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Abstract: Pseudomonas putida rubredoxin-2 (Rxn2) is an
essential member of the alkane hydroxylation pathway
and transfers electrons from a reductase to the membrane-
bound hydroxylase. The regioselective hydroxylation of
linear alkanes is a challenging chemical transformation
of great interest for the chemical industry. Herein, we
report the preparation and spectroscopic characterization
of cobalt-substituted P. putida Rxn2 and a truncated ver-
sion of the protein consisting of the C-terminal domain of
the protein. Our spectroscopic data on the Co-substituted
C-terminal domain supports a high-spin Co(II) with a dis-
torted tetrahedral coordination environment. Investiga-
tion of the two-domain protein Rxn2 provides insights into
the metal-binding properties of the N-terminal domain,
the role of which is not well understood so far. Circular
dichroism, electron paramagnetic resonance and X-ray
absorption spectroscopies support an alternative Co-bind-
ing site within the N-terminal domain, which appears to
not be relevant in nature. We have shown that chemical
reconstitution in the presence of Co leads to incorpora-
tion of Co(II) into the active site of the C-terminal domain,
but not the N-terminal domain of Rxn2 indicating distinct
roles for the two rubredoxin domains.
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Introduction

The regioselective introduction of molecular oxygen onto
the unreactive terminal methyl group of alkanes is a rele-
vant and challenging chemical transformation. Saturated
hydrocarbons are among the most abundant naturally
occuring organic molecules and it would be desirable to
be able to transform them into higher-value compounds,
such as chemicals or synthetic fuels (Bordeaux et al.,
2012). Linear alkanes are also among the most difficult
to oxyfunctionalize at the terminal position in a control-
lable manner at lower temperature. However, as linear
alcohols or acids are extremely desirable potential feed-
stocks for the chemical industry, there is an urgent need
for novel catalysts for selectively oxidizing the terminal
methyl groups (Thomas et al., 2001). The bacterium P.
putida (formerly known as P. oleovorans) can realize this
reaction with the alkane monooxygenase AlkB, an inte-
gral membrane-bound diiron protein, in conjunction with
its redox partner Rxn2, also referred to as AlkG, and the
NADH-dependent reductase AIKT (Kok et al., 1989). Rxn2
is one of two rubredoxins in the alkBAC operon and trans-
fers electrons from the cytoplasmic reductase to the active
center of the membrane-bound alkane hydroxylase.
Rubredoxins are the smallest and simplest type of
iron-sulfur proteins, and they serve as electron carriers in
the cell (Lovenberg and Sobel, 1965). They usually contain
one mononuclear iron-binding site, with the iron coor-
dinated by the thiol groups of four cysteine residues in
a tetrahedral symmetry (Figure 1), as seen in the crystal
structure of Clostridium pasteurianum rubredoxin (Maher
et al., 2004). Pseudomonas putida Rxn2 is unique in that
it consists of two rubredoxin-like domains, an N-terminal
and a C-terminal metal-binding domain connected by a
70-amino-acid linker (Lode and Coon, 1971). The presence
of two domains results in an unusually high molecular
weight of 19 kDa compared to other rubredoxins with a
molecular mass of approximately 6 kDa. The molecular
structure of Rxn2 was determined by nuclear magnetic
resonance (NMR) spectroscopy and X-ray scattering and
reveals that both domains adopt a similar globular fold,
separated by the linker region that keeps the two domains
separated in solution (Perry et al., 2004). It was speculated
if the alkG gene is the product of a gene duplication event
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Figure 1: Structure of Co-substituted rubredoxin from Clostridium
pasteurianum (Maher et al., 2004).

(A) Overall architecture of the protein and (B) close-up of the Co-
binding site. The protein is shown as cartoon model in gray with the
secondary structure elements colored in pink (a-helix) and teal
(B-sheet). The side chains of the four cysteines that involved in metal
coordination are depicted as sticks with the sulfur atoms colored in
yellow and the Co ion is shown as sphere colored in light pink.

(Lee et al., 1997). However, sequencing and functional
analysis have provided evidence that the N-terminal and
the C-terminal domain belong to two types of rubredoxins,
AlkG1 and AlkG2, respectively (van Beilen et al., 2002).
The degree of conservation amongst AlkGl-type domains
and the significant differences to AlkG2-type domains in
conjunction with mutational studies suggest that alkG is
not just the product of gene duplication, but plays a role in
alkane hydroxylation that has not been fully understood
yet (van Beilen et al., 2002).

Rubredoxins are also frequently used as model
systems for iron-sulfur proteins as their small size, sol-
ubility and robustness facilitate protein production. In
particular, they were successfully utilized to study the
replacement of the native metal in iron-sulfur proteins
by transition metals other than iron. Successful attempts
have been made to substitute the native metal in these
proteins by metals, such as Co, Ni, Zn, Ga, Cd, and Hg
(May and Kuo, 1978; Moura et al., 1991; Dauter et al.,
1996; Lee et al., 1997; Maher et al., 2004). Co is a par-
ticularly useful probe and label of proteins, as it exhib-
its characteristic spectra (Maret and Vallee, 1993). The
preparation the Co(II)-substituted P. putida Rxn2 has
previously been reported (May and Kuo, 1978) as the first
example of metal substitution by chemical reconstitu-
tion in an iron-sulfur protein and their results indicate
that there is no evidence for nonequivalence of the two
metal-binding sites.

