






(designated DFP2, SI Appendix, Fig. S10) was expressed and
remained folded despite the presence of four helix-destabilizing
mutations. Nevertheless, it was found to exist in a monomer-
dimer equilibrium, similar to what had been observed for
DFP1. Size exclusion chromatography (SEC) showed the pres-
ence of two peaks of approximately equal integrated intensity at
roughly the positions expected for a monomer and dimer. Upon
addition of a single equivalent of the porphyrin, both peaks sharp-
ened and shifted to a longer retention time (Fig. 3E), indicative of a
more compact conformation. Additionally, the intensity of the
monomeric peak increased, although dimers still accounted for
about 20% of the total.
We hypothesized that the dimeric peak might represent an

elongated domain-swapped dimer of the desired protein, as pre-
viously observed in several cytochromes and myoglobins (51–54).
The dimeric conformation might have similar binding properties,
but it would complicate solution analysis. To address this problem,
we introduced a helix-breaking sequence that could stabilize the
intended αR-αL-β interhelical loop used in DFP1. Based on a
previous survey of the Protein Data Bank (PDB), the Val-Lys-Leu
at positions 88–90 of DFP1 was substituted to Thr-His-Asn in
DFP3 (Fig. 3 C and D, respectively) (55). The resulting protein,
DFP3, formed only a small amount of dimer in the apo-state and
when bound in the ZnP-bound state. (Fig. 3F and SI Appendix,
Fig. S10). Moreover, the retention times were identical and as

expected from the crystal structure of DFP1 (SI Appendix, Table
S2). This finding strongly suggested that the DFP3 was largely
folded and preorganized in the absence of cofactor.

Analysis of Binding of Porphyrin and Metal Ions to DFP3. To evaluate
the binding of ZnP to DFP3, we took advantage of the spectral
shifts in the ZnP Soret band previously seen in PS1. The spec-
trum of ZnP solubilized in 1% wt/vol octyl-β-D-glucopyranoside
micelles sharpened and shifted from 415 to 423 nm when the
cofactor was titrated with increasing concentrations of DFP3
(Fig. 4A). Nonlinear least squares fitting of the resulting spectral
titration revealed a 1:1 binding stoichiometry with an apparent
dissociation constant of KD = 10 ± 2 nM. This value represents
an upper limit of the true binding constant, as it reflects the
process of transfer of the porphyrin derivative from a micelle to
the protein interior rather than from water to protein. A similar
KD = 13 ± 3 nM was observed in the presence of excess Zn2+ to

Fig. 2. The crystal structure of DFP1 displays Å-level agreement with the de-
sign model and previous dimetal- and porphyrin-binding helical bundles. (A)
Structures from the four chains in the asymmetric unit (green) superimposed
onto the design (gray). Zn2+ ions in the dimetal site and in ZnP are shown as
white spheres. The porphyrin macrocycle is shown as pink sticks. (B) Superim-
position around the dimetal center of the crystal structures of di-Zn2+-ZnP-DFP1
(in green, PDB ID code: 7JH6) with di- Zn2+-DF1 (tan, PDB ID code: 1EC5). (C)
Top-down view comparing the porphyrin binding sites of di-Zn2+-ZnP-DFP1 and
ZnP-PS1 (yellow, PDB ID code: 5TGY). Key first-shell and second-shell residue
side chains are shown as sticks and numbered according to the DFP1 sequence.

