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The 6×-Histidine tag which is commonly used for purification of recombinant proteins was converted to a cata-
lytic redox-active center by incorporation of Co2+. Two examples of the biological activity of this engineered
protein-derived cofactor are presented. After inactivation of the natural diheme cofactor of MauG, it was
shown that the Co2+-loaded 6×His-tag could substitute for the hemes in theH2O2-driven catalysis of tryptophan
tryptophylquinone biosynthesis. To further demonstrate that the Co2+-loaded 6×His-tag could mediate long
range electron transfer, it was shown that addition of H2O2 to the Co2+-loaded 6×His-tagged Cu1+ amicyanin
oxidizes the copper site which is 20 Å away. These results provide proof of principle for this simple method
by which to introduce a catalytic redox-active site into proteins for potential applications in research and
biotechnology.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

This paper describes a simple procedure for the introduction of a
high-potential oxidizing species into a specific location on a protein
using standard molecular biology techniques. This is done by adding
cobalt to a polyhistidine tag that is commonly used for protein purifica-
tion.We show that this engineered cofactor is competent in both oxida-
tive catalysis and electron transfer. Two examples that demonstrate the
biological activity of this engineered protein-derived cofactor are pre-
sented. It was shown that the Co2+-loaded 6×His-tag could substitute
for the natural diheme cofactor of MauG in H2O2-driven tryptophan
tryptophylquinone (TTQ) biosynthesis after inactivation of the native
hemes. It was also shown that the Co2+-loaded 6×His-tag could me-
diate long range electron transfer when attached to the cupredoxin
amicyanin.

MauG is a c-type diheme enzyme [1] which catalyzes posttransla-
tional modifications of methylamine dehydrogenase (MADH) [2] that
complete the formation of the protein-derived TTQ [3] cofactor (Fig. 1).
This catalytic reaction requires a 6-electron oxidation of two specific
an tryptophylquinone; MADH,
tic precursor protein of MADH
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tryptophan residues of the protein substrate [4]. These oxidation reac-
tions proceed via a bis-FeIV redox form of the two hemes [5] of MauG
in which one heme is FeIV_O with a His axial ligand and the other is
FeIV with axial heme ligands provided by His and Tyr side chains [6].
Catalysis requires long range electron transfer from the preTTQ substrate
to the FeIV hemes of MauG (Fig. 1) which was shown to occur via a hole
hopping mechanism [7,8] of electron transfer in which Trp residues of
MauG are reversibly oxidized [9,10]. A tightly bound Ca2+ is present in
MauG which is positioned in the vicinity of the two hemes and which
is connected to each heme via H-bonding networks that include bound
waters [6]. Removal of this Ca2+ by chelators yields a Ca2+-depleted
MauGwhich has no TTQ biosynthesis activity [11]. This is due to changes
in the diheme site which prevent formation of the bis-FeIV state [12].
Whereas addition of H2O2 to native MauG generates the bis-FeIV state,
the hemes of Ca2+-depleted MauG are not reactive towards H2O2. The
recombinant MauG used in these previous studies possesses a 6×His-
tag at the C-terminal end of the proteinwhichwas added to facilitate pu-
rification. It is located ~35 Å from the preTTQ site of preMADH and 27 Å
from Trp199 whichmediates the hole hopping that is required for catal-
ysis [9] (Fig. 1). This study investigated the possibility that Co2+ could be
incorporated into the 6×His-tag and converted by H2O2 to a potent
oxidant that could substitute for the inactive hemes in Ca2+-depleted
MauG in catalyzing TTQ-biosynthesis. The results describe the function-
ality of the Co2+-loaded 6×His-tag in the catalytic reaction of MauG-
dependent TTQ biosynthesis.

