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Introduction

The last decade has seen a resurgence in the utilization of
NMR spectroscopy to study paramagnetic copper sites in
proteins.[1–14] For the mononuclear type 1 (T1) copper cen-
ters found in the cupredoxins [small electron transfer (ET)
proteins] studies have shown that a number of isotropically
shifted 1H NMR resonances can be observed and as-
signed.[1,8–14] However, most of these signals are extremely
broad due to the relatively slow electronic relaxation rate of
the metal and a number of active site resonances cannot be
observed. Assignment, and in some cases indirect signal ob-
servation (using blind saturation-transfer experiments[8–10,12]),
has depended on using the electron self-exchange (ESE) re-
action to correlate the shifted signals of the CuII form with
their diamagnetic counterparts in the CuI cupredoxin. It was

demonstrated some time ago that hyperfine shifted resonan-
ces could be observed for the ET T1 site of copper-contain-
ing nitrite reductases (NiRs), which are very large enzymes
(Mr�110 kDa)[15] but assignment of these signals using the
ESE approach was not possible. The NiRs also contain a
catalytic type 2 (T2) copper site whose electronic relaxation
rate is ~1 order of magnitude slower than that of a T1
copper center,[16] resulting in all paramagnetically shifted
resonances from the T2 center being broadened beyond de-
tection.[15] To investigate the active sites of NiRs in more
detail by NMR spectroscopy we have prepared derivatives
in which the CuII ions have been replaced with the faster re-
laxing CoII; an approach which has previously been used to
study a number of copper proteins.[17–31]

The copper-containing NiRs function in the dissimilatory
denitrification pathway of certain micro-organisms, reducing
nitrite to nitric oxide.[32] These proteins are trimeric and in
each subunit (Mr�36 kDa) the T1 and T2 copper sites (see
Figure 1) are in close proximity (~12.5 7 apart) housed in
cupredoxin domains.[33, 35–38] The T1 copper site has the typi-
cal His2 Cys Met distorted tetrahedral arrangement, whereas
at the T2 center the metal is coordinated by three His resi-
dues. Two of these His ligands belong to one subunit with
the other from the adjacent monomer; the T2 copper site
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thus has an inter-subunit location. The T2 site is completed
by a water ligand that is displaced by the substrate, which
binds through its oxygen atoms in an asymmetric bidentate
fashion.[33,35,38]

Two distinct types of copper-containing NiRs that are
either green or blue in color are known.[32,33,35–37,39] The UV/
Vis and electron paramagnetic resonance (EPR) spectra of
the T1 centers in these proteins are very different (see Fig-
ures S1 and S2 in the Supporting Information). Similar spec-
troscopic variations are observed in all cupredoxins, which
has led to the classic and distorted (perturbed) T1 copper
site classifications.[40–42] Classic T1 sites, such as that in the
blue NiRs, have very little absorption at about 450 nm in
their UV/Vis spectra and possess axial EPR spectra, where-
as distorted centers, as found in the green NiRs, have in-
creased absorbance at about 450 nm and more rhombic
EPR signals (see Figures S1 and S2 in the Supporting Infor-
mation). Previous NMR studies of the CuII NiRs provided
an indication of an altered interaction with the axial Met
ligand at the T1 sites of the blue and green enzymes.[15] In
this study NMR spectroscopy is used to investigate CoII-sub-
stituted forms of a blue and a green NiR to enable a more
detailed comparison of both their T1 and T2 sites.

Results

UV/Vis spectra of CoII-substituted NiRs : The UV/Vis spec-
tra of the blue [Alcaligenes xylosoxidans (A. xy)] and green
[Achromobacter cycloclastes (A. cy)] NiRs, which have CoII

only at the T2 site (these samples have copper at the T1
sites, which is maintained in the spectroscopically silent re-
duced form by the addition of ascorbate, and are thus refer-
red to as the T1CuI/T2CoII derivatives) are shown in
Figure 2. For both proteins three weak ligand-field (LF)
bands are observed in the 500 to 600 nm region of the spec-
trum (see Table 1). CoII has also been incorporated into
both the T1 and T2 sites of the A. cy and A. xy NiRs to give
the T1CoII/T2CoII derivatives. The UV/Vis spectra of
T1CoII/T2CoII A. xy and A. cy NiRs (Figure 2) are very sim-

ilar to those reported previously,[43] and peak positions and
intensities are listed in Table 1. The additional bands rela-
tive to the spectra of the T1CuI/T2CoII derivatives must all
arise from the T1 CoII centers [the spectra of T1CoII/T2CoII

A. xy and A. cy NiRs show relatively lower intensity for the
absorption bands at around 550–600 nm (the T2 LF bands)
compared with those reported previously,[43] which can be
attributed to either a lower T2 CoII occupancy in our sam-
ples or a higher T1 CoII occupancy]. The intense absorption
band at 332 nm in the spectrum of T1CoII/T2CoII A. xy NiR
(333 nm in A. cy protein) is attributed to a SACHTUNGTRENNUNG(Cys)!CoII

ligand-to-metal charge-transfer (LMCT) transition of the T1
site with the band at 402 nm (414 nm in A. cy protein) also
arising from an LMCT transition involving the same
ligand.[43] The absorption band at about 500 nm (which over-
laps with a T2 LF transition) and those between 600 and
700 nm have been assigned to LF transitions from the CoII-
substituted T1 site.[43] These features are analogous to those
found in the UV/Vis spectra of CoII cupredoxins.[25,28, 31,44, 45]

1H NMR spectroscopy of CoII-substituted NiRs : The 1H
NMR spectra of the CuII forms of the A. cy and A. xy NiRs
have been published previously.[15] Only six–seven very

Figure 1. The structure of the copper sites in one of the monomers of
Achromobacter cycloclastes NiR (PDB accession code 1NIA[33]) drawn
with MOLSCRIPT.[34] Black spheres indicate the copper ions and the co-
ordinating residues are labeled. The T2Cu His306 ligand is provided
from the adjacent monomer and the water ligand at the T2 site has been
omitted. The corresponding ligating residues in the Alcaligenes xylosoxi-
dans enzyme are His89, Cys130, His139, and Met144 at the T1 site and
His94, His129, and His300 at the T2 center.[35, 36]

Figure 2. The UV/Vis spectra (25 8C) of the T1CoII/T2CoII NiRs in 10 mm

Hepes pH 8.0. The insert shows the spectra (25 8C) of the T1CuI/T2CoII

NiR derivatives. Spectra were acquired in the presence of excess ascor-
bate.

Table 1. Positions and intensities of the bands observed in the UV/Vis
spectra (25 8C) of the CoII-substituted NiRs.

Assignments[a] A. xy A. cy
l [nm] e [m�1 cm�1] l [nm] e [m�1 cm�1]

LMCT[b] 332 2500 333 2000
LMCT[b] 402 810 414 680
LF[b] 509 380 509 410
LF[c] 525 290 517 330
LF[c] 560 380 555 400
LF[c] 578 390 576 400
LF[b] 640 340 638 350
LF[b] 688 420 682 330

[a] Taken from reference [43]. [b] From the T1 CoII site of the T1CoII/
T2CoII derivatives. [c] From the T2 CoII center of the T1CuI/T2CoII pro-
teins.
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broad shifted signals can be ob-
served, which all arise from
protons associated with the T1
site [the spectra of the fully
CuII loaded and T2 copper de-
pleted (T2D) enzymes are iden-
tical] and could only be as-
signed by comparison to data
for CuII cupredoxins (the usual
strategy for assignment of para-
magnetic signals arising from
oxidized T1 copper sites, which
involves the use of saturation
transfer difference experiments
on 1:1 mixtures of CuII and CuI

protein to correlate shifted res-
onances to their counterparts in
the diamagnetic protein,[8–14]

could not be applied to the
NiRs owing to the probable ab-
sence of ESE and the very
broad nature of the CuI reso-
nances). The spectrum of
T1CuII/T2CoII A. xy NiR was
investigated to see if the prox-
imity to CoII could influence
the relatively slow electronic re-
laxation of the CuII T1 site. No
significant decrease in the line
widths of resonances arising
from the oxidized T1 copper li-
gands was observed. Therefore,
unlike in the paramagnetic 1H
NMR studies of Cu2Co2 super-
oxide dismutase,[18–22] in which
substitution of the native ZnII

with CoII results in enhanced
electronic relaxation at the CuII

site, allowing relatively sharp isotropically shifted resonan-
ces to be observed, electronic coupling does not occur in
this NiR derivative (in superoxide dismutase the metal sites
are actually bridged by a His residue, which facilitates cou-
pling). We have therefore studied the 1H NMR spectra of
the T1CuI/T2CoII and T1CoII/T2CoII-substituted forms of
the blue and green NiRs to obtain detailed active site infor-
mation.

