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Abstract
We have identified a novel family of proteins, in which the N-terminal Cystathionine Beta-Synthase
(CBS) domain is fused to the C-terminal Zn ribbon domain. Four proteins were over-expressed in
E. coli and purified: TA0289 from Thermoplasma acidophilum, TV1335 from Thermoplasma
vulcanum, PF1953 from Pyrococcus furiosus, and PH0267 from Pyrococcus horikoshii. The purified
proteins had red/purple color in solution and an absorption spectrum typical of rubredoxins. Metal
analysis of purified proteins revealed the presence of several metals with iron and zinc being the
most abundant metals (2 to 67% of iron and 12 to 74% of zinc). Crystal structures of both mercury-
and iron-bound TA0289 (1.5–2.0 Å resolution) revealed a dimeric protein whose inter-subunit
contacts are formed exclusively by the α helices of two CBS sub-domains, whereas the C-terminal
domain has a classical Zn-ribbon planar architecture. All proteins were reversibly reduced by
chemical reductants (ascorbate or dithionite) or by the general rubredoxin reductase NorW from E.
coli in the presence of NADH. Reduced TA0289 was found to be able to transfer electrons to
cytochrome C from horse heart. Likewise, the purified Zn ribbon protein KTI11 from Saccharomyces
cerevisiae had purple color in solution and a rubredoxin-like absorption spectrum, contained both
iron and zinc, and was reduced by the rubredoxin reductase NorW from E. coli. Thus, recombinant
Zn ribbon domains from archaea and yeast demonstrate a rubredoxin-like electron carrier activity
in vitro. We suggest that in vivo some Zn ribbon domains might also bind iron and therefore possess
an electron carrier activity adding another physiological role to this large family of important proteins.
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INTRODUCTION
The cystathionine-β-synthase (CBS) domain and Zn ribbon domain proteins comprise two
large superfamilies of evolutionarily conserved proteins that are present in all kingdoms of life.
CBS domains (IPR000644: 7,972 sequences; InterPro database) usually occur as tandem pairs
(two or four copies) in stand-alone proteins or fused to different protein domains: cystathionine
β-synthase, inosine-5′-monophosphate dehydrogenase (IMPDH), AMP-activated protein
kinase (AMPK), and the chloride channels (ClC-0 to ClC-5) 1; 2. Their importance is
underlined by the facts that mutations within CBS domains cause several hereditary diseases
in humans 2. CBS domains represent a new class of binding module for adenosine derivatives
(AMP, ADP, ATP, S-adenosyl methionine) and regulate the activity of the associated protein
domain depending upon cellular energy status 2; 3; 4; 5. In addition to the regulatory role of
CBS domains, they also seem to be involved in protein oligomerization or protein-protein
interactions 6; 7; 8.

3D structures of several characterized CBS domain proteins in a ligand-free state from various
organisms have been published 7; 9; 10. In the S. pyogenes IMPDH, two CBS domains form
a minibarrel structure with a well-defined cleft between domains that may function as a
potential binding site for regulatory molecules 9. Very recently, three structures of eukaryiotic
CBS domains (from the human and Saccharomyces pombe AMPK, as well as from the human
chloride channel ClC-5) complexed with ATP or AMP were determined 11; 12; 13. Although
the ligands bind in equivalent pockets in these structures, their molecules remain surface-
exposed and are coordinated by different protein residues. These structures also revealed that
the backbone carbonyl and amido groups play an important role in ligand binding by these
domains.

Zinc ribbon domains represent the largest fold group of the vast superfamily of zinc fingers
14. In these small protein domains, zinc plays a structural role stabilizing the domain structure
through tetrahedral coordination by the side chains of conserved cysteine and histidine residues
(2Cys+2His or 4 Cys motifs) 14; 15. Presently, zinc fingers comprise a large group of compact
domains stabilized by a “zinc” ion and define one of the largest superfamilies in mammalian
genomes 14; 16. These domains function as interaction modules for nucleic acids, proteins,
and small molecules and they are present in proteins that perform a broad range of cellular
functions, such as replication and repair, transcription and translation 14; 15.

Recent structure-based classification of zinc fingers identified eight fold groups with different
main chain conformations and arrangement of secondary structure elements that contribute
ligands for zinc 14. In the Zn ribbon fold group, the amino acids for zinc binding (usually four
cysteines) are contributed by two zinc-knuckles, which are composed of two β-hairpins
forming two structurally similar zinc-binding sub-sites 14. In Zn ribbons, the metal
coordinating Cys residues are typically separated by two or four amino acid residues, but this
number can vary from 0 to 15 14. The transcription elongation factor TFIIS and the
transcription initiation factor TFIIB are typical representatives of this family, which mostly
include domains from proteins involved in transcription or translation 14; 17; 18. This family
also includes rubredoxins (Rd), small (45–55 amino acids) electron carriers which have red or
purple color associated with the presence of a single iron atom, instead of zinc, coordinated in
a tetrahedral geometry to four cysteinyl residues. Rds can exist as small monomeric solo
proteins or they can be fused to other redox domains (like a bi-nuclear iron center in
rubrerythrin, or FMN and di-iron domains in flavorubredoxin) 19; 20. These proteins are
involved in oxygen/superoxide detoxification, iron metabolism, alkane hydroxylation, and
Photosystem I assembly 21; 22; 23; 24.
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The vast majority of CBS and Zn ribbon domain sequences in protein databases represent
uncharacterized stand-alone proteins or domains fused to other protein domains. In this work,
we report the biochemical and structural characterization of a previously unknown family of
CBS domain proteins, which are fused to a C-terminal Zn ribbon-like domain (CBS-Zn ribbon-
like proteins). The purified proteins (TA0289, TV1335, PH0267, and PF1953) have absorption
spectra typical of Rds, contain both iron and zinc, and demonstrate an electron carrier activity
in vitro. The crystal structure of TA0289 reveals that the C-terminal domain binds the metal
atom (Hg2+ or Fe3+) with a coordination sphere similar to that of known Zn ribbon proteins
whereas the N-terminal tandem CBS domains appear to be involved in protein dimerization.
As well, we demonstrated the presence of an electron carrier activity in a known Zn ribbon
protein, KTI11 from yeast, which was expressed and purified from E. coli cells grown with the
addition of iron. We suggest that in vivo Zn ribbon domains might also bind Fe and exhibit an
electron carrier activity.

