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Transmembrane Pig-type ATPase pumps catalyze the extrusion of transition metal ions across cellular lipid
membranes to maintain essential cellular metal homeostasis and detoxify toxic metals. Zn(i)-pumps of the
P.5-»-type subclass, in addition to Zn®*, select diverse metals (Pb>*, Cd?* and Hg?") at their transmembrane
binding site and feature promiscuous metal-dependent ATP hydrolysis in the presence of these metals. Yet,
a comprehensive understanding of the transport of these metals, their relative translocation rates, and
transport mechanism remain elusive. We developed a platform for the characterization of primary-active
Zn(n)-pumps in proteoliposomes to study metal selectivity, translocation events and transport
mechanism in real-time, employing a "multi-probe” approach with fluorescent sensors responsive to
diverse stimuli (metals, pH and membrane potential). Together with atomic-resolution investigation of
cargo selection by X-ray absorption spectroscopy (XAS), we demonstrate that Zn(i)-pumps are
electrogenic uniporters that preserve the transport mechanism with 15%-, 2"9- and 3"-row transition

metal substrates. Promiscuous coordination plasticity, guarantees diverse, yet defined, cargo selectivity

rsc.li/chemical-science coupled to their translocation.

In all kingdoms of life, transmembrane metal pumps belonging
to the P;p-type ATPase family are key primary active transporters
responsible for the extrusion across cellular membranes of
essential metal ions (e.g. Cu’, Zn>*) when exceeding cellular
quotas, as well as toxic transition and post-transition metal ions
(e.g. C€d**, Pb**, Hg®>") upon exposure and accumulation.'™
Zn(u)-pumps of to the Py, subclass, can transport not only Zn**
ions, but potentially other toxic metals, by utilizing the energy
generated by ATP hydrolysis to catalyze substrate translocation
across the lipid bilayers against electrochemical gradients.”*®
As for all P-type ATPases,”* Zn>*-pumps transport substrate
following the Post-Albers catalytic cycle scheme in which the
transporter structure alternates between the E1 and E2 states
open to different faces of the membrane, permitting substrate
access, binding to the transmembrane domain, and release to
opposite sides of the phospholipid bilayer, via specific ATP-
dependent conformational changes (Fig. 1).>* Metal binding
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to the membrane (M) domain, cargo transmembrane occlusion,
and metal release are achieved through the concerted action of
the M-domain with a soluble nucleotide binding domain (N-
domain), responsible for ATP binding and hydrolysis, a phos-
phorylation domain (P-domain, which undergoes catalytic auto-
phosphorylation subsequent to ATP hydrolysis), and an actu-
ator module (A-domain) that transduces the energy derived
from ATP hydrolysis to the transmembrane region allowing
conformational changes to occur, as well as contribute to
dephosphorylation.””*® Thus, metal ion(s) bind to the high-
affinity transmembrane site(s) in the E1 state, an inward-open
conformation towards the cytosol, and are occluded in the
transmembrane domain upon ATP hydrolysis and auto-
phosphorylation (E1P state) at a conserved aspartate residue
of the DKTGTLT motif, characteristic of all P-type ATPases, in
their cytosolic phosphorylation domain. Upon conformational
changes leading to the outward-open E2P state, substrate ions
are released to the opposite side of the membrane, thereby
triggering dephosphorylation (E2 state), with the help of the A-
domain in the E2P — E2 — E1 transition, to regenerate the E1
state. The structure and catalytic scheme permit high-
thermodynamic stability in the substrate binding site neces-
sary for metal recognition and binding, as well as high kinetic
lability to guarantee metal release through the transport cycle
with a high turnover rate.>*
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Fig. 1 The catalytic Post-Albers cycle. Schematic representation of the catalytic Post-Albers cycle in P-Type ATPases exemplified for a Zn(i)-
pump. The transmembrane domain featuring the transmembrane high-affinity M>* (M2* = Zn?*, Cd?*, Hg?*, and Pb?") binding-site is shown in
grey color. The A-, P-, and N-domains are shown in yellow, blue and red, respectively. The two N-terminal helices (TM-A and -B) characteristic of
Pig-type ATPases, the soluble N-terminal metal binding domain and His-rich terminal tail are colored in blue (based on CmZntA topology).
Movements of the corresponding domains based on the catalytic cycle of SERCA are indicated by colored arrows.

Pip-type ATPases transmembrane (M) domain possess
a common architecture composed of 8 transmembrane helices
(MA, -MB, and M1-6), featuring signature sequences involved in
intramembrane substrate recognition,>**>*'** as also revealed
by crystal structures and XAS studies of Cu(i)-pumps, Zn(u)-
pumps and Zn(u)/Co(u)-pumps.>** P,p-type ATPases subfam-
ilies feature distinct cargo selectivity and exploit a common
topological framework, to catalyze the selective transport of
diverse 1%, 2™%-, and 3"™-row transition and post transition
metals.* The cargo specificity patterns correlate with conserved
amino acid motifs present in transmembrane helices M4, M5
and M6. These motifs provide ligands for coordination of
substrate ions into high-affinity transmembrane metal binding
site(s) (TM-MBS) in the M-domain. Thus, P,g-ATPases are clas-
sified into subclasses based on these conserved sequences, P;p.1
(Cu*/Ag" pumps), Pyg., (Zn**/Cd*>*/Pb*"), Pip; (Cu™/Cu®"), Pip4
(Zn**/Co**/Cd*" pumps), Pips (Ni**/Fe**(?)) and P;p.¢.,-types
(unknown selectivity).>%2+32

High-resolution structural studies on metal-free Zn>*-pumps
in the substrate-free E2P states and biochemical investigations
of Pyp,-type ATPase homologs from E. coli and S. sonnei (EcZntA
and SsZntA) established the framework by which Zn-pumps
perform their function.”®*-13202833-35 Key amino acids present
on transmembrane helices M4, M5 and M6 are critical for Zn>**
ion binding and formation of the putative high affinity trans-
membrane binding site. In SsZntA, Cys392, Cys394 and Asp714
have been proposed to act as transmembrane ligands for metal
binding, while the conserved Lys693 acts as a built-in counter-
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ion potentially overcoming the necessity of the involvement of
counter-ions to be co-transported during the transport catalytic
cycle.”® Recently, via X-ray absorption spectroscopy and
biochemical characterization, we revealed that “coordination
plasticity” in metal selection by the Cys and Asp residues on M4
and M6 governs the substrate recognition and binding
promiscuity (Zn>*, Cd**, Hg*>" and Pb>") in a Zn**-pump from P.
aeruginosa (PaZntA).”® Yet, the transport of all these metals has
not been demonstrated on purified systems and the molecular
level understanding of the translocation mechanism for the
metals that stimulate ATPase activity, acting as putative
substrates, and the relative substrate translocation rates under
turnover remain poorly understood. In this work, the Zn”>* Pyp ,-
type ATPase pump (ZntA) from Cupriavidus metallidurans,
a homologue of PaZntA and SsZntA has been selected to
investigate the metal cargo selection and translocation mecha-
nism with all its substrates. C. metallidurans is a Gram-negative
bacterium that is adapted to survive under heavy metal stress
and overexpresses several P;p-type ATPases, including ZntA, to
guarantee that toxic metals are efficiently extruded from the cell
cytosol. Thus, CmZntA P;p-type ATPases are ideal candidates to
study metal pumps involved in metal detoxification.***”

In this present study we developed a platform based on
a diverse set of “turn-on” fluorescence metal detector probes,
encapsulated in the CmZntA proteoliposome lumen to monitor
1%, 2" and 3™.-row transition and post-transition metal
transport events across lipid bilayers in real-time. In parallel, we
monitored putative secondary-ion translocation with pyranine

© 2023 The Author(s). Published by the Royal Society of Chemistry
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(a pH sensitive probe), and we studied the development of
transmembrane potential during substrate(s) translocation
with Oxonol VI, a fluorescent reporter probe sensitive to
membrane potential changes. By coupling the obtained infor-
mation with metal-dependent ATPase activity assays and
Extended X-ray Absorption Fine Structure (EXAFS) analysis to
probe the metal coordination promiscuity in the trans-
membrane selection site, we demonstrate that, despite differ-
ences in coordination, Zn**-pumps follow a common
electrogenic uniporter transport mechanism for all substrates
that are actively translocated (zn>**, Cd**, Hg**, and Pb*"), and
that vectorial cargo transport is not coupled to proton-counter
transport. These promiscuity, coordination plasticity, and
translocation mechanism differentiate Zn(u)-pumps form other
well characterized P-type ATPases (e.g., the sarcoendoplasmic
Ca*/H" pump - SERCA), that function as antiporters,'”-1%3%4

Materials and methods
CmAZntA,¢6 794 recombinant expression and purification

The DNA coding the sequence for CmAZntA;46-704 lacking the
N-terminal soluble HMBD and including a N-terminal hexa-
histidine tag was generated by polymerase chain reaction
(PCR) from the ¢cDNA coding for full-length ZntA from Cupria-
vidus metallidurans (Uniprot ID: Q1LEHO). The PCR product was
cloned into a modified pET19b vector containing a thrombin
cleavage site to cleave the poly-histidine tag. The plasmid
construct was transformed in E. coli BL21 (DE3) GOLD compe-
tent cells for recombinant protein expression. The transformed
cells were grown at 37 °C in Terrific Broth (TB) media supple-
mented with glycerol containing 50 pg mL™" ampicillin until
the ODg, reached a value of 2. Cell cultures were then cooled at
23 °C and protein expression was induced by adding isopropyl
thiogalactopyranoside (IPTG) to a final concentration of
0.3 mM. The cell cultures were then incubated at 23 °C for 18 h
and harvested by centrifugation (20 min, 4 °C, 14 000 g, Thermo
Scientific Sorvall LYNX 6000 centrifuge). Cells were resus-
pended to a final cell concentration of 0.1 g cells mL™" in lysis
buffer (20 mM Tris/HCI pH = 8, 150 mM NacCl, 5 mM MgCl,,
supplemented with DNase I from bovine pancreas (30 pg mL™;
Sigma-Aldrich) and an EDTA-free protease inhibitor cocktail (1
tablet per 250 mL; Roche). Cells were lysed by passing three-
times through a microfluidizer (Microfluidics M-110P) at
a pressure of 20000 psi. The cell debris was removed via
centrifugation (20 min, 4 °C, 20 000 g Thermo Scientific Sorvall
LYNX 6000 centrifuge). The membrane fraction was then
collected by ultracentrifugation (1 h, 4 °C, 205 100 g, Beckman
Optima XPN80) and resuspended to a final concentration of 1 g
of original cells per mL of buffer (20 mM Tris/HCl pH = 8,
500 mM NaCl, 1% (w/v) glycerol, EDTA-free protease inhibitor
cocktail (1 tablet per 50 mL; Roche)). The resuspended
membrane fraction was frozen in liquid N, and stored at —80 °C
until purification.

