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ABSTRACT: Proton-coupled oligopeptide transporters
(POTs) couple the inward movement of di- or tripeptides
with the inward movement of protons. Experimentally, it has
been shown that virtually all di- and tripeptides are recognized
as substrates, which suggests that it is the backbone of the
peptide that determines substrate affinity and specificity. We
have previously shown that a conserved E,XXE,R motif is
involved in the binding of the proton. Although the proposed
protonation site is in close proximity to the peptide binding
site, the mechanism by which the POT's couple protonation to
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peptide binding is not understood. Here, we have performed molecular dynamics simulations on the crystal structure of
Escherichia coli POT YbgH in the absence and presence of a proton on the consensus E, (Glu21) and on both states in the
absence and presence of a dipeptide. We observe that the highly conserved Lys118 is able to interact with Glu21 when Glu21 is
not protonated but with the dipeptide C-terminus when Glu21 is protonated. Thus, Lys118 provides YbgH with a coupling
mechanism sensor that ensures detection of protonation and peptide binding. Furthermore, we observe that the dipeptide
initially interacts only with Glu391, with the rest of the peptide being flexible, and becomes stabilized upon interaction with
Lys118. This suggests that the peptide binding is a two-step procedure and that the transition from the first to the second step
depends upon protonation of Glu2l. Finally, we observe occluded conformations of YbgH during the simulations. Most
strikingly, in YbgH devoid of peptide, the highly conserved residues Tyr26 and Arg29 interact with Glu391, overlapping with
the space that would otherwise be occupied by a bound peptide. This intramolecular substrate mimicry may explain how the
apo transporter returns back into the outside-facing conformation.

B INTRODUCTION

Proton-coupled transporters are able to utilize the electro-
chemical proton gradient to facilitate uphill transport of solutes
such as sugars, amino acids, vitamins, and peptides. A
significant number of these symporters belong to the major
facilitator superfamily (MFS), which contains over 100
transporter families. The overall structure of MFS transporters
consists of two interconnected 6-helix domains. In spite of
having the same overall fold, the MFS transporters utilize the
structural framework very differently to recognize distinct
substrate molecules, and the mechanism by which the proton
electrochemical gradient is utilized also seems to differ
substantially."

The proton-coupled oligopeptide transporter (POT) family
transports almost all types of di- and tripeptides along with
energizing protons.” " Several crystal structures of POT
members from different bacterial species, with and without
bound peptides, have been determined so far, laying the
foundation for rational mutagenic studies as well as computa-
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tional experiments.’ Site-directed mutagenesis of a number of
residues in the substrate binding site of POT's have pinpointed
those residues that most likely play a role in proton or peptide
binding or in both.”~*°~'® The consensus from these studies is
that the so-called E,XXE,R motif present in helix I is

responsible for binding of the proton'”'®

and that a tyrosine
(helix I) and a glutamate (helix X) interact with the peptide
backbone and N-terminus, respectively.”~* A lysine on helix IV

*7 and has also been

interacts with the peptide C-terminus”
suggested to interact with E, following protonation of E,."'
Protonation of E, has also been suggested to prompt overall
structural changes.

The POT from Geobacillus kaustophilus (GKPOT) has been

crystallized and subsequently studied by molecular dynamics

Received: August 22, 2018
Accepted: December 11, 2018
Published: January 25, 2019

DOI: 10.1021/acsomega.8b02131
ACS Omega 2019, 4, 2040—2046


http://pubs.acs.org/journal/acsodf
http://pubs.acs.org/action/showCitFormats?doi=10.1021/acsomega.8b02131
http://dx.doi.org/10.1021/acsomega.8b02131
http://pubs.acs.org/page/policy/authorchoice/index.html
http://pubs.acs.org/page/policy/authorchoice_termsofuse.html

