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Abstract

Recently, it became clear that aminoglycoside antibiotics affect protein—protein interactions involving protein disulfide isomerase
as well as protein synthesis in the endoplasmic reticulum. In this study, we used affinity column chromatography to screen genta-
micin-binding proteins in microsomes derived from bovine kidney in order to learn about the possible mechanisms of gentamicin-
associated nephrotoxicity. One of the gentamicin-binding proteins was identified as calreticulin (CRT) by N-terminal amino acid
sequence analysis. Interestingly, gentamicin inhibited the chaperone and oxidative refolding activities of CRT when N-glycosylated
substrates such as al-antitrypsin and o-mannosidase were used as substrates, but it did not inhibit the chaperone activity of CRT
when unglycosylated citrate synthase was used. Moreover, CRT suppressed the aggregation of deglycosylated and denatured o-
mannosidase, but gentamicin did not inhibit its chaperone activity. Experiments with domain mutants suggest that the lectin site
of CRT is the main target for gentamicin binding and that binding of gentamicin to this site inhibits the chaperone activity of CRT.

© 2004 Elsevier Inc. All rights reserved.
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Calreticulin (CRT) is expressed in the endoplasmic
reticulum (ER) and assists in the folding and assembly
of newly synthesized glycoproteins. CRT functions as
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a lectin-like chaperone and works as part of the ER
quality control system that couples the processing of
N-linked glycans with protein folding [1]. CRT also
associates with ERp57, an ER thiol oxidoreductase,
and they cooperate in the proper formation of disulfide
bonds in newly synthesized glycoproteins [2]. CRT is a
soluble ER-resident protein, and shares considerable
sequence and structural homology with the lumenal
domain of calnexin, an ER transmembrane protein.
Both chaperones are predicted to possess a globular do-
main with an extended arm comprised of proline-rich
repeats known as the P-domain [3-7]. The globular
N-domain possesses the lectin site with specificity for
monoglycosylated glycans [3-7], and the P-domain has
been mapped as the site of interaction with ERp57 [3-7].
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Gentamicin is widely used as a bactericidal agent for
the treatment of several gram-negative bacterial infec-
tions; however, its clinical use is limited by its nephro-
toxicity. There are many reports on the clinical effects
of gentamicin, but only a few reports detail the mecha-
nism of this side effect [8,9]. Recently, Sandoval and
Molitoris showed that gentamicin is trafficked retro-
gradely through the secretory pathway and is released
into the cytosol via the ER. They also reported that
the rapid retrograde transport of gentamicin to the ER
decreases protein synthesis [10].

We previously reported that aminoglycoside antibiot-
ics such as gentamicin and ribostamycin bind to protein
disulfide isomerase (PDI) and inhibit its chaperone
activity [11,12]. PDI is known to catalyze the formation,
reduction, and isomerization of disulfide bonds [13], and
is essential for yeast viability [14-16]. PDI was suggested
to be involved in the quality control system, which de-
grades misfolded proteins in the cell [17,18]. Another
function of PDI is to bind other proteins, such as the
prolyl 4-hydroxylase B-subunit [19] and microsomal tri-
glyceride transfer protein large subunit [20], in order to
stabilize them. These observations suggest that PDI is a
multifunctional and indispensable protein in the cell.

Since it is suggested that interference with chaperone
activity and protein synthesis in the kidney by gentami-
cin could contribute to renal side effects, we focused on
finding gentamicin-binding proteins in bovine kidney
microsomes using affinity column chromatography.
Subsequent SDS-PAGE analysis showed that several
proteins bound to gentamicin. Here we describe that
gentamicin binds to the lectin site of CRT to inhibit
its chaperone activity.

Materials and methods

Materials. CNBr-activated Sepharose 4B was purchased from
Amersham-Pharmacia Biotech (Uppsala, Sweden). Bovine kidney was
purchased from Nippon Ham (Osaka, Japan). al-Antitrypsin, jack
bean a-mannosidase, and citrate synthase were purchased from Sigma
Chemical (St. Louis, USA). Glycopeptidase F [peptide N-glycosidase F
(PNGase)] was purchased from Takara (Shiga, Japan). PVDF mem-
brane was purchased from Bio-Rad (California, USA). Gentamicin,
a-chymotrypsin, and other reagents were mostly from Wako Pure
Chemical Industries (Osaka, Japan). All reagents were of reagent grade
quality.

Strains and plasmids. Escherichia coli AD494 (DE3) {Aara, leu7697,
AlacX74, AphoA, Poull, PhoR, AmalF3, ¥’ [lac”, (lacl?), pro],
trxB::kan (DE3)} and pET-15b (Novagen, Madison, USA) were used
for the expression of human CRT and several domain deletants.

