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Abstract 24 

Maltose transporter MalFGK2 is a Type I importer in the ATP-binding cassette (ABC) 25 

transporter superfamily. Upon the binding of its periplasmic binding protein: MalE, 26 

the ATPase activity of MalFGK2 can be greatly enhanced. Crystal structures of the 27 

MalFGK2-MalE-maltose complex in a so-called pretranslocation (pre-T) state with a 28 

partially closed conformation suggest that the formation of this MalE-stabilized 29 

intermediate state is a key step leading to the outward-facing catalytic state. On the 30 

contrary, cross-linking and fluorescence studies suggest that ATP binding alone is 31 

sufficient to promote the outward-facing catalytic state, doubting the role of MalE 32 

binding. To clarify the role of MalE binding and to gain a deeper understanding of 33 

molecular mechanisms of MalFGK2, we calculated the free energy surfaces (FESs) 34 

related to the lateral motion in both the presence and absence of MalE using atomistic 35 

metadynamics simulations. The results show that in the absence of MalE, laterally 36 

closing motion is energetically forbidden, but upon MalE binding, more closed 37 

conformations similar to the pre-T state become more stable. The significant effect of 38 

MalE binding on the free energy landscapes is in agreement with crystallographic 39 

studies and confirms the important role of MalE in stabilizing the pre-T state. Our 40 

simulations also reveal that the allosteric effect of MalE stimulation originates from 41 

the MalE-binding-promoted vertical motion between MalF and MalG cores, which 42 

was further supported by MD simulation of the MalE-independent mutant MalF500.  43 

 44 

Author Summary 45 
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ABC importers are membrane proteins that utilize the energy of ATP hydrolysis to 46 

transport substances into cell. All ABC importers require a cognate periplasmic 47 

binding protein to facilitate substrate import and to stimulate ATPase activity. 48 

However, the molecular mechanism of the stimulation effect is not fully understood. 49 

In this work, we study the stimulation effect in an ABC importer responsible for 50 

maltose uptake in E. coli using computational methods. By free energy calculation, 51 

we provide quantitative evidence demonstrating that the binding of the periplasmic 52 

binding protein MalE can effectively induce the importer approaching the catalytic 53 

state of ATP hydrolysis by stabilizing a high-energy intermediate state. The calculated 54 

free energy landscapes also explain and reconcile discrepancies in previous 55 

experimental studies. Moreover, our study also reveals the detailed allosteric 56 

mechanism on how MalE binding induces the conformational transition.  57 

 58 

 59 

Introduction 60 

ATP-binding cassette (ABC) transporters constitute the largest functional superfamily 61 

of primary active transporters in nature [1,2]. They utilize the energy of ATP 62 

hydrolysis to facilitate import or export in diverse cellular processes, including 63 

multidrug resistance [3], antigen processing [4], bacterial immunity [5], and 64 

cholesterol and lipid trafficking [6,7]. All ABC transporters share a similar 65 

architecture, consisting of two transmembrane domains (TMDs) buried in lipid 66 

bilayer and two nucleotide-binding domains (NBDs) immersed in cytosol. Crystal 67 
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structure studies have identified two major conformational states of the transporters 68 

and established an "alternating-access" mechanistic model [3,8], which proposes that 69 

ATP binding and hydrolysis drive the conformational transitions of the transporter 70 

between the two states: an outward-facing state with the substrate binding site 71 

exposed to the periplasmic or extracellular side of the membrane, and an 72 

inward-facing state with the binding site oriented towards the cytoplasm. In concert to 73 

the conformational transitions, the affinity of substrate binding site is also changed to 74 

ensure unidirectional transport: net substrate uptake for importers and net expulsion 75 

for exporters.  76 

ABC importers were found in prokaryotes only [9]. Besides TMDs and NBDs, they 77 

need the help from an additional protein in periplasm, named as periplasmic binding 78 

protein (PBP), to achieve substrate uptake. Though PBPs vary in size of 79 

approximately 25~70 kDa, the core of PBPs is structurally conserved, consisting of 80 

two lobes connected by a hinge region [10]. The lobes may close and pack together 81 

upon substrate binding and tightly trap the substrate at their interface, known as the 82 

