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Copper-containing nitrite reductase is able to catalyze the reduction of
nitrite with a turnover rate of several hundreds per second. Electrons for the
reaction are donated by the electron transfer protein pseudoazurin. The
process of protein complex formation, electron transfer and dissociation
must occur on the millisecond timescale to enable the fast turnover of the
enzyme. The structure of this transient protein complex has been studied
using paramagnetic NMR spectroscopy. Gadolinium complexes were
attached specifically through two engineered Cys residues on three sites
on the surface of nitrite reductase, causing strong distance-dependent re-
laxation effects on the residues of pseudoazurin. Docking of the two
proteins based on these NMR-derived distance restraints and the chemical
shift perturbation data shows convergence to a cluster of structures with an
average root-mean-square deviation of 1.5 Å. The binding interface consists
of polar and non-polar residues surrounded by charges. The interprotein
distance between the two type-1 copper sites is 15.5(±0.5) Å, enabling fast
interprotein electron transfer. The NMR-based lower limit estimate of
600 s−1 for the dissociation rate constant and the fast electron transfer are
consistent with the transient nature of the complex.
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Introduction

The first committed step in denitrification, the
reduction of nitrite to gaseous nitric oxide is
catalyzed by nitrite reductase (NiR). There are two
types of NiR in the denitrifying bacteria; the multi-
heme NiR and the multi-copper NiR. The copper-
containing NiRs receive electrons from small blue
copper proteins, azurin or pseudoazurin (Paz).
Structures of copper-containing NiRs from different
sources show that NiR consists of a homotrimer of
about 110 kDa. Each subunit contains a type 1
copper atom buried at 7 Å underneath the surface,
and a type 2 copper atom at the interface between

subunits. Electrons flow in from the blue copper
protein to the type 1 copper atom and are trans-
ferred further to the type 2 copper atom in the active
site.1

In the denitrifying bacterium Alcaligenes faecalis
S-6, Paz (14 kDa) acts as the physiological electron
donor to a green copper-containing Nir.2 Several
studies on the sites of interaction between the two
proteins have been reported. Mutagenesis and
kinetic analysis demonstrated that the positively
charged Paz residues such as Lys10, Lys38, Lys57
and Lys77 are important for binding to the nega-
tively charged surface of Nir.3–6 A minimal binding
interface on Paz was determined by NMR cross-
saturation experiments showing a significant con-
tribution of apolar residues to the complex form-
ation.7 NMR chemical shift perturbations observed
for Paz upon complex formation pointed towards a
complex with a well-defined orientation. The per-
turbations were used in docking simulations, re-
sulting in a model of the complex with an inter-
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protein Cu–Cu distance of about 14 Å.8 Binding
studies showed that three molecules of Paz can
be bound per NiR trimer, with no evidence for co-
operativity between sites.
X-ray crystallography is normally used for solving

the structure of large macromolecules and their
assemblies. However, it is difficult to obtain co-
crystals of proteins that form complexes with low
affinity. No crystal structure is available of the NiR-
Paz complex, although disordered co-crystals have
been reported.9

Recent advances in NMR, based on TROSY10,11

and perdeuteration,12–14 make solution studies of
large proteins and macromolecular assemblies possi-
ble, as demonstrated by Wüthrich and co-workers on
the GroES/GroEL complex (∼900 kDa)15 and Kay
and Sprangers on the 670 kDa 20 S proteasome.16

To determine the structure of the transient com-
plex of NiR and Paz, we decided to use paramag-
netic centers attached to NiR to provide long-range
intermolecular distance information as experimental
restraints in docking. In this way, there is no need for
NMR assignment of the large NiR, because the
smaller Paz is used to observe the intermolecular
paramagnetic effects. To limit its mobility and to
make it easier to model its location, a paramagnetic
center was used that was attached via two arms to
the protein surface.17 Previously, we have shown
that such bidentate complexes of Gd can provide
reliable distance information on the basis of para-
magnetic relaxation effects in the range of 20–30 Å
from the metal.18,19 Here, we show that by taking
advantage of TROSY and perdeuteration, in combi-
nation with the use of paramagnetic NMR, an expe-
rimental structural model of the 152 kDa protein
complex between NiR and Paz can be obtained.
The results provide information about the nature of
the interface and suggest paths for the interprotein
electron transfer (ET).

