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Preface

This two-volume set is a collaborative work aimed to review the Cupriavidus
metallidurans resistance mechanisms to toxic concentrations of metal ions at the
ecological, physiological, genomic, transcriptomic and proteomic level. The main
metal ions studied are zinc, nickel, cadmium, cobalt, copper, chromium (chromate),
lead, mercury, gold and silver. C. metallidurans, a soil β-proteobacterium
belonging to the Burkholderiaceae, is very well adapted to high concentrations of
metal ions and is able to survive in a variety of harsh oligotrophic habitats linked to
industrial and other human activities. This volume is completely dedicated to the
available structural and catalytic data from C. metallidurans bacterial primary and
secondary transporters (P-ATPases, tripartite chemiosmotic cation/proton efflux
systems, cation diffusion facilitators, major facilitator superfamily and some minor
categories), sigma and anti-sigma regulatory proteins, and various periplasmic
proteins mainly involved in the response to copper and mercury.
In addition to volume II, volume I contains 3 chapters, each with its own
emphasis. Chapter 1 discusses anthropogenic waste as a source of metal-resistant
Cupriavidus together with mobile genetic elements as vectors of metal-responsive
genes and possible actors in evolution driven by the adaptation to such environments. Chapter 2 reviews the genomic context of the metal response genes in
C. metallidurans CH34 with a focus on its mobile genetic elements. Chapter 3
inventories the catalogs of metal resistance genes, proteins and mechanisms as well
as some environmental applications. Mechanisms ﬁrst discovered in this bacterium
such as the RND efflux pumps for cadmium, cobalt, nickel, and zinc, and the cation
diffusion factors (with CzcD being one of the ﬁrst identiﬁed) are highlighted
together with the resistance determinants to other metals such as chromate, lead,
mercury, silver and gold, as well as the intricate regulatory network and accessory
genes. Some of these accessory genes are exclusively found in C. metallidurans and
are likely involved in the adaptation to very high metal concentrations.
We deeply thank John Hobman for his careful and critical reading. We are
grateful to Ruddy Wattiez for exciting discussions and exchange of information and
to David Gillan, Jacques Covès, Antoine Maillard, Christophe Merlin and Dietrich
Nies for making manuscripts available in advance of publication. We are grateful to
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Preface

Dr. Larry Barton and Springer for giving us this opportunity and to Dr. Sonia Ojo
and Ms. Esther Rentmeester for their support and patience. Finally, a special and
friendly thought goes to all the past and present collaborators, young scientists,
students, colleagues and visiting scientists, who participated in the Cupriavidus
(Alcaligenes, Ralstonia, …) work started with Prof. Jean Remacle at the University
of Liège and further carried out in Mol (Belgian Centre for Nuclear Energy
(SCK•CEN) and Flemish Institute for technological research (VITO) during four
decennia, and to the directorates of the corresponding institutions for their interest
and support.
Mol, Belgium

Max Mergeay
Rob Van Houdt
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Metal Response in Cupriavidus
metallidurans: Insights
into the Structure-Function
Relationship of Proteins

Abstract Bacteria such as Cupriavidus metallidurans have developed different
strategies for tolerating toxic levels of metal ions. Metal ion resistance requires the
contribution of multiple layers of mechanisms, the most efﬁcient being the efflux of the
noxious cations out of the cell regulated by transport systems. Structural and functional
data from bacterial primary and secondary transporters are outlined and detailed for
the corresponding C. metallidurans proteins. Next, the available high-resolution threedimensional structures of C. metallidurans proteins involved in metal resistance
mechanisms are reviewed and their structure-function relationship is discussed.





Keywords Anti-sigma factor Cation diffusion facilitator Chemiosmotic efflux
system Major facilitator superfamily Membrane fusion protein Metal ion
efflux Metal sensor Nuclear magnetic resonance P-type ATPase Periplasmic
protein Resistance nodulation cell division X-ray crystallography

















1 Introduction
Bacteria such as Cupriavidus metallidurans have developed a battery of strategies
to counteract metal ion toxicity. Metal ion resistance requires the contribution of
multiple layers of systems with transporters belonging to the Resistance Nodulation
cell Division (RND), the cation diffusion facilitator (CDF) and the P-type ATPase
families being on the front line. C. metallidurans CH34 studies have historically
provided the ﬁrst examples of new categories of key transporters such as the CDF
proteins and the tripartite systems driven by proton/cation antiporters of the
HME-RND family that are abundantly represented in C. metallidurans CH34; as
well as the ﬁrst examples of various periplasmic proteins involved in the resistance
to metal ions, which are often unique to the species.
Many C. metallidurans functions involved in the resistance to metal ions and
encoded by determinants from the megaplasmids or the chromid (second chromosome) have been identiﬁed and studied at the protein level, revealing important
© The Author(s) 2015
G. Vandenbussche et al., Metal Response in Cupriavidus metallidurans,
SpringerBriefs in Biometals, DOI 10.1007/978-3-319-20624-0_1
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structural data. First, a general overview of the structural and catalytic data from
bacterial primary and secondary transporters (P-ATPases, HME-RND, CDF, Major
Facilitator Superfamily and some minor categories) is provided, which also highlights the available data for the corresponding proteins from C. metallidurans. Next,
structural and functional insights gained from the available high-resolution
three-dimensional structures of C. metallidurans proteins will be reviewed in
more detail, including RND and membrane fusion proteins (from tripartite
chemiosmotic cation/proton efflux systems), sigma and anti-sigma regulatory proteins of the cnr efflux system (resistance to cobalt and nickel) and various periplasmic proteins mainly involved in the response to copper and mercury.

