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IsdI, a heme-degrading protein from Staphylococcus aureus, binds
heme in a manner that distorts the normally planar heme prosthe-
tic group to an extent greater than that observed so far for any
other heme-binding protein. To understand better the relationship
between this distinct structural characteristic and the functional
properties of IsdI, spectroscopic, electrochemical, and crystallo-
graphic results are reported that provide evidence that this heme
ruffling is essential to the catalytic activity of the protein and elim-
inates the need for the water cluster in the distal heme pocket that
is essential for the activity of classical heme oxygenases. The lack
of heme orientational disorder in 1H-NMR spectra of the protein
argues that the catalytic formation of β- and δ-biliverdin in nearly
equal yield results from the ability of the protein to attack opposite
sides of the heme ring rather than from binding of the heme sub-
strate in two alternative orientations.
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IsdG and IsdI are paralogues that catalyze protoheme IX degra-
dation as components of the iron-regulated surface determi-

nant (Isd) system of Staphylococcus aureus (1–4). Recently, the
heme oxidation products formed by these enzymes have been
shown to be a nearly equal mixture of 5-oxo-δ-bilirubin and
15-oxo-β-bilirubin (staphylobilins) (5). These unprecedented cat-
alytic products distinguish these proteins from the widely distrib-
uted, well-studied, classic heme oxygenases (HOs) that in general
catalyze formation of α-biliverdin exclusively (6, 7). The three-di-
mensional structure of IsdI (5) differs significantly from that of a
classic HO (6, 8, 9). For IsdI, the electron density attributed to a
dioxygen species bound to the active site iron is aligned with the
plane of the coordinating imidazole that lies along the β, δ-axis of
the porphyrin ring (5), and this orientation is restricted by steric
hindrance from Phe22 and an H-bond formed with Asn6 (5). In
contrast, the regiospecificity of classic HOs is achieved by steric
restriction of the hydroperoxy ligand that forms during heme oxi-
dation so that only the α-meso carbon is accessible for hydroxyla-
tion (6, 8, 9). In addition, the distal heme pockets of classic HOs
also possess a group of ordered water molecules that direct pro-
tons to the catalytic center to stabilize the reactive hydroperoxy
intermediate (8, 10–14). This water network is proposed to be
required for catalysis by all classic HOs (11, 15–18), but it is ab-
sent from the active sites of IsdG and IsdI (5, 19). Therefore, the
mechanisms of heme oxidation by the Isd enzymes and HOs must
differ considerably.

The active sites of the Isd enzymes and classic HOs also differ
significantly in that heme bound at the active sites of the Isd
enzymes is highly ruffled (4, 5, 19). Normal-coordinate structural
decomposition (NSD) analysis (20) reveals that the heme at the
active sites of these enzymes is distorted 2.1 Å out of plane, far
more than has been observed for any other heme-binding protein.
This distinctive structural characteristic has been suggested to be
a major factor in the mechanism by which these enzymes oxidize
heme (4, 5, 19).

Studies of model heme derivatives reveal that the chemical and
photophysical properties of heme are influenced by nonplanar
structural distortion. Although heme ruffling is energetically un-

favorable (21), most if not all heme proteins for which crystallo-
graphically determined structures are known exhibit some degree
of heme distortion. Heme proteins or domains that exhibit signif-
icant heme distortion include the nitrophorins (approximately
0.8 Å) (22), heme nitric oxide/oxygen binding (H-NOX) domains
(approximately 1 Å) (23), and c-type cytochromes (approximately
1 Å) (24), each of which exhibits distortion of the heme plane to
the extent indicated. Heme structure distortion has been pro-
posed to influence the reduction potentials (25–27), ligand bind-
ing affinities (22, 28–30), and spectroscopic characteristics (31) of
these proteins, but systematic variation of the extent of heme dis-
tortion has been achieved only recently (32). Whereas out-of-
plane distortion of model porphyrins by >2 Å can be achieved
by side-chain substitution or insertion of larger central metal ions,
site-directed mutagenesis of proteins with distorted heme centers
has so far resulted only in decreasing the extent of distortion.
Through a combination of structural, spectroscopic, and func-
tional studies of wild-type IsdI, we provide evidence that the re-
markable nonplanarity of heme bound at the active site of IsdI
changes the electronic structure of the bound heme in a manner
that should significantly enhance susceptibility of the heme group
to oxidation and formation of the unusual products that have
been reported.

