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Abstract: Quinones and quinoproteins
are essential redox components and en-
zymes in biological systems. Here, we
report the de novo design, synthesis,
and properties of model four-a-helix
bundle quinoproteins. The proteins
were designed and constructed from
three different helices with 21 or 22
amino acid residues by chemoselective
ligation to a cyclic decapeptide tem-
plate. A free cysteine unit is placed at

electrospray ionization mass spectrom-
etry, UV/Vis spectroscopy, size-exclu-
sion chromatography, circular dichro-
ism measurements, 'H NMR spectro-
scopy, cyclic voltammetry, and redox-
induced FTIR difference spectroscopy.
The midpoint redox potentials at pH 8
in aqueous solution E g of thioether
conjugates with N-acetyl cysteine
methyl ester were 89 mV and —63 mV
and with a synthetic protein 229 mV

and 249 mV versus standard hydrogen
electrode (SHE) for ubiquinone-0 and
menaquinone-0, respectively. Detailed
redox-induced FTIR difference spec-
troscopic studies of the model com-
pounds and quinoproteins show the
special resonance features for C=0O
bands at 1656-1660 and 1655-
1665 cm™! due to the sulfur substitution
to ubiquinone-0 and menaquinone-0,
respectively. The construction of model

the hydrophobic core of the protein for
binding of ubiquinone-0 and menaqui-
none-0 through a thioether bond. The
quinoproteins with molecular weights
of 11-12kDa were characterized by

spectroscopy -+

Introduction

The de novo design and chemical synthesis of proteins play
an important role in creating proteins with new functions.!!
The four-a-helix bundle as a simple and naturally occurring
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Supporting information (synthesis and characterization of benzyl- or
p-methoxybenzyl-protected hydroquinoic acids, helical net represen-
tations of helix 1—3, and structures of some natural quinones) for
this article is available on the WWW under http://www.chemeurj.org/
or from the authors.
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quinoproteins represents a significant
step toward more complex artificial
redox systems.

structural motif has become one of the most popular targets.
Two main approaches have been utilized to construct such a
scaffold. A self-assembly of amphiphilic helices was used by
DeGrado et al.” and Dutton etal. to build a number of
model proteins with biological redox cofactors including
heme,*! jron sulfur clusters,®! metal ions like diiron,?¥ fla-
vin,*! and Zn protoporphyrin IX,?" as well as radical-relat-
ed side chains of Trp and Tyr.”®! An approach proposed by
Mutter is the covalent ligation of four helices to a peptide
template termed template-assembled synthetic protein
(TASP)." TASP has the potential advantage to reduce the
folding problem with respect to the helix position and orien-
tation. This allows the construction of antiparallel four-helix
bundle proteins in a modular way from different helices.
The advance of chemical synthesis and ligation techniques
enables the construction of proteins.”) As a result, models of
hemoprotein, electron-transfer metalloproteins, and copper
proteins have been constructed by our group.[*”! Combinato-
rial synthesis and screening on a solid support has been
shown to be an efficient way of selecting proteins with co-
factors of desired properties.”” The TASP or modular organ-
ized proteins (MOP) should also provide a suitable scaffold
for an incorporation of a common redox cofactor-quinone
to mimic its redox reaction in a protein environment.

Chem. Eur. J. 2006, 12, 7236 -7245



Quinones including ubi-, mena-, and plastoquinone are es-
sential components in membrane-bound electron-transfer
reactions and conversion of redox energy to a H* ion gradi-
ent for ATP synthesis.®! These are non-covalently bound
quinones, as also found for pyrroloquinoline quinone.”!
However, there are a variety of covalently bound o-qui-
nones!'”! including topaquinone, lysine tyrosylquinone, tryp-
tophan, and cysteine tryptophylquinone (CTQ)!"! in qui-
noenzymes for catalysis and electron transfer. CTQ is de-
rived from an o-quinone-modified tryptophan side chain co-
valently crosslinked to a cysteine in amine dehydrogenase.!"
In addition, the noncovalently bound caldariella quinone
(CQ)"™in Archaea bacteria and 2-methylthio-1,4-menaqui-
none™ in Hydrogenobacter thermophilus also possess a thi-
oether bond. The thioether linkage is also quite common for
other cofactors like heme (cytochrome c),'"! flavin (flavo-
proteins and blue-light receptors),’”” and open-chain tetra-
pyrroles (phycobiliproteins and phytochromes).*!

The crystal structures of photosynthetic reaction centers,
cytochrome bc; complexes and photosystem IT'” show com-
plex interaction between quinones and their binding pockets
including hydrogen bonds, electrostatic, and hydrophobic in-
teractions. To mimic or design such a pocket for stable qui-
none binding is not yet possible by de novo design. Howev-
er, it has been attempted to covalently bind quinone to pro-
teins at a defined site in a similar way as in quinoenzymes.
Thiol addition to quinones has enabled the site-specific
binding of ubi-, mena-, or plastoquinone analogues to a free
Cys residue of a de-novo-designed protein,*** an engi-
neered cytochrome bsg,,'® and a natural protein like yeast
iso-1 cytochrome c."*!! The thioether bond linkage provides
a basis for constructing novel proteins with quinones.

Redox-induced Fourier transform infrared (FTIR) differ-
ence spectroscopy is a very sensitive and useful tool to study
the properties of quinones and their interaction with pro-
teins.'”) The vibrational modes of ubiquinones in the natural
biological systems like bacterial reaction centers,*® cyto-
chrome bcy,”™™ bo,,™ and bd™™! complexes from E. coli
and CQ in the aa(3)-type quinol oxidase from Aciidanus
ambivalens®™! were identified by using this technique.

