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The Importance of the Long Type 1 Copper-Binding Loop of Nitrite
Reductase for Structure and Function
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Introduction

Copper-containing nitrite reductases (NIRs) catalyse a key
step in denitrification, which is part of the global nitrogen
cycle.[1] NIRs are usually trimeric with each subunit consist-
ing of two b-barrel domains, with that towards the N-termi-
nus possessing a mononuclear electron transferring type 1
(T1) copper site.[2–8] The copper ion is bound by three strong
equatorial ligands that are provided by the thiolate sulfur of
a Cys residue and the imidazole nitrogen atoms of two His
residues. An axially interacting Met residue approximately
2.5 . from the metal completes the distorted tetrahedral ge-
ometry. The catalytic type 2 (T2) copper centre is coordinat-

ed in an almost perfect tetrahedral arrangement between
two subunits of the WT NIR trimer by three His residues
and a water ligand. Nitrite binds at this T2 site and is re-
duced to nitric oxide with an electron provided by a redox
metalloprotein via the T1 copper site (the T1 and T2 copper
centres are 12.5 . apart).[1,9] An unusual structural feature
of NIR is the extended 15-residue C-terminal T1 copper-
binding loop, on which the Cys, one of the His and the Met
ligands are situated. The corresponding region in other pro-
teins usually consists of only seven to eleven residues.[7,10–12]

Loop-directed mutagenesis has been used to analyse the
effect of swapping T1 copper-binding loops in a range of
single-domain, b-barrel, electron-transfer (ET) proteins (cu-
predoxins).[10–21] In particular, the shortest naturally occur-
ring loop of amicyanin (AMI; seven residues) has been suc-
cessfully introduced into plastocyanin (PC) and pseudoazur-
in (PAZ), both of which have nine-residue loops, and azurin
(AZ), which has a ten-residue loop.[16,17] The structures of
the AZAMI[19] and PAZAMI[21] chimeras demonstrate that
the introduced loops adopt a conformation as in AMI. The
AZAMI variant has a reduction potential (Em) value that is
almost identical to that of AMI, which highlights that loop
conformation tunes this important property.[17,19, 20] In
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PAZAMI, interactions between the introduced loop and the
PAZ scaffold result in active-site alterations that also influ-
ence Em.[21] The structure of the PAZAMI T1 copper site
changes very little upon redox interconversion,[21] which is
recognised as an important feature of this family of proteins
because it minimises the reorganisation energy and allows
fast ET.[22–24] The rigid cupredoxin fold is thought to be im-
portant in this respect, but theoretical studies have suggest-
ed that the ligand set and geometry (provided by the pro-
tein) are almost equally acceptable for both CuII and CuI.[25]

The unique extended T1 copper-binding loop of NIR con-
tributes to packing within the subunits and also to mono-
mer–monomer interactions. We have, therefore, chosen NIR
as the most suitable model for assessing additional roles, as
well as binding a functional T1 copper site, of the metal-
binding loop of a cupredoxin domain within a multi-copper
enzyme. The very short AMI loop has been introduced into
NIR and a detailed characterisation performed, which in-
cluded crystal-structure determination of this chimera. Loop
contraction in NIR does not prevent T1 copper binding, but
renders the enzyme almost totally inactive.

Results

Purification and characterisation of NIRAMI : The
NIRAMI variant elutes from a cation exchange column as
two blue fractions, with visible absorbance maxima (lmax) at
600 nm (NIRAMI600) and 610 nm (NIRAMI610), which are
characteristic of T1 S ACHTUNGTRENNUNG(Cys)!CuII ligand-to-metal charge-
transfer (LMCT) bands. These two fractions do not separate
further on an anion exchange column, however, on a gel fil-
tration column, NIRAMI600 and NIRAMI610 both elute as a
mixture of trimer and monomer. The two forms of
NIRAMI600 and the NIRAMI610 monomer have lmax values
of 600 nm for their main LMCT band, whereas the
NIRAMI610 trimer has a lmax value of 610 nm. For
NIRAMI610, the trimeric form predominates, with relatively
small amounts of monomer present. The actual quantity of
monomer present varied between different preparations, but
was usually <10%, thus the mixture has a lmax value of
610 nm. For NIRAMI600, the relative amounts of trimer and
monomer varied, with usually slightly more trimer present.
When the trimeric and monomeric forms of NIRAMI600

were reapplied to the Superdex 75 column, both eluted as a
mixture of trimer and monomer. It was, therefore, consid-
ered appropriate to study NIRAMI600 as a mixture of mono-
mer and trimer, whereas studies with NIRAMI610 were per-
formed with purified trimer. MALDI-TOF mass spectrome-
try analysis of NIRAMI gave a mass of Mr =35892 com-
pared with the calculated value of Mr =35886.9 (which in-
cludes the N-terminal Met residue introduced when cloning
the wild-type (WT) NIR gene.

