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A method to detect the L-proline- (L-Pro-) catalyzed Michael addition reaction in model biomembranes has been established,
using N-[p(2-benzimidazolyl)phenyl]maleimide and acetone as reactants. The eﬀect of liposome membranes on this reaction was
kinetically analyzed using ﬂuorescence spectroscopy. The kinetics of the reaction were diﬀerent from those of the constituent
lipids of the liposomes. Zwitterionic 1,2-dipalmitoyl-sn-glycero-3-phosphocholine liposome, which is in the solid-ordered phase,
had a better value of reaction rate, suggesting that the reaction rate constants of this reaction in liposome membrane systems could
be regulated by the characteristics of the liposome membrane (i.e., the phase state and surface charge). Based on the results
obtained, a plausible model of the L-Pro-catalyzed Michael addition reaction was discussed. The obtained results provide us with
an easily detectable method to assess the reactivity of L-Pro in biological systems.

1. Introduction
L-Proline (L-Pro) is one of the principle amino acids that are
the building blocks of proteins. L-Pro is known to elucidate
various kinds of physiological activities though its interference in the metabolic pathway, such as in the enhancement of growth of epidermal cells, activation of
collagen biosynthesis, repair of damaged collagen, and
moisture of the stratum corneum [1]. Considering these
physiological activities, the use of L-Pro as a possible key
material in food engineering has become signiﬁcant.
As another signiﬁcant aspect of L-Pro, it is gaining attention as an organocatalyst [2, 3]. With respect to safety and
high eﬃciency, the use of L-Pro will prove beneﬁcial in
industrial processes, such as in the manufacture of medicine
and food. Barbas and coworkers have reported many examples of L-Pro-catalyzed reactions, especially focusing on
enantioselectivity [4–6]. The L-Pro-catalyzed reaction is
usually achieved through the formation of the “enamine”
intermediate, between L-Pro and the ketone substrate. It is
known that most of reported reactions have been carried out

in the polar solvent, e.g., dimethyl sulfoxide (DMSO), but
not in the high-polar solvent such as water, owing to the
stability of the enamine intermediate. Considering the use of
L-Pro in food engineering, it is thought that there could be
some risks of the side reaction induced by L-Pro, as a less
polar (hydrophobic) environment would exist in a biological
system (e.g., in the interior of a biomembrane).
Recent studies have also focused on the use of selfassembly systems in organic synthesis because selfassemblies enable insoluble materials dispersed in aqueous media [7]. The liposome, a vesicular envelope composed
of a phospholipid bilayer membrane, is known as a model of
biomembranes. It can also be utilized as a platform of organic synthesis in aqueous media [8–11]. The liposome
surface properties can be customized by modifying the lipid
composition [12]. The combined use of small molecules with
liposomes would lead to a cooperative alteration in the
membrane properties, which can contribute to providing
improved functions such as chiral recognition [13]. While
the liposome structure has to be disrupted to recover the
reaction product for its analysis, the use of the ﬂuorescent
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reactant, for example, N-[p(2-benzimidazolyl)phenyl]maleimide (BIPM) [14], enables us to directly determine the
reaction rate constant.
Previously, we have observed that L-amino acids, including L-Pro, can bind onto liposomal membranes [13].
Thereby, the L-Pro-catalyzed reactions can proceed on liposome membranes in aqueous media [9, 11]. However,
some challenges are still encountered in directly monitoring
the kinetics of L-Pro-catalyzed reactions in the aqueous
medium because the product is basically analyzed after
extraction and puriﬁcation. In this study, the L-Procatalyzed Michael addition reaction of BIPM and acetone
was employed because BIPM is reported to be a good
substrate to monitor L-Pro-catalyzed reactions through the
ﬂuorescence of the product [14]. The eﬀect of liposome
membranes on this reaction was kinetically analyzed using
ﬂuorescence spectroscopy. Based on the results obtained
with previous ﬁndings, ﬁnally, a plausible model of the
L-Pro-catalyzed Michael addition reaction was discussed.
The obtained results provide an easily detectable method to
assess the risk of L-Pro in biological systems.