Results
Electronic Absorption Spectra. The pH-dependence of the electro-
nic spectrum of the IsdIFe3þ (20 °C) is shown in Fig. 1A. At pH 6,
the protein has a Soret maximum at 404 nm and no other appar-
ent band in the visible region except for a weak transition at
approximately 640 nm. At pH 9, this spectrum exhibits maxima
at 412, 485, 520, and 578 nm, and the pKa for this acid-alkaline
transition is 7.1 (Fig. 1A, Inset). The HOs, methemoglobin and
metmyoglobin also exhibit pH-dependent spectra that are known
to correspond to the transition between high-spin water bound
form and low-spin hydroxide bound form. However, neither
the spectra of low- nor high-pH forms of IsdIFe3þ resemble those
of HOs or globins, except that the Soret maxima of both low- and
high-pH forms of IsdI match those of other proteins (Table S1).
In the absence of a relevant crystallographically defined structure
of IsdIFe3þ to provide direct experimental information concern-
ing the identity of a pH-dependent distal ligand, the simplest in-
terpretation of the pH dependence of the visible spectrum of IsdI
is the protonation/deprotonation of a distally coordinated water
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molecule. This hypothesis is supported by the observation of
MCD spectra of IsdI at low- and high-pH that are similar to those
of HO-1 (Fig. S1). The unusual absorption spectra shown in
Fig. 1A could result from the ruffling of the heme that distorts
the electronic structure of the heme. The absorption spectrum
of the cyanide complex of IsdI is independent of pH and is similar
to that of HOs and globins except for a slight red-shift in both the
Soret and Q-bands (Fig. 1B) that is a common feature for ruffled
model heme compounds (33).

NMR Spectroscopy. The 1H NMR spectra (30 °C) of IsdI at acidic
pH [IsdIFe3þ (low-pH)], alkaline pH (IsdIFe3þðhigh-pHÞ) and
with cyanide bound (IsdIFe3þCN) are shown in Fig. 2. At acidic
pH, the paramagnetically shifted resonances of the heme substi-
tuents are observed in the range of 20–80 ppm, which is typical for
high-spin heme and thus consistent with coordination of water to
high-spin Fe3þ at the active site of IsdI.

At pH 8.2, the hyperfine-shifted proton resonances exhibited
at acidic pH diminished in intensity and low-spin paramagneti-
cally shifted signals appeared. Both high-spin and low-spin signals
are observed at pH 7.0 (Fig. 2A) indicating that the pH-depen-
dent transition of IsdI is slow on the NMR time scale. The two
strong signals observed at 13.8 and 10.9 ppm at pH 8.2 are attrib-
uted to two heme methyl groups. 2D NMR experiments reveal
that the other 2 heme methyl signals occur at 8.1 and 4.5 ppm
(Fig. S2), and thus the average value of chemical shifts of four
heme methyl signals was determined to be 9.3 ppm, a value con-
siderably smaller than those (34) reported for other heme proteins
(Table S2). This result indicates that the unpaired electron density
on the heme methyl groups of IsdI is small. At lower temperature,
all the paramagnetically shifted resonances of the heme substitu-
ents of IsdIFe3þðhigh-pHÞ exhibited considerable line broadening
(Fig. 3A), consistent with chemical exchange at the active site. This
line broadening was sufficiently problematic that none of heme
meso-signals could be assigned for this form of the protein.

In contrast to IsdIFe3þðhigh-pHÞ, the chemical shifts for all the
heme substituents of IsdIFe3þCN could be assigned (Fig. S3 and

Table S3). The average chemical shift of four heme methyl groups
was even smaller than that observed for IsdIFe3þðhigh-pHÞ, and,
surprisingly, broad meso-H signals were apparent at high field
(−2– − 25 ppm, Fig. 2 A and D). As well, the paramagnetically
shifted resonances of IsdIFe3þCN exhibit much less line broad-
ening at low temperature than observed for IsdIFe3þðhigh-pHÞ
(Fig. 2 C and D).

Because IsdI produces a mixture of β- and δ-isomers of oxo-
bilirubin in the ratio of 56.2 : 43.8 (5), it is reasonable to expect
the occurrence of two heme insertion isomers that are rotated
180° about the α∕γ-axis in the protein as observed in various
HOs. However, only one orientation for heme binding at the ac-
tive site of IsdI is apparent in these spectra. Consequently, cat-
alysis of the heme oxygenase reaction must be possible on either
side of the heme pocket.

