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Abstract

Amyloidogenic human lysozyme variants deposit in cells and cause systemic amyloidosis. We
recently observed that such lysozymes accumulate in the endoplasmic reticulum (ER) with the ER
chaperone GRP78/BiP, accompanying the ER stress response. Here we investigated the region of
lysozyme that is critical to its association with GRP78/BiP. In addition to the above-mentioned
variants of lysozyme, we constructed lysozyme truncation or substitution mutants. These were
co-expressed with GRP78/BiP (tagged with FLAG) in cultured human embryonic kidney cells,
which were analyzed by western blotting and immunocytochemistry using anti-lysozyme and an-
ti-FLAG antibodies. The amyloidogenic variants were confirmed to be strongly associated with
GRP78/BiP as revealed by the co-immunoprecipitation assay, whereas N-terminal mutants pruned
of 1-41 or 1-51 residues were found not to be associated with the chaperone. Single amino acid
substitutions for the leucine array along the oa-helices in the N-terminal region resulted in
wild-type lysozyme remaining attached to GRP78/BiP. These mutations also tended to show
lowered secretion ability. We conclude that the N-terminal a-helices region of the lysozyme is
pivotal for its strong adhesion to GRP78/BiP. We suspect that wild-type lysozyme interacts with
the GRP at this region as a step in the proper folding monitored by the ER chaperone.
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Introduction

Not only neurodegenerative disorders such as
Alzheimer's disease but also diabetes and
non-neurogenic systemic diseases have become seri-
ous public health problems. These diseases are all
attributed to the deposition of aberrant proteins in
tissues [1-4]. Such proteins, accumulated both extra-
cellularly and intracellularly, become dysfunctional
and are thought to have different types of pathogenic
influences. Malignant polypeptides are often formed
by folding mistakes, which are enhanced by genetic
mutations and various environmental factors such as
salt, heat, oxidizing and toxic conditions, and molec-
ular crowding [5-7]. Misfolded proteins are prone to
expose their hydrophobic regions that are buried
within the interior when the proteins are folded cor-

rectly. The exposed hydrophobic surfaces facilitate the
oligomerization and aggregation of proteins [8,9]. In
many cases, such protein molecule phenomena lead to
the formation of fibers with a regular structure [10].
The mechanisms underlying the protein quality
control (PQC) system, i.e., the cellular response that
copes with aberrant proteins to maintain cell homeo-
stasis have been extensively investigated [11-14]. A
major part of the PQC system resides in the endo-
plasmic reticulum (ER), and is called ER-associated
degradation (ERAD) [13]. The ER receives proteins
that fail to undergo proper folding, includes them up
to the step of ubiquitination and transfers them to
further processes such as degradation by the pro-
teasome system [15,16]. Sometimes, accumulated
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proteins in the cells are known to become a target of
autophagy and to be degraded [16]. Abnormal pro-
teins are occasionally sequestered to a specific cellular
compartment to generate an intracellular inclusion
body called the aggresome [17,18].

The most prominent factors in the PQC system
are the molecular chaperones such as heat shock pro-
teins (Hsp) that identify abnormal proteins, assist in
their refolding, prevent their aggregation and help to
restore the injured proteins [18]. It was reported that a
decrease in the cell of molecular chaperones and the
loss of their function induced folding failure and an
increase in the cell of aggregate proteins [19].

A protein disorder in cells prompts an intracel-
lular signal transduction pathway called the “un-
folded protein response system.” This system, highly
conserved from yeasts to humans, controls the ho-
meostasis of the ER by activating the ER stress re-
sponse to recover and protect cells from damage due
to the aggregation of misfolded proteins [14,20]. In
mammals, three independent pathways are used up-
on ER stress: the inositol-requiring enzyme-1 (IRE1)
pathway [21], the double-stranded RNA-activated
protein kinase-like ER kinase pathway, and the acti-
vating transcription factor 6 pathway [22].

There are two forms of IRE1: one in which IREla
is expressed ubiquitously and the other in which
IRE1p is expressed solely in the intestinal and lung
epithelium [23,24]. In humans, IREla and IRE1p pro-
teins are encoded by the ERN1 and ERN2 genes [25],
respectively. IREla is bound to the ER chaperone
GRP78/BiP under normal cell conditions. In an
emergency, IREla is detached from GRP78/BiP and
activates RNase activity, and this in turn processes
immature XBP1 transcript to mature XBP1 mRNA.
XBP1 (the XBP1 product) is a transcription factor that
enhances the expression of GRP78/BiP (as well as that
of GRP%4) [26,27]. Thus, GRP78/BiP is one of the
central players in the ER stress response [28].

Lysozyme, a small protein secreted from vari-
ous tissues, is known for its bias toward amyloid fibril
formation [29]. In humans, at least five naturally oc-
curring single amino-acid mutants (I56T, F571, I59T,
W64R and D67H) of lysozyme accumulate in many
organs such as liver, spleen and kidney, and they
form amyloid fibrils, resulting in non-neuropathic
systemic amyloidosis [30-32]. These mutants are
therefore called amyloidogenic variants. The sites of
mutations in the variants converge in or near the
so-called amyloidogenic core region, which is im-
portant for amyloid fibril formation [33-35]. Our re-
cent study using four of the five variants revealed
that, when overexpressed in cultured human embry-
onic kidney (HEK) 293 cells, 156T, F57, W64R and
D67H were accumulated in the ER together with

GRP78/BiP while enhancing the ER stress response
via the IRE1-XBP1-GRP78/BiP pathway [36]. In the
present study, using newly constructed prune mu-
tants as well as the four amyloidogenic variants, we
obtained results indicating that the N-terminal hy-
drophobic region of lysozymes is critical for the asso-
ciation with GRP78/BiP.