Results and Discussion

Mapping the binding interface of the NiR-Paz
complex

The copper in Paz was substituted for zinc (which
mimics the oxidized form of the copper-containing
protein) to avoid broadening of the Paz NMR
spectrum by the paramagnetic Cu(II) and to avoid
any intermolecular ET that might lead to effects
other than those due to the binding. It has been
shown that this substitution does not affect the
structure significantly18 or influence the binding to
Nir.20 Attempts to determine a dissociation constant
for the complex of NiR and Paz by NMR titration
experiments have been hampered until now by the
size of this complex.20 A full titration of NiR into Zn-
Paz was obtained using perdeuterated Paz in com-
bination with TROSY. A global fit of the chemical
shift differences between the bound and unbound
forms of Paz for a few residues gave a Kd of 64(±8)
μM (Figure 1), similar to the KM value obtained
for the NiR reaction under the same conditions
(KM=77(±8) μM).21 Previous calorimetry studies
yielded a Kd of ∼160 μM for the Cu(II)-Paz binding
to oxidized copper containing Nir.20 The chemical
shift perturbations indicate that complex formation
is fast on the NMR timescale, with a koff≫600 s−1.
This is consistent with the reported high turnover of
NiR (kcat forward ∼1000 s−1 at pH 6.5 and 25 °C).21

The large chemical shift perturbations observed for
some of the residues suggest that this complex is
found predominantly in a single orientation.22–24

Similar to previous studies on NiR-Paz interac-
tion,7,8 the chemical shift map obtained for the
complex indicates a binding site close to the exposed
copper ligand, His81, which is expected to be in-
volved in the interprotein ET (Figure 2).25–27

Figure 1. Titration of NiR to (2H,15N)-labeled Paz(Zn). (a) A region of the overlaid TROSY spectra, showing chemical
shift perturbation for residue K109 in the titration of NiR to perdeuterated Paz(Zn) from 0 (black contours) to 2.8
equivalents of NiR (subunit concentration). (b) Amide proton chemical shift perturbations for several Paz residues. A
global fit to a 1:1 binding model (continuous lines) yields Kd=64(±8) μM.
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Paramagnetic relaxation enhancement

To determine the orientation of Paz relative to NiR
in the complex, paramagnetic probes were em-
ployed. By attaching a relaxation probe at a defined
position on NiR, distances between the probe and
Paz amides can bemeasured and used in the docking
calculations as experimental distance restraints.28

The lanthanide chelator CLaNP-118 can be
attached to two exposed Cys residues on proteins.
Bidentate attachment ensures rigidity and makes it
possible to model the position of the lanthanide
ion relative to NiR within a few ångström units.
Gadolinium-containing CLaNP was tested pre-
viously for its distance-dependence effects on a
protein.19 A high degree of correlation was obtained
between the distances derived from paramagnetic
relaxation enhancements (PRE) and those from the
crystal structure. Three surface-exposed double Cys
mutants were engineered on NiR: N221C/A223C
(NirA), T234C/A236C (NirB) and S333C/A336C
(NirC), to serve as points of attachment of the
paramagnetic probe. Wild-type (wt) NiR has no
cysteine residue other than the buried ligand in the
type 1 Cu site. The mutation sites for the attachment
of the probe were chosen close to the proposed Paz
binding site on Nir8 but far enough away to not

interfere with the binding of the two proteins. The
chemical shift perturbation maps of Paz bound to
the different mutants with the diamagnetic probe
attached (CLaNP-1 containing yttrium, YCLaNP-1)
were similar to that of the wild-type complex (data
not shown), indicating that the probes bound to
these positions do not modify the binding of NiR to
Paz. The efficiency of binding the CLaNPmolecule to
the NiR mutants was checked by metal analysis. A
ratio of gadolinium (or yttrium) to copper in NiR of
0.5 means that all the protein was labeled with the
probe. For NirA, 50% labeling was obtained, 100%
for NirB and 25% for NirC. It is not clear why
labeling efficiency varies between the mutants, but
these valueswere found in two independent labeling
procedures of the mutants and were used in the
calculation of the distance restraints (equations (3) in
Materials and Methods). The values for the copper
content of NiR obtained from the UV-vis spectra and
those obtained from the metal analysis were com-
pared and found to be the same for all the mutants
analyzed, within a 10% error. This shows that copper
is not lost from the protein during treatment with the
reducing agent and probe attachment.
For measuring the PRE of the Paz amide protons,

two samples were used, containing (2H,15N)-labeled
Paz and an NiR mutant bound to either the para-
magnetic GdCLaNP or the diamagnetic YCLaNP.
The intensity decrease due to the presence of the
paramagnetic metal was determined. PREs were
measured for different ratios of Paz and NiR. The
ratio at which significant effects were observed
on Paz, was used in the calculation of the distance
restraints. The combined effect of chemical shift
changes due to complex formation and broadening
of the K109 peak due to the proximity of the Gd ion
are shown in Figure 3(a) for NirA. The intensity loss
due to PRE was measured for Paz resonances
(Figure 3(b)) and mapped onto the crystal structure
of the protein (Figure 3(c)).

