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Fine-tuning of FeS proteins monitored via pulsed EPR
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ABSTRACT As essential electron translocating proteins in photosynthetic organisms, multiple plant-type ferredoxin (Fdx) iso-
forms are involved in a high number of reductive metabolic processes in the chloroplast. To allow quick cellular responses under
changing environmental conditions, different plant-type Fdxs in Chlamydomonas reinhardtii were suggested to have adapted
their midpoint potentials to a wide range of interaction partners. We performed pulsed electron paramagnetic resonance
(EPR) monitored redox potentiometry at Q-band on three Fdx isoforms for a straightforward determination of their midpoint po-
tentials. Additionally, site-directed mutagenesis was used to tune the midpoint potential of CrFdx1 in a range of approximately
—338to —511 mV, confirming the importance of single positions in the protein environment surrounding the [2Fe2S] cluster. Our
results present a new target for future studies aiming to modify the catalytic activity of CrFdx1 that plays an essential role either
as electron acceptor of photosystem | or as electron donor to hydrogenases under certain conditions. Additionally, the precisely
determined redox potentials in this work using pulsed EPR demonstrate an alternative method that provides additional advan-
tages compared with the well-established continuous wave EPR technique.

WHY IT MATTERS In this work, we determined midpoint potentials of distinct ferredoxin isoforms found in
Chlamydomonas reinhardtii using pulsed electron paramagnetic resonance spectroscopy at Q-band. Site-directed
mutagenesis was used to tune the midpoint potential of ferredoxin 1, known as PetF, in a range of —338 to —511 mV. Our
results serve as a basis to design new experiments for unraveling the distinct functions of ferredoxin isoforms and
illuminate the decisive role of individual positions in the secondary ligand sphere of the cofactor in tuning the midpoint
potential of redox proteins.

INTRODUCTION that affect its magnitude are therefore important first
steps toward understanding structure-function rela-
tionships that control electron transfer processes in
both native and rationally designed proteins.

Primary ligands play a major role in the coarse
adjustment of the E,, range of FeS clusters. Long-range
protein effects and interactions of the metal cluster
with the secondary coordination sphere fine-tune the
E., values and thus electron transfer processes
(8,10). Multiple types of interactions have been shown
to drastically influence the potentials of metal centers
in protein environments, including hydrogen bonding in-
teractions, hydrophobicity and solvent exposure, aro-
matic interactions, and net charge effects (10-12).

Proteins containing iron-sulfur (FeS) clusters are one of
the major electron transfer protein classes in biology
(1-3). The midpoint potential (E,) difference between
an FeS protein and its partner determines the kinetics
and efficiency of electron transfer reactions (4,5). The
redox range of FeS proteins is wide and mostly dictated
by the protein environment in the immediate vicinity of
the bound FeS cluster (6-9). Developing methods for
precise measurements of E,, and determining factors
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FIGURE 1

Cartoon structure of CrFdx1 (Protein Data Bank, PDB:
6lk1). [2Fe2S] cluster with ligating cysteines shown as a ball and stick
model. Serine 43 and serine 44 are shown as yellow sticks. Potential
hydrogen bonds from amide nitrogen atoms (blue) to sulfur atoms
(dark yellow) of the ligating cysteine are shown with black dashed
lines.

from ancient Fdxs, which were incorporated into larger
electron transfer chains or adapted toward metalloco-
factors of higher complexity (13). Plant-type Fdxs, which
are mainly found in the chloroplasts of photosynthetic
algae, cyanobacteria, and higher plants (14), are charac-
terized by their relatively low midpoint potentials ranging
from —230 to —420 mV (15). Their [2Fe2S] cluster in its
oxidized state has usually two high-spin Fe** ions (S =
5/2) antiferromagnetically coupled, yielding a total spin
St = 0in the ground state. Upon reduction of one Fe3"
ion to high-spin Fe?* (S = 2), the ground state has a total
spin St = 1/2, producing a paramagnetic species with a
localized electronic structure that can be identified and
characterized via electron paramagnetic resonance
(EPR) spectroscopy (16,17). As small (~10 kDa) and sol-
uble metalloproteins having the same fold and FeS clus-
ter binding motif (3), the versatile plant-type Fdxs are
effective models for assessing the influence of the pro-
tein surroundings on FeS clusters.

