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A cytokine-based designer enzyme with an
abiological multinuclear metal center
exhibits intrinsic and extrinsic catalysis

Akiko Ueno1,10, Fumiko Takida1,10, Tomoki Kita2, Takuro Ishii 1,3,
Tomoki Himiyama 4 , Takuya Mabuchi 5 & Yasunori Okamoto 1,6,7,8,9

A designer enzyme consisting of an abiological molecule incorporated into a
natural protein has been developed as an exceptionally chemoselective cata-
lyst, highlighting that the internal space of proteins is highly beneficial for
enhancing catalytic performance. However, other features of proteins have
received less attention in designer enzymes, for e.g., their use as ligands to
construct abiological (multinuclear)metal centers and their intrinsic functions
that have often been traded off for a new function. Here, grafting a synthetic
trinuclear zinc complex inside a human cytokine macrophage migration
inhibitory factor (MIF) scaffold using solely amino-acid side chains leads to a
designer multi-metalloenzyme with extrinsic and intrinsic functions. The
crystal structure of the designer tri-zinc enzyme verifies the accuracy of our
design process based on geometry optimizations and quantum-chemical cal-
culations. The extrinsic catalytic performance of this designer enzyme is of the
highest class and comparable to that of previously reported designer zinc
hydrolases. Importantly, an intrinsic function of MIF, i.e., its tautomerase
activity, is maintained in this designer tri-zinc enzyme. Considering that
cytokines are originally expressed in response to in vivo events, this cytokine-
based designer metalloenzyme holds promising potential as a synthetic bio-
logical tool for the self-adaptive regulation of life phenomena.

In nature, a wide repertoire of chemical transformations are facilitated
by enzymes. The use of metal ions in proteins further expands the
reaction repertoire. For example, soluble methane monooxygenase, a
diiron enzyme, facilitates methane hydroxylation, whilst nitrogenase,
which possesses a cofactor consisting of eight iron atoms and a
molybdenum atom, catalyzes nitrogen fixation. Furthermore, the
oxygen-evolving complex (OEC) of photosystem II, which has a

multinuclear metal cluster comprised of four manganese atoms and a
calcium atom, oxidizes water to produce oxygen.

In such metalloenzymes, the protein scaffold plays two roles.
Firstly, the amino-acid side chains act as ligands for fine control of the
reactivity of the metal ions. Secondly, a well-defined internal space is
created around the metal center to form a reaction compartment that
enhances the reaction rate and chemoselectivity.
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While synthetic model complexes have been developed with the
aim of understanding such natural (multi)metalloenzymes1,2, repro-
ducing the well-defined enzymatic internal space responsible for high
reactivity and selectivity remains challenging3,4. The significance of a
protein as a reaction compartment has been elucidated in the studies
on designer (metallo)enzymes that are constructed by incorporating
catalytically active synthetic molecules, including metal complexes,
into a protein. Thanks to the reaction compartment provided by the
protein scaffold, enhanced reaction rates and high chemoselectivity
have been achieved, while the incorporated synthetic molecule dic-
tates the reaction type5–12.

In contrast, the use of proteins as ligands currently lags behind
their use as reaction compartments. This can be attributed to the dif-
ficulties associated with designing coordination-chemistry interac-
tions between metal ions and amino-acid side chains at the atomic
level. Hence, the development of designer mononuclear metalloen-
zymes has primarily relied on a more classical metal-substitution
approach13–16,meaning that thedesignofdenovometal-binding sites is
even more challenging17–22. Although some excellent studies on the
construction/mutualization of multinuclear metal centers using pro-
teins and peptides as ligands have been reported23–32, there are only a
small number of examples of multinuclear metal centers that exhibit
catalytic activity and the variety of the successfully used peptide/
protein scaffolds is limited.

In addition to the exploitation of proteins as a ligand, the intrinsic
functions of proteins have been afforded less consideration when
constructing designermetalloenzymes. The primary consideration has
usually been whether the protein possesses an internal space with
appropriate size and shape, which is often responsible for its intrinsic
function. Therefore, in hitherto reported designer metalloenzymes,
the intrinsic function of the natural protein has often been traded off
for a new function. On the other hand, naturehas evolvedproteins that
possess multiple and independent functions, which are referred to as
moonlighting proteins33. These moonlighting proteins exhibit differ-
ent functions depending on their cellular localization, such as in the
nucleus, cytoplasm, or extracellular space. The prevalence of these
proteins among highly evolutionarily conserved enzymes suggests
that they have evolved secondary functions over time. In other words,
the acquisition of secondary functions bymoonlighting proteins likely
occurred not through a trade-off mechanism with primary functions,
but rather through additive gains while maintaining their primary
functions. The continuing utilization of the protein solely as a struc-
tural framework whilst overlooking the intrinsic function of the pro-
teinmay reduce the rationale for theuseof natural proteins in designer
metalloenzymes, as compared to the rapidly emerging de novo
proteins34.

Nevertheless, prospective advantages of using natural proteins in
designer metalloenzymes can be foreseen in their in celluo/vivo
applications, especially where the designer enzyme orthogonally reg-
ulates life processes35,36. By enabling the installation of a new function
into a protein while keeping its original function, similar to naturally
evolved moonlighting proteins, designer metalloenzymes can be cre-
ated that adaptatively exhibit an extrinsic functionality in relation to
intrinsic biological processes, leading to promising tools for synthetic
biology.

In this study, we aim to address two major challenges in the
development of designermetalloenzymes: (i) the rational construction
of amultinuclearmetal center using a protein solely as a ligand, and (ii)
preserving the intrinsic function of the scaffold protein.

