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Abstract

We report here the first crystal structure of the N-terminal domain of an A-type Lon protease. Lon
proteases are ubiquitous, multidomain, ATP-dependent enzymes with both highly specific and non-
specific protein binding, unfolding, and degrading activities. We expressed and purified a stable,
monomeric 119-amino acid N-terminal subdomain of the Escherichia coli A-type Lon protease and
determined its crystal structure at 2.03 Å (Protein Data Bank [PDB] code 2ANE). The structure was
solved in two crystal forms, yielding 14 independent views. The domain exhibits a unique fold
consisting primarily of three twisted b-sheets and a single long a-helix. Analysis of recent PDB
depositions identified a similar fold in BPP1347 (PDB code 1ZBO), a 203-amino acid protein of
unknown function from Bordetella parapertussis, crystallized as part of a structural genomics effort.
BPP1347 shares sequence homology with Lon N-domains and with a family of other independently
expressed proteins of unknown functions. We postulate that, as is the case in Lon proteases, this
structural domain represents a general protein and polypeptide interaction domain.
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ATP-dependent Lon proteases are conserved in all living
organisms and catalyze rapid turnover of short-lived reg-
ulatory proteins and many damaged or denatured pro-
teins (Gottesman and Maurizi 1992). Bacterial Lons are
required for survival from DNA damage, developmental
changes induced by stress, and quorum sensing, whereas
eukaryotic Lons are needed for mitochondrial mainte-

nance and respiratory functions. Mammalian mitochon-
drial Lon, which is critically required for removal of
oxidatively damaged proteins, has been implicated in
age related loss of cellular functions. Lon degrades both
specific proteins and unfolded polypeptides, although the
basis of substrate recognition is poorly understood. In
vivo, Lon’s ability to interact with both single-stranded
DNA and with polyphosphate may increase its access to a
selective range of cellular proteins.

The enzymatic properties of Escherichia coli Lon pro-
tease (EcLon) have been extensively studied (Goldberg et
al. 1994; Gottesman et al. 1997; Melnikov et al. 2000).
Lon couples ATP hydrolysis to structural disruption and
processive degradation of proteins into peptides of 5–12
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amino acids. EcLon is active as an oligomer of identical
784-amino-acid polypeptide chains (Botos et al. 2004b).
Three functional domains have been identified within
each subunit: the central region (A domain), an ATPase
belonging to the AAA+ superfamily (Neuwald et al.
1999); the C-terminal region (P domain), a unique ser-
ine protease with a serine-lysine catalytic dyad (Rota-
nova et al. 2004); and the ,300-amino-acid N-terminal
region (N domain), which is divided into two or more
subdomains and is expected by analogy with other
ATP-dependent proteases to participate in recognition
and binding of target proteins or their adaptors (Iyer et
al. 2004; Rotanova et al. 2004). However, detailed anal-
ysis of the organization and structural interactions
between the domains of Lon proteases is lacking. To
date, crystal structures have been solved for a small a-
helical portion of the EcLon A domain (residues 491–
584) (Botos et al. 2004b) and for the P domains of E. coli
(Botos et al. 2004a),Methanococcus jannaschii (Im et al.
2004), and Archaeoglobus fulgidus (Botos et al. 2005)
Lons. By contrast, no structural data for the N domain
of Lon have been available until now, and its lack of
sequence similarity to any proteins of known structure
has prevented homology modeling. This report provides
initial data on the structure of the N domain of EcLon.

Results and Discussion

Possible boundaries within the N domain of EcLon were

found by limited proteolysis, which gave fragments 1–

209, 1–245, and 1–309. Analysis of multiple sequence

alignments suggested that Lon N domains might consist

of two or more independently folded subdomains with

another boundary around residue 119. Several con-

structs consisting of Lon N domains of varying length

were expressed in E. coli and the resulting proteins sub-

jected to crystallization. Crystals of constructs 1–245

and 1–267 diffracted poorly, and structures could not

be solved. However, better crystals of the construct 1–

119 (Lon-N119) could be obtained, and its structure was

solved by single-wavelength anomalous dispersion of the

selenomethionine-containing protein. Two different cry-

stal forms of the Lon-N119 construct, an orthorhombic

one initially used to solve the structure and the mono-

clinic one used for refinement, were analyzed in this

study. The orthorhombic structure did not refine well

(Table 1), and in the discussion below, we refer to the

structure obtained with the monoclinic crystals only,

unless specifically mentioned otherwise.
Residues 8–117 of Lon-N119 are ordered in the mono-

clinic crystal structure refined at 2.03 Å resolution

Table 1. Statistics of data collection and structure refinement

Native SeMet

Data collection Home X9B BNL

Space group P21 P212121
Molecules/a.u. 8 6

Unit cell parameters (Å) a=90.61, b=53.45, c=111.97 a=60.28, b=87.35, c=129.52

b=107.5�
Resolution (Å) 20–2.03 20–2.45

Unique reflections 63,721 (Friedel merged) 48,706 (Friedel unmerged)

