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We carried out chymotryptic digestion of multimeric ATP-dependent Lon protease from Es-
cherichia coli. Four regions sensitive to proteolytic digestion were located in the enzyme and
several fragments corresponding to the individual structural domains of the enzyme or their
combinations were isolated. It was shown that (i) unlike the known AAA* proteins, the ATPase
fragment (A) of Lon has no ATPase activity in spite of its ability to bind nucleotides, and it is
monomeric in solution regardless of the presence of any effectors; (ii) the monomeric proteolytic
domain (P) does not display proteolytic activity; (iii) in contrast to the inactive counterparts, the
AP fragment is an oligomer and exhibits both the ATPase and proteolytic activities. However,
unlike the full-length Lon, its AP fragment oligomerizes into a dimer or a tetramer only, exhibits
the properties of a non-processive protease, and undergoes self-degradation upon ATP hydroly-
sis. These results reveal the crucial role played by the non-catalytic N fragment of Lon (including
its coiled-coil region), as well as the contribution of individual domains to creation of the quater-
nary structure of the full-length enzyme, empowering its function as a processive protease.
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INTRODUCTION

ATP-dependent Lon proteases (EC 3.4.21.53;
MEROPS: clan §J, ID 516), as well as other enzymes
which are involved in selective, energy-dependent
degradation of intracellular proteins (FtsH, CIpAP,
ClpXP, HslUV, and 26S proteasome), belong to the
AAA" protein superfamily (Neuwald et al, 1999;
Maurizi & Li, 2001; Lupas & Martin, 2002; Gottes-
man, 2003; Frickey & Lupas, 2004). Members of this

superfamily are generally organized in hexameric or
heptameric ring-shaped structures formed by their
ATPase modules (Vale, 2000). The diverse functions
of the AAA" proteins are principally mediated by
their ability to hydrolyze ATP. The binding of ATP
and its hydrolysis to ADP in the presence of Mg?*
ions leads to conformational changes of the protein,
expressed in vivo through a variety of functional re-
lationships (Ogura & Wilkinson, 2001). For example,
substantial nucleotide-dependent structural altera-
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tions within the hexamers were clearly demonstrated
by electron microscopy for the polyfunctional AAA*
protein p97 (Rouiller ef al., 2002).

The main biological function of the proteolytic
enzymes that couple ATP hydrolysis to degradation
of protein substrates is control of the cellular level of
regulatory proteins and digestion of damaged ones
(Goldberg, 1992; Gottesman et al., 1995; Wickner ef
al., 1999; Tsilibaris ef al., 2006). The overall struc-
tural organization of heterooligomeric ATP-depend-
ent proteases (ClpAP, ClpXP, and HslUV) for which
crystal structures have been already reported is
quite well understood. The ATPase and proteolytic
sites of these enzymes are located in different subu-
nits that form “sandwich-type” oligomers (Schmidt
et al., 1999; Sauer et al., 2004). In such oligomers, the
double hexa- or heptameric rings of the proteolytic
subunits are flanked from both sides by the hexam-
eric rings of the ATPase subunits. The latter act as
molecular machines that unfold and denature pro-
tein substrates and subsequently translocate them to
the inner cavity of the enzyme, where the substrates
are further degraded by the proteolytic sites (Weber-
Ban et al., 1999; Reid et al., 2001; Ramachandran et
al., 2002; Joshi et al., 2004; Burton et al., 2005; Kennis-
ton et al., 2005). The activity of each ATPase subunit
is strictly dependent on the state of the other subu-
nits of the oligomer (Rouiller et al., 2002; Ogura et
al., 2004; Martin et al., 2005).

The homooligomeric proteases of the Lon and
FtsH families are unique among the ATP-dependent
proteases and other proteins of the AAA* superfami-
ly in that their ATPase and proteolytic domains are
part of a single polypeptide chain. Lon proteases are
peptide hydrolases that contain a Ser-Lys catalytic
dyad in their active sites (Rotanova, 2002; Rotanova
et al., 2003). They are represented by two subfamilies,
designated A and B (Rotanova et al.,, 2004). Division
into these subfamilies is based on significant differ-
ences in the sequences around the strictly conserved
Ser and Lys residues in their proteolytic centers, that
coincide with the differences in their overall mo-
lecular architecture (Iyer et al., 2004; Rotanova et al.,
2004; Maupin-Furlow et al., 2005). Lon protease from
Escherichia coli (here called EcLon, or simply Lon) is
a typical member of the LonA subfamily (Rotanova
et al., 2004) and the first ATP-dependent protease to
be identified (Charette et al., 1981, Chung & Gold-
berg, 1981; Swamy & Goldberg, 1981; Zehnbauer et
al., 1981). Comparative sequence analysis (Amerik
et al., 1990; Gottesman et al., 1995; Rotanova, 1999)
indicated that each subunit of EcLon (or any other
LonA protease) is composed of three principal struc-
tural domains. The N-terminal (N) domain does not
contain any identifiable catalytic site, and its func-
tion is not yet completely clear. The amino-acid se-
quences of the N domains are not highly conserved,

however structure prediction indicates the presence
of coiled-coil regions (Lupas et al., 1991). The N do-
main of EcLon has been shown to consist of at least
two structurally distinct subdomains; crystal struc-
ture of one of them (residues 1-119) was recently re-
ported (Li et al., 2005). The central domain of LonAs
is an ATPase that includes a typical AAA* module
containing two structural domains, /3 and a (Neu-
wald et al., 1999; Lupas & Martin, 2002; Iyer et al.,
2004), whereas the proteolytic activity resides in the
C-terminal (P) domain (Amerik ef al., 1991).

The lack of crystal structures of full-length
Lon proteases makes it difficult to detail the struc-
ture—function relationships for this family of homoo-
ligomeric ATP-dependent enzymes. However, it is
evident that elucidation of the interactions between
the domains within a Lon oligomer is a necessary
step leading to understanding the organization and
function of that enzyme. Limited proteolysis is one
of the possible approaches to such investigations.
This method allows one not only to obtain informa-
tion on the organization of complex enzymes and
their domain—domain interactions, but could also be
used to estimate the contribution of each domain to
the quaternary structure. Furthermore, limited pro-
teolysis is of special value for the selection of frag-
ments that might be more amenable to crystalliza-
tion.

We have utilized chymotryptic digestion for
fragmentation of EcLon. Two fragments resulting
from such experiments, the a domain of the AAA*
module and the proteolytic domain, have already
been successfully used for solving crystal structures
(Botos et al., 2004a; 2004b). Here we present, for the
first time, a common scheme of chymotryptic frag-
mentation of EcLon and preparative isolation of the
enzyme fragments which are likely to correspond to
the structural domains of Lon or their combinations.
They include the N-terminal (N) and ATPase (A)
fragments, a-helical (a) and proteolytic (P) domains,
as well as the combination of the A fragment and
P domain (AP). The oligomeric states of these frag-
ments in solution and the impact of the individual
domains on creation of the quaternary structure of
full-length enzyme are discussed. The enzymatic
properties of the fragments containing their respec-
tive catalytic centers are also characterized.

MATERIALS AND METHODS

Expression and purification of full-length
Lon protease. The intact wild-type EcLon and its
proteolytically inactive mutant EcLon-S679A were
expressed in the [on-deficient E. coli strain BL21
(Novagen, Madison, WI, USA) using plasmid con-
structs based on pBR327 (Amerik et al., 1990; 1991).