X-Ray Crystal Structure of IsdIFe3þCN. The X-ray crystal structure of
IsdIFe3þCN was determined to 1.8 Å resolution with one homo-
dimer in the asymmetric unit [Protein Data Bank (PDB) ID code
3QGP]. Overall, the IsdIFe3þCN structure retains the native
protein fold and heme-binding mode. The homodimer forms a
β-barrel at the dimeric interface, and within each subunit, heme
is bound in a hydrophobic cleft such that the propionate groups
are buried. The striking heme ruffling occurs to a greater extent
than in the native structure with the out-of-plane rms displace-
ment increasing from 2.1 to 2.3 Å. The heme pocket of
IsdIFe3þCN with His76 as the heme-iron proximal ligand is
shown in Fig. 3A. In the Fo-Fc omit map, elongated density was
observed at the distal side of the heme and was assigned to a
coordinated CN− with a ligand bond length of 1.9–2.0 Å in
both active sites (Fig. 3B). The bound CN molecules refine with
B-factors of approximately 12 Å2 similar to that of the heme iron.
The CN ligand adopts a bent binding mode toward the heme with
Fe-C-N angles of 171 to 158° for chains A and B, respectively.
In both active sites, the bound cyanide ligand forms an H-bond
to the ND1 atom of Asn6. The CN− is bound in a hydrophobic
pocket and makes contacts with Leu8, Phe22, and Ile53 (Fig. 3A).

Fig. 1. (A) The pH dependence of absorption spectra
of IsdIFe3þ in sodium phosphate buffer (20 mM,
20 °C). (Inset) The pH titration of IsdIFe3þ monitored
at 404 nm. The line represents a nonlinear least-
squares fit to a titration curve assuming n ¼ 1. (B) Ab-
sorption spectra of IsdIFe3þCN at pH 6.0 (solid line),
7.0 (broken line), and 9.0 (dotted line).

Fig. 2. (A) The 1H NMR spectrum of IsdIFe3þ as a function of pH (pH 6.0, 7.0, and 8.2 as indicated) and IsdIFe3þCN− (pH 8.2) in sodium phosphate buffer
(20 mM, 10% D >2O, 30 °C). (B–D) The 1H NMR spectra observed at 10 °C (Bottom), 20 °C (Middle), and 30 °C (Top). (B) Low-field region of IsdIFe3þ (high-pH).
(C) Low-field region of IsdIFe3þCN. (D) High-field region of IsdIFe3þCN. Half line widths (Hz) of some signals are indicated in brackets.
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Of these residues, Phe22 likely contributes to heme ruffling by
contacting the γ-meso carbon. The extreme ruffling reduces the
distance between N atom of bound CN to within 3.9 Å of the β
and δ meso-carbons. Consistent with the NMR spectra collected
at 30 °C, a single orientation for heme is observed in the crystal
structure at 100 K. An alternative orientation in which the heme
is rotated about the α∕γ meso-carbon axis is unfavorable owing to
steric interactions between the 4-vinyl group and the side-chains
of Val79, Leu81, and Ile92 (Fig. S4).

Cyclic Voltammetry. Cyclic voltammetry (CV) of IsdI (sodium
phosphate buffer (20 mM), pH 7.0) under N2 purge yields a mid-
point reduction potential (Em) of −88� mV vs. standard hydro-
gen electrode (SHE) (Fig. 4A) and represents a well-defined
direct electrochemical response of a heme degrading enzyme.
This Em value is similar to that for rat [−87 mV (35)] and human
[−65 mV (36)] HO-1 measured by spectroelectrochemistry.
Aerobic CV of IsdI (20 mV∕ sec scan rate) in the same buffer

exhibited a substantial reduction wave at approximately þ50 mV
(vs. SHE) (Fig. 4B) that was more intense at this lower scan rate
(Fig. 4 B and C). In the absence of IsdI, a peak for direct reduc-
tion of dioxygen occurs below −200 mV, we attribute the intense
reduction wave observed in the presence of IsdI and dioxygen to
the catalytic reduction of O2 by IsdI. Similar catalytic reduction of
dioxygen is also observed for the molten globule state myoglobin
[pH 4.8 (37)] and hemoglobin and myoglobin entrapped in
methyl cellulose films (38). For the globins, this catalytic peak is
attributed to the following reactions:

protein-Fe3þ þ e− → protein-Fe2þ

protein-Fe2þ þO2 → protein-Fe2þ −O2

protein-Fe2þ −O2 þ 2e− þ 2Hþ → protein-Fe3þ þH2O2:

Similar reactions are expected to occur for IsdI, but it is not yet
clear whether the third reaction is heme degradation rather than
conversion of the oxyferrous complex to IsdIFe3þ and peroxide.