For additional proof of principle of this approach, the ability of a
Co2+-loaded 6×His-tag to participate in another long range electron
transfer reactionwas also demonstrated. This study used a type I copper
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Fig. 1. The MauG-preMADH complex and the reaction that it catalyzes. The structure of the MauG-preMADH complex from P. denitrificans (PDB ID: 3L4M) is displayed with the hemes,
Ca2+ and residues of interest indicated. The distances from the 6×His-tag site at the C-terminus of MauG to the preTTQ site, and from the nearest heme of MauG to the preTTQ site
are indicated. The reaction catalyzed by MauG is shown below the structure. [O] represents oxidizing equivalents which may be provided by H2O2.
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protein, amicyanin from Paracoccus denitrificans [13,14] with a
6×His-tag added to the N-terminus of the protein. Type 1 copper
sites are found in a wide range of redox proteins in bacteria, plants
and animals, and function as electron transfer mediators [15,16]. In
the type 1 site a single copper is coordinated by three equatorial ligands
that are provided by a Cys and two His residues, and by a fourth weak
axial ligand, usually provided by a Met and they are characterized by
an intense blue color and absorption centered near 600 nm that result
from a S(Cys)π → Cu(II)dx2−y2 ligand-to-metal charge transfer transi-
tion [17]. It was shown that the 6×His-tag-bound Co2+ can be oxidized
by H2O2 and subsequently oxidize the Cu1+ of reduced amicyanin via
intraprotein electron transfer over a distance of over 20 Å. This sys-
tem was also used to characterize some of the properties of the
Co2+-loaded 6×His-tag site. These studies illustrate the utility of a
relatively simple and inexpensive method for the introduction of a po-
tent oxidizing species into a specific site on a protein for potential use
as a catalyst or electron transfer mediator.

2. Materials and methods

2.1. Protein expression and preparation

RecombinantMauG is produced in a homologous expression system
using P. denitrificans [1]. The mauG gene was fused with the promoter
region of the cycA (cytochrome c-550) gene [18] of P. denitrificans that
was cloned into the pBluescript II KS(+) vector. A 6×His-tag was
inserted by site-directed mutagenesis at the C-terminal of mauG. The
cycA promoter-mauG-6×His segment was excised and ligated into
pRK415-1, a broad-host-range vector. This plasmid was introduced
into P. denitrificans by conjugation with the mobilizing Escherichia coli
strain S17-1. As the N-terminal signal sequence of mauG was retained,
the 6×His taggedMauG proteinwas isolated directly from the periplas-
mic fraction using Ni-NTA Superflow resin. It was eluted from the
Ni-NTA resin in 70 mM imidazole. Ca2+-depleted MauG was prepared
by incubation of native MauG with 0.01 M EDTA disodium salt [11].
Methods for the expression and purification of recombinant preMADH,
the substrate for MauG, from a Rhodobacter sphaeroides expression sys-
tem were as described previously [19].

Amicyanin is encoded by the mauC gene of P. denitrificans [20].
The mauC gene was cloned into a pUC19 vector and a 6×His-tag was
inserted by site-directed mutagenesis between the codon of the
N-terminal amino acid and the native signal sequence of the gene
which directs expression of the mature protein into the periplasmic
space. This plasmid was introduced into E. coli strain BL-21(DE3) to
express the 6×His-tagged amicyanin. The recombinant protein was
purified from the periplasmic fraction of the harvested cells which
was prepared by treatment with lysozyme followed by a mild osmotic
shock [21]. This fraction was subjected to chromatography using a Ni-
NTA Superflow resin and the 6×His-tagged amicyanin was eluted from
the resin with 70 mM imidazole. MADH [22] and cytochrome c-551i
[23] were purified from P. denitrificans as described previously.

2.2. Mechanistic studies

The steady-state spectrophotometric assay of MauG-dependent TTQ
biosynthesis using preMADH as the substrate was performed using
H2O2 as the source of oxidizing equivalents as was previously described
[24]. The reaction was performed in 0.05 M Tris–HCl buffer, pH 7.5.
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The redox state of the copper of amicyanin was monitored by absor-
bance spectrophotometry. The Cu2+ protein exhibits an ε595 = 4600
M−1 cm−1 while the Cu1+ protein is colorless [13]. To generate the
reduced (Cu1+) protein, stoichiometric ascorbate was added to oxi-
dized amicyanin. The experiments were performed in 0.05 M Tris–HCl
buffer, pH 7.5.