Results and discussion
Building blocks and construction strategy for designer multi-
metalloenzymes
We focusedon zinc as themetal center in this studybecause it is one of
the most available metal ions in living systems37. Besides being a

fulcrumpoint for the tertiary structure of the protein scaffold, the zinc
ion functions as a catalytically active site in natural enzymes.

Mononuclear zinc active sites represent oneof themost advanced
developments in designer metalloenzymes18,19,21,38–41. Given that the
construction of designer enzymes that bear mononuclear zinc sites in
E. coli has been successfully demonstrated17, designing non-natural
multinuclear structures relying on zinc ions may be advantageous for
future in celluo/vivo applications.

Some natural enzymes have amultinuclear zinc center, where the
cooperative action of multiple zinc ions was found to be important for
their catalytic activity42. However, compared to mononuclear zinc
centers in designer enzymes, there are limited examples of functional
multinuclear zinc centers, and in particular there are no examples with
more than three centers.

Therefore, we aimed to graft a synthetic multinuclear zinc center
into a protein scaffold, and thus we selected a catalytically active
synthetic trinuclear zinc complex (Fig. 1a, b)43. In this complex three
zinc ions are bridged by CO3

2–, a structural motif that is not found in
natural enzymes.

As a protein scaffold, we selected macrophage migration inhibi-
tory factor (MIF), a cytokine involved in various physiological pro-
cesses in vivo (Fig. 1c). We reasoned that the trimeric structure of MIF,
specifically its internal pore, could be suitable for the transplantation
of the trinuclear synthetic zinc complex. Moreover, the rigid second-
ary structure, comprised of β-sheets in the subunits that form the pore
can be expected to facilitate the grafting of metal centers. Further-
more, MIF is an attractive scaffold to use here due to its multiple
intrinsic functions as explained below44–46.

MIF is encoded by the human mif gene and functions as an
important regulator of innate immunity44. Upon stimulation with
bacterial antigens or glucocorticoids, MIF is expressed and released
from leukocytes. At the putative site shown in Fig. 1c, MIF binds to the
CD74 receptor on other immune cells to activate a signaling pathway,
which leads to gene transcription and the production of pro-
inflammatory cytokines and chemokines for cell proliferation47.

As shown in Fig. 1c, MIF is considered a moonlighting protein due
to its multiple functions beyond its role as a cytokine. It exhibits
phenylpyruvate tautomerase activity, whose physiological function
remains enigmatic45. Furthermore, recent studies have revealed that
MIF possesses nuclease activity. Upon association with the apoptosis-
inducing factor, MIF degrades genomic DNA into large fragments
within the nucleus, resulting in chromatinolysis. During this process,
MIF is thought to primarily bind to 5′ unpaired bases in single-stranded
DNA (ssDNA) with stem-loop structures46. The crucial sites for these
functions aremainly located on the surface of MIF (Fig. 1c), suggesting
that constructing amultinuclear zinc center within the pore is unlikely
to compromise these intrinsic capabilities45,47.

The binding sites for the zinc ions on the monomeric MIF were
designed via the procedure outlined below. Each zinc ion of the syn-
thetic trinuclear zinc complex is coordinated by three nitrogen atoms.
Therefore, we selected a histidine residue as the sole ligand.

To analyze the optimal Cα atom positions for placing histidine
residues in the pore of MIF, we conducted a systematic computational
search. As shown in Fig. 2a, the z-axis was defined along the vertical
axis of the pore. The three extracted zinc ions from the crystal struc-
ture of the synthetic complex were rotated in the x-y plane in 2°
increments and translated along the z-axis in 0.5 Å increments whilst
the distances, L1, L2, and L3, between the Zn ions and the Cα atoms
were cataloged. This comprehensive approach generated a total of
1281 different geometric configurations for evaluation. In this search,
we confined the analysis to the upper region of the pore based on the
preliminary hole-size analysis by MD simulations (Supplementary
Fig. 1). Given that the entrance at the bottom of the pore is relatively
larger than that at the top, we reasoned that the bottom entrance is
more suitable for substrate uptake.
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The distances between the zinc ions and the Cα atoms of the
coordinating histidine residues of natural zinc-binding proteins
(PDB codes: 1AI0, 2CBA, 1IAG, 1TON, 1PQ4), which have three his-
tidine residues as the sole ligands, often fall within the range of
6.0–6.7 Å. In case that one of the calculated distances (L1, L2, or L3)
fell outside of this range, the corresponding set of trinuclear zinc
and Cα distances was excluded from the list. Thus, only triplets of
Cα where all three Zn-Cα distances were within this biomimetic
range were considered for selection. Candidate triplets for muta-
tion were further filtered based on their geometric consistency,
specifically requiring that the maximum difference among the
pairwise distances (|L1–L2|, |L2–L3|, and |L1–L3|) was constrained to
be <0.2 Å. Among the selected triplets, the following eight unique
sets of Cα combinations appeared repeatedly: S611-H631-Y1001,
S612-H631-Y1001, S612-H631-Y1002, S611-H631-N981, S612-H631-N982,
H631-N981-Y1001, H631-N982-Y1001, and H631-N982-Y1002, where
the subscript numbers denote the monomer on which these resi-
dues are located (Fig. 2a and Supplementary Table 1). Notably,
His63 was consistently included in all of the selected triplets,
despite not being explicitly required.

