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ABSTRACT: Extremely weak protein−protein interac-
tions (PPIs), signified by micromolar or even millimolar
dissociation constants, are one of the keys to under-
standing the rapid responses of cellular systems. Although
single-molecule methods are particularly useful in
determining kinetics of biological processes, their
application is largely limited to rather strong interactions
because of the diffraction-limited observation volume. In
this study, we report a single-molecule method that allows
the characterization of PPIs using a prey concentration 4
orders of magnitude lower than the dissociation constant.
Instead of increasing the concentration of diffusing
molecules, which is inevitably limited by the optical
diffraction limit, we employed an increased density of
surface bait protein. The low occupancy of the surface
baits permitted determination of the kinetics with single-
molecule resolution. We used this approach to study a PPI
network consisting of Ras and its downstream proteins
including full-length Rafs and catalytic subunits of
phosphoinositide 3-kinase.

Most biological information, initially encoded in genomic
sequences, is physically embodied as protein−protein

interactions (PPIs), which are actual interactions driving
biological systems. Proteins interacting with nucleic acids
usually exhibit a high specificity and affinity as exemplified by
the gene editing tools, which are able to find a target sequence
among the whole genome with an estimated dissociation
constant (Kd) in picomolar ranges.1,2 On the contrary, cell
signaling proteins are known to exploit weak and transient
interactions, which give rapid turnover and facilitate adaption of
the signaling circuits to changing environments. The Kd values
of these PPIs for cell signaling circuits reportedly range from
sub-μM to hundreds of μM.3,4 Physiological concentrations of
cell signaling proteins are approximately in the same range (sub-
μM to μM), allowing the cell signaling proteins to find their
downstream partners with reasonable probabilities.
Single-molecule studies aim to track movements and/or

conformational changes of target single molecules.5 In the case
of total internal reflection (TIR) microscopy, conversion of a
far-field propagating optical wave into an evanescent wave limits
the excitation depth to thicker than ∼100 nm. Thus, the
concentration barrier in single-molecule studies, above which
the signal-to-noise ratio becomes <1, is around tens of nM (ref

6), limiting the maximum Kd value accessible with single-
molecule TIR fluorescence microscopy to ∼100 nM.
There have been various approaches to overcome the

concentration barrier.7 A simple method is to use prolonged
observation time. This approach however requires additional
instrumentation to correct stage drift, suffers from photo-
bleaching, and is still limited to maximum sub-μM Kd values.
Alternatively, the observation volume can be reduced,8−11 and
the zero-mode waveguide is a notable example.12−14 The zero-
mode waveguide however requires formation of optical cavities
with a dimension of half wavelength of the visible light, and thus
costly electron beam lithography. Recently, it is demonstrated
that the concentration barrier can be avoided by separating the
immobilized target molecules from yet diffusing molecules using
photoactivatable fluorescence tags.15 However, determination of
Kd values in the micromolar or even millimolar range with
single-molecule resolution is undemonstrated.
Here, we developed an approach for studying weak protein−

protein interactions using a single-molecule TIR microscope. A
conventional single-molecule study sparsely immobilizes baits
on the surface (typically, one bait per 10 μm2) so that binding
events on these individual surface baits are resolved as
diffraction-limited spots in far-field optical imaging. Instead of
increasing the prey protein concentration, which was inevitably
limited by the concentration barrier, we take an alternative
approach that employs a high surface density of the baits (Figure
1). When we use a prey concentration of 4 orders of magnitude
lower than Kd, the bait occupancy would be of the same order of
10−4. If there are ∼105 baits immobilized in our imaging area
(∼3200 μm2), we expect 10 single-molecule binding events for a
given moment (Figure 1a). We note that this condition
corresponds to a surface density of tens of baits per μm2.
Counting the occurrence of these binding events with time can
be converted into a kinetic rate for binding between the bait and
prey (kon) by the following equation:

σ
=k

f

A[prey]on
bind

bait

where f bind is the frequency of binding events, [prey] is the
concentration of the prey protein (molar concentration), σbait is
the surface density of the bait protein (number per area), and A
is the imaging area. We can also precisely measure the duration
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of the individual binding events (Figure 1a). The distributions of
the binding duration provide all of the information needed to
determine the kinetic rate for dissociation of the bait-prey
complexes (koff). A combination of the kinetics rates finally
allows determination of the Kd value.
As a precedent PPI, we chose to study the binding between

