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Exploration of conformational changes in lactose permease
upon sugar binding and proton transfer through coarse-grained
simulations
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Abstract
Escherichia coli lactose permease (LacY) actively transports lactose and other galactosides across
cell membranes through lactose/H1 symport process. Lactose/H1 symport is a highly complex
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process that involves sugar translocation, H1 transfer, and large-scale protein conformational
changes. The complete picture of lactose/H1 symport is largely unclear due to the complexity and
multiscale nature of the process. In this work, we develop the force field for sugar molecules compatible with PACE, a hybrid and coarse-grained force field that couples the united-atom protein
models with the coarse-grained MARTINI water/lipid. After validation, we implement the new
force field to investigate the binding of a b-D-galactopyranosyl-1-thio-b-D-galactopyranoside
(TDG) molecule to a wild-type LacY. Results show that the local interactions between TDG and
LacY at the binding pocket are consistent with the X-ray experiment. Transitions from inwardfacing to outward-facing conformations upon TDG binding and protonation of Glu269 have been
achieved from 5.5 ms simulations. Both the opening of the periplasmic side and closure of the
cytoplasmic side of LacY are consistent with double electron–electron resonance and thiol crosslinking experiments. Our analysis suggests that the conformational changes of LacY are a cumulative consequence of interdomain H-bonds breaking at the periplasmic side, interdomain saltbridge formation at the cytoplasmic side, and the TDG orientational changes during the transition.
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transport mechanisms and applications.4–6 The molecular transport

1 | INTRODUCTION

mechanism of lactose/H1 symport has been investigated in many bioTransmembrane transporter proteins actively control the traffic of spe-

chemical and biophysical experiments,7–10 based on which a schematic

cific molecules across the membranes that surround all cells and organ-

depicting the whole process has been proposed by Guan and Kaback2

elles. The major facilitator superfamily (MFS) is an important class of

as shown in Figure 1. The complete cycle of lactose/H1 symport can

transporter proteins that can be found in nearly all life forms.1 The

be decomposed into six steps: (1) LacY is open to the periplasmic side

Escherichia coli lactose permease (LacY) is a primary member of MFS

and then the residue Glu269 is protonated; (2) a sugar molecule binds

and plays essential roles during transport of galactosides across cell

to LacY from periplasmic side; (3) LacY undergoes a dramatic structural

membranes.2,3 As illustrated in Figure 1, LacY is a complex protein

reorganization and changes from outward-facing to inward-facing con-

composed of 12 transmembrane helices, which are grouped into two

formation, this occurs simultaneously with H1 transfer to Glu325; (4)

pseudosymmetric domains (N-terminal and C-terminal). LacY utilizes a

the sugar molecule escapes from LacY and moves to cytoplasmic side;

proton gradient to actively drive the passage of galactosides through

(5) the H1 is released from Glu325 to cytoplasm; (6) LacY undergoes a

the membrane against the sugar concentration gradient. The coupled

series of conformational changes and returns back to the outward-

transport of galactoside and proton (lactose/H1 symport) by LacY has

facing state. According to this schematic, the entire process of lactose/

been extensively studied and become the prototype for studying MFS

H1 symport can be divided into proton-dependent process with the
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Schematic representation of the possible cycle of lactose/H1 symport and LacY conformational changes according to the work of
Guan and Kaback.2 The important residues are labeled and the important salt-bridges (solid lines) and H-bonds (dashed lines) are indicated in
the figure. Right figures (both top-view with labeled helices and side-view) show the new cartoon representation (green for N-terminal and
blue for C-terminal domains) of crystal structure (inward-facing) of LacY. [Color figure can be viewed at wileyonlinelibrary.com]

FIGURE 1

absence of sugar and sugar/H1-dependent process which involves

effects of substrate binding on LacY conformations over 50 ns simu-

both the translocation of sugar and H1 transfer as shown in Figure 1.