To further evaluate which combinations of Cα atoms are optimal
for substitution with a histidine residue, we performed density-
functional-theory (DFT) calculations for all eight triplets. According
to the rootmean square fluctuation (RMSF) analysis of wtMIF based on
MD simulations prior to the DFT calculations, the residues selected
through geometrical screening were found to be remarkably rigid
(Supplementary Fig. 2). This observation suggests that consideration
of backbone flexibility is not essential for subsequent DFT calculations
aimed at identifying geometrically permissible Cα atom combinations
to form a trinuclear site. Consequently, optimized models were cal-
culated using three zinc ions, the CO₃²⁻ bridge, and nine histidine side
chains without including the entire protein structure in order to keep
computational expenses low. The coordinates of themain-chain atoms
(N, Cα, and C) belonging to the β-sheet framework were extracted
from the PDB (PDB code: 1MIF) and fixed, while the rest of the struc-
ture remained unconstrained. These model systems contained
approximately 100 atoms in total.

As shown in Fig. 2b, energy differences obtained from the DFT-
optimized structures suggested S612-H631-Y1002, with two histidine
residues introduced at the positions S61 and Y100 on the same

monomer, and the original H63 on the other monomer, would yield
the thermodynamically most stable trinuclear zinc center (Fig. 2b and
Supplementary Table 2). The energy advantage of approximately
54.6 kcal/mol compared to the next most stable structure indicates
this combination offers the optimal zinc-ion/histidine-residue inter-
action among the eight tested candidates.

Validation and optimization of the design via crystal-structure
analysis
Henceforth, the designer zinc enzyme will be denoted as Znx-MIF,
where x represents the number of zinc ions in the trimeric MIF. To
validate our design strategy, we aimed to confirm the formation of the
trinuclear zinc center via X-ray crystal-structure analysis.

The rationally designed MIF(S61H/Y100H) variant was expressed
in E. coli BL21(DE3) and purified by ammonium-sulfate fractionation
and anion-exchange column chromatography (Supplementary Figs. 3,
4, and Supplementary Table 3). The purified sample was crystallized
using previously reported conditions48, except for the addition of
ZnCl2. TheX-ray crystal-structural analysis revealed that three zinc ions
were bound in the pore of MIF (Supplementary Fig. 5a, d, g, and Sup-
plementary Table 4). Furthermore, the presence of a bridging CO3

2–

ion was also confirmed, indicating that Zn3-MIF(S61H/Y100H) had
captured CO3

2– ions dissolved in the solution under atmospheric
conditions, given that CO3

2– ions had not been used during the crys-
tallization procedure. H61 of MIF(S61H/Y100H) is located slightly too
far away from the zinc ion in order to coordinate with it when low-zinc-
concentration conditions (10.5 eq per MIF monomer) were used for
crystallization (Fig. 3c and Supplementary Fig. 5b, e, h). On the other
hand, H63 and H100 coordinate with the zinc ion. While H61 and H63
maintain their original configurations with apo-MIF(S61H-Y100H),
H100 flips to coordinate to the zinc ion.

Upon increasing the zinc concentration (26.0 eq toMIF), H61 flips
to coordinate to the zinc ion (Fig. 3a–c and Supplementary Fig. 5b).
These results indicate that H63 and Y100H are key residues for the
coordination of zinc, and moreover, the presence of at least two his-
tidine ligands would allow the formation of a trinuclear zinc complex.
The three zinc ions, the CO3

2– ion, as well as the H61, H63, and H100
residues in the crystal structure could be superimposed on the cal-
culated structure with an RMSD of 0.709Å, which validates our design
strategy (Fig. 3g, h).
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(This work)

Nuclease active site
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Fig. 1 | Building blocks used in this study to construct a designer tri-zinc
enzyme. a Schematic and b crystal structures of the synthetic trinuclear zinc
complex (CCDC 931956)43, and c crystal structure of humanMIF (PDB code: 1MIF),
which is also known as a moonlighting protein, displaying the active sites for its
multiple functionalities. The structural illustrations in this report were generated
using CueMol2 (http://www.cuemol.org/en/). In (b), zinc, carbon, oxygen, and

nitrogen atoms are shown in dark purple, cyan, red, and blue, respectively.
c depicts oxygen in red and nitrogen in blue, while the carbon atoms are color-
coded according to their functionality. Residues with carbon atoms in orange and
yellow correspond to the CD74 binding site. Residues with the carbon atoms in
cyan indicate the nuclease-active site, whereas those with carbon atoms in pink
represent the tautomerase-active site.
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Given the flexibility of the coordination modes of the zinc ion and
the aforementioned observation that H61 is not necessarily essential,
we prepared a variant with a single substitution, MIF(Y100H). Here, we
assumed thepresence of an abundant anion species such asOH–, which
can act as an active species for the hydrolysis reaction, and Cl– to bind
to the zinc center as anexternal ligand insteadof the internalH61 ligand
to compensate for the charge balance of the trinuclear zinc center.

Even when the low-zinc-concentration conditions were used, the
corresponding crystal-structure analysis confirmed the presence of a
trinuclear zinc center inZn3-MIF(Y100H) (Fig. 3d–f and Supplementary

Fig. 5c, f, i). The configuration of H100 of Zn3-MIF(Y100H) is identical
to that of Zn3-MIF(S61H/Y100H) under high-zinc-concentration con-
ditions. As can be expected, the Cl– ions bind to the zinc ion in Zn3-
MIF(Y100H). The trinuclear zinc center of Zn3-MIF(Y100H) alignedwell
with the calculated structure with an RMSD of 0.900Å (Fig. 3i).

