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ABSTRACT: In the model microbe Shewanella oneidensis, multi-heme
proteins are utilized for respiratory metabolism where metals serve as the
terminal electron acceptor. Among those is the periplasm-localized small
tetraheme cytochrome (STC). STC has been extensively characterized
structurally and electrochemically to which electron flow in and out of the
protein has been modeled. However, until the present work, no kinetic
studies have been performed to probe the route of electron flow or to
determine the iron-binding site on STC. Using iron chelated by EDTA,
NTA, or citrate, we have used chemical modification, site-directed

mutagenesis along with isothermal titration calorimetry (ITC), and stopped-flow measurements to identify the iron binding site
of STC. Chemical modifications of STC revealed that carboxyl groups on STC are involved in binding of EDTA—Fe®". Scanning
mutagenesis was performed on Asp and Glu to probe the putative iron-binding site on STC. Two STC mutants (D21N; D8ON)
showed ~70% decrease in observed electron transfer rate constant with EDTA—Fe®* from transient-state kinetic measurements.
The impaired reactivity of STC (D80N/D21N) with EDTA—Fe>" was further confirmed by a significant decrease (>10-fold) in

iron binding affinity.

espiratory metabolism evolved long before the use of mole-
Rcular oxygen as a terminal electron acceptor (TEA). As such,
microbes evolved the ability to utilize a wide range of TEAs."
Among the TEAs are insoluble metal oxides and soluble metal
chelates.” The process of utilizing Fe** as the TEA is referred
to as dissimilatory iron reduction (DIR). Microbial DIR was
first discovered with the facultative anaerobe Shewanella® which
has since become a model organism for the study of DIR.* In
addition to Fe®*, Shewanella can also respire many other TEAs
including Mn®*, Mn*", and anthropomorphically generated [
and Tc®*.> Under anaerobic DIR growth conditions, Shewanella
synthesizes a large number of multiheme c-type cytochromes that
serve as a conduit for electron flow from the cytoplasmic mem-
brane (CM) to the outer membrane (OM).® " One such c-type
cytochrome is the periplasm-localized small tetraheme cyto-
chrome (STC). Two studies have demonstrated the importance
of STC in DIR electron transfer. A knockout mutant of STC in
Shewanella frigidimarina exhibits compromised growth using iron
as the TEA but not fumarate.'® In S. oneidensis, Coursolle et al.**
have shown the importance of STC in electron transfer to soluble
ferric chelates in knockout mutants of MtrA via a proposed
MtrD-dependent manner.
STC has been extensively characterized structurally and
electrochemically.'”~>* NMR studies by both Harada et al.'” and
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Fonseca et al.”® proposed a directional electron transfer pathway
within four hemes. More recently, Paquete et al.>" applied the
kinetic model to discriminate the contribution of each individual
heme within each oxidation step of NTA—Fe®*, and the model-
ing results led to the proposal that intermolecular electron
transfer from the reduced STC to NTA—Fe®" occurs in the
vicinity of heme I and heme IV. The dynamic simulation of STC
interaction with hematite also showed electrons preferentially
leave through heme I and heme IV.%3 However, no studies have
been performed to test the validity of the models and also to
determine the iron-binding site on STC. In the present study, we
characterize the mechanism of electron transfer from reduced
STC to three model ferric chelates: EDTA—Fe>", NTA—Fe**,
and citrate—Fe”*. We have used isothermal titration calorimetry
(ITC) and transient-state kinetics to characterize the protein to
metal interactions. Both methods demonstrated that STC binds
the model soluble iron species at micromolar affinities, suggest-
ing that STC is able to serve as the soluble ferric ion reductase.
For the first time, we have identified Asp21 and Asp80 in the

Received:  April 4, 2011
Revised: ~ June 18,2011
Published: June 19, 2011

6217 dx.doi.org/10.1021/bi2005015 | Biochemistry 2011, 50, 6217-6224



Biochemistry

vicinity of heme I and heme IV are involved in iron binding and
reactivity.

