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Summary
The a-crystallin B chain (CRYAB or HspB5) is a cytosolic chaperone belonging to the small heat shock protein family, which is known

to help in the folding of cytosolic proteins. Here we show that CRYAB binds the mutant form of at least two multispan transmembrane
proteins (TMPs), exerting an anti-aggregation activity. It rescues the folding of mutant Frizzled4, which is responsible for a rare
autosomal dominant form of familial exudative vitreoretinopathy (Fz4-FEVR), and the mutant ATP7B Cu transporter (ATP7B-H1069Q)

associated with a common form of Wilson’s disease. In the case of Fz4-FEVR, CRYAB prevents the formation of inter-chain disulfide
bridges between the lumenal ectodomains of the aggregated mutant chains, which enables correct folding and promotes appropriate
compartmentalization on the plasma membrane. ATP7B-H1069Q, with help from CRYAB, folds into the proper conformation, moves to
the Golgi complex, and responds to copper overload in the same manner as wild-type ATP7B. These findings strongly suggest that

CRYAB plays a pivotal role, previously undetected, in the folding of multispan TMPs and, from the cytosol, is able to orchestrate
folding events that take place in the lumen of the ER. Our results contribute to the explanation of the complex scenario behind multispan
TMP folding; additionally, they serve to expose interesting avenues for novel therapeutic approaches.
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Introduction
To function properly, a protein must fold correctly. In addition to

creating the right environment for the folding process, the cell

engages a set of specialized chaperones that help the nascent

chains attain native state by reducing the energy barriers they must

overcome in order to fold correctly (Vabulas et al., 2010). Cellular

chaperones play a crucial role in the proteostasis network (PN), the

coordinated pathways of synthesis, folding, degradation and

trafficking that take care of the overall protein homeostasis in

the cell. Much effort is dedicated to finding ways to target the PN

in order to develop therapeutic perspectives for a wide range of

diseases that are linked to defective protein folding and trafficking

(Hartl et al., 2011; Roth and Balch, 2011).

Due to their complex structure and topology, TMPs and, even more

so, multispan TMPs have to overcome huge energy barriers in order

to reach their native conformation (Janovjak et al., 2004). Not

surprisingly, a number of human hereditary pathologies are linked to

the loss of function of mutated TMPs (receptor, channel, pump or

transporter), which then fail to attain native configuration (Hartl et al.,

2011; Hung and Link, 2011). In some cases, these folding mutations

primarily affect the transport of the TMPs but do not completely

abolish the biological activity; thus the rescue of their proper

localization could, in itself, significantly ameliorate the pathological

consequences (Coppinger et al., 2012; Hung and Link, 2011).

Different categories of chaperone operate for TMPs, and the

chaperone activity that is best characterized is of those located in

the lumen of the ER (Braakman and Bulleid, 2011). However,

cytosolic chaperones of the Hsp90, Hsp70 and Hsp40 families

have been shown to assist in the folding of several TMPs by

interacting with their cytosolic moiety and eventually causing

different effects defined by the properties of each client protein

(Beckmann et al., 1990; Marozkina et al., 2010; Mayer and

Bukau, 2005; Peters et al., 2011).

Here we analyze the effect of a small Heat shock protein

(sHsp), the a-crystallin B chain (CRYAB or HspB5) (Arrigo

et al., 2007; Derham and Harding, 1999), which is a well known

member of the sHsp family of 15–30 kDa. We show that this

protein counteracts the aggregation and rescues the proper

intracellular localization of two very different mutated

multispan TMPs: the Frizzled4 (Fz4) receptor mutant

L501fsX533 (henceforth referred to as Fz4-FEVR), associated

with a rare form of Familial exudative vitreoretinopathy (FEVR);

and the mutated copper (Cu) transporter ATP7B-H1069Q,

associated with a common form of Wilson’s disease (WD).

This study was performed by expressing the exogenous CRYAB

protein via trasfection in cells that lack this chaperone, but the

main results were reproduced in cells that express the

endogenous protein at the physiological level.
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In Fz4-FEVR, a frameshift mutation (L501fsX533) generates a
different and shorter C-terminal cytosolic tail of the receptor that

accumulates in the ER of transfected cells (Robitaille et al.,
2002). This misfolded mutant could potentially trap wild-type
chains by improper heteroligomerization, thus abolishing Fz4

signaling from the cell surface during retinal development by a
dominant negative mechanism (Kaykas et al., 2004). This loss of
function results in aberrant vascularization of the retina during
development, creating severe consequences for the patients

(Gariano and Gardner, 2005; Ye et al., 2010).

In the ATP7B-H1069Q form of WD, the most frequent form

among the Caucasian population (de Bie et al., 2007; Lutsenko
et al., 2007; Payne et al., 1998), the mutated transporter
accumulates in the ER of hepatocytes and, therefore, fails to
reach the Golgi complex (as wild-type ATP7B) and to move

further towards post-Golgi vesicles and the plasma membrane in
response to increased cytosolic Cu level. This results in the
failure to excrete excessive Cu out of the hepatocyte into the

biliary flow, causing severe Cu toxicosis, which mainly affects
hepatic and neurological functions (de Bie et al., 2007).

The possible molecular mechanism underlying the effect of

CRYAB in the folding of Fz4-FEVR and ATP7B-H1069Q and
the therapeutic perspectives opened by this new activity of
CRYAB toward mutant multispan TMPs are subsequently

discussed.

Results
CRYAB interacts with wild-type and mutant Fz4 forms

To identify the protein(s) interacting with the mutant Fz4-FEVR

(Fig. 1A) we used a proteomic approach. N-terminally HA-
tagged Fz4-FEVR was immunoprecipitated with anti-HA
antibody from transfected HEK293 cells in order to then

detect protein partners by nanoLC-ESI-LIT-MS/MS analysis.
Consequently we detected CRYAB among the putative Fz4-
FEVR interactors (supplementary material Table S1). This

interaction was further confirmed by co-transfection of
exogenous CRYAB (tagged at the N-terminus with 36FLAG)
with Fz4-FEVR cells followed by immunoprecipitation and
immunoblotting, which clearly revealed that CRYAB was

specifically co-immunoprecipitated by Fz4-FEVR (Fig. 1B).
Interestingly, CRYAB was also co-immunoprecipitated by co-
transfected Fz4 (Fig. 1B) and Fz4-D40 (a truncated form of Fz4

that bears only one residue of the predicted C-terminal cytosolic
tail, supplementary material Fig. S1), indicating that CRYAB
binds in the short cytosolic loops region of Fz4 and Fz4-FEVR,