lations and observed some degree of domain closure. Klauda and

The lactose/H1 symport is a highly complex process that is dic-

Brooks27 probed the protein–sugar interactions, binding structures,

tated by collective and cooperative interplay of several dynamic and

and protein motions in response to substrate binding to both mutant

multiscale events, such as molecular scale sugar translocation and H1

and wild-type LacY in 20–25 ns simulations. Later, Jensen et al.28

transfer, and global protein conformational transitions between

explored the molecular and energetic details during sugar conduction

inward-facing and outward-facing states. Each of these events is a con-

across LacY using steered molecular dynamics. Nevertheless, those

sequence of numerous dynamic molecular interactions involving salt-

simulations have either focused on sugar binding process with small

bridges/H-bonds formations/breakages among protein side chains.

conformational changes of LacY25–27 or sugar transport across LacY

Early crystal structures of LacY captured through X-ray experiments

with the aid from some external means.28 The outward-facing confor-

11–13

Later, a stable

mation of LacY has been generated by Radestock and Forrest30

outward-facing mutant was constructed with Trp replacements for two

through swapping the conformations of the repeat units in each half of

are dominant in inward-facing conformations.
14

periplasmic Gly residues.

An occluded structure of the double-Trp

the structure, the structured has been found consistent with previous

mutant with narrowly opened periplasmic side and tightly sealed cyto-

experiments. Moreover, Klauda et al.29,31 have probed the periplasmic-

15

plasmic side was determined.

Most recently, the crystal structure of

open state of LacY using a two-step hybrid implicit–explicit molecular

a double-Trp mutant with outward-facing conformation was deter-

simulation approach, in which the conformational transition to

mined in a LacY-nanobody complex.16 The single-domain camelid

periplasmic-open state was explored by self-guided Langevin dynamics

nanobodies have been developed to stabilize the outward-facing state.

simulations in implicit membrane environment.

Large amount of experiments—including double electron–electron res17

In this work, we investigate the sugar binding and the coupled

single-molecule fluorescence resonance energy

LacY conformational changes through coarse-grained (CG) molecular

transfer (FRET),18 site-directed alkylation,19–22 and site-directed cross-

simulations using the hybrid PACE force field. The PACE force field

linking23—strongly support the alternating access mechanism,24 in

was originally developed by Han et al.32–37 In PACE, a united-atom-

which the LacY should undergo transitions between inward-facing and

based protein model is coupled with the MARTINI38,39 water/lipid

onance (DEER),

1

symport. However,

environment. Through coarse-graining of the environmental molecules

the molecular mechanisms dictating the conformational transitions are

(water and lipid), the molecular simulation time can be significantly

largely unclear due to the complexity and multiscale nature of the

extended while the molecular details of the protein are still retained.

process.

The PACE force field has been employed to study the folding and

outward-facing conformations during lactose/H

Molecular dynamics (MD) simulations25–29 have also been

unfolding events in several peptides35 and small proteins36 in micro-

employed to investigate the sugar binding/transport processes

second simulations. We have recently implemented the PACE force

1

symport and elucidate the transport mecha-

field to investigate the proton-dependent dynamics and conforma-

nism. For instance, Yin et al.25 studied the effects of protonation states

tional changes of LacY without sugar molecule,40 and we were able

of Glu325 and Glu269 on the structural changes of a sugar-bounded

to observe the transition from inward-facing to outward-facing con-

LacY in 10 ns simulations. Holyoake and Sansom

formations of LacY in microsecond molecular simulations. Here we

involved in lactose/H

26

explored the
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first extend the PACE force field to include sugar interactions, and
then implement the new force field to study lactose/H1 symport
with focus on the important roles of sugar molecule during sugar
binding and the associated large-scale conformational changes of
LacY.

ET AL.

