Rate enhancement of bacterial extracellular electron
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Extracellular redox-active compounds, flavins and other quinones,
have been hypothesized to play a major role in the delivery of
electrons from cellular metabolic systems to extracellular insoluble
substrates by a diffusion-based shuttling two-electron-transfer
mechanism. Here we show that flavin molecules secreted by She-
wanella oneidensis MR-1 enhance the ability of its outer-membrane
c-type cytochromes (OM c-Cyts) to transport electrons as redox
cofactors, but not free-form flavins. Whole-cell differential pulse
voltammetry revealed that the redox potential of flavin was re-
versibly shifted more than 100 mV in a positive direction, in good
agreement with increasing microbial current generation. Impor-
tantly, this flavin/OM c-Cyts interaction was found to facilitate
a one-electron redox reaction via a semiquinone, resulting in
a 10°- to 10°-fold faster reaction rate than that of free flavin. These
results are not consistent with previously proposed redox-shuttling
mechanisms but suggest that the flavin/OM c-Cyts interaction reg-
ulates the extent of extracellular electron transport coupled with
intracellular metabolic activity.
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Bacterial extracellular electron transport (EET) to solid elec-
tron acceptors, such as Fe(Ill)- and Mn(IV)-oxide minerals
and artificial electrodes, represents a central driving force for
geochemical mineral cycling and bioelectrical systems (1-3). The
metal-reducing bacterium Shewanella oneidensis MR-1 is one of
the most extensively studied organisms for understanding such
EET processes (4-6). MR-1 expresses a significant quantity of
cell-surface redox-active proteins, namely the c-type cytochromes
(c-Cyts), which form a hypothetical protein complex “OmcA—
MtrCAB” (6, 7) in which these proteins work together to trans-
port electrons generated by the intracellular metabolic oxidation
of organic matter to solid extracellular electron acceptors as
a terminal process in microbial respiration (8-10). The electron
transfer (ET) chain from the inner to outer membrane (OM) is
called the metal reduction (Mtr) pathway and is responsible for
both metal-oxide reduction reactions and anodic current pro-
duction in microbial fuel cells (MFCs) (5, 9). In addition, it has
been proposed that secreted flavins, for example riboflavin (RF)
and/or flavin mononucleotide (FMN), are reduced by MR-1 cells
and then in their free form function as redox mediators for the
Mtr pathway, thus facilitating EET reactions (Fig. 14) (11, 12). In
support of this hypothesis, it was reported that the removal of
flavin from the supernatants of systems with electrode-bound
biofilms resulted in an ~80% loss in microbial current production
(12). Moreover, the addition of micromolar amounts of riboflavin
to a Shewanella-based MFC led to a nearly 10-fold increase in
current production (10).

Studies using purified proteins have revealed that flavins
specifically accelerate the enzymatic reduction of iron oxides and
electrodes through interaction with the OM protein MtrC, which
is a 71-kDa decaheme c-Cyt and a main component of the Mtr
pathway in Shewanella (13-15). Consistent with this observation,
mutant strains lacking MtrC are significantly impaired in flavin-
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mediated reduction ability (10). Furthermore, the removal of
flavins bound to MtrC decreased its enzymatic activity by three
orders of magnitude (15). Accordingly, detailed crystal analysis
of MtrC homology protein suggested that the flavin can access
heme centers either exposed to the exterior or buried in the
protein scaffolds of MtrC (14). Although these results dem-
onstrated that flavins serve as primary electron acceptors for
the reduced hemes of the MtrC protein, the mechanism by which
flavins facilitate the Mtr pathway has remained enigmatic and is
still the subject of debate.