W EXPERIMENTAL PROCEDURES

Materials. EDTA was purchased from EMD (EMD Chemicals).
Spectra Multicolor Broad Range Protein Ladder was purchased
from Fermentas (Fermentas Life Science). All other chemicals
were purchased from Sigma/Aldrich Chemicals. The oligonu-
cleotides for thrombin cleavage site introduction and primers
for site-directed mutagenesis were purchased from Integrated
DNA Technologies. The oligonucleotide sequences are shown in
Table S1.

Protein Expression and Purification. STC was expressed as a
his-tag fusion protein to facilitate purification after which the his
tag was proteolytically removed. Plasmid pET21a-stC for over-
production of STC was constructed by ligating the stC DNA
fragment into the Ndel-Xhol sites of pET21a (Novagen). STC
was expressed in Escherichia coli BL21(DE3)/pEC86 containing
the ccmABC-DEFGH (cytochrome ¢ maturation) genes.24 Cells
of E. coli BL21(DE3) (pET21-stC+PEC86) strain were grown
aerobically at 37 °C in Luria—Bertani medium (10 g/L tryptone,
10 g/L NaCl, S g/L yeast extract, pH adjusted with NaOH to 7.4)
until the optical density reached 0.6. After another 10 h incuba-
tion with shaking at 30 °C, cells were harvested by centrifugation
at 4000g at 4 °C for 10 min. The cell pellet was resuspended in
20 mM Tris-HCl, 20% sucrose, pH 8.0, (20 mL per gram of wet
weight). The cells were treated with Iysozyme (1 mg/mL), 1 mM
EDTA, and 0.1 mM DTT and incubated at 37 °C for 1 h. The
lysed cells were centrifuged at 20000g at 4 °C for 1 h. STC was
purified from the supernatant using a 5 mL Ni-NTA column
according to the manufacturer’s protocol (Qiagen). Further puri-
fication was done through an Agilent fast protein liquid chroma-
tograph at room temperature on a Mono-Q_column; STC was
eluted under a linear gradient of 0—250 mM NaCl over 10
column volumes. The purified STC was concentrated and the
buffer exchanged into 20 mM Tris-HCI, pH 8.0, by ultrafiltration
with a 10 kDa cutoff membrane (Pall Corp.).

His-Tag Removal of STC. To avoid possible competition
between the His-tag and enzyme active site for iron binding, the
His-tag was removed after Ni-column purification using an
engineered C-terminal thrombin cleavage site.”> The recombi-
nant STC (10 uM) was dissolved in 20 mM Tris-Cl, pH 8.0, to
which 0.1 Unit of thrombin was added. To remove any remaining
His-tagged protein, the digested sample was passed through Ni-
NTA column in 20 mM Tris-HCI, pH 8.0, 50 mM NaCl. The
nonbound fraction contained the cleaved protein which was
further purified over a Mono-Q_column to remove thrombin.

Ferric Complexes Preparation. The molar ratio EDTA—Fe>*
was prepared as 1:1 (and also 1.5:1 yielding identical results),
with NTA—Fe®" and citrate—Fe>" prepared as 2.5:1 and 2:1,
respectively. Equilibrium speciation calculations®® showed that at
such preparations the predominant Fe(Ill) species in the ED-
TA—Fe®* system is EDTA—Fe®" (85%), while the Fe(III)
species in NTA—Fe®" and citrate—Fe”* system is Fe** — (NTA)-
(OH) (99%) and Fe** —(citrate), (69%), respectively.

Isothermal Titration Calorimetry (ITC). ITC measurements
were carried out at 25 °C on the Nano-ITC II Instrument
(TA Instruments). Prior to analysis, STC was dialyzed against
20 mM Tris-HCI buffer, pH 8.0, S0 mM NaCl. The titrants
(ferric chelates) were dissolved in the spent dialysis buffer. Prior
to measurements, all solutions were degassed under vacuum with

stirring. The solution in the sample cell was stirred at 300 rpm to
ensure rapid mixing and heat equilibrium. In a typical titration,
S—8 uL of titrant was injected into a solution of 50 M STC over
a period of 10 s with an adequate interval (2—S5 min) between
injections to allow complete equilibrium. Anaerobic measure-
ments were performed under a N, atmosphere. Ferrous ion
solutions were prepared under anaerobic conditions and thor-
oughly deoxygenated before each experiment was carried out.
Titrations were carried out until no further heat change was
observed following addition of titrants. To correct for dilution
and mixing effects, the control titration, which consisted of the
same titration solution, but with buffer in the sample cell, was
subtracted from each experiment, accounting for the heat of
dilution.

