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Abstract

MgtR, a highly hydrophobic peptide expressed in Salmonella enterica serovar Typhimurium, inhibits growth in
macrophages through binding to the membrane protein MgtC that has been identified as essential for
replication in macrophages. While the Mycobacterium tuberculosis MgtC is highly homologous to its S. Typhi
analogue, there does not appear to be an Mtb homologue for MgtR, raising significant pharmacological
interest in this system. Here, solid-state NMR and EPR spectroscopy in lipid bilayer preparations were used to
demonstrate the formation of a heterodimer between S. Typhi MgtR and the transmembrane helix 4 of Mtb
MgtC. Based on the experimental restraints, a structural model of this heterodimer was developed using
computational techniques. The result is that MgtR appears to be ideally situated in the membrane to influence
the functionality of MgtC.

© 2013 Elsevier Ltd. All rights reserved.
Introduction

MgtC is an important virulence factor for patho-
gens that replicate in human macrophages, such as
Salmonella enterica serovar Typhimurium (S. Typhi)
and Mycobacterium tuberculosis (Mtb) [1,2]. It
facilitates bacterial growth in low Mg2+ environments
and is required for intramacrophage replication [3].
Recently, S. Typhi MgtC has been shown to inhibit
the S. Typhi F1F0 ATPase through the a-subunit of
the ATPase [4]. Moreover, mutations of Asn92 in the
MgtC loop between transmembrane (TM) helices 3
and 4 prevent this inhibition. In S. Typhi, MgtR
promotes the breakdown of MgtC by the FtsH
protease, thereby depleting this critical virulence
factor; overexpression of MgtR results in a sub-
stantial reduction in the intramacrophage growth rate
[5]. Bacterial two-hybrid assays have suggested
atter © 2013 Elsevier Ltd. All rights reserve
binding between MgtR and S. Typhi MgtC [5]. The
fact that MgtR is not found in the Mtb genome raises
the potential of this peptide as an effector for Mtb
replication and as a lead for drug development, if
S. Typhi MgtR binds to Mtb MgtC.
MgtR consists of just 30 amino acids, with a

well-defined hydrophobic sequence of 19 residues
forming a putative TM helix. Recent studies have
identified hydrophobic peptides as a novel class of
molecules that bind to membrane proteins through
van der Waals and weak electrostatic interactions
[6]. Interactions between TM domains of proteins are
often mediated by Ala/Ser motifs (e.g., AxxxS or
AxxxxxxA) instead of Gly motifs (e.g., GxxxG), which
are more common for helix–helix packing within TM
domains [7–10]. MgtR contains an Ala/Ser motif
(bold letters) MNRSPDKIIA10LIFLLISLLV20
LCLALWQIVF30, and bacterial two-hybrid assays
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showed that disruption of this motif by mutations to
large hydrophobic residues prevented the interaction
with S. Typhi MgtC [5].
Since MgtC is such an important virulence factor,

there has been considerable research into the
functional activities for this protein. For a long time,
it was thought that MgtC had a role in Mg2+ transport
or sequestration. However, MgtB expressed from
the same operon now appears to be the Mg2+

transporter [11,12].MtbMgtC has 234 residues. The
C-terminal half (residues 141–243), as characterized
by solution NMR spectroscopy, forms a βαββαβ
structure, similar to ACT domains that bind amino
acids and/or metal ions [13]. ACT domains typically
dimerize, but this C-terminal domain of MgtC does not
and neither does it bind small organics or metal ions.
Since there is no evidence that MgtC binds or
conducts Mg2+, its role in facilitating growth in low
Mg2+ must be indirect. Mutations inMgtC (C155A and
W226A) led to a substantial decrease in replication
rate in low Mg2+, while deletion of conserved
glutamates (E160A and E209A) that might have
been thought to bind Mg2+ had little effect [3]. In the
N-terminal domain, mutations (E84A and N92T) in the
cytoplasmic loop between helices 3 and 4 (TM3 and
TM4 hereafter) resulted in a reduction in growth both
in low Mg2+ and in macrophages. Mutations of re-
sidues Cys99 and Asn114 uniquely resulted in re-
duced growth in macrophages without a significant
effect on growth in low Mg2+ [3].
As noted by Rang et al., MgtC mutations that

resulted in reduced growth in macrophages are
confined to the TM N-terminal domain [3]. Interest-
ingly, this domainhas 55%sequence identity between
S. Typhi and Mtb, compared to less than 20%
sequence identity in the water-soluble C-terminal
domain [1]. Typically, the hydrophobic residues of
TMα-helical proteins facing the fatty-acyl environment
of the lipid bilayer have very low sequence identity
between species. Therefore, for those residues facing
the interior of the MgtC TM domain, the sequence
identity is likely to be even higher than 55%, further
pointing to the functional importance of the TM
domain.
Alix and Blanc-Potard explored potential sites of

