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Quantitative Analysis of Single-Molecule RNA-Protein Interaction
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ABSTRACT RNA-binding proteins impact gene expression at the posttranscriptional level by interacting with cognate cis
elements within the transcripts. Here, we apply dynamic single-molecule force spectroscopy to study the interaction of the
Arabidopsis glycine-rich RNA-binding protein AtGRP8 with its RNA target. A dwell-time-dependent analysis of the single-mole-
cule data in combination with competition assays and site-directed mutagenesis of both the RNA target and the RNA-binding
domain of the protein allowed us to distinguish and quantify two different binding modes. For dwell times <0.21 s an unspecific
complex with a lifetime of 0.56 s is observed, whereas dwell times >0.33 s result in a specific interaction with a lifetime of 208 s.
The corresponding reaction lengths are 0.28 nm for the unspecific and 0.55 nm for the specific AtGRP8-RNA interactions, indi-
cating formation of a tighter complex with increasing dwell time. These two binding modes cannot be dissected in ensemble
experiments. Quantitative titration in RNA bandshift experiments yields an ensemble-averaged equilibrium constant of dissoci-
ation of KD ¼ 2 � 10�7 M. Assuming comparable on-rates for the specific and nonspecific binding modes allows us to estimate
their free energies as DG0 ¼ �42 kJ/mol and DG0 ¼ �28 kJ/mol for the specific and nonspecific binding modes, respectively.
Thus, we show that single-molecule force spectroscopy with a refined statistical analysis is a potent tool for the analysis of
protein-RNA interactions without the drawback of ensemble averaging. This makes it possible to discriminate between different
binding modes or sites and to analyze them quantitatively. We propose that this method could be applied to complex interactions
of biomolecules in general, and be of particular interest for the investigation of multivalent binding reactions.
INTRODUCTION

Posttranscriptional regulation represents a key mechanism to

control gene expression and includes pre-mRNA maturation,

mRNA transport, translation, and breakdown (1). All these

steps of RNA metabolism are accompanied by the activities

of a suite of RNA-binding proteins in the cell. By interacting

with cis elements within the transcribed portion of a gene

they impact its expression pattern (2,3). To understand the

molecular underpinnings of target site recognition is a pre-

requisite for understanding the functional implications of

RNA binding (4).

We have characterized a family of small RNA-binding

proteins with one terminal RNA recognition motif (RRM)

and a C-terminal glycine-rich stretch in Arabidopsis thali-
ana. The prototypes AtGRP7 (A. thaliana glycine-rich

RNA-binding protein) and AtGRP8 undergo circadian oscil-

lations in transcript and protein abundance with peaks at the

end of the daily light phase. Notably, AtGRP7 and AtGRP8

negatively autoregulate and crossregulate their expression

through alternative splicing: interaction of the proteins with

their own pre-mRNAs promotes the use of a cryptic intronic

50 splice site, leading to incomplete intron removal and

Nonsense-mediated decay of the alternatively spliced trans-

cripts. AtGRP7 also influences the steady-state abundance

of other circadian regulated transcripts, suggesting that the

AtGRP7 feedback loop acts as a slave oscillator downstream
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of the circadian clock (5–7). Furthermore, AtGRP7 and

AtGRP8 have been implicated in pathogen defense and in

the transition to reproductive development by influencing

the key floral repressor FLC (8,9). Thus, AtGRP8, like

AtGRP7, presumably is an important posttranscriptional

regulator in Arabidopsis.

To quantitatively investigate the AtGRP8-RNA interac-

tion with respect to binding specificity, apparent affinities,

and associated timescales, we designed experiments at the

single-molecule level. Interaction studies on biomolecules

by classical ensemble experiments are often hindered by

the fact that beyond the expected active constituents, molec-

ular subpopulations with different binding properties can

mask or broaden signals. Examples are molecules in a dena-

tured, incorrectly folded, labile, or defective conformational

state, or molecules that can adopt several metastable confor-

mations. For regulatory molecules whose activity is often

triggered by chemical modifications or structural changes,

a subtle analysis of interaction data is mandatory for identi-

fication and quantification of the key binding mechanisms

(10). The advent of single-molecule technologies has

fostered new biophysical approaches to detect and quantify

molecular interaction on various systems (11). In particular,

single-molecule force spectroscopy (SMFS), based on

atomic force microscopy (AFM) (12), has proven to be an

appropriate tool to investigate ligand-receptor interactions

with a sensitivity of single-point mutations in an affinity

range (KD) of 10�4–10�15 M, providing access to molecular

forces, elasticities, reaction off-rate constants, and binding-

energy landscapes without being subject to avidity and
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rebinding phenomena (10,11,13–25). Over the last years,

a number of pioneering attempts have been published to

characterize intra- and intermolecular RNA interactions in

single-molecule experiments. By single-molecule AFM

imaging, Henn et al. analyzed the unwinding properties of

duplex RNA by the DbpA protein (26) and Bonin et al.

