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ptineurin shows reversibility from
unfolded states and exhibits chaperone-like
activity†

Anjali Dixit, a Ankan Chakraborty, a Jyoti Rani Nath, b Pramit K. Chowdhury b

and Bishwajit Kundu *a

Optineurin (OPTN) is a multifunctional, ubiquitously expressed cytoplasmic protein, mutants of which are

associated with primary open-angle glaucoma (POAG) and amyotrophic lateral sclerosis (ALS). The most

abundant heat shock protein crystallin, known for its remarkable thermodynamic stability and

chaperoning activity, allows ocular tissues to withstand stress. The presence of OPTN in ocular tissues is

intriguing. Interestingly, OPTN also harbors heat shock elements in its promoter region. Sequence

analysis of OPTN exhibits intrinsically disordered regions and nucleic acid binding domains. These

properties hinted that OPTN might be endowed with sufficient thermodynamic stability and chaperoning

activity. However, these attributes of OPTN have not yet been explored. Here, we studied these

properties through thermal and chemical denaturation experiments and monitored the processes using

CD, fluorimetry, differential scanning calorimetry, and dynamic light scattering. We found that upon

heating, OPTN reversibly forms higher-order multimers. OPTN also displayed a chaperone-like function

by reducing the thermal aggregation of bovine carbonic anhydrase. It regains its native secondary

structure, RNA-binding property, and melting temperature (Tm) after refolding from a thermally as well as

chemically denatured state. From our data, we conclude that OPTN, with its unique ability to revert from

the stress-mediated unfolded state and its unique chaperoning function, is a valuable protein of the

ocular tissues.
1. Introduction

Optineurin is a 67 kDa cytoplasmic protein expressed ubiqui-
tously in various tissues.1,2 The name ‘Optineurin’ has been
derived from OPTIc NEURopathy INducing protein. The
mutants of OPTN are linked with primary open-angle glaucoma
(POAG), a pathological condition that causes irreversible
blindness.3,4 OPTN has been suggested as a neuroprotective
protein.5 Two mutants of OPTN, the E478G, and Q398X, are
found associated with a neurodegenerative disease called
amyotrophic lateral sclerosis (ALS).6

Besides its disease association, OPTN is a versatile protein
that participates in numerous biological functions. It serves as
a prominent autophagy adaptor protein by binding to the
cargoes, promoting their fusion with autophagosomes, before
their degradation.7 It also plays a role in golgi maintenance and
vesicular trafficking.8,9 The POAG-associated E50K mutant cau-
ses failure in the transport of cargos, golgi fragmentation, and
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apoptotic cell death.10 OPTN also negatively regulates TNF-
a mediated NF-kB activation, inhibits necrosis, and provides
cellular protection.11,12 Structurally it is composed of a leucine
zipper motif, a zinc nger motif, a ubiquitin-binding domain
(UBD), multiple coiled–coiled motifs, and an LC3-interacting
region (LIR).1 Each of these domains enables OPTN to bind to
several other proteins such as Rab8, TANK binding kinase-1
(TBK1), Myosin VI, Huntington, serine/threonine kinase
receptor-interacting protein 1 (RIP1), etc.11,13–15 OPTN has been
proposed to provide cytoprotection against toxic aggregates of
mutant huntingtin and mutant ataxin-3.16 It was also reported
that the ALS-associated mutants of OPTN promotes the aggre-
gation of ubiquitinated TDP-43.17 Besides, OPTN also
undergoes post-translation modication, which helps down-
stream signalling.18 Reports suggest that OPTN is expressed in
ocular tissues and eye lenses.2 While extensive research has
been done to date to elucidate the function of OPTN in glau-
coma and/or ALS, no group has yet focused on the possible role
of OPTN in terms of its thermal stability and chaperoning
activity in other tissues.

Crystallins are highly stable lens proteins formed and
maintained over a lifetime.19 They exhibit exceptional stability
and maintain solubility even under extreme environmental
conditions such as UV radiation, dryness, and elevated
RSC Adv., 2023, 13, 6827–6837 | 6827
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temperature.18,19 Owing to the presence of heat shock elements
in their genes' promoter region, they are also categorized as
small heat shock proteins (HSPs).19,20 Another class is the 70
kDa heat shock family of molecular chaperones. These are
ubiquitously expressed in various tissues, including the ocular
tissues, and are highly conserved.21,22 HSPs are upregulated in
response to stress and play critical roles in multiple cellular
events like protein folding, protein translocation, and protein
degradation.23

Interestingly, heat shock elements have also been identied
in the promoter sequence of OPTN.1 These heat shock elements
might upregulate OPTN transcription in response to environ-
mental stress. We hypothesize that OPTN, with its multi-
domain, multi-interactive property, might function as a stress-
related protein that works as a chaperone to protect the
ocular and other tissues from UV, temperature, and other
stress-related damages.