interaction in between MgtR and MgtC in S. Typhi [5].
Their bacterial two-hybrid assays on MgtC mutants
found that mutations in the TM3–TM4 loop (E84A,
G85A, and N92T) interfered with MgtR/MgtC interac-
tions. This finding prompted Alix and Blanc-Potard to
hypothesize that MgtR might interact with MgtC TM3
and/or TM4. They tested specifically an Ala/Gly motif
on TM4 (Ala94, Ala101, and Gly108) and found that
mutations of the first two positions to Leu had no effect
(neither did the C99A mutation), but mutation of the
third position to Phe did reduce the binding with MgtR.
It thus appeared that this Ala/Gly motif is not the
surface that directly interacts with MgtR. Instead, this
motif might participate in helix–helix packingwithin the
MgtC TM domain, thus avoiding the exposure of a
glycine on the lipid-facing surface. However, S. Typhi
MgtC has a second potential binding motif involving
Ala95 andGly102. This lattermotif is conserved inMtb
MgtC (first two boldfaced letters in RGL90NTA
ATLWCSA100AVGVLAASGH110LVF), with further
extension of the motif to Ser108. Consequently, our
hypothesis was that this motif rather than the one
explored by Alix and Blanc-Potard [5] is directly
responsible for MgtR binding. Moreover, in this
scenario, though the Cys99 residue critical for
S. Typhi replication is not directly in the binding
interface, access to it is likely hindered by the bound
MgtR, thus explaining the latter's inhibitory effect.
Protein–protein interactions mediated by Ala/Ser

motifs, such as those between MgtR and MgtC TM4,
are relatively weak. The resulting marginal stability for
the complexes precludes classical approaches for
their analysis [14–17]. Here, a solid-state NMR
method called polarization inversion spin exchange
at the magic angle (PISEMA) [18–22] was used
to characterize the structure of a complex formed by
S. Typhi MgtR and Mtb MgtC TM4. Importantly, our
experimental approach permits a precise structural
characterization of the polypeptide backbone in a
native-like liquid crystalline lipid bilayer environment
[23,24]. The anisotropic 15N–1H dipolar couplings and
anisotropic 15N chemical shifts observed provide
orientational restraints with respect to the external
magnetic field and the bilayer normal as a result of the
uniform alignment of the lipid bilayers on glass slides.
These absolute structural restraints (restraints of
molecular sites to a fixed frame of reference) have
provided a sensitive route to determine high-resolu-
tion structures for TM helices [25,26]. In addition, site-
directed spin labeling and electron paramagnetic
resonance (EPR) spectroscopy [27–30] were used
here for measuring a distance between the MgtR and
MgtC TM helices. Using the NMR restraints, the EPR
distance, as well as computational modeling [31–36],
a model for this heterodimer in a DMPC bilayer was
developed and refined.
Results

PISEMA data and PISA wheel analysis for MgtR

Figure 1a presents the PISEMA spectra for three
specifically labeled MgtR peptides uniformly aligned
in liquid crystalline DMPC lipid bilayers. These
peptides, each containing four 15N-labeled residues,
were synthesized to allow assignment of the reso-
nances and to characterize the PISA wheel, a
wheel-like pattern of resonances imaged in PISEMA
spectra of helices. This pattern permits the char-
acterization of both the helical tilt relative to the
bilayer normal and the helix rotational orientation



Fig. 1. (a) PISEMA spectra of MgtR selectively 15N-labeled constructs in aligned DMPC bilayers. Labeled residues are
as follows: construct 1, Ala10, Leu15, Ile16, and Ala24 (black); construct 2, Ala10, Leu11, Ile12, and Phe13 (blue);
construct 3, Ile8, Leu23, Ala24, and Leu25 (red). The simulated 32° PISA wheel (green) is superimposed on the spectra
using torsion angles of ϕ = −57° and ψ = −47°. (b) Experimental ρ values taken from the PISA wheel compared to
theoretical values assuming an ideal helix. The linear correlation demonstrates that a uniform helix without kinks or bends
extends from residue 8 to residue 24. (c) Calculated structure of MgtR in a DMPC lipid bilayer, with a 32° tilt angle. A helix
cross-section (yellow) is shown to identify the top, bottom, and side of the helix. Backbone nitrogens of the Ala/Ser motif
(Ala10, Ser17, and Ala24) are shown as red spheres. Side chains shown in sticks include Ala/Ser motif (red); Ile9, Ile16,
and Leu23 (black); Trp26 (green); and Lys7 (blue). DMPC phosphorus atoms are shown as light-blue spheres.
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[37,38]. The first peptide was 15N labeled at Ala10,
Leu15, Ile16, and Ala24 (black resonances in
Fig. 1a), but Leu15 was not detected, possibly
because the resonance would be in a region of the
spectrum with broadened resonances [22,39]. The
labeling scheme for this peptide was performed
to identify the orientation of the Ala/Ser motif
A10xxxxxxS17xxxxxxA24. The second peptide was
labeled at Ala10, Leu11, Ile12, and Phe13 (blue
resonances in Fig. 1a) both to determine the tilt angle
of the N-terminal segment of the helix and to confirm
the assignment for Ala10. The purpose of synthesiz-
ing a third peptide, labeled at Ile8, Leu23, Ala24, and
Leu25 (red resonances in Fig. 1a), was threefold: to
confirm the assignment for Ala24, to determine the
helical tilt of the C-terminal segment, and to obtain
enough residue assignments to characterize the
MgtR backbone structure. Once again, a resonance,
this time of Leu25, at the end of the helix had low
spectral intensity.
The 15N resonances of the helical residues trace a