Based on the fact that a trinuclear zinc centerwas confirmed to be
present in MIF(Y100H), the H61 residue in Zn3-MIF(S61H/Y100H) and
the chloride ion in Zn3-MIF(Y100H) could be labile ligands for the
generation of a vacant site on the zinc ion during catalysis. Hence, we
postulated that Zn3-MIF(Y100H) could potentially be a better catalyst
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Fig. 2 | Workflow for designing a trinuclear zinc complex in MIF. a Schematic
illustration of the computational search for the optimal positions of the Cα atoms
to be substituted by histidine residues to coordinate the trinuclear zinc center.
Spheres in deep purple represent Zn while those in orange or white represent Cα.
The Cα sites in orange were selected for screening. Selected combinations of Cα
and tri-zinc centers identified via a geometric search (Cα atoms and zinc shown as
spheres). b Corresponding DFT-optimized structures with the selected histidine
residues (zinc: purple; nitrogen: blue; oxygen: red). Structures represent S61H1-

H631-Y100H1 (carbon: light red), S61H2-H631-Y100H1 (carbon: orange), S61H2-H631-
Y100H2 (carbon: yellow), S61H1-H631-N98H1 (carbon: light green), S61H2-H631-
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(carbon: blue), and H631-N98H2-Y100H2 (carbon: pink). The subscript numbers
denote themonomer ofMIF onwhich these residues are located. Estimated energy
differences are displayed under the DFT-optimized structures. The colors of the
bars in the energy diagram correspond to the carbon colors defined in the DFT-
optimized structures described above.
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than Zn3-MIF(S61H/Y100H), which has a lower propensity to coordi-
nate to zinc and a narrower space around the trinuclear zinc center
where H61 likely hampers substrate access from the bottom
(Fig. 3b, e).

Investigation of the Zinc-Binding Behavior of MIF(Y100H) in
Solution
Next, we investigated the structure of Zn3-MIF(Y100H) in solution.
While the wild-type MIF (wtMIF) is thought to be a stable trimer in

solution, dynamic-light-scattering (DLS) measurements were con-
ducted to confirmwhetherMIF(Y100H) and Zn3-MIF(Y100H) also exist
as trimers (Fig. 4a and Supplementary Fig. 6). In the range of con-
centrations typically used for catalytic reactions of designer metal-
loenzymes, there was almost no difference between wtMIF and
MIF(Y100H) in the presence or absence of zinc ions. The observed
diameters are in good agreement with the crystal structures. These
results suggest thatMIF(Y100H) exists as a trimer and bindswith a zinc
ion in solution, as observed in the crystal structure.
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Zn3-MIF(S61H/Y100H), high Zn

a) b) c)

d) e) f)

g) h) i)

H61 H61

H63

H100 H100 H100

H61

H63

S61 S61

H63

H100 H100 H100

S61

H63

H61 H61

H63

H100 H100 H100

H61

H63

S61 S61

H63

H100 H100 H100

S61

H63

H61 H61

H63

H100 H100 H100

H61

H63

S61 S61

H63

H100 H100 H100

S61

H63

Zinc complex
DFT prediction

Zn3-MIF(S61H/Y100H), high Zn
DFT prediction

Zn3-MIF(Y100H), low Zn
DFT prediction

H61

H100

H63

H100

H61

H63

H61

H100

H63

H61

H100

H63

H100

H61

H63

H61

H100

H63

S61

H100

H63

H100

S61

H63

S61
H100

H63

Cl

Cl

Cl

H100

H61

Cl ClCl ClCl Cl

ClClCl

H63

H100

S61

H63

H100

H61

H63

H100

S61

H63

H100

H61

H63

H100

S61

H63

Zn3-MIF(Y100H), low Zn

Fig. 3 | Crystal-structure analysis of the designer tri-zinc enzyme in this study.
Top view of the crystal structures (a, d) and close-up side view (b, e) of Zn3-
MIF(S61H/Y100H) under high zinc concentration (PDB code: 9JIZ; carbon: cyan)
and Zn3-MIF(Y100H) (PDB code: 9JJ0; carbon: cyan). Superimposed images of the
crystal structures: c MIF(S61H/Y100H) (PDB code: 9JIT; carbon: pink), Zn3-
MIF(S61H/Y100H) under low zinc concentration (PDB code: 9JIY; carbon: orange),
andZn3-MIF(S61H/Y100H) under high zinc concentration; fMIF(Y100H) (PDBcode:
9JIV; carbon: pink), and Zn3-MIF(Y100H) under low zinc concentration. Super-
imposed images of the DFT-optimized trinuclear zinc center, S61H2-H631-Y100H2,

(carbon: yellow) with g the synthetic zinc complex, h Zn3-MIF(S61H/Y100H) under
high zinc concentration, and i Zn3-MIF(Y100H) under low zinc concentration
(carbon: cyan). Carbon atoms are colored as described above. Zinc atoms are dis-
played in orange and deep purple for Zn3-MIF(S61H/Y100H) under low zinc con-
centration and Zn3-MIF(S61H/Y100H) under high zinc concentration, respectively.
Other atoms are colored as follows: nitrogen (blue), oxygen (red), and chloride
(green). Spheres represent Cα atoms, and thematching colors correspond to those
of the same monomer.
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To determine the stoichiometry and dissociation constant
between the zinc ion andMIF(Y100H), isothermal titration calorimetry
(ITC) was carried out (Fig. 4b). The corresponding results confirmed
oncemore that three zinc ions bindwith trimericMIF(Y100H), which is
consistent with the crystal structure of Zn3-MIF(Y100H). The obtained
titration curve fitted well to a typical 1:1 binding model, suggesting no
cooperativity upon zinc-binding in trimeric MIF(Y100H). The dis-
sociation constant between one zinc ion and monomeric MIF(Y100H)
was determined to be 8.9 μM. In contrast to MIF(Y100H), no heat
signal was observed in the case of wtMIF, suggesting that it lacks the
ability to bind to zinc.

