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ABSTRACT:

Saponin is the main bioactive component of the Dioscorea species, which are traditionally used for treating
chronic diseases. An understanding of the interaction process of bioactive saponins with biomembranes
provide insights into their development as therapeutic agents. The biological effects of saponins have been
thought to be associated with membrane cholesterol (Chol). To shed light on the exact mechanisms of their
interactions, we investigated the effects of diosgenyl saponins trillin (TRL) and dioscin (DSN) on the
dynamic behavior of lipids and membrane properties in palmitoyloleolylphosphatidylcholine (POPC)
bilayers using solid-state NMR and fluorescence spectroscopy. The membrane effects of diosgenin, a
sapogenin of TRL and DSN, are similar to those of Chol, suggesting that diosgenin plays a major role in
membrane binding and POPC chain ordering. The amphiphilicity of TRL and DSN enabled them to interact
with POPC bilayers, regardless of Chol. In the presence of Chol, the sugar residues more prominently
influenced the membrane-disrupting effects of saponins. The activity of DSN, which bears three sugar units,
led to perturbation and further disruption of the membrane in the presence of Chol. However, TRL, which
bears one sugar residue, increased the ordering of POPC chains while maintaining the integrity of the bilayer.
This effect on the phospholipid bilayers is similar to that of cholesteryl glucoside. The influence of the

number of sugars in saponin is discussed in more detail.

1. Introduction
Saponins are a general name given to compounds consisting of aglycones with sterol or triterpenoid
structures and various sugar chains that are widely distributed in plants as secondary metabolites. They have

historically contributed to human life through their beneficial effects [1,2]. Diosgenyl saponins, such as



trillin (TRL) and dioscin (DSN) (Fig. 1), which share the same sapogenin, diosgenin, are the main bioactive
components of the Dioscorea species. These plants have been consumed for the treatment of illnesses, such
as rheumatoid arthritis and bronchitis, and they have also been used for pain reduction and treatment of poor
blood circulation [3]. Diosgenin, TRL, and DSN have distinct biological activities. The beneficial roles of
diosgenin have been studied for the treatment of cancers, such as colon cancer and leukemia, for the
management of diabetes and atherosclerosis, and for the prevention of neurodegenerative and metabolic
disorders. Diosgenin is an industrially important precursor for producing hormones. TRL has also manifested

pharmacological significance because of its antioxidant and anti-inflammatory effects [4][5]. DSN, one of

the most potent membrane-active diosgenyl saponins, has anti-cancer, anti-inflammatory,
hypocholesterolemia, and neuroprotective effects [6][7]. Diosgenyl saponins have been considered potential
drug leads in the development of treatment strategies because of their wide spectrum of pharmacological and
biological activities.

Diosgenyl saponins consist of a hydrophobic steroidal sapogenin and a hydrophilic sugar moiety, making
them powerful amphiphiles with high surface activity. Thus, the biological effects of saponins have been
attributed to their interaction with membrane lipids, as is the case with other saponin families. An intriguing
behavior of saponins is their conspicuously characterized affinity for cholesterol (Chol) in membranes [8][9],
which is considered to be related to their bioactivities. This highly recognized saponin—Chol interaction has
been probed for its pharmacological relevance (e.g., treatment for hypercholesterolemia) and its effect on
membrane phase behavior [8][10]. However, there have been reports of the activities of saponins on the
membrane, even without Chol. The interaction of saponins with membranes is not necessarily Chol
dependent but is likely influenced by their structure [11][12][13]. TRL and DSN, which differ in the number
of sugars, have the same aglycon, diosgenin, which consists of a steroidal core and spiro-bicyclic side chain
[14]. There have been a few reports on the relationship between the number of sugar units in saponins and
biological activity. For example, Rh2, a type of ginsenoside with one glucose substitution at position 3, is
more cytotoxic than Rg3, with two substitutions at position 3 [15].

Lipid—saponin interactions in membranes provide valuable insights into the pharmacokinetics because of
the membrane penetration and cytotoxicity of these molecules [16,17]. Given that they are amphiphilic, these
natural products can easily attach to lipid membranes and potentially modulate the membrane structure. We
investigated TRL and DSN interactions with membrane lipids and evaluated their behavior in comparison
with diosgenin [14], which is the sapogenin of TRL and DSN. Diosgenin lacks a sugar unit, TRL has one
sugar, glucose, and DSN has three sugar units (Fig. 1). Thus, we elucidated the role of a sugar moiety in
saponin in a more systematic manner. We also used diosgenin to correlate the steroidal backbone effect of
saponins and to compare its saponin activities with that of Chol. Using different biophysical techniques, we
revealed that the diosgenyl saponins have distinct membrane activity. For the majority of saponins, the key
factor for their membranolytic activity is Chol, but diosgenyl saponins exert their bioactivities owing to their
inherently strong affinity for phospholipids.

The competitive affinity of usual membrane lipids, such as phosphatidylcholine versus Chol, is often seen

for membrane-active compounds other than saponins [18][19][20][21]. In these studies, solid-state NMR



has frequently been used to obtain the molecular basis for interaction between the compound and lipids/sterol
in the atomistic level. We previously used 2H and 3'P NMR to examine the short-lived interplay of membrane
lipids with 2H-labeled Chol and other sterol molecules [14][22][23][24][25].