Vol. 55

Limited proteolysis of E. coli Lon

283

Transformed cells were grown overnight at 37°C in
LB media containing 100 ug/ml ampicillin, harvest-
ed by centrifugation, and stored at -80°C. Thawed
cells (40 g of cell paste collected from 9 1 of culture)
were suspended in 140 ml of 20 mM Tris/HCI, pH
7.5, 5 mM EDTA buffer. The cell suspension was di-
vided into six equal portions of approx. 30 ml each,
mixed with lysozyme (final concentration 0.1 mg/
ml), and incubated for an hour at 4°C. The partial-
ly lysed cells were disrupted by sonication and the
homogenate was centrifuged at 40000 x g for 2 h.
Supernatant (cell-free extract) was filtered through
a 0.45 um pore-size cellulose acetate membrane and
subjected to chromatography on P-11 cellulose. All
pre-packed columns were from GE Healthcare (Pis-
cataway, NJ, USA).

P-11 cellulose phosphate resin was prepared
according to the manufacturer’s protocol (Whatman
Inc., Clifton, NJ, USA). The cell-free extract was di-
luted 5-fold with buffer A (50 mM potassium phos-
phate, pH 6.8, 10% (v/v) glycerol and 1 mM EDTA)
and applied at 0.3 ml/min to a 150 ml P-11 column
pre-equilibrated with buffer A. The column was
washed with 1 1 of buffer A, and the protein was
eluted with 600 ml of buffer B (300 mM potassium
phosphate, pH 6.8, 10% (v/v) glycerol and 1 mM
EDTA) at 3 ml/min. Fractions containing the target
protein were pooled and used for Q-Sepharose chro-
matography.

The protein solution was diluted 4-fold with
buffer C (50 mM Tris/HCI, pH 7.5, 10% glycerol, 1
mM EDTA), filtered through a 0.2 um pore-size cel-
lulose acetate membrane and loaded at 1 ml/min
onto three pre-equilibrated 5 ml HiTrap Q-Sepharose
HP columns connected in series. The columns were
washed with 150 ml of buffer C and the protein was
eluted with a 225-ml linear gradient of NaCl from 0
to 1 M. Fractions eluted within 0.2-0.5 M NaCl were
pooled and loaded at 1 ml/min onto a 5 ml HiTrap
Heparin-Sepharose HP column equilibrated in a
buffer containing 50 mM Tris/HCl, pH 7.5, 300 mM
NaCl, 10% glycerol and 1 mM EDTA. The column
was washed with 50 ml of buffer C and the protein
was eluted with a 100 ml linear gradient of NaCl
from 0.3 to 1 M. Fractions eluted within 0.4-0.7 M
NaCl were pooled, concentrated on Centriprep 50
(Millipore, Bedford, MA, USA) in the presence or
absence of 1 mM ADP, and used for size-exclusion
chromatography on a HiPrep 26/60 Sephacryl S-300
column equilibrated with buffer D containing 50
mM Tris/HCl, pH 7.5, and 0.2 M NaCl. These proce-
dures yielded approx. 100 mg of EcLon from 40 g of
cell paste, with more than 90% purity.

Limited proteolysis of full-length Lon and
purification of the fragments. The procedures used
to obtain the C-terminal a domain of the AAA" mod-
ule and the P domain have been described previous-

ly (Botos et al., 2004a; 2004b). Both the wild-type Lon
and the proteolytically inactive mutant Lon-S679A
were subjected to chymotryptic digestion.

All reactions of limited proteolysis that yield-
ed the N, A, and AP fragments of EcLon were per-
formed in the presence of 1 mM ADP. In addition,
20 mM MgCl, was used in the reaction that led to
obtaining the AP fragment. Purified enzyme (100
mg) was digested with a-chymotrypsin (0.5 mg,
Sigma, St. Louis, MO, USA) in 50 ml of buffer D at
30°C. After 2 h incubation, the reaction was stopped
by adding PMSF to 1 mM final concentration. The
solution was cooled to 4°C, filtered through a 0.2
pum pore-size cellulose acetate membrane and loaded
onto a 5 ml HiTrap Heparin-Sepharose HP column
equilibrated with buffer D. The flow-through con-
taining the unbound N fragment was collected and
used as described below. The column (with bound
intact Lon, A, and AP fragments) was washed with
50 ml of buffer D and eluted with a 100-ml linear
gradient of NaCl from 0.2 to 1 M in the same buf-
fer.

Fractions that eluted with 0.4-0.8 M NaCl
were pooled, diluted 3-fold with 50 mM Tris/HC],
pH 7.5, and loaded onto 5 ml HiTrap Q-Sepharose
column pre-equilibrated in the dilution buffer. The
flow-through (containing mainly the A fragment)
was concentrated for size-exclusion chromatogra-
phy on a HilLoad 16/60 Superdex 75 column. The
Q-Sepharose column was washed with 25 ml of the
equilibration buffer, the bound protein (containing
AP) was eluted with 20 ml 50 mM Tris/HCl, pH 7.5,
0.4 M NaCl buffer, concentrated, and loaded on a
HiPrep 26/60 Sephacryl S-300 column.

The flow-through that did not bind to Hepa-
rin-Sepharose contained the N fragment and 1 mM
ADP (see above). It was diluted 6-fold with 50 mM
Hepes buffer, pH 7.0, and concentrated on a YM 10
membrane (Millipore, Bedford, MA, USA) to the ini-
tial volume using a 400 ml Amicon stirred cell. In
order to decrease the concentration of ADP, the di-
lution—concentration procedure was repeated three
times. The protein solution obtained was filtered
and loaded onto a 5 ml HiTrap Q-Sepharose col-
umn pre-equilibrated with the dilution buffer. The
column was washed and eluted with a 50 ml linear
gradient of NaCl from 0 to 0.5 M in the same buffer.
Fractions eluted with 0.2-0.3 M NaCl and containing
the N fragment were pooled, concentrated, and used
for chromatography on a HiLoad 16/60 Superdex 75
column.

Size-exclusion chromatography was per-
formed in buffer D for all target fragments. Protein
samples were concentrated on Amicon Ultra 10 000
MWCO centrifugal filter devices. All purification
procedures were performed at 4°C and fractions
monitored by electrophoresis on 12% SDS/PAGE.
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Protein concentration was estimated with Bio-Rad
Protein Assay (Bio-Rad Laboratories, GmbH, Ger-
many) using bovine serum albumin as the standard.
The purity and homogeneity of the target fragments
were verified by N-terminal sequencing and electro-
spray ionization mass-spectrometry (Agilent 1100).
The average yield of fragments obtained from about
100 mg of the full-length Lon was about 20 mg of
the N fragment, 30 mg of the A fragment, 10 mg of
the a domain, 40 mg of the AP fragment, and 15 mg
of the P domain.

Activity assays. The ATPase activity of the
full-length EcLon and its truncated forms, A and AP,
was measured by the method based on determina-
tion of the amount of inorganic phosphate resulting
from ATP hydrolysis as a function of time (Bencini
et al., 1983; Melnikov et al., 2000). Reactions were
performed at 37°C in buffer R (50 mM Tris/HCl, pH
8.5 (at 25°C), 0.15 M NaCl, 15 mM MgCl,)), in the
absence or presence of 1 mg/ml {3-casein. The con-
centration of ATP-Mg was varied between 0.3 and
2.5 mM, whereas the concentration of the enzyme
(expressed as subunits) was varied within the range
of 0.1-10 pM.