2 Bacterial Cation Transporters and Their
Representatives in Cupriavidus metallidurans
2.1 Primary Active Transport
2.1.1 P-type ATPase Family
P-type ATPases constitute a large superfamily of integral membrane proteins
(TC #3.A.3) transporting cations across membranes and translocating lipids
between lipid bilayer leaflets, by using the energy provided by ATP hydrolysis (for
review see Chan et al. 2010; Palmgren and Nissen 2011). Members of the P-type
ATPase superfamily are represented in the three domains of life and are generally
more abundant in Eukarya than in Bacteria or Archaea (Kuhlbrandt 2004). Axelsen
and Palmgren grouped the P-type ATPases in ﬁve phylogenetic families (I-V)
presenting different substrate speciﬁcities, each of which can be further divided into
groups (A, B, etc.) (Axelsen and Palmgren 1998). Another classiﬁcation was
proposed in the Transporter Classiﬁcation Database (http://www.tcdb.org/), where
the P-type ATPases are grouped in at least twenty families (Chan et al. 2010;
Thever and Saier 2009).
A main branch of the P-type ATPase phylogenetic tree is composed of the
members of the PIB-ATPase group, transporting metal ions (Axelsen and Palmgren
1998). PIB-ATPases are the most common P-type ATPases in Bacteria and Archaea
(Palmgren and Nissen 2011). Two phylogenetic clusters can be distinguished in the
PIB-ATPase group, one speciﬁc to monovalent metal ions (Cu+) (TC family 5) and
the other one including transporters of bivalent metal ions (Co2+, Cu2+, Zn2+) (TC
family 6) (Axelsen and Palmgren 1998; Rensing et al. 1999; Thever and Saier
2009). Because of chemical similarities among metal ions, some P-type ATPases
can also transport non-physiological metal ions such as Ag+ transported by Cu+ATPases, and Cd2+ and Pb2+ transported by Zn2+-ATPases (Argüello et al. 2007).
In bacteria, PIB-ATPases play two different physiological roles: to detoxify the
cytoplasm by regulating the metal ion concentrations and to provide metal ions to
periplasmic or secreted metalloproteins (Argüello et al. 2011).
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Sequence Characteristics
P-type ATPases show diversity in amino acid sequence and size, with molecular
masses ranging from 70 to 150 kDa (Axelsen and Palmgren 1998; Kuhlbrandt
2004). Hydropathy proﬁles were generated for the different P-type ATPase families
and showed a common central core of six transmembrane α-helices (TMHs) to
which additional membrane-spanning segments may be added at the N- and/or
C-terminal sides (Thever and Saier 2009; Bublitz et al. 2011). Most of the PIBATPases have two extra helices in the N-terminal domain (Kuhlbrandt 2004;
Thever and Saier 2009).
PIB-ATPases were initially named CPx-ATPases because of the presence of a CPX
motif (where X stands for C, H or S) in the fourth α-helix of the central core, which is
involved in metal ion translocation (Solioz and Vulpe 1996; Argüello 2003).

