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Abstract: Periplasmic nanowires and electric conductive filaments made of the polymeric assembly
of c-type cytochromes from Geobacter sulfurreducens bacterium are crucial for electron storage and/or
extracellular electron transfer. The elucidation of the redox properties of each heme is fundamental
to the understanding of the electron transfer mechanisms in these systems, which first requires
the specific assignment of the heme NMR signals. The high number of hemes and the molecular
weight of the nanowires dramatically decrease the spectral resolution and make this assignment
extremely complex or unattainable. The nanowire cytochrome GSU1996 (~42 kDa) is composed
of four domains (A to D) each containing three c-type heme groups. In this work, the individual
domains (A to D), bi-domains (AB, CD) and full-length nanowire were separately produced at
natural abundance. Sufficient protein expression was obtained for domains C (~11 kDa/three hemes)
and D (~10 kDa/three hemes), as well as for bi-domain CD (~21 kDa/six hemes). Using 2D-NMR
experiments, the assignment of the heme proton NMR signals for domains C and D was obtained and
then used to guide the assignment of the corresponding signals in the hexaheme bi-domain CD. This
new biochemical deconstruction-based procedure, using nanowire GSU1996 as a model, establishes a
new strategy to functionally characterize large multiheme cytochromes.

Keywords: Geobacter; nanowires; multiheme cytochromes; electron transfer; NMR

1. Introduction

The electrogenic Geobacter bacteria are predominant in several natural habitats due to
their high respiratory versatility, including the use of either intracellular or extracellular ter-
minal electron acceptors to generate the necessary metabolic energy from the degradation
of organic compounds [1-3]. The coupling of the oxidation compounds to the reduction
of terminal intracellular acceptors is transversal in the entire bacteria kingdom and the
mechanisms are generally well understood. In contrast, the electron transfer mechanisms
adopted by electrogenic bacteria to couple their respiratory chains to the use of extracellular
compounds are still under intense research. This is the case of the bacterium Geobacter
sulfurreducens, which can couple the oxidation of organic compounds to the reduction of
insoluble metal oxides, some of them pollutants and radioactive [4,5]. In addition, the bac-
terium is also capable of transferring electrons to electrode surfaces from which electricity
can be harvested [6]. Overall, these capabilities have led to an increasing interest towards
the application of Geobacter cells in the fields of bioenergy and bioremediation [3,7-10].
The foundations for the metabolic versatility shown by G. sulfurreducens results from the
intricate electron transfer network involving c-type cytochromes, most of them contain-
ing multiple heme groups. Indeed, these cytochromes are found at the inner membrane,
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periplasm and at the outer membrane (for a review see [11]). Recently, cryogenic electron
microscopy (Cryo-EM) has revealed that G. sulfurreducens can also form electrically conduc-
tive filaments made of the polymeric assembly of multiheme cytochromes, as it is the case
of the tetraheme OmcE [12], the hexaheme OmcS [13] and the octaheme OmcZ [14].

Contrasting with the polymeric assembly of mature cytochromes, the presence of which
cannot be anticipated by genomic analysis, Geobacter cells encode for monomeric periplasmic
c-type cytochromes with unusual high numbers of hemes, previously designated as nanowires
of hemes [15]. Three were found in the G. sulfurreducens genome—GSU2210 (with 27 hemes),
GSU0592 and GSU1996 (both with 12 hemes) [16]. Homologous proteins of the last two cy-
tochromes were also found in the genome of G. metallireducens and G. uraniireducens [16,17].
The role of these multiheme cytochromes and their location at the periplasm indicated that
they were designed to function differently from the bacterial conductive filaments made
of the polymeric assembly of cytochromes OmcS, OmcE or OmcZ, which extend from the
periplasm to outside the cell, thus permitting the long-range electron transfer to extracellu-
lar acceptors and their concomitant reduction [12-14]. Instead, periplasmic nanowires most
likely function as bacterial electron-storage devices or capacitors [18,19]. These electron
reservoirs are intimately associated with the respiratory versatility of Geobacter cells, since
continuous production of energy is warranted even when extracellular electron accep-
tors are exhausted, thus providing enough survival time for the bacteria to find new and
appropriate environments [18].

The structure of the monomeric dodecaheme cytochrome GSU1996 (42 kDa) has been
determined by X-ray crystallography [15]. The hemes have a linear arrangement along a
single polypeptide chain in a “crescent shape” (Figure 1). The hemes are packed as a wire
with edge-to-edge distances between 3 and 5 A, which facilitates the electron tunneling
between the cofactors, assuring a proper electron transfer [20]. The protein is organized in
four domains (named A, B, C and D), each containing three heme groups connected by short
linker regions. The triheme domains share high sequence homology and are structurally
comparable to periplasmic triheme c-type cytochromes [15,21]. However, while in the
latter, all the hemes are axially coordinated by two histidine residues; in the dodecaheme
cytochrome, each domain has one heme with His-Met coordination.

