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ABSTRACT: Metal ions are essential for all life. In microbial cells,
potassium (K*) is the most abundant cation and plays a key role in
maintaining osmotic balance. Magnesium (Mg**) is the dominant
divalent cation and is required for nucleic acid structure and as an
enzyme cofactor. Microbes typically require the transition metals c

manganese (Mn), iron (Fe), copper (Cu), and zinc (Zn), although the Myed — .
precise set of metal ions needed to sustain life is variable. Intracellular apoprotein 4 metalloregulator
metal pools can be conceptualized as a chemically complex mixture of fast 1/)\‘ @ﬁ’ @
rapidly exchanging (labile) ions, complemented by those reservoirs that M:L,

exchange slowly relative to cell metabolism (sequestered). Labile metal M .

pools are buffered by transient interactions with anionic metabolites and  metalloprotein ;) 0
macromolecules, with the ribosome playing a major role. Sequestered (fabile)

metal pools include many metalloproteins, cofactors, and storage depots,

with some pools redeployed upon metal depletion. Here, I review the size, composition, and dynamics of intracellular metal pools
and highlight the major gaps in understanding.
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B INTRODUCTION free ions. Zn** and Cu" have a high affinity for ligands, with small
labile pools and no free, fully hydrated ions at equilibrium.>">
The chemistry of the biologically relevant transition metal ions is
dominated by their coordination in molecular complexes, which
can be relatively inert (sequestered) or labile.” The latter pools
include diverse complexes that are in equilibrium through ligand
exchange reactions (Figure 1). These universal chemical
properties dictate metal physiology throughout biology.
Historical Context: Bioinorganic Foundations of
Microbial Metal lon Physiology. The properties of metal
ions have long fascinated chemists. One early insight, familiar to
chemistry students, is the notion that crystals of table salt
(NaCl) dissolve in water to form spatially separated, hydrated
ions with the Na* stabilized by ion-dipole interactions with H,O.
While the imprint of this idea remains strong, and in retrospect it
seems intuitive, the original presentation was met with fierce
resistance. In the late 19th century, Svante Arrhenius presented
his theory of ion dissociation as the basis for the electrical
conduction properties of salt solutions to a highly skeptical

Microbial physiology relies on the ability of cells to obtain and
exploit the ions needed to support macromolecular structure,
enzyme catalysis, charge neutralization, and osmotic balance, all
while avoiding toxicity."” Metal homeostasis relies on the
regulation of import and export processes that help sustain a
pool of kinetically labile metal complexes that can be accessed by
nascent metalloproteins and to support metal-dependent
processes.” However, the precise nature of the labile metal
pool is still not fully understood and retains an aura of mystery.
Here, Iseek to define the major intracellular metal ion pools with
an emphasis on what is and is not known regarding the
molecular interactions that contribute to metal buffering,
trafficking, and sequestration.

Much of our knowledge of labile metal pools comes from
studies of model systems, including Escherichia coli and Bacillus
subtilis,"* but I will strive to highlight those features that are
broadly conserved. We will focus on representatives of the three
major classes of metal ions. The bulk ions (K*, Mg®") have a low
affinity for ligands and a large labile pool,”® with most bacteria
having total concentrations (quotas) of >100 mM.””® The Received: October 28, 2024
transition metals Mn>" and Fe?* (the dominant oxidation state Revised:  December 2, 2024
in the labile pool) have a moderate affinity for ligands and cells Accepted:  December 13, 2024
have lower quotas (often ~0.1 to 1 mM)."'>"" These ions are Published: January S, 2025
partitioned between complexes with a wide range of affinities
and exchange kinetics, including a small subset (~1%) present as

© 2025 The Author. Published b
Ame?icaun C%reml:caisssciet; https://doi.org/10.1021/acs.biochem.4c00726

W ACS PUbl ications 329 Biochemistry 2025, 64, 329345


https://pubs.acs.org/curated-content?journal=bichaw&ref=feature
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="John+D.+Helmann"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.biochem.4c00726&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biochem.4c00726?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biochem.4c00726?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biochem.4c00726?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biochem.4c00726?fig=agr1&ref=pdf
https://pubs.acs.org/toc/bichaw/64/2?ref=pdf
https://pubs.acs.org/toc/bichaw/64/2?ref=pdf
https://pubs.acs.org/toc/bichaw/64/2?ref=pdf
https://pubs.acs.org/toc/bichaw/64/2?ref=pdf
pubs.acs.org/biochemistry?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.biochem.4c00726?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/biochemistry?ref=pdf
https://pubs.acs.org/biochemistry?ref=pdf
https://acsopenscience.org/researchers/open-access/
https://pubs.acs.org/page/policy/editorchoice/index.html
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/

Biochemistry

pubs.acs.org/biochemistry

REVIEY

CE

PMussssnssnnsns.
import

C

1
i
1
i
1
:

M:exceszs
[Mfree] /

metalloregulator

LARB.BRBBBA.,

EEARTERT XN ENY N
export

apoprotein al \
—
fast M . L
*®=n
M Repression: import
\ Activation: export / storage
metalloprotein . Derepression: export / storage
(labile) metalloprotein
(sequestered)

Figure 1. Overview of metal mobility in bacterial cells. Metal ions (M) from the environment are often concentrated by ionic interactions with the
anionic components of the cell envelope (CE), including the outer membrane (in Gram-negative bacteria) and the peptidoglycan cell wall and
associating anionic polymers. Transporters in the plasma membrane (PM) mediate the energy-dependent import and export of metals. Imported ions
populate an equilibrating labile pool, which includes free, aquated metal ions (Mg,; blue), metal—ligand complexes (M:L,; green), and labile
metalloprotein complexes. Metalloproteins may bind metal ions tightly, or may form higher order complexes, that sequester ions away from water and
other competing ligands. Metalloregulatory proteins sense the transitions between metal deficiency, sufficiency, and excess to alter gene expression.
The sensitivity of metalloregulators for their cognate metal ligands provides an estimation of the Mg, pool.

thesis committee (1884), and the referees only begrudgingly
granted the PhD degree."’ His insights were later recognized
with the 1903 Nobel Prize in Chemistry. While Arrhenius’
model was supported by many (the “ionists”), others (the
“hydrationists”) raised counterarguments and the field remained
unsettled for many years.'* Indeed, the ensuing debate illustrates
how scientific models evolve over time, and provides ample
fodder for teaching some of the central concepts of physical
chemistry."®

In contrast with NaCl, other inorganic salts are sparingly
soluble in water. Chemistry students may be familiar with the
use solubility products (Ky,) to determine the levels of ions in
solution at equilibrium. Such calculations, however, are not
easily adapted to the complex conditions of the cytoplasm due to
variable water activity and numerous competing ligands. Despite
this limitation, considerations of ion solubility have been
influential in understanding how life has adapted to changing
metal availability over Earth’s history. The oceans of early Earth
were exposed to a reducing atmosphere and contained high
levels of sulfide, which led to precipitation of insoluble copper
sulfides (e.g, Cu,S, K, = 6.1 X 10™*) whereas Fe** (ferrous
iron) was readily available."”'” Following the great oxidation
event, the availability of several transition metals changed
significantly, with greater availability of copper and zinc, and
substantially reduced levels of iron, which is largely oxidized to
Fe** in aerobic environments. The poor solubility of Fe>* at near
neutral pH leads to equilibrium levels of free iron of ~107'* M,
which is orders of magnitude below that needed by most
microbes. The resultant iron limitation was a major driving force
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behind the evolution of high affinity siderophores to support
iron nutrition.'®"?

