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Colistin is an antimicrobial cationic peptide that belongs
to the polymyxin family. Colistin was clinically used for
the treatment of gram-negative infections but fell out of
favour because of its significant side effects including
neurotoxicity and nephrotoxicity. More recently, colistin
has been regarded as one of the important options for
nosocomial infections caused by multidrug resistant bac-
teria. Mechanisms of both the side effect onset of the
drug and the side effect reduction are yet to be eluci-
dated. In this study, we identified the specific binding
protein of colistin using an affinity column chromatog-
raphy. Colistin binds to the molecular chaperone HSP90.
Although colistin slightly suppressed the chaperone activ-
ity of HSP90, there are no effects on the ATPase activ-
ity for a low concentration of colistin. Interestingly,
colistin-induced aggregation of HSP90 via the N-
domain. As for the cell viability of the SHSYSY cell,
the cell viability decreased to approximately 80% by
the colistin 300 pM. However, the cell viability recovered
to approximately 100% by adding ATP dosage. The
same result was obtained by dot blot assay using anti-
HSP90 antibody. Our results may help to understand the
side effect mechanism of colistin.

Keywords: antibiotics; colistin; HSP90; molecular
chaperone; polymixin.

Colistin is an antimicrobial cationic peptide that be-
longs to the polymyxin family. It interacts with lipo-
polysaccharide (LPS) in the bacterial outer membrane
(1). Colistin (polymyxin E) has been widely used as a

last-option antibiotic for patients with multidrug-re-
sistant (MDR) and extensively drug resistant (XDR)
bacterial infections. Colistin can effectively treat gram-
negative bacteria; it is especially effective against multi-
drug resistant gram-negative bacterial infections.
However, it is known that colistin causes neurotoxicity
and nephrotoxicity (2). It has been reported that poly-
mixin B binds to the endocytosis receptor megalin (3)
and causes nephrotoxicity, in particular, induced colis-
tin concentrates in the kidney (4). In addition, oxida-
tive stress in the mitochondria (5) and apoptosis
caused by the activation of caspase (6—8) are import-
ant factors related to colistin’s toxicity.

The side effect of neurotoxicity manifests in the form
of dizziness, lethargy, facial and peripheral paraesthe-
sia, vertigo, vision loss, ataxia, and neuromuscular
junction block, which may lead to respiratory failure
or apnoea. In patients who are sensitive, inhalation
administration can cause mild bronchoconstriction.
Intraventricular and intrathecal administration of co-
listin, particularly in high dose, must be closely moni-
tored as it can cause seizure (9). Other side effects that
can be found during colistin treatment are hypersensi-
tivity reaction, skin rash, urticarial, pruritus and
muscle weakness of all body parts and mild gastro-
intestinal disorder. It has been reported that colistin-
induced nephrotoxicity in mice involves the mitochon-
drial, death receptor and endoplasmic reticulum path-
way (10).

Several studies suggest that neurotoxic effects are
more likely found in patients with cystic fibrosis. It
has been reported that the incidence of neurotoxicity
during colistin treatment is approximately 7% with
main symptom of paraesthesia, and the incidence of
allergic reaction is about 2% (9). A study conducted
by Tamma demonstrated that 22% out of 229 cases of
infection in children treated with colistin had both
nephrotoxicity and neurotoxicity, but the side effects
were reversible and diminished when the treatment was
stopped (11).

Molecular chaperone HSP90 is one of the essential
proteins for maintaining cell functions. It exists as a
homodimer and consists of three domains; N-terminal
ATP binding domain, middle domain, and C-terminal
dimerization domain (/2, 13). It is presumed that the
number of client proteins of HSP90 approached 300
(14), and that the protein is involved in the stability of
the substrates and signalling pathway. HSP90 is an
ATP-dependent molecular chaperone, and ATP hy-
drolysis induced a conformational change (/5). ATP
induces conformational changes in the HSP90 from
the open to close states. It has been reported
that HSP90 is targeted for treatment of cancer
and anti-cancer drugs, e.g. cisplatin and 17-AAG
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(17-N-allylamino-17-demethoxygeldanamycin) bind to
it as an HSP90 inhibitor (/6—18). Folding of the client
proteins by HSP90 was prevented and degraded via
proteasome in the presence of 17-AAG (/8).

In this study, we analyzed the neurotoxic effects of
colistin and investigated the binding protein using a
colistin-affinity column. We identified that colistin
mainly interacts with HSP90 in the brain and discussed
the effect of the drug on HSP90.

Materials and Methods

Colistin-affinity column chromatography

Colistin sulphate was purchased from Wako Pure Chemical
Industries (Osaka, Japan). The affinity column was prepared using
Epoxy-activated Sepharose 6B purchased from GE Healthcare
(Piscataway, NJ, USA). Porcine brain was obtained from Tokyo
Shibaura Tissues LTD (Tokyo, Japan). Porcine brain (0.5g) was
added 25mM HEPES-KOH, pH 7.4 in 3-fold volumes. The
sample was homogenized and centrifuged (20,000 x g, 25min,
4°C). The supernatant was applied to the affinity column equili-
brated by 25mM HEPES-KOH, pH 7.4. After washing, the binding
proteins were eluted using a linear gradient method from 0 to 10 mM
colistin sulphate in 25mM HEPES-KOH, pH 7.4. These fractions
were analyzed by SDS-PAGE (9%) and Coomassie Brilliant Blue R-
250 and immunoblotting using anti-HSP90.

