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Figure 4. Infrared absorption spectra of (a) Cry(taec)Cly, (b) Cu,-
(taec)(ClOy)4 (type 1), and (c) Cu,(taec)Br(ClOy); (type 2).
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of Cr(en),I,, where en denotes ethylenediamine, has a corre-
sponding band at 550 nm with a shoulder at 690 nm.!>  As shown
in Figure 3, Cry(taec)Cl, obeys Curie’s law and the effective
magnetic moments are almost constant in the temperature range
85~300 K. The values of the effective magnetic moments, uq
= 4.70 ug (at 297 K) and 4.63 ug (at 85 K), were consistent with
those of a chromium(II) ion of high spin state. The bromide also
obeys Curie’s law: u = 4.53 up (at 297 K) and 4.53 ugp (at 85
K). These results clearly indicate that magrietic interaction be-
tween the chromium(II) ions is very weak for both complexes.

As expected, the complexes are stable in dry air; no appreciable
color change was observed for 1 month in dry air at ambient
temperature. When exposed to moisture-saturated air, however,
the compounds were tinged with brown in several minutes and
became almost black in 2 h. A few air-stable binuclear chro-
mium(II) complexes have been reported recently.>'? Cotton and
his co-workers demonstrated that Cr,(hmp), (where Hhmp =
2-hydroxy-6-methylpyridine) was stable in dry air but was oxidized
gradually in moist air after ca. 10 days.>!® Ardon et al. reported
the compounds [Cr,(gly),X;]1X, (where gly = zwitterionic glycine
and X = CI, Br), which were quite stable toward atmospheric
oxidation in the solid state.!! The mononuclear chromium(II)
bis(nicotinate) complex trans-[Cr(nic-N),(H,0),] (where nic-N~
is N-coordinated nicotinate ion), reported by Broderick et al. was
also stable in air. The remarkable stability of [Cry(gly)sX,] X,
and trans-[Cr(nic-N),(H,0)4] was attributed to the tight hydrogen
bondings within the crystal lattice.!'> The binuclear complexes
Cry(hmp), and [Cr,(gly)4X,]X; have a quadruple Cr—Cr bond,
which should substantially contribute to the stability. However,
in the case of our complexes, neither direct Cr—Cr bonding nor
very strong hydrogen bondings like those of the above complexes
are likely to exist. Hydrogen bondings much stronger than those
in Cr(en),I,, which readily undergoes air oxidation, cannot be
expected for our complexes. Thus, the stability of our complexes
toward air may be attributed to the steric effect of the taec ligand
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as observed for cobalt(IT) taec complexes.

All attempts to obtain single crystals for X-ray diffraction have
been unsuccessful so far. In order to elucidate the structure of
the complexes, their infrared spectra were compared with those
of copper(II) taec complexes whose structures were already known.
It was shown in a preceding paper* that the type of structure of
taec complexes could be diagnosed by comparing IR spectra. As
shown in Figure 4, the IR spectral pattern of Cry(taec)Cly is very
similar to that of Cu,(taec)(ClO,), (type 1), except for the ab-
sorption due to ClO,", but is substantially different from that of
Cu,(taec)Br(ClO,); (type 2). The spectrum of Cry(taec)Br, was
practically the same as that of the chloride. These results indicate
that the present complexes have the type 1 structure. If so, the
methylene groups on the 6- and 13-positions of the cyclam ring
are located near the coordination sites of the metal centers, hin-
dering the formation of six-coordination. In the case of Cr,-
(hmp),,>1° the axial coordination sites are blocked by the methyl
groups of the ligands. Hence, the high stability of this complex
in air may partly be due to the steric configuration as observed
for our complexes.
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Pseudoazurin is a bacterial blue copper protein, together with
azurin, amicyanin, and rusticyanin.2 There are three pseudoa-
zurins so far isolated. Two proteins from denitrifying bacteria,
Achromobacter cycloclastes IAM 1013** and Alcaligenes faecalis
strain S-6° have one blue copper per 124 and 1237 amino acid
residues, respectively, being able to transfer electrons to their
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Figure 1. EPR spectrum of Achromobacter pseudoazurin in 0.1 M
phosphate buffer (pH 6.0) at 77 K.

homologous copper nitrite reductases.** The other pseudoazurin
synthesized along with amicyanin by methylotroph (Pseudomonas
AMI1) growing on methylamine contains 123 amino acid resi-
dues.®®  The visible absorption spectrum of Achromobacter
pseudoazurin displays three absorption bands at 455 nm (e = 1400
M-1em™), 596 nm (¢ = 3700 M~ em™), and 754 nm (e = 1700
M-! em™T) like those of the other bacterial copper proteins, but
the € value of the 455-nm band is characteristically larger than
those (300—600 M™! em™) of the corresponding bands of azurin!®!!
and amicyanin:'>!3 in the case of 4lcaligenes pseudoazurin, the
e value is 1200 M~! em .5 The 450-nm absorption band of
rust}cyl%nin also has a large absorption coefficient (1060 M™!
cm™!).