The metal ions relevant to biology have properties that span
the range from highly available, with substantial pools of free
ions (K* and Mg?"), to those that have an average of less than
one free ion per bacterial cell (Zn?* and Cu*).””° Manganese
and iron have intermediate properties. The tendency for metal
ions in aqueous solution to interact tightly with ligands is
summarized in the Irving-Williams series” ** (here augmented
with Mg®* and Cu*): Mg** < Mn®* < Fe?* < Co*" < Ni** < Cu**
(and Cu*) > Zn?*. Within the intracellular environment, metal
ions are present in a myriad of coordination environments that
range from tightly bound (sequestered) to highly mobile (labile)
(Figure 1). Sequestered pools are relatively static and can be
defined by their size and the composition and metal-binding
affinities of their components. In contrast, the labile pool is a
turbulent jumble of metal ions characterized by fleeting
interactions with an ever-changing cast of ligands. An initial
picture has emerged of how metals are distributed at equilibrium
during balanced growth, but capturing the magnitude and
kinetics of metal redistribution in response to sudden metal
depletion or excess has proven challenging.

Metal Quotas and Pools. Considering this complexity, an
agreed vocabulary is important. Here, I use metal quota to refer
to the total cellular content of a metal ion, a term that originated
with metal nutrition studies in marine systems.”> The quota
(expressed as atoms per cell or in molarity) typically includes
both intracellular and envelope-associated ions and may include
multiple oxidation states. I specify the ionic state in contexts
where it is well-defined and use the name of the element when
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referring to pools of mixed valence. The labile metal pool
comprises that fraction of the intracellular quota that exchanges
ligands on a fast time scale relative to cell metabolism and
growth and therefore is considered bioavailable. This contrasts
with the sequestered metal pool, which comprises metal ions
that are tightly bound to their ligands and not exchanging on a
rapid time scale. The boundary between labile and sequestered
metal pools is arbitrary, and sequestration can be conditional.
For example, sequestered metals may become bioavailable due
to metal ion competition, changes in redox state, export from
vacuoles, or mobilization from storage reservoirs.

The free metal pool refers to those ions that are fully hydrated
at equilibrium (Figure 1). In relatively dilute systems, free metal
concentrations can be estimated by calculations of chemical
speciation. Within the more complex milieu of the cytosol, the
biochemically determined metal sensitivity of metalloregulatory
proteins and metal-sensing riboswitches provides a useful
proxy”* and defines the biological set-point for specific genetic
changes (Figure 2).%** For regulators of metal import, the set-
point defines the boundary between metal deficiency and
sufficiency, whereas for regulators of efflux and storage, the set-
point delineates the boundary between sufficiency and excess."
In practice, the set-point often spans a range of values. For some
regulatory proteins there are multiple metal-binding sites in the
functional oligomer and these may bind with negative
cooperativity.”> Further, since metal binding to metalloreégula—
tors often affects DNA affinity, the converse is also true,”® and
these effects need to be considered when assessing sensitivity.”*
For example, Zur proteins sense Zn*" sufficiency and the binding
of Zn®* is anywhere from 10- to 10°-fold tighter when measured
in the presence of DNA.”>*"?*

The biologically important transition metals can all form
metal-aquo coordination complexes, often with six, octahedrally
arranged water molecules that exchange with bulk solvent on a
microsecond time scale.” In the cytosol, some of this water may
be displaced by oxygen, nitrogen, or sulfur atoms found in
macromolecules and metabolites. The resulting complexes are
often polydentate and include the many metalloproteins in the
cell as well as common cofactors (e.g., heme, chlorophyll,
cobamides, molybdenum cofactor). There is no shortage of
metal ligands in the cell; ribosomes, RNA, DNA, proteins,
nucleotides, amino acids, phospholipids, phosphosugars, and
thiol-containing metabolites all play important roles. At
equilibrium, free metal pools are significant for K" and Mgz+
and are composed of both free and weakly complexed ions.”~’
Most manganese and iron is bound, but a small free pool is
present and contributes to metal acquisition by nascent
metalloproteins.” For Zn** and Cu’, however, the notional
free metal pool is less than one atom per cell at equilibrium, and
the mobility of metals relies on ligand exchange chemistry.>*"**

Metal lons and the Intracellular Milieu. The biochemical
processes that support life largely play out in the crowded milieu
of the cell interior (Figure 3).”> As a first approximation, the
interior of the cell can be viewed as an aqueous solution nearly
saturated with large and complex biological polymers (proteins,
nucleic acids), metabolites, and ions. The physicochemical
properties of the cell interior are vastly different from those of
dilute aqueous solutions and are dominated by the high
concentration of macromolecules that collectively occupy
~30% of the cell volume.** ™ Studies in E. coli reveal dominant
contributions from proteins (200—320 mg/mL) and RNA (75—
120 mg/mL) with DNA present at lower levels (11-18 mg/
mL).”” The remainder of the volume (~50—70%) is water and
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Figure 2. Metal ion quotas and buffered free metal concentrations.
Colored ovals represent typical bacterial metal quotas (shown as metal
concentrations; right axis): K* (gray) has a quota often in the range of
0.1 to near 1 M depending on environmental osmolarity, and Mg**
(green) in the 100 mM range. The moderate affinity ions, manganese
(purple) and iron (red), have variable quotas of up to 1 mM, with iron >
manganese in most bacteria."' For the high affinity metals Zn* (light
gray) levels are often 10 yM to 1 mM, whereas copper (brown) quotas
are variable, but often lower than Zn?*. Metal homeostasis relies on
metalloregulators and riboswitches that sense the labile pool by
reversible metal binding. Their sensitivity corresponds to a nominal
concentration of free (aquated) ions (right axis) as calculated from the
free energy change (AG, left axis) for the metal binding affinity needed
to effect changes in gene expression.’” The red dotted line is the
concentration corresponding to one atom for a typical cell the size of
E. coli or B. subtilis. The brackets denote the range of free metal
concentrations corresponding to a 10—90% change in gene expression
as calculated for the indicated metalloregulators purified from
Salmonella* and the MgtE riboswitch from B. subtilis.”” These values
are comparable to those for other species. Sensitivity is determined by
the affinity of the metalloregulator for its cognate ion and the effects of
DNA-binding on metal aﬂinitgr (thermodynamic coupling), as
discussed in detail elsewhere.”**" Metalloregulation can be effective
over a broad range (illustrated by the dashed lines for Zn>* and Cu*)
due to differences in operator affinity and cooperative effects on both
metal and DNA-binding. The figure is adapted with modifications from
Foster et al.> (CC-BY-4.0 license), which can be consulted for further
details.

dissolved solutes, including metabolites and inorganic ions. This
complex molecular mixture is animated by both thermally driven
diffusion and metabolism, which plays a key role in maintaining
the cell interior in a fluid state.*®

In this crowded, jostling environment, water serves as both
solvent and metabolite. Water is obtained from the environ-
ment, but a significant fraction of cytosolic water can be
generated by microbial catabolism, at least during rapid
growth.39 One major function of this aqueous phase is the
solvation of macromolecules, metabolites, and ions.* Depend-
ing on environmental osmolarity, the portion of cellular water
engaged directly in hydrating macromolecules can vary from
~30% to upward of 90%, with the remaining water serving as
lubricant and solvent. At high external osmolarity, this more
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Figure 3. Partitioning of metal ions among bacterial cell constituents.
The image is Goodsell's watercolor rendition of a corner of an
Escherichia coli cell (2021 update).*® From the upper left, the major
structures are the outer membrane with lipopolysaccharide, the
periplasm with a thin peptidoglycan layer, and inner (plasma)
membrane with embedded membrane proteins. These cell envelope
layers also harbor a flagellum. The cytosol contains abundant ribosomes
(purple) and soluble proteins (blue), with the most central part of the
cell filled by the nucleoid and associated proteins (orange). For each
cell compartment, the most dominant cations are indicated on the right.
Tllustration by David S. Goodsell, RCSB Protein Data Bank. DOI:
10.2210/rcsb_pdb/goodsell-gallery-028 (CC-BY-4.0 license).

mobile water phase becomes depleted and the cytosol
transitions to an immobile, glass-like state unable to support
metabolic activity. Studies in E. coli have correlated the cessation
of growth at extremes of high osmolarity with the loss of the
mobile water phase.”” The challenge we face is to understand
how metal ions behave in this molecularly crowded and
chemically complex environment, with a variable water activity
often much less than in dilute solutions.

