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Selective metal coordination is central to the functions of metalloproteins:'? each
metalloprotein must pair with its cognate metallocofactor to fulfil its biological role®.
However, achieving metal selectivity solely through a three-dimensional protein
structure is a great challenge, because there is alimited set of metal-coordinating
amino acid functionalities and proteins are inherently flexible, whichimpedes steric
selection of metals**. Metal-binding affinities of natural proteins are primarily
dictated by the electronic properties of metal ions and follow the Irving-Williams
series’ (Mn*" < Fe** < Co*" < Ni** < Cu** > Zn**) with few exceptions®’. Accordingly,
metalloproteins overwhelmingly bind Cu** and Zn** inisolation, regardless of the
nature of their active sites and their cognate metal ions"*%, This led organisms to
evolve complex homeostatic machinery and non-equilibrium strategies to achieve
correct metal speciation***'°, Here we report an artificial dimeric protein, (AB),, that
thermodynamically overcomes the Irving-Williams restrictionsin vitro and in cells,
favouring the binding of lower-Irving-Williams transition metals over Cu*, the most

dominantioninthe Irving-Williams series. Counter to the convention in molecular
design of achieving specificity through structural preorganization, (AB), was
deliberately designed to be flexible. This flexibility enabled (AB), to adopt mutually
exclusive, metal-dependent conformational states, which led to the discovery of
structurally coupled coordinationssites that disfavour Cu?* ions by enforcing an
unfavourable coordination geometry. Aside from highlighting flexibility as avaluable
elementin protein design, our results illustrate design principles for constructing
selective metal sequestration agents.

Several strategies have been developed for building artificial metal-
loproteins™™, including the de novo design of new protein folds and
complexes'® ™, repurposing of proteins for incorporation of metal
coordination sites'*?° and metal-templated construction of supramo-
lecular protein assemblies®?2. These approaches have yielded many
examples of functional metalloproteins that are assembled in vitro
(thatis, in homogeneous solutions). However, building from scratch
aprotein that selectively binds a transition metal ion over othersin a
heterogeneous environment represents a demanding task. Rare suc-
cessesinthisarenaare either based on the redesign of the interiors of
pre-existing proteins®?* or do not exhibit complete counter-Irving-
Williams selectivity®. This difficulty stems from the fact that de novo
proteindesign approaches have yet to provide the requisite structural
precision (well below 0.5 A) needed to sterically discriminate between
transition metal ions, which is exacerbated by the challenge of com-
putationally modelling metal-protein interactions®*?. Furthermore,
our predictive understanding of how protein structure and metal coor-
dinationinfluence one another is limited, which poses afundamental
problem for any deterministic metalloprotein design campaign with
a‘single structure-single function’ goal.

Against this backdrop, we set out to pursue an alternative, proba-
bilistic approach to metalloprotein design, which relies on a flexible

protein-proteininterface thatis replete with metal-binding residues.
Ourinspiration came from natural multi-metallic proteins (for example,
metallothionein®, calmodulins® and calprotectin®) with inherent
flexibilities that enable structural coupling between different metal
coordination sites. We were particularly intrigued by the selective
Mn*"-over-Fe*" bindingin the dinuclear sites of class Ib ribonucleotide
reductases and the suggestion that such counter-Irving-Williams selec-
tivity may be achieved by the cooperativity between the two sites®”.
Accordingly, we predicted that structural coupling between multiple
metal sites within a flexible protein scaffold could engender enhanced
binding affinities or selectivities.

Design and characterization of (AB),

We previously introduced astrategy termed MASCoT (metal active sites
through covalent tethering)®.In MASCoT, a protein—proteininterface
is simply created by the disulfide-mediated linking of two copies of a
monomeric protein, and metal-binding motifs are subsequently incor-
porated near the disulfide bond to generate interfacial metal coordi-
nation sites. The disulfide ‘pivot’ furnishes a malleable assembly that
possesses ashallow free-energy landscape and is capable of exploring
different conformations. However, the assembly is also structurally
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Fig.1|Design and characterization of the (AB),scaffold. a, Locations of
metal coordination motifs (A, Band C) and C96 on the cytochrome cbs,
surface. b, Design of disulfide-linked (AB), with amalleable dimer interface,
alongwith cartoonrepresentations of possible metal-free and metal-bound
conformationsand corresponding free-energy landscapes.c,d, Crystal
structures of 1Cu®*-(AB), (c) and 2Ni**-(AB), (d). Cu* and Ni*" ions are
represented ascyan and greenspheres, respectively. X-ray data collection and
refinementstatistics are listed in Extended Data Table 2. e, f, Characterization
of 1Cu*-(AB), (e) and 2Ni**-(AB), (f) complexes in solution using competitive

constrained by the disulfide bond, and, upon metal binding, forms a
well-ordered interface. In proof-of-principle experiments, cytochrome
cbs, (amonomeric, four-helix bundle haem-protein®?) was tailored with
asingle Cys (C96) and a proximal tris-His (3His) motif comprising H67,
H71and H97 (Fig.1a). The resulting dimer, (Cys3His),, was observed to
coordinate all divalent, mid-to-late first row transition metalionsinan
identical, distorted square-pyramidal geometry, consisting of five of
the available six His residues (H67/H67’, H71/H71’ and H97). The M**-
(Cys3His), dissociation constants (K,) ranged from 20 pM for Mn?* to
400 fM for Cu*, following the Irving-Williams series®.

Here, to access alternative dimer conformations with multiple
metal-binding sites, we engineered three cytochrome cbsg, variants
(AB, AC and BC) bearing two 3His motifs surrounding the C96 pivot.
These variants combine two of the following three 3His sites inaddition
to the native H63: motif A (H67, H71and H97), motif B (H60,H100 and
H104) and motif C (H78, H86 and H90). These His-enriched variants
were isolated in high yields from bacterial cultures and formed stable
disulfide-linked dimers upon oxidation. Analytical ultracentrifuga-
tion and solution small-angle X-ray scattering (SAXS) experiments
indicated that the metal-free AB dimer was monodisperse at all con-
centrations tested, but AC and BC variants appeared to form some
higher-order oligomers or aggregates and were therefore not studied
further (Extended Data Fig.1).

metal titrations, solution SAXS and ESI-MS. Log-scale SAXS plots are shown in
Extended DataFig.2j-m. Left, changesin Fura-2absorbanceat335 nmare
plotted with theoretical metal-binding isotherms (grey) in the absence of (AB),.
Experimental data pointsand error barsare presented as meanands.d. of three
independent measurements. Middle, theoretical SAXS profiles derived from
the crystal structures of 1Cu**-(AB), (cyan) and 2Ni**-(AB), (green) are plotted
with experimental SAXS profiles (black) and corresponding x*values. Right,
circlesin ESI-MS spectrarepresent the number of Ni** (green) and Cu?* (cyan)
ionsboundto (AB),.