Preparation of the gentamicin—Sepharose 4B affinity column. A
gentamicin—Sepharose 4B affinity column was prepared according to
the method of Horibe et al. [11].

Preparation of microsomes from bovine kidney and screening of
gentamicin-binding proteins. Microsomes were prepared from 300g of
bovine kidney by the differential centrifugation method of Tangen
et al. [21] using homogenizing buffer (0.25 M sucrose, S mM EDTA,
and 0.05M Tris—HCI [pH 7.5]). The microsomes were solubilized in
solubilization buffer (0.1 M sodium phosphate buffer [pH 7.5], SmM

EDTA, and 1% [v/v] Triton X-100) with a Teflon homogenizer
(RIKAGAKUGARASU SEISAKUIJYO, Japan). The supernatant
obtained was dialyzed against 0.05M sodium phosphate buffer
(0.05 M NaH,PO,, and 0.05 M Na,HPO, [pH 7.4]) containing 0.15 M
NaCl, and was applied to the gentamicin-Sepharose affinity column.
After washing out unbound proteins with the same buffer, bound
proteins were eluted with elution buffer (0.05M NaH,PO,, 0.05M
Na,HPO,, and 1 M NaCl [pH 7.4)).

SDS-PAGE. SDS-PAGE was carried out according to the method
of Laemmli [22] using 12.5% (w/v) gels. Gels were stained with CBB-R
250.

Analysis of the N-terminal amino acid sequence. After SDS—
PAGE, the protein bands were transferred to PVDF membranes.
Proteins were extracted from the membrane, and the N-terminal
amino acid sequence was determined according to the method of
Edman [23] using the peptide sequencer PPSQ-10 (SHIMADZU,
Kyoto, Japan).

Preparation of bovine CRT from bovine kidney. Bovine CRT was
prepared from bovine kidney according to the method of Rowling
et al. [24]. Briefly, microsomes were prepared from bovine kidney,
and the 55-95% ammonium sulfate-saturated fraction was retained.
After dialysis against 0.05M sodium phosphate buffer (0.05M
NaH,PO,, 0.05M Na,HPO, [pH 7.4]), the extract was applied to a
gentamicin—Sepharose affinity column and eluted as described above.
Eluted proteins were dialyzed against 0.02 M Hepes buffer (0.02 M
Hepes, 2.5 mM KCI, and 0.5 mM MgCl, [pH 7.5]) and applied to a
ConA-Sepharose column. After washing out unbound proteins with
the same buffer, bound proteins were eluted with an elution buffer
(0.02M Hepes, 2.5mM KCl, 0.5mM MgCl, [pH 7.5], and 1M
NaCl). The extract was dialyzed against 0.05 M sodium phosphate
buffer (0.05M NaH,PO,, 0.05M Na,HPO, [pH 6.3]), applied to a
HiTrap Q FPLC column, and then eluted with linear gradient of
0-1 M NaCl.

Expression and purification of recombinant human CRT and its do-
main deletants. The human CRT (hCRT) cDNA [25] was inserted
downstream from the His-tag coding region of pET-15b using the X#/ol
and BamHI sites. PCR was used to construct domain deletant cDNAs
that lacked either the N domain (hCRT-PC) or the N and P domains
(hCRT-C). These cDNAs were inserted into pET-15b as described
above. Expression and purification of hCRT, hCRT-PC, and hCRT-C
were carried out as described previously, using a nickel-chelating resin
column [26-28]. Further purification of hCRT-PC and hCRT-C was
performed using a HiTrap Q FPLC column.

Interaction of CRT with aminoglycoside antibiotics. Surface plas-
mon resonance experiments were performed with a BIACORE 3000
biosensor system (BIACORE, Uppsala, Sweden) according to the
method of Horibe et al. [11,12,27-29] at a flow rate of 20 pl/min at
25°C. HBS buffer (0.01 M Hepes, 0.15 M NacCl, 0.005% Tween 20,
and 3 mM EDTA [pH 7.4]) was used as the running buffer during the
assay to prohibit non-specific binding. Data analysis was performed
using BIA evaluation software version 3.1.

