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Lon proteases degrade defective or denature proteins as well
as some folded proteins for the control of cellular protein
quality. There are two types of Lon proteases, LonA and
LonB. Each consists of two functional components: a pro-
tease component and an ATPase associated with various
cellular activities (AAA+ module). Here, we report the 2.03
A-resolution crystal structure of the isolated AAA+ module
(iIAAA+ module) of LonB from Thermococcus onnurineus
NA1l (TonLonB). The iAAA+ module, having no bound
nucleotide, adopts a conformation virtually identical to the
ADP-bound conformation of AAA+ modules in the hexa-
meric structure of TonLonB; this provides insights into the
ATP-independent proteolytic activity observed in a LonB
protease. Structural comparison of AAA+ modules between
LonA and LonB revealed that the AAA+ modules of Lon
proteases are separated into two distinct clades depending
on their structural features. The AAA+ module of LonB be-
longs to the ‘H2 & Insl insert clade (HINS clade)’ defined
for the first time in this study, while the AAA+ module of
LonA is a member of the HCLR clade.

Keywords: AAA+ proteins, PS-1 insert, H2 insert, Ins1, Lon
proteases, Thermococcus onnurineus NA1, ATP-indepen-
dent proteolytic activity

Introduction

ATP-dependent proteases play important roles in cellular
protein quality control and homeostasis as well as regulation
of many cellular processes by selectively degrading regulatory
proteins (Goldberg and St John, 1976; Hershko and Ciechan-
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over, 1992; Gottesman, 2003; Sauer et al., 2004; McClellan
et al., 2005; Talarico et al., 2005). In prokaryotic cells and
in the organelles of higher eukaryotes, energy-dependent
proteolysis is accomplished by oligomeric ATP-dependent
proteases, such as Lon, FtsH, CIpAP, ClpXP, and HslUV
(Gottesman, 1996). Each consists of two functional parts: a
protease component, assembled into barrel-shaped com-
plexes with an internal chamber in which the proteolytic sites
are sequestered, and an oligomeric ring-shaped ATPase as-
sociated with various cellular activities (AAA+ module).
Substrate proteins are recognized by the AAA+ ring, either
directly or via adaptor proteins. ATP binding/hydrolysis
cycles drive conformational changes of the AAA+ ring that
create mechanical forces that denature substrates and trans-
locate them into the proteolytic sites (Sauer and Baker, 2011).
Lon and FtsH contrast with ClpAP, ClpXP, and HslUV,
which are assembled from an independently expressed AAA+
component and a protease component, since AAA+ and
protease components of Lon and FtsH exist in a single
polypeptide.

Lon is the first identified ATP-dependent protease whose
orthologues are found in all kingdoms of life including hu-
man being. Emerging evidence suggests that Lon proteases
are divided into two subgroups, LonA and LonB. LonA,
found in all bacteria and in eukaryotic cell organelles, and
LonB, found only in Archea, are different in their domain
compositions. LonA is composed of an N-terminal domain
(LAN), an AAA+ domain, and a protease domain, whereas
LonB consists of a protease domain and an AAA+ domain
containing a membrane-spanning region that anchors the
protein in the cytoplasmic surface of the membrane (Rota-
nova et al., 2006). Here, we report the crystal structure of
the isolated AAA+ module (JAAA+ module) of LonB from
Thermococcus onnurineus NA1 (TonLonB) with the mem-
brane-spanning region deleted. The limited proteolysis of
the hexameric TonLonB by trypsin gave rise to the iAAA+
module. Structural comparison of the iAAA+ module with
AAA+ modules in the hexameric TonLonB structure (Cha
et al., 2010) suggests that mechanical forces could be gen-
erated even in the absence of ATP. In addition, the structure
of the iAAA+ module discriminated from the AAA+ module
of a LonA protease reveals that the AAA+ modules of Lon
proteases are separated into two distinct clades depending
on their structural features.