In this study, we compared the interaction of saponin—Chol with that of saponin—diosgenin in membranes
using biophysical methods, including solid-state NMR and fluorescence spectroscopy. Furthermore, the
results underscored the degree of amphiphilicity of monodesmosidic saponins (i.e., the effect of the number
of sugars as an indicator of membrane-permeabilizing capacity) [26] [27]. These results help clarify the

effect of the sugar-chain size of saponin on Chol affinity and membrane activity in lipid bilayers.
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Figure 1. Structures of diosgenyl saponins bearing a diosgenin—sapogenin, digitonin, related compounds,

and fluorescence probes used in this study. 3d-trillin (3d-TRL) and 1'd-trillin (14-TRL) have one

deuterium atom at the 3" and 1’ positions (shown as “H”), respectively. Cholesteryl glucoside (ChoGlc) has

a structure similar to TRL, except for the side chain.

2. Materials and Methods
2.1. Materials

Base lipids, such as 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) and 1,2-dimyristoyl-
sn-glycero-3-phosphocholine (DMPC) were purchased from NOF Corp., Japan (Coatsome®). Cholesterol

and diosgenin were purchased from Nacalai Tesque Inc. and TCI Japan, respectively. Deuterated POPC
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(10,10"-d>-POPC), in which two deuteron atoms were substituted at the 10’, 10" position of a palmitoyl
chain at the sn-1 position, was prepared by chemical synthesis as reported previously [14].
Diphenylhexatriene (DPH) and laurdan were obtained from Sigma-Aldrich. Laurdan was obtained from
Cayman Chemicals. The deuterated sterols were synthesized based on previous protocols [14]. DSN was
purchased from Carbosynth. Compton, Berkshire, United Kingdom. The deuterated TRLs, 3d-TRL and
1’d-TRL, were freshly synthesized, as described in Additional Materials and Methods section of
Supporting Information. The positions of the deuterium-labels were confirmed by solution 'H NMR
spectra (Fig. S1). The solvents used were of spectroscopic grade, and all other chemicals used were of the

highest available purity.

2.2. Preparation of liposomes

POPC or DMPC combined with different amounts of Chol or diosgenin were dissolved in CHCl3/MeOH,
mixed, and vortexed. The solvent was removed under an Ar stream and dried in vacuo overnight. The dried
lipid mixture was then hydrated at 40°C for 1 h with Milli-Q for DSC experiments and 0.1 M PBS (pH 7.4)
for fluorescence measurements and subsequently subjected to five freeze—thaw cycles. Multi-lamellar
vesicles (MLVs) were used immediately after preparation. For fluorescence measurements, the MLV's were
further sonicated (SND Co. Ltd. Japan 100 W) for 10 min to produce unilamellar vesicles [28]. For solid-
state NMR measurements, saponin, lipid mixtures containing POPC, and/or sterol with deuterated lipids, 3d-
Chol, 3d-diosgenin, or 10’,10"-d>-POPC were prepared in organic solvents (CHCl; and MeOH), vortexed,
and dried in Ar. The dried lipid film was then hydrated with Milli-Q water for 30 min. The samples were
then freeze-thawed (five cycles) and lyophilized. The dry lipid was hydrated with an equal amount of
deuterium-depleted water. To completely homogenize the sample, we performed 10 freeze—thaw—centrifuge

cycles. The samples were then transferred carefully to an insert (Bruker BL4 HR-MAS Kel-F) [14].

2.3. Differential scanning calorimetry (DSC) measurements

DSC was measured using Nano-DSC (TA Instruments; New Castle, DE, USA). Approximately 3 mM
of the lipid sample was injected into the DSC sample cell. Heating—cooling scans were performed between
10°C and 50°C with a linear temperature gradient of 0.5°C/min. Thermograms were analyzed using

NanoAnalyze (TA Instruments).

2. 4. Hemolysis assay

Human blood samples were collected on the day of the experiment. The samples were washed with 10
mM PBS at pH 7.4 and mixed using a vortex mixer. The solution was centrifuged for 5 min at 2,000 rpm,
and the supernatant was carefully discarded. The pellet was resuspended in PBS and labeled as a 10% (v/v)
red blood cell (RBC) solution. The 10% RBC was divided into three portions. The first portion was mixed
with PBS to obtain a 1% non-depleted RBC solution. The second portion was incubated with 3.5 mM methyl-



B-cyclodextrin (MBCD) at 37°C for 2 h, followed by centrifugation and resuspension in PBS to obtain a
Chol-depleted RBC 1% (v/v) solution. The last portion was treated similarly to the second portion, but the
cells were treated with a 7:1 mole ratio of Chol/MBCD at 37°C for 2 h to restore Chol in the cell membrane.
The samples were centrifuged and resuspended in PBS to obtain a 1% (v/v) Chol-repleted solution.