The unicellular green alga Chlamydomonas reinhardtii
(Cr) is known to provide an unusual wealth of 12 different
Fdx isoforms (CrFdx1-12) (18,19). All genes encode for
plant-type Fdxs with characteristic [2Fe2S] clusters and a
conserved binding motif (Fig. 1) (20). Thus far, only some
of the CrFdx isoforms were assigned to specific func-
tions and interaction partners under certain environ-
mental conditions. The most abundant isoform CrFdx1,
also known as PetF, plays an essential role as an electron
acceptor of photosystem | (21,22). Under anaerobiosis
and nutrient deprivation, CrFdx1 becomes the electron
donor to the hydrogenase HydA1, which catalyzes the
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reversible reduction of H* to H, (23). Furthermore,
CrFdx2-5 are suggested to be involved in nitrite reduc-
tion, nitrogen assimilation, glycolysis, and hydrogenase
maturation, respectively (24-26). E,, values of CrFdx1
(—=410 mV (22)) and CrFdx2 (—331 mV (26)), which
have been determined previously by distinct methods,
such as cyclic voltammetry, ultraviolet-visible spectros-
copy (UV/Vis), and continuous wave (cw) EPR-monitored
redox titrations, differ substantially (22,25,26). By
comparing the sequences and structures of these Fdxs,
Boehm et al. (26) were able to shift the E, of CrFdx2
closer to that of CrFdx1 by exchanging a single amino
acid. The same mutation also led to shifts in detected
g-values, indicating the role of this residue in fine-tuning
the electronic properties of the [2Fe2S] cluster residing
in CrFdx2. Yet electrochemical data on the other iso-
forms is scarce.

Cyclic voltammetry, UV/Vis, and EPR-monitored
redox potentiometry are established and highly effec-
tive methods for the determination of E.,s of Fdxs
(11,27-29). EPR spectroscopy serves to monitor
the spectral changes during oxidation-reduction reac-
tions that are driven by the mediated application of
defined potentials on redox proteins with at least one
paramagnetic state (30). Additionally, it provides
structural insights into the protein under study while
simultaneously enabling the deconvolution of multiple
redox-active species in one protein. In contrast to UV/
Vis, EPR-monitored redox potentiometry overcomes
the difficulty of separating the contribution from most
mediator dyes and is more precise, particularly for
Fdxs as they exhibit low extinction coefficients. More-
over, misinterpretations because of background sig-
nals or minor impurities can be avoided by comparing
the experimental and simulated EPR data.

Herein, we determined the unknown midpoint poten-
tial of the isoform CrFdx3 using pulsed EPR spectros-
copy at Q-band (34 GHz). As it was suggested that
CrFdx3 might interact with the [FeFe]-hydrogenases
HydA1 and HydA2 from C. reinhardtii (24), its redox
properties are of high interest. Furthermore, we investi-
gated the effect of substituting specific amino acids sur-
rounding the [2Fe2S] cluster on the midpoint potential of
CrFdx1. This enabled us to identify S43 as a key position
to fine-tune the midpoint potential in CrFdx1 and thus
presented a new target for future studies aiming to
modify its catalytic activity.

MATERIALS AND METHODS
Protein expression and purification

The C. reinhardtii sequences encoding ferredoxins Cridx1 (National
Center for Biotechnology Information accession number XP_0016928
08.1), CrFdx2 (XP_001697912.1), and CrFdx3 (XP_001691381.1) were
amplified from complementary DNA isolated out of total RNA from



culture samples of C. reinhardtii strain CC-124. In all cases, known or
predicted sequences that may encode transit peptides were omitted.
CrFdx sequences were cloned into vector pASK-IBA7, following a
sequence encoding an N-terminal Strep-tagll and a factor Xa cleavage
site, according to manufacturer recommendations (IBA Lifesciences,
Gattingen, Germany; www.iba-lifesciences.com).

Expression constructs for site-directed mutagenesis variants of
CrFdx1 were generated following the procedure described in the Quik-
Change-PCR manual from Agilent Technologies (Santa Clara, CA), using
the corresponding 5’ overlapping mismatch primer pairs (Table S1).

