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Investigating the relative efficiencies of molecular chaperones is important for understanding protein
biosynthesis inside a cell. We developed an analytical method for estimating relative chaperone activity
under physiological, multi-chaperone conditions using a protein-conjugated column. A chaperone mix-
ture was subjected to chromatography on a column conjugated with denatured ovalbumin, and the elu-
tion positions of target chaperones were compared using western blotting to determine the relative
affinity of each chaperone for the denatured protein. Because molecular chaperones should be eluted
according to their strength of association with the denatured ovalbumin in the column, the elution posi-
tion must accord with the chaperone activity and can be used as an indicator of relative chaperone activ-
ity. We found that the column procedure was effective in an assay of a mixture of calreticulin and BiP, the
molecular chaperones in the endoplasmic reticulum; the assay showed that calreticulin associated with
denatured ovalbumin more strongly than BiP.

� 2014 Elsevier Inc. All rights reserved.
1. Introduction

Most proteins must fold into proper higher order structures to
gain functional activity. However, in the cellular environment, nas-
cent polypeptides are at great risk of misfolding and aggregation.
To avert these dangers, various molecular chaperones associate
with the folding intermediates to prevent aggregation and promote
efficient folding [1,2]. Molecular chaperones are usually classified
into the small Hsp, Hsp40, Hsp60, Hsp70, Hsp90, Hsp100, and caln-
exin/calreticulin (CNX/CRT) families [2], and at least Hsp60 and
Hsp70 are known to be necessary for protein biosynthesis [3].

General assay procedures for chaperone activity have been
widely studied and include the following: (1) protein aggregation
and refolding monitored by measuring light scattering at 360 nm
[4–7], (2) luciferase refolding assay [6,8], (3) real-time fluorescence
assay using green fluorescent protein [9], and (4) molecular probe-
based assays [10–12]. However, an analytical method for deter-
mining relative chaperone activity in the presence of multiple
chaperones has never been reported. In fact, various chaperones
cooperate to generate higher order protein structure inside a cell;
for example, BiP (Hsp70 family), ERdj1-7 (Hsp40 family), and
CNX/CRT coexist in the endoplasmic reticulum (ER) [13]. Thus,
knowing the relative contribution of each chaperone during
protein folding will be important for a complete understanding
of protein biosynthesis.

Herein, we describe an analytical method for determining rela-
tive chaperone activity using a protein-conjugated column
(Fig. 1A). Although protein-conjugated columns have been used
for affinity purification of chaperones [14–17], essential use of
the column to assay relative chaperone activity has never been
reported. First, denatured protein is immobilized on agarose beads
and the beads are packed into an empty column to manufacture a
denatured protein-conjugated column. Next, a chaperone mixture
is applied to the column and eluted with buffer solution. The elu-
tion fractions are then analyzed by western blotting to detect the
elution position of each chaperone. Because molecular chaperones
should be eluted according to their strength of association with the
denatured proteins in the column, the elution position must accord
with the chaperone activity and can be used as an indicator of the
relative chaperone activity. Furthermore, quantification of the
detected bands can be used to determine the 50% elution volume,
which can be useful for elucidation of the relative chaperone activ-
ity. To examine the effectiveness of this method, relative chaper-
one activities of BiP and CRT were analyzed using a column filled
with denatured ovalbumin (d-OVA)-conjugated beads.
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Fig. 1. Working hypothesis and samples used in this work. (A) Schematic diagram of this work. (B) Denaturation peak of OVA obtained by the Thermofluor assay. Arrowheads
indicate the denaturation temperatures (Td) of OVA. (C) Time course for diameters of OVA obtained by dynamic light scattering analysis. Data are the mean of three
experiments with standard deviation. (D) Time course for fluorescence intensities of OVA in the presence of SYPRO Orange. Data are the mean of three experiments with
standard deviation. (E) Time course of immobilization of OVA and d-OVA onto the beads.
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2. Materials and methods