Discussion
Coordination Environment of the IsdI Heme Iron. Electronic absorp-
tion and magnetic circular dichroism spectra (Fig 1A and Fig. S1)
indicate that IsdIFe3þ possesses a distally coordinated water
molecule at acidic pH that deprotonates with a pKa of 7.1 as
pH is increased, a value considerably lower than that of HO-1
(pKa ¼ 7.6ð39Þ), HO-2 (pKa ¼ 8.5ð40Þ), Pseudomonas aeruginosa
HO (pa-HO, pKa ¼ 8.3ð41Þ), and HmuO (pKa ¼ 9.0ð42Þ) but si-
milar to that reported (pKa ¼ 6.8ð32Þ) for the H-NOX protein
from Thermoanaerobacter tengcongensis. The two structural char-
acteristics of the active site of IsdI that are most likely to account
for this low pKa are (a) stabilization of the bound hydroxide
through H-bond formation with the side-chain amide of Asn6
(5, 19) and (b) stabilization of the electrostatically neutral fer-
ric-hydroxide heme iron center by the unusually hydrophobic
nature of the heme-binding site. The 1H-NMR spectra obtained
for IsdIFe3þ at pH 6, 7, and 8.2 (Fig. 2A) indicate that the inter-
conversion of coordinated water and coordinated hydroxide is
slow on the NMR time scale as previously reported for bovine
myoglobin variants in which the distal His is replaced by Gln
or Asn (43) and for two bacterial heme oxygenases (41, 44).

The red-shift of Soret and Q-band maxima observed for the
IsdIFe3þCN complex (Fig. 1B and Table S1) is commonly ob-
served for distorted model heme compounds, but attribution
of this observation to heme ruffling, perturbation from side-chain
substitutions or shortening of pyrrole-N to metal bond length has
been debated (45–47). This latter possibility can be ruled out for
the IsdIFe3þCN complex because the crystal structure indicates
no change in this bond distance upon binding cyanide. Interest-
ingly, this red-shift is greater for porphyrins with larger central
metal ions (e.g., Ni2þ, Zn2þ) (47). The ruffling of heme bound
to IsdI with neither metal substitution nor side-chain substitution
may make spectroscopic characterization of IsdI reconstituted
with various heme derivatives a useful approach to understanding

Fig. 3. (A) Active site of IsdIFe3þCN. The 2Fo-Fc map
is represented as a mesh contoured at 1 σ (gray).
(B) The active site depicted as in (A) but in another
orientation with the Fo-Fc omit map contoured at
3 σ (red). The heme meso-carbons are labeled.

Fig. 4. (A) Direct electrochemistry of IsdI. Black, cyclic voltammogram of IsdI
entrapped between the surface of a pyrollytic graphic electrode and a semi-
permeable membrane (sodium phosphate buffer (20 mM, pH 7.0, 20 °C). Scan
rate, 50 mV∕s. Gray, background measured with the same electrode and
semipermeable membrane in the absence of IsdI. (B) CVof IsdI in the presence
(black solid line) and absence (broken line) of O2 (20 mV∕s). Dotted line,
background obtained in the presence of O2 without IsdI. (C) Same as B but
with a scan rate of 500 mV∕s.
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better how structural distortion affects the spectroscopic proper-
ties of heme.

