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Lon ATP-dependent proteases are key components of the protein quality
control systems of bacterial cells and eukaryotic organelles. Eubacterial Lon
proteases contain an N-terminal domain, an ATPase domain, and a protease
domain, all in one polypeptide chain. The N-terminal domain is thought to
be involved in substrate recognition, the ATPase domain in substrate
unfolding and translocation into the protease chamber, and the protease
domain in the hydrolysis of polypeptides into small peptide fragments. Like
other AAA+ ATPases and self-compartmentalising proteases, Lon functions
as an oligomeric complex, although the subunit stoichiometry is currently
unclear. Here, we present crystal structures of truncated versions of Lon
protease from Bacillus subtilis (BsLon), which reveal previously unknown
architectural features of Lon complexes. Our analytical ultracentrifugation
and electron microscopy show different oligomerisation of Lon proteases
from two different bacterial species, Aquifex aeolicus and B. subtilis. The
structure of BsLon-AP shows a hexameric complex consisting of a small part
of the N-terminal domain, the ATPase, and protease domains. The structure
shows the approximate arrangement of the three functional domains of Lon.
It also reveals a resemblance between the architecture of Lon proteases and
the bacterial proteasome-like protease HslUV. Our second structure, BsLon-
N, represents the first 209 amino acids of the N-terminal domain of BsLon
and consists of a globular domain, similar in structure to the E. coli Lon N-
terminal domain, and an additional four-helix bundle, which is part of a
predicted coiled-coil region. An unexpected dimeric interaction between
BsLon-N monomers reveals the possibility that Lon complexes may be
stabilised by coiled-coil interactions between neighbouring N-terminal
domains. Together, BsLon-N and BsLon-AP are 36 amino acids short of
offering a complete picture of a full-length Lon protease.

© 2010 Elsevier Ltd. All rights reserved.
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Lon, which share some functional and architectural
features with the proteasome. Whilst the complete
and functionally relevant structure of Lon com-
plexes is still unknown, Clp and Hsl proteases have
a barrel-like architecture,' reminiscent of the protea-
some, consisting of stacked oligomeric rings. The
presence of a proteolytic core of two protease rings,
which sequesters the catalytic active sites on the
inside of the complex, is the reason that these
protease complexes have been labelled ‘self-
compartmentalising’.” The operation of both bacte-
rial and eukaryotic self-compartmentalising protein

Introduction

Lon proteases are members of a network of
degradation machines, responsible for maintaining
protein quality control inside cells. Whilst the
paradigm for cytosolic protein degradation in
eukaryotic organisms is embodied by the protea-
some/ubiquitin pathway, eubacteria make use of a
variety of different proteases, such as Clp, Hsl, and
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jyl@mrc-lmb.cam.ac.uk.

Abbreviations used: PDB, Protein Data Bank; SAD,
single-wavelength anomalous diffraction; NCS,
non-crystallographic symmetry; EDTA,
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degradation machines consists of an ATP-driven
sequence of events: substrate recognition and
engagement are followed by unfolding and thread-
ing of the polypeptide chain through the inner
channel of the complex, towards the protease active
site, where polypeptide products ranging from 10 to
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20 amino acids are created.” These discrete functions
are facilitated by the presence of separate modules,
which are responsible for substrate recognition, ATP
hydrolysis, and proteolysis.

Lon was identified as one of the key components
of the ATP-dependent protein degradation machin-
ery | 1n bacterial cell-free extracts nearly 30 years
ago®® and it was the first ATP- dependent protease
to be biochemically characterised.® Lon homologues
are present in both eubacterla and archaea, as well
as in eukaryotic organelles.” In addition to their
quality-control roles, which ensure the removal of
up to 50% of aberrant proteins from E. coli cells,® Lon
proteases are responsible for regulating physiolog-
ical events through the targeted degradation of
specific protein substrates, such as the cell division
inhibitor SulA.®

Lon proteases, as well as Clp, Hsl, and proteaso-
mal ATPases, are members of the large AAA+
(ATPases associated with various cellular activities)
family of proteins.” Despite their diversity of
function, AAA+ proteins seem to be involved
mostly in generating ATP-driven conformational
changes that are used to create mechanical force.
They are generally hexameric ring structures and
translocate substrates (DNA, RNA, or protein for
different family members) through a central chan-
nel. Their ATPase modules share significant se-
quence homology'® and typically consist of a larger
o/ P sub-domain and a smaller o sub-domain, also
called the ‘substrate sensor and discriminatory’
domain.'"'* The nucleotide binding site lies at the
interface between the two sub-domains. Whilst Clp
and Hsl complexes consist of separate ATPase and
protease subunits that assemble into stacked
rings,'”'* Lon proteases accommodate the ATPase
and the protease functions on the same polypeptide
chain.

Based on sequence homology and domain archi-
tecture, Lon proteases are classified as either Lon A, a
typical representative of which is Escherichia colz Lon
protease, or Lon B, mainly found in archaea'® (Fig.
1a). As previously revealed by sequence alignments
(Supplementary Fig. S1) and limited proteolysis
experiments, the Lon polypeptide chain Cons1sts of
several independently folded domains.'®"” Mem-
bers of the Lon A family have three functional
domains: an N-terminal, an ATPase, and a protease

domain. The N-terminal domain covers about a third
of the full-length Lon and is thought to be involved in
substrate binding.'® As already mentioned, the
ATPase domain consists of two sub-domains, o
and o/p, found in all AAA+ proteins.11 The o/p
sub-domain contains the ATP-binding and hydro-
lysing Walker A and B sequence motifs, as well as the
‘sensor 1" motif. The a sub-domain carries another
nucleotide binding sequence called ‘sensor 2’ (Fig.

la), Characterlsed by the presence of a conserved
arginine residue.'” Sequence alignments and experi-
ments investigating substrate binding by the isolated
a ATPase sub-domain of Lon have revealed that it is
homologous to the substrate sensor and discrimina-
tory domain of Clp ATPases and is likewise involved
in substrate binding." Finally, the protease domain
of Lon is a 150- to 200-amino-acid-long, highly
conserved region located at the C terminus. The
identity of the catalytic serine residue was inferred
from early discoveries that typical serine protease
inhibitors block the peptidase activity of E. coli Lon®
and then confirmed by sequence comparlsons and
site-directed mutagenesis studies.'® Crystal struc-
tures of Lon protease domains show that Lon
employs a Ser-Lys catalytic dyad,” as opposed to
the canonical Ser—Hls-Asp triad used by trypsin and
chymotrypsin.*!

Lon B proteases lack the large N-terminal domain
present in Lon A (Fig. 1a); however, they contain a
hydrophobic transmembrane region inserted within
the ATPase domain, between the Walker A and
Walker B sequence motifs. Lon B ATPases thus
somewhat resemble the domain architecture of the
related bacterial HslU ATPases, which have a
domain inserted between their Walker A and
Walker B motifs.'"* Archaea lack the membrane-
bound ATP-dependent protease FtsH, and thus, Lon
proteases of the Lon B type fulfil their roles in these
organisms.”” Some bacteria, such as Thermotoga
maritima, Pseudomonas aeruginosa, and Bacillus sub-
tilis, express both Lon A and Lon B.*

Like all self-compartmentalising proteases, Lon
can only function as an oligomer, although the
subunit stoichiometry of Lon proteases is still
undetermined or controversial. Based on early
gel-filtration and analytical ultracentrifugation
work on E. coli Lon, it was assumed for a long
time that Lon proteases are tetramers.”> Recent

Fig.1. Characterisation of domain composition and oligomeric assembly of Lon proteases. (a) Domain composition for
Lon A (top), Lon B (middle), and B. subtilis Lon (BsLon, the subject of this study, bottom). BsLon is a cytosolic Lon A
protease. A COILS prediction for BsLon shows that amino acids ~170 to ~260 are highly likely to form a coiled coil, a
feature that is conserved in all Lon A proteases. The two constructs crystallised in this study, BsLon-N and BsLon-AP, are
indicated with the start and end amino acids. (b) Sedimentation velocity profiles for A. aeolicus Lon, showing the
predominance of a 9.1-S species, which most likely corresponds to a hexamer. (c) Sedimentation equilibrium data:
apparent molecular weight plotted against the AaLon concentration. Confirming the sedimentation velocity data, the
calculated molecular weight, at all three concentrations tested, is close to a hexamer. (d) Sedimentation velocity profiles
for B. subtilis Lon, revealing a mixture of monomers and small oligomeric species. (e) Sedimentation equilibrium data:
apparent molecular weight plotted against the BsLon concentration. Average molecular mass for the mixture of different
oligomeric species ranges between 140 and 170 kDa. (f) Left: negatively stained electron micrograph of AaLon. Right:
Coomassie-stained SDS-PAGE gel: lanes from left to right: molecular weight marker, BsLon-N, BsLon-AP, BsLon, and

AalLon.

