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Organometallic compounds are known to be very efficient in 2-[(Methylsulfonyl)thio]ethylferrocene 1) was designed and
redox and catalytic reactions. It is thus surprising that only a limited synthesize® for selective attachment to a Cys residue. It is
number of organometallic compounds are found in proteiéile minimally soluble in water, and no discernible absorption band
more organometalloproteins may be discovered in nature, specificcould be observed in saturated aqueous solution (Figure 2A). In
incorporation of organometallic compounds into proteins may allow addition, thel/1* redox couple has very limited stability in aqueous
us to learn guiding principles for designing organometalloproteins buffers. Cyclic voltammograms (CV) of this compound were
and to prepare novel proteins with functional properties that obtained in aqueous buffer of various pH (Figure S1). The cathodic-
combine benefits of both organometallic compounds (such as newto-anodic peak current ratidp{/ips) is 0.41 at pH 4 and further
and efficient catalytic activities) and proteins (such as water decreases to 0.22 at pH 7, indicating rapid decomposition of
solubility and high regio- and enantioselectividit. will make an oxidized species (Figure 2B). In addition, tg of 1 showed little
important contribution to the emerging area of bioorganometallic dependence on pH (Figure S1). In contrast, addition of this
chemistry3 We report here the design and covalent attachment of compound into Az in aqueous buffer resulted in a new species with
ferrocene (bisf®-cyclopentadienyl) iron(ll), Fc) to the active site @ Stronger absorption band around 4300 nm (Figure 2A). This
of azurin (Az) free of copper (called FcAz) and control of its redox  SPectrum in water is similar to that of Fc in an organic solvent,

properties by pH and residues around the secondary coordinationSU99€sting that incorporation of Fc inside Az can help increase the
sphere. Increasing water solubility of Fc, stabilizing ferrocenium COMPound’s solubility in watet® Covalent attachment of Fc inside

species (Ft), and use of such a redox active protein in oxidizing Az Was confirmed by electrospray mass spectrometry; a single peak
cytochromec (cyt ¢) are also established. corresponding to FCAz was observed (calculated 14187.72 Da,

i 7
Fc is an attractive organometallic cofactor to be designed into a observed 14188'2&_ 1'19 Da) (Figure _525‘ The FcAz was
protein for creating redox-active enzymes. It is one of the most el_ectrochemlca!ly oxidized to Fé\z ar_ld dlsplaye_d a blue co!or
widely used redox agents in chemistrguch as in protein ET with an absorption band at 632 nm (Figure ZAThis spectrum is

studie8 and sensing applicatiofifgecause Fc has a very low inner- sm;lll‘tar tc;that OftF(’:_ n atc;]uec_)us solut&oi*ﬁ lubility of the F
sphere reorganization energy in electron transfer (ET) (0.3 kcal/ . er demonstrating the increased solubliity ot the =c, we
mol). It therefore has been conjugated to many different biomol- investigated the use of the protein environment to stabilize the Fc

. ) S ) in aqueous solution and fine-tune Es. TheE, of FCAz increased
ecules including nucleic acids and protéei3espite these advantages, . ..
L . T significantly when covalently attached to the proteirhas angEp,
application of the redox couple in aqueous solution is limited by

the low solubility of most Fc and the instability of the Fas Fc¢ value of 402 mV (versus NHE) in pH 4 aqueous solution, while

d id d ition i tral or basi | FcAz has arE, of 579 mV at the same pH (Figure 2&)This
undergoes rapid gecomposition In neutral or basiC aqueous Solu-y 77 my increase is consistent with the Fc being encapsulated inside
tions? Encapsulation of Fc inside proteins can overcome both

limitati ) v hvdrophobic insid hi the hydrophobic protein matrix. Similar increases, although to a
Imitations as proteins are generally hydrophobic inside while qqq extent, in thé&,, of Fc were reported in5-cyclodextrin