B POTASSIUM AND CELLULAR OSMOTIC BALANCE

On balance, the macromolecular constituents of the cell carry a
large net negative charge.**' The single greatest contribution is
from the phosphoryl groups of nucleic acids. In E. coli, the total
concentration of anionic phosphodiester linkages in RNA and
DNA is ~330 mM under isosmotic conditions.”® Cytosolic
proteins also contribute with ~63% of E. coli proteins predicted
to carry a net negative charge at near neutral pH.42 The
metabolite pool is also dominated by anions, with glutamate
levels approaching 100 mM and substantial contributions from
NTPs and other phosphorylated compounds.*> These bulk
anions prominently feature oxygen atoms that can partially
displace water as an inner sphere ligand for K* and Mg**. These
two low affinity ions play major roles in charge neutralization of
the anionic cell envelope, nucleic acids and ribosomes, and
metabolites (Figure 3). The central role of K* and Mg** as bulk
ions, and of Mg*" in enzyme catalysis, places these two elements
among the dozen or so that are universally essential for life.”**

Potassium ion (K*) is the second most abundant component
in many bacteria (after water, which is ~30—40 M) with
concentrations of ~200—800 mM (Figure 2), depending on
external osmotic strength.Sé’45 This dominant cation maintains
osmotic balance”***” and is an important contributor to the
membrane potential."® K* is hydrated with 6—8 or more loosely
bound water molecules that exchange rapidly (picosecond time
scale) and the hydrated K* ions form both inner and outer
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sphere ion pairs with cellular anions (Figure 4). Intracellular K*
pools are buffered by small anions such as glutamate and other
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Figure 4. Bulk ions (K*, Mg**) are buffered by interactions with
ribosomes and other abundant cellular components. The smaller Mg**
ion (green; radius ~0.72 A) typically has 6 oxygen (red) ligands (a),
whereas the larger K ion (magenta; radius ~1.5 A) has more variable
coordination, with 8 ligands common (b). The structure of the 70S
ribosome from Thermus thermophilus (PDB 4 V6F)*' has >3000
modeled cations (c). All but 3 of these were initially assigned as Mg**. A
reinvestigation of this structure led to a reassignment of the cations (d).
The revised model includes 334 Mg**, 251 Mg(H,0)¢*, 1 Zn," and 1
Fe,S, cluster. Note that the crystallization conditions in both studies
contained at least 100 mM KSCN and no added Mg®" ions. Figure
adapted from Rozov et al.>* (CC-BY-4.0 license).

organic acids. The fraction of the K* quota that is free or
associated with low molecular weight (LMW) ligands has been
empirically defined as those ions released from cells when the
membrane is transiently permeabilized by hypoosmotic shock.*
In E. coli approximately half (~230 mM) of cytosolic K was
found to be bound and the other half (~250 mM) present in the
released pool.>’

The bound K* pools are diverse and dynamic, and likely
dominated by interactions with ribosomes and nucleic acids.
Ribosomal RNA is the single most abundant RNA in the cell,
and both K* and Mg*" are essential for ribosome function.”
Stereochemical considerations argue that many sites assigned as
Mg** (Figure 4c) may be occupied instead by K' (Figure
4d).>>>* Ribosome-bound K* is coordinated by oxygen (from
phosphodiester linkages, carbonyl groups, ribosomal proteins,
and water) and nitrogen from the nucleobases.’® With ~3 x 10*
ribosomes per fL (107*% liters) of cell volume,*® and up to ~400
K" site-specifically bound per ribosome,”* ribosomes may bind
up to ~1.2 X 10" K* ions (~10% of the cell quota) in these sites
alone. This corresponds to ~20 mM K" based on an average
volume for E. coli of 1 fL and the resultant conversion: one atom
(or molecule) per cell is ~1.7 nM. A subset of ribosomally
associated K' is thought to be localized deep within the
macromolecular structure where residence times may approach

https://doi.org/10.1021/acs.biochem.4c00726
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the lifetime of the folded ribosomal subunits.”* The dynamics of
K" in such sites have not been well-defined. Conceptually, we
can anticipate that surface-associated K* ions are labile, whereas
those at the subunit interfaces may be sequestered during
translation cycle and then labile when the subunits dissociate,
and others deeper within the subunit structures may be
sequestered on a longer time scale. Overall, it is likely that
nucleic acids and abundant anionic metabolites play the major
role in buffering a highly mobile pool of intracellular K*.

A smaller subset of the bound K* pool includes those enzymes
that require K* for function.”” K*-dependent enzymes typically
engage the ion through 4 to 8 bonds, which are nearly all to
oxygen atoms (Asp, Glu, Ser, Thr).® For those enzymes that
bind K* with the highest affinity (type I enzymes), K" is
considered a cofactor. For example, propanediol dehydratase is
activated by K* with a Ky, of 0.6 mM,’” well below the level of
the free K* pool. However, even these monovalent-activated
enzymes are likely part of the labile pool based on predicted
dissociation rates. If the Ky; of 0.6 mM is a good proxy for the
binding constant (Kj), and we postulate a reversible, diffusion-
limited binding reaction (k, ~ 10° M™" s7!), we can estimate a
maximal dissociation rate (k.g) of 6 X 10° s™! (where k ;= K, X
ko), corresponding to halflife of ~1 ms. Thus, even if the
association rate (k,,) is orders of magnitude slower, K* exchange
will occur on a time scale of seconds.

In sum, K" is the single most abundant ion in the cell with
large and rapidly exchanging pools of free (hydrated) ions and
labile complexes with both macromolecules (e.g., nucleic acids,
proteins) and metabolites. Importantly, except for K* buried
within the ribosome, K* pools are highly dynamic and exchange
rapidly. More broadly, the only widespread mechanism in
biology for the partitioning of K* (and related Na*) ions into a
“stored” form requires membrane partitioning. For example, in
animal cells, the sodium—potassium ATPase maintains trans-
membrane gradients that serve in secondary active transport and
nerve conduction.

B MAGNESIUM BUFFERING BY RIBOSOMES AND
METABOLITES

Mg** is the most abundant divalent cation in cells (quota ~100
mM) and plays a central role in nucleic acid structure and as an
enzyme cofactor.” Cell envelope-associated Mg** serves as a
counterion for membrane phospholipids and lipopolysacchar-
ides in Gram- negatlve bacteria and this can account for 1/3 of
the quota (Figure 3).°° Similarly, the thick cell walls of Gram-
positive bacteria have an enormous ion-binding capacity,”’ with
near equal contributions from peptldoglycan and teichoic
acids.”” Here, we focus on the intracellular Mg** pool (~50—
100 mM), which is distributed about equally between a large,
macromolecule-associated pool and a LMW pool.*’ Similar to
K", the bound Mg** pool of E. coli was initially defined as that
portion that does not “wash out” of cells permeabilized with
EDTA, and this ranges from 1/3 of the total in exgonentlally
growing cells to the majority in Mg**-starved cells.’

Mg** functions in the charge neutralization and folding of
many nuclelc acids, with the ribosome again serving as a major
reservoir.”* A comprehensive analysis of >10* Mg** binding sites
in RNA-containing structures reveals that ~1/3 of Mg** ions
retain only water as inner sphere ligands.”® Similarly, in
ribosome structures from the protein database (PDB) over
20% of Mg*" is fully hydrated with only outer-sphere
coordination to the ribosome.®® In the ribosome, just over half
of ions assigned as Mg”* retain four or more water molecules as
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ligands, with the most common RNA-associated, inner sphere
ligands bemg the nonbridging oxygen atoms from the phosphate
backbone.”® Both Mg?* and K* therefore function in charge
neutralization as mobile, outer-sphere ions, with Mg2+ favored at
sites of unusually high negative charge density.°

The ribosome is the most abundant macromolecule in the
cell, and both K* and Mg*" are required for function. However,
determining the number and location of ribosome-associated
ions has been challenging (Figure 4). The number of assigned
Mg*" ions varies widely, but in most cases Mg*" is only sufficient
to neutralize a fraction of the RNA charge, % with the rest
neutralized by ribosomal proteins and other cations. As an upper
limit, > 3000 cation-binding sites were visualized in the Thermus
thermophilus 70S ribosome”' and assigned as Mg**, but those
assignments have been challenged on both experlmental and
stereochemical®® grounds. Long-wavelength X-ray crystallog-
raphy suggested a total of ~600 Mg*" with 334 having 1nner—
sphere coordination and 251 outer sphere coordination®”
(Figure 4). Further analysis using stereochemical constraints
refined these estimates further and assigned ~400 monovalent
ions and ~100 Mg2+ in the first solvation shell.”* Of note, these
values are based on analyses of ribosomes crystallized from a
solution high in K* (100 to 200 mM KSCN) and lacking Mg**.

