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Abstract—Classification of small heat shock proteins (sHsp) is presented and processes regulated by sHsp are described.
Symptoms of hereditary distal neuropathy are described and the genes whose mutations are associated with development of
this congenital disease are listed. The literature data and our own results concerning physicochemical properties of HspB1
mutants associated with Charcot—Marie—Tooth disease are analyzed. Mutations of HspB1, associated with hereditary
motor neuron disease, can be accompanied by change of the size of HspB1 oligomers, by decreased stability under unfa-
vorable conditions, by changes in the interaction with protein partners, and as a rule by decrease of chaperone-like activity.
The largest part of these mutations is accompanied by change of oligomer stability (that can be either increased or
decreased) or by change of intermonomer interaction inside an oligomer. Data on point mutation of HspB3 associated with
axonal neuropathy are presented. Data concerning point mutations of Lys141 of HspB8 and those associated with heredi-
tary neuropathy and different forms of Charcot—Marie—Tooth disease are analyzed. It is supposed that point mutations of
sHsp associated with distal neuropathies lead either to loss of function (for instance, decrease of chaperone-like activity) or

to gain of harmful functions (for instance, increase of interaction with certain protein partners).
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Small heat shock proteins (sHsp) form a large fami-
ly of closely related proteins that are expressed in practi-
cally all Kingdoms including viruses, bacteria, plants, and
animals [1]. A key distinguishing property of all these
proteins is the presence of highly conservative o-crys-
tallin domain consisting of about 80-100 residues and
located in the C-terminal end of the protein (figure) [2,
3]. This domain is flanked by highly variable in length and
composition sequences forming unordered and highly
flexible N- and C-terminal domains (figure) [2]. Small
heat shock proteins obtained their name since monomers
of these proteins have low molecular weight, which is of
the order of 12-43 kDa [4-6]. As a rule, the small heat
shock proteins tend to form large oligomers consisting of
more than twenty identical or different subunits [7-9].
Thus, formed homo- or heterooligomers [10, 11] are
highly labile and easily undergo association/dissociation
leading to either increase or decrease in the number of
subunits in the oligomeric complex [9]. High flexibility
and mobility strongly impedes structural investigation of
sHsp. At present, the literature data contain information
on the structure of sHsp from hyperthermophilic
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archaeon Methanocaldococcus jannaschii [12], wheat
Triticum aestivum [13], parasitic worm Taenia saginata
[14], acidothermophilic archaeon Sulfolobus tokodaii
[15], and proteobacterium Xanthomonas [16]. Up to now,
all attempts to crystallize full-size mammalian or human
small heat shock proteins have been unsuccessful.
However, the structure of isolated crystallin domains of
aB-crystallin (HspB5), HspB1, and HspB6 are described
in the literature [17-21].

The human genome contains 10 genes of small heat
shock proteins designated as HspB1-HspB10 [22, 23].
Certain members of the sHsp family (such as HspBl,
HspB5, HspB6, and HspB8) are expressed ubiquitously
[24]. The other members of this family (such as HspB2,
HspB3, HspB4, HspB7, HspB9, and HspB10) are tissue-
specific [4, 5, 19, 25]. The level of sHsp expression is tis-
sue-dependent and can change in the course of ontogene-
sis [26-28]. Moreover, the level of sHsp expression is
changed in response to different unfavorable conditions,
such as denervation, hyperthermia, or ischemia [28, 29].
The sHsp content in different tissues can be very high,
reaching as much as 0.3% of the total protein content [30].

The sHsp (together with other heat shock proteins)
play important roles in keeping homeostasis and partici-
pate in the control of proper protein folding [5, 31].
Control of protein folding, often termed proteostasis,
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includes both checking of proper folding of newly synthe-
sized proteins and of already existing proteins. Therefore,
different unfavorable conditions leading to accumulation
of partially denatured proteins induce increased synthesis
of different heat shock proteins and among them of cer-
tain members of the family of small heat shock proteins
[4-6, 31]. Proteostasis is achieved in a number of different
ways. First, the sHsp bind partially denatured proteins
and by this means prevent their aggregation. In vitro, sHsp
prevent aggregation of many different model substrate
proteins [32, 33]. In vivo, the small heat shock proteins
prevent aggregation of huntingtin [34] and B- and/or y-
crystallins [25]. In the cell, the sHsp not only bind dena-
tured proteins, thus preventing their aggregation, but also
are able to transmit denatured proteins to other heat
shock proteins. These ATP-dependent proteins renature
partially denatured proteins using ATP [35]. Moreover,
the sHsp can promote selective elimination of denatured
proteins in proteasomes and autophagosomes [36-38].

Second, sHsp prevent accumulation of denatured
proteins by decreasing the effect of different unfavorable
conditions. For instance, it is known that the sHsp are
able to prevent effects induced by oxidative stress. HspB1
stabilizes and activates certain enzymes, participating in
synthesis of reduced glutathione, and by this means pre-
vents accumulation of reactive oxygen species [39, 40].

Third, sHsp interact with practically all proteins of
cytoskeleton (such as actin, tubulin, or intermediate fila-
ment proteins) and are able to stabilize the cytoskeleton,
thus preventing its damage induced by unfavorable condi-
tions [41-46].