investigated the specific binding of the iron responsive

element binding protein to the iron responsive element pre-

sented within a dsRNA backbone (27). Klaue et al. investi-

gated the binding of the RNA editing enzyme ADAR2 to

large dsRNA-fragments in AFM imaging experiments and

resolved individual complexes that allowed structural differ-

entiation between editing and nonproductive binding sites

(28). Cho et al. investigated the complexation of the HIV

transactivation response element with TAT-derived peptides

in chemical force microscopy and force spectroscopy experi-

ments. They found a pH-dependent binding-related chemical

contrast on microstructured surfaces, but without single-

molecule resolution (29). Recently, Vilfan et al. published

biochemical toolbox strategies to control, interface, and

assemble RNA constructs for SMFS experiments (30).

Here, we present the first single-molecule AFM-SMFS

investigation that we know of that quantitatively interprets

the interaction between an individual RNA binding protein

(RBP) and its RNA target along an advanced theoretical

framework of single-molecule binding, allowing insights

into different binding modes and their associated binding-

energy landscapes.

The appropriate analysis of the respective data is

commonly based on the pioneering work presented by Evans

and Ritchie in their standard theory (31). This was recently

modified and extended within the theoretical framework of

a heterogeneous bond model (32). Furthermore, a refined

data analysis technique allows the discrimination of different

possible subpopulations and gives insights into the associ-

ated molecular binding modes and mechanisms (33). Since

the interaction of AtGRP8 with its target sequence is ex-

pected to be rather complex and to depend on the secondary

structure of the RNA target, we applied this refined analysis

procedure for a detailed and quantitative characterization of

this interaction at the single-molecule level.

MATERIALS AND METHODS

RNA bandshift assays

The following synthetic oligoribonucleotides (ORNs) were purchased from

Biomers (Ulm, Germany):

8-UTR_WT GUUUUUGGUUUAGAUUUGGUUUUGUGU

8-UTR_WT-SH GUUUUUGGUUUAGAUUUGGUUUUGUGU C3-SH

8-UTR_G6mut GUUUUUAAUUUAAAUUUAAUUUUAUGU C3-SH.

The ORNs were 50-labeled with g-[32P] ATP as described (34). Recombi-

nant GST fusion proteins were purified from Escherichia coli by chromatog-

raphy on glutathione sepharose (35).

The binding assays contained 50 fmol of labeled oligonucleotide, 0.5 mg re-

combinant GST-AtGRP8, 20 mM HEPES-KOH, pH 7.5, 100 mM NaCl, 1 mM
MgCl2, 0.01% NP-40, 10 U RNAsin, tRNA, and unlabeled competitor as indi-

cated. Incubation was performed for 20 min at room temperature. The binding

reactions were resolved on 6% polyacrylamide gels in 40 mM Tris-acetate,

1.8 mM EDTA. The gels were dried and analyzed using a Typhoon 8000 phos-

phorimager and ImageQuant software (GE Healthcare, Freiburg, Germany).

For determination of equilibrium dissociation constants (Kd), increasing

amounts of protein were incubated with 50 fmol of labeled oligonucleotide.

The amount of radioactivity in the retarded complex and the free ORN were

quantified using Image Quant Software. The log (complexed/free probe) was

plotted against the log (protein concentration). Lines were obtained by linear

regression based on the mean of three independent experiments. The log

(Kd) is obtained as the x-intercept (5,7).

Sample surface and AFM tip modification

For AFM-SMFS measurements, sample surfaces and AFM tips were func-

tionalized as described previously (10,13,20,22). Briefly, Si3N4 cantilevers

(MSCTAU-HW, Veeco Instruments, Santa Barbara, CA) were activated

by dipping for 3 s in concentrated nitric acid and silanized in a solution of

2% aminopropyltriethoxysilane in dry toluene for 2 h. After heating the

RNA at 80�C for 5 min, the 2 mM RNA was mixed with 2 mM N-hydrox-

ysuccinimidepoly(ethylene glycol)-maleimide (Nektar, Huntsville, AL) and

then stored at 4�C overnight. The cantilevers were subsequently incubated in

the RNA-PEG solution for 2 h and extensively washed with binding buffer

(25 mM HEPES-KOH, pH 7.5, 150 mM NaCl, 2 mM MgCl2, 0.1% NP-40)

before use.

Mica surfaces (Provac AG, Balzers, Liechtenstein) were silanized with

aminopropyltriethoxysilane in a desiccator and incubated with 50 mM bis

(sulfosuccinimidyl) suberate-sodium salt and 50 mM AtGRP8 fusion protein.

After 1–2 h, the surface was washed with binding buffer. The modified

surfaces were stable for at least 1 day if stored at 4�C.