The N-terminal domain including a portion of the
linker region was reported to be colorless after purifica-
tion (Perry et al., 2001) and the native form of P. putida
Rxn2 is isolated bound to one iron (Lee et al., 1997),
indicating that the two domains may not be equivalent.
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This hypothesis is also supported by NMR studies of the
Cd-substituted form of Rxn2 that show two distinct Cd
resonances, which indicates different chemical environ-
ments of both nuclei. Despite several studies and a high-
resolution structure, the role of the two metal-binding
domains of Rxn2 remains unclear. A detailed understand-
ing of the recognition of the physiological redox partners
as well as the electron transfer mechanism of this redox
system would be of great interest for potential biotech-
nological applications (Tsai et al., 2017). Herein, we
report the incorporation of Co into the active site of the
C-terminal domain of rubredoxin-2 and full-length Rxn2
from P. putida GPo1 and a detailed spectroscopic study of
the properties of the native and truncated version of the
protein.

Results

Incorporation of Co into the C-terminal
domain of Rxn2

The N-terminal domain of P. putida Rxn2 is less stable
compared to the C-terminal domain, thus, we have gener-
ated a construct encoding for the amino acids 51-173 (Perry
et al., 2001). We have expressed the truncated and the full-
length version of the alkG gene and isolated the resulting
gene products. The proteins revealed a reddish color, indi-
cating the presence of a (partially) iron-bound form. To
remove the native metal from the active site, the protein
samples were denatured in the presence of 10% trichloro-
acetic acid (TCA). Refolding the proteins in 4-(2-hydroxy-
ethyl)piperazine-1-ethanesulfonic acid (HEPES) buffer in
the presence of 10-fold excess tris(2-carboxyethyl)phos-
phine (TCEP) and equimolar cobalt chloride (CoCl,) under
anerobic conditions, yields the Co-derivatives of Rxn2-CT
as well as Rxn2.

The success of the reconstitution reaction was
assessed by electronic absorption spectroscopy (EAS), as
the electronic spectrum of a Co site is very sensitive to the
geometry of its coordination environment. The electronic
absorption spectrum of the C-terminal domain of Rxn2
(Figure 2A) reveals absorption maxima in the near ultra-
violet (UV) and visible (Vis) region. The band at 350 nm
originates from Cys-S- to Co(II) transitions with a molar
absorptivity of 2232 M cm™ (Table S1) (Curdel and Iwat-
subo, 1968; Drum and Vallee, 1970; McMillin et al., 1974).
Four bands with lower intensity in the visible range of the
spectrum at 623 nm, 662 nm, 690 nm, and 753 nm originate
from d-d ligand field (LF) transitions and are in agreement
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Figure 2: Co-binding to the C-terminal domain of Rxn2.

(A) Electronic absorption spectrum of Rxn2-CT, plotted as molar absorptivity (€) vs. wavelength. The inset shows a close-up view of the
ligand field transitions (500-800 nm). (B) Titration of Co?* to apo protein presented as molar absorptivity (€) at 750 nm vs. the equivalents
of Co added to the apo protein and are the average +one standard deviation of three independent trials. (C) The metal content is expressed
per monomer with data from three independent measurements averaged one standard deviation. Values for Co are shown in blue, iron in
orange, and zinc in gray. The apo protein for both experiments was prepared by TCA-precipitation, followed by reconstitution of the protein

in absence of Co.

with a distorted tetrahedral symmetry of a high-spin Co(II)
complex (Sugiura, 1978).

Binding of Co to the truncated version
of Rxn2

As a next step, we wanted to investigate, if the metal
ion can be incorporated into the apo protein after the
reconstitution or whether the metal ion is required for
proper refolding of the precipitated sample. Subse-
quent to TCA precipitation of the isolated protein, we
reconstituted the protein in the presence and absence
of CoCl,. Circular dichroism (CD) spectra suggest that
the C-terminal domain of Rxn2 is capable of adopting
a similar structure in the apo form compared to the Co-
bound form (Supplementary Figure S1). The CD spectra
of apo and Co-bound Rxn2-CT are virtually identical,
indicating that the secondary structure, and most likely
the tertiary structure, is not particularly affected by the
presence of the metal.

After establishing that metal-binding does not alter
the structure of Rxn2-CT, we titrated various equivalents
of CoCl, to the protein that was reconstituted in its apo
form, and monitored the metal-binding by EAS (Figure 2B
and Supplementary Figure S2). The bands deriving from
the LF transitions are more sensitive to the incorpora-
tion of Co, thus, we monitored the increase of the band
at 750 nm to determine the amounts of Co needed to fully
occupy the active site. Our results suggest that an equimo-
lar ratio of Co fully loads the metal-binding site. To avoid
the binding of excess metal, we therefore carried out all
following sample preparations using one equivalent of Co
per metal-binding site.

To quantify the amount of metal that binds to Rxn2-
CT, we titrated 1-5 equivalents CoCl, to the apo protein
and determined the amount of Co, Fe, and Zn by induc-
tively coupled plasma-mass spectrometry (ICP-MS). To
reduce the background, we exchanged the buffer using
Sephadex G-25 chromatography after incubating the
protein with the Co solution in the presence of a reduc-
ing agent. Upon overnight incubation with an equimo-
lar amount of Co, we found that ~0.8 mol equivalent of
metal were retained (Figure 2C). Exposing the protein to
a 2.5-fold excess of Co did not increase the amount of
Co that was retained by the protein. The metal quantifi-
cation shows that one Co is bound by Rxn2-CT and the
slightly lower value could be explained by the inability
of a part of the protein to bind Co, as a result of misfold-
ing, or the inaccuracy of protein concentration determi-
nation by absorbance at 280 nm (Edelhoch, 1967). The
extinction coefficient was calculated using the protein
analysis tool ProtParam on the EXPASy server (Gasteiger
et al., 2005). A comparison of various protein concen-
tration determination methods, including infrared (IR)
spectroscopy (Strug et al., 2014), the Bradford assay
(Bradford, 1976) and absorbance at 280 nm confirms
that the protein concentration obtained by absorbance
is higher than with the other methods (Figure S3). An
overestimation of the protein concentration leads to an
underestimation of the metal per monomer ratio, which
could explain the 0.8 mol equivalents of Co. We have also
performed electrospray ionization-mass spectrometry
(ESI-MS) to check for oxygenated species that could
prevent the binding of Co to the thiol groups and our
data show that no oxygenated cysteines are present in
Rxn2-CT (Figure S4). Taken together, our ICP-MS results
confirm our initial finding that an equimolar amount of
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Co is sufficient to occupy the metal-binding site of the
C-terminal domain of Rxn2.