To test this hypothesis, we studied the thermodynamic
properties of OPTN, which could shed some light on its
importance in different tissues. Here we show that OPTN is
reversible from thermally or chemically denatured states
allowing it to act as a sink to withstand various cellular stress.
We also demonstrated a chaperone-like activity of OPTN,
making it a crucial protein for eye lens and other tissues.
Together our study highlights OPTN as a stress-tolerant,
chaperone-like protein, ubiquitously present in different
tissues which equip the cells to survive environmental
stresses.
2. Results
2.1 Purication and identication of optineurin

The His-tagged human OPTN was expressed and puried from
BL21-gold (DE3) E. coli cells using the Ni-NTA affinity chroma-
tography following standard protocol. The fractions were eluted
by running a linear gradient from 50–500 mM imidazole
concentration. A single band close to 70 kDa, equivalent to
OPTN molecular weight of 67 kDa was observed on SDS-PAGE
(Fig. 1A). The identity of this protein was conrmed by mass
spectrometry and peptide mass ngerprinting analysis
Fig. 1 Purification of optineurin: (A) SDS PAGE of Ni-NTA affinity chroma
2–6: protein eluted at different imidazole concentration (50–500 mM).
weight determination is provided in the inset, with the latter representing
(66 kDa), amylase (200 kDa), apoferritin (443 kDa) and thyroglobulin (66

6828 | RSC Adv., 2023, 13, 6827–6837
(Fig. S1†). The protein was analyzed by passing it through
a Superdex 200 gel ltration column. Two peaks observed at
9.1 ml and 10.1 ml, respectively, corresponded to approximately
450 kDa and 700 kDa, indicating OPTN's natively hexameric or
decameric nature (Fig. 1B).
2.2 Structural changes in OPTN upon thermal denaturation

The structural content and thermal stability of OPTN were
studied using circular dichroism spectroscopy. The CD spec-
trum of OPTN under native conditions showed two minima at
208 nm and 222 nm, representing a predominantly a-helical
secondary structure. The secondary structural content esti-
mated using the K2D3 soware yielded ∼68% helix and 9% b-
sheet.24 Upon gradually heating the protein at an increment of
2 °C, unfolding commences around 30 °C. Further increase in
temperature resulted in a gradual decrease in the CD signal
representing progressive unfolding. Nearly overlapping curves
were obtained over the temperature range of 66–70 °C, signi-
fying the completion of the unfolding transition, thereby giving
rise to the denatured ensemble (Fig. 2A). We also observed an
isodichroic point at 202 nm, suggestive of a two-state transi-
tion.25 The apparent thermodynamic parameters were obtained
by tting the CD-based thermal unfolding data to eqn (3) with
the thermodynamic parameters provided in Table 1. Tm, the
midpoint of thermal denaturation, was found to be ∼46.4 °C
(Fig. 2D).

Temperature-mediated denaturation of OPTN using differ-
ential scanning calorimetry (DSC) was also performed. The Tm
calculated from the curve was 46.9 ± 0.07 °C (Fig. 2E), close to
that obtained from the equilibrium unfolding experiments.

To study whether the thermally denatured OPTN forms any
oligomers, we measured its hydrodynamic radius using DLS
aer heating at various temperatures. The native OPTN at 25 °C
displayed a size of around 6.5 nm. Above this temperature,
a gradual increase in the size was observed. At 60 °C, the protein
appeared to distribute into two distinct populations, one below
100 nm and another above 500 nm. At 70 °C a remarkable
increase in the size of OPTN was observed, suggestive of the
formation of very large oligomers (Fig. 2G).
tography eluted fractions, lane 1: protein molecular weight marker, lane
(B) Gel filtration chromatogram of OPTN. Standard plot of molecular
the molecular weights of bovine carbonic anhydrase (29 kDa), albumin
9 kDa), respectively.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Structural changes in optineurin upon thermal unfolding and reversibility; (A) CD spectra of OPTN upon gradually increasing the
temperature from 10 °C to 70 °C. (B) CD spectra of OPTN on gradually cooling the temperature from 70 °C to 10 °C. (C) Secondary structure
comparison of native and refolded OPTN after thermal denaturation. (D) Change in the a-helical signal at 222 nm upon thermal unfolding (black)
and refolding (red). (E) DSC thermogram of OPTN. (F) Subsequent DSC thermograms of OPTN after cooling it from 70 °C, rescan 1 (black) and
rescan 2 (red). (G) Hydrodynamic radius of OPTN at different temperatures obtained from DLS. (H) A plot of hydrodynamic radius as a function of
temperature obtained at different temperatures between 25 °C to 65 °C upon heating (red) and cooling (black).

