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Abstract: Singlet oxygen ('O,) plays an important role in
oxidative stress in all types of organisms, most of them being
able to mount a defense against this oxidant. Recently, zinc
finger proteins have been proposed to be involved in its cellular
detection but the molecular basis of this process still remains
unknown. We have studied the reactivity of a Zn(Cys), zinc
finger with 'O, by combinations of spectroscopic and analyt-
ical techniques, focusing on the products formed and the
kinetics of the reaction. We report that the cysteines of this zinc
finger are oxidized to sulfinates by 'O,. The reaction of the
ZnS, core with 'O, is very fast and efficient with almost no
physical quenching of 'O, A drastic (ca. five orders of
magnitude) decrease of the Zn*' binding constant was
observed upon oxidation. This suggests that the Zn(Cys),
zinc finger proteins would release their Zn*" ion and unfold
upon reaction with 'O, under cellular conditions and that zinc
finger sites are likely targets for 'O,.

Singlet oxygen (‘0,), the lowest-energy-excited state of
molecular oxygen, is an important reactive oxygen species in
biology.!"! Tt is produced in all organisms, whether photo-
synthetic or not, by several light-dependent or -independent
pathways.”>! Due to its electronic structure, 'O, is a strong
oxidant that can damage all cell components: DNA, RNA,
proteins, and membranes. Various organisms possess a set of
defense genes against 'O, stress, the best characterized
defense system being that of R. sphaeroides.> In this or-
ganism, 'O, response genes are regulated by the sigma factor
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oF, which is inactivated by association with its anti-o factor
ChrR, a zinc finger protein.l”’) The presence of 'O, induces the
dissociation of the ChrR-c® complex and gene expression.
The molecular event, which causes the dissociation, is not yet
known.

Based on the known reactivity of the building blocks of
the cell components (amino acids, nucleic acids, and unsatu-
rated lipids) and their relative abundance, proteins are
considered to be the main targets of '0,.") Besides oxidative
chemical reactions, 'O, can interact with molecules by
physical quenching to give ground-state triplet oxygen (°O,)
and with regard to isolated amino acids, those with aromatic
side chains (tryptophan, tyrosine, and histidine) and with
sulfur atoms (cysteine and methionine) are the most reactive.
The chemical reaction pathway is prevalent for all these
amino acids except tryptophan, for which both pathways are
competitive.”) The reaction rate of cysteine is in the range of
2-9x10°m's™'. Regarding oxidation products, the cysteine of
glutathione is oxidized to the corresponding disulfide and
thiosulfinate ester (S—S-bond-containing compounds) as
major products and sulfinate or sulfonate as minor products.®
The photooxidation of metal-bound thiolates has been
investigated in a few examples with Ni"', Pd", Pt", and Co™
complexes of organic nonpeptidic ligands*'* but never with
Zn**. The products are always metal-bound sulfenates or
sulfinates but, in many of these cases, the rigid nature of the
ligand is not favorable for disulfide formation. Therefore,
these studies may not be relevant to the reactivity of zinc
fingers. Concerning the interaction between 'O, and zinc
finger proteins, literature is scarce. It has been demonstrated
that 'O, generated by the decomposition of an endoperoxide
can inhibit DNA binding of the nuclear vitamin D receptor
(VDR) and retinoid X receptors (RXR) which are tran-
scription factors with treble-clef zinc fingers.'Y However, the
interaction was not elucidated at the molecular level.

Herein, we describe the reactivity of a Zn(Cys), treble-
clef zinc finger with 'O,. We show that the cysteine sulfurs are
rapidly and efficiently oxidized into sulfinates, which strongly
destabilizes the Zn*" binding. Our observation suggests that
'0, can target and destroy zinc finger sites of proteins in cells.