Structure and Function Relationship
The transport activity of the P-type ATPases is characterized by the formation of a
phosphorylated intermediate, which is at the origin of the superfamily name (Dame
and Scarborough 1981). A common pumping mechanism was suggested for all
P-type ATPases and is represented by the Post-Albers cycle (Albers 1967; Post et al.
1969). During the catalytic cycle, P-type ATPases alternate between different intermediate conformational states (Kuhlbrandt 2004; Palmgren and Nissen 2011).
Briefly, the transporter cyclically adopts the different states E1→E1-P→E2P→E2→E1, with the E1 and E2 state (and their associated phosphorylated intermediates E1-P and E2-P) having high and low substrate binding afﬁnity, respectively.
The P-type ATPases adopt an alternating-access mechanism where the cations have
access to the transmembrane binding site from one side of the membrane (transition
from E2 to E1 states) and are released on the other side of the membrane (transition
from E1-P to E2-P states) (Kuhlbrandt 2004; Palmgren and Nissen 2011). In certain
P-type ATPases families, as for example the Ca2+-ATPases (Types IIA and IIB, TC
family 2) and the Na+/K+-ATPases (Type IIC, TC family 1), a second type of ions is
counter-transported (Yu et al. 1993; Post and Jolly 1957). The high resolution
three-dimensional structures of the Cu+-ATPase CopA from Legionella pneumophila
and of the Zn2+-ATPase ZntA from Shigella sonnei, and transport assays with ZntA
reconstituted in proteoliposomes suggest that metal ion efflux is not associated with a
counter-transport of protons in PIB-ATPases (Wang et al. 2014; Gourdon et al. 2011).
Four different functional and structural domains participate in the catalytic cycle
(Kuhlbrandt 2004; Palmgren and Nissen 2011):
• Three distinct cytoplasmic domains:
– The phosphorylation domain (P) that is transiently phosphorylated at the
conserved aspartic residue located in the DKTGT motif.
– The nucleotide binding domain (N) that binds ATP and phosphorylates the
P-domain.
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– The actuator domain (A) acting as a protein phosphatase and involved in the
dephosphorylation of the P-domain. The A-domain contains the TGE signature motif.
• The membrane domain (M) that can be divided in:
– The transport domain (T) composed of six transmembrane helices (TMHs 3
to 8 in most of the PIB-ATPases). The T-domain contains the transmembrane
metal binding sites (TM-MBS) located in the middle of the membrane.
– The support domain (S) composed of additional transmembrane helices that
can be added to the N- and C-terminal sides. In most of the PIB-ATPases, the
S-domain corresponds to TMHs 1 and 2. This auxiliary domain provides a
structural support to the T-domain. The S-domain can also contain additional
ion binding sites as in the case of the Ca2+- and Na+/K+-ATPases.
A large number of PIB-ATPases are characterized by the presence of metal
binding domains (MBDs) located at either the N-terminus (in bacteria, fungi, plants
and animals) or the C-terminus (plants) (Palmgren and Nissen 2011). These MBDs
are rich in cysteine and sometimes histidine residues, and bind metal ions with high
afﬁnity (Argüello et al. 2007). The MBDs are, however, not required for the
transport of metal ions, but would play a role in the regulation of the transport rate
(Argüello et al. 2011). The N-terminal domain adopts a characteristic ferredoxin
βαββαβ fold found also in Cu+-chaperones (Banci et al. 2002a, b).
Delivery of metal ions from the cytoplasm to the TM-MBS and the MBDs is
realized by metallochaperones, as exempliﬁed by the interaction between the
chaperone CopZ and the PIB1-ATPase CopA from Archaeoglobus fulgidus
(Sazinsky et al. 2007; Gonzalez-Guerrero and Arguello 2008). The crystal structure
of the Cu+-ATPase CopA from L. pneumophila, locked in the E2 conformation,
shows that the second and third α-helices form a platform that could provide a
docking site for a metallochaperone (Gourdon et al. 2011). After being transported,
the metal ions are probably not released as free ions in the periplasmic space but are
directly bound by speciﬁc periplasmic chaperones as suggested by the speciﬁc
interaction and Cu+ transfer between the PIB1-ATPase CopA and the chaperone
CusF from Escherichia coli (Padilla-Benavides et al. 2014).
PIB-Type ATPases from C. metallidurans CH34
The C. metallidurans CH34 genome contains the genes encoding eleven P-type
ATPases among which eight predicted PIB-ATPases. This high number of PIBATPases in comparison to other bacteria reflects the adaptation of C. metallidurans
CH34 to metal-rich biotopes (Mergeay et al. 2003; Monchy et al. 2006b; von
Rozycki and Nies 2009). Based on multiple sequence alignment, these eight
transporters can be classed into subgroups (Argüello 2003): four PIB1-ATPases
CopF (Rmet_6119), CupA (Rmet_3524), CcoI (Rmet_2046), and CtpA1
(Rmet_2379), three PIB2-ATPases CadA (Rmet_2303), ZntA (Rmet_4594), and
PbrA (Rmet_5947), and one PIB4-ATPase CzcP (Rmet_5970).
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The PIB-ATPases present different features:
• The server HMMTOP v 2.0 (Tusnady and Simon 2001) predicts eight TMHs for
CopF, CupA, CcoI, CadA and PbrA, six TMHs for ZntA and CzcP, and up to 10
TMHs for CtpA1.
• They all have the canonical intramembranous CPC motif except CzcP that
contains a SPC motif characteristic of the PIB4-ATPases (Argüello 2003).
• Some of them have N-terminal metal binding sites (see details below).
PIB1-ATPases or Cu+-ATPases
Both copF and cupA are upregulated by copper and silver ions, and deletion of both
genes is required to induce a high copper- and silver-sensitivity in CH34 or its
plasmid-less derivative AE104 (Monchy et al. 2006a, b; Monsieurs et al. 2011;
Wiesemann et al. 2013). While both genes are also induced by gold ions, they are
not essential for resistance to this metal (Wiesemann et al. 2013).
The CopF protein from C. metallidurans CH34 and CopA from L. pneumophila,
which share 59 % sequence identity (84 % similarity) in a 699-amino-acid overlap,
have a N-terminal metal ion binding domain rich in histidine residues. This His-rich
domain is, for example, not present in CopA from E. coli or A. fulgidus. This
domain has not been modelled in the crystal structure of CopA but could interact
with the N-domain and/or the A-domain and regulate the function of the transporter
(Hatori et al. 2007; Wu et al. 2008; Gonzalez-Guerrero et al. 2009; Gourdon et al.
2011). Additional potential metal ion binding sites are also present in the
N-terminal domain of CopF such as the canonical CXXC motif found in a large
number of PIB-ATPases (Argüello et al. 2007) and a CXXXC motif.
By analogy with the data obtained for CopA from A. fulgidus and
L. pneumophila, the CopF residues N758(TMH 7)/M786(THM 8)/S790(THM 8),
and C450(TMH 6)/C452(TMH 6)/Y757(TMH 7) form the intramembranous
binding sites I and II, respectively (Mandal et al. 2004; Gonzalez-Guerrero et al.
2008; Gourdon et al. 2011). These six residues are conserved in the four PIB1ATPases from C. metallidurans CH34. The potential N-terminal metal binding
domains are composed of one, two and three CXXC motifs in CtpA1, CupA and
CcoI, respectively.
No induction of ccoI and ctpA1 by metal ions has been detected (Monsieurs et al.
2011) and their role in copper or silver resistance has not been demonstrated so far.
PIB2-ATPases and PIB4-ATPase
The CadA, PbrA and CzcP proteins are strain-speciﬁc paralogues of ZntA, being
their potential ancestor (von Rozycki and Nies 2009). The role of ZntA, CadA,
PbrA and CzcP in the resistance to different metal ions and their interplay with
other transporters have been described in volume I, chapter 3.
As it was demonstrated for ZntA from E. coli and S. sonnei, the four residues
C392 and C394 (belonging to the CPC motif), K693 and D714 form the
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intramembrane Zn2+-binding site (Okkeri and Haltia 2006; Wang et al. 2014). The
role of the K693 residue would be to stabilize the D714 side chain in the E2-P state
(Wang et al. 2014). These four residues are well conserved in ZntA, CadA and
PbrA from C. metallidurans CH34 but not in CzcP. In contrast to the three PIB2ATPases, CzcP transports cobalt ions and this property is probably related to the
modiﬁcation of its intramembrane metal ion binding site, and notably of the binding
motif from CPC to SPC (Scherer and Nies 2009). As the cations are more loosely
bound to the SPC than to the CPC motif, CzcP consequently transports metal ions
at a higher velocity than the three PIB2-ATPases (Scherer and Nies 2009). The
modiﬁcation of the intramembrane metal binding site would also explain why CzcP
is not effective alone but enhances the metal resistance provided by other
transporters.
Different metal binding sites are present in the N-terminal domain of the four
PIB-ATPases. ZntA and CzcP contain a domain rich in histidine residues. Deletion
of this N-terminal domain in ZntA, slightly decreased the zinc resistance but had no
influence on cadmium resistance (Scherer and Nies 2009). In the ZntA-like proteins, a conserved MDCXXC motif binds Zn2+ (Banci et al. 2002b). In ZntA from
E. coli, the CXXC motif could regulate the dephosphorylation of the transporter and
metal ion release during the steps E2-P→E2→E1 (Okkeri and Haltia 2006). In
C. metallidurans CH34, this motif is replaced with MDCXXEE, which is present in
one (ZntA), two (PbrA) and four (CadA) copies, but the role of this domain in metal
ion binding has not yet been demonstrated.