Materials and methods

Cells and chemicals

Cells of the HEK293 line, culture medium and
supplements added to the medium, anti-GAPDH an-
tibody, HRP-conjugated secondary antibody and
Alexa Fluor 488- or 546-conjugated IgG were pur-
chased as described in our previous study [36]. An
anti-lysozyme antibody with a recognition site of
37-50 was obtained from Abcam (Cambridge, MA),
and we created an anti-lysozyme antibody with a
recognition site of 49-65 in our laboratory. The latter
was used for N-terminal deletion mutants (see below).
Anti-GRP78/BiP antibody was from Santa Cruz Bio-
technology (Santa Cruz, CA); anti-FLAG antibody
and anti-FLAG M2 Affinity Gel were from Sig-
ma-Aldrich (St. Louis, MO). MG-132
(z-Leu-Leu-Leu-CHO) was purchased from Peptide
Institute (Osaka, Japan), and other reagents were ob-
tained from Wako Fine Chemicals (Osaka).

Construction of mutants and expression vec-
tors

The cDNAs for wild-type human lysozyme and
its amyloidogenic variants were prepared as de-
scribed [36]. Deletion mutants and substitution mu-
tants were newly produced from the wild-type cDNA
using the inverse polymerase chain reaction (PCR)
method with confirmation by sequencing. These se-
quences were introduced into the pEBMulti-neo ex-
pression vector (Wako). The expression vector of
tagged GRP78/BiP was constructed as follows: Hu-
man GRP78/BiP ¢cDNA was isolated from a HEK293
cDNA library prepared by reverse transcription-PCR
(RT-PCR) of total RNA and introduced into the
pBApo-EFla-neo vector (Takara Bio, Shiga, Japan)
using the In-Fusion HD cloning system (Takara Bio).
To this vector was added the FLAG tag sequence
(coding for DYKDDDDK) at the position behind the
signal sequence of the GRP78/BiP gene.

Cell culture, transfection and analyses

The cultivation and transfection of cells were
performed essentially as described [36], with the fol-
lowing modifications. For the experiment using the
proteasome inhibitor MG-132, transfected cells were
cultured for 24 h in Dulbecco’s Modified Eagle’s Me-
dium (DMEM) with fetal bovine serum (FBS),
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non-essential amino acids (NEAAs) and Antibi-
otic-Antimycotic solution (Life Technologies, Carls-
bad, CA) in 5% CO; at 37°C overnight. After the re-
placement of medium with Opti-MEM medium (Life
Technologies), followed by additional incubation for 1
h, the cells were transfected with each of the expres-
sion vectors with lysozyme sequences using
X-tremeGENE™ HP DNA Transfection Reagent
(Roche, Mannheim, Germany) and incubated for 24 h.
The culture media were then mixed with 5 ng MG-132
and further incubated for 12 h. The cells were col-
lected and treated with NP-40 lysis buffer to obtain
the lysates and pellets. These, with the culture media,
were analyzed together by western blotting.

For the preparation of co-immunoprecipitated
fractions, HEK293 cells were infected first with the
vector with FLAG-tagged GRP78/BiP, followed by
incubation for 24 h, and then infected with the lyso-
zyme vector. After further incubation for 48 h, the
cells were collected and homogenized in NP-40 lysis
buffer, to which 10 U/ml hexokinase (Sigma Aldrich)
plus 0.2 mM glucose were added in order to maintain
the GRP78/BiP function [37,38]. Two types of NP-40
lysis buffer, with and without 1 mM ATP, were used
in some experiments. The lysates were added to the
anti-FLAG M2  Affinity Gel to  recover
FLAG-GRP78/BiP and allowed to react for 2 h with
gentle rotation at 4°C. After being washed three times
with phosphate-buffered saline (PBS), proteins were
eluted with 2 x sodium dodecyl sulfate (SDS) sample
buffer (0.25 M Tris-HCI buffer, pH 6.8, containing 20%
2-mercaptoethanol, 20% SDS and 20% sucrose). The
eluants (co-immunoprecipitated lysozyme/GRP) and
other fractions including the media were analyzed by
Western blotting.

Immunocytochemistry was done using the cul-
tured cells as described [36]. In brief, transfected cells
were cultured on a collagen-coated cover glass for 72
h and treated with the first antibody followed by the
secondary antibody and viewed under a confocal la-
ser microscope. The Western blotting procedure,
immunocytochemistry, PCR and approximate quan-
tification of gel bands were as described [36]. The
evaluation of XBP1 mRNA splicing was done by
RT-PCR according as described [36,39].

Results

Association of amyloidogenic lysozyme vari-
ants and GRP78/BiP without degradation

Our previous study demonstrated that the four
amyloidogenic lysozyme variants 156T, F571, W64R
and D67H remain in the ER together with GRP78/BiP
[36]. In the present study, to determine whether or not
these variant proteins are affected by the intrinsic

proteasomes, we overexpressed each of the variants
and the wild-type lysozyme in HEK cells, which were
further incubated with or without the proteasome
inhibitor MG-132. The cell lysates, pellets and media
were then subjected to Western blotting with the an-
ti-lysozyme antibody. The results were in agreement
with those of our previous experiments [36] in that the
variants exhibited stronger bands in the pellet frac-
tions compared to the wild type (Fig. 1, third panel).
Regarding the results of the medium fractions (Fig. 1,
top panel), the differences between the wild type and
the variants were not marked unlike our earlier re-
sults in which clear differences were seen [36]; this
may be because of the shortened cultivation time of
the transfected cells in the MG-132 study (36 h instead
of 72 h; see the Materials and methods section).