Materials and Methods

Expression, purification, and crystallization

TonLonB was expressed and purified as previously described
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Table 1. Data collection and refinement

Data collection

Space group P1
Wavelength (A) 1.00000
Cell dimensions
a, b, c(h) 40.620, 61.599, 76.321
a, [5, y (deg) 74.607, 87.110, 83.451
Resolution (A)* 50-2.03
Total No. of reflections 230492
No. of unique reflections 42270
Completeness (%)* 93.1 (82.6)
Roym (%)™ 42(20.9)
o (D)* 23.03 (3.09)
Redundancy 2.3(1.8)
Refinement statistics
Resolution range (A) 41.14-2.03
No. reflections 40140
No. atoms
Protein 4960
Water 243
Glycerol 6
B-factors
Protein 34.07
Water 37.04
Glycerol 44.59
Ruork / Reree (%) 18.2 (23.9)
r.m.s. deviations*
Bonds length (A) 0.018
Bond Angles (°) 1.856

“The number in parentheses is for the outer shell.

Reym = X321 |Ihi-In| / ZsnYsi221h 5 where I is the mean intensity of the i observations
of symmetry related reflections of h.
“Rwork = X |Fo-Fc| / ¥ Fo, where F, = Fy, and F. is the calculated protein structure fac-
tor from the atomic model. Ry was calculated with 5% of the reflections.

r.m.s. deviations in bond length and angles are the deviations from ideal values.

(An et al., 2010). Briefly, the TonLonB gene, with deletion
of a membrane-anchoring region (residues 134-170), was
cloned into pET24a (Novagen). The expression vector was
transformed into Escherichia coli BL21(DE3) (Stratagene).
The transformed cells were grown in Luria-Bertani medium
(Merck) containing 50 pg/ml kanamycin to an ODsgo of 0.5
at 310 K, and the expression of TonLonB was induced with
1 mM isopropyl-1-thio-p-D-galactopyranoside (Duchefa).
After 7 h induction at 303 K, cells were harvested and re-
suspended in 10 mM Tris-HCI (pH 7.5). The cells were dis-
rupted by sonication and the crude lysate was centrifuged
at 20,000 x g for 60 min at 277 K. The resulting supernatant
was loaded into a nickel-nitrilotriacetic acid column (Qiagen).
The column was washed with a washing buffer containing
10 mM Tris-HCI (pH 7.5) and 20 mM imidazole. TonLonB
was eluted with the same buffer containing 300 mM imida-
zole. The eluted fraction was loaded on a Q-Sepharose Fast
Flow column (Qiagen) and eluted with a 0-1 M NaCl gra-
dient in 10 mM Tris (pH 7.5) containing 1 mM DTT.

To isolate the AAA+ module, limited proteolysis was car-
ried out by incubating the full length TonLonB with trypsin
(1:100 w/w) for 50 min at 353 K, and the mixture was loaded
onto Superdex S75 prep grad (GE Health) with buffer con-
taining 10 mM Tris-HCI (pH 7.5), 100 mM NaCl, and 1 mM

DTT. The fractions, including the AAA+ module, were col-
lected and concentrated to ~12 mg/ml for crystallization.

The batch crystallization method was used for crystal screen-
ing and optimization at 295 K. Small drops composed of 1 pl
protein solution and an equal volume of crystallization re-
agent were pipetted under a layer of a 1:1 mixture of Silicon
oil and Paraffin oil in 72-well HLA plates (NUNC). Crystal
screening was performed with all the available screening kits
from Hampton Research and Emerald BioSystems. Initial
crystals of iAAA+ module of TonLonB were grown in a pre-
cipitant containing 0.2 M potassium chloride, 0.01 M mag-
nesium acetate, 0.05 M tri-sodium citrate dihydrate pH 4.5,
and 12% PEG 4000 (condition No. 23 of Natrix Screen from
Hampton Research). The crystallization condition was then
optimized to 0.2 M potassium chloride, 0.01 M magnesium
acetate, 0.05 M tri-sodium citrate dihydrate pH 4.5, 12%
PEG 4000, and 5% w/v n-Dodecyl-p-d-maltoside.