2.2 Secondary Active Transport
2.2.1 Cation Diffusion Facilitator Family
The Cation Diffusion Facilitator proteins (CDF, TC #2.A.4) form a broadly distributed family of membrane transporters present in the three domains of life:
Archaea, Bacteria, and Eukarya (Paulsen and Saier 1997; Haney et al. 2005).
The ﬁrst members to be identiﬁed were CzcD from C. metallidurans CH34 (Nies
1992; Nies and Silver 1995) and Zrc1p from Saccharomyces cerevisiae (Kamizono
et al. 1989). CDF proteins speciﬁcally transport bivalent metal cations including
Zn2+, Fe2+, Mn2+, Cd2+, Co2+, Ni2+ and Cu2+ (Anton et al. 1999; van der Zaal et al.
1999; Persans et al. 2001; Delhaize et al. 2003; Munkelt et al. 2004; Grass et al.
2005b; Rahman et al. 2008). However, it is not excluded that some CDF members
could transport other cation types as suggested by CepA (Fief) from Klebsiella
pneumoniae, which is associated with chlorhexidine resistance (Fang et al. 2002;
Abuzaid et al. 2012). Nine CDF proteins named ZnT-1 to ZnT-8 and ZnT-10, based
on their order of identiﬁcation (where ZnT stands for Zinc Transporter), have been
detected in mammals and are encoded by the corresponding genes of the Solute
carrier family 30 (SLC30A) (Kambe 2012; Huang and Tepaamorndech 2013).
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Plant CDF members are usually called Metal Tolerance Proteins (MTP) (Mäser
et al. 2001). No systematic name was assigned to bacterial CDF members.
In bacteria, CDF proteins regulate metal ion efflux through the plasma membrane and are mainly involved in metal resistance and/or homeostasis (Nies 2003).

