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ABSTRACT: The formation of the unique catalytic tetranuclear copper cluster (CuZ) of nitrous oxide reductase,
N2OR, requires the coexpression of a multiprotein assembly apparatus encoded by thenosDFYLoperon.
NosL, one of the proteins encoded by this transcript, is a 20 kDa lipoprotein of the periplasm that has
been shown to bind copper(I), although its function has yet to be detemined. Cu(I) EXAFS data collected
on the holo protein demonstrated that features of the copper binding site are consistent with a role for this
protein as a metallochaperone, a class of metal ion transporters involved in metal resistance, homeostasis,
and metallocluster biosynthesis. To test this hypothesis and to gain insight into other potential functional
roles for this protein in the N2OR system, the three-dimensional solution structure of apo NosL has been
solved by solution NMR methods. The structure of apo NosL consists of two relatively independent
homologous domains that adopt an unusualââRâ topology. The fold of apo NosL displays structural
homology to only one other protein, MerB, an organomercury lyase involved in bacterial mercury resistance
(Di Lello et al. (2004)Biochemistry 43, 8322-32). The structural similarity between apo NosL and MerB,
together with the absolute conservation of Met109 in all NosL sequences, indicates that this residue may
be involved in copper ligation, and that the metal binding site is likely to be solvent-accessible and
contiguous with a large binding cleft. The structural observations suggest that NosL is exceptionally adapted
for a role in copper and/or sulfur delivery and possibly for metallochaperone function.

Nitrous oxide reductase (N2OR1) performs the last step
of denitrification, the conversion of nitrous oxide to dini-
trogen (N2), returning nitrogen derived from biomass back
to the atmosphere. To accomplish this energetically demand-
ing reaction, N2OR utilizes two functionally critical multi-
nuclear copper clusters, an electron donor site, CuA, and a
catalytic site, CuZ (1). The CuA site of N2OR is a [Cu2S-

(Cys)2] copper cluster, essentially identical to the CuA site
of cytochromec oxidase, and is responsible for the transfer
of two electrons from an electron donor to the active site of
CuZ for N2O reduction (2). CuZ is a novel metal center
consisting of four copper atoms arranged in a distorted
tetrahedron with an inorganic sulfide bridging the metal ions
at the apex (3). Formation of this complex catalytic cluster
requires copper and sulfur, both of which have been shown
to utilize specifically dedicated uptake and transport systems
in order to prevent undesirable side reactions and to ensure
delivery to the appropriate physiologic targets. Thus N2OR
is a member of a now widely recognized class of complex
metalloenzymes that require a variety of accessory, transport,
and cofactor insertion proteins for assembly of essential
metalloclusters.

The nosDFYoperon, located downstream of the N2OR
structural gene,nosZ, has been implicated in CuZ biogenesis.
Based on sequence analysis of the translated genes, the three
proteins encoded bynosDFYare predicted to bear topological
and functional similarity to the ABC or ATP-binding cassette
transporter superfamily, which are multicomponent assem-
blies that are used ubiquitously by archaeal, eubacterial, and
eukaryotic organisms for small molecule transport across
membranes (4). In the nos system, these components are
believed to provide the machinery designed to couple ATP/
GTP hydrolysis to copper and/or sulfur insertion into the
CuZ cluster of N2OR that occurs posttranslocationally within
the periplasm (5). NosF is a peripheral cytoplasmic protein
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with confirmed ATPase activity, capable of providing energy
for metal or small molecule transfer (6). NosY is predicted
to be an integral membrane protein containing six trans-
membrane helices, believed to transduce the energy generated
from ATP hydrolysis by NosF. NosD is a 45 kDa hydrophilic
periplasmic constituent of unknown function expected to
contain aâ-helical domain, as evidenced by its sequence
homology to the CASH (carbohydrate-binding and sugar
hydrolase) superfamily of proteins (7). Biosynthesis of the
CuZ copper center has been shown to require the coexpres-
sion of the NosD, NosF, and NosY proteins (5).

An additional gene downstream ofnosDFY, nosL, is
cotranscribed along with the rest of the gene cluster,
indicating a role for this gene product in N2OR assembly
(5, 8). Tn5-mediated mutagenesis interruption of the C-ter-
minus of NosL, however, had no effect on N2OR synthesis
in Pseudomonas stutzeri(8). Expression of thenosZDFY
genes fromP. stutzeriin Pseudomonas putida, a nondeni-
trifying organism, was sufficient for the production of
catalytically competent N2OR, confirming that NosL is not
obligatory for CuZ or CuA biosynthesis or that there is a
“rescue” substitute in the host (5). Unlike additionalnos
genes that are not conserved, NosL is consistently present
in all denitrifying genomes sequenced thus far, including
those in which the relative order of thenosDFYLgenes is
not conserved, suggesting an important yet unidentified
function for this protein in N2OR maturation.

