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Protein lipidation, particularly palmitoylation (attachment of a 16-carbon fatty acid), regulates cellular
behaviors by controlling protein function at lipid membranes. In this study, we prepared a series of
lipidated green fluorescent proteins (“EGFP-lipids”) with various alkyl chain lengths (C8 to C22). Using
model lipid membranes and Jurkat (human T lymphocyte) cells, we evaluated how lipidation affects the
membrane interactions and vesicular transport from the membrane of these protein-lipid constructs.
Our findings demonstrate that elongation of the alkyl chain profoundly affects both lateral membrane
diffusion and vesicular transport of the EGFP-lipids. Only artificially lipidated proteins that mimic in vivo
lipidation exhibited cellular dynamics in response to external signals, which highlights the significance of
the natural selection of palmitic acid to maximize the function of proteins on lipid membranes. This
insight can also be useful in membrane engineering using artificial protein lipidation techniques, poten-
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Introduction

Protein lipidation, the covalent attachment of lipid molecules
to proteins, is a post-translational modification responsible for
regulating protein function through membrane association and
structural stabilization." There are various types of lipidation,
such as acylation, farnesylation, and glycosylphosphatidylino-
sitol modification.” S-Palmitoylation, a type of S-acylation, is a
common lipidation, in which palmitic acid (PA) is attached
reversibly to specific cysteine residues of proteins by the DHHC
(aspartate-histidine-histidine-cysteine) family of palmitoyl-
transferases (PATs).>* Palmitoylated proteins localize to rafts
and caveolae on the plasma membrane, and play an important
role in the regulation of signal transduction.”” Rafts are
dynamic nanodomains enriched in sphingomyelin and choles-
terol, which can include or exclude proteins to varying degrees.®
Caveolae, a subcategory of rafts, are formed from rafts through
the polymerization of caveolin.” For example, large-conductance
calcium-activated potassium channels, which modulate neuronal
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tially accelerating medical and industrial developments.

excitability and membrane potential in response to both plasma
membrane depolarization and intracellular calcium concentration,
undergo palmitoylation of the S0-S1 linker, which significantly
affects the lateral diffusion of the channels.'®'" Ras is a mono-
meric GTPase that acts as a binary molecular switch and regulates
cell proliferation and differentiation; its signaling is regulated by
palmitoylation and depalmitoylation cycles, which modulate the
vesicular transport of Ras between the plasma membrane and
cytoplasm.'™"® Tyrosine kinases of the Src family, which phos-
phorylate tyrosine residues of other proteins on the cytoplasmic
side of the plasma membrane, are unable to localize to rafts or
caveolae and mediate signal transduction in the nonpalmitoylated
state."*™® Thus, accurate, dynamic control of two-dimensional
raft/caveolae localization and lateral diffusion of proteins, as well
as three-dimensional vesicular transport through palmitoylation,
are extremely important in the regulation of protein functions and
associated cellular events.

In general, the effect of palmitoylation on the dynamic
behavior of proteins has been evaluated by comparing it with
that of palmitoylation-deficient mutants introduced by trans-
fection of genetically mutated proteins or by knockdown of
PATs using small interfering RNA transfection.””® However,
these genetic approaches are unable to control the degree of
protein lipidation precisely, which limits them to use in the
evaluation of protein behavior in the presence or absence
of palmitoylation. Furthermore, it is difficult to track only
desired phenomena in complex biological processes in which
various molecules are involved because the suppression of
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palmitoylation can affect multiple cellular functions and sig-
naling pathways. Meanwhile, it is worth exploring why nature
selects PA as the main lipid for S-acylation of proteins to realize
varying biological functions through the interaction with lipid
membranes.>

In our previous report, we established a model system that
allows precise control of protein lipidation and multifaceted
evaluation of the dynamic behavior of artificially lipidated
proteins on rafts and caveolae.”’ Specifically, artificial lipid
modification of proteins by &-(y-glutamyl)lysine isopeptide
bond formation using microbial transglutaminase (MTG)**™>°
enables the stable tethering of genetically-modified proteins of
interest with various lipid-peptide substrates. Using this
approach, it was shown that artificially palmitoylated enhanced
green fluorescent protein (EGFP) was selectively localized to
liquid-ordered (L,) phases, enriched with saturated lipids and
cholesterol, formed on giant unilamellar vesicles (GUVs). The
palmitoylated EGFP was trafficked into Jurkat cells via raft/
caveolae-dependent endocytosis in response to immunostimu-
lation with concanavalin A (ConA).

Here, we focused on the effects of the alkyl chain length of
lipidated proteins on lipid-lipid interactions and vesicular
transport on lipid membranes. In addition to saturated fatty
acids from C8 (octanoylation) to C18 (stearoylation), which are
the main types observed in vivo, long-chain saturated fatty acids
(C20 and C22) were enzymatically attached to EGFP via a
C-terminal LQ-tag (amino acid sequence LLQG). These extended
acyl chain modifications were introduced to take advantage of our
system’s capacity to precisely control chain length, thereby allow-
ing us to investigate chain length-dependent thresholds that are
difficult to probe using conventional biological approaches. Thus,
we generated a series of EGFP-lipid fusions, EGFP-Cn, where n = 8,
10, 12, 14, 16, 18, 20, and 22. By using a hybrid model system
consisting of artificial and natural membranes, two-dimensional
localization and lateral diffusion of EGFP-lipid fusions on artificial
lipid bilayers were evaluated. We also assessed three-dimensional
vesicular transport using live cells. Our experiments explore the
significance of protein lipidation, in particular palmitoylation.

Results
Interaction of EGFP-lipids with artificial lipid bilayers

First, we investigated the effect of the alkyl chain length of
EGFP-lipids on the localization to lipid domains on GUVs [1,2-
dioleoyl-sn-glycero-3-phosphocholine  (DOPC)/1,2-dipalmitoyl-
sn-glycero-3-phosphocholine (DPPC)/cholesterol = 40:40:20].
GUVs phase separate. Saturated lipids and cholesterol form
an L, phase, and unsaturated lipids form a liquid-disordered
(Lq) phase.>’*° The L, phase is used as a raft model phase for
microscopic observation because of its similarity to the lipid
composition of rafts and caveolae. Because rhodamine B 1,2-
dihexadecanoyl-sn-glycero-3-phosphoethanolamine triethylam-
monium salt (rhodamine-DHPE) localizes to the L4 phase,
the red fluorescent regions in analysis by confocal laser scan-
ning microscopy (CLSM) indicate the DOPC-rich Ly phase,
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Fig. 1 Association of enhanced green fluorescent protein (EGFP)-lipids
with artificial lipid bilayers. (a) Association of EGFP-lipids with phase-
separated giant unilamellar vesicles (GUVs). Representative fluorescence
images obtained by confocal laser scanning microscopy (CLSM). The
liquid-disordered (L4) phase consists mainly of 1,2-dioleoyl-sn-glycero-
3-phosphocholine (DOPC), and the liquid-ordered (L,) phase consists
mainly of 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) and cho-
lesterol. Phase-separated GUVs were formed with a lipid composition of
DOPC/DPPC/cholesterol = 40:40:20. Rhodamine—-DHPE was used as a
fluorescent probe; the bright and dark regions represent DOPC-rich and
DPPC-rich phases, respectively. EGFP-lipids appear in green. (b) Fluores-
cence recovery after photobleaching experiments on EGFP-lipids on a
supported lipid bilayer (DPPC/cholesterol = 60 : 40). Representative snap-
shots of EGFP-C16 before and after bleaching. Fluorescence recovery as a
function of time for EGFP-C16, —C18, —C20, and —C22 (N = 7). Error bars
indicate SD. Scale bars: 5 pm.

while the black regions indicate the DPPC/cholesterol-rich L,
phase.’’ Membrane association of EGFP-LQ and EGFP-lipids
modified with saturated fatty acids shorter than PA (i.e., EGFP-
C8, -C10, -C12, -C14) was not clearly observed in the condi-
tions of this experiment (Fig. 1a). EGFP-lipids modified with
PA and longer saturated fatty acids (i.e., EGFP-C16, -C18, —-C20,
-C22) were localized to the L, phase after coincubation with
GUVs (Fig. 1a).

