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Method used to measure interaction of proteins with
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Abstract. In the force measurement of protein-protein interaction,
proteins are usually attached to microbeads, so the coated beads serve
as both handles and force transducers. Due to the short interaction
distance between proteins, the beads are usually close enough to each
other. When dual-beam optical tweezers and quadrant photodiode
detector are used to investigate the interaction of proteins, it is found
that the signal of detected beads is greatly affected by adjacent beads.
Analysis reveals that the contribution of two beads to the quadrant
detector signal is independent. A method for extracting the real inter-
action signal from a disturbed one is presented. Based on this method,
interaction between microtubules and AtMAP65-1 is measured. The
results show that this method is useful for measuring short-distance
interaction with the precision of piconewton and nanometer scales.
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1 Introduction

Recently, the study of properties, functions, and interactions
of proteins has fascinated people. It has become one of the
most important fields in life sciences. People analyze labeled
genes to build databases for meaningful interactions of protein
systems. Therefore, studies of the interaction of proteins have
attracted significant attention. Correspondingly, different tech-
niques have been used to perform these kinds of experiments,
such as atomic force microscopy �AFM�,1–4 hydrodynamic
methods,5,6 biomembrance force probes �BFP� with pipette
suction,7,8 and optical tweezers.9–17 Among these tools, optical
tweezers have emerged as a widely used and versatile tool to
investigate interactions of protein-protein, protein-DNA, and
protein-RNA. Mechanics of motor molecules �kinesin,9

myosin10�, interactions of matrix-integrin-cytoskeletons,11

fibroblasts- fibronectin,12 IgG-protein A,13 RNAP-DNA,14,15

Fibrinogen-Integrin �IIb�3,16 Helicobacter pylori adhesin
BabA-Lewis b blood group antigein,17 and other proteins have
been studied with optical tweezers. In some experiments, pro-
teins of interest are attached to the trapped bead, then contact
their targets �proteins, DNA, microtubules, and so on� that are
fixed on the coverglass surface. By measuring displacement of
the trapped bead, one can get interacting properties between
the protein and targets. However, such measurements may
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introduce mechanical instability and strong instrumental shift
due to the instability of the coverglass surface, which means
that precision will be greatly limited.18 Using dual-beam op-
tical traps, however, can avoid the mechanical instability to
some extent because none of the components of the assay are
attached to the coverglass. This isolates the system from drift
of the microscope stage and significantly improves the preci-
sion of measurements. In the measurement of protein interac-
tion with dual-optical tweezers, proteins are attached to the
surface of the “handles”—trapped beads. A quadrant photodi-
ode detector �QD� is widely used to detect the movement of
the concerned bead.16,19–21 When measuring an interaction of
protein-protein, two beads should be close to each other �in
the magnitude of 10 nm� because the interaction distance of
proteins is short. However, when the distance between the two
beads is small, the image of undetected bead will come into
the detecting area of the QD inevitably. Consequently, it is
difficult to get correct information directly because the output
signal is seriously disturbed. To reduce the disturbance, flex-
ible tethers are adopted to act as linkers between proteins and
bead in some experiments.22,23 In doing so, the direct contact
of two beads is avoided. Therefore, the influence of one bead
to the other is eliminated when measuring a protein-protein
interaction with the QD. However, the introduction of tether
makes the data analysis more complicated, owing to the con-
tribution of the tether to the measured interaction force and
distance. To make the concerned system as simple as possible,
1083-3668/2006/11�6�/064035/6/$22.00 © 2006 SPIE
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people usually tag proteins directly on beads. Different kinds
of proteins are tagged on different beads. Additionally, an-
other position sensitive detector, optical trapping
interferometry17,23,24 instead of a QD can reduce this distur-
bance to some extent. It is very expensive and complex com-
pared with the QD. Therefore, it is of importance to make
good use of the QD, since it is still widely used as a fairly
simple and precise instrument. In this work, we give an analy-
sis of the disturbance and find that the contribution of two
beads together with the QD signal equals the summation of
that of each bead alone. Furthermore, we provide a corre-
sponding solution to extract real interaction signals, and mea-
sure the interaction between microtubules and AtMAP65-1
�one of the microtubule associated proteins� as an application.

