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Abstract

The trace metal zinc is essential in all types of organisms, where it has many catalytic, structural and regulatory functions.
Zinc homeostasis in cells and organelles is maintained by various types of zinc transport protein. These include Cation
Diffusion Facilitator (CDF) family proteins, which export zinc to the extracellular space or to the cytoplasm. Homologous
CDF proteins are found in both prokaryotes and eukaryotes, where the human variants are the ZnTs or SLC30 family. One
of the first and best characterised prokaryotic CDFs is the Escherichia coli zinc exporter ZitB, which is driven by the proton
motive force in an antiport manner. In this article we provide an analytical review and expand on the biochemical and
computational characterisation of ZitB and assess its potential for high-resolution three-dimensional structure
determination. Consistent with structures determined for other CDF proteins (YiiP, ZnTs 3, 4, 7 and 8), the 313 residues
of ZitB are predicted to form six transmembrane spanning a-helices with a long cytoplasmic C-terminal tail. An unusual
feature of ZitB is an exceptionally high (8.0%) content of histidine residues. Using the IPTG-inducible plasmid pTTQ18,
we demonstrate the cloning and amplified expression in E. coli of non-tagged, wild-type ZitB at levels of ~15% of total
protein in preparations of inner membranes. ZitB was solubilised in the mild detergent n-dodecyl-p-D-maltoside (DDM)
and purified by immobilised metal affinity chromatography in yields of ~1.8 mg per litre of culture medium. The structural
integrity of purified ZitB was confirmed by mass spectrometry and circular dichroism spectroscopy.
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Protein Purification, Phylogenetic Analysis, Zinc Homeostasis.
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wound healing and deficient immune function (Salgueiro
et al., 2000; Cuevas & Koyanagi, 2005; Kambe et al.,

1. INTRODUCTION
The trace metal zinc is essential in all types of

living things, including microorganisms, plants and
animals, where it has many catalytic, structural and
regulatory functions (Roohani et al., 2013; Cuajungco et
al., 2021; Kiouri et al., 2023; Stiles et al., 2024). Zinc is
a cofactor for many zinc-dependent proteins, and it has
been estimated that 5-6% and 9-10% of proteins from
prokaryotes and eukaryotes, respectively, are dependent
on zinc to satisfy their biological functions (Andreini et
al., 2006). In humans, zinc is essential for normal
growth, development and reproduction (Frassinetti et al.,
2006; Fallah et al., 2018; Brion et al., 2021; Molenda &
Kolmas, 2023; Consales et al., 2024). Indeed, clinical
symptoms associated with zinc deficiency include
growth retardation, hypogonadism, persistent diarrhoea,
alopecia, altered gastrointestinal tract function, impaired

2015; Krebs et al., 2014; Baltaci et al., 2019).
Disturbances to zinc homeostasis may contribute to or
worsen various chronic diseases such as cancer,
cardiovascular disease, Alzheimer’s disease, diabetes
and autoimmunity (Davidson et al., 2014).

The movement of zinc across biological
membranes and the maintenance of zinc homeostasis in
cells and organelles is enabled by zinc transporters. In
humans, zinc homeostasis is maintained by 24 tissue-
specific zinc transporters that comprise the ZnTs (Zn
Transporters, ZnT1-10) (SLC30 family) (Palmiter &
Huang, 2004; Huang & Tepaamorndech, 2013; Barber-
Zucker et al., 2021) and the ZIPs (Zinc-Iron-Permeases,
ZIP1-14) (SLC39 family) (Eide, 2004; Jeong & Eide,
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2013), as well as metallothionein. These two transport
protein families function in opposite directions to
maintain zinc homeostasis. ZnTs export zinc to the
extracellular space or sequester cytoplasmic zinc to
intracellular compartments when zinc levels are high.
ZIPs move zinc into the cytoplasm when cellular zinc
levels are depleted (Kambe et al., 2015; Bin et al., 2018;
Alluri et al., 2020; Hara et al., 2022; Yin et al., 2023).
Malfunctions in zinc transporter expression and function
have been implicated in various diseases (Baltaci &
Yuce, 2018), including prostate cancer (Acevedo et al.,
2024), type 1 and type 2 diabetes (Kawasaki, 2012;
Davidson et al., 2014; Yi et al., 2016; Daniels et al.,
2020), and bone diseases (Huang et al., 2020). Zinc
transporters have roles in breast cancer progression
(Takatani-Nakase, 2018) and they have been identified
as therapeutic targets in Alzheimer's disease (Xu et al.,
2019).

In bacteria zinc is essential for growth, survival
and virulence, but high concentrations of zinc are toxic
to microorganisms (Choudhury & Srivastava, 2001).
Zinc homeostasis in bacteria is maintained by different
types of zinc transporter. These include two zinc uptake
proteins, ZnuACB and ZupT, and three families of
proteins that export zinc (Suryawati, 2021). The high
affinity transporter ZnuABC is a P-type ATPase that
uses energy from ATP hydrolysis to drive zinc uptake.
ATP hydrolysis is undertaken by ZnuC, whilst ZnuA is

a soluble zinc-binding periplasmic protein that interacts
with the inner membrane permease ZnuB (Patzer &
Hantke, 1998; Campoy et al., 2002). ZupT is a low
affinity zinc uptake protein that also imports a range of
other metals, including cadmium, iron, cobalt, copper
and manganese (Grass et al., 2002; Grass et al., 2005).
Zinc export is undertaken by proteins from the P-type
ATPase, Resistance Nodulation Division (RND) (Routh
et al., 2011; Kavanaugh et al., 2024), and Cation
Diffusion Facilitator (CDF) (Haney et al., 2005; Kolaj-
Robin et al., 2015) families. An example of a P-type
ATPase that exports zinc from bacteria is ZntA (Rensing
et al., 1997; Roberts et al., 2020; Maunders et al., 2022;
Zheng et al., 2024). RND zinc export systems are
comprised of three complex proteins, a cytoplasmic
membrane-associated protein, a periplasmic membrane
fusion protein, and an outer-membrane channel protein.
An example of which is NczCBA (Valencia et al., 2013;
Alav et al., 2021). Bacterial CDF zinc export proteins are
secondary active transporters that are driven by the
proton motive force (PMF) in an antiport manner.
Examples of characterised bacterial CDF zinc exporters
are CzcD (Anton et al., 1999; Martin & Giedroc, 2016;
Udagedara et al., 2020), YiiP (Chao & Fu, 2004; Wei &
Fu, 2006) and ZitB (Grass et al., 2001; Lee et al., 2002).
Bacterial CDFs are evolutionarily most closely related to
the eukaryotic ZnT/SLC30-type zinc transporters, which
are also part of the CDF family (Figure 1).
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Figure 1: Evolutionary relationship of ZitB to other zinc transporters