In this study, we report the design and synthesis of four-a-
helix bundle proteins with 2,3-dimethoxy-5-methyl-1,4-ben-
zoquinone (UQ-0) and 2-methyl-1,4-naphthoquinone (me-
nadione, MQ-0) through thioether bond formation. The pro-
teins and/or model thioether quinone adducts conjugated
with N-acetyl cysteine derivatives were characterized by
electrospray ionization (ESI) mass spectrometry, UV/Vis
spectroscopy, circular dichroism (CD) measurements, size-
exclusion chromatography, "H NMR spectroscopy, cyclic vol-
tammetry, and redox-induced FTIR difference spectroscopy.

Results and Discussion
Protein design: The protein design concept is based on the

TASP approach.’l The molecular model of the four-helix
bundle protein with UQ-0 is shown in Figure 1. It is de-
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Figure 1. Structural model of the de-novo-designed four-a-helix bundle
quinoprotein UQ-MOP. UQ-0 was coupled to the Cys unit of the apopro-
tein through thioether bond formation. The backbone of the cyclic decap-
eptide template and the helices are shown as ribbon. Amino acid side
chains are shown to illustrate the thioether linkage of the four Cys units
of the template with the succinimidopropionyl (Sp) moiety formed by ad-
dition of SH to the Mp group at the N-terminal Gly of H1 and H3 and
the C-terminal Lys of H2. The UQ-0 group is shown as sticks. The pro-
gram INSIGHT II (Accelrys Inc. San Diego, CA) was used.

signed to be an antiparallel four-helix bundle protein
through assembly of three different amphipathic helices on
a cyclic decapeptide template. The two helices H2 of the
same kind are oriented antiparallel to the other two helices
H1 and H3. Their amino acid sequences (helical net repre-
sentation in the Supporting Information) are:

Hl-Acm: Mp-GNA(_J'(Acm)EELRKKHQELAEKLQKW-
CONH,

H2: Ac-NLEQFEKALKQGEELAKKLAK(Mp)-CONH,
H3: Mp-GNALEELAKKHQQLAEALQKL-CONH,
Acm = acetamidomethyl, Mp = 3-maleimidopropionyl.

The sequence of amino acids and the design principles are
similar to those previously described® except for Cys4
(highlighted in bold in the sequence above) of H1 that is
positioned in the hydrophobic face and protected by the
Acm unit for quinone binding after selective deprotection.
His11 of helices H1 and H3 also at the hydrophobic face
have been introduced as ligands for later binding of other
cofactors like heme or photoactive Zn protoporphyri-
n IX.[3[’6d]

Synthesis of quinoproteins and model compounds: The four-
helix bundle protein with a free Cys residue was synthesized
as published.** The cyclic decapeptide template with four
Cys residues protected by three orthogonal groups (trityl
(Trt), tert-butylthio (SfBu), and Acm)?! in Figure 1 (left)
and three different helices were synthesized by Fmoc solid-
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phase peptide synthesis (SPPS). Helices H1 and H3 and
helix H2 were modified at the N-terminal amino groups and
the e-amino group of the C-terminal Lys unit, respectively,
by 3-maleimidopropionic acid and ligated to the template as
described previously.**®! Final deprotection of the Acm
group of H1 in the four-helix bundle yielded a modular or-
ganized protein termed MOP with one free thiol group.
UQ-0 (Figure 1) and MQ-0 in excess were chemoselectively
coupled to the free Cys residue of MOP to form UQ-MOP
and MQ-MOP, respectively. The ESI mass spectra of MOP
and UQ-MOP (Figure 2) show the correct masses with the
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Figure 2. Electrospray ionization mass spectra of purified MOP (A) and
UQ-MOP (B).

difference of mass 180 corresponding to only one molecule
of UQ-0. The masses determined during the synthesis were
compared with the calculated values in Table 1. They indi-
cate the correct construction of the four-helix bundle protein
as well as binding of UQ-0 and MQ-0 to the free Cys unit of
MOP.

Model thioether quinone adducts were prepared through
coupling UQ-0 and MQ-0 with different Cys derivatives.
The amino group of Cys should be blocked (by acetylation)
to avoid cyclization through formation of a Schiff base with
one carbonyl group of the quinone.”” The conjugate of N-
acetyl cysteine amide with UQ-0 was found to be unstable
owing to a similar Schiff base formation with the even less
electronegative amide group (data not shown). Therefore,
N-acetyl cysteine ((N-Ac)Cys) and N-acetyl cysteine methyl
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Table 1. Masses of the intermediates during the synthesis and assembly
of the proteins.

Peptides and proteins Calcd average mass Found mass

[Da] [Da]
T(StBu),(Trt)(Acm) 1353.0 1352.5
T(Trt)(Acm) 1176.6 1176.6
H2 2608.0 2607.2+0.1
H3 2482.8 2482.7+0.4
H1(Acm) 2760.1 2760.0+0.1
T(Sp-H2), (Trt)(Acm) 6392.5 6392.8+0.9
T(Sp-H2), (Acm) 6151.3 6150.2+0.3
T(Sp-H2), (Sp-H3)(Acm) 8634.1 8632.8+0.4
T(Sp-H2), (Sp-H3) 8562.9 8562.5+0.6
T(Sp-H2), (Sp-H3)[Sp-H1- 11323.0 11324.64+0.7
(Acm)]
MOP 11251.8 11251.7+1.3
UQ-MOP 11432.0 11431.74+0.8
MQ-MOP 11422.0 11421.24+1.9

ester ((N-Ac)CysOMe) were coupled to UQ-0 and MQ-0.
In all coupling reactions, the oxidized thioether quinone ad-
ducts together with their reduced forms, parent quinones,
and their reduced forms were observed by reverse-phase
high-performance liquid chromatography (HPLC) and ESI-
MS.

