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Abstract—Homooligomeric ATP-dependent LonA proteases are bifunctional enzymes belonging to the
superfamily of AAA™ proteins. Their subunits are formed by five successively connected domains, i.e., N-ter-
minal (N), a-helical (HI(CC)), nucleotide-binding (NB), the second a-helical (H), and proteolytic (P)
domains. The presence of the inserted HI(CC) domain determines the uniqueness of LonA proteases among
the AAAT proteins. The role of the a.-helical domains in the LonA protease functioning was studied with an
example of E. coli Lon protease (Ec-Lon). The properties of the intact Ec-Lon and its mutant forms, i.e.,
Lon-R164A and Lon-R542A bearing the substituted arginine residues at the similar positions in the HI(CC)
and H domains, were compared. The H domain was shown to play a crucial role in ATP hydrolysis and
enzyme binding to the target protein. The HI(CC) domain is not decisive for the manifestation of the cata-
lytic properties of the enzyme. However, it affects the functioning of Lon ATPase and peptidase sites and is
involved in maintaining enzyme stability. The participation of the HI(CC) domain in the formation of three-
dimensional structures of LonA proteases and/or their complexes with DNA is suggested.
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INTRODUCTION

The family of ATP-dependent Lon proteases
(EC 3.4.21.53; MEROPS: clan SJ, S16) is a key com-
ponent of the quality control system (QCS), which
ensures the integrity and functionality of cellular pro-
teins [1—4]. QCS combines molecular chaperones
represented mainly by heat shock proteins (Hsp) of
different families [5, 6] and a number of selective pep-
tide hydrolases and proteolytic complexes (protea-
somes) [7, 8]. Peptide hydrolases of QCS (or AAA*
proteases) are bifunctional enzymes, which contain
proteolytic components relating to different classes of
proteases and ATPase components representing the
superfamily of chaperones-disaggregases of the
Hsp100 or AAA* proteins (ATPases associated with
different cellular activities [9, 10]). During function-
ing QCS, the AAA* proteases selectively degrade cel-
lular regulatory proteins and release cells from defec-
tive, damaged, and mutant proteins.

Homooligomeric Lon proteases belong to the rare
representatives of the AAA™ proteins whose ATPase
components consist of nucleotide-binding (NB) and

Abbreviations: AMPPNP, adenosine-5'-(j3,y-imido)triphos-
phate; DTDP, 4,4'-dithiodipyridine; Nu, nucleotide; PepTBE,
Suc-Phe-Leu-Phe-SBzl.

1 Corresponding author: tel:
tatyana.rotanova@ibch.ru.

+7 (499)335-42-22; e-mail:

a-helical (H) domains and proteolytic components (P
domains), i.e., serine-lysine endopeptidases [11] are
sequentially arranged in a single polypeptide chain.
The Lon family is divided to subfamilies A and B. The
former combines cytoplasmic bacterial enzymes and
mitochondrial eukaryotic proteases, and the latter
combines membrane-bound Lon proteases of
archaea. LonA and LonB proteases differ by the sur-
roundings of the catalytic serine and lysine residues in
the P domain and by the general architecture, i.e.,
LonA contains prolonged N-terminal regions and
LonB contains transmembrane domains inside the
AAA* modules [12].

It was shown in our previous papers that the N-ter-
minal regions of LonA proteases are formed by two
domains, i.e., the N-terminal domain itself (N domain)
and the inserted oa-helical domain containing the
region with the coiled-coil (CC) conformation (heli-
cal inserted CC-containing domain, HI(CC) domain)
[13, 14]. Thus, the domain organization of individual
subunits of LonA proteases can be represented by the
following scheme: N—HI(CC)—NB—H—P, where the
NB-—H fragment forms the AAA* module.

We found the similarity between LonA proteases
and chaperons of the ClpB/Hsp104 family [14]. The
subunits of the latter are formed by the N-terminal
domain and two AAA™ modules, and the H1 domain
of the first AAA™ module of chaperons includes the

620



ROLE OF a-HELICAL DOMAINS

Walker motifs

i-s2, R164A

|

HII

A B

621
Ser679  Lys722

sl R-f

s2, R542A

77
AN

HI(CC) |

—
N-terminal region

AAAT module | P domain |

Fig. 1. Domain organization of Lon A protease of E. coli. Designations of domains: N, N-terminal; HI(CC), a-helical with
coiled-coil region; NB, nucleotide-binding; H, a-helical; P, proteolytic. NB and H domains form AAA™ module. Designations
of conserved elements: A and B, Walker motifs; sl and s2, sensor residues; i-s2, potential sensor residue; R-f, arginine finger.