Sequence Characteristics
CDF proteins display a high degree of sequence divergence and size variation (from
*300 to *780 amino acids). In the majority of CDF proteins, the polypeptide
chain can be divided into a hydrophobic N-terminal domain and a hydrophilic
C-terminal domain of variable sequence and length (Paulsen and Saier 1997). Most
of the CDF members possess six TMHs with both the N- and C-termini protruding
into the cytoplasm as evidenced by hydrophobicity plots of protein sequences,
topological mapping of CzcD from C. metallidurans CH34 and YiiP/FieF from
E. coli, and the three-dimensional structure of this latter protein (Anton et al. 1999;
Wei and Fu 2005; Lu and Fu 2007; Lu et al. 2009). Nevertheless, there are some
proteins predicted to have 12 or 15 TMHs such as Msc2p from S. cerevisiae (Li and
Kaplan 2001) and the human ZnT5 (Kambe et al. 2002). In this case, the additional
TMHs are located upstream from the canonical six-transmembrane motif of the
CDF family containing the cation efflux domain (Pfam 01545) (Finn et al. 2014).
The loops connecting the TMHs are generally small except for the cytoplasmic loop
between TMHs 4 and 5, which, in a certain number of cases and notably in ZnT
proteins, is longer and contains numerous histidine residues (Kambe 2012).
Clusters of histidine residues are also found at the N- and/or C-termini. These
His-rich regions could function as metal binding domains. However, as demonstrated for ZitB (formerly YbgR) from E. coli, neither the N- nor the C-terminal
His-rich domains are required for function (Lee et al. 2002). Likewise, the His-rich
loop between TMHs 4 and 5 is not essential for metal ion transport but may play a
role in metal ion speciﬁcity of the transporters (Persans et al. 2001; Kawachi et al.
2008). For example in the nickel hyperaccumulating plant Thlaspi goesingense,
TgMTP1t1 and its splicing variant TgMTP1t2 are differentiated from each other by
the absence of the His-rich domain in TgMTP1t2. This leads to a difference in ion
speciﬁcity as heterologous expression of TgMTP1t1 in a sensitive yeast strain
conferred the highest level of tolerance to Cd2+, Co2+ and Zn2+, whereas TgMTP1t2
conferred the highest tolerance to Ni2+ (Persans et al. 2001). Similarly, deletion of
the His-rich domain in the zinc speciﬁc AtMTP1 from Arabidopsis thaliana
allowed the protein to also transport cobalt and, in addition, increased the apparent
maximal velocity of zinc efflux and slightly decreased the afﬁnity for this metal ion
(Kawachi et al. 2008). It was proposed that the His-rich loop functions as a buffering pocket for Zn2+, binding and storing the metal ions, and as a sensor of zinc
levels at the cytoplasmic surface (Kawachi et al. 2008). It was demonstrated in vitro
that the His-rich loop of AtMTP1 binds Zn2+ (Bloss et al. 2002) and that of the rat
ZnT-4 binds Zn2+, Co2+, Ni2+ and Cu2+ (Murgia et al. 1999).
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A signature sequence encompassing the loop between TMHs 1 and 2 and the
ﬁrst part of TMH 2 was initially derived from the analysis of 13 CDF proteins
(Paulsen and Saier 1997). An improved signature pattern was proposed based on
the multiple sequence alignment of 273 representative CDF amino acid sequences
(Montanini et al. 2007). This pattern extends from the loop between TMHs 1 and 2
to the beginning of TMH 3 and is represented by:
[SC]-X-[ASG]-[LIVM]-[LIVMTAF]-[SATG]-[DAELSTY]-[SGALFMTV]{DKNPQR}-[HDNEL]-X(3)-[DH]-X(2)-[ASGLNTI]-X(20,25)-G-X(2)-[KNQRSY]X-[DEGLNPQRST]
[] = one of the amino acids in brackets, {} = any amino acid except those in
braces and X = any amino acid (Montanini et al. 2007).
Two different classiﬁcations of CDF proteins in three subfamilies were initially
proposed (Gaither and Eide 2001; Nies 2003). The increasing number of CDF
members identiﬁed over the years from sequenced genomes and characterized
proteins has allowed improvement of this classiﬁcation according to substrate
speciﬁcity. A large scale phylogenetic analysis of CDF proteins has deﬁned 13
clusters from which 11 were grouped into three major groups transporting Zn2+ and
other metal ions except Fe2+, Fe2+/Zn2+ and other metal ions, or Mn2+ (Montanini
et al. 2007). More recently, a phylogenomic analysis identiﬁed 18 independent
clades with substrate-deﬁned clades for Ni2+, Co2+, Cd2+ and Cu2+ transporters,
which were not clustered in previous studies (Cubillas et al. 2013).
Structure and Function Relationship
All the CDF proteins characterized so far function as antiporters using a pH gradient, a membrane potential, or a K+ gradient to drive the active transport of metal
ions (Bloss et al. 2002; MacDiarmid et al. 2002; Guffanti et al. 2002; Nies 2003;
Anton et al. 2004; Chao and Fu 2004a; Grass et al. 2005b; Kawachi et al. 2008;
Ohana et al. 2009). Experimental transport data indicated that the exchange stoichiometry of metal ion for proton is likely 1:1 for ZitB from E. coli (Chao and Fu
2004a) and 1:2 for CzcD from Bacillus subtilis where the coupling ions could be
either 2H+ or H+-K+ (Guffanti et al. 2002).
Additional information regarding the function of CDFs was gained from the
determination of three-dimensional structures. The crystal structures of the
full-length YiiP/FieF from E. coli (Lu and Fu 2007) and of the cytoplasmic domain
of the putative zinc transporters CzrB from Thermus thermophilus (Cherezov et al.
2008) and TM0876 from Thermotoga maritima (Higuchi et al. 2009) were determined. YiiP/FieF from E. coli is a Fe2+, Zn2+ and Cd2+ transporter and forms a
stable homodimer both in the membrane and in detergent micelles (Chao and Fu
2004b; Wei et al. 2004; Wei and Fu 2005; Grass et al. 2005b). In the YiiP/FieF
crystal, the homodimer is arranged around a two-fold symmetry axis normal to the
membrane plane (Lu and Fu 2007; Lu et al. 2009). The dimer adopts a Y-shaped
quaternary structure with the two transmembrane domains (TMDs) and the
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interacting C-terminal domains (CTDs) forming each branch. The dimerization
interfaces are mainly constituted by the associated CTDs but also by the loops
connecting the TMDs to the CTDs. In each protomer, the TMD is formed by six
helices arranged in two sub-domains: a four-helix bundle (TMHs 1, 2, 4 and 5) and
TMHs 3 and 6 in an antiparallel conﬁguration outside the bundle (Lu et al. 2009).
The CTD, protruding into the cytoplasm, adopts a conformation composed of two
α-helices on one side and three β-strands on the other side (Lu and Fu 2007). The
αββαβ topology observed in the YiiP/FieF CTD resembles the ferredoxin-like
βαββαβ fold found in crystal and solution structures of the metallochaperones Atx1,
Hah1 and CopZ from yeast, human and bacteria, respectively (Rosenzweig et al.
1999; Arnesano et al. 2001; Banci et al. 2009; Anastassopoulou et al. 2004;
Wernimont et al. 2000; Wimmer et al. 1999).
Each YiiP/FieF protomer contains three zinc binding sites, one located in the
TMD (site A), one in the TMH 2-TMH 3 connecting loop on the cytoplasmic
membrane surface (site B), and one at the CTD-CTD interface (site C) (Lu et al.
2009). The coordination site A, the active-site for zinc transport, has a tetrahedral
conﬁguration and is composed of the conserved aspartic residues D45 and D49 from
TMH 2, and H153 and D157 from TMH 5, which are essential for Cd2+/Zn2+ binding
and transport activity (Wei and Fu 2005, 2006) (Fig. 1). The residues in this coordination site are free of outer shell constraints, conferring conformational flexibility
for the rapid binding and release of the metal ion. In contrast, site C contains two zinc
atoms coordinated by a conserved aspartic residue (D285) that bridges the two ions
and four histidines (H232, H248, H283, and H261 from the other protomer) involved
in hydrogen bonds with neighbouring residues (Lu et al. 2009) (Fig. 1). The residues
constituting the site B are less conserved among CDF proteins.
As observed in the crystal structure of the C-terminal domain of CzrB from
T. thermophilus, the dimer CTD-CTD has an inverted V-shaped appearance where
the protomers are splayed apart in the apo form and are snapped together when the
metal ions are present (Cherezov et al. 2008). The movement of the CTD domains
upon zinc binding was also detected by fluorescent resonance energy transfer
(FRET) measurements in YiiP/FieF (Lu et al. 2009). This conformational change
would induce a reorientation of the helices within the TMDs and modulate the