A minimum of two titrations were carried out for each mea-
surement, and the reported experimental values are the average
of individual best-fit values, determined with one-set binding
model in the Nano Analyze software provided by TA Instru-
ments. ITC results are presented by showing baseline-adjusted
experimental titration data (heat flow versus time) on the top and
peak-integrated background-subtracted concentration-normal-
ized molar heat flow per aliquot versus the injection time on
the bottom.

Transient State Kinetic Analysis of STC. STC was reduced
enzymatically using xanthine oxidase as described before®” with
the following modifications: STC (1 #M) in 20 mM Tris-HC],
pH 8.0, was incubated with xanthine (1.5 mM), xanthine oxidase
(0.02 U/mL), and benzyl viologen (2 uM) anaerobically (N,).
The extent of the reduction process was monitored by the
increase in 550 nm absorbance. The reaction of reduced STC
(1 uM) with soluble ferric iron species was monitored in an
Applied Photosystems (Surrey, United Kingdom) SX.18MV
stopped-flow spectrophotometer with a 1 cm path-length cell.
The reaction with ferric complexes was monitored at 419 nm
associated with ferroheme oxidation. The overall observed elec-
tron transfer rate constant (k,p,) was extracted by fitting the trace
using the single-exponential decay model of Sigma Plot 10.0
(Systat Software Inc.).

Analysis of Kinetic Traces from Experiments with ED-
TA—Fe**. The data obtained for the oxidation of STC by
EDTA—Fe®" were fitted to a kinetic model.”’ This model can
be applied when there is fast intramolecular electron exchange
and slow intermolecular electron exchange, allowing the protein
to be under thermodynamic control between each of the
sequential electron transfer steps. Under these conditions the
complex kinetic scheme that describes the four-center protein
collapses to a simple kinetic system of four consecutive one-
electron transfer steps represented by four macroscopic rate
constants, k;—kry. These macroscopic rate constants are set by
the weighted average of the microscopic rate constants of all the
microsteps that participate in that macroscopic step. And each of
these microscopic rate constants is parsed into a contribution of
the driving force of the particular step using an exponential term
derived from Marcus theory®" and a reference rate constant that
is intrinsic to each heme that is related to structural factors. The
fit of the model to the kinetic data was performed for EDTA—Fe®*
as previously reported for the oxidizing agent NTA—Fe®" using
the Nelder—Mead algorithm implemented in MATLAB.*®

Chemical Modification of STC with TNBS and EDC—HCI. To
chemically modify lysine residues, STC (50 uM) in 1% (w/v)
sodium bicarbonate buffer pH 9.0 was incubated in the absence or
presence of varying concentrations of 2,4,6-trinitrobenzenesulfonic
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Figure 1. ITC measurement of exothermic binding of STC to ED-
TA—Fe*" or EDTA—Fe*" at pH 8.0 (20 mM Tris-HCI, 100 mM NaCl)
and 25 °C. (a) Raw data obtained for continuous injections of S uL of
0.64 mM EDTA—Fe®" to 40 uM STC. The area of each peak represents
the total heat evolved upon addition of a single aliquot of EDTA—Fe®*.
(b) Titration plot derived from the integrated heats of binding of (a),
corrected for heat of dilution. (c) ITC measurement of exothermic
binding of STC to EDTA—Fe>" at pH 8.0 (20 mM Tris-HCI, 100 mM
NaCl) and 25 °C anaerobically in an N, atmosphere. The black line
represents the nonlinear best fit to the data assuming a single-set

binding model.

acid (TNBS) at 37 °C for 1 h. The reaction was quenched by
addition of 1 M sodium acetate, pH S5.2. The STC protein was
subsequently separated from the reaction mixtures on a Sephadex
G-25 gel filtration column with buffer exchanged into 20 mM Tris-
HCl at pH 8.0.

