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INTRODUCTION 
ATP-dependent Lon protease of Escherichia coli (Ec-
Lon [EC 3.4.21.53], MEROPS: clan SJ, family S16, ID 
S16.001) is a member of the Lon protease family which 
plays a key role in the quality control system of the cel-
lular proteome that functions in all domains of life [1–
4]. The Lon family consists of two subfamilies: LonA, 
which includes bacterial and eukaryotic enzymes, and 
LonB, which combines the archaea enzymes. Proteases 
of the subfamilies A and B differ in the domain organ-
ization of their subunits, as well as in the environment 
of the catalytic residues of the proteolytic center [5]. 
Ec-Lon belongs to subfamily A and degrades abnor-
mal and defective polypeptides, as well as a number of 
regulatory cellular proteins by a processive mechanism 
under conditions of a coupling of proteolysis to ATP 
hydrolysis [4–7]. The distinctive characteristic of Ec-
Lon, as well as that of other LonA proteases, is their 
ability to bind DNA [8–10].

The Еc-Lon subunit (784 amino acid residues) con-
sists of five domains: N–HI(CC)–NB–H–P (Fig. 1A), 
where the nucleotide-binding (NB) and α-helical (H) 
domains form a ATPase module that belongs to the su-
perfamily of AAA+ proteins (ATPases associated with 
various cellular activities) [11, 12]; the C-terminal P 
domain is serine-lysine peptide hydrolase; and the N-
terminal and subsequent “inserted” α-helical domains 
form a non-catalytic region (N-HI(CC)) which includes 

a sequence fragment with a specific coiled-coil (CC) 
conformation [13, 14]. The crystal structures of the in-
dividual domains (except for the HI(CC) domain) of Ec-
Lon and some other LonA proteases have been deter-
mined. The spatial structure of the full-length enzymes 
of the LonA subfamily remains unknown.

The two-domain organization of the N-terminal re-
gion is a unique characteristic of Ec-Lon and the en-
tire pool of LonA proteases. LonA proteases differ from 
other AAA+ proteins of the protein quality control 
system, such as the set of ATP-dependent proteases 
(ClpAP, ClpXP, FtsH, HslUV) and chaperone-disaggre-
gases (ClpB, Hsp104), by the presence of the inserted 
HI(CC) domain. We have shown that the HI(CC) do-
main of Ec-Lon exhibits a marked similarity to both the 
H domain of its own AAA+ module and to the α-helical 
domain (H1(M)) of the first of the two AAA+ modules of 
ClpB chaperones [13, 14]. At the same time, the role of 
the HI(CC) domain in the functioning of Ec-Lon prote-
ase, its interaction with nucleic acids and/or the struc-
tural organization of the enzyme, has not been charac-
terized to date.

In order to study the role of the inserted HI(CC) do-
main in the manifestation of Ec-Lon functional prop-
erties, we performed a comparative study of the en-
zymatic characteristics and ability to bind DNA of 
the intact enzyme (Fig. 1A) and its deletion form Lon-
dHI(CC) without its HI(CC) domain (Fig. 1B).
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MATERIALS AND METHODS

Materials
Commercial reagents from Sigma, Bio-Rad, Thermo 
Scientific (USA), Fluka (Switzerland), Boehringer 
Mannheim (Germany), Pharmacia (Sweden), Difco 
(England), Panreac (Spain) and Reakhim (Russia) were 
used in the study.

Preparation of Ec-Lon (Lon-H6) and 
its deletion form Lon-dHI(CC)
A recombinant form of Ec-Lon containing a hexahis-
tidine fragment (in LEHHHHHH octapeptide) at the 
C-terminus of the protein (Lon-H

6
) was prepared ac-

cording to the previously described procedure [15].
Deletion form Lon-dHI(CC) was obtained on the base 

of Lon-H
6
 protease. Lon_d_124-304, Lon_HindIII and 

Lon_BamHI_rev primers (5'-TTTTTTGACCTTGCT-
GCGCGCATCAATGGTCGGCGACTCCAG-3', 5'-CG-
CAGAAAGAAGCTTCAACGG-3' and 5'-GTTCT-
GCTCTGGATCCAGCAC-3', respectively) were 
constructed using the megaprimer method. Amplifica-
tion of the gene fragment was carried out in two steps 
using plasmid DNA pET28-lon-H

6
 as the template. 

