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Abstract

Cells interact with the extracellular environment through molecules expressed on the membrane.
Disruption of these membrane-bound interactions (or encounters) can result in disease
progression. Advances in super-resolution microscopy have allowed membrane encounters to be
examined, however, these methods cannot image entire membranes and cannot provide
information on the dynamic interactions between membrane-bound molecules. Here, we show a
novel DNA probe that can transduce transient membrane encounter events into readable
cumulative fluorescence signals. The probe, which translocates from one anchor site to another,
such as motor proteins, is realized through a toehold-mediated DNA strand displacement reaction.
Using this probe, we successfully monitored rapid encounter events of membrane lipid domains
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using flow cytometry and fluorescence microscopy. Our results show a preference for encounters
within different lipid domains.

Cellular communication and signalling depends on molecules expressed on the membrane,
especially proteins and lipids. During the resultant cell signalling, these protein and lipid
molecules interact and regulate key functions such as signal transduction®. Consequently,
disruption of such membrane-bound interactions, or encounters, can result in disease
progression, such as that seen in cancer or inflammatory and metabolic disorders?. Indeed,
understanding interaction patterns on live cell membranes is critical to biological studies.
Powerful imaging techniques have been developed to track individual receptors on cell
membrane surfaces3# and to examine cluster formation following up/downstream
encounters between interacting membrane-bound cellular components, for example, proteins
or lipids®6. However, such imaging techniques may often be confounded by the absence of
cluster formation. Moreover, the duration of these encounters, estimated to range from
microseconds to milliseconds3, is generally too fast to be analysed by single-molecule
tracking and co-localization techniques. Thus, signalling transient molecular encounter
events on live cell membrane remains a technical challenge. Here, we report a DNA probe to
monitor such membrane encounters. The probe functions by transducing transient encounter
events into readable cumulative fluorescence signals.

Lipid domain theory holds that the cell membrane is not passive diffusing environment, but
rather exerts preferential association among lipids, sterols and specific proteins’. These
diffusion-restricting membrane structures are believed to play critical functions in membrane
signalling and trafficking. However, the understanding of lipid domains has been limited by
indirect methods, such as detergent extraction or mechanical disruption®. Recent progress in
Forster resonance energy transfer (FRET) microscopy and super-resolution microscopy has
begun to allow the direct measurement of lipid domains on live cell membranes. However,
FRET microscopy is currently limited to the study of membrane interactions mainly
between proteins, rather than lipids®. Furthermore, super-resolution methods, such as
stimulated emission depletion or fluorescence photo-activation localization microscopy
imaging, require costly instrumentation and provide lateral distribution of each individual
membrane molecule, but no dynamic interaction information among membrane-bound
molecules®. Stimulated emission depletion-fluorescence correlation spectroscopy, a new
type of technique to study membrane encounters, normally cannot be used spatially across
the entire membrane since it only allows the acquisition of data at one single small
observation spot at a diameter of around 40 nm (ref. 10). In comparison, our method can
confirm the ‘encounter’ of studied membrane molecules within <10 nm, that is, the length of
DNA probe.

Characterization of DNA probe

This DNA probe is inspired by the tiny motor proteins that power locomotion in the cellular
world!®. Artificial DNA probes have been produced to mimic motor proteins, step onto
anchor sites (S) and move along a track (T)1213, Here, we prove that live cell membranes
and membrane compounds (for example, lipids or proteins) can be employed as the track
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and anchor sites, respectively, to construct a well-regulated dynamic DNA system (Fig. 1a).
The translocation of the DNA probe (W) from one anchor site (S2) to another (S1) is
realized through a toehold-mediated DNA strand displacement reaction!2, in which two
complementary DNA strands (W and S1) hybridize to each other, displacing, in this
example, prehybridized strand S2 from the S2/W conjugate. Under our experimental
conditions, the strand displacement reaction rate linearly correlates with the rate of anchor
site encounter on the membrane (see Methods, equation (5)). As a result, the encounter
dynamics of two anchor sites, or two target membrane components, can be measured by
calculating the time-dependent variation of DNA probe translocation.

