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SYNOPSIS 

The shifts in membrane potential, caused by the injection of some amino acids into a 
permeation cell, were measured using immobilized y-globulin membranes. The shifts in 
membrane potential were observed to be positive or negative when the isoelectric point of 
each amino acid injected into the cell was less or higher than 6.0. The potential response 
caused by the injection of each amino acid shows an individual and characteristic curve 
depending on the amino acid, and the difference in potential curves between D-aspartic 
acid and L-aspartic acid is significantly observed in the immobilized y -globulin membranes. 
The t3/4 value was found to increase in the following order: lysine = glutamic acid < arginine 
< D-aspartic acid = asparagine < L-aspartic acid < histidine < alanine, where tSl4 indicates 
the time a t  which 75% of the shifts in membrane potential has been observed. The modified 
membrane potential theory provides satisfactory explanations for the membrane potential 
obtained experimentally before and after the injection of L-alanine, and the theoretical 
shifts can explain the experimental shifts in membrane potential due to the injection of L- 
alanine into the cell. O 1995 John Wiley & Sons, Inc. 

I NTRO DUCT10 N 

Recognition and binding of organic substrates by 
biological molecules ( i.e., enzymes, proteins, DNA, 
and RNA) are of vital importance in biophysics and 
biophysical chemistry. Most studies 1-8 for their ap- 
plication focused on the development of biosensors, 
which detected reaction products generated by the 
binding between enzymes and substrates. Other 
types of biosensors in which membrane proteins 
( e.g., nicotinic acetylcholine receptor, '-13 auxin- 
receptor ATPase, l4 H+/lactose cotransporter, '' 
maltose binding protein, l6 and Na+/D-glucose 
cotransporter 17) were utilized as a receptor function 
were also developed. 

In our previous studies,"," the shifts in mem- 
brane potential, caused by the injection of substrates 
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into a permeation cell, were measured using im- 
mobilized glucose oxidase membranes. It was sug- 
gested that the reaction product was not the origin 
of the potential shifts, but the changes in the charge 
density in the membrane due to the binding between 
the enzyme and the substrates generated the poten- 
tial shifts. 

prompted us to investi- 
gate the potential response of immobilized protein 
(except enzyme) membranes induced by specific 
substrates; this response does not generate a prod- 
uct. The shifts in membrane potential, caused by 
the injection of some amino acids into a permeation 
cell, were measured using immobilized serum albu- 
min (BSA) membranes in our recent study.2o It was 
suggested that the membrane potential theory pro- 
vided a satisfactory explanation for the potential 
shifts obtained experimentally. 

In this study, y-globulin was immobilized (en- 
trapped) in a poly(a-amino acid) network, and the 
shifts in the membrane potential caused by the in- 
jection of some amino acids were investigated. 

The previous 
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EXPERIMENTAL 

Materials 

Poly(y-methyl-L-glutamate), PMLG, was kindly 
supplied by Ajinomoto Co., Inc. and purified by pre- 
cipitation from 5 wt % dichloroethane in methanol. 
y-globulin [Bovine, Cohn F-I1 (99%)] was purchased 
from Nakarai Tesque, Inc. (Kyoto, Japan). Other 
chemicals were of reagent grade and were used with- 
out further purification. Ultrapure water by the 
Toraypure LV-1OT system (Toray Co., Ltd.) was 
used throughout the experiments. 

Immobilized Protein Membranes 

y-globulin (IgG) was dissolved in a 1 wt % dichlo- 
roethane solution of PMLG. The casting solution 
used in this study had an IgG concentration of 4.0 
mg cmP3 PMLG solution. Immobilized (entrapped) 
IgG membranes were prepared by casting the IgG- 
PMLG solution onto flat Petri dishes and then 
drying at room temperature for 6 days. The IgG- 
PMLG membranes were finally dried under vacuum 
at room temperature for 24 h and then stored 
at 10°C. 

Measurement of Membrane Potential 

Membrane potentials, Ad) were measured as a func- 
tion of the NaCl concentrations of the bulk phases 
by the same apparatus as described in previous 
work.18-20 The concentration of the aqueous NaCl 
solution was kept constant in one side of the cham- 

ber (side I), C1, a t  1.0 X lop3 mol dm-3 and was 
changed in the other side of the chamber (side 0), 
Co, from 1.0 X lop4 mol dm-3 to 2.0 mol dm-3.18-20 
The potential was measured using a digital multi- 
meter (range -99.9999 mV - +99.9999 mV, model 
7561, Yokogawa Electronic Co.) with Ag/AgCl elec- 
trodes (TOA HS-205C) TOA Electronics Ltd.) at 37 
f o.02°c. 