PISA wheel (green solid curve in Fig. 1a), analogous
to a helical wheel. The good fit to the PISA wheel at a
32° tilt angle demonstrates that a uniform α-helix is
present with a uniform tilt angle (i.e., a linear helix) in
these samples in liquid crystalline lipid bilayers, and
it justifies the use of the uniform helical torsion
angles (ϕ = −57°, ψ = −47°) in our structural calcu-
lation with a generous error bar of ±30°. The axis
frame presented in Fig. 1a in the middle of the PISA
wheel identifies the rotation angle ρ for the backbone
nitrogens around the helical wheel. The resulting ρ
values can be compared with theoretical ρ values for
a uniform helix (with 100° increment per residue)
(Fig. 1b). The excellent correlation shows that the
helix is uniform from residues 8 through 24. In
defining the ρ angle, the top and bottom of the helical
cross-section are assigned ρ = 0° and ρ = 180°,
respectively, as illustrated in Fig. 1c.

MgtR structure calculated from NMR restraints

Based on the PISEMA data obtained from the
DMPC bilayer preparations (in particular, the uni-
formity of the experimental ρ values), we calculated
the structure of MgtR at a 32° tilt angle (Fig. 1c). The
top surface of the helix is lined by Cα atoms of Ile9,
Ile16, and Leu23; the backbone nitrogens of these
residues are near ρ = 330°. The Ala/Ser motif
(Ala10, Ser17, and Ala24) has its backbone nitro-
gens near ρ = 75° and its Cα atoms at approximately
ρ = 105°. The resulting relatively flat helical face,
located on the side (as opposed to the top or bottom)
of the helix, is optimally situated for creating an
interface for binding MgtC TM4. The charged side
chain of Lys7 and the indole of Trp26 of MgtR are
appropriately positioned to interact with the two
interfacial regions of the bilayer.

Conformation and membrane positioning of
MgtR upon interaction with MgtC TM4

Figure 2 compares the PISEMA spectra of two
different 15N-labeled MgtR peptides, one at Ala10,
Leu15, Ile16, and Ala24 and the other at Ala10,



Fig. 2. PISEMA spectra of MgtR peptide in aligned
DMPC bilayers with (green, red) and without (black) MgtC
TM4 unlabeled peptide. (a) Construct with 15N labeling
at Ala10, Leu15, Ile16, and Ala24. (b) Construct with 15N
labeling at Ala10, Leu11, Ile12, and Phe13. Dotted circles
are drawn to enclose resonances attributed to the same
residue. Spectra were acquired at 310 K with 3 K scans per
t1 increment.
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Leu11, Ile12, and Phe13, with and without unlabeled
MgtC TM4. The resonances of MgtR showed
discernible shifts in the presence of MgtC TM4,
indicating a binding interaction between these two
peptides. For the second labeled MgtR peptide, the
resonance of Leu11 in the presence of MgtC TM4
was not detectable, again likely falling in the region
of the spectrum where resonances are potentially
broadened. While the changes in anisotropic che-
mical shifts and dipolar couplings (up to 13 ppm and
1.25 kHz, respectively) are certainly above experi-
mental errors, they do not indicate substantial
changes in the tilt or rotation of the MgtR helix and
could be attributed to small conformational and/or
dynamical differences upon complex formation.
The spectrum of the second labeled MgtR sample
with MgtC TM4 (Fig. 2b) showed doubling of some
resonances, suggesting incomplete saturation of
MgtR by MgtC. The frequency difference between
bound and unbound states places an upper limit of
~1 kHz on the exchange rate.