and not just to the new C-terminal tail of Fz4-FEVR generated by
the frame-shift mutation (Fig. 1A). We then employed the
proximity ligation assay (PLA) (Söderberg et al., 2008;
Weibrecht et al., 2010), which allows for the detection and

visualization of the close proximity between two proteins in
tissue and cell samples using fluorescence microscopy. In this
assay, a pair of oligonucleotide-conjugated secondary antibodies

generates a DNA ligase-mediated fluorescent signal only when
the primary antibodies against the corresponding proteins get
close to each other. As a result, PLA signal was reported to

indicate protein–protein interactions (Akbari et al., 2010;
Weibrecht et al., 2010). To perform the PLA analysis we
started with human hepatoma Huh-7 cells. These cells are

larger and flatter than HEK293 cells, exhibit a well-defined
and extended ER when observed with light microscopy
(D’Agostino et al., 2011; Stornaiuolo et al., 2003), and do not

express a detectable level of CRYAB (data not shown). Next, we
generated a PLA-suitable mouse polyclonal antibody, specific for

the cytosolic C-terminal tail of Fz4-FEVR. As shown in
supplementary material Fig. S2, this antibody recognizes Fz4-
FEVR (but not Fz4) in the immunofluorescence and western blot
analyses performed on transfected cells and confirms that Fz4-

FEVR was largely localized in the ER. When this antibody was
employed in PLA experiments together with the anti-HA
antibody in order to reveal transfected HA–CRYAB, a

significant and diffuse PLA-associated staining was detected
throughout the cells (Fig. 1C, upper panels), which clearly
supported the above IP data that show an interaction between our

proteins of interest. In the control experiment, as was expected,
only background signal was generated when the anti-FLAG
antibody was used instead of the anti-tail to detect Fz4-FEVR for
PLA (Fig. 1C, central panels). This is because the 36FLAG tag

in Fz4-FEVR is located on the luminal side of the membrane with
respect to the cytosolic HA–CRYAB protein. In addition, we
employed the mutant G glycoprotein coded by the ts O45 strain

of vesicular stomatitis virus (VSVG) as a further negative
control. VSVG is a single-pass TM protein that accumulates in
the ER at the non permissive temperature of 39 C̊ (Gallione and

Rose, 1985; Kreis and Lodish, 1986). Therefore, cells were
cotransfected with VSVG–GFP and HA–CRYAB and incubated
at 39 C̊ to keep VSVG in the ER. As shown in Fig. 1C (lower

panels), no staining was observed in the cells when an anti-GFP
antibody (to reveal the C-terminus of VSVG) was employed in
combination with the anti-HA (to label CRYAB) in the PLA
assay. Taken together, the control experiments described above

demonstrated the specificity of the PLA approach and also
suggested that CRYAB binds to ER resident transmembrane
proteins selectively. Unfortunately, we could not perform a

similar analysis on the interaction of wild-type Fz4 with CRYAB
due to the lack of a specific antibody recognizing the cytosolic
portion of Fz4. Nonetheless, the above results strongly support

the conclusion that CRYAB binds to Fz4 protein forms, which
raises the interesting possibility that it may assist the folding of
nascent Fz4 receptor chains.

CRYAB prevents the formation of large oligomeric
complexes containing Fz4-FEVR

It has been reported that the Fz family receptor proteins form

homo- and heteroligomers (Kaykas et al., 2004) and that the
mutant Fz4-FEVR can trap wild-type chains in the ER in aberrant
oligomers, thus explaining with a dominant negative mechanism

the dominant inheritance of this mutation (Kaykas et al., 2004).
Aberrant oligomerization may lead to the formation of incorrect
inter-chains disulfide bonds (Marquardt and Helenius, 1992).
Considering that 16 cysteine residues are present in the

ectodomain and luminal loops of Fz4, the presence of incorrect
disulfide bonds should be clearly recognizable in Fz4-FEVR
using SDS-PAGE where the protein is run in non-reducing

conditions. In the absence of DTT, the vast majority of Fz4-
FEVR, but not of Fz4, migrated as high MW aggregates
(Fig. 2A). In the presence of DTT, all apparent aggregates

were converted to monomers, thus confirming their covalent
nature (Fig. 2A). To further prove the aggregated nature of Fz4-
FEVR, we analyzed the sedimentation profile on 20–40%

glycerol gradients of Fz4 and Fz4-FEVR transfected in Huh-7
cells. As shown in Fig. 2B, wild-type Fz4 sedimented mostly in
fractions 4 and 5, while Fz4-FEVR was additionally present in

CRYAB in multispan protein folding 4161
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Fig. 1. Membrane topology of Fz4 and ATP7B and interaction between Fz4 and CRYAB. (A) Schematic drawing of Fz4 and ATP7B proteins. The star

indicates the position of the frame-shift mutation that generates a different and slightly shorter C-terminal tail in Fz4-FEVR (36 residues instead of 41); and the

position of the H1069Q mutation within the NBD of ATP7B. (B) HEK293 cells were transfected to express the tagged proteins indicated above the panels;

detergent-lysed products immunoprecipitated by anti-HA antibody were analyzed by SDS-PAGE and immunoblotting as indicated on the right (in the top two

panels). The bottom two panels show the immunoblotting of aliquots of the corresponding cell lysates. The asterisk indicates the migration of immunoglobulin

heavy chain. The numbers on the left indicate the migration on the gel of Mr standards. (C) PLA analysis of the interaction between Fz4-FEVR and CRYAB.

Plasmids expressing 36FLAG–Fz4-FEVR and HA–CRYAB (see scheme) were co-transfected in Huh-7 cells and the assay was performed with the anti-Fz4-

FEVR cytosolic tail or the anti-FLAG antibody together with the anti-HA antibody to detect CRYAB (top and middle rows, respectively). Given the flat shape of

Huh-7 cells, confocal images were acquired with an open pinhole for better visualization of the overall volume of the cell. However, parallel Z-stacks analysis of

thin confocal sections (1 Airy unit) excluded the presence of PLA signal from the nucleus (not shown). As a negative control, the assay was also performed with

co-transfecting plasmids expressing GFP-tagged VSVG glycoprotein (see scheme) and HA–CRYAB, using anti-GFP and anti-HA antibodies (bottom row: see

text for details). Scale bar: 10 mm.

