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Abstract: Anaerobic microorganisms of the Geobacter genus
are effective electron sources for the synthesis of nanoparticles,
for bioremediation of polluted water, and for the production of
electricity in fuel cells. In multistep reactions, electrons are
transferred via iron/heme cofactors of c-type cytochromes
from the inner cell membrane to extracellular metal ions, which
are bound to outer membrane cytochromes. We measured
electron production and electron flux rates to 5x 10° es™ per
G. sulfurreducens. Remarkably, these rates are independent of
the oxidants, and follow zero order kinetics. It turned out that
the microorganisms regulate electron flux rates by increasing
their Fe**/Fe’" ratios in the multiheme cytochromes whenever
the activity of the extracellular metal oxidants is diminished. By
this mechanism the respiration remains constant even when
oxidizing conditions are changing. This homeostasis is a vital
condition for living systems, and makes G. sulfurreducens
a versatile electron source.

Some anaerobic microorganisms are able to use extracellu-
lar metal salts as terminal oxidants in their respiratory
pathways (mineral respiration).l!' Important examples are
bacteria of the Geobacter genus,” which turned out to be
effective electron sources for the synthesis of nanoparticles,”!
for bioremediation of toxic and radioactive metals,™ and for
the current production in microbial fuel cells.”) The respira-
tory pathways are based on electron transfer (ET) from the
inside of the cells to the exterior. ET reactions can be
mediated by proteins of bacterial filaments or by c-type
cytochromes."*”! We studied ET processes, where c-type
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Figure 1. Outline of the inner and outer cell membrane of Geobacter
sulfurreducens. A) Multiheme c-type cytochromes that are involved in
anaerobic (mineral) respiration. Electrons originating from the oxida-
tion of organic compounds are transferred to a menaquinone pool via
an NADH hydrogenase located in the inner membrane. Depending on
the redox potential of the final electron acceptor, the electrons are
transferred to one of two pathways: the CbcL-dependent pathway,
which operates when the final oxidants are at or below redox potentials
of —100 mV vs. NHE, or the ImcH pathway, which is used when the
final oxidants are above these redox potential values. B) During
mineral respiration, several ET steps between the iron/hemes of the
multiheme cytochromes transport electrons through the periplasm and
the outer membrane to the extracellular oxidant.

cytochromes are the electron carriers (Figure 1). The respi-
ratory chain starts at the inner cell membrane (electron
influx) by enzymatic reduction of the Fe*'/heme cofactors of
inner membrane cytochromes (Imc). During electron trans-
port through the periplasm, several ET steps occur within and
between the periplasmic multiheme cytochromes (Ppc).
Finally, Fe*'/hemes of the outer membrane cytochromes
(Omc) accept these electrons, and reduce the extracellular
metal ions (electron outflux).

We have measured the electron production and flux
through the cell by in vivo experiments with Geobacter
sulfurreducens using AgNO;, Na,CrO,, and AgCl as oxidants
(Scheme 1). It turned out that each microorganism produces
5 x 10° electrons per second, and that the electron flux rate is
nearly independent of oxidation potentials, aggregation
states, charges and concentrations of the extracellular metal
salts. This surprising behavior is accomplished by the bacteria,
which are able to vary the Fe?"/Fe’" ratios in the hemes of the
cytochromes, allowing to synchronize the electron outflux
rates with the constant electron influx rate.
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Scheme 1. Chemical oxidation of Fe?"/hemes by extracellular metal
jons (electron outflux), and enzymatic reduction of the Fe’*/hemes at
the inner membrane (electron influx). By measuring the changes in the
concentrations of the Fe**/hemes and the oxidizing metal ions, the ET
rates were determined.

First experiments were performed with AgNO;, which
was reduced by G. sulfurreducens to Ag nanoparticles
(AgNPs). Redox reactions between the oxidant and the
Fe*'/hemes rely on complexation of Ag' ions by the amino
acids of Omc proteins. High complexation constants prevent
the migration of Ag”® ions into the cell, and thus protect the
bacteria against the toxicity of Ag® ions. To verify Ag"
complexation, NMR titration experiments were carried out
with OmcF, the only Omc of G. sulfurreducens whose
structure was determined in NMR studies.®! In the 11 kDa
OmcF a methionine, Met86, and a histidine, His34, are well
oriented for the coordination of a metal ion in a linear fashion
(Figure 2 A). Both amino acids are known to bind Ag* ions in
peptides.”! "H NMR titration of OmcF with silver nitrate in
D,O confirmed silver complexation by the imidazole group of
His34 as well as by the sulfur atom of Met 86 (Figure S1).

