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Activating mutants in rat sarcoma (RAS) and B-rapid accelerated fibrosarcoma (BRAF) are found in at
least a third of cases of human tumors and melanoma; hence, numerous therapeutic treatments target this
pathway. In this letter, we study the adhesion force of RAS-coated beads with BRAF-coated beads, BRAF
(A246P) mutant—coated beads, and GST-coated beads using optical tweezers. One full and two fractional
RAS-BRAF specific binding modes are identified using the rupture force distribution. The kot (0) of the
full binding mode in RAS-BRAF is 3.71x10™*/s and 1.16x10™*s™" in RAS-BRAF (A246P), whereas the

xp is around 3x107'° m in both groups.
OCIS codes: 170.0170, 170.1420.
doi: 10.3788/COL201311.091702.

Epidermal growth factor (EGF) receptors (EGFRs)
transmit extracellular signals into the cell, leading
to various cellular responses, e.g., cell proliferation,
differentiation, and apoptosis!!. The downstream RAS—
RAF-MEK (mitogen-activated protein kinase kinase)-
ERK (Extracellular signal-regulated kinase) pathway
is an attractive target for therapeutic intervention in
oncology?.  Rat sarcoma (RAS) is a small guano-
sine triphosphatase (GTPase)l®l.  The active guano-
sine triphosphate (GTP)-bound RAS (RAS-GTP) in-
teracts with effector molecules, e.g., B-rapid accelerated
fibrosarcoma (BRAF), that trigger the activation of ki-
nases MEK and ERK[6 Previous studies have re-
vealed that RAF binds to RAS-GTP via two domains,
the RAS-binding domain (RBD)I"#l and the cysteine-
rich domain (CRD)[). Both domains bind to RAS-
GTP with high affinity, but the RBD-RAS bond is
stronger[!®, BRAF (A246P) is a rapid accelerated fi-
brosarcoma (RAF) mutant identified among patients
with cardio-facio-cutaneous syndrome that differs from
wild-type BRAF at its 246th amino acid residue in the
CRD: the Ala (A) at the 246th position in wild-type
BRAF is replaced with Pro (P) in BRAF (A246P)M1.
Although the K4 values of the RAS-BRAF (full se-
quence) complex has been measured!'?!| the unstressed
off rate kore(0) and the reaction compliance xp, of the
RAS-BRAF(A246P) bond remains unreported.

Optical tweezers are arguably the most versatile single-
molecule manipulation technique; which can exert forces
in excess of 100 pN on particles ranging in size from
1072 to 10~% mM3!. It can be used to impose a specific
interaction between the trapped object and a fixed part-
ner, as well as measuring the force resulting from the
interaction'¥. Optical tweezers have recently been used
to study the stretching—unstretching force of macro-
molecules (usually several piconewtons, e.g. Ref. [15]),
the binding force between peptides and living cells (usu-
ally several tens of piconewtons, e.g. Ref. [16]), and the
binding force between proteins (sometimes exceeding 100
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pN, e.g. Refs.[17-19]). However, techniques for measur-
ing interactions between macromolecules using optical
tweezers are still scarce. This letter aims to measure
the force spectra of the adhesion force of RAS-GTP on
trapped beads with BRAF (CRD+RBD) and its mutant
on fixed beads using optical tweezers. The single bond
property of the RAS-BRAF complex and the effects of
A246P mutation are then derived from the rupture force
spectra.

The measurements were performed with custom-built
optical tweezers based on a modified inverted microscope
(Axiovert 200, Zeiss, Germany) using a Nd:YAG laser
(Continum, USA) with a wavelength of 1064 nm and
maximum output of 4 W as a trapping source (Fig. 1).
The expanded beam was focused using a lens L3 (focal
length: 180 mm) to the conjugate point of the micro-
scope objective (100xoil immersion objective, N.A. 1.33,
Zeiss, Germany), and then focused onto the focal plane.