Fourth, data of the literature indicate that as a rule
the small heat shock proteins such as HspB1, HspBS5, and
HspB6 have pronounced antiapoptotic activity [39, 47-
49]. It is obvious that all these properties of sHsp are
interconnected and therefore cannot be separated from
each other. For instance, prevention of protein aggrega-
tion, stabilization of cytoskeleton, or protection against
oxidative stress can effectively modulate apoptosis. At the
same time, antiapoptotic activity can rely on very differ-
ent mechanisms and can be due to the interaction of
small heat shock proteins with certain protein kinases or
by their ability to regulate cytochrome c¢ release from
mitochondria [47, 48]. Anyhow, the data presented clear-
ly indicate that the small heat shock proteins play impor-
tant roles in many different cellular processes. Therefore,
any mutations of sHsp can lead to dramatic changes in
the normal functioning of the cell and thus induce differ-
ent diseases. Indeed, data from the literature indicate that
mutations of sHsp correlate with different hereditary dis-
eases such as cataract, myofibrillar myopathy, certain
forms of cardiomyopathy, and hereditary neuropathies
[50-52]. In this review, we will describe some properties of
sHsp mutants associated with only one hereditary disease,
namely distal neuropathy. We will also try to understand
why these mutations are associated with these diseases.

BIOCHEMISTRY (Moscow) Vol. 80 No. 13 2015

1735

) \
\J,@ Ser15

N-terminal
domain

@ Ser78
‘@ Ser82)

\

G84R —

L9SM

R127W

S135F/M/C
R136W/L

Fiiss
a-crystallin domain

T164A

T180I

P182L/S
R188W

C-terminal
domain

Scheme of the structure of small heat shock proteins in terms of
HspB1. The N-terminal, a-crystallin, and the C-terminal domains
as well as the sites of phosphorylation (Serl5, Ser78, Ser82) are
indicated. Mutations of certain residues that are associated with
neurodegenerative diseases are also indicated

HEREDITARY NEUROPATHIES

Hereditary motor and sensory neuropathy, also clas-
sified as Charcot—Marie—Tooth (CMT) disease, was first
described in 1886 and is the most common hereditary
peripheral neuropathy with prevalence of 1 : 2500 [53].
Onset age of the clinical symptoms varies from 10-20 up
to 70 years and older. This disease is accompanied by
slowly progressive degeneration of peripheral nerves
resulting in muscle weakness or complete muscle atrophy.
The disease usually starts in the legs and feet and later
affects hands and arms. In the later stages, the disease
leads to progressive inability to walk and manipulate small
objects. In additions, these symptoms are sometimes
associated with hand tremor, diaphragm palsy, optical
nerve atrophy, and renal failure [53, 54].

CMT diseases are very heterogeneous, and a very
complicated classification of disease is presented in the
literature. There are two main groups within this disease.
The first group is characterized by low nerve conduction
(less than 38 m/s). This subtype of CMT is caused by
abnormalities in myelin sheath and therefore is called
demyelinating. There are autosomal dominant (the so-
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called AD CMT1) and autosomal recessive (the so-called
AR CMT1 or CMT4) forms of the neuropathy. Each of
these subgroups is divided in additional classes marked by
a Latin letter depending on the affected gene. Among
genes associated with CMT disease of the first type are
genes encoding peripheral myelin protein 22, myelin pro-
tein zero, small integral membrane protein of
lysosome/late endosome (SIMPLE), and many other
proteins. Mutations of peripheral myelin protein 22 and
myelin protein zero are especially often associated with
CMT disease of the first type [55].

The second large group of CMT disease combines
forms with unaltered conduction velocity and undamaged
myelin sheath, but with alteration of axons of motor
and/or sensory neurons. This group, designated as CMT
of the second type (or CMT?2), is divided into autosomal
dominant and autosomal recessive diseases. As in the pre-
vious case, designation CMT?2 is appended by the Latin
letter indicating the affected protein. Axonal forms of
CMT disease can be associated with mutation of certain
motor proteins (such as kinesin, dynein heavy chains),
proteins associated with mitochondrial dynamics (such as
mitofusin), cytoskeletal proteins (such as neurofilament
light chain or lamin A/C), small heat shock proteins
(HspB1, HspB3, HspB8), and certain other proteins [53,
56].

The third and the fourth groups of CMT disease are
characterized by intermediate nerve conduction (so-
called dominant intermediate or DI-CMT, which is usu-
ally associated with autosomal recessive inheritance and
designated as CMT4) and the forms linked to mutations
in X-chromosome (so-called X-linked CMT or CMT))
[53, 57, 58]. In this group, symptoms of Charcot—Marie—
Tooth disease are most often associated with mutations of
gap junction protein B1 (connexin-32) [55].