2.1. General

OVA from Wako Pure Chemical Industries; BSA and agarose
beads from Sigma–Aldrich; SulfoLink coupling resin from Thermo
Scientific; SYPRO Orange and streptavidin-HRP from Invitrogen-
Life Technologies; BiP, rabbit anti-CRT monoclonal antibody and
rabbit anti-BiP polyclonal antibody from Abcam; and HRP-
conjugated anti-rabbit IgG from PerkinElmer. Human CRT was
expressed in Escherichia coli as a GST fusion protein, purified with
glutathione–Sepharose (GE Healthcare), and treated with
PreScission Protease (GE Healthcare) to remove GST as described
previously [18].
2.2. Preparation of OVA-conjugated beads

All washing steps consisted of suspension of beads in 50 lL of
buffer, sedimentation of the beads by centrifugation (1000g, 4 �C,
1 min), and removal of the supernatant. First, SulfoLink coupling
resin (50 lL) was washed twice in coupling buffer (5 mM EDTA,
50 mM Tris HCl, pH 8.5). The beads were then treated with
150 lL of OVA (2 mg/mL) in the coupling buffer. After 15–90 min
(optimum: 60 min) of mixing by inversion (6 times/min) at 25 �C,
the beads were sedimented by centrifugation (1000g, 4 �C, 1 min)
and the supernatants were collected to measure the residual pro-
tein concentration by BCA protein assay to calculate percent
immobilization. The beads were then washed once in 10 mM NaCl
and 3 times in the coupling buffer to give OVA-conjugated beads.
Next, the beads were treated with 50 mM cysteine (50 lL) in the
coupling buffer to block unreacted iodoacetyl groups. After
15 min of mixing by inversion (6 times/min) at 25 �C, the beads
were sedimented by centrifugation (1000g, 4 �C, 1 min), washed
3 times in TBS (pH 7.4), and resuspended in TBS to give blocked
OVA-conjugated beads. Subsequent denaturation of the OVA-con-
jugated beads by heating at 95 �C for 10 min provided d-OVA-con-
jugated beads.
2.3. Interaction analysis of OVA-conjugated beads

Blocked OVA-conjugated beads (10 lL, 0.57 nmol of immobi-
lized OVA), blocked d-OVA-conjugated beads (10 lL, 0.57 nmol of
immobilized OVA), or agarose beads (10 lL) were added to human
CRT (0.15 nmol) or BSA (0.15 nmol) in TBS (pH 7.4), 10 mM CaCl2.
After 17 h of mixing by inversion (6 times/min) at 4 �C, the super-
natant was removed (supernatant fraction). The beads were
washed with buffer (40 lL) containing 10 mM CaCl2 and TBS (pH
7.4) and the supernatant was removed as the wash fraction to give
the bead fraction. The resulting supernatant, wash, and bead frac-
tions (5 lL) were analyzed by SDS–PAGE; gels were stained with
Coomassie Brilliant Blue to detect the protein bands.
2.4. Chaperone activity assay using the OVA-conjugated column

Molecular chaperone (CRT and/or d-CRT and/or BiP) (5.5 pmol)
was added to BSA–biotin (5.5 pmol) and the resulting mixture was
subjected to chromatography on an OVA- or d-OVA-conjugated
column (5.5 mm / � 42 mm, 1 mL of beads, 65 nmol of OVA) equil-
ibrated with TBS (pH 7.4), 10 mM CaCl2, at a flow rate of 20 lL/min
at 4 �C. The eluted fractions (120 lL) were analyzed by SDS–PAGE
followed by western blotting with anti-CRT and anti-BiP antibodies
or ligand blotting with streptavidin-HRP. Each fraction (20 lL) was
resolved on SDS–PAGE and transferred onto a PVDF membrane.
After blocking with Blocking One (Nacalai Tesque), the membrane
was incubated with an anti-CRT antibody, anti-BiP antibody, or
streptavidin-HRP for 12 h at 4 �C. After washing with TBS-Tween
(3�), the membrane treated with anti-CRT or anti-BiP antibody
was incubated with HRP-conjugated anti-rabbit IgG for 1 h. After
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washing with TBS-Tween (3�), the bands on each membrane were
visualized by chemiluminescence (Immobilon Western, Millipore).
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BSA 

