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ABSTRACT: A new way to study the electrochemical properties of proteins by coupling front-face fluorescence
spectroscopy with an optically transparent thin-layer electrochemical cell is presented. First, the approach was
examined on the basis of the redox-dependent conformational changes in tryptophans in cytochrome ¢, and its
redox potential was successfully determined. Second, an electrochemically induced fluorescence analysis of
periplasmic thiol-disulfide oxidoreductases SoxS and SoxW was performed. SoxS is essential for maintaining
chemotrophic sulfur oxidation of Paracoccus pantotrophus active in vivo, while SoxW is not essential.
According to the potentiometric redox titration of tryptophan fluorescence, the midpoint potential of SoxS
was —342 + 8 mV versus the standard hydrogen electrode (SHE') and that of SoxW was —256 + 10 mV versus
the SHE'. The fluorescence properties of the thioredoxins are presented and discussed together with the

intrinsic fluorescence contribution of the tyrosines.

Periplasmic thiol-disulfide oxidoreductases SoxS and SoxW
are both formed upon oxidation of reduced sulfur compounds
(Sox) of the facultative chemotrophic bacterium Paracoccus
pantotrophus. While SoxS is an essential component for inorganic
sulfur oxidation of P. pantotrophus in vivo, it was reported that
SoxW is not required (/—3). These proteins are members of the
thioredoxin superfamily that are typically distinguished by their
redox partners and functions in the dithiol/disulfide structure of
proteins. They carry a Cys-Xaa-Xaa-Cys active-site sequence
motif and are able to reduce protein disulfides. SoxS specifically
reduces an interprotein disulfide that renders a key protein of the
system inactive (4, 5). In this work, we aim to analyze the redox
potential of the thioredoxin-like proteins from P. pantotrophus.

Redox electrochemistry of proteins relying on classical tech-
niques like cyclovoltamperometry is often hindered by the
unspecific absorption to the electrodes (6—38). For several pro-
teins, the redox-dependent change of a signal in the visible
spectral range was successfully used to characterize the proteins
in solution. However, because the thioredoxin-like proteins do
not absorb in the visible spectral range, a different solution was
required. Fluorescence techniques rely on tyrosine (Tyr), phenyl-
alanine (Phe), and tryptophan (Trp) that are the natural chromo-
phores in proteins. Trp is the most extensively used amino acid
for fluorescence analysis of proteins. In a protein containing all
three fluorescent amino acids (Tyr, Trp, and Phe), the observa-
tion of Tyr and Phe fluorescence is often complicated because of
the overlap by the Trp resonance energy transfer (9, 10). The use
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of Tyr and Phe fluorescence is often limited to Trp-free protein,
with few exceptions (/7). The presence of Trp residues as intrinsic
fluorophores in most proteins makes them an obvious choice
for fluorescence spectroscopic analysis. Intrinsic fluorescence of
proteins has been used in numerous biochemical and biophysical
studies to probe protein structure and dynamics. The spectral
signatures are typically influenced by the characteristics of the
microenvironment and the location of the fluorophores in the
protein (12, 13).

The intrinsic fluorophores as well as the biochemical data of
SoxS and SoxW and their Hisg-tagged derivatives are listed in
Table 1. They are evidently suitable for a fluorescence spectro-
scopic approach. We note that for both the Hiss-SoxS and Hisg-
SoxW proteins, the MRGSHHHHHHGSDDDDK sequence for
the enterokinase cleavage site has been added (bold).

In this study, we describe a new way to determine the midpoint
potential of the proteins, by coupling front-face fluorescence
spectroscopy (FFFS)! with an optically transparent thin-layer
electrochemical (OTTLE) cell. The right-angle fluorescence spec-
troscopic techniques cannot be applied to solid substances or
nontranslucent solutions, because of the large absorbance and
scattering of light (/4). However, Parker (15) developed a
technique for reducing the scattering effect by changing the angle
of incidence on the sample from 90° to 56°. This technique is
known as front-face fluorescence spectroscopy, and it is reported
thatitis able to provide information at the molecular level for gels
and for other dairy products, including milk and yogurt (16).

