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Abstract—Investigation of the chaperonin encoded by gene 146 of bacteriophage EL Pseudomonas aeruginosa that we char-
acterized earlier has been continued. To reveal the mechanism of its functioning, new recombinant substrate proteins, frag-
ments of gene product (gp) 183 containing the lysozyme domain were prepared. Their interaction with gp146 was studied.
The influence of the phage chaperonin on the thermal aggregation of one of these gp183 fragments and endolysin (gp188)
was investigated in both the presence and the absence of ATP by dynamic light scattering. In the absence of ATP, the phage
chaperonin forms stable complexes with substrate proteins, thereby protecting them against thermal aggregation.
Experimental data obtained for different substrate proteins are analyzed.
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Chaperonins are proteins that promote the folding of
newly synthesized polypeptide chains into their function-
ally active form driven by ATP hydrolysis and prevent
aggregation of proteins denatured under heat shock.
Members of this class of chaperones have been found in
bacteria (group I chaperonins, including the well-studied
GroEL) as well as in archaea and eukaryotic cytosol
(group II chaperonins) and in endosymbiotic organelles
(group I) [1, 2]. Viruses (for example, bacteriophages A,
T4, and RB49) were considered until recently to use the
host’s GroEL chaperonin for the folding of some of their
proteins. In contrast to phage A, which uses the bacterial
GroEL/GroES system [3], phages T4 [4] and RB49 [5]
encode their own co-chaperonins, GroES orthologs,
working in couple with the host’s GroEL.

However, it turned out that bacterial viruses can also
encode GroEL-like proteins [6-9]. Recently, we obtained
and characterized for the first time one of the members of
this group of proteins, namely gene product (gp) 146 from

Abbreviations: DLS, dynamic light scattering; DSC, differential
scanning calorimetry; gp, gene product; ITC, isothermal titra-
tion calorimetry.

* To whom correspondence should be addressed.

bacteriophage EL Pseudomonas aeruginosa [10]. The
recombinant protein produced by Escherichia coli cells
was studied by various physicochemical methods. This
protein was found to have architecture similar to that of
bacterial GroEL. It consists of two stacked seven-member
rings and has an inner cavity. Using serum against gp146,
we isolated its complexes with substrate proteins by
immunoprecipitation and identified one of them, namely
endolysin (gp188), by mass spectrometry. In in vitro
experiments, we demonstrated for the first time that
gpl46 functions as a chaperonin. It protects endolysin
against thermal inactivation and suppresses aggregation
of thermally unfolded substrate molecules. The phage
chaperonin was shown to function in both ATP-depend-
ent and ATP-independent manners [10].

Another protein of phage EL was selected as a poten-
tial substrate for further investigation of the phage chap-
eronin and revealing of the mechanism of its functioning.
The lytic bacteriophage EL is known to use a number of
enzymes with different substrate specificity for penetra-
tion into cells of the Gram-negative bacterium P. aerugi-
nosa and for release of newly synthesized phage particles.
One of those enzymes — earlier characterized by us
endolysin or gp188 — participates in cell lysis at the end of
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the phage replication cycle and is required for degrada-
tion of the most intractable infection barrier, the peptido-
glycan layer. Another protein fulfilling the same function
is gp183, which contains a lysozyme domain responsible
for peptidoglycan degradation at the beginning of the EL
replication cycle [6]. Amino acid sequences of the gp188
and gp183 Iytic domains do not share similarity.

In the present work, gp183 fragments containing the
lysozyme domain were obtained and characterized. Their
interaction with the phage chaperonin was studied. To
investigate the mechanism of the phage chaperonin func-
tioning, we comparatively studied the influence of gp146
on thermal aggregation of the gp183 fragment and gp188
(endolysin) in the presence and absence of ATP.