We first characterized the kinetics of DNA probe locomotion between two anchor sites in
buffer solution. In this experiment, a 6-carboxyfluorescein (FAM) dye was labelled onto the
3’-end of the DNA probe, and a corresponding quencher, Dabcyl, was attached to the 5”-end
of anchor site S1. The locomotion of the DNA probe from anchor site S2 to S1 was
monitored by the quenched fluorescence after mixing 10-50 nM S1 strand with 50 nM
S2/W conjugate. Similar to previous reports}415, this strand displacement reaction follows a
second-order reaction model (rate constant = 5.1 x 10° M1 s71), and the reaction rate
linearly correlates with the anchor site encounter rate (Supplementary Fig. 1).

To fine tune the locomotion of the DNA probe, we further introduced a block strand (B) and
an initiator strand (1). The block (B) strand prevents strand displacement before the
designated measurement and functions by blocking the DNA probe from recognizing the
toehold region of anchor site S1, that is, domain 3, as shown in Fig. 1a. On the other hand,
the initiator (1) strand removes the block strand by a strand displacement reaction (Fig. 1a).
In this way, DNA probe locomotion can be triggered only after the addition of I, thus
allowing precise regulation over displacement reaction initiation and resultant accurate
measurement of strand displacement rate, which, to restate, is linearly correlated with anchor
site encounter rate (Supplementary Figs 1 and 2).

Next, to anchor the DNA probe system onto a live cell membrane, DNA anchor strands S1
and S2 were chemically synthesized with several natural membrane components, including
phospholipid, cholesterol and tocopherol (Fig. 1b)16:17. After incubating
carboxytetramethylrhodamine (TMR)-labelled probe/anchor conjugates (500 nM at room
temperature for 2 h) with a model B-cell Burkitt’s lymphoma cell line (Ramos) and
removing unbound probes, the membrane anchoring of DNA probes could be clearly
observed with fluorescence microscopy (Fig. 1c). Flow cytometry was further applied to
calculate the degree of cell membrane anchoring. Efficient labelling of phospholipid,
cholesterol and tocopherol anchor/DNA probe conjugates was observed on the membrane of
both Ramos cells and CCRF-CEM cells, another human T lymphoblast cell line
(Supplementary Fig. 3). Similar to a previous report!®, membrane density of DNA anchoring
could be precisely regulated over a large concentration range.

To investigate whether the DNA anchoring would remain bound to the membrane or be
internalized after a series of cellular incubation times, we used a FAM-labelled reporter
DNA to exclusively label membrane-attached oligonucleotides!®. The cell membrane-
anchored oligonucleotides, but not the internalized ones, were hybridized and labelled with
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the reporter DNA, which was not taken up by the cells based on the negatively charged
phosphate groups of the oligonucleotides. As shown in Supplementary Fig. 4, during the 4 h
of incubation, 85-96% of DNA anchoring remained bound to the cell membrane, as
determined by the cellular fluorescence intensity, thereby allowing long-term measurement
of DNA translocations.

To study the efficiency of anchoring different oligonucleotide conjugates on the same cell
membrane, Cy5.5-labelled phospholipid-S1/B and FAM-Ilabelled phospholipid-S2/W
conjugates were simultaneously incubated with Ramos cells. Using flow cytometry,
controlled amounts of both conjugates co-localized on the same cell membrane, as observed
in different fluorescence channels (Supplementary Fig. 5), indicating successful anchor of
the DNA probe onto a live cell membrane.

Locomotion of DNA probe

DNA probe translocation only requires initial encounters of several microseconds
(Supplementary Discussion 1)14.20, Therefore, we asked if our DNA probe could be used to
study previously untraceable membrane encounters in the microsecond range, such as those
between membrane lipids3. To test this possibility, we examined the encounter rate of two
diacyllipids. To accomplish this, we anchored a FAM-labelled diacyllipid-S2/W conjugate
and a Dabcyl-labelled diacyllipid-S1/B conjugate onto a Ramos cell membrane. To avoid
disruption of natural membrane interactions, the overall cell membrane modification
percentage was estimated to be less than 1%. After adding | strand, the flow cytometry
signal was monitored, and, as shown in Fig. 2a and Supplementary Fig. 6, a classic second-
order exponential decay of cellular fluorescence indicated that a diacyllipid encounter rate-
dependent DNA translocation had occurred on the cell membrane. This same phenomenon,
as explained more fully in the Methods, was confirmed by fluorescence microscopy when
studying membrane encounter dynamics between cholesterol and diacyllipid anchors (Fig.
2b). In another control experiment, the effect of temperature on the DNA probe system was
further investigated (Supplementary Figs 7 and 11). As temperature dropped, the diffusion
coefficient of diacyllipids correspondingly decreased. Indeed, a slower fluorescence
quenching was observed at lower temperatures, which may at least partially indicate such
changes in the lipid diffusion coefficient. All together, these experiments prove that changes
in fluorescence intensity of the DNA probe provide an efficient mechanism by which to
measure the encounter dynamics of cell membrane components.