Please cite this article as: Duman, R. E., Lowe, ]., Crystal Structures of Bacillus subtilis Lon Protease, |. Mol. Biol. (2010), doi:10.1016/j.

jmb.2010.06.030


http://dx.doi.org/10.1016/j.jmb.2010.06.030
http://dx.doi.org/10.1016/j.jmb.2010.06.030

ARTICLE IN PRESS

Crystal Structures of B. subtilis Lon Protease 3
(a) Lon A /Bacteria (E. coliLon) T 5 o
I Sy
F & & IS &
1 s & & ag1 £ ses & 784
N-terminal domain o/ff subdomain o« subdomain P domain
& §
& &
Lon B / Archaea & < o
&l ||
membrane
o/p subdomain « subdomain P domain

Bacillus subtilis Lon (BsLon)

1 170 260 300 774
ATPase
Cailed coil
100 %
28 aa window COILS prediction
e
———— 240 BsLon-AP 774
1 BsLon-N 200 s

(b) Aquifex aeolicus Lon size distribution (280nm) (C) 00 Aguifex aeolicus Lon mass vs. concentration

1.80
© 1.60
ﬁ 1.40 1 mg/ml
5 1.20 = 2.5 mg/ml
& w5 mg/ml
> 1.00
[}
2 0.80
.=t
= 0.60
£ 0.40 s
0.20
0.00+———_~ —
500 1000 1500 2000 2500 30.00 35.00 5 10 15 20 25
s (Svedberg) Concentration (uM)
(d) Bacillus subtilis Lon size distribution (280nm) (e) Baciflus subtilis Lon mass vs. concentration
G55 180
o 160
=g 140
80 - g 120
> .5 mg/m
2 050 = Smgml % 0.5 mg/mi
~ 0.40 o 1,14 mg/ml
o 0 ;% 80 w2 mg/ml
{=2]
£ 0.30 S &
7020 40
© 010 20
0.00 500 1000 15.00 20.00 2500 8000 35.00 0.00 : o 35 23 @ 35
s (Svedberg) Concentration (uM)

Sy
(A

APV .V
M & F F ¥
[KDa] ?
77.0
66.3 = -=.
427 — —

300 w-mguy T

(f)

17.2
1213 1=

Aquifex aeolicus Lon

Fig. 1 (legend on previous page)



http://dx.doi.org/10.1016/j.jmb.2010.06.030
http://dx.doi.org/10.1016/j.jmb.2010.06.030

Crystal Structures of B. subtilis Lon Protease

electron microscopy data show that negatively
stained images of E. coli Lon particles appear
hexameric,** although surprisingly, electron cryo-
microscopy images of S. cerevisize Lon particles
suggest that mitochondrial Lon has 7-fold
symmetry.?> These studies show that Lon particles
from E. coli and S. cerevisiae are indeed ring-like,
with diameters between 12 and 15 nm, and
assemble only in the presence of magnesium
ions. Analytical ultracentrifugation data collected
on Lon from Mycobacterium smegmatis indicate that
Lon exists as a mixture of oligomers of different
subunit stoichiometry and confirm the dependence
of complex formation on magnesium.?® Isolated
Lon protease domains from two organisms crys-
tallise as 6-fold assemblies.”*”

Complete structures of self-compartmentalising
proteases are important because they reveal the
mechanism by which the protease sites are shielded
such that unwanted proteolysis of any cellular
targets is prevented. So far, attempts to solve the
oligomeric structure of a full-length Lon complex
have only yielded structures of individual domains.
A fragment consisting of amino acids 8-117 of the
N-terminal domain of E. coli Lon,*® the a sub-
domain of the E. coli AAA+ module,” and the
protease domain from four different organisms have
been successfully crystallised and their structures
have been solved.20-27,30,31

In this study, we present two crystal structures of
truncated forms of Lon from B. subtilis. BsLon-AP
(ATPase and protease domains) is the first structure
of a Lon fragment consisting of both the AAA+ and
the protease domains, revealing their arrangement
within a Lon monomer. BsLon-AP crystallises as a
hexameric complex in which subunits follow a
helical arrangement, previously seen with other
related AAA+ ATPases.’** BsLon-N (N-terminal
domain) contains two-thirds of the N-terminal
domain from the same protein and shows a
domain-swapped dimer in the asymmetric unit. In
addition to the globular domain already known from
the E. coli structure,® it reveals part of the predicted
coiled-coil region (Fig. 1a), represented by amino
acids 120 to 209. In order to address the uncertainty
regarding subunit stoichiometry, we investigate the
oligomeric assembly of Lon complexes using ana-
lytical ultracentrifugation and electron microscopy.
These results show a distinct behaviour of Lon
proteases from Agquifex aeolicus, which forms mainly
hexamers, and B. subtilis, which exists as a mixture of
small oligomeric species in solution.

Results

Analytical ultracentrifugation and electron
microscopy of B. subtilis and A. aeolicus Lon

Sedimentation velocity and equilibrium experi-
ments were conducted on Lon from B. subtilis
(BsLon) and the hyperthermophilic eubacterium A.

aeolicus (AaLon) (Fig. 1b to e). Sedimentation
velocity data for AaLon indicate that it has a
sedimentation coefficient of 9.1 S (Fig. 1b). The size
distribution profiles derived from the AaLon veloc-
ity data show that more than 90% of AaLon in
solution belongs to this 9.1-S species, although there
is a small tail corresponding to larger oligomeric
species or aggregates. The three different concentra-
tions tested gave identical results, suggesting that
there is no concentration-dependent association in
the range tested. The sedimentation equilibrium
data for AaLon were best fitted with a mixture of
two independent species of molecular masses of
545.7 kDa and 1.14 MDa, with residuals below 0.02.
The molecular mass of an AalLon monomer is
90.8 kDa; hence, the 545.7 kDa presumably corre-
sponds to a hexameric species. The calculated
average molecular mass for the three different
concentrations ranges between 500 and 600 kDa
(Fig. 1c), which confirms the velocity results,
showing the prevalence of the oligomeric species
of 9.1 S, corresponding to the hexameric species.

BsLon sediments as a mixture of oligomers (Fig.
1d). At all three concentrations tested, most of BsLon
sediments as a small species of 2.7 S; however, the
amount of larger material increases with concentra-
tion, indicating concentration-dependent associa-
tion. Sedimentation equilibrium data for BsLon
were fitted with a model containing a mixture of
three independent species (71.8 , 210.9, and
304.9 kDa, with residuals below 0.01). The theoret-
ical molecular mass for a BsLon monomer is
87.4 kDa. Due to the abundance of larger oligomeric
species, the calculated average molecular mass at
concentrations 0.5, 1.14, and 2 mg/ml ranges
between 140 and 170 kDa (Fig. 1e).

The analytical ultracentrifugation results show
that, whilst Aalon exists mainly as hexameric
species in solution, BsLon appears to be a mixture
of monomeric and larger oligomeric species, with
increasing amounts of larger oligomers present at
larger concentrations. These results are in agree-
ment with negatively stained electron microscopy
images of AaLon and BsLon, showing that AaLon
forms round particles of homogenous size (Fig. 1f),
whilst BsLon appears not to form any large
oligomers (data not shown).