This titration furthermore indicated the formation of a 3:1
Ag'/OmcF complex (Figure 2B), implying other coordinat-
ing residues whose proton signals could not be followed,
likely because of the neighboring paramagnetic iron/heme
entity. In order to determine the binding constant, we added
imidazole-d, as competing ligand, whose affinity constant to
Ag" ions is known.[""! This created two sets of protein signals
(Figures 2C and Figure S2), which were due to a partial
exchange of the axial His39-heme ligand by the added
imidazole-d,. This type of exchange had already been
observed in other iron/heme systems,'! and we confirmed
this ligand exchange for OmcF by variation of the imidazole-
d, concentration (Figure S3). From the signals of Met86 and
His 34, two of the three Ag"/OmcF binding constants were
determined to be logK,; =6.1(£0.3) and logK,; =6.2(£0.5)
(Figure S4). The third complexation could not be fitted with
a reasonable error. The binding constants correspond to
typical values reported for other histidine/silver/methionine
complexes.’”'? Binding between Ag™ and two (protein-free)
histidine molecules has also a binding constant on the order of
10°.0°1 The NMR structures of the other outer membrane
cytochromes of G. sulfurreducens such as OmcB and OmcC
are not known. They are large, multiheme cytochromes with
a high number of free histidine residues, which should bind
Ag* ions also very efficiently.™”!

Experiments to determine the ET rates were carried out
with 0.6-0.9 pMm G. sulfurreducens and 50 pm AgNOj solutions
with low CI~ and Fe** concentrations (Figure S5).' UV/Vis
spectra exhibited Soret and Q-bands of the iron hemes, as well
as scattering contributions of the microorganisms (Fig-
ure 3A). As the AgNP concentration was low, the plasmon
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Figure 2. A) Complexation site of one Ag" ion on the outer membrane
cytochrome OmcF, containing a Fe*'/heme cofactor. The complexation
sites of the two other Ag* ions bound by OmcF could not be
determined. B) Change in the NMR chemical shift of one aromatic C—
H group of His 34 during the addition of AgNO; on OmcF (1.1 mm:
circles, and 0.2 mwm: triangles) in HEPES buffer (pD 7.8). A 3:1 Ag”’/
OmcF stoichiometry yielded a good fit of the experimental data.

C) NMR chemical shifts of one aromatic C—H group of His 34 and of
the CH; group of Met86 (OmcF: 1 mm) during addition of AgNO; (0-
7 mm). The NMR experiments were carried out in competition with
imidazole-d,, which duplicated the signals (blank and filled) due to
displacement of His 39.

resonance of the AgNPs was weak and overlapped with the
iron/heme Soret bands (Figure S6). Therefore, the concen-
tration changes of the Fe**/hemes were analyzed by their Q-
bands (Figure S7). AgNP formation was determined by the
increasing scattering of the microorganisms at 610 nm (Fig-
ure 3C,D)™ and EDS experiments (Figure S8).

Addition of AgNO; to G. sulfurreducens oxidized in less
than two seconds more than 98 % of the Fe*'/hemes to Fe*'/
hemes (Figure S9), and the Fe?'/Fe’" ratio remained nearly
constant for the next 4-5 minutes (Figure 3B). During this
time, the light scattering increased in a nearly linear way
(Figure 3 C), which indicated a constant AgNP formation that
was independent of the Ag" concentration.'”! Thus, its rate
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Figure 3. Reduction of Ag" ions (0.05 mm) by G. sulfurreducens

(0.7 pm). A) UV/Vis spectra of the bacterial suspension during Ag*
reduction (indicated times correspond to the measurement start at
610 nm; scan time=1 min). The spectrum at 0 min was registered
before AgNO; addition. B) Time dependence of the Fe**/heme concen-
tration, determined from its Q-band (Figure S7). C) Time dependence
of the scattering (610 nm) demonstrating AgNP formation. D) TEM
image recorded at the end of the redox reaction showing AgNPs
attached to the microorganism. E) Size distribution of AgNPs at the
microorganism.

followed zero order kinetics. After consumption of the Ag*
ions, Fe*"/hemes were reduced back to Fe?'/hemes (Fig-
ure 3B). The observed zero order kinetics during AgNP
formation can be explained by a constant number of reaction
sites at which AgNPs grew on the surface of the bacteria
(Figure 3D), as well as an excess of Ag® ions (0.7 pm
G. sulfurreducens; 0.05 mm AgNQO,) at the reaction start.!'”
As long as the Ag* ions were in large excess, their addition to
the AgNPs 2—3 was obviously faster than ET between and
through the cytochromes.'”! Thus, the ET steps 3—4 and not
the Ag* addition to 2 were rate determining (Scheme 2). We
repeated the measurements more than 10 times with different
generations of G. sulfurreducens and calculated an average
ET rate of 3.0x10°es™" per bacterium with a variation of
+40% at 30°C (Table 1). When the reaction temperature was

