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Using optical tweezers to investigate the specific

single-interaction between apoA-I molecule

and ABCA1 on living cells
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We carry out in situ single-molecule measurements of the specific interaction between apolipoprotein
A-I (apoA-I) and ATP binding cassette transporter A1 (ABCA1) on THP-1 cells. Single-molecule force
spectroscopy shows that similar to normal apoA-I, the dysfunctional apoA-I from diabetes patients interacts
with ABCA1 via two different binding sites on the cells. The strength of dysfunctional apoA-I binding to a
high-capacity binding site is 26.5±4.9 pN. The minor direct apoA-I/ABCA1 binding strength is 56.7±4.1
pN. These results facilitate a pathological understanding of the mechanisms that underlie the specific
interaction of apoA-I and ABCA1 at the single-molecule level.
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Optical tweezers are an effective tool for manipulat-
ing microbeads when measuring tiny displacements and
minute forces of single molecules or individual living cells
in the subpico-Newton range with high resolution[1−3].
Researchers have used this technique to study the me-
chanics of DNA and RNA, as well as the behaviors of
molecular motors or entire cells[4−6]. In recent decades,
scholars have extensively used optical tweezers to inves-
tigate specific receptor/ligand interactions by measuring
the external force required to rupture a single molecular
bond[7]. Important binding properties, such as binding
strength, thermal dissociation rate, binding energy, and
binding length, can be quantitatively obtained from the
rupture–force spectrum[8]. Moreover, the use of optical
tweezers has provided new insights into receptor/ligand
systems. For example, these instruments have been used
to characterize the specific interaction of BabA adhesin
with its receptor Lewis b[9], the binding of monoclonal
antibodies to tau peptides[10], and the binding behavior
of several antigens and antibodies. Single-molecule force
spectroscopy has become an important approach to re-
vealing specific receptor/ligand binding properties; it ad-
vances the understanding of many biophysical issues[11].

Apolipoprotein A-I (ApoA-I) plays a crucial role in
the human atheroprotective system. ApoA-I facilitates
cellular lipid efflux through reverse cholesterol transport
(RCT)[12]. ApoA-I functions by either directly forming
a complex with the membrane lipid transporter, ATP
binding cassette transporter A1 (ABCA1), or indirectly
binding with a plasma membrane (PM) lipid domain cre-
ated by ABCA1 activity[13]. The PM binding site con-
tains a nearly 10-fold higher capacity to bind apoA-I over
ABCA1 levels. Thus, the major binding site for apoA-I
is also called the “high capacity binding site” (HCBS)[14].
Pathophysiologic studies reveal that either the dysfunc-
tional apoA-I or ABCA1 may lead to metabolic abnor-

malities in vivo and increase the risk of cardiovascu-
lar complications in patients with diabetes mellitus[15].
Both proteins have become potential targets for thera-
pies aimed at inhibiting the development of atheroscle-
rotic vascular disease. The process of the specific bind-
ing of apoA-I to ABCA1 has been widely investigated by
standard biochemical methods, such as the cross-linking
method, immunoprecipitation, and autoradiography[16].
However, these approaches provide assessments on bulk
samples. Underlying properties remain largely unknown,
especially at the single-molecule level, because of the lack
of appropriate high-resolution measurement techniques.

In this letter, optical tweezers are used to quantita-
tively investigate the interactions between the dysfunc-
tional apoA-I of diabetes patients and ABCA1 on THP-1
cells in situ. Each of the three participants provides in-
formed consent after the nature of the procedure was
explained. The mechanism of the specific interaction
is studied at the single-molecule level by single-molecule
force spectroscopy.