Journal of Cell Science 126 (18)4162
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Fig. 2. CRYAB, but not CRYAB-

R120G, reduces the amount of Fz4-

FEVR oligomeric forms. (A) Huh-7

cells were transfected to express the

tagged proteins indicated and equal

aliquots of the cell lysates were processed

in parallel for SDS-PAGE run in

reducing (+ DTT) or non-reducing

(– DTT) conditions followed by

immunoblotting, in order to detect Fz4 or

Fz4-FEVR. Mr on the left of the lower

panels as in Fig. 1B and the position on

the gels of the aggregated forms of Fz4

and Fz4-FEVR is indicated on the right.

The histogram on top shows the

percentage of the aggregated forms of

Fz4 and Fz4-FEVR assessed with ImageJ

software. (B,D,F,H) Huh-7 cells were

transfected to express the tagged proteins

indicated above the panels and aliquot of

the cell lysates were analyzed on

continuous 20–40% glycerol gradients

(see the Materials and Methods for

details). The collected fractions, and

1/20th of the total lysates (input), were

analyzed by SDS-PAGE followed by

immunoblotting that was developed with

the antibodies indicated on the right side

of the gels. Only the relevant part of the

gels is shown. The percentage of Fz4

forms recovered in each fraction is

indicated on the left side of the panels.

(C,E,G,I) Aliquots of the indicated

fractions from the gradient (shown in

B,D,F,H, respectively) were analyzed on

SDS-PAGE run in non-reducing

conditions. (J) The amount of Fz4 or Fz4-

FEVR (percentage of total) in light

fractions 4–5 or heavy fractions 8–12 and

in the pellet was calculated from the

gradients shown in B,D,F,H (mean of two

experiments 6 s.d.).

CRYAB in multispan protein folding 4163
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large quantities in fraction 6 and in the lower part of the gradient,

including the pellet fraction (Fig. 2D). The analysis of different

regions of the gradient in non-reducing conditions showed that

the Fz4 and Fz4-FEVR chains sedimenting in fractions 4–5 were

mainly monomeric, while only high MW aggregates were present

in fractions 8–9 and in the pellet (Fig. 2C,E). The quantification

of these results showed that only about 5% of Fz4 sedimented

from fraction 8 to the pellet, compared to 30% of Fz4-FEVR

(Fig. 2J). Thus, the sedimentation profile of Fz4-FEVR with

respect to Fz4 is very clear and indicates that Fz4-FEVR forms

covalent aggregates that may reach a large size; however, the

profile cannot tell if these are homo- or heteroligomeric

aggregates.

To assess the effect of CRYAB on Fz4 and Fz4-FEVR, a

similar analysis was performed on cell lysates co-transfected

cells. No effect was observed for Fz4 (Fig. 2A), while the

resultant amount of aggregated Fz4-FEVR was much lower than

in the absence of CRYAB (Fig. 2A). On the glycerol gradient,

the amount of Fz4-FEVR sedimented from fraction 8 to the pellet

was about half of that observed in the absence of CRYAB

(Fig. 2J) and almost no signal was detected in fractions 10–12

and in the pellet (Fig. 2F), which indicates that the larger

aggregate containing Fz4-FEVR did not form. Interestingly,

transfected CRYAB sedimented throughout nearly the entire

gradient, including the pellet, with a peak centered in fractions 6

and 7 (Fig. 2F). This indicates, as expected, the formation of

dimeric as well as oligomeric complexes (Ahmad et al., 2008).

To further test the hypothesis that the decreased aggregation of

Fz4-FEVR was driven by the chaperone activity performed by

CRYAB, we generated the CRYAB-R120G mutant by site

directed mutagenesis (see methods). It is well established that this

mutant binds to the client proteins but is largely defective in the

chaperone activity (Bova et al., 1999; Zhang et al., 2010). Indeed,

we found CRYAB-R120G specifically co-immunoprecipitated

by either Fz4 or Fz4-FEVR (Fig. 1B); however, no effect was

detected in preventing the aggregation of Fz4-FEVR in large

oligomeric complexes (Fig. 2A,H and J), even though its own

sedimentation profile was similar to wild-type CRYAB (Fig. 2F

and H).

Given that the sedimentation analysis fully supported the

anti aggregation hypothesis postulated above, we decided to

challenge it with an entirely different approach. HA- and

36FLAG-tagged versions of Fz4-FEVR were co-transfected in

Huh-7 cells and their interaction in situ was analyzed with the

PLA. As shown in Fig. 3, a strong signal, quantified as the

number of spots per cell, was detected using anti-HA and anti-

36FLAG as primary antibodies, showing the close proximity of

the two tagged Fz4-FEVR forms. Strikingly, when CRYAB was

added to the co-transfection mix, the signal decreased to about

one third of that scored in its absence (Fig. 3), which strongly

suggested that CRYAB was efficiently blocking the

heteroligomerization of the two reporters. Therefore, three

completely different approaches supported the hypothesis

asserting both the predisposition of Fz4-FEVR to form large

aggregates and the property of CRYAB to specifically counteract

the aggregation of Fz4-FEVR.

CRYAB rescues the cell surface expression of Fz4-FEVR

These results prompted us to investigate if the overexpression of

CRYAB could rescue the intracellular transport of Fz4-FEVR

toward the PM. As shown in Fig. 4A and B, Fz4 exhibited the

same distribution when expressed in the absence or in the

presence of co-transfected 36FLAG–CRYAB, indicating that

CRYAB does not impact the targeting of Fz4. Most of the Fz4

signal was detected on the PM (about 70% on average), while

CRYAB was mostly distributed throughout the cytoplasm. The

two proteins appeared not to co-localize. In contrast, Fz4-FEVR

expressed alone was tightly located intracellularly, accumulating

in the ER (Fig. 4D). However, when co-transfected with CRYAB

(Fig. 4E), a significant amount of Fz4-FEVR was detected on the

Fig. 3. CRYAB decreases heteroligomerization of differently tagged Fz4-FEVR forms. HA–Fz4-FEVR and 36FLAG–Fz4-FEVR (see scheme) were co-

transfected in Huh-7 cells in the absence or in the presence of co-transfected untagged CRYAB (top and bottom rows, respectively). The PLA analysis was

performed with anti-HA and anti-FLAG antibodies. The histogram shows the number of PLA spots (means 6 s.d.) counted in 30 cells randomly selected for the

co-expression of the two Fz4-FEVR forms. Scale bar: 10 mm.

Journal of Cell Science 126 (18)4164
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cell surface (about 25% on average), while cells transfected with

inactive CRYAB-R120G mutant exhibited a negligible amount of

Fz4-FEVR on the cell surface (Fig. 4F). In control experiments

no impact of CRYAB-R120G was observed on the distribution of

Fz4 (Fig. 4C).