Dynamic force spectroscopy and data analyis

Force spectroscopy measurements were performed with a commercial AFM

(MFP-3D, Asylum Research, CA) at 24�C. All raw data force curves were

filtered by the default cut-off frequency low-pass filter in the MFP-3D soft-

ware. The spring constants of all AFM cantilevers were calibrated by the

thermal fluctuation method (36) included in the MFP-3D software and

were typically in a range from 15 to 18 pN/nm. In dynamic force spectros-

copy (DFS), loading-rate-dependent measurements were performed, where

the retraction velocity of the piezo was varied while the approach velocity

was kept constant at 5 mm/s. The time during which the AFM tip is in contact

with the surface is called dwell time. This time can be set in the software of

the AFM. However, the built-in software starts this dwell time after a certain

trigger point is reached (always set to 800 pN). This causes slight deviations

from the real contact time. To account for that problem, the dwell time was

calculated here as the total time span where the tip contacted the sample

during the approach the first time until it left the sample during retraction.

The measured individual force-distance curves were analyzed with a

MATLAB program (The MathWorks, Natick, MA) in an automated manner

(33). In this study, the binning sizes for the force and rigidity values were set

to 20 pN and 0.75 pN/nm, respectively. The histograms, and thus the height

color bars, have been normalized to the total number of force distance curves

taken. Data analysis was done by an enhanced method, described in our

previous work (33), using a home-built software written in C-programming

language. The maximum likelihood estimates to gather the quantitative

parameters are done by a commercial algorithm (NAG library).

RESULTS

AtGRP8 interacts with its own mRNA

To investigate an interaction of the AtGRP8 protein with its

own mRNA at the single-molecule level, we used a synthetic
Biophysical Journal 96(12) 5030–5039
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ORN derived from the AtGRP8 30 untranslated region as the

binding substrate, which has been shown to be a binding site

for AtGRP7 (5). The 27mer ORN carried a thiol group at its

30 terminus (8-UTR_WT-SH). Conventional RNA bandshift

assays confirmed that the interaction of the thiol-terminated

radiolabeled ORN with recombinant AtGRP8 was indistin-

guishable from that of the unmodified 8-UTR_WT ORN

(Fig. S1 in the Supporting Material). Thus, the thiol tag

does not interfere with complex formation. The ORN

was covalently attached to silicon nitride AFM tips via

a 30-nm poly(ethyleneglycol) spacer. Recombinant gluta-

thion S-transferase (GST)-AtGRP8 fusion proteins were

functionally attached in low densities to mica surfaces using

standard covalent chemistry. In AFM-SMFS experiments,

the RNA-functionalized AFM tip is moved toward and

then retracted (cycled) from the protein-covered surface

with simultaneous recording of the forces acting on the

AFM-cantilever (Fig. 1 A). In these force-distance curves,

individual binding events can be identified as force disconti-

nuities in the retracting force-distance trace between the

point of dissociation and the force baseline (Fig. 1 B), as

described in detail (33). A nonlinear part of the force-

distance curve precedes the abrupt dissociation event.

Although the physical model that best describes the force-

extension characteristic is the freely jointed chain model

(37,38), it would still be unknown how to describe protein-

RNA extension in the bound stage. Since we only need to

know the force acting on the molecule bond as a function

of time for our further quantitative data analysis, we decided

to simply fit a polynomial second grade into our data. This fit

describes the force-extension characteristics in the relevant

interval very well (red line). The slope of this polynomial

at the point of dissociation is called ‘‘rigidity’’ and describes

the total elasticity of the cantilever, spacers, and molecular

complex at the point of rupture. The dissociation events

are stochastic in nature, obeying the law of a thermally acti-

vated decay of a metastable state, and have to be analyzed in

a statistical way (31–33). This implies that all curves with the

same constant velocity of pulling must follow the same path

before the complex dissociates, and only the point of rupture

differs due to the statistical process. For the analysis under-

taken later (see below), this path has also to be independent

from the pulling velocity (32,33,39,40).

Upon plotting the data of all observed dissociation events

(dissociation forces and rigidity) for a particular retraction

velocity (here, 5000 nm/s) in a 2D force-rigidity histogram

plot (Fig. 1 C), the following observations can be made.

First, a projection of the 2D histogram onto a 1D proba-

bility-force histogram is generated. This standard force histo-

gram plot (number of rupture events over dissociation force)

exhibits a rather broad force distribution, which cannot be

adequately modeled along the standard model of dissociation

under external force.

