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A B S T R A C T

Coiled coils are well described as powerful oligomerization motifs and exhibit a large diversity of functions,
including gene regulation, cell division, membrane fusion and drug extrusion. The archaea S-layer originated
right-handed coiled coil –RHCC-NT- is characterized by extreme stability and is free of cysteine and histidine
moieties. In the current study, we have followed a multidisciplinary approach to investigate the capacity of
RHCC-NT to bind a variety of ionic complex metal ions. At the outside of the RHCC-NT, one mercury ion forms
an electrostatic interaction with the S-methyl moiety of the single methionine residue present in each coil. We
demonstrate that RHCC-NT is reducing and incorporating metallic mercury in the large-sized interior cavities
which are lined up along the tetrameric channel.

1. Introduction

The α-helical coiled coil is the most frequently encountered subunit
oligomerization motif found in proteins (Burkhard et al., 2001; Lupas
and Bassler, 2017; Lupas and Gruber, 2005). Typically, coiled coils
consist of two to five right-handed amphipathic α -helices that are in-
tertwined to a left-handed superhelix. Based on the presence of undecad
repeats, a right-handed coiled-coil structure has been proposed for the
C-terminus of the surface layer glycoprotein tetrabrachion from the
hyperthermophilic archaebacterium Staphylothermus marinus (S. mar-
inus) (Peters et al., 1996; Peters et al., 1995). The 1.7MDa tetra-
brachion protein complex consists of four identical subunits that form
an α -helical coiled-coil stalk of 70 nm length, which is anchored to the
cell membrane at its C-terminal end and branches into four arms of
24 nm length at its N-terminus. The arms form a canopy-like meshwork
by end-to-end contacts, enclosing a “quasi-periplasmic space” (Mayr
et al., 1996). S. marinus, isolated from the periphery of black smoker
vents, is a strict anaerobic sulfur reducing archaeon that employs these
extremely stable proteinaceous S-layer as protective shield arranged in
a 2D-network coating the archaeon (Hao and Ma, 2003; Fiala et al.,
1986).

A 24 kDa segment of this tetrabrachion forms the tetrameric right

handed coiled-coil nanotube (RHCC-NT) (Stetefeld et al., 2000). RHCC-
NT is a cysteine -and histidine free protein segment that has extreme
stability with respect to temperature, pH and salinity (McDougall et al.,
2017). The tetramer structure is stabilized by a complex pattern of
complementary hydrophobic interactions between neighboring helices
Fig. 1). The side chain packing of the core residues at the undecad a and
h positions point into the center of the tetramer and are packed in a
perpendicular and parallel manner, respectively. As a consequence,
four large cavities of the tetramer are connected to a continuous central
channel, which is exclusively lined with aliphatic side chains. The
cavities lay in between the middle of the d and e layers and have sizes
in between 150 Å3 and 360 Å3. In the native structure, the cavities are
occupied with water molecules. A large buried surface of ∼9.500 Å2

provides further support that the hydrophobic interactions are likely
the main cause for the extraordinary thermal stability of the tetra-
brachion stalk domain which resists denaturation at 130 °C in the pre-
sence of strong denaturants such as 1% (w/v) dodecyl sulfate or 6M
guanidine (Peters et al., 1995; Mayr et al., 1996).

A characteristic feature of the RHCC-NT sequence is the high con-
tent (∼27%) of charged residues. On the basis of distance criteria, all
charged residues with the exception of Glu 6 and Asp 43 appear to form
intra- and/or interhelical salt bridges. The three intra- and four
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interhelical salt bridges are occupied in all chains of the tetramer
crystal structure. This frequency of favorable electrostatic interactions
has not been observed previously in any other coiled-coil structure
solved to atomic resolution and may be explained in terms of the hy-
perthermophilic nature of the protein.

The four large cavities of RHCC-NT were identified originally as
highly efficient binders for heavy atom derivatives to determine the
first crystal structure of a naturally occurring right-handed coiled coil
(Stetefeld et al., 2000; Ozbek et al., 2005). In subsequent studies, the
uptake of anti-cancer drugs such as cis-Pt/PTCl4 was exploited to de-
velop targeted Carrier-Pathfinder systems (Eriksson et al., 2009;
Thanasupawat et al., 2015; McFarlane et al., 2009). In addition, QM/
MM studies revealed unique gas phase properties for the hydrophobic
cavities upon coordination of uranyl complexes (Odoh et al., 2011).
Most recently, the uptake of elemental sulfur S8 crowns has been shown
by mimicking black smoker conditions. In conjunction with atomistic
MD simulations it is clear, that filling the large-sized cavities has a
highly favorable transfer free energy (Yin et al., 2007).