Finally, the rescue effect of CRYAB on the cell surface

expression of Fz4-FEVR was challenged by incubating the cells

in the presence of Brefeldin A (BFA). It is well established that

BFA induces Golgi tubulation and fusion with the ER, thus

blocking in the ER the protein destined to the PM (Cluett et al.,

1993; Lippincott-Schwartz et al., 1989; Lippincott-Schwartz

et al., 1990). As shown in supplementary material Fig. S3, no

Fz4-FEVR was detected on the cell surface in cells co-transfected

with Fz4-FEVR and CRYAB and incubated with BFA. This

result rules out the possibility that CRYAB triggers the activation

of unconventional secretory pathways from the ER to the PM

(Gee et al., 2011). On the contrary, it suggests that CRYAB

allows the newly synthesized Fz4-FEVR chains to reach the PM

transiting through the Golgi complex.

CRYAB interacts with ATP7B and rescues the intracellular

transport of WD-associated ATP7B-H1069Q mutant

In order to investigate whether CRYAB has a general role in

assisting the folding of TMPs, we performed co-transfection

experiments with other mutant TMPs that accumulate in the ER

because they are misfolded/aggregated. Negative results were

obtained with the mutant VSVG glycoprotein coded by the ts-045

strain; a minor, if any, effect was suggested by preliminary

experiments with the P347S and D190G rhodopsin mutant (Li

et al., 1996; Sung et al., 1991); and, as expected, CRYAB did not

rescue ER-retained C150S or the C347G isoform of the GPI-

anchored protein uromodulin since these mutants are not

accessible from where CRYAB resides in the cytosol (data

not shown). In contrast, CRYAB markedly recovered the

intracellular compartmentalization of the H1069Q missense

mutant of the Cu transporter ATP7B in COS-7 cells (Fig. 5). In

line with previously reported evidence (Huster et al., 2003), we

found almost 90% of the wild-type ATP7B (GFP-tagged at the N-

terminus) in the late Golgi, where it overlapped with the TGN46

marker protein (Fig. 5). As reported (Huster et al., 2003), the

similarly tagged ATP7B-H1069Q was firmly retained in the ER

(Fig. 5), but more than 60% of the protein recovered the Golgi

complex localization in the presence of co-transfected CRYAB

(Fig. 5). As in the case of Fz4-FEVR, the chaperone activity-

defective CRYAB-R120G hardly improved the ER localization

of ATP7B-H1069Q (Fig. 5), and control experiments revealed no

influence of both CRYAB and CRYAB-R120G on wild-type

ATP7B compartmentalization (data not shown).

To further confirm the functional role of CRYAB in ATP7B-

H1069Q rescue, the co-transfection experiments were repeated

on a larger scale and ATP7B (or ATP7B-H1069Q) was

immunoprecipitated from cell lysates. Fig. 6A shows that

CRYAB (as well as CRYAB-R120G) was specifically pulled

down by either ATP7B or ATP7B-H1069Q.

Next, we exploited the availability of multiple tools to

visualize ATP7B-H1069Q (anti-GFP antibody to label the N-

terminal portion of the GFP-tagged form, anti-nucleotide binding

domain (NBD) antibody to visualize a more distal region of the

protein, and the GFP tag itself to follow the distribution of the

total protein) in order to study the interaction between CRYAB

Fig. 4. CRYAB rescues cell surface expression of Fz4-

FEVR. (A–F) Huh-7 cells grown on coverslips were

transfected to express the tagged proteins indicated on the

right. They were then processed for surface and

intracellular staining of Fz4 and Fz4-FEVR (HA-Surface

and HA-Intra), as detailed in the Materials and Methods,

and were used to reveal, along with a third antibody against

the FLAG tag, the transfected CRYAB or CRYAB-R120G.

The histogram on the right shows the percentage of surface

versus total staining (mean 6 s.d., n520 cells) for each

condition. Scale bar: 10 mm.

CRYAB in multispan protein folding 4165
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and ATP7B-H1069Q with the PLA analysis. HeLa cells were

selected to perform these experiments because they do not

express endogenous ATP7B (unlike COS-7 and Huh-7 cells),

thus the interaction of transfected ATP7B-H1069Q with CRYAB

would not be contaminated by signals derived from the

endogenous ATP7B. As shown in Fig. 6B (upper panels), a

clear red fluorescent PLA signal indicated association of

36FLAG–CRYAB with the NBD domain of ATP7B-H1069Q.

Notably, this signal was never detected within the cells that did

not exhibit any ATP7B-H1069Q fluorescence, which indicates,

together with the negative control (see Materials and Methods),

the specificity of the assay. Further analysis revealed the

potential interaction of CRYAB with ATP7B-H1069Q to take

place only in the peripheral regions of the cells (outside the

Golgi). Moreover, the intensity of the PLA signal appeared to be

lower in the cells where complete correction of ATP7B-H1069Q

to the Golgi was achieved by CRYAB and appeared to increase

in the cells where residual amounts of ATP7B-H1069Q were still

visible in the ER. Therefore, the CRYAB–ATP7B-H1069Q

interaction seems to occur mainly at the ER level. A similar,

though even more intense, pattern was obtained using the anti-

GFP antibody to detect the N-terminus of ATP7B-H1069Q

(Fig. 6B, lower panels). The differing intensities of the two PLA

signals most likely reflect the differing strengths of the two

antibodies, or the closer proximity of the N-terminus of ATP7B-

H1069Q to CRYAB. In any case, these results strongly suggest

that a direct interaction occurs between CRYAB and ATP7B-

H1069Q, and that this interaction takes place in the ER, the site

where CRYAB is indeed expected to bind misfolded or

aggregated TMP clients.

CRYAB eliminates the formation of large oligomeric

complexes containing ATP7B-H1069Q

No information is available in the literature on the

oligomerization status of ATP7B or its mutants, but it is known

that a single chain may form the channel and excrete Cu ions

(Lutsenko et al., 2007). Moreover, ATP7B has an opposite

topology with respect to Fz4: it has no ectodomain, besides the

short luminal loops that connect the transmembrane segments,

and several cytosolic domains (Fig. 1A). Thus it is possible that

CRYAB may employ a different mechanism to promote the

transport of ATP7B-H1069Q from the ER. To address this

question, we again used COS-7 cells and the glycerol gradient

analysis. ATP7B sedimented mostly in fractions 5 and 6 but

showed a clear shoulder in fractions 7 and 8 (Fig. 7A). In

contrast, ATP7B-H1069Q sedimented mostly in fractions 6 and

7, with a shoulder in 8, and about 15% of the total was recovered

in the pellet (Fig. 7B), which indicates the formation of large

oligomeric complexes. Interestingly, in the presence of co-

transfected CRYAB, these complexes were entirely absent and

all the protein sedimented in fractions 6–9 (Fig. 7C). Most

importantly, the presence of CRYAB-R120G had no effect in

preventing the formation of these large oligomeric complexes

recovered in the pellet (Fig. 7D), while both CRYAB and

CRYAB-R120G also sedimented in COS-7 cells as dimeric as

well as oligomeric complexes (Fig. 7C,D). Thus, CRYAB also

exhibits evident anti-aggregation activity in the case of ATP7B-

H1069Q.