Ribosome structures can now be determined to better than 2
A resolution using cryo-electron microscopy (cryo—EM).67 In
the E. coli 70S ribosome, 309 Mg** and 2 Zn*" ions were assigned
by this method, but K" was not included in the solvent and was
not assigned.67 If we take ~300 as a reasonable estimate for the
number of Mg”* tightly associated with the ribosome this can
account for ~15—20 mM of the overall ~100 mM Mg** quota.
Other estimates of the contribution of the ribosome to Mg**
pools are in this same range, correspondmg to ~12 mM in
E. coli® or as much as ~25% of the quota.”” Since even the inner
sphere coordination sites often involve only 2 to 3 ligands from
the ribosome, it is possible that many of these sites can
accommodate either Mgz’r or K', depending on the ambient
levels in the cell. Since cryo-EM approaches are more amenable
to the use of biologically relevant buffer conditions and metal
concentrations, it will be interesting to test this hypothesis
experimentally. However, accurate metal assignments are not
trivial, and even structures determined by X-ray crystallography
(where anomalous scattering can prov1de relevant information)
have had metals assigned incorrectly.”® As an alternative
approach to infer the lability of ribosome-bound Mg** ions, a
coarse-grained elastic network model has been used to identify
those sites with the greatest dynamlc flexibility as candidates for
the most labile cation binding sites.”” In sum, the ribosome acts
as a site of counterion condensation that buffers both K* and
Mg*", and possibly other ions.”” We still have a poor
understanding of which sites are truly specific for one ion, and
whether the exchange kinetics of any sites are sufficiently slow to
allow sequestration of metal ions.

Collectively, ribosomes and other negatively charged macro-
molecules and metabolites buffer free Mg®" near 1 mM, with a
range of ~0.3 to 3 mM.>®’"”> The LMW Mg** pool is
dominated by ATP and other NTPs® that bind Mg** with
relatively high affinity (K; values of ~0.1-0.3 mM).*”
Consistent with these estimates, the essential Bacillus subtilis
MgtE Mg** importer, a homologue of the solute carrier family 41
(SLC41) proteins in human,” is regulated by a Mg?*-sensing
riboswitch®” with half-maximal repression at 2.7 mM free Mg>".
MgtE functions as a Mg**-gated channel and is also feedback
inhibited when intracellular Mg** reaches ~4 mM and binds to
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several cytoplasmic sensing sites.”””> These concentrations
thereby serve as a signal of Mg®* sufficiency and reveal the
homeostatic set-point for free Mg*" (Figure 2). A free pool in the
low mM range is also consistent with the observed requirement
for Mg in both enzyme and RNA-dependent catalysis. For
example, B. subtilis RNase P binds ~150 Mg2+ ions with an
apparent affinity (K, ;) of 0.26 mM Mg at low K* (~S0 mM K*),
decreasing to a K, , of ~1.5 mM Mg*" with higher K* (~150
mM K*).” Thus, free Mg?* levels in the low mM range are just
sufficient to sustain RNase P activity.

The large pools of K* and Mg*" associated with ribosomes
(Figure 4), other nucleic acids, and metabolites overlap in their
binding sites, which can lead to interesting physiological
consequences. In B. subtilis, hyperosmotic shock leads to a
large accumulation of intracellular K* (>700 mM), which
mobilizes Mg?* ions.”” These displaced Mg** ions are exported
from the cell, and the Mg*"-limited cell is unable to sustain
translation. Cells adapt to the stress of osmotic shock through
the synthesis or import of compatible solutes and growth
resumes after a substantial lag. The resumption of growth is
driven by the reimport of sufficient Mg** to allow a resumption
of translation.””

Since Mg** association with nucleic acids and metabolites is
very dynamic, the identity of any nonlabile (sequestered) pools
of Mg** is not clear. One possibility is Mg** bound within the
ribosome, or to other large RNA molecules, at sites that are not
available for exchange with solvent. One common mechanism
for Mg2+ storage is membrane-bound vacuoles, as seen in
S. cerevisiae and higher plants,” but this mechanism has not been
documented in bacteria. Another candidate is Mg**-dependent
enzymes. Although many Mg**-dependent enzymes bind to
ATP:Mg*" (or other substrate:Mg*" complexes), a subset form
relatively stable associations with Mg** (K; of 10—100 uM),”
and it is possible that some of this Mg®* may be functionally
sequestered. DNA and RNA polymerases function with multiple
Mg2+ ions in their active site,”” with the highest affinity binding
having a K; of ~50—100 #M.** The role of Mg?* in these and
related enzymes can be substituted by other divalent metal ions
with variable ef-ﬁcacy.80 Similarly, enzymes of the menaquinone,
siderophore, and tryptophan (MST) family bind Mg** reversibly
with a Ky of ~0.2 mM."" This Mg*" can be readily displaced by
Fe?* or Mn*" leading to enzyme inhibition,”"** suggesting that
this Mg”* is labile.

Opverall, the high propensity of Mg2+ to retain water ligands
during transient association with macromolecules or metabolites
suggests that there may be relatively little Mg*" that is truly
sequestered. One notable exception is photosynthetic organ-
isms, which can have high levels of chlorophyll, a Mg
porphyrin complex, sequestered within large, membrane-
associated photosynthetic complexes (Figure S). In cyanobac-
teria, chlorophyll-associated Mg** pools may be as high as ~25
mM.** The insertion of Mg*" into protoporphyin IX requires an
exchange of preferred O ligands (e.g., water) with less preferred
N ligands from the porphyrin macrocycle. The reaction
catalyzed by Mg** chelatase is unfavorable (Keg ~ 107°) and is
coupled to ATP hydrolysis.”* Once synthesized, chlorophyll-Mg
complexes are stable (spontaneous Mg** loss occurs with a half-
time of ~6 h),** and therefore no longer part of the labile pool.
However, it is unlikely that evolution has ignored this valuable
pool of sequestered Mg**. One of the classical mutations used by
Gregor Mendel during his studies of inheritance leads to a “stay-
green” phenotype in pea seed cotyledons and encodes a Mg**-
dechelatase that converts chlorophyll to pheophytin by removal
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complex (Fe, Cu)

Nitrogenase (Fe,Mo)

QL ¢

Carbonic
Anhydrase (Zn)

SOD (Mn, Fe)

Figure S. A gallery of metalloproteins that contribute to intracellular
sequestered, conditionally sequestered, and labile metal pools. The
large respiratory complex (motm/273) contains abundant iron and is a
major destination for copper. In cyanobacteria and other phototrophs,
intracellular membranes contain abundant chlorophyll molecules
(Mg), and PSII additionally contains the Mn,Ca-containing oxygen-
evolving complex (motm/S9). Nitrogenases are rich in iron and
molybdenum (motm/26). Metals in these large complexes are
generally considered to be sequestered. Ferritins (motm/3S) are
hollow, spherical molecules with 24 identical subunits that oxidize and
store iron in their hollow interior. This sequestered iron is conditionally
mobilized in response to iron deprivation. Aconitase (motm/89)
contains a 4Fe4S cluster that can reversibly lose iron in response to
oxidative stress or iron depletion. Bacterial cytosolic superoxide
dismutases (SOD; motm/94) are activated by reversible binding of
manganese or iron (or both). MnSOD contributes a significant fraction
of the cytosolic Mn** pool. Carbonic anhydrase (motm/49) is a zinc-
dependent enzyme that binds Zn®* tightly.'® All illustrations were
drawn by David S. Goodsell for the RCSB PDB as part of the ongoing
PDB-101 molecule of the month (motm) feature''”'"" accessible at:
https://pdb101.rcsb.org/motm/XY (where XY refers to the numbers
noted above) and are not all presented at the same scale. Images are
reproduced under a CC-BY-4.0 license.

of the central Mg atom.** This enzyme is postulated to help
mobilize Mg** during Mg?* limitation in plants.*® Although
homologues are present in some nonphotosynthetic Bacteria
and Archaea,””*" they are lacking in the cyanobacteria. Whether
bacteria contain mechanisms to recover Mg** from photo-
synthetic complexes in Mg**-starved cells is unclear.