Next, the two-dimensional diffusion of EGFP-lipids (EGFP-
C16, -C18, —-C20, -C22) on a lipid membrane was evaluated by
fluorescence recovery after photobleaching (FRAP) experiments
on a supported lipid bilayer (SLB). SLBs are conformally coated
phospholipid bilayers on solid surfaces and are widely used to
study molecular properties on lipid membranes. Lateral diffu-
sion of proteins on lipid membranes is an important factor in
regulating plasma membrane dynamics and function.*” The
diffusion of palmitoylated proteins on lipid membranes has
been quantitatively evaluated using genetic engineering
approaches.>®?* Here, EGFP-lipids were localized on SLBs
consisting of DPPC/cholesterol = 60:40, a composition that
forms the L, phase.***® Fluorescence recovery was monitored

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Estimated diffusion coefficients (D) and the immobile fraction of
EGFP-lipids on a supported lipid bilayer (DPPC/cholesterol = 60 : 40). Data
are the mean + SD

Sample D (um*s™h) Immobile fraction
EGFP-C16 0.21 £ 0.03 0.08 £ 0.02
EGFP-C18 0.04 &+ 0.00 0.02 + 0.00
EGFP-C20 0.04 £ 0.00 0.15 £ 0.00
EGFP-C22 0.06 + 0.00 0.25 + 0.01

after quenching EGFP, in a region where the laser was applied.
The fluorescence in the bleached region recovers when EGFP-
lipids that were outside the bleached area move into the
bleached area (Fig. 1b); thus, the experiments directly measure
the dynamics of the EGFP-lipid construct. The results showed a
slower fluorescence recovery of EGFP-C18, —-C20, and -C22
than of EGFP-C16 (Fig. 1b), and the immobile fraction in the
bleached region was found to be increased for EGFP-C20 and
-C22 compared with EGFP-C16 and -C18 (Table 1). Elongation
of the alkyl chain increased the hydrophobic interaction
between the EGFP-lipid and the lipids comprising the SLB,
resulting in a decrease in the diffusion coefficient. Further-
more, while the alkyl chain length of the DPPC comprising the
SLB matched that of EGFP-C16, longer-chain variants such as
EGFP-C18, -C20, and -C22 potentially interacted with the lipid
molecules on the substrate-facing leaflet of the SLB (i.e., the
monolayer in contact with the solid support), resulting in a
large decrease in the diffusion coefficient between EGFP-C16
and -C18.

Interaction of EGFP-lipids with natural lipid bilayers

The effect of the alkyl chain length of EGFP-lipids on three-
dimensional movement, including vesicular transport from
plasma membranes into the cytoplasm, was investigated.
It has been demonstrated that exposure of Jurkat cells, a
human acute T-cell leukemia cell line, to the lectin ConA from
Canavalia ensiformis (jack bean) induces raft-dependent vesicle
transport.>”*® We previously showed that EGFP-C16 is trans-
ported into the cell via raft/caveolae-dependent endocytosis in
response to immunostimulation of Jurkat cells by the addition
of ConA.*" We tracked the endocytic movement of EGFP-lipids
by using fluorescently labeled cholera toxin subunit B (CT-B), a
pentameric subunit of cholera toxin that binds specifically to
ganglioside GM1 localized in rafts and caveolae.

Here, EGFP-lipids at various concentrations were incubated
with Jurkat cells, and raft-dependent vesicular transport was
induced by the subsequent addition of ConA. EGFP-LQ
and EGFP-lipids modified with saturated fatty acids shorter
than PA (i.e., EGFP-C8, -C10, -C12, -C14) did not show clear
distribution to Jurkat cells in the experimental conditions (Fig.
S1). However, EGFP-lipids modified with longer saturated fatty
acids (EGFP-C16, —-C18, -C20, —C22) exhibited clear distribu-
tion to Jurkat cells, and the total fluorescence intensity of
EGFP-lipids on plasma membranes and transported into cells
was calculated. The fluorescence intensity of EGFP-lipids in
and on Jurkat cells was found to increase in an EGFP-lipid

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Association of EGFP-lipids at various concentrations with Jurkat
cells, followed by addition of concanavalin A (ConA). (a) Distribution of
EGFP-lipids to Jurkat cells (internalized + membrane). (b) Intracellular
uptake in response to ConA addition (internalized/membrane) quantified
by analyzing fluorescence images obtained by CLSM. N = 15; mean =+ SE;
*p < 0.05 **p < 0.01, **p < 0.001; "ns.” indicates not significant
[Mann—-Whitney U-test followed by Bonferroni correction for (a), Kruskal-
Wallis test followed by Dunn-Bonferroni post-hoc test for (b)]. (c) Repre-
sentative fluorescence images obtained by CLSM in conditions of compar-
able total fluorescence intensity from EGFP-lipids with Jurkat cells
(internalized + membrane in (a); EGFP-C16, 1.0 uM; EGFP-C18,
0.25 puM; EGFP-C20, 0.1 uM; EGFP-C22, 0.1 uM). Raft and caveolae
domains were stained with Alexa Fluor 594-conjugated cholera toxin
subunit B (red). EGFP-lipids appear in green. Scale bars: 5 pm.

concentration-dependent manner (Fig. 2a). Elongation of the
alkyl chain greatly enhanced the distribution of the lipid to
Jurkat cells. Using fluorescence after anchoring of EGFP-lipids
at various concentrations to Jurkat cells (Fig. S2a), the ratio of
EGFP-lipid internalized into the cell to that on the plasma
membrane was calculated. The results indicated that the ten-
dency toward cellular internalization was significantly different
depending on the alkyl chain length (Fig. 2b). Interestingly,
EGFP-C16 and -C18 colocalized with CT-B inside cells after
immune activation by ConA, while EGFP-C20 and -C22 were
mostly localized on the plasma membrane. EGFP-C16 was
internalized at all the tested concentrations, whereas the inter-
nalization of EGFP-C18 was concentration-dependent, showing
marked internalization at low concentrations but suppression
at higher concentrations. The internalization behavior of
EGFP-C20 and -C22 was concentration-independent (Fig. 2b
and Fig. S2). Fluorescence images of Jurkat cells with compar-
able total fluorescence intensities after the coincubation with
EGFP-lipids (1.0 pM EGFP-C16, 0.25 pM EGFP-C18, and
0.1 uM EGFP-C20 and -C22) are shown in Fig. 2c. The inter-
nalization of EGFP-C16 is evident, whereas the major fractions
of EGFP-C20 and —C22 are observed on the plasma membrane.
Although EGFP-C18 showed similar behavior to EGFP-C16, the
ratio of EGFP-lipid internalized into the cell to that on the
plasma membrane was decreased, showing the intermediate
behavior of EGFP-C18 between that of EGFP-C16 and EGFP-
C20/C22. To rule out the influence of membrane damage by
EGFP-lipids on the internalization, the cytotoxicity of EGFP-
lipids was assessed. At a concentration of 1 pM, EGFP-lipids
bearing alkyl chains from C16 to C22 exhibited a tendency
toward increased cytotoxicity with increasing the chain length,
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although this increase was not statistically significant under
the experimental conditions (Fig. S3). These results suggest that
the alkyl chain length is a critical factor that determines the
behavior of lipid-modified proteins on plasma membranes.

Further biological investigation of the vesicular transport
pathway of EGFP-lipids into Jurkat cells was conducted. In a
previous study, we demonstrated that depletion of cholesterol
in the plasma membrane by preculturing cells with methyl-3-
cyclodextrin (MBCD) inhibited internalization of EGFP-C16 via
a raft/caveolae-dependent endocytosis pathway.”’ However,
because MBCD disrupts both raft- and caveolae-dependent
pathways, here, we aimed to evaluate the contribution of
caveolae-mediated endocytosis more specifically. Caveolae, a
subdomain of lipid rafts, are 50-80-nm-sized flask-shaped
domains on the plasma membrane, and caveolin-1 (CAV1), which
contributes to caveolae formation, is also palmitoylated.>® Here,
knockdown of CAV1 expression by transfection of CAV1 small
interfering RNA (siRNA) resulted in a significant decrease in the
amount of CAV1 mRNA in Jurkat cells compared with transfection
of control siRNA (Fig. S4a). The internalization of EGFP-lipids was
evaluated in the same conditions as applied in Fig. 2c (Fig. S4b-e).
Knockdown of CAV1 decreased the internalized/membrane-
distributed ratio of EGFP-C16 and -C18, indicating a contribution
by caveolae-dependent endocytosis to the internalization process
(Fig. S4e). However, a substantial amount of EGFP-lipids was still
internalized under CAV1 knockdown conditions, suggesting that
both raft- and caveolae-dependent endocytosis contribute. No
effect of CAV1 knockdown was observed on EGFP-lipid internali-
zation of EGFP-C20 or -C22.