CmAZntA,66-794 Was purified by Ni-NTA affinity chromatog-
raphy using a 5 mL His-trap column (GE Healthcare). Typically,
a 10 mL membrane suspension was diluted to 50 mL in ice-cold
extraction buffer (20 mM Tris HCI pH = 8, 500 mM NacCl, 25 mM
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imidazole, 5 mM B-mercaptoethanol, and EDTA-free protease
inhibitor cocktail (1 tablet per 50 mL Roche)). Membrane
proteins were extracted by addition of 1% (w/v) 7-cyclohexyl-1-
heptyl-B-o-maltoside (Cymal-7) detergent, upon stirring for 1 h
at 4 °C. The remaining membranes and protein aggregates were
removed by ultracentrifugation (30 min, 4 °C, 205 100 g, Beck-
man Optima XPN80) and the extracted proteins were collected
in the supernatant.

The supernatant was subsequently loaded onto a 5 mL Ni-
NTA affinity chromatographic column connected to AKTA
pure FPLC system pre-equilibrated with binding buffer (20 mM
Tris/HCI pH = 8, 500 mM NaCl, 25 mM imidazole, 0.05% (w/v)
Cymal-7, 1 mM dithiothreitol (DTT)) and washed with the same
buffer (50 CV) to remove impurities and unbound proteins.
CmAZntA;¢6-794 Was subsequently eluted in elution buffer (8 CV;
20 mM Tris/HCIl, pH = 8, 500 mM NacCl, 500 mM imidazole,
0.05% (w/v) Cymal-7, 1 mM DTT). Imidazole was immediately
removed by injecting the collected sample into a Hi prep 26/10
desalting column connected to the AKTA pure FPLC and
equilibrated with desalting buffer (20 mM MOPS/NaOH pH = 7,
500 mM NacCl, 0.05% (w/v) Cymal-7, 1 mM DTT) for reconsti-
tution in proteoliposomes and ATPases assays, or 20 mM Tris
pH = 8, 500 mM Nacl, 0.05% (w/v) Cymal-7, 1 mM DTT, 1 mM
EDTA, for poly-histidine tag removal with thrombin cleavage
and XAS sample preparation. Thrombin cleavage was conduct-
ed at 4 °C for 22 h by diluting the protein to a final concentra-
tion of 0.2 mg mL ™" and adding restriction grade purified
human thrombin (Novagen) to a final concentration of 0.25-0.5
U mL™'. The purified protein was concentrated to a final
concentration of ~5-10 mg mL~"' with a 100 kDa molecular
weight cut-off (MWCO) membrane filters using Amicon spin-
ning devices. Low molecular weight impurities or any protein
aggregates were removed, and the monodispersed protein
fraction was collected by loading the concentrated protein onto
a Superdex 200 10/300 size exclusion chromatography column
and eluted with argon-saturated 20 mM Tris/HCl pH = 8,
500 mM NacCl, 1 mM DTT, 0.05% (w/v) Cymal-7 or 20 mM or
with MOPS/NaOH pH = 7, 100 mM NaCl, 1 mM DTT 0.05% (w/v)
Cymal-7 to incorporate protein into proteoliposomes. All
protein concentrations were determined by absorption spec-
troscopy at 280 nm with the calculated extinction coefficient ¢,z
=65430 M ' cm ™ '. Samples throughout the purification steps
and purity of the final protein was confirmed by SDS-PAGE gel
electrophoresis (4-15% Tris-Glycine Mini-PROTEAN gels,
BioRad).

CmAZntA, 46 794 Yeconstitution in proteoliposomes (small
unilamellar vesicles - SUVs)

Purified CmAZntA;66 794 in Cymal-7 micelles was reconstituted
in small unilamellar vesicles (SUVs) prepared at 1:25 (w/w)
protein-to-phospholipid ratio. Lipids selected for liposome
preparation were E. coli polar lipid extract and r-a-phosphati-
dylcholine (from chicken egg; Avanti Polar Lipids) in 3 :1 ratio
(w/w). The lipid mixture was dried under rotation in a glass
balloon flask under nitrogen stream and dried in a vacuum
desiccator overnight. The following day, lipids were hydrated
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and re-suspended in H,O, 1 mM DTT (pre-treated with Chelex-
100 resin beads (Bio-Rad)). The lipid suspension was subse-
quently buffered to a final concentration of 20 mM MOPS/
NaOH, pH 7, 100 mM NaCl, 1 mM DTT using a 10x buffer
stock, to set the final total lipid concentration at 25 mg mL ™.
SUVs were generated by three freeze thaw cycles of the lipid
mixture in liquid nitrogen and subsequent 11 extrusions
through a series of polycarbonate membranes with decreasing
pore sizes (1 um, 400 nm, and 200 nm) using a 1 mL air-tight
syringe system (Avanti, Polar Lipids, Inc). SUVs were destabi-
lized by adding Cymal-7 to a final concentration of 0.02% (w/v),
and subsequent tilting for 1 h at room temperature. For the
CmAZntA,¢6_794 Teconstitution in destabilized SUVs, a concen-
trated protein stock (~5-10 mg mL™") was added to achieve
a final 1:25 (w/w) protein: lipid ratio. Similarly, control lipo-
somes were prepared by adding the same volume of buffer as in
purified protein stocks. Both mixtures were tilted for 1 h at 4 °C.
For detergent removal, Bio-Beads (SM-2; Bio-Rad) were utilized.
Bio-Beads were activated by a series of sequential washing steps
with methanol, ethanol and water and finally dried by vacuum
filtration. Detergent removal from SUVs samples was performed
by adding the pre-activated Bio-Beads to the control liposomes
and proteoliposomes by tilting at 4 °C (Bio-Bead slurry
concentration: 40 mg mL™ '), with fresh Bio-Bead exchanges
after 1, 12, 14, and 16 h. Control liposomes and proteolipo-
somes were then harvested by ultracentrifugation at 160 000 x
g, 45 min, 4 °C (Sorvall mX120+ Micro-Ultracentrifuge). After
centrifugation, the control liposome and proteoliposome
pellets were re-suspended in 20 mM MOPS/NaOH, pH = 7,
100 mM NaCl, 1 mM DTT (treated with Chelex-100) to a final
lipid concentration of 25 mg mL™". The efficiency of protein
incorporation in proteoliposomes was estimated by analyzing
the supernatant of ultracentrifugation and re-suspended pro-
teoliposomes by SDS-PAGE gels. Both proteoliposomes and
control liposomes were flash frozen and stored at —80 °C until
use in real-time transport assays. The number of CmAZntA,¢6-
7904 Molecules per proteoliposome was calculated using the
protein concentration, lipid concentration, and average volume
of proteoliposomes based on the diameter of SUVs measured
with dynamic light scattering (DLS, see below), assuming
spherical shape for the proteoliposomes. The total area of lipid
heads (Stor) is the total area of the inner layer (S;,) and the outer
layer (Sou)- Assuming the thickness of the lipid bilayer is, 3 nm
(7 = 3 nm), Sror can be calculated as: Stor = Seut + Sin = 471 +
art(r — h)>

The amount of lipid molecules per SUV (Nror) can be
determined with the average surface area of a polar head, (Sy) of
0.7 nm? per phospholipid: Nror = Stor/Si. The MW of a SUV
was calculated and thereby the proteoliposome concentration
was calculated, assuming the average MW of a phospholipid of
750 g mol ™. The number of CmAZntA;¢¢_70, molecules per SUV
was calculated knowing the final CmAZntA, 6,94 cOncentration
in the proteoliposomes solutions and the distribution range
calculated based on the DLS vesicle diameter standard devia-
tion. The CmAZntA,4¢_794 Orientation distribution cannot be
controlled in the reconstitution procedure.**** Thus, for all
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CmAZntA,66-794 activity determinations in proteoliposomes
a 1:1 orientation distribution was assumed.

SUV analysis with UV-Vis dynamic light scattering

Size distribution and polydispersity of proteoliposomes and
control liposomes were determined by UV-visible dynamic light
scattering (DLS) on a Zetasizer Nano ZS (Malvern Panalytical)
instrument. Samples were loaded in disposable micro cuvettes
and size distribution were measured at 25.0 °C using a 633 nm
laser wavelength, a scattering angle of 175°, using a medium
refractive index of 1.33 and material refractive index of 1.51.

X-Ray absorption spectroscopy sample preparation

CMAZNtA 66_794~ZN>", CMAZNtA 66_794~Cd>", CMAZNtA 56794~
Hg”" and CmAZntA,6 704~Pb>" in detergent micelles solutions
after thrombin treatment as described above, were generated by
addition of 1 molar equiv. of ZnCl,, CdCl,, HgCl, or Pb(CH;-
COO), to the purified CmAZntA;¢6 704 in 20 mM Tris-HCI pH =
8, 500 mM NacCl, 0.05% (w/v) Cymal-7 and 20% (w/v) glycerol.
The samples were concentrated to 0.3-0.5 mM and loaded into
custom-made polycarbonate XAS sample cells (Vantec, Canada),
sealed with metal-free tape, flash frozen in liquid nitrogen and
stored in liquid nitrogen until data collection.