High-resolution size-exclusion chromatography of protein mixtures
was performed using a HiPrep 16/60 Sephacryl S-300 HR column on a
DuoFlow FPLC system (BioRad). The columnwas equilibrated and elut-
ed at 0.5 mL/min with 10 mM Tris–HCl, pH 8.0, containing 150 mM
NaCl. The column was calibrated using the following molecular mass
markers: MauG (43 kDa), cytochrome c-553 (30 kDa), and native
amicyanin (12.5 kDa).

3. Results

3.1. Co2+-loaded 6×His-tag mediated TTQ biosynthesis by Ca2+-depleted
MauG

Ca2+-depleted MauG was incubated with excess CoCl2 to load the
6×His-tag with Co2+. Excess unbound Co2+ was removed by buffer
exchange. A steady-state assay for the overall reaction of MauG-
dependent TTQ biosynthesis from preMADH had been developed in
which TTQ formation was monitored by the increase in absorbance
centered at 440 nmwhich is characteristic of TTQ in MADH [24]. Addi-
tion of H2O2 to the preMADH substrate alone resulted in no TTQ biosyn-
thesis. The formation of TTQ after addition of H2O2 in the assay with
native MauG is shown in Fig. 2A. For 6×His-tagged Ca2+-depleted
MauGwithout added Co2+ the addition of H2O2 yields no detectable ac-
tivity (Fig. 2B). For the Co2+-loaded 6×His-tagged Ca2+-depleted
MauG addition of H2O2 did result in TTQ biosynthesis (Fig. 2C). Removal
of Ca2+ fromMauG causes changes in the visible absorbance spectrum
which are reversible, as re-addition of Ca2+ restores the native spec-
trum [11]. The Co2+-loaded 6×His-tagged Ca2+-depleted MauG was
generated by incubation with 0.1 mM CoCl2. The incubation with
Co2+ did not reverse the changes in the absorbance spectrum indicating
Fig. 2. Spectrophotometric assay of TTQ biosynthesis. Each reaction mixture contained 5 μM
addition of 100 μM H2O2. The forms of MauG used in each assay were (A) native MauG, (B) 6
and (D) Co2+-loaded 6×His-tagged W199F MauG. In each case the initial spectrum of the m
show the spectral changes that occurred during the reaction. The spectra B and D were record
after addition of H2O2. The spectra in C were recorded 1, 3, 4, 5, 7 and 10 min after addition of
that it did not simply bind to the native Ca2+-binding site. To more
thoroughly address the possibility that Co2+ will simply occupy the
Ca2+ cite in MauG, the addition of other divalent metal cations was
also tested. The 6×His-tagged Ca2+-depleted MauG was incubated
with either 1 mM NiSO4, 10 mM ZnCl2, 5 mM MnSO4, 0.1 mM FeSO4,
or 0.5 mM CuSO4. None of these divalent metal cations restored the
native absorbance spectrum or resulted in a protein that was active in
the reaction of TTQ biosynthesis from preMADH. Thus the native
Ca2+-binding site is highly specific for Ca2+ and is not simply being re-
placed by Co2+.

The reaction rate of the Co2+-loaded 6×His-tagged Ca2+-depleted
MauG was slower than that of native MauG exhibiting a kcat of
0.02 s−1 compared to 0.16 s−1 for native MauG (Fig. 3A). However,
in each case the reaction goes to completion. To confirm that the product
of the reaction catalyzed by Co2+-loaded 6×His-tagged Ca2+-depleted
MauG was the functional TTQ on MADH, the methylamine substrate
for MADH was added, and this caused bleaching of the 440 nm absor-
bance concomitant with the appearance of a peak at 330 nm (Fig. 3B)
which is characteristic of substrate-reduced MADH [25].

