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ABSTRACT

Cardiolipin (CL) is a phospholipid found in the outer mitochondrial membrane (OMM) and inner mi-
tochondrial membrane (IMM) in animal cells. Isocitrate dehydrogenase (ICDH) is an important catalytic
enzyme that is localized at the cytosol and mitochondria; the metabolic pathway catalyzed by ICDH
differs between the OMM and IMM. To estimate the possible role of lipid membrane in the enzymatic
activity of NADP*-dependent ICDH, CL-modified liposomes were prepared using CL/1,2-dipalmitoyl-sn-
glycero-3-phosphocholine (DPPC)/cholesterol (Ch), and their characteristics were analyzed based on the
fluorescent probe method. The relative enzymatic activity of ICDH decreased in the presence of CL/DPPC/
Ch=(30/50/20) liposome, whereas activity increased in the presence of CL/DPPC/Ch=(5/75/20) lipo-
some. NADP* had the greatest substrate affinity and was dominant in the regulation of ICDH activity.
Analysis of membrane properties indicated that membranes in CL-modified liposomes were dehydrated
by ICDH binding. Using circular dichroism analysis, CL/DPPC/Ch=(30/50/20) liposome induced a con-
formational change in ICDH, indicating that CL-rich membrane domains could inhibit ICDH activity.
These results suggest that lipid membranes, including CL molecules, could act as a platform to regulate
ICDH-related metabolic pathways such as the tricarboxylic acid cycle and lipid synthesis.

© 2016 Published by Elsevier B.V. on behalf of International Metabolic Engineering Society. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Interactions of proteins with biomembranes play important
roles in many biological processes, which have been extensively
studied, whereby membrane components and properties are as-
sumed to be optimized to functionalize biomolecules (Wenk,
2005). Mitochondria are unique organelles with two membranes,
an outer mitochondrial membrane (OMM) and an inner mi-
tochondrial membrane (IMM), which differ in the lipid composi-
tion of cardiolipin (CL) (Horvath and Daum, 2013). CL is a specific
phospholipid found in mitochondrial and bacterial membranes,
which has four acyl chains and two negatively-charged phosphate
groups. CL plays important roles, not only in the structural orga-
nization of the membrane, but also in the function of mitochon-
drial membrane-related processes (Ren et al., 2014; Li et al., 2007).

Abbreviations: CL, cardiolipin; ICDH, isocitrate dehydrogenase; OMM, outer mi-
tochondrial membrane; IMM, inner mitochondrial membrane; DPPC, 1,2-dipalmi-
toyl-sn-glycero-3-phosphocholine; Ch, cholesterol; TCA, tricarboxylic acid; NADP*,
B-nicotinamide-adenine dinucleotide phosphate oxidized form; NADPH, p-nicoti-
namide-adenine dinucleotide phosphate reduced form; MLV, multilamellar ve-
sicles; LUV, large unilamellar vesicles; Iy, liquid-disordered; I, liquid-ordered; s,
solid-ordered; PDB, protein data bank
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Recently, interactions between CL and proteins have been reported
(Nury et al.,, 2005; Zhang et al., 2005; Basova et al., 2007): for
instance, cytochrome c binding to CL can induce conformational
changes in the tertiary structure that alters the environment of the
heme catalytic center (Kagan et al., 2005). The binding mechanism
of cytochrome c to CL is mainly driven by electrostatic interaction,
as well as by hydrophobic interaction (Belikova et al., 2006). In
addition, lipid transfer (Schlattner et al., 2013), maintenance of
mtDNA (Zhong et al., 2004), and apoptosis (Garcia Fernandez et al.,
2000; Kirkland et al., 2002; Matsko et al., 2001; Ott et al., 2007),
have been induced by the presence of CL in the membrane. From
another point of view, the interaction of bio-macromolecules with
the CL on the phospholipid membranes has been reported to in-
duce the phase segregation of the CL-modified membranes
(Luévano-Martinez et al., 2015; Sennato et al., 2005; Maniti et al.,
2009). It is clearly suggested that lipid membranes, including CL,
must affect the catalytic activity of enzymes located around mi-
tochondria, where metabolic pathways such as the tricarboxylic
acid (TCA) cycle and lipid synthesis can be controlled. Therefore,
the physicochemical properties of CL-modified membranes are
considered as a potential indication of the control of the metabolic
flux generated by each biomolecule.

