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We have previously shown that aB-crystallin (CRYAB), a small heat shock protein (sHsp) that prevents
irreversible aggregation of unfolded protein by an ATP-independent chaperone activity, plays a pivotal
role in the biogenesis of multipass transmembrane proteins (TMPs) assisting their folding from the
cytosolic side of the endoplasmic reticulum (ER) (D'Agostino et al., 2013). Here we present evidence,
based on phosphomimetic substitutions, that the three phosphorytable serine residues at position 19, 45

KeBywor(zsir HsoBS/CRYAB and 59 of CRYAB play a different regulatory role in this novel chaperone activity: S19 and S45 have a
;h;;y;o?y;:t/ioip / strong inhibitory effect, either alone or in combination, while S59 has not and counteracts the inhibition

caused by single phosphomimetic substitutions at S19 and S45. Interestingly, all phosphomimetic sub-
stitutions determine the formation of smaller oligomeric complexes containing CRYAB, indicating that
the inhibitory effect seen for S19 and S45 cannot be ascribed to the reduction of oligomerization
frequently associated to a decreased chaperone activity. These results indicate that phosphorylation
finely regulates the chaperone activity of CRYAB with multipass TMPs and suggest a pivotal role for S59

Chaperone activity
Multipass transmembrane proteins

in this process.

© 2016 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

CRYAB is member of the sHsp family endowed of ATP-
independent chaperone activity [1-5]. It is a 175-residues poly-
peptide that assembles into polydisperse and dynamic protein
complexes ranging between 200 and 1000 kDa [2,4,6]. The protein
consists of an N-terminal domain, a conserved central a-crystallin
domain and a short C-terminal domain [4,7]. It forms soluble
complexes with partially unfolded proteins preventing them from
irreversible aggregation (“holdase” activity) and keeping them
ready for the function of other chaperones that assist in the folding
[8]. Besides the crucial role made in the lens in association with aA-
crystallin [3], CRYAB is an extensively expressed sHsp that play a

Abbreviations: CRYAB, aB-crystallin; ER, endoplasmic reticulum; TMP, trans-
membrane protein; FEVR, Familial exudative vitreoretinopathy; MAPK, mitogen-
activated protein kinase; sHsp, small heat shock protein.
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role in a variety of cellular functions such as cell cycle, differenti-
ation, apoptosis, gene expression and has been associated with
several pathological conditions [9—14]|. This variety of functions
most likely relies upon structural and functional changes, largely
depending on post translational modifications [15]. A major role in
CRYAB function is played by phosphorylation occurring at three
serine residues at positions 19, 45 and 59 of the N-terminal domain
[16,17]. S45 (and possibly S19) is phosphorylated by ERK1/2 and
S59 by p38-mitogen-activated protein kinase (MAPK) [16,18,19].
The effect of phosphorylation of these serines on the chaperone
activity of CRYAB is disputed, and several examples of increased as
well as decreased activity have been reported [15,17,19—24]. It is
agreed that phosphorylation (or pseudo-phosphorylation) leads to
the formation of smaller oligomeric complexes that exhibit higher
dynamic of subunit exchange and several reports ascribe the
decreased chaperone activity to the smaller size of the oligomers
[23—25]. In contrast, it has been proposed that phosphorylation-
dependent induction of small oligomeric structure enhanced
CRYAB chaperone activity by increasing binding affinity for target
proteins [17,26]. In particular, it was shown that phosphorylation
increases the rate of CRYAB subunit exchange influencing its flex-
ibility and determining structural changes that lead to expose more
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substrate binding sites, eventually enhancing the chaperone ac-
tivity. Therefore, phosphorylation impacts CRYAB structure and
function in a complex fashion.

We have recently reported that CRYAB assists the folding of
multipass transmembrane proteins from the cytosolic face of the
ER. It binds and prevents the oligomerization-dependent retention
in the ER of ATP7B-H1069Q, a mutant form of the copper trans-
porter associated to the Wilson disease, and of Frizzled4-
L501fsX533, a frame-shift mutant associated to a rare form of Fa-
milial exudative vitreoretinopathy (FZ4-FEVR) [27]. In both in-
stances, the mutated proteins accumulate in the ER and are not
transported to their final destination (trans-Golgi network and
plasma membrane, respectively), but in the presence of CRYAB they
rescue proper folding and localization, and the rescued ATP7B-
H1069Q moves to post-Golgi locations in response to copper
overload similarly to the wild-type counterpart [27]. Notably, even
endogenous level of CRYAB were sufficient to rescue overexpressed
ATP7B-H1069Q to the trans-Golgi [27]. Thus, given the interesting
therapeutic perspectives opened by these findings, in particular for
the Wilson disease, we asked whether phosphorylation of the three
serine residues of CRYAB would affect this chaperone activity to-
wards misfolded multipass TMPs. Our results, obtained with
phosphomimetic substitutions, show that phosphorylation of S19
and S45 has a clear inhibitory effect while phosphorylation of S59
has not. Intriguingly, the latter protects the chaperone activity from
the partial phosphorylation of the other reesidues, while in all in-
stances the size of the oligomeric complexes containing CRYAB is
decreased.

2. Material and methods
2.1. Reagents

All reagents for cells culture were from Gibco Life Technologies,
Grand Island, U.S.A.; Corning, Manassas, U.S.A,; Lonza, Verviers,
Belgium. Solid chemicals and liquid reagents were from Sigma-
Aldrich, Milan, Italy; Bio-Rad, Segrate, Italy; Roche, Indianalpolis,
U.S.A.; Promega, Madison, U.S.A.

2.2. Antibodies

The following antibodies were used: mouse monoclonal anti-
HA, rabbit polyclonal anti-HA, mouse monoclonal anti-FLAG and
rabbit polyclonal anti-Golgin (GOLGA2) from Sigma Aldrich, Milan,
Italy); mouse monoclonal anti-CRYAB (Enzo Life Sciences, Rome,
Italy); Alexa Fluor-conjugated goat anti-mouse and anti-rabbit IgG
(Termo Fisher Scientific, U.S.A); HRP-conjugated goat anti-mouse
and anti-rabbit IgG for immunoblotting (Santa Cruz Biotech-
nology, Dallas, U.S.A.

2.3. cDNA cloning and plasmid construction

See supplementary material.

2.4. Cell culture, transfection, immunofluorescence and
sedimentation analysis in glycerol gradient

All performed as previously detailed [27].

2.5. Preparation of cell extracts, SDS-PAGE and western
immunoblotting

Preparation of cell extracts, SDS-PAGE, and western immuno-
blotting were performed as previously detailed [28].