Docking the NiR-Paz complex

To determine the orientation of Paz within the
complex with NiR, docking calculations were per-
formed on the basis of the two types of experimen-
tal information, chemical shift perturbations and
PREs.
Chemical shift perturbations provide qualitative

information about the distance between the residues
of the two interacting proteins. It was assumed that
the surface-exposed amides that show a Δδavg
N0.05 ppm upon complex formation are part of the
binding interface and therefore must be found in
the proximity of residues of NiR. Residues with
more than 40% surface accessibility were used in the
calculation.29

Peak broadening due to paramagnetic effects,
R2
para, was measured from the decrease in intensity

of the peaks and the linewidth of the diamagnetic
sample, using equation (2) and converted into dis-
tances using equations (3) as described in Material
and Methods.

Figure 2. Map of the binding interface of Paz. (a)
Change in the average chemical shift (Δδavg) for Paz
residues. (b) Δδavg is plotted onto a surface representation
of Paz (PDB entry 3PAZ53). Residues withΔδavg N0.1 ppm
are depicted in red; N0.05 ppm, orange; 0.04-0.05, yellow;
and b0.04 ppm, blue. Pro and unobserved residues are
shown in grey.
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The crystal structures of Paz and NiRwere used as
rigid bodies in the docking calculations. NiR was
kept fixed and Paz was allowed to move from ran-

dom positions and was driven by the distance-
restraints energy term only. The van der Waals
interactions were first constrained to the backbones
and Cβ atoms of the two proteins.
The possible effects from the paramagnetic probe

attached to the adjacent subunits of NiR onto the
residues of Paz interacting with one NiR subunit
was taken into account by a sum averaging of the
calculated distance from the Gd position on each
monomer to the amide proton of Paz. Therefore,
nine Gd atoms were built into the structure of NiR
(for three different positions of the probe at each
subunit in the trimer), although it is clear that
only for NirA is the Gd from neighboring monomer
close enough to exert an effect on Paz. Given
that there are three equivalent docking sites on the
NiR trimer, we have introduced an additional
symmetry restraint to ensure that Paz docking is
driven only towards one of the subunits of NiR (see
Materials and Methods). When docking was per-
formed with Gd atoms attached on only a single
subunit, the structures showed a similar orientation
but the minimum energy structures clustered with a
much higher uncertainty and the calculated dis-
tances showed significantly higher violations (data
not shown).
The total correlation time, τc, which is used in

equation (3a) to calculate the distance restraints, is
given by the combined contribution of the long-
itudinal electron relaxation time of Gd3+ (τs) and
the rotational correlation time of the metal-proton
vector (τr), with the smallest of the two contribut-
ing mostly to the total τc. From EPR studies, the
electronic relaxation times of Gd(III)-DTPA were
shown to be very long, in the low microsecond
timescale 30 and therefore unlikely to be a major
determinant of τc. For a 150 kDa complex, τr
can be estimated from the Stokes equation to be
around 50 ns (53 ns as determined with the
program HYDRONMR31). Docking calculations of
the two proteins, using the experimental distance
restraints calculated with τc values varying from
5 ns to 200 ns, gave converging structures with
different minimum energy levels (Figure 4, filled
circles). The least violated set of restraints in the
docked complex structure were calculated using a
τc of 50–100 ns. A plot of the measured inter-
protein Cu–Cu distance for the docked redox part-
ners as a function of τc is shown in Figure 4 (open
squares).
With the best 20 structures obtained with τc=

50 ns, a short run of restrained rigid-body dy-
namics was performed, including all atoms. This
was followed by energy minimization of the side-
chains. Due to the side-chain interactions, Paz
moved slightly away from the NiR. The final set
of 20 structures has an average root-mean-square
deviation (rmsd) from the mean structure of
1.5(±0.5) Å for the backbone atoms, considering
only the Paz molecules. The final structure of
the complex between NiR and Paz is shown
in Figure 5 based on the mean structure of the
cluster.