The translated sequence ofAchromobacter cycloclastes
(A. cycloclastes) NosL (9) contains a putative lipobox,
(L(A/S)(G/A)C), a signal peptide that targets the protein for
translocation through the inner membrane, followed by
cleavage of the signal leader sequence and amino-acylation
of the N-terminal cysteine to diacylglycerol (10). NosL is
most likely shuttled through the periplasm where the resulting
anchor tethers the protein to the outer membrane. Other than
the secretion signal, the sequence of this 20 kDa protein
exhibits little similarity to other sequences of proteins of
known functions and therefore reveals little about the
potential role of this protein in N2OR assembly. Alignment
of NosL sequences fromA. cycloclastes(9, 11), Bradyrhizo-
bium japonicum(12), Pseudomonas aeruginosa (13), Para-
coccus denitrificans(14), P. stuzeri (15), Sinorhizobium
meliloti (16), andRhodobacter sphaeroides(17), i.e., well-
studied denitrifying organisms with well-characterized
N2OR sequences, reveals that, of the few conserved residues
within this relatively divergent group, there are only two
readily identifiable motifs of unknown function(s), CXMXXX-
(E/D)XPGPK(G/A)(E/Q) and G(G/A)XMGA (9) (see align-
ment in Supplementary Figure S1 (Supporting Information)).
Inclusion of additional NosL sequences in the NCBI databank
reduces the conserved motifs to PGPK and (G/A)XMG.
Interestingly, within these sequences, no readily discernible
copper-binding motif is present (18).

Experiments conducted on the recombinant protein from
the facultative anaerobeA. cycloclastes, which lacks the lipid
anchor and has a Met-Asp insertion at the N-terminus of
the mature protein, demonstrated that NosL contains one
Cu(I) atom per monomer (18). Exposure to aerobic condi-
tions resulted in the loss of copper and dimerization via
intermolecular disulfide bond formation. Extended X-ray
absorption fine structure (EXAFS) spectroscopy indicated
that the Cu(I) coordination is best described as being three-

coordinate, with one nitrogen/oxygen donor and two sulfur
ligands. The lack of reactivity of the sole Cys residue of the
recombinant protein with reagents that detect free thiols
suggested that this cysteine is unavailable due to Cu(I)
coordination (18). The relatively recent discovery of a
methionine-rich high-affinity Cu(I) binding motif, MXnM,
specific for periplasmic metal uptake, suggests that the sul-
fur ligands in NosL could be derived from Met residues
(19-21). In the alignment described above, NosL contains
two positionally conserved methionine residues, Met26 and
Met109, which could serve as copper ligands (see Supple-
mentary Figure S1).

The unique nature of the NosL copper center, which binds
Cu(I) and releases it upon oxidation, suggests that it may be
involved in copper transport to or assembly of the catalytic
CuZ or the electron-transfer CuA multinuclear copper clusters
of N2OR (18). If so, NosL would be a member of the rapidly
expanding class of proteins known as metallochaperones:
these are proteins involved in metal resistance, homeostasis,
or metallocluster assembly, and they serve to protect the cell
from the effects of toxic metal ions and ensure delivery to
the appropriate metalloenzyme targets (22).

We have determined the three-dimensional solution struc-
ture of the apo form of NosL (referred to as apo NosL)
lacking the lipid moiety by multidimensional solution NMR
in order to gain insight into the potential role of this protein
in N2OR metallocluster assembly. To date, this is the first
detailed structure of an accessory protein from thenoscluster
of the N2OR system. The apo NosL structure consists of a
well-defined protein core, held in place by the interactions
of two structurally homologous domains that adopt a unique
ââRâ topology, and two lengthy disordered termini. Features
of the fold and the identification of the close structural
homologue MerB implicate one of the conserved methionine
residues, Met109, in metal binding and provide the structural
basis for a copper (and/or sulfur) delivery function in the
N2OR system.

EXPERIMENTAL PROCEDURES

Expression and Purification.RecombinantA. cycloclastes
NosL was cloned and expressed inE. coli using strain BL21-
(DE3)/pL46 as reported in ref18. The pL46 construct is
based on the pET20b(+) vector (Novagen Inc.) and encodes
a PelB leader sequence that permits secretion of the protein
into the periplasm. Residues encoding the native secretion
signal sequence and the N-terminal Cys of the mature protein
thought to be lipidated in vivo were omitted to aid in puri-
fication. As a result of the cloning protocol, the recombi-
nant apo NosL protein contains a non-native Met-Asp
sequence at the N-terminus and lacks the leader sequence
(the first 20 N-terminal residues of the full sequence reported
in the protein databank, accession number CAA75429).
Numbering of the recombinant apo NosL protein used in
the NMR studies thus begins at Met1-Asp2-Lys3-Glu4-,
where Lys3-Glu4 of apo NosL corresponds to Lys21-Glu22
of the full NosL sequence reported in the PDB (18). 15N
and 13C uniformly labeled recombinant apo NosL was
produced by growingE. coli cell cultures in MOPS media
enriched with [15N]NH4Cl (99% 15N-enriched, CIL, Cam-
bridge, MA) or [15N]NH4Cl/D-glucose-13C6 (99% 13C-
enriched, CIL, Cambridge, MA) as the sole nitrogen and
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carbon sources, respectively. Cultures were grown to an
OD600 nm of approximately 0.7 at 37°C, followed by
induction of protein synthesis with 1 mM IPTG, and
subsequent growth at 20°C for 10 h. Cells were harvested,
and the periplasmic apo NosL protein was extracted via
osmotic shock. The protein was purified as previously
described using DEAE-FF (Sigma Co., St. Louis, MO) ion
exchange chromatography, followed by a final purification
step using a Resource Q (Amersham Pharmacia Inc.,
Piscataway, NJ) chromatographic column (18). Apo NosL-
containing fractions were dialyzed against NMR buffer (100
mM sodium phosphate, 1 mM DTT, 1 mM EDTA, pH 6.5)
and concentrated using an Amicon stirred cell (Millipore Inc.,
Bedford, MA) under argon using a 10 kDa cutoff ultrafil-
tration membrane. Final NMR samples consisted of 1.0 to
1.5 mM protein in 100 mM sodium phosphate, 1 mM DTT,
1 mM EDTA in either 90% H2O/10% D2O or 100% D2O at
a pH of 6.5. Asymmetric flow field flow fractionation/
dynamic light scattering experiments were conducted on an
AF2000 Focus instrument (PostNova, Inc).