Ser679 and Lys722 are catalytically active residues.

fragment with the CC conformation, the so-called M
domain that corresponds to the scheme of N—NB1—
H1(M)—NB2—-H2. The HI(CC) domain appeared to
have a pronounced similarity with the H1(M) domain
of chaperons. At the same time, the enzyme structure
does not contain the nucleotide-binding domain, the
analogue of the NB1 domain of chaperons, and this
fact provides the uniqueness of the structure of the
LonA proteases among the AAA* proteins, which usu-
ally contain either one or two full two-domain AAA*
modules. The role of the inserted HI(CC) domain in
the functioning of the LonA proteases and/or in the
maintaining of their active structure has not yet been
investigated.

The goal of this work was a comparative study of the
contribution of two a-helical domains (classical H
and inserted HI(CC)) in the manifestation of the
enzymatic properties of LonA proteases with an exam-
ple of the Lon protease from E. coli (Ec-Lon).

RESULTS AND DISCUSSION

The a-helical domains (H), which form the
ATPase modules along with the nucleotide-binding
domains (NB), are the distinctive characteristic of the
AAA™ proteins structure [10, 15, 16]. The classical H
domains are formed by four a.-helices and include the
positively charged consensus sensor-2 residue (s2)
located in the N-terminal region of the third helix.
This residue along with other conserved fragments of
the NB domain (the A and B Walker motifs, the sensor-1
residues (s1), and the arginine finger (R-f)) is involved
in the formation of the ATPase center of the AAA*
protein.

The scheme of the domain organization of the Ec-Lon
protease subunit (784 aa) is shown in Fig. 1. The
H domain of the AAA* module contains the residues
(491—-579) where the role of the sensor residue s2 plays
Arg542. The inserted HI(CC) domain is formed by the
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124—302 residues; like in the H domain, the arginine
residue Argl64 (i-s2, Fig. 1) is localized in the begin-
ning of the third helix of the HI(CC) domain. To
reveal the role of the a-helical domains of the Ec-Lon
protease in the functioning of the enzyme, the Argl64
and Arg542 residues were substituted by alanine and
the properties of the resulting mutant forms were stud-
ied in comparison with those of the intact enzyme.

To optimize the scheme of the isolation of the Ec-
Lon protease and its mutant forms, we prepared the
recombinant form of the enzyme containing the hexa-
histidine fragment (in octapeptide LEHHHHHH) at
the C-end of the enzyme (C-His-Lon), as well as the
mutants on its basis bearing the substitutions in both
the sensor s2 residue and similar i-s2 residue (Lon-
R542A and Lon-R164A, respectively). C-His-Lon
and the mutants R542A and Lon-R164A are obtained
in the preparative amount using affinity chromatogra-
phy on Ni-Sepharose and gel-filtration on Sephacryl
S-400.

Activity of AT Pase Centers of Mutant Forms
of Ec-Lon Protease

It is known that the native Ec-Lon protease hydro-
lyzes ATP in the absence of a protein substrate (the
basic ATPase activity) in the range of pH 7.0—9.0
(with the maximum at pH 8.0—8.2). The rate of the
hydrolysis of ATP is maximal at the equimolar ratio of
the nucleotide and magnesium ions. The presence of
free Mg?* ions inhibits the ATPase activity of the
enzyme, and this effect is eliminated in the presence of
the protein substrate [17].