ACS Omega
A B
Apo-H Apo+H

16 \; 16

12 /), - 12
! @) :
2 Kllswwv‘-(\\ 8
5 8 58 Lo .} ] “"1
k] k] R TR T I V1
8 8 | AL TN g

b dtbal] | it
4 ‘ ‘ o 4 ‘““‘?"“WJ“\W‘M‘(":/‘W‘AM ‘ \1 .[,\‘UM\‘I (\‘M \‘
0 Run 1 Run 2 Run 3 0 Run 1 Run 2 Run 3
Time (ns) Time (ns)
C D
\ AAH AA+H
16 w 16
) Q)
l o/ [
€ 3 WO T € | I \H‘Vr‘j‘) Ao L]
8 \\; ‘ b 8 \( | { W ‘,‘lr“‘l"\‘\‘(”‘"y‘f.ﬂj t\““‘“"(m W‘ ’ |
g4 " ) c 8 | it A
g A Ul “'\ Wi g w“‘q”""?‘ (i "Wl‘w
I T TR a8 |, TR (LN ALL
o ‘ . A/l LR
k.. i L il |
0 Run 1 Run 2 Run 3 o Run 1 Run 2 Run 3
Time (ns) Time (ns)

Figure 1. Influence of protonation on Glu21 on Lys118 and Ala—Ala C-terminal interactions. The shortest side chain N—O distance (A) from
Lys118 to Glu21 (blue) and Ala—Ala C-terminal (red) as a function of time in (A) apo—H, (B) apo+H, (C) AA—H, and (D) AA+H. Each run
segment corresponds to 100 ns. Insets represent the bond distances that were measured, where Ala—Ala is shown with white carbon atoms and

YbgH residue carbon atoms in wheat color.

(MD) calculations.'”'® Here, a glutamate on helix VII
(Glu310) is found to be the site of protonation.

YbgH and YjdL are homologous POTs from Escherichia coli
that have the same uncommon E,XXE,R motif with the E,
position being a glutamine and the R position a tyrosine
residue. In addition, the GKPOT Glu310 equivalent is a
glutamine and can therefore be excluded as the site of
protonation. Despite this, they are able to transport peptides in
a proton-dependent manner, just like E. coli YdgR and YhiP,
which both contain an intact E,XXE,R motif."”'® The crystal
structure of YbgH was determined recently,'® and although the
structure of YjdL is yet not determined, YjdL has been studied
thoroughly by site-directed mutagenesis.” ' The before
mentioned peptide binding lysine, tyrosine, and glutamate
residue are all conserved in YbgH and YjdL, suggesting that
peptide binding occurs in the same orientation as observed for
the more prototypical peptide transporters.” ” The similarity
of the YbgH and YjdL binding sites also makes it highly likely
that YbgH will transport the dipeptide Ala—Ala in analogy with
deL.6 The absence of E| and R in the E, XXE,R motif suggests
a proton coupling mechanism and subsequent structural
changes that may differ from the prototypical POTs. It has,
however, been shown that the E, residue in YbgH (Glu21) and
probably also YjdL (Glu20) is the primary site for
protonation”'"'® and that lysine could interact with E, as
well.'"" Combined with the knowledge from the prototypical
POTs, that is, interaction with the peptide C-terminus,”’ it
could be hypothesized that lysine has a role in coupling
protonation and substrate binding in YbgH/YjdL.

Here, we have studied the immediate environment of
protonated and deprotonated E, in YbgH and for both of these
states, with and without bound dipeptide, using MD
simulations. Our results show that lysine (Lys118) prefers to
interact with the unprotonated E, rather than the substrate
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peptide C-terminus. However, upon protonation, this inter-
action is destabilized, and Lys118 interacts with the peptide C-
terminus, suggesting that Lys118 acts as a switch to couple
protonation and peptide binding.

B RESULTS

Our objectives were to investigate the structural effects of
protonation, dipeptide binding, and simultaneous binding or
absence of both substrates with focus on Glu21l and Lys118.
Hence, four simulations were performed: YbgH with
protonated/deprotonated Glu21, that is, apo+H/apo—H, and
the same structures with the alanyl dipeptide Ala—Ala (AA)
docked into the active site, that is, AA+H and AA—H,
respectively. YbgH substrate interactions, in particular,
interactions of the peptide C-terminus with Glu2l and
Lys118, and global conformations of the structures were
closely monitored during the simulation. In all simulations, the
initial global conformation was identical to that of the crystal
structure, that is, inward open. Furthermore, in the case of the
apo and protonated structures, no interactions were observed
between Lys118 and Glu21; in the case of the AA complexes, a
salt bridge between Lys118 and the AA C-terminus was
present in the starting structure.

