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The structure of Mycobacterium thermoresistibile MmpS5
reveals a conserved disulfide bond across mycobacteria
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Abstract

The tuberculosis (TB) emergency has been a pressing health threat for decades. With the emergence of drug-resistant TB and
complications from the COVID-19 pandemic, the TB health crisis is more serious than ever. Mycobacterium tuberculosis (Mtb), the
causative agent of TB, requires iron for its survival. Thus, Mtb has evolved several mechanisms to acquire iron from the host. Mtb
produces two siderophores, mycobactin and carboxymycobactin, which scavenge for host iron. Mtb siderophore-dependent iron
acquisition requires the export of apo-siderophores from the cytosol to the host environment and import of iron-bound siderophores.
The export of Mtb apo-siderophores across the inner membrane is facilitated by two mycobacterial inner membrane proteins with
their cognate periplasmic accessory proteins, designated MmpL4/MmpS4 and MmpL5/MmpS5. Notably, the Mtb MmpL4/MmpS4 and
MmpL5/MmpS5 complexes have also been implicated in the efflux of anti-TB drugs. Herein, we solved the crystal structure of M.
thermoresistibile MmpS5. The MmpSS5 structure reveals a previously uncharacterized, biologically relevant disulfide bond that appears
to be conserved across the Mycobacterium MmpS4/S5 homologs, and comparison with structural homologs suggests that MmpS5 may
be dimeric.
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While an NMR structure for a reduced MmpS4 was previously solved, the crystal structure for a non-reduced MmpSS5 reveals a disulfide
bond that appears to be conserved across Mycobacterium MmpS4/S5 homologs.

Introduction strains? With widespread and mounting TB cases, drug resis-
tance, and difficulties in TB treatment, there is a critical need for
new TB therapeutics and therapeutic targets.>*

To survive, Mtb must sequester iron from its human host.
To facilitate the acquisition of host iron, Mtb has both
siderophore-mediated and heme-iron uptake pathways, of which
the siderophore-mediated uptake pathway is more effective.>”’
Mtb produces two iron-specific siderophores, hydrophobic my-
cobactin and hydrophilic carboxymycobactin. The efflux of Mtb
siderophores through the inner membrane is mediated by
inner membrane efflux pumps and their periplasmic acces-
sory proteins, MmpL4/MmpS4 (MmpL4/S4) and MmpL5/MmpS5S
(MmpL5/S5),2 whereby Mmpl. is mycobacterial membrane protein
large and MmpS is mycobacterial membrane protein small.?

Tuberculosis (TB), caused by the pathogen Mycobacterium tuberculo-
sis (Mtb), has been classified as a critical health crisis for decades.
The World Health Organization defined TB as a global emergency
in 1993. In 2024, TB still remains a looming presence with 10 mil-
lion cases per year.! Indeed, TB-related deaths increased with the
COVID-19 pandemic, culminating in 1.6 million deaths in 2021,
and TB will soon become the leading cause of death worldwide
from a single infectious agent. While the TB emergency was exac-
erbated by the COVID-19 pandemic, the emergence of multidrug-
resistant and extensively drug-resistant TB has long been a press-
ing concern.? Current TB treatments require an extensive drug
regimen, and patient noncompliance due to treatment length, ac-
cessibility, and side effects contributes to emerging drug-resistant
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MmpL proteins are members of the resistance nodulation di-
vision (RND) superfamily of efflux pumps’ Mtb has 12 func-
tional MmpLs, which have been implicated in the transport of
various substrates across the inner membrane, such as Mtb
lipids, carbohydrates, and siderophores.’®*! MmpLs are often lo-
cated near genes associated with lipid metabolism and polyke-
tide biosynthesis.’? Like other RND proteins, MmpLs are pow-
ered by proton motive force and composed of 12 transmembrane
helices, with both N- and C-terminal periplasmic domains and
porter subdomains, and some have an additional middle dock-
ing subdomain.>!** Like RND proteins, several MmpL proteins,
including MmpL4 and MmpLS5, have associated periplasmic adap-
tor MmpS proteins. It remains to be seen whether MmpL proteins
are homotrimeric efflux pumps as observed for RND proteins.™
MmplL3, for example, appears to be a monomer'*'.'7: however,
recent work suggests that Mtb MmpL5 forms homotrimers, but
only in the presence of MmpS5, indicating a potential role for
MmpS proteins in MmpL oligomerization.'®

MmpL4/S4 and MmpL5/S5 complexes have been impli-
cated in siderophore export. First, the MtbAmmpS4/mmpS5
(MtbAmmpS4/S5) mutant and the MtbAmmpL4/mmpl5 mu-
tant do not grow under low-iron conditions, and this at-
tenuation is not rescued by media supplemented with ferric
carboxymycobactin.®1® Second, the MtbAmmpS4/S5 mutant pro-
duces less cell-associated and secreted siderophores compared
to wild-type Mtb, and siderophore biosynthesis is unaffected, so
MmpS4 and MmpS5 appear to be involved in siderophore export.®
Third, MtbAmmpS4/S5 was shown to accumulate carboxymy-
cobactin, unlike the wild-type or the complemented mutant, in-
dicating that MmpS4 and MmpS5 are required for carboxymy-
cobactin export.® Notably, in vivo complementation experiments
show that MmpL4 requires MmpS4 for wild-type growth, while
MmpL5 can form a stable efflux pump with either MmpS4 or
MmpS5,2 indicating that MmpL5 is more promiscuous in its ac-
cessory protein requirement. Interestingly, it has been shown that
MmpL4/S4 and MmpL5/S5 complexes are involved in siderophore
recycling, and if interrupted, the buildup of excess cytosolic
siderophores results in attenuated growth, suggesting that Mtb
siderophores are toxic in high concentrations.®°