The amino acid sequences of E. coli ZitB
(P75757), E. coli YiiP (P69380), Cupriavidus
metallidurans CzcD (P13512), human ZnTs 1-10

(Q9Y6M5, Q9BRI3, Q99726, 014863, Q8TAD4,
Q6NXT4, QBNEWO, Q8IWU4, Q6PML9 and Q6XR72,
respectively) and human ZIPS 1-14 (QINY26, QINP94,
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Q9BRYO0, Q6P5W5, Q6ZMH5, Q13433, Q92504,
Q9COK1, QI9NUMS3, QI9ULF5, Q8N1S5, Q504Y0,
Q96H72 and Q15043, respectively) were taken from the
UniProt Knowledgebase (https://www.uniprot.org/) and
aligned using the online tool MUSCLE
(https://www.ebi.ac.uk/jdispatcher/msa/muscle?stype=p
rotein) (Madeira et al., 2024). The resultant phylogenetic
tree was exported in Newick format and drawn using
iTOL (Interactive Tree Of Life, https://itol.embl.de/)
(Letunic & Bork, 2007). The labels on the tree are
coloured to highlight ZitB (red), YiiP and CzcD (pink),
ZnTs (green) and ZIPS (blue).

The first high-resolution structures of a zinc
exporter were determined by X-ray crystallography for
YiiP from Escherichia coli in an outward-facing

conformation and in complex with zinc at 3.8 A (PDB
2QFI) (Lu and Fu, 2007) and 2.9 A (PDB 3H90) (Lu et
al., 2009). These provided a structural model for all
CDF/ZnT/SLC30-type proteins (Figure 2) (Kambe et al.,
2015; Kolaj-Robin et al., 2015; Cotrim et al., 2019). The
overall structural organisation of YiiP is a Y-shaped
homodimer with each protomer containing six
transmembrane a-helices (TMHs) with both the N- and
C-terminal ends at the cytoplasmic side of the
membrane. The six TMHSs are grouped into two bundles
of four (I-11-1VV-V) and two (111-VI) helices. The protein
has a long (89-residues) intracellular C-terminal tail
containing three C-terminal a-helices (CTH 1-3) and
three C-terminal B-strands (CTS), and the intracellular
loop linking TMHSs IV and V is rich in histidine residues.

Extracellular or
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Figure 2: Structural organisation of CDF-type/ZnT/SLC30 zinc transporters.

A. Schematic illustration of a CDF protein
based on the X-ray crystal structure of the E. coli
homolog YiiP. CDF transporters are arranged as Y-
shaped dimers with six TMHs. TMHs |, II, IV, and V
form a compact four-helix bundle where four conserved
hydrophilic residues (HD-HD) of Il and V form the
intramembranous zinc-binding site. CDFs function as
Zn?*/H* exchangers, and a cytosolic histidine-rich loop
is thought to be implicated in sensing and translocating
zinc to the HD-HD site. B. Ribbon representation of the

homodimeric YiiP structure (PDB 3H90). The side view
(left) and top view (right) from the extracellular side are
shown. Bound zinc ions in the three zinc-binding sites
are represented by yellow spheres. TMHSs Il and V are
coloured blue and purple, respectively. This figure was
modified from Kambe et al. (2015).

The crystal structures of YiiP revealed three
distinct zinc binding sites. Binding site A is located in
the centre of the transmembrane domain and consists of
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four coordinating residues (D45 and D49 in TMHII,
H153 and D157 in TMHV). These residues are
conserved and are essential for transport activity (Wei &
Fu, 2006). Binding site B is located in the cytoplasmic
loop between TMHSs Il and 111 and consists of the three
residues D70, H73 and H77. Binding site C is located in
the C-terminal tail and consists of the five residues H234,
H250, H263, H285 and D287. This site harbours four
zinc ions, two from each monomer, which contribute to
dimer stabilisation.

Cryoelectron microscopy (cryo-EM) structures
of YiiP from Shewanella oneidensis were later
determined at resolutions of 4.1 A (PDB 5VRF) and 4.0
A (PDB 7KZX) in an inward-facing conformation and in
complex with zinc (Lopez-Redondo et al., 2018; Hussein
et al., 2023). Since then, cryo-EM structures have been
determined for ZnT3, ZnT4, ZnT7 and ZnT8 from Homo
sapiens (Xue et al., 2020; Bui et al., 2023; Ishida et al.,
2025) and ZnT8 from Xenopus tropicalis (Zhang et al.,
2023) (Table 1). Whilst these structures have provided

insights into the molecular mechanisms of CDF proteins,
elucidation of further structures would enable a more
comprehensive understanding about how they function
and potentially provide information for CDF proteins to
serve as therapeutic targets.

A major bottleneck to overcome for high-
resolution structure determination of membrane proteins
is to achieve amplified expression and to produce
sufficient quantities of purified protein as close as
possible to their native membrane environment
(Poolman and Knol, 1999; Ward et al., 1999; Ahmad et
al., 2018). In a topology-informed strategy for
amplifying the expression of variously tagged bacterial
membrane proteins, ZitB from E. coli was one of the
proteins used to demonstrate the approach (Rahman et
al., 2007). A high-resolution structure of ZitB is not yet
available, so in this article we will focus on what is
known about ZitB so far and assess its potential for
further structure-function studies.

Table 1: High-resolution structures of CDF family proteins

Protein / Oligomeric state / Ligand | Method / PDB | Reference
Organism Conformation state Resolution | entry
YiiP / Homodimer / Zn* X-ray/3.8 A | 2QFI | Lu & Fu, 2007
Escherichia coli Outward-facing X-ray/2.9 A | 3H90 | Lu etal., 2009
YiiP / Homodimer / Zn%* EM/4.1 A 5VRF | Lopez-Redondo et al.,
Shewanella Inward-facing 2018
oneidensis Homodimer / Zn* | EM/A0A | 7KZX | Hussein etal., 2023

Inward-facing occluded
ZnT3/ Homodimer / Zn** EM/3.14 A | 8XN1 | Ishida et al., 2025
Homo sapiens Inward-facing
ZnT4/ Homodimer / EM/3.0 A Ishida et al., 2025
Homo sapiens Outward-facing
ZnT7/ Homodimer / Apo EM/2.2 A 8J7T | Buietal., 2023
Homo sapiens Outward-facing

