenol (Cl2Ind) and 
phenazine methosulfate (PMS) (24,50,105). 
Cl2Ind has a high extinction coefficient with an 
absorption maximum at 600 nm, which enables 
one to follow its reduction 
spectrophotometrically with high sensitivity, 
even in the presence of membranes. The apo-
form (without the PQQ-factor) of sGDH can 
easily be isolated from a recombinant E. coli 
strain, carrying the gene for sGDH, and the 

enzyme is readily reconstituted with PQQ in 
vitro (18,104). 

Here, we report the exploitation of 
sGDH as a coupling enzyme for the monitoring 
of carbohydrate transport reactions. The assay is 
used to follow the activity of the LacS protein, 
which catalyzes the uptake of a variety of 
galactosides either in symport with H+ or in 
exchange for another sugar. The former reaction 
is driven by the proton motive force (pmf), 
whereas in the exchange reaction two substrates 
are transported in opposite directions without 
the net movement of a proton (35,110). 
Oxidizable substrates of LacS are amongst 
others lactose, galactose and melibiose, 
irrespective of whether the sugars are in the α- 
or β-anomeric form. Methyl-β-D-
thiogalactoside (TMG) is a non-oxidizable 
lactose analogue, whereas α-naphtyl-α-D-
galactopyranoside (α-NPG) is a non-oxidizable 
high affinity competitive inhibitor of LacS 
(146,162).  
 
Results 
 
Kinetic parameters and substrate specificity of 
sGDH. 
 
sGDH is able to oxidize different carbohydrates 
with a hydroxyl group at the C1 position (Fig. 
1). The carbohydrates used in this study are 
lactose, glucose, melibiose, methyl-β-D-
thiogalactoside (TMG), α-methyl-glucose (α-
MG) and α-naphtyl-α-D-galactopyranoside (α-
NPG). At a concentration of 2 mM the rates of 
oxidation of glucose and lactose do not differ 
very much, whereas that of melibiose is much 
lower (Fig. 1A). Sugars in which the anomeric 
carbon is methylated, as is the case for TMG 
and α-MG (not shown), or linked to a naphtyl-
group as in α-NPG, are not a substrate of sGDH 
(Fig. 1A; inset). The apparent Km and Vmax of 
sGDH for lactose, glucose and melibiose are 
660 µM / 548 µmol·mg-1·min-1, 300 µM / 590 
µmol·mg-1·min-1 and 27 mM / 410 µmol·mg-

1·min-1, respectively (Fig. 1B). 
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Spectroscopic measurement of LacS activity in 
proteoliposomes. 
 
Proteoliposomes with sGDH present in the 
vesicle lumen were used to follow the transport 
of lactose. The transport was assayed in a 
reaction mixture consisting of 500 µl of 50 mM 
potassium phosphate, pH 7.0, plus 50 µM of the 
electron acceptor Cl2Ind and 10 mM lactose. 
Cl2Ind is highly membrane permeable and it 
was not necessary to preload the 
proteoliposomes with this compound. Upon 
addition of 5 µl proteoliposomes to the reaction 
mixture, the absorption at 600 nm decreased 
immediately (Fig. 2A). To demonstrate that this 
decrease was caused by the facilitated transport 
of lactose, sGDH-containing liposomes were 
used in control experiments. Some oxidation of 
lactose was observed in these liposomes (Fig. 
2B), but the decrease in absorption could be 
ascribed to sGDH associated to the outer 
surface of the liposomes by using glucose 
instead of lactose. Glucose is a substrate of 
sGDH but the LacS protein does not transport it 
(162). The decrease in absorption with glucose 
is thus a measure for the amount of sGDH 
present at the outer surface of the membranes 
(Fig. 2A+B). Moreover, in proteoliposomes the 
oxidation of lactose could be inhibited by a 3-
fold excess of the high affinity galactoside α-
NPG, whereas it had no effect on the oxidation 
rate of glucose (data not shown). 

 On the basis of a specific internal 
volume of the proteoliposomes of 1 µl/mg of 
phospholipid and the specific activity of sGDH, 
one can calculate the efficiency of trapping of 
the enzyme into the proteoliposomes. We 
observed that, in general, 5 to 10-fold more 
activity was entrapped than anticipated when 
the enzyme would simply equilibrate in the 
vesicle lumen. The higher internal sGDH 
concentration most likely reflects the binding of 
the enzyme to the (proteo)liposome membrane, 
which is consistent with the observation that 
some residual sGDH is present externally even 
after extensive washing of the proteoliposomes. 
This internal binding of sGDH is obviously 
Fig. 1. The kinetics of sugar oxidation by 
sGDH. (A) Time dependence of sugar oxidation 
by sGDH. The assays were performed in 500 µl 
potassium phosphate, pH 7.0, supplemented 
with 50 µM Cl2Ind and 2 mM of the following 
sugars: (a) melibiose; (b) lactose; and (c) 
glucose. The inset shows that α-NPG (d) and 
TMG (e) are not oxidized by sGDH. The arrows 
indicate the addition of sGDH to a final 
concentration of 78 ng/ml. (B) Concentration 
dependence of the initial rate of carbohydrate 
oxidation: ( ) lactose; ( ) glucose; and ( ) 
melibiose (the latter is shown in the inset). The 
data were fitted to the Michaelis-Menten 
equation. 
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Fig. 2. Oxidation of sugars by sGDH-containing proteoliposomes and liposomes. The sGDH 
concentration used in the enclosure procedure was 4.5 µg/ml. The assays were performed in 300 µl 
potassium phosphate, pH 7.0, supplemented with 50 µM Cl2Ind and 5 µl proteoliposomes (final 
concentration: 55.5 µg/ml of LacS, which corresponds to 2.2 mg/ml of lipid) (A) or 5 µl liposomes (final 
concentration: 2.2 mg/ml of lipid) (B). The arrows indicate the addition of 10 mM lactose (a) or glucose (b). 
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advantageous for the assay as it allows the 
enzyme to be concentrated in the 
proteoliposomes or hybrid membranes. 

Close inspection of the time dependent 
decrease in absorption reveals that the kinetics 
of lactose oxidation in the proteoliposomes has 
multiple components, that is an initial slow 
phase which is followed by a more rapid 
oxidation (Fig. 2A, dashed line to curve a). The 
apparent acceleration of the sugar oxidation is 
not observed in the liposomes with glucose or 
lactose as substrate nor in the proteoliposomes 
with glucose as substrate. The change in the rate 
of oxidation can be explained by the different 
transport modes of the LacS protein. LacS not 
only facilitates a H+-linked symport reaction, 
but also an exchange reaction in which two 

molecules are transported in opposite directions. 
The homologous exchange of lactose or the 
heterologous lactose/galactose exchange is an 
order of a magnitude faster than the lactose-H+ 
symport reaction. In the experiment described 
above, lactose enters the proteoliposome lumen 
and becomes oxidized. There will thus be a 
build-up of oxidized lactose (lactono-δ-lactone), 
which most likely is a substrate for the LacS 
protein and thereby accelerates the reaction by 
serving as a counter substrate. In other words, 
the reaction changes from downhill lactose 
uptake initially to lactose/lactono-δ-lactone 

exchange at later times.  
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Transport activity with and without entrapped 
TMG. 
 
To investigate whether or not the presence of a 
counter-substrate accelerates the transport 
reaction, the proteoliposomes were preloaded 
with 5 mM TMG. The oxidation of lactose was 
indeed much faster when TMG-loaded 
proteoliposomes were used in stead of unloaded 
proteoliposomes (Fig. 3). The higher oxidation 
rate was not due to a higher sGDH 
concentration at the outside or the inside of the 
proteoliposomes as the activities for both loaded 
and unloaded proteoliposomes were similar 
upon solubilization with 0.08% Triton X-100 
(measure for the total sGDH activity present in 
the assay mixture). Furthermore, the rate of 
oxidation was highest at the start of the 
experiment and the acceleration was no longer 

observed. As expected, loading of the 
(proteo)liposomes had no effect on the 
oxidation of glucose (data not shown). To 
demonstrate that the presence of a methylated-
hexose in the proteoliposome lumen not 
influenced the activity of sGDH, 
proteoliposomes were loaded with α-MG in 
stead of TMG. α-MG is neither a substrate for 
sGDH nor for the LacS protein. Any differences 
with unloaded proteoliposomes should be 
attributed to an effect of α-MG on sGDH 
activity. Since the activity of both unloaded and 
α-MG-loaded proteoliposomes were identical, 
any influence on sGDH could be ruled out. 
Taken together, the data indicate that the 
acceleration of lactose oxidation in 
proteoliposomes reflects an increased 
contribution in time of lactose uptake via 
lactose/lactono-δ-lactone exchange. 
 
Transport activity as function of sGDH 
concentration. 
 
To exclude the possibility that the internal 
sGDH concentration was limiting the transport 
reaction, different concentrations of sGDH were 
enclosed. These proteoliposomes were added to 
assay buffer containing varying concentrations 
lactose or glucose. The data clearly indicate that 
the oxidation reaction is rate-limited by the 
transport of lactose when the sGDH was ≥ 50 
µg/ml during the enclosure procedure (Fig. 4). 
At a saturating sGDH concentration, the 
apparent Km and Vmax for lactose transport were 
0.76 ± 0.07 mM and 1.45 x 103 ± 75 nmol·mg-

1·min-1, respectively. The rates of lactose 
oxidation were corrected for background sGDH 
activity, using the rates of glucose oxidation and 
taking into account the small differences in Vmax 

and Km values of sGDH for lactose and glucose. 
Finally, the transport rates in the 

proteoliposomes preloaded with 5 mM TMG 
were approximately 1.5-fold lower when 
estimated from the spectroscopic assay as 
compared to the conventional method based on 
radio-label distribution. This difference is most 
readily explained by the anomeric specificity of 

Fig. 3. Transport activity in sGDH-containing 
LacS proteoliposomes with and without 
entrapped TMG. The sGDH concentration used in 
the enclosure procedure was 25 µg/ml. The assays 
were performed in 500 µl potassium phosphate, pH 
7.0, supplemented with 50 µM Cl2Ind and 5 mM 
lactose. The arrow indicates the addition of 5 µl 
proteoliposomes (final concentration: 30 µg/ml of 
LacS, which corresponds to 1.2 mg/ml of lipid) 
without sugar (a) or preloaded with 5 mM α-MG (b) 
or 5 mM TMG (c). 
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proteoliposomes the oxidation was much faster 
for TMG-loaded than for unloaded hybrid 
membranes. Moreover, also in the hybrid 
membranes the presence of 5 mM internal TMG 
eliminates the initial slow phase of oxidation as 
was observed in the proteoliposomes (Fig. 5; 
compare traces a and b) . The presence of a 10-
fold excess of TMG at the outside fully 
abolished the transport of melibiose (Fig. 5; 
trace d), whereas a 10-fold excess of α-MG had 
no effect (data not shown). Similar observations 
were made when lactose was used as a 
substrate. This clearly indicates that the 
Fig. 4. Kinetics of lactose uptake by proteo-
liposomes as function of the internal sGDH 
concentration. The assays were performed in 500 
µl potassium phosphate, pH 7.0, supplemented 
with 50 µM Cl2Ind and varying concentrations 
lactose. The reactions were started by the addition 
of 5 µl proteoliposomes (final concentration: 30 
µg/ml of LacS, which corresponds to 1.2 mg/ml of 
lipid), preloaded with 5 mM TMG and varying 
concentrations sGDH: ( ) 25 µg/ml ( ) 50 µg/ml 
and ( ) 75 µg/ml. The data were fitted to the 
Michaelis-Menten equation. 
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sGDH as the enzyme only oxidizes the β-
anomer rapidly, whereas both α- and β- anomers 
are transported via LacS.  

 
Transport activity in hybrid membranes. 
 
For the experiments described so far, purified 
and membrane-reconstituted LacS protein was 
used. The spectroscopic assay system is much 
more versatile when the protein purification and 
reconstitution steps can be eliminated, that is 
when membrane vesicles can be used. 
Membrane vesicles are easily obtained from 
both prokaryotic and eukaryotic cells. To 
investigate this possibility, the assay was 
applied to right-side-out membrane vesicles of 
S. thermophilus fused with liposomes. Both 
melibiose and lactose were used as a substrate 
of the transporter (35). Addition of hybrid 
membranes to assay buffer supplemented with 5 
or 0.5 mM melibiose led to a rapid oxidation of 
the sugar (Fig. 5). As observed with 
Fig. 5. Transport activity by sGDH-containing 
hybrid membranes of S. thermophilus 
ST11∆lacS/pGKHis. The sGDH concentration 
used in the enclosure procedure was 25 µg/ml. 
For these studies both unloaded (a) and TMG-
loaded (b, c and d) membranes were used. The 
assays were performed in 500 µl potassium 
phosphate, pH 7.0, supplemented with 50 µM 
Cl2Ind, and varying concentrations melibiose in 
the absence (a, b and c) or presence (d) of a 10-
fold excess of TMG. The arrow indicates the 
addition of 5 µl of hybrid membranes (final 
concentration: 30 µg/ml of LacS, which 
corresponds to 1.2 mg/ml of lipid). (a) 5 mM 
melibiose and unloaded membranes; (b) 5 mM 
melibiose and TMG-loaded membranes; and (c) 
0.5 mM melibiose and TMG-loaded membranes, 
(d) 0.5 mM melibiose plus 5 mM TMG and TMG-
loaded membranes. 
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decrease in absorption results from LacS-
mediated uptake of melibiose or lactose, 
followed by internal oxidation by sGDH. 
Although the Km of sGDH for melibiose is 
much higher than for lactose, the transport 
activity is readily demonstrated and the 
background activity is only a few percent of the 
transport activity. With lactose as substrate, a 
sGDH concentration of 50 µg/ml was sufficient 
to make the transport step rate-determining. 
With melibiose, on the other hand, the maximal 
activity was not yet attained at 100 µg/ml, 
which must reflect the low affinity of the 
enzyme for this substrate. Importantly, the 
background sGDH activity, caused by enzyme 
that remains associated with the outer surface of 
the membranes, is significantly lower in the 
hybrid membranes than in the proteoliposomes. 
The reason for this difference is unknown, but 
most likely relates to the fraction of endogenous 
lipids that is present in the hybrid membranes. 
 
Discussion  
 
In this paper we describe a new spectroscopic 
assay for the characterization of carbohydrate 
transport reactions. The assay is based on the 
oxidation of transported carbohydrates by an 
internal PQQ-dependent aldose dehydrogenase 
(sGDH) and the subsequent reduction of the 
electron-acceptor Cl2Ind. Because of the need 
for a well-characterized model system for the 
development and optimization of the assay, the 
lactose transport protein (LacS) of S. 
thermophilus present in proteoliposomes or 
hybrid membranes was used in this study. 
 Although some oxidation of sugar by 
external sGDH was observed, the majority of 
the activity originated from transport into the 
vesicle lumen. In chapter 3 the spectroscopic 
assay is improved in terms of the background 
sGDH activity. Thermal inactivation of the 
enzyme resulted in a 90% decrease of the 
external oxidation activity.  

The evidence for sugar oxidation 
following uptake into the vesicle lumen is the 
following: (i) the oxidation of lactose in 

proteoliposomes exceeds that in liposomes; (ii) 
the kinetics of lactose oxidation in the 
proteoliposomes reveals typical features of the 
LacS protein; (iii) the oxidation of lactose in 
proteoliposomes is inhibited by α-NPG; (iv) 
similarly, the oxidation of lactose and melibiose 
in the hybrid membranes is inhibited by TMG 
and the aspecific activity is only a few percent 
of the transport activity; (v) a trans-substrate, 
that is internal TMG, stimulates the oxidation of 
lactose (and melibiose) both in the 
proteoliposomes and hybrid membranes but not 
in the liposomes.   

The multi-component kinetics of lactose 
uptake in the proteoliposomes and hybrid 
membranes, that is an initial slow phase that is 
followed by a more rapid phase, is due to an 
increased contribution of exchange to the 
overall transport until a steady state activity is 
reached. The slow phase would correspond to 
downhill transport of lactose in symport with a 
H+. The rapid phase is assigned to the exchange 
mode of transport, in which external lactose is 
exchanged for internal lactono-δ-lactone. The 
homologous exchange of lactose has been 
shown to be one order of a magnitude faster 
than the symport reaction (70). Consistent with 
this hypothesis is the observation that TMG-
loaded proteoliposomes and hybrid membranes 
showed a more rapid oxidation of transported 
sugar without the initial slow phase. From the 
experiments with TMG-loaded proteoliposomes 
it is obvious that besides uniport/symport also 
exchange reactions can be studied with this 
assay, even though the transported sugar is 
oxidized.  