S. oneidensis MR-1 cells reportedly use flavins as a two-elec-
tron/proton redox mediator, that is, FMN + 2e¢~ + 2H' —
FMNH; (12) (Fig. 14). However, the redox potential of FMN/
FMNH, is —220 mV [vs. the standard hydrogen electrode (SHE)],
which is 270 mV more negative than that for in vivo OmcA-
MtrCAB protein complexes (16), resulting in a strong endergonic
ET reaction. Although the broad-potential redox window of MtrC
protein possibly allows the enzymatic reduction of flavins (14),
this energy balance apparently conflicts with the reported obser-
vations that flavins accelerate EET via the Mtr pathway. Thus, it is
reasonable to assume that MR-1 cells use flavins in a different
manner from the proposed free-flavin-mediated electron-shut-
tling mechanism to overcome this energetic barrier. Here we re-
port studies focused on the elucidation of the mechanism(s) by
which flavin molecules accelerate the EET process through the
interaction with MtrC protein.

As in previous studies (16, 17), we have used whole-microor-
ganism voltammetry to examine the redox characteristics of bi-
ological ET components under in vivo conditions. Differential pulse
voltammetry (DPV) is capable of detecting nanomolar levels of
substrates by minimizing nonfaradaic current (18) and is therefore
one of the most suitable voltammetric techniques for monitoring
redox species present in trace amounts in biological systems (12). To
accomplish this, we fabricated a monolayer biofilm of MR-1 cells
on highly uniform and flat indium tin-oxide (ITO) electrodes and
conducted DPV measurements to elucidate the redox properties of
flavin associated with MtrC protein scaffolds. Our analyses revealed
that the energetics and kinetics of the EET via the MtrC-bound
FMN is markedly different from those reported for the electron-
shuttling process (Fig. 1B). For the mechanism and origin of the
redox property alteration in flavin, we also examined how FMNs
interact with MtrC protein scaffolds. Not surprisingly, we have
seen similar, but not identical, results for the interaction of RF.
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Fig. 1. Schematic illustration of self-secreted flavin molecules to mediate
extracellular electron-transport (EET) processes of S. oneidensis MR-1. (A)
Electron shuttling process between OM c-Cyt complexes and electrodes by
two-electron redox reaction of free-form flavins (peak potential in differ-
ential pulse (DP) voltammogram: E, = =260 mV vs. SHE). Note that the rate
of enzymatic reduction of free flavins should be very slow due to the large
energy barrier existing between the flavin and OM c-Cyt (E, = +50 mV). (B)
Direct EET process via a one-electron reaction of flavins (E, = —145 mV) that
are associated with the flavin binding site in OM c-Cyt (MtrC protein). A
flavin/MtrC interaction facilitates a one-electron redox reaction via semi-
quinone with a positive shift in the E, of flavins from —260 mV to —145 mV,
resulting in a highly faster EET rate than that observed for a two-electron
EET process.

Results

Redox Properties of FMN at the Cell/Electrode Interface. To elucidate
the redox properties of flavin molecules associated with MtrC at
the cell/electrode interface, whole-cell voltammetry measure-
ments were conducted with monolayer biofilms of S. oneidensis
MR-1 grown on an ITO electrode. For the experiment, a cell
suspension of GFP-labeled bacteria with an optical density at A =
600 nm (ODgy) of 0.1 was cultivated on an ITO electrode poised
at+200mV (vs. Ag/AgCl KCl saturated) in the presence of lactate
as an energy source. After 25 h of incubation, confocal fluores-
cence microscopy showed the formation of a monolayer biofilm
with a thickness of less than 1 pm on the electrode surface (Fig.
S1A4), with almost no planktonic cells (17).