The reaction catalyzed by native MauG occurs by remote catalysis
during which long range electron transfer to the hemes of bis-FeIV

MauG is coupled to radical-mediated reactions which generate the
TTQ cofactor [26]. Trp199 of MauG, which resides on the surface of
MauG midway between the preTTQ site and the nearest heme (Fig. 1),
has been shown to mediate a multistep hopping mechanism of long-
range electron transfer that is required for TTQ biosynthesis [9,10]. To
determine whether the biosynthetic reaction catalyzed by the Co2+-
loaded 6×His-tag on Ca2+-depletedMauG occurs via a similar hopping
mechanism, this experiment was repeated using W199F MauG. It was
previously shown that W199F MauG reacts with H2O2 to form the bis-
FeIV state but is not able to synthesize TTQ frompreMADH because hop-
ping cannot occur via the Phe [9]. A Co2+-loaded 6×His-taggedW199F
MauGwas prepared and assayed and it did not exhibit any TTQ biosyn-
thesis activity (Fig. 2D). This demonstrated that Trp199 also plays a cru-
cial functional role in catalysis by the Co2+-loaded 6×His-tag on Ca2+-
depleted MauG and that the Co2+-loaded 6×His-tag has effectively
preMADH in 10 mM potassium phosphate at pH 7.5 and each reaction was initiated by
×His-tagged Ca2+-depleted MauG, (C) Co2+-loaded 6×His-tagged Ca2+-depleted MauG
ixture before addition of H2O2 was subtracted from the recorded spectrum to clearly

ed 10 min after addition of H2O2. The spectra in A were recorded 1, 2, 3, 4, 6 and 10 min
H2O2.
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Fig. 3.Time course and confirmation of TTQ biosynthesis byCo2+-loaded6×His-tagged Ca2+-depletedMauG. A) Time courses of the assays of TTQ biosynthesis for the experiments shown
in Fig. 2 for (a) native MauG, (b) Co2+-loaded 6×His-tagged Ca2+-depletedMauG and (c) Ca2+-depletedMauG. B) Spectrum of the final product of the reaction in (b) before (solid line)
and after addition of 1 mM methylamine (dashed line).

Fig. 4. Positions of the 6×His-tag and copper in amicyanin. The structure of amicyanin
from P. denitrificans (PDB ID: 2OV0) is displayed with β-sheets and β-turns indicated.
The structure contains noα-helices. The copper is displayed as a sphere and the direct dis-
tance from the copper to the 6×His-tag site at the N-terminus of the protein is indicated
by a dotted line.
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replaced the inactive hemes as the catalytic cofactor. Furthermore,
addition of H2O2 to Co2+-loaded 6×His-tagged Ca2+-depleted MauG
in the absence of the preMADH substrate did not cause spectroscopic
changes associated with the formation of the bis-FeIV redox state of
the hemes. This indicates that the Co2+ is not simply mediating the
oxidation of the heme irons by H2O2. It is indeed substituting for the
hemes as a redox cofactor that catalyzes oxidation of the preMADH sub-
strate by amechanism of remote catalysis. Unfortunately the 6×His-tag
is not visible in the X-ray crystal structure of MauG so the exact dis-
tance for this reaction is not known but can be estimated from the
position of the C-terminus of the protein. The slower rate for the re-
action of Co2+-loaded 6×His-tagged Ca2+-depleted MauG with
preMADH, compared to nativeMauG, is likely due to the greater distance
between the His-tag site and Trp199 than that from the nearest heme,
requiring an increase in the distance for the required through-protein
electron transfer (Fig. 1).