Isocitrate dehydrogenase (ICDH) is an enzyme catalyzing the
oxidative decarboxylation of isocitrate to o-ketoglutarate and
carbon dioxide. Several isoforms of ICDH are present in mammals
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that vary in function: NAD*-dependent ICDH has a catabolic role
in the TCA cycle at the mitochondria in the energy production
pathway. On the other hand, NADP*-dependent ICDH, which is
not usually considered a member of the TCA cycle, has the anabolic
function of providing biosynthetic intermediates, generating
NADPH for the reductive biosynthesis of fatty acids and the reg-
ulation of oxidative damage, in cytosol and in mitochondria
(Ceccarelli et al., 2002). NADP*-dependent ICDH isomers, loca-
lized at mitochondria, cytosol, and peroxisomes (Contreras-Shan-
non et al., 2005), are assumed to be key enzymes in several me-
tabolic pathways. In regards to the microscopic environment
around organelle membranes, the composition of membrane li-
pids differs from organelle to organelle (Jain and Wagner, 1980),
and the role of the membrane in ICDH isomers must be dependent
on the characteristics of the membrane. An essential role of bio-
membranes is to localize the function of biomolecules (Walde
et al,, 2014).

In our series of previous works, the activities of biomolecules
have been regulated by their binding to membranes: fragmented
superoxide dismutase (Tuan et al., 2008), in vitro transcription and
translation (Bui et al, 2008; Suga et al, 2011), fibrillation of
amyloid P (Shimanouchi et al, 2012a, 2012b), and hexokinase
(Umakoshi and Nishida, 2012). It has also been reported that ac-
tivities of metabolic enzymes could be regulated on outer or inner
mitochondrial membranes (Denton, 2009; Laterveer et al., 1994).
Owing to the diversity in phospholipid composition in organelle
membranes (Jain and Wagner, 1980; Bottinger et al., 2012), it is
assumed that membrane-localized ICDH must be regulated de-
pending on the characteristics of membranes; CL molecules could
play an important role in controlling the binding and activity of
dehydrogenases by altering the membrane properties. Although
NADP *-dependent ICDH has crucial roles in metabolic pathways,
its interaction with membranes, especially with CL, is still unclear.
It is therefore important to evaluate potential roles of lipid
membranes in the metabolic flux.

In this study, the interaction between NADP*-dependent ICDH
and CL-modified lipid membranes was examined to understand
the possible role of the membrane in controlling the function of
the enzyme. Based on previous reports (Ellis and Goldberg, 1971;
Kvamme et al., 1991), the relative enzymatic activity, Kcat/Km, and
the substrate affinity, 1/K,,, were calculated for ICDH in the pre-
sence and absence of liposomes. Liposomes, containing 0-30 mol%
of CL, 20 mol% of cholesterol (Ch), and 1,2-dipalmitoyl-sn-glycero-
3-phosphocholine (DPPC), were used as model-biomembranes
and were characterized by previously reported methods using
fluorescent probes (Hayashi et al., 2011; Suga and Umakoshi,
2013). The effect of physicochemical properties of CL-modified li-
posomes on the activity of ICDH and their interaction were
investigated.

2. Materials and methods
2.1. Materials

1,1,2,2-Tetraoleoylcardiolipin (sodium salt) (CL) and 1,2-di-
palmitoyl-sn-glycero-3-phosphocholine (DPPC) were purchased
from Avanti Polar Lipids Inc. (Alabaster, AL, USA). Cholesterol (Ch),
isocitrate dehydrogenase (NADP " -dependent) from porcine heart,
and DL-isocitrate (trisodium salt) were purchased from Sigma
Aldrich (St. Louis, MO, USA). B-Nicotinamide-adenine dinucleotide
phosphate oxidized form (NADP*) and other chemicals were
purchased from Wako Pure Chemicals (Osaka, Japan). These che-
micals were used without further purification.

2.2. Liposome preparation

Liposome suspensions were prepared on the basis of literatures
(Suga and Umakoshi, 2013). Briefly, a chloroform solution con-
taining 0-30 mol% of CL, 0-20 mol% of Ch, and DPPC was dried in a
round-bottom flask by rotary evaporation under vacuum. The
obtained lipid films were dissolved in chloroform, and the solvent
was evaporated. The drying and dissolving were repeated 3 times.
The lipid thin film obtained was kept under a high vacuum for at
least 3 h, and then hydrated with PBS buffer at room temperature.
The vesicle suspension was frozen at —80 °C and thawed at 50 °C
to enhance the transformation of small vesicles into larger mul-
tilamellar vesicles (MLVs). This freeze-thaw cycle was performed
5 times. MLVs were used to prepare large unilamellar vesicles
(LUVs) by extruding the MLV suspension 11 times through 2 layers
of polycarbonate membranes with mean pore diameters of 100 nm
using an extruding device (Liposofast; Avestin Inc., Ottawa,
Canada).