The pH in the cell was also monitored with a pH 
meter (TOA HM-30S, TOA Electronics Ltd.). The 
membrane potential and its shift were measured 
when the pH in the cell was a constant value of 
kO.01 after 20 min. 

Measurement of Shifts in Membrane Potential 

After the pH in the cell registered a constant value 
(pH 5.71 f 0.23), powders of the amino acids were 
carefully and quickly injected into the chamber of 
side 1. It takes less than 20 s for amino acids to be 
dissolved in the solution at C, (concentration of in- 
jected substrate in the cell of side 1) I 0.1 mol 
dm-3. The dissolving time and isoelectric point of 
the amino acids used in this study are shown in 
Table I. 

The shift in the membrane potential, caused by 
the injection of the amino acid into the cell, was 
monitored on a recorder, and the data were trans- 
ferred to a 16-bit personal computer (PC-980lVX, 
NEC Corp.). The shift in the pH was also monitored 
in this study. 

The solution in the cell was replaced with ultra- 
pure water several times after the measurements to 

Table I Potential Changes and pH Changes Induced by the Injection of Amino Acids at C, = 0.1 mol 
dm-3, C1 = 1.0 mmol dm-3, C, = 0.01 mol dm-3 and 37°C 

Soluble PH PH A 4  A 4  
Amino Acid MW IEP Time/min (before) (after) ApH (before)/mV (after)/mV AAb/mV tsI4/min 

D-alanine 
L-alanine 
D-arginine 
L-arginine 
D-aspartic acid 
L-aspartic acid 
D-asparagine 
L-asparagine 
D-glutamic acid 
L-glutamic acid 
D-histidine 
L-histidine 
D-lysine 
L-lysine 

89.1 6.02 0.1 
89.1 6.02 0.1 

174.2 10.76 0.2 
174.2 10.76 0.2 
133.1 2.77 0.1 
133.1 2.77 0.1 
132.1 5.41 0.1 
132.1 5.41 0.1 
147.1 3.22 0.2 
147.1 3.22 0.2 
155.2 7.59 0.1 
155.2 7.59 0.1 
146.2 9.70 0.1 
146.2 9.70 0.1 

5.71 
5.77 
5.87 
5.80 
5.80 
5.60 
5.70 
5.48 
5.71 
5.50 
5.64 
5.68 
5.85 
5.83 

5.84 0.07 
5.89 0.12 

10.33 4.46 
10.38 4.58 
3.11 -2.69 
3.30 -2.30 
5.32 -0.38 
5.02 -0.46 
3.30 -2.41 
3.29 -2.21 
7.42 1.78 
7.48 1.80 
9.63 3.78 
9.41 3.58 

-32.82 
-35.01 
-32.00 
-32.01 
-32.30 
-32.22 
-34.80 
-35.02 
-32.10 
-34.75 
-36.27 
-33.20 
-35.31 
-37.31 

-31.53 
-32.91 

15.77 
20.88 

-60.90 
-55.75 
-39.49 
-43.03 
-73.04 
-68.66 

2.19 
13.98 
15.10 
15.61 

1.29 
1.90 

47.77 
52.89 

-28.60 
-23.53 
-4.69 
-8.01 

-40.94 
-33.91 

38.46 
47.18 
50.41 
52.92 

4.20 
4.50 
1.45 
1.10 
1.70 
3.00 
1.60 
2.00 
0.35 
0.63 
3.85 
3.65 
0.95 
0.28 
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remove the residual amino acids. Each of the mem- 
branes can withstand measurements of more than 
30 times over a period of one month. The membranes 
used in this study satisfied the condition that po- 
tential variation was within t O . 2  mV at  a constant 
pH before the injection of substrates. The membrane 
potential shifts were reproducible to within ca. L0.4 
mV on repeated runs with the same membranes and 
L2.0 mV on repeated runs with different membranes. 
Each point in Figures 3-6 and Table I is an average 
of 4 measurements (n = 4). ( b )  D- lys ine  t i  
RESULTS AND DISCUSSION 

