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The periplasmic sensor domains GSU582 and GSU935 are part of methyl-accepting chemotaxis proteins of the
bacterium Geobacter sulfurreducens containing one c-type heme and a PAS-like fold. Their spectroscopic proper-
ties were shown previously to share similar spectral features. In both sensors, the heme group is in the high-spin
form in the oxidized state and low-spin after reduction and binding of a methionine residue. Therefore, it was
proposed that this redox-linked ligand switch might be related to the signal transduction mechanism. We now
report the thermodynamic and kinetic characterization of the sensors GSU582 and GSU935 by visible spectros-

Keywords: ) .. . o .
c-Type heme sensor copy and stopped-flow techniques, at several pH and ionic strength values. Despite their similar spectroscopic
Geobacter features, the midpoint reduction potentials and the rate constants for reduction by dithionite are considerably

different in the two sensors. The reduction potentials of both sensors are negative and well framed within the
typical anoxic subsurface environments in which Geobacter species predominate. The midpoint reduction poten-
tials of sensor GSU935 are lower than those of GSU582 at all pH and ionic strength values and the same was ob-
served for the reduction rate constants. The origin of the different functional properties of these closely related
sensors is rationalized in the terms of the structures. The results suggest that the sensors are designed to function
in different working potential ranges, allowing the bacteria to trigger an adequate cellular response in different
anoxic subsurface environments. These findings provide an explanation for the co-existence of two similar
methyl-accepting chemotaxis proteins in G. sulfurreducens.

Redox potential
Signal transduction
Electron transfer kinetics

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

The bacterial environment is constantly changing due to variations
in physicochemical parameters such as temperature, nutritional oppor-
tunities, environmental gases, light, or oxygen tension. Signal transduc-
tion systems establish intracellular information-processing networks
that link external stimuli to specific adaptive responses [1-3]. Bacterial
heme-based sensors constitute an important group of proteins that
exploit the redox chemistry of the heme group to sense environmental
changes [4-10]. The more common heme-based sensors contain a b-type
heme in the sensor domain that could bind effector molecules such as
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0, NO, or CO [11,12]. These proteins typically comprise a regulatory
heme-binding domain (sensor domain) coupled to a neighboring trans-
mitter (transduction domain). In functional terms, the binding of a
physiological effector to the heme triggers the signal transduction pro-
cess by conformational changes at the transduction domain, which gen-
erates the intracellular signal and concomitant regulation of the
physiological response [4-10]. The residues located in the neighbor-
hood of the heme play a crucial role in discriminating the physiological
ligand from other possible ligands since the intramolecular signal trans-
duction cascade is initiated by local conformational changes in this re-
gion. Therefore, discrimination and selection of the correct stimulus is
crucial for triggering an adequate appropriate response. This is a partic-
ular challenge for the Geobacter bacteria whose remarkable respiratory
versatility allows the microorganisms to proliferate in quite distinct en-
vironments [for a review see [13]]. The versatility showed by the bacte-
rium Geobacter sulfurreducens (Gs) might explain the coexistence of a
large number of heme-based sensors since an efficient metabolic switch
is necessary to respond to the exhaustion of a particular electron accep-
tor, the appearance of a different electron donor, or even a change in the
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redox potential of the environment. Indeed, ten periplasmic sensor
domains were found in Gs genome, each containing at least one heme
c-binding motif [14]. Another heme containing sensor, DcrA from
Desulfovibrio vulgaris [15,16] was also reported. The Gs periplasmic
heme sensor domains are part of proteins described as two-
component signal transduction or chemotaxis proteins and have homo-
logs in other Geobacter species [17]. The Gs heme sensors, encoded by
genes gsu0582 and gsu0935 (hereafter designated GSU582 and
GSU935), are parts of methyl-accepting chemotaxis proteins with sim-
ilar predicted topologies: an N-terminal tail in the cytoplasm, followed
by a transmembrane helix, a periplasmic domain (about 135 residues),
another transmembrane helix, and cytoplasmic domains consisting of a
HAMP domain followed by a methyl-accepting chemotaxis protein do-
main [for a review see [17,18]]. The sensor domains of GSU582 and
GSU935 have been structurally and biochemically characterized and,
despite their moderate sequence homology (see Figure S1 in Supple-
mentary Material), they show remarkably similar spectroscopic fea-
tures, as revealed by UV-visible, EPR, NMR and RR spectroscopies
[11,17]: (i) the heme group is high-spin in the oxidized state and be-
comes low-spin after reduction upon binding of a methionine (probably
Met60) at the heme distal site; (ii) both sensors bind carbon monoxide
(CO) in the reduced form and nitric oxide (NO) in the reduced and ox-
idized forms; (iii) binding of CO or NO to the reduced proteins occurs by
replacing the axial ligand Met60; and (iv) the binding/dissociation of
CO or NO is fully reversible. More recently, CO and NO binding studies
showed that ferrous GSU582 and GSU935 sensors have high and similar
affinity towards these molecules but, in the ferric form, sensor GSU582
shows a much higher affinity for NO [11].