It was important to establish whether or 
not the assay could be applied to a crude 
membrane system. This eliminates the need to 
purify and membrane reconstitute the 
transporter, which makes the assay more 
general applicable. Until now, transport studies 
in hybrid membranes were difficult to perform, 
since artificial ion gradients to drive the uphill 
uptake are transient in the relatively leaky 
hybrid membranes of Gram-positive bacteria. 
Moreover, uniport type of transport 
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mechanisms, that are particularly prominent 
among eukaryotic sugar transporters, only allow 
equilibration of external and internal substrates, 
which is even more problematic to assay. 
Because in the spectroscopic assay the transport 
is driven by the concentration gradient that is 
maintained by the subsequent oxidation of the 
substrate, there is no need for a pmf or other 
form of metabolic energy to accumulate the 
sugar.  

The assay has some particular 
advantages over the assays based on label 
distribution, e.g. (i) there is no requirement for 
isotopically labeled substrates, which enables 
the use of a much wider range of commercially 
available substrates; (ii) reactions can be 
followed directly ‘on-screen’, i.e., there is no 
delay between the performance of the 
experiments and the observation of the data; 
(iii) data sampling is continuous and there is no 
step in which internal and external substrates 
are separated (both ensure a high accuracy); (iv) 
transport systems with affinity constants for 
substrates in the millimolar range can be 
analyzed more accurately since high external 
substrate concentrations can be used; and (v) 
transport reactions that are not coupled to the 
utilization of some form of metabolic energy, 
i.e., uniport reactions, can be followed with high 
sensitivity. Since transport in the spectroscopic 
assay is driven by the concentration gradient 
that is maintained by the subsequent oxidation, 
it allows one to characterize mutants in which 
the energy coupling mechanism, that is the co-
transport of H+ or Na+, is defective. This type of 
mutants is frequently encountered in site-
directed mutagenesis studies, and they add to 
our understanding of energy coupling in 
transport (88,111). The spectroscopic assay 
provides one also with a useful tool to 
characterize facilitated diffusion via PTSs. For 
instance, in Lactobacillus pentosus, D-xylose is 
transported via the mannose-PTS without 
concomitant phosphorylation of the sugar (16). 
It is one of our aims to determine whether or not 
a phosphorylated state of the membrane 
component(s) of the mannose-PTS is needed for 

the facilitated diffusion of xylose. Although the 
sugar uptake will always be downhill, the 
effects of an imposed membrane potential, pH 
or sodium gradient, on the translocation reaction 
can be studied. Finally, when together with 
sGDH an ATP-regenerating system is enclosed 
in the proteoliposomes or hybrid membranes, 
the assay will even be applicable to ATP-driven 
carbohydrate transport systems. 

 What are the limitations inherent to the 
spectroscopic assay of sugar transport: (i) sugar 
accumulation levels cannot be determined as the 
substrate is oxidized; and (ii) the system 
requires incorporation of sufficient sGDH in 
order to make the transport reaction rate-
determining. This criterion, however, is readily 
met as the enzyme has a very high turnover 
compared to transport systems (see also Fig. 4). 
The Michaelis-Menten kinetics of transport at 
the 'high' internal sGDH concentrations (Fig 4) 
are highly indicative that the lactose oxidation 
rates report transport rates. Moreover, the 
numbers obtained from the spectroscopic assay 
compare well to those obtained from 
conventional assays of radio-label distribution.  

Despite these minor limitations, we feel 
that, in many instances, the assay can and will 
substitute conventional assays of sugar 
transport, and thereby add to our understanding 
of various types of membrane transport. In 
principle, one could develop a similar assay 
system for the uptake of amino acids (or other 
substrates) by incorporating a suitable amino 
acid oxidase into the vesicle lumen. With the 
advent of genome sequencing projects, 
numerous genes encoding putative transport 
systems from bacteria, archaea and eukarya 
have been identified. In many cases the 
transport function is inferred from the homology 
of the proteins with known transport proteins, 
and often the system can be classified in terms 
of the nature of the substrate that is transported. 
The assay would be very useful to nail down the 
substrate specificity of these newly identified 
transport proteins by screening a wide range of 
carbohydrates as putative substrates. 
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Experimental Procedures 
 
Materials. 
 
D-[glucose-1-14C]Lactose (2.11TBq/mol) was obtained 
from the Radiochemical Centre, Amersham, United 
Kingdom. The sGDH and PQQ were a generous gift from 
Prof. J. A. Duine from the Technical University of Delft, 
NL. n-Dodecyl-β-D-maltoside was obtained from Sigma 
and Triton X-100 from Boehringer Mannheim. The 0.45-
µm cellulose nitrate filters were from Schleicher & 
Schuell GmbH, Dassel, Germany. Total E. coli lipids 
were obtained from Avanti Polar Lipids and L-α-
phosphatidylcholine from egg yolk was from Sigma. All 
other materials were reagent grade and obtained from 
commercial sources. 
 
Bacterial Strains and Growth Conditions. 
 
Streptococcus thermophilus ST11 (∆lacS) carrying 
plasmid pGKHis was grown semi-anaerobically at 42°C 
in Eliker broth supplemented with 0.5% beef extract, 20 
mM lactose and 5 µg/ml erythromycin (70); pGKHis 
bears the lacS gene. 
 
Isolation of Membrane Vesicles and Membrane Fusion.  
 
Right-side-out membrane vesicles of S. thermophilus 
were isolated as described (106) with the following 
modifications: the cell wall was digested with 10 mg/ml 
lysozyme and DNase and RNase were added to final 
concentrations of 100 µg/ml each. For transport studies, 
peripheral membrane proteins as well as cytosolic 
contaminants were removed by extracting the membrane 
vesicles with 5 M urea and 6% (w/w) sodium cholate as 
described (101). Membranes treated with urea and 
sodium-cholate contain approximately 25% LacS on 
protein basis. These membrane vesicles were fused with 
liposomes to obtain a better-sealed membrane preparation 
(35). For the fusion the membrane vesicles were mixed 
with liposomes in a 1 to 10 ratio (w/w) and stored in 
liquid nitrogen with or without sGDH (see below), in 
portions of 400 µl containing 0.8 mg of total protein and 8 
mg of lipid. Prior to use, the membranes were thawed at 
room temperature and extruded 11 times through 400 nm 
polycarbonate filters; the obtained preparations are 
termed hybrid membranes. Liposomes were prepared 
from acetone/ether washed E. coli lipids and L-α-
phosphatidylcholine from egg yolk in a ratio of 3:1 (w/w) 
and dissolved in 50 mM potassium phosphate, pH 7.0, to 
a final phospholipid concentration of 20 mg/ml. The 
protein concentration of the membranes was determined 
with the Bio-Rad DC Protein Assay according to their 
instructions (Bio-Rad). 
 

Purification and Reconstitution of LacS. 
 
The LacS protein was purified and reconstituted 
essentially as described (69,70). Protein purified in n-
dodecyl-β-D-maltoside was reconstituted into Triton X-
100-destabilised liposomes to a final lipid to protein ratio 
of 40 to 1 (w/w). The proteoliposomes were stored in 
liquid nitrogen with or without sGDH (see below). The 
concentration of purified LacS was determined by 
measurement of the absorption at 280 nm (ε280 = 76,320 
M-1 cm-1).  
 
sGDH reconstitution and Activity Assay. 
 
sGDH was prepared as described (104), using a 1½ fold 
excess of PQQ over apo-sGDH. Briefly, sGDH and PQQ 
were mixed at final concentrations of 25 µM and 37.5 
µM, respectively, in 20 mM MOPS, pH 7.0, plus 3 mM 
CaCl2. The mixture was incubated for 15 minutes at room 
temperature and, subsequently, used in the enzymatic 
assays or for enclosure in the membranes. Enzyme assays 
were performed in 50 mM potassium phosphate, pH 7.0, 
supplemented with 50 µM Cl2Ind (2,6-dichloro-
indophenol) and varying concentrations of substrate. The 
reactions were started by the addition of 78 ng/ml sGDH 
(enzyme samples were diluted with 20 mM MOPS, pH 
7.0, 3 mM CaCl2 and 10% glycerol), and the enzyme 
activity was detected spectrophotometrically at 25°C by 
following the reduction of Cl2Ind at 600 nm (104). 
 
Enclosure of sGDH in Proteoliposomes or Hybrid 
Membranes. 
 
For the enclosure of sGDH, proteoliposomes or hybrid 
membranes (20 mg/ml of phospholipid) were mixed with 
varying concentrations sGDH in 50 mM potassium 
phosphate, pH 7.0, supplemented with 1 mM MgSO4 in a 
total volume of 400 µl. The sGDH concentrations used 
for the enclosure procedures are specified in the figure 
legends. After freezing in liquid nitrogen and slow 
thawing at room temperature, the mixture was extruded 
11 times through a 400-nm polycarbonate filter (96). To 
remove external sGDH, the proteoliposomes or hybrid 
membranes were washed 4 times with 50 mM potassium 
phosphate, pH 7.0, by centrifugation (15 min, 185,000 × 
g, 10°C). The proteoliposomes and hybrid membranes 
were resuspended to a final concentration of 3 mg/ml of 
LacS, which corresponds to 120 mg/ml of total 
phospholipid. When proteoliposomes or hybrid 
membranes were used for so-called exchange- or 
counterflow-type of experiments, the enclosure of sGDH 
and the washing steps were performed in the presence of 
5 mM methyl-β-D-thiogalactoside (TMG). 
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Spectrophotometric Measurements of LacS Transport 
Activity. 
 
Transport of sugars was determined from the decrease in 
absorption of Cl2Ind at 600 nm and at a temperature of 
25°C (ε600 = 20.6 mM-1 cm-1). The reaction mixture 
consisted of 50 mM potassium phosphate, pH 7.0, 
supplemented with 50 µM Cl2Ind and varying 
concentrations of sugar. The reaction was started by the 
addition of sGDH-containing proteoliposomes or hybrid 
membranes to a final concentration of 30 µg/ml of LacS, 
which corresponds to 1.2 mg/ml of phospholipid (5 µl 
proteoliposomes or hybrid membranes were added to 500 
µl assay buffer). Improvement of the assay, in terms of a 
decrease of background sGDH activity is presented in 
chapter 3. 
 
Measurements of LacS Transport Activity using radio-
labeled lactose. 
 
Proteoliposomes were prepared as described previously 
(70), except that a final lipid to protein ratio of 40 (w/w) 
was used and 5 mM TMG was enclosed in the vesicle 
lumen. The proteoliposomes were concentrated by 

centrifugation (15 min, 185,000 × g, 10°C), and 
resuspended in 50 mM potassium phosphate, pH 7.0, plus 
5 mM TMG to a final protein concentration of about 3 
mg/ml. The translocation reaction was started by the 
addition of 2 µl proteoliposomes to 200 µl of 50 mM 
potassium phosphate, pH 7.0, plus 50 µM [14C]lactose at 
a temperature of 25°C.  The reaction was stopped at 
different time points by diluting the proteoliposomes into 
2 ml ice-cold 0.1 M LiCl and rapid filtration over 0.45-
µm cellulose nitrate filters. The filters were subsequently 
washed with another 2 ml ice-cold LiCl, and the 
radioactivity was counted by liquid scintillation 
spectrometry. 
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Summary  
 
This paper describes the functional characterization of the xyloside transporter, 
XylP, of Lactobacillus pentosus with the aid of a spectroscopy-based assay system. 
In order to monitor the transport reaction, the natural xyloside isoprimeverose, a 
building block of hemicellulose, and the analogue methyl-isoprimeverose, were 
chemically synthesized by a new and efficient procedure. The XylP protein was 
purified by metal affinity chromatography, following high level expression in 
Lactococcus lactis from the nisin inducible promoter. The purified XylP protein was 
incorporated into liposomes, in which the glucose dehydrogenase from 
Acinetobacter calcoaceticus (sGDH) was entrapped. sGDH can oxidize aldose 
sugars in the presence of 2,6-dichlorophenol-indophenol (Cl2Ind) as electron 
acceptor. The coupled assay thus involves XylP-mediated isoprimeverose uptake 
followed by internal oxidation of the sugar by sGDH, which can be monitored from 
the reduction of Cl2Ind at 600 nm. The uptake of isoprimeverose was stimulated by 
the presence of the non-oxidizable methyl-isoprimeverose on the trans-side of the 
membrane, indicating that exchange transport is faster than unidirectional downhill 
uptake. Unlike other members of the galactoside-pentoside-hexuronide family, XylP 
does not transport monosaccharides (xylose) but requires a glycosidic linkage at 
the anomeric carbon position. Consistent with a proton motive force-driven 
mechanism the uptake was stimulated by a membrane potential (inside negative 
relative to outside) and inhibited by a pH gradient (inside acidic relative to outside). 
The advantages of the here-described transport assay for studies of carbohydrate 
transport are discussed. 
 
 
 
Introduction 
 
The XylP protein of Lactobacillus pentosus is a 
secondary transport system belonging to the 
galactoside-pentoside-hexuronide transporter 
(GPH) family (112). The gene encoding the XylP 
protein is clustered with those of a xylose 
isomerase (xylA), a xylulose kinase (xylB), a 
regulator protein (xylR) and a xylosidase (xylQ) 
(14,84,86,115). Since the xylP gene forms part of 

the xyl operon and is induced in the presence of 
xylose, the XylP protein was initially thought to 
be involved in the transport of xylose (84). The 
discovery that another gene (xylQ) of the xyl 
operon encoded an intracellular xylosidase 
provided first evidence that XylP is a xyloside 
transporter (15). In many microorganisms, 
homologues of the xylP and xylQ genes are 
clustered together and the corresponding proteins 
are likely to have a role in the uptake and 
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plants e.g., xylobiose in xylans and 
isoprimeverose in xyloglucans. Although 
abundant in nature, the fate of these disaccharides 
in bacterial metabolism is poorly documented. 
 Isoprimeverose is a disaccharide of xylose 
α-1,6 linked to glucose (Fig. 1). It is not readily 
isolated from cell wall material since the 
enzymatic degradation of xyloglucan is 
inefficient due to its low solubility in water, and 
the separation of the different degradation 
products is difficult. Helferich and Rauch first 
reported the synthesis of primeverose in 1927 
(56). Later Zemplén and Bognár reported a 
modified procedure for the preparation of 
primeverose and isoprimeverose (174). In this 
paper a new and more efficient procedure for the 
synthesis of large amounts of isoprimeverose and 
methyl-isoprimeverose (Fig. 1) is described.  
 In spite of the successful synthesis of 
isoprimeverose, this non-radioactive substrate 
could not be used in the conventional transport 
assays. This inspired us to invent a spectroscopic 
assay for the analysis of carbohydrate transport 
reactions without the need of radio-labeled 
substrates (57). The method makes use of a 
membrane system bearing the sugar transporter 
of interest and containing a PQQ-dependent 
carbohydrate dehydrogenase (sGDH) internally. 
sGDH, originating from Acinetobacter 
calcoaceticus, has a high affinity for glucose but 
the enzyme also oxidizes a wide variety of mono- 
and disaccharides, including isoprimeverose and 
xylobiose, in the presence of the artificial electron 
acceptor 2,6-dichlorophenol-indophenol (Cl2Ind) 
(26,50,94). Cl2Ind has a high extinction 
coefficient with absorption maximum at 600 nm, 
which enables one to follow its reduction 
spectrophotometrically with high sensitivity even 
in the presence of membranes. The method had to 
be modified in order to decrease the sGDH 
background activity. 
 In this study, we report on the amplified 

Fig. 1. Structures of isoprimeverose and 
methyl-α-D-isoprimeverose. 
Fig. 2. Amplified expression and purification of 
the XylP protein. (A) Western blot of in-side-out 
membrane vesicles of L. lactis NZ9000/-
pNZ8048xylP. At different time points, cells were 
collected by centrifugation. Cells were disrupted by 
sonication (15 sec on, 45 sec off, 3 cycles, 
amplitude of 4µm) and boiling for 5 min in sample 
buffer containing 2% SDS prior to SDS-PAGE. 
Lane 1, before induction; Lane 2, 1 hour induction 
with nisin; lane 3, 2 hours induction with nisin; 10 
µg of protein was loaded in each lane; (B) 
Coomassie Brilliant Blue-stained SDS-
polyacrylamide (10%) gel. Lane 1, in-side-out 
membrane vesicles of L lactis NZ9000/-
pNZ8048xylP (20 µg of protein); Lane 2, pellet 
fraction after solubilization with 1% DDM; Lane 3, 
solubilisate; Lane 4, flow through; lane 5, elution 
with 200 mM imidazole (5 µg of protein); Lane 6, 
molecular weight marker. 
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metabolism of xylosides. Xylosides form the 
building blocks of different hemicelluloses, 
which are sugar polymers in the cell walls of 

expression and purification of XylP, the 
membrane reconstitution of the transporter, and 
the functional analysis of XylP-mediated 
translocation by a spectroscopy-based transport 
assay. 
 



Characterization of XylP 

 

Results 
 
Overexpression of XylP in Lactococcus lactis. 
 