2.2 | The sugar model
In this work, we have extended the original PACE force field to
include sugar molecules. We follow the same philosophy as the PACE
protein for sugar models. The hydrogen and the attached heavy atom
are combined to form one site. The bonded interactions parameters
were obtained using the simplified Boltzmann Inversion method.42 We
have developed the sugar–water interactions from the hydration free

2 | MATERIALS AND METHODS

energy (HFE) calculations. The interactions from the hydroxyl groups
on sugar molecules with water molecules represent the dominant

2.1 | PACE protein model
PACE is a hybrid force field developed by Han et al.32–37 with a
united-atom-based model (each heavy atom represents one site) for
proteins coupled with the coarse-grained MARTINI38,39 water and

interaction; therefore, in our sugar model, we defined a new type
of particle representing the hydroxyl group and adjusted the
new hydroxyl–water interaction parameters (EOH2W and dOH2W in
Equation 2) to match the all-atom result of HFE for b-D-glucose (17.6

lipid model (four heavy atoms represent one site). In protein models,

6 0.3 kcal/mol). The interaction parameters for the other atoms on

each heavy atom with the attached hydrogen atoms is generally mod-

sugar molecule were less important and taken from the original PACE.

eled with one site, but the hydrogens on backbone and side-chain

We have performed our simulations (both coarse-grained and all-

amide groups are also explicitly expressed for better accounting of H-

atom) in a water box of 48348348Å3, a b-D-glucose molecule was

bonding. Both bonded and nonbonded interactions are included in

originally placed at the center of the box and then the molecule was

PACE and the total energy of the system can be expressed as

pulled out from the water. The potential of mean force (PMF) of the

follows:

b-D-glucose was calculated and then the HFE was determined. The

E 5 Ebond 1 Eangle 1Edihedral 1 Eimproper 1 Eu;w;v1 1 EW2W 1 EW2P
1 EvdW 1 Epolar

hydroxyl–water interaction parameters were then adjusted such that
(1)

The first four terms account for bonded interaction mediated by
covalent bonds and the last four terms account for the nonbonded
interactions including water–water interactions (EW2W ), water–protein

the calculated HFE (17.3 6 0.4 kcal/mol) agreed with the all-atom
result. Finally, the parameters were determined as: EOH2W 5 0.78 kcal/
mol and dOH2W 5 3.4 Å. The interaction is much weaker than the original hydroxyl–water interaction from PACE (3.35 kcal/mol and 2.8 Å
respectively). This is due to the fact that the coarse-graining of the

interactions (EW2P ), interactions between nonpolar protein sites (EvdW ),

water molecules could lead to considerable loss of configurational

and interactions between polar interactions (Epolar ). Eu;w;v1 is for the

entropy, missing of the important hydrogen bonding with the water,

interactions involved with rotamers of the backbone (/ and w) and the

and the lacking of electrostatic solvation. To confirm our force field,

side chains (v1 ). The Lennard–Jones (LJ) potential is used for non-

we have also conducted the HFE calculation using free energy pertur-

bonded interactions:

bation (FEP) approach43 and the HFEs are 17.0 6 0.3 kcal/mol for all-

!

X
d12
d6ij
ij
4Eij
2 6 :
Eij 5
12
r
r
ij
ij
i6¼j

(2)

Here, Eij represents the interparticle binding energy and dij , the van

atom and 16.4 6 0.5 kcal/mol for coarse-grained force field. We further confirmed the sugar–water force field through HFE calculation
for a b-D-galactopyranosyl-1-thio-b-D-galactopyranoside (TDG) molecule (27.1 6 0.4 kcal/mol for all-atom and 28.0 6 0.5 kcal/mol for