Effect of EGFP-lipid localization on membrane rigidity of
Jurkat cells

We aimed to elucidate the underlying mechanism of the
inhibition of internalization of proteins with long lipid chains
(e.g., C20 and C22 compared with C16; Fig. 2c) by cells. It has
been reported that, upon replacement of DPPC with a relatively
high concentration of PA in L4/L, phase-separated GUVs, the PA
excluded cholesterol from the L, phase, forming an S, phase.
The S, phase is densely packed with saturated phospholipids,
exhibits high rigidity, and forms anisotropic domains.*® Thus,
we hypothesized that the anchoring of EGFP-lipids with long
chains (i.e. EGFP-C20/C22) can induce membrane rigidifica-
tion even at lower concentrations because of external insertion
of saturated fatty acids into the membrane, in turn leading to
suppression of the intracellular transport of the EGFP-lipid. To
examine this hypothesis, first, the relationship between the
alkyl chain length of fatty acids inserted into lipid membranes
and domain rigidity was evaluated using phase-separated
GUVs. Compared with GUVs formed from DOPC/DPPC/choles-
terol = 40:40:20, in GUVs with composition DOPC/DPPC/
cholesterol/PA = 40:20 :20:20, more than half of the L, phase
changed to S, phase (Fig. S5d and g), consistent with previous
studies.’® On substituting DPPC with behenic acid (BA, C22: 0),
>80% of the L, phase changed to S, phase when the GUV
composition was DOPC/DPPC/cholesterol/BA = 40:30:20:10
(Fig. S5c and h). However, no transition from the L, phase to
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Fig. 3 Measurement of Young's modulus on Jurkat cells by atomic force
microscopy (AFM). (a) Schematic illustration of the experimental setup.
(b)—(i) Typical resulting force curves for cells (b) without treatment or after
treatment with (c) EGFP-C16 (1.0 uM), (d) EGFP-C18 (0.25 pM), (e) EGFP—
C20 (0.1 pM), (f) EGFP-C22 (0.1 uM), (g) EGFP-C18 (1.0 uM), (h) EGFP-C20
(1.0 uM), and (i) EGFP-C22 (1.0 uM), all conducted in phosphate-buffered
saline at 37 °C. (j) Box plots of Young's modulus calculated by fitting the
force curves using the Hertz model. The labels on the abscissa denote the
type of the lipid bound to the EGFP and the EGFP-lipid concentration.
N = 50; mean + SE; significance is indicated as: **p < 0.01, ***p < 0.001;
n.s.” indicates not significant (one-way ANOVA followed by Tukey's post-
hoc test).

the S, phase was observed with composition DOPC/DPPC/
cholesterol/BA = 40:35:20:5 (Fig. S5b and h). This observation
suggests that a considerable level of lipid insertion is necessary
to induce domain rigidification by saturated fatty acids with
long alkyl chains, even though they exhibit higher affinity for
DPPC and can promote rigidification by effectively excluding
cholesterol from the DPPC-rich phase of the membrane. There-
fore, in our cellular experiments, where the density of EGFP-
lipids localized on plasma membranes is expected to be much
lower, such membrane rigidification may be limited or negli-
gible in the experimental conditions.

On the basis of the findings in this model system, where
domain rigidity was evaluated based on domain shape in GUVs,
we attempted direct measurement of the rigidity of the plasma
membrane of Jurkat cells associated with EGFP-lipids by using
atomic force microscopy (AFM) (Fig. 3a). The AFM probe
approached the center of a single cell and applied vertical
pressure to the plasma membrane. Upon contact of the probe
with the cell (distance = 0 nm), a repulsive force was detected,
as shown in the distance-force curve (Fig. 3b-i). The increase in
force relative to the pressing distance was fitted using the Hertz
model to calculate the Young’s modulus of the plasma
membrane (Fig. 3j). The Young’s modulus of the plasma
membrane (no treatment group) was 5.06 + 0.33 kPa (Fig. 3b
and j), which is a reasonable value considering previous
studies.”” There was no significant difference in the Young’s
moduli of the plasma membranes after association with EGFP-
lipids in the experimental conditions used in Fig. 2c (Fig. 3c-f
and j). These results suggest that, in the present experimental
conditions, the observed inhibition of the internalization of

© 2025 The Author(s). Published by the Royal Society of Chemistry
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EGFP-lipids with long lipid chains was not caused by rigidifica-
tion of the plasma membrane. EGFP-lipids with longer
alkyl chains potentially make cell membranes rigid, but the
membrane association density in our experimental conditions
is not sufficient to cause membrane rigidification. In fact,
exposure to high concentrations of EGFP-C18, -C20, and
—-C22 resulted in a decrease in the Young’s moduli of the
plasma membrane (Fig. 3g-i, j and Fig. S2a), rather than an
increase linked to membrane rigidification. The reduction in
Young’s modulus may be explained by multilayer adsorption
and aggregation of lipidated proteins with long saturated fatty
acids on the plasma membrane, forming a soft layer into which
the AFM cantilever readily penetrated, leading to a lower
apparent modulus.

Characterization of EGFP-lipid aggregation in aqueous
solution

Inspired by the AFM observations following exposure of cells to
high concentrations of EGFP-C18, -C20 and -C22 (Fig. 3g-j),
we hypothesized that the suppressed intracellular transport of
these protein-lipid fusions with long alkyl chains may be
attributable to a propensity for aggregation of the EGFP-lipid
on the plasma membrane. Therefore, we investigated the
aggregation tendency of EGFP-lipids (EGFP-C16, -C18, —-C20,
-C22) in solution by examining their morphology and surface
activity. Firstly, physicochemical properties of several series of
lipid-peptide (lipid-G;S-RHK-NH,) and EGFP-lipid were
determined by surface tension measurements (Fig. S6 and S7
and Tables S1 and 2). The critical aggregation concentration
(CAC) of both the lipid-G3;S-RHK-NH, and EGFP-lipid series
decreased with increasing alkyl chain length. The CAC of
EGFP-lipid was decreased compared with that of lipid-G;S-
RHK-NH, at the same alkyl chain length, indicating enhanced
aggregation propensity due to the presence of EGFP. To under-
stand the adsorption behavior, we estimated the molecular area
of EGFP at the air-liquid interface. EGFP has a barrel-shaped
structure with a length of 4.2 nm and a diameter of 2.4 nm,*?
and its estimated area per molecule is 452 A% when it is packed
tightly at the air-liquid interface (Fig. S8). However, the experi-
mental values of area per molecule were lower than the
theoretical values, suggesting that the mode of adsorption of
EGFP at the air-liquid interface is not monolayer adsorption,
but that multiple EGFP-lipid molecules are involved. To assess
the tendency of EGFP-lipids to aggregate, we calculated the
value of the CAC/C20 ratio, where C20 is the surfactant concen-
tration at which the surface tension is decreased by 20 mN m ™"
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(Table 2). This value is used to determine structural factors in
adsorption and micellization processes.** The values of CAC/
C20 for EGFP-C20 and -C22 were lower than those for EGFP-
C16 and -C18, suggesting that EGFP-lipids are prone to aggre-
gation above a certain alkyl chain length.