The structures of both sensor domains have been determined and
showed that they have a PAS-like fold and form swapped dimers [17].
Therefore, it was suggested that sensors GSU935 and GSU582 might
trigger the signal transduction mechanism in a process that involves
the formation of the swapped dimer in the periplasm with the concom-
itant alteration of the relative positions of the transmembrane helices
and response of the cytoplasmic transducer domains. Collecting all the
available information for these sensor domains, it was proposed that
the change of the redox state coupled to heme spin state/coordination
alteration could initiate the signal transduction mechanism [11]. In
such a mechanism, the protein is kept blocked in the inactive/ferrous
state, until a change in the environment redox potential oxidizes the
protein, releases Met60 and allows activation. This hypothesis, rein-
forced by the significant differences observed in the low reduction po-
tential values of GSU582 and GSU935 sensors previously obtained at
pH 8 [17], suggests that the proteins could work as redox sensors for
chemotaxis. To further understand the functional differences between
the two sensors, we performed a detailed thermodynamic and kinetic
characterization of their redox behavior within the physiological pH
range and rationalized the results in terms of the sequence and structur-
al determinants.

2. Materials and methods
2.1. Expression and purification

The heme-containing sensor domains of GSU582 and GSU935 were
expressed and purified as previously described [17]. Briefly, Escherichia
coli SF110 cells containing the plasmid pEC86 that encodes for the cyto-
chrome ¢ maturation gene cluster [19] were transformed with the sen-
sor plasmids, which were cloned as C-terminal fusions to elastin-like
polypeptide (ELP) tag and a cleavage site for TEV protease. Cells were
grown aerobically at 30 °C in 2xXYT medium to mid-exponential phase
and after reaching an ODggp of ~1.5 were induced with 30 uM isopropyl
-p-thiogalactoside (IPTG). After an overnight incubation under the
same conditions the cells were harvested and the periplasmic fraction
was isolated by osmotic shock. A solution of 5 M NaCl was used to trig-
ger ELP precipitation. After this step, the fusion protein was dissolved in

50 mM Tris-HCl (pH 8),0.5 mM EDTA and incubated with TEV protease.
The soluble sensor domains were concentrated, and the buffer was ex-
changed to 100 mM sodium phosphate buffer (pH 8) in an ultrafiltra-
tion cell with a 10 kDa cut-off membrane before loading into a
Superdex 75 16/70 gel filtration column (GE Healthcare). The purity of
the proteins was confirmed by sodium dodecyl sulfate polyacrylamide
gel electrophoresis (SDS-PAGE) stained with Coomassie Blue.

2.2. Redox titrations followed by visible spectroscopy

Anaerobic redox titrations followed by visible spectroscopy were
performed inside a glove box (MBraun LABstar) under an argon atmo-
sphere with O, levels kept below 0.2 ppm as previously described
[17]. The UV-visible spectra were recorded with a Thermo Scientific
Evolution™ 300 UV-visible spectrophotometer and the temperature
was maintained by using an external circulating bath [20]. The solution
potentials were measured using a combined Pt/Ag/AgCl electrode
(Crison), calibrated before each titration with freshly prepared saturat-
ed solutions of quinhydrone at pH 7 and 4 and checked at the end for
stability. The reported values are relative to the standard hydrogen elec-
trode (SHE). Experiments were performed at pH 6, 7 and 8 using 5 mM
sodium phosphate buffer at two different ionic strengths (10 mM and
200 mM) and 9 uM protein solutions. To ensure a good equilibrium be-
tween the redox centers and the working electrode, a mixture of redox
mediators methylene blue (E’'y;; = 11 mV), gallocyanine (E'p,; =
21 mV), indigo tetrasulfonate (E’;;; = —30 mV), indigo trisulfonate
(E'm7 = —70 mV), indigo disulfonate (E'p; = —110 mV),
anthraquinone-2,6-disulfonate (E’r,; = — 185 mV), 2-hydroxy-1,4-
naphthoquinone (E’r,7 = — 152 mV), anthraquinone-2-sulfonate
(E'm7 = —225 mV), safranine O (E’p,; = —280 mV), diquat (E'r,7 =
—350 mV), benzyl viologen (E’;,;; = —345 mV), neutral red (E'r,7; =
—325 mV), and methyl viologen (E’r,; = —440 mV) was added to
the protein solution. The final concentration of mediators was 2 uM to
avoid interference caused by specific binding of mediators to the pro-
tein. Each titration consisted of a stepwise reduction using a solution
of sodium dithionite, followed by oxidation using a solution of ferricya-
nide. After each addition of titrant, ample time was allowed for a stable
measurement of redox potential to be reached, and a spectrum of the
sample was taken in the range 700-400 nm. In order to confirm that
the pH is stable, the pH was also measured at the end of each redox ti-
tration. The redox titrations were repeated at least twice for each pH
value, each time both in the oxidative and reductive directions to
check for hysteresis. Reproducibility between the runs was typically
better than 5 mV.