The question arises — why are mutations of more
than 30 different genes accompanied by similar symp-
toms? At present, it is complicated to answer this ques-
tion. Let us restrict this problem and analyze the process-
es occurring in the axonal forms of CMT disease of the
second type (CMT2). This disease is associated with
impairment of different processes connected with intra-
cellular traffic of vesicles and organelles [53, 56]. The
length of motor neuron axons is more than 1 m [56], and
therefore neurons should provide rapid and effective
transport of organelles and vesicles over a very large dis-
tance. It is obvious that mutations of motor proteins such
as dynein heavy chains [59] and p150 subunit of dynactin
complex [60], participating in dynein-dependent
organelle transport across microtubules, or of kinesin
KIF1B [61], also participating in transport of cargoes
across microtubules, can significantly affect both retro-
grade and anterograde transport, thus inducing CMT of
the second type. Mutations of the small G-protein RAB7
responsible for the interaction of special adapter proteins
with motor proteins and for translocation of endosomes
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inside the cell [62] are also associated with CMT2 [63].
Intermediate filaments are important components of
neuron cytoskeleton, and their mutations are associated
with CMT?2 [64-66]. Moreover, short intermediate fila-
ments are transported over microtubules by kinesin, and,
therefore, mutations of intermediate filament proteins
associated with their aggregation and interaction with
protein motors can also affect trafficking in long axons
[64-66].

Let us try to understand why mutations of the small
heat shock proteins can affect CMT of the second type or
distal hereditary motor neuropathy. Thinking mechanisti-
cally, we suppose that mutations can lead either to the loss
of useful properties and function (so-called loss-of-func-
tion mutations), or to appearance of new negative prop-
erties and functions (so-called gain-of-function muta-
tions). It is obvious that these processes may proceed both
sequentially and simultaneously and cannot be separated
from each other. Nevertheless, the gain of function can be
accompanied by decrease of protein stability and
increased tendency for aggregation, thus leading to asso-
ciation with other proteins and formation of insoluble
aggregates inside the cell. Loss of sHsp function can be
accompanied by inability to form functionally active
homo- or heterooligomeric complexes with protein part-
ners and decrease of chaperone-like activity. Let us try to
analyze properties of certain sSHsp mutants using this sim-
plified approach.

MUTATIONS OF SMALL HEAT SHOCK PROTEIN
HspB1 AND HEREDITARY DISTAL MOTOR
AND SENSORY NEUROPATHY

About twenty different mutations of HspB1 associat-
ed with CMT2 and/or hereditary motor neuropathy have
been described in the literature [35, 51, 67] and present-
ed in database HMGD Pro v.2014.2. Among these muta-
tions, there are many missense point mutations, as well as
mutations with frame shift and/or preliminary appear-
ance of a stop-codon [51, 67]. Provisionally, all these
mutations can be divided according to the place of muta-
tion in the protein structure. As already mentioned, there
are three domains in the structure of sHsp (figure). There
is a variable and flexible N-terminal domain, a conserva-
tive a-crystallin domain predominantly containing [3-
sheets, and a variable C-terminal domain [2]. Mutations
associated with hereditary neuropathies are located in any
of the three domains of small heat shock proteins.

Three point mutations — G34R, P39L, and E41K —
were detected in the very N-terminal part of the N-termi-
nal domain of HspB1 (figure) [68, 69]. The first two
mutations were associated with late (more than 50 years)
onset of hereditary motor neuropathy and CMT2, where-
as E41K mutation was associated with early onset of
hereditary motor neuropathy. Residues G34 and P39 are
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highly conservative and are preserved in the primary
structure of mammalian, bird, reptile, and amphibian
HspB1. Residue E41 is slightly less conservative and can
be replaced by Asp in the sequence of certain mammals,
birds, and reptiles. However, this position is never occu-
pied by positively charged residues [67]. Investigation
performed in our group [70] indicates that the three indi-
cated mutations lead to formation of large oligomers with
size slightly larger than the corresponding oligomers of
the wild-type protein. Oligomers of the mutated proteins
are more resistant to limited chymotrypsinolysis and have
lower thermal stability than the wild-type protein. The
mutants with replacements in the N-terminal domain are
phosphorylated by MAPKAP?2 kinase with rate compara-
ble with that of the wild-type protein. However, phospho-
rylation of the wild-type protein up to 1 mole of phos-
phate induces complete dissociation of large oligomers
formed by this protein, whereas phosphorylation of
mutant proteins even up to 2 moles of phosphate per mole
of protein was not accompanied by significant dissocia-
tion of large oligomers. Chaperone-like activity of HspB1
mutants with replacements in the N-terminal domain is
usually less than the corresponding activity of the wild-
type protein. In summary, we conclude that the analyzed
mutants form slightly larger oligomers containing tightly
interacting with each other monomers. Because of this
interaction, phosphorylation does not induce dissocia-
tion of large oligomers. The literature data indicate that
phosphorylation-induced dissociation of large oligomers
of HspBI plays a crucial role in the interaction of this
protein with different elements of cytoskeleton and in its
chaperone-like activity [43, 47]. Thus, these mutations
are accompanied by gain of functions (such as resistance
to phosphorylation-induced dissociation), as well as by
loss of certain functions (such as decrease of chaperone-
like activity).

