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ABSTRACT: The shifts in membrane potential, caused by the injection of hormones into
a permeation cell, were measured using immobilized (entrapped) serum albumin and
y-globulin membranes. The effective fixed charge density was estimated to increase
after the injection of estradiol and testosterone in both albumin and y-globulin mem-
branes, while the charge density was estimated to decrease after the injection of proges-
terone in the y-globulin membranes. Because the change in the charge density origi-
nates from the conformational change of proteins in the membranes, the change in the
circular dichroism induced by the hormones was measured in the membranes. The a-
helix content in both albumin and y-globulin membranes was found from the circular
dichroism measurements to increase when estradiol and testosterone was bound to the
proteins, while the a-helix content in the albumin membrane decreased on the binding
of progesterone.

Some discrepancy was found between the conformational change of the proteins in
the membranes detected by the membrane potential measurements and the circular
dichroism measurements. This is explained by the fact that the circular dichroism
measurements do not directly contribute to the change in the charge density induced
by the binding of hormones to proteins in the membranes. © 1997 John Wiley & Sons,

Inc. J Appl Polym Sci 65: 251-259, 1997
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INTRODUCTION

Recognition of organic substrates from their bind-
ing to biological macromolecules (i.e., proteins,
enzymes, and DNA) is of vital importance in bio-
chemistry, biophysical, and analytical chemistry.
Proteins including enzymes and DNA are gener-
ally used as host molecules in the recognition in
both living and artificial membranes. There are
extensive studies'~® of their application focussed
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on the development of biosensors, which detect
reaction products generated by the binding be-
tween the enzymes and substrates.

Gregg and Heller® investigated amperometric
biosensors based on a crosslinkable poly(vinyl
pyridine) complex of [ Os-(bpy),Cl]1*/?* that com-
municated electrically with flavin adenine dinu-
cleotide redox centers of enzymes. The cross-
linked, enzyme-containing films were shown to be
not only stable but selective and highly active for
the catalytic oxidation of glucose.

Novel types of biosensors have also been devel-
oped in which membrane proteins (e.g., nicotinic
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acetylcholine receptor,'®'® auxin-receptor AT-

Pase, * antibody, *® maltose binding protein, ' and
Na*/D-glucose'” or H"/lactose co-transporter'®)
or DNA' were utilized as receptor sites.

Zhou and Cass'® isolated the maltose binding
protein (MBP) from Gram negative bacteria.
MBP was labelled with a fluorescent probe and
was immobilized onto pore-controlled glass using
three different chemical methods. The binding of
maltose to the labelled MBP led to an energy
transfer efficiency increase from 29 to 42%.

In our previous study, the shifts in membrane
potential, caused by the injection of D- and L-
glucose into a permeation cell, were measured us-
ing immobilized glucose oxidase membranes.?*~2?
Although the enzyme does not react with L-glu-
cose but does react with D-glucose, both L- and
D-glucose generated the shifts in membrane po-
tential. This study prompted us to investigate the
potential response of immobilized protein (except
enzyme) membranes induced by specific sub-
strates.?~2 The shifts in the membrane potential
were generated by a change in the charge density
in the membrane due to the binding of substrates
to the protein in the system.

The shifts in membrane potential caused by the
injection of amino acids into the permeation cell
were therefore measured using immobilized albu-
min and +y-globulin membranes.?*=?¢ The confor-
mational change of the immobilized albumin
membranes induced by the binding between the
protein and amino acids in the membranes was
also measured using circular dichroism for the
explanation of the membrane potential response
induced by the amino acids.?>2®

In this study, bovine serum albumin and y-globu-
lin were immobilized (entrapped) in a poly(a-amino
acid ) network. The shifts in the membrane potential
caused by the injection of hormones were investi-
gated at pH 7.0 and were compared with the shifts
caused by the injection of amino acids reported pre-
viously.?*~%¢ The conformational change of the mem-
branes induced by the binding of hormones to the
serum albumin and y-globulin was also investigated
based on circular dichroism measurements and was
compared with not only the results obtained from
the shifts in the membrane potential but the results
induced by the binding of amino acids to serum albu-
min reported previously.?