2.3. Evaluation of membrane properties of liposomes

The fluorescent probe N,N-dimethyl-6-dodecanoyl-2-naphthy-
lamine (Laurdan) is sensitive to the polarity around itself, which
allows the surface polarity of lipid membrane to be determined
(Parasassi et al., 1991). The solution containing Laurdan and lipo-
some was incubated for 1 h at 37 °C. After that, ICDH was added to
the solution, and the sample solution was incubated for 1h at
37 °C. The sample solution was excited at 340 nm, and the fluor-
escent spectra were recorded by the fluorescence spectro-
photometer FP-6500 (JASCO Co., Tokyo, Japan). The membrane
polarity was evaluated by calculating the emission intensities (I440,
I490) as follows:

GP34(]:(]440—]490)/(1440+I490), where the GP34() represents the
general polarization. The total concentrations of lipid and Laurdan
were 100 uM and 1 pM, respectively. The fluidity in the interior of
liposome membrane was evaluated by measuring the fluorescence
anisotropy of 1,6-diphenyl-1,3,5-hexatriene (DPH) incorporated in
the liposome membrane, using the fluorescence spectro-
photometer FP-6500 (JASCO, Tokyo, Japan). The solution contain-
ing DPH and liposome was incubated for 1 h at 37 °C. After that,
ICDH was added to the solution, and the sample solution was in-
cubated for 1 h at 37 °C. The sample solution was excited with
vertically polarized light (360 nm), and the emission intensities
both perpendicular (I,) (0°, 0°) and parallel (I;) (0°, 90°) to the
excited light were recorded at 430 nm. The polarization (P) of DPH
was then calculated by using the following equations:

P= (IJ_ - GIH)/(IJ_ + GI”)
G =i.fi,

where i, and i, are emission intensities perpendicular to the
horizontally polarized light (90°, 0°) and parallel to the horizon-
tally polarized light (90°, 90°), respectively, and G is the correction
factor. The membrane fluidity was evaluated based on the re-
ciprocal of polarization, 1/P. All the measurement was achieved at
37 °C. The total concentrations of lipid and DPH were 250 uM and
1 uM, respectively.

2.4. Measurement of enzymatic activity

A PBS buffer solution (pH 7.3) containing ICDH, MgCl,, NADP*
and liposome was incubated for 1 h at 37 °C. Then, the reaction
was started by mixing the above solution (150 pL) and the sub-
strate solution containing isocitrate (50 uL) at 37 °C, and the ab-
sorbance at 340nm was recorded by xMark Microplate
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Spectrophotometer (Bio-Rad Laboratories, Inc., Hercules, CA, U.S.
A.). The activity of ICDH was monitored continuously by the re-
duction of NADP* to NADPH (£340=6.22 x 103 M~ ! cm~') at 37 °C
(Bartholomae et al., 2014). The enzymatic parameters were cal-
culated by Hanes-Woolf plot (Kvamme et al., 1991; Umakoshi and
Nishida, 2012). Liposomes did not affect the NADP* stability. The
total concentrations of the materials were as follows; ICDH,
0.1 uM; MgCl,, 1 mM; lipid, 0.5 mM; and isocitrate, 6.7 mM. The
initial rate of NADPH production (rpg), obtained in the presence of
0.3 mM of NADP*, was used as standard, and the relative rpg va-
lues were measured for calculation of the enzymatic activity (kcat
|Kn) and substrate affinity for NADP* (1/Ky,).

2.5. Conformation analysis of ICDH

The secondary structure of ICDH was determined by circular
dichroism (CD) analysis using J-820W spectrometer (JASCO Co.,
Tokyo, Japan). A quartz cell with 0.1 cm-path length was used for
the measurement, and the CD spectra were recorded from 200 to
250 nm. The samples containing 3.0 pM of ICDH were diluted in
PBS buffer with or without liposomes and were, then, incubated
for 1 h at 37 °C. Because the peaks at 222 and 209 nm were de-
rived from a-helix structure, and the peak at 218 nm was from [3-
sheet structure (Chen et al., 1972), the conformation of ICDH was
determined by the comparison of these peak intensities. CD
measurements were carried out with the following parameters:
2 nm bandwidth; 50 nm/min run speeds; 0.1 nm step size; 2s
response times; and average of 4 runs. The total concentrations of
ICDH and lipid were 3.0 pM and 0.5 mM, respectively.