Second, the 2D-histogram plot shows a nonuniform distri-

bution with distinct peaks. A model with one distinct disso-
Biophysical Journal 96(12) 5030–5039
ciation mode for the observed complex (with particular

kinetic parameters and equilibrium constants) would result

in a unimodal distribution in this plot. There are two likely

explanations for the presence of multiple peaks: there could

be multiple force-extension characteristics, or all of these

curves could follow the same path before the complex disso-

ciates (with the exception that for one pulling velocity, the

FIGURE 1 (A) Schematic illustration of an SMFS experiment. Recombi-

nant RNA binding protein (GST-AtGRP8) is covalently immobilized on

a mica surface. The corresponding synthetic RNA oligonucleotide is con-

nected via a poly(ethylene glycol) linker to the tip of a silicon nitride

AFM cantilever. The distance between surface and tip can be controlled

with a piezoelectric element while the force acting between the tip and

surface is detected. (B) A typical force-distance curve (only the retracting

part of the complete force-distance cycle is shown). The nonlinear part of

the force-distance curve that precedes the abrupt dissociation event can be

fitted by a second-degree polynomial (red line). The slope of this polynomial

at the point of dissociation is called rigidity and the corresponding force

difference between the point of dissociation and the force baseline is defined

as the dissociation force. (C) Data from individual dissociation events

(dissociation force, rigidity) of the investigated RNA-protein interaction at

a pulling velocity of 5000 nm/s are plotted in a 2D probability histogram

(red, high frequency; blue, low frequency), in which only events with

a force-extension characteristic similar to the constructed master curve are

taken into account (for details, see Fuhrmann et al. (33)). Projections of

the cumulative distributions of the dissociation force and the rigidity are

shown as additional 1D graphs above and to the left of the 2D histogram.

The white line indicates the corresponding values of rigidity force for the

master curve and the dashed white lines flanking the master curve corre-

spond to the maximum allowed deviation of the rigidity. The color scale

represents the rupture frequency, normalized to the total number of acquired

force-distance curves and number of binning fields.
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point of rupture differs due to the statistical process). By

introducing a master curve and comparing the single force-

distance curves to this master curve, the latter explanation

was confirmed: all peaks can be explained by one single

master curve (which includes all of the pulling velocities).

For details, see the Data analysis section and our previous

work (33). For visual support, the corresponding values of

the master curve (rigidity ¼ slope at certain force) have

been plotted as a solid white line in Fig. 1 C. The dashed white

lines flanking the master curve correspond to the maximally

allowed deviation of the rigidity. It is important to restrict

the data to single-molecule events. Therefore, a low surface

density of the immobilized proteins was utilized. AFM

images of the surfaces show densities of ~20–30 molecules/

mm2 (data not shown). As a result, the overall probability of

observing a rupture event in the retracting force-distance trace

is <30%. Higher protein surface densities increase the

binding probability but also yield a drastically increased

number of multiple interactions. Furthermore, the poly(ethy-

leneglycol) spacer dramatically reduces the amount of

muticomplex ruptures, as well as the forces due to direct

tip-surface interactions (16,18). Because of the small radius

of the AFM tip and the small length distribution of the spacer,

MALDI measurements indicate a variance of 30 5 5 nm for

the molecules used, the rupture of multiple complexes can be

distinguished by a sawtooth pattern in the force-distance

before the rupture. Only events with ruptures between 30 and

47 nm are taken into account.

Third, if we fit a freely jointed chain model (38) into our

data (more precisely into the constructed master curve (see

below)), we obtain a Kuhn length of 0.54 nm, consistent

with findings from mechanical experiments on single poly

(ethyleneglycol) molecules.

To assess the specificity of the observed interaction

between AtGRP8 and 8-UTR_WT-SH, the following control

experiments were carried out: First, we investigated a poten-

tial influence of the GST moiety on the observed binding. The

respective distribution for the SMFS experiment with immo-

bilized GST protein and 8-UTR_WT-SH ORN exhibited no

significant interaction or binding probability (data not

shown). This indicates a negligible unspecific background

due to interactions between the RNA on the tip and the

surface. The probability of observing a binding event is 1%

for the slower-retracting velocity of 500 nm/s and <1% for

5000 nm/s, compared to 25% for 500 nm/s and 29% for

5000 nm/s between GST-AtGRP8 and 8-UTR_WT-SH,

respectively (Fig. 2, A and B). It is worth noting that all control

experiments were conducted at two different retracting veloc-

ities (500 nm/s and 5000 nm/s) to check for possible dynamic

phenomena. The corresponding graphs (compare images at

left (500 nm/s) with those at right (5000 nm/s)) reveal a shift

toward larger interaction forces with experimental velocity, in

full agreement with theory (31–33).

Next, we probed the binding between AtGRP8 and

a mutant RNA sequence with six guanine residues of the
authentic binding site exchanged for adenine (8-UTR_G6mut-

SH) (Fig. 2, C and D). RNA bandshift assays showed that

mutation of these G residues largely abolished the ability to

compete for complex formation with 8-UTR_WT-SH ORN

(Fig. S2). We found reduced binding probabilities of 20%

and 1% for the 500 nm/s and the 5000 nm/s data, respectively.

Further control experiments with a 27mer poly(A) ORN as

binding substrate also resulted in a nearly complete suppres-

sion of binding events (1% for 500 nm/s and 1% for 5000

nm/s; data not shown).