The Golgi-corrected ATP7B-H1069Q moves to the cell

surface in response to copper overload

It is well established that ATP7B resides in the Golgi complex

under physiological conditions, but redistributes largely to Cu-

excretion compartments (PM and associated post-Golgi vesicles)

in the presence of elevated intracellular Cu concentration (La

Fontaine and Mercer, 2007). This trafficking response of ATP7B

is fundamental to the removal of excessive Cu away from the

cell, thus preventing intoxication by Cu accumulation in the

cytosol (La Fontaine and Mercer, 2007). To test whether ATPB-

H1069Q, corrected to the Golgi by the activity of CRYAB, would

also correctly respond to increasing Cu level, co-transfection

experiments were performed in the human Hep-G2 hepatocytes,

the liver-derived cellular system widely used to study ATP7B

function (Cater et al., 2006; Roelofsen et al., 2000). Likewise the

wild-type transporter, ATP7B-H1069Q rescued in the Golgi by

CRYAB reached post-Golgi vesicles and the PM in cells

incubated with 200 mM CuSO4 (Fig. 8, compare the central

panels of B and D, with A and C, respectively). In contrast, such

Fig. 5. CRYAB rescues Golgi complex localization of

ATP7B-H1069Q. COS-7 cells grown on coverslips were

transfected to express the tagged proteins indicated on the

right side of each row and processed for

immunofluorescence analysis using an anti-TGN46 protein

antibody to visualize the Golgi complex. The histogram on

the right shows the extent of colocalization (mean 6 s.d.) of

either ATP7B or ATP7B-H1069Q (visualized by GFP

fluorescence) with TGN46. Scale bar: 10 mm.
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Cu-dependent redistribution was not observed when ATP7B-

H1069Q was expressed alone (Fig. 8E) or together with the mutant

CRYAB-R120G (Fig. 8, compare the right panels of C and D). In

all cases the mutant transporter remained in the ER. All of these

results have been quantified (see the Materials and Methods), and

are presented in the corresponding histogram (Fig. 8E). Overall,

they strongly suggest that CRYAB allows ATP7B-H1069Q to

traffic similarly to the wild-type ATP7B Cu pump.

Finally, we investigated whether the ATP7B-H1069Q,

corrected to the Golgi by CRYAB, would have Cu excretion

activity as in its wild-type counterpart. To this end, we used an

assay based on a reporter luciferase enzyme that measures
cytosolic Cu concentration (van den Berghe et al., 2007). Cells

co-transfected with the control empty vector and above reporter
exhibited a strong induction of luciferase in response to CuSO4

(supplementary material Fig. S4). As expected, the expression of

wild-type ATP7B significantly reduced the luciferase signal,
which indicates that the pump was able to efficiently transport Cu
away from the cytosol. Interestingly, ATP7B-H1069Q exhibited
only a slightly lower capacity to eliminate Cu from the cytosol,

regardless of whether the mutant was located in the ER, beyond
the Golgi complex, or at the PM in the presence of CRYAB
(supplementary material Fig. S5). Given that this residual activity

would be sufficient to prevent the pathology if expressed in the
right intracellular location (de Bie et al., 2007), CRYAB may
open very interesting therapeutic perspectives on forms of WD

that are due to ATP7BH1069Q.

Endogenous CRYAB corrects the compartmentalization of
transfected ATP7B-H1069Q in COS-7 cells

Immunofluorescence analysis showed that a small minority of the
COS-7 cells routinely grown in the lab expresses a detectable

level of the endogenous CRYAB protein. As shown in
supplementary material Fig. S5A, a weak signal was observed
by western blot analysis compared to the exogenous transfected

tagged-form (average transfection efficiency 30–40%), whereas
no signal was detected in Hep-G2 (supplementary material Fig.
S5B) and Huh-7 cells (data not shown). Thus we isolated, by

limiting dilution, a variant COS-7 cell line (named COS-7/
CRYAB+), in which the majority of the cells expressed
significantly higher levels of endogenous CRYAB protein
compared to parental cells (supplementary material Fig. S5B).

When ATP7B-H1069Q was transfected in these cells, a clear
CRYAB-dependent rescue of Golgi complex localization of the
mutant transporter was observed (supplementary material Fig.

S5C). The efficiency of the ATP7B-H1069Q rescue in COS-7/
CRYAB+ cells appeared to be very close to that observed in the
parental cells expressing exogenous 36FLAG–CRYAB. This

finding indicated that a massive overexpression of CRYAB was
not required to correct the compartmentalization of ATP7B-
H1069Q. Conversely, a moderate increase in endogenous

CRYAB (which is still expressed about 10 times less than the
transfected tagged-version) was sufficient to rescue the
compartmentalization of ATP7B-H1069Q, even when this
mutant was highly expressed upon transfection. This result

further supported the use of CRYAB for therapeutic applications
in this form of WD.

Discussion
Here we present compelling evidence that the cytosolic

expression of CRYAB is able to rescue mutant Fz4-FEVR and
ATP7B-H1069Q proteins from accumulation in the ER and, as a
result, to power their intracellular transport to their final

destination, where these proteins normally carry out their
functions.

Two lines of evidence support the conclusion that CRYAB

plays a direct role in this rescue: first, the specific co-
immunoprecipitation (Fig. 1B and Fig. 6A) revealed either Fz4-
FEVR or ATP7B-H1069Q to form a macromolecular complex

with CRYAB; second, the specific signal obtained with the PLA
analysis (Fig. 1C and Fig. 6B) strongly confirmed a possible
interaction between CRYAB and each of the mutant TMPs, most

Fig. 6. Interaction between ATP7B and CRYAB. (A) COS-7 cells were

transfected to express the tagged proteins (indicated above the panel),

detergent-lysed, and the products were then immunoprecipitated by anti-GFP

antibody. The results were analyzed by SDS-PAGE and immunoblotting, as

indicated on the right side of the upper two panels. The lower two panels

show the immunoblotting of aliquots of the corresponding cell lysates.