Fig. 1 Amino acid sequence of the Cation Diffusion Facilitator protein YiiP/FieF from E. coli.
The transmembrane helices detected in the high resolution three-dimensional structure of the
protein (PDB ID 3H90) are underlined. The zinc coordinating residues from sites A, B, and C are
highlighted in red, green and blue, respectively
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binding of the metal ion at site A (Cherezov et al. 2008; Lu et al. 2009). Based on
the crystal structure of the zinc-bound YiiP/FieF from E. coli and on the cryo-EM
conformation of the apo form of the YiiP/FieF homolog from Shewanella oneidensis, molecular dynamic simulation of the protein in a lipid environment suggests
an alternating mechanism for transport (Coudray et al. 2013). This mechanism
involves pivoting of the transmembrane four-helix bundle (TMHs 1, 2, 4 and 5)
with respect to the TMHs 3 and 6 allowing the dimer to switch cyclically from an
inward-facing to an outward-facing state and inducing an alternating access to the
cytoplasm and the periplasm. Because of the αββαβ conformation, the CTD
domains may function as a metallochaperone binding the metal ions and transferring them to the transport sites. On the other hand, the high Zn2+ afﬁnity of site C
suggests that the metal ions bound to this site are structural elements that stabilize
the YiiP/FieF dimer (Coudray et al. 2013; Lu and Fu 2007). Additional information
will be required to determine the exact role of the CTD domains and how the metal
ions are transferred from the cytoplasm to the transport sites.

