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Abstract: Carbonic anhydrase (CA) is a hydrolase enzyme possessing an active center composed
of three histidines (His), zinc(II) (Zn2+), and a hydration water. Here we report the hydrolase-like
catalytic activity provided by the oleoyl-histidine (O-His) modified on liposome membranes. O-His
was synthesized by the amide bond between oleic acid and His, and was incorporated into
1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) and 1,2-dipalmitoyl-sn-glycero-3-phosphocholine
(DPPC) liposomes. The hydrolysis of p-nitrophenylacetate was promoted by O-His modified DOPC
liposomes in the presence of Zn2+. The formation of the active center was revealed by UV resonance
Raman spectra. We conclude that the liposome membrane surface can be utilized as a platform for
artificial hydrolysis reactions by modifying essential ligands inspired from natural enzymes.
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1. Introduction

Carbonic anhydrase (CA) is a typical metalloenzyme that has an active site consisting of zinc(II)
(Zn2+), three imidazole residues of L-histidine (His), and a hydration water [1]. The CA in vivo has
the ability of converting CO2 to HCO3

− and H+, which plays a central role in controlling pH in the
cell [2]. Currently, several researchers have attempted to mimic the activity of CA in the industrial
field: the active center like Zn-imidazole complex was created on solid supported catalysis to reduce
CO2 exhausted from the factory [3,4].

In the enzymatic reaction of CA, the diffusion of CO2 is a rate-limiting step due to poor solubility of
CO2 in water. The use of an organic solvent, for example, solves this problem, while it might reduce the
enzymatic activity drastically due to denaturation [5]. In addition, the active site becomes unstable by
immobilization of the enzyme on solid surface. To overcome such problems, self-assemblies (micelles
and emulsions) have been used to develop technologies with high efficiency and selectivity [6–8].
It has been reported that the active site, similar to that of CA, was created by bolaamphiphile [9].
However, this method has a problem: the size and structure of the active center could not be adjusted
because of the solid-like rigid surface. Therefore, in this study, the “flexible” interface of self-assembly
was used as a rationally-designed platform for the CA-like hydrolysis reaction.

A liposome membrane is a vesicular self-assembly that is constructed of phospholipids in an
aqueous solution. The self-assembly surface can be applied to induce emergent properties, such as
molecular recognition and molecular conversion [10]. For example, the chiral selective adsorption
of L-amino acid could be proceeded at a liposome membrane interface [11]. Moreover, in the case of
a liposome membrane, the phase state, which affects fluidity, polarity, and micro size domain, can
be easily controlled by their composition and temperature [12,13]. Therefore, it is considered that a
liposome membrane interface is a superior platform for constructing the active site like Zn-imidazole
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complex, since the localization of the ligands can be dynamically controlled depending on the liposome
membrane properties (e.g., fluidity and polarity).

In the active center of CA, the Zn(II) binding pocket consists of both a polar surface and a nonpolar
surface, which provides an affinity between the ligand and metal ion via non-covalent interactions [14].
Inspired from CA, herein the histidine derivative modified with oleoyl group (oleoyl-histidine, O-His)
was synthesized. Although O-His itself showed less solubility in water, the incorporation of O-His
in the liposome membranes enables not only the dispersal of O-His in water, but also the imidazole
groups are aligned in the polar region at the membrane surface. By adding Zn2+, the creation of
the active site like Zn-imidazole complex was evaluated from (i) hydrolysis activity and (ii) varied
membrane properties.

2. Results and Discussion

2.1. Evaluation of Hydrolysis Catalytic Activity

CA can promote the hydrolysis of p-nitrophenylacetate (p-NPA). Thus, to monitor the
hydrolysis of p-NPA, the catalytic activity of the Zn-imidazole complex can be evaluated [15].
The production rates of p-nitrophenol (p-NP) were estimated for free His and O-His modified
1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) liposomes (Figure 1a). In the cases of Zn2+ only,
and free His + Zn2+, the production rates of p-NP were almost the same, while it was increased by the
O-His modified DOPC liposome with Zn2+. Based on these results, a Lineweaver–Burk plot was made
to evaluate the catalytic activity (kcat/Km) and substrate affinity (1/Km) (Figure 1b). The slope and
intercept of the O–His modified DOPC liposome were smaller and bigger than those of Zn2+ only and
free His + Zn2+ solution, respectively. The substrate affinity (1/Km) and catalytic activity (kcat/Km)
are summarized in Figure 1c. In the absence of liposome membrane, Lineweaver–Burk plots were
almost the same both in the Zn2+ only solution and in the free His + Zn2+ solution, suggesting that the
interaction between Zn2+ and the imidazole group of His is weak in solution. In the absence of Zn2+, a
slight increase in kcat/Km and 1/Km was observed in 1,2-dipalmitoyl-sn-glycero-3-phosphocholine
(DPPC)/O-His liposomes, indicating that the O-His itself has a small effect on the hydrolysis. In the
presence of Zn2+, O-His modified liposomes obviously increased both catalytic activity (kcat/Km) and,
especially, substrate affinity (1/Km). The O-His modified DPPC liposome showed a bigger 1/Km value
than the O-His modified DOPC liposome (Figure 1c, supporting information Figure S3).