© 2023 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2023, 13, 6827–6837 | 6829
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Table 1 Thermodynamic parameters for equilibrium unfolding or
refolding by thermal denaturation (the estimated error values are
within <±5%)

Tm (°C) 46.4 � 0.2
DH (kcal mol−1) 63.1 � 0.8
DCp (kcal K−1 mol−1) 2.7 � 0.1
DS (kcal K−1 mol−1) 0.20 � 0.01
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2.3 Structural reversibility of OPTN from the thermally
denatured state

When OPTN was cooled gradually from the 70 °C state, the CD
spectrum started showing some secondary structural signatures
below 60 °C. When the temperature was lowered further to 40 °
C, a reversal of the CD signal was observed. Further reduction of
temperature to 10 °C resulted in a near complete renaturation
with the spectrum resembling that of the native protein
(Fig. 2B). An isodichroic point was also obtained upon refold-
ing. Structural content of the refolded protein was estimated to
be 68% a-helix and 9% b-sheet respectively, close to that of the
native protein before thermal denaturation (Fig. 2C).
Fig. 3 Chemical denaturant-induced conformational changes of OPTN;
OPTN in the presence of urea and GdHCl respectively, cm is represented i
the secondary structure comparison of native and refolded OPTN after c
refolded (red).

6830 | RSC Adv., 2023, 13, 6827–6837
The ability of OPTN to undergo complete refolding was also
conrmed by performing DSC on the protein that was cooled to
25 °C aer heat treatment. Two subsequent scans were taken
from which Tm values of 44.85 ± 0.04 °C and 44.15 ± 0.05 °C
were obtained (Fig. 2F). These values are close to that of the
native protein, further conrming signicant reversibility.

We also measured the change in the size of OPTN with the
reduction in temperature using DLS. Upon cooling from 70 °C
the oligomers started dispersing into smaller-sized ensembles.
When cooled down to 25 °C, the hydrodynamic radius of the
protein resembled the size of the native protein, conrming
complete reversibility (Fig. 2H).

2.4 Equilibrium unfolding and refolding of OPTN by
chemical denaturation monitored by CD spectroscopy

OPTN was subjected to different concentrations of urea (0–7 M)
and GdHCl (0–5 M) and its unfolding transition was plotted
using the CD signal at 222 nm as a function of urea or GdHCl
and tted using eqn (7) (see materials and methods). Similarly,
a refolding curve was obtained by a stepwise dilution of the
denaturant (Fig. 3). Complete unfolding of OPTN was observed
(A) and (C) represents the unfolding (black) and refolding (red) curves of
n the inset by the first derivative of the unfolding curve. (B) and (D) show
hemical denaturation from urea and GdHCl respectively, native (black),

© 2023 The Author(s). Published by the Royal Society of Chemistry
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in the presence of 5 M urea or 4 M GdHCl. They showed
reversible sigmoidal transitions that could be tted to a two-
state model (Fig. 3A and C). Size exclusion chromatography
performed at different denaturant concentrations resulted in
gradual shiing of the primary hexameric peak to more
expanded species (Fig. S3†). This is an interesting observation
as it suggests that the hexameric OPTN is resistant to
denaturant-mediated disassembly into monomeric subunits.
The inability to dissociate into monomeric subunits (which
should have appeared at a much higher elution volume)
Table 2 Thermodynamic parameters for equilibrium unfolding or
refolding during chemical denaturation, where DG(H2O) is the free
energy of unfolding in the absence of any denaturant andm is slope of
the dependence of the change in free energy on concentration and cm
is the concentration of denaturant at the midpoint of transition (the
estimated error values are around ±5%)

Denaturant DG(H2O) (kcal mol−1) m (kcal mol−1 M−1) cm (M)

