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a b s t r a c t

Microcin J25 (MccJ25) is a 21 amino acid lasso-peptide antibiotic produced by Escherichia coli and com-
posed of an 8-residues ring and a terminal ‘tail’ passing through the ring. We have previously reported
two cellular targets for this antibiotic, bacterial RNA polymerase and the membrane respiratory chain,
and shown that Tyr9 is essential for the effect on the membrane respiratory chain which leads to super-
oxide overproduction. In the present paper we investigated the redox behavior of MccJ25 and the mutant
MccJ25 (Y9F). Cyclic voltammetry measurements showed irreversible oxidation of both Tyr9 and Tyr20 in
MccJ25, but infrared spectroscopy studies demonstrated that only Tyr9 could be deprotonated upon
chemical oxidation in solution. Formation of a long-lived tyrosyl radical in the native MccJ25 oxidized
by H2O2 was demonstrated by Electron Paramagnetic Resonance Spectroscopy; this radical was not
detected when the reaction was carried out with the MccJ25 (Y9F) mutant. These results show that
the essential Tyr9, but not Tyr20, can be easily oxidized and form a tyrosyl radical.

� 2011 Elsevier Inc. All rights reserved.
1. Introduction of Gly1 and the c-carboxyl of Glu8, forming an eight-residue ring
Redox-active tyrosine residues play important roles in catalysis
in several enzymes, including ribonucleotide reductase, prosta-
glandin H synthase, and photosystem II. Oxidation of tyrosine or
tyrosinate results in the production of a tyrosyl radical. In these en-
zymes, tyrosyl radicals are proposed to act as intermediaries in
long-distance electron transfer reactions [1]. The environmental
factors responsible for functional control of these redox-active spe-
cies have not yet been elucidated [2]. Vassiliev et al. [3] showed
that the primary structure influences the functional properties of
redox-active tyrosines in ribonucleotide reductase and photosys-
tem II enzymes.

The MccJ25 is a plasmid-encoded 21 amino acid antibiotic pep-
tide produced by Escherichia coli (E. coli) and active against E. coli,
Salmonella and Shigella strains [4–6]. The peptide has a lasso-
structure that contains a lactam linkage between the a-amino group
ll rights reserved.
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(Gly1–Glu8), which is termed a lariat ring. The ‘tail’ (Tyr9-Gly21)
passes through the ring, with Phe19 and Tyr20 straddling each side
of the tail, sterically trapping the tail within the ring [7–9].

Convincing evidences showing that RNA polymerase (RNAP) is
the target for MccJ25 action in E. coli were previously provided
by our laboratory. The peptide inhibits the enzyme activity by
obstructing the secondary channel and consequently preventing
access of the substrates to its active sites [10–13]. MccJ25 also tar-
gets the respiratory chain enzymes of the bacterial membrane with
the consequent inhibition of cell oxygen consumption [14,15]. This
effect is mediated by an increase in superoxide production during
the membrane respiratory processes [16].

We recently demonstrated that only Tyr9 of MccJ25 is respon-
sible of the peptide effect on membrane respiratory chain in
E. coli [17]. A single Y9F mutation abolishes superoxide overpro-
duction and oxygen consumption inhibition induced by the antibi-
otic, strongly suggesting that Tyr9 is involved in the MccJ25 action
on the respiratory chain of E. coli. Taking into account this previous
result and the importance of redox-active tyrosines in several en-
zymes, appears as fundamental the need to study the redox prop-
erties of the MccJ25 which could give information to elucidate the
antibiotic mechanism on cell membrane.

In the present paper, the formal redox potential of MccJ25 was
estimated by cyclic voltammetry. We demonstrated that the two
tyrosines (Tyr9 and Tyr20) of the antibiotic molecule were able to
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participate of an irreversible oxidation process, however only the
Tyr9 can contribute in the oxidative redox reaction in homogeneous
phase. Moreover, the presence of a MccJ25 tyrosyl radical was con-
firmed by Electronic Paramagnetic Resonance (EPR) method.
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Fig. 1. Cyclic voltammogram profiles for 20 lM MccJ25 in 50 mM buffer phosphate
pH 7 at 100 mV s�1 (solid line), 300 mV s�1 (dashed line), 600 mV s�1 (dotted line).
All potentials are referred to the standard hydrogen potential. A.
2. Materials and methods

2.1. Isolation of MccJ25 and MccJ25 (Y9F) peptides

MccJ25 was purified from 2-liter cultures of strain MC4100
harboring pTUC202 as previously described [14]. The isolation of
mutant peptide MccJ25 (Y9F) was performed as described by
Chalón et al. [17]. Native MccJ25 and MccJ25 (Y9F) were purified
by HPLC, as described previously [14].