Earlier, it was reported that the p-NPA hydrolysis is promoted by the constructed Zn-imidazole
complex [9]. Moreover, the immobilization of an enzyme at the membrane interface made the enzyme
reaction rate higher [16]. The reported hydrolysis activities are summarized in Table 1. Based on
kcat/Km values, the CA (enzyme) shows the value of 453.2 [3], while an artificial enzyme shows that of
0.73 [9]. As compared to Kim et al. [9], the substrate affinity (1/Km) of DOPC/O-His with Zn2+ was
superior. Therefore, the imidazole group could be immobilized at the liposome membrane surface,
which made the formation of Zn-imidazole complex easier, and increased the affinity between the
active site and substrate. However, the maximum reaction rate (Vmax) was decreased. O-His molecules
could be distributed between the two (inner and outer) layers of the liposomes bilayer: the O-His
exposed to the external medium is active to the reaction while the O-His distributed in the inner
leaflet is inactive, because hydrophilic materials (Zn2+, substrate) are less permeable across the lipid
bilayer. Roughly, less than half of the O-His molecules incorporated into the liposome membrane
resulted in a three times higher kcat/Km value, as compared to free His molecules. The substrate
p-NPA is hydrophilic, so only small amount of p-NPA can potentially be adsorbed onto liposome
membranes: about 7% of p-NPA (initial conc. 2.5 mM) adsorbed on DOPC liposome (total lipid:
2.5 mM). In liposome system, the substrate adsorption could be a rate-limiting step, so that the reaction
rate decreased at a high concentration of substrate. Therefore, the hydrolysis of p-NPA could be
promoted at the liposome membrane surface by the formation of Zn-imidazole complex.
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Table 1. Hydrolysis activities of carbonic anhydrase (CA) and artificial enzymes.

1/Km (mM−1) kcat/Km (M−1 s−1)

CA [3] 0.104 453.2
His-C7 (bolaamphiphile) + Zn2+ [9] 0.00917 0.73

DOPC/O-His + Zn2+ 1.02 1.20
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Figure 1. (a) Time course of p-NP production; (b) Lineweaver–Burk plot for 1,2-dioleoyl-sn-glycero
-3-phosphocholine (DOPC) (O-His 20 mol%) and free His. The standard deviations were less than
0.05; (c) Comparison of 1/Km (y axis) and kcat/Km (R axis) values. As a negative control, the free His
(as amino acid) was directly added into the reaction mixture. [Zn2+] = 0.1 mM, [O-His] = 0.3 mM for
DOPC (O-His 20 mol%) and DPPC(O-His 20 mol%). Experiments were conducted at 25 ◦C.

2.2. Evaluation of Complex Creation

For the evaluation of the Zn-imidazole complex formation, UV resonance Raman spectroscopy
measurements were carried out (Figure 2). In the case of the O-His modified DOPC liposome
suspension, significant peaks were not observed at the range from 350 to 1800 cm−1. By adding
Zn2+, two peaks at 614 cm−1 and 1416 cm−1 were generated: these peaks were assigned as the
imidazole ring and N-H moiety, respectively [17,18]. Because the lipid molecules (DOPC, O-His) are
almost inactive for Raman in our experimental conditions, the generated peaks indicate the formation
of Zn-imidazole complex. The O-His modified DOPC liposome showed a stronger peak at 1416 cm−1