The 1H NMR spectra of T1CuI/T2CoII and T1CoII/T2CoII

A. xy NiR in 10 mm phosphate pH 7.8 (90% H2O/10%
D2O) at 40 8C are shown in Figures 3A and 3B, respectively,
while those of T1CuI/T2CoII and T1CoII/T2CoII A. cy NiR,
respectively, in 10 mm phosphate pH 7.7 (90% H2O/10%
D2O) at 40 8C are shown in Figures 4A and 4B. The hyper-
fine shifted resonances observed in the spectra of both pro-
teins are listed in Table 2 along with their dobs and T1 values.
All of these resonances have properties (short T1 values,
large line widths, and hyperfine shifts) that identify them as
arising from protons associated with the coordinating amino

acids (see Figure 1). Assignments were made by observing
dipolar connectivities and utilizing the high-resolution struc-
tures of the CuII proteins [PDB accession codes 2BW4
(0.9 7) and 1OE1 (1.04 7) for the green[38] and blue[36] en-
zymes, respectively] with protons added using Insight II. As-
signment has been assisted by comparing the spectra of
T1CuI/T2CoII and T1CoII/T2CoII samples, using the ex-
changeable behavior of resonances (when appropriate) and
in some cases by homology to the assigned spectra of CoII-
substituted cupredoxins.[23–31]

The spectra shown in Figures 3A and 4A of the T1CuI/
T2CoII NiRs, which possess paramagnetically shifted reso-
nances from only the T2 site, are extremely similar. In both
cases the three signals in the d = 75–55 ppm region arise
from exchangeable protons and one of the overlapping reso-
nances at around d = 55 ppm (signal I/i in A. xy/A. cy NiR,
respectively) exchanges very slowly (see Figures 5D and
6D). The irradiation of resonance F gives rise to NOEs to
peaks M and N (Figure 5B), whilst an NOE is observed to

Figure 3. 1H NMR spectra of (A) T1CuI/T2CoII and (B) T1CoII/T2CoII A. xy NiR in 10 mm phosphate pH 7.8
(90% H2O/10% D2O) recorded at 40 8C.

Figure 4. 1H NMR spectra of (A) T1CuI/T2CoII and (B) T1CoII/T2CoII A. cy NiR in 10 mm phosphate pH 7.7
(90% H2O/10% D2O) recorded at 40 8C.

Chem. Eur. J. 2006, 12, 6647 – 6659 B 2006 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 6649

FULL PAPERNitrite Reductases

www.chemeurj.org


peak O upon irradiation of peak I (Figure 5C) in A. xy NiR
(it is very difficult to individually irradiate peaks I and J
owing to their close proximity in the spectrum but vide
infra). An identical pattern of NOEs is seen upon irradia-
tion of signals f and i/j in the spectrum of T1CuI/T2CoII A.
cy NiR (see Figure 6). Experiments were also carried out in
10 mm phosphate pH* 7.8 (99.9% D2O) and the same NOE
pattern as obtained when irradiating the overlapping signals
I/J and i/j was observed upon irradiation of the slowly ex-
changing resonances I and i (see Figures 5E and 6E). This
demonstrates that the connectivities observed for these sig-
nals in the spectra of the samples in 90% H2O/10% D2O
arise from peaks I/i and not the overlapping signals J/j. The
irradiation of peak J in the spectrum of the A. xy NiR gives
rise to an NOE to signal P (at d = 12.1 ppm, data not
shown) which is not observed when peak I is irradiated in
D2O. An NOE to the peak at d = 11.3 ppm (peak p) is ob-
served when the overlapping signals i/j in the A. cy NiR
spectrum are irradiated (data not shown), which is not seen
when resonance i alone is irradiated in the experiment in
D2O.

The T2 centers of both NiRs involve coordination of the
metal by three His ligands, all through their Ne2 atoms, and
a water ligand (see Figure 1),[33,36, 38] and the signals from ex-
changeable protons in the spectra of the T1CuI/T2CoII deriv-
atives can only arise from the Nd1H protons of the these His
ligands (His94, His129, and His300 in A. xy NiR and
His100, His135, and His306 in the A. cy protein). Coordina-
tion to CoII by the Ne2 atom of a His residue results in

severe line broadening of the Ce1H and Cd2H proton reso-
nances[21] (these protons will be ~3 7 away from T2CoII)
(see Figure 7) and thus are not observed in our spectra. The
signals at around d = 20–10 ppm, which give NOEs to the
His ligand Nd1H proton resonances in both proteins, must
therefore arise from the CbH protons of the His ligands. Of
the three T2 site His ligands only one (His94 in A. xy
NiR[36] and His100 in the A. cy protein[38]) has a conforma-
tion that results in the Nd1H proton being close to both of
the CbH protons (2.65 and 2.81 7 in A. xy NiR and 2.71 and
2.86 7 in the A. cy protein). Therefore, signal F in A. xy
NiR (and peak f in the A. cy enzyme) can be assigned to
the Nd1H proton of His94 (His100 in A. cy NiR) and peaks
M/m and N/n to the CbH protons of this His ligand. In the
NiRs, the His129/His135 Nd1H proton is a hydrogen bond
donor to the carbonyl oxygen atom of Cys130/Cys136,[33,35]

and thus this proton is expected to exchange slowly. Peak I/i
can hence be assigned to the His129/His135 Nd1H proton
and peak O/o to one of the CbH protons of this residue. In-
terproton distances of 2.58 and 3.78 7 between the His129
Nd1H and CbHs in A. xy NiR (2.64 and 3.82 7 for His135 in
the A. cy protein) highlight why an NOE to only one
His129 CbH (and His135 CbH) proton resonance is ob-
served. The remaining peak J/j is assigned to the Nd1H
proton of His300/His306 with signal P/p belonging to one of
the CbH proton resonances of this His ligand (Nd1H to CbH
interproton distances of 2.85 and 3.85 7 in A. xy NiR and
2.83 and 3.86 7 in the A. cy enzyme).

Table 2. The hyperfine shifted resonances in the paramagnetic 1H NMR spectra of the CoII-substituted NiRs.[a]

A. xy A. cy
Resonances dobs [ppm] T1 [ms] Assignment Resonances dobs [ppm] T1 [ms] Assignment

A ~320 <0.5 Cys130 CbH a ~360 n.d.[b] Cys136 CbH
C[c] ~290 1.6 Met144 CgH b ~310 n.d. Cys136 CbH
E ~94 1.6 Met144 CeH3 c ~232 1.9 Met150 CgH
F 71.2 2.1 His94 Nd1H (T2) d ~144 1.1 Met150 CgH
H 68.7 ~1.5 His139 Ne2H e ~95 1.5 Met150 CeH3

G 61.4 ~3.5 His89 Ne2H f 72.8 2.3 His100 Nd1H (T2)
I 57.2 2.8 His129 Nd1H (T2) g 66.3 n.d. His95 Ne2H
J 55.6 2.9 His300 Nd1H (T2) h 59.7 n.d. His145 Ne2H
K 49.0 10.6 His89 Cd2H i 57.3 2.5 His135 Nd1H (T2)
L 47.0 7.5 His139 Cd2H j 57.3 ~3 His306 Nd1H (T2)
M 23.8 11.7 His94 CbH (T2) k 46.7 ~8.3 His95 Cd2H
N 22.9 13.7 His94 CbH (T2) l ~46 ~8.3 His145 Cd2H
O 21.4 6.6 His129 CbH (T2) m 23.8 8.0 His100 CbH (T2)

20.3 6.4 n 23.3 8.4 His100 CbH (T2)
P 12.1 n.d. His300 CbH (T2) o 22.2 3.5 His135 CbH (T2)

�10.1 ~11 p 11.3 n.d. His306 CbH (T2)
�15.0 4.5 �11.2 ~8.4

D ~�19 ~2 Met144 CgH �15.7 4.3
~�29 n.d. ~�21 ~7.5
~�20 [d] n.d. �24.5 4.3

q �32.0 4.1 Met150 CbH
~�59 n.d.
~�22 [d] n.d.

[a] Data recorded at 300 MHz in 10 mm phosphate pH 7.8 for A. xy NiR and pH 7.7 for A. cy NiR (both in 90% H2O/10% D2O). Included are the ob-
served chemical shift (dobs), the spin-lattice (T1) relaxation times and the assignments that have been made. The dobs values arise from three contributing
factors; ddia (the shift in an analogous diamagnetic system), dpc (the pseudo-contact, through space, contribution) and dc (the Fermi-contact, through
bond, contribution) and dpc+dc = diso (the isotropic or hyperfine shift). [b] Not determined due to the very large linewidth and/or overlap. [c] Over-
lapping with one of the Cys130 CbH proton resonances. [d] Observed in the spectrum of T1CuI/T2CoIIsample.
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Resonances F, I, J, and M–P as well as f, i, j, and m–p in
the 1H NMR spectra of T1CoII/T2CoII A. xy (Figure 3B)
and A. cy (Figure 4B) NiRs, respectively, have already been
assigned to T2 His ligand protons (vide supra). The remain-
ing isotropically shifted resonances therefore must belong to
the coordinating residues at the T1 center (see Figure 1).
Peaks H/h and G/g (see Figures 3B and 4B) are exchangea-
ble (spectra of the T1CoII/T2CoII NiR derivatives in D2O
are shown in Figure S3 in the Supporting Information) and
must arise from the Ne2H protons of the two T1 His ligands
(His89/95 and His139/145), which coordinate through their
Nd1 atoms (this results in the Ce1H proton being about 3 7
from the metal ion and its resonance will be extremely
broad, whereas the Ne2H and Cd2H protons are much further
away and their resonances will be sharper and more readily
observed; see Figure 7). The most intense of these two reso-
nances in the spectra of T1CoII/T2CoII A. xy and A. cy NiRs
(peak G/g) is assigned to the Ne2H proton of the buried His
ligand (His89/95).[33,36,38] Resonance H/h can therefore be as-
signed to the Ne2H proton of the solvent-exposed His ligand
in the NiRs (His139/145). Selective irradiation of peak G

(and signal g) gives rise to an NOE to peak K (and reso-
nance k) (see Figures 8B and 8D). Signals K and k have rel-
atively long T1 values (see Table 2) and can be assigned to
the Cd2H protons of His89 and His95 in A. xy and A. cy
NiRs, respectively (the reverse NOEs are observed upon ir-
radiation of signals K/k, data not shown). NOE experiments
in which signals H and h were selectively irradiated were
not possible owing to spectral overlap. However, the rela-
tively long T1s and dobs values of resonances L and l indicate

Figure 5. Reference (A and D) and difference (B, C, and E) 1H NMR
spectra (300 MHz) of T1CuI/T2CoII A. xy NiR corresponding to 1D
NOE experiments performed in 10 mm phosphate (90% H2O/10% D2O)
at pH 7.4 (A–C) and in 10 mm phosphate (99.9% D2O) at pH* 7.8 (D
and E) at 40 8C. In spectra B and C peaks F and I were irradiated and in
spectrum E peak I was irradiated.