Gene cloning and plasmid constructs

The cDNA of Escherichia coli DHS5a was provided by Meiji Seika
Pharma Co. Ltd. The high temperature protein G (HtpG) was
amplified by PCR using the following primers: HtpG-N SCATAT
GAAAGGACAAGAAACTCGTG 3’ and HtpG-C 5 TCTAGATC
AGGAAACCAGCAGCTG 3. The PCR product was digested with
Ndel and Xbal restriction enzymes and cloned into the pColdIvector
(TAKARA BIO, Inc. Japan).

HSP90, HSP90 N, M and the C-domains were amplified by
PCR using the following primers: HSP90 and HSP90 N-domain
N 5 GGATCCATGCCTGAGGAAACCCAGACC 3, HSP90
and HSP90 C-domain C 5 TCTAGATTAGTCTACTTCCATGC
GTGA 3, HSP90 N-domain C 5 TCTAGATTCAGCCTCATC
ATCG 3, HSP90 C-domain N 5 GGATCCGGTTACATGGCA
G 3, HSP90 M-domain N 5 CATATGCTCAACAAAACAAAG
CCCATC 3" and HSP90 M-domain C 5 CTCGAGTTCCAGGCCT
TCTTTGGT 3'. The PCR product of HSP90, HSP90 N and C-do-
mains was digested with BamHI and Xbal restriction enzymes and
cloned into the pColdIvector (TAKARA BIO, Inc. Japan). The PCR
product of HSP90 M-domain was digested with Ndel and Xhol
restriction enzymes and cloned into the pET15b vector (Novagen,
Inc. Japan).

Expression and purification of recombinant proteins
HtpG was expressed as a 6 x His fusion protein from the expression
vector pColdl in BL21 E. coli cells. E. coli cells were grown at 37°C
until the ODygg reached 0.5. After incubation at 4°C for 30 min, the
expression was induced by 0.1 mM isopropyl B-D-1 thiogalactopyr-
anoside (IPTG) and E. coli cells were grown at 15°C for 24 h. The
cells were collected and suspended in 10 mM Tris-HCI, pH 7.4. This
solution was sonicated and centrifuged. 2 x Apply Buffer (40 mMM
Imidazole, 0.6 M NaCl, 10 mM Tris-HCI, pH 7.4) was added to the
collected supernatant and applied to the Ni-NTA column. The
column was washed with wash buffer (50 mM Imidazole, 0.3 M
NaCl, 10mM Tris-HCI, pH 7.4) and eluted using the linear gradient
method from 0.1 to 0.5 M Imidazole, 0.3 NaCl, 10 mM Tris-HCI, pH
7.4. The HtpG-rich fractions were dialyzed with 10mM Tris-HCI,
pH 7.4. After dialysis, the solution was applied to a Q-Sepharose
column, washed with 10mM Tris-HCl, pH 7.4 and eluted using a
linear gradient method from 0 to 0.8 M NaCl, 10mM Tris-HCI, pH
7.4. The protein sample was concentrated by ultrafiltration after gel
filtration chromatography using Hi prep 16/60 Sephacryl-300 HR
(GE Healthcare, Piscataway, NJ, USA).

HSP90 was expressed as a 6 x His fusion protein from the expres-
sion vector pColdl in BL21 E. coli cells. An expression was induced
by 0.5mM IPTG. The cells were collected and cell extracts were
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applied Ni-NTA column, washed and eluted the same as HtpG.
The protein rich fractions were loaded onto a Q-Sepharose column
washed with 0.3 M NaCl, 10mM Tris-HCI, pH 7.4 and eluted using
the linear gradient method from 0.3 to 0.6 M NaCl, 10mM Tris-
HCI, pH 7.4. The eluted fraction was dialyzed for 10 mM Tris-HCI,
pH 7.4. After dialysis, the solution was applied to a Heparin sephar-
ose column, washed with 10mM Tris-HCI, pH 7.4 and eluted using
the linear gradient method from 0 to 0.7 M NaCl, 10 mM Tris-HCI,
pH 7.4. The protein sample was concentrated by ultrafiltration after
gel filtration chromatography using Hi prep 16/60 sephacryl-300 HR
followed by a Heparin sepharose column.

The HSP90 N- and C-domains were expressed as a 6 x His fusion
protein from the expression vector pColdl in the BL21 E. coli cells.
The HSP90 M-domain was expressed as a 6 x His fusion protein
from the expression vector pET15b in the Arctic express (DE3) E.
coli cells. The expression of the HSP90 N, M and C-domains was
induced by 0.5mM IPTG. The cells were collected and each cell
extracts was applied to the Ni-NTA column, washed and eluted
the same as the other chaperones.