To realize quinone binding to peptides or proteins, we ini-
tially tried to incorporate hydroquinonoic acids (2,5-dihy-
droxyphenylacetic acid and 1,4-dihydroxynaphthalene-2-car-
boxylic acid) into a peptide through amide bond formation
in SPPS. The purpose was to synthesize a quinone-contain-
ing peptide as a building block from different quinones that
can be incorporated into synthetic proteins. Therefore, the
acid-sensitive protecting groups such as benzyl (Bn)- or p-
methoxybenzyl (PMB)®)protected hydroquinonoic acids
were prepared through the following steps: 1. Selective pro-
tection of the carboxy group by methyl or ethyl ester; 2.
Protection of the phenol groups by Bn or PMB units; 3. Se-
lective alkaline hydrolysis of ester (synthesis details availa-
ble in the Supporting Information). The protected hydroqui-
nonoic acids were used for coupling to the e-amino group of
Lys4 instead of Cys(Acm) in helix 1 (H1) after selective
cleavage of the allyloxycarbonyl group® in SPPS. However,
we found with ESI-MS that the products generated from the
coupling, deprotection, and/or cleavage by trifluoroacetic
acid were complex and did not include the desired compo-
nent. It seemed not to be possible with this method to incor-
porate the hydroquinones into a peptide.

Therefore, a specific modification of a Cys residue in a
protein by quinones was attempted. Halogen-methyl-substi-
tuted quinones like 3-bromomethyl-2-methyl-1,4-naphtho-
quinone™! and  3-chloromethyl-2-methyl-1,4-naphthoqui-
none were synthesized (see Supporting Information) that
are known as bioreductive activation agents for the treat-
ment of cancer cells.” They showed strong reactivity
toward not only the Cys but also other amino acids (data
not shown). However, the selective thiol addition to UQ-0
and MQ-0 as described above allowed the successful con-
struction of model quinoproteins. In addition to MQ-0, 2-
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methyl-3-bromo-1,4-naphthoquinone®®”!  synthesized from
MQ-0 could bind more efficiently to a Cys residue of the
protein through thiol addition and bromide elimination with
a higher yield of about 60 %. Following a similar reaction, 3-
methyl-indole-6,7-dione™ and 6-methyl-4,7-thionaphthene-
quinonel! are suggested to specifically bind to a Cys residue
to generate CTQ and CQ mimetics, respectively.

Characterization of quinoproteins and model thioether
quinones

UV/Vis spectroscopy: Figure 3 A shows the UV/Vis spectra
of UQ-0, UQ-MOP, and UQ-(N-Ac)Cys in aqueous buffer,
pH 8.0. The intense m—nt* transition bands are at 267 nm for
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Figure 3. UV/Vis spectra of UQ-0, UQ-(N-Ac)Cys, UQ-MOP (A); MQ-
0, MQ-(N-Ac)Cys, MQ-MOP (B). The concentrations of quinones and
quinoproteins are at 30 uM in 50 mm Tris-HCI, pH 8.0, and 100 mm NaCl.
Main peaks of quinones are labeled except those of MQ-0 showing major
n—m* transition bands at 246, 249, and 262 nm, and a broad low-intensity
band at 334 nm also found with MQ-(N-Ac)Cys.

UQ-0 and 276 and 348 nm for UQ-(N-Ac)Cys and UQ-
MOP. A more intense absorption at about 276 nm for UQ-
MOP than for UQ-(N-Ac)Cys is ascribed to Trp in helix
H1. This indicates that sulfur substitution to UQ-0 causes a
red shift from 267 to 276 nm as well as a new medium band
at 348 nm. Figure 3B shows the UV/Vis spectra of MQ-0,
MQ-MOP, and MQ-(N-Ac)Cys. The absorptions around
250 nm for the fine structure of MQ-0 are replaced by a
single major peak at 259 nm for MQ-(N-Ac)Cys and MQ-
MOP. The sulfur substitution causes also a new band to
arise in the spectrum at 422 nm. In addition, there is a more
intense absorption for MQ-MOP than for MQ-(N-Ac)Cys
not only in the region of aromatic amino acids, but also in
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the visible range from 450 to 600 nm. This may indicate an
interaction of MQ-0 with the protein. The absorption spec-
tra of MQ-0 and MQ-(N-Ac)Cys in buffer are similar to
those previously measured in methanol.’” To summarize,
sulfur substitution into quinones significantly changes their
absorption spectroscopic properties.