A quadrant photodiode detector (QD, custom-built), a
program-controlled three-dimensional (3D) piezoelectric
transducer sample stage (3D-PZT, Nanonics Imaging, Is-
rael) and a charge-coupled device (CCD, WV-PA410/G,

Panasonic, Japan) were integrated for force-trace
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Fig. 1. Schematic of experimental setup.
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recording and motion control. The samples were illumi-
nated under bright-field microscopy and monitored using
a CCD. The trapped bead was imaged on the QD panel
to determine the displacement. The data acquisition of
QD and the motion of the 3D-PZT sample stage were
controlled by a computer with a DAQ card (NI-6229, Na-
tional Instruments, USA) and a custom-developed Lab-
View program. A MATLAB program was developed to
convert the QD signal into a displacement profile, allow-
ing the measurement of the force. The stiffness of optical
tweezers k was calibrated with an acousto-optic deflec-
tor and a field programmable gateway following steps
described in detail in a previous study®%). A stiffness of
0.4 pN/nm was achieved with an accuracy for positional
measurement of around 1 nm.

The molecules of interest (GST-handled RAS, BRAF
(CRD+RBD), and BRAF (A246P) (CRD+RBD) from
Zhu’s Lab, Medicine School of Virginia University, GST:
glutathione S-transferase) were conjugated to the surface
of functionalized micro-bead (carboxylated polystyrene,
PS-COOH, 5 pum in diameter, Bangs, USA) respectively,
via the following protocol. Firstly, 100 uL of 5% beads
(w/v, suspended in deionized water) were washed in
morpholino ethanesulfonic acid (MES) buffer. Then,
the pellet was resuspended in 1 mL of activation buffer
(12.5-mg N-hydroxysuccinimide (NHS), 7.8-pmol 1-(3-
dimethylaminopropyl)-3-ethylcarbodiimide  hydrochlo-
ride (EDC) and 20-pmol MES) and incubated at room
temperature for 1 h. The beads were then washed in
deionized water to remove excessive NHS and EDC.
Finally, the beads were incubated with molecules of
interest in Tris (hydroxymethyl) aminomethane and hy-
drochloride (Tris-HCIl) buffer (pH=7.4) at 37 °C for 4 h
and then washed in deionized water. The unreacted sites
on the beads were blocked with bovine serum albumin
(BSA, M&C Technology, Beijing, China). RAS-coated
and GST-coated beads were employed in control experi-
ments.

All the experiments were implemented in a sample cell
mounted on the PZT sample stage. The cell chamber
consisted of a modified Petri dish with a cover slip as
bottom and another strip of cover slip vertically attached
onto the bottom, which was immersed in 0.1% polylysine
solution (M&C Technology, Beijing, China) in advance.

The following experimental procedures were re-
peated at least 2000 times to determine the rup-
ture force distribution of RAS and BRAF wusing
RAS-GTP/BRAF (CRD+RBD), RAS-GTP/BRAF
(A246P) (CRD+RBD), RAS/BRAF (CRD+RBD) and
GST/BRAF (CRD+RBD) beads. Firstly, the BRAF
beads with Tris-HC1 buffer (pH=7.4) were added into
the chamber. They were trapped with optical tweez-
ers, and manipulated onto the vertical surface of the
polylysine-treated cover glass (Fig. 2). Secondly, the
buffer solution and excess floating BRAF-beads were
removed. RAS beads (or GST beads in control experi-
ments) were added into 20 uL of 10-nM GTP solution
(Sigma Aldrich, USA) in succession (or no GTP in the
control experiments). Subsequently, driven by the PZT
stage, a trapped bead was brought in contact with the
fixed BRAF bead. After 1 s of contact, the separation
was controlled by the Labview program, which provided
the 3D-PZT a linear growth voltage signal, resulting in

horizontal movement at 5 pm/s. This movement leads
to a loading rate of 2 nN/s on the trapped bead. If the
“binding—unbinding” occurred between the two beads,
a typical force—distance curve (Fig. 2(c)) was obtained,
which can then be used to determine the rupture force.

The ratio of contact cases (adhesion rate), wherein
the trapped bead attached to the fixed bead via ei-
ther specific or nonspecific interaction, for the RAS-
GTP/BRAF, RAS-GTP/BRAF (A246P), RAS/BRAF
and GST/BRAF groups is shown in Fig. 3 (insert).
The adhesion rates were significantly reduced in the
RAS/BRAF and GST/BRAF groups. These experi-
ments demonstrate that the contact cases in the former
two groups could be mostly attributed to the interaction
of RAS-GTP with BRAF or BRAF (A246P). Thus, the
force measurements in these groups can reveal the fea-
ture of specific bond between RAS-GTP and BRAF as
well as its mutant. The specificity of these interactions
was verified.

