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Zn(II) is an essential metal ion in living
organisms, playing a wide variety of roles as a
structural, regulatory or catalytic cofactor in
proteins, that is able to interact with approxi-
mately 10% of the entire proteome in humans
(1]. As is the case for most transition metal ions,
high Zn(II) levels are toxic. Therefore, organ-
isms have developed a series of mechanisms to
regulate Zn(II) concentrations and to ensure
proper metal uptake by metalloproteins [2].
These mechanisms involve specific metal sensor
proteins, import and export machineries that
allow subcellular compartmentalization and a
pool of small molecules and/or proteins that are
able to bind excess Zn(II) [2]. As a result, there
is rarely free Zn(II) within cells and biological
Auids 3.

Bacterial pathogens require transition metal
ions during infection to achieve an optimum
colonization level and to activate a variety of
virulence factors. This condition is exploited by
the human host, which sequesters these metal
ions in a process generally termed ‘nutritional
immunity’, originally coined to account for the
role of iron ions [4]. This concept has been more
recently extended to also describe the compe-
tition for Mn(II) and Zn(II) 5. The latest
mechanism is based on the action of the neutro-
phil protein calprotectin, which tightly binds
Mn(II) and Zn(II), thus inhibiting bacterial
growth [6]. Therefore, a tight competition takes
place between the host and the pathogen for
capturing Zn(II) ions, which can significantly
affect bacterial infection processes.

In addition to that, antibiotic resistance
can also be affected by Zn(II) sequestration,
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as recently reported for a multidrug-resistant
Acinetobacter baumannii strain, whose suscep-
tibility to carbapenems was increased in the
presence of a Zn(II)-chelating agent [7]. Mul-
tiple resistance mechanisms against -lactam
antibiotics involve Zn(II) ions as essential fac-
tors. For example, resistance to imipenem in
Pseudomonas aeruginosa is Zn(11)-dependent
through the downregulation of porin OprD
(8]. However, the most outstanding resist-
ance mechanism towards B-lactam antibiotics
involving Zn(II) ions is the expression of met-
allo-B-lactamases (MBLs). MBLs, unlike clas-
sical serine-f-lactamases, are metalloenzymes
requiring one or two Zn(II) ions for their activ-
ity [9.10]. MBLs gained importance since the
1990s as the principal mechanism of resistance
against carbapenems, one of the most valuable
antibiotics nowadays for treating multiresistant
pathogens. MBLs are actually broad-spectrum
enzymes, being able to degrade almost all classes
of B-lactams (penicillins, cephalosporins and
carbapenems). MPL genes have been detected
in a wide variety of environmental bacteria as
endogenous genes. However, their association
with mobile genetic elements (often with other
resistance cassettes) prompted the dissemina-
tion of MBLs genes into clinically relevant
pathogens, such as P. aeruginosa or members of
Enterobacteriaceae, which possess nearly pan-
resistant phenotypes. Moreover, unlike most
other B-lactamases, MBLs are not susceptible
to any of the therapeutic B-lactamase inhibi-
tors available, which converts them into a seri-
ous clinical threat. Outbreaks of pathogens
producing the MBLs NDM-1, IMPs, VIM:s or
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SPM-1 are increasingly common worldwide,
with high rates of mortality and morbidity.

In vitro structural & mechanistic studies
of Zn(ll) binding to MpLs
MBLs share a common protein fold and a
highly conserved Zn(II) binding motif form-
ing the active site, albeit being highly divergent
in terms of sequence [10]. According to sequence
and structural homology, MBLs are classified
in three subclasses: B1, B2 and B3 [11]. We will
focus on B1 MPLs, a group that includes the
clinically relevant and plasmid-encoded MfLs.
Crystal structures and enzymatic studies
of different Bl MBLs have provided insight-
ful information on their catalytic mechanism
(12,13]. Most of the debate in the literature
regarding these issues has been focused on the
metal content of the active species of MPLs.
Despite it being well accepted that the metal
ions are essential for substrate binding and
catalysis, contrasting evidence has supported
suggestions that either Bl enzymes could be
active with only one Zn(II) ion, or that they
require two Zn(II) ions in their active sites.
This is not a trivial issue, since any attempt
at inhibitor design requires knowledge of the
active species to be targeted. It was also pro-
posed that these enzymes exist in vivo as the
apo (nonmetallated) forms and would be able
to bind Zn(II) ions only in the presence of
substrates [14].