We have developed a family of peptides modeling zinc
fingers of various folds in order to study their reactivity with
oxidants involved in oxidative stress.""'”! Concerning 'O,, we
decided to explore its reactivity with Zn-L, which models
one of the most encountered ZF folds, the treble-clef
(Figure 1).1® L;c is a cyclic peptide with a linear tail. Two
cysteines (Cys 2 and 5) are located in the PCENCGKPP cycle
and the two others (Cys 13 and 16) in the tail that is grafted on
the side chain of the glutamate in the cycle.
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Figure 1. Sequences of the peptides Lic and L;c(AAAA) (left), and the
solution structure of Zn-Lyc (right)."” Numbering of the cysteines of
Lyc is shown.

Zn-L;c is stable to triplet oxygen in phosphate buffer
(pH 7.0), but the photooxidation by singlet oxygen, generated
in situ by irradiating the Rose Bengal photosensitizer, yields
several oxidation products. To focus only on the primary
oxidation products, the irradiation time was adjusted so that
unreacted Zn-Lpc remains in the solution after irradiation.
Solutions were analyzed by HPLC. A typical chromatogram is
shown in Figure 2 and displays four new products after

photooxidation, labeled LycA-LycD.
SH
SH SH
P LTC SH
SOy
SH
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Figure 2. The chromatogram obtained after photooxidation of Zn-Lc in

LTCA
j LtcB
phosphate buffer in D,O (pD 7.0).
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All these peaks were collected and analyzed by electro-
spray ionization mass spectrometry (ESI-MS). LcC is the
already known bis-disulfide form of L with two disulfides in
each CXXC motif."" The reasons are: 1) the mass spectrum
of L;C, which displays a peak at m/z 785.3 (3 +), corresponds
to the loss of 4 Da compared with Ly, 2) the disappearance of
L;cC from the chromatogram when TCEP (tris(carboxy-
ethyl)phosphine, a disulfide reducing agent) is added to the
solution (Figure S1 in the Supporting Information, SI), and
3) the retention time of L;-C. LA, LB, and LD
displayed the same mass spectra with a 32 Da mass increase
(mlz 7973 (3+)) compared with Lyc (m/z 786.6 (3+))
suggesting the formation of products that have incorporated
two oxygen atoms. Each oxidation product was digested by
endopeptidases and analyzed by ESI-MS. For L;cD, the
digestion by both trypsin and GluC gave a peak at m/z 508.0
(1-) corresponding to the addition of 32 Da to the VCQE
digestion fragment. It loses 66 Da during MS/MS experiment
in agreement with the loss of a SO,H, fragment, thereby
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evidencing the formation of a sulfinate on Cys 13. Similarly,
for LB, the sulfinate formation on Cys 16 was evidenced by
a peak at 695.9 (1+) that is, +32 Da compared with the
CSKKE fragment. For LA, the sulfinate is formed in the
cycle as evidenced by a peak at 1171.5 (1 +) corresponding to
a +32Da increase compared with the peptide c(PCE-
(PGR)NCGKPP). Unfortunately, as the cycle cannot be
digested, it was not possible to determine which cysteine is
oxidized. Nevertheless, inspection of the structure of Zn-Ly¢
in solution as determined by NMR!! shows that the Cys 2
sulfur is totally shielded from solvent in contrast to Cys 5,
which is highly exposed. Thus, we can infer that the sulfinate
of LrcA is on Cys 5. In all cases, the peaks attributable to
nonoxidized peptidic fragments were observed as detailed in
the SL.

!0, oxidation of Zn-Ly yields 90% sulfinate-containing
peptides and 10 % bis-disulfide peptides as deduced from the
integration of the HPLC chromatograms. This result contrasts
strongly with the photooxidation of glutathione, which yields
S—S-bond-containing products (disulfide or thiosulfinate
ester) as major products (>70%)."! The same trend was
observed for the photooxidation of free Ly in D,0 buffered
at pD 7.0 that yields 65% disulfide- and 35% sulfinate-
containing peptides (Figure S6, SI). Therefore, the binding of
Zn>" to the cysteines favors the formation of sulfinate over
disulfide.