For the heterologous expression of the different Fdx isoforms and
mutagenesis variants, electrocompetent Escherichia coli BL21(DE3)
AiscR cells were transformed using the respective expression
construct. 4 L Vogel-Bonner medium was inoculated with overnight
grown LB-preculture to an ODsso of 0.05 (31). Main cultures were
grown at 37°C in a shaking incubator (180 rpm) until an ODssq of
0.5 was reached. Gene expression was induced by adding anhydrote-
tracycline to a final concentration of 0.2 ug x mL~", and expression
cultures were kept for 16 h at 20°C in a shaking incubator (180 rpm)
until cell harvest. Cells were harvested by centrifugation (20 min,
9000 g, and 4°C), and cell pellets were resuspended in 0.1 M Tris-
HCI (pH 8). Cell disruption was carried out by ultrasonication, and
the resulting cell lysate was centrifuged at 165,000 g for 1 h at 4°C.
The supernatant was filtered using sterile syringe filters (0.2-um
pore size; SARSTEDT, Newton, NC). The recombinant proteins were
purified via affinity chromatography using StrepTag Superflow high-
capacity gravity flow columns (IBA Lifesciences), according to
manufacturer's recommendations, and concentrated using Amicon
Ultracel filters with a 10 kDa cutoff (Merck Millipore, Burlington,
MA). Protein concentration was determined via UV/Vis spectroscopy
(BioPhotometer D30 from Eppendorf, Hamburg, Germany www.
eppendorf.com) at 420 nm applying the Beer-Lambert Law and using
a molar extinction coefficient of 9.7 mM~"-cm™" (32). Until further
use, all proteins were stored at —80°C in 0.1 M Tris-HCI (pH 8). Fdx
from Spinacia oleracea (SoFdx) and the remaining chemicals used
for protein expression and purification were purchased from Sigma-
Aldrich (St. Louis, MO).

Redox potentiometry

The FeS cluster occupancy of the purified Fdxs was calculated before
each experiment by measuring the absorbance at 420 nm via UV/Vis
spectroscopy (NanoDrop 1000; Thermo Fisher Scientific, Waltham,
MA). Redox titrations were performed in an anaerobic vinyl tent
(~20 ppm 0,; Coy Laboratory Products, Grass Lake, Ml) equipped
with an electrochemical glass cell (scientific glassblowing service;
TU Dortmund University, Dortmund, Germany) built according to the
description provided by Wright et al. (29). A final concentration of
200 uM cluster-occupied Fdxs in titration buffer (60 mM HEPES,
40 mM potassium phosphate buffer, and 150 mM NaCl (pH 7.5))
and the following redox mediator dyes of methyl viologen (200
uM), benzyl viologen (200 uM), and 100 uM each of neutral red,
safranin O, sodium anthraquinone-2-sulfonate, phenosafranin, and
2-hydroxy-1,4-naphthoquinone were added to the cell. The overall vol-
ume of solution within the cell was 770 uL. Under constant stirring,
the solution potential was altered by microliter additions of either 2
or 20 mM sodium dithionite (NaDT) solution (reductive titration) or
potassium ferricyanide solution (oxidative titration). The potential dif-
ference was monitored with a potentiostat (PalmSense4; PalmSens,
Houten, the Netherlands) connected to a glass-encased platinum
wire, functioning as a working electrode (scientific glassblowing ser-
vice; TU Dortmund University), and an Ag/AgCl microreference elec-
trode with a 6-mm diameter (Redoxme, Norrkoping, Sweden)
calibrated with Zobell's solution (33) or a commercially available
Ag/AgCl electrode. All herein reported potentials, Ey, are in reference

to the standard hydrogen electrode. The potential was altered in
~30 mV steps. After stabilization of ~5-10 min at a given potential,
70 uL of the sample solution was transferred to a 2.8 mm EPR tube
(quartz glass capillary ilmasil) and immediately flash frozen in liquid
nitrogen. Nine samples were usually withdrawn for each potentiome-
try series. In addition, an external 200 uM standard of the respective
protein was prepared and reduced with 10 mM NaDT for comparison
of the spin concentrations.

cw EPR spectroscopy

X-band cw EPR measurements were performed at 15 K using a Bruker
ELEXSYS E500 spectrometer equipped with a Bruker ER 4116DM
resonator (Bruker, Billerica, MA), Oxford Instruments ESR 900
cryostat (Abingdon, UK), and ITC503 temperature controller. The
microwave power level used was 0.63 mW, and magnetic field mod-
ulation amplitude was 7 G. The spectra were recorded under nonsa-
turating conditions.