The cells were seeded into a 96-well microplate, and saponins were added to the assigned wells, followed
by mixing at a moderate speed. The samples were incubated for 18 h at 37°C, followed by centrifugation at
2,000 rpm for 5 min. The absorbance of the supernatant was measured at 450 nm using a microplate reader
(Corona Electric). A mixture of milliQ water/10% RBC (v/v; 9:1 volume ratio) was used as a positive control,
and 1% (v/v) RBC/PBS (18:1 volume ratio) was used as the blank. Triplicate samples were prepared for

each saponin concentration. Hemolysis was calculated as follows:

Asample - Ablank

X1
y 00

% Hemolysis =
positive control

2.5. Calcein leakage assays

The ability of saponins to induce leakage in large unilamellar vesicles (LUVs) was determined by
measuring the intensity of calcein. Similarly, time-dependent calcein leakage was examined with calcein-
loaded LUVs. LUVs were prepared using POPC and various sterols. Pure POPC and 9:1 POPC/Chol were
dissolved in chloroform in a round-bottom flask. The solvents were removed and dried under reduced
pressure at 35°C and further dried overnight in vacuo. The lipid film was resuspended in 60 mM calcein (1
mL) in 10 mM Tris—HCI buffer containing 150 mM NaCl and 1 mM EDTA at pH 7.4 and mixed using a
vortex mixer for 1 min. Five cycles of freezing (—20°C) and thawing (65°C) were performed to produce
MLVs. The MLV were subjected to extrusion using a LiposoFast Basic extruder (pore size, 200 nm, Avestin
Inc., Ottawa, Canada) 19 times to obtain homogeneous LUVs. Excess calcein was removed using a
Sepharose 4B column (GE Healthcare, Uppsala, Sweden). The lipid and Chol concentrations of the LUV
fraction were quantified using the phospholipid C test and the cholesterol E test kits, respectively. The final
concentrations of the phospholipid and Chol in the resulting LUVs were adjusted depending on the
measurements to be conducted. LUVs were immediately used for measurement to prevent premature vesicle
leakage. A 96-well Nunclon Delta Surface (black) F-bottom microplate (Thermo Scientific, Waltham, MA,
USA) was used, and the initial fluorescence was measured using an MTP-800 series, Corona Electric
Multimode Microplate Reader (Ibaraki, Japan) at an excitation wavelength of 490 nm and an emission
wavelength of 517 nm. Saponins were added to the LUV, which were mixed at a slow speed for 1 min and
allowed to stand at room temperature for 5 min, 30 min, 1 h, and 2 h prior to fluorescent measurement after
saponin-induced leakage. Triton-X (10%) was added to the mixture to obtain a condition of 100% leakage.
In the time-course calcein leakage assays, the measurements were carried out using a Jasco FP-6500
fluorescence spectrofluorometer (Tokyo, Japan). The sample was continuously mixed using a magnetic

stirrer, and fluorescence was stabilized for 2 min. Saponin was added, and fluorescence changes were



observed for a total of 5 min. Triton-X was then added for the 100% leakage condition. The % calcein

leakage was calculated using the following equation:

_10

I
% Calcein leakage = 5 — X 100

T 0

where Is, It, and Iy are the fluorescence intensities after saponin addition, at 100% LUV leakage, and

background, respectively [29].

2.6. Fluorescence measurements

Solutions (100 uM each) of laurdan and DPH were prepared in EtOH. Liposomes in PBS buffer (3 mL,
the concentration of total lipids was 50 pM) were incubated with the probes (lipid:probe ratio of 200:1) at
37°C for 3 h. For laurdan, steady-state fluorescence emissions from 400 nm to 600 nm were recorded using
an FP-8500 spectrofluorometer (JASCO, Tokyo, Japan) with an excitation wavelength of 340 nm and an
emission wavelength from 400 nm to 600 nm. Generalized polarization (GP.x) was calculated from the
emission intensities at 440 (I440) and 490 (I490) nm using the following equation adapted from Parasassi et al.
[30]:

GPo = (252 (1)

I440+ Is90

The DPH anisotropy measurements were performed using an FP-8500 spectrofluorometer (JASCO, Tokyo,
Japan) working in the L-format and equipped with automatic polarizers. The samples were excited at Aex =
358 nm, and the fluorescence intensity was monitored at Aem = 430 nm. Steady-state anisotropy (r) was

calculated using the following equation:

_ Iyy— Glyp
T Lyp+2Gl @

where [/ is the fluorescence intensity, and the v and /4 subscripts denote the vertical and horizontal settings of
the excitation and emission polarizers, respectively. G is an instrumental correction factor and was calculated

individually for each sample according to the equation: G = In/Iny
2.7.°H and *'P solid-state NMR

Solid-state *'P and 2H-NMR spectra were recorded on a Bruker AVANCE400 spectrometer at 400 MHz
for 'H frequency. For 2H-NMR, a 5 mm 2H static probe using a quadrupolar echo sequence was used. The
90° pulse width was 5 ps, the inter-pulse delay was 30 ps, the echo delay was 24 ps, and the repetition delay
was 0.5 s. The sweep width was 250 kHz, covered with 4,096 points, and the number of scans ranged from

150,000 to 200,000. The probe temperature was set at 30 °C.



For 3'P NMR, a 4 mm HXY triple-resonance MAS probe using direct excitation (without MAS) was
used. The 90° pulse width was 4.35 pus with a relaxation delay of 2 s. '"H decoupling was performed with the
Spinal-64 sequence at 30 kHz. The sweep width was 64 kHz, covered with 4,096 points, and the number of
scans ranged from 4,000 to 5,000. The probe temperature was set to 30 °C. The chemical shift anisotropy
(CSA) is expressed as o,— oL in the text.