The thermodynamic parameters obtained for the binding of zinc
to MIF(Y100H) suggest that the zinc binding was promoted by small
enthalpy and large entropy changes (inset in Fig. 4b). This finding is in
good agreement with those of a previously reported de novo copper
enzyme29.

Evaluation of the catalytic activity of the designer tri-
zinc enzyme
To evaluate the catalytic activity of the trinuclear zinc center con-
structed inMIF(Y100H), we tested it in the hydrolysis of p-nitrophenyl
acetate (pNA), which is a widely used benchmark reaction in designer
zinc enzymes (Fig. 5a)19,39.

No activity enhancement was observed when zinc ions were
added in thepresenceofwtMIF,whereas theMIF(S61H/Y100H)mutant
accelerated the reaction rate in the presence of zinc ions (Fig. 5b).
Thus, the trinuclear zinc center formed in theMIFpore is deemed tobe
responsible for the acceleration of the hydrolysis. Next, the
MIF(Y100H) variantwas investigated. Evenwithout the addition of zinc
ions, some enhanced activity was observed for MIF(Y100H) compared
to wtMIF. This might be attributed to the potential hydrolytic activity
of the histidine residue itself, which has already been reported49. The
most pronounced rate acceleration upon the addition of zinc ions was
observed in the case ofMIF(Y100H), thus verifying our rational design,
which was intended to facilitate substrate access to the active site by
removing His61 from MIF(S61H/Y100H) (Fig. 5b).

To investigate the time required for the formation of the zinc
center, the initial rates of the hydrolysis reactions were measured by
varying the incubation time after mixing the MIF and zinc ions. Over a
range from 10min to 24 h of incubation, no obvious differences were
observed, suggesting that the zinc active center is formed quickly and
is stable for several hours (Supplementary Fig. 9).

In general, a zinc-hydroxy species is the active intermediate that is
formed during hydrolysis by a zinc enzyme. Assuming that the coor-
dination of the chloride ion to the zinc ion observed in the crystal
structuremight competewith the coordination ofH2O and/orOH–, the
initial rate of hydrolysis in the presenceof various NaCl concentrations
was measured. As expected, the initial rate of hydrolysis by
MIF(Y100H) in the presence of zinc ions decreased with increasing
concentration of chloride ions (Supplementary Fig. 10). However, in
the absence of zinc ions, this deceleration was not observed. Con-
sidering the possibility of a counter-cation effect, KCl was used instead
of NaCl, resulting in a similar deceleration. These results indicate that
the formation of the hydroxyl group on the zinc ion is in competition
with the coordination of Cl– to Zn.

The initial rates of hydrolysis catalyzed by MIF(S61H/Y100H) and
MIF(Y100H) were measured in the presence of various equivalents of
zinc ions (Fig. 5c). Consistent with the crystal-structure analysis dis-
cussed above, the bending points appeared at approximately 3
equivalents of zinc, indicating that both MIF(S61H/Y100H) and
MIF(Y100H) bind with three zinc ions.

When trimericMIF(Y100H) is usedwith threemolar equivalents of
zinc ions or less, the system produces four distinct species:
MIF(Y100H); Zn1-MIF(Y100H); Zn2-MIF(Y100H); and Zn3-MIF(Y100H).
Considering the Zn-dissociation constant, almost all the zinc-binding
sites of MIF(Y100H) are thought to be occupied in the presence of
eight equivalents of zinc relative to trimeric MIF(Y100H). Under this
concentration of zinc ions, Zn3-MIF(Y100H) is the only species formed,
and it is reasonable to conclude that this iswhen the initial rate reaches
the plateau (Fig. 5c).

The initial rates of hydrolysis were measured again by changing
the concentrations of the substrate. Using a comparison of the kcat/KM

values,which is the slope of the linearfit of the activity plots in the low-
substrate-concentration region, Zn3-MIF(Y100H) exhibited approxi-
mately 1900% of the activity of its parent, wtMIF (Fig. 5d, e).

Several designer zinc enzymes have already been reported to
exhibit high catalytic activity under basic conditions (pH= 9.5).
Although Zn3-MIF(Y100H) also shows a dependency on the pH in the
range close to physiological conditions (pH = 6.7–7.9), it is not as
pronounced as that observed for other designer zinc enzymes
(Supplementary Fig. 11). The catalytic activity of Zn3-MIF(Y100H) at
pH = 7.9, kcat/KM = 46.0 ± 0.4M–1s–1, represents a best-in-class value
when compared with other designer zinc enzymes at their optimum
pH (pH> 9.0)18–21,38,39. Zn3-MIF (Y100H) retained 57% of its activity at
pH = 7.9, even though the designer zinc enzymes reported in pre-
vious studies lose their activity at pH ≈ 7.0.

As mentioned in the ITCmeasurements, it was suggested that the
binding of zinc to the three binding sites inside MIF is stochastic.
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Therefore, the ratios of four species at a fixed zinc-ion concentration
can be mathematically estimated using the dissociation constant
(Supplementary Fig. 12a). Individual kcat and KM values for both Zn1-
MIF(Y100H) and Zn2-MIF(Y100H), which could not be isolated, can be
estimated through regression analysis by using the initial rates of
hydrolysis at different substrate concentrations in the presence of 0.5,
1.5, 3, and 8 equivalents of zinc, in combination with the calculated
ratios of the four species (Supplementary Fig. 12b). This analysis sug-
gests that Zn2-MIF(Y100H) and Zn3-MIF(Y100H) have smaller KM

values than Zn1-MIF(Y100H) (Supplementary Fig. 12c, d), indicating
that the second/third zinc atom might enhance the substrate binding
as observed innaturalmultinuclear zinc enzymes. Thus, we have found
evidence of the advantages that a multinuclear zinc site has compared
to a mononuclear zinc site.