MgtC TM4 tilt angle revealed by solid-state
NMR data

Figure 3 shows a superposition of the 15N
one-dimensional cross-polarization spectra of MgtC
TM4 with and without unlabeled MgtR. Akin to the
labeling strategy used for MgtR, four 15N-labeled
residues were introduced into the MgtC TM4
sequence: Ala93, Ala94, Ala107, and Val102. The
spectral dispersion was insufficient to distinguish the
four resonances in the one-dimensional spectra.
However, the anticipated spectral dispersion around
the PISA wheel for these four resonances, assuming
an ideal helix, spans nearly the full range of the
anisotropic chemical shifts attributable to the four
labeled residues. Assuming ρ = 0° for Ala93 and
100° increments per residue for Ala94, Ala107, and
Val102, the minimum and maximum anisotropic
chemical shifts for these four residues can be
estimated from the observed signals and are
illustrated by the vertical black lines in Fig. 3.
Comparing the calculated PISA wheels for 17°,
19°, and 21° tilt angles, an approximate tilt angle of
19 ± 2° is consistent with the experimental data. It is
clear from the overlay of the spectra that the helical
tilt angle of MgtC TM4 does not change significantly
upon binding MgtR.

EPR evidence for the presence of homodimers
and heterodimers

To further investigate the association of MgtC TM4
with MgtR, we used the unique native cysteine sites
in MgtR and MgtC TM4 (residues 22 and 98,
respectively) and attached a nitroxide spin label
(MTSSL). The possibility of homodimerization was
assessed by recording the EPR spectra of each
individually labeled peptide in DMPC liposomes and
a corresponding sample with 30% labeling (Fig. 4a
and b). Each 30% labeled sample was prepared by
mixing the labeled peptide with the Cys-to-Ser
mutant peptide. We then recorded the EPR spec-
trum of a sample with labeled MgtR and labeled
MgtC TM4 peptides reconstituted together in DMPC
liposomes (red curve in Fig. 4c). Possible formation
of homodimers and heterodimers in this sample was
assessed by comparing its EPR spectrum to the sum
of the spectra of two samples with singly labeled
peptides (labeled MgtR mixed with MgtC TM4
Cys-to-Ser mutant or MgtR Cys-to-Ser mutant
mixed with labeled MgtC TM4; black curve in
Fig. 4c). In all three cases, the fully labeled samples
relative to the samples with reduced labeling show a
small but clear decrease in spectral intensity. This
decrease indicates a broadening of the EPR line-
shape, and hence, the presence of spin–spin
interactions within 25 Å (Fig. S1). The broadening
was deconvoluted to yield spin–spin distances of
16 ± 1 Å for pure MgtR, 13.5 ± 1 Å for pure MgtC
TM4, and 9 ± 1 Å for the mixture of MgtR and MgtC
TM4. The EPR results show that MgtR and MgtC
TM4 form homodimers individually and confirm that
they form a heterodimer when mixed together.

Structural model for the MgtR/MgtC TM4
heterodimer in a DMPC bilayer

Based on the calculated structure (along with its
helix tilt and rotation) for MgtR from the NMR
restraints, the observed tilt angle of MgtC TM4, and
the expectation that the Ala/Ser motif of MgtR is
buried in the dimer interface, we used RosettaDock

image of Fig.�2


Fig. 3. One-dimensional anisotropic 15N chemical shift
spectra of MgtC TM4 in aligned DMPC bilayers with (red)
and without (black) unlabeled MgtR. Spectra were
acquired at 310 K with 3 K scans per t1 increment. Black
vertical lines reflect an estimate for the limits of the
chemical shift dispersion for the four resonance frequen-
cies. Simulated PISA wheels predict a dispersion of
chemical shifts for ideal helices having a tilt of 17°
(orange), 19° (magenta), and 21° (green). The black dots
on the 19° PISA wheel illustrate the distribution of
resonances for Ala93, Ala94, Val102, and Ala107 assum-
ing rotational angles of 0°, 100°, 180°, and 320° in an ideal
helix. Similar dispersion of these resonances on the PISA
wheel is obtained if a different helical rotation is assumed.

Fig. 4. EPR spectra of MgtR and MgtC TM4 recon-
stituted in DMPC liposomes. (a) MgtR; (b) MgtC TM4; and
(c) MgtR/MgtC TM4 mixture. Red curves display the
spectra of fully labeled peptides. Black curves display
controls using 30% labeled peptides in (a) and (b) and the
sum of singly labeled peptides in (c). Broadening of the red
spectra indicates spin–spin coupling within 25 Å.
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to generate 4827 models for the MgtR/MgtC TM4
heterodimer [35,40,41]. A scatter plot of their inter-
face scores versus root-mean-square-deviations
from a seed with low interface score is shown in
Fig. 5a. Two clusters with low interface scores can
be identified: a major cluster containing 300 models
(lowest score = −6.6) and a minor cluster containing
13 models (lowest score = −7.6). Both clusters
represent a parallel configuration for the two helices,
with a left-handed crossing angle of approximately
16° for the major cluster and of 19° for the minor
cluster. A striking feature of these two sets of models
is that different Ala/Ser motifs of MgtC TM4 are
placed at approximately the same position in the
interface with MgtR (Fig. 5b). In the major cluster, the
Ala/Ser motif of MgtC TM4 consists of Ala94,
Ala101, and Ser108 (Fig. 5c), while in the minor
cluster, the motif consists of Ala93, Ala100, and
Ala107 (Fig. 5d).
Both clusters of models can satisfy the spin–spin