Two other mutants of HspB1 that were analyzed
carry point mutations in the very C-terminal end of the
N-terminal domain (G84R) and in the very beginning of
a-crystallin domain (L99M) (figure). These mutations
associate with hereditary distal neuropathy with domi-
nant (G84R) and probably recessive (L99M) inheritance,
and the onset of symptoms was detected in middle-aged
patients [67, 68, 71]. Both residues are highly conserva-
tive and are conserved in the primary structure of mam-
malian, birds, reptiles, amphibians, and even fishes [67].
It is worthwhile to mention that these residues are so con-
servative that they are preserved even in the primary
structure of human small heat shock proteins tending to
form large oligomers, such as HspB4 and HspB5 [72]. At
the same time, the small heat shock proteins unable to
form large oligomers (HspB6 and HspB8) have replace-
ments of either Gly in the position homologous to that of
G84 or replacement of Leu in the position homologous to
that of L99 [72]. Both mutants form oligomers, which are
larger than the corresponding oligomers of the wild-type
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protein. However, oligomers formed by these mutants are
less stable and easily dissociate to dimers and/or
tetramers. Both mutants are phosphorylated by MAP-
KAP2 kinase with rate and efficiency comparable with
those of the wild-type protein. Long incubation with pro-
tein kinase is accompanied by incorporation of ~3 moles
of phosphate per mole of protein, and all potential sites
(Ser15, Ser78, and Ser82) become phosphorylated.
However, at low extent of phosphorylation (~0.6 mole of
phosphate per mole of protein), large oligomers of the
wild-type protein are only partially dissociated, whereas
large oligomers of both mutants completely dissociate to
small oligomers (probably dimers and tetramers) [72].
The wild-type HspB1 forms two types of heterooligomer-
ic complexes with another small heat shock protein,
HspB6. The apparent molecular weight of these hetero-
oligomeric complexes is about 100-120 and about
300 kDa, respectively, whereas both mutants form only
one type of heterooligomeric complexes with apparent
molecular weight ~120 kDa. In vitro, both G84R and
L99M have lower chaperone-like activity than the wild-
type protein [72]. In summary, we conclude that as in the
case with the N-terminal mutants, both G84R and L99M
mutants form oligomers of larger size than oligomers
formed by the wild-type protein. However, if mutations in
the very N-terminal domain (G34R, P39L, and E41K)
somehow stabilize the structure of oligomers, two other
mutations, namely G84R and L99M, somehow destabi-
lize the structure of homooligomers and provoke phos-
phorylation-induced dissociation. We suppose that
replacement of small Gly84 by bulky positively charged
Arg affects orientation and/or flexibility of the whole N-
terminal domain, and this destabilizes the oligomer struc-
ture [72]. Molecular mechanisms underlying effects
induced by L99M mutation remain incompletely under-
standable. However, we suppose that this point mutation
may affect the interaction between two antiparallel 7
sheets belonging to the two neighboring HspBl1
monomers, and in this way destabilize the structure of the
whole oligomer [72].

The most detailed investigations were performed on
mutants carrying replacements in the o.-crystallin domain
(figure). Mutations R127W, S135F, and R136W (R136L)
are associated with hereditary distal neuropathy with
dominant inheritance. The onset of symptoms is detected
in early or middle age [73-76]. All three residues are high-
ly conservative and are preserved in the corresponding
positions in the primary structure of mammalian, avian,
reptile, amphibian, and fish HspB1. Rather rarely, Arg in
the position homologous to that of Argl27 is replaced by
Lys [67]. Almeida-Souza et al. [77] analyzed the proper-
ties of these three HspB1 mutants. Unexpectedly, they
found that mutations R127W and SI135F induced
increase rather than decrease of chaperone-like activity,
and both mutants were more effective in protection of
cells against heat shock than the wild-type protein.
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Moreover, mutants R127W, S135F, and R136W had high-
er affinity to denatured protein targets than the wild-type
protein. According to Almeida-Souza et al. [77],
increased affinity to potential substrates as well as
increased chaperone-like activity and increased ability to
protect cells against heat shock can be explained by the
fact that all these mutations destabilize dimers of HspBl1
without affecting ability of HspBl monomers to form
large oligomers. Thus, all these mutations induce HspBl1
monomerization, and this process is accompanied by
increase of chaperone-like activity.

If this explanation is correct, the question arises —
why are R127W, S135F and R136W mutants having
higher chaperone-like activity and better protecting
activity than the wild-type protein able to induce differ-
ent forms of distal neuropathy? This apparent contradic-
tion can be explained by the fact that certain HspBl1
mutants (for instance, S135F) form a very tight complex
with the light component of neurofilaments, and the
complex of these two proteins forms amorphous aggre-
gates and precipitates inside the cell [73]. This suggestion
at least partially agrees with experimental data indicating
that R127W and S135F affect interaction of neurofila-
ments with kinesin, and thus affect anterograde transport
of neurofilaments in the cell [78]. This effect correlates
with increased neurofilament phosphorylation by cyclin-
dependent protein kinase Cdk5 and can be at least par-
tially reversed by selective inhibition of Cdk5 [78].
Experiments performed on transgenic mice expressing
R136W mutant indicate that these animals develop age-
dependent axonopathy with impairment of neurofilament
network and intracellular transport system. Impairments
of axon—Schwann cell interaction were also detected in
these transgenic animals [79].