Characterization of the Co-binding site

To confirm the interpretation of the electronic absorption
spectrum and to obtain more detailed insights into the
coordination environment of the Co ion, we performed
electron paramagnetic resonance (EPR) spectroscopy and
high-energy resolution fluorescence detected (HERFD)
X-ray absorption spectroscopy (XAS) (Castillo et al.,
2017) including extended X-ray absorption fine struc-
ture (EXAFS) analysis. The continuous-wave X-band EPR
spectrum of Rxn2-CT exhibits a typical high-spin Co(II)
S=3/2 signal (Figure 3A), where the zero-field splitting
is larger than the incident energy (~0.3 cm™ at X-band
frequencies). The observed spectrum is of transitions
within the M, = +1/2 manifold, and exhibits a g ~3.9,
typical of tetrahedral symmetry (Makinen et al., 1985).
The S=3/2 spectrum may be represented as a S=1/2 spin
system, as previously demonstrated (Shimizu et al., 1983)
and simulated by the effective, observed g-values. The
spectrum is found to possess a slightly rhombic g ,-tensor

A 9:4_7} 3,|91 215
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of [4.92, 3.71, 2.15], within the range of expected g-values
for pseudo-tetrahedral symmetry (Bencini et al., 1981) and
other pseudo-tetrahedral protein or other synthetic tetra-
thiolate Co(II) centers (Makinen et al., 1985; Good and
Vasak, 1986; Fukui et al., 1991; Zielazinski et al., 2012).
Unresolved hyperfine splitting of the I=7/2 ’Co nuclei
is a significant contributor to the broad anisotropic EPR
linewidths observed.

HERFD XAS of the Rxn2-CT exhibits a spectrum
typical of Co(II) species in agreement with Co(II) species
observed by EPR (Figure 3B). Particularly, the intense pre-
edge feature of the HERFD XAS spectrum at ~7709.7 eV is
indicative of the coordination geometry of the Co ions. As
the pre-edge transition is formally a 1s-3d transition and
dipole forbidden, it is inherently weak. Significant loss of
centrosymmetry of a metallocenter results in mixing of the
metal’s 4p orbitals with the 3d orbitals. The dipole allowed
1s—4p transition character increases the pre-edge intensity,
indicating reduced symmetry of the metal coordination
environment (Westre et al., 1997). The intense pre-edge
observed in Figure 3B is consistent with a pseudo-tetrahe-
dral Co center (Gavel et al., 1998).

The Co EXAFS spectrum of the Rxn2-CT exhibits
strong oscillations typical of sulfur backscattering atoms.
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Figure 3: Spectroscopic characterization of the C-terminal domain of Rxn2 and the full-length protein.
(A) X-band (9.63 GHz) EPR spectra of Rxn2-CT (black) and Rxn2 (blue), collected at 4 K with 100 kHz field modulation and 6.0 G modula-
tion amplitude employing an 82 ms time constant and a 167 s scan time. Simulated EPR spectrum of Rxn2-CT (red) has a g, =[4.92, 3.71,

2.15] and large line broadenings of [1150, 4500, 4000] MHz. The asterisk marks a copper background signal attributed to the EPR cavity. (B)
Intensity normalized Co K-edge HERFD XAS spectra of Rxn2-CT (black) and Rxn2 (blue) with the pre-edge features expanded within the figure
inset. (C) Non-phase shifted Fourier Transform spectrum of the k*>-weighted EXAFS of Rxn2-CT (black) with each of the three described EXAFS
fits (red). The raw k>-weighted EXAFS and corresponding fits are in each figure panel’s inset.
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Table 1: EXAFS fit parameters for Rxn2-CT.

Amp n Path RA) + o t
Fit 1
4 Co-S 2.296 0.010 4.94 0.60
AE,=1.709 eV F-value®=27.8
Fit 2
3 Co-S 2.304 0.013 2.34 0.78
1 Co-0 1.987 0.036 1.11 3.25
AE;=2.309 eV F-value=10.2
Fit 3
90% 4 Co-S 2.297 0.014 4.58 0.63
10% 6 Co-0 1.953 0.057 3.00¢ N/A
AE;=1.159 eV F-value=12.6

aDebye-Waller like value with units of 1x10-3 A2,
°F=1000x Y’ (data,—fit,)’/ data’.
i=1 i=1

“Value was fixed for this fit.

The k*-weighted EXAFS spectrum (Figure 3C) appears to be
formed from a single dominant beat pattern, arising from
degenerate Co-S backscattering. The non-phase shifted
Fourier transform of the EXAFS yields a prominent radial
shell centered at R=1.9 A. The EXAFS is well modeled with
four degenerate sulfur backscattering atoms at a mean dis-
tance of 2.30 A, Figure 3C, Table 1, Fit 1. The fitted Debye-
Waller like o?value of the Co-S path is 4.94x107 A2 a
moderate amount of disorder as expected for the four-fold
degenerate path. Attempts to split the degenerate Co-S
scattering paths do not yield improved fits or physical fit
parameters. The theoretical resolution of the FT spectrum
is approximately AR=0.17 A, not allowing for differences
in the Co-S paths smaller than this to be separated.