The nisin inducible expression system of 
Lactococcus lactis was used for the 
amplification of XylP (22). The xylP gene was 
placed under control of the strong and tight nisA 
promoter. Immunoblots showed that XylP was 
not detectable in the absence of the inducer, 
whereas maximal amplification was obtained 
after one hour of incubation with 4 ng/ml of 
nisin (Fig. 2A). The level of expression was 
approximately 10% of total membrane protein. 
Like most other integral membrane proteins, 
XylP migrated at a lower molecular weight than 
predicted from the deduced amino acid 
sequence, i.e., ~ 42 instead of 54 kDa (including 
the 6 histidine-tag). 
 
Solubilization, Purification and Stability of 
XylP.  
 
As starting material for the solubilization and 
purification of XylP, in-side-out membrane 
vesicles were prepared from L. lactis 
NZ9000/pNZ8048xylP. Various detergents at 
different concentrations were tested for the 
solubilization of XylP, of which n-dodecyl-β-D-
maltoside (DDM) turned out to be the most 
effective. Nearly all XylP protein was present in 
the solubilisate when DDM was present at a 
final concentration of 1% (w/v) and at a 
membrane vesicle concentration of 4 mg/ml 
(Fig. 2B, lane 2 and 3). The his-tagged protein 
was purified to near homogeneity in a single 
step, using nickel affinity chromatography. 
Most contaminants were removed by washing 
the column with 20 column volumes of 10 mM 
imidazole wash buffer, pH 8. The remaining 
minor impurities were removed by washing the 
column with 10 column volumes of 25 mM 
imidazole wash buffer, pH 8.0. The protein was 
eluted from the column by raising the imidazole 
concentration to 200 mM and lowering of the 
pH to 7.0 (Fig. 2B, lane 5). The stability of 
purified XylP in detergent-solution was studied 
spectroscopically by analyzing the protein 
Fig. 4. Freeze-fracture electron micrograph of 
membrane-reconstituted XylP. XylP was 
reconstituted at a protein to lipid ratio of 1:40 (w/w) 
using the n-octyl-β-D-glucoside dilution-based method. 
The image was enlarged at a final magnification of 
250,000 x (bar = 100 nm). For particle density 
measurements, 1994 particles were counted from a 
known area.  
Fig. 3. Kinetics of carbohydrate oxidation by sGDH. 
The assays were performed in 50 mM potassium 
phosphate, pH 7.0, supplemented with 50 µM Cl2Ind 
and 78 ng/ml sGDH. The reaction was started by the 
addition of various concentrations of isoprimeverose 
( ) or maltose ( ). The data were fitted to the 
Michaelis-Menten equation. Error bars are based on 3 
independent measurements. 
29 
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Specificity of sGDH for isoprimeverose and 
methyl-isoprimeverose. 
 
The synthesis and characterization of 
isoprimeverose and methyl-α-D-isoprimeverose 
is described in the experimental procedures of 
this manuscript. sGDH oxidizes a wide variety 
of mono- and disaccharides, including the 
disaccharide isoprimeverose. sGDH has an 
absolute preference for the β-anomer of aldoses 
(105). Since the disaccharide maltose is not a 
substrate of XylP, it was used to obtain an 
estimate of sGDH associated with the outer 
surface of the membranes. In order to be able to 
make the appropriate corrections for 
isoprimeverose oxidation not associated with 
XylP mediated transport, the kinetics of 
oxidation of isoprimeverose and maltose was 
determined first (Fig. 3). The apparent Km and 
Vmax of sGDH for isoprimeverose and maltose 
were 3 ± 0.3 mM and 345 ± 20 µmol mg-1 min-1, 
and 0.57 ± 0.03 mM and 383 ± 4 µmol mg-1 
min-1, respectively; the ± values reflect the 
standard error of the experiments. Importantly, 
when the anomeric carbon of isoprimeverose 
was methylated, the sugar could no longer be 
Fig. 5. Isoprimeverose transport by sGDH 
containing XylP proteoliposomes. The assays 
were performed in 500 µl of 50 mM potassium 
phosphate, pH 7.0, supplemented with 50 µM 
Cl2Ind and (a) 5 mM maltose; (b) 12.5 mM 
isoprimeverose; (c) 5 mM maltose + 0.1% Triton X-
100; or (d) 12.5 mM isoprimeverose + 0.1% Triton 
X-100. The arrow indicates the addition of 5 µl of 
XylP proteoliposomes (final concentration: 20 µg/ml 
of XylP).  
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spectrum in the 310-340 nm region, that is, a 
flat line in this region indicates that higher order 
aggregates are not present. Of the various 
detergents tested, n-dodecyl-β-D-maltoside 
proved to be superior in terms of extent of 
solubilization of the membrane vesicles and 
retention of the native structure of the purified 
XylP protein. The optimization of the 
isolation/purification procedure also included 
the systematic variation of pH, lipid 
concentration and glycerol. Under optimal 
conditions, that is 50 mM potassium phosphate 
pH 7.0, 10% glycerol and 100 mM NaCl, the 
protein was stable for at least 4 days at 4°C. 
Although the highest stability was achieved in 
DDM, for reconstitution experiments n-octyl-β-
D-glucoside (OG) had to be used as will be 
described below. It was observed that XylP was 
stable in this detergent for at least a few hours, 
which is within the period of time needed for 
the membrane reconstitution. 

oxidized. 
 
Thermal inactivation of external sGDH. 
 
Due to its high isoelectric point of 9.5, sGDH 
has the tendency to tightly associate with 
membranes containing anionic lipids. Since the 
turnover of sGDH is at least 2 orders of a 
magnitude higher than that of XylP, even a 
small amount of externally located sGDH will 
give rise to high background activity (57). We 
succeeded in lowering the external sGDH 
activity by dissociating Ca2+ from sGDH in the 
presence of EDTA and at temperatures above 
35 ºC (41). Since EDTA is membrane 
impermeable, the internal Ca2+ was not 
complexed, and internal sGDH was 
reconstituted and fully active again after the 
temperature was lowered to 25°C. Control 
experiments indicated that the membrane-
embedded transporter was not affected by the 
heat treatment. 
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Membrane reconstitution based on n-octyl-β-D-
glucoside dilution is much faster and proved to 
be more successful. The particle density 
increased about 5 times and the particle size was 
much more homogeneous than with DDM or 
Triton X-100 mediated reconstitution into 
preformed liposomes (Fig. 4). For the analysis 
of the particle density, 1994 intramembrane 
particles (IMP’s) were counted in 24 different 
proteoliposomes, resulting in a density of 160 ± 
10 particles / µm2. This corresponds to a 
reconstitution efficiency of approximately 50%, 
when using a value of 0.6 nm2 for the surface 
area of the lipid molecule and an initial protein 
to lipid ratio of 1:40 (w/w). For this calculation, 
the assumption was made that freeze-fracturing 
yields protein particles in either of the two lipid 
monolayers.  

The transport of isoprimeverose by the 
XylP protein was assayed in the presence of 50 
µM of the electron acceptor Cl2Ind. Since 
Cl2Ind is freely membrane permeable, it was not 
necessary to preload the proteoliposomes with 
this compound. Upon addition of 
isoprimeverose, the absorbance at 600 nm 
decreased immediately (Fig. 5 trace b). To 
Fig. 6. Kinetics of isoprimeverose transport by 
XylP proteoliposomes. The assays were 
performed in 500 µl of potassium phosphate pH 
7.0, supplemented with 50 µM Cl2Ind and various 
concentrations of isoprimeverose. The reactions 
were started by the addition of 5 µl of XylP 
proteoliposomes (final concentration: 20 µg/ml of 
XylP) preloaded with various concentrations of 
sGDH: ( ) 16.25 µg/ml; ( ) 65 µg/ml; ( ) 130 
µg/ml. The data were fitted to the Michaelis-Menten 
equation. The rates of isoprimeverose transport 
were corrected for background sGDH activity, using 
the rates of maltose oxidation and taking into 
account the differences in Vmax and Km values of 
sGDH for isoprimeverose and maltose. 
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Isoprimeverose Transport in XylP Proteo-
liposomes. 
 
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. In our hands, this 
methodology, involving preformed liposomes 
and polystyrene beads (Biobeads) for detergent 
removal, is generally superior over detergent 
(OG) dilution- or dialysis-based reconstitution 
procedures (69,70). Analysis of the 
proteoliposomes by freeze-fracture electron 
microscopy revealed a very low protein density 
and a large size distribution when DDM or 
Triton X-100 was used in combination with 
Biobeads (data not shown). The failure of this 
reconstitution procedure most probably lies in 
the tendency of XylP to form higher oligomeric 
structures upon slow removal of detergent. 

demonstrate that the decrease in absorbance 
required isoprimeverose transport, maltose was 
used as a control substrate (Fig. 5 trace a). Since 
the affinity of sGDH for maltose is about 5 
times higher than for isoprimeverose, a maltose 
concentration of 5 mM was used instead of 12.5 
mM for isoprimeverose. Although, at these 
concentrations the oxidation rates for both 
substrates are approximately the same with free 
sGDH, following the transport of the substrate 
into the proteoliposomes the oxidation of 
isoprimeverose greatly exceeded that of 
maltose. The data clearly indicate that the XylP 
protein has been functionally reconstituted and 
that transport of xylosides can be measured with 
this assay. Trace c and d in figure 5 demonstrate 
that at the used substrate concentrations of 5 
mM maltose and 12.5 mM isoprimeverose, the 
sGDH activity was almost equal when the 
internalized sGDH was released. Measurements 
were highly reproducible. From six independent 
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experiments the transport rate in the presence of 
3.2 mM isoprimeverose was 420 ± 22 nmol mg-

1min-1. 
 For the kinetic analysis of the transport 

reaction, it was important to establish that the 
transport reaction and not the isoprimeverose 
oxidation is rate-determining. Kinetic analysis 
of XylP mediated uptake in proteoliposomes 
preloaded with sGDH concentrations ranging 
from 16.25 µg/ml to 130 µg/ml demonstrated 
that the Km and Vmax values did not change any 
further above 65 µg/ml of sGDH, (Fig. 6). At 
saturating sGDH concentration, the apparent Km 
and Vmax for isoprimeverose transport were 4.5 
± 0.5 mM and 870 ± 45 nmol mg-1 min-1, 
respectively. The presence or absence of Na+ 

ions did not affect the rate of transport of 
isoprimeverose (data not shown). 
 
XylP mediated xyloside exchange. 
 
Other members of the GPH-family are capable 
of catalyzing an exchange reaction of 2 
substrates in opposite direction. This mode of 
transport is faster than the proton-symport 
reaction in case of the LacS protein of 
Streptococcus thermophilus. The chemical 
synthesis of methyl-isoprimeverose enabled us 
to investigate the influence of internalized 
methyl-isoprimeverose on the uptake of 
isoprimeverose. Methyl-isoprimeverose is not 
oxidized by sGDH due to the methyl group at 
the C1 position of the sugar. When comparing 
the isoprimeverose oxidation rates of methyl-
isoprimeverose loaded to unloaded XylP 
proteoliposomes, the transport rate, based on 
two independent experiments, increased from 
420 ± 22 to 823 ± 70 nmol mg-1min-1  (Fig. 7 
trace b versus a). It should be noted that, 
although methyl-isoprimeverose cannot be 
oxidized by sGDH, the high concentration 
present in the proteoliposomes somewhat 
inhibited the sGDH activity as was observed in 
the control experiments with maltose as 
substrate (Fig. 7 trace b’ versus a’).  
 
XylP mediated uptake is stimulated by the 
membrane potential. 
 
To test whether XylP-mediated uptake is 
stimulated by the membrane potential, 
proteoliposomes prepared in potassium 
containing media were diluted into the same 
buffer (no gradient) or in sodium-containing 
buffer (∆ψ). From measurements of the 
fluorescence of the ∆ψ-indicator probe Disc3(5), 
we could show that 0.25 µM valinomycin was 
sufficient to rapidly generate a ∆ψ and that this 
potential was stably maintained for several 
minutes. The ∆ψ could be dissipated by the 
addition of 0.1 µM of nigericin (data not 
shown). As shown in figure 8A, transport of 
isoprimeverose was initially stimulated upon 
addition of 0.25 µM of the K+-ionophore 

Fig. 7. Isoprimeverose transport in sGDH-
containing XylP proteoliposomes with and 
without entrapped methyl-isoprimeverose. The 
assays were performed in 500 µl of 50 mM 
potassium phosphate, pH 7.0, supplemented with 
50 µM Cl2Ind and 3.2 mM isoprimeverose (solid 
lines) or 1.2 mM maltose (dotted lines). The 
reactions were started (indicated by arrow) by the 
addition of 5 µl of XylP proteoliposomes (final 
concentration: 18 µg/ml XylP). a and a’ unloaded 
proteoliposomes; b and b’ proteoliposomes loaded 
with 25 mM methyl-isoprimeverose. 
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Fig. 8. Effects of membrane potential and pH gradient on isoprimeverose transport. The assays were 
performed in 500 µl of buffer F or buffer G supplemented with 50 µM Cl2Ind. The ∆ψ was generated by 
diluting potassium-containing proteoliposomes into these buffers in the presence of 0.25 µM valinomycin. 
(A) The reactions were started (indicated by arrow) by the dilution of 3 µl XylP containing proteoliposomes 
into 500 µl assay buffer (final protein concentration of 12 µg/ml), supplemented with 3.2 mM 
isoprimeverose. (B) The reactions were started (indicated by arrow) by the addition of 3.2 mM 
isoprimeverose to 500 µl assay buffer supplemented with 3 µl XylP containing proteoliposomes. 
Proteoliposomes prepared in buffer D supplemented with 4 mM EDTA were diluted in buffer F (trace a) or in 
buffer F plus 0.25 µM valinomycin (trace b); proteoliposomes prepared in buffer E supplemented with 4 mM 
EDTA were diluted in buffer G (trace c) or in buffer G plus 0.25 µM valinomycin (trace d). 
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valinomycin, but the rate of uptake gradually 
decreased (compare traces a and b). This 
inhibitory effect was immediate and even bigger 
when the proteoliposomes were incubated with 
valinomycin for 30 seconds prior to the addition 
of substrate (Fig. 8B; compare traces a and b). 
These observations were reproduced in five 
independent experiments. Since generation of a 
∆ψ provides a driving force for the passive 
influx of protons, a pH gradient (inside acidic 
relative to outside) could be formed. Such a 
reversed pH gradient will inhibit the uptake of a 
proton motive force-driven system, as it will 
lower the total driving force for the uptake 
reaction. To test this hypothesis, the 
proteoliposomes were prepared and resuspended 
in a buffer containing 50 mM methylamine. 
Methylamine can diffuse across the membrane 

in the dissociated form and becomes protonated 
in the vesicle lumen, thereby counteracting a 
drop in internal pH. Indeed, methylamine was 
capable of relieving the inhibitory effect of the 
reversed ∆pH that develops when a ∆ψ (inside 
negative relative to outside) is generated (Fig. 8 
A+B; trace d). The presence of 50 mM 
methylamine did not have any effect on the 
transport of isoprimeverose in the absence of a 
∆ψ (Fig. 8 A+B; trace c versus a). These results 
showed that changes in the internal pH were 
responsible for the inhibitory effects. 
 
Discussion 
 
An activity assay system for a membrane 
transport system requires the incorporation of the 
protein(s) into lipid membranes as most 
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transporters only catalyze a vectorial 
translocation reaction and not a conversion of the 
substrate. Transport reactions are routinely 
analyzed by following the distribution of 
isotopically labeled substrates across the 
membranes, i.e., between the outer and inner 
compartment of a membrane system. Since 
isotopically labeled xylosides are not available, 
we devised an alternative transport-assay that is 
generally applicable for the study of carbohydrate 
reactions. This paper describes the first 
characterization of an isoprimeverose transporter 
and a new and more efficient procedure for the 
synthesis of isoprimeverose and methyl-
isoprimeverose.  
 This new transport assay makes use of a 
liposomal system with the XylP protein 
incorporated in the membrane and a PQQ-
dependent glucose dehydrogenase (sGDH) 
enclosed in the liposomal interior. sGDH is 
readily purified from recombinant Escherichia 
coli cells that overexpress the gene for sGDH 
(104). In general, the standard error within an 
experiment is negligible, and even between 
different experiments the standard error is less 
than 10%.  