The intrinsic fluorescence of tryptophan (Trp) was measured to
analyze the tertiary structural change of the enzymes (Umakoshi
and Nishida, 2012), by measuring the fluorescent emission of Trp,
which can be shifted by the surrounding dielectric environment
(Zahid et al., 2013). The measurement was performed by using the
fluorescence spectrophotometer FP-6500 (JASCO Co., Tokyo, Japan)
at an excitation wavelength of 295 nm.
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3. Results and discussion

In general, biological membranes are composed of saturated
and unsaturated phospholipids. CL molecules are enriched in the
IMM, whereas enrichment is poor in the OMM. Based on our series
of works, liposomes composed of the ternary lipid mixture of
unsaturated lipid (e.g., 1,2-dioleoyl-sn-glycero-3-phosphocholine),
saturated lipid (e.g., DPPC), and Ch showed lower membrane
fluidities than those composed of purely unsaturated lipids (Suga
et al,, 2013). This implies that biological membranes are in liquid
phases, but the membranes would be kept in lower fluidities.
Considering these membrane properties, CL-modified liposomes
with different CL ratios were prepared using the ternary lipid
mixture of CL/DPPC/Ch. Here, CL/DPPC/Ch=(30/50/20), CL/DPPC/
Ch=(20/60/20), CL/DPPC/Ch=(5/75/20), and CL/DPPC/Ch=(0/100/
0) are referred to as CL 30, CL 20, CL 5, and DPPC, respectively.
Based on the analysis of physicochemical membrane properties,
the effect of liposomes on the interaction and activity of ICDH was
investigated.

3.1. Characterization of CL-modified liposomes

Laurdan is a microenvironment-sensitive fluorescent probe
that is used to characterize the liposome membrane surface
(Hayashi et al., 2011; Suga and Umakoshi, 2013). Fig. 1(a) shows
the emission spectra of Laurdan for CL-modified liposomes. The
spectra of CL 30 and CL 20 liposomes showed two emission peaks
at 440 and 490 nm, derived from the ordered and disordered
phases, respectively. In our previous work (Suga and Umakoshi,
2013), the LUVs that showed two emission peaks of Laurdan
fluorescence could be in heterogeneous phases (liquid-disordered
(la)+liquid-ordered (l,), or (lg)+solid-ordered (s,)). As CL and
DPPC possess the unsaturated aliphatic chains and saturated
chains, respectively, the disordered phases (Laurdan peak at
490 nm) that appeared in CL 30 and CL 20 liposomes were esti-
mated to be CL-rich domains, whereas the ordered phases were
DPPC and Ch-rich.

By combining Laurdan and DPH analyses, the phase state of
liposomes could be estimated. Fig. 1(b) shows a Cartesian diagram

b Membrane polarity GPsy[-]

0.64
n
. -+
A 0.2
o
T Membrane
fluidity
: : =0.2 1/=PH
2 4 6 8

Fig. 1. (a) Fluorescence spectra of Laurdan. Emission peak at 440 and 490 nm are derived from the ordered and disordered phases, respectively. Experiments were performed
with 100 uM lipid and 1 uM Laurdan at 37 °C. Lines indicate CL 30 (blue), CL 20 (purple), CL 5 (red), and DPPC (green). (b) Cartesian diagram (Suga and Umakoshi, 2013) of
liposomes at 37 °C. 1/P and GPs4¢ values indicate the membrane fluidity and polarity, respectively. When the liposome membrane becomes polar (GPs40 decrease), its fluidity
becomes higher (1/P increase). Symbols indicate CL 30 (closed diamond), CL 20 (closed triangle), CL 5 (closed square), and DPPC (closed circle). (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 2. (a) Initial rate of NADPH production (rpo) in the presence of liposomes at 37 °C. The kinetic parameters were determined by varying the concentration of NADP*.
Symbols indicate control (without liposomes) (open circle), with CL 30 (closed diamond), with CL 20 (closed triangle), with CL 5 (closed square), and with DPPC (closed
circle). (b) Relative enzymatic activity of ICDH (top column) and relative 1/Ky, (y axis) or relative k¢, (r axis) (bottom column). The data were calculated by using Hanes—
Woolf plots, whereby the control measurements (“control”) is ICDH only (without liposomes). The total concentrations of ICDH, isocitrate, and lipid were 0.1 uM, 6.7 mM, and