2.3. Analysis of thermodynamic data

The reduced fraction of each sensor was determined using the region
of the UV-visible spectra containing the o and 3 bands. The optical in-
fluence of the mediators was subtracted by measuring their contribu-
tion in this spectral region relative to the straight line connecting the
two isosbestic points (509 nm and 565 nm for GSU582; 506 nm and
562 nm for GSU935) flanking the o and [3 bands according to the meth-
od described in the literature [21,22]. The reduction potentials were ob-
tained by fitting the experimental variation of the total reduced fraction
to one-electron Nernst equation as previously described [23]. Values of
the reduction potentials extrapolated to infinite ionic strength were cal-
culated as described by Quintas et al. [24] (included as Supplementary
Material).

24. Kinetic experiments

The rate of reduction of GSU582 and GSU935 by sodium dithionite
was studied as a function of ionic strength in the pH range 6 to 8.
Rapid mixing kinetic experiments were carried out on a HI-TECH Scien-
tific SF-61 DX2 stopped-flow instrument inside an anaerobic chamber
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(Mbraun MB 150 I) where the oxygen level was kept below 2 ppm. The
temperature was kept at 293 + 1 K using an external circulating bath.
The data were acquired at 401, 414 and 551 nm using a large excess
of sodium dithionite to guarantee pseudo-first order kinetics, irrevers-
ible electron transfer steps, and the complete reduction of the sensors
[24]. At least three data sets for each experimental condition were aver-
aged to increase the signal to noise ratio.

Buffers at different ionic strengths covering the range 10 to 200 mM
were prepared by diluting a concentrated NaCl solution in 5 mM sodium
phosphate buffer pH 6, 7 and 8 with degassed water inside an anaerobic
chamber. Small pH variations were corrected by adding concentrated
HCI or NaOH. Protein solutions (9 M) were prepared by diluting a con-
centrated stock solution (200 uM) in the desired buffer. The concentra-
tion of protein was determined after each experiment by UV-visible
Spectroscopy using €491 = 188 000 M~ cm~ ! [11] for the oxidized pro-
tein. The reducing agent, sodium dithionite was prepared in the same
buffer for the experiments at pH 7 and pH 8. For the experiments
below pH 7, solutions were prepared in 5 mM sodium phosphate buffer
pH 7 to avoid dithionite decomposition in acidic conditions, with NaCl
added to the desired ionic strength. After each experiment the actual
pH of the reaction was measured. Also, for each experiment the actual
concentration of sodium dithionite was measured by UV-visible spec-
troscopy using €314 = 8 000 M~ ! cm~! [25] and the values were in
the range 100-200 pM after mixing.

2.5. Analysis of kinetic data

Observed rate constants (k.,s) were obtained by single exponential
fitting of the kinetic traces using the analysis tools provided by the
stopped-flow software Kinetic Studio. The reported ks values are the
average of at least three independent curves obtained at different wave-
lengths and different time scales and the errors were calculated from
the standard deviations. The nature of the reducing agent was deter-
mined according to the method of Lambeth and Palmer [26]. Second-
order rate constants k were obtained using Eq. (1):

k = kops (Kgiss > [dithionite]) /> 1)

where K;ss is the equilibrium dissociation constant of sodium dithionite.
The variation of K;ss with ionic strength was taken into account as de-
scribed by Quintas and co-workers [24] (included as Supplementary
Material).

Marcus theory applied to the Debye-Hiickel formalism (Eq. (2))
[24,27] was used to fit the dependence of the second order rate con-
stants on the ionic strength and obtain the effective charge on the pro-
tein surface (Z,), which is relevant for the electrostatic interaction with
the exogenous electron donor, hereafter designated by effective charge,
and the value of the second order rate constant extrapolated to infinite
ionic strength (Ke..)