Size-exclusion chromatography: Figure 4 shows size-exclu-
sion chromatograms of the modular proteins and the cali-

Molecular Mass / kDa

Absorbance

10 12 14 16 18 20

Elution Volume / mL

8 10 12 14 16 18 20
Elution Volume / mL

Figure 4. Size-exclusion chromatography of the synthetic proteins. The
size-exclusion chromatograms of MOP (s++++), UQ-MOP (-----), and MQ-
MOP (—) were recorded at a flow rate of 0.5 mLmin~' with a Pharma-
cia Superdex75 (1x30cm) size-exclusion FPLC column equilibrated
with 50 mm potassium phosphate buffer (pH 7) and 100 mm NaCl. Reten-
tion volumes of the proteins were determined by following the absorb-
ance at 215 nm. The inset shows the elution volumes of a set of globular
proteins (@) (low molecular weight kit). The straight line is the linear re-
gression of the calibration values. The elution volumes of MOP (m) and
UQ-MOP () at a concentration of 80 uM indicate molecular masses of
18.6 and 18 kDa, respectively.

bration with a set of globular proteins with a Sephadex 75
column. The elution times and symmetrical peaks of MOP,
UQ-MOP, and MQ-MOP indicate apparent molecular
masses in the range of 18 kDa, consistent with monomers.
The elution of a minor peak at 38 kDa indicates that 20 %
of total MQ-MOP forms a dimer. The small fraction of
dimer found with MQ-MOP may be attributed to the larger
size of MQ-0 as compared to UQ-0 being not fully adapted
to the space between the four helices. The globular form of
monomeric UQ-MOP seems to be slightly smaller than that
of MOP, consistent with a compact structure of UQ-MOP.

Secondary structures of quinoproteins: Circular dichroism
spectra of MOP, UQ-MOP, and MQ-MOP in Figure 5 show
characteristic minima at 222 and 208 nm with a ratio
[022,)/[0205] =0.87, indicating an a-helical secondary struc-
ture. The mean residue molar ellipticities at 222 nm 6y,
were —19000, —15000, —15000 degecm*dmol* for MOP,
UQ-MOP, and MQ-MOP, respectively. These values are
based on the extinction coefficient of tryptophan at 280 nm
for MOP and those of quinone in the thioethers of cysteine
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Figure 5. Circular dichroism spectra of MOP (12 uM) (—), UQ-MOP
(17 uM) (++++), and MQ-MOP (22 pM) (-----) in 20 mm potassium phos-
phate, pH 7 at 20°C. For details see text.

at 348 and 340 nm for UQ-MOP and MQ-MOP, respective-
ly. The effect of the protein is not known. Therefore, the
CD spectra have been normalized to facilitate a direct com-
parison. They are almost identical except for a minor shift
of the UQ-MOP and MQ-MOP spectrum towards short
wavelengths indicating a slightly increased fraction of
random coil conformation as compared to MOP. The values
of the ellipticity suggest a helicity in the range of 50-65 % if
100% helicity is referred to a value of —35700PY or
—32200 degcm?*dmol ™! as determined from tropothyosin.”
According to the model in Figure 1 a helicity of 89% is ex-
pected. CD spectra and gel filtration experiments do not in-
dicate substantial changes of packing and helicity of the
four-helix bundle by insertion of the quinones.

Figure 6 shows 'HNMR spectra of MOP (A) and UQ-
MOP (B) in the aromatic range. The resonances show a

A MOP

A
JVN \M‘UMN\\\

MML

Proton Chemical shift / ppm

Figure 6. One-dimensional '"H NMR spectra in the aromatic and amide
proton region of the proteins MOP (A) and UQ-MOP (B). Experimental
conditions are given in the Experimental Section. Chemical shifts are
given in ppm from DSS.

good dispersion of chemical shifts for MOP with a resolu-
tion similar to those of other designed four-helix bundle pro-
teins.®™”! The 'H NMR signals of UQ-MOP show a signifi-
cant line broadening. This could be caused by an effect of
the quinone on the packing of the hydrophobic core in the
four-helix bundle or an association at the high concentration
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used for the NMR experiment that is not observed at the
low concentration used for the experiments that produced
the data presented in Figure 4. The packing of the helices
with quinones located in the hydrophobic core of the pro-
tein is currently under investigation and will be optimized
by a computational and combinatorial”! approach.

Electrochemistry: The midpoint redox potentials of model
thioether quinone adducts and quinoproteins were charac-
terized by cyclic voltammetry in aqueous buffer. Cyclic vol-
tammograms (CV) show the half-wave reduction potentials
of UQ-(N-Ac)CysOMe (Figure 7 A) and MQ-(N-Ac)Cys-
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-0.06 -
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0.01 1

0.00

E ng=-271mV

-0.01 1

-0.4 -0.2 0.0 0.2 0.4
Potential / V (vs. Ag / AgCl)
Figure 7. Cyclic voltammograms of UQ-(N-Ac)CysOMe (A) and MQ-

(N-Ac)CysOMe (B) in aqueous buffer, pH 8.0, versus the Ag/AgCl refer-
ence electrode.

OMe (Figure 7B) as E,g=89mV and E g=-63mV, re-
spectively, versus SHE (208 mV Ag/AgCl reference elec-
trode) in aqueous buffer, pH 8.0. Compared to their respec-
tive redox potentials of unmodified UQ-0 (E,,s=102 mV,
or E,,=180mVI"*)) and MQ-0 (E,s=—61 mV):"3]
sulfur substitution to the quinones does not significantly
change their midpoint redox potentials in aqueous solution.
This is consistent with the redox potentials observed in ace-
tonitrile."™! A variation of side chains by (N-Ac)Cys™! and
glutathione™* introduced to MQ-0 could have a minor
effect on the redox potentials. A small change of the one-
electron reduction potential value by glutathionyl substitu-
tion to MQ-0 has been found by using pulse radiolysis.”” In
contrast to the methyl esters the CV of UQ-(N-Ac)Cys and
MQ-(N-Ac)Cys showed complex phenomena in aqueous
solution (not shown) and also in acetonitrile, attributable to
the influence of the carboxy group in the side chain.['*
Figure 8 shows the half-wave reduction potentials of UQ-
MOP(L) (Figure 8 A) and MQ-MOP(L) (Figure 8B) as E,;
229 and 249 mV, versus SHE (208 mV Ag/AgCl reference
electrode) in aqueous buffer, pH 8.0, respectively. In these
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Figure 8. Cyclic voltammograms of UQ-MOP(L) (A) and MQ-MOP(L)
(B) in aqueous buffer, pH 8.0.