2 Dual Beam Optical Tweezers Setup
and Calibration

The schematic diagram of the system is shown in Fig. 1. A
1064-nm beam of a Nd-YVO4 laser �Coherent, Incorporated,
compass 1064 nm� is split into two beams by polarizing
beamsplitter cube PS1. Then, two expanded beams are
coupled into an inverted microscope �Leica, DMIRB� with a
high numerical aperture objective �Leica, HCX PL APO,
100�, NA=1.4� to form dual-optical tweezers. One trap can
move in the horizontal plane by rotating the reflected mirror
M3 driven by a dc servomotor �Newport, LTA-HL Actuator�,
while the other is fixed. Uniform polystyrene beads with di-
ameters of 1 �m are used as handles. The bead trapped in the
fixed trap, which is defined as a detected bead, is illuminated
by a 100-W tungsten lamp. After being magnified 100 times
and 5 times by objective and the auxiliary lens L4, respec-

Fig. 1 Schematic diagram of the dual-beam optical tweezer system. W
and Lb2, lenses for beam expanding; M1, M2, M3, and M4, mirrors for
light condensing; D1, D2, D3, and D4, dicroic filters; L4 and Le, aux
confocal.
tively, its image is projected onto the front surface of the QD,
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which is initially set homocentric with the image of the bead
in the center of the fixed trap, so that the deviation of the bead
in the fixed trap can be detected by the QD. A high-resolution
cooled charge-coupled device �CCD� �Coolsnap fx, USA� is
used to record the series of two bead images.

Displacement of a bead from the trap center, and conse-
quently the force exerted by the trap on the displaced bead,
can be measured with the quadrant detector. The output cur-
rents from the four quadrants of the photodiodes are con-
verted to voltages, then the four voltages are combined to
yield two voltages that are proportional to the displacements
in the x and y directions. Both signals are sampled at 1 kHz,
and recorded on a PC via an analog-to-digital converter board.
The relationship between the QD voltage and bead displace-
ment can be determined, according to Refs. 20 and 21. The
corresponding transfer coefficient of the voltage to the bead
displacement in the x direction is 2.5±0.1 mV/nm. Force
calibration and trap stiffness are routinely confirmed by the
Stokes’ force method.20,21 In our experiments, the stiffness of
both traps is 0.20±0.01 pN/nm at a laser power of 260 mW
for each beam measured in the front of the objective back
aperture. The velocity of a movable trap in our experiments is
v=74±1 nm/s.

3 Disturbance in Quadrant Detector Detection
When two independent beads come close to each other, the
image of the moving bead �undetected bead� will come into
the detecting area of the QD. As a result, measurement of the
displacement of the detected bead will be disturbed. A micro-
graph of two trapped beads that are magnified 500 times and
projected onto the front surface of a QD is shown in Fig. 2.

-wave plate; PS1 and PS2, polarizing beamsplitter cubes; La1, La2, Lb1,
steering; O, microscopy objective; C1 and C2, lenses for illumination
nses for imaging; and Ff, filter lens. lenses L3 and T �tube lens� are
P, half
beam

iliary le
Distance between the centers of two beads is 1.3 �m. A

November/December 2006 � Vol. 11�6�2



Qu et al.: Method used to measure interaction of proteins…
dashed circle represents the front surface of a QD whose di-
ameter is 1 mm. It is obvious that a part of the undetected
bead image �right bead� is in the detecting area of the QD.
Consequently, the output signal of a QD varies when an un-
detected bead is moved away while the detected bead remains
immobile, which means that the signal of the QD has been
disturbed by the moving bead, and it does not represent real
deviation of the detected beads from the trap center anymore.