3. Results
3.1. Mutagenesis

In order to investigate the role of phosphorylation in the
chaperone function of CRYAB toward misfolded multipass TMPs,
we substituted the relevant serine residues with aspartic acid. This
is a widely used tool to mimic serine-phosphorylation of protein for
performing functional studies with CRYAB as well as many other
proteins [23]. As shown in Fig. S1, the serine residues in position 19,
45 and 59 were all substituted with aspartic acid (CRYAB-S3D) or
with alanine residues (CRYAB-S3A) to prevent phosphorylation. In
addition, CRYAB-S3A construct was further mutagenized to
generate either the single pseudo-phosphorylated CRYAB-S19D,
-S45D and -S59D mutants or the double pseudo-phosphorylated
CRYAB-S19/45D, -S19/59D and -S45/59D to ascertain the func-
tional contribution of each phosphomimetic residue or of couple of
residues, having prevented phosphorylation at the other relevant
serines. Finally, as a negative control for CRYAB activity, we
generated and used throughout this study the mutant CRYAB-
R120G that binds to the client proteins but is largely defective in
the chaperone activity [29].

3.2. Effect of serine pseudo-phosphorylation on CRYAB chaperone
function

We have previously shown that CRYAB, but not CRYAB-R120G, is
able to rescue the localization to the Golgi complex of the mutant
copper transporter ATP7B-H1069Q expressed in transfected cells
[27]. This mutant accumulates in the ER, presumably as the result of
misfolding, and has a shorter half-life [30]. Confocal immunofluo-
rescence microscopy of transfected COS-7 cells allowed to evi-
dentiate the mislocalization of ATP7B-H1069Q in comparison of
ATP7B, whose great majority resides in the Golgi complex (besides
a minority in putative post-Golgi locations, Fig. 1A,B and Fig. S2).
When CRYAB or CRYAB-S3A, -S3D or -R120G mutants were co-
transfected with ATP7B-H1069Q, a clear-cut result was obtained:
CRYAB-S3A was as good as CRYAB in rescuing the localization of the
mutant transporter (Fig. 1CE and Fig. S2), while CRYAB-S3D
showed only residual rescuing activity, close to the inactive
mutant -R120G (Fig. 1D,F and Fig. S2). Next, we asked whether the
three serines could equally and/or additively contribute to the
negative regulation of chaperone activity seen for the -S3D mutant.
Intriguingly, the two pseudo-phosphorylated CRYAB-S19D and
-S45D single mutants showed only residual activity (Fig. 1G,H and
Fig. S2), while the -S59D mutant resulted fully active (Fig. 11 and
Fig. S2). Co-immunoprecipitation experiments indicated that
phosphomimetic S19, S45, S59 and S3D, as well as R120G, bind to
ATP7B-H1069Q (data not shown) [27], thus the lack of activity
could not be ascribed to loss of binding. Therefore, these results
strongly suggested that phosphorylation at the three serine resi-
dues differently influences CRYAB chaperone activity toward
ATP7B-H1069Q in living cells.

Next, in order to generalize the results obtained, we performed
the same experimental design using the mutant FZ4-FEVR receptor
instead of ATP7B-H1069Q. In this mutant, a frameshift mutation
(L501fsX533) generates a different and shorter C-terminal cytosolic
tail of the receptor that accumulates in the ER of transfected cells
[31], not reaching the plasma membrane as FZ4 wild-type. This
mutation is associated to a very rare dominant form of Familiar
exudative vitreoretinopathy (FEVR) through a molecular mecha-
nism not clarified yet [32,33]. In previous work we demonstrated
that FZ4-FEVR aggregated in the ER forming not-native inter-chain
disulfide bridges [34], but the overexpression of CRYAB prevented
aggregation and allowed plasma membrane localization of this
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Fig. 1. CRYAB-S59D restores ATP7B-H1069Q localization in the Golgi complex while CRYAB-S19D, CRYAB-S45D and the triple pseudo-phosphorylated CRYAB-S3D do not. Parallel
cultures of COS-7 cells grown on coverslips were co-transfected to express the indicated GFP-ATP7B forms (first column on the left) and the indicated 3XFLAG-tagged CRYAB forms
or the control empty vector (second column from the left). 48 h post-transfection the cells were processed for confocal immunofluorescence microscopy. The anti-Golgin polyclonal
Golga2 antibody was used to visualize the Golgi complex (third column from the left). Colocalization of GFP and Golga2 signals was determined with the Image] colocalization
plugin and the obtained Pearson's R value is shown on the right (mean =+ s.d., n. = 10 cells of randomly selected fields from two independent experiments). Scale bar: 10 um.
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Fig. 2. The pseudo-phosphorylated S59D protects CRYAB chaperone activity in double pseudo-phosphorylated mutants. Cells were manipulated and analyzed as in Fig. 1.

mutant [27]. As shown in Fig. S3A and B, the great majority of FZ4
and only background level of FZ4-FEVR was localized on the surface
of Huh-7 transfected cells. As expected, in the presence of CRYAB,
FZ4-FEVR was almost fully rescued at the plasma membrane
(Fig. S3C). In contrast, only a minor rescue was detected when
CRYAB-S3D, -S19D or -S45D substituted CRYAB (Fig. S3E-G), while
both CRYAB-S3A and -S59D had a strong rescue effect, only slightly
below the wild-type (Fig. S3D,H). Thus, these results fully
confirmed those obtained with ATP7B-H1069Q, clearly suggesting
that phosphorylation results in a differential control of CRYAB
chaperone activity toward multipass TMPs.

3.3. Chaperone activity of CRYAB double pseudo-phosphorylated
mutants

Since CRYAB serine residues are phosphorylated by kinases
downstream to different signaling pathways [19,24] that could
differently control the final phosphorylation pattern of CRYAB, we

asked whether different combinations of pseudo-phosphorylation
could differently influence CRYAB chaperone activity. To this end,
we generated double pseudo-phosphorylated mutants of CRYAB
(Fig. S1) that were assayed for chaperone activity by co-transfection
with the ATP7B-H1069Q mutant. As shown in Figs. 2D and Fig. S2,
the S19/45D resulted almost not active, while both S19/59D and
S45/59D (Fig. 2E,F and Fig. S2) were close to the full active CRYAB
control (COS-7 cells. and Fig. S2). These results support the exclu-
sive inhibitory role of pseudo-phosphorylated serines 19 and 45,
but also indicate that pseudo-phosphorylation at S59 has an
interesting protective effect toward single pseudo-phosphorylation
of either S19 or S45, but not of both residues at the same time.