Fig. 3. Engineering functionality in DFP family. The substrate cavity at the
dimetal site was broadened mutating the 2 Leu and 2 Ala residues in DFP1
(shown as magenta sticks in A) in 4 Gly residues in DFP2 and DFP3 (shown as
magenta spheres in B). To improve the oligomeric behavior, we mutated the
Val-Lys-Leu loop in DFP1 and DFP2 (shown as orange sticks in C) in
Thr-His-Asn in DFP3 (shown as orange sticks in D). The backbone is shown as
green and cyan cartoon before and after the mutations, respectively. The
coordinating residues of the dimetal center are shown as sticks, and the
metal ions in gray spheres. (E) SEC of apo-DFP2 (in black) and ZnP-DFP2 (in
red) at pH 7 (Hepes 50 mM, NaCl 100 mM), followed at 280 nm. (F) SEC of
apo-DFP3 (in black) and ZnP-DFP3 (in red) at pH 7 (Hepes 50 mM, NaCl 100
mM), was followed at 280 nm. Retention time peaks at 10.6 min and
11.0 min corresponded to hydrodynamic radii of 27 Å and 21 Å, respectively.
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saturate the dimetal-binding site (SI Appendix, Fig. S11). Thus,
DFP3 binds ZnP with exceptionally high affinity both in the apo
and in the dimetal occupied states.
Although ZnP is achiral and, hence, not optically active, its

ruffled conformation is rendered chiral when bound with an axial
His ligand in the asymmetric binding site environment, as ob-
served in DFP1 crystal structure. To confirm this feature in the
related DFP3 protein, we examined the circular dichroism (CD)
of its Soret electronic transition. The ZnP-DFP3 complex dis-
played a very intense negative Cotton effect at ∼415 nm
(Fig. 4B), which was not observed for ZnP dissolved in organic
solution, either in the presence or absence of a histidine deriv-
ative (SI Appendix, Figs. S12 and S13). These findings confirm
that ZnP is bound in a relatively rigid asymmetric environment
both in DFP1 and DFP3 proteins.
While the crystal structure of holo-DFP1 demonstrated the

binding of two Zn2+ in the expected geometry, we also wished to
probe the ability of apo-DFP3 to bind the first-row transition
metal Co2+ in aqueous solution. The position and intensity of
the d-d bands of Co2+ ions are very sensitive to the stoichiometry
and geometry of the ions’ ligand environment, providing a con-
venient probe of ligation in solution (56). The observed molar
extinction coefficients (e524nm = 146 M−1·cm−1; e547nm = 151
M−1·cm−1; e600nm = 82 M−1·cm−1) of the di-Co2+-DFP3 complex
are indicative of a pentacoordinate geometry, as seen in the
earlier observed di-Co2+-DF complexes (Fig. 4C) (33, 34, 38,
57). Unfortunately, the presence of the ZnP Q-bands in region
between 550 nm and 620 nm did not allow the detection of the
cobalt binding in presence of the ZnP (absorption coefficient of
Q bands and cobalt d-d transition, ∼12,000 M−1·cm−1 and
150 M−1·cm−1, respectively).
Finally, we examined the influence of cofactor binding on the

thermodynamic stability of the protein to heat and guanidine

hydrochloride (Gdn-HCl)-induced unfolding. The apo-form of
DFP3 shows a far ultraviolet (UV) CD spectrum typical of an
α-helical protein (Fig. 4D), and its spectrum is exceptionally stable
to thermal denaturation, showing only the beginning of an
unfolding transition near 90 °C. The di-Zn2+, ZnP, and doubly
loaded di-Zn2+ -ZnP proteins showed nearly identical far UV
spectra with high stability to thermal unfolding up to 95 °C (Fig. 4D
and SI Appendix, Fig. S14A). To resolve the differences in stabilities
of the various forms of the protein, thermal unfolding was repeated
in the presence of denaturant, 4 M Gdn-HCl (SI Appendix, Fig.
S14B). The observed midpoints of the unfolding curves were as
follows: di-Zn2+-DFP3 = 71.0 ± 0.2 °C, ZnP-DFP3 = 83.2 ± 0.7 °C,
and di-Zn2+-ZnP-DFP3= 87.3 ± 0.4 °C. The exceptional stability is
particularly important for future studies that might require desta-
bilizing substitutions to be introduced to facilitate function.