der Waals radius. rij is the distance between particles i and j. For

coarse-grained force field). For the nonbonded interactions with the

bonded interactions in Equation 1, the equilibrium bond length and

protein residues (mainly the interactions from the hydroxyl group on

angle values were taken from the optimized geometries by quantum

sugar molecules with protein residues), we have followed the proce-

mechanics (QM) calculation. The dihedral parameters were obtained by

dures described in Ref. 36 to adjust the interaction parameters (E and

fitting QM dihedral potential profiles of small molecules. Improper

r in Equation 2) for the CG sugar model, so that the PMFs from CG

terms were used to maintain the planarity or chirality of groups. The

force field match with the results from all-atom model. We have per-

interaction parameters for Eu;w;v1 were obtained through iterative equi-

formed NPT (T 5 300 K and P 5 1 atm) simulations in a periodic box

librium simulations against side-chain rotamer distributions and

of 30330330 Å3 for both CG and all-atom simulations and the PMF

rotamer-dependent backbone conformations from a coil library. The

profiles were obtained using adaptive biasing force (ABF) method.44

parameters for water–protein interactions in Equation 2 were opti-

The final interaction parameters after adjustment were summarized

mized from fitting hydration free energies of 35 small organic mole-

and provided in Supporting Information, Table S1.

cules. EvdW parameters were obtained on the basis of densities of

The new sugar force field was implemented with PACE to study

liquid states and free energies of evaporation of 8 organic compounds.

lactose/H1 symport. All simulations were performed using the modi-

The polar and charged sites interactions were optimized by fitting the

fied version of NAMD 2.10.45 The original PACE force field were

41

force field in

adopted for protein, lipid, water, and ion molecules. The initial configu-

explicit water. Details on the modeling development and parameter

rations were constructed using CHARMM-GUI46–49 and VMD.50

optimization can be found in Refs. 34,36.

Figure 2 illustrates our simulation system. As shown, our system

PMFs from all-atom simulations with the OPLS-AA/L
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atom (left) and coarse-grained PACE (right) force fields. Some key residues (His158, Arg162, Asn174, and Glu184) interacting with TDG have
been identified. As shown, the structure and orientation of the TDG
with PACE are consistent with all-atom results with similar molecular
interactions at the binding site. We also calculated the PMF by pulling
the TDG out of the binding site. Directional harmonic constraints were
applied on the TDG molecule52 such that it has similar orientation to
the protein binding site and can only move in the vertical direction. We
choose the vertical distance from the center of the protein to the center of the TDG molecule as the reaction coordinate (z) (Figure 3B), and
then perform the PMF calculations for both the CG and all-atom models using ABF method. As shown in Figure 3C, the PMF profile from
CG model (green line) agrees well with the all-atom model (red line)
around the binding site validating the sugar force field. There are some
noticeable fluctuations for PMF from CG model as the TDG moves out
of the binding site to the bulk water, which is due to the resolution
The illustration of the simulation box with wild-type
LacY (PDB ID: 2V8N) (new cartoon representation with green and
blue colors for N-terminal and C-terminal domains) with bound
TDG sugar embedded in a POPE (line representation) lipid bilayer.
Water and chloride molecules are represented by black and red
spheres, respectively. [Color figure can be viewed at wileyonlinelibrary.com]

FIGURE 2

transition from the protein (united-atom model) to water (MARTINI
model).

3.2 | Sugar binding to LacY
From the X-ray crystal structures of LacY,11–13 a hydrophilic binding
pocket is located near the center of the protein. Based on extensive
amount of experimental evidences,2,7,11,53–57 several essential resi-

contains 273 lipids after removal of the lipids overlapping with the pro-

dues inside the binding pocket: Glu126 (helix IV), Arg144 (helix V),

tein and 4200 MARTINI water molecules. To neutralize the system,

Trp151 (helix V), Glu269 (helix VIII), Arg302 (helix IX), His322 (helix

several chloride ions were added into the system depending on the

X), and Glu325 (helix X), actively participate the substrate binding

protonation states. The total system contained 11,500 atoms with

and play crucial roles on the overall lactose/H1 symport process.