X-Ray absorption spectroscopy data collection

X-ray absorption spectroscopy (XAS) measurements were per-
formed at the Stanford Synchrotron Radiation Light source with
the SPEAR 3 storage ring of 450-500 mA at 3.0 GeV. Zinc and
cadmium K-edge data, as well as lead and mercury L3-edge data
were collected at beamline 7-3 with a wiggler field of 2 Tesla and
employing an Si(220) double-crystal monochromator and
a vertically-collimating pre-monochromator harmonic rejection
mirror. Alternatively, for cadmium K-edge data collection,
harmonic removal was achieved by detuning the mono-
chromator crystal by 50%. The incident and transmitted X-ray
intensities were monitored using nitrogen-filled ionization
chambers and X-ray absorption was measured by monitoring
the fluorescence yield using an array of 30 germanium detec-
tors. Copper, silver, arsenic, or selenium filters were placed
between the cryostat and the germanium detector to reduce
scattered X-rays not associated with Zn, Cd, Hg or Pb fluores-
cence, respectively. During data collection, the samples were
maintained at a temperature of ~10 K using an Oxford instru-
ments liquid helium flow cryostat. The Zn XAS spectra were
measured using 10 eV steps in the pre-edge region (9430-9640
eV), 0.35 eV steps in the edge region (9640-9690 eV) and 0.05
A™! increments in the EXAFS region (collected up to k = 14.2
A™"). A total of six 40 min scans were accumulated, and the
energy was calibrated by reference to the absorption of a stan-
dard Zn metal foil measured simultaneously with each scan,
assuming a lowest energy inflection point of the zinc foil at
9660.7 eV. The Cd XAS spectra were measured using 10 eV steps
in the pre-edge region (26 500-26680 eV), 0.5 eV steps in the
edge region (26 680-26,750 eV) and 0.05 A~" increments in the
EXAFS region (to k = 14.2 A™%). A total of five - 40 min scans
were accumulated, and the energy was calibrated by reference to

© 2023 The Author(s). Published by the Royal Society of Chemistry
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the absorption of a standard Cd metal foil measured simulta-
neously with each scan assuming a lowest energy inflection
point of the cadmium foil at 26 714.0 eV. The Hg XAS spectra
were measured using 10 eV and 1 eV steps in the pre-edge region
(12 150-12,240 and 12240- 12265 eV, respectively), 0.35 eV
steps in the edge region (12265-12,350 eV) and 0.05 A™*
increments in the EXAFS region (to k = 14.2 A™"). A total of
twelve ~ 40 min scans were accumulated, and the energy was
calibrated by reference to the absorption of a standard HgCl,
sample measured simultaneously with each scan, assuming
a lowest energy inflection point of the reference at 12 285.0 eV.
The Pb XAS spectra were measured using 10 eV steps in the pre-
edge region (12 810-13,020 eV), 0.35 eV steps in the edge region
(13 020-13,070 eV) and 0.05 A~ increments in the EXAFS region
(to k = 13.2 A™"). A total of eleven 40 min scans were accumu-
lated, and the energy was calibrated by reference to the
absorption of a standard lead metal foil measured simulta-
neously with each scan, assuming a lowest energy inflection
point of the lead foil at 13 038.0 eV.

X-Ray absorption spectroscopy data analysis

The XAS data for each metal edge (Zn, Cd, Hg, and Pb) was
processed and normalized using Sixpack software package.*”
Fluorescence channels from each scan were visually checked
and bad channels were deleted. Energy calibration for each scan
of Zn K-edge was performed by assigning the first maximum in
the first derivative spectrum of the Zn-foil to 9660.7 eV. The
energy calibrated XAS data for Zn is an average of six scans that
was normalized and corrected by setting the K-edge energy of Zn
to 9670 eV and with Ryyg of 1. A linear function was used for
fitting the pre-edge range of —200 to —50 eV and quadratic
polynomial functions with 7-8 spline points were used to fit the
post-edge range of —50 to +785 €V relative to E,. The edge jump
was normalized by setting the difference between the corrected
pre-edge and post-edge baselines to 1. The EXAFS data were
converted to k-space using the relationship [2m,. (E — Eo)/A*]"?,
where m, is the mass of electron and 7 is the Plank's constant
divided by 2m. The k*-weighted EXAFS data were Fourier-
transformed over the k-range 0-13.5 A™' using a Hanning
window and fit in r-space over the range 1-2.5 A (first shell)
using an S, value of 0.9 using the Artemis software program (see
below). The r-space data shown in the figures were not corrected
for phase shifts.

Energy calibration for each scan of Cd K-edge was performed
by assigning the first maximum in the first derivative spectrum
of the Cd-foil to 26 714 eV. The energy calibrated XAS data for
Cd is an average of five scans that was normalized, and cor-
rected by setting the K-edge energy of Cd to 26 714 eV and with
Ryig of 1. A linear function was used for fitting the pre- edge
range of —250 to —150 eV and quadratic polynomial functions
with 7-8 spline points were used to fit the post-edge range of
+150 to +788.7 eV relative to E,. The edge jump was normalized
by setting the difference between the corrected pre-edge and
post-edge baselines to 1. The EXAFS data were converted to k-
space using the relationship [2m. (E — E,)/1*]"%, where m, is the
mass of electron and 7 is the Plank’s constant divided by 2.
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The k*>-weighted EXAFS data were Fourier- transformed over the
k-range 0-13.2 A~* using a Hanning window and fit in r-space
over the range 1-2.6 A (first shell) using an S, value of 0.9
using the Artemis software program. The r-space data shown in
the figures were not corrected for phase shifts.

For Hg, energy calibration for each scan of Hg L;-edge was
performed by assigning the first maximum in the first derivative
spectrum of the Hg-foil to 12 285 eV. The energy calibrated XAS
data for Hg is an average of twelve scans that was normalized,
and background corrected by setting the K-edge energy of Hg to
12285 eV and with Ry, of 1. A linear function was used for
fitting the pre-edge range of —200 to —50 eV and quadratic
polynomial functions with 7-8 spline points were used to fit the
post-edge range of +150 to +880 eV relative to E,. The edge jump
was normalized by setting the difference between the corrected
pre-edge and post-edge baselines to 1. The EXAFS data were
converted to k-space using the relationship [2m, (E — Eo)/A*]"?,
where m. is the mass of electron and /7 is the Plank's constant
divided by 2m. The k*weighted EXAFS data were Fourier-
transformed over the k-range 0-13.0 A~' using a Hanning
window and fit in r-space over the range 1-2.5 A (first shell)
using an S, value of 0.9 Artemis software program (see below).
The r-space data shown in the figures were not corrected for
phase shifts.

For Pb, energy calibration for each scan of Pb L;-edge was
performed by assigning the first maximum in the first derivative
spectrum of the Pb-foil to 13 040 eV. The energy calibrated XAS
data for Pb is an average of eleven scans that was normalized,
and corrected by setting the L;-edge energy of Pb to 13 040 eV
and with Ry, of 1. A linear function was used for fitting the pre-
edge range of —200 to 150 eV and quadratic polynomial func-
tions with 7-8 spline points were used to fit the post-edge range
of —50 to +677.5 eV relative to E,. The edge jump was normal-
ized by setting the difference between the corrected pre-edge
and post-edge baselines to 1. The EXAFS data were converted
to k-space using the relationship [2m. (E — E,)/#*]*'%, where m, is
the mass of electron and 7 is the Plank's constant divided by 2.
The k*-weighted EXAFS data were Fourier-transformed over the
k-range 0-12.5 A~ using a Hanning window and fit in r-space
over the range 1-2.8 A (first shell) using an S, value of 0.9 using
the Artemis software program (see below). The r-space data
shown in the figures were not corrected for phase shifts. For all
samples, no radiation damage was observed, and confirmed by
no changes in the XANES spectra between the first and last data
collection scans for each metal.

The Artemis software program with FEFF6 and IFEFFIT
algorithm was used to generate and fit single scattering paths
for each data set.”® Single - scattering fits were generated over
an r-space of 1-2.5 A (or 2.6 for Cd and 2.8 A for Pb). The EXAFS
fitting equation used was:

SN e+ 6,0) ®

x (k) T

where f(k) is the scattering amplitude, (k) is the phase-shift, N
is the number of neighboring atoms, r is the distance to the
neighboring atoms, and ¢” is a Debye-Wallace factor reflecting
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the mean square deviation in the distance to the nearest
neighbor (thermal and static disorder).

To compare the different models fit to the data set, IFEFFIT
utilizes three goodness of fit parameters: %2, reduced x2 and the
R-factor. ¥ is given by eqn (2), where Nq, is the number of
independent data points, N* is the number of uncertainties to
minimize, Re(f) is the real part of EXAFS function and Im(f;) is
the imaginary part of the EXAFS fitting function.

f:%jiﬂmmﬂ+%mﬂ} @)

Reduced x” is given by eqn (3) where Nig,, is the number of
refining parameters and Ny, is the number of adjustable
parameters. Additionally, IFEFFIT calculates the R-factor for the
fit, which is given by eqn (4), and is scaled to the magnitude of
the data making it proportional to x>

2

Redo ¥’ = ®)
32{ [Re(r] [imir”] Jis

R= "= (4)
> {[Re(xdatai)}2 + [Im(xdata,-)z] }

i=1

In comparing different models, minimizing the R-factor and
reduced x> parameter, and reasonable values of ¢ were used to
determine the model that was the best fit for the data. The R-
factor will generally improve with increasing number of
adjustable parameters, while reduced x> will go through
a minimum and then increase, indicating that the model is
overfitting the data. The resolution of the data for each metal
edge was determined by eqn (5).