1nk_1nl<w—3.576(EXp(_KRlﬂ) + eXp(_KRzﬂ)) ( %12 ) 2)

14+ KRy VI 14+ KR VI Ry +R,

In this equation k = 0.329 A~! M~” at 298 K, R, and R, are the
radii, and Z, and Z, are the charges of the reactants. For the reducing
agentR, = 1.5A[28] and Z, = — 1 were used in the calculations. The ef-
fective radius of the protein was considered equal to the distance between
the iron and the carboxylate group of the heme propionate, R; = 8 A.

3. Results and discussion
3.1. Thermodynamic studies

The redox titrations of sensor domains GSU582 and GSU935 follow-
ed by visible spectroscopy in the physiological pH range for Gs growth at

two ionic strengths (10 mM and 200 mM) are shown in Fig. 1. The
previous spectroscopic characterization showed that the change in
the redox state of the sensor domains is coupled to a heme spin
state/coordination alteration [11,17]. This would imply conformational
changes in the heme region, in particular at the distal ligand position.
However, with exception of sensor GSU582 at pH 6, no hysteresis was
observed, as the reductive and oxidative curves are superimposable, in-
dicating that the redox process is fully reversible. Even for sensor
GSU582, the hysteresis is not significant since the reductive and oxida-
tive curves differ by less than 10 mV. The midpoint reduction potentials
obtained from the fitting of the Nernst equation to each curve are indi-
cated in Table 1. The reduction potential values are negative for both
heme sensors but cover different working potential ranges (cf. Table 1
and Fig. 1). The negative values for the reduction potentials are well
framed within the typical anoxic subsurface environments in which
Geobacter species predominate [29-33] suggesting that the c-type
heme group might work primarily as redox sensor in G. sulfurreducens’
periplasm.

The reduction potential values of sensors GSU582 and GSU935 are
affected by the ionic strength of the solution. For both proteins, the re-
duction potential increase with the ionic strength (cf. Table 1 and
Fig. 2), an effect that is more noticeable for GSU935, particularly at
high pH. As the ionic strength increases, the electrostatic effect of
charged residues located in the vicinity of the heme groups is reduced
by counter ion shielding effects. Thus, the observed increase of the re-
duction potential values suggests that the dominant charged residues
in the vicinity of the heme groups are negative.

The midpoint reduction potential of both sensors is pH depen-
dent (redox-Bohr effect) in the physiological range for Gs growth
and those of GSU935 sensor are the ones most affected (Fig. 2). The
decrease in the reduction potential values with pH leads to a pro-
gressive stabilization of the oxidized form, which can be explained
on a purely electrostatic basis: the progressive deprotonation of an
acid/base group in the vicinity of the heme groups is expected to
lower its affinity for electrons with the concomitant decrease of the
reduction potential values.

The variation in the reduction potential of a heme affected by a sin-
gle proton is given by Eq. (3) [34], where the superscripts red and ox in-
dicate the K, values of the ionizable group with the heme reduced or
oxidized and basic indicates the limiting value of E,, at high pH

[H']
1+
Em :Egusic_gln 7[(21 . (3)
14 M
KZEd

The larger pH dependence of the reduction potential observed for
GSU935 must reflect a stronger electron-proton interaction, which
could be the result of a smaller distance between the heme and the ion-
izable group or a smaller dielectric constant of the intervening medium.
However, it could also be caused by the involvement of a second ioniz-
able group. The expression for two distinct and non-interacting protons
labeled oc and 3 is given in Eq. (4), which is the simple sum of the effects
of the two protons

[H'] [H]
RT (1 YA Ko
n i ol @
LAY LY
Kred Kied

The observable macroscopic values are related to these by Eq. (5):

basic
E,=Ey —

KooKap

= Kt K

iKag = Koo + Ko (5)
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Fig. 1. Redox titrations followed by visible spectroscopy for GSU935 and GSU582 sensor domains at different pH and ionic strength values (10 mM and 200 mM). The triangles correspond
to the curves obtained at pH 6, the circles at pH 7 and squares at pH 8. The open and filled symbols represent the data points in oxidative and reductive titrations, respectively. The lines are
the results of the fit to the Nernst equation for one-electron reduction. The reduction potentials obtained, relative to standard hydrogen electrode (SHE), are listed in Table 1. As an exam-
ple, the inset illustrates the e and (3 band regions of the visible spectra for sensors GSU935 and GSU582 at pH 7 acquired during the redox titration. The arrows in the insets indicate the

direction of reduction and oxidation.