Di-Zn2+-DFP3 Binds to and Stabilizes Radical Semiquinone at Its
Binding Site. We next evaluated the ability of DFP3 to bind to
and stabilize a reactive substrate at its dimetal active site. We
previously demonstrated the redox-inert di-Zn2+ form of a
single-domain DF protein is capable of binding to and stabilizing
the otherwise highly reactive radical semiquinone form of 3,5-
di-tert-butylcatechol (DTBC) (58, 59). In aqueous solution, the
semiquinone form of DTBC is much less stable than either the
corresponding catechol or quinone (DTBQ). Thus, the semi-
quinone form is present only in trace amounts when an equi-
molar mixture of DTBC and DTBQ are mixed in aqueous
solution. However, upon addition of stoichiometric di-Zn2+-
DFP3 or doubly loaded di-Zn2+-ZnP-DFP3, the quinone and
catechol species slowly con-proportionate to generate the semi-
quinone, which is then tightly bound to the protein. The accu-
mulation of the semiquinone is clearly visible based on the
appearance of strong bands in the near infrared at 740 nm and
800 nm (e ∼ 5,000 M−1·cm−1) (Fig. 5 A and B). The resulting
radical semiquinone complex showed no signs of decomposition
over the course of a day. Thus, DFP3 uses binding energy to sta-
bilize a substrate in a radical semiquinone form that is otherwise
reactive and energetically inaccessible at ambient temperature.

Binding of Porphyrin Allosterically Modulates the Ferroxidase and
Oxygenase Activities of DFP3. Many diiron proteins catalyze the
ferroxidase reaction, which involves two-electron oxidation of
ferrous (Fe2+) to ferric (Fe3+) ions with concomitant reduction
of molecular oxygen to hydrogen peroxide (39, 60, 61). The ki-
netics of the reaction can be easily evaluated by monitoring the
appearance of the resulting oxo-to-ferric charge-transfer (LMCT)
transition near 360 nm. In the presence of molecular oxygen, both
apo-DFP3 and ZnP-DFP3 catalyzed the ferroxidase reaction, as
evidenced by the formation of LMCT bands, with extinction co-
efficients 5,000 and ∼3,750 M−1·cm−1 per diiron site for the
resulting di-Fe3+-DFP3 and di-Fe3+-ZnP-DFP3 proteins, respec-
tively (Fig. 5 C and D). However, the kinetics differed markedly
between the two proteins. When apo-DFP3 was incubated with
stoichiometric Fe2+ ions, the diferric product was fully formed
within 1 min (Fig. 5C). The slow increase in absorbance at longer
times in Fig. 5C is likely due to light scattering from aggregation or
ferric ion precipitation, which leads to nonspecific increases in
absorption at wavelengths well outside the region LMCT region.
By contrast, a much slower process was observed when ZnP-
bound DFP3 was incubated with ferrous ions under identical
conditions, and conversion to the diferric form was not fully
complete after 30 min (Fig. 5D). Thus, ZnP acts as an allosteric
regulator of the dimetal catalytic site of DFP3, having a pro-
found influence on the reactivity of the diferrous state toward
molecular oxygen as well as the long-term stability of the bound
diferric state of the cofactor.
We next evaluated the ability of DFP3 to catalyze the two-