3.2. Co2+-loaded 6×His-tagmediated electron transfer through amicyanin

The properties of the 6×His-tagged amicyanin were identical
to those of native amicyanin. The absorbance spectrum and oxidation–
reduction midpoint potential values were the same. The electron trans-
fer activities of amicyanin with its electron donor, MADH [22], and with
its electron acceptor, cytochrome c-551i [23], were not affected by the
presence of the 6×His-tag. This tag was added to the N-terminal end
of the protein which is located 22.5 Å from the copper in the type 1
site of amicyanin (Fig. 4). Again, the His-tag was not apparent in the
crystal structure, presumably due to mobility. The 6×His-tagged
amicyanin was incubated with excess CoCl2 to load the 6×His-tag
with Co2+. This incubation caused an increase in absorbance in the
region from 300 to 400 nm (Fig. 5A). The absorbance at 595 nm which
is due to the Cu2+ in the type 1 site is not affected. It was difficult to
observe this cobalt-dependent feature in the absorbance spectrum at
300–400 nm of the Co2+-loaded 6×His-tagged MauG (discussed
earlier) because of the significant absorbance of the two hemes in this
region of the spectrum. This spectral change provides a means to assess
the stoichiometry of Co2+ binding to 6×His-tagged amicyanin. Titra-
tion of this spectral change with CoCl2 indicates that it is maximal
after addition of approximately two Co2+ per amicyanin (80 μM CoCl2
to 40 μM 6×His-tagged amicyanin in Fig. 5B and C). Addition of CoCl2
to the native untagged amicyanin resulted in no change in visible absor-
bance. Thus, this spectral change cannot be attributed to non-specific
binding of Co2+ elsewhere on the protein and it appears that two
Co2+ ions are specifically binding to the His-tag.

Aswas previously reported for native amicyanin [27], the Cu1+ state
of 6×His-tagged amicyanin that is formed by reduction by ascorbate
was very stable against reoxidation under aerobic conditions. The
6×His-tagged Cu2+ amicyanin was incubated with excess CoCl2 to
load the 6×His-tag with Co2+. Then unbound Co2+ was removed by
buffer exchange. Amicyanin exhibits a broad absorbance centered at
595 nm in the Cu2+ state. The addition of Co2+ to the 6×His-tagged
amicyanin had no effect on this absorbance feature. Reduction of
amicyanin by ascorbate to the Cu1+ state causes complete bleaching
of the 595 nm absorbance feature. Addition of H2O2 to the reduced
Co2+-loaded 6×His-tagged amicyanin caused the reappearance of the
absorbance around 595 nm, indicating that Cu1+ had been oxidized to
Cu2+ (Fig. 6A, B). A series of control experiments were performed to in-
sure that the oxidation of the copper site was not due to direct reaction
with H2O2, external or non-specifically bound cobalt, or interprotein
electron transfer between protein molecules. Addition of H2O2 to the
reduced 6×His-tagged amicyanin which had not been incubated with
Co2+ had no effect, confirming that the bound Co2+ is required
for this reaction. Addition of H2O2 to the reduced untagged native
amicyanin had no effect. This experiment was also repeated using na-
tive untagged amicyanin in the presence of 10 mM CoCl2 and again ad-
dition of H2O2 to the reduced untagged native amicyanin had no effect
under these conditions. This ruled out the possibility that the observed
oxidation of Cu1+ was mediated by residual Co2+ that was present in
the solution, or bound non-specifically to the surface of amicyanin,
rather than specifically to the 6×His-tag-coordinated Co2+. To confirm
that the reaction is intraprotein electron transfer, the dependence of the

image of Fig.�3
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Fig. 5. Spectral changes associated with cobalt binding to 6×His-tagged amicyanin. A) 100 μM CoCl2 was incubated with 40 μM 6×His-tagged amicyanin in 50 mM Tris–HCl buffer at
pH 7.5. The spectra were recorded every 2 min. B) CoCl2 was added to 40 μM 6×His-tagged amicyanin in increasing concentrations and the magnitude of the cobalt-induced spectral
changes was recorded after reaching the maximum. In each case the initial spectrum of the mixture before addition of CoCl2 was subtracted from the final recorded spectrum to show
direct absorbance changes. The final concentrations of CoCl2 are indicated above each trace. C) Absorbance changes at 330 nm are plotted against the CoCl2 concentrations.
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observed rate of the reaction on the concentration of Co2+-loaded
6×His-tagged amicyanin was determined. The rate of the reaction
was independent of the concentration Co2+-loaded 6×His-tagged
amicyanin which is consistent with an intraprotein electron transfer. If
electron transferwas instead between the activated Co3+ of one protein
molecule and the Cu1+ of another protein molecule, then second-order
kinetics and a linear dependence of rate on protein concentrationwould
have been observed. It is possible that the reactive protein could be
a complex in which the bound Co2+ ions are present in a dimeric
amicyanin complex in whichmetal ligands are provided by two protein
molecules. This would also yield kinetics that was independent of
the concentration Co2+-loaded 6×His-tagged amicyanin. To rule out
this possibility, the behavior of native and Co2+-loaded 6×His-tagged
amicyaninwas examined using size-exclusion chromatography. The re-
sults indicate that the Co2+-loaded 6×His-tagged amicyanin elutes in a
position identical to that of native untagged amicyaninwith amass cor-
responding to that of a monomer (Fig. 7).

