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The 2-TM-GxN family of membrane proteins is widespread in prokaryotes and plays an important role in
transport of divalent cations. The canonical signature motif, which is also a selectivity filter, has a composition of
Gly-Met-Asn. Some members though deviate from this composition, however no data are available as to whether
this has any functional implications. Here we report the functional and structural analysis of CmaX protein from
a pathogenic Pseudomonas aeruginosa bacterium, which has a Gly-Ile-Asn signature motif. CmaX readily trans-

ports Zn%*, Mg?*, Cd?*, Ni2* and Co®" ions, but it does not utilize proton-symport as does ZntB from Escherichia
coli. Together with the bioinformatics analysis, our data suggest that deviations from the canonical signature
motif do not reveal any changes in substrate selectivity or transport and easily alter in course of evolution.

1. Introduction

The 2-TM-GxN family is responsible for the transport of several
divalent cations such as magnesium, zinc, nickel and cobalt ions [1], [2].
This family exists in all domains of life and belongs to Metal Ion
Transporters (MIT) superfamily [3]. The current knowledge suggests
that all members of the family form pentameric structures (mostly
homo-, but there is also evidence for heteropentameric formation [4]),
where each monomer consists of two transmembrane o-helices and a
large soluble domain. The first long transmembrane helices (TM1)
create a protracted pore through which substrate ions flow, and extend
all the way into the cytoplasmic domain (Fig. 1). The second trans-
membrane helices (TM2) arrange into a highly hydrophobic and rigid
ring to stabilize the protein in the membrane [5-8]. The loop, con-
necting TM1 and TM2, contains the signature motif of the family — Gly-
X-Asn, where X can be methionine, valine or isoleucine, although in
plant homologs of Mrs2 all three amino acids can vary [9-12]. These
structural elements — two sets of five helices connected via the loop — are
essentially conserved through the family and apparently constitute one
of the ancient motifs formed at the earliest stages of evolution for
transport.

Contemporary literature has described the 2-TM-GxN family four
members — archaeal and bacterial CorAs, protobacterial ZntB, yeast and
plant Alrl/2 and eukaryotic Mrs2 [1]. Apart from extensively studied
CorA [13], [14], the full-length structure is available only for ZntB from
Escherichia coli (EcZntB), but its biological function remains vague
[13-16]. To investigate further possible roles of ZntB in bacteria, here
we have studied ZntB (also annotated as CmaX) from Pseudomonas
aeruginosa (PaZntB). In contrast to the gene coding EcZntB, the gene
coding PaZntB sits in an operon, which additionally includes mecha-
nosensitive ion channel CmpX (MscS type) and a small protein CrfX with
an unknown function. This operon is regulated by the extracytoplasmic
sigma factors SigX and AlgU, which are involved in regulation of
numerous genes involved in cell adaptation, including an outer mem-
brane porin OprF that is crucial for low mass substrate permeability and
cell survival [17], [18] among others. It was also shown that the cmpX
knockout mutation has a large impact on P. aeruginosa virulence by
increasing sensitivity to antibiotics [19]. This suggests that proteins
encoded in Cmax-CrfX-CmpX operon play an important role in the life of
P. aeruginosa, hence we initiated the structural work on these proteins.

In this contribution, we report the cryo-electron microscopy (cryo-
EM) full-length structure of PaZntB (CmaX) at an overall resolution of
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Fig. 1. Structural organization of CmaX (ZntB) from P. aeruginosa. (a) Side view, four subunits of pentamer are colored gray, and one is colored rainbow from blue
(N-terminus) to red (C-terminus); the approximate position of the membrane is indicated, trans membrane helices 1 and 2 are labeled; (b) the slice through of (a) with
the calculated electrostatic potential (+5 kT e 1), residues of the selectivity filter (N295), threonine ring (T279) and the hydrophobic lock (M272 and M268) are
shown as spheres and labeled; (c) the view from the periplasm onto (b), note the negative charge at the entry; (d) the comparison of positions of Asn residue of the
selectivity filter from EcZntB (cyan) and PaCmaX (PaZntB) (yellow). (For interpretation of the references to color in this figure legend, the reader is referred to the

web version of this article.)

Table 1
Data collection and refinement.