Homemade optical tweezers were used for the measure-
ments. A continuous-wave (CW) Nd:YAG laser (Com-
pass 1064-2000N, Coherent, Germany) was directed into
an inverted commercial microscope (Axiovert200, Zeiss,
Germany) with a high numerical oil–immersion objective
lens (Zeiss Aplan ×100, N.A. = 1.3) to form a stabilized
three-dimensional optical trap. A microbead was trapped
to serve as the sensitive probe. A custom-made quadrant
photodiode detector (QPD) was placed conjugate to the
back focal plane of the condenser lens. The QPD de-
tects the motion of the probe by sensing changes in the
intensity of the trapping laser and recording such inten-
sity on a computer. The sample was precisely moved
by a piezoelectric (PZT) stage (NIS-50, Nanonics, Is-
rael; minimum step size, 0.64 nm) in all three dimen-
sions. Manipulation and displacement measurements
were simultaneously conducted, with an operating pro-
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gram based on the LABVIEW software (National Instru-
ments, Austin, TX). The entire procedure was visualized
by a video charge coupled device camera (CCD; Cascade
512B, Roper Scientific, USA) in real time. To quantify
the force F applied on the trapped probe, a two-step cali-
bration for the system was initially performed. A detailed
description is presented in a review of optical trapping[1].
All the assays were carried out at a trap stiffness of 0.25
pN/nm under the same conditions.

ApoA-I was isolated from human plasma high density
lipoprotein (HDL), as previously described[17]. ApoA-I
was covalently coupled to carboxyl-modified polystyrene
microbeads (∼5 micron in diameter; Bangs laboratories,
Inc. USA) for single-molecule force spectroscopy. Dur-
ing the process, the beads (10 µL; 3 600 µL−1) were cen-
trifuged (5 min, 5 000 rpm), harvested, and then incu-
bated with apoA-I (20 µL; concentration, 0.145 mg/mL)
for 2 h at room temperature. Redundant proteins in
the solution were removed by washing with double dis-
tilled water (pH = 7.0). Bovine serum albumin (BSA)
(500 µL; Sigma–Aldrich, Sweden) was added to block
the unbounded carboxy1 sites on the beads. Afterward,
the pretreated microbeads were stored at 4 ◦C until use.
For nonspecific binding determination, the microbeads
coated only with BSA were prepared as negative controls.
The THP-1 cells were purchased from the Cell Resource
Center of IBMS, CAMS/PUMC (Beijing, China), and
cultured for 30 to 40 h with RPMI-1640 medium, sup-
plemented with 12.5% phosphate-buffered saline, 2-mM
L-glutamine, 100-µg/mL penicillin/streptomycin (M&C
Gene Tech. Ltd., China), and 10% fetal calf serum at
37 ◦C in a humidified atmosphere (5% CO2 in air). The
mouse anti-ABCA1 monoclonal antibody, ab18180, was
purchased from Abcam Company (Cambridge, UK). It
was pre-incubated with THP-1 cells (30 min) to block
the specific binding sites of apoA-I on the cell surface in
the blocked group.

In the experiment, the THP-1 cells (20 µL) and
beads(20 µL) were placed into the sample pool that was
held on the PZT stage in the optical tweezer system.
A naturally settled cell was moved for contact with the
trapped probe (Fig. 1, inset). After transient contact,
the cell was retracted with a constant speed of 20 µm/s
until binding departure. The likelihood of effective ad-
hesion was affected by contact area, contact time, and
appropriate binding orientation[18]. To ensure binding
formation, the cell was driven to slightly push on the
probe before retraction[19]. The typical force curve de-
tected by the QPD is displayed in Fig. 1, which shows
that a binding rupture occurs and are extracted from the
force curves. According to the Bell–Evans theory of bond
kinetics, the external force applied to a bond increases
the dissociation rate, which can be described by[20,21]

k(F ) = k0 exp
(Fxβ

kBT

)

, (1)

where k0 is the intrinsic dissociation rate, xβ is the
characteristic length between the ground state and the
transition states, F is the applied external force, kB is
the Boltzmann constant, and T is the absolute tempera-
ture. The maximum distribution of the binding rupture
force induces specific binding strength Fb (or alterna-
tively, the most likely force), which is logarithmic ally

Fig. 1. Typical force curve detected by QPD, in which a bind-
ing rupture is observed. Inset is the schematic of a specific
binding measurement. A naturally settled cell is moved for
contact with the trapped bead. After the initial contact, the
cell is driven to leave at a certain speed until the bond rup-
tures.

related to pulling rate r[22]:

Fb =
kBT

xβ

ln
( xβ × r

kBT × k0

)

. (2)

The binding kinetic parameters, such as bond length
and dissociation rate, can be predicted by this
relationship[23].