As iron acquisition is essential to Mtb, it is hardly surprising
that MmpL4/S4 and MmpL5/S5 complexes are necessary for Mtb
virulence in mice infections. Indeed, both MmpL4 and MmpL5 are
required for Mtb virulence in mice infections.®-?° While the Mtb
AmmpS4/S5 mutant results in a loss of virulence in mice, sin-
gle mutant variants AmmpS4 or AmmpS5 show no phenotype.®
Strikingly, AmmpS4/S5 had 10 000 times lower bacterial burden
in mouse lungs and was no longer fatal to mice.

Notably, MmpL4/S4 and MmpL5/S5 have been associated with
drug resistance and are believed to act as a multidrug efflux
pump. Several studies in mycobacteria—Mtb, M. abscessus, and M.
avium intracellulare—have shown that the upregulation and over-
expression of mmpL5/S5 result in resistance to several drugs such
as thioacetazone, bedaquiline, and clofazimine.?’?® Recently,
MmpL4/S4 was also shown to form a drug efflux pump in Mtb,
where AmmpL4/54 and AmmpL5/S5 resulted in increased suscep-
tibility to bedaquiline, clofazimine, rifabutin, and econazole.?® In-
terestingly, MmpL5/S5 is a more efficient drug efflux pump for
detoxification of bedaquiline than MmplL4/S4.%°

In summary, the MmpL4/S4 and MmpL5/S5 inner membrane
complexes are involved in the export of Mtb siderophores essen-
tial for iron acquisition and also prevent accumulation of toxic
siderophores. Furthermore, MmpL4/S4 and MmpL5/S5 have been
implicated in the efflux of multiple anti-TB drugs. As MmpL4/S4
and MmpL5/S5 play such critical roles in Mtb, these complexes are

attractive anti-TB drug targets. To elucidate their mechanism of
action and to provide a template for structure-based drug design,
it is important to determine their atomic resolution structures.

Previously, the structure of one of the periplasmic accessory
proteins, Mtb MmpS4, was determined by nuclear magnetic reso-
nance (NMR).8 Here, using X-ray crystallography, we have charac-
terized MmpS5 from the closely related Mtb homolog, M. thermore-
sistibile (Mth). The structure of Mth MmpS5 revealed a disulfide
bond that was absent in the NMR structure. Notably, the disulfide-
bond-forming cysteine residues are conserved across MmpS4/S5
homologs from various mycobacterial organisms. Further, mass
spectrometry (MS) experiments with purified Mth MmpS5, and
M. smegmatis (Msm) MmpS4/S5 homologs expressed in vivo, indi-
cate that the disulfide bond is present under native conditions in
mycobacteria, suggesting that it is physiologically relevant. Lastly,
the crystallographic asymmetric unit revealed a convincing Mth
MmpS5 dimer. Size exclusion chromatography experiments con-
firmed that both Mth and Mtb MmpS5 are dimeric in solution,
which is a striking difference from the monomeric Mtb MmpS4
NMR structure.®

Methods
Expression and purification of Mtb
and Mth MmpS5

The DNA sequence for Mtb mmpS5 encoding residues 46-142 or
Mth mmpS5 encoding residues 46-143 was optimized for expres-
sion in Escherichia coli and cloned into pGEX-6P using BamHI
and Xhol restriction sites (GenScript). BL21 (DE3) Gold E. coli cells
were transformed with the resulting plasmid, which were then
grown in Luria broth (LB) with 100 png/ml ampicillin overnight and
used to inoculate ampicillin-supplemented LB at 37°C. When the
cells reached an optical density at a wavelength of 600 nm of
0.6, the temperature was reduced to 18°C, induced with 0.5 mM
isopropyl B-D-1-thiogalactopyranoside, and grown for a further
18 h before harvesting at 5000 r.p.m. for 15 min. The cell pellet
was resuspended in 0.1 M phosphate buffer, 0.5 M NacCl, pH 7.4,
with 0.1 mM phenylmethylsulfonyl fluoride and lysozyme and
1 mM B-mercaptoethanol, lysed by sonication, and centrifuged
at 14 000 r.p.m. to remove cell debris. The resulting supernatant
was sterile filtered (Sartorious Minisart GF) and applied to a
glutathione S-transferase (GST) HiTrap 5 ml column (5 ml, GE
Healthcare). The GST column was washed with phosphate-
buffered saline (140 mM NaCl, 2.7 mM KCIl, 10 mM Na,HPOy,
and 1.8 mM KH,PO,, pH 7.4) supplemented with 1 mM dithio-
threitol (DTT), and Mth MmpS5-GST was eluted from the col-
umn in 50 mM Tris, pH 8, 200 mM NaCl, 10 mM reduced glu-
tathione, and 1 mM DTT. Fractions containing Mtb or Mth MmpS5-
GST were identified by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis, pooled, and dialyzed against 50 mM Tris, pH 7.4,
150 mM NaCl, and 1 mM DTT in the presence of PreScission Pro-
tease (Cytiva) to remove the GST tag. Following dialysis and GST
cleavage, the protein was concentrated before further purification
by a Superdex 75 10/300 column (Cytiva) in 50 mM Tris, pH 7.5,
150 mM NaCl. MmpS5 was concentrated to 5 mg/ ml for crystal-
lization trials.

