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Electron transfer (ET) reactions of truncated hemoglobin from Bacillus subtilis (trtHb-Bs) are suggested to

www.rsc.org/ be implicated in biological redox signalling and actuating processes that may be used in artificial
environment-sensing bioelectronic devices. Here, kinetics of ET in trHb-Bs covalently attached via its
surface amino acid residues either to COOH- or NH,-terminated (CH,),.1s alkanethiol SAM assembled on
gold are shown to depend on the alkanethiol length and functionalization, being not limited by electron
tunnelling through the SAMs but gated by ET preceding reactions due to conformational changes in the
heme active site/at the interface. ET gating was sensitive to the properties of SAMs trHb-Bs interacted
with. The ET rate constant k, for a le/H' reaction between the SAM-modified electrode and heme of
trHb-Bs was 789 and 110 s after extrapolation to a zero length SAM, while the formal redox potential
shifted 142 and 31 mV, for NH,- and COOH-terminated SAMs, correspondingly. Such domain-specific
sensitivity and responsitivity of redox reactions in trHb-Bs may be of immediate biological relevance and
suggests the existence of bioelectronic regulative mechanisms of ET proceeding in vivo at the protein-
protein charged interfaces that modulate the protein reactivity in biological redox signalling and actuating
events.

1. Introduction not well understood yet.'”'* It is however clear that their
involvement in cellular sensing and signalling should be
exhibited and regulated via ET reactions with signalling and
messaging species, and include intimate interactions between
the protein partners linked to their functioning and folding, the
same way as in other biological ET systems. Study of these ET
reactions and their correlation with biological ET can be
performed electrochemically, once a direct electronic commu-
nication between a protein and an electrode is established.'>'®

TrHbs, with their small molecular size resulting from truncated
amino acid sequences,'"'>'* can establish such direct electronic
contact with electrodes, and that allows direct electrochemical
interrogation of their ET and ligand binding properties.'® Redox
reactions of ~15 kDa trHb from the gram-positive soil
bacterium Bacillus subtilis (trHb-Bs) adsorbed on graphite (Gr)
were shown to be tuned by ligand binding, and ET was fast
enough for the development of one of the most efficient Hb
bioelectrocatalysts for oxygen reduction, characterized by the
apparent catalytic rate constant, k., of 56 st Along with that,
uncontrollable, random immobilization of the protein on Gr,
shown also for several other heme proteins and enzymes,?**
resulted in generally moderate ET rates between the electrode
and heme of trHb-Bs and did not provide enough knowledge
about protein-electrode interactions and possible ways of their

Biological electron transfer (ET) reactions, linked to cellular
life maintenance processes, are performed by ET proteins and
enzymes and represent one of the most sophisticated for
understanding and mimicking bioelectronic events.' Hitherto,
most efforts were focused on understanding long-range ET
underlying such crucial for life and biotechnologically
challenging bioenergetic phenomena as respiration and photo-
synthesis.>> Recently, biological sensor-and-actuator systems
started to attract more attention, in particular, those constituted
of heme proteins and enzymes,®® the acquired knowledge
shedding some light on complex mechanisms by which
organisms receive information on environmental changes and
adaptively respond to it. Modes of binding of messenger
molecules, their activation and transport, allosteric regulation of
processes, and conformational and redox properties of the
proteins may be implicated in signal receiving and messaging.®
7,9

Bacterial truncated hemoglobins (trHbs) are proteins
supposedly involved in oxygen and other ligand sensing
reactions and signal transduction in bacteria, though their
precise role, in contrast to bacterial flavohemoglobins and
already characterized heme-containing chemotactic sensors, is
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modulation to achieve faster ET rates. The latter is critical for
analysis of protein ET reactions with short-living ligands
biology often uses as messengers of environmental changes.?
A more controllable orientation of heme proteins can be
achieved by protein immobilization on metal electrodes via
genetically encoded tags with high affinity for gold and silver®*
2 and by electrostatically favoured coupling to functionalized
self-assembled monolayers (SAM) of alkanethiols.?® 27 30-33
The ET reaction rates orders of magnitude faster than on Gr has
been achieved,** and thus these approaches can be considered
as the most straightforward way for optimization of ET of
proteins at the electrode/solution interface.

Figure 1. Schematic representation of the electrode modification by trHb-Bs
covalently attached to (left panel) COOH- and (right panel) NH,- terminated
alkanethiol SAMs on gold.

To achieve electrostatic and structural compatibility requested
for the most efficient ET functioning, the modified electrode
surface is expected to mimic the surface properties of protein
biological partners. Functionalised SAMs of alkanethiols on
metal electrodes were shown to provide biocompatible surfaces
for ET reactions of such heme proteins and enzymes as

cytochrome ¢ (cyt ¢),2* 3%

30, 33, 39

sulphite and theophylline oxidases,
and some other complex proteins,'”” then properly
oriented at the electrodes. Such SAMs represent -easily
controllable model systems for studies of the effects of charged
interfaces formed by binding domains of interacting proteins on
ET reactions, sensitive to minor changes in the composition and
length of the alkanethiols used. 2* 26-3% 4