NMR Spectroscopy.All NMR spectra were acquired at
30°C on a four-channel Bruker DRX-600 spectrometer, with
a triple 15N, 13C, 1H inverse resonance probe equipped with
triple axis gradients. Quadrature detection for all multidi-
mensional NMR experiments was achieved using the States-
TPPI method (23). Data were processed and analyzed using
the NMRPipe (24), PIPP (25), NMRView 5.0 (26), and
XWINNMR version 3.1 (Bruker Inc., Billerica, MA) soft-
ware packages. Two-dimensional1H-15N HSQC spectra (27)
were acquired with a spectral width of 14.0 ppm int2 and
40.0 ppm int1, with the proton carrier frequency set at 4.7
ppm and the nitrogen carrier set at 116.0 ppm. Data were
collected with 1024 complex points int2 and 128 complex
points in t1, using Waltz-16 (28) for 15N decoupling during
data acquisition. Apodization was performed using a sine
bell squared function shifted by 0.35π radians int2, and a
sine bell function shifted by 0.40π radians int1.

Sequential and intraresidue1H, 15N, and13C backbone and
side-chain chemical shift assignments were extracted from
a series of double and triple resonance NMR experiments
(HNCA (29), HNCO (29), HNCACB (30), CBCA(CO)NH
(31), C(CO)NH (32), HCC(CO)NH (32), 1H-13C-CT HSQC
(33) and HCCH-TOCSY (34)). 1H-13C-CT HSQC and
HCCH-TOCSY experiments were performed in D2O. A
DIPSI pulse sequence scheme (35) was utilized for 1H
decoupling during carbon evolution and the Waltz-16 scheme
(28) for 15N decoupling during data acquisition. Similar
apodization functions were used in all spectral dimensions,
using shifted sine bell functions.1H, 13C, and15N, chemical
shifts were indirectly referenced to DSS, using absolute
frequency ratios for13C and15N chemical shift referencing.
A detailed description of all acquisition parameters for these
experiments and the NOESY experiments described below
are included in Supplementary Table 1 (Supporting Informa-
tion).

Protein Structure Calculations.NOE data collected to
derive 1H-1H distance restraints for secondary and three-
dimensional structure determination were obtained from 3D
15N NOESY experiments (36, 37) with mixing times (tmix)
of 100, 120, and 140 ms and from 3D HCHC-NOESY (38)
(tmix ) 140 ms) spectra acquired at 600 MHz. Additional
15N NOESY-HSQC and13C NOESY-HSQC experiments

(NOE mixing times of 120 ms) were acquired on a Varian
800 INOVA (800 MHz) instrument at the Environmental
Molecular Sciences Laboratory (EMSL), sponsored by the
Department of Energy’s Office of the Biological and
Environmental Research, located at the Pacific Northwest
National Laboratory (PNNL).

13C- and15N-edited NOESY spectra were processed using
NMRPipe and imported into NMRView 5.0. NOE cross
peaks were annotated in NMRView using the standard peak-
picking algorithm and the associated volumes collected.
Cross peaks corresponding to intraresidue and sequential
NOEs, and NOEs arising from secondary structure spin
network, were assigned manually. A total of 112 NOEs were
assigned in this fashion and entered into an NOE cross peak
list. At this stage, unassigned peaks annotated by NMRView
but believed to be artifacts were deleted from the list. The
resulting NOE cross peak files and chemical shift informa-
tion, along with the primary sequence of apo NosL, were
used as input into the program ARIA 1.2 (Ambiguous
Restraints for Iterative Assignment) (39-41).

The ARIA calculation proceeded in nine iterations of
NOESY spectra calibration and assignment of ambiguous
and unambiguous distance restraints followed by calculation
of an ensemble of structures. By default, ARIA calibrates
distance restraints by computing the relaxation matrix from
the NOE peak intensities and the chemical shift assignments
(40). A rotational correlation time of 9 ns was used for
computation of the relaxation matrix. More precise structures
(with lower mean rmsds) were obtained using the standard
r-6 dependence of the NOE volumes and the isolated spin
pair approximation implemented in ARIA to calibrate the
distance restraints (39). Within the NOE assignment protocol,
unassigned NOE cross peaks were matched to each possible
chemical shift within a frequency tolerance range of(0.04
ppm for protons and(0.4 ppm for nitrogen or carbon
heteronuclei, generating several potential NOE assignments.
These assignments were then treated by the ARIA program
as ambiguous distance restraints (39, 41).

The total number of ambiguous NOE restraints allowed
for each peak in the NOESY data was set to 7 (max•n).
Iteration zero was used to generate the initial ensemble of
structures and set to an NOE violation tolerance (vtol) of
1000 Å to ensure that no NOE distance restraints were
excluded, and with a partial assignment cutoff probability
(also called ambiguity cutoff) (F) set to 1.01 to ensure that
partial NOE assignments were based on chemical shifts only
during this first iteration cycle (39). For subsequent iterations,
the violation tolerances were set to vtol) (1000, 1.0, 0.5,
0.1, 1.0, 0.1, 0.1, 0.1) and the ambiguity cutoffs (F) set toF
) (0.9999, 0.999, 0.98, 0.96, 0.93, 0.90, and 0.80). For
iterations one through eight, the average distance information
from the 20 lowest energy structures from an ensemble of
100 was used as the basis for NOE assignment and
calibration in the next cycle. For each ARIA run, a total of
nine iterations were performed followed by refinement in
explicit solvent (42), using the ARIA parameters described
above and similar to the default values reported in ref40.