0.5 mM, respectively, in all experiments.

of CL-modified liposomes at 37 °C, where the x-axis and y-axis are
membrane fluidity (DPH) and membrane polarity (Laurdan), re-
spectively. CL 5 liposome showed properties similar to those of the
DPPC liposome, indicating that CL 5 liposome could be in the
homogeneously ordered phase. In proportion to the amount of CL,
the 1/P values increased and the GPs4o values decreased. It is
suggested that CL 30 and CL 20 liposomes could be segregated in
two phases, where CL molecules could form nano-domains in the
disordered phases. It has been reported that the conical shape of
CL molecules induce a negative curvature strain, so that bilayer
polar region becomes more accessible to water (loffe et al., 2006).
By using these liposomes, the enzymatic activity of ICDH and the
possible interaction mechanism were determined in the following
sessions.

3.2. Enzymatic activity of ICDH

The initial rates of NADPH production (rpg) were measured at
various concentrations of NADP*, while maintaining isocitrate at
saturating concentrations, in the presence or absence of liposomes
(Fig. 2(a)). The rpg values decreased in the presence of CL 30 and CL
20 liposomes, compared to the control (in the absence of lipo-
somes), whereas rpg values increased in the presence of CL 5 lipo-
some. DPPC liposome, which did not include CL molecules, did not
significantly affect rpo values. The kinetic parameters for NADP* as
a substrate were determined based on a Hanes-Woolf plot
(Kvamme et al., 1991; Umakoshi and Nishida, 2012) to consider the
kinetic constants for enzymatic activity with small measurement
errors. The rpg values were plotted against NADP* concentration,
and a linear relationship was obtained by plotting the data ac-
cording to Hanes-Woolf plot, which allowed determining k., and
kcat/Km values from the slope and intercept (Supplementary Ma-
terials, Fig. S1). The relative enzymatic activity (kca/Kyn) in the
presence of CL 30 or CL 20 liposomes was lower than that of the
control, in which the substrate affinity for NADP* (1/K,) de-
creased (Fig. 2(b)). In contrast, the k.,/Ky, value in the presence of
CL 5 liposome was higher than that of the control, whereas the
1/K,, value increased. It has been reported that phospholipid
membranes can act as regulators of localized activity (Walde,
2010; Walde et al., 2014), and a possible role of the membrane is to

localize enzymes and substrates to their surface. In the case of CL
5 liposome, substrates and ICDH could accumulate on the mem-
brane surface, without the denaturation of ICDH conformation. In
the presence of DPPC liposomes, both k.,/K,, and 1/K, values
were not significantly affected. The k., values were maintained in
the presence of liposomes. These changes of relative activity were
considered to be due to the changes in substrate affinity for
NADP ", indicating that CL-modified liposome membrane surfaces
could control substrate affinity. Using protein data bank (PDB) data
analysis (PDB ID: 1LWD (Ceccarelli et al., 2002)), ICDH possesses a
positive net charge in our experimental conditions (pH 7.3). It has
been reported that CL clusters and membrane domain formation
could be induced by mitochondrial proteins (Epand et al., 2007),
such as cytochrome c (Mirkin et al., 2008) and creatine kinase
(Fritz-Wolf et al., 1996). Such mitochondrial membrane binding
proteins are usually positively-charged under physiological con-
ditions, indicating that ICDH can also bind to negatively-charged
membranes, such as CL-modified liposomes. However, the strong
electrostatic interaction between protein (enzyme) and liposome
may induce denaturation (Umakoshi and Nishida, 2012). In this
work, total lipid concentration did not affect the enzymatic ac-
tivities of ICDH, possibly because the concentration of ICDH
(0.1 pM) was much lower than that of lipid (0.5 mM) or NADP*
(0.025-0.6 mM). In regards to the biological membrane composi-
tion of mitochondria, the OMM and IMM include <1 wt% and
18 wt% of CL of total phospholipids, respectively (Daum and Vance,
1997). It is speculated that membranes containing a significant
amount of CL act to decrease ICDH activity, whereas membranes
containing less CL do not show these inhibitory effects. These re-
sults suggest that the CL-modified liposomes may act as regulators
of the flux of ICDH activity.

