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Abstract—The possibility of inhibition of chaperonin functional activity by amyloid proteins was studied. It was found that
the ovine prion protein PrP as well as its oligomeric and fibrillar forms are capable of binding with the chaperonin GroEL.
Besides, GroEL was shown to promote amyloid aggregation of the monomeric and oligomeric PrP as well as PrP fibrils. The
monomeric PrP was shown to inhibit the GroEL-assisted reactivation of the glycolytic enzyme glyceraldehyde-3-phosphate
dehydrogenase (GAPDH). The oligomers of PrP decelerate the GroEL-assisted reactivation of GAPDH, and PrP fibrils did
not affect this process. The chaperonin GroEL is capable of interacting with GAPDH and different PrP forms simultane-
ously. A possible role of the inhibition of chaperonins by amyloid proteins in the misfolding of the enzymes involved in cell
metabolism and in progression of neurodegenerative diseases of amyloid nature is discussed.
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Despite the large number of publications covering
the role of chaperones in formation, transformation, and
destruction of oligomeric and fibrillary protein structures
[1-5], one question that we consider extremely important
has eluded research interest. Can amyloidogenic proteins
recognized as misfolded by chaperones influence the effi-
cacy of chaperone-assisted refolding of regular proteins?
We have previously shown that artificial protein con-
structs unable to correctly fold are capable of inhibiting
chaperone activity: glyceraldehyde-3-phosphate dehy-
drogenase (GAPDH) bearing point mutations in the
intersubunit contact area, carboxymethylated, and even
oxidized GAPDH forms were shown to inhibit GroEL
chaperonin activity [6, 7]. The most evident reason for

Abbreviations: DEAE, diethylaminoethyl; DLS, dynamic light
scattering; EDTA, ethylenediaminetetraacetate; GAPDH,
glyceraldehyde-3-phosphate dehydrogenase; HEPES, 4-(2-
hydroxyethyl)-1-piperazinethanesulfonic acid; B-ME, B-mer-
captoethanol; MOPS, 3-[N-morpholino]propanesulfonic acid;
PBST, phosphate-buffered saline containing 0.05% Tween-20;
PrP, prion protein; ThT, thioflavin T.
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such action is that a polypeptide chain unable to form a
native conformation will continuously be recognized as
misfolded and therefore will not be able to leave the inner
cavity of the chaperone. We assume that amyloid-like
proteins are able to exert the same action on the chaper-
one system, and of the most interest are proteins con-
nected to the progression of amyloid diseases — o.-synu-
clein, prion protein, f-amyloid peptide, and their oligo-
meric forms. Amyloid neurodegenerative diseases are
known to be accompanied by significant changes in neu-
ral tissue metabolism [8-11], which are most commonly
found as changes in energy metabolism, i.e. in glycolysis
[12-14]. One possible reason for such changes is that
upon being blocked by amyloid-like proteins, the chaper-
one system is no longer able to fulfill its function, i.e.
assisted protein folding and prevention of aggregation. To
test this hypothesis, we have chosen an enzyme playing
one of the key roles in glycolysis — GAPDH. This enzyme
is found in all tissue types in relatively high concentra-
tions (5-10% of cytoplasmic protein content) [15, 16],
and the formation of its quaternary structure is known to
be assisted by complex ATP-dependent chaperonins [17-
21]. Bacterial chaperonin GroEL used in the present
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work is an example of such proteins, and it closely resem-
bles cytoplasmic chaperonin TriC from mammals [22,
23]. The possibility of blocking chaperonin function by an
amyloid protein was tested using ovine prion protein and
its oligomeric and fibrillary forms.

MATERIALS AND METHODS

Materials. ATP, 3-phosphoglyceraldehyde, NADY,
Coomassie G-250, DEAE-Sephacel, thioflavin T (ThT),
and dithiothreitol (DTT) were purchased from Sigma
(USA); EDTA, guanidine hydrochloride, and imidazole —
from Panreac (Spain); MgCl,, sodium acetate, protease
inhibitor cocktail, HEPES, MOPS, Tris, and KH,PO, —
from Amresco (USA). Recombinant chaperonin GroEL
and co-chaperonin GroES were isolated and purified as
described previously [7]. GAPDH was isolated from rab-
bit skeletal muscle as described by Scopes [24].