Deglycosylation of al-antitrypsin and jack bean o-mannosidase. o.1-
Antitrypsin and jack bean o-mannosidase were deglycosylated with
glycopeptidase F [peptide N-glycosidase F (PNGase)] according to the
manufacturer’s protocol. Briefly, both proteins were dissolved to a
concentration of 10 mg/ml in 0.1 M Tris—-HCI (pH 8.6) containing
0.1% SDS and 0.15% (v/v) of 2-mercaptoethanol. After the samples
were boiled for 3 min at 100 °C, Nonidet P-40 was added to a final
concentration of 0.5% (v/v), and then the sample was digested in the
presence of 0.5 mU/ul PNGase. The proteins were precipitated with
95% ethanol and dried by evaporation.

Aggregation assay. Native and deglycosylated jack bean o-man-
nosidase (33.33 uM) were dissolved in 20 mM sodium phosphate
buffer (pH 7.4) containing 6 M guanidinium-HCI and 0.15M
dithiothreitol. After denaturation for 2h at room temperature,
samples were diluted out of the denaturant to 0.67 uM in 20 mM
sodium phosphate buffer (pH 7.4) containing various concentrations
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of bCRT, hCRT, or CRT domain deletants (hCRT-PC and hCRT-
C) and antibiotics. Aggregation was monitored over a period of
15 min at 25 °C by monitoring the increase in absorbance at 360 nm.
The aggregation of citrate synthase upon thermal denaturation was
assayed by the method of Shao et al. [30]. Briefly, citrate synthase
was diluted in prewarmed Hepes buffer (0.04 mM Hepes [pH 7.4]) at
43 °C. Protein aggregation was monitored by measuring light scat-
tering with a Hitachi Spectrofluorometer F4010. The excitation and
emission wavelengths were set to 500 nm. The excitation and emis-
sion slit widths were set to 3 nm.

Oxidative refolding of ol-antitrypsin. Oxidative refolding of native
and deglycosylated ol-antitrypsin was performed as described previ-
ously [27,28].

Results
Screening of proteins binding to gentamicin

A protein extract prepared from bovine kidney
microsomes was applied to a gentamicin—Sepharose
column. Unbound materials were thoroughly washed
out, and the proteins eluted from the gentamicin—
Sepharose column were analyzed using SDS-PAGE.
As shown in Fig. 1, several bands were observed.
Analysis of the N-terminal amino acid sequences
revealed that these proteins were 94-kDa glucose-
regulated protein (GRP 94), calreticulin (CRT), glyc-
eraldehyde-3-phosphate  dehydrogenase (GAPDH),
apolipoprotein Al, and proteasome subunit  type 9
(PSB9) (data not shown). GRP 94 and CRT are
ER-resident proteins [1,2,31], and apolipoprotein Al
is a secreted protein [32]. In contrast, GAPDH and
PSB9 are not ER-resident proteins [33,34].
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Fig. 1. SDS-PAGE of gentamicin-binding proteins. Electrophoresis
was carried out in a 12.5% gel as described in the Materials and
methods. The arrows on the left indicate the molecular weight
markers. The arrows on the right indicate 94-kDa glucose-regulated
protein (GRP 94), calreticulin (CRT), glyceraldehyde-3-phosphate
dehydrogenase (GAPDH), apolipoprotein Al (Apo-Al), and protea-
some subunit B type 9 (PSB9), which were identified using analyses of
their N-terminal amino acid sequences and their molecular weight.
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Fig. 2. Sensorgrams of gentamicin bound to immobilized bCRT on
the BIACORE biosensor. All analytes [1 (361.42 uM), 2 (180.71 uM),
and 3 (90.36 uM)] were injected over the bCRT immobilized on a
sensor chip. The progress of binding to immobilized bCRT was
monitored by following the increase in the signal [resonance units
(RU)] induced by gentamicin. The arrow and double arrow indicate
the beginning and end of the injection, respectively.

Interaction of CRT with gentamicin

Since CRT is a soluble and abundant ER-resident
chaperone protein, we selected CRT as a first target
for investigating the effects of gentamicin. To investigate
the interaction of CRT with gentamicin, we purified
bovine CRT (bCRT) from bovine kidney. Purified
bCRT was limited to a single band in SDS-PAGE (data
not shown). Purified bCRT was immobilized on the sur-
face of a CMS5 sensor chip, and the interaction of bCRT
with gentamicin was analyzed using BIACORE 3000.
Fig. 2 shows that gentamicin easily associated and disso-
ciated with bCRT immobilized on the sensor chip. The
Kp of bCRT to gentamicin was determined to be
3.85x 10~* M using BIA evaluation software.