“...in vitro studies should be extrapolated
with caution o infer results about
untibiotic resistunce.”

These hypotheses were supported by 77 vitro
studies, in other words, with purified proteins,
spanning a wide variety of different condi-
tions, none of them able to mimic the natural
environment of these enzymes (the periplasmic
space). Moreover, these studies were in gen-
eral not accompanied by 77 vivo assays. Given
the tight control of available Zn(II) on cells,
this picture should be put into an organismal
context.

Biogenesis & metal binding in vivo

of MBLs

MPBLs in Gram-negative bacteria are synthe-
sized as cytoplasmatic precursors that are then
exported into the periplasmic space. Recently,
Viale and coworkers have elegantly shown that
MPLs cross the inner membrane as unfolded
polypeptides through the Sec system, in a
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process involving chaperone DnaK [15]. This
conclusion implies that MBLs fold and acquire
the essential Zn(II) ions in the periplasmic
space. The process defining the binding pref-
erence for Zn(II) over other divalent cations
is strictly linked to their cellular localization.
MPBLs L1 and GOB-18 accumulate as inac-
tive iron species when overexpressed in the
cytoplasm of Escherichia coli (16,17]. However,
when isolated from periplasmic extracts, both
enzymes exclusively bind Zn(II).

“Novel strategies should consider Zn(ll)
uptuke us u limiting step on
metallo--lactumase activation.”

Folding and metal acquisition of MBLs in the
periplasm might be assisted by specific chap-
erones. However, although metallochaperones
insert the correct metal into some proteins, no
Zn(II) chaperones have been reported so far.
Therefore, Zn(II) proteins in the periplasm are
expected to acquire the metal cargo directly
from cellular pools. According to this, variation
in the metal composition of E. coli periplasm
drastically alters the metal content and compo-
sition of MPBL L1 [16]. This work also showed
that, in contrast with the situation found in
the cytoplasm, the periplasmic concentration of
metals, at least in E. coli, is highly sensitive to
the metal composition of the growth medium.
These conclusions highlight the relevance of
Zn(II) availability in the external milieu in
regulating antibiotic resistance.

The amount of available Zn(II) in biologi-
cal fluids is an issue still under debate, which
results from a complex equilibrium among dif-
ferent chelating agents (proteins such as albu-
min and transferrin, and small molecules) [18].
As already pointed out, during the infective
processes, the host sequesters Zn(II) to compete
with the pathogen. The cytoplasmic Zn(II)
pool in bacteria is mainly maintained by the
action of an avid Zn(II) importer (ZnuABC),
which scavenges Zn(II) from the periplasm [19].
Thus, periplasmic Zn(II) levels are limited by
the external medium and by the strict require-
ments from the bacterial cytoplasm. MBLs are
therefore under selection pressure to compete
for the available periplasmic Zn(II).

Evolution favors selection of MPBL variants
with high Zn(II) affinity. Indeed, MBL variants
with high catalytic efficiencies in vitro, but dis-
playing antibiotic resistance profiles sensitive to
Zn(II) availability, have not been fixed during
evolution [20]. Thus, iz vitro studies should be
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extrapolated with caution to infer results about
antibiotic resistance.

Similar results have been observed in arti-
ficially evolved mutants, which possess
higher tolerance to Zn(II) limiting conditions
[MEINIM-R ET 4L., UNPUBLISHED DATA].

Inhibitor design strategies for MBLs have been
largely unsuccessful, mostly due to the structural
diversity of their active sites. Many efforts have
relied on a structural and biochemistry bases, but
in vivo inhibition has not been effective. Novel
strategies should consider Zn(II) uptake as a lim-
iting step on ML activation. Selective Zn(II)
chelating schemes, reinforcing human host Zn(II)
sequestering strategies, should be put into focus.
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