Structure of the N-terminal domain of BsLon

Structure determination and structure of the monomer

The 2.6-A structure of the N-terminal domain of B.
subtilis Lon (BsLon-N) was solved by molecular
replacement, using the E. coli Lon N-terminal
domain structure [Protein Data Bank (PDB) ID:
2ANE?] as a search model. The BsLon-N structure
comprises the first 209 of the 300 amino acids of the
N-terminal domain of BsLon. Residues 1-3, 118, and
119 have been omitted from the final model, as there
was no electron density for them. Crystallographic
data and refinement statistics are presented in
Tables 1 and 2.
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Table 1. Crystallographic data of B. subtilis Lon

Crystal N (A) Resolution (A) I/6F

o (%) Multiplicity® Completeness (%)

Construct: protease La/Lon (B. subtilis) N-terminal domain (BsLon-N) GI:496557, residues 1-209 (a-chymotrypsin proteolysis product)

P212:2; (a=43.9 A, b=81.8 A, c=115.1 A)

NATI 0.9795 2.6 11.0 (3.6)

0.073 (0.307) 3.5 (3.6) 98.6 (99.4)

Construct: protease La/Lon (B. subtilis) ATPase/protease domains (BsLon-AP) GI:496557, residues 240-774—LEHHHHHH

Pés (1=b=91.1 A, c=143.5 A)

0.9764 ) 32 9.5 (3.4)
P2:2:2; (a=149.3 A, b=160.4 A, c=199.0 A)
TABR 1.2546 55 15.2 (3.8)
NATI 0.9537 3.7 6.1 (1.8)
12 (a1=1105 A, b=142.0 A, ¢=190.0 A, a 90.0°)

0.9762 5.1 (2.5)
P2, (1=1034 A, b=1274 A, c= 1490A B 100.5°)

0.8856 34 8.0 (2.3)
P22,2,(a=104.9 A, b=1759 A, ¢=237.9 A)

0.9764 42 9.7 (2.8)

0.105 (0.452) 54 (5.5) 99.2 (99.2)
0.088 (0.631) 12.4 (11.4) 99.1 (98.0)
0.107 (0.619) 34 (3.3) 98.6 (97.3)
0.160 (0.491) 3.6 (3.7) 99.6 (99.6)
0.089 (0.578) 35 (3.6) 99.7 (100.0)
0.114 (0.641) 6.2 (6.4) 99.8 (100.0)

2 Slgnal -to-noise ratio for merged intensities.

b R Yy | Ihi)—I(h) | /XY I(hi) where I(h,i) are symmetry-related intensities and (/1) is the mean intensity of the reflection with

unique index /.

¢ Multiplicity for unique reflections (anomalous multiplicity in parentheses).
d Completeness for unique reflections. Highest-resolution bins are in parentheses. The BsLon-AP structure was solved using the
P2,2,2; TABR SAD data set (CC-anom: 0.94 to 5.5 A) for phase determination and phase extension using the NATI data set with sevenfold

averaging.

The structure of BsLon-N consists of two distinct
regions, connected by an extended loop of 10 amino
acids: a compact PR-sheet rich, globular domain
(amino acids 4-114), which is closely related to the
structure of the E. coli N-terminal domain (PDB ID:
2ANE; amino acids 8-117), and an additional «-
helical domain (amino acids 124-209), consisting of
a four-helix bundle (Fig. 2a). The globular domain is
anchored via an ~ 27-A-long, straight linker to a 33-
amino-acid-long helix at nearly 90° from the linker.

Table 2. Refinement statistics

P2,2,2; crystal form,  P2; crystal form,
N-terminal domain C-terminal domains

2 chains/ASU 6 chains/ASU
Residues 4-118, Residues 246-382,
121-209 403-427, 437-770
36 water molecules 6 ADP molecules

Model

. 0 waters
Diffraction data NATI, 100.0-2.6 A, NATI, 30.0-34 A,
all data all data
R-factor, Reee® 0.191 (0.254), 0.265 (0.380),
0.269 (0.358) 0.313 (0.45)
B-factors® (A2) 49.8,12.1 194.6,26.2
Geometry® 0.008 A, 1.081° 0.016 A, 1.672°
Ramachandran® (%) 99.6/0.0 97.5/0.0
PDB ID 3M65 3M6A

® Five percent of reflections were randomly selected for
determination of R, prior to any refinement. R-factors for the
highest-resolution bins are given in parentheses.
Temperature factors averaged for all atoms and rmsd of
temperature factors between bonded atoms.
¢ rmsds from ideal geometry for bond lengths and restraint

angles

§Percentage of residues 1n the “most favoured and
additionally allowed region” of the Ramachandran plot
(PROCHECK) and percentage of outliers. Data were collected
on beamlines ID23ehl and ID29 (European Synchrotron
Radiation Facility, Grenoble, France) and on beamlines 103 and
102 (Diamond Light Source, Harwell, UK).

This long helix forms a four-helix bundle with three
smaller helices at the C terminus of BsLon-N.

The chain break in the BsLon-N structure, after
amino acid Glul17, coincides with the C terminus
of the E. coli structure (PDB ID: 2ANE). Like the
BsLon-N fragment, the E. coli Lon N-terminal
fragment was generated by limited proteolysis,
suggesting that this linker region must be flexible
and exposed in both organisms. The first 117
residues in the N termini from EcLon and BsLon,
which share 49.14% sequence identity, align very
well structurally with an rmsd of 0.98 A (Fig. 2c,
left).

The BsLon-N dimer

The asymmetric unit of the BsLon-N crystals
contains a tightly packed, domain-swapped dimer
(Fig. 2b): the N-terminal globular domain of one
monomer is next to the three C-terminal (C-terminal
of BsLon-N) helices of the other monomer. The
monomers cross each other, such that the C-terminal
three helices of monomer A are packed between the
globular domain and the long helix of monomer B.
The long helix from each monomer lies parallel with
the equivalent helix of the other monomer and to the
non-crystallographic 2-fold axis of the dimer. Out of
the 206 residues, 77 are involved in the dimer
interface, which consists of both hydrophilic and
hydrophobic contacts, established between two of
the three C-terminal helices of one monomer and the
long helix and globular domain of the other
monomer.

An electrostatic surface potential map of a BsLon-
N monomer reveals three potential hydrophobic
patches: on the underside of the globular domain
(labelled A in Fig. 2a), on the inside of the long helix,
at its N-terminal end (B), and on the inside of two of
the three C-terminal helices (C). All the amino acids
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globular domain hydrophobic patches

N top view
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linker

c long helix

4 helix bundle

BsLon-N
monomer

(b)

BsLon-N dimer

BsLon-N / 8] B 2A BsLon-N dimer/ BPP1347 (PDB 1ZBO)

Fig. 2. Crystal structure of BsLon-N. (a) Left: side and top views of a BsLon-N monomer. The globular domain is
connected to the four-helix bundle by an extended loop, ‘the linker’, which forms a 90° angle with the long helix. Right:
electrostatic surface potential maps of a BsLon monomer, showing hydrophobic patches A (on the globular domain), B, and
C (on the four-helix bundle). (b) Side (left) and top (right) views of the BsLon-N domain-swapped dimer. The dimeric
interface consists mainly of contacts between the helical bundles of the two monomers. (c) Left: structural alignment of a
BsLon-N globular domain (green) and E. coli N-terminal domain (yellow, PDB ID: 2ANE). Right: structural alignment of the
BsLon-N dimer (green) and BPP1347 (red, PDB ID: 1ZBO). BPP1347 has a globular domain with a fold similar to that of the
BsLon-N globular domain and a four-helix bundle. The BsLon-N dimer is shown to highlight the surprisingly similar
topology of three helices in BPP1347 to the last three helices of the other BsLon-N monomer, marked by black arrows.

that form these patches are included in the dimer  mainly by residues forming two loops (Glyle,
interface between the two domain-swapped mono-  Leul”, Leul8, and Vall9 on one hand and Ile66,
mers. The hydrophobic character of patch A is given = Phe67, and Val69 on the other) and a p-strand
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including residues Met23, Val24, Leu25, and Leu27.
Patch B includes residues Leul28, Met129, Leul32,
Leul33, and Phel36, whilst patch C consists of
amino acids Met163, Ile166, and Vall67 on one helix
and Leul91, Val194, 1le195, and Ile198 on the other
helix. In the context of the dimer, patches B and C
from different monomers shield each other from the
solvent.

Interestingly, the last helix of the monomer
structure is part of a region of BsLon (residues
~170 to ~260) with a high likelihood of forming a
coiled coil, according to the program COILS™ (Fig.
1la), and hence gives an indication of the direction of
this normally much longer helical segment.

A DALI®® search against the PDB for proteins
with structural similarities to BsLon-N reveals only
one significant hit, as was found before®® using the
E. coli N-terminal domain structure. The structur-
ally related protein BPP1347 (PDB ID: 1ZBO) from
Bordetella parapertussis unfortunately has no known
function. BPP1347 has a globular domain with an
identical fold to BsLon-N and a structural align-
ment between BsLon-N and BPP1347 gives an
rmsd of 2.61 A. As for BsLon-N, the globular
domain of BPP1347 is connected via an extended
loop to a four-helix bundle. The extended loop is
of similar length and in the same position as that
of BsLon-N, whilst the four-helix bundle is shorter.
The most striking feature of BPP1347 is that the
topology of its three C-terminal helices, marked
with arrows in Fig. 2¢, right, coincides with that of
the C-terminal helices of the other monomer in the
BsLon-N asymmetric unit.