2. Materials and Methods
2.1. Materials. 1,2-Dipalmitoyl-sn-glycero-3-phosphocholine
(DPPC: C16 : 0, zwitterionic), 1,2-dioleoyl-sn-glycero-3phosphocholine (DOPC: C18 : 1, zwitterionic), and 1,2dipalmitoyl-3-trimethylammonium-propane
(DPTAP:
C16 : 0, cationic) were purchased from Avanti Polar
Lipids, Inc. (Alabaster, AL, USA). L-Proline (L-Pro) and
D-Proline were purchased from Peptide Institute (Osaka,
Japan). N-[p(2-benzimidazolyl)phenyl]maleimide (BIPM)
was purchased from Tokyo Chemical Industry co., Ltd.
(Tokyo, Japan). Other chemicals were purchased from Wako
Pure Chemical Industry Ltd. (Osaka, Japan) and were used
as received.
2.2. Liposome Preparation. Liposomes were prepared based
on literature [9]. In brief, a chloroform solution of lipids was
dried in a round-bottom ﬂask by using a rotary evaporator.
The lipid ﬁlm was dissolved in chloroform, and then the
solvent was removed. The obtained lipid thin ﬁlm was kept
in a vacuum chamber for at least three hours, to remove the
solvent completely. The dried lipid ﬁlm was hydrated with
ultrapure water at 60°C. The liposome suspension was frozen
at −80°C for 15 min and was thawed at 60°C for 15 min. This
freeze-thaw cycle was repeated for ﬁve times. The liposome
suspension was ﬁnally treated by using the extrusion device
(Lipofast; Avestin Inc., Ottawa, Canada), with two layers of
polycarbonate membranes with a mean pore diameter of
100 nm. The size distributions of liposomes were determined
by dynamic light scattering (DLS, Zetasizer Nano ZS,
Malvern Panalytical, Grovewood Rd, UK). The average size
of DPPC liposome just after preparation was 172.9 nm (PDI:
0.224). The average sizes of acetone added liposomes after 0
and 2 h were 143.3 and 247.3 nm, respectively, revealing that
the addition of acetone resulted in only small inﬂuences on
the liposome structures.
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2.3. Kinetics of L-Pro-Catalyzed Reaction in DMSO/Water
System. L-Pro-catalyzed Michael addition of BIPM (BIPM:
28.9 µg (0.1 µmol)) with acetone (0.2 mL (2.7 mmol)) was
conducted in DMSO or aqueous solution. L-Pro-catalyzed
reaction was initiated by adding 10 µl of stock solution of
BIPM (10 mM) in acetonitrile (CH3CN)/DMSO (1/1 v/v)
mixture and 10 µl of stock solution of L-Pro in water (0–
8 mM) and acetone (200 µl) to 780 µl of DMSO or aqueous
solution. The reaction was carried out in a quartz cell for
measurement without stirring. The background ﬂuorescence
(before the reaction) was weak enough, and the increased
ﬂuorescence intensities were measured by the ﬂuorescence
spectrophotometer FP-8500 (JASCO, Tokyo, Japan) at 25°C.
The samples were excited with 315 nm and measured at
362 nm. The reaction kinetic was considered by ﬁrst-order
kinetics, and the reaction rate constant, k, was determined by
following equation:
−ln1 −

ΔI
 � kt,
ΔImax

(1)

where ΔI and ΔImax represent the ﬂuorescence at arbitral
time (t) and the ﬁnal ﬂuorescence intensity, respectively. The
products were analyzed by HPLC (Waters 1500 HPLC
System (Waters, Milford, MA, USA) equipped with the
ODS2 column (25 cm) (GL Science Inc., Tokyo, Japan)).
Mobile phase was prepared with CH3CN/0.1% aqueous
triﬂuoroacetic acid (15 : 85) at a ﬂow rate of 1.0 mL/min, with
detection at 310 nm. The retention times of BIPM and
product are 30.1 and 28.9 min, respectively.
2.4. L-Pro-Catalyzed Reaction in Liposome Membrane.
L-Pro-catalyzed reaction in the liposome membrane was
initiated by adding 10 µl of stock solution of BIPM (5 mM) in
CH3CN/DMSO (1/1 v/v) mixture and acetone (200 µl) to a
790 µl of mixture of liposome and L-Pro. A mixture of liposome and L-Pro was preincubated by mixing 780 μl of the
liposome membrane (5 mM) and 10 μl of L-Pro stock solution of water (100 mM). The reaction was carried out in
5 ml of the screw vial with stirring and light shielding. A
sample for ﬂuorescence measurement was prepared by diluting the reaction solution 50-fold with water. HPLC analyses were carried out as described above.