Figure 6. Reference (A and D) and difference (B, C, and E) 1H NMR
spectra (300 MHz) of T1CuI/T2CoII A. cy NiR corresponding to 1D NOE
experiments performed in 10 mm phosphate (90% H2O/10% D2O) at
pH 7.7 (A–C) and in 10 mm phosphate (99.9% D2O) at pH* 7.7 (D and
E) at 40 8C. In spectra B and C peaks f and the overlapping peaks i and j
were irradiated and in spectrum E peak i was irradiated.

Figure 7. Schematic representation of a His residue coordinating to
cobalt through its Nd1 and Ne2 atoms.
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that they arise from the Cd2H protons of the His139 and
His145 ligands in A. xy and A. cy NiRs respectively [the
Cd2H proton resonances from the His ligands in CoII-substi-

tuted cupredoxins typically have dobs values between d = 40
and 60 ppm and are usually found close together (see
Table 3)[23–31]].

The most intense isotropically shifted resonances in the
1H NMR spectra of the T1CoII/T2CoII A. xy and A. cy NiRs
are signal E and peak e respectively. These resonances both
have intensities equivalent to three protons and therefore
can be assigned to the CeH3 group of the axial Met144 and
Met150 T1 ligands in the two enzymes. Irradiation of these
signals does not give rise to NOEs to any other hyperfine
shifted resonances. Furthermore, the irradiation of the other
hyperfine-shifted resonances does not result in any NOEs to
peak E and resonance e. This is consistent with observed
distances between the Met CeH3 moiety and other active-
site protons, and the T1 values of these resonances.[31,46]

Signals a–d in the spectrum of the A. cy protein (see Fig-
ure 4B) all appear to have intensities equivalent to one
proton (the width of peaks a and b makes integration diffi-
cult). The broad nature of peaks a and b along with their ex-
tremely short T1 values identify them as arising from the
CbH protons of the Cys136 ligand [the corresponding reso-
nances in CoII cupredoxins have similar properties and are
usually found close together (see Table 3)[23–31]]. The irradia-
tion of resonances a and b does not result in significant di-
polar connectivities to any other hyperfine-shifted resonan-
ces (the NOE between a and b cannot be observed owing to
the very broad nature of these resonances and their ex-
tremely small T1 values) although very weak NOEs are seen
at d = 26.6, 18.5, and 14.9 ppm upon irradiation of signal a
(data not shown). The selective irradiation of peak c results
in a strong NOE to peak d (Figure 9B). The reverse NOE is
observed when peak d is irradiated (Figure 9C). Such a
strong dipolar connectivity identifies these resonances as be-
longing to a geminal pair of protons which can only arise
from the CgH2 group of the Met150 ligand. This is confirmed

Figure 8. Reference (A and C) and difference (B and D) 1H NMR spec-
tra (300 MHz) of T1CoII/T2CoII A. xy (A and B) and A. cy (C and D)
NiRs corresponding to 1D NOE experiments performed in 10 mm phos-
phate (90% H2O/10% D2O) at pH 7.8 and 40 8C. In spectrum B peak G
was irradiated whilst in D resonance g was irradiated.

Table 3. The dobs values (ppm) of resonances in the 1H NMR spectra of the CoII NiRs compared with those for the corresponding resonances in the spec-
tra of CoII-substituted cupredoxins.

Ligand[a] Proton A. xy (blue) A. cy (green) CoII AZ[d] CoII RST[e] CoII PC[f] CoII AMI[g] CoII PAZ[h]

T1 CoII dobs
[b] T1 CoII dobs

[c] dobs dpc dc dobs dpc dc dobs dobs dobs

His Hd2 49.0 46.7 50.6 7.8 37.3 59.7 �1.9 53.6 55.8 52.6 53.1
He1 – – 97 85.7 4.4 – – – 133 118/38 146/57
He2 61.4 66.3 74.9 16.6 46.9 69.2 10.3 44.2 63.2 62.3 61.9

Cys Hb1 ~320/290 ~360/310 232 5.4 223.2 287/260 69.9/59.7 205/184 299 285 315/267
Hb2 ~320/290 ~360/310 285 �5.3 287.4 287/260 69.9/59.7 205/184 275 285 315/267

His Hd2 47.0 46.0 56.4 7.2 42.3 48.7 3.4 38.5 43.8 51.0 43.6
He1 – – 75 23.3 45 – – – 60 118/38 146/57
He2 68.7 59.7 65.8 7.5 46.8 80.3 19.9 48.9 75.3 74 71.4

Met Hb1 – – �18.9 �25.9 5.3 �31.0 �23.2 �9.8 �18.4 �18.6 �31.2
Hb2 – – �18.5 �26.9 6.1 �24.4 �13.5 �17.4 �27.5 �16.1 –
Hg1 290/�19 232/144 45.3 �19.5 64.4 122.9 �11.5 132.5 254 132.5 105.8
Hg2 290/�19 232/144 �19.1 �20.2 �0.3 285.2 �19.2 301.6 87.8 10.0 271.3
CeH3 94 95 �7.3 �31.2 24 103.3 �16.9 130.3 80.4 74.5 90.2

Gly Ha1 – – 47.8 �10.5 54.2 – – – – – –
Ha2 – – �29.4 �26.7 �5.9 – – – – – –

[a] From top to bottom: His89, Cys130, His139, and Met144 for A. xy NiR; His95, Cys136, His145, and Met150 for A. cy NiR; His46, Cys112, His117,
Met121, and Gly45 for azurin (AZ); His85, Cys138, His143, and Met148 for rusticyanin (RST); His37, Cys84, His87, and Met92 for plastocyanin (PC);
His54, Cys93, His96, and Met99 for amicyanin (AMI); His40, Cys78, His81, and Met86 for pseudoazurin (PAZ). [b] This study at 40 8C and pH 7.8.
[c] This study at 40 8C and pH 7.7. [d] From Pseudomonas aeruginosa at pH 4.5 and 37 8C including the dpc and dc contributions to dobs.

[23,27] [e] From Thio-
bacillus ferrooxidans at pH 6.0 and 20 8C including the dpc and dc contributions to dobs.

[29] [f] From spinach at 30 8C and pH 7.8.[31] [g] From Paracoccus ver-
sutus at 40 8C and pH 8.0 (the His96 Ne2H resonance was observed at 22 8C and pH 5.0).[28] [h] From A. cycloclastes at 40 8C and pH 8.0.[30]
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by the observation of an NOE to peak q at d = �32 ppm
upon irradiation of resonance c, which can be assigned to
one of CbH proton resonances of the Met150 ligand [the
CbH proton resonances of the axial Met ligand of CoII cu-
predoxins[23–31] are always found in the upfield region owing
to a relatively large negative dpc value and a very small dc

contribution (see Table 3),[27,29] and usually give NOEs to
the CgH proton resonances]. This is consistent with Met150
CgH to Met150 CbH interproton distances ranging from
2.39 7 to 3.03 7 in CuII A. cy NiR. The irradiation of signal
c also gives a strong NOE to a peak at d = 0.07 ppm
(~700 Hz wide), which could arise from the Met150 CaH
proton resonance (the Met150 CgH to CaH interproton dis-
tances are 2.11 and 2.92 7).