In order to gain some insight into the mechanism by which H2O2

interacts with the Co2+-loaded 6×His-tag the rate of reaction of the
Co2+-loaded 6×His-tag mediated oxidation of Cu1+ by H2O2 was
examined as a function of H2O2 concentration (Fig. 8). A hyperbolic de-
pendence of rate on [H2O2] is observed and is consistent with a two-
step mechanism in which an initial rapid reversible binding interaction
is followed by a rate-limiting reaction step. In this case the initial step is
proposed to be the formation of a peroxo-cobalt complex and the subse-
quent rate-limiting reaction step is the long range electron transfer from
Cu1+ to Co3+. Oxidation of Co2+ to Co3+ within the peroxo-cobalt
complex is much faster than the subsequent long range electron trans-
fer and so it is not kinetically distinguishable. Afit of these data to Eq. (1)
yields a limiting first-order rate constant (kET) of 7.0 × 10−3 s−1 and a
Fig. 6. The reactivity of the Co2+-loaded 6×His-tagged amicyanin. A) Changes in the absorptio
recorded every 10 s and the arrow shows the direction of the changes. B) Time course of the in
nential. C) The reaction described above was performed using varying concentrations of amicy
Kd = 234 μM for H2O2. No reverse electron transfer reaction (k−ET)
was detected.

kobs ¼ kET H2O2½ �= H2O2½ � þ Kdð Þ þ k−ET ð1Þ

In order to assesswhether or not the observed rate of the reactionwas
reasonable for a true electron transfer reaction, the maximum possible
electron transfer rate from Cu1+ to Co3+ under activationless conditions
(i.e., −ΔGº = reorganization energy) [28] was calculated using the
HARLEM program [29] and the direct distance approach of Dutton and
co-workers [30]. Since the Co2+-loaded 6×His was not visible in
the crystal structure its exact position is unknown. As such the
calculation was based on the positions of the copper and the C of
Asp1, the N-terminal residue. This yielded a predicted maximal
rate of 3.5 × 10−2 s−1. This is only about five-fold greater than the
experimentally determined first-order rate constant of 7.0 × 10−3 s−1

which was determined under optimal conditions. While the calculated
rate is only an approximation, it does indicate that the experimentally-
determined rate is reasonable for this long range electron transfer
reaction. It also suggests that that despite the seemingly slow rate, the
Co2+-loaded 6×His-tag functions quite efficiently for electron transfer
over a distance of over 20 Å.