The UV/Vis spectra of CuII–NIRAMI600 and NIRAMI610

are compared in Figure 1a and those of NIRAMI610, WT
NIR and AMI from Paracoccus versutus are shown in Fig-
ure 1b (band positions and molar absorption coefficient (e)

values are listed in Table 1). The e values at lmax for the two
different forms of NIRAMI are shown as being identical,
but the copper concentration was only determined for
NIRAMI600. The EPR spectrum of NIRAMI600 has a single
CuII signal that can be readily assigned to the T1 copper site
(see Figure 2), and therefore, this form of the variant has
very little T2 or adventitious copper that could interfere
with this analysis. The A280/A�600 ratios for NIRAMI600 and
NIRAMI610 are similar, which indicates that the e�600 values
are alike. The NIRAMI600 sample used in the EPR studies
was a mixture of trimeric and monomeric forms, and there-
fore, neither of these was able to bind a T2 copper site (see
Figure 2). All attempts to reconstitute the T2 site of
NIRAMI600 with CuII were unsuccessful. The T2 copper
EPR signal for NIRAMI610 is similar to that for the WT pro-
tein (see Figure 2a, parameters are listed in Table 1). The T1
EPR signals for NIRAMI600 and NIRAMI610 are alike (see
Figure 2a and Table 1) and are only slightly different to that
of WT NIR (see Figure 2b, parameters are listed in Table 1).
A notable difference is that gz increases while Az decreases
in NIRAMI compared with WT NIR, which gives values
more like those found in this region of the AMI spectrum.

Figure 1. UV/Vis spectra (T=25 8C) of a) NIRAMI600 (a) and
NIRAMI610 (c) and b) NIRAMI610 (c), WT NIR (b), and AMI
from P. versutus (d).
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The Em value of NIRAMI600 was determined by direct
protein electrochemistry. The responses obtained on a modi-
fied gold electrode are less than ideal: the anodic and catho-
dic peaks have unequal intensities. Peak separations are
around 120 mV at a scan rate of 3 mVs�1 and this increases
at faster scan rates; this indicates slow ET between the
enzyme and the electrode, which has been reported previ-
ously for the WT protein.[26] Peak currents are proportional
to the (scan rate)

1=2 in the range 3 to 50 mVs�1. The Em

values at pH 6.5 and 7.5 are approximately 460 mV and ap-
proximately 440 mV at pH 8.5; these values are about
200 mV higher than that reported for the T1 copper site of
the WT NIR (260 mV in 100 mm phosphate buffer at
pH 7).[26] The relative catalytic activities of NIR and
NIRAMI610 (which exists mainly as a trimer and is the only
form of the NIRAMI variant that binds a T2 copper site)
have been assessed by using an assay in which reduced
methyl viologen (MV) acts as the electron donor.[28,29] These
studies indicate that the loop variant has very little activity,
which is highlighted by the observation that the absorbance
changes over the time period of the assay (typically 10 min.)

were too small in experiments with NIRAMI to be precisely
measured, except at high nitrite concentrations.

Overall structures of WT NIR and NIRAMI : Both WT NIR
and NIRAMI crystallise in space group H3 with similar unit
cell dimensions. This crystal form has previously been re-
ported for Alcaligenes xylosoxidans NIR variants[30] and has
been observed for the WT protein.[70] An atomic-resolution
structure for WT NIR is available (1OE1)[4] and the root-
mean-square deviation (RMSD) for the 335 equivalent Ca

atoms between the WT NIR structure reported herein and
1OE1 is 0.25 .. We have, therefore, used the 1OE1 struc-
ture for all subsequent comparisons. Crystallisation of
NIRAMI was only achieved with the NIRAMI610 form in
the presence of 5 mm ZnII (WT NIR crystallised in the pres-
ence of 10 mm ZnII), despite numerous attempts with a wide
range of conditions using different forms of the variant (see
the Experimental Section). NIRAMI and WT NIR crystal-
lise as trimers in identical oligomeric arrangements (a mo-
nomer in the asymmetric unit with the trimer generated by
rotational crystallographic symmetry). The contact/buried
water-accessible surface area between the subunits is similar
in NIRAMI (2173 .2) and NIR (2199 .2), as are the hydro-

Table 1. T1 and T2 copper site properties of NIRAMI, WT NIR, and
AMI.