To assess the efficiency of the oxidation of Zn-Lyc by 'O,,
kinetic studies were performed. 'O, can chemically react with
Zn-Lyc toyield LycA, LieB, LcC, and LD (rate constant k,)
or it can be physically quenched by Zn-L;c (rate constant k).
The rate of total 'O, removal by Zn-Lyc (ky=k,+k,) was
measured by singlet oxygen luminescence quenching experi-
ments (Figure 3A and Table 1, see SI for experimental
details). The measurements of k, were performed by photo-
oxidation competition experiments between Zn-Lp- and
water-soluble anthracene-based 'O, traps. These traps react
with 'O, to form stable endoperoxides (Scheme 1). In such
experiments, the ratio of the rate constants k,; and k,, of two
competitors C, and C, is given by Equation (1) where [C], and
[C]; are concentrations of compound C; before and after
photooxidation, respectively.
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Figure 3. A) Singlet oxygen luminescence quenching experiment for
Zn-Lyc: plot of (lifetime) ™" versus [Zn-L;c]. B) Evaluation of k, for Zn-Lyc
by competition experiments with anthracene-based traps monitored by
HPLC.
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Table 1: Rate constants of total 'O, removal (k) and chemical reaction
with 'O, (k,) of anthracene traps and peptides in phosphate buffer (pD
7.0), 298 K.

krx 108 [M~'s7'] kx108[m~'s7]
AP 17 2) 13 (2)
AMM 13 (1) 5.4 (8)
AVS 44 (7) 28 (4)
Zn-Lic 14 (1) 43 (4)
Lic(AAAA) 1 Q) <01
EGWGK 23 (2) 46 (5)

R R
1 COO” [ele]ey SO5°
0, P
K e e e
r
R R AP

AMM AVS

Scheme 1. Structure of the anthracene-based 'O, traps and their
chemical reaction with '0,.

k, In ([Ci]ﬁ)

Three different traps were used for these competition
experiments: AP (9,10-bis(propionate)anthracene), AMM
(9,10-bis(methylmalonate)anthracene), and AVS (9,10-bis-
(vinylsulfonate)anthracene) (Scheme 1). AVS is more soluble
in water and its synthesis is more facile than that of AP and
AMM.P? We have determined the k, values of these
anthracene traps in our buffer conditions (phosphate
pD 7.0) by measuring the quantum efficiency of their photo-
oxidation (Table 1). Values for AP and AMM are identical
within experimental error to those at pH 7.4 reported by
Kuznetsova et al.”!! To our knowledge, the k, value of AVS
was not previously reported in the literature. Among these
three traps, k, increases in the order AVS < AMM < AP and
spans over approximately one order of magnitude. HPLC was
used to determine k, for Zn-L;- by competition with the
anthracene traps. All three anthracene traps gave the same
value of k, for ZnLyc [(4.3+0.4)x10°m 's™'] within the
experimental error (Figure 3 B). Hence, the chemical reaction
represents approximately one third of the rate of total 'O,
removal and the physical quenching the remaining two third
(kgm~10"M7's™").

From the nature of the reaction products LycA, LicB,
L:cC, and LcD, it is clear that the chemical reaction only
involves the zinc-bound sulfur groups, whereas the physical
quenching may originate from both the ZnS, core and its
peptidic envelope. To assess the contribution of each compo-
nent, Lic(AAAA), the 4-Cys-to-Ala mutant of L. was
synthesized (Figure 1). L;c(AAAA) corresponds to the
peptidic envelope surrounding the ZnS, core in Zn-L;, that
is {Zn-Lyc-ZnS,}. A value of (11+£1)x10°M's™ was mea-
sured for the k; of Li«(AAAA). No chemical reaction was
observed under the conditions used for the photooxidation of
Zn-L;c and the competition experiment with AVS showed the
exclusive consumption of AVS. Thus we can estimate k, <

1)

a0
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0.1x10°m 's™! for Lyc(AAAA). Hence, the physical quench-
ing measured for L;c(AAAA) and Zn-L;¢ are identical within
the limit of error. This means that in Zn-L;., the peptidic
envelope is responsible for the physical quenching of 'O, and
the ZnS, core is responsible for the chemical reaction.