4. Discussion

There is a growing interest in developing protein engineering strat-
egies to create or modify existing proteins that possess desired func-
tions with practical applications in biotechnology and research. Many
such applications require redox enzymes that can selectively oxidize
or reduce substrates. Redox proteins typically possess redox-active
n spectrum of the reduced (Cu1+) protein after addition of 1 mM H2O2. The spectra were
crease in absorbance at 595 nm from the data shown in (A). The data fit to a single expo-
anin. Error bars are indicated.
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Fig. 7. Determination of the monomeric state of Co2+-loaded 6×His-tagged amicyanin.
Proteins were analyzed by size exclusion chromatography as described in Section 2
Materials and methods. The positions of elution of molecular weight marker proteins
are indicated. The elution profiles of native amicyanin (dotted line) and Co2+-loaded
6×His-tagged amicyanin (solid line) are shown.
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cofactors that are metals (e.g., iron), an organic compound (e.g., flavin),
or an organometallic compound (e.g., heme). Various approaches have
been developed to introduce new redox centers into proteins. One ap-
proach has been de novo design of proteins that will bind redox centers
such as hemes or metals [31–34]. Another approach is to covalently at-
tach an organometallic complex to specific amino acid residues on the
surface of a protein. For example, ruthenium complexes have been
used extensively as a tool to study electron transfer reactions through
proteins [35,36]. The use of non-protein biomimetic molecules to cata-
lyze reactions has also been explored [37,38]. Most approaches that
have been used to date require either chemical synthesis or semi-
synthesis of organometallic compounds. An important requirement for
the engineered redox center is a mechanism by which to initiate the
reaction. This is typically achieved by photoactivation of the redox cen-
ter by a laser to generate a potent oxidant or reductant that will react
specifically with another redox center or substrate. The approach of in-
corporating Co2+ into a 6×His-tag to catalyze oxidation reactions was
inspired by the commonly used laboratory demonstration in which
CoCl2 is shown to catalyze the oxidation of tartaric acid by H2O2 [39].

The results presented here demonstrate the utility of a relatively
simple and inexpensive method for the introduction of a potent ox-
idizing species into a specific site on a protein for potential use as a
catalyst. Plasmids are commercially available that can be used to
add a 6×His-tag to either the N-terminus or C-terminus of a cloned
gene. Alternatively, the 6×His-tag may be added by directed muta-
genesis, not only to the ends of the proteins but possibly to other
sites on the surface of the protein. This approach requires no chemical
synthesis to produce or attach the cofactor, nor does it require a laser
Fig. 8. Dependence of the rate of reaction of Co2+-loaded 6×His-tagged amicyanin on
[H2O2]. Reactions were performed as in Fig. 6 with the reactions initiated by addition of
varying concentrations of H2O2. The line is a fit of the data by Eq. (1).
or flash system to initiate the reaction. While H2O2 may be considered
a non-innocent and non-selective reagent, in the TTQ biosynthesis reac-
tion it was able to drive catalysis at 100 μM concentration. Non-specific
oxidation of amino acid residues at this concentration should not be a
problem for most proteins. While proteins that contain redox cofactors
may be more susceptible to H2O2 oxidation, the application of this
methodwould not be tomodify proteins that already have redox cofac-
tors but to introduce the Co2+-loaded 6×His-tag into proteins that do
not have such cofactors to convert them into redox enzymes.

The preliminary characterization of the Co2+-loaded 6×His-tag site
has provided some intriguing insight into the nature of the site and its
reaction mechanism. As the ratio of amicyanin to cobalt is 1:2, the
6×His-tag appears to form a dinuclear cobalt complex. It is conceivable
that for each Co2+, two N ligands are provided by different His residues
within the 6×His-tag. This would allow enough space to accommodate
two Co2+ ions. This would be comparable to the coordination that is
seen when His-tagged proteins bind to the metal of the nitriloacetic
acid (NTA) affinity resin during protein purification [40]. The mech-
anism of the Co2+ oxidation by H2O2 most likely involves a peroxo
complex at the dinuclear metal site. Model complexes have been
isolated of a Co3+–Co3+ peroxo, as well as spectral evidence of a dinu-
clear Co2+–Co2+ engineered protein reactingwith peroxide [41–43]. In
the latter case absorbance in the 300–400 nm region was observed for
the cobalt-bound protein in which His residues provided the ligands
[43]. These results provide a basis for future studies to characterize
the metal coordination and reactivity of the Co2+-loaded 6×His-tag.

These results suggest that other proteins could be engineered by in-
troduction of a Co2+-loaded 6×His-tag to catalyze the H2O2-dependent
oxidation of a substrate that specifically binds to that protein. This
approach has the potential for further refinement. The 6×His-tag
could be modified to improve metal coordination or alter the redox
properties of the metal. The protein to which it is attached could also
be further modified by site-directed mutagenesis to improve the elec-
tron transfer efficiency for the reaction. These results provide proof of
principle for this method.
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