Building on the tendency to aggregation of EGFP-lipids
observed in the preceding experiments, we next evaluated the
morphology and size of EGFP-lipid aggregates at concentra-
tions above the CAC. The hydrodynamic radii of EGFP-lipid
aggregates were measured at concentrations above the CAC,
and peaks were observed at 10-20 nm and > 100 nm for all the
EGFP-lipids (Fig. S9a). It was observed that the peak above
100 nm shifted to smaller values as the alkyl chain length
increased. This shift can be attributed to the increased pro-
pensity of EGFP-lipids to aggregate beyond a certain alkyl chain
length, consistent with the tendency observed in the surface
tension measurements. To gain a deeper understanding of the
aggregation morphology of EGFP-lipids, transmission electron
microscopy (TEM) images were obtained using dried aqueous
solutions above the CAC, which revealed that all the EGFP-
lipids formed aggregates larger than 100 nm (Fig. S9b). Further-
more, it appeared that the large aggregates showed connected
spheres of 10-20 nm in diameter. The EGFP-lipid is composed
of a fatty acid attached to EGFP via a flexible peptide linker (Fig.
S10). These results suggest the formation of micelle-like struc-
tures of EGFP-lipids above the CAC in solution, and that
individual micelles can be assembled to form large aggregates.

All-atom molecular dynamics (MD) simulations-based analysis
of dynamic behavior of EGFP-lipid

To further investigate the aggregation behavior of EGFP-lipids
observed in the experimental system, we evaluated the aggrega-
tion propensity and the membrane stability of EGFP-lipids
(EGFP-C16, -C18, -C20, -C22) using all-atom molecular
dynamics (MD) simulations. First, to assess the bulk aggrega-
tion behavior of EGFP-lipids, we monitored the interaction of
eight EGFP-lipid molecules in water for 50 ns (Fig. 4a). Subse-
quently, we performed radius of gyration (R;) analysis to
calculate the distance of each atom from the center of mass
of the entire protein, and evaluate the size of the aggregates
(Fig. 4b). R, values after 50 ns showed a tendency to decrease in
the order of EGFP-C16 > EGFP-C18 > EGFP-C20 > EGFP-
C22, with EGFP-C22 exhibiting a particularly significant
reduction compared to the other alkyl chain lengths. A compar-
ison of these simulation results with dynamic light scattering
(DLS) measurements of the hydrodynamic radius (Fig. S9a)

Table 2 Physicochemical properties of EGFP-lipids based on surface tension analysis

Sample CAC® (uM) Omin” (MN m™) r‘ (mol m?) 1/I'? (A*> molecule™) C20° (uM) pC20” CAC/C20
EGFP-C16 5.38 32 4.02 x 10°° 41.3 0.73 0.31 7.73
EGFP-C18 2.83 31.2 2.96 x 107° 56.1 0.17 1.79 16.9
EGFP-C20 1.78 36.1 3.95 x 10°° 42 0.35 1.04 5.01
EGFP-C22 1.6 34.8 4.88 x 107° 34 0.39 0.94 4.09

“ Critical aggregation concentration. ° Minimum surface tension. ¢ Surface excess. ¢ Molecular occupied area.  The surfactant concentration at
which the surface tension is decreased by 20 mN m~*./ Negative logarithm (base 10) of the reciprocal of C20.
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Fig. 4 All-atom MD simulations of EGFP-lipids with different alkyl chain
lengths in solution and membrane environments. (a) Snapshot of EGFP—
C16 at 50 ns from an all-atom MD simulation of eight EGFP-lipid
molecules in an aqueous solution. (b) Time course of the radius of gyration
(Ry) of EGFP-C16, —-C18, -C20, and -C22 in an aqueous solution.
(c) Snapshot of EGFP-C16 at 50 ns from an all-atom MD simulation of a
single EGFP-lipid molecule interacting with a lipid bilayer. (d) Time course
of the root mean square deviation (RMSD) of EGFP-C16, —C18, —C20, and
—C22 on a lipid bilayer.

revealed that the elongation of the alkyl chain enhances mole-
cular interactions, thereby promoting the formation of smaller
aggregates.

Next, to evaluate the behavior of EGFP-lipid molecule on
lipid membranes, we tracked its fluctuations of one EGFP-lipid
molecule anchored to a DPPC/cholesterol (60 :40) lipid bilayer,
as used in the SLB experiment, for 50 ns (Fig. 4c). We then
performed a root mean square deviation (RMSD) analysis to
calculate the fluctuations of the molecule relative to its initial
state and evaluate the stability of EGFP-lipid on the lipid
membrane (Fig. 4d). EGFP-C16 and EGFP-C18 were remained
stably anchored to the lipid membrane throughout the 50 ns
observation period. EGFP-C20 exhibited significant fluctua-
tions during the first half of the simulation, but gradually
became stable after 25 ns. In contrast, EGFP-C22 showed
increasing fluctuations over time with a markedly high RMSD
at 50 ns. These results indicate that EGFP-C16 and EGFP-C18
stably anchor to the lipid membrane, while the increased alkyl
chain length in EGFP-C20 and EGFP-C22 significantly reduces
membrane stability. This is likely due to a hydrophobic mis-
match between the DPPC lipid tails and the longer alkyl chains
of EGFP-C20 and EGFP-C22, resulting in thermodynamic
instability.

Discussion

S-Palmitoylation is a post-translational modification that is
essential for proteins to function properly on lipid membranes.
S-Palmitoylation has been identified in a range of proteins, and
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a recent database predicts that >10% of the human proteome
is targeted for palmitoylation.** This modification is catalyzed
by DHHC acyltransferases (DHHC-type PATs), of which 23
isoforms are known in humans. However, the specificity of
the acyl chains that DHHC acyltransferases select as substrates
is not fully understood. Although some DHHC enzymes are
capable of conjugating acyl chains of different lengths to
proteins, it is still unclear how the acyl chain length is regulated
and affects the biological activity of the target protein.*

Herein, the effect of alkyl chain length on the dynamic
behavior of lipidated proteins on lipid membranes was evalu-
ated systematically from physical, chemical, and biological
perspectives, using artificially lipidated proteins. A model
fluorescent protein (EGFP) modified with a series of saturated
fatty acids (C8-C22) was prepared to evaluate the two-
dimensional behavior of the protein-lipid constructs using
different artificial lipid bilayers, GUVs*® and an SLB,*° followed
by evaluation of three-dimensional behavior through cellular
experiments.

Although artificial membrane models cannot fully replicate
the dynamic and heterogeneous nature of native plasma mem-
branes, including nanoscale raft formation, protein crowding,
and interactions with the cytoskeleton, they provide a con-
trolled environment that allows molecular-level analysis of
the fundamental effects of lipid modifications. In this study,
we combined artificial membrane systems with cell experi-
ments to perform a more detailed and multifaceted evaluation
of how alkyl chain length influences membrane localization
and intracellular transport.

The artificially lipidated proteins modified with relatively
short saturated fatty acids, including those observed in natu-
rally occurring fatty acylation (EGFP-C8, -C10, -C12, -C14),
were not distributed to either artificial lipid bilayers or Jurkat
cells. It is thus considered that the ability of a lipidated protein
to be distributed to cells is determined by the balance of
hydrophilicity and hydrophobicity of the molecule. Saturated
fatty acid modifications to proteins that are shorter than
palmitoylation, such as octanoylation (C8:0),*” lauroylation
(C12:0),"® and myristoylation (C14:0),> have been reported.
Among these, N-myristoylation (C14:0) is observed commonly
in vivo. However, myristoylation alone provides only modest
membrane affinity, and proteins modified with a single myr-
istoyl fatty acid chain can reversibly associate with and dis-
sociate from membranes.*® Therefore, additional signals are
often required to achieve stable membrane anchoring. It is
assumed that proteins require the conjugation of a saturated
fatty acid with at least the length of PA (C16: 0) to localize to the
membrane.

EGFP-lipids (EGFP-C18, -C20 and -C22), which were further
elongated from palmitoylation, showed an increased pro-
pensity to aggregate on artificial lipid membranes and plasma
membranes. In particular, EGFP-C20 and —-C22 are highly prone to
aggregation, as demonstrated by their surface activity in aqueous
solution (Table 2). The presence of a lipid membrane may further
facilitate this aggregation by serving as a scaffold, a role previously
demonstrated in the membrane-assisted clustering of amphiphilic

© 2025 The Author(s). Published by the Royal Society of Chemistry
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molecules such as amyloid B.°>>" Therefore, it is plausible that
EGFP-lipids (EGFP-C18, -C20 and -C22) form aggregates on
membrane surfaces even at concentrations well below their CAC
in bulk solution, because interfacial aggregation below the bulk
CMC has been demonstrated for surfactants.”” This hypothesis is
supported by the observed increase in the immobile fraction
observed for EGFP-C20 and -C22 in FRAP experiments (Fig. 1b),
as well as by a decrease in the Young’s modulus of plasma
membranes after exposure to EGFP-C18, —-C20, and -C22, albeit
at concentrations relatively high in the context of the cellular
experiments (Fig. 3g-i, j and Fig. S2a). Given that the Young’s
modulus represents the resistance of the cell interface to deforma-
tion under vertical pressure, reduction in the Young’s modulus
implies the formation of a soft, protein-rich layer on the
membrane, caused by multilayer adsorption and aggregation of
lipidated proteins. These aggregates are not considered to alter the
intrinsic mechanical properties of the plasma membrane itself,
but instead act like a cushion formed on the membrane surface,
reducing the repulsive force sensed by the AFM cantilever. There-
fore, the observed decrease in Young’s modulus is more likely to
reflect the mechanical properties of the protein layer than to
indicate actual softening of the membrane. Together, these results
suggest that lipidated proteins can form membrane-associated
aggregates even at concentrations lower than their CAC.