Structure determination of Mth MmpS5

Crystallization trials for Mtb and Mth MmpS5 were performed
at room temperature using numerous sparse matrix crystalliza-
tion screens. While Mtb MmpS5 did not produce X-ray diffracting
crystals, Mth MmpS5 gave its best crystal hit in PACT 63: 0.2 M
sodium iodide, 0.1 M bis-Tris propane, pH 6.5, 20% polyethylene
glycol (PEG) 3350. The Mth MmpS5 crystal hit was optimized to



Table 1. Data collection and refinement statistics for the Mth
MmpS5 crystal structure.

Mth MmpS5

Data collection
Space group P2,
Cell dimensions

a,b,c(A) 50.3, 85.3, 89.1

a8y () 90.0, 95.2, 90.0
Resolution (A) 40.08-1.95 (2.00-1.95)?
Rmerge” 0.124 (0.743)
oy 7.8(1.8)
Completeness (%) 94.9 (89.9)
Redundancy 4.3 (4.1)
Refinement
Resolution (A) 40.08-1.95 (1.97-1.95)
Number of reflections 51 705 (4953)
Ruork/Riree® 0.161 (0.239)/0.194 (0.289)
Ramachandran favored (%) 97.4
Ramachandran outliers (%) 0
Number of atoms 4986

Protein 4214

Ligands 226

Water 546
B-factors 24.0

Protein 21.1

Ligands 45.8

Water 37.3
Root-mean-square deviations

Bond lengths (A) 0.009

Bond angles (°) 1.05

@Values within parentheses refer to the highest shell.

meerge = 3|l — L )/ S, Where Ing(j) is the observed intensity and Iy is
the final average value of intensity.

“Ryork = z:HPobs‘ - ‘Fcach/ElPobs‘ and Ree = Z;”Fobs‘ - |Fcalc”/2‘F0bs|v where all re-
flections belong to a test set of 10% data randomly selected in Phenix.

0.2 M sodium iodide, 0.1 M Bis-Tris, pH 6.5, 25% PEG 3350. Mth
MmpSS5 crystals were cryo-cooled in mother liguor supplemented
with 20% glycerol, and an iodide-single-wavelength anomalous
diffraction dataset was collected at SSRL 12-2 at 8041.5 eV
(Table 1). The resulting diffraction data were processed in XDS to
1.95 A resolution,® and the structure was solved in autosol follow-
ing the placement of eightiodide atoms.?! Refinement was carried
outin phenix.refine® and coot® to a final Ry /Reee Of 16.1/19.4%.

Size exclusion chromatography to determine the
oligomeric state of Mtb and Mth MmpS5

Mtb and Mth MmpS5 purified as described above were run over a
Superdex 75 10/300 column (Cytiva) in 50 mM Tris, pH 7.5, 150 mM
NaCl. Mtb MmpS5 was applied to the column at concentrations
ranging from 0.06 to 0.4 mM, while Mth MmpS5 was applied to
the column at concentrations ranging from 0.08 to 0.9 mM. Siz-
ing runs gave two peaks, one for contaminant GST and another
for MmpS5. The volume for the MmpS5 eluate peak was plot-
ted as Kave = (velution - vcolumn)/<vcolumn - Vvoid) agaiHSt a set of
known standards in order to determine the molecular weight of
the oligomeric state in solution.

Liquid chromatography-mass spectrometry to
confirm presence of disulfide linkages in Mth
MmpS5 and Msm MmpS4/5

E. coli expressed and purified Mth MmpS5 (expression and purifi-
cation described above) was assayed for the presence of disulfide
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bonds. Purified Mth MmpS5 was treated with or without (negative
control) 0.5 mg/ ml DTT in 50 mM ammonium bicarbonate buffer
for 30 min at 80°C. After reduction, 0.5 mg/ mliodoacetamide (IAA)
was added to the samples for 1 h. The IAA-treated proteins were
analyzed by MS using liquid chromatography-mass spectrometry
(LC-MS) [ACQUITY UPLC (Ultra-Performance Liquid Chromatog-
raphy) H-class system, Xevo G2-XS QTOF (Quadrupole Time-of-
Flight), Waters]. To remove buffer salts, samples were run over
a phenyl guard column at 45°C (Acquity UPLC BEH Phenyl Van-
Guard Pre-column, 130 A’, 1.7 pm, 2.1 mm x 5 mm, Waters) uti-
lizing a 5-min gradient of 0.1% formic acid into acetonitrile. The
Xevo Z-spray source was run in positive ion mode with a capillary
voltage of 300 V, and a cone voltage of 40 V (NaCsI calibration,
Leu-enkephalin lock-mass), 400-4000 Da. Nitrogen was used as
the desolvation gas at 350°C and a flow rate of 800 1/h. Total av-
erage mass spectra were reconstructed from the charge state ion
series using the MaxEnt1 algorithm from Waters MassLynx soft-
ware V4.1 SCN949 according to the manufacturer’s instructions.
To obtain the ion series described, the major peak of the chro-
matogram was selected for integration before further analysis.