Measurement of ATPase activity

The assay buffers (50 mM KCI, 5SmM MgCl,, ImM DTT, 0.5 mM
ATP, 25mM HEPES-KOH, pH 7.4) containing 5uM HSP90 or
HtpG in the absence or presence of colistin sulphate (5, 10, 30 and
50 pM) were incubated at 37°C for 120 min. The solutions were pre-
pared every 30 min. After incubation, the solutions were transferred
to a 96-well plate and 100 nL BIOMOL GREEN was added to each
well and incubated at room temperature for 30 min. The amount of
free-phosphate was measured at the wavelength of 650 nm using a
plate reader (Infinite F200, TECAN).

Measurement of chaperone activity
The thermal aggregation assay of citrate synthase (CS) was per-
formed according to previous report (/6,17). The solutions (0.1 uM
CS, 50mM KCI, 5mM MgCl,, I mM DTT, 25mM HEPES-KOH,
pH 7.4) containing 0.5pM HSP90 in the absence or presence of
colistin sulphate (10, 30, 100 uM) were incubated at 50°C for
20min. The HtpG chaperone activity was also measured the same
as HSP90 in the presence of colistin (1, 2.5 and 5uM). The sample
absorbances were observed using an Ultrospec 3000 UV /visible spec-
trophotometer (Pharmacia, Uppsala, Sweden) at 500 nm.
Measurement aggregation of HSP90 — The aggregation of HSP90
was measured by three ways. One was measuring the light scattering
at 37°C. The assay buffer (50 mM KCI, 5SmM MgCl,, I mM DTT,
25mM HEPES-KOH, pH 7.4) containing 0.5uM HSP90 in the
absence or presence of colistin sulphate (0.1, 0.3, 0.5, 1 and SmM)
and/or 0.5mM ATP and/or 0.1uM CS were incubated at 37°C
for 20 min and the absorbance was observed using the Ultrospec
3000 UV/visible spectrophotometer at 500 nm. The aggregation of
HSP90 was analyzed by SDS-PAGE. The assay buffer containing
HSP90 and colistin were incubated by the same light scattering
method. After incubation, the solutions were centrifuged at 20,000
x g for 10 min. The collected supernatant and suspended precipitate
using 8 M urea were analyzed by SDS-PAGE. The third method was
Blue native-PAGE. The reaction conditions were the same with
above experiments.

Trypsin resistance of HSP90

The digestion of HSP90 was performed using trypsin. HSP90 was
pre-incubated in the absence or presence of colistin (0.1, 0.3, 0.5, 1.0,
S0mM) and 0.5mM ATP at 37°C for 20min. After incubation,
2.5png trypsin was added to each solution and incubated at 37°C
for 20 min. These were analyzed by SDS-PAGE.

Influence of colistin on antimicrobial activity — E. coli: DH5o was
grown in LB media containing no antibiotics, at 37°C until a 1.0 of
ODgno. The cells were diluted 5-fold or 2-fold and the colistin solu-
tions were added to each culture (final concentration of 0, 0.1, 0.5, 1,
2.5, 5 and 10puM). These samples were incubated at 250 rpm and
37°C for 16h. After incubation, these were streaked on an LB
plate containing no antibiotics and grown at 37°C for 16h.

Cell culture

SHSYS5Y (human neuroblastoma) cells were grown in Dullbecco’s
modified Eagle’s medium (SIGMA) supplemented with 10% fetal
bovine serum (Equitech-Bio, Inc. Kerrville, TX), 20 units/ml
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penicillin and 20 pg/ml streptomycin (Invitrogen, Calsbad, CA). The
cells were incubated in a humidified atmosphere at 37°C with 5%
CO..

Cell viability assay

SHSYSY cells were cultured in 96-well tissue culture plates at a
density of 1.5x10% cells per well. After the 24-h incubation, the
cells were treated in two ways. The cells were treated with both
500 M colistin and the indicated concentration of ATP. On the
other hand, the cells were treated with the indicated concentration
of ATP then and 24 h later with 500 uM colistin. To measure the cell
viability, an MTT assay (Promega) was used.

Filter trap assay

SHSYS5Y cells were seeded on 100-mm tissue culture plates at a
density of 2.0 x 103 cells. After a 24-h incubation, the cells were
treated with the indicated concentration of ATP. After 24 h of ATP
treatment, 500 pM colistin was applied to the cells. Twenty-four
hours after the colistin treatment, the cells were harvested and homo-
genized in lysis buffer. The samples were diluted to 200 ul in lysis
buffer and applied to a cellulose acetate membrane. The membrane
was washed with wash buffer, and the aggregates remaining on the
membrane were incubated with the anti-HSP90 antibody (16), then
an alkaline-phosphate conjugated anti-rabbit secondary antibody
(Sigma).

Results

Colsitin binds HSP90 in the brain

To investigate the side effect mechanisms of colistin,
we examined the colistin binding proteins using a co-
listin-affinity column. The structure of colistin was
shown in Fig. 1A. As shown in Fig. 1B, the protein
having a 90-kDa molecular mass has been eluted at a
high concentration of colistin. We investigated whether
or not the protein is HSP90 by immunoblotting using
an anti-HSP90 antibody (Fig. 1C). We identified that
the colistin binding protein is HSP90. On the contrary,
we analyzed polymixin B binding protein as control.
The structure of polymixin B was shown in Fig. 1D.
Some proteins were eluted from polymixin B-affinity
column, but the eluted proteins were different from
colistin binding proteins (Fig. 1E). We could not
detect HSP90 in the eluent from polymixin B-affinity
column (Fig. 1F).

