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Abstract

Heat shock protein 90a (Hsp90a) immobilized on aminopropyl silica gels was prepared via the N-
or C-terminal, which was termed Hsp90a-NT or Hsp90a-CT, respectively. Binding interactions of
biscoclaurine alkaloids (cepharanthine (CEP), berbamine (BBM), isotetrandrine (ITD), and
cycleanine (CCN)) with Hsp90a were examined using the Hsp90a-NT or -CT columns by frontal
and zonal chromatography studies. The dissociation constants of CEP, BBM, ITD, and CCN to
Hsp90a-NT were estimated to be 5.3, 18.6, 46.3, and 159 pM, respectively, by frontal
chromatography techniques. Similar results were obtained with the Hsp90a-CT column. These
data suggest that these biscoclaurine alkaloids interact with the middle domain of Hsp90a. This
was confirmed by demonstrating that CEP competed with endothelial nitric oxide synthase at the
middle domain of Hsp90a, where it was shown to have a dissociation constant of 15 nM.
Furthermore, the Hsp90a-NT column was applied for preliminary screening of natural Hsp90a
inhibitors by zonal chromatography studies.
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Heat shock proteins (H’sp’s)1 act as molecular chaperones that guide the normal folding,
intracellular disposition, and proteolytic turnover of many key regulators of cell growth and
survival [1,2]. Their increased expression in tissues was observed with proteotoxic stressors
such as heat, heavy metals, hypoxia, and acidosis [1,2]. Furthermore, increased expression
and activity of Hsp90, a family of cellular proteins including Hsp90a, Hsp90p, Grp94, and
Trap 1, have been observed with human cancers, compared to normal tissues [1-5].
Recently, it has been reported that Hsp90 exists in an activated form in tumor cells but in a
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latent form in normal tissues [5]. This means that Hsp90 inhibitors could represent a hew
and selective class of anticancer agents [6,7].

Structural and functional studies reveal that Hsp90 has three conserved domains, namely the
N-terminal, middle, and C-terminal domains, and displays an intrinsic ATPase activity
necessary for its function [1,2]. The N-terminal domain contains an adenosine nucleotide
binding pocket, which is associated with the ATPase activity [1,2]. The middle domain
plays an important role in modulating the ATPase activity, and the C-terminal domain also
contains an additional binding pocket for ATP, albeit with lower activity [5]. Several natural
Hsp90 inhibitors in cancer treatment were discovered and developed [6,7]: geldanamycin
and its derivatives (17-demethoxy geldanamycin and 17-N,N-dimethylaminoethylamino-17-
demethoxy geldanamycin) [8] and radicicol and its analogues [9] bind to the N-terminal
ATP-binding domain, while novobiocin [10] and (-)-epigallocatechin-3-gallate [11,12] bind
at or adjacent to the C-terminal ATP-binding site. However, natural inhibitors that bind to
the middle domain of Hsp90 have not been reported yet.

Cepharanthin is extracted from Stephania cepharantha Hayata and includes cepharanthine
(CEP), berbamine (BBM), isotetrandrine (ITD), and cycleanine (CCN), which are
biscoclaurine alkaloids (BCAS), as the primary components [13]. It is reported that these
BCAs have antiproliferative and proapoptotic effects against a diverse range of tumors both
invitro and in vivo [14,15].

In a previous study [16], Hsp90a was covalently immobilized onto the surface of
aminopropyl silica gels (APS). The protein was immobilized via the N-terminal to create
Hsp90a-NT or via the C-terminal to create Hsp90a-CT. The immobilization was
accomplished utilizing glutaraldehyde or 1-ethyl-3-(3-methylaminopropyl) carbodiimide
(EDC), respectively, as a coupling reagent for the N- and C-terminals. Furthermore, it was
reported that immobilization did not affect ATPase activity or sensitivity to inhibition [16].
In this study, binding interactions of BCAs with Hsp90a, including determination of
dissociation constants and elucidation of a binding domain, were examined using Hsp90a-
NT and -CT columns by frontal and zonal chromatography studies. Furthermore, the
Hsp90a-NT column was applied for preliminary screening of natural Hsp90a inhibitors.