In the first step, a PCR fragment was obtained using 
the Lon_d_124-304 and Lon_HindIII primers, and the 
fragment was subsequently used as the primer in the 
second step, together with a Lon_BamHI_rev prim-
er. The resulting DNA fragment was about 625 bp in 
length and was cloned into the pET28_lon vector at the 
unique HindIII and BamHI restriction sites.

Sequencing of the cloned DNA and synthesis of the 
primers were carried out by ZAO EVROGEN (www.
evrogen.ru). The restriction and ligation procedures 
were carried out according to the protocols of the man-
ufacturers of the corresponding enzymes.

Isolation and purification of Lon-H
6
 and Lon-dHI(CC) 

were performed in two steps by Ni2+ chelate affinity chro-
matography using HisTrap FF columns (tandem 2 × 5 mL, 
GE Healthcare, USA) and anion exchange chromatogra-
phy on a HiTrapTM Q FF column (5 mL, GE Healthcare) 
according to the previously described procedure [15].

The protein concentrations were determined by the 
Bradford method [16].

The homogeneity of the proteins in the preparations 
was tested electrophoretically [17] using a commercial 
set of markers (M, kDa): β-galactosidase (116.0), bovine 
serum albumin (66.2), ovalbumin (45.0), lactate de-
hydrogenase (35.0), Bsp98I restriction enzyme (25.0), 
β-lactalbumin (18.4), and lysozyme (14.4).

DNA PURIFICATION
The DNA was purified according to the protocol pre-
sented in the manual [18].

Determination of the enzymatic properties of Lon-H6 
protease and its deletion form Lon-dHI(CC)

ATPase activity was tested by the accumulation of 
inorganic phosphate over time in the ATP hydrolysis 
reaction in 50 mM Tris-HCl buffer, pH 8.1, contain-
ing 150 mM NaCl, 5 mM ATP, 20 mM MgCl

2
 and 1 μM 

enzyme at 37°C [19]. In the control experiment, the 
enzyme was replaced with a buffer. The initial reac-
tion rates were determined from the optical absorp-
tion of a mixture of 200 μL of the reaction medium 
and 600 μL of the reagent (100 mM Zn(AcO)

2
, 15 mM 

(NH
4
)

6
Mo

7
O

24
, 1% SDS, pH 4.5–5.0) at a wavelength of 

350 nm (ε
350

 = 7,800 M-1 cm-1).

The thioesterase activity. The hydrolysis of thiobenzyl 
ester of N-substituted tripeptide Suc-Phe-Leu-Phe-
SBzl (PepTBE) was monitored spectrophotometrically 
at a wavelength of 324 nm from the optical absorption 
of 4-thiopyridone (ε

324
 = 16,500 M-1 cm-1), which is the 

product of the reaction between the hydrolysis prod-
uct (benzylthiolate, BzlS-) and 4,4'-dithiodipyridine 
(DTDP) [20]. PepTBE hydrolysis was carried out at 37°C 
in 50 mM Tris-HCl buffer, pH 8.1, containing 150 mM 
NaCl, 10% DMSO, 0.2 mM DTDP, 0.1 mM PepTBE, and 
0.2 μM enzyme. When studying the influence of effec-
tors, a nucleotide up to 2.5 mM and MgCl

2
 up to 20 mM 

were added to the mixture.

The proteolytic activity of the enzymes was tested elec-
trophoretically [17]. The reaction was carried out at a 
temperature of 37°C in 50 mM Tris-HCl buffer, pH 8.1, 
containing 150 mM NaCl, 20 μM β-casein and 2–6 μM 
enzyme, in the absence or presence of 5 mM Nu and 
20 mM MgCl

2
. An aliquot of the reaction or control mix-

ture (20 μL) was mixed with 7 μL lysis buffer (0.2 M 
Tris-HCl, pH 8.9, 4% SDS, 20% glycerol, 0.5 mM EDTA, 
0.8% bromophenol blue, 3% mercaptoethanol), refluxed 
for 10 min, and was applied to a 12% polyacrylamide gel 
(PAGE) for electrophoresis.