The thioesterase activity of the wild-type
EcLon or its AP fragment and P domain was deter-
mined by the hydrolysis of substrate Suc-Phe-Leu-
Phe-SBzl, as described in (Melnikov et al., 2001), at
37°C and the constant concentration of ATP (1 mM)
in the buffer R containing 5% dimethylsulfoxide,
and within the same range of protein concentration
as for the ATPase activity assay.

The proteolytic activity of the wild-type EcLon
or its AP fragment and P domain toward a protein
substrate ((3-casein) was analyzed by SDS/PAGE af-
ter two hours or overnight incubation at 30, 37, or
45°C. The reaction buffer was the same as for the
ATPase assay. The final concentration of p-casein
was 1 mg/ml, of ATP-Mg 5 mM, and of the tested
protein 1 uM (EcLon) or 10 uM (AP or P domain).

The presence or absence of chymotrypsin in
the final samples of EcLon fragments was verified
using Suc-Ala-Ala-Phe-pNA, by detecting the absor-
bance of the p-nitroaniline at 410 nm, assuming ¢ =
8800 M~! cm™ (Erlanger et al., 1961).

Sedimentation analysis of EcLon fragments.
A Beckman model E ultracentrifuge with ultraviolet
scanning optics and a multiplexer was utilized for
the analysis of the protein pausidispersity by velocity
sedimentation. Purified EcLon or its fragments were
analyzed in 50 mM Tris/HCl, pH 7.5, 0.1 M NaCl
buffer, at protein concentration ranging from 0.2 to 1
mg/ml. Estimates of the average sedimentation and
diffusion coefficients and of protein molecular mass
were based on the results of experiments performed
in capillary cells. The results of sedimentation in a
charcoal-filled epon cell were used for detailed anal-

ysis of the heterogeneity of the protein samples by
the Van Holde extrapolation method (Van Holde &
Weischet, 1978). Estimation of the molecular mass
of the components with different sedimentation co-
efficients was held according to the Atassi-Gandhi
equation (Halsall, 1967). The relative quantity of dif-
ferent components making up each protein sample
was calculated using light-scattering correction by
the method of consecutive approximations, using
the absorbance coefficient and the molecular mass of
the analyzed components.

RESULTS AND DISCUSSION

The choice of protease for digestion of EcLon and
the influence of effectors on fragmentation

The sensitivity of a protein substrate to cleav-
age by proteolytic enzymes is defined by a variety of
factors. The crucial ones are peculiarities of organi-
zation of the protein target that affect the protease-
accessible structural elements and the specificity of
the used protease. Using enzymes of low specificity
together with appropriate selection of reaction con-
ditions, it is often possible to achieve fragmentation
of target polypeptides resulting in high-molecular-
mass intermediates that may represent structurally
compact individual domains and/or their combina-
tions.

In order to obtain protein fragments on a pre-
parative scale, it is necessary to establish conditions
for very rapid and highly effective inhibition of the
protease that is being used for limited proteolysis.
However, the inactivation procedures should not
cause denaturation or chemical modification of the
products, or inactivate the potential active sites if the
target protein substrate is itself an active protease.

An enzyme that fulfills well the requirements
outlined above is a-chymotrypsin. This serine pro-
tease cleaves peptide bonds that follow hydrophobic
amino acids at the P1 position (Schechter & Berger,
1967), and can be effectively suppressed by covalent
modification of its active site by PMSF, which is not
a very effective inhibitor of Lon. Furthermore, a chy-
motrypsin molecule contains five disulfide bridges,
the presence of which is absolutely required for en-
zymatic activity, and thus this enzyme can be easily
and irreversibly inactivated by reducing agents, such
as dithiothreitol or B-mercaptoethanol.

We utilized a-chymotrypsin for limited prote-
olysis of EcLon and found that the resulting set of
Lon fragments depended very much on the presence
of effectors of Lon, i.e. nucleotides and magnesium
ions (Fig. 1). In addition, all fragments other than
the N-terminal one are only quasi-stable and un-
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dergo further degradation upon increasing concen-
tration of the proteolytic enzyme and/or prolonged
reaction time, especially at an elevated digestion
temperature.

In most of the experiments aimed at proteo-
lytic digestion (Fig. 1) we used Lon preparations that
were not saturated with a nucleotide before the final
step of purification by size-exclusion chromatogra-
phy (see Materials and Methods). Variation of pH
(7-9), salt concentration (0.1-1 M) and temperature
(25-37°C) did not alter the resulting set of EcLon
fragments, when the time of chymotryptic digestion
was limited to 2 h and the concentrations of the pro-
tein and the effectors were kept constant.

The Lon fragments shown in Fig. 1 were
identified by N-terminal sequencing. The identity of
the cleavage sites and the boundaries of the chymo-
tryptic fragments of EcLon (Fig. 2) were confirmed
by mass spectrometry. It is important to note that
residues Q208-M234 were not present in any of the
identified Lon fragments (Fig. 2B).

The presence of a nucleotide substantially sta-
bilizes the ATPase domain of the enzyme (Fig. 1A),
thus making it less susceptible to cleavage by chy-
motrypsin. Variations in the concentration of ADP
within a wide range (50 uM to 5 mM, lanes 3-5)
with a fixed concentration of Lon in the reaction
mixture (about 10 uM) did not lead to any differ-
ences in the yield of the A fragment. This observa-

15% SDS/ PAGE. Concentrations: Lon — 1 mg/ml (about 10
uM), chymotrypsin — 10 pg/ml.

tion indicates that the binding constant of ADP to
the ATPase active site does not exceed 50 uM. Be-
sides the A fragment, chymotryptic cleavage of Lon
in the presence of nucleotides yields the N fragment
and the P domain as well (Fig. 1A, lanes 3-5).

Digestion of Lon at a low ADP concentration
<1 uM (Fig. 1A, lane 2) or in the absence of any ef-
fector (not shown) also results in formation of the N
and P fragments. At the same time, the o/ domain
of the AAA* module undergoes complete degrada-
tion, leading to formation of low-molecular-mass
peptides, whereas the a domain remains as the sole
high-molecular-mass fragment of the ATPase do-
main (Fig. 2B). The same set of fragments (N, P, «)
is formed in the presence of magnesium ions and
without nucleotides (Fig. 1B, lanes 1-3). This sug-
gests that magnesium ions are not stand-alone ef-
fectors which could cause considerable structural
alterations by binding to the enzyme, as it should be
detected by limited proteolysis.

The simultaneous presence of magnesium
ions and ADP changes the pattern of digestion of
Lon and leads to stabilization of the resulting AP
fragment. As shown in Fig. 1B (lanes 4-6), the maxi-
mal yield of the AP fragment is observed at a con-
siderable excess of magnesium ions (keeping the
concentration of ADP fixed at 1 mM). Under these
conditions, most of the ADP must be in the form of
a nucleotide-magnesium complex, since the disso-
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Figure 2. Schematic representation of EcLon subunit ar-
chitecture (A) and EcLon fragments obtained by chymot-
ryptic digestion (B).