Experimental procedures

Materials

Recombinant human Hsp90a (~90% pure) was purchased from Stressgen Bioreagents (Ann
Arbor, MI, USA). Bovine serum albumin (BSA), glutaraldehyde, glutamic acid, pyridine
(99.8%), sodium azide, and EDC were obtained from Sigma—Aldrich (St. Louis, MO, USA).
Purified recombinant Homo sapiens endothelial nitric oxide synthase (eNOS) was purchased
from OriGene Technologies (Rockville, MD, USA). BCAs (CEP, BBM, ITD, and CCN)
were kindly provided by Kaken Shoyaku Co. (Osaka, Japan). The water used in the study
was prepared using Purelab Ultra (Organo, Tokyo, Japan). The APS gel (Nucleosil 300-7
NH,) was purchased from Macherey—Nagel (Duren, Germany). Other reagents and solvents
were of analytical- reagent grade and were used without further purification. The structures
of the BCAs used in this study are illustrated in Fig. 1.
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Preparation of Hsp90a-NT column

The Hsp90a-NT silica gels were prepared according to a previously reported protocol [16].
Briefly, a 50-mg portion of APS gel was added to 10 ml of pyridine (10 mM, pH adjusted to
6.0 with 100 mM HCI), the mixture was vortex-mixed for 15 min and centrifuged at 1500g
for 10 min, and then the supernatant was discarded. The APS gel was suspended in 10 ml of
5% glutaraldehyde, rotated at 200 rpm for 3 h, and then centrifuged at 15009 for 10 min.
The supernatant was discarded, and the activated APS gel was washed three times with 10-
ml portions of pyridine (10 mM, pH 6.0) as described above. A suspension of 200 pg human
Hsp90a protein in 300 pl of pyridine (10 mM, pH 6.0) was added to the activated APS gel
and then allowed to stand for 24 h at 4 °c. After the mixture had warmed to room
temperature, 5 ml of glutamic acid (1 M, pH 8.0) was added, the resulting mixture was
rotated at 200 rpm for 30 min and centrifuged at 15009 for 10 min, and then the supernatant
was discarded. The obtained Hsp90-NT silica gel was rinsed three times with 5-ml portions
of Tris—HCI buffer (10 mM, pH 7.4) containing 150 mM NaCl, 0.1 w/v% BSA, 1 mM
EDTA, and 0.1% sodium azide. The suspension containing the Hsp90a-NT silica gel was
packed in a Tricorn 5/20 glass column (50 x 5 mm i.d., GE Healthcare Biosciences,
Uppsala, Sweden). The column was washed with Tris—HCI buffer (10 mM, pH 7.4) for 2 h
using a chromatographic pump with a flow rate of 0.2 ml/min at 25 °c. The Hsp90a-NT
column could be stored at 4 °c until use.

The control-NT silica gels were prepared similar to the procedure above, with the exception
of the addition of Hsp90a.

Preparation of Hsp90a-CT column

The Hsp90a-CT silica gel was prepared according to a previously reported protocol [16].
Briefly, a 100-mg portion of APS gel was rinsed with 10 ml of potassium phosphate buffer
(10 mM, pH 5.5) containing 150 mM NacCl. Four hundred micrograms of human Hsp90a
protein was added to 400 ul of potassium phosphate buffer (10 mM, pH 5.5) containing 150
mM NacCl, and the suspension was added to the APS gel. The mixture was vortex-mixed for
5 min, followed by the addition of 200 pl of a 10-mg/ml solution of EDC. The pH of the
reaction mixture was adjusted to 5.0 using 0.1 M HCI, and the mixture was then rotated at
200 rpm for 24 h at 4 °c. The mixture was allowed to warm to room temperature and
centrifuged at 15009 for 10 min, and then the supernatant was discarded. The Hsp90a-CT
silica gel was rinsed three times with 5-ml portions of Tris—HCI buffer (10 mM, pH 7.4)
containing 150 mM NacCl, 0.1 w/v% BSA, 1 mM EDTA, and 0.1% sodium azide. The
suspension containing the Hsp90a-CT silica gel was packed in a Tricorn 5/20 glass column.
The column was washed with Tris—=HCI buffer (10 mM, pH 7.4) for 2 h using a
chromatographic pump with a flow rate of 0.2 ml/min at 25 °c. The Hsp90-CT column could
be stored at 4 °c until use.