Here, to address the biological functioning of trHb-Bs related to
environmental redox sensing and transmission,” ** ** its ET
reactions were electrochemically interrogated at functionalized
alkanethiols self-assembled on gold electrodes. In trHb-Bs, the
five-coordinated heme iron is axially coordinated to the
imidazole nitrogen of the proximal H76 histidine, and the ferric
iron-histidine nitrogen distance of 1.91 A is unusually short
compared to any other heme-proteins.'’ Such tight coordination
to His known for its electron donating properties as well as a
well-developed solvent channel to the heme pocket may be
responsible for a quite low heme potential in trHb-Bs** **
approaching that of free hemin.*’ The redox potential of the
trHb-Bs heme, both in solution and when it is adsorbed on Gr,
is around -330 mV at pH 7." In the reduced state, the sixth
coordination position of heme iron is occupied by O,, which is

This journal is © The Royal Society of Chemistry 2013

displaced by water or any other ligand molecule in anaerobic
conditions and/or in the oxidized ferric state. Ligation of the
heme iron has been shown to dramatically affect ET properties
of the protein,'® and it might be expected that ET reactions of
trHb-Bs could be environmentally modulated in response to any
other relevant environmental changes. Since these ET reactions
generally proceed at the interface formed by the contacting
domains of trHb-Bs and its partner molecule, they were studied
in trHb-Bs covalently attached to differently functionalized
alkanethiol SAMs, bearing COOH- and NH, terminal groups.
We aimed at finding conditions for the fastest ET enabling
analysis of short-living ligands and elucidation of possible ET
pathways and mechanisms of ET in trHb-Bs differently
orientated at the SAM-modified electrodes via either its
cationic or anionic domains.

2. Experimental

2.1 Materials

TrHb-Bs (MW 15 kDa) was produced as previously
described.'” 16-Amino-1-hexadecanethiol (C;sNH,); 11-amino-
1-undecanethiol (C;NH,), 8-Amino-1-octanethiol (CgNH,), 6-
amino-1-hexanethiol (C4NH,), 2-amino-1-ethanethiol (C,NH,),
16-mercaptohexadecanoic acid (C;sCOOH); 11-mercapto-
undecanoic acid (C;(COOH), 11-mercaptoundecanol (C;;OH),
N’-ethylcarbodiimide hydrochloride (EDC-HCI), N-hydroxy-
succinimide (NHS), and the components of buffer solutions
were from Sigma Aldrich (Broendby, Denmark). Milli-Q water
(18 MQ, Millipore, Bedford, USA) was used. 6-Mercapto-
hexanoic acid (CsCOOH) was from Dojindo Laboratories,
Kumamoto, Japan.

2.2 Methods

ELECTRODE MODIFICATION. Rods of solid spectroscopic
graphite (SGL carbon AG, Werk Ringsdorff, Germany, type
RWO001, 3.05 mm diameter, geometric surface area of 0.071
cm?, roughness factor of 10)** were cut and fitted into the home
made Teflon holders. This way produced Gr electrodes were
polished on a silicon carbide emery paper (SIC 1000, Ballerup,
Denmark), then rinsed thoroughly with Milli-Q water and dried
in an N, flow. For protein adsorption, 3 pl of a 1.8 mg ml™
protein solution were placed on the Gr surface and kept for 3 h
at 4°C under a plastic lid.

Gold electrodes (CH instruments, Austin, TX; diameter 2 mm)
were cleaned by potential cycling in 0.5 M NaOH (from 0.4 to -
1.6 V, scan rate 0.1 V s, 10 cycles) and successively
mechanically polished in a 1 pm diamond and 0.1 pm alumina
slurries (both from Struers, Copenhagen, Denmark). After
mechanical polishing, the electrodes were ultrasonicated for 5
min in a 1:1 water-ethanol mixture and electrochemically
polished in 1 M H,SO, (from -0.3 to 1.7 V, scan rate 0.3 V st
10 cycles) and 1 M H,SO, containing 1 mM KCI (from 0 to 1.7
V, 0.3 V s, 10 cycles), respectively. The surface area of
electrodes, determined from the gold oxide reduction peak in
0.1 M H,SO,, was 0.085 + 0.007 cm? Clean electrodes were
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rinsed thoroughly with Milli-Q water and kept in absolute
ethanol for 30 min prior to modification. For SAM formation,
the gold electrodes were kept in 1 mM solution of the
corresponding alkanethiol in ethanol (20 mM in the case of
C,NH,) overnight (~16 h), and for 40 h for C(NH, and
C;5sCOOH. The SAM-modified gold electrodes were rinsed
with ethanol, Milli-Q and dried gently in the N, flow. TrHb-Bs
was covalently coupled to the NH,-terminated SAM modified
gold electrodes by carbodiimide chemistry,** * by placing 4 pl
of a mixture of EDC-HCI and trHb-Bs (final concentrations of
100 mM EDC-HCIl and 0.9 mg ml' protein) in 10 mM
phosphate buffer solution (PBS), pH 5.5, on the SAM-modified
surface, left to react for 3 h. Before measurements, trHb-Bs-
modified electrodes were carefully washed in 10 mM PBS, pH
5.5, to remove the unbound protein. Prior to coupling, COOH-
and OH-terminated SAM were activated by keeping SAM-
modified electrodes in a mixture of 75 mM EDC-HCI and 25
mM NHS (final concentrations) in 10 mM PBS, pH 5.5, for 3 h
at r.t. The activated electrodes were rinsed in PBS and modified
by 4 ul of 0.9 mg ml™' trHb-Bs solution in 10 mM PBS, pH 7.5,
allowed to react for 1 h at 4°C (20 h for C;sCOOH).
INSTRUMENTATION AND PROCEDURE. Cyclic voltammetry
(CV), differential pulse voltammetry (DPV), and square wave
voltammetry (SWV) were performed in a standard three-
electrode electrochemical cell connected to a pAutolab
potentiostat (Type III, Eco Chemie B.V., Utrecht, Netherlands)
supported with GPES (version 4.9) and NOVA (Type 1.8.17)
software. An Ag | AgCl (3 M KC(I) electrode and a Pt wire were
the reference and auxiliary electrodes, correspondingly. All
electrochemical measurements were carried at 20+1°C in 10
mM PBS, pH 7.0, deaerated by Ar for 1 h, unless specified
otherwise. In DPV, the modulation amplitude was 25 mV,
modulation time: 50 ms, interval time: 0.2 s, and step potential:
1 mV. SWV was performed within the 400 - 3 Hz frequency
range, with pulse amplitude of 25 mV and step potential of 1
mV. The kinetic parameter in SWV analysis, K., was 1.19.%
THEORETICAL ANALYSIS OF ET RATES WITHIN THE PROTEIN
STRUCTURE. A theoretical analysis of ET rates within the
protein structure was performed by the program for calculation
of ET rates in proteins.*® The approach exploits the semi
classical Marcus ET theory and determines the ET rate constant
kegr (In s'l) as a function of the distance, r, between the redox
centres, the change of the free energy AG’ (predetermined by
the redox potential difference) and reorganization energy, A,
reflecting the structural rigidity of the redox centres at the