"Venus Fly-trap" mechanism [11]. PBPs show high affinity for their substrates and are 83 

commonly believed to function by acquiring substrates and delivering them to the 84 

TMDs of importers. Intriguingly, the association of PBP with the periplasmic side of 85 

TMDs could evidently stimulate ATPase activity [12-15], though the mechanism of 86 

this effect is not fully understood.  87 

MalFGK2 is one of the best studied ABC importers, serving to uptake 88 

maltose/maltodextrins (maltooligosaccharides up to seven glucose units long) in 89 
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Escherichia coli. Crystallographic studies have revealed several conformational states 90 

of MalFGK2 [16-19]. The heterodimeric TMDs are composed of MalF and MalG 91 

subunits (Fig. 1A and 1B), whose core transmembrane helices (TMHs) (TMH4-8 of 92 

MalF and TMH2-6 of MalG) enclose the substrate binding site in the middle of 93 

membrane [19,20]. In cytoplasm, each MalK subunit contains one NBD plus a 94 

regulation domain. Two nucleotide binding sites are formed at the NBD dimer 95 

interface, each composed of the highly conserved Walker A motif and the LSGGQ 96 

signature motif on the opposing NBD [21]. The crystal structures of the cognate PBP 97 

(called MalE), with or without substrate, have been solved [22,23]. As an excellent 98 

archetype of the "alternating-access" model, both major states of MalFGK2 are clearly 99 

identified by crystallographic [17,19] and electron paramagnetic resonance (EPR) 100 

experiments [24-27]. These states appear in a nucleotide-dependent manner. The 101 

inward-facing state (also called the resting state) emerges in the absence of 102 

nucleotides and MalE, with the NBD dimer interface widely opened [17], whereas the 103 

outward-facing state often accompanies the binding of ATP or its mimics at the fully 104 

closed NBD dimer interface [18,19,21].  105 

 106 

Figure 1. (A) The simulation box with the MalFGK2-MalE complex buried in the 107 

palmitoyloleoylphosphatidylethanolamine (POPE) bilayer. The proteins are 108 

represented as cartoon mode. The subunits MalF, MalG, MalKA amd MalKB are 109 

colored in green, blue, orange and light orange, respectively, and MalE is in magenta. 110 

The maltose molecule is represented by VDW mode and colored in yellow. The lipid 111 
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molecules are colored in red and are represented as balls and bonds standing for the 112 

head groups and the hydrophobic tails, respectively. Some lipid molecules are 113 

removed for the sake of clarity. (B) The collective variables evaluating the lateral 114 

motion: the distance between the mass centers of MalF core and MalG core (CVTMD) 115 

and the distance between the mass centers of NBDs (CVNBD). The mass centers are 116 

denoted as silver and black balls and the CVs are denoted as silver and black bonds 117 

for TMD and NBD, respectively. The corresponding values of the variables in the 118 

crystal structures are marked. The large periplasmic loop 2 of MalF is removed from 119 

the figure for the sake of clarity.  120 

 121 

The binding of MalE has been shown to play an important role in stimulating the 122 

ATPase activity of MalFGK2 in various studies. In particular, the addition of MalE 123 

evidently increases the rates of ATP hydrolysis and maltose transport [12,28-30]. In 124 

2008, Shilton et al. proposed that there exists a significant energy barrier between the 125 

inward-facing resting state and the outward-facing state, preventing conformational 126 

transition and ATP hydrolysis, whereas MalE binding would largely lower the energy 127 

barrier by forming a stable intermediate state and facilitate the transition to the 128 

outward-facing state [31]. Three years later, crystal structures of MalFGK2 in complex 129 

with maltose-bound MalE were obtained. Relative to the resting state, the new 130 

structures show evident lateral motion resulting in partially closed NBD dimer and 131 

cytoplasmic side of TMDs [32], precisely acting as the intermediate conformation 132 

between the resting and outward-facing states. The MalFGK2-MalE complex 133 
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structures were named as the pretranslocation (pre-T) state, which supports the notion 134 

that MalE binding would stabilize a partially closed intermediate state and facilitate 135 