. 27
Resolution = Ak (5)

Determination of metal-stimulated ATPase activity of
detergent-solubilized CmAZntA ;6 794

MilliQ water and buffers used for all the ATPase activity assays
were Chelex-treated prior to enzymatic assays. First, 40 pL
reaction mixtures containing 10 uM MgCl2, 100 mM cysteine
and purified CmAZntA;g6_704 (0.25 mg mL™") were placed in
separate wells of a 96-well plate. To test the substrate selectivity
of CmZntA, 100x stocks (final concentration = 50 puM) of
selected 1%, 2" and 3"-row transition and post-transition
metals (Mn>*, Co**, Ni **, cu®, zn**, Pb*", Cd*", and Hg*")
were prepared in Chelex treated MilliQ water. Metal solutions
were placed in separate wells of a 96-well plate containing the
CmAZntA46-794 Teaction mixtures and 10 mM ATP was subse-
quently added to the wells to initiate the reaction. The reaction
mixture was incubated at 30 °C for 30 min with shaking at
350 rpm in a thermomixer (Eppendorf). Inorganic phosphate
generated in the reaction was quantified using the Malachite
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Green phosphate assay. The malachite green working reagent
(10 pL) from a Malachite Green phosphate assay kit (MAK 307;
Sigma-Aldrich) was added to the reaction mixture after reaction
completion and the developed complex was determined by
measuring the absorbance at 620 nm using a Tecan Spark 20 M
plate reader. Control experiments were carried out in the
absence of MgCl,. The inorganic phosphate (P;) generated in
reaction mixture was determined using a series of P; calibration
solutions (0-40 uM) reacted with the working reagent from the
Malachite Green phosphate assay kit as described for the
samples. A calibration curve was generated by linear regression
and the inorganic phosphate (P;) generated in the reaction
mixture calculated and reported as nmol P; min~' mgc,zna -

In the ATPase activity assays, the following were determined:
(i) the P; in control samples lacking magnesium, which is
required for ATP binding and hydrolysis by CmAZntA;s6-794 —
i.e. background Pi from buffer, ATP stocks, and P; generated by
ATP hydrolysis in water — which are subtracted from all samples
(approx. 10 nmoL ml™"); (ii) P; in CmAZntA;es704 samples
without metal supplementation (i.e. P; arising from potential
metal contamination and ATPase activity uncoupling); (iii) P;
corresponding to the metal-dependent ATPase activity stimu-
lation by the different metal substrates. Only a minimal metal-
independent background ATPase activity by CmAZntA;e6 794
was observed (<10% compared to the maximal activity, either
due to uncoupling or background metal contamination), while
the metal-dependent-stimulation of CmAZntA;¢6_704 ATPase
activity could be reliably quantified (by subtracting the back-
ground in the absence of Mg>"; ESI Fig. S17).

Michaelis—-Menten kinetic parameters for each metal ion
that showed metal-stimulated ATPase activity were obtained by
determining the ATPase activity as a function of increasing
metal concentrations, using 100x metal stocks (ZnCl,, CdCl,,
Pb(CH3;COOH), and HgCl,) prepared in Chelex-treated MiliQ
water. Metal-stock aliquots were added to the reaction mixtures
in the 96 well plates to obtain final metal concentrations in the
range of 1-100 pM, and the ATPase assays were carried out as
described above by using the Malachite Green ATPase activity
assay. Data were fitted to a Michaelis-Menten-like equation to
determine the Ky a2 and Vi for each metal: v = (Vipax X M)/
(K + [M*7]).

Determination of metal-stimulated CmAZntA,¢¢_,94 ATPase
activity in proteoliposomes

The putative substrate selectivity was determined by investi-
gating the metal-stimulated CmAZntA,¢¢ 79,4 ATPase activity in
proteoliposomes similarly to the protocol used for the
detergent-solubilized protein. The Michaelis-Menten-like
kinetic parameters for substrates showing ATPase activation
were determined as a function of increasing metal concentra-
tions using 100x metal stocks (ZnCl,, CdCl,, Pb(CH;COOH),
and HgCl,; final concentrations 1-100 uM) in Chelex-treated
MilliQ water. The proteoliposomes and control liposomes
were extruded prior to the ATPase assays by sequential extru-
sion through 1 um, 0.4 pm and 0.2 pm filters using a 1 mL gas-
tight syringe system and diluted to obtain a protein

© 2023 The Author(s). Published by the Royal Society of Chemistry
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concentration of 0.25 mg mL '. The reaction mixtures were
prepared in Eppendorf tubes as described for the detergent-
solubilized protein, and the samples incubated at 30 °C with
shaking at 350 rpm for 30 min (Eppendorf). The samples were
subsequently centrifuged (Thermo Scientific Sorvall Legend
Micro 17R) at 12 000 x g for 3 min to remove any aggregated
lipids. The supernatants from the reaction mixtures were then
transferred into a 96-well plate and the Malachite green working
reagent from the Malachite-green phosphate assay kit was
added. The developed complex was determined by measuring
the absorbance at 620 nm using a Tecan Spark 20 M plate
reader. Control experiments were carried out in the absence of
MgCl,.

Real-time substrate transport assays in CmAZntA;¢6_794
proteoliposomes (Zn”*, Cd**, Pb>* and Hg*")

To monitor real-time translocation of metal substrates in pro-
teoliposomes, transport assays were conducted by encapsu-
lating a diverse set of turn-on fluorescent probes responsive to
different substrate metal ions. To monitor the kinetics of Zn>*
and Cd** translocation, the turn-on fluorescent probe Fluozin-3
was encapsulated in the proteoliposome and control liposome
lumen. Proteoliposome and control liposomes were diluted to
a lipid concentration of 12.5 mg mL™ ' in transport buffer
(20 mM MOPS/NaOH, pH = 7, 100 mM NaCl and 1 mM DTT).
Fluozin-3 was added to a final concentration of 10 uM and the
probe was encapsulated in the proteoliposome lumen by 3
freeze thaw cycles followed by sequential extrusion through
membrane filters of decreasing pore sizes (1 um, 0.4 pm and 0.2
pm). Fluozin-3-encapsulated proteoliposomes and control
liposomes were centrifuged to collect the liposome pellet (160
000 g, 45 min, 4 °C; Sorvall Mx 120+ micro- ultracentrifuge). The
proteoliposome and control liposomes were washed by resus-
pending the pellet in the proteoliposome buffer (all solutions
were treated with Chelex-100 to remove any metal contaminants
that can interfere with the assays). Excess Fluozin-3 was
removed by an additional ultracentrifugation step and proteo-
liposomes were re-suspended in proteoliposome buffer (20 mM
MOPS/NaOH, pH = 7, 100 mM NaCl and 1 mM DTT) to a final
lipid concentration of 25 mg mL ™" ([protein] = 1 mg mL™"). For
the transport assays, 120 pL proteoliposomes or control lipo-
somes were placed in a sub-micro quartz cell (Starna Cells) and
equilibrated at 30 °C. MgCl, and ATP were subsequently added
to final concentrations of 10 mM and 1 mM, respectively (from
1 M and 100 mM stocks, respectively), and the reaction mixture
was mixed by pipetting. The transport reactions were triggered
by addition of ZnCl, or CdCl, to a final concentration of 40 M
from 100x concentrated stock solutions. The time-dependent
fluorescence change was monitored for 750 s in 0.5 s intervals
(Aexc = 480 nm, slit width = 5.00 nm; Ay, = 515 nm, slit width =
5.00 nm). (F — F,)/F, was calculated using the recorded fluo-
rescence before/immediately after the addition of Zn**/Cd>" as
F,, using a Fluormax-4 spectrofluorometer (Horiba scientific).
To determine the kinetics for Pb>" and Hg”", the turn-on fluo-
rescent chelators Leadmium Green and Calcium Green were
respectively encapsulated, using the same protocols as
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described for Fluozin-3, with the exception that Leadmium
Green was encapsulated in the lumen at a final concentration of
20 uM. For Pb>" transport the time-dependent fluorescence
change was monitored for 750 s in 0.5 s intervals (Aexc = 490 nm,
slit width = 5.00 nm; Aep, = 516 nm, slit width = 5.00 nm). (F —
F,))/F, was calculated using the recorded fluorescence before/
immediately after the addition of Pb>" as F,. Prior to lipo-
somal encapsulation acetyl groups on the Leadmium Green
probe were removed by hydrolysis to make it impermeable to
lipids. Leadmium Green (50 pg) was dissolved in 50 pL of
DMSO, and subsequently 50 uL of methanol and 25 puL of 2 M
NaOH were added. The mixture was incubated at 37 °C for 15
minutes and kept at room temperature for additional 30 min.
Subsequently, 2 M HCI (25 pL) was added to the mixture to
neutralize the pH. For Hg>" transport the time-dependent
fluorescence change was monitored for 750 s in 0.5 s intervals
(Aexe = 506 nm, slit width = 5.00 nm; A, = 531 nm, slit width =
5.00 nm). (F — F,)/F, was calculated using the recorded fluo-
rescence before/immediately after the addition of Hg>" as F,.
For all transport assays, control experiments were performed on
CmAZntA,66-794 proteoliposomes as described above but in the
absence of Mg”* or ATP. A separate set of control experiments
were also performed using the same procedure with control
liposomes (liposomes without protein). All kinetic traces were
collected with at least 3 replicates per sample.