atomic level:*

ket = ko exp [-f (r)] exp[-(AG™+ 1)’ /4 L KT) (1)

Here, £ is a tunnelling parameter of the electronic coupling with
7, k is the Boltzmann constant, 7" the temperature. Since the ET
distance/pathway crucially affect the ET rate, both through r
and g and variations in the polypeptide structure accounting for
p variations, the contribution of the intervening medium to the
ET rate were addressed by taking into account the packing

This journal is © The Royal Society of Chemistry 2012
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density of the protein atoms, p, in the space between the protein
redox centre and the electrodes estimated by analysis of the 3D
trHb-Bs structure,'® which transformed Eq. (1) to the one used
for the kgt estimations:*®

exorgenic__

log;oker
=13.0-(1.2-0.8p) (R-3.6)-3.1 (UG + 1)2//1 2)

Here, R is the edge-to-edge distance (in A) between the
electrode (the chosen surface atom) and the heme iron; the rate
constants were estimated for 4G, = -2.% The variations in p
defined as the fraction of the volume between redox centres that
is within the united van der Waals radius of intervening atoms
were taken in to account by the p weighting term (1.2 — 0.8p).*®

3. Results and discussion

ET between proteins and electrodes was shown to critically
depend on the protein orientation onto electrodes, the
favourable orientations providing the electron tunnelling
pathways with the highest ET rates.'” 26 36 38 50- 33 Here 1o
orient the protein properly for the most efficient ET, trHb-Bs
was covalently attached to functionalized alkanethiol SAMs by
carbodiimide coupling of the COOH- and NH,-functionalities
of its surface amino acid residues to the NH,- and COOH-
terminal groups of SAMs (Figure 1).* This coupling reaction
was not expected to affect the structural integrity/conformation
of the protein,” but, in low ionic strength solutions, provide
orientations of trHb-Bs onto the SAM-modified electrodes
through either positively or negatively charged protein surface
domains. Those electrostatically controllable orientations could
be advantageous over statistically random orientations of trHb-
Bs on Gr and provide information on kinetics of ET in a more
addressable and electrostatically controllable way. ET reactions
of trHb-Bs on positively and negatively-charged SAM surfaces
were electrochemically analysed and used for correlations with
the possible ET pathways within the protein structure.

3.1 Electrochemistry of trHb-Bs covalently coupled to SAM-
modified gold electrodes

In agreement with the previous results,'” trHb-Bs physically
absorbed on Gr demonstrated a distinct couple of peaks with a
formal redox potential, E°, of around -330 mV, consistent with
the redox transformation of its heme active site (Figure 2A,
Table 1). Adsorption on Gr did not notably affect the native
conformation of the protein, and the determined E° was similar
to that shown in solution.'”” The heterogeneous ET rate
constant, k,, estimated both by the Laviron® and Komorsky-
Lovrié¢-Lovri¢ formalisms*’ levelled at moderate 7-8 s™' (Table
1). A more efficient ET was targeted with trHb-Bs covalently
attached to the alkanethiol SAMs bearing oppositely charged
terminal groups; the effect of the electrostatically assisted
orientations on the &, has been evaluated.
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Figure 2. Representative CVs recorded in deaerated 10 mM PBS, pH 7.0, with trHb-Bs—modified (A) Gr and (B) C;,(COOH- and (C) C;;NH,—SAM modified gold
electrodes. Potential scan rate v varied between 0.01 to 5 V s™'. Insets: Dependence of the CV peak currents on v.