Data collection

Microscope Titan KRIOS with K3-detector
Voltage 300 kv

Pixel size (A) 0.656

Micrographs collected (#) 4505

Refinement

Particles (#) 243,386
Resolution (A; at FSC = 0.143) 3.03

CC (model to map fit) 0.84
RMS deviations

Bonds (A) 0.007
Angles © 0.77
Chirality (%) 0.040
Planarity (°) 0.003
Validation

Clashscore 12.5
Favored rotamers (%) 97
Ramachandran favored (%) 88.31
Ramachandran allowed (%) 11.69
Ramachandran outliers (%) 0

3.03 A (Table 1, Supplementary Fig. 1) and compare it with the available
structures of other members of the 2-TM-GxN family. Additionally, we
present the biochemical characterization including fluorescent transport
assays and isothermal titration calorimetry measurements. Taken
together these results show that PaZntB has an overall same fold as
EcZntB and TmCorA, albeit with a different helical arrangement, and is
capable to transport Zn?t, Mg?*, Cd?*, Ni>* and Co?* ions, but it seems
as if there is no strong proton-coupling as observed with EcZntB.

2. Materials and methods
2.1. Cloning

The gene cmaX (NC_002516.2) from Pseudomonas aeruginosa PAO1
(strain: PAO1) was codon-optimized for Escherichia coli expression and
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synthesized by GenScript (Piscataway, NJ) and then cloned into a pET-
28a (+) plasmid using BamHI and EcoRI restriction sites. After the
plasmid was mixed with the chemically competent E. coli C41 (DE3)
cells, transformation was completed by using standard procedures [20].

2.2. Protein expression and membrane vesicle preparation

Expression of ZntB (CmaX) from Pseudomonas aeruginosa was per-
formed in a 5-1 flask containing 2 1 of LB medium (10 g 1™ Bacto trypton,
5 g I'! Bacto yeast extract, 10 g I'! NaCl), supplemented with 50 pg ml!
kanamycin. The E. coli C41 (DE3) cells with the needed plasmid were
grown at 37 °C, 200 rpm to an ODgoo of 0.6, with an induction by
addition of 0.1 mM IPTG. After 3 h of expression the cells were collected
by centrifugation (15 min, 7500 g, 4 °C), washed in buffer A (50 mM
Tris/HCl, pH 8.0) and resuspended in the buffer B (50 mM Tris/HCl, pH
8.0, 250 mM NacCl). Membrane vesicles were either prepared immedi-
ately, or the resuspended cells were stored at -80 °C after flash freezing
in liquid nitrogen.

Before membrane vesicle preparation, 1 mM MgSO4 and 50-100 pg
ml ™! DNase were added to the cells. The cells were lysed by high-pressure
disruption in High Pressure Homogenizer Type HPL6 (Maximator,
Germany), two passages at 25 kPsi for E. coli cells, 5 °C and cell debris
was removed by low-speed centrifugation (30 min, 12,000 g, 4 °C).
Membrane vesicles were collected by ultracentrifugation (120 min,
194,000 g, 4 °C), and resuspended in buffer C (50 mM Tris/HCl, pH 8.0,
250 mM NacCl, 10% glycerol) to a final volume of 1.5 ml per 1 1 of cell
culture. Subsequently, the membrane vesicles were aliquoted (3 ml per
sample), flash frozen in liquid nitrogen and stored at —80 °C.

2.3. Protein purification

Membrane vesicles were thawed rapidly and solubilized in buffer D
(50 mM Tris/HCl, pH 8.0, 250 mM NaCl, 1% (w/v) n-dodecyl-p-D-
maltopyranoside (DDM, Anatrace)) for 1 h at 4 °C, while gently rocking.
DDM was chosen as the most common detergent for membrane protein
solubilization [21]. Unsolubilized material was removed by centrifu-
gation (30 min, 194,000 g, 4 °C). The supernatant was incubated for 1 h
at 4 °C while gently rocking with Ni?*-sepharose resin (column volume
of 0.5 ml), which had been equilibrated with 10 CV of buffer E (50 mM
Tris/HCI, pH 8.0, 250 mM NaCl, 50 mM imidazole, 0.02% DDM). Sub-
sequently, the suspension was poured into a 10-ml disposable column
(Bio-Rad) and the flow through was collected. The column material was
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washed with 10 ml of buffer E. The target protein was eluted in three
fractions of buffer F (50 mM Tris/HCI, pH 8.0, 200 mM NaCl, 500 mM
imidazole, 0.02% (w/v) DDM) of 200, 750 and 500 pl, respectively. 1
mM of EDTA was added to the second elution fraction to remove co-
eluted Ni?* ions and any residual divalent cations. Subsequently, the
second elution fraction was purified by size-exclusion chromatography
using a Superdex 200 10/300 gel filtration column (GE-Healthcare),
equilibrated with buffer G (50 mM Tris/HCl, pH 8.0, 200 mM NaCl,
0.02% (w/v) DDM). After size-exclusion chromatography, the fractions
containing the target protein were combined and used directly for the
following experiments.