Previous studies based on in situ fluorescence spectroelectro-
chemistry are available (/7—21), some of them using an optically

'Abbreviations: Cyt ¢, cytochrome ¢; FFFS, front-face fluorescence
spectroscopy; OTTLE, optically transparent thin-layer electrochemical;
SHE/, standard hydrogen electrode (pH 7).
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Table 1

SoxS SoxW Hisg-SoxS Hisg-SoxW
no. of amino acids minus leader peptide 99 166 116 183
no. of Trp residues 2 3 2 3
no. of Tyr residues 3 3 2 3
MW minus leader peptide 11077.1 18720.3 13064.76 20707.3
pl 4.29 4.78 5.05 S.11

transparent thin-layer electrode (22, 23). Dias et al. (24) reported
the efficiency of a spectroelectrochermical cell by coupling
electrochemistry with fluorescence spectroscopy. Recently, a
study on the combined fluorescence and electrochemical inves-
tigation of the binding interaction between organic acids and
human serum albumin has been performed (25).

Here we have employed electrochemistry coupled to the
steady-state front-face fluorescence spectroscopy to study the
thioredoxin-like proteins from P. pantotrophus. The analysis was
performed with the help of the redox-dependent change in
tryptophan fluorescence. In addition, cytochrome ¢ was used
as a well-known probe to show that the technique leads to reliable
results (26).

MATERIALS AND METHODS

Materials. Cytochrome ¢ from horse heart (97% pure based
on 6% H,0 content) was purchased from Sigma. The concen-
tration of the cytochrome ¢ was 2 mM in 45 mM Tris-HCI (pH
7.4), and all measurements were performed at 5 °C.

Thioredoxins SoxS and SoxW from P. pantotropus were
produced as Hisg-tagged proteins without leader peptides in
Escherichia coli and purified by Ni affinity chromatography as
described for SoxS (4).

To amplify the sox W gene without the signal peptide coding
region, we used polymerase chain reaction (PCR). Primers S58
(5-AAAAGGATCCGATGACGATGACAAAGCCGAAAT-
CGGCGACGACGG-3)and S59 (5-TTTTAAGCTTCAGCC-
GAAGATGTCGGCGGTG-3') introduced the template for an
enterokinase cleavage site upstream of sox . This fragment was
cloned into the BamHI and HindIII sites of expression vector
PQE30 (Qiagen). The hexahistidine tag-coding region was speci-
fied by the vector. The resulting plasmid pRD191.10 was trans-
formed in E. coli M 15 also containing plasmid pREP4 (Qiagen),
which delivered additional /ac repressor.

To produce Hise-SoxW, cells were cultured aerobically at
30 °C in 1 L of LB medium supplemented with Amp'® and
Km? at 30 °C. When the ODy reached 0.8, cells were induced
with 0.2 mM IPTG for 4 h at 30 °C. Cells were harvested and
washed twice with 50 mM potassium sodium phosphate buffer
(pH 7.2) with 300 mM NaCl, 10 mM imidazole, 1 mM MgCl,,
and 1 mM phenylmethanesulfonyl fluoride. Cells were resuspended
in the same buffer and passed three times through a French press
at 8000 psi. Whole cells and cell debris were separated from
soluble proteins by centrifugation at 20000 rpm and 4 °C for
30 min. The supernatant (1.1 mL with 40 mg of protein) was
applied on a 6 mL Ni(II)-NTA-agarose column (Qiagen) equili-
brated with resuspension buffer. The column was washed with
resuspension buffer and then with the buffer containing 20 mM
imidazole. Hiss-SoxW was eluted with resuspension buffer con-
taining 250 mM imidazole. Hisg-SoxW-containing fractions were
pooled and dialyzed against 50 mM Tris-HCI (pH 7.5) with
I mM ethylenediaminetetraacetic acid.

The solutions were prepared in 45 mM Tris-HCI buffer (pH
7.4). Tris(hydroxymethyl)aminomethane was purchased from
Sigma-Aldrich. The pH was measured using a Microprocessor
pH-Meter (model pH 211) from HANNA Instruments. Ludox,
AS-40 Colloidal Silica, a 40 wt % suspension in water, was
purchased from Sigma-Aldrich.