Lengthy cytochromes containing many heme groups are unquestionably important
either for long-range electron transfer, as is the case of the bacterial electric conductive
filaments OmcE, OmcS and OmcZ, or to function as capacitors as in the case of cytochrome
GSU1996. These properties can be conceivably explored for practical biotechnological
applications. Yet, this would require detailed knowledge of the functional proprieties of
these nanowires.

The functional characterization of multiheme cytochromes, including the determi-
nation of the heme’s reduction potential values, their modulation by the oxidation state
of their neighbors (redox-interactions), as well as its modulation by the pH (redox-Bohr
interactions) cannot be assessed by simple potentiometric or voltametric redox titrations.
In fact, such approaches fail in discriminating the individual hemes and do not provide the
necessary mechanistic information to properly describe the functional behavior of the redox
centers in multiheme cytochromes (for a review see [23]). This can be attainable by NMR
spectroscopy, since each heme has a distinct set of signals, which are also quite different
in reduced and oxidized states. Thus, the signals of each heme, namely those of the heme
methyls, can be independently traced from their initial position in the reduced state to
their final oxidized state using 2D-exchange spectroscopy (EXSY) to monitor the stepwise
oxidation of the different hemes in multiheme cytochromes (for a review see [23,24]). The
chemical shift of the heme signals, in the different oxidation stages, depends upon the
hemes’ relative microscopic reduction potential values, thus providing information on their
oxidation profiles [25,26].
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Figure 1. Structure of the cytochrome GSU1996 (PDB code 30V0 [15]) and the triheme cytochrome
PpcA (PDB code 2LDO [21]) from Geobacter sulfurreducens. In the structures, the heme groups are
colored orange. Hemes are numbered I, III and IV according to the order of their attachment to
the CXXCH motifs in the polypeptide chain to maintain consistency with the literature [15,22].
(A) Structure of cytochrome GSU1996 highlighting each triheme domain (A-D). (B) Surface rep-
resentation of cytochrome GSU1996 showing the heme axial ligands and the heme array with the
minimum observed distances indicated between adjacent porphyrin rings. (C) Structure of triheme
cytochrome PpcA.

To distinguish the individual oxidation profiles of the hemes, it is first necessary to
assign the heme proton signals. The most cost-effective manner to assign these signals
encompasses the use of natural abundance samples. In these samples, it is usually sufficient
to combine the information obtained from 2D 'H-nuclear Overhauser effect spectroscopy
(NOESY) and 2D 'H-total correlation spectroscopy (TOCSY) or 2D 'H correlation spec-
troscopy (COSY) for samples in the reduced state [27] or by combining these experiments
with 2D 'H,'3C heteronuclear multiple quantum coherence (HMQC) for samples in the
oxidized state [28]. In this state, the heme protons’ signals are differently affected by
the orientation of the magnetic axes of the paramagnetic heme(s) and, hence, are highly
variable even within a highly homologous groups of proteins [29]. Although larger signal
dispersion is observed for oxidized samples, the assignment of the heme proton signals in
a reduced form is more straightforward since they are essentially determined by the heme
ring-current effects and can be found in very typical spectral regions [27,30]. There have
been several possible strategies to assign heme signals described in the literature [27,31-33].
The seminal work of Wiitrich’s group [31] described the assignment of heme protons in
the reduced form of the monoheme horse heart cytochrome c. The same approach was
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later implemented to assign these signals in a tetraheme cytochrome c3 from Desulfovbrio
vulgaris [27,28]. Since then, and until today, this strategy has been successfully used to as-
sign the heme substituents from many multiheme cytochromes in their natural abundance
state (for a review see [24,34]). Alternative methodologies using *C-enriched porphyrin
samples have also been described in the literature to assist in the assignment of some heme
substituents in monoheme cytochromes or to obtain diverse structural information [32,33].

The high number of heme groups and the concomitant high molecular weight of
nanowire cytochromes considerably decrease the NMR spectral quality due to signal broad-
ness. Consequently, the necessary assignment of the heme proton signals is compromised,
as it is the subsequent strategy necessary for the characterization of the proteins’ functional
mechanism. To illustrate the effect of the increase in the molecular weight on the spectra
quality, the 1D "H-NMR spectra for the dodecaheme cytochrome GSU1996 (~42 kDa) and
triheme cytochrome PpcA (~10 kDa) are represented in Figure 2. In fact, the considerable
signal broadening observed for the signals of cytochrome GSU1996, as well as the number
of heme proton signals (114, excluding the heme propionate groups) would impair their
completefull and unequivocal assignment.