The XylP protein of Lactobacillus 
pentosus has been amplified up to 10% of total 
membrane protein using the nisin expression 
system of Lactococcus lactis. This unique 
expression system allowed us to grow L. lactis 
to high density without any detectable 
expression of XylP. Addition of nisin did not 
slow down the growth and yielded large 
amounts of XylP within 1 hour. In our 
experience the nisin expression system is 
superior over any other promoter system for the 
heterologous (or homologous) overexpression 
of integral membrane proteins, encoded by 
genes with a low GC content.  
 For a detailed characterization of XylP, 
the protein was purified and functionally 
reconstituted into proteoliposomes. In view of 
the fact that highest protein stability was 
achieved in DDM, a non-ionic detergent with a 
low critical micelle concentration (cmc), the 
first reconstitution trials were performed by a 
method based on the insertion of purified 

protein into preformed, detergent-destabilized 
liposomes and the use of Biobeads for efficient 
detergent removal (70,121,122). However, 
proteoliposomes obtained via this method were 
not active and freeze-fracture electron 
microscopic analysis of the membranes showed 
a very low protein density and a heterogeneous 
size distribution. Most likely, XylP forms 
higher oligomeric structures upon the slow 
detergent removal, which are difficult to insert 
properly into the liposomes. In order to speed 
up the reconstitution process, the high cmc 
detergent OG was used. OG can be removed 
rapidly upon dilution of a protein-detergent-
lipid mixture to detergent concentrations below 
the cmc (3). According to Rigaud et al., OG is a 
very efficient detergent in terms of oligomer 
dissociation and monomer insertion (123). 
Although XylP is less stable in OG than in 
DDM or Triton X-100, the short time-course of 
this method had a positive effect on the 
reconstitution efficiency. Freeze-fracture 
electron microscopy studies showed indeed that 
the particle density in these proteoliposomes is 
much higher and that the particle size is much 
more homogeneous.  
 We could show that XylP is specific for 
isoprimeverose, and that the carrier does not 
show any affinity for the monosaccharide 
xylose. This finding is surprising as the LacS 
and MelB members of the GPH family do 
transport galactosides as well as free galactose. 
Specificity studies with the LacS transporter 
have indicated that the inward and outward 
facing binding site of the protein tolerate large 
substitutions at the C1 hydroxyl in both the α- 
and β-configuration (162).  
 Kinetic analysis of the transport reaction 
yielded an affinity constant of 4.5 ± 0.5 mM and 
a maximal transport rate of 870 ± 45 nmol mg-1 
min-1. Preloading the XylP proteoliposomes 
with the non-oxidizable isoprimeverose 
analogue methyl-isoprimeverose resulted in a 
stimulation of the oxidation rate, which is 
indicative for isoprimeverose / methyl-
isoprimeverose exchange transport. Consistent 
with a proton motive force-driven mechanism, 
the uptake of isoprimeverose was stimulated by 
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a membrane potential (inside negative relative 
to outside). Since the membrane potential 
imposes a force on protons, allowing them to 
enter the proteoliposomes passively, a pH 
gradient (inside acidic relative to outside) is 
anticipated. Such a pH gradient is expected to 
inhibit a proton motive force-driven uptake 
mechanism, which was indeed observed for 
isoprimeverose transport. Strong support for 
inhibition by a reversed pH gradient came from 
the experiments in which the membrane 
potential was generated in the presence of 
methylamine. This weak base diffuses passively 
across the membrane, thereby dissipating any 
pH gradient formed. The uptake of 
isoprimeverose only displayed the membrane-
potential-stimulated phase under these 
conditions. Although the melibiose transporters 
(MelB) of the GPH family are stimulated by 
sodium-ions (112), Na+ had no effect on the 
uptake of isoprimeverose by XylP. We thus 
conclude that the proton rather than the sodium 
motive force most likely drives the uptake. 
Finally, the experiments indicate that effects of 
a membrane potential or a pH gradient on sugar 
transport are readily observed with the here 
presented spectroscopic assay. Since the uptake 
is not measured via radio-isotope distribution, 
but via downhill influx of sugars, transport rates 
can be measured very accurately. This clearly 
has advantages in the analysis of mutants in 
which the transport of sugar and cation (proton) 
are uncoupled. Such mutants are readily isolated 
and they have been instrumental in the 
understanding of the energetics and kinetics of 
various secondary membrane transport proteins 
(6,28,88,111). 
 
Experimental Procedures 
 
Materials. 
 
M17 broth was obtained from Difco. The sGDH and PQQ 
were a gift from Prof. J. A. Duine from the Technical 
University of Delft, NL. Ni-NTA resin was obtained from 
Qiagen, Inc, Biobeads SM-2 from BioRad, n-dodecyl-β-
D-maltoside from Anatrace, Triton X-100 and n-octyl-β-
D-glucopyranoside from Boehringer Mannheim. Total E. 
coli lipids were obtained from Avanti Polar Lipids and L-

α-phosphatidylcholine from egg yolk was from Sigma. 
The synthesis of isoprimeverose and methyl-α-D-
isoprimeverose is described in the supplement to this 
manuscript. All other materials were reagent grade and 
obtained from commercial sources.  
 
Synthesis of isoprimeverose and methyl-isoprimeverose. 
 
β-D-xylopyranosyl chloride 2,3,4-tri(chlorosulfate). 
10 g (66.7 mmol) of xylose was dissolved in 40 ml of dry 
pyridine. Chloroform (100 ml) was added and the mixture 
was cooled to –15°C. The reaction mixture was stirred 
and sulfuryl chloride (25 ml, 0.32 mol) was added drop 
wise in 1-hour time. Stirring was continued for 2 h and 
the mixture was allowed to warm to –10°C. Ice-cold 
chloroform (10 ml) was added, and the mixture was 
stirred for 30 min. at –10° to 0°C, after which 100 ml of 
ice-cold 10% sulfuric acid was added. The chloroform 
layer was separated, washed with a saturated sodium 
bicarbonate solution in water, dried on Na2SO4, filtered 
and concentrated. The oil was crystallized from 
chloroform/light petroleum. Yield: 20.4 g (44 mmol, 
66%) m.p. 85-88 °C (lit.(63) 84 °C), [α]D  -85° (c= 1, 
CHCl3, lit.(63) [α]D  -91).  
1H-NMR: (200 MHz, CDCl3): 4.24 (ddd, 1H, H5a, J4,5a = 
1.7 Hz, J5a,b = 14.4 Hz); 4.62 (ddd, 1H, H5b, J4,5b = 1.5 
Hz); 5.08, 5.21, 5.42 (3xm, 3H, H2,3,4); 6.24 (d, 1H, H-1, 
J1,2 = 0.7 Hz). 13C-NMR: 56.7 (t, C-5); 71.4, 72.9, 74.8 
(3xd, C2-4); 83.3 (d, C-1). 
 
6-O-α-D-xylopyranosyl-1,2,3,4-tetra-O-acetyl-β-D-
glucopyranoside. 
The reaction was carried out in a brown flask covered 
with aluminium foil under a nitrogen atmosphere. 1,2,3,4-
Tetra-O-acetyl-α-D-glucopyranose (0.9 g, 2.6 mmol) was 
dissolved in 20 ml of chloroform. Silver carbonate (2.9 g, 
11 mmol), silver perchlorate (90 mg, 0.44 mmol), and 
molsieves were added and the mixture was stirred for 1 h. 
Crystalline β-D-xylopyranosyl chloride 2,3,4-tri 
(chlorosulfate) (2 g, 4.4 mmol) was added and the 
mixture was stirred at room temperature. The reaction 
was followed by TLC analysis (silica gel on aluminium 
foil, eluens: hexane/ethyl acetate (2:1). After 24 h the spot 
of 1,2,3,4-tetra-O-acetyl-α-D-glucopyranose had 
disappeared on TLC. The reaction mixture was filtered 
and concentrated. The syrup (2.73 g) was dissolved in 50 
ml of methanol and 3 g of sodium carbonate was added. 
While stirring, a solution of 1 g sodium iodide in 10 ml of 
methanol/water (1:1) was added to dechlorosulfate the 
product. After 15 min. the mixture was filtered and 
concentrated. The residue was dissolved in chloroform, 
dried over Na2SO4 and concentrated.  The oil was 
crystallized from methanol/ether. Yield: 0.32 g pure α-
linked disaccharide according to 1H-NMR. m.p. 152-154 
°C. [α]D +128.8 (c=1, CHCl3). 
1H-NMR: (CDCl3): 1.96, 1.98, 2.01, 2.06 (4xs, 12 H, 
acetyl); 3.3-3.8 (m, 6H, xyl+glc); 4.01-4.05 (m, 1H, glc); 
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4.80 (d, 1H, H-1xyl, J1,2 = 3.3 Hz); 5.0-5.4 (m, 4H, glc); 
5.60, 6.26 (2xd, 1H, H-1glc, β-comp. J1,2 = 7.1 Hz, α-
comp. J1,2 = 3.7 Hz). Primeverose H-1xyl.: 4.62 ppm, J1,2 
= 8.3 Hz. 
13C-NMR: 19.1, 19.2, 19.4 (q’s, CH3 acetyl); 60.4 (t, C-
5xyl); 63.5 (t, C-6 glc); 66.6, 68.3, 68.6, 70.8, 71.4, 72.1, 
73.1 (7xd, C2-4xyl, C2-5glc); 90.4 (d, C-1glc); 97.0 (d, 
C-1 xyl), 167.8, 168.0, 168.4, 168.7 (4xs, CO acetyl). 
 
Isoprimeverose. 
6-O-α-D-xylopyranosyl-1,2,3,4-tetra-O-acetyl-α-D-
glucopyranoside was deacetylated with sodium 
methoxide in methanol. (1 ml of a 2 % solution of 
NaOMe in methanol was used). The mixture was stirred 
for 1 h. TLC (silicagel, ethyl acetate methanol (2:1)) 
indicated that the reaction was complete. The solution 
was neutralized with Dowex-H+ and filtered. The solvent 
was evaporated. The product was a foam-like solid. 
Characteristic peaks in 1H-NMR (CD3OD): 
isoprimeverose: H-1 (xyl): δ 4.76 ppm (dd, J1,2 = 3.7 and 
1.2 Hz); H-1 glc, α-OH: δ 5.11 ppm (d, J1,2 = 4.7 Hz); β-
OH: δ4.50 ppm (d, J1,2 = 7.7 Hz). Primeverose: H-1(xyl): 
δ 4.26 (dd, J1,2 = 7.4 Hz). 
13C-NMR: 60.1 (t, C-5xyl);  64.5, 64.9 (2xt, C-6glc); 68.6, 
69.0, 70.8, 70.9, 72.0, 72.4, 73.3, 75.2 (7xd, C2-4xyl, C2-
5glc); 91.2, 95.4 (2xd, C-1glc); 97.2, (d, C-1xyl). 
 
Methyl 6-O-α-D-xylopyranosyl-2,3,4-tri-O-acetyl-α-D-
glucopyranoside. 
Methyl 6-O-trityl-2,3,4-tri-O-acetyl-α-D-glucopyranoside 
(0.5 g, 0.89 mmol) and AgClO4 (0.21 g, 1 mmol) were 
dissolved in a mixture of 10 ml of toluene and 10 ml of 
chloroform. Crystalline β-D-xylopyranosyl chloride 
2,3,4-tri(chlorosulfate) (0.5 g, 1.08 mmol) was added and 
the mixture was stirred in the dark and under nitrogen. 
The reaction was followed by TLC (silica gel on 
aluminium foil, eluens: hexane/ethyl acetate (2:1). After 
40 h, the reaction mixture was filtered and concentrated. 
The residue was dissolved in a small volume of ethyl 
acetate and brought on a column of silica gel. The column 
was eluted with hexane with an increasing amount of 
ethyl acetate (3:1; 2:1; 1:1). First, unreacted 
xylopyranosyl chloride and trityl chloride (0.25 g) were 
eluted, followed by methyl 6-O-trityl-2,3,4-tri-O-acetyl-
α-D-glucopyranoside (<0.06 g), the desired product (0.37 
g), and methyl 2,3,4-tri-O-acetyl-α-D-glucopyranoside 
(<0.02 g). The product was dissolved in 10 ml of 
methanol, 0.5 g of Na2CO3 was added and the mixture 
was placed in an ice bath. While stirring, a solution of 
NaI (0.1 g) in 0.5 ml of water was added. A dark yellow 
color appeared (SO2) and after 10 min the mixture was 
colorless (Na2S2O3 can be added to decolorize the mixture 
when it remains yellow due to iodine). The mixture was 
filtered, and concentrated. Then chloroform was added 
and the solution was dried on Na2SO4, filtered and 
concentrated. The methyl 6-O-α-D-xylopyranosyl-2,3,4-
tri-O-acetyl-α-D-glucopyranoside was crystallized from a 

ethanol/ether mixture. 
1H-NMR (CDCl3): 1.99, 2.04, 2.06 (3xs, 9H, CH3 acetyl); 
3.34 (s, 3H, OCH3); 3.4-4.2 (m, 8 H); 4.87 (d, 1H, H-1glc, 
J1-2 = 3.4 Hz); 4.94 (m, 2H); 5.23 (dd, 1H, glc); 5.45 (dd, 
1H, glc). 
13C-NMR: 19.1, 19.2, 19.3 (3xq, acetyl); 54.0 (q, OCH3); 
60.4 (d, C-5xyl); 63.5 (d, C-6); 66.9, 67.1, 68.4, 68.9, 69.2, 
73.1 (7xd, C-2/5glc, C2/4xyl); 95.3 (d, C-1glc); 97.1 (d, C-
1xyl); 168.7, 168.8, 168.9 (3xs, acetyl). β-isomer: 63.9 (d, 
C-6glc); 65.6, 66.2, 66.9, 67.9, 68.6, 71.6, 74.5 (7xd, C-
2/5glc, C2/4xyl); 101.8 (d, C-1xyl). 
 
Methyl 6-O-α-D-xylopyranosyl-α-D-glucopyranoside. 
Methyl 6-O-α-D-xylopyranosyl-2,3,4-tri-O-acetyl-α-D-
glucopyranoside was deacetytated by dissolving the 
compound in a mixture of trimethylamine/water/methanol 
(1:1:4). The solution was stirred at room temperature for 
24 h, after which the solvent was evaporated, and the 
remaining product was dissolved in ethanol. Then the 
ethanol was evaporated and this procedure was repeated. 
Methyl isoprimeverose was crystallized from ethanol. 
1H-NMR (CD3OD): 3.3-3.38 (m, 4H); 3.42 (s, 1H, 
OCH3); 3.44-3.62 (m, 4H); 3.68-3.74 (2, 2H); 3.86 (dd, 
1H); 4.67 (d, 1H, H-1(xyl), J1-2= 3.9 Hz); 4.78 (d, 1H, H-
1, ), J1-2= 3.4 Hz). Contains 5 % of the β-isomer: H-1: δ 
4.28 ppm, J1-2= 7.4 Hz. 
 
Bacterial Strains and Growth Conditions.  
 
Lactococcus lactis NZ9000 (22) was cultivated semi-
anaerobically at 30°C in M17 broth, pH 6.6, 
supplemented with 0.5% (w/v) glucose and 5 µg/ml 
chloramphenicol when carrying the plasmid 
pNZ8048xylP.  For the isolation of membranes, L. lactis 
NZ9000/pNZ8048xylP were cultivated in a 10 liter pH-
regulated fermentor to an A600 of 3, after which 
transcription from the nisin promoter was switched on by 
the addition of 0.4% (v/v) culture supernatant of the nisin 
producing strain NZ9700 (78). The final concentration of 
nisin was about 4 ng/ml. After 1 hour of induction, cells 
were harvested and in-side-out membrane vesicles were 
prepared. 
  
Plasmid Construction. 
 
For the cloning of the xylP gene into the nisin inducible 
expression system of L. lactis, the plasmid pLPA1 (15) 
was used as a template to amplify the xylP gene using the 
oligonucleotides: 
 5’-CATCGATGTTGGATTCATGAGCGTTAGTA-3’ 
and 5’-CGCGGATCCCTTTTGATCGTCA-3’, thereby 
engineering a BspHI restriction site at the start and a 
BamHI site at the stopcodon of the gene. These restriction 
sites were used to replace the oppA gene in the plasmid 
pNZ8048oppah (109) for the xylP gene. Herewith, the 
xylP gene was placed in frame with a sequence (already 
present in the pNZ8048oppah plasmid) that specifies a 6-
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histidine tag at the C-terminus of the XylP protein. The 
resulting plasmid, pNZ8048xylP, was transformed into L. 
lactis NZ9000. 
 
Isolation of Membrane Vesicles. 
 
For the isolation of in-side-out membrane vesicles of L. 
lactis, cells (0.5 g/ml of protein) were lysed by passage 
through a LAB 2000 homogenizer (Kindler Maschinen 
AG, Zürich) (15,000 p.s.i.), following (partial) digestion 
of the cell wall with 10 mg/ml lysozyme for 30 min at 
30ºC (113). The membrane preparations were stored in 
liquid nitrogen. The protein concentration of the 
membranes was determined with the Bio-Rad DC Protein 
Assay according to their instructions (Bio-Rad). 
 
Immunoblotting. 
 
The relative concentrations of XylP protein were 
determined by immunodetection with antibodies raised 
against the 6-histidine tag (Dianova, GmbH). The 
proteins were separated by SDS-PAGE (10% 
polyacrylamide) and transferred to polyvinylidene 
difluoride membranes by semi-dry electrophoretic 
blotting. Detection, using Western-LightTM 

chemiluminescence detection kit with CSPDTM as a 
substrate, was performed as recommended by the 
manufacturer (Tropic Inc.) 
 