hydrophilic on the surface and thus can increase Fc solubility in encapsulated Fe-(80 mV)° and dendrimers containing Fc in the
water. It may also stabilize the Fby protecting it from the solvent. core (100 mV)2 In addition, increasing the pH from 4 to 9
In e.tdc_lition: the reductipn potentidEg) of Fc can be fine-tuned by aquited in more than 80 mv decreaséijp(from 579 to 495 mV)
variations in the protein pocket. . (Figure 2C). This decrease is probably due to deprotonation of
Az is well-suited to provide the protein framework for the redox-  5mino acid residues around the Fc at high pH, which creates a more
active artificial metalloenzyme with non-native metal cofactors. It negatively charged environment that can stabilize the. Fio
is one of the most common ET proteins in biold§yand its  contrast tal, FcAz exhibits reversible CV withyipa close to unity
elect_rochemlcal properties and E_T kinetics have been thqroughly at all pH values (Figures 2B and S3), indicating increased stability
studied:* Apo-Az is well-folded without copper, as shown in the  of the ferrocenium ion in the protein pocket. Furthermore, replacing
X-ray crystal structurée Therefore, it is an ideal host for Fc. Met121, an amino acid residue in close proximity to Fc (Figure
We choose to covalently attach Fc through the highly conserved 1), with a positively charged Arg or negatively charged Glu resulted
cysteine in apo-Az because anchoring the redox center can minimizejn the predicted increase and decreas&jrat all pH values (wt
fluxional movement inside the protein. Cysteine is not only awell- 520 + 5, Arg 543+ 4, Glu 508+ 4 mV at pH 7, Figure 2C).
defined bioconjugation poirft,*® but Cys112 is also a key entry  Finally, substitution of Met121 with a more hydrophobic Leu raised
or exit point for ET in Az!c Figure 1 shows an X-ray crystal  the Fc potential (53% 3 mV at pH 7, Figure 2C), consistent with
structure of blue copper A% and a computer model structure of  destabilization of a positively charged Fdy a hydrophobic

Fc covalently attached to the apo-Az through Cys¥1the model environment. Compared to the Cu(l)/Cu(ll) azurin, where large
suggests that Fc can be incorporated into the blue copper site withvariation in theE;, was observed (e.g., wt 304, Met121Glu 220,
minimal structural perturbation. Met121Leu 390 mV¥! smaller changes observed in FcAz reflect
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Figure 1. (A) Crystal structure of blue copper azurin (4AZU, left panel) and computer model structure of azurin with covalently attéebed, right

panel). Apo-azurin structure (1E65) was used as the template for the FcAz model. The figure was generated using INSIGHT Il (Accelrys, San Diego). The

insets show photographs of blue copper azurin and blue ferrocenium azurin solutions. (B) Synthetic scheme of
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Supporting Information Available: Detailed experimental pro-
cedures, ESI-MS of FcAz, CV df and FcAz (PDF). This material is
available free of charge via the Internet at http://pubs.acs.org.
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Figure 2. (A) UV —vis spectra of oxidized FAz (solid line), reduced
FcAz (dotted line), and (dashed line) in 50 mM ammonium acetate at pH
4. (B) CV of saturated aqueous solutionloét pH 4 (a) and 8 (b), and of
FcAz at pH 4 (c) and 8 (d). Shown inside the CV is background-corrected
peaks®2 (C) Reduction potential of FcAz, FcAz (Met121Glu), FcAz
(Met121Arg), and FcAz (Met121Leu) at various pH. (D) Oxidation of ferro-
cyt c by FctAz: 0.2, 0.4, 0.6, 0.8, 1.0, 1.2, and 1.4 equiv of"Re was
added to 14M of ferro-cyt ¢ in 50 mM ammonium acetate, pH 4.

the weaker interaction of metal ion and the amino acid residue in
the second coordination sphere.

With the exception of a few redox couples, such as ferri/ferro-
cyanides, few metal-containing redox couples are stable in both
oxidation states in water, and therefore, the choice of redox agents
in biology is limited. We therefore sought to demonstrate the use
of FcAz as a redox agent for biomolecules. Figure 2D displays the
oxidation of horse heart ferro-cyt using F¢Az as the oxidant.

The UV-vis spectrum of ferro-cyt has characteristic absorption
bands at 414, 520, and 550 nm. Upon addition of up to 1 equiv of
FctAz, the peak intensities at 520 and 550 nm decreased and the
Soret band shifted to 409 nm, which are typical of ferri-cyThis
result suggests that the F&z can be used as a redox active agent
in biology. With the tune-ability accomplished by substitution of
either the cyclopentadienyl ring or second coordination sphere of
Fc provided by protein cavity, and the remarkable efficiency in
ET due to small reorganization energy, the artificial organometal-
loprotein FcAz could find potential applications in many biological
ET studies and in the design of new biosensors.
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