It is shown that the C-His-Lon protease and the
Lon-R164A mutant retain the property of the native
enzyme to hydrolyze ATP, albeit the AT Pase activity of
Lon-R164A is markedly reduced (Fig. 2, where the
initial rate of the ATP hydrolysis by the C-His-Lon
protease in the presence of the protein substrate is
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Fig. 2. ATPase activity of intact C-His-Lon protease and its mutant Lon-R164A and Lon-R542A forms. Experimental condi-
tions: 50 mM Tris-HCl buffer, pH 8.1; 0.15 M NaCl; 37°C; 5 mM ATP; 20 mM MgCl,; 1 mg/mL B-casein; 1 M enzyme.

taken for 100%). At the same time, the Lon-R542A
mutant does not have the ATPase activity in the range
of pH 7.0—9.0 at any ratio of the nucleotide and mag-
nesium ions and in the presence of either the protein
(B-casein) or peptide (melittin) substrate. Thus, it
should be stated that Lon-R542A completely loses its
ability to hydrolyze ATP.

The results confirm the participation of the s2 sen-
sor residue (R542 in Ec-Lon) in the formation of the
ATPase center in the LonA proteases (as in the other
representatives of the AAA™ proteins) and is consistent
with the data that the mutant forms of ATP-dependent
proteases containing the substitutions of the s2 residues
(ClpXP from E. coli [18], HsIUV from E. coli [19], and
LonB from Thermoplasma acidophilum [20]) lose their
ability to hydrolyze ATP. The significant decrease in
the AT Pase activity of the Lon-R164A mutant in com-
parison with the intact C-His-Lon protease may be
due to a violation of the proper conformation of the
enzyme when replacing the i-s2 residue.

Activity of Peptidase Centers of Ec-Lon
Protease Mutant Forms

We previously proposed to use thiobenzyl ester of
N-protected  tripeptide  Suc-Phe-Leu-Phe-SBzl
(PepTBE) as an indicator of the functional efficiency
of the peptidase centers of the Ec-Lon protease [21].
The use of this substrate allowed us to evaluate the
effect of the mutations on the activity of the enzyme
peptidase centers.
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The data in Table 1 show that both mutants retain
the ability to hydrolyze PepTBE in the absence of
effectors. However, the substitution of the i-s2 residue
(R164) led to a significant decrease in the activity of
the peptidase center, while the replacement of the s2
residue (R542) caused significant activation of the
peptidase center of the mutant. The ratio of the spe-
cific activities of C-His-Lon, Lon-R164A, and
Lon-R542A was approximately 100 : 25 : 200. The
Mg?* ions markedly activate all enzymes, and the
common inhibitor was only ADP.

Nucleotides (Nu) and their complexes with the
magnesium ions (Nu-Mg) similarly influence the
activity of the peptidase centers in C-His-Lon and
Lon-R164A, i.e., the rate of the hydrolysis of Pep-
TBE with these enzymes in the presence of the effec-
tors increases in the order ADP < without effector <
AMPPNP < ADP-Mg < Mg?>* < ATP < AMPPNP-
Mg < ATP-Mg (Table 1). The maximal efficiency of
the peptidase centers in the presence of ATP-Mg indi-
cates that the Lon-R164A mutant retains the property
of the coupled functioning of ATPase and peptidase
centers, which is typical for the intact enzyme.

Any nucleotides and the Nu-Mg complexes inhibit
the action of Lon-R542A. The effectors change the
rate of the PepTBE hydrolysis in the following order:
ADP = ATP < AMPPNP = ADP-Mg < ATP-Mg <
AMPPNP-Mg < without effector < Mg?* (Table 1).
These data indicate that despite the loss of the ability
to hydrolyze ATP, the ATPase center of the Lon-
R542A mutant retains the property to bind nucle-
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Table 1. Effect of effectors on the activity of peptidase centers of C-His-Lon, Lon-R164A, Lon-R542A, and mixed oligo-

mer Lon-R542A/Lon-S679A

C-His-Lon Lon-R164A Lon-R542A Lon-R542A/Lon-S679A
Effector

v n v n v n 4 n
Without effector 7.41 1 1.71 1 14.9 1 21.2 1
Mg 48.6 6.56 15.1 8.81 21.4 1.44 ND ND
ATP 138 18.7 26.4 15.4 1.91 0.13 ND ND
ADP 1.41 0.19 1.06 0.62 1.96 0.13 ND ND
AMPPNP* 9.09 1.23 3.30 1.93 4.19 0.28 ND ND
ATP-Mg 163 22.0 36.7 21.4 4.89 0.33 46.8 2.21
ADP-Mg 12.0 1.61 4.95 2.89 4.24 0.28 5.50 0.26
AMPPNP-Mg 158 21.3 36.4 21.3 8.76 0.59 53.3 2.54