Proton-Dependent Interactions with Substrates. In
the apo—H simulations of YbgH, Glu21 quickly formed a salt
bridge with Lys118, which was maintained throughout the
three simulations (Figure 1A). In the starting conformations
for all simulations, no interactions between these residues were
observed. Upon protonation of Glu2l and in the absence of
AA (apo+H), interactions with Lys118 were less stable and
only occasionally within the hydrogen bonding distance with
Glu21 during the simulation (Figure 1B). Also, Glu2l was
observed to move away from the peptide binding pocket and
Lys118 became disordered, compared to apo—H simulation.
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Figure 2. Influence of protonation on substrate binding. (A) Shortest side chain N—O distance (A) from E391 to Ala—Ala N-terminal as a function
of time in AA—H (red) and AA+H (blue). Each run segment corresponds to 100 ns. Overlay of AA binding pose at 0 (wheat), 60 (yellow), 80

(blue), and 100 (white) ns in (B) AA—H and (C) AA+H simulations.
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Figure 3. Proton:peptide binding induces conformation changes in YbgH. The structures were analyzed using HOLE (version 2.2), where red,
green, and blue represent the pore diameter of <1.2, 1.2—2.30, and >2.30 A, respectively. This includes (A) apo—H, (B) apo+H, (C) AA—H, and
(D) AA+H structures of YbgH, representing transition from initial conformation at 0 ns to end conformations from three individual runs at 100 ns.

Thus, protonation of Glu2l “releases” Lys118. Next, to
investigate the effect of substrate binding, the simulation
AA—H was undertaken, that is, with AA docked in the binding
site. The initial structure used for this simulation showed a salt
bridge between Lys118 and the AA C-terminus (Figure 1C) as
has been observed in the crystal structures of POTs with
bound peptides.”

During the simulation, however, Lys118 shifted conforma-
tion and formed a salt bridge with Glu21 (Figure 1C). This
shows that Lys118 prefers to form a salt bridge with Glu21
rather than with the AA C-terminus. In the fourth simulation

2042

AA+H, with both AA and proton bound, Lys118 interactions
with Glu21l were absent and Lys118 instead formed a salt
bridge with the AA C-terminus (Figure 1D Run 1) or with
neither of the carboxylates (partially observed in Run 2 and
Run 3) (Figure 1D). The discrepancies observed between the
repeated simulations, that is, partial binding, may be due to the
fact that AA is a low-affinity substrate for YjdL and hence also
for YbgH.'* A similar situation was also observed previously
for GK-POT when run with a substrate with low affinity."”
Taken together, the result indicate that Lys118 interaction with
Glu2l is energetically favorable, except when Glu2l is

DOI: 10.1021/acsomega.8b02131
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Figure 4. Formation of an intracellular gate in YbgH. The shortest side chain N—O distance (A) between the gating residues Arg136 and Glu406
(red) as a function of time. (A) apo—H, (B) apo+H, (C) AA—H, and (D) AA+H. Each run segment corresponds to 100 ns. Insets represent the

bond distances that were measured.
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Figure 5. Substrate mimicking interactions facilitate conformational changes in the YbgH apo structure. The shortest side chain N—O distance (4)
from Glu391 to Arg29 (blue) and Tyr26 (red) as a function of time in the simulations of YbgH: (A) apo—H, (B) apo+H, (C) AA—H, and (D) AA
+H. Each run segment corresponds to 100 ns. Insets represent the bond distances that were measured.

protonated; when a peptide is present, the interaction between
Lys118 and the peptide C-terminus becomes possible. Thus,
apparently, Lys118 links Glu21 protonation to peptide binding.

Substrate Binding Stabilized by Protonation. When
AA was docked in to the model of YbgH, the binding pose was
found to be similar to that observed for the N-terminal and
middle alanine residues in the crystal structure of the
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PepTs,,:AlaAlaAla complex, PDBID:4TPH.’ The dipeptide is
in an extended conformation and interacts with Lys118 on the
N-terminal 6-helix domain and Glu391 in the C-terminal 6-
helix domain. First, we examined the position of AA in the
AA—H simulation. Here, it was observed that the AA N-
terminus is engaged in an interaction with Glu391 (Figure
2A); however, the rest of the dipeptide is quite flexible (Figure

DOI: 10.1021/acsomega.8b02131
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2B). Contrary to this, in AA+H, when a salt bridge to Lys118 is
observed, AA becomes more restrained and stays closer to the
starting position (Figure 2C).