Urea 1.69 � 0.08 0.76 � 0.04 2.22 � 0.11
GdHCl 1.62 � 0.08 1.20 � 0.06 1.33 � 0.06

Fig. 4 Tryptophan fluorescence quenching of OPTN upon binding to RN
by RNA in natively folded OPTN (B) Stern–Volmer plot of OPTN quenchin
(D) are the plots of log(F0–F)/F vs. log[Q] of native OPTN and refolded O

© 2023 The Author(s). Published by the Royal Society of Chemistry
indicates that all denaturant-mediated transitions induce
a conversion from the native hexameric (n = 6) to unfolded
hexameric (n = 6) state. Based on this, we have analysed our
data considering no change in the assembly of the protein and
using a two-state model. The cm values for urea-induced
unfolding and refolding were found to be 2.22 ± 0.11 M and
1.72 ± 0.11 M, respectively, as calculated from the rst deriva-
tive of the unfolding transition curves (Fig. 3A, inset). Similarly,
the GdHCl-induced unfolding and refolding yielded the cm
values of 1.33 ± 0.06 M and 1.39 ± 0.07 M, respectively (Fig. 3C,
inset). The free energy of the unfolding reaction [DG(D)] as
a function of the denaturant was calculated using eqn (8) (see
materials and methods). Extrapolation of the curve to 0 M
denaturant yielded the DG(H2O) values of ∼1.7 kcal mol−1 and
∼1.6 kcal mol−1 for urea and GdHCl, respectively (Table 2).

m-values have been shown to have a strong correlation with
the change in accessible surface area (DASA)of proteins in
general, with larger DASA resulting in larger m-values.26 For the
450 kDa hexameric OPTN, the m-value obtained for both urea
and GdHCl are quite less as compared to that of a 450 kDa
monomeric protein, implying that the oligomeric nature of the
A (Q); (A) represents the Stern–Volmer plot of OPTN quenching caused
g caused by RNA in refolded OPTN after thermal denaturation. (C) and
PTN after thermal denaturation respectively.

RSC Adv., 2023, 13, 6827–6837 | 6831
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assembly prevents a signicant change in the surface area as
one progresses to the denatured ensemble. This is in further
agreement with our hypothesis that the process of chemical
denaturation does not perturb the hexameric state of OPTN.
Moreover, the higher m-value of GdHCl is in line with the fact
that GdHCl is a more potent denaturant than urea, in complete
agreement with previous literature studies.
Fig. 5 Thermal aggregation and its prevention. Light scattering profile
during thermal aggregation of BCA (3 mM) heated at 65 °C in the
absence (black) and in the presence of 0.3 mM (red), 0.75 mM (green), 6
mM (dark blue) and 7.5 mM (light blue) OPTN, respectively. OPTN alone
(magenta) 3 mM is presented for comparison.
2.5 Reversibility of RNA-binding by OPTN aer thermal
denaturation

Fluorometric titration was performed with RNA against 7.5 mM
OPTN. We observed a quenching in the intrinsic uorescence of
OPTN with increasing concentrations of RNA. From the Stern–
Volmer plot, eqn (9) (see material and methods), the quenching
constant was obtained (Fig. 4A). Eqn (10) was used to calculate
the number of binding sites and the binding constant (Fig. 4C).
The number of binding sites in folded OPTN was found to be
0.94 ± 0.04. When the experiment was repeated at 60 °C with
partially denatured OPTN, we observed an inconsistent prole
that could not be tted to any binding model (Fig. S4†).
However, when cooled back to 25 °C, the refolded OPTN showed
consistent uorescence quenching with an increase in RNA
concentration, similar to the native OPTN (Fig. 4B and D). The
calculated parameters (quenching constant, binding site and
the binding constant) for heated and cooled OPTN were very
similar to that observed for the native state, suggestive of
refolding back into the native state (Table 3).
2.6 Prevention of thermal aggregation of BCA II by OPTN

To study if OPTN has any chaperoning activity, its effect on the
thermal aggregation of bovine carbonic anhydrase II (BCA II)
was monitored. BCA II when heated alone showed increased
scattering due to the formation of larger-sized aggregates.
However, aggregation decreased substantially in the presence of
different concentrations of OPTN. The lag phase of initiation of
Rayleigh scattering increased from 110 seconds for the BCA II
alone, to 140 seconds for 1 : 2 (BCAII : OPTN) ratio. Intermittent
ratios yielded intermittent results (Fig. 5). A signicant decrease
in the nal scattering value was also observed in the presence of
OPTN, suggesting a substantial reduction in aggregation.
3. Discussion