where A and B refer to the first and second acid/base equilibrium, re-
spectively. The effect of two protons becomes indistinguishable from
that of a single proton when the microscopic K, values for the individual
groups are K% = K2*, K&l = K¢ and Kied = K35, It is therefore impossi-
ble to distinguish the effect of one or two protons from the slope of the
pH dependence of the reduction potential. Additional information must
be obtained from different experiments to be able to discriminate if the
redox-Bohr effect involves one or two protons. In this work, information
obtained from the analysis of kinetic and structural data was used to dis-
tinguish between the two, as discussed below.

3.2. Kinetic studies

To determine the nature of the reducing species, the rate of reduc-
tion of GSU582 and GSU935 was studied as a function of the concentra-
tion of sodium dithionite [28]. The linear dependence of the observed
rate constants (kps) on the square root of the concentration of sodium
dithionite (Fig. 3) showed that the reducing species is the bisulfite rad-
ical (SO,+™) for both sensors. Despite the low value of the equilibrium
dissociation constant of sodium dithionite, the concentration of SO,¢

Table 1
Midpoint reduction potentials in mV (versus SHE) of heme sensor domains GSU582 and
GSU935 measured at different pH and ionic strength values in mM.

pH 6 7 8

Ionic strength 10 200 10 200 10 200
GSU582 —133 —121 —154 —145 —171 —156
GSU935 —155 —141 —199 —184 —235 —203

can be considered constant due to the very fast dissociation rate and
the high concentration of sodium dithionite compared to the protein,
making the reaction between SO,*~ and the sensors pseudo-first-
order. To obtain information on the nature and intensity of charges in
the vicinity of the hemes, the GSU582 and GSU935 rate of reduction
by sodium dithionite was studied as a function of ionic strength at dif-
ferent pH values using the stopped-flow technique. As an example the
time course traces obtained for both sensors at pH 7 and 200 mM
ionic strength are shown in Figure S2 (Supplementary Material). The

E°/mvV

--------- GSU582
— GSU935
5 6 1 8

Fig. 2. pH dependence of the reduction potential (E,,) of sensors GSU582 (squares) and
GSU935 (triangles). Data points are represented by symbols (solid symbols for 10 mM
ionic strength and void symbols for 200 mM ionic strength). The lines were simulated with
Egs. (3) and (4) and are an illustration of the transfer of one electron coupled to one proton
(dashed lines) or one electron coupled to two identical protons (solid lines). If a single proton
(Eq. (3)) were used to simulate all the data, the difference pK*® — pk3* would be about 1 pH
unit in GSU582 and about 2 pH units in GSU935.
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Fig. 3. Dependence of the observed rate constants (ko) on the square root of the sodium
dithionite concentration at pH 7 (squares and circles correspond to GSU935 and GSU582,
respectively). The dashed lines are the result of the linear fit to the data points.

second order rate constants calculated from the observed rate con-
stants, as described in Section 2, are included in a Table in Supplemen-
tary Material. The logarithm of the second order rate constants as a
function of the square root of the ionic strength, at different pH values,
is presented in Fig. 4. From the positive slope of the curves it can be con-
cluded that the electrostatic interaction between the redox partners is
repulsive because the shielding of the charges at high ionic strength
leads to an increase of the rate constant. Since the reducing species is
negatively charged, the effective charge on the protein must be also
negative for both sensors.

The rate constants of GSU582 are higher than those of GSU935,
which might be a consequence of the larger driving force for the elec-
tron transfer reaction. The reducing species is SO,*~ and the couple
S0,/S0,*~ has a reduction potential —0.3 V, which is independent of
pH above pH = 2 [35]. Since the reduction potential of GSU582 is less
negative than that of GSU935 (Table 1), this shows that GSU582 has a
larger driving force for electron transfer. The rate constants of GSU582
are also independent of pH whereas those of GSU935 are clearly pH de-
pendent, the rates decreasing with increasing pH. Because the slope in-
creases with the intensity of the charge, the fact that the GSU935 curves

18

3
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D:F L 1 L 1 L 1 L 1 n :r
0.0 0.1 0.2 0.3 0.4 0.5

sqrt (1) / M™

Fig. 4. Dependence of the logarithm of the second order rate constant for the reduction of
the heme sensor domains by sodium dithionite, In(k), on the square root of the ionic
strength at different pH values for sensors GSU582 and GSU935 (triangles pH 6, circles
pH 7 and squares pH 8). The lines are the result of the fit of Eq. (2) to the data points.

at pH 6 and pH 7 are nearly parallel shows that the charge does not
change much in this pH range, thus the lower rate observed at pH 7 is
probably due to a decrease in the driving force. However, the slope in-
creases significantly going from pH 7 to pH 8, indicating that the effec-
tive charge on the protein becomes more negative. As expected, the
repulsive effect of the extra negative charge is more apparent at low
ionic strength.