Colistin does not affect the ATPase activity of HSP90
We analyzed the effects of colistin on the ATPase
activities of HSP90. The ATPase activity is one of
the important functions of HSP90. We purified
HSP90 from porcine brain and analyzed the ATPase
activity in the absence or presence of colistin (5, 10, 30
and 50 uM). As shown in Fig. 2, the HSP90 ATPase
activity has no affect by colistin. The result suggested
that a low concentration of colistin has no effect on the
ATPase activity of HSP90.

Low concentration of colistin does not influence the
HSP90 chaperone activity

Next, we examined the effect of colistin on the chap-
eron activity of HSP90. We used CS, which is very
unstable to heat, for the client protein of these chap-
erones. To investigate the effect of colistin on the chap-
erone activity, we used a light scattering assay. The
thermal aggregation of CS (0.1 pM) was completely
protected by HSP90 (0.5uM; Fig. 3). The HSP90

Colistin binds to HSP90

chaperone activity was slightly suppressed or had
almost no affect by the low concentration of colistin
that did not affect the ATPase activity (Fig. 2).

Colistin induces HSP90 aggregation

We speculated that neurotoxicity can be induced by
the high concentration of colistin in the brain.
Therefore, we analyzed the effect of a high concentra-
tion of colistin on the HSP90 stability. The HSP90
solution containing 0.5 uM in the absence or presence
of colistin and/or 0.5mM ATP, and 0.1 uM CS were
incubated at 37°C (Fig. 4A). Surprisingly, the absorb-
ance is increased in a colistin dose-dependent manner.
The oligomerization or aggregation is decreased by the
addition of ATP and/or CS. These results suggested
that protein aggregation is not only CS but also
HSP90 at a high concentration of colistin.

We detected the oligomerization or aggregation of
HSP90 by other methods. As shown in Fig. 4B, we
could detect the changes in the molecular mass of
HSP90 by Blue native-PAGE. When in the presence
of both HSP90 and colistin, we could detect oligomers
of HSP90 at low concentration of colistin (start from
0.025 mM colistin). HSP90 completely aggregates from
0.5mM colistin (Fig. 4B, left panels). As a result, we
could not detect HSP90 in the presence of high con-
centration of colistin (1 and 5mM). Completely aggre-
gated HSP90 could not enter into the gels and the
aggregated proteins in the lane were removed during
gel stain and destain process. The addition of ATP
suppressed the aggregation of the protein. We can
detect HSP90 proteins band until at SmM colistin in
the gels (Fig. 4B, right panels). We investigated the
trypsin digestion of HSP90 in the presence of colistin
and in the absence or presence of ATP (Fig. 4C).
Because colistin-induced aggregation of HSP90 in a
dose-dependent manner in the absence of ATP, the
amount of the partially digested HSP90 fragments is
increased (Fig. 4C, left panels). ATP is effective for the
suppression of the aggregation, so HSP90 was com-
pletely digested by trypsin (Fig. 4C, right panels).

Colistin binds to HSP90 N-domain

To identify the colistin binding domain of HSP90, we
prepared each HSP90 domain (N-, M- and C-domains;
Fig. 5A). We performed a light scattering assay and
SDS-PAGE using each domain and full-length HSP90
(Fig. 5B). When each domain of HSP90 was incubated
with 5mM colistin, HSP90 M- and C domains showed
no changes in the absorbance. However, the N-domain
with colistin significantly reacted and the absorbance
increased. We could detect decreasing of HSP90 in the
supernatant and increasing of the protein in the pre-
cipitate as colistin concentration-dependent manner on
SDS-PAGE (Fig. 5C). This aggregation was caused via
the HSP90 N-domain by colistin (Fig. 5C). Taken
together, these results suggested that a high concentra-
tion of colistin-induced aggregation via the HSP90
N-domain, and the physiological functions of HSP90
were suppressed. We further studied the aggregation
using ATPYS (Fig. 5D). ATPyS effectively suppressed
the aggregation the same as ATP.

29

8102 4840J00 8Z UO Jasn Alun ey AQ GL6E662/L2/1/291N0e1sqe-a)oILEe/ql/0ddno-olwapese//:SdnY WOy papeojumod


Deleted Text: our
Deleted Text: ,
Deleted Text: ours
Deleted Text: our
Deleted Text: ours
Deleted Text: [
Deleted Text: ]
Deleted Text: i
Deleted Text: ,
Deleted Text: citrate synthase (
Deleted Text: )
Deleted Text: ) (
Deleted Text: &deg;
Deleted Text: N
Deleted Text: s
Deleted Text: ,
Deleted Text: -
Deleted Text:  
Deleted Text: ,
Deleted Text: ) (
Deleted Text:  

S. Togashi et al.

A NH, NH,
T H Hof H N\)OLH N CH
3
R/\I/\/\)LN NOAN N\:}_ Y N
CHs H H i 2_NH, O CH3
- = HO, CH
H
30 OH \ a,_E/ 8 . HN o
N =
QH/\NJJ\/N
HO—ﬁ—OH o H
(o] X NH2
NH,
B (o}
. S
. 00309 0~ 10 mM Colistin N & . &600%
X .

