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There is a challenge for metalloenzymes to acquire their correct metals because some inorganic
elements form more stable complexes with proteins than do others. These preferences can be
overcome provided some metals are more available than others. However, while the total
amount of cellular metal can be readily measured, the available levels of each metal have been
more difficult to define. Metal-sensing transcriptional regulators are tuned to the intracellular
availabilities of their cognate ions. Here we have determined the standard free energy for metal
complex formation to which each sensor, in a set of bacterial metal sensors, is attuned: The less
competitive the metal, the less favorable the free energy and hence greater availability to which
the cognate allosteric mechanism is tuned. Comparing these free energies with values derived
from the metal affinities of a metalloprotein reveals the mechanism of correct metalation

exemplified here by a cobalt-chelatase for vitamin Bi..
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Metalloenzymes catalyse approximately half of the reactions of lifel. However, because proteins are
flexible they select metals imperfectly and have a common order of affinities with, for example,
copper and Zn(I1) forming tighter complexes than Mn(I1)*4. This raises a question about how cells
simultaneously metalate proteins that require tight-binding metals and those that require weaker-
binding ones. A solution is for cells to maintain more competitive metals at lower availabilities than
less competitive ones?. Under these conditions subtle differences in metal affinities between proteins
should enable them to acquire different metals, but what are the vital metal availabilities and how can
they be measured?

Bacterial DNA-binding, metal-sensing transcriptional regulators control the expression of
genes encoding proteins of metal homeostasis including transport proteins that import metals which
are deficient or export those in excess®”. Sensitivity is tuned to a buffered, available, intracellular
metal concentration, such that when sensitivity is adjusted a sensor ceases to detect any change in
metal levels®. The metal affinities of sensors (K1, Fig. 1a), have previously been used as first
approximations of their metal-sensitivities, and such values suggest that Cu(l) and Zn(ll) are indeed
held to lower availabilities than Mn(11)>%°. Furthermore, diverse types of estimate of intracellular
metal concentrations from eclectic organisms support a view that the cytosol buffers metals that form
more stable complexes to lower concentrations than those that form weaker complexes®. For example,
fluorescent probes also indicate that cytosolic Cu(l) and Zn(ll) are at much lower available
concentrations than Mn(11)1°. By further developing an approach that accounts for allostery as well as
K1, which was used to determine the metal-sensitivities and -specificities of Co(ll) and Zn(ll) sensors
in Salmonella Typhimurium (hereafter Salmonella)*, the purpose of this work was to measure the
sensitivities of a complete set of metal sensors in order to define metal availabilities inside a cell and,
by so doing, to understand the mechanism of protein metalation.

In the course of this work seven sensors were further characterised in Salmonella. For each
sensor, the objective was to calculate change in DNA binding (or activation of the two activators) as a
function of available intracellular metal concentration. To do this, a complete set of parameters have
been measured and combined. At each buffered metal concentration a fraction of each DNA target
will be bound to its cognate sensor (6p). For the two activators the proportion bound solely to
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metalated-sensor is the relevant parameter (6om), since only the metal bound forms of these activators
distort the respective promoters to enable the recruitment of RNA polymerase (Fig. 1b)*?. Since
metal- and DNA-binding are allosterically coupled, it should be possible to calculate these fractions
(6o or Hpwm) if the number of sensor molecules per cell (P), the number of promoter targets per cell
(D), the affinity of each sensor for its cognate metal (K3), the affinity for DNA of metal-free and of
metal-bound sensor (Ks and K, respectively on Fig. 1a) are all known!!. Importantly, metal transfer
between the sensors and exchangeable intracellular binding sites (metal buffer), can occur by
associative ligand exchange (Ks to Kg on Fig. 1a), even when the intracellular milieu buffers a metal
to a concentration equating to less than one hydrated ion per cell volume (<2 x 10° M for
Salmonella). Ligand exchange reactions can be rapid, enabling thermodynamic equilibrium to be
approached without (slow) metal release to the hydrated state. Here, we have obtained the above
thermodynamic values for the set of Salmonella metal sensors. All of these parameters were then
combined, taking into account any change in sensor abundance with exposure to metal, in order to
calculate 6p or 6pm as a function of metal concentration and hence the tuning of each sensor.

The purpose of this work was to understand the mechanism by which proteins acquire the
correct metal. The cobalt chelatase for vitamin B1, biosynthesis was used as an exemplar and its
affinities for metals determined. In isolation, these affinities suggested that the chelatase should
become mis-metalated with copper. But, when values for the chelatase were compared to the buffered
intracellular metal availabilities to which the sensors were attuned, the mechanism of correct

metalation with cobalt was revealed.

RESULTS

The metals detected by Salmonella sensors.

There is experimental evidence that six DNA-binding proteins regulate gene expression in a metal-
dependent fashion in Salmonellal!t*4: These DNA-binding proteins include two metal-dependent
transcriptional activators (the copper efflux regulator CueR and the zinc transcriptional regulator
ZntR™), a metal-dependent de-repressor (the resistance to cobalt and nickel regulator RcnR*17), and
metal-dependent co-repressors (the manganese transport regulator MntR28, the ferric uptake regulator
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Fur and the zinc uptake regulator Zur**-2t). One additional metal-dependent co-repressor (the nickel-
responsive regulator NikR) can also be predicted from homology and was therefore included in this
study (Supplementary Fig. 1)?2. Consensus nucleotide-binding sequences have been identified in the
promoters of genes regulated by each sensor (Supplementary Fig. 1b,c). The cognate metals detected
by each Salmonella sensor were first authenticated by measuring the expression of their target genes
by quantitative PCR (qPCR; Fig. 1c) and end-point reverse transcriptase PCR after prolonged (4 to 16
h) exposure of cultures to metal concentrations that inhibit growth by <15% (Supplementary Fig. 2).
Transcripts under the control of activators, CueR and ZntR, increased in abundance in response to
Cu(l) and Zn(I1) respectively, those controlled by de-repressor RcnR, increased in response to Co(ll)
plus Ni(lIl), while those controlled by co-repressors MntR, Fur, Zur plus NikR, decreased in
abundance in response to Mn(I1), Fe(ll), Zn(11) and Ni(ll) respectively (Fig. 1¢c and Supplementary

Fig. 2d-g).

Affinities of sensors that complete a set of values.

Metal and DNA affinities have recently been measured for RenR and Zur*!, and a Cu(l) affinity was
previously determined for CueR?%. To enable unknown affinities to be measured, six Salmonella
sensors were over-expressed and purified to homogeneity (Fig. 1d), including Zur for additional
measurements of non-specific DNA binding and the effect of salt on DNA binding affinity. One
monomer-equivalent of Ni(ll) (Fig. 2a), two monomer-equivalents of Fe(ll) (Fig. 2b), and two
monomer-equivalents of Mn(ll) (Fig. 2c), co-migrated with NikR, Fur and MntR, respectively, during
gel-filtration chromatography. Upon titration of NikR (10.6 uM) with Ni(ll), a Ni(I1)-NikR
absorbance feature at 302 nm increased linearly and saturated at ~ 10 uM Ni(ll), again indicating a
stoichiometry of 1:1 Ni(I):NikR (Fig. 2d,e). Competition between NikR and EGTA for Ni(ll)
enabled a Ni(Il) affinity to be calculated (Fig. 2f, Table 1). Upon titration of Fur (10.3 pM) with
Fe(Il), fluorescence decreased linearly and saturated at ~ 20 uM Fe(l1) consistent with a stoichiometry
of 2:1 Fe(ll):Fur (Fig. 2g-h). Competition between Fur and nitrilotriacetic acid (NTA) for Fe(ll)
enabled a Fe(ll) affinity to be determined (Fig. 2i, Table 1). The affinity of MntR for Mn(ll) was
determined by competition with the fluorescent probe mag-fura-2 (Fig. 2j), and a Mn(ll)-affinity (6.1
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(£0.4) x 10°° M) for mag-fura-2 was separately established by direct titration (Fig. 2k). These data
showed that Mn(Il) has the weakest affinity for its cognate sensor, relative to other metals and cognate
sensors (Table 1).

Binding of five sensors to DNA was monitored by fluorescence anisotropy with
hexachlorofluorescein-labelled promoter fragments at limiting concentrations (Supplementary Fig. 6).
The numbers of multimers (dimer or tetramer) that formed the tightest DNA complexes were also
analysed with high (>0.1 uM) concentrations of DNA (Supplementary Fig. 7). DNA-binding
affinities, Kz and K, were then determined (Table 1). Metalated co-repressors (NikR, Fur and MntR)
(Supplementary Fig. 6f-h), formed tighter DNA complexes than their metal-free forms

(Supplementary Fig. 6a-c), confirming their mechanism.