0 2 4 6 8 10 
Time / m i n  d/ 

Changes in Membrane Potential 

Changes in the membrane potential and pH upon 
the injection of D- and L-lysine at  C, = 0.01 mol 
dm-3 were measured for IgG-PMLG membranes, 
where C, is the concentration of the injected sub- 
strate in the cell of side 1. The results are shown in 
Figure 1. The shifts in membrane potential, AA4, 
defined by the difference in the potential before and 
after the injection of substrates in equilibrium were 
observed to be 50.41 t 2.0 mV (n = 4) for D-lysine 
and 52.92 k 2.0 mV (n = 4) for L-lysine. The same 
shifts in membrane potential were observed for D- 
lysine and L-lysine. The pH shifts due to the injec- 
tion of D- and L-lysine were observed to be 3.78 
k 0.2 (i-e., from pH 5.85 to pH 9.63) for D-lysine 
and 3.58 & 0.2 for L-lysine (i.e., from pH 5.83 to pH 
9.41, see Table I). Although the initial membrane 
potential was negative (i.e., -36 L 2.0 mV), the 
membrane potential after the injection of lysine was 
observed to be a positive value (i.e., +15 L 2.0 mV). 
This is due to the high isoelectric point of lysine 
(i.e., 9.70). Since the isoelectric point of PMLG is 
approximately pH 6.0, the charge of PMLG at  side 
1 is positive before the injection of lysine and be- 
comes negative after the injection of lysine. It is 
observed from the figure that the pH is quickly 
shifted, but the membrane potential is gradually 
changed when the substrate is injected into the cell. 

Several substrates other than lysine were also in- 
vestigated as substrates injected into the cell in this 
study. Figure 2 shows the changes in the membrane 
potential upon the injection of histidine, arginine, 
glutamic acid, and aspartic acid at C, = 0.01 mol 
dmP3. The potential response caused by the injection 
of each amino acid shows an individual and char- 
acteristic curve depending on the amino acid, and 
the difference in the potential curve between D-as- 
partic acid and L-aspartic acid is significantly ob- 
served in IgG-PMLG membranes. AA4 is observed 

0 2 4 6 8 10 
Time / m i n  & 

0 2 4 6 8 10 
Time / m i n  

Figure 1 Time course of the membrane potential change 
(a, b )  and the pH change (c, d )  on the injection of L- 
lysine (a, c)  and D-lysine (b, d )  in the IgG-PMLG mem- 
brane at  C, = 0.1 mol dm-3, C, = 0.01 mol dm-3, C, = 1 
mmol dm-3 and 37°C. 

to be positive when the isoelectric point of amino 
acids (i.e., histidine and arginine) is more than 6.0, 
and A A 4  is a negative value when the isoelectric 
point of amino acids (i.e., glutamic acid and aspartic 
acid) is less than 6.0. The absolute values of A A 4  
for glutamic acid are found to be higher than those 
for aspartic acid, although the shifts in pH are ob- 
served to be the same for these amino acids. Al- 
though the shift in pH is a predominant factor in 
generating the shift in the membrane potential on 
the injection of amino acid into the cell, the char- 
acteristics of the amino acids also influence the A A 4  
of each amino acid. 

Table I summarizes the shifts in membrane po- 
tential, the shifts in pH and t3/4 caused by the in- 
jection of various amino acids for the IgG membrane, 
where t3l4 indicates the time at which 75% of the 
shift in AA4 has been observed.20 The data presented 
in Table I are averages of four measurements, and 
the standard deviation of t3,4 was calculated to be 
less than 0.40 min in this study. 
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in ject ion 
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(c) L-aspartic acid 
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(d) D-aspartic acid 

0 2 4 6 a 10 
Time / m i n  

Figure 2-1 Time course of the membrane potential 
change on the injection of some amino acids [ ( a )  L-ar- 
ginine, (b)  D-arginine, ( c )  L-aspartic acid, and ( d )  D-as- 
partic acid] in the IgG-PMLG membrane at Co = 0.1 mol 
dm-3, C, = 0.01 mol dm-3, C, = 1 mmol dm-3 and 37°C. 

Data for a nonsteady state (t3/4 in this study) are 
sometimes good information for the recognition of 
substrates. We already reported that the concentra- 
tion of multicomponent ions could be successfully 
estimated by analyzing the permeation of the ions 
through a poly(viny1 alcohol) membrane at the non- 
steady statez1 and that t3I4 in immobilized serum al- 
bumin membranes can be used to recognize several 
amino acidsz0 t3I4 is found to show different values 
depending on each amino acid in the IgG-PMLG 
membranes and is observed to increase in the fol- 
lowing order at C, = 0.01 mol dmW3, lysine = glutamic 
acid < arginine < D-aspartic acid = asparagine < L- 
aspartic acid < histidine < alanine. The t3I4 of L- 
aspartic acid is found to be higher than the t3/4 of 
D-aspartic acid. It is suggested that the parameter 
t3/4 can recognize the isomer of aspartic acid injected 
into the cell. This probably originates from the 
different binding site of each isomer of amino acid 
in IgG. 