Msm mmpS4 (MSMEG_0380) and Msm mmpS5 (MSMEG_0226)
genes were assembled into an HygR mycobacterial expression
plasmid encoding a C-terminal FLAG-tag using the NEBuilder HIFI
DNA assembly (New England Biolabs). Msm expression vectors
were electroporated into M. smegmatis strain mc?155, and the
transformants were streaked and grown for three days at 37°C on
Middlebrook 7H10 agar plates supplemented with 0.2% glycerol,
10% albumin/dextrose/catalase (ADC), and 50 png/ ml hygromycin.
Individual clones were then inoculated into Middlebrook 7H9 me-
dia supplemented with 0.2% glycerol, 10% ADS, and 0.05% Tween
80 and grown for 2 days at 37°C. The cells were harvested by cen-
trifugation (5000 r.p.m. for 20 min) and washed twice with Tris-
buffered saline (TBS). Pelleted cells were resuspended in iron-free
7H9 media supplemented as described above and grown at 37°C
to deplete intracellular iron levels. After 2 days, the culture media
were supplemented with 20 pM ferric ammonium citrate. After
two more days of growth at 37°C, the cells were harvested by cen-
trifugation (5000 r.p.m., 25 min).

The resulting cell pellets were resuspended and lysed by soni-
cation in buffer (50 mM Tris pH 7.4, 350 mM NaCl, and 10% glyc-
erol). Resuspended cells were incubated for 2 h at 4°C with 1% w/v
N-dodecyl-g-p-maltoside. Cellular debris was separated by cen-
trifugation (14 000 r.p.m., 30 min), and the resulting lysates were
syringe filtered. Following an overnight incubation at 4°C with
Anti-FLAG M2 affinity gel (Sigma-Aldrich), the lysates were cen-
trifuged for 1 min at 2500 r.p.m. and washed three times with TBS
buffer. FLAG-tagged MmpS4 or MmpS5 were eluted from the resin
with FLAG-peptide (Sigma-Aldrich) and incubated for 30 min at
4°C before centrifuging for 1 min at 2500 r.p.m. and collecting the
supernatant containing the purified protein samples. The pres-
ence of disulfide bonds in Msm FLAG-tagged MmpS4 and MmpS5
were assayed as described above.

Results and discussion

While the NMR structure of mature Mtb MmpS4 (residues 51—
140) was previously determined? the structure of Mtb MmpS5
has not been characterized. As both Mtb MmpS4 and MmpS5
are involved in iron acquisition and are required for virulence,
the structures of both proteins are important in understand-
ing their cellular role and their interactions with protein part-
ners and ligands. A sequence comparison of MmpS4 and MmpS5
from various mycobacterium species, including Mtb, Msm, and
thermostable Mth, reveals a high level of conservation across
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Fig. 1 Mycobacterial MmpS4/S5 proteins have a conserved disulfide bond. (A) Structure of Mth MmpS5 (cyan B-sheets, wheat loops) is shown in a
cartoon representation with the conserved disulfide bonds shown as sticks. Secondary structure elements are labeled. (B) Structural comparison of
NMR structure of Mtb MmpS4 (pink) with Mth MmpS5 (cyan). Disulfide-bond-forming cysteine residues for Mth MmpS5 are shown as sticks (C115 and
C138), while free cysteine residues (C112 and C135) in Mtb MmpS4 are shown as spheres. (C) Sequence alignment of Mtb, Mth, and M. smegmatis (Msm)
MmpS4 and MmpSS reveals the conservation of Mth MmpS5 cysteine residues, C115 and C138. Above the sequence is a graphical cartoon of the
positions of B6-, B7-, and g8-strands for Mth MmpS5. Msm MmpS4 and MmpSS are MSMEG_0380 and MSMEG_0226, respectively. (D) Mass
spectrometry of intact Mth MmpS5 (untreated with protease) subjected to iodacetamide (IAA) before (black) or dithiothreitol (DTT) after (red). The
non-DTT-treated sample mass (10 952 Da) matches the theoretical mass of 10 953 Da (with a disulfide bond). The DTT-treated sample exceeds the
theoretical mass by 117 Da, which indicates two IAA modifications (58 Da each, 116 Da total).

organisms (Supplementary Fig. 1). Due to the high degree of
sequence similarity (62%, Supplementary Fig. 1) and the fact
that sometimes thermostable proteins are more amenable to
crystallization,®* > we attempted to crystallize both Mtb and Mth
MmpS5 proteins. MmpS5 crystallization trials were carried out
with the mature forms of Mtb MmpS5 (residues 46-142) and Mth
MmpS5 (residues 46-143). While crystal screens for both Mtb and
Mth MmpS5 produced initial crystal hits, only Mth MmpS5 yielded
diffraction-quality crystals.