2.2. Cyclic voltammetry

Cyclic voltammetry was performed using an Autolab electro-
chemical analyzer GPSTAT30. The electrochemical measurements
were carried out in a three-electrode conventional cell. The counter
electrode was a glassy carbon rod of greater area than the working
electrode and the reference electrode was satured calomel. All the
informed potentials are referred to the standard hydrogen elec-
trode potential considering a potential difference of 0.241 V
between saturated calomel and standard hydrogen electrodes. A
hanging mercury drop electrode (VA 663 Methrom, Switzerland)
was used as the working electrode (0.0025 cm2 of area). All the
experiments were performed in a 50 mM phosphate buffer solu-
tion at pH 7, applying an initially anodic potential sweep from 0
to 1.7 V at different scan rates. The cell was purged before each
cyclic with N2 for 5 min. The peptide concentration was 20 lM.

2.3. Fourier transform infrared (FTIR) spectroscopy

The infrared spectra of the peptides were analyzed in the ab-
sence and in the presence of 300 mM K3[Fe6] in 40 mM buffer
HEPES-D2O, pD 7.4 (pD = pH + 0.4 pH unit), with previous trifluor-
acetic acid (TFA) removal according to Gaussier et al. [18]. In all
cases, the peptide concentration was 2.4 mM. The samples were
loaded onto a demountable liquid cell (Harrick Scientific, Ossining,
NY) with calcium fluoride windows with 100 lm spacers. The sam-
ples were recorded in a Nicolet 5700 spectrometer equipped with a
DTGS detector (Thermo Nicolet, Madison, WI). The sample cham-
ber was purged with dry, CO2-free air. Spectra were collected by
using OMNIC (Nicolet) software. Usually, 256 scans/samples were
taken, averaged, apodized with a Happ-Genzel function, and Fou-
rier transformed to give a final resolution of 1 cm�1. The contribu-
tion of D2O in the amide I region was eliminated by subtracting the
buffer spectra from that of the solution at the same temperature to
obtain a flat baseline of between 2000 and 1700 cm�1. Peptide
amide I analyses either in the absence or in the presence of ferricy-
anide were repeated three times with fresh new samples to test
the reproducibility of the measurements. In all cases, the
differences among the three experiments were lower than 2%.
The spectra deconvolution and band position determination were
performed by using NRC software (Canadian National Research
Council). In order to increase the spectral resolution, 2D hetero-
spectral correlation analysis was performed between normalized
spectra with and without ferricyanide addition. To obtain the
2D-IR maps, the presence of ferrycianide was used as the perturba-
tion to induce spectral fluctuations and to detect dynamic spectral
variations on the secondary structure of the peptides. The two-
dimensional synchronous map was obtained correlating the nor-
malized spectra by using software with the algorithm previously
described by Turnay et al. [19].
2.4. EPR experiments

Incubations consisting of 2.4 mM MccJ25 or MccJ25 (Y9F) pep-
tides and 1 mM 3,5-Dibromo-4-nitrosobenzenesulfonate (DBNBS)
in 50 mM sodium borate buffer, pH 10 were rapidly mixed with
2.5 mM H2O2. Samples were subsequently transferred to a 100 ll
capillary tube and EPR measurements were made at room temper-
ature (22–25 �C) with a Bruker ESP300 X-band instrument (Bruker,
Karlsruhe, Germany) equipped with a high sensitivity TM110-
mode cavity. Spectra were measured over a 20 G range using 40
milliwatts power, 2.6 G modulation, 1 � 105 receiver gain, and a
scan time of 30 min; typically 40 single scans were accumulated
to improve the signal to noise ratio.
3. Results and discussion