Homodimer / Zn?* EM/3.12 A | 837U

Outward-facing

Heterodimer / Inward + Apo EM2.79 A | 8J7Vv

Outward-facing

Heterodimer / Inward + Zn%, EM/2.68 A | 8J80

Outward-facing Apo

Heterodimer / Inward + Zn? EM/2.92 A | 8J7TW

Outward-facing
ZnT8/ Homodimer / Zn%* EM/4.1 A 6XPE | Xue et al., 2020
Homo sapiens Outward-facing

Heterodimer / Inward + Outward- | Apo EM/5.9 A 6XPF

facing
ZnT8/ Homodimer / Zn% EM/3.85 A | 7Y5G | Zhang et al., 2023
Xenopus tropicalis | Outward-facing

Homodimer / Apo EM/3.72A | 7Y5H

Outward-facing
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2. MATERIALS AND METHODS
2.1. Computational Methods

Protein sequences were taken from the UniProt
Knowledgebase (https://www.uniprot.org/). Membrane
protein topology was predicted using the online tools
DeepTMHMM  (https://dtu.biolib.com/DeepTMHMM)
(Hallgren et al, 2022) and TOPCONS
(https:/ftopcons.cbr.su.se/) (Tsirigos et al., 2015). The
amino acid compositions of proteins were calculated
using the online Expasy tool ProtParam
(https://web.expasy.org/protparam/) (Gasteiger et al.,
2005). Protein sequences were aligned using the online
tool MUSCLE
(https://www.ebi.ac.uk/jdispatcher/msa/muscle?stype=p
rotein) (Madeira et al., 2024). For phylogenetic analysis,
protein sequences were aligned using MUSCLE, then the
resultant phylogenetic tree was exported in Newick
format and drawn using iTOL (Interactive Tree Of Life,
https://itol.embl.de/) (Letunic & Bork, 2007).

2.2. Laboratory Methods
2.2.1. Isolation of Plasmid DNA

E. coli cells harbouring the relevant plasmid
were grown overnight in Luria-Bertani (LB) liquid
medium (5 mL) in 50 mL Falcon tubes at 37 °C in an
orbital incubator at 200 rpm and collected by
centrifugation (2,200 x g, 4 °C, 10 min). Plasmid DNA
was isolated from the cells using a QIAprep Spin
Miniprep Kit (Qiagen Ltd, Crawley, West Sussex, UK)
following the manufacturer’s instructions and then
stored at -20 °C.

2.2.2. Electrophoretic Separation of DNA on an
Agarose Gel and Estimation of Size and Concentration

Agarose gel electrophoresis (Sambrook et al.,
1989) was performed using a Sub-Cell Model 96
apparatus (Bio-Rad, Hercules, California, USA) with
Tris-acetate-EDTA (TAE) buffer and gels were stained
using SYBR Safe™ dye (Invitrogen, Waltham,
Massachusetts, USA). DNA samples and marker DNA
were mixed with 5x DNA sample buffer [50% glycerol,
50 mM EDTA (pH 8.0) and 0.05% bromophenol blue]
before loading on to the gel. Electrophoresis was
performed at constant voltage at 80-90 V for ~30 min to
1 h and then visualised by illumination under blue light.
The amount of DNA in samples was estimated by
comparing its intensity with that of known amounts of
marker DNA (1 Kb DNA marker) (New England
Biolabs, Ipswich, Massachusetts, USA).

2.2.3. Polymerase Chain Reaction (PCR)

PCR was conducted according to the
manufacturer of KOD Hot Start DNA polymerase
(Novagen, Lagos, Nigeria). A typical PCR mixture had
the following components: 5 pL. of 10x PCR buffer for
KOD Hot Start DNA polymerase, 1 uL each of forward
and reverse primers (10 pmol/uL each primer, final
concentration 0.6 pM), 5 uL of 2 mM dNTPs (final
concentration 0.2 mM), 3 pL of 25 mM MgSOs (final
concentration 1.5 mM), 1 uL of template DNA (50-100

ng), 2 uL of KOD Hot Start DNA polymerase (1 U/uL),
33 pL Milli-Q® filter sterilized water. The samples were
centrifuged briefly to bring the reaction components to
the bottom of the tube. Amplification was performed
using a ‘Touchdown’ PCR approach (Don et al. 1991).
Samples were loaded on to a VWR® UNO96 thermal
cycler (West Chester, Pennsylvania, USA) equipped
with a 96-well platform and reactions were subjected to
the following steps: activation for 1 min at 94 °C,
denaturation for 15 s at 94 °C, annealing for 30 s at 60-
55 °C (decreasing by 1 °C per cycle until 55 °C was
reached), extension for 30 s/kbp at 72 °C, repeated for 30
cycles, stored at 4 °C.

2.2.4. Restriction Digestion of DNA

Restriction digestions of plasmid DNA and
PCR amplified DNA fragments were performed
following the instructions of the restriction enzyme
manufacturer (New England Biolabs, Ipswich,
Massachusetts, USA). For cloning purposes, a typical
restriction reaction mixture (50 pL) contained 10 pg of
plasmid DNA or PCR-amplified DNA, 10-20 units of
restriction enzyme and the appropriate amount of
digestion buffer and filter-sterilized Milli-Q® water. For
restriction analysis of clones, a reaction digestion of 10
pL final volume was set up and the amounts of reagents
were adjusted accordingly. The reaction components
were mixed thoroughly and incubated at the optimal
temperature for 2-3 h. The restricted fragments were
separated by agarose gel electrophoresis and visualized
under blue light. The molecular size and amount of
digested DNA were determined by comparison to
marker DNA bands.

2.2.5. Purification of DNA Fragments

DNA fragments from restriction enzyme
digestions and PCR reactions were purified by a PCR
purification protocol or gel extraction method using a
QlAquick PCR Purification Kit or a QlAquick Gel
Extraction Kit (Qiagen Ltd, Crawley, West Sussex, UK),
respectively. The purified DNA was quantified on an
agarose gel.