The predicted coiled-coil (CC) region, the characteristic
elements of the AAA* module (Walker motifs A and B,
and residues including sensor-1 (N473), “arginine finger”
(R484) of the nucleotide binding (a/B) domain, and sen-
sor-2 (R542) of the a helical () domain), as well as the
catalytic residues 5679 and K722 of the enzyme proteolytic
site, are marked.

ciation constant for the complex between ADP and
Mg?* is about 0.5 mM (O’Sullivan & Smither, 1979).
Thus, the stabilization of the AP fragment is deter-
mined primarily by binding of the nucleotide-mag-
nesium complex. We may conclude that binding of
either nucleotides or nucleotide-magnesium com-
plexes leads to different conformational states of the
interface between the a-domain of the AAA*™ mod-
ule and the proteolytic domain of Lon (Fig. 2A).
Proteolytic cleavage of Lon complexed
with various nucleotides or analogs (ADP, ATP,
or AMPPNP) results in similar digestion patterns
(Fig. 1C, lanes 4-9). Whereas the A fragment is
present in all digests, the AP fragment is only found
in the presence of magnesium ions. Since sequenc-
ing of all the fragments that contain the A domain
(Fig. 1C) identified Lys235 at the N-terminus, we
may conclude that binding of different nucleotides
does not lead to essential structural changes of the
region located between the N and A domains of Lon
regardless of the presence of magnesium ions. In ex-
periments performed under similar conditions, iden-
tical fragments were obtained from both the active
Lon and its proteolytically inactive S679A mutant.
Application of the technique of limited pro-
teolysis allows differentiation between the forms of
Lon that do or do not contain a bound nucleotide at
different purification steps of the enzyme (Fig. 3); it
is significant for the understanding of some proper-
ties of Lon, in particular, its non-processive proteo-
lytic activity (see Activity assays section). The pres-
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Figure 3. Chymotryptic digestion of differently treated
samples of EcLon performed in the absence of nucle-
otides.

Lanes: 1 — intact Lon; 2 - cleavage of Lon eluted from Hep-
arin-Sepharose; 3—6 — cleavage of Lon after chromatography
on Sephacryl S-300 in 50 mM Tris/HCI, pH 7.5, 0.2 M NaCl.
Concentrating of Lon samples before size-exclusion chro-
matography was performed in the absence of effectors (3),
in the presence of 20 mM MgCl, (4, 6), or in the presence
of 1 mM ADP (5, 6). Conditions of the reactions of limited
proteolysis described in the legend to Fig. 1.

ence or absence of the A and/or the AP fragments
among the products of chymotryptic digestion of
Lon indicates that:

(i) Lon protease must retain bound ADP even
after the removal of free nucleotide by gel filtration
when it is saturated with ADP just before that puri-
fication step (Fig. 3, compare lanes 3 and 5);

(ii) magnesium ions display low affinity to
the preformed enzyme-nucleotide complex (at least
in the case of Lon-ADP complex) and exchange rap-
idly with the free ions in the solution, since the AP
fragment is not detected after digestion of the en-
zyme that was concentrated in the presence of ADP
and Mg?* ions and subjected to gel filtration in their
absence (compare Fig. 3, lane 6 and Fig. 1C, lane 8);

(iii) limited proteolysis of Lon after the chro-
matography on Heparin-Sepharose indicates a “nu-
cleotide free” state of the enzyme based on the com-
plete hydrolysis of the A domain (Fig. 3, lane 2).
Neither the gel filtration process itself nor the pre-
liminary saturation of the enzyme with Mg?* ions
causes structural alterations in Lon, since the diges-
tion products presented in lanes 3 and 4 of Fig. 3
are identical.

Comparison of the results of limited proteolysis of
EcLon by chymotrypsin and by other proteases

Table 1 summarizes the results of limited
proteolysis of EcLon by chymotrypsin, glutamyl en-
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Table 1. Fragmentation of EcLon by proteolytic enzymes of different specificity

Chymotrypsin (present study) Trypsin® Glutamyl endopeptidase®
Domain or
fragment No. Nuc ATP/ADP ATP/ADP No. Nuc ATP/ADP No. Nucd ATP/ADP
(+/- Mg™) (+ Mg*) (+ Mg™) (+ Mg?) (+/- Mg>) (+/- Mg™)
N 1-207 1-207 1-207 1/6-235/239 1/6-235/239 5-240 5-240
A 235-584 235-584
AP 235-784 236/240-784¢ 236/240-784 241-784
a 491-584
oP 490-784 487-784
P 585-784 585-784 585-784

Nuc - nucleotides. a*’Accordirlg to literature data (Patterson et al.,, 2004; Vasilyeva et al.,, 2002). Some incorrect numbers of amino-acid
residues flanking the corresponding tryptic fragments were changed according to the sequencing data presented in the same paper (Pat-
terson et al., 2004). “Unstable intermediate fragment. 9Identical results were obtained in the presence of non-hydrolyzable ATP analogs or

non-adenosine nucleotides.

dopeptidase, or trypsin. These data are derived ei-
ther from the experiments described here or from
previous publications (Vasilyeva et al., 2002; Patter-
son ef al., 2004).

It is seen that application of different enzymes
leads to non-identical sets of fragments. The most
highly invariant Lon fragment that is formed under
all conditions is the N-terminal part, with the maxi-
mum length of about 240 amino acids. Limited pro-
teolysis with chymotrypsin yields a slightly shorter
form (207 amino acids), due to the additional cleav-
age at the Leu207-GIn208 site, as mentioned above.
Thus, we can conclude that the end of the N-termi-
nal domain is located somewhere between residues
207 and 240.

In the absence of a bound nucleotide, the
o domain of the AAA* module (amino acids 491-
584) and the proteolytic P domain (585-784) were
only detected after digestion with chymotrypsin.
The corresponding domains could not be seen as
stable fragments after trypsin treatment, and they
were also not formed during treatment of Lon with
glutamyl endopeptidase (V8 protease). A stable aP
fragment (487-784) was observed after V8 digestion,
but it was not seen after digestion with chymotryp-
sin; the tryptic aP fragment (490-784) did not ap-
pear to be very stable and was further degraded by
trypsin. It should be noted that, in the absence of
nucleotides, none of the proteases utilized in these
experiments (Table 1) yield either the a/f domain
of the AAA" module or its stable combination with
other neighboring fragments (N and/or a domains).
Removal of the a-helical domain and/or the N-ter-
minal part of EcLon seems to decrease the structur-
al stability of the a/f3 domain, followed by its rapid
proteolytic cleavage. On the other hand, effective
degradation of the a/p3 domain as part of the AAA*
module could be caused by its own conformational
lability in the absence of a bound nucleotide.

Limited cleavage of Lon by any proteolytic
enzyme in the presence of ATP/ADP-Mg results in
preferential removal of the N-terminal part only,
yielding an AP fragment (235/236/240/241-784) as a
combination of the ATPase and proteolytic domains
(Table 1). The highest stability of the AP fragment
during tryptic hydrolysis in the presence of magne-
sium ions was shown solely for adenosine nucleo-
tides (Patterson et al., 2004). A study of the proteolyt-
ic products that resulted from digestion of EcLon by
glutamyl endopeptidase showed that only ATP and
ADP are crucial for stabilization of an AP fragment,
irrespective of the presence of magnesium ions. Lim-
ited proteolysis in the presence of other nucleotides,
including a number of non-hydrolyzable analogs of
ATP, leads to complete digestion of the ATPase frag-
ment (Vasilyeva et al.,, 2002). It is noteworthy that,
under chymotryptic digestion, the presence of the
magnesium ions substantially enhances the stability
of the AP fragment as the binding of the nucleotide
alone results in stabilization of the ATPase domain
of the enzyme (Table 1).