OVA-beads d-OVA-beads
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CRT 

OVA-beads d-OVA-beads

Fig. 2. Interaction analysis of CRT with OVA-conjugated beads. SDS–PAGE of
fractions obtained from interaction experiments of (A) agarose beads with BSA and
CRT, (B) BSA with OVA- and d-OVA-conjugated beads, and (C) CRT with OVA- and d-
OVA-conjugated beads.
3. Results and discussion

The immobilized protein of our proposed assay should be dena-
tured by a simple method, and the resulting denatured state
should be stable for a long period. To ensure these, we adopted
OVA [19] as the protein to be immobilized on agarose beads.
OVA is a singly N-glycosylated glycoprotein of 45 kDa that repre-
sents 65% of egg white protein, which is a well described and easily
denatured by simple heating method [20,21]. To produce thermal
denatured OVA, we first measured the denaturation temperature
of OVA with the Thermofluor assay [22,23] (Fig. 1B). A mixture of
OVA and SYPRO Orange [24], which accumulates and fluoresces
at hydrophobic surfaces, was gradually heated using real-time
PCR equipment while the resulting fluorescence intensity was
monitored. The differential of the fluorescence was plotted on
the ordinate and the temperature was plotted on the abscissa to
obtain the denaturation peak (denaturation temperature). Two
peaks at 73.0 and 77.6 �C were observed. Ordinary OVA and its sta-
ble form (S-OVA) are known to exist, and their denaturation tem-
peratures obtained by differential scanning calorimetry are 78.0
and 85.8 �C, respectively [25]. It has been reported that commer-
cially available OVA contains both forms of OVA [26]; therefore,
we conclude that the two peaks obtained in our experiment corre-
spond to OVA and S-OVA, and that the difference between our
denaturation temperatures and the previously reported values
could be because of the different measurement procedures.

To examine the stability of d-OVA, which is obtained with suf-
ficient thermal treatment (95 �C, 10 min), the time course of d-OVA
particle size was analyzed by dynamic light scattering (Fig. 1C).
The particle size of d-OVA was approximately 5 times larger than
that of native OVA, showing that the protein loses its original fold-
ing state. Moreover, d-OVA maintained this particle size for 5 days
after denaturation. We also examined differences in the surface
hydrophobicity of OVA and d-OVA by comparing the fluorescence
intensity after treatment with SYPRO Orange (Fig. 1D). The inten-
sity from d-OVA was consistently higher than that from OVA over
a 5-day period. These results show that the prepared d-OVA stably
maintained the hydrophobic denaturation state, allowing its use as
the immobilized protein.

Inversely, bovine serum albumin (BSA) was not sufficient for a
binding agent of our chaperone assay. Although the heat denatur-
ation of BSA (95 �C, 10 min) increased the particle size with losing
its original folding state (Supplementary Fig. S1A), both the dena-
tured- and the native-form showed higher hydrophobicity com-
pared to OVA (Fig. 1D and Supplementary Fig. S1B). In view of
general chaperone action reduces hydrophobicity of a protein,
the hydrophobic nature of BSA even in its native form [27] is not
suitable for the immobilized protein.

We next examined the immobilization of OVA on agarose
beads. Because OVA has four free cysteines in its native structure
[28], we used the thiol groups of the cysteines for the immobiliza-
tion of OVA. OVA-conjugated beads were prepared using SulfoLink
coupling resin (Thermo Scientific); the terminal iodoacetamide
groups of the beads coupled with the thiol groups of OVA. Percent
immobilization of OVA, with complete conversion of the iodoacet-
amide groups considered to be 100%, was calculated from the con-
centration of OVA remaining in the reaction mixture after the
immobilization procedure (Fig. 1E). For immobilization of native
OVA, a 30-min incubation was sufficient for completion of the cou-
pling reaction. In the case of d-OVA obtained by thermal denatur-
ation (95 �C, 10 min), the coupling reaction proceeded more
slowly, and a 60-min incubation was necessary to complete
the reaction. Breaking the higher order structure of OVA may cause
changes in the accessibility of the thiol groups. Because OVA and d-
OVA showed different rates of immobilization, d-OVA-conjugated
beads for further investigations were prepared by thermal dena-
turation of OVA-conjugated beads to ensure a constant immobili-
zation rate.