Q-band cw EPR measurements were performed at 15 and 25 K us-
ing a Bruker ELEXSYS E580 spectrometer equipped with a home-built
Q-band cw EPR intermediate frequency unit, Bruker ER 5106 reso-
nator, Oxford instruments CF 935 cryostat, and ITC503 temperature
controller. The microwave power was in the range of 0.02-20 mW,
and magnetic field modulation amplitude was 5 G.

Pulsed EPR spectroscopy

Pulsed EPR (electron spin echo-detected EPR) field-sweep experi-
ments, using a two-pulse Hahn spin echo sequence n/2-7—7—7—
echo without phase cycling, were carried out on a Bruker ELEXSYS
E580 Q-band EPR spectrometer equipped with an Oxford Instruments
CF935 cryostat and Oxford Instruments MercuryiTC temperature
controller. The temperature was kept at 15 K with a sufficiently
high flow of liquid He. The Bruker ER 5106QT-2 resonator was criti-
cally coupled with the inserted sample height spanning the entire
length of the cavity. For comparison of signal intensities, all spectra
of a respective sample batch were recorded on the same day under
optimized, similar conditions concerning the shot repetition time,
pulse lengths, microwave power, 7, and acquisition trigger parame-
ters. The #/2- and m-pulse lengths varied between 8-11 and 16—
22 ns, respectively, whereas r was kept between 600 and 650 ns
and the shot repetition time between 300 and 600 ns, depending on
the Fdx type. Either one or two scans with 100 shots/point were accu-
mulated, chosen based on the concentration of the reduced Fdx spe-
cies. The measurement time varied accordingly between 1.3 and
2.5 min/scan. The phase memory time T,, was measured via a
two-pulse echo decay experiment using a w/2-7—w—-1—echo
sequence. The relaxation curves were fitted with a stretched expo-
nential function using MATLAB (The MathWorks, Natick, MA). The
original pulsed EPR spectra are shown in Fig. S3.

Validation of pulsed EPR at Q-band as an accurate
method for determining redox potentials

To validate pulsed EPR as a method for determining redox potentials,
the midpoint potential of the well-characterized SoFdx was investi-
gated. The rhombic EPR spectrum arising from the reduced [2Fe2S]
cluster of SoFdx was simulated with gi,3 = 2.05, 1.96, 1.89
(Fig. S1; Table S2), which are in great agreement with the literature
values (34). Oxidative potentiometric titrations with SoFdx were per-
formed via cw and pulsed EPR spectroscopy at X- and Q-band,
respectively (Fig. S2). Both X-band cw and pulsed Q-band EPR
spectra of the redox titration series suffered from distinct
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background impurities (Figs. ST and S3). Potential-dependent contri-
butions from the mediator mix, as well as from low amounts of free
Mn2* present in the buffer, hampered the uniform background sub-
traction. Therefore, the EPR intensity of the spectral component at
gs = 1.89, which is well separated from the impurity signals, was
used to compare the fractions of the reduced species within a series
of titration samples (Fig. S1). The fits to the one-electron Nernst
equation, which were almost identical for cw and pulsed EPR mea-
surements, resulted in Ey 75 = —394 + 7 and £ 5 mV, respectively.
A plot of the redox potentials against the logarithm of the concentra-
tion ratio of oxidized to reduced (log([Ox]/[Red])) Fdx yields the num-
ber of electrons transferred, n. Low n values can be an indicator of
incomplete equilibration during redox potentiometry. The SoFdx
data set yields n = 1.02 (inset in Fig. S2), which is in excellent agree-
ment with the expected one-electron transfer reaction. For the quan-
titative pulsed EPR measurements, several points were considered. In
general, an overcoupled resonator is used for Q-band pulsed EPR ex-
periments, but we found the spectral intensities were often poorly
reproducible. To circumvent this issue, we performed the experi-
ments with a critically coupled resonator to maximize the reproduc-
ibility. As a result of the high-quality factor, Q, pulse microwave
power took longer to dissipate and thus required a longer interpulse
delay, 7. To control for possible changes in the phase memory time
Tm and its effect on the electron spin echo signal intensity, echo
decay experiments were carried out for each sample in the series.
The T,, time was found to be nearly constant under the varying poten-
tial Ey, and thus, its influence on the obtained E,, value was negligible
(Figs. S4 and S5; Table S3). This may not be the case for other sys-
tems, and we note that the T,, relaxation time needs to be taken
into account when pulsed EPR is used for spin quantification. The
determination of T, and the subsequent correction of midpoint po-
tentials, however, is a quick and simple procedure, as explained in
the discussion of Table S3.