Figure 3. Paramagnetic relaxation enhancements. (a)
Sections of the TROSY spectra of (2H,15N)-labeled Paz in
complex with 0.2 equivalent YCLaNP-NirA (left, blue) or
GdCLaNP-NirA (right, red), with free PAZ in black. The
top panels show the slice through the 1H dimension at the
broken line. The arrow indicates the amide resonance of
Lys109. (b) Intensity changes for Paz residues due to the
relaxation effects of Gd3+ attached to NirA. Intensity ratios
of the diamagnetic over the paramagnetic sample are
plotted for all observed residues of Paz. (c) Map of the
relaxation effects caused by Gd3+ attached to NirA onto
Paz residues: residues broadened beyond detection, red;
peak intensity decreasedN twofold, orange; intensity
decrease of 1.5-twofold, yellow; intensity decrease b1.5-
fold, are in blue. Pro and unobserved residues are shown
in grey.
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Violation analysis

The correlation between the distances calculated
from the PREs and those measured in the docked
complex can be represented as in Figure 6, for each

set of probe positions. The experimental target
distance is shown as a continuous white line and
the boundaries as shaded areas. A distance restraint
used in the docking is satisfied when the distance
measured in the final complex (filled symbol) is
within the shaded area. Analysis of the lowest-
energy structure shows that the majority (77%, Table
1) of the restraints are satisfied. The average size of

Figure 5. The structure of the complex. The NiR trimer
is represented in ribbons with different shades of blue for
each subunit. The Paz mean structure of the cluster is
shown as a tube with the radius proportional to the
average rmsd of each residue in the cluster and colored
from blue to red from the smallest (0.59 Å) to the highest
(2.28 Å) rmsd of the residues within the 20 structures.
Some relevant residues are labeled. The copper ions of NiR
and Paz are represented as blue spheres and the positions
of the Gd ions for the three mutants of NiR are shown as
orange spheres and labeled A, B and C for the positions of
attachment in NirA, NirB and NirC, respectively.

Figure 4. A plot of the low-energy structures obtained
for different τc values (filled symbols, left-hand axis) with
the error bars indicating the energy variation within the
cluster of structures; and a plot of the donor (type 1 Cu in
Paz) to acceptor (type 1 Cu in NiR) distance obtained at
various rotational correlation times (open symbols, right-
hand axis). The error bars indicate the variation within the
cluster. The broken line marks the values of energy
minimum and Cu–Cu distance for the 50 ns cluster used
as the final docked structure. The continuous lines are to
guide the eye.

Figure 6. Violation analysis for the best structure in
the cluster of the complex NiR-Paz. Comparison of the
distances from the Gd atom in the paramagnetic probe
attached to (a) NirA, (b) NirB (B) or (c) NirC to the Paz
backbone amide protons, obtained from docking the two
proteins with the PRE-derived distances. Distances in the
calculated structure are indicated by filled symbols and
the line. PRE-derived target distances are shown as con-
tinuous white lines and the bounds for the target distances
as a shaded area.
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the violations is 2.6 Å, which is relatively small given
the average target distance of 33 Å.
Lower bound violations are relatively modest

(average 1.8 Å, Table 1) and observed mainly for
NiRA and NiRC. These violations indicate that less
paramagnetic relaxation was observed than pre-
dicted by the structure. This may be due to errors in
the modeling, such as positioning to the gadolinium
ions on NiR and the estimation of τc.
In two regions, around residue 52 in Figure 6(a)

and residue 110 in Figure 6(b), the distances from the
structure are significantly larger than those predicted
by the NMR data. Similar observations have been
made in other recent studies,28,32–34 and have been
explained by assuming that such regions of the
observed protein may be in close contact with the
probe in other, minor conformations that represent
the encounter state of the complex. The paramag-
netic effect is strong at short distances and can result
in significant line broadening even if the involved
conformation represents only a small fraction of
the complex. Compared to the data reported for
the complex of cytochrome c and cytochrome c
peroxidase,28 few such violations are present, which
suggests that Paz is found predominantly in one
orientationwithin the complex. This is in accordwith
the size of the perturbations for the amide resonances
of Paz upon complex formation, which classify as
large (Δδavg N0.4 ppm for some residues at 100%
bound proteins).22 Also, the affected residues form a
clearly localized patch on the surface of Paz.