RESULTS and DISCUSSION
Sequence analysis of the CBS domain proteins containing C-terminal extensions

The examination of amino acid sequences of the stand-alone CBS domain proteins available
in protein databases revealed the presence of two groups of these proteins with either shorter
(130–140 residues) or longer (178–200 residues) amino acid sequences. Over 30 longer
proteins have small (~50 amino acids) un-annotated C-terminal extensions containing four
cysteine residues arranged in a Cys-X2-Cys-X14-19-Cys-X1-4-Cys motif (Figure 1). Similar
cysteine motifs have been described in Zn ribbon domains and in rubredoxins 14; 15; 25.

In the Cys motif of most CBS-Zn ribbon-like proteins, there are two amino acid residues
separating the conserved cysteines (Figure 1). Two proteins, TA0289 from Thermoplasma
acidophilum and TV1335 from Thermoplasma volcanium, have modified the second Cys motif
with four amino acid residues between cysteines (Cys-X4-Cys) (Figure 1). This Cys motif was
also found in Zn ribbon domains of DNA topoisomerase I and two Rds from Desulfovibrio
22; 26; 27. Another variant of the second Cys motif (Cys-X-Cys) was found in five
uncharacterized archaeal proteins: ST2119 from Sulfolobus tokodaii, MsedDRAFT_1422 from
Metallosphaera sedula, Saci_0044 and Saci_1167 from Sulfolobus acidocaldarius, and
YBP3_ACIAM from Acidianus ambivalens. Using the sequences of TA0289, ST2119, and
PF1953 as queries in BLAST searches, we identified over 30 CBS-Zn ribbon-like proteins in
sequenced prokaryotic genomes, mostly in thermophilic and methanogenic archaea with just
two sequences from thermophilic bacteria (Q3E1R1_CHLAU from Chloroflexus
aurantiacus and Q2E2V6_ACICE from Acidothermus cellulolyticus). Most organisms contain
one CBS-Zn ribbon-like protein with the exception of Sulfolobus acidocaldarius, which has
two (Saci_0044 and Saci_1167; 46% sequence identity). CBS-Zn ribbon-like proteins share
less than 30% sequence identity with the exception of TA0289 and TV1335 (82% sequence
identity).

The operon prediction method of Yan and Moult, based on the combination of the gene
neighbor and gene gap models 28, predicted no operon association of CBS-Zn ribbon-like
genes with their neighbor genes in most genomes (TA0289, TV1335, PF1953, PH0267,
ST2119, MJ0653, PYRAB02440). In several genomes, genes encoding CBS-Zn ribbon-like
proteins are located next to another gene encoding a small CBS domain-like protein (A.
fulgidus, Methanopyrus kandleri) or next to a series of four genes encoding small CBS domain-
like proteins (MTH1226 from Methanobacterium thermoautotrophicum, MM1301 from
Methanosarcina mazei, MA4647 from Methanosarcina acetivorans, Mbar_A0964 from
Methanosarcina barkery). These uncharacterized CBS domain-like proteins share low
sequence similarity (29% and less sequence identity) suggesting early gene duplication events
and/or high rates of mutation/recombination of these genes. Thus, the genes encoding the CBS-
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Zn ribbon-like proteins are single gene cistrons or associated with unknown or hypothetical
genes.

Protein purification and oligomeric state
To experimentally characterize the members of the CBS-Zn ribbon-like family, we cloned four
proteins (TA0289, TV1335, PH0267, and PF1953), over-expressed them in E. coli and affinity
purified them using a Ni2+-chelate affinity column. These proteins were expressed in soluble
form, and their purification produced red- or purple colored proteins suggesting the presence
of an iron cofactor. After elution from a Ni2+-column, the red/purple color of two proteins
(TA0289 and PH0267) was unstable and quickly (PH0267) or slowly (TA0289) faded
suggesting that the red color (probably iron cofactor) is sensitive to the high concentration of
imidazole (0.3 M) used for elution. For TA0289, an alternative purification protocol without
imidazole was therefore designed using cation exchange chromatography followed by gel-
filtration that produced TA0289 preparations with a stable red color. The red/purple color of
TV1335 and PF1953 was not sensitive to imidazole.

Analytical gel-filtration experiments with purified proteins demonstrated that in the native state
TA0289 had a molecular mass of approximately 38 kDa, TV1335: 36.8 kDa, and PF1953: 62.8
kDa. Since the sequence-based molecular mass of these proteins was 20.3 kDa (TA0289), 19.7
kDa (TV1335), and 20.2 kDa (PF1953), these data indicate that TA0289 and TV1335 exist as
a dimer in solution, whereas PF1953 appears to be a trimer.

Absorption spectra
Purified TA0289, TV1335, and PF1953 have absorption spectra typical of Rds (Figure 2).
TA0289 and TV1335 have almost identical absorption spectra with prominent peaks at 370
nm and 490 nm and shoulders at 350 nm and 570 nm (Figure 2A, 2C). The absorption spectrum
of the individually expressed C-terminal domain of TA0289 (residues 138–178) showed a
similar long-wavelength peak (490 nm) with a shoulder at 570 nm, but different short-
wavelength peak with a maximum at 341 nm and a shoulder at 370 nm (Figure 2B).
Biochemically characterized Rds from clostridia, Desulfovibrio and P. furiosus have similar
absorption spectra with two major maxima at 370 nm (with or without a shoulder at 350 nm)
and 490 nm and a broad shoulder at 570 nm 26; 29; 30. In the absorption spectrum of PF1953,
the 353-nm peak was quite symmetric, and the second peak was shifted to 494 nm with a
shoulder at 590 nm (Figure 2D).

Metal content
Purified recombinant CBS-Zn ribbon-like proteins were found to contain several metals with
Zn, Fe, and Ca being the most abundant metals (25 to 100% occupancy) (Table 1). As expected,
the presence of a red/purple color in TA0289, TV1335, and PF1953 correlated with an
increased content of Fe (Zn/Fe ratio from 0.25 to 4.1). Like for the P. furiosus Rd and
rubrerythrin 31; 32, the iron content of recombinant TA0289 can be increased by growing cells
on a minimal medium supplemented with 70 µM FeSO4 (Table 1). From the absorption
spectrum of this sample of TA0289, an extinction coefficient for the iron center of this protein
(A371 = 0.069) can be calculated to be 10,950 mM−1cm−1. This value is in close agreement
with published values of 10,700 mM−1cm−1 and 10,800 mM−1cm−1 for Rds from P. furiosus
and C. pasteurianum, respectively 29; 33. Previously, several recombinant Rds were purified
as a mixture of Zn- and Fe-containing forms when expressed in E. coli 34; 35; 36. In fact, the
metal binding sites of Rds appear to be able to accommodate a range of metals with little
disruption to the overall structure of the protein 34; 37. The cadmium, mercury, nickel, zinc,
and iron-containing forms of Rd have been investigated by a variety of methods 31; 38. It has
been also shown that Zn2+ can directly displace Fe2+ from the C. pasteurianum Rd in vitro
without resorting to protein denaturation 39. This displacement is consistent with the higher
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thiophilicity (affinity to the metal coordinating S atoms) of Zn2+ over Fe2+ 39. Interestingly,
Zn-containing Rds have never been observed in the Rd preparations purified from the native
microorganisms 32; 35. It is not clear why E. coli mainly inserts zinc rather than iron into the
recombinant Rds. It has been suggested that in the native microorganisms most of the Zn2+ is
sequestered away from Rd by a special mechanism, whereas Fe2+ is not 39.