2.2.6. Dephosphorylation of DNA Fragments

Dephosphorylation of linearised plasmid DNA
was performed according to the manufacturer of calf
intestinal alkaline phosphatase (CIAP; Invitrogen,
Waltham,  Massachusetts, USA). A  typical
dephosphorylation reaction (50 uL) was set up by mixing
the amount of DNA corresponding to 10 pmol of 5' ends
(in 40 pL), 5 pL of 10x reaction buffer and 5 pL of
diluted CIAP (1 U/uL). Then the dephosphorylation
reaction was incubated for 1 h at 50 °C, followed by
inactivation of CIAP for 15 min at 65 °C.
Dephosphorylated DNA was purified using a QIAquick
PCR Purification Kit (Qiagen Ltd, Crawley, West
Sussex, UK), and quantified on an agarose gel.
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2.2.7. Ligation of DNA Fragments

A typical ligation reaction contained 50 ng of
restricted vector DNA. Molar vector:insert ratios of 1:1
and 1:3 were used. Ligation was performed in a 10 pL
reaction volume using a LigaFast™ Rapid DNA
Ligation System (Promega, Madison, Wisconsin, USA)
for 15-30 min at 25 °C. The ligated DNA was
transformed into Topl0 (Invitrogen, Waltham,
Massachusetts, USA) or XL1-Blue (Stratagene, Santa
Clara, California, USA) E. coli strains.

2.2.8. Preparation of Competent E. coli Cells

Competent E. coli cells were prepared by the
rubidium chloride method (Promega protocols
application guide). Cells were streaked on a LB/agar
plate and grown overnight at 37 °C. A single colony was
picked and inoculated into 2 mL LB liquid medium and
grown overnight at 37 °C with shaking at 200 rpm. From
the overnight saturated culture, a 0.5 mL aliquot was
transferred to LB liquid medium (50 mL) in a 250 mL
shake flask and grown at 37 °C with shaking at 200 rpm
until the Asoo reached 0.4, typically taking 2-3 h. The
shake flask containing the cultures was chilled on ice for
5 min and then the cultures were transferred to a pre-
chilled 50 mL Falcon tube. The cells were harvested
(1000 x g, 4 °C, 10 min) and resuspended in 20 mL of
filter-sterilised ice-cold Tfb-I buffer (30 mM potassium
acetate, 100 mM rubidium chloride, 10 mM calcium
chloride, 50 mM manganese chloride, 15% glycerol; pH
adjusted to 5.8 with 0.2 M acetic acid) and placed on ice
for 5 min. The cells were then collected by centrifugation
(1000 x g, 4 °C, 10 min). The supernatant was discarded,
and the cell pellet was resuspended in 2 mL of filter-
sterilized Tfb-I1 buffer (10 mM MOPS, 10 mM rubidium
chloride, 75 mM calcium chloride and 15% glycerol; pH
adjusted to 6.5 with KOH). The cells were incubated on
ice for 15 min, dispensed into 200 pL aliquots, frozen on
dry ice, and then stored at -70 °C.

2.2.9. Transformation of Competent E. coli Cells

A 200 pL aliquot of competent cells was
thawed on ice and equally divided into two 1.5 mL
microcentrifuge tubes. Approximately 30 ng plasmid
DNA or ligation mixture containing ~30 ng DNA was
added to 100 pL of competent cells and mixed gently.
The cells were incubated on ice for 30 min and then heat
shocked at 42 °C for 45 s and subsequently incubated on
ice for 2 min. To the transformation mixture, 500 pL of
LB medium was added and incubated for 1 h at 37 °C
with shaking at 200 rpm. A 200 pL aliquot of the
transformation mixture was plated on a pre-warmed
LB/agar selective plate containing carbenicillin (100
pg/mL) and incubated overnight at 37 °C. Colonies were
selected and analysed by colony PCR or plasmid
isolation followed by restriction analysis and
sequencing.

2.2.10. Automated DNA Sequencing
DNA sequence analysis was conducted on an
ABI 3130xI capillary sequencer (Applied Biosystems®,

Waltham, Massachusetts, USA), using version 3.1
BigDye® terminator cycle sequencing chemistry and a
POP7 matrix. DNA was labelled by mixing 200 ng DNA
with 3.2 pmol of primers in a 20 pl reaction volume. The
reaction mixture was placed in a thermal cycler and
subjected to 25 cycles of the following conditions: rapid
thermal ramp to 96 °C, denaturation at 96 °C for 10 s,
annealing at 50 °C for 5 s, extension at 60 °C for 4 min.
The unincorporated dye terminator was removed from
the extension products by ethanol/EDTA/sodium acetate
extraction.

2.2.11. Amplified Expression of Recombinant ZitB

The plasmid construct containing the zitB gene
was transformed into E. coli host strain BL21 (Novagen,
Lagos, Nigeria). To prepare glycerol stocks (deeps), the
E. coli liquid culture (800 pL) was mixed with glycerol
(80%, 200 uL), then flash frozen in liquid nitrogen and
stored at -70 °C. Cells were recovered frozen deeps by
streaking onto LB/agar plates containing carbenicillin
(100 pg/mL), which were incubated at 37 °C for 16-18
h. Subsequently, single colonies were transferred to LB
liguid medium supplemented with carbenicillin (100
pg/mL) in 50 mL Falcon tubes and incubated overnight
at 37 °C with shaking at 200 rpm. Next day cultures were
diluted 50-fold (2% inoculum) into 50 mL (for small-
scale expression tests) or 500 mL (for large-scale protein
production) M9 minimal medium supplemented with
0.2% (w/v) casamino acids, 0.2% (w/v) glycerol and
carbenicillin (100 pug/mL) (in 250 mL or 2 litre baffled
flasks, respectively) and grown in a shaking incubator at
37 °C and 200 rpm. When the cultures reached an Asoo
of 0.5, expression was induced by the addition of
isopropyl-p-D-thiogalactoside (IPTG) (Melford
Laboratories Ltd., Ipswich, UK) to a final concentration
of 0.25 mM. Growth was continued for a further 3 h, then
cells were harvested by centrifugation (12,000 x g, 4 °C,
10 min).

2.2.12. Small-Scale Preparation of Mixed Membranes

Small-scale preparations of mixed (inner and
outer) membranes used the water lysis method (Witholt
et al., 1976; Ward et al., 2000). The cells from 50-mL
culture volumes were harvested by centrifugation
(12,000 x g, 4 °C, 10 min) and resuspended in 10 mL of
0.2 M Tris-HCI (pH 8.0) in a 50 mL Beckman
ultracentrifuge tube (Ti45 rotor). Resuspensions were
mixed on a rolling table at room temperature for 20 min.
At zero-time, 4.85 mL of sucrose buffer (0.2 M Tris-HCI
pH 8.0 containing 1 M sucrose and 1 mM EDTA) was
added. At 1.5 min, 65 pl of lysozyme solution (10
mg/mL, freshly prepared in the sucrose buffer) was
added and vortexed briefly. At 2 min 9.6 mL of deionised
water was added, vortexed briefly and roller mixing
continued for 20 min to allow spheroplast formation. The
spheroplasts were collected by ultracentrifugation
(Beckman Coulter Optima L-90K) using a pre-cooled
Ti45 rotor (45,000 x g, 4 °C, 20 min) and the supernatant
(periplasmic fraction) was removed. The spheroplasts
were resuspended in 15 mL of deionized water using a
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homogenizer or a large syringe needle (~1 mm x 150
mm) and then shaken for 30 min. The membranes were
collected by ultracentrifugation (45,000 x g, 4 °C, 20
min) and the supernatant was discarded. The membranes
were washed at least twice by resuspending in 15 mL of
0.1 M sodium phosphate buffer (pH 7.2) containing 1
mM B-mercaptoethanol (B-ME) (as described above) and
collected by ultracentrifugation (45,000 x g, 4 °C, 20
min). The membrane pellet was resuspended in 0.2 to 0.4
mL of 0.1 M sodium phosphate buffer (pH 7.2) and
mixed with a small syringe needle (~ 0.45 mm x 13 mm)
until the suspension became homogenous.