dimensions of 112 3 112 3 96 Å . The lipid bilayer systems were

With the new sugar force field, we first setup our simulations to

equilibrated using the standard six-step equilibration process46–49 of

investigate the binding process of a TDG molecule to a wild-type

gradually turning off the constraints over 280 ps at a temperature of

LacY (PDB ID: 2V8N). As illustrated in Figure 4A, a TDG molecule

300 K. In production simulations, periodic boundary conditions were

was initially placed near the binding pocket with the two sugar rings

applied in all three directions. The van der Waals interactions were cal-

aligned vertical to the membrane and then allowed to relax to the

culated using LJ potential with a cutoff of 12 Å. Production simulations

binding pocket through appropriate salt-bridges and H-bonds interac-

were carried out for 5.5 ls using NPT (T 5 300 K and P 5 1 atm)

tions. We monitored the dynamics of TDG molecule through meas-

ensembles. The simulation time-step is set to 4 fs. The time-step is

uring the distance (dCM ) between the center of mass (CM) of TDG

close to the all-atom simulations but the number of atoms is signifi-

and the CM of several key residues (Arg144, Glu269, Asp237, and

cantly reduced because of the coarse-grained MARTINI water and lipids. VMD has been used for analysis of atomic distances, salt-bridges,

Lys358), and the angle (u) formed by the line connecting the two
rings of TDG (C 2C' ) to the horizontal direction as a function of

H-bonds, and taking snap shots. Pore radius analysis was carried out

simulation time. As shown in Figure 4B,C, the TDG molecule slowly

using HOLE51 program based on 100-ns blocks for the last 1-ls

translates to the binding pocket in 200 ns, concurrently the molecule

3

simulations.

4

4

adjusted itself through an orientational change from vertical to horizontal direction. The directional change may be caused by the stack-

3 | RESULTS
3.1 | Validation of the sugar force field

ing interactions between the Trp151 and the TDG ring as illustrated
by the snapshot at the binding pocket in Figure 4D.58 In addition, we
also observed a strong salt-bridge formed by Arg144–TDG and weak

To validate the force field for sugar molecules, we have investigated

salt-bridge by Lys358–TDG as indicated by the dashed lines. All the

the binding of a b-D-galactopyranosyl-1-thio-b-D-galactopyranoside

interactions are consistent with the captured X-ray structure of LacY

(TDG) molecule to a specific carbohydrate binding protein (PDB ID:

with TDG substrate.11 Moreover, to accommodate the TDG mole-

4JC1). This protein contains one binding site which is readily accessible

cule, we also observed slight opening of the LacY at the cytoplasmic

by TDG from outside. Figure 3A shows the top view of the protein

side compared with the original wild-type LacY without substrate

interacting with TDG at the binding site for simulations with both all-

(PDB ID: 2V8N).
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(a) Binding of a TDG molecule to a carbohydrate-binding protein (PDB ID: 4JC1) for all-atom (left) and coarse-grained (right)
force field. (b) Simulation setup and definition of the reaction coordinate (z) for PMF calculations. (c) Comparison of PMFs between coarsegrained model (green) and all-atom model (red). [Color figure can be viewed at wileyonlinelibrary.com]

FIGURE 3

3.3 | LacY conformational changes and comparison
with experiments

at the cytoplasmic side (Supporting Information, Figure S1b) are con-

From a large amount of experiments and the mechanism illustrated in

sistent with the values from crystal structure with inward-facing con-

Figure 1, the proton translocation among Glu325, His322, and Glu269

formation for all three simulations. However, significant structural

plays crucial roles during the sugar transport and the associated LacY

changes were observed when Glu325 was deprotonated and Glu269

conformational changes. Protonation of Glu325 most likely stabilizes

protonated (as also illustrated by the movie in the Supporting Informa-

the inward-facing conformation, while the translocation of proton from

tion). We have monitored the conformational changes through mea-

Glu325 to Glu269 facilitates the LacY structural changes and triggers

surement of LacY lumen pore radius and compared with X-ray crystal

the transition from inward-facing to outward-facing conformations.