Evaluation of the intrinsic activity of MIF
Building on the success of imparting extrinsic function toMIF, we next
investigated whether the intrinsic function of MIF is retained. As
described above, MIF holds several independent functions related to
life processes. As shown in Fig. 1c, most of the important amino-acid
residues for these functions are placed on the surface of MIF. To
confirm whether the newly installed tri-nuclear zinc center induces
critical structural changes of these residues, which could potentially
lead to complete impairing of their intrinsic functions, we focus here

on one of the intrinsic functions, i.e., tautomerase activity, often
assessed in structure-function-correlation studies, using isolated MIF
and its variants (Fig. 6a)50.

The initial rate of the tautomerase reaction was measured using
4-hydroxyphenylpyruvate (4-HPP) as the substrate (Fig. 6b). The
reaction was catalyzed by wtMIF, and the addition of zinc ions did not
affect the reaction rate. The initial reaction rate of MIF(Y100H) was
slightly decreased compared to that using wtMIF.

While the residual activity of Zn3-MIF(Y100H) decreased by 53%
compared to that of wtMIF, the intrinsic function of the protein scaf-
fold, which is typically lost in conventional designer metalloenzymes
upon introduction of novel functionalities, was indeed preserved in
the case of Zn3-MIF(Y100H).

For the observed tautomerase-activity changes, the previous
study indicated that the size of the pore formed at the trimer interface
and the hydrogen-bond networkbetweenY100 andH63mediatedby a
water molecule within it have an allosteric effect on tautomerase
activity, while the configurations of catalytic residues located on the
surface involved in tautomerase activity hardly change between MIF
variants with different levels of activity45,48.

As shown in Fig. 6c, the positions and orientations of catalytic
tautomerase residues in wtMIF, MIF(Y100H), and Zn3-MIF(Y100H)
structures are nearly identical. On the other hand, however, a com-
parison of the crystal structures revealed that the water-mediating
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Supporting Information). d, e Michaelis–Menten plots of the hydrolytic activity of
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low substrate concentrations. In this figure, colored bar-plots and dot-plots
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sponding individual data points are displayed as black dots.
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hydrogen-bonding network between H63 and Y100 present in wtMIF
was preserved in MIF(Y100H) but disrupted in Zn3-MIF(Y100H) upon
zinc-ion binding (Fig. 6d–f). Theseobservations alignwellwithfindings
from the previous research48.

Given that the biological role of tautomerase activity is still not
fully understood, it is not clear whether the observed decrease in
tautomerase activity is a critical dysfunction to maintain vital func-
tions. However, the tautomerase activity observed in this study
remains within the same order of magnitude as that of wtMIF. Thus, as
designed, both the intrinsic and extrinsic functions have been suc-
cessfully retained and implemented.

In summary, we have succeeded in reproducing the structure of a
synthetic trinuclear zinc complex in the internal space of the trimeric
macrophage migration inhibitory factor (MIF) protein based on intui-
tive computational design. Our computational pipeline, which does
not require drastic quantities of computational resources, significantly
reduces experimental efforts, given that we were able to focus on the
most promising variant and prepare only two variants, i.e., the iden-
tified lead candidate and one additional derivative. Additionally, our
simple pipeline can be easily adapted for the grafting of other multi-
nuclear synthetic complexes.

The designer tri-zinc enzyme, Zn3-MIF(Y100H), shows a top-tier
activity compared to previously reported designer mononuclear zinc
hydrolases, one of themost well-developed designer metalloenzymes.
In contrast to the conventional approaches of reproducing and min-
iaturizing metalloenzymes, this study aimed at demonstrating that
proteins can be used like small synthetic molecular ligands by syn-
thesizing an unnatural multinuclear metal center using solely amino-
acid side chains.

In addition, our designer tri-zinc enzyme exhibits not only
the extrinsic function derived from the trinuclear zinc center but
also retains the intrinsic functions of the wild-type MIF, some-
thing that is often sacrificed in favor of the extrinsic function in
other designer enzymes. Given that MIF is produced, secreted,
and translocated between cells by sensing cellular environments,

harnessing its inherent disposition could allow developing
designer enzymes that are autonomously produced within the
body in response to physiological conditions and synthesize
pharmaceuticals and/or induce any perturbation to change the
physiological condition. The key discovery in this study is that
grafting a trinuclear zinc center has minimal impact on the
surface-derived functionality. This finding is crucial as it enables
us to proceed to the next stage of our research, i.e., the inte-
gration and utilization of this designer multi-metalloenzyme in
concert with cellular functions, leading to a synthetic-biology tool
for the self-adaptive regulation of life phenomena51. Conse-
quently, this report demonstrates some advantages of using
natural proteins as scaffolds for designer metalloenzymes, even
in light of the rapidly growing field of de novo proteins.

While the tandem reaction between hydrolysis and tautomerase
activity is interesting and newly installed hydrolysis activity can be
potentially exploited for the deprotection of caged drugs, it is desir-
able that the reaction promoted by the designer enzyme is biortho-
gonal. Thus, we are currently exploring non-natural reactivity by
constructing other multinuclear centers based on the approach pre-
sented in this study.