transition to the outward-facing state.  136 

However, the role of MalE in enhancing MalFGK2’s activity was questioned by recent 137 

crosslinking and fluorescence experiments, where it was demonstrated that ATP alone 138 

is sufficient to drive the formation of the outward-facing state without the MalE 139 

binding [33]. It was further proposed that MalE does not play an important role in the 140 

transition to the outward-facing state, but instead facilitates successive steps such as 141 

the cleavage of ATP [34]. The above discrepancy between different sets of 142 

experimental studies makes the role of MalE in stimulating MalFGK2’s ATPase 143 

activity remains elusive.  In particular, is the pre-T state a stable state? Does MalE 144 

binding effectively induce the laterally closing motion? These questions require 145 

further exploration of the nature of MalE stimulation effect.  146 

In the past few years, molecular dynamics (MD) simulations have been used to study 147 

ABC transporter systems, such as revealing the coupling motion inside MalFGK2 148 

[35-37] and understanding the dynamics and conformational changes of other ABC 149 

transporters [38-45]. In this work, we aimed to clarify the effect of MalE binding on 150 

MalFGK2 transporter. We performed well-tempered metadynamics simulations [46] to 151 

calculate the free energy changes induced by the lateral motion with or without MalE 152 

binding. This method has been demonstrated to have efficient sampling and reduced 153 

error in free energy calculations [47-49]. Our study shows that MalE binding at the 154 

periplasmic side of the transporter clearly facilitates laterally closing motion at the 155 
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cytoplasmic side, strongly supporting the role of MalE in stabilizing the pre-T state. 156 

This allosteric effect originates from the MalE-binding-promoted vertical motion 157 

between MalF and MalG cores, which is closely correlated with the laterally closing 158 

motion. The correlated motions were also observed in the simulation of the 159 

MalE-independent mutant MalF500.  160 

 161 

Results 162 

The inward-facing resting state is the only stable conformation in the apo 163 

MalFGK2 system 164 

We performed a 650-ns well-tempered metadynamics simulations [46] for the apo 165 

system (MalFGK2 in the absence of MalE) from the resting state (PDB ID: 3FH6) 166 

[17]. In the metadynamics simulation, we applied bias potentials on two collective 167 

variables (CVs): CVTMD and CVNBD that can sufficiently describe the laterally 168 

opening-closing motion of MalFGK2. Specifically, CVTMD denotes the distance 169 

between center of mass of the MalF core and the MalG core, and CVNBD denotes the 170 

distance between center of mass of two NBDs (Fig. 1B, see Methods for more details). 171 

As shown in Fig. S1, CVTMD displays significantly higher correlations with the 172 

pairwise inter-residue distances locating at the cytoplasmic side (see Fig. S1F) than 173 

those near the periplasmic side (see Fig. S1B&C). This indicates that CVTMD mainly 174 

reflects the cytoplasmic lateral motion of TMDs. As shown in Fig. S2, CVNBD is 175 

closely correlated with the variation at the NBD dimer interface (Fig. S2). As shown 176 

in Fig. S3, the free energy difference between the resting and pre-T state remains 177 
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nearly invariable in the last 150-ns of the metadynamics simulation, indicating that 178 

our simulation has reached reasonable convergence. 179 

As shown in Fig. 2A, the calculated projections of free energy surface (FES) onto 180 

CVNBD and CVTMD clearly shows that the crystal structure of the inward-facing resting 181 

state at (4.12 nm, 2.34 nm) is located near the center of a relatively wide free energy 182 

minimum centered at (4.12 nm, 2.31 nm). On the other hand, the crystal structure of 183 

the pre-T state at (3.60 nm, 2.18 nm) is located at the region with ~22.7 kcal/mol 184 

higher free energy than that of the resting state. These observations strongly suggest 185 

that the inward-facing resting state is the only stable state in the apo system, and the 186 

closing of either TMDs or NBDs is hindered by very steep uphill free energy gradient 187 