The results are based on 895 single-molecule apoA-
I/ABCA1 binding events (functional group), 395 bind-
ing circles of apoA-I to antibody-blocked THP-1 cells
(blocked group), and 310 negative control tests con-
ducted between the beads coated only with BSA and the
THP-1 cells (negative control group). The values are
presented as means±SD. The statistical differences were
analyzed using the nonpaired t-test. A P value < 0.05 is
considered statistically significant.

The specific molecular interaction between apoA-I and
ABCA1 was revealed by the binding frequencies. The
dysfunctional apoA-I binds to the THP-1 cells with a
binding frequency of 32.9%±4.5% in the functional group
(bar A, Fig. 2). According to Poisson statistics, when
30% of the approach/retraction cycles lead to recep-
tor/ligand binding, 83% of these successful adhesions
are probably contributed by single binding events[24].
This phenomenon indicates that the interaction between
the dysfunctional apoA-I and THP-1-expressing ABCA1
is measured at the single-molecule level. The binding
frequency in the blocked group drastically decreases to
14.4%±3.7% (bar B) because of antibody function. Non-
specific interactions arising from Van der Waals forces,
hydrogen bonding, hydrophobic forces, and electrostatic
attractions between the microbeads and cells contribute
to a few weak bindings in the negative control group.
These background interactions result in a binding fre-
quency of 7.9%±2.8% (bar C), which is lower than that
achieved in the functional group. On the basis of these
results, the specificity of dysfunctional apoA-I binding
to ABCA1 on THP-1 cells can be confirmed at the single
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Fig. 2. The binding frequencies of the three groups re-
veal the specific interaction between apoA-I and ABCA1 on
THP-1 cells. A shows the interaction between dysfunctional
apoA-I and ABCA1 on THP-1, with a binding frequency of
32.9%±4.5%. This result indicates the specificity of dysfunc-
tional apoA-I/ABCA1 interaction at the single-molecule level.
B shows the frequency of apoA-I binding to anti-ABCA1
antibody-blocked THP-1 cells (14.4%±3.7%). The binding
frequency of the negative control group is 7.9%±2.8% in C,
which represents background nonspecific attractions.

interaction level, which is in accordance with the findings
that Vedhachalam et al. determined by cross-linking and
SDS-PAGE methods[13].

As indicated by Abcam’s protocol, the antibody works
on the C terminus (amino acids 1800–2260) of human
ABCA1, which determines the stability of ABCA1.
Michael et al.[25] showed that the C terminus of the
ABCA1 does not physically associate with apoA-I. In
addition, the function of the C terminus of the ABCA1
in the stability of ABCA1 by the HCBS was proposed
by Iulia et al.[15]. Our results indicate that the fre-
quency at which the dysfunctional apoA-I binds to the
intact THP-1 cells is higher than that at which antibody
blocked cells bind to the cells; combining the findings
from the aforementioned studies and our results enables
the verification of the specific binding of dysfunctional
apoA-I to the HCBS. Although inhibited by the antibody,
the blocked group exhibits a higher binding frequency
than does the negative control group. That is, not all
the apoA-I/ABCA1 interactions are restrained by the
antibody, raising the issue of whether the direct apoA-
I/ABCA1 association plays a role in the interactions.
Therefore, we analyzed the rupture–force distributions
to obtain deeper insight into the specific interaction
between the (or the near?) dysfunctional apoA-I and
ABCA1 on the THP-1 cells.

The rupture-force distribution of the functional group
is shown in Fig. 3(a). The bin width w of the his-
togram was determined according to Scott’s choice[26]:
w = 3.5σ/ 3

√
N , where N is the sample size and σ is the

standard deviation of the entire forces. Given that the
interplay between specific and nonspecific interactions
may distort the rupture–force distribution, and further
affect the binding kinetics, this histogram cannot ex-
actly describe the specific interaction between apoA-I
and ABCA1. Thus, we eliminated the influence of the

nonspecific interactions on the histogram of the func-
tional group. We assumed that the specific and non-
specific interactions additively contribute to the binding
rupture–force distribution[10], enabling their separation
through the subtraction of the histograms. Through
this process, the relatively weak nonspecific interactions
and experimental errors can be removed. The larger bin
size was chosen and applied to both sample sets. Af-
ter normalization, every fraction of the histograms was
weighted to their respective binding frequency (0.329,
0.079). Figure 3(b) shows the rupture–force distribution
of the negative control group, which represents the non-
specific interaction between the microbeads and THP-1
cells.