3. Results

3.1. Hemolysis and calcein leakage assays

Hemolysis and calcein-leakage assays are standard methods for identifying membrane-permeabilizing
agents. In a hemolysis assay, DSN induced a complete lysis of RBCs comparable to the hemolytic activity
of digitonin, a well-known membrane disrupting saponin [31]. This result is consistent with a previous report
showing that DSN has potent hemolytic activity and cytotoxicity toward cultured cells [32]. By contrast,
TRL was virtually inactive (Fig. 2).

We evaluated the membrane-permeabilizing activity of TRL and DSN using a calcein leakage assay
according to the conditions used in previous saponin studies (Fig. 3) [31][11]. In this experiment, we
evaluated lipid membrane disruption using model membranes containing no proteins. In POPC-Chol bilayers
(Fig. 3B), we observed a similar trend to that of the hemolysis assay. In the Chol-containing bilayers, DSN
induced calcein leakage for 5 min more efficiently than did TRL, while in POPC unitary bilayers DSN and
TRL showed similar weak activity. The results of the calcein-leakage for long incubation times are shown
in Fig. S2. The leakage activity of the TLR-incubated group was relatively elevated at 30-min or longer
incubation, which could be attributed to the domain formation of bilayers by saponin. Since the main purpose
of this study was to examine the direct effect of saponin inserted into bilayers, we focused on a relatively

short incubation time of 5 min to suppress the effect of domain formation [31].
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Figure 2. Hemolytic activity (%) of TRL (hatched) and DSN (gray). The error bars denote the SEM
derived from triplicate experiments. Hemolytic activity (%) of TRL (hatched) and DSN (gray) on red

blood cells. The control percentage was around zero with a SEM value similar to that of the TRL results.
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Figure 3. Calcein leakage from LUVs consisting of POPC (A) and POPC: Chol (9:1) (B) induced by TRL
(light gray) and DSN (maroon) for 5 min at different concentrations. The % leakage values for the control
without TRL and DSN were very close to those for TRL at 5.0 umol/L for both lipid compositions. The

error bars denote the SEM derived from the triplicate experiments. The leakage data for longer incubation

times are presented in Fig. S2.



3.2. Differential scanning calorimetry

The effects of saponins on the thermotropic behavior of DMPC membranes were evaluated using DSC.
The phase transition temperature of POPC is -3 °C, which means that antifreeze must be used to perform
DSC experiments, which would not reproduce the binding of saponin to the membrane in the calcein and
hemolysis experiments. Instead, we used DMPC, which has a phase transition temperature near room
temperature. The MLVs were prepared, and the endothermic profiles of DMPC and DMPC/Chol bilayers
were examined after incubation with 50 uM saponins (Fig. 4). The TRL-incubated MLVs (Fig. 4, middle
panel II) showed almost identical endothermic profiles to the non-incubated MLVs, except for the peak
widths. The integrity of the vesicles was mostly maintained. The cooperativity of the acyl chains of DMPC
was slightly decreased by TRL, as demonstrated by the broadening of the peaks. By contrast, the MLVs
treated with DSN at different Chol contents (Fig. 4 III) revealed notable differences. The thermogram of the
DMPC bilayers without Chol (Fig. 4A, III) gave rise to a broader shoulder right below the main transition
temperature, which suggested the disordering of the phospholipids’ gel domain caused by DSN. This
endothermic peak appeared in the presence of Chol (Fig. 4B/C, I1I). This observation suggests the formation
of domains rich in DSN complexed with DMPC and/or Chol. A similar tendency was observed for DMPC
incorporated with diosgenin (Figure S3).
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Figure 4. DSC thermograms of unitary DMPC MLVs (A), DMPC with 5 mol% Chol (B), and DMPC with
10 mol% Chol (C) upon incubation without saponin (I) and with 50 uM TRL (II) and 50 uM DSN (III).

The lipid concentration was 3 mM.



3.3. Water penetration into bilayers and bilayer ordering evaluated by laurdan and DPH

Laurdan is a suitable probe for monitoring the hydration state and the acyl chain order at the interfacial
depth of the membrane, while DPH can monitor the acyl chain order deeper in the membrane. Acyl chain
order reflects membrane stiffness. The solvatochromic properties of laurdan were exploited in membrane
studies to examine membrane polarity and hydration states. The parameter GP3s provides reasonable
estimates of the overall lipid environment. A vital characteristic assessed by Laurdan GPs49 is the presence
of water penetration into a lipid bilayer [33]; however, GP349 values can also be used to check the fluidity
and order of the membrane [34]. The LUVs were incubated at 37°C with different concentrations of the
saponins. The GP34 values for TRL-treated LUVs increased for unitary POPC and Chol- or diosgenin-
incorporated POPC (Figs. 5 and S4). For the DSN-treated LUVs, the GP340 values for POPC LUVs increased,
indicating an increase in the rigidity of the membrane. However, in the presence of Chol (Fig. 5B) or
diosgenin (Fig. S4), the addition of DSN and digitonin resulted in a more polar membrane environment
because of membrane disruption by the saponins at higher contents. In the absence of Chol or diosgenin,
both TRL and DSN exerted increases in bilayer ordering, whereas the effect of TRL was more prominent

even at the highest concentration.
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Figure 5. Membrane hydration and order estimated by Laurdan GP34 values of POPC (A) and POPC-
Chol 9:1 (B), and by fluorescent anisotropy (r) of the DPH of POPC (C) and POPC-Chol 9:1 (D) at 37°C
with TRL (black line with square symbols), DSN (red line with circle symbols), and digitonin (green line
with triangle symbols) at 5, 10, 25, and 50 uM, which were added to the LUVs (50 uM) containing 1
mol% laurdan. *MLVs were disrupted under 50 uM digitonin.