Steady-State Fluorescence. The fluorescence emission spec-
tra were recorded with a Fluorolog FL.3-22 instrument equipped
with a 450 W xenon lamp and a TBX 04 detector (Horiba Jobin
Yvon), using 5 nm bandpasses for the excitation and emission
monochromators, an increment of 1 nm for the emission mono-
chromator, and integration times of 0.1 s. The emission spectra
were corrected for the lamp, the monochromators, and the
detector response. The excitation wavelengths were 275 nm (for
the contribution of Tyr and Trp) and 300 nm (for the contribu-
tion of Trp). The contribution of Tyr to the total protein
fluorescence is estimated by subtraction of the Trp emission
spectrum (4e, = 300 nm) from that obtained at 275 nm (1), after
normalization of the two spectra above 380 nm, where the Tyr
emission is negligible.

The protein concentration after purification was 4.89 uM in 45
mM Tris-HCI (pH 7.4), and all measurements were taken at 5 °C.
A dithiothreitol (DTT) solution was prepared in 45 mM Tris-HCI
buffer (pH 7.4) and used within a few hours of preparation. The
SoxS and SoxW proteins were incubated for 15 min in the
presence of 1 mM DTT.

Time-Resolved Fluorescence. The fluorescence decay for
the SoxS and SoxW protein was collected by the time-correlated
single-photon counting (TCSPC) technique. The excitation
source was an electroluminescent diode (NanoLED-295, Horiba
Jobin Yvon) emitting at 295 nm with a bandwidth of ~12 nm
giving pulses of ~730 ps for the full width at half-maximum. The
NanoLED diode operated with a 1 MHz repetition rate, a coaxial
delay of 70 ns, a time-to-amplitude converter (TAC) range of
50 ns, and a 14.5 nm band-pass. The decay curves were stored in
2048 channels of 0.028 ns/channel. The NanoLED pulse was
recorded using a diluted Ludox solution (0.01%).

To determine the fluorescence lifetime of the SoxS and SoxW
proteins, we fitted the fluorescence decay data to a triple-
exponential function:

F(t) = oy exp(—t/t)) + 0 exp(— 1/12) + o3 exp( — 1/73)

using Decay Analysis Software with reconvolution (DASG6), from
Horiba Jovin Yvon.

The data were fitted using nonlinear least-squares meth-
ods (27). The quality of the data fit was judged using statistical
parameters and graphical tests. The reduced y* values were close
to 1. The weighed residuals were low and uniformly distributed
around zero.

Electrochemistry Coupled to the Steady-State Front-
Face Fluorescence Spectroscopy. The spectroelectrochemical
cell used in the steady-state front-face fluorescence analysis was



Article
Sample
Excitation
.......... :"2_%5 Mirror
Filter / wr O/
Electrochem. W/0 ) L.
Cell fa*"
o
Mirror m
3,
w
1]
2
3
Detector

F1GURE 1: Optical pathway of electrochemically induced fluores-
cence analysis (adapted from Horiba Jobin Yvon Inc.).

adapted from that of Moss et al. (28). While the main body of the
cell and the electrode geometry remained identical, the cell
dimensions and the cell holder were adapted to the spectro-
fluorimeter.

To avoid the fluorescence contribution of the window material
and to reduce the reflection, quartz windows on a support of
black Plexiglas were used. A gold grid was used as the work-
ing electrode. This electrode was chemically modified with 2 mM
cysteamine for 1 h and then washed with distilled water (29). The
counter and reference electrodes were a Pt wire and an Ag/AgCl-
saturated 3 M KCl electrode, respectively. The working electrode
was then set into the cell and pushed against the window to form a
thin layer of solution (~10 um). For SoxS and SoxW proteins, the
potential step applied was in the range of —650 to —375 mV (vs
the Ag/AgCl-saturated 3 M KClI electrode); add 208 mV for the
standard hydrogen electrode (SHE') potentials.