Metals change the abundance of two sensors.

Some sensors are auto-regulatory and this variable has not previously been taken into account in
determinations of metal sensitivity. The copy number (active multimers) per cell of each of the seven
sensors was next determined by quantitative multiple reaction monitoring (MRM) mass spectrometry
using cells cultured in the presence and absence of elevated concentrations of cognate metal, P1 and
Po respectively (Fig. 3a,b and Supplementary Fig. 8). The data showed that the abundances of the
Fe(Il) and Co(ll) sensors changed significantly in response to metal. In low iron, cells contained
approximately ten times more Fur dimers than any other sensor, consistent with its large regulon, and
this number more than doubled in elevated iron (Fig. 3b). Similarly, RcnR increased by four-fold in
elevated Co(ll).

We recently developed a method to simultaneously solve the equilibria in Fig. 1a and
calculate 6p or dpwm, as shown in Fig. 1b, at different intracellular buffered Co(Il) and Zn(ll)
concentrations, but this did not account for change in sensor abundance with metal*. For co-repressor
Fur this method was used to calculate promoter occupancy (éb) at different concentrations of Fe(ll) in
cells with fixed sensor abundances Po, P1, and at protein abundance intervals of 10% (Fig. 3c). These
data show that occupancy of some Fur-sites require de novo synthesis of Fur in elevated iron (~15%:
The difference between the maximum values with Py and P1 on Fig. 3c). If the affinity of Salmonella
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Fe(I)-Fur for its DNA sites shows some variation, then the weaker sites will only become occupied as
the amount of Fur increases in iron, contributing towards a graded response to iron at different Fur-
regulated promoters?*, By relating change in sensor abundance to change in promoter occupancy (Fig.
3c inset), further equations were derived to incorporate metal-dependent changes in sensor abundance
(Supplementary Note 2, Supplementary Dataset). Applying these equations revealed hysteresis
modulating sensitivity to Co(ll) and Fe(Il) (Fig. 3c,d). De-repression by Co(ll)-RcnR of its own
promoter leads to more RcnR being produced: In turn, increased RcnR suppresses the magnitude of
de-repression and so the response calculated with the metal-dependent change of RcnR abundance P+

is attenuated at lower [Co(l1)] relative to a model with Py alone (Fig. 3d).

Low buffered cytosolic metal relative to metal cell™.

By applying the equations in Supplementary Note 2, via the spreadsheet in Supplementary Dataset,
the response of every sensor (6p or dpwm) to intracellular buffered concentrations of their cognate metal
(Ks) was next calculated from the K, Kz and K values in Table 1, Po and P; values in Supplementary
Fig. 8b, and number of DNA targets in Supplementary Table 1 (Fig. 4a). The analyses assume that the
total amount of buffer and metal are sufficiently high that binding of metal to the sensor has no
significant effect on the buffered pool of metal. Simulations using solely metal affinity K; matched
sensitivity for only two of the sensors and the remainder differed by approximately an order of
magnitude, some higher and others lower (Supplementary Fig. 10). Although these differences
appeared relatively small on scales spanning eighteen log units, they were sufficient to influence
subsequent predictions of metal specificities of the cobalt chelatase CbiK. Protein DNA affinities
follow a double log dependence on salt concentration?>2¢, as shown for Zur and NikR (Supplementary
Fig. 11). At 500 mM K* plus Na* (400 mM plus 100 mM respectively), metal sensitivities of most
sensors move closer to predictions obtained using solely K: (Supplementary Fig. 12). The
experimental conditions used here, 300 mM K* plus Na*, were chosen to reflect standard internal ion
concentrations. Non-halophilic bacteria such as Salmonella and E. coli maintain a relatively constant

intracellular K* concentration within the range 200 to 500 mM?"28 with 240 mM K* used here, and in
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standard M9 medium (containing 42 mM Na*) internal Na* is in the region of 50 mM?’, with 60 mM
Na* used here.

Does a consideration of sensor-binding to non-specific DNA alter predicted metal
sensitivities? The amount of competing non-specific DNA per E. coli cell is estimated to be 104 M
base pairs, with the remainder occluded for example by other DNA binding proteins?. Non-specific
binding to the nixA promoter was analysed for Zn(l1)-Zur and apo-Zur, then estimated for the other
sensors, allowing cubic equations that account for competition from non-specific DNA, to be solved
(Supplementary Fig. 13). However, the effect of including non-specific DNA binding on metal-
sensitivity was negligible (Supplementary Fig. 13c). MntR was estimated to have the tightest non-
specific DNA affinity (due to its relatively tight K3) which was confirmed experimentally
(Supplementary Fig. 13d).

Available metal concentrations when each cognate sensor undergoes half of its response (Fig.
4a, Supplementary Table 2), are many orders of magnitude lower than total cellular metal expressed
as a concentration (Supplementary Table 3), and mostly imply negligible free, fully-hydrated, metals.
The apparent total metal concentrations in metal-replete cells are within two orders of magnitude of
each other for all metals. In contrast, the buffered available cytosolic metal concentrations to which
sensors are attuned vary by fifteen orders of magnitude (Supplementary Table 2 and Fig. 4a): The
differences between apparent total metal concentrations and available metal concentrations reflect
metal in the buffer, metal that is kinetically trapped and metal that is in non-cytosolic locations.

The calculations developed here can be used to better understand graded responses in
bacterial metal homeostasis and the relationship between buffered metal concentrations and total
metal concentrations. A graded response to decreasing Zn(l1) has been described for Zur regulated
promoters in B. subtilis and E. coli®®3L, The gradation has been attributed to negative cooperativity
between the Zn(11) sites of B. subtilis Zur, differing in affinity by ~ 20-fold®!32. Both Zn(11) sites must
be occupied for tight binding to the znuA promoter but only the first site is needed for the rpsNB
promoter, which encodes an alternative ribosomal protein that does not require Zn(Il) and is part of a
Zn(11) sparing mechanism when cytosolic Zn(l1) pools are depleted®. By applying the calculations
developed here, the sensitivity of B. subtilis Zur on the znuA promoter is remarkably similar to
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Salmonella Zur on znuA, while regulation of rpsN is approximately an order of magnitude more
sensitive to intracellular Zn(Il) (Supplementary Fig. 14). The greater sensitivity of Zur on the rpsN
promoter is consistent with a role for the product of rpsN in ‘fail-safe’ ribosome synthesis upon
Zn(I1)-depletion®. Similarly, by using the calculations developed here to re-examine regulation by E.
coli Zur, the magnitudes of the differences in Zur responses on znu and on a gene encoding a
ribosomal protein are estimated to be similar in E. coli and in B. subtilis (Supplementary Fig. 14). In
both bacteria, the Zn(ll)-sparing, ribosome-switching mechanisms respond at least an order of
magnitude below the buffered Zn(11) concentration that regulates the znu promoters, albeit by varying
K1 in B. subtilis and K4 in E. coli (Supplementary Fig. 14).

In Fig. 4b, a Zn(I1) buffer has been simulated by assigning an affinity mid-way between
proteins with 50% saturation when the responses of Salmonella ZntR and Zur are at 0.5 (Fig. 4a), and
the buffer has been assigned a capacity to bind up to a half of the total Zn(ll) found in Zn(lI)
supplemented cells (Supplementary Table 3). The curve thus relates change in available buffered
metal concentration to total Zn(ll), as the buffer transitions from depleted to saturated. The data points
reflect the Zn(ll) concentrations at the mid-points of the response curves for Salmonella ZntR and Zur
(on znuA) plus B. subtilis Zur on the rpsNB promoter. This illustrates that while the magnitude of the
differences in buffered Zn(ll) concentrations that regulate Salmonella ZntR and Zur, plus B. subtilis
Zur on the rpsNB promoter (Fig. 4b), are modest compared to variation between sensors for different
metals (Fig. 4a), they become substantial when related to fractional saturation of a cytosolic Zn(ll)

buffer and hence total Zn(Il) cell .

Metal sensing follows the Irving-Williams series.