Overall Conformational Changes. To investigate the
possibility of identifying early events of gate closures/openings,
we analyzed the trajectories using HOLE,”' an approach that
has been used in several studies of the dynamics of MFS
transporters.”*” All initial structures were in an inward-facing
conformation, with the periplasmic gates closed (Figure 3).
After 100 ns of simulation, YbgH was in an occluded
conformation when the transporter was either in the apo
state or protonated (Figure 3A,B,D); AA alone or the AA+H-
bound structure did not change its overall conformation
(Figure 3C). All YbgH occlusions occurred between very
quickly (within 10 ns). In the apo state, formation of an
intracellular gate between Argl36 and Glu406 was observed
(Figure 4); this salt bridge was not seen in the other occluded
states.

The occluded structures differ substantially from the
nonoccluded ones with respect to the active site pocket.
There, helix I undergoes major conformational changes that
bring Arg29 and Tyr26 to interaction distance with Glu391
(Figure SA). This is apparently caused by the absence of AA as
Arg29 and Tyr26 show no interaction with Glu391 in the
presence of a peptide (Figure SC,D), and partially overlap with
the space that would be occupied with a substrate peptide.

B DISCUSSION

In the analysis of the four simulation types, we have focused on
Glu2l and Lys118 that are both highly conserved and have
been shown to form a charge—charge interaction,'® an
interaction, however, not seen the YbgH crystal structure,
probably because of the low pH at crystallization. Glu21 has
also been shown to be the site of protonation in YbgH and in
other POTs.”'*'® Lys118 on the other hand has been shown
to interact with the C-terminus of bound peptides in several
structures.”” In the apo—H and AA—H simulations, the
Glu21/Lys118 salt bridge is rapidly formed, whereas it is never
observed in the apo+H and the AA+H simulations. In the AA
+H simulation, an interaction between Lys118 and the peptide
C-terminus is observed. Thus, Lys118 switches from Glu21l to
the peptide C-terminus in a Glu2l protonation-dependent
manner. Previously, mutational studies on YjdL, a homologue
of YbgH, have shown that Lys118 (Lys117 in YjdL) is not
essential for substrate uptake. However, its absence increased
the K, significantly,” possibly indicating that Lys118 increases
the binding affinity of the substrate. This is in accordance with
our observations that when Lys118 is involved in interactions
with Glu21, and therefore not interacting with the peptide C-
terminus, we observed a higher flexibility of the peptide
compared to when Lys118 does interact with the peptide.
Taken together, previous and current results show that Lys118
plays a central role in coupling protonation to peptide binding
and that Glu21 protonation increases the binding affinity.
The N-terminus of a peptide has been shown to be very
important for its afﬁnit?r toward POTs, even more so than the
peptide C-terminus.”””* Glu391 and its equivalent in other
POTs have been shown to be the counterion for the N-
terminus.”"'* We observed strong interactions between the N-
terminus and Glu391 in our simulations of AA—H and AA+H.
On the other hand, interactions between Lys118 and the C-
terminus depended on Glu21 protonation. In the absence of
Lys118 to the C-terminus salt bridge, the peptide was found to
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become disordered while maintaining interaction with E391
most of the time (Figure 2B).

On the basis of all observations, we propose that YbgH
peptide binding occurs via a two-step mechanism. First, the
peptide is bound in an initial site of the binding pocket via
interaction with Glu391. From here, the AA—H simulation
show that the peptide temporarily translocates deeper into the
binding pocket in proximity of the Glu21—Lys118 salt bridge
(Figure 6A). Second, water-mediated®” protonation of Glu21
releases Lys118 that now interacts with the peptide to form the
final complex (Figure 6B). This final complex is very similar to
most POT structures with peptides published to date (Figure
6B).