L.M. Galle et al.: Co-substituted rubredoxin-2 =— 791

As the FT spectrum is well fitted by the n=4, Co-S
scattering interaction alone, however, a shorter scattering
distance is not fully fit at the shoulder at R~1.4 A in the FT
EXAFS spectrum. This feature correlates to a Co backscat-
tering distance of ~2.0 A and is too short for a Co-thiolate
bond. Therefore, a light Z-atom coordination (i.e. N or
0) is more likely. Fitting of the EXAFS with a CoS,[O/N],
coordination environment significantly improves the fit as
observed by the decrease in the F-value of Fit 2 compared
to Fit 1 (Table 1). However, it must also be considered that
this scattering could arise from the possibility of second
minority Co species such as a hexaaquacobalt ion in the
presence of the CoS(Cys) , site. Including a six-fold degen-
erate Co-O scattering paths from Co(H,0), with a fixed
o?value of 3.0x 107 A? for the well-ordered interaction, a
mean Co-O distance of 1.95 A is fit at only 10% of the rela-
tive EXAFS amplitude to the n=4 Co-S scattering path (Fit
3, Figure 3C and Table 1). This corresponds to a 9:1 ratio
of CoS,:Co(H,0),. The F-value of this fit rivals that of Fit
2 of an CoS,[0/N], coordination sphere, not allowing for
immediate discrimination between these two possibilities.
A small ~10% Co impurity is not expected to be resolved
from the broad pseudo-tetrahedral Co EPR spectrum.

Differential occupancy of the metal sites
in Rxn2

To obtain more insights into the metal-binding proper-
ties of the N-terminal domain of Rxn2, we investigated
the full-length protein and compared the results to the
C-terminal domain of the protein. As the N-terminal
domain of Rxn2 is less stable, we have chosen this indi-
rect approach to obtain more information on the role of
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Figure 4: Binding of Co to full-length Rxn2.
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(A) Electronic absorption spectrum, plotted as molar absorptivity (€) vs. wavelength. The inset shows a close-up view of the ligand field
transitions (500-800 nm). (B) The metal content per monomer is plotted vs. the equivalents of Co added to each protein monomer, with Co
in blue, iron in orange, and zinc in gray. Data from three independent measurements were averaged +one standard deviation. (C) Circular
dichroism spectra in the near-UV and visible range of Rxn2-CT (black) and full-length Rxn2 (red). The isolated protein was precipitated using
TCA and reconstituted in the presence of Co and TCEP. The final protein concentration of both samples was 0.5 mm.
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the second rubredoxin domain. The electronic absorption
spectrum of Co-substituted Rxn2 normalized per mole of
protein (Figure 4A) displays similar maxima at 350 nm as
well as in the 600-800 nm region compared to the C-ter-
minal domain of Rxn2. Both samples for EAS, Rxn2-CT
and Rxn2, were prepared according to the same protocol.
Briefly, the isolated protein was precipitated by TCA, fol-
lowed by reconstitution in the presence of 10-fold excess
TCEP and equimolar amounts of CoCl, under anaerobic
conditions. Excess reactants and impurities were removed
by Sephadex G-25 chromatography. The molar absorptiv-
ity at a wavelength of 750 nm is 0.53 mm* cm™ for Rxn2
and 0.35 mMm™ cm™ for Rxn2-CT, suggesting that more than
one Co binds to the full-length protein.

To determine the metal content of Rxn2, we prepared
apo Rxn2 and treated the protein with 1-5 eq. of Co per
monomer. After removing excess metal ions from the
solution the amount of Co, Fe and Zn that was retained
by the protein was determined using ICP-MS (Figure 4B).
The results indicate that ~2 equivalents of Co bind to each
Rxn2 monomer, which is consistent with the presence of
two metal-binding domains.

The results of the metal content analysis are also con-
sistent with the values of the molar absorptivity of the
LF transition at 750 nm. One major obstacle for compar-
ing the electronic absorption spectra of the C-terminal
domain to the full-length protein is the high background
of the Rxn2 spectrum. To overcome this limitation, we
have recorded circular dichroism spectra in the near-UV
and visible range. The bands deriving from ligand-to-
metal charge transfer (LMCT) and LF transitions split up
into maxima and minima in the CD spectra of Rxn2 and
Rxn2-CT (Figure 4C), allowing a clearer view on spectral
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changes. To facilitate comparability, both samples were
adjusted to a final protein concentration of 0.5 mm. Con-
sidering that full-length Rxn2 consists of two domains
with one metal-binding site each, the overlay of the Rxn2
and Rxn2-CT proteins strongly indicates that only one site
of Rxn2 is occupied by Co(II). The presence of the same
bands for the Rxn2 sample compared to the Rxn2-CT indi-
cate that the C-terminal domain of Rxn2 binds Co(II) in its
active site, whereas, the metal-binding site of the N-termi-
nal domain remains free.

Surprisingly, CD spectroscopy revealed another tran-
sition at 490 nm for the full-length Rxn2 protein that is not
resolved within the EAS. This transition is likely attrib-
utable to a low-spin Co(III) species, as supported by the
approximate +1 eV shift of the Co HERFD XAS edge energy
(Figure 3B). The observed X-ray absorption spectrum of
full-length Rxn2 is a convolution of the Co(II) site of the
C-terminal and the Co(III) of the N-terminal domain.
The EXAFS of full-length Rxn2, albeit poorer quality,
indicates coordination of lighter atoms at shorter bond
lengths (Figure S5). While there is a two-fold increase
in the amount of Co in Rxn2 compared to Rxn2-CT, EPR
spectroscopy of Rxn2 and Rxn2-CT at equal protein con-
centrations, exhibits equivalent Co(II) spectral intensities
(Figure 3A). Therefore, the additional Co within the full-
length Rxn2 protein is an EPR-silent Co(III) ion, an oxida-
tion-state supported by the HERFD XAS spectrum (Figure
3B). The presence of an alternative Co-binding site in the
N-terminal domain explains the observation that two Co
ions bind per Rxn2 monomer (Figure 4B).