For the structure calculation step in each cycle, ARIA
invoked the software suite Crystallography and NMR System
1.0 (CNS) (43), using the automatically and manually
assigned NOE-derived distance information, hydrogen bond
distance restraints, and dihedral angle data, as input restraints
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for the calculation, starting from an extended structure.
Hydrogen bond restraints were obtained by monitoring the
disappearance of amide proton resonances upon exchange
with deuterium in a series of 2D1H-15N-HSQC spectra. To
perform the H/D exchange experiments, a highly concen-
trated sample of apo NosL was rapidly diluted with D2O-
containing buffer and reconcentrated quickly, followed by
NMR data acquisition. The shortest time point between the
start of the H/D solvent exchange process and completion
of the first HSQC spectrum was approximately 30 min.
Inferred nitrogen-oxygen distances were given the lower
distance bound of 2.5 Å and an upper distance bound of 3.3
Å. Hydrogen bond distance restraints between the amide
proton and oxygen were given a lower bound of 1.5 Å and
an upper bound of 2.3 Å. The program TALOS (44)
generatedφ and ψ dihedral angle restraints based on
observed chemical shifts for Ca, Cb, CO, N, and HR except
for those shifts that yielded ambiguous dihedral angle values.
To facilitate convergence, residues Met1-Pro34 and residues
Glu161-Gly175 were omitted from the structural calcula-
tions based on the observation that these residues either
lacked useful chemical shift information or demonstrated
little if any NOE signals, an indication that these regions of
apo NosL, corresponding to the N- and C-termini of the
protein, are disordered and in all likelihood floppy.

Following each computational cycle of ARIA, resulting
structures were manually inspected and remaining restraint
violations analyzed. During this step, large violations were
removed (those yielding energies of roughly>100 kcal/mol),
and the ARIA calculations were repeated using NMR
assignments generated from previous ARIA iterations until
convergence was achieved. For the final set of ARIA
calculations, 100 structures were generated and 20 lowest
energy structures selected for analysis using the programs
Quanta (Molecular Simulations Inc.), MOLMOL (45),
PROCHECK-NMR (46), and GRASP (47). A total number
of 1677 NOEs (780 intraresidue restraints and 897 interresi-
due restraints), 146 dihedral angle restraints, and 76 hydro-
gen bond restraints were used as experimental restraints and
input into ARIA/CNS. Structural homologues were identified
by submitting three of the lowest energy structures to the
DALI ( 48, 49) server (www.ebi.ac.uk/dali) as a web request.
The average energy-minimized structure, as well as an
ensemble of 20 lowest energy structures, has been deposited
in the protein data bank, ID codes 2HQ3 and 2HPU,
respectively.

RESULTS

NMR Chemical Shift Assignments and Determination of
the Secondary Structural Elements of Apo NosL.Excluding
apo NosL’s 14 proline residues, 11 out of a total of 161
amide resonances remained unassigned following chemical
shift identification, corresponding to a sequential assignment
of 93%. Amide resonances for Met1, Asp2, Thr16, Leu20,
Tyr23-Leu28, and Ser50 of apo NosL could not be readily
discerned and are presumed to be involved in conformational
exchange processes that broaden signals beyond detection
in the HSQC spectrum. 166 of CR and 141 of CO chemical
shifts out of a possible total of 175 were obtained, and 94%
of HR and Hâ assignments were achieved. Backbone and
side chain (1H, 15N, 13C) resonance assignments have been
deposited in the BioMagResBank database under the acces-

sion number 5595 (50). In some of the15N and13C spectra,
a few of the resonances appeared doubled (Asn74 and
Ala55), suggesting that these residues may be undergoing
motional dynamics in the slow exchange regime. To verify
that apo NosL is monomeric under the conditions used for
NMR, asymmetric flow field low fractionation/dynamic light
scattering experiments were conducted and demonstrated
that, consistent with the spectral line widths observed in the
NMR, apo NosL is not engaging in significant monomer-
dimer equilibria (McGuirl et al., unpublished).

CR, Câ chemical shifts, NOEs, and protection from
hydrogen/deuterium exchange data were used to identify the
secondary structural elements of apo NosL and to determine
â strand topology (Figure 1). The protein secondary structure
consists of sevenâ strands, twoR-helices, and two 310 helices
punctuated by loops of varying lengths. Theâ strands are
arranged into two antiparallelâ sheets, denoted as sheet A
and sheet B. A schematic diagram displaying the hydrogen
bonding pattern and NOE connectivities in the two sheets is
shown in Figure 2. The N- and C-termini of apo NosL,
extending from residues Met1-Pro34 and Val145-Gly175
respectively, yielded very few characteristic NOEs or
hydrogen bonds, and no significant chemical shift deviations
from random coil values (51), consistent with lack of
structure for these regions (Figure 1).