Data collection and refinement

For data collection at 100 K, a crystal was transferred to a
cryoprotectant solution containing 20% glycerol in the same
mother liquor. A 2.03-A dataset was collected at beamline
17A at the Photon factory, Japan (Table 1). The data was
integrated and scaled with HKL2000 (Otwinowski and Minor,
1997). The crystal belonged to a space group, P1, with two
monomers per asymmetric unit and unit cell dimensions
of a=40.6 A, b=61.6 A, ¢=76.3 A, a=74.6°, p=87.1°, and
y=83.5". The structure of the iAAA+ module was deter-
mined by molecular replacement with MolRep in the CCP4
program suite (Collaborative Computational Project, 1994).
The structure of the AAA+ module in the hexameric Ton-
LonB was exploited as a search model (Cha et al., 2010).
Manual model building and refinement (Table 1) were per-
formed by using Coot (Emsley and Cowtan, 2004) and
PHENIX (Adams et al., 2002), respectively. The Ramachan-
dran plot of the final model with R and Rg. values of 18.2%
and 23.9%, respectively, indicates that 96.7% of non-glycine
residues are in the most favored regions and that the remain-
ing 2.9% residues are in the allowed region. Structure com-
parison and analyses were carried out by using the program
Superimpose in the CCP4 program suite (Collaborative Com-
putational Project, 1994), and figures were prepared by using
PyMOL (The PyMOL Molecular Graphics System, Version
1.7.4, Schrédinger, LLC.).

Data deposition

Atomic coordinates and structure factors have been depo-
sited in the Protein Data Bank (PDB; accession code 4ZPX).

Results and Discussion

Crystal structure of the iAAA+ module in TonLonB

The 412-residue iAAA+ module of TonLonB has a modular
structure composed of three subdomains; a a/B-subdomain,
a a-subdomain, and a portal subdomain (Fig. 1A). The
a/B-subdomain (residues 39-323) adopts the typical RecA-
fold with a central five-stranded parallel B-sheet (p12-, p1-,
B11-, B8-, and B5, in order) sandwiched by six a-helices



(a3, a4, a6, a8, al0, and al3) and three 3, helices (a2, a9,
and al12). The a-subdomain (residues 324-412) is composed
of a four-helix bundle (al4, al5, al6, and al7), a two-
stranded antiparallel B-strand (f13 and p14), and a 3y helix
(al). The N-terminal residues (20-38) extensively interact
with the a-helical subdomain.

The ATP-binding site is situated at the interface between
the a/B-subdomain and the a-subdomain (Cha et al., 2010).
Motifs for ATP hydrolysis and nucleotide sensing are well
conserved at the interface. The a/B-subdomain has three
highly conserved motifs: Walker-A (residues 67-74), which
interacts with the p and y phosphates of ATP; Walker-B
(residues 241-246), which activates a water molecule that
attacks the -y phosphodiester bond of ATP, and sensor-1
(residues 297-300), which communicates with the y-phos-
phate and is used to discriminate between ATP and ADP
(Figs. 1A and 2). The a-helical subdomain contains the sen-
sor-2 motif (Figs. 1A and 2), which is also used to discrimi-
nate among nucleotide states. Despite the conservation of
functional motifs, the iAAA+ module has no ATPase activity.
In the hexameric conformation, an arginine finger (Arg311)
in one AAA+ module stabilizes negative charge of y phos-
phate of ATP bound to the adjacent AAA+ module, which is
essential for ATP hydrolysis (Cha et al., 2010). The iAAA+
module exists as a monomer due to the absence of the pro-
tease domain, which indicates that the arginine finger can-
not be provided by an adjacent AAA+ module.

The portal subdomain is composed of three insertions emer-
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ging from the a/B-subdomain: insertion 1 (Insl; residues
85-189), insertion 2 (Ins2; residues 209-232), and insertion
3 (Ins3; residues 266-288) (Fig. 2). Insl, lying between helix
4 (a4) and strand 5 (B5), adopts a simple a/f fold with a
three-stranded antiparallel B-sheet packed with one helix.
Ins1 includes an unstructured or mobile substructure sur-
rounding the membrane-anchoring region not visible in our
structure (Fig. 1A). Ins2 (located between a6 and a8) and
Ins3 (connects al0 and B11) are commonly comprised of
two antiparallel B-strands connected by a 319 helix (Fig. 1A).
The three inserts interact extensively with each other. I1e92,
Val94, Prol104, Ile106, and Leul85 in Ins1; Val211 and Val229
in Ins2; and Ile269, Thr283, and Val286 in Ins3 constitute a
hydrophobic core (Fig. 1A and B). In the active hexameric
conformation of TonLonB (Fig. 1C), a hexagonal cylinder
with a large sequestered chamber accessible through an axial
channel and six portal subdomains form a pore that plays a
role as a gated portal for substrate entry (Cha et al., 2010).