Purification, Stability and Membrane Reconstitution of 
XylP.  
 
The solubilization and purification of the XylP protein 
was performed as described (70) with the following 
modifications: membranes were solubilized in buffer A 
(50 mM potassium phosphate, pH 8.0, 10 mM imidazole, 
100 mM NaCl, 10% (v/v) glycerol) supplemented with 
1% n-dodecyl-β-D-maltoside (DDM) (w/v). The column 
was washed successively with 20 column volumes buffer 
A containing 0.05% DDM and 10 column volumes buffer 
A containing 25 mM imidazole, pH 8.0, and 0.05% 
DDM. XylP was eluted from the column in buffer B (50 
mM potassium phosphate, pH 7.0, 200 mM imidazole, 
100 mM NaCl, and 10% (v/v) glycerol) plus 0.05% 
DDM. For determination of the stability of XylP in 
detergent solution, the protein was dialyzed overnight 
against buffers of different composition. When the effect 
of detergent on protein stability was tested, DDM was 
replaced on the column after the second wash step by 
equilibrating the NTA resin with 10 column volumes 
buffer A and eluting XylP in buffer B, both containing the 
appropriate detergent. To determine the degree of 
aggregation of XylP in detergent-solution, protein spectra 
were taken with a Carry 100 Bio UV-Visible 
spectrophotometer (Varian) from 240 to 340 nm. The 
concentration of purified XylP was determined by 

measurement of the absorption at 280 nm (ε280 = 100,800 
M-1 cm-1). 

For membrane reconstitution of XylP by 
detergent dilution, DDM was replaced by n-octyl-β-D-
glucoside (OG) by washing the column with 10 column 
volumes of buffer C (50 mM potassium phosphate buffer 
pH 8, 10 mM imidazole pH 8.0, 100 mM NaCl, 20% 
glycerol and 1.25% OG (w/v)). The protein was eluted 
from the column in buffer C at pH 7.0, containing 200 
mM imidazole. After purification, 2 ml of purified XylP 
protein (0.1 mg/ml) was mixed with 400 µl liposomes (20 
mg/ml) resulting in a 1:40 protein to lipid ratio (w/w). 
This mixture was incubated on ice for 10 minutes, after 
which it was diluted rapidly into 80 ml of 50 mM 
potassium phosphate pH 7.0. The proteoliposomes were 
collected by centrifugation (3 hours, 180,000 g, 4°C) and 
stored in liquid nitrogen with or without sGDH (see 
below) until use. Membrane reconstitution protocols 
involving Triton X-100- or DDM-destabilized liposomes 
and detergent removal by adsorption onto polystyrene 
beads (Biobeads) were in essence similar to those 
described previously for the lactose transporter of 
Streptococcus thermophilus (69,70). Liposomes were 
prepared from acetone/ether washed E. coli lipids and L-
α-phosphatidylcholine from egg yolk in a ratio of 3:1 
(w/w), and dissolved in 50 mM potassium phosphate, pH 
7.0, to a final phospholipid concentration of 20 mg/ml. 
 
Freeze-Fracture Electron Microscopy. 
 
For the preparation of freeze-fracture replicas, XylP 
proteoliposomes went through two cycles of freeze-
thawing in order to generate large vesicle structures. The 
replicas were generated as described (36). For particle 
density measurements, images were enlarged at a final 
magnification of 250,000 x, and intramembrane particles 
(IMP’s) from both convex and concave proteoliposomes 
were counted from known areas of the membrane. 
 
sGDH Reconstitution and Activity Assay. 
 
sGDH was prepared as described (104), using a 1½-fold 
excess of PQQ over apo-sGDH. Briefly, sGDH and PQQ 
were mixed at final concentrations of 25 µM and 37.5 
µM, respectively, in 20 mM MOPS, pH 7.0, plus 3 mM 
CaCl2. The mixture was incubated for 15 minutes at room 
temperature and, subsequently, used in the enzymatic 
assays or for enclosure in proteoliposomes. Enzyme 
assays were performed in 50 mM potassium phosphate, 
pH 7.0, supplemented with 50 µM Cl2Ind (2,6-
dichlorophenol-indophenol) and varying concentrations 
of substrate. The reactions were started by the addition of 
78 ng/ml sGDH (enzyme samples were diluted with 20 
mM MOPS, pH 7.0, 3 mM CaCl2 and 0.1% Triton X-
100), and the enzyme activity was determined 
spectrophotometrically at 25°C by following the 
reduction of Cl2Ind at 600 nm (104). All measurements 
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were performed on a Carry 100 Bio UV-visible 
spectrophotometer (Varian) spectrophotometer. 
 
Enclosure of sGDH in Proteoliposomes.   
 
sGDH was enclosed in XylP proteoliposomes as 
described (57), with some modifications. The 
concentration of enclosed sGDH was 65 µg/ml, unless 
indicated otherwise. To remove external sGDH, the 
proteoliposomes were washed by centrifugation (15 min, 
185,000 × g, 10°C) using 3 ml of 50 mM potassium 
phosphate, pH 7.0, in the first wash and 3 ml of 50 mM 
potassium phosphate, pH 8.0, containing 4 mM EDTA, in 
the second wash. The proteoliposomes were resuspended 
in 400 µl of 50 mM potassium phosphate, pH 8.0, 
supplemented with 4 mM EDTA and incubated for 30 
min at 50°C. After 30 min of incubation, they were 
washed two times by centrifugation with 50 mM 
potassium phosphate, pH 7.0, plus 4 mM EDTA. Finally, 
the proteoliposomes were resuspended in 50 mM 
potassium phosphate pH 7.0, supplemented with 4 mM 
EDTA, to a final concentration of 2 mg/ml of XylP, 
which corresponds to 80 mg/ml of phospholipid. When 
proteoliposomes were used for counterflow-type 
experiments, the membranes were resuspended in 50 mM 
potassium phosphate, pH 7.0, supplemented with 25 mM 
methyl-isoprimeverose and incubated overnight. To 
impose an artificial membrane potential, the enclosure of 
sGDH was performed in buffer D (100 mM potassium-
acetate, pH 7.0, 20 mM potassium phosphate, pH 7.0, and 
1 mM MgSO4) or in buffer E (50 mM potassium-acetate, 
pH 7.0, 50 mM methylamine, pH 7.0, 20 mM potassium 
phosphate, pH 7.0, and 1 mM MgSO4). The 
proteoliposomes were washed and resuspended in these 
buffers supplemented with 4 mM EDTA. The final 
protein concentration was 2 mg/ml of XylP. 
 
Spectrophotometric Measurements of XylP Transport 
Activity. 
 
Transport of sugars was determined from the decrease in 
absorption of Cl2Ind at 600 nm and at a temperature of 
25°C (ε600 = 20.6 mM-1 cm-1). The reaction mixture 
consisted of 50 mM potassium phosphate, pH 7.0, 
supplemented with 50 µM Cl2Ind and varying 
concentrations of sugar, unless indicated otherwise. The 
reaction was started by the addition of sGDH-containing 
proteoliposomes. A membrane potential was generated by 
diluting proteoliposomes, which were prepared in buffer 
D or E plus 4 mM EDTA, into buffer F (100 mM sodium 
acetate pH 7.0, 20 mM sodium phosphate, pH 7.0, 1 mM 
MgSO4) or buffer G (50 mM sodium acetate pH 7.0, 50 

mM methylamine, pH 7.0, 20 mM sodium phosphate, pH 
7.0, 1 mM MgSO4), respectively. For analysis of the data, 
the assumption was made that the α- and β-anomer of 
isoprimeverose are present in solution in a 2:3 ratio. 
Because sGDH is β-anomer specific and the spontaneous 
mutarotation is slow compared to the transport rates, 
oxidation rates were multiplied by 1.66 to obtain the 
actual transport rates.  
 
Measurements of ∆ψ and ∆pH.  
 
The magnitude of the membrane potential (∆ψ) and ∆pH 
were analyzed by fluorescence measurements, using 
Disc3(5) and pyranine as probes, respectively. For the 
∆ψ measurements, 2 µl of proteoliposomes (2 mg/ml 
XylP protein and 80 mg/ml lipids) were diluted into 800 
µl buffer D, E, F or G containing 1.25 µM Disc3(5). The 
∆ψ was generated by the addition of 0.25 µM 
valinomycin from a 200 µM stock solution in ethanol. 
The membrane potential was dissipated after 3 minutes by 
the addition of 0.125 µM nigericin from a 100 µM stock 
solution in ethanol. The final ethanol concentration never 
exceeded 0.5%. The excitation and emission wavelengths 
used for the Disc3(5) measurements were 643 and 666 
nm, respectively. The changes in ∆pH, following the 
generation of a ∆ψ, were measured using proteoliposomes 
that were preloaded with 0.5 mM pyranine; 4.8 µl of 
proteoliposomes (2 mg/ml XylP protein and 80 mg/ml 
lipids) were diluted into 800 µl buffer D, E, F or G. The 
excitation and emission wavelengths used for the 
pyranine measurements were 461 nm and 511 nm, 
respectively. All measurements were performed at a 
constant temperature of 25°C.  
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Summary 
 
By comparison with analytical ultracentrifugation, we have evaluated the use of blue 
native electrophoresis for determination of the oligomeric state of three well-
characterized membrane transport proteins, that is, LacS, XylP, and EIImtl. We 
conclude that the oligomeric state is reliably reflected by BN-PAGE, and the mass of 
these and four other membrane (transport) proteins could be deduced within 10% 
error, provided the additional mass of bound CBB was accounted for. These results, 
together with freeze-fracture electron microscopy studies, underscore that the 
oligomeric state of many membrane transport proteins is larger than a monomer. 
 

 
Introduction 
 
Is it for soluble proteins generally accepted that 
protein-protein interactions play an important 
role in their function and regulation, the 
quaternary structure of membrane transport 
proteins is less well established due to lack of 
high or medium resolution structural 
information. Until now, the Na+/H+ antiporter 
NhaA from Escherichia coli is the only 
secondary transporter for which a medium 
resolution structure is available (168). For a 
number of transporters, analytical ultra-
centrifugation (AUC), freeze-fracture electron 
microscopy (freeze-fracture EM), chroma-
tography, rotational correlation spectroscopy, 
radiation inactivation, chemical cross-linking, 
reconstitution titration experiments, or 
complementation studies have been used to 
address their oligomeric state and function. Due 
to difficulties associated with the handling of 

membrane proteins, as well as data analysis, the 
obtained results are not always unambiguous. 
There is some consensus, however, that the 
galactoside transporter LacY from E. coli and 
the sodium-dependent glucose transporter 
SGLT1 from intestinal brush borders are 
monomeric (32,128), although oligomeric 
species of these proteins have also been 
observed. The sugar-phosphate antiporter UhpT 
from E. coli has only been observed as 
monomer (1). Secondary transporters for which 
an oligomeric subunit organization is proposed 
include the glucose transporter GLUT1 from 
erythrocytes (53), the tetracycline transporter 
TetA and the Na+/H+ antiporter NhaA from E. 
coli (42,172), and the ion exchanger Band 3 
from erythrocytes (12). Functional analysis 
demonstrated that the multimeric state of these 
proteins is coupled to their function.  

As most methods to study the oligomeric 
state of membrane proteins make high demands 
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on the amount and the purity of the proteins, it 
would be of great advantage to have a reliable 
simple method to assay quaternary structure of 
proteins in the detergent solubilized state. Blue-
Native-PAGE (BN-PAGE) is widely used for 
the isolation of non-dissociated membrane 
protein complexes and the analysis of their 
composition, oligomeric state and molecular 
mass. Using BN-PAGE, electrophoretic 
mobility of proteins is obtained through binding 
of negatively charged amphiphilic CBB dye. 
However, in general, the technique is used 
without taking into account that membrane 
proteins bind high amount of detergent or CBB 
dye, which adds to the mass of the proteins, and 
without considering that membrane proteins 
may aspecifically aggregate if the detergent is 
replaced by the CBB dye. 

To study the versatility of BN-PAGE, 
the technique was compared with other methods 
in the analysis of three well-characterized 
membrane transport proteins, the lactose 
transporter (LacS) from Streptococcus 
thermophilus, the xyloside transporter (XylP) 
from Lactobacillus pentosus and the mannitol-
specific enzyme II (EIImtl) from E. coli. AUC, 
freeze-fracture EM (36), rotational correlation 
spectroscopy (145), and in vitro comple-
mentation studies (161) have shown that the 
LacS protein is organized as a dimer, in which 
each subunit comprises a full translocation 
pathway. The two subunits interact 
cooperatively with each other. The monomer to 
dimer equilibrium of EIImtl has been shown by 
size exclusion chromatography (87), cross-
linking (124) and in vitro and in vivo 
complementation studies (5,132). The 
association into dimers was also reflected in the 
5 Å projection structure of the transmembrane 
domain (72). The determination of the 
quaternary structure of XylP is described in the 
present paper. 

Here, we show that BN-PAGE can be 
used as a reliable technique to determine the 
molecular mass of transmembrane proteins, 
provided one takes into account that bound 
detergent and CBB dye contribute to the 
observed mass. With the aid of a calibration 

curve that corrects for CBB binding, the 
oligomeric state of a number of other membrane 
transport proteins was determined. 
 
Results 
 
Hydrodynamic properties of the XylP-DDM 
complex. 
 
The hydrodynamic properties of DDM-
solubilized XylP were analyzed using 
sedimentation velocity and sedimentation 
equilibrium experiments. Protein stability 
studies revealed that XylP was stable and 
monodisperse for some days at 4ºC. The 
weight-average sedimentation coefficient of 
DDM-XylP complex did not depend on the 
protein concentration, in the range of 0.025 to 1 
mg/ml. After correction for buffer density and 
temperature, the observed mean sedimentation 
coefficient at 20°C in water (S20,w) was 6.2 ± 
0.3 S. Similar studies had previously shown that 
LacS undergoes reversible self-association with 
an association constant of 5.4 ± 3.6 ml/mg, and 
S20,w values of 5.7 ± 0.3 S and 9.1 ± 0.4 S for 
the monomer and dimer, respectively (36). S20,w 
of XylP suggests a particle bigger than a 
monomer, because the protein lacks the 20 kDa 
regulatory IIA domain that is present in LacS 
(and assuming that both proteins have a similar 
shape). Sedimentation equilibrium centri-
fugation was performed to determine the mass 
of the DDM-XylP complex. After equilibrium 
was attained for 3 different XylP loading 
concentrations, the collected data were 
simultaneously analyzed by global non-linear 
least-squares analysis assuming a single 
thermodynamic component (Fig. 1). The 
randomness of the residuals indicates that XylP 
behaves as a single thermodynamic component 
with an apparent mass of 91.5 ± 8.8 kDa. When 
these data were fitted assuming the protein 
exists in a monomer to dimer equilibrium, the 
association constant is 62 ± 30 ml/mg. This 
indicates that the protein was present 
predominantly in its higher oligomeric state, 
which is in agreement with the independence of 
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Fig. 2. Time and molecular mass dependent 
migration of proteins on BN-PAGE.  A: The 
Fig.1. Sedimentation equilibrium profiles of 
XylP in 0.05% DDM. The equilibrium profiles of 
XylP-DDM at 10,000 rpm with initial protein 
concentrations of 0.005 ( ), 0.01 ( ) and 0.05 
mg/ml ( ). The solid lines represent the best fits 
described by the global non linear least square 
analysis of all three data sets, and residuals of the 
fits are indicated in A-C. 
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the sedimentation coefficient on the XylP 
concentration.  
 
Calibration of the migration behavior of 
membrane proteins.  
 
The electrophoretic mobility on BN-PAGE of 
LacS, XylP, EIImtl and soluble marker proteins 
was followed in time (Fig. 2A). After one hour 
running time at 35V plus 5 hours at 200V, 
LacS, XylP, EIImtl, thyroglobulin, ferritin, 
catalase and lactate dehydrogenase had reached 
their final position. Bovine serum albumin (67 
kDa) is too small and was not trapped at the 
highest percentage polyacrylamide (17%) used 
here. We conclude that the polyacrylamide 
gradient gel indeed works as a molecular sieve, 
in which at areas of restrictive pore size the 
electrophoretic mobility decreases such that on 
the time scale of hours proteins keep their 
position.  