The results of the DPH anisotropy verified the Laurdan GP349 data. The insertion of TRL into the membrane
caused the membrane to be more packed, as depicted by the significant increase in the anisotropy of DPH,
even in the presence of Chol (Fig. 5D). DSN also had the same propensity in pure POPC membranes.
However, at higher concentrations, the increase in DPH anisotropy was slow and steady. With Chol or
diosgenin, the anisotropy values tapered off at higher concentrations of DSN, indicating an increase in the
fluidity of the membranes (Fig. 5SD). The interaction between Chol and DSN was assumed to create curvature
strain, and the major structural consequence was the disordering of the acyl chains of POPC. This effect by
DSN and digitonin was confirmed by the GP349 results in Fig. 5B, where digitonin at 50 uM damaged
membrane integrity, causing the penetration of water into the bilayer interior. The lack of change in the DPH
anisotropy of Chol-free membranes with digitonin was due to the very small amount of digitonin bound to
the membrane (a similar trend was observed for the GP349 values). The reason that the anisotropy of Chol-
containing membranes was not much changed by digitonin was probably because little DPH was distributed

to the domains where digitonin and Chol localized.

3.4 °H and *'P solid-state NMR spectra of saponin-containing POPC membranes using *H lipid probes

To determine the orientation and dynamics of the saponins in lipid bilayers and their interaction with
sterols, we used three types of deuterated probes: 3d-Chol and 3d-diosgenin as sterol probes, 1’d-TRL and
3d-TRL as saponin probes, and 10’,10'd>-POPC as a phospholipid probe. These deuterium probes reproduce
the order and orientation of the original compound, which can be evaluated by their quadrupolar splitting
widths. Among these probes, the NMR spectra of 3d-Chol and 3d-diosgenin are shown in Fig. 6. The Av
values of the two probes in the presence of TRL or DSN were very close (Table 1), suggesting a similarity
in saponin’s interactions with diosgenin and with Chol in POPC bilayers. The smaller A v values of 3d-Chol
and 3d-diosgenin in the presence of 10 mol% DSN revealed that the ordering and/or orientation of Chol and

diosgenin were susceptible to the membrane-perturbing effect of DSN.
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Figure 6. ”H NMR spectra of 3-d-Chol (10 mol%) in panels A-C and 3-d-diosgenin (10 mol%) in panels D-
F in POPC bilayers in the absence of saponins (A, D), in the presence of 10 mol% TRL (B, E), and in the
presence of 10 mol% DSN (C, F). The spectra were measured at 30°C. The central peak in each spectrum

may be due to residual deuterated water.

To obtain a clearer picture of the membrane effects of the diosgenyl saponins, we adopted 10’,10"-d>-
POPC. Given that this position of PC is known to be sensitive to the Chol-induced ordering effect on the
acyl chains [35][24], we examined saponin’s effects on acyl chain ordering and the packing of POPC. The
bilayers containing 10 mol% TRL resulted in an increase in the quadrupolar splitting value (Av) of 23 kHz,
although this was slightly lower than the Av value (25 kHz) in the POPC—Chol bilayers (Table 1). This result
was consistent with the fluorescence spectroscopy data, which revealed that TRL intercalated in unitary
POPC membranes and consequently increased the packing of POPC acyl chains. DSN incorporation also
minimally increased Av, denoting a decrease in the membrane fluidity of POPC, as described in the
fluorescence spectroscopy results. This significant reduction in Av was observed with digitonin in the POPC—
Chol membrane, which could be a result of perturbation of the membrane integrity by digitonin. Contrary to
DSN or TRL, we speculated that digitonin could not efficiently bind to unitary POPC bilayers, probably due
to its large sugar moiety, which resulted in an unchanged Av value of 10’,10’-d>-POPC (Table 1). A previous
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study has reported that digitonin hardly binds to SOPC (stearoyl-oleoyl-PC) bilayers, which are similar to
those of POPC [26].

For POPC membranes with Chol, TRL intercalation resulted in a marked increase in the Ay of 10’,10'-
d>-POPC, whereas DSN and digitonin incorporation decreased Av. The incorporation of TRL, aligned in an
upright fashion, in POPC membranes with Chol caused an increased order in the system and made the
membranes more rigid. This transformation was also observed with the 3d-Chol probe, in which the
realignment of the sterol probe was affected by the presence of TRL. In the case of DSN, the lower Av
indicated curvature changes as DSN was incorporated into the system. By contrast, for digitonin, the Av
decreased and approached the value for a pure POPC membrane. A careful interpretation of this result can
be derived from the abstraction of Chol from the membrane, as the sterol associates with digitonin.