The recombinant allelic variant of ovine prion pro-
tein ovPrP-VRQ (full-length amino acid sequence lack-
ing in the signal N- and C-terminal peptides and con-
taining additional S22 and mutations V136, R154, and
Q171) was expressed and purified as described previously
[25].

Preparation of various forms of prion protein PrP.
Lyophilized PrP was dissolved in 20 mM sodium acetate
buffer, pH 4.0, prior to each experiment and then was
transferred into 20 mM MOPS buffer, pH 7.5, using a
Sephadex G-25 desalting column. Solution containing
0.5 mg/ml of prion protein was incubated for 1 h at 60°C
and pH 7.5 to yield oligomers. Prion protein that had
been stored for 5 months and then exposed to similar
conditions formed a homogeneous population of particles
with a hydrodynamic diameter of about 90 nm. These
particles were called “protofibrils”, as their size was larg-
er than for the oligomers, but smaller than for PrP fibrils.

Amyloid fibrils were prepared as previously described
[26]. Guanidine hydrochloride used as a chaotropic agent
was added to samples containing 2 mg/ml of prion pro-
tein in 100 mM Na-acetate buffer, pH 4.0, to a final con-
centration of 1 M. Samples were incubated at 37°C for 3
days with vigorous stirring.

Denaturation and reactivation of GAPDH using chap-
eronin complex GroEL,,/GroES,. A solution containing
120 uM of GAPDH (calculated per monomer) was incu-
bated with 4 M guanidine hydrochloride, 10 mM
KH,PO,, 1 mM EDTA, 2 mM mercaptoethanol, pH 7.5,
for 15 min until complete disappearance of the enzyme
activity to denature the enzyme.

GAPDH reactivation was initiated by 200-fold dilu-
tion of denatured enzyme to a final concentration of
0.6 uM calculated per monomer (concentration of guani-
dine hydrochloride was reduced to 0.02 M at the same
time). GAPDH was spontaneously reactivated in buffer
containing 10 mM KH,PO,, | mM EDTA, 5 mM mer-
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captoethanol, 1.5 mM NAD®, pH 7.5. In the case of
chaperonin-dependent reactivation of GAPDH, 2 mM
ATP, 2 mM Mg?*, 0.6 pM chaperonin GroEL,,, and
1.2 uM co-chaperonin GroES; were further added into
the incubation mixture. During reactivation, aliquots
were taken from the reaction mixture for determination
of the enzymatic activity of GAPDH.

Determination of enzymatic activity of GAPDH.
GAPDH activity was determined using a Shimadzu UV-
1601 UV/VIS spectrophotometer at 25°C by measuring
the rate of NADH formation at 340 nm in the oxidation
reaction of 3-phosphoglyceraldehyde. GAPDH activity
was measured at 25°C in pH 9.0 buffer containing 50 mM
glycine, 50 mM potassium phosphate, 0.5 mM EDTA,
0.5 mM NAD®*, 1 mM 3-phosphoglyceraldehyde, and
0.8-2 ug GAPDH isolated from rabbit muscle.

ELISA modified for study of protein—protein interac-
tions. A 100-pul portion of solution with 2 pg/ml concen-
tration of the first protein (complex GroEL,,/GroES; or
one of the three forms of PrP: native PrP, PrP oligomers,
PrP fibrils) in phosphate-buffered saline (PBS) was
adsorbed in a 96-well plate. The plate was incubated for
1 h at 20°C with stirring. After that, the wells were washed
with PBS. In the next step, the second protein (possible
partner) was added to the wells at the same concentration
(or PBS in case of controls) and incubated under similar
conditions. Then plate was washed with PBST (phos-
phate-buffered saline with 0.05% Tween-20) and incubat-
ed with primary monoclonal antibodies (6C5 against
denatured GAPDH and F99/97.6.1, specific against the
PrP epitope Q*YQRES??) for 1 h at 20°C with stirring.
After washing the plate with PBST, samples were incubat-
ed with secondary horseradish peroxidase-conjugated
anti-mouse antibodies (1 pg/ml in PBST) under the given
conditions. Then the plate was washed, and solution con-
taining o-phenylenediamine and hydrogen peroxide was
added to the wells according to the standard protocol.
The optical density of wells was determined at A = 492 nm
using a State Fax 2100 plate photometer.