The autolytic activity of the enzymes was tested elec-
trophoretically [17] under conditions analogous to the 
conditions for determining the proteolytic activity, but 
in the absence of β-casein.

Testing of the Lon-H6 protease and Lon-dHI(CC) 
protease complexes with plasmid DNA
The formation of enzyme-DNA complexes was moni-
tored by a deceleration of DNA in an agarose gel 
(GMSA method) [21]. 20–25 μg of Lon-H

6
 or Lon-

dHI(CC) were incubated for 30 min at 25°C with 500 ng 
of plasmid DNA (pET28a) in 25 μL of 20 mM Tris-HCl 
buffer, pH 7.5, containing 60 mM NaCl. The protein–
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DNA complexes were analyzed by gel electrophoresis 
in a standard 1.0% agarose gel. DNA bands were visual-
ized by staining with ethidium bromide.

RESULTS AND DISCUSSION
The recombinant Ec-Lon protease used in the study, 
which contained an additional C-terminal octapep-
tide bearing a hexahistidine fragment (Lon-H

6
), had 

been produced and characterized previously [15]. The 
recombinant deletion form Lon-dHI(CC), without the 
inserted HI(CC) domain (residues Glu124–Asn304, Fig. 
1B), was obtained on the base of Lon-H

6
. Preparative 

amounts of Lon-H
6
 (M 88.5 kDa) and its deletion form 

Lon-dHI(CC) (M 67.5 kDa) were isolated using affinity 
chromatography on Ni-Sepharose and anion exchange 
chromatography on Q Sepharose. A comparative study 
of the enzymatic activity of intact Lon-H

6
 protease and 

its deletion form was carried out. Three types of activ-
ity were characterized: ATPase, proteolytic (substrate: 
β-casein), and peptidase (substrate: Suc-Phe-Leu-Phe-
SBzl, PepTBE), and the possibility of autolysis of the 
enzyme preparations was studied. In addition, the pres-
ence of nucleic acid in various protein preparations was 
tested by the phenol extraction method.

ATPase activity of the deletion 
form of Ec-Lon protease
The following standard conditions were selected for 
testing ATPase activity, as well as other types of activ-
ities of Lon-H

6
 protease and its deletion form: 37 °C and 

50 mM Tris-HCl buffer, pH 8.1, containing 150 mM NaCl.
It is known that native wt-Ec-Lon exhibits a maxi-

mum level of ATPase activity at equal concentrations of 

ATP and Mg2+, and that excess of magnesium ions has 
an inhibitory effect on the hydrolysis of ATP, which is 
leveled by binding of the protein substrate [22].

The same trends are typical for intact Lon-H
6
 pro-

tease (Fig. 2A): the efficiency of hydrolysis of ATP by 
the enzyme under conditions close to physiological ones 
(concentration ratio Nu:Mg2+ = 1:4) is significantly low-
er than at equimolar concentrations of Nu and Mg2+. 
Addition of a protein substrate (β-casein) in both cases 
results in a significant increase in ATPase activity.

The Lon protease almost completely loses its abil-
ity to hydrolyze ATP with a loss of the HI(CC) domain: 
ATPase activity of Lon-dHI(CC) is reduced by more 
than 10 times compared to the activity of intact Lon-H

6
 

protease and by all means does not depend on either 
the ratio of nucleotide and Mg2+ ions concentrations or 
the addition of a substrate protein (Fig. 2B).

The obtained results indicate that the inserted 
α-helical HI(CC) domain is necessary for the formation 
of the ATPase center of the Ec-Lon protease and its 
correct functioning.