structure. As shown in Figure 5, in crystal (initial) structure, the cyto-

We setup our simulations to investigate the conformational changes of

plasmic side is open while the periplasmic side is tightly closed. From

LacY in response to sugar binding and proton translocation. A TDG

our simulations results with Glu269 protonated, all three simulations

molecule was placed at the binding pocket of wild-type LacY (PDB ID:

show a clear pore radius increase of 4 Å from the crystal structure at

2V8N) with initial inward-facing configuration. In our simulations, two

the periplasmic side. At the cytoplasmic side, we observed a moderate

controls have been created with either Glu325 or Glu269 protonated,

pore radius decrease of 1 Å in simulation 1 and a dramatic decrease

and in each case, three independent simulations were performed for

of 3.5 Å in simulations 2 and 3. In summary, simulations 2 and 3

statistical consistency. Implementation of the hybrid PACE force field

yielded a clear outward-facing structure (illustrated in Figure 5A) with

enables us to explore the conformational changes in microseconds.

opening at the periplasmic side and complete closure at the cytoplas-

From our simulation results, protonation of Glu325 does stabilize the

mic side. Simulation 1 ended with a structure with opening at the peri-

inward-facing conformation as shown in Supporting Information, Figure

plasmic side and partial closure at the cytoplasmic side. Although the

S1. The interhelical distances measured for pairs V105–T310 at the

cytoplasmic side is not tightly closed in simulations, the pore is narrow

periplasmic side (Supporting Information, Figure S1a) and N137–Q340
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(a) The snapshots of LacY and TDG at initial stage before binding (left) and final stage after binding (right). The time evolution
of (b) the distance between the center of mass of TDG and LacY binding pocket (dCM ) and (c) the angle formed by the line(C4 2C4' )
connecting TDG rings and horizontal direction (u). (d) The substrate binding site of LacY. The key residues involved in TDG binding are
labeled and the salt bridges are represented by black dashed lines. [Color figure can be viewed at wileyonlinelibrary.com]

FIGURE 4

enough to prevent the TDG moving out from the cytoplasmic side.

nitroxide-labeled pairs exhibited increased distances ranging from 4 to

Within our simulations, we did not observe any transport of TDG

14 Å, clearly indicating a transition from inward-facing to outward-

across LacY.

facing conformation. In our simulations, we measured the Ca–Ca differ17

have measured the interhelical distance changes

ence in distance between exactly the same residue pairs relative to the

using four-pulse DEER technique for a wild-type LacY during the con-

X-ray crystal structure and compared with the DEER experiments in

formational changes induced by sugar binding. In the experiments, nine

Figure 6. As shown, at the periplasmic side (pairs V105–T310, I164–

Smirnova et al.

nitroxide-labeled paired-Cys replacements were attached to both cyto-

T310, and I164–S375), all simulations showed significant increases by

plasmic and periplasmic end of LacY. Then the distance between each

10–14 Å in pair distances. Our simulation results agree remarkably

nitroxide-labeled pair was measured. From the measurements, the

well with the experimental data. At the cytoplasmic side, the trend is

nitroxide-labeled pairs showed decreased distances ranging from 4 to

consistent with the experiment showing decreased pair distances.

21 Å on the cytoplasmic side. On the periplasmic side, however, the

The decreases in some pairs—such as R73–Q340, S136–Q340, and

(a) The outward-facing LacY configuration at the end of the simulation 2. (b) The pore radius profiles of LacY. Simulations
results (green: simulation 1; blue: simulation 2; cyan: simulation 3) are compared with the X-ray crystal structure (red). The error bars were
calculated from 10 frames within the last 1 ls simulations. Simulations are for cases with Glu269 protonated

FIGURE 5
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suggested that the opening of the periplasmic side was between 15
and 17 Å. Figure 7 shows the time evolution of the Cb–Cb distances
between the three pairs: I40–N245, T45–N245, and I32–N245
throughout the simulations. Taking into account of the difference
between the spacer arm distances in experiments and the Cb–Cb distances measured in our simulations, the experimental suggested opening of periplasmic side should be between 18.6 and 20.6 Å.29 The
experimental range has been indicated in Figure 7 as dashed lines for
comparison. As shown, the Cb–Cb distances for all three pairs show
consistent increase with time in all three simulations. In general, the
steady-state Cb–Cb distances agree with the experimental data except
The Ca 2Ca difference in distance between residue
pairs relative to the X-ray crystal structure. The first three pairs
show increased distance indicating the opening of periplasmic side.
The last six pairs show decreased distance indicating the closure of
the cytoplasmic side. The data shown in red are from DEER experiment.17 The data shown in blue and purple are from repeatswapped model and model based on FucP.30 The distances (green
color) are the averaged values based on three independent simulations. [Color figure can be viewed at wileyonlinelibrary.com]