Residues at the interface

Figure 7 shows the residues of NiR and Paz that
are within 5 Å of the other protein in the structure
closest to the mean. In the NiR interface the non-
polar and polar, uncharged residues that surround
the type 1 copper ligand His145 are lined by nega-
tively charged residues. Similarly, a ring of posi-
tively charged residues surrounds the small hydro-
phobic patch in the binding interface of Paz.
Previous kinetic analysis of charge variants of
both NiR and Paz have shown that the charged re-
sidues add to the affinity of the protein complex.3–6

It can be concluded that both charged and un-
charged residues contribute to the binding of the
two proteins7,8 with an interaction surface typical
for ET complexes.22,35,36 The total solvent-accessible
area buried at the interface of this complex is
1420 Å2, in line with the expected interaction surface
for transient complexes.37,38

Electron transfer pathway

The kcat of NiR is about 1000 s−1 under the
conditions described used in this study.21 To ensure
such a high turnover of the enzyme, fast ET from
Paz to NiR has to take place. The Cu–Cu distance
between the two type 1 sites of the proteins was
found to be 15.5(±0.5) Å for the complex of Cu(II)-
Paz and oxidized NiR. The theoretical pathways39
for electronic coupling for all the energy-minimized
structures in the cluster were analyzed using the
program HARLEM. Several possible routes were
found within the 20 structures in the cluster of
oxidized Paz with NiR. Of the two predominant
structures, one involves two through-space jumps
from the Paz Cu ligand His81 to NiR residue Met84,

Table 1. Violations of PRE restraints

Violations

No. restraints Upper bound Lower bound Total

NiRA 108 12 (3.2) 17 (2.6) 29 (27%)
NiRB 107 18 (3.4) 7 (0.6) 25 (23%)
NiRC 106 9 (2.4) 11 (2.1) 20 (19%)
Total 321 39 (3.0) 35 (1.8) 74 (23%)

The average size of the violation (in Å) is given in parentheses.

Figure 7. Binding interfaces for (a) NiR and (b) Paz.
Residues with atoms within 5 Å of the partner protein in
the structure of the complex that was closest to the mean
structure are shown in CPK colors and are labeled. Other
residues are in light blue, pink and green for the NiR
subunits and in light blue for Paz. Copper atoms are in
green. The NiR type 1 copper is located below His145 and
is not visible. The orientations were obtained by +90° and
−90° rotations of NiR and Paz relative to a side-view of the
complex.
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and fromMet84 to the NiR Cu ligand His145 (Figure
8). Alternatively, the coupling could comprise only
one through-space jump between His81 of Paz and
Pro139 of NiR. The residues involved in this path,
besides the His81 copper ligand, are shown in coral
in Figure 8. The relative coupling constants for the
two pathways are similar, as judged by the Beratan
and Onuchic approach. Dutton analysis40 yields a
value for intermolecular ET rate of ≈104 s−1, using a
reorganization energy for the two type 1 copper
atoms of 0.7 eV,41 a midpoint potential difference of
−0.05 Vand a density (ρ) of 0.85. This indicates that
intermolecular ET is not likely to be limiting the
catalytic turn-over of NiR.
Theoretical docking andmutagenesis studies have

shown that electronic coupling between copper-
containing NiR and its physiological electron donor
involves Trp138 and the surface-exposed Tyr197 of
Nir.25,27 A three- to fourfold decrease in the rate of
the interprotein ET was observed in Trp and Tyr
mutants. In our study, the distance between the
equivalent Tyr203 of NiR and His81, the exposed
copper ligand in Paz, is about 7 Å and therefore less
likely to be part of the path calculated for ET. As a
note of caution, the theoretical pathways depend
strongly on the precise position of the interface
atoms and there is no experimental evidence in this
study for the position of the side-chains of amino
acid residues of the two interacting proteins.

Conclusions

Advances in NMR spectroscopy allow the study
of large macromolecules. Here, we have performed
NMR studies of a 152 kDa transient protein complex
between nitrite reductase and pseudoazurin. Dis-
tance information defining the orientations of the

two proteins within the complex was derived from
interprotein paramagnetic effects of Gd labels
attached to NiR. Docking of the two proteins on
the basis of these distance restraints and chemical
shift perturbation data results in a cluster of low-
energy structures with an average backbone rmsd
of 1.5 Å. The resulting complex shows the features
typical of a transient ET complex, with a moderately
sized interface with only small non-polar areas
centered around the exit/entry ports of the electron,
surrounded by complementary charged residues.
The resulting Cu–Cu distance allows for fast inter-
protein ET.