Figure 1 shows the EPR spectrum of Achromobacter pseu-
doazurin at 77 K. The rhombic character (g, = 2.20, g, = 2.09,
g, =2.02, 4, =55G, and A4, = 68 G) of the copper(II) center,
identical with that in Alcaligenes pseudoazurin,’ is clearly ob-
served, whereas axial-type spectra (g, > g, > 2) consistent with
a d,2_,2 ground state are recognized in azurin®!%!15 and amic-
yanin,'¢ which exhibit a weak absorption band at around 450 nm.
The similar rhombic EPR signal was also observed in rusticyanin.!?
Moreover, it is interesting that the different symmetries of EPR
signals were found in simple blue copper proteins from plants
(rhombic in plantacyanin,!®!? stellacyanin,?® and mavicyanin;?!
axial in plastocyanin??%?* and umecyanin®*).

Recently the three-dimensional structure of Alcaligenes pseu-
doazurin was determined at 2.9-A resolution by X-ray crystal-
lography.?® The crystal analysis demonstrated that the structure
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Figure 2. CD (a), MCD (b), and absorption (c) spectra of Co(II)-sub-
stituted Achromobacter pseudoazurin in 0.1 M Tris~HCI (pH 8.0) at
room temperature.

Table I. Absorption Spectral Data for Cobalt(II) Derivatives of Blue
Copper Proteins (A, nm)

A. cycloclastes  cucumber cucumber bean
pseudoazurin  plantacyanin plastocyanin plastocyanin
S —Co 335 331 336 333
390 (sh)° 390 (sh) 380 (sh) 385 (sh)
440 (sh) 440 (sh) 430 (sh) 430 (sh)
d—d 505 510 507 508
640 (sh) 640 (sh) 650 650 (sh)
673 676 676 673
ref this work 34 37 32
Alcaligenes sp. P. aeruginosa
azurin azurin stellacyanin
S —Co 329 330 310
374 375 365
410 (sh) 408 (sh)
d—d 522 521 540
638 637 625
655 (sh) 655
ref unpublished data 32 31,32

9sh = shoulder band.

of an eight-stranded B-barrel resembles closely those of plasto-
cyanin®?" and azurin,!"%% and the copper center also has a donor
set containing two histidine residues, one cysteine, and one me-
thionine like those of plastocyanin and azurin. The geometry of
the copper site, however, is still not disclosed.

Here we report the preparation and characterization of Co-
(IT)-substituted Achromobacter pseudoazurin in order to obtain
the structural information of the copper center. Copper ions in
many blue copper proteins have been replaced by cobalt(II) ions
generally suitable as an environmental probe.’!-3¢
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The pseudoazurin isolated from A. cycloclastes IAM 1013 was
purified according to the methods reported already.>* The ab-
sorbance ratio of A,/ Asg, Was 1.45. The complete Cu depletion
was carried out by dialyses (twice) of the pseudoazurin solution
against 0.1 M Tris—HCI buffer (pH 8.0) containing KCN (0.01
M). Cobalt(II)-substituted pseudoazurin was prepared by
anaerobic incubation of apopseudoazurin (0.49 umol) and CoCl,
(5 umol; Co in 99.999% purity) in 2 mL of 0.1 M Tris~HClI buffer
(pH 8.0) for 6 days at 4 °C. The excess cobalt ion was removed
by dialysis against 0.1 M Tris—HCI (pH 8.0) for 5 h and the
resulting Co(II)-pseudoazurin was concentrated for spectroscopic
measurement. The concentration of cobalt in Co(II)-pseudoazurin
was determined to be 0.8 mM (Co/protein = 1) by measurement
with an atomic absorption spectrophotometer.