Electron carrier activity
TA0289, TV1335, and PF1953 can be reduced by sodium dithionite (a midpoint redox potential
−0.66 mV at pH 7) 40 and slowly reoxidized by air (Figure 3, only TA0289 is shown). These
proteins, as well as the individually expressed Zn ribbon-like domain of TA0289 (residues
138–178) can be also reduced by the mild reductant ascorbate (−81 mV at pH 7.0) (data not
shown) suggesting that their redox potential is close to that of typical Rds (−57 to +6 mV)
29; 41. To characterize the electron carrier activity of the CBS-Zn ribbon-like proteins we have
designed a general Rd assay using the Rd-reductase NorW from E. coli and NADH as an
electron donor and cytochrome C from horse heart as the terminal electron acceptor (Figure
4). E.coli NorW is a recently characterized non-specific NADH-dependent Rd-reductase,
which is capable of mediating electron transfer from NADH to the E. coli flavo-rubredoxin
NorV or to the Desulfovibrio gigas Rd 20; 42.

Under anaerobic conditions and in the presence of NADH, E. coli NorW (1 µM) reduced
TA0289 with a first order rate constant of 1.3 ± 0.1 min−1 (at 37°C) (Figure 5; Table 2). This
rate was found to be almost independent of NADH concentration in the range of 100 – 300
µM NADH (data not shown). As expected, the individually expressed Zn ribbon-like domain
of TA0289 (residues 138–178) was reduced by the E. coli NorW with a rate almost two times
higher than the full-size TA0289 (Table 2). Four to six times higher reaction rates were
observed for the reduction of TV1335 and PF1953 by NorW (Table 2). The determined rates
of reduction of CBS-Zn ribbon-like proteins by the E. coli NorW (at 37°C) are a bit lower than
those observed with the physiological electron acceptor NorV (40 min−1) or with the non-
physiological mesophilic Rd from Desulfovibrio (20 min−1) 20; 42; 43. This might be explained
by the thermophilic character of the studied proteins and/or by lower activity of the NorW Rd-
reductase with CBS-Zn ribbon-like proteins. The rate constants for the reduction of small,
single domain Rds by the physiological Rd-reductases were found to be in the range from 8
s−1 to 3.6 min−1 44; 45; 46.

Cytochrome C from horse heart has been shown to be capable to function as a model electron
acceptor for several Rds 47; 48; 49. The reported rates of the cytochrome C reduction by the
reduced mesophilic Rds from C. pasteurianum 48 or P. oleovorans 47 were 30.7 s−1 and 54.7
s−1, respectively. Like known Rds, TA0289 reduced by the E. coli NorW in the presence of
NADH, was able to transfer electrons to cytochrome C under anaerobic conditions (Figure 6).
The initial first order reaction has a rate of 1.2 ± 0.3 min−1 at 37°C in the presence of 1 µM
NorW, increasing to 1.5 ± 0.1 min−1 at 2 µM NorW, and corresponds to the pre-steady-state
reduction of TA0289. When the reaction was carried out with 200 µM NADH, 1 µM NorW,
and 1.9 µM TA0289, the steady-state turnover of cytochrome C was measured at 0.9 ± 0.1
min−1 and 1.0 ± 0.2 min−1 for the linear part of the reaction, in the presence of 100 and 200
µg ml−1 cytochrome C, respectively. This rate shows a linear dependence on the concentration
of TA0289 (data not shown). Doubling the concentration of NorW to 2 µM at 6.3 µM Fe-
TA0289 also results in an approximate doubling of the rate of reduction of cytochrome C to
1.9 ± 0.2 min−1. Therefore, electron transfer between NorW and TA0289 appears to be the rate
limiting step of the entire electron transfer chain shown in Figure 4. Thus, our results
demonstrate that CBS-Zn ribbon-like proteins are able to function as electron transfer proteins
in the manner of Rds.
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In the T. acidophilum genome, we identified nine uncharacterized proteins (291–451 amino
acids), which share 21–30% sequence identity with five experimentally characterized Rd-
reductases (Swiss-Prot P37596, Q9AL95, P17052, P42454, Q8U1K9) 20; 46; 48; 50; 51 and
might therefore represent the potential physiological reductases for TA0289. Seven genes
(TA0837, TA1129, TA1341, TA1435, TA1413, TA1467, and TA0476) were cloned and over-
expressed in E. coli. Four clones (TA0837, TA1435, TA1341, and TA1129) produced soluble
proteins that were purified as 6His-fusions. Like known Rd-reductases, purified T.
acidophilum proteins were yellow in solution and showed absorption spectra typical of a flavin-
containing protein with major peaks at 363–369 nm and 447–457 nm and a shoulder at 468–
482 nm (not shown). However, they were unable to reduce TA0289 and other CBS-Zn ribbon-
like proteins under anaerobic conditions in vitro. Thus, further studies are required to identify
the physiological reductase(s) for CBS-Zn ribbon-like proteins.

Crystal structure of TA0289
The crystal structure of TA0289 has been determined at a 1.5 Å resolution by the method of
single-wavelength anomalous diffraction (SAD) phasing (PDB code 1pvm; Table 3). In
agreement with our gel-filtration experiments (see above), the structure revealed that two
subunits of TA0289 form a pyramid-shaped dimer with the CBS domains making tight contacts
mainly through their α-helices (Figure 7A). In crystal structures of mammalian and bacterial
IMP dehydrogenases, the CBS domains are located outside of the protein tetramer, and the
intersubunit contacts are made entirely by the catalytic (dehydrogenase) domains 3; 9.
However, in most available structures of CBS domain proteins (PDB codes 1vr9, 1o50, 1yav,
1y5h) the subunit-subunit interface is formed entirely by the α-helices of the CBS domains
52. In the TA0289 structure, the extended dimer interface (1,797–1,806 Å) involves at least
30 residues of the helices α2, α3, α4, α7, and α8 of each monomer (Figure 7A, 8). The interface
contains both charged and hydrophobic residues and involves 19 hydrogen bonds. Thus, the
CBS domains appear to be solely responsible for the dimerization of TA0289.