To further examine the molecular basis of these phenom-
ena, we performed all-atom MD simulations using EGFP-lipids
with different alkyl chain lengths (EGFP-C16, -C18, -C20, and
-C22). In an aqueous solution, R, analysis indicated that longer
alkyl chains to promote more compact aggregation. On lipid
bilayers, RMSD analysis revealed that EGFP-C20 and EGFP-C22
exhibited greater structural fluctuations over time, suggesting a
trend toward less stable membrane anchoring. These results
support the hypothesis that increased alkyl chain length promotes
aggregation and suppresses lateral diffusion at membrane
surfaces.

caveolae

[=]
RARRA Nl
praYeTe "Jmmh i

ft.
endocytosis

Medium alkyl
chain length
(C16, C18)

Long alkyl
chain length
(C20, C22)

ﬁ saturated lipid () cholesterol R unsaturated lipid —UJ caveolin-1
:axooncanavalinA qgo receptor Dow EGFP-lipid

Fig. 5 Hypothesized model of cellular uptake of (a) EGFP-C16/C18 and
(b) EGFP-C20/C22 following the activation of Jurkat cells by ConA.
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Fig. 5 shows a proposed mechanism for vesicular transport
of EGFP-lipids into Jurkat cells based on the results obtained
in this study. After anchoring to the plasma membrane,
EGFP-C16 and -C18 were trafficked into the cell via raft
accumulation and vesicular transport, associated with cytoske-
letal movements induced by the multivalent binding of ConA to
mannose.’”*® Moreover, anchoring of the lipidated proteins on
the plasma membrane may promote raft nucleation and growth
(Fig. 5a). The scaffold protein PSD-95 in the postsynaptic
membrane of neurons is thought to contribute to the main-
tenance of synaptic function and plasticity, and a mechanism
has been proposed in postnatal developing rats in which
the palmitoylation of PSD-95 is involved in domain nucleation
in the postsynaptic membrane.”® Because caveolae have a
recessed structure of several tens of nanometers, it is possible
that EGFP-C16 and —C18 form 10-20 nm micelles in the vicinity
of the membrane and are incorporated into caveolae. In con-
trast, EGFP-C20 and -C22 are mostly retained in the plasma
membrane, and the internalization ratio was remarkably sup-
pressed even after immunostimulation with ConA (Fig. 2b).
Although the concentration of EGFP-lipid on the cell surface
was below the CAC, EGFP-C20 and -C22 appeared to form
aggregates on the plasma membrane. We speculate that a large
proportion of these lipidated proteins exist in an aggregated
state that cannot properly anchor to raft or caveolar domains,
which are typically required for endocytic uptake (Fig. 5b).
Consequently, the number of proteins that can access these
microdomains and subsequently undergo internalization is
markedly reduced.

Our systematically designed artificial model system revealed
that EGFP-C16, which mimics palmitoylation in vivo, exhibited
dynamic behavior in all conditions, while EGFP-C18, which is
observed as stearoylation®>" in vivo, exhibited dynamic beha-
vior in certain conditions. Interestingly, EGFP-C20 and -C22
(i.e., protein modified with long-chain saturated fatty acids that
are not observed in vivo), showed greatly slowed dynamic
behavior on lipid membranes. It is possible that long-chain
fatty acids such as arachidic acid (C20) and BA (C22) are not
selected for lipid modification of natural proteins to prevent
the aggregation of proteins in the vicinity of the plasma
membrane. Indeed, a variety of fatty acid acyl CoAs exist in
cells, including not only C16:0 and C18:0, but also those with
long-chain acyl groups of C20 and above.>® Recent studies have
shown that certain DHHC acyltransferases selectively catalyze
the modification of PA (C16:0) among diverse fatty acid acyl
CoAs.”” Furthermore, analysis of acyl groups conjugated to
S-acylated proteins in platelets revealed that 74% were derived
from PA (C16:0), 22% from stearic acid (C18:0), and 4% from
oleic acid (C18:1).”® Thus, the palmitoyl group enables proteins
to express their functions properly on lipid membranes and is
preferentially selected among the various fatty acids.

Although palmitoylation has been observed in a wide variety
of natural proteins, the details of the mechanism of the effect of
palmitoylation upon the modified protein and its application to
drug discovery have not been fully investigated. While the
difference in the number of carbons is slight chemically, here,

RSC Chem. Biol,, 2025, 6, 1483-1496 | 1489


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5cb00143a

Open Access Article. Published on 04 August 2025. Downloaded on 3/8/2026 12:18:20 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

only the artificially lipidated protein that mimicked palmitoyla-
tion exhibited dynamic behavior on lipid membranes under all
experimental conditions in this study. Modification with a
short fatty acid resulted in failure of association of the lipidated
protein with lipid membranes, while modification with long
fatty acids, which is not observed in vivo, limited the dynamic
behavior of the product protein-lipids on lipid membranes via
the formation of aggregates. The current system enables eva-
luation of how lipid structure affects protein behavior at the
membrane surface under controlled extracellular conditions.
However, it does not reproduce the physiological lipidation
processes that occur in the cytosol. The development of intra-
cellular MTG-based lipidation systems in the future may allow
for more physiologically relevant assessments and expand the
potential applications of this platform. Additional studies are
necessary to determine the fate of lipidated proteins after
cellular uptake, but the basic findings obtained in this study
may contribute to our understanding of the significance of
palmitoylation in vivo. The method using the LQ tag and MTG is,
in principle, applicable to a wide range of soluble proteins. To
further assess the generalizability of our findings, future studies
could apply this system to naturally lipidated proteins such as Ras
proteins and Src family proteins. They may also have important
implications for the engineering of artificial lipid bilayers and
plasma membranes using artificial lipidation techniques.

Conclusions

The dynamic behavior of lipidated proteins on lipid mem-
branes plays an important role in cells. The significance of
the alkyl chain length of lipidated proteins is not completely
understood because of the limitations of conventional biologi-
cal methods for evaluating such proteins. Here, by virtue of a
simple chemical handle, we explored the behavior of artificially
lipidated proteins when they are placed on phase-separated
artificial biomembranes and on the plasma membrane of
Jurkat cells. Our results demonstrate that altering the lipid
moiety of lipidated proteins markedly affects the lipid-lipid
interaction and vesicular trafficking on lipid membranes.
EGFP-C16 exhibited highly dynamic lateral diffusion on artifi-
cial lipid membranes and internalized into Jurkat cells via raft/
caveolae-dependent endocytosis in response to immunostimu-
lation. However, artificially lipidated proteins with shorter alkyl
chain lengths than PA were not able to distribute to lipid
membranes, while elongation of the alkyl chain length from
palmitoylation (i.e., C16) suppressed two-dimensional diffusion
on an SLB and three-dimensional vesicular transport into
Jurkat cells. The findings obtained using our system may
contribute to understanding of the significance of natural
selection of lipid molecules for protein lipidation in vivo. In
addition to providing mechanistic insights, this study offers
practical guidance for designing lipid structures in applications
involving artificially lipidated proteins. Our system also enables
site-specific conjugation of structurally diverse lipids, including
branched chains, sterol-based moieties such as cholesterol and

1490 | RSC Chem. Biol., 2025, 6, 1483-1496

View Article Online

RSC Chemical Biology

tocopherol, and polyunsaturated fatty acids. The ability to
control membrane anchoring and dynamics by modulating
lipid structure holds promise for various applications, including
liposomal drug delivery, cell surface engineering, and the develop-
ment of synthetic biological systems associated with membranes.