Materials and Methods

Preparation of the labeled Paz

Isotopically enriched (2H,15N)-labeled Paz was obtained
by incubating Escherichia coli BL21(DE3) cells harboring
the pET28a-based expression vector for the A. faecalis S-6
Paz gene18 in M9 minimal medium that contained
15NH4Cl (0.7 g/l) and d3-acetate (5 g/l). The deuteration
of the protein was achieved by growing the cells in
incremental percentages of deuterated media with the
final culture being in about 80% 2H2O.7 The purification
of the copper-Paz was performed as described,19 and
yielded about 50 mg of protein from 1 l of culture. Mass
analysis of the purified Paz confirmed an 83% level of
deuteration for the non-exchangeable hydrogen atoms in
Paz (m=14350(±2) Da). The concentration of copper-Paz
was determined using an extinction coefficient at 596 nm
of 2.9 mM−1 cm−1 and the purity was assessed by SDS-
PAGE and isoelectric focusing gel electrophoresis in a pH
range 3–9. The ratio of the absorbance at 278 nm and at
596 nm in Paz was 1.8, indicating a high-purity sample
(N95%).2

Replacement of the Cu by Zn in Paz

To replace the Cu with Zn, the Paz solution was treated
with potassium cyanide (100 mM dissolved in 0.5 M Tris–
HCl, pH 7). In order to remove the CN− and charge the
protein with Zn, the solution was immediately loaded
onto a desalting Superdex G-25 column equilibrated with
2 mM ZnCl2 in 50 mM Tris–HCl, pH 7. The protein was
eluted from the column with 50 mM Tris–HCl, pH 7. The
fraction of the protein that was unfolded by the treatment,
was removed by ion-exchange chromatography using a
Q-Sepharose column equilibrated with 20 mM sodium
phosphate, pH 6.5. The protein was eluted from this
column with a salt gradient, at about 100 mM NaCl in the
same buffer. The buffer was changed to 20 mM sodium
phosphate (pH 6.5) and the protein was concentrated to
0.25 mM for the NMR experiments. The concentration of
Paz(Zn) was determined using an extinction coefficient at
280 nm of 5.7 mM−1 cm−1.

Expression and purification of NiR

Three double-cysteine mutants of the A. faecalis S-6 NiR
encoding gene in pET28a were prepared by site-directed
mutagenesis using the QuikChange™ polymerase chain
reaction (PCR) protocol from Stratagene. The primers

Figure 8. Dominant theoretical ET pathways between
Paz and NiR type 1 copper centers. CPK colored sticks,
coupling pathway involving two through-space jumps,
PazHis81-PazMet84-NirHis145. Coral sticks, pathway invol-
ving PazHis81-NirPro139-NirPro138-NirAla137-NirCys136.
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used were as follow: N221C/A223C (5′-CCG ACA CAT
GTG GTG TTC TGC GGC TGT GTG GGC GC); T234C/
A236C (5′-GGC GAC AAG GCC ATG TGC GCG TGC
GTT GGC GAG AAA GTC C); S333C/A336C (5′-GG
AAC GAC GAT CTG ATG ACG TGT GTT CTC TGC
CCA TCT GG) with the desired mutation indicated in
bold. All constructs were verified using restriction
analysis and DNA sequencing. An additional silent
mutation (in italics) in the first primer was introduced
for easy identification of the mutant clones, due to the gain
of an Afl III restriction site. For the second primer, a Bgl I
site was lost by introduction of the mutation and,
similarly, an Afl III site was gained for the third primer.
The wild-type and the mutant forms of NiR were pro-

duced and purified as described,8 yielding 200∼300 mg
of protein/l of culture. The concentration of protein was
determined using an extinction coefficient at 460 nm of
2.9 mM−1 cm−1 per subunit.

Attachment of the paramagnetic probes to NiR

Synthesis of the CLaNP-1 molecule has been de-
scribed.18 To attach the probe to the two engineered Cys
residues, NiR was first treated with β-mercaptoethanol
(20 mM final concentration) to remove possible protein
dimers by reduction of disulphide bonds. After incubation
at room temperature for 30 min, the protein was loaded
onto a desalting Superdex G-25 column equilibrated with
a degassed solution of 20 mM sodium phosphate (pH 7) to
remove the reductant. Immediately after elution, two
molar equivalents of the probe to the NiR subunit were
added and the solution was stirred overnight at 4 °C
under semi-anaerobic conditions. The protein was then
loaded onto a Sephacryl S-200 high-resolution (Pharma-
cia) gel-filtration column and eluted in 20 mM sodium
phosphate (pH 7), 150 mM NaCl. Finally, the protein was
concentrated and the buffer was replaced with 20 mM
sodium phosphate (pH 6.5) for use in NMR experiments.
Quantification of the CLaNPmolecule bound to NiRwas

performed by metal analysis (atomic flame-ionization
spectroscopy) of the amount of Gd3+ or Y3+ in the sample,
relative to the copper content. A ratio of 1:2 for Gd3+ (Y3+)/
Cu indicates 100% probe bound to the NiR molecule. The
copper content obtained from metal analysis was found to
be almost twice as high as the copper measured by UV-vis
spectroscopy, in which only the type 1 copper can be
observed. This indicates that the more labile type 2 copper
is not lost during the treatment with the reductant agent.