NIRAMI610 NIRAMI600 WT NIR AMI[a]

UV/Vis[b]

l1 [nm] �470 �470 �470 �460
e [m�1 cm�1] – 1060 1040 470
l2 [nm] 610 600 594 596
e [m�1 cm�1] – 4400 5200 3900
A�460/A�600 0.17 0.24 0.20 0.11

EPR (T1 Cu)[c]

gx �2.04 2.043 2.042 2.032
gy �2.04 2.043 2.042 2.047
gz �2.24 2.228 2.215 2.235
Ax [mT] �1 0.9 1.1 0.6
Ay [mT] �1 0.9 0.9 0.8
Az [mT] �5 5.8 6.3 5.4

EPR (T2 Cu)[d]

gz 2.35 – 2.32 –
Az [mT] 12.5 – 13.5 –

Em [mV][e] –[f] 460[g] 260[h] 255[i]

[a] Data for AMI from P. versutus. [b] Conditions: T=25 8C; NIRAMI610

and NIRAMI600: 20 mm phosphate (pH 7.0); WT NIR: 20 mm Mes
(pH 6.0); AMI: 10 mm phosphate (pH 8.0). The molar absorption coeffi-
cient (e) value for NIRAMI600 at l2 is probably similar to that for
NIRAMI610, given that they have almost identical A280/A�600 ratios.
[c] Conditions: T=�196 8C; NIRAMI610: 20 mm Tris (pH 7.5);
NIRAMI600: 25 mm Hepes (pH 8.6); WT NIR: 15 mm Mes (pH 6.0)
130 mm NaCl, 20% glycerol; and AMI: 25 mm Hepes (pH 7.6) and 40%
glycerol. The T1 Cu site simulation for NIRAMI610 was performed on the
spectrum of a sample that also contained T2 copper, and thus the param-
eters obtained are less precise. [d] Values obtained directly from line po-
sitions. [e] Reduction potentials were measured at (23�1) 8C by cyclic
voltammetry and values are quoted against the normal hydrogen elec-
trode. [f] An electrochemical response could not be obtained for
NIRAMI610. [g] Determined in 20 mm Tris (pH 7.5; ionic strength=

0.10m, NaCl). [h] Value taken from ref. [26]. [i] Value taken from
ref. [27].

Figure 2. EPR spectra (T=�196 8C) of a) NIRAMI600, NIRAMI610, and
T2 copper-loaded WT NIR and b) NIRAMI600, T2 copper-depleted WT
NIR, and AMI from P. versutus.
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phobicity, planarity and the number of hydrogen bonds at
this interface.

The overall structure of NIRAMI is very similar to that of
WT NIR,[4] with 323 equivalent Ca atoms that superimpose
with an RMSD of 0.38 . (Fig-
ure 3a). The most significant al-
teration is in the ligand-contain-
ing loop, which has been mutat-
ed from C130APEG ACHTUNGTRENNUNGM ACHTUNGTRENNUNGV ACHTUNGTRENNUNGPACHTUNGTRENNUNGW-
ACHTUNGTRENNUNGH139V ACHTUNGTRENNUNGV ACHTUNGTRENNUNGS ACHTUNGTRENNUNGGACHTUNGTRENNUNGM144 in WT NIR to
C130TACHTUNGTRENNUNGP ACHTUNGTRENNUNGH133PACHTUNGTRENNUNGFM136 in NIRAMI.
The backbone of the Cys-to-
Met loop in NIRAMI is re-
markably similar to that found
in AMI from Paracoccus deni-
trificans (protein data bank
(PDB) code 1AAC),[31] with an
RMSD of 0.77 . for the Ca

atoms (see Figure 3b). The
greatest Ca displacements be-
tween the loops of NIRAMI
and AMI are observed for resi-
dues Thr131 and Pro134
(NIRAMI numbering) at 1.17
and 1.09 ., respectively. These
changes result from differing in-
teractions between the loop and
the WT NIR and AMI scaffolds
(see the Supporting Informa-
tion). The introduction of the
short AMI sequence removes
the a-helical section of the WT
NIR loop (see Figure 3a),
which is at the subunit interface
and is involved in a number of
important interactions within a
single subunit. In WT NIR, the
side chains of residues in this
region make important mono-
mer–monomer contacts that are
missing in NIRAMI (see the
Supporting Information). The
number of hydrogen bonds
around the active site of
NIRAMI is dramatically re-
duced compared with WT NIR
and matches that found for
AMI (see Table S1 and descrip-
tion in the Supporting Informa-
tion).[31]

Metal-site structures : The struc-
tures of the T1 and T2 copper
sites in A. xylosoxidans WT
NIR, determined herein, are es-
sentially identical to those in
the high-resolution structure re-

ported previously (see Figure 3c and Tables 2 and 3).[4] In
the case of the NIRAMI variant, which crystallised over a
long period from a condition containing 5 mm ZnII, com-
pletely colourless crystals, presumably with ZnII present at