than O-His modified DPPC liposome (Figure 2b). The Raman peak intensity increased in proportion
to the O-His amount (Figure 2c). These data suggest that a large number of Zn-imidazole complex was
formed on the O-His modified DOPC liposome, while the 1/Km value of the O-His modified DOPC
liposome was smaller than the O-His modified DPPC liposome. Considering the catalytic activities in
the presence of Zn2+ (Figure 1c), the formation of Zn-imidazole complex on the liposome surface plays
an important role on the hydrolysis reaction of p-NPA. However, the amount of active site, which is
relevant to the coordination number of O-His to Zn2+, is still unclear. The membrane properties of
liposome; e.g., polar environment—differ between the DOPC and DPPC liposomes. Considering the
local environment around the active center, the membrane property could be a factor in regulating the
hydrolysis reaction.
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Figure 2. (a) UV resonance Raman spectra of DOPC (O-His 20 mol%), in the presence or absence of
Zn2+. [O-His] = 0.5 mM, [O-His]/[Zn2+] = 3/1; (b) UV resonance Raman spectra of DOPC (O-His
20 mol%) and DPPC(O-His 20 mol%). [O-His] = 0.5 mM, [O-His]/[Zn2+] = 3/1; (c) Dependence
of O-His concentration in DPPC liposomes. Experiments were conducted at 25 ◦C, and the total
amphiphile concentration was 2.5 mM, [O-His]/[Zn2+] = 3/1.

2.3. Evaluation of the Membrane Property of O-His Modified Liposomes in the Presence of Zn2+

At room temperature, the DOPC liposome shows high fluidity (liquid-disordered
phase), while the DPPC liposome shows low fluidity (solid-ordered phase). Thus O-His
molecules can freely diffuse in the DOPC membrane, but are less diffusible in the DPPC
membrane. For details, the membrane properties were evaluated by using fluorescence
probes. 6-Lauroyl-2-dimethylamino-naphthalene (Laurdan) and 1,6-diphenyl -1,3,5-hexatriene
(DPH) reflect the inner membrane polarity and fluidity, respectively. 1,2-dioleoyl-sn- glycero-3
-phosphoethanolamine-N-(5-dimethylamino-1-naphthalenesulfonyl) (Dansyl-DHPE) and 1-(4-trimethy
lammoniumphenyl)-6-phenyl-1,3,5-hexatriene (TMA-DPH) can be used to monitor the surface
hydrophobicity and fluidity, respectively [13,19–21]. Regarding the inner properties, the GP340 values
and 1/P values were hardly affected by the presence of Zn2+ (see supporting information Figure S4).
This suggests that Zn2+ could not localize in the inner region of the liposomes.

In the surface properties, the hydrophobicity of O-His modified DOPC liposome became
hydrophilic by adding Zn2+ (Figure 3a). This suggests that the formation of Zn-imidazole complex
could bring the water molecule onto the membrane surface. Similarly, the hydrophobicity of O-His
modified DPPC liposome turned out to be slightly hydrophilic. The membrane surface fluidity of
O-His modified DOPC liposome was decreased by Zn2+, suggesting that the Zn-imidazole complex
could be in an ordered state (like liquid-ordered phase). In contrast, the addition of Zn2+ slightly
increased the membrane surface fluidity of the O-His modified DPPC liposome (Figure 3b). The
incorporation of a water-soluble molecule into DPPC liposome can lead the membrane to become
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fluidized [13]. In addition, the liquid-ordered phase, seen in the case of DOPC-cholesterol liposome,
shows a decreased membrane surface fluidity as compared to DOPC liposome, while it shows an
increased fluidity as compared to DPPC liposome [22]. Although it might be difficult to obtain direct
evidence of Zn-imidazole complex on the membrane, the varied membrane “surface” properties could
reflect the interaction between Zn2+ and O-His molecules. Together with the hydrolysis activity, it
could be concluded that the artificial active center is constructed by the O-His, which is modified on
the liposome membrane in the presence of Zn2+ ion.
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Figure 3. (a) Membrane surface hydrophobicity (λN) of liposomes. A lower λN indicates an increase of
polarity; (b) Membrane surface fluidity (1/PTMA-DPH) of liposomes. A lower 1/PTMA-DPH indicates
a decrease of fluidity. [Total amphiphile] = 100 µM, [Dansyl-DHPE] = 1 µM, [TMA-DPH] = 0.4 µM
[O-His] = 20 µM, [O-His]/[Zn2+] = 3/1. Experiments were conducted at 25 ◦C.

3. Conclusions

The active site, which performed the catalytic activity like CA, was constructed at the liposome
membrane surface by modifying the liposome with O-His. By adding Zn2+ into O-His modified DOPC
and DPPC liposomes, the hydrolysis activities were enhanced because of the increase in substrate
affinity (1/Km). Based on UV resonance Raman spectra, the interaction O-His with Zn2+ could be
confirmed. The formation of Zn-imidazole complex resulted in a decreased membrane surface fluidity
in the DOPC membrane, together with an increase of membrane surface hydrophilicity. In natural
systems (CA enzyme), both hydrophilic and hydrophobic surfaces, which are provided by polar amino
acids (Asn, His, Asn, Gln, etc.) and non-polar amino acids (Phe, Val, Leu, Pro, etc.), respectively, play
an important role to in hydrolysis.