The term ‘available intracellular metal concentrations’ has the potential to be misleading because
many metals are buffered to less than one hydrated ion per cell (Fig. 4a, Supplementary Table 2).
Crucially, the hydrated species is less relevant if metal transfer is associative (Fig. 1a). An alternative
is to describe availabilities in terms of standard free energies (AG®). By comparing standard free
energies, metal partitioning can be explained without reference to metal concentrations. The affinity
of an unknown protein (or other molecule: Ka), that would have 50% metal occupancy in vivo was

9
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therefore calculated from available metal concentrations as derived from the tuning of metal sensors,
here at 0.5 of their respective responses (Supplementary Note 3, Supplementary Table 2). The AG®°
associated with metal binding to such a protein is shown, along with values for proteins with 20% and
80% occupancy (Fig. 4c). The data presented in Fig. 4c reveal that the metal availabilities to which
the set of metal sensors are attuned follows an order which is the inverse of the Irving-Williams series
(Supplementary Fig. 15)* The tighter the stability constants in the series, the more favorable the free
energies to which the cognate allosteric mechanisms are tuned and hence the lower the metal
availabilities. By also converting the metal affinities of proteins or other biomolecules to AG° values,
a comparison of AG° values will predict whether or not any given metal can transfer from the buffer
to the molecule, with metals flowing to the molecule with the more favorable AG°. A comparison of
AG° values will similarly identify metals that will be released to the cytosol from antimicrobial

ionophores®.

Free energies explain metalation of B, chelatase CbiK.

A third of metalloenzymes acquire metals from delivery proteins and/or contain metal-cofactors that
have metal-delivery proteins®. To test whether the values in Fig. 4c can explain how the correct
metals partition to a metal-delivery pathway, the metal-affinities, and hence free energies for
metalation, AG®, were determined for the CbiK cobalt chelatase from Salmonella. CbiK inserts cobalt
in the anaerobic vitamin Bi2 biosynthesis pathway®-%’. CbiK was over-expressed and purified to
homogeneity (Fig. 5a). One monomer-equivalent of Co(ll) co-migrated with CbiK during gel-
filtration chromatography (Fig. 5b, Supplementary Fig. 16). Competition between ChiK and the
fluorescent probe fura-2 for Co(ll) enabled a Co(ll) affinity to be calculated (Fig. 5¢, Supplementary
Table 4). Competition between ChiK and mag-fura-2 for Mn(ll), Fe(Il), Ni(Il) and Zn(ll) enabled
affinities to be determined for Fe(ll), Ni(ll) and Zn(ll), and for Fe(ll) this was done in conjunction
with an Fe(ll)-affinity (5.3 (+0.65) x 10°® M) for mag-fura-2 that was separately established (Fig. 5d-
g, Supplementary Fig. 17, 18 and Supplementary Table 4). CbiK did not show any competition for

Mn(11) and an affinity weaker than 20 uM is established from the co-migration of sub-stoichiometric
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amounts of Mn(ll) with CbiK in gel filtration chromatography when the buffer contained 20 uM
Mn(I1), and no associated Mn(l1) when the buffer was free of Mn(Il) (Supplementary Fig. 16c¢,d). A
mean (zs.d.) Cu(l) affinity of 7.7 (x1.3) x 10"** M for ChiK was determined by competition with
bicinchoninic acid titrated up to one equivalent of Cu(l), noting that protein precipitation occurred at
greater stoichiometries (Fig. 5h). Cu(l) forms substantially the most stable complexes with ChiK in
comparison to all other metals including Co(ll) (Supplementary Table 4). The affinity for Co(ll) is
comparable to that for Zn(ll) and slightly weaker than Ni(Il) (Supplementary Table 4). Viewed in
isolation, these values suggest that CbiK will be mis-metalated by ions other than Co(ll) and
preferentially Cu(l).

To understand the mechanism by which CbiK acquires the correct metal, rather than Cu(l)
Ni(Il) or Zn(ll), affinities were converted to AG® values and compared to the AG® for metalation to
which sensors are tuned: For Mn(l1) an arrow represents a limiting affinity of 20 uM or less (Fig. 4c).
ChiK only approached the AG® for Co(ll) estimating 15.4% occupancy (Fig. 4c, Supplementary Table
4). All other metals, including Cu(l), showed no significant occupancy with the exception of Fe(ll)
with an estimated 1% occupancy (Supplementary Table 4). ChiK is known to partly complement
bacterial cells missing the CysG iron chelatase for siroheme synthesis®, suggesting that CbiK can,
under such circumstances, obtain some Fe(l1). The Co(ll)-CbiK complex was sufficiently labile that
no cobalt remained bound to ChiK post purification, and following re-metalation cobalt was lost in a
single purification step (Supplementary Fig. 19), unless the purification buffers were supplemented
with 20 pM cobalt (Fig. 5b). Incubation of ChiK with fura-2 plus Co(ll) to give AG®° for available
Co(Il) matching the intracellular value shown in Supplementary Table 2, nonetheless gave an
occupancy of 15.6 %, close to the anticipated value (Supplementary Fig. 19d). It is formally possible
that when vitamin B2 is synthesised anaerobically in Salmonella cells, the buffered concentration of
Co(Il) is elevated with RcnR at greater than 0.5 of its response. When the AG® for metalation was
approximated solely from the metal affinities of the sensors (K1), Co(ll) ceased to be the preferred
metal, switching places with Fe(ll) and illustrating the importance of combining all of the parameters

(Supplementary Table 4, Supplementary Fig. 20).
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B1, -metalation requires CbiK when Co(ll) is buffered.

The insertion of cobalt into sirohydrochlorin, which occurs in the CbiK-dependent pathway for
vitamin B1,%%%, can be monitored from changes in intense spectral features and typically from a loss
of absorbance at 376 nm (Supplementary Fig. 21a)%. Cobalt sirohydrochorin formed spontaneously in
the presence of Co(ll) and this reaction was accelerated by CbiK (Fig. 5i). When Co(ll) was buffered
to the cellular AG® for metalation using nitrilotriacetic acid (Fig. 4c, Supplementary Table 2), the
formation of cobalt sirohydrochlorin only occurred in the presence of CbiK (Fig. 5i). The comparison
of AG® values estimated partial metalation of CbiK with Co(ll) under these conditions
(Supplementary Table 4). The complete conversion of sirohydrochlorin to its cobalt form reflects
subsequent catalysis and kinetic trapping of cobalt. Crucially, when Co(ll) was buffered to the cellular
AG® for metalation in the absence of CbiK, spontaneous formation of cobalt sirohydrochorin was
inhibited revealing the necessity for a chelatase that is correctly poised to acquire Co(ll) from the
cytosolic buffer (Fig. 5i, Supplementary Fig. 21b). Where the AG® gradient between buffer and
protein predicts low occupancy, folding and kinetic trapping post-binding can enhance saturation, but

loading is predicted to become slower and the risk of mis-metalation may be greater.

DISCUSSION
In the course of this work representatives of a set of metal sensors were further characterised in
Salmonella to enable their metal sensitivities to be determined (Fig. 1c-4a, Supplementary Fig. 6).
From these sensitivities the free energies for metalation to which sensors are attuned were derived
(Fig. 4c, Supplementary Table 2). Metalation in vivo becomes predictable from these values as shown
in Fig. 4c. Proteins will acquire the most competitive metal for which AG® is favorable relative to the
buffer, exemplified here by the cobalt chelatase for vitamin B2, ChiK, which in this manner is
predicted to correctly acquire Co(ll) rather than tighter binding metals (Fig. 4c, Fig 5, Supplementary
Table 4). By this mechanism cells can simultaneously metalate and use enzymes requiring
uncompetitive metals at the same time as enzymes that require competitive metals.

The fraction of proteins which are under metalated, as predicted for ChiK when RcnR is at
0.5 of its response, is currently unknown. If cells commonly synthesise larger amounts of enzymes
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than become metalated, then these proteins will represent a significant fraction of the buffer.
Modulation of enzyme activity through metalation status, as observed in Streptococcus pneumoniae
where Mn(11)-toxicity is mediated by hypermetalation of protein phosphatase PhpP*, also becomes
possible for enzymes with AG®° for metalation close to that of the buffer.

The stability order of metal complexes, the Irving-Williams series, is shown for first row
essential metals, plus Mg(11), metals commonly required by enzymes (Supplementary Fig. 15)3#. The
notion that the availability of metals in cells will be the inverse of this series is not new?®#, but here
this is finally demonstrated from the AG® for metalation to which sensors are attuned (Fig. 4c). The
series inverts after copper and the Salmonella cytosol buffers Zn(Il) comparably to Ni(ll).