The incorporation of metals into de novo proteins has been reported
extensively in the literature (Peacock, 2016). Most of the reported
studies concentrate on artificially designed coiled coils or helical bun-
dles with a focus on the insertion of cysteine and histidine side chains to
allow for mono –and multinuclear chelation of different metal com-
pounds (Matzapetakis et al., 2002; Peacock, 2013; Zastrow et al.,
2011). The design of aspartate and asparagine moieties in trimeric
coiled coil motif has been proven to be efficient for sequestration of
ionic metals in the hydrophobic core of the peptide elements (Berwick
et al., 2014; Hartmann et al., 2009). On the other hand, the sulfur-
containing side chain of methionine is unbranched and provides

considerable conformational flexibility combined with unusually large
polarizability of the sulfur atom itself (Gellman, 1991). There are dif-
ferent studies showing, for example, a water-shielding effect of thio-
ethers of methionine residues (Orriss et al., 2010) or the coordination of
Platinum (IV) via Met39 of RHCC-NT (Thanasupawat et al., 2015). The
thioether moiety provides a common qualitative feature for binding
metal ions by providing a center of high hydrophobicity contrast
(Yamashita et al., 1990).

In this study, the capability of the naturally occurring RHCC-NT to
interact with bivalent and trivalent cations, such as Hg 2+, Cu 2+ and
Au 3+ was investigated. The research goal was to determine what if any
type of bivalent cation is capable of binding to RHCC-NT, in a thiol -and
imidazole-free environment. The authors have performed an integrated
approach combining anomalous dispersion experiments at synchrotron
sources with determinations of the reductive power via X-ray photo-
electron spectroscopy. The data presented indicate that RHCC-NT has
not only a strict reductive power for bivalent cations, it also in-
corporates reduced mercury clusters inside the hydrophobic cavities.

2. Results

To study the uptake of heavy metal complexes by RHCC-NT we
followed an integrated approach combining X-ray photoelectron spec-
troscopy (XPS) and synchrotron-based X-ray crystallography (XRD).

2.1. XPS to study reduction behavior

X-ray photoelectron spectroscopy was undertaken to determine the
oxidation state of the metal atoms incorporated into the RHCC-NT

Fig. 1. The right-handed coil (RHCC-NT). (A) Overall presentation (open book) of the tetrameric channel. Amino acid residues in de-layers are highlighted. The
surface presentations is reflective for an electrostatic presentation with positively and negatively charged residues colored in blue and red, respectively. (B) Helical
wheel presentation of the 11-residue repeats. Only residues in a and h position form the knobs-into-holes packing, equivalent to a 7,4 –pattern. (C) Sequence of
RHCC-NT aligned to the undecad repeat pattern.
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protein. Table 1 summarizes the binding energies of the Au, Cu, and Hg
atoms after incorporation into the RHCC-NT, in comparison to unbound
metal complexes.

Starting with CuCl2, measured in our spectrometer to have a binding
energy of 935.1 eV, a reduction of Cu by incorporation into RHCC-NT is
clear by the shift of peak position (932.7 eV) and lack of shake-up peaks
in the spectra Fig. 2 and Supplement Fig. 1. However, due to the low
abundance of Cu in the RHCC-NT complex there is an absence of clear
Cu Auger peaks making differentiation between Cu (0) and Cu (I) dif-
ficult. Given the size of the cavity and lack of space for a counter ion,
the data suggest Cu (0) as a likely assignment.

Gold atoms have also undergone a reduction upon incorporation
into RHCC, KAuCl4 has a binding energy of 87.34 eV (Dalili et al.,
2010), while the Au atoms incorporated into the protein have a binding
energy of 84.6 eV Fig. 2. This value is slightly larger than metallic Au
83.95 eV (Seah et al., 1998), however, as the size of a metal sample
decreases from bulk metal to small cluster to single atom, the binding
energy is expected to shift to higher energies and therefore our binding

energy is consistent with an assignment of Au (0) in the small cluster/
single atom form (McEleney et al., 2009; Sun et al., 2009; Anderson
et al., 2013; Anderson et al., 2013).