Dynamic light scattering (DLS). Dynamic light scat-
tering was measured using a Zetasizer Nano-ZS device
(Malvern Instruments, Great Britain) equipped with 173°
optics for detection of scattered intensity. The laser wave-
length was 532 nm. Numerical distribution of particles
was used to interpret the results. Each distribution shown
in the graph is represented as the average of five measure-
ments carried out for 75 s. Polydispersity index was calcu-
lated as the ratio of the peak width at half-height to the
mean squared.

Thioflavin T fluorescence. Thioflavin T (ThT) is a
small molecule dye that fluoresces upon binding to -
sheets, and it is used to study amyloid structures [27, 28].
A solution of 0.6 uM of each form of the prion protein
(native PrP, PrP oligomers, “protofibrils”, fibrils) in
10 mM potassium phosphate buffer, pH 7.5, containing
I mM EDTA, 5 mM B-mercaptoethanol, 1.5 mM
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NADY, 2 mM ATP, and 2 mM Mg?** was incubated with
GroEL,,/GroES, complex (0.6 uM GroEL,,and 1.2 uM
GroES;) for 2 h. Then the solution of ThT was added to
the samples to final concentration of 6 uM, and the mix-
ture was incubated for 15 min at 20°C. Fluorescence
emission spectra of ThT were recorded at 20°C in the
range of 450-600 nm (excitation at 435 nm) using a
FluoroMax 3 spectrofluorometer (Horiba Jobin Yvon,
France) in 2-ml quartz fluorimetric cuvette.

RESULTS AND DISCUSSION

To study the possibility of inhibiting GroEL chaper-
onin with amyloid proteins, we prepared different forms
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Fig. 1. Hydrodynamic diameters of forms of PrP. From bottom to
top: native PrP, 0.5 mg/ml in 20 mM MOPS buffer, pH 7.5; PrP
oligomers formed by incubating at 60°C for 1 h in 20 mM MOPS
buffer, pH 7.5; PrP “protofibrils” formed from stored for a long
time protein preparation by incubating at 60°C for 1 h in 20 mM
MOPS buffer, pH 7.5; PrP fibrils formed by incubation of solu-
tion with 2 mg/ml concentration of protein in 100 mM Na-
acetate buffer, pH 4.0, in the presence of 1 M guanidine
hydrochloride at 37°C for 3 days. The numerical distribution of
the particles is shown.
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Fig. 2. Emission spectra of thioflavin T fluorescence in the pres-
ence of different forms of PrP and complex GroEL,,/GroES,
after coincubation. Curves: [) chaperonin complex
GroEL,,/GroES; after incubation with native prion protein PrP°
(frequent dotted line); 2) chaperonin complex GroEL,,/GroES,
after incubation with PrP oligomers (rare dotted line); 3) chaper-
onin complex GroEL,,/GroES; after incubation with PrP
“protofibrils” (dashed line); 4) chaperonin complex
GroEL,,/GroES; after incubation with PrP fibrils (solid line); 5)
native prion protein PrP® 6) PrP oligomers; 7) PrP “protofib-
rils”; &) PrP fibrils; 9) chaperonin GroEL,,/GroES; complex.
PrP forms at a concentration of 0.6 uM (calculated per
monomer) were incubated in the presence of 0.6 uM GroEL,,,
1.2 uM GroES; and in medium containing 10 mM KH,PO,,
I mM EDTA, 5 mM B-ME, 1.5 mM NAD", 2 mM ATP, 2 mM
Mg**, pH 7.5.