To compare the structural changes of Rxn2-CT and
Rxn2, we have collected far-UV CD spectra of both pro-
teins as isolated, in the apo and in the Co-substituted form

40 1.2
A — His10-TEV-Rxn2 B uCo
7\ — Rxn2 o 1.07 =Fe
< 30 kS Zn
§ 5 0.8
2 20 N €06
T | E o041
v T v = 2
101 500 600 700 80| =
0.2 1
0 e 0.0
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Wavelength (nm)

250 350

Equivalents of cobalt per monomer

Figure 5: Metal content of Rxn2 isolated from M9 minimal medium containing CoCL,.

(A) Electronic absorption spectrum, plotted as molar absorptivity (¢) vs. wavelength with the protein after the first affinity chromatography
step shown in red and the protein after the TEV cleavage shown in gray. The inset shows a close-up view of the LMCT and ligand field transi-
tions (300-800 nm). (B) The metal content of the isolated protein was determined by ICP-MS and is expressed per monomer protein with
data from three independent measurements averaged +one standard deviation. Values for Co are shown in blue, iron in orange, and zinc in
gray.
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(Figure S1). As previously stated, the C-terminal domain
of Rxn2 does not undergo significant structural rear-
rangements upon removal of the native metal or incorpo-
ration of Co into the active site. However, we see a change
in the spectrum from the isolated, Fe-bound form of Rxn2
and the apo protein, suggesting the loss of secondary
structure over the denaturation and refolding process.
The deviation of the CD spectrum of the Co-substituted
Rxn2 could be explained by a lower protein concentration
of the sample due to the inaccuracy of the protein concen-
tration determination method. The loss of the secondary
structure upon Co-binding is in conflict with the observa-
tion for the C-terminal domain and seems unlikely.

To elucidate the biological relevance of the second
Co(III) binding site in the full-length protein, we adapted
cells to an Fe-depleted and Co-supplemented medium,
followed by cultivation of the cells in large scale and iso-
lation of the Rxn2 protein. The protein obtained accord-
ing to this protocol (Majtan et al., 2011) was purified
by Co TALON affinity chromatography, then analyzed
by EAS as well as ICP-MS (Figure 5). Subsequently, the
affinity tag was removed by tobacco edge virus (TEV)
cleavage in presence of 1,4-dithiothreitol (DTT) and eth-
ylenediaminetetraacetic acid (EDTA), the protein was
then separated from the uncleaved protein as well as the
protease by another affinity chromatography step and
analyzed by EAS. The His10-TEV-Rxn2 protein reveals
spectral features identical to the reconstituted Rxn2-CT
and 0.9 mol Co per monomer, indicating that only one
of the metal-binding domains is occupied by Co. After
treatment with DTT and EDTA during the TEV diges-
tion reaction, the spectral features characteristic for the
tetrathiolate coordination disappear and another peak at
530 nm appears that could derive from a Co(III) species.
The ICP-MS results show that the protein isolated from
Fe-depleted minimal media still contains Fe impuri-
ties, which might compete with Co for the active site of
Rxn2. Notably, a significant amount of Zn also binds to
the protein and possibly binds to the active site of the
N-terminal domain.

Discussion

We have established that the C-terminal domain of
P. putida Rxn2 is an excellent model system for the replace-
ment of the native metal of an iron-sulfur protein by Co.
A previous study has reported the higher stability of the
C-terminal domain compared to the N-terminal domain
(Perry et al., 2001). Thus, we assumed that Rxn2-CT would
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be a suitable model system to study the incorporation of
Co into the metal-binding site of an iron-sulfur protein.

The data reported here show that Co binds to the active
site of apo Rxn2-CT (Figure 2A). Titration experiments
suggest that one equivalent of CoCl, is sufficient to occupy
the metal-binding site of the protein (Figure 2B). Addition
of equimolar amount of Co leads to a metal content of ~0.8
equivalents of Co per monomer (Figure 2C). Tyrosine, tryp-
tophan, and cysteine absorbance at 280 nm (Edelhoch,
1967; Gill and von Hippel, 1989) was used to determine the
protein concentration of all samples. The extinction coef-
ficient was determined based on the protein sequence and
may vary with the amino acid composition. Thus, we com-
pared the protein concentration method with IR spectro-
scopy (Strug et al., 2014) and with the Bradford assay
(Bradford, 1976) that is based on absorbance of a dye in
relation to a standard protein. Our results suggest that the
protein concentration measured by absorbance at 280 nm
is reliable for the full-length Rxn2 and overestimates the
concentration of Rxn2-CT. This indicates that the metal
content of Rxn2-CT is virtually one Co per monomer.

Metal analysis by ICP-MS (Figure 3B) and EXAFS
(Figure 4C) of Rxn2-CT suggest that a large fraction of the
protein (>90%) is reconstituted in the Co-bound form. In
addition, the secondary and tertiary structure seem not be
altered by the replacement of iron with Co, as observed by
the far-UV spectra (Figure S1). Accordingly, the Co-substi-
tuted protein is well behaved, also at high protein concen-
trations, which is essential for preparing homogeneous
and monodisperse samples for spectroscopic techniques.

The electronic absorption spectrum (Figure 2A) is
consistent with previously reported spectra on Co-deriv-
atives from other organisms or model complexes (Anglin
and Davison, 1975; May and Kuo, 1978; Moura et al., 1991).
The maxima at 350 nm can be assigned to a LMCT tran-
sition, whereas the bands in the 600-800 nm region
originate from LF transition, which is indicative for a dis-
torted tetrahedral high-spin Co(II) site. In comparison to
the values of the molar absorptivity for the LF transitions
found in literature that range of 335-645 M~ cm™ (Moura
et al., 1991) and 1034-1232 M cm™ (May and Kuo, 1978),
we observe maxima in the range of 229-359 M cm™ (Table
S1). One possible explanation for this discrepancy could
be differences in the background of the spectra, which
is above 600 M cm™ (May and Kuo, 1978) compared to
~100 M cm™ in the spectrum presented in Figure 2A.