The kinetics of the reaction of isolated amino acids with
!0, have been extensively studied and show that amino acids
with sulfur atoms (Cys and Met) or aromatic rings (Trp, Tyr,
His) are the most reactive. However, investigations with
regard to the incorporation of those amino acids in proteins
are scarce. Recently, Jensen et al. have reported the k, values
for tryptophan residues of various proteins in phosphate
buffer (pD 7.4).1”2 These values range from 3 x 10’Mm's™" for
solvent-exposed tryptophans down to below 10°m 's™! for
buried tryptophans. We believe that these values are over-
estimated by an order of magnitude and that the k, value for
solvent-exposed tryptophan would rather be ca. 3x
10°m~ s This was confirmed by measuring the k, value
of the tryptophan in the five amino acids peptide EGWGK. A
k. value of (4.640.4)x 10°M 's™! was obtained by competi-
tion with AMM and AVS (Table 1 and SI). Therefore, the
ZnS, core of Zn-Lyc reacts chemically with 'O, at a rate that is
similar to that of solvent-exposed tryptophan residues in
proteins. Additionally, in contrast to tryptophans, zinc fingers
are often exposed to solvent and thus, they appear as sensitive
targets for 'O,.

Finally, we focused on the consequences of the reaction of
the ZnS, core on the stability of the zinc complex in order to
determine if a treble-clef zinc finger would be destroyed
under cellular conditions. For this purpose, Zn** binding
studies were performed with the sulfinate-containing peptides
LicA, LB, and LD as previously reported for Lyc."") The
titration of LycA by Zn?" in phosphate buffer (pH 7.0) was
monitored by circular dichroism (CD) spectroscopy (Fig-
ure 4 A). The evolution of the CD spectrum is very similar to
that of the parent complex Zn-Lrc and attests to the formation
of a 1:1 metal/peptide complex as the final species. Its CD

>

CD / mdeg

CD / mdeg
CD / mdeg

CD / mdeg

115
[Zny]

Figure 4. A) CD titration of LicA (20 pum) by Zn?". B) Evolution of the
CD at 205 nm and 225 nm against the Zn?"/peptide ratio for direct
titration (A). C) Evolution of the CD at 205 nm and 225 nm for the
titration of LrcA (23 pum) and HEDTA (23 pm) by Zn*". D) Evolution of
the CD at 205 nm and 225 nm for the titration of LicA (23 um) and
EGTA (23 um) by Zn**. In (B), (C) and (D), solid lines correspond to
the fits with the K;, and K;, values given in the text. Titrations were
performed in phosphate buffer (20 mm, pH 7.0, 298 K). All spectra
were corrected for dilution.
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spectrum resembles that of Zn-Lyc thereby suggesting that
LicA folds the same way around Zn>" in the 1:1 complex.
However, the evolution of the CD spectrum at 205 nm and
225 nm shows a slight curvature below 1.0 equiv Zn>", which
was not observed with Zn-L¢ (Figure 4 B). This indicates the
presence of another complex besides the 1:1 complex and
a substantial destabilization of the 1:1 complex compared
with the parent peptide Lyc. Factor analysis performed with
the program SPECFIT?* confirmed the existence of three
absorbing species: the free peptide and the 1:1 and 1:2
complexes. To determine the apparent Zn*" binding constants
Ky =[Zn(LycA))/[Zn][LrcA] and Ky, =[Zn(LycA),)/[Zn]-
[LicA]?, titrations were performed in the presence of
HEDTA and EGTA as competitors. Fitting these titrations
with SPECFIT®! (Figure 4 C and D) yielded K, =10>°®ym™!
and K,,=10"*®m2 Notably, K,, is approximately five
orders of magnitude lower than that of Zn-Lc
(1070 1)1 A similar behavior was observed for LycD
with K;, and K,, values of 10'*®m~! and 107*@m~2
respectively (see SI).””! All this shows that the oxidation of
a single cysteine to a sulfinate significantly decreases the Zn**
binding affinity of Ly by ca. 4-5 orders of magnitude. It is
worth noting that the concentration of free zinc in cells was
estimated to be buffered around 10-100 pm.***”! By decreas-
ing the affinity of a treble-clef zinc finger from ca. 10 m™!
down to 10'"m~!, 'O, oxidation would lead to Zn>* release and
unfolding of the zinc finger domain as a structural conse-
quence.