(Fig. 2A). Our results are also in good agreement with the structural study that shows 188 

that in the absence of MalE and nucleotides, only the inward-facing state has been 189 

crystalized [17]. Moreover, our results support the functional studies that suggest that 190 

the transition to the fully closed arrangement of outward-facing state requires the 191 

binding of ATP and/or MalE [26,33]. 192 

 193 

Figure 2. (A) 2-D free energy landscape of the apo system. (B) 2-D free energy 194 

landscape of the complex system. The orange and green circles denote the projections 195 

of resting and pre-T states on the 2-D space, respectively. The contour lines of the 196 

landscapes denoting 10, 20, 30 kcal/mol are depicted. The zero point of energy is set 197 

at the energy minimum.  198 

 199 
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MalE binding largely facilitates the laterally closing motion 200 

The metadynamics simulation of the complex system (MalFGK2 in complex with 201 

MalE) was also subjected to the convergence check using the same criteria as the apo 202 

system (see red curve in Fig. S3). MalE remained in the closed conformation 203 

throughout the simulation with a maltose molecule tightly bound inside the binding 204 

pocket. The free energy landscape of the complex system (Fig. 2B) shows a very 205 

different topography from that of the apo system (Fig. 2A). In particular, laterally 206 

opening arrangement exemplified by the resting state is no longer stable on the FES of 207 

the complex system, and areas with smaller CVTMD values have lower energies (Fig. 208 

2B). The global minimum shifts to (3.85 nm, 2.03 nm), which is 18.4 kcal/mol lower 209 

in free energy than the laterally opening conformations. The free energy landscape 210 

around the global minimum is quite flat. The region ranging from 3.73 to 4.10 nm 211 

along CVNBD and from 2.0 to 2.16 nm along CVTMD has free energy differences of less 212 

than 3.0 kcal/mol with respect to the global minimum (Fig. 2B).  213 

Notably, the global minimum (3.85 nm, 2.03 nm) is quite different from the crystal 214 

structure of the pre-T state (3.60 nm, 2.17 nm). It is 10.0 kcal/mol lower in free 215 

energy and has a more opened NBD dimer and a more closed TMD interface. The 216 

structural deviations between the pre-T crystal structure and the global minimum 217 

structure could be attributed to various possible reasons such as crystal packing and a 218 

second MalF binding. In the crystal structure of the pre-T state, two MalK subunits 219 

are respectively in close contact with the MalE subunit and the periplasmic loop (PL) 220 

2 of MalF in the neighboring cells [32], which may disturb the state of the NBD dimer 221 
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interface. Moreover, a second maltose molecule was identified in the substrate 222 

binding site at the MalF-MalG interface in the crystal structure of the pre-T state [32].. 223 

As this maltose was considered to be not physiological relevant due to the high 224 

concentration of maltose used in crystallization [32], we removed it in our simulations. 225 

We anticipate that its presence is likely to enlarge the space between the subunits, 226 

resulting in a more open TMD interface in the crystal structure. Despite the deviation 227 

of the global minimum from the pre-T state, the FES of the complex system is overall 228 

in agreement with the crystallographic results by showing that MalE binding changes 229 

the energy landscape dramatically and promotes the closing of the NBD dimer 230 

interface as well as the cytoplasmic end of the TMDs.  231 

To further verify the above results obtained from metadynamics simulations, we 232 

performed eight independent 100-ns unbiased MD simulations initiated from an 233 

intermediate structure lying between the resting and pre-T state of the complex 234 

system. As shown in Fig. S4A&B, these MD trajectories travelled toward smaller 235 

CVTMD and reached the free energy minimum identified by our metadynamics 236 

simulations. However, in the absence of MalE (apo system), most MD simulations 237 

transit toward larger CVTMD and ended up in the free energy minimum corresponding 238 

to the resting state.  239 

 240 

Relative vertical motion between MalF and MalG correlates with the laterally 241 

closing motion of the inward-facing conformation 242 

The metadynamics and conventional MD simulations clearly demonstrate that MalE 243 
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binding induces the laterally closing motion of the resting state transporter, and 244 

promotes the transition to the pre-T state. To understand the underlying allosteric 245 

mechanism of MalE binding, we compared the crystal structures of the resting and 246 

pre-T states and found that along with the lateral motion, several segments at the 247 

periplasmic side of MalF core undergo collective downward motion relative to the 248 