MATERIALS AND METHODS

Cloning and expression of gene 183 fragments. DNA
fragments of gene /83 coding the deletion variants gp183-
1 and gp183-2 were amplified from EL genomic DNA by
PCR using the reverse primer 5'-taa gat ctc gag att caa acg
gac ggt ttt atc gg-3’ (the Xhol restriction site is underlined)
and forward primers 5'-aaa ttt cat atg gga cgg tcg gat aaa
gtt gac-3' and 5'-aaa ttt cat atg tcg gac acc agt cat ttg gat-
3’ (FauNDI restriction sites are underlined), respectively.
The 183 gene fragments were cloned into the pET-28b(+)
vector (Novagen, USA) between FauNDI and Xhol and
expressed in E. coli BL21(DE3). The transformants were
grown in 2xTY medium containing 1% glucose and
kanamycin (50 pg/ml) at 37°C. When Ay, reached 0.6, the
cells were harvested by centrifugation at 2500g (Megafuge
2.0 R; Heraeus Instruments, Germany) for 10 min. The
pellets were resuspended in fresh medium with antibiotic,
induced with 1 mM isopropyl-f-D-thiogalactopyranoside
(Helicon, Russia), and incubated at 37°C for 3 h. The cells
were harvested by centrifugation at 2500g for 10 min.

Purification of recombinant gp183 fragments. The
cell pellets were resuspended in 50 mM Tris-HCI buffer,
pH 8.0, and sonicated for 3-5 min (0.5 min pulses with 1-
2 min pauses) using a Virsonic 100 disintegrator (Virtis,
USA). Cellular debris was removed by centrifugation at
12,000g (Eppendorf, Germany) for 10 min. The recombi-
nant proteins containing a polyhistidine sequence at the
N-terminus of the molecule were purified by metal
chelate affinity chromatography on His-Select nickel
affinity gel (Sigma, USA). The purified proteins were dia-
lyzed against 50 mM Tris-HCI buffer, pH 8.0, and con-
centrated using an Amicon Ultra-15 centrifugal filter
device (MWCO 30000) (Millipore, USA). The concen-
trations of recombinant proteins were determined spec-
trophotometrically at 280 nm using theoretical absorp-
tion coefficients of 32,320 and 23,840 M~'cm™' for
gpl183-1 and gp183-2, respectively.

Protein activity assay. Enzymatic activity of the
gp183 fragments was determined as described earlier [11].
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Pseudomonas aeruginosa PAO1 cells with outer mem-
brane permeabilized by chloroform treatment were used
as the substrate.

Preparation and analysis of gp146/gp188 complex.
Recombinant gpl46 and gpl88 were prepared as
described previously [10]. The mixture of gp146 (1.5 uM)
and gpl88 (3 uM) was incubated in 50 mM Tris-HCI
buffer, pH 7.5, containing 100 mM KCI and 10 mM
MgCl,, at 45°C for 1.5 h. After centrifugation (12,000g,
10 min), the samples were mixed with 4x sample buffer
and loaded on a gradient (3-6%) polyacrylamide gel. The
proteins were separated by native PAGE using 80 mM
Mops, pH 7.2, with 1 mM magnesium acetate. Immuno-
blotting was performed as earlier described [12]. The
antigen—antibody complexes were detected with 0.02%
3,3’-diaminobenzidine (Sigma).

Dynamic light scattering (DLS). The thermal aggre-
gation Kkinetics of the proteins was studied by dynamic
light scattering using a ZetaSizer NanoZS instrument
(Malvern, UK). Substrate protein concentration was
3 uM in all experiments. The chaperonin concentration
was varied to achieve substrate/chaperonin molar ratios
of 1:0.05,1:0.2,and 1 : 0.5. Total duration of the auto-
correlation function was 150 s for every curve point. The
experimental curves were smoothed by a fast Fourier fil-
ter in MicroCal Origin 7.0 software.

Two different models corresponding to diffusion-
limited and reaction-limited aggregation were used to
describe the substrate aggregation process. The increase
in aggregate hydrodynamic diameter was described in the
first case by the equation:

D,=D,,(1+ K4,

where D, is the diameter of the starting aggregates, K| is
an apparent aggregation constant, d; is a fractal dimen-
sion that equals to 1.8 for protein systems [13, 14], and in
the second case by the equation:

Dy, = Dyexp (K, (1 — 1)) [15, 16].