Activity of the peptidase center  
of the deletion form of Ec-Lon protease
Similarly to the Lon-H

6
 protease, Lon-dHI(CC) is capa-

ble of hydrolyzing a model peptide substrate, PepTBE, 
but the basic peptidase activity of the deletion form is 
about 30% that of the activity of the intact enzyme (Ta-
ble). The data in the Table demonstrate that only Mg2+ 
ions activate the peptidase centers of both Lon-H

6
 and 

Lon-dHI(CC). The influence of nucleotide effectors on 
the intact and modified enzymes is radically different. 
Free nucleotides (except ADP) and Nu-Mg complexes 

Fig. 1. Domain organization of the E. coli LonA protease (A) and its deletion form Lon-dHI(CC) (B). Domain designa-
tions: N – N-terminal; HI(CC) – inserted α-helical with a coiled-coil (CC) region; NB – nucleotide-binding; H – α-helical; 
P – proteolytic. ATPase center components: A and B – Walker motifs, S1 and S2 – sensor residues, R-f –“arginine 
finger” residue; proteolytic center components: Ser679 and Lys722 – catalytic residues.
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activate the Lon-H
6
 protease to varying degrees (2–11 

times) and ADP inhibits it, but none of the nucleotides 
has any effect on the hydrolysis of the peptide by Lon-
dHI(CC). The Nu-Mg complexes exert a similar but rel-
atively low activating effect on the enzyme peptidase 
center, comparable to the effect of Mg2+ ions. These 
data show that Lon-dHI(CC) is incapable of binding 
free nucleotides and weakly interacts with their com-
plexes with magnesium ions. The most powerful effec-
tors affecting the activity of the peptidase center are 
magnesium ions.

Thus, removal of the HI(CC) domain results in a de-
crease in the activity of the peptidase center of the Ec-
Lon protease and a loss of the regulatory effect of the 
ATPase center on the peptidase one, which is defined 
by the nature of the bound nucleotide in the intact en-
zyme.

Proteolytic and autolytic activity  
of the deletion form of Ec-Lon protease
The proteolytic activity of Lon-H

6
 and its deletion 

form Lon-dHI(CC) was tested using the hydrolysis 
of a model protein substrate, β-casein, in the absence 
and presence of Mg2+ ions, free nucleotides, and their 
complexes. The efficiency of hydrolysis of the target 
protein and the accumulation of degradation products 
were detected by gel electrophoresis.

The intact Lon-H
6
 protease is capable of hydrolyz-

ing β-casein in two cases: by the processive mechanism 
(without the formation of large intermediate frag-

Fig. 2. ATPase activity of 
the intact Lon-H

6
 protease 

(A) and its deletion form 
Lon-dHI(CC) (B) in the 
absence (black columns) 
or presence (red columns) 
of the protein substrate, 
β-casein. Experimental 
conditions: 50 mM Tris-
HCl buffer, pH 8.1;  
0.15 M NaCl; 37°C; con-
centrations: 5 mM ATP; 
20 (1, 2) or 5 mM (3, 4) 
MgCl

2
; 0 (1, 3) or 0.5 

mg/ml (2, 4) β-casein; 
0.5-1.0 µM enzyme.R
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Table. Influence of the effectors on the activity of Lon-H
6
 

and Lon-dHI(CC) peptidase centers 

Effector
Lon-H

6
Lon-dHI(CC)

v n v n

No effector 5.88 1 1.64 1

Mg 33.1 5.62 5.19 3.16

AТР 47.1 8.01 1.33 0.81

ADP 0.49 0.08 1.79 1.09

AМРPNP* 14.2 2.41 1.82 1.11

ATP-Mg 63.5 10.8 4.62 2.82

ADP-Mg 10.1 1.73 4.89 2.98

AМРPNP-Mg 58.0 9.86 5.6 3.41

Note. The specific rates of PepTBE hydrolysis (v, ([S], 
μM)/([E], μM) min) are given; n is the ratio of substrate 
hydrolysis rates in the presence and absence of the effec-
tor (v

ef
/v

0
), where n < 1 corresponds to inhibition (itali-

cized), and n > 1 corresponds to activation of hydrolysis 
(shown in bold). The error did not exceed 10%. Experi-
mental conditions: 50 mM Tris-HCl buffer, pH 8.1; 0.15 
M NaCl; 10% DMSO; 0.1 mM PepTBE; 0.2 mM DTDP; 
2.5 mM Nu; 20 mM MgCl

2
; 0.2 μM enzyme; 37°C.