Experimental section
Materials

All reagents and solvents were used without further purification.
Dichloromethane (DCM), N,N-dimethylformamide (DMF), N,N-
diisopropylethylamine (DIPEA), 1-[bis(dimethylamino)methyl-
iumyl]-1H-benzotriazole-3-oxide hexafluorophosphate (HBTU),
1-hydroxy-1H-benzotriazole hydrate (HOBt-H,O), piperidine
(PPD), trifluoroacetic acid (TFA), 9-fluorenylmethyloxycarbonyl
(Fmoc)-Arg(Pbf)-OH, Fmoc-Gly-OH, Fmoc-His(Trt)-OH, Fmoc-
Lys(Boc)-OH, Fmoc-Ser(¢Bu)-OH, and Fmoc-Lys(Mmt)-OH were
purchased from Watanabe Chemical Industry (Hiroshima,
Japan). Rink amide AM resin (200-400 mesh) was purchased
from Merck Millipore (Burlington, MA, USA). Arachidic acid,
triisopropylsilane (TIS), acetonitrile [ACN; high-performance
liquid chromatography (HPLC) grade], diethyl ether, n-dodecyl-
B-p-maltopyranoside (DDM), octanoic acid, myristic acid, and
4% paraformaldehyde phosphate buffer solution were pur-
chased from Wako (Osaka, Japan). Palmitic acid and stearic acid
were purchased from Nacalai Tesque (Kyoto, Japan). Lauric acid,
decanoic acid, BA, and ninhydrin were purchased from Tokyo
Chemical Industry (Tokyo, Japan). Reagents for the Kaiser test
was purchased from Kokusan Chemical (Tokyo, Japan). a-Cyano-
4-hydroxycinnamic acid (CHCA) and ConA were purchased from
Sigma-Aldrich (St. Louis, MO, USA). N-Ethylmaleimide was
obtained from Kishida Chemical (Osaka, Japan). Recombinant
MTG> and EGFP®® fused with the LLQG sequence at the
C-terminus (EGFP-LQ) were expressed in Escherichia coli using
PET-22b(+) as the expression vector, according to our previous
reports (Table S2). The volumetric activity (U mL ") of MTG was
measured according to a previous report.’* The concentration of
EGFP-LQ was determined by the absorbance at 488 nm using an
extinction coefficient of 55000 M~* cm " and a NanoDrop ND-
2000 spectrophotometer (Thermo Fisher Scientific, Waltham,
MA, USA). The zwitterionic saturated lipid DPPC, the zwitterionic
unsaturated lipid DOPC, and cholesterol were purchased from
Avanti Polar Lipids (Alabaster, AL, USA). Rhodamine-DHPE,
Roswell Park Memorial Institute (RPMI)-1640 medium, Alexa
Fluor 594-conjugated CT-B, human caveolin-1 siRNA (ID:
$526184), Silencer™ Select Negative Control No. 1 siRNA, TRIzol,
and Powerup SYBR Green Master Mix were purchased from
Thermo Fisher Scientific. A PrimeScript™ RT Reagent Kit with
¢DNA Eraser (Perfect Real Time) was purchased from Takara Bio
(Shiga, Japan). The oligonucleotide DNA for PCR primers was
synthesized by FASMAC Co. Ltd (Kanagawa, Japan).

Fmoc solid phase peptide synthesis

Lipid-G;S-RHK-NH, (Fig. S11) was manually synthesized by
standard Fmoc solid-phase peptide synthesis. Rink amide AM
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resin (0.2 mmol for lipid-G;S-RHK-NH,) loaded in an empty
PD-10 column (GE Healthcare, Little Chalfont, UK) was pre-
swollen in DCM for 30 min. The N-terminal Fmoc protecting
group of the swollen resin was removed by soaking in 20% PPD
in DMF for 10 min. The deprotected resin was washed with
DMF (3 x 4 mL). The Fmoc deprotection was confirmed by a
positive ninhydrin test. The Fmoc-protected amino acid
(0.6 mmol, 3 equiv. to the loaded resin) was first activated in
a coupling cocktail containing HBTU (3 equiv.), HOBt (3 equiv.),
and DIPEA (6 equiv.) in DMF, then added to the resin for a
60-min coupling. The resin was washed with DMF (3 x 4 mL)
and DCM (3 x 4 mL). Completion of the reaction was con-
firmed by a negative ninhydrin test. The process of Fmoc-group
deprotection and subsequent Fmoc-protected amino acid
coupling was repeated until the last amino acid residue was
coupled. The resin-bound NH,-peptides were coupled with
lipids (10 equiv.) in a coupling cocktail for 6 h. After confirma-
tion of lipid attachment by a negative ninhydrin test, the resin
was washed with DMF (3 x 4 mL), DCM (3 x 4 mL), DMF/DCM
(1:1; 3 x 4 mL), and methanol (3 x 4 mL), and soaked in
methanol for 30 min. The shrunken resin was dried under
reduced pressure for 60 min. Cleavage of peptides from the
resin was conducted by soaking the resin in a solution of TFA/
H,O/TIS (95:2.5:2.5) for 120 min. The filtrate was concen-
trated by evaporation under reduced pressure and precipitated
with cold diethyl ether (3 x 30 mL). The obtained crude
peptides were dried at room temperature (ca. 20 £+ 3 °C). The
crude peptides were dissolved in ACN/water (30:70, 0.1% TFA).

Mass spectrometry and reverse phase-high-performance liquid
chromatography (RP-HPLC) analysis of peptide amphiphiles

All the obtained peptides were colorless solids, and the yields
were not determined. The synthesized peptides were identified
by matrix-assisted laser desorption/ionization time-of-flight
mass spectrometry (MALDI-TOF-MS). Peptide solutions were
spotted on a CHCA matrix, and mass spectra were obtained
using a Bruker Autoflex max MALDI-TOF mass spectrometer
(Billerica, MA, USA) in positive ion detection mode. Theoretical
masses were calculated using the program ChemDraw
(Cambridge Soft Corporation, Waltham, MA, USA). The purity
of peptides was determined by RP-HPLC analysis. HPLC was
conducted using an Agilent 1260 Infinity II LC system (Agilent
Technologies, Santa Clara, CA, USA). In the RP-HPLC, 1.0 mM
peptide (lipid-G;S-RHK-NH,) in ACN/water (30:70, 0.1% TFA)
was injected into an Inertsil ODS-3 (4.6 x 250 mm) column (GL
Science, Tokyo, Japan). The analysis conditions were: flow-rate,
1.0 mLmin '; detection wavelength, 280 nm; gradient,
ACN/water (0.1% TFA) = 30:70 to 90:10 over 60 min. Data for
lipid-G3S-RHK-NH, constructs are shown in Fig. S12 (MALDI-
TOF-MS, RP-HPLC).

Critical aggregation concentration (CAC) measurements of
lipid-G;S-RHK

The CACs of lipid-G;S-RHK were measured by the pyrene 1:3
ratio method.®” Lipid-G;S-RHK (100 pL, 0-1.0 mM) in PBS(—)
was incubated in a glass microtube containing pyrene (200 pmol)
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for 60 min at 25 °C. Samples were prepared for three parallel
analyses. The incubated peptides (50 pL) were put into a 96-well
black half-area plate (Grainer Bio One, Kremsmiinster, Austria),
and fluorescence was measured using a microplate reader
(SpectraMax™ i3x, Molecular Devices, Tokyo, Japan) with con-
ditions: excitation wavelength, 335 nm; emission wavelengths,
373 and 385 nm (whose intensities are abbreviated as 1373 and
1385 respectively); and slit, 15 nm. Plots of 1373/I385 (pyrene
1:3 ratio) versus concentration were generated (Fig. S6) and
CACs (Table S1) were determined from the intersection points
of the straight lines.