Methods
Mutation candidate identification
We used a Python script to narrow down mutation candidates based
on distance analysis. From thewild-type structure (PDB code 1MIF), we
extracted the coordinates of the Cα atoms of the amino-acid residues
on the inner β-sheet, which we refer to as the MIF-Cαcoordinates.
Additionally, we extracted the Zn coordinates from the crystal struc-
ture of the Zn tri-nuclear synthetic complex (CCDC 931956), referred
to as the Tri-Zn coordinates. The MIF-Cα coordinates were rotated
around the symmetry axis of the pore along the z-axis such that the
center of mass was positioned at z =0 and the N-terminal end was
oriented toward the +z direction. The Tri-Zn coordinates were aligned
parallel to the xy-plane and translated along the z-axis in 0.5 Å
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incrementswithin the range of 0–10Å. At each z-coordinate, the Tri-Zn
coordinates were rotated in 2° increments within the range of 0–120°,
resulting in a total of 1281 points where the distance between the Cα
and Zn was calculated. For each Zn atom, the three closest Cα atoms
were identified within a distance range of 6.0–7.0 Å. Among all possi-
ble triplets, those in which the difference between the maximum and
minimum of the three Cα–Zn distances was <0.2 Å were selected as
candidates to ensure geometric uniformity. Triplets containing dupli-
cated residue numbers were excluded. Based on this screening, a total
of eight representative coordination candidates, i.e., S611-H631-Y1001,
S612-H631-Y1001, S612-H631-Y1002, S611-H631-N981, S612-H631-N982,
H631-N981-Y1001, H631-N982-Y1001, and H631-N982-Y1002, were selec-
ted for further DFT calculations.

DFT calculation
Basedon the results from the Python analysis, weperformed structural
optimizations using density-functional-theory (DFT) calculations for
eight selected candidates, i.e., S611-H631-Y1001, S612-H631-Y1001, S612-
H631-Y1002, S611-H631-N981, S612-H631-N982, H631-N981-Y1001, H631-
N982-Y1001, and H631-N982-Y1002. The DFT calculations included
three zinc ions, the CO₃²⁻ bridging group, and nine histidine side
chains with hydrogen atoms added, but excluded the larger protein
structure. The coordinates of the main-chain atoms (N, Cα, and C)
belonging to the β-sheet frameworkwere fixed to preserve the protein
backbone structure, while the remaining atoms were fully relaxed. All
of the geometry optimizations were performed at the PBE1PBE-GD3BJ/
6–31 G(d,p) level in the Gaussian 16 package (version ES64L-
G16RevC.01)52.

Molecular dynamics simulations
All-atommolecular dynamics (MD) simulations were performed with
the CHARMM36m force field53 using the LAMMPS software54. Atomic
coordinates of human MIF were taken from the Protein Data Bank
(PDB code: 1MIF). The MIF structure was placed in a periodic simu-
lation box and solvated by adding water. The salt concentration was
set to 0.15M NaCl, and the corresponding numbers of Na+ and Cl−

ions were added. After the steepest-descent energy minimization,
the systems were equilibrated for 1 ns in the NPT ensemble at 300K
and 1 atm. Production runs were then performed for 100 ns in the
NPT ensemble at 300 K and 1 atm, and the trajectory data were col-
lected every 10 ps. The temperature was maintained with a
Nosé–Hoover thermostat55,56 and the pressure was controlled with a
Parrinello–Rahman barostat57,58. The nonbonded interactions were
calculated with a cutoff distance of 1.2 nm, and the particle−particle
particle−mesh (PPPM) method59 was used to calculate long-range
electrostatic interactions. The equations of motion were integrated
using the Verlet algorithm60 with a time step of 2 fs, along with the
SHAKE algorithm61 to constrain the lengths of bonds to hydrogen.
The root mean square fluctuations (RMSFs) of Cα atoms for each
residue were calculated with respect to the average structure
obtained from the last 30 ns of the trajectories. The time-averaged
pore radius and its standard deviations along the Z-coordinate were
also computed over the last 30 ns using the HOLE program62. VMD63

was used to generate the images.

Protein expression, purification, and crystallization
As listed in Supplementary Table 3, expression plasmids for the wild-
type MIF, the S61H/Y100H variant, and the Y100H variant were trans-
formed into E. coli BL21(DE3). A single colony of the transformed cells
was inoculated into 10mLofLuria-Bertani broth (LB) containing 50μg/
mL of ampicillin and 1% (w/v) glucose and incubated at 37 °C until the
OD600 reached 0.8. The resulting culture was then inoculated into
700mL of LBmedium containing 50μg/mL of ampicillin to give a final
OD600 of 0.002 and incubated aerobically with vigorous shaking at
37 °C. When the OD600 reached between 0.8 and 1.0, the culture was

cooled on ice for 10min. Isopropyl β-D-1-thiogalactopyranoside (IPTG)
was added to a final concentration of 0.4mM to induce protein
expression. The resulting culture was then incubated at 20 °C over-
night with shaking, and the cells were harvested by centrifugation
(4000 × g at 4 °C for 15min) and stored at −80 °C.