When purified LacS was analyzed by BN-
PAGE, we observed two protein bands at 
approximately the same migration distances as 
lactate dehydrogenase (140 kDa) and catalase 
(232 kDa), respectively. These molecular 
weights are different from the predicted masses 
of the monomer and dimer of LacS on the basis 
of the amino acid composition, which are 71 

migration distance of protein bands corresponding 
to LacS monomers and dimers (  and ), XylP 
monomers and dimers (  and ), EIImtl dimers 
( ), and of the soluble marker proteins bovine 
serum albumin (67 kDa, ), lactate 
dehydrogenase (140 kDa, ), catalase (232 kDa, 

), ferritin (440 kDa, ) and thyroglobulin (669 
kDa, ) was followed in time. Different gels were 
run for 1 hour at 35 V followed by 1,2, 3, 4, or 5 
hours at 200V and stained. B: The migration 
distances are plotted against the calculated 
molecular weight of the proteins and fitted with 
linear regression. Symbols are the same as in A 
and data are from independent experiments. 
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kDa and 142 kDa, respectively. To establish 
that the protein band with highest mobility 
corresponds to monomeric LacS, BN-PAGE 
was carried out under conditions comparable to 
those of AUC at which virtually all LacS is 
monomeric, that is, with protein samples of 0.05 
mg/ml (4 times above the Ka) and in the 
presence of 0.05% DDM in the gel as well as in 
the buffers. Gels run for various periods of time, 
including times at which the 67 kDa soluble 
marker protein was still observable, showed 
only one protein band at around 140 kDa even 
after prolonged silver-staining. We thus 
conclude that this band corresponds to the 
monomer of LacS, whereas the band at 
approximately 232 kDa is the dimer. 

The migration distances of LacS, XylP 
and EIImtl and the soluble marker proteins were 
plotted as function of the molecular weight 
deduced from the amino acid sequence (Fig. 
2B); data from two independent experiments are 
shown. LacS, XylP and EIImtl had a similar size 
dependent migration behavior, which was 
different from the soluble membrane proteins. 

This variation can be explained by differences 
in dye binding as in aqueous solution membrane 
proteins have a much higher capacity to bind 
amphipathic molecules like CBB than soluble 
proteins. For accurate determination of the 
molecular mass of a membrane protein, one 
needs to know the amount of detergent and/or 
CBB bound per molecule. 
 
Detergent and CBB binding and CBB/ 
detergent exchange. 
 
The amount of DDM bound to purified XylP 
(not shown) or LacS (Fig. 3A) immobilized on a 
Ni-affinity column was determined. After 
equilibration with a buffer containing 0.05% 
14C-DDM, the proteins were eluted from the 
column in a buffer containing an equal 
concentration of 14C-DDM. The amount of 
DDM bound to LacS was 197 ± 5 molecules per 
LacS monomer, yielding a molar mass of 170 
kDa for the protein detergent complex. The 
molar ratio of DDM to XylP was 184 ± 7. This 

Fig. 3. Detergent and CBB binding and exchange. LacS on a Ni-NTA column is equilibrated with 10 ml 
(20 column volumes) of 1 mM 14C-DDM in buffer A plus 10 mM imidazole. A: At the arrow LacS is eluted 
from the column by switching to buffer A, pH 7.0, with 200 mM imidazole and 1 mM 14C-DDM. B and C: 14C-
DDM is displaced upon washing with a buffer A without 14C-DDM but with 0.5% CBB (B arrow a) or 0.02% 
CBB (C, arrow a). Subsequently, LacS is eluted in buffer A at pH 7.0, containing 200 mM imidazole and 
0.5% CBB (B arrow b) or 0.02% CBB (C, arrow b). Solid lines indicate the equilibration and displacement of 
14C-DDM from a column without protein bound. Solid bars, LacS concentrations.  
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Fig. 4. Detergent effects on the oligomeric state of LacS and XylP. A: Purified LacS and XylP at 0.5 
mg/ml in DDM or Triton X-100 and separated by BN-PAGE. B: Western blot of LacS solubilized from 
membranes with 0.8% or 1.0% DDM and separated by BN-PAGE. C: 20 µl of LacS purified in 0.02% or 
0.05% DDM was separated by BN-PAGE. Gels and buffers contained the equivalent concentration of DDM; 
the LacS concentrations are indicated. D: Weight average sedimentation coefficients of LacS solubilized in 
0.05% DDM ( ) (data from ref. 36) or 0.02% DDM ( ) as a function of protein concentration were 
determined by sedimentation velocity AUC. The lines are least-square fits assuming a monomer to dimer 
mode of association. Residuals are indicated. 
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yields a molar mass of 148 kDa for the 
monomeric DDM-XylP complex. 

The rate of detergent/CBB exchange 
was estimated from the 14C-DDM elution 
profiles from a column with bound LacS upon 
washing with buffer without 14C-DDM but with 
CBB at the same concentrations as used in the 
sample- (Fig. 3B) or cathode-buffer (Fig. 3C). 
Immediately after switching to a buffer without 
14C-DDM but with 0.5% CBB, a peak in the 
14C-DDM elution profile appeared. This peak 
corresponds to the amount of 14C-DDM 
displaced from the protein, which temporarily 
results in 14C-DDM concentrations above the 
equilibration level. The detergent/CBB 
exchange was slower when the column was 
washed with 0.02% CBB. However, in both 
cases after 10 column volumes virtually all 14C-
DDM was replaced. The total amount of DDM 
displaced from the protein upon washing with 

buffer without DDM and with CBB could be 
calculated by subtracting the displacement from 
the empty control column (solid line). This 
amount was approximately equal to the amount 
of DDM that co-eluted with LacS when 14C-
DDM was not displaced. The amount of CBB 
bound to LacS was quantified by measuring the 
absorbance at 616 nm and estimating the 
concentration of protein by SDS-PAGE, using 
calibrated amounts of LacS. On weight basis, 
the ratio LacS-CBB to LacS was 1.8 ± 0.6. 

 
Detergent effects on the monomer to dimer 
equilibrium on BN-PAGE. 
 
Purified LacS and XylP solubilized in different 
concentrations of DDM or Triton X-100, 
detergents with a comparable CMC, were 
separated by BN-PAGE (Fig. 4A). With both 
DDM and Triton X-100, the dimer to monomer 
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equilibrium shifted towards the monomer with 
increasing detergent concentration, but at 
identical concentrations the dimer was more 
stable in Triton X-100 than in DDM. 
Comparison of LacS and XylP showed that the 
dimer of XylP was more stable, as at 0.9% 
DDM still a considerable fraction of XylP was 
dimeric, whereas all LacS was monomeric. The 
detergent effects on the monomer to dimer 
equilibrium were similar when LacS containing 
membranes were solubilized and the solubilisate 
was applied on to BN-PAGE; for these 
experiments the proteins were visualized by 
immunodetection (Fig. 4B).  

The relevance of detergent concentration 
dependent association-dissociation was 
confirmed by AUC. The association constant 
for dimerization of LacS in 0.05% DDM was 
approximately 5 ml/mg. The sedimentation 
coefficients of the monomer and dimer were the 
same in 0.02% DDM, but the association 
constant was 10 times higher (Fig. 4D). 
Identical protein samples were run on BN-
PAGE gels that contained 0.02% or 0.05% 
DDM in the gels and the buffer system (Fig. 
4C). Samples of 20 µl were loaded in each lane 
so that each protein sample was diluted by the 
same factor upon pipetting into the sample 
chamber. In the presence of 0.02% DDM and at 
a concentration of 0.25 mg/ml LacS or higher, 
the dimer band was visible, whereas in the 
presence of 0.05% DDM dimers were absent. 
Compared to AUC, the electrophoresis method 
tends to dissociate the protein into monomers. 

 
BN-PAGE reports oligomeric state of 
membrane transport proteins. 
 
The migration of membrane transport proteins 
other than LacS, XylP and EIImtl on a BN-
PAGE gel was determined. For LacS, XylP and 
EIImtl, the mass deduced from the soluble 
marker calibration line was plotted as function 
of their actual molecular weight based on amino 
acid sequence (Fig. 5). The data could be fitted 
with linear regression, yielding a factor of 1.8 
for the conversion of the molecular weight of 
membrane proteins on the basis of amino acid 
Fig. 5. Oligomeric state of membrane transport 
proteins analyzed by BN-PAGE. The observed 
molecular masses of LacS ( ), XylP ( ), EIImtl ( ) 
monomers (I) and dimers (II) are plotted as a 
function of their calculated weights. The data are 
from at least 4 independent experiments and the 
error in the measurements is indicated. Linear 
regression and the 95% confidence interval are 
indicated. The observed molecular masses of 
purified CitS ( ), LmrA ( ), LmrP ( ), and YidC 
( ) in 0.05% DDM were plotted as function of their 
monomeric (I) or dimeric (II) masses. 
sequence (Mw
AA) and the molecular weight on 

BN-PAGE calibrated with soluble marker 
proteins (Mw

BNP), that is, Mw
BNP =1.8 * Mw

AA. 
The experimentally determined CBB binding to 
LacS is in agreement with this conversion factor 
of 1.8.  

The Na+/Citrate transporter CitS from 
Klebsiella pneumonia, the multidrug export 
protein LmrA and the drug/proton antiporter 
LmrP from Lactococcus lactis were calibrated 
using the soluble marker proteins. Purified CitS 
migrated on BN-PAGE with an apparent mass 
of 160 kDa, yielding a mass of 89 kDa after 
conversion, close to what is expected for the 
dimer (98 kDa). LmrA, with a calculated 
molecular weight of 66 kDa, migrated on a BN-
PAGE gel at 108 kDa and 221 kDa, which 
corresponds to the monomeric and dimeric 
species after correction for CBB binding. LmrP 
has a calculated molecular weight of 46 kDa 
and ran on BN-PAGE as a 87 kDa protein, 
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yielding a mass of 48 kDa after correction. 
Also, the mono- and dimeric species of the 
inner membrane protein YidC from E. coli (79) 
were obtained with the calibration procedure. 

 
Oligomeric state of membrane reconstituted 
XylP. 
 
Freeze fracture EM was employed to analyze 
the quaternary structure of XylP in the 
membrane reconstituted state. The diameter of 
1478 XylP and 872 LacS Intramembrane 
particles (IMP’s) was determined. Both the 
IMP’s of XylP and LacS fell into a single size 
population with a mean diameter of 7.67 ± 0.04 
and 7.09 ± 0.04 nm, respectively (Fig. 6). Based 
on previous published data, where the mean 
diameter of LacS corrected for the film-
thickness was calculated to be 6.43 ± 0.08 nm 
(36), the film-thickness was determined to be 
0.66 ± 0.12 nm under these conditions. The 
mean diameter for the XylP IMP’s corrected for 
this film-thickness resulted in 7.01 ± 0.16 nm. 
Using an average area of 1.4 nm2/ α-helix (32), 
XylP is predicted to have 27.6 ± 1.3 α-helices, 
which approximates a dimeric species. 
 
Discussion 
 
The determination of the oligomeric state of 
membrane proteins has proven to be difficult 
because of their tendency to aggregate when 
isolated from the native membrane 
environment. Moreover, the binding of 
detergents to the hydrophobic surfaces adds 
greatly to the total protein mass. We have 
addressed the usefulness of BN-PAGE in the 
analysis of the quaternary structure of 
membrane proteins by comparison with AUC. 
Freeze fracture EM was used to demonstrate 
that the oligomeric structures observed in 
detergent solution are related to the membrane-
embedded states of the proteins. The oligomeric 
state of a protein can be deduced from BN-
PAGE provided the amount of CBB and/or 
detergent bound is known and the membrane 
proteins do not aggregate when detergent is 
Fig. 6. Size distribution of XylP (A) and LacS (B) 
IMP’s in proteoliposomes. The solid line indicates 
a Gaussian fit. 
47 

displaced by the dye. Aggregation can be 
observed as a ladder of higher molecular weight 
species on BN-PAGE, the inability to reach 
equilibrium in sedimentation equilibrium 
centrifugation, and time dependent increases in 
the absorbance between 320 and 340 nm due to 
light-scattering. 

LacS and XylP, two sugar transport 
proteins from the GPH family of major 
facilitators, and EIImtl, a member of the PTS 
superfamily, were used for the analysis. At a 
concentration below 0.05 mg/ml LacS is 
predominantly monomeric, whereas EIImtl and 
XylP are dimeric, indicating that the strength of 
the interactions between the monomers in the 
dimer is quite different when solubilized in 
DDM. Despite variations in the association 
constants, all three proteins are largely dimeric 
when embedded in the membrane (5,36,145), 
which is expected when the restrictive volume 
of the 2-dimensional space and the orientation 
of the proteins is taken into account (44). The 
observation of dimers of XylP, a homologue of 
LacS lacking the regulatory IIA domain, 
suggests that dimerization of members of the 
GPH-family is an intrinsic property of the 
membrane-embedded carrier domain. 

The observation that 14C-DDM is 
rapidly exchanged for CBB has as consequence 
that under gel-electrophoreses conditions the 
majority of detergent will be replaced. 
Estimation of the amount of CBB binding was 
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consistent with the approximately 80% mass 
increase seen on BN-PAGE when the migration 
of LacS, XylP and EIImtl was calibrated on 
soluble marker proteins. Using the conversion 
factor of 1.8, the masses of monomers and 
dimers of LacS, XylP and EIImtl could be 
determined within an error of 10%. Although 
the fraction of membrane and soluble domains 
is different in all three proteins, the amount of 
CBB bound was comparable. The presence or 
absence of up to 0.05% DDM and/or 0.02% to 
0.1% CBB did not alter the mass calibration, 
seemingly because equivalent amounts of 
detergent and dye are bound. 

BN-PAGE has been used previously to 
determine the oligomeric state of membrane 
proteins (45,62,102,103). In order to calibrate 
the oligomeric state, the complexes were 
dissociated using harsh conditions, e.g., 8 M 
urea, 100 mM DTT plus high detergent 
concentrations. Such conditions affect the 
folding of the proteins and lead to an altered 
detergent/CBB to protein ratio. Moreover, 
according to our experiments, proteins smaller 
than 80 kDa are not trapped by gels with 15% 
polyacrylamide. As in most previous reports the 
68 kDa marker protein is still observed on 15% 
polyacrylamide gels, we conclude that 
electrophoresis was not carried out for long 
enough times. Finally, in the original studies by 
Schägger et al., the additional mass associated 
with membrane proteins may not have been 
noted because the migration of proteins was 
analyzed over a wide range of sizes (12 kDa to 
880 kDa), which decreases the accuracy 
(133,134). 

To rule out aggregation artifacts induced 
by the electrophoresis method, we correlated the 
data with those obtained by AUC. The 
association constant determined with 
sedimentation velocity centrifugation for 
dimerization of LacS was lowered about one 
order of magnitude when the detergent 
concentration was increased from 0.02% to 
0.05% DDM. Also on BN-PAGE the population 
LacS monomers increased with increasing 
DDM concentrations. Moreover, the monomer 
to dimer equilibrium was not only dependent on 

the detergent concentration but also on the type 
of detergent. Since LacS has a net negative 
charge at pH 7.0, the electrophoresis could be 
performed in the presence of detergent but in 
the absence of CBB. The absence or presence of 
up to 0.1% CBB in the cathode buffer did not 
affect the observation of monomers and dimers 
(not shown). The association constants for the 
monomer to dimer equilibrium of both LacS 
and XylP estimated from BN-PAGE are lower 
than those determined AUC. This can be 
expected as BN-PAGE is not an equilibrium 
method, that is, concentrations are changing 
when the species are migrating. The BN-PAGE 
method tends to dissociate rather than induce 
oligomeric species, which reassures that when 
oligomeric species are observed they are most 
probably relevant.  

We determined the oligomeric state of 
three other α-helical membrane transport 
proteins. Calibration of the protein bands from 
LmrA revealed mono- and dimeric species. This 
is in accordance with the generally accepted 
view of subunit organization of ABC 
transporters. CitS only appeared as dimeric 
species. A strong interaction between the 
subunits, even in the detergent-solubilized state, 
is supported by the finding that non-biotinylated 
protein was co-purified with biotinylated 
protein using a streptavidin column (114). LmrP 
showed a single monomeric species. 

In conclusion, we show that BN-PAGE 
can be used to obtain reliable information on the 
oligomeric state of membrane (transport) 
proteins, provided care is taken in the choice 
and concentration of detergent used, the protein 
is stable in the detergent-solubilized state, and 
appropriate corrections are made for 
detergent/dye binding to the protein. The 
relative simplicity of the technique, e.g., 
compared to AUC, allow a more general use of 
this technique also for those proteins for which 
large amounts of stable detergent-solubilized 
purified protein are difficult to obtain. The 
method is particularly useful for the analysis of 
the effects of mutations on the association 
equilibrium or to screen for the effects of 
detergents/co-solvents on protein stability/ 
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aggregation. Moreover, proteins need not to be 
purified, as membrane solubilisates can directly 
be analyzed provided a suitable antibody is 
available to detect the protein.  Finally, the 
analysis presented here underscore the 
suggestion that many secondary transport 
proteins actually have an oligomeric structure 
larger than monomeric. 
 
Experimental Procedures 
 
Materials. 
 