2.4. Reconstitution into proteoliposomes

Reconstitution in proteoliposomes was performed as described [22].
Shortly, polar lipids of E. coli and egg phosphatidylcholine (in 3:1 (w/w)
ratio) were dissolved in chloroform, then dried in a rotary evaporator
and subsequently resuspended in buffer containing 50 mM KPi, pH 7.5 to
the concentration of 20mgml L. After three freeze-thaw cycles, large
unilamellar vesicles (LUVs) were obtained and stored in liquid nitrogen.
To prepare proteoliposomes, LUVs were extruded through a 400-nm-
diameter polycarbonate filter (Avestin, 11 passages). Obtained lipo-
somes were diluted to 4mgml’1 in buffer H (50 mM HEPES, pH 7.5) or
buffer I (50mM HEPES, pH 6.5) and subsequently titrated with the
increasing Triton X-100 concentration and optical density of the sus-
pension being monitored at 540 nm to cross Rsy as described in [22].
The target purified protein was added to the liposomes at a weight ratio
of 1:250 (protein/lipid), followed by detergent removal using Bio-beads
(50 mgml’l, four times after 0.5h, 1h, 2h and overnight incubation).
Afterwards, proteoliposomes were collected by centrifugation (20 min,
285,775 g, 4°C) and resuspended in buffer H or buffer I to a lipid con-
centration of 10mgml_1 (calculated based on the initial weight).
Finally, after three freeze-thaw cycles, obtained proteoliposomes were
stored in liquid nitrogen for subsequent experiments.

2.5. Fluorescent transport assays

Zinc, cadmium, nickel and cobalt transport was measured with the
Zn>*-sensitive water-soluble fluorophore FluoZin-1 (ThermoFisher,
USA). To avoid bleaching of the fluorophore, the sample was shielded
from the direct light as much as possible. FluoZin-1 (stock concentration
3 mM in H20) was added to a final concentration of 5 pM to the pro-
teoliposomes with desired pH. FluoZin-1 encapsulation was performed
by three freeze-thaw cycles and subsequent extrusion through 0.4-pm
polycarbonate filters. Extravesicular dye was removed from approxi-
mately 500 pl of liposome suspension by size exclusion chromatography
on a 2 ml Sephadex G-75 column equilibrated with buffer H or I. Pro-
teoliposomes were collected by ultracentrifugation (25 min, 285,775 g,
4 °C), and the supernatant was removed. Proteoliposomes were resus-
pended with 10 pl buffer H or I per 2.5 mg of proteoliposomes (protein to
lipid ratio 1:250). Transport assays with or without proton gradient
were initiated by the addition of 10 mM stock solution of zinc acetate to
the desired final concentration. For each measurement, 0.3 mg of pro-
teoliposomes was diluted in 1 ml of desired buffer. A fluorescence time
course was measured in a 1 ml cuvette with a stirrer using an excitation
wavelength of 490 nm and an emission wavelength of 525 nm. Experi-
ments with empty liposomes were performed in parallel as controls. All
measurements were at least triplicated.