Calibration of fluorescent chelator probes via titration with
Zn**, cd*, Pb>* and Hg*"

Zn>*, cd**, Pb®" and Hg”" stock solutions were freshly prepared
prior to the measurements. Each fluorescence chelator was
titrated with the respective metal ion in transport buffer (20 mM
MOPS/NaOH, pH = 7, 100 mM NaCl and 1 mM DTT), in the
presence of 12.5 mg mL " control liposomes. Metal titrations
were carried out in a 1 mL sub-micro quartz fluorometer cell
(Starna Cells) with a Fluoromax-4 spectrofluorometer (Horiba
scientific). For Fluozin-3 (Aex. = 480 nm, slit width = 1.0 nm; Aepy
= 515 nm, slit width = 1.0 nm) and Calcium Green (Aexe =
506 nm, slit width = 1.0 nm; ¢, = 531 nm, slit width = 1.0 nm)
10 uM solutions were used, while for Leadmium Green (Aexe =
490 nm, slit width = 1.0 nm; Ae;, = 520 nm, slit width = 1.0 nm)
a final concentration of 20 uM was utilized. For each titration,
a solution containing the fluorescent probe (120 pL) was placed
in the quartz cell and the initial fluorescence measured for 50 s.
After 50 s, the metal (M>*) solutions (1.2 pL from 100 x stocks)
at increasing concentration (0-50 uM) were added and resulting
fluorescence intensity change was measured. (F — F,)/F, was
calculated using the recorded fluorescence before the addition
of M*>* (F,) and the fluorescence after metal addition and
emission signal stabilization (F).

Determination of putative H' counter-transport in
proteoliposomes

To determine if H" are counter-transported ions by CmAZntA
during the substrate transport cycle, proteoliposomes and
control liposomes were buffered in 10 mM MOPS pH = 7,
100 mM NacCl, 1 mM DTT, with 1 mM pyranine (Aexc = 450 nm;
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Aem = 515 nm) encapsulated in the proteoliposome and control
liposome lumen by freeze-thaw membrane fracture and extru-
sion through a gas tight extruder system, similar to the encap-
sulation of Fluozin-3. Pyranine-encapsulated proteoliposomes
and control liposomes were collected by ultracentrifugation
(160,000 g, 45 min, 4 °C; Sorvall Mx 120+ micro-ultracentrifuge).
The pellets were resuspended in proteoliposome buffer (10 mM
MOPS pH = 7, 100 mM NaCl and 1 mM DTT). An additional
centrifugation and resuspension cycle was performed to remove
any remaining extralumenal pyranine. Transport assays to test
H' counter-transport were performed as described for the metal
transport assay for each metal substrate. Proteoliposomes or
control liposomes (120 pL) were placed in a sub-micro quartz
cell (Starna Cells). MgCl, and ATP were added to the reaction
mixtures to final concentrations of 10 mM and 1 mM, respec-
tively, and mixed by pipetting. The reaction was initiated by
addition of ZnCl,, CdCl,, Pb(CH3;COOH),, or HgCl, to final
concentrations of 40 uM from 100x concentrated stock solu-
tions. The time-dependent fluorescence change (AF/F,) was
recorded at 30 °C for 750 s in 0.5 s intervals (Aexe = 450 nm, slit
width = 1.00 nm; A, = 515 nm, slit width = 1.00 nm) on
a Fluoromax-4 spectrofluorometer (Horiba scientific). Control
experiments were performed following a similar protocol as
with proteoliposomes in the absence of Mg>" or ATP. A separate
set of control experiments were performed on control liposomes
and measurements were conducted as described for the
proteoliposomes.

Measurement of transmembrane potential development
during metal substrate transport events

To test whether an electrogenic potential develops during
transport events, the membrane potential sensitive fluorescent
probe Oxonol VI was encapsulated in the proteoliposome and
control liposome lumens by freeze-thaw membrane fracture,
followed by extrusion through membrane filters of decreasing
pore sizes (1 um, 0.4 pm and 0.2 pm). A similar buffer (10 mM
MOPS pH = 7, 100 mM NaCl and 1 mM DTT) was used as
described in the counterion transport assays. Oxonol VI-
encapsulated proteoliposomes and control liposomes were
centrifuged to collect the vesicles (160,000 g, 45 minutes, 4 °C;
Sorvall Mx 120+ micro-ultracentrifuge). The proteoliposome
and control pellets were resuspended in the same buffer
(10 mM MOPS pH = 7, 100 mM NaCl and 1 mM DTT). Excess
Oxonol VI was removed by an additional washing step with
buffer followed by ultracentrifugation (160,000 g, 45 min, 4 °C;
Sorvall Mx 120+ micro-ultracentrifuge). Membrane potential
development metal transport assays were performed by placing
the proteoliposomes or control liposomes (120 pL) in a sub-
micro quartz cell (Starna Cells). MgCl, and ATP were added to
the reaction mixtures (10 mM and 1 mM respectively) and
thoroughly mixed by pipetting. The transport reactions were
triggered by adding ZnCl,, CdCl,, Pb(CH;COOH),, or HgCl, to
a final concentration of 40 uM from 100x concentrated stock
solutions. The time-dependent fluorescence change (AF/F,) was
recorded for 400 s in 0.5 s intervals (Aex. = 580 nm, slit width =
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5.00 nm; A, = 660 nm, slit width = 5.00 nm). Control experi-
ments were performed in the absence of Mg”* or ATP.

A separate set of control experiments were performed on
control liposomes and measurements were conducted as
described for the proteoliposomes.

Results and discussion

Expression, purification, and reconstitution of functional
CmAZntA, 66 794 in proteoliposomes

As in other P;p-type ATPases, wild-type CmZntA possesses an N-
terminal ferredoxin-like metal binding domain (MBD, amino
acids 90-154), flanked by a His/Cys-rich sequence potentially
involved in additional metal binding.**** These ferredoxin-like
cytoplasmic MBDs appear to exhibit a regulatory function by
modulating the ATPase turnover rates and are not responsible
in conferring metal selectivity, as their truncation does not
abolish transport.****® This regulatory function has been
demonstrated in ZntAs from different organisms.*****
However, MBDs can interfere with metal coordination analysis
at the high-affinity transmembrane metal selection site. Thus,
the N-term CmZntA MBD was deleted, and CmAZntA 46794
(abbreviated to CmAZntA throughout) utilized throughout the
studies to guarantee metal binding exclusively to the trans-
membrane binding site without any interferences from the
MBD, in particular for X-ray Absorption Spectroscopy (XAS)
characterization. To conduct in vitro functional studies,
a protocol was established for expression, purification, and
subsequent incorporation of CmAZntA in native-like small
unilamellar phospholipid bilayer vesicles, also called proteoli-
posomes. CmAZntA possesses the classic Pp-type ATPases
topology, with a high sequence similarity to S. Sonnei, and
identical signature motifs in M4/5/6 typical of Zn(u)-pumps
where the transmembrane substrate binding site is present,
allowing reliable prediction of its structure via homology
modeling (Fig. 2a and b).

Recombinantly expressed CmAZntA was purified by
a combination of immobilized metal affinity chromatography
(IMAC) and size exclusion chromatography (SEC). SEC analysis
of purified CmAZntA revealed a monodispersed distribution in
Cymal-7 detergent micelles without significant aggregation, as
indicated by the absence of any peak at the column void volume
(Fig. 2¢). The protein purity (>95%) was verified by SDS-PAGE
(Fig. 2d) confirming the successful expression and purifica-
tion protocol in detergent micelles.

In parallel, to study CmAZntA in a native-like environment,
the detergent-solubilized purified protein was reconstituted in
unilamellar proteoliposome vesicles. The incorporation effi-
ciency of CmAZntA into proteoliposomes was determined by
SDS-PAGE band-intensity densitometric analysis, upon lipo-
some separation by ultracentrifugation, followed by protein
quantification in the soluble and proteoliposome fractions. The
results revealed >95% encapsulation efficiency in the lipid
bilayers (Fig. 2d). To verify the formation of small unilamellar
vesicles (SUVs), the size distribution of control liposomes and
CmAZntA proteoliposomes was determined by dynamic light
scattering (DLS). A monodispersed size distribution was

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 CmAZntA homology model, purification, reconstitution in proteoliposomes, and metal-dependent ATPase activity. (a) 3D homology
model of CmAZntAsge-_794 predicted with Robetta Protein Structure Prediction Server (http://robetta.bakerlab.org/; M2* = Zn?*. Cd?*, H92+,
Pb2*) and (b) close-up view of the putative transmembrane metal binding site involved in substrate selection. Cys438, Cys440 (on M4) and
Asp777 (on M6) create the putative high affinity binding site conserved in ZntAs, and Lys756 (on M5) acts as a built-in counterion. (c) Size
exclusion chromatogram of purified CmAZntA in Cymal-7 micelles. (d) Corresponding SDS-PAGE gel of CmAZntA and SDS-PAGE analysis of
CmAZntA incorporation in proteoliposomes (PL) vs. control (Cont.) liposomes (P: proteoliposomes/liposomes pellet isolated by
ultracentrifugation; S: corresponding supernatant). (e) Dynamic light scattering (DLS) analysis of control liposomes and CmAZntA
proteoliposomes characterizing the average SUV diameter (in nm) and size distribution. (f) Relative metal-stimulated CmAZntA ATPase
activity in the presence of different metals in Cymal-7 micelles (metal concentration = 50 pM). (g) Relative metal-stimulated ATPase activity
in the presence of different metals for CmAZntA reconstituted in proteoliposomes (metal concentration = 50 pM). All data are mean =+ s.d.

(n=3).

observed for both control liposomes and proteoliposomes, with
sizes of 195.10 & 78.05 nm (PDI = 0.116) and 200.00 =+ 78.05 nm
(PDI = 0.243) respectively (Fig. 2e), corresponding to the
reconstitution of ~150 CmAZntA molecules per liposome
vesicle (see Material and Methods; estimated distribution
range: 50-300 CmAZntA).