A well-defined couple of redox peaks at potentials approaching
those of trHb-Bs’s heme could be followed in CVs of trHb-Bs
covalently attached to C;(COOH and C;;NH, SAM-modified
gold electrodes (Figure 2B,C) and less developed for C;;OH,
where carbodiimide coupling appeared be inefficient (Figure
S1, ESI). A slight asymmetry of peaks can be related to the
involvement of a protonation step in the overall ET reaction.’
The CV peak currents, I,, were linearly proportional to the
potential scan rate, v, consistent with the heterogeneous ET in
the adsorbed layer.”® Compared to the E° characteristic for
trHb-Bs on Gr (Figure 2A), the E° of the heme in trHb-Bs
attached to the SAMs shifted 20-25 mV in the less negative
direction both for C;(COOH, C;;NH, and C;;OH SAMs (Table
1). Similar (~25 mV) potential shifts in the positive direction
were also reported for cyt ¢ bound to the COOH-SAM-
modified electrodes versus quite hydrophilic tin oxide
electrodes®® and may be attributed to different electrochemical
properties of the electrodes, such as the potential of zero
charge®® and the electric field strength resulting from the
different structure of the electric double layer, EDL, on the
SAM surface.>®

ET reactions of trHb-Bs were also interrogated on NH,- and
COOH-functionalized shorter alkanethiol SAMs (Figures S1
and S2, ESI). The covalent attachment of trHb-Bs to the NH,-
terminated SAMs resulted in the generally decreased surface
coverage of the electroactive protein, approaching 30-50% of
the monolayer, while on the COOH-terminated SAM electrodes
trHb-Bs surface density approached the monolayer one (Table
1). Incomplete monolayer formation may be referred either to
the protein-electrode coupling reaction less efficient on the
NH,-terminated SAMs or to the presence of trHb-Bs with
orientations improper for the efficient direct ET reaction and
thus not providing electrochemical noticeable signal. For
COOH-terminated SAMs all orientations of trHb-Bs,

positively

via
the
electroactive protein monolayer. Another important tendency

charged domains, evidently resulted in
that could be followed is the increasing shift of the heme redox
potential to less negative values upon decreasing the alkane
chain length, particularly pronounced for NH,-functionalized

SAMs (Table 1). The magnitude of the potential shift (up to

This journal is © The Royal Society of Chemistry 2013

120 mV) could not be ascribed to general EDL effects and will
be discussed in detail after kinetic analysis of the ET process.

3.2 Analysis of ET rates

The k, for ET between the SAM-modified gold and heme of
trHb-Bs coupled to functionalized SAMs was first evaluated by
the Laviron approach from the CV peak potentials difference.
However, processing of the CV peaks, becoming broader at
higher potential scan rates and being insufficiently developed
for lower protein surface coverages, resulted in distorted
plots, which did not
determination of ET rates for some of the SAMs. Therefore, the

Laviron trumpet allow precise
ET rate constants were estimated from the SWV data (Figure
S3, ESI) by the method, by

constructing dependences of the SWV peak currents, 1, related

Komorsky-Lovri¢-Lovri¢

to the frequency at which they were measured, on the
measurement frequency (Figure 3) exhibiting a maximum at a
frequency that directly relates to the k,:*’

3)

Here, the «,,,, is the tabulated kinetic parameter that depends on
the transfer coefficient @ and the product of n.E, (Ej, is the
square-wave amplitude and »n, is the number of electrons
transferred). This approach has demonstrated its advantage in
kinetic ET analysis of minute surface amounts of proteins®® and
ET reactions of weakly adsorbed species.’”™’

The SWV analysis of ET kinetics evidenced that ET in trHb-Bs
covalently attached to the SAM-modified electrodes generally
proceeded with reaction rates higher than those on Gr (Table 1),
and the ET rate constants consistently increased for shorter
SAMs, for which the electron tunnelling distance along the
alkane chain decreased.’" *® % Also, higher ET rates could be
followed with trHb-Bs covalently linked to shorter NH,-
terminated SAMs as compared to COOH-functionalized SAMs
(Figure 3, Table 1). Faster ET on NH,-SAM might implied that
orientations of trHb-Bs interacting with the electrode surface
via its negatively charged domains provided more efficient ET
pathway between the heme moiety and the protein surface
amino acid residues coupled to the amine terminal groups of
SAMs.

ks = Kmax Xfmax
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log f, Hz

Figure 3. Dependences of the normalized ((Z,/f)/(I,/fua)) peak currents on the logarithmic frequency, constructed from the SWV recorded with trHb-Bs-modified
electrodes; (A) Gr and C;,0H-, C;sCOOH-, C;,COOH-, CsCOOH-SAMs, and (B) Gr and C;(,NH;-, C;;NH,-, CsNH,-, CcNH,- and C,NH,- SAMs

To validate this hypothesis, contributions from the electron
tunnelling through the SAM and intramolecular ET to the
overall ET rate were estimated.