We next subjected the MR-1 biofilm to DPV by stepping the
electrode potential from —0.4 to +0.4 V (vs. SHE) in 5-mV
increments (Fig. 2). As shown in Fig. 24, the differential pulse
(DP) voltammograms obtained for the monolayer biofilm con-
tained two anodic peaks at redox potentials (£,) of +50 mV and —
145 mV. Although the former peak has been previously assigned
to the OmcA-MtrCAB complex (17), the latter peak is not at-
tributable to the well-characterized redox species of strain MR-1,
such as quinones, riboflavin, or FMN (19, 20). When FMN was
added to the reactor, the peak current at —145 mV increased in
proportion to the concentration of supplemented FMN (Fig. 24),
demonstrating that the E,, at —145 mV is assignable to FMN in the
monolayer biofilm. Notably, the observed E, at =145 mV was
115 mV more positive than that observed for the potential of free
FMN added to the reactor without bacterial biofilms (-260 mV,
Fig. 2B). In addition, when we increased the concentration of
FMN in the reactor, the E, gradually shifted to the E,, of free
FMN (Fig. S1 B and C); that is, the redox property of FMN in
monolayer biofilms is significantly altered by interaction with
the cell.

The number of electrons (n) involved in the redox reaction of
FMN with electrodes was estimated from the half-width poten-
tial (AE,) of the DPV signal. For free FMN dissolved in de-
fined medium (DM), the DPV signal exhibited a AE,, of 60 mV
(Fig. 2B, trace 1), which is consistent with an n of 2 (21). When
fully oxidized flavin (Ox) is reduced in one- and two-electron
reactions, the resulting flavin derivatives are called semiquinone
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(Sq) and hydroquinone (Hq) species, respectively (22-24), as
shown in [1] and [2]:

FMN (Ox) + ¢+ H* = FMNH (Sq) [1]

FMN (Ox) + 2 ¢+ 2 H* = FMNH, (Hq). [2]

The AE,, value obtained here for free FMN indicated that
FMN mediated the two-electron redox reaction between Ox and
Hq (Ox/Hq) (12). In contrast, the FMN in the monolayer biofilm
gave a larger AE,), relative to free FMN (Fig. 2B). The AE,,; of
130 mV is similar to that reported for one-electron transfer reac-
tions (21), indicating that the » of flavin changed from 2 to 1 to-
gether with the shift of £, from —260 mV to —145 mV in the
presence of monolayer biofilms. That is, in the presence of bio-
films, Sq was generated at the cell/electrode interface. To support
the assignment of £, = —145 mV to Sq, the effect of the addition of
the free radical scavenger tocopherol on the DPV signals was ex-
amined. Following the addition of 1.0 mM tocopherol to the sys-
tem containing the monolayer biofilm (25), the peak current at
E, = —145 mV displayed a 30% decrease (Fig. S2), indicating that
the peak current was assignable to the oxidation reaction of Sq to Ox.

EPR spectroscopy measurements were conducted to further
confirm the assignment of the —145 mV peak. In the presence of
10 mM lactate as an electron donor, a cell suspension of MR-1
containing 16 pM flavin was frozen at 77 K after 1 h of
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Fig. 2. Redox property of FMN in MR-1 biofilms differs from that of free-
form FMN. (A) DP voltammograms for monolayer biofilms of S. oneidensis
MR-1 on an ITO electrode surface in the presence of 0, 1.0, and 2.0 pM FMN.
(B) Baseline-subtracted DP voltammograms for cell-free DM containing
16 pM FMN (red line). Differences in the peak currents from the voltam-
mograms in A with added FMN concentrations of 0 and 1.0 uM (blue line)
were normalized with those obtained from the cell-free defined media.
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incubation in the presence of Fe,Oj particles as an electron ac-
cepter. As shown in Fig. 34, paramagnetic species were detected at
g =2.002, which is identical to the value reported for semiquinone
species in flavoproteins (26), whereas the relatively broad line
width reflects the heterogeneous distribution of radical environ-
ments (27). In contrast, paramagnetic species were not detectable
in the medium lacking lactate (Fig. 3C). Because Sq was detected
only in the presence of lactate, it seems that the Sq was formed via
the reduction of the Ox species by metabolically generated elec-
trons. Furthermore, Sq was not reduced to Hg, even in the absence
of Fe,05 particles serving as electron acceptors (Fig. 3B). Thus,
the E, at —145 mV was assigned to the one-electron redox couple
of Ox and Sq, but not to that of Sq and Hq.