3.4. Pseudo-phosphorylation decreases the size of the oligomeric
complex containing CRYAB in transfected cells

It has been previously reported that CRYAB chaperone activity,
similarly to Hsp27, is directly proportional to the size of its
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oligomeric complexes [22,24,25]. Phosphorylation negatively im-
pacts the oligomerization state of these chaperones, thus suggest-
ing an indirect link between phosphorylation and chaperone
activity [15]. For this reason, we asked whether the different
contribution of phosphorylated serines for the chaperone activity
could be due to a different impact on the oligomerization state of
the chaperone. To this end, cells were transiently transfected with
different phosphomimetic mutants and cell lysates were analyzed
by sedimentation assay in glycerol gradient, SDS-PAGE and
immunoblotting. As shown in Fig. S4, almost 2/3 of total CRYAB
sedimented in the heavier region of the gradient, as well as CRYAB-
R120G. Interestingly, CRYAB-S3D was slightly enriched in the
lighter region while CRYAB-S3A was equally present in the two
regions. Most importantly, all three single pseudo-phosphorylated
mutants -S19D, -S45D and -S59D were clearly enriched in the
lighter fractions. Thus, both the results observed with CRYAB-S3D
and -S3A, and primarily the finding that CRYAB-S59D forms small
oligomeric complexes although is endowed of almost full chap-
erone activity, do not support the simple correlation between loss
of activity and reduced oligomerization. In conclusion, these results
indicate that phosphorylation has a direct role in the regulation of
CRYAB chaperone activity besides its role in the regulation of the
oligomeric state of the chaperone.

4. Discussion

In this work we provide compelling evidences that in living cells
phosphorylation plays an important role in the regulation of the
chaperone activity of CRYAB to correct mislocalization of two
disease-associated multipass TMPs. Mimicking phosphorylation of
serine 19 and 45, either singularly or in combination, causes a
pronounced reduction of CRYAB chaperone activity, while the sin-
gle phosphomimetic S59 has no such effect. On the other hand,
pseudo-phosphorylation on serine 59 prevents the 19/45
phosphorylation-dependent inhibitory effect, but this protecting
effect is lost when all three serine residues are simultaneously
pseudo-phosphorylated. Interestingly, the inhibition of chaperone
activity does not correlate with the reduction of the oligomeriza-
tion state of CRYAB, suggesting a direct role of phosphorylation in
controlling CRYAB chaperone activity. In conclusion, our work
demonstrates that phosphorylation of the serine residues 19, 45
and 59 finely regulates the chaperone activity of CRYAB with
multipass TMPs and suggests a pivotal role for S59 in this process.

How does phosphorylation control CRYAB chaperone activity?

As previously reported, CRYAB can use its structural plasticity to
expose different binding interfaces [35,36]. Indeed, in a proteomic
study using HelLa cells subjected to heat stress, more than 300
proteins belonging to the heat-sensitive fraction of the proteome
have been found to be protected from aggregation by CRYAB,
indicating a rather promiscuous binding [26]. However, some
proteins, like caspase-3 or Bax, that were shown to interact with
CRYAB in physiological condition [37], have not been found in this
interactome suggesting that stress conditions and/or extracellular
stimuli may influence the specificity of CRYAB binding/chaperone
activity [26]. On line with this observation, we speculate that
phosphorylation controls CRYAB conformational state and plas-
ticity so that changes of the phosphorylation pattern may differ-
ently change CRYAB activity. Accordingly, the phosphorylation
pattern that inhibits chaperone activity of CRYAB for FZ4-FEVR and
ATP7B-H1069Q (S19D, S45D, S19/45D, or 3D) has been previously
reported to reduce its activity to prevent amyloid fiber formation of
ccB-Trp peptide but not of k-casein where the same pattern was
shown to confer higher protection [23]. Thus, the phosphorylation
of CRYAB has a different effect according to the aggregation prone
protein engaged. Thereby, aside its role in the regulation of CRYAB

oligomeric size, phosphorylation plays an important role in con-
trolling the activity and perhaps the targeting of this chaperone.

Does CRYAB phosphorylation play a role in the unfolded protein
response (UPR) triggered by accumulation in the ER of multipass
TMPs?

Recent findings have shown that MAPK signaling pathways have
a fundamental role in the response to ER stress and UPR [38]. All
three canonical MAPKs (ERK1/2, JNK and p38) are known to be
activated with different kinetics and with different roles [38].
Indeed, the MAPK signaling network is known to regulate either
cell cycle progression and survival or cell death [39—41]. Among
them, ERK1/2 and p38 signaling pathways seem to have a relevant
role in the regulation of several cytosolic HSPs including CRYAB
[42—44]. Particularly, serine 45 (and possibly serine 19) is phos-
phorylated by ERK1/2 while serine 59 by p38 dependent MAPK
[19]. Interestingly, p38 MAPK down-regulates ERK1/2 [45] sug-
gesting that phosphorylation on serine 59 is followed by a negative
regulation of the phosphorylation of serine 19 and 45. Thus, the
protective role shown in the present paper of phosphomimetic S59
when CRYAB is also pseudo-phosphorylated at position 19 or 45
would reinforce the negative regulation of ERK1/2. Interestingly, it
has been reported that overexpression of ATP7B-H1069Q in HEP-
G2 cells activates p38, and the total level of ATP7B-H1069Q and
the amount able to fold and reach the trans-Golgi network increase
when the cells are incubated with inhibitors of p38 [46]. However,
CRYAB is minimally expressed in hepatocytes and hepatoma cell
lines [47—49], as confirmed by the comprehensive proteomic
analysis performed to determine the interactome of ATP7B-
H1069Q transfected in HEP-G2 cells that failed to reveal CRYAB
[46]: thus, most likely, p38 does not hit CRYAB in HEP-G2 cells.
Most interestingly, p38 kinase activity is required for the phos-
phorylation dependent nuclear translocation of the spliced form of
Xbp1s [50]. This protein is produced during the UPR, which nor-
mally occurs when unfolded proteins accumulate in the ER.
Because multipass TMPs expose domains on either the luminal as
well as the cytosolic side of the ER, mutations affecting their folding
and export from the ER most likely require the coordinated acti-
vation of chaperones acting from both sides of the ER membrane.
Indeed, the MAPK signaling pathway may provide this coordina-
tion, participating to the UPR to generate the response in the lumen
and protecting, at the same time, the cytosolic chaperone activity of
CRYAB to assist misfolded multipass TMPs.

Acknowledgements

This work was supported in part by Fondazione Telethon grant
n. GGP 14002 to S.B. We thank Dr. Massimo Mallardo for helpful
discussion.

Appendix A. Supplementary data

Supplementary data related to this article can be found at http://
dx.doi.org/10.1016/j.bbrc.2016.09.071.

