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ABSTRACT

During lactose/H* symport, the Escherichia coli lactose permease (LacY) undergoes a series of global conformational transi-
tions between inward-facing (open to cytoplasmic side) and outward-facing (open to periplasmic side) states. However, the
exact local interactions and molecular mechanisms dictating those large-scale structural changes are not well understood.
All-atom molecular dynamics simulations have been performed to investigate the molecular interactions involved in confor-
mational transitions of LacY, but the simulations can only explore early or partial global structural changes because of the
computational limits (< 100 ns). In this work, we implement a hybrid force field that couples the united-atom protein mod-
els with the coarse-grained MARTINI water/lipid, to investigate the proton-dependent dynamics and conformational changes
of LacY. The effects of the protonation states on two key glutamate residues (Glu325 and Glu269) have been studied. Our
results on the salt-bridge dynamics agreed with all-atom simulations at early short time period, validating our simulations.
From our microsecond simulations, we were able to observe the complete transition from inward-facing to outward-facing
conformations of LacY. Our results showed that all helices have participated during the global conformational transitions
and helical movements of LacY. The inter-helical distances measured in our simulations were consistent with the double
electron-electron resonance experiments at both cytoplasmic and periplasmic sides. Our simulations indicated that the
deprotonation of Glu325 induced the opening of the periplasmics side and partial closure of the cytoplasmic side of Lacy,
while protonation of the Glu269 caused a stable cross-domain salt-bridge (Glul30-Arg344) and completely closed the cyto-
plasmic side.
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INTRODUCTION nal and C-terminal), each domain contains six trans-
membrane helices. The exact dynamics and structural
changes of LacY during lactose/H" symport are largely
unclear because of the complex nature of the process,
but some simple and instructional schematics have been
proposed based on the extensive experimental and simu-
lation findings. For example as illustrated in Figure 1, a
schematic similar to the work of Guan and Kaback! has
been proposed. A complete cycle of lactose/H" symport

Transport of specific molecules across the cell mem-
branes relies on the transmembrane proteins. The Esche-
richia coli lactose permease (LacY), a primary member of
the major facilitator superfamily (MFS) proteins, plays
essential roles in the active transport of galactosides
across cell membranes.1>2 LacY utilizes a proton gradient
across the membrane (Apy+) to drive the movement of
galactosides through the membrane against the sugar
concentration gradient. The coupled transport of galacto-
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Figure 1

Schemanc representation of the possible cycle of lactose/H™

symport and LacY conformational changes according to the work of Guan and

Kaback.! The important residues are labeled and the important salt-bridges (solid lines) and H-bonds (dashed lines) are indicated in the figure.
Right figures show the new cartoon representation (cyan for N-terminal and purple for C-terminal domains) of inward-facing LacY. [Color figure
can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

may consist of the following six intermediate steps: (1)
starting from the periplasmic-side open conformation,
then LacY is protonated and the H" is thought to reside
at Glu269 or shared between Glu269 and His322; (2) a
sugar molecule binds to LacY from periplasmic side; (3)
LacY undergoes a dramatic conformational transition
from outward-facing to inward-facing states, and the H™
is translocated to Glu325; (4) the sugar molecule is
released from LacY to cytoplasmic side; (5) the H”
released from Glu325 to cytoplasm; (6) LacY undergoes a
series of conformational changes and returns back to the
outward-facing state. Finally the periplasmic side of LacY
is open and ready to take next H', and then the cycle
repeats. According to this schematic, the LacY conforma-
tional changes can be divided into proton-dependent
with the absence of sugar and sugar/proton-dependent
which involves the translocation of both sugar and H™.
During lactose/H " symport the LacY protein experien-
ces a sequence of large scale conformational transitions
between inward-facing and outward-facing states. Each
of these conformational transitions is a consequence of a
complex interplay of numerous local interactions involv-
ing salt-bridges/H-bonds formations/breakages among
side chains. So far, only the inward-facing conformation
(shown in Fig. 1) was captured by the crystal struc-
tures.0=8 The transition to outward-facing conformation
has been explored by double electron—electron resonance
(DEER)? and single-molecule fluorescence resonance
energy transfer (FRET)!0 experiments. Experimental
measurements of the distances between some labeled res-
idue pairs indicated a decrease in cytoplasmic inter-
helical distances and an increase in periplasmic inter-
helical distances upon the binding of a sugar molecule.
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However, the local interactions which are critical to the
conformational changes are dynamical and inaccessible
to experiments. Molecular dynamics (MD) simulations
are powerful in exploring detailed molecular scale inter-
actions. A number of atomistic simulations! =17 of LacY
have been performed for understanding of the molecular
mechanisms during lactose/H" symport process. For
example, Yin et al.ll have studied the effects of protona-
tion states of Glu325 and Glu269 on the structural
changes of a sugar-bounded LacY in ~10 ns simulations,
but no significant structural changes were observed.
Later, Holyoake and Sansom!2 captured the partial clo-
sure of the cytoplasmic side of LacY in ~50 ns simula-
tions. In a more recent work, Andersson et al.14 have
performed ~100 ns simulations to investigate the effects
of the protonation state of Glu325 and the type of lipid
on the LacY transition from inward-facing to outward-
facing conformation. Nevertheless, only partial closure of
the cytoplamic side and no significant changes on the
periplasmic side were observed in those simulations,
likely because of the short period of the simulation times
from the limit of the all-atom force fields. On the other
hand, coarse-grained force fields, such as MARTINI1S,19
can significantly speedup the simulations but its applica-
tions are limited to cases where the conformational
changes are of little importance because of the imple-
mentation of the elastic network. Therefore, a hybrid
force field, in which the protein model is detailed
enough to resolve the conformational features and the
associated molecular interactions, while the environment
(water and lipid) models are coarse-grained, will be ideal
for resolving LacY structural changes during lactose/H "
symport. Recently, such a hybrid force field, PACE has
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been developed by Han et al.20-25 1y PACE, the united-
atom-based protein model is coupled with the MARTINI
water/lipid environment. It has been shown that the
PACE force field was able to resolve multiple folding and
unfolding events in several peptides23 and capture the
folding kinetics in small proteins24 in microsecond
simulations.