Figure 3. a) A stereoview of an overlay of the structures of WT NIR (PDB 1OE1, grey) and NIRAMI (blue).
The ligand-containing loop, coordinating residues and metal ions at the T1 and T2 sites are coloured green in
WT NIR and yellow in NIRAMI. b) A stereoview of an overlay of the T1 sites of AMI from P. denitrificans
(1AAC, red) and NIRAMI (yellow). The ligating side chains are labelled according to their positions in AMI
and NIRAMI, respectively. *: CuII ion of AMI, *: ZnII ion of NIRAMI, *: coordinating water in NIRAMI.
c) A stereoview of an overlay of the active sites of WT NIR (ligands: grey, CuII : *) and NIRAMI (ligands:
blue, ZnII : *). The ligating side chains are labelled according to their positions in WT NIR and NIRAMI, re-
spectively. *: coordinated water at the T2 site (both proteins) and the T1 site (NIRAMI only).
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the T1 site, were obtained. Because diffraction data were
collected at a wavelength of 1.33 ., an anomalous differ-
ence map was generated to identify the location of any
copper in the crystal; the theoretical contribution to the
anomalous signal for Cu at 1.33 . is approximately 3.6 elec-
trons, whereas for Zn it is approximately 0.52 electrons.
There were no peaks in this map at either the T2 site or the
third metal site (situated between domains and unrelated to

the active centre) in the NIRAMI structure, which are both,
therefore, assumed to be occupied by ZnII. The only peak in
this map is relatively weak (7.4 s) and is located about 1 .
from the centre of the electron density that dominates the
T1 site in the final 2 jFobs j� jFcalcd jfFcalcd maps (or jFobs j�
jFcalcd jfFcalcd maps with the metal removed). It would there-
fore appear that the dominant metal in this site is also ZnII,
centred in the electron density. A small amount of CuI could
be present displaced towards the Met, resulting in the slight-
ly ellipsoidal electron density. The most appropriate model
that describes the T1-site structure has ZnII bound by His89,
Cys130, His133, and a water molecule (Figure 3b and c).

The NIRAMI loop contraction, therefore, has a major in-
fluence on the structure of the ZnII T1 centre (Figure 3c and
Table 2). The His89 ligand undergoes rotation of its imida-
zole ring compared with WT NIR, and the thiolate of the
coordinating Cys is displaced (Figure 3c). Larger differences
were found for the axial Met ligand, with the thioether
sulfur displaced about 0.7 . from its position in WT NIR.
The biggest change was observed for the His ligand on the
loop, which occupies a totally different position than in WT
NIR. This results in the Nd1 atom being much more distant
ACHTUNGTRENNUNG(�3 .) from the location of the CuII ion in WT NIR. The
movement of the His residue results in a more open metal
centre with increased solvent accessibility, which allows a
water molecule to bind to ZnII. The thioether group of
Met136 is about 3.6 . from the metal and is not considered
to coordinate. This arrangement results in a highly distorted
tetrahedral T1 ZnII site (see Table 2).

The structure of the T2 ZnII site in NIRAMI is almost
identical to that of the T2 CuII site in WT NIR (Figure 3c
and Table 3). This metal site has two His ligands (His94 and
His129) that are derived from one subunit and one His
ligand from an adjacent subunit (all of which coordinate
through their Ne2 atoms). The almost perfect tetrahedral co-
ordination geometry is completed by a water ligand that hy-
drogen bonds with the Od2 of Asp92.

Discussion

In this study the importance of the extended T1 copper-
binding loop in the cupredoxin domain of NIR has been in-
vestigated. The variant with a T1 copper-binding loop short-
ened by over half its length is stable, which allows detailed
characterisation. The backbone conformation of the intro-
duced loop in NIRAMI, and the active site hydrogen-bond-
ing pattern, are similar to AMI,[31] although there are larger
changes in this region than those observed in the structures
of chimeric cupredoxins.[19–21] The isolation of two forms of
NIRAMI with slightly different spectroscopic properties
suggests that this loop-contraction experiment has intro-
duced flexibility at the CuII site, a feature that has also been
found for other T1 copper site variants.[15,32–35] Both forms of
NIRAMI were isolated in monomeric and trimeric forms,
which indicates that loop contraction has destabilised the
proteinLs quaternary structure.

Table 2. The geometry of the T1 metal sites of NIRAMI, WT NIR, and
AMI.