B MANGANESE: METALLOPROTEINS, RESERVOIRS,
AND OXIDATIVE STRESS

Manganese (Mn) and iron (Fe) have a moderate affinity for
ligands, as seen in the Irving-Williams series. Although both are
critical nutrients for most bacteria, the cellular quotas for these
metals are variable and typically <1 mM,"" a value ~100-fold
lower than K* and Mg®* (>100 mM). Some bacteria are iron-
centric with relatively large iron quotas and a much lower, and
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sometimes conditional, demand for manganese (Figure 2).
E. coli falls in this category and Mn”" import is specifically
induced as a response to oxidative stress.”””’ Other organisms,
such as B. subtilis, have a more balanced demand for manganese
and iron.'””" A few organisms seem to have dispensed with an
iron requirement altogether, including the lactic acid bac-
teria’>”® and the pathogenic spirochete Borrelia burgdorferi.”*
Growth in the absence of iron imposes considerable metabolic
restrictions, including a lack of respiratory chains and other
heme-containing enzymes. The bulk of the quota for manganese
and iron is devoted to intracellular enzymes (Figure 3), with a
variable fraction partitioned to the membrane (e.g, respiratory
complexes) or to extracellular enzymes. The latter may require
dedicated pathways for their maturation.””°

Manganese (Mn) is a critical element for most forms of life,
although levels of manganese are exceedingly low in some
bacteria.”” The overall manganese quota varies widely, with the
ratio of Mn:Fe ratio varying by >6 orders of magnitude.”’
Intracellular manganese is often bound to specific metal-
loenzymes, including mononuclear manganese enzymes and
those with more complex arrangements that may involve other
metals. Bound manganese can serve as an electrophilic center or
in redox reactions. Of note, manganese is essential for the
oxygen-evolving complex of photosystem II that is the defining
feature of oxygenic photosynthesis.”® Manganese is therefore a
critical nutrient for cyanobacteria,” algae, and plants and is
ultimately responsible for the oxygenation of Earth’s atmos-
phere.'”

Our current best estimates of the labile manganese pool in
model bacteria derive from measurements of the amount of free
Mn*" required for regulation of gene expression by Mn*'-
dependent regulators such as the MntR transcription
factor'°"'°* and Mn?*-dependent riboswitches.'”® These
analyses suggest that free Mn*" in the 3 to 6 uM range
represents sufficiency (Figure 2), and levels approaching 10 yuM
represent excess.'’> Since the total manganese quota in these
same cells is on the order of 500 uM we can infer that most
manganese is bound to, and buffered by, macromolecules and
metabolites. The precise distribution of manganese between
proteins, other macromolecules, and metabolites is still poorly
resolved, even in the best studied model systems. In Bacillus
anthracis, the manganese metalloproteome is dominated by a
single enzyme, the manganese superoxide dismutase
(MnSOD)."”* This abundant protein is present in up to
30,000 copies per cell in B. subtilis,'" representing up to 50 uM
Mn (~10% of the quota). Similarly, in the highly radiation
resistant Gram-negative bacterium Deinococcus radiodurans,
MnSOD can account for 40% of intracellular manganese.'*°
MnSOD (Figure S) represents an abundant pool of Mn*" that
may be redistributed to support essential manganese-dependent
enzymes during starvation. Consistently, cells lacking MnSOD
(which is dispensable) are compromised in growth when
transferred to Mn-limiting media.'”” MnSOD can also be
metalated by iron, although this can lead to reduced activity and
thereby increase cell sensitivity to oxidative stress.' "

Manganese coordination environments in cells have been
probed using electron paramagnetic resonance (EPR)-based
techniques that take advantage of the fact that Mn®" is high-spin
with a unique EPR signature.''>'"” In cells treated with a cell
permeable siderophore, deferoxamine, labile Mn?>* pools are
stabilized as an EPR-silent Mn®* complex. Quantitation of this
quenching suggests that roughly one-half of intracellular Mn?* is
in a labile pool accessible to deferoxamine.''” The EPR signals
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from intracellular Mn®* complexes reveal that, on average, the 6
to 7 coordination sites are occupied by ~3 to 4.5 water
molecules and ~0.5 to 1.5 N atoms, with most of the remaining
ligands from phosphates (inorganic phosphate, phosphorylated
metabolites, and nucleic acids), with a negligible contribution
from carboxylates.'"* Given the high abundance of ribosomes in
bacterial cells, it is reasonable to suggest that some of this Mn**is
ribosome-associated. Indeed, E. coli ribosomes can bind up to
500 Mn?* ions and are still active in translation.”’ Similarly,
ribosomes can bind >500 Fe*" ions, although these ribosomes
were less functional than those reconstituted with Mn?*. These
results suggest that the repertoire of ribosome-associated cations
may be variable in cells, and that the ribosome may serve as a
general cation buffer.”’

Manganese homeostasis has been studied in detail in D.
radiodurans.""*""® This bacterium, notable for its exceptionally
high resistance to ionizing radiation, has a high manganese quota
(up to 4 mM) and an exceptionally high Mn/Fe ratio (0.24).""°
Manganese accumulates bound to inorganic phosphate and
phosphorylated metabolites (e.ig., fructose-bisphosphate), small
peptides, and nucleosides.'””'™® A subset of these complexes
(e.g, Mn:P;) endow the cell with a nonenzymatic mechanism to
detoxify reactive oxygen species and thereby protect against
oxidative damage.'"* The presence of substantial cytosolic pools
of Mn** in complex with phosphate and other low molecular
weight ligands is also observed in the model yeast Saccharomyces
cerevisiae.""” In this organism, elevated intracellular Mn?* can
suppress growth defects arising from the absence of SOD.

B IRON: ENZYMES, COFACTORS, STORAGE, AND

SPARING

Iron (Fe) is almost universally essential for life and is among the
most fiercely fought over elements.' """ Tron is redox active,
and very poorly soluble in the oxidized Fe** (ferric) form, which
has led to the evolution of high affinity iron-binding compounds
(siderophores) synthesized by many bacteria and fungi.'*"’
Since the uptake of ferric-siderophores requires specific
transporters, competition for iron begins extracellularly and
cheating is common. In human physiology, sequestration of iron
is a central feature of nutritional immunity,'** and pathogens
have evolved a wide variety of mechanisms to liberate iron from
host stores."”'