A consequence of proteins having tighter affinities for incorrect metals is the risk of mis-
metalation. To support the use of metalloenzymes in biotechnology, there is a need to determine the
AG*® for metalation in other cell types making it possible to tune the affinities of proteins, or adjust the
metal saturation of the cytosol, for optimal metalation in synthetic biology. Mis-metalation is also a
feature of chronic diseases including multiple neurological disorders*#, and there is opportunity to
better understand which proteins are susceptible to mal-incorporation of which metals from equivalent
AG® values for compartments in eukaryotes. In nutritional immunity, excess or deficiencies of metals
such as Zn(Il) or copper, manganese or iron, limit the growth of pathogens*-°, and there is a history
of using metals, chelants and ionophores as antimicrobials®®. An intriguing concept is that microbes
are inherently susceptible to fluctuations in metals due to the need for precise control of relative metal
availabilities in order to avoid mis-metalation, over-metalation or under-metalation*®4-4’, Knowledge
of the AG® for metalation inside cells will allow new antimicrobial compounds to be tailored to

release or deplete specific metals.
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Figure 1 | Metal binding and DNA binding are coupled to enable Salmonella to sense different
metals. a, Semi-schematic representation of metal sensors in four allosteric conformations (end states,
red) which are thermodynamically coupled: apo (i.e. metal free)-protein (P), metal-protein (PM), apo-
protein-DNA (PD) or metal-protein-DNA ((PM)D)’. Buffered metals (BM) may exchange to and
from proteins via association of the molecules. b, The fractions of DNA target sites bound to sensor
protein (6p) or solely to metalated sensor protein (owm). ¢, gPCR (log. fold-change) of mntS (regulated
by MntR), iroB (regulated by Fur), rcnA (regulated by RcnR), nixA (regulated by NikR), copA
(regulated by CueR), znuA (regulated by Zur) and zntA (regulated by ZntR) in cells grown in elevated
non-lethal metal concentrations. Data are the mean + standard deviation (s.d.) of biologically
independent samples (n = 4 for iroB, rcnA, copA, zntA; n = 3 for mntS, nixA, znuA; T, not analysed).
Symbol shapes represent individual experiments. d, Purified sensor proteins analysed by SDS-PAGE

(full images in Supplementary Fig. 3b). Using gradient SDS-PAGE n = 1.

Figure 2 | Metal affinities that complete a set of values for Salmonella metal sensors. a-c, Gel-
filtration (Supplementary Fig. 3c in full) showing co-migration of NikR with Ni(ll) (a), Fur with
Fe(ll) and Zn(I1) (b and Supplementary Fig. 4), MntR with Mn(1l) (c). n = 1 (a-c). d, Apo-subtracted
spectra of Ni(ll)-titrated NikR (10.6 uM), n = 1 at pH 8.0. e, Feature at 302 nm from d, shows linear
increase saturating at ~ 10 uM Ni(Il) hence 1:1 Ni(Il):NikR stoichiometry. f, Representative NikR
(13.2 uM) absorbance (n = 4 independent experiments) in competition for Ni(ll) with EGTA (784.3
uM). The fit departs from simulations with Ky; ten-fold tighter or weaker. g, Quenching of Fur (10.3
MM) fluorescence emission by Fe(ll). n = 3 independent experiments with similar results. h, Feature at
303 nm from g. i, Representative Fur (10.2 uM) fluorescence in competition for Fe(ll) with NTA (100
uM) (n = 4 independent experiments). The fit departs from simulations with K. ten-fold tighter or
weaker for the first pair (second pair Kee fixed) and second pair (first pair K. fixed) of sites. j,
Representative mag-fura-2 (1.95 uM) fluorescence (n = 4 independent experiments) in competition
for Mn(I1) with MntR (18.7 uM) . The fit departs from simulations with Ku, for MntR ten-fold tighter
or weaker. k, Mn(I1) binding to mag-fura-2 from Supplementary Fig. 5 (n = 4 independent
experiments), 1:1, Aexcitation 380 nm, with simulations ten-fold tighter and ten-fold weaker than the
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fitted mean (£s.d.) Kunof 6.1 (20.4) x 10 M for mag-fura-2. Fitting models in Supplementary Note

1.

Figure 3 | Metals change the abundance of some sensors to modify regulation. a, Representative
chromatograms following MRM mass-spectrometry of ion transitions for analyte (coloured lines) or
isotope-labelled internal standards (grey line, right axis for RcnR) for MntR, Fur, RcnR, NikR, CueR,
Zur and ZntR respectively, detected in Salmonella cell lysates following prolonged exposure to
elevated concentrations of cognate metals (n = 3 biologically independent samples, other than CueR
where n = 5 biologically independent samples, with similar results). Multimeric states are noted in
Table 1 footnote. Analyte peptide sequence is shown for each protein. Full chromatograms shown in
Supplementary Fig. 9. b, Abundance of sensors in control cells in minimal media P, (left) and with
cognate metal P; (right). Values were calculated using calibration curves (Supplementary Fig. 8a)
normalised to cell number. Bars and error bars are means and s.d., respectively (shapes represent
biologically independent experiments with n = 3, except for CueR where n = 6 (Po) and n =5 (P1)). c,
Fractional DNA occupancy (6b) with Fur as a function of buffered [Fe(l1)] using K1, Ks, Ka, target
DNA concentration (Table 1), and either Pq (light orange line), P1 (dark orange line) or 10%
increments between Pg and P1 (grey lines). DNA occupancy (black circles) where [Fur] at any given
[cognate metal] (Pr) is linearly proportional to 6o (inset). 8po and Op1 (determined using Po and P1),
are DNA occupancies at low and high [cognate metal], respectively. For co-repressors (e.g. Fur), oo
and dp1 are minimum and maximum values (the converse relationship for de-repressors). d, A
comparison of dp with RcnR using Pt (solid blue line) relative to fixed [RcnR] and Po (dashed light

blue), normalised independently for each curve.

Figure 4 | Sensing is tuned to the Irving-Williams series. a, Calculated responses of CueR, NikR,
Zur, ZntR, RenR, Fur and MntR, as b (or dpm for ZntR and CueR), to buffered concentrations of
Cu(l), Ni(ID, Zn(11), Zn(11), Co(l1), Fe(1l) and Mn(ll) respectively within Salmonella using metal
affinities, DNA affinities, cellular protein and DNA target abundances, in Table 1, Supplementary
Fig. 8 and Supplementary Table 1. b, Relationship between buffered Zn(11) concentration and total
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Zn(1l) ions in a simulated buffer, showing where Salmonella Zur and ZntR, plus B. subtilis Zur on the
rpsN promoter (Supplementary Fig. 14), are calculated to undergo 0.5 of their responses. ¢, Standard
free energy change (AG®) for formation of a protein-metal (PM) complex, which in the Salmonella
cytosol, gives 20%, 50% or 80% metalation (6¢): Zn(l1) determined for ZntR (a), and Zur (b),

riboswitch used for Mg(Il) (Supplementary Table 2), plus AG® for ChiK.

Figure 5 | Metalation of CbiK and sirohydrochlorin. a, SDS-PAGE of ChiK (Supplementary Fig.
16a). n = 1 by gradient SDS-PAGE. b, Gel-filtration of CbiK in 20 uM Co(II) (Supplementary Fig.
16b) (n = 3 independent experiments with similar results). ¢, Fura-2 (12.6 uM) fluorescence (n =3
independent experiments) competing for Co(II) with CbiK (8.59 uM). d, Mag-fura-2 (11.3 uM)
absorbance (n = 3 independent experiments) out competing CbiK for Mn(IT) (7.38 uM): Fits with and
without ChiK overlay. e, Mag-fura-2 (6.08 uM) absorbance (n = 3 independent experiments)
competing for Fe(IT) with CbiK (19 uM). f, Mag-fura-2 (11.3 uM) absorbance (n = 3 independent
experiments) competing for Ni(Il) with CbiK (7.46 uM). g, Mag-fura-2 (11 uM) absorbance (n =3
independent experiments) competing for Zn(Il) with CbiK (6.84 uM). In c, e-g, fits depart from Kmeta
ten-fold tighter or weaker noting that Ni(ll) approaches the tightest limit for the assay. All models in
Supplementary Note 1. h, BCA (22.1 uM) absorbance without (n = 3 independent experiments) or
with (n = 4 independent experiments) competition for Cu(I) with CbiK (10 uM). Representative data
sets c-h. i, Conversion of sirohydrochlorin (4.67-5.64 uM) after addition of Co(II) with or without
CbiK (5 uM), plus or minus a Co(I)-buffer (data are means of n = 3 independent experiments +s.d.).