Structural basis for the ATP-independent proteolytic activity

We have previously reported that the AAA+ modules of
TonLonB adopt two distinct conformational states in the
active hexameric structure (Cha et al., 2010). The L- and
T-states are observed in the AAA+ modules with a loosely-
bound ADP (L-AAA+ module) and a tightly-bound ADP
(T-AAA+ module), respectively (Cha et al., 2010). Therefore,
L- and T-states are thought to represent conformational

Fig. 1. The overall structure of the iAAA+
module. Insl, Ins2 (H2 insert), and Ins3
(PS-1 insert) are highlighted in orange, hot
pink, and light pink, respectively. (A) Ribbon
diagram of the iAAA+ module. The a-sub-
domain, o/p-subdomain, Walker-A, Walker-
B, sensor-1, and sensor-2 are shown in green,
light blue, brown, red, light yellow, and yel-
low, respectively. a-Helices and {-strands
are numbered consecutively from the N-ter-
minus to the C-terminus. Putative memb-
rane-anchoring region and disordered re-
gion of H2-insert are presented by dotted
line. (B) Close-up view of the portal sub-
domain. Ten residues (11e92, Val94, Pro104,
Ile106, and Leul85 in Insl; Val21l and
Val229 in Ins2; le269, Thr283, and Val286
in Ins3) constituting the hydrophobic core
are shown in sticks. (C) The hexameric st-
ructure of TonLonB (Cha et al., 2010). The
hexamer is shown with five subunits in sur-
face representation and one monomer as a
ribbon diagram. The molecule is oriented
with the protease domain (Pr) (blue and light
blue ribbons) at the bottom, the a-subdo-
main (a) (light green ribbon) in the middle,
and the o/B-subdomain (a/f) (green ribbon)
M0A  with portal subdomain (Po) (orange, ma-
genta, and light pink ribbons) at the top.
ADP is represented as a stick with surface
representation between the o/p and the a-
subdomains. L- and T-monomers are col-
ored in cyan and yellow, respectively. The
monomer shown by a ribbon diagram is in
B T-state.

Ins2
(H2 insert)

Bottom

120 A
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Fig. 2. Sequence alignment of the AAA+
modules of REC-B, BsLonA, and TonLonB.
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ding to the disordered region in the struc-
| [ 51 I ne ] S ture of BsLonA (PDB code 3M6A) are also
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Walker-B Ins 3 (PS-1)
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H15
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Sensor-2

states before ATP binding and after ATP hydrolysis, res-
pectively. It is likely that the AAA+ module of TonLonB re-
peatedly interconverts between L- and T-states in concert
with ATP hydrolysis cycles.

Structural superposition of the two states reveals that L—T
transition is triggered by ATP binding and hydrolysis in the
AAA+ module of L-state (L-AAA+ module, Fig. 3A). The
ATP-powered vectorial movement of the portal and a/p-
subdomains in the L—T transition has been suggested to
generate mechanical forces to pull substrate into the hexa-
meric chamber (Cha et al., 2010). It was suggested that the
ATP-powered L—T transition of an L-AAA+ module is
coupled to the T—L transition of an adjacent T-AAA+ mo-
dule in the hexamer. Three L-AAA+ and three T-AAA+
modules are alternatively arranged in the hexameric con-
formation of TonLonB (Cha et al., 2010). A modeling study
in which an L-AAA+ module is replaced with a T-AAA+
module revealed a significant clash between adjacent T-

AAA+ modules (Cha et al., 2010), indicating that two neigh-
boring AAA+ modules cannot maintain T-state simulta-
neously in the hexamer. If an L-AAA+ module adjacent to
a T-AAA+ module underwent L—T transition, there would
be steric clash between the L-AAA+ module undergoing the
ATP-powered L—T transition and the adjacent T-AAA+
module. Repulsion energy induced by the steric clash pro-
vokes T—L transition of the T-AAA+ module to relieve
the clash.