â sheet A is composed of four strands extending from
residues Ala36-Leu40 (â1), Leu47-Phe49 (â2), Val70-
Asn74 (â3), and Asn90-Ala93 (â4) (Figures 1 and 2). Strand
â3 of sheet A contains aâ-bulge centered at Leu40, the
carbonyl oxygen of which interacts with the amide proton
of residues Ile68 and Leu69. The otherâ sheet, sheet B, is
composed of three strands consisting of residues Phe98-
Gly102 (â5), Glu113-Phe117 (â6), and finally Gly132-
Ala136 (â7) (Figures 1 and 2). The firstR-helix (a1)
encompasses residues Val52-Ala59 following strandâ2
after a short linker region. The secondR-helix (R2),
positioned between strandsâ6 andâ7, consists of residues
Arg120-Ala129. Residues Leu137-Ile140 and residues
Ala94-Ala97 each form a 310 helix, as identified by the
characteristic dRN (i, i + 2) NOEs and hydrogen bonding
pattern (Figure 1).

Three-Dimensional Structure of Apo NosL.Once the
secondary structure elements of apo NosL were established,
the global fold of the protein was identified using the
structural calculation software package ARIA 1.2 (41). A
total of 112 manual assignments corresponding primarily to
secondary structure, sequential, and intraresidue NOEs were
entered into the ARIA program in order to facilitate the
automated assignment process.

Initial calculations of full-length apo NosL (spanning
residues Met1 through Gly175) structures did not converge
sufficiently, most probably because of the chemical shift
degeneracy for residues in the N- and C-termini, which
produced consistently high energy NOE violations after final
water refinement. To circumvent this problem, residues
starting from Lys35 to Glu160 in the apo NosL sequence
were used as a starting template in order to simplify possible
chemical shifts and potential NOE assignments made by
ARIA, and to facilitate convergence. As mentioned, residues
in the protein segments omitted from the calculations
displayed very few nonsequential NOE signals, suggesting
these N- and C-terminal regions of the protein have little
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well-ordered structural features. The disorder of the N- and
C-termini of apo NosL may also explain why previous
attempts at crystallizing the protein had failed. Regrettably,

one of the two conserved motifs identified by alignment of
NosL sequences, CXMXXX(E/D)XPGPK(G/A)(E/Q), is part
of the region of the recombinant protein lacking useful NMR

FIGURE 1: Summary of amide H/D exchange data, patterns of sequential and short-range NOEs, and secondary chemical shifts for residues
1-100 (A) and 101-175 (B) of apo NosL. The height of the box for the NOE data reflects the intensity of each NOE cross peak detected
in 15N- and13C-edited1H-1H NOESY spectra. Differences in ppm for13CR, 13Câ, and1HR chemical shifts relative to random coil values
are shown. The last row delineates the consensus secondary structure elements identified from the NMR parameters depicted above.
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information, and therefore could not be meaningfully mod-
eled in the NMR ensemble of apo NosL structures.

Structural determination of apo NosL was initiated starting
with calculations of a set of 100 structures using CNS (43).
From the initial set of 100, 20 lowest energy structures were
selected for final analysis, overlaid and displayed in Figure
3. Backbone root-mean-square deviations (rmsd) for the final
set of 20 apo NosL structures relative to the mean structure
were 0.52 Å for residues located in the well-defined
secondary structural elements of the protein, and 1.33 Å for
all backbone atoms (Table 1). Dihedral angle mapping on
Ramachandran plots using PROCHECK-NMR demonstrated
that less than 1% of residues fall within disallowed regions
of φ/ψ angle space (shown in Supplementary Figure S2
(Supporting Information)). The single residue (Gln85) that
consistently fell in the disallowed region of the Ramachan-
dran plot is positioned on a loop, which is underdetermined
in the structure calculations due to relatively fewer NOE
restraints observed for this segment of the protein. The
conformational and energetic analyses on the ensemble of
the 20 lowest energy structures performed by PROCHECK-
NMR are reported in Table 1.

The overall three-dimensional fold of apo NosL consists
of two structurally similar and relatively independent do-
mains composed of a mixedR/â topology in which each
domain contains a novelââRâ motif (Figure 4). The second
and thirdâ strands within each motif (â2 andâ3 of sheet A

andâ6 andâ7 of sheet B) are connected by anR-helix via
a right-handed crossover, packing each helix against the face
of the respective attachedâ sheet (Figure 4A). Extensive
searches conducted to identify domains structurally related
to apo NosL’sââRâ motif using the programs FATCAT,
SCOP, VAST, and DALI revealed no matches to this domain
in the database (49, 52-54). Backbone atoms of the threeâ
strands andR-helix of each motif superpose with an rmsd
of 1.81 Å (Figure 4B), despite the fact that the sequence
identity of the aligned residues within the secondary structure
elements is only 11% inA. cycloclastes. The close structural
relationship between the two domains of apo NosL may be
an indication that the present-day fold of the protein is the
result of an ancient gene duplication event.

The twoââRâ domains are connected by a short 310 helix
that forms a hinge between them and projects outward into
solvent (Figure 5), in which the slowly exchanging amide
proton of Ala97 is involved in formation of a hydrogen bond
with the carbonyl oxygen of Ala94, both of which are highly
conserved residues. The two domains are almost perpen-
dicular to each other and rotated∼80° apart, and arranged
in a twisted butterfly-like configuration that creates a large
solvent-accessible cleft between them which bisects the
structural core of the protein (Figure 5). TheR1 helix forms
the interface between the two lobes, interacting with residues
from the face of sheet A and with sheet B in an edge-on
manner, partially burying the N-terminal end of the helix
between the two sheets (Figure 5A-C). Due to the orienta-
tion of the two domains, the buried surface area of apo NosL
is relatively small, which, in conjunction with the many
loops, generates an irregular surface with many clefts
available for potential ligand- and protein-protein interac-
tions (Figures 5 and 6). All of the four loops in apo NosL
are solvent-exposed, consistent with fast amide H/D ex-
change, except for several residues in the long loop encom-
passing residues Met76-Gly89 (loop â3/â4), in which
several of the amide protons are protected from rapid H-D
exchange with solvent (Figure 5).