Finally, we used a mutant version of the AtGRP8 fusion

protein, AtGRP8-RQ, with the conserved arginine residue

at the beginning of RNP1 exchanged for glutamine (7). An

analogous mutation within AtGRP7 had been shown to

reduce binding affinity about sixfold in RNA bandshift

assays without impairing protein folding (5). As a conse-

quence, the 2D histograms for the higher velocity (Fig. 2,

E and F) changed and the center of gravity of the observed

dissociation events clearly shifted to smaller forces

compared to the wild-type protein (Fig. 2 B). As shown

below, this behavior is compatible with a pro rata reduction

FIGURE 2 Normalized 2D probability histograms including all measured

rupture force events without master curve filtering for two different experi-

mental speeds, v ¼ 500 nm/s (left column) and v ¼ 5000 nm/s (right
column). (A and B) 8-UTR_WT-SH ORN versus AtGRP8. (C and D) mutant

RNA (8-UTR_G6mut-SH) versus AtGRP8. (E and F) 8-UTR_WT-SH ORN

versus mutant AtGRP8-RQ. The color scales represent the normalized

rupture frequencies for A, C, and E (left) and B, D, and F (right).
Biophysical Journal 96(12) 5030–5039
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in specific interaction and an equivalent increase in unspe-

cific interaction.

Dwell-time-dependent lifetimes and molecular
parameters

AtGRP8 and its RNA target display rather complex binding

characteristics, as can be seen in the 1D force histogram by

their correspondingly broad force distribution, which splits

into two peaks in the novel 2D histogram representation

(Fig. 1 C). To explain the apparent subpopulations, we varied

the dwell time, during which the AFM tip is in contact with

the surface.

A detailed analysis of the experimental dissociation

events between AtGRP8 and 8-UTR_WT-SH ORN on dwell

time yielded a clear and significant dependence of the iden-

tified subpopulations on dwell time. In Fig. 3, the corre-

sponding 2D histograms are shown for dwell times of

t1 ¼ 0.10–0.21 s (Fig. 3 A), t2 ¼ 0.22–0.32 s (Fig. 3 B),

and t3 ¼ 0.33–0.60 s (Fig. 3 C), all taken at an experimental

retraction velocity of 5000 nm/s. It is clear that a transforma-

tion from a population with small dissociation forces for the

short dwell time, t1, to a population with larger dissociation

forces for t3 can be discerned. The medium dwell time, t2,

shows an overlay of the distributions from t1 and t3, indi-

cating that both subpopulations are populated. Another

explanation for high rupture forces might be an increased

amount of multiple rupture events. However, the rupture

force distribution at long dwell times is very narrow, which

would be very unlikely in case of multiple rupture events.

Also, for dwell times from 0.35 s to 1 s, the force distribution

remains unchanged (data not shown). To verify that the

dwell time does not influence our principle SMFS setup,

we reanalyzed data from previous experiments (33). In those

experiments, we measured the interaction of recombinant

protein applied to the surface with DNA attached at the tip

via the same linker used for RNA in this work. We could

not detect any influence of the dwell time on the rupture

forces except for a slightly higher rupture probability.

This is compatible with the hypothesis that the more time

the complex has to arrange (and therefore the dissociation

force increases), the higher the probability of finding a tighter

interaction. To prove this hypothesis, we statistically

analyzed all the measured dissociation events within the theo-

retical framework of our extended and recently published

DFS theory, wherein local bond parameters are allowed to

fluctuate within a certain degree (32,33). According to the

standard and extended theory for SMFS (31–33), a thorough

statistical analysis allows extraction and estimation of thermal

reaction off-rate constants (koff) and reaction lengths that go

beyond the determination of molecular interaction forces.

Describing the dissociation of a complex due to the applica-

tion of a constant external force can be done within the frame-

work of classical reaction rate theory (31,41). In the Bell

model, the externally applied force lowers the potential
Biophysical Journal 96(12) 5030–5039
barrier, whereas the barrier width (also known as reaction

length) xb, i.e., the difference between the maximum of the

potential barrier and the minimum of the metastable state

along the reaction coordinate, remains constant. This yields

to the Bell rate (41):

koffðf Þ ¼ k0
offexp

�
fxb

kBT

�
; (1)

FIGURE 3 Dwell-time-dependent 2D histograms of 8-UTR_WT-SH ORN-

AtGRP8 interaction measured at an experimental velocity of 5000 nm/s (same

data as in Fig. 1 C) for (A) dwell times of 0.10–0.21 s, (B) dwell times of

0.22–0.32 s, and (C) dwell times of 0.33–0.60 s. Representative plots of three

independent repetitions are displayed. The color scale indicates the normalized

rupture frequency.
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where f is the most probable dissociation force, k0
off the rate

of dissociation at zero applied force, T the temperature,

and kB the Boltzmann constant.