Transparency document

Transparency document related to this article can be found
online at http://dx.doi.org/10.1016/j.bbrc.2016.09.071.

References

[1] J. Horwitz, Alpha-crystallin can function as a molecular chaperone, Proc. Natl.
Acad. Sci. U. S. A. 89 (1992) 10449—10453.

[2] K. Singh, B. Groth-Vasselli, T.F. Kumosinski, P.N. Farnsworth, alpha-Crystallin
quaternary structure: molecular basis for its chaperone activity, FEBS Lett. 372
(1995) 283—287.

Please cite this article in press as: M. Ciano, et al., Differential phosphorylation-based regulation of aB-crystallin chaperone activity for multipass
transmembrane proteins, Biochemical and Biophysical Research Communications (2016), http://dx.doi.org/10.1016/j.bbrc.2016.09.071



http://dx.doi.org/10.1016/j.bbrc.2016.09.071
http://dx.doi.org/10.1016/j.bbrc.2016.09.071
http://dx.doi.org/10.1016/j.bbrc.2016.09.071
http://refhub.elsevier.com/S0006-291X(16)31531-5/sref1
http://refhub.elsevier.com/S0006-291X(16)31531-5/sref1
http://refhub.elsevier.com/S0006-291X(16)31531-5/sref1
http://refhub.elsevier.com/S0006-291X(16)31531-5/sref2
http://refhub.elsevier.com/S0006-291X(16)31531-5/sref2
http://refhub.elsevier.com/S0006-291X(16)31531-5/sref2
http://refhub.elsevier.com/S0006-291X(16)31531-5/sref2

3]

[4]

[5

[6]
[7]
[8]

[9

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

M. Ciano et al. / Biochemical and Biophysical Research Communications xxx (2016) 1—-6

LP.R. van den, R.H. Smulders, W.W. de Jong, H. Bloemendal, alpha-Crystallin:
molecular chaperone and heat shock protein, Ophthalmic Res. 28 (Suppl 1)
(1996) 39—-43.

J. Horwitz, M.P. Bova, L.L. Ding, D.A. Haley, P.L. Stewart, Lens alpha-crystallin:
function and structure, Eye (Lond) 13 (Pt 3b) (1999) 403—408.

E. Ganea, Chaperone-like activity of alpha-crystallin and other small heat
shock proteins, Curr. Protein Pept. Sci. 2 (2001) 205—225.

R.C. Augusteyn, alpha-Crystallin polymers and polymerization: the view from
down under, Int. J. Biol. Macromol. 22 (1998) 253—262.

R.C. Augusteyn, alpha-crystallin: a review of its structure and function, Clin.
Exp. Optom. 87 (2004) 356—366.

V.A. Borzova, K.A. Markossian, K.O. Muranov, N.B. Polyansky, S.Y. Kleymenov,
B.I. Kurganov, Quantification of anti-aggregation activity of UV-irradiated
alpha-crystallin, Int. J. Biol. Macromol. 73 (2015) 84—91.

S.P. Bhat, C.N. Nagineni, Alpha B subunit of lens-specific protein alpha-
crystallin is present in other ocular and non-ocular tissues, Biochem. Bio-
phys. Res. Commun. 158 (1989) 319—-325.

C.H. Su, L.C. Liu, Y.H. Hsieh, H.C. Wang, C.W. Tsai, W.S. Chang, C.Y. Ho, C.I. Wu,
C.H. Lin, H.Y. Lane, D.T. Bau, Association of Alpha B-Crystallin (CRYAB) geno-
types with breast cancer susceptibility in Taiwan, Cancer Genomics Proteom.
8 (2011) 251—-254.

R. Chis, P. Sharma, N. Bousette, T. Miyake, A. Wilson, P.H. Backx,
A.O. Gramolini, alpha-Crystallin B prevents apoptosis after H202 exposure in
mouse neonatal cardiomyocytes, Am. J. Physiol. Heart Circ. Physiol. 303 (2012)
H967—H978.

R.B. Nahomi, B. Wang, C.T. Raghavan, O. Voss, A.l. Doseff, P. Santhoshkumar,
R.H. Nagaraj, Chaperone peptides of alpha-crystallin inhibit epithelial cell
apoptosis, protein insolubilization, and opacification in experimental cata-
racts, J. Biol. Chem. 288 (2013) 13022—-13035.

S. Ganguly, A. Mitra, S. Sarkar, Role of alpha-crystallin B in regulation of stress
induced cardiomyocyte apoptosis, Cardiovasc Hematol. Agents Med. Chem. 12
(2014) 60—65.

C. Shi, Z. He, N. Hou, Y. Ni, L. Xiong, P. Chen, Alpha B-crystallin correlates with
poor survival in colorectal cancer, Int. J. Clin. Exp. Pathol. 7 (2014) 6056—6063.
R. Bakthisaran, K.K. Akula, R. Tangirala, M. Rao Ch, Phosphorylation of alphaB-
crystallin: role in stress, aging and patho-physiological conditions, Biochim.
Biophys. Acta 1860 (2016) 167—182.

J.B. Smith, Y. Sun, D.L. Smith, B. Green, Identification of the posttranslational
modifications of bovine lens alpha B-crystallins by mass spectrometry, Protein
Sci. 1 (1992) 601—608.

M.F. Ahmad, B. Raman, T. Ramakrishna, M. Rao Ch, Effect of phosphorylation
on alpha B-crystallin: differences in stability, subunit exchange and chaperone
activity of homo and mixed oligomers of alpha B-crystallin and its
phosphorylation-mimicking mutant, J. Mol. Biol. 375 (2008) 1040—1051.
H.E. Hoover, D.J. Thuerauf, J.J. Martindale, C.C. Glembotski, Alpha B-crystallin
gene induction and phosphorylation by MKK6-activated p38. A potential role
for alpha B-crystallin as a target of the p38 branch of the cardiac stress
response, J. Biol. Chem. 275 (2000) 23825—23833.

K. Kato, H. Ito, K. Kamei, Y. Inaguma, I. Iwamoto, S. Saga, Phosphorylation of
alphaB-crystallin in mitotic cells and identification of enzymatic activities
responsible for phosphorylation, J. Biol. Chem. 273 (1998) 28346—28354.
LK. Aggeli, 1. Beis, C. Gaitanaki, Oxidative stress and calpain inhibition induce
alpha B-crystallin phosphorylation via p38-MAPK and calcium signalling
pathways in H9c2 cells, Cell Signal 20 (2008) 1292—1302.