3. Results and Discussion
3.1. L-Pro-Catalyzed Reaction in DMSO and Water.
BIPM is reported to be a good molecular probe to monitor
the L-Pro-catalyzed reaction because its product shows
ﬂuorescence [14]. First, the L-Pro-catalyzed Michael addition reaction of BIPM and acetone (Scheme 1) was performed in DMSO. In the available literature, the reaction
rate of the Michael addition reaction of BIPM and acetone,
catalyzed by L-Pro, has been reported as 0.005 μM/min [14].
The 24-hour incubation period could be long enough to
reach saturation in these reaction media. Figure 1 shows the
ﬂuorescence spectra of the products obtained in DMSO and
water with an incubation period of 24 hours. The emission
peak wavelength of the product could be dependent on the
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Scheme 1: Michael addition reaction of BIPM and acetone: (1) BIPM; (2) product.
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Figure 1: Fluorescence spectra of the products in DMSO, in water,
and in DOPC liposome systems.

solvent; the wavelengths in DMSO and water were 360 nm
and 368 nm, respectively. In the 1,2-dioleoyl-sn-glycero-3phosphocholine (DOPC) liposome system, the emission
peak was observed at 372 nm and the fluorescence intensity
was slightly higher than that obtained in water. The fluorescent properties of the products are further discussed in
Section 3.4. These results revealed that the product can emit
strong fluorescence in these media.
In general, the L-Pro-catalyzed Michael reaction is faster
in DMSO [3, 9]. The dependence of amount of the catalyst in
this reaction was then investigated by varying the amount of
L-Pro. Figure 2(a) shows the time course of the fluorescence
intensity at different concentrations of L-Pro in DMSO. The
reaction rate constants (k) were calculated based on first-order
kinetics (equation (1)) (Figure 2(b)), suggesting that the reaction could proceed by following first-order kinetics, because
the reaction rate and amount of L-Pro (catalyst) were almost
in a linear relationship at L-Pro concentrations below 40 μM.
To investigate the effect of solvent polarity, the reaction
was further conducted in the system of DMSO/water
mixture. Figure 3 shows the time course of the fluorescence intensities, wherein the fluorescence intensities were
monitored at 362 nm. The presence of water significantly
decreased the reaction rate. In general, the enamine formation can be inhibited by the solvent water [4]. It is
suggested that water molecules also play an inhibitory role in
this reaction. Common to the reaction mechanisms of the

L-Pro-catalyzed reactions, the formation of the enamine
intermediate is the key to achieve efficiency and enantioselectivity [2, 3, 15], whereby the water molecules could
decrease the stability of the enamine intermediate. During
the formation of the enamine of L-Pro and acetone, unstable
intermediates can be formed [16]. When the reaction is
carried out in liposome membranes, such intermediates
could be stabilized by interaction with phospholipid molecules [11]. These results clearly indicate that the efficiency of
the L-Pro-catalyzed reaction of BIPM and acetone can be
inhibited in an aqueous solution, owing to the lack of hydrophobic (dehydrated) environment. The reactions catalyzed by D-Proline (D-Pro) were also investigated, but the
catalytic activity of D-Pro might be lower than that of L-Pro
(Figure 3). In most cases, L-Pro and D-Pro show similar
catalytic performances except for the enantioselectivity of
the product [17]. However, in some examples, the yield of
the product differed depending on the proline structure [18].
In the case of direct asymmetric aldol reaction between pnitrobenzaldehyde (pNBA) and acetone, the D-Pro derivative drastically decreased the reaction yield [2]. The
carboxyl group of L-Pro also produced a good yield [2]. It is
assumed that L-Pro can improve the reactivity of the enamine intermediate, suggesting that the enamine composed
by L-Pro (or its derivatives) shows higher reactivity as
compared to D-Pro derivatives, but further determinations
are needed to investigate their differences. In addition, as
D-Pro is hardly adsorbed onto liposomes [13], it was difficult
to perform the D-Pro-catalyzed reactions at the liposome
membrane. In this study, the L-Pro-catalyzed Michael addition reactions of BIPM and acetone are further investigated in the following sections.
3.2. Coexistence Effect of Liposome Membrane L-ProCatalyzed Reaction in an Aqueous Solution. The coexistence effect of the liposome membrane on the L-Procatalyzed reaction of BIPM and acetone was investigated in
water. Although L-Pro is a water-soluble molecule, it has been
reported that L-Pro can be adsorbed onto the liposome
surface by incubation for 48 hours [13]. After L-Pro was
preincubated with the DPPC liposome for 24 or 48 hours, the
Michael addition reaction was initiated by adding BIPM and
acetone. Figure 4(a) shows the fluorescence spectra of the
products at different incubation times. In the case of 24-hour
preincubation, the spectra were not changed significantly,
indicating that the reaction did not proceed. On the contrary,
after 48-hour preincubation, the fluorescence intensities were
drastically increased, showing that the L-Pro-catalyzed reaction of BIPM and acetone was achieved in the aqueous
medium when the liposome was coexisting. The adsorption
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Figure 2: (a) Time course of the fluorescent intensity from the reaction product, at different L-Pro concentrations. (b) Relationship between
L-Pro concentration and reaction rate constant.
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amounts of L-Pro onto liposomes were approximately 10% of
the total L-Pro—8.3% for the DOPC liposome, 10.8% for the
DPPC liposome, and 11.4% for the DPPC/DPTAP liposome,
at 48-hour incubation. We assume that only the adsorbed
L-Pro possesses high catalytic activity, whereas the unadsorbed L-Pro can behave as free L-Pro. Although we have not
estimated the L-Pro adsorption amount at 24 hours, in almost
all cases, the adsorption amount at 24 hours is less than 20% of
the maximum adsorption amount (at 48 hours). Considering
these results and findings, the adsorption amounts of L-Pro
could be estimated as <100 μM for 48 hour preincubation and
<20 μM for 24-hour preincubation. This could be the reason
why the reaction rate constants in liposome systems turn out
to be lower than those in the DMSO solvent.
Figure 4(b) shows the time course of the fluorescence
intensity, showing that the k value at 48-hour preincubation was five times higher than that of 24 hour
preincubation. It has been reported that the L-amino acid
adsorption did not proceed until 24 hours and then dramatically proceeded within 24- to 48 hour preincubation
[13], in which the liposome surface properties could be
varied by the adsorption of L-amino acids and then concerted binding could be initiated. The obtained results show
that the Michael addition reaction of BIPM and acetone
was promoted by the L-Pro that was adsorbed onto the
membrane surface. Considering the facts that (1) water
molecules principally inhibit the L-Pro-catalyzed reaction
and (2) the liposome membrane provides a
hydrophobic environment in the aqueous medium, the
L-Pro-catalyzed reactions can be carried out in an aqueous
medium, owing to the presence of the liposome membranes. The potential roles of the liposome membrane are
to carry the hydrophobic reactant (BIPM) in the interior
region of the membrane and to accumulate reactants and a
catalyst in the dehydrated environment.
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Figure 3: L-Pro-catalyzed Michael addition reaction of BIPM and
acetone in DMSO/water solutions.