3.3. Effect of ICDH on characteristics of liposome membranes

To evaluate the effect of ICDH on the characteristics of liposome
membranes, variations in membrane polarity (AGPs4) and
membrane fluidity (A1/P) were investigated by using Laurdan and
DPH, respectively. As Laurdan and DPH can monitor membrane
properties at surface regions and membrane fluidities at hydro-
phobic interior regions, respectively, it is possible to estimate the
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Fig. 3. (a) Variations of membrane polarity (AGPs40) in the presence of ICDH at 37 °C. The total concentrations of lipid and Laurdan were 100 uM and 1 uM, respectively.
AGPs34 values were calculated as follows: AGP340=GPs40, (4 )icon— GP340, (—ycpn. (b) Variations of membrane fluidity (A1/P) in the presence of ICDH at 37 °C. The total
concentrations of lipid and DPH were 250 uM and 1 uM, respectively. A1/P values were calculated as follows: A1/P=1/P, (, ycpu— 1/P, (- ycpn. Symbols indicate CL 30 (closed

diamond), CL 20 (closed triangle), CL 5 (closed square), and DPPC (closed circle).

ICDH binding region of the liposome membrane using these
fluorescent probes. Laurdan, which is sensitive to the dielectric
surroundings, can indicate a polar environment of liposome
membranes, whereas the AGPs4o value provides the degree of
hydration at the membrane surface in the presence of a guest
molecule (Parasassi et al., 1991; Hirsch-Lerner and Bare-
nholz,1999). The GP349 was calculated in the presence of ICDH and
values are summarized in Fig. 3(a). The AGPs40 values of CL 30 and
CL 20 liposomes increased in the presence of ICDH, indicating that
CL-modified liposome membrane surfaces were dehydrated. The
AGP340 values of CL 5 also increased slightly, whereas those of
DPPC did not vary with the coexistence of ICDH. In contrast, 1/P
values were not affected by the coexistence of ICDH for these li-
posomes (Fig. 3(b)). The CL-rich domain was estimated to be in
disordered phases (Fig. 1), as these membranes were more hy-
drophilic than those in the ordered phases. It has been reported
that increases in AGPs4 values indicate dehydration of the
membrane surface, due to interactions with protein (Melo et al.,
2014) and nucleic acid (Suga et al., 2013). Our results suggest that
ICDH could located at the membrane surface, not but at the hy-
drophobic interior region. The degree of change in this membrane
polarity would reflect the strength of the interaction between li-
posomes and ICDH. It was therefore considered that the CL-rich
domain in CL 30 and CL 20 liposomes strongly interacted with
ICDH. The interaction between the CL-rich domain and ICDH in-
hibit the substrate affinity for NADP*, resulting in a decrease in
activity of ICDH.

3.4. Effect of CL-modified liposomes on ICDH conformation

In general, the function of a protein or enzyme is strongly
related to its conformation (Ghosh and Ray, 2013). It is expected
that the regulation of ICDH activity could be induced by its con-
formational change at the liposome membrane surface. To
investigate the effect of CL-modified liposomes on the ICDH con-
formation, the secondary structure of ICDH in the presence of li-
posomes was analyzed by circular dichroism (CD) spectroscopy
(Fig. 4). Variation in the CD spectrum was observed in the presence
of CL 30 liposome, indicating a conformational change in ICDH. In
contrast, the CD spectrum of ICDH was not changed significantly in

2500 * b
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u;:' — CL20

° = — CL5

S -7500f = B DPPC T
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Fig. 4. CD spectra of ICDH in the presence or absence of liposomes. The total
concentrations of ICDH and lipid were 3.0 pM and 0.5 mM, respectively. Lines in-
dicate control (without liposome) (black), with CL 30 (blue), with CL 20 (purple),
with CL 5 (red), and with DPPC (green). (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)

Table 1
Conformation analysis of ICDH in the presence of liposomes.

Helix [%]* Sheet [%]* Trp fluorescent peak [nm]”
Control 829+03 171+0.3 343.6 +04
CL 30° 773+ 0.6 22.7+0.6 3426+ 04
CL 20° 822+0.5 177 +£ 0.5 3440+ 1.2
CL 5¢ 82.5+0.8 175+ 0.8 343.6+0.8
DPPC* 80.8+0.4 19.2+04 3436+ 04

¢ Evaluated by CD spectrum fitting. All experiments were conducted at least
6 times. Average and error values were shown.

b Evaluated by the fluorescence emission of intrinsic Trp of ICDH (excitation
wavelength was 340 nm). All experiments were conducted at least 3 times. Average
and error values were shown.