+

ET A
nAg* + Omc(Fe?'), — > Ag,/Omc(Fe®), —3>  Agh,/Omc(Fe™),
1 2 3
ET ET
Agn+1/Omc(Fe?*),
+Ppc(Fe?)n, through Omc 4

Scheme 2. Formation of AgNPs starts with complexation of Ag* ions
to Omc 1 and subsequent oxidation of Fe?"/hemes to Fe*'/hemes in
2. The AgNP growth occurs by Ag" addition (2—3), as well as ET
steps between and through the c-type cytochromes leading to 4, which
continues the AgNP growth.

Table 1: Electron flux rates with different oxidants and different gener-
ations of G. sulfurreducens.

Oxidant Redox potential ET rate Temperature
V¥ (pH 7) es " [°q
AgNO, 0.80 3.0x10° 30
1.5x10° 20
0.8x10° 15
Na,CrO, 0.62 5.0x10° 30
AgCl 0.21 7.5x10° 30

[a] Standard reduction potentials against NHE were used. They were not
corrected for the influence of the reaction mixture and the reaction
temperature. [b] The variation was +40%.

decreased to 20 and 15°C, the electron flux slowed down by
a factor of 2.0 and 3.8, respectively.

Interestingly, the initial oxidation of the Fe’'/hemes of
G. sulfurreducens in the resting state by Ag* ions (1—2) was
much faster than the electron flux during respiration. It took
less than 2 seconds to oxidize nearly all Fe*'/hemes to Fe*'/
hemes (Figure S9). During this initial phase, about 10 % of the
AgNPs were generated. As Ag' ions were in 7x 107 fold
excess to G. sulfurreducens, the reduction of 10% of the Ag*
ions was caused by 0.7 x 10’ Fe?*/hemes. This number of iron/
hemes per bacterium is in good agreement with direct iron/
heme measurements by Esteve-Nuiez et al.l'¥!

A characteristic of the silver ion system is that not the
decrease of the oxidants, the Ag* ions, but the increase of the
reaction products, the AgNPs, was determined. In order to
analyze directly the change of the oxidants by UV/Vis
spectroscopy, we used Na,CrO, as a reagent (Figure 4 A,C).
Another difference in these two oxidants is that CrO,>~
anions instead of Ag" cations were bound by the amino
acids of the Omc proteins, and Cr*" cations instead of Ag’
nanoparticles were formed as reaction products. Several
experiments with 0.7-0.9 pm G. sulfurreducens and 0.05 or
0.1 mM Na,CrO, solutions at 30°C were carried out.!'”]
Figure 4C shows that the concentration of the oxidant
decreased in a constant way. Thus, also with Na,CrO,,
a concentration change did not influence the redox rate.
The reaction was of zero order in chromate, so that its rate
could be calculated directly from the decrease in the
chromate concentration. An average ET rate of 5.0x
10° es™! per bacterium at 30°C was determined (Table 1).
Interestingly, the Fe*"/heme concentration increased slightly
during the experiment (Figure 4B). This rise could compen-
sate for a slowdown of the redox reaction caused by a decrease
of the chromate concentration, or by a change of the redox
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Figure 4. Reduction of CrO,>™ ions (0.1 mM) by G. sulfurreducens

(0.8 pm). A) UV/Vis monitoring of the bacterial suspension upon
CrO,”” reduction (indicated times correspond to the measurement
start at 610 nm; scan time=25.3 s). B) Time dependence of the Fe’"/
heme concentration, determined from its Q-band (see also Figure S7).
C) Time dependence of the chromate concentration, measured at

360 nm.

potentials induced by Cr’" ions attached to amino acids of
Omc.

A much more pronounced increase of the Fe?'/heme
concentration was observed when solid AgCl nanocrystals
served as the oxidant.® AgCl nanocrystals were generated by
addition of AgNO; to a Cl -containing growth medium
(Figure S10),”" to which the same volume of a bacteria
suspension was injected, leading to a 0.1 mm AgCl and
0.45 pm G. sulfurreducens solution. Within 5 minutes (Fig-
ure 5A,C) the microorganisms reduced the insoluble AgCl
nanocrystals (Figure 5D) into insoluble AgNPs (Fig-
ure SE).!l The AgNP formation rate remained constant,
demonstrating that the product formation again followed
a zero order kinetics. However, in sharp contrast to experi-
ments with soluble Ag" ions (Figure 3B), the reduction of
solid AgCl was accompanied by an increase of the Fe**/heme
concentration from 15 to 95% (Figure 5B). This implies
different reaction mechanisms. With soluble Ag* ions as the
oxidant, complexation by Omc proteins led to a certain
number of AgNPs at the microorganisms. These are the
reaction sites to which the large excess of Ag" ions diffused
and became reduced.