Differential scanning calorimetry (DSC). Calori-
metric studies were performed using a DASM-4 instru-
ment (Biopribor, Russia) equipped with capillary plat-
inum cells at a scanning rate of 1°C/min. The second
heating curve was used as an instrumental baseline
because of irreversible denaturation of the proteins. Data
processing (including chemical baseline subtraction) was
performed using Arina 2 software (Belozersky Institute of
Physico-Chemical Biology, Lomonosov Moscow State
University, Russia). All experiments were carried out in
50 mM Tris-HCI buffer, pH 8.0, containing 100 mM KCI
and 10 mM MgCl,. The concentration of the individual
proteins was 0.5 mg/ml. For investigation of gp146 inter-
action with substrate, chaperonin concentration was
increased to 1 mg/ml.
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Isothermal titration calorimetry (ITC). The interac-
tion of chaperonin with a denatured substrate was studied
using the isothermal titration microcalorimeter VP-ITC
(MicroCal, USA). For this, gp146 solution was titrated
with gp183-1 solution in 50 mM Tris-HCI buffer, pH 8.0,
containing 100 mM KCI and 10 mM MgCl,, at 37°C.
Initial proteins concentrations were 0.5 mg/ml, the injec-
tion volume was 20 pl, and the interval between injections
was 5 min. Protein solutions were degassed before exper-
iments. The “one set of sites” model was used for fitting
of the data using the MicroCal Origin 7.0 software.

ATPase activity assay. The ATPase activity of gp146
was determined by quantitation of released inorganic
phosphate (P;) from ATP by a malachite green colorimet-
ric assay [17]. The gp146 (0.75 uM) in 50 mM Tris-HCI,
100 mM KCl, and 10 mM MgCl,, pH 7.5, was incubated
with 1 mM ATP at various temperatures. Aliquots of
reaction mixture were removed and mixed with acidic
malachite green solution to stop the reaction. After
10-min incubation, the absorbance at 630 nm was read
using a Genesys 10uv spectrophotometer (Thermo
Electron Corporation, USA). ATPase activity unit was
defined as 1 nmol of released P; per nmol of the chaper-
onin tetradecamer per minute.

RESULTS AND DISCUSSION

Expression and characterization of gp183 fragments.
Since gpl83 of phage EL is a relatively large protein
(2543 a.a., 280 kDa) and its lytic domain is localized in
the C-terminal region, we designed two plasmid con-
structs for expression of the gp183 fragments deleted from
the 5'-terminus in the FE. coli cells. The fragments of
gpl83, gpl183-1 (688 a.a., 72.9 kDa) and gp183-2 (581
a.a., 61.4 kDa), obtained by truncation of the N-terminus
of the polypeptide chain by 1872 and 1979 amino acids,
respectively, were produced by cells in soluble form. The
recombinant proteins containing polyhistidine tag at the
N-terminus were purified by metal chelate chromatogra-
phy. Both gp183 fragments were able to lyse the outer
membrane-permeabilized P. aeruginosa PAO1 cells, but
their enzymatic activity was one order of magnitude less
than the activity of gp188 (endolysin) that we character-
ized previously [10].

Both gpl183 fragments were found by DSC to be
more thermolabile than gp188 (Fig. 1). Indeed, the tem-
perature of the denaturation peak maximum for gp183-1
and gp183-2 was 39.6 and 38.7°C, respectively (Fig. 1, a
and b), while it was significantly higher for gpl188
(54.8°C) [10]. The fragment gp183-1 was chosen for fur-
ther work because of its higher melting enthalpy, equal to
300.7 kJ/mol versus 99.3 kJ/mol for gp183-2. Moreover,
the main component of the denaturation peak for gp183-
1 is more cooperative in comparison with that of gp188,
which facilitates the use of this protein as a potential sub-
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strate for investigation of the phage chaperonin machin-
ery mechanism.