For all electrochemical and spectroscopic experiments, sam-
ples were concentrated to the millimolar range, from 1.5 to
1.6 mM, in 45 mM Tris-HCl buffer (pH 7.4); KCl was added to a
final concentration of 100 mM. The working protein solution
volume was ~7 uL. To accelerate the redox reactions, we added a
mixture of 18 mediators at substoichiometric concentrations of
40 uM each to the protein solution (29). The midpoint potentials
for each used mediator are given in parentheses: ferrocenyltri-
methylammonium iodide (643 mV), 1,I’-dicarboxylferrocene
(642 mV), diethyl-3-methylparaphenylenediamine (365 mV),
ferricyanide (422 mV), dimethylparaphenylenediamine (369 mV),
1,1'-dimethylferrocene (339 mV), tetramethylparaphenylenedia-
mine (268 mV), tetrachlorobenzoquinone (278 mV), 2,6-dichlor-
ophenolindophenol (215 mV), ruthenium hexamine chloride
(198 mV), 1,2-naphthoquinone (—143 mV), trimethylhydroqui-
none (98 mV), menadione (—14 mV), 2-hydroxy-1,4-naphtho-
quinone (—127 mV), anthraquinone 2-sulfonate (—227 mV),
neutral red (—309 mV), benzyl viologen (—362 mV), and methyl
viologen (—448 mV) (29). The absence of a noticeable fluores-
cence contribution from the mediators was verified in control
experiments with the buffer and the mediators alone.

The cover lid of the cell holder of the spectrofluorimeter was
also adapted to have a connection among the spectroelectro-
chemical cell, the potentiostat (for electrochemical monitoring
and recording), and a water thermostat; the cell was kept at 5 °C.
The optical pathway for the coupling of the front-face fluores-
cence spectroscopy device with the spectroelectrochemical cell
was adapted from Horiba Jobin Yvon Inc. and is presented in
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Figure 1. One difficulty in taking OTTLE measurements was the
fact that quantitative kinetic information is based on the large
electrode area whereas the solution volume is very small. This
feature is more readily retrieved using specular reflectance
spectroscopy, where the light passes through the solution twice
upon reflection on the electrode (30). A greater sensitivity could
be obtained by using a grazing incidence.

The spectroelectrochemical cell, inserted into a support, was
mounted in the central interior of the cell holder of the spectro-
fluorimeter on a plate support. To obtain the best fluorescence
and electrochemical responses, the angle between the spectro-
electrochemical cell and the plate support was 90°. Moreover, the
support of the cell was constructed in a way that it permitted the
fine adjustment of the angular position in relation to the
excitation beam. As one can see in Figure 1, the excitation beam
from a 450 W xenon lamp was emitted at an angle of 90° relative
to the surface of the working electrode, then reflected through the
first mirror, and launched on the second mirror, which is found
between the cell holder and detector. Here the emission fluores-
cence signal was collected. The incidence angle of the excitation
radiation was set at 22.5° to ensure that the reflected light and
scattered radiation phenomena were minimized. Essentially, the
front-face illumination geometry leads the excitation and emis-
sion beam in such a way that the fluorescence emission is finally
collected by the detector at a right angle. Moreover, the relation
between the transmission of the optics and the detector response
is wavelength-dependent.

For the excitation 10 nm bandpass and for the emission 5 nm
bandpass monochromators, an increment of 1 nm for the
emission monochromator and an integration time of 1 s were
used. The emission spectra were corrected for the lamp, the
monochromator, and the detector response. The excitation wave-
lengths were 275, 280, 295, and 300 nm.

Via application of a potential to the working electrode, the electron
transfer process induced a normal quenching of the Trp fluorescence.
The Trp fluorescence intensity, with an emission wavelength between
320 and 345 nm, was then monitored and recorded.

RESULTS AND DISCUSSION

Steady-State Fluorescence Analysis of SoxS and SoxW.
The fluorescence emission spectra of SoxS were recorded at two
excitation wavelengths, 275 and 300 nm. The fluorescence emission
maximum was almost the same for both excitation wavelengths.
Fluorescence emission was observed at 337—340 nm (A,), a
fluorescence typical for tryptophans localized in a hydrophobic
environment (Figure 2A). SoxS belongs to the thioredoxin 1
family founded with E. coli thioredoxin | with an active site that
comprises residues Gly-'*Cys-Leu-Tyr-'°Cys-Ala (the number-
ing is based on the periplasmic form of the SoxS protein without
the periplasmic leader peptide) (4). It was found that SoxS
exhibits a kink within a-helix al, which contains the active site
at its N-terminal end, caused by a conserved >Pro residue that
is common for other thioredoxins. This behavior implies that
the active site becomes more accessible to the environment (4).
On the basis of the sequence alignment with the known members
of the thioredoxin family (37, 32), the '*Trp residue can be found
in the proximity of the "Tyr residue, from the active site, '*Cys-
Leu-Tyr-"Cys. They can be expected to contribute at least
partially to the spectrum seen here.

