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Enzymes and biological complexes often utilize noncovalently
or covalently bound cofactors for their functions. Quinones are such A disulfide dimer
molecules. Three classesmfjuinone: ubi-, mena-, and plastoqui-
none are noncovalently bound components in photosynthetic
electron transfer (ET) and respiratory chalnlature has also
crafted a variety of covalently bound quinone cofactamsluding
a recently found cysteine tryptophylquinone (CT®TQ consists
of an o-quinone-modified tryptophan side chain cross-linked to a SEREH :
cysteine via a thioether bond. These natural constructs are in favor 10 15 20 25
of generating new functions through chemical modification of pro- TIME /min
teins with quinone$ Recently, 3,4-dihydroxy-phenylalanine was 50
incorporated into proteins by expanded genetic-code technique to
generateo-quinone bound to proteirfsHowever, is it possible to
simply modify side chains of amino acids witkquinones to realize
a similar goal? The sulfur addition and substitution reaction to
guinones has been thoroughly investigdtedhich together with o} B2 Y13
their redox cycling is attributed to one of their toxic mechanigfts. . J,J N
For instance, 2,3-dimethoxy-5-methyl-1,4-benzoquinone (U§-0), 1w 10 2»?.?[;’: 20 a0
and 2-methyl-1,4-naphthoquinone (menadione, MQv@jre co- Figure 1. (A) HPLC chromatograms monitored at 215 nm of reactions
valently bound to thg8-93 cysteinyl residue of human oxyhemo-  petween MQ-0 (solid line), MQ-S(CHOH (dotted line) and cyt at pH7.5
globin via 1,4-Michael-type of thiol addition to quinones (Scheme after 3 h. (B) PSD-MALDI-mass spectrum of Mé&eptide 8+103. (C)
1A). These quinones have also been shown to induce the dimer-Cartoon structure of yeast iso-1 ogt(lycc PDB) drawn with PyMOL.
o . . . . Cys-102 is modified by quinones via thioether bond formation.
ization of proteins such as ArB sensor kinase via an intermolecular
disulfide bond® and even the polymerization of the phosphorylated Scheme 1. Covalent Attachment of Quinones to Cysteine of
tubulin binding region of tau protei. To better understand the  Proteins via Thiol Addition (A) and Thiol Addition—Elimination
molecular action mechanisms of these quinones and to provide gReaction ®)
general and simple method of binding quinones to proteins, we A Thicl addition reaction
studied the interactions of UQ-0, MQ-0, and 2,3,5-trimethyl-1,4- R1){jCH3
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benzoquinone (TMBQ) with proteins. Rs
Cytochromec (cyt ¢) as a common protein electron carrier is or KglFe(CN)g]
often used to prepare ET models by chemical modificatfdtere B. Thiol addition-elimination reaction
yeast iso-1 cyt!3 from Saccharomyces cerisiae with free Cys- o o
102 was used as a model protein. For the coupling reactions, UQ- CHs pHa-75  Ri CHs .
. . o . + Hs _— HSR
0, MQ-0, and TMBQ (dissolved in acetonitrile 1.0 mg/mL, all in  r; SR Ry s—{protein)
[¢] [¢]

20-fold molar excess) were incubated with cydt a concentration
of 1.0 mg/mL (79uM) in degassed 50 mM Tris-HCI buffer, 100
mM NacCl, pH 7.5. The solutions were then stirred for&h at
RT under argon in the dark. Reverse phase HPLC of reaction molecule of each quinone was attached. The quinone-modified
products between UQ-0, MQ-0 (Figure 1A, solid line), and TMBQ Proteins were isolated by HPLC.

and cytc at pH 7.5 shows the formation of the respective quinone ~ To further investigate the properties of such thioether quinones,
cyt ¢ adducts. (Yields, ESI mass spectra, and ESI-MS data of all model compounds were synthesized by coupling of UQ-0, MQ-0,
products in Supporting Information.) The chromatograms show also and TMBQ with 2-mercaptoethanol [HS(GOH] and/orN-acetyl

a disulfide dimer of cytc and a mixture of unreacted cgtand L-cysteine [(N-Ac)Cys] using a reductive addition and oxidation
oxidized cytc with sulfinic acid (SQH). At pH 4 all reactions ~ reaction (Supporting Information). Unexpectedly, the oxidized
occurred with an increase of quinoreyt ¢ adducts and a decrease  thioether quinone adducts showed reactivity towardecgimilar

of disulfide dimer as compared to pH 7.5. The difference masses 0 that of their parent quinones through a thiol additi@fimination
between cyt and UQ-cyt ¢, MQ—cyt ¢, TMBQ—cyt ¢ were 180, reaction (Scheme 1B). Figure 1A (dotted line) shows the formation