distance of 9 ± 1 Å measured in the EPR experi-
ment (Fig. S2). To satisfy the EPR distance restraint
between the spin label O1 atoms, the spin labels
have to be oriented with the O1 atomsmuch closer to
each other than the Cα atoms, which are nearly 20 Å
apart in both of these clusters (Fig. S2b and d). In
addition, the O1 atoms have to be close to the
surfaces of the helices (Fig. S2a and c). This is
especially true for the major cluster since, in this
case, the Cα atoms to which the spin labels are
attached are located on opposite faces of the MgtR/
MgtC TM4 dimer (Fig. S2a).
Because of the significantly larger cluster size and

other considerations (see Discussion), we propose
that the major cluster represents the physical
interaction betweenMgtR andMgtC TM4.We further
refined a model from this cluster by a restrained
molecular dynamics (MD) simulation in the DMPC
bilayer. The restraints include the PISEMA data on
MgtR, the experimental tilt angle of MgtC TM4, and
the EPR spin–spin distance (after adding the two
spin labels to the model). This model is shown in
Fig. 6a. The helix–helix interface is very well packed
(Fig. 6b). Furthermore, the two spin labels fit snugly
into crevices, one over the helix–helix interface and
the other one on the external side of MgtR (Fig. S3).
Discussion

The length of the interaction surface between two
tilted TM helices is maximized when they have a
parallel (or antiparallel), side-by-side arrangement.
In this optimal situation, the interfacial residues are
positioned on the side, as opposed to the top or
bottom, of each helix (see illustration in Fig. 1c).
Based on high-resolution orientational restraints, the
Cα atoms of the MgtR Ala/Ser motif are positioned at

image of Fig.�4


Fig. 5. Structural models of the MgtR/MgtC TM4 dimer generated by RosettaDock. (a) Scatter plot of interface scores
versus root-mean-square-deviations from a seed model with low interface score. Two low-score clusters, with 300 and 13
poses, respectively, are highlighted in cyan and orange boxes. (b) Conformations of the two clusters. The green helix is
MgtR, and the cyan and orange helices are MgtC TM4 in the major and minor clusters, respectively. The Cα atoms of the
Ala/Ser motifs of MgtR and MgtC TM4 are shown as spheres. Trp97 of MgtC TM4 is shown as sticks in order to assist in
locating the position and orientation of this peptide. Models of (c) the major cluster and (d) the minor cluster. Ala/Ser motif
residues are shown as spheres; other residues are shown as sticks.
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approximately ρ = 105°, close to the optimal loca-
tion. Moreover, the tilt angles of MgtR and Mtb MgtC
TM4 have been determined at 32° and 19°,
respectively. These values for the tilt angles suggest
that the two helices can easily adopt a nearly parallel
arrangement. The MgtR Ala/Ser motif has been
implicated in interactions with S. Typhi MgtC by the
mutational study of Alix and Blanc-Potard [5]. It now
appears that this motif is nearly optimally positioned
for these interactions.
The presence of homodimers is not surprising

given that an Ala/Ser motif is the hallmark of TM
helix–helix interactions. Both MgtR and MgtC TM4
contain Ala/Ser motifs, and therefore, dimerization is
likely between these two helices. EPR data con-
firmed the presence of both homodimers and
heterodimers in liposomes containing either one or
both of MgtR and MgtC TM4 peptides. The topology
of MgtC [3], the positive inside rule [42], and the
mutational results of Alix and Blanc-Potard [5] all
suggest that MgtC is oriented in the cytoplasmic
membrane such that the N-terminus of TM4 is on the
cytoplasmic side. Similarly, the positive inside rule
suggests that the positively charged N-terminus of
MgtR is on the cytoplasmic side, leading to a parallel
configuration for the MgtC TM4 and MgtR helices,
just as we found in DMPC bilayers.
The Mtb MgtC TM4 sequence contains two Ala/

Ser motifs: one consists of Ala93, Ala100, and
Ala107; the other, shifted by 100° in ρ, consists of
Ala94, Ala101, and Ser108. The two low-energy
clusters from the RosettaDock modeling involve the
two different Ala/Ser motifs. The number of models
(13 versus 300) in each cluster shows a
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Fig. 6. Structural model of the MgtR/MgtC TM4 dimer refined by MD simulation in the DMPC bilayer. MgtR and MgtC
TM4 are represented in green and cyan, respectively. (a) Positioning of the dimer in the DMPC bilayer. Each peptide is
shown as a helix, with three residues are shown as van der Waals spheres. DMPC phosphorus atoms are shown as
light-blue spheres. (b) Representation of the dimer by van der Waals surface, illustrating the snug fit in the interface.
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considerable preference for interactions involving
the second of these motifs. Projection of the MgtC
TM4 side chains on the helical wheel shows that only
the second Ala/Ser motif forms a flat helical face
(Fig. S4), allowing for optimal packing against the flat
face of the MgtR helix lined by the latter's own Ala/
Ser motif.
Figure 5c and d shows that the MgtR and MgtC