The very small T1 value of peak A (and extremely large
linewidth) in the spectrum of T1CoII/T2CoII A. xy NiR (Fig-
ure 3B) allow assignment of this resonance to one of the
CbH protons of the Cys130 ligand. Selective irradiation of
this signal gives rise to relatively weak NOEs to resonances
at d = 20.3 and 12.4 ppm (data not shown), which is similar
to the NOE pattern observed upon irradiation of peak a in
A. cy NiR (vide supra). Given that the CbH proton resonan-
ces of the Cys ligand are always found close together and at
around d = 300 ppm in the NMR spectra of CoII cupredox-
ins with an axial Met ligand (see Table 3), and that reso-
nance C has an intensity equivalent to two protons, we
assume that the second Cys CbH proton resonance overlaps
with peak C. A strong NOE to the broad signal D (Dn1/2

~3000 Hz) at d = �19 ppm and a resonance at d =

0.1 ppm (Dn1/2 ~550 Hz) are observed upon irradiation of
peak C (data not shown). The strong dipolar connectivity
between peaks C and D, indicates that these resonances

belong to a geminal pair of ligand protons and can be as-
signed to the CgH2 moiety of the Met144 ligand. This assign-
ment is supported by the strong NOE to the signal at d =

0.1 ppm, which can be tentatively assigned, as for the A. cy
protein, to the CaH proton of the axial Met ligand (the
Met144 CgH to CaH interproton distances are 2.31 and
3.39 7). The Cys130 CbH proton resonance that overlaps
with the Met144 CgH signal resulting in peak C is not ex-
pected to give any strong NOEs to other isotropically shift-
ed resonances (as seen in the experiment in which peak b in
the spectrum of the A. cy NiR was irradiated).

Only one of the Met CbH2 proton resonances has been as-
signed (signal q) in the spectrum of T1CoII/T2CoII A. cy
NiR, and as already mentioned these signals are usually
shifted upfield (dobs~�20 to �40 ppm) in the 1H NMR spec-
tra of CoII cupredoxins (with T1 values of ca. 5–10 ms).[23–31]

One of the other resonances in the d~�10 to �30 ppm
region of the T1CoII/T2CoII A. cy NiR spectrum therefore
probably arises from the second CbH proton of the Met150
ligand. The resonances at d = �10.1 and �15.0 ppm in the
spectrum of T1CoII/T2CoII A. xy NiR are tentatively as-
signed to the CbH2 protons of Met144. A number of other
resonances in the spectra of T1CoII/T2CoII A. xy and A. cy
NiRs that only experience relatively small isotropic shifts
have not been assigned and could arise from the CaH pro-
tons of the coordinated Cys residues or the CbH protons of
the T1 His ligands.

Temperature dependence of the dobs values of resonances in
the 1H NMR spectra of the CoII-substituted NiRs : The tem-
perature dependence of the dobs values of the hyperfine-
shifted resonances in the spectra of CoII-substituted A. xy
NiR was studied between 15 and 50 8C and between 25 and
50 8C for the A. cy enzyme. All of the T2 CoII resonances in
the spectra of T1CuI/T2CoII A. xy and A. cy NiRs show
Curie-type behavior (see Figure 10). The temperature de-
pendencies of the T1 CoII resonances in the spectra of the
T1CoII/T2CoII NiRs are shown in Figure 11. For the A. xy
enzyme all of the T1 hyperfine-shifted resonances exhibit
Curie-type behavior (Figure 11A). The only unusual feature
is the dobs value of about �150 ppm at infinite temperature
for peak C (which arises from two overlapping signals). For
T1CoII/T2CoII A. cy NiR Curie-type behavior is seen for all
of the shifted resonances except peak d (see Figure 11B),
and signal c exhibits a dobs value at infinite temperature of
almost �400 ppm (the unusual behavior of peaks c and d,
possibly due to a temperature-induced change in conforma-
tion of the axial Met150 ligand,[36,37] further supports their
assignment to the CgH protons of this residue).

The influence of nitrite on the paramagnetic 1H NMR spec-
tra of the T1CuI/T2CoII NiRs : The paramagnetic 1H NMR
spectrum of T1CuI/T2CoII A. xy NiR was monitored in the
presence of increasing nitrite concentrations at pH 7.8 and
6.7 (data not shown). At pH 7.8 very little effect was ob-
served, whereas at pH 6.7 the dobs values of resonances F, I,
J, and M–O change by about 1 ppm upon addition of a 100-

Figure 9. Reference (A) and difference (B and C) 1H NMR spectra
(300 MHz) of T1CoII/T2CoII A. cy NiR corresponding to 1D NOE ex-
periments performed in 10 mm phosphate pH* 7.7 (99.9% D2O) at 40 8C.
In spectra B and C peaks c and d respectively were irradiated.
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fold excess of nitrite (200 mm). Nitrite has a limited effect
(data not shown) on the NMR spectrum of T1CuI/T2CoII A.
cy NiR at pH 7.7 with peak f shifting upfield by about
0.6 ppm and the overlapping signals i and j shifting upfield
by about 0.3 ppm in the presence of a 100-fold excess
(200 mm). When the experiment was performed at pH 6.7
peak f experienced a slightly larger shift whilst the overlap-
ping peaks i and j broadened (data not shown). These ef-
fects were not sufficiently large to allow an association con-
stant for nitrite at the T2 CoII site to be determined. Titra-
tions at pH ~8 monitored by UV/Vis spectroscopy con-
firmed the limited effect of the addition of nitrite. Attempts
to repeat these experiments at pH<7 were hampered by
the formation of precipitate upon the addition of nitrite.

Discussion

UV/Vis spectra of CoII-substituted NiRs : The preparation of
the T1CuI/T2CoII derivatives of the NiRs has allowed the
UV/Vis spectra of the CoII T2 sites to be observed. The

spectra of these derivatives are remarkably alike for the A.
xy and A. cy enzymes and both exhibit three LF transitions
in the 500 to 600 nm region, analogous to what has been
seen for CoII-substituted T3 copper sites.[47–49] The intensities
and positions of these bands are consistent with a regular
tetrahedral geometry at the T2 CoII sites, which probably in-
volves a water ligand (as in the CuII proteins).[33, 36,38] The
main SACHTUNGTRENNUNG(Cys)!CoII T1 LMCT band in the UV/Vis spectra of
the CoII NiRs is in very similar positions in the A. xy and A.
cy enzymes. The second LMCT transition occurs at slightly
longer wavelength in A. cy NiR and the intensities of both
bands are lower in this derivative. The T1 LF feature at
highest wavelength is sharper and more intense in the A. xy
derivative than in the green NiR. This results in this region
of the UV/Vis spectrum of the A. xy NiR being similar in
appearance to that of CoII amicyanin (AMI),[28] whilst the
corresponding region of the A. cy NiR spectrum is not di-
rectly comparable to any published for a CoII cupredoxin.

Figure 10. The temperature dependence of the dobs values of the hyper-
fine-shifted resonances in the 1H NMR spectra of the T1CuI/T2CoII

NiRs; (A) from A. xy in 10 mm phosphate pH 7.8 (90% H2O/10% D2O)
and (B) from A. cy in 10 mm phosphate pH 7.7 (90% H2O/10% D2O).

Figure 11. The temperature dependence of the dobs values of the hyper-
fine-shifted resonances in the 1H NMR spectra of the T1CoII/T2CoII

NiRs; (A) from A. xy in 10 mm phosphate pH* 7.8 (99.9% D2O) and (B)
from A. cy NiR in 10 mm phosphate pH 7.7 (90% H2O/10% D2O).
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1H NMR spectra of the T2 CoII site of the blue and green
NiRs : The assignment of the isotropically shifted resonances
from the T2 CoII site of the A. xy and A. cy NiRs demon-
strate that this center is comparable in these two enzymes.
The diso values are alike for the Nd1H and CbH proton reso-
nances of the three His ligands (it is assumed that their ddia

values are similar). This indicates that not only is the spin
density distribution onto the His ligands similar for the T2
CoII sites in the blue and green NiRs, but also the conforma-
tions of these three ligands (and the orientation of the mag-
netic susceptibility tensors) are alike (the dc and dpc values
are probably comparable, which is supported by almost
identical temperature dependencies of dobs for the T2 CoII

site resonances giving similar chemical shift values at infinite
temperature). This is in agreement with the reported crystal
structures of the native CuII enzymes in which almost identi-
cal bond lengths and angles are observed for the T2 sites in
the A. xy and A. cy NiRs.[33,36,38] Theoretical studies have in-
vestigated structural differences, which occur at the T2
copper sites of some NiRs,[50] and alterations, which are
mainly found in the green NiR from Alcaligenes faecalis,[51]

have been associated with movements of the solvent ligand.
The addition of nitrite has very little effect on the 1H

NMR spectra of the T1CuI/T2CoII derivatives at slightly al-
kaline pH. At pH<7 more significant changes are observed
with slightly different effects seen in the blue and green
NiRs, and more substantial differences for the former. The
gradual changes in the dobs values of resonances upon the
addition of nitrite indicates that the substrate binds at the
CoII site and that exchange between free and bound nitrite
is fast on the NMR time scale. The subtle changes (all
<1 ppm) show that the CoII–N ACHTUNGTRENNUNG(His) interactions are not sig-
nificantly altered by the binding of nitrite (up to a 100-fold
excess) or that the binding of nitrite is not particularly
strong. In both proteins, the isotropically shifted signals
broaden in the presence of nitrite. This could be the result
of exchange broadening or may be due to a decreased elec-
tronic relaxation rate for the substrate-bound form. The lim-
ited effect of nitrite on the NMR spectra at alkaline pH in-
dicates that substrate binding is much weaker under these
conditions, which is consistent with competition from hy-
droxide binding to the T2 CoII site.[52] More sizable changes
upon the addition of nitrite could be anticipated at even
lower pH values, however the T1CuI/T2CoII NiR derivatives
were not stable under these conditions.