To summarize, our analysis illustrates com-
mon sensitivity of the cleavage site located between
the o and P domains to the state of the ATPase ac-
tive site, such as the presence of nucleotides, their
nature, as well as the presence or absence of mag-
nesium ions. In addition, the choice of the enzyme
selected to perform limited proteolysis will influ-
ence the nature of the resulting fragments and the
outcome in a significant way. At the same time, de-
spite the major differences in the specificity of the
proteases used for the reaction, the principal cleav-
age sites of Lon are concentrated in four areas of the
enzyme’s peptide chain (Boxes I-IV in Fig. 4).

A comparison of the locations of the cleavage
sites with the structural data as well as with second-
ary structure predictions indicates that the cleavage
sites which separate the N-terminal fragment from
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LGEMDDAPDENEALKRKIDAAKMPKEAKEKAEAELOKLEMMSPMSAEATVVRGYIDWMVQ 300
VPWNARSKVKKDLRQAQEILDTDHYGLERVEDRILEYLAVQSRVNKIKGPILCLVGPPGV 360
GHTSLGQSTAKATGRKYVRMALGGVRDEAETRGHRRTYIGSMPGKLIQKMAKVGVENPLE 420
LLDEIDEMSSDMRGDPASALLEVLDPEQNVAFSDHYLEVDYDLSDVMEVATSNSMNIPAP 480
III
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Figure 4. Secondary structure of EcLon subunit and the sites of its proteolytic cleavage.

Arrows indicate P1 residues of peptide bonds cleaved by chymotrypsin (blue), trypsin (red) (Patterson ef al., 2004) and
glutamyl endopeptidase (green) (Vasilyeva et al., 2002). The site of the autocatalytic cleavage of full-length Lon is marked
by thin black arrow. A bold black arrow corresponds to the site of auto-cleavage of the AP fragment. Boxes I-IV repre-
sent regions sensitive to proteolytic digestion leading to the formation of high-molecular-mass intermediates of Lon deg-
radation. Secondary structure elements shown are based on crystal data (underlined) (Botos et al., 2004a; 2004b; Li et al.,
2005) and predictions (McGuffin et al., 2000) (http://bioinf.cs.ucl.ac.uk/psipred) — a-helices (red), 3,,-helix (pink), p-strands
(blue), and coils (black). The predicted coiled-coil region of the enzyme (Lupas et al., 1991) (http://www.ch.embnet.org) is

highlighted in yellow.

the rest of the molecule are located in highly heli-
cal areas (Boxes I, II). By contrast, the cleavage sites
flanking the o domain (Boxes III and IV) are found
in less structured regions. It is important to note that
Box III (Fig. 4) contains not only the common cleav-
age sites for all proteases discussed here, but also
the preferred autolysis site of the full-length Lon.
The A fragment which is formed during lim-
ited proteolysis contains about 350 amino-acid resi-
dues, flanked by sites located within Boxes II and
III. It is about 100 residues longer than a typical
AAA" module, whose average size is between 220
and 250 amino acids (Neuwald et al., 1999). This N-
terminal extension of the AAA* module may corre-
spond to the extra domain found in the majority of
AAA™ proteins (lyer et al., 2004). The structural and
functional importance of that extension, as well as
of the N-terminal part of the full-length Lon (first
about 240 residues), are not clear at this time.
Based on secondary structure prediction, residues
extending from about 170/190 to about 280/300 may
form a coiled-coil (CC) domain (Fig. 4, highlighted
in yellow). Thus the A and AP fragments of Lon
formed during limited proteolysis contain approxi-

mately half of the CC domain of the intact enzyme
(Fig. 2B).

The cleavage within the N-terminal exten-
sion of the AAA* module was not detected upon
treatment with the proteases discussed here (Table
1), but occurs during the early stages of the unu-
sual autolysis of the AP fragment which takes place
upon ATP hydrolysis (see the Enzymatic activity
of fragments of EcLon section). The site of the au-
tocatalytic cleavage of AP (Ala286-Glu287), located
in the methionine-rich area of the protein sequence,
corresponds approximately to the C-terminal bound-
ary of the predicted CC domain (Fig. 4) and possi-
bly defines the N-terminal boundary of the ATPase
domain of Lon.

Oligomeric state of EcLon and its fragments

The oligomeric state of active LonA proteases
is still unclear. Sedimentation studies of Lon protease
from Mycobacterium smegmatis (Rudyak et al., 2001)
and size-exclusion chromatography data for the
Brevibacillus thermoruber enzyme (Lee et al., 2004b)
indicated the presence of hexameric assemblies. By
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contrast, based both on sedimentation analysis and
electron microscopy, mitochondrial Lon protease
from Saccharomyces cerevisine was assumed to form
heptamers (Stahlberg et al., 1999). Earlier data indi-
cated that EcLon exists in solution as a tetramer or
an octamer (Chung & Goldberg, 1981; Rivett, 1989;
Goldberg et al., 1994); the tetrameric state of EcLon
was confirmed in 2004 (Vasilyeva et al., 2004). How-
ever, recent electron microscopy data suggest that
EcLon is a hexamer, stabilized solely by magnesium
ions but not by nucleotides (Park et al., 2005).

Our data on the oligomeric state of EcLon are
not completely conclusive since they seem to be de-
pendent on a number of factors, such as the method
of enzyme purification, temperature, the presence of
ligands, protein concentration, and solution viscos-
ity. In particular, size-exclusion chromatography on
Sephacryl S-300 performed on a preparative scale sug-
gests that the oligomeric state of full-length enzyme
(both wild type Lon and the inactive mutant Lon-
5679A) could be a dodecamer or possibly an oblong,
non-globular octamer with increased mobility. At the
same time, the accuracy of interpretation of the size-
exclusion chromatography data (Table 2) is not high
for the area of EcLon elution, since the value of the
availability constant (K ) is less than 0.1.

Size-exclusion chromatography experiments
suggest that the high-molecular-mass oligomer of
Lon appears to be stable and does not tend to dis-

sociate when enzyme concentration is considerably
decreased in recurring experiments. Velocity sedi-
mentation studies of EcLon performed after size-ex-
clusion chromatography reveal a complex picture of
the state of the protein in solution at room tempera-
ture. Different forms of high-molecular-mass assem-
blies with sedimentation coefficients as high as 50—
100S were observed to coexist with entities as small
as dimers or monomers (7.6 and 4.7S, respectively).
The addition of magnesium ions, nucleotides, or nu-
cleotide-magnesium complexes does not change the
picture significantly. The ultracentrifugation data in-
dicate the sensitivity of Lon to hydrodynamic force
under the experimental conditions.