Numbers on the left indicate Mr as in Fig. 1B. (B) PLA analysis of the

interaction between GFP-tagged ATP7B-H1069Q and 36FLAG–CRYAB.

The two constructs (see scheme) were co-transfected in HeLa cells. The first

image of each row shows the total distribution of ATP7B-H1069Q as revealed

by GFP fluorescence; the second shows the PLA signal obtained with

combinations of anti-ATP7B NBD and anti-FLAG antibodies (top row) or of

anti-GFP and anti-FLAG antibodies (bottom row), respectively. The third

image in each row shows the merge of GFP and PLA signals. Asterisks

indicate the cells showing a higher level of residual ER staining of ATP7B-

H1069Q. Scale bar: 10 mm.
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likely occurring in the ER. This interaction results in a clear

reduction of the amount of the aggregates containing Fz4-FEVR
or ATP7B-H1069Q that form in the absence of CRYAB (Figs 2

and 7). This conclusion is derived from the sedimentation
analysis performed by centrifugation in glycerol gradients and

the SDS-PAGE analysis in non-reducing conditions, and is
strongly supported by the finding that CRYAB-R120G, the

chaperone-deficient mutant causing aberrant desmin folding and
the consequent related myopathy (Bova et al., 1999; van

Spaendonck-Zwarts et al., 2010; Wang et al., 2001), did not
show any anti-aggregation activity. Moreover, the PLA analysis

of differently N-terminally-tagged forms of Fz4-FEVR showed a
strong reduction of aggregates in cells co-transfected with

CRYAB (Fig. 3). Finally, and most importantly, the interaction
with CRYAB and its anti-aggregation activity correlates with the

rescue of plasma membrane and Golgi complex localization of
Fz4-FEVR and ATP7B-H1069Q, respectively (Figs 4, 5 and

supplementary material Fig. S5): both proteins are tightly
localized in the ER either in the absence of CRYAB or in the

presence of the mutant CRYAB-R120G. In addition, the Golgi-
rescued ATP7B-H1069Q responded to Cu overload, similar to its

wild-type counterpart, reaching post-Golgi vesicles and the
plasma membrane (Fig. 8).

These results are very much in line with the main role ascribed
to CRYAB: binding to cytosolic proteins and preventing their

aggregation through an ATP-independent holdase activity
(Arrigo et al., 2007; Kannan et al., 2012). Other features that

distinguish the molecular function of CRYAB were also observed
in our study. It has been reported that this sHsp (as well as other

members of the family) forms large and dynamic homo- and
hetero-oligomeric complexes that are instrumental in carrying out

the holdase activity (Arrigo et al., 2007), and these CRYAB
complexes were present both in Huh-7 and COS-7 transfected

cells (Fig. 2). Moreover, the mutant CRYAB-R120G form
maintains the binding activity and the ability to oligomerize, as

expected (Bova et al., 1999). Lastly, our findings also support the
view that CRYAB (as well as other members of its family) may

favor with its holdase activity the function of other chaperones
that assist in the folding of the clients, keeping it topologically

ready for the folding machinery. To this end, we noted that the
ability of CRYAB to recover the intracellular transport of Fz4-
FEVR appears to be partially cell-dependent. A strong rescue

effect was observed in Huh-7 and COS-7 cells, which was seen to
be less intense in HeLa and weak in HEK293 cells; however,
transfected CRYAB and Fz4-FEVR were both expressed at

similar levels in all of the treated cell lines (data not shown),
confirming that folding of Fz4 and transport from the ER does
not depend exclusively on CRYAB. This conclusion is in full

agreement with the current view, postulating that a large number
of chaperones and other proteins work in a coordinated fashion
towards the optimization of client protein folding, and to form
cell specific proteostatis networks (Ong and Kelly, 2011; Roth

and Balch, 2011).

Our working hypothesis is that CRYAB constitutively assists
folding and post-folding events of Fz4 and ATP7B chains,

though this activity is much more easily seen with their mutant
forms. In the context of the proteostatic network view, extensive
work will be needed to identify the members of the network that

operate in conjunction with CRYAB for the folding of these
proteins (Wang et al., 2006). At present, our results evince
CRYAB to be a key component in such networks, but it will be
interesting to investigate if HSP27 and other members of the

sHsp family are endowed with the same activity towards TMPs
that has been shown by CRYAB (Arrigo et al., 2007).

Our findings provide the important new evidence that CRYAB

has additional client proteins among TMPs. This activity of
CRYAB on TMPs, previously undetected, appears to be specific.
No impact of CRYAB was detected on either the VSVG

glycoprotein coded by the tsO45 strain at 39 C̊, or on the P347S
and D190G rhodopsin mutants retained in the ER due to
misfolding (de Silva et al., 1993; Li et al., 1996; Schnitzer

et al., 1979; Sung et al., 1991) (data not shown). Most likely,
since CRYAB is a chaperone, its specificity would be determined
by the formation of misfolded protein aggregates apt to interact

Fig. 7. CRYAB, but not CRYAB-R120G, eliminates the formation of large oligomeric complexes containing ATP7B-H1069Q. (A–D) COS-7 cells were

transfected to express the tagged proteins (indicated above the panels) and aliquots of the cell lysates were analyzed on glycerol gradients as specified in Fig. 2.
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with CRYAB rather than by the recognition of specific

aminoacidic sequences present in the misfolded protein. This

hypothesis is better supported in the case of Fz4-FEVR, which

has a much smaller mass exposed on the cytosolic side compared

to the ATP7B protein. Fz4 cytosolic loops are short and

presumably unstructured and site-directed mutagenesis of

several residues has failed to abolish their interaction with

CRYAB (data not shown). We predict that the new C-terminal

tail of Fz4-FEVR could directly or indirectly disturb the correct

interaction of the 7 transmembrane segments, thus generating a

misfolded protein prone to aggregate. As a consequence, the

ectodomains of adjacent chains exposed in the lumen of the ER
would form inter-chain disulfide bridges, thereby stabilizing such

aggregates. Noteworthy, neither ER retention nor aggregation are
due to the high expression of Fz4-FEVR in transiently transfected
cells as a HEK293 line permanently expressing Fz4-FEVR
present the same phenotype (data not shown). It’s interesting to

note how clearly the binding of CRYAB, most likely to the
cytosolic loops connecting the transmembrane domains, results in
a beneficial effect on the luminal side of the chains, largely

preventing the ectodomains to aggregate via disulfide bridges.
We predict that chaperones in the lumen of the ER, yet to be
identified, may concomitantly contribute to this effect.