MalG core, including the periplasmic ends of TMH4, TMH6 and TMH7, the 249 

C-terminal part of PL3 (between TMH5 and TMH6) and most part of PL4 (between 250 

TMH7 and TMH8) (Fig. 3A). The displacement at the contact interface between MalF 251 

and MalG is limited to only 0.2 nm, whereas the residues far from the interface could 252 

move vertically by over 0.5 nm. A close view on the MalFG-MalE interface provides 253 

further evidence for the functional necessity of the vertical motion. After overlapping 254 

the MalG core of the crystal structures of resting and pre-T states, we found that the 255 

PLs on MalF are too close to the PBP in the resting state (Fig. 3B). Obvious steric 256 

hindrance between them would prevent MalE binding. Thus, the relative vertical 257 

motion between MalF and MalG is essential to adjust the binding interface and refine 258 

the interactions between MalE and MalFGK2.  259 

 260 

Figure 3. (A) Motion vectors of the Cα atoms on MalF core (deep blue) pointing from 261 

the resting state (PDBID: 3FH6) to the pre-T state (PDBID: 3PV0) after the 262 

superimposition of MalG cores. The protein is represented by cartoon mode and 263 

TMH8F is omitted for clarity. The cones and cylinders represent the directions and 264 

lengths of the vectors, respectively. The vectors of atoms which show evident 265 
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downward motion are colored yellow and the vectors of the rest are colored red. The 266 

Cα atom of the mutated Gly338 in MalF500 mutant is represented by a magenta ball 267 

and is pointed out by an arrow. (B) Close view of the MalFG-MalE interface. The 268 

MalG cores in the crystal structures of the resting and pre-T states are superimposed. 269 

The subunits in different structures are colored respectively. (C) Projections of the 270 

conventional MD trajectories on the 2-D space spanned by the vertical motion 271 

indicator and CVNBD. Only the last 65 ns of each trajectory were used. 272 

 273 

To quantify the above mentioned vertical motion, we defined a progress indicator, 274 

which is 0% for the resting state and 100% for the pre-T state (see Methods for 275 

details). Then the conventional MD trajectories were projected onto the 2-D space 276 

spanned by the indicator and CVNBD. There is an obvious correlation between the 277 

vertical motion at the periplasmic side and the lateral motion of the NBD dimer 278 

interface in both apo and complex systems (Fig. 3C). The correlation has two 279 

important implications. First, triggering vertical motion could allosterically promote 280 

the laterally closing motion, in good accordance with the conformational changes 281 

induced by MalE binding. Second, the lateral motion would be dragged down by the 282 

cumbersome vertical motion, which involves shear movement at the MalF-MalG 283 

interface and disruption of inter-domain hydrogen bond interactions (such as those 284 

between Lys337F-Tyr252G and between Asn439F-Pro132G).  285 

 286 

The MalE-independent mutant MalF500 supports the correlation between the 287 
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vertical motion and the lateral motion 288 

To further validate the mechanism of MalE stimulation effect, we turn to a 289 

"MalE-independent" mutant, MalF500, whose mutations could mimic the effect of 290 

MalE binding by closing NBD interface and sustaining maltose transportation without 291 

the presence of MalE [50,51]. One of its site mutations is G338R which is located on 292 

PL3F at the MalF-MalG interface (Fig. 3A) and the other mutation N505I is located 293 

on the TMH8F buried in the hydrophobic region of membrane [52]. We built the 294 

model structure of MalF500 system directly from the aforementioned intermediate 295 

structure of the wild-type apo system and launched eight 100-ns trajectories. Though 296 

the simulation time is not long enough to attain a fully equilibrated ensemble, the 297 

MalF500 system exhibited distinct behavior from the wild-type transporter. The 298 

distribution of CVNBD shifted to smaller values, indicating evident laterally closing of 299 

the NBD dimer (Fig. 4A). At the same time, the highest peak of the vertical motion 300 

indicator shifted from 30% to 50%, close to that of the MalE-bound system (Fig. 4B). 301 