A

Figure 6. Schematic representation of peptide binding in YbgH,
corresponding to the protonation state of Glu21 (A) in the absence
and (B) in the presence of proton. (C) Overlay of intramolecular
substrate mimicry interactions in YbgH with docked AA. The peptide
AA is shown in white and the gray shield represent the flexibility of
AA in AA—H simulation.
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MES transporters undergo conformational changes that
expose the substrate binding site to the outside or inside in an
alternating fashion. The transition from outward to inward
facing and vice versa has to proceed through an occluded
conformation, where the substrate binding pocket is
inaccessible from either side.’ What is also noteworthy is
that POTs, and many other MFS, can transport protons and
peptides from the inside to the outside, given that the proton
gradient is reversed."**® For POTs, occluded conformations
are only formed either when the transporter has a bound
proton and a peptide or when it is inward facing and is empty
after substrate release and has to return to the outside. There is
an understanding that formation of occluded or other states,
within the MFS, is due to movement of transmembrane helices
to form constrictions/gates.” The opening and closing of these
gates is stabilized by the formation or breaking of key salt
bridges, which is controlled by the presence or absence of
substrate(s)."”"® Our simulations support this because in apo—
H, we observe constrictions that lead to the formation of an
occluded YbgH structure stabilized by an intracellular salt
bridge between residues Argl36 and Glu406.

A striking observation in the apo—H YbgH binding pocket is
that Arg29 and Tyr 26 move significantly in towards and
interact with Glu391 through a salt bridge and hydrogen bond,
respectively. By this movement, Arg29 and Tyr26 effectively
occupy the space that would otherwise be occupied by a bound
peptide (Figure 6C). Previously, Arg29 and Glu391 equiv-
alents in other POTs had been proposed to be involved in
intramolecular salt bridges that would promote conformational
changes, however with other binding partners.'* We speculate
that our finding might be a mechanism of intramolecular
substrate mimicking that may explain how an empty
transporter moves from the empty inward-facing conformation
back to the outward-facing conformation. This type of a
mechanism has been observed for the leucine transporter
LeuT, where Malinauskaite et al. show that an intramolecular
leucine residue occupies the substrate binding pocket to
facilitate return to the outward-facing conformation and
complete the transport cycle.”” Similar studies on LacY
showed that an apo structure quickly shifted conformation
from an inside open to occluded conformation®”** as we have

observed for apo YbgH.

B MATERIALS AND METHODS

Molecular Modeling. The 3D structure of YbgH is
available as with PDBID 4Q65.'° Missing loops were modeled
using the Modeller loop-building interface in Chimera (version
1.10.1)."° A total of 100 structures were generated and the
model with the highest Z-score was used for this study.

Substrate Docking. Schrodinger software (version 2018-
1)*! was used for the protein, ligand, and docking studies. The
dipeptide substrate Ala—Ala docked into YbgH. Ala—Ala was
prepared using the LigPrep”” wizard and then subjected to
conformational search by default settings in MacroModel.”*
The low-energy conformation structure obtained was used for
docking using the program Glide.”* The model of YbgH was
prepared using protein preparation wizard prior to docking.”®
The hydrogen bond assignments were done using PROPKA
with default settings at pH of 7.0 and minimized using force
field OPLS3.”> A docking voxel of size 20 A was generated
using a centroid derived from the positions of selected known
active site residues such as Lys118, Tyr26, and Glu391 using
the Glide Receptor Grid Generation tool. Finally, the ligand
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Ala—Ala was docked into YbgH using Glide and the docking
pose with the highest docking score was used for this
study 242628

MD Simulations. The protein preparation and minimiza-
tion procedures were done as described above. The apo or
Ala—Ala docked models were used for the simulations. The
protonated state of YbgH was generated by the addition of a
proton to Glu2l, which was negatively charged in the state
derived from the PROPKA calculations.” To investigate the
structural dynamics of YbgH, a full-length structural model was
generated using MODELLER as described earlier.'”*" The
system for the MD simulation was created with Desmond
system builder using 1-palmitoyl-2-oleoyl-sn-glycero-3-phos-
phoethanolamine and SPC as membrane and water models,
respectively. A standard equilibration protocol was used for
equilibrating the system. Subsequently, the MD runs were
performed with Desmond on GPU using force field
OPLS3.”"*’ Each of the simulations were performed for 100
ns in triplicates, with different initial velocities. The intra-
molecular distances between the residues during the simulation
were measured using visual molecular dynamics.’® To
determine the conformational states, we have manually aligned
YbgH from the respective MD time frame so that the
coordinates of the origin was at the central binding cavity and
the z-axis was arranged parallel to the membrane. Hole
(version 2.2) was then used to determine the maximum pore
size along the z-axis.”'
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