Since the changes of the acting force on the bond mole-

cules are rather slow in comparison to molecular relaxation

processes, the reaction kinetics can be approximated by

dpðtÞ
dt
¼ �koffðf ðtÞÞpðtÞ; (2)

where p(t) denotes the survival probability of the bond at

a given time, t.
Assuming that the force as function of time, f(t), depends

solely on the total extension, s¼ vt, of all elastic components

(molecules, linker, cantilever, etc.) leads to

FðsÞ ¼ Fðv � tÞ ¼ f ðtÞ; (3)

where F(s) is independent of the retraction velocity, v.

With Eq. 2, the formal solution of the survival probability

of the bond under an externally applied force f for any koff(f)
and F(s) is given by Raible et al. (32).

pvðf Þ ¼ exp

(
� 1

v

Z f

fmin

df
0

koff

�
f
0
�

F0
�
F�1
�
f 0
��
)
; (4)

where pv(f(t)) ¼ p(t) and p(t ¼ 0) ¼ pv(fm ¼ fin) ¼ 1. Here,

fmin is the threshold value below which dissociation forces

cannot be distinguished from thermal fluctuations. In addi-

tion, it is assumed that the acting force increases strictly

monotonically, so that the inverse function F�1 of F(s)

exists.

Starting from the survival probability of the bonds pv(f) at

pulling velocity v (Eq. 4), a function g(f) can be defined as

gðf Þ ¼ �v ln pvðf Þ: (5)

Under the assumptions defined by Eqs. 2 and 3, this g(f)
should be independent of the pulling velocity. An estimate

of g(f) from the experimental data can be done in the

following way (33). With a given data set consisting of Nv

rupture forces, fn (n ¼ 1, .,Nv; fn > fmin for all n) measured

at a given retraction velocity, v, the true probability of bond

survival, pv(f), can be estimated as

pvðf Þ ¼
1

Nv

XNv

n¼ 1

Qðfn � f Þ; (6)

where QðxÞ ¼
Rx
�N

dðyÞdy is the Heaviside step function

½Qðx < 0Þ ¼ 0;Qðx > 0Þ ¼ 1�.
Using this, one can plot Eq. 5 as done in Fig. 4. It is

obvious that there is a clear dependence on the pulling

velocity (compare with Raible et al. (40)).

Raible et al. (32) introduced a new theoretical ansatz

called heterogeneity of chemical bonds. The central element

and solution of this heterogeneous bond model theory is that

due to statistical and uncontrollable variations of the molec-
ular complex, or of the local environment of the bond, the

parameter xb (reaction length) itself is subjected to random

variations. This parameter is sampled from a Gaussian distri-

bution with mean xb and variance sx
2. The heterogeneous

bond model thus involves the three parameters xb, sx, and

koff.

Since these three variables change with every single

experiment (i.e., each rupture event), only the averaged

survival probability can be obtained:

pvðf ; m.Þ ¼
R

dl
.

p
�
l
.

; m.
�
pv

�
f ; l

.�
R

dl
.

p
�
l
.

; m.
�
pv

�
fmin; l

.�
;

(7)

with l
. ¼ ðk0

off ; xbÞ and m. ¼ ðk0
off ; xb; sxÞ.

For N independent experiments, the probability of mea-

suring a set of rupture forces {f} is the product of the single

probabilities

Pðffi}; m.Þ ¼
YN

i¼ 1

Pðfi; m.Þ: (8)

By maximizing this function of m. by a maximum likeli-

hood estimate, the most probable values for xb, sx, and koff

can be found in our previous work (33).

A requirement for this is to have a sufficient number of

rupture events. To do so, typically thousands of force curves

have to be evaluated, categorized, and quantified to yield

accurate and reliable statistical numbers (33). This approach

relies on a careful determination of the measured force distri-

butions for various retraction velocities and is termed DFS.

When the experimental data are compared with the esti-

mated parameters by plotting the function (Eq. 5) and the

measured survival probabilities (Eq. 6), the results are in

good agreement with the analyzed data sets (Fig. 4). The

�vln(pv(f)) versus f diagrams were plotted for the measured

dissociation events between AtGRP8 and 8-UTR_WT-SH

ORN for the shortest (Fig. 4 A), medium (Fig. 4 B), and

longest dwell times (Fig. 4 C).

The associated values for the modeled parameters can be

found in Table 1. From this table it is evident that the life-

time, tbond, of the RBP-RNA complex and its reaction length

xb, which can be interpreted as the depth of the receptor

binding pocket, strongly depend on the probed subpopula-

tion. Namely, the distributions related to t1 and t3 of the

AtGRP8-8-UTR_WT-SH ORN complex yield lifetimes,

tbond, of 0.56 s and 208 s and reaction lengths xb of 0.28 nm

and 0.55 nm, respectively, and can therefore be characterized

with respect to the tightness and nesting of the bound

complex. The distributions are related to the medium dwell

time, t2, which shows that the characteristics of both subpop-

ulations can be quantified to tbond ¼ 92 s and xb ¼ 0.50 nm.