Metal-dependent ATPase activity of CmAZntA in Cymal-7
micelles was determined for 1%-, 2" and 3™-row transition
and post-transition metal ions to identify which metal can act as

© 2023 The Author(s). Published by the Royal Society of Chemistry

a transported substrate (Fig. 2f and ESI Fig. 1t). The results
reveal that, in Cymal-7 micelles, CmAZntA, similarly to PaZntA,
is activated by Pb>" and group 12 metals (zZn>*, Cd**, Hg™").
Michaelis-Menten-like analysis of the metal-dependent ATPase
activity in detergent micelles as a function of metal concentra-
tions, revealed activation with Ky e values in the low uM range
and ATPase hydrolysis rates following the order Pb(u) > Zn(u) >
Hg(u1) ~ Cd(u) (Fig. 3a-d and Table 1).
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Fig. 3 M?2*-dependent CmAZntA ATPase activity in Cymal-7 micelles. (a) Pb%*-dependent, (b) Zn?*-dependent, (c) Cd** dependent, and (d)
ng*—dependent specific ATPase activity, as a function of metal concentration (0-100 uM). Data were fitted with a Michaelis—Menten-like
equation as described in Materials and methods. All the ATPase activity measurements were corrected for the background ATPase activities
obtained with control samples without Mg?*, required as cofactor for ATP binding and hydrolysis. All data are mean + s.d. (n = 3).

To verify functional incorporation of CmAZntA in proteoli-
posomes, analysis of the metal-stimulated ATPase activity and
Michaelis-Menten-like fitting confirmed ATPase rates following
the order Pb(u1) > Zn(u) > Hg(u) > Cd(u) (Fig. 2g and 4, and Table 1).

Thus, the metal selectivity profiles upon CmAZntA incorpo-
ration in proteoliposomes are comparable to the detergent
solubilized protein. However, the ATP hydrolysis catalytic
activity and turnover rates were increased 2-fold in proteolipo-
somes, suggesting a better stabilization of the protein in the
lipid environment and establishing the basis to conduct
transport assays in SUVs.

Determination of metal substrate coordination by XAS

In characterized ZntAs the presence of a single high-affinity
metal binding site in the transmembrane domain has been
demonstrated for Zn**, Cd**, Pb**, and Hg** by ICP-MS analysis
and metal titration electronic absorption spectroscopy.®*® To
study the coordination chemistry of substrate metal ions at the
high affinity transmembrane binding site and confirm that
coordination plasticity, resulting in promiscuity, is a common
feature in Zn>*-pumps, metal-bound M>'-CmAZntA samples
were generated in Cymal-7 micelles (M** = zn**, Cd**, Pb**, and

Hg™).

Table 1 Metal-dependent Michaelis—Menten-like ATPase parameters for CmAZntAjgs_794 in detergent micelles and proteoliposomes derived

from data fitting in Fig. 3 and 4

Detergent Proteoliposomes
Metal Kum2 (UIM) Vimax (nmol Pi mg™" min~") Kum2 (M) Vimax (nmol Pi mg™" min~")
Pb(u) 20.3 £ 3.3 1.32 £ 0.07 9.1+ 2.0 3.10 £ 0.16
Zn(n) 10.2 + 2.6 1.07 £+ 0.07 14.3 £ 4.9 2.17 + 0.22
Cd(u) 13.9 + 4.8 0.71 £+ 0.08 141 £ 5.1 1.86 £+ 0.07
Hg(1) 10.2 £ 3.4 0.70 £ 0.07 10.8 + 4.9 1.37 £ 0.17

6068 | Chem. Sci, 2023, 14, 6059-6078
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equation as described in Materials and methods. All the ATPase activity measurements were corrected for background values for control

liposomes and all data are mean + s.d. (n = 3).

To prevent potential interferences caused by metal binding
to the N-term poly-histidine tag, the latter was removed on
purified CmAZntA by thrombin digestion followed by size
exclusion chromatography. The structure and coordination
environment of CmAZntA transmembrane metal sites (M>" =
Zn>*, cd**, Pb**, and Hg”") were probed using K-edge (for Zn,
and Cd) and L3-edge (for Hg and Pb) X-ray absorption spec-
troscopy (XAS). Extended X-ray absorption fine structure
(EXAFS) data for each metal were analyzed to obtain informa-
tion about the number and nature of scatterers, and corre-
sponding bond lengths. The EXAFS data, Fourier transforms
and best fits from the EXAFS analysis are shown in Fig. 5 and
Table 2.

Systematic first shell (1-2.5 A) analysis of the of K-edge
EXAFS spectrum for Zn**-bound CmZntA revealed that models
with a four-, five- or six-coordinate shell with a mixed ligand set
composed of N/O- and S- donors featured better fits (R-factor <
5% and reduced x?) over shells lacking sulphur ligation. As no
additional Cys/Met residues are present beyond the CPC motif
on M4, fits with more than 2S were not considered. Among the
best fits a four-coordinate mixed ligand set with two N/O donors
and two S donors, resulted in acceptable Debye-Wallace (¢?)

© 2023 The Author(s). Published by the Royal Society of Chemistry

and good fit parameters (R-factor and reduced x?). For five- or
six-coordinate mixed-ligand (N/O and S) fits the o-factors for N/
O scatterers increased and resulted in bond lengths unresolv-
able within the resolution of the data (0.13 A). Considering the
composition of the proposed metal-binding site from the
structure of CmZntA, featuring two cysteine residues (Cys438
and Cys440) and one aspartic acid residue (Asp777), the four-
coordinate fit by two N/O (at 1.99 A) and two S (at 2.29 A)
represents the most reliable fit (Table 2, Fig. 5a-b and i, and ESI
Table S11). The bond distances fit well with those of Zn>*
protein binding sites featuring tetrahedral coordination by
mixed S and N/O ligands, and consistent with the XAS analysis
on PaZntA and E. Coli ZntA, with zinc bound in a (distorted)
tetrahedral coordination by two cysteines in the conserved CPC
motif (in M4), and by the carboxylate group form a conserved
Asp in M6 (residues fully conserved in P;p, ATPases), in
a bidentate-fashion.”®*" In agreement, the Asp on M6, which is
in spatial proximity to the CPC motif, is directly involved in all
metal substrate coordinations, and its mutation abolish metal
biding and metal-dependent ATPase activity.>*>*3

Similarly to Zn*"-bound CmAZntA, first shell analysis of
the K-edge EXAFS spectrum of Cd**-CmAZntA showed that

Chem. Sci., 2023, 14, 6059-6078 | 6069
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methods section). Parameters for the fits are reported in Table 2. (i) Models of the coordination geometries and metal-ligand bond distances for
CmAZntA-Zn?*, CmAZntA-Cd?*, CmAZntA—Hg?* and CmAZntA—Pb>*.

a combination of N/O- and S-donors in a four/five coordina-
tion site resulted in good fits and ¢>-factors, and satisfactory
fit parameters (R-factor and reduced x*). The best fits were
obtained for a four (2N/O and 2S) or a five-coordinate (4N/O
and 18S) site (ESI Table S17). Considering the conservation of
the transmembrane coordinating residues in CmAZntA and
PaAZntA, coordination by two sulfurs (at 2.32 A) from the
conserved Cys residues (Cys438 and Cys440) in M4 and 2

6070 | Chem. Sci, 2023, 14, 6059-6078

oxygens from the conserved Asp in M6 (bidentate) in a tetra-
hedral/distorted tetrahedral fashion is likely, as observed in
PaZntA,”® despite a pentacoordinate model cannot be
excluded. Nevertheless, the bond lengths significantly
increased by 0.3 A indicating promiscuity to accommodate
first- and second-row transition metal substrates. The ability
to uptake and accommodate Zn>* and Cd** in similar coor-
dination at the TM-MBS, despite the increased bond length

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Selected best EXAFS fits for the Zn,
CmAZntA166,794“

Cd, Hg, Pb-site in

o> R-factor?

Metal-site  Shell? (N) ()  (x107°47%) (%) Red. x*
Zn-site 2N/O 1.99(0)  2(0) 2.91 24.8

28 2.29(0)  4(0)
Cd-site 2N/O 2.32(2)  5(0) 1.73 6.4

28 2.48(2)  2(2)
Hg-site 1N/O 2.48(3)  5(0) 1.55 7.5

28 2.33(1)  3(0)
Pb-site 1N/O 252(2)  1(2) 7.34 17.7

28 2.67(2)  9(1)

“ r - Inter atomic distance (in parentheses are mean-square deviations).
o* - Debye-Waller factor (in parentheses are mean-square deviations in
DW factor). ? ¢ was fixed during fitting. ©- Values reported as
0 represent small positive numbers after 3 significant figures (e.g.
0.003 with 0.002 error = 3(2); 0.0004 with 0.0001 error = 0(0)). ¢ The
mean-square deviation values in parentheses are related to fit
precision, while R-factors are fitting errors. These are distinct from
model accuracies, which are expected to be larger (approx. 0.02 A for
r, and approx. 20% for N and corresponding Debye-Waller factors -
0”). Typically, N and ¢* are highly correlated, and N was fixed in curve
fitting to limit the correlation.

due to the larger ionic radius and softer nature of Cd*", is
compatible with the absence of an uptake selectivity filter and
the existence of an electronegative funnel connecting the
cytoplasmic-membrane interface to the intramembranous
high-affinity site.>*°