Q& go@(&%“ Fraction number g Y’QQ\ Q;b%e’ ng&w
T 246810 12 14 16 182022 24 26 28 3032 34 4 8 1216 20 24 28
—F - 97 kDa et i e ian

— — e - ——
- - — 66
1t
= Te@g=— 45
s had 1 .
& - e . e 30
D
I CHj |
HoN ” CHs
uﬂ N CH;
HaC._ _OH IH\( o
CH, " 03 i o 0O-..__NH (o] 07 N CH3 HO—”—OH
R N N g
\)\/\/\H, H ﬁ o " HN‘\z_\~NH2 5
0 0 NJ\:LNTH\LO
H
NH NH
| ’ ’ HO™ “CHy NH2 |2
D02138
E F
@}‘ 0~ 10 mM Polymixin B 5, 0"}\
&L ,&9 Q \\’&0
@ %;‘Q q’ay Fraction number é\q’ QQ & $%%° Fraction number

T 2 4 6 8 1012 14 16 18 20 22 24 26 28 ¥R 4 81216 20 24 28
= | 97 kDa —

. = 66

g — s
- —
-

- |30

Fig. 1 Identification of colistin binding protein. Porcin brains were applied to a colistin-affinity column or polymixin B-affinity column. The
binding proteins were eluted with colistin or polymixin B from 0 to 10mM in 25mM HEPES-KOH (pH 7.4) after washing. The structures of
colistin and polymixin B were shown in (A) and (D), respectively. The eluted fractions from colistin-affinity column were analyzed by SDS-
PAGE (B) and immunoblotting using an anti-HSP90 antibody (C). The polymixin B binding proteins were analyzed by SDS-PAGE (E) and
immunoblotting using an anti-HSP90 antibody (F).
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Fig. 2 Effect of colistin on ATPase activity of HSP90. The purified
porcine brain HSP90 ATPase activity was measured in the absence
or presence of colistin. The solutions were incubated with ATP

at 37°C for 120 min and measured at the wavelength of 650 nm.
The results represent the average and standard deviations of three
independent experiments. Error bars represent standard deviation
(n = 3).

ATP does not influence the bacterial membrane dis-
ruption caused by colistin

We investigated the effectiveness of colistin on a bac-
terial membrane because it is known that colistin in-
hibits bacterial growth by affecting the negatively
charged membrane, resulting in membrane collapse.
We selected E. coli DHSa as gram-negative bacteria
for evaluation of the antimicrobial activity. We cul-
tured DHS5a until the cell density corresponded to an
0Dy of 1.0. The culture was diluted to a cell density
corresponding to an ODygyy of 0.1 and 0.5, then the
colistin solution was added to the diluted cultures
and incubated for 16 h. These cultures were streaked
onto LB plates. We evaluated the limits of the bacterial
growth (Fig. 6). The cultures of ODgyy 0.5 grew to
1.0uM, while the cultures of ODygy 0.1 grew to
0.1 uM in the absence of ATP. Depending on the bac-
terial density, the required amount of colistin to
completely kill the bacteria is increased. The ATP-
treatment timing, pre-treat or co-treat with colistin to
E. coli, did not affect the bacterial growth. As a result,
the microbial activity of colistin was higher, and
2.5—-5uM colistin was a sufficient concentration to
disturb the cell growth during the initial growth phase.

Effects of colistin on cell viability

We investigated the effect of colistin on human cell
viability. In the present study, we evaluated it using
human neuroblastoma SHSYSY cells. The cell viabil-
ity was reduced to about 58% as colistin dependent
manner (0—500 uM; Fig. 7A). We focused on 300 uM
colistin when the cell viability is about 80%. The cell

Colistin binds to HSP90
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Fig. 3 Effect of colistin on chaperone activity. The HSP90 chaperone
activity was measured in the absence or presence of colistin. The
solutions containing CS, in the presence of HSP90 (closed gray
square), HSP90 and 10 uM colistin, HSP90 and 30 uM colistin, and
HSP90 and 100 uM colistin 0°C and the absorbance monitored at
500 nm.

viability (at colistin 300 uM) dramatically increased
about 100% with the pre-treatment of ATP
(100—500 uM; Fig. 7B). We also evaluated the effect
of ATP on the HSP90 aggregation induced by colistin
in the cells using a filter trap assay. The SHSYSY cell
extracts, which were treated with colistin and in the
absence (Fig. 7C) or presence of ATP (Fig. 7D), were
filtered and the remaining proteins were reacted with
the anti-HSP90 antibody. After staining the mem-
brane, the intensity of HSP90 was measured. As
shown in Fig. 7C, the intensity of HSP90 increased
from 200 uM colistin. On the contrary, the intensity
of HSP90 reduced from an ATP concentration of
100 uM. The ATP concentration coincided with the
cell viability of the SHSYSY cells (Fig. 7B).