Evidence for the Interaction Between FMN and MtrC. Detailed
crystallographic studies of the redox protein Mtr-F (14) have
revealed presumptive flavin-binding sites within the MtrC protein
scaffold; this is in agreement with the fact that mutant cells in-
capable of making MtrC exhibit impaired flavin-reduction ability
(10). Here, to determine whether Sq specifically associates with
the MtrC protein in vivo, monolayer biofilms of mutant strains
lacking the ability to produce MtrC (AmtrC), OmcA (AomcA), or
a biosynthetic protein of capsular polysaccharide (ASO3177)
were subjected to DPV measurements (Fig. 4 and Fig. S3). As
shown in Fig. 44, the DP voltammogram of Ami#rC in the presence
of 2.0 pM FMN showed a peak at —240 mV, which was assigned to
free FMN (Fig. 44), demonstrating the impaired ability of Am#rC
to produce Sq. In contrast, the positive shift of E, from —260
to —153 mV and —141 mV was observed for AomcA and ASO3177
(Fig. S3 4 and B), respectively. The lack of OmcA protein pro-
vided little effect on the formation of Sq in MR-1. Furthermore,
because disruption of the SO3177 gene greatly alters the cell-
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Fig. 3. Effect of an electron donor and accepter in the generation of
semiquinone (Sq) free radical in MR-1 cells. Electron spin resonance differ-
ence spectrum obtained at 77 K for suspension of S. oneidensis MR-1 cells in
the presence of 16 pM FMN and 5 mM lactate as an electron donor (A) with
and (B) without added Fe,0s particles as an electron acceptor. For (C), lac-
tate was not added into the cell suspension. For all measurements, cell
suspensions in 50% glycerol were prepared under anaerobic conditions. The
spectrum of the cell suspension with 50% (vol/vol) glycerol was used as
reference.
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Fig. 4. Role of OM ¢-Cyts (MtrC protein) in Sq stabilization. DP voltammo-
grams of a monolayer biofilm of strains AmtrC in the presence of 2.0 yM
FMN. (Inset) Sq represents semiquinone.

surface properties of strain MR-1, including the charge and hy-
drophobicity (28), the formation of Sq did not result from random
attachment of FMN on the cellular surface. Together, these
results strongly suggest that the Sq (E,, of =145 mV) that is formed
during this interaction was stabilized via a specific association with
the MtrC protein scaffold.

0x/Sq Redox Reaction Involves the Predominant EET Conduit at the
Cell/Electrode Interface. Because flavin molecules, when added in
excess, markedly accelerate the EET reaction from MR-1 cells to
electrodes (10), we also examined the contribution of Ox/Sq
couples to the EET process by analyzing the relationship between
the amount of Sq and the anodic current (Z,.) generated by the
metabolic oxidation of lactate. The I, of monolayer biofilms of
strain MR-1 cells was measured at a poised electrode potential of
200 mV (vs. Ag/AgCl), whereas the amount of Sq located at the
cell/electrode interface was estimated from the anodic peak cur-
rent at —145 mV (I_;45) in the DP voltammograms (Fig. 5). In the
plot of I, as a function of I_;4s, I, exhibited a positive correlation
with I_;4s, as a fitted line passed through the point of origin, giving
a square of the correlation coefficient of 0.998 (Fig. 54). This
result revealed that the generation of the redox cycling of Ox and
Sq accelerates the delivery of respiratory electrons to the ITO
electrodes. As a comparison, the contribution of OM c-Cyts to the
microbial current generation was examined by conducting the
same analysis in the absence of added flavin molecules (Fig. 5B).
In this analysis, /,., which was plotted as a function of the peak
current at +50 mV assigned to OM c-Cyts, was not positively
correlated with the amount of OM c¢-Cyts. This suggests that the
acceleration of EET by flavins at the cell/electrode interface is the
consequence of the redox reaction of the Ox/Sq couple bound to
the MtrC protein, but not due to an electron-shuttling process of
free FMN or direct ET from OM c-Cyts to electrodes.