3.1. Cyclic voltammetry

Fig. 1 shows representative cyclic voltammogram profiles ob-
tained at different sweep rates for solutions with 20 lM of MccJ25
in phosphate buffer at pH 7. The assay was performed also with a
mutant peptide MccJ25 (Y9F) (supplementary data Figure 1S). The
oxidation peak current at about 1.3 V is due to the oxidation of the
peptides. No reduction process was observed in the reverse scan. In
the oxidation process, the peak potential value (Ep) shifts to more
positive values as the sweep rate increases. Fig. 2 shows the Ep val-
ues as a function of the logarithmic of the sweep rate (log v). At
high sweep rates, Ep increases linearly with log v as expected for
an irreversible electrochemical process. At intermediate sweep
rates, the dependency of Ep with log v decreases, as expected for
a quasi-reversible electrochemical process. At infinitely low sweep
rates (reversible electrochemical process), the anodic peak poten-
tial value should be constant and lower to the half wave potential
in 28.5 mV (at 25 �C for a one-electron redox process), being the
half wave potential close to the formal potential [20]. Fig. 2 shows
that the peak potential values for both peptides approaches to a
plateau value lower than 1.1 V as the sweep rate approaches to
zero. Therefore, the formal redox potential of the peptides should
be lower than 1.1 V for both peptides. According to bibliography,
the amino acids that present redox activity are tyrosine, glycine,
cysteine and tryptophan [21,22]. From all these, MccJ25 contains
2 tyrosines and 6 glycines. The reported standard redox potential
for glycine is 1.2 V [22] while for tyrosine is 0.95 V [22,23] (arrows
in Fig. 2). From these we can conclude that, unless there are
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Fig. 2. Variation of the peak potential value with the logarithm of the sweep rate for
MccJ25 (filled symbols) and MccJ25 (Y9F) (open symbols). All potentials are
referred to the standard hydrogen potential. The arrows indicate the standard redox
potential for tyrosine and glycine as reported in bibliography [22,23].

Fig. 3. 2D hetero-spectral correlation analysis of the normalized spectra of MccJ25.
Synchronous 2D hetero-spectral correlation map contour in the 1800–1400 cm�1

interval of 2.4 mM MccJ25. The spectra were normalized and fluctuations induced
by the redox reaction are in the main diagonal. The observed signals are depicted at
10�3 absorbance units. IR spectra were performed with and without 0.3 M of
potassium ferricyanide as the perturbing agent.
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potential shifts due to the amino-acid environment, the irrevers-
ible oxidation processes observed in Fig. 1 are due to the reaction
of tyrosines.

Both tyrosines (9 and 20) were oxidized on the mercury elec-
trode, since the mutant MccJ25 (Y9F) also presented a similar oxi-
dation peak (see supplementary data Figure 1S). The peak potential
values are slightly lower for MccJ25 (Y9F) than for MccJ25 at the
same scan rate, which implies that the oxidation potential of the
tyrosines are different or the charge transfer process is slower for
tyrosine 20 than tyrosine 9.

No quantification of the peak currents could be performed since
the peptides (or the oxidation products) were absorbed on the
electrode and the peak current reached a plateau value when the
peptide concentration in the sample is increased due to the block-
ing of the electrode. The second cycle with the same mercury drop
did not show faradaic current but only capacitance current (data
not shown). The same behavior was observed using glassy carbon
as electrode material.

The absorption process and the blocking of the electrode with
each peptide are not necessarily comparable and thus, we cannot
perform a qualitative comparison between the peak currents for
both peptides. However, the presence of an oxidation process in
MccJ25 (Y9F) is direct evidence that the oxidation of Tyr20 on
the electrode occurs. Since our final proposal is to relate the
MccJ25 redox capacity with its action on target membrane, this
was an unexpected result taking in account that only the Tyr9
was associated with this antibiotic effect. Moreover, from the pep-
tide structure it is clear that Tyr9 and Tyr20 have different solvent
accessibility; since Tyr20 forms hydrophobic patches with the Val6
side chain and the methylene groups of the Glu8 side chain [8],
while Tyr9 could be sufficiently exposed to the solvent to allow
it to participate in any chemical reaction. This structural consider-
ation led us to suggest that only the Tyr9 could be exposed to act
on membrane target. Therefore, one likely explanation for the
Tyr20 oxidation could be that, since the peptide adsorbs on the
electrode, the secondary structure of MccJ25 could be different
from that on bulk, exposing the Tyr20 residue which is not acces-
sible when the peptide is in solution. With this in mind, we
analyzed the redox reaction of the MccJ25 with K3Fe(CN)6 in
homogeneous phase.