Electronic Structure of IsdI. The chemical shifts of the heme methyl
protons observed in 1H NMR spectra of IsdIFe3þCN are consid-
erably smaller and the paramagnetic shifts observed for themeso-
protons are considerably greater than those observed for other
heme proteins. These observations indicate that the unpaired
electron of the heme iron is more delocalized to the meso-posi-
tions than to the β-pyrrole positions. Spectroscopic analysis and
density functional theory calculations of variously substituted fer-
riporphyrin and ferrichlorin model compounds indicate that the
ruffling of a ferriheme stabilizes the dxz and dyz orbitals of the iron
and changes the electron configuration of low-spin Fe3þ from the
more common ðdxyÞ2ðdxz;dyzÞ3 to the less common ðdxz;dyzÞ4ðdxyÞ1
configuration (48–53). This change in configuration causes major
changes in the 1H-NMR chemical shifts of the β-pyrrole substi-
tuent and meso-H signals of the heme (48–52). In ruffled heme,
the pz orbital from the porphyrin 2a2uðπÞ orbital twists away from
orthogonality with the porphyrin plane to permit interaction of
the 2a2uðπÞ orbital with the 3dxy orbital of the iron. The 2a2uðπÞ
orbital has large spin density at the nitrogens and meso-positions
and very small spin density at the β-pyrrole positions. Thus, ob-
servation of a large paramagnetic shift for themeso-H and a small
shift for heme methyl groups of IsdIFe3þCN is evidence that the
ðdxz;dyzÞ4ðdxyÞ1 state dominates. Such a high-field shift of meso-H
signals, which is the signature of the ðdxz;dyzÞ4ðdxyÞ1 configuration,
has been reported only for model compounds and has never been
observed for heme bound to a protein, presumably because the
degree of heme distortion in proteins studied previously has
been insufficient. As a result, IsdI provides an exceptional oppor-
tunity to explore the spectroscopic and functional consequences
of heme ruffling on the properties of the active site of a heme
enzyme.

The paramagnetic shifts of heme methyl signals in 1H NMR
spectra of IsdIFe3þðhigh-pHÞ are greater than those observed
for IsdIFe3þCN but are nevertheless considerably smaller than
those of other heme proteins, indicating that IsdIFe3þðhigh-pHÞ
retains a considerable ðdxz;dyzÞ4ðdxyÞ1 component. Detection of
the chemical shift of meso-H signals of IsdIFe3þðhigh-pHÞ was
prevented by exchange broadening. The EPR spectrum (X-band,
10 K) of IsdI(high-pH) (Fig. S5) exhibited g-values of 2.61,
2.24, and 1.78 that are very similar to those of HO-1 (g ¼ 2.67,
2.21, 1.79) (39), indicating that the electron configurations of
IsdIFe3þðhigh-pHÞ and HO-1 are very similar at cryogenic tem-
peratures (i.e., ðdxyÞ2ðdxz;dyzÞ3Þ. Thus, we propose that the elec-
tron configuration of IsdIFe3þ is in dynamic exchange between
ðdxyÞ2ðdxz;dyzÞ3 and ðdxz;dyzÞ4ðdxyÞ1 and that this exchange ac-
counts for the temperature-dependent signal broadening noted
in the Results section (vide supra) as suggested for heme model
compounds and pa-HO (54, 55). For IsdIFe3þCN, exchange
broadening of heme signals is much smaller, suggesting that any
exchange favors ðdxz;dyzÞ4ðdxyÞ1, consistent with stabilization of
the ðdxz;dyzÞ4ðdxyÞ1 configuration by axial ligands that are strong
π acceptors (51) and with the greater distortion of the heme from
planarity observed in the crystal structure of the cyanide complex.

The ðdxz;dyzÞ4ðdxyÞ1 configuration is expected to be significant
for IsdI catalysis because delocalization of the single, unpaired dxy
electron has been proposed to increase susceptibility of themeso-
position to oxidative attack (31, 54, 55). Although structures
reported for HOs exhibit less distortion (approximately 0.5 Å)
of the heme than seen for IsdI, 13C NMR analysis of pa-HO
suggested that the alkaline form of this enzyme nevertheless ex-
hibits approximately 2% of a ðdxz;dyzÞ4ðdxyÞ1 component (41, 54).
Thus, we propose that it is the increased stabilization of the
ðdxz;dyzÞ4ðdxyÞ1 state at the active site of IsdI that enables the
oxidation of heme without assistance of an ordered water cluster
as required by classical HOs.

