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Lipid rafts are generally considered as nanodomains on cell membranes and play important roles in
signaling, viral infection, and membrane trafficking. However, the raft hypothesis is still debated with
many inconsistencies because the nanoscale and transient heterogeneous raft structure creates
difficulties in its location and functional analysis. In the present study, we report a DNA nanotweezer
composed of a cholesterol-functionalized DNA duplex that stabilizes transient lipid rafts, which facilitate
the further analysis of the raft component and its functions via other spectroscopy tools. The proposed
DNA nanotweezer can induce clustering of raft-associated components (saturated lipids, membrane
protein and possibly endogenous cholesterol), leading to the T cell proliferation through clustering of
a T-cell antigen receptor (TCR). The flexibility of random sequence noncoding DNA provides versatile
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Introduction

Lipid raft hypothesis suggests the existence of transient nano-
domains with a high content of sphingolipids, sterols and
specific proteins on the cell membrane.”™ Lipid rafts are
believed to have important roles in cell signaling through
changes in the raft composition.*® However, not only the
structure and composition of a lipid raft but also mechanisms
that govern its genesis remain highly controversial.>'® The
transient and dynamic nanoscale structure of a lipid raft creates
difficulties in the correlation between raft composition and its
associated cellular physiological functions.>' For example,
cholesterol is considered to play important roles in the forma-
tion of lipid rafts with preferential associations between
cholesterol and saturated lipids."”** The role of cholesterol in
lipid rafts has long been studied by removing cholesterol with
depleting agents, such as methyl-p-cyclodextrin (MBCD),*
which often results in dramatic changes of the plasma
membrane and functional outcomes associated with the
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dissolution of rafts.® The ability to rationally manipulate the
distribution of cholesterol on the plasma membrane may have
great potentials in exploring the function of lipid rafts.

The development of new technologies, including fluores-
cence microscopy,**?° force spectroscopy,*** X-ray diffraction,*
mass spectrometry**** and solid state NMR,*® has advanced the
understanding of mysterious lipid rafts.'”” Among them, the
major advantage of fluorescence microscopy is its high spatial
resolution.” However, owing to the putative small and dynamic
nature of lipid rafts, classical fluorescence raft probes,
including fluorophore-labeled lipids and proteins,>* suffer
difficulties in exploring the detailed composition and functions
of rafts in plasma membranes.’* As a result, the potent corre-
lation between lipid rafts and cellular functions are still not
fully understood. Therefore, specific labeling of lipid rafts on
cell membranes remains one of the foremost challenges.”

Recently, DNA nanostructures with lipidic anchors were
demonstrated to be promising membrane protein mimics that
enable one to monitor molecular encounter events on living cell
membranes.***' In the present study, we demonstrate that DNA
nanotweezers could stabilize and dynamically light up lipid
rafts on living cell membranes. The proposed DNA nano-
tweezers create an exogenous cholesterol-rich region on living
cell membranes, which results in the recruitment of raft-
associated lipids and proteins, and possibly also endogenous
cholesterol. To further address the biological function of lipid
rafts, we demonstrate that the DNA nanotweezers could activate
the T cell proliferation in a nonspecific activation manner. The
strategy proposed in this work provides new ways of regulating
cell behaviors using random sequence noncoding DNAs.
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Results and discussion