We simultaneously recorded 3'P NMR spectra using the same membrane preparations to examine the
integrity of the bilayer structure of POPC (Table 1 and Fig. S5). TRL appeared to maintain the integrity of
the bilayer structure of POPC in the presence or absence of Chol. DSN slightly disrupted the bilayer structure
in the presence of sterols, but the disruption was minor compared to that of digitonin; in the POPC-Cho
bilayer, a small anisotropic peak appeared for the DSN spectrum (Figure S4D), suggesting a local increase

in bilayer curvature (see Discussion for a detailed interpretation of the 3'P NMR results).

3.5 °H NMR study of saponin behavior in bilayers using 3d-TRL and 1°d-TRL

TRL was also labeled to explore the orientation of the saponins in the membrane. The TRL was labeled
at the C3 position of the aglycone (3d-TRL) and at the C1’ of the sugar moiety (1°’d-TRL) (Fig. 1). These
two site-specific probes were separately used in POPC membranes with and without Chol. Fig. 7 shows the
’H NMR spectra of the POPC MLVs with 10 mol% of the saponin probe, with the spectra on the right being
that of POPC-Chol (9:1). The spectra revealed a typical Pake doublet, implying that the parallel orientation
of the saponin to the membrane was normal. This observation verified the permeation of TRL in POPC
vesicles, as suggested by the fluorescence spectroscopy data. In the presence of Chol, the Avvalue increased
(Fig. 7) for both d-TRL and 1’d-TRL probes, implying that the saponin reoriented itself with Chol in the
membrane. This is an indication that TRL was associated with Chol and that this interaction caused the
membrane to be more ordered.

We recently reported the results of solid-state NMR on the behavior of cholesteryl glucoside (ChoGlc in
Fig. 1) in bilayers [36]. The effect of a sugar unit on the ordering of acyl chains was investigated by assessing
the magnitude of the Av value for 10’,10"-d>-POPC, which was 91% that of Chol, whereas TRL was almost
equivalent to diosgenin (Table 1). In addition, the ordering of the TRL itself at the 3d position was compared
with that of ChoGlc, and they were very close; in the POPC membrane, the TRL was 39.5 kHz, whereas the
ChoGlc was 40.4 kHz [36].
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Figure 7. Solid-state H NMR spectra of 10 mol% deuterated TRLs in POPC and POPC—Chol (9:1)
systems. A and B: 3d-TRL (Fig. 1) in the POPC and in POPC—Chol (9:1) bilayers, respectively. C and D:
1’d-TRL (Fig. 1) in the POPC and POPC—Chol 9:1 bilayers, respectively. The Av values are shown in each

spectrum. The central peak in each spectrum may be due to residual deuterated water.
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4. Discussion

Diosgenyl saponins, such as DSN and TRL, possess multiple pharmacological effects; for example., the
saponin extract has been subjected to a US clinical trial for treating diabetic neuropathy [37]. However, the
mechanism in saponin—membrane interactions, which are a fundamental assessment of the drug’s activity,
has not been thoroughly explored for these saponins. A generally accepted notion about saponin—membrane
interplay is their intrinsic affinity for Chol. However, the molecular mechanism of saponin—sterol
interactions and their membrane-disrupting activity are not fully understood for this saponin class. To
compare the behavior of DSN and TRL with a well-investigated saponin, we adopted digitonin as a reference
compound. Additionally, to clarify the difference between saponin—Chol and saponin—saponin affinity in the
bilayer interior, we examined the influence of diosgenin, the sapogenin of TRL and DSN, on saponin-
induced membrane effects and compared it with those of Chol.

Here, it is important to summarize the interactions of the diosgenyl saponins with the membrane lipids
obtained from the present results. Notably, the membrane ordering or disordering effects of saponin seem
inconsistent across the experiments; DPH anisotropy in the Chol-containing membrane was significantly
increased by the addition of DSN up to 25 uM (Fig. 5D), which meant that the acyl chain order was enhanced.
By contrast, the 2H NMR results showed a slight decrease in the acyl chain order (Table 1, the difference
was -2 kHz) due to the interaction with DSN. We speculate that the difference in the preparation method is
at least partially responsible for the discrepancy in the experimental results. In the fluorescence experiments
with laurdan and DPH, saponin was added to the preformed vesicles, whereas in the NMR experiments
saponin was mixed at the beginning of the vesicles preparation. Interactions of lipids with DSN reduce the
fluctuations of the acyl chains, while the relatively high affinity of DSN for POPC-Chol bilayers led to a
broader distribution of acyl chain orientations (Figure 8D). Under the NMR conditions, saponin was evenly
distributed in both leaflets with little strain between outer and inner leaflets. Therefore, the distortion of the
bilayer in the presence of saponin induces local membrane undulation. The orientation changes caused by
lipid diffusion during the long NMR acquisition time led to a decrease in the 2H-splitting width. However,
in the DPH experiment, saponin mostly bound to the outer leaflet of the vesicle bilayers, inducing a curvature
change over relatively large areas. Thus, lipid diffusion hardly caused a decrease in DPH anisotropy during
the short time scale of the anisotropy measurement. Therefore, we believe that the observed increase in DPH
anisotropy was largely due to the stronger interaction of saponin with lipids and DPH, which resulted in a
decrease in the wobbling of the acyl chains and DPH.