A new finding herein was that MG-132 pro-
duced little change in the band intensity compared to
the respective control lanes for all specimens tested
(Fig. 1; an alteration in the medium fraction of F571
was spontaneous). In the lysate fractions, the differ-
ences between with and without the inhibitor were
only to a limited extent, from -3% to +18% (Fig. 1,
second panel). We infer that the influence of the cel-
lular degradation system on the expressed amyloi-
dogenic lysozymes as well as the wild type was very
small, if it existed at all. In other words, the lysozyme
variants seemed to remain in the ER without entering
the proteosome.

Our previous observation that the lysozyme
variants were co-localized with GRP78/BiP raised the
question of whether these variants were persistently
associated or not with the chaperone. We therefore
collected the lysate from cells wherein each vector of
the lysozyme variants and that for FLAG-tagged
GRP78/BiP had been co-transfected as described in
Materials and methods. The products were subjected
to co-immunoprecipitation with the anti-FLAG M2
Affinity Gel (referred to as “anti-FLAG gel” hereafter)
and subjected to western blotting for lysozyme (Fig.
2A, second panel). Each of the variants afforded a
marked band, whereas the wild-type specimen did
not. We thus favor the idea that a stable association of
lysozyme variants and GRP78/BiP had occurred.
Other lanes including those marked as FLAG (blotting
with anti-FLAG antibody) exhibited patterns as ex-
pected, indicating that the transfected genes were well
expressed.

Next, we performed a similar co-expression
study using one of the four amyloidogenic 156T vari-
ants in the presence or absence of ATP, since GRP is
known to release the substrate when the amount of
ATP is sufficient. As recognized in the western blots
for lysozyme in the co-immunoprecipitated fractions
obtained by the anti-FLAG gel, the 156T band was
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weaker in the ATP+ lanes than in the ATP— controls  vector was not added. It seemed that I56T and
(Fig. 2B, second panel). Lysozyme signals were scarce ~~ GRP78/BIP were once attached to each other and then
in the other control series in which FLAG-GRP78/BiP  detached by the addition of excess ATP.
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Fig. 1. Effects of MG132 on the amyloidogenic lysozyme variants overexpressed in HEK293 cells. Wild, wild-type lysozyme; I156T etc., the four variants. Transfected
cells were incubated for 24 h and further for 12 h with (+) or without () MG132, and fractionated into the lysates and pellets, which, together with the media, were subjected
to western blotting for lysozyme. Mock, the cells transfected with vector alone; GAPDH, the GAPDH bands in the lysate fractions analyzed as an internal control; Nrf2 lanes,
positive control by using NF-E2-related factor 2. Each of the numbers in the (+) MG132 lanes under the second and fourth panels represents the intensity ratio toward its (-)
MG123 control.
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Fig. 2. Binding assay of lysozyme and GRP78/BiP by co-immunoprecipitation. (A) HEK293 cells were incubated first for 24 h after being transfected with the vector
for FLAG-tagged GRP78/BiP and then for 48 h after being transfected with the vector for the indicated lysozyme gene. Lysates were prepared in the presence of hexokinase and
glucose as detailed in Materials and Methods, and treated with the anti-FLAG gel to obtain co-immunoprecipitated lysozyme-GRP fractions (IP:FLAG panels), which were analyzed
by western blotting with anti-lysozyme antibody or the anti-FLAG antibody (marked as Lysozyme and FLAG, respectively). Lysates before immunoprecipitation were also subjected
to western blotting (Lysate panels). (B) Experiments similar to those in A were repeated for 156T with or without adding | mM ATP in the lysis buffer. In this experiment, control
series without tagged GRP78/BiP were also analyzed.
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Search for the region critical to the association
with GRP78/BiP

What is the region that interacts with
GRP78/BiP? To address this question, we constructed
several types of lysozyme mutations, each with a de-
letion at the N-terminal, internal or C-terminal region
as illustrated in Figure 3A, and we inserted the muta-
tions into the expression vector (see Materials and
Methods). The products were individually
co-expressed with tagged GRP78/BiP as described
above, and the synthesized proteins were subjected to
western blotting for lysozyme.

The bands in the cell lysate fractions were quite

pared to the other specimens (Fig. 3B, second panels).
All four of the deletion mutants tested here showed
no signals in the culture media (Fig. 3B, top panels).
The most noteworthy was the finding that the mu-
tants pruned of the N-terminal region scarcely gave
bands in the co-immunoprecipitated fractions ob-
tained by the anti-FLAG gel (Fig. 3B, left third panel).
This result implies that the N-terminal deletion mu-
tants (1-41del and 1-51del) were without GRP78/BiP.
The opposite situation was given by the C-terminal or
core region pruned mutants (80-130del and 51-67del,
respectively); these might have coexisted with
GRP78/BiP as they exhibited definite bands in the
co-immunoprecipitates (Fig. 3B, right third panel).

clear, although those of the N-terminal mutants
1-41del and 1-51del had slightly less intensity com-

c Mock  Wild 1567  1-41del  1-51del
A . _63 130 Anti-Lz
Wild Signal sequence é ‘
i 2 130
1-4idel Rchaniniel J%—‘ GRP78/BiP - - - -
1

Wild I156T 80-130del  51-67del

Anti-Lz

| "q-'.

