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Summary  21 

The maltose/maltodextrin transport system of Escherichia coli/Salmonella, composed of 22 

periplasmic maltose binding protein, MalE, the pore-forming subunits MalF and MalG, and a 23 

homodimer of the nucleotide-binding subunit, MalK, serves as a model for canonical ATP-24 

binding cassette importers in general. The wealth of knowledge accumulated on the maltose 25 

transporter in more than three decades by genetic, molecular genetic and biochemical means 26 

was complemented more recently by crystal structures of the isolated MalK dimer and of two 27 

conformational states of the full transporter. Here, we summarize insights into the transport 28 

mechanism provided by these structures and draw the reader’s attention to experimental tools 29 

by which the dynamics of the transporter can be studied during substrate translocation. A 30 

transport model is presented that integrates currently available biochemical, biophysical, and 31 

structural data. We also present the state of knowledge on regulatory functions of the maltose 32 

transporter associated with the C-terminal domain of MalK. Finally, we will address the 33 

application of coarse-grained modelling to visualize the progression of the conformational 34 

changes of an ABC transporter with special emphasis on the maltose system, which can 35 

provide a model platform for testing and validating the bioinformatic tools.  36 

 37 

Introduction  38 

ATP-binding cassette (ABC) - transporters are ubiquitous membrane proteins that mediate the 39 

uptake or export of a large variety of solutes ranging from small ions to polypeptides across 40 

biological membranes at the expense of ATP (Holland et al., 2003). They are associated with 41 

diverse cellular processes, including some of medical importance. ABC transporters share a 42 

modular architecture comprising two transmembrane domains (TMDs) and two nucleotide-43 

binding domains (NBDs). The substrate specificity is accomplished by the TMDs, which 44 

Page 2 of 39Molecular Microbiology



For Peer Review

3 

 

display basically no sequence homologies and feature varying numbers of transmembrane 45 

helices among different ABC transporters. On the contrary, the ability to bind and hydrolyze 46 

ATP, thus providing the energy stroke for substrate translocation, is a common feature of the 47 

NBDs, which share several conserved features in all ABC transporters (reviewed in Dawson 48 

et al., 2007). With regard to three-dimensional structure, NBDs can be subdivided in a RecA-49 

like subdomain, containing the conserved Walker A and B sites which contribute substantially 50 

to nucleotide binding, and a helical subdomain encompassing additional conserved motifs. 51 

Among these are the Q-loop (containing a conserved glutamine residue) and the signature 52 

sequence (‘LSGGQ motif’) by which members of the family can be identified. The Q-loop, 53 

located at the interface to the TMDs, is known to sense the γ–phosphate, bind the Mg2+ ion 54 

and attack water, while the signature sequence (‘LSGGQ motif’) is involved in complexing 55 

ATP (reviewed in Oswald et al., 2006).  56 

TMDs and NBDs can be arranged in any possible combination: either as separately 57 

encoded protein subunits like in most prokaryotic systems, as half transporters consisting of 58 

two copies of a TMD-NBD fusion protein or as a single polypeptide chain. Canonical ABC 59 

import systems, hitherto confined to prokaryotes, require an additional component. This add-60 

on has been identified as an extracytoplasmic solute binding protein (SBP) or receptor for 61 

substrate capture and initiation of the transport cycle (Davidson et al., 2008; Eitinger et al., 62 

2010). According to Locher (2009), canonical ABC importers can be subdivided into types I 63 

and II. The first type comprises smaller importers, such as the maltose or the 64 

molybdate/tungstate importers, featuring a transmembrane core of 10-14 helices. Type II 65 

importers on the other hand display larger transmembrane domains with up to 20 helices and 66 

specificity for metal chelates, heme, and vitamin B12.  67 
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For both type I and II importers, the SBPs generally consist of two symmetrical domains 68 

joined by a hinge region that flanks the central substrate-binding pocket (Quiocho and 69 

Ledvina, 1996). SBPs were most recently re-classified into six clusters based on their three-70 

dimensional structures (Berntsson et al., 2010).  71 

Notably, in prokaryotes a third type of ABC import systems exists, known as ECF (energy 72 

coupling factors) transporters, which could be tentatively classified as type III importers. 73 

These systems are composed of shared or dedicated energy-coupling modules comprising one 74 

conserved TMD (T-component) and two NBDs which require an additional small integral 75 

membrane protein (S-component) of yet unknown structure to capture specific substrates 76 

(mostly vitamins) (Rodionov et al., 2006; 2009; Eitinger et al., 2010).  77 

This review focuses on the maltose ABC importer (type I) of Escherichia coli/Salmonella 78 

enterica subspecies enterica serovar Typhimurium, encoded within the maltose regulon, 79 

which enables the bacteria to feed on maltose and maltodextrins (α-1,4-linked 80 

oligosaccharides up to seven glucose units) formed by enzymatic cleavage of starch or 81 

glycogen (Boos and Shuman, 1998). The maltose importer (MalFGK2-E) consists of the 82 

periplasmic solute binding protein, MalE, the pore-forming hydrophobic subunits MalF and 83 

MalG, and a homodimer of the ATPase subunit, MalK1 (Fig. 1). MalE traps the ligand in an 84 

inaccessible cleft by moving both domains towards each other, with a twist of ~30° (Spurlino 85 

et al., 1991; Sharff et al., 1992; Evenäs et al., 2001; Shilton et al., 1996; Stockner et al., 86 

2005). Liganded MalE has a dual role: it initiates substrate translocation through the inner 87 