A quantitative analysis based on Marcus theory applied to the
Debye-Hiickel formalism (Eq. (2)) makes it possible to obtain the effec-
tive charges of the two sensors at the different pH values and the rate
constants extrapolated to infinite ionic strength. The results of the fit
are presented in Table 2, together with the extrapolation of the reduc-
tion potentials of the heme sensor domains to infinite ionic strength,
obtained as described by Quintas et al. [24], and included in Supplemen-
tary Materials.

The effective charge of GSU935 is slightly more negative than that of
GSU582, suggesting the presence of a higher number of acidic groups in
the region where SO,*~ approaches the heme. The larger negative
charge also contributes to the smaller rate constants measured for
GSU935 at typical ionic strengths, but should not contribute to the dif-
ference between the rate constants of GSU935 and GSU582 at infinite
ionic strength. The effective charge of GSU582 hardly changes in the
pH range 6 to 8, whereas the charge of GSU935 changes by at least
one unit between pH 7 and pH 8. These results indicate that in
GSU935 there is at least one ionizable group that deprotonates in this
pH range that is not present in GSU582. This group affects the electro-
static interaction between SO, and the protein and may also affect
the reduction potential of the heme, depending on its location.

The effect of the driving force can be separated from the effect of the
electrostatic interactions by comparing the ratios of rate constants at in-
finite ionic strength, obtained from the fit, with ratios of rate constants
calculated for a given driving force, using Marcus theory for electron
transfer [36] (Eq. (6)) [24]

- Hi _ ppHi Hi _ ppHi
KR (EES:J_EESfJ) F N EsooF <EESLIJ _E(p;sﬂj) F
kT 2RT A 2N

In Eq. (6) the Egsy are the reduction potentials of the heme sensor
domains at different pH values extrapolated to infinite ionic strength
(see Table 2). A value of N\ = 0.7 eV was used for the reorganization en-
ergy [37] and Eso; = —0.3 V. For each sensor, the small variation in re-
duction potentials extrapolated to infinite ionic strength correlates well
with the small variation in rates also extrapolated to infinite ionic
strength (Table 3). However, comparison of the two sensors (Table 4)
shows that the ratio of their rate constants extrapolated to infinite
ionic strength cannot be explained solely on the basis of the difference
in driving force. Since the difference in charge should have no effect at
infinite ionic strength, it can be concluded that there are other structural
factors that favor the interaction of SO,*~ with GSU582 when compared
to GSU935.

Table 2

Effective charge on the protein (Z;), second order rate constant extrapolated to infinite
ionic strength (k..) and reduction potential Ey, extrapolated to infinite ionic strength, at
different pH values for the heme sensor domains GSU582 and GSU935. The values of Z;
and k. were obtained with Eq. (2), as described in Section 2. The reduction potentials
extrapolated to infinite ionic strength were obtained as described in the Supplementary
Material.

GSU582 GSU935

pH6 pH7 pH8 pH6 pH7 pH8
Z —-15 —-14 -17 -21 —23 —38
k./10’'M~ 15! 6.8 6.7 6.4 20 1.8 20
Emn/mV —129 —138 —144 —151 —173 —178
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Table 3

Comparison between measured and predicted rate constants for each sensor domain.
Ratios of the rate constants at different pH values (given as subscripts), extrapolated to
infinite ionic strength, for each sensor (labeled as experimental) are compared with the
expected ratios calculated using Marcus theory for electron transfer (Eq. (6) with
reduction potentials extrapolated to infinite ionic strength).