Chromatographic systems used for frontal and zonal chromatography studies

The LC system used was composed of an LC-10ADvp pump, an SPD-10Avp
spectrophotometer, a C-R6A integrator (all from Shimadzu, Kyoto, Japan), and a CO-1093C
column oven (Uniflows, Tokyo, Japan). A Rheodyne 7125 injector (Rheodyne, Cotati, CA,
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USA) with 5-ml and 20-pl loops was used in frontal and zonal chromatography studies,
respectively. The LC conditions used are specified in the figure legends.

Frontal chromatographic studies

Serial concentrations of CEP (1, 1.5, 2, 3, 4, and 5 uM for Hsp90a-NT and 4, 6, 8, 10, and
20 uM for Hsp90a-CT), BBM (2, 10, 20, 40, and 200 uM for Hsp90a-NT and 1, 5, 10, 20,
and 200 pM for Hsp90a-CT), ITD (20, 50, 100, 150, and 200 uM for Hsp90a-NT and 10,
20, 40, 80, and 200 pM for Hsp90a.-CT), and CCN (60, 140, 200, 300, and 400 uM for
Hsp90a-NT and -CT) were prepared in Tris—HCI buffer (10 mM, pH 7.4). A 5-ml aliquot of
each solution was placed in the loop and delivered at 0.2 ml/min at 25 °c to the Hsp90
columns. Detection was performed at 282 nm.

The observed retention volumes were used to calculate binding affinities (Kq values) of the
studied BCAs using a previously described approach [16,17],

[BCAJ(V — Vmin):BmaX[BCA]/([BCA]"‘Kd,BcA)’ 1)

where V is the retention volume of BCA measured at the midpoint of the breakthrough
curve, Vmin is the retention volume of BCA at the highest concentration applied of the
displacer ligand, and By, is the number of active binding sites of the immobilized protein
(Hsp90a). The Ky gca Values were obtained by plotting [BCA](V = Viin) versus [BCA],
and the data were analyzed by nonlinear regression with the sigmoidal response curve using
Prism 4 software (GraphPad Software, San Diego, CA, USA).

Competition studies of eNOS and CEP on Hsp90a-NT column

As described previously [18,19], the case in which a solute (CEP) and competing agent
(eNOS) undergo simple, single-site competition on an Hsp90a-NT column is described by
the equation

1/kCEP:VmKd,CEP [eNOS]/Kd,eNosBIIlax+‘/Irle,CEP/BIH&X’ )

where kcgp is the retention factor of solute CEP, Vy, is the void volume of the column, Biax
represents the number of moles of binding sites of the immobilized protein within the
column, and Ky enos and Kq cep, respectively, represent the dissociation constants for the
binding of eNOS and CEP to Hsp90a.. The Kq enos and Kq cep Values were obtained by
plotting 1/kcep versus [eNOS], and the data were analyzed by linear regression analysis
using Excel (Microsoft Japan, Tokyo, Japan).

Zonal chromatography studies for preliminary screening of natural Hsp90a inhibitors

The retention factor (k) was calculated from the equation k = (tg — tg)/tp, where tg and tg are
the retention times of retained and unretained solutes, respectively. The retention time of an
unretained solute, tg, was measured by injecting a solution of sodium nitrate. The retention
times or retention factors of solutes were measured on the Hsp90a-NT, -CT, and control-NT
columns under the following conditions: mobile phase, Tris~HCI buffer (10 mM, pH 7.4);
flow rate, 0.2 ml/min; column temperature, 25 °c; amount loaded, 500 ng; detection
wavelength, 210 nm.
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Results and discussion