Structure of BsLon-AP

Structure determination

Full-length BsLon was initially crystallised in
several different conditions. Crystals appeared
within 2 to 3 weeks and diffracted only to ~9 A.
The protein composition of these initial crystals
was analysed by SDS-PAGE and revealed that the
crystals contained a proteolysis fragment of BsLon
with an apparent molecular mass of ~55 kDa. N-
terminal sequencing of this fragment showed that
it started with amino acid Gly240. Western blot
analysis using antibodies against the histidine tag
confirmed that this fragment, labelled BsLon-AP,
contained the C-terminal hexa-histidine tag of
BsLon. BsLon-AP, consisting of amino acids 240-
774 of BsLon, was subsequently cloned and
expressed.

The structure of BsLon-AP was solved by
tantalum single-wavelength anomalous diffrac-
tion (SAD) at 7 A, using a data set from a
tantalum bromide cluster-soaked crystal of the
P2,2,2, form (Table 1). Solvent flattening led to the
identification of seven monomers in the asymmet-
ric unit. Poly-alanine models were manually fit
into the density of each of the seven monomers.
This enabled the use of 7-fold non-crystallographic
symmetry (NCS) averaging to gradually extend

the phase information to the 3.4 A resolution of the
native data set. The structure of the P2; crystal
form, detailed in this article, was solved by
molecular replacement, using the density of a
monomer from the phase-extended map of the
P2,2,2; form as a search model. The solution
revealed six monomers in the P2; asymmetric
unit, arranged in an open, helical configuration.
Multi-crystal averaging, using three separate
domains and two crystal forms, and NCS averaging
were employed to further extend phases to 3.4 A.
The existing structures of the E. coli protease
domain (PDB ID: 1RR9?’) and the ATPase « sub-
domain (PDB ID: 1QZM?’) were used as templates
in building the model for this low-resolution
structure.

The BsLon-AP monomer

The BsLon-AP monomer (Thr246 to Val770)
consists of four distinct domains. Three of these,
the C-terminal protease domain and the two ATPase
sub-domains, form a three-lobed structure, whilst
the fourth, the N-terminal domain, protrudes from
the side of the ATPase domain (Fig. 3a, left).

The first three helices at the N terminus of
BsLon-AP (Thr246 to Leu299) form a helical
bundle and represent the carboxy-terminal end of
the 300-amino-acid N-terminal domain of full-
length BsLon (Fig. 1a). An extended loop of 10
amino acids separates these three helices from the
ATPase domain (Asp310 to Lys579). The C-
terminal protease domain (GIn592 to Val770) is
linked to the ATPase domain via a flexible loop
(Arg580 to Asp591). Two internal flexible loops,
corresponding to amino acids Val383 to Gly402
and Ser428 to Pro434, had very poorly defined
electron density and are therefore missing from the
final model.

The ATPase domain of BsLon-AP closely resem-
bles AAA+ modules of other related ATP-
dependent proteases and consists of two distinct
sub-domains: a smaller, mainly a-helical domain
(Thr493 to Lys579) and a larger domain (Asp310 to
Tyr492), which resembles a Rossmann fold. Typi-
cally, the two sub-domains of an ATPase module are
referred to as the small ‘a domain” and the larger ‘a./
B domain’. The two sub-domains are positioned
relative to each other such that a deep groove is
formed at their interface. The groove between the
two ATPase sub-domains harbours the nucleotide
binding site. In our BsLon-AP structure, the nucle-
otide binding site of each subunit contains an ADP
molecule (Fig. 3c).

The protease domain is compact and rich in -
strands and superimposes well onto the existing
structure of the E. coli protease domain (PDB ID:
1RR9%°). Amino acids Val593 to Glu772 of BsLon-AP
align to amino acids Val595 to Glu774 of the EcLon
protease domain with an rmsd of 1.42 A (Supple-
lementary Fig. S3). Both structures represent inac-
tive mutants since the catalytic serine was replaced
by alanine (677 in BsLon and 679 in EcLon).
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The nucleotide binding site of BsLon: Identification
of conserved nucleotide binding motifs from
structural alignment with other ATPases

In AAA+ proteins, the nucleotide binding site is
always found at the interface between the two sub-
domains of the AAA+ module. The regions of the
ATPase domain involved in nucleotide binding and
hydrolysis, known as the ‘Walker A and B’ and
‘sensor 1 and 2’, are well conserved among Lon ATP-
dependent proteases and share significant sequence
similarity with equivalent regions in other AAA+
proteins.'” Whilst the ‘Walker A and B’ sequences are
universally conserved and can easily be identified
through sequence alignments, the other nucleotide
binding motifs, ‘sensors 1 and 2" and the additional
‘arginine finger’, present considerably more sequence
variability and can be more reliably identified
through structural alignments with other ATPases.
The role of these conserved motifs and their contri-
bution to the ATPase and the protease activities were
investigated in a site-directed mutagenesis study on
Lon from Thermoplasma acidophilum.>°

HslU and ClpA are bacterial ATPases closely
related to Lon. Whilst HslU has only one nucleotide
binding domain, ClpA has two (D1 and D2), of
which D2 resembles the BsLon ATPase domain the
closest. A structural alignment of the ATPase
domain of BsLon-AP, HslU (PDB ID: 1G3I*”), and
ClpA-D2 (PDB ID: 1KSF™) is used to establish the
location of some of the nucleotide binding motifs in
BsLon and assess the degree of structural similarity
of these regions between related bacterial ATP-
dependent proteases (Fig. 3c). In BsLon-AP, amino
acids Gly354 to Lys360 make up the Walker A ‘P
loop” (sequence GPPGVGK in BsLon, Supplemen-
tary Fig. S2). The Walker B sequence, responsible for
magnesium coordination and nucleotide hydrolysis,
corresponds to amino acids Leu419 to Lys425 of
BsLon (sequence LLDEIDK).

In addition to the Walker sequences, three other
motifs, known as ‘sensor 1’, ‘sensor 2’, and the
‘arginine finger’, are also well conserved in AAA+
proteins. The ‘sensor 1" motif is characterised by the
presence of a well-conserved threonine or aspara-
gine, generally oriented such that its side chain is part
of a hydrogen-bonding network that positions a
nucleophile water close to the y phosphate of ATP.”
In the D2 ATPase domain of E. coli ClpA, this residue

is Asn606> and its position coincides with that of
Asn471 of BsLon. In most AAA+ proteins, ‘sensor 2’
is an arginine that can hydrogen bond to the terminal
phosphate of ATP and is involved in conformational
changes between the two ATPase sub-domains, as a
result of ATP hydrolysis."” Arg702 and Arg326 fulfil
this role in ClpA-D2%* and HslU, respectively.*’
Their positions superimpose well on that of Arg541
of BsLon-AP, confirming the role inferred for this
amino acid from sequence alignments.**

The location of the nucleotide binding site, in the
groove between the two AAA+ sub-domains, makes
it accessible to residues from the neighbouring
ATPase domain, in the context of the assembled
Lon complex. Inter-subunit communication, upon
nucleotide binding and hydrolysis, relies on the
presence of a very well conserved ‘arginine finger’,
located on the surface of the a/p sub-domain, which
reaches inside the nucleotide binding site of the
neighbouring subunit to detect the presence and the
status of the bound nucleotide. The Arg fingers of
ClpA-D2 (Arg643) and HslU (Arg326) align well
with Arg483 of BsLon, confirming its role as the
‘arginine finger” of BsLon.

Quaternary structure of BsLon-AP

The six BsLon-AP monomers in the asymmetric
unit form an open ring, being arranged in a helical
pattern around an imperfect, unclosed 6-fold NCS
axis. A top view of the hexameric complex, with the
N termini of the monomers facing up, shows a
compact arrangement of the monomers, facilitated
by the complementary curvatures of the ATPase
domain: the convex outer surface of an ATPase
subunit packs against the concave inner surface of
the neighbouring ATPase subunit (Fig. 3a, right, and
b, left). This packing positions the ATPase o/ sub-
domains towards the core of the complex, with the a
sub-domains facing the outside of the ring.