of prion protein (PrP): a monomeric form, oligomers,
“protofibrils”, and fibrils. To yield oligomers, PrP was
incubated in 20 mM MOPS, pH 7.5, at 60°C for 1 h.
“Protofibrils” were produced under the same conditions
from lyophilized protein stored for 5 months. PrP fibrils
were formed upon incubating the protein with 1 M
guanidine hydrochloride in 100 mM sodium acetate
buffer, pH 4.0, for 3 days under intensive stirring (see
“Materials and Methods”). Monomeric PrP was not
subject to any treatment after isolation and purification,
but the conservation of its state was checked before each
experiment by DLS. Figure 1 shows the results of parti-
cle size measurement of all the PrP preparations. PrP
monomers, oligomers, protofibrils, and fibrils were
shown to have hydrodynamic diameters of 5, 33, 90, and
190 nm, respectively. Particle polydispersity was shown
to increase together with particle size: monomeric PrP
shows as a narrow monodisperse peak (polydispersity
index PDI = 0.08), PrP oligomers show moderate poly-
dispersity (PDI = 0.28), while protofibrils and fibrils are
detected as wide polydisperse peaks (PDI of 0.47 and
0.67, respectively). PrP fibril formation under the report-
ed conditions was confirmed previously using various
methods [26].

PrP fibrillization is also evidenced by the increased
ThT fluorescence (Fig. 2, curve &). Figure 3 shows the
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Fig. 3. ELISA of binding of chaperonin complex GroEL,,/GroES,
with different forms of prion protein PrP. A 0.2-ug sample of the
complex GroEL,,/GroES; or one of the three forms of PrP (native
PrP, PrP oligomers, or PrP fibrils) in PBS was added in wells of a
96-well plate. After incubation for 1 h with stirring and washing
with PBS, the wells with GroEL,,/GroES, complex were filled
with one of the four forms of PrP in the same concentration and
incubated under similar conditions. The following steps of
immunoassay were performed according to standard protocol
using the primary monoclonal antibodies (F99/97.6.1, specific
against the PrP epitope Q*?YQRES??) and secondary horseradish
peroxidase-conjugated anti-mouse antibodies.

ELISA data for GroEL,,/GroES,; complex binding to dif-
ferent forms of PrP.

PrP-specific antibodies were shown to interact with
the various PrP preparations and GroEL,,/GroES, chap-
eronin preincubated with different forms of PrP. One
should expect ELISA signal to be diminished upon PrP
oligomer binding to the chaperonin inner cavity due to
the screening of PrP antigenic determinants, but this
effect was not found in the case of PrP monomers. This
observation leads to a hypothesis that chaperonin is not
only capable of binding monomeric PrP, but also of caus-
ing its aggregation or fibrillization.

This hypothesis was confirmed by recording ThT flu-
orescence spectra in presence of different PrP forms and
GroEL,,/GroES; complexes upon simultaneous incuba-
tion (Fig. 2). For monomeric, oligomeric, and protofib-
rillar preparations of PrP, and also for chaperonin, ThT
fluorescence intensity remains basically unchanged
(Fig. 2, curves 5-7 and 9), whereas in the case of PrP fib-
rils a 4-fold increase in fluorescence intensity is observed,
indicating the presence of amyloid structures and con-
firming its fibrillary nature (Fig. 2, curve &). Upon incu-
bation of chaperonin with any of the studied PrP forms,
ThT fluorescence was found to increase by multiple
orders of magnitude (i.e. from 7.5:10° to 1.5-107 in case of
PrP monomers; Fig. 2, curves I-4). These data suggest
the existence of chaperonin-stimulated amyloid conver-
sion of not only already formed oligomers and fibrils, but
also PrP monomers. It is also possible that amyloid aggre-
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gation (and/or fibrillization) of monomeric PrP bound by
chaperonin is the explanation for the above-mentioned
interaction with specific antibodies, as they are only
capable of binding with solvent-exposed PrP aggregate
antigens, while monomeric PrP bound to the inner cleft
of chaperonin would be effectively screened from this
interaction.