Effect of gentamicin on CRT activity

We next studied the effect of gentamicin on the activity
of bCRT. As shown in Fig. 3, gentamicin did not inhibit
the chaperone activity of bCRT when citrate synthase
(CS), which naturally lacks N-linked oligosaccharides,
was used as a substrate. An excess amount of gentamicin
had no effect on the chaperone activity of bCRT (data not
shown). However, when al-antitrypsin and o-mannosi-
dase, which have N-linked oligosaccharides, were used
as substrates, gentamicin inhibited the oxidative refolding
and chaperone activities of bCRT in a manner dependent
on the concentration of gentamicin (Figs. 4A and B). We
then deglycosylated al-antitrypsin and o-mannosidase
with glycopeptidase F (PNGase), and confirmed the di-
gested products using SDS-PAGE (data not shown).
Interestingly, when deglycosylated ol-antitrypsin was
used as a substrate, bCRT was unable to oxidatively
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Fig. 3. Effect of gentamicin on the chaperone activity of bCRT using
thermally denatured citrate synthase as a substrate. The suppression of
thermally denatured citrate synthase aggregation by bCRT was
investigated. Citrate synthase (30 uM) was diluted 200-fold into
prewarmed Hepes buffer (0.15 pM final concentration) in the absence
of both gentamicin and bCRT as a control (O). The inset indicates the
concentration of bCRT and antibiotics tested. Penicillin G was used as
a negative control.

refold denatured ol-antitrypsin (Fig. 4A). In contrast,
bCRT suppressed aggregation of the deglycosylated and
denatured a-mannosidase, but gentamicin did not inhibit
its chaperone activity (Fig. 4B). These observations sug-
gest that N-linked oligosaccharides are important for
the oxidative refolding activity of bCRT, and that genta-
micin competes for the lectin site of bCRT and inhibits its
chaperone activity.

Role of each domain of CRT in the oxidative refolding
and chaperone activities, and effect of gentamicin on these
activities

It has been reported that CRT has a domain structure
of N-P-C [3-7], and the domains have been suggested to
function as a lectin, an ERp57-binding site, and a pep-
tide-binding site, respectively [3-7]. To investigate the
role of each CRT domain in the oxidative refolding
and chaperone activities and the effect of gentamicin
on these activities, we constructed two domain deletants
of wild-type human CRT (hCRT), hCRT-PC and
hCRT-C. As shown in Figs. SA-C, all of the purified
proteins migrated as single bands on SDS-PAGE. Since
it is known that native CRT has N-linked oligosaccha-
rides [1,2], we investigated whether gentamicin would
have different effects on the oxidative refolding and
chaperone activities of recombinant hCRT and bCRT
purified from bovine kidney, but no differences were
found (data not shown). hCRT-PC and hCRT-C, which
lack the lectin site in the N domain, were unable to re-

fold the denatured ol-antitrypsin and their activity
was not affected by gentamicin (data not shown). Both
hCRT-PC and hCRT-C suppressed the aggregation of
a-mannosidase and its deglycosylated product, although
their activities were less than that of wild-type CRT
(Figs. 6A and B). However, gentamicin had little effect
on the activity of the domain deletants (Figs. 6A and
B). These observations suggest that the lectin site of
CRT is the main target for gentamicin-binding and that
this binding inhibits the chaperone activity of CRT.

Discussion

Although gentamicin has been widely used clinically,
its clinical use is partially limited by its renal toxicity.
Although there are many reports on the clinical effects
of gentamicin, there have been few reports detailing
the mechanisms of this side effect or identifying gentami-
cin-specific-binding proteins [8,9]. Recently, Sandoval
and Molitoris [10] showed that gentamicin is retro-
gradely trafficked through the secretory pathway and
is released into the cytosol via the ER. They also re-
ported that the rapid retrograde transport of gentamicin
to the ER decreases protein synthesis [10]. Moreover, we
previously reported that aminoglycoside antibiotics such
as gentamicin and ribostamycin bind to PDI and inhibit
its chaperone activity [11,12]. The effect of gentamicin
on protein synthesis and the chaperone activity of PDI
might be one of the causes of the renal side effect of gen-
tamicin. To learn more about the effects of gentamicin
on cellular function in the kidney, we screened gentami-
cin-binding proteins in bovine kidney microsomes and
identified several gentamicin-binding proteins, including
94-kDa glucose-regulated protein (GRP 94), CRT,
glyceraldehyde-3-phosphate dehydrogenase (GAPDH),
apolipoprotein Al, and proteasome subunit B type 9
(PSB9) using N-terminal amino acid sequence analysis
(Fig. 1). Of these identified proteins, GRP 94 [31] and
CRT [1,2] are ER-resident proteins, and apolipoprotein
Al is a secreted protein [32]. However, GAPDH [33] and
PSBY [34] are not ER-resident proteins, suggesting that
these proteins might bind to gentamicin-binding pro-
teins or could have been introduced as contaminants
during the cell fractionation step. Gentamicin did not in-
hibit the activity of GAPDH (data not shown). There-
fore, we focused on the effect of gentamicin on the
activity of CRT, a known chaperone protein [1,2].