We estimated how much difference in the membrane concentration of saponin would occur between the
two methods with different additions of saponin. Given that the 2H NMR spectra of 10 mol% TRL in Fig.
7A/B showed a characteristic spectral width for molecules bound perpendicularly to the membrane, TRLs
must have been mostly inserted in the bilayer. Having devised a method to estimate the membrane partition
efficiency from DPH anisotropy [42], we attempted to calculate the partition of 10 uM TRLs and DSN to
the POPC-based bilayers. We roughly estimated that 10 - 40 mol% of saponin per lipid was bound to the

membrane under the conditions of the calcein, laurdan, and DPH experiments, which were comparable with
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the saponin content in bilayers in previous studies [12][31]. Considering these results, the differences in
membrane concentrations of saponin between NMR measurements and hemolysis/leakage/ fluorescence
experiments are not considered extreme.

Next, we examined the effects of diosgenin, which is the sapogenin of TRL and DSN and lacks a sugar
chain. Diosgenin in bilayer membranes tends to increase the order of lipid acyl chains, which should be due
to the interaction between the steroidal core and the acyl chains [14]. TRL significantly increased the order
of the acyl chains (10',10'd>-POPC in Table 1) and DSN also slightly raised the order of the lipid chains (Fig.
5). A small but significant difference in the Av values between Chol and diosgenin (or TRL, Table 1) should
be due to a difference in the side chain structure of Chol and diosgenin since the side chains have a significant
effect on the order effect of lipid acyl chains [38][39].

A comparison of the NMR parameters of diosgenin, TRL, and DSN based on the order of the sugar chain
size revealed interesting features, as summarized in Table 1. Judging from the reduction of H splitting width
of 3d-Chol with increasing the number of saponin sugar units (the top row of Table 1), the orientation and
ordering of Chol were greatly influenced by interaction with saponin, probably due to the depth position of
Chol and the lipid-chain packing around Chol. This effect of saponin was less effective for diosgenin (2nd
row of Table 1)._TRL was inserted in bilayers as shown in the 2H NMR experiment for 3d-TRL (Fig. 7),
where a reasonable A v value for a vertically oriented sterol core was observed. We performed detailed H
NMR experiments on ChoGlc and estimated its orientation by MD calculation [36]. Assuming the same
order parameter (Smot) for TRL and ChoGlc, the orientation angle of TRL (as the angle between the C3-C17
long molecular axis and the membrane normal) and that of the ChoGlc sterol core were estimated to be
similar; the orientation of TRL to the bilayer normal is 10 —20°. Moreover, as described in Section 3.4, the
similarity of TRL to ChoGlc in preserving bilayer integrity implies that the sterol core of TRL stayed at a
depth similar to that of ChoGlc, which was close to the depth position of Chol in bilayers [36]. This position
of the TRL’s sapogenin efficiently enhances the ordering of the acyl chains and helps maintain the planar
bilayer structure.

These results indicate that the depth position of the saponin along the bilayer normal depends on the
number of sugars; diosgenin largely stays at the same depth as Chol, the diosgenin sapogenin of TRL may
reside at similar (or slightly shallower) depth such that its glucose moiety comes close to the phosphodiester
of POPC (this may cause the higher CSA value of POPC), and the DSN sapogenin possibly resides at an
even higher position and lifts the membrane lipids to induce the curvature change of bilayers. The 3'P CSA

of POPC in the presence of DSN bearing three sugar units showed a greater increase in the average curvature

in the Chol-containing bilayers than in the diosgenin-containing bilayers (6th and 7th rows of Table 1 and

Fig. S4). The GUV image in Fig. S9 also suggests an increase in the curvature of the Chol-containing bilayer
due to DSN.-This result suggests that the sapogenin moiety of DSN interacts with Chol with a higher aftinity
over sapogenin itself (diosgenin) in the bilayer interior. The presence of an oxygen-containing spiro-bicycle
may interfere with the homophilic interaction of diosgenin with the sapogenin of DSN (or TRL) in the
hydrophobic bilayer interior. Additionally, the iso-octyl side chain of Chol has a strong ordering effect in a

bilayer environment [40], which further enhances the VDW contact between Chol and saponin. Even in the

16



absence of Chol, however, DSN showed some affinity for POPC unitary bilayers (Fig. 5). The presence of
Chol enhanced the affinity of DSN to bilayers (Fig. 5) but to a lesser extent than that of digitonin (e.g., Table
S1). DSN changed the curvature and destabilized the chain packing of POPC-based bilayers to a certain
extent, whereas TRL did not show such effects. This effect of DSN was considerably weaker than that of
digitonin, probably leading to its weaker ability in micelle formation [26].