Ala/Ser motifs are not in direct interaction with one
another despite facing each other. There is a slight
shift along the helical axis that creates an efficient
interdigitation of the Ala/Ser motif side chains from
the two helices in the interface. According to Senes
et al., for membrane proteins having small side
chains every four or seven residues, helix–helix
interactions in the membrane may be stabilized in
part by hydrogen bonds that occur between CαH and
either the backbone carbonyl oxygens or hydroxyl
oxygens from side chains [43]. In addition, the close
approach of the two helices may permit much
greater van der Waals interactions between the
two helices. In our structural model for the MgtR/
MgtC TM4 dimer, bulky residues Lys7, Leu14, and
Leu21 on MgtR and Trp97, Val104, and Leu111 on
MgtC TM4 are present in the interaction region,
generating a large interdigitated van der Waals
interface between the two helices (Fig. 6b). These
two helices have highly complementary surfaces in
which large residues on MgtR pair with small
residues on MgtC TM4 and vice versa: Lys7 with
Ala94, Ala10 with Trp97, Leu14 with Ala101, Ser17
with Val104, Leu21 with Ser108, and Ala24 with
Leu111. Consequently, our structural model for the
MgtR/MgtC TM4 dimer conforms to the notion that
the specificity of TM peptide interactions can be
mainly driven by efficient packing of side chains
referred to as “knobs into holes” [44,45]. Further-
more, the helix–helix packing in our model positions
MgtR Ser17 and MgtC Ser108 at the dimer interface,
which could further stabilize the dimer via potential
CαH–O hydrogen bonds.
The structural model shows that the interaction
surface spans the entire TM domain as a result of the
small crossing angle of 16°. The positioning of the
entire MgtR Ala/Ser motif in the interface is in
agreement with the study of Alix and Blanc-Potard
[5] showing that the mutation of any of the three
residues in the motif to a large hydrophobic residue
prevented the interaction with S. Typhi MgtC. The
same study also found that Leu mutations of S. Typhi
MgtC residues corresponding to the first two positions
of the first Ala motif of Mtb MgtC TM4 had no effect,
though a G108Fmutation in the third position reduced
the binding with MgtR. These mutational results are
consistent with our placement of the second Ala/Ser
motif ofMtbMgtC TM4 in the interface with MgtR. The
first Alamotif ofMgtC TM4 could be involved in tertiary
interactions, interfacing with one of the other four TM
helices of MgtC. Theminor effect of theS. Typhi MgtC
G108F mutation observed by Alix and Blanc-Potard
can be explained if the bulky Phe side chain interferes
with MgtR binding.
If as just suggested the first Ala motif, consisting of

residues 93, 100, and 107, on MgtC TM4 forms an
interface with another MgtC TM helix, then Cys98,
which is in the middle of TM4, is on the opposite side
from this motif (Fig. S4) and may be exposed to the
fatty-acyl environment. The counterpart of Cys98 inS.
Typhi MgtC has been shown to be essential for
intramacrophage replication. Previously, it has been
suggested that this residue might form a disulfide
bond within MgtC or between MgtC and an unknown
partner [5]. If indeed Cys98 faces the fatty-acyl
environment, then it is unlikely to be able to form a
disulfide bond within MgtC. In addition, according to
our model for the MgtR/MgtC TM4 complex, the Cα

atoms of MgtC Cys98 and MgtR Cys22 are 18.2 Å
apart, making a disulfide bond with MgtR impossible.
However, because Cys98 is close to the Ala/Ser motif
that MgtR binds to, it is possible that MgtR prevents
the functional activity associated with Cys98 by
hindering access to this residue by other partners.
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Recently, the importance of another residue Asn92 (in
S. Typhi corresponding to Asn91 in Mtb MgtC) was
accentuated when it was discovered that this residue
was essential for the MgtC inhibition of the F1F0
ATPase [4]. This Asn site is within three residues of
the start of the MgtC TM4 helix, and the hydrophilic
N-terminal segment (seven residues) of MgtR is long
enough to reach this critical MgtC residue, suggesting
that MgtR might interfere with this inhibitory effect of
MgtC.
Conclusions