N. Launay, A. Tarze, P. Vicart, A. Lilienbaum, Serine 59 phosphorylation of
{alpha}B-crystallin down-regulates its anti-apoptotic function by binding and
sequestering Bcl-2 in breast cancer cells, ]J. Biol. Chem. 285 (2010)
37324-37332.

J.A. Aquilina, J.L. Benesch, LL. Ding, O. Yaron, J. Horwitz, C.V. Robinson,
Phosphorylation of alphaB-crystallin alters chaperone function through loss of
dimeric substructure, J. Biol. Chem. 279 (2004) 28675—28680.

H. Ecroyd, S. Meehan, ]J. Horwitz, J.A. Aquilina, J.L. Benesch, C.V. Robinson,
C.E. Macphee, J.A. Carver, Mimicking phosphorylation of alphaB-crystallin
affects its chaperone activity, Biochem. ]. 401 (2007) 129—141.

H. Ito, K. Kamei, I. Iwamoto, Y. Inaguma, D. Nohara, K. Kato, Phosphorylation-
induced change of the oligomerization state of alpha B-crystallin, J. Biol.
Chem. 276 (2001) 5346—5352.

A.P. Arrigo, S. Simon, B. Gibert, C. Kretz-Remy, M. Nivon, A. Czekalla, D. Guillet,
M. Moulin, C. Diaz-Latoud, P. Vicart, Hsp27 (HspB1) and alphaB-crystallin
(HspB5) as therapeutic targets, FEBS Lett. 581 (2007) 3665—3674.

J. Peschek, N. Braun, ]. Rohrberg, K.C. Back, T. Kriehuber, A. Kastenmuller,
S. Weinkauf, J. Buchner, Regulated structural transitions unleash the chap-
erone activity of alphaB-crystallin, Proc. Natl. Acad. Sci. U. S. A. 110 (2013)
E3780—E3789.

M. D'Agostino, V. Lemma, G. Chesi, M. Stornaiuolo, M. Cannata Serio,
C. D'Ambrosio, A. Scaloni, R. Polishchuk, S. Bonatti, The cytosolic chaperone
alpha-crystallin B rescues folding and compartmentalization of misfolded
multispan transmembrane proteins, J. Cell Sci. 126 (2013) 4160—4172.

M. D'Agostino, G. Tornillo, M.G. Caporaso, M.V. Barone, E. Ghigo, S. Bonatti,

[29]

[30]

[31]

[32]

(33]

[34]

[35]

[36]

[37]

(38]

[39]
[40]
[41]

[42]

[43]

[44

[45]

[46]

[47]

[48]

[49]

[50]

G. Mottola, Ligand of Numb proteins LNX1p80 and LNX2 interact with the
human glycoprotein CD8alpha and promote its ubiquitylation and endocy-
tosis, J. Cell Sci. 124 (2011) 3545—3556.

T.M. Treweek, A. Rekas, R.A. Lindner, M.]. Walker, ]J.A. Aquilina, C.V. Robinson,
J. Horwitz, M.D. Perng, R.A. Quinlan, J.A. Carver, R120G alphaB-crystallin
promotes the unfolding of reduced alpha-lactalbumin and is inherently un-
stable, FEBS J. 272 (2005) 711—-724.

0.Y. Dmitriev, A. Bhattacharjee, S. Nokhrin, E.M. Uhlemann, S. Lutsenko, Dif-
ference in stability of the N-domain underlies distinct intracellular properties
of the E1064A and H1069Q mutants of copper-transporting ATPase ATP7B,
J. Biol. Chem. 286 (2011) 16355—16362.

J. Robitaille, M.L. MacDonald, A. Kaykas, L.C. Sheldahl, J. Zeisler, M.P. Dube,
L.H. Zhang, R.R. Singaraja, D.L. Guernsey, B. Zheng, L.F. Siebert, A. Hoskin-Mott,
M.T. Trese, S.N. Pimstone, B.S. Shastry, R.T. Moon, M.R. Hayden, Y.P. Goldberg,
M.E. Samuels, Mutant frizzled-4 disrupts retinal angiogenesis in familial
exudative vitreoretinopathy, Nat. Genet. 32 (2002) 326—330.

A. Kaykas, J. Yang-Snyder, M. Heroux, K.V. Shah, M. Bouvier, R.T. Moon,
Mutant Frizzled 4 associated with vitreoretinopathy traps wild-type Frizzled
in the endoplasmic reticulum by oligomerization, Nat. Cell Biol. 6 (2004)
52-58.

M. D'Agostino, A. Crespi, E. Polishchuk, S. Generoso, G. Martire, S.F. Colombo,
S. Bonatti, ER reorganization is remarkably induced in COS-7 cells accumu-
lating transmembrane protein receptors not competent for export from the
endoplasmic reticulum, J. Membr. Biol. 247 (2014) 1149—1159.

V. Lemma, M. D'Agostino, M.G. Caporaso, M. Mallardo, G. Oliviero,
M. Stornaiuolo, S. Bonatti, A disorder-to-order structural transition in the
COOH-tail of Fz4 determines misfolding of the L501fsX533-Fz4 mutant, Sci.
Rep. 3 (2013) 2659.

A. Mainz, J. Peschek, M. Stavropoulou, K.C. Back, B. Bardiaux, S. Asami,
E. Prade, C. Peters, S. Weinkauf, ]. Buchner, B. Reif, The chaperone alphaB-
crystallin uses different interfaces to capture an amorphous and an amyloid
client, Nat. Struct. Mol. Biol. 22 (2015) 898—905.

S.P. Delbecq, J.C. Rosenbaum, R.E. Klevit, A mechanism of subunit recruitment
in human small heat shock protein oligomers, Biochemistry 54 (2015)
4276—-4284.

W.F. Hu, L. Gong, Z. Cao, H. Ma, W. Ji, M. Deng, M. Liu, X.H. Hu, P. Chen, Q. Yan,
H.G. Chen, J. Liu, S. Sun, L. Zhang, ].P. Liu, E. Wawrousek, D.W. Li, alphaA- and
alphaB-crystallins interact with caspase-3 and Bax to guard mouse lens
development, Curr. Mol. Med. 12 (2012) 177—187.

N.J. Darling, S.J. Cook, The role of MAPK signalling pathways in the response to
endoplasmic reticulum stress, Biochim. Biophys. Acta 1843 (2014)
2150-2163.

G. Pimienta, J. Pascual, Canonical and alternative MAPK signaling, Cell Cycle 6
(2007) 2628—-2632.

M. Raman, W. Chen, M.H. Cobb, Differential regulation and properties of
MAPKs, Oncogene 26 (2007) 3100—3112.

Y.D. Shaul, R. Seger, The MEK/ERK cascade: from signaling specificity to
diverse functions, Biochim. Biophys. Acta 1773 (2007) 1213—1226.