To receive a real interaction signal from a disturbed one,
we must make two issues clear. The first is whether the dis-
turbed output signal is repeatable or not. Second, we should
know the origin of the disturbance, especially if there is inter-
ference between the images of the two beads.

A series of experiments is carried out to check the repeat-
ability of background signals. The output background signal
of a QD is recorded when the undetected bead is moved away
from the position where the two beads are in contact. Such
experiments are repeated several times to receive the distur-
bance background signal curves. The starting position of the
undetected bead is guaranteed to be the same for each experi-

Fig. 2 Image of two trapped beads magnified 500 times and projected
onto the front surface of a QD �dashed circle�. The distance between
the centers of two beads is 1.3 �m �corresponding to 0.65 mm after
being magnified 500 times�.

Fig. 3 �a� Output signals versus displacement of moving bead. The zer
when the detected bead is in the center of the QD. When the detected
away from the zero point. �b� The average background signal of 11 exp

Bars indicate the standard deviation of the y coordinate over 11 measureme
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ment by the dc servomotor. Two results are shown in Fig. 3�a�
�marked by solid and dotted lines�, in which two curves co-
incide well. Then an average background signal is obtained
over 11 measurements, as shown in Fig. 3�b�, where the high
frequency signals caused by the Brownian noise are filtered.
Bars in the curve indicate a standard deviation of the y coor-
dinate over 11 measurements. It is clearly seen that the dis-
turbance background voltage has good repeatability.

In addition, when external force is applied to the bead, the
detected bead will deviate instead of staying at the center of
the QD. To know whether the background signal is repeatable
under different conditions where the detected bead is in or off
the center of the QD, more experiments are carried out. First,
the QD is adjusted 50 nm away from the center of the de-
tected bead. Then another bead is caught in the moving trap
and the measurements are done following the previous proce-
dure. One of the experimental results is shown in Fig. 3
�marked by a dashed line�, and it is about 125 mV lower than
the detected bead in the trap center. −125 mV exactly corre-
sponds to 50-nm displacement of a detected bead, since the
transfer coefficient between the voltage and the displacement
of the detected bead is 2.5 mV/nm. Furthermore, similar ex-
periments are carried out when the QD is moved 100 and
150 nm away from the center of the detected bead �experi-
ment curves are not shown here�. All the results indicate that
the background signal is repeatable.

To know whether interference exists or not between two
bead images, we carry out two experiments �Fig. 4�. At first,
following the prior experimental procedure, the output signal
of the QD is recorded when both the detected and undetected
beads are present. Then, the measurement is repeated under
the condition that only the undetected bead remains, and the
starting position of the moving bead is also set the same as the
previous experiments by motor. It is clearly seen that the two
signals coincide well. Therefore, it can be concluded that the
disturbance is completely from the moving bead.

When the image of the moving bead comes into the detect-
ing area of a QD, the two beads are very close to each other.

t in the x axis corresponds to the starting position of the moving bead
50 nm out of the center of the QD, the starting position is also 50 nm

ts measured when the detected bead image is in the center of the QD.
o poin
bead is
erimen
nts.
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Generally speaking, the interference may occur when a light
beam passes through two closed beads. However, there is
little influence on the output signals as measured before. It is
probably due to the illuminating source �tungsten lamp� and
illuminating mode �Kohler illumination� we chose. These
make the effect of interference negligible. It implies that the
contributions of the two bead images to the QD are indepen-
dent. In addition, the disturbance signal is not monotonic but
parabolic with the displacement of the undetected bead. This
is due to the fact that the intensity of the bead image is not
homogeneous, as shown in Fig. 2. There is a much brighter
ring in the fringe of the bead image. The contributions of both
the dark field and bright ring of the bead image result in this
parabolic disturbance curve.