Here, the identical E,, values obtained from the two datasets estab-
lished that cw EPR at X-band and pulsed EPR at Q-band are equivalent
for quantitative analysis.

Spectral analysis

The EPR spectra were baseline corrected using MATLAB. The absorp-
tion spectra were pseudomodulated (modulation amplitude of 3 G)
and subsequently simulated with EasySpin (35) for a straightforward
analysis of g-values, where g, corresponds to the low-field spectral
feature and g3 to the high-field one. To exclude any background con-
tributions, the simulated pseudomodulated spectra were integrated,
if not stated otherwise, over the whole spectral range for the determi-
nation of spin concentrations (36). The obtained intensities were then
corrected for dilution and compared to the standard sample (of the
same Fdx type) showing the highest spectral intensity within the
experimental uncertainty. The spin concentration of the standard
was set to 100%, whereas the respective potential was chosen to
be —0.47 V according to the E, of NaDT (37). The fractions of the
reduced species were plotted against the corresponding potentials
Ey,. The data were fitted to the Nernst equation:

100
)’(x) - 1 + e(G—En)/Q)

yielding the midpoint potential E, (in volts) for a one-electron trans-
fer, with Q = (RT)/(nF) (R, universal gas constant; T, temperature
in Kelvin; n, number of electrons transferred; and F, Faraday
constant) (38).

A semi-log plot of E}, versus the common logarithm of the concen-
tration ratio of oxidized ([0x]) to reduced ([Red]) Fdx yielded the E,
from the y-intercept of the line according to:
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[0x]

En = En+2.3026-Q -log Red]

The slope, b, was used to calculate the number of electrons trans-
ferred, n, with b = 0.059 V/n at 25°C (30,38). The error of the Nernst fit
is given within 95% confidence interval. It comprises changes in tem-
perature (+ 0.3 mV), pH (+ 1.2 mV), and electrode calibration (39). Er-
rors occurring because of protein denaturation and/or evaporation
during the redox titration were averaged out by performing two,
namely oxidative and reductive, titrations.

RESULTS

EPR characterization and midpoint potentials of
C. reinhardtii ferredoxin isoforms

To identify and characterize the [2Fe2S] clusters of the
ferredoxin isoforms, we recorded pulsed EPR spectra
of CrFdx1-3 at Q-band. The first-derivative line shapes
of the recorded EPR spectra are shown in Fig. 2 A.
Note that Q-band cw experiments failed to detect
EPR signals of at least two isoforms (CrFdx3 EPR
data are shown exemplarily in Fig. S6). A similar obser-
vation was reported previously for a different
system (40).

All spectra indicate a rhombic symmetry with three
principal g-values. The g-values were determined via
spectral simulations, for which g-strain was used to
fit the linewidths (Table S2). The obtained g-values,
which varied slightly among the isoforms (g =
2.048-2.061, g» = 1.955-1.971, and g; = 1.879-
1.890), were all in the range for typical [2Fe2S] clusters
(17). These differences are attributed to the distinct
tetrahedral environment of the ferrous ion (41). Addi-
tional physical differences between the CrFdx isoforms
were examined by comparing the width of the gj
component, rhombicity 7 = (g2 — 93)/(g1 — giso), Jisor
and the parameter x = g, — gs (Table S2). Wide g5
peaks and high x-values indicate enhanced flexibility
of the [2Fe2S] cluster (41).  and gis, are correlated
with structural changes of the active site and spin
localization within the cluster, respectively (41-43).
Small deviations of these parameters are expected as
the redox-active centers reside in distinct proteins.
Their high overall similarity, however, strongly indicates
similar spin localization and structural environments of
the [2Fe2S] clusters (Table S2).