The iron quotas in the model organisms E. coli and B. subtilis
are ~500 uM, which is predominantly in the reduced Fe*
(ferrous) state."””~"** The majority of this iron is bound to
enzymes, including those using FeS clusters or heme as
cofactors.'”® When grown with an abundance of iron, the cell
may sequester iron in hollow multimeric 2pr0teins (ferritin," ">
mini-ferritins,'>® and bacterioferritins'~”) (Figure 5). These
stored iron pools are in the form of ferric-hydroxide and ferric-
hydroxyphosphate complexes and can be monitored using
Méssbauer spectroscopy.””'*' Mobilization of these stored
iron pools often requires reduction,"”* or in some cases
proteolysis,'>”"** and occurs on a time-scale of minutes. Iron
may also be stored by loading into dedicated membrane-bound
organelles known as ferrosomes,">*"* but their biology is only
beginning to be understood. In many bacteria, homeostasis also
relies on Fe* export,' >’ garticularly under conditions of high
Fe?* and oxidative stress."** '

The free and labile iron pools account for a small fraction of
the iron quota. The best estimates of the free Fe** pool are on the
order of <1 uM."* The ferric uptake repressor (Fur; Figure 2)
binds Fe?* with an affinity (K;) of 1.2 M in E. coli'*' and 0.8 uM
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in B. subtilis, and even lower levels suffice to stabilize DNA-
binding due to the additional coupling free energy.'®" The labile
iron pools additionally include iron that is chelated weakly and is
therefore exchangeable. This labile pool has been estimated as
~10 uM Fe** using a cell-permeable iron chelator (desferriox-
amine) that can convert labile Fe** into an EPR-detectable ferric
complex.'”® However, this value increases to ~80 uM in cells
growing aerobically and lacking superoxide dismutase
(SOD).”** A similar value of ~80 uM for the labile pool was
reported based on the ultrafiltration of E. coli lysates.""”

The molecular composition of the labile iron pool has been a
topic of active debate. Among metabolites, the abundant LMW
thiol glutathione (GSH; L-y-glutamyl-L-cysteinyl-glycine) binds
Fe?* with sufficient affinity to form part of the buffered pool.'**
However, recent studies using Mossbauer spectroscopy of
anaerobically generated E. coli lysates have defined a low
molecular mass, labile pool dominated by Fe** complexes with
NTPs and citrate, and GSH complexes were not detected.'**
However, GSH likely plays a role in iron mobility, at least
transiently. For example, in mammals GSH-Fe** complexes
interact with iron chaperones (PCBP proteins) important for
the distribution of iron to storage proteins (ferritin), nonheme
iron enzymes, and the ferroportin (Fpn1) iron exporter.** Low
molecular thiols are also implicated in iron-trafficking in
organisms that do not use GSH as their major thiol. In B. subtilis,
bacillithiol (BSH)'* is important for the synthesis of FeS
proteins.'**'*” Proteins may also play a role in iron buffering,
Some iron-binding enzymes behave more as iron-activated
enzymes rather than stable metalloproteins,'* and Fur is
unusually abundant for a regulator and could also function as an
Fe?*-buffering protein.'”’

The majority (>80%) of the iron quota is partitioned into the
metalloproteome, although the composition and lability of this
pool is highly variable even within a single organism. Much of
this iron may be sequestered in the form of heme in abundant
enzymes (e.g., catalase) and in respiratory chain components
(Figure S). Dysregulation of iron partitioning has serious
consequence for cell physiology. For example, the PerR
regulator normally binds DNA in association with either Mn**
or Fe**, and PerR:Fe’* reacts with hydrogen peroxide to
derepress oxidative stress genes.'*”"*" Oxidation of B. subtilis
PerR normally leads to the transient expression of genes
encoding an abundant cytosolic catalase and for synthesis of the
required heme cofactor,'>""** followed by a reestablishment of
repression by newly synthesized PerR protein.">> However, in
perR null mutants the constitutive expression of heme
biosynthesis and catalase depletes iron pools and cells grow
poorly unless high levels of supplemental iron are added.'*”
Conversely, mismetalation of PerR with Zn®* leads to a
dyscoordination of expression wherein heme biosynthesis
genes are derepressed, while the gene for catalase (the major
heme sink) is still repressed. As a result, heme is produced in
excess and partitions to the membrane where it leads to redox
stress.'>* In general, excess heme generates reactive oxygen
species, likely by reaction with membrane-localized quinols.' >
As protection, cells may induce specific heme exporters or heme
sequestration proteins.156

In addition to heme enzymes, the iron—metalloproteome
includes enzymes with FeS clusters and those with a single
bound iron cofactor (mononuclear Fe enzymes). A subset of this
bound iron can be mobilized under conditions of oxidative
stress: elevated superoxide liberates iron from some solvent-
exposed Fe,S, clusters, and hydrogen peroxide oxidizes and
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releases iron from some mononuclear iron enzymes.'>” These
pools of sequestered iron are substantial and their mobilization
can elevate the labile iron pool by several-fold.'*® The
spontaneous dissociation of iron from selected mononuclear
enzymes has been estimated to occur with a half-life on the order
of an hour, which is comparable the doubling time of the cell.”
However, a subset of this iron pool is readily mobilized under
conditions of metal ion imbalance including, for example, Zn*
intoxication.”'**

The amount of iron sequestered in enzyme complexes can be
significant, and when iron is limited, cells act to minimize this
pool. Iron-sparing responses, often mediated by translational
repression mediated by small RNAs, have been defined in many
bacteria.'”” These systems transiently repress the synthesis of
selected FeS-containing proteins and heme enzymes to allow
limited iron to be directed to the highest priority
enzymes.**7'®" The extent to which cells actively degrade
iron-containing proteins and protein complexes to redeploy the
metal is less clear. One striking example is in the marine
diazotroph Crocosphaera watsonii. This organism reduces its
cellular iron quota by 40% by synthesizing iron-rich photo-
synthetic complexes during the day, and then degrading these
each night to redeploy the iron for synthesis of nitrogenase.'*”
Although protein degradation and synthesis is energetically
costly, this photoautotroph can readily obtain energy by
photophosphorylation, and both carbon and nitrogen are
obtained directly from the atmosphere: it is iron that would
otherwise limit growth.

In sum, manganese and iron are largely partitioned into the
proteome while also maintaining a substantial labile metal pool.
Based on their binding affinity and kinetic properties, many
manganese enzymes are likely to be in equilibrium with the free
Mn** pool (estimated at >10° aquated Mn** per cell), thereby
providing a mechanism for Mn>' partitioning to adapt
dynamically to cellular needs based on the synthesis of new
apoproteins (Figure 1). In the ambient conditions of the cytosol,
iron is mostly Fe*". Iron is dynamically partitioned between
mononuclear iron proteins, FeS-containing enzymes, and heme
proteins, but the corresponding regulatory mechanisms are
incompletely understood. A significant subset of iron enzymes
bind iron reversibly, or are susceptible to oxidation, and these
may therefore contribute to the labile pool. Metal ion
competition and the effects of mismetalation further complicate
the situation.'>*'%*

B ZINC: METALLOPROTEINS AND INTRACELLULAR
RESERVOIRS

There is a stark contrast between the high affinity metal ions,
zinc (Zn**) and copper (Cu**/*), and the low affinity bulk ions,
K* and Mg**. Unlike the latter, cells have lower quotas for zinc
and copper, with the vast majority sequestered in protein
complexes, and there are no free ions present at equilibrium. As
elements from the high affinity end of the Irving-Williams series,
both Zn** and Cu* (the predominant form in the cytosol) bind
ligands tightly and their movement within cells is facilitated by
ligand exchange reactions.

The Zn>* quota in microbial cells is substantial and variable,
with concentrations often in the same range as for manganese
and iron (Figure 2). For E. coli, the Zn*" quota is >100 uM, and
this value increases up to 5-fold after a Zn** shock.'"* In the
marine cyanobacterium Synechococcus, induction of a Zn**-
storin% metallothionein allows quotas to vary over a 50-fold
range.  Similarly, in Cupriavidus metallidurans, a Gram-
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negative f-proteobacterium isolated from environments with
high levels of metals, the Zn** quota varies by >10-fold and can
approach 1 mM.'%° In B. subtilis, ~500 uM Zn?* is present under
replete conditions, and this increases to >2 mM in response to a
Zn?* shock.'”’