Structure of the CBS domain
The TA0289 CBS domain comprises two sub-domains with similar structure and sequence:
the CBS-1 sub-domain (residues 1–64; α1, β1, α2, β2, β3, α3, and α4) and CBS-2 sub-domain
(residues 65–126; α5, β4, α6, β5, β6, and α7) (Figure 8). The CBS-2 sub-domain is connected
to the Zn ribbon-like domain by the long α8 helix and a flexible loop (Figure 8). Both CBS
sub-domains have hydrophobic cores formed exclusively by aliphatic residues: Val16, Ala25,
Val39, Val47, Leu50, Ile55, and Ile71 (for CBS-1 sub-domain), and Val5, Val82, Val91,
Leu95, Val105, Val106, Val116, Leu118, Leu121, and Ile133 (for CBS-2 sub-domain). CBS
domains from various proteins and organisms show little sequence conservation but have been
structurally conserved. A DALI search for structural homologues of TA0289 identified several
uncharacterized CBS domain proteins: MTH1622 (1pbj, Z-score 7.6, rmsd 1.76 Å), Rv2626c
from Mycobacterium tuberculosis (1xkf and 1y5h, Z-score 6.5 – 6.8, rmsd 1.77 – 1.84 Å),
TM0935 (1o50, Z-score 6.4, rmsd 1.89 Å), and TM0892 (1vr9, Z-score 5.9, rmsd 2.23 Å).

In the TA0289 monomer, there is a deep cleft between CBS-1 and CBS-2 sub-domains formed
by two β-sheets and occupied by both hydrophobic and charged residues (Figure 7A). In three
recent structures of the eukaryotic CBS domains complexed with ATP or AMP 11; 12; 13, this
cleft binds the ligand with the adenine ring on the bottom sandwiched between the hydrophobic
side chains of four non-conserved residues (Ile, Val, Pro, Phe, or Tyr). These structures
suggested that four semi-conserved residues (Gly-h-x-Ser/Thr-x-Ser/Thr-Asp) might represent
a novel recognition motif for the ribose-phosphate moiety 12. This motif is also recognizable
in the sequence of CBS-Rd-like proteins (Figure 1), and in the TA0289 structure these residues
(Gly114, Thr117, Thr119, and Asp120) are located in or close to the deep cleft (β3-α3 and β6-
α7) (Figure 8) suggesting that CBS domains in these proteins might also be involved in AMP/
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ATP binding. In silico docking experiments with the structure of TA0289 (Figure 7B)
demonstrated that two ATP molecules can be docked to the TA0289 dimer in a binding mode
similar to that in the human ClC-5:ATP complex (2j9l). However, our thermal shift
experiments with circular dichroism as a detection method produced no evidence for the
binding of ATP, ADP, AMP or their cytidine, guanosine and thymidine analogs to TA0289
(data not shown). In addition, TA0289 crystallized quite easily in the presence of adenosine,
AMP, ADP, or ATP, but the analysis of electron density maps of these crystals revealed no
ligand bound to the protein.

Three 3D structures of prokaryotic CBS domain proteins revealed the presence of a bound
ligand. The structure of MTH1622 (1pbj) showed a Mg2+ ion coordinated by Glu72 located
on the side opposite the long cavity. However, in the TA0289 structure the access to the
homologous Glu68 is blocked by the Zn ribbon-like domain. The structure of the hypothetical
protein Rv2626c from Mycobacterium tuberculosus (1xkf) revealed the presence of two bound
Zn2+ ions, one of which is coordinated by the His122 located in the long cavity. In TA0289,
this residue is replaced by the conserved Asp120 (Figure 1). In the structure of YkuL from
Bacillus subtilis (1yav), the SO4

2− anion is bound to the long cavity and is coordinated by
Arg133, which occupies a position similar to that of Arg102 in TA0289. However, it is not
clear presently if these ligand-CBS domain complexes of prokaryotic proteins are
physiologically relevant.

Structure of the C-terminal domain
The C-terminal domain of TA0289 is formed by the final 36 amino acids (Gln143-Glu178).
Three short β-strands (β7, β8, and β9) form a compact anti-parallel β-sheet that packs against
the CBS domain (Figure 7A). The overall structure of the TA0289 C-terminal domain (Figure
7C) is more similar to the planar architecture of classical Zn-ribbon domains (1tfi, 1pft) (Figure
7D) and Rd-like domains of rubrerythrins (1yux), whereas typical stand-alone Rds (1brf) have
also a globular hydrophobic core (Figure 7E). To date, more than 50 Rd structures have been
deposited in the PDB with several of them having a resolution better than 1.0 Å (e.g. 1brf,
2dsx, 1rb9, 1yk4). The best studied Rd, PF1282 from P. furiosus, has been characterized using
several forms of this protein containing different metals: cadmium, mercury, nickel, zinc, and
iron 31; 38; 53; 54. The first structure of TA0289 (1pvm) was solved using mercury-soaked
crystals obtained with the colorless (iron-free) form of the protein. In this structure, the sulfur
atoms of the four cysteine residues bind the mercury atom with nearly equal bond lengths,
creating an almost tetrahedral coordination sphere with an average Hg-S distance of 2.55 ±
0.04 Å and an S-S distance of 4.18 ± 0.2 Å (Figure 7C). As in Rds, two Cys residues of the
TA0289 Zn ribbon-like domain (Cys149 and Cys174) are located close to the domain surface,
whereas the other two cysteines (Cys146 and Cys169) are buried in the domain core.