The electronic, CD, and MCD spectra of Co(II)-pseudoazurin
at room temperature are represented in Figure 2. The electronic
absorption spectrum in the range of 300-500 nm shows one ab-
sorption band at 335 nm and two shoulder bands at around 390
and 440 nm. In the same region, the CD and MCD spectra
manifest three and four extrema, respectively. These absorption,
CD, and MCD bands demonstrated that there is one cysteinyl
ligand around cobalt(II) responsible for a S~ — Co(II) charge
transfer, as described in the other Co(II)-substituted blue copper
proteins (Table I). This finding corresponds with the results of
the amino acid sequence and the X-ray crystallographic analysis
of Alcaligenes pseudoazurin.?® The visible absorption peaks at
505 and 673 nm and the shoulder band near 640 nm (¢ = 240~-270
M-! cm™! are assigned to the d—d transitions (*A,(F) — *T,(P))
for the distorted tetrahedral Co(II) ion,***# which are compared
with the d—d transitions for several Co(II)-substituted proteins
in Table I. The negative pattern of the MCD spectrum at 600~700
nm is likewise compatible with tetrahedral symmetry for the
high-spin Co(II) ion.3*3® In Table I, the spectral data of co-
(IT)-substituted Achromobacter pseudoazurin are similar to those
of the Co(Il) derivatives of two plastocyanins and especially
cucumber plantacyanin, but they are a little different from those
of the Co(II) derivatives of two azurins and stellacyanin.
Moreover, the CD and MCD spectra of Co(II)-pseudoazurin in
Figure 2 also display more of a resemblance to those of Co-
(II)-plastocyanin and Co(II)-plantacyanin than to those of Co-
(II)-azurin and Co(II)-stellacyanin.333437

The Co(II) substitution of pseudoazurin implies that the donor
set of the copper site in native pseudoazurin is in accord with that
of cucumber plantacyanin and the structure of the copper site is
essentially more analogous to those in cucumber and bean plas-
tocyanins rather than that in bacterial azurin. According to the
X-ray crystallographic analyses of plastocyanin?®?’ and azu-
rin,!1»28-30 the copper site of plastocyanin was determined to be
a very distorted tetrahedral arrangement with three in-plane,
strongly bound ligands (two imidazole nitrogens and one cysteinyl
sulfur, CuN,S) and one axial, weakly bound sulfur ligand, me-
thionine.?® However, in azurin, a distorted trigonal-planar ge-
ometry (CuN,S) with two weakly interacting groups (methionyl
sulfur and the peptide carbonyl oxygen of a glycine residue) in
axial positions completing an axially elongated trigonal bipyramid
was confirmed.!!3? The spectroscopic difference between Co-
(II)-plastocyanin and Co(II)-azurin could be associated with the
above geometrical differences in the native forms.

As mentioned above, the intense absorption bands near 450 nm
and the rhombic-type EPR signals of native pseudoazurin and
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plantacyanin® are distinct from the weak corresponding absorption
band and the axial-type EPR signal of native plastocyanin. On
the other hand, the metal sites in the Co(II) derivatives of
pseudoazurin and plantacyanin are geometrically similar to that
in Co(II)-plastocyanin. This suggests that the axial binding of
methionine sulfur to the distorted trigonal-planar CuN,S moiety
in pseudoazurin or plantacyanin may be stronger than that in
plastocyanin. It seems likely that the axial bonds in the copper
sites of pseudoazurin and plantacyanin, which are shorter than
that in plastocyanin, cause a rhombic EPR signal attributable to
a distorted tetrahedral copper(Il) and contribute to the high
absorptivity of the band near 450 nm. The 455-nm band of
Achromobacter pseudoazurin consists of two transitions exhibiting
two CD extrema at 400 and 464 nm; at least one of the two
transitions is probably due to a S(Met) — Cu charge-transfer
transition,’®* although an alternative assignment to N(His) —
Cu charge transfers is considered a possibility.*%#!  Native
stellacyanin also shows a rhombic EPR spectrum. However, the
spectroscopic properties of Co(II)-stellacyanin are different from
those of Cu(II)-pseudoazurin, which is likely related to the absence
of methionine in the coordination sphere of stellacyanin.?
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Only two studies on the interaction of boron—nitrogen com-
pounds with ureas are known. First, the reaction of borazines,
(-RBNR’-);, with urea as well as N-mono- and N,N"-diorganyl
derivatives thereof has been described to proceed according to eq

1. The resultant 1,3,5-triaza-2,4-diboracyclohexan-6-one
g
_BR‘NHZ RuN/ \NRM
2 (-RBNR'=)3 + 3 (R'HN),CO ——= ]
RB\N R

(=ketotriazadiborinane) species 1 (obtained in 55-65% yield) were
characterized by elemental analysis only.? Several compounds
containing the same structural skeleton of 1 and related species
such as 2 and 3 were found among the reaction products of
haloorganylboranes with N-organo-substituted ureas as well as
N-lithiated® or N-silylated®> derivatives of the latter.
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