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Force spectroscopy of Rev-peptide–RRE interaction from HIV-1
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The specific interaction of the RNA recognition motif of Rev and its viral mRNA target, RRE, has

been demonstrated for the first time at the single-molecule level by atomic-force-microscope based

single-molecule-force-spectroscopy (AFM-SMFS). The approach reveals details of the dissociation

pathway and contribution of base mutations. Specific RNA–protein interaction is efficiently blocked by

the RNA binding agent neomycin, showing the potential of AFM-SMFS as an efficient tool for single-

molecule drug screening of RNA targets. Furthermore, we show the importance of surface chemistry in

AFM-SMFS of RNA–protein interaction, in particular the influence of polymer linkers.
1. Introduction

Ever since AFM was recognized as a powerful tool for obtaining

novel information of molecular properties by measuring

unbinding forces, it has been employed to describe various

biomolecular interactions such as DNA–protein, DNA–DNA,

and ligand–receptor interactions.1–3 By attaching complementary

biomolecules on a solid support and to an AFM cantilever,

unbinding forces between individual partners can be measured,

from which relevant kinetic parameters of bond dissociation can

be derived. Furthermore, combined with its ability to scan

a surface and measure forces at the same time, AFM holds great

promise for development of binding assays for drug screening at

the single-molecule level. Despite the omnipresent functional

importance of RNA–protein complexes and the unique potential

of RNA as a novel drug target, only a few reports so far describe

the use of AFM force spectroscopy for characterizing RNA–

protein interaction.4,5

RNA–protein complexes play essential roles in nearly every

aspect of cellular development, including, e.g., RNA processing,

mRNA translation, transcriptional control, and chromosome

maintenance. In addition, RNA serves as the genome of many

viruses, such as HIV-1, whose replication cycle depends strongly

on two sequence specific RNA–protein interactions: TAR–Tat

and RRE–Rev.6,7 By targeting the RNAmoiety, the specificity of

these interactions provides new leads for drug discovery with the

rationale to find small molecules that block formation of RNA–

protein complexes crucial for viral replication.
aScanning ProbeMicroscopy Group, Institute forMolecules andMaterials,
Radboud University, Nijmegen Heyendaalseweg 135, 6525 AJ Nijmegen,
The Netherlands
bDepartment of Biophysical Chemistry, Institute for Molecules and
Materials, Radboud University