Transgenic mice expressing OPTN in the lens ber remain
localized to the lens cytoplasm.2 During early fetal development,
with the onset of ber differentiation, cells of the mammalian
eye lens lose their mitochondria, ribosomes, and nuclei.19 While
Table 3 Stern–Volmer quenching constant, binding constant and
number of binding site in native and refolded OPTN upon binding RNA

Native Refolded

KSV (mM) 0.08 � 0.001 0.13 � 0.01
K (10−6 mol L−1) 4.61 � 0.22 4.49 � 0.24
n 0.94 � 0.04 0.86 � 0.04

6832 | RSC Adv., 2023, 13, 6827–6837
this is required to maintain transparency, the cells are crippled
in their ability to synthesize or degrade proteins. In this
scenario, the presence of OPTN in the ocular tissues raised our
interest in its specic role. OPTN is also expressed in non-
lenticular tissues, and its expression increases in some neuro-
logical diseases.1,4 Very little is known about the thermody-
namic properties and function of optineurin (OPTN) in the
context of its expression in the ocular or other tissues.

Many of the designated cellular functions of OPTN are
comparable to those carried out by HSPs. Sequence alignment
of OPTN with other HSPs indicated that it does not contain the
typical a-crystallin domain (Fig. S5†). However, with its nucleic
acid (NA) binding domains, OPTN is more like the HSP 70. This
prompted us to analyze the thermodynamic parameters of
OPTN and evaluate whether it has any chaperoning activity
comparable with other HSPs.

Under physiological conditions, OPTN exhibited hexameric
assembly.27 Spectroscopic examination using CD depicted
OPTN as primarily an a-helical protein consistent with previous
reports (Fig. 2A).28 In contrast, our in silico analysis using online
disorder prediction soware like the IUPred2, PONDR, and the
PONDR-FIT suggested the presence of ∼30% intrinsically
disordered regions (IDRs) in OPTN (Fig. S2†).29–31 This differ-
ence could be because the in silico prediction considers OPTN's
monomeric form. In contrast, CD provides averaged solution
structural information where OPTN exists as an oligomer
(hexamer or decamer, also observed through GFC and DLS).
Having a well-establishedmultifunctional role, OPTN is likely to
dynamically shuffle between helical or disordered conforma-
tions, depending on whether it is involved in associative inter-
action with other partners. This nding indirectly supports that
there might be a functional similarity between OPTN and HSPs,
as IDRs have been reported in the structural core of HSP 27, 60,
70, and 90.32 They have also been found to form large oligomeric
assemblies parallel to what we found in OPTN.33
© 2023 The Author(s). Published by the Royal Society of Chemistry
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To probe the unfolding thermodynamics and nature of the
unfolding transition, we carried out equilibrium unfolding
experiments using chemical denaturants wherein oligomers
were not observed. With reversibility being observed in these
equilibrium unfolding experiments, OPTN's N / U transition
tted to a two-state model giving rise to aDG(H2O) value close to
1.60 kcal mol−1. Moreover, the fact that the DG(H2O) values are
quite close for both urea and GdHCl imply that electrostatic
interactions do not play a major role in the unfolding of OPTN,
with urea being neutral in nature, thereby providing insights
into the forces holding the hexameric assembly together.

The hydrodynamic radius of native OPTN measured through
DLS was 6.5 nm, conrming its hexameric state. The size
increases with an increase in temperature. The size ranged from
250–890 nm at 65 °C, and at 70 °C it further increased to form
poly dispersed oligomers ranging between 750–3000 nm.
Remarkably, none of these oligomers crashed out of solution.
Such heat-induced oligomeric transition has been reported for
HSP 90 above 50 °C, with oligomers remaining in solution
without precipitation.34 Interestingly, the oligomers formed by
OPTN through weak non-covalent interactions were transient
and spontaneously reverted to their native hexameric form
upon cooling. This conrmed that OPTN undergoes a reversible
thermal unfolding transition. CD and DSC experiments
conrmed the reversibility of OPTN from the heat-denatured
state. The Tm calculated from the unfolding and refolding
curves by all these techniques was found to be around 46–47 °C.
Since heat-denaturation of OPTN was always associated with the
oligomeric association, as observed from the DLS data, it was
not easy to make an accurate thermodynamic assessment of the
thermally induced unfolding transitions, in particular, the
unfolded baseline. Consequently, based on the fact that the
chemical denaturation experiments pointed towards a native
hexameric to unfolded hexameric transition (Fig. S3†), we
assumed a similar two-state transition during thermal unfold-
ing. However, it should be noted that the signal beyond 50 °C
will have appreciable contributions from the higher-order
reversible transient oligomers, thereby affecting the extracted
thermodynamic parameters. It should also be noted that
thermal denaturation of OPTN is associated with oligomeric
assembly, and therefore is a concentration-dependent
phenomenon. The thermodynamic parameters calculated here
is at one protein concentration. A thorough investigation in
future may therefore be undertaken at multiple protein
concentrations to validate these ndings.