CDF Proteins from C. metallidurans CH34
Using the ScanProsite tool (de Castro et al. 2006) to search for the CDF speciﬁc
motif in the C. metallidurans CH34 protein database (Montanini et al. 2007), three
proteins were detected: CzcD (Rmet_5979) encoded by pMOL30, and the
chromosomally-encoded DmeF (Rmet_0198) and FieF (Rmet_3406) (Fig. 2). Each
of these proteins is representative of one of the three CDF subfamilies proposed by
(Nies 2003) (Table 1).
CzcD was a founding member of the CDF family (Nies and Silver 1995). As
mentioned in volume I, chapter 3, this protein is part of the czcNICBADRSEJP
determinant involved in resistance to Co2+, Zn2+ and Cd2+. In the absence of the
RND-driven system CzcCBA, CzcD mediates a low-level resistance to these three
metal ions (Anton et al. 1999, 2004). Metal afﬁnity chromatography showed that
CzcD is able to bind Zn2+, Co2+, Cu2+ and Ni2+ but not Cd2+, which is one of its
substrates (Anton et al. 2004). The lack of Cd2+ binding suggests that the coordination sites of CzcD could have different speciﬁcities and that, for at least one of
them, there is not necessarily a relationship between metal binding and transport.

Fig. 2 Sequence alignment using ClustalX 2.1 (Larkin et al. 2007) of CzcD, DmeF and FieF from
C. metallidurans CH34 and YiiP/FieF from E. coli in the region corresponding to the CDF
signature pattern (residues in bold). The residues conserved among the three CDF proteins from
C. metallidurans CH34 are boxed. The transmembrane helix II and the beginning of helix III
identiﬁed in the crystal structure of YiiP/FieF (PDB ID 3H90) are underlined
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Table 1 Comparison of different characteristics of the CDF proteins from C. metallidurans CH34
and E. coli

Number of amino
acids
Number of H
residues
N
Classiﬁcationa
M

C. metallidurans CH34
CzcD
DmeF

FieF

E. coli
YiiP/FieF

ZitB

316

382

337

300

313

9

43

15

9

25

CDF2h
CDF1a
CDF3f
CDF3b
CDF2g
Group I
Group I
Group II
Group II
Group I
Zn-CDF
Zn-CDF
Fe/Zn-CDF
Fe/Zn-CDF
Zn-CDF
C
Clade
Clade
Clade II
Clade V
Clade IX
VIII
XII
Binding sites
A
H49
H85
H81
D45
H53
D53
H89
D85
D49
D57
E154
H231
H190
H153
H159
D158
D235
D194
D157
D163
B
D72
D109
D104
D68
–
–
–
H107
H71
H79
–
–
H111
H75
–
C
E286
–
D322
D285
E290
H234
H314
H269
H232
H240
–
–
H285
H248
–
–
–
H298
H261
D266
–
E360
H320
H283
–
The amino acid residues potentially involved in binding sites A, B, and C in CzcD, DmeF, FieF
and ZitB were identiﬁed based on sequence alignment with YiiP/Fief (ClustalX 2.1) (Larkin et al.
2007). In the table, “–” means that the corresponding residue in the alignment differs from the most
frequent amino acid ligands for Zn2+, i.e. histidine (H), cysteine (C), aspartic acid (D) and glutamic
acid (E) (Auld 2005; Patel et al. 2007)
a
Classiﬁcation according to N (Nies 2003), M (Montanini et al. 2007) and C (Cubillas et al. 2013)