N
&>
.9 F ¥ GRP78/BiP
B FSFF T FS
FIELENN ST F S
— 17.2 kDa
— — . P
Medium — 10.0 kDa
— 17.2 kDa
2 Lysate I ___ e —'-— 10.0 kDa
:1
2 17.2 kDa
2| IP:FLAG - - 100 kDa
172kDa )
- Rad L~ 10.0 kDa
Pellet — | )
i - x
T I 100 kDa XBP-1
o F Lysate dd“hq PHH“ &= 75KDa
< 100 kD Intensity of XBP-1s 1.00 2.79 2.04 3.01 2.42 1.13 0.94 1.63 2.39 S
= . F 3 | B a
=| FLAG - b bl bd HUULU_MM
p-actin —— - - ——
GAPDH | e e a» | o oS o o S|
1.00 1.07 0.85 0.79 0.61 0.75 0.71 0.63 0.75

Fig. 3. Search of possible GRP78/BiP-binding sites in lysozyme. (A) Schematic of prune mutants made from the wild type by truncating the N-terminal 1-41 and 1-51
residues, the C-terminal 80130 residues, the internal 51-67 residues and the al-helix (putative binding region to GRP78/BiP) 28-34 residues (the latter was used in the
experiments shown in Fig. 5). The top image depicts the wild-type lysozyme. All of the constructs have the signal sequence of lysozyme. Broken line, deletion region; diagonal line,
the core region of amyloid fibril formation; del, deleted residues. (B) Binding assay of the four derivatives (1—41del, 1-51del, 80—130del and 51-67del) to GRP78/BiP by
co-immunoprecipitation. The mutants were each co-expressed with tagged in HEK293 cells (incubated for a total of 72 h) and fractionated into the lysates and pellets. The lysates
were subjected to co-immunoprecipitation, and western blotting was done for lysozyme and FLAG. The cultivation media were also analyzed. Abbreviations are as in the legends
to Figs. | and 2. (C) Co-localization of lysozyme and GRP78/BiP in HEK293 cells transfected with lysozyme (incubated for 72 h). The cells were fixed and double-labeled with
Alexa 488-conjugated secondary IgG against anti-lysozyme antibody (green) and the anti-GRP78/BiP antibody (red), followed by confocal laser microscopy. Top panels, detection
of lysozyme; middle panels, detection of GRP78/BiP; bottom panels, superimposed images. Scale bar: 20 um. (D) RT-PCR of XBPI for lysozyme expression. Transfected cells
incubated for 72 h were used (see Materials and Methods). RT-PCR for XBPI mRNA, where u, s, and * denote the unspliced, spliced, and combined forms. Bottom panel: internal
control (B-actin). Numbers under each panel represent the s-band intensity ratios of the mutants to that of the wild type.
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It should be noted here that the lysozyme pro-
teins that lost N-terminal region gave intense signals
in the pellet fractions (Fig. 3B, left fourth panel), alt-
hough these proteins were believed to be free from
GRP78/BiP. This can be attributed to self-aggregation
into insoluble form.

The same specimens were further subjected to
immunocytochemical analyses. The intracellular lo-
calization positions of 51-67del and 80-130del as well
as of those of I56T were in exact agreement with those
of GRP78/BiP (Fig. 3C; arrows show fully merged
regions). In contrast, the localization of the N-terminal
1-41 and 1-51 prune mutants as well as the wild-type
lysozyme hardly matched that of GRP78/BiP (Fig. 3C,
upper-half panels). These further verify the above
results with respect to the association property to-
ward GRP78/BiP.

The four amyloidogenic lysozyme variants were
observed to elicit the splicing of XBP1 during the ER
stress response [36]. We tested this point for the dele-
tion mutants (Fig. 3D). The band of XBP-1s, the splic-
ing product of XBP-1, was scarcely detected in the
lanes for the N-terminal mutants (1-41del and
1-51del) as well as the lane for the wild-type lyso-
zyme. However, the XBP-1s was observed in the lanes
for the core region mutant and the C-terminal region
mutant (51-67del and 80-130del, respectively) as well
as in the lanes for the four amyloidogenic mutants.
These data, together with those of the immunocyto-
chemical study, coincided with the above-mentioned
western blot patterns. We therefore conclude that, for
the persistent association with GRP78/BiP, the
N-terminal region of lysozyme is essential but its core
and C-terminal regions are not.

To determine whether the current prune deriva-
tives especially those deleted at the N-terminal 1-41
and 1-51 residues that were free from GRP78/BiP in
the cellswere affected by proteasomes or not, we
treated the transfected cells with the proteasome in-
hibitor MG-132 followed by western blotting for ly-
sozyme. As shown in the left second panel of Figure 4,
the presence of the inhibitor caused a marked increase
in band intensity for the N-terminal mutants, indi-
cating that the proteins received the degradative ac-
tivity. Little or no effects of MG-132 on the 80-130 and
51-67 deletion mutants were observed (Fig. 4, right
second panel); these mutants have been shown to
coexist with GRP78/BiP in the ER, and were thus de-
tected in the pellet fractions (Fig. 4, right third panel).
The banding patterns of the left third panel of Figure 4
might be attributed to self-aggregation as mentioned
above (see Fig. 3B, left fourth panel).