1H NMR spectra of the T1 CoII site of the blue and green
NiRs : The assignment of hyperfine-shifted 1H NMR reso-
nances arising from all of the ligands at the T1 CoII sites of
the A. xy and A. cy NiRs allows us to make a detailed com-
parison of these centers in the blue and green enzymes.
When interpreting these data it should be remembered that
the dobs values for isotropically shifted resonances at T1 CoII

sites can have sizable pseudocontact (dpc, dipolar) contribu-
tions. These have been determined for CoII azurin (AZ),[27]

which has a classic T1 copper site, and CoII rusticyanin
(RST),[29] which possesses a distorted center (see Table 3).

The dpc values are similar and are not that large for the His
ligand resonances in both CoII AZ and CoII RST (except for
the Ce1H proton signals, which are not observed in this
study). In the case of the Cys CbH proton resonances the dpc

contributions are minimal for the classic T1 site of AZ but
are much more significant for the distorted T1 site of RST.
For the axial Met ligand the discrepancy in the dpc values for
classic and distorted T1 sites is not so large. Another feature
that should be considered when comparing the NMR spec-
tra is the influence of ligand conformation on dc values. At a
T1 CoII site the dc of the Cys CbH protons is not only influ-
enced by the spin density on the thiolate sulfur but is also
dependent on the CoII-Sg-Cb-Hb dihedral angles (a cos2q de-
pendence on the dihedral angle q has been suggested for the
dc values of the CbH proton resonances in CoII AZ[27]). The
dc values of the axial Met CgH proton resonances are de-
pendent on the CoII-Sd-Cg-Hg dihedral angles (again a cos2q
dependence has been suggested for CoII AZ[27]), but the
CeH3 proton resonance of this ligand will not display any an-
gular dependence.

Resonances from the two coordinated His residues at the
T1 site of the blue and green NiRs display remarkably simi-
lar dobs values, which indicates that the spin density distribu-
tion on these two ligands is almost identical in these en-
zymes. This is also the case if NMR data for CoII (see
Table 3)[23–31] and CuII[1,8–14] cupredoxins are considered, and
thus these metal–ligand bonds do not vary significantly and
are not dramatically influenced by the features that give rise
to classical or distorted spectroscopic features (vide infra).

The Cys CbH proton resonances display larger dobs values
in the NMR spectrum of the green NiR than in the spec-
trum of the blue enzyme. The conformation of the Cys
ligand is comparable in the A. xy[36] and A. cy[38] NiRs (CuII-
Sg-Cb-Hb dihedral angles of �488 and 728 in the former and
�488 and 648 in the latter) consistent with an analogous
shift pattern for the CbH proton resonances (the absence of
stereospecific assignments for the CoII derivatives of the
blue and green NiRs prevents any detailed discussion of this
point). The different dobs values of the Cys CbH proton reso-
nances could be partly due to more sizable dpc contributions
to their dobs values in the green NiR (the A. cy NiR possess-
es a more distorted T1 site than RST as judged by the A~450

to A~600 UV/Vis ratio). It would therefore appear that the
CoII-S ACHTUNGTRENNUNG(Cys) interactions are similar in the CoII enzymes. The
interaction of the native metal with this ligand is also com-
parable in the blue and green NiRs with reported CuII�S-
ACHTUNGTRENNUNG(Cys) bond lengths of 2.20 7[36] and 2.23 7[38] respectively. It
is interesting to note that electron nuclear double-resonance
studies of the green NiR from Rhodobacter sphaeroides and
its T1 Met to Thr variant, which is blue, have found almost
identical hyperfine couplings for the Cys CbH protons.[53]

However, in this case the blue site possesses a weak axial
oxygen ligand (vide infra).

In the case of the T1 axial Met ligand, almost identical
dobs values are found for the resonances of the CeH3 moiety.
A slightly larger negative dpc contribution to the dobs of this
signal is found for a classic T1 CoII site such as that found in
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the blue NiR (see Table 3). The spin density on the axial
Met therefore appears to be similar in the blue and green
NiRs, which is consistent with CuII�SACHTUNGTRENNUNG(Met) bond lengths of
2.45 [36] and 2.49 7,[38] respectively. A dramatic difference is
found for the shift pattern of the CgH proton resonances of
the axial Met ligand in the spectra of the CoII NiRs. In the
case of the A. xy NiR the Met144 CgH proton signals are
found at d = 290 and �19 ppm, whereas in the green
enzyme these resonances are at d = 232 and 144 ppm. This
different shift pattern is consistent with an altered confor-
mation of the axial Met ligand as seen in the structures of
the CuII proteins (see Figure 12).[36,38] Similar differences in
the conformation of the axial Met ligand are also present at
other T1 copper sites;[55] this influences the shifts of the CgH
proton resonances in the paramagnetic NMR spectra of
their CoII derivatives (see Table 3). In the proteins whose
axial Met adopts a gauche conformation[55] (A. xy NiR, see
Figure 12,[36] AZ[56] and AMI[57]) only one of the CgH proton

resonances exhibits a sizable dc value. In the proteins in
which the Met side chain is in a trans arrangement[55] [A. cy
NiR (see Figure 12),[38] plastocyanin (PC),[58] pseudoazurin
(PAZ)[59] and RST[60]] both CgH proton resonances have
large dc values. Comparisons of the strength of the MII-S-
ACHTUNGTRENNUNG(Met) interactions as indicated by the shifts of the CgH
proton resonances therefore should only be made within
these two groups. In the proteins with a gauche Met the dobs

values for the most shifted CgH proton resonance of d =

45.3, 132.5, and 290 ppm are consistent with CuII�SACHTUNGTRENNUNG(Met)
bond lengths of 3.15, 2.88, and 2.45 7 for AZ,[56] AMI,[57]

and A. xy NiR,[36] respectively (the same trend is found for
the dobs values of the resonances from the Met CeH3

moiety). For the proteins with a trans Met the CgH proton
resonances exhibit similar dobs values consistent with compa-
rable CuII�SACHTUNGTRENNUNG(Met) distances,[38,58–60] except for the A. cy
NiR, in which this bond is ~0.4 7 shorter. It has been sug-
gested that owing to the weak bond between copper and the
axial Met, the influence of the conformation of this ligand
on the active siteMs properties is more likely to be steric in

nature than electronic.[55] However, at the T1 copper sites of
the NiRs the axial bond is significantly shorter and thus al-
terations in the conformation of the Met may influence the
electronic structure of the site.

The different conformation of the axial Met ligand does
not significantly alter the CuII-Sd-Cg-Hg dihedrals (values of
�1718 and �598 are found for the Met150 Hg1 and Hg2 pro-
tons, respectively, in A. cy NiR, whilst these dihedrals are
618 and 1808, respectively, for the corresponding Met144
protons in the A. xy enzyme). The observation that one of
the CgH proton resonances in the A. xy enzyme probably
has almost no dc contribution (the small negative dobs value
most likely being made up of mainly a negative dpc shift)
suggests a sin2q dependence on the CoII�Sd�Cg�Hg dihedrals
for the dc of the Met144 CgH protons in this NiR (providing
the dihedral angles for the CuII site are maintained in the
CoII derivative), indicative of a dominant p-type spin deloc-
alization mechanism.[61] For CoII AZ, which also has a
gauche axial Met ligand, spin transfer by s bonds to the Met
CgH protons has been suggested.[27] Small angular changes
in the CoII derivatives could alter this interpretation but
what is clear is that in the CoII green NiR both of the Met
CgH proton resonances exhibit sizable dobs (and presumably
also dc) values and thus a different dependence, compared
with the CoII blue NiR, (most likely cos2q) on the dihedral
angles must prevail. This suggests that a s-type spin delocal-
ization mechanism dominates in this case.[61] It therefore ap-
pears that the different conformation of the axial Met in the
blue and green NiRs results in alterations in the bonding in-
teractions of this ligand with the metal.

The spectroscopic properties of blue (classic) and green
(distorted/perturbed) T1 copper sites such as those found in
the NiRs studied herein have been discussed previous-
ly.[35,37,40–42,62–69] The distorted UV/Vis features (see Figure S1
in the Supporting Information) of the green NiR have been
assigned to a rotation of the dx2�y2 orbital, which gives rise to
an enhanced interaction with the SACHTUNGTRENNUNG(Cys) pseudo-s orbital
(responsible for the LMCT transition at 460 nm) and a de-
creased overlap with the SACHTUNGTRENNUNG(Cys) p orbital (which gives rise
to the 600 nm LMCT band) compared to a classic T1 copper
site.[40] It is interesting to note that detailed spectroscopic
and theoretical studies, mainly of PC, have assigned the
weak band at ~450 nm for a classic T1 site to charge-trans-
fer transitions involving the Met and His ligands,[70] with the
SACHTUNGTRENNUNG(Cys) pseudo-s!CuII dx2�y2 transition occurring at lower
energy and overlapping with the 600-nm band. A number of
geometric features have been considered to be responsible
for the classic/distorted spectroscopic differences. It has
been suggested that an increased axial Cu�SACHTUNGTRENNUNG(Met) interac-
tion, which pulls the copper out of the plane of the equatori-
al ligands, is a major contributing factor.[62–64] However, the
Cu�SACHTUNGTRENNUNG(Met) bond lengths and the Cu to His2Cys plane dis-
tances are almost identical in the blue and green NiRs
[there is very little correlation between the ratio of the ab-
sorption bands at about 460 nm and about 600 nm and the
axial Cu�SACHTUNGTRENNUNG(Met) bond length (and the Cu to His2Cys plane

Figure 12. Overlay of the T1 CuII sites of the A. cy (PDB code 2BW4,
thin lines and a white copper ion)[38] and A. xy (PDB code 1OE1, thicker
lines and a black copper ion)[36] NiRs. The overlay was obtained using
Swiss PDB Viewer[54] and the picture was drawn using MOLSCRIPT.[34]

The CuII�S ACHTUNGTRENNUNG(Cys130) and CuII�S ACHTUNGTRENNUNG(Met144) bond lengths are 2.20 and
2.45 7 respectively in the A. xy protein whilst the CuII�S ACHTUNGTRENNUNG(Cys136) and
CuII�S ACHTUNGTRENNUNG(Met150) bond lengths are 2.23 and 2.49 7 respectively in A. cy
NiR.
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distances) when a range of structurally characterized T1
copper sites are considered].