Discussion

For the treatment of multi-drug resistant bacteria, the
development of new antibiotics is required. Colistin is
one of the antibiotics, which is desired to treat espe-
cially multi-drug resistant gram-negative bacteria.
However, it has a strong nephrotoxicity and neurotox-
icity during clinical use. Polymyxin B and colistin (i.e.
Polymixin E), both from polymixin family, differ in
only one amino acid and the mechanism of pharmaco-
logical effects is almost the same. The former shows
almost no side effects and the latter is known to cause
serious side effects. Recently, the roles of death recep-
tors, mitochondrial and endoplasmic reticulum path-
ways have been reported in colistin-induced
nephrotoxicity using a mouse model (/0). All three
major apoptosis pathways (i.e. the mitochondrial,
death receptor and endoplasmic reticulum pathways)
and autophagy are involved in colistin-induced
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Fig. 4 Colistin induces aggregation of HSP90. (A) The light scattering assay was performed under high concentrated colistin conditions. The
solutions containing HSP90, in the presence of 5mM colistin, ATP and 5mM colistin, CS and 5mM colistin, CS and ATP and SmM colistin (*)
were incubated at 37°C and the absorbance monitored at the wavelength of 500 nm. (B) Blue native-PAGE was performed after incubation at
37°C for 20 min in the presence of colistin. The solutions containing HSP90 in the presence or absence of ATP (0.5mM) and colistin (0.1, 0.3,
0.5, 1 and 5mM) were incubated at 37°C for 20 min. Samples were analyzed by Blue native-PAGE in the absence or presence of ATP. (C) The
solutions containing HSP90 and colistin (0.1, 0.3, 0.5, 1 and 5mM) in the absence or presence of 0.5 mM ATP were incubated at 37 °C for 20 min.
2.5 pg/ml trypsin was added to these solutions and incubated for 20 min after the pre-incubation. These were analyzed by SDS-PAGE.
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Fig. 5 Colistin binds to HSP90 N-domain and nucleotides have different effects on HSP90 aggregation. (A) HSP90 N-, M- and C-domains were
purified and analyzed by SDS-PAGE (12% gel). (B) Identification of colistin binding domain was analyzed by light scattering assay. The

solutions containing 5SmM colistin in the presence of HSP90 N-domain (close yellow x-mark), HSP90 M-domain, and HSP90 C-domain were
incubated and monitored the same as in experiment of Fig. 4B. (C) Aggregation of HSP90 N-domain in the presence of colistin (0—5.0 mM) was
centrifuged and separated supernatant (sup) and precipitate (ppt) followed by SDS-PAGE (9% gel). (D) Light scattering assay was performed in
the absence of colistin, in the presence of 5mM colistin, 5mM colistin and 0.5mM ATP, and 5mM colistin and 0.5mM ATPyS. The solutions

were incubated and monitored the same as in experiment of Fig. 3B.

nephrotoxicity in mice (/0). We tried to understand the
side effects of colistin, especially regarding the
neurotoxicity.

In the present study, colistin binds to HSP90 in the
brain with high affinity. Interestingly, polymixin B did
not bind to the protein. Colistin had little effect on the
HSP90 chaperon activity at a low concentration. It has
been postulated that colistin may bind to the sites that

do not affect the ATPase activity. It has also been re-
ported that a high dose of colistin was present in the
kidney after dosing (/9). We had proposed that a high
concentration of colistin in the brain was a trigger for
side effects. In the present study, a high concentration
of colistin induced the aggregation of HSP90. We also
investigated the aggregation of HSP90 in the presence
of both the substrate and ATP. It has been suggested
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contains no ATP, middle represent co-applied of 0.4mM ATP and colistin and right side represents pre-treatment with 0.4 mM ATP before
adding colistin (left panels). Schematic view of these experiments. The solutions were streaked onto an LB plate for each numbered area (1, E.
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Fig. 7 Influence of ATP and colistin on SHSYS5Y cells and filter trap assay of HSP90. (A) The cell viability of SHSYSY cells with colistin (100, 200,
300, 400 and 500 uM). (B) The cell viability of SHSYSY cells with first treatment with ATP (100, 200, 300, 400 and 500 uM), then with colistin
(300 uM). Error bars of graphs A and B represent standard deviation (n = 3). (C) HSP90 aggregates were analyzed by the filter trap assay. SHSYSY
cells were treated with five different concentrations of colistin (0, 100, 200, 300, 400 and 500 uM) for 24 h. The cellular extracts were filtered and the
aggregates remaining on the membrane were probed with anti-HSP90 antibody. The HSP90 aggregation based on the filter was quantified by Image J
software. (D) HSP90 aggregates were analyzed by the filter trap assay. SHSYSY cells were treated with five different concentrations of ATP (100, 200,
300, 400 and 500 uM) for 24 h and then treated with 300 uM colistin for 24 h. The cellular extracts were filtered and the aggregates remaining on the
membrane were probed with anti-HSP90 antibody. The HSP90 aggregation based on the filter was quantified by Image J software.
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that the binding of ATP and substrates to HSP90 sta-
bilizes the conformation of the protein, resulting in the
suppression of the HSP90 aggregation. We identified
that colistin binds to the HSP90 N-domain and its ag-
gregation is induced via the HSP90 N-domain. The
HSP90 aggregation was suppressed by the ATP-
bound form but not the GTP-bound form. ATPyS fur-
ther suppressed the aggregation of HSP90. These re-
sults suggested that all of the ATP binding pockets are
important to suppress the aggregation of HSP90.
Colistin collapses the bacterial membrane, resulting
in bacterial sterilization. For these reasons, we must
consider the bad influence of the drug on HSP90.
The molecular chaperone HSP90 is one of the essential
proteins in living cells. Because the client proteins of
HSP90 reached 300, the inactivation of HSP90 may
collapse cell functions and may indirectly induce apop-
tosis (20, 21).