GSU1996

T T T T

13 12 1 10 o 8 7 6 5 4 3 2 1 0 -1 -2 -3 -4 -5
8 'H (ppm)

Figure 2. 1D 'H-NMR spectra of cytochrome GSU1996 (upper) and triheme cytochrome PpcA (lower)
from Geobacter sulfurreducens in the reduced state (pH 8.0 and 288 K). The spectra were recorded on a
spectrometer operating at a proton frequency of 600 MHz.

Given the potential of nanowire cytochromes to be explored as capacitors, key com-
ponents for bioenergy production and even to act as scaffolds for the next generation
of biogenic electronic nanomaterials, efforts need to be undertaken to functionally char-
acterize these biological systems. The modular deconstruction of nanowires of hemes
and electric conductive bacterial filaments can conceivably be explored to assist in their
characterization. As mentioned above, the number of hemes and the molecular weight
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of the full-length proteins will often impair their detailed functional characterization. In-
deed, such characterization has been, to date, limited to cytochromes containing four heme
groups. In the case of bacterial filaments, efforts should be directed toward the expression
and biochemical characterization of their monomers. On the other hand, for monomeric
nanowires of hemes, the expression of individual domains, for which characterization is
relatively straightforward, followed by the characterization of different combinations of
these domains, is a feasible strategy.

In the present work, we used the monomeric dodecaheme cytochrome GSU1996 as a
model to illustrate a strategy that can be explored in the future to characterize nanowire
cytochromes at the microscopic level. We used a deconstruction-based biochemical ap-
proach in which the triheme domains (A-D) and hexaheme bi-domains (AB and CD) of
the dodecahemic protein were independently produced. Enough protein was obtained
for the individual domains C/D and bi-domain CD, which were then used to illustrate
the methodology developed in this work. The successful assignment of the heme proton
signals in the triheme domains C and D were then used as a guide to assign the signals
from the hexaheme bi-domain CD. The presented strategy paves the way for a future
characterization of the electron transfer mechanisms in periplasmic nanowires and electric
conductive bacterial filaments.

2. Results and Discussion

The cytochrome GSU1996 and respective domains were expressed and purified as
previously described in the literature (see Section 3).

The crucial step underlying the characterization of the functional mechanisms of
multiheme cytochromes requires the assignment of the heme protonsto the specific hemes
in the structure, namely the methyl groups. The 1D 'H-NMR spectra of domains C, D and
bi-domain CD are characteristic of low-spin c-type cytochromes in both the reduced and
oxidized states (Figure 3). The NMR signals cover the regions from —4 to 11 ppm and —20
to 40 ppm in the reduced and oxidized states, respectively. The pattern and linewidths of
the NMR signals are clearly distinct from those of high-spin cytochromes [28]. In the latter,
the 1D 'H-NMR spectra show extremely broad signals above 40 ppm in the oxidized state,
while in the reduced form the signals cover spectral regions typically between —15 and
30 ppm. Such profiles are not observable for the triheme domains and hexaheme bi-domain
CD, indicating that all hemes are diamagnetic (Fe(II), S = 0) and paramagnetic (Fe(III),
S =1/2) in the reduced and oxidized forms, respectively.

Analysis of the more shifted signals in either the reduced or oxidized spectra of the
three proteins show that the NMR signals in the hexaheme bi-domain CD closely follow
the spectral distribution of each individual domain (cf. top and bottom panels in Figure 3).
Particularly, there is a remarkable similarity of the heme axial methionine’s side chain
protons (Met?” and Met?®” in domains C and D, respectively). The pattern for the NMR
signals of axial methionine typically has a three-proton intensity peak at approximately
—3 ppm and up to four one-proton intensity peaks in the same spectral region [35,36].
This pattern is observable in both triheme domains, as well as in the hexaheme bi-domain
where both sets of signals are clearly observable (Figure 3A). Moreover, in the spectra of
the bi-domain, the chemical shifts of the signals are remarkably similar to those of the
individual domains, indicating that the heme core and the geometry of the heme axial
ligands are conserved (Figure 3A).