The principle of DNA nanotweezer induced formation of lipid
rafts is depicted in Fig. 1A. The DNA nanotweezers are
composed of a pair of cholesterol-(chol) functionalized DNA
duplexes. In detail, a 5'chol- and 3'Cy3-functionalized single-
stranded (ss)-DNA (termed as 5'chol- and 3'Cy3 anchor ss-
DNA, the sequences of DNA used in this work are listed in
Table S1t) was anchored on the membrane of suspension cells
(Jurkat T cell) through the insertion of cholesterol into lipids.
The inserted ss-DNA were evenly distributed on the cell
membrane (Fig. 1B, upper). Of note, we designed a hydrophilic
PEG linker between cholesterol and DNA to diminish the
influence of DNA on the behavior of endogenous cholesterol
inside the cell membrane.”” The insertion of cholesterol-
decorated ss-DNA did not perturb the viability of Jurkat T cells
(Fig. S1A¥).**** In order to restore more anchor ss-DNAs on cell
surfaces, chlorpromazine (CPZ) was added into the medium to
inhibit endocytosis (the cytotoxicity of CPZ toward Jurkat cells
was also tested as shown in Fig. S1Bt). Then, its complementary
DNA with a 5'chol functionalization (termed as 5'chol-cDNA)
was introduced to hybridize with the membrane-anchored ss-
DNA. Interestingly, DNA hybridization resulted in a redistribu-
tion of Cy3 fluorescence on the surface of the cell membrane, as
shown in the cross-section fluorescence images of the treated
cells in Fig. 1B. Upon hybridization, the homogeneously
distributed Cy3 fluorescence (Fig. 1B, top) was gradually trans-
formed into clusters with aggregates ranging from several
hundred nanometers to micrometers (Fig. 1B, middle) in
10 min. The corresponding 3D confocal microscopy images
further confirmed that the fluorescent aggregates are discon-
tinuously distributed on the cell surface (Fig. S21). The clus-
tering of the fluorescence domain could be more easily
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visualized from the bottom section of confocal images (Fig. 1C,
pictures were taken by focusing on the interface between cell
and the glass substrate). The dynamic process of the DNA
hybridization induced fluorescence aggregation was recorded
(see Video S1 in the ESIT). Therefore, we speculated that there
might be some correlations between the clustered distributions
of DNA duplexes on cell membrane with lipid rafts.

We then performed several control experiments to investi-
gate this hypothesis. These included: (1) the fluorescence of
a control anchor ss-DNA of the same sequence but with both 3’
and 5'chol functionalization and a Cy3 fluorophore modified in
the middle was evenly distributed on the cell membrane
(Fig. S3AT), suggesting either one or two cholesterol groups are
inserted into the cell membrane. Moreover, upon adding
a control ¢cDNA with the same sequence but without 5'chol
modification, the fluorescent domain also transformed into
clusters (Fig. S3Bt); (2) upon hybridizing with another control
c¢DNA with same sequence but with a Cy5 modification near
5’chol, besides the aggregation of Cy3 fluorescence, a Cy3 to Cy5
FRET was also observed. The FRET further confirmed the
hybridization of ¢cDNA with anchor ss-DNA (Fig. S471). Control
experiments depicted in Fig. S3 and S4f indicated that DNA
hybridization is pivotal for the cluster formation; (3) the fluo-
rescent aggregates were absent if a control cDNA with the same
sequence but without 5'chol modification was used to hybridize
with the membrane-anchored ss-DNA (Fig. S51); (4) upon
hybridizing with another control cDNA of the same sequence
but with 3’chol functionalization, the fluorescence of Cy3 was
still evenly distributed on cell membranes (Fig. S61), suggesting
that the 5'chol functionalization of ¢cDNA also plays a critical
role in the formation of fluorescent aggregates; (5) the degree of
fluorescence aggregation on the cell membrane was positively
dependent on the amounts of 5'chol ¢cDNA (Fig. S7t); (6) the
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(A) Schematic illustrating the strategy of using DNA nanotweezers to manipulate cholesterol distribution on a living cell membrane, which

stabilize and dynamically light up lipid rafts. (B and C) Confocal fluorescence microscopy images of the cells focused on cross (B) and bottom (C)
section. The evenly distributed Cy3 fluorescence on cell membrane from 5'chol- and 3'Cy3 anchor ss-DNA (top), was clustered upon
hybridization with 5'chol-cDNA (middle), which was then transferred back to an even distribution upon the introducing of a DNA strand
displacement reaction that removes 5'chol-cDNA (bottom). Scale bar is 5 pm. (D) Optimized structure of the cholesterol dimer in solution phase.
(E) Schematic illustrating the proposed strategy of using DNA nanotweezers to recruit raft-associated saturated lipids, membrane and possibility

endogenous cholesterol.
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DNA duplex-induced fluorescent aggregates were still preserved
when we used MBCD to extract endogenous cholesterol from
the cell membrane, suggesting that the aggregation of DNA
duplexes on cell membrane was largely independent of endog-
enous cholesterol (Fig. S87).