ZnII–
NIRAMI

CuII–WT
NIR[a]

CuII–WT NIR
(1OE1)[b]

CuII–
AMI[c]

M�ligand bond lengths [.]
M�O ACHTUNGTRENNUNG(Pro88) 4.18 4.12 4.12 3.92
M�Nd1

ACHTUNGTRENNUNG(His89) 2.57 2.23 2.02 1.95
M�Sg

ACHTUNGTRENNUNG(Cys130) 2.19 2.19 2.20 2.11
M�Nd1

ACHTUNGTRENNUNG(His133) 2.37 2.00 2.03 2.03
M�Sd

ACHTUNGTRENNUNG(Met136) 3.55 2.54 2.45 2.90
M�O ACHTUNGTRENNUNG(H2O)[d] 2.01 – – –
NSN plane[e] 0.14 0.56 0.60 0.30

angles [8]
H2O-M-His89 92 – – –
H2O-M-Cys130 89 – – –
H2O-M-His133 79 – – –
H2O-M-Met136 162 – – –
His89-M-Cys130 117 124 122 136
His89-M-His133 132 99 101 104
His89-M-Met136 70 87 88 85
Cys130-M-His133 110 116 113 113
Cys130-M-Met136 98 113 114 111
His133-M-Met136 114 114 116 100

[a] Distances from the structure of A. xylosoxidans WT NIR (determined
herein), in which His139 and Met144 replace His133 and Met136, respec-
tively. [b] Obtained from the high-resolution structure of A. xylosoxidans
WT NIR. [c] Obtained from the structure of P. denitrificans AMI (PDB
code 1AAC), in which Pro52, His53, Cys92, His95, and Met98 replace
Pro88, His89, Cys130, His133, and Met136, respectively. [d] This water
molecule coordinates to ZnII in the NIRAMI structure only. [e] The
plane that contains His89, Cys130, and His136 ligands in NIRAMI.

Table 3. The geometry of the T2 sites of NIRAMI and WT NIR.

ZnII–
NIRAMI

CuII–WT
NIR[a]

CuII–WT NIR
(1OE1)[b]

M�ligand bond lengths [.]
M�O ACHTUNGTRENNUNG(H2O) 1.95 1.83 1.98
M�Ne2

ACHTUNGTRENNUNG(His94) 2.15 2.12 1.96
M�Ne2

ACHTUNGTRENNUNG(His129) 2.09 1.97 2.00
M�Ne2

ACHTUNGTRENNUNG(His292) 2.16 2.15 2.00
Od2

ACHTUNGTRENNUNG(Asp92)�H2O 2.66 2.71 2.54

angles [8]
H2O-M-His94 114 109 110
H2O-M-His129 112 111 112
H2O-M-His292 105 116 111
His94-M-His129 108 104 111
His94-M-His292 105 107 104
His129-M-His292 112 108 109

[a] From the structure of A. xylosoxidans WT NIR (determined herein).
His300 replaces His292 in the WT protein. [b] From the high-resolution
structure of A. xylosoxidans WT NIR.
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The fold of the NIRAMI monomer is very similar to that
of WT NIR,[4] so significant changes in the overall structure
cannot be responsible for the observed trimer destabilisa-
tion. The contact surface areas between monomers, and the
properties of this interface, are also alike in the WT NIR
and NIRAMI structures. The lowered stability of the
NIRAMI trimer observed in solution must therefore be a
consequence of localised changes that result from removal
and modification of key structural features, which involve
the extended loop of WT NIR. These include an a-helical
section, various hydrophobic interactions and secondary
structure elements adjacent to the ligand-containing loop.

The spectroscopic studies reported herein demonstrate
that NIRAMI binds CuII at the T1 site in an arrangement
almost identical to that found in WT NIR. CuII coordinated
in the same geometry as ZnII at the T1 site in the crystal
structure of NIRAMI would result in very different spectral
features, particularly in the EPR spectra. The T1 site flexi-
bility introduced by the NIRAMI mutation destabilises the
CuII form, which allows displacement by ZnII. The ZnII ion
has moved away from Met136 towards the protein surface,
and is about 1 . from the likely location of the small
amount of copper detected in the crystal and from the posi-
tion of the CuII ion observed when the WT NIR structure is
superimposed.[4] The side chain of the His133 ligand in the
loop is dramatically displaced compared with the position of
the corresponding imidazole in WT NIR;[4] this gives a
much more solvent-exposed active site that includes a water
ligand. Copper removal and metal substitution at T1 copper
centres usually has very little influence on the structure of
the active site. For example, CuII,[36–38] ZnII,[39] CdII,[40] NiII[41]

CoII,[42] and metal-free AZ[43,44] all have metal-site structures
that are remarkably alike. Furthermore, the structure of the
Met150Glu Alcaligenes faecalis NIR variant has a ZnII T1
site at which the arrangement of the three equatorial ligands
is very similar to that in the CuII WT protein.[45] Limited
structural change upon metal substitution is one of the most
convincing pieces of evidence in favour of a constraining
role for the rigid b-barrel domain that always surrounds this
particular biological redox site.[24] The T1 site of NIRAMI
appears to be flexible and therefore, the extended metal-
binding loop in its cupredoxin domain must contribute to
constraining this region. Malleability will increase the inner-
sphere reorganisation energy of the T1 copper site, which
will decrease its ET capabilities (see below).