167, and 155+ 1.2, respectively, which indicated that only one ©f the same products as that of MQ-0 by reaction of MQ-S{H
OH (an anti-cancer substan&eyith cyt c. This demonstrated the

 Institut fir Biologie II/Biochemie. covalent blndlng of thlo_ether quinone addL_Jct to prote_ln via a thiol-
*Institut fir Physikalische Chemie. exchange reaction, which provided experimental evidence for the
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Figure 2. Normalized UV~vis spectra of UQ-cyt (dotted line) and cyt

c (solid line) in 50 mM Tris-HCI, 100 mM NaCl, pH 8.0. (Inset) Difference
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Figure 3. Cyclic voltammograms of UQ-0, UQ-S(GlHOH, and UQ-(N-
Ac)Cys in CHCN/0.1 M tetrabutylammonium hexafluorophosphate.

mechanism of its inhibition of tyrosine phosphatédt also

corrects the conclusion that thioether quinone conjugates are inactivel

toward other thiols$® For ET studies free thiols should be removed
to avoid a possible loss of thioether quinone moiety in proteins.
The specific binding site of the three quinones in cyvas

investigated by bromide cyanogen cleavage. The peptide fragments (1)

cleaved at Met-80 [sequence-8103: AFGGLKKEKDRNDLITYL-
KKA C(102)E] containing a quinone moiety were isolated by HPLC.

Post-source decay-matrix assisted laser desorption ionization mass

spectrometry (PSD-MALDI-MS) was used to investigate their
fragmentation. The mass spectrum of the M@gptide (z 2810)
(Figure 1B) shows two significant fragment ionsmafz 1737 and
1458 which correspond to thggion with a menaquinone moiety
and h3 ion without such modification, respectively. Therefore,
MQ-0 should be located within the last 10 amino acids. In addition,
a significant fragment ion atvz 2607 can be attributed to the
peptide after loss of menaquinone moiety with a thiol group
(MQSH) via p-elimination!® This confirmed that MQ-0 was
covalently bound to Cys-102 (Figure 1C). A similar fragmentation
pattern for UQ- and TMBQ-peptide 81103 indicated the same
binding site as that found with MQ-0.

The UV-vis spectrum of U@-cyt ¢ (Figure 2) showed in
addition to the absorption of cytdistinct features with maxima at
268 and 330 nm characteristic for the quinone with thioether linkage
to the protein, as highlighted in the inset.

Changes of redox properties of the quinones by sulfur substitution
were investigated by cyclic voltammetry in acetonitrile. The cyclic
voltammograms (CV) of UQ-0 and UQ-S(GHOH (Figure 3top
andmiddle show two characteristic one-electron reduction steps
with redox potential€,® and E,° and a minor change d&;° by
the thioether bond from-0.67 to —0.60 V. The CV of UQ-(N-
Ac)Cys (Figure 2potton) shows, in addition to the two reduction

steps, an extra one at a more positive potential due to the carboxylic

acid group of Cyd’ The CVs of MQ-0, MQ-(N-Ac)Cys, TMBQ,
and TMBQ-(N-Ac)Cys were similar to those of the UQ derivatives
except for more negative values (Supporting Information). The small
redox shift ofE;° is probably due to a modification of the electron
density by sulfur addition. This negative shift of the redox potentials
is consistent with previous data in aqueous solution found for MQ-
(N-Ac)Cys and MQ-0 glutathione conjugate

Taken together, the electrophilicity of quinones enables their
specific modification of the free Cys-102 of yeast iso-1 cyds
that of oxyhemoglobif:® The oxidative property causes the
intermolecular disulfide bond formation as also found for ArB
sensor kinasé and even polymerizatidh of proteins. Through
separation of quinone thioether protein adducts from dimers of
protein the quinones bound to proteins were available. The
generated quinones with a thioether bond possess common structural
features of both noncovalently bound ubi-, mena-, and plastoquinone
and covalently bound CT&The method provides a general, simple,
and fast route to attach different quinones to cysteine-containing
proteins. Thioether quinone conjugates show additelimination
reaction toward thiol groups of proteins, which suggests that these
quinones may be transferred between proteins. These results should
also contribute to the understanding of biological activities, toxicity,
and the anti-cancer mechanism of quinones and thioether quinone
adducts. De novo design and chemical synthesis of proteins with
quinones, heme, and flavin are under investigation for ET std8lies.
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