Next, we examined the preferential encounter dynamics among different lipid domains.
Based on different viscosity and composition, lipid domains are classified as liquid-ordered
(I) or liquid-disordered (l4) domains. Therefore, to perform this study, we synthesized three
types of DNA-linked membrane anchor: diacyllipids (L, I, partition based on saturated lipid
composition, Supplementary Fig. 14), tocopherols (T, exclusive lq partition) and cholesterols
(C, partitioning depends on membrane lipid composition)?1-23, We named each DNA probe
system with two letters. Taking LC as an example, the first letter, L, corresponds to
diacyllipid-linked S1, and the second letter, C, corresponds to cholesterol-linked S2. Thus
LC stands for the locomotion of dye-conjugated probe from cholesterol-S2 to quencher-
linked diacyllipid-S1. After immobilizing approximately the same amount of anchor/
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oligonucleotide conjugates on the Ramos cell membrane (using 150 nM C, 300 nM L or 400
nM T based on Supplementary Figs 3 and 6), the fluorescence quenching rate of each DNA
probe was measured with flow cytometry. At this point, it should be recalled that the strand
displacement reaction follows a second-order reaction model and that the reaction rate
linearly correlates with the lipid encounter rate.

The encounter rate of each anchor pair, for example, diacyllipid—cholesterol pair based on
LC (and CL) probe measurement, was then calculated and compared (Fig. 2c,
Supplementary Discussion 2 and Methods). The encounter rate among studied lipid pairs on
Ramos cell membranes was found to be in the range of 8 to 84 times per millisecond, with
differences up to 10-fold in the order oo~ T,C~1,I>TT>TC>TL- Here, T,c stands for the
averaged encounter rate of LC and CL probe measurements. It is worth mentioning that the
observed encounter rates between heterogeneous lipid pairs will depend on the sequence of
anchoring DNA strands, for example, relative encounter rate of LC was slightly larger than
that of CL (Fig. 2c). This fact could be explained by different orientation and spatial
availability of the DNA strand after lipid anchoring. As a result, the probability of strand
displacement in a given collision can be slightly varied. To attenuate such orientation effect
on strand displacement, a longer and more flexible linker between DNA and lipid/protein
could be preferred (Supplementary Fig. 6). Based on the result, encounter rates for anchors
of the same type (for example, CC) were found to be generally higher compared with those
for heterogeneous encounters (for example, T or T,¢5). This result can be expected based
on the lipid domain theory, which holds that the same lipid tends to be confined in the same
type of lipid domain, thus interacting more frequently.

It was also observed that faster diffusion does not necessarily equate with more frequent
encounters. For example, although tocopherol has a diffusion coefficient that is 2.0-fold over
that of diacyllipid (Supplementary Figs 12 and 13), TT encounters are less frequent
compared with LL encounters (0.85-fold). Since lipid domains confine the membrane
distribution of lipid molecules, their local concentration is increased.

DNA probe competition game to study encounter preference

To study the preference of one type of membrane anchor (YY) towards potential encounter
anchors (X and Z) on the membrane, we further designed a DNA probe competition game,
termed XYZ. Taking CTL as an example, (Fig. 3a), in this game, dye-labelled probe strand
initially conjugated with tocopherol anchor T is given two possible destinations, quencher-
labelled cholesterol C or unlabelled diacyllipid L anchor sites. If tocopherol anchor T prefers
an encounter with cholesterol anchor C, a fast and complete quenching will be observed. In
contrast, a slower and less complete event indicates that tocopherol-diacyllipid encounter T—
L was preferred, essentially because the translocation of probe to diacyllipid L anchor does
not result in fluorescence intensity change. The same sequence (S1) for both destinations
guarantees that the choice will be based on encounter preference, but not oligonucleotide
hybridization rate differences. As shown in Fig. 3, diacyllipid preferred to interact with
another saturated phospholipid (84%) instead of tocopherol (16%), with a nearly equal
chance of interacting with another diacyllipid (52%) or cholesterol (48%). If given only the
choice between cholesterol and tocopherol, the diacyllipid-conjugated probe showed a
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threefold preference for cholesterol. The encounter preference of each anchor can be
summarized as L = C > T for encounter with diacyllipid, C > L > T for encounter with
cholesterol, and T > C > L for encounter with tocopherol. Therefore, this competition game
provides a single-step approach to simultaneously compare two encounter pairs on the same
cell surface. Compared with individual encounter rate measurement, the competition game
reduces experiment-to-experiment and cell-to-cell errors.