T1 Cu site differences between the oxidised and reduced
forms of NIRAMI affect Em. Because the major T1 site
change between ZnII–NIRAMI and WT CuII–NIR, involves
the coordinating His residue on the loop, protonation and
dissociation of this ligand (a feature observed in certain CuI

cupredoxins, including AMI (pKa�7)),[13, 27,46,47] is a suitable
model of what may occur in NIRAMI upon reduction. Pro-
tonation of the His ligand at a T1 site results in CuI becom-
ing three-coordinate, an arrangement that stabilises this oxi-
dation state of the metal and leads to a striking increase in
Em

[13,27,46–49] and a dramatic decrease in ET (owing to an in-
creased reorganisation energy).[50,51] The Em value for the T1

site of NIRAMI is approximately 200 mV higher than that
of WT NIR and agrees with the value reported for the influ-
ence of protonation and dissociation of the His ligand on
the Em value of AMI,[47] indicating that structural changes
occur in NIRAMI upon reduction to stabilize CuI over CuII.
The structure of the T2 centre (the site of nitrite binding
and reduction) is almost identical in NIRAMI and WT NIR,
and its properties, including the Em value, should not have
been significantly influenced by the loop contraction. The
dramatic effect of the NIRAMI mutation on activity is
therefore partly due to it no longer being thermodynamical-
ly favourable for ET to occur from the T1 to the T2 site as a
result of the increased Em value of the T1 copper site. A
similar effect has been seen in other T1 site mutants of NIR
that raise the Em value.[30,52–54] An increased reorganisation
energy of the T1 site will also inhibit ET between the two
copper sites of the enzyme, as suggested for variants of
NIR[52,55] and cupredoxins,[56,57] and must also contribute to
the decreased catalytic activity of NIRAMI.

Conclusion

The replacement of the longest T1 copper-binding loop in
the multi-copper, multi-domain enzyme NIR with the short-
est known naturally occurring sequence for this class of
ubiquitous ET site has a significant effect on structure and
activity. The T1 site is flexible in the NIRAMI loop variant
and the native metal is readily replaced by ZnII, which gives
an arrangement different to that found for CuII. This is an
unusual observation for a T1 copper site, in which the con-
strained environment usually imposes the same geometry on
a range of non-native metals. Structural changes at this site
must also occur upon reduction of copper, which gives rise
to the large increase in Em for this site compared with WT
NIR. Efficient ET to the structurally unaltered substrate-
binding T2 site is dramatically decreased due to an unfav-
ourable driving force and an increased reorganisation
energy for the T1 site. The extended loop in NIR is impor-
tant for simultaneously stabilising a functional T1 copper
site and the trimeric arrangement of this enzyme.

Experimental Section

Mutagenesis : Loop mutagenesis was carried out by using QuikChange
(Stratagene) site-directed mutagenesis. A pGEMT derivative
(pGEMT bNIR) was used as the template that harboured the gene for
A. xylosoxidans NCIMB11015 NIR.[58] The primers used to mutate the
C130APEGMVPWH139VVSGM144 (T1 copper ligands numbered) loop of
A. xylosoxidans WT NIR to C130TPH133PFM136, which is the sequence of
the corresponding loop in AMI from both P. versutus and P. denitrificans,
were gcaccttcgtctaccactgcaccccgcacccgtttatgagcggcacgctg (forward) and
cagcgtgccgctcataaacgggtgcggggtgcagtggtagacgaaggtgc (reverse). Both
strands of the mutated plasmid pGEMT-bNIRAMI were sequenced and
the NdeI and XhoI insert was re-cloned into pET22b (Novagene) to give
pET22b-bNIRAMI.

Overexpression and purification of WT NIR and NIRAMI : Escherichia
coli BL21 was transformed by using either pET22b-bNIR (WT NIR) or
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pET22b-bNIRAMI, cells were grown and the WT protein was isolated as
previously described.[58] In the case of NIRAMI, the cell pellet from 8 L
of culture was re-suspended in a 20 mm solution of 2-(N-morpholino)-
ACHTUNGTRENNUNGethanesulphonic acid (Mes, pH 6.0; Sigma), disrupted by sonication, and
centrifuged. Aliquots of a 0.5m solution of CuSO4 were added to the su-
pernatant (final concentration 1.5 mm), which was incubated overnight at
4 8C. The solution was then centrifuged and the supernatant was loaded
onto an SP sepharose (GE Healthcare) column equilibrated with 20 mm