Sq Formation Is Coupled with Metabolic Activity. Under physiolog-
ical conditions, respiratory electrons are continuously generated
by strain MR-1 through the metabolic oxidation of lactate and are
transferred to electrodes or extracellular electron acceptors via
the Mtr pathway. Thus, /,. reflects the metabolic activity of bac-
terial cells and is consistent with the notion that most of the hemes
in OM c-Cyts are present in the reduced form when cells are in the
metabolically active state. Here, with an assumption that Sq for-
mation was relevant to the redox states of hemes in MtrC proteins,
we analyzed the DPV signals of monolayer biofilms in the pres-
ence of increasing concentrations of lactate (Fig. 6). DPV
measurements were conducted at different stages of current
production, as indicated with arrows in Fig. 64. When cells were
grown in the absence of lactate, microbial current maintained
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Fig. 5. Contribution of the EET pathway associated with Sq formation in
microbial current generation. Plot of bacterial current production at an
electrode potential of +200 mV (vs. Ag/AgCl KCl saturated) against the peak
current of (A) Sq (E, = —145 mV) and that of (B) OM c-Cyt (E, = +50 mV), as
determined by DP voltammetry. The squares of the correlation coefficients
were estimated by the addition of the point of origin to the obtained data.
Error bars indicate the SEMs calculated with microbial current production
data obtained before and after a DP voltammetry measurement.

a steady, low value; however, the current sharply increased to 8 pA
upon adding 10 mM lactate into the reactor. When the system was
producing a low respiratory current (~2 pA), the DP voltammo-
gram of monolayer biofilms gave an E, at =250 mV (Fig. 6B) that
was almost identical to the E, of the two-electron reaction of free
FMN. However, when the current displayed a large increase fol-
lowing the addition of lactate, the E, displayed a prompt shift
from —250 to —151 mV (Fig. 6C), indicating that the n of FMN
changed from 2 to 1 through the activation of microbial metab-
olism. We also confirmed that the E,, of flavin shifted in the op-
posite direction when metabolic activity decreased. Namely, as
shown in DP voltammograms obtained during the stage with
a high respiratory current (Fig. S4 A, B, D, and E), Sq formation
was observed; however, the E,, shifted in a negative direction with
a corresponding decrease in I, due to the cellular consumption of
added lactate and the addition of metabolic inhibitor (2-heptyl 4
hydroxyquinoline N-oxide) for Mtr pathway (29) (Fig. S4 C and
F). Taken together, these results indicate that Sq formation in the
MtrC protein scaffold requires metabolically active bacterial cells.

RF Interacts with OmcA to Mediate EET. Because RF also accel-
erates the EET reaction from MR-1 cells (10), we examined
whether RF facilitates the one-electron EET process via asso-
ciating with MtrC or OmcA protein. DPV measurements were
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Fig. 6. FMN/MtrC protein interaction couples with metabolic activity. (A)
Current (I) vs. time measurements of microbial current generation for strain
MR-1 cells on an ITO electrode surface at +200 mV (vs. Ag/AgCl KCl satu-
rated). The arrow indicates the point at which 10 mM lactate was added into
the reactor. DP voltammograms for monolayer biofilms of S. oneidensis MR-
1 on an ITO electrode surface with the addition of 2.0 uM FMN, (B) before
and (C) after the addition of lactate.
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conducted with monolayer biofilms of WT MR-1, Am#rC, and
AomcA strain in the presence of 2.0 pM RF. The DP voltam-
mogram of WT provided an E, at —=139 mV (Fig. S54), which
was positively shifted from E, of free RF (E, = —260 mV) and
almost identical to the E, of a one-electron redox reaction of
MtrC-associated FMN. On one hand, as shown in Fig. S5B, E,
was observed at —95 mV for AmrC deletion mutant. On the
other hand, the E, of RF for AomcA located at —206 mV shifted
from E, of RF for WT in the opposite direction against Sq
formation (Fig. S5C). This effect of MtrC and OmcA protein
deletion on E, value indicates that RF interacts rather with
OmcA protein compared with MtrC protein in the form of Sq.
Together, the absence of a redox peak assigned to free RF for
the electrodes with attached cells suggests that the EET via RF is
also mediated by a Sq mechanism as well as FMN, and deletion
mutant analysis also suggests that RF associates with OmcA
protein instead of MtrC protein.