* Nonhydrolysable ATP analog, adenosine-5’-(β,γ-imido)
triphosphate.
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ments) under conditions of a coupling of proteolysis to 
ATP hydrolysis or by a nonprocessive mechanism in 
the presence of a complex of a nonhydrolyzable ana-
logue of ATP with magnesium (Fig. 3).

Deletion of the HI(CC) domain leads to a complete 
loss of the proteolytic activity towards β-casein by the 

Fig. 3. Hydrolysis of 
β-casein by Lon-H

6 
prote-

ase and its deletion form 
Lon-dHI(CC) with and 
without effectors (electro-
phoresis in 12% PAGE). 
Experimental conditions: 
50 mM Tris-HCl buffer, 
pH 8.1; 0.15 M NaCl; 
37°C; reaction time 2 h. 
Concentrations: Nu – 
5 mM; MgCl

2
 – 20 mM; 

β-casein – 0.5 mg/ml; Lon-
H

6
 – 2.5 µM; Lon-dHI(CC) – 

6 µM. 1 – enzyme 
(control), 2 – β-casein 
(control), “–“ – in the 
absence of Mg2+, Mg – in 
the presence of Mg2+, 
M – markers.
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6
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 no Nu	 ATP	 ADP	 AMPPNP
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66

35

35
≈

25

25

deletion form, which indicates the importance of this 
domain for binding and hydrolyzing the protein sub-
strate (Fig. 3). The appearance of bands correspond-
ing to polypeptides with molecular weights ranging 
from 40 to 60 kDa on the electrophoretic image of the 
incubated reaction mixture indicates the possibility of 

Fig. 4. Autolysis of Lon-H
6
 

protease and its deletion 
form Lon-dHI(CC) with 
and without effectors. 
The experimental condi-
tions and designations 
follow Fig. 3 with the 
following modifications: 
Lon-H

6
 – 3.4 µM, reaction 

time 24 h. K – the original 
enzyme (control, reaction 
time 0 h). 
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self-degradation of Lon-dHI(CC) under the conditions 
used for the monitoring of the hydrolysis of the target 
protein.

Identification of an autolytic activity of Lon-
dHI(CC), which accompanies the potential hydrolysis of 
the protein substrate, required a study of the autolysis 
process itself. The intact Lon-H

6
 protease was shown 

to be resistant to self-degradation in the presence of 
any nucleotide effector (Fig. 4). However, during a pro-
longed incubation (24 hours or more), weak autolysis of 
Lon-H

6
 is detected in the absence of effectors or in the 

presence of magnesium ions (Fig. 4), which agrees with 
the previously obtained results [23].

In contrast to Lon-H
6
, the deletion form Lon-

dHI(CC) is unstable and it undergoes autolysis both in 
the absence and presence of nucleotide effectors: more-
over, the autolysis of Lon-dHI(CC) is most pronounced 
in the presence of Mg ions (Fig. 4).

Thus, the loss of the HI(CC) domain leads to a com-
plete loss of the ability of Lon-H

6
 protease to hydrolyze 

the protein substrate and destabilizes the structure of 
the enzyme.

Binding of the nucleic acid by Lon-H6 protease 
and its deletion form Lon-dHI(CC)
An important characteristic of Ec-Lon is its ability to 
bind DNA [8–10], but the site of the interaction be-
tween the enzyme and nucleic acid has not been local-
ized to date. Since other ATP-dependent proteases of 
the quality control system of cellular proteins do not 
have DNA-binding properties and do not contain the 
characteristic inserted HI(CC) domain typical of LonA 

Fig. 6. DNA-binding ability of Lon-H
6
 and Lon-dHI(CC). 