3.2. Effect of ferricyanide on the tyrosine vibration of the peptides

The sidechain of tyrosine may take part in proton and electron
transfer reactions [24,25]. Tyrosine deprotonation have been
involved in some redox process [26]. Moreover, the oxidized tyro-
sine is believed to be deprotonated [27] and thus, the effect of an
oxidant substance like ferricyanide on the protonation state of
tyrosine could give some insights about the redox state of the res-
idue. In fact, it was previously reported that the one-electron oxi-
dation of L-tyrosine by ferricyanide occurs in proteins generating
the long-lived tyrosyl radical [28,29].

Considering that tyrosine is a relatively strong infrared absorber
with bands sensible to changes in the protonation state, an infrared
spectra analysis of MccJ25 and MccJ25 (Y9F) was performed in the
absence and in the presence of ferricyanide. The results indicate
that the band located around 1515 cm�1, which arises from the
aromatic ring (v C–C), showed small but reproducible changes. In
fact, this band can be used as marker band for the protonation state
of Tyr, since it is downshifted in the deprotonated state [30]. The
tyrosine wave number of MccJ25 peptide in D2O solution shows
its maximum at 1514 cm�1, shifting to 1512 cm�1 in the presence
of potassium ferricyanide. On the contrary, MccJ25 (Y9F) does not
change the Tyr maximum position from 1514 cm�1 in the presence
of ferricyanide (supplementary data Figure 2S).

In order to increase the spectral resolution and make the differ-
ences more consistent, 2D hetero-spectral correlation analysis of
the normalized spectra of MccJ25 and MccJ25 (Y9F) in the presence
and in the absence of ferricyanide was performed according to
Schulze et al. [31]. Although the original concept of a signal in-
volves measurements as a function of time, this term has been gen-
eralized to include measurements along other dimensions, e.g.,
wavenumber [32]. In fact, in the presence of ferricianyde as exter-
nal perturbation, the spectroscopical response was studied by cor-
relation analysis. Fig. 3 shows only one relevant autopeak around
1510–1518 cm�1, produced by a 10�3 absorbance unites between
the spectra of MccJ25 with and without the external perturbation.
However, the correlation analysis of MccJ25 (Y9F) does not reveal
any relevant autopeak in the diagonal at 10�3 and 10�6 absorbance
units (data not shown). This correlation analysis support the previ-
ous 1D spectra observations. These results indicate that in



Fig. 4. EPR spectra of the tyrosyl radical generated by H2O2 with DBNBS in 50 mM
buffer borate pH 10 (A) without peptide (baseline) or containing (B) 2.4 mM
MccJ25, (C) 2.4 mM MccJ25 (Y9F), and (D) 2.4 mM myoglobin (control).
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homogeneous phase, the presence of ferricyanide can induce
spectral changes on the Tyr9 but not on Tyr20. It is also possible
to suggest that, under conditions in which cyclic voltammetry
experiments were conducted; tyrosine at position 20 becomes
available to be oxidized. Although MccJ25 structure is extremely
stable [4,33], it is not possible to ensure that the peptide’s structure
is preserved intact when it is adsorbed at a mercury electrode and
exposed to potential. This aspect is currently under study.