EXPERIMENTAL

Materials

Poly (y-methyl-L-glutamate ) (PMLG) was kindly
supplied by Ajinomoto Co., Inc., and purified by

precipitation from 10 wt % dichloroethane in
methanol. Bovine serum albumin (BSA; essen-
tially fatty acid free, 9048-46-8) and +y-globulin
(fraction 2, 3, 9007-83-4) were purchased from
Sigma Chemical Co. (St. Louis, MO). All other
chemicals were of reagent grade and were used
without further purification. Ultrapure water was
used throughout the experiments.

Immobilized Protein Membranes

BSA and +y-globulin were dissolved in a 1 wt %
dichloroethane solution of PMLG, respectively.
The concentration of BSA and vy-globulin in the
casting solution was 4.0 mg cm ? in this study.
Immobilized (entrapped) BSA and vy-globulin
membranes were prepared by casting the BSA—
PMLG solution and the y-globulin—-PMLG solu-
tion, respectively, onto flat Petri dishes and then
drying at room temperature for six days. The
BSA-PMLG membranes and the vy-globulin—
PMLG membranes were finally dried under vac-
uum at room temperature for 24 h and then stored
at 10°C.

AFM Images

The membranes of 1-3 ym thickness were pre-
pared by casting the BSA-PMLG solution, y-
globulin—-PMLG solution, and PMLG solution on
mica plates (10.0 X 10.0 mm).

The images of the surface of the membrane
loaded on the mica plate were observed with a
NanoScope IIla MultiMode Scanning Probe Mi-
croscope manufactured by Digital Instruments,
Inc. (CA). Atomic force microscopy (AFM)images
were acquired using the tapping mode. Tapping
mode AFM images were obtained using silicon
cantilevers with integral tips (length = 125 ym,
radius of curvature = 5—10 nm, and spring con-
stant = 20—-10 N m'). The cantilever was os-
cillated at its resonance frequency from 200 to
250 kHz.

Measurements of Membrane Potential and Shifts
in Membrane Potential

The membrane potential A¢ was measured in
cells that consisted of two chambers separated by
the protein membranes as described in previous
articles.?°~? Each chamber contained 150 cm? of
1.0 X 107 mol dm™® (M) phosphate buffer solu-
tion and NaCl. The concentration of NaCl in the
solution was kept constant in one side of the
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Table I Recognition of Substrates from CD Spectra and MP Shifts in Immobilized BSA and

y-globulin Membranes (n = 4)

BSA y-globulin
Substrate A0208 (%) AO222 (%) AA¢p (mV) AA208 (%) A0222 (%) AA¢p (mV)
Estradiol 2.2 3.2 3.6 5.6 1.1
Testosterone 2.7 5.8 0.4 4.8 0.4
Progesterone -3.6 -34 4.4 0.8 -0.6
Cortisol 1.6 3.8 -3.5 -0.7 0.0

chamber (side 1), C;, at 1.0 X 10 3M and also in
the other side of the chamber (side 0), C,, at
0.1 M. The potential was measured using a digital
multimeter (range —99.9999 mV to +99.9999 mV;,
Model 7561, Yokogawa Electronic Co.) with Ag/
AgCl electrodes (TOA HS-205C; TOA Electronics,
Ltd.) at 37 = 0.02°C.

The pH in the cell was monitored with a pH
meter (TOA HM-30S; TOA Electronics Ltd.) and
was adjusted to pH 7.0 + 0.02 with the phosphate
buffer solution.

After the pH in the cell registered a constant
value (pH 7.0 = 0.02), hormones ( 5-estradiol, pro-
gesterone, testosterone, and cortisol) dissolved in
1 mL ethanol were carefully and quickly injected
into the chamber of side 1.

The shift in the membrane potential, caused by
the injection of the hormone into the cell, was
monitored on a recorder; and the data were trans-
ferred to a 32-bit personal computer (PC-9801BX;
NEC Corp, Tokyo). The shift in the pH was also
monitored during this study.