2.2.13. Large-Scale Preparation of Mixed Membranes
Using a Cell Disruptor

Frozen cells, obtained from large-scale culture
volumes (total 5-25 litres), were thawed and resuspended
in 20 mM Tris, 1 mM EDTA (pH 7.5) containing 10%
glycerol, 1 mM phenylmethylsulfonyl fluoride (PMSF)
and cOmplete Protease Inhibitor (one tablet per 8 g wet
biomass; Roche Diagnostics, Rotkreuz, Switzerland).
Usually, 3-4 mL of buffer per 1 g (wet weight) of cells
was used. The suspension was stirred until it was
completely homogeneous. Cells were lysed by three
passages at 4 °C through a cell disruptor (Constant
Systems Ltd., Daventry, Northamptonshire, UK) at 20-
30 kpsi. Undisrupted cells and debris were sedimented
by centrifugation (12,000 x g, 4 °C, 30 min). The
supernatant was transferred to 50 mL ultracentrifuge
tubes (Ti45 rotor) and membranes were collected by
ultracentrifugation (131,000 x g, 4 °C, for 2 h).
Membranes were washed twice with 20 mM Tris-HCI
(pH 7.5) buffer to remove the EDTA by the same
procedure as described above. Membranes were
resuspended in an appropriate volume of 20 mM Tris
(pH 7.5) buffer to give a final protein concentration in
the range of 20-30 mg/mL, then dispensed into aliquots
(0.3-0.5 mL), flash frozen in liquid nitrogen, and stored
at-70 °C.

2.2.14. Separation of Inner and Outer Membrane
Fractions by Sucrose Density Gradient
Ultracentrifugation

Mixed membranes, as prepared above, were
resuspended in 5 mL of Tris-EDTA buffer (20 mM Tris-
HCI, 0.5 mM EDTA, pH 7.5) containing 25% sucrose
and then carefully transferred to the top of a step gradient
of sucrose (10 mL each of 55%, 50%, 45%, 40%, 35%
and 30% sucrose in Tris-EDTA buffer pH 7.5) in a Ti45
ultracentrifuge tube (Beckman) held on ice. Inner and
outer membranes were separated by ultracentrifugation
(113,000 x g, 4 °C, 18 h) with minimal acceleration and
no braking. When centrifugation was completed, the
inner (golden band in the 30-40% zone) and the outer
(white band in the 45-55% zone) membrane fractions
were carefully recovered using clean syringes and
transferred to separate tubes. Membranes were washed
three-times with Tris-EDTA buffer to remove the
sucrose, collecting by ultracentrifugation (113,000 x g, 4
°C, 18 h) after each wash. The resultant membrane pellet

was resuspended in an appropriate volume and dispensed
into 0.3 mL aliquots, which were flash frozen in an
ethanol bath at -70 °C and stored at -70 °C.

2.2.15. Purification of ZitB

Inner membranes containing 30 mg total
protein were solubilised by incubation on ice for 1.5 h in
6 mL 20 mM Tris-Cl (pH 7.9) containing 1200 mM NacCl,
20% (v/v) glycerol, 4 mM B-ME, 5 mM imidazole and
1% (w/v) n-dodecyl-pB-D-maltopyranoside (DDM)
(Melford Laboratories Ltd., Ipswich, UK). Insoluble
material was removed by ultracentrifugation (100,000 x
g, 4 °C, 1 h), then the supernatant was gently mixed for
3 hat4°Cwith 1 mL Ni-NTA agarose (50% suspension)
(Qiagen, UK), which was pre-equilibrated with wash
buffer [20 mM Tris-Cl (pH 7.9) containing 300 mM
NaCl, 10% (v/v) glycerol, 2 mM B-ME, 30 mM
imidazole and 0.05% (w/v) DDM]. After packing into a
column, the agarose was washed with 40-column
volumes of wash buffer. ZitB was eluted from the
column in 20 mM Tris-Cl (pH 7.9) containing 100 mM
NaCl, 10% (v/v) glycerol, 2 mM B-ME, 500 mM
imidazole and 0.05% (w/v) DDM. The purified protein
was placed into a 10 kDa cutoff dialysis cassette (Pierce
Biotechnology, Rockford, Illinois, USA) and dialysed
overnight against 20 mM Tris-HCI (pH 7.9), containing
100 mM NacCl, 10% (v/v) glycerol, 2 mM B-ME and
0.05% (w/v) DDM, then concentrated to 10-15 mg/mL
using a 50 kDa cut-off Vivaspin® concentrator
(Sartorius, Géttingen, Germany) (centrifugation at 3,000
x gand 4 °C).

2.2.16. Determination of Protein Concentration

Protein concentration was determined by the
bicinchoninic acid (BCA) assay (Pierce Biotechnology,
Rockford, Illinois, USA) using a microplate procedure
according to the manufacturer’s instructions using
bovine serum albumin (BSA) (Merck, Darmstadt,
Germany) as the standard. Protein samples were diluted
where necessary to fall within the standard protein
concentrations range (2-10 pg). Standard and sample
solutions were added into microplate wells in duplicate
followed by the addition of 200 pL assay reagent. The
assay reagent was prepared by mixing 50:1 of BCA
reagent (Pierce Biotechnology, Rockford, Illinois, USA
Pierce Biotechnology, Rockford, Illinois, USA) and 4%
CuSO.. The plate was incubated at 37 °C for 30 min to
allow colour development (purple). The absorbance was
measured at 570 nm using a Titertek Fluoroskan Il
Microplate Reader (ICN Biomedicals, Irvine, California,
USA). The protein concentration of unknown samples
was measured from the linear graph which was obtained
by plotting the known standard concentrations against
relevant absorbance.