Detailed investigation of the R127W and SI135F
mutants revealed that both mutant proteins tightly inter-
act with isolated tubulin and microtubules, increasing
stability of microtubules to different unfavorable factors
such as addition of nocodazole [80]. Experiments per-
formed on transgenic mice expressing SI135F mutant
indicate that in this case microtubules were less effective-
ly acetylated, but had increased stability [81]. It was
hypothesized that the analyzed HspBl mutant tightly
interacts with microtubules and significantly increases
their stability. Over-stabilized microtubules affect normal
transport processes in the cell, and this induces compen-
satory activation of deacetylases and deacetylation of
tubulin, dramatically decreasing stability of microtubules,
which cannot be overcome even by the presence of HspBl1
mutants [82]. As a result, microtubules are depolymer-
ized, thus leading to impairment of axonal transport and
onset of symptoms of distal neuropathy. Thus, experi-
ments performed on isolated proteins, on cultured cells,
and with transgenic animals indicate that R127W, S135F,
and RI136W mutants form stable complexes with
cytoskeletal proteins (intermediate filament proteins and
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tubulin), and this can be one of the reasons inducing neu-
ropathy. Moreover, S135F mutant of HspB1 interacts
with another small heat shock protein, HspB8, more
tightly than the wild-type HspB1 [83]. This tight interac-
tion can lead to predominant binding of HspB8 to mutat-
ed HspB1, thus preventing normal functioning of HspBS§
in the cell.

Mutations R140G and K141Q are associated with
comparably late (more than 30 years) onset of symptoms
of hereditary distal motor neuropathy [68, 84]. Both
residues are highly conservative and are preserved with
minimal replacements in the primary structure of mam-
malian, avian, reptile, amphibian, and fish HspB1 [67].
In vitro, both mutants have lower thermal stability than
the wild-type HspB1 [85]. Oligomeric structure of K141Q
mutant is practically identical to that of the wild-type
protein. At the same time, the R140G mutant is present-
ed in the form of a mixture of small oligomers (dimers and
tetramers) and very large oligomers (or aggregates), which
are larger than the corresponding oligomers of the wild-
type protein [44, 85]. The wild-type protein is able to pre-
vent aggregation of R140G mutants either forming mixed
oligomers or by its chaperone-like activity. Chaperone-
like activity of the K141Q mutant is similar to that of the
wild-type protein. In addition, it forms heterooligomers
with another small heat shock protein, HspB6, which are
similar to those formed by the wild-type HspB1. In con-
trast, the R140G mutant has much lower chaperone-like
activity and much less effectively interacts with HspB6
than the wild-type HspB1 [85].

Summarizing, we conclude that mutations of the
central part of the a-crystallin domain affect the region of
intersubunit contacts formed by two antiparallel B7
strands belonging to two neighbor monomers of HspB1
(see the model structure presented in Almeida-Souza et
al. [77] and Nefedova et al. [85]). Mutations R127W,
S135F, and R136W destabilize intersubunit contacts, and
according to the literature data induce HspB1 monomer-
ization [77]. Monomers of HspBl1 mutants have high
affinity to certain cytoskeletal proteins and other small
heat shock proteins, thus gaining negative functions lead-
ing to cytoskeleton damage and inactivation of other small
heat shock proteins. Mutation R140G is located in a so-
called hot spot, i.e. in a position that induces dramatic
changes of the structure and properties of not only HspB1,
but also of many other small heat shock proteins. Indeed,
mutation of residues located in the position homologous
to R140 of HspBI1 is accompanied by a number of differ-
ent congenital diseases. For instance, mutations
R116C/H of HspB4 are associated with cataract [86, 87],
mutation R120G of HspBS5 is associated with cataract,
myofibrillar myopathy and certain forms of cardiomyopa-
thy [88, 89], and finally mutation K141E/N/T in HspB§
is associated with hereditary distal motor neuropathy or
CMT disease [75, 90]. The corresponding residues of Arg
(or Lys) participate in formation of salt bridges with nega-

BIOCHEMISTRY (Moscow) Vol. 80 No. 13 2015



SMALL HEAT SHOCK PROTEINS AND DISTAL HEREDITARY NEUROPATHIES

tively charged residues of the neighboring monomer and
thus stabilize the whole structure of sHsp oligomers. This
probably is the reason why the R140G mutation of HspB1
is accompanied by formation of equilibrium mixture of
small and large oligomers tending to further aggregation.
Significant changes induced by the R140G mutation are
accompanied by decrease of chaperone-like activity and
modification of interaction of HspB1 with other small
heat shock proteins. Unexpectedly, mutation of the neigh-
boring residue (K141Q) induces much less pronounced
effects on the structure and properties of HspB1. This can
be due to the fact that the K141 residue, although partici-
pating in formation of stabilizing intersubunit salt bridge,
is located on the periphery of the interface, and therefore
induces less pronounced effect than the neighboring R140
residue [85]. Nevertheless, mutation K141Q, as well as
R140G mutation, is accompanied by decrease of thermal
stability of HspB1 [85].

Recently, new data on the structure and properties of
HspB1 mutants with replacements in the C-terminal end
of the crystallin domain and in the C-terminal domain
were published (figure). Mutation T164A is located in the
last (ninth) B-strand of the crystalline domain. This
residue is conserved in primary structure of HspB1 from
many mammals, birds, reptiles, amphibians, and fishes
[91]. Mutation T164A was detected in a Han Chinese
patient living on Taipei [91]. This mutation was accom-
panied by the onset of symptoms at early age and was
accompanied by sensitivity loss and atrophy of muscles of
upper and lower extremities [92]. Mutations T180I,
P182L/S, and R188W are localized in the flexible C-ter-
minal domain of HspB1. The T180 residue is rather con-
servative and is conserved in the primary structure of
mammals, birds, and reptiles, but it is replaced by Ser,
Ala, Asn, Ile, or Val in certain amphibian and fish HspB1
[67]. Residue P182 is highly conservative and is preserved
in the primary structure of practically all analyzed animal
species [67]. Finally, residue R188 is not very conservative
and is conserved in practically all analyzed mammalian
HspB1, but is replaced in the primary structure of other
animal species. Most of the C-terminal mutations are
characterized by dominant inheritance, and the onset of
the first symptoms is detected at early age (less than 18
years). Mutation T180I is associated with symptoms of
distal hereditary neuropathy [69] or CMT disease of the
second type [93]. Mutation P182L/S is accompanied by
very early (less than 5 years) or early onset of symptoms of
hereditary distal neuropathy [73, 75, 94]. Finally, muta-
tion R188W is associated with early (less than 10 years)
onset of symptoms of CMT?2 disease [69].