proteins His11 of helix H3 was replaced by a Leu residue.
The midpoint redox potential of the quinones in the protein
is significantly shifted by 4140 and 4312 mV relative to
those of UQ-(N-Ac)CysOMe and MQ-(N-Ac)CysOMe, re-
spectively. In particular, the large shift of the MQ potential
was unexpected. The positive redox potentials indicate that
the amino acid residues of the four-helix bundle protein
have a strong effect on the quinones. A nearby Arg residue
may contribute to this effect. The influence of the protein
environment in an engineered cytochrome bss, on the redox
potential of UQ-0 has been found to be minimal (about
+25 mV).["*! The modulation of the redox potential of qui-
nones by protein interactions in photosynthetic reaction cen-
ters has been analyzed in detail.*®

Redox-induced FTIR difference spectroscopy: Figure 9A
shows the direct comparison of the oxidized-minus-reduced
FTIR difference spectra of free UQ-2, UQ-(N-Ac)Cys, and
UQ-(N-Ac)CysOMe for a potential step from —0.5 to 0.5 V.
The positive signals correlate with the oxidized form and
the negative modes with the reduced form of the sample. In
the electrochemically induced FTIR difference spectrum of
UQ-2 in aqueous solution (Figure9 A, top), the split v(C=
O) modes of the oxidized quinone are at 1664 and
1648 cm™ and the v(C=C) mode is at 1610 cm~1.F»2®1 At
1288 and 1264 cm™' the signals from the C~OCHj vibrations
of the 2- and 3-methoxy groups contribute.*® The ring
modes of the fully reduced and protonated forms of ubiqui-
nol contribute to the signals at 1494, 1470, 1430, and
1386 cm™!. In the spectra (Figure 9 A, middle and bottom)
of the two (N-Ac)Cys and (N-Ac)CysOMe bound UQ-0,

Chem. Eur. J. 2006, 12, 7236 —7245
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Figure 9. Oxidized-minus-reduced FTIR difference spectra of free UQ-2,
UQ-(N-Ac)Cys, and UQ-(N-Ac)CysOMe (A); free MQ-0, MQ-(N-
Ac)Cys, and MQ-(N-Ac)CysOMe (B) for a potential step from —0.5 to

0.5 V. For details see Experimental Section.

UQ-(N-Ac)Cys and UQ-(N-Ac)CysOMe shifts of the vibra-
tional modes can be expected due to the changed symmetry
of the ring by sulfur substitution. Since all modes in the qui-
none are coupled, a variation on one side of the ring, will
affect all observed vibrations, as shown before by site-specif-
ic labeling.?’¢-32"]

The v(C=0) mode of both C=0 groups can be tentatively
attributed to be involved in the broad signals at 1656 and
1640 cm ™! in both spectra. A further signal, that involves co-
ordinates from the quinone, is seen at 1256 cm™' and is at-
tributed to the C-—OCH; vibrations of the 2- and 3-methoxy
groups. The position of the v(C=C) mode, however, is not
clear. This spectral feature seems to be overlapped by a
strong negative feature at 1574 cm™' or shifted up towards
the very broad signal at 1656-1640 cm™'. The signals at 1726
and 1750 cm™! for UQ-(N-Ac)Cys and UQ-(N-Ac)CysOMe,
respectively, arise at a position typical for a v(C=0) mode,
these signals might be attributed to the introduced side
chain. Whereas for the UQ-(N-Ac)Cys variant a protonation
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reaction could be inferred, the signal at 1574 cm ™ might in-
volve contributions from side-chain variations. Another
strong feature arising in the variants is a strong negative
mode at 1410 cm~'. Though this signal is located in a spec-
tral region including several vibrations, like ring modes and
the O—H vibrational mode, an assignment to the 6(S—CH,)
vibration of the introduced side chain seems possible.

Figure 9B presents the direct comparison of the oxidized-
minus-reduced FTIR difference spectra of free MQ-0, MQ-
(N-Ac)Cys, and MQ-(N-Ac)CysOMe for a potential step
from —0.5 to 0.5 V. In the FTIR redox difference spectrum
of MQ-0, the split v(C=0) mode is at 1670 cm™' with a
shoulder at 1658 cm™'. The v(C=C) mode of the quinoid
ring is at 1626 cm ' and of the aromatic ring is at 1596 cm ™.
The mode at 1304 cm ™' has been previously attributed to a
coupled C—C/C=C vibration.”™ The ring modes of the fully
reduced and protonated form could contribute to the signals
at 1394 and 1368 cm™', however, they have not been fully
understood yet. Also for the MQ-(N-Ac)Cys and MQ-(N-
Ac)CysOMe, the binding of the side chain induces several
shifts of the different quinone modes (Figure 9B, middle
and bottom). The v(C=0) mode is downshifted to 1665 cm™
and the v(C=C) mode, though overlaid by the strong nega-
tive mode at 1586 cm™!, can still be noted at 1620 cm™! for
the quinoid ring and at 1594 cm™' of the aromatic ring. At
1286 and 1285 cm™! the downshifted signal of the coupled
C—C/C=C vibration is visible. In line with our observations
of the UQ-(N-Ac)CysOMe (Figure 9A), bands at typical
positions for a v(C=0) mode can be seen coupled with the
oxidized form at 1724 and at 1754 cm™' with the reduced
form at 1586 and 1390 cm ™.