GSU582 GSU935

Experimental Marcus Experimental Marcus
ka/ke 1.0 09 09 0.7
ks/ks 1.0 09 1.1 0.9

3.3. Structural correlations

The thermodynamic and kinetic studies for sensors GSU582 and
GSU935 indicated that: (i) the dominant charged residues in the vicinity
of the hemes are negative; (ii) the effective charge of GSU935 is more
negative than that of GSU582; (iii) in GSU935 there is at least one ioniz-
able group with a pK, between 7 and 8 that is not present in GSU582,
and (iv) the midpoint reduction potentials of both sensors decrease
with increasing pH, with GSU935 sensor most affected. In order to
rationalize these inferences we then moved to a detailed structural
analysis of both sensors, in particular of their heme environment,
noting that the charged groups which affect the interaction with
SO, are not necessarily the same as those which affect the reduc-
tion potential. The crystal structures of GSU582 and GSU935 sensors
were determined and showed that they form swapped-dimers with
a PAS-type fold formed by polypeptide segments of the two mono-
mers [17]. Also, each heme has axial ligands provided by both mono-
mers. In solution, under the experimental conditions used in this
work, the monomer-dimer equilibrium is shifted towards the mono-
meric form as previously described [18]. Models of GSU582 and
GSU935 monomers in solution were previously constructed from
the respective crystal structures [17] and were used in this work to
rationalize the thermodynamic and kinetic observations.

The comparison between the structures of the swapped-dimers and
monomers is depicted in Fig. 5. Despite the fact that some amino acid
residues belong to a different polypeptide chain in the swapped
dimer, the heme environment is expected to be similar in the mono-
mers of both proteins (Fig. 5). Although the two heme sensor domains
have similar structural folds, their distinct primary sequences (see
Figure S1 in Supplementary Material) results in different distributions
of electrostatic potential at the surfaces (Fig. 6A and B). However, both
sensors show a predominantly negative electrostatic surface in the re-
gion of the heme groups (see Fig. 6), which explains the observed in-
crease in the reduction potentials with the ionic strength for both
sensors. A detailed comparison of the negative charges in the vicinity
of the heme groups shows that in GSU935 there is a glutamic acid
(E89) (accessible surface area of the E89 side chain is 59 A2), which
has no counterpart in GSU582, with the equivalent residue being an
Ala. An aspartic acid (D57) in GSU935 is within van der Waals contact

Table 4

Comparison of the rate constants of the two sensor domains. The ratios of the rate
constants of the two sensors, extrapolated to infinite ionic strength at each pH value
(labeled as experimental) are compared with the expected ratios determined using
Marcus theory for electron transfer. Eq. (6) was used with the two sensors in place of
two pH values and with reduction potentials extrapolated to infinite ionic strength.

kGSUSSZ/kGSUSBS

Infinite ionic strength

pH Experimental Marcus
6 34 14
7 37 1.7
8 32 17

distance pointing towards the heme and is fairly buried (accessible sur-
face area of the D57 side chain is 7 A?), whereas the equivalent residue is
Gly in GSU582. There is a glutamic acid residue present in GSU582 at po-
sition 58 (E58) fully exposed to the solvent (accessible surface area of
the E58 side chain is 68 A?), which is farther from the heme with its
side chain pointing away from the heme (cf. Fig. 6C and D). The heme
propionates of the two sensor domains also show some structural dif-
ferences: in GSU582 both heme propionates are fairly exposed to the
solvent (surface exposure of propionates A and D are 49.6 A? and 92.2
A2, respectively), whereas in GSU935 heme propionate A is rather bur-
ied when compared to heme propionate D (surface exposure of propio-
nates A and D are 18.6 A? and 77.9 A2, respectively). Therefore, sensor
GSU935 has a more negative electrostatic surface around the heme
group, which agrees with the lower reduction potentials and their
higher ionic strength dependence, which is more noticeable at pH 8 as
shown in Fig. 2.

The positive slope of the kinetic data in Fig. 4 was also indicative of a
negative surface potential around the heme in both sensors. The effec-
tive charges calculated from these data (shown in Table 2) are also con-
sistent with the more negative environment of the heme in GSU935
(see panels A and B of Fig. 6). The kinetic data also suggests the exis-
tence of an ionizable group with a pK, value in the pH range 7-8 in
GSU935 that is not present in GSU582. This group could also be respon-
sible for the stronger redox-Bohr effect observed in GSU935. However,
the pK, observed in the rate constant is macroscopic (cf. Eq. (5)) and
not necessarily the property of a single ionizable group. This pK, will
be shifted to a higher pH by the statistical effect and also by any interac-
tion between the groups, and so the pK, of the additional group in
GSU935 may be below 7.

Given the structural differences described, it is also possible that dif-
ferent acid/base groups give major contributions either to the redox-
Bohr effect or to the repulsive interaction with SO, ™. It is likely that
the two more buried carboxylic groups (D57 and propionate A) have a
greater influence in the reduction potential of the heme, while the ex-
posed E89 should play a bigger role in the electrostatic interaction
with the electron donor.