In conclusion, we have shown that 'O, interacts exclu-
sively through chemical reaction with the zinc-bound cys-
teines of Zn-L;¢, a Zn(Cys), treble-clef zinc finger model, to
form sulfinates with a rate constant k,=(4.3+0.4)x
10°M~'s™!, which is competitive to that of the most reactive
solvent-exposed tryptophans. Such an oxidation strongly
destabilizes the zinc finger site. This study demonstrates
that zinc finger proteins can be targets for 'O,. It also shows
the possibility that some zinc fingers may be involved in 'O,
sensing, and the zinc finger site of ChrR® appears as a likely
candidate for such a role. Interestingly, a small zinc finger
protein was shown to be required for the induction of 'O,-
dependent gene expression and photooxidative stress resist-
ance in several organisms.’ The reactivity of other zinc
fingers is now under investigation.

Received: May 16, 2014
Published online: July 7, 2014

Keywords: cysteine - metalloprotein - oxidation - singlet oxygen -
sulfinic acid

[1] P.R. Ogilby, Chem. Soc. Rev. 2010, 39, 3181-3209.

[2] J. Glaeser, A. M. Nuss, B. A. Berghoff, G. Klug in Adv. Microb.
Physiol., Vol. 58 (Ed.: R. K. Poole), Academic Press/Elsevier,
London, 2011, pp. 141-173.

[3] E. C. Ziegelhoffer, T. J. Donohue, Nat. Rev. Microbiol. 2009, 7,
856-863.

[4] L. O. Klotz, K. D. Kroncke, H. Sies, Photochem. Photobiol. Sci.
2003, 2, 88-94.

[5] C. Triantaphylides, M. Havaux, Trends Plant Sci. 2009, 14,219-
228.

[6] J. D. Newman, J. R. Anthony, T. J. Donohue, J. Mol. Biol. 2001,
313, 485-499.

[7] M. J. Davies, Biochem. Biophys. Res. Commun. 2003, 305, 761 -
770.

[8] T.Devasagayam, A. Sundquist, J. Photochem. Photobiol. B 1991,
9,105-116.

[9] C. A. Grapperhaus, M. J. Maguire, T. Tuntulani, M. Y. Dare-
nsbourg, Inorg. Chem. 1997, 36, 1860 —1866.

[10] Y. Zhang, K. D. Ley, K. S. Schanze, Inorg. Chem. 1996, 35,7102 —
7110.

[11] W. B. Connick, H. B. Gray, J. Am. Chem. Soc. 1997, 119, 11620 -
11627.

[12] D. Zhang, Y. Bin, L. Tallorin, F. Tse, B. Hernandez, E. V.
Mathias, T. Stewart, R. Bau, M. Selke, Inorg. Chem. 2013, 52,
1676-1678.

[13] C. Galvez, D. G. Ho, A. Azod, M. Selke, J. Am. Chem. Soc. 2001,
123, 3381 -3382.

[14] K. D.Kréncke, L. O. Klotz, C. V. Suschek, H. Sies, J. Biol. Chem.
2002, 277, 13294 -13301.

[15] A. Jacques, B. Mettra, V. Lebrun, J.-M. Latour, O. Séneque,
Chem. Eur. J. 2013, 19, 3921 -3931.

[16] E. Bourles, M. Isaac, C. Lebrun, J.-M. Latour, O. Séneque,
Chem. Eur. J. 2011, 17, 13762 -13772.

[17] M. Isaac, J.-M. Latour, O. Séneque, Chem. Sci. 2012, 3, 3409 —
3420.

[18] C. Andreini, I. Bertini, G. Cavallaro, PLoS ONE 2011, 6, €26325.