How might CRYAB operate in the case of ATP7B-H1069Q
correction? Our data suggest that CRYAB reduces
oligomerization of this ATP7B mutant (Fig. 7). Unfortunately,
little is known regarding ATP7B aggregation. This process may

occur, since the third and fourth Cu-binding domains in the N-
terminal portion of ATP7B have been shown to aggregate in vitro

(Banci et al., 2008). Given that the H1069Q mutation might

affect the strength of interaction between NBD and N-terminal
domains of ATP7B (Dmitriev et al., 2011), the third and fourth
Cu-binding domains in the N-terminal portion of the mutant

ATP7B molecules could potentially acquire more freedom to
oligomerise and generate ATP7B-H1069Q aggregates. CRYAB
may counteract these aggregation events by holding the N-
terminal tails of ATP7B-H1069Q molecules from

oligomerization and in this way may help the mutant be
exported from the ER. Further domain-specific analysis is
needed in order to narrow down ATP7B and CRYAB binding

sites and to fully understand the impact on ATP7B-H1069Q
oligomerization. Both Fz4-FEVR and ATP7B-H1069Q are
associated with human pathologies. As such, the unexpected

effect of CRYAB opens interesting therapeutic perspectives. Fz4-
FEVR is supposed to force wild-type Fz4 chain retention in the
ER through hetero-oligomerization and, therefore, to suppress

Fz4-mediated signalling at the cell surface during retinal
development in a dominant-negative manner (Kaykas et al.,
2004). ATP7B-H1069Q, in turn, is unable to efficiently reach the
Golgi complex and to relocate to post-Golgi vesicles and the cell

surface in response to Cu overload, thus failing to excrete Cu
outside the cell. In the case of the rare form of FEVR associated
with the mutant Fz4-FEVR, the assumption is that the protein

corrected by CRYAB on the cell surface would be defective for
signalling anyway, having lost the binding site for the
Dishevelled protein in the mutated cytosolic tail (Krasnow

et al., 1995; Tauriello et al., 2012). However, this correction
should, at the same time, relocate wild-type Fz4 chains with fully
functional signalling to the plasma membrane.

A more interesting scenario opens up for the CRYAB-

mediated correction of the H1069Q variant of ATP7B that
causes the most common form of WD. ER retention of ATP7B-
H1069Q has been recognized as a main cause of toxic Cu

accumulation in hepatocytes due to the failure of this mutant to
transfer increasing Cu concentration through relocation towards
Cu excretion sites (PM and associated post-Golgi vesicles) (de

Bie et al., 2007). Meanwhile, a growing body of evidence
suggests this mutant to possess significant catalytic activity (Iida
et al., 1998; van den Berghe et al., 2009; our results). Therefore,

ATP7B-H1069Q rescued from the ER to the intracellular
compartments, where Cu excretion is executed by ATP7B,
would be beneficial for a significant subset of WD patients. We

Fig. 8. ATP7B-H1069Q localized in the Golgi complex responds to Cu

overload. Hep-G2 cells grown on coverslips were transfected with GFP-

tagged ATP7B (A,B) or ATP7B-H1069Q (C,D) and co-transfected with

36FLAG–CRYAB or CRYAB-R120G (as indicated above each column).

Two days after transfection, parallel coverslips were incubated for 2 hours in

medium containing either 200 mM CuSO4 (+Cu) or 500 mM of the Cu

chelant BCS (bathocuproinedisulfonic acid) (2Cu), and subsequently

processed for immunofluorescence analysis. (E) Histogram showing the

percentage of ATP7B-H1069Q-transfected cells exhibiting ER, Golgi

complex, and plasma membrane and vesicular staining, respectively (mean 6

s.d., n530 fields from three independent experiments). Scale bar: 4.5 mm.
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found that interaction with CRYAB facilitates ATP7B-H1069Q
export from the ER towards the late Golgi compartment, in which

ATP7B normally resides (Fig. 5), and CRYAB expression in
hepatocytes allowed ATP7B-H1069Q delivery from the Golgi to
the PM and associated vesicles upon addition of Cu (Fig. 8).

Moreover, the endogenous CRYAB expressed in a variant COS-7
line is sufficient to rescue the Golgi localization of transfected
ATP7B-H1069Q (supplementary material Fig. S5). Therefore, in
the context of a clear demand for novel WD treatment strategies

(Gitlin, 2003), CRYAB emerges as a new attractive therapeutic
target as its upregulation in the liver may be beneficial for many
patients and especially considering the H1069Q mutation of

ATP7B is the most common cause of WD in the Caucasian
population (de Bie et al., 2007; Lutsenko et al., 2007; Payne et al.,
1998).

Finally, further work should be done with regard to
mechanisms that modulate CRYAB expression in different
tissues and organs given that it may have other disease-

associated proteins as clients. Dexamethazone has already been
shown to raise the expression of CRYAB (Aoyama et al., 1993;
Jobling et al., 2001; Nédellec et al., 2002), thus providing an

initial hint in this direction. Phosphorylation is reported to favor
the formation of monomers/small oligomers of CRYAB that are
less active with respect to the large oligomeric complexes fully
endowed with holdase activity (Arrigo et al., 2007) over cytosolic

targets. Specific protein kinase inhibitors (Aggeli et al., 2008;
Hoover et al., 2000; Koppelman et al., 2008), or compounds
targeting CRYAB phosphateses, may provide druggable

components (Calamini et al., 2011) for the development of new
therapeutic approaches, and perhaps cures, to a significant subset
of genetic diseases by manipulating the proteostasis network

(Balch et al., 2008; Lindquist and Kelly, 2011; Powers et al.,
2009).

Materials and Methods
Reagents

All of the culture reagents were obtained from Sigma-Aldrich (Milan, Italy). The
solid chemical and liquid reagents were obtained from E. Merck (Darmstadt,
Germany), Farmitalia Carlo Erba (Milan, Italy), Serva Feinbiochemica
(Heidelberg, Germany), Delchimica (Naples, Italy) and BDH (Poole, United
Kingdom). Protein A-Sepharose CL-4B and the enhanced chemiluminescence
reagents were from Roche (Milan, Italy).