electron oxidation of 4-amino-phenol (4AP) to the corresponding

Fig. 4. DFP3 binds the single metal cofactors as the parental proteins. (A)
UV-vis spectral changes of a 2.2 μM ZnP solution upon addition of apo-DFP3
at pH 7 (Hepes 50 mM, NaCl 100 mM octyl-β-D-glucopyranoside 1% wt/vol).
Inset: KD determination of ZnP-DFP3 complex. (ΔAbs followed at 423 nm).
(B) CD spectrum in the Soret region ZnP-DFP3 at pH 7 (Hepes 50 mM, NaCl
100 mM). (C) Electronic spectrum in the visible region of di-Co2+-DFP3
complex at pH 7 (Hepes 50 mM, NaCl 100 mM). (D) Far-UV CD spectrum of
apo-DFP3 (in black), ZnP-DFP3 (in red), di-Zn2+-DFP3 (in blue) and di-Zn2+-
ZnP-DFP3 (in green) at pH 7 (Hepes 50 mM, NaCl 100 mM).
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quinone imine, as studied previously for DF proteins (36–38). The
catalytic cycle (Scheme 1) involves the oxidation of the diferrous
protein to a diferric species by O2 (the ferroxidase reaction,
Scheme 1A). The diferric protein then binds and performs a two-
electron oxidation of the substrate 4AP to produce the corre-
sponding quinone monoimine (1 and 2, in Scheme 1B, respec-
tively). The produced diferrous form is then oxidized by O2,
thereby initiating another catalytic cycle. To allow easy detection of
the quinone imine, it is rapidly quenched with 1,3-diaminobenzene
(MPD) to form an aminoindoaniline dye (3 and 4, in Scheme 1C),
with λmax at 486 nm at pH 7 in a reaction first studied in 1879 by
Witt (62–64).
The diiron forms of both di-Fe-DFP3 and di-Fe-ZnP-DFP3

showed significant phenol oxidase activity, which was strongly
modulated by the binding of ZnP (Fig. 6 A–C). Di-Fe-DFP3 dis-
played saturation kinetics (Fig. 6D and SI Appendix, Fig. S15), and
a nonlinear least squares fit to the data provided Michaelis–
Menten parameters: Km = 2.9 ± 0.3 mM; kcat = 0.70 ± 0.04 min−1;
kcat/Km = 2.4 102 M−1·min−1. Compared to DF3 (Km = 1.97 ±
0.27 mM and kcat =2.72 ± 0.19 min−1), a slight increase in Km and
a decrease in kcat were observed (36). The reaction progressed
over multiple turnovers, and a total of 10 turnovers were observed
at [4AP] = 1 mM and [di-Fe-DFP3] = 20 μM.
The Michaelis–Menten parameters for the corresponding ZnP-

bound diiron DFP3 protein were strongly affected by the binding
of the allosteric modulator ZnP, resulting in a fourfold tighter Km
(0.68 ± 0.15 mM) and a sevenfold decrease in kcat (0.106 ±
0.009 min−1), corresponding to a kcat/Km of 1.6 102 M−1·min−1.
To provide insight into the allosteric modulation, we con-

ducted 1-μs all-atom molecular dynamic (MD) simulations of di-
Fe2+-DFP3 and di-Fe2+-ZnP-DFP3 in triplicate. The most strik-
ing difference in the structural ensembles was a shift in the second-
shell ligand, Tyr18 (SI Appendix, Figs. S16–S18). In the starting

model of di-Fe2+-ZnP-DFP3, this buried residue donates a hy-
drogen bond to the metal ion ligand Glu72. Across the three
simulations, Tyr18 largely maintains this major conformation,
which allows direct and water-mediated hydrogen bonds to Glu72.
In a second minor conformer, the Tyr sidechain transiently points
toward the surface. In absence of ZnP, Tyr18 shifts and prefers
this alternate sidechain conformation, in which its hydroxyl group
forms hydrogen bonds with the backbone carbonyl and surface
sidechains of a neighboring helix, suggesting that steric blocking of
the rotation by ZnP assists the maintenance of the Tyr18–Glu72
interaction in di-Fe2+-ZnP-DFP3. Throughout the simulations,
there was little evidence of additional differences in the dynamics
or structure of the active site or pore between the apo and holo
states (active site rmsd values, pore dimensions, iron-ligand dis-
tances). Our use of a fixed-charge atomic force field, while able to
capture the shift in Tyr18 orientation, is unlikely to capture a
potential change in the energetics of the active site resulting from
persistent hydrogen bonding of one of the ligating carboxylate
oxygens of Glu72, which may produce the shift in catalytic activity.