Discussion

In this work, we studied the mechanism by which flavins accel-
erate EET from heme redox centers in the OM c¢-Cyt protein
MtrC to electrodes. To examine the redox state of flavins asso-
ciated with MtrC, we fabricated monolayer biofilms of S. onei-
densis strain MR-1 that were subjected to whole-cell DPV under
physiological conditions. The obtained AEy,, in the DPV signals
of FMN indicates that Sq species are formed at the cell/electrode
interface (Fig. 2B). The assignment of the £}, at —145 mV to the
Ox/Sq redox reaction was confirmed by experiments using a free-
radical scavenger and EPR spectroscopy (Figs. S2 and S3, re-
spectively). The formation of Sq was not observed for the AmtrC
deletion mutant (Fig. 44), indicating that the Sq functions as
a redox cofactor in the scaffold of MtrC. This conclusion is in
harmony with the Sq stabilization in flavodoxins as a redox co-
factor, which is reported for a model FMN-binding protein (24,
30). In flavodoxins the E, of the Ox/Sq couple is generally shifted
to more positive potential from that of FMN in aqueous solution
as high as =50 mV (30), and it has been demonstrated by site-
directed mutagenesis that the E, shift in flavodoxins in Desul-
fovibrio vulgaris is promoted by the nonpolar environments of the
protein pocket and m—rm stacking interactions with aromatic
amino acids (24). The Ox/Sq redox couple was also found to be
a major conduit for bacterial respiratory EET at the cell/elec-
trode interface (Fig. 54). Moreover, we found that the Sq for-
mation in MtrC protein scaffolds showed good agreement with
the lactate concentration (Fig. 6). It is, therefore, most plausible
that a cell-secreted flavin molecule is adsorbed specifically by the
MtrC protein with reduced hemes in the presence of lactate, and
the redox cycling of Ox and Sq at E, = —145 mV (n = 1)
enhances the rate and extent of EET reaction (Fig. 1B). How-
ever, in the absence of an electron donor (lactate), flavins are
released from OM proteins following the formation of oxidized
hemes in MtrC protein (Fig. S6). Experiments with RF suggested
that, as with FMN, the one-electron EET mechanism holds true
also for RF via an association with the OmcA protein, but not
with the MtrC protein (Fig. S5).

Our present findings are consistent with reported data in-
dicating that the addition of flavin enhances both microbial
current generation via the MtrC pathway and the enzymatic re-
duction rate of electrodes and iron oxides by purified MtrC
protein (10, 12, 15). However, based on our findings the reaction
scheme and energy diagram of flavin-mediated EET (Fig. 1B) is
not consistent with previous reports that assume that flavins
mediate a two-electron redox reaction using the Ox/Hq redox
couple at £, = =260 mV (n = 2) (Fig. 14).