In this study, we have set out to explore the potential
to influence the virulence activities of Mtb MgtC with
S. Typhi MgtR. In S. Typhi, MgtR is known to induce
the degradation of MgtC, a protein that is essential for
bacterial replication in macrophages [5]. Moreover, in
S. Typhi, the conserved Asn92 is essential for MgtC
inhibition of the F1F0 ATPase [4] and the conserved
Cys99 is critical for intramacrophage replication [3].
Here, we have shown that S. Typhi MgtR binds to the
TM4 helix of Mtb MgtC. The structural model of the
complex is supported by numerous experimental
restraints, all of which have been obtained from a
native-like lipid environment. This model suggests
how S. Typhi MgtR might interfere with the functional
and virulence activity at both Cys98 and Asn91
residues in Mtb MgtC. Hydrophobic peptides such
as MgtR are being recognized as novel regulators of
membrane proteins [6], and as with antimicrobial
peptides that have been used as drugs [46,47], MgtR
could represent a lead compoundasan effector ofMtb
replication inmacrophages, potentially opening a new
approach for tuberculosis drug development.
Experimental and Computational
Methods

Peptide synthesis

Fmoc-Phe-Novasyn TGA 2-(1H-benzotriazo-
le-1-yl)-1,1,3,3-tetramethyl-uronium and N-α-Fmoc-a-
mino acids were purchased from VWR-NovaBiochem
(Hohenbrunn, Germany). Amino acids were protected
by t-butyl for serine and tyrosine and by 2,2,4,6,7-pen-
tamethyl-dihydrobenzofuran-5-sulfonyl for arginine.
The syntheses were performed on an Applied Biosys-
tems 433A Peptide Synthesizer, using Fmoc strategy
[48]. The resins were preloaded with phenylalanine
substituted at 0.21 mmol/g on a Novasyn TGA.

Solid-state NMR spectroscopy

Aligned lipid bilayer samples containing both
peptides were prepared using 4 mg of MgtR and/or
3 mg of MgtC TM4 cosolubilized in 5 ml buffer (2.3%
sodium dodecyl sulfate, 10 mM β-mercaptoethanol,
and 20 mM Tris–HCl, pH 8.0). We solubilized 70 mg
of DMPC lipids (Avanti Polar Lipids) in 4 ml of the
same buffer. The two solutions were mixed and
incubated at 37 °C. The preparation was dialyzed for
4 days in a dialysis bag with a 3-kDa molecular mass
cutoff against 20 mM Tris–HCl buffer (pH 8.0)
containing methyl β-cyclodextrin at double the molar
ratio of SDS. The proteoliposomes were pelleted at
196,000g, and the oriented sampleswere preparedas
described in the supplemental information and similar
to the protocol in Das et al. [49]. NMR experiments
were performed in a 400-MHz spectrometer at 37 °C
using a home-built low-E static NMR probe [50]. A 1H
RF field strength of 50 kHz for the 800-μs cross-
polarization and 62.5 kHz for decoupling were used
for PISEMA experiments; 4000 scans were acquired
for each of the 32 t1 increments. The 15N chemical
shift was referenced to a saturated solution of
ammonium sulfate signal at 26 ppm.
To simulate PISA wheels, we used an average

15N–1H dipolar magnitude (ν|| = 10.735 kHz) and
15N chemical shift tensor elements (δ11 = 57, δ22 =
81, and δ33 = 228 ppm) [38,51,52]. PISA wheels
were calculated for a helix at various tilt angles with
respect to the bilayer normal, using uniform back-
bone torsion angles (ϕ = −57°, ψ = −47°) [53,54].

Continuous wave EPR spectroscopy

Native cysteines in MgtR and Mtb MgtC TM4
(residues 22 and 98, respectively) were spin-la-
beled. Purified MgtR and MgtC TM4 were solubilized
at 100 μM in methanol and dimethylformamide,
respectively, and then incubated with 8-fold molar
excess of the MTSSL [S-(2,2,5,5-tetramethyl-2,5-di-
hydro-1H-pyrrol-3-yl)methyl methanesulfonothioate]
spin label at 4 °C overnight. The organic solvents
were subsequently evaporated, and the powders
were resuspended in 2% aqueous SDS. The excess
unbound spin labels were diluted (1/2000) by
dialysis (3-kDa dialysis bag) against a Tris–HCl
(pH 8.0) buffer containing 2% SDS. As above, the
peptide was transferred to DMPC liposomes. The
proteoliposome concentrations were adjusted to
obtain 80 μl of 200–300 μM peptides, and four
freeze–thaw cycles were applied to assure homo-
geneity. The sample was made 40% in glycerol for
cryoprotection. Continuous wave EPR measure-
ments were performed on a Bruker ELEXSYS
E680 spectrometer (Bruker Biospin, Billerica, MA)
at 150 K with 9.6 GHz microwave frequency and
0.2 mW microwave power, 1 Gauss modulation
amplitude, 100 kHz modulation frequency, and
1024 acquisition points within a 200-G field sweep.
EPR spectra were analyzed with a Monte Carlo/
Simplex Gaussian convolution method to extract the
spin–spin distance [55].
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The EPR data provided an estimate of the
distance between two oxygen (O1) atoms at the tip
of the MTSSL spin labels, which was transformed to
an estimate for the distance between the Cα atoms
of the two spin-labeled cysteine residues. Following
Finiguerra et al. [56], we approximated the position
of the tip of the label that gave rise to the EPR signal
as being within a hemisphere of 9 Å radius centered
at the cysteine Cα carbon. The EPR distance
restraint was considered satisfied if the Cα positions
of the label cysteines and the axes of the two helices
were such that, at least one pair of points, one within
each hemisphere was at the measured spin–spin
distance (i.e., 9 ± 1 Å).