                                                           
1
  Passage of maltose (at µmolar concentrations) and maltodextrins across the outer membrane 

requires a genetically linked specific maltoporin, a trimeric ß-barrel protein, which is not subject of 
this article. See Ranquin and van Gelder (2004) for review. 
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membrane by binding to MalFGK2 and it also communicates the presence of maltose to the 88 

chemoreceptor Tar, thereby initiating attractant chemotaxis (Zhang et al., 1999).  89 

The transmembrane subunits MalG and MalF span the membrane six and eight times, 90 

respectively. The third and fourth helices of MalF are connected by a long periplasmic loop  91 

(MalF-P2) (~ 20 kDa) which is species-specific and apparently confined to MalF homologs of 92 

enteric bacteria (Ehrmann et al., 1998).  93 

Based on the primary structure of MalK, the transporter classification system (TC) 94 

(http://www.tcdb.org) places the maltose transporter in the CUT1 family, the members of 95 

which share a C-terminal extension of their NBDs. In the case of the enterobacterial maltose 96 

transporter, the C-terminal domain of MalK has a dual regulatory function: it controls the 97 

activity of MalT, the positive transcriptional regulator of the maltose regulon (Boos and 98 

Böhm, 2000), and it is the primary site at which dephosphorylated enzyme IIAGlc of the 99 

phosphoenolpyruvate phosphotransferase system binds, preventing maltose uptake. This 100 

process is known as ‘inducer exclusion’ within the context of global carbon regulation 101 

(Deutscher et al., 2006).  102 

The wealth of knowledge accumulated on the maltose transporter by genetic, molecular 103 

genetic and biochemical means (reviewed in Boos and Shuman, 1998; Ehrmann et al., 1998) 104 

was complemented in recent years by crystal structures of four conformers of the isolated 105 

MalK dimer (Chen et al., 2003; Lu et al., 2005), and of two conformational states of the full 106 

transporter (Oldham et al., 2007; Khare et al., 2009). All these structural data contributed 107 

substantially to the current view on the transport mechanism of type I ABC importers. 108 

Moreover, they set the stage for the application of biochemical and biophysical tools which, 109 

together with computational modelling, will eventually lead to an ‘in-depth’ understanding of 110 
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how the transporter works at the molecular level, including its role in the aforementioned 111 

regulatory processes.  112 

This article has two aims: (i) to summarize recent achievements, and (ii) to draw the 113 

reader's attention to experimental tools which allow the study of the transporter's dynamics 114 

during substrate translocation, i.e. what happens in between the snapshots provided by the X-115 

ray structures. We also present a model that integrates currently available biochemical, 116 

biophysical, and structural data on the maltose transporter and discuss their relevance for 117 

physiological functions within the carbohydrate metabolism of the cell. 118 

 119 

Crystal structures of the isolated MalK dimer contributed to the understanding of the 120 

catalytic cycle of NBDs  121 

The MalK dimer provides the energy for maltose transport by hydrolyzing ATP. Crystal 122 

structures of E. coli MalK have been solved in two apo (nucleotide-free)-states, one ADP-123 

bound and one ATP-bound state, representing two open, a semi-open and a closed 124 

conformation of the dimer, respectively (Chen et al., 2003; Lu et al., 2005). These structures 125 

extended the knowledge on the catalytic cycle of NBD dimers based on various crystal 126 

structures of soluble NBDs and biochemical evidence (reviewed in Oswald et al., 2006; Jones 127 

et al., 2009). 128 

A stable MalK dimer interface is formed in all states by the C-terminal regulatory domains 129 

which are lacking in most other NBDs studied (Fig. 2). In contrast, the appurtenant NBDs, 130 

consisting each of a RecA-like and a helical subdomain, are subject to large rigid body 131 

motions relative to each other in the transition between the different states (Fig. 2). Closure 132 

and reopening of the MalK dimer has been described as ‘tweezers-like’, with the C-terminal 133 
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domain representing the ’handle’ and the N-terminal domains being the ’tips’ of the tweezers 134 

(Chen et al., 2003). Distance changes during the catalytic cycle of MalK2 are particularly 135 

large between the Q-loop regions that connect RecA-like and helical subdomains. However, 136 

the MalK dimer does not undergo a simple planar movement. Dimer closure is accompanied 137 

by an intra-monomer rotation of the helical subdomains towards the RecA-like subdomains, 138 

enabling the LSGGQ-motif to contact ATP across the dimer interface.  139 

Interactions of an ATP molecule with the Walker A site of one monomer and the LSGGQ 140 

motif of the opposing monomer was previously observed in the structure of the Rad50 protein 141 

(an ABC protein not involved in transport) (Hopfner et al., 2000) and was suggested for 142 

MalK2 by vanadate-induced photocleavage (Fetsch and Davidson, 2002). In contrast, the 143 

dimer structure of the MalK homolog from the hyperthermophilic archaeon Thermococcus 144 

litoralis (Diederichs et al., 2000) solved earlier showed the NBDs in a different orientation 145 

which most likely represents a crystal artifact (discussed in Oswald et al., 2006).  146 

The ’tweezers-like’ motion of MalK2 was subsequently also corroborated by molecular 147 

dynamics (MD) simulations. Oloo et al. (2006) induced a transition from the open to the 148 

semi-open and from the semi-open to the closed conformer of MalK2 upon docking of Mg-149 

ATP to the binding pockets (see Fig. 2). The simulation highlighted that completion of 150 

closure was driven mainly by cross-interface contacts between residues of the LSGGQ-motif 151 

and the γ-phosphate of the ATP molecule bound to the opposing monomer. Wen and 152 