The solution in the cell was replaced with ultra-
pure water several times after each set of the mea-
surements to remove the residual hormones. Each
of the membranes was capable of withstanding
more than 30 measurements over a one-month
period.?>?325 The membrane potential shifts were
reproducible to within approximately 0.4 mV on
repeated runs with the same membranes and
+2.0 mV on repeated runs with different mem-
branes.?** Each point in Table I and Figure 3 is
an average of 4 measurements (n = 4).

Circular Dichroism of Membranes

Thin membranes (i.e., 1-3 um) were prepared by
casting the BSA-PMLG solution, +y-globulin—
PMLG solution, and PMLG solution on quartz
plates (6.0 X 0.99 X 0.125 cm), respectively. The
membranes loaded on the quartz plate were im-

mersed in the 1.0 X 10 2M phosphate buffer solu-
tion with and without hormones at pH 7.0. The
final concentration of hormones was 1.0 X 10 M.
The circular dichroism (CD) of the membrane
loaded on the quartz plate was measured with
a JASCO J-600 instrument (JASCO Co., Tokyo)
after the membrane was immersed in the solution
for 30 min prior to the measurements. Spectra
shown in Figures 4—6 were averages of four mea-
surements using different membranes for each
hormones.

RESULTS AND DISCUSSION

AFM Images of Membranes

AFM measurements of PMLG, BSA-PMLG, and
v-globulin—PMLG membranes were performed to
characterize the surfaces of the membranes. Fig-
ure 1 shows AFM images of PMLG and BSA-
PMLG membranes. The surface of the PMLG
membranes is found to be flat and smooth, while
the surface of the BSA—PMLG membranes shows
a rather rough and uneven surface. The rough
surface of the BSA—PMLG membranes is caused
by a nanoscale aggregation of proteins. The topog-
raphy of the y-globulin—-PMLG membranes was
observed to be the same as that of the BSA-
PMLG membranes in the AFM measurements
(this is not shown in the figure). This probably
originates from the fact that both the protein
membranes were prepared by the same method
(i.e., casting method) and the nanoscale aggrega-
tion of proteins is the same in both protein mem-
branes.

Changes in Membrane Potential

The changes in the membrane potential upon the
injection of estradiol, testosterone, progesterone,
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(a) PMLG membrane

Figure 1 AFM images of PMLG membrane (a) and
BSA-PMLG-membrane (b).

and cortisol were measured for the BSA-PMLG
membranes and y-globulin—-PMLG membranes
at C, = 0.001M and at pH 7.0, where C, is the
concentration of the injected hormone in the cell
of side 1. The time courses of the membrane poten-
tial change on the injection of estradiol, testoster-
one, and progesterone are shown in Figure 2.
Changes in the pH after the injection of the hor-
mones were also measured and were not observed
within +0.01 in this study because the pH in the
cell was adjusted to pH 7.0 using buffer solution
(see the bottom graph shown in Figure 2).

The membrane potential before the injection of
various hormones A¢ (before) was observed to be
12 + 2mV at C; = 103M and C, = 10 ' M. The
membrane potential after the injection of sub-

strates A¢ (after) was found to be higher than A¢
(before) for the injection of estradiol, testosterone,
and progesterone for the BSA-PMLG mem-
branes. On the other hand, A¢ (after) on the in-
jection of cortisol showed approximately the same
value as A¢ (before) for the BSA-PMLG mem-
branes.