To calculate the membrane encounter rates among these cholesterol, diacyllipid and
tocopherol molecules, we need to identify the membrane strand displacement reaction
probability after encounter. To study this reaction probability, a stearyl-DNA-incorporated
lipid monolayer film was prepared (Fig. 4a). The encounter rate of DNA probe in this film
follows a free-diffusing two-dimensional Smoluchowski model>:24, Based on this model
and effective fluorescence signal change (Fig. 4), membrane strand displacement reaction
probability after a lipid-S1 and lipid-S2/W encounter was calculated to be 0.032. Further
based on this encounter reaction probability, in this study, the lipid encounter rates on
individual Ramos cell membrane are calculated to be in the range of 8.5 to 89/ms
(Supplementary Discussion 2).

In addition, these encounter rates can be further applied to estimate the effective cell
membrane diffusion area of each lipid. The existence of lipid domains confines the
membrane distribution of lipid molecules, thus lipid effective membrane concentration
increased. Based on the increased effective encounter rate compared with that in the free
diffusion mode, the percentage of lipid diffusion area across cell membrane can be
calculated. In our study, the diffusion areas of diacyllipid, cholesterol and tocopherol were
estimated to cover 52, 39 and 77%, respectively, of the Ramos cell membrane
(Supplementary Discussion 3). This information can be potentially important to estimate the
sizes of lipid domains on live cell membranes.

DNA probe to study membrane protein encounter rates

Finally, to test whether the method can be applied to various anchors, such as membrane
proteins, we further tethered the DNA probe to membrane protein-binding ligands, for
example, aptamers. Aptamers are single-stranded DNAs or RNAs, which can selectively
recognize a wide range of targets, including cell membrane proteinsZ2. Four proteins co-
expressed on the Ramos cell surface were chosen and designated D, E, S and Z, because
some of their identities were unknown. D, E, S and Z were respectively targeted by DNA
aptamers TDO05, TE02, Sgc4f and TCO1 (Fig. 5a and Supplementary Fig. 9)26. The target-
binding properties of these aptamers were tested and confirmed to be preserved after
conjugation with S1 or S2 oligonucleotides (Supplementary Fig. 10). Applying the same
method as shown in Fig. 1a, the encounter rate for the same type of protein was found to
increase in the order of ppy . §P ~ SS>SE>DZ>EZ ~ ZZ>EE ~ DE>S7, With
differences up to 3.8-fold (Fig. 5b). The accurate calculation of membrane protein encounter
rates can be difficult here. The orientation of protein-linked DNA probes during encounters
will influence the efficiency of the strand displacement reaction. A careful design of the
linker region and binding site on the protein is important (Supplementary Fig. 6). In our
case, it is interesting to note that the most frequent interaction was between two TD05
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aptamers, whose target, immunoglobulin heavy mu chain (IgM), is known to aggregate as a
type of B-cell receptor for signal transduction on the membrane?’. The fast initial quenching
of DD may stem from DNA probe locomotion within the same IgM pentamer. These results
indicate that the DNA probe can be used to study the encounter dynamics of various
membrane components.

Conclusions

Methods

A major goal in biology aims to understand the underlying structure of cell signalling
networks. By applying the most recent advancements of DNA nanotechnology, our approach
offers a practical mechanism to study such structures with the ultimate aim of detecting
downstream pathophysiological dysregulation induced by abnormal lipid and protein
interactions. This novel membrane DNA probe can be easily conjugated with different cell
anchors to perform cellular measurement of rapid membrane encounters. Compared with
other imaging probes based on cluster formation after membrane encounters, including
fluorescent protein-based FRET assays3—8, our method can transduce transient membrane
encounter events into cumulative cell surface signals, thus transient membrane lipid
encounters can be studied. With standard fluorescence microscopy and flow cytometry, this
DNA probe can detect and calculate encounter rates and preferences during various live cell
membrane signalling events.