Given the conserved geometry of the heme core, the assignment of the heme signals in
each triheme domain can, conceivably, be used to assist their assignment in the hexaheme
domain. To test this hypothesis, we then moved to the assignment of the heme proton
substituents in the reduced proteins. The reason for this choice is based on two facts: (i) the
diamagnetic state of the hemes—ensuring that less signal broadening will be observed
when the two domains are studied as a whole; and (ii) the very well-defined spectral
regions covered by the heme signals according to their type—the only exception is the
propionate groups, since they are more structurally variable.
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Figure 3. 1D "H-NMR spectra of domain C, domain D and bi-domain CD in the reduced (A) and
oxidized state (B). The spectra of domains C and D are represented in the top of each panel in blue
and yellow, respectively. The bottom spectrum in each panel correspond to bi-domain CD. The typical
regions for meso and methyl signals are indicated in the reduced and oxidized spectra, respectively.
The axial methionine spectral signatures are indicated in the reduced spectra of domains C and D.
The signal correspondent to the group of eCHj of each axial methionine is also indicated in the
oxidized spectra. The spectra were recorded at pH 8 and 288 K on a spectrometer operating at a
proton frequency of 600 MHz.



Int. . Mol. Sci. 2023, 24, 7032

7 of 16

2.1. Assignment of the Heme Proton’s NMR Signals of Domain D in the Reduced State

The NMR heme proton signals of domain C in the reduced state were previously
assigned and are not discussed here (for a review see [22]). The data obtained for this
domain are only reported for the sake of completeness.

In the present work, we assign the heme proton’s signals of domain D using the strat-
egy previously described for multiheme cytochromes [27]. Briefly, this strategy explores
the typical regions covered by the heme signals: 11-8 ppm for meso protons (5H, 10H,
15H and 20H); 8-6 ppm for thioether methine (3'H and 8'H); 5-2.5 ppm for heme methyls
(2'CHj3, 7'CH3, 12'CH; and 18'CHj3) and 3—(—1.0) ppm for thiother methyls (3°CH3 and
82CHj3;) (Figure 4A) [27,37-45]. Amongst all these substituents, only the thioether me-
thine/thioether methyls (3'H/32CHj and 8'H/82CHj3) groups are scalar coupled. Thus,
the first step of the assignment encompasses the identification of these pairs in the 2D
'H-TOCSY NMR spectra (Figure 4B). Then, the distinctive pattern of short-range intraheme
connectivities established between meso protons and their neighboring substituents is
identified in the 2D "H-NOESY NMR spectra acquired with short mixing-times (50-100 ms).
Meso protons 20H are only connected to two heme methyls (2!CHj; and 18'CH3) and
meso protons 15H show no connections to heme methyls or thioether substituents (see
arrows in Figure 4C). The meso protons 5H and 10H are both connected to one heme
methyl, one thioether methine and one thioether methyl yielding the same pattern of NOE
connectivities. The distinction between these meso protons is obtained by the inspection of
their connectivities with heme groups 21CH;/3%CHj; and 7'CH;/82CHj3. The short-range
intraheme NOE connectivities for the meso protons are indicated in Figure 4A.
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Figure 4. Illustration of the methodology used to assign the heme proton’s signals of domain
D in the reduced state. (A) Expansion of a 2D IH-NOESY NMR spectrum (80 ms mixing-time)
region intraheme NOE connectivities for the heme meso protons. The typical regions for the heme
proton signals are highlighted on the left of the spectrum; (B) Expansion of the 2D IH-TOCSY NMR
spectrum (50 ms mixing-time) highlighting the thioether methine/thioether methyls scalar coupling.
The dashed lines connect the thioether methyl’s signals with the corresponding meso proton in
the 2D 'H-NOESY NMR spectrum; (C) Diagram of heme ¢ numbered according to the TUPAC-TUB
nomenclature [46]. The full lines represent the interheme NOE connectivities. The spectra were
recorded at pH 8 and 288 K on a spectrometer operating at a proton frequency of 600 MHz.
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Two-dimensional 'H-NOESY experiments performed with a mixing time in the range
of 150—400 ms allowed for the observation of the long-range intraheme connectivities and
further confirmed the assignment of the signals. It is worth mentioning that the mixing-time
ranges should be considered as a guide and it is recommended that, in absence of previous
knowledge of the systems, NOE buildup curves to assist the selection of the mixing time
should be investigated. However, triheme cytochromes have been extensively studied by
our group, including the abovementioned domain C (for a review see [34]) and the values
of the mixing times are well optimized to exclude possible bias caused by spin diffusion.
In the present work, 2D 'H-NOESY were acquired with 80 and 200 ms mixing times. The
heme proton chemical shifts of domains C and D in the reduced state are listed in Table 1.