The rupture force histogram of the aforementioned in-
teractions at a loading rate 2 nN/s is shown in Fig. 3
(for the similarity in results of two control groups, the
GST/BRAF group data is not shown). The rupture
force in the nonspecific interaction (RAS/BRAF, Fig. 3)
was weaker than the specific RAS-GTP-BRAF binding.
On the other hand, the force in RAS-GTP-BRAF inter-
action (Fig. 3) was weaker than the RAS-GTP-BRAF
(A246P) (Fig. 3) interaction. The nonspecific force was
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Fig. 2. (a) Schematic drawing for measuring the rupture force
between trapped RAS beads and fixed BRAF beads using
optical tweezers. (b) Micrograph of the measurement. (c) A
typical rupture force trace acquired using QD for measure-
ment.
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Fig. 3. Histogram of the rupture force distribution of RAS—
BRAF, RAS-GTP-BRAF, and RAS-GTP-BRAF (A246P)
interactions after a contact time of 1 s at a loading rate of
2 nN/s. Inset: Adhesion rates for RAS-GTP-BRAF, RAS-
GTP-BRAF (A246P), RAS-BRAF, and GST-BRAF inter-
actions.
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usually less than 25 pN, whereas the specific force dis-
tribution was the superimposition of several pockets, ex-
ceeding 100 pN.

As determined in previous studies, the RBD or CRD
in BRAF molecules bind independently to RAS!%. Con-
sidering the stochastic process of single molecular force
measurement, four types of specific molecular associa-
tions occur upon contact of the RAS bead with the BRAF
bead: 1. RAS and BRAF (RBD); 2. RAS and BRAF
(CRD); 3. RAS and BRAF (RBD+CRD); 4. Stochastic
combination of molecular associations described in cases
1-3. Since the affinity of multiple RAS-BRAF bonds
(RAS-BRAF, kg <6x10~*/s!'? vs. RGD peptidecell
surface, kq=1.5x1072/sl') may exceed the maximum
force that optical tweezers can exert, and RAS beads
rarely adhere onto BRAF beads (<5%), the rate of mul-
tiple bonds in our measurement is negligible. Hence, the
binding modes of cases 1-3 dominate the specific inter-
actions in the measurement, resulting in the first three
prominent pockets in the force histogram of RAS-GTP-
BRAF and RAS-GTP-BRAF (A246P) interactions.

The rupture force in each pocket in Fig. 3 was sub-
jected to a Lilliefors’ test. The result reveals that the bins
in each pocket were approximately normally distributed
(p<0.05) and could be fitted to the curve

5 (w=py)?
flo, pi=1,2,3, 0, ki=1,2,3 = Z ki-e 22 (1)
i=1

The fitted means of each pocket in the RAS-GTP-BRAF
and RAS-GTP-BRAF (A246P) histogram are shown in
Table 1. In both cases, the sum of the mean of the first
pocket (p1) and that of the second pocket (u2) is almost
equal to the mean of the third (u3). This supports the
model wherein the first pocket in the histogram corre-
sponds to the weaker RAS-BRAF (CRD) bond, the sec-
ond to the stronger RAS-BRAF (RBD) bond, whereas
the third corresponds to the binding between RAS and
BRAF (CRD+RBD).

The fitting of rupture force histogram is based on Eq.
(1), with k1=0.86, k2=0.56, k3=0.75 in the RAS/BRAF
group, k1=0.31, k2=0.33, k3=0.43 in the RAS/BRAF
(A246P) group, and 0=8.5 pN in both cases.

Alternatively, following the one-step master equation

dp;

dt
where p;(t) is the possibility to find ¢ closed bonds. The
equation states that ¢ decreases through the rupture of a
closed bond with the rate r;=ikosr=1kors(0)exp(mt/iF o)
(inferred from Bell’s model®), where kft(0) is the un-
stressed off-rate, m is the loading rate, and Fy=Fkogs(0)-zp
is the intrinsic force of the bond. The model derived from
Eq. (2) provides the probability density for the rupture

=Ti+1Pi — TiPi, (2)

Table 1. Mean Rupture Force for Pockets 1-3 in the
RAS-GTP-BRAF and RAS-GTP-BRAF (A246P)
Interaction Histograms

