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Myoglobin (Mb) was found to undergo self-oxidation when a
cysteine residue was engineered at position 67 in the heme distal
site. Both the X-ray crystal structure and mass spectrum confirmed
the formation of a sulfinic acid (Cys—SO,H). Moreover, the self-
oxidation could be controlled during protein purification to yield
the unmodified form (T67C Mb). Importantly, both T67C Mb and
T67C Mb (Cys—SO,H) were able to be labeled by chemicals, which
provided useful platforms to generate artificial proteins.

As a redox-active amino acid, cysteine (Cys) plays vital roles in
supporting protein structure and regulating protein function
via many oxidative post-translational modifications (PTMs)."™
For example, in addition to forming disulfide bond, Cys resi-
dues are susceptible to oxidation by reactive oxygen/nitrogen/
sulfur (RO/N/S) species, generating sulfenic/sulfinic acids
(Cys-SOH/SO,H), S-nitrosothiol and persulfide species, etc.,
which mediate the redox signaling in biological systems."*
Heme proteins are a large class of metalloproteins and use
an iron protoporphyrin IX (heme) as a cofactor, and in some of
them the Cys residue is irreplaceable.”” In cytochrome P450
(CYP450), Cys acts as a proximal ligand for the heme cofactor to
activate O,,° and in human neuroglobin (Ngb) Cys46 and Cys55
form an intramolecular disulfide bond to regulate the ligand
binding.’™"*> Moreover, the third Cys120 in human Ngb may
also regulate the intracellular levels of RO/N/S species.’® As an
O, carrier, human myoglobin (Mb) possesses a single Cys110
and efficient reduction of the Cys-thiyl radical was observed by
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Self-oxidation of cysteine to sulfinic acid in an
engineered T67C myoglobin: structure and
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electron transfer from glutathione, whereas other mammalian
Mbs rarely have Cys residues.'*

To investigate the effects of Cys on Mb (Fig. 1A), Hirota et al.
introduced a Cys at various positions of sperm whale Mb on the
protein surface or near the heme such as at position 96, and
observed that heme reduction occurred under a CO atmosphere
by intramolecular electron transfer.”” In previous studies, we
also introduced a Cys close to the heme group.'®'” It was
shown that a Cys introduced at position 42 (K42C mutation)
was covalently-linked to the heme 4-vinyl group under reducing
conditions in the presence of O,,'® whereas it did not happen
for Cys introduced at position 46 with a long distance to the
heme iron (Fig. 1A). Instead, Cys46 could form a disulfide bond
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Fig. 1 (A) X-ray structure of wild-type (WT) Mb (PDB code 1JP6%°) showing
the heme coordination site (His64/His93) and surrounding residues, which
were mutated to Cys in previous studies (K96C, K42C and F46C) and in this
study (T67C), respectively, with the distances from the Cg atom to the heme
iron indicated. (B) ESI-MS spectrum of T67C Mb. (C and D) The X-ray
structure of T67C Mb (Cys—SO,H) (PDB code 7XCF, this study), showing the
overall structure (C) and the heme coordination structure (D), respectively.
The H-bonding interactions are indicated by dashed lines.
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with a Cys introduced nearby at position 49, 55 or 61, which
regulates the protein structure and function.'”"*8

Inspired by this progress, we attempted to introduce a Cys
close to the heme group at position 67 (Fig. 1A, ~7.9 A) by T67C
mutation. The T67C Mb was expressed and purified from E. coli
cells using a procedure similar to that for WT Mb. Unexpect-
edly, the mass spectra showed that the protein has several
forms (Fig. 1B, and Fig. S1 for the multiple m/z peaks, ESIY).
The observed mass of 17333.0 £ 0.5 Da agreed with the
calculated mass of T76C Mb (17 333.0 Da), whereas the major
form showed a mass of 17365.5 + 0.5 Da, with an increase of
~ 32 Da, which was likely due to the modification of Cys67 by
the addition of two O atoms, as a result of oxidation during
protein expression or purification.