For H' transport assays, the lumenal buffer of the proteoliposomes
was exchanged for buffer J (5 mM HEPES, pH 6.7) by resuspension of the
liposomes in this buffer followed by three freeze-thaw cycles and
extrusion through 0.4-um polycarbonate filters. Proteoliposomes were
collected by ultracentrifugation (20 min, 285,775 g, 4 °C), and the su-
pernatant was removed. Proteoliposomes were resuspended with 10 pl
buffer J per 2.5 mg of proteoliposomes (protein to lipid ratio 1:250). For
each measurement, 0.3 mg of proteoliposomes was diluted in 1 ml of
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buffer K (5 mM HEPES, pH 6.7, 150 nM ACMA). A fluorescence time
course was measured in a 1-ml cuvette with a stirrer using an excitation
wavelength of 419 nm and an emission wavelength of 483 nm; zinc was
added after 3 min of equilibration time. Experiments with empty lipo-
somes were performed in parallel as controls. All measurements were
triplicated.

2.6. Isothermal titration calorimetry

Isothermal titration calorimetry experiments were performed with a
Nano ITC system (TA Instruments). His-tag was removed with the Pro-
Tev Plus (Promega) beforehand. The titrations of various divalent cation
salts to PaZntB were performed at 25 °C in 50 mM Tris/HCI, pH 8.0, 250
mM NaCl, 0.02% DDM. The syringe was filled with 0.5-5 mM salts and
sequential aliquots of 1.3 pl were added to the sample cell filled with
240 pl 0.03 mM PaZntB. Data were analyzed using the Nano Analyze
package (TA Instruments). Error bars represent s.e.m. from three inde-
pendent measurements.

2.7. Single particle cryo-electron microscopy

The purified ZntB sample (in buffer G) was concentrated to a final
concentration of ~10 mg ml~!. Aliquots of 2.7 pl were applied to a
freshly glow-discharged holey carbon grids (Quantifoil CuR1.2/1.3, 200
mesh), excess liquid was blotted for 4-5s using a FEI Vitrobot Mark IV
and the sample was plunge frozen in liquid ethane at a temperature of
approximately 100 K. TEM grids were transferred into a Titan Krios
300keV microscope (FEI, Netherlands), equipped with a K3 direct-
electron detector. Zero-loss images were recorded semi-automatically,
using the UCSF Image script [23]. The GIF-quantum energy filter was
adjusted to a slit width of 20eV. Images were collected at a nominal
magnification of x130,000 (yielding a pixel size of 1.43A) and a defocus
range of —1.5 to —3.0pm. A total of 4505 movie images were collected
with 24 frames dose-fractionated over 18s, in super-resolution counting
mode.

Motion correction, CTF estimation, template-based picking, 2D
classification, Ab initio volume generation and non-uniform 3D refine-
ment (without symmetry applied if not stated otherwise) were per-
formed using cryoSPARC [24]. Maps were sharpened using Autosharpen
Map procedure in Phenix [25]. The sharpened maps were used for the
manual model building using Coot [26] and refinement of the co-
ordinates was performed in realspace refine module of Phenix [27],
[28]. Visualization and structure interpretation were carried out in
UCSF Chimera [29], [30] and PyMol (Schrodinger, LLC). The final
model and the map are deposited in PDB and EMDB banks under 7NH9
and EMD-12321.

2.8. Bioinformatics analysis

The phylogenetic tree of CorA/ZntB proteins was constructed using
protein sequences from the COG0598 family in the EggNog database
[31]. Based on the protein length distribution, the minimum length
threshold was set to 233 amino acids to exclude partial proteins (the
final set is listed in Suppl. Table 1). The amino acid multiple sequence
alignment was constructed by MUSCLE with default parameters [32].
The maximum likelihood phylogenetic tree was constructed using
PhyML [33] with the LG model and discrete gamma with four cate-
gories; the reliability of internal nodes was estimated using 100 boot-
straps. The tree was visualized using IToL [34].