Investigation of the physicochemical properties of
the T164A and P182S mutants revealed significant
decrease of their thermostability [91]. Oligomers formed
by the T164A mutant are rather unstable and tend to dis-
sociate. At the same time, mutation P182S leads to for-
mation of very large oligomers tending to association. It is
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worthwhile to mention that the P182S mutant was able to
form mixed oligomers with the wild-type HspB1, having
higher thermal stability and lower tendency to aggrega-
tion than the isolated P182S mutant [91]. Chaperone-like
activity of the T164A and T180I mutants was comparable,
although slightly lower than that of the wild-type HspB1.
The R188W and especially P182S mutant had significant-
ly lower chaperone-like activity than the wild-type
HspBI1 [91].

In experiments performed on the cell level, the
P182L mutant had chaperone-like activity comparable
with that of the wild-type protein and was nearly as effec-
tive as the wild-type protein in cell protection against
thermal shock [77]. At the same time, expression of the
P182L mutant was accompanied by accumulation of
insoluble aggregates, increased level of phosphorylation,
and impairment of neurofilament transport and damages
of the neurofilament network [78]. In addition, this
mutation was accompanied by changes in the intracellu-
lar location of dynactin p150 component and synaptotag-
min [95]. Japanese investigators also suppose that the
P182S mutation is accompanied by damage of the neuro-
filament network [94]. Data on the effect of the P182L
mutation on the microtubular system are rather contra-
dictory. Experiments performed on the cell level indicate
that this mutant does not interact with microtubules, and
in the contrast to the S135F and R136W mutants does not
affect extent of tubulin acetylation [80]. At the same time,
experiments performed on transgenic animals indicate
that the P182L mutation is accompanied by decrease of
the level of tubulin acetylation, and symptoms associated
with this mutation are partially or completely prevented
by utilization of deacetylase inhibitors [81].

At present, it is rather complicated to give a detailed
description of the molecular bases underlying neurode-
generative diseases associated with mutations in the C-
terminal domain of HspB1. This is due to the fact that at
present there are no detailed data concerning location of
this part of the molecule in large HspB1 oligomers.
However, the literature data [17, 96-98] indicate that the
conservative tripeptide I-P-I1(V) located in the unordered
C-terminal domain of a-crystalline (and probable
HspB1) can interact with the hydrophobic groove formed
by B4 and B8 strands of the same or of the neighboring
monomer. It is probable that due to this fact mutation of
the P182 residue located in the middle of this conservative
tripeptide induces dramatic changes in the oligomeric
structure of HspBI, its chaperone-like activity, and its
ability to interact with other protein targets and protein
partners. It is possible that this explanation is also appli-
cable for the T180I mutation. Indeed, the T180 residue
borders with the conservative tripeptide I-P-V of HspB1,
and replacement T180I leads to formation of a hydropho-
bic cluster consisting of three consecutive isoleucine
residues. As already mentioned, the T164A mutation is
located in the middle of the 39 strand and probably affects
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Domain location and some properties of HspB1 point mutants associated with different forms of distal neuropathies

Mutation Oligomeric state Chaperone-like activity Further properties
N-terminal domain
G34R large stable oligomers (in vitro) depends on the nature of substrate | increased resistance to chymotrypsinolysis,
and is usually decreased (in vitro) decreased dissociation induced by MAP-
KAP2 phosphorylation [70]
P39L large stable oligomers (in vitro) depends on the nature of substrate | increased resistance to chymotrypsinolysis,
and is usually decreased (in vitro) decreased dissociation induced by MAP-
KAP2 phosphorylation [70]
E42K large stable oligomers (in vitro) depends on the nature of substrate | increased resistance to chymotrypsinolysis,
and is usually decreased (in vitro) decreased dissociation induced by MAKAP2
phosphorylation [70]
G84R large oligomers tending to dissocia- | slightly decreased (in vitro) [71] increased tendency to dissociation upon
tion upon dilution (in vitro) [71] phosphorylation by MAPKAP2 [71]
a-Crystallin domain
L99M large oligomers tending to dissocia- | slightly decreased (in vitro) [71] increased tendency to dissociation upon
tion upon dilution (in vitro) [71] phosphorylation by MAPKAP2 [71]
R127W | large oligomers with modified effective heat-shock protection, increased affinity to tubulin, stabilization
intermonomer contacts increased chaperone-like activity of microtubules (in vivo) [76]
(in vivo) [76]
S135F large oligomers with modified effective heat-shock protection, increased affinity to tubulin, stabilization
intermonomer contacts increased chaperone-like activity | of microtubules (in vivo) [76]
(in vivo) [76]
R136W | large oligomers with modified effective heat-shock protection, increased affinity to tubulin, stabilization
intermonomer contacts increased chaperone-like activity of microtubules (in vivo) [76]
(in vivo) [76]
R140G | unstable oligomers and aggregates | significantly decreased (in vitro) increased susceptibility to trypsinolysis
(in vitro) [84] [84] (in vitro) [84]
K141Q | large stable oligomers similar to similar to that of the wild-type pro- | minimal differences comparing with the
those formed by the wild-type tein (in vitro) [84] wild-type protein [84]
protein (in vitro) |84]
T164A large oligomers tending to dissocia- | similar that of the wild-type pro- decreased thermal stability [90]
tion upon dilution (in vitro) [90] tein (in vitro) [90]
C-terminal domain
T180I large stable oligomers similar to slightly decreased (in vitro) [90] increased thermal stability (in vitro) [90]
that of the wild-type protein (in
vitro) [90]
P182L/S | very large oligomers tending to significantly decreased (in vitro) induction of neurofilaments aggregation (in
aggregation (in vitro/in vivo) [90]/similar to the wild-type pro- | vivo) [94];
[90, 94] tein (in vivo) [76] increased phosphorylation extent and dam-
age of intracellular transportation of neuro-
filament squiggles (in vivo) [77]
R188W | large stable oligomers (in vitro) [90] | significantly decreased (in vitro) minimal changes comparing with the wild-