Mercury (II) complexes, HgI2 or Hg(NO3)2 were found to have
binding energies of 101.9 eV and 101.6 eV. After incorporation into
RHCC-NT the binding energy of mercury decreased to 100.8 eV or
101.1 eV starting from either K2HgI4 or Hg(NO3)2 respectively Fig. 2. In
both cases the lowered binding energy is consistent with a reduction in
metal oxidation state and these values are comparable with other values
for Hg (0), especially for small clusters (Riskin et al., 2006; Bootharajau
and Pradeep, 2010)

2.2. X-ray crystallography analysis of the RHCC-NT in complex with
K2HgI4

To study the molecular uptake of mercury compounds we used ionic
complexes such as mercury nitrate [Hg(NO3)2] and dipotassium tetra-
iodomercurate [K2HgI4], covalent mercury compounds, i.e. mercury
bromide [HgBr2] and mercury chloride [HgCl2] or the alkylated mer-
cury compounds like ethyl-mercury phosphate [C2H5HgPO4] and me-
thyl-mercury chloride [CH3HgCl2]. Remarkably, RHCC-NT could only
uptake mercury complex ions, whereas neither binding and reduction
of covalent mercury compounds nor alkylated mercury compounds was
detectable. Thus there is a clear preference of the RHCC-NT for the
bivalent Hg2+ cation.

Protein crystals of RHCC-NT were prepared as described previously
and soaked for 24 h in a 0.7 mM K2HgI4 stock solution (Ozbek et al.,
2005). After several minutes the crystals became red, indicating the
presence of complex iodine anion species (Ozbek et al., 2005). The

Table 1
X-ray photoelectron spectroscopy of RHCC-NT-Au/
Cu/Hg. Binding energy (BE) of metal atoms after
incorporation into RHCC-NT.

Metal BE (eV)

Au 84.6 ± 0.4
Cu 932.7 ± 0.09
Hg K2I4 100.8 ± 0.2
Hg (NO3)2 101.1 ± 0.2

Fig. 2. X-ray photoelectron spectroscopy of RHCC-NT in complex with Cu, Au and Hg. High resolution XPS spectra of Cu 2p (A), Au 4f (B), and Hg 4f (C) regions. Two
peaks were fitted in each spectra to represent the spin split states (3/2, 1/2 of 2p and 7/2, 5/2 of 4f) of the orbitals.
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crystal data sets were collected at the absorption edge of mercury at
λ=0.8491 Å (E= 14600 eV) with a ′ ‴f f/ of 11.43 e. This data col-
lection strategy allows for interpretation of anomalous signals at the
absorption edge of mercury and to perform molecular finger print
studies (see Table 2). When K2HgI4 was soaked into the RHCC-NT
crystal, a number of different mercury species were present in the final
structure, which was refined to Rfree/Rwork of 0.2998/0.2817 at 3.27 Å
resolution. As a result, anomalous fourier peaks at sigma levels> 4σ
were detectable inside the proteinaceous cavities Figs. 3 and 4). All the
crystallographic data are summarized in Table 3.

Overall, the crystal structure of RHCC-NT retains the same homo-
tetrameric parallel right handed coiled coil assembly as the native
protein, with 4 large cavities of up to 8.6 Å in diameter present in the
hydrophobic interior. The overall r.m.s.d. in C α positions is less than
0.5 Å which indicates a very rigid tetrameric nanotube and a minor
breathing effect upon mercury uptake (McFarlane et al., 2012; Ozbek
et al., 2002). In contrast to previous structures of RHCC-NT, where the
cavities have been filled with water (PDB 1FE6) and elemental sulphur
(PDB 5JR5), all four cavities have large electron density peaks in-
dicative of different mercury species (Stetefeld et al., 2000; McDougall

et al., 2017). Interestingly, Met39is the only exterior side chain showing
strong anomalous signals, which have been interpreted as HgI4 Fig. 3
and Supplement Fig. 2.

Clear density was observed in the N-terminal cavity 1 for KHgI4-,
where two of the 4 RHCC-NT helices were forced to partially unwind to
accommodate the bulky mercury species. Cavity 4 is occupied by the
polar HgI2. All adjacent chains maintain helicity, but have shifted
outward ∼1.3 Å relative to the native structure, where a single water
molecule resides in the cavity. Cavities 2 and 3 both contain strong
mercury peaks corresponding to diatomic mercury particles in alternate
conformations Fig. 4. These particles are bound above and below by
aliphatic Leu and Ile sidechains and on the sides by the peptide back-
bone. All hydrogen donor and acceptors are fully satisfied in the α-
helical backbone; there are no moieties available to stabilize a charged
species in these cavities. Together with the XPS data this suggests that
these diatomic particles are in fact reduced metallic mercury.