The three N-terminal helices of all BsLon-AP
monomers are orientated radially towards the core
of the complex and partially occlude the central
channel. This is due to the orientation of the three N-
terminal helices, at roughly right angles from the rest
of the molecule (Fig. 3a, left). Viewed from the side,
the BsLon-AP complex appears to have a conical,
washer-like shape, due to the reduced size of the
protease domains, situated at the C-terminal end of

Fig. 3. Crystal structure of BsLon-AP. (a) Left: BsLon-AP monomer with bound ADP shown as spheres (pink). Each
domain is shown in a different colour. The ATPase and the protease domains form a three-lobed structure with the
nucleotide binding site in the centre. Ala677 and Lys720 of the protease domain catalytic dyad are shown in red, as sticks.
Right: top view of the BsLon-AP hexamer in the asymmetric unit, in rainbow representation (blue to red: N to C). Six ADP
molecules are shown as red spheres. (b) Left: side view, surface representation of the BsLon-AP hexamer, showing the
helical arrangement of monomers. Right: top view of BsLon-AP protease active sites; shown are the protease and «
ATPase sub-domains in grey; the a/B ATPase sub-domains were removed for clarity. The catalytic dyad residues are
shown in violet, as spheres. The channels that allow access to the catalytic residues are marked with yellow arrows. (c)
Left, stereo image of the nucleotide binding site with ADP shown as sticks. Amino acids that interact with the bound
nucleotide are shown as sticks. These include His322, His323, Lys360, Tyr492, Arg541 (sensor 2), and Asn471 (sensor 1).
Right: structural alignment of ATPase domains from BsLon-AP (light blue), HslU (dark yellow, PDB ID: 1G3I), and CIpA-
D2 (pink, PDB ID: 1KSF); associated nucleotides are shown in identical colours. Conserved nucleotide binding motifs are
highlighted: red, Walker A; green, Walker B; blue, sensor 1; yellow, sensor 2.
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other spacegroups BsLon-AP

1 monomer / ASU

3 monomers / ASU

7 monomers / ASU 5 monomers / ASU

Fig. 4. Alternative space groups for BsLon-AP. Each BsLon-AP monomer is coloured differently. Despite different
compositions of the asymmetric unit, all observed space groups of BsLon-AP show a unique but helical arrangement of
monomers. These additional crystal forms were not refined and are only shown as solutions coming from molecular
replacement calculations using the BsLon-AP monomer structure.

the complex, relative to the size of the ATPase
domains, which occupy the middle of the complex
(Fig. 3b, left).

The protease active sites of the six BsLon-AP
monomers are not accessible from the outside of the
complex. A top view of the complex, in which part of
the a/p sub-domain of each monomer was removed
for clarity, reveals that the catalytic dyad (Ser677,
replaced here by Ala, and Lys720) faces the inside of
the complex (Fig. 3b, right). In the BsLon-AP
structure, the protease active sites are not directly
open to the inside of the complex either and seem to
be accessible via channels between the subunits,
marked in yellow in Fig. 3b, right. The inward-facing
protease active sites represent a hallmark of self-
compartmentalising proteases, leading to the se-
questration of the active sites and prevention of
unwanted and unregulated proteolysis.

BsLon-AP has a tendency to crystallise as helix

BsLon-AP crystallised easily in a variety of
different conditions, producing several crystal

forms. The crystals diffracted to around 3.5 to
5 A, and the corresponding structures, belonging
to four different space groups, were solved by
molecular replacement, using the monomer of the
initial P2, structure as a search model. These new
crystal forms have different numbers of molecules
per asymmetric unit, ranging from three to seven;
however, they are all characterised by a helical
arrangement of the monomers (Fig. 4), with the
helical rise and angles of rotation around the screw
axis varying between the five crystal forms. Two
of these, P65 and I2, present a considerably steeper
helical rise, compared to that seen on the P2,
structure. These results indicate that BsLon-AP has
a natural tendency to crystallise in a helical
pattern. A superposition of monomers from each
of the five crystal forms presented here, with
respect to the protease domains, shows that they
overlay well and that the ATPase domains are in
identical orientations (Supplementary Fig. S5).
Thus, the three-lobed architecture of the ATPase
and protease domains of BsLon-AP appears to be
rigid.

Fig. 5. (a) Left: superposition of the six monomers in the BsLon-AP asymmetric unit. Side view showing positional
variation of the N-terminal helices. Right: diagram showing the extent of the full-length BsLon (774 amino acids) covered
by the structures of BsLon-N (amino acids 4-209) and BsLon-AP (amino acids 246-770). (b) Comparison between the
architecture of the BsLon-AP complex (left) and that of an HslUgVs complex (right, PDB ID: 1G3I). The two ATP-
dependent proteases share similar subunit architecture and arrangement within their characteristic complexes, despite
having different protease domain folds. The linker between the protease and the ATPase domains in BsLon-AP has very
similar topology to the linker between protease HslV and ATPase HslU. (c) Model of a closed-ring hexameric BsLon-AP
(N-terminal helices have been removed because they clash), showing the expected arrangement of ATPase and protease
domains, within a functional Lon complex. The model was generated by structural alignment of the BsLon-AP protease
domains to the protease domains in the hexameric structure of E. coli Lon P domain (PDB ID: 1RR9).
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Model of BsLon-AP absence of the helical arrangement, we generated a
model based on the hexameric structure of the E. coli

In order to investigate how the BsLon-AP complex  Lon protease domain. This was done by structurally
might look like when forming a closed ring, in the  aligning the protease domain of each BsLon-AP
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Fig. 5 (legend on previous page)
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subunit to each protease domain of the E. coli
structure (PDB ID: 1RR9%) (Fig. 5¢). The orienta-
tions of the three BsLon-AP N-terminal helices were
incompatible with this model as they clashed with
other regions of the model. Upon removal of these
three helices from the model, no major steric clashes
were detected (with the exception of a few internal,
flexible loops). The ATPase domains in the model
have very similar interfaces to those found in the
BsLon-AP structure, although the packing of the
subunits is tighter. The packing of the ATPase
domains seen in the BsLon-AP model is very similar
to the arrangement seen in the HslUs ATPase
complex,*’ where each a/p sub-domain fits more
snugly into the groove between the sub-domains of
neighbouring ATPase subunits. Top and bottom
views of the model are shown in Supplementary Fig.
S6. A side view of the model reveals that, except for
the helicity of the BsLon-AP structure, the model
and the structure have the same overall conical
shape, given by the reduced size of the protease
domain ring, compared to the ATPase domain ring
(Fig. 5¢).

Discussion

Lon and FtsH proteases share a characteristic
that distinguishes them from other bacterial ATP-
dependent proteases: they harbour their ATP
hydrolysis and proteolysis functions within the
same polypeptide chain. In addition to the ATPase
and the protease domains, cytosolic Lons have a
large N-terminal domain, putatively responsible for
substrate binding. Coordination of these three
different activities, substrate recognition, ATP hy-
drolysis, and proteolysis, requires the presence of
three different functional modules and their ar-
rangement within the same protein seems to show
considerable flexibility, as attested here by the
positions of the BsLon-AP N-terminal helices. This
flexibility might be the reason that Lon has resisted
crystallisation for nearly 30 years.

BsLon-N: Implications of the monomer structure

BsLon-N consists of two distinct regions: a
globular domain, very similar to the existing
structure of the E. coli Lon protease N-terminal
domain, and an additional four-helix bundle, which
includes a short helix marking the start of the coiled-
coil segment of BsLon. The geometry of these two
domains is intriguing: the right angle between the
linker and the long helix of the helical bundle may
be a result of the crystal packing since the linker is
partly disordered and will not determine the
position of the domain. We suggest that, in solution,
the globular domain may be able to undergo large
movements, independent of the helical bundle. This
is, however, counterintuitive to the presence of a
hydrophobic surface on the globular domain, which,
in solution, would require interaction with another
hydrophobic surface (which is covered in our

structure by the domain swap). Lon proteases are
responsible for degrading misfolded proteins, and
this function is believed to rely on their ability to
recognise hydrophobic reglons that are exposed on
the surface of such proteins.** The substrate-binding
features of Lon proteases should therefore include
hydrophobic surfaces that can interact with those on
substrates. It is tempting to suggest that the
hydrophobic patch on the globular domain of
BsLon-N could have a substrate-binding role.
However, one could also speculate that these
hydrophobic surfaces exist because they form
unknown interfaces in the full-length structure.

Functional significance of the dimer

BsLon-N is a structure of a truncated BsLon-N-
terminal domain and, as such, the extent to which it
represents a functional dimer is uncertain. There are
two possible explanations for the packing of the
monomers seen in the BsLon-N structure: it may
represent a genuine dimerisation of N termini of
BsLon or it could be a result of crystal packing and/
or the truncation. The dimer interface is extensive
and formed mostly by contacts between the helical
bundles of the two monomers. Some of these
interactions are of a coiled-coil nature.

