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A molecular device, in which the catalytic activity of
lactate dehydrogenase was controlled by a response of ditop-
ic molecular recognition of a lipid signal, was constructed on
lipid bilayer membranes. The enzymatic activity was tuned
up sensitively through phase transition of the matrix mem-
brane as a platform for the intermolecular communication.

Development of molecular devices is one of the fascinating
research targets in supramolecular chemistry."> As a candidate
to be a platform for the molecular devices, lipid bilayer mem-
brane has been widely employed,®>= since it is the basic and
common structure of the biomembranes on which various su-
pramolecular events, such as materials conversion, transport,
and information processing, can be systematically arranged.
We have recently developed functionalized lipid bilayer mem-
branes as the molecular devices that are capable of controlling
an enzymatic activity by a molecular switch through connec-
tion of molecular recognition.® In our preliminary communica-
tion,” we reported that catalytic activity of lactate dehydroge-
nase (LDH) was switched by specific binding of a signal acti-
vator with a lipid signal. The system is the first example of
artificial intermolecular communication between a lipid as an
input signal and an enzyme as an amplifier for the signal out-
put, inspired by the biological phosphatidylinositol signaling
on the cell membrane.?

In this article, we report that the enzymatic activity is tuned
up through gel to liquid-crystalline phase transition of the lipid
bilayer matrix in aqueous media. The supramolecular system is
constituted with a combination of NADH-dependent LDH
from pig heart (Boehringer Manheim) as a membrane-binding
effector, dimyristoylphosphatidylethanolamine (DMPE) as a
lipid signal, Cu®* ion as a mediator between them, and bilay-
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Fig. 1. Schematic illustration for the switching of LDH
activity triggered by a lipid signal: a, off-state; b, on-state.
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Chart 1.

er-forming matrix lipids (Fig. 1). In order to evaluate the phase
transition effect on switching of the enzymatic activity, we em-
ployed multi-walled mixed bilayer vesicles formed with a cat-
ionic peptide lipid (1)° and a phosphatidylcholine having a dif-
ferent chain length (2a, 2b, or 2¢) as the matrix membranes
(Chart 1). The phase transitions from gel to liquid-crystalline
state for the bilayer membranes of 1-2a, 1-2b, and 1-2¢, in
a 1:9 molar ratio, appeared as a single peak at 22.4, 39.5,
and 51.5 °C, respectively, as evaluated by differential scanning
calorimetry (DSC; VP-DSC, MicroCal, Ltd). Upon addition of
5 mol% of DMPE to the matrix membranes, the phase transi-
tion temperatures (7,,) were not so influenced; 24.0, 39.7, and
51.3 °C for 1-2a, 1-2b, and 1-2c¢ system, respectively. We
have also confirmed that LDH, bound on a cationic vesicular
surface mainly through electrostatic interactions, had no
significant effect on the phase transition.'?

The switching behavior of LDH activity by the lipid signal
was evaluated at 35.0 °C in the presence and absence of pyri-
doxal 5'-phosphate (PLP) as a specific signal activator. The
LDH activity in the reduction of pyruvate to L-lactate was
monitored spectrophotometrically by following the consump-
tion rate (vy) of NADH and is represented as the magnitude
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Table 1. LDH Activities on the Lipid Membrane Matrix
Containing DMPE as a Lipid Signal in the Presence and
Absence of PLP as a Signal Activator®