Another suggested geometric cause of these spectroscopic
differences at T1 copper sites is alterations in the angle (f)
between the NHisCuNHis and SCysCuSMet planes (see Fig-
ure S4, Supporting Information).[40–42] The coupled distortion
model associates a decrease in this angle with an increased
axial Cu�S ACHTUNGTRENNUNG(Met) interaction which results in a weaker Cu�
SACHTUNGTRENNUNG(Cys) bond and these together produce a more tetragonal
site (for an ideal trigonal site f is 908).[40–42] The f values are
668 and 748 for the green and blue NiRs, respectively. The
value for the blue NiR is quite small for a protein with a
classic T1 copper site (the archetypal classic T1 site of PC
has a f value of 828, whilst for the distorted site of PAZ f is
758) and the difference relative to that for the green enzyme
is not that large. However, it appears that the f values for
the NiRs occur in a range in which small alterations lead to
large spectroscopic variations (see Figure S4).[40,67,68] The re-
moval of the axial Met ligand, in the Met182Thr R. sphaer-
oides NiR variant results in the green site of the WT protein
becoming blue (the crystal structure of this variant is availa-
ble with the PDB code 1MZZ and demonstrates that the Og

of Thr182 is about 3.5 7 from the copper center).[66,69] The
EPR spectrum is hardly altered by this mutation (is still
rhombic[66]), which has been explained by similar LF
strengths in the Met182Thr and WT proteins.[69] The CuII�S-
ACHTUNGTRENNUNG(Cys) interaction is increased in the Met182Thr variant and
the site is less tetragonal than the WT protein, which is con-
sistent with the coupled distortion model.[69] However, this
model does not seem to be able to rationalize the presence
of classic UV/Vis properties at the T1 site of the blue A. xy
NiR, which has a strong axial Met ligand. The conformation
differences of the Met in the blue and the green en-
zymes,[36,38] being gauche in the former and trans in the
latter, seems to alter the bonding interaction of this residue
with CoII. A similar adjustment in the conformation of the
axial Met ligand has been found at the T1 copper site of the
green NiR from R. sphaeroides upon reduction (the Met is
trans in the CuII structure and gauche in the CuI form), and
it has been noted that this will influence the Cu�SACHTUNGTRENNUNG(Met) or-
bital interactions.[37] It could be that changes in the confor-
mation of the axial Met ligand, as well as differing CuII�S-
ACHTUNGTRENNUNG(Met) bond strengths, affect the degree of tetragonal distor-
tion at a T1 copper site.

Conclusion

In this study we show that NMR spectroscopy can be used
to obtain detailed active-site information about large, com-
plex, paramagnetic metalloproteins. Derivatives of the blue
and green NiRs have been prepared, which possess CoII at
just their T2 and also their T1 and T2 sites, and thus the
spectral properties of these two centers can be distinguished
and investigated. The UV/Vis spectra demonstrate that the
T2 CoII sites of the blue and green NiRs are alike, whereas
differences are seen for the T1 CoII centers. Detailed T2 and

T1 center information is obtained from NMR spectra, which
show the close homology of the T2 sites in the blue and
green enzymes. The binding of substrate, which may not be
particularly strong, results in subtle alterations in the geom-
etry of the CoII T2 site and is inhibited by hydroxide. A
comparison of the NMR spectra for the T1 CoII centers
highlights that the strength of the interactions with the Cys
and Met ligands are similar for the blue and green NiRs.
Dramatic alterations in the shift pattern of the CgH protons
of the axial Met ligand are observed in the spectra of these
proteins, indicating that a conformational change of this res-
idue alters the bonding interaction with the metal. The con-
formation of the axial Met ligand could contribute to the
different spectral properties of the T1 centers in the CuII

proteins.

Experimental Section

Cloning of the A. xy NiR gene : The A. xy NiR gene was cloned using a
procedure described previously[71] with slight modifications. Genomic
DNA was isolated from A. xy NCIMB11015 and used as a template for
polymerase chain reaction (PCR). The forward primer, CATATGCAG-
GACGCCGACAAGCTGCCCCATACCAAGGTCACGCTGG, introdu-
ces an NdeI restriction site in front of the mature NiR sequence with the
ATG from the NdeI restriction site used as a start codon. The reverse
primer,
CTCGAGTCAGCGCGGAATCGGCGCGGGCGCCTTGATCT-
ACHTUNGTRENNUNGGCTTCATCAGG, incorporates an XhoI restriction site after the stop
codon of the NiR sequence. Both strands of the PCR product were se-
quenced and found to be the same as that of mature A. xy NiR[72] and
the gene was cloned into NdeI/XhoI digested pET22b vector (Novagene)
creating pET22b-bNiR.

Overexpression and purification of recombinant A. xy NiR : Overexpres-
sion of recombinant A. xy NiR was carried out using the same procedure
as Ho et al.[71] except that BL21 cells harboring pET22b-bNiR were
grown for 6 h at 30 8C after induction. The cell pellet from 2 L of culture
was resuspended in 20 mm 2-(N-morpholino)ethanesulfonic acid (Mes,
Sigma) pH 6.0, disrupted by sonication, and centrifuged. CuSO4 was
added to the supernatant (final concentration 1 mm) and after incubation
at 4 8C for 2 h, 0.5% (w/v) of streptomycin sulfate was added and incu-
bated at 4 8C for 1.5 h. The solution was centrifuged and the supernatant
loaded onto an SP Sepharose (Amersham Biosciences) column equili-
brated in 20 mm Mes pH 6.0. Bound proteins were eluted with a 0–0.3m
NaCl gradient in 20 mm phosphate pH 6.0. The NiR-containing fractions
were combined and exchanged into 20 mm tris(hydroxymethyl)aminome-
thane (Tris, Aldrich) pH 7.5 containing 200 mm NaCl by ultrafiltration
(Amicon stirred cell, PM30 membrane). The final purification step in-
volved a Superdex 200 (Amersham Biosciences) gel filtration column.
The purified protein gave a single band on a 12.5% sodium dodecyl sul-
fate-polyacrylamide gel electrophoresis (SDS-PAGE) gel and had a A280/
A594 ratio of <11 for the fully oxidized enzyme. Typically 60 mg of pure
protein was obtained from 1 L of culture. Protein concentrations were
determined using the molar absorption coefficient of 5200m�1 cm�1 at
594 nm, which we have determined (vide infra).

Isolation and purification of A. cy NiR : A. cy was grown and protein iso-
lation was performed as described previously.[11] The crude cell-free ex-
tract of A. cy was passed down a carboxymethyl Sepharose (Amersham
Biosciences) column equilibrated with 20 mm phosphate pH 6.0 to sepa-
rate NiR (which does not bind) from PAZ and the eluted solution was
loaded onto a diethylaminoethyl (DEAE) Sepharose (Amersham Bio-
sciences) column equilibrated with the same buffer. The bound proteins
were eluted with a 0–0.4m NaCl gradient in 20 mm phosphate pH 6.0.
The green fractions were pooled and concentrated by ultrafiltration and
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loaded onto a Sephadex G100–120 (Sigma) gel filtration column equili-
brated with 20 mm Tris at pH 7.0 containing 150 mm NaCl. The NiR-con-
taining fractions were combined and exchanged into 20 mm phosphate
pH 6.0 using ultrafiltration. The protein solution was loaded onto a
DEAE Sepharose column equilibrated in the same buffer. Pure NiR was
eluted from this column with a 0–0.3m NaCl gradient in 20 mm phosphate
pH 6.0. The purity of the protein was confirmed by SDS-PAGE (12.5%
gel) and had a A280/A459 ratio of <16 for the fully oxidized enzyme.[39]

Protein concentrations were determined using a value of 2400m�1 cm�1

for the molar absorption coefficient at 459 nm.[39]

Inductively coupled plasma atomic emission spectroscopy : Inductively
coupled plasma atomic emission (ICP-AE) studies were carried out on a
Unicam 701 spectrometer. The samples were fully oxidized and washed
with 1 mm EDTA and then exchanged into 10 mm phosphate pH 8.0. The
UV/Vis spectra of the samples were measured at 25 8C on a l35 (Perkin
Elmer) spectrophotometer. The molar extinction coefficient of WT A. xy
NiR was determined to be 5200m�1 cm�1 at 594 nm using a T2D sample.