H. Robitaille, C. Simard-Bisson, D. Larouche, R.M. Tanguay, R. Blouin,
L. Germain, The small heat-shock protein Hsp27 undergoes ERK-dependent
phosphorylation and redistribution to the cytoskeleton in response to dual
leucine zipper-bearing kinase expression, J. Investig. Dermatol. 130 (2010)
74-85.

A. Mitra, A. Ray, R. Datta, S. Sengupta, S. Sarkar, Cardioprotective role of P38
MAPK during myocardial infarction via parallel activation of alpha-crystallin B
and Nrf2, ]. Cell Physiol. 229 (2014) 1272—1282.

Z. Zhu, R. Li, R. Stricker, G. Reiser, Extracellular alpha-crystallin protects as-
trocytes from cell death through activation of MAPK, PI3K/Akt signaling
pathway and blockade of ROS release from mitochondria, Brain Res. 1620
(2015) 17-28.

Z. Ly, S. Xu, ERK1/2 MAP kinases in cell survival and apoptosis, [UBMB Life 58
(2006) 621-631.

G. Chesi, R.N. Hegde, S. lacobacci, M. Concilli, S. Parashuraman, B.P. Festa,
E.V. Polishchuk, G. Di Tullio, A. Carissimo, S. Montefusco, D. Canetti, M. Monti,
A. Amoresano, P. Pucci, B. van de Sluis, S. Lutsenko, A. Luini, R.S. Polishchuk,
Identification of p38 MAPK and JNK as new targets for correction of Wilson
disease-causing ATP7B mutants, Hepatology 63 (2016) 1842—1859.

Y. Inaguma, K. Hasegawa, S. Goto, H. Ito, K. Kato, Induction of the synthesis of
hsp27 and alpha B crystallin in tissues of heat-stressed rats and its suppres-
sion by ethanol or an alpha 1-adrenergic antagonist, J. Biochem. 117 (1995)
1238—-1243.

T. Iwaki, A. Kume-Iwaki, J.E. Goldman, Cellular distribution of alpha B-crys-
tallin in non-lenticular tissues, J. Histochem Cytochem 38 (1990) 31—39.

Q. Tang, Y.F. Liu, XJ. Zhu, Y.H. Li, J. Zhu, ]J.P. Zhang, Z.Q. Feng, X.H. Guan,
Expression and prognostic significance of the alpha B-crystallin gene in hu-
man hepatocellular carcinoma, Hum. Pathol. 40 (2009) 300—305.

J. Lee, C. Sun, Y. Zhou, ]. Lee, D. Gokalp, H. Herrema, S.W. Park, RJ. Davis,
U. Ozcan, p38 MAPK-mediated regulation of Xbp1s is crucial for glucose ho-
meostasis, Nat. Med. 17 (2011) 1251—-1260.

Please cite this article in press as: M. Ciano, et al., Differential phosphorylation-based regulation of aB-crystallin chaperone activity for multipass
transmembrane proteins, Biochemical and Biophysical Research Communications (2016), http://dx.doi.org/10.1016/j.bbrc.2016.09.071