3.3. Effect of Type of Liposome Membrane on the L-ProCatalyzed Reaction. Biological membranes consist of various kinds of lipids and proteins. Among the naturally occurring
zwitterionic phospholipids, DOPC and 1,2-dipalmitoyl-snglycero-3-phosphocholine (DPPC) were selected to investigate
the effect of membrane properties on this reaction. At room
temperature, DOPC and DPPC liposomes are in the fluid state
(liquid-disordered, Ld, phase) and rigid state (solid-ordered, so,
phase), respectively. It is also reported that the cationic liposome DPPC/DPTAP (1,2-dipalmitoyl-3-trimethylammoniumpropane) can improve the L-Pro-catalyzed Michael addition
reaction [9]. After L-Pro preincubation for 48 hours, the reaction of BIPM and acetone was carried out in the presence of
the abovementioned liposomes (Figure 5). The initial reaction
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Figure 4: Coexistence effect of DPPC liposomes on L-Pro-catalyzed Michael addition reaction of BIPM and acetone: (a) fluorescence
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rate was herein analyzed by the slope of the approximately
straight line of the plot of fluorescence intensity at 372 nm
against time, as the fluorescence intensity increased
proportionally with time. The initial reaction rate in
DPPC (so phase) was 2.5 times higher than that in DOPC
(Ld phase). Furthermore, the addition of cationic DPTAP
decreased the initial reaction rate, although both the
DPPC and DPPC/DPTAP liposomes are in rigid
membrane states (so phases) [9].
The membrane surface of the DPPC liposome is
known to be in a dehydrated state as compared to that of
the DOPC membrane [9], which could be favorable to
stabilize the enamine intermediate of L-Pro and acetone.
In addition, the “ordered” state of the DPPC membrane
could contribute to promote the adsorption of the
L-amino acid (including L-Pro), whereas L-amino acid
adsorption can decrease when the membrane is in
disordered states [13]. The adsorption of L-Pro was
slightly increased by the positively charged liposomes [9],
whereas the membrane property differences between
DPPC and DPPC/DPTAP could be negligible. Thus, the
inhibitory effect of the DPTAP on the reaction could be
because of the positive charge of the membrane.
Furthermore, only the positively charged molecules
(e.g., propranolol) adsorbed onto the negatively charged
liposomes [19]. It is assumed that L-Pro could
preferentially adsorb onto the membrane in the so phase,
in which the less hydrophobic environment contributes
both to the adsorption of L-Pro and to the promotion of
the Michael addition reaction.
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Figure 5: Comparison of the liposome phase state and initial
reaction rate.