The preceding data indicated that the N-terminal
region of lysozyme is imperative for the adhesion of
GRP78/BIP. GRP78/BiP has been shown to interact
with a redundant heptapeptide motif,
Hy(W/X)HyXHyXHy, in which alternating large hy-
drophobic or aromatic amino acids (Hy) provide high
affinity to the substrate domain of GRP78/BiP [40,41].
After searching for a sequence resembling the motif in
the N-terminal region of lysozyme, we noticed a
WMCLAKW heptapeptide at the 28-34 residues. We
thus designed a prune mutation in which these seven
amino acids were absent (see Fig. 3A, bottom), using
both wild-type lysozyme and the I56T variant as
starting materials. The prepared two constructs
(28-34del and 28-34del/I56T) were wused in
co-expression experiments for lysozyme and tagged
GRP78/BiP as described above.
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Fig. 4. Effects of MG132 on the truncated mutants of lysozyme overexpressed in HEK293 cells. 1-41del, etc,, the deletion mutants shown in Fig. 3A. Transfected
cells were incubated with (+) or without (<) MG132, fractionated and subjected to western blotting for lysozyme. Each number in the (+) MG132 lanes under the second and
fourth panels shows the intensity ratio toward its (-) MG123 control. Details are as described in the Fig. 1 legend.
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The results clearly showed that, although the
western blots for lysozyme were weak in the lysates,
the two prune proteins were absent in the immuno-
precipitated fractions eluted from the anti-FLAG gel
(Fig. 5A, second and third panels, respectively). This
indicated that the mutants were free from
GRP78/BiP. The same conclusion was reached in the
immunocytochemical study (Fig. 5B), where the two
mutants and wild-type lysozyme gave equivocal pat-
terns in contrast to I56T, which was reconfirmed to
coexist with GRP78/BiP in narrow regions (also see
Fig. 3C). Moreover, these deletion mutants barely
promoted the splicing of XBP-1 (Fig. 5C), an im-
portant link of the IRE1-XBP1-GRP78/BiP pathway.
The two mutants also resembled the above-mentioned
four prune mutants in that these were not secreted
into the media (Fig. 5A, top panel; cf. Figs. 3B and 4).

Since 28-34del and 28-34del/I56T were free
from GRP78/BiP, these were expected to be sensitive
to proteasome systems. We confirmed that this was
the case by the expression experiments for lysozyme
using MG-132 (Fig. 6). The band intensities were
higher in the case of MG-132+ compared to the
MG-132- control in the lysate fractions. In an addi-
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tional co-expression study, the western blot bands of
the deletion mutant proteins in the immunoprecipi-
tated fractions obtained by the anti-FLAG gel did not
differ between with and without MG-132 treatment
(data not shown). All of these findings suggested that
the N-terminal 28-34 residues of lysozyme are critical
for the affinity to the ER chaperone.
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Fig. 5. Biding assay to GRP78/BiP of lysozyme truncated at 28-34 residues of the wild type (28-34del) or of I56T (28-34del/lI56T). (A) These were co-expressed
with tagged GRP78/BiP in HEK293 cells, which were fractionated. The lysates were subjected to co-immunoprecipitation and western blotting was done for lysozyme and FLAG.
See the Fig. 2B legend for details. (B) Localization of lysozyme proteins and GRP78/BiP. The co-transfected cells were fixed, double-labeled and carried to confocal laser
microscopy (see the legend to Fig. 3C). Top panels: Detection of lysozyme. Middle panels: Detection of GRP78/BiP. Bottom panels: Superimposed images. Scale bar: 20 um. (C)
RT-PCR of XBP] for lysozyme expression in the above-described transfected cells. RT-PCR for XBPI mRNA, where u, s and * denote unspliced, spliced and combined form. See

the Fig. 3D legend for further descriptions about this experiment.
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deletion mutant from I56T. Transfected cells were incubated with (+) or without (-) MG132, and fractionated and subjected to western blotting for lysozyme. See the Fig. 4

legend for details.

Effects of N-terminal hydrophobic residues of
lysozyme on GRP78/BiP association

The 28-34 heptapeptide described above nearly
equals the a2-helix (25-35 residues) of the lysozyme’s
N-terminal region (Fig. 7A). The a2-helix is paralleled
by the al-helix, and the two helices possess an array
of hydrophobic amino acids (F3, L8, L12, L15, L25 and
L31) with approximately identical intervals. 156 lies as
if it is a member of the array. We tentatively assumed
that such a structure works for the stable
co-localization with GRP78/BIP. We therefore
changed each of these aromatic amino acids to alanine
in both the wild-type lysozyme and the I56T variant.
The resulting mutant series were individually
co-expressed with the vector for tagged GRP78/BiP,
and the products were analyzed by western blotting.
In the co-immunoprecipitated fractions obtained by
the anti-FLAG gel, the mutants made from the wild
type displayed very clear lysozyme bands (Fig. 7B,
third panel, lanes for F3A, etc.), indicating that these
were changed to have enhanced adhesion bias to
GRP78/BiP in the cells. L15A was an exception, as it
produced no signals similarly to the wild type. The
I56T-based double substitution mutants were still like
the original I56T (Fig. 7B, third panel, lanes for
F3A/I56T, etc.). All of the current mutant specimens
that were shown to be coexisting with GRP78/BiP
exhibited enhanced XBPI splicing (Fig. 7C), again
indicating that the attachment of GRP accompanies
the ER stress response via the IRE1-XBP pathway. In
addition, the introduced mutations tended to exhibit
impaired secretion ability as seen by lowered protein
banding in the medium fractions compared to the
controls (Fig. 7B, top panel).