The fluorescence emission spectra of SoxW at 320—323 nm
(Aem) (Figure 2B) probably involve a Tyr contribution. In direct
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FIGURE 2: Fluorescence emission spectra of the SoxS (A) and SoxW
(B) proteins. Spectra S; and S, were obtained with 275 and 300 nm
excitation, respectively. The Tyr contribution was calculated as a
difference between spectra S; and S, after their normalization at
400 nm. The protein concentration was 4.89 uM in 45 mM Tris-HCI
(pH 7.4), and the experiments were conducted at 5 °C.

comparison to SoxS (Aen, = 340 nm), the blue-shifted Trp
emission (323 nm) reflected the existence of a buried Trp residue.
The contribution of Tyr fluorescence to the overall protein
emission was calculated (see Materials and Methods) and
represented ~7% for SoxS (the Tyr fluorescence emission has
a maximum at 316 nm) and 22% for SoxW; here the Tyr
fluorescence emission has a maximum at 312 nm (Figure 2A).
Overall, the fluorescence emission spectra of the SoxS and SoxW
proteins showed a fluorescence emission that is essentially caused
by the Trp residues and a minor contribution caused by Tyr
residues.

To fully reduce the disulfide bonds of the thioredoxins, we
recorded fluorescence emission spectra of SoxS and SoxW in the
presence of DTT. In the case of SoxS, reduction of the disulfide
bond caused a 1.5-fold decrease in fluorescence intensity and a
2 nm red shift (Figure 3A). This behavior was mainly due to a Trp
residue. For the SoxW protein, no shift in the wavelength of the
emission maximum was observed and the fluorescence intensity
was slightly decreased (Figure 3B). These results implied that the
changes induced upon reduction were small for this protein.
SoxW does not have a Trp close to the active-site helix; although
2 Asp is close to '®Cys, " Trp seems to stick out. An exposure of
PTrp to a lower surface hydrophobicity upon reduction of the
disulfide bonds may be considered.

Time-Resolved Fluorescence Analysis of SoxS and
SoxW. Fluorescence lifetime measurements have been pre-
viously used to study the existence of different and unique
conformations (33). Conventionally, the decay is resolved in
terms of exponential components, and the values of the decay
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FIGURE 3: Fluorescence emission spectra of the SoxS and SoxW
proteins (A) and their reaction due to the presence of DTT (B).
The protein concentration was 4.89 uM in 45 mM Tris-HCI (pH 7.4),
and the DTT concentration was 1 mM. The experiments were
conducted at 5 °C; Ao, = 300 nm.

rates and pre-exponential factors of each component are asso-
ciated with a particular conformation and with the relative
population of each conformation (33, 34). The fluorescence
decay kinetics of the SoxS and SoxW proteins were studied in
the nanosecond domain and fitted to the linear combination of
triple exponentials (Figure 4). The fluorescence decay parameters
of SoxS and SoxW are summarized in Table 2. Three components
with different rates of decay indicating different conformers were
found. The location of the Trp residues related to the secondary
structure was taken into consideration. The long fluorescence
lifetime (7») corresponded to the local changes in the configura-
tion between Trp and the S—S bond. The medium and short
fluorescence lifetimes (7; and 73, respectively) were attributed to
the electron transfer process from excited Trp to the peptide
bond. The SoxS and SoxW thioredoxin motifs, CLYC and
CIYC, respectively, are distinct with respect to the inner amino
acids from those of other thioredoxins (35). Therefore, the results
were associated with the local environment of SoxW and SoxS
Trp residues and subsequently with the environment of the S—S
bond at the active site.