We anticipated that the flexible AB dimer, (AB),, could form several
different metal-dependent conformations (Fig. 1b). To investigate
these possibilities, we first sought to crystallize (AB), in the presence
of first-row transition metal ions (Mn?*, Fe?*, Co*, Ni?*, Cu** and Zn*).
Of these, we determined the crystal structures of the Co*"-, Ni*- and
Cu?*-(AB), complexes at high resolution (better than 2.0 A). The Cu?*-
(AB), adduct was isostructural with the previously described M**-
(Cys3His), complexes (root-mean-square deviation (RMSD) over all
C,atoms= 0.5 A), featuring a flat, antiparallel dimer interface with an
intermonomer angle 6,,, =159° (Fig. 1c). We refer to this dimer geom-
etry as conformation-1. In conformation-1, only a single, central 5His
coordination site consisting of two A motifs participated in Cu* coor-
dination (electron paramagnetic spectrum shown in Extended Data
Fig.2a), and the two B motifs were unoccupied. By contrast, Co*"-and
Ni**-(AB), complexes possessed two symmetrical metal coordina-
tion sites on either side of the C96-C96 linkage, each composed of
A and B motifs in a square-pyramidal 5His geometry, with H60, HI00
and H104 from one monomer and H67” and H71’ from the opposing
monomer (Fig. 1d, Extended Data Fig. 2b). To accommodate this new
metal-binding configuration, the monomersin2Co*"- and 2Ni**-(AB),
complexes (RMSD = 0.27 Awithrespect to one another) rotate by more
than30° about the C96-C96 linkage relative to the Cu*-(AB), structure,
yielding akinked architecture with 6,,, = 126° (conformation-2).
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To examine whether the crystal structures of M**-(AB), complexes
reflected their solution structures, we carried out metal-binding
assays and SAXS studies (Fig. 1e, f, Extended Data Fig. 2¢c, Extended
Data Table 1). Titrations using Fura-2 as a competitive indicator con-
firmed that (AB), tightly bound a single equivalent of Cu?* and two
equivalents of Co* or Ni*", with fM and nM K values, respectively. Mn**
and Fe* (which lie low in the Irving-Williams series) or Zn*" (which
typically disfavours all-His, high-coordination-number geometries)
did not show appreciable binding affinities or selectivities over Cu*"
(Extended Data Fig. 2d-f). Given that the (AB), adducts of these ions
alsodid notyield crystal structures, we did not consider them further.
For SAXS analyses, we used the crystal structures of the Cu?*-and 2Co*'-
or 2Ni**-(AB), complexes to calculate theoretical scattering profiles.
The calculated SAXS pattern of Cu**-(AB), (conformation-1) is quite
distinct from those of 2Co%*- and 2Ni**-(AB), (conformation-2), as
expected from their different crystal structures (Extended Data
Fig.2g). The experimental SAXS profiles for each species (Cu* versus
Ni*" or Co?") matched their corresponding theoretical profiles closely
(¥*=0.5-1.8) but deviated from those of the other species (y* = 9.3-14.1),
indicating that the crystallographically observed conformations of
(AB), complexes were populated in solution (Extended Data Fig. 2h, i).
These observations established that (AB), formed two distinct and
mutually exclusive metal-dependent conformations in solution.

Counter-Irving-Williams selectivity of (AB),

Although the per-site Cu®** binding affinity of (AB), is more than
10,000-fold higher than that for Co*" and Ni**, we predicted that Co*"
and Ni** might outcompete Cu* given their higher valency and poten-
tial cooperativity. Equilibrium calculations based on the experimen-
tally determined M?-(AB), K values indicated that that population of
2Co?*-and 2Ni**-(AB), complexes should indeed begin to dominate the
Cu®-(AB), species at [M*],..,; > 1073-10"* M (Fig. 2a, Supplementary
Information). Given that these concentrations are typical of crystal-
lization conditions, we first examined the metal selectivity of (AB), in
the crystalline state. (AB), (2 mM) was crystallized ina mixture of 4 mM
Cu?*and 4 mM Co? or Ni*". In these experiments, the protein solution
was incubated first either with Cu® or with Co®* or Ni** for at least one
hour, after which the second metal ion was added and the resulting
mixture was left to equilibrate for one day. Under all four conditions
(Co*//Cu?, Cu*//Co*, Ni**//Cu® and Cu?'//Ni*"), the observed crys-
tal structures were identical to those of 2Co*"- and 2Ni**-(AB), (that
is, conformation-2), with two peripheral metal coordination sites
(Extended DataFig.3a). Anomalous X-ray diffraction experiments con-
firmed that these sites were populated exclusively by Co or Ni (Fig. 2b).

In parallel, we prepared similar samples for solution SAXS experi-
ments. The Kratky plots of these samples showed close correspond-
ence with the theoretical scattering patterns of 2Co*"- and 2Ni**-(AB),
structures in conformation-2 (x> = 3.5-4.1) (Fig. 2c), but not with that
of Cu**-(AB), in conformation-1(y* =17.0-22.4) (Extended DataFig. 3b),
confirming that Co?* and Ni** fully outcompete Cu®*in solution under
thermodynamic control.

To investigate whether the counter-Irving-Williams selectivity of
(AB),was operative under lower protein and metal concentrations, we
turned to native electrospray ionization mass spectrometry (ESI-MS)™,
ESI-MS of 5 uM (AB), in 20 mM NH,HCO, (pH 7.8) without metal ions
showed a broad charge-state distribution from +10 to +24 (Extended
DataFig.3c). We chose the most abundant, +11state for further analyses
of M**-(AB), complexes, whereby two molar equivalents of M?* (10 pM)
were added to (AB),. Consistent with crystal structures and competitive
titrations, we observed 1Cu®-(AB),, 2Co*-(AB), and 2Ni**-(AB), as the
predominantspecies, withanabundance of greater than 80% (Fig. 1e, f,
Extended Data Fig. 2¢).

For ESI-MS under competitive binding conditions, we prepared
similar Co*'//Cu*, Cu®//Co*, Ni**//Cu®*" and Cu*'//Ni*' samples, using
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Fig.2|Co* and Ni*' selectivity of (AB),. a, Theoretical fractions of metal-free
and metal-bound (AB),species calculated from K, values and buffered metal
concentrationsin20 mM MOPS and 150 mM NacCl (left) and 20 mM NH,HCO,
(right). b, Anomalous scattering densities of interfacial metal sites of (AB),.
Anomalous densities contoured at 5.00 were collected around the K-edge of Co
(around 7.7 keV) and Ni (around 8.3 keV). X-ray data collection and refinement
statistics arelisted in Extended Data Table 3. ¢, Experimental Kratky plots of
(AB), (black or grey) compared with theoretical plots of 2Co*-(AB), (magenta)
and 2Ni**-(AB), (green) structures (log-scale plots are shown in Extended Data
Fig.3f-g).d, ESI-MS spectra of (AB), under Co?'//Cu®, Cu®//Co*", Ni**//Cu*  and
Cu?"//Ni** competition conditions. Circlesin ESI-MS spectrarepresent the
number of Co* (magenta), Ni** (green) and Cu** (cyan) ions bound to (AB),. Half
circles (magentaand cyan) indicate amixture of Co?* and Cu®*' complexes.
Insets represent expanded m/z ranges of 2M?**-(AB), complexes, with magenta,
greenand cyan lines corresponding to theoretical m/z values of 2Co*", 2Ni?*,
and 2Cu?*-(AB), complexes, respectively.

micromolar (AB),and M*' (Fig. 2d). In Co*//Cu®*" and Cu*//Co* samples,
we observed approximately equal amounts of 2Co*-(AB), and 1IM?*-
(AB), species, with the latter attributed to a mixture of 1Co*-(AB),and
1Cu*-(AB),. These resultsindicated that Co*" could still compete with
Cu? for binding (AB), at uM concentrations. Notably, in the Ni*'//Cu?'
and Cu®//Ni** samples, 2Ni**-(AB), was the dominant species, with no
evidence foralCu®*-(AB), complex. The analysis of asample containing
5 uM (AB), and substoichiometric amounts of Cu** (5 uM) and Ni** or
Co* (5 uM) revealed roughly equal populations of 1Cu*-(AB), and 2Ni?'-
(AB), or 2Co*-(AB), complexes, with no indication of heterobimetallic



species (Extended Data Fig. 3d). This observation supports our struc-
tural findings that two equivalents of Ni** or Co* cooperatively bind
tothe peripheralsites of conformation-2in anall-or-nothing manner,
whereas Cu®* only coordinates conformation-1in one equivalent.