Here are the values of the specific rate of hydrolysis of Suc-Phe-Leu-Phe-SBzl (v, uMg/(min uMg), where utMg and pM§ are concen-
tration of substrate and enzyme, respectively); # is the extent of inhibition (n < 1, italic) or activation (n > 1, regular) of the substrate hy-
drolysis; ND, not determined. Experimental 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,; 0.2 pM enzyme (in case of individual enzymes) or 0.05 uM Lon-R542A + 0.5 uM Lon-

S679A (in case of mixed oligomers); 37°C.

* Nonhydrolyzable analogue of ATP, adenosine-5'-(f3, y-imido)triphosphate.

otides and influence the functioning the peptidase
center in intact enzyme, which however, differs con-
siderably from the effects of the ATPase center in the
intact enzyme. It was shown for the ClpXP [18] that
the mutation of the s2 residue violates the interaction
between the ATPase and proteolytic subunits. One can
assume that in the case of Ec-Lon protease, the substi-
tution of the R542 residue by alanine leads to the
change in the interdomain and/or intersubunit con-
tacts in the enzyme.

The partial recovery of these contacts is observed in
mixed oligomers consisting of the Lon-R542A form
without the ATPase activity and the previously
obtained Lon-S679A form, which is mutant for the
catalytic center and not capable of hydrolyzing peptide
and protein substrates. The effect of the nucleotide-mag-
nesium complexes on the hydrolysis of PepTBE by the
Lon-R542A mutant in the mixed Lon-R542A/Lon-
S679A oligomers was similar to the influence of these
effectors on the native enzyme. ATP-Mg and AMPPNP-
Mg activate the hydrolysis of the thioester substrate with
the same efficiency, and ADP-Mg exhibits the inhibi-
tory properties (Table 1). The results can be consid-
ered as a confirmation of our previous conclusion on
the interactions between the ATPase and pepti-
dase/proteolytic centers of the enzyme localized in
different subunits of oligomeric Ec-Lon protease [22].

The comparison of the efficiency of the influence
of ATP, ADP, and AMPPNP on the peptidase activity
of the C-His-Lon protease and its mutant forms indi-
cates that the side chain of the R542 residue in the
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intact enzyme is directly or indirectly involved in the
interaction with B-y-phosphate bond in nucleoside
triphosphate. The mutation of the R542 residue leads
to the fact that AMPPNP but not ATP becomes the
most complementary nucleotide to the ATPase center.

Proteolytic Activity of Mutant Forms of Ec-Lon Protease

The proteolytic activity of the C-His-Lon protease
and its mutant forms was tested by the efficiency of the
degradation of the model protein substrate, i.e., 3-casein
[22]. The activity of the enzyme in the absence pres-
ence of the effectors was evaluated by gel electro-
phoresis.

According to the presented results (Fig. 3), the
C-His-Lon protease and the Lon-R164A mutant are
capable of cleaving the protein substrate with a similar
efficiency by the processive mechanism (without the
accumulation of the intermediate products of large
size) under the conditions of ATP hydrolysis (in the
presence of ATP and magnesium ions). Moreover, the
intact enzyme and the Lon-R164A form nonproces-
sively cleave B-casein in the presence of the AMP-
PNP-Mg complex. In this case, however, the proper-
ties of the mutant and intact enzymes differ. Against the
background of the reduced hydrolysis rate of the protein
target, Lon-R164A is able to efficiently cleave the inter-
mediate proteolysis product, i.e., the fragment of 25 kDa,
which, on the contrary, is accumulated during the
hydrolysis of casein by the C-His-Lon protease (Fig. 3).
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Fig. 3. Hydrolysis of -casein by C-His-Lon protease and mutants Lon-R164A and Lon-R542A in the absence and presence of
effectors (electrophoresis in 12% PAAG). Experimental conditions: 50 mM Tris-HCI buffer, pH 8.1; 0.15 M NaCl; 37°C; reac-
tion time: 2 h or 20 min (lanes designated as Mg*); concentrations: 5 mM Nu; 20 mM MgCl,; 0.5 mg/mL B-casein; 5 pM C-
His-Lon and Lon-R164A; 10 uM Lon-R542A. Abbreviations: Nu, nucleotides, Ctrl(control), B-casein; “—*, in the absence of

Mg2*; Mg, in the presence of Mg2™*.