Next, we determined the E,, values of each Fdx iso-
form. The Nernst plots obtained by oxidative and
reductive redox titrations monitored via pulsed EPR
at Q-band are shown in Fig. 2 B (see Fig. S3 for de-
tails). We note that the determined E,, values
of CrFdx1 (Em75 = —419 mV) and CrFdx2 (En75 =
—332 mV) are in great agreement with the previously
reported values (Table S4) (22,25,26). The E, of
CrFdx3 that is determined here for the first time is
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(A) Comparison of normalized Q-band pseudomodulated pulsed EPR spectra of CrFdx isoforms. The isoforms were reduced with

10 mM NaDT, and the corresponding simulations are shown with dotted gray lines. The principal g-values of CrFdx1 are marked with vertical
dashed lines. Simulation parameters are listed in Table S2. (B) Titration curves of the reductive (circles) and oxidative (squares) redox potenti-
ometry series of the three CrFdx isoforms monitored via pulsed EPR spectroscopy at Q-band. The reduced Fdx fractions were obtained by double
integration of the simulated pseudomodulated pulsed EPR spectra. The data points were fitted to the one-electron Nernst equation yielding the

midpoint potential.

—272 mV. Surprisingly, the midpoint potential of this
isoform is not only substantially higher than that of
CrFdx1 (Em7.5 = —419 mV) but also remarkably high
for plant- and cyanobacterial-type Fdxs (25). A
comparable E, ;5 = —243 mV was recently obtained
for the cyanobacterial Fdx2 from Synechocystis sp.
PCC 6803 (44).

We note that the oxidative and reductive titrations of
CrFdx1-3 resulted in almost identical Nernst fits (Fig. 2
B). The results of both titrations were combined before
fitting to the one-electron Nernst plots. The semi-log
plot analysis yielded n =1 = 0.1 for all isoforms vali-
dating a poised redox titration.

EPR characterization and midpoint potentials of
CrFdx1 variants

Fig. 1 shows the active site region of CrFdx1 (45). The
highlighted positions S43 and S44 are located in the
cluster binding loop region of CrFdx1 and thus are in
proximity to the [2Fe2S] cluster. Whereas S44 is more
or less pointing toward the FeS cluster, the hydroxyl
group of S43 faces away from it. However, as the
loop region of CrFdx1 is known to be very flexible,
which is believed to be important in terms of mini-
mizing the reorganization energy required for rapid
electron transfer, the orientation of the side chains at
these positions will most likely change in solution.
Both primary amides of the protein backbone are situ-
ated close enough to one of the bridging cysteine sul-
fides (3.3 A) to form a hydrogen bond as part of the
NH-S hydrogen bond network unique to plant-type
PetF, thus delocalizing the electron density of the clus-
ter (46).

Because of their proximity to and their influence
on the FeS cluster, these positions were targeted
by site-directed exchange mutagenesis; exchanges
to different properties (charge, polarity, size, and hy-
drophobicity) were implemented for protein variants
S43A, S43D, S44D, S44G, and S44R. Subsequently,
pulsed Q-band EPR spectra were recorded for all
CrFdx1 variants (Fig. 3). As expected, their rhombic
spectra revealed slightly shifted g-tensor values in
comparison to the wildtype, indicating that the elec-
tronic environment of the [2Fe2S] cluster has
changed (Table S2). Whereas S44G and S44R
exhibit negligible differences in the g-tensor values,
those of S43A and S44D deviate significantly. Anal-
ysis of the EPR spectra did not reveal any correla-
tion between the observed shifts in g-values and
type and/or position of the mutated amino acids.
The detected changes in midpoint potentials of all
S44 variants are negligible, whereas S43A and
S43D show the highest deviations from the
midpoint potential of CrFdx1 of 480 and —93 mV,
respectively (Fig. 3; Table 1). We note that the
actual midpoint potential of S43D is possibly even
more negative because the midpoint potential of di-
thionite limited the lowest achievable potential for
this variant (37). The potential shift of S43A and
S43D goes along with distinct shifts in g-values
and gs, respectively (see Fig. 4). For the other vari-
ants, no simple correlation between midpoint poten-
tial and respective shifts of the g-values is
observed. Furthermore, S43A presents the highest
rhombicity and flexibility among CrFdx1 variants.
In contrast, S43D displays the lowest rhombicity
and flexibility.
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(A) Comparison of normalized Q-band pseudomodulated pulsed EPR spectra of different CrFdx1 variants. The samples were

reduced with 10 mM NaDT. Simulations are shown with dotted gray traces, and the principal g-values of CrFdx1 are marked with vertical dashed
lines. Titration curves of the reductive (circles) and oxidative (squares) redox potentiometry series of CrFdx1 variants (B) S43 and (C) S44 moni-
tored via pulsed EPR spectroscopy at Q-band. The spin concentrations were obtained by double integration of the simulated first-derivative
pulsed EPR spectra. The data points were fitted to a one-electron Nernst equation (solid lines) yielding the midpoint potential.