http://refhub.elsevier.com/S0006-291X(16)31531-5/sref3
http://refhub.elsevier.com/S0006-291X(16)31531-5/sref3
http://refhub.elsevier.com/S0006-291X(16)31531-5/sref3
http://refhub.elsevier.com/S0006-291X(16)31531-5/sref3
http://refhub.elsevier.com/S0006-291X(16)31531-5/sref4
http://refhub.elsevier.com/S0006-291X(16)31531-5/sref4
http://refhub.elsevier.com/S0006-291X(16)31531-5/sref4
http://refhub.elsevier.com/S0006-291X(16)31531-5/sref5
http://refhub.elsevier.com/S0006-291X(16)31531-5/sref5
http://refhub.elsevier.com/S0006-291X(16)31531-5/sref5
http://refhub.elsevier.com/S0006-291X(16)31531-5/sref6
http://refhub.elsevier.com/S0006-291X(16)31531-5/sref6
http://refhub.elsevier.com/S0006-291X(16)31531-5/sref6
http://refhub.elsevier.com/S0006-291X(16)31531-5/sref7
http://refhub.elsevier.com/S0006-291X(16)31531-5/sref7
http://refhub.elsevier.com/S0006-291X(16)31531-5/sref7
http://refhub.elsevier.com/S0006-291X(16)31531-5/sref8
http://refhub.elsevier.com/S0006-291X(16)31531-5/sref8
http://refhub.elsevier.com/S0006-291X(16)31531-5/sref8
http://refhub.elsevier.com/S0006-291X(16)31531-5/sref8
http://refhub.elsevier.com/S0006-291X(16)31531-5/sref9
http://refhub.elsevier.com/S0006-291X(16)31531-5/sref9
http://refhub.elsevier.com/S0006-291X(16)31531-5/sref9
http://refhub.elsevier.com/S0006-291X(16)31531-5/sref9
http://refhub.elsevier.com/S0006-291X(16)31531-5/sref10
http://refhub.elsevier.com/S0006-291X(16)31531-5/sref10
http://refhub.elsevier.com/S0006-291X(16)31531-5/sref10
http://refhub.elsevier.com/S0006-291X(16)31531-5/sref10
http://refhub.elsevier.com/S0006-291X(16)31531-5/sref10
http://refhub.elsevier.com/S0006-291X(16)31531-5/sref11
http://refhub.elsevier.com/S0006-291X(16)31531-5/sref11
http://refhub.elsevier.com/S0006-291X(16)31531-5/sref11
http://refhub.elsevier.com/S0006-291X(16)31531-5/sref11
http://refhub.elsevier.com/S0006-291X(16)31531-5/sref11
http://refhub.elsevier.com/S0006-291X(16)31531-5/sref12
http://refhub.elsevier.com/S0006-291X(16)31531-5/sref12
http://refhub.elsevier.com/S0006-291X(16)31531-5/sref12
http://refhub.elsevier.com/S0006-291X(16)31531-5/sref12
http://refhub.elsevier.com/S0006-291X(16)31531-5/sref12
http://refhub.elsevier.com/S0006-291X(16)31531-5/sref13
http://refhub.elsevier.com/S0006-291X(16)31531-5/sref13
http://refhub.elsevier.com/S0006-291X(16)31531-5/sref13
http://refhub.elsevier.com/S0006-291X(16)31531-5/sref13
http://refhub.elsevier.com/S0006-291X(16)31531-5/sref14
http://refhub.elsevier.com/S0006-291X(16)31531-5/sref14
http://refhub.elsevier.com/S0006-291X(16)31531-5/sref14
http://refhub.elsevier.com/S0006-291X(16)31531-5/sref15
http://refhub.elsevier.com/S0006-291X(16)31531-5/sref15
http://refhub.elsevier.com/S0006-291X(16)31531-5/sref15
http://refhub.elsevier.com/S0006-291X(16)31531-5/sref15
http://refhub.elsevier.com/S0006-291X(16)31531-5/sref16
http://refhub.elsevier.com/S0006-291X(16)31531-5/sref16
http://refhub.elsevier.com/S0006-291X(16)31531-5/sref16
http://refhub.elsevier.com/S0006-291X(16)31531-5/sref16
http://refhub.elsevier.com/S0006-291X(16)31531-5/sref17
http://refhub.elsevier.com/S0006-291X(16)31531-5/sref17
http://refhub.elsevier.com/S0006-291X(16)31531-5/sref17
http://refhub.elsevier.com/S0006-291X(16)31531-5/sref17
http://refhub.elsevier.com/S0006-291X(16)31531-5/sref17
http://refhub.elsevier.com/S0006-291X(16)31531-5/sref18
http://refhub.elsevier.com/S0006-291X(16)31531-5/sref18
http://refhub.elsevier.com/S0006-291X(16)31531-5/sref18
http://refhub.elsevier.com/S0006-291X(16)31531-5/sref18
http://refhub.elsevier.com/S0006-291X(16)31531-5/sref18
http://refhub.elsevier.com/S0006-291X(16)31531-5/sref19
http://refhub.elsevier.com/S0006-291X(16)31531-5/sref19
http://refhub.elsevier.com/S0006-291X(16)31531-5/sref19
http://refhub.elsevier.com/S0006-291X(16)31531-5/sref19
http://refhub.elsevier.com/S0006-291X(16)31531-5/sref20
http://refhub.elsevier.com/S0006-291X(16)31531-5/sref20
http://refhub.elsevier.com/S0006-291X(16)31531-5/sref20
http://refhub.elsevier.com/S0006-291X(16)31531-5/sref20
http://refhub.elsevier.com/S0006-291X(16)31531-5/sref21
http://refhub.elsevier.com/S0006-291X(16)31531-5/sref21
http://refhub.elsevier.com/S0006-291X(16)31531-5/sref21
http://refhub.elsevier.com/S0006-291X(16)31531-5/sref21
http://refhub.elsevier.com/S0006-291X(16)31531-5/sref21
http://refhub.elsevier.com/S0006-291X(16)31531-5/sref22
http://refhub.elsevier.com/S0006-291X(16)31531-5/sref22
http://refhub.elsevier.com/S0006-291X(16)31531-5/sref22
http://refhub.elsevier.com/S0006-291X(16)31531-5/sref22
http://refhub.elsevier.com/S0006-291X(16)31531-5/sref23
http://refhub.elsevier.com/S0006-291X(16)31531-5/sref23
http://refhub.elsevier.com/S0006-291X(16)31531-5/sref23
http://refhub.elsevier.com/S0006-291X(16)31531-5/sref23
http://refhub.elsevier.com/S0006-291X(16)31531-5/sref24
http://refhub.elsevier.com/S0006-291X(16)31531-5/sref24
http://refhub.elsevier.com/S0006-291X(16)31531-5/sref24
http://refhub.elsevier.com/S0006-291X(16)31531-5/sref24
http://refhub.elsevier.com/S0006-291X(16)31531-5/sref25
http://refhub.elsevier.com/S0006-291X(16)31531-5/sref25
http://refhub.elsevier.com/S0006-291X(16)31531-5/sref25
http://refhub.elsevier.com/S0006-291X(16)31531-5/sref25
http://refhub.elsevier.com/S0006-291X(16)31531-5/sref26
http://refhub.elsevier.com/S0006-291X(16)31531-5/sref26
http://refhub.elsevier.com/S0006-291X(16)31531-5/sref26
http://refhub.elsevier.com/S0006-291X(16)31531-5/sref26
http://refhub.elsevier.com/S0006-291X(16)31531-5/sref26
http://refhub.elsevier.com/S0006-291X(16)31531-5/sref27
http://refhub.elsevier.com/S0006-291X(16)31531-5/sref27
http://refhub.elsevier.com/S0006-291X(16)31531-5/sref27
http://refhub.elsevier.com/S0006-291X(16)31531-5/sref27
http://refhub.elsevier.com/S0006-291X(16)31531-5/sref27
http://refhub.elsevier.com/S0006-291X(16)31531-5/sref28
http://refhub.elsevier.com/S0006-291X(16)31531-5/sref28
http://refhub.elsevier.com/S0006-291X(16)31531-5/sref28
http://refhub.elsevier.com/S0006-291X(16)31531-5/sref28
http://refhub.elsevier.com/S0006-291X(16)31531-5/sref28
http://refhub.elsevier.com/S0006-291X(16)31531-5/sref29
http://refhub.elsevier.com/S0006-291X(16)31531-5/sref29