Table 1. Surface coverage, formal potentials and ET rate constants
determined for trHb-Bs adsorbed on Gr and covalently attached to the SAM-
modified gold electrodes

Electrode I, pmol cm™*? E'opy E'swy ksswy, 87
Gr 220460 -329+8 -332+3 8.0+0.8
C1sCOOH 1.03£0 3 -323+6 -311+4 1.2+0.2
C1,COOH 142412 -310+5 -305+3 37.8+2.0
CsCOOH 154+ 098 2298+ 1 -285+2 61.4+1.0
C,,OH 3.0+0.2 -309+4 -309+2 46.6 £2.0
C1¢NH, 1.1+0.4. -318 £5 2313+ 4 2.0+£0.5
C,\NH, 5.0+0.9 -303+2 -309+2 455+£3.0
CsNH, 49+05 -260+ 4 -292+2 99.4+1.0
C¢NH, 98+04 216+ 1 -234+4 1599+£2.0
C,NH, 59+14 -187+1 240+5 282.3+8.0

*- data are referred to the electrode surface area accounting for the surface
roughness.

3.3 Deconvolution of intramolecular and intermolecular ET
rates

Intramolecular ET rates within the protein (kgrapp) were
evaluated according to the model considering three steps of ET:
intramolecular ET from the heme to the amino acid group at the
protein surface, intermolecular ET from this group to the
terminal groups of SAM (in our case represented by the
carbodiimide bond) and intermolecular electron tunnelling
through the of SAMs.*®  Practically,
deconvolution was performed by plotting the natural logarithm

alkane chains

of the heterogeneous ET rate constant (In &) versus the number
of C-C bonds in the SAM-constituting alkanethiol (Figure 4).

This journal is © The Royal Society of Chemistry 2013
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Figure 4. Dependence of the heterogeneous ET rate constant, ks, (logarithmic
scale) on the number of methylene groups in the alkane chains of SAM, naikanethiol-
Solid and dotted lines show experimental and theoretically expected dependences
of ET rates on the length of the alkanethiol chain (for n>6), for trHb-Bs covalently
attached to (black) NH,-SAMs and (grey) COOH-SAMs.

Theoretically, if ET is limited by electron tunnelling through
the SAM (for the methylene group number n > 6) the
exponential decay of the ET rate constant with the increasing
number of C-C bonds is expected:*': ¢ 6

ks: k(nzo) eXp(_ﬁ”) (4)

where n is the number of methylene groups, the tunnelling
decay factor 8 ranges between 1.0 and 1.1.%%°! Extrapolation of
the In(k;) on n dependence to n =0 then gives the value of the
ET rate constant in the absence of SAM, namely, exclusively
through the protein matrix.

As can be seen from Figure 4, electron tunnelling through the
SAMs appears not to be the limiting step: the experimental
slopes of the In(k,)-n dependences do not follow Eq.(2) and are
essentially lower than theoretically predicted (dotted lines).
Even for long C11-C16 alkanethiols, the dependence does not
fit this model, and the ET reaction rate seems to be limited by
some non-ET process. Protein conformational changes prior or

J. Name., 2013, 00, 1-3 | 5
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concomitant to the ET reaction and protonation-deprotonation
steps may contribute to the observed “apparent” ET rates:®'
when ET becomes fast enough they start to limit the overall
reaction rate. Protein conformational reorganisation at the
electrode/solution interface® and proton transfers coupled to
the ET reaction® as a rate limiting step thus can be considered.
Therewith, based on the unprecedented variation of the heme
redox potential in the studied system, particularly pronounced
for short alkanethiols (Table 1), strong changes in the protein
active site, not at the interface, may be suggested to gate the ET
process.®

Ni123
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— R
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£15 E——— R27
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— NG
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Figure 5. Theoretical rates of intramolecular ET (kgr, app) from the heme moiety to
the protein surface-exposed amino acid groups of trHb-Bs. (Blue) Left panel and
(red) right panel represent -COOH and -NH, possessing surface amino acid
residues, respectively (for more details see ESI, Table S1)..

On short SAMs, such gated ET appears to be slower for trHb-
Bs interacting via its positively-charged NH,-bearing domains
with negatively charged COOH-SAMs (Figure 4, Table 1, for
C6 more than two-fold difference in values). However, if we
assume that on C16 SAMs the electron tunnelling through the
SAM becomes a limiting step, then the theoretical ET rates
ket (app) through the protein, in the absence of alkanethiols, reach
8.1x10° and 9.8x10° s, for COOH- and NH,- terminated
SAM, correspondingly (extrapolation of theoretical dotted lines
in Figure 4 to n=0). Those values are close and suggest that in
the absence of electrified interface-induced variations, ET rates
for different protein orientations may be similar and quite fast.
Theoretical ET rates between the heme and correspondingly
charged protein surface amino residues were also calculated by
the Dutton model.** ** They show a quite similar pattern of the
ET rates distribution (Figure 5), though, with a statistically
larger number of positively charged amino acid residues
providing ET rates within (or exceeding) 10° s™' (extrapolation
limits in Figure 4, dotted lines). Thus, the theoretical kgt 4pp
values do not allow immediate correlations with trHb-Bs
orientations at the modified electrodes via some specific amino
acid residues involved in the coupling reaction, but rather with
their broad distribution.

6 | J. Name., 2012, 00, 1-3

Thus, on shorter SAMs, a clear distinction in ET properties of
differently oriented trHb-Bs can be followed. Extrapolation of
the experimental k; values obtained with COOH- and NH,-
terminated SAMs to n=0 gave the ko) for gated ET of 110 and
789 57!, correspondingly. Those values reflect stronger effects
of interfacial interactions and EDL on intramolecular ET rates
in trHb-Bs coupled to the electrodes via its positively charged
amine groups. From general point of view, it may be discussed
in terms of different conformational sensitivities and
bioelectronic responsitivity of the protein attached to either
COOH or NH, groups of a SAM-modified electrode to the
processes proceeding at the charged interface, which may be of
a biological significance.