A LonB protease from Thermococcus kodakarensis KOD1
(TkLonB) showed ATP-independent proteolytic activity
against unfolded protein substrates (Fukui et al., 2002), in-
dicating that the translocation of unfolded proteins to pro-
teolytic sites occurred in the absence of ATP. It was sug-
gested that a large entrance pore of LonB is responsible for
the ATP-independent proteolytic activity TkLonB (Fukui
et al., 2002). However, the entrance portal in the hexameric
structure of TonLonB is too narrow for unfolded protein
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substrates to pass through (Cha et al, 2010). Structural in-
vestigation of the /AAA+ module seems to provide explana-
tion for the ATP-independent proteolytic activity. There is
no clear electron density for nucleotide at the ATP-binding
site in the iAAA+ module, indicating that iAAA+ would
resemble the L-AAA+ module in the hexameric TonLonB
structure. However, the conformation of the iAAA+ module
is virtually identical to the AAA+ module of T-state (Fig. 3B).
According to the superposition between the /AAA+ module
and the T-AAA+ module, the overall Ca RMSD is 0.85 A
and the o/p- and portal subdomains are rotated ~2.33° rela-
tive to each other (Fig. 3B). In contrast, the overall Ca RMSD
between the iAAA+ module and the L-AAA+ module is
1.85 A, and the a/B- and portal subdomains are rotated
~11.86° relative to each other (Fig. 3C). The superposition
between the iAAA+ module and the L-AAA+ module in-
dicates that the interconversion of the AAA+ module be-
tween L- and T-states could occur in the absence of ATP
(Fig. 3C). Consequently, the ATP-independent mechanical
motion of the AAA+ modules could guide unfolded protein
substrates to proteolytic sites inside the hexameric chamber
(Fig. 3D).

Revising the classification of AAA+ modules of Lon proteases

The AAA+ superfamily has been classified on the basis of se-
quence homology and structural features (Iyer et al., 2004;
Ammelburg et al., 2006; Erzberger and Berger, 2006). Espe-
cially, the latest analysis provides a well-defined classifica-
tion of AAA+ proteins (Erzberger and Berger, 2006). In this
classification, AAA+ proteins were divided into seven major
clades: Clamp loader clade, Initiator clade, Classic clade,

IAAA+ module vs L-state

L—T Transition

I'—L. Transition
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Fig. 3. Comparison of the AAA+ modules of
TonLonB. (A) Superposition between T-state
and L-state of AAA+ modules (PDB code 3K1J).
This figure clearly shows the conformational
change accompanied by the L<>T transition.
(B) Superposition between the iAAA+ module
and the T-state AAA+ module. (C) Superpo-
sition between the iAAA+ module and the L-
state AAA+ module. The iAAA+ module, the
T-state AAA+ module, and the L-state AAA+
module are colored in magenta, brown, and
green, respectively. (D) Proposed model for
the ATP-independent L<>T transition of the
AAA+ modules in the hexameric LonB. For
clarity, only four AAA+ modules are presented.
The protease domain, the a-subdomains, and
an unfolded protein substrate are shown as
gray, orange, and gradient-yellow, respectively.
In the first and third states, T- and L-mono-
mers are shown in red and blue, respectively,
whereas T- and L-monomers are shown in
blue and red in the second state, respectively.

Superfamily IIT helicase clade, HCLR clade, H2-insert clade,
and PS-II insert clade. The replication factor subunit B (RFC-
B), a clamp loader clade, has been cited as a prototype of the
AAA+ modules (Erzberger and Berger, 2006). The o/p-sub-
domain of RFC-B is composed of a central five-stranded
parallel B-sheet (B5-, p1-, f4-, B3-, and P2 in order) sand-
wiched by five a-helices (a3, a4, a6, a8, and a10) and four
310 helices (a2, a5, a7, and a9). The a-subdomain of RFC-B
is composed of a four-helix bundle (all1, a12, al3, and al4)
and a 3y helix (al) (Supplementary data Fig. S1). The other
six clades are characterized by the differences arising from
the insertion of secondary structural elements at defined pla-
ces within and around the prototypical AAA+ module of
RFC-B (Erzberger and Berger, 2006).