MTG-mediated crosslinking reaction of EGFP-LQ with
lipid-G;S-RHK

The crosslinking reaction catalyzed by MTG was performed
by mixing EGFP-LQ (10 puM), lipid-G;S-RHK (100 uM), DDM
(1% w/v), and MTG (0.1 UmL™") in 10 mM Tris-HCI buffer
(pH 8.0) for 60 min at 37 °C. The reaction was terminated with
N-ethylmaleimide (1 mM), and then the mixture was purified
using a Ni-NTA slurry (GE Healthcare) to remove unreacted
lipid-G3;S-RHK, MTG, and DDM. The EGFP-lipid conjugates
bind to Ni-NTA because the EGFP is expressed with a His-tag,
which has a strong affinity for the nickel ions immobilized on
the Ni-NTA resin. Before use, the Ni-NTA slurry (50 pL)
was washed with water and equilibrated with binding buffer
(300 pL; 20 mM Tris-HCIl, 500 mM NaCl, 20 mM imidazole;
pH 7.4). Every rinsing step was carried out five times. Equili-
brated slurry (500 pL) was added to the terminated reaction
solution (500 pL) and incubated for 60 min at 4 °C with gentle
shaking. The slurry bound to the EGFP-lipid conjugates was
rinsed with binding buffer (300 pL) and was eluted with elution
buffer (180 puL; 20 mM Tris-HCI, 500 mM NacCl, 1 M imidazole;
pH 7.4). The eluted EGFP-lipid conjugates were desalted in a PD
SpinTrap G-25 column (GE Healthcare) with PBS(—) (pH 7.4).
The concentrations of the obtained conjugates were determined
based on the absorbance at 488 nm using an extinction coeffi-
cient of 55000M ' cm ' and a NanoDrop ND-2000 spectro-
photometer. Aliquots of the purified conjugates (10 pM, 30 pL)
were injected into an Inertsil ODS-3 (4.6 x 250 mm?) column for
RP-HPLC analysis. In the RP-HPLC, water and ACN containing
0.1% TFA were used, and the analysis conditions were: flow-rate,
1.0 mLmin™"; detection wavelength, 280 nm; gradient, ACN/
water (0.1% TFA) = 30: 70 to 90: 30 over 60 min. The conversion
rate (purity) was determined by the ratio of the integrated peaks
of unreacted EGFP and EGFP-lipid conjugates using eqn (1):

Conversion rate (%) = Peak areapgrp_iipid

x 100/(Peak areapgrp1q + Peak areapgpp_iipia) (1)

The purified conjugates (10 pM, 1 pL) were spotted on a
CHCA matrix and analyzed by MALDI-TOF-MS (Fig. S13). The
identity of the reaction products was confirmed by the theore-
tical increase in mass (4ueo) from unreacted EGFP-LQ.
The mass difference (4) was the result of subtraction of the
mass of the MTG reaction products from the mass of unreacted
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EGFP-LQ. In all the obtained MALDI-TOF-MS
A matched Ao Within £ 100.

results,

Critical aggregation concentration measurements
of EGFP-lipid conjugates

EGFP-lipid (100 pL) solution was aspirated with a plastic
syringe. The shape of the sample droplet hanging from the
tip of the needle was captured by a charge-coupled device
camera for 3.0 x 10° s using a DSA25 drop shape analyzer
(KRUSS, Hamburg, Germany). The surface tension was calcu-
lated using the Young-Laplace method, and the average of the
last 10 points of the measured surface tension value was used
as the static surface tension. For each EGFP-lipid, a static
surface tension versus concentration graph was created, and a
straight line was calculated near the CAC. The minimum sur-
face tension of each EGFP-lipid conjugate, o, (mMN m’l), was
calculated using the average value of the point at which the
surface tension became constant. The CAC was calculated from
the intersection of the straight lines. The estimated surface
excess, I' (mol m~?), and the molecular occupied area, 1/’
(A% molecule™), were calculated using eqn (2), obtained from
the Gibbs adsorption equation.

dy \
(d In c) = —RTT 2)

g, surface tension (mN m™'); ¢, concentration (mol L™'); T =
300 K; R=8.31 x 10° PaL K ' mol .

Dynamic light scattering (DLS) measurements

DLS measurements using a Zetasizer Nano ZS (Malvern, UK)
were performed on EGFP-LQ (10 uM), EGFP-C16 (6 uM), EGFP-
C18 (4 uM), EGFP-C20 (3 uM), and EGFP-C22 (3 uM) to analyze
the hydrodynamic radii of EGFP-lipid aggregates.

Transmission electron microscopy observations

EGFP-lipid conjugates (10 uM, 2 pL) were cast on a hydrophilic
carbon-coated copper grid for 2 min, followed by washing with
Milli-Q water (18.2 MQ cm; 5 pL) twice. Then, the grids were
stained with 2% uranyl acetate solution for 2 min. The grids
were dried in a desiccator overnight and observed using a
JEM-2010 electron microscope (JEOL, Tokyo, Japan).

Preparation of giant unilamellar vesicles (GUVs)

GUVs were prepared by using a natural swelling method and
exchanging the external water phase. Phospholipids, choles-
terol, and fluorescent probe (rhodamine-DHPE) were dissolved
in a 2:1 (v/v) chloroform/methanol solution to give concentra-
tions of 2 mM for the phospholipids and cholesterol and
0.1 mM for the fluorescent probe. Lipids and cholesterol were
mixed at the desired ratios to give a total volume of 20 pL. The
rhodamine-DHPE was added for confocal microscopy observa-
tions. The organic solvent was evaporated under a flow of
nitrogen gas, and the lipids were further dried in a vacuum
desiccator for 3 h. The lipid films were hydrated with Milli-Q
water (200 uL) or sorbitol aqueous solution (300 mM, 200 pL)
for >6 h at 55 °C. The final lipid concentration was 0.2 mM.
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The rhodamine-DHPE concentration was 1 uM. PBS(—) (1 mL)
was added to the GUV suspension hydrated with sorbitol
solution and stirred. The suspension was centrifuged at
800xg for 5 min at 25 °C. The supernatant was removed,
PBS(—) (200 pL) was added, and the mixture was stirred to
exchange the outer aqueous phase with PBS(—). DPPC and
DOPC were selected as representative phosphatidylcholines,
because they are major components of biological membranes
and are commonly used in model systems.*°

Microscopic observation of domain formation in fatty acid-
containing lipid membranes

GUV suspension was placed on a glass coverslip, which was
then covered with another smaller coverslip. The GUVs were
observed using a fluorescence microscope (BZ-X800; KEYENCE,
Osaka, Japan) at room temperature. To avoid photoinduced
oxidation during the observation, we limited the observation
time to 90 s, and ignored domains that appeared after excita-
tion light irradiation.

Association of EGFP-lipids with GUVs

EGFP-lipids (10 uM, 1 pL) were added to GUV suspension (9 puL)
to make the total volume 10 puL and the mixture was incubated
for 10 min at room temperature.

Microscopic observation of GUVs associated with EGFP-lipids

Suspension of GUVs with associated EGFP-lipids was placed on
a glass coverslip, which was then covered with another smaller
coverslip. The GUVs were observed using CLSM (LSM700,
Carl Zeiss, Oberkochen, Germany) with diode lasers (488 nm
for EGFP, 555 nm for rhodamine). The observations were
performed at room temperature.

Formation of supported lipid bilayers (SLBs) and association of
EGFP-lipid

DPPC and cholesterol were dissolved in a 2:1 (v/v) chloroform/
methanol solution, to give concentrations of 1 mM. The organic
solvent was evaporated under a flow of nitrogen gas, and the
lipids were further dried in a vacuum desiccator for 3 h. The
lipid films were hydrated with Milli-Q water (1 mL). Subse-
quently, small unilamellar vesicles (SUVs) were prepared by
extruding the suspension five times through a 100-nm poly-
carbonate membrane filter using the Mini-Extruder Set (Avanti
Polar Lipids), with the size homogenized to 100 nm. SLBs were
formed by adding SUV (200 pM, 100 pL) suspension to holes
surrounded by double-sided tape on a piranha-washed cover
glass and incubation at 50 °C for at least 30 min. EGFP-lipids
(100 pL) were added and incubated at room temperature for
15 min. Fluorescence recovery after photobleaching was per-
formed using CLSM following three washings in PBS(—) with
the following setup: EGFP-C16: 1 uM, EGFP-C18: 0.5 uM,
EGFP-C20: 1.5 pM, EGFP-C22: 1.5 pM; 488-nm laser; bleaching
area: 9.9 um?; bleaching time: 2.2 s. The time point ¢ = 0 was
defined as the moment immediately after photobleaching.
To correct for overall fluorescence fluctuations, a nonbleached
reference region was monitored in parallel during the time
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course measurement. The intensity in the bleached region at
each time point was then normalized by the corresponding
change rate observed in the nonbleached region. The resulting
normalized fluorescence intensity, FI(¢), was fitted to eqn (3).%
In this model, FI(0) denotes the normalized fluorescence
intensity immediately after bleaching, and A is a fitting coefti-
cient. The fluorescence intensity at infinite time, corresponding
to the recovery plateau, is given by FI(oo0) = FI(0) + A. Based on
the obtained fitting parameter tp, the diffusion coefficient D
was calculated according to eqn (4). The immobile fraction was
calculated according to eqn (5), using the normalized fluores-
cence intensities immediately after bleaching [FI(0)] and after
recovery [FI(o0)]. This reflects the proportion of molecules that
remained immobile during the observation period.