The shifts in the membrane potential AA¢ de-
fined by the difference in the potential before and
after the injection of the substrates in equilibrium
[i.e., eq. (1)] were found to be 0.0 = 0.5 mV for
the PMLG membranes, 0.0—-5.6 mV for the BSA—
PMLG membranes, and —0.6—1.1 mV for the y-

injection
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Figure 2 Time course of the membrane potential
change [(a)—(c)] and pH change (d) on the injection
of estradiol [(a) and (d)], testosterone (b), and proges-
terone (¢) in the BSA—PMLG membrane at C, = 0.1M,
C,=1mM, and 37°C. The arrows indicate the injection
time of hormones into the cell.
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globulin—PMLG membranes, depending upon the
hormones injected, as follows:

AAP = A¢(after) — A¢p(before) (1)

Table I summarizes the AA¢ values for the BSA—
PMLG membranes and the y-globulin—-PMLG
membranes caused by the injection of various hor-
mones at C; = 1 mM. The data presented in Table
I are averages of four measurements, and the
standard deviation of AA¢ is calculated to be less
than 0.5 mV in this study. The AA¢ for the BSA-
PMLG membranes was observed to increase in
the following order at C; = 0.001M, 0 mV = corti-
sol < progesterone = testosterone < estradiol. On
the other hand, the AA¢ for the +y-globulin—
PMLG membranes was observed to increase in
the following order at C, = 0.001M, progesterone
< 0mV = cortisol < testosterone < estradiol. The
AA¢ after the injection of the hormone for the
BSA-PMLG membranes was found to be higher
than that for the y-globulin—PMLG membranes
in this study. The AAd¢ of testosterone, progester-
one, and cortisol obtained in this study was ob-
served to be less than that of amino acids
(=AAd¢y,, expressed in the previous study?) re-
ported previously?® for the BSA—PMLG mem-
branes.

Shifts in Membrane Potential

The dependence of the shifts in the membrane
potential on the concentration (C;) of estradiol
injected in the cell was measured for the BSA—
PMLG membrane. This is shown in Figure 3. The
specific binding between the host (i.e., BSA or y-
globulin) and the guest molecules (i.e., hormones)
in the membrane is important for observation of
the shifts in the membrane potential because no
intrinsic shifts in the membrane potential were
observed for the PMLG membrane. The site satu-
ration mechanism,?~*' where estradiol binds to
BSA in the BSASA-PMLG membrane, is observed
from Figure 3 and is expected to explain AA¢ as
a function of C, by eq. (2), as follows:

1 A
1 4.5 9
ArG O (2)

A linear least squares method was used to fit the
datain eq. (2). A and B were selected to be 0.0181
and 0.1578 from the linear least squares method,
and the correlation coefficient was obtained to be

10
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Figure3 Concentration dependence of membrane po-
tential shifts induced by estradiol injection in the BSA—
PMLG membrane at Cy = 0.1M,C; = 1mM, and 37°C.

0.999 at C, = 0.05 mM in this study. The site
saturation mechanism explains the experimental
AA¢ well as a function of C,. It is therefore sug-
gested that AA¢ increases with the increase in
bound hormone on the BSA in the BSA-PMLG
membrane.

Membrane Potential

The membrane potential is generally expressed
by the Teorell-Meyer—Sievers (TMS) theory,>*®
as follows:

A¢ =

RT Cill + 4y2]'2 — «
- In 211/2
zF Cll + 4yi]1"* — «

+ U-In

[1+4y31'” — ol o)
[1+ 4y2]"2 — aU

where Uis [, — € _1/[&, +&.1,and £, and £ are
the mobilities of the cation (Na*) and the anion
(C17);301s KC,/C,;y,is KC,/C,; C, is the effective
fixed charge concentration;*?~3%36-38 K is the ther-
modynamic partition coefficient;3? 33338 o has a
value of +1 or —1 when the membrane is posi-
tively or negatively charged (¢ = —1 in this
study); z is the valence of the ion (z = 1 in this
study); and R, T, and F have their conventional
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meanings. The only unknown parameters in eq.
(3) are C,/K and U.

C./K and U before the injection of the amino
acid at the isoelectric point of L-alanine were esti-
mated to be 0.24 mM and 0.0638 from the previ-
ous study.?®?* It is known that C,/K is the pre-
dominant influence on the membrane potential;
therefore, the positive values of the AA¢p were
explained by the fact that the effective fixed
charge density increases after the injection of es-
tradiol, progesterone, and testosterone for the
BSA-PMLG membranes based on the estimation
from eq. (3) and the positive value of A¢ at C,
= 10 2M and C, = 0.1 M. Whereas, the negative
values of AA¢ can be attributed to the fact that
the effective fixed charge density decreases after
the injection of progesterone for the y-globulin—
PMLG membranes.