Electrochemically Induced Steady-State Front-Face
Fluorescence Analysis. (i) Electrochemical Behavior Tested
for Cytochrome c. Cytochrome ¢ from horse heart contains a
Trp and four Tyr residues (36). The steady-state front-face
fluorescence emission spectra were recorded using a solution
of 2 mM Cyt ¢ in 0.1 M phosphate buffer (pH 8) at 5 °C for
two excitation wavelengths, 275 and 280 nm. The fluorescence
emission appears at 321 nm, specific for a buried Trp residue
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Table 2: Fluorescence Decay Parameters of the SoxS and SoxW Proteins®

protein 71 (ns) (%) 73 (n3) (%) 73 (ns) (%) w”’
SoxS (9.78 uM) 2.04(9) 0.0000943¢ 7.32(86) £0.0000300 0.18 (5) £0.0004294 1.02
SoxW (6 uM) 1.36(20) +0.0001529 3.89(69) 4 0.0000400 0.33(11)£0.000332 1.21

“The proteins were in 45 mM Tris-HCI (pH 7.4), and the experiments were conducted at 5°C. Ao, = 295 nm, and the relative contribution of each component
is given in parentheses. “yr?is the quality of the fit, and the residual goodness of fit values were determined for three-component fits. “The uncertainties in the
lifetimes and in the percentage of amplitudes were obtained by exponential analysis of the fluorescence decay.
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F1GURE 4: Fluorescence decay curves of SoxS (1) and SoxW (2) in 45
mM Tris-HCI (pH 7.4). NanoLED pulse (3) (Aex = 295 nm) and
random distribution of weighted residuals (A¢;, = 320 nm). Resolu-
tion of 0.028 ns/channel.

(Figure 5A). For the aqueous solution of Cyt ¢ and using
excitation wavelengths of 275 nm at 5 °C and 300 nm at room
temperature, the fluorescence emission spectra have maxima at
323 and 345 nm, respectively (Figure 5B). Using an excitation
wavelength of 300 nm, a slight decrease in fluorescence intensity
with a 4 nm red shift (from 342 to 348 nm) was found when the
applied potential becomes oxidative. Two isosbestic points were
observed at 353 and 417 nm (Figure 6). For the control, the same
experiment was repeated for an excitation wavelength of 280 nm,
and potential steps from —250 and 150 mV have been used
(data not shown). Here the steady-state front-face fluorescence
emission was observed at 321 nm and a gradual decrease in
fluorescence intensity also evidenced. The isosbestic point was
found at 340 nm.

Cyt ¢ was potentiometrically titrated on the basis of its
fluorescence intensity at 321 nm, when the potential applied to
the working electrode is in the range from —150 to 150 mV
(Figure 7). The data as analyzed with a theoretical Nernst fit
determined the number of transferred electrons to be one. The
Nernst fit of the fluorescence titration resulted in a midpoint
potential of 22 + 10 mV versus Ag/AgCl. The reductive titration
revealed a redox potential of 48 + 20 mV versus Ag/AgCl (data
not shown). These values are in agreement with the midpoint
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FIGURE 5: Steady-state front-face fluorescence emission spectrum of
Cyt ¢ from horse heart, without an applied potential. (A) The
measurements were recorded at 5 °C for 2 mM Cyt ¢ in 0.1 M
phosphate buffer (pH 8). (B) The measurements were performed at
room temperature for a 2 mM aqueous solution of Cyt c.
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FIGURE 6: Steady-state front-face fluorescence emission spectrum of
Cyt ¢ from horse heart. The Cyt ¢ concentration was 2 mM in 0.1 M
phosphate buffer (pH 8). The measurements were taken at 5 °Cin a
potential range applied from —100 to 300 mV. The excitation
wavelength was 300 nm.

potential of Cyt ¢ in solution, around 50 mV, reported in the
literature (37).
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potential of 22 £+ 10 mV vs Ag/AgCl. The Cyt ¢ concentration was
2mM in45mM Tris-HCI (pH 7.4), and the measurements were taken
at 5 °C. The excitation wavelength was 280 nm. The potential range
applied was from —150 to 150 mV.
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F1GURE 8: Steady-state front-face fluorescence emission spectra (A)
and potentiometric titration (B) of SoxS from P. pantotropus. The
Nernst fit of the fluorescence intensity at 338 nm gave a midpoint
potential of =550 + 8 mV vs Ag/AgCl. The protein concentration
was 1.63 mM in 45 mM Tris-HCI (pH 7.4), and the measurements
were taken at 5 °C. The excitation wavelength was 295 nm. A
potential from —650 to —375 mV was applied.