It is clear that much more extensive investi-
gation of the oligomeric state of EcLon in solution
is necessary. It is likely that the predisposition of
Lon to form hetero-aggregates (50-100S), observed
at decreased temperature and/or increased concen-
tration of protein, might be the reason for the dif-
ficulties encountered in crystallization of the full-
length EcLon. It is important to note that such ag-
gregation might not be happening under conditions
that are routinely utilized for in vitro investigation
of the enzymatic functions of Lon (low enzyme
concentrations, physiological temperature, a full
set of effectors, the presence of a protein substrate,
and ATP hydrolysis). However, investigation of
the quaternary structure of EcLon in its functional

Table 2. Oligomeric state of full-length Lon and its chymotryptic fragments

Size-exlusion chromatography

Protein molecular data® molecular mass, kDa (1) Velocity sedimentation data® Cryste}llo-
(aa) mass, kDa Superdex 75 Sephacryl molecular o ir?:pfl’l (IC )

(monomer) - e 5-300 26/60 520, 8 mass, kDa (1) "2 % ata i
N 23.2 27.5 (1) ND 1.93 23.6 (1) 100 -
(1-207)
AP 39.4 42.3 (1) 45 (1) ND - - -
(235-584)
AP-w.t. 60.8 ND 220 (4)¢ 3.75 64.0 (1) 50
(235-784) 125 (2)4 8.80 230.0 (4) 20 _

21.50 878.4 (ass) 30

AP-S679A 60.8 ND 220 (4)¢ ND _ _ _
(235-784) 125 (2)4
a 10.8 10.0 (1) ND ND - - (1)
(491-584)
P-w.t. or 21.4 23.8 (1) ND 1.75 204 (1) 100 (6)
S679A
(585-784)
Lon-w.t. 874 ND ~ 1000 (?) ~ 50-100 ND - -
or S679A
(1-784)

(n) — Number of subunits; RQ - relative quantity; ND — not determined; ass — associates. *Chromatography was performed at 4°C in 50
mM Tris/HCl buffer, pH 7.5, containing 0.2 M NaCl. Protein concentration in all samples was similar and about 15 mg/ml. Molecular
mass (M,) was derived from the equation logK_ = a - blogM,, were K_ is availability constant determined as (V -V )/(V-V,); V, — protein
elution volume, V_ and V, — column void and total volume, respectively; a and b are experimental constants estimated from the corre-
sponding calibration plot. PIdentical results were observed in the presence of 0.5 mM ADP in the column buffer, irrespective saturation
of protein sample with nucleotide before size-exclusion chromatography. “Protein was saturated with 1 mM ADP or AMPPNP on the
concentrating step before chromatography performed in the absence of nucleotides. 9Protein was concentrated without nucleotides before
chromatography. “Data obtained at 25°C without additives of nucleotides. ‘Published in (Botos et al., 2004a; 2004b).
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form provides special challenges, since the physical
methods used for that purpose are not fully com-
patible with the dynamic nature of the enzymatic
processes.

Although the oligomeric state of the active,
full-length EcLon is still somewhat ambiguous, a
much clearer picture was obtained for the fragments
generated by limited proteolysis with chymotrypsin
(Table 2, Fig. 2). The data show that the AP frag-
ment (residues 235-784) is the smallest part of Lon
capable of forming oligomers. The N-terminal and
the ATPase fragments, as well as the a domain of
the AAA* module and the P domain of Lon remain
monomeric in solution, and none of the tested pro-
teins changed its oligomeric state in the presence
of magnesium ions. Additional experiments have
shown that, during low-temperature gel filtration,
the ATPase fragment retains its monomeric state
also in the presence of nucleotides.

The P domain, however, appears to create
hexameric structures in the crystals of not only
EcLon (a member of the LonA subfamily), but also
of LonB from Archaeoglobus fulgidus (Botos et al.,
2005), although only dimers have been seen in the
crystals of the P domain of LonB from Methanococ-
cus jannaschii (Im et al., 2004). These results may in-
dicate a predisposition to oligomerization of the P
domains of Lon proteases of both subfamilies at the
high protein concentration needed to grow crystals,
but they have to be interpreted with some caution,
since the oligomeric state in the crystals is some-
times unrelated to the one seen under physiological
conditions. The ATPase fragment of EcLon is mon-
omeric by itself, while it is di- or tetrameric when
linked to the P domain, forming the AP fragment
(Table 2). This result indicates that the P domain
could be directly involved in the development of
the quaternary structure through interactions with
the ATPase domain of an adjacent subunit of the
oligomer.

The inability of the proteolytically obtained
ATPase fragment of EcLon that contains all charac-
teristic elements of ring-shaped AAA" proteins to
form oligomers is very surprising. In particular, this
fragment includes the N-terminal extension of the
AAA" module (about 100 aa) together with the re-
gion which was postulated to be an oligomerization
domain (OD) of Lon proteases (Lee et al., 2004a).
Thus it is currently not possible to conclude that the
OD region is predominantly responsible for the for-
mation of the oligomeric structure of Lon.

The data presented here do not directly sup-
port the existence of a structural core of Lon formed
by hexamers of AAA* module, an arrangement typi-
cal for heterooligomeric ATP-dependent proteases
and other representatives of the proteins belonging
to the AAA* superfamily. First, an isolated A frag-

ment is a monomer under moderate salt concentra-
tion (0.2 M NaCl), and, second, it appears that an
isolated AP fragment forms a tetramer or a dimer
(Table 2) rather than a hexamer.

The differences in the oligomeric states of the
AP fragments obtained by chymotryptic digestion of
full-length Lon with either intact or mutated proteo-
lytic center are strongly dependent on the procedure
utilized for preparing protein samples for gel filtra-
tion. In particular, AP behaves as a dimer if concen-
trated without any effectors (it is worthy to note that
the dimeric state was found also for the AP frag-
ment that was prepared by digestion of EcLon with
glutamyl endopeptidase (Vasilyeva et al., 2004)).
The presence of nucleotides (ADP or AMPPNP), ir-
respective of addition of magnesium ions, leads to
stabilization of a tetrameric form of AP. One may
suggest that oligomerization of the full-length Lon
might proceed through assembly of dimers.

It should be noted that AP oligomers com-
pletely dissociate and form individual subunits
under the conditions of gel filtration in a high-salt
buffer (1 M NaCl, not shown), confirming the main
impact of ionic intersubunit interactions for stabili-
zation of the oligomers.

Direct participation of the N-terminal part of
EcLon in oligomerization is not fully proven, as none
of the fragments obtained by digestion with chymot-
rypsin contains the intact putative CC domain of the
enzyme (aa ~180 — ~280). At the same time, different
oligomeric states of the N fragment (1-207), AP frag-
ment (235-784), as well as full-length Lon suggest
that the CC domain should play a major role in the
formation of the stable oligomeric structure of the en-
zyme. On the other hand, this segment of Lon may
represent a special problem in a structural study, due
to its potential lability and irregularity of the coiled-
coil structure. In particular, the CC domain may be
involved in the formation of the irregular oligomers
of the enzyme detected in vitro through sedimentation
analysis and size exclusion chromatography. These
higher-level assemblies are most likely composed of
preformed oligomers of the enzyme. Nevertheless, it
is known that crystallization of proteins which pos-
sess extensive irregularities in their structure is still
possible (Takeda et al., 2003).

Based on the results presented here, it is clear
that further investigation of the oligomerization of
EcLon should be augmented by studies of recom-
binant N, AP, and NA fragments of the enzyme that
have overlapping primary structure and include the
complete CC region.

Enzymatic activity of fragments of EcLon

The fragments containing the catalytic sites
for both enzymatic functions of Lon (ATPase and
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proteolytic) were purified to homogeneity and then
tested for their respective activities. The A and AP
fragments obtained from wild-type EcLon or its
proteolytically inactive form EcLon-S679A were
tested for the presence of ATPase activity, whereas
the AP and P fragments of the enzyme with intact
proteolytic site were tested for their ability to hy-
drolyze the low-molecular-mass tripeptide thioester
Suc-Phe-Leu-Phe-SBzl (Melnikov et al., 2001), as well
as B-casein, a model protein substrate. All protein
fragments obtained by limited proteolysis, including
the non-catalytic N fragment and the o domain of
the AAA* module, were also tested for the presence
of possible traces of a-chymotrypsin using Suc-Ala-
Ala-Phe-pNA, an efficient substrate of chymotrypsin
that is not cleaved by EcLon. The results of such
tests did not indicate the presence of any chymo-
tryptic activity in the purified samples of the frag-
ments of EcLon.