MgtR structural calculation

For MgtR, the PISEMA restraints and the helical
restraints from the PISA wheel analysis (Table S1)
were used in Xplor-NIH [57] to generate structural
models following the protocol of Sharma et al. [21].
Simulated annealing was then conducted following
the details given in the supplemental material similar
to the protocol of Sharma et al. [21]. The resulting
conformation was subjected to 1000 steps of energy
minimization. Finally, an average structure was
generated using the top 50 of the 100 models. The
average structure was embedded in a DMPC
bilayer, and the side-chain conformations in the
membrane environment were refined through an
MD simulation. Lipid and water molecules that
overlapped with the MgtR molecule were removed,
and 11 Na+ and 12 Cl− ions were added to
neutralize the system. Prior to the MD simulation,
the system was energy minimized while fixing the
peptide backbone. During the simulation, the Cα

carbons of residues 7–26 (the TM helix) were
restrained. The simulation was at constant tem-
perature (310 K) and pressure (1 atm) and lasted
4.7 ns. The CHARMM27 force field [58] was used.

Docking of MgtR and MgtC TM4

RosettaDock [35,40,41] was used to model the
heterodimer interface between the MgtR and MgtC
TM4 helices. MgtR (with structure from the end of the
MD simulation in the DMPC bilayer) was fixed while
MgtC TM4 (built as an ideal helix) was free to translate
and rotate. Two consecutive global docking steps
were employed, both in the Ala/Ser motif (Ala10,
Ser17, and Ala24) of MgtR were restrained to the
interface [5] with MgtC TM4. The first docking step
started froman arbitrarily positionedMgtCTM4.Out of
89,662 poses, 10,260 in which the tilt angle of MgtC
TM4 agreed with the NMR value of 19 ± 2° were
selected. The pose with a low interface score was
chosen to seed the second docking step. Out of
29,704 poses generated, 4827 passed the tilt angle
filter.
Refinement of the MgtR/MgtC TM4
structural model

A dimer model in the low-score major cluster of the
second docking step was further refined by
restrained MD simulation in a DMPC bilayer. To
enforce the EPR distance restraint, we mutated the
Cys residues to MTSSL. The topology and corre-
sponding CHARMM force field parameters for
MTSSL were from Sale et al. [59]. First, the dimer
with the MTSSL labels was energy minimized for
10,000 steps, while restraining the backbone atoms
with a force constant of 1 kcal/mol/Å2. Second, the
system temperature was ramped up from 310 K to
1000 K with an increment of 10 K. Third, the system
temperature was ramped down from 1000 K to
310 K. The distance of the O1 atoms of the two
spin labels was restrained by a harmonic potential
with a target value of 8 Å and a force constant of
30 kcal/mol/Å2. The final O1–O1 distance was
9.4 Å.
The heterodimer was then embedded in the

DMPC bilayer as described for the MgtR-only
simulation. The whole system was equilibrated for
20 ns, while restraining the backbone atoms with
a force constant of 1 kcal/mol/Å2 and the distance
of the O1–O1 distance with a force constant of
30 kcal/mol/Å2.
To prepare for the introduction of the PISEMA

restraints, we further simulated the system for 1 ns
using a new set of restraints, with the time step now
reduced from 2 fs to 1 fs. The restraints included those
on the Cα atoms (force constant = 1 kcal/mol/Å2),
backbone torsion angles of MgtR (to ideal value with
force constant = 100 kcal/mol/rad2), i to i + 4 hydro-
gen bonds in MgtR (force constant = 10 kcal/mol/Å2),
tilt angle of MgtC TM4 (to 21° with force constant =
50 kcal/mol/deg2, through using the orientationan-
gle collective variable module in NAMD [60]), and
O1–O1 distance (force constant = 30 kcal/mol/Å2).
Finally, the PISEMA restraints (Table S1) were

introduced on MgtR by ramping up the force
constants from 0 to 1 kcal/mol/kHz2 for dipolar
couplings and from 0 to 0.02 kcal/mol/ppm2 for the
anisotropic chemical shifts over a period of 1 ns,
following Sharma et al. [21]. The simulation was
continued for another 3 ns with the force constants
for the PISEMA restraints kept at their final values,
the restraints on the MgtR backbone torsion angles
and hydrogen bonds removed, and all the other
restraints maintained.

Accession numbers

Coordinates, restraints, and so on have been
deposited in the Protein Data Bank with acces-
sion code 2mc7 and in the Biological Magnetic
Resonance Data Bank with accession number
19430.
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