In this work, we investigate the LacY conformational
changes and the associated molecular interactions through
atomistic simulations in the hybrid PACE force field. Par-
ticularly we are interested in the proton-dependent struc-
tural changes with the absence of sugar molecule (shown
in Fig. 1). We focus on the important roles of protonation
states of two critical glutamate residues (Glu325 and
Glu269) during the transition from inward-facing to
outward-facing conformations. The implementation of
hybrid force field enables us to perform microsecond sim-
ulations of LacY. Through our simulations we will discuss
the both large-scale structural changes and local molecular
interactions during the LacY conformational transitions.

MATERIALS AND MIETHODS

The PACE force field developed by Han et al.20-25 s
adopted in our simulations. Briefly PACE is a hybrid force
field with a united-atom-based model (each heavy atom
represents one site) for proteins coupled with the coarse-
grained MARTINI!8:19 water and lipid model (four heavy
atoms represent one site) to reduce the computational
cost. In protein models, each heavy atom with the
attached hydrogen atoms is generally modeled with one
site, but the hydrogens on backbone and side-chain amide
groups are also explicitly expressed for H-bonding. The
total energy of the system can be expressed as

E=Epona + Eangle + Edihedral T Eimproper + E(p,\|/,xl

+Ew-w+Ew—p+Evaw + Epolar =
The first four terms account for bonded interactions
connected with less than three covalent bonds, E ., is
for interactions involved with rotamers of the backbone
(¢ and ) and the side chains (y,;). The last four terms
account for the nonbonded interactions including water—
water interactions (Ey-w), water—protein interactions
(Ew-p), interactions between nonpolar protein sites
(Eygqw) and interactions between polar protein sites
(Epotar). The nonbonded interactions are described by a
Lennard-Jones (LJ) potential:

87 8

_ ij
Eij—z 4ejj 12 .6 (2)

T T,
7 g T

Here, €;; represents the inter-particle binding energy and
;i the van der Waals radius. r;; is the distance between

Figure 2

The illustration of the simulation box with LacY (new cartoon repre-
sentation with cyan and purple colors for N-terminal and C-terminal
domains) embedded in a POPE (line representation with golden color)
lipid bilayer. Water and chloride molecules are represented by blue and
green spheres respectively. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]

particles i and j. The equilibrium bond length and angle
values were taken from the optimized geometries by
quantum mechanics (QM) calculation. The dihedral
parameters were obtained by fitting QM dihedral poten-
tial profiles of small molecules. Improper terms were
used to maintain the planarity or chirality of groups.
The interaction parameters for E,,, were obtained
through iterative equilibrium simulations against side-
chain rotamer distributions and rotamer-dependent
backbone conformations from a coil library. The parame-
ters for water—protein interactions in Eq. (2) were opti-
mized from fitting hydration free energies of 35 small
organic molecules. E,;w parameters were obtained on
the basis of densities of liquid states and free energies of
evaporation of eight organic compounds. The polar and
charged sites interactions were optimized by fitting the
PMFs from all-atom simulations with the OPLS-AA/L26
force field in explicit water. Details on the modeling
development and parameter optimization can be found
in Refs.22:24 It has been reported that using this hybrid
force filed, simulations are able to resolve the multiple
folding and unfolding events for small peptides,23 as
well as small proteins,23 meanwhile the timescale
explored in simulations is significantly increased com-
pared with the all-atom simulations.