The frozen harvested cells from the 700mL culture were resus-
pended in 30mL of 20mM Tris-HCl buffer (pH= 7.4, adjusted at 4 °C)
and lysed by sonication. MgCl2 was added to the lysate to give a final
concentration of 1mM, followed by the addition of DNase I (20 units).
After a 20min incubation on ice, streptomycin sulfate was added to
the mixture to give a final concentration of 1% (w/v). The resulting
mixture was further incubated on ice for 30min. Cell debris and pre-
cipitates were removed from the lysate by centrifugation at 45,000× g
at 4 °C for 30min. Ammonium sulfate was added to the supernatant to
a final saturation of 55%, and the solution was incubated on ice for
60min. The precipitated protein was collected by centrifugation at
45,000× g at 4 °C for 30min. The obtained precipitate was dissolved
in 4mL of 20mM Tris-HCl buffer (pH= 7.4, adjusted at 4 °C) and dia-
lyzed against 2 L of 20mMTris-HCl buffer (pH = 7.4) three times at4 °C
for 4 h, 4 h, and 12 h. The resulting solution was diluted with 26mL of
20mMTris-HCl buffer (pH = 7.4). After centrifugation at 45,000 × g at
4 °C for 10min, the supernatant was passed through a 0.22μm filter.
The filtered solution was loaded onto a column packed with 30mL of
Bio-RadMacro-PrepHighQ anion exchange resin, which hadbeen pre-
equilibrated in 20mM Tris-HCl buffer (pH = 7.4). The flow-through
fraction was collected and buffer-exchanged into 10mMMOPS buffer
(pH = 7.9) by dialysis (8 kDa cutoff). The obtained sample was con-
centrated using an Amicon Ultra-15 (10 kDa cutoff) centrifugal filter
unit to reach a final concentration of 300μMMIF trimer. The purified
protein solution was stored at −80 °C. The concentrations of the pur-
ified proteins were determined using the calculated absorption coef-
ficients at 280 nm based on their amino acid sequences
(38,850M–1cm–1 for WT MIF trimer and 34,380M–1cm–1 for the S61H/
Y100H and Y100H variants). MIF variants were crystallized at 20 °C
using hanging-drop vapor-diffusion method. Crystals were obtained
using a reservoir solution containing 2.0M ammonium sulfate, 20mM
Tris-HCl buffer (pH = 7.5), and 3% isopropanol. The hanging-drop
solution contained 1.9μL of the protein solution (1.0mM) in 20mM
Tris-HCl buffer (pH = 7.0) and 1.9μL of the reservoir solution. For Zn3-
MIF(S61H/Y100H)-L (PDB code: 9JIY) and Zn3-MIF(Y100H) (PDB code:
9JJ0), 0.2μL of 100mM ZnCl2 (10.5 eq. per MIF monomer) was added
to the hanging drop solution. For Zn3-MIF(S61H/Y100H) (PDB code:
9JIZ), 0.5 μL of 100mM ZnCl2 (26.0 eq. per MIF monomer) was added
to the hanging-drop solution.

DLS measurements
Protein solutionswere placed inplastic DTS0012 cuvettes or ZMV1002
quartz cells (both from Malvern Panalytical Ltd.) and maintained at
20 °C for at least 3min before light scattering was measured.

ITC measurements
MIF trimer (50μM in 5mM MOPS buffer (pH = 7.9)) was titrated with
ZnCl2 (1.7mM in 5mM MOPS buffer (pH = 7.9)) using a Malvern
Panalytical MicroCal PEAQ-ITC. The cell was filled with MIF, and a
syringewasfilled with a zinc solution. The zinc solutionwas injected 13
times in portions of 3μL (6 s duration and 210 s spacing). The obtained
data were analyzed using the Malvern Panalytical MicroCal PEAQ-ITC
analysis software.

Reaction conditions for the hydrolysis experiments
Experiments were performed in reaction mixtures where the final
concentrations of each componentwere:MIF trimer (50μM); ZnCl2 (0-
400μM); p-nitrophenyl acetate (pNA) (0.2–8mM); andNaCl or KCl (0-
96mM). In more detail, a Znx-MIF stock solution and pNA stock solu-
tion were freshly prepared using the conditions listed in
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Supplementary Tables 5 and 6, respectively. Using a 12-channel pipet
equippedwith amixer (Supplementary Fig. 7), 220μL of Znx-MIF stock
solution and 220μLofpNA stock solutionweremixed and then loaded
directly into an Eppendorf UVette® cuvette set in an Agilent Technol-
ogies Cary 3500 spectrophotometer equippedwith a thermostatic cell
holder maintained at 25 °C. The absorption changes at 405 nm as a
function of time were recorded for 90 s at 0.1 s intervals. The con-
centrations of p-nitrophenol at eachpHwere determined based on the
calibration curves (Supplementary Fig. 8).

Reaction conditions for the tautomerization reactions
Experiments were performed under reaction conditions where the
final concentrations in the reaction mixture are: MIF trimer (50 nM);
ZnCl2 (50 μM); and p-hydroxyphenylpyruvic acid (2mM). In more
detail, the Znx-MIF stock solution was prepared using the conditions
listed in Supplementary Table 7. The mixtures listed in Supplemen-
tary Table 8 were prepared in an Eppendorf UVette® cuvette set in an
Agilent Technologies Cary 3500 spectrophotometer equipped with a
thermostatic cell holder maintained at 20 °C. The absorption chan-
ges at 306 nm as a function of time were recorded for 60 s at 0.1 s
intervals. The concentrations of the product were determined based
on the previously reported absorption coefficient at 306 nm
(11400M–1cm–1)50.

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

Data availability
The crystallography data generated in this study have been deposited
in the Protein Data Bank under accession codes 9JIT, 9JIV, 9JIY, 9JIZ,
and 9JJ0. All other data reported in this study are available in the main
text, the Supplementary Information, or Source Data. Source data are
provided with this paper.

Code availability
The Python code of the geometric screening is available as Supple-
mentary Code.
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