The Lon-R542A mutant does not exhibit the pro-
teolytic activity either under experimental conditions
(Fig. 3) or when the incubation time increases to 24 h
(data not shown). Thus Lon-R542A completely loses
the ability to hydrolyze the protein substrate. Never-
theless, the possibility of the binding of casein to the
Lon-R542A mutant requires additional study.

Autolysis of Ec-Lon Protease and its Mutant Forms

The investigation of the proteolytic properties of
the C-His-Lon protease and its mutants showed that
the prolonged incubation of the reaction mixture can
cause the partial destruction of the enzymes. There-
fore, we studied the autocatalytic properties of the
C-His-Lon protease and the Lon-R164A and Lon-
R542A mutants. The slow degradation for C-His-Lon
and Lon-R164A is observed solely in the absence of
nucleotides, and this process is pronounced in the
presence of the magnesium ions (Fig. 4). In this case,
the autolysis efficiency of the mutant is significantly
higher than that of the intact enzyme.

It was unexpected that the Lon-R542A form can
autodegrade, with the autolysis of the mutant being
observed in both the absence and presence of the
nucleotide effectors (Fig. 4). In general, the low effi-
ciency of the autolysis increases in the following order:
ADP-Mg =ATP-Mg=AMPPNP-Mg<ADP <ATP <
AMPPNP < Mg** < without effector. These results
show that, in contrast to the effect of the magnesium
ions on the peptidase activity of Lon-R542A (see
above, Table 1), the Mg ions do not increase but
rather reduce the extent of the nucleotide action on
the proteolytic center during the autolysis of the
mutant. Thus, we can conclude that, despite the
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inability to hydrolyze the target protein, the pro-
teolytic center of the Lon-R542A mutant remains cat-
alytically active, and the results support the intramo-
lecular nature of autolysis.

CONCLUSION

According to the data presented, the H domain of
the AAA* module of the Ec-Lon protease plays a cru-
cial role in both the implementation of ATP hydrolysis
and the binding of the protein substrate to the enzyme.
The activity of the peptidase center of the Lon pro-
tease depends on the condition of the ATPase center
and reaches a maximum when the enzyme (mutant
Lon-R542A) loses the ability to hydrolyze ATP. The
HI(CC) domain does not have a fundamental value for
the manifestation of the catalytic properties of the
enzyme; however, it influences the efficiency of the
functioning of the ATPase and peptidase centers of the
Lon protease and supports the stability of the enzyme.
One can assume that the real role of the unique
HI(CC) insert is the involvement in the formation of
the tertiary and/or quaternary structure of the LonA
proteases and, most likely, the formation of complexes
with DNA. The choice between these possibilities
requires further study.

EXPERIMENTAL

We used reactants from the commercial suppliers:
Sigma, Aldrich, Bio-Rad (United Sates), Fluka (Swit-
zerland), Boehringer Mannheim (Germany), Phar-
macia (Sweden), Difco (England), Panreac (Spain),
Fermentas (Lithuania), and Reachim (Russia).
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Fig. 4. Autolysis of C-His-Lon protease and its mutants Lon-R164A and Lon-R542A in the absence and presence of effectors.
Experimental conditions and designations see in the caption to Fig. 3.

Site-directed mutagenesis. The cloning of the full-
sized His-Lon protease into the highly producing
pET28 vector was carried out by the standard PCR
protocol for amplification of the lon gene using DNA
of pBRlon as a template [23]. The DNA fragment with
a length of 2400 bp was prepared using oligonucle-
otides fl and f2 as the forward and reverse primers
(Table 2). The target PCR product was treated with
Xhol restrictase and cloned into the pET-28a(+) vec-
tor (Novagen, Cat. No 69864-3), which was pre-
treated with Ncol, Pfu polymerase, and Xhol
restrictase. Plasmid pET28-lon DNA was then iso-
lated.