The extent of the hydrophobic interactions
established by the helical bundle and the tightness
of the molecular packing of the BsLon-N dimer
lend support to a functional relevance of the dimer.
In addition to that, the apparent molecular mass
derived from the gel-filtration profile of BsLon-N is
around 53 kDa, close to the theoretical size of a
dimer (47.8 kDa). Coiled-coil interactions are very
stable and can often contribute to oligomerisation
of complexes. For instance, the N-terminal domains
of archaeal and actinobacterial proteasomal
ATPases consist of single helices that dimerise by
coiled-coil interactions, leading to stable dimers
that further assemble into hexamers.*> The preva-
lence of Lon dimers over monomers in solution has
already been shown by cross-linking experiments
on Brevibacillus thermoruber Lon, leading to the
hypothesis that dimers are the initiators of oligomer-
isation, which occurs through a dimer—tertramer—
hexamer progression.** These results may indicate
that a dimerisation domain is present somewhere
within Lon.

Assuming that the BsLon-N dimer is functionally
relevant, however, the anti-parallel arrangement of
the monomers is incompatible with the formation of
a hexamer, which is the most expected oligomeric
state of Lon proteases, based on existing electron
microscopy and analytical ultracentrifugation data.
The domain-swap arrangement seen in the BsLon-N
dimer could be compatible with a head-to-head
dimerisation of hexamers, leading to the formation
of a dodecamer. The analytical ultracentrifugation
results presented in this study reveal that AaLon
exists as a mixture of hexameric and larger, perhaps
dodecameric species, with the hexameric one being
the most prevalent. Although the existence of
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dodecameric species is not refuted by these results,
our electron microscopy images of AaLon show a
homogenous sample and fail to reveal the presence
of larger species that could correspond to dodeca-
mers (Fig. 1f). Other ATP-dependent proteases, such
as the Clp and Hsl complexes, function as stacked
oligomeric rings; however, there is no proof that this
architecture is also characteristic of Lon proteases. In
other words, the BsLon-N dimer seems only
functionally relevant as long as Lon proteases exist
as dodecameric species, for which there is no
evidence, as yet.

The alternative explanation for the dimerisation of
BsLon-N monomers is that it may represent a
fortuitous arrangement, which facilitates crystal
packing by shielding hydrophobic surfaces that are
exposed due to the truncation of the N-terminal
domain. In the absence of further data, we cannot
speculate as to which of these two possibilities
(BsLon-N dimer: genuine or artifact) is the most likely.

Although this study proves the validity of the
coiled-coil prediction for the N-terminal domain of
Lon, it does not solve the ambiguity regarding the
inter-molecular versus intra-molecular nature of the
coiled coil. There is a long coiled-coil domain in
ClpB, an ATPase, which, unlike its other Clp ATPase
relatives, does not associate with a ClpP protease.™
ClpB is a chaperone involved in dismantling large
aggregates, a function that is critically dependent
upon its 85- A-long and mobile coiled-coil region. Tt
is conceivable that, if not responsible for dimerisa-
tion, the coiled-coil region of Lon has the same role
as that of ClpB. Interestingly, a substrate-binding
and discriminatory role has been implied for the
coiled-coil region of E. coli Lon, where a single
amino acid change, Glu240 to Lys, abolishes
recognition of a Lon substrate, RcsA, without
affecting the degradation of others.*

BsLon-AP

BsLon-AP is the first crystal structure that reveals
the relationship between the ATPase and the
protease domains of Lon. Within a monomer of
BsLon-AP, the two domains form a three-lobed
structure in the centre of which lies the nucleotide
binding site. This distribution of the three domains
around the nucleotide pocket appears functionally
significant because it places the protease domain in
close proximity of the nucleotide binding site. This is
likely to be relevant for the communication between
the ATPase and the protease domains during
substrate degradation. The observed domain ar-
rangement is in agreement with fluorescence spec-
troscopy data showing that, upon ATP binding and
hydrolysis, the protease domain catalytlc residue
undergoes conformational changes.*® ATP hydroly-
sis causes changes in the relative positions of the two
ATPase sub-domains,*' which could be transmitted
to the protease active site via the linker between the
two sub-domains, below which the protease domain
is situated. The long loop (Arg580 to Asp591), which
physically connects the a sub-domain of the ATPase

to the protease domain, could also mediate com-
munication between the two functional modules.

The structural relationship between the protease
and the ATPase domains of BsLon is remarkably
similar to that between the protease (HslV) and the
ATPase (HslU) of the HslUV complex (Fig. 5b).
Within HslUV, the protease is also located under-
neath the nucleotide binding site of the ATPase,
roughly between the two ATPase sub-domains.
Moreover, the link between the ATPase and the
protease of HslUV, extending from the C terminus
of the a sub-domain, has the same topology as in
BsLon-AP* (Fig. 5b). This seems even more striking
given that HslV and BsLon have different protease
folds. The absence of a crystal structure of a complex
between the ClpP protease and a Clp ATPase
prevents a direct comparison between BsLon and a
Clp complex.

The N-terminal domain of BsLon-AP is very flexible

The three helices attached to the N terminus of the
ATPase domain belong to the N-terminal domain of
BsLon. In the BsLon-AP structure, they form a
helical bundle orientated at roughly 90° from a
vertical axis passing through the ATPase and the
protease domains. A structural alignment of the six
monomers in the asymmetric unit, with respect to
their ATPase and protease domains, reveals vari-
ability in the positions of the N-terminal helical
bundles (Fig. 5a, left). Significantly increased tem-
perature factors for this region of the model also
denote flexibility of the three helices. This is perhaps
not surprising, given that they belong to a domain
that was truncated in the BsLon-AP construct and
are tethered to the ATPase domain via a long,
extended loop that allows significant movement of
the helices. It would be expected that, even in the
context of the entire N-terminal domain, this loop,
consisting of mainly charged and hydrophilic amino
acids, would still allow considerable flexibility and
relative movement of the two domains it links.

Tendency to crystallise as a helix

BsLon-AP has a tendency to crystallise as a helical
assembly, proven by the fact that all five crystal
forms presented in this article have such an
arrangement of monomers in the asymmetric unit.
The most obvious explanation for this behaviour is
the absence of the first 239 amino acids of BsLon that
may prevent the packing of the BsLon-AP subunits
in the correct conformation. The presence of the
three N-terminal helices could also be a trigger for
the helical arrangement. Their orientation relative to
the ATPase and protease domain is likely to be
incompatible with the formation of a native com-
plex, as there would be clashes with neighbouring
subunits. With this in mind, we attempted the
crystallisation of a BsLon truncation containing only
the ATPase and the protease domains. This was
unsuccessful, due to very poor solubility and
unstable protein.
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The helicity of BsLon-AP could arguably be the
result of packing constraints imposed by the
truncation; however, it has to be considered that
several other related ATPases, such as C;pA,32
ClpB,33 and the AAA+ domain of FtsH,4 also
crystallise only as helical arrangements. This indi-
cates that it is more likely to be an intrinsic
characteristic of these related ATPases, rather than
a specific feature of BsLon-AP, which favours the
helical crystal packing.

An alternative explanation for the helical arrange-
ment of the BsLon-AP monomers is the presence of
ADP in the nucleotide binding pockets of the six
subunits. BsLon-AP was crystallised in the presence
of ATP~S; nevertheless, all six monomers in the
asymmetric unit are ADP-bound. Lon proteases
require ATP for their activity and ADP was shown
to have an inhibitory effect upon proteolysis.*® The
ADP-bound conformation seen in the BsLon-AP
structure may represent an ADP-inhibited form of
Lon, which is not compatible with the formation of a
hexameric closed ring, expected for the active Lon
complex. Crystallisation of BsLon-AP was also
attempted with ATP and AMPPNP; however, the
crystals obtained were considerably smaller and
weakly diffracting; optimisation of crystallisation
conditions failed to improve their diffracting quality
beyond 8-9 A. Nevertheless, HslUV complexes have
been crystallised in an ADP-bound form, and their
general complex architecture is identical with the
ATP-bound form, although conformational differ-
ences do exist on a smaller scale, at the level of the
ATPase domain.*!

Limited tryptic digestion experiments indicate
that ATP binding causes conformational changes;*’
however, the extent of the structural differences
between the nucleotide-free, ATP- and ADP-bound
forms of Lon is yet unknown. Enzymatic studies
have revealed that the six nucleotide binding
sites in active Lon proteases are functionally non-
equivalent: half of them have high affinity for ATP,
whilst at the same time, the other half have low
affinity.”® These states are interchangeable, as the
nucleotide binding sites are structurally identical.
The two types of nucleotide affinities are associated
with different rates of ATP hydrolysis, with the
high-affinity sites being slow hydrolysing and the
low-affinity ones being fast hydrolysing.5! This
implies that, in the process of ATP hydrolysis, the
nucleotide binding sites of Lon have a mixed
population of nucleotides. As a result, an active
conformation of the Lon complex may be character-
ised by the presence of a mixture of nucleotide
states, and therefore it may not be compatible with
identical nucleotide states of the monomers.