From Table I, the results suggest that it may be 
possible to extract qualitative and quantitative in- 
formation by combining AA4 and t3/4 values to ob- 

3 0 m V /  ( t 3/4  (e) L-glutarnic acid 

r I  

30mV I kt3/4 ( f )  D-glutamic acid 

~~ ~ 

0 2 4 6 a 10 
Time / m i n  

1 ' 1 1 1 1 . 1 1 1 1  

0 2 4 6 a 10 
Time / rnin 

Figure 2-2 Time course of the membrane potential 
change on the injection of some amino acids [ ( e )  L-glu- 
tamic acid, ( f  ) D-ghtamic acid, (8) L-histidine, and ( h )  
D-histidine] in the IgG-PMLG membrane at  Co = 0.1 mol 
dm-3, C, = 0.01 mol dm-3, C, = 1 mmol dm-3 and 37°C. 

tain a unique data pair that identifies a particular 
amino acid present a t  a certain concentration. 

Concentration Dependence 

The dependencies of the shifts in the membrane po- 
tential (Fig. 3) and pH (Fig. 4) on the concentration 
of L-lysine, L-arginine, L-histidine, L-glutamic acid, 
and L-aspartic acid injected into the cell were in- 
vestigated and are shown in Figures 3 and 4. The 
shifts in membrane potential on the injection of L- 
lysine, L-arginine, and L-histidine increase with the 
increase in C,, but the shifts in membrane potential 
on the injection of L-aspartic acid and L-glutamic 
acid decrease with the increase in C, in Figure 3. 
This is due to the difference in isoelectric points 
(IEP) of the amino acids (e.g., IEP > 6.0 for lysine, 
arginine, and histidine and IEP < 6.0 for aspartic 
acid and glutamic acid) because the shifts in pH on 
the injection of lysine, arginine, and histidine in- 
crease with the increase in C, and the shifts in pH 
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Figure 3 Concentration (C,)  dependence of shifts in 
the membrane potential for the IgG-PMLG membranes 
at  Co = 0.1 mol dm-3, C1 = 1.0 mmol dm-3 and 37°C. The 
injected amino acids are (0) L-lysine, ( 0 )  L-arginine, ( A )  
L-histidine, (0) L-glutamic acid, and (B) L-aspartic acid. 

on the injection of glutamic acid and aspartic acid 
decrease with the increase in C,. Although the shift 
in pH is a predominant factor in determining the 
shift in the membrane potential on the injection of 
the amino acid into the cell, the A A 4  of L-glutamic 

-2 :i A A  

0 0  

A A  

o n  

Cs/mol ~ d m ’ ~  
Figure 4 Concentration (C,) dependence of pH in the 
cell of side 1 for the IgG-PMLG membranes at  Co = 0.1 
mol dm-3, C, = 1.0 mmol dm-3 and 37°C. The injected 
amino acids are (0) L-lysine, ( 0 )  L-arginine, ( A )  L-his- 
tidine, (0) L-glutamic acid, and (m) L-aspartic acid. 

+ -10 
E 3 -20 

-30 

-40 

0.0001 0.001 0.01 0.1 1 10 

Co/mol odm-3 
Figure 5 Membrane potential as a function of NaCl 
concentration, Co, for the IgG-PMLG membrane before 
injection of (0) L-alanine at  C, = 1.0 mmol molF3 and 
37°C. Broken line is calculated from the conventional 
TMS theory with C,/K and U shown in Table 11. Solid 
line is calculated from the modified TMS theory with CJ 
K‘ and U shown in Table 11. 

acid is less than the AA4 of L-aspartic acid at  the 
same C, and the same shift in pH. The A A 4  of L- 
lysine is also found to be higher than the AA4 of L- 
arginine at the same C, and the same shift in pH. 
It is suggested that characteristics of amino acids 
influence the AA4, and this is probably caused by 
the different binding site of each amino acid that 
induces a different conformation of IgG in the bind- 
ing between IgG and the amino acid. 