We thus concluded that DNA hybridization and the weak
interactions between the pending cholesterol groups induce the
gathering of DNA duplexes. We performed quantum mechanics
calculations on cholesterol dimers using the semiempirical PM6
method.** Upon the formation of a cholesterol dimer, the
calculated solvation energy of dimer in a solution is
—9.8 kecal mol ', indicating that the aqueous solution could
stabilize the cholesterol dimer via the hydrophobic effects
(Fig. 1D). As a result, the inserted cholesterol groups are also
gathered in cell membranes. According to the raft hypothesis,
cholesterol is believed to be responsible for domain formation
due to its high affinity toward saturated phospholipids. Thus, we
speculated that the aggregated inserting cholesterol may also
recruit raft-associated components (saturated lipids, membrane
proteins and possibly endogenous cholesterol), which stabilize
and enlarge the original raft domain. Therefore, we concluded
that a synergistic effect of DNA hybridization and hydrophobic
interactions of cholesterol groups result in a tweezer-like func-
tion, leading to seizing and enlarging an original cholesterol-rich
raft domain and simultaneously lighting it up (Fig. 1E). We
further investigated these DNA nanotweezers with other cell lines
(L1210, HeLa) and found similar phenomena (Fig. S9 and S107),
suggesting the broad utility of the proposed strategy.

The programmable effect of DNA hybridization enables one
to rationally control the distribution of DNA nanotweezers on
the cell membrane. We introduced a strand displacement
reaction to highlight the possibility of redistributing the raft
domain.” As shown in Fig. 1A (bottom), upon introducing
a trigger DNA strand to initiate the strand displacement reac-
tion, the DNA nanotweezers induced fluorescent aggregates
were transferred back to an even distribution (Fig. 1B and C,
bottom, and Video S2t). Therefore, DNA provides a unique
capability of reversibly manipulating the distribution of raft-
associated components on a cell membrane, which opens up
new possibility of rationally controlling the on-off of the raft-
associated reactions with external DNA-related stimuli.

To further confirm that the DNA nanotweezer-seized domain
is not only associated with lipid rafts in spatial distribution but
also in chemical components, we next investigated the chemical
composition of the DNA lightened domain. We first explored
the lipid components in the DNA nanotweezer-lightened region.
Previous studies indicated that endogenous cholesterol favours
interactions with saturated hydrocarbon chains, such as
sphingolipids and gangliosides, and these lipids are considered
as important components of lipid rafts.*** Ganglioside GM1,
a receptor for cholera toxin on cell surfaces, is suggested to be
transiently trapped within areas <20 nm in the plasma
membrane in a cholesterol-dependent fashion and recognized
as a raft-resident marker.*” We, thus, stained Jurkat T cells with
Alexa 488-labeled cholera toxin B, and the even distribution of
cholera toxin B suggests that original lipid rafts are extremely
small and dynamic (Fig. S111). Moreover, in another control
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experiment the cells were treated simultaneously with Alexa
488-labeled cholera toxin B and 5'chol- and 3'Cy3 anchor ss-
DNA; we found both were evenly distributed on the cell
surfaces (Fig. S121). Upon treatment with DNA nanotweezers,
the colocalization of Alexa 488 and Cy3 (Fig. 2A and B) indicated
that the DNA nanotweezer-seized region coincided with GM1 on
the cell membrane. We then extracted endogenous cholesterol
with MBCD to reduce its availability. As a result, the colocali-
zation of DNA nanotweezers and cholera toxin B was reduced
(Fig. 2C and D). The quantitative analysis in Fig. 2E further
confirms the strong colocalization of DNA nanotweezers with
GM1.” These results imply that (1) the region lightened by DNA
nanotweezers possesses a similar higher content of GM1 as in
lipid rafts; (2) the DNA nanotweezer-lightened region might also
be rich in endogenous cholesterol.