BsLon-AP resembles HslUgVg

Although the helical arrangement of the hexame-
ric BsLon-AP, in an open-ring conformation, is
probably not the functional conformation of Lon,
one can deduce from similarities to other known
structures that the domain arrangement is con-

served. The helix seen in BsLon-AP would rather
represent a distorted view of the functional ring-
shaped structure expected for a self-compartmenta-
lising protease complex.

A comparison between the structures of the
BsLon-AP and HslUgV¢ complexes shows that, in
addition to a conserved subunit architecture and
structural relationship between the ATPase and the
protease domains, the way the subunits assemble
into the oligomeric structure is also very similar
between the two complexes, as it can be seen in Fig.
5b. The similarity between the AAA+ modules of
BsLon and HslU leads to a similarity of interfaces
between neighbouring ATPase subunits. In both
structures, the o/p sub-domain of the ATPase is
nestled in the groove between the ATPase sub-
domains of a neighbouring subunit and is located on
the inside of the complex, whilst the a sub-domain
faces the outside.

The hexameric conformation of the protease
domains in BsLon-AP is similar to the E. coli
Lon structure

Another piece of evidence in support of the near-
functional conformation of the helical BsLon-AP
structure comes from a comparison between a top
view of the arrangement of the six protease domains
in BsLon-AP and a similar view of the E. coli
protease domain structure, solved in isolation?’
(Supplementary Fig. S4). Both structures are hex-
americ; however, the E. coli structure consists of a
planar closed ring, as opposed to the open helical
ring seen in BsLon-AP. In spite of this difference, the
interface between neighbouring domains and their
orientation in the complex is almost identical. Also,
rather than facing the centre of the channel directly,
the catalytic active site is accessible only via a
channel between subunits, in both structures (Sup-
upplementary Fig. 54).

The model of BsLon-AP, based on the NCS
arrangement of the E. coli P domain, can also be
used to support the near-native conformation of
BsLon-AP. This model is a crude approximation of
the expected architecture of the ATPase and
protease domains of Lon in the context of a ring-
shaped, hexameric complex and the fact that it
allows a sensible packing of the ATPase subunits
shows that the E. coli P domain structure and BsLon-
AP are compatible. The fact that both structures are
hexameric is in agreement with pre-existing evi-
dence from electron microscopy and analytical
ultracentrifugation studies, suggesting that Lon
complexes are hexameric in general.

The 36-amino-acid gap

The two structures presented in this article come
tantalisingly close to offering a complete picture of a
full-length Lon monomer. The BsLon-N structure
ends with amino acid 209, whilst BsLon-AP begins
with amino acid 246, leaving a gap of 36 amino acids
for which we have no structural information (Fig.
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5a, right). These missing amino acids are predicted
to be a-helical and part of the coiled-coil region of
the N-terminal domain. It is conceivable that, in the
context of the full-length BsLon, these remaining
amino acids may fold in a way that would satisfy the
hydrophobic requirements of the helical bundle at
the C terminus of BsLon. The previously mentioned
resemblance between BsLon-N and BPP1347 may be
used to argue this point. The topology of the three C-
terminal « helices of BPP1347 coincides with the
topology of the three C-terminal helices of the other
monomer in the BsLon-N dimer. In addition to this,
electrostatic surface potential maps of a BsLon-N
monomer reveal that, in the absence of a binding
partner, three hydrophobic patches would be
exposed. Both of these pieces of evidence point
towards the same conclusion: in the context of full-
length BsLon, the space between the globular
domain and the long helix of BsLon-N has to be
somehow filled. There are two ways in which this
can be achieved: either by the dimerisation of BsLon-
N termini, seen in the structure of BsLon-N, or by
the folding of the remaining 36 amino acids in this
space. These two possibilities are, of course, mutu-
ally exclusive, and the answer as to which is the
correct one can only come from a structure contain-
ing the missing amino acids.

Materials and Methods

Cloning, protein expression, and purification

The gene encoding B. subtilis Lon (GI:496557) was
amplified from genomic DNA by PCR, using a forward
primer containing an Ncol restriction site and a reverse
primer carrying an Xhol restriction site. The PCR product
was digested with Ncol/Xhol prior to ligation with
plasmid pET28a (Novagen), which had also been cut
with Ncol/Xhol. The new plasmid, pETBsLon, was used
as template for the amplification of the truncated fragment
corresponding to the full-length N-terminal domain of
BsLon, using the same forward primer, as per pETBsLon,
and a reverse primer containing an Xhol restriction site.
This gene fragment was cut with Ncol/Xhol and ligated
into Ncol/Xhol-digested pET28a, resulting in plasmid
pETBsLonNf{, which encodes amino acids 1-297 of BsLon.

In order to change the catalytic Ser677 to Ala, we
introduced a single-point mutation in the sequence of
pETBsLon, using a QuikChange Mutagenesis Kit (Strata-
gene). The new plasmid pETBsLgs;74 was used as template
for the PCR amplification of gene fragment BsLon-AP,
encoding for residues 240-774 of BsLon, using a forward
primer carrying an Ncol restriction site and the same
reverse primer as per BsLon. This fragment was similarly
cut with Ncol/XholI and ligated with Ncol/Xhol-digested
pET28a, resulting in plasmid pETBsL2394774.

The gene encoding A. aeolicus Lon (GI: 2982953) was
amplified by PCR, using a forward primer containing an
Ndel restriction site and a reverse primer with a BamHI
restriction site. The PCR product was digested with Ndel/
BamHI and ligated with pHis17 plasmid (Bruno Miroux,
MRC-LMB, personal communication), which had been cut
with the same restriction enzymes.

All proteins, AaLon, BsLon, BsLon-AP, and BsLon-Nf,
had a hexa-histidine tag at their C termini and were

expressed in BL21(AlI) cells (Invitrogen). Following intro-
duction of plasmids into cells by electroporation, cells
were first grown overnight, at 37 °C, on six nutrient agar
plates containing kanamycin (for BsLon, BsLon-AP, and
BsLon-N) and ampicillin (for AaLon). All cells from the six
agar plates were then transferred to 12 1 of 2x TY medium
containing 50 pg/ml of kanamycin, or 100 pg/ml of
ampicillin, and grown at 37 °C. Protein synthesis was
induced at ODg (optical density at 600 nm) of 0.5 by the
addition of L-arabinose (Carbosynth) to a final concentra-
tion of 0.2%, followed by overnight incubation at 25 °C.
Cells were harvested the next day and the pellet was
frozen in liquid nitrogen and kept at —80 °C, until needed.

For purification, the cells expressing BsLon or BsLon-AP
were resuspended in 50 mM Tris-HCI, pH 8.5, and
300 mM NaCl with small amounts of DNase and lysed
using a cell disruptor (Constant Systems). The lysate was
cleared by centrifugation for 60 min at 40,000 rpm
(25,171g) and the supernatant was loaded onto 2x 5 ml
Ni-NTA HisTrap HP columns (GE Healthcare), which
were then washed thoroughly with 50 mM Tris-HCI,
pH 8.5, and 300 mM NaCl. The proteins were eluted with
the same buffer containing 300 mM imidazole and
subsequently diluted 10-fold with 20 mM Capso, pH 9.5,
1 mM ethylenediaminetetraacetic acid (EDTA), and 1 mM
NaNj, loaded onto 2x5 ml HiTrap Q columns (GE
Healthcare) and eluted in a linear gradient of 0 to 1 M
NaCl in the same buffer. This step was followed by
concentration of proteins using Vivaspin 20 concentrators
with a 30,000 molecular weight cutoff (Sartorius Stedim
Biotech) and loading onto a HiPrep Sephacryl S300 gel-
filtration column (GE Healthcare) equilibrated in 20 mM
Tris-HCI, pH 8.5, 1 mM EDTA, 1 mM NaNj and 300 mM
NaCl. BsLon-AP eluted as a single peak, at an apparent
molecular mass of 139 kDa, and was concentrated to
20 mg/ml for use in crystallisation experiments. BsLon
suffered from degradation during purification and eluted
as several peaks. The most pure fractions were collected
and concentrated to 20 mg/ml.