We next examined the interaction of immobilized d-OVA with
CRT, a molecular chaperone in the ER. CRT has both lectin and
chaperone activity: it binds with the high-mannose type glycan
Glc1Man9GlcNAc2 [29] and also shows chaperone activity toward
non-glycosylated proteins [7]. We have been working on func-
tional analysis of CRT-mediated ER glycoprotein quality control
[30]. One of the reasons for choosing CRT as a model chaperone
is that we intend to apply the proposed assay for chaperone activ-
ity to further analysis of the quality control system. Moreover, sev-
eral interaction analyses of CRT with denatured ovalbumin have
been reported [31,32], also inspired us to focus on CRT. Although
the immobilized OVA is N-glycosylated and has high-mannose,
hybrid, and complex types of glycans, the main component of its
high-mannose structure is Man5/6GlcNAc2, and the CRT-binding
glycan Glc1Man9GlcNAc2 has never been reported [33,34]. Conse-
quently, CRT can be used for our chaperone assay.

We first examined the direct interaction of CRT with agarose
beads (Fig. 2A). Agarose beads were mixed with CRT or BSA (as a
negative control protein having no chaperone activity), and the
supernatant, wash, and bead fractions were analyzed by SDS–
PAGE. No protein bands were detected in the bead fractions, show-
ing that CRT and BSA do not directly interact with agarose beads.
We next analyzed the interaction of BSA and CRT with OVA- and
d-OVA-conjugated beads in the same way (Fig. 2B and C). No pro-
tein bands were observed in the bead fractions from the BSA–OVA
and BSA–d-OVA interaction experiments, showing that BSA did not
associate with the proteins on the beads (Fig. 2B). Conversely, in
the case of interaction with CRT, both OVA and d-OVA bead
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fractions yielded protein bands in the SDS–PAGE analysis, indicat-
ing that CRT associated with the proteins on the beads (Fig. 2C).
Comparison of the intensity of the protein bands from the bead
fractions showed that the band from the d-OVA bead fraction
was more concentrated than the band from the OVA bead fraction,
indicating that CRT binds with d-OVA, while association with OVA
seems to be relatively weak. These results suggest that CRT inter-
acts with the denatured protein on the bead owing to its chaperone
activity. Thus, the d-OVA-conjugated beads are suitable as affinity
chromatography beads for molecular chaperones.

OVA- or d-OVA-conjugated beads were packed into a mini col-
umn S (Muromachi Technos) to provide OVA- and d-OVA-columns,
respectively. A mixture of CRT and BSA–biotin was applied to both
columns, the columns were eluted with buffer solution at a rate of
20 lL/min, and 120-lL elution fractions were collected. Each frac-
tion was analyzed by SDS–PAGE followed by western blotting (for
CRT) or ligand blotting (for BSA–biotin) (Fig. 3A and D).