For carboxyl group modification, STC (S0 #M) in MES buffer at
pH 5.5 was incubated in the presence of 3 mM 1-ethyl-3-[3-
(dimethylamino)propyl]carbodiimide hydrochloride (EDC—HCI)
and 10 mM ethylenediamine at room temperature in the dark for
1 h. The reaction was stopped by adding 1 M Tris-HCI, pH 8.0,
and then passed through Sephadex G-25 gel filtration column as
described earlier.

Site-Directed Mutagenesis of STC. Plasmid pET21a-stC was
used as a template in the QuickChange site-directed mutagenesis
(Strategene) procedure according to manufacturer’s instructions.
Forward and reverse mutagenic primers used to create the point
mutations are summarized in Table S1. The sequence shown in
bold represent bases introduced to obtain the desired mutation.
The desired mutation was subsequently confirmed by DNA
sequencing.

Table 1. ITC Analyses of STC Binding with Ferric and
Ferrous Complexes”

STC protein Ky (uM)  AH® (kJ/mol) AG®® (kJ/mol) n

EDTA—Fe**  72+12  —232+42 —293+03 19403
NTA-Fe** 113+11  —311+4S —282+02 1840.1
citrate—Fe>™ 100 + 2.3 —524+19  —228+01 22+0.1
EDTA—-Fe** 924£221 —249+28  —230£03 03402
NTA—Fe** 37+82 —234+82 —252+05 06+0.1

“ All ferrous complexes binding experiments were performed anaerobi-
cally to avoid ferrous oxidation. ’ Calculated from AG = —RT In K.

Protein Film Voltammetry of STC and STC(D21N). Protein
film voltammetry (PFV) experiments were performed using a
VMP3 potentiostat (Bio-Logic, Knoxville, TN). Baseline mea-
surements were collected for freshly polished glassy carbon
electrodes at 4 °C in a pH 7 degassed mixed buffer solution of
S mM HEPES, $ mM MES, 100 mM NaCl, 10 #uM neomycin, as
adapted from Firer-Sherwood and co-workers.'” Data were
collected at 25 °C at 10 and 100 mV/s. Data were analyzed
and processed using SOAS.*

B RESULTS

Purification of Recombinant His-Tag Free STC. Because
metal binding will be characterized in this study, it was necessary
to remove the His tag from the recombinant STC. A thrombin
protease recognition site was engineered into the recombinant
protein. The sequencing of Leu-Val-Pro-Arg-Gly-Ser was inserted
at the C-terminal end of stC gene upstream of the His-tag
encoding sequence. Complete removal of the His tag (1.23 kDa)
was confirmed by SDS—PAGE. Proteins were visualized by Co-
omassie dye staining and by heme-linked peroxidase staining
as described previously.’® The results showed that STC was
purified to greater than 95% homogeneity and that the his-tag
was removed from the recombinant protein (Figure S1A,B).

Isothermal Titration Calorimetry (ITC) Studies on Metal
Binding. The interactions between STC and model soluble ferric
complexes including EDTA—Fe®", NTA—Fe*” and citrate—
Fe®* were studied by ITC. STC was dialyzed against 20 mM Tris-
HCI, pH 8.0, 50 mM NaCl. The ITC measurements show that
STC has greater affinity for EDTA—Fe* with Ky (7.2 4 1.2 uM)
and NTA—Fe®" (11.3 & 1.1 uM) compared to citrate—Fe>"
(100 uM). Figure la shows representative ITC data from the
titration of 40 uM STC with EDTA—Fe®" at 25 °C. The data
were integrated and fitted with one-set binding model to deter-
mine the best-fit value for the experimental dissociation constant
(Kq), stoichiometry (1), and enthalpy change (AH) associated
with the binding. The average values from each of the ferric
complexes from three independent experiments are shown in
Table 1. As a control, we also used ITC to determine the binding
affinity of STC with just the chelator, without ferric ion. Little or
no binding was detected with either NTA (Figure S2) or citrate.