Conclusions
Here, we developed a design method to allow tight coupling of
protein domains using multiple linkers. Our strategy differs from
previously reported approaches, in which one or two linkers were
used to fuse two domains in end-to-end manner or through do-
main insertion. The design strategy was successful not only in
preserving the original structural and functional properties of DF
and PS1 proteins, but also in allowing the allosteric communi-
cation between the domains to control the catalysis. Indeed, the
binding of ZnP into PS1 domain markedly decreased Km and kcat
values in the phenol oxidation at DF domain. Further experi-
ments will be needed to fully describe the molecular mechanism
of such allosteric control. Nevertheless, MD simulations suggest
that it might be associated with a shift in a second-shell Tyr,
which was previously found to stabilize the conformation of one
Glu ligand in DF. Changes to second-shell ligands can also have
significant effects on the midpoint potential of a metal center,
which could be relevant to the rate of catalysis. Indeed, mutation
of the second-shell Tyr in DF proteins have been shown to
largely effect the reactivity of the diiron center (32, 60, 61). The
ferroxidase/oxidase reactions require multiple shifts in carbox-
ylate ligands, as the protein adjusts to changes in hydration and
protonation that accompany binding of Fe2+ and O2. Addition-
ally, the charge on the two metal ions increases from +4 to +6 as
they transition from diferrous to diferric. Accordingly, the
binding of the ZnP in DFP3 was expected to strongly modulate
the rate of these reactions.

Fig. 5. DFP3 simultaneously binds the metal cofactors and exogenous li-
gands. UV/vis spectral changes upon addition of DTBC and DTBQ mixture, to
generate DTBSQ• in situ, to a solution of: di-Zn2+-DFP3 (A); di-Zn2+-ZnP-DFP3
(B). (C) Ferroxidase activity of apo-DFP3 at pH 7 (Hepes 50 mM, NaCl 100
mM). (D) Ferroxidase activity of ZnP-DFP3 at pH 7 (Hepes 50 mM, NaCl 100
mM). In C and D, the spectra display increase in the absorbance of the typical
oxo-Fe3+ LMCT band near 360 nm. Inset: time course of the ferroxidase re-
action followed at 360 nm.

Scheme 1. Oxidative coupling reactions involving 4-amino-phenol.
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In conclusion, these studies provide a prototype for the con-
struction of allosterically regulated proteins and molecular
machines.

Materials and Methods
Protein Expression, Purification, and Structural Characterization. Details re-
garding protein expression, purification, and structural characterization are
given in SI Appendix. Briefly, genes for the proteins were ordered from IDT,
cloned into either a pET-11a or per pET-28a plasmids, and purified via a Ni
column, followed by His-tag cleavage by TEV protease.

SEC. SECwas carried out for DFP2 andDFP3 on anAKTA FPLC (GE) fittedwith a
Superdex 75 Increase 10/300 and eluted at 4 °C with Hepes (50 mM, pH 7)/
NaCl (100 mM) buffer solution, at a 0.3 mL/min flow rate.

The ZnP–DFP complexes were prepared adding a twofold excess of the
porphyrin from a 12 mM dimethyl sulfoxide (DMSO) stock solution to a
50 mM Hepes, 100 mM NaCl, pH 7 buffer with apo-DFP protein (the final
DMSO concentrations were kept to <5%). The solution was incubated for
15 min at 70 °C and subsequently filtered before injection. Four size stan-
dards were employed for calibration: blue dextran (2,000 kDa), Conalbumin
(75 kDa), Carbonic Anhydrase (29 kDa) and Ribonuclease A (13.7 kDa).
Standard curve (SI Appendix, Fig. S19) and elution parameters (SI Appendix,
Table S2) are reported. The theoretical Stokes radius values for DFP proteins

was calculated by the shell model with hydration layer 3.2 Å of HYDRONMR
(65), with parameters corrected according to experimental conditions,
starting from the X-ray structure of DFP1.