To demonstrate the importance of one-electron reduction of
electrodes in the EET process of strain MR-1, we will examine
the differences in ET kinetics between EET processes mediated
by the redox couples Ox/Sq and Ox/Hq based on kinetic analysis.
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In flavin-mediated EET processes, it seems that MtrC protein
reduces flavins to either Sq ([1]) or Hq ([2]). Breuer et al. (31)
have estimated, using a large-scale molecular dynamics simula-
tion technique, the redox potential of a heme center in MtrF
protein located next to the flavin binding site as +80 mV on the
basis of coordination environment of the heme in MtrF crystal
structure. Considering the differences in redox potential between
flavins and the heme in MtrF, flavin reduction by MtrC may be
the rate-determining process in EET, because the ET from flavin
to an ITO electrode (poised at +0.4 V vs. SHE) is a highly ex-
ergonic reaction. The first-order rate constants for the forward
(ks) and back reactions (k) for bimolecular ET are described in
Egs. 3 and 4 on the basis of the Arrhenius equation, as follows:

F
ky = ko exp [—% AE:| [3]
_ (1-a)nF
ky =ko exp {7RT AE], [4]

where kj is a standard rate constant, » is the number of electrons,
a is an electron transfer coefficient, and AE is the potential
difference between the E, values of flavin and the heme in MtrC
protein. Overall current density (/) can be represented as the
difference of the back and forward reaction kinetics, as described
in the Butler—Volmer equation:

J= nF(kaR - kbC0)7 [5]

where F is the faradic constant and Cr and C, are the concen-
trations of reductant and oxidant, respectively, corresponding to
reduced and oxidized hemes, respectively, in MtrC. Assuming
active microbial metabolism, the value for the back reaction
should be negligible, because the concentration of oxidized heme
would be markedly lowered by the continuous supply of re-
spiratory electrons to the OmcA-MtrCAB complex (32). We
calculated the k; value as a function of the electron-donor po-
tential for both reactions 1 and 2 using plausible a values (o =
0.4, 0.5, and 0.6) and the reported k, values for the electrode
reaction of flavins, where k((Ox/Sq) = 0.1 and ko(Ox/Hq) = 0.15
(33, 34) (Fig. S7A4). It should be noted that the ratio of k{Ox/Sq)
to k(Ox/Hq) gave a 10%- to 10°-fold faster ET rate for the re-
action in [1] than that of [2] at the E,, of the heme located next to
the flavin binding site in the MtrF protein (Fig. S7A4). This result
clearly demonstrates that the one-electron reaction of Ox/Sq
could serve as a more efficient ET process compared with that
mediated by the two-electron reaction of Ox/Hq under con-
ditions of continuously supplied electrons. This conclusion is
entirely consistent with the DPV results observed in Fig. 5,
strongly suggesting that bacterial respiratory electrons are
predominantly transferred to electrodes by Sq.

The findings from the kinetic estimation of EET also highlight
the importance of the continuous influx of electrons generated
by cellular metabolism to effectively generate Sq. More specifi-
cally, we plotted values of J as a function of the concentration
ratio of oxidized to reduced hemes (Cp/Cg) for three a values
(x=0.4, 0.5, and 0.6) (Fig. S7B). As can be seen, the forward ET
reaction from reduced heme to Ox does not overcome the back
ET from Sq to oxidized heme before the C/Cg reaches less than
10™*. This requirement for a large concentration gradient is
because the increase in Cp leads to a significant decay of the
flavin reduction rate by the fast kinetics of back ET reactions
from Sq to oxidized hemes. Hence, the low concentration of
oxidized hemes in MtrC is also a required condition to promote
the formation of Sq. From these estimations, the continuous
flow of electrons, which is a characteristic feature of active
metabolism (32, 35), is also essential to effectively use Sq for
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EET processes, consistent with our finding that the EET acti-
vation by flavin is coupled with the reduction of hemes in
MtrC proteins.