We suggest that the increase or decrease in the
effective fixed charge density after the injection
of hormones originates from the conformational
change in the BSA-PMLG membrane and the +y-
globulin—-PMLG membrane induced by the bind-
ing of the hormones to the membranes. Therefore,
the CD of the protein membranes was investi-
gated to determine whether the conformational
change in the protein membranes was induced by
the existence of the guest molecules, hormones.

S0

BSA

estradiol

-100 - : -
190 210 230 250

A /nm

Figure 4-1 CD spectra of 0.001M estradiol solu-
tion (a), and BSA-PMLG membranes immersed in
phosphate buffer solution (b) and in 0.001M estradiol
+ phosphate buffer solution (c).
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Figure 4-2 CD spectra of 0.001M estradiol solution
(a), and vy-globulin—PMLG membranes immersed in
phosphate buffer solution (b) and in 0.001M estradiol
+ phosphate buffer solution (c).

Circular Dichroism of Membranes

Figure 4 shows the CD spectra of the BSA—-PMLG
membrane and the y-globulin—PMLG membrane
in the phosphate buffer solution at pH 7.0. The
CD spectra of these membranes exhibited two
negative bands at 208 and 222 nm that are typical
of the right-handed a-helix.?*~*! It is known that
the native BSA and y-globulin mainly have an a-
helix conformation.?® These results implied that
the immobilized BSA and y-globulin retain their
native structure in the membrane. Figure 4 also
shows the CD spectra of the BSA-PMLG mem-
brane and the vy-globulin—PMLG membrane in
the phosphate buffer solution with and without
estradiol, respectively. Two negative bands at 208
and 222 nm connected with the a-helix conforma-
tion were found to decrease in the presence of
estradiol. Because the hormone solution did not
show any CD as shown in Figure 4 and no CD
change in the PMLG membrane was observed in
the absence and presence of the hormones (i.e.,
estradiol, progesterone, testosterone, and corti-
sol), the spectral changes observed in Figure 4
originated solely from the conformational change
of the proteins induced by the binding between
the protein and the hormone in the membranes.

The shifts in the ellipticity of the CD spectra
at 208 and 222 nm induced by the injection of
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Figure 5-1 CD spectra (Af) of BSA-PMLG mem-
branes immersed in 0.001M estradiol + phosphate
buffer solution (a) and of y-globulin—-PMLG mem-
branes immersed in 0.001M estradiol + phosphate
buffer solution (b).

hormones A6y and Afyy, are defined in this
study as follows:

Aezog 100 ¢ [ 6208 ( hOI‘mone )
- 9208(buffer)]/@zog(buffer) (4)
A9222 = 100- [ 9222 ( hormone )

- 9222(buffer)]/Gzzz(buffer) (5)

where 0505(buffer) and 0,9, (buffer) are the ellip-
ticities of the membranes in the phosphate buffer
solution at 208 and 222 nm, and 605,5(hormone)
and 69, (hormone) are the ellipticities of the
membranes in the hormone solution at 208 and
222 nm, respectively. Afyps and Afy, for estra-
diol, progesterone, testosterone, and cortisol are
summarized in Table I. The values for Afys and
Af,9 presented in Table I are the averages of
four measurements, and the standard deviation
of Afss and Afsss is calculated to be less than
1.2% in this study. It is found that A#f values at
208 and 222 nm for estradiol and testosterone are
positive, which indicates that the content of the
a-helix conformation in BSA-PMLG membrane
and +y-globulin—-PMLG membrane decreases
when the hormone binds to the membranes. On
the other hand, A8 at 208 and 222 nm is found to