2.2.17. Protein Analysis by SDS-PAGE

Sodium dodecylsulphate polyacrylamide gel
electrophoresis (SDS-PAGE) (Laemmli, 1970) was
performed on a Mini PROTEAN Il apparatus (Bio-Rad,
Hercules, California, USA) using a 10% separating gel
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and a 3% stacking gel. Membrane samples containing 5,
10 or 20 pg total protein were diluted to 15 pL with
distilled water. Sample loading buffer [5.4 M glycerol,
10% SDS, 10 mM EDTA, in Tris-HCI (0.5 M, pH 6.8) +
Pyronin Y] (5 uL) and 100 mM dithiothreitol (1 pL)
were added with brief vortexing, then the solutions were
held at room temperature for 30 min before loading into
lanes of the gel. Electrophoresis was performed at
constant voltage (100 V) using running buffer (190 mM
glycine, 25 mM Tris-HCI, 0.1% SDS, in Milli-Q® water)
until the dye front reached the bottom of the gel (~90
min). Protein bands were visualised by Coomassie Blue
staining, as follows. The gel was soaked sequentially on
an orbital platform in fixing solution (65:25:10 water/2-
propanol/glacial acetic acid) for ~3 h, staining solution
(65:25:10  water/2-propanol/glacial ~ acetic  acid
containing 0.025% Coomassie Brilliant Blue R-250) for
~20 h, and then several changes of destaining solution
(90:10 water/glacial acetic acid) over ~24 h or until the
background was faded sufficiently.

2.2.18. Mass Spectrometry

Using ~300 pg of purified ZitB, salts were
removed by dialysis against 3-4 litres of Milli-Q® water
for 2-3 days using 10-30 kDa molecular weight cut-off
dialysis tubing, and the water was changed every day.
Sometimes the protein precipitated during the dialysis
procedure, in this case it was collected by centrifugation
(13,000 x g, 4 °C, 10-15 min), then stored at -20 °C until
analysis. When the protein remained in solution
following dialysis, it was concentrated to 2-3 mg/mL
using a 30 kDa cut-off Vivaspin® concentrator
(Sartorius, Gottingen, Germany) (centrifugation at 3,000
x g and 4 °C). The molecular mass of purified ZitB was
determined using a surface enhanced laser desorption
ionization mass spectrometer (SELDI MS; Ciphergen
Biosystems, Fremont, California, USA). The protein
concentration used was typically in the range 20-30 uM.
The precipitated protein from dialysis was dissolved in
10-15 pL of 60% formic acid. The dissolved protein in
60% formic acid, or protein that had remained water-
soluble following dialysis, was diluted 1:1 in sinipinic
matrix (Ciphergen Biosystems, Fremont, California,
USA), prepared in a 2:1:1 mixture of
acetonitrile/water/TFA (2%). A 2 L aliquot of protein-
matrix solution was placed on a chip and analysed by
SELDI-MS. Analysis was performed within 5-10 min of
protein dissolution/dilution in 60% formic acid to
prevent adventitious formylation. The instrument was
calibrated using protein standards of known molecular
mass: bovine serum albumin (66433), rabbit GAPDH
(35688); equine cardiac myoglobin (16951), equine
cardiac cytochrome C (12360.2).

2.2.19. Circular Dichroism (CD) Spectroscopy

Far-UV CD measurements were performed
using a CHIRASCAN instrument (Applied Photophysics
Ltd., Leatherhead, UK) at 20 °C with constant nitrogen
flushing. Purified ZitB was concentrated to 0.5-1 mg/mL
using a 30 kDa cut-off Vivaspin® concentrator

(Sartorius, Gottingen, Germany) (centrifugation at 3,000
x g and 4 °C) and then exchanged into 10 mM potassium
phosphate buffer (pH 7.4), containing 0.05% DDM using
the same concentrator. Samples (300 pl) containing the
purified protein at a concentration of 0.02 mg/mL were
added into a quartz cuvette of 1 mm pathlength (Hellma,
Miillheim, Germany). Data were recorded over the
wavelength range 190 to 260 nm at a scan speed of 1
nm/s. Spectra were obtained by averaging the data from
ten accumulations. A blank sample containing only the
buffer was scanned in the same way, and the blank
spectrum was subtracted from the protein sample
spectrum. Arbitrary CD ellipticity values were converted
to mean residue ellipticity (MRE) (deg.cm-2.dmol™?).

3. ANALYTICAL REVIEW, RESULTS

AND DISCUSSION
3.1. Functional and Structural Properties of ZitB
ZitB was first identified as a zinc exporter in
2001, when it was observed that a zitB-deleted strain of
E. coli (GG48; AzitB::Cm zntA::Km) was more zinc
sensitive than the parent strain (RW3110; zntA::Km)
(Grass et al., 2001). Induction of zitB on a pASK-IBA3-
derived plasmid in E. coli strain GG48 by addition of
anhydrotetracycline produced a significant increase in
zinc resistance, whilst there was no significant resistance
to cobalt or cadmium. (Grass et al., 2001). When the zitB
gene was carried on a different plasmid that was
transformed into E. coli, zitB expression was strongly
induced by zinc and slightly induced by cadmium, whilst
other metals (cobalt, nickel, copper) did not produce
significant induction. Induction of zitB was observed
with 50 uM ZnCl; and reached a maximum at 100 uM,
whilst higher concentrations produced a decrease of zitB
expression. It was postulated that ZitB contributes to zinc
homeostasis at low concentrations of zinc, while ZntA is
required for growth at higher and more toxic
concentrations (Grass et al., 2001). Indeed, based on a
experiments using a genetically-encoded fluorescent
zinc sensor to monitor the intracellular free zinc changes
in wild type, AzitB and AzntA E. coli cells upon sudden
exposure to toxic levels of zinc, it was concluded that
ZitB serves as a constitutive, first-line defence against
toxic zinc influx, while ZntA is up-regulated to
efficiently lower the free zinc concentration (Wang et al.,
2012).