The crystals of the Fe-containing (red form) TA0289 (2qh1) produced very similar structure
with the Fe center located at the periphery of the molecule, but with different metal-S distances:
from 2.02 Å to 3.0 Å with an average of 2.41 ± 0.43 Å (not shown). Since the Fe atom (1.17Å)
has a smaller radius than the Hg atom (1.49Å), the Fe-containing TA0289 possesses a more
compact Fe center (an average S-S distance of 3.95 ± 0.15 Å), which is close to the size of the
Fe center of the P. furiosus Rd (3.81 ± 0.014 Å; 1brf). The TA0289 Fe center is stabilized by
an interaction between the side chains of Lys148 and Asp175 (2.67 Å), as well as by H-bonds
between the side chain of Ser170 and the main chain NH-group of Val154 (3.01 Å) and between
the Lys148 side chain and the main chain carbonyl oxygen of Asp175 (2.94 Å). Structural
studies of mesophilic and thermophilic Rds identified three main components essential for the
integrity of the metalloprotein structure: the hydrogen bond network, the hydrophobic protein
core, and the electrostatic interactions between surface residues 55; 56. Like typical Zn ribbon
domains (1tfi, 1pft), the C-terminal domain of TA0289 has no hydrophobic core and is
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stabilized mainly by the intra-domain H-bonds between its β7 and β8 strands, as well as by the
electrostatic interactions between the side chains of Glu163/Lys161 (3.5 Å) and Arg168/
Glu177 (3.1 Å). Additional stabilization of the TA0289 Zn ribbon-like domain is achieved
through the interaction of its residues with the CBS domain: Glu163/Asn63 (2.6 Å), Glu178/
Lys77 (3.2 Å), as well as by H-bonds between the main chain carbonyl oxygens of Pro61 and
Glu178 with the NH group of Ile164 and the Arg62 side chain, respectively.

In redox proteins, electrons can travel up to 14 Å between redox centers through the protein
medium, whereas the transfer over longer distances always involves a chain of redox cofactors
57. In the Desulfovibrio gigas desulforedoxin, a small homo-dimeric (2×36 amino acids) Rd-
like protein, the two Fe atoms are 16 Å apart suggesting rapid electron exchange between the
Fe centers in the half-reduced species 58. However, the two Fe atoms within the TA0289 dimer
are 53 Å apart suggesting that no electron exchange takes place between the Fe centers in the
half-reduced species and that these Fe atoms are likely to function as independent redox centers.

Experiments with the Zn ribbon protein KTI11 from yeast
To produce additional evidence that Zn ribbon proteins can bind iron and exhibit an electron
carrier activity, we over-expressed in E. coli and purified the recently characterized Zn ribbon
protein KTI11 from yeast. This protein (249 residues) contains one Cys-X-Cys…Cys-X2-Cys
motif and is involved in the biosynthesis of diphthamide on the translation elongation factor
eEF-2 59. Recently, another laboratory (1yop) 59 and ours (1yws) solved structures of
KTI11 purified from E. coli cells grown on the minimal medium M9. These structures revealed
the presence of a typical Zn ribbon fold with one Zn atom tetrahedrically coordinated by four
cysteines of the Cys motif (Figure 7F). However, purification experiments produced the purple
colored KTI11 when they were performed using E. coli cells grown on rich medium (Terrific
Broth). The purple colored preparations of KTI11 had a classical Rd-like absorption spectrum
with two major peaks at 351 nm and 489 nm and a shoulder at 570 nm (Figure 9A). Metal
analysis of these preparations demonstrated that 17% of protein molecules contained Fe and
40% - Zn (Table 1). E. coli cells grown on the minimal medium supplemented with Fe2+ (70
µM) also produced the purple-colored KTI11 containing mainly Fe (49%) and little Zn (3%),
whereas cells grown on the Zn2+-supplemented M9 medium produced only colorless, Zn-
containing KTI11 (Table 1). Therefore, like in Rds, the metal content of the recombinant Zn
ribbon protein KTI11 depends on the presence of Fe in the growth medium.

In Rds, amino acid replacement mutagenesis of a single metal-coordinating cysteine produced
iron-containing (colored) proteins, although with changed redox properties 60; 61. When two
cysteines of KTI11 were simultaneously changed to serines (C25S/C27S and C47S/C50S), the
proteins were still expressed in colored form, but they quickly lost the color upon elution from
the Ni2+-chelate column by 0.25 M imidazole. We also designed a KTI11 protein in which all
four metal-coordinating cysteines were replaced by serine (C25, C27, and C47) or deleted
(C50). This protein was expressed in colorless form indicating that it completely lost the ability
to bind metal. This was confirmed by metal analysis of the purified mutant KTI11 proteins
which demonstrated 5 – 20 times lower content of both Fe and Zn (Table 1) indicating that
these cysteines coordinate both Fe and Zn.

Like CBS-Zn ribbon-like proteins, the Fe-containing KTI11 is redox active and can be
reversibly reduced by the Rd-reductase NorW in the presence of NADH and transfer electrons
to cytochrome C from horse heart (Figure 9B). Compared to TA0289, the rates of KTI11
reduction by NorW (Table 2) and cytochrome C reduction by the reduced KTI11 (not shown)
were somewhat lower. The redox potential of the Fe-containing KTI11 was determined using
xanthine oxidase and indigo carmine (as an internal reference) and was found to be 6 mV,
which is close to the redox potential of Rds (−57 mV – 6 mV) 29; 41; 62. Thus, the
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recombinantly expressed Zn ribbon protein KTI11 incorporates both Fe and Zn into its
molecules and demonstrates an electron carrier activity in vitro.

Conclusion
In this work, we have structurally and biochemically characterized several members of a novel
family of CBS-domain proteins, which are fused to a Zn ribbon-like domain. We demonstrated
that the Zn ribbon-like domain of these proteins, as well as the Zn ribbon protein KTI11 from
yeast, can also bind iron and function in the manner of a rubredoxin in vitro. In addition, the
recent work with the anaerobic class III ribonucleotide reductase revealed the presence of both
Fe and Zn in the crystals of its Zn ribbon domain raising the question whether the true active
center contains Fe or Zn 63. Although Zn ribbon domains are generally believed to bind zinc
in vivo, this opinion is based on the in vitro Zn2+ binding experiments with purified proteins
64; 65. These experiments also demonstrated that Co2+, Cu2+, and Cd2+ (but not Mg2+ or
Mn2+) compete with Zn2+ for binding to Zn ribbon proteins, however the effect of Fe2+ was
not tested 64; 65. Nevertheless, these results revealed that in vitro Zn ribbons are not strictly
specific to zinc and can also incorporate other metal ions. Since Zn ribbon domains are
structurally similar to Rds, which can incorporate both Fe and Zn, we can suggest that some
Zn ribbons might be also capable of coordinating Fe in vivo. In this case, the Fe center would
preserve a structural role and add the additional, electron transfer function to these domains.
Given the presence of Zn ribbon domains in a broad range of important enzymes and their
ability to interact with nucleic acids and proteins, the presence of electron transfer activity in
some Zn ribbons would bring another level of complexity to the processes they are involved
in. Future experiments should be focused on the identification of the physiological metal ion
in Zn ribbon domains and their functions.