Frontal chromatography studies

To determine whether the BCAs had affinity for Hsp90a, frontal chromatography
techniques were carried out. Initially, the dissociation constants, K4, of the BCAs were
evaluated for Hsp90a on both the Hsp90a-NT and Hsp90a-CT columns. Fig. 2a and b show
the sigmoidal plots of [CEP](V — Vpin) Versus [CEP] obtained with the Hsp90-NT and -CT
columns, respectively. Similar sigmoidal plots were obtained with other BCAs (BBM, ITD,
and CCN). Table 1 shows the K4 and Byax Values for the binding of BCAs to the Hsp90a-
NT and -CT columns. The Ky values of CEP, BBM, ITD, and CCN to the Hsp90a-NT
column were 5.3, 18.6, 46.3, and 159 puM, respectively. The K4 values of BCAs to the
Hsp90a-CT column were similar, with binding affinities of 6.3, 18.0, 29.9, and 143 uM,
respectively. This means that the binding affinities are in the order CEP > BBM > ITD >
CCN for both Hsp90a columns, suggesting that BCAs are most likely interacting with the
middle domain of Hsp90a. To confirm that it was not binding to either the N-terminal or the
C-terminal domain of Hsp90a, the addition of geldanamycin, an N-terminal binder, or
novobiocin, a C-terminal binder, in the mobile phase did not affect the Ky value of CEP,
further supporting the possibility that the BCAs could be interacting with the middle domain
of Hsp90a.

Competition studies of eNOS and CEP on Hsp90a-NT column

It is reported that the interaction between Hsp90 and eNOS occurs through binding of eNOS
to the middle domain of Hsp90 [20]. eNOS was added to the mobile phase and the retention
factor of CEP on the Hsp90a-NT column was measured. The retention factors of CEP
decreased with an increase in eNOS concentrations. Plots of the reciprocal of k for CEP,
kcep, against a concentration of eNOS gave a linear relationship as shown in Fig. 3.
Therefore, CEP competed with eNOS at a single binding site of the middle domain of
Hsp90a.. The Ky enos, Kd,cep, and Bmay Values were estimated from the slope and intercept
of a linear regression line and were estimated to be 15 nM, 5.0 uM, and 26 nmol,
respectively. The Ky cep and Bay values estimated by frontal chromatography studies using
the Hsp90a-NT column were 5.3 uM and 20 nmol, respectively, as shown in Table 1. Those
values estimated by competition and frontal chromatography studies are in good agreement.
These results also indicate that CEP competes with eNOS at the middle domain of Hsp90a.
Furthermore, it was found that the binding affinity of eNOS to Hsp90a, Ky enos, Was 15
nM. In addition, demonstrating that CEP is binding to the middle domain, this is the first
report of the dissociation constant for the binding of eNOS to Hsp90a.

Zonal chromatographic studies

Table 2 shows the retention times and retention factors of BCAs on Hsp90a-NT and -CT
columns. From the results shown in Tables 1 and 2, it seems to be a negative correlation
between the K values of BCAs for Hsp90a and the retention times (or factors) of BCAs.
The correlation coefficient of the Ky values of BCAS versus retention times of BCAs on an
Hsp90a-NT column was —0.9419, while that on an Hsp90a-CT column was —0.8075.
Furthermore, the correlation coefficients plotted against retention factors instead of retention
times gave almost the same values for Hsp90a-NT and -CT columns. These results indicate
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that Hsp90a columns could be utilized for screening natural Hsp90a inhibitors using zonal
chromatography studies. In the following studies, Hsp90a-NT and control-NT columns
were used for preliminary screening of natural Hsp90a inhibitors.

Preliminary screening of natural Hsp90a inhibitors

Fig. 4 shows the plots of the retention times of natural products for which anticancer
activities are reported on Hsp90a-NT and control-NT columns. The slope of the straight line
in Fig. 4 is 1. The natural products that were more retained on the Hsp90a-NT column than
the control-NT column are possible Hsp90a inhibitors, upper left corner. However, the
change in retention time of the compounds does not necessarily correlate with the binding
activity, but rather reflects only whether specific retention on the Hsp90a-NT column is
observed. The natural products whose plots are at the bottom right or on the straight line are
either N-terminal binders or nonbinders and therefore may have other anticancer
mechanisms. The plots of BCAs (CEP, BBM, ITD, and CCN), quercetin, and wogonin are
at the upper left, while curcumin, glycyrrhizin, baicalin, baicalein, and ginsenoside are at the
bottom right or on the straight line. These results suggest that BCAs (CEP, BBM, ITD, and
CCN), quercetin, and wogonin could be Hsp90a inhibitors, which interact with the C-
terminal or middle domain of Hsp90a.