T2 copper depletion : T2 copper-depleted A. xy and A. cy NiRs were pre-
pared using the conditions reported by Suzuki et al.[39] except that incuba-
tion was carried out for only two days. The reductant and chelating
agents were removed by dialysis (4 8C) in 0.1m Tris pH 7.0 overnight
under nitrogen. The protein sample was further dialyzed against 0.1m
Tris pH 7.0 for 3 h followed by 10 mm 4-(2-hydroxyethyl)piperazine-1-
ethanesulfonic acid (Hepes) at pH 8.0 (4 8C). Depletion of the T2 copper
was confirmed by EPR spectroscopy.

Preparation of apo A. xy and A. cy NiRs : The removal of both T1 and
T2 copper was achieved by dialyzing T2D NiR (~300 mm) against 0.1m
Tris pH 8.0 containing 20 mm KCN and 5 mm ascorbate at 4 8C. After
four days the cyanide-containing buffer was refreshed and dialysis was
carried out for a further four days. Cyanide was removed by dialyzing
the protein against 0.1m Tris pH 8.0 and finally against 10 mm Hepes
pH 8.0 (4 8C).

Cobalt substitution : For cobalt substitution, either T2D or apo NiR were
diluted to 200–500 mm in 10 mm Hepes pH 8.0. The protein solution was
dialyzed against 10 mm Hepes pH 8.0 containing a 2-fold excess of CoII

(against free metal sites), and 0.2m NaCl in the case of A. xy NiR, under
nitrogen. After five days the excess CoII was removed by dialysis against
10 mm Hepes pH 8.0 (also under nitrogen). The protein was filtered and
exchanged into 10 mm phosphate buffer pH 8.0 using ultrafiltration.
Cobalt concentrations were determined by ICP-AE spectroscopy. The
T1CuI/T2CoII and the T1CoII/T2CoII A. xy and A. cy NiRs are all inac-
tive.

EPR spectroscopy : X-band EPR spectra of T1CuII/T2CuII and T2D NiRs
were acquired on a Bruker EMX EPR spectrometer at 77 K. The sam-
ples were fully oxidized by the addition of a sufficient amount of a solu-
tion of 20 mm [Fe(CN)6]

3� ; the excess oxidant was removed by ultrafiltra-
tion and the protein was exchanged into 40 mm Tris pH 7.6. Glycerol was
added to the EPR sample to give a final concentration of 40%.

Samples for NMR spectroscopy: The CoII-substituted NiR samples for
NMR spectroscopy (typically 2–6 mm) were prepared in 10 mm phosphate
buffer pH 7.8 for A. xy NiR and pH 7.7 for the A. cy protein in 90%
H2O/10% D2O or 99.9% D2O using ultrafiltration. Ascorbate was
always present (~5–10 mm) and the samples were kept under argon in
the NMR tube. For nitrite binding experiments, samples were prepared
in either 10 mm phosphate pH 7.7 or 6.5 (both in 90% H2O/10% D2O,
containing 10 mm ascorbate) for A. cy NiR and 10 mm phosphate pH 7.8
or 6.7 (both in 90% H2O/10% D2O, containing 10 mm ascorbate) for A.
xy NiR. Aliquots of a 2m stock solution of KNO2 dissolved in 10 mm

phosphate pH 7.7 or 6.5 for A. cy NiR and in 10 mm phosphate pH 7.8 or
6.7 for A. xy NiR were added to the proteins. The sample was flushed
with argon and sealed in an NMR tube. The pH values quoted for deu-
terated solutions are uncorrected for the deuterium isotope effect and
thus are indicated by pH*.

NMR spectroscopy : All 1H NMR spectra were acquired at 300 MHz on a
Bruker Avance 300 spectrometer usually at 40 8C. The water-suppressed
equilibrium Fourier transform (WEFT) sequence (d1–1808-t-908-acq, in
which d1 is the relaxation delay and acq the acquisition time) was typi-
cally used with spectral widths of approximately 100 kHz, and spectra

were processed using 50–200 Hz of exponential line broadening as apodi-
zation. Steady-state 1D NOE difference spectra were acquired using the
WEFT sequence with t values and a total relaxation delay (d1 plus acq)
ranging from 20 to 50 ms. The resonance of interest was irradiated during
t with a selective decoupler pulse. Spectra were acquired in blocks of
eight scans alternating between on-resonance, off-resonance in an upfield
direction, on-resonance, and off-resonance in a downfield direction (the
offset was equal to that utilized in the upfield direction). The off-reso-
nance spectra were subtracted from their on-resonance counterparts to
produce the NOE difference spectrum. The spin-lattice (T1) relaxation
times of the hyperfine-shifted resonances were determined using the
WEFT sequence. Peak widths were measured using spectra that had not
undergone any baseline correction. The temperature dependence of the
observed shifts (dobs values) of resonances was studied between 25 and
50 8C for A. cy NiR and between 15 and 50 8C for the A. xy NiR samples
(resonances became too broad to be observed below 15 8C in the spectra
of the A. xy NiR derivatives and at < 25 8C in the substituted forms of
the A. cy protein).

Acknowledgements

We thank BBSRC (grant no. 13/B16498) for funding and EPSRC for a
grant to purchase the Avance 300 NMR spectrometer. We thank Prof. A.
Harriman and Ben Allen (University of Newcastle upon Tyne) for access
to and help with Insight II and Dr. Tony Royston (Durham University)
for assistance with EPR measurements.

[1] A. P. Kalverda, J. Salgado, C. Dennison, G. W. Canters, Biochemistry
1996, 35, 3085–3092.

[2] I. Bertini, K. L. Bren, A. Clemente, J. A. Fee, H. B. Gray, C. Luchi-
nat, B. G. Malmstrçm, J. H. Richards, D. Sanders, C. E. Slutter, J.
Am. Chem. Soc. 1996, 118, 11658–11659.

[3] C. Dennison, A. Berg, G. W. Canters, Biochemistry 1997, 36, 3262–
3269.

[4] J. Salgado, G. Warmerdam, L. Bubacco, G. W. Canters, Biochemistry
1998, 37, 7378–7389.

[5] R. C. Holz, B. Bennett, G. Chen, L. J. Ming, J. Am. Chem. Soc.
1998, 120, 6329–6335.

[6] R. C. Holz, M. L. Alvarez, W. G. Zumft, D. M. Dooley, Biochemistry
1999, 38, 11164–11171.

[7] L. Bubacco, J. Salgado, A. W. J. W. Tepper, E. Vijgenboom, G. W.
Canters, FEBS Lett. 1999, 442, 215–220.

[8] I. Bertini, S. Ciurli, A. Dikiy, R. Gasanov, C. Luchinat, G. Martini,
N. Safarov, J. Am. Chem. Soc. 1999, 121, 2037–2046.

[9] I. Bertini, C. O. FernPndez, B. G. Karlsson, J. Leckner, C. Luchinat,
B. G. Malmstrçm, A. M. Nersissian, R. Pierattelli, E. Shipp, J. S. Val-
entine, A. J. Vila, J. Am. Chem. Soc. 2000, 122, 3701–3707.

[10] I. Bertini, S. Ciurli, A. Dikiy, C. O. FernPndez, C. Luchinat, N. Safar-
ov, S. Shumilin, A. J. Vila, J. Am. Chem. Soc. 2001, 123, 2405–2413.

[11] K. Sato, C. Dennison, Biochemistry 2002, 41, 120–130.
[12] A. Donaire, B. JimQnez, C. O. FernPndez, R. Pierattelli, T. Niizeki,

J. M. Moratal, J. F. Hall, T. Kohzuma, S. S. Hasnain, A. J. Vila, J.
Am. Chem. Soc. 2002, 124, 13698–13708.

[13] K. Sato, T. Kohzuma, C. Dennison, J. Am. Chem. Soc. 2003, 125,
2101–2112.

[14] C. Dennison, M. D. Harrison, J. Am. Chem. Soc. 2004, 126, 2481–
2489.

[15] C. Dennison, K. Oda, T. Kohzuma, Chem. Commun. 2000, 751–752.
[16] S. J. Kroes, J. Salgado, G. Parigi, C. Luchinat, G. W. Canters, J. Biol.

Inorg. Chem. 1996, 1, 551–559.
[17] H. A. Hill, B. E. Smith, C. B. Storm, R. P. Ambler, Biochem. Bio-

phys. Res. Commun. 1976, 70, 783–790.
[18] I. Bertini, G. Lanini, C. Luchinat, L. Messori, R. Monnanni, A.

Scozzafava, J. Am. Chem. Soc. 1985, 107, 4391–4396.
[19] L. Banci, I. Bertini, C. Luchinat, M. Piccioli, A. Scozzafava, P.

Turano, Inorg. Chem. 1989, 28, 4650–4656.

www.chemeurj.org B 2006 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2006, 12, 6647 – 66596658

C. Dennison and K. Sato

www.chemeurj.org


[20] M. Sette, M. Paci, A. Desideri, G. Rotilo, Eur. J. Biochem. 1993,
213, 391–397.