Entry Lipid Lipid Signal  v9”/1077 mol Activity®

matrix signal activator dm=3s7! /%
1 1-2a DMPE  none 0.24 (2.85) 8
2 1-2a DMPE PLP 1.19 (2.98) 40
3 1-2b DMPE  none 0.26 (2.58) 10
4 1-2b DMPE PLP 1.78 (2.63) 68
5 1-2¢c DMPE none 0.28 (2.55) 11
6 1-2¢c DMPE PLP 1.84 (2.59) 71

a) In an aqueous HEPES buffer (10 mmol dm~3) at pH 7.0 and
35.0 °C. Concentrations in mmoldm™3: 1, 0.1; 2, 0.9; §-
NADH, 0.25; pyruvate, 0.5; LDH, 1.4 x 1079. b) Initial veloc-
ity for LDH catalyzed reduction of pyruvate to L-lactate in the
presence of Cu?* ions (4 umoldm™3). The value in the ab-
sence of metal ions is in parenthesis. c) A magnitude of v
in the presence of Cu?* ions relative to that of corresponding
metal-free system.

of vy in the presence of Cu®* ions relative to that of the corre-
sponding metal-free system (Table 1). In the absence of a sig-
nal activator, the enzymatic activity of the 1-2a system in the
liquid crystalline state was suppressed to 8% by binding of
Cu”* ions to the enzyme (Entry 1 in Table 1). Upon addition
of the signal activator, the activity increased to 40% (Entry 2
in Table 1), since Cu>* ions bound to the enzyme active sites
partly shifted to the complex of the lipid signal with the signal
activator to form a 2:1 metal chelate complex, as shown in
Fig. 1b. Such ditopic molecular recognition behavior of the
lipid signal toward the signal activator and the mediator was
confirmed spectrophotometrically by monitoring interactions
of PLP with DMPE and Cu?* ions.’

When we replace the membrane matrix from 1-2a to 1-2b,
the LDH activity was switched much more effectively from
10% to 68% at 35.0 °C by an input of the signal activator (En-
tries 3 and 4 in Table 1). A similar extent of the switching,
from 11% to 71%, was observed for the 1-2¢ system in the
gel state (Entries 5 and 6 in Table 1). The results strongly sug-
gest that the switching of the LDH activity is more sensitive in
the gel state of membrane matrix rather than in the liquid-crys-
talline state. Under the similar conditions in the absence of
LDH, the spectrophotometric study showed that the concentra-
tions of the 2:1 metal chelate complexes were 2.9 and 4.0
umol dm~—2 for the 1-2a system in the liquid-crystalline state
and the 1-2c system in the gel state, respectively, at 35.0
°C. Accordingly, the difference in the stability of the 2:1 metal
chelate complex above and below the phase transition temper-
ature of the lipid matrix would govern the LDH activity, since
the enzymatic activity in the present supramolecular system is
indirectly controlled by the Cu?* affinity for the activated lipid
signal.

In order to clarify the phase transition effect on tuning of en-
zymatic activity, we examined the temperature dependence of
the vy value for LDH bound on the 1-2b membrane surface in
the presence and absence of Cu* ions. In a metal-free system,
LDH on the matrix membrane exhibited bell-shaped tempera-
ture dependence with maximum activity around 40 °C as in an
aqueous solution. The LDH activities in the presence of Cu’*
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Fig. 2. Temperature dependences of the LDH activities on
the 1-2b matrix containing DMPE as a lipid signal in the
presence (O) and absence (@) of PLP as a signal activator,
and DSC thermogram for the 1-2b matrix containing
DMPE: Concentrations in mmoldm—3: 1, 0.1; 2b, 0.9;
DMPE, 0.05; Cu**, 0.004; PLP, 0.02; B-NADH, 0.25;
pyruvate, 0.5; LDH, 1.4 x 107%; in an aqueous HEPES
buffer (10 mmol dm~3) at pH 7.0.

ions relative to those of corresponding metal-free system at
various temperatures are shown in Fig. 2, with the DSC
thermogram of the matrix.

In conclusion, we have demonstrated that the enzymatic
activity on the surface of lipid bilayer membranes is capable
of switching through intermolecular communication between
the enzyme and a lipid signal, and is additionally capable of
tuning up by phase transition of the lipid matrix. We believe
the results provide a useful guidepost for designing artificial
molecular devices inspired by biological supramolecular de-
vices in the cells.
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