To obtain more detailed insights into the coordination
environment of the protein-associated Co ion, we char-
acterized the Co-substituted form of Rxn2-CT using EPR
spectroscopy and HERFD XAS. The data presented here
are in excellent agreement with a high-spin Co(II) center
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of reduced symmetry (pseudo-tetrahedral). The deviation
from the tetrahedral coordination environment is con-
sistent with the D,, symmetry of the metal site observed
in the crystal structure of metal-substituted derivatives
of C. pasteurianum rubredoxin (Maher et al., 2004). The
EXAFS analysis indicates majority thiolate ligation to the
Co center, consistent with Co(Cys), coordination environ-
ment. However, light-atom backscattering is observed,
arising from either a 3S1(0/N) coordination sphere or a
second minority Co species such as [Co(H,0),]. Discrimi-
nating between these is challenging as a minority com-
ponent, 10% or less as suggested by the EXAFS analysis,
will not be immediately apparent in the HERFD XAS spec-
trum and the broad line widths of the EPR spectrum do
not allow for multiple species to be resolved. However,
the EXAFS fit with a 3S1(0/N) coordination environment
results in very small disorder values (0?), smaller than
anticipated for degenerate paths and also smaller than
other pseudo-tetrahedral Co centers (Gavel et al., 1998;
Zielazinski et al., 2012). Rejecting the 3S1(0O/N) coordina-
tion scenario, the Co center can be reliably assigned as
tetrathiolate coordinated and up to a 10% contamination
of [Co(H,0),] or similar octahedrally coordinated species.
This is in good agreement with the features observed in
the absorption spectrum, discussed above.

Full-length Co-Rxn-2 has previously been character-
ized (May and Kuo, 1978; Lee et al., 1997; Perry et al., 2001),
however, our data lead to new conclusions about the prop-
erties of the two rubredoxin-type domains. Metal-binding
studies with Rxn2 (Figure 4A and B) indicate that Co binds
to the active site and that two Co ions are retained by the
full-length protein. The immediate conclusion would be that
each Co ion is coordinated by four thiols in the active site of
the N- and C-terminal domain, suggesting the equivalence of
both rubredoxin domains, as has been proposed previously
(May and Kuo, 1978). Metal analysis of Rxn2 also supports the
binding of two metal ions per protein, indicating full occu-
pancy of both metal-binding sites. Interestingly, the near-UV
and visible CD spectra of the Co-reconstituted Rxn2-CT and
Rxn2 reveal two Co species for the two domain protein. The
broad band at 490 nm is not consistent with a cysteine-coor-
dinated Co(II) species and is tentatively assigned to alow-spin
Co(III) species. Another possibility would be that the 490 nm
band derives from Co(H,0),, however, as both proteins were
prepared according to the same protocol, it is highly unlikely
that only one sample would have a significant amount of
free Co(II) ions. Taken together, the CD spectroscopy data
indicate that only the active site of the C-terminal domain of
Rxn2is occupied by Co(II), whereas the N-terminal domain is
not binding Co or only a very small fraction of the protein is
capable of incorporating Co in the active site.
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The Co content of Rxn2 reported in a previous study
(May and Kuo, 1978) is similar to our ICP-MS results, we
propose though that one of the Co ions is coordinated to
an unspecific metal-binding site in the N-terminal region.
Interestingly, May et al., observe a band at 470 nm in the
electronic absorption spectrum of Co-Rxn2, which was
tentatively assigned to a second charge-transfer transi-
tion. Assuming that both metal-binding sites in Rxn2 are
equivalent, we also should see this band in the electronic
absorption and CD spectra of Rxn2-CT, which is not the
case (Figures 2A and 4C). In addition, this band was also
not observed in Co-rubredoxin from Desulfovibrio gigas
(Moura et al., 1991). We speculate that the 470 nm band
derives from the interaction of Co in solution with the
reducing agent, 3-mercaptoethanol, which also contains
thiol groups. Reducing agents containing thiol groups are
known to compete with the thiol groups of cysteine resi-
dues for the formation of Co-sulfur bonds, which has been
established for DTT (Getz et al., 1999).

To validate the presence of the unexpected low-spin
Co(III) species, we performed EPR spectroscopy and XAS
with the Co-derivative of Rxn2 and compared the results
with the spectra obtained with Rxn2-CT (Figure 3). Our
EPR data on Rxn2-CT and Rxn2 does not support the pres-
ence of two thiolate-ligated Co(Il) ions in full-length Rxn2
(Figure 3A) and the low-spin Co(III) species proposed
based on the band at 490 nm in the CD spectrum is EPR-
silent. This Co(III) species is in good agreement with the
+1 eV shift of the Co HERFD XAS edge energy (Figure 3B).
Furthermore, the EXAFS indicate coordination by lighter
atoms at shorter bond lengths (Figure S5). Taken together,
the CD, EPR and XAS data support the presence of an alter-
native metal-binding site within the N-terminal domain
of Rxn2 comprising amino acid residues 1-50. We specu-
late that this unspecific binding site is more exposed to
the solvent compared to the active site of the rubredoxin
domains and, thus, the coordinated Co(Il) is readily oxi-
dized by air oxygen. To elucidate whether this alterna-
tive binding site in the N-terminal domain is relevant in
vivo, we isolated and characterized full-length Rxn2 from
Fe-depleted and Co-supplemented minimal medium. The
absorption spectrum clearly reveals a Co(Il) coordinated
by four thiols, supporting the incorporation of Co into the
active site inside the cell (Figure 5A). The quantification of
the metal content by ICP-MS support the binding of one
Co per monomer (Figure 5B). The presence of one Co in
the two domain Rxn2 suggests that the low-spin Co(III)
species may not be relevant for the biological function of
the protein.