Theoretical and Experimental Shifts 

The shift in the membrane potential caused by the 
injection of a substrate into a permeation cell is rep- 
resented by 

AA4 = A4(after) - A$(before) (1) 

where A4(before) and A$(after) are the membrane 
potentials before and after the injection of substrate. 
The membrane potential is theoretically obtained 
by the Teorell-Meyer-Sievers (TMS) 

RT [ Ci(1 + 4~;)~’~ - CY 

ZF Co(1 + 4 ~ ; ) ~ ”  - CY 
A $ = - -  In 
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Table I1 
and After the Injection of L-Alanine 

Membrane Potential Parameters for IgG-PMLG Membranes Before 

Membrane Cs/M C,K-'/mol dm-3 U 

Conventional TMS Theory 
IgG-PMLG 0. 9.73 x 10-4 -0.146 
I g G - P M L G 0.01 9.55 x -0.135 

Modified TMS Theory 
IgG-PMLG 0. (24.9 + 93.4/[1 + 750C])-l -1.19 x 10-2 
IgG-PMLG 0.01 (26.7 + 100/[1 + 750C])-' -7.81 x 10-~ 

where U = [[+ - [-I/[[+ + 4-1, [+ and [- are the 
mobilities of the cation and the anion, yo = KCo/C,, 
y1 = KC,/C,, C, is the effective fixed charge concen- 
tration, K is the thermodynamic partition coeffi- 
~ i e n t , ~ ' , ~ ' , ~ ~  a has a value of +1 or -1 when the mem- 
brane is positively or negatively charged, 2 is the 
valence of the ion (2 = 1 in this study), and R, T,  
and F have the conventional meanings. Equation 
( 2 )  indicates that the membrane potential is a func- 
tion of the salt concentration (i-e., Co and Cl), C,/ 
K, a, and U. 

We observed that AA@ on the injection of an 
amino acid having a lower isoelectric point than 
PMLG (i.e., aspartic acid and glutamic acid) is a 
negative value and that AA@ on the injection of an 
amino acid having a higher isoelectric point than 
PMLG (i.e., lysine and histidine) is a positive value. 
This tendency can be explained from A@(after) hav- 
ing a positive a on the injection of aspartic acid and 
glutamic acid and a negative a on the injection of 
lysine, arginine, and histidine. 

The membrane potential of the IgG membrane 
before and after the injection of L-alanine was mea- 
sured as a function of C, at constant C, = lo-$ mol 
dm-3 and is shown in Figure 5. Curve fitting of the 
experimental A$ to Eq. ( 2 )  by adjusting C,/K and 
U was performed by means of a nonlinear regression 
method (Marquardt method). Satisfactory fitting 
between experimental data and theoretical calcu- 
lations was not, however, observed by using con- 
ventional TMS theory as shown in Figure 5. 

One of the authors (A. H.) developed the modified 
TMS theory in which the concentration dependence 
of the partition coefficient was con~idered .~~ The 
theory could explain the membrane potentials of 
charged membranes having a lower water content. 
Since the water content of an IgG-PMLG mem- 
brane is only 0.16 water(g)/wet membrane(g), K' 
should be adequate instead of K in Eq. ( 2 )  as dis- 
cussed in the modified TMS theoryz5: 

K' = Kp + KLSL/(l + KLC) (3) 

where Kp is the Henry's law constant, SL and KL are 
the Langmuir-type capacity constant, and affinity 
constant and C is C, or C1, respectively. 

Curve fitting of the experimental A@ to Eq. (2) 
with Eq. (3) by adjusting C,/K', and Uwas performed 
by means of the nonlinear regression method. The 
C,/K and U values for the IgG-PMLG membrane 
thus obtained are summarized in Table 11. It is found 
that A@ calculated by the modified TMS theory sat- 
isfactorily explains the experimental A@ before and 
after the injection of substrates (see Fig. 5 ) .  The 
theoretical shifts calculated by Eqs. (1)-(3) with C,, 
K, and U found in Table I1 are plotted in Figure 6 

2.5 

2 

1.5 

1 

0.5 

0 

-0.5 

00 
I I ....... I . ..... ,.I 8 ....... I , ..- 

0.0001 0.001 0.01 0.1 1 l o  

Co/mol *dm-3 
Figure 6 Shifts in the membrane potential as a function 
of Co for the IgG-PMLG membrane at Co = 0.1 mol dm-3, 
C1 = 1.0 mmol dm-3, C, = 0.01 mol dm-3 L-alanine and 
37°C. Broken line is calculated from Eqs. (1)-(3) with 
C,/K' and U shown in Table 11. 
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together with AA$ obtained experimentally. The 
theoretical curve was found to explain the experi- 
mental shifts in membrane potential satisfactorily. 
The shifts in membrane potential due to the injec- 
tion of substrate can be, therefore, explained by the 
modified TMS theory where CJK and U are the 
variable parameters before and after the injection 
of substrate. 

We are grateful to Dr. M. Iwatsuki and Dr. Y. Miyachi 
(Ajinomoto Co. Inc.) for the gift of PMLG solution. This 
research was partially supported by Special Investigation 
from Seikei University. 
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