3.4 Redox potential of trHb-Bs covalently coupled to SAMs of
different lengths

A significant shift of the heme potential could be followed for
trHb-Bs covalently coupled to the SAMs of continuously
decreasing lengths (Table 1). The redox potential of trHb-Bs
adsorbed on graphite, -329 mV (DPV measurements),
demonstrates the same value as in its native state in solution
and thus can be considered as a reference value for the
conformationally undisturbed protein.'” Even with C16-SAMs
the trHb-Bs potential does not approach that value and
unprecedentedly shifts in the positive direction upon decreasing
the alkanethiol chain length. This shift can be seen for both
protein orientations and is larger for the positively charged
SAMs (for C6, 113 mV on NH,-SAMs vs. 31 mV on COOH-
SAMs, DPV data), for which higher gated ET rates are
observed (Table 1).

In general, formal potentials of redox species can vary as a
function of such conditions as surface coverage, electrolyte
nature, lengths and nature of SAMs, and some other. Imbedding
of the ferrocenium cation (Fc) into the less polar SAM
environment was reported to result in a 130 mV formal
potential shift,%
effects.®® Unless the polarity changes, a very moderate and
statistically insignificant variations of Fc redox potentials were
observed on C10-C3 SAMs,* with the only up to 10 mV SAM-
related potential drop in the EDL.®® Similarly small potential

ascribed to the ion solvation and EDL

changes associated with a shorter alkanethiols were observed
for the ET protein, cyt ¢, covalently attached to COOH-
terminated C16-C5 SAMs.?* ¢” ®In proteins, redox potentials
may change as a function of the solvent exposure (e.g. protein
unfolding) and heme ligation.** ** Heme in trHb-Bs is already
solvent exposed (Figure 6C) and such solvent accessibility
should be responsible for a quite low heme redox potential
approaching that of free hemin.* Another factor affecting the
heme potential in trHb-Bs is heme coordination to the proximal
His ligand that plays an important role in heme stabilization.
Compared to other amino acid residues, His is considered as a
good electron donor that stabilizes the Fe** oxidation state and
shifts the heme redox potential to more negative values.*
Additionally, in trHb-Bs, heme coordination to its proximal
His-F8 (Figure 6A) is characterized by the unusually (compared
to other bacterial Hbs) short distance of about 1.91 A.'% 670

This journal is © The Royal Society of Chemistry 2012
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Any perturbations in the heme coordination state, such as those
affecting the distance between the heme iron and nitrogen of
the His imidazole ring, can be expected to decrease the extra
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ARTICLE

electronic density on the iron atom and shift the highly negative

redox potential trHb-Bs to less negative values.

B\

Histidine
Tyrosine

- Cysteine

| R
B o

Trp

Figure 6. 3D-structures of trHb-Bs (PDB files ID: 1ux8)'?, highlighting (A) His-F8 as a heme proximal ligand; (B) ligand-inclusive hydrogen bond network (LIHBN)
in the heme distal region, and (C) Surface representation: (red-coloured domains) positively charged and (blue-coloured domains) negatively charged amino acid
residues; heme is denoted in red. A solvent exposed channel into the heme pocket is clearly seen.

In this context, protein misfolding that would result in the
increased hydrophobicity of the protein interior and less solvent
exposure of the heme is less probable. The active site of trHb-
Bs is surrounded by the extremely rigid polar distal
environment, for which changes in the polarity are not
expected. This environment is also referred to as a ligand-
inclusive hydrogen bond network (LIHBN) formed by
coordination of the neighbouring amino acid (Trp*-G8) indolic
nitrogen to the heme'® (Figure 6B). Both solvent exposure of
the heme and the trHb-Bs’ LIHBN would require strong and
possibly nonspecific stimuli for their disruptions in order to
increase the hydrophobicity of the trHb-Bs interior in the
vicinity of heme.

As most of bacterial trHb, trHb-Bs is extremely stable against
nonspecific environmental changes, with its globin-like fold
protecting heme from rapid oxidation and overall excellent
storage stability.'” Its misfolding at differently charged
interface seems to be less probable than minor changes in the
His-heme coordination that may nevertheless produce strong
changes in the heme redox potential. For example, the His
instead of Met coordination in c-type cytochromes may be
associated with 292-733 mV negative shift in the heme
potential.*

Thus, if the shift of the trHb-Bs redox potential results mostly
from changes in the heme ligation to His, induced by specific
electrostatic interactions and EDL effects at the protein | SAM-
modified electrode interface, then this may be also assessed by
analysing the heme iron protonation reaction coupled to ET
(Eq. 5). More specifically, since trHb-Bs’ heme is strongly
coordinated to the proximal His-F8,'" '* this His should be
primarily involved in its stabilization and protonation. Then,
any changes in the coordination distance are very likely to
affect the protonation reaction and this can be followed by
analysis of the pK, of the residue involved in the redox reaction.