Bands for BSA–biotin were observed in fractions 7–12 from
both the OVA- and the d-OVA-column (Fig. 3A), and the BSA–biotin
elution profiles from the two columns were nearly identical
(Fig. 3B). We propose the 50% elution volume of the target chaper-
one as an index of interaction with the conjugated protein. The 50%
elution volume for BSA, derived from Fig. 3B, was 1125 lL for the
OVA-column and 1170 lL for the d-OVA-column, and thus was
nearly identical for the two columns. Therefore, the elution of
BSA–biotin from the protein-conjugated columns was not affected
by the folding state of OVA, indicating that BSA did not interact
with OVA. These results show that BSA–biotin is suitable as a neg-
ative control protein for the column chromatography method.
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Fig. 3. Analysis of CRT chaperone activity using OVA-conjugated columns. (A) Ligand blot
with applied BSA–biotin and CRT. (B) Elution profiles of BSA–biotin from OVA- and d-
columns. (D) Western blot analysis of CRT in elution fractions obtained from an OVA- or d
or d-CRT from OVA- and d-OVA-columns. (F) Relative affinity of CRT or d-CRT to OVA- a
three experiments with standard deviation.
Conversely, bands for CRT were observed in fractions 9–13 from
the OVA-column (Fig. 3D, top) and fractions 11–14 from the d-
OVA-column (Fig. 3D, middle). These results suggest that CRT
interacts with d-OVA by its chaperone activity during elution of
the column. We examined the elution of denatured CRT (d-CRT)
from the d-OVA-column to confirm the interaction is derived from
the chaperone activity of CRT. We detected bands for d-CRT in frac-
tions 8–12 (Fig. 3D, bottom), which was nearly identical to the elu-
tion position of CRT from the OVA-column (Fig. 3D, top).
Comparing elution profiles, we found that the elution of CRT from
the d-OVA-column was clearly delayed in comparison with that
from the OVA-column (Fig. 3E). Moreover, the elution profile of
d-CRT from the d-OVA-column was nearly equal to that of CRT
from the OVA-column. The 50% elution volume of CRT from the
OVA-column was 1230 lL, similar to the value of 1170 lL obtained
for d-CRT from the d-OVA-column (Fig. 3F). Because these values
are near those obtained for BSA (Fig. 3C), no practical interaction
seems to be observed in the case of CRT with the OVA-column or
d-CRT with the d-OVA-column. In contrast, the 50% elution volume
of CRT from the d-OVA-column was 1450 lL, indicating that CRT
interacted with d-OVA during elution of the column. Thus the
chaperone activity of CRT can be estimated using the d-OVA-col-
umn. When we directly reused the same d-OVA-column for analy-
sis of chaperone activity of CRT, the resulting 50% elution volumes
gradually became more similar to that obtained from the OVA-col-
umn (data not shown). These results indicate that d-OVA immobi-
lized on the beads were partially refolded during repeated
interaction experiments with CRT, because any proteins were not
detected in the elution from the reused d-OVA column after SDS
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treatment. Namely, CRT could associate with d-OVA by its chaper-
one activity in the column chromatography experiment. We also
found that affinity of the used d-OVA column to chaperones is
recovered with thermal treatment (95 �C, 10 min).

We next applied the d-OVA-column method to analyze relative
chaperone activities under multi-chaperone conditions, which has
not previously been done. In this study, we focused on protein fold-
ing in the ER to verify the relative efficiencies of the important
chaperones CRT and BiP [35]. A mixture of CRT, BiP, and BSA–biotin
was applied to the d-OVA-column and the elution fractions were
analyzed by western blotting to obtain the elution positions of
each protein (Fig. 4A). The proteins were eluted from the column
in the order BSA, BiP, and CRT. The 50% elution volumes of BSA,
BiP, and CRT from the elution profiles (Fig. 4B) were 910 lL,
1090 lL, and 1250 lL, respectively (Fig. 4C). The 50% elution vol-
ume of BSA in Fig. 4C is smaller than that in Fig. 3C; this might
be because the total protein concentration applied to the column
in this experiment was higher than the concentration applied in
the previous experiment. BiP and CRT were eluted significantly
more slowly than BSA, indicating that these chaperones interact
with d-OVA immobilized on the bead. The slower elution of CRT
compared with BiP indicates that CRT interacts more efficiently
with d-OVA under competitive conditions of equal molar concen-
trations of BiP and CRT. Thus, our proposed column chromatogra-
phy method provides a novel index for estimating relative
chaperone efficiency under multi-chaperone conditions.
In view of the importance of molecular chaperones for protein
biosynthesis, we developed an analytical method to estimate rela-
tive chaperone activity in the presence of various molecular chap-
erones. Our method was effective in an assay of a chaperone
mixture containing CRT and BiP, and we found that CRT associated
with d-OVA more strongly than BiP. Of course, the index resulting
from this procedure is based on the interaction efficiency, and we
understand that this value does not directly represent the folding
capacity of each molecular chaperone. However, knowing which
molecular chaperone preferentially binds to a substrate protein
will provide an important clue to understanding protein biosyn-
thesis under physiological conditions. Comparison of relative chap-
erone activities among various cellular conditions, such as ER
stress [36] and some diseases, may indicate changes in protein
folding mechanisms connected with variations in cell status. More-
over, the use of columns with denatured proteins other than d-OVA
may result in different relative chaperone efficiencies and thus
may contribute to our understanding of the proper use of molecu-
lar chaperones for each target protein. Further studies along these
lines are under way and will be reported in due course.
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