Tajkhorshid (2008) found that hydrolysis of one ATP was sufficient to trigger dimer opening 153 

in silico and that separation of the LSGGQ-motif from the nucleotide was the key step of this 154 

process.  155 

 156 
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The catalytic cycle of the NBDs in the full transporter: effects of TMDs and MalE 157 

In recent years, it has been thoroughly investigated how the catalytic cycle of the NBDs in the 158 

full transporter is affected by the interacting TMDs and by the substrate availability 159 

communicated via MalE. 160 

The maltose transporter solubilised in detergent micelles was found to hydrolyse ATP 161 

independently of the presence of liganded MalE (Davidson et al., 1992; Landmesser et al., 162 

2002). Similarly, the isolated MalK2 domains are also known to exhibit a spontaneous but low 163 

ATPase activity (Morbach et al., 1993). In the case of the full transporter, however, ATPase 164 

activity is substantially increased by adding liganded MalE (Davidson et al., 1992; 165 

Landmesser et al., 2002), showing tighter coupling in the complete system.  166 

The problem of ATP-induced MalK-dimer closure and coupling to substrate transport was 167 

also addressed by spin-labeling electron paramagnetic resonance (EPR) spectroscopy and 168 

cross-linking performed with purified transport complexes in detergent micelles. In the 169 

absence of MalE and maltose, a measurable distance change between Q-loop residues of the 170 

full transporter's MalK subunits was observed. This distance change, however, became much 171 

less pronounced when the transporter was reconstituted in a lipid environment (Daus et al., 172 

2007b; Grote et al., 2008; 2009). The observed ATP-induced (partial) closure of the MalK 173 

dimer in detergent solution in the absence of MalE is perfectly in line with the proposed futile 174 

ATP hydrolysis cycle observed under these conditions. The fact that this effect was not found 175 

in the membrane-reconstituted system could be explained by an impact of membrane lateral 176 

pressure on the coupling between TMDs and NBDs. It is tempting to speculate that ATP is 177 

spontaneously hydrolyzed in micelles due to a lower energy barrier between the open and 178 

closed MalK2 conformations, which statistically enhances closing events in the absence of 179 

substrate.  180 

Page 8 of 39Molecular Microbiology



For Peer Review

9 

 

EPR analyses demonstrated a profound effect of liganded MalE on the closure of the 181 

NBDs. In fact, the (partial) closure solely induced by ATP binding (Grote et al., 2008) could 182 

be turned to ’full’ closure in the presence of substrate-loaded MalE both in micelles and in 183 

proteoliposomes (Grote et al., 2009; Orelle et al., 2009) which correlates with the highest 184 

ATPase activity observed. 185 

Interestingly, trapping the transporter in a transition state by the inhibitor vanadate after 186 

hydrolysis of 1 ATP (Chen et al., 2001) did not reopen the NBDs as monitored by cross-187 

linking (and contrarily to what was predicted by MD simulation in the isolated NBDs, see 188 

above) (Daus et al., 2007b; Grote et al., 2008). However, ATP-hydrolysis was shown to 189 

induce a semi-open state of the NBDs in intact transporters that resembles the effects 190 

observed in the isolated domains, thus corroborating the idea of a tweezers-like motion in the 191 

assembled complex as well (Orelle et al., 2008).  192 

Communication between the periplasmic and the cytoplasmic regions of the transporter 193 

seems to be strictly mediated by SBP also in other types of ABC importers. For example, the 194 

vitamin B12 binding protein, BtuF, induces conformational changes in the cytoplasmic gates 195 

of the cognate Btu(CD)2 transporter already in the absence of nucleotides (Hvorup et al., 196 

2007), and the response of the cytoplasmic gates during the nucleotide cycle is completely 197 

dependent on BtuF (Goetz et al., 2009). One might speculate that the transmembrane S-198 

component of the candidate type III (ECF) importers could be the cognate TMD partner of the 199 

energy-coupling modules, thus potentially relevant for the overall conformation of the 200 

transporter at all stages of substrate translocation as well. 201 

 202 

 203 
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Crystal structures of the full transporter: insights into the transport mechanism  204 

The maltose transporter is currently the only ABC importer for which two X-ray structural 205 

models exist in the apo and ATP-bound states (Oldham et al., 2007; Khare et al., 2009). They 206 

represent two snapshots of what is now recognized to be the inward-to-outward transition, 207 

coupling ATP hydrolysis to the NBDs’ and TMDs’ conformational changes. Both structures 208 

together with those available for the molybdate/tungstate transporters of Archaeglobus 209 

fulgidus (Hollenstein et al., 2007) and Methanosarcina acetivorans (Gerber et al., 2008), and 210 

the methionine transporter of E. coli (Kadaba et al., 2008) corroborate the hypothesis of a 211 

unifying mechanism of action of type I importers (‘alternating access model’, see below).2 212 

The X-ray structure of the nucleotide-free (apo) state3 of MalFGK2 is available only at low 213 

resolution (4.50 Å) (Khare et al., 2009). The crystal was obtained in the absence of 214 

nucleotides and MalE, and the complex was stabilized by removal of helix 1 of MalF (which 215 

is known to be dispensable for function; Ehrmann et al., 1998). The complex shows a clear 216 

inward facing conformation of the two TMDs (Fig. 1). Superposition of the backbone atoms 217 

of transmembrane cores of MalF and MalG with the pore-forming subunits ModB of the 218 

molybdate/tungstate transporter of A. fulgidus and MetI of the methionine transporter of E. 219 

coli in the inward facing conformations indicate a common overall configuration of the TMDs 220 

of type I importers in the apo-state (Khare et al., 2009).  221 

                                                           
2  The vitamin B12 type II transporter, for which a distinct mechanism of action was 
suggested, has also been crystallized in two states (absence and presence of BtuF), one of which might 
correlate with the resting state. However, no structure with bound nucleotides is currently available 
(Locher et al., 2002; Hollenstein et al., 2007). 
 