In summary, we have reported the first biophysical
investigation of the C-terminal domain of Rxn2 with Co
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replacing the native metal in the active site, which is an
excellent model system for artificial Co-sulfur proteins.
This study presents the most in-depth spectroscopic
characterization of a Co-substituted rubredoxin protein,
establishing the coordination of a high-spin Co(II) to the
four cysteine residues in the active site of Rxn2-CT with
a pseudo-tetrahedral coordination environment. In addi-
tion, the present work shows that, under the reported
conditions, only the C-terminal domain, but not the
N-terminal domain, is capable of binding Co(II) in the
active site. We therefore propose distinct roles for the two
metal-binding domains of Rxn2. Ambivalent findings in
previous studies using reconstituted Co-derivatives are
most likely the result of an alternative Co-binding site in
the N-terminal domain of Rxn2, which seems not to be
biologically relevant.

Materials and methods
Chemicals and buffers

Inorganic chemicals were of analytical grade or better. For all metal
binding experiments, the buffers were prepared heavy metal-free using
Chelex 100 chelating resin (Biorad Laboratories, Hercules, CA, USA).
The resin was treated with 2 bed volumes 1 M HCI and 2 bed volumes 1
M NaOH, followed by a washing step with 5 bed volumes Milli-Q water.
Subsequently the heavy metals were removed from the buffer using the
column protocol.

Construct design and cloning

The alkG gene, encoding the full-length P. putida Rxn2 (UniProtKB
accession number P00272), formerly known as P. oleovorans, was
obtained as DNA strings by GeneArt (Thermo Fisher Scientific,
Waltham, MA, USA) including an additional sequence to gener-
ate an overlap with the vector. The plasmid pET16b-TEV (gift from
M. Etzkorn; Heinrich Heine University Diisseldorf, Germany) was lin-
earized using the primers 5-TAA CTA GCA TAA CCC CTT GGG GC3’
and 5-CATA TGT CCC TGA AAA TAC AGG TTT TCA TGG C-3". The gene
encoding for the C-terminal domain (amino acids 51-173) of Rxn2 was
cloned using the primers 5-GAA CAG ATT GGT GGT ATG CTG ATT
GAA AGC GGT GTG-3" and 5-AGC AGC CGG ATC TCA TTT TTC TTC
GTA CAG AAC GTA ATC TTC TTT G-3" with pET16b-TEV-alkG as tem-
plate. The vector pET-SUMOadapt (gift from P. Bayer; University of
Duisburg-Essen, Germany) was linearized using the primers 5-TGA
GAT CCG GCT GCT AAC AAA GCC-3" and 5’-ACC ACC AAT CTG TTC
TCT GTG AGC-3'. All polymerase chain reactions were performed with
the Phusion High-Fidelity DNA Polymerase (New England Biolabs,
Ipswich, MA, USA). The plasmids pET16b-TEV-alkG and pET-SUMO-
adapt-alkG-CT were engineered using the In-Fusion HD cloning kit
(Takara Bio, Kisatsu, Japan) and verified by sequencing (GATC Bio-
tech, Konstanz, Germany).
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Protein purification

Escherichia coli BL21 (DE3) cells bearing the plasmid pET16b-TEV-alkG
were cultivated in 2x Yeast Extract Tryptone (2YT) media supplemented
with 100 mg/1 ampicillin and OverExpress C41 (DE3) cells bearing the
plasmid pET-SUMOadapt-alkG-CT were cultivated in Terrific Broth (TB)
media supplemented with 50 mg/l kanamycin. The cells were cultured
at 37°C until the optical density at 600 nm reached 0.8. Afterwards,
expression was induced by addition of isopropyl-B-D-galactopyrano-
side to a final concentration of 0.5 mM. Cells were incubated for 16 h at
30°C, then harvested by centrifugation for 15 min at 4000g and 4°C, and
stored at —20°C. To isolate the protein cells were thawed, resuspended
in buffer A (50 mm Tris/HC, pH 7.6, 150 mM NaCl) and 10 pg DNase I
(Hoffmann-La Roche, Basel, Switzerland) were added per g cell pellet as
well as a complete ULTRA protease inhibitor cocktail tablet (Hoffmann-
La Roche, Basel, Switzerland). After stirring at 4°C for 1 h, the suspen-
sion was sonicated (Bandelin electronic, Berlin, Germany) for 15 min
with an amplitude of 50% and a pulse of 1 s every 4 s using a VS70/T
sonotrode. Cellular debris was pelleted by centrifugation for 1 h at 40
000g and 4°C, then applied to a Protino Ni-NTA Agarose column (Mach-
erey-Nagel, Diiren, Germany) with a bed volume of 5 ml equilibrated in
buffer A using an AKTAprime plus system (GE Healthcare, Little Chal-
font, UK). Afterwards, the column was washed with buffer A containing
12.5 mM imidazole, and the target protein was then eluted by buffer A
supplemented with 250 mm imidazole. Fractions with a reddish color
were pooled, desalted in buffer A and diluted to 1 mg/ml protein. After
addition of 1 mM EDTA and 1 mM DTT the poly-histidine tag was cleaved
by treatment of the protein with TEV protease or Ulp1 protease for 24 h
at 4°C for Rxn2 or Rxn2-CT, respectively. The reaction components were
removed by dialysis in buffer A before applying the protein solution
on a Protino Ni-NTA column (Macherey-Nagel, Diiren, Germany) to
separate the uncleaved protein, the poly-histidine tag and the protease
from the target protein. The obtained reddish protein solution was then
precipitated in 10% TCA and pelleted by centrifugation for 15 min at 13
200g and 4°C. The cell pellet was washed with acetone at 4°C, followed
by centrifugation three times, then dried 1 h at room temperature in an
anaerobic chamber (Coy Laboratory Products, Grass Lake, MI, USA).