Coomassie Brilliant Blue G-250 (CBB) was purchased from 
Serva (Heidelberg, Germany). Acrylamide:-N,N’-
methylene-bisacrylamide 32.5:1 was from Fluka. 
[14C]dodecyl-β-D-maltoside (2GBq/mmol) was a generous 
gift from M. Le Maire (Paris, France). The high molecular 
weight marker set was from Pharmacia, Triton X-100 from 
Boehringer Mannheim, and n-dodecyl-β-D-maltoside 
(DDM) from Anatrace.   
 
Strains, plasmids and membrane isolation. 
 
Strains and plasmids used are listed in Table I. Membrane 
vesicle were isolated as described and stored in liquid 
nitrogen (8,58,70). 
 
 

 
 
 
M
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using extinction coefficients of 76,320 and 100,800 M-

1.cm-1, respectively. Purification of all other membrane 
proteins was performed as described for XylP. 
 
BN-PAGE. 
 
BN-PAGE was performed as described (133,134). Linear 
5-17% (w/v) polyacrylamide-gradient gels were formed 
and overlaid with a 4% stacking gel. Gel dimensions were 
70 × 80 × 1 mm. Protein samples were supplemented with 
a 10 times concentrated loading dye (5% CBB, 500 mM 
6-amino-n-caproic acid and 100 mM Bis Tris pH 7.0). 
Unless indicated otherwise, the electrophoresis was 
started at 35 V for 1 hour and continued for 5 hour at 200 
V at room temperature. Gels were stained with 
Coomassie brilliant blue. Immunoblotting was performed 
as described (134) using anti-histag antibodies. For the 
analysis of the molecular weight of proteins, the distances 
of the protein bands on the gels were measured from the 
middle of the band to the start of the running gel. 
 
DDM binding and detergent-CBB exchange. 
 
The number of DDM molecules bound to XylP and LacS, 
and the displacement of detergent by CBB, was measured 
with 14C-DDM using equilibrium desorption 
chromatography. Proteins were solubilized and purified as 
described, except that after the second wash step the 
columns were equilibrated with 20 column volumes buffer 
A (50 mM potassium phosphate, pH 8.0, 100 mM NaCl, 10 
% (v/v) glycerol) containing 10 mM imidazole plus 0.05% 
14C-DDM (w/v). To determine the amount of DDM bound, 

. 
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Protein Strain Plasmid Reference 

 

XylP 

LmrP 

LmrA 

 

LacS 

 

EIIMtl 

CitS 

YidC 

L. lactis  

NZ9000 

NZ9000 

NZ9000 

S. thermophilus 

ST11(∆lacS) 

E. coli 

LGS322 

ECOMUT2 

SF100 

 

pNZ8048xylP 

pHLP5 

pNHLmrA 

 

pGKHis 

 

pMahismtlAPr 

pA1CitS 

pEH1hisYidC 

 

(58) 

(118) 

(93) 

 

(70) 

 

Unpublished 

Unpublished 

(79) 

embrane solubilization and protein purification. 

embranes from either S. thermophilus, L. lactis or E. 
oli were solubilized in 50 mM potassium phosphate, pH 
, 10% glycerol and various concentrations of DDM or 
riton X-100. Purification and membrane reconstitution 
f LacS (36,70), XylP (58) and EIIMtl (8) were performed 
s described previously. The concentrations of LacS and 
ylP were calculated from the absorbance at 280 nm, 

proteins were eluted in buffer A at pH 7.0 containing 200 
mM imidazole plus 0.05% 14C-DDM(w/v). For the 
determination of DDM-CBB exchange, the equilibrated 
columns were washed with 20 column volumes buffer A 
containing 10 mM imidazole plus 0.02% or 0.5% CBB 
before protein elution in buffer A at pH 7.0 containing 200 
mM imidazole and 0.02 or 0.5% CBB. Protein 
concentrations were determined spectroscopically and the 
detergent concentration in the various fractions was 
measured by liquid scintillation. 
 
Analytical ultracentrifugation. 
 
AUC experiments were performed in a Beckman Optima 
XL-I, using an AN-50 Ti rotor with 2-channel charcoal-
filled centerpieces at 4°C or 20°C. Prior to the 
measurements, LacS and XylP were dialyzed at 4°C against 
buffer C (100 mM potassium phosphate, pH 7.0, 2 mM K-
EDTA) plus 0.05% or 0.02% DDM (w/v) or buffer D (50 
mM potassium phosphate pH 7.0, 10% glycerol and 2 mM 
K-EDTA) plus 0.05% DDM, respectively. Sedimentation 
velocity experiments were performed at 38,000 rpm and 
20ºC for LacS and 4ºC for XylP. Data were collected at 280 
and 230 nm in a continuous mode with a radial step size of 
0.005 cm and 6 or 8.5 min intervals. Sedimentation 
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equilibrium experiments with XylP were carried out at 4ºC 
and a rotor speed of 10,000 rpm on a sample volume of 100 
µl with loading concentrations ranging from 0.005 to 0.1 
mg/ml.  The absorbance optics was used to collect data 
every 0.001 cm with 10 replicates at 280 nm. 
 
Data treatment according to multicomponent systems. 
 
Data analysis was performed with the XL-I data analysis 
software. The molecular weight of XylP was determined by 
analyzing the data using equations appropriate for 
multicomponent systems as described (11,36,151). The 
partial specific volume of XylP was calculated to be 0.7446 
ml/mg at 4 °C and for the partial specific volume of DDM a 
value of 0.814 ml/mg was used (36). The DDM/XylP ratio 
(g/g) was 1.7. Solvent densities were determined using an 
Anton Paar densitometer, model DM48. 
 
Freeze-fracture EM. 
 
Freeze-fracture replicas of XylP proteoliposomes were 
prepared as described (36). From images at a final 
magnification of 250.000x, particle diameters were 

measured perpendicular to the shadow direction using 
software from ScionImage. Data were analyzed according 
to Eskandari et al. (32). The results were plotted as 
frequency histograms at the center of the bin (0.5 nm) and 
fitted to a (multiple) Gaussian function. 
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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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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 
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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. 
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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. 
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Nederlandse samenvatting voor de leek 
 

  

Inleiding: een aantal basis begrippen 
 
De bacterie en haar belang voor mens en 
wetenschap. 
 
Het leven op aarde heeft zijn oorsprong zo’n 
3,5 miljard jaar geleden, met het ontstaan van 
de de eerste bacteriecel. Deze “oer-cel” is de 
basis geweest waaruit vervolgens alle levende 
organismen en de cellen waaruit ze zijn 
opgebouwd zijn geëvolueerd. Een bacterie 
bestaat uit één cel. Aangezien alle processen 
die nodig zijn voor het bestaan van de 
bacterie en haar voortplanting binnen deze 
ene cel plaatsvinden, is zij de kleinste eenheid 
die in staat is tot leven. Ondanks haar 
relatieve eenvoud vormt zij tot op de dag van 
vandaag de meest omvangrijke populatie van 
alle levende organismen. Hoewel bacteriën 
voornamelijk bekend staan als bron van 
ziekten en infecties, spelen ze een belangrijke 
rol in de natuur. Zonder bacteriën zouden wij 
niet kunnen bestaan. Bacteriën zijn in ons 
lichaam bijvoorbeeld betrokken bij de 
spijsvertering, en in de natuur zijn ze 
onmisbaar voor de afbraak van organisch 
materiaal en het vastleggen van stikstof. 
Bacteriën worden ook veelvuldig ingezet in 
onze voedselproduktie, bijvoorbeeld voor de 
bereiding van kaas, yoghurt en zuurkool.  

Aan de andere kant van de 
evolutionaire ladder staat de mens, die in 
tegenstelling tot de bacterie opgebouwd is uit 
miljarden cellen. Deze cellen moeten veel 
verschillende functies uitvoeren en 
voortdurend met elkaar communiceren. 
Desondanks vinden vele processen in de 
menselijke cellen op vergelijkbare wijze 
plaats in de bacteriële cel. Omdat de bacterie 
een relatief eenvoudig organisme is, vormt zij 

een ideaal modelsysteem om deze processen 
te bestuderen. Onder optimale 
omstandigheden, kan een enkele bacterie cel 
zich elke 20 minuten delen. Op die manier 
kan één cel binnen 24 uur uitgroeien tot een 
populatie van zo’n 5.000 triljoen cellen, die 
allemaal aan elkaar gelijk zijn. Hierdoor is er 
altijd voldoende materiaal aanwezig om mee 
te kunnen werken. 
 
De membraan. 
 
Cellen van alle organismen zijn omgeven 
door een membraan die ondoorlaatbaar is 
voor moleculen die in water oplosbaar zijn. 
Dat komt omdat een membraan in opgebouwd 
Fig. 1. De opbouw van een cel. De cel is 
omgeven door een dubbele laag vetmoleculen die 
een afscheiding vormen tussen de binnen en de 
buitenkant van de cel. In deze membraan zijn de 
membraaneiwitten gelegen 
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aarde te vinden is en ze spelen een cruciale rol 
in vrijwel alle biologische processen. Er zijn 
veel verschillende soorten eiwitten, die 
allemaal een andere specifieke functie 
hebben. Eiwitten kunnen bijvoorbeeld 
fungeren als katalysatoren van chemische 
reacties, waarbij ze in staat zijn deze reacties 
mogelijk te maken of te versnellen (tot een 
miljoen keer). Eiwitten met zo’n 
katalyserende functie worden enzymen 
genoemd. Er zijn ook eiwitten die betrokken 
zijn bij het transport van stoffen van de ene 
plaats naar de andere plaats. Dit kan transport 
door de membraan zijn, of transport binnen in 
de cel zelf. Zo is bijvoorbeeld het eiwit 
hemoglobine in onze rode bloedlichaampjes 
verantwoordelijk voor het transport van 
zuurstof. Andere functies van eiwitten zijn 
bijvoorbeeld het verlenen van stevigheid aan 
botten en huid, de beweging van spieren, de 
afweer tegen lichaamsvreemde stoffen zoals 
bijvoorbeeld bacteriën enzovoorts.  
 
Hoe zien eiwitten eruit en wat verstaan we 
Fig.2. Opbouw en structuur van eiwitten. A. 
De 20 verschillende aminozuren waaruit eiwitten 
zijn opgebouwd. B. “Primaire” structuur van een 
eiwit. C. “Tertiaire” ofwel driedimensionale 
structuur van een eiwit. In de driedimensionale 
structuur van eiwitten zijn verschillende 
structuren aanwezig zoals spiralen (grijs) of 
vlakken (zwart). 
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uit een dubbele laag van vetmoleculen 
(Fig.1). Vetmoleculen hebben een kop die 
water aantrekt en een staart die water afstoot. 
Omdat de staarten van deze vetmoleculen niet 
in een waterig milieu kunnen zitten, 
organiseren zij zich zo dat alle staarten naar 
elkaar toe staan en van het waterige milieu 
afgeschermd worden door de kopgroepen die 
zich naar het water toe keren. Voor het 
voortbestaan van een organisme is het van 
groot belang dat een aantal stoffen, die nodig 
zijn voor de groei en voor het regelen van een 
heleboel ingewikkelde processen binnen in de 
cel, de membraan kan passeren. Daarom heeft 
elke cel een groot aantal eiwitten in de 
membraan zitten die deze stoffen herkennen 
en op een aktieve manier naar binnen kunnen 
transporteren.  
 
Wat zijn eiwitten en wat doen ze? 
 
Wat zijn eiwitten? Eiwitten worden 
aangetroffen in al het levend materiaal dat op 

onder structuur? 
 
Eiwitten zijn opgebouwd uit aminozuren, 
waarvan er in de natuur 20 verschillende 
voorkomen (Fig. 2A). Deze 20 aminozuren 
kunnen een keten van een willekeurige 
volgorde en een willekeurige lengte vormen. 
De functie van een enkel eiwit wordt bepaald 
door de volgorde van de aminozuren in zo’n 
keten, de lengte van de keten en de 
ruimtelijke vouwing die zo’n keten aan kan 
nemen. De volgorde van de aminozuren in de 
keten wordt de ”primaire stuctuur” van het 
eiwit genoemd (Fig. 2B). De primaire 
structuur kan worden gebruikt om de 
verschillen en overeenkomsten tussen 
eiwitten te bestuderen. Vaak vertonen 
eiwitten, die een vergelijkbare functie 
uitvoeren (bijvoorbeeld transport van suikers), 
overeenkomsten in de primaire structuur. Dat 
wil zeggen dat op bepaalde plaatsen in de 
keten, de aminozuurvolgorde hetzelfde is. Dit 
maakt het mogelijk om eiwitten, op basis van 
hun primaire structuur, in te delen in families 
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van eiwitten met een vergelijkbare functie. Zo 
kunnen voorspellingen gedaan worden over 
de functie van een eiwit waar verder geen 
onderzoek aan is verricht. Er wordt 
voortdurend getracht algemene principes in de 
primaire structuur van eiwitten te ontdekken, 
om op die manier een groter begrip te 
verkrijgen van de fascinerende processen die 
in de natuur plaats vinden. De ruimtelijke 
vouwing van de keten van aminozuren wordt 
de “tertiaire”, ofwel driedimensionale, 
structuur genoemd (Fig. 2C). Wanneer de 
driedimensionale structuur van een eiwit 
bekend is, weet men precies welk aminozuur 
waar zit. Omdat de driedimensionale structuur 
van een eiwit laat zien welke aminozuren 
direct met elkaar in contact staan, vormt deze 
een belangrijk hulpmiddel bij het oplossen 
van de werking van een eiwit.  

Vaak functioneren eiwitten niet als 
onafhankelijke eenheden, maar vormen ze een 
complex van meerdere eiwitten. Een complex 
kan bestaan uit een aantal dezelfde eiwitten, 
maar kan ook opgebouwd zijn uit 
verschillende eiwitten. Wanneer eiwitten een 
complex vormen wordt er gesproken van 
“quaternaire structuur”. Eiwit-eiwit interacties 
spelen een belangrijke rol in de functie van 
eiwitten en de regulatie van processen waarbij 
eiwitten betrokken zijn. 
 
Een speciale klasse van eiwitten: de 
membraaneiwitten. 
 
Eiwitten kunnen in twee categorieën worden 
ingedeeld, de wateroplosbare eiwitten en de 
membraaneiwitten. Binnen in de cel is de 
omgeving waterig, en hier voeren de 
wateroplosbare eiwitten hun functie uit. De 
membraaneiwitten liggen ingebed in de 
membraan van een cel, maar bevatten vaak 
ook delen die buiten de membraan in de 
waterige omgeving uitsteken (binnen of 
buiten de cel). Door het waterafstotende 
karakter van de membraan moet ook het 
gedeelte van het eiwit dat in de membraan ligt 
een waterafstotend karakter hebben. Door de 
grote hoeveelheid verschillende eiwitten in de 

membraan is het niet makkelijk is om de 
eigenschappen van één afzonderlijk 
membraaneiwit te bestuderen. Om dit 
mogelijk te maken worden deze eiwitten van 
de membraan gescheiden. Buiten de 
omgeving van de membraan zal het 
tweeledige karakter van deze eiwitten voor 
problemen zorgen: sommige gedeelten van 
het eiwit lossen goed op in water, terwijl het 
oorspronkelijke in de membraan ingebedde 
deel van het eiwit het water juist afstoot (Fig. 
1). Deze normaal ingebedde gedeelten van het 
eiwit zullen elkaar aantrekken om zich van 
het waterige milieu af te schermen. Hierdoor 
ontstaat een klontering van eiwitten. Door 
deze klontering, aggregatie genoemd, 
verliezen de eiwitten hun originele structuur 
waardoor ze niet meer bruikbaar zijn om te 
bestuderen. Om te voorkomen dat membraan-
eiwitten gaan aggregeren wanneer ze uit de 
membraan gehaald worden, wordt er aan de 
eiwitten een milde zeep toegevoegd. Zeep 
bestaat uit moleculen die vergelijkbaar zijn 
met de vetmoleculen in de membraan. De 
zeepmoleculen rangschikken zich als een 
kraag om het waterafstotende gedeelte van het 
membraan eiwit waarbij de staarten van de 
zeepmoleculen naar het eiwit gericht zijn. 
Hierdoor wordt het gehele eiwit als het ware 
wateroplosbaar gemaakt.  

Waarom is het interessant en 
belangrijk om te begrijpen hoe membraan-
eiwitten functioneren? Al het contact van de 
cel met de omgeving verloopt via de 
membraan. Aangezien de membraan zelf 
ondoorlaatbaar is, zijn het de membraan-
eiwitten die zorgen voor de opname van 
voedingsstoffen en het uitscheiden van 
afvalstoffen. Ook bij het inspelen op 
veranderingen in de omgeving van de cel 
spelen membraaneiwitten een belangrijke rol. 
Zo zijn er membraaneiwitten die signalen van 
buiten de cel opvangen en vertalen in een 
antwoord van de cel. Dit antwoord kan 
bestaan uit de aanmaak van eiwitten die in 
staat zijn ruim voorradige voedingsstoffen op 
te nemen, of het verplaatsen van de cel van 
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een voedselarme naar een voedselrijke 
omgeving. 
 