Binding of Ferrous Complexes to STC. ITC was also used to
determine the binding affinity of STC to ferrous complexes.
EDTA—Fe** and NTA—Fe®" were examined under N,-purged
anaerobic conditions. Table 1 summarizes the best-fit values for
the dissociation constant (Kg) and enthalpy change (AH)
associated with the binding. Our results show that STC binds
ferric comglexes more tightly than ferrous complexes. For
EDTA—Fe’", the Ky is 7.2 uM, while the Ky of EDTA—Fe**
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Figure 2. Reaction of reduced STC (1 #M) with ferric iron chelates.

Observed rate constants (ko) are plotted against various concentra-
tions of EDTA—Fe** (@), NTA—Fe>* (O), and citrate—Fe>* (V).
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Figure 3. Kinetics of oxidation of STC by EDTA—Fe?". Black dots are
the kinetic data, and black lines are the fit of the kinetic model to the data.
The concentrations of EDTA—Fe*" were 20 M (1), 60 uM (2), 80 uM
(3), 100 uM (4), and 1 uM of STC for pH 8.0 after mixing, respectively.

is 92 uM (Figure 1c). It is interesting to note that all ferric
complexes (EDTA—Fe®*, NTA—Fe®*, and citrate—Fe’") show
the similar stoichiometry of around 2, indicating that STC may
contain two distinct noninteracting iron binding sites exhibiting
similar intrinsic binding affinities (Table 1). In contrast, all
ferrous ligands have possessed a binding stoichiometry less than
1 (Table 1). This again is in agreement with the relative weaker
terrous binding affinity of STC which does not permit saturation
during the titration experiment.

Reaction of Ferric Complexes by Reduced STC. Rate con-
stants for the reduction of ferric complexes by reduced STC were
measured with a stopped-flow spectrophotometer in an anaerobic
chamber. STC was reduced enzymatically by incubation with
xanthine, xanthine oxidase, and the redox mediator benzyl viologen.
Very low amounts of xanthine oxidase were added such that
complete reduction of STC would take place over 3—
4 h. This ensured that absorbance changes observed during the
time course of STC oxidation, as monitored in the stopped flow over
milliseconds, was not complicated by rereduction processes. The
reactions were monitored by following the decrease at 419 or
552 nm absorbance associated with the oxidation of ferroSTC to
ferricSTC. Reaction of ferroSTC with ferric chelates resulted in a
single-exponential decrease in the absorbance. Consistent with ITC
results, STC reacts to EDTA—Fe** or NTA—Fe** much faster than
citrate—Fe>* (Figure 2). Observed electron transfer rate constants

Table 2. Reference Rate Constants for Each Heme of STC
during the Oxidation with EDTA—Fe>" at 25 °C for pH 8.0°

K(x100M s

heme I heme II heme IIT heme IV

EDTA—Fe*" 46.8 (0.7) 0.0 (1.0) 0.0 (0.4) 0.9 (0.6)
“ Standard errors are given in parentheses considering an experimental
uncertainty of 5% of the total amplitude of the optical signal in the
kinetic traces.

Table 3. Fraction of Electrons That Leave STC in Each One-
Electron Oxidation Step with EDTA—Fe>*

heme I heme II heme IIT heme IV
step 1 091 0 0 0.09
step 2 0.83 0 0 0.17
step 3 0.45 0 0 0.55
step 4 0.27 0 0 0.73
total 2.36 0 0 1.64

“In previous work,”" the redox steps were numbered starting from the
oxidized state whereas in this table they are numbered starting from the
reduced state of STC.

(keps) are plotted as a function of different concentrations of Fe*
substrate. The slope of each linear fitted line can approximately
represent the forward rate constant (k;) based on the reaction
model described before.**” The calculated k; of ferroSTC reacting
with EDTA—Fe™ is 39 x 10°M 's™ ",

Kinetic Analysis To Discriminate Contribution of Each
Heme. The stopped flow experiments with EDTA—Fe*" were
fitted with a kinetic model that uses the previously determined
thermodynamic parameters for the hemes of STC.*' This ana-
lysis permitted discrimination of the kinetic contribution of each
heme to the overall rate of electron transfer. The fits for the
oxidation of fully reduced STC with EDTA—Fe>" are shown in
Figure 3. A possible explanation for the small deviation between
the calculated and experimental curves which is more noticeable
for the data obtained with 20 uM EDTA—Fe’" is the speciation
of EDTA—Fe®" which has a minor form under the conditions of
the experiment. The fit of the kinetic traces with the kinetic
model yielded the reference rate constants for the four different
hemes and are shown in Table 2. The reference rate constants
obtained from the fit can be used, in turn, with the driving force
associated with each transition and the population fraction of
each microscopic state reported in the literature,* to determine
the contribution of each heme to each of the sequential macro-
scopic oxidation steps (Table 3).