As a high affinity ion, Zn** binds much more strongly to many
biomolecules than to water, and at equilibrium there are no free
Zn** in the bacterial cytosol.”* Instead, the labile Zn?* pool is
buffered by the reversible binding of Zn** to metabolites,
exchangeable sites in proteins, and to metallochaperones. Zn*
bound to small molecule ligands, including LMW thiols and
other sulfur- and nitrogen-containing metabolites, exchanges
rapidly and is part of the labile pool. Recent estimates place the
E. coli Zn** quota at 200 + 100 uM in the soluble, cytosolic
fraction, with a small subset (~13 gM) in a low-molecular mass
pool as judged by ultrafiltration."** This labile pool can increase
dramatically in response to a sudden influx of Zn*".'"” Zn>*
homeostasis is regulated to ensure that the Zn** metal-
loproteome is appropriately metalated and that excess Zn*" is
either well-buffered or exported from the cell to help avoid
mismetalation of enzymes that normally use other metal
cofactors.'®® C. metallidurans accumulates ~10° ions per cell
under replete conditions, and this value is similar in magnitude
to the estimated total number of Zn*"-binding sites in the
proteome.'®® Similarly, the much larger cells of the yeast
Saccharomyces cerevisiae have Zn>* quotas ranging from 2 X 10°
to 2 X 10° atoms per cell, with an estimated Zn>*-binding
capacity in the proteome of ~10° atoms.'®® Collectively, these
results suggest that the Zn*" metalloproteome accounts for
much of the Zn** quota under replete conditions, but this pool
may be undersaturated when Zn*" is limited.

The Zn*>" metalloproteome is generally considered to be
sequestered on the time scale of cell growth and division,
although there are a wide range of dissociation rates and some
sites may be labile, at least under some circumstances.'”® Zinc
coordination most commonly involves Cys, His, or carboxylate-
containing residues with 3 ligands (and water) in many Zn>*
enzymes, and 4 tetrahedral ligands for structural Zn**. Bound
Zn** dissociates very slowly in vitro with, for example, a kg for
human carbonic anhydrase II of 0.0003 h™" (a half-time of ~3
months).'”” However, exchange may occur more rapidly in the
cellular context if ligands, such as LMW thiols, can access the
zinc to facilitate release through a ligand exchange mechanism.
Even ligands that are themselves too weak to outcompete a
protein for Zn** can transiently mobilize Zn** to a form that can
then be sequestered by higher affinity chelators. This effect,
dubbed catalytic chelation, is likely important in the cellular
milieu.'””"”" For example, the metalloenzyme ribulose-5-
phosphate 3-epimerase binds Zn** as a competitive inhibitor
for the preferred Fe?* cofactor, and spontaneous Zn**
dissociation occurs with a half-time of ~8 h.'”> However, in
cells Zn** dissociation and enzyme reactivation occurs with a
half-time of ~15 min, which was attributed to a possible role of
free cysteine in facilitating ligand exchange.”'”* In B. subtilis, in
vitro studies reveal that BSH can increase the rate of transfer of
Zn*" from the metalloregulator CzrA to the high affinity chelator
TPEN, even though BSH alone is unable to remove >t

Catalytic chelation may also serve to mobilize Zn®" in times of
need. In many bacteria, a subset of ribosomal proteins bind
Zn**.*¥17417 Because of the high abundance of ribosomes, this
can represent the single largest Zn>* repository in the cell.'”®
When B. subtilis cells experience Zn* deprivation, the earliest
response is the mobilization of these Zn*" stores through the
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synthesis of competing proteins to displace the Zn*" metal-
loproteins from the surface of the ribosome.'”” Whether the
bound Zn?* is then mobilized from these small Zn** proteins
(which are similar in size to a single zinc-finger) by catalytic
chelation or through proteolytic degradation is unresolved.**
Regardless of mechanism, these Zn*'-containing small riboso-
mal proteins serve as a conditionally sequestered storage form of
Zn*.

Once the Zn** metalloproteome is saturated, buffering and
storage mechanisms become important.'”® In some organisms,
excess Zn>* may be stored in metallothioneins, cysteine-rich
metallolproteins with a high binding capacity for thiophilic
metals."”® In addition, Zn** can be buffered by interaction with
metabolites, including low molecular weight thiols such as
GSH'”” and BSH."”” Despite the overall high levels of Zn* in
cells, the estimated free Zn** pool, as judged by the sensitivity of
Zn*'-sensing metalloregulators, is in the pM to fM
range.”**710M195180 The implication is that there is no free
Zn** in the cytosol under most conditions. However, free Zn**
pools can increase to ~50 nM after a S0 uM Zn*" shock that
saturates the highest affinity Zn>* buffers in the cell, thereby
leading to a small and transient pool of free Zn** ions."** Similar
labile Zn** ?ools are seen in other organisms, including
eukaryotes.'®

Although the level of free Zn>" can vary by several orders of
magnitude (from sub-pM to nM), this change can be triggered
by relatively small increases in Zn>* levels that saturate the
highest affinity ligands and begin to engage lower affinity Zn**
buffers. For example, in B. subtilis the major LMW thiol is BSH,
which is present at mM levels and serves as an important Zn**
buffer.'**~"** Under conditions of Zn*" sufficiency, only a small
fraction of the BSH pool is bound to Zn** ion."®” Measurement
of the affinity of BSH for Zn®* reveals that if an intracellular pool
of 1 mM BSH were 1% saturated with Zn** (yielding 5 uM
BSH,:Zn*"), Zn*" would be buffered to 2.5 pM. Conversely,
exposing cells to a Zn** shock (0.25 mM Zn for § min) leads to a
~ 3-fold increase in total Zn** (from ~0.8 to 2.4 mM), with
much of this increase associated with a LMW mass pool that is
dependent on BSH."®” Calculations reveal that 80% saturation
of a 1 mM BSH pool would buffer free Zn to ~5 nM, which is
more than sufficient to inactivate the CzrA repressor to induce
expression of Zn efflux proteins.'®” This example illustrates how
a single molecule, BSH, can buffer Zn** over physiologically
relevant concentrations. The actual speciation in cells is
undoubtedly more complex. Ongoing efforts to develop
chemical probes to track Zn levels and distribution in living
cells1 . 1r;)évide hope that further insights will be forthcom-
ing. ™’

B COPPER: INTRACELLULAR TRAFFICKING AND
STORAGE

Copper (Cu) is a critical metal for many microbes but is
required in relatively low levels. Although copper is considered
essential for most Eukaryotes, most cells have only a handful of
copper-dependent enzymes. For example, in a survey of f-
proteobacteria, copper-related proteins typically represent <1%
of the proteome, inclusive of cuproenzymes, chaperones, and
transporters.° In many anaerobes, copper appears to be
dispensable.'*® The most common copper-dependent enzymes,
found in all three Domains of life, are the copper-dependent
terminal oxidases in the respiratory chain. Under conditions of
sufficiency, many organisms have a copper quota of ~1—10 uM
averaged over the cell volume. For E. coli, the copper quota is
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~10* atoms per cell (~10 uM),"*” and ~5000 atoms per cell is

typical for C. metallidurans."”® For B. subtilis, a somewhat lower
copper quota of ~1000 atoms per cell (~1 M) has been
reported, which can be reduced ~100-fold when uptake is
impaired.””’ The copper quota has been well studied in the
photosynthetic alga C. reinhardtii (with a cell volume 500-fold
more than E. coli) where replete cells contain ~10 atoms (up to
20 M), with ~20-fold lower levels during Cu-limitation."”*

Nearly all described copper enzymes in bacteria are
membrane-associated or periplasmic. Despite their location,
copper-loading often requires copper import from the environ-
ment (where it is Cu®* in aerobic environments) into the cytosol
where it is reduced to Cu*, and then export from the cytosol by a
dedicated transport system.’”'”> Copper-trafficking requires
copper-binding metallochaperones, proteins that collect copper
from importers and distribute copper to the transporters and
cuproproteins.'”*'”* Since copper is trafficked through the
cytosol on its way to its ultimate destination the cell must guard
against copper toxicity. Due to its high affinity for ligands (as
seen by its placement in the Irving-Williams series), copper can
displace metals from other metalloenzymes leading to enzyme
inhibition."*® Intracellular copper levels are closely monitored
by dedicated metalloregulatory proteins such as CsoR and
CueR, and these proteins may detect Cu® following transfer
from intracellular metallochaperones.'*®