Effects of 156 mutations on the association
property with GRP78/BiP

156, the mutation site of the variant I56T, is in the
amyloidogenic core region. Here, 156 of wild-type
lysozyme was replaced into different amino acids,
and the products were individually co-expressed with
tagged GRP78/BiP as described above. Substitution to
leucine, valine and methionine of the locus did not
extensively alter the wild-type lysozyme’s negative
associability toward GRP78/BiP or the positive se-
creting ability to the media. This was evidenced by the
weak or no western blots for lysozyme in the
co-immunoprecipitated fractions and strong blots in
the medium fractions, respectively (Fig. 8A, third and
first panels; I56L, 156V, I56M and Wild lanes).

In contrast, the substitution to one of eight amino
acids (alanine, glutamic acid, etc.) exploited in the
present study changed the wild-type lysozyme into
the I56T type, which displayed marked bands in the
co-immunoprecipitated fractions (Fig. 8A, third panel;
the lanes from I56T to I56W except for the I56L lane),
indicating that these remain associated with
GRP78/BiP in the cells. Whether these mutations
were secreted into the media or not depended on the
substituted amino acid (Fig. 8A, top panel).

The results obtained here for the 156 mutants are
summarized by rough degrees in Table 1. Some of the
I56 mutants were optically observed for the
co-localization in the cytoplasm by the immunocyto-
chemical method after co-expression with the
GRP78/BiP vector. In accord with the western blots,
I56L exhibited a pattern like that of the wild-type ly-
sozyme whereas the patterns of 156A, 156S, 156G and
I56W resembled that of I56T (Fig. 8B).

These findings indicate that the character of the

56th amino acid of lysozyme affects the
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GRP78/BiP-lysozyme relationship, and this may
mirror the folding state of the lysozyme proteins and
in turn the difference in thermal stability. To investi-
gate the latter point, we performed ‘molecular mod-
eling and simulation” to predict relative heat stability
data of the single amino acid-substituted lysozymes
by using the Molecular Operating Environment
(MOE) program (Chemical Computing Group, Mon-
treal, Canada). The results are expressed as a coarse
evaluation and listed in parallel with the other prop-
erties (Table 1). The mutants that remain associated
with GRP78/BiP in the cells were shown to be unsta-
ble (I56R, I56E, 156T, 1565, 156A, 156W and 156G), and
the reverse was also likely (wild type, I56L, 156V and

I56M). There were exceptions: 156Y and I56F showed
A

rather higher marks for stability despite their associa-
tion with the GRP. The pelleting tendency (i.e., in-
solubility) was in parallel with the associability to-
ward GRP78/BiP (for exceptions see Figs. 3B and 5A).
Secretion is the intrinsic behavior of wild-type lyso-
zyme, and the mutants with negative scores for secre-
tion tended to have low stability, although I56T, I56Y
and I56A were exceptions. The wild-type lysozyme
and the mutants I56L, I56L. and 156M, which has the
above properties that were similar to those of the wild
type as summarized in Table 1, have a hydrophobic
amino acid at the 56th residue; this might have sig-
nificance related to the possible normal folding and
secretion of lysozyme.
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Fig. 7. Mutations at the hydrophobic amino acids in the a-helices region of lysozyme. (A) Six sites of single amino acid substitutions introduced here are expressed
by red color plus one character/number in the 3D diagram (top) and by red alphabet in the sequence (bottom) of human lysozyme. 156 is colored magenta in both. The a1
and a2-helices (5-14 and 25-34, respectively) are colored and underlined by cyan in the 3D structure and the sequence, respectively. The C-terminal region (80—130) is colored
flesh in the 3D diagram, and the core sequence of amyloid fibril formation (55-63) is colored blue in the sequence. Solid squares show the second structure (PDB: 1JWR,
http://www.rcsb.org/pdb/explore/remediatedSequence.do?structureld=1JWR). Light brown, alpha- helix; yellow, 3i0-helix; light purple, turn; grey, beta- strand; green triangle,
beta-bridge. (B) Binding assay of single-residue mutants to GRP78/BiP by co-immunoprecipitation. HEK293 cells were co-transfected with indicated lysozyme sequence and
FLAG-tagged GRP78/BiP. F3A and F3A/I56T etc., the single-site substitution mutants made of the wild type and 156T, respectively. Co-immunoprecipitated fractions (IP:FLAG
panels) were analyzed by western blotting with anti-lysozyme antibody or the anti-FLAG antibody. Further details are as described in the Fig. 2A legend. (C) RT-PCR of XBPI for
lysozyme expression in the cells transfected with the substitution mutants. Experiments were performed as described in the Fig. 3D legend. RT-PCR for XBPI mRNA, where u,

s and * denote unspliced, spliced and combined form.
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in the Fig. 3C legend.

Discussion

We have reported the intracellular coexistence of
the well-known amyloidogenic lysozyme variants
I56T, F571, W64R and D67H with GRP78/BiP, which
is an ER-specific member of the HSP70 family molec-
ular chaperones, while showing the occurrence of ER
stress response [36]. In the present study, we further
revealed that not all but many of the newly con-
structed lysozyme mutants were found to be associ-
ated with GRP78/BiP. Here, the strong adhesion was
ascertained by co-immunoprecipitation of the mu-
tants and the tagged GRP78/BiP by the anti-tag anti-
body. An accompanying ER stress response was also
observed. Generally, aberrant proteins such as those
misfolded or unfolded will meet their fate of aggre-
gation or degradation in cells, as described in the In-
troduction. It is worth noting that the lysozyme vari-
ants and mutants that bound to GRP78/BiP in the

cells did not undergo the degradation by the pro-
teasome system. When GRP78/BiP was knocked
down by RNAI, lysozyme variants in the pellets were
greatly reduced (unpublished data). This supports the
idea that the relevant proteins were carried to the
degradation system under the insufficiency of
GRP78/BiP.