Putting together thermodynamic, kinetic and structural information,
it may be concluded that, although it is possible to simulate the pH de-
pendence of the reduction potentials of the two sensors with a single
acid/base group it is probable that an additional group plays a part in
GSU935. Therefore, both sensors have at least one acid/base group
that accounts for a difference between pK.4 and pK,, of about 1 pH
unit and GSU935 has at least a second ionizable group that accounts
for the rest of the redox-Bohr effect.

The comparison of the kinetic properties of the two sensors also
showed that the difference in absolute rate constants measured
cannot be fully explained by the difference in charge and driving
force and there must be another structural factor involved. Since
the reducing agent is a small inorganic ion, the solvent exposure
of the heme may play a significant role [38]. The solvent exposure
of the heme in the sensor domains was calculated with the program
surface using default parameters within ccp4 package [39], and the
values obtained were 234 A for GSU582 and 180 A for GSU935. The
higher solvent exposure of the heme in sensor domain GSU582
could account for the fact that the reduction of GSU582 is nearly
twice as fast as GSU935, when charge effects and driving force are
discounted (see Table 4).

4. Conclusions

The detailed thermodynamic and kinetic characterization of peri-
plasmic sensor domains of the methyl-accepting chemotaxis proteins
GSU582 and GSU935 from G. sulfurreducens provided for the first time
a rationalization for the co-existence of two methyl-accepting chemo-
taxis proteins with remarkably similar spectroscopic features and struc-
tural folds. The results obtained in the Gs physiological pH range for
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GSU582

GSU935

Fig. 5. Ribbon diagram of swapped dimers of heme sensors GSU582 (A) and GSU935 (B). The structures of sensors were retrieved from the Protein Data Bank (codes: 3B47 and 3B42). In
the dimers the monomers are highlighted blue and gray and are presented in panels C and D, respectively. Figures were produced using MOLMOL [40].

growth showed that the properties of the sensor domains GSU935 and
GSU582 are different. The thermodynamic studies showed that the sen-
sor domain GSU935 displayed more negative reduction potentials,
which are more strongly modulated by the pH (redox-Bohr effect)
and ionic strength. Similarly, the kinetic studies showed that the rate
constants of the sensor GSU935 are smaller, compared to those of
GSU582, and are considerably more affected by the pH or ionic strength.
The analysis of the structure of the two sensors allowed us to rationalize
the thermodynamic and kinetic data and to understand the functional
differences between the two sensors at molecular level: (i) the electro-
static surface in the heme neighborhoods is negative in both sensors, as
determined from the kinetic studies with a negatively charged reducing
agent, since the rate constants increase with the ionic strength; (ii) the
more negative electrostatic surface around the heme group of sensor
GSU935 correlates with the more negative reduction potentials, smaller
rate constants, and with the larger negative charge predicted from the
kinetic studies; (iii) the solvent exposure of the GSU582 heme group
is larger, compared to that of GSU935, and might contribute to the
higher rate constants observed in the former protein; (iv) the greater
effective negative charge around the heme group of GSU935 may con-
tribute to the higher redox-Bohr effect observed in this sensor domain,
and might be explained by the close proximity of aspartic acid (D57)
and propionate A; and (v) the kinetic data of GSU935 predicts an
increase in the negative charge between pH 7 and 8, which could be

explained by the deprotonation of the side chain of glutamic acid
(E89), an exposed residue in the middle of a highly negative surface po-
tential, that has no counterpart in GSU582. Overall, the distinct func-
tional properties described here for the two heme sensor domains
from G. sulfurreducens correlate with the structural data available and
provide an excellent example of how functional properties of structur-
ally related proteins from the same microorganism could be modulated
by key residues placed in strategic positions. Finally, the good correla-
tion observed between the thermodynamic and kinetic analysis and
the available structural data, demonstrates that the strategy presented
here for the two methyl-accepting chemotaxis proteins GSU582 and
GSU935 from G. sulfurreducens, and elsewhere for cytochrome ¢” from
Methylophylus methylotrophus [24] where the electrostatic interaction
with the electron donor is attractive, can be used to obtain information
on the electrostatic environment of the heme groups in the absence of
structural models. This information might be important to understand,
or predict, protein—protein interactions that are fundamental to in vivo
electron transfer.
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GSU582 GSU935
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positive potential. The heme groups are colored green. Ribbon diagram of GSU582 (C) and GSU935 (D) sensors. The peptide chain and the hemes are colored blue and green, respectively.
The negatively charged residues are shown in red and those in the vicinity of the heme groups are labeled according to the amino acid sequence numbering. Figures were produced using
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