Transporteiwitten.  
 
Een groot gedeelte van de membraaneiwitten 
heeft een transport functie: deze eiwitten zijn 
verantwoordelijk voor het transport van 
voedingsstoffen de cel in of van afvalstoffen 
de cel uit. Dit transport kost energie. Er zijn 
drie verschillende vormen van energie die de 
cel kan gebruiken voor transport. Afhankelijk 
van welke vorm ze gebruiken worden de 
membraaneiwitten die bij transport betrokken 
zijn onderverdeeld in drie categorieën. Eén 
van die categoriën is die van de secundaire 
transporters, en eiwitten uit deze categorie 
worden beschreven in dit proefschrift. 
 
Het belang van onderzoek naar transport-
eiwitten. 
 
De laatste jaren is de interesse in de functie en 
de structuur van transporteiwitten enorm 
toegenomen. Steeds vaker blijkt dat 
ziektebeelden bij de mens veroorzaakt worden 
door beschadigingen in deze eiwitten. Zo 
wordt de concentratie van neurotransmitters, 
stoffen die verantwoordelijk zijn voor het 
doorgeven van signalen in het zenuwstelsel, 
zeer strict gereguleerd door de aanwezigheid 
van transporteiwitten. Defecten in deze 
eiwitten kunnen leiden tot ernstige 
neurologische of psychiatrische afwijkingen. 
Ook de veel voorkomende ziekte diabetes 
wordt veroorzaakt door de verstoorde 
regulatie van glucose transporteiwitten in de 
membranen van niercellen. Niet alleen bij het 
ontstaan van ziekten, maar ook bij het 
bestrijden van ziekten kunnen transporters een 
belangrijke rol spelen. Een steeds groter 
wordende bedreiging voor de volks-
gezondheid is de weerstand van bacteriën 
tegen allerlei antibiotica. Hierdoor zijn 
bacteriële infecties steeds moeilijker te 
bestrijden (een bekend voorbeeld is de 
“ziekenhuisbacterie” MRSA). Oorzaak van 
deze weerstand tegen antibiotica is de 

aanwezigheid van transporteiwitten in de 
bacteriële celmembraan, die de antibiotica de 
cel uitpompen voordat deze hun werk hebben 
kunnen doen. Vergelijkbare transporteiwitten 
in de mens zijn verantwoordelijk voor de 
opbouw van weerstand van kankercellen 
tegen kankergeneesmiddelen. Behalve in de 
geneeskunde spelen transporteiwitten ook een 
grote rol in biotechnologische toepassingen, 
zoals bijvoorbeeld bij de bereiding van kaas 
en yoghurt. 

Om de processen waarvoor de 
transporteiwitten verantwoordelijk zijn te 
begrijpen en eventueel te verbeteren, is 
gedegen kennis van deze eiwitten 
noodzakelijk. Hiervoor wordt onderzoek 
gedaan naar de structuur en de functie van 
deze eiwitten. Van het eerste, de structuur, is 
tot nu toe weinig bekend. De belangrijkste 
vraag hier is: hoe ziet het eiwit eruit? Van de 
functie van veel transporteiwitten is gelukkig 
meer bekend. Hier zijn de vragen: welk eiwit 
transporteert wat? hoe snel gaat dat? hoeveel 
energie kost dat? In dit proefschrift wordt een 
bijdrage geleverd aan het ontrafelen van 
zowel functionele als structurele aspecten van 
transporteiwitten. Dit wordt gedaan door 
gedetailleerde studies aan twee suiker-
transporteiwitten uit melkzuurbacteriën: het 
xyloside transporteiwit uit de bacterie 
Lactobacillus pentosus en het lactose 
transporteiwit uit de bacterie Streptococcus 
thermophilus. 
 
Het xyloside transporteiwit, XylP, uit 
Lactobacillus pentosus en het lactose 
transporteiwit, LacS, uit Streptococcus 
thermophilus 
 
Lactobacillus pentosus is een bacterie die 
betrokken is bij de fermentatie van planten 
zoals olijven, komkommers en kool. Deze 
bacterie is voor haar voedselaanvoer 
afhankelijk van de afbraakprodukten van deze 
planten. Dit materiaal bestaat voornamelijk 
uit grote suikerketens, cellulose en 
hemicellulose. Nu beschikt Lactobacillus 
pentosus niet over de eiwitten die deze grote 
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suikerketens kunnen afbreken tot kleinere 
suikers die vervolgens door de cel opgenomen 
kunnen worden. Daarom is Lactobacillus 
afhankelijk van de aanwezigheid van andere 
bacteriën die dit wel kunnen. Vervolgens 
snoept Lactobacillus mee van de kleinere 
suikers die door die andere bacteriën 
beschikbaar worden gemaakt. Eén van deze 
suikers is xylose. Op grond van de DNA 
volgorde van Lactobacillus werd tot voor kort 
aangenomen dat xylose in de cel wordt 
opgenomen door het transporteiwit XylP. In 
hoofdstuk drie van dit proefschrift wordt het 
XylP eiwit gekarakteriseerd. Het bleek dat dit 
eiwit een ander afbraakprodukt van de plant 
transporteert, de suiker isoprimeverose. 
Isoprimeverose dankt zijn naam aan de 
sleutelbloem (primula), waaruit deze suiker 
voor het eerst geïsoleerd is.  
 De isoprimeverose transporter, XylP, 
behoort tot een familie van secundaire 
transporteiwitten die allemaal suikers 
transporteren. Een ander transporteiwit uit 
deze familie is het inmiddels goed 
gekarakteriseerde lactose transporteiwit, 
LacS, uit de bacterie Streptococcus 
thermophilus. Deze bacterie groeit in melk, 
die rijk is aan het melksuiker lactose 
(waarvoor sommige mensen alergisch zijn). 
Alle eiwitten uit deze familie van suiker 
transporteiwitten vertonen overeenkomsten in 
de volgorde van aminozuren in de eiwitketen 
(de primaire structuur). Door XylP en LacS 
uitgebreid te bestuderen wordt getracht een 
aantal basisprincipes te achterhalen die gelden 
voor het transportmechanisme en de 
uiteindelijke structuur van alle eiwitten uit 
deze familie. 
 
Voorwaarden die verbonden zijn aan 
het bestuderen van transporteiwitten 
 
Om het mechanisme van transporteiwitten te 
kunnen bestuderen, moet er aan een 
verschillende voorwaarden worden voldaan. 
Er moet voldoende substraat (de stof die 
getransporteerd wordt) aanwezig zijn om 
proeven te kunnen doen. Er moet een goede 

proefopzet zijn om de activiteit van het 
afzonderlijke transporteiwit te kunnen meten. 
Tot slot moet er een goede methode 
voorhanden zijn om te meten hoeveel 
substraat getransporteerd wordt. Bij het begin 
van het werk beschreven in dit proefschrift 
was voor de studie van het transporteiwit 
XylP aan geen van deze drie voorwaarden 
voldaan. 

Ten eerste het substraat. De meeste 
suikers die door transporteiwitten worden 
opgenomen zijn eenvoudigweg te koop. 
Isoprimeverose is echter niet te koop, wat 
betekent dat je het óf eigenhandig moet 
isoleren uit natuurlijk materiaal waarin 
isoprimeverose voorkomt óf moet maken 
middels een scheikundige synthese. De 
isolatie van isoprimeverose uit planten-
materiaal is zeer moeizaam en erg inefficiënt. 
Daarom is een methode ontwikkeld om deze 
suiker chemisch te maken (hoofdstuk 3). 
Hiermee werd aan de eerste voorwaarde 
voldaan. 

Ten tweede de proefopzet. Om een 
transportreactie te karakteriseren is het nodig 
dat de suiker getransporteerd wordt tussen 
twee compartimenten die van elkaar 
gescheiden zijn. Dit is zo in de cel, waar de 
binnenkant van de cel van de buitenomgeving 
gescheiden wordt door de membraan (waarin 
de transporteiwitten gelegen zijn). Omdat de 
membraan vol zit met allerlei verschillende 
eiwitten, is het moeilijk om naar het 
mechanisme van slechts één soort eiwit te 
kijken. Daarom wordt het te bestuderen eiwit 
uit de membraan van de cel gehaald en in 
kunstmatige membranen geplaatst. Deze 
kunstmatige membranen zijn uit dezelfde 
vetmoleculen opgebouwd als de cel-
membraan, maar zijn vrij van andere eiwitten. 
Het zuiveren van een membraaneiwit en het 
terugplaatsen in een nieuwe membraan is 
meestal niet erg eenvoudig omdat in elke stap 
van de procedure het eiwit kan gaan 
aggregeren door toedoen van de niet ideale 
omgeving waarin het eiwit opgelost is. 
Hoofdstuk 3 van dit proefschrift is gewijd aan 
de moeilijke procedure om het XylP eiwit uit 
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de membraan te zuiveren, het vinden van de 
optimale condities waarin het eiwit zo lang 
mogelijk opgelost blijft in een waterige 
oplossing en vervolgens aan het vinden van 
de optimale methode om het eiwit terug te 
plaatsen in kunstmatige membranen. Voor 
deze procedure is het essentiëel dat de 
aktiviteit van XylP niet verloren gaat door 
allerlei experimentele problemen, zodat na het 
plaatsen van XylP in de kunstmaige 
membraan nog steeds transport gemeten kan 
worden 
 Om vervolgens het transportproces te 
kunnen volgen moet men beschikken over een 
goede meetmethode. De conventionele 
methode maakt gebruik van een radio-actief 
label dat aan het te transporteren substraat 
hangt. Doordat het mogelijk is op 
verschillende tijdstippen in de transportreactie 
de bacteriële of de kunstmatige membranen te 
scheiden van de hun omgevende vloeistof, 
kan specifiek de hoeveelheid radio-actief 
label die zich binnenin de membranen 
verzameld heeft als gevolg van de 
transportreactie gemeten worden. Voor vele 
suikers is er een radio-actief gelabelde variant 
commercieel verkrijgbaar, maar van 
isoprimeverose niet. Dit heeft geleid tot de 
ontwikkeling van een nieuwe methode 
waarbij het gebruik van radio-activiteit niet 
meer nodig is. Deze methode staat beschreven 
in hoofdstuk 2 van dit proefschrift.  
 Nadat aan alle voorwaarden die nodig 
waren om het transporteiwit XylP te kunnen 
bestuderen was voldaan, kon de transport-
reactie gekarakteriseerd worden. Met behulp 
van het zelf gemaakte isoprimeverose, de 
kunstmatige membranen met XylP en de 
nieuw ontwikkelde meetmethode werd 
bevestigd dat isoprimeverose inderdaad door 
het XylP eiwit getransporteerd wordt. Uit 
deze studies bleek onder andere dat wanneer 
er voldoende isoprimeverose aanwezig is, één 
molecuul XylP ongeveer 44 suikermoleculen 
per minuut de cel in kan transporteren. 
 
 
 

 
Techieken om naar de quaternaire 
structuur van transporteiwitten te 
kijken 
 
Behalve het transport mechanisme is ook de 
quaternaire structuur van XylP bestudeerd en 
vergeleken met een ander transporteiwit uit 
dezelfde familie, de lactose transporter LacS. 
Uit eerdere studies aan het LacS eiwit was 
gebleken dat dit eiwit niet als één enkel eiwit 
functioneert, maar altijd in samenwerking met 
een ander LacS eiwit. Wanneer twee eiwitten 
met elkaar een structureel geheel vormen, 
wordt de quaternaire structuur van het eiwit 
een dimeer genoemd. De aanwezigheid van 
een dimere structuur kan in de natuur 
verschillende betekenissen hebben. Er kan 
bijvoorbeeld een structurele relevantie zijn 
om een eenheid te vormen. Hiermee wordt 
bedoeld dat de vorming van een dimeer 
gunstig is omdat deze bijvoorbeeld minder 
plek inneemt in de membraan, of omdat er 
twee eiwitten nodig zijn om een transport 
kanaal te vormen. In het laatste geval vormt 
één enkel eiwit dus een incomplete en 
inactieve transporter. De vorming van een 
dimeer kan ook functioneel van belang zijn. 
Er zijn transporters bekend die op zichzelf een 
volledig transportkanaal kunnen vormen maar 
die niet actief zijn als ze niet verbonden zijn 
met een tweede eiwit. Deze eiwitten hebben 
elkaar dan nodig om te kunnen functioneren.  

Er zijn verschillende technieken die 
gebruikt kunnen worden om de quaternaire 
structuur van membraaneiwitten te kunnen 
bestuderen. Met sommige technieken kan de 
quaternaire structuur van membraaneiwitten 
bestudeerd worden terwijl het eiwit ingebed 
ligt in de membraan. Andere technieken 
vereisen echter de zuivering van de eiwitten 
uit de membraan. Het risico van aggregatie 
wanneer het eiwit uit zijn natuurlijke 
omgeving is gehaald maakt dit soort 
onderzoek vaak erg moeizaam, en vergt een 
grote nauwkeurigheid en een kritische 
evaluatie van de verkregen resultaten. Dit 
komt omdat de quaternaire structuur 
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bestudeerd wordt door de grootte van 
eiwitcomplexen te meten, waaruit wordt 
afgeleid of de complexen uit één, twee of 
meer eiwitten bestaan. Het is dus nodig om 
het verschil te kunnen zien tussen complexen 
die “van nature” bestaan, en eventuele 
eiwitcomplexen die tijdens het meten zijn 
ontstaan door aggregatie. De betrouwbaarste 
resultaten worden verkregen door 
verschillende technieken en verschillende 
omstandigheden te combineren. 

In hoodstuk 4 van dit proefschrift zijn 
drie van die technieken gebruikt om de 
quaternaire structuur van het XylP eiwit te 
bestuderen. Een van deze technieken maakte 
het mogelijk om de structuur van het eiwit in 
de membraan te analyseren. Voor de andere 
twee technieken was het noodzakelijk het 
eiwit eerst uit de membraan te zuiveren. De 
combinatie van de verschillende technieken 
leidde tot de conclusie dat XylP, net als LacS, 
een dimeer vormt. Dit zou kunnen betekenen 
dat de vorming van grotere eiwitcomplexen 
een algemeen verschijnsel binnen deze 
familie van transporteiwitten is. Om dit met 
zekerheid vast te stellen zouden uiteraard 
meerdere eiwitten uit de familie onder de loep 
genomen moeten worden.  
 
Algemeen beeld van de quaternaire 
structuur van secundaire membraan-
eiwitten en de functie die aan dit 
fenomeen verbonden kan zijn 
 
De afgelopen 10 jaar zijn wetenschappers 
naarstig op zoek geweest naar de tertiare 
ofwel driedimensionale structuur van 
membraaneiwitten. Tot nu toe is er nog 
niemand in geslaagd om de structuur op te 
helderen van een transporteiwit dat behoort 
tot de secundaire transporteiwitten. Het falen 
van het structuur onderzoek tot nu toe is, 
zoals reeds meermaals aangehaald, te wijten 
aan het feit dat membraaneiwitten moeizaam 

te hanteren zijn. Met behulp van het 
combineren van een groot aantal technieken 
wordt er desondanks steeds meer progressie 
gemaakt in het structuuronderzoek.  

Voor de wateroplosbare eiwitten is het 
bestaan van grotere eiwitcomplexen een 
algemeen geaccepteerd en veel voorkomend 
verschijnsel. Eiwitcomplexen bieden in de 
natuur veel voordeel: het maakt het 
makkelijker om processen te reguleren en de 
functies van een eiwit kunnen in een complex 
worden uitgebreid. Aangezien transport-
eiwitten aan de basis staan van veel processen 
die in de cel plaats vinden is het 
onwaarschijnlijk dat deze eiwitten als 
onafhankelijke eenheden opereren. Het is 
aannemelijk dat, in de loop van de evolutie, 
transporteiwitten interacties zijn aangegaan 
met andere membraaneiwitten, of met 
wateroplosbare eiwitten die in de cel signalen 
kunnen doorgeven.  

Wanneer het quaternaire structuur 
onderzoek van secundaire transporteiwitten 
van de afgelopen jaren grondig bestudeerd 
wordt, valt inderdaad op dat het merendeel 
van deze eiwitten georganiseerd zijn in 
grotere complexen. Op dit moment is slechts 
voor een paar eiwitten ook een functie 
toegekend aan de vorming van eiwit-
complexen (Hoofdstuk 5 van dit proefschrift). 

Samenvattend komen er dus steeds 
meer aanwijzingen voor het fascinerende idee 
dat de natuur gebruik maakt van het proces 
van eiwitcomplex-vorming van membraan-
eiwitten. Dit leidt tot de overtuiging dat de 
membraan niet alleen maar een afscheiding 
vormt tussen de binnen- en buitenkant van de 
cel. De membraan is een goed georganiseerde 
structuur waar intensieve regulatie van 
processen plaats vindt via eiwit-eiwit 
interacties. 
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