Residues surrounding the wide cleft between the twoâ
sheets create a positive patch of electrostatic surface potential
due to the presence of residues Arg60, Arg53, and Arg106
(Figure 6). In contrast, the interior of the cavity is relatively
neutral. The remainder of the protein surface displays a
substantial negative potential, especially near the C-terminal
end of the structure, which arises from the clustering of acidic
residues Asp142, Asp139, Asp158, Glu150, Glu154, Glu160,
and Asp159 (Figure 6). Residues on the C-terminal side of
the short 310 helix formed by Leu137, Ala138, and Asp139
form a small hydrophobic cluster, which includes the side
chains of the conserved residues Ile140, Leu137, and Tyr99
(Figure 6). These contacts extend over the top ofâ sheet B
in an irregular conformation and constitute the last ordered
region of apo NosL.

Structural Homology to MerB.A search of the RCSB
Protein Data Bank using the DALI server identified only
one statistically significant structural homologue to the
structure of apo NosL: MerB, an organomercury lyase (PDB
code 1S6L,Z-score) 4.0) (55). The superposition of the
two proteins generated by MOLMOL (45) is shown in Figure
7. Figure 7A displays the structural alignment of apo NosL
and full-length MerB, whereas 7B depicts the structural
superposition of the two proteins excluding the N-terminal

FIGURE 2: Hydrogen bonding network and NOE connectivities
detected acrossâ strands for apo NosL as inferred from the NMR
data. (A) The â strand topology for the first four-stranded
antiparallelâ sheet of apo NosL. (B) The H-bond network and
NOEs identified in the second, three-stranded antiparallelâ sheet
of the protein. Hydrogen bonds are indicated by dotted lines, and
NOE interactions by double arrows.
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domain of MerB which is absent in the structure of apo
NosL. Backbone rmsd for the aligned regions of the two
proteins is 3.74 Å, demonstrating that, aside from differences
described below, the core of the 3D structure of apo NosL
derived from the NMR ensemble aligns well with the 3D
structure of MerB, despite low sequence identity (<20%)
between the two proteins. Consisting of three separate
antiparallelâ sheets and sixR-helices, MerB is larger than
apo NosL and possesses an N-terminal domain that is not
present in apo NosL. MerB’s N-terminal domain is composed
of threeR-helices and two shortâ strands combined to form

a winged-helixRRRââ fold that is proposed to function in
protein-protein interactions (55). Interestingly, this is the
only region of MerB that exhibits structural similarity to other

FIGURE 3: Ensemble of 20 low-energy apo NosL protein structures derived from the NMR data. The stereoview depicts the overlay of
backbone heavy atoms (N, Ca, and C′) for residues 35-160 for 20 lowest-energy structures of apo NosL relative to the mean structure.
Figure 3 was generated using the MOLMOL (45) software. The set of 20 structures displayed in the figure was selected for final analysis
from an initial set of 100 calculated structures using the “Ambiguous Restraints for Iterative Assignment” algorithm of ARIA 1.2 (40).

Table 1: Experimental Restraints Used in the Structure Calculations
of Apo NosL and Statistical Analysis of the 20 Lowest Energy
Structuresa

Experimental NMR Restraints Used for Structure Calculations

ARIA NOEs
H-CH 1589
H-NH 851
unambiguous 851
ambiguous 607
total 1458

Manual NOEs
H-CH and H-NH 112
H-bond distance restraints 76

Structural Statistics for 20 Lowest Energy
Water-Refined Apo-NosL Structures

Root-Mean-Square Deviations Relative to Average Structure (Å)
backbone (CR, C′, N) atoms in 2nd structure 0.52( 0.14
backbone all residues 1.33( 0.44
heavy atoms in 2nd structure 0.88( 0.14
heavy atoms in all residues 1.70( 0.43

Restraint Violations
NOE distances with violations>0.5 Å 0.2( 0.4
dihedral with violations>5° 0.6( 0.8

Final Energies from Simulated Annealing (kcal/mol)
Fvdw -393( 21
Fele -4338( 79

Deviation from Idealized Geometry
bonds (Å) 0.0040( 0.0002
angles (deg) 0.55( 0.02
impropers (deg) 1.61( 0.14

Ramachandran Analysis (% of All Residues)
residues in most favored regions 83.3
residues in additional allowed regions 13.7
residues in generously allowed regions 2.0
residues in disallowed regions 1.0

a Root-mean-squared deviations (rmsds) have been calculated for core
regions of defined secondary structure and include residues belonging
to â strandsâ1, â2, â3, â4, â5, â6, â7, and helicesR1 andR2.