3
  In this review, the term apo-state is preferred to the term “resting state” for the complex in the 

absence of nucleotides. In fact, the “resting state” of the transporter in vivo can be considered to be 
ATP-bound, due to the high ATP concentrations inside the cell. 
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The periplasmic regions of the complex are only poorly resolved in the structure. In 222 

particular, the MalF-P2 loop is missing, probably due to a high degree of disorder which 223 

might be either a crystal packing artifact or an intrinsic property of the loop in the apo state. 224 

The crystal structure of the complex in the presence of ATP and MalE was resolved at 2.8 225 

Å, revealing that MalFG are in a periplasmically open state (Fig. 1). The TM helices are in an 226 

intertwining configuration, which contrasts the rather parallel arrangement seen in the 227 

structures of type II importer Btu(CD)2-F (Hvorup et al., 2007) and the putative metal 228 

transporter HI 1470/1 (Pinkett et al., 2006). However, a pseudo-twofold symmetry is 229 

observed for the core region of the two proteins, consisting of helices 3-8 in MalF and 1-6 in 230 

MalG. These helices can be described as two crescents with their concave sides facing each 231 

other. Notably, the first two helices of MalF are positioned away from the dimer interface 232 

which is consistent with the earlier finding that helix 1 is dispensable for function (Ehrmann 233 

et al., 1998).  234 

The complex used for the crystal contains a Glu-159Q substitution in MalK, which 235 

prevents ATP from being hydrolyzed. This results in an ATP-bound structure, which is 236 

thought to represent the transition state for ATP hydrolysis. The crystal shows an open 237 

(unliganded) MalE bound to the periplasmic side of the complex, a maltose molecule bound 238 

solely to a transmembrane region of MalF, and a closed conformation of the ATP-bound 239 

MalK(Glu-159Q)2 subunits. The latter is essentially identical to the closed form of ATP-240 

bound soluble MalK2, with the exception of the Q-loops (Oldham et al., 2007). These are both 241 

flexible in the soluble form and well-ordered (β-strand) in the complex structure (Oldham et 242 

al., 2007), indicating a stabilization of these NBD regions by the TMDs. This nicely 243 

confirmed earlier genetic and biochemical evidence for the interaction between the Q-loops of 244 

MalK2 and the so-called ‘EAA loops’ (subsequently also termed ‘coupling helices’ or ‘L-245 
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loops’ based on structural evidence, see below) of MalFG (Mourez et al., 1997; Hunke et al., 246 

2000; Daus et al., 2007b). 247 

Interestingly, the crystal structure of the apo-state shows a β-stranded Q-loop only in the 248 

MalK subunit facing MalF, while the Q-loop of the opposing MalK subunit facing MalG is 249 

unstructured. Moreover, the C-terminal tail of MalG (residues 290-296), which in the 250 

catalytic intermediate is protruding into the dimer interface of MalK, contacting both Q-loops, 251 

is completely unresolved in the apo-state. Together with the observed slight asymmetry of the 252 

MalK dimer closure based on the X-ray data, this raises the question of whether MalE binding 253 

or closure of the MalK dimer stabilizes the Q-loop at the MalK-MalG interface.  254 

The coupling helices of MalF and MalG, which comprise a sequence motif that is 255 

conserved among canonical ABC importers and was first recognized for MalG by Dassa and 256 

Hofnung (1985), are situated in a cleft on top of each MalK monomer (Oldham et al., 2007). 257 

The crystal structure provides insight into various interacting residues in this region, the most 258 

important being perhaps a salt bridge between Arg-47 of each MalK monomer and the 259 

glutamates of the EAA-motifs (MalF, Glu-401; MalG, Glu-190). Other sites of interaction in 260 

the coupling helices are formed by MalF(Met-405) and MalG(Leu-94), both of which pack 261 

into a hydrophobic pocket of the respective MalK monomers. Results from mutational 262 

analysis (Mourez et al., 1997) and cross-linking (Hunke et al., 2000; Daus et al., 2007b) 263 

indicated that both coupling helices might act asymmetrically during the transport cycle. 264 

None of the currently available crystal structures provide a clue in favour of this notion. 265 

Substrate is probably translocated through a large solvent-filled cavity that appears to be 266 

completely shielded from the membrane and sealed by open MalE in the crystallized state. 267 

The substrate-binding site in the crystal involves ten residues of the MalF subunit that contact 268 

maltose through H-bonds, van der Waals interactions and aromatic ring stacking. The 269 
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crystallized maltose binding site correlates to previous biochemical data showing that 270 

substitution of any of six of these residues reduced transporter activity in vivo (Ehrle et al., 271 

1996; Steinke et al., 2001). To date, this is the only proof for a distinct substrate-binding site 272 

within the transmembrane domains of an ABC importer. 273 

Periplasmic loop regions of MalF and MalG are presumably also involved in functional 274 

interactions within the complex. Periplasmic loop P3 of MalG points into the empty ligand 275 

binding site of MalE, which led Oldham et al. (2007) to propose a ‘scoop-like’ function for 276 

this domain, allowing substrate release from the receptor. 277 

Most prominently, the unusually long second periplasmic loop of MalF (MalF-P2, ~180 278 

amino acids) which folds into an Ig-like domain in the crystal structure and extends some ~30 279 