3. Results
3.1. Structure

The structure of PaZntB has a recognizable pentamer arrangement
observed so far for all resolved structures of 2-TM-GxN family (Fig. 1).
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Fig. 2. Fluorescent transport assays (a) of proteoliposomes reconstituted with PaZntB and loaded with fluorescent dye FluoZin-1, 50 uM Zn>* was added at 60 s time
point (indicated with a black arrow; color-coded conditions: black — inward pH flux (7.5 in/6.5 out); green — outward pH flux (6.5 in/7.5 out); red and blue — no
pH flux at 6.5 and 7.5 pH, magenta — negative control of liposomes without PaZntB with inward pH flux (7.5 in/6.5 out), respectively). FCCP was added at the time
point of 300s (red arrow) to disrupt proton gradients. Error bars represent s.e.m. from more than three technical replicates of independent batches of proteolipo-
somes. (b) The absence of quenching of the pH-dependent fluorophore ACMA, 50 uM Zn?"* was added at 0 s time point (black arrow; black — proteoliposomes with
inward and outward 5 mM MOPS, pH 6.7, magenta — negative control of liposomes without PaZntB with inward and outward 5 mM MOPS, pH 6.7. Error bars
represent s.e.m. from more than three technical replicates of independent batches of proteoliposomes. (c) Transport of several divalent cations by PaZntB with
fluorescent dye FluoZin-1 (black — 50 uM Cd*, blue — 100 uM Ni%**, red — 200 pM Co**, magenta — negative control of liposomes without PaZntB with 200 pM Co>"),
all ions were added at 60 s time point (black arrow). Error bars represent s.e.m. from more than three technical replicates of independent batches of proteoliposomes.
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

The cytoplasmic domain consists of seven f-strands arranged in an The most peculiar difference in the transmembrane domain is a po-
antiparallel fashion and five a-helices connected to the small trans- sition of TM2 helices in PaZntB, which are ~30° tilted in comparison
membrane domain via a long stalk helix. Cytoplasmic domains of with TM2 helices in EcZntB (Fig. 1; Supplementary Fig. 4). Whether it
PaZntB are nearly identical to those of EcZntB (Ca rmsd 2.2 A) and has any implication to the transport efficiency or protein stability re-
similarly have less interactions between protomers compared to mains to be investigated. Nevertheless, the different arrangement of TM
TmCorA (Supplementary Fig. 2). Transmembrane domain is formed by helices leads to the different geometry of the selectivity filter — it is
the extension of a long cytoplasmic helix 6 into the lipid bilayer (TM1), significantly wider than the one in EcZntB (~ 6 A radius vs 4.5 A,
harbored by TM2 (Fig. 1a). Fig. 1d). To test whether it impacts the transport and selectivity we
The TM1 helices form the internal solvent-accessible conical frustum conducted thorough biochemical characterizations.

shaped pore, facilitating the movement of charged cations across the
lipid bilayer (Fig. 1b). Similarly to EcZntB, this cavity starts from the

concave formed by the periplasmic loops, also bearing the family 3.2. Transport assays

signature motif and the selectivity filter, in this case Gly-Ile-Asn. The

lining of the entry is negatively charged (Fig. 1c) hence is attractive for To characterize the transport of cations via PaZntB, we have per-
positively charged cations. The pore maintains the negative charge formed the fluorescent uptake assays with purified protein reconstituted
almost entirely through the transmembrane domain with incorporation into liposomes as described previously [16]. The assays with fluorescent
of some positive charge at Thr279 ring (and this area of positive charge dye FluoZin-1, encapsulated into the proteoliposomes, have demon-
is considerably smaller than observed in EcZntB) and it is tightly sealed strated steady uptake of Zn*" ions (Fig. 3a), but significantly smaller
about 30 A below the selectivity filter by the double layered ring formed influence of proton gradient on zinc transport compared to EcZntB [16].
by Met268 and Met272 sidechains (Fig. 1b), hence resembling archi- The level of Zn?" transport in the presence of inward pH gradient (with
tecturally more CorA than ZntB [15]. After the methionine lock more basic lumen) is nearly identical to the levels without proton
(commonly termed hydrophobic lock), the pore leads to the large gradient at two different pH values (6.5 and 7.5) (Fig. 2a). It is in stark
cytoplasmic cavity which, intriguingly, exclusively maintains positive contrast with EcZntB, where Zn>" uptake is significantly enhanced in the
charge. This is in contrast to EcZntB which has a layer of negative charge presence of pH gradient [16]. However, quite intriguingly, the uptake of
followed by layers of positive charge and even more so for TmCorA, Zn?" ions via PaZntB was noticeably inhibited in the presence of a
which shows preferably negatively charged cavity (Supplementary reverse pH gradient (with more acidic lumen) similarly to EcZntB. To
Fig. 3). However currently it is not clear how these differences in charge further test the effect of protons on PaZntB we performed additional
distribution precisely affect the transport mechanism. measurements using pH-sensitive fluorophore 9-amino-6-chloro-2-

methoxyacridine (ACMA), however we did not observe the

763



A. Stetsenko et al.

Time (s)
1500

International Journal of Biological Macromolecules 184 (2021) 760-767

%o

' “» [\

'n‘

Ml

|! I ;\ I ’i |

("
VJ\J MJ\)LM'W

,Jw

WL

Corrected Heat Rate (uJ/s)

