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We present spectroscopic data that show that a nitrile
hydratase fromRhodococcus rhodochrousJ1 is the first reported
example of a native protein that contains a non-corrin Co3+ ion
with a mixed S and N(O) ligand field. Nitrile hydratases
catalyze the addition of water to nitriles, yielding amides as
the exclusive product,3 and are used as industrial catalysts for
the production of acrylamide.4 The most thoroughly character-
ized nitrile hydratase is fromRhodococcussp. R3125 and is a
(Râ)2 tetramer that contains two low-spin non-heme ferric ions
of unknown function. These metal ions exist in a tetragonally
distorted octahedral ligand field of three histidine imidazoles,
two cysteine thiolates, and a hydroxide.6-8 Two cobalt-
containing nitrile hydratases have been identified inR. rhodo-
chrousJ1.9 We purified one of those enzymes10,11a multimer
of Râ heterodimers totaling approximately 500 000 Da and
containing non-corrin Co3+.10 We measured the cobalt12 and
the protein13 concentrations of samples of purified enzyme and
found one cobalt ion per (Râ). The same experiment yielded
an unusually highε280 (2.7 (mg/mL)-1 cm-1), consistent with
an earlier report.10 EPR spectra of concentrated samples
(0.3 mM cobalt) showed no signals attributable to the pro-
tein from 4 to 77 K, consistent with the presence of Co3+.
When treated with sodium dithionite and methyl viologen, the
samples developed an EPR spectrum characteristic of low-spin
Co2+ (Figure 1;g1,2,3) 2.378, 2.206, 1.998;ACo1,2,3) 58, 11,
97 G).14

The cobalt K-edge X-ray absorbance spectrum of this nitrile
hydratase (in the presumed Co3+ form) is very similar to the
Fe3+ K-edge spectrum of theRhodococcussp. R312 enzyme15,16

(Figure 2a,b). Using the method of Roe et al.,17 the area (in
units of eV (% edge height)) of the lowest energy pre-edge peak
in the cobalt spectrum (assigned to a 1sf 3d transition) is 6.3,
slightly larger than areas we obtained for six-coordinate Co-
(S2CNEt2)3 (3.6), Co(acac)3 (3.9), and [Co(en)3]Cl3 (4.6), but
much smaller than that found for the four-coordinate Co(im)2-
Cl2 (16.8). The size of the pre-edge peak is consistent with
six- or possibly five-coordinate cobalt in nitrile hydratase, with
distortions from octahedral symmetry that increase the peak area
by approximately 50% compared to those of symmetrical six-
coordinate models. The pre-edge peak for the six-coordinate7,8,16

iron in Rhodococcussp. R312 nitrile hydratase is also ap-
proximately 50% larger than those of symmetrical six-coordinate
Fe3+ model complexes.16

The best fits of the first sphere Fourier-filtered EXAFS are
shown in Figure 2c and assume two sulfur scatterers at 2.20 Å
and three (εν

2 ) 1.3)18 or four (εν
2 ) 1.5) nitrogen scatterers at

1.95 Å. Any other integer values ofnS or nN in two-shell fits
gaveεν

2 g 3.0 and were rejected on the basis of the criterion
thatεν

2 for a correct model is expected to be within one unit of
the minimumεν

2 obtained.19 The value ofεν
2 increased by only

0.2-0.3 for each nitrogen replaced by an oxygen in the
scattering model; therefore, one or more of the non-sulfur
scatterers may be oxygen rather than nitrogen.
A search of the Cambridge Structure Database20 revealed 76

S2NnO4-n coordination spheres in low-spin Co3+ complexes.
Those with average bond lengths most similar to those found
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Figure 1. EPR Spectrum ofR. rhodochrousJ1 nitrile hydratase reduced
with dithionite and methyl viologen. The sharp feature at 3365 G arises
from reduced methyl viologen.
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for R. rhodochrousJ1 nitrile hydratase are three six-coordinate
CoS2N2O2 complexes: [bis(glyoxalic acid thiosemicarbizon-
ato)cobaltate]- (〈rS〉 ) 2.21 Å,〈rN/O〉 ) 1.93 Å),21 [(2,9-diamino-
3,3,8,8-tetramethyl-4,7-dithiadecane-1,10-diolato)cobalt]+ (〈rS〉
) 2.21 Å,〈rN/O〉 ) 1.95 Å),22 and [bis(penicillaminato)cobalt]-