To provide direct evidence for the oxidation of Cys67, we
crystallized the mutant and solved the X-ray crystal structure at
a resolution of 1.70 A (Table S1, ESIt). As shown in Fig. 1C and
D, it revealed that Cys67 was oxidized to a sulfinic acid (Cys-
SO,H), in agreement with the observation for the major form in
the MS spectrum. The heme axial water formed a hydrogen (H)-
bond with the distal His64, which is similar to that in WT Mb.
Moreover, an additional water molecule was found to bridge
the N-atom of His64 and an O-atom of Cys67-SO,H by
H-binding interactions. The structural overlay also showed that
the introduction and modification of Cys67-SO,H did not alter
the overall structure of Mb, as well as for the secondary
structure (Fig. S2, ESIt). This was further confirmed by the
circular dichroism spectroscopy of T67C Mb (Cys-SO,H), with a
proportion of a-helixes similar to that of WT Mb (Fig. S3, ESIT).

In consideration of the mechanism for the self-oxidation of
Cys67, we speculated that several factors may contribute to the
modification. First, catalytic iron species (Compound I, an
oxoferryl heme m-cation radical, or Compound II, oxoferryl
heme) may be generated by activating O, upon binding to the
heme iron, as proposed for other heme proteins such as
CYP450, cytochrome ¢ and Ngb mutants.”’*>* Second, Cys at
position 67 is close to the heme iron with a short distance of
~8 A (Fig. 1), which is prone to be modified. Moreover, the
distance between the sulfur atom of Cys67 and the nitrogen
atom of His64 is ~5.5 A. It has been reported that histidine
may act as a proton acceptor, which decreases the pK, of
surrounding Cys and makes it easier to be oxidized.** In
addition, it showed that the direct reaction of T67C Mb with
H,O0, increased the proportion of forms with +32 Da and +48 Da
(Fig. S4, ESIY), suggesting the oxidation of Cys67-SH to both
sulfinic (Cys-SO,H) and sulfinate (Cys-SO;H) acids.

To explore the reactivity of T67C Mb (Cys-SO,H), we per-
formed the reaction with diisopropyl azodicarboxylate (DIAD)
(Fig. 2A). In a previous study, organic diazene compounds have
been used for the detection of sulfinic acid, because the attack
of a sulfinate on the electron-deficient nitrogen yields a stable
sulfonamide.>® As shown in Fig. 2B by ESI-MS analysis, an
increase in mass of 203 Da was observed for T67C Mb (Cys-
SO,H) after the reaction with DIAD (202 Da), indicating the
covalent attachment of DIAD to the Cys-SO,H group. Moreover,
the result also showed that both the forms of Cys67-SH and
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Fig. 2 (A) Reactivity of T67C Mb (Cys—SO,H) toward diisopropyl azodi-

carboxylate (DIAD). (B) ESI-MS spectrum of T67C Mb (Cys—SO,H) after
reaction with DIAD (3.0 eq.) for 9 h at 25 °C.
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Cys67-SO;H were involved in the reaction to produce the
corresponding sulfonamides (17535.0 Da and 17583.5 Da,
respectively), suggesting no specific modification of the Cys-
SO,H group.

To further evaluate the reactivity of T67C Mb (Cys-SH&
SO,H), we carried out site-selective protein-modification studies
using iodoacetamide (IAM) as a labeling reagent (Fig. 3A).>° As
shown in Fig. 3B, after the reaction with IAM, only the form of
T67C Mb (Cys-SH) reacted with IAM, resulting in an increase
of 57 Da, whereas T67C Mb (Cys-SO,H) retained unmodified.
We noticed that after T67C Mb (Cys-SH&SO,H) was exposed
to air for a few days, most Cys was self-oxidized to the form of
Cys-SO,H, which may also occur for the crystallization. In order
to obtain the unmodified form of T67C Mb (Cys-SH), we
simplified the purification process by using only anion exchange
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Fig. 3 (A) Reactivity of T67C Mb (Cys—SH) toward iodoacetamide (IAM). (B