The enlargement of the side chain brought by G338R mutation may produce serious 302 

steric collision between PL3F and TMH6G, pushing away the loop, and contributing to 303 

the vertical motion. Therefore, the simulations of the MalF500 mutant further support 304 

the correlation between the vertical motion and the lateral motion and also suggest 305 

that the correlation relationship could be utilized to allosterically regulate the 306 

arrangement of NBD dimer interface. 307 

Figure 4. (A) Distribution of the vertical motion indicator in the conventional MD 308 

simulations of the apo, MalF500 and complex systems. (B). Distribution of CVNBD in 309 
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the conventional MD simulations of the apo, MalF500 and complex systems. Only 310 

the last 65 ns of the 100-ns trajectories were used. 311 

 312 

Discussion 313 

The PBP stimulation effect is widely observed in ABC importers. For the maltose 314 

transporter MalFGK2, the mechanism of MalE stimulation effect has been studied for 315 

decades and accumulating evidences suggest that MalE binds and stabilizes a partially 316 

closed state in the middle of the conversion from the inward-facing state to the 317 

outward-facing state. This model is supported by the crystal structure of the 318 

MalE-associated pre-T state, which shows a partially closed conformation of the 319 

transporter [32]. Some EPR experiments validate the existence of pre-T state and also 320 

show that its stability depends heavily on the membrane/detergent environment [53]. 321 

However, this role of MalE was recently challenged by crosslinking and fluorescence 322 

assay studies [33].  323 

In this work, we calculated the dependence of free energy of MalFGK2 on the lateral 324 

opening-closing motion in the presence and absence of MalE. It turns out that the 325 

inward-facing resting state is the most and the only stable state on the FES of the apo 326 

system, while partially closed conformations are unstable and very high in energy 327 

(Figure 2A). Therefore, our calculations are consistent with the EPR experimental 328 

observations that in the absence of MalE, the inward-facing resting conformation is 329 

very stable [26,27,53,54].  330 

Upon MalE binding, however, partially closed conformations become more stable and 331 
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laterally opening of the cytoplasmic parts costs 18.4 kcal/mol relative to the global 332 

minimum on the 2-D FES (Fig. 2B). These results are in good agreement with the 333 

crystal structure of the MalE-associated pre-T state and confirm that MalE binding 334 

can remarkably stabilize the partially closed conformation. The large variation in 335 

energy also indicates that the contribution from MalE binding would be crucial for the 336 

laterally closing motions at the NBD dimer interface and the cytoplasmic side of 337 

TMDs, and supports the notion that MalE stimulation effect is conducted by 338 

stabilizing a partially closed intermediate state and facilitating the transition to the 339 

outward-facing state.  340 

On the other hand, we note that the free energy landscape of the complex system is 341 

quite flat in the low energy area (Figure 2B), indicating remarkable conformational 342 

flexibility of the complex system. Especially, the free energy remains very low while 343 

the inter-NBD distance spans the range of 0.37 nm (Figure 2B). The conformational 344 

flexibility implicates that the transport activity of a transporter can be sensitive to 345 

membrane/detergent environment, which has been observed in many previous 346 

experimental studies [29,55,56]. Moreover, our simulation indicates that the structure 347 

of the pre-T state is deviated in the crystallographic condition. The global minimum 348 

structure of the complex system shows a more open NBD dimer interface, and the 349 

inter-NBD distance is only 0.27-nm smaller than that of the resting state. The 350 

remarkable flexibility and the relatively small changes at the NBD dimer interface 351 

could pose a great challenge to the resolution capability of the experimental 352 

methodologies, as the variation of inter-residue distance measured in experiments 353 
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would be quite limited during the conformational transition from the resting state to 354 

the partially closed state. This may explain why the spin labels across NBD dimer 355 

interface could hardly discriminate the changes brought by MalE binding in the 356 

absence of nucleotides [26,27,53,54], and why the BMOE crosslinker and the 357 

fluorescent dye N-(1-pyrene) maleimide failed to detect the effect of MalE binding 358 