Figure 10 shows the oxidized-minus-reduced FTIR differ-
ence spectra of UQ-MOP (A) and MQ-MOP (B) for a po-
tential step from —0.5 to 0.5 V. The spectra show the vibra-
tional modes of the bound quinones significantly shifted due
to the binding to the peptides. In the case of the UQ-MOP
the v(C=0) mode could give rise to the band at 1660 cm™
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Figure 10. Oxidized-minus-reduced FTIR difference spectra of UQ-MOP
(A) and MQ-MOP (B) for a potential step from —0.5 to 0.5 V. For details
see Experimental Section.
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and the v(C=C) mode in the shoulder at approximately
1608 cm ™. The positive signal seen at 1256 cm ™' is attributed
to the C—OCH; vibrations of the 2- and 3-methoxy groups,
however, it may also involve vibrations of the C—S linkage.
The ring modes of the fully reduced and protonated forms
of ubiquinol are tentatively assigned to the signals at 1474,
1424, and 1356 cm™!. Also here vibrations from the thioether
linkage may be expected.

In addition to the quinone signals, v(C=0O) (amide I) and
the coupled v(CN/NH) (amide II) backbone vibrations
could be involved in the spectra observed here, that is, be-
tween 1690 and 1600 cm™! (amide I) and between 1580 and
1520 cm™' (amide II). Signals that are typical of the a-helical
secondary structure elements are likely to contribute to the
broadened signal at 1560 cm™'. Comparing the data for the
quinone bound by (N-Ac)Cys and MOP, similar shifts of the
vibrational modes of about 5-10 cm™! are seen, each shifted
in the same direction, confirming that these effects could
arise from the change in symmetry of the ring, affecting all
coupled modes.

For MQ-MOP, the v(C=0) and v(C=C) vibrations con-
tribute to a large differential feature between 1690 and
1630 cm™!, probably partially overlapped by vibrations due
to the amide I. Clear assignments are not possible without
labeling of the C=0 groups. Overall the difference spectra
for MQ-MOP and UQ-MOP in Figure 9 are quite different,
indicating that the quinone modes dominate the spectra. For
MQ-MOP (Figure 9B) the v(C=0) signal is shifted down to
1654 cm™" and the v(C=C) signals can be seen between 1600
and 1590 cm™!. At 1284 cm™' the downshifted signal of the
coupled C—C/C=C vibration is visible. Possible contributions
of the signals due to the v(C=0) (amide I) backbone vibra-
tions are seen between 1690 and 1600 cm~'. No noteworthy
signals in the spectral region for the coupled v(CN/NH)
(amide II) vibrations can be seen. Comparing the data for
the quinone bound by (N-Ac)Cys and MOP, similar shifts of
the vibrational modes of about 5-10 cm™! are seen, each
shifted in the same direction, confirming that these effects
could arise from the change in symmetry of the ring, affect-
ing all coupled modes.

Significant changes of bands due to C=0 were found in
the redox-induced difference FTIR spectra for both adducts
of quinones with Cys derivatives and protein. In addition,
the proton effect resulting from carboxylic acid was ob-
served at 1726 cm™ for (N-Ac)Cys conjugates that was con-
firmed by the study of their (N-Ac)CysOMe conjugates.
Previous FTIR studies on the CQ?*Y showed quite different
spectral features from those of our model thioether quinone
adducts due to the different ring system despite having a
similar thioether bond. The FTIR and electrochemical stud-
ies of thioether-bound quinone adducts should also contrib-
ute to the understanding of their physicochemical properties
as well as the toxicological activity of quinones and thio-
ether quinone adducts.3*%
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Conclusion

Model quinoproteins were de novo designed and construct-
ed for the first time on the basis of the TASP strategy. Dif-
ferent methods of ligation of quinones to peptides or protein
were tried. Finally the thioether ligation was successful by a
direct thiol addition to trisubstituted quinones including
UQ-0 and MQ-0. The proteins with 96 amino acid residues
(My: 11-12 kDa) were chemically synthesized under the
control of each step by ESIMS. Their structural properties
and the effect of quinone binding were characterized by gel
filtration, CD measurements, and '"H NMR spectroscopy.
They all showed the a-helical structure as designed. The ab-
sorption and electrochemical properties of model thioether
quinone adducts were characterized by UV/Vis spectrosco-
py, cyclic voltammetry, and redox-induced FTIR difference
spectroscopy. The protein appeared to have a substantial
effect on the midpoint redox potential in contrast to the thi-
oether ligation. The FTIR difference spectra disclosed spe-
cial resonance features for thioether quinone adducts. The
further insertion of a flavin and heme cofactor into these
complexes may facilitate the studies of light-induced elec-
tron transfer in designed redox proteins.”>®*! Therefore,
the construction of model quinoproteins represents a basic
and significant step toward artificial photoenzymes and
more complex redox systems.

Experimental Section

General: UQ-0, MQ-0, N-acetyl cysteine [(N-Ac)Cys], N-acetyl cysteine
methylester [(N-Ac)CysOMe], and all other chemicals of the highest
available grade were obtained from Aldrich/Sigma, N,N'-diisopropyle-
thylamine (DIEA), o-(benzotriazol-1-yl)-1,1,3,3,-tetramethyluronium tet-
rafluoroborate (TBTU), 5-(4-(aminomethyl)-3,5-bis(methyloxy)phenox-
y)valeric acid/poly(ethylene glycol)/polystyrene (PAL-PEG-PS) resin,
and 9-fluorenylmethyloxycarbonyl (Fmoc) protected amino acids were
purchased from Perspective Biosystems (Framingham, MA), and pre-
loaded Fmoc-Gly-NovaSyn TGT resin was from Nova Biochem.
"H NMR data of the model quinones were recorded on a Bruker 250 or
400 MHz spectrometer. [Ds]DMSO, CH;COCD;, or CDCI; were used as
solvents.