Manipulation of the membrane DNA probe

The ligand-conjugated DNA duplexes X-S1/B and Y-S2/W were incubated separately in 1x
phosphate-buffered saline (PBS) buffer (pH = 7.4 with 137 mM NaCl and 2.7 mM KCI) for
1 h before use. Each conjugate was then incubated at a concentration of 200 nM with 5 x
10° cells mI~1 in 200 pl binding buffer (containing 4.5 g 171 glucose, 5 mM MgCl,, 0.1 mg
ml~1 yeast tRNA and 1 mg ml~1 bovine serum albumin (BSA) in Dulbecco’s PBS with
calcium chloride and magnesium chloride) and shaken every 20 min. X-S1/B conjugates
were generally mixed with cells for 20 min prior to the addition of Y-S2/W conjugate to
ensure that no X-S1/W conjugates were formed before initiating the strand displacement
reactions. Cells were then washed three times with PBS to remove free probes and
resuspended in binding buffer. After washing and discarding the non-binding probes, 20-fold
(compared with the initial concentration of S1/B conjugate) initiator strand | was typically
added to initiate the strand displacement reaction. During each experiment, the initial
fluorescence signal was examined before adding the initiator strand to demonstrate the
proper concentration of DNA probes; meanwhile, the same batch of cells was used for the
control experiment by adding the same amount of DNA probes and wrapping the dye/
quencher labelling (X-S1-quencher/Y-S2-dye versus X-S2-dye/Y-S1-quencher) in order to
confirm that a similar concentration of both ligands was labelled. Each experiment was
repeated three times.
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Measurement of membrane strand displacement efficiencies

The cellular fluorescence signal was monitored with a FACScan cytometer (Becton
Dickinson Immunocytometry Systems) by counting 5,000 events at each time point, using
channel #3 for the 6-carboxyfluorescein dye and channel #5 for the PE-Cy5.5 dye. The
confocal microscope images were acquired by an Olympus FV500-1X81 with a 488 nm
argon laser and a 543/633 nm helium/neon laser (Olympus America) for fluorescence
signals from TMR dye- or Quasar 670 dye-modified DNA probes.

Kinetics of cell surface locomotion

The dynamic toehold-mediated strand displacement reaction has been proven to follow a
second-order reaction model#:15, In our system, the locomotion of DNA probe in buffer
solution can be written as:

S14+WSs 5 WSi+S, (1)

Based on previous simulations, it should be noted that the contribution of the reverse rate
constant k-1 will be negligible!®; as a result, A, functions as an apparent displacement
process rate constant. Based on the Stern—\olmer equation, the fraction of the maximum
fluorescence change indicates the reaction efficiency at any specific time. Since the toehold
binding process is mediated by the effective concentration of the incoming strand (that is,
the encounter rate), & is a diffusion rate-influenced constant. As a proof, two studies using
biophysical models have reported that tethered hybridization, instead of free diffusion, will
effectively increase the rates of strand displacement reactions?8:29. The operation of the
DNA probe on the cell membrane can be written as a two-step process:

/

1+BS; 5 IB+S;  (2)

/

S1+WSy -3 WS +S» ?3)

Since a large excess of | strand is introduced to remove block strand B, the first step appears
as a pseudo-first-order reaction, which is almost finished within a minute Supplementary
Fig. 2). As a result, the second step, that is, probe locomotion, is the rate-limiting step in this
process, and the entire rate law can be written as:

R:k/QCmasz:leCcs.l [1- eXp(_k/lt)]Cwsz = k”Ccm Clse 4)

Note that Ccsq and Gysp represent DNA probe density on the cell membrane in units of mol
cm~2 and that the overall process is second-order, depending on the original immobilization
amounts of both B/S1 and W/S2 conjugates. After solving the apparent locomotion rate
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constant £”, the encounter rate (F) of the two oligonucleotide-tethered ligands on the cell
membrane can be calculated by

F:R/P:k//cca Cw52 /P (5)

where Prepresents the reaction probability after an S1 and W/S2 encounter, which can be
obtained based on the Smoluchowski equation?4. The diffusion coefficients of free
oligonucleotide strands and that of oligonucleotide-modified membrane ligands can be
obtained based on fluorescence recovery after photobleaching3C. Since Fis a factor that
depends on the membrane density of each immobilized strand, a relative encounter rate
between two encounter pairs with similar surface concentration can be a more meaningful
indicator for comparison. In our case, since (1) the same strand sequences are used to study
different ligand interactions and (2) all reaction directions are assumed to occur along the
surface of the cell membrane, Paa and Agg can be considered the same. Thus, the relative
encounter rate between ligand A—A and ligand B-B can be obtained as