[33].  359 

To better understand the MalE stimulation effect, unraveling the molecular 360 

mechanism underlying this allosteric effect is essential. Our simulations reveal that a 361 

relative vertical motion between MalF and MalG cores at the periplasmic side is 362 

closely correlated with the lateral motion of NBD dimer (Fig. 3C and 4). The 363 

correlation indicates that factors facilitating the vertical displacement between the two 364 

TMDs near the periplasmic side, such as MalE association and various 365 

MalE-independent mutations, would promote the laterally closing motion of the 366 

inward-facing resting state. MalE binding forces the vertical displacement to remove 367 

steric collisions with MalFG and to form optimal interactions at their interface (Fig. 368 

3B), whereas MalF500 mutant facilitates the vertical motion in a more delicate way 369 

(Fig. 4). It is interesting to note that all the MalE-independent mutations are found in 370 

the integral membrane domains, MalF or/and MalG, and never in MalK [52]. In the 371 

context of the allosteric mechanism revealed in this study, the mutations imply that 372 

the only effective way of activating the lateral motion is to modulate the packing 373 

between MalF and MalG directly.  374 

It should be noted that what MalE binding facilitates is only the first step in the 375 
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transition to the outward-facing state. The successive steps would be still energy 376 

consuming, especially the large-scale rearrangements of MalF-MalG interface at the 377 

periplasmic side [19,32]. Although the outward-facing state is out of our FES due to 378 

its fully closed NBD dimer interface (CVNBD = 2.89 nm), the topography of the FES 379 

suggests that it is probably very high in energy and unreachable through thermo 380 

fluctuations (Figure 2B). This is consistent with many experimental observations that 381 

ATP binding is essential for the complete conversion of the transporter to the 382 

outward-facing state [18,19,21,24,26,33,54]. Based on crosslinking and fluorescence 383 

assay experiments, Bao et al. proposed that ATP alone can accomplish the conversion 384 

to outward-facing state [33], however, EPR experiments found that both MalE and 385 

ATP are required for the conversion [26,27,54]. As nucleotides were not included in 386 

the simulation systems, our calculation could not directly evaluate the effect of ATP 387 

binding on the conformational transition. Further studies on nucleotide-associated 388 

systems are required to clarify this issue.  389 

 390 

Methods 391 

System Setup and MD Simulation Parameters 392 

We used the GROMACS 4.5.5 [57] software and Amber99sb force field [58] in the 393 

MD simulations. The initial structure of the complex system (MalFGK2 in complex 394 

with MalE) was obtained from the crystal structure of the pre-T state (PDBID: 3PV0). 395 

The initial structure of apo system (MalFGK2 alone) was obtained from the crystal 396 

structure of the resting state (PDBID: 3FH6) and the missing residues were built 397 
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based on the corresponding parts of the outward-facing crystal structure (PDBID: 398 

2R6G). The Cα atoms of MalG residues 37, 38, 75 and 76 were 399 

minimal-root-mean-square deviation (RMSD) overlapped between the two structures, 400 

and PL1 of MalG (residue 39 to 74) in the outward-facing structure was used for the 401 

apo system. The Cα atoms of MalG residues 279 to 284 were minimal-RMSD 402 

overlapped between the two structures, and the C-terminus of MalG (residue 284 to 403 

296) in the outward-facing structure was used. The missing coordinates of the loop 404 

between TMH2F and TMH3F (residue 52 to 72) were obtained after overlapping MalF 405 

residues 47 to 52 and 71 to 76, and those of the MalF PL2 (residue 83 to 284) were 406 

obtained by overlapping MalF residues 77 to 88 and 262 to 269. TMH1F was 407 

truncated, as this helix does not significantly affect the folding or transport function of 408 

the transporter [59]. A 3000-step energy minimization successfully repaired the 409 

distorted backbone bonds at the connecting points and removed the possible bad 410 

contacts in the obtained structure. 411 

A pre-equilibrated bilayer consisted of 340 palmitoyloleoylphosphatidylethanolamine 412 