To obtain the mutant of the C-His-Lon protease
containing the replacement of Argl64Ala the primers
Lon_R164A, 3, and f4 (Table 2) were designed by
megaprimer method. The amplification of the gene
fragment was performed in two stages using plasmid
pET28-lon DNA as a template. Using the Lon_R164A
and f4 primers at the first stage, we prepared the PCR
fragment, which was used as the primer at the second
stage along with the f3 primer. The resulting DNA
fragment (~730 bp) was cloned into the pET-28-lon
vector using the unique HindlIII and Acc651 restriction
sites. The mutation was confirmed by the sequencing
of the isolated plasmid DNA (pET28-lon-R164A).

Plasmid DNA (pET28-lon-R542A) was obtained
by the same way and used to prepare the mutant of the
C-His-Lon protease with the Arg542Ala substitution.
For this purpose, we used the 2, f5, and Lon_R542A
primers (Table 2). The cloning was carried out using
the unique Sall and Xhol restriction sites.

The sequencing of the cloned DNA from several
primary clones and the synthesis of the primers were
performed in the EVROGEN company (www.evro-
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gen.ru). The restriction and ligation procedures were
carried out according to the manufacturer’s protocols
for the corresponding enzymes.

Isolation and purification of C-His-Lon protease
and its mutants. The competent E. coli cells of the
BL21(DE3) strain were transformed with the corre-
sponding plasmid constructions by the heat shock
method [24]. The transformed cells were incubated in
the LB culture medium for 1 h at 37°C to induce the
gene of the resistance to kanamycin (the selective
marker of the pET28a vector and its derivatives). An
aliquot of the cell suspension was seeded on the agar
medium containing kanamycin and incubated for 12 h.
The selected colonies were grown for 12 h at 37°C in
small volumes of the LB medium. The resulting culture
was transferred to a large volume of medium, containing
kanamycin and grown to the value of Ay, ~ 0.5 ou. IPTG
was then added to the concentration of 0.5 mM, and
the mixture was incubated for 3 h. The resulting cells
were precipitated by centrifugation.

The cellular biomass (2 g) was resuspended in 50 mM
Tris-HCI buffer, pH 7.5 (60 mL), incubated with
lysozyme (0.4 mg) for 1 h at 4°C, lysed by sonication
in an ultrasonic disintegrator (15 kHz, 4 x 1 min) at
0°C and centrifuged for 30 min at 10000 g 4°C.

The chromatography of the cell-free extract was
carried out on Ni-Sepharose (HiTrap™FF columns,
tandem of 2 x 5 mL, GE Healthcare) in 20 mM Tris-
HCl buffer, pH 7.5 containing 0.5 M NaCl and 5 mM
imidazole. The bound proteins were eluted in a gradi-
ent of imidazole concentrations (5 mM—1 M) in the
same buffer. Gel filtration of the C-His-Lon protease
and its mutant forms was performed on a Sephacryl S-
400 column (120 mL, GE Healthcare) in 20 mM Tris-
HCl buffer, pH 7.5 containing 0.15 M NaCl.
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Table 2. Structure of oligonucleotide primers for preparation of C-His-Lon protease and its mutant forms Lon-R164A and

Lon-R542A

hiof(ggfigzn Primer Structure of the primer ( 5'-3")* Restrictase
C-His-Lon |fl AATCCTGAGCGTTCTGAACGC

C-His-Lon |[f2 GGGCTCGAGTTTTGCAGTCACAACCTGCATG Xhol
Lon-R542A

Lon-R164A | Lon_R164A |CAGCAATGGTATCCGCCAGAGCGGCCGGATCGTCGATGCTATT

Lon-R164A | f3 CGCAGAAAGAAGCTTCAACGG HindI11
Lon-R164A |f4 CGCATTCCACGGTACCTGTAC Acc651
Lon-R542A | f5 CTGACCGTCGACGATAGCGC Sall
Lon-R542A | Lon_R542A |CAGTTTGGAGATTTCACGCTICTAGACCAGCCACGCCCGCCTCACGGGT | Xbal

* Restriction sites are in italic and underlined; mutation sites are in bold.