Investigation of chaperonin complexes with substrate
proteins. Earlier we investigated the influence of gp146 on
endolysin (gp188) aggregation and suggested that gp146
prevents substrate aggregation in the absence of ATP by
forming the stable complex with it. In the present work,
the formation of this complex was experimentally con-
firmed. The mixture of gpl46 and gpl88 incubated at
45°C and also the individual proteins as a control were
separated by native PAGE in a gradient gel (data not
shown). An additional minor band with low elec-
trophoretic mobility was detected along with the major
band of gp146 in the protein pattern after gel staining with
Coomassie R-250. At the same time, free positively
charged gp188 migrated to the opposite side and was not
detected in the gel. The protein bands were cut from a
native gel, incubated with SDS-containing sample load-
ing buffer, and analyzed by SDS-PAGE [18]. The separat-
ed proteins were detected by staining with Coomassie R-
250 (data not shown) as well as transferred onto a nitro-
cellulose membrane and incubated with serum against
recombinant gp188. The gp146 was detected in all bands
after Coomassie staining, but its concentration in the
minor band of the sample was much lower than in the
major band of gp146. Immunoblotting with serum against
gp188 revealed that an additional minor band along with
gp146 also contains substrate protein (Fig. 2, lane 5). This
indicates the existence of the gp146/gp188 complex in the
protein mixture subjected to heating. The gpl46 major
band of the same sample also contained a small amount of
gp188 (Fig. 2, lane 4). Unfortunately, gp188 denaturation
and correspondingly the binding of its denatured form
with the chaperonin at 45°C are slow, which prevented
obtaining the gp146/gp188 complex in large quantities.
Increasing the temperature also was not helpful because of
the high tendency of gp188 to aggregation and thermal
inactivation of the chaperonin. Therefore, gpl183-1,
which denatures with higher cooperativity and at lower
temperature than gp188, was selected for further investi-
gation of the interaction of gp146 with substrate protein.

The influence of chaperonin gp146 on the thermal
aggregation of gpl183-1 at 38°C was investigated using
DLS (Fig. 3). Free gp183-1 aggregation was relatively fast
as compared with gp188 (Fig. 3, a and b) and took 9 min
to form particles with the diameter of more than 600 nm.
However, in the presence of gp146 the aggregation level
considerably decreased. The effect of suppression of the
aggregation correlated with the chaperonin concentration
and became stronger with growth of the gp146/gp183-1
molar ratio (Fig. 3a). This seems to be caused by the for-
mation of a binary complex between the chaperonin and
the partially unfolded under heating substrate as in the
case of gp188 [10].

Figure 4 shows the time-dependence of the light
scattering intensity for the aggregation of free substrate
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proteins as well as their mixtures with gp146 at various
molar ratios. The scattering intensity curves for gp183-1
reach a plateau relatively fast compared to those for
gp188, which seems to be a consequence of different
kinetics of denaturation of substrate proteins (Fig. 4, a
and b). Observed scattering intensity at high concentra-
tions of gp146 turned out to be higher than that in a case
of free substrates. Considering the size of the particles
after gp146 addition increased more slowly than that free
substrate protein, we suggest that the chaperonin is some-
how involved into the aggregation process, otherwise
chaperonin addition should alter only kinetics of aggrega-
tion but not general behavior. Most likely, the resulting
chaperonin complexes with substrate also undergo aggre-
gation. The same picture was observed for the interaction
of GroEL with glyceraldehyde-3-phosphate dehydroge-
nase [19].

The formation of the chaperonin complex with
gp183-1 was demonstrated by DSC (Fig. 1c). Indeed, the
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Fig. 1. DSC profiles of gp183-1 (a), gp183-2 (b), the mixture of
gp183-1 and gp146 (c) before (curve /) and after (curve 2) incuba-
tion at 39°C for 30 min, as well as free gp146 (d). Protein concen-
tration was 0.5 mg/ml. Curves on panel (c) were calculated per
chaperonin tetradecamer.
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Fig. 2. Analysis of protein bands from native gel by SDS-PAGE in
10% polyacrylamide gel. Protein bands were stained with 3,3’-
diaminobenzidine on nitrocellulose membrane after immuno-
blotting and incubation with serum against gp188. Lanes: /) con-
trol gpl188; 2) protein marker (48, 34, and 26 kDa); 3) control
gp146; 4) gpl46 from sample major band; 5) gp146 from sample
minor band.

melting thermogram of the gp146 and gp183-1 mixture
consisted of the sum of the melting thermograms of the
individual proteins, while after preliminary incubation of
the protein mixture at 39°C for 30 min the denaturation
peak of chaperonin shifted to the left by 1.5°C, and the
major peak of gp183-1 with a maximum at 39.6°C disap-
peared. This indicates the denaturation of part of gp183-
1 and its binding to gp146 during preliminary incubation
of the protein mixture. As shown by gp183-1activity assay,
part of the substrate protein was inactivated. The absence
of the major peak of the substrate protein on the melting
curve indicates that gp183-1 remains in a denatured form
in the complex with the chaperonin.