Fyu /FBB :kAA CACSI CA\VSZ/kBB CBCSl CBVVS2 (6)

In equation (6), only the relative concentrations of DNA probes are needed, and these can be
determined from the fluorescence enhancement by flow cytometry or fluorescence
microscopy. Therefore, information about the absolute density of oligonucleotides on the
cell membrane is not necessary. As an example, the relative encounter rate between two
diacyllipid-conjugated anchors was studied under different initial concentrations of DNA
probes (Supplementary Fig. 3). It has been demonstrated that a direct correlation exists
between the encounter rate and the relative membrane density of DNA probe. Moreover, by
comparing the experimental data with the theoretical fitting curve, at the low membrane
density condition (< 300 nM), which is employed later in this study, the apparent locomotion
rate constant A” can be viewed as independent of the initial concentration of the probes,
thus validating our approach that extracts the inherent encounter rate differences among
various surface ligands.

In our study, experimental fluorescence data were implemented with OriginPro 8. Based on
the nature of second-order reaction, the built-in Exponential Decay 2 function “y = Al
*exp(—x/tl) + A2 *exp(-x/t2 ) + y0” was used for fitting the data. In equation (4), the
simplest case occurred when initial membrane concentrations of S1 and WS2 were almost
the same. Then £” could be obtained through half-time measurements, which is the time it
takes for a fluorescence signal to decrease to half of the original value after subtracting the

background signal. Then, ¢ ,=1/k"C?, where C?, stands for initial S1 concentration at

time 0, which was determined from the fluorescence calibration curve. However, in the case
of different concentrations between S1 andWS2, a plot of hq[(CSl Clyss /C\ONSQCSl)] Versus

time would be plotted, and the slope of the linear curve would be " (CY. — C? 1.

Nat Nanotechnol. Author manuscript; available in PMC 2018 May 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

You et al.

Page 10

Kinetics of cell membrane competition game

Cell membrane fluorescence change was monitored during the first 80 min after adding |
strand, and the pathway selection was studied by comparing the kinetic decay results of the
XYZ system with that of the ZYX system. ZY X is the system for which the two possible
final destinations will be reversely labelled, that is, unlabelled X anchor site and quencher-
labelled Z anchor site. A second fluorescence kinetic decay curve will be measured in such
condition. For two second-order competition reactions

k/
X+YW =5 XW+Y  (7)

k,‘/
Z+YW =% ZW+Y  (8)

the reaction rate ratio can be expressed as

Ry /R,,=dC/dC, :kxy Cx Cyw /kyz C,Cvw :kxy Cx /kyz & 9

At a specific time fwhen the product strand concentration (Cxy and Czy) is still small
compared with that of the initial strand (Cxg and Czg), the relative choice of towards X and
Z can be calculated based on percentage fluorescence decrease at time ¢, £y (=(Cxw/ Cxo))
and Az (=(Czw/ Cz0)), as

Fyy /FYZ =Cxo (Incxw —InCy, )/Czo (InCzw —InCy, ):Cxo Infyy /Czo Inf,, (10)

Preparation of lipid monolayer film spiked with DNA probe

The lipid monolayer film was prepared following ref. 15. Teflon AF-coated microscope
glass coverslides were prepared by spin-coating. In short, after thoroughly cleaning and
blow-drying the coverslides, 1.2% Teflon AF solution (diluted from 6% with Fluorinert
FC-770) was added. Spin-coating was performed at 2,000 r.p.m. for 1 min. The coverslides
were then baked at 180 °C for 5 min to finish coating. To prepare DNA-lipid mixtures,
soybean polar extract lipid solutions were spiked with stearyl-S2/W-FAM conjugate and
stearyl-S1-Dabcyl/B conjugate, respectively, at a DNA:lipid ratio of 1:10,000. After
equilibration at 8 °C overnight for DNA incorporation into the lipid layer, 10 pl DNA-Ilipid
mixture was dried under reduced pressure to remove chloroform for 1 h, and then rehydrated
into 10 pl 1x PBS buffer. 1 pl of both stearyl-S2/W-FAM and stearyl-S1-Dabcyl/B lipid
solution were added and mixed on the above-prepared coverslides that were coated with
Teflon AF. After adding excess amount of initiator DNA strand to start the encounter
measurement, fluorescence signal of the lipid biofilm was monitored for 3 h. At each time
point, the averaged fluorescence signal from the edge of the lipid film to 100 um towards the
centre was used to plot and calculate the DNA strand displacement reaction efficiency.
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Manipulation of DNA probe to study membrane protein encounter rates