Further studies are ongoing in our laboratory for screening natural Hsp90a inhibitors in
herbal medicines.

Conclusions

Hsp90a immobilized on APS gels was prepared via the N- or C-terminal, which was termed
Hsp90a-NT or Hsp90a-CT, respectively. Binding interactions of CEP, BBM, ITD, and
CCN with Hsp90a were examined using the Hsp90a-NT and -CT columns by frontal and
zonal chromatography studies. The dissociation constants of CEP, BBM, ITD, and CCN to
Hsp90a-NT were estimated to be 5.3, 18.6, 46.3, and 159 pM, respectively, by frontal
chromatography studies, with similar results obtained for Hsp90a-CT. These data support
that these alkaloids interact with the middle domain of Hsp90a. It was found that CEP
competed with eNOS at the middle domain of Hsp90a and that the dissociation constant of
eNOS to Hsp90a was 15 nM. Furthermore, the Hsp90a-NT column could be applied for
preliminary screening of natural Hsp90a. inhibitors by zonal chromatography techniques.
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Structures of CEP, BBM, ITD, and CCN.
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Fig. 2.
Determination of the dissociation constants of CEP to (a) Hsp90a-NT and (b) Hsp90a-CT

columns by frontal chromatography techniques. LC conditions: column, Hsp90a-NT or
Hsp90a-CT (20 x 5.0 mm i.d.); mobile phase, 10 mM Tris—HCI buffer (pH 7.4) containing
various concentrations of CEP; flow rate, 0.2 ml/min; column temperature, 25 °c; detection,
282 nm; injection volume, 5 ml.
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Fig. 3.
Relationship for competitive displacement of CEP by eNOS. LC conditions: column,

Hsp90a-NT (20 x 5.0 mm i.d.); mobile phase, 10 mM Tris—HCI buffer (pH 7.4) containing
various concentrations of eNOS; flow rate, 0.2 ml/min; column temperature, 25 °c;
detection, 210 nm; amount loaded, 500 ng.
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Fig. 4.

PI?)ts of the retention times of natural products on Hsp90a-NT and control-NT columns. LC
conditions: column, Hsp90a-NT or control-NT (20 x 5.0 mm i.d.); mobile phase, 10 mM
Tris—HCI buffer (pH 7.4); flow rate, 0.2 ml/min; column temperature, 25 °c; detection, 210
nm; amount loaded, 500 ng. Symbols: 1, CEP; 2, BBM; 3, ITD; 4, CCN; 5, quercetin; 6,
curcumin; 7, wogonin; 8, glycyrrhizin; 9, baicalin; 10, baicalein; 11, ginsenoside.
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Kg and Bpax Values for the binding of BCAs to Hsp90a-NT and -CT columns.

Table 1

Hsp90a-NT column

Hsp90a-CT column

Kg (LM) Bmax (nMmol) Ky (UM)  Bpax (NMol)
Cepharanthine 53+1.3 19.8+3.1 6.3+1.7 56.9+7.2
Berbamine 186+38 365+33 18.0+49 89.7x171
Isotetrandrine  46.3+14.8 54.7+6.3 299+84 250 £29.7
Cycleanine 159+232 37.3+25 143 + 36.6 578 £ 110

Kd and Bmax Vvalues are given +SE.
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Retention times and retention factors of BCAs on Hsp90a-NT and -CT columns.

Hsp90a-NT column

Hsp90a-CT column

tr (Min) k tg (Min) k
Cepharanthine  34.5 18.6 44.0 22.9
Berbamine 33.0 175 30.0 15.3
Isotetrandrine  22.6 117 25.7 13.0
Cycleanine 13.9 6.80 17.3 8.37
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