3. Discussion

Coiled coils are known as oligomerization motifs which function as
entropic clamps to increase the local number of protein domains
(Burkhard et al., 2001; Lupas and Bassler, 2017; Lupas and Gruber,
2005). In this study we extend the view and describe the RHCC-NT as a
unique oligomerization domain with the capability to reduce and up-
take metal clusters inside its large sized hydrophobic cavities.

RHCC-NT lacks many of the common features associated with pro-
tein-metal interactions. The sequence is devoid of the common metal
binding Cys and His residues, which often form metal thiol coordina-
tion complexes and have been described both in nature (Rees and
Howard, 2003) and synthetic biology (Morozov and Ogawa, 2013).
Instead, in RHCC-NT the metals occupy hydrophobic cavities at both
termini (Cavity 1 and 4) and inside the tetrameric channel (Cavity 2
and 3).

Table 2
Anomalous Signal of Protein-associated Mercury species.

Mercury Cluster Anomalous Signal Strength*

HgI4 in Cavity 1 No peak
Hg2 in Cavity 2 4.5σ
Hg2 in Cavity 3 3.0σ
HgI2 in Cavity 4 4.0σ
HgI3 associated with Met39B No Peak
HgI3 associated with Met39D No Peak

* Anomalous signal strength is based on fourier difference peaks of data
collected at 14.635 keV.

Fig. 3. Structural overview of RHCC-NT in complex with K2HgI4 (A) Overview of the RHCC-NT with mercury complexes. One of the chains is omitted to make visible
the interior of the protein. Hg atoms are represented as gray spheres, while I and K are deep purple and violet respectively. 2 KHgIx complexes are present at the
exterior of the protein, associated with Met39. (B) Some secondary structure is lost upon binding KHgI4 in cavity 1. The blue mesh corresponds to a 1.5σ 2Fo-Fc
electron density map surrounding the ligand. In cavities 2 (C) and 3 (D), diatomic mercury particles were modelled in 2 alternate conformations of roughly equal
occupancy. The blue mesh corresponds to a 2.0σ 2Fo-Fc electron density map. (E) Alternate conformations of HgI2 occupy cavity 4. The blue mesh corresponds to a
2.0σ 2Fo-Fc electron density map.

M. McDougall et al. Journal of Structural Biology xxx (xxxx) xxx–xxx

4



A wealth of published articles show that several amino acid candi-
dates present in RHCC-NT are known to be capable of reducing metals,
including tyrosines (Selvakannan et al., 2004; Sahoo et al., 2017) and
aspartates (Shao et al., 2004). The sulfur-containing thioether moieties
of methionines form long, flexible sidechains, which are less polar and
more hydrophobic than cysteines, however, reveal greater

conformational flexibility. It has been shown in Cupper-binding pro-
teins that the S-center of methionines can form strong covalent-like
interactions with heavy metal ligands (Bozzi et al., 2016). Attempts to
investigate the redox-mechanism in more detail failed because of either
low expression rates and misfolded proteins (Met39 mutations) or un-
ambiguous results (Tyr13 and Tyr23 blockages).

Remarkably, RHCC-NT is only capable of binding to bivalent ca-
tionic compounds such as mercury nitrate and iodide; no binding could
be detected for the covalently bound or alkylated mercury compounds
tested. Interestingly, mercury is not involved in the formation of hy-
drogen bonds between the CO-NH acceptor-donor system of the peptide
backbone of the coiled-coil helices. It seems to be that the mercury
species inside the cavity is the metallic Hg (0), which is known to be
hydrophobic and volatile. This is further evidenced by the presence or
absence of anomalous difference peaks for the individual mercury
species, which correlates to the predicted oxidation states of the various
mercury complexes.

This finding is very unusual and suggestive for a bimodal me-
chanism of interaction. Initially, the positive mercury cations associate
with the charged exterior of RHCC-NT, where the metal is reduced. The
breathing motions of the RHCC-NT allow the hydrophobic reduced
metal atom into the aliphatic lined channel, where it moves away from
the charged termini of the protein toward the neutral cavities 2 and 3,
replacing the polar water molecules. As a result, cavities 2 and 3 are
filled with diatomic Hg particles showing alternate conformations in
the crystal structure. Though structural data is only available for the
RHCC-NT Hg complex, the reduced Cu and Au measured by XPS are
likely in the interior of RHCC-NT. Reduced metal atoms are generally
unstable in solution and tend to aggregate to first form nanoparticles
and then, in the absence of a protective capping agent, large insoluble
metal flakes of which none were observed. In addition, prior to XPS
analysis both of these complexes were dialyzed against a Tris buffer
solution where any loosely associated Au or Cu on the exterior of the
protein would migrate from the sample. Therefore, the reduced metals
observed by XPS must be encapsulated by RHCC-NT to avoid self-as-
sociation and diffusion away from the sample.