The localization of OPTN in stress granules and the presence
of a leucine-zipper and zinc-nger domains in its structure
hinted toward its possible nucleic acid-binding function. A long
non-coding RNA MalL1 has been reported to bind and stabilize
OPTN.35 OPTN showed a good binding affinity with RNA with
a Kd of 4.61 ± 0.22 mM. Interestingly, HSP70 has also been re-
ported to bind U-rich RNA and stabilize mRNA, bringing func-
tional parallelism between the two proteins.36 The refolded
OPTN could bind RNA with almost the same affinity as the
native protein, suggesting the regaining of the conserved
nucleotide-binding domain (Fig. 4).
© 2023 The Author(s). Published by the Royal Society of Chemistry
Interestingly, the OPTN promoter showed the presence of
heat shock elements (HSEs) i.e., conserved regions which are
binding sites for heat shock factors.1 This suggests that OPTN
might be a heat shock protein (HSP) whose expression could be
elevated during heat stress. In a way, it is similar to the multiple
HSEs reported in the promoter region of HSP70.37 Based on
these similarities between OPTN and HSPs in their cellular
location, renaturation potential, multimeric nature, presence of
HSE in promoters, and other thermodynamic parameters we
were motivated to look for OPTN's chaperoning activity. The
signicant reduction in the thermal aggregation of BCA II with
increasing concentration of OPTN conrmed its chaperoning
activity. The function of OPTN is similar to the one displayed by
the N-terminal domain of Pyrococcus furiosus L-aspargainase
(NPfA), where reduction in aggregation was observed in a dose
dependant manner.38 In these experiments, although there was
an increase in the size of OPTN with temperature (analogous to
the one observed in DLS), the relatively very low concentrations
made the overall effect insignicant (Fig. S6†).

4. Conclusion

Our data reveal that the hexameric assembly of OPTN remains
intact during the large thermal and chemical denaturation
ranges employed here, signifying that over the physiologically
admissible temperature variation (which is much smaller), the
shi of OPTN from its functional form is negligible, the same
having important functional consequences for its chaperone-
like action. Therefore, we conclude that OPTN is a protein
with signicant structural reversibility aer denaturation.
OPTN is a versatile protein that could mould into a conforma-
tional multimer. We found that it interacts with RNA in its
native state and also it regains this functionality aer refolding.
Reversible thermal transition to multimeric form is of special
interest as it displays chaperone-like activity, presumably to
perform a myriad of cellular functions. The thermodynamic
properties of OPTN presented here lays the foundation for
further explorations and validation with additional experi-
ments. We also show a strong and logical correlation of its
existence in the ocular tissues, the lens, and various other
tissues where the OPTN's chaperoning and stress-absorbing
role is of special signicance.

5. Materials and methods
5.1 Purication of optineurin

The optineurin clone pDEST17-hOPTN was a gi from Jon
Ashwell (Addgene plasmid #23053; http://n2t.net/addgene:
23053; RRID: Addgene_23053). The clone was transformed
into the BL21-Gold (DE3) E. coli expression host. Cells were
grown in LB media (HiMedia, India) containing 100 mM
ampicillin (Biobasic Inc.) in an incubator shaker (New
Brunswick™ Innova® 44/44R) at 37 °C till an OD600 of 0.6,
following induction with 1 mM IPTG (Biobasic Inc.) cells were
allowed to grow further for 16 hours, before harvesting. The
protein expression was checked by boiling small culture
aliquots in an SDS-loading buffer and running on 12% SDS-
RSC Adv., 2023, 13, 6827–6837 | 6833
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PAGE. The cells were harvested by centrifugation. The pellet was
sonicated in lysis buffer (50 mM sodium phosphate, 300 mM
NaCl, and 10 mM imidazole, pH 8.0). The 6× His-tagged OPTN
was puried under native conditions using Ni-NTA affinity
chromatography. Washing and elution were done with imid-
azole concentrations ranging from 50–500 mM. Eluted fractions
showing OPTN band on SDS-PAGE were pooled and dialyzed
against 50 mM sodium phosphate and 50 mM NaCl, pH 8.0.
Dialysed sample was concentrated using a 30 kDa cut-off cen-
tricon and stored at −80 °C freezer until further use.
5.2 Thermal unfolding and refolding of OPTN