Interaction of various PrP forms with GroEL chap-
eronin and the subsequent changes in its aggregation state
was also investigated using the dynamic light scattering
technique. Data shown in Fig. 4 indicate that upon incu-
bation of monomeric and oligomeric PrP with GroEL
chaperonin, large aggregates with observed hydrodynam-
ic diameters of 1718 and 2670 nm, respectively, are
formed (Fig. 4, a and b). Aggregates of similar size and
even larger ones are formed upon interaction of PrP
protofibrils and fibrils with GroEL (Fig. 4, ¢ and d), but
in these cases smaller soluble particles are also formed
(6 nm in case of protofibrils and 16 nm in case of PrP fib-
rils); therefore, it is possible that chaperonin is capable of
cleaving PrP monomers from preformed protofibrils. The
emergence of 16-nm-sized particles could result from
formation of chaperonin with small fibril fragments
resulting in conformational changes and hydrodynamic
diameter of chaperonin, but this hypothesis requires fur-
ther study.

Having demonstrated effective binding of various
PrP forms to a GroEL chaperonin, we proceeded to study
the influence of such mechanism inhibiting chaperonin
functional activity to its capability of reactivating dena-
tured form of GAPDH. According to the ELISA data, all
PrP forms remain bound to the GroEL/GroES complex
after incubation with denatured GAPDH (Fig. 5), where-
as the later also binds to the chaperonin complex.
Therefore, it is possible that one of the chaperonin rings
binds to various PrP forms absorbed on plate walls, while
another ring is still capable of binding denatured
GAPDH.

We hypothesized that preincubating GroEL/GroES
chaperonin complex with various PrP forms might influ-
ence its activity of reactivating denatured GAPDH. The
data obtained for chaperone-mediated and spontaneous
reactivation of GAPDH that was treated with guanidine
hydrochloride and then diluted 200-fold is shown at Fig.
6 (curves 7 and 6, respectively).

Preincubation of chaperonin with native PrP and
PrP protofibrils was found to suppress chaperone-medi-
ated GAPDH reactivation almost completely (Fig. 6,
curves 2 and 4), while PrP fibrils had almost no effect
(Fig. 6, curve 5), and PrP oligomers had an inhibitory
effect only for the first 60 min of incubation (curve 3).
One should note that as PrP monomer to chaperonin
molar ratio was equal to 1 : 1 for all PrP forms, the larger
size of prion aggregates should lead to decreased proba-
bility of inhibiting chaperonin function. It is evident that
PrP fibrils consisting of hundreds of monomers should

BIOCHEMISTRY (Moscow) Vol. 81 No. 10 2016
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Fig. 4. Hydrodynamic diameter of preparations of various forms of PrP after their incubation with chaperonin complex GroEL,,/GroES,. The
populations of particles that are complexes of chaperonins with different forms of PrP are in gray, and the control of individual chaperonin
complex (dotted line) and different forms of PrP (solid line) are shown separately on the plots. a) Incubation of 0.6 uM native PrP with 0.6 uM
GroEL,,/GroES; complex; b) incubation of 0.6 uM PrP oligomers with 0.6 uM GroEL,,/GroES,; complex; c¢) incubation of 0.6 uM PrP
“protofibrils” with 0.6 uM GroEL,,/GroES; complex; d) incubation of 0.6 uM PrP fibrils with 0.6 uM GroEL,,/GroES; complex. PrP forms
at concentration of 0.6 pM (counting on monomer) were incubated in the presence of 0.6 uM GroEL 4, 1.2 uM GroES,, and in medium con-
taining 10 mM KH,PO,, 1 mM EDTA, 5 mM B-ME, 1.5 mM NAD", 2 mM ATP, 2 mM Mg**, pH 7.5.
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Fig. 5. ELISA of binding of chaperonin complex GroEL,,/ GroES,; with different forms of prion protein PrP. A 0.2-ug sample of the complex
GroEL,,/GroES; or one of the three forms of PrP (native PrP, PrP oligomers, PrP fibrils) in PBS was added into wells of a 96-well plate. After
incubation for 1 h with stirring and washing with PBS, the wells with complex GroEL,,/GroES, were filled with one of the four forms of PrP
in the same concentration and incubated under similar conditions. Following steps of immunoassay were performed according to the stan-
dard protocol using primary monoclonal antibodies (6C5, specific against denatured GAPDH, and F99/97.6.1, specific against the PrP epi-
tope Q*YQRES??) and secondary horseradish peroxidase-conjugated anti-mouse antibodies.
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GroES;, and in medium containing 10 mM KH,PO,, 1 mM EDTA, 5 mM B-ME, 1.5 mM NAD", 2 mM ATP, 2 mM Mg**, pH 7.5.
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GroEL,,/GroES; complex and 0.6 uM GAPDH; d) incubation of 0.6 uM PrP fibrils with 0.6 uM GroEL,,/GroES; complex and 0.6 uM
GAPDH. PrP forms at concentration 0.6 uM (counting on monomer) were incubated in the presence of 0.6 uM GroEL 4, 1.2 uM GroES,,
0.6 UM GAPDH, and in medium containing 10 mM KH,PO,, 1 mM EDTA, 5 mM B-ME, 1.5 mM NAD*, 2 mM ATP, 2 mM Mg*", pH 7.5.