¢ Experiments were performed with 0.1 uM ICDH and 0.5 mM liposomes at
37 °C.
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the presence of CL 5 liposome. Based on the fitting analysis
(Greenfield and Fasman, 1969), the coexistence of CL 30 liposome
and ICDH reduced the a-helix content of ICDH (Table 1), whereas
the presence of CL 5 liposome did not. Therefore, the CL 30 lipo-
some was likely to affect the conformation of ICDH, which was one
of possible reasons for the decrease in 1/K;, and inhibition of ICDH
activity. As CL 30 liposomes could form the CL-rich domain and
interact with ICDH strongly, compared to the CL 5 liposome
(Fig. 3), it is suggested that the binding site of NADP* in ICDH can
interact with the CL-rich domain in disordered phases. It has been
reported that ICDH loses its enzymatic activity in lower pH con-
ditions (pH <5) (Huang et al.,, 2004). The surface of CL-rich
membranes could be acidic, and the localization of ICDH could
result in the inhibition of ICDH activity. In regards to the structure
of ICDH, some parts of the amino acid sequence in ICDH are a-
helix and positively charged (including arginine) (Supplementary
Materials, Fig. S2), which were exposed to the bulk water. It was
therefore assumed that CL-modified liposomes could make con-
tact with such sequences, to induce conformational changes in
ICDH. Considering the small conformational change of ICDH in-
duced by DPPC liposome, it could be suggested that the DPPC li-
posome had no apparent impact on the ICDH activity, although
further studies are required to understand the role of the liposome
membrane.

To get an insight into the inner conformational change of ICDH,
the intrinsic fluorescence of Trp in ICDH was also evaluated in the
presence of liposomes. It has been reported that the emission peak
of Trp can be shifted by the surrounding dielectric environment: in
a non-polar environment (e.g., organic solvent, interior of protein),
the fluorescent peak of Trp appears at almost 330 nm, whereas
this peak shifts to a higher frequency in a polar environment (e.g.,
water, surface of protein) (Konev, 1967; Umakoshi and Nishida,
2012). In this study, no peak shift of Trp emission was observed in
the presence of liposomes (Table 1), which indicated that the in-
trinsic Trp surroundings were not affected by CL-modified lipo-
some interactions, therefore the inner conformational change of
ICDH did not occur. It is therefore investigated that these CL-
modified liposomes did not induce the denaturation of the in-
trinsic conformation of ICDH.

4. Conclusions

The enzymatic activity of ICDH was regulated at the surface of
CL-modified liposome membranes. Based on fluorescent probe
analysis (Laurdan and DPH), the physicochemical membrane
properties of CL 30, CL 20, and CL 5 liposomes were investigated:
CL 30 and CL 20 liposomes could form a CL-rich domain in liquid-
disordered phases, whereas the CL 5 liposome was in a homo-
geneously liquid-ordered phase. The CL 5 liposome enhanced the
ICDH activity, whereas CL 30 and CL 20 liposomes inhibited this
activity. The dominant factor was the substrate affinity for NADP*,
1/K,, in our experimental conditions. By investigating liposome
membrane polarities in the absence and presence of ICDH, mem-
brane surfaces of liposomes forming CL-rich domains were found
to be more dehydrated by ICDH binding than CL 5 liposome.
Therefore, ICDH can interact with CL-rich domains in disordered
phases. CD spectroscopic analysis showed the conformational
change of ICDH in the presence of CL 30 liposome, but not in the
presence of CL 5 liposome. These results suggest that the CL-rich
domain in liposomes can interact with ICDH, inducing a decrease
in substrate affinity for NADP* via a conformational change in
ICDH. It is assumed that the diversity of membrane lipids and
related membrane property variations must be implied in reg-
ulating this metabolic flux. Therefore, designed liposome mem-
branes can be applied to understand the possible roles of CL

molecules in organelle membranes. Based on our findings, con-
certed, consecutive, and competitive enzymatic reactions, invol-
ving multi-enzymes, are expected to be controlled at the mem-
brane surface, depending on the characteristics of the membranes.
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