5.2.1 CD spectroscopy. The secondary structure of OPTN
was assessed by far UV CD using a spectrophotometer (J815 CD
spectropolarimeter, JASCO Corporation, Tokyo, Japan) attached
to a Peltier temperature controller unit. 3 mM protein was taken
in a 1 mm path length quartz cuvette, and spectra were accu-
mulated at 50 nm min−1 scan speed and 1 nm bandwidth.
Thermal denaturation was monitored at a scan speed of 2 °
C min−1 up to the temperature at which the unfolding baseline
begins. The temperatures ranged from 6 °C to 70 °C with an
incubation time of 2 minutes at each temperature. Similarly,
refolding was monitored by taking the scans while cooling
down from 70 °C to 5 °C with steps of 5 °C. For clarity, we have
presented the data scans of 10 °C intervals only for the CD
experiments. Comparisons were made between the ellipticities
before and aer heating.

The thermal midpoint (Tm), enthalpy (DH), and entropy (DS)
of unfolding and the change in heat capacity (DCp) were ob-
tained by tting the following equations to the data:39

y ¼ yF ðTÞ þ Keq yU ðTÞ
1þ Keq

(1)

Keq ¼ exp

�
� DGðTÞ

RT

�
(2)

DG(T) = DH + DCp(T − Tm) − T(DS + DCp ln(T/Tm)) (3)

yF(T) = aF + bF(T) (4)

yU(T) = aU + bU(T) (5)

where y is the CD spectroscopic signal, the folded and unfolded
baselines are represented by yF and yU, respectively, while the
intercepts of the pretransition and post-transition baselines are
aF and aU, with the slopes being bF and bU. Tm represents the
thermal denaturation point and the equilibrium constant for
protein unfolding is Keq. The thermodynamic parameters thus
obtained have been shown in Table 1.

5.2.2 Differential scanning calorimetry (DSC). Differential
scanning calorimetry (DSC) was performed in a MicroCal PEAQ-
DSC (Malvern Panalytical Ltd, UK) instrument. The protein
sample was prepared at a concentration of 20 mM in 50 mM
sodium phosphate, 100 mM NaCl, pH 7.4 buffer, and ltered
through a 0.2 mM syringe lter. The sample was scanned at a 2 °
C min−1 heating rate from 20 °C to 70 °C. Aer thermal
6834 | RSC Adv., 2023, 13, 6827–6837
unfolding, the reversibility of OPTN was tested by heating it to
70 °C, cooling it to 20 °C, and then scanning it back to 70 °C.
This process was repeated two times to check reproducibility.
Baseline subtraction, normalization of the protein concentra-
tion and tting of the data was done using MicroCal PEAQ-DSC
soware version 1.40.

5.2.3 Dynamic light scattering (DLS). To monitor the
average size of molecules formed upon heating of OPTN, dynamic
light scattering (DLS) experiments were carried out in a mini-
DAWN Tristar laser photometer with a Wyatt quasi-elastic light
scattering (QELS) attachment (Wyatt Technology Corp. Santa Bar-
bara, CA). The data was collected on a detector equipped with
a 682 nm laser at 90° scattering angle. A 20 mM sample was taken
in a quartz cuvette, and diffusion coefficient (DT) was measured at
different temperatures ranging from 25 °C to 70 °C with 2minutes
incubation at each temperature. Similarly, the diffusion coefficient
(DT) was monitored at different temperatures during cooling.

The Stokes–Einstein equation was used to calculate the
hydrodynamic radii (Rh)

Rh = kBT/6phDT (6)

where T is the absolute temperature, kB is Boltzman's constant,
and h is the solvent viscosity.