FIGURE 6

some small differences, such as a slightly larger I40–N245 distance of
22 Å in simulation 2 (Figure 7A) and slightly smaller T45–N245 distance of 15 Å in simulation 1 (Figure 7B), were observed. Our results
are also similar to the simulation data from Ref. 29 (Ex-r1 and Ex-r4 in
Table 3).

3.4 | H-bonds/salt-bridges formation/breakage during
LacY transition
All three simulations clearly indicate dramatic large-scale conforma-

S136–S401 agreed well with the experiment, but the other pairs

tional changes from inward-facing to outward-facing upon the TDG

showed smaller decreases compared with the experimental data. In

binding and the protonation of Glu269. The structural changes are con-

Refs. 29,31, the authors also explored the outward-facing state of LacY

sistent with DEER17, cross-linking23 experiments, and modeling/

through a two-step hybrid implicit–explicit molecular simulation

simulations.29–31 The overall global changes are the accumulative con-

method. The outward-facing structure of LacY was generated with the

sequence of a complex and dynamical formation/breakage of salt-

aid of self-guided Langevin dynamics in an implicit membrane. Compar-

bridges and H-bonds among residues near the substrate binding site

ing our data with their results (Figure 8 in Ref. 29 and Figure 6 in Ref.

(Figure 4). Key residues and some important interactions playing crucial

31), our results show slightly more opening at the periplasmic side and

roles during lactose/H1 symport have been identified by extensive

similar closure at the cytoplasmic side. Two outward-facing structural

site-directed and cysteine-scanning mutagenesis experiments,2,59 and

models of LacY have been generated through swapping the conforma-

modeling/simulations.25–28 As illustrated in Figure 1, fluorescence

tions of the repeat units in each half and through homology modeling

experiments2,60 suggested that an interdomain H-bond between

30

with the structure of FucP as a template by Radestock and Forrest.

Trp151 (helix V) and Glu269 (helix VIII) should form and stabilize the

As shown in Figure 6, our simulations show similar opening at the peri-

inward-facing conformation of LacY. From our simulations as shown in

plasmic side and smaller closure at the cytoplasmic side comparing

Figure 8A, all simulations show significant increased distance between

with the two models. However, as pointed out in Ref. 31, one should

Trp151 and Glu269 indicating the breakage of the H-bond and opening

be careful in comparing with DEER data as the orientation and move-

of the periplasmic side. In addition, our simulations show a direct inter-

ment of the spin labels may significantly affect the residue pair distance

action and salt-bridge formation between Arg302 (helix IX) and Glu325

measured in experiments. In general, the interhelical distance changes

(helix X) within the C-terminal domain (Figure 8B) upon protonation of

from our simulations indicate a transition from inward-facing to

Glu269. This salt-bridge formation is consistent with the predictions

outward-facing conformation, which is consistent with the experiment

from experiments2,53 and repeated-swapped models30 for outward-

and the pore radius measurement in Figure 5.