Full time course shown in Supplementary Fig. 22.
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Table 1 | Metal affinities, DNA affinities, allosteric coupling free energies and DNA targets of

Salmonella metal sensors

Sensor/ Metal  Kwetar (1/K1) (M)"  Kona (1/Ks) (M) Kpna (1/Ka) (M) AGc No. DNA
(without metal)  (with metal) (kcal molY)  targets?

MntR/ Mn(Il) 1.3 (x0.4) x 10° 8.6 (¥1.7) x 108 5 x 1098 -1.7(x0.1) 4

Fur/ Fe(ll) 5.3(x0.7)x 107f 2.4 (+0.6) x 10° 5.6 (x2.1) x10®  -3.6(x0.2) 37

RenR/ Co(ll) 5.1 (20.9) x 107105 1,5 (20.8) x 107# 1.5 (20.2) x 10 42,7 (£0.2)4
NikR/Ni(ll) 2.5 (x0.4) x 102 1.1 (x0.1) x 105  9.5(0.8) x 10°  -4.2 (+0.1)
CueR/Cu(l) 3.3 (0.7) x 109 32 (+1.2) x 1088 3.8 (+1.8) x 1075  +1.4 (+0.4)%
Zur/ Zn(I1) 6.4 (£0.4) x 1035 2.7 (£0.4) x 1051 4.1 (+1.0) x 1085 -3.9 (x0.2)
ZntR/Zn(Il) 3.2 (x0.7) x 102 1.1 (20.4) x 107 7.8 (x1.3)x 107  +1.2 (+0.2)

N WN e

All constants are means + s.d., with ‘n’ of independent replicates stated in the legends of Fig. 2 and
Supplementary Fig. 6 (other than values marked ¥, see below), and are presented here as dissociation
constants. AGc is the free energy coupling metal binding to DNA binding.

“Metal-binding data were fit to models describing a single affinity for the complement of allosterically
effective site(s) of each sensor: This is an apparent average affinity of four sites per MntR dimer, two
per Fur or Zur dimer, two per RcnR tetramer, four per NikR tetramer, and one per CueR or ZntR
dimer. It is noted that two sites appear sufficient for allosteric regulation by MntR on some promoters,
and Supplementary Fig. 14 examines an analogous situation for some Zur-regulated promoters.

"The identified DNA binding sites for each sensor are listed in Supplementary Information.

*For Fur, to fit the data in Fig. 2i, it was necessary to consider sequential Fe(ll) binding events to four
sites per Fur dimer, with individual (mean (s.d.)) affinities 1/K; of 2.6 (+0.3) x 10”7 M for the two
allosteric sites which was converted to a single value describing the filling of both sites. The
individual (mean (zs.d.)) affinities 1/K; of sites three and four was 6.4 (+0.6) x 108 M.

HDetermined previously*#, limiting values confirmed by low-salt titrations, Supplementary Fig. 11
for Zur.

$Values are for DNA binding by the first CueR dimer. Mean (zs.d.) DNA affinities 1/Kzand 1/K,4 of
the second dimer binding were 1.0 (£0.4) x 10% Mand 3.9 (+1.7) x 10 M for apo- and Cu(l)-CueR,
respectively.

$sConfirmed by titration with 2 nM DNA (n = 6 independent experiments).
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Online Methods.

Determination of transcript abundance. Salmonella enterica serovar Typhimurium strain SL1344
(J.S. Cavet, University of Manchester), originally from the Salmonella Genetic Stock Centre, was
used throughout as wild-type. Media and cultures were prepared in plasticware or acid-washed
glassware to minimise trace metal contamination.

For iroB, rcnA, copA and zntA, overnight cultures in M9 minimal medium, supplemented with
thiamine (10 pg ml™?) and L-histidine (20 ug ml™), were diluted to an ODgoo nm 0Of 0.025 in fresh
supplemented M9 media and cultured aerobically at 37 °C, with shaking (200 rpm), for 4-5 hours. For
ZnuA, 25 uM EDTA was included to chelate basal Zn(Il). For nixA and mntS, 1 x M9 salts, 0.4% w/v
glucose, 10 mM sodium fumarate and 10 mM sodium formate was chelex-treated (2-3 hours) before
addition of MgSO4 (2 mM), CaCl, (0.1 mM), thiamine (10 ug ml™) and L-histidinol (1 mM). L-
histidinol was an alternative to L-histidine minimising Ni(I1)-(L-histidine). entry via NikA5,
Overnight cultures were diluted to an ODeoo nm 0f 0.0001 in fresh media and cultured anaerobically for
14 - 16 h at 37 °C in capped microcentrifuge tubes without headspace.

Growth media was supplemented with metal salts as appropriate: MnCl (200 uM), FeSO4 (1
uM), CoClz (0.5 uM), NiSO4 (50 uM), CuSOs (25 uM) or ZnSO4 (50 uM). Metal stocks were
guantified by ICP-MS. Under aerobic conditions these concentrations cause minimal growth
inhibition*%, and inhibit growth (final cell density) by <15% at the point of RNA extraction
(Supplementary Fig. 2a-c). Under anaerobic conditions, 5 uM CoCl, and 1 uM CuSOs inhibit growth
by <15% at the point of RNA extraction (Supplementary Fig. 2b). RNA was extracted and cDNA
generated using up to 1 pg RNA per reverse-transcriptase reaction (50 pl)!t. Controls without reverse
transcriptase were generated in parallel. Transcript abundance was assessed by end-point PCR and
gPCR using oligonucleotide pairs 1 and 2 (mntS), 3 and 4 (iroB), 5 and 6 (rcnA), 7 and 8 (nixA), 9 and
10 (copA), 11 and 12 (zntA), 13 and 14 (znuA), and 15 and 16 (rpoD) each designed to amplify a 100-
200 bp fragment (Supplementary Table 5). End-point PCR fragments were resolved by agarose gel
electrophoresis (1.5% wi/v agarose) and imaged using a Gel-Doc XR+ gel documentation system.
gPCR was conducted with 5 ng cDNA and three technical replicates per reaction®!. The fold change,
relative to the mean of the control condition for each sensor, was calculated using the 2-44°T method®?,
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with rpoD as a reference. Cr values were calculated with LinRegPCR after correcting for amplicon

efficiency®s.

Protein expression and purification. Over-expression and purification of RcnR, CueR, ZntR and
Zur has been described™%, The mntR, fur, nikR and chiK coding regions were amplified from
Salmonella genomic DNA using primers 17-24 (Supplementary Table 5) and ligated into the Ndel
(Bfal used to produce Ndel compatible overhang for cbiK) and EcoRl sites of pET29a (generating
PETmntR, pETfur, pETnikR and pETcbiK, respectively). E. coli BL21(DE3) transformed to
kanamycin (50 pg ml?) resistance with these plasmids, was cultured (37 °C, 180-200 rpm) in LB.
Protein expression was induced with 1 mM IPTG (0.2 mM for pETchiK), with addition of 50 uM
ZnS0, (2-3 h).

Cells overexpressing Fur were suspended in 300 mM NaCl, 5 mM imidazole, 1 mM Tris(2-
carboxyethyl)phosphine hydrochloride (TCEP), 20 mM sodium phosphate buffer pH 7.4, plus
protease inhibitor cocktail (Sigma) for lysis. Following lysis and clarification, lysate was applied to 5
ml HisTrap FF (GE Healthcare) equilibrated with suspension buffer. Column was washed with
suspension buffer (eight column volumes, CV), then suspension buffer containing 10 mM imidazole
(2 CV), and 100 mM imidazole (0.9 CV), before elution with suspension buffer containing 300 mM
imidazole. Eluate was diluted 1 in 3 with 1 mM TCEP and 10 mM HEPES pH 7.0 before application
to a 5 ml Q HP column (GE Healthcare) equilibrated with 100 mM NaCl, 1 mM TCEP, 10 mM
HEPES pH 7.0, washed with equilibration buffer (5 CV) and eluted with equilibration buffer
containing 1 M NaCl. Fur concentration was estimated via Azsonm (determined 2s0nm = 6,672 M cm
1) before gradual addition of 2 molar equivalents of ZnSO4and incubation for 1 h at room temperature
(to fill the Zn(I1) structural site). EDTA was added to 7.5 mM (to remove excess Zn(Il)) and sample
incubated overnight at 4 °C. Sample was applied to HiLoad 16/600 Superdex 75 (GE Healthcare)
equilibrated in 100 mM NaCl, 0.5 mM TCEP, 10 mM HEPES pH 7.0 (chelex-treated), eluted with the
same buffer. Fractions containing dimeric Fur (based on elution volume) were applied to 1 ml Q HP

column (GE Healthcare) equilibrated in the same buffer, moved into an anaerobic glovebox, washed
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with 20 mM NaCl, 80 mM KCI, 10 mM HEPES pH 7.0 (chelex-treated, N»-purged) (10 CV), before
elution with 200 mM NacCl, 800 mM KCI, 10 mM HEPES pH 7.0 (chelex-treated, N2-purged).