Mes (pH 6.0). The bound proteins were eluted with a pH gradient by
using equal volumes of 20 mm Mes (pH 6.0) and 50 mm tris(hydroxyme-
thyl)aminomethane (Tris; pH 9.5). The NIRAMI fractions were com-
bined and exchanged into 10 mm Tris (pH 9.5), then loaded onto a Hi-
Trap Q HP column (GE Healthcare) equilibrated with the same buffer
and eluted with 25 mm phosphate (pH 6.0). The NIRAMI-containing
fractions were pooled and exchanged into a solution of 20 mm Tris
(pH 8.0) and 200 mm NaCl by using ultrafiltration. The final purification
step was carried out on a Superdex 200 (GE Healthcare) gel filtration
column that had been equilibrated with the same buffer. This column
was calibrated by using low and high molecular weight kits (GE Health-
care). Pure NIRAMI has an A280/A�600 ratio of around 12 for the fully
oxidised enzyme and purity was verified by using sodium dodecyl sul-
fate–polyacrylamide gel electrophoresis (12.5% gel). The absorbance
ratio increases with time and could not be fully restored by oxidation,
which is indicative of copper loss. Protein concentrations were deter-
mined by using the e values of the main blue bands (e =4400 and
5200m

�1 cm�1 for NIRAMI and WT NIR, respectively; see below). These
differences in the e values are consistent with the higher A280/A�600 ratio
usually obtained for NIRAMI than WT NIR (�11).

UV/Vis spectroscopy: Determination of e and molecular weight : All UV/
Vis spectra were acquired at 25 8C by using a Perkin–Elmer l 35 spectro-
photometer. To determine the e values, copper concentrations were mea-
sured by using an M Series atomic absorption spectrophotometer
(Thermo Electron) with standards in the range of 0.2 to 1.8 ppm CuII

made from a stock solution (Aldrich). The protein was fully oxidised
with a solution of K3[Fe(CN)6], washed with 0.5 mm ethylenediaminete-
traacetic acid (EDTA) and exchanged into 2 mm Tris (pH 8.6) by using
ultrafiltration. A UV/Vis spectrum was obtained and the copper concen-
tration of the same sample determined. Molecular weights were deter-
mined by MALDI-TOF mass spectrometry.

Sample preparation and EPR spectroscopy: X-band EPR spectra were
recorded at �196 8C by using a Bruker EMX spectrometer. Diphenylpi-
crylhydrazyl (DPPH) was used as an external reference, and the SIMFO-
NIA program (Bruker) was used for spectral simulations. The samples
were washed with 0.5 mm EDTA and fully oxidised with excess
K3[Fe(CN)6], then the EDTA was removed by using ultrafiltration with
25 mm N-(2-hydroxyethyl)piperazine-N’-(2-ethanesulfonic acid) (Hepes,
pH 8.6) or 20 mm Tris (pH 7.5).

Electrochemistry : The direct measurement of Em values was carried out
by using cyclic voltammetry at ambient temperature ((23�1) 8C) with an
electrochemical setup described previously.[59] The gold working electrode
was polished with a slurry of Al2O3 (particle size=0.015 mm, BDH) on
fresh Buehler cloth. After polishing, the electrode was sonicated for
10 min and then modified by immersion in a saturated solution of 3,3’-di-
thiodipropionic acid for 25 min. Cyclic voltammograms could only be ob-
tained for NIRAMI600 (a reproducible electrochemical response could
not be achieved for NIRAMI610).

Nitrite reductase activity assay : The activities of WT NIR and trimeric
NIRAMI610 were compared by measuring the rate of oxidation of di-
thionite-reduced MV.[28,29] Samples were incubated with an excess of CuII

for about 2 weeks at 4 8C to ensure high T2 Cu site occupancy. The reac-
tion mixture (1 mL) contained 50 mm phosphate (pH 7.0), 80 mm MV,
0.1–10 mm KNO2 and 2 mm sodium dithionite. The reaction was initiated
by the addition of 2 mL of enzyme solution (1 mm for both WT NIR and
NIRAMI in 50 mm phosphate; pH 7.0), and the absorbance decrease at
600 nm (e600 =12 mm

�1 cm�1) due to the oxidation of MV was monitored.
A blank reaction was also carried out by using buffer (2 mL) instead of
enzyme solution and was subtracted as a baseline. Relative activity was
obtained from comparisons of the rate of absorbance decrease at 600 nm

at identical nitrite concentrations. The absorbance changes in the case of
NIRAMI were so small that they were difficult to determine precisely,
except at the highest nitrite concentration, which demonstrated that
NIRAMI is almost totally inactive and made detailed analysis of these
data difficult.