Electrochemical oxidation of Tyr is well-known to be a complex
process that leads to the formation of a high-reactive tyrosyl radi-
cal [34]. The oxidized form of Tyr can be identified by its character-
istic EPR signal [35,36]. The g value of this signal has been used to
argue that the oxidation of the phenol ring is accompanied by
deprotonation of the phenol OH group, giving rise to the neutral
tyrosine radical [37]. This could be the case of MccJ25 tyrosine res-
idue and would explain, therefore, the absence of a reduction peak
in the above showed cathode potential sweep (Fig. 1). In this con-
text, it is expected that once the radical is formed in the forward
scan, it reacts to form a more stable species and thus, would not
be available for its reduction in the backward scan.

All this led us to investigate the tyrosyl radical formation as a
consequence of an oxidation process in the MccJ25 molecule.

3.3. Detection of the tyrosyl radical in MccJ25 by EPR

Globin centered radical formation in the reaction between ferric
hemeproteins such as metmyoglobin (metMb) and hydrogen per-
oxide has been studied for 40 years. One of the free radicals from
sperm whale myoglobin and hydrogen peroxide has been assigned
to a tyrosyl radical through difference spectroscopy between myo-
globins from different species and spin trapping experiments [38].
Experiments with site-directed mutant myoglobins implicated the
Tyr-103, and not the Tyr-146, as the radical site [39].

We decided to examine whether MccJ25 was able to form a
tyrosyl radical in the presence of hydrogen peroxide using EPR
techniques. To assign the radical spin trapping experiments with
DBNBS were performed.

The assay was performed incubating 2.4 mM MccJ25 in the
presence of 2.5 mM H2O2 and 1 mM DBNBS (tyrosyl radical trap-
ping). Myoglobin was used as a positive control of the reaction.
Fig. 4B shows that the oxidation of MccJ25 with H2O2 gave rise
to an EPR signal with a line shape similar to those previously re-
ported for tyrosyl radical [39]. A control in absence of DBNBS
was also performed and no signal was detected (data not shown).
Moreover, to confirm that the Tyr9 of the MccJ25 was the only
tyrosine involved in tyrosyl radical formation we carried out the
reaction with a MccJ25 (Y9F) mutant peptide. Fig. 4C shows that
the characteristic adduct signal disappeared when the reaction
was made with the mutant peptide MccJ25 (Y9F). The positive con-
trol using myoglobin showed the same characteristic signal for
tyrosyl radical [39] validating the result obtained for MccJ25
(Fig. 4D). These results confirmed that the Tyr9 of the MccJ25 mol-
ecule was oxidized by hydrogen peroxide generating a tyrosyl
radical.

In this paper we report that the Tyr9 of the MccJ25 molecule is a
redox-active tyrosine. We demonstrated by EPR experiments the
tyrosyl radical presence when the MccJ25 was incubated with
hydrogen peroxide and DBNBS. The adduct was absent when the
experiment was conducted with de MccJ25 (Y9F) mutant indicat-
ing that the Tyr20 is not capable to give the radical. The last is in
concordance with the results obtained in the redox reaction of
the MccJ25 with K3Fe(CN)6 in homogeneous phase, suggesting that
the Tyr9 but not Tyr20 is implicated in redox process in this
condition.

We previously demonstrated that Tyr9 of MccJ25 molecule is
the only amino acid involved in the membrane target action of this
antibiotic [17]. In this action MccJ25 may be capable of producing
radicals directly or indirectly by an intermediary in the respiratory
chain that is able to generate superoxide radicals. The exact mech-
anism of superoxide generation by MccJ25 is currently under
investigation by our group. Taking into account the results ob-
tained in this work, we are tempted to hypothesize that this action
would depend on the formation of a tyrosyl radical in the Tyr9
which would operate as an active-redox amino acid. Then, the oxi-
dative formation of a tyrosyl radical could be connected to the pro-
posed biological function of MccJ25 to overproduce superoxide, a
reaction that could occur via reduction of dioxygen. On other hand,
the MccJ25 (Y9F) mutant was able to inhibit RNAP but did not af-
fect cellular respiration and superoxide production in an E. coli
strain [17]. These data support the hypothesis that exist a specific
mechanism of superoxide generation, probably mediated by a
tyrosyl radical formation in MccJ25 molecule, rather than a general
mechanism in response to the action of the antibiotic on transcrip-
tion. If this is confirmed, it would be the first example of peptide
antibiotics with a redox-action mechanism.
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