Metal-binding studies

For the titration experiments with Co, TCA-precipitated protein was
resolubilized in 50 mMm HEPES, pH 7.5, 150 mm NaCl and reduced by
1 mm TCEP. Up to 400 um CoCl, were added stepwise to 100 uM pro-
tein, and monitored by EAS. Reference spectra of a sample consisting
of 50 mm HEPES, pH 7.5, 150 mm NaCl were used as baseline.

Determination of the metal content

Up to 25 um CoCl, were added to 10 um protein after reduction with
100 um TCEP, and incubated under gentle shaking for 16 h at 4°C.
After transferring the protein into 20 mm HEPES, pH 7.5, 150 mm
NaCl using a Sephadex G-25 desalting column (GE Healthcare, Little
Chalfont, UK), the samples were digested in 3% trace-metal grade
nitric acid before analysis. All samples were prepared in triplicates
and three aliquots from each sample were analyzed. Protein concen-
trations were determined using tryptophan, tyrosine, and cysteine
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absorbance at 280 nm. The extinction coefficients were calculated
based on the amino acid sequence using the protein analysis tool
ProtParam on the ExPASy server (Gasteiger et al., 2005) and are
34 200 M cm™ for Rxn2 and 18 500 M cm™ for Rxn2-CT. The Co,
Fe and Zn contents of the samples were determined by inductively
coupled plasma mass spectrometry using an Agilent 7500ce ICP-MS
instrument (Agilent Technologies, Ratingen, Germany) in the Cen-
tral Institute for Engineering, Electronics and Analytics (ZEA-3) at
Forschungszentrum Jiilich. The measurements were performed in
collision cell mode using helium to minimize spectral interferences.

Reconstitution of Co-rubredoxin

Samples for EAS, EPR spectroscopy and XAS were prepared using
TCA-precipitated protein, which was resolubilized in 50 mm HEPES,
pH 75, 150 mM NaCl supplemented with 0.25 mm CoCl, and 0.5 mm
TCEP at 10°C for 16 h under gentle shaking. The protein was then
transferred into 50 mm HEPES, pH 7.5, 150 mm NaCl by Sephadex G-25
chromatography or dialysis. The volume of the solution was adjusted
toyield a final protein concentration of 1.2 mm, unless otherwise noted.

Electronic absorption and circular dichroism
spectroscopies

Electronic absorption spectra were collected on a Cary-60 spectro-
photometer (Agilent Technologies, Ratingen, Germany) with 1 nm
bandwidth, a scanning speed of 120 nm/min, an average time of 0.5 s
in a 1 cm path length quartz cuvette at room temperature.

CD spectra were collected on a Jasco J-815 Circular dichroism
spectrometer (Jasco Germany, Pfungstadt, Germany) with a scan-
ning speed of 100 nm/min and a bandwidth of 5 nm in a 2 mm path
length quartz cuvette. For the far-UV CD measurements, samples
were prepared using reconstituted protein, then transferred into
10 mM sodium phosphate at pH 8.0 with a final protein concentra-
tion of 15 uM (Rxn2-CT) or 11 um (Rxn2). An average of 20 scans was
collected at 20°C with 1 nm resolution.

EPR spectroscopy

X-band (9.64 GHz) continuous-wave EPR spectra were collected on
a Bruker ESP300E spectrometer (Oxford Instruments, Abingdon-on-
Thames, UK) equipped with a helium flow cryostat ESR910 and an
ITC 503 temperature controller. The EPR spectrum was simulated
with the EasySpin (v 5.2.2) (Stoll and Schweiger, 2006) for Matlab.

X-ray spectroscopy

High energy resolution X-ray absorption spectra were collected at
beam line ID26 (6 GeV, 200 mA) of the European Synchrotron Radia-
tion Facility (ESRF) in Grenoble, France. The incident beam was
monochromatized with a liquid nitrogen cooled Si(311) monochro-
mator and focused to a spot size of 100 (w) x 15 (v) micron spot size on
the sample. The incident energy was calibrated by adjusting the first
inflection point of a Co foil XAS spectrum to 7713.6 eV. The Co XAS
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spectra were collected by monitoring the fluorescence of the maxi-
mum of the Co Ko emission feature (6.9313 keV) employing a Johann
spectrometer with five Si(531) analyzer crystals at a 1 M radii Row-
land geometry. A silicon-drift Ketek detector windowed to the Co Ko
emission was utilized to further reduce background noise. All spectra
were collected at 20 K in a liquid helium cryostat to reduce radiation
damage. Sequential fast XAS scans in conjunction with movement
of the sample were collected and evaluated at the beam line within
PyMCA (Solé et al., 2007) for signs of radiation damage to determine
maximum dwell time per sample spot.

The raw XAS spectra were initially averaged in Matlab and
exported for further processing within Athena (Ravel and Newville,
2005). A second order polynomial was fit to the pre-edge region and
subtracted throughout the entire EXAFS spectrum. A three-region
cubic spline (with the AUTOBK function within Athena) was employed
to model the background function to a minimum of k=14 A~ for all
spectra. Fourier-transforms were performed over a k range of 2-11.5 A
and are presented without a phase shift correction.

EXAFS scattering paths were calculated with FEFF6 using
Demeter v0.9.24 (Ravel and Newville, 2005). The scattering paths
were calculated from a Rubredoxin homolog, PDB accession code
1ROH. Only atoms within 8 A of the metal site were used as coordi-
nates for the FEFF input. The following FEFF flags were used: RMAX
4; and NLEGS 3. The Fourier transform of the i-weighted EXAFS was
fit over the R space of 1-3 A. By grouping similar scattering paths of
a common coordination shell and increasing its degeneracy, n, the
number of variables used for that coordination shell is minimal, two
variables: 0 and AR. A single AE variable is used for all paths of a
single model. The total amplitude of the EXAFS fit was set to 0.9.

Additional information

Supplementary Figures S1-S5, Table S1, and supplemen-
tary methods are available online.
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