Electrochemical Properties of IsdI. Many structural factors have
been proposed to control the Em of heme proteins (e.g., the iden-
tity of the axial ligands to the heme iron, H-bonding interactions
of the axial ligands and heme propionate groups, and the dielec-
tric of the heme binding environment) (56). The proximal His of
IsdI forms an H-bond with the main chain carbonyl of Phe73,
whereas proximal His residues of rat and human HO-1 form
an H-bond with the side-chain of Glu29 (9, 57). Glu is a better
electron donor than a main chain carbonyl, so this factor favors a
more positive Em for IsdI relative to HOs. Ordered waters dom-
inate the distal heme pockets of HOs whereas the same region
of IsdI is very hydrophobic, so the dielectric environments of
the hemes of these proteins favor a lower potential for HOs.
The similarity of the Em we observe for IsdI with those reported
for HOs, therefore, provides evidence that heme ruffling, the re-
maining significant structural difference between the active sites
of these proteins, lowers the potential of IsdI to the range ob-
served for HOs. This interpretation is consistent with studies
of model heme compounds (33) and heme proteins (22, 27, 32).

Interestingly, the Em value of IsdI obtained under N2 purge
(−88 mV) is more negative than that of ascorbate, and the po-
tential of the catalytic reduction peak seen aerobically is similar
to the Em of ascorbate. Thus, the catalytic wave observed for IsdI
in the presence of O2 is consistent with the inability of ascorbate
to reduce IsdI in the absence of O2 and with heme degradation
following aerobic addition of ascorbate to IsdIFe3þ (1, 19).

Materials and Methods
Sample Preparation. Recombinant IsdI was expressed, purified, and reconsti-
tuted with heme as reported (1, 19), and IsdIFe3þCN was prepared by
addition of excess potassium cyanide (KCN).

Electronic Absorption Spectroscopy. The electronic spectra of IsdI (approxi-
mately 10 μM) were recorded in sodium phosphate buffer (20 mM, 20 °C)
with a Cary Model 6000i spectrophotometer equipped with a Peltier thermo-
regulator. Solution pH was adjusted with small volumes of NaOH or HCl
(0.1–0.5 M).

The 1H NMR spectra. 1D 1H NMR spectra were collected with a Varian INOVA
500 MHz spectrometer. IsdI samples (approximately 1 mM) were prepared in
sodium phosphate buffer (20 mM, 10% D2O), and presaturation was used to
suppress the solvent signal. Chemical shifts are given in ppm downfield from
sodium 2,2-dimethyl-2-silapentane-5-sulfonate with H2O.

X-ray Crystallography. IsdIFe3þCN (10 mg∕mL) in 10 mM NaCN, 20 mM Tris,
pH 7.5, and 200 mM NaCl was mixed with an equal volume of reservoir solu-
tion (0.2 M MgCl2, 0.1 M Bis-Tris, pH 5.5, and 25% w∕v PEG 3350). Crystals of
the IsdIFe3þCN complex were bright red in color and formed after 3 d at room
temperature. Crystals were dipped in reservoir solution supplemented with
10% ethylene glycol as a cryoprotectant and immersed in liquid nitrogen
prior to data collection at 100 K. Diffraction data was collected at Stanford
Synchrotron Radiation Lightsource (SSRL) on beamline 7-1 and processed
with iMosflm (58). Initial phases were obtained with Molrep (59, 60) using
the native IsdIFe3þ structure (PDB ID code 3LGN) as the search model. Crystal-
lographic refinement and model building was done using the programs
Refmac5 (61) and Coot (62), respectively. Data collection and structure refine-
ment statistics are provided in Supporting Information (Table S4). The com-
plete peptide chain was modeled, residues −1 (including an Ala-His cloning
artifact) to 108. Refinement of the heme groups required the use of a mod-
ified stereochemical library for the heme as described previously (19). No
angle or distance restraints were used for the iron-cyanide ligand bond. A
total of 252 water molecules and 2 Mg2þ ions were modeled around the
protein. The extent of heme ruffling in the final IsdIFe3þCN structure was
analyzed using the NSD) program (20). Graphic renderings of the structure
were created with PyMOL (Schrödinger).

Cyclic Voltammetry. CV was performed with an Autolab PGSTAT12 potentio-
stat-galvanostat (Eco Chemie) using an edge-plane pyrrolytic carbon elec-
trode (PGE) polished with alumina slurry and then sonicated in deionized
water for 1 min. IsdI solution (3 μL, approximately 300 μM) was spread evenly
with a microsyringe onto the surface of the PGE. The PGE surface was then
covered with a semipermeable membrane and used as the working elec-
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trode. An SCE electrode and a Pt wire were employed as the reference and
counter electrodes, respectively. All experiments were performed (20 °C) in
sodium phosphate buffer (20 mM, pH 7.0). For anaerobic measurements,
the buffer was purged (≥10 m) with N2 prior to data collection.
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