The model indicates that oxidation of fully reduced STC is
dominated by heme I for the first and for the second step. Heme I
also has the most negative reduction potential and thus possesses
the strongest driving force for oxidation by EDTA—Fe’". For the
third electron, heme IV plays a more significant role in electron
transfer, and for the fourth and last oxidation step, heme IV is the
predominant exit point.

Chemical Modification of STC. The modeling studies sug-
gested the importance of heme I and heme IV in STC oxidation.
The validity of the model was investigated using chemical
modification studies and also site-directed mutagenesis. We first
used chemical modification of STC to narrow down the list of
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Figure 4. (A) Rate constants (ko) of 1 uM STC (@), STC (lysine
residues modified, ¥), STC (carboxyl groups modified, O) STC
(EDTA—Fe*" protected, A) reacting with EDTA—Fe’" as a function
of various concentrations of EDTA—Fe>*. (B) ITC determinations of
binding affinity of EDTA—Fe?** binding to STC (®) and STC (carboxyl
groups modified, O).

possible amino acids involved in iron-chelate binding. We used
TNBS, an amine group modifier,”! and EDC—HC], a modifier of
the carboxyl group.”> TNBS modification had little if any effect
on the reactivity of ferroSTC with the ferric chelates (Figure 4A).
Likewise, the binding isotherm of STC with chelated Fe** was
not effected (data not shown). In contrast, the modification of
carboxyl group resulted in a large decrease in the electron transfer
rate between ferroSTC and EDTA—Fe* (Figure 4A). ITC mea-
surements were also performed, and in corroboration with the
stopped-flow results, little to no binding was observed between
carboxyl-group modified STC and EDTA—Fe®" (Figure 4B).
These results are consistent with either Asp or Glu residues being
involved in Fe** binding. NMR spectrometry of carboxylic acid-
modified STC shows that the paramagnetically shifted signals
of the hemes which include heme methyls and propionate
o.-protons are unaffected by the treatment (data not shown).

To investigate whether the iron binding site can be protected
by the (iron) substrate, 50 uM STC was incubated with
EDC—HCI but also with EDTA—Fe®" (500 #M). After mod-
ification, the reactivity of STC with EDTA—Fe®" was studied by
stopped-flow kinetics. In contrast to the nonprotected EDC—
HCl-modified protein, the rate constants were only slightly de-
creased (k; =2.8 x 10°M ™~ 's™ ' compared to 3.9 x 10°M ™ 's™ ).
This is consistent with protection of STC by preincubation with
EDTA—Fe®" in EDC—HCI modification (Figure 4A). Thus, our
results show that carboxyl groups and not lysine groups are
involved in binding to EDTA—Fe™".

Site-Directed Mutagenesis. To identify the carboxyl group
involved in iron binding, we systematically mutated all of the Asp

o o =
=} ™ o
>

K1mutant/K1wt
o
N

Relative ratio

o
N}

Figure 5. Comparison of reactivity and binding affinity of STC purified
from each mutant binding and reacting to EDTA—Fe*": (A) relative
ratio of k; of mutant ferroSTC reacting with EDTA—Fe** compared to
wild type; (B) comparison of K4 measured by ITC.