Thanks to recent advances in methodology, the dynamics of enzymatic functions can be studied at
a single-molecule level [23]. Some of the enzymatic reactions can be proceeded at the lipid membrane
interface; e.g., phospholipase A2. The kinetic parameter obtained from conventional approaches
(e.g., Lineweaver–Burk plot) might be different from the correct one [24]. A single-molecule assay
will also shed a light into the enzymatic reaction at the membrane interface [25]. Such approaches
will contribute to the investigation of the true role of functional ligands incorporated into liposome
membranes. One of the advantages of using liposomes is that the interior region of the membrane can
act as the “hydrophobic” site, then the functional ligands, such as amino acid derivatives like O-His,
can be activated by the complex formation with metal ions.
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4. Materials and Methods

4.1. Materials

DOPC, DPPC, and Dansyl-DHPE were purchased from Avanti Polar Lipids, Inc. (Alabaster, AL,
USA). L-His, Hydrochloric acid, chloroform, and 2-amino-2-hydroxymethyl-1,3-propanediol were
purchased from Tokyo Chemical Industry Co., Ltd. (Tokyo, Japan). 1,6-Diphenyl-1,3,5-hexatriene
(DPH), 6-lauroyl-2-dimethylamino-naphthalene (Laurdan), p-nitrophenol (p-NP) and acetonitrile were
obtained from Sigma Aldrich (St. Louis, MO, USA). Other chemicals were purchased from Wako Pure
Chemical Industry Ltd. (Osaka, Japan) and were used without further purification. The chemical
structures of lipid molecules are shown in Figure S1.

4.2. Synthesis of O-His

The O-His synthesis route is shown in supporting information Figure S1 [26]. In particular, oleic
acid and N-hydroxysuccinimide were dissolved in ethyl acetate solution by mixing with a stirrer.
N,N-dicyclohexylcarbodiimide in ethyl acetate solution was added, and stirred over one night. After
the solution was stirred, N-hydroxysuccinimide, white precipitate, were filtered, and the filtrate was
evaporated. After the obtained activated ester was recrystallized with ethanol, the product was
dissolved in chloroform and added to the solution including histidine and Na+. After stirring over
one night, glycine-HCl buffer (0.15 µM, pH = 2.0) and chloroform were added, and the chloroform
phase was recovered by using a separation funnel. The recovered chloroform phase was evaporated
and the solvent was removed. The obtained O-His was recrystallized with chloroform, and impurities
were removed. Formation of O-His was confirmed by measurements of mass spectrum, and Raman
spectrum (Figure S2).

4.3. Liposome Preparation

Liposomes of different compositions were prepared by the reported method [27]. Briefly, a
chloroform solution of phospholipid was dried in a round-bottom flask by a rotary evaporator under a
vacuum. The lipid thin film was kept under a high vacuum for at least 3 h, and then was hydrated
with Tris-HCl buffer (50 mM, pH = 8.0) at 60 ◦C. The liposome suspension was frozen at −80 ◦C and
was thawed at 60 ◦C. This freeze-thaw cycle was performed five times. The liposome suspension was
extruded 11 times through two layers of polycarbonate membranes, with mean pore diameters of
100 nm using an extruding device (LiposoFast; Avestin Inc., Ottawa, ON, Canada). The mole fractions
of liposome membrane were phospholipid/O-His = 10/0 and 8/2.

4.4. Evaluation of Hydrolysis Activity

The reaction mixture was prepared with O-His modified DOPC liposome (total amphiphile
content: 2.5 mM, O-His content: 0.5 mM) and Zn(OAc)2 (total content of Zn2+: 0.17 mM). The mixture
was incubated at 25 ◦C for 2 h. After incubation, the solution was diluted with Tris-HCl buffer (50 mM,
pH = 8.0, final concentration of Zn2+ was 0.1 mM). The reaction was initiated by adding p-NPA (initial
concentration of 1.0, 1.5, 2.5 mM). The absorbance at 400 nm, derived from p-NP, was measured every
minute. The production rate of p-NP and catalytic activity were calculated by using Michaelis–Menten
model and Lineweaver–Burk plot, respectively. Here, [E]T was regarded as [Zn2+]. The slope and
intercept show Km/Vmax and 1/Vmax, respectively. Km and Vmax represents the Michaelis–Menten
constant and maximum reaction rate, respectively.