According to the previous classifications, Lon proteases be-
long to the same clade, HsIU/ClpX/Lon/ClpAB-C or HCLR
clade. It should be noted that structural information on the
AAA+ module of Lon proteases was not exploited in the
previous classifications. The HCLR clade is characterized
by the presence of a B-hairpin insertion between a8 and p4
in the RFC-B AAA+ module, which is referred to as the
“Pre-sensor 1 B-hairpin insertion (PS-1 insertion)” (Iyer et
al., 2004). The crystal structure of monomeric Bacillus subtilis
LonA (BsLonA) confirmed the existence of the PS-1 inser-
tion in the AAA+ module of LonA (Fig. 4B) (Duman and
Lowe, 2010). However, the structural feature of the iAAA+
module of TonLonB is not compatible with the definition
of the HCLR clade. The iAAA+ module of TonLonB has
not only Ins3, which is topologically equivalent to the PS-1
insertion, but also two other insertions: Ins1 and Ins2 (Fig.
4C). Ins2 is topologically identical to a helix 2 insertion (H2
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Fig. 4. Topology diagrams of the AAA+ modules. The a-subdomain and
a/B-subdomain are shown in lime and gray tones, respectively. “A0-A4”
and “B1-B5” indicate the standard secondary structure numbering of the
AAA+ module, and the secondary structure numberings in parentheses
correspond to each specific AAA+ module. (A) Topology diagram of the
AAA+ module in RFC-B. (B) Topology diagram of the AAA+ module in
BsLonA. PS-1 insert and LAN are shown in yellow-green and forest-green,
respectively. (C) Topology diagram of the AAA+ module in TonLonB.
PS-1 insert, H2 insert, and Insl are shown in light pink, hot pink, and
yellow, respectively. Putative membrane-anchoring region and disordered
region of H2-insert are presented by dotted lines. (D) Topology diagram
of the AAA+ module in the Lon-like protease from Meiothermus taiwa-
nensis (PDB code 4FW9). PS-1 insert, H2 insert, and Ins1 are shown cyan,
blue, and purple, respectively. The putative LID region is presented by
dotted lines.

insertion), a PB-hairpin insertion which disrupts a6 in the
RFC-B AAA+ module (between a6 and a8 in the TonLonB)
(Fig. 4C). The H2-insert clade is characterized by the pres-
ence of both the PS-1 insertion and the H2 insertion. In the
H2-insert clade, no member has an additional insertion,
like Insl, between a4 and B2 in the RFC-B AAA+ module
(Fig. 4C) (Erzberger and Berger, 2006). Therefore, it is not
appropriate to classify the AAA+ module of TonLonB as
the H2-insert clade. Alternatively, we propose that the AAA+
module of LonB belongs to a new clade, named “H2 & Insl
insert clade (HINS clade)”.

Recently, an ATP-independent Lon-like protease was char-
acterized (Fig. 4D) (Liao et al., 2012). The Lon-like protease
forms a symmetrical barrel assembled from six crescent-
shaped monomers, each of which is composed of an AAA-
like domain and a protease domain (Liao et al., 2013). In
AAA+ modules, a glutamate residue in the Walker-B motif
(Glu246 in the TonLonB) and an arginine residue in the sen-
sor-2 motif (Arg379 in the TonLonB) are required for ATP
hydrolysis (Cha et al., 2010). In the AAA-like domain, how-
ever, the two residues are replaced by alanine and valine, re-
spectively, which explains why the AAA-like domain has no
ATPase activity but maintains an ability to bind symmetri-
cally six nucleotides per its hexameric chamber (Liao et al.,
2012). The AAA-like domain has three insertions: PS-1 in-
sertion, H2-insertion, and Lon insertion domain (LID), which
is composed of a three-stranded antiparallel B-sheet and a
four-helix bundle between a4 and B2 in the RFEC-B AAA+
module (Fig. 4D) (Li et al., 2013). The LID of the Lon-like
protease is topologically equivalent to the Insl of iAAA+
module of TonLonB (Fig. 4C and D), which indicates that
the AAA-like domain also belongs to the HINS clade in
structural aspect.
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