These values are very similar to the lifetime and reaction

length of the total data set, tbond ¼ 36 s and xb ¼ 0.51 nm,
Biophysical Journal 96(12) 5030–5039
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FIGURE 4 Dwell-time-dependent DFS analysis of

8-UTR_WT-SH ORN. RNA-AtGRP8 interaction. The

theoretical function�vln(nv(f)) is fitted to the experimental

data sets and plotted for all available retraction velocities.

Only events with a force-extension characteristic similar

to the constructed master curve F(s) have been taken into

account. Diagrams are shown for (A) all available dissoci-

ation datasets; (B) only dissociation events of the subpop-

ulation with short dwell time, t1; (C) only dissociation

events of the subpopulation with medium dwell time, t2;

(D) only dissociation events of subpopulation with long

dwell time, t3; and (E) all available dissociation datasets

of the interaction of 8-UTR_WT-SH ORN with AtGRP8-

RQ. For details, see text.
which includes all experimental dwell times from 0.1 to 0.6 s

(Fig. 4 D) and supports the hypothesis of two different

binding modes. It is worth noting that only averaged values

can be accessed in conventional ensemble experiments,

because such experiments cannot discriminate between dif-

ferent subpopulations.

To gain insight into the specific binding mode, we

measured the dissociation events between the AtGRP8-RQ

protein, which is mutated in a highly conserved Arg within

the RNA recognition motif and the 8-UTR_WT-SH ORN

at dwell times t4 ¼ 0.4–0.6 s (Fig. 4 E). This resulted in
Biophysical Journal 96(12) 5030–5039
a clearly enhanced koff and, hence, a much shorter lifetime,

tbond (Table 1).

Competition of the AtGRP8-RNA interaction
in single-molecule experiments

In ensemble measurements by RNA bandshifts, binding spec-

ificity is assessed in competition experiments where an excess

of unlabeled ORN is tested for its ability to compete with

labeled ORN for the cognate binding protein (5,42). We set

out to develop a similar competition experiment in SMFS

experiments with native surface-functionalized AtGRP8
TABLE 1 Properties of AtGRP8-RNA interactions

RNA Protein Dwell time koff (s�1) Dln(koff) tbond (s) xb (nm) Dxb (nm)

RNA 8-UTR_WT-SH AtGRP8 t3 0.0048 1.8 208 0.55 0.10

RNA 8-UTR_WT-SH AtGRP8 t2 0.01 1.7 92 0.50 0.09

RNA 8-UTR_WT-SH AtGRP8 t1 1.8 6.3 0.56 0.28 0.03

RNA 8-UTR_WT-SH AtGRP8 t1–t3 0.027 0.6 36 0.51 0.03

RNA 8-UTR_WT-SH AtGRP8-RQ t4 0.075 0.9 13.3 0.40 0.05

Off-rate constants (koff), lifetimes of the complexes (tbond), and reaction lengths (xb) are determined in accordance with a previous study (33). Dwell-time

intervals were t1, 0.10–0.21 s; t2, 0.22–0.32 s; t3, 0.33–0.60 s; and t4, 0.40–0.60 s. Dxb represents the statistical error of xb, i.e., the standard deviation of

the estimate of this quantity when the experiment is repeated many times.
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protein and 8-UTR_WT-SH ORN. After the known activation

profile had been verified in the 2D histogram for the two

different dwell-time intervals, 0.20–0.22 s and 0.41–0.42 s

(Fig. 5, A and D), free 8-UTR_WT ORN was added to the

binding buffer at a concentration of 10 mM. Free 8-UTR_WT

ORN, which can bind to the surface of the immobilized

AtGRP8 protein without temporal restrictions, theoretically

blocks and inactivates the surface in a competitive manner

for the functionalized AFM-tip. This experiment was con-

ducted with an experimental retraction velocity of 5000 nm/s

and the results were plotted in 2D histograms (Fig. 5, B and E).

It is worth noting that both dwell-time-dependent compe-

tition experiments yielded very similar results: the expected

blocking affected mainly the subpopulation that is character-

ized by the longest lifetime, the largest reaction length, and

dissociation force, which in addition turned out to be also

the most specific one. The other subpopulation was practi-

cally not affected by the competing ORN, suggesting a rather

unspecific interaction. Consecutively, the activity of the two

surfaces could be reestablished by extensive washing with

binding buffer, which removes the free RNA oligomers

from the solution (Fig. 5, C and F).