NMR spectroscopy

The NMR samples of (2H,15N)-labeled Zn-Paz (∼250
μM) were prepared as described above in phosphate
buffer (pH 6.5) with 6% (v/v) 2H2O added for lock. NiR of
wild-type or CLaNP-labeled variants was prepared in the
same buffer at a concentration of 1–3 mM and microliter
aliquots of the stock solution were used in the NMR
titration experiments. For the binding interface mapping,
up to three equivalents of wild-type NiR (subunit con-
centration) were titrated into the Paz solution. For the
PRE measurements, two sets of samples were used for
each addition of NiR into Paz: one containing the para-
magnetic Gd3+-CLaNP bound to NiR and one containing
the diamagnetic Y3+-CLaNP bound to NiR, as a control
sample. Calculation of the distance restraints was based
on the samples with 0.38 equivalent of NiR to Paz for
NirA, 0.32 equivalent for NirB and 0.53 equivalent for
NirC. The 15N–1H TROSY spectra11 were acquired at

14.1 T on a Bruker DMX600 spectrometer equipped with a
TXI-Z-GRAD (1H,13C and 15N) probe operating at 298 K.
Data processing was done with AZARA software† and
analyzed with Ansig for Windows.42 The assignments of
the 15N-Zn-Paz HSQC spectra were taken from the
literature.18,43

Chemical shift perturbation analysis

The chemical shift perturbations of several amide 1H
nuclei were plotted against the molar ratio of NiR and Paz.
The data for these residues were fit globally in OriginPro
7.5 (OriginLab Corp., Northampton, MA) using a 1:1
(Paz/NiR subunit) binding model that takes in considera-
tion the dilution effects to yield the dissociation constant of
the complex.24 The chemical shift perturbations were
extrapolated to 100%, and the average chemical shift
perturbation of the 15N and 1H nuclei for a given amide
was calculated using:44

Dyavg ¼ ð0:5ðDyN=5Þ2 þ 0:5ðDyHÞ2Þ0:5 ð1Þ
in which ΔδN and ΔδH represent the perturbation of the
chemical shift of the amide nitrogen and proton upon
protein binding, respectively.

Paramagnetic relaxation enhancement

The broadening of the Paz amide resonances caused by
the paramagnetic Gd ion attached to NiR was analyzed
as described.19 Briefly, the intensity ratio of the amide
resonances of the paramagnetic and diamagnetic form of
the protein complex can be related to the paramagnetic
contribution of the transverse 1H relaxation, R2

para, accor-
ding to equation (2),45 assuming that the contribution to
the 15N relaxation can be neglected.

Ipara

Idia
¼ Rdia

2 expð�Rpara
2 tÞ

Rdia
2 þ Rpara

2
ð2Þ

where Ipara and Idia are the peak intensities for an amide
resonance in the paramagnetic and diamagnetic sample,
respectively; R2

dia represents the intrinsic 1H transverse
relaxation rate, and t is the total INEPT evolution time
(9 ms). R2

dia is derived from the linewidths (Δυ1/2) of the
resonances of the diamagnetic sample (R2

dia=πΔυ1/2). To
obtain Δν1/2, the program MestRec‡ was used for fitting
1H resonance traces from the TROSY spectra of the
Paz-YCLaNP NiR complexes. The R2

para values were con-
verted into distances using equations (3), which is a sim-
plified version of the Solomon-Bloembergen equation.46

r ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
C

K
Rpara
2

4H c þ 3H c

1þ N2
HH

2
c

� �
6

s
ð3aÞ

where r is the lanthanide–amide proton distance, ωH is the
Larmor frequency of the proton spin, and τc is the
correlation time.
Avalue of 25.83×10−32 cm6 s−2 was used for K, which is

defined as:

K ¼ 1
15

A0
4p

� �2
g2Hg

2A2BJ J þ 1ð Þ ð3bÞ

†http://www.bio.cam.ac.uk/azara
‡http://www.mestrec.com
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where μ0 is the vacuum permeability, γH is the proton gyro-
magnetic ratio, μB is the Bohr magneton, g is the electronic g
factor and J is the quantum number for the Gd (7/2).47