All simulations were performed using the modified
version of NAMD 2.10.27 PACE force field were adopted
for protein, lipid, water, and ion molecules. The initial
models were constructed using CHARMM-GUIL28 Figure
2 illustrates our simulation system. As shown, our system
contains 283 lipids after removal of the lipids overlapping
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Table |
Summary of Simulation Systems

Simulation
Simulation Glu325 Glu269 time
LacY (325") Protonated Deprotonated ~3.2 ps
ApolacY Deprotonated Deprotonated ~3.2 us
LacY (269") Deprotonated Protonated ~3.2 us

with the protein and around 5000 MARTINI water mole-
cules. Small number of chloride ions (seven or eight) was
added in our simulations to neutralize the entire system.
The total system contained ~12,000 atoms with dimen-
sion of ~115 X 115 X 96 A’. The energy minimization
and equilibration simulations have been performed with
the harmonic constrains on the protein backbone «-
carbons. In production simulations, the protein backbone
constrains were released and 30 lipid head group phos-
phorus atoms at the top and bottom layers were randomly
chosen and constrained in z direction to keep protein and
lipid close to the center of the simulation domain. Peri-
odic boundary conditions were applied in all three direc-
tions. The van der Waals interactions were calculated
using LJ potential with a cutoff of 12 A. Production simu-
lations were carried out for ~3.2 pus using NPT
(T=300 K, P=1 atm) ensembles. Since the protein force
field is close to all-atom model, a time-step of 5 fs was
chosen. However, the total number of atoms is signifi-
cantly reduced compared with all-atom simulations
because of the use of MARTINI water and lipids. Graphi-
cal software VMD has been used for analysis of atomic
distances, salt-bridges, H-bonds and taking snap shots.

RESULTS

The protonation states of two key glutamate residues
(Glu325 and Glu269) may play critical roles during the
proton-dependent conformational changes of LacY.!
Therefore, three model systems with different protona-
tion states on Glu325 and Glu269 were simulated for
~3.2 pus as shown in Table I. In LacY (325") model, the
Glu325 was protonated and Glu269 was deprotonated
representing the stage right after the release of sugar
molecular into the cytoplasm (see Fig. 1). In ApolLacy,
both Glu325 and Glu269 were deprotonated and in LacY
(269"), Glu325 was deprotonated and Glu269 was proto-
nated. The sugar substrate was absent in all simulations.
Two independent simulations (sim 1 and sim 2) have
been performed for cases of ApolLacY and LacY (269™)
for statistical consistency.

LacY side-chain dynamics and local
interactions upon deprotonation of Glu325

The large-scale structural movements of LacY during
proton-depending conformational changes are the accu-
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mulative consequence of a complex and dynamical for-
mation/breakage of salt-bridges and H-bonds among side
chains. It has been recognized that some key residues
located around the hydrophilic binding site of LacY, such
as Glu126 (helix IV), Argl44 (helix V), Trp151 (helix V),
Glu325 (helix X), Arg302 (helix IX), His322 (helix X),
and Glu269 (helix VIII),16,29-34 actively participate the
side-chain dynamics during lactose/H" symport. Among
them, the salt-bridge between Argl44 and Glul26 has
been studied from all-atom MD simulations! 114 for its
important roles on regulation of the movement of
His322 and subsequent large scale conformational
changes of LacY. Figure 3(a) shows the time evolution of
the Argl44-Glul26 distance for both LacY (325") and
ApoLacY cases at early stages (before 220 ns). In LacY
(325") case a stable salt-bridge was present, but upon
the deprotonation of Glu325 (ApoLacY) the salt-bridge
between Argl44 and Glul26 was completely broken at
~200 ns (red line in sim 1) or partially weaken (orange
line in sim 2) compared with LacY (325™) case. These
data agree well with the recent results from all-atom MD
simulation from Ref. 14 as shown in Figure 3(c). And
the weakening/breakage of Arg144-Glul26 salt-bridge has
been postulated to correlate to the closure of the cyto-
plasmic side of the LacY.