Table 1. Observed 'H and ring current chemical shifts (in parentheses) of the heme protons of
domains C, D and bi-domain CD in the reduced state at pH 8.0 and 288 K. Data for domain C were

previously determined [22] and are indicated for completeness.

Chemical Shifts (ppm)
Heme Substituent Domain Heme I Heme II1 Heme IV
C 949 (—0.13)  9.94(—058)  9.73 (—0.37)
s D 9.44 (—0.08)  9.87 (—0.51)  9.64 (—0.28)
D C 947 (—0.11)  9.93(—057)  9.65(—0.29)
D 947 (—0.11)  9.89(—0.53)  9.65(—0.29)
C 8.01(1.35)  10.09(—073)  9.64 (—0.28)
Lo D 799(1.37)  9.59(—023)  9.56 (—0.20)
D C 8.00(1.36)  10.08 (—0.72)  9.60 (—0.24)
D 8.02(1.34)  9.63(—027)  9.58(—0.22)
C 9.37(=0.01)  9.96 (—0.60) 9.9 (—0.63)
151 D 9.34 (0.02) 9.80 (—0.44)  9.77 (—0.41)
D C 936 (0.00)  9.96 (—0.60)  9.96 (—0.60)
D 9.32(0.04)  9.81(—045)  9.78 (—0.42)
C 923(0.13)  10.51(—1.15)  9.46 (—0.10)
0l D 9.48(—0.12)  10.69(—1.33)  9.31(0.05)
D C 921(0.15) 1051 (~1.15)  9.36(0.00)
D 940 (—0.04) 1070 (=1.34)  9.32(0.04)
C 359 (—0.11)  4.74(—126)  3.65(—0.17)
- D 3.69(—021)  4.83(~1.35)  3.55(—0.07)
3 D C 356 (—0.08)  4.74(—126)  3.61(—0.13)
D 375(—027)  4.85(—137)  3.55(—0.07)
C 345(0.03)  4.18(—070)  3.64 (—0.16)
CH D 3.38(0.10)  4.13(—0.65)  3.59 (—0.11)
3 D C 343 (0.05)  4.17(—0.69)  3.64(—0.16)
D 342(0.06)  4.18(—0.70)  3.60(—0.12)
C 1.42 (2.06) 3.88 (—0.40) 2.91 (0.57)
iCH D 120(2.28)  3.84(—036)  3.20(0.28)
3 D C 1.40(2.08)  3.87(—039)  2.87(0.61)
D 1.22 (2.26) 3.85 (—0.37) 3.21 (0.27)
C 339(0.09)  3.68(—020)  3.51(—0.03)
sCH D 337(0.11)  3.93(—045)  3.49(—0.01)
3 D C 3.38 (0.10) 368 (—0.20)  3.51(—0.03)
D 355(—0.07)  3.94(—046)  3.49(—0.01)
C 6.03(0.10)  626(—0.13)  591(0.22)
) D 6.04 (0.09) 6.19 (—0.06) 5.91 (0.22)
3'H D C 6.02(0.11)  625(—0.12)  5.72(0.41)
D 6.09(0.04)  622(—0.09)  5.92(0.21)
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Table 1. Cont.
Chemical Shifts (ppm)

Heme Substituent Domain Heme I Heme III Heme IV
C 5.75 (0.38) 6.55 (—0.42) 6.09 (0.04)

. D 5.65 (0.48) 6.09 (0.04) 6.40 (—0.27)
8'H D C 574(0.39)  6.54(—041)  6.09 (0.04)

D 5.70 (0.43) 6.12 (0.01) 6.42 (—0.29)

C 237 (—025)  2.69(—057)  2.16 (—0.04)

2CH D 240(—028)  251(—0.39)  2.17(—0.05)
3 D C 2.35(—023)  2.66 (—0.54) 1.69 (0.43)

D 246 (—0.34)  2.54(—042)  2.18(—0.06)

C 1.36 (0.76) 1.86 (0.26) —0.41 (2.53)

©2CH D 1.10 (1.02) 1.67 (0.45) —0.15 (2.27)

3 D C 1.36 (0.76) 1.85 (0.27) —0.44 (2.56)

D 1.13 (0.99) 1.70 (0.42) —0.12 (2.24)

2.2. Cross-Assignment of the Hemes to the Structure of Domain D

After assigning the heme signals, we then moved to their specific assignment in the
protein structure. To achieve this, the observed chemical shifts were compared to those
calculated from the crystal structure of bi-domain CD (Figure 5 and Table 2).
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Figure 5. Comparison of observed and calculated chemical shifts of the heme protons from domains
C and D. The calculated values were obtained from the crystal structure of the bi-domain CD (PDB
code 30UE [15]). The solid line has a unit slope. The RMSD values of the hemes I, III and IV are,
respectively, 0.02, 0.05 and 0.07 for domain C and 0.02, 0.04 and 0.04 for domain D.