HRas and the Ras-binding domain (RBD) of CRaf.16,17 We
employed single-molecule co-immunoprecipitation (co-IP)
analysis.18−20 We however notice that our approach employing
high surface bait densities is not limited to the single-molecule
co-IP analysis, but is generally applied to any form of single-
molecule studies.
We introduced the Q61L mutation to the HRas gene that

makes HRas constitutively active (CA) and fused the gene with
a red fluorescent protein, mCherry (Figure SI-1a), which was
used throughout this study unless otherwise specified. The
CRafRBD gene was fused with enhanced green fluorescent
protein (eGFP) (Figure SI-1b). We expressed mCherry-HRas
and eGFP-CRafRBD in separate groups of HEK293T cells and
produced cell lysates, respectively. Using biotinylated anti-
mCherry antibodies, the mCherry-HRas proteins were pulled
down on a quartz surface coated with polyethylene-glycol
(Figure SI-1a). The density of the mCherry-HRas proteins on
surface was determined by studying photobleaching of the total
mCherry fluorescence intensity integrated over our imaging
area. In the tail region of the photobleaching process, where only
a few molecules survived in the imaging area, we recorded both
the mCherry fluorescence intensity and the number of the
survived mCherry-HRas proteins (Figure 1b). This allowed us
to generate an intensity-to-number relation (Figure 1b, inset),
and with the initial fluorescence intensity value, we estimated
the HRas protein density on surface (Figures SI-2−5 and
Supplementary Methods).
To initiate PPIs, we introduced eGFP-labeled prey proteins

on to the immobilized baits. To record an equilibrium reaction,
we started imaging after 30−60 min since injection of the prey
proteins. The kon and koff values of the HRas-CRafRBD binding
were determined from the cumulative plots of the binding
events and the binding dwell times, respectively (Figures 1c,d
and SI-6−12). All the different reaction conditions gave
consistent kon and koff values, which were 5.9 ± 0.5 μM−1 s−1

and 2.0 ± 0.1 s−1, respectively (error values in the main text are
SD of all measurements) (Figure 1e,g). These kinetic rates were
combined to give a Kd value of around 350 nM (Figure 1i).
The determined koff values were consistent with the

previously reported values16−18 (Figure 1g) and that determined
under a typical single-molecule imaging condition (at 0.13 bait
per μm2) (Figures 1h and SI-13; see Supplementary Methods
for details of the single-bait imaging). On the contrary, we found
that all the kon values determined under high HRas densities
were consistently about half of the kon value determined with a
single-bait condition (Figure 1e,f). Unlike the single-bait
imaging where we included only baits actively interacting with
preys, all counted mCherry-labeled HRas proteins were
included in our methods using high surface bait densities.
Although we could not rule out other physical reasons for this
observed difference in kon, we reasoned that only half of the
mCherry-labeled HRas proteins on surface were active in
binding to CRafRBD because cell signaling proteins including Ras
switch between active and inactive states. The estimated active
portion of mCherry-HRas was 54%, which was used for the
following analysis in this work.

Figure 1. (a) Experimental scheme. The bait density on the surface was
increased, typically up to tens of baits per μm2. In the given imaging
area, weak PPIs take place with different baits, which are monitored by
single-molecule fluorescence microscopy. (b) Photobleaching analysis
for determination of the mCherry-HRas density on surface.
Corresponding intensity-to-number relation (inset). (c and d)
Cumulative binding events between HRas and CRafRBD and
corresponding dwell time distributions under different reaction
conditions. (e) kon, (g) koff, and (i) Kd of the HRas-CRafRBD interaction.
(f) kon, (h) koff, and (j) Kd of the same interaction under a single-bait
condition. Error bars are SD for kon, standard errors from exponential
regressions for koff, and propagated errors from kon and koff for Kd. The
same applies to Figures 2 and 3.
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Next, we examined the kinetics of the interaction between
HRas and full-length Raf proteins. The full-length Rafs are
thought to have a weaker interaction with Ras than the
truncated RBD domain. We thus used higher concentrations for
the prey CRaf protein (0.29−9.6 nM), which were then
combined with surface HRas densities ranging from 17.9 to 84.1
per μm2 (Table SI-1). We first measured the kon kinetic rates,
which were largely constant at 0.28 ± 0.05 μM−1 s−1 in the CRaf
concentration range we studied (Figure 2a). The koff values of
the HRas-CRaf complex were also maintained at a constant
value of 1.0 ± 0.1 s−1 (Figures 2b and SI-14).
In similar prey concentration range (0.19−2.61 nM) and

surface Ras densities (5.3−172.3 baits per μm2), we determined
the interaction kinetics of HRas and full-length BRaf (Table SI-
1). A mutation in the kinase domain of BRaf (V600E) was
introduced, which is frequently observed in melanoma and other
types of cancers.21 The kon of the HRas-BRaf

V600E complex was
very similar to that of the HRas-CRaf complex (Figure 2a, 0.29
± 0.03 μM−1 s−1), but dissociation was slightly slower with a koff
of 0.64 ± 0.04 s−1 (Figure 2b). We also examined the interaction
between HRas and wild-type BRaf at a single prey concentration
of 1 nM. The measured kon value was higher than those of the
BRafV600E mutant and CRaf (Figure 2a, 0.39 ± 0.02 μM−1 s−1),
but the measured koff value of 0.62 ± 0.02 s−1 was very similar to
that of BRafV600E (Figure 2b). These kinetic rates gave apparent
Kd values of 3.6 ± 0.4, 2.3 ± 0.2, and 1.6 ± 0.1 μM for the HRas-
CRaf, HRas-BRafV600E, and HRas-BRaf complexes, respectively
(Figure 2c). Taken together, our results corroborate the
possibility that a PPI can be characterized using a prey protein
concentration 4 orders of magnitude lower than the Kd value.
To explore the upper limit of Kd accessible with the current