3.4. Plausible Model of L-Pro-Catalyzed Michael Addition
Reaction of BIPM and Acetone in Liposome Membrane.
Based on the abovementioned results, a plausible model of the
L-Pro-catalyzed Michael addition reaction is discussed. To
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Figure 6: Emission peak wavelength (a) and relative emission peak intensity (b) of the reaction products in 1,4-dioxane/water mixtures
(open diamond) and in DMSO/water mixtures (closed circle).

assess the location of the product in the liposome membrane,
the peak shift of the emission fluorescence of the reaction
product was analyzed in various kinds of solvents with different polarities. In the existing literature, it has been reported
that the fluorescence intensity of the product in DMSO was
slightly higher (∼1.6 times) than that in water [14]. To verify
the solvatochromism of the product, the product recovered in
DMSO solvents after 24 hour incubation was transferred into
DMSO/water mixtures for further analysis of its fluorescence.
Figure 6(a) shows the emission peak wavelength of the reaction product in both 1,4-dioxane/water systems and
DMSO/water systems. The emission peaks gradually redshifted as the water ratio increased. In the liposome systems, the emission peaks were observed at 368.5 nm (we
confirmed the emission peaks with three isolated data from
DOPC and DPPC). This suggests that the products generated
in the liposome tend to locate at the hydrophilic part (near the
lipid head groups) although the emission peaks were broader
in the liposome systems. The emission peak intensities were
decreased in proportion to the water ratio (Figure 6(b)). The
fluorescence intensity of the product in water decreased to
40%. In contrast, the presence of water in the reaction mixture
drastically inhibited the reaction (Figure 3), suggesting that
the formation of the enamine intermediate of L-Pro and
acetone could be the key to promote this reaction. The DMSO
environment is suitable to stabilize enamine [2, 3], and a

similar effect can be obtained by utilizing the liposome
membrane [9, 11].
The possible locations of the molecules related to this
reaction are summarized in Figure 7. L-Pro, the enamine
intermediate, and acetone could be basically localized at the
interface region, near the phosphate and glycerol groups;
therefore, the enamine intermediate could be stably trapped there. The reaction could be completed by the attack of
the enamine intermediate to BIPM, which could be located
in a more hydrophobic region—near the hydrocarbon
chains of lipids. Similarly, the reactants transβ-nitrostyrene (tβNS) and pNBA can be estimated to be
located at the hydrophobic site [9, 11]. The obtained results
and previous findings suggest that the enamine
intermediate, composed of L-Pro and acetone, could
preferentially locate in the hydrophobic region of the liposome membrane, which successfully promotes the
L-Pro-catalyzed reactions. The efficiency and enantioselectivity can be varied, preferably depending on the
property of the reactant—tβNS would provide high
enantioselectivity; pNBA would provide high conversion
but low enantioselectivity. For BIPM, although the
conversion was lower, the reaction kinetics was directly
analyzed in the aqueous medium, revealing that the L-Procatalyzed Michael addition of BIPM and acetone was surely
performed in the liposomal membrane.
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Figure 7: Schematic illustration of the location of the molecules related to the L-Pro-catalyzed Michael addition reaction in liposome
membranes.

4. Conclusions
The kinetics of the L-Pro-catalyzed Michael addition reaction
of BIPM and acetone were analyzed by using ﬂuorescence
spectroscopy. The composition of liposomes could be a
controlling factor in this reaction—the zwitterionic DPPC
liposome displayed the highest reaction rate constant among
the liposomes tested in this work. From the point of view of
green chemistry, organic synthesis in aqueous media provides
various beneﬁts. On the contrary, in food science and engineering ﬁelds, our ﬁndings provide a warning that the L-Pro
distributed into biomembranes (hydrophobic environment)
can react with ketones, which might lead to unexpected and
inconvenient chemical reactions in the human body. The
ketones can be produced by lipid oxidation in biomembranes;
thus, ketones in biomembranes would be reactive in the
presence of L-Pro, which might result in unexpected products. Thus, in situ detection of the L-Pro-catalyzed reactions is
necessary. The obtained results provide us with an easily
detectable method to assess the risk of L-Pro in biological
systems, which can be detected using BIPM as a donor reactant in the L-Pro-catalyzed Michael addition reaction.

Ld:

so:
tβNS:

Liquid disordered
Solid ordered
trans-β-Nitrostyrene.
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