[21] I. Bertini, P. Turano, A. Vila, Chem. Rev. 1993, 93, 2833–2932.
[22] I. Bertini, C. Luchinat, M. Piccioli, Prog. NMR Spectr. 1994, 26, 91–

139.
[23] J. Salgado, H. R. JimQnez, A. Donaire, J. M. Moratal, Eur. J. Bio-

chem. 1995, 231, 358–369.
[24] M. Piccioli, C. Luchinat, T. J. Mizoguchi, B. E. Ramirez, H. B. Gray,

J. H. Richards, Inorg. Chem. 1995, 34, 737–742.
[25] J. Salgado, H. R. JimQnez, J. M. Moratal, S. Kroes, G. C. M. Warmer-

dam, G. W. Canters, Biochemistry 1996, 35, 1810–1819.
[26] A. J. Vila, C. O. FernPndez, J. Am. Chem. Soc. 1996, 118, 7291–

7298.
[27] A. Donaire, J. Salgado, J. M. Moratal, Biochemistry 1998, 37, 8659–

8673.
[28] J. Salgado, A. P. Kalverda, R. E. M. Diederix, G. W. Canters, J. M.

Moratal, A. T. Lawler, C. Dennison, J. Biol. Inorg. Chem. 1999, 4,
457–467.

[29] A. Donaire, B. JimQnez, J. M. Moratal, J. F. Hall, S. S. Hasnain, Bio-
chemistry 2001, 40, 837–846.

[30] C. O. FernPndez, T. Niizeki, T. Kohzuma, A. J. Vila, J. Biol. Inorg.
Chem. 2003, 8, 75–82.

[31] C. Dennison, K. Sato, Inorg. Chem. 2004, 43, 1502–1510.
[32] S. Suzuki, K. Kataoka, K. Yamaguchi, Acc. Chem. Res. 2000, 33,

728–735.
[33] E. T. Adman, J. W. Godden, S. Turley, J. Biol. Chem. 1995, 270,

27458–27474.
[34] P. J. Kraulis, J. Appl. Crystallogr. 1991, 24, 946–950.
[35] F. E. Dodd, J. Van Beeumen, R. R. Eady, S. S. Hasnain, J. Mol. Biol.

1998, 282, 369–382.
[36] M. J. Ellis, F. E. Dodd, G. Sawers, R. R. Eady, S. S. Hasnain, J. Mol.

Biol. 2003, 328, 429–438.
[37] F. Jacobsen, H. Guo, K. Olesen, M. Skvist, R. Neutze, L. Sjçlin,

Acta Crystallogr. Sect. D 2005, 61, 1190–1198.
[38] S. Antonyuk, R. W. Strange, G. Sawers, R. R. Eady, S. S. Hasnain,

Proc. Natl. Acad. Sci. USA 2005, 102, 12041–12046.
[39] S. Suzuki, Deligeer, K. Yamaguchi, K. Kataoka, K. Kobayashi, S.

Tagawa, T. Kohzuma, S. Shidara, H. Iwasaki, J. Biol. Inorg. Chem.
1997, 2, 265–274.

[40] L. B. LaCroix, S. E. Shadle, Y. Wang, B. A. Averill, B. Hedman,
K. O. Hodgson, E. I. Solomon, J. Am. Chem. Soc. 1996, 118, 7755–
7768.

[41] L. B. LaCroix, D. W. Randall, A. M. Nersissian, C. W. G. Hoitink,
G. W. Canters, J. S. Valentine, E. I. Solomon, J. Am. Chem. Soc.
1998, 120, 9621–9631.

[42] E. I. Solomon, R. K. Szilagyi, S. DeBeer George, L. Basumallick,
Chem. Rev. 2004, 104, 419–458.

[43] S. Suzuki, Deligeer, K. Yamaguchi, K. Kataoka, S. Shidara, H. Iwa-
saki, T. Sakurai, Inorg. Chim. Acta 1998, 275–276, 289–294.

[44] S. Suzuki, T. Sakurai, S. Shidara, H. Iwasaki, Inorg. Chem. 1989, 28,
802–804.

[45] C. Strong, S. L. Harrison, W. Zeger, Inorg. Chem. 1994, 33, 606–608.
[46] C. Dennison, K. Sato, Inorg. Chem. 2002, 41, 6662–6672.
[47] C. RTegg, K. Lerch, Biochemistry 1981, 20, 1256–1262.
[48] T. Sakurai, S. Suzuki, M. Fujita, Inorg. Chim. Acta 1988, 152, 139–

143.

[49] L. Bubacco, R. S. Magliozzo, M. Beltramini, B. Salvato, J. Peisach,
Biochemistry 1992, 31, 9294–9303.

[50] N. KUllrot, K. Nilson, T. Rasmussen, U. Ryde, Int. J. Quantum
Chem. 2005, 102, 520–541.

[51] M. E. P. Murphy, S. Turley, M. Kukimoto, M. Nishiyama, S. Horinou-
chi, H. Sasaki, M. Tanokura, E. T. Adman, Biochemistry 1995, 34,
12107–12117.

[52] H. Wijma, G. W. Canters, S. de Vries, M. Ph. Verbeet, Biochemistry
2004, 43, 10467–10474.

[53] A. Veselov, K. Olesen, A. Sienkiewicz, C. P. Scholes, J. P. Shapleigh,
Biochemistry 1998, 37, 6095–6105.

[54] N. Guex, M. C. Peitsch, Electrophoresis 1997, 18, 2714–2723.
[55] J. M. Guss, E. A. Merritt, R. P. Phizackerley, H. C. Freeman, J. Mol.

Biol. 1996, 262, 686–705.
[56] H. Nar, A. Messerschmidt, R. Huber, M. van de Kamp, G. W. Can-

ters, J. Mol. Biol. 1991, 221, 765–772.
[57] A. Romero, H. Nar, R. Huber, A. Messerschmidt, A. P. Kalverda,

G. W. Canters, R. Durley, F. S. Mathews, J. Mol. Biol. 1994, 236,
1196–1211.

[58] Y. F. Xue, M. Skvist, O. Hansson, S. Young, Protein Sci. 1998, 7,
2099–2105.

[59] T. Inoue, N. Nishio, S. Suzuki, K. Kataoka, T. Kohzuma, Y. Kai, J.
Biol. Chem. , 1999, 274, 17845–17852.

[60] R. L. Walter, S. E. Ealick, A. M. Friedman, R. C. Blake II, P. Proc-
tor, M. Shoham, J. Mol. Biol. 1996, 263, 730–751.

[61] I. Bertini, F. Capozzi, C. Luchinat, M. Piccioli, A. J. Vila, J. Am.
Chem. Soc. 1994, 116, 651–660.

[62] J. Han, T. M. Loehr, Y. Lu, J. S. Valentine, B. A. Averill, J. Sanders-
Loehr, J. Am. Chem. Soc. 1993, 115, 4256–4263.

[63] Y. Lu, L. B. LaCroix, M. D. Lowery, E. I. Solomon, C. J. Bender, J.
Peisach, J. A. Roe, E. B. Gralla, J. S. Valentine, J. Am. Chem. Soc.
1993, 115, 5907–5918.

[64] C. R. Andrew, H. Yeom, J. S. Valentine, B. G. Karlsson, N. Bonand-
er, G. van Pouderoyen, G. W. Canters, T. M. Loehr, J. Sanders-
Loehr, J. Am. Chem. Soc. 1994, 116, 11489–11498.

[65] T. Inoue, M. Gotowda, Deligeer, K. Kataoka, K. Yamaguchi, S.
Suzuki, H. Watanabe, M. Gohow, Y. Kai, J. Biochem. 1998, 124,
876–879.

[66] K. Olesen, A. Veselov, Y. Zhao, Y. Wang, B. Danner, C. P. Scholes,
J. P. Shapleigh, Biochemistry 1998, 37, 6086–6094.

[67] K. Pierloot, J. O. A. De Kerpel, U. Ryde, M. H. M. Olsson, B. O.
Roos, J. Am. Chem. Soc. 1998, 120, 13156–13166.

[68] H. J. Wijma, M. J. Boulanger, A. Molon, M. Fittipaldi, M. Huber,
M. E. P. Murphy, M. Ph. Verbeet, G. W. Canters, Biochemistry 2003,
42, 4075–4083.

[69] L. Basumallick, R. K. Szilagyi, Y. Zhao, J. P. Shapleigh, C. P. Scholes,
E. I. Solomon, J. Am. Chem. Soc. 2003, 125, 14784–14792.

[70] A. A. Gewirth, E. I. Solomon, J. Am. Chem. Soc. 1988, 110, 3811–
3819.

[71] W. H. Ho, B. L. Ooi, A. M. Jørgensen, L. Borg, L. L. Jespersen,
H. E. M. Christensen, Protein Expression Purif. 2003, 32, 288–292.

[72] E. Suzuki, N. Horikoshi, T. Kohzuma, Biochem. Biophys. Res.
Commun. 1999, 255, 427–431.

Received: January 9, 2006
Published online: June 23, 2006

Chem. Eur. J. 2006, 12, 6647 – 6659 B 2006 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 6659

FULL PAPERNitrite Reductases

www.chemeurj.org