The equilibrium fractionation profiles shownin Fig. 2a suggested that
Ni**and Co* should not be able to outcompete Cu* for (AB), binding at
1M concentrations. However, we considered that the ESI-MS samples
also contained 20 mM NH,HCO, as a volatile buffer and the observed
M?*-(AB), populations must also be influenced by the metal-NH, bind-
ing equilibria: complexation with NH; would be expected to lower the
concentration of free Cu? in solution to a greater extent compared to
Co? and Ni**, owing to the considerably higher formation constants
of Cu*-ammine complexes®. Indeed, competitive binding titrations
of (AB), performed in 20 mM NH,HCO, showed that the apparent K,
for the Cu**-(AB),complex decreased by around 15,000-fold, whereas
those for the Co?" and Ni** complexes decreased by less than 10-fold
(Extended Data Fig. 3e, Extended Data Table 1). The revised equilib-
rium fractionation profiles (calculated using the apparent K, valuesin
20 mM NH,HCO,) show that Co*" and Ni** begin dominating Cu* bind-
ing ataround 13 pM and around 0.4 pM concentrations, respectively,
consistent with ESI-MS results (Fig. 2a). These results illustrate that
competing equilibria that involve exchange-labile ligands in solution
can amplify the metal selectivity of a protein scaffold. This strategy
is similar to what is observed in cells, which contain a surplus of com-
peting ligands that buffer intracellular metals to the inverse of the
Irving-Williams series®~¢.

Basis for counter-Irving-Williams selectivity

Having established (AB), as a unique protein scaffold that defies the
Irving-Williams series, we next sought to understand the structural
basis for its selectivity. It should be noted at the outset that the Co*'
and Ni** selectivity cannot arise from their higher valency of binding
compared to Cu*, because the two peripheral, 5His coordination
motifs in conformation-2 are also available in solution for two Cu**
ionstobind. The fact that: (a) Cu* binds singly to the central 5His site in
conformation-1and (b) Co® and Ni** exclusively occupy the peripheral
SHis sites over Cu* in conformation-2 mandates that each peripheral
site must individually disfavour Cu* binding (that is, each site binds
Co?" and Ni*" more strongly than Cu®"). Because both the central and
peripheral sites are SHis motifs, we surmised that any selectivity must
arise from steric effects, which prompted us to closely inspect the coor-
dination geometries. The peripheral sites possess an almost-perfect
octahedral geometry, with nearly equidistant M**-ligand bonds
(2.17 £ 0.06 A for Co** and 2.12 + 0.06 A for Ni**) and minimal deviation
fromideal octahedral bond angles (90.5 +2.0°and 90.9 +2.2°) (Fig. 3a,
Extended Data Fig. 4a). All His side chains are positioned for optimal
bonding between their N,atoms and the metal, including the axial HIOO
ligand. By contrast, the geometry of the central site is distorted from
anoctahedronwith abroad distribution of bond lengths (2.16 + 0.16 A
for Cu?*) and angles (95.3 £ 11.9°). Notably, the imidazole group of the
axial H97 ligand is slanted by nearly 20° with respect to the equatorial
plane normal (Fig. 3b), presenting a less than ideal o-donation geom-
etry to Cu?.

Thus, we hypothesized that the peripheral sites in conformation-2
might disfavour Cu?* binding by rigidly enforcing an ideal octahedral
coordination geometry (featuring the o-donating axial H100 ligand),
thereby preventing the energetically favoured, tetragonal distortion
of the Cu* centre. To further examine this hypothesis, we first analysed
the protein environment around H100 and found that the imidazole
side chain had no alternative rotameric configurations that could
be adopted without sterically clashing with nearby side chains and
protein backbone (Extended Data Fig. 4b-d). Of note, any tetragonal
distortion in one peripheral site would necessitate a conformational
changeinthe entire dimeric assembly, thereby deforming the second
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final (QM-MM optimized structures) conformations of models 1-3 are coloured
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fromthe optimized models 1-3 are presented in the bar graph. d, ESI-MS
spectra of "°°4(AB), under competitive metal-binding conditions. Circlesin
ESI-MS spectrarepresent the number of Ni** (green) and Cu® (cyan) ions
bound to (AB),. Half circles (green and cyan) indicate the mixture of Ni** and
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peripheralsite. This expectation was borne out by quantum mechanics
and molecular mechanics (QM/MM) calculations (Fig. 3¢), in which we
considered three structural models of (AB), as initial states for simula-
tions: model 1: conformation-2 with a single Cu* ion substituted into
oneof the peripheral metal-binding sites based on the crystal structure
of 2Ni**-(AB),; model 2: the same as model 1 but witha HI00A mutation
to eliminate axial coordination; model 3: the crystal structure of Cu*-
(AB), (conformation-1). In the case of model 1, QM (B3LYP) and MM
(AMBER) optimization led to amarked distortion of Cu* coordination,
with an increase in the axial HL00-Cu?* distance from 2.06 to 2.48 A.
This distortion was accompanied by a large conformational change
in the dimer structure, eliminating the other peripheral binding site
and leading to anincrease in the overall energy of the system (Fig. 3c,
Extended Data Fig. 5). By contrast, models 2 and 3 did not undergo sig-
nificant changes in the Cu* coordination geometries and overall (AB),
conformations, and both were considerably more stable compared to
model 1 (Extended Data Fig. 5).

Next, we experimentally evaluated the effects of the HHOOA muta-
tion. In areversal of the metal-binding properties of (AB),, ESI-MS
experimentsindicated that the "'°°(AB), dimer bound two equivalents
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of Cu?, but only one equivalent of Co* or Ni** (Extended Data Fig. 6a).
Fura-2 competition assays further indicated that "'°°A(AB), coordinated
two equivalents of Cu®* (Extended Data Fig. 6b). Crystal structures of
the Co**- and Ni**-"°%*-(AB), complexes revealed that they adopted
conformation-1with asingle metalionin the central SHis site (Extended
DataFig. 6c, d). Competition experiments showed that the HIOOA
mutation completely abolished Co?* and Ni** selectivity over Cu*, with
the latter ion dominating binding in all conditions tested (Fig. 3d).
Collectively, our results confirmed the counterintuitive mechanism by
which (AB), destabilizes Cu?*' binding through an increased coordina-
tion number and enforced octahedral geometry, thereby achieving
counter-Irving-Williams selectivity.