MATERIALS and METHODS
Protein Expression and Purification

Cloning of the genes encoding CBS-Zn ribbon-like proteins (TA0289, TV1335, PF1953, and
PH0267), the Zn ribbon domain of TA0289 (residues 138–178), potential Rd reductases
(TA0837, TA1129, TA1341, TA1435, TA1413, TA1467, and TA0476), the E. coli NorW, and
the yeast KTI11 into the modified pET15b vector was carried out as previously described 66.
These proteins were expressed as a fusion with an N-terminal 6His-tag in Escherichia coli
strain BL21(DE3) cells upon induction with 0.2 mM isopropyl-β-D-thiogalactopyranoside
(IPTG). Cultures were either grown in the rich medium Terrific Broth, or in a minimal medium
based on the method of Neidhardt et. al. with the zinc salt omitted from the culture 67. Cells
were grown in Terrific Broth at 37 °C up to an OD600 of approximately 1.0. The temperature
was then lowered to 16 °C and the expression of cloned proteins was induced with 0.2 mM
IPTG. After induction the cells were grown overnight at 16 °C prior to harvesting by
centrifugation. The cell pellets were flash frozen in liquid N2 and stored at −20 °C. For
manipulation of the metal content of recombinant proteins, a minimal medium 67 was used for
the growth of BL21 (DE3) cultures, which was supplemented with either 70 µM FeSO4 or 70
µM ZnCl2 immediately prior to induction of expression with 0.2 mM IPTG. Cultures were
then grown overnight at 30 °C overnight prior to harvesting by centrifugation.

Purification of His6-tagged proteins was carried out using metal-chelate affinity
chromatography on nickel affinity resin (Qiagen) as previously described 66. Frozen cell
pellets were thawed and resuspended in binding buffer: 0.5 M NaCl, 5 % glycerol, 50 mM
Na+Hepes (pH 7.5), 5 mM imidazole, and 0.1 mM phenylmethylsulfonyl fluoride (PMSF).
The cells were lysed by sonication and the lysate was clarified by centrifugation (78,000 g for
30 minutes) prior to being applied to a metal chelate affinity column charged with Ni2+ which
had been pre-equilibrated with binding buffer. Bound protein was washed with wash buffer:
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0.5 M NaCl, 5 % glycerol, 50 mM Na+Hepes (pH 7.5), 30 mM imidazole, and then eluted with
elution buffer:0.5 M NaCl, 5 % glycerol, 50 mM Na+Hepes (pH 7.5), and 250 mM imidazole.

Since TA0289 released Fe in the presence of the high imidazole concentrations (0.25 M) used
for the elution of proteins bound to the nickel resin, an alternative purification protocol was
developed for this protein, which was based on anion exchange chromatography on SP-
Sepharose (Amersham Biosciences). Bacteria were thawed and resuspended in 50 mM MES-
Na (pH 6.5) containing 0.1 mM PMSF. Approximately 30 g cells were lysed by sonication and
the cell debris was pelleted by centrifugation at 78,000 g for 45 minutes. The supernatant was
applied to a 12 cm × 2.6 cm SP Sepharose Fastflow column (Amersham Biosciences) which
had been previously equilibrated with 50 mM MES-Na (pH 6.5), and then washed with five
column volumes of the same buffer. The protein was then eluted from the column with a linear
gradient of 0–1 M NaCl in the same buffer. The partially purified protein was concentrated to
4 ml, clarified by centrifugation at 78,000 g for 30 minutes, filtered through a 0.22 micron
filter, and applied to a Superdex 200 26/60 column (Amersham Biosciences), which had
previously been equilibrated with 50 mM Hepes-Na (pH 7.5) and 200 mM NaCl, at 1 ml
min−1 for purification by gel filtration. The resulting protein was at least 95 % pure as indicated
by SDS PAGE. The purified protein was flash frozen in liquid N2 and stored at −80°C prior
to use.

Analytical gel filtration
The molecular weight of the CBS Zn-ribbon-like proteins in solution was estimated using a
Superdex 75 10/300 GL gel filtration column (Amersham Biosciences) equilibrated with 50
mM Na+-Hepes (pH 7.5), 0.2M NaCl, and 0.5 mM Tris-2-carboxyethylphosphine-HCl
(TCEP), attached to an AKTA FPLC system (Amersham Biosciences). 0.3 mg of protein in a
volume of 100 µl was loaded onto the column and run at a flow rate of 0.5 ml min−1. A
calibration run was carried out with the following standards: ribonuclease A (13,700 Da),
chymotrypsinogen (25,000 Da), ovalbumin (43,000 Da), albumin (67,000 Da) and blue dextran
(2,000,000 Da) in the same buffer system.

Metal analysis
The metal content of the purified and dialyzed proteins was determined using inductively
coupled plasma-atomic emission spectrometry (ICP-AES) at the Department of Chemistry of
the University of Toronto as described previously 68. Metal analysis was performed using
proteins containing a His6-tag, since previous control experiments demonstrated no effect of
the His6-tag on the protein’s metal content 68.

Anaerobic reduction of Zn ribbon proteins and cytochrome C
The reduction of the Zn ribbon proteins by E. coli NorW, and the reduction of cytochrome c
(Sigma, from horse heart) by Zn ribbons and E. coli NorW in the presence of NADH as an
electron donor, were performed under anaerobic conditions. Glycerol (10% v/v) was included
in all buffers in as this was found to increase the stability of proteins in solution. For the
reduction of Zn ribbon proteins, 19–180 µM protein in 50 mM Hepes-Na buffer (pH 7.5), 0.2
M NaCl in the presence of 1 µM NorW was made anaerobic by treatment with alternate cycles
of evacuation and re-equilibration with oxygen-free argon in a tonometer. NADH solutions in
the same buffer were made anaerobic by bubbling with oxygen-free argon in a glass syringe.
The two solutions were mixed rapidly with an RX.2000 Stopped Flow Mixing Accessory
(Applied Photophysics), which had been scrubbed of oxygen by overnight incubation with a
5 mM solution of sodium dithionite and then rinsed thoroughly with anaerobic buffer.
Reduction of Zn ribbon proteins was followed at 488 nm using a Cary 50 spectrophotometer
(Varian). Concentrations of TA0289 used in the present study have been calculated using
ε371 = 10,950 mM−1cm−1. For the reduction of cytochrome C, a mixture of cytochrome C
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(Sigma, from horse heart), Zn ribbon protein (TA0289 or KTI11), and NorW at varying
concentrations in 50 mM Hepes-Na (pH 7.5) containing 0.2 M NaCl was made anaerobic and
mixed rapidly with an equal volume of 400 µM NADH as described above. Reduction of
cytochrome C was followed at 550 nm.