and Glu residues in STC. Wild type and 15 STC mutants were
expressed in E. coli BL21(DE3) (pET2la-stC + pEC86) and
purified as described before (data not shown). The binding con-
stants and rate constants were obtained through kinetic char-
acterization and by ITC as previously performed for wild type
STC (Figure 5A,B). Two mutants, one at Asp®® and one at Asp™,
exhibited a dramatic decrease in reactivity of EDTA—Fe’" as
assessed by stopped-flow measurements. ITC results supported
the data from the stopped-flow experiments; STC (D8ON)
showed more than 10 times decrease in binding affinity with
EDTA—Fe**. Similar ITC characterization of D21N was not as
straightforward. We are not clear why STC (D21N) shows no
significant difference in binding to EDTA—Fe’" while it reacts at
aslower rate with the substrate. Asp® and A?z} are both solvent
exposed and close to the porphyrin ring, Asp™ is localized within
8 A to heme IV, and Asp>' is within 7 A of heme I This close
proximity would permit electron transfer between the heme and
the docked iron within a subsecond time scale.>> Mutation of
Asp®® to Gly or Ala yielded no significant difference from muta-
tion to Asn (data not shown), indicating the carboxylate of Asp™®
is essential for iron binding which cannot be restored by the
carboxamide of Asn®’. We also investigated the role of amino
acids close to Asp®” in iron binding. Double mutations of DSON/
D8IN, D80N/E78Q, and DSON/D2IN did not further impede
the electron transfer rate.

Redox Potential of D21N. D21N differs from D80N in that
the decrease in the rate of electron transfer is not proportionately
observed in the binding constant as measured by ITC. As such,
D21N was further characterized. Our ongoing NMR character-
ization of the D21N shows that these factors are identical for the
WT and the mutant which suggests the structure of the WT is
maintained in D21N. PMV was then performed to investigate the
effect of the mutation on the redox potential of STC (D2IN).

6221 dx.doi.org/10.1021/bi2005015 |Biochemistry 2011, 50, 6217-6224
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Figure 6. Protein film voltammetry of STC (WT) and STC (D21N). Baseline-subtracted representative data of WT (solid) and D21N (dashed)
absorbed onto glassy carbon at 25 °C, pH 7.0, with 100 mM NaCl and 10 mM neomycin. Current density (A, B) and peak current normalized (C, D)

data. Scan rates are 10 (A, C) and 100 mV/s (B, D).

The purified protein was adsorbed onto a glassy carbon electrode
and placed in an anaerobic, temperature-controlled, three-elec-
trode glass cell. Cyclic sweeps of 10 and 100 mV/s from —560 to
240 mV vs (standard hydrogen electrode) SHE were performed
at 4, 10, and 25 °C. At 25 °C, films of WT and D21N had mid-
point potentials of —93 and —98 mV vs SHE, respectively. At a
scan rate to 100 mV/s, WT and D21N maintained within 10 mV
of their midpoint potential (Figure 6). This suggests that the
overall redox potential of STC is not significantly affected by the
mutation of D21 to N21 on STC. The decrease in ET transfer
rate is perhaps attributed to the absence of one electron exit site.

W DISCUSSION

The genome of S. oneidensis encodes 42 predicted, c-type
cytochromes of which many contain multiple hemes.** Many of
these hemeproteins are known to participate in anaerobic respi-
ratory electron transfer not only in the CM but also in the
periplasm and the OM.>**® The protein studied here, STC, is
periplasm localized and, of the multiheme proteins synthesized
by Shewanella, is perhaps the most well characterized. While the
role of STC in respiratory metabolism has yet to be clearly
defined, our results here show that STC has the kinetic constants
consistent with it acting as a terminal ferric reductase. The rate
constants and the binding constants with three different iron
forms indicate that STC is an excellent ferric reductase. While
STC may be involved in ferric ion reduction in the periplasm, our
studies here only use this reaction to probe the route of electron
transfer out of reduced STC. While much has been done to
model this process,'”?**"** there has been very little experi-
mental evidence to support any of the models.

Modeling the electron transfer process has been possible
due to the structural information along with the thermody-
namic parameters of heme reduction.'>'”* On the basis of the