None of the fragments containing the catalyt-
ic sites exhibit the level of activity of full-length Lon
(Table 3). It is important to stress that the A frag-
ment and the P domain that have been excised out
of wild type EcLon are not capable of hydrolyzing
their typical substrates (ATP and casein, respective-
ly). Nevertheless, the A fragment that is monomeric
in solution under all tested conditions (see above),
is still capable of binding nucleotides, as was shown
by its stabilization in their presence upon limited
proteolysis of Lon (Figs. 1 and 3), and was finally
confirmed by the chymotryptic digestion of its puri-
fied preparation (Fig. 5).

The proteolytically-inactive monomeric P do-
main displays a thioesterase activity (based on the
k., value, Table 3). Although such activity is two
orders of magnitude lower than the activity of full-
length Lon in the absence of effectors, it is still de-
tectable. According to earlier data (Rasulova et al.,
1998), the P domain should also be able to hydro-
lyze with low efficiency an oligopeptide substrate
(melittin). The essential role of allosteric activation of
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Figure 5. Stabilization of the purified A fragment of
EcLon with ADP upon chymotryptic digestion.

Fragment A was obtained according to the scheme de-
scribed in Materials and Methods. Reaction conditions
were standard (see legend to Fig. 1). Concentrations: frag-
ment A — 1 mg/ml, chymotrypsin — 10 ug/ml, ADP - 1
mM.

the proteolytic domains seems to be a common fea-
ture of both the LonA and LonB subfamilies. Crys-
tal structures of isolated P domains of two members
of the latter subfamily have shown that the active
sites assume an inactive conformation in the absence
of other domains and/or substrates (Im et al.,, 2004;
Botos et al., 2005; Dauter et al., 2005). In contrast to
the inactive counterparts, the AP fragment exhibits
both the ATPase and proteolytic activities, albeit dis-
tinct from the activities of the full-length enzyme.

It has been shown previously that the pres-
ence of a protein substrate leads to a several-fold
increase in the rate of ATP hydrolysis by both wild-
type EcLon (Menon & Goldberg, 1987, Melnikov
et al, 2000) and its proteolytically inactive mutant
Lon-S679A (Fischer & Glockshuber, 1993). These re-
sults indicated that activation of ATP hydrolysis is
not directly linked to the degradation of a protein
target, but instead depends on substrate—enzyme in-

Table 3. Enzymatic activity of Lon fragments containing catalytic sites and of full-length enzyme

ATPase?
Enzyme or (-) -casein (+) B-casein Thioesterase
fragment 1 11 I (-) ATP/Mg (+) ATP/Mg

k_, min? K_, mM k_,min? K, mM k_, min! K  mM k_, st K, mM k_,s! K, mM
Lon-w.t. 110+ 8 0.60+0.05 40+5 0.20+£0.04 120+10 0.20+0.05 42+04 35+0.01 50+4 3.0+0.02
Lon-S679A 100 +5 0.50+0.07 33+3 0.15+0.05 100+8 0.20 £ 0.04 inactive
A inactive
AP-w.t. 33+2 0.30+0.06 35+2 0.30+0.04 302 0.25 +0.06 0.7+0.1 04+0.07 13+1 04x0.06
AP-S679A 25+3 0.25+0.08 30+4 0.20+0.05 28+2 0.30 £ 0.06 inactive
P-w.t. 0.04+0.01 0.30+0.08

2ATPase activity determined at the ATP-Mg ratio 1:1 (condition I) or in the presence of constant excess of magnesium ions (15 mM con-
centration, condition II). Kinetic parameters were derived from linear double-reciprocal plots 1/V-1/[S]. The values of the apparent cata-

lytic constant k_,,

were calculated using concentration of protein (as monomer) estimated by the predicted molar absorbance coefficient

(http://au.expasy.org/tools/protparam.html) and the absorbance at 280 nm.
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teractions that might take place in additional bind-
ing sites of EcLon. The reduced ATPase activity of
Lon in the absence of a protein substrate was shown
(Melnikov et al., 2000) to be mainly caused by the
influence of excess magnesium ions present in the
reaction solution along with the ATP-Mg complex
(Table 3). This inhibitory effect seems to be connect-
ed to the peculiarities of cooperative ATP hydroly-
sis and nucleotide exchange exhibited at the level of
the quaternary structure of Lon. These magnesium-
dependent aspects of the function of Lon have not
been extensively discussed in the investigations of
enzyme kinetics (Vineyard et al., 2006). However,
our interpretation (Melnikov ef al., 2000; 2001) of the
role of magnesium ions in the activity of Lon ap-
pears to resemble the one discussed in a recent pa-
per (Rosenfeld et al., 2005) dealing with the study of
the processive mechanism of myosin V. The inhibi-
tory properties of excess magnesium discussed here
are also in good agreement with recent structural
data on helicases complexed with ADP (Lee & Yang,
2006; Enemark & Joshua-Tor, 2006). A mimic of the
intermediate step of ATP hydrolysis that involved
ADP and Mg?* ions occupying the position of the y-
phosphate of the nucleotide was trapped in the crys-
tals, thus slowing down the turnover of ATP.

The ATPase activity of the AP fragments ob-
tained from either the wild type or inactive S679A
mutant of full-length Lon is decreased relative to
that of the intact enzyme (Table 3), insensitive to the
presence of free magnesium ions, and not increased
in the presence of a protein substrate (an observa-
tion that possibly provides additional evidence for
the presumed role of the N domain as an additional
substrate-binding region of Lon (Ebel et al., 1999)).
These results might suggest that the cooperative

- AP

mechanism of the ATP hydrolysis by the AP frag-
ment is altered due to the removal of the N-terminal
part of Lon (residues 1-234).

Nevertheless, the AP fragment of wild type
Lon is capable of hydrolyzing a low-molecular mass
thioester, Suc-Phe-Leu-Phe-5Bz], in an ATP-depend-
ent manner, not distinguishable from the full-length
Lon (Table 3). Thus the catalytic constants for the
thioesterase activity of AP and wild type Lon do
not differ dramatically, although the apparent K
parameters that are characteristic for AP are more
strongly affected (Table 3).

Testing the proteolytic activity of the AP frag-
ment of wild type Lon revealed some unexpected
properties of this truncated form of the enzyme
(Fig. 6A). The initial experiments, performed under
standard reaction conditions and during relatively
short-term incubation of the reaction components
(about 2 h), did not detect any ability of the AP
fragment to hydrolyze protein substrates. However,
in several special cases, it was possible to detect pro-
teolytic activity of AP during prolonged incubation
with a substrate (about 16 h). These conditions in-
cluded either the absence of nucleotides, regardless
of the presence of magnesium ions (Fig. 6A, lanes
2, 6), or ATP hydrolysis (Fig. 6A, lane 7), or activa-
tion of AP with a non-hydrolyzable analog of ATP
(AMPPNP) in the presence of magnesium ions (Fig.
6A, lane 9).

As shown in Fig. 6A, the proteolytic activ-
ity of AP is not processive in all cases, as it is ac-
companied by the formation of high-molecular mass
intermediates of the protein substrate degradation.
Along with that, the autocatalytic degradation of the
AP fragment also persists, with the exception of the
reaction performed in the presence of AMPPNP-Mg.
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Figure 6. Comparison of the proteolytic properties of the AP fragment (A) and of full-length Lon protease (B).