Redundance 4.1 (3.4) 3.3 (3.2)

Completeness (%) 95.8 (78.3) 99.8 (99.3)

Avg. I/s 37.7 (3.0) 24.6 (2.4)

Rmerge (%)a 4.0 (35.2) 4.2 (54.8)

Phasing statistics (20–2.45 Å)

Phasing power, acentric — 1.53

Rcullis ano acentric — 0.68

Refinement statistics

R (%)b 21.7 28.0

Rfree (%)c 27.2 35.8

RMSD bond lengths (Å) 0.016 0.09

angle (�) 1.8 1.51

Temp. factor (protein, Å3) 36.2 50.97

(solvent, Å3) 49.2 —

No. of protein atoms 6749 5056

No. of solvent molecules 672 —

aRmerge=�jI � hIij=�I; where I is the observed intensity, and hI i is the average intensity obtained from
multiple observations of symmetry-related reflections after rejections.
bR=�jjFoj � jFcjj=�jFoj; where Fo and Fc are the observed and calculated structure factors, respectively.
cRfree defined in Brünger (1992).
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were induced with arabinose, and cells were harvested after 3 h.
French pressure cell extracts were clarified by centrifugation
and passed over a cobalt-chelate metal ion affinity column, and
LonN119 was eluted with 0.2 M imidazole. The protein was
concentrated by ammonium sulfate precipitation and run on a
Superdex75 gel filtration column in 50 mM Tris (pH 7.5), 0.1
M KCl, and 10% (w/v) glycerol.
After concentration to 10 mg/mL by ultrafiltration using a

Centriprep apparatus with a YM3 membrane, LonN119 was
screened for crystallization conditions (Jancarik and Kim
1991) by the hanging drop, vapor-diffusion method (McPher-
son 1982), using the Hampton (Hampton Research) and
Wizard (Emerald Biostructures) screening kits. Diffraction-
quality crystals were grown in 30% PEG 3000, 0.1M CHES
(pH 9.5), as well as in 20% PEG 8000, 0.1M CHES (pH 9.5).
The largest crystals grew in 14 d at room temperature to the
size of 0.4 · 0.1 · 0.05 mm. Before flash freezing, the crystals
were transferred into a cryoprotectant solution consisting of
80% mother liquor and 20% ethylene glycol.
The 2.4 Å data collected from an orthorhombic crystal of a

SeMet derivative (Table 1) were measured on beamline X9B in
BNL at the wavelength of 0.9788 Å and processed with
HKL2000 (Otwinowski and Minor 1997). SHELXD/E was
used to solve the substructure and the AUTO-SHARP (Global
Phasing Ltd.) for phasing and refinement, followed by SOLO-
MON solvent flipping. The model was initially built automa-
tically by the program RESOLVE (Terwilliger 2001), which
located 441 residues—164 with side chains and 277 without.
The rest of the model was built manually into the initial map by
using the program O (Jones and Kjeldgaard 1997). Only pre-
liminary refinement of this model was attempted (Table 1). The
native X-ray data were collected from a monoclinic crystal on a
Mar345 detector mounted on a Rigaku RU-200 rotating anode
X-ray generator, operated at 50 kV and 100 mA. The Cu Ka
radiation was focused by an MSC/Osmic mirror system.
Native data were collected to 2 Å resolution and were pro-
cessed and scaled with HKL2000 (Otwinowski and Minor
1997; Table 1). The native structure was solved by molecular
replacement with program EPMR (Kissinger et al. 1999), with
a search model consisting of a dimer created from monomers A
and B of the orthorhombic structure. Initial rigid body refine-
ment with CNS (Brünger et al. 1998), using maximum-like-
lihood targets, was followed by simulated annealing (Brünger
et al. 1990) with Engh and Huber (1991) parameters. Final
rounds of refinement were carried out with CNS, leading to a
model with an R of 21.5% and Rfree (Brünger 1992) of 27.2%
for all data between 30 and 2.03 Å resolution. The Ramachan-
dran plot for the final structure, obtained with the program
PROCHECK (Laskowski et al. 1993), showed 88% of the
residues in the core region, 9.5% in the additionally allowed
region, and 2.5% in generously allowed region. The coordi-
nates and the structure factors have been submitted to the PDB
with accession code 2ANE for immediate release.
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