5.2.4 Equilibrium unfolding and refolding studies. Equi-
librium unfolding/refolding studies were performed by using
urea and guanidium hydrochloride (GdHCl). A 30 mM OPTN
stock solution was prepared in phosphate buffer (50 mM
sodium phosphate, 100 mM NaCl, pH 7.4) ltered through 0.2
mM syringe lter. Samples were prepared in varying concentra-
tions of denaturant (urea, GdHCl) which were equilibrated for
12 hours at 25 °C. Refolding studies were carried out by rst
unfolding a 30 mM OPTN solution with 6 M urea and 5 M
GdHCl, respectively, and incubating for 12 hours at 25 °C.
Unfolded OPTN was stepwise diluted in the refolding buffer
containing progressively lower concentrations of denaturant
such that a nal protein concentration of 3 mM was achieved.
The change in ellipticity was monitored and plotted.

The data obtained was tted using a two-state non-linear
regression equation, considering the pre and post-transition
baselines using the following equation;40

yobs ¼ ðyF þmF½D�Þ þ ðyU þmU½D�Þe
�
�

DG½D�
RT

þ mG½D�
RT

�

1þ e
�

�
DG½D�
RT

þ mG ½D�
RT

� (7)

where yobs is the intensity at given denaturant concentration, yF
and yU are the spectroscopic intensities extrapolated to zero
denaturant concentration for folded and unfolded states
respectively, mF and mU are the slopes of pre- and post-
transition baselines. [D] is the denaturant concentration, T is
the temperature in Kelvin and R is the gas constant. The free
energy of unfolding at any denaturant concentration is repre-
sented by DG[D]. The free energy of unfolding can also be rep-
resented by the following equation through the linear
extrapolation method;
© 2023 The Author(s). Published by the Royal Society of Chemistry
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DG[D] = DG(H2O) − m[D] (8)

Where DG(H2O) is the free energy of unfolding in the absence of
any denaturant and m is slope of the dependence of the change
in free energy on concentration.

5.2.5 Interaction of OPTN with RNA. One proposed func-
tion of OPTN is to bind RNA.35 A specic RNA sequence
5′ UGUGUGUGUGUGUGUGUGUGUGUG 3′, was custom
synthesized based on a consensus sequence to which RNA-
binding proteins like FUS and TDP43 binds.41 A stock solu-
tion of 100 mM RNA was prepared in nuclease-free water.
OPTN was taken at 7.5 mM concentration in a 1 cm quartz
cuvette as the analyte and titrated against increasing
concentrations of RNA from 0.5–15 mM, till saturation was
reached. Following excitation at 295 nm, the uorescence
emission for each sample was recorded from 310 nm to
400 nm. Tryptophan uorescence quenching of OPTN in the
presence of RNA was analysed through the Stern–Volmer
equation;42

F0

F
¼ 1þ KSV½Q� (9)

where F0 and F are the tryptophan uorescence intensities in
the presence and absence of RNA (quencher), respectively, [Q] is
the concentration of RNA, and KSV is the Stern–Volmer
quenching constant.

To analyse the binding interaction between OPTN and RNA,
the binding constant was determined from the static
quenching interaction. The following equation42 was used to
determine the equilibrium between the free and bound
species;

log
F0 � F

F
¼ log K � n log½Q� (10)

where K is the binding constant and n is the number of binding
sites.

To assess RNA binding with denatured OPTN, the uores-
cence titration experiments were simultaneously performed at
60 °C.

To assess the functional reversibility of OPTN from a ther-
mally denatured state, the heated and cooled protein was again
titrated with an increasing concentration of RNA, and the
binding constants in each case were determined as mentioned
above.

5.2.6 Chaperone activity. To evaluate the chaperoning
activity of OPTN, thermal aggregation of bovine carbonic
anhydrase II (BCA II) was monitored by light scattering in the
absence and presence of OPTN. Reaction mixtures (2 ml) of BCA
II (3 mM) alone and BCA II with different molar ratios of OPTN
(1 : 0.1, 1 : 0.25, and 1 : 2) were prepared in 50 mM sodium
phosphate, 100 mM NaCl, pH 7.4. The samples were then taken
in a cuvette and placed in a pre-heated sample chamber at 65 °C
in a PerkinElmer LS55 spectrouorometer. The Rayleigh scat-
tering was measured by keeping both the excitation and emis-
sion wavelengths at 650 nm and the excitation and emission
slits xed at 5 nm and 10 nm, respectively. Data was plotted as
a function of time.
© 2023 The Author(s). Published by the Royal Society of Chemistry
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