[90]

type protein [90]
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orientation and flexibility of the C-terminal domain.
Perhaps this is the reason why the T164A mutation
induces significant destabilization of HspB1 oligomeric
structure. The residue R188 is located in the very C-ter-
minal end of HspB1. This part of the molecule has high
mobility [99] and plays an important role in the interac-
tion of small heat shock proteins with target proteins
[100, 101]. Therefore, it seems probable that replacement
of arginine by bulky and hydrophobic tryptophan can
change the interaction of HspB1 with different partners
and protein targets.

Let us try to compare experimental data obtained on
different mutants of HspB1. Mutations in the N-terminal
domain (G34R, P39L, E41K) are accompanied by
increased stability of homooligomeric complexes formed
by HspB1, resulting in hampering of phosphorylation-
induced dissociation of large oligomers (table). These
effects modify many important properties of HspB1 and
can be one of the reasons leading to onset of symptoms
characteristic for neuropathy. On the contrary, mutations
in the C-terminal part of the N-terminal domain and in
the beginning of the crystalline domain (G84R, L99M)
induce destabilization of HspB1 oligomers and certain
decrease of chaperone-like activity of HspB1 (table).
These effects can also induce different types of neuropa-
thy. Mutations in the central part of the crystalline
domain (R127W, S135F, R136W) induce modification of
intersubunit interactions inside of large oligomers and
often lead to increase of affinity of HspBI1 to certain tar-
get proteins (for instance, tubulin) (table). This affects
the normal process of microtubule polymerization/
depolymerization, thus leading to damage of axonal
transportation and neuron death. The point mutation
R140G affecting positively charged Arg residue involved
in intersubunit interaction leads to dramatic changes of
HspB1 structure and to significant decrease of chaper-
one-like activity (table). Mutation T164A in the C-termi-
nal domain (like mutation L99M in the N-terminal end
of the crystalline domain) is accompanied by destabiliza-
tion of the quaternary structure of HspB1 (table). As
already mentioned, the C-terminal domain plays an
important role in stabilization of the quaternary structure
and participates in the interaction of HspB1 with differ-
ent protein targets and protein partners. Therefore, muta-
tions in this domain lead to decrease of the chaperone-
like activity (P182L/S, R188W) and to formation of large
oligomers (aggregates) of very large size (P182L/S)
(table). All these events affect cell homeostasis, leading to
neuron death and neuropathy onset.

MUTATION OF SMALL HEAT SHOCK PROTEIN
HspB3 AND AXONAL NEUROPATHY

One HspB3 mutation associated with inherited
axonal predominantly motor neuropathy is described in
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the literature [102]. In this case, Arg7 is replaced by Ser
(R7S mutation). Most human small heat shock proteins
(except of HspB8) contain positively charged residues in
position homologous to that of R7 of HspB3 [67].
Therefore, one can suggest that replacement of positively
charged arginine by the neutral polar serine residue some-
how affects the structure and properties of this protein.
Unfortunately, at present, the structure and properties of
HspB3 have been investigated very superficially. It is
known that in contrast to other human small heat shock
proteins, HspB3 tends to form trimers, and although pos-
sessing general chaperone-like activity, it prevents aggre-
gation of only certain (far from all) protein substrates
[103]. Functions of this protein also remain poorly inves-
tigated; however, it is known that this protein can form
heterooligomers consisting of 4, 8, 12, 16, 20, or 24 sub-
units with the small heat shock protein HspB2. In all
cases, the stoichiometry HspB2/HspB3 is 3/1 [104].
HspB2 is also investigated very superficially [105], but it is
supposed that this protein binds and regulates activity of
myotonic dystrophy protein kinase [106]. We suppose
that mutation R7S of HspB3 somehow affects its interac-
tion with HspB2, and this modulates protein kinase activ-
ity or chaperone-like activity of HspB3 itself.