The first kinetic study of purified and
reconstituted ZitB was conducted by stopped-flow
measurements of transmembrane fluxes of metal ions
(Zn?* and Cd?*) using the metal-sensitive fluorescent
indicator fluozin-1 encapsulated in proteoliposomes
(Chao & Fu, 2004). In metal ion filling experiments, the
initial rate of Zn?* influx was a linear function of the
molar ratio of ZitB to lipid. Influx corresponded to the
concentration of Zn?* (0-4 mM) or Cd?* (0-2 mM) ions
in a hyperbolic manner with Michaelis-Menten constants
(Km) of 1049 +/- 54 uM and 90.1 +/- 3.7 uM,
respectively (Chao & Fu, 2004). Thus, both Zn?* and
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Cd?* were demonstrated to be effective substrates of
ZitB. When a proposed antiport mechanism for ZitB was
tested using a proteoliposome system,
tetraethylammonium ion substitution for K* did not
affect Cd?* transport, so it was demonstrated that Cd?*
transport by ZitB was not coupled to K* ions (Chao &
Fu, 2004). In contrast, depletion of H* stalled Cd*
transport down its diffusion gradient, suggesting that H*
is the coupling ion for ZitB. This was confirmed by
observing a H* concentration dependence of Cd?*
transport that had a hyperbolic relationship with a K, of
19.9 nm for H*. Applying H* diffusion gradients across
the membrane caused Cd?* fluxes both into and out of
proteoliposomes against the H* gradients. Similarly, the
application of an outwardly oriented membrane
electrical potential resulted in Cd?* efflux. Overall, the
results demonstrated an electrogenic effect of ZitB
transport, where ZitB is an antiporter catalyzing the
exchange of Zn?* or Cd?* for H* with a likely exchange
stoichiometry of 1:1 (Chao & Fu, 2004). In a different
study, ZitB transported ®°Zn?* into everted membrane
vesicles only in the presence of NADH, thus confirming
that ZitB is driven by the PMF. The ZitB-dependent
85Zn?* transport had an apparent Ky of 1.4 uM and a Vmax
of 0.57 nmol of Zn?* min™ mg of protein™* (Anton et al.,
2004). Solid-state  NMR measurements in native

membranes and fluorescence-based (fluozin-1) transport
measurements in proteoliposomes confirmed that ZitB
can bind and export Zn?* and Cd?* ions, and possibly also
Zn%" and Cd?* (Rahman et al., 2008).

ZitB from E. coli strain K12 (UniProt: P75757)
is comprised from 313 amino acids and has a predicted
molecular weight of 34,678 Da. Analysis of the ZitB
sequence by the online topology prediction tools
DeepTMHMM  (https://dtu.biolib.com/DeepTMHMM)
(Hallgren et al, 2022) and TOPCONS
(https://topcons.cbr.su.se/) (Tsirigos et al., 2015) both
predict that ZitB contains six transmembrane a-helices
(21-41, 51-68, 88-110, 125-142, 160-179, 187-202 and
22-42, 53-73, 87-107, 122-142, 159-179, 185-205,
respectively) with both the N- and C-terminal ends at the
cytoplasmic side of the membrane, as expected for CDF
family proteins. Looking at the amino acid composition
of ZitB, it is noticeable that it has a significantly high
histidine content (8.0%) compared to YiiP (3.0%) and to
the average content in 235 secondary transport proteins
from E. coli (1.4%) (Saidijam & Patching, 2015) (Figure
3). The human ZnTs (1-10) have histidine contents of
4.1%, 4.6%, 4.4%, 3.0%, 5.1%, 2.4%, 7.2%, 3.5%, 1.8%
and 2.3%, respectively.
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Figure 3: Amino acid compositions of ZitB and YiiP

The amino acid sequences of ZitB (P75757) and
YiiP (P69380) were taken from the UniProt
Knowledgebase (https://www.uniprot.org/) and the
percentage content of individual amino acid types in
each protein were calculated using the Expasy tool
ProtParam (https://web.expasy.org/protparam/)
(Gasteiger et al., 2005). Values for ZitB (red) and YiiP
(blue) were compared with the average contents in 235
E. coli secondary transport proteins (Saidijam &
Patching, 2015) (green).

When the amino acid sequences of ZitB and
YiiP were aligned, they shared 21% identically

conserved residues (Figure 4). Interestingly, ZitB shared
a greater number of identically conserved residues with
human ZnTs (1-10) of 38.87%, 33.99%, 34.31%,
33.99%, 29.97%, 24.60%, 27.40%, 34.10%, 21.50% and
33.11%, respectively, which was also seen in the
phylogenetic analysis (Figure 1). In the sequence
alignment between ZitB and YiiP we have also
highlighted YiiP residues that constitute transmembrane
a-helices, C-terminal a-helices and C-terminal B-strands
based on its crystal structure, YiiP residues involved in
zinc binding sites, histidine residues in ZitB and residues
in ZitB that have been subjected to site-directed mutation
studies (Figure 4).
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Figure 4: Sequence and structural features of ZitB compared with YiiP

The amino acid sequences of ZitB (P75757) and
YiiP  (P69380) were taken from the UniProt
Knowledgebase (https://www.uniprot.org/) and aligned
using the online tool MUSCLE
(https://www.ebi.ac.uk/jdispatcher/msa/muscle?stype=p
rotein) (Madeira et al., 2024). Residues identically
conserved between ZitB and YiiP (63 residues = 21%)
are indicated by asterisks (*). Residues in YiiP that
constitute transmembrane a-helices (TMH I-VI) (orange
bars), C-terminal a-helices (CTH 1-3) (yellow bars) and
C-terminal B-strands (CTS 1-3) (brown bars), based on
the crystal structure of YiiP (PDB 3H90), are indicated
above the sequence for YiiP. Residues involved in zinc
binding sites in YiiP are also indicated (cyan). In the
sequence for ZitB, the following residues are indicated:
histidine residues (red), individual mutation of this
residue abolishes activity or results in partial activity
(pink), individual mutation of this residue or removal of
this sequence does not affect activity or has a slight effect
on activity (green). Mutation results are based on studies
by Lee et al., (2002) and Anton et al. (2004).