DISCUSSION

The precise determination of midpoint potentials is one
of the key steps toward understanding the function of a
redox protein and its role in complex catalytic reactions.
Identifying positions that alter the FeS cluster midpoint
potential does not only help to understand the sophisti-
cated and complex influence of the protein environment
but also reveals effective parameters for precise manip-
ulation of metalloproteins for biotechnological purposes.
It adjusts the metabolic “fate” of the electrons by manip-
ulating the electron carriers (Fdx) as track switches
(47,48). In this work, we showed for CrFdx1 that S43 is
an important position close enough to the FeS cluster
to alter the electronic structure of the cofactor.

The rhombic EPR line shape of Fdx [2Fe2S] clusters
is dominated by g-anisotropy. The g, and g3 values are
dominated by the strong anisotropy of the Fe?* ion,
whereas the low-field value, g4, is determined by the
Fe3" ion (41,49,50). Therefore, shifts in g-values sug-
gest structural and/or electrostatic changes within
and/or in the vicinity of the active center (41-43).
Despite the observed small variations, the g-values
and also the rhombicity parameter, n, of all Fdx iso-
forms and variants detected in this work fall into the
characteristic average Fe®"-Fe?"-S-C dihedral angle
range described by Gambarelli and Mouesca (42) for
plant-type Fdxs. These results indicate that the struc-
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ture around the [2Fe2S] clusters of Fdxs does not
change dramatically upon site-directed exchange
mutagenesis. This is not always self-evident as shown
for the [2Fe2S] cluster of HydC from Thermotoga mar-
itima (11). Furthermore, the similar gis, values indicate
the absence of strong shifts in the spin localization de-
gree of the [2Fe2S] cluster. A comparison of the phys-
ical differences listed in Table S2 and detected E,,s did
not establish a correlation among the Fdx isoforms.
However, strikingly, for the CrFdx1 variants S43A and
S43D, a possible relation is observed (see Fig. 4).

The origin of the difference in midpoint potentials of
CrFdx1 and CrFdx2 is not fully understood yet. Struc-
tural differences in the vicinity of their [2Fe2S] clusters
were suggested to be one of the underlying reasons
(26). Primary ligands determine the overall redox po-
tential range of a given metal center. However, interac-
tions with the secondary coordination sphere have
been shown to fine-tune the potential of metal cofac-
tors within redox proteins. The midpoint potential of
CrFdx2 was lowered to a value comparable to that of
CrFdx1 by employing the substitution M62F (26). In
wildtype CrFdx1, as observed in many other FeS pro-
teins, the backbone nitrogen atoms in the cluster bind-
ing loop area form NH-S hydrogen bonds with the
cysteine sulfur atoms and the sulfur atoms of the
[2Fe2S] cluster. The backbone amide of S43 is also
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involved in a hydrogen bond toward the u-sulfide atom
of the FeS cluster. Thus, the impact of exchanges at
this position might be caused by a weakening or disrup-
tion of that bond because of steric changes in the pro-
tein loop. This is underlined by the detected physical
differences, such as x, n, and the g-values, suggesting
structural/electrostatic changes nearby and/or within
the redox cluster. Among CrFdx1 variants, S43A, the
variant with substantial g-shifts and the highest -
and n-values, displays the highest E, whereas the
one with the lowest E,, S43D, shows the lowest x-
and n-values. Interestingly, the g; and g, values of
S43D are highly similar to the ones measured for
CrFdx1, but its g3 value is distinct. A slight correlation
is observed when gs; values are plotted against de-
tected E.,s (see Fig. 4). Such a relationship has not
been reported so far; however, these findings need to
be interpreted with care as our data is restricted to a
small number of Fdxs investigated in this work. Our re-
sults furthermore suggest that the flexibility of the clus-
ter is related to the midpoint potential, as seen in Fig. 4
for S43 variants (y versus E,). In Anabaena 7120 Fdx1,
S47 (corresponding to S43 in C. reinhardtii) is prone to
structural changes upon reduction of the FeS cluster
(51-53). Therefore, this position might be crucial to
buffer structural changes in the protein environment,
for example by redox transitions. Increasing or restrict-
ing the flexibility at this position might therefore in turn
have a higher impact on the electronic features and sol-
vent accessibility of the adjacent FeS cluster. The cor-
relation observed between the E,s of the CrFdx1 S43
variants and 7, which associate with variations of
average Fe>'-Fe?"-S-C dihedral angles, further sup-