Standard analytical methods. The protein concen-
tration was evaluated by the Bradford method [25].
The homogeneity of the protein preparations were
tested electrophoretically [26] using the commercial
marker kit (M kDa) containing [-galactosidase
(116.0), bovine serum albumin (66.2), ovalbumin
(45.0), lactate dehydrogenase (35.0), restrictase
Bsp981 (25.0), B-lactalabumin (18.4), and lysozyme
(14.4).

ATPase activity was tested by the accumulation of
inorganic phosphate during the hydrolysis of ATP
[27]. The reaction was carried out at 37°C in the reac-
tion mixture (1.2 mL) containing 50 mM Tris-HCI
buffer, pH 8.1, 150 mM NaCl, 5 mM ATP, 20 mM
MgCl,, 1 uM enzyme. The enzyme was replaced by
the buffer in the control experiment. To evaluate the
initial rates of the reactions, aliquots (200 pL) of the
reaction and control mixtures were taken at regular
intervals and shaken in quartz cuvettes with the
reagent (600 pL) consisting of 100 mM Zn(AcO),,
15mM (NH,)¢Mo,0,,, and 1% SDS, pH 4.5-5.0.
Optical absorption was registered at 350 nm (g5 =
7800 M~ cm™).

Thioesterase activity. Hydrolysis thiobenzyl ester
of N-substituted tripeptide Suc-Phe-Leu-Phe-SBzl
(PepTBE) was monitored spectrophotometrically by
measuring optical absorption of 4-thiopyridine at 324 nm
(€304 = 16500 M~' cm™"), which is formed as a result of
the interaction of the hydrolysis product with 4,4'-
dithiopyridine (DTDP) [28].

The reaction was carried out at 37°C in the reac-
tion mixture (1 mL) containing 50 mM Tris-HCI
buffer, pH 8.1, 150 mM NacCl, 10% DMSO, 0.2 mM
DTDP, 0.1 mM PepTBE, 2.5 mM Nu, 20 mM MgCl,,
and 0.2—0.3 uM enzyme. When the reaction was carried
out in the absence of the effectors, they were replaced by
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the same volumes of the buffer. The thioesterase activity
of mixed oligomer Lon-R542A/Lon-S679A was evalu-
ated at the concentration of the mutant Lon-R542A
and Lon-S679A forms in the reaction mixture being
0.05 and 0.5 uM, respectively.

Proteolytic activity of the enzymes was evaluated
electrophoretically [26]. The reaction was carried out
at 37°C in the presence or absence of the effectors in the
reaction mixture containing 50 mM Tris-HCI buffer,
pH 8.1, 150 mM NaCl, 5 mM Nu, 20 mM MgCl,,
20 uM B-casein, 5 uM enzyme. When the reaction was
carried out in the absence of the effectors, they were
replaced by the same volumes of the buffer. Aliquots of
the reaction or control mixture were added to 4x lysis
buffer (7 pL) containing 0.2 M Tris-HCI buffer,
pH 8.9, 4% SDS, 20% glycerol, 0.5 mM EDTA, 0.8%
bromophenol blue, and 3% [-mercaptoethanol. The
reaction mixture was denatured by boiling and loaded
on 12% PAAG for electrophoresis.

Autolytic activity of the enzymes was evaluated
electrophoretically [26] under the conditions similar
to those for the evaluation of the proteolytic activity
except the use of B-casein.

ACKNOWLEDGMENTS

The work was supported by a grant of Russian
Foundation for Basic Research no. 11-04-01015.

REFERENCES

1. Gottesman, S., Wickner, S., and Maurizi, M.R., Genes
Dev., 1997, vol. 11, no. 7, pp. 815—23.

2. Ellgaard, L. and Helenius, A., Nat. Rev. Mol. Cell Biol.,
2003, vol. 4, pp. 181—191.

No. 6 2014



10.

11.

12.

13.

14.

15.

16.

ROLE OF a-HELICAL DOMAINS

Buchberger, A., Bukau, B., and Sommer, T., Mol. Cell,
2010, vol. 40, pp. 238—252.

Tyedmers, J., Mogk, A., and Bukau, B., Nat. Rev. Mol.
Cell Biol., 2010, vol. 11, pp. 777—788.

Saibil, H.R., Nat. Rev. Mol. Cell. Biol., 2013, vol. 14,
no. 10, pp. 630—642.