approach, we attempted to measure interaction of a dominant
negative (DN) form of HRas (HRasDN, S17N mutant) with full-
length Rafs, which is known to be extremely weak. To monitor
these interactions, we immobilized the HRasDN proteins at a
high density of 1200 baits per μm2 and monitored PPIs using 10
nM CRaf and 9.4 nM BRafV600E, respectively (Figure 2d). The
kon values were 0.67 ± 0.06 and 0.33 ± 0.01 mM−1 s−1 for the
HRasDN-CRaf and HRasDN-BRaf

V600E interactions, respectively,
more than 2 orders of magnitude smaller than those measured
with the HRasCA (Figure 2e). However, the koff values were
determined to be 0.88 ± 0.02 s−1 and 0.51 ± 0.04 s−1 for CRaf
and BRafV600E, respectively, which were almost identical to those
measured with the HRasCA proteins. Because of the extremely
low kon, the resulting Kd values were 1.31 ± 0.12 and 1.56 ± 0.13
mM for the CRaf- and BRafV600E-HRasDN complexes,
respectively (Figure 2e).
Finally, to see whether our approach can be applied to other

types of PPI beyond the Ras-Raf interactions, we sought to
measure the interaction between Ras and p110, which is the
catalytic subunit of PI3K. The p110 subunit, also containing
RBD, is found to interact with Ras, suggesting a molecular
mechanism of signaling crosstalk between the MAPK and PI3K
pathways. However, the interaction kinetics has not been
characterized so far.
We expressed three different isoforms, α, β, and δ isoforms, of

p110 in separate pools of HEK293 cells and measured their
interactions with the CA and DN forms of HRas. Only the α
isoform of p110 showed interaction with the CA form of HRas
(Figure 3a). This observation indicates a high level of isoform
specificity in the Ras-PI3K interaction.
To determine the kinetic rates of the Ras-p110α interaction,

we measured this PPI at different prey protein concentrations

(1.0−8.0 nM), which were combined with HRas densities of
22.2−43.3 per μm2. The measured kinetic rates showed
consistent values in the concentration range we studied, which
gave kon of 0.15 ± 0.01 μM−1 s−1 and koff of 0.28 ± 0.01 s−1.
These kinetic rates were combined to yield a Kd value of 1.9 ±
0.1 μM for the HRas-p110α interaction (Figures 3b−d and SI-
15).
Our work provides a general method to characterize PPIs

using a prey protein concentration 3−4 orders of magnitude
lower than the Kd value. We determined micromolar Kd values
with prey concentrations of <1 nM. We were even able to

Figure 2. (a) kon, (b) koff, and (c) Kd of the HRas-CRaf, HRas-BRaf
V600E

and HRas-BRaf interactions. (d) Binding and unbinding kinetics of
HRasDN-CRaf and HRasDN-BRaf

V600E. (e) Comparison of kon, koff, and
Kd between HRasCA and HRasDN interactions.
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determine a Kd value in a millimolar range using a prey
concentration of 10 nM (for inactive Ras and full-length Rafs).
Given that the concentration barrier is around tens of nM for
the TIR fluorescence microscopy, the approach described here
would enable determination of millimolar Kd values without
major modifications to conventional single-molecule micros-
copy.
We note that employment of single-molecule co-IP analysis

was important, as it provided a strategy to observe the
interactions of large mammalian proteins such as full-length
Rafs and different isoforms of p110. Large-scale expression and
purification were not readily possible for these proteins, which
may explain why in vitro characterization of the full-length Rafs
and p110 isoforms has been difficult to carry out. The single-
molecule co-IP analysis provides a strategy to observe dynamics
of the target proteins as long as their genes can be tagged with
fluorescent proteins and transiently expressed in mammalian
cells.
In our experiments, we lowered prey protein concentrations

in a proportionate way as we increased the surface density of
baits. Thus, we did not see any rebinding of prey proteins to the
crowded baits in the three different types of PPIs we examined.
In physiological conditions, where many membrane-associated
proteins exist at a high surface density, we presume that the
rebinding effect may play a role,18 which would render the
effective binding kinetic rate higher than the values observed in
this work.
Finally, the kinetic rates of weak PPIs determined in this study

may provide a glimpse of the dynamic regime exploited by the
cell signaling circuit. The PPIs with micromolar Kd values
exhibited higher association kinetic rates (kon) than anticipated,
all at around 106 M−1 s−1, which were similar to that of typical
antibody−antigen binding. This high kon value is balanced by the
high dissociation rates (koff), which concentrated around 1 s−1.
Thus, at least in this case of the PPI network built around Ras,
the cell signaling circuit takes advantage of turnover on a second
time scale and seems to modulate the association rate in order to
regulate its signal flows.22
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