Invivo metal selectivity of (AB),

Selectiveincorporation of metalsinthe cellular environment is essential
for the development of artificial metalloproteins and metalloenzymes
with in vivo activities? . With such synthetic biological applications
inmind, we investigated whether (AB), showed metal selectivity in the
periplasm of bacterial cells. AB is equipped with an N-terminal leader
sequence for translocation to the periplasm, in which the oxidizing
environment would allow the formation of the disulfide-mediated
(AB),dimer?. We expressed AB in Escherichia coli (BL21) cells,and then
incubated the intact cells in a growth medium supplemented with
20 uM of Co?*, Ni*", Cu*" oramixture Co*" + Cu? and Ni** + Cu*' (Fig. 4a).
The cellswere collected and subjected to osmotic shock for the periplas-
mic extraction of protein components, which were analysed for metal
content. Gel electrophoretic analyses indicated that AB exists as a mix-
ture of roughly equalamounts of dimers and monomers (Fig. 4b, c) and
istrappedin the periplasm without secretion to the external medium
(Extended DataFig. 7a, b). ESI-MS measurements of the extracts from
Co?- and Ni**-supplemented cells indicated both singly and doubly
M?*-bound (AB), complexes (Extended DataFig. 7c), whereas the (AB),
complexes that were extracted from Cu*"-supplemented cells con-
tained one Cu®* equivalent (Fig. 4d), paralleling the findings of in vitro
studies. Under competitive conditions with a mixture of Ni** + Cu*,
2Ni*"-(AB), was detected as the major species (around 60%) with a
smaller population (around 40%) of singly M**-bound (AB), complex
(Fig. 4d). The population of the doubly bound, 2Co*"-(AB), species
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was reduced (around 35%) compared to singly bound species (around
65%), probably owing to the lower Co?* affinity of (AB),. Consistent
with a metal-exchange equilibrium between the periplasm and the
external medium, when the metal concentrationsin the lysogeny broth
(LB) medium were raised to 100 pM in competition conditions, the
periplasmic fractions of 2Co*"- and 2Ni**-(AB), increased to more than
80% (Extended DataFig. 7d). These observations show that the in vitro,
metal selectivity of (AB), for Co?* and Ni** over Cu*' is also operative
inthe heterogeneous environment of the periplasm and controllable
through metal concentrations in the external milieu.

Conclusions

Metal selectivity by natural proteins relies on a precise arrangement
of amino acids that is frequently associated with preorganized archi-
tectures. For example, the rigid selectivity filter in the potassium ion
channel candistinguish between K*and Na*ions, the ionic radii of which
differ by only 0.36 A%, Yet there are also prominent examples such as
calmodulin® or metalloregulatory® proteins that are inherently flex-
iblebutbecome well-structured after binding their cognate metals to
reach the same level of sub-A precision. These features are realized in
the design of (AB),, the ‘acquired rigidity’ of which is driven by direct
structural coupling between symmetrical coordination sites in de novo
interfaces. (AB), was not designed with the specific goal of selecting
against Cu* binding at the outset. However, the disulfide-bridged (AB),
interface was deliberately constructed to be flexible, yet conducive to
yielding structurally well-ordered states, which was essential for the
discovery of a new design principle for selective metal coordination.
This mode of constructionis reminiscent of natural protein folds that
simultaneously possess structural order and flexibility to enable the
emergence of new functions*° and cooperativity or allosterism**2,
We believe that such flexible, minimally tethered and evolutionarily
unconstrained protein—-proteininterfaces provide a suitable platform
for the design and directed evolution of selective binding sites for metal
ions as well as other substrates.

Our findings also show that it is possible to thermodynamically
overcome the near-universal dominance of the Irving-Williams series
solely through the design of athree-dimensional protein architecture.
However, achieving selectivity over Cu® comes at the cost of arigidified
proteinstructure and a highly restrictive metal coordination geometry,
whichleaveslittle room for developing higher-order metal-based func-
tions such as catalysis, electron transfer and signalling that rely on
diverse metal coordination environments. By extension, this implies
that the bioinorganic complexity of a cell could not have evolved solely
by relying on the three-dimensional structures of proteins to selectively
bind metalions under thermodynamic control, therefore necessitating
actively driven metal homeostasis mechanisms for the emergence of
complex organisms.
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Methods

Protein mutagenesis, expression and purification
ApET20b(+)/Cys(His), vector with ampicillin resistance was used for
site-directed mutagenesis of the original Cys(His), variant into (AB),
variants®. PCR products generated from site-directed mutagenesis
were transformed into chemically competent XL-1blue cells (Agi-
lent) and plated onto LB-agar plates with 100 mg I ampicillinat 37 °C
for 24 h. Plasmids were purified using Express plasmid Miniprep kit
(Biomiga) and sequenced (Eton Bioscience). Sequenced plasmids were
transformed into chemically competent BL21(DE3) cells containing a
ccm (cytochrome c maturation) cassette with chloramphenicol resist-
ance and plated onto LB-agar plates containing 100 mg I ampicillin
and 33 mg I chloramphenicol at 37 °C for 24 h***, Isolated colonies
were transferred to a 5 ml LB medium with 100 mg I ampicillin and
33 mg 1™ chloramphenicol and grown for 12-14 h. These cultures
were inoculated into 2.8-1 glass flasks containing 1.3 | LB medium
with100 mg I ampicillinand 33 mg I chloramphenicol. Flasks were
shaken at 100 rpm for 16-24 h at 37 °C. Pink-coloured cells were col-
lected using centrifugation at 6,000g for 7 min, and the cell pellet
was stored at =80 °C. Frozen cell pellets were suspended in a10 mM
sodium acetate buffer solution (50-100 ml, pH 4.5) with vigorous
stirring for1 h. The pellets were lysed by repeated cycles of sonication
inanice bath. The pH of the lysate was adjusted to 10 and lowered to
4.5toprecipitate cell components other than cyt cbs, variants. After
centrifugation (10,000 rpm for 10 min), red-coloured supernatant
was filtered using a 0.45-um syringe disk-filter. The clear supernatant
was diluted witha1l0 mM sodium acetate buffer solution (0.8 I, pH 4.5)
and applied to a CM Sepharose Fast Flow resin pre-equilibrated with
the same buffer. The column was washed with additional buffer (0.2 1)
and eluted using a step-gradient from 0 to 1,000 mM NacCl. Fractions
with A,;5/A, Values > 4 were pooled, concentrated and exchanged
into a10 mM sodium acetate buffer solution (pH 4.5). The protein
was then purified on aHigh-S cartridge column using a step-gradient
of 0 to 1,000 mM NaCl using a Biologic DuoFlow workstation (Bio-
Rad). Fractions with A,;5/A,g, values > 6 were pooled, concentrated
and exchanged into a 20 mM MOPS buffer solution (pH 7.4) using a
Vivaspin-6 3-kDa centrifugal filter (Sartorious). CuCl, (0.5x protein
monomer concentration) was added to catalyse the formation of
disulfide bond. The mixture of protein and CuCl, was incubated at
37 °Cfor 8 h. The protein was treated with 10-fold excess EDTA over-
night at 4 °C to prepare metal-free protein. EDTA and monomeric
protein were removed using a Chelex100-treated, 20 mM MOPS buffer
solution (pH 7.4) in a Vivaspin-6 10-kDa centrifugal filter (Sartorius).
The purity of the protein was confirmed by SDS-PAGE and A,,;5/A,5,
values*. Concentrated proteins (around 10 mM) were kept at 4 °C
and used within a month.