4 Method for Extracting Real Interaction
Signals

When the interaction between two beads exists, usually we
displace the movable trap at a certain velocity and detect the
displacement of the bead in the fixed trap to know the inter-
action distance and force. The displacement of the detected
bead can be extracted by deducting the disturbance back-
ground of the moving bead from the total output signal. How-
ever, in this case, not only does the detected bead move, but
also the bead in the movable trap deviates from its trap center.
This is quite different from no interaction between beads.
When there is interaction, the undetected bead deviates from
the center of the movable trap. Consequently, the displace-
ment of the moving bead no longer equals the product of time
and velocity of the movable trap, which means that the dis-
placement of the moving bead when there is interaction is not
synchronous with no interaction between two beads. There-
fore, a disturbance cannot be deducted directly from the total
output signal. To deduct the disturbance background signal,
we should shift the time coordinate of the background signal
to find the point where the displacement of the moving bead is

Fig. 4 Dependence of the output signal on the displacement of the
moving bead. The solid and dotted lines are the experimental results
under the conditions that only the moving bead exists and both de-
tected and moving beads exist, respectively.
the same as that with interaction. Time t is shifted to
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t� = t −
CXa�t�

v
,

where v is the velocity of the movable trap, Xa�t� is the dis-
placement of the detected bead, and CXa�t� is the correspond-
ing displacement of the undetected bead from the movable
trap �C is the stiffness ratio of the fixed trap to the movable
one�. We should deduct the disturbance signal at time t� rather
than t. The relationship of background signal Vback�t��, total
output signal Vtotal�t�, and real interaction signal KQDXa�t�
can be expressed by the following equation:

Vtotal�t� = Vback�t�� − KQD � Xa�t� , �1�

where KQD is the transfer coefficient between the voltage and
the displacement of the detected bead of the QD, which is
2.5±0.1 mV/nm. Vtotal�t� and Vback�t� are measured in the
experiments, then the displacements Xa�t� can be obtained by
numerical fitting, and consequently the corresponding interac-
tion force can be found.

To estimate the measurement precision in our experiments
�Xa�t�, the standard deviation of Xa�t� can be obtained from
standard deviations of KQD, Vtotal�t� and Vback�t�� according
to Eq. �1�. However, it is complicated due to the fact that
Xa�t� also exists in the term Vback�t��. Therefore, an iterative
calculation is carried out by the following expression until the
final result converges:

��iXa

Xa
�2

= ��Vtotal�t�
Kqd � Xa

�2

+ ��Vback�t�
Kqd � Xa

�2

+ � �Vback�vt�
��vt�

� C � �i−1Xa

Kqd � Xa
�

2

+ ��Kqd

Kqd
�2

i = 1,2,3, . . . �2�

�0Xa�t� is set to be zero. Based on Fig. 3, both �Vtotal�t� and
�Vback�t� are taken to be 9.9 mV, and �Vback�vt� /��vt� is
taken as its maximum value 0.4 mV/nm. Through calcula-
tion, �Xa�t� /Xa�t� is 6.97% when Xa�t� is 100 nm �corre-
sponding force is 20 pN�, and 4.95% when Xa�t� is 200 nm
�corresponding force is 40 pN�. Subsequently, the corre-
sponding error of force is 1.39 and 1.98 pN, respectively.

5 Application
It has been reported that AtMAP65-1 induces the formation of
large microtubule bundles by forming cross-bridges between
microtubules.25 The bundling of microtubules in interphase in
plant cells has been suggested to be important for the forma-
tion of the interphase cortical array.26 Moreover, in the pres-
ence of AtMAP65-1, microtubule bundles were more resistant
to cold and dilution treatments.25 Therefore, the interaction
between microtubules and AtMAP65-1 is crucial, since it can
directly affect the mechanical properties of microtubules, and
further the organizations and some functions of microtubules.
To quantitatively know the interaction between a microtubule
�MT� and microtubule associated protein �AtMAP65-1�, we
measure the unbinding force between them. The microstruc-
ture of microtubule bundles cross-linked by AtMAP65-1 is

25
shown in Fig. 5�a�.
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After being assembled in vitro following established
recipes,27 a microtubule �MT� is centrifuged and stabilized by
0.1-mol/L Pipes, 1 mmol/L EGTA, 1-mmol/L MgSO4,
10-�M taxol, and 10%DMSO, pH 6.9 �PEMT�. Then the MT
is suspended in solution. Large microtubule bundles were
formed after adding AtMAP65-1 to the solution, and the mo-
lar ratio of tubulin to AtMAP65-1 is 7:1.