Cells overexpressing MntR were suspended in 300 mM NaCl, 10 mM imidazole, 20 mM
sodium phosphate buffer pH 7.4, plus 1 mM phenylmethanesulfony! fluoride (PMSF) for lysis.
Following lysis and clarification, lysate was applied to a 5 ml HisTrap HP column (GE Healthcare)
equilibrated with suspension buffer. Column was washed with suspension buffer (8 CV) before
elution with suspension buffer containing 100 mM imidazole. Sample was applied to HiL.oad 16/600
Superdex 75 equilibrated with 300 mM NaCl, 10 mM EDTA, 10 mM HEPES pH 7.0 and eluted with
the same buffer. Pooled MntR containing fractions were loaded onto 1 ml HiTrap Heparin (GE
Healthcare) equilibrated with the size exclusion buffer, washed with gel-filtration buffer (10 CV)
before elution with 1 M NaCl, 10 mM EDTA, 10 mM HEPES pH 7.0. Eluate was diluted 1 in 3 with
10 mM EDTA, 10 mM HEPES pH 7.0 before application to 1 ml HiTrap Heparin equilibrated with
the size exclusion buffer. Column was washed with 60 mM NaCl, 240 mM KCI, 10 mM HEPES pH
7.0 (chelex-treated) (10 CV), before elution with 200 mM NaCl, 800 mM KCI, 10 mM HEPES pH
7.0 (chelex-treated).

Cells overexpressing NikR were suspended in 500 mM NaCl, 10 mM imidazole, 100 mM
sodium phosphate buffer pH 8.0. Following lysis and clarification, 100 uM NiCl, was added to the
lysate which was then applied to 1.5 ml Ni(I1)-NTA agarose. Column was washed with suspension
buffer (15 CV) and suspension buffer containing 35 mM imidazole (10 CV) before elution with
suspension buffer containing 250 mM imidazole, 100 mM NaCl. Eluate was diluted 1 in 2 with 2 mM
TCEP, 10 mM HEPES pH 7.5 before application to a 5 ml Q HP column equilibrated with 100 mM
NaCl, 2 mM TCEP, 10 mM HEPES pH 7.5, washed with equilibration buffer (5 CV) and eluted with
equilibration buffer containing 0.5 M NaCl. EDTA (10 mM) and L-histidine (500 uM) were added (to
remove Ni(ll)) and sample incubated overnight at 37 °C. Sample was applied to HiLoad 16/600
Superdex 75 equilibrated in 100 mM NaCl, 1 mM TCEP, 10 mM HEPES pH 7.5 (chelex-treated) and
eluted with the same buffer. Pooled NikR containing fractions were applied to 1 ml Q HP equilibrated

in the same buffer and moved into an anaerobic glovebox, washed with 100 mM NaCl, 10 mM
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HEPES pH 7.5 (chelex-treated, N2>-purged) (10 CV), before elution with 100 mM NaCl, 400 mM
KCI, 10 mM HEPES pH 7.5 (chelex-treated, N2-purged).

Cells overexpressing ChiK were suspended in 100 mM NaCl, 1 mM DTT, 5 mM imidazole,
20 mM sodium phosphate pH 7.4 plus 1 mM PMSF for lysis. Following lysis and clarification, lysate
was applied to HisTrap HP (GE Healthcare) equilibrated with suspension buffer. Column was washed
with suspension buffer (10 CV), before elution with suspension buffer containing 300 mM imidazole.
EDTA was added to 10 mM and sample incubated at room temperature (2 h). Sample was applied to
HiLoad 26/60 Superdex 75 (GE Healthcare) equilibrated in 200 mM NaCl, 1 mM TCEP, 10 mM
HEPES pH 7.0 (chelex-treated) and eluted with the same buffer. Peak elution fractions (based on
SDS-PAGE analysis) were pooled and applied to 1 ml HiTrap Q HP (GE Healthcare) equilibrated in
the same buffer and moved into an anaerobic glovebox. Column was washed with 20 mM NacCl, 80
mM KCI, 10 mM HEPES pH 7.0 (chelex-treated, N2-purged) (20 CV) before elution with 40 mM
NaCl, 160 mM KCI, 10 mM HEPES pH 7.0 (chelex-treated, N2-purged). To produce semi-pure CbiK
by anion exchange chromatography cells overexpressing CbiK were suspended in 100 mM NacCl, 1
mM TCEP, 10 mM HEPES pH 7.0 plus 1 mM PMSF for lysis. Following lysis and clarification,
lysate was applied to 1 ml HiTrap Q HP (GE Healthcare) equilibrated with suspension buffer, column
washed with suspension buffer (10 CV), before elution with suspension buffer containing 500 mM
NaCl.

Protein purity was confirmed by SDS-PAGE. Fur, MntR and ChiK were quantified from Aaso
nm and extinction coefficients obtained via quantitative amino acid analysis performed by Alta
Bioscience. The extinction coefficient for denatured NikR has previously been determined (E. coli
NikR, 99% identity)®4, and was corrected for folded NikR by comparison of Azsonm 0f folded and
denatured NikR. MntR £250nm = 7,940 M™ cm™, NikR €280 nm = 4,398 M cm?, ChiK 280 nm = 24,802
M- cmL. Thiol and metal content were assayed as previously described?, and all protein samples
were >90% reduced (with the exception of CbiK, MntR has no thiols) and >95% metal-free (Fur
contained ~1 molar equivalent of Zn(l1)). ChiK was typically <90% reduced and none of the

cysteines are proximal to the active/metal binding site®®. All in vitro experiments were carried out
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under anaerobic conditions using chelex-treated and N»-purged buffers, other than MntR (aerobic,
chelex-treated buffers).

Preparation of anaerobic metal stocks. Concentrations of all metal stocks were determined by ICP-
MS. (NHa)2Fe(S04)..6H,0 was dissolved in N2-purged 0.1% v/v HCI under anaerobic conditions and
confirmed to be >90% reduced by titration into an excess (~ 10-fold) of ferrozine, 3 ferrozine: 1 Fe(ll)
&s62nm = 27,900 M cmt 5, Dilutions from this stock were prepared daily in N,-purged ultrapure H.O
and confirmed to be >90% Fe(Il). CuCl was prepared as described previously and confirmed to be
>95% reduced by titration against bathocuproine sulfonate (BCS)®’. Other metal salts were dissolved

in ultrapure H,O.

Determination of metal stoichiometries and affinities. All experiments conducted in 100 mM NacCl,
400 mM KCl, 10 mM HEPES pH 7.0, with inclusion of 5% v/v glycerol for competition of MntR with
mag-fura-2 or at pH 8.0 for NikR gel-filtration chromatography and UV-Vis spectroscopy to
determine Ni(ll)-binding stoichiometry. Scripts for affinity determinations, for use with Dynafit®®, are
in Supplementary Note 1. Gel-filtration chromatography of NikR, MntR, Fur and CbiK (all 20 uM
monomer other than CbiK (10 uM monomer), 0.5 ml, recovery of NikR was routinely <100%) was
performed using Sephadex G25 (GE Healthcare), with buffer supplemented with 100 uM MnCl;
(MntR), 50 uM (NHa4)2Fe(SO4), (Fur) and either 20 uM CoCl,, MnCl; or un-supplemented (CbiK).
Where required, proteins were pre-incubated for 30 min with 20 uM MnCl; (CbiK), 1.2 molar
equivalents of NiCl, (NikR), 100 uM MnCl, (MntR) and either 50 uM (NHa)2Fe(SO4)2 or 1 mM
EDTA (Fur). Fractions (0.5 ml) were analysed for metal by ICP-MS and protein by Bradford assay or
A280 nm.