SAXS

SAXS scattering profiles of (AB), were obtained at Beamline 4-2 of the
Stanford Synchrotron Radiation Laboratory (SSRL). The sample-to-
detector distance was set to 1.7 m, and the temperature was maintained
at 20 °C.Protein concentrations were set to 20 mg ml™ (800 pM dimer)
in a20 mM MOPS buffer solution (pH 7.4) containing 150 mM NacCl.
All samples were transferred to 8xPCR strip tubes and placed in the
BL4-2 autosampler®. The autosampler injected 25 pl of the solution
intoaquartz capillary tube with a diameter of 1.5 mm equipped in the
lab-made sample holder. SAXS profiles of the samples were recorded
five times (1 pattern per s) with 2 s intervals to monitor the structural
transition induced by the incident X-ray. No X-ray induced changes
were observed inthe samples of (AB), variants. Then, SAXS scattering
patterns of two independently prepared protein solutions were
collected using Blu-Ice 5 software. All measurements were averaged
and background-subtracted in SAXSPipe. Experimental SAXS pro-
files were reproducible under identical conditions after 6 months.

Further dataanalysis of SAXS profiles was performed using the ATSAS
software package*. Intensities of all merged scattering profiles were
normalized in SAS data analysis. Guinier analysis of (AB),, (AC),, and
(BC), variants was performed using the equation below in SAS data
analysis software of ATSAS package*®.

Inli (@)1= nl(O)] - 50°R,

where gand/(q) are the scattering vector and the scattering intensity.
Theoretical scattering profiles of 2Co*'-(AB),, 2Ni**-(AB), and 1Cu*'-
(AB), structures were generated in CRYSOL* using default parameters
and were compared with experimental scattering profiles. Chi-square
(x?) values were evaluated from differences between experimental
scattering profiles and theoretical scattering profiles using the equa-
tion below:

2
){2 _ 1 § Itheo(q) - Iexp(q)

m-1/,7 Oexp(q) ’

where mis the total number of pointsin scattering profiles, and g, is
the standard deviation of experimental scattering profiles. o, values
were obtained using repeat exposures of the same sample. Experimen-
tal scattering profiles were converted to normalized Kratky plots using
the function below to emphasize a g-range from 0.1to 0.3 A™, which
corresponds to the change of dimer orientation:

(gRy)*1(q)/1(0) versus gR,

X-ray crystallography

Red-coloured crystals of (AB), variants were obtained by sitting-drop
vapour diffusion at room temperature. Crystallization conditions are
listedin Supplementary Table 1. Protein solutions were preincubated
with the metal ion of interest for 1 h. For crystallization under metal
competition conditions, protein solutions were incubated with the first
metalion for1h. Thenthe second metalion wasadded and the solution
wasincubated for an additional 24 h. Sitting drop contained 1-2 pl each
of the protein and precipitant solutions and the reservoir contained
500 plof the precipitant solution. Crystals typically appeared within a
week and were collected after 2-8 weeks. Experimental crystal growth
conditions are provided in Supplementary Table 1. Concentrations of
dimer and metal ions were 2 mM and 4 mM, respectively. Perfluoro
polyether (Hampton) was used for cryoprotection before crystal freez-
inginliquid N,. Diffraction datawere collected at ALS Beamline 5.0.2,
and SSRL Beamline 9-2 using multi-wavelength radiation (Blu-Ice 5
software) or at the UCSD crystallography facility using a Bruker APEXII
Cu-edge source diffractometer at 100 K (APEX3 software). Diffrac-
tion patterns of three to five protein crystals in one to two screening
conditions were confirmed without significant changes in overall
protein structures, and the highest-resolution dataset was chosen
for further analysis. Diffraction data were processed using iMosflm
and Scala*®. Molecular replacement was performed using Phaser-MR
with monomeric cyt cbs, (Protein Data Bank (PDB): 2BCS5) as asearch
model. Model refinement using phenix.refine and metal/water place-
ment using Coot*’ were performed to generate final models. Electron
density maps were generated using PHENIX® and all graphics related
to structures and electron densities were produced using PyMOL.,
X-ray data collection and refinement statistics are listed in Extended
Data Tables 2 and 3.

Analytical ultracentrifugation

To confirm the oligomeric state of initially designed (AB),, (AC),,
and (BC), variants, analytical ultracentrifugation (AUC) analysis was
performed using 25 pM protein dimer in abuffer solution containing



20 mM MOPS and 150 mM NaCl (pH 7.4). Sedimentation velocities
were measured on a Beckman XL-A instrument using an An-60
Tirotor.Foreach sample, 250-600 scans were obtained at 41,000 rpm
and 25 °C for 12-16 h using ProteomLab software. All data were pro-
cessed using SEDFIT software® with the following fixed parameters:
dyusrer =1.0049 g mI™; 145 = 0.010214 poise; Vy,, = 0.73084.

ESI-MS

ESI-MS experiments were performed using an Elite hybrid
linear ion trap-orbitrap mass spectrometer equipped with a
heated-electrospray ionization (HESI) source (Thermo Fisher Sci-
entific). All solutions for ESI-MS samples were prepared using
LC-MS grade water (JT Baker). The concentrations of (AB), dimers
were adjusted to 5 pM in 20 mM NH,HCO;. Protein solutions were
exchanged using 20 mM to remove non-specifically bound metal
ions. The capillary voltage was adjusted to 2.5 kV, the flow rate was
setto3-10 pl min™, the source temperature was set to 100 °C and the
gas flow rates (sheath and aux) were set to 12. For each sample, 200
spectrawere obtained for 3-4 min and averaged for further analysis
using Xcalibur software. To prevent cross-contamination of metal
ions, peek tubing and steel capillary were flushed out using 0.1%
formic acid and 20 mM NH,HCO, in each measurement. High mass
mode at 240,000 resolution was applied to obtain the best resolution
limit. Estimated resolution (m/Am) of the mass spectrometer was
approximately 80,000 around +11 charge state of (AB),. To assure
reproducibility of ESI-MS results, two independent experiments
were performed with the interval of one to two weeks. Theoretical
and experimental m/z values of (AB), and "°°*(AB), complexes are
listed in Supplementary Tables 2-5.

Periplasmic extraction of (AB),

BL21(DE3) colonies with pET20b(+) vector encoding (AB), were
inoculatedinto a25 mlLB mediumin 50-ml Falcon tubes and shaken
at 200 rpm for 24 h at 37 °C. Then, metal ions were added to the
LB medium, whichwasincubated at200 rpm for additional 8 hat37 °C.
Cells were centrifuged at 8,000g for 10 min at 4 °C. The periplasmic
extraction protocol was adopted from previous reports?-** with small
modifications. The cell pellets were washed with 4 mlice-cold 1x phos-
phate buffered saline (PBS). No Co**, Ni*", and Cu®* contaminant was
observedinthe ICP-MS analysis of the fresh 1x PBS solution. Only neg-
ligible amounts (less than 10 nM) of Co?, Ni** and Cu®*" were detected
inthe 1x PBS washing step, indicating that nearly all non-intracellular
metal ions were removed by the cell pelleting and the washing step.
The pellet was resuspended in 1.5 ml of a20 mM NH,HCO; solution
with20% (w/v) sucrose and transferred to 2-ml tubes. The suspension
was incubated for 20 min at room temperature and centrifuged at
17,000g for 1 min. The pellet was then resuspended with 0.75 ml of
ice-cold 20 mM NH,HCO; solution and incubated for 20 min at room
temperature to induce the lysis of the outer membrane, followed
by centrifugation at 17,000g for 2 min. Freshly prepared solutions
of 20 mM NH,HCO, (with or without 20% sucrose) were also free of
Co?", Ni** and Cu* contaminants, as determined by inductively cou-
pled plasma mass spectrometry (ICP-MS) analysis. The red-coloured
supernatant was diluted to 2 ml using 20 mM NH,HCO; and filtered
using a Vivaspin-6 100-kDa centrifugal filter (Sartorius) to remove
cell debris and large-molecular-weight components. The extract
was filtered using an Amicon ultra-0.5 50-kDa centrifugal filter (Mil-
lipore). Thefiltrate was concentrated with an Amicon ultra-0.530-kDa
centrifugal filter (Millipore) and buffer-exchanged using a20 mM
NH,HCO;solution 4-6 times to remove low-molecular-weight species.
The A,5/Ayg0 ratiowasin the range of 2-4. ESI-MS spectra of purified
extracts were obtained under the same parameters as above. ESI-MS
experiments of the extracts were performed in duplicate using two
independent samples to examine reproducibility of metal selectivity
inthe periplasm.