(〈rS〉 ) 2.22 Å, 〈rN/O〉 ) 1.95 Å).23 The average Co-S bond
length found forR. rhodochrousJ1 nitrile hydratase (〈rS〉 )
2.20 Å) is relatively short, suggestingcisCo-S bonds because
CoS2NnO4-n complexes with this arrangement tend to have
shorter〈rS〉 than do complexes withtransCo-S bonds (Figure
3). This effect is probably due to an electronictrans influence
which lengthens bondstrans to the Co-S bond24 and appears
to be general for square planar and pseudo-octahedral first row
transition metal complexes.16 Thus, if the cobalt is six-
coordinate inR. rhodochrousJ1 nitrile hydratase, the Co-S
bond lengths argue in favor of mutuallycis Co-S bonds.
Co-S bond lengths of 2.20 Å are also found in the five-

coordinate diamagnetic Co2+-nitrosyl complex ofN,N′-ethyl-
enebis(monothioacetylacetonimine) in which the Co-NO bond
length is 1.80 Å. That observation and a previous claim of
NO bound to iron in the nitrile hydratase fromRhodococcus
sp. N77125 prompted us to analyze the EXAFS for evidence
for or against a short Co-N bond in theR. rhodochrousJ1
nitrile hydratase. A third shell of a single Co-N bond, withr

fixed at values between 1.50 and 1.85 Å, was added to the two-
shell models used to fit the EXAFS. All such three-shell
refinements gave poor fits (εν

2 > 3). On that basis we rule out
a short Co-N bond and, thus, NO coordination to cobalt in the
nitrile hydratase fromR. rhodochrousJ1.
The similarities of the pre-edge and EXAFS spectra (Figure

2a,b and analyses described above) suggest that the ligand
environments of the metal ions in the cobalt- and the iron-
containing nitrile hydratases are very similar. Of particular
interest is the biologically unprecedented cobalt-sulfur coor-
dination in theR. rhodochrousJ1 nitrile hydratase, that, in
analogy to the iron-containing enzyme,6,26 we presume to
arise from cysteine ligands. The -V-C-S-L-C-S-C-T- sequence
in theR-subunit of the iron-containing nitrile hydratases that is
thought to supply the thiolate ligands to the metal ion6 is
conserved as -V-C-T-L-C-S-C-Y- in theR. rhodochrousJ1
enzyme.9

Low-spin six-coordinate Co3+ complexes show Sf Co3+

charge transfer transitions at approximately 280 nm.27 Although
featureless in the visible region, the absorption spectrum of
nitrile hydratase fromR. rhodochrousJ1 (data not shown) has
a significant shoulder above 300 nm that we suggest may have
Sf Co ligand-to-metal charge transfer character. The absence
of coenzyme B12 in the enzyme is shown by the lack of corrin
absorbance in the visible spectrum and by the strong similarity
in metal sites in the iron- and cobalt-containing nitrile hydratases
revealed by EXAFS. Although there are several naturally
occurring non-corrin Co2+ enzymes,28 the nitrile hydratase from
R. rhodochrousJ1 is the first example, to our knowledge, of a
native non-corrin Co3+ enzyme as well as of biological Co-S
coordination.
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Figure 2. X-ray absorbance spectra of cobalt- and iron-containing
nitrile hydratases at pH 7. (a) X-ray near-edge spectra. The Co
spectrum is slightly better resolved due to the slit width employed (0.2
vs 0.5 mm with the same Si 111 monochromator). The Fe spectrum
is offset by+0.1. (b) Fourier transformed EXAFS (k) 1.0-14.3 Å-1).
(c) Base-line-corrected (O) and Fourier-filtered (|) EXAFS of the cobalt
enzyme and two fits (curves) to the filtered data. The filtered EXAFS
is a back-transform (r′ ) 1.0-2.3 Å) of data in (b); the bars indicate
the estimated uncertainty.16 Thick line: two S and three N,r ) 2.204-
(9) and 1.946(10) Å,∆σ2 ) -1(10) and-25(14) pm2. Thin line: two
S and four N,r ) 2.196(11) and 1.955(12),∆σ2 ) 10(12) and 10(17)
pm2. Values in parentheses are esd values of last digit.16,19

Figure 3. Histogram of the average Co-S bond lengths ((0.01 Å)
for structurally characterized low-spin Co3+ complexes with S2NnO4-n

coordination spheres. The arrow marks〈rS〉 determined forR. rhodo-
chrousJ1 nitrile hydratase.
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