We have postulated the influence of colistin on
HSPI0 trigger side effects. It has been reported that
other compounds induce the oligomerization of mo-
lecular chaperones. For example, we reported that
polaprezinc induces the oligomerization of HSP70
(22). It has been reported that celastrol induces the
oligomerization of HSP90 via the C-domain, whereas
there was no effect on the chaperone activity (23). We
have also reported that cisplatin induced the large
complexes of HSP90 (76).

The reason why the binding of CS to HSP90 sup-
pressed the aggregation of HSP90 in the presence of a
high concentration of colistin is that the CS-bound
form of HSP90 is more stable even if colistin binds
to the N-terminal of the protein. We expected that
ATP will be able to suppress the aggregation of
HSP90, because colistin targeted near the ATP binding
site of the HSP90 N-domain. It has been reported that
an optimized dosage of colistin inhibits bacterial
growth (24). We also examined the effectiveness of co-
listin for E. coli DHS5a. It is noteworthy that colistin
inhibits the bacterial growth at a low concentration
and it is lower than the concentration needed to aggre-
gate HSP90. The addition of ATP does not affect the
membrane disruption of E. coli. We examined the in-
fluence of ATP using SHSYS5Y cells. The pre-treatment
with ATP to the cells before the addition of colistin
was very effective for cell survival. We could recognize
the increase in the intact HSP90. The reason why the
pre-treatment of ATP is more effective than that of
both additions of ATP and colistin is as follows.
When ATP first binds and then colistin to HSP90,
the closed form of HSP90 may be induced by ATP.
HSP90 is able to bind to the client proteins and regu-
late the physiological functions or assist folding of the
proteins. Colistin binds to the closed form of HSP90,
thus there is little influence to HSP90. With the add-
ition of both colistin and ATP to the cells, colistin
binds to the N-domain of HSP90 and ATP also
binds to the ATP pocket. Although there is no influ-
ence of colistin on the ATPase activity of HSP90, the
chaperone activity of the protein has been reduced or
inhibited by the drug. Colistin may bind to near
the ATPase domain of the HSP90 and slightly induce
conformational changes in the N-domain, which

Colistin binds to HSP90

maintained the ATPase activity. The structure that co-
listin first binds to HSP90, is not the perfect closed
form, may not have a sufficient chaperone activity
and tends to aggregate.

Author Contributions

T.S., H.S. and H.I. designed the experiments. S.T.,
K.T., AT, LT, SH. AK., LK. ESS-K., T.O. AH,,
A.M., performed the experiments. S.T., K.T., E.G.
and H.I. wrote the paper.

Acknowledgements

The authors wish to thank Dr. Y.K. (Meiji Seika Pharma, Co., Ltd.)
for his helpful comments about medicine safety, Dr. A.M. (Meiji
Seika Pharma, Co., Ltd.) for his helpful comments on the pharma-
cology of medicine, and Dr. K.S. (Meiji Seika Pharma, Co., Ltd.) for
his helpful suggestion and generalization of the study.

Conflict of Interest
None declared.

References

1. Martis, N., Leroy, S., and Blanc, V. (2014) Colistin in
multi-drug resistant Pseudomonas aeruginosa blood-
stream infections: a narrative review for the clinician.
J Infection 9, 1—12

2. Wallace, S.J., Li, J., Nationm, R.L., Prankerdm, R.J.,
and Boydm, B.J. (2012) Interaction of colistin and colis-
tin methanesulfonate with liposomes: colloidal aspects
and implications for formulation. J Pharm. Sci. 101,
3347-3359

3. Moestrup, S.K., Cui, S., Vorum, H., Bregengard, C.,
Bjorn, S.E., Norris, K., Gliemann, J., and Christensen,
E.I. (1995) Evidence that epithelial glycoprotein 330/
megalin mediates uptake of polybasic drugs. J Clin.
Invest. 96, 1404—1413

4. Vaara, M. (2010) Polymyxins and their novel derivatives.
Curr Opin. Microbiol. 13, 574—581

5. Yousef, J.M., Chen, G., Hillm, P.A., Nationm, R.L., and
Li, J. (2012) Ascorbic acid protects against the nephro-
toxicity and apoptosis caused by colistin and affects
its pharmacokinetics. J Antimicrob. Chemother. 67,
452-459

6. Ozkan, G., Ulusoy, S., Orem, A., Alkanat, M., Mungan,
S., Yulug, E., and Yucesan, F.B. (2013) How does colis-
tin-induced nephropathy develop and can it be treated?
Antimicrob Agents Chemother 57, 3463—3469

7. Dai, C., Zhang, D., Gao, R., Zhang, X., Li, J., and Li, J.
(2013) In vitro toxicity of colistin on primary chick
cortex neurons and its potential mechanism. Environ.
Toxicol. Pharmacol. 36, 659—666