ports the important role of the small structural changes
in affecting the redox potentials (54). Yet, further
research, including different CrFdx isoforms and vari-
ants along with theoretical calculations, are needed
to reveal the significance of the observed relationships.
Apart from the impact of hydrogen bonds, the intro-
duction of net charge was shown to have drastic effects
on the midpoint potential (10). We showed that the intro-
duction of a negative charge (S43D) decreased the
midpoint potential, whereas exchanging the negative
dipole with a noncharged amino acid (S43A) led to a
more positive net charge and therefore to a more posi-
tive potential. Exchanges of S44 barely changed the
midpoint potential. Furthermore, the physical differ-
ences between the variants of residue S44 were negli-
gible (Table S2). As S44 shares many attributes with
S43 (amide H-bond and proximity to the FeS cluster),
this underlines the complex nature of the protein frame-
work and its influence on the bound cofactor. It can be
noted that in wildtype CrFdx1, S44 is H-bonded to S36.
Exchanges of S44 might therefore lead to a disruption
of this H-bond, which could result in a reorientation of
both side chains and associated regions and thus a
composition of different effects on the FeS cluster.
Last, we note that although cw EPR spectroscopy at X-
band frequencies has been established as a powerful
tool for obtaining midpoint potentials, pulsed EPR is
beneficial when there exist multiple species with distinct
relaxation times. Then, relaxation filtering can be used to
separate and/or suppress their signals (see the mediator
mix signal marked with an asteriskin Fig. S3 A vs. Fig. S3
B). This approach can additionally be applied at even
higher microwave frequencies when low g-anisotropy
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TABLE 1 Midpoint potentials, E, 7.5, obtained at pH = 7.5 of all
Fdxs investigated in this work

Ferredoxin Emz.s/mV
SoFdx -394 + 5/7
CrFdx1 -419 £ 5
CrFdx2 -332 5
CrFdx3 272 + 4
CrFdx1 S43A —-338 =+ 9
CrFdx1 S43D =511 = 17
CrFdx1 S44D —420 + 4
CrFdx1 S44G —400 + 8
CrFdx1 S44R —405 + 9

See Materials and methods for details of the given error margin.

or multiple species with similar g-factors need to be
resolved. Furthermore, the required sample volume de-
creases substantially at higher frequencies (~150 uL at
9.5 GHz vs. 5-10 ulL at 34 GHz vs. 0.5 uL at 94 GHz).
Therefore, our pulsed EPR-monitored redox potentiome-
try technique at Q-band presents an alternative method
that overcomes the limitations of the X-band cw EPR
technique for certain systems.

CONCLUSIONS

In this study, we determined the midpoint potential of
CrFdx3 for the first time, to our knowledge, using
pulsed EPR at Q-band. CrFdx3 might be a potential
target for manipulating catalysis in C. reinhardtii as it
was suggested to have interactions with [FeFe]-hydrog-
enases HydA1 and HydA2 in this organism. Further-
more, we showed that single point mutations in the
vicinity of the [2Fe2S] cluster of CrFdx1 tune the
midpoint potential in the range of —338 to —511 mV.
We identified S43 as an optimal target for manipulating
the midpoint potential by introducing or removing the
net charge. Our results serve as a basis to design
new experiments for unraveling the distinct functions
of Fdx isoforms and illuminate the decisive role of indi-
vidual positions in the secondary ligand sphere of the
cofactor in tuning the midpoint potential of redox
proteins.

SUPPORTING MATERIAL

Supporting material can be found online at https://doi.org/10.1016/j.
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