This journal is © The Royal Society of Chemistry 2012

3.5 Effect of the pH on the formal redox potential of the heme in
trHb-Bs

The Fe*”*" redox transformation of the five-coordinated heme
redox centre is commonly associated with a concomitant proton
transfer,”” 3 and for trHb-Bs immobilized on Gr, the pH
dependence of the heme redox potential (in basic and neutral
solutions) is consistent with a 1e/1H" redox reaction:'”

trHb-Bs (Fe*) + ¢ + H' < trHb-Bs (H-Fe*") (5)

A slope of -60 mV/pH observed in basic and neutral solutions
changed to -30 mV/pH at pH below 7 (Figure 7A), consistent
with a change of the 1e/1H" to 1¢7/0.5H" transfer mechanism in
acidic solutions and the pK, of the amino acid residue
presumably involved in the reaction, His-F8, of 7. Interestingly,
for the C;sNH, SAM, data close to those on Gr were obtained
(ESI, Figure S5).

0.0

-35 mV/pH

<135 mV/pH

a_-124 mVipH

pH

Figure 7. pH dependences of the heme redox potential in trHb-Bs immobilized on
(A) Gr, (B) Ci1NH,, (C) C¢NH; and (D) C,NH, modified gold, DPV (Figure S4,
ESI) were recorded in deaerated 10 mM PBS of the corresponding pH.

For trHb-Bs attached to the C;;NH, SAM, a minor potential
shift to less negative potentials could be correlated with the pK,

J. Name., 2012, 00, 1-3 | 7
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changing from 7 to 6. The redox potential shifted further to less
negative potentials in trHb-Bs coupled to CcNH, and C,NH,
SAMs was consistent with a further decrease of the pK, to 5
(Figure 7B-D). Apparently, the proton donor ability of His-F8
decreases with the decreasing length of the SAM the protein is
attached to, and this should also contribute to the decreasing ET
rates now apparently becoming gated by the proton transfer
reaction. What is particularly interesting, the slope of the E°-pH
dependences, for such a short alkanethiol as C2, appears to be
very different from -60 mV/pH observed with Gr and long
SAM-modified electrodes, approaching -120 mV/ pH, which
theoretically correlates with the change of the reaction
mechanism, from 1H" to 2H" involved per one electron transfer
(Figure 7D) and strongly implies that the mode of the proton
involvement in the ET reaction changes.'®'* Considering the
complexity of the ET reaction, additional conformational
changes associated with the proton and electron transfer process
can be anticipated.™

3.6 Electrocatalytic reduction of O, by trHb-Bs attached to
SAM-modified electrodes

The detected shift in the heme redox potential and variations in
ET rates of trHb-Bs attached to differently charged SAMs of
varying lengths should also affect ligand recognition, its
binding in the heme distal pocket and transformation by trHb-
Bs. In particular, minor variations in the LIHBN (in they did
occur) were expected to affect the O, binding in the heme distal
pocket and thus might reveal polarity changes in the trHb-Bs

01 Gr

C4{OH

]
=N

C4(COOH

'
N

C,COOH

1/m, 108 A mor!

A

-0.6 -0.4 -0.2 0.0
E, V vs (Ag/AgCI, 3 M KCI)

1
w

interior. Thus, the electrocatalytic reduction of O, by trHb-Bs
attached to the SAMs has been studied.

Bioelectrocatalysis of O, reduction generally occurs via the O,-
heme binding step followed by oxidation of the ferrous heme to
its ferric state in the 4e/4H" reaction with dioxygen:"?

trHb-Bs(Fe’") + O, = trHb-Bs((Fe")-0,) (6)
trHb-Bs((Fe*")-0,) + 4¢ + 4H" >

- trHb-Bs(Fe*") + 2H,0 (7)
where heme is reduced to its ferrous state by the electrode (four
electrons in Eq.(7) are donated by the electrode). For simplicity
of presentation, the protonation reaction (Eq. 5) is not depicted
in Eq. (6),(7), but it always proceeds once the heme is reduced
to its ferrous state.

Bioelectrocatalytic reduction of O, by trHb-Bs starts at around -
0.1 - -0.2 V, depending on the corresponding redox potential of
trHb-Bs’ heme on different SAMs (Figure 8), and is a
characteristic reaction of five-coordinated heme in proteins and
enzymes.'” 3% 7! Electroreduction of O, at bare Gr also starts at
relatively high potentials though with a much lower efficiency
than that observed in catalysis by trHb-Bs."” SAMs are known
to block the reaction of O, electroreduction on gold, which then
starts at -0.2 - -0.4 V (depending on the alkanethiol length) and
with efficiency even lower than that on Gr (Figure S6, ESI).

Cq4NH,

1
o

1 CgNH,

CgNH,

1im, 108 A mol!
s &

C,NH,

B
-0.6 -0.4 -0.2 0.0
E, V vs (Ag/AgCl, 3 M KCI)

)
S

Figure 8. Representative background-corrected CVs of O, reduction by trHb-Bs immobilised on (A) graphite, OH-, COOH- and (B) NH,-terminated SAM modified
gold electrodes, recorded in 10 mM PBS, pH 7.0, unstirred solutions, and normalized for the protein surface amount, m, in pmoles. Potential scan rate 50 mV s

The most efficient bioelectrocatalysis (in terms of specific
currents, i.e. referred to the amount of the catalyst) was
observed at the electrodes characterized by the fastest ET rates,
i.e. on the short-length alkanethiol SAMs, in agreement with
the k; values obtained (Table 1, Figure 8). Along with that, the
general waveform of the reduction waves was somehow
inconsistent with the apparent efficiency of the process and
allowed several qualitative conclusions on the O, binding in the
trHb-Bs active site.