Å into the periplasm is forming a cap on top of MalE. This position of MalF-P2 might well 280 

reflect an intermediate in the catalytic cycle of MalFGK2, but data are not available on its 281 

structure or position in the crystal structure of apo-state of the transporter (see above). 282 

However, an NMR solution structure of the isolated MalF-P2 polypeptide (encompassing 283 

residues Asn-93 to Lys-275) revealed a well-defined tertiary structure similar to that found in 284 

the crystal (Jacso et al., 2009). This finding also highlights the ability of this domain to 285 

become autonomously folded even in the absence of MalE. Moreover, liganded (closed) MalE 286 

was demonstrated to bind to the transporter even in the apo-state (Grote et al., 2009; Daus et 287 

al., 2007a; 2009).  288 

The crystal structures also provided some hints on the possible mechanism of a class of 289 

maltose transporter mutants functioning independently of the binding protein (Covitz et al., 290 

1994; reviewed in Boos and Shuman, 1998). The mutations which map to transmembrane 291 

regions of MalF and MalG are thought to cause the transporter to reside in a transition state-292 

like conformation (Mannering et al., 2001; Daus et al., 2006; 2007b; 2009). All mutations lie 293 
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at sites of interaction that are altered in the inward-to-outward transition. The authors 294 

speculate that the mutations might lower the energy barrier between the two conformations, 295 

facilitating their interconversion in the absence of the binding protein (Khare et al., 2009).  296 

Together, the currently available crystal structures of MalFGK2 clearly confirm the 297 

alternating access mechanism of substrate transfer for the type I importers. Conformational 298 

changes generated in the NBDs by ATP- and MalE- binding and subsequent ATP hydrolysis 299 

cause a shift between a periplasmic-open and a cytoplasmic-open state of the TMDs. The 300 

available structures of the molybdate/tungstate transporter, ModB2C2, of Methanosarcina 301 

acetivorans (Gerber et al., 2008) and the E. coli methionine transporter, MetI2N2, (Kadaba et 302 

al., 2008) (both type I) conform to the proposed inward-facing conformation in the absence of 303 

ATP.  304 

 305 

Dynamics of the maltose transporter 306 

Although X-ray crystallography has revealed two snapshots of the maltose transporter (apo- 307 

and catalytic state), with molecular details on the subtle and concerted interconnection 308 

between the different subunits, a complete description of the  transport mechanism would 309 

require a full understanding of (i) the effects of MalE (unliganded or maltose-loaded) on 310 

ATPase activity, (ii) signal transduction from periplasmic loops via TMDs to NBDs, (iii) 311 

dynamics of protein regions that communicate, and (iv) the time line of the events. For the 312 

first two aspects, some experimental data are already available which will now be discussed. 313 

 314 

 315 
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Interactions with MalE initiate the transport process 316 

In an EPR study of the assembled transporter reconstituted into proteoliposomes, Orelle et al. 317 

(2008) showed that full closure of ATP-bound MalK2 occurs only upon docking of liganded 318 

MalE to the TMDs. However, the conditions of MalE binding to the complex in its different 319 

conformers are not yet fully clarified. A stable MalFGK2-E complex is only formed in the 320 

vanadate-trapped state or by certain mutations affecting MalK (Chen et al., 2001; Oldham et 321 

al., 2007).  322 

Liganded MalE was also shown to bind to the apo-state of the transporter (Austermuhle et 323 

al., 2004; Daus et al., 2009). Moreover, the relative positions of MalE and the periplasmic 324 

regions of MalF (P2-loop) were found by cross-linking to change upon binding of ATP, 325 

revealing a motion of MalE correlated with the transporter and its close contact to MalF-P2 in 326 

both states (Daus et al., 2009).  327 

The observed binding of unliganded MalE to the transporter was assumed on the basis of 328 

its weak stimulatory effect on ATPase activity (Davidson et al., 1992) and corroborated by 329 

EPR (Austermuhle et al., 2004). A close contact of unliganded MalE with MalFG was found 330 

also in the nucleotide-free state of the complex. Residues Gly-13 and Asp-14 of MalE were 331 

identified as sites of interaction with the first periplasmic loop of MalG (Daus et al., 2007a), 332 

thereby corroborating genetic analyses (reviewed in Shilton, 2008). Contacts of MalE to the 333 

second periplasmic loop of MalF were also detected (Daus et al., 2007a). One way of 334 

understanding this finding was provided by a paramagnetic-NMR study that showed that open 335 

and closed forms of MalE are in equilibrium even in the absence of substrate (Tang et al., 336 

2009). However, Gould et al. (2009) propose that the open, substrate-free conformer of MalE 337 

is indeed able to stimulate ATPase activity directly by binding to a still undefined conformer 338 

of MalFGK2. 339 
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How substrate availability in the periplasmic space is signalled to the cytosolic ABC 340 

subunits to induce ATP hydrolysis is still poorly understood. As already discussed, there is 341 

experimental evidence for binding of MalE to the apo-state of the transporter regardless of the 342 

presence of maltose. The affinity of binding is rather low (upper µM range) but might be 343 

compensated for by the 30-to 50-fold molar excess of MalE over the MalFGK2 complex 344 

observed in vivo (Daus et al., 2007a and references therein).  345 

Recognition of substrate by MalFGK2 could require that N- and C- terminal lobes of MalE 346 

bind to the transporter with a different degree of affinity depending on the presence of 347 

substrate (suggested by Austermuhle et al., 2004). In agreement with this notion, the ATPase 348 

activity of MalFGK2 is coupled to translocation of maltose solely by interactions between 349 

MalFGK2 and MalE, independently of the chemical nature of the substrate (Gould and 350 