The heme-oxidation-state dependence on the extent of the
EET process is a reasonable strategy to maintain the in-
tracellular redox environments (redox homeostasis), because the
oxidation state of hemes in MtrC reflects the balance between
the electron input from respiration and the output by EET.
When active metabolism accumulates electrons inside cells, the
extent of EET is enhanced by the fast kinetics of Ox/Sq and
continuous electron flow (Fig. S84). In contrast, EET signifi-
cantly slows down by the large energy barrier of Ox/Hq reaction
under oxidative intercellular conditions in the absence of lactate
(Fig. S8B). Such a regulation mechanism for the EET process
would be important for microbes to accommodate or survive in
diverse subsurface environments with such highly positive redox
potentials (1). Our present study has not only shed light on the
mechanism by which MtrC-bound flavins mediate the EET
process but has also revealed the capacity of MR-1 cells to use
flavin as a regulator to control the extent of EET processes in
agreement with the intracellular redox environment.

Materials and Methods

Cell Preparation. S. oneidensis strain MR-1 was grown overnight aerobically
in 10 mL of LB medium (20 g-L’1) at 30 °C. The resulting cell suspension was
centrifuged at 3,500 x g for 10 min to pellet cells, and the LB medium was
then replaced with 10 mL of DM (36). The cells were further cultivated
aerobically at 30 °C for 10 h using lactate (10 mM) as the sole carbon source.
The suspension was centrifuged and the cells were then washed with DM
before use in electrochemical experiments. Mutant strains of MR-1 lacking
complete genes for MtrC and SO3177 were previously constructed by allele
replacement using a two-step homologous recombination method (28, 37).
The growth procedures for the two mutant strains were the same as de-
scribed for the WT MR-1 strain. Metabolic inhibitor for Mtr pathway, HQNO
(>99% purity; Santa Cruz Biotech), was used as aliquots from a stock solution
of 50 mM in ethanol/water (50/50, vol/vol).

Electrochemical Measurements. A single-chamber, three-electrode system was
used for the electrochemical studies of intact cells (16, 38). A tin-doped In,03
(ITO) substrate (surface area of 3.1 cm?) was used as a working electrode and
was placed at the bottom of the reactor. Ag/AgCl (KCl saturated) and
a platinum wire were used as reference and counter electrodes, respectively.
Five milliliters of DM containing lactate (10 mM) was added into the elec-
trochemical cell as an electrolyte and was deaerated by bubbling with N, for
>30 min. The reactor temperature was maintained at 30 °C and no agitation
was made during the measurements. Differential pulse voltammetry was
conducted with an automatic polarization system (HZ-5000; Hokuto Denko),
using 5.0-mV pulse increments, 50-mV pulse amplitude (AE,,), 300-ms pulse
width, and a 5.0-s pulse period. As a redox potential E, is approximated with
the equation Eq = E, — (AEp./2) (21), E is estimated to be 25 mV more
negative than E,, observed in DP voltammograms. Measurements were made
for sampling for 10 ms after each pulse. Charging current subtraction was
conducted using analysis software (HZ-5000ANA; Hokuto Denko), where
charging current was approximated to be a linear function.

Confocal Fluorescence Microscopy. Microscopic observations were performed
on a confocal laser scanning microscope (IX-71; Olympus,) (17). Image stacks
were obtained using a 60x objective. GFP fluorescence was collected with
a 505- to 530-nm band-pass filter after laser excitation at 420 nm. Plane
views with side profile slices were generated using Andor iQ software
(version 1.9; Andor Technology).

Electron Paramagnetic Resonance Spectroscopy. X-band ESR spectra were
recorded with a JEOL ES-RE2x ESR spectrometer at 77 K with a microwave
power of 3.0 uW, 9.5 GHz microwave frequency, and field modulation am-
plitude of 0.3 mT (at 100-kHz modulation frequency). Cells were suspended
in DM buffer containing 16 pM FMN, 10 mM lactate, 2 mM Fe,Os powder,
and 50% (vol/vol) glycerol. Samples were frozen at 77 K after 1 h of an-
aerobic inoculation. The spectrum of the cell suspension with 50% (vol/vol)
glycerol was used as a spectral reference.
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