Electron-impact (EI) mass spectrometry data were recorded by a Finni-
gan MAT 445 apparatus (EI, 70 eV). ESI mass spectra were recorded by
a Finnigan TSQ 700 tandem quadrupole mass spectrometer with an elec-
trospray interface. Peptides were dissolved in 10 pL of 50% CH;CN with
0.1% TFA for ESI-MS.

Reverse-phase HPLC: Analytical HPLC was carried out on a Waters
model 600E system equipped with a Waters model 996 photodiode array
detector. A YMC-Pack ODS-AQ stainless-steel column (150x4.6 mm,
5 um) was run at a flow rate of 1 mLmin"'. Preparative HPLC was per-
formed on a Waters DeltaPak C18 PrePak column (300 x40 mm, 15 um)
at a flow rate of 50 mLmin~'. Half-preparative HPLC was performed on
a YMC-Pack ODS column (250x20 mm, 15 um) at a flow rate of
10 mLmin~". The runs used different gradients of 0.1% TFA (buffer A)
versus 4:1 acetonitrile/water plus 0.1 % TFA (buffer B).

Synthesis of four-helix bundle quinoproteins: The four-helix bundle pro-
tein was assembled by consecutive deprotection of three different Cys
protecting groups (Acm, SrBu, and Trt) of cyclic decapeptide template
(T), T(StBu)y(Trt)(Acm), cyclo[C(Acm)-A-C(StBu)-P-G-C(Trt)-A-C-
(StBu)-P-G-].1** Each deprotection was followed by chemoselective
coupling of one of the three unprotected 3-maleimidpropionyl (Mp) heli-
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cal peptides to the template in solution as described.’) UQ-0 was chemo-
selectively coupled to the MOP by adding UQ-0 (3.6 mg, 20 pmol) in ace-
tonitrile (0.2 mL) to a solution of MOP (11.4 mg, 1 umol) in previously
degassed Tris buffer (5.0 mL, 50 mm), pH 7.5 with 6M GuHCl/acetonitrile
(3:2) and was stirred for 6 h under argon and in the dark at room temper-
ature. A minimum of K;[Fe(CN),] was added and stirred for 10 min. The
ubiquinone-modified protein was purified by reversed-phase HPLC and
lyophilized to give 4.5 mg of UQ-MOP (yield 38%). The coupling of
MQ-0 (1.0 mg, 5.8 umol) to MOP (3.0 mg, 0.27 umol) was performed in
the same manner as UQ-MOP to yield 1.5 mg of MQ-MOP (yield 49 %).
N-Acetyl-S-(2,3-dimethoxy-5-methyl-1,4-benzylquinonyl-6)cysteine, UQ-
(N-Ac)Cys: (N-Ac)Cys (81.5 mg, 0.5 mmol) was added to a solution of
UQ-0 (182 mg, 1.0 mmol) in ethanol (4 mL) and water (1 mL). The solu-
tion was stirred overnight. The mixture was diluted with water (20 mL),
extracted with ethyl acetate (2x20 mL), and the solvent was evaporated.
Preparative HPLC was used for purification and yielded UQ-(N-Ac)Cys
as a red solid (50 mg, yield 29%). '"HNMR (250 MHz, [DgJacetone,
25°C): 6=7.40 (d, 1H; NH), 4.60 (m, 1H; CH), 3.88 (s, 6H; 2x OCHy,),
3.52 (dd, 1H; CH), 3.28 (dd, 1H; CH), 2.05 (s, 3H; CH,), 1.82 ppm (s,
3H; CH;); 'HNMR (500 MHz, 90% 20 mm Tris-HCI, pH 7.5, 10%
[D,]water): 6=8.10 (d, 1H; NH), 4.31 (m, 1H; CH), 3.88 (s, 6H; 2x
OCHs;), 3.47 (dd, 1H; CH), 3.19 (dd, 1H; CH), 2.06 (s, 3H; CHs),
1.89 ppm (s, 3H; CH;); MS (ESI): m/z: 344 [M+H*], 366 [M+Na*], 709
[2M+Na*]; MS (EI, 70eV): m/z (%): 343 (4), 284 (7), 227 (76), 216
(100), 214 (44), 201 (20), 199 (12), 183 (15), 181 (11).
N-acetyl-S-(2,3-dimethoxy-5-methyl-1,4-benzylquinonyl-6)cysteine
methyl ester, UQ-(N-Ac)CysOMe: (N-Ac)CysOMe (35 mg, 0.2 mmol)
was added to a solution of UQ-0 (75 mg, 0.41 mmol) in ethanol (2 mL)
and water (1 mL). The solution was stirred overnight. Preparative HPLC
was used for purification and yielded UQ-(N-Ac)CysOMe as a red solid
(8 mg; yield 11%). "HNMR (250 MHz, [D,]DMSO, 25°C): 6=6.38 (d,
1H; NH), 4.78 (m, 1H; CH), 4.00 (s, 6H; 2x OCHj;), 3.70 (s, 3H; CH,),
3.48 (m, 2H; CH), 2.18 (s, 3H; CHj;), 1.98 ppm (s, 3H; CH3); MS (ESI):
milz: 358 [M+HT*], 380 [M+Na*].
N-acetyl-S-(2-methly-1,4-naphthoquinonyl-3)cysteine methylester, MQ-
(N-Ac)CysOMe: (N-Ac)CysOMe (90 mg, 0.51 mmol) was added to a sol-
ution of MQ-0 (182 mg, 1.06 mmol) in ethanol (6 mL). The solution was
stirred overnight. The product was purified by preparative HPLC to give
MQ-(N-Ac)CysOMe (58 mg; yield 33%). 'HNMR (250 MHz,
[Dg]DMSO, 25°C): =835 (d, 1H; NH), 7.95 (m, 2H; CH-5, CH-8),
7.68 (m, 2H; CH-6, CH-7), 448 (m, 1H; CH), 3.50 (s, 3H; CH,), 3.40
(m, 2H; CH), 2.21 (s, 3H; CH,;), 1.67 ppm (s, 3H; CH;); MS (ESI): m/z:
348 [M+H™], 370 [M+Na*].