Shilton, 2010). The increase in ATPase activity observed in the presence of unliganded MalE 351 

could be reconciled with the previous hypothesis by considering that either the fraction of 352 

closed MalE (Tang et al., 2009) stimulates hydrolysis, or a distinct mode of activation exists 353 

that involves binding of the open form. 354 

 355 

Communicating substrate availability to the NBDs via the unique MalF-P2 loop 356 

As clearly elucidated by the crystal structure of the catalytic intermediate, the large 357 

periplasmic MalF-P2 domain plays a major role in MalE recognition and possibly in inter-358 

domain communication. Although apparently confined to MalF homologues from enteric 359 

bacteria, earlier genetic studies revealed its functional importance as insertions/deletions were 360 

not tolerated with respect to transport (Tapia et al., 1999). In the assembled transporter, MalF-361 

P2 undergoes conformational changes throughout the catalytic cycle as determined by EPR 362 
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(Grote et al., 2009). Moreover, rearrangements of MalF-P2 were found to be strictly 363 

dependent on ATP and liganded MalE, analogously to what was observed in the MalK dimer 364 

closure. Three distinct conformations of MalF-P2 were found, which strikingly correlate with 365 

the open, close and semi-open conformation of the NBDs. This result highlights the complex 366 

mode of communication between cytoplasmic and periplasmic subunits of the transporter.  367 

The crucial role of the MalF-P2 loop immediately poses the questions of how substrate 368 

availability is signalled in the majority of type I importers that lack extended periplasmic loop 369 

regions and what is the particular function of the P2 loop in enterobacterial maltose transport 370 

systems. Both questions are among those that will have to be addressed in the near future.  371 

 372 

Model of maltose transport – paradigm for type I ABC importers?  373 

A dynamic model for the coupling of ATP-hydrolysis and substrate transfer in MalFGK2-E is 374 

presented, based on our findings combined with the X-ray and biochemical data discussed 375 

above (Fig. 3). The transporter is present in an equilibrium of conformers that is modulated 376 

by the concentrations of cofactors and interaction partners. Net transport of substrate is 377 

achieved by fine-tuning of the transition rates between the different conformational states. 378 

The main features of our model are (i) the general alternating access principle, (ii) the 379 

persistent interaction of liganded MalE with apo-, ADP- and ATP-bound conformers of 380 

MalFGK2, and (iii) the mutual dependency of conformational changes in MalF-P2 and MalK2, 381 

leading to a central conformer with closed NBDs and outward-facing TMDs. This 382 

intermediate state can presumably be stabilized only by preventing immediate ATP hydrolysis 383 

through, e.g. mutations or absence of the Mg2+ cofactor. Otherwise, the equilibrium is 384 
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strongly shifted towards the ADP-bound conformer with semi-open NBDs and TMDs flipped 385 

back towards the cytoplasmic open state, thus releasing maltose into the cytoplasm.  386 

With respect to its details, the model represents the specific situation of the maltose 387 

system. However, in the Btu(CD)2-F complex, which might have a distinct mechanism of 388 

transport, both BtuF and nucleotides are necessary for the conformational changes in the gates 389 

as well (Goetz et al., 2009). An unstable intermediate that depends on the simultaneous 390 

presence of two cofactors (receptor/substrate and ATP) seems to be the key determinant step 391 

for the mechanism of import for both type I and II importers. In the latter, however, the notion 392 

that they might operate on a different scheme is gaining confidence (Goetz et al., 2009; 393 

Lewinson et al., 2010). Binding of ATP is suggested to release BtuF, which is opposite of 394 

what happens in the maltose system, but reminiscent of what was proposed for the 395 

oligopeptide transporter, OppABCDF, of the Gram-positive bacterium Lactococcus lactis, 396 

(Doeven et al., 2008) (a type I importer!). Nonetheless, an alternating access mechanism 397 

could still be the main conformational switch for type I and II importers. However, it might 398 

occur in an asymmetric fashion and with the inward- and outward- facing conformations 399 

probably at somewhat different timings with respect to the nucleotide cycle. Also with respect 400 

to the still unknown mechanism of action of candidate type III importers, there is clearly 401 

considerable mechanistic diversity within the large protein super-family of ABC importers. 402 

 403 

The regulatory C-terminal domain of MalK  404 

As mentioned in the Introduction, the maltose transporter is involved in regulatory processes 405 

via the C-terminal domains of the MalK subunits. Dephosphorylated EIIAGlc blocks maltose 406 

transport by inhibiting the MalE/maltose-induced ATPase activity of the transporter, as 407 
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demonstrated with purified protein components in proteoliposomes (Landmesser et al., 2002; 408 

Samanta et al., 2003). Mutations conferring resistance to EIIAGlc map in two regions in the N- 409 

and C-terminal domains of MalK, respectively, which are on the same face of the MalK dimer 410 

(Samanta et al., 2003). Two surface-exposed patches were also identified on EIIAGlc that 411 

interact with MalK (Blüschke et al., 2006). Moreover, the amphipathic N-terminal domain of 412 

EIIAGlc, which is thought to function as a membrane anchor (Wang et al., 2000), is crucial for 413 

inhibition of the transporter (Blüschke et al., 2006). Cross-linking experiments further 414 

revealed that binding site 2 of EIIAGlc (encompassing residues 118 to 127) is close to the C-415 

terminal domain of MalK under all conditions tested, while site 1 (consisting of residues 69-416 

79 and 87-91) is particularly close to residues from the helical subdomain of ADP-bound 417 