We next investigated the protein component in the lightened
region. Lipid rafts are platforms for membrane protein
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Fig. 2 The DNA nanotweezer-lightened regions are similar with lipid
rafts in lipid components. (A) Upper: scheme of the colocalization of
cholera toxin B and DNA nanotweezers. Lower: confocal fluorescence
microscopy images show the overlap of Cy3 and Alexa 488 in both
cross and bottom fluorescence profiles. (B) Colocalization between
cholera toxin B and DNA nanotweezers was analyzed by line profiling
the fluorescence intensity of Cy3 (red) and Alexa 488 (green) along the
line selected in the bottom fluorescence profile. (C) Upper: scheme of
the reduced colocalization of cholera toxin B and DNA nanotweezers
upon treatment with MBCD to reduce the availability of endogenous
cholesterol. Lower: confocal fluorescence microscopy images show
the reduced overlap of Cy3 (red) and Alexa 488 (green). Scale bar is 5
um. (D) Reduced colocalization of cholera toxin B and DNA nano-
tweezers was analyzed by line profiling the fluorescence intensity of
Cy3 (red) and Alexa 488 (green) along the line selected in the bottom
fluorescence profile. (E) Classical colocalization analysis of Images in
(A) and (C) using the coloc2-plugin of extended Imaged version Fiji.
The mean of Person's R values is 0.86 of (A) and 0.70 of (C), respec-
tively (data represent mean of 20 images, asterisks indicate a signifi-
cant difference with p < 0.001).
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interactions,®* and among them glycosylphosphatidylinositol
(GPI)-anchored membrane proteins are intensively studied.*
We selected CD59, a GPI-anchored protein, as a model protein
to investigate its presence in the DNA-lightened region. We
stained Jurkat T cells with FITC-labeled CD59 monoclonal
antibodies and found that CD59 was homogeneously distrib-
uted on the cell surface (Fig. S137), further confirming the
dynamic nature of lipid rafts. Then, the CD-59 antibody-labeled
cells were treated with 5'chol- and 3’'Cy3-anchor ss-DNA, and
FITC and Cy3 were both evenly distributed on the cell surfaces
(Fig. S14t). Once 5'chol-cDNA was introduced to form the DNA
nanotweezers, the Cy3 fluorescence region revealed a strong
overlapping with that of FITC (Fig. 3A and B), indicating that the
DNA nanotweezer-accumulated region could recruit CD59. We
performed another control experiment to verify that protein
components in the DNA nanotweezer-seized domain are asso-
ciated with lipid rafts. Transferrin receptor (TfR) is an exten-
sively studied non-lipid component on living cell membranes.**
Therefore, we stained Jurkat cells with APC-labeled TfR mono-
clonal antibodies. The fluorescence of APC could not be over-
lapped with Cy3 (Fig. 3C and D), suggesting that TfR was not
recruited into the DNA nanotweezer-seized domain. In another
control experiment with MBCD extraction to reduce the avail-
ability of endogenous cholesterol, we found a reduction in the
colocalization of CD59 and DNA nanotweezers (Fig. 3E and F).
These results confirmed that the DNA nanotweezer-lightened
regions are largely identical to lipid rafts in both lipids and
protein compositions. The quantitative analysis in Fig. 3G
confirms the colocalization of DNA nanotweezers with CD59,
while it does not support the overlapping of DNA nanotweezers
with TfR.

We then demonstrated the ability of DNA nanotweezers to
manipulate cellular functions. An important role of lipid rafts is
their function in receptor signal transduction and activation of
lymphocytes.> On the surface of T cells, a T-cell antigen
receptor (TCR) is an important multi-subunit immune recog-
nition receptor that engages lipid rafts during signaling, and
transmembrane TCR-CD3 complexes are responsible for trans-
mitting the stimulation of antigens to the intracellular effector
proteins.™* It has been reported that cholesterol can directly
bind to the transmembrane domain of the TCR-B chain to
mediate TCR clustering on the T cell surface, and CD3 anti-
bodies can produce the first signal of T cell activation by
crosslinking TCR-CD3 complexes (Fig. 4A).>>*® Therefore, we
speculated that the DNA nanotweezers could also behave as
CD3 antibodies that are associated with initial signaling events
in rafts. We thus stained the DNA nanotweezer-treated cells
with APC-labeled CD3 antibodies and found that APC was also
clustered with partial overlapping with Cy3 (Fig. 4B and S157),
indicating that the clustering of TCR-CD3 complexes is closely
associated with DNA nanotweezers. We wondered if the DNA
nanotweezer-induced assembly of the TCR-CD3 complexes also
results in activation of the T cell receptor signaling pathway.
LAT (Linker for Activation of T cells) is an important adaptor
protein in T cell activation and could be phosphorylated by ZAP-
70/Syk protein tyrosine kinases following the stimulation of
TCR. Upon treatment with DNA nanotweezers, we found that
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Fig. 3 The DNA nanotweezers lightened region are similar with lipid
raft in protein component. (A) Upper: scheme of the colocalization of
CD59 and DNA nanotweezers. Lower: confocal fluorescence
microscopy images show the distribution of Cy3 and FITC in both
cross and bottom fluorescence profiles. (B) Colocalization between
CD59 and DNA nanotweezers was analyzed by line profiling the
fluorescence intensity of Cy3 (red) and FITC (green) along the line
selected in the bottom fluorescence profile. (C) Upper: scheme of the
distribution of TfR and DNA nanotweezers. Lower: confocal fluores-
cence microscopy images show the distribution of Cy3 and APC in
both cross and bottom fluorescence profiles. (D) Colocalization
between TfR and DNA nanotweezers was analyzed by line profiling the
fluorescence intensity of Cy3 (red) and APC (purple) along the line
selected in the bottom fluorescence profile. (E) Upper: scheme of the
reduced colocalization of CD 59 and DNA nanotweezers upon treat-
ment with MBCD to reduce the availability of endogenous cholesterol,
lower: confocal fluorescence microscopy images show the distribu-
tion of Cy3 and FITC. (F) Reduced colocalization of CD59 and DNA
nanotweezers was analyzed by line profiling the fluorescence intensity
of Cy3 (red) and FITC (green) along the line selected in the bottom
fluorescence profiles. Scale bar is 5 um. (G) Classical colocalization
analysis of images in (A), (C) and (E). The mean of Person’s values is 0.83
of (A), 0.56 of (C) and 0.58 of (E), respectively (data represent mean of
20 images, asterisks indicate a significant difference with p < 0.0001).