The fact that the lower-rupture-force peak remains

apparent at short dwell times, whereas the at long dwell times

FIGURE 5 Dwell-time-dependent competition experiments between

8-UTR_WT-SH ORN and AtGRP8 at 5000 nm/s. The 2D histograms for

two different dwell times of 0.2–0.22 s and 0.41–0.42 s are normalized to

the rupture probability and exhibit the different binding specificity of the

subpopulations. For details, see text. The color scales represent the normal-

ized rupture frequencies for A–C (left) and D–F (right).
it only appears during the competition, shows that our exper-

imental setup is not flawed (e.g., due to multiple rupture

events). Accordingly, we conclude that the free 8-UTR_WT

ORN binds strongly at the specific binding sites but leaves

the unspecific binding sites free at long dwell times.

DISCUSSION

Binding modes and related free energies

Using SMFS, we show that the interaction between the RNA

binding protein AtGRP8 and its RNA target sequence is gov-

erned by at least two different binding mechanisms. The first

binding mode represents an unspecific association that gets

established in a rather short time (t1) and is characterized

by a limited tightness and nesting of the two binding part-

ners, resulting in relatively low binding forces. The average

interaction lifetime of <1 s at a reaction length of 0.28 nm

suggests that this bound state has a relatively low binding

energy and can dynamically dissociate again. The incom-

plete blocking of the unspecific binding mode by an excess

of free ORN in the competition experiment suggests that

the protein AtGRP8 very likely has several of these weak

interaction sites. Furthermore, it is possible that this site

can act as a metastable transition state into a state of higher

conformational stability and binding specificity (dwell time

t3), which is characterized by an increased bond tightness

and nesting. The other binding mode could be identified as

a sequence-specific binding site, yielding considerably larger

(dissociation) forces, a bond lifetime of ~200 s and a largely

increased bond reaction length of 0.55 nm, indicating a

considerable increase of the related binding energy.

To determine the associated free energies, DG0 ¼
RTln(KD) ¼ RTln(koff/kon), we have to estimate the reaction

on-rate constant kon, which is accessible by conventional

RNA bandshift experiments. Quantitative titration in RNA

bandshift experiments (for molecular ensembles, no discrim-

ination of subpopulations) yields an averaged equilibrium

constant of dissociation, KD, of 2 � 10�7 M (Fig. S3), where

kon¼ koff, all/KD¼ 0.027 s�1/2� 10�7 M¼ 1.4� 105 M�1 s�1

can be derived from the values in Table 1. This value

compares very well with typical values for association rate

constants, kon, describing the interaction of smaller receptor-

ligand complexes in the diffusion limit (43). This allows

now a sound estimate of KD ¼ koff/kon and hence of the asso-

ciated binding energies for the identified subpopulations

related to t1 and t3. Based on our AFM-SMFS koff data

(Table 1), we can deduce equilibrium constants and associated

free energies of KD ¼ 1.3 � 10�5 M and DG0 ¼ �28 kJ/mol

for the unspecific state, and KD ¼ 3.4 � 10�8 M and DG0 ¼
�42 kJ/mol for the specific state. This observation is of partic-

ular interest, since a recent investigation of the AtGRP7-RNA

interaction using fluorescence correlation spectroscopy (44)

predicted changes of the RNA conformation upon complex

formation. Unfolding and opening of an artificial hairpin
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containing the target sequence were observed upon AtGRP7

binding.

Energy landscape of the interaction

Based on the above discussion, which makes use of the

experimentally deduced reaction lengths, xb, that are allo-

cated to the different bound states, we propose a semiquanti-

tative model of the possible binding energy landscape of this

particular interaction (Fig. 6). Since the specific reaction

length, xb, represents the actual distance between the

minimum of the binding potential and the position of

the outermost transition state (the activation barrier) along

the reaction coordinate, we can localize the first unspecific

state at 0.28 nm behind the first activation barrier. From

this metastable state, the complex can either dissociate or

transform into the sequence-specific bound state, located

0.55 nm from the outer activation barrier. Due to its long

biophysical lifetime of ~200 s, its binding affinity, KD, and

its related binding energy, DG0, this state is assumed to be

responsible for AtGRP8 binding to its own RNA.

In summary, we demonstrate that AFM-based SMFS in

combination with enhanced statistical data analysis tech-

niques allows for discrimination, categorization, and quantifi-

cation of complex interactions of biomolecules like binding of

RBPs to their target sequences. For the chosen AtGRP8

protein-RNA system, we found two different bound states,

which differ in binding specificity, tightness, and affinity.

The estimated binding free energies and the measured reac-

tion lengths support a model where the specific and functional

binding is introduced by a fast, unspecific, and metastable

onset state. We propose that SMFS is a potent tool to dissect

complex biomolecular interactions. The high sensitivity

without the drawback of ensemble averaging should allow

FIGURE 6 Schematic view of the proposed energy landscape and molec-

ular binding mechanisms between 8-UTR_WT-SH ORN and AtGRP8

according to our experimental single-molecule AFM results.
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application of this method to the investigation of multivalent

interactions.

SUPPORTING MATERIAL

Three figures are available at http://www.biophysj.org/biophysj/supplemental/

S0006-3495(09)00762-0.
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