LA

01-f

Corrected Heat Rate (uJ/s)

Time (s)
1209

1000 2000

06+

".
K' \’II![

\J\’ \J\]\ u\J\J \I\J \J‘\J{l\liu\j ’

Normalized Fit (kJ/mol)

Normalized Fit (kJ/mol)

' * & ’ % % %
Mole Ratio Mole Ratio
C Time (s) d Time (s)
¢ a0 ™ o 20 250 0 ¢ " - - - 20 s
. : e . A
_ | _onf , \
¥ =T
i L W ’ |
5ot ‘ \ \ ' 5 o } ] ‘\ ﬂ
EI T i JW\ | M '.ljw"f‘““'
2 VE \ ‘ 2 ous
VWU i WU JUU UWUVUW
024 0,05
o
oF -—--’.’.-TL'_..' . 5 . " ® . 3 . .7—.-4-*_.‘__.)'_'_'_. * o
B e e 3 e .
3 o p 3 s O
§.|s~ b g )
£ £
z . z s
‘25-0‘| ' s B L [ . S0 T T N T T T T T T T T T T T """ AL

PO S T T S T S S S S S W S T R '
1 2
Mole Ratio

4 AR R W Ly
o 25 30
Mole Ratio

Fig. 3. ITC profiles obtained by titration of (a) Zn?" (b) Cd*>" (¢) Ni*" (d) Co?" ions to PaZntB.

accumulation of protons inside of the proteoliposomes (Fig. 2b). Finally,
we tested PaZntB for other substrates and revealed the comparable
transport of Cd**, Co?t and Ni*" ions (Fig. 2c) as with other studied
members of the 2-TM-GxN family, both ZntB and CorA [35].

To characterize the specificity, we additionally performed ITC ex-
periments on His-tag-less protein, which revealed binding of Zn?t, cd*t,
Ni?* and Co?* to PaZntB, with Kq values of 7 + 2,12 + 3,17 & 4 and 27
+ 6pM, respectively, with approximately 0.2 + 0.1:1 ion:monomer
stoichiometry for Zn?* and Cd** and 1.0 + 0.2:1 ion:monomer stoi-
chiometry for Co?" and Ni%* (Fig. 3). This different stoichiometry might
be indicative of varying preference in the binding sites for cations in
PaZntB.

3.3. Comparative genomic analysis

As PaZntB has an atypical selectivity filter, GIN, instead of GMN, we
decided to explore how common the deviations from the canonical motif
are, therefore we constructed the phylogenetic tree of the proteins with
the GxN signature motif. Most proteins with deviations from GMN are
located on the branch containing diverse Gammaproteobacteria and
Alphaproteobacteria with some Deltaproteobacteria (Fig. 4). The tree
topology shows that the protein is actively spreading horizontally be-
tween different bacterial species. The following contradictions between
the protein tree and the taxonomy indicate likely horizontal transfers:
Salmonella proteins are found within a branch of Citrobacter proteins; a
protein from Cronobacter is found within a branch of proteins from
Enterobacter; a group of proteins from Vibrio branch close to Alphapro-
teobacteria, best explained by horizontal gene transfer from
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Alphaproteobacteria to the ancestor of Vibrio spp. Proteins from Deltap-
roteobacteria are not monophyletic, being observed in the Alphaproteo-
bacteria and Gammaproteobacteria branches. A protein from Grimontia is
localized inside the clade of proteins from Vibrio. Proteins from Pseu-
doalteromonas with signature motifs GVN and GIN belong to the same
clade while the protein with GMN-containing proteins are in a distant
branch. Based on the tree structure, we suggest horizontal transfer
accompanied with emergence of proteins with the GVN and GIN motifs
in genera Vibrio, Oceanicola, and Pseudoalterromonas.