Locomotion of DNA probe between two aptamer-conjugated anchor sites was manipulated
similarly as other membrane DNA probes. The DNA probe—aptamer duplexes X-S1/B and
Y-S2/W were incubated separately in 1x PBS buffer for 1 h before use. 100 nM TCO01-, 400
nM TDO05-, 600 nM TEO02- or 1 uM Sgc4f-conjugated DNA probe conjugates were then
incubated with 5 x 10° cells mI~1 in 200 ul binding buffer and shaken every 20 min. Cells
were then washed three times with PBS to remove free probes and resuspended in binding
buffer. After washing and discarding the non-binding probes, 1 pM initiator strand | was
added to initiate the strand displacement reaction. Here, to measure the heterogeneous
encounters, s+, that is, the averaged encounter rate of XY and Y X probe measurements, the
same batch of cells was used for the control experiment by adding the same amount of DNA
probes and wrapping the dye/quencher labelling (X-S1-quencher/Y-S2-dye versus X-S2-
dye/Y-S1-quencher). All experiments were repeated at least three times.
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Figure 1. Anchoring and operation scheme of DNA probe on live cell membrane
a, Schematic illustration of the operation of DNA probe on a live cell membrane. Here, the

initiator (1) strand removes the block strand (B) by a strand displacement reaction. In this
way, the translocation of the DNA probe (W) from one anchor site (S2) to another (S1) is
triggered. b, Chemical structures of diacyllipid-, cholesterol- and tocopherol-conjugated
oligonucleotides for membrane lipid domain studies. ¢, Confocal fluorescence microscopy
images of carboxytetramethylrhodamine-labelled diacyllipid-, cholesterol- and tocopherol-
conjugated S2/W conjugates (representative of six images). 500 nM of each conjugate was
incubated with 5 x 10° Ramos cells at room temperature for 2 h, and unbound conjugates
were removed. Scale bar, 50 um. d, Flow cytometry evaluation of the anchoring efficiency of
DNA probe on Ramos cell membranes. 0-1,000 nM initial concentrations of each conjugate
were incubated with 5 x 10° Ramos cells at room temperature for 2 h, and unbound
conjugates were removed. The error bars stand for the standard deviation from 5,000 cell
events at each conjugate concentration.
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Figure 2. Locomotion of DNA probe on live cell membrane
a, Locomotion of DNA probe between two diacyllipid-conjugated anchor sites as monitored

with flow cytometry. Initially 500 nM of each DNA conjugate was incubated with 5 x 10°
Ramos cells mI~1. After washing the non-binding probes away, 10 uM of initiator strand |
was added to initiate the strand displacement reactions at time 0. The solid lines in the
figures are the fitting curves based on the bimolecular interaction model. All experiments
were repeated three times. The error bars stand for the standard deviation from 5,000 cell
events at each time point. b, Confocal fluorescence microscopy images for the diacyllipid—
cholesterol encounter study. Quasar 670 fluorescent decay was monitored after incubating
150 nM BHQ-2-labelled cholesterol conjugate (cholesterol-S1-BHQ-2/B) and 300 nM
Quasar 670-labelled diacyllipid conjugate (diacyllipid-S2/ W-Quasar 670) with 5 x 10°
Ramos cells mI~2. Scale bar, 50 um. The disappearance of Quasar 670 fluorescence (green)
over time indicates membrane encounter dynamics between cholesterol and diacyllipid
anchors. ¢, Graph showing relative Ramos cell membrane encounter rates among diacyllipid,
cholesterol and tocopherol. Different encounter rates were normalized to that of diacyllipid—
diacyllipid. The number of these relative encounter rates are also displayed. Original flow
cytometry data are shown in Supplementary Fig. 8 with three repeated measurements. The
relative encounter rates were calculated based on equation (6) in the Methods.
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Figure 3. DNA probe competition game to study encounter preference
a, Schematic showing DNA probe competition game results among diacyllipid, cholesterol