UV/Vis spectroscopy: UV/Vis spectra of all the compounds were record-
ed on a Shimadzu spectrophotometer. All concentrations of model qui-
nones and quinoproteins were 30 uM in 50 mm Tris-HCI buffer, pH 8.0,
and 100 mm NaCl. The spectra were acquired at room temperature.

Circular dichroism spectroscopy: CD spectra were recorded on a
Jasco 700 spectrometer. A quartz cuvette with a path length of 1 mm was
used. The concentrations of MOP, UQ-MOP, and MQ-MOP in 20 mm
potassium phosphate buffer (pH 7.0) were determined to be approxi-
mately 12, 17, and 22 uM through the absorbance of the tryptophan resi-
due at 280 nm (¢=5700 cm~'m™"), thioether ubiquinone adduct at 348 nm
(¢=3000 cm™'m~!, determined from UQ-(N-Ac)Cys), and thioether me-
naquinone adduct at 340 nm (¢=5000 cm~'m~') for MOP, UQ-MOP, and
MQ-MOP, respectively.

Size-exclusion chromatography: Size-exclusion chromatography was per-
formed on a Hewlett—Packard model 1050 Ti HPLC system equipped
with a Pharmacia Superdex 75 column (10x300 mm) equilibrated with
50 mMm potassium phosphate buffer (pH 7) and 100 mm NaCl. To estimate
the molecular mass of apoprotein and quinoproteins, the column was
calibrated with bovine serum albumin (67 kDa), ovalbumin (43 kDa), o-
chymotrypsinogen (25 kDa), myoglobin (17.6 kDa), ribonuclease A
(13.7 kDa), aprotinin (6.5 kDa), and vitamin B,, (1.36 kDa). Peptide and
protein samples were eluted at a flow rate of 0.5 mLmin™', the absorb-
ance was monitored at 215 nm.

'HNMR spectroscopy: 'HNMR data were recorded on a Bruker
500 MHz spectrometer. Spectra were acquired with MOP and UQ-MOP
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at a concentration of 1.3 mm and 0.7 mm, respectively, in 20 mm Tris/HCI,
pH 7.5 and 10% D,O at 301 K.

Cyclic voltammetry: Cyclic voltammetry of quinones in aqueous buffer
solution was carried out in an electrochemical set up consisting of a gold
mesh as working electrode, a platinum counter electrode, and a 3 m KCl/
Ag/AgCl reference electrode, in an ultrathin cell as reported before.*!)

Fourier transform infrared difference spectrometry: For electrochemistry,
samples were dissolved in 100 mm phosphate buffer containing 100 mm
KCI at a concentration typically in the range of 1 mm. The ultra-thin-
layer spectroelectrochemical cell for the UV/Vis and IR measurements
was used as previously described.® Sufficient transmission in the 1800—
1000 cm ™' range, even in the region of strong water absorbance around
1645 cm ™!, was achieved with the cell path length set to 6—8 um. To
avoid protein denaturation, the gold-grid working electrode was chemi-
cally modified by a 2 mm solution of cysteamine reported,*” but includ-
ing 1 mm mercaptopropionic acid. To accelerate the redox reaction, a
mixture of 15 mediators was used at a final concentration of 45 pum
each.®l At the given concentrations, and with the path length below
10 um, no spectral contributions from the mediators in the visible and IR
range used could be detected in control experiments with samples lacking
the protein. Approximately 6-7 uL of the protein solution were sufficient
to fill the spectroelectrochemical cell. Potentials were measured against
an Ag/AgCl/3m KCI reference electrode and 208 mV were added to
obtain SHE (pH 7) potentials.

FTIR difference spectra as a function of the applied potential were ob-
tained simultaneously from the same sample with a set up combining an
IR beam from the interferometer (a modified IFS 25, Bruker, Germany)
for the 4000-1000 cm™" range."*”! First, the protein was equilibrated with
an initial potential at the electrode, and single-beam spectra in the IR
range were recorded. Then a potential step towards the final potential
was applied, and single-beam spectra of this state were again recorded
after equilibration. Difference spectra were calculated from the two
single-beam spectra with the initial single-beam spectrum taken as refer-
ence. No smoothing or deconvolution procedures were applied. The equi-
libration process for each applied potential was followed by monitoring
the electrode current and by successively recording spectra in the infra-
red range until no further changes were observed. The equilibration gen-
erally took less than 5 min for the full potential step from —0.3 to 0.7 V.
Typically, 128 interferrograms at 4 cm™' resolution were coadded for each
single-beam IR spectrum and Fourier-transformed by using triangular
apodization. 10-20 difference spectra were averaged.
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