FIGURE 4: (A) Schematic diagram of the topological arrangement
of secondary structural elements in apo NosL. The two structurally
homologous domains of apo NosL are color-coded in green and
magenta, respectively, and illustrate the right-handed crossover
between theR-helix andâ-sheet of eachââRâ motif. (B) Structural
alignment of the twoââRâ domains of apo NosL. Domain 1
(composed of residues Ala36-Asp75) is displayed in magenta with
strandsâ1, â2, â3 and helixR1 labeled while domain 2 (encom-
passing residues Phe98-Ala136) is colored in green with strands
â5, â6, â7 andR2 labeled. Backbone atoms for residues located in
the secondary structural elements of each domain align with a root-
mean-square deviation (rmsd) of 1.81 Å, with the largest rmsd
variations corresponding chiefly to residues positioned in the loop
spanning strandsâ1 andâ2 and the loop bridging strandsâ5 and
â6. Figure 4B was generated using MOLMOL (45).
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proteins in the Protein Data Bank. Although the correspond-
ing N-terminal region of apo NosL is not modeled in the
present calculations, its smaller size and lack of secondary
structure are not consistent with the presence of a winged-
helix fold.

Apart from the N-terminal domain, a large portion of the
MerB protein adopts a unique fold that it shares with apo
NosL (55). The twoâ sheets of apo NosL, sheets A and B,
superpose with the two C-terminalâ sheets (sheets B and
C) of MerB, with the exception of an extra strand (â7) in
sheet B of MerB (Figure 8A-C). The unusual perpendicular
orientation of the two sheets, including some of the molecular
interactions between secondary structural elements, is com-
mon to the two proteins. TheR1 helix of apo NosL aligns
with the shortR4 helix/coil of MerB but is ill-defined in
MerB due to the sparse number of NMR-derived restraints
for this region. Finally, in the place of the disordered
C-terminus of apo NosL, MerB contains a longR-helix (R6)
that is positioned between sheets B and C. Interestingly, the
long flexible loop (â8/â9) of MerB containing the mercury
binding residue Cys159 is spatially homologous to loop
â5/â6 in the apo NosL structure (Figure 8), which contains
one of two recognizable motifs conserved within the NosL
family, G(G/A)XMGA, and may provide one of the few
strictly conserved sulfur ligands.

DISCUSSION

Structural Homology of NosL and MerB.The unexpected
structural similarity between apo NosL and the recently

discovered fold of MerB, an organomercuric lyase that is
responsible for broad mercury resistance in bacteria, provides
unanticipated insight into the potential role NosL serves in
the assembly of N2OR. MerB binds a variety of organome-
tallic-Hg(II) compounds, very toxic forms of mercury, and,
with the aid of 2 equiv of a physiological thiol, cleaves the
carbon bond via a rare SE2 protonolysis mechanism, ulti-
mately delivering Hg(II) to MerA for further detoxification
(55, 56). MerB and apo NosL are thus far the only members
of a new structural superfamily, each containing two
perpendicularly arrangedââRâ motifs. In the MerB structure,
the two motifs have acquired functional specialization,
evidenced by the positioning of the two metal binding
residues of each domain in distinct locations (55).

Apo NosL and MerB both exhibit a similar and unusual
perpendicular arrangement of twoâ sheets, creating a
strikingly large cleft between them. While the preservation
of this cleft in both proteins suggests an important function
for this surface structure, there are marked differences
between apo NosL and MerB with respect to specific
architecture and to the identity of residues lining the clefts.
Very few residues are conserved between the two proteins,
strongly suggesting that apo NosL does not bind DTT or
monothiol cofactors that bind within the cleft structure of
MerB and that are associated with enzymatic turnover (56).
Nevertheless, the relative overabundance of hydrophobic and
conserved residues lining the cleft of apo NosL (Figure 6)
suggests that this region may take part in protein-protein
interactions, although no specific association between

FIGURE 5: Ribbon diagrams of a representative low-energy conformer of apo NosL viewed from various orientations, and generated using
the MOLMOL software (45). (A) The â sheets are depicted in cyan, helices in red and yellow. The protein’sâ strandsâ1, â2, â3, â4, â5,
â6, andâ7, and helicesR1, andR2, as detailed in the text, are labeled. (B) A view of the apo NosL structure rotated by 180° relative to
the orientation in panel A, in which the 310 “hinge” is projecting toward the viewer. (C) The image has been rotated 90° relative to the
orientation in panel A and illustrates the perpendicular relationship of the twoâ sheets.
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NosL and other proteins or biomolecules has thus far been
reported.

While the common fold is evidence for an ancestral link
between NosL and MerB, there is no evidence that NosL
functions as an organometallic lyase. NosL does not possess
two conserved cysteine residues implicated in the organo-

metallic bond cleavage reaction of MerB. Furthermore, the
very low sequence homology to MerB falls below the limit
at which functional conservation can be expected. Despite
inherent limitations of inferring function from structural
similarities, some conserved mechanistic feature that relies
on the integrity of a common fold is often retained within a

FIGURE 6: (A) Diagram of the molecular surface of apo NosL. The picture on the right-hand side depicts the large cleft between the two
ââRâ domains of the protein and the irregular surface created by multiple solvent-exposed loops. The picture on the left-hand side has been
rotated by 90° and displays a view of the protein down a deep pocket created by the interactions of the protein structural elementsR1, â1,
â3, andâ6, as described in the text. Figure 6A was generated with the GRASP (47) software and contoured according to surface curvature
to emphasize depth. (B) Electrostatic surface potential of apo NosL displayed from two orientations of the protein, and generated using
GRASP (47). The right-hand-side figure outlines the positively charged, basic patch surrounding the pocket created by residues Arg106,
Arg53, and Arg60. The figure on the left-hand side is a view of apo NosL down its cleft structure.