The induction of aggresome formation as well as
that of apoptosis was shown to be negative in the four
amyloidogenic variants [36]. By contrast, the muta-
tions pruned at the N-terminal did not match the de-
scriptions; these were not bound with GRP78/BiP but
tended to undergo aggregation and degradation (see
Fig. 4). In addition, the secretion from the cells was
partly or completely impaired in many of the newly
constructed mutants. The results are summarized in
Tables 1 and 2, in which the data are stated by rough
degrees. The latter table also includes some of the
results obtained in our previous work [36].
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Table 1. Comparison of associability with GRP78/BiP, in sili-
co-predicted thermal stability and other properties among
wild-type and I56-mutated human lysozyme.

Lysozyme Secretionto Pelleting Association Thermal Property of

medium to stability =~ amino acid 56
GRP78/BiP

Wild type  +++ ks - +H+ Hydrophobic

561

156L* e+t - - ++ =

156V* et - t + =

156M* et - t + =

156A ++ +++ +++ - =

156G - +++ e+ -——— =

156F ++ +++ +++ + =

156W - +++ +++ __ =

156T** ++ +++ +++ -—- Hydrophilic

156E - +++ e+ - =

156R - +++ +++ -- =

156S - +++ +++ -— =

156Y - +++ +++ ++ =

156L etc., lysozyme mutants denoted by intrinsic and substituted amino acids
framing the residue number; *, those with wild-type like properties; **, that belongs
to the so-called amyloidogenic variants. = is used as ditto mark. Columns 2, 3 and 4
are from the first, fourth and third panels, respectively, of Fig. 8A. Relative thermal
stability was predicted by computer simulation (see text). The score shows rough
degree, where +, intensive or stable; %, subtle; -, negative or unstable. Also unused
156X mutants were simulated for the stability. When X was hydrophobic amino
acid, most of the scores were ++ or +, and when X was hydrophilic one, most of the
scores were - — - or - —. 167Y and I56C gave the score of ++.

Table 2. Comparison of associability with GRP78/BiP and other
properties among wild-type, amyloidogenic variants, deletion
mutants and substitution mutants of human lysozyme.

Lysozyme Degradation  Secretionto  Pelleting Association to
medium GRP78/BiP
Wild type - +++ + -
156T** - ++ R o
F571%* - ++ +++ +++
W64R* - ++ +++ +++
D67H** - ++ +++ +++
1-41del +++ - P _
1-51del +++ - P _
28-34del + - FIE _
28-34del /I56T + - PR _
51-67del + - +++ 4+
80-130del + - +++ ++
F3A n.d. + ++ ++
F3A/156T n.d. - ++ o+
L8A n.d. ++ ++ ++
L8A/I56T n.d. - ++ e+
L12A n.d. ++ ++ ++
L12A/156T n.d. - ++ o+
L15A* n.d. +++ - -
L15A/156T n.d. - ++ o+
F25A n.d. + ++ ++
F25A/156T n.d. - ++ e+
L31A n.d. ++ ++ ++
L31A/156T n.d. - ++ ++

I56T etc., lysozyme mutants denoted by intrinsic and substituted amino acids
framing the residue number; F3A/I56T etc., those received two changes; *, that with
wild-type like properties; **, the so-called amyloidogenic variants; ***, observations
attributed to self-aggregation (see text). Columns 2 to 5 are from Figs.1 to 7 of the
present study and from the data in our previous article [2015-BBA]. The score
shows rough degree, where +, intensive; %, subtle; -, negative. n.d., not determined.

The amyloidogenic variants in which the sites of
single amino acid mutations are around the amyloi-
dogenic core region (55-63 residues, see Fig. 3A) at the
B-domain produce no regularity of amino acid fea-
tures, e.g., in hydrophobicity. The steric structure of
I56T revealed little difference in comparison to the
wild type [PDB; 3FEO and 1LOZ], whereas the D67H
variant has greatly changed its configurational fea-
tures [42]. Thus, the implication of the difference of
steric structure in the core region for the association
propensity with GRP78/BiP was unclear. In the asso-
ciation with the chaperone, partially folded state of
lysozyme variants might have involvement. Such
problems are accessible via the secondary structure
prediction of the variants, although these remain to be
elucidated.

The fate of lysozyme variants in the cells may not
be determined only by the type of amino acids at the
critical sites. For instance, the production of the hu-
man lysozyme variants F57]1 and W64R in the yeast
Pichia pastoris was 1/300 and 1/30 less than that of
wild-type lysozyme, respectively [43]. As the mRNA
levels and the protein secretion of the variants were
comparable to those of the wild type, the reduction of
protein was ascribed to the yeast PQC system. Such
observations were reproducible for I56T in the ex-
periments performed with the yeast system during
our study (Supplementary Figure S1). In this case, the
reduction degree of protein production was less than
1/100 of the wild type. These variant human proteins
have been shown to exist without degradation in
human cells. The discrepancy may be explained by
the notion that protein folding depends on the cellular
environment, which might differ from species to spe-
cies.