. 751 2 w3 p1tpe 5
BRAF S P R
PECISS (pN)  (pN) (pN)  (pN)

BRAF (WT) 36 8 128 124
BRAF (A246P) 48 110 150 158

<0.01 0.75
<0.01 0.78

force f of initial number of closed bonds N[22
S S hor (0)
D(f)= >~ pa(N)Dw,(f) = Y Pa(N)="
Ny=1 Np=1

() {0 [ (2]
3)

where kg is the Boltzmann constant, T is the absolute
temperature, zy, is the reactive compliance, ko7 (0) is the
unstressed off rate. Ny, is the maximal number of initial
bonds. p,(NVt) is the coefficient determined by

Pa(Ni) = an, /(a1 +az +--- +an,,) (4)

In this case, as previously discussed, only the RAS-
BRAF (CRD), RAS-BRAF (RBD), and RAS-BRAF
(CRD+BRD) binding modes dominate the experimental
procedures. Equation (3) can be simplified as

D(f) = pacrp(1)Dicrp(f) + ParBp(1)D1irBD(f)
+ pacrDp+rBD(1)DicrD4RBD(f) +£(f), (5)
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Fig. 4. (a) Rupture force histograms of the RAS-GTP-BRAF
interactions at a loading rate of 2 nN/s, which include 500
binding—unbinding events from a total of 1800 attachment
events. (b) Rupture force histograms of the RAS-GTP-BRAF
(A246P) interactions at a loading rate of 2 nN/s, which in-
clude 500 binding—unbinding events from a total of 2536 at-
tachment events. The dashed lines in (a) and (b) are fitting
curves for each mode of specific binding pocket, whereas the
solid lines are the simulation result according to the total
data set via Eq. (3). (c) Rupture force histograms of the
RAS-GTP-BRAF interactions at a loading rate of 2 nN/s,
which include 410 binding—unbinding events from as total of
4900 attachment events. The solid dark lines in (a)—(c) are
the possibility density functions simulated with the bins of
histogram. The slender dashed lines in Fig. 4(c) show the
results from different fitting strategies based on Eq. (3).
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where e(f) is the fairly low possibility of multiple bonds.

Figures 4(a) and 4(b) show the simulated distribution
curves using Eqgs. (3) and (5). The least square fitting
yielded an unstressed off-rate koge(0)=3.71x107%/s for
the RAS-GTP-BRAF (CRD+RBD) association and
1.16x107%/s for RAS-GTP-BRAF (A246P) (CRD+
RBD), whereas the z1, values were 3.2x107!° m and
3.1x1071% m, respectively. The results are in the same
order of magnitude as previous results via the biochem-
ical method for RAS and wild-type full-length BRAF
(kq=5.76x 10=*/s)[1? and indicate that the BRAF
(A246P) mutant binds to RAS-GTP more strongly than
wild-type molecules.

Finally, as shown in Fig 4 (c¢), the experimental data
for the RAS-BRAF interaction was well simulated with

ne—p)2
a Log Normal distribution f(z, u,0,k) = k- %e_ e
(k=0.40, p=3.14, 0=0.68, p <0.01, R?=0.98). However,
Eq. (3) failed to simulate the force distribution of non-
specific binding, which indicates that the nonspecific
binding could not be described by the model derived
from Eq. (3). On average, nonspecific interactions were
weaker than specific ones, but exhibited a wider dis-
tribution and greater x}, values. It might serve as an
important cofactor in the association of specific bond.
In conclusion, we demonstrate a case study on measur-
ing the specific interactions between RAS and its down-
stream kinase BRAF using optical tweezers. The intrin-
sic physical parameters of the bond, kog(0) and xp, are
extracted from the experimental histogram of the rup-
ture force. The result is comparable to the data derived
using the biochemical method. Furthermore, threefold
smaller kofr(0) values are obtained for the RAS-BRAF
(A246P) bond using the simulation of the experimental
histogram. The lower kot (0) value for RAS-GTP-BRAF
(A246P) bond indicates stronger binding between active
RAS and the pathologic BRAF mutant, which needs
to be inhibited with specific drugs that consider z} in
therapeutic treatments. The simple sample preparation
method and force measurement strategy can be applied
to a variety of studies on protein—protein interactions,
especially for the quick identification of the biodynamic
significance of pathologic protein mutants.
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