We found a specific, but not strong, interaction be-
tween purified bCRT and gentamicin (Fig. 2) by
BIACORE analysis, and the interaction had a Kp value
of 3.85 x 10~* M. We then investigated the effect of gen-
tamicin on bCRT activities by assaying bCRT’s chaper-
one and oxidative refolding activities. Interestingly,
although gentamicin inhibited the chaperone and oxida-
tive refolding activities of bCRT when N-glycosylated
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Fig. 4. Effect of gentamicin on the oxidative refolding (A) and chaperone (B) activities of bCRT. The left side of the bar graphs indicates molar ratios of
bCRT to gentamicin. The presence (+) or absence (—) of glycopeptidase F (PNGase) treatment is shown in the right of the figure. Penicillin G was used as
a negative control. (A) As a control, denaturation and reactivation of al-antitrypsin and the product of its deglycosylation with glycopeptidase F
(0.25 mg/ml) were carried out in the absence of both gentamicin and bCRT (self-refolding). (B) As a control, the suppression of denatured
a-mannosidase aggregation by bCRT was investigated. Jack bean a-mannosidase and the product of its deglycosylation with glycopeptidase F were
denatured and diluted (the final concentration was 0.67 uM) in the absence of both gentamicin and CRT as a control; this value was set to 100%.
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Fig. 5. SDS-PAGE of purified wild-type hCRT (A), hCRT-PC (B),
and hCRT-C (C). Electrophoresis was carried out in 12.5% (A) and
15% (B,C) gels as described in the Materials and methods. The arrows
indicate the locations of molecular weight markers.

substrates such as al-antitrypsin and o-mannosidase
were used, it did not inhibit the chaperone activity of
bCRT when non-glycosylated citrate synthase was used
as a substrate. These results suggest that the N-linked
oligosaccharide is critical for the inhibition of chaperone
activity of CRT by gentamicin. In the assay using o1-an-

titrypsin and o-mannosidase, a 100:1 molar ratio of
gentamicin to bCRT almost completely inhibited the
chaperone and oxidative refolding activities of bCRT.
Other antibiotics such as aminobenzylpenicillin, penicil-
lin G, and cefoxitin did not show any effect on either the
chaperone or the oxidative refolding activities of bCRT
(data, except for penicillin G, not shown). Saito et al.
[35] reported that calreticuin inhibits the aggregation
of both glycosylated and non-glycosylated proteins in
vitro. However, bCRT did not show the oxidative
refolding activity when deglycosylated ol-antitrypsin
was used as a substrate. This observation suggests that
the sugar chain is necessary for the refolding activity
of CRT. Next we constructed a wild-type hCRT and
the domain deletants hCRT-PC and hCRT-C in order
to investigate the relationship between the role of each
CRT domain in oxidative refolding and chaperone
activities and the effect of gentamicin on these activities.
hCRT-PC and hCRT-C, which lack the lectin site, did
not refold the denatured ol-antitrypsin and their activ-
ity was not affected by gentamicin. Together, these re-
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Fig. 6. Effect of gentamicin on the chaperone activity of hCRT-PC (A) and hCRT-C (B) using a-mannosidase as a substrate. The left sides of the bar
graphs indicate molar ratios of hCRT-PC (A) and hCRT-C (B) to gentamicin. The presence (+) or absence (—) of glycopeptidase F (PNGase)
treatment is shown in the right sides of the figures. Penicillin G was used as a negative control.

sults indicate that both the lectin site and N-linked oli-
gosaccharides are critical for the oxidative refolding
activity of CRT, and that gentamicin competes for the
lectin site, thereby inhibiting CRT’s chaperone activity.

Recently, Miyazaki et al. [9] reported that gentamicin
binds to HSP 73 and inhibits its chaperone activity,
which may be associated with gentamicin-induced acute
tubular injury in the kidney. We also reported previ-
ously that aminoglycoside antibiotics bind to PDI and
inhibit its chaperone activity [11,12]. Together with the
retrograde trafficking of gentamicin through the secre-
tory pathway [10], the inhibition of the chaperone activ-
ity of proteins in the cell by gentamicin might underlie
the nephrotoxicity caused by this antibiotic.
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