Fig. 4. Anomalous Electron density maps Top and side view of cavities 2 (A), 3 (B) and 4 (C) with 3.5σ anomalous difference electron density maps. a and h layers
are highlighted in red and green respectively, while the other sidechains have been omitted for clarity. In cavities 2 and 3, α-helicity is maintained with the requisite
peptide hydrogen bonding; there is no part of the protein available to stabilize a charged particle in these cavities. In cavity 4 the chains move slightly to ac-
commodate the bulkier ligand. The electron density map was calculated using experimental ΔFano and φcalc from apoRHCC.

Table 3
X-ray crystallography of the RHCC-NT in complex with K2HgI4.

Data Collection RHCC-Hg

λ (Å) 0.8472
Space Group P31 2 1
Cell dimensions
a, b, c (Å) 108.82, 108.82, 70.39
α, β, γ (°) 90.00, 90.00, 120.00
No. unique reflections 7550
Resolution (Å) 28.69–3.27 (3.35–3.27)
bRmerge 0.071 (0.78)
I/σI 3.8 (2.8)
Completeness (%) 98.7 (95.1)
Multiplicity 3.7 (3.4)
Anomalous Completeness (%) 99.1 (95.6)
Anomalous Multiplicity 2.8 (2.4)

Refinement
cRwork/Rfree 0.2737/0.2902
No. atoms
Protein 1532
Ligand/Ion 55
B-factor (Å2)

Protein/Ligands
45.0
44.77/58.83

R.m.s. deviations
Bond lengths (Å) 0.002
Bond angles (°) 0.51
Ramachandran (%) Favoured/Allowed/Outliers 94.27/5.21/0.52

aStatistics of the highest resolution shell are shown in parenthesis.
b = ∑ ∑ − ∑ ∑= =R I I I| |/merge hkl i

N
hkl i hkl hkl i

N
hkl i1 , 1 ,

c = ∑ − ∑R F F F| |/factor hkl hkl
obs

hkl
calc

hkl hkl
obs The Rfree was calculated by randomly

omitting 10% of observed reflections from refinement.
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In this context it should be mentioned, that mercury is one of the
most toxic metals on earth (Nies, 1999). Toxicity has been referred to
inactivation of enzymes, displacement of metal cofactors and binding to
lipids nucleotides and DNA. Resistance to mercury ions is seen to be
ancient and is defined as narrow spectrum resistance {Barkay, 2010
#443}. Interestingly, inorganic mercuric ions are chaperoned in the
periplasm (using MerP) were they get reduced to non-toxic metallic
mercury by reductases (MerA) to leave the bacterial cells by passive
diffusion.

In Summary, the data presented show for the first time that the
right-handed coiled coil, RHCC-NT, is involved in the reduction of bi-
valent cations and is able to incorporate metal Hg-clusters inside a
large-size hydrophobic cavity. Though there is some literature available
on the properties of Au quantum dots containing only a small number of
atoms, parallel data is lacking for other metals, including Cu and Hg.
RHCC-NT may provide a platform from which to study these unusual
metal compounds (Zheng et al., 2004).