MalK. Based on these data, a model of the interaction of EIIAGlc with MalK2 was created 418 

using the Zdock server at http://zdock.bu.edu/ (Fig. 4). Interestingly, docking could only be 419 

obtained when using the coordinates of the ADP-bound conformer of isolated MalK2. Thus, 420 

we propose that inhibition of the transporter by EIIAGlc is caused by blocking conformational 421 

changes subsequent to ATP hydrolysis that are associated with the release of ADP and/or re-422 

binding of MgATP. A molecular dynamics simulation study on the MalK dimer indicated a 423 

decrease in size of the putative EIIAGlc binding sites upon nucleotide binding by ~ 4 Å (Oloo 424 

et al., 2006). The authors speculated that EIIAGlc might prevent this conformational change, 425 

thereby suppressing MgATP binding. Whether one or two copies of EIIAGlc are necessary for 426 

blocking the conformational changes of the NBDs is still unknown. 427 

MalT, the positive transcriptional regulator of the maltose regulon and a member of the 428 

STAND (signal transduction ATPases with numerous domains) class of P-loop NTPases 429 

(Leipe et al., 2004) is a multi-domain protein of 103 kDa. The protein is active in the presence 430 

of ATP and maltotriose, which drive its association into homopolymers (Larquet et al., 2004). 431 
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While ATP hydrolysis is dispensable for transcription activation, it is required for resetting 432 

the inactive (monomeric) state of MalT (Marquenet and Richet, 2007). Maltotriose binding is 433 

antagonized by the ATP-bound form of MalK and by two other proteins, MalY and Aes (Joly 434 

et al., 2004), which lock MalT in the inactive form. Control of MalT activity by MalK is 435 

thought to couple induction of the maltose regulon to internalization of maltodextrins (Boos 436 

and Böhm, 2000). Mutations affecting the interaction with MalT cluster near the bottom of 437 

the C-terminal domain of MalK but are distinct from those involved in EIIAGlc binding 438 

(Samanta et al., 2003). Replacement of Pro-72 in the N-terminal domain of MalK by leucine 439 

also caused a regulation-minus phenotype (Böhm et al., 2002). Mutations that render MalT 440 

insensitive to inhibition by MalK mostly localize to helices 10 and 11 of domain 3 (DT3) of 441 

MalT (Richet et al., 2005), which together with the (ATP-binding) domain 1 (Joly et al., 442 

2004), provides two surface patches for interaction with the MalK dimer. How MalK 443 

competes with maltotriose for MalT binding is not yet understood, but it was speculated that 444 

MalK prevents maltotriose from gaining access to its binding site within a tunnel formed by 445 

domain 3 (Steegborn et al., 2001; Richet et al., 2005; Danot, 2010). 446 

The chemical nature of the MalK-MalT interaction remains to be elucidated. The 447 

phenotype of the MalK(Pro-72L) mutation has led to the hypothesis that, as in case of 448 

EIIAGlc, MalT-DT3 might bind to a surface of the MalK dimer encompassing residues from 449 

the N- and C-terminal domains (Richet et al., 2005). This would explain how conformational 450 

changes of MalK2 that occur upon ATP binding/hydrolysis are communicated to MalT, since 451 

neither the crystal structures (Chen et al. 2003) nor a molecular simulation study (Oloo et al., 452 

2006) provided evidence for motional changes of the C-terminal domains during the catalytic 453 

cycle. Nevertheless, the data supporting this idea are not convincing. First, the loss in 454 

regulation caused by the Pro-72L substitution is substantially smaller than that observed with 455 
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most substitutions affecting residues in the C-terminal domain. Moreover, in the crystal 456 

structures of the complete transporter, Pro-72 and the proposed C-terminal interaction site are 457 

not on a common surface. Thus, further experiments, e.g. co-crystallization of the transporter 458 

with the DT3 fragment of MalT, will be required to identify the binding surfaces on both 459 

proteins. 460 

 461 

Perspectives  462 

Coarse-grained modelling of substrate translocation: the maltose transporter as a model 463 

system 464 

Crystal structures of intact transporters provide the molecular basis for understanding the 465 

transport cycle. However, they cannot elucidate the dynamics encoded in the protein domains 466 

or the exact sequence of events during all steps of the translocation process. Modelling a 467 

transporter ’in action’ during substrate translocation could be achieved by starting from such 468 

crystal structures, and adding the available biochemical and biophysical data on the different 469 

states of the translocation process.  470 

By providing distance restraints and a dynamic perspective focused not only on single 471 

conformers but on their interconversion, cross-linking, FRET, NMR, and site-directed spin 472 

labelling EPR are complementary tools applicable to large functioning protein complexes. 473 

Moreover, these can be studied in detergent solution and embedded in liposomes or as 474 

recently demonstrated also in nano-discs (Zou and Mchaourab, 2010; Alvarez et al., 2010). 475 

Together with coarse-grained modelling tools (for a recent review see Bahar et al., 2010), 476 

they open up the possibility to model multiple steps of the transport cycle on the basis of X-477 

ray snapshots or low resolution data. 478 
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The maltose system, for which two conformational states have already been trapped by 479 

crystallography, provides a unique opportunity for testing and validating modelling 480 

approaches to be subsequently applied to the other types of importers and exporters.  481 

Results from dynamic studies such as those mentioned above will surely influence the 482 

overall picture of how energy generation and transmembrane transport are coupled in 483 

biological macromolecules. Rather than aligning snapshots of crystal structures, the models 484 

thus established will depict states of macromolecules as conformational equilibria that are 485 

shifted by the respective cofactors (see Fig. 3). Moreover, these models will be able to 486 

encompass data on flexible regions of the proteins that are underrepresented in crystal 487 

structures, but which might play vital roles in the interactions between components. 488 