In the present study, we focused on the search
for the site of lysozyme that is indispensable to the
stable association with GRP78/BiP. Deletion mutants
showed that it was the N-terminal region of lysozyme.
We further recognized in the N-terminal region of
lysozyme a heptapeptide stretch that we speculate is
the motif possessing high affinity to GRP78/BiP. In
support of this speculation, lysozyme mutants pruned
of these seven amino acids was found free from the
GRP78/BiP. This heptapeptide resides in the a2-helix,
which, in concert with the al-helix, makes a regular
array of hydrophobic/aromatic amino acids (see Fig.
7A). Replacing one of these amino acids with alanine
often altered the wild-type lysozyme into those like
the amyloidogenic variants, steadily associated with
GRP78/BiP (Table 1). We infer that the position of the
helices ol and o2 might be an entrance for
GRP78/BiP, which monitors the proper folding of
normal lysozyme. Mutations such as 1567, i.e., hy-
drophobic/hydrophilic substitution, would probably

http://www.ijbs.com



Int. J. Biol. Sci. 2016, Vol. 12

195

prevent the dissociation of protein from the ER chap-
erone. It is of interest why the L15A mutant had
wild-type like properties, ie., not associable with
GRP78/BiP and secreted into the medium. The L15
residue is at the bottom position between the heli-
ces al and a2 as seen in Fig. 7A and probably with
less implications in the association with the chaper-
one.

Reports from other laboratories have indicated
that amylotrophic lateral sclerosis-causing mutants of
human copper/zinc superoxide dismutase-1 (SOD1)
with altered folding patterns make aggregates inside
the ER in cultured cells or transgenic mice, wherein
these are bound to GRP78 accompanied by the in-
duced ER stress response [44-46]. Interestingly, SOD1
is a cytoplasmic enzyme but its mutations seem to
stimulate the ER stress. In addition, a human amy-
loidogenic mutant of transthyretin was shown to be
stably bound to GRP78 in Escherichia coli [47] and in
mammalian cells [48], but dissociated from it by the
addition of ATP. When GRP78 was down-regulated
the mutant protein was degraded, implying that
GRP78 protects the aggregate-prone proteins from
degradation in the cells.

Transthyretin’s binding peptide to GRP78 was
confirmed to be 88-103 residues comprising the
B-strand F, which has been suggested as a possible
elongation region of amyloid fibrils [47,49]. There is a
similarity in the situations of these two enzymes and
lysozyme. The strong affinity of the ER chaperone to
abnormal proteins might arrest their secretion and in
turn lower the circulation of aberrant proteins in vivo.
This might at least partly explain why it takes a long
period of time for systemic amyloidosis to develop in
vivo.

The subsequent step of our experiment was to
make a mutant series in which the isoleucine at the
56th residue in the core region of the o-domain was
replaced with another amino acid. When substituted
with a hydrophobic amino acid, some of the products
remained as the normal type, exhibiting dissociation
from GRP78/BiP, along with a marked secretion
property and no pellet formation (3 of 7 specimens;
Table 1). In contrast, substitution with a hydrophilic
amino acid changed lysozyme I56T-like with propen-
sities essentially in contrast to those of the wild type
(all 4 samples; Table 1). It is possible that the lowering
in hydrophobicity at the o-helical domain brings
about insufficient or abnormal folding, and this in
turn causes the strong retention of lysozymes with
GRP78/BiP. As described, some mutants were excep-
tional to the rule, e.g., I56A and I56T showed secretion
ability but were associated with GRP78/BiP. Whether
these inconsistent results may be explained by the

features of folding state is unclear without additional
experiments.

Such lysozyme mutants that have rigid affinity
to GRP78/BiP were considered to have lowered
thermal stability. This notion was supported by the
computational study to calculate the relative stability
indices for the I56 mutants (Table 1). The results of in
silico simulation of thermostability were reported to
be in agreement with biochemical values (43). The
wild-type lysozyme has the highest thermal stability
among the specimens tested, and this may indicate
that the wild-type protein undergoes proper folding,
which is considered to be a key to complete the steric
structure of the f-domain containing the amyloido-
genic core region. However, how and to what extent
the latter process is monitored by GRP78/BiP remains
to be determined.

On the whole, a significant finding of the present
study is that the site of mutant lysozyme necessary for
the association with GRP78/BiP was the N-terminal
region, where an array of hydrophobic amino acids in
the al and a2-helices domain was shown to be cru-
cial. Interestingly, the a2-helix is superimposed with
the putative heptapeptide motif, reminiscent of the
common degenerate GRP-biding sequences, although
definite conclusions can only be drawn after the iden-
tification of the bound peptide region in the complex.

There have been many studies of the involve-
ment of the amyloidogenic lysozyme variants in dis-
eases since the first report in 1993 about the presence
of I56T and D67H in humans [30]. Such variants are
single-point mutations and are inherited in an auto-
somal dominant manner [32]. Even wild-type lyso-
zyme is intrinsically amyloidogenic as mentioned
above; however, incompletely folded states of
wild-type protein are very rare in the human body
[29], probably because proteins with aberrant struc-
tures are alleviated by the PQC system under healthy
conditions. Lysozyme variants incline to the amyloid
fibril formation despite such a mitigation process [31].

At present, there is no specific therapy for amy-
loidosis; patients are managed only symptomatically
[30]. Further research is thus needed to elucidate the
more detailed structural features of lysozyme its mu-
tants in particular. In 2014, nine pathogenic mutations
of human lysozyme were reported [50]; these include
the newer members D68G, T70N, W82R and W112R.
The mutants artificially prepared in the present study
may also be of use in the future, if they have a differ-
ential amyloidogenic nature which has not been con-
firmed thus far.

Supplementary Material

Supplementary Figure S1.
http:/ /www. ijbs.com/v12p0184s1.pdf
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