Another important interaction driven by the deproto-
nation of Glu325 is the salt-bridge between Arg302 and
Glu325.29 As shown in Figure 3(b), a stable Arg302-
Glu325 salt-bridge formed quickly after the deprotona-
tion of Glu325 in ApolacY cases (sim 1 and sim 2).
When Glu325 was protonated, Arg302 and Glu325 tend
to separate although an unstable and transient interac-
tion was observed around 150 ns. The formation of
Arg302-Glu325 salt-bridge also regulates the movement
of His322 and the subsequent conformational changes
LacY. Our results on Arg302-Glu325 salt-bridge dynamics
are also consistent with the all-atom simulation data
from Ref. 14 [Fig. 3(d)].

Large scale conformational changes because
of the deprotonation of Glu325 and
protonation of Glu269

There are many other salt-bridge and H-bond interac-
tions besides the Argl44-Glul26 and Arg302-Glu325
salt-bridges discussed above. The overall results of these
local interactions are the large-scale inter-helical move-
ments and eventually the closure/opening of the cyto-
plasmic/periplasmic  sides of the LacY. Previous
simulations!1=14 can only capture the very early confor-
mational changes because of the computational limita-
tion (<100 ns in those simulations). On the other hand,
it is possible to measure the LacY conformational
changes experimentally. For example, Smirnova et al.?
has quantitatively monitored the conformational changes
of LacY through the measurements of the inter-helical
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The time evolution of the inter-atomic R144-E126 distance (a) and R302-E325 distance (b) for cases with LacY (325") (black) and ApoLacY (red and
orange) from our coarse-grained simulations. (c¢) The R144-E126 distance from all-atom simulations for LacY (325" (black) and ApoLacY (red). (d)
The R302-E325 distance from all-atom simulations for LacY (325') (red line in top figure) and ApoLacY (red line in bottom figure). Figures (c) and
(d) are reproduced with permission from Ref. 14. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

distances using four-pulse DEER technique.3536 In the
experiments, nine nitroxide-labeled paired-Cys replace-
ments were attached to both cytoplasmic and periplasmic
ends of helices on a wild-type LacY. Then the distance
between each nitroxide-labeled pair was measured during
the conformational transition from inward-facing to
outward-facing state upon the binding of galactosidic or
nongalactosidic sugars. From the measurements, the
nitroxide-labeled pairs showed decreased distances rang-
ing from 4 to 21 A on the cytoplasmic side. On the peri-
plasmic side, however, the nitroxide-labeled pairs
exhibited increased distances ranging from 4 to 14 A,
clearly indicating a transition from inward-facing to
outward-facing conformation. Particularly, from the dis-
tribution of the interspin distance between nitroxide-
labeled Ilel64 (Helix V) and Thr310 (Helix IX), the
major population is around 35 A when bonded with 4-
nitrophenyl-a-D-glucopyranoside (NPGIc) and the popu-
lation shifts to 45 A upon binding with 4-nitrophenyl-a-
D-galactopyranoside (NPGal), clearly indicating the

opening of the periplasmic side of LacY from 33 A with-
out sugar binding. On the cytoplasmic end, the distances
between nitroxides bound at Arg73 (Helix III) and
Ser401 (Helix XII) were measured. The distance popula-
tion has been centered at 30 A and 25/37 A for cases
when LacY was bounded with TDG and NPGal respec-
tively, evidently showing a closure of the cytoplasmic
side from 46 A without sugar binding.

For direct comparison with the experiments, we mea-
sure the backbone a-carbon distances between Ilel64
and Thr310 at the periplasmic end and between Arg73
and Ser401 at the cytoplasmic side during the course of
our simulations. Figure 4 shows the time evolutions of
the respective distances for two cases (each case with two
different realizations). As shown in Figure 4(a), when
Glu325 was deprotonated (ApoLacY) the Ile164-Thr310
distance increased from 28 to 40 A for both realizations
showing the opening of the periplasmic side. Similar
trend was also observed in cases when Glu269 was proto-
nated. On the other hand, Figure 4(b) showed a clear
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The time evolution of the inter-atomic (a) 1164-T310 distance for cases with ApoLacY (red and orange) and LacY (269") (blue and cyan); and (b)
R73-$401 distance for LacY (269'). [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

decrease of the Arg73-Ser401 distance from 40 to 30 A at
the cytoplasmic side. The decreases were abrupt and
occurred at different times for each realization, one at
~1.5 ps and one at very early time. Overall our simula-
tion results are consistent with the experimental meas-
urements and show dramatic inter-helical movements
and structural reorganizations caused by the protona-
tion/deprotonation of Glu325 and Glu269. Figure 5
(together with the movie for LacY (269" case in Sup-
porting Information) shows the overall LacY structures
at different protonation states illustrating the transition
from inward-facing to outward-facing conformations
from our simulations. Starting from the inward-facing
conformation (crystal structure), deprotonation of
Glu325 (ApoLacY) induces significant helical movement

leading to the opening of the periplasmic end and partial
closure of the cytoplasmic end (cylindrical or occluded
structure), then protonation of Glu269 (LacY (269'))
causes the complete closure of the cytoplasmic side (out-
ward-facing structure).