Ligand binding experiments with TA0289
A minimum at 220 nm in the CD spectrum of TA0289 arises from the considerable amount of
α-helix in the CBS domains. The temperature dependence of the CD signal of TA0289 at 220
nm in the absence and presence of potential ligand was determined. The CD signal at 220 nm
was measured at 25°C and at 1 °C increments up to 95 °C. The melting temperature of the
protein was then estimated from a plot of CD signal strength at 220 nm versus temperature.
Five samples each contained 1 mg ml−1 TA0289 and a mixture of either no ligand, or 2 mM
adenosine, AMP, ADP and ATP, or the equivalent cytidine, guanosine, or thymidine analogs,
in 25 mM Hepes-Na (pH 7.5) and 100 mM NaCl.

Site-directed mutagenesis of KTI11
Site-directed mutagenesis was performed using the QuikChange™ site-directed mutagenesis
kit (Stratagene) according to the manufacturer’s protocol. Because the targeted cysteines are
located close to each other in the KTI11 sequence (Cys-X-Cys and Cys-X2-Cys), double Cys
mutants (C25S/C27S and C47S/C50S) were prepared using mutagenic primers containing two
mutations converting these cysteines to serine. For some unexplained reason, our attempts to
prepare a quadruple cysteine mutant of KTI11 (C25S/C27S/C47S/C50S) repeatedly produced
a plasmid with deleted Cys50, which was therefore used in the experiments (C25S/C27S/C47S/
ΔC50).

Measurement of the redox potential of KTI11
KTI11 was slowly reduced under anaerobic conditions with xanthine, xanthine oxidase and
benzyl viologen in the presence of indigo carmine as an internal reference. A 2.9 ml sample
of 25 µM KTI11 containing 19 nM bovine xanthine oxidase, 5 µM benzyl viologen, and 10
µM indigo carmine was treated with alternate cycles of evacuation and re-equilibration with
oxygen-free argon in an anaerobic cuvette. Reduction was initiated by the addition of 90 µl of
10 mM xanthine from a side arm (a final concentration of 300 µM) and the spectra were
recorded from 320 to 750 nm. The extent of KTI11 reduction was estimated from the
absorbance at 488 nm, where no absorbance change for the reduction of indigo carmine is
observed. The extent of reduction of indigo carmine was estimated from the absorbance change
at 605 nm after the small contribution from the reduction of KTI11 at this wavelength was
subtracted. The difference in redox potential between KTI11 and indigo carmine was calculated
from a plot of log(ox/red) indigo carmine versus log(ox/red) KTI11 according to the method
of Minneart 69.

Protein crystallization and data collection
Crystals of TA0289 selected for diffraction studies were grown in 0.1 M Tris HCl (pH 7.8),
0.2 M ammonium formate, 20% PEG 3350, and 8% glycerol. The Hg2+-bound crystal was
obtained by overnight soaking at room temperature of an iron-free TA0289 crystal in mother
liquor solution containing 1.6 mM HgSO4. Diffraction data were collected at 100K at the 19ID
beamline of the Structural Biology Center at the Advanced Photon Source, Argonne National
Laboratory. The one-wavelength inverse-beam SAD data set (peak: 12.284 keV (1.0081 Å),
was collected from a Hg labeled protein crystal. One crystal (0.2 × 0.2 × 0.2 mm) was used to
collect all SAD data to 1.50 Å resolution, with 3 sec. exposure/1°/frame using a 160 mm crystal
to the detector distance. The total oscillation range was 160 degrees as predicted using the
strategy module within the HKL2000 suite 70. The space group was P212121 with cell
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dimensions of a=58.74, b=62.84, c=97.28, α=β=γ= 90°. The data were processed and scaled
with HKL2000 (Table 3) to an Rmerge of 5.6%. To demonstrate the presence of Fe+2 in the
native crystal, a single dataset on a second (Hg-free) crystal was collected using a crystal to
detector distance of 150 mm, an oscillation range of 267.5 degrees and 0.5 degrees per
oscillation. Data was collected on a Rigaku FR-E rotating anode generator at a wavelength of
1.54178 Å. The space group for this crystal was also P212121 with cell dimensions of a=58.81,
b=63.03, c=97.47, α=β=γ= 90°.

Structure determination and refinement
The structure of TA0289 was determined by SAD phasing using CNS 71. The initial model
was built using ARP/wARP 72, and the final model was finished manually using QUANTA
73. The model was refined against SAD peak data to 1.5 Å using CNS (HLML target). The
final R was 0.194 with a free R of 0.228 with zero σ cut-off (Table 3). The stereochemistry of
the structure was checked with PROCHECK 74, and the Ramachandran plot. The main chain
torsion angles for all residues are in allowed regions. The initial structure solution for the second
(iron-bound) crystal was performed by rigid-body refinement in CNS 71 using the protein
coordinates from the Hg2+-coordinated structure since the space group and cell dimensions
between the two crystals were very similar (see Table 3). Following rigid body refinement,
difference density was observed in the same positions of the Hg2+ ion; Fe2+ ions were
substituted in place of Hg2+, and refinement using CNS was performed as usual to a R value
and R-free value of 0.204 and 0.237, respectively. As with the Hg2+ structure, all main chain
torsions were in allowed regions of the Ramachandran plot. The atomic coordinates and
structure factors for both Hg2+- and Fe2+-containing TA0289 have been deposited in the Protein
Data Bank with the accession codes 1pvm (Hg2+-bound) and 2qhi (Fe2+-bound).