Lee, S. and Tsai, ET.E, J. Biochem. Mol. Biol., 2005,
vol. 38, no. 3), pp. 259—265.

. Gur, E., Ottofueling, R., and Dougan, D.A., Subcell.

Biochem., 2013, vol. 66, pp. 1—33.

. Sauer, R.T. and Baker, TA., Annu. Rev. Biochem., 2011,

vol. 80, pp. 587—612.

Neuwald, A.E, Aravind, L., Spouge, J.L., and Koo-
nin, E.V., Genome Res., 1999, vol. 9, pp. 27—43.

Iyer, L.M., Leipe, D.D., Koonin, E.V., and Aravind, L.,
J. Struct. Biol., 2004, vol. 146, pp. 11-31.

Rotanova, T.V., Melnikov, E.E., and Tsirulnikov, K.B.,
Russ. J. Bioorgan. Chem., 2003, vol. 29, pp. 85—87.
Rotanova, TV., Melnikov, E.E., Khalatova, A.G.,
Makhovskaya, O.V., Botos, 1., Wlodawer, A., and
Gustchina, A., Eur. J. Biochem., 2004, vol. 271,
pp. 4865—4871.

Rotanova, T.V. and Melnikov, E.E., Biochemistry (Mos-
cow), Suppl. Series B: Biomed. Chem., 2010, vol. 4,
pp. 404—408.

Rotanova, TV., Dergousova, N.I., and Morozkin, A.D.,
Russ. J. Bioorgan. Chem., 2013, vol. 39, pp. 268—282.
Lupas, A.N. and Martin, J., Curr. Opin. Struc. Biol.,
2002, vol. 12, pp. 746—753.

Wendler, P, Ciniawsky, S., Kock, M., and Kube, S.,
Biochim. Biophys. Acta, 2012, vol. 1823, pp. 2—14.

RUSSIAN JOURNAL OF BIOORGANIC CHEMISTRY Vol. 40

17.
18.

19.

20.

21.

22.

23.

24.

25.

26.
. Bencini, D.A., Wild, J.R., and O’Donovan, G.A., Anal.

28.

627

Melnikov, E.E., Tsirulnikov, K.B., and Rotanova, T.V.
Russ. J. Bioorgan. Chem., 2000, vol. 26, pp. 474—481.

Joshi, S.A., Baker, TA., and Sauer, R.T., Nat. Struc.
Mol. Biol., 2004, vol. 11, pp. 404—411.

Song, H.K., Hartmann, C., Ramachandran, R.,
Bochtler, M., Behrendt, R., Moroder, L., and Huber, R.,
Proc. Nat. Acad. Sci. U.S.A., 2000, vol. 97, pp. 14103—
14108.

Besche, H., Tamura, N., Tamura, T., and Zwickl, P.,
FEBS Lett., 2004, vol. 574, pp. 161—166.

Melnikov, E.E., Tsirulnikov, K.B., Rasulova, ES., Gin-
odman, L.M., and Rotanova, TV, Russ. J. Bioorgan.
Chem., 1998, vol. 24, pp. 566—568.

Tsirulnikov, K.B., Melnikov, E.E., and Rotanova, T.V,,
Russ. J. Bioorgan. Chem., 2003, vol. 29, pp. 486—495.

Amerik, A.Yu., Antonov, V.K., Ostroumova, N.I.,
Rotanova, T.V., and Chistyakova, L.G., Russ. J. Bioor-
gan. Chem., 1990, vol. 16, pp. 869—880.

Sambrook, J., Fritsch, E.E, and Maniatis, T., Molecu-
lar Cloning: A Laboratory Manual, Cold Spring Harbor,
New York: Cold Spring Harbor Laboratory Press, 1989.

Bradford, M.M., Anal. Biochem., 1976, vol. 72,
pp. 248—254.

Laemmli, U.K., Nature, 1970, vol. 227, pp. 680—685.

Biochem., 1983, vol. 132, pp. 254—258.

Castillo, M.J., Nakajima, K., Zimmermanm., and
Powers, J.C., Anal. Biochem., 1979, vol. 99, pp. 53—64.

Translated by A. Levina

No. 6 2014