Mth MmpS5 crystallized with six subunits in the asymmetric
unit, which align with a root-mean-square deviation (rmsd) of
0.29 A across all residues. Each subunit is characterized by an
immunoglobulin-like fold, possessing eight antiparallel g-strands
arranged in two B-sheets (84, B1, 6, B7; B3, B2, BS, and B8) with
a Greek key topology (Fig. 1A). Notably, 86 and g8 are covalently
attached via a disulfide bond between C115 and C138 that forms
across the two B-sheets and tethers them together.

As mentioned above, the structure of an Mth MmpS5 homolog,
Mtb MmpS4, was previously determined by NMR.2 While the Mtb
MmpS4 structure aligns well to the Mth MmpS5 structure with an
average rmsd of 2.8 A over 82 of 97 residues (Fig. 1B), the remaining
C-terminal portion of the Mtb MmpS4 structure is markedly dif-
ferent from the Mth MmpSS5 structure. In the NMR structure, we
observe a seven stranded g-sandwich, where the structured 88 ob-
served in the Mth MmpSS5 is instead a highly mobile random coil
in Mtb MmpS4 and does not participate in the Mtb MmpS4 g-sheet
(Fig. 1B). Notably, the Mth MmpS5 cysteine residues (C115 and
C138), which covalently link 86 and g8 in the crystal structure, are
conserved in both Mtb MmpS4 (C112 and C135) and Mtb MmpS5,
as well as the Msm homologs (Fig. 1C, Supplementary Fig. 1). No

disulfide bond is observed in the Mtb MmpS4 structure.® More-
over, Mtb MmpS4 C112 and Mth MmpS5 C115, situated in g6, align
when the two structures are superimposed (Fig. 1B). As the NMR
experiments were performed in the presence of 1 mM DTT, it is
likely that Mtb MmpS4 possesses a disulfide bond under non-
reduced conditions, which is not captured in the structure due
to presence of reductant.

To ensure that the disulfide bond observed in the X-ray struc-
ture of Mth MmpS5 was not a product of crystallization, we uti-
lized MS to confirm that Mth MmpS5 has a disulfide bond in so-
lution. Non-reduced and reduced (in the presence of DTT) Mth
MmpS5 samples were treated with IAA, and the resulting molec-
ular weights were determined by MS. When IAA covalently modi-
fies free protonated cysteine, the mass shift is 57 Da per cysteine
residue, and as Mth MmpS5 has two cysteines, we expect a total
shift of 114 Da. Non-reduced Mth MmpS5 has a mass of 10 952 Da,
which is comparable to the theoretical mass for Mth MmpS5 of
10 953 Da (parent mass minus two protons lost due to the puta-
tive disulfide bond), suggesting that the two cysteines are form-
ing a disulfide bond and are not available for IAA modification
(Fig. 1D). In the reduced sample, the dominant peak gives a mass
of 11 069 Da, which is a +117 Da mass shift from the observed
non-reduced mass (Fig. 1D). This represents a sample that has had
its disulfide bond reduced and modified by two molecules of IAA
(expected mass shift of 116 Da). As IAA modification of the Mth
MmpS5 cysteine residues is only observed under reducing con-
ditions, this suggests that under native (non-reduced) conditions
in solution the two Mth MmpS5 cysteine residues form a disul-
fide bond, thus suggesting that the observed Mth MmpS5 disulfide
bond in the structure is not a crystallographic artifact.
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To verify the in vivo relevance of the MmpS5 disulfide bond,
Msm MmpS4 and MmpS5 with C-terminal FLAG tags were ex-
pressed in Msm and purified for analysis by MS. Msm MmpS4
and MmpS5 were analyzed before and after reduction by DTT fol-
lowed by IAA treatment, as described above for Mth MmpS5. Non-
reduced IAA-treated Msm MmpS4 and Msm MmpS5 have masses
of 17979 and 18 110 Da, respectively (Supplementary Fig. 2). How-
ever, reduced IAA-treated Msm MmpS4 and MmpS5 have masses
of 18 094 and 18 225 Da, respectively. The resulting molecular
weight shifts after the reduction of 115 Da for both proteins are
consistent with the modification of two cysteine residues by IAA,
confirming that in vivo native (non-reduced) Msm MmpS4 and
MmpS5 proteins each has a biologically relevant disulfide bond.

Mth MmpSS forms two different potential dimers in the asym-
metric unit (Supplementary Fig. 3). The first potential dimer
(Dimer 1) is formed between subunits A/C and D/F with a dimer-
ization interface comprising ~10% of the protein surface area
(Supplementary Fig. 3A). Moreover, 11 hydrogen bonds and 12
hydrogen bonds are formed at the A/C and D/F interface, re-
spectively. Dimer 1 interface interactions are primarily between
backbone atoms on B7 of each subunit and symmetrical inter-
actions occur between 87 and B8 sidechains from each subunit,
essentially forming extended B-sheets between the two subunits
(Supplementary Fig. 3A). Symmetrical backbone hydrogen bonds
include residues E126, S127, V128, S129, and T130, and two sym-
metrical sets of sidechain hydrogen bonds involve S127 and S129
and Q135 and Y137’ across subunits (Supplementary Fig. 3A). The
dimer interface results in a curvature of ~75-80° between the two
planar g-sheet subunits (Supplementary Fig. 4A). Another inter-
esting facet of Dimer 1 is that at the curved dimeric interface
there are several glycerol and PEG molecules, and these small lig-
ands are at a higher density near the final g-strand, specifically
near Y137 and K141 (Supplementary Fig. 4B). Another potential
dimer (Dimer 2) in the asymmetric unit involves A/B, D/E, and C/F
subunit pairs (Supplementary Fig. 4B). This dimerization interface
comprises ~15% of the surface area of each subunit with five hy-
drogen bonds between the sidechains from residues on g1 and g4
from each subunit. As Dimer 1 involves substantially more inter-
actions at the dimerization interface, we believe Dimer 1 is more
likely to be physiologically relevant.