Of the six possible permutations for the three sets of heme protons with respect to
the crystal structure, one was clearly preferred since all hemes concurrently showed the
smallest root mean square deviation (RMSD). The RMSD of the 36 shifts was 0.10 ppm,
with deviations of 0.02 (heme I), 0.04 (heme III) and 0.04 (heme IV). As in the case of domain
C [21], the observed and predicted shifts for domain D correlate very well, even for the
protons subjected to the larger ring current effects, as it is the case of the protons 10H!,
20H™, 21CH,M, 12'CH3!, 82CH;! and 82CH;!V (cf. Figure 5 and Table 1).

The assignment of domain D heme signals was further tested by examination of the
interheme NOE connectivities and their comparison with the distances obtained from the
crystal structure of bi-domain CD. All NOE connectivities between protons up to 3 A were
observed in the 2D 'H-NOESY spectra, which confirms that both crystal and solution
structures are similar.
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Table 2. Predicted ' H chemical shifts and ring current shifts (in parentheses) of the heme substituents
of domains C and D in the reduced state. The chemical shifts and ring current shifts were calculated
from the crystal structure of bi-domain CD (PDB file 30UE).

Chemical Shifts (ppm)
Heme Substituent Domain Heme I Heme III Heme IV
51 C 9.45 (—0.09) 10.01 (—0.65) 9.39 (—0.03)
D 9.47 (~0.11) 9.9 (—0.63) 9.36 (0.00)
- C 8.29 (1.07) 9.90 (—0.54) 9.59 (—0.23)
D 8.44 (0.93) 9.71 (—0.35) 9.72 (—0.36)
15H C 9.52 (—0.16) 9.81 (—0.45) 9.54 (—0.18)
D 9.50 (—0.14) 9.67 (—0.31) 9.49 (—0.13)
S0l C 9.38 (—0.02) 9.85 (—0.49) 9.10 (0.26)
D 9.42 (—0.06) 9.94 (—0.58) 9.28 (0.08)
JcH C 3.44 (0.04) 434 (—0.86) 2.83 (0.66)
3 D 3.60 (—0.12) 4.55 (—1.07) 3.42 (0.06)
CH C 3.44 (0.04) 3.97 (—0.49) 3.32 (0.16)
3 D 3.37(0.11) 3.93 (—0.45) 3.34(0.14)
DiCH C 1.73 (1.75) 3.79 (—0.31) 2.81 (0.67)
s D 1.47 (2.01) 3.84 (—0.36) 3.42 (0.06)
sicH C 3.51 (—0.03) 3.61 (—0.13) 3.42 (0.06)
3 D 3.44 (0.04) 3.78 (—0.30) 3.49 (—0.01)
. C 6.19 (—0.06) 6.72 (—0.59) 6.14 (—0.01)
3'H D 6.23 (—0.10) 6.67 (—0.54) 6.10 (0.03)
. C 6.03 (0.10) 6.26 (—0.13) 6.40 (—0.27)
8'H D 5.97 (0.16) 6.05 (0.08) 6.56 (—0.43)
2ch C 2.09 (0.03) 2.61 (—0.49) 2.03 (0.10)
3 D 2.17 (—0.05) 2.43 (—0.31) 2.08 (0.04)
cH C 1.45 (0.67) 1.45 (0.67) 0.10 (2.02)
3 D 0.95 (1.17) 1.62 (0.50) 0.53 (1.59)

2.3. Assignment of the Heme Signals of Bi-Domain CD in the Reduced State

Compared to triheme domains, the bi-domain CD has twice the heme groups and
molecular weight. Consequently, the bi-domain molecules have a longer correlation time,
yielding broader signals compared to those of the individual domains. The higher number
of heme signals and their broadness impairs the application of the assignment methodology
described above for the individual domain D. However, as illustrated in Figure 3, the NMR
spectra of the hexaheme bi-domain essentially corresponds to the superimposition of the
spectra of each individual domain. Thus, in the present work, the assigned heme signals
of domains C and D were used as a guide to assign the corresponding ones in the NMR
spectrum of the bi-domain CD (Figure 6). As expected, the signals are broader and less
dispersed in the 2D 'H-NOESY spectra of the bi-domain (cf. the three panels in Figure 6).
This clearly indicates that, in the absence of an independent assignment of the signals in
domains C and D, their ab initio assignment in the bi-domain would be unlikely. The heme
protons assignment of the bi-domain CD is reported in Table 1.