The constant C is the product of the fraction of bound
lanthanide per NiR monomer, and the fraction bound NiR
to Paz.
Recently, the potential artefacts of the method used in

this study to determine R2
para were discussed.48 For the

NiR-Paz complex, the errors introduced are relatively
small, because τc is large (50–100 ns) and dominated by τr.
Consequently, Curie relaxation is negligible and under-
estimation of R2

para is limited. The paramagnetic effects are
intermolecular, so partial labeling results in proportional
decrease of the paramagnetic effects, which is compen-
sated for in constant C. Any artifacts are most severe for
nuclei with large R2

para values, but the use of classes of
distance restraints (see below) makes the docking result
insensitive to errors in the distance estimates for those
nuclei. A two-point experiment was reported to derive R2
values more directly.48 Though less prone to artefacts in
principle, in our hands this approach yielded similar
values for R2

para but with lower precision due to significant
larger signal loss in this experiment.

PRE restraints

The calculated distances were divided into three classes
of restraints. The first class comprised the residues for
which the intensity of the amide resonances was affec-
tedN fivefold and those for which resonances were
broadened beyond detection. These residues were con-
sidered to be too close to the paramagnetic center for a
lower bound to be set. The target distance was calculated
using equations (3). For resonances that were broadened
beyond detection, the noise level was used to determine
an upper limit of the intensity ratio (equation (2)). The
upper bound was set to the calculated distance +4 Å.
The second class contained the residues for which the in-
tensity of the amide resonances was affectedb fivefold
butN1.2-fold. For these residues, an upper and a lower
bound of 4 Å was given to the distances calculated above.
The third class comprised the residues for which the peak
intensity was decreased b1.-fold, and these residues were
considered to be too far away to be affected by the para-
magnetic probe. An upper value of 5 Hz was estimated for
R2
para for these residues. With equations (2) and (3), this

value was converted into a target distance. Only a lower
limit bound of the distance −4 Å was set for this class.

Interface restraints

The accessible surface area (ASA) for nuclei that showed
more than 0.05 ppm shift for theΔδavg was calculated with
NACCESS 2.1.1.49 For residues in which ASAwas at least
40%, it was considered that the chemical shift is due to the
change in the environment at the protein–protein interface
and therefore these Paz residues must be within a certain
distance from the NiR. The interface restraints were set up
as distance restraints by r−6 averaging of all distances from
the amide proton of the perturbed residue in Paz to all 166
backbone amide nitrogen atoms in NiR that are found
within 20 Å from the type 1 Cu center in the NiR subunit
where Paz docks. Avalue of 13(±5) Å was set for the target
of the square-well function.50

The number of distance restraints derived from the
relaxation and chemical shift perturbation experiments
and the scaling factors used in the docking of the two
proteins are given in Table 2. The scales were chosen to

give the PRE data about twice the weight of the chemical
shift interface restraints.
An additional symmetry distance restraint was added

to drive the docking of one molecule of Paz towards one of
the three equivalent subunits of NiR. The restraint was
satisfied once the type 1 copper centers of Paz and subunit
C of NiR were closer than 25 Å.

Docking

Restrained rigid-body molecular dynamics and re-
strained energy minimization of the side-chains were
performed in X-PLOR-NIH version 2.9.9.51 The crystal
structures of A. faecalis NiR and Paz (PDB entry codes
1SJM52 and 3PAZ53) were used as the starting structures in
the docking of the two proteins. Protonswere added and an
initial energy minimization of the side-chain atoms was
performed on the proteins before docking. Also, the Gd
atoms were built onto the NiR structure by patching the
known structure of the CLaNP molecule18 at all three posi-
tions engineered in the protein and for all three monomers
of the protein. In this way, nine Gd atoms were added. The
orientations of the probe and several residues in the vicinity
were optimized by Powell energy minimization.
In the rigid-body molecular dynamics used for the

docking of the two proteins, only the energy terms from
the distance restraints and the van der Waals repulsion
were used. In this step, the interaction between the two
proteins was restricted to the backbone and Cβ atoms of
both Paz and NiR. Powell gradient energy minimization
was applied afterwards to the annealed structures,
keeping the backbone atoms fixed and allowing only the
side-chains to move using the bond, angle, dihedral,
improper and van der Waals energy terms to generate the
final structures of the complex.
Calculations of the best pathway for the ET between the

type 1 copper centers of the two proteins were performed
with the programHARLEM§.39 Molecular surfaces shown
in the Figures were produced using UCSF Chimera54and
Figure 7 was drawn using MOLSCRIPT55 and Raster3D.56

Protein Data Bank accession numbers

The best 20 structures have been deposited at the PDB
under entry 2P80.
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