More specifically, a peak-shaped bioelectrocatalytic CVs could
be followed on Gr, C11 and COOH/OH SAMs, i.e. SAMs on

8 | J. Name., 2012, 00, 1-3

which either insignificant or minor changes of the heme redox
potential occurred (Figure 8). Such a peak-shape dependence
can be correlated either with certain O, diffusion limitations
(consistent with the dependence of the catalytic currents on the
electrode rotation such as on Gr, which absolute loading with
the protein was at least order of magnitude higher than that of
SAM-modified electrodes)'® or the presence of the reaction
limiting steps different from the ET itself.””’* Otherwise, an
ideal sigmoid voltammogram would be expected, consistent
with a steady-state operation of the biocatalyst as the electron
flow increases to its limiting value with the increasing potential,

This journal is © The Royal Society of Chemistry 2012
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where the current reaches a plateau.'® 7> However, if the
product formation is slowed down, then the acceptance of
electrons by the biocatalysts may also slow down, and until the
substrate is completely transformed no further electron flow
occurs.”

Considering the different stoichiometry of the heme ET
reaction (n,~=1) and that of bioelectrocatalytic reduction of O,
(4¢"), proceeding stepwise, through the formation of superoxide

10. 77 geveral

anion O,” and H,0, as intermediate products,
reaction limiting steps, from heme protonation to inhibition of
the reaction by the intermediates, can be considered, the gating
of ET also contributing to the catalysis efficiency. The most
interesting is the the peak-shaped

voltammogram to a sigmoid one for NH,-terminated SAMs

transformation of

shorter than C11, for which significant conformational changes
in the protein active site have been earlier discussed (Figure 8A
versus 8B). The apparent efficiency of bioelectrocatalysis on
the C¢NH,, for which a significant increase both in the heme
redox potential and heterogeneous ET rate is detected, exceeds
four-fivefold that on the CsCOOH-SAM, and the reaction rate
appears now to be limited by a process different from that in
trHb-Bs on the COOH-SAMs. Those data indirectly support our
conclusion on different sensitivity of trHb-Bs, orientated on
SAM-modified electrodes either via its NH,- or COOH-bearing
domains, to the EDL and interfacial stimuli, resulting in protein
changes that differently affect ET mechanisms and, as a result,
ligand binding and reactivity.

Thus, we suggest that electrochemically interrogated here ET
reactions of trHb-Bs covalently attached either to amine- or
carboxyl-terminated SAM (n<16) on gold, are gated by
preceding reactions, which may be proton transfer and/or
interfacial conformational changes, induced in the EDL and
exhibited via formal potential and ET rate changes. The gated
ET reactions of trHb-Bs are sensitive to the properties of the
surface the protein interacts with and thus to the protein
interfacial orientations. That may be of immediate biological
relevance and contribute to understanding the regulative
mechanisms of the ET reactions proceeding at the protein-
protein charged interfaces. It is worth to mention, that such
variations in redox properties have been never observed with
for example significantly less stable against denaturation cyt c.
24 67. 68 They are generally quite unexpected in otherwise
extremely stable trHb-Bs, unless they have certain biological
implications. The exact functional role of trHb-Bs in bacteria is
still unclear; the discussed biological functions may include
redox sensing and transmission of environmental signals via

7. 4L 42 A bioelectronic in vivo

protein-protein interactions.
modulation of the protein reactivity with its partner molecules
through the interactions via protein domains, which sensitivity
to environmental actions differs, may then form the mechanistic
basis for biological reactivity of trHb-Bs in biological redox

signalling and actuating processes.

4. Conclusions

This journal is © The Royal Society of Chemistry 2012
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Here, ET reactions of the bacterial truncated hemoglobin, trHb-
Bs, presumably involved in oxygen and other ligand sensing
reactions and signal transduction in bacteria, were
electrochemically studied. ET properties of trHb-Bs covalently
attached to COOH- or NH,-terminated C16-C2

alkanethiol SAMs on gold strongly depend on the nature of

either

SAM and, correspondingly, protein orientations. While on C16
variations in ET rates for different protein orientations were
insignificant, on shorter alkanethiols, a strong shift in the
formal redox potential of the heme, most pronounced on NH,-
SAMs, up to 142 mV versus 31 mV on COOH-SAMs, was
detected, with the heterogeneous ET rate constant k; of 789 and
110 s™', correspondingly, after extrapolation to the SAM zero
length. The ET kinetics was not limited by the electron
tunnelling through the alkanethiol SAMs but was gated by the
preceding reactions, implying strong conformational changes in
the heme active site of the protein induced in the electric field
of a higher strength and possible interfacial conformational
changes, both depending on the charge of alkanethiol SAMs.
The observed selective electrostatic modulation of the ET
properties of trHb-Bs at charged interfaces may be of
immediate biological relevance and suggest the involvement a
correspondingly charged redox partners operating as
messengers in biological ET-related signalling by trHb-Bs and

actuation of related biological processes.
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