4. Experimental procedures

4.1. Expression and purification of the RHCC-NT

E. coli cells of strain BL21(DE3) were transformed with plasmid DNA
containing an N terminal His6 -tag to aid in the purification of RHCC-
NT by affinity chromatography and a thrombin cleavage site that en-
ables the cleavage of the His-tag residue after purification. Expression
of the target protein is under the control of the T7 promoter which is
IPTG inducible. The antibiotic resistance for the plasmid is ampicillin.
The bacterial cell pellet from the 1.6 L expression culture was re-
suspended in 30mL Binding buffer [20mM Tris – HCl, pH 7.5, 5 mM
Imidazole, 500mM NaCl, 8M Urea] and kept on ice. The cells were
lysed by three passages through a French Pressure Cell (SLM
Instruments, Urbana IL, U.S.A.). The purification of His-tagged RHCC-
NT was performed at room temperature by affinity chromatography on
Ni2+ -Sepharose (GE Healthcare) under denaturating conditions as
described previously (Stetefeld et al., 2000). Removal of the His tag
from the purified protein was achieved by using biotinylated thrombin,
according to the manufacturers instruction (EMD Biosciences Inc.) This
is possible as the PET15b vector contains a thrombin cleavage site be-
tween the His6-tag and the N-terminus of the expressed protein Fig. 3.
The protein sample was incubated for 2, 4, 8 and 16 h at room tem-
perature (RT) to identify the optimal cleavage conditions. The cleavage
reaction was stopped by a 10min incubation of the reaction mix at
90 °C in a water bath. After the heat inactivation step, the biotinylated
thrombin was removed from the sample by passing the thrombin/
RHCC-NT mixture over a streptavidin agarose column according to the
manufacturers protocol (EMB Biosciences Inc.). To ensure the complete
removal of the thrombin from the sample, 32 μl of slurry was required
per unit of the thrombin protease used. The RHCC-NT with the His6-tag
removed was then dialyzed into the desired buffer.

4.2. Preparation of RHCC-NT Cu and Hg complexes

The preparation of the K2HgI4, CuCl2, and Hg(NO3)2 RHCC-NT
complexes began with the incubation of 5mM of the respective metal
salts with 5mg/mL RHCC-NT in 10mM Tris pH 8.0, I= 154mM (NaCl)
for 7 days. The K2HgI4 solution remained clear, while a cloudy pre-
cipitate appeared in the CuCl2, and Hg(NO3)2 solutions upon the ad-
dition of the metal. Solutions were then dialyzed in a 3000 Da MWCO
membrane against 10 mM Tris pH 8.0, I= 154mM (NaCl) overnight.
All precipitate disappeared. Solutions were then lyophilized for XPS
measurement.

4.3. Preparation of RHCC-NT Au complex

RHCC-Au was formed by the addition of 1 μmol of KAuCl4 to 3mL of

1mg/mL RHCC-NT in 10mM bicine, 154mM NaCl. The pH was con-
tinually adjusted to 8.5 with 1M NaOH until it became stable. The pH
stability was accompanied by the appearance of a dark purple col-
ouration, indicative of the formation of RHCC-NT capped Au-nano-
particles> 5 nm in diameter. As we were interested in studying metal
complexes encapsulated in the RHCC-NT cavities, these larger species
were separated by FPLC with a Superdex 75 column and the peak
fraction corresponding to the RHCC-NT tetramer was isolated and
lyophilized for XPS analysis. Absorbance at> 500 nm corresponding to
the SPR band of larger Au-nanoparticles was absent in these peak
fractions.

4.4. XPS

Samples of RHCC-NT loaded with different metal complexes were
lyophilized and the powder pressed into double sided conductive
copper tape for analysis by XPS. A Kratos Axis Ultra DLD X-ray pho-
toelectron spectrometer was used with a base pressure of 10−9 torr. A
monochromatic Al Kα anode (1486.6 eV) with 15mA emission current
and 15 kV anode voltage was used to excite the photoelectrons. Spectra
were collected in a fixed analyzer transmission mode with a pass energy
of 160 eV was used for survey scans and 20 eV for high resolution
elemental scans. A co-axial charge neutralizer was used to minimize the
effects of sample charging and all spectra were charge referenced to the
aliphatic C 1 s peak at 285 eV. Peak fitting of the high resolution spectra
was performed with CasaXPS using a Shirley background. The reported
binding energies are an average of two to three measurements.

4.5. Protein X-ray crystallography

Protein samples of RHCC-NT were crystallized by hanging drop
vapour diffusion in 2M ammonium sulfate, 200mM Tris pH 7.9 as
described previously (Stetefeld et al., 2000). Dipotassium tetra-
iodomercurate was soaked in the crystal at a concentration of 0.7 mM
for 4 days prior to data collection at 100 K at the BW7B beamline at
DESY with a 0.8472 Å wavelength. Crystals were cryoprotected in 15%
glycerol. The crystals belong to the space group P3121 and contain one
molecule RHCC-NT per asymmetric unit. Diffraction images were pro-
cessed using the program suite MOSFLM (Leslie, 1994) and the CCP4
package (CCP4. Collaborative Computing Project No. 4, 1994). The
model was built and refined without NCS-restraints using COOT
(Emsley et al., 2010) and the Phenix Software package (Adams et al.,
2011). Table 3 summarizes Data collection and refinement parameters.
The structure factor amplitudes and the protein coordinates were de-
posited at RCSB under the pdb-code: 6BRI.
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