For Hg**-bound CmAZntA, analysis of the Lj;-edge EXAFS
spectrum showed that models containing two S-donors
remarkably resulted in good fit parameters. By progressive
variation of the number of N/O ligands, the best fit was obtained
with a mixed ligand set of two S-donors (at 2.33 A) and one
weakly interacting N/O (at 2.48 A) (Table 2, Fig. 5e-f, and ESI
Table S1}). Addition of further N/O scatterers still resulted in
reasonable fits (R-factor < 5%) but worse overall metrics (the Hg-
site model in Fig. 5i also includes a possible second N/O scat-
terer, in gray). The conserved Asp on M6, in spatial proximity to
the CPC motif, is directly involved in metal binding, and its
mutation abolish metal binding and metal-dependent ATPase
activity, supporting that a linear 2S coordination is unlikely.
Consistently, X-ray absorption near edge structure (XANES)
features in CmAZntA-Hg”" (ESI Fig. S21) are consistent with
a non-linear Hg** complex, with an absorption maximum
below 12 330 eV (which in linear bis-L-cysteinate Hg(Cys)2 is
above 12 330 eV), no pronounced 2p3/2 — 6s/5d transition at
12280 eV, and no shoulder at 12295 eV.**>* Overall, these
results are consistent with Hg>* binding to the transmembrane
selection site in an irregular trigonal/tetrahedral geometry by
two Cys sulfurs and additional weakly bonded N/O interac-
tion(s), resulting in distortion form an ideal linear digonal
coordination.”® This suggests that deviations from a linear
2S Hg”" geometry would contribute to reduce the binding
affinity and increase the kinetic lability, allowing metal release
in the catalytic cycle and preservation of a relatively high
translocation turnover.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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As observed for the other metal substrates, the first shell Ls-
edge EXAFS analysis of Pb**~CmAZntA revealed that fits with
two- S-donors at 2.67 A resulted in satisfactory ¢® and R-factors
(<5%). The addition of one N/O-donor resulted in the best
model, while attempts to resolve the two S-donors resulted in
fits with failed radial distances and beyond the resolution of the
data (0.14 A). Considering that the conserved Asp on M6 has
been demonstrated to be a Pb(u)-binding ligand in ZntAs, and
that trigonal over digonal coordination is favored in Pb(u)-
complexes, the fit with two S-donors at 2.67 A (2 Cys) and
a single N/O donor at 2.52 A (Asp) is considered the best fit in
Pb(u)-CmAZntA (Table 2, Fig. 5g-h, and ESI Table S1+t). This is
fully consistent with the trigonal pyramidal Pb(u)S20/N site,
with a lone pair occupying the apical position (hemidirected)
observed in PaZntA.”® Moreover, the XANES spectra for
CmAZntA bound to each of the substrates are highly similar in
shape and intensity to that obtained for PaZntA (ESI Fig. S27),
further corroborating the nature of the metal binding sites
determined by EXAFS analysis.?®

Overall, the XAS analysis and comparison with PaZntA
indicate that coordination promiscuity is a conserved feature in
P;p,-type ATPases.”® This plasticity in metal recognition guar-
antees substrate promiscuity, via substrate binding with
different coordination numbers and bond distances while
common coordination ligands, controlling the promiscuous
recognition of substrates that are postulated to be translocated
across the lipid bilayer. While changes in bond lengths (>0.3 A
for S ligands and > 0.5 A for N/O ligands) are significant from
the coordination chemistry point of view (which we here define
as coordination “plasticity”), they can be accommodated by
backbone and/or side chain flexibility. The observed ability to
bind, select, and translocate remarkably diverse metals (in
terms of size, polarizability, coordination number and geom-
etry) is notable compared to other transmembrane cation
transporters and ion channels. In several ion channels, selec-
tivity filters have been demonstrated to be not promiscuous and
“rigid” allowing for strict selection of metal substrates over
others possessing very similar coordination properties but
different ionic radius (e.g. K channels, KesA).>* On the other
hand, in other metal transporter families (e.g. Zn(u) trans-
porters of the CDF family - ZnTs) strict selectivity or limited
promiscuity has been observed for Zn(u)/Cd(u), but not for other
3rd-row transition and post transition metals.*** Thus, the
coordination plasticity observed in ZntAs appears to be an
important feature that evolved for their function. This chem-
istry underlies a crucial role in cellular metal detoxification
imparting the ability to select both essential metals (when
exceeding the metal “quotas”) as well non-essential toxic
counterparts. Diverse substrate selection via formation of
complexes with distinct coordination numbers (N), geometry
and bond distances (Zn>" and Cd** N = 4, tetrahedral; Pb*>" N =
3, trigonal pyramidal; Hg”" N = 2, distorted digonal with 1-2
additional weakly coordinating ligands), while preserving
similar coordination environments, is optimized for promis-
cuous metal detoxification. In addition, divergence from ideal
ligands sets and coordination geometries, potentially resulting
in very high binding affinities and preventing metal release

Chem. Sci., 2023, 14, 6059-6078 | 6071
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under translocation turnover, appear to underly the ability of
P;p, type ATPases to simultaneously achieve efficient and
promiscuous translocation.

Real-time detection of Zn>*, Cd**, Pb”>* and Hg>" transport in
CmAZntA proteoliposomes

P;p.o-type Zn(u) ATPases appear to possess a wider promiscuity
toward substrates compared to other P;p-type ATPase metal
pumps by plastic selection of Zn**, Cd*", Pb>*, and Hg*" in the
transmembrane domain. Based on the metal-dependent stim-
ulation of ATPase activity and XAS analysis, our investigations
reveal that CmAZntA also possess a conserved cargo promis-
cuity. However, despite the identification of selectivity in P;p.,-
type Zn(u) ATPases that has been inferred based on metals that
stimulate ATP hydrolysis, direct translocation of these cargo,
their relative transport rates, and transport mechanisms (uni-
port vs. cotransport, and electrogenicity) remain elusive due to
the lack of tools for in vitro analysis of purified proteins in lipid
bilayers that would allow study of diverse 1°%, 2™ and 3™-row
transition and post-transition metal translocation events in
real-time in a native-like environment. To reveal the breadth of
CmAZntA ion substrates, a fluorescence-based multi-probe
approach was developed to monitor metal-substrate transport
in proteoliposome supramolecular assemblies (Fig. 6). In
search of metal-dependent, turn-on, and membrane imperme-
able fluorescence chelators to be encapsulated in the proteoli-
posome lumen for real-time metal translocation detection,
a series of fluorescent probes were screened as turn-on sensors
for Zn>*, cd**, Pb>" and Hg”*. We selected Fluozin-3 as fluo-
rescent sensor for Zn>" and Cd**, Leadmium Green for Pb*",
and Calcium Green for Hg**. Metal titration of these probes in
the presence of control liposomes revealed a linear fluorescence
turn-on response for increasing metal concentrations, with
break points at 1:1 metal/probe ratios (ESI Fig. S31). The
fluorescence response for each metal-probe pair could be
normalized to compare the relative metal transport rates for
different substrates. Complete metal binding to the probes is
fast and occurs within the manual mixing time (approx. 5 s),
thus allowing real-time detection of the translocation events by
CmAZntA for all its substrates (ESI Fig. S41). To monitor ATP-
dependent metal ion translocation across the phospholipid
bilayer by CmAZntA, the probes were encapsulated in the
proteoliposome/liposome lumen by freeze-thaw membrane
fracture and subsequent extrusion through 200 nm poly-
carbonate filters. Subsequently, proteoliposomes were supple-
mented with ATP and Mg”', and substrate translocation was
triggered by addition of the corresponding metal ion (40 pM,
a concentration above the K, as determined by metal-
stimulation ATPase assays), and the fluorescence response
was measured as a function of time (Fig. 7).

After supplementing the proteoliposomes with metals,
kinetic traces revealed a time-dependent increase in fluores-
cence signal (AF/F,) as a function of time, with plateaus reached
in approx. 10 min. The net fluorescence increase response AF/F,
was corrected for background metal leakage by performing
similar recordings on control liposomes. Overall background
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metal permeations for all substrates were negligible. As
a further control, identical experiments were conducted
excluding either ATP or Mg”" (required as cofactor for ATP
binding and hydrolysis), resulting in no significant fluorescence
signal increase over time. Thus, these analyses demonstrated
ATP-dependent CmAZntA-mediated metal translocation into
the proteoliposome lumen, establishing that ZntA acts as
a promiscuous primary active pump for diverse 1%, 2"%- and 3™-
row transition and post-transition metals (Zn>*, Cd**, Hg>" and
Pb>*). To compare the relative rates of translocation for
different cargos, each fluorescence response was normalized
with a conversion factor accounting the relative fluorescence
response of the different sensor probes. For each substrate, the
normalized transport traces were fitted with an exponential
function and the apparent initial velocities were extrapolated
from the first derivative of the fit. The results reveal that the
apparent normalized initial velocities (3F/3t), when the metal
concentration gradient is steepest across the phospholipid
bilayer, follow the order: Pb*" (3F/d¢ = (12.46 & 0.26) x 10 > s )
> Zn**(3F/8t = (4.20 + 0.57) x 10> s~ ") > Hg*"(3F/5t = (2.68 +
0.65) x 107° s7") = Cd** (3F/3t = (1.48 £ 0.19) x 107° s ).
These data demonstrate for the first time that ZntAs can
translocate a diverse set of metal ions that stimulate ATP
hydrolysis across the lipid bilayers. The correspondence
between the relative initial velocities and relative metal-
stimulated ATPase activities for the different cargos further
confirms the coupling between ATP hydrolysis and substrate
translocation, as expected form the Post-Albers cycle, even for
non-essential toxic metals as Pb*>*, Cd**, and Hg>".