Int. . Mol. Sci. 2023, 24, 7032 11 0f 16

AV
|
564 U O 10H'/ 8'H!
5HI\// 31HIV @
5.84 \
5H'/ 3'H'
]

E 6.04
I
2 BHM / 314N
ES
0

6.2

@ 10HV / 8'HV
6.4+ 10H" / 81HM
@
6.6
Domain C
Ty Ty
5.6

\
o
5.8 5HIV/31H'V®| MUD(@IG
/ 10H'/ 8'H!
J@“ 5H'/ 3'H!
e

T 60
S 0
::E’ BH! / 31HM % w @)I
“ 62 ﬁ@w V10HY / 81HV P\,
(
\
A
6.4 10H" / 81HM ﬁ@)} 0
W \ &
6.6
Bi-domain CD
5.6
/

5.8 \
6.0 1
o
k=Y
I \
“ 624 \

6.4-

\
6.6-
100 95 90 85 80

5 'H (ppm)

Figure 6. Expansion of a 2D 'H-NOESY NMR spectra region of domain C (blue), domain D (yellow)
and bi-domain CD (black) highlighting the meso/thioether methine NOE connectivities (pH 8
and 288 K). All spectra were acquired with 80 ms mixing-time. The spectra were recorded on a
spectrometer operating at a proton frequency of 600 MHz.
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As for the individual domains, the assignment of the bi-domain’s heme signals was
confirmed by comparing the observed and the predicted chemical shifts (Figure 7 and
Table 2). Furthermore, in the case of the bi-domain CD, the chemical shifts correlate very
well, even for the protons with large ring current shifts. The assignment was further
confirmed by the analysis of the interheme NOE connectivities expected from the analysis
of the crystal structure. All the expected connectivities between the closest protons were
observed in the 2D 'H-NOESY spectra and contributed to the validation of the strategy used
in the present work to assign the heme signals in proteins containing many heme groups.

12
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Figure 7. Comparison of the observed and calculated chemical shifts of the heme protons from
hexaheme bi-domain CD. The calculated values were obtained from the crystal structure of the
bi-domain CD (PDB code 30UE [15]). The heme signals corresponding to domains C and D in the
bi-domain CD are represented by filled and open circles, respectively. The solid line has a unit slope.
The RMSD values of the hemes I, IIl and IV are, respectively, 0.02, 0.05 and 0.07 for domain C and
0.02, 0.04 and 0.03 for domain D.

3. Materials and Methods
3.1. Expression and Purification of Proteins

The full-length cytochrome GSU1996, each triheme domain (A-D) and the hexaheme
bi-domains AB and CD were expressed and purified as previously described [16,47-49].
The domains A-D and CD were expressed in E. coli strain JCB7123 [50], while AB and
full-length cytochrome were produced in E. coli strain BL21 (DE3) [48]. Briefly, both E. coli
strains harbor the plasmid pEC86 containing the c-type cytochrome maturation gene cluster
ccmABCDEFGH [51]. The strains were aerobically grown, at 30 °C and 200 rpm, to mid-
exponential phase and induced with 10 uM isopropyl 3-D-1-thiogalactopyranoside (IPTG),
except for bi-domain AB for which no induction was necessary. After overnight incubation,
the cells were harvested and the periplasmic fraction was isolated by osmotic shock in the
presence of lysozyme. The periplasmic fractions were dialyzed against 20 mM Tris-HCl
buffer pH 8.5 (domain A), 10 mM Tris-HCl buffer pH 7.0 (domains C and D) or 20 mM
sodium phosphate buffer pH 5.9 (bi-domains AB/CD and full-length protein) and loaded
onto a cation-exchange column (Econo-Pac High S, Bio-Rad, CA, USA). The fractions were
then eluted with a linear gradient of NaCl.

In each case, the fractions with the protein of interest were pooled, concentrated
and loaded onto a HiLoad 16/600 Superdex 75 column (UK, Amersham, GE Healthcare),
equilibrated with 20 mM sodium phosphate buffer pH 8.0 with 100 mM NaCl. The presence
of the desired proteins was confirmed by 12% sodium dodecyl sulfate polyacrylamide gel
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electrophoresis (SDS-PAGE) stained with Coomassie blue. Both chromatography steps
were performed in an AKTA Prime Plus FPLC System (UK, Amersham, GE Healthcare).