Tested proteins were not saturated with any nucleotide before final purification step on size-exclusion column (see Ma-
terials and Methods). Lane 1 — {-casein. Reactions were performed at 37°C during 16 h for AP, and 2 h for Lon. For
other conditions see legend to Fig. 1. Concentrations: AP and Lon - 0.1 mg/ml, -casein — 1 mg/ml, nucleotides — 1 mM,

MgCl, — 20 mM.
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The presence of ATP or its analog in the reaction
media in the absence of magnesium ions (Fig. 64,
lanes 3, 5), or the presence of ADP regardless of the
presence of magnesium ions (Fig. 6A, lanes 4, 8), not
only suppress the proteolytic activity but also pre-
vent autolysis of the AP fragment. The protective
effect of some nucleotides against self-degradation
of AP is similar to that described for the yeast Lon
protease (Stahlberg et al., 1999).

The non-processive degradation of protein
substrates is not a unique feature of the AP frag-
ment, but also of the full-length enzyme (Fig. 6B).
However, its in vitro manifestation strictly depends
on the procedures used for isolation and purifica-
tion of the intact Lon. The necessary prerequisite for
the manifestation of this property is the removal of
the intracellular nucleotides from the enzyme sam-
ples, and most of all ADP, which is simultaneously
a Lon-specific ligand, a product of ATP hydrolysis,
and an allosteric inhibitor of the peptidase activity
of Lon.

The presence of variable amounts of ADP in
the enzyme preparations obtained by different pro-
cedures is the most likely reason for the variability
of the ATP-independent peptide hydrolase activity.
In particular, data presented in Table 3 characterize
the thioesterase activity displayed by wild type Lon
that was saturated with ADP before the final step
of purification by size-exclusion chromatography.
Omitting the stage of saturation with the nucleotide
resulted in an increase of k_, up to about 35-40 s7!
in the absence of ATP-Mg. This nucleotide-free form
of the enzyme is characterized by very high level of
non-processive proteolytic activity (Fig. 6B, lanes 2,
6); however, the enzyme retains its main function as
a processive protease upon ATP hydrolysis (Fig. 6B,
lane 7).

The non-processive degradation of protein
substrates by Lon also takes place under conditions
of static activation of the enzyme when the activa-
tor does not undergo any transformation (e.g. in the
presence of AMPPNP and magnesium ions). As re-
ported earlier (Edmunds & Goldberg, 1986) but not
discussed in detail, such non-processive proteolytic
activity of Lon, revealed in the presence of non-hy-
drolyzable ATP analogs, is unique to this enzyme.

The non-processive proteolytic activity of Lon,
observed at low concentration of the enzyme, in the
absence of nucleotides, or at an elevated temperature
may indicate that the quaternary structure of Lon is
not very stable. In the low-molecular-mass oligom-
ers of Lon the proteolytic sites are sterically open,
and the enzyme is capable of hydrolyzing protein
substrates in a non-processive manner, acting as a
common protease.

It is necessary to emphasize that the AP frag-
ment is actually a proteolytically active enzyme ca-

pable of hydrolyzing a protein substrate in a non-
processive manner (Fig. 6A, lane 9). At the same
time, a proteolytic activity of the autolysis products
of AP cannot be completely ruled out (Fig. 6A, lanes
2, 6, 7). Stabilization of AP under conditions of stat-
ic activation (by AMPPNP-Mg), and self-degrada-
tion of AP under conditions of dynamic activation
(upon ATP hydrolysis), which is not typical for a
full-length Lon, allows one to differentiate between
the conformational or oligomeric states of AP in the
different activation systems (AMPPNP-Mg or ATP-
Mg).

The initial stage of AP self-degradation in the
absence of a protein substrate depends on the pres-
ence of the ATP-Mg complex (Fig. 7). Interestingly,
the apparent rate of AP autolysis under conditions
of ATP hydrolysis is not altered in the presence of
a protein substrate (not illustrated), which may in-
dicate the intramolecular nature of the process tak-
ing place in this case. However, the final conclusion
about the nature of this process should be based on
the investigation of the kinetic order of the autolytic
reaction.

The products of autocatalytic cleavage of AP
have not been studied in much detail. However, N-
terminal analysis of the major product of such self-
degradation obtained under the conditions of ATP
hydrolysis (Fig. 7) indicated cleavage of the bond
between Ala286 and Glu287, near the C-terminal end
of the predicted CC domain of the enzyme (Figs. 2
and 4). No cleavage close to this site was observed
during digestion of Lon by proteases of different
specificity (Fig. 4), and it might be assumed that this
part of the structure is buried within the Lon oli-
gomer and involved in direct interactions with the
proteolytic domain of the enzyme.

A comparison of the enzymatic properties of
the full-length Lon and its truncated AP form in-
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Figure 7. Autolysis of the AP fragment in the absence of
nucleotides and upon ATP hydrolysis.
Reactions were performed at 37°C, other conditions were
standard (see legend to Fig. 1). Concentrations: AP — 1
mg/ml, ATP - 1 mM, MgCl, — 20 mM.
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dicates that the removal of the N-terminal segment
(amino acids 1-234) decreases the degree of oli-
gomerization, thus creating an enzymatic form with
an altered pattern of cooperative ATP hydrolysis,
incapable of processive degradation of protein sub-
strates, and susceptible to the autocatalytic cleavage.

CONCLUSIONS

A study of the oligomeric state and proper-
ties of the EcLon fragments that were obtained by
limited proteolysis revealed the contribution of in-
dividual domains to the quaternary structure of the
full-length enzyme and clarified the relationship be-
tween the quaternary structure and the two different
enzymatic activities of this enzyme. Four regions in
Lon structure that are sensitive to proteolytic diges-
tion have been located and the boundaries of the
a-helical and proteolytic domains were confirmed.
True boundaries of the N-terminal and ATPase do-
mains need to be defined more precisely. The con-
formational state of the interface between the o
and the proteolytic domain of Lon complexed with
nucleotides has been shown to be influenced by the
presence of magnesium ions. However, no essential
structural changes were revealed in the region locat-
ed between the N and A domains of Lon regardless
of the presence of effectors.

All chymotryptic fragments and domains of
Lon, with the exception of AP, have been shown to
be monomeric in solution. Unlike the ATPase sub-
units of the heterooligomeric AAA* proteases, the
isolated ATPase fragment of Lon exhibits no ATPase
activity and does not change its monomeric state in
solution, although it can still bind nucleotides. The
individual P domain appears to have no proteolytic
activity at all.

In contrast to the monomeric and inactive A
fragment and P domain, the AP fragment exists as
an oligomer and exhibits both the ATPase and pro-
teolytic activities. This means that both counterparts
of the AP fragment play a significant role in the for-
mation of the quaternary structure of the enzyme.
The AP fragment is a non-processive protease and
undergoes unusual self-degradation upon ATP hy-
drolysis. The self-cleavage site is located at the C-ter-
minal end of the predicted coiled-coil region of the
enzyme. We postulate that this part of the structure
is buried within the Lon oligomer and is involved
in direct interactions with the proteolytic domain of
the enzyme.

Taken together, these results reveal the crucial
role played by the non-catalytic N-terminal part of
EcLon in enabling enzymatic functionality. The low-
molecular-mass forms of EcLon appear to possess
the ability for non-processive degradation of protein

substrates. The data presented here could also re-
flect the important impact of the coiled-coil region
of Lon on the formation of the quaternary structure
of the enzyme. It will be necessary to continue stud-
ies of various recombinant fragments whose prima-
ry structures overlap and contain the full coiled-coil
area of the enzyme.
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