(POPE) molecules described by the Slipids force field [60,61] was positioned around 413 

the TMDs of the transporter through the "shrinking" method [62]. Then the 414 

protein-bilayer complex was solvated in a triclinic box with about 47671 SPC water 415 

molecules [63] and neutralized by sodium ions. The ionized system was first 416 

minimized with the steepest descent algorithm, followed by a 200-ps NPT MD 417 

simulation with position restraints on the heavy atoms of the protein. The temperature 418 

was kept at 310 K using the velocity-rescaling thermostat [64] and the pressure was 419 
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maintained at 1 bar using semi-isotropic Parrinello-Rahman barostat [65]. The 420 

cut-offs of VDW and short-range electrostatic interactions were both set to 1.2 nm, 421 

and long-range electrostatic interactions were calculated by the Particle-Mesh Ewald 422 

method [66]. All the bonds in biomolecules were constrained by the LINCS algorithm 423 

[67] and the bonds in water molecules by the SETTLE algorithm [68]. Structural 424 

visualization was done by VMD [69].  425 

The structure of the MalE-independent mutant MalF500 was built based on the 426 

intermediate structure of the apo system. Site mutations such as G338R and N505I 427 

were manually executed, followed by a 5000-step energy minimization. 428 

 429 

Deriving the Force Field Parameters for Maltose 430 

The same procedure [70] was followed to derive both bonded and non-bonded force 431 

field parameters for maltose. After the quantum mechanics (QM) calculations using 432 

the density functional theory and basis set of B3LYP/6-31G* in Gaussian program, 433 

we fitted the parameters in the stretching, bending and torsion terms of the potential 434 

function. The partial charges were derived from QM calculations with HF/6-31G* 435 

followed by the restrained electrostatic potential (RESP) method [71]. 436 

 437 

Metadynamics Simulations 438 

Metadynamics was first introduced by Parrinello's group as a powerful method to 439 

determine the free energy surface of complex systems represented by several 440 

collective variables (CVs) using a history-dependent potential term [72,73]. For better 441 
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control of the convergence and errors of metadynamics simulation, we employed the 442 

well-tempered metadynamics, in which the height of added Gaussian potential is 443 

rescaled according to the history-dependent potential [46]. All metadynamics 444 

simulations in this work were performed by PLUMED plug-in version 1.3 [74] with 445 

GROMACS 4.5.5. Two CVs were defined to delineate the lateral motion at the TMD 446 

interface and at the NBD interface, respectively. CVTMD evaluates the distance 447 

between the Cα mass centers of the MalF core (residue 277 to 506) and the MalG core 448 

(residue 77 to 283), and CVNBD evaluates the distance between the Cα mass centers of 449 

the NBDs which are represented by every other two residues in the domains (residue 450 

2 to 215). The sampling region was restrained within 2.0~2.5 nm for CVTMD and 451 

within 3.3~4.5 nm for CVNBD using restraining potentials, with an energy constant of 452 

10000 kJ/mol, a rescaling factor of 0.01 nm, and an exponent determining the power 453 

law of 4.  454 

Two systems (with or without MalE association) were simulated. Each system was 455 

maintained at 310 K and the simulations lasted for 650 ns. The initial Gaussian height 456 

was set to 2 kJ/mol and the bias factor was 10. The applied Gaussians in the 457 

metadynamics simulations were accumulated to obtain the 2-D free energy 458 

landscapes.  459 

 460 

Relative Vertical Motion Analysis 461 

The relative vertical motion between MalF and MalG are evaluated by an indicator I 462 

which quantifies the degree of completion of the vertical motion from the resting state 463 
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to the pre-T state:  464 

 
100%

pt rr

pt r pt r

X XX t X
I

X X X X


  

 
 465 

in which Xr and Xpt are the coordinate vectors of the Cα atoms in the selected part of 466 

MalF for the resting and pre-T states, respectively, X(t) is the instantaneous coordinate 467 

vector of a snapshot from a trajectory and ||…|| denotes the vector length. The 468 

indicator equals zero for the resting state and equals 100% for the pre-T state. The 469 

residues at the periplasmic side of MalF showing evident vertical motions in the 470 

crystal structures were selected for the calculation, which include Pro276 to Val298, 471 

Lys337 to Gly380 and Phe434 to Phe476. The calculation was conducted after the 472 

superposition of MalG core.  473 
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