Interaction of the chaperonin with a denatured sub-
strate was also studied by I'TC at 37°C (Fig. 5). The choice
of the temperature regime for titration was made from the
results of the DSC experiments. Heating to 37°C, corre-
sponding to the temperature of the beginning of the
gp183-1 melting peak (Fig. 1a), induced substrate denat-
uration but did not affect the structure of more stable
gp146 (Fig. 1d). It was demonstrated that in 50 mM Tris-
HCIl buffer, pH 8.0, 100 mM KCI, 10 mM MgCl, at 37°C
the denatured gpl183-1 actively binds with chaperonin
(the association constant is 2.4 + 0.5 pM™") at stoichio-
metric ratio close to 1 : 1. Only one heptameric ring of
chaperonin seems to be able to form a stable complex
with a substrate, which agrees well with previously
obtained data on stoichiometry of the chaperonin inter-
action with nucleotides, which was close to 1 : 7 [10]. This
is probably related to an asymmetric mechanism of chap-
eronin functioning that is typical, for example, for the
GroEL/GroES system [20].
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Fig. 3. Effect of gp146 on the aggregation of gp183-1 at 38°C (a, ¢) and gp188 at 45°C (b, d) at various substrate/chaperonin molar ratios in
the absence (a, b) and presence (c, d) of ATP. The inset on panel (d) represents the results of the experiment with ATP addition to the mix-
ture of gp188 and gp146; the arrow shows the time when ATP was added. The circles represent experimental data and the solid lines show the
best fit by the model. Lines /-7, 10, and 13-15 correspond to the reaction-limited aggregation regime; lines 8, 9, 1/, and 12 correspond to the

diffusion-limited aggregation regime.

Effect of chaperonin on substrate protein aggregation
in the presence of ATP. Thus, in the absence of ATP, the
chaperonin is capable of suppressing aggregation of ther-
mally denatured molecules of both substrates by the for-
mation of stable complexes, but enzymatic activity of the
substrate proteins is not preserved.

Recently, we found that phage chaperonin is able to
function in an ATP-dependent manner [10]. In the pres-
ent work, we found that the phage chaperonin possesses
ATPase activity under physiological conditions. Its value
was one order of magnitude less than that of GroEL [21],
but comparable with the values of some other group II
chaperonins [22]. The ATPase activity of gp146 as well as

an activity of other known chaperonins increases with
increasing temperature. For gp146, it reaches a maxi-
mum value at around 50°C (Fig. 6). On further tempera-
ture increase, the activity of ATP hydrolysis sharply
decreases because of thermal inactivation of the chaper-
onin.

A different, namely energy-dependent mechanism
of phage chaperonin functioning seems to be activated on
ATP addition. In this case, the chaperonin most probably
acts by the ATPase cycle resulting in the formation of
properly folded and enzymatically active substrate protein
molecules. This suggestion is corroborated by results of
substrate protein activity assay. Both proteins (gp188 and

BIOCHEMISTRY (Moscow) Vol. 80 No. 2 2015
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Fig. 4. Dependence of light scattering intensity on time for aggregation of gp183-1 at 38°C (a, c¢) and gp188 at 45°C (b, d) at various sub-
strate/chaperonin molar ratios in the absence (a, b) and presence (c, d) of ATP.

gpl183-1) in the presence of gp146 retain their lytic activ-
ity at elevated temperatures only with ATP.