4. Discussion

Pseudomonas aeuroginosa belongs to the Gammaproteobacteria
phylum and is a common pathogen, responsible for ~1/3 of opportu-
nistic infections in humans [36]. It is characterized by its high adapt-
ability to the environmental changes since it can be found in very
different environments such as soil, water, plant and animal tissues.
Interestingly, magnesium transport systems have been shown to be of
importance for virulence and adaptability of several pathogens [37-39].

The genome of P. aeruginosa encodes P-type Mg?' ATPase, Mg?*
transporter MgtE, and two members of 2-TM-GxN family, namely CorA
and CmaX (termed ZntB in this work). The latter two proteins, despite
belonging to the same family, share only ~17% sequence identity.
Furthermore, CorA is constitutively expressed house-keeping protein,
whereas PaZntB is encoded in an operon together with the small
conductance mechanosensitive channel CmpX and the small protein of
unknown function CrmX. To check whether PaZntB differs from CorA
homologs in terms of functionality and structure we endeavored to
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Fig. 4. Branch of the phylogenetic tree containing GxN-motif proteins with deviations from the GMN consensus. Color code is as follows: inner circle - Gammap-
roteobacteria in black, Alphaproteobacteria in gray, all other in white, outer circle — nine colors correspond to nine orders of Gammaproteobacteria, Alphaproteobacteria
in gray, all other orders — in white. Two black squares — genes that have binding motifs for zinc repressors in the upstream regions. Protein with motifs: GMN — in
orange, GVN - in blue, GIN - in magenta. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

characterize it in vitro using transport assays and single particle cryo-
EM.

To test for functional differences from known EcZntB and two
characterized CorAs, we conducted fluorescence-based transport assays
which revealed that both proteins can readily transport Zn?t, Co?t, Ni%*
and Cd?*" (Fig. 2). Rather unexpectedly, transport of Zn?" is not stimu-
lated by the inward pH gradient (as observed for EcZntB), however it is
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inhibited with the reverse gradient (Fig. 2a). Nonetheless at the same
time we could not detect accumulation of protons (Fig. 2b) within the
proteoliposomes during the Zn?* transport. Currently we do not have
enough observations to explain such a behavior although it is tempting
to speculate that it can be a part of regulatory mechanism to modulate
divalent cation flux. Based on the functional and binding assays it seems
that the exact composition of the selectivity filter (as well as variations
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in pore diameter) play a little role if any. This is corroborated by our
bioinformatics analysis that revealed many recent horizontal transfers,
in particular from some Alphaproteoobacteria to the common ancestors of
Vibrionaceae (plus Idiomarina and some Alteromonadaceae) and of Pseu-
domonadaceae. Importantly, there is no detectable correlation of the
selectivity filter with phylogeny and functional specificity.

Still the question remains why P. aeuroginosa has two highly similar
(structurally and functionally) proteins, such as CorA and ZntB. The
simplest explanation is that these proteins are redundant and are the
result of horizontal gene transfer; however, it does not explain fixation
of the transferred gene in the host genome. Another possible explanation
is that the functional activity of these proteins depends on the envi-
ronment and provides fast adaptation to environmental changes. For
example, P. aeuroginosa might be exposed to extremely different envi-
ronments during its life cycle, therefore it is tempting to propose that the
combination of mechanosensitive channel and ZntB protein might be an
intricate safety mechanism to survive the temperature stress [40].
Whereas CmpX might assure the adaptation to the cold temperatures (as
was observed for example for MscS in E.coli [41]), PaZntB might be
involved in adaption to the elevated temperatures [40], as it has been
shown recently that its expression is regulated by upstream AlgU
extracytoplasmic sigma factor, involved in heat shock response. In
general, it is acknowledged that influx of Mg?" can be beneficial for
coping with high temperatures as seen from the enhanced expression of
magnesium transport systems, such as MgtA, MgtE and CorA (ZntB)
leading to the increase in the thermostability (and hence survival) of
such pathogens as Salmonella enterica, E. coli and P. aeruginosa [42-44].
Placing the gene into an inducible operon might be a strategy for the
better adaption in the organisms exposed to large deviations in the
environment. To delineate the contributions of constitutively expressed
divalent transporting systems from inducible ones will require a thor-
ough in vivo characterization using knock-out strains.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.ijbiomac.2021.06.130.
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