QM/MM calculations

To evaluate the conformational stabilities of Cu**-bound (AB), struc-
tures, QM/MM calculations of Cu®*-bound (AB), were performed using
two-layer ONIOM (our own n-layered integrated molecular orbital and
molecular mechanics) approach®*., Using Chimera1.13.1, water boxes
with1nm x 1nm x 1 nm dimensions were created around the structures
of model 1(Cu*" in the peripheral site of (AB),), model 2 (Cu* in the
peripheralsite of "'°°(AB),) and model 3 (Cu® in the central site of (AB),).
These structures were converted to Gaussian input files using the TAO
package®®. 5His/4His metal coordination spheres were designated as
the QMregion and the remaining parts of the model structures were set
asthe MM region. QM calculations were performed using the B3LYP*"8
function with 6-31G+ (d,p) basis set** ' and MM calculations were per-
formed using the AMBER®*®* force field equipped in Gaussian 09. The
interactions between QM and MM parts were treated using mechanical
embedding®*®, Forcefield for the haem group is not defined in AMBER,
but even without the haem group, the cyt cbs,, scaffold was highly stable
ina pilot test of MM optimization. Thus, all input files were prepared
without the haem group. The QM region was released during optimiza-
tion to find the most stable Cu**-bound 5His/4His coordination sites
whereby the MM region was optimized. After QM-MM optimization of
models1-3, water molecules were removed and single-point energy cal-
culationwas performed to evaluate relative stabilities of the optimized
structures. The MM energy (£, (model)) of the QM (model) part was
subtracted from the MM energy (Eyy, (real)) of the whole (real) system
to correct the energy of the MM region. Because the total number of
atoms in the MM region of models 1-3 was identical, £, (real) — Eyy
(model) values were used to compare conformational stabilities of
(AB),inmodels1-3.Model 3 showed the lowest energy value inthe MM
region, so model 3 was set as zero point to compare relative stabilities
of models1-3.

Competitive metal binding titrations

Equilibration dissociation constants of (AB), with metal ions were
obtained by competitive binding titrations using Fura-2, Mag-Fura-2
and Newport Green DCF?*'¢, Trace amounts of metal ions were removed
frombuffer solutions containing 20 mMMOPS and 150 mM NaCl (pH7.4)
usinga Chelex100resin (Sigma-Aldrich). To a1-mlbuffer solution, 5 uM
of metal-free dye and 5 pM of metal-free (AB), were added, followed
by the addition of aliquots of 2 mM MnCl,, CoCl,, NiCl,, CuCl, or ZnCl,
stock solutions. Concentrations of all metal solutions were determined
using a PAR assay®’. Competitive binding of metal ions, dyes and (AB),
was monitored onanAgilent 8453 UV-vis spectrophotometer. Complete
equilibration was achieved within 5 min following the addition of each
metal aliquot. Changes in the absorbance at 335 nm (Fura-2), 324 nm
(Mag-Fura-2) and 511 nm (Newport Green DCF) were used to measure
the concentration of metal-boundindicators. Addition of metal aliquots
was sequentially performed until the absorbances of the dyes were fully
saturated (thatis, no further changes were observed). All titrations were
doneintriplicate and the titration curves were fit to aone- or atwo-site
binding model for protein using Dynafit®, taking into account the total
indicator concentration and the metal concentration at which the absorb-
ance for the metal-bound indicator reached the saturation point.

Electron paramagnetic resonance measurements

The electron paramagnetic resonance (EPR) sample (5 mM Cu*-(AB),)
was prepared in a buffer solution containing 20 mM MOPS (pH 7.4)
and150 mM NaCland loaded into a Wilmad Q-1.0 x 1.2 quartz capillary
tube. The capillary tube was then placed in a 4-mm outer-diameter
Wilmad quartz tube (707-SQ-250M). Continuous wave (CW) EPR data
for Cu®*-(AB), were collected at X-band frequency (9-9.8 GHz) on a
Bruker EMXplus EPR spectrometer equipped with a high-sensitivity
resonator (ER4119HS) at UCSD. The CW-EPR spectrum was collected
at 298 K using Xenon software and fit using Easyspin software®.
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Calculation of metal-free and metal-bound (AB), fractions under
competitive conditions with Cu*

Fractions of metal-free and metal-bound (AB), species were calculated
using K, values of 1Cu®*-(AB),, 2Ni**-(AB), and 2Co**-(AB), as afunction
of metal concentration. A mathematical model of the (AB), fractions
isavailable in the Supplementary Methods.

Reporting summary
Further information on research design is available in the Nature
Research Reporting Summary linked to this paper.

Data availability

The principal data supporting the findings of this work are available
within the figures and the Supplementary Information. Additional
data that support the findings of this study are available from the
corresponding author on request. Crystallographic data for protein
structures (coordinates and structure factors) have been deposited
into the RCSB PDB under the following accession codes: 7MK4, 7LRV,
7LV1, 7N4G, 7N4F, 7LR5, 7LRA, 7LRB and 7LRR. The model structure
used for molecular replacement is available in the PDB (2BC5).
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Extended DataFig.1|Analysis of the oligomerizationstates of (AB),, (AC),
and (BC), variants. a, Sedimentation velocity/AUC analysis of the
oligomerization state of (AB), (black), (AC), (red), and (BC), (blue) at 25 pM
dimer concentration. The inset shows a higher-order oligomer population of
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Extended DataFig.2|Structural characterization and metal-binding
analysis of M"-(AB), complexes. a, X-band EPR spectrum of Cu"-(AB), (orange)
andsimulated pattern (black line), along with the fit parameters consistent
witharhombic coordination geometry. Conditions: 2.5 mM Cu",20 mM MOPS
(pH7.4) and 150 mM NaCl, 298 K. b, Crystal structure of 2Co"-(AB),. Co" ions are
represented as magenta spheres. ¢, Solution characterization of 2Co"-(AB),
complex by competitive Fura-2 titration (left), SAXS (middle), and ESI-MS
(right). Circles (magenta) in ESI-MS spectrum represent the number of Co"ions
boundto (AB),. Experimental data points and error barsinthe Fura-2 titration
arepresented as mean and standard deviation of three independent
measurements. d, Competitive metal-binding titrations (AB), for Mn" (pink)
and Zn"(grey) binding. Mag-Fura-2 and Fura-2 were used for Mn"and Zn"
titrations, respectively. e, Investigation of M"-(AB), complexation using ESI-MS:

Mn" (top), Fe" (middle), and Zn" (bottom). Mn"- and Fe"-(AB), complexes were
notobserved owing to the low metal-binding affinities. f, ESI-MS spectra of
(AB), collected under Cu"//Zn"and Zn"//Cu" competition conditions. Cu"
outcompetes Zn" or forms heterometallic complexes of (AB),. g, Theoretical
SAXS scattering profiles of M"-(AB), generated by CRYSOL. h, i, Experimental
SAXS profiles of (h) 2Co"- and 2Ni"-(AB), complexes compared with theoretical
scattering profile of 1Cu"-(AB), (cyan), and (i) 1Cu"-(AB), complex compared
with theoretical scattering profiles of 2Co"- (magenta) and 2Ni"-(AB), (green).
Jj.k, Log-scaleplots of Fig. le-fto compare (j) experimental scattering profiles
between2Co"/2Ni"-(AB),and 1Cu"-(AB), and (k) experimental scattering
profiles of 2Co"- (left), 2Ni"- (middle), and 1Cu"-(AB), (right) with theoretical
scattering profiles.l, m, Expanded low g-ranges of the scattering plotsin

(I) (panelj) and (m) (k).
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Extended DataFig. 3 | Structural characterization and metal-binding
analysis of M"-(AB), complexes in competitive conditions with Cu".

a, Crystalstructures (ribbon models) of (AB), formed under Co"//Cu" (PDB:7LRB),
Cu'"//Co" (PDB:7LRR), Ni"//Cu" (PDB:7LR5), and Cu"//Ni" (PDB:7LRA)
conditions. Root mean square deviation (RMSD) values were determined in
comparisonwith the crystal structures of 2Co"-(AB),and 2Ni"-(AB), (grey
cartoon models). b, Experimental SAXS profile of (AB), (0.8 mM) in Co"//Cu",
Cu"//Co",Ni"//Cu", and Cu"//Ni" conditions ((M"] =1.6 mM) compared with the
theoretical SAXS profile of 1Cu"-(AB),. ¢, ESI-MS spectrum of (AB), (5 uM)
without metalions. d, ESI-MS spectrum of (AB), (5 uM) with sub-stoichiometric
amounts of Cu" (5 uM) and Co" or Ni" (5 uM). Circles in ESI-MS spectra

q (A1)

represent the number of Co" (magenta), Ni" (green), and Cu" (cyan) ions bound
to (AB),. The number of circles indicates the equivalents of bound metal ions.
e, Competitive metal-binding titration of (AB), with Co" (magenta), Ni" (green),
and Cu" (cyan)in20 mM NH,HCO, (pH 7.8). Mag-Fura-2 (5 uM) was used for
competitive Co"and Ni"titration, and Newportgreen DCF (5 uM) was used for
competitive Cu"titration. Experimental data pointsand error bars are
presented as meanand standard deviation of threeindependent
measurements. f, g, Log-scale plots (left) of Fig. 2c to compare experimental
scattering profiles of (f) Co"//Cu"and Cu"//Co", and (g) Ni"//Cu"and Cu"//Ni"
with theoretical scattering profiles. Right panels present expanded low
g-ranges of the scattering plots (left).
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Extended DataFig. 4 | Peripheral 5His coordination site of2Co"-(AB),and
rotamer analysis of the H100 side chain. a, Co"-coordination in the dimer
interface of (AB), with the 2mF,-DF.electron density map (grey mesh)
contoured at5.00 (metal) and 1.50 (ligand). Coordination distances and angles
between Co" and ligands are shown on the right. b, Possible rotamer
orientations of HI00 residue in the crystal structure of 2Ni"-(AB),. Rotamers
were generated with the combination of ; (torsionangle of C,-C; = 60-300°,
60°interval) and x, (torsionangle of C;-C, = 0-330°,30°interval). ¢, Averaged
number of atomic contacts of HI00 rotamers as a function of van der waals
(VdW) overlap. Error barsreflect the standard deviations of the atomic
contactsinrotamerswith fixed x; and variable x,. Compared to the original
conformation of H100, all possible rotamers show significant clashes with
proximal residues. d, Location of proximal residues interacting with HI00
rotamers.
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Extended DataFig. 6 | Characterization of metal-bound "'°°*(AB),

and Cu" (cyan) ions bound to "°°*(AB),. The number of circles indicates the
equivalents of bound metal ions. Metal concentrations were 10 uM. b, Fura-2
competitive metal titration assay of "'°°*(AB), with Cu". Changes in Fura-2
absorbanceat335nm (cyan) are plotted with theoretical metal-binding

complexes. a, ESI-MS spectra of "'°°*(AB), (5 uM) complexed with metal ions.
Circlesin ESI-MS spectra represent the number of Co" (magenta), Ni" (green),
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isothermsinthe absence (grey) and the presence (black) of (AB),. Experimental
datapointsanderrorbarsinthe Fura-2 titration are presented as mean and
standard deviation of three independent measurements. ¢, d, Crystal structure
of (c) Co"-"°°*(AB), (PDB:7N4G) and (d) Ni"-"1°°A(AB), (PDB:7N4F). Co" and Ni"
ionsarerepresented asmagentaand green spheres. Atomic details of each
metal coordinationsite areshownintheright panels, with the 2mF,-DF,
electron density map (grey mesh) contoured at5.00 (metal) and 1.50 (ligand).
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Extended DataFig.7 | Characterization of periplasmic extracts using SDS-
PAGE and ESI-MS. a, b, SDS-PAGE of periplasmic extracts and medium stained
with (a) Coomassie blue for all proteinaceous contents and (b) o-dianisidine for
haem-proteins. Regardless of supplemented metalions, no significantamount
of (AB), dimer and (AB) monomer was observed in the medium. Uncropped gel
images are showninSupplementary Fig. 2. Reproducibility of SDS-PAGE was
tested with two independently extracted sample sets. ¢, ESI-MS spectra of
(AB), extracted from cells grown without metal supplement (top) and with Co"
(middle) or Ni" (bottom) supplement (20 uM) in LB medium. d, e, ESI-MS
spectraof (AB), extracted from cells grown with (d) 100 pM and (e) 5 tM metal
ionsin LB medium. Inletspectrarepresent expanded m/zranges for 2M"-(AB),
complexes with magenta, green, and cyanlines corresponding to theoretical
m/zvalues of 2Co", 2Ni", and 2Cu"-(AB), complexes. Supplemented metal ions
arerepresented as magenta (Co"), green (Ni"),and cyan (Cu") circles. The
number of circles indicates the equivalents of metal ions bound to (AB),. D and
Mingel pictures refer to the protein dimer and monomer, respectively.
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Extended Data Table 1| Equilibrium dissociation constants
(K,) of M"-(AB), complexes

(20 mM NH,HCO;)
Mn' K 2.7 (+0.4) x 10°
Keo 4.3 (+1.1)x 10°
Co' K 1.1 (£0.2) x 10°® 5.2 (+1.8) x 10
Ke 4.1 (+0.7) x 10°® 1.1 (20.3) x 107
Ni' Ky 4.5 (+1.1)x 10° 3.0 (£0.7) x 10
Ke 7.6 (+1.0) x 10° 6.1 (+0.7) x 10
Cu' Ky 2.9 (£0.5) x 1013 4.3 (+1.4) x 10°
Kd2 - -
Zn" Ky 1.4 (£0.3) x 10°®
Ke 1.3 (£0.4) x 10°®

Metal-competition assays were performed using Fura-2 in Chelex100-treated buffer solu-
tion (pH 7.4) containing 20 mM MOPS and 150 mM NaCl. K, values in 20 mM NH,HCO, were
determined using Mag-Fura-2 (Co" and Ni") and Newport Green DCF (Cu") as metal-binding
competitor. Errors are derived from non-linear least square fitting analysed in Dynafit.