The difference, which corresponds to the specific inter-
action of the dysfunctional apoA-I with ABCA1 on the
THP-1 cells, is shown in Fig. 3(c). The maximum oc-
curs 26 pN in the corrected histogram, and its probability
slightly diminishes. Moreover, a small accumulation oc-
curs at around 50 pN. Given that the few force curves
with multiple binding ruptures were discarded before
statistical analysis to ensure single binding event mea-
surement, this accumulation may not represent multiple
apoA-I/ABCA1 bond dissociations. Instead, this condi-
tion may result from other binding sites for apoA-I on the
THP-1 surface, aside from the HCBS. To further confirm
its existence, we processed the rupture–force distribution
of the blocked group following the same procedure.

Figure 4(a) shows the resultant interaction between
the dysfunctional apoA-I and antibody-blocked THP-1
cells. Major apoA-I/HCBS binding events are visibly
restrained by the antibody, removing a weak affinity. A
theoretical Gaussian distribution curve was applied to
the histogram. A single peak with a relative frequency
of 3.7%±3.2% was obtained at 56.7±4.1 pN, suggest-
ing the existence of a remaining binding site for apoA-I.

Fig. 3.(a) Normalized weighted rupture-force distribution in
the functional group. (b) Rupture-force distribution in the
negative control group. By subtracting the histograms, the
nonspecific interactions in the functional group are mini-
mized. (c) Corrected rupture-force distribution of specific
apoA-I/ABCA1 interaction. A major peak is obtained in the
histogram.
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Fig. 4. (a) Rupture–force distribution in the blocked group.
A single peak at 56.7±4.1 pN is obtained from the theoret-
ical Gaussian curve, which reflects the minor direct binding
of apoA-I to ABCA1. (b) Rupture–force distribution that
corresponds to the interaction of apoA-1/HCBS. The binding
strength is determined from the single peak (26.5±4.9 pN).

Afterward, the major apoA-I/HCBS interaction was ex-
tracted from the histogram of the functional group by
subtracting the histogram of the blocked group. The
specific apoA-I/HCBS binding is illustrated in Fig. 4(b).
The theoretical Gaussian distribution curve was applied,
and the strength of apoA-I binding to the HCBS was
determined (26.5±4.9 pN). The relative frequency at
the peak is 10.8%±4.3%. As previously stated, normal
apoA-I interacts with ABCA1 through two binding sites,
thereby facilitating cellular lipid efflux. These results
show that similar to normal apoA-I, the dysfunctional
apoA-I also interacts with ABCA1 on the cell surface
through two binding sites. Only a tiny fraction of apoA-
I is directly associated with ABCA1, and most apoA-I
proteins target the HCBS. Furthermore, we can deduce
that the minor direct binding of the dysfunctional apoA-
I to ABCA1 shows strong attraction. Meanwhile, the
prominent binding of apoA-I to the HCBS is relatively
weak. Our data also show that the binding capacity of
apoA-I/HCBS is nearly threefold higher than that of the
direct apoA-I/ABCA1 association, whose value is lower
than the ratio of normal apoA-I[13]. This result suggests
that the binding of the dysfunctional apoA-I from pa-
tients to the HCBS may have been partially impaired,
an issue that requires further investigation.

In conclusion, we study the specific interaction be-
tween dysfunctional apoA-I and ABCA1 on single living
cells by using optical tweezers. Our analysis shows that
the dysfunctional apoA-I of diabetes patients comes into
contact with ABCA1 on THP-1 cells through two binding
sites, as in that observed in normal apoA-I. The binding
strengths are determined by single-molecule force spec-
troscopy analysis. The strength of apoA-I binding to
the HCBS is weaker than that observed under the direct
binding mode. The apoA-I/HCBS interaction, which is
consistently higher than the direct apoA-I/ABCA1 asso-
ciation, may exhibit decline in patients, indicating that
the binding ability of apoA-I to the HCBS may have
been partially impaired. The detailed mechanisms that
underlie apoA-I interactions with ABCA1 or the HCBS
require more extensive study. Binding properties, such as
thermal dissociation rate and binding length, can also be
further explored. The results indicate that optical tweez-
ers can serve as extraordinary tools for exploring the
specific interactions between biological macromolecules
at the single-molecule level.
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