Antibodies

The following antibodies were used: peroxidase-conjugated anti-mouse and anti-
rabbit IgG, rabbit polyclonal anti-HA antibody and mouse monoclonal anti-FLAG
antibody (Sigma-Aldrich, Milan, Italy); Texas-Red-conjugated anti-mouse and
anti-rabbit IgG, FITC-conjugated goat anti-mouse and anti-rabbit IgG, Cy5-
conjugated goat anti-mouse and anti-rabbit IgG (Jackson ImmunoResearch
Laboratories, West Grove, PA); mouse monoclonal anti-HA antibody (Sigma
Aldrich, Milan, Italy and Santa Cruz Biotechnology, Heidelberg, Germany); rabbit
polyclonal anti-GFP (Abcam, UK); rabbit polyclonal anti-calnexin antibody
(Stressgene, Ann Arbor, MI). A polyclonal antiserum against the cytosolic tail of
Fz4-FEVR was generated by immunizing mice with the GST protein fused to the
36 residues of the C-terminal sequence of Fz4-FEVR. A polyclonal antibody
against NBD of ATP7B was generously provided by Dr S. Lutsenko (John
Hopkins Medical School, Baltimore, MD). A monoclonal antibody against human
CRYAB was purchased from Santa Cruz Biotechnology (Heidelberg, Germany).

cDNA cloning and plasmid construction

The expression vectors pCDNA5/TO for Fz4 and the mutant L501fsX533 (Fz4-
FEVR) are described above (D’Angelo et al., 2009). The expression vector
pIRESpuro2-hFz4-c-myc was kindly provided by Guido J.R. Zaman (Verkaar
et al., 2009). The expression vector pCMV6-XL5 for human CRYAB protein (ID
NM_001885.1) was obtained from I.M.A.G.E. Consortium. To obtain the construct
36FLAG–CRYAB, the cDNA coding for CRYAB was amplified from pCMV6-
XL5 plasmid by PCR using the following oligos containing HindIII/XbaI
flanking restriction sites and cloned into p36FLAG–CMV-7.1: Fw (HindIII):

59-AAGCTTATGGACATCGCCATCCACCACCC-39; Rv (XbaI): 59-TCTAGAC-
TATTTCTTGGGGGCTGCGG-39. To obtain the construct 36FLAG–CRYAB
(R120G) in which the R120 was substituted with a glycine (G), the construct
36FLAG–CRYAB was used as a template and site direct mutagenesis was
performed according to the manufacturer instructions (Roche) using the following
oligos: Fw: 59-CTCCAGGGAGTTCCACGGGAAATACCGGATCCCAG-39; Rv:
59-GTGGAACTCCCTGGAGATGAAACC-39.

To obtain the construct HA–CRYAB, the cDNA coding for CRYAB was
amplified from pCMV6-XL5 plasmid by PCR using the following oligos
containing HindIII/XbaI flanking restriction sites and cloned into pCDNA3
expression vector (Invitrogen): Fw (EcoRI): 59-GAATTCATGGACAT-
CGCCATCCACCACCC-39; Rv (XhoI): 59-CTCGAGCTATTTCTTGGGGGCT-
GCGG-39.

DNA of ATP7B and ATP7B-H1069Q GFP-tagged at the N-terminus was
provided by Svetlana Lutsenko (John Hopkins Medical School, Baltimore, MD)
and by Dominik Huster (Otto-von-Guericke-University, Magdeburg, Germany).
DNA of VSVG protein with GFP-tag at its C-terminus was provided by Jennifer
Lippincott-Schwartz (NICHD, NIH, Bethesda, MD). cDNA of transcription-based
luciferase reporter (pGL3-E1b-TATA-4MRE) for measurement of cytosolic Cu
was a generous gift from Bart van de Sluis (University Medical Center Groningen,
Groningen, The Netherlands).

Cell culture, transfection and immunofluorescence

Cells were routinely grown at 37 C̊ in Dulbecco’s modified essential medium
(DMEM), containing 10% fetal bovine serum (FBS) and transfected using FuGene
6.0 (Roche, Milan, Italy), according to the manufacturer’s instructions. The effect
of CRYAB expression on the distribution of Fz4 or ATP7B protein forms was
observed 48 hours post-transfection. Indirect immunofluorescence was performed
as previously described (D’Agostino et al., 2011; Mottola et al., 2000). Single
confocal images were acquired at 636 magnification on a LSM510 Meta or
LSM710 confocal microscope (Carl Zeiss, Jena, Germany). To separately stain
Fz4 protein forms on either cell surface or intracellular membranes, cells were
incubated after fixation with rabbit polyclonal anti-HA antibody, briefly fixed
again, and then permeabilized and incubated with mouse monoclonal anti-HA
antibody. Two distinct secondary antibodies allowed separate visualization of the
two fractions. Then, in order to measure the ratio between levels of PM and
intracellular Fz4 protein forms, the immunofluorescence intensity in the two
channels was measured using NIH ImageJ Biophotonic programs. For each co-
transfection, 20 cells were considered for quantification. The results are given as
mean 6 s.d.

Preparation of cell extracts, immunoprecipitation SDS-PAGE and
western immunoblotting

Preparation of cell extracts, immunoprecipitation SDS-PAGE, and western
immunoblotting were performed as previously detailed (D’Agostino et al.,
2011). Denaturation and reduction of Fz4 containing samples of SDS-PAGE
was performed at 37 C̊ for 15 minutes.

Proximity ligation assay

In-situ protein-protein interactions, revealed as red fluorescent dots, were detected
using the Duolink II PLAkit (Olink Bioscience, Uppsala, Sweden), according to
the manufacturer’s instructions. In the case of ATP7B, the antibody against the
luminal domain of transferrin receptor (Invitrogen) was utilized as a negative
control, given that this antibody should never link to either anti-GFP or anti-NBD
antibodies, which reveal cytosolic regions of the transporter. In the experiments
involving Fz4-FEVR, in order to visualize the distribution of the proteins
expressed upon transfection, the samples were briefly fixed again after the PLA
procedure and processed for immunofluorescence microscopy with the same
couple of primary antibodies used previously and FITC and Cy5-conjugated anti-
mouse and anti-rabbit IgG, respectively. Coverslips were mounted with Duolink
Mounting Media containing DAPI nuclear stain and analyzed by confocal
immunofluorescence microscopy, as detailed above.

Sedimentation analysis in glycerol gradients

Aliquots of cell extract obtained from transfected cells were loaded on top of 20–
40% glycerol gradient made in lysis buffer (Tris-HCl 20 mM, NaCl 150 mM,
Triton X-100 0.5%) and centrifuged at 4 C̊ in the Beckman SW-50.1 rotor for
16 hours at 45,000 rpm in a Beckman Coulter Optima L90K ultracentrifuge.
Twelve fractions were collected from the bottom and the pellet was recovered in
0.3 ml of same lysis buffer used for glycerol gradient preparation. Aliquots of each
fraction were analyzed by SDS-PAGE and immunoblotting.
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