We manipulate two trapped beads to make the two beads
attached to the microtubule bundle. Due to the specific adhe-
sion of biotin-neutravidin, a stable combination between the
bundle and beads is formed. Schematic illustration of this
bead-MT-AtMAP65-1-MT-bead sandwich-like formation is
exhibited in Fig. 5�b�. To get a symmetrical load on a micro-
tubule bundle, we make sure that the bundle chosen for adhe-
sion is perpendicular to the moving direction of a movable
trap. As long as the combination is achieved, the trap moves
with a velocity of 74 nm/s; meanwhile, the time course of the
output signal is recorded �Fig. 6�a�, marked with a solid line�.
When the rigor bonds between microtubule and AtMAP65-1
are broken, the beads return to the trap centers. The diameter
of the bundle �near several hundred nanometers� is so small
compared with the beads that two beads should be very close
to each other. Therefore, the influence of a moving bead can-
not be neglected. We do another control experiment when

Fig. 5 �a� Electron micrograph of microtubule bundles cross-linked by
AtMAP65-1.25 �b� Schematic illustration of the measurement of inter-
action between a microtubule and AtMAP65-1.

Fig. 6 �a� Background signal �there is no interaction� and total outpu

tubule and AtMAP65-1.
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there is no interaction between the two beads to get a back-
ground signal. After the beads return to the trap centers, we
move the right bead again close to the left bead. Adhesion
should not occur during this procedure. After the two beads
are close to each other, the right trap is moved far from the
fixed trap with a velocity of 74 nm/s. The output signal of the
QD is considered the background signal �Fig. 6�a�, marked
with a dotted line�. With the method introduced earlier, real
interaction signal is extracted �Fig. 6�b�� and the measured
unbinding force is 14.7 pN. Furthermore, the interaction dis-
tance is determined to be 3 nm from the force curve �interac-
tion distance is the displacement of the trap and deviations of
the beads from trap centers. Detailed calculation is given as
follows: 2.030 s�74 nm/s-2�73.5 nm	3 nm, where
2.030 s, which is the time span from the starting position to
the point where unbinding occurs, is obtained from Fig. 6�b�.
73.5 nm is the deviation from the trap centers of each bead—
73.5 nm�0.20 pN/nm=14.7 pN. Because both beads devi-
ate from the trap centers, total deviations are 2�73.5 nm�.
Therefore, the unbinding energy is 5.4 KBT �22 pN ·nm�
�1/2 Funbinding interaction distance�. More studies are in
progress, and we expect that this method can be used to obtain
more precise information about the interaction between pro-
teins.

6 Conclusion
The interaction force of proteins can be measured with dual-
optical tweezers and a photodiode quadrant detector �QD�. It
is found that the output signal of the QD is significantly af-
fected by the undetected bead due to the short distance be-
tween the two beads. We demonstrate experimentally that
contributions of two bead images to the QD are independent.
The disturbed signal completely comes from the image of the
undetected bead in a movable trap. Therefore, the total output
signal measured when there is interaction is the sum of a real
interaction signal and the disturbed one. Subsequently, a
method used for extracting the real interaction signal is ob-
tained. As an application, the interaction force between micro-
tubules and AtMAP65-1 is measured. It is clearly seen that
short-distance interaction can be measured with high preci-
sion by using dual-optical tweezers. This meets the needs for

l �there is interaction�. �b� Result of interaction force between micro-
t signa
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studying the interaction properties of proteins.
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