Circular Dichroism. CD measurements were performed using a J-815 spec-
tropolarimeter equipped with a thermostated cell holder (JASCO). CD
spectra were collected at 25 °C, from 260 to 200 nm and from 500 and
300 nm at 0.2-nm intervals with a 20 nm·min−1 scan speed, at 2.5-nm
bandwidth and at 16-s response. Cells of 0.1-cm path length were used in the
measurements at protein concentration of 20 μM. Mean residue ellipticities θ
were calculated using the equation θ = θobs/(10·l·C·n), in which θobs is the
ellipticity measured in millidegrees, l is the path length of the cell in centi-
meters, C is the concentration in moles per liter, and n is the number of
residues in the protein for the UV region and equal to 1 in the Visible region.

UV-Visible Spectroscopy. UV-visible (vis) measurements were performed using
Cary 60 UV/vis spectrophotometer using quartz cuvettes of 1 cm. Wave-
length scans were performed at 25 °C from 200 to 800 nm, with a 60 nm·
min−1 scan speed.

ZnP (2.2 μM) was solubilized in a 1.5-mL solution of 50 mM Hepes,
100 mM NaCl, pH 7 buffer by inclusion of 1% wt/vol octyl-β-D-glucopyr-
anoside. Four microliters of a 75 μM stock of apo-DFP3 or di-Zn2+-DFP3 (0.09
μM aliquots) was titrated into the 1.5-mL solution containing the porphyrin,
and an electronic absorption spectrum was measured until >1.5 equivalents
of protein were added. Absorbance changes at 423 nm, due to His-Zn
coordination-induced spectral shifts of the porphyrin, were fit to a single-
site, protein-ligand binding model.

The di-Co2+-DFP3 complex was prepared from a stock solution of apo-
DFP3 in 50 mM Hepes buffer 100 mM NaCl pH 7.0 by adding 2 μL of a so-
lution of CoCl2 (100 mM in H2O).

The initial DFP3 concentration (500 μM) was spectrophotometrically de-
termined, by using e(280 nm) = 22.460 cm−1·M−1.

Di-Zn2+-DFP3 and di-Zn2+-ZnP-DFP3 complexes were prepared in the same
way as di-Co2+-DFP3 complex. However, the final concentration was 50 μM
of complex. DTBC and DTBQ, premixed in a separate vessel (in a 1:1 ratio,
dissolved in dimethylformamide [DMF]), were added in 10 molar equivalents
to the protein solutions and then quickly mixed by pipetting.

To study the ferroxidase reactivity, stock solutions of ferrous ammonium
sulfate were prepared by dissolving the solid in 1% sulfuric acid and then
diluted to a final concentration of 10 mM (0.05% sulfuric acid). Reaction
started upon addition of a stoichiometric amount (2 eq) of Fe2+ to a solution
of the apo-protein (20 μM) in aerobic conditions.

The oxidation of 4AP by preloaded protein diferric complexes were con-
ducted in the presence of MPD, which led to the formation of the amino-
indoaniline dye that allowed for spectrophotometric detection at the
absorption maximum of 486 nm. The final solution contained 20 μM protein in
50 mM Hepes buffer 100 mM NaCl pH 7.0 10% DMF, 1 mM 4AP, 10 mM MPD.

The effect of 4AP concentration on catalysis was tested in the range 0.1
mM–3 mM. The experiments were performed always in presence of 10 mM
MPD, and 10 μM diferric proteins in 50 mM Hepes buffer 100 mM NaCl pH
7.0 10% DMF. The formation of the aminoindoaniline dye was followed at
528 nm at 25 °C and e value of 10,700 M−1·cm−1, taken from the literature.

Data Availability. The atomic coordinates and structure factors have been
deposited in the Research Collaboratory for Structural Bioinformatics Protein
Data Bank (RCSB PDB) (https://www.rcsb.org/), under the PDB ID code 7JH6.
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