As Mth MmpS5 forms dimers in the asymmetric unit, we
performed size exclusion chromatography to determine the
oligomeric state of Mth MmpS5 and Mtb MmpS5 in solution.
Strikingly, both Mth MmpSS5 and Mtb MmpS5 elute from a siz-
ing column at a volume that corresponds to a dimer in solution
(Fig. 2C and Supplementary Fig. 5). Notably, elution volumes did
not change despite testing a range of protein concentrations (0.06—
0.9 mM, data not shown). From the elution volume, Mth and Mtb
MmpS5 elute at a molecular weight of ~22 kDa, which infers both
Mth and Mtb MmpS5 are dimers in solution. As the Mth Dimer 1
interface has backbone interactions between B7 strands, it is likely
that these interactions would persist in Mtb, however, while Y137
is conserved between Mtb and Mth, the 87/88-strand side chain
interactions are likely to vary as $127, 5129, and Q135 are not con-
served (Supplementary Fig. 1). Notably, the NMR structure of Mtb
MmpS4 is monomeric® However, as the NMR structure lacks a
structured B8-strand, the surface required for the formation of
Dimer 1 would be incomplete, preventing dimerization. Dimer 2,
however, would not have been disturbed in the absence of a struc-
tured B8-strand, and further suggests that Dimer 1 is likely the
relevant oligomeric state.

Structural homologs of MmpS5 were found using a Dali search
(Supplementary Table 1A)2® Most of the identified structural

Communication | 5

homologs are not well characterized, although one eukaryotic
and two bacterial proteins are of particular interest due to sim-
ilar dimerization interfaces and the presence of a bound lig-
and or protein partner. These structural homologs, the SoxYZ
heterodimer,*’3° human TMED1,%° and the E. coli K12 F18 fim-
briae adhesin FedF*! align to Mth MmpS5 with 3-4.6 A rmsd over
64-72 residues (Supplementary Fig. 6). SoxYZ is a heterodimeric
complex that binds sulfur adducts and transfers them between
enzymes in the sulfur-oxidizing (Sox) multi-enzyme system.?’:3°
TMED1 belongs to a transmembrane sorting receptor family in
the endoplasmic reticulum and Golgi and is a central regula-
tor for biomolecule secretion.*® F18 fimbriae attach to glycosph-
ingolipids associated with specific blood types via FedF, which
binds the ABH type 1 blood group glycan.*! Like Mth MmpS5, both
TMED1 (Supplementary Fig. 6C) and FedF possess disulfide bonds
(Supplementary Fig. 6D). While the disulfide bond locations do not
align well to each other or to Mth MmpSS5, their presence in these
structural homologs is intriguing.

Both the SoxYZ heterodimer and TMED1 dimer align closely
to Mth MmpS5 Dimer 1 (Fig. 2). SoxY and SoxZ form a het-
erodimer in the Sox system, where SoxY and SoxZ differ in
that SoxY has an N-terminal accessory helix, and SoxZ con-
tains an extended Z-loop.*’=*° In the SoxYZ heterodimer, SoxY
has the catalytic cysteine that carries intermediates between en-
zymes. One of the enzymes that SoxYZ interacts with is SoxB
(Fig. 2Aii).¥=*° While Mth MmpS5 aligns to both SoxY and SoxZ
subunits, it aligns more closely to SoxZ (Supplementary Fig. 6A
and B, Supplementary Tables 1A and B). Interestingly, the SoxYZ
heterodimer and the MmpS5 Dimer 1 align closely, where both
dimers superimpose and share a concave face. Notably, the SoxYZ
concave surface faces SoxB, suggesting that the concave face
of MmpS5 could be important for protein-protein interactions
(Fig. 2A). This similarity between dimers is also observed for the
TMED1 dimer and Mth MmpS5 Dimer 1 (Fig. 2B). In solution,
TMED1 is a dimer where conserved residues Q49 and Y52 con-
tribute to the oligomerization interface. Interestingly, TMED1 Q49
and Y52 superimpose with MmpS5 Q135 and Y137 (Fig. 2B), which,
as described above, are hydrogen bonding residues at the Dimer
1 interface. As both the SoxYZ heterodimer and TMED1 dimer
align closely to Mth MmpS5 Dimer 1, these structures suggest that
Dimer 1 could have physiological relevance.