v =
Vmax[S]

(Km + [S])

1
v
=

Km

Vmax[S]
+

1
Vmax
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kcat =
Vmax

[E]T

4.5. Evaluation of Zn-Imidazole Complex by Raman Spectroscopy

Zn(OAc)2 was selected as a source of Zn2+, according to literature [28]. The solutions of O-His
modified DOPC liposome (total amphiphile content: 2.5 mM) and Zn(OAc)2 were mixed with a mole
ratio of O-His/Zn2+ = 3/1, and the mixture was incubated at 25 ◦C for 2 h. After incubation, Raman
spectra were measured using a confocal Raman microscopy (LabRAM HR-800, Horiba, Ltd., Kyoto,
Japan). The 266 nm YAG laser of a 100 mW was used for excitation, and a 10× objective lens was used
to focus the laser beam. All the spectra reported here were measured with an accumulation time of
20 s, and each spectrum data was accumulated three times. The background signal of the solution was
removed, and the baseline was corrected.

4.6. Evaluation of Membrane Fluidity and Polarity

The membrane fluidity of the liposomes was evaluated by reported methods [19–21]. The
fluorescent probe DPH, TMA-DPH was added to the liposome suspension in a lipid/probe molar
ratio of 250:1; the final concentrations of the lipid and probe were 100 and 0.4 µM, respectively. The
fluorescence polarization of DPH (Ex = 360 nm, Em = 430 nm) was measured using a fluorescence
spectrophotometer after incubation at 25 ◦C for 30 min. The sample was excited using vertically
polarized light (360 nm), and the emission intensities, both perpendicular (I⊥) and parallel (I‖) to the
excitation light, were recorded at 430 nm. The polarization (P) of DPH was then calculated from the
following equations:

P =
I‖ − GI⊥
I‖ + GI⊥

G =
I⊥
I‖

where G is the correction factor. The membrane fluidity was evaluated on the basis of the reciprocal of
polarization, 1/P.

Laurdan is sensitive to the polarity around the molecule itself, and its fluorescence property
enables the evaluation of the surface polarity of the lipid membranes. The emission spectra were
measured using a fluorescence spectrophotometer at an excitation wavelength of 340 nm. The general
polarization (GP340), the membrane polarity, was calculated as follows [21]

GP340 =
(I440 − I490)

(I440 + I490)

where I440 and I490 represent the fluorescence intensity of Laurdan at 440 and 490 nm, respectively.
The total concentrations of lipid and Laurdan were 100 and 1.0 µM, respectively.

As for the polarity of the membrane surface, Dansyl-DHPE was used as a probe molecule and
mixed in a liposome suspension, with final concentrations of lipid and Dansyl-DHPE that were 100
and 1.0 µM, respectively. The fluorescence spectra were analyzed by the excitation light (336 nm)
to observe the emission peak wavelengths (λ). The hydrophobicity of the membrane surface can be
evaluated by the normalized value (λN) by using the equation [11]

λN =
(λ− λ1)

(λ0 − λ1)

where λ0 and λ1 represent the maximum wavelengths in hydrophilic (527 nm) and hydrophobic
(512 nm) conditions, respectively.
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4.7. Statistical Analysis

Results are expressed as mean ± standard deviation. All experiments were performed at least
three times.

Supplementary Materials: The following are available online at http://www.mdpi.com/2504-5377/2/2/24/
s1. Figure S1: Synthesis scheme for O-His; Figure S2: MS spectrum and Raman spectra of O-His; Figure S3:
Lineweaver–Burk plot of DPPC(O-His) +Zn2+; Figure S4: Liposome membrane inner properties.
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Abbreviations

CA carbonic anhydrase
O-His oleoyl-histidine
p-NPA p-nitrophenylacetate
DOPC 1,2-dioleoyl-sn-glycero-3-phosphocholine
DPPC 1,2-dipalmitoyl-sn-glycero-3-phosphocholine
Dansyl-DHPE 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-(5-dimethylamino-1-naphthalenesulfonyl)
Laurdan 6-lauroyl-2-dimethylamino-naphthalene
DPH 1,6-diphenyl-1,3,5-hexatriene (DPH),
TMA-DPH 1-(4-trimethylammoniumphenyl)-6-phenyl-1,3,5-hexatriene
p-NP p-nitrophenol
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