FIGURE 7: Structural comparison between MerB and apo NosL. (A) Superposition of structural elements of the full-length MerB protein
with apo NosL. The secondary structural elements of both proteins are depicted as ribbon diagrams with MerB colored in brown and apo
NosL in dark blue. The two antiparallelâ sheets and helixR2 of apo NosL align closely with structural elements of MerB, while helixR1
overlays with a coil. MerB possesses a long helix (shown at a 45° angle) in place of the less well-defined C-terminus of apo NosL. (B) The
structural alignment shown in this panel is similar to the one shown in panel A except that the N-terminal domain of MerB, absent in apo
NosL, has been omitted for clarity.
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protein superfamily (57). In the case of NosL and MerB,
this conserved mechanistic feature would appear to require
the presence of a large cleft between the twoââRâ domains
contiguous with a mononuclear metal binding site.

Copper(I) Ligands in NosL.Previous studies suggest that
Cu(I) in NosL is coordinated by one nitrogen/oxygen and
two sulfur ligands (18). Met109 (corresponding to Met127
in the numbering scheme of the NosL sequence deposited

FIGURE 8: (A) Structural alignment of apo NosL with full-length MerB protein including depiction of metal-binding ligands. Theâ strands
of MerB are displayed in cyan, whileR helices are colored in yellow and red. The structural elements of apo NosL are shown in dark blue.
One of the proposed copper ligands for NosL, Met109, is shown in dark blue and positioned on a loop spanningâ strands 5 and 6, which
aligns closely with one of the long loops (depicted in dark gray) of the MerB protein. The mercury binding ligands of MerB, Cys159 and
Cys96, are colored in green. The individual structures of apo NosL and MerB (as reported in ref55) are shown separately in panels B and
C, respectively, to aid the reader in assessing similarities and differences between the two proteins. In this figure, the titled images of apo
NosL and MerB have been gyrated away from the viewer to emphasize the unusual perpendicular orientation of the two antiparallelâ
sheets relative to each other in each protein.
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in the PDB) is one of few conserved residues capable of
providing a sulfur ligand for metal coordination, and resides
within one of the two motifs that characterize the NosL
family of sequences, G(G/A)XMGA. The high glycine
content of this region of the protein suggests that flexibility
may be an important feature of this motif. Consistent with a
role in Cu(I) binding, this sequence motif is located on the
â5/â6 loop of apo NosL which structurally superposes with
the â8/â9 loop of MerB that contains the Hg(II)-binding
residue Cys159 (Figure 8). In addition, the side chain of
Met109 is solvent-exposed in the apo structure of NosL and
is therefore available for interaction with a metal ion.
Although the identity of the other copper ligands remain
unknown at this time, there are no other sulfur ligands located
within the sameâ sheet (sheet B) as Met109, indicating that
the other metal ligands must be provided by a portion of the
otherââRâ domain of NosL, or by the N-terminal segment
of the protein not modeled in our structures.

Met26 (i.e. Met44 in the PDB sequence) is highly
conserved among NosL sequences and could serve as the
second sulfur ligand identified in the EXAFS data (18). Met
ligation of Cu(I) in NosL is consistent with the relatively
recent discovery of a high-affinity methionine-rich copper
binding motif, MXnM, that is specific for metal uptake in
the oxidizing environment of the periplasm (19-21). Un-
fortunately, because the N-terminus of apo NosL containing
Met26 and the cysteine residue (Cys24) previously implicated
in metal binding is disordered, the 3D structure of apo NosL
provides no additional insight as to the possibility of Cys24
and Met26 of being sulfur ligands for Cu(I) chelation to the
protein.

Role of NosL in N2OR Assembly.Despite the difficulty of
detecting common functional elements between apo NosL
and its structural homologue MerB, it is highly likely that
both proteins bind metal ions in a solvent-accessible state
contiguous with a large binding cleft, implying that metal
ion binding and subsequent release to a binding partner may
be a common chemical or mechanistic characteristic of the
two proteins. Given the common structural features in the
two proteins, a role for NosL in copper or copper/sulfur
transfer may be envisioned and is consistent with metal-
lochaperone activity.

Most metallochaperones bind their metals via residues
clustered within a relatively few sequential number of amino
acids, unlike NosL in which the metal site architecture
appears to involve discontinuous regions of the polypeptide.
In this respect NosL is similar to the metallochaperone Sco1,
a protein involved in assembly of the CuA dinuclear copper
center of cytochromec oxidase, and with proposed copper
transfer activity in which the metal center is formed by
residues from nonadjacent structural elements (58). Sco1 is
also unique among known metallochaperones because it
anchors to the membrane via interaction of an N-terminal
transmembrane helix with membrane lipids (59). Protein
anchoring to the membrane is reminiscent of NosL, where
the mature protein is predicted to anchor to the outer cellular
membrane via a thioether bond between a lipid and the
protein’s N-terminal cysteine (8, 11, 15, 16, 18).

Studies to determine the minimal set of proteins required
for N2OR biogenesis have shown that NosL is not strictly
essential for either CuZ or CuA assembly in N2OR (5).
However, if NosL is only required under copper deficient

conditions, as is the case with other metal chaperones, it is
possible that sufficient copper depletion was not achieved
in NosL knockout experiments, such that potential metal
delivery function was not detected. It is also conceivable
that a NosL paralogue exists that can replace its function in
knockout strains, similar to the way NirX can substitute for
NosX, a redox component of thenoscluster (60). If, in fact,
NosL is shown to serve as a metallochaperone, it possesses
a unique fold among this increasingly structurally diverse
class of proteins.
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