The large-scale proton-depended conformational
changes of LacY have also been studied by all-atom MD
simulations.1 1,14 Only partial closure of the cytoplasmic
side and no appreciable changes on the periplasmic side
were observed in those simulations. The partial closure
of the cytoplasmic side has been attributed to the move-
ment of some helices, such as helices V and VIII in Ref.
11 and helix IV in Ref. 14 However, as clearly shown in
Figures 4 and 5 from our simulations, we observed both
the opening of the periplasmic side and full closure of

LacY (crystal structure)

Inward-facing

Cylindrical

LacY (269")

Outward-facing

Figure 5

The conformational changes in LacY at different protonation states. (left) inward-facing conformation from crystal structure; (middle) a transition
state conformation (cylindrical) because of the deprotonation of E325; (right) and outward-facing conformation because of the protonation of

E269.
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The time evolution of the inter-atomic E130-R344 distance for LacY
(269™). (E130 is on helix IV and R344 is on helix XI). [Color figure
can be viewed in the online issue, which is available at wileyonlineli-
brary.com.]

the cytoplasmic side of LacY. And all helices have partici-
pated the global transition from inward-facing to
outward-facing conformations. The periplasmic side
opens in both ApoLacY and LacY (269™) cases and is
probably caused by the dissociation of the sugar mole-
cule. The cytoplasmic side partially closes in ApoLacY
resulting an intermediate cylindrical state but completely
closes in LacY (269™) leading to the final outward-facing
state. We have explored the LacY (269") case and found
that a salt-bridge between Glul30 and Arg344 formed in
both realizations and the salt-bridge was quite stable dur-
ing the course of the simulations as shown in Figure 6.
Glu130 resides on helix IV in C-domain and Arg344 on
helix XI in N-domain. We also notice that the formation
of this salt-bridge coincides with the closing movement
between Arg73 and Ser40l1 as shown in Figure 4(b).
Therefore, this cross-domain interaction between Glul30
and Arg344 may play key roles for complete closure of
cytoplasmic. Furthermore, in our simulations the
Glul30-Arg344 salt-bridge forms only in LacY (269™)
case when Glu269 is protonated. When Glu269 is depro-
tonated (ApolacY), no such stable salt-bridges were
identified.

DISCUSSION AND
CONCLUSIONS

In this work MD simulations have been performed to
investigate the proton-dependent conformational changes
of LacY protein during lactose/H" symport. A hybrid

PACE force field, where the united atom protein model is
coupled with MARTINI water/lipid models, was adopted
in our simulations. This force field enables us to explore
the large-scale LacY conformational changes in microsec-
onds (~3.2 ps), meanwhile retaining the detailed molecu-
lar scale interactions. Three cases with the absence of
sugar molecule: LacY (325M), ApolLacy, and LacY (269™),
have been studied based on the protonation states of two
key glutamic acids (Glu325 and Glu269).

We first investigate the evolution of two key local
interactions (salt-bridges Argl44-Glul26 and Arg302-
Glu325) because of the deprotonation of Glu325 (LacY
(325" to ApoLacY) which have been identified from
previous all-atom simulation. During the early stage
(within 220 ns), our results are consistent with all-atom
simulation data validating our simulations. Then, we
investigate the large scale inter-helical movements of
LacY, and for the first time we are able to capture an
overall transition from inward-facing to outward facing
state from molecular simulations. Deprotonation of
Glu325 induces both the opening of the periplasmic side
and partial closure of the cytoplasmic side, then protona-
tion of Glu269 results in a formation of a stable cross-
domain salt-bridge (Glul30-Arg344) and completely
closes the cytoplasmic side of LacY. As illustrated in Fig-
ure 1, binding of sugar molecule in LacY can also induce
similar inward-facing to outward-facing transitions. It
will be interesting to include the sugar molecule in the
simulations to complete the cycle in future work. Finally
as mentioned in Ref. 24, because of the coarse-graining
of water/lipid and simplification of the protein—protein
and protein—solvent interactions in PACE, the kinetics of
protein dynamics may be significantly faster than experi-
ments. Therefore, we expect that the real conformational
transitions of LacY occur in a much larger time scale
than our simulation times. Nevertheless, our simulations
provide important information on LacY protein struc-
tural changes as well as dynamic interactions during lac-
tose/H" symport.
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