2‘ED
F1(¢) = FI(0) + 4 - e 1 (10 <2TTD> +1 <2TTD>) (3)
2
D = Iip (4)
Immobile fraction = 1= Fl{co) (5)
1 — FI(0)

A: fitting coefficient; tp: diffusion time; I, I;: modified sphe-
rical Bessel functions; D: diffusion coefficient; r: radius of
photobleached region.

Cell culture

Jurkat cell line RCB0806 (an immortalized line of human T lympho-
cytes derived from a patient with T-cell leukemia) was provided by
the RIKEN BRC through the National Bio-Resource Project of MEXT,
Japan, and cultured in RPMI-1640 medium. The medium was
supplemented with 10% fetal bovine serum, and cells were cultured
in a humidified incubator at 37 °C in the presence of 5% CO,.

Transfection of siRNA into Jurkat cells

Transfection of siRNA into Jurkat cells was performed using the
Neon transfection system (Thermo Fisher Scientific); 2.0 x
10° cells suspended in resuspension buffer containing 100 pmol
siRNA were transfected at 1400 V, with 10-ms pulse width, and
three pulses. The cells were then incubated at 37 °C in the
presence of 5% CO, for 48-72 h.

Real-time reverse transcription-PCR

lTM

Total RNA was isolated from cell suspension using TRIzo
according to the manufacturer’s manual. Genomic DNA
removal and reverse transcription reactions were performed
using a PrimeScript™ RT Reagent Kit with gDNA Eraser accord-
ing to the manufacturer’s manual. The synthesized cDNA was
mixed with respective primer pairs®® (Table S3) and Powerup
SYBR Green Master Mix, then quantitative PCR analysis was
conducted using a real-time PCR system (Applied Biosystems,
Thermo Fisher Scientific). Expression of the human B-actin
gene was detected as an internal control. The number of cycles
required to amplify the target gene was determined, and the
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relative expression of the target gene was calculated as follows:
individual threshold cycles (CT) from the experimental or
control group were normalized by the CT for B-actin, and two
raised to the power of negative AACT (experimental cells) was
divided by two raised to the power of negative AACT (control cells).

Staining of lipid rafts

CT-B is a fluorescent probe that interacts with monosialotetra-
hexosyl ganglioside (GM1) and is used to label lipid rafts. Cells
were blocked with bovine serum albumin [0.02% (v/v)] in
PBS(—) on ice for 30 min followed by incubation at 37 °C in
the presence of 5% CO, for 10 min with CT-B (1 pg mL ™"
dissolved in PBS(—)), and then washed twice with PBS(—).

Association of EGFP-lipids to Jurkat cells

EGFP-lipid (10 uM) was added to cell suspensions at a final
concentration of 0.1, 0.25, 0.5, or 1.0 uM. The cells were
incubated at 37 °C in the presence of 5% CO, for 15 min and
then washed twice with PBS(—).

Activation of Jurkat cells by addition of ConA

ConA discriminates between glycoproteins in the membrane
and o-linked mannose in the serum. It induces immune
activation in Jurkat cells and triggers raft internalization and
clustering.’”*® Activation of Jurkat cells was performed by the
action of ConA (10 ug mL™"). ConA was added to cell suspen-

sions at the time of observation.

Microscopic observation of Jurkat cells associated with EGFP-lipids

Jurkat cells were incubated in 4% paraformaldehyde phosphate
buffer solution at room temperature for 15 min and washed
twice with PBS(—) before CLSM observation. The internaliza-
tion ratio of fluorescent molecules was calculated by using ZEN
Microscopy Software (Carl Zeiss, Oberkochen, Germany).

Cytotoxicity assay of EGFP-lipid

Jurkat cells (2.0 x 10" cells per well, 50 uL in PBS(—)) were seeded
into a clear 96-well tissue culture plate. EGFP-lipid (final concen-
tration: 1 pM) was added to each well and incubated for 15 min.
After incubation, 50 pL of culture medium was added to each well,
followed by 10 pL of Cell Counting Kit-8 reagent (WST-8; Dojindo
Laboratories). The plate was then incubated at 37 °C with 5% CO,
for 3 h. Cell viability was subsequently assessed by measuring the
absorbance at 450 nm using a microplate reader. Viability was
calculated using eqn (6), with the blank defined as PBS(—) and
WST-8 without cells. Absorbance measurements were performed
in triplicate using independently prepared samples.

s ODyso(sample) — ODysp(blank)
11 1 %) =
Cell viability (%) ODyso(control) — ODys (blank)

x 100 (6)

Measurement of Young’s modulus of Jurkat cells with
associated EGFP-lipids by atomic force microscopy (AFM)

Jurkat cells were incubated with 1 pM EGFP-lipid in PBS(—) for
15 min, followed by washing with PBS(—) at least twice.
Measurements of the Young’s modulus of cells were conducted
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by using an AFM system (force spectroscopy system; CellHesion
200, JPK Instruments - Bruker Nano GmbH, Billerica, MA,
USA). An AFM probe (curvature radius of tip: 20 nm; spring
constant of a cantilever: 0.01 N m™'; MLNV-C, Bruker)
approached at a rate of 3.0 um s~ ' toward the center of a Jurkat
cell that was placed on the bottom of a Petri dish filled with
PBS(—). Until the repulsive-force value reached a set point of
0.25 nN, a force curve was recorded. Force curves were obtained
for 50 different cells and then processed using JPK Data
Processing software (version 6.4; JPK Instruments - Bruker
Nano GmbH) to estimate the Young’s modulus of the cell
membrane by fitting with the Hertz model.

MD simulation studies

MD simulations were performed using GROMACS package®®
and CHARMM-GUI®® with the CHARMM36m force field.®”*®
The chemical structures of EGFP-lipids were obtained and
optimized using MOE. CHARMM-GUI Multicomponent
Assembler®® was used to generate starting coordinates for the
simulations. In the lipid membrane simulation, a bilayer con-
taining 132 DPPC molecules and 88 cholesterol molecules in
the upper leaflet and 135 DPPC molecules and 90 cholesterol
molecules in the lower leaflet was constructed. The remaining
contents of the cube consisted of water (TIP3P) and charge
balanced with Na* and Cl~. A 50-ns simulation was performed
for each of the systems under periodic boundary conditions.
Analysis of MD trajectories was performed using the GROMACS.
The definition of RMSD is as follows:

1 & 2
RMSD = \/;;@w B ,45()))

N: the number of atoms in the system being compared. 7%: The
position of the i-th atom at time ¢ (current structure in the
simulation). #”: The position of the i-th atom in the reference
structure (minimized structure). (19 — %)% the squared dif-
ference between the positions of the i-th atom at time ¢ and in
the reference structure.

Statistical analysis

Statistical analysis was carried out using homemade Python
code. Statistical significance was calculated by the unpaired
t-test or Mann-Whitney U-test followed by Bonferroni correc-
tion, the Kruskal-Wallis test followed by the Dunn-Bonferroni
post-hoc test, or Welch’s t-test followed by FDR correction
(Benjamini-Hochberg), or one-way ANOVA followed by Tukey’s
post-hoc test for multiple comparisons. Significance is indicated
as: *p < 0.05, **p < 0.01, ***p < 0.001; “n.s.” indicates not
significant.
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