and tocopherol anchors on the Ramos cell membrane. Initially, 150 nM cholesterol, 300 nM
diacyllipid and 400 nM tocopherol conjugates were incubated with 5 x 10° Ramos cells
ml~1. b, Fluorescence microscopy study of the TCC competition game on the Ramos cell
membrane. In this game, BHQ-2 quencher-labelled cholesterol (cholesterol-S1-BHQ-2/B)
was given two possible destinations, TMR-labelled cholesterol (red, cholesterol-S2/W-
TMR) or Quasar 670-labelled tocopherol (green, tocopherol-S2/W-Quasar 670) anchor sites.
The quenching of TMR fluorescence (‘winning’ site) was apparently faster than that of
Quasar 670 fluorescence (‘losing’ site), indicating that cholesterol-cholesterol encounters
are preferred than those of cholesterol- tocopherol. Scale bar, 50 um. ¢, Route selection was
between Dabcyl-labelled anchor (red bar) and non-labelled anchor (blue bar). In the
divergent stacked bar chart, all the bar length represents 100%. The left-shifted bar indicates
a preferred X-Y encounter, while right-shifted bar shows that a Y-Z encounter was
preferred. Taking C-T—L as an example, in this game, dye-labelled probe strand initially
conjugated with tocopherol anchor T is given two possible destinations, quencher-labelled
cholesterol C or unlabelled diacyllipid L anchor sites. Here, the divergent stacked bar chart
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indicates 54% tocopherol anchor will encounter preferably with a cholesterol anchor (C-T
route), while 46% encounters with a diacyllipid anchor (T-L route). Original flow cytometry
data are shown in Supplementary Fig. 8 for three repeated measurements. The relative route
choice was calculated based on equation (10) in the Methods. Gibbs free energy changes
(AG) were calculated based on the corresponding competition results.
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Figure 4. Locomotion of DNA probe on model lipid monolayer film
a, lllustration of experimental set-up at the fluorescence microscope. Soybean polar extract

lipid solution was spiked with stearyl-S2/W-FAM conjugate and stearyl-S1-Dabyl/B
conjugate separately at a DNA:lipid ratio of 1:10,000. After dropping and mixing these two
DNA-lipid mixtures on a Teflon AF-coated cover glass, a circularly spreading lipid patch
was formed. Fluorescence signal of lipid biofilm was monitored for 3 h after adding excess
amount of initiator DNA strand. b, Fluorescence microscopy images of stearyl-DNA
encounter on model lipid monolayer film. Scale bar, 30 um. The representative fluorescence
intensity curves along the dashed blue line are indicated below each panel. Two other
positions were also analysed for each image to calculate the average fluorescence intensity
of the lipid monolayer film. ¢, Locomotion of DNA probe between two stearyl-conjugated
anchor sites on model lipid monolayer biofilm as monitored with fluorescence microscopy.
At each time point, the fluorescence signal from the edge of the lipid film to 100 um towards
the centre was averaged. The error bars stand for the standard deviation from these data. All
experiments were repeated three times.
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Figure 5. DNA probe-aptamer conjugates to study membrane protein encounter rates
a, Locomotion of DNA probe between two aptamer-conjugated anchor sites as monitored

with flow cytometry. Initially, 100 nM TCO1 (Z)-, 400 nM TDO05 (D)-, 600 nM TEO2 (E)- or
1 pM Sgcé4f (S)-conjugated DNA probe conjugates were incubated with 5 x 10° Ramos cells
mlI~1. After washing the non-binding probes away, 1 UM initiator strand | was added to
initiate the strand displacement reactions at time 0. All experiments were repeated at least
three times. The error bars stand for the standard deviation from 5,000 cell events at each
time point. The fitting curves are based on second-order reaction, Exponential Decay 2
function. The solid lines are used for fitting data between the same type of protein (that is,
DD, ZZ, SS and EE), whereas the dashed lines are used between heterogeneous pairs (that
is, ES, DZ, DS, EZ, DE and SZ). b, Summarized relative encounter rates among the four
types of aptamer—oligonucleotide conjugates studied. Different encounter rates were
normalized to that of ES, that is, the locomotion of dye-conjugated probe from Sgc4f
aptamer-conjugated S2 to quencher-linked TEO2 aptamerconjugated S1. The number of
these relative encounter rates are also displayed. The relative encounter rates were calculated
based on equation (6) in the Methods.
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