and C) ESI-MS spectra of T67C Mb (Cys—-SH&SO,H, B) and T67C Mb (Cys—
SH, C) before (top) and after incubation (bottom) with IAM (5.0 eq.) for 6 h
at 25 °C.
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Fig. 4 (A) Site-specific conjugation of T67C Mb (Cys—SH) with

fluorescein-5-maleimide (FL). (B) ESI-MS spectra of T67C Mb (Cys—SH)
after the reaction with FL (5.0 eq.) for 2 h at 25 °C. (C) Fluorescence spectra
of FL, T67C Mb (Cys—SH), T67C-FL Mb, apoT67C-FL Mb, and ZnPP-T67C-
FL Mb (~5 puM) in 100 mM potassium phosphate buffer, pH 7.0, at 25 °C,
Jex = 494 nm. Inset: The solution images of T67C Mb (left), T67C-FL Mb
(middle), and apoT67C-FL Mb (right) under nature light.

chromatography, which reduces the time of the protein exposed
to air. As shown in Fig. 3C (top), T67C Mb (Cys-SH) could be
obtained with a high purity (the multiple m/z peaks were shown
in Fig. S5, ESIt). The UV-Vis spectrum was similar to that of T67C
Mb (Cys-SO,H) (Fig. S6, ESIt). The reaction of T67C Mb (Cys-SH)
with IAM further showed that the protein was fully covalently
modified by IAM (Fig. 3C, bottom). The oxidation of Cys67 may
occur in the extracellular environment, whereas the intracellular
reducing environment may protect it from oxidation, which
might be different from the oxidative stress of the human DJ-1
protein.>” These results indicate that Cys67 is both oxidant-
sensitive and reactive toward chemicals, which is expected to
modulate the protein structure and function by covalent
chemical modifications.

In addition, to explore the reactivity of Cys67 in T67C Mb
(Cys-SH), we conjugated a fluorescein molecule to the protein
by using fluorescein-5-maleimide (FL) as a labeling reagent
(Fig. 4A).”® The mass spectra showed that two major products
were formed (17 760.0 and 17 778.0 Da), which suggests that FL
was covalently linked to the protein, whereas the ring-opening
product was formed by hydrolysis (Fig. 4B). The fluorescence
spectra showed that T67C-FL Mb exhibited a very low intensity
at 526 nm compared to that of the free FL at 525 nm, which
suggests that an energy transfer occurred since FL was linked
close to the heme group, as reported recently by Hayashi and
co-workers.*®

To provide evidence for the energy transfer, we prepared
apo-T67C-FL Mb by removing the heme group. The fluores-
cence spectrum of apo-T67C-FL Mb showed the characteristic
emission at 528 nm, with the intensity higher than that of free
FL. Upon chemically modifying the maleimide, the photoin-
duced electron transfer was interrupted, which restores the
fluorescence.’® Moreover, we reconstituted the apo-T67C-FL
Mb with a heme analog, zinc protoporphyrin (ZnPP), as con-
firmed by the UV-Vis spectra (Fig. S7, ESIt).>'* The fluores-
cence spectra further showed that ZnPP-T67C-FL Mb exhibited
an emission at 527 nm, with an intensity 3-fold higher than that
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of T67C-FL Mb (Fig. 4C). These observations suggest that
protoporphyrins with different metal centers may quench the
fluorescence of the conjugated molecule to a different degree,
which might be used as a probe to detect the interactions
between the conjugated molecule and the protein cofactor.

In summary, we found that after introducing a redox-active
Cys to the heme distal position 67 of Mb, it underwent self-
oxidation, and majorly formed a sulfinic acid (Cys-SO,H),
which was confirmed by the X-ray crystal structure and mass
spectrum analysis. This modification did not alter the protein
structure, which could also be controlled by simplifying the
protein purification to yield the unmodified form, T67C Mb
(Cys-SH). Importantly, protein reactivity showed that T67C Mb
(Cys-SO,H) could be labeled by DIAD, whereas T67C Mb (Cys-
SH) could be labeled by DIAD, IAM, and fluorescein molecules,
which provided useful platforms to generate artificial proteins
for studying the structure and function of heme proteins,****
such as the energy transfer between a conjugated molecule and
the protein cofactor.
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