The situation with insoluble AgCl nanocrystals as oxi-
dants was completely different as nearly all Ag* ions were
stored in the solid AgCl nanocrystals.””! The reduction of each
AgCl particle to an AgNP therefore decreased the concen-
tration of the redox sites, thus the electron flux rate should
decrease continuously. However, Figure 5C shows that the
rate of the AgNP growth remained constant. This was actually
accomplished by the concentration increase of the reaction
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Figure 5. Mineral respiration of G. sulfurreducens (0.45 pm) using solid
silver chloride nanocrystals (0.1 mm) as an extracellular oxidant.
A) UV/Vis monitoring of the bacterial suspension upon AgCl reduction
(indicated times correspond to the measurement start at 610 nm;
scan time=25.3 s) B) Increase of the Fe**/heme concentration during
the reaction, determined from the Q-bands. C) Linear increase of the
scattering at 610 nm demonstrating zero order kinetics for AgNP
formation. D) Size distribution of the oxidizing AgCl nanocrystals.
E) Size distribution of the generated AgNPs.

partners, the Fe?'/hemes (Figure 5B). Obviously, the increas-
ing Fe**/heme :Fe**/heme ratio in a multiheme Omc raised its
reactivity to such an extent that the AgNP formation rates
remained constant. We measured an average ET rate at 30°C
of 7.5x10°es™" per bacterium with a variation of +40%
(Table 1). The chemical rates in Table 1 show that respiration
of G. sulfurreducens using different oxidants occurs with EET
rates of 5x10°(£2x10°) es™! per bacterium at 30°C. This
corresponds to a current production of 80(=+ 30) fA, which is
similar to electrochemical data. Jian et al. have measured
a current of 90(+30) fA in experiments where a single
G. sulfurreducens cell was in contact with a gold electrode,*
and El-Naggar et al. determined currents of 60(+40) fA in
electrochemical measurements with Shewanella oneidensis.*"

Our experimental results show that in mineral respiration
of G. sulfurreducens, the electron flux remains constant
during the decrease of the oxidant concentration, demon-
strating zero order reaction kinetics. In addition, the electron
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flux rates are nearly independent of the type of the oxidant.
This could be a general effect during mineral respiration of
anaerobic bacteria; it might occur also with other members of
the Geobacter genus or with S. oneidensis microorganisms.
The independence from the environmental conditions dem-
onstrates the flexibility of these bacteria, which adapt to
changing external redox potentials by changing Fe*'/
heme :Fe*'/heme ratios in the c-type cytochromes. Decreasing
the reactivity or the number of the reaction sites of the
oxidizing metal ions is compensated by an increase of the
Fe’'/heme population in the multiheme outer membrane
cytochromes. A constant ET is needed to maintain constant
ATP synthesis during respiration.” Such ATP homeostasis is
a vital condition for living systems.’ Obviously, the Fe**/
heme concentrations in the inner membrane cytochromes
remain high enough to stabilize the enzymatic respiration
reaction. This might be one of the reasons for the high
concentration of iron/hemes in these microorgnisms (107 per
G. sulfurreducens). Thus, ATP homeostasis is the result of an
interplay between chemical redox reactions at the outer cell
membrane and enzymatic redox reactions at the inner cell
membrane (Figure 1B and Scheme 1). The iron/hemes of c-
type cytochromes, which are the carriers of the electrons, act
as buffers that synchronize the ET rates of the electron influx
and the electron outflux. This makes G. sulfurreducens
a predictable reaction tool for redox reactions.
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Kinetics and Mechanism of Mineral
Respiration: How Iron Hemes
Synchronize Electron Transfer Rates

/\@v Fe?*/Ime

ATP ==
homeostasis e
Y Fe¥*/Imec

The bacterium Geobacter sulfurreducens
requires extracellular metal salts for res-
piration. Each microorganism produces
5x10° electrons per second, which
reduce the metal ions bound to the outer

Fe®*/Ppc Oxid.

Fe?*/Ppc Red.

membrane cytochromes. With iron heme
cofactors of c-type cytochromes, the
electron flow is independent of the con-
centration and type of oxidant. This
results in ATP homeostasis.