Increasing concentrations of NiCl, were added to solutions of NikR (12.8-15.6 uM) and
EGTA, equilibrated overnight at room temperature. Absorbance of Ni(Il)-NikR was measured using a
A\35 UV-visible spectrophotometer (PerkinElmer). Data were fit to a model describing NikR
competition for one molar equivalent of Ni(ll) (per monomer) using Dynafit>®, EGTA Ni(ll)-affinity =

4.98 x 10" M at pH 7.0 determined using Schwarzenbach’s a co-efficient.
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(NHa)2Fe(SO4)2 was titrated into Fur solution in the absence (10-18 uM Fur; to determine
Fe(ll) stoichiometry), or presence (10-11 uM Fur) of nitrilotriacetic acid (NTA). Fur fluorescence
emission was recorded at equilibrium (Cary Eclipse fluorescence spectrophotometer (Agilent
Technologies), Aex=276 nm, 25 °C). Data were fit to a model describing Fur competition for two
molar equivalent of Fe(ll) using Dynafit®, with positive cooperativity between two pairs of sites per
dimer. NTA Fe(ll)-affinity = 6.77 x 107 M at pH 7.0 determined using Schwarzenbach’s a co-
efficient.

MnCI, was titrated into a solution of mag-fura-2 in the absence (to determine mag-fura-2
Mn(11)-affinity) or presence of MntR (7.1-18.7 uM). Mag-fura-2 (g369 nm = 22,000 Mt cm* %)
fluorescence excitation was recorded at equilibrium (Cary Eclipse fluorescence spectrophotometer,
Xem =505 nm, 20 °C). Data were fit to a model describing 1:1 Mn(l1):mag-fura-2 stoichiometry and
MntR competition for two molar equivalents of Mn(l1) per monomer, using Dynafit®; mag-fura-2 Kwn
= 6.1 (+0.4) x 10°° M.

MnCls, (NH4)2Fe(SO4)2, NiCl, or ZnSO, were titrated into a solution of mag-fura-2 in the
presence of ChiK and absorbance (325 and 366 nm) recorded at equilibrium (A35 UV-visible
spectrophotometer). Data were fit to models describing 1:1 metal:mag-fura-2 and 1:1 metal:ChiK
stoichiometry, using Dynafit®®; mag-fura-2 Kni=5 x 108 M %, Kz, =2 x 108 M %, and Kge = 5.3 x 10°
® M (determined by direct titration of mag-fura-2 with (NH4).Fe(SOx)2).

CoCl; was titrated into a solution of fura-2 (esss nm= 28,000 M* cm™ %) in the presence of
ChiK and fluorescence emission recorded at equilibrium (Cary Eclipse fluorescence
spectrophotometer, Aex =360 nm, 20 °C). Data were fit to a model describing 1:1 Co(ll): fura-2 and
1:1 Co(ll):ChiK stoichiometry, using Dynafit®; fura-2 Keo = 8.6 x 10° M %,

CuCl was titrated into a solution of bicinchoninic acid (BCA) and absorbance of Cu(l):BCA:
(es62nm = 7,900 M cm? %) recorded at equilibrium (A35 UV-visible spectrophotometer). Precipitation
at [CuCl] greater than 1:1 Cu(l):CbiK precluded data fitting so CbiK K¢, was determined from

individual equilibrium values using Equation 1:
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KpB, = €]

Where [P]wtaand [L]wota are the total concentrations of ChiK and BCA, respectively, Kp is the Cu(l)
dissociation constant of ChiK, B is the formation constant of Cu(l):BCA; (10%2 M €9), and [MP]
and [ML;] are the equilibrium concentrations of Cu(l):ChiK and Cu(l):BCA; determined &se2 nm and

mass balance.

Determination of DNA-binding affinities by fluorescence anisotropy. Fluorescently labelled
double-stranded DNA probes were generated using oligonucleotides 25 and 26 (nixAPro for NikR and
as a non-specific probe for Zur), 27 and 28 (mntSPro for MntR), 29 and 30 (copAPro for CueR), 31
and 32 (zntA_longPro, containing an extended sequence compared to that used previously*!, for
ZntR), 33 and 34 (furbox, containing the consensus E. coli Fur binding site for Fur), 39 and 40
(mntSProswap, a semi-randomised variant of mntSPro for MntR), and 41 and 42 (znuAPro for Zur)
(Supplementary Table 5). In each case one oligonucleotide was hexachlorofluorescein labelled.
Complementary single-stranded oligonucleotides were annealed as described previously**. All
experiments, other than with Zur and some with NikR (as noted in figure legend), were conducted in
60 mM NaCl, 240 mM KCI, 10 mM HEPES pH 7.0, with inclusion of 200 uM MnCl; for Mn(ll)-
MntR, 5-50 uM (NHa)2Fe(SO4), for Fe(ll)-Fur, 1 mM EDTA for apo-NikR, or 5 mM EDTA for all
other apo-proteins. NikR was prepared in 100 mM NaCl, 400 mM KCI1, 10 mM HEPES pH 8.0 with
0.95 molar equivalents of NiCl for Ni(11)-NikR. Zur was prepared as described previously*. All other
proteins were prepared in 200 mM NaCl, 800 mM KCl, 10 mM HEPES pH 7.0, with 1.2 molar
equivalents of CuCl for Cu(l)-CueR, 1.2 molar equivalents of ZnSO, for Zn(ll)-ZntR, 2.2 molar
equivalents MnCl, for Mn(ll) -MntR, 2.2 molar equivalents of (NH4).Fe(SO.), for Fe(ll)-Fur, and 5
mM EDTA for apo-MntR and apo-Fur. Proteins were titrated against labelled DNA probes and
anisotropy measured using a modified Cary Eclipse Fluorescence Spectrophotometer (Agilent
Technologies), settings described previously?®. For Fur, NikR, CueR, Zur and ZntR, DNA-binding

affinities were determined using Dynafit>® (Supplementary Note 1). For MntR, data were fit to a 2™
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degree polynomial regression and limits for DNA affinities determined at the intersection of the
regression line and half the Arqys Value associated with binding of a MntR dimer to mntSPro. Coupling

free energies (AGc) were derived as previously described?,

Determination of sensor protein abundance. Generation of E. coli strains BW25113AzntR/Azur
(lacking zntR and zur), BW25113AnikR/ArcnR (lacking nikR and rcnR), and Salmonella strain
SL1344AcueR/AgolS (lacking cueR) have been described previously!*4, E. coli strains
BW251134fur: :kan (lacking fur) and BW251134mntR::kan (lacking mntR) were obtained from the
Keio collection (strains JW0669 and JW0801, respectively). The kanamycin resistance cassette from
BW251134mntR::kan was removed using helper plasmid pCP20 carrying FLP recombinase and
Afur: :kan fragment was moved into strain BW25113AmntR (kan cassette removed) by P1
transduction. The remaining kanamycin resistance cassette was removed and genotype (AmntR/Afur)
confirmed by PCR using primers 35-38 (Supplementary Table 5). E. coli BW25113 strains were
cultured to logarithmic phase in M9 minimal medium supplemented with thiamine (10 ug ml?), and 1
uM ferric citrate (BW25113AzntR/Azur and BW25113AnikR/ArcnR) or 100 uM FeSO4
(BW25113AmntR/Afur). Salmonella SL1344 was grown as described for transcript abundance
determination of iroB. Purified stocks of MntR, Fur, RcnR, NikR, CueR, Zur, and ZntR were
guantified by amino acid analysis (UC Davis). Purification of recombinant RcnR, Zur and ZntR, and
their quantitation in Salmonella cells cultured with ZnSO,4 (ZntR and Zur), or CoCl; (RcnR) was
performed as described for quantitation in cells cultured without metal supplementation®*.
Quantitation of MntR, Fur, NikR and CueR (in cells with and without cognate metal supplementation)
was performed as for Zur and ZntR*!. Standard curve samples were prepared by dilution of purified
protein stocks into cell lysates from BW251134mntRI/Afur (MntR and Fur), SL13444cueR/AgolS
(CueR). Heavy isotope labelled peptides ([**Cs,'°Ns]arginine residues; Thermo Fisher) were used as
working internal standards (1S). Samples were prepared and analysed by scheduled multiple reaction
monitoring (MRM) mass spectrometry, as previously described!. A quadratic 1/x? weighted
regression model was used to perform standard curve calibration (Supplementary Fig. 8a). The
transitions monitored were: 765.4/746.2 for Zur peptide ETEPQAKPPTIYR (770.4/756.2 for 1S),
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550.8/601.3 for ZntR peptide LADVTPDTIR (555.8/611.3 for IS), 409.2/590.3 for RcnR peptide
GAVNGLMR (414.2/600.3 for IS), 500.3/730.4 for MntR peptide LGVSQPTVAK (504.3/738.4 for
IS), 426.8/482.3 for CueR peptide GLVTPPLR (431.8/492.3 for 1S), 690.8/1039.5 for Fur peptide
VIEFSDDSIEAR (695.8/1049.5 for IS), 937.4/1171.6 for NikR peptide GDMGDVQHFADDVIAQR

(942.4/1181.6 for IS).