Two different studies performed some site-
directed mutational analysis of ZitB, where the effects of
mutations were monitored by measuring zinc resistance
and zinc uptake (Lee et al., 2002; Anton et al., 2004).
Mutations at H53 and D57 in TMHII, and H159 and
D163 in TMHV (H53R, D57A, H159R, H159E, D163A,
D163E) resulted in abolished ZitB function. These
positions correspond to the four residues (D45, D49,
H153 and D157, respectively) in zinc binding site A of
YiiP (Figure 4). In a highly conserved region of TMHII
(DAXHMLTD, residues 50-57), mutant D50E was
partially active and D50A had no function. In TMHVI,
mutant D186A had abolished function, which
corresponds to the conserved D179 in YiiP. ZitB mutant

E214A did not confer zinc resistance, this position
corresponds to D207 in YiiP. Mutations N135A and
S167A also resulted in abolished ZitB function, which
correspond to YiiP residues T128 and M160,
respectively (Figure 4). Mutations at two tryptophan
residues (W182L and W245L) resulted in partial
activity, so they are not essential for ZitB function.
Single-site mutations of further residues had no effect
(R112, D221, H240, H241, C294) or a slight effect (E35,
M54, G248) on ZitB function, so these can also be
considered as non-essential (Lee et al., 2002; Anton et
al., 2004). The study by Lee et al., (2002) demonstrated
that the histidine-rich amino terminal
(MAHSHSHTSSH, residues 1-11) and carboxy-terminal
(HSHHHH, residues 308-313) regions of ZitB were not
required for function (Figure 4). Indeed, ZitB function
was not affected by removal of the C-terminal residues
294-313, which includes the cysteines C294 and C299.
A double deletion at both the N-terminus (residues 1-11)
and C-terminus (residues 294-313) did result in loss of
ZitB function, but it also did not produce a cross-reacting
protein in expression tests (Lee et al., 2002).

3.2. Amplified Expression and Purification of ZitB
To provide sufficient quantities of protein for
further structural and functional characterisation of ZitB,
we employed the expression plasmid pTTQ18 (Stark,
1987), which has successfully been used to amplify the
expression of various bacterial membrane proteins in E.
coli (Saidijam et al., 2003; Saidijam et al., 2005; Clough
et al., 2006; Ma et al., 2008; Henderson et al., 2009;
Bettaney et al., 2013; Ma et al., 2016; Rahman et al.,
2017; Ahmad et al., 2020; Ahmad et al., 2021; Ahmad
et al., 2022). In this IPTG-inducible plasmid, expression
of the inserted gene of interest is under control of the
strong hybrid trp-lac (tac) promoter and the rrnB
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transcription terminator. A non-tagged, wild-type form
of the E. coli zitB gene was inserted into the multicloning
site of pTTQ18 by introducing EcoR1 and Pstl
restriction sites at its 5’ and 3’ ends, respectively (Figure
5A). Successful recombinant clones in E. coli strain
BL21 were identified by colony PCR, giving amplified
DNA fragments with a size of ~1.2 Kb (expected 1155
bases, zitB gene plus 216 vector-derived nucleotides)
(Figure 5B). In membrane preparations from these cells,
IPTG-induced amplified expression of the monomeric
form of ZitB was clearly observed by SDS-PAGE
analysis, giving a band with a molecular weight position
of ~30 kDa (Figure 5C). The ZitB content in inner
membrane preparations was ~15% of total protein
according to densitometric analysis of the Coomassie-
stained gel.

Purification of this non-tagged form of ZitB
was achieved by immobilised metal affinity
chromatography (IMAC) by exploiting the high histidine
content in the native protein, including the five histidines
at the C-terminus. From large scale cultures of E. coli
expressing ZitB, inner membranes were isolated and
then solubilised in the mild detergent n-dodecyl-p-D-
maltoside (DDM). The purification was monitored by
SDS-PAGE (Figure 6A) and it typically produced
purified ZitB in yields of ~1.8 mg/litre. Mass
spectrometry analysis of the purified ZitB produced a
molecular ion with a mass of 34686.7 (expected 34678)
(Figure 6B), and far-UV circular dichroism analysis
produced a spectrum consistent with a-helical secondary
structure (Figure 6C).
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Figure 5: Cloning and amplified expression of non-tagged wild-type ZitB

A. Map of vector pTTQ18-ZitB for amplifying
expression of the zitB gene under control of the tac
promoter (ptac). laclg = gene encoding the lac repressor,
Ampr = gene encoding B-lactamase responsible for
ampicillin resistance, rbs = ribosomal binding site. B.
Agarose gel identifying colonies harbouring pTTQ18-
ZitB by colony PCR. Lane 1 contains a 1 Kb DNA ladder
with sizes indicated. Lanes 2 and 3 show the ~1.2 Kb
PCR-amplified DNA fragments (encoding zitB plus
vector-derived sequences) from two representative

positive recombinant colonies. C. Amplified expression
of ZitB in E. coli BL21 cells harbouring plasmid
pTTQ18-ZitB. Samples of mixed membrane
preparations containing 20 pg protein from uninduced
cells (lane 1) and from cells induced with 0.25, 0.5 and
1.0 mM IPTG (lanes 2-4, respectively) were subjected to
SDS-PAGE followed by Coomassie blue staining. The
positions of molecular weight standards are shown on the
left and the position of the amplified monomeric form of
ZitB is indicated by an arrow.
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Figure 6: Purification of non-tagged wild-type ZitB

A. SDS-PAGE analysis of ZitB amplified
expression and purification by Ni-NTA affinity
chromatography. The lanes on the gel were loaded with
the following samples: 1. Molecular weight markers, 2.
E. coli inner membranes with amplified expression of
non-tagged wild-type ZitB, 3. Soluble fraction from
membranes following solubilisation with DDM
(supernatant), 4. Insoluble fraction from membranes
(pellet), 5. Unbound fraction from Ni-NTA column, 6.
Wash from Ni-NTA column (30 mM imidazole), 7-10.
Eluted fractions from column (500 mM imidazole). B.
Mass spectrometry (SELDI-MS) analysis of purified
ZitB. C. Far-UV circular dichroism analysis of purified
ZitB.

4.  CONCLUSIONS
DIRECTIONS

The E. coli zinc exporter ZitB is one of the best
characterised CDF proteins using various biochemical
and computational methods, which we have reviewed
and expanded on in this work. A high-resolution three-
dimensional structure of ZitB has not yet been
elucidated, however. We have so far resisted
constructing a homology model of ZitB based on the
existing structures of other CDF proteins, instead
preferring to strive for a high-resolution structure of
ZitB. In the journey to achieve this, the gene for E. coli
ZitB was successfully cloned into plasmid pTTQ18 and
amplified expression of a non-tagged form of ZitB in E.
coli was achieved at a level of ~15% of total protein in

AND FUTURE

inner membrane preparations. ZitB was successfully
solubilised using the mild detergent DDM and purified
in yields of ~1.8 mg/litre. Purified ZitB had structural
integrity according to mass spectrometry and circular
dichroism analyses, thus making it a promising candidate
for high-resolution structure determination. To further
demonstrate the suitability of ZitB for structure and
function studies using different chemical, biochemical
and biophysical techniques, the thermal stability of
purified ZitB reconstituted in different detergents and
lipids should be rigorously tested. Further mutagenesis
studies of ZitB should help to better understand the roles
of specific residues in the molecular mechanism of ZitB
in comparison to other CDF proteins.
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