Assessing proton (counter)-transport and electrogenicity in
real-time with pyranine and Oxonol VI

For SsZntA, it has been suggested that Zn®* translocation
occurs without proton counter-transport.”® This mechanism is
supported by the SsZntA structure as determined in its phos-
phoenzyme ground state (E2P), which displays a wide extra-
cellular release pathway from the high-affinity site.*® This
release conduit closes in the E2.Pi state, in which the metal
binding residue (D714) interacts with a conserved residue
(K693), acting as a potential built-in counter ion to stimulate
Zn>" release (Fig. 1). However, structural features of the release
pathway in ZntA also resemble P,-type ATPases such as the
sarcoplasmic/endoplasmic reticulum Ca”>'/H"-ATPase
(SERCA).>'#203942 While in SsZntA the built-in counter-ion can
potentially stabilize an occluded E2.P; form preventing proton
counter-flux, in Zn(u) pumps protons could be involved in
cargo release with substrates other than Zn**.>° Indeed, the
preservation of translocation mechanism with a diverse range
of substrates resulting in an electrogenic transport modality
remains unknown. Moreover, the substrate release mecha-
nism in Zn(u)-pumps appears different in Cu(i)-translocating
P;p-type ATPases. In CopA (Cu(1) P,g.4-type ATPase pumps)
the built-in counterion residues are not conserved, and
a different mechanism prevents H' back transport. CopA
possesses a narrow release pathway with the conduit remain-
ing largely unchanged from the E2P to E2.Pi state (which

© 2023 The Author(s). Published by the Royal Society of Chemistry
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2* respectively. The Leadmium Green

chemical structure is not reported as it is protected intellectual property of the manufacturer.

represent a transition state of dephosphorylation) transition,
suggesting that Cu” release is mediated by consecutive ligand
exchange reactions.?*??*% Thuys, unique modalities of Cu"
and Zn>' transport in P;p-type ATPase pumps have been
proposed, suggesting that substrate release mechanism can
vary depending on the metal translocated and/or the
subfamily considered. We thus expanded our “multi-channel”
strategy with probes responsive to diverse stimuli (fluorescent
metal turn-on probes, pH probes, and membrane potential
probes)*** to investigate the mechanism of Zn(u)-pump
translocation with all metal substrates that stimulate ATP
hydrolysis (zn**, Cd**, Pb®>", and Hg?"). Considering the
different coordination modes of these substrates possessing
different ligand nuclearities (e.g., tetrahedral vs. trigonal
pyramidal), different modalities during translocation could be
envisaged.

© 2023 The Author(s). Published by the Royal Society of Chemistry

To determine whether substrate translocation is coupled to
proton (counter)-transport or not (as in the Ca**/H™-pump
SERCA and Cu(i) P-type ATPases, respectively), transport
experiments in the presence of metal substrates and ATP-Mg?>*
were performed upon encapsulating the fluorescent pH indi-
cator pyranine in the proteoliposome lumen. Pyranine(8-
hydroxy-1,3,6-pyrenetrisulfonate) is a membrane-impermeable
pH indicator that can be encapsulated in proteoliposomes
and whose fluorescence emission intensity (at 515 nm) changes
as a function of protonation of its 8-hydroxyl group (pkKa =
7.2).%° During substrate transport turnover, a pyranine time-
dependent fluorescence change allow for the detection of
a proton flux (if any) upon metal cargo translocation and its
directionality (inwards vs. outward).

Pyranine was encapsulated in the CmAZntA proteoliposome
lumen by freeze-thaw membrane fracture followed by extrusion

Chem. Sci., 2023, 14, 6059-6078 | 6073
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480 nm; Aem = 515 nm), (c) Fluozin-3 (10 uM) reporting Cd?* transport (Aexc = 480 NM; Aem = 515 Nnm), and (d) Calcium Green (10 uM) reporting
ng+ transport (Aeye = 506 NM; Aem = 531 nm). Red lines correspond to M2+ transport traces with standard deviations shaded in red. Black —
proteoliposomes supplemented with M2* and ATP but no Mgz*. Blue — proteoliposomes supplemented with M2* and Mg2+ but no ATP. Signals
were normalized for the relative turn-on fluorescence response of different probes, and corrected for background signals of control liposomes.

All data are mean + s.d. (n = 3).

though a series of membrane polycarbonate filters. The SUVs
were subsequently supplemented with ATP and Mg**, and metal
transport triggered by the addition of M** metal ions (M** =
Zn**, cd**, Pb**, and Hg>").

Time-dependent kinetic traces monitored at the pyranine
emission maxima revealed no detectable pyranine fluorescence
change in CmAZntA proteoliposomes for any of the tested metal
substrates (Fig. 8a). Thus, while the binding geometry/ligand
distances are different for each metal substrate recognized at
the high-affinity binding site in the transmembrane domain,
those differences in coordination do not alter the overall
mechanism of cargo translocation. Thus Zn>**-pumps are not
Zn>*/H" antiporters, a key mechanistic difference compared to
other well characterized P-type ATPases like SERCA, the plasma
membrane calcium ATPases PMCA, and the bacterial Ca*'/H"
pump LMCA.***"* In the absence of proton-flux coupling and
considering that Zn** pumps do not require other cations (e.g.
Na' or K) to catalyze cargo translocation, we speculated that

6074 | Chem. Sci, 2023, 14, 6059-6078

ZntAs must follow a primary active electrogenic uniporter
transport mechanism.

To verify this hypothesis, we encapsulated the trans-
membrane potential probe Oxonol VI in the CmAZntA proteo-
liposome lumen and conducted metal transport assays. Oxonol
VI (bis-(3-propyl-5-oxoisoxazol-4-yl)pentamidine oxonol) acts as
a slow responsive fluorescent transmembrane-potential (¥)
sensor, by a voltage-dependent partitioning between the
aqueous phase and lipid bilayers.®~** Changes in relative fluo-
rescence intensity can report time-dependent transmembrane
potential changes and their directionality.®

Upon encapsulation in the lumen, CmAZntA proteoliposomes
and control liposomes were supplemented with ATP and Mg**,
and substrate translocation was triggered by the rapid addition of
ametal substrate (M>" = 40 uM; M*>* = Zn**, Cd**, Hg*", and Pb*").
After mixing, the fluorescence traces revealed a time-dependent
fluorescence increase of the Oxonol-VI emission (Aee = 580 nmy;
Jem = 660 nm) (Fig. 8b) for all tested metal substrates (M>* = Zn*",

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Investigation of H" counter-transport and development of transmembrane potential in CmAZntA proteoliposomes. (a) Determination of

H* counter-ion transport via monitoring luminal pH changes as a function of time with the pH-indicator pyranine (1 mM) under conditions
utilized in metal substrate transport assays (M?* = 40 uM). Measurements were corrected for background signals of control liposomes. All data
are mean =+ s.d. (n = 3). (b) Real-time measurements of transmembrane potential generation in CmAZntA proteoliposomes under conditions
utilized for metal transport (M2* = 40 uM), determined upon encapsulating the membrane potential probe Oxonol VI in the proteoliposome
lumen as described in Materials and methods. Control experiment in the absence of Mg2+ are reported and labeled (no Mgz+). Signals were
corrected for background values for control liposomes. Data are mean + s.d. (n = 3).

Ccd*, Pb®" and Hg”"), confirming the development of a net
positive-inside membrane potential in the lumen upon trans-
location. Moreover, the initial velocity of fluorescence traces fol-
lowed a qualitatively similar ranking as determined in the metal
transport assays and ATPase activity assays (Pb*" ~ Zn** > Cd*" ~
Hg?"), further confirming that, in CmAZntA, metal translocation,
transmembrane potential development, and ATP hydrolysis are
coupled. Thus, the combined analyses reveal that Zn(u)-pumps are
promiscuous electrogenic pumps.

Conclusions

By developing a proteoliposome-based multi-probe platform
with fluorescent reporters responsive to diverse stimuli, we
reveal that Zn(u) pumps are promiscuous, primary active, and
electrogenic uniporters that catalyze the translocation of 1%,
2" and 3"-row transition and post-transition metals across
biological membranes. Considering the highly conserved
subclass-specific amino acid residues in the transmembrane
helices of all Zn**-pumps, the transport mechanism is expected
to be preserved throughout the P;g,-type ATPases subfamily
members. In addition, the XAS analysis established that
substrate selectivity in Zn**-pumps is primarily governed by
coordination chemistry properties in the transmembrane
domain, and that coordination plasticity at the high affinity
transmembrane binding site allows for promiscuous substrate
recognition and selection for translocation via formation of
complexes with diverse coordination numbers and bond
distances, while maintaining overall compatible coordination
properties. The observed differences in the transport rates for
the four substrates corroborate that the different substrate
coordination revealed by XAS might underly the different metal
association/dissociation rates and labilities necessary for
substrate release and contribute to the different relative rates of
translocation. Differences in metal charge density, polariz-
ability, coordination number and geometry are expected to
result in different binding and release kinetics to the

© 2023 The Author(s). Published by the Royal Society of Chemistry

transmembrane metal binding site. Despite these differences,
the coupling between ATP hydrolysis and translocation is
preserved. The conclusion that the ATPase activity and metal
transport rates are “coupled” is supported by multiple line of
evidence: (i) CmAZntA ATP hydrolysis occurs and is significantly
stimulated only in the presence of the transported metal
substrates; (ii) no metal translocation and transmembrane
potential generation is observed in the presence of ATP without
Mg>" (which is strictly required as a cofactor for ATP binding
and hydrolysis by all P-type ATPases; Fig. 7), demonstrating that
ATP binding and hydrolysis is required for substrate trans-
location; (iii) the relative order of ATPase activity and trans-
location “efficiency” observed for metal-stimulated ATPase
hydrolysis (Vinax/Km,m-) and for metal translocation ([3F/3¢]/Kwm)
follow the same trend (ESI Table S27). Overall, plasticity and
promiscuity allows for the adaptation of a conserved topological
framework, characteristic for all Pjp-type ATPases, to the
generation of pumps with a characteristic selectivity pattern
that, despite the diversity of selected substrates, can preserve
the same translocation mechanism, as observed herein for
Zn(u)-pumps that act as primary active electrogenic uniporters.
The cellular needs for exporter pumps capable of recognizing
and translocating both 1%-row essential metals (Zn>"; toxic
when exceeding necessary cellular “quotas”) and non-essential
toxic substrates such as diverse 2"%- and 3™-row transition
and post-transition metals (Cd>*, Hg?*, and Pb*"), is met via fine
tuning of the coordination chemistry and mechanistic proper-
ties of the pumps. The developed methodology also provides
new tools to investigate metal translocation events in real-time
with a wide variety of metal cargos, providing novel possibilities
for dissecting the transport mechanism of other poorly char-
acterized promiscuous transmembrane metal transporters.

Data availability

Data for this paper are available upon request to the corre-
sponding author.
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