facing conformation of LacY. Moreover, we have also examined the

Moreover, Zhou et al.23 have explored the opening/closing of the

interaction between Arg144 (helix V) and Glu269 (helix VIII) in all simula-

periplasmic side of LacY through cross-linking experiments. In the

tions. The X-ray structure suggested a direct salt-bridge interaction

experiments, three paired double-Cys mutants (I40–N245, T45–N245,

between Arg144 and Glu269 for inward-facing LacY with TDG.11 How-

and I32–N245) located at the interface of the N- and C-terminal

ever, our simulation results indicate a rather dynamic formation/break-

domains near the periplasmic end were constructed. Homobifunctional

age of salt-bridges with Glu325 protonated and no direct contacts with

thiol cross-linking reagents of different lengths and flexibilities were

Glu269 protonated for Arg144–Glu269 interactions. This is probably

used to test the influence of cross-linking on the transport activity of a

due to the coarse-graining of the force filed or dynamic proton transfer

TDG. It was found that the transport activity of sugar was almost com-

among Glu269, His322, and Glu325, which is not considered in our cur-

pletely blocked with cross-linking reagents of length less than 15 Å.

rent model. Finally, it is also interesting that in all simulations we

However, with the flexible reagents with length greater than 15 Å,

observed the orientational movement of the TDG molecular from the

full or partial activity of sugar transport was observed. The experiments

horizontal to vertical direction with the conformational transition as
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Time evolution of the Cb 2Cb distances between I40 and N245 (a), T45 and N245 (b), and I32 and N245 (c). The red dashed
lines represent the value (18.6–20.6 Å) suggested from the cross-linking experiments for an outward-facing conformation.23 Simulations are
for cases with Glu269 protonated. [Color figure can be viewed at wileyonlinelibrary.com]

FIGURE 7

illustrated in Figure 5A. The partial/initial closure of the cytoplasmic side

clear transition from inward-facing to outward-facing conformation

of LacY may be triggered by TDG reorientation.

upon sugar binding and protonation of Glu269. The outward-facing
configuration compared favorably with both DEER and cross-linking

4 | DISCUSSION AND CONCLUSIONS

experiments, and previous modeling/simulations. Based on the analysis
of the dynamics of H-bonds/salt-bridges and TDG molecule, a possible

The PACE force field, in which the united atom protein model is

mechanistic picture of the LacY conformational transition emerges.

coupled with the MARTINI water/lipid models, has been extended to

First, protonation of the Glu269 disrupts the interdomain H-bonds,

include interactions from sugar molecules. We have followed the same

such as Trp151-Glu269, initiating the opening of the periplasmic side.

philosophy and procedures as the original PACE to parameterize both

Simultaneously, protonation of Glu269 also disturbs the TDG–LacY

the bonded interactions within the sugar molecule and nonbonded

interactions and induces an orientational change of the TDG molecule

sugar–water and sugar–protein interactions. The new force field was

from horizontal direction to vertical direction. Reorientation of the

first validated by comparing the potential of mean force for TDG bind-

TDG molecule and the associated new TDG–LacY interactions may

ing to a protein with the result from all-atom model. Then we imple-

lead to further opening of the periplasmic side and partial closure of

mented the force field to investigate the TDG binding to a wild-type

the cytoplasmic side of LacY. Finally, the formation of interdomain salt-

inward-facing LacY and the protein conformational changes upon TDG

bridges causes the complete closure of the cytoplasmic side. More sys-

binding and proton translocation. Simulation results showed that the

tematic investigations are needed to obtain the molecular details

molecular interactions (salt-bridges and H-bonds) between TDG and

involved in the sugar transport cycle and conformational changes of

LacY at the binding pocket were consistent with the X-ray measure-

LacY. Nevertheless, as demonstrated in this work, the hybrid PACE

ments of crystal structures. The implementation of the PACE force

force field is able to simultaneously achieve the computational effi-

field has enabled us to explore the conformational changes of LacY in

ciency and molecular details. It represents a powerful tool and holds

microsecond simulations (5.5 ms). Our simulations demonstrated a

great potential for investigation of lactose/H1 symport across LacY.

Time evolution of the interatomic (a) W151–E269 distance and (b) R302–E325 distance. The distance in (a) is measured
between the indole N of Trp151 and the carboxyl group of Glu269. The distance in (b) is measured between the charged N of Arg322 and
the carboxyl group of Glu325. Simulations are for cases with Glu269 protonated. [Color figure can be viewed at wileyonlinelibrary.com]

FIGURE 8
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