be negative for progesterone in the BSA-PMLG
membranes and for cortisol in the vy-globulin—
PMLG membranes, which indicates that the con-
tent of the a-helix conformation in the membranes
increases when the hormones bind to the mem-
branes. In these cases, the binding of hormones
to the membrane induces the stabilization of the
a-helical conformation of BSA and vy-globulin in
the membranes. Figure 5 shows Af values for es-
tradiol, progesterone, testosterone, and cortisol in
the BSA—PMLG membrane and the y-globulin—
PMLG membrane where Af is calculated from
f(buffer) — O(hormone). O(buffer) and 6(hor-
mone) are the ellipticities of the membranes in
the phosphate buffer solution and in the hormone
+ phosphate buffer solution, respectively. It is
found that Af induced by estradiol and testoster-
one shows the same tendencies in both the BSA—
PMLG membrane and the vy-globulin—PMLG
membrane, while Af induced by progesterone and
cortisol in the BSA-PMLG membrane gives the
opposite sign of Af# observed in the y-globulin—
PMLG membrane. The characteristics of proteins
are observed in the CD spectra when progesterone
and cortisol bind to the host proteins in the mem-
branes.

In the previous study, we investigated the
changes in the fixed charge density and conforma-

testosterone

A
Al AIWAYINY

o0
o
EO}/.'
S~
w (b) y-globulin
2 (b) y-8

200 220 240 260
A/ nm

Figure 5-2 CD spectra (Af) of BSA—PMLG mem-
branes immersed in 0.001 M testosterone + phosphate
buffer solution (a) and of y-globulin—-PMLG mem-
branes immersed in 0.001M testosterone + phosphate
buffer solution (b).
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tion of the BSA—PMLG membrane induced by the
amino acids binding to the BSA in the membrane.
We could not find a direct relationship between
the fixed charge density and conformation of the
membrane due to the pH change in the cell on the
injection of amino acids into the cell;?® and the
pH change induced a change in the fixed charge
density in the protein membranes, which caused
the membrane potential shifts. In this study, we
therefore used neutral molecules, hormones, as
substrates to eliminate the change in the fixed
charged density originating from the pH change
induced by the injection of substrates into the cell.

The values of | Afys| and | Afys| for estradiol
were found to be less than those for testosterone
and progesterone when the BSA—-PMLG mem-
branes were immersed in the 0.001M hormone
+ buffer solution, but the membrane potential
shift |AA¢| of estradiol was higher than the
|AA¢| of other hormones at C; = 0.001M from
Table I. On the other hand, the values of | Afys]
and | A, | for estradiol were found to be greater
than those for testosterone, progesterone, and cor-
tisol when the +y-globulin-PMLG membranes
were immersed in the 0.001M hormone + buffer
solution; also, the membrane potential shift
|AA¢| of estradiol was higher than the value of
| AA@| of testosterone, progesterone, and cortisol

progesterone

::" ; (b) y-globulin

200 220 240 260
A/ nm

Figure 5-3 CD spectra (Af) of BSA-PMLG mem-
branes immersed in 0.001M progesterone + phosphate
buffer solution (a) and of y-globulin—-PMLG mem-
branes immersed in 0.001M progesterone + phosphate
buffer solution (b).

cortisol

o0
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=
g 0 — YA
~
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<

(b) y-globulin

200 220 240 260
A/ nm

Figure 5-4 CD spectra (Af) of BSA—-PMLG mem-
branes immersed in 0.001 M cortisol + phosphate buffer
solution (a) and of y-globulin—-PMLG membranes im-
mersed in 0.001M cortisol + phosphate buffer solution
(b).

at C, = 0.001M from Table I. Therefore, some dis-
crepancy was found between the conformational
change of BSA and vy-globulin in the membranes
detected by the membrane potential measure-
ments and the CD measurements. This is due to
the fact that the CD measurements can detect an
increase or decrease in the a-helix, 8 sheet, and
random coil contents but do not contribute to the
detection of the change in the charge density due
to the presence of hormones in the BSA-PMLG
membranes and the vy-globulin—-PMLG mem-
branes.

We are grateful to Dr. M. Iwatsuki and Dr. Y. Miyachi
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