the phosphorylation level of LAT was significantly increased
(Fig. 4C), while the content of LAT remained constant, sug-
gesting that the DNA nanotweezers indeed nonspecifically
activate T cells.

Therefore, we further explored if the DNA nanotweezer-
induced T cell activation could lead to T cell proliferation.

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 The DNA nanotweezers induce an activation of T cell. (A)
Schematic of TCR signaling cascade after the engagement of the TCR-
CD3 complexes. (B) Confocal fluorescence microscopy images show
the distribution of Cy3 and APC in both cross and bottom fluorescence
profiles. (C) The phosphorylation level of LAT from Jurkat cells was
increased upon treatment with DNA nanotweezers, as determined by
western blotting. (D) Flow cytometry data showing T cell proliferation
after activation by DNA nanotweezers. Native T cells were stained by
CFSE for monitoring proliferation.

Since Jurkat cells are immortal cell lines with rapid cell division,
it is not suitable for studying activation-induced T cell prolif-
eration. We thus employed native T cells (CD8+ T cells from
mouse spleen) to investigate the DNA nanotweezer-induced cell
proliferation. CD28 antibodies and IL2 were used as co-
stimulators to stimulate the DNA nanotweezer-treated cells,*”
and the proliferation of native CD8+ T cell was studied using
a carboxyfluorescein in succinimidyl ester (CFSE) cell division
tracking kit using flow cell cytometry.*®* This CFSE kit relies on
the ability of CFSE to label long-lived intracellular molecules
with a highly fluorescent dye, carboxyfluorescein. Following
each cell division, the equal distribution of these fluorescent
molecules to progeny cells results in the halving of the fluo-
rescence of daughter cells.> The flow cytometric analysis of
CD8+ T cells was performed after 72 h of activation (Fig. 4D).
Clearly, only DNA nanotweezer-treated CD8+ T cells led to
profound cell proliferation. Therefore, we confirmed that the
proposed DNA nanotweezers could induce aggregation of the
TCR-CD3 complexes and subsequent T cell proliferation, indi-
cating a strong correlation between lipid rafts and T cell
activation.

Conclusions

In conclusion, we report a DNA tool to stabilize and dynamically
light up lipid rafts on the plasma membrane, which enables

This journal is © The Royal Society of Chemistry 2020
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further functional analysis of the lipid rafts via other spectros-
copies. These DNA nanotweezers enable one to manipulate the
distribution of raft-associated components on the cell
membrane. In addition, the DNA nanotweezers could nonspe-
cifically activate T cells through rationally controlling raft
distribution. These results show great potentials of delicately
manipulating cell fate through controlling the distribution of
raft-associated components on living cell membranes. To the
best of our knowledge, this is the first example of using dynamic
DNA nanodevices to seize lipid rafts and to activate the associ-
ated T cell signaling pathway. The flexibility of noncoding DNA
provides versatile possibilities of activating T cells; for example,
stimuli-induced programmable activation with aptamers or
light-induced activation with photo-responsive nucleotides thus
opening up new ways in T cell therapy.
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