Mathematical calculations. Fractional occupancy of DNA targets with sensor (6p or 6owm; Fig. 1b), as
a function of metal concentration ([M]), was calculated using metal affinities (K1), DNA affinities (K3
and Ky), cellular abundance of each sensor (Pr), and number of DNA target(s) (D) (Table 1 and
Supplementary Figs. 8b, Supplementary Table 8). P+ was calculated using determined sensor
concentrations in Salmonella cells grown without (Po) and with supplementation of cognate metal (Py)
(Supplementary Fig. 8b), by relating fractional change in DNA occupancy to fractional change in
protein abundance (Equations 2 and 3):

Pr _P0: 9D - eDO
Pl_PO 9D1_9D0

(2)

Pr —Py _ Opm — Opmo

(3)

Py — P _9DM1 — Opmo

Where 6o and 6p; are DNA occupancies with sensor (fomo and 6omi for metalated sensor) at low and
high cognate metal concentrations, respectively. A cell volume of 1 fl was used to calculate cellular
concentrations of Po, P; and Dt from values in Table 1 and Supplementary Figs. 8b and
Supplementary Table 1. Equations expressing 6p and 6om as a function of [M], were derived
(Supplementary Note 2), and a template Excel spreadsheet enables calculation of 6o or Gom
(Supplementary Dataset). DNA occupancy of each sensor was normalised for inter-comparison using
the minimum and maximum DNA occupancy values.

Fractional DNA occupancy inferred from K; only, to generate Supplementary Fig. 10a, was
calculated using Equation 4:

[M]Ky

% = @+ MKy

(4)
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Where 6s is the fractional occupancy of sensor with metal.
Simulations in Supplementary Figs. 10, 12 and 14 were generated by changing one or more
parameter(s) as specified in the figure legend.

DNA binding affinities at 500 mM salt were calculated based on apo-Zur, Zn(1l)-Zur and apo-
NikR data, then used to determine DNA occupancies, as described in Supplementary Note 2.

Non-specific DNA affinities for MntR, Fur, RcnR, NikR, ZntR and CueR were estimated
based on determined Zur affinities for nixAPro as described in Supplementary Note 2. To incorporate
competition from non-specific DNA, further equations were derived (Supplementary Note 2) to
calculate 6p or Gom. In this case a supplementary dataset (spreadsheet) is not provided due to the
complexity of the calculation. DNA occupancy of each sensor was normalised for inter-comparison
using the minimum and maximum DNA occupancy values (Supplementary Fig. 13).

The buffered [M] corresponding to a normalised fractional DNA occupancy (6b or dpm) of 0.5
was determined for each sensor and indicates the available [M] in the Salmonella cytosol (MATLAB
codes in Supplementary Note 3). The binding affinity (Ka) of a metalloprotein required for 20, 50 and
80% metal occupancy at these buffered [M] was calculated using Equation 5:

Op

Ka=Dma —en)

(5)

Ka was used to calculate the standard free-energy for formation (AG®) of the protein-metal complex
using Equation 6 to generate Fig. 4c:
AG® = —RTInK, (6)
Where R = 8.314 x 10 KJ mol"*K* and T = 298.15 K.
The concentration of Zn(I1) ions associated with the buffer (Fig. 4b), was calculated using
Equation 7:

Ks[M]? + [M](Ks[Br] + 1)

[(Mr] = 1+ K5 [M])

()

Where Ks is the buffer Zn(I1)-affinity and [Br] is the concentration of buffering species

(Supplementary Note 2). [Zn(11)] was converted to ions cell* using a cell volume of 1 fl.
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Metal content of Salmonella cells. Salmonella SL1344 was grown as described for transcript
abundance determination of iroB, and an aliquot used for cell enumeration on LB agar. Cell pellets
(from 100 ml cultures) were washed once with 0.5 M sorbitol, 100 uM EDTA, 10 mM HEPES pH
7.8, and twice in the same buffer without EDTA (all 10 ml). Pellets were suspended in ultrapure 65%

(v/v) HNOs (1 ml) to digest before metal analysis by ICP-MS.

Metalation of sirohydrochlorin. BL21*(DE3)plysS transformed with pETcoco-2ABCDC was
cultured and overexpression induced as described previously (overnight expression at 20 °C)%. Cell
pellets suspended in 100 mM NaCl, 10 mM imidazole, 20 mM Tris pH 8.0 for lysis. Following lysis
and clarification, lysate was applied to 5 ml HisTrap HP (GE Healthcare) equilibrated with suspension
buffer. Column was washed with suspension buffer (10 CV), then suspension buffer containing 60
mM imidazole (5 CV), before elution with suspension buffer containing 400 mM imidazole. In an
anaerobic glovebox the peak (2.5 ml) elution fraction was applied to a Sephadex G25 equilibrated in
anaerobic 100 mM NaCl, 50 mM Tris pH 8.0 and eluted directly into solution A using the same
buffer. Solution A contained 20 mg S-adenosyl-L-methionine, 10 mg aminolevulinic acid and 6.5 mg
nicotinamide adenine dinucleotide dissolved in 2 ml anaerobic 200 mM NaCl, 50 mM Tris pH 8.0 and
adjusted to pH 8.0 with NaOH. Light excluded and left overnight. Reaction product applied to 1 ml
HiTrap DEAE FF (GE Healthcare) equilibrated in anaerobic 100 mM NaCl, 20 mM Tris pH 8.0.
Column washed with equilibration buffer containing 100, 200, 300 mM NaCl (10 CV each) and
eluted with equilibration buffer containing 800 mM NaCl. Sirohydrochlorin quantified via €376 nm =
240,000 Mt cm,

Co(Il) insertion into sirohydrochlorin was performed in anaerobic 100 mM NacCl, 400 mM
KCI, 10 mM HEPES pH 7.0 (absence of metal buffer) or 50 mM HEPES pH 7.0 (presence of metal
buffer). Supplementary Equations 34-38 (Supplementary Note 2) were used to define buffered
[Co(IDN], at a certain [NTA] and [Co(I)], with the NTA Co(ll) association constant at pH 7.0 (4.5 x
10" M) determined using Schwarzenbach’s o co-efficient. 2.8 mM NTA will buffer 300 uM Co(Il)
at 2.7 x 10° M, approximating the calculated intracellular buffered [Co(l1)] (2.5 x 10-° M). For Co(ll)
insertion in the absence of metal buffer 50 uM CoCl; was added to a solution of ~5 pM
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865  sirohydrochlorin in the absence or presence of 5 uM CbiK. For Co(ll) insertion in the presence of
866  metal buffer ~5 uM sirohydrochlorin with or without 5 uM CbiK was added to a solution of 2.8 mM
867  NTA and 300 uM Co(ll). Decrease in Aszs nm was monitored (A35 UV-visible spectrophotometer).
868  Under each condition reactions with enzyme run to equilibrium were used to define an extinction
869  coefficient for Co(ll)-loaded sirohydrochlorin.

870 CbiK metal occupancy in the cell was calculated using Equation 8:

871 9 = [M]buffered
KD + [M]buffered

®)

872  Where @ is fractional protein occupancy with metal, Kp is CbiK metal dissociation constant and

873  [M]uutrerea is the calculated intracellular buffered metal concentration.

874

875  Statistics and reproducibility

876  Sample sizes followed convention in the literature for equivalent analyses. To enable calculation of
877  s.d. in experiments designed to derive quantitative values to be used in the simulations these assays
878  were initially performed in triplicate or quadruplicate (where equipment allowed even numbers of
879  samples) with additional replicates performed when the s.d. was initially high. The number of

880  independent experiments or biologically independent samples is shown for each result.

881

882  Data availability

883  All source data are available within the article and its Supplementary Information files, or from the
884  corresponding author upon request. Correspondence and requests for materials should be addressed to
885 nigel.robinson@durham.ac.uk.

886

887  Code availability

888  Equation derivations, template Excel spreadsheet (with instructions) and MATLAB codes (with

889 instructions) are available in Supplementary Note 2, Supplementary Dataset and Supplementary Note
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Figure 3 | Metals change the abundance of some sensors to modify regulation.
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