Intracellular trafficking of Cu* by chaperones is mediated by
ligand exchange reactions between proteins and may also
involve LMW thiols as transient ligands. The intracellular Cu*
pool is buffered to a nominal free Cu* level of ~107' M
(zeptomolar) in E. coli, as judged by the sensitivity of the CueR
metalloregulator for Cu®.'®” This implies the presence of a very
high affinity Cu" buffer, presumably a thiol-rich protein. LMW
thiols likely play a transient role by catalytic chelation:
protecting the cell from copper toxicity and facilitating the
ligand exchange reactions to help load metallochaperones. For
example, GSH is implicated in Cu" trafficking in Streptococcus
pyogenes,””” BSH can bind Cu'® together with the CopZ
metallochaperone in B. subtilis,'”® and cysteine-copper com-
plexes accumulate in acidocalcisomes in Chlamydomonas."”’
However, the affinity of LMW thiols for copper is too low to
sustain a sizable and persistent copper pool."***°

The overall picture is one in which there is no free copper in
the cell,””" but there is a small labile pool of Cu that is mobilized
through associative, ligand-exchange reactions.'”*'”> The
primary intracellular Cu* depot is likely to be a cysteine-rich
protein. In the Eukargra and some bacteria, this role may be filled
by metallothionein.”>**> In methanotrophs, which have a
particularly high Cu demand, a family of small multimeric, Cys-
rich proteins (copper-storage proteins) were described,
including both secreted (Cspl and Csp2) and cytosolic
(Csp3) representatives.””* Cytosolic Csp3 family proteins are
found in a wide range of bacteria and in some Archaea.”’**%°
Like metallothioneins, Csp3 proteins can bind Cu® in
tetranuclear Cu*-thiolate clusters,”*® with a tetrameric Csp3
protein able to bind at least 70 Cu® ions.””” Although Csp3
proteins bind Cu* with high affinity (average Ky = 5 X 107'8
M),** these ions can be mobilized by ligand exchange reactions
with LMW cellular thiols'*® or by direct transfer to a client
protein, as documented for the B. subtilis Csp3 protein and a
copper-containing laccase expressed in sporulating cells.””®
Copper mobilization and trafficking is likely dictated by mass
action and the demand for copper from biosynthetic
processes.”">** Whether metallothioneins and Csp3 proteins
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have sufficient avidity to buffer Cu® ions to the low levels
reported in some systems,'®” or whether they are mostly
engaged when there is an excess of Cu’, is an open question.

The Central Role of Thiols as a Metal lon Buffer. As this
brief review has highlighted, the intracellular mobility of Zn*
and Cu' is mediated by the presence of thiol-containing
chaperones and high concentrations of LMW thiols. The
appreciation of the role of Cu* chaperones in trafficking Cu* to
their client proteins owes an intellectual debt to studies of
another thiophilic metal, Hg**. The extremely high affinity of
Hg*" for sulfur-containing ligands is widely known (Hg$; K, = 2
X 107%%), and thiols are also called mercaptans for this reason
(from the Latin, mercurium captans, meaning mercury-
capturing). Like Cu’, Hg*" binds tightly to Cys, GSH, and
other LMW thiols. Despite this extremely high affinity, Hg** is
surprisingly mobile and bacterial cells exposed to Hg*" sense this
metal and mount a transcriptional response within minutes.”””

Insights into how Hg>" could move through cells emerged
from studies of its thiolate coordination chemistry using proton
NMR: Hg** forms both 2:1 and 3:1 coordination complexes
with GSH that are in equilibrium on a millisecond time scale.”"’
This provides a model for how Hg®" can transfer between
resistance proteins that function in transport (MerT), sensing
(MerR), and reduction (MerA) and foreshadowed the similar
pathway described for the transfer of Cu® between chaperones
and client proteins.'”**'" Similarly, the LMW thiols GSH and
BSH are imlplicated in cytosolic trafficking of both zinc'®”'**
and copper’”” and in assembly of FeS clusters."*”*'* Thiol-
dependent ligand exchange reactions also underlie the ability of
COGO0523 family proteins to function as GTP-activated Zn®*
metallochaperones to direct the flow of Zn®" to the most
important client proteins under conditions of Zn limita-
tion.”*~*"” Like Hg**, copper trafficking often involves bis-
coordination of Cu" ions by two thiolate groups with a transient
addition of a third thiolate.”'" The resulting process of
alternating 2- and 3-coordinate species provides an energetically
accessible pathway for metal motion without ever releasing free
(hydrated) Cu". This process provides a molecular basis for the
function of copper storage proteins and metallochaperones in
intracellular trafficking.”'

B CONCLUSION

Living systems rely on numerous inorganic ions that differ
widely in their chemical behavior. Here, we have reviewed some
of the key lessons that emerge from comparing the intracellular
speciation of the major cellular cations. The labile cation pools
are sensed by metalloregulatory systems"”'” and serve to
metalate nascent metalloproteins.” I have not included all
biologically important metal ions, nor have I explored in detail
the many interesting ways in which these labile pools compete
for common ligands and how this can lead to mismetalation and
toxicity.”'*" In natural settings, microbes are often exposed to
multimetal restriction”* or to high concentrations of multiple
metals,”>" which lead to complex combinatorial effects. Nor
have I considered in detail the role of metallophores in accessing
metals in the environment.”*> Nevertheless, the labile pools
discussed here provide a framework for thinking about
intracellular metal physiology.

This overview also reveals how far we still are from a detailed
accounting of metal speciation and dynamics in even the best
characterized model systems. Developing a more complete
vision of microbial metal physiology will require a concerted
effort by those conversant in disciplines ranging from
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bioinorganic chemistry and structural biology to microbial
genetics. Together with sensitive analytical tools, including an
ever-increasing set of sensors to monitor chelatable metal ions in
living cells,”””~**" it is becoming possible to better visualize
metals in motion.

B DEDICATION

My interest in metal physiology was motivated by experiences
during my PhD studies at UC Berkeley and solidified during my
time as a postdoctoral fellow with Chris Walsh. Although my
graduate work with Mike Chamberlin was on bacterial RNA
polymerase, the neighboring lab of Joe Neilands was exploring
the role of siderophores in iron chelation,”*® and had just
defined the role of Fur as an Fe®'-dependent repressor of
transcription.””” Meanwhile, Imlay and Linn were exploring the
role of labile iron pools in mediating the toxic consequences of
hydrogen peroxide on bacterial viability.”*® Against this
backdrop, and following a seminar visit by Chris Walsh, I read
the seminal work from O’Halloran and Walsh defining the MerR
protein as a Hg?*-sensing transcription factor.”*’ Intrigued by
the notion of metalloregulation, I joined the Walsh group
immediately following the lab’s move from MIT to Harvard
Medical School.

During my time as a postdoctoral fellow with Chris Walsh
(1987—-1990), I investigated the MerR metalloregulatory
protein. Using a strategy involving site-directed mutagenesis
and heterodimer complementation, I found that three Cys
residues per protein dimer (C79 from one protomer, and C114
and C123 from the other) were necessary and sufficient for high
affinity Hg** binding.”** Experimentally, high affinity binding
was defined using radioactive”” Hg for detection and 10 mM f-
mercaptoethanol as competitor. In later work, solution NMR
studies revealed a planar, trigonal Hg*" coordination.”" Recent
structural studies using X-ray crystallography support this
geometry, but unexpectedly revealed a stoichiometry of two
Hg?* ions per protein dimer”””* rather than the single ion
determined biochemically.”*>*** This likely resulted from the
growth of crystals in the absence of LMW thiols or other metal
buffers.

As others have recounted,235’236 Chris Walsh was an
inspirational mentor and a leader in chemical biology: the
exploration of biological questions with the benefits and insights
of chemical principles and intuition. My goal in the Walsh lab
was to leverage my knowledge of bacterial RNA polymerase to
understand the details of MerR-mediated regulation, an area
where another former postdoctoral fellow, Tom O’Halloran,
made major contributions.”””**® This review is dedicated to
Chris, and to all his mentees (formal and informal) who
continue to build his legacy.
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