intra- and inter-heme distances, Leys et al.'® proposed that
electron transfer can occur between any heme of one STC
molecule to any heme of another STC. Thus, each heme is
proposed to be able to accept or donate electrons independent of
any other heme moieties. This then enables rapid intramolecular
electron transfer and also increases the chance of intermolecular
electron transfer between STC and its redox partner."> However,
Harada et al.'” proposed a mechanism of directional electron
transfer. These workers determined the redox potential of the
four hemes of STC using NMR at high pH. They also examined
the heme geometry in respect to accessibility of the electron
acceptor. On the basis of these considerations, these workers
proposed that the exit point for electrons is heme IV. This
oxidation is then followed by rapid electron movement between
the four hemes. Fonseca et al** also showed evidence for
directional electron transfer in STC from S. oneidensis. A detailed
thermodynamic characterization of the protein was performed
using NMR and visible spectroscopy. STC was titrated with
various redox mediators to obtain samples of varied reduction
states. The NMR signal of the heme methyl groups was then used
to monitor the redox state of each of the four hemes. Their results
show that heme I is mostly oxidized throughout all of the partially
reduced states. Thus, Fonseca et al.”® proposed that donors feed
electrons through heme I and then are redistributed to the other
hemes according to their reduction potentials in the sequence of
111, IV, 11, and then L. For electron transfer out of STC, heme III
has the lowest accessibility, and on the basis of the similarity of
structure to flavocytochrome ¢3,%” Fonseca et al.* suggested
heme IV to be the electron exit point. Another study from the
same lab also indicated directional electron transfer for STC.*"
Using reduction potential values for each heme as well as the
heme—heme interaction energies, Paquete et al.>' determined
the redox state of each heme as it undergoes the successive stages
of reduction (initially not commenting on the route of electron
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entry or exit). They found that heme III is reduced in the one-
electron-reduced state (stage 1, S1) since it has the highest
reduction potential. The second, third, and final electron resides
in heme IV, heme II, and then heme I. Using such a model, they
were able to model the kinetics of STC oxidation by NTA—Fe>".

While the above studies have determined the redox state of
each heme through each stage of the reduction process and have
modeled the electron transfer process involving each heme, no
studies to date have substantiated the model and have identified
the iron binding site for STC. The present study was performed
to investigate the mechanism of this process in respect to the
route of electron transfer within the hemes of STC and to locate
the iron-binding site. Our ITC results with three soluble iron
forms showed the following binding affinities EDTA—Fe*" >
NTA—Fe®" > citrate—Fe>". Surprisingly, recognition and bind-
ing occurs with the chelate iron forms and not the free chelate.
No binding is detected between STC and either NTA or citrate
alone (in absence of iron). Alkylating agents for both basic and
acidic amino acids were first used to determine the location of the
iron binding site(s). Amino acid-alkylating agent TNBS had no
effect on iron binding, whereas the carboxyl-group-modifying
agent EDC—HCI decreased the rate of STC reduction of ferric
chelates. These observations are consistent with molecular
dynamic calculation results of STC binding to hematite where
Kerisit et al.”> found 67% of the hydrogen bonds formed be-
tween STC and solid iron surfaces are composed of Asp and Glu
residues.”

Further experiments using site-directed mutagenesis identi-
fied the carboxyl-bearing residues D21 and D80 in proximity to
heme I and IV, respectively. Both residues are within 10 A of the
porphyrin ring plane of each heme," and both mutations re-
sulted in a significant decrease in the rate of electron transfer
to chelated iron (Figure SA,B). A change in Ky for the mutants
was also observed; however, for the D21N mutant, the change
(increase) in K4 was not as great as that observed for the rate of
electron transfer. We have no apparent explanation for this small
discrepancy. Furthermore, fits of the ITC results from both
STC(D21N) and STC(D8ON) yield a stoichiometry of approxi-
mately one binding site compared to two for wild-type STC. The
multiple iron binding sites have been observed in other ferric
reductases and iron transport proteins.***® As an example, the
structure of the ferric reductase from Archaeoglobus fulgibus has
revealed two potential iron binding sites for reduction.”®

To the best of our knowledge, our study described here is the
first study to identify the iron binding site on STC. In conclusion,
our results in this study are in agreement with unidirectional
electron transfer within the tetraheme STC. While the protein
partners of STC have yet to be determined, our results indicate
that the protein has specific binding sites for soluble ferric
complexes. These binding sites are capable of distinguishing
between the ferric and ferrous complex. In addition, binding
occurs only when the ferric ion is bound to the chelate. The
location of the chelated iron bindings sites are in agreement with
modeling studies performed by Paquete et al.*' On-going studies
in our lab seek to determine the protein binding partners of STC
with the overall goal of elucidating the overall electron transfer
pathway.
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