This would be the case for site C in the C-terminal domain, where the role of the
bound ions would be to stabilize the protein dimer and not to be transported. The
propensity of CzcD to form dimers has been demonstrated by in vitro cross-linking
experiments (Anton 2001; Nies 2003).
CzcD is closely related to ZitB from E. coli, sharing 41 % sequence identity in a
291-amino-acid overlap. Mutation of speciﬁc residues has shed light on their role in
the activity of both proteins. The substitution H49A in TMH 2 or E154D, E154N,
D158A or D158E in TMH 5 from CzcD, and of the corresponding residues in ZitB
(H53R, H159R, D163E) led to the expression of non-functional proteins (Lee et al.
2002; Anton et al. 2004). Sequence alignment shows that these residues correspond
to those involved in coordination site A in Yiip/FieF (Table 1). CzcD and ZitB most
probably present an active-site for zinc transport similar to the one observed in the
three-dimensional structure of YiiP/FieF from E. coli. It should be noted that the H49
residue also belongs to the CDF signature pattern, conﬁrming the importance of this
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domain for the protein function (Fig. 2). CzcD contains nine histidine residues, eight
of them being conserved in ZitB. The H5, H7 and H9 residues, located in the amino
terminus of CzcD, were required for proper function or insertion of the protein in the
cytoplasmic membrane, and at least the four C-terminal H237, H251, H280 and
H298 residues were also essential for full activity of CzcD (Anton et al. 2004).
Finally, it has been demonstrated that CzcD devoid of its hydrophilic C-terminal
domain (CzcDΔK201-N316) is able to reduce the accumulation of zinc ions when
expressed in the zinc sensitive E. coli strain GG48, but to a lower extent than the
wild-type protein (Anton et al. 2004). Even if the C-terminal domain is required for
full function, this would suggest that transport can be regulated by the transmembrane domain independently from the hydrophilic domain and that this latter is not
involved in the transfer of the metal ions from the cytoplasm to the active-site A.
DmeF has a broad substrate speciﬁcity, including Co2+, Cd2+ and Ni2+ but with a
preference for Co2+ (Munkelt et al. 2004). The main difference between the three
CDF proteins from C. metallidurans CH34 is the presence of a longer loop, containing 22 histidine residues, between TMHs 4 and 5 in DmeF. This His-rich loop is
a common feature of Zn-CDF proteins (Kawachi et al. 2008; Kambe 2012).
Nevertheless, zinc does not appear to be a substrate for DmeF and the role of this
His-rich loop is not known (Munkelt et al. 2004).
FieF is probably mainly involved in Fe2+ detoxiﬁcation but also mediates some
resistance to other divalent metal cations such as Zn2+, Co2+, Cd2+, and Ni2+
(Munkelt et al. 2004). FieF is an orthologue of YiiP/FieF from E. coli. Despite only
25 % sequence identity in a 263-amino-acid overlap, both proteins share highly
conserved coordination sites (Table 1). The only difference is related to site A,
YiiP/FieF from E. coli has a DD-HD motif, whereas FieF from C. metallidurans
CH34 has a HD-HD motif that is also present in mammalian ZnT proteins. It has
been shown that the single residue substitution D45H induced in YiiP/FieF a higher
selectivity for Zn2+ over Cd2+ (Hoch et al. 2012).
In C. metallidurans CH34, the CzcD, DmeF and FieF proteins constitute a set of
inner membrane transporters that cover a large range of metal ions including Fe2+,
Zn2+, Co2+, Ni2+ and Cd2+. In addition, there is the interplay of CDF proteins and
the RND-driven Czc system for Co2+ resistance. Deletion of czcD in strain AE128
(i.e. in the presence of CzcCBA) induced a strong decrease in Co2+ resistance
(Munkelt et al. 2004) and deletion of czcD and dmeF led to hypersensitivity of the
strain to the metal ion that cannot be compensated by CzcCBA. These results
illustrate the complementarity of CDF proteins and RND-driven systems well. If the
former regulates the transport of metal ions from the cytoplasm to the periplasm, the
latter is required to further detoxify the periplasmic space by expelling these elements out of the cell.
2.2.2 Resistance Nodulation Cell-Division Superfamily
Resistance Nodulation cell-Division superfamily members (RND, TC #2.A.6) are ubiquitously identiﬁed in genomes from Archaea, Bacteria and Eukarya (Saier et al. 1994;