MUTATIONS OF SMALL HEAT SHOCK PROTEIN
HspB8 AND HUMAN NEUROPATHIES

Three point mutations — KI141E, K14IT, and
K141N — have been described for HspB8, all these muta-
tions being accompanied by replacement of the same
K141 residue [75, 90, 107, 108]. It seems that all these
mutations are dominantly inherited and are accompanied
by comparatively early (14-15 years) onset of symptoms
of hereditary distal muscle dystrophy or different forms of
CMT disease [67]. Residue K141 of HspB8 is located in
the center of the B7 strand in position homologous to
R116 of aA-crystallin (HspB4), R120 of aB-crystallin
(HspB5), or R140 of HspB1. As mentioned earlier, these
mutations are associated with cataract (HspB4), cataract,
myofibrillar myopathy, and certain forms of cardiomyo-
pathy (HspB5), and distal neuropathy (HspB1). These
residues play a key role in formation of the intersubunit
contact forming a salt bridge with negatively charged
residues of the neighboring subunit [85, 109]. Mutation
K141E and especially double mutation K137E+K141E
lead to destabilization of HspBS8 structure and increases
its susceptibility to proteolysis [110, 111]. In addition,
mutation K141E is accompanied by decrease of chaper-
one-like activity with certain model substrates [111].

Expression of fluorescent chimeras of mutated forms
of HspB8 in COS cells was accompanied by accumula-
tion of protein aggregates [90]. However, the changes in
solubility and increased tendency to aggregation are not
the sole reasons inducing pathological phenomena.
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Expression of mutated HspB8 in motor neurons was not
accompanied by accumulation of aggregates of mutated
HspB8, but they lead to neurite degeneration [112]. This
effect was highly specific and was not detected in primary
glial cells and in sensory or cortical neurons [112]. These
effects can be explained by specific recognition and inter-
action of mutated HspB8 with certain specific protein
targets of the cell. It was found that HspB8 mutations are
accompanied by decrease of mitochondria membrane
potential and inhibition of autophagy, providing for selec-
tive proteolysis of improperly folded proteins [113-115].
There are at least two reasons explaining inhibition of
autophagy. First, mutation of the K141 residue decreases
interaction of HspB8 with adapter protein Bag3, partici-
pating in regulation of autophagy [116, 117]. Second,
HspB8 mutations disturb transportation of lysosomes to
autophagosomes [114], i.e. affect intracellular transport
processes. Ddx20/Gemin3, RNA-helicase interacting
with specific protein (so-called survival-of-motor-neu-
rons protein, SMN protein) can be another protein part-
ner of HspB8. Both proteins (Ddx20/Gemin3 and SMN)
participate in formation of spliceosome and pre-mRNA
processing [118]. Mutant forms of HspBS8 especially
actively interact with Ddx20/Gemin3. Interaction of the
wild-type HspB8 with Ddx20/Gemin3 does not depend
on the presence of RNase, whereas interaction of mutat-
ed HspB8 with Ddx20/Gemin3 is RNase-dependent
[119]. This might indicate that the wild-type HspBS8 in
the complex with Ddx20/Gemin3 somehow protects
RNA from RNase, whereas the HspB8 mutants are lack-
ing this property. Other small heat shock proteins can also
be potential partners of HspB8. The literature data [83]
indicate that HspB8 mutants form tight complexes with
HspB1 and HspB5 (aB-crystallin). These tight interac-
tions can lead to sequestration of HspB8 in its complexes
with two other small heat shock proteins, thus leading to
HspB8 depletion, which being in the complex with other
small heat shock proteins will not be able to participate in
normal processes in the cell. This can induce different
pathologies.

Different forms of CMT disease and hereditary dis-
tal neuropathy form a wide group of diseases with differ-
ent etiology, different time of onset of symptoms, and dif-
ferent severity. The most probable reason leading to
CMT?2 is impairment of different intracellular transport
processes, which can be due to damages caused by muta-
tions of special motor or adapter proteins involved in
organelle traffic inside the cell, by damages of cytoskele-
ton, or by impairment of energy supply for transport
processes. Many proteins are involved in trafficking, and
therefore certain changes of the structure of these pro-
teins or their intracellular distribution can have severe
consequences. Small heat shock proteins are involved in
proteostasis, in other words, they control proper protein
folding and participate in renaturation of partially dena-

NEFEDOVA et al.

tured proteins as well as in elimination of proteins that
cannot be renatured. Since the small heat shock proteins
interact with a huge number of different proteins and par-
ticipate in the control of many intracellular processes,
point mutations of the small heat shock proteins often are
associated with different forms of neuropathy. Mutations
can be associated with the loss of certain useful properties
(for instance, decrease of chaperone-like activity, inabili-
ty to interact with certain protein targets or protein part-
ners) or with gaining of new detrimental properties (for
instance, to increased interaction with old or new protein
targets or formation of oligomers tending to aggregate).
The quaternary structure of small heat shock proteins is
rather complicated, and, therefore, mutations can evoke
very different changes in the oligomeric state of these pro-
teins as well as in their ability to interact with different
protein partners. Therefore, the search for new methods
for medical treatment of different congenital disease
should be based on careful examination of each mutation,
and success in treatment can be achieved only in the case
of detailed investigation both on the level of isolated pro-
teins and on the cell and tissue levels.

This investigation was supported by the Russian
Science Foundation (project No. 14-35-00026).
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