The triheme domains C and D, as well as the correspondent hexaheme bi-domain
CD, showed the highest levels of expression. On the other hand, domain B was poorly
expressed. For this reason, the triheme domains C/D and the hexaheme bi-domain CD
were used to illustrate and validate the deconstruction-based biochemical strategy.

3.2. Sample Preparation for NMR Studies

The buffer used in the last step of the purification was exchanged for 80 mM sodium
phosphate buffer pH 8.0 (with NaCl added to a final ionic strength of 250 mM) in 99.9%
’H,0 (CIL), through ultrafiltration procedures with Amicon Ultra Centrifugal Filter Units
(Millipore). Protein concentrations were determined by UV-visible spectroscopy with the
specific absorption coefficient of the «-band at 552 nm determined for the reduced triheme
cytochrome PpcA [22,52]. Protein samples with approximately 1.5 mM were placed in
3-mm Wilmad NMR tubes and closed with NMR pressure caps. The protein samples were
degassed with H; and reduced in the presence of catalytic amounts of Fe-hydrogenase
from Desulfovibrio vulgaris (Hildenborough) [22].

3.3. NMR Experiments

The NMR spectra were acquired on a Bruker Avance 600 MHz spectrometer at 288 K.
To assist the assignment of the heme proton signals of domains C, D and CD in the reduced
state, a series of 2D 'H-TOCSY and 2D 'H-NOESY NMR spectra were recorded with stan-
dard pulse techniques and with mixing times of 50 and 80/200 ms, respectively. The spectra
were acquired with 4096 (t;) x 512 (t;) data points, with 256 scans per increment, covering
a sweep width of 20 kHz. The 'H chemical shifts are reference to sodium dodecyl sulfate
(DSS) at 0 ppm, by using the residual water signal as an internal secondary reference [53].
All NMR spectra were processed with TopSpin 3.5.7™ software (Bruker Biospin, Karlsruhe,
Germany) and analyzed with Sparky (T. D. Goddard and D. G. Kneller, Sparky 3, University
of California, San Francisco, CA, USA).

3.4. Calculation of Ring-Current Shifts

The ring-current shifts were calculated from the crystal structure of bi-domain CD [15]
following the procedure described by Turner and co-workers [27]. The heme substituent
chemical shifts were calculated through a correction of the heme protons reference shifts
(9.36 ppm for meso protons, 6.13 for thioether methines, 3.48 for methyls and 2.12 for
thioether methyls), as described by Pessanha and co-workers [37].

4. Conclusions

Nanowires of hemes and the polymeric assembly of c-type cytochromes forming elec-
tric conductive filaments are involved in extracellular electron transfer pathways in which
they can transfer electrons to long range distances to outside of the cells or act as cellular
capacitors. While structural models for these full-length proteins have been successfully
obtained by X-ray crystallography, or more recently by Cryo-EM, the determination of their
heme redox properties and the concomitant deciphering of their mechanistic and functional
properties remains elusive.

The main reason for the lack of precise functional mechanistic information is explained
by the high molecular weight and number of c-type heme groups. To date, detailed
thermodynamic characterization, and hence, mechanistic information, have only been
obtained for multiheme cytochromes containing up to four heme groups [54]. The same
type of information must be obtained for the full-length nanowires of hemes or electric
conductive bacterial filaments. The present work provides a first contribution towards this
goal. Using the dodecaheme cytochrome GSU1996 as a model, containing four triheme
domains (A to D), we present a strategy to assist the detailed characterization of larger
multiheme cytochromes. This strategy encompasses the production at natural abundance of
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smaller individual triheme and hexaheme domains. We assigned the heme proton signals
of the two C-terminal triheme domains (C and D) and used this assignment as a guide to
assign the correspondent signals in the hexaheme bi-domain (CD). Future work must focus
on the assignment of the heme proton signals for the two N-terminal triheme domains and
the respective bi-domain. This would then allow for the monitorization of the oxidation
profile of each heme in the full-length protein—as a ground to determine their redox
properties—using the well-established methodologies for multiheme cytochromes [23].
The exemplified deconstruction-based strategy provides an effective tool by which to
study the redox properties of the individual hemes in nanowires or electrically conductive
filaments. In the case of nanowires of hemes with all redox centers connected by a unique
polypeptide chain, as it is in the case of GSU1996, the expression of individual domains is
an appropriate approach. In the case of electrically conductive bacterial filaments made of
the polymeric assembly of cytochromes, as in the case of OmcE, OmcS and OmcZ filaments,
the expression and characterization of their individual monomers can be similarly attained.
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