Many ligands from the crystallization solution were detected
in the Mth MmpS5 structure. While these ligands are not phys-
iologically relevant, their binding locations could represent the
location of physiological ligand binding sites or protein interac-
tion surfaces. When all the Mth MmpS5 subunits are superim-
posed, a few locations with high ligand colocalization are appar-
ent (Fig. 3A and Supplementary Fig. 4B). Specifically, several PEG
and glycerol molecules overlay and are coordinated by K141. This
ligand-binding site is also marked by interactions with Y137 and is
close to H103. Another binding site for several glycerol molecules
is coordinated by D69, N71, R81, Q107, and Q135. Strikingly, the
opposite face of the MmpS5 B-sheet does not coordinate any crys-
tallization ligands. Thus, MmpS5 appears to have a more charged,
interaction-rich face, and a less charged, non-interactive face.

Interestingly, the superimposition of Mth MmpS5 with SoxY
in the SoxYZ heterodimer places this ligand-binding site at the
SoxY/SoxB interface—providing support to the possibility that the
ligand-trapping face of MmpS5 could be important for protein—
protein interactions (Fig. 3B). Notably, the charged MmpS5 face
aligns to the ligand binding face of its structural homolog, FedF
(Supplementary Figs. 6D and S7). FedF also forms a dimer, which is
less planar than MmpS5 Dimer 1 and was crystallized with a blood


https://academic.oup.com/metallomics/article-lookup/doi/10.1093/mtomcs/mfae011#supplementary-data
https://academic.oup.com/metallomics/article-lookup/doi/10.1093/mtomcs/mfae011#supplementary-data
https://academic.oup.com/metallomics/article-lookup/doi/10.1093/mtomcs/mfae011#supplementary-data
https://academic.oup.com/metallomics/article-lookup/doi/10.1093/mtomcs/mfae011#supplementary-data
https://academic.oup.com/metallomics/article-lookup/doi/10.1093/mtomcs/mfae011#supplementary-data
https://academic.oup.com/metallomics/article-lookup/doi/10.1093/mtomcs/mfae011#supplementary-data
https://academic.oup.com/metallomics/article-lookup/doi/10.1093/mtomcs/mfae011#supplementary-data
https://academic.oup.com/metallomics/article-lookup/doi/10.1093/mtomcs/mfae011#supplementary-data
https://academic.oup.com/metallomics/article-lookup/doi/10.1093/mtomcs/mfae011#supplementary-data
https://academic.oup.com/metallomics/article-lookup/doi/10.1093/mtomcs/mfae011#supplementary-data
https://academic.oup.com/metallomics/article-lookup/doi/10.1093/mtomcs/mfae011#supplementary-data
https://academic.oup.com/metallomics/article-lookup/doi/10.1093/mtomcs/mfae011#supplementary-data
https://academic.oup.com/metallomics/article-lookup/doi/10.1093/mtomcs/mfae011#supplementary-data
https://academic.oup.com/metallomics/article-lookup/doi/10.1093/mtomcs/mfae011#supplementary-data
https://academic.oup.com/metallomics/article-lookup/doi/10.1093/mtomcs/mfae011#supplementary-data
https://academic.oup.com/metallomics/article-lookup/doi/10.1093/mtomcs/mfae011#supplementary-data
https://academic.oup.com/metallomics/article-lookup/doi/10.1093/mtomcs/mfae011#supplementary-data
https://academic.oup.com/metallomics/article-lookup/doi/10.1093/mtomcs/mfae011#supplementary-data
https://academic.oup.com/metallomics/article-lookup/doi/10.1093/mtomcs/mfae011#supplementary-data

6 | Metallomics

0.6 @ Standards
(C) Q @ Mth dimer
Y @ Mtb dimer
0.5 N o Theoretical Mth Monomer
\\ A Theoretical Mtb Monomer
0.4 % # Theoretical Mth Dimer
\\ A Theoretical Mtb Dimer
g %
& 0.3 N
~
e
0.2 L
S
~
0.1 a\\
AN
~
0 \\-
3 35 4 4.5 5 5.5
log (MW)

Fig. 2 Mth MmpS5 forms a dimer in solution, and Dimer 1 has structural similarities to the SoxYZ heterodimer and TMED1 homodimer. Mth MmpS5
Dimer 1 subunits are colored in cyan and marine blue. (A) Comparison of Mth MmpS5 Dimer 1 with SoxYZ heterodimer. (i) Direct comparison of Dimer
1 with SoxYZ dimer (SoxY and SoxZ colored in orange and yellow, respectively). (i) Superimposition of the dimers in context of the complex with SoxB
(white cartoon). (B) Comparison of Mth MmpS5 Dimer 1 and TMED1 homodimer (colored in salmon and pink). (i) Direct comparison of homodimers
shows conservation of residues at the dimerization interface: Mth MmpS5 Q135 and Y137 with TMED1 Q49 and Y52. Residues shown as sticks. (ii)
Overlay of the homodimers highlights similarities between the two dimers. (C) Size exclusion chromatography with Mth MmpS5 and Mtb MmpS5
revealed that both MmpS5 proteins are dimeric in solution. A linear plot of the Kaye vs log (molecular weight) for protein standards was used to
extrapolate the molecular weights of the MmpS5 protein oligomers. Here, the Kaye for Mth MmpS5 (0.2 mM) and Mtb MmpS5 (0.2 mM) is plotted
against the theoretical mass of their monomers (~11 kDa) and homodimers (~22 kDa) in the context of the standards. Results suggest they are both
dimeric in solution.
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Fig. 3 Mth MmpS5 has crystallographic ligand-binding surfaces in similar locations to ligand binding and protein binding surfaces in structural
homologs: SoxYZ and FedF. (A) Alignment of the six Mth MmpS5 subunits (represented by a cyan cartoon) in the asymmetric unit shows colocalization
of bound crystallographic ligands near H103, Y137, and K141. Ligand-coordinating residues are shown as yellow sticks, ligands are shown as white
sticks. (B) Alignment of Mth MmpS5 to SoxY in the context of the SoxYZ/SoxB complex shows that the Mth MmpS5 crystallographic ligand binding
occurs at the SoxY/SoxB interface. SoxY and SoxB are colored in orange and white, respectively. SoxY is represented as a semi-transparent molecular
surface (orange) with the cartoon omitted for clarity. Ligands colored as in (A). (C) FedF (colored in wheat) was crystallized with blood group A type 1
hexaglycosylceramide (i), the FedF dimer is in cartoon representation with one sugar bound per subunit (shown in green sticks). When Mth MmpS5 is
aligned to one FedF subunit (i), the Mth MmpS5 crystallographic ligands bind near the FedF sugar binding side. Here, the FedF dimer is represented by