For purification of BsLon-Nf, the protein was precipi-
tated from the lysate supernatant by addition of ammo-
nium sulfate to a final concentration of 20% (saturation).
This was done gradually, whilst the protein was
incubated at 4 °C. The precipitated protein was spun at
15,000 rpm (17,590g) and subsequently resuspended in
250 ml of 20 mM Tris-HCI, pH 8.5, 1 mM EDTA, and
1 mM NaNj. The protein concentration was measured
using a NanoDrop ND-1000 Spectrophotometer (Thermo)
and a-chymotrypsin (Sigma C3142) was added to a
concentration equivalent to 500 times less than the
measured concentration of BsLon-Nf. Incubation at
37 °C for 1 h was followed by loading of the protein
solution onto 2x5 ml HiTrap Q HP and elution with a
liner gradient of 0 to 1 M NaCl in 20 mM Tris-HCI,
pH 8.5, 1 mM EDTA, and 1 mM NaN3. The eluted protein,
labelled BsLon-N, was concentrated and further loaded
onto a HiPrep Sephacryl S200 gel-filtration column,
equilibrated in 20 mM Tris-HCI, pH 8.5, 1 mM EDTA,
1 mM NaNj3, and 50 mM NaCl. BsLon-N eluted as a single
peak, at an apparent molecular mass of 53 kDa, and was
concentrated to 15 mg/ml and frozen. This limited
proteolysis fragment had a molecular mass of 23.9 kDa,
as shown by mass spectrometry analysis, and its N
terminus coincided with that of BsLon, as confirmed by
N-terminal sequencing.

Purification of AaLon followed a very similar protocol to
that used for BsLon, the main difference being the buffer
used for both HiTrap Q and Sephacryl S300 columns: 20 mM
Tris-HCl, pH 7.5, 1 mM EDTA, and 1 mM NaNj. AaLon
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eluted as a single peak, at an apparent molecular mass of
579 kDa, and was concentrated to 10 mg/ml and frozen.

Western blot

Twenty crystals from BsLon crystallisation trials were
dissolved in 40 pul of SDS-PAGE loading buffer and run on
SDS-PAGE gel, transferred to a polyvinylidene fluoride
membrane, and incubated with HisProbe horseradish
peroxidase (Pierce). The Western blot was developed
using SuperSignal West Pico Substrate (Pierce).

Crystallisation

Crystals of BsLon-AP and BsLon-N were grown by the
sitting drop vapour diffusion technique at 19 °C. More
than 1500 initial crystallisation conditions were screened
using our in-house high-throughput facility”> and an
Innovadyne Screenmaker 96+8 crystallisation robot, set
up to dispense drops containing 100 nl of mother liquor
and 100 nl of protein.

BsLon-AP crystals grew in many different crystallisation
conditions; the final optimised condition contained 100 mM
sodium citrate, pH 5.6, 500 mM ammonium acetate, and
14% polyethylene glycol 4000. Crystals were cryo-protected
in mother liquor containing 20% (v/v) ethylene glycol,
before being flash-frozen. The best diffracting BsLon-N
crystals were grown in 100 mM sodium citrate, pH 4.0, and
5% (w/v) polyethylene glycol 6000 and were cryo-protected
using mother liquor containing 25% (v/v) ethylene glycol.

Structure determination

The BsLon-AP structure was solved using tantalum
SAD and extensive phase extension with multi-crystal
averaging. A tantalum bromide cluster (TagBri,")-soaked
crystal of the P2;2,2; crystal form was used for a tantalum
SAD experiment at the L-IIl edge. This yielded a data set
(TABR, Table 1) with very high anomalous correlation and
enabled the location of sites with HYSS™ at 7 A resolution.
Phases were obtained using Phaser 2.1’s SAD module™
and subsequent solvent flattening using DM™ yielded a
clear map, showing seven monomers. The densities of the
seven monomers were filled by hand with secondary
structural elements, enabling 7-fold averaging in DM.
Phase extension required the use of separate masks for the
two lobes of the ATPase domain and the protease domain,
since they were found in slightly different orientations, and
the higher-resolution isomorphous native data set (NATI,
Table 1) reaching 3.5 A. The resulting density was very
clear and showed the disorganised arrangement of the
seven subunits in the crystal. For solving the other crystal
forms (Table 1), the density for a monomer was cut from
the phase-extended map and used as a search model in
Phaser 2.1. The structure was built for the P2; crystal form
since it shows the washer-type hexamer. For building, a
phase-extended electron density map was generated at
3.4 A resolution by multi-crystal averaging using the
original TABR phases, NATI, and the P2; data set, using
the three masks mentioned above. For this, phases were
truncated at 8 A initially and then extended to 3.4 A slowly
in 1000 steps. The resulting map was buildable and a
complete model of the hexamer was built manually using
MAIN®® and with the published structures of the ATPase
domain and protease domains serving as guides. The
structure was refined with PHENIX.refine® using tight
NCS restraints and TLS. As expected at this resolution,

temperature factors are high (no upper limit in PHENIX.
refine) and especially so in the N-terminal part of the
structure (three helices, residues 246-298) that is more
flexible and more weakly defined than the rest of the
structure, but clearly visible in kicked (0.5 A) omit 2F,~F.
difference maps. The Wilson B-factor of the data is 74.7 A%,
The refined structure of the hexameric C-terminal domain
(BsLon-AP) was deposited in the PDB with ID 3M6A.

The BsLon-N structure was solved by molecular
replacement using an existing (but smaller) domain X-
ray crystal structure of E. coli Lon N-terminal domain
(PDB ID: 2ANE). The eight monomers in 2ANE were
superimposed and used as an ensemble in Phaser 2.1,
yielding a solution with two monomers per asymmetric
unit. Because the search model only covers about half of
the molecule 2-fold averaging with DM, using an
expanded mask based on an initial 2F,—F. map was
used to render the electron density map buildable. The
model was then built manually using MAIN and refined
with PHENIX.refine. The refined structure of BsLon-N
was deposited in the PDB with ID 3M65.

Analytical ultracentrifugation

Sedimentation velocity and equilibrium runs were
performed in a Beckman Optima XL-I analytical ultracen-
trifuge with an An-60 Ti rotor, using interference and
absorbance at 280 nm. Sedimentation velocity experiments
were run at 45,000 rpm in two-channel Epon charcoal-
filled centerpieces, at 4 °C. Three different concentrations
were used for both BsLon and AaLon: 1,2.5, and 5 mg/ml.
The data were analysed with the program Sedfit*® and are
presented as a continuous distribution c(s) [fringes/
Svedberg] against the sedimentation coefficient [Sved-
berg]. Sedimentation equilibrium experiments were car-
ried out in six-sector 12-mm path length cells, at 4 °C. The
concentrations used for AaLon were 1, 2, and 8 mg/ml,
whilst BsLon samples were run at 0.5, 1.14, and 2 mg/ml.
The samples were centrifuged at 9000 rpm until they
reached equilibrium, as judged by the lack of changes in
subsequent scans. The data were analysed using the
program Sedphatf and Ultraspini. Partial specific
volumes were calculated from the amino acid composition
of the proteins, using SEDNTERP,” also employed for the
estimation of the density and viscosity of buffers.

Electron microscopy

Negative stain electron microscopy images were col-
lected using a Tecnai 12 (FEI) electron microscope
operating at 120 kV and a magnification of 50,000x.
AaLon was diluted into 20 mM Tris-HCl, pH 7.5, 1 mM
EDTA, and 1 mM NaNj to a concentration of 0.01 mg/ml
and BsLon was diluted into 20 mM Tris-HCI, pH 8.5,
1 mM EDTA, and 1 mM NaNj to a final concentration of
0.1 mg/ml. For BsLon, higher concentrations of 0.5, 1, and
5 mg/ml were also tried, with identical results (data not
shown). Carbon-coated grids were made hydrophilic by
glow discharging for 15 s, using an Edwards Sputter
Coater S150B. Within 15 min after glow discharging, 5 pl
of samples was applied to the grids and incubated for
1 min. Excess sample was blotted off and grids were
stained by application of three drops of 2% uranyl acetate.

thttp://www.analyticalultracentrifugation.com/
sedphat/sedphat.htm
1 http:/ /ultraspin.mre-cpe.cam.ac.uk
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Accession numbers

Coordinates and structure factors have been deposited
in the PDB with accession numbers 3M65, for BsLon-N,
and 3M6A, for BsLon-AP.

Supplementary Data

Supplementary data associated with this article
can be found, in the online version, at doi:10.1016/
jjmb.2010.06.030
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