BIOCHEMISTRY (Moscow) Vol. 81 No. 10 2016



INHIBITION OF CHAPERONIN GroEL BY A PRION PROTEIN

not be able to inhibit chaperonin activity due to high par-
ticle-to-particle ratio, and the observed reactivation data
support this assumption. However, one should remember
that smaller fragments cleaved from PrP fibrils by chaper-
ones and other possible agents would still be able to inhib-
it chaperonin function.

To investigate the probable causes of different action
on chaperonin-mediated reactivation of GAPDH exerted
by PrP forms, we studied size distribution of particles
formed in each case using the DLS technique (Fig. 7).
First, we found that upon simultaneous incubation of PrP
fibrils, denatured GAPDH, and large chaperonin aggre-
gates with size exceeding 6000 nm (these cannot be meas-
ured with DLS) are formed and precipitated. The result-
ing supernatant mainly contains 16-nm-sized particles
that are considered to be chaperonin complexed with its
protein substrates. PrP oligomers preincubated with
chaperonin slow chaperonin-mediated GAPDH reacti-
vation, but in this case, the formation of larger PrP aggre-
gates (>1000 nm) is observed. In the case of PrP
monomers and protofibrils, chaperone activity is effec-
tively blocked, possibly due to the presence of not only
large aggregates, but also smaller particles including
monomers.

Therefore, we have shown that one of the amyloid-
like proteins, ovine prion protein PrP, is capable of bind-
ing to GroEL chaperonin and blocking its capability of
restoring the functional state of a substrate, GAPDH.
One should specifically note that a PrP/chaperonin com-
plex loses its ability for reactivating GAPDH, and the lat-
ter is known to fold in the inner cavity of chaperonin. In
the case of other protein substrates, i.e. lactate dehydro-
genase, this effect could have been attributed to PrP
screening of apical chaperonin domains, which are
known to be centers of reactivation for many proteins.
Also, not only GroEL interaction with different PrP
forms was found, but also the ability of chaperonin to
stimulate amyloid PrP aggregation. Obviously, the dis-
covered inhibition of chaperonin functional activity by
PrP is a first step in the investigation of the role of differ-
ent amyloid-like proteins in chaperone-mediated inhibi-
tion of enzymes participating in energy metabolism in
neural tissue. However, the similarity of bacterial chaper-
onin GroEL to some complex mammalian chaperonins
(i.e. TriC), the key role of GAPDH in glycolysis, and the
presence of different forms of amyloid-like proteins (o~
synuclein, prion protein, and 3-amyloid peptide) in neu-
ral tissue allows suggests the involvement of the described
mechanism into development and progression of amyloid
neurodegenerative diseases.
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