the semi-transparent molecular surface.

group A type 1 hexa-saccharide bound*! (Fig. 3C). The FedF sheet
curves towards its ligand-binding site (Fig. 3Ci), which involves
a few key residues on one surface of the g-sheet: Q47, Y49, and
H88. These g-sheet surface residues roughly align to Mth MmpS5
residues Q135, Y137, and H103 (Fig. 3A) on the proposed interac-
tion face of MmpS5.

Results from the Mth MmpS5 structural homologs provide fur-
ther insights into MmpS5. First, the Mth MmpS5 Dimer 1 may be
biologically important as both the SoxYZ heterodimer and TMED1
dimer align closely to Mth MmpS5 Dimer 1. Second, Mth MmpS5
residues Q135 and Y137 align to TMED1 and FedF residues that are
either at the dimer interface or involved in ligand interactions, re-
spectively, indicating that these residues could be important for
ligand binding or protein interactions in Mth MmpS5. When com-
paring Mth MmpSS to the Mtb paralogs, we found that Mth Q135
is not conserved in Mtb MmpS4/5, whereas Y137 is conserved
and also proximal to the disulfide-bond-forming cysteine residue,
C138 (Supplementary Fig. 1). Y137 is conserved across MmpS ho-
mologs, suggesting that it is a great candidate for protein—-protein
interactions or ligand binding.

Conclusion

Herein, we demonstrate that the structure of MmpS5 is an
immunoglobulin-like fold comprising two four-stranded anti-
parallel g-sheets with one disulfide bond (C115 and C138) link-
ing B6 and B8 and tethering the two B-sheets. As the disulfide
bond was absent from the NMR structure of Mtb MmpS5, we did
MS analysis on Mth MmpS5 expressed in E. coli and Msm MmpS4
and MmpS5 expressed in M. smegmatis and confirmed the pres-
ence of the disulfide bond in both environments. These analy-
ses, supplemented by sequence analysis of MmpS4 and MmpS5
from a variety of mycobacterial species, indicate that the disul-
fide bond is likely a common feature in MmpS4 and MmpS5. Sev-
eral structural homologs of Mth MmpS5 also have disulfide bonds
(Supplementary Fig. 6C and D), and while the location is not con-
sistent, itis interesting to note that disulfide bonds are a common
occurrence in this protein family and that they may have a role in
maintaining a specific conformation required for protein function

or stability. It should be noted that the importance and physiolog-
ical role of the disulfide bond in MmpS4 and MmpS5 still require
elucidation.

The crystal structure and size exclusion chromatography show
that Mth MmpS5 can form a dimer in solution. While the Mtb
MmpS4 NMR structure is monomeric, the dimeric interface of Mth
MmpS5 Dimer 1 involves the disulfide-bonded g8-strand (Fig. 2B),
which is absent from the MmpS4 NMR structure (Fig. 1B). We be-
lieve that the dimeric structure could be a common feature in
MmpS4 and MmpS5, and that Mtb MmpS4 in non-reducing con-
ditions would also dimerize.

MmpS4 and MmpS5 proteins are involved in siderophore and
anti-TB drug efflux as accessory proteins to MmpL4 and MmpL5,
respectively. To better understand the role of the MmpS4/L4 or
MmpS5/L5 complexes in Mtb, two papers have performed mod-
eling to characterize the interaction of MmpS5 and MmpL5.42:43
Notably, these simulation attempts were based on the NMR struc-
ture of reduced Mtb MmpS4. The occurrence of the disulfide
bond in the MmpS4 structure dramatically changes the over-
all shape and molecular surface electrostatics of the protein
(Supplementary Fig. 7), suggesting that utilizing a non-reduced
MmpS5 structure in simulation and docking studies is imperative.
Lastly, the Mth MmpS5 crystal structure highlights residues that
are likely to be involved in protein-protein or protein- ligand in-
teractions such as Y137 and K141. In summary, understanding the
structure and oligomeric state of MmpS4 and MmpS5 is critical to
empowering modeling efforts, and the structural insights revealed
in this paper will greatly assist future simulation experiments.
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Supplementary data are available at Metallomics online.
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