8. Jiang, H., Lv, P, Li, J., Wang, H., Zhou, T., Liu, Y., and
Lin, W. (2013) Baicalin inhibits colistin sulfate-induced
apoptosis of PC12 cells. Neural Regen. Res. 8, 2597-2604

9. Falagas, M.E. and Colistin, K.S.K. (2005) The revival of
polymyxins for the management of multidrug-resistant
gram-negative bacterial infections. Clin. Infect. Dis. 40,
1333—1341

10. Eadon, M.T., Hack, B.K., Alexander, J.J., Xu, C.,
Dolan, M.E., and Cunningham, P.N. (2013) Cell cycle
arrest in a model of colistin nephrotoxicity. Physiol.
Genomics 45, 877—888

35

8102 4840J00 8Z UO Jasn Alun ey AQ GL6E662/L2/1/291N0e1sqe-a)oILEe/ql/0ddno-olwapese//:SdnY WOy papeojumod


Deleted Text: ,
Deleted Text: [
Deleted Text: 20
Deleted Text: ]
Deleted Text: [
Deleted Text: <italic>22</italic>
Deleted Text: ]
Deleted Text: [
Deleted Text: 23
Deleted Text: ]
Deleted Text: [
Deleted Text: ]
Deleted Text: [
Deleted Text: 24
Deleted Text: ]
Deleted Text: c
Deleted Text: i
Deleted Text: .
Deleted Text: The authors declare that they have no conflicts of interest

S. Togashi et al.

1.

12.

13.

14.

15.

16.

17.

18.

36

Tamma, P.D., Newland, J.G., Pannaraj, P.S., Metjian,
T.A., Banerjee, R., Gerber, J.S., Weissman, S.J.,
Beekmann, S.E., Polgreen, P.M., and Hersh, A.L.
(2013) The use of intravenous colistin among children
in the United States: results from a multicenter, case
series. Pediatr. Infect. Dis. J. 32, 17-22

Clare, D.K. and Saibil, H.R. (2013) A TP-driven molecu-
lar chaperone machines. Biopolymers 99, 846—859

Li, J. and Buchner, J. (2013) Structure, function and regu-
lation of the hsp90 machinery. Biomed. J. 36, 106—117
Sanchez, E.R. (2012) Chaperoning steroidal physiology:
lessons from mouse genetic models of Hsp90 and its
cochaperones. Biochim. Biophys. Acta 1823, 722—729
Eckl, J.M. and Richter, K. (2013) Functions of the
Hsp90 chaperone system: lifting client proteins to new
heights. Int. J. Biochem. Mol. Biol. 4, 157—116

Itoh, H., Ogura, M., Komatsuda, A., Wakui, H., Miura,
A.B., and Tashima, Y. (1999) A novel chaperone-activ-
ity-reducing mechanism of the 90-kDa molecular chap-
erone HSP90. Biochem. J. 343, 697—703

Ishida, R., Takaoka, Y., Yamamoto, S., Miyazaki, T.,
Otaka, M., Watanabe, S., Komatsuda, A., Wakui, H.,
Sawada, K., Kubota, H., and Itoh, H. (2008) Cisplatin
differently affects amino terminal and carboxyl terminal
domains of HSP90. FEBS Lett. 582, 3879—3883
Garcia-Carbonero, R., Carnero, A., and Paz-Ares, L.
(2013) Inhibition of HSP90 molecular chaperones:
moving into the clinic. Lancet Oncol 14, 358—369

19.

20.

21.

22.

23.

24.

Suzuki, T., Yamaguchi, H., Ogura, J., Kobayashi, M.,
Yamada, T., and Iseki, K. (2013) Megalin contributes to
kidney accumulation and nephrotoxicity of colistin.
Antimicrob Agents Chemother. 57, 6319—6324

Mayer, M.P. and LeBreton, L. (2015) Hsp90: breaking
the symmetry. Mol. Cell 58, 8—20

Karagéz, G.,E. and Ridiger, S.G. (2015) Hsp90
interaction with clients. Trends Biochem. Sci. 40,
117—125

Haga, A., Okamoto, T., Yamada, S., Kubota, T.,
Sanpei, A., Takahashi, S., Nakayama, M., Nagai, M.,
Otaka, M., Miyazaki, T., Nunomura, W., Grave, E.,
and Itoh, H. (2013) Zinc-L-carnosine binds to molecular
chaperone HSP70 and inhibits the chaperone activity of
the protein. J. Biochem. 154, 249—-256

Zanphorlin, L.M., Alves, F.R., and Ramos, C.H.
(2014) The effect of celastrol, a triterpene with antitu-
morigenic activity, on conformational and functional
aspects of the human 90kDa heat shock protein
Hsp90a, a chaperone implicated in the stabilization
of the tumor phenotype. Biochim. Biophys. Acta
1840, 3145-3152

Li, J., Turnidge, J., Milne, R., Nation, R.L., and
Coulthard, K. (2001) In vitro pharmacodynamic
properties of colistin and colistin methanesulfonate
against Pseudomonas aeruginosa isolates from patients
with cystic fibrosis. Antimicrob. Agents Chemother 45,
81-85

8102 4840J00 8Z UO Jasn Alun ey AQ GL6E662/L2/1/291N0e1sqe-a)oILEe/ql/0ddno-olwapese//:SdnY WOy papeojumod