Extended Data Table 2 | X-ray data collection and refinement statistics for the crystals obtained under non-competitive

conditions
2Co'"-(AB), 2Ni"-(AB), 1Cu"-(AB). 1Co"-H100A(AB), 1Ni"-H100A(AB),
PDB ID 7MK4 7LRV 7LVA 7N4G 7N4F
Data collection
Resol. range (A) 34.42 -1.269 4161 -14 37.88 -1.91 346 -1.93 35.03 -1.8
(1.315 -1.269) (1.45 -1.4) (1.978 -1.91) (1.999 -1.93) (1.864 -1.8)
Space group P 212121 P212121 P1211 P1211 P1211
Unit cell (A, °) 54.53 61.08 64.57 54.9160.7263.77 34.1783.2138.57 35.2178.273990 34.47 84.6539.14
’ 90 90 90 90 90 90 90 100.83 90 100.68 90 90 100.51 90
Total reflections 416194 (26635) 1371309 (118524) 131503 (8872) 217256 (21702) 242223 (24300)
Unique reflections 57551 (5614) 42610 (4185) 16289 (1530) 15651 (1535) 20432 (1985)
Multiplicity 7.2(4.7) 32.2(28.3) 8.07 (5.8) 13.9 (14.0) 11.9 (11.8)
Completeness (%) 99.79 (98.86) 99.80 (99.12) 98.82 (93.62) 98.89 (98.65) 96.31 (96.60)
Mean I/sigma(l) 10.0 (1.5) 152.76 (9.62) 20.9 (5.8) 159.03 (6.55) 271.29 (19.40)
Wilson B-factor 14 16.52 15.15 36.53 25.88
R-merge 0.067 (0.847) 0.744 (0.9591) 0.063 (0.214) 0.5892 (0.8141) 0.5845 (0.5606)
R-meas 0.072 (0.953) 0.7563 (0.9731) 0.067 (0.237) 0.6126 (0.8456) 0.6132 (0.5889)
R-pim 0.024(0.429) 0.1333 (0.1631) 0.022 (0.099) 0.1643 (0.2242) 0.1812 (0.1773)
CC1/2 0.999 (0.765) 0.738 (0.804) 0.999 (0.978) 0.82(0.83) 0.749 (0.817)
Refinement

Reflections used
in refinement
Reflections used
for R-free
R-work

R-free

Number of non-
hydrogen atoms
macromolecules
ligands

solvent

Protein residues
RMS(bonds)
RMS(angles)
Ramachandran
favored (%)
Ramachandran
allowed (%)
Ramachandran
outliers (%)
Rotamer
outliers (%)
Clashscore
Average B-factor
macromolecules
ligands

solvent

57550 (5612)

2002 (191)

0.1960 (0.3160)
0.2135 (0.3582)

2123

1671
90
362
214
0.006
0.81

100

0

1.76
19.01
17.84
15.22
25.36

42605 (4183)

1995 (193)

0.1901 (0.2097)
0.2161 (0.2557)

1975

1636
88
251
214
0.006
0.78

99.04
0.96
0

0

1.8
23.24
22.77
21.96
26.73

16289 (1511)

1625 (150)

0.1908 (0.2724)
0.2371 (0.2766)

1927

1670
91
166
214
0.008
0.84

99.52
0.48
0

0

3.79

18.1
17.93
13.72
22.24

15519 (1533)

1549 (153)

0.2640 (0.3957)
0.3245 (0.4594)

1757

1651
87
19

214
0.009
1.19

96.63
3.37
0

0

12.11
49.13
49.45
46.2
34.22

19738 (1986)

1974 (199)

0.2078 (0.2966)
0.2537 (0.3489)

1801

1640
87
74

214
0.008
0.93

99.52

0.48

0.61

4.48
32.97
33.31
26.74
32.78

Numbers in parentheses correspond to statistics of the highest resolution shell.
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Extended Data Table 3 | X-ray data collection and refinement statistics for the crystals obtained under competitive
conditions with Cu"

2Ni"-(AB), 2Ni"-(AB), 2Co'"-(AB), 2Co'"-(AB),

(Ni'//Cu") (Cu"/INi") (Co"/icu") (Cu"iCo")
PDB ID 7LR5 7LRA 7LRB 7LRR
Data collection
Resol. range (A) 41.32 -1.7 4165 -1.7 4163 -1.78 44.27 -1.89

(1.761 -1.7) (1.761 -1.7) (1.844 -1.78) (1.958 -1.89)
Space group P 212121 P 212121 P 212121 P 212121
Unit cell (A, ) 54.63 60.92 63.16 54.76 61 64.16 54.6361.0564.30 54.5161.1564.17
’ 90 90 90 90 90 90 90 90 90 90 90 90

Total reflections 919338 (85881) 686593 (63701) 541511 (41580) 531273 (31757)
Unique reflections 23765 (2334) 24213 (2371) 20861 (1911) 17578 (1611)
Multiplicity 38.7 (36.7) 28.4 (26.8) 26.0 (21.6) 30.2 (19.4)
Completeness (%) 99.50 (99.62) 99.54 (99.37) 97.65 (91.70) 98.54 (92.48)
Mean I/sigma(l) 35.10 (6.50) 49.46 (8.63) 31.17 (6.16) 14.77 (3.30)
Wilson B-factor 17.96 17.98 17.17 16.99

R-merge 0.7238 (0.9307) 0.7754 (0.8503) 0.7359 (0.7766) 0.8529 (0.9726)
R-meas 0.7335 (0.9442) 0.79 (0.8665) 0.7509 (0.7961) 0.8678 (0.9993)
R-pim 0.1161 (0.156) 0.1475 (0.1641) 0.1447 (0.1692) 0.156 (0.223)
CcC1/2 0.878 (0.727) 0.73 (0.771) 0.676 (0.788) 0.883 (0.417)
Refinement

Reflections used 23704 (2333) 24165 (2371) 20721 (1911) 17488 (1611)
in refinement

Reflections used

for R-free 2001 (196) 2010 (198) 1995 (180) 1762 (158)
R-work 0.1893 (0.2192) 0.1802 (0.2215) 0.1774 (0.2232) 0.1902 (0.2544)
R-free 0.2296 (0.2790) 0.2141 (0.2508) 0.2112 (0.2791) 0.2294 (0.3165)
Number of non- 1899 1968 1990 1940
hydrogen atoms

macromolecules 1637 1635 1680 1667
ligands 88 88 90 90
solvent 174 245 220 183
Protein residues 214 214 214 214
RMS(bonds) 0.007 0.006 0.006 0.007
RMS(angles) 0.8 0.78 0.86 0.82
Ramachandran

favored (%) 99.52 99.52 100 100
Ramachandran

allowed (%) 0.48 0.48 0 0
Ramachandran

outliers (%) 0 0 0 0
Rotamer outliers

(%) 0 0 0.58 0
Clashscore 3 4.51 2.91 2.64
Average B-factor 20.56 21.82 19.86 19.43
macromolecules 20.34 21.23 19.41 19.26
ligands 19.44 20.83 17.83 17.48
solvent 23.22 26.13 24.08 21.93

Numbers in parentheses correspond to statistics of the highest resolution shell
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