Experimental conditions: 20 mM Tris-HCl buffer, pH 7.5; 
60 mM NaCl; 25°C; DNA (pET28a) – 28 nM (1 – 3); Lon-
H

6
 – 33.9 µM (2), Lon-dHI(CC) – 22.2 µM (3); M – mark-

ers. 
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Fig. 5. Phenolic extracts of Lon-H
6
 (1) and Lon-dHI(CC) 

(2) samples. M – markers, NA – nucleic acid. 
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proteases, the HI(CC) domain can be expected to be 
involved in nucleic acid binding. Therefore, we exam-
ined the content of nucleic acid in the preparations of 
Lon-H

6
 protease and its deletion form obtained in the 

present study.
The DNA content in the preparations of both en-

zymes, determined from the ratio of optical absorption 
(A

260
/A

280
) in solutions of Lon-H

6
 and Lon-dHI(CC) (1.09 

and 1.06, respectively), did not exceed 5%. The enzyme-
bound nucleic acid was isolated from the preparations 
by the phenol-chloroform extraction method. Treat-
ment of the extracts with benzonase (nonspecific nu-
clease, Sigma) resulted in exhaustive hydrolysis of the 
targets, which confirms their classification as nucleic 
acids. At the same time, both extracts were resistant 
to treatment with RNase A. These results indicate that 
both the full-length and deletion forms of Ec-Lon are 
isolated from E. coli cells as complexes with DNA.
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Phenol-chloroform extracts were analyzed by elec-
trophoresis in 1% agarose gel, followed by staining 
with ethidium bromide (Fig. 5). It was found that the 
preparations of both intact Lon-H

6
 protease and Lon-

dHI(CC) contain a significant amount of bound DNA in 
the form of fragments of about 150 bp in size.

In addition, it turned out that both forms of Lon pro-
tease are capable of binding additional amounts of nu-
cleic acid. It was shown that the incubation of plasmid 
DNA with Lon-H

6
 or with Lon-dHI(CC) leads to the 

formation of DNA enzyme complexes and to a change 
in the mobility of nucleic acid during electrophoresis in 
an agarose gel (Fig. 6).

The presented data suggest that the HI(CC) domain 
of the Ec-Lon protease either does not participate in 
the interaction with nucleic acid or is not determinant 
in this interaction.

CONCLUSION
According to the obtained data, the characteristic 
inserted HI(CC) domain of Ec-Lon protease is neces-
sary for the formation and correct functioning of the 
enzyme ATPase center. At the same time, the HI(CC) 
domain does not affect the formation of the peptidase 
center of Ec-Lon, but it is extremely important for the 
mutual influence of active sites. It should be empha-
sized that even though the activity of the peptidase 
center is retained, deletion of the HI(CC) domain leads 
to a complete loss of the proteolytic activity of the en-
zyme, which demonstrates the importance of this do-

main for the binding and hydrolysis of the protein sub-
strate by Ec-Lon protease.

Interestingly, the deletion forms of the Lon protease 
from Brevibacillus thermoruber (Bt-Lon) [24] without 
the fragment (246-259) or (248-256) in the coiled-coil 
(CC) region lose all three types of activity. The discrep-
ancy in the evaluation of the functioning of the pepti-
dase center in the deletion forms of LonA proteases, 
revealed by comparing the results of this study and 
the data in [24], may be due to the use of different sub-
strates in the testing of the peptidase center: thiobenzyl 
ester of the N-protected tripeptide (Suc-Phe-Leu-Phe-
SBzl) in our work and 4-methoxy-β-naphthylamide of 
a less specific tripeptide (Glt-Ala-Ala-Phe-MNA) in 
[24].

We believe that the identified intensive autolysis of 
Lon-dHI(CC) is caused by the loss of its ability to effi-
ciently bind nucleotides, a property that is a stabilizing 
factor for a full-length enzyme. The suggestion that the 
HI(CC) domain plays the role of a nucleic acid binding 
site in the Ec-Lon protease has not been experimentally 
confirmed.

Therefore, it can be concluded that the inserted 
HI(CC) domain of Ec-Lon-protease is necessary for the 
formation of a functionally active structure of the en-
zyme and the implementation of protein-protein inter-
actions. 

This work was supported by the Russian Science 
Foundation (project No. 14-50-00131).
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