Crystallisation and structure analysis : Numerous attempts to crystallise
both CuII–NIRAMI600 and CuII–NIRAMI610 were undertaken by using
the hanging drop method of vapour diffusion at 20 8C. This included the
use of commercially available solutions, such as the PACT and Struc-
ture 1 and 2 screens (Molecular Dimensions, UK), which included diluted
versions with protein concentrations that ranged from 2 to 10 mgmL�1.
Furthermore, crystallisation trials were undertaken by using buffer/pre-
cipitant combinations that had previously proven successful for WT and
mutants of A. xylosoxidans NIR.[4,30,52, 60] The best crystal was obtained
with the trimeric form of CuII–NIRAMI610 by using a solution of protein
(2.0 mL, 2.5 mgmL�1) in Tris (5 mm, pH 8.6) mixed with a precipitant so-
lution (2.0 mL) containing 50 mm Hepes pH 7.0, 5 mm ZnCl2 and 10%
polyethylene glycol (PEG) 6000. This crystal took a few months to form
and was completely colourless. Prior to being frozen in a stream of nitro-
gen, the crystal was immersed in N-paratone oil as a cryo-protectant.
Crystals of CuII A. xylosoxidans WT NIR were obtained by using the
hanging drop vapour diffusion method at 20 8C with a solution of protein
(1.5 mL, 10 mgmL�1) in 5 mm Tris (pH 8.6) mixed with precipitant solu-
tion (1.5 mL) containing 100 mm Mes pH 6.5, 10 mm ZnSO4·7H2O and
25% PEG-MME 550 (MME=monomethyl ether). Crystals formed over-
night and were bright blue. Prior to being frozen in a stream of nitrogen,
a crystal was immersed in 10% glycerol, 100 mm Mes pH 6.5, 10 mm

ZnSO4·7H2O and 28% PEG-MME 550 as a cryo-protectant. Diffraction
data for NIRAMI were collected at 100 K at the Daresbury synchrotron
radiation source (station 10.1 operating at 1.33 .) by using a MAR225
CCD detector. This wavelength was chosen to maximize the anomalous
scattering contribution of copper and enable the position of this metal to
be determined in the model by using anomalous difference maps. Owing
to deterioration of the crystal in the X-ray beam, only 578 of data were
collectable. Diffraction data for WT NIR were collected at 93 K on a
Rigaku Raxis IV++ detector with X-rays from a Micromax-007 generator
fitted with Osmic “blue” optics. All data were processed with
MOSFLM[61] and scaled with SCALA.[62] Rfree was calculated by using
5% of the data that had been set aside. The structures were solved by

Table 4. Crystallographic data collection and refinement statistics.

WT NIR NIRAMI

data collection[a]

l [.] 1.542 1.330
space group H3 H3
resolution range [.] 34.14–2.35

(2.48–2.35)
37.53–2.50
(2.64–2.50)

unit cell parameters [.] a=b=89.45
c=144.47

a=b=89.81
c=143.10

no. of unique reflections 17939
ACHTUNGTRENNUNG(2599)

14625
ACHTUNGTRENNUNG(2183)

redundancy 5.4 (5.3) 1.8 (1.8)
I/s(I) 25.9 (4.6) 10.4 (2.7)
completeness [%] 100 (100) 98.4 (99.9)
Rmerge [%] 5.3 (31.5) 5.6 (27.5)

refinement[a]

resolution range [.] 34.14–2.35
(2.41–2.35)

37.53–2.50
(2.57–2.50)

Rfactor [%] 16.5 (19.9) 18.1 (24.7)
Rfree [%] 21.5 (33.2) 23.2 (30.7)
RMSD bond lengths [.] 0.013 0.013
RMSD bond angles [8] 1.54 1.54
average B-factor (protein) [.2] 39.1 54.8
average B-factor (ligand) [.2] 42.7 55.8
ramachandran outliers [%] 1.4 1.4

[a] Figures in parentheses represent data for the highest resolution shell.
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using molecular replacement with MOLREP (implemented in CCP4)[62]

and the high-resolution (1.04 .) structure for WT NIR[4] (PDB en-
try 1OE1, with the C-terminal ligand-containing loop, copper atoms, and
water molecules removed) was used as a search model. Iterative model
building (by using COOT)[63] and refinement (REFMAC5)[64] cycles were
used to complete the structures. Detailed data collection, processing, and
refinement statistics are given in Table 4. Ramachandran outliers were
identified by using MOLEMAN2,[65] whereas LSQMAN[66] was used to
generate all superimposed structures and determine RMSDs for Ca

atoms, except for the AMI/NIRAMI comparison, which used the Secon-
dary Structure Motif (SSM) algorithms implemented in COOT. Surface
area calculations were performed by using PISA on the EBI website
(http://www.ebi.ac.uk/msd-srv/prot_int/pistart.html)[67] and by using the
Protein–Protein Interaction Server.[68] Figures of protein structures were
prepared with Pymol.[69] The coordinates and structure factors for
NIRAMI and WT NIR have been deposited with the Protein Data
Bank, and have the PDB ID codes 2vmj and 2vn3.
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