An influence of gp146 on the thermal aggregation of
investigated substrates was found to be dramatically dif-
ferent in the presence of ATP (Fig. 3, ¢ and d). Phage
chaperonin suppresses gp183-1 aggregation in the pres-
ence of ATP more effectively than in its absence, and this
feature was observed for various gpl146/gp183-1 molar
ratios (Fig. 3¢). Absolutely another picture was observed
for gpl188 (Fig. 3d). As shown previously [10], gp188
aggregation in the presence of gp146 in the system con-
taining ATP occurs even faster than that in the absence of
ATP, and the pattern for the curves of the growth of size
of particles was significantly different (Fig. 3, d and b).
Furthermore, addition of ATP to the gp146/gp188 com-
plex obtained by 1-h incubation at 45°C in the absence of
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ATP resulted in sharp gp188 aggregation (Fig. 3, inset in
panel (d)) that did not occur on addition of ATP to the
gpl146/gp183-1 complex (data not shown). One possible
explanation of this difference in gp146 behavior toward
investigated substrate proteins is that gp188 and gp183-1
have different affinity to the chaperonin gpl46 and are
characterized by different kinetics of denaturation under
selected conditions. Indeed, at low concentrations of
denatured substrate (as in the case of gp188) pronounced
anti-aggregation action of chaperonin can be provided
even by passive (in the absence of ATP) protection of the
substrate against aggregation due to formation of stable
long-lived complexes, in which gp146 is not able to refold
the denatured gp188 (Fig. 3b). After ATP addition, gp146
seems to act according to an ATPase cycle providing sub-
strate refolding. However, under the influence of temper-
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ature, part of a native substrate denatures again, and
therefore the system constantly contains a portion of
denatured substrate molecules that are able either to be
bound to chaperonin or to aggregate with each other. If
the substrate affinity to chaperonin is relatively low,
aggregation predominates over complex formation, which
results in a decrease in apparent efficiency of the anti-
aggregation action of the chaperonin. The same is
observed in the case of gp188 thermal aggregation (Fig.
3d). On the contrary, with excess of the denatured sub-
strate (as in the case of gp183-1) passive (in the absence of
ATP) aggregation suppression by chaperonin is not so
effective (Fig. 3a). However, active interaction of chaper-
onin with a denatured form of substrate enhances its total
anti-aggregation activity in the presence of ATP (Fig. 3¢).
High affinity of the denatured gpl183-1 to chaperonin
demonstrated the formation of gp146/gp183-1 complex
by DSC (Fig. 1c) and ITC (Fig. 5), but it was not
achieved for gp188. In turn, the special features of the
gp183-1 structure seem to be a reason of its more active
(as compared to gpl88) interaction with chaperonin.

Time, min
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Fig. 5. Calorimetric titration of chaperonin gp146 with gp183-1
substrate at 37°C. a) Raw data of titration; the inset represents the
results of the gp183-1 titration into the buffer; b) dependence of
the heat release in every injection on the achieved substrate/chap-
eronin molar ratio (squares) and fitting by the “one set of sites”
model (line).
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Fig. 6. Temperature dependence of ATPase activity of gp146 (/);
spontaneous hydrolysis of ATP (2).

Since the gp183 fragment possesses lytic activity, its C-
terminal region containing the lysozyme domain seems to
have a compact native structure. On the contrary, the N-
terminus structure is most likely partially disordered due
to an extended deletion that facilitates the thermal denat-
uration of this part of the molecule and promotes its bind-
ing to the chaperonin.

The suggestions described above are confirmed by
the results of mathematical analysis of the aggregation
kinetics. In contrast to gp183-1, the mechanism of gp188
aggregation in the presence of gp146 changes on addition
of ATP (Fig. 3). Thus, the hydrodynamic diameter of the
particle trend curves of the free gp188 aggregation can be
described by the equation:

D, = D,y (1 + K4,

corresponding to the diffusion-limited aggregation
regime when every collision of aggregating particles caus-
es its adhesion [13, 14]. The presence of chaperonin with
ATP changes the aggregation regime to the reaction-lim-
ited one, when denatured substrate molecules aggregate
not after every collision with other molecules. This
regime is described by the equation:

Dy, = Dyexp (K, (1 — 1)) [15, 16].

The same change in the mechanism was shown for glyc-
eraldehyde-3-phosphate dehydrogenase aggregation in
the presence of the chaperones alpha-crystallin and
GroEL [19]. The gp146 suppresses gp183-1 aggregation
in the absence of ATP in a similar manner, though less
effectively, while the gp188 aggregation regime becomes
diffusion-limited. This seems to occur because of rela-
tively slow (under these conditions) accumulation of
denatured gpl88, which interacts with the chaperonin
much less efficiently than gp183-1. As a result, the dena-
tured gp188 molecules more readily interact with already

BIOCHEMISTRY (Moscow) Vol. 80 No. 2 2015
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formed aggregates than with free chaperonin. This sug-
gestion is corroborated by the fact that aggregation rate
decreases rather slowly when the chaperonin concentra-
tion increases, and even at the gp188/gp146 molar ratio of

1:

1 aggregation of the substrate is still noticeable (data

not shown).
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