We note that only small variations between the lowest and
highest fluorescence intensities were found. This may be over-
come by using a cyanine dye as an external fluorescence probe,
which would at the same time be the fluorescent donor. It is
known that this kind of cyanine fluorescence probe is able to
donate electrons to acceptors in solution with varying efficiency
depending on the electron acceptor (38). In this way, the
fluorescence intensity of the attached cyanine fluorescence probe
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FIGURE 9: Steady-state front-face fluorescence emission spectra (A)
and potentiometric titration (B) of SoxW from P. pantotropus. The
Nernst fit of the fluorescence intensity at 323 nm gave a midpoint
potential of —464 + 10 mV vs Ag/AgCl. The protein concentration
was 1.50 mM in 45 mM Tris-HCI (pH 7.4), and the measurements
were taken at 5 °C. The excitation wavelength was 295 nm. A
potential from —650 to —350 mV was applied.

permits us to distinguish reliably between the oxidized and
reduced states of the protein and subsequently measure more
accurately the midpoint potential of proteins. The fluorescence
detection of a protein’s redox state based on resonance energy
transfer has been conducted with a fluorescent probe attached to
the prosthetic group of the redox protein (39).

(if) Fluorescence Determination of the SoxS and SoxW
Protein Redox States. The coupling of a spectroscopic tech-
nique with potentiometric redox titrations is a tool that allows us
to determine the redox potential of electron transfer proteins with
optically active redox chromophores (40).

The redox-dependent steady-state front-face fluorescence
emission spectra of the SoxS protein at 338 nm (Figure 8A)
could be attributed to the fluorescence of a Trp residue. The data
showed that the fluorescence intensity decreased as the potential
was changed from —650 to —375 mV. An isosbestic point was
found at 415 nm. The potentiometric titration of the SoxS protein
is shown in Figure 8B. The Nernst fit of this fluorescence titration
revealed a midpoint potential of —550 + 8 mV versus Ag/AgCl.
The fit of the experimental results, lower regression coefficient,
R? value is 0.97 (add 208 mV for SHE/).

The redox-dependent steady-state front-face fluorescence
emission spectra were recorded for SoxW (Figure 9A). Two
emission bands could be evidenced. At 323 nm, the emission of a
buried Trp decreased with the potential step from —650 to
—350 mV. The second emission band at 426 nm increased with
potential. This signal may be attributed to the charge transfer
emission from Tyr to Trp. An isosbestic point was seen at 394 nm.
The potentiometric titration (oxidized minus reduced) of SoxW is
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shown in Figure 9B. The Nernst fit of fluorescence titration gave
a midpoint potential of —464 + 10 mV versus Ag/AgCl.

The SoxW protein is redox active in a reversible manner (data
not shown), with a slight sigmoidicity of the titration curve. A
discrepancy of ~90 + 10 mV versus Ag/AgCl between the
reductive and oxidative titration was observed. This may be
based on the relatively small variation between the lowest and
highest fluorescence intensity. Alternatively, a slow equilibration
of the protein electrode after the applied reductive potential may
explain some of the hysteresis.

CONCLUSION

The combination of front-face fluorescence spectroscopy with
the electrochemical technique is of a great interest for the
detection of a protein redox state based on the Trp fluorescence
emission. It is possible to distinguish between the fully oxidized
and fully reduced state of a protein. In this study, the midpoint
redox potentials of the SoxS and SoxW proteins were determined
by coupling FFFS with an OTTLE cell. According to the
potentiometric redox titration, one redox center is available for
each of the SoxS and SoxW thioredoxins. The midpoint redox
potential for the redox center was —342 + 8 mV versus SHE for
SoxS and —256 &+ 10 mV versus SHE for SoxW.

Clear differences were found for the fluorescence spectroscopic
properties of both redoxin-like proteins studied here. The differ-
ences are based on the Trp in the proximity of the active site,
present for SoxS and absent for SoxW. This may be at the origin
of the fact that SoxW is not an essential component for inorganic
sulfur oxidation of P. pantotrophus in vivo.
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