 489 

Evolutionary relationship with ECF (candidate type III) ABC importers?  490 

In 2006, bioinformatic analysis of whole genome sequences from bacteria and archaea led to 491 

the recognition of ECF-type importers as an abundant subclass of ABC transporters. 492 

(Rodionov et al., 2006). Intriguingly, at least certain substrate-specific (S) components of 493 

these transporters can function autonomously as secondary, potentially proton motive force -494 

driven, transport systems in the absence of their cognate NBDs (Hebbeln et al., 2007). The 495 

modular architecture of ECF transporters is reminiscent of binding protein-independent 496 

maltose transporter mutants (Covitz et al., 1994). Thus, it is tempting to speculate that the 497 

MalFG subunits of these mutants might also be able to operate in a secondary transporter 498 

mode in the absence of MalK. In this respect, it is noteworthy that a pmf-driven activity was 499 

demonstrated for LmrA, a multidrug ABC exporter from Lactococcus lactis, when its NBDs 500 

were absent (Venter et al., 2003).  501 

 502 
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Figure legends 744 

Fig. 1. Components of the maltose transport system. Maltose (grey, space-fill representation) 745 

and maltodextrins (not shown) cross the outer membrane (OM) via passage through 746 

homotrimeric maltoporin (in E. coli also known as LamB due to its function as receptor for 747 

bacteriophage lambda). In the periplasm, maltose is bound by maltose binding protein, MalE 748 

or MBP, thereby shifting the protein from the open to the closed conformation. Translocation 749 

of the substrate across the inner (cytoplasmic) membrane (IM) is initiated by interaction of 750 

liganded MalE with periplasmic loop regions of the transport complex composed of the pore-751 

forming subunits MalF (blue) and MalG (magenta) and a homodimer of the ATP-binding 752 

subunit, MalK (in red and green). The figure was drawn using the pdb codes 1MPM 753 

(maltoporin with bound maltose), 1JW4 (unliganded MalE), 1ANF (MalE with bound 754 

maltose), 3FH6 (transport complex, apo-state), and 2R6G (transport complex, catalytic 755 

intermediate). Please note that for simplicity the asymmetric nature of the outer membrane 756 

(the inner and outer leaflet being constituted by phospholipids and lipopolysaccharides, 757 

respectively) is not depicted. Structures not necessarily drawn to scale. 758 

Fig. 2. Dynamics of the MalK dimer. Stereo view of three known crystal structures (side and 759 

top views) of the MalK dimer (Chen et al., 2003; Lu et al., 2005) superimposed on the C-760 

terminal regulatory domains. The overlay demonstrates the conformational changes of the N-761 

terminal (dynamic) domains from the open apo-state (red) to the closed ATP-bound state 762 

(light green) and the reopening after ATP hydrolysis (ADP-bound, semi-open state, green). 763 

The C-terminal (rigid) domains do not undergo significant motions. The PDB codes of the 764 

structures presented are depicted in the figure. 765 

Fig. 3. Current dynamic model for ATP-dependent maltose uptake in MalFGK2 based on the 766 

data discussed in the review. The equilibrium between an open apo-, a closed apo- and a 767 
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closed holo-form of MalE is presented, with the first two species shown to bind to MalFGK2 768 

to induce a futile ATP hydrolysis cycle (within grey squared brackets, right hand side of the 769 

figure). The TMDs are shown to interchange between a cytoplasmic-open (ADP-bound) and a 770 

periplasmic-open (ATP-bound) state (alternating mechanism). The correspondence of three 771 

different states for MalK2 and MalF-P2 is indicated by the same colour coding, the flexibility 772 

of MalF-P2 in the absence of MalE is indicated by a dotted green ellipse. Transitions between 773 

the two conformers highlighted in the red box represent ATP-dependent import of maltose in 774 

the cell, with the stars denoting the instable nature of the ATP-bound intermediate. The dotted 775 

box highlights a short-lived intermediate (the apo state) in the cell. The uncoupled state of an 776 

ATP-bound transporter in detergent solution is indicated within black squared brackets. X-ray 777 

snapshots are superimposed to the models where available. (Modified from Fig. 5 in Grote et 778 

al., 2009). 779 

Fig. 4. Model of interaction between the MalK dimer and EIIAGlc. The model was created by 780 

the Zdock server at http://zdock.bu.edu/ using pdb codes 2AWO (MalK dimer complexed 781 

with ADP) and 1F3G (EIIAGlc). Left panel: residues of MalK2 selected for modelling that are 782 

known to cause resistance to EIIAGlc when mutated (E119, A124, R228, F241, S282: Samanta 783 

et al., 2003 and further references therein; R324: Wuttge, Kuhnert, Schneider, unpublished 784 

observation). Other residues considered by Samanta et al. (2003) were omitted as they lie 785 

somewhat offside the proposed binding surface (G278, G302) or are not surface exposed 786 

(G284). Including these residues did not result in the prediction of a model. Thus, their impact 787 

on EIIAGlc binding might rather be indirect. Including S322 (Samanta et al., 2003) resulted in 788 

the same model. MalK chains A (red) and B (green) are shown in space-fill representation. 789 

Right panel: Zdock result showing EIIAGlc (grey) with selected residues (cyan) that when 790 

mutated abolish the inhibitory activity (Blüschke et al., 2006) or form cross-links with MalK 791 
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(Wuttge, Kuhnert, Schneider, unpublished observation). Please note that the program does not 792 

predict the stoichiometry between interacting proteins.  793 
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