Based on these findings, we inferred a molecular mechanism for the membrane-permeabilizing activity
of diosgenyl saponins as shown in Fig. 8. Diosgenyl saponins, represented by DSN, interact with both Chol
and phospholipids in membranes to modulate the bilayer structure. The detergent effect of DSN, which has
three sugar units, was apparently weaker than that of digitonin [29], which has five sugar units. This may be
because the hydrophilicity of DSN, corresponding to its ability to extract Chol/lipids in the bilayer into the
aqueous phase, is lower than that of digitonin. Regarding the number of sugar units within diosgenyl
saponins, DSN had a much stronger membrane disrupting effect than TRL, possibly because the sugar units
of DSN branch off from the sugar directly bound to the sapogenin and were more exposed to the aqueous
phase. The single sugar unit of TRL made the cross-sectional area of the bilayer—water interface region
comparable to that of sapogenin, whereas the three sugars of DSN at the boundary region made the cross-
section area much larger than that of TRL, thus enhancing the membrane-disrupting activity (Fig. 8) [42].
DSN interacts not only with Chol but also with phospholipids in the membrane to modulate the bilayer
structure and curvature. In the presence of DSN, 3!'P CSA was markedly reduced compared to TRL (Table
1), which implies that DSC induces a curvature rise of POPC/Chol membranes. Confocal images of GUV's
[43] also showed a curvature rise and budding of the bilayers (Fig. S6). Thus, unlike digitonin, DSN does
not form a rigid Chol-enriched domain (complex) structure.

Further, some DSN molecules that did not insert deeply into the bilayer interior probably covered the
surface of the membranes (not shown in Fig. 8). Even in this case, DSN may partly disrupt bilayer stability
and increase membrane permeability (e.g., the Carpet model). We previously found a similar effect with
ginsenoside Rh2 [44].

Digitonin behaves in a different modality than DSN. As described earlier, its strong amphiphilicity
efficiently disrupts membrane integrity. The less hydrophobic sapogenin bearing five sugar units
destabilized the lipid packing and further induced water penetration into the membrane interior. Under these
circumstances, a “saponin—Chol complex” is generated in the membrane, allowing digitonin to extract
Chol/lipid into mixed micelles in the aqueous phase [26]. However, digitonin does not elicit drastic chain
disordering, as seen in the DPH anisotropy results. This result may suggest that the saponin acts on a limited
portion of the membrane rather than destabilizing the entire membrane, thus largely preserving the lamellar
structure of the POPC and POPC—sterol membranes (Figs. S4, S7, and S8). This observation was in parallel
with previous reports [42][45].

In this study, we focused on the importance of the size of saponin’s sugar chain, particularly its interaction
with membrane lipids and Chol. One sugar unit attached to the sapogenin, diosgenin, was not enough to

cause significant membrane-disrupting effects. The prominent differences between TRL and DSN imply that
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the sugar moiety must be of considerable size to evoke damage to the bilayer integrity and efficiently elicit

the saponin/Chol/phospholipid complexes.

Table 1. Summary of NMR data for Chol, diosgenin, TRL, DSN, and digitonin in POPC bilayers

Sterol in Sterol and Saponin in POPC (10 mol%)
2H/3'P-observed sterol or lipid (bli(l)ar};le;ﬁ%) Non Chol diosgenin TRL DSN  Digitonin
2H Av of 3d-Chol (kHz) Chol 43.8bc 42,004 41.0 38.7 B
2H Av of 3d-diosgenin (kHz) diosgenin® 42.1>4  41.1b¢ 41.1 38.9 }
2H Av of 10",10’d>-POPC (kHz) Notadded 19 23b 23 21 198
Chol 25b - 30 23 208
3P CSA (8, —06L) of POPC Notadded 45.9f - 451 45.5 47.1 44.9
(ppm) Chol 45.4 44.5 45.5 40.1 441
diosgenin® 45.1 45.5 44.5 443

aData obtained from pure MLVs of POPC. *Derived from a previous study [14]. ¢3d-Chol or 3d-diosgenin
concentration was 10 mol%, and non-labeled sterol was added. 93d-Chol and diosgenin or Chol and 3d-
diosgenin concentrations were 9 mol% (total sterol 18 mol%). °Additional results of diosgenin-containing
bilayers are provided in Table S1 and Figs. S4, S9, and S9. ‘The average value was measured in this study under
the same conditions, which was consistent with the reported values for 3'P CSA of POPC in bilayers [45][46].
¢In the presence of digitonin, the H signals of POPC-based MLV were significantly attenuated (see Fig. S7).
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Figure 8. Schematic illustration of diosgenyl saponins’ interaction with the interior of an outer layer of
membranes. TRL (trillin, Panels A and B) and DSN (dioscin, Panels C and D) in PC membranes (Panels A
and C without Chol and Panels B and D with Chol). The curved bilayers in Panel D are illustrated based on
the report of Frenkel et al. [26]. Even in the absence of Chol, DSN can be incorporated into bilayers (C).
There may be a considerable amount of TRL and DSN staying on the surface of the bilayers, which are not

illustrated in the panels.
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5. Conclusion

We established the modalities of the membrane activities of diosgenyl saponins: the number of sugars
dictates the extent of membrane disruption. The diosgenin backbone, which has a flat, hydrophobic structure
similar to that of Chol, assimilated into the phospholipid bilayer and therefore increases the chances of
interaction with membrane receptors and signaling platforms or incorporation into the cell, resulting in the
exertion of their strong biological activities. The bioactivities of TRL, which show no hemolytic potential,
may be mediated by this mechanism. The low hemolytic toxicity of this saponin is particularly preferable,
as this benign behavior can be manipulated for further pharmacological studies. Regarding DSN and its
multifaceted pharmacological activities, its strong membrane interaction is influenced not only by this

mechanism but also by its association with membrane lipids such as Chol and phospholipids.
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