Abbreviations used
AMPK, AMP-activated protein kinase; CBS, cystathionine beta-synthase; ICP-AES,
inductively coupled plasma-atomic emission spectrometry; IMPDH, inosine 5′-
monophosphate dehydrogenase; IPTG, isopropyl-beta-D-thiogalactopyranoside; PMSF,
phenylmethylsulfonyl fluoride; Rd, rubredoxin; SAD, single-wavelength anomalous
diffraction; TCEP, tris-2-carboxyethylphosphine-HCl.
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Figure 1.
Multiple sequence alignment of CBS-Zn ribbon-like proteins from various organisms. Highly
conserved residues are highlighted in gray. The secondary structure elements derived from the
structure of TA0289 are shown below the sequence alignment. The beginning of the Zn ribbon-
like domain is indicated by a horizontal black arrow below the alignment. The residues marked
with asterisks (and boxed) represent the predicted ribose-phosphate binding site.
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Figure 2.
Absorption spectra of purified CBS-Zn ribbon-like proteins. (A), TA0289; (B), Zn ribbon
domain of TA0289; (C), TV1335; (D), PF1953.
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Figure 3.
Reduction of TA0289 by dithionite and reoxidation by air. 19 µM TA0289 in 50 mM Hepes-
Na+ (pH 7.5), 0.2 M NaCl, and 10% glycerol (trace a) was scanned. A 50 mM stock of anaerobic
sodium dithionite was then diluted 100-fold into the solution (to a final concentration of 500
µM), resulting in rapid reduction of TA0289 (trace b). After standing for several hours in air,
a reoxidized spectrum (trace c) was obtained.
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Figure 4.
In vitro electron carrier assay for Rds and Zn ribbon-like proteins: scheme showing the electron
transfer from NADH to cytochrome C via the E. coli NorW and Rd (or other electron carrier).
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Figure 5.
Anaerobic reduction of TA0289 by the E. coli NorW in the presence of NADH. A 24 µM
anaerobic sample of TA0289 in a solution containing 50 mM Hepes-Na+ (pH 7.5), 0.2 M NaCl,
10% glycerol and 1 µM NorW was scanned (trace a). Reduction of TA0289 was achieved by
the anaerobic addition of 200 µM NADH. The fully reduced spectrum is trace b. INSET: An
absorbance trace at 488 nm following the time course for the reduction of 19 µM TA0289 in
the presence of 200 µM NADH and 1 µM NorW in the same buffer, obtained from a single
wavelength stopped flow experiment. The dotted line represents a fitted first order curve with
a rate constant of 1.3 min−1.
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Figure 6.
Reduction of cytochrome C by TA0289 in the presence of NorW and NADH. A 200 mg
ml−1 sample of cytochrome C in 50 mM Hepes-Na (pH 7.5), 0.2 M NaCl, and 10% glycerol
in the presence of 1 µM NorW and 1.9 µM TA0289 was scanned (trace a). Reduction of
cytochrome C was achieved by the anaerobic addition of 200 µM NADH. The fully reduced
spectrum is trace b. INSET: An absorbance trace at 550 nm following the time course for the
reduction of 200 µg ml−1 cytochrome C in the presence of 200 µM NADH, 1 µM NorW, and
1.9 µM TA0289 in the same buffer, obtained from a single wavelength stopped flow
experiment.
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Figure 7.
Structures of TA0289 and other Zn ribbon domain proteins. (A), overall structure of the
TA0289 dimer (stereo view). CBS domains are shown in orange (β-strands) and cyan (α-
helices), Zn ribbon domains are shown in green, and metal atoms are shown as grey spheres.
(B), stereo view of the TA0289 dimer shown with docked ATP from in silico analysis. (C),
structure of the TA0289 Zn ribbon-like domain showing the tetrahedral coordination of the
metal atom (Hg2+) by conserved cysteines (labeled). (D), structure of the Zn ribbon domain of
the human transcriptional elongation factor TFIIS (1tfi). (E), structure of the P. furiosus
rubredoxin PF1282 (1brf). (F), structure of KTI11 (1yop, 1yws). Metals are shown as: dark
gray spheres (zinc; D and F), light gray sphere (mercury; C), and orange sphere (iron; E).
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Figure 8.
Structure of the TA0289 subunit. The secondary structure elements are numbered and shown
in different colors (α-helices – cyan, β-strands – magenta, and loops – salmon). The position
of the bound metal (Hg2+) is shown as a gray sphere.
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Figure 9.
Biochemical characterization of KTI11. (a), absorption spectrum of KTI11 purified from iron-
supplemented cells. (b), anaerobic reduction of KTI11 (180 µM) by the E. coli NorW (20 nM)
in the presence of NADH (0.2 mM). An absorbance trace at 488 nm following the time course
for the reduction KTI11.
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Table 2
First order rate constants of electron transfer reactions observed with CBS-Zn ribbon-like proteins and KTI11

Protein and reaction First order rate constants, min−1

TA0289 / reduction by NorW 1.5 ± 0.1
TA0289 (Zn ribbon-like domain) / reduction by NorW 2.47 ± 0.01
TA0289 / reduction of cytochrome C 1.9 ± 0.2
TV1335 / reduction by NorW 10.96 ± 0.02
PF1953 / reduction by NorW 11.0 ± 0.1
KTI11 / reduction by NorW 0.17 ± 0.01
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Table 3
Summary of X-ray data collection and refinement statistics

Data collection Ta0289 (Hg2+ form, 1pvm) Ta0289 (Fe2+ form, 2qh1)

Space group P212121 P212121
Cell dimensions
    a, b, c (Å) a=58.74, b=62.84, c=97.28 a= 58.81, b=63.03, c=97.47
    α, β, γ (°) α=β=γ=90° α=β=γ=90°
Wavelength 1.0081 1.54178
Resolution (Å) 50 - 1.50 50 – 2.0
Rsym

a 0.056 (0.271) 0.081 (0.340)
I/σI 44.1 (5.0) 52.7 (13.6)
Completeness (%) 97.0 98.8 (97.4)
Redundancy 10.5 10.1
Overall figure of merit for SAD fasing at 1.5 Å resolution
    Acentric 0.282
    Centric 0
    Overall 0.270
Refinement

Resolution (Å) 50 – 1.5 20-2.0
Number of reflections 105550 25113
Rwork / Rfree

b,c 19.4/22.8 20.4/23.7
Number of atoms
    Protein 2887 2902
    Major ligand 2 (Hg2+) 2 (Fe2+)
    Solvent 501 345
B-factors 17.3 27.2
R.m.s deviations
    Bond lengths (Å) 0.005 0.006
    Bond angles (°) 1.3 1.3

Values in parentheses are for the highest-resolution shell.

a
Rsym = Σ|I - <I>|/Σ I

b
Rwork = 100 X Σ |Fo – Fc| / Σ Fo, where Fo and Fc are defined as the observed and calculated structure factors, respectively.

c
Rfree is calculated as defined by Rwork using test set reflections, representing 5% of the total.
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