http://refhub.elsevier.com/S0006-291X(16)31531-5/sref29
http://refhub.elsevier.com/S0006-291X(16)31531-5/sref29
http://refhub.elsevier.com/S0006-291X(16)31531-5/sref29
http://refhub.elsevier.com/S0006-291X(16)31531-5/sref30
http://refhub.elsevier.com/S0006-291X(16)31531-5/sref30
http://refhub.elsevier.com/S0006-291X(16)31531-5/sref30
http://refhub.elsevier.com/S0006-291X(16)31531-5/sref30
http://refhub.elsevier.com/S0006-291X(16)31531-5/sref30
http://refhub.elsevier.com/S0006-291X(16)31531-5/sref31
http://refhub.elsevier.com/S0006-291X(16)31531-5/sref31
http://refhub.elsevier.com/S0006-291X(16)31531-5/sref31
http://refhub.elsevier.com/S0006-291X(16)31531-5/sref31
http://refhub.elsevier.com/S0006-291X(16)31531-5/sref31
http://refhub.elsevier.com/S0006-291X(16)31531-5/sref31
http://refhub.elsevier.com/S0006-291X(16)31531-5/sref32
http://refhub.elsevier.com/S0006-291X(16)31531-5/sref32
http://refhub.elsevier.com/S0006-291X(16)31531-5/sref32
http://refhub.elsevier.com/S0006-291X(16)31531-5/sref32
http://refhub.elsevier.com/S0006-291X(16)31531-5/sref32
http://refhub.elsevier.com/S0006-291X(16)31531-5/sref33
http://refhub.elsevier.com/S0006-291X(16)31531-5/sref33
http://refhub.elsevier.com/S0006-291X(16)31531-5/sref33
http://refhub.elsevier.com/S0006-291X(16)31531-5/sref33
http://refhub.elsevier.com/S0006-291X(16)31531-5/sref33
http://refhub.elsevier.com/S0006-291X(16)31531-5/sref34
http://refhub.elsevier.com/S0006-291X(16)31531-5/sref34
http://refhub.elsevier.com/S0006-291X(16)31531-5/sref34
http://refhub.elsevier.com/S0006-291X(16)31531-5/sref34
http://refhub.elsevier.com/S0006-291X(16)31531-5/sref35
http://refhub.elsevier.com/S0006-291X(16)31531-5/sref35
http://refhub.elsevier.com/S0006-291X(16)31531-5/sref35
http://refhub.elsevier.com/S0006-291X(16)31531-5/sref35
http://refhub.elsevier.com/S0006-291X(16)31531-5/sref35
http://refhub.elsevier.com/S0006-291X(16)31531-5/sref36
http://refhub.elsevier.com/S0006-291X(16)31531-5/sref36
http://refhub.elsevier.com/S0006-291X(16)31531-5/sref36
http://refhub.elsevier.com/S0006-291X(16)31531-5/sref36
http://refhub.elsevier.com/S0006-291X(16)31531-5/sref37
http://refhub.elsevier.com/S0006-291X(16)31531-5/sref37
http://refhub.elsevier.com/S0006-291X(16)31531-5/sref37
http://refhub.elsevier.com/S0006-291X(16)31531-5/sref37
http://refhub.elsevier.com/S0006-291X(16)31531-5/sref37
http://refhub.elsevier.com/S0006-291X(16)31531-5/sref38
http://refhub.elsevier.com/S0006-291X(16)31531-5/sref38
http://refhub.elsevier.com/S0006-291X(16)31531-5/sref38
http://refhub.elsevier.com/S0006-291X(16)31531-5/sref38
http://refhub.elsevier.com/S0006-291X(16)31531-5/sref39
http://refhub.elsevier.com/S0006-291X(16)31531-5/sref39
http://refhub.elsevier.com/S0006-291X(16)31531-5/sref39
http://refhub.elsevier.com/S0006-291X(16)31531-5/sref40
http://refhub.elsevier.com/S0006-291X(16)31531-5/sref40
http://refhub.elsevier.com/S0006-291X(16)31531-5/sref40
http://refhub.elsevier.com/S0006-291X(16)31531-5/sref41
http://refhub.elsevier.com/S0006-291X(16)31531-5/sref41
http://refhub.elsevier.com/S0006-291X(16)31531-5/sref41
http://refhub.elsevier.com/S0006-291X(16)31531-5/sref42
http://refhub.elsevier.com/S0006-291X(16)31531-5/sref42
http://refhub.elsevier.com/S0006-291X(16)31531-5/sref42
http://refhub.elsevier.com/S0006-291X(16)31531-5/sref42
http://refhub.elsevier.com/S0006-291X(16)31531-5/sref42
http://refhub.elsevier.com/S0006-291X(16)31531-5/sref42
http://refhub.elsevier.com/S0006-291X(16)31531-5/sref43
http://refhub.elsevier.com/S0006-291X(16)31531-5/sref43
http://refhub.elsevier.com/S0006-291X(16)31531-5/sref43
http://refhub.elsevier.com/S0006-291X(16)31531-5/sref43
http://refhub.elsevier.com/S0006-291X(16)31531-5/sref44
http://refhub.elsevier.com/S0006-291X(16)31531-5/sref44
http://refhub.elsevier.com/S0006-291X(16)31531-5/sref44
http://refhub.elsevier.com/S0006-291X(16)31531-5/sref44
http://refhub.elsevier.com/S0006-291X(16)31531-5/sref44
http://refhub.elsevier.com/S0006-291X(16)31531-5/sref45
http://refhub.elsevier.com/S0006-291X(16)31531-5/sref45
http://refhub.elsevier.com/S0006-291X(16)31531-5/sref45
http://refhub.elsevier.com/S0006-291X(16)31531-5/sref46
http://refhub.elsevier.com/S0006-291X(16)31531-5/sref46
http://refhub.elsevier.com/S0006-291X(16)31531-5/sref46
http://refhub.elsevier.com/S0006-291X(16)31531-5/sref46
http://refhub.elsevier.com/S0006-291X(16)31531-5/sref46
http://refhub.elsevier.com/S0006-291X(16)31531-5/sref46
http://refhub.elsevier.com/S0006-291X(16)31531-5/sref47
http://refhub.elsevier.com/S0006-291X(16)31531-5/sref47
http://refhub.elsevier.com/S0006-291X(16)31531-5/sref47
http://refhub.elsevier.com/S0006-291X(16)31531-5/sref47
http://refhub.elsevier.com/S0006-291X(16)31531-5/sref47
http://refhub.elsevier.com/S0006-291X(16)31531-5/sref48
http://refhub.elsevier.com/S0006-291X(16)31531-5/sref48
http://refhub.elsevier.com/S0006-291X(16)31531-5/sref48
http://refhub.elsevier.com/S0006-291X(16)31531-5/sref49
http://refhub.elsevier.com/S0006-291X(16)31531-5/sref49
http://refhub.elsevier.com/S0006-291X(16)31531-5/sref49
http://refhub.elsevier.com/S0006-291X(16)31531-5/sref49
http://refhub.elsevier.com/S0006-291X(16)31531-5/sref50
http://refhub.elsevier.com/S0006-291X(16)31531-5/sref50
http://refhub.elsevier.com/S0006-291X(16)31531-5/sref50
http://refhub.elsevier.com/S0006-291X(16)31531-5/sref50

	Differential phosphorylation-based regulation of αB-crystallin chaperone activity for multipass transmembrane proteins
	1. Introduction
	2. Material and methods
	2.1. Reagents
	2.2. Antibodies
	2.3. cDNA cloning and plasmid construction
	2.4. Cell culture, transfection, immunofluorescence and sedimentation analysis in glycerol gradient
	2.5. Preparation of cell extracts, SDS-PAGE and western immunoblotting

	3. Results
	3.1. Mutagenesis
	3.2. Effect of serine pseudo-phosphorylation on CRYAB chaperone function
	3.3. Chaperone activity of CRYAB double pseudo-phosphorylated mutants
	3.4. Pseudo-phosphorylation decreases the size of the oligomeric complex containing CRYAB in transfected cells

	4. Discussion
	Acknowledgements
	Appendix A. Supplementary data
	Transparency document
	References