[19] O. Séneque, E. Bonnet, F. L. Joumas, J.-M. Latour, Chem. Eur. J.
2009, 15, 4798 -4810.

[20] V. Nardello, J. M. Aubry, P. Johnston, I. Bulduk, A.H. M.
de Vries, P. L. Alsters, Synlett 2005, 2667 —2669.

[21] N. A. Kuznetsova, N.S. Gretsova, O. A. Yuzhakova, V.M.
Negrimovskii, O. L. Kaliya, E. A. Luk’yanets, Russ. J. Gen.
Chem. 2001, 71, 36 —41.

[22] R. L. Jensen, J. Arnbjerg, P. R. Ogilby, J. Am. Chem. Soc. 2012,
134, 9820-9826.

[23] These authors (see Ref. [22]) measured the k, values by
competition experiments with AMM. They assumed that
AMM interacts with 'O, by chemical reaction without physical
quenching (k,= kr) and they determined the kr of AMM to be
5.5x10"mM's™!, which differs markedly from the k, value in D,O
solution buffered with phosphate at pD 7.0 (see Table 1 and SI of
this work as well as Ref. [21]). This led to an overestimation by
a factor of 10 of the k, values they reported for the tryptophans
of various proteins.

[24] R. Binstead, A. Zuberbiihler, SPECFIT Global Analysis System,
Version 3.0, Spectrum Software Associates, 2000.

[25] We did not have a sufficient amount of LycB for complete
analysis but its behavior is similar to that of L;cD with the
formation of 1:1 and 1:2 complexes. This also suggests a weak-
ening of the 1:1 complex compared with Lrc.

[26] W. Maret, Y. Li, Chem. Rev. 2009, 109, 4682 -4707.

[27] W. Maret, Adv. Nutr. 2013, 4, 82-91.

[28] N. Shao, G. Y. Duan, R. Bock, Plant Cell 2013, 25, 4209 —4226.

www.angewandte.de

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Angew. Chem. 2014, 126, 9519 —9522


http://dx.doi.org/10.1039/b926014p
http://dx.doi.org/10.1039/b210750c
http://dx.doi.org/10.1039/b210750c
http://dx.doi.org/10.1016/j.tplants.2009.01.008
http://dx.doi.org/10.1016/j.tplants.2009.01.008
http://dx.doi.org/10.1006/jmbi.2001.5069
http://dx.doi.org/10.1006/jmbi.2001.5069
http://dx.doi.org/10.1016/S0006-291X(03)00817-9
http://dx.doi.org/10.1016/S0006-291X(03)00817-9
http://dx.doi.org/10.1016/1011-1344(91)80008-6
http://dx.doi.org/10.1016/1011-1344(91)80008-6
http://dx.doi.org/10.1021/ic970050d
http://dx.doi.org/10.1021/ic960685x
http://dx.doi.org/10.1021/ic960685x
http://dx.doi.org/10.1021/ja9723803
http://dx.doi.org/10.1021/ja9723803
http://dx.doi.org/10.1021/ic3020578
http://dx.doi.org/10.1021/ic3020578
http://dx.doi.org/10.1021/ja003993+
http://dx.doi.org/10.1021/ja003993+
http://dx.doi.org/10.1002/chem.201204167
http://dx.doi.org/10.1002/chem.201101913
http://dx.doi.org/10.1039/c2sc21029k
http://dx.doi.org/10.1039/c2sc21029k
http://dx.doi.org/10.1371/journal.pone.0026325
http://dx.doi.org/10.1002/chem.200900147
http://dx.doi.org/10.1002/chem.200900147
http://dx.doi.org/10.1055/s-2005-917104
http://dx.doi.org/10.1023/A:1012369120376
http://dx.doi.org/10.1023/A:1012369120376
http://dx.doi.org/10.1021/ja303710m
http://dx.doi.org/10.1021/ja303710m
http://dx.doi.org/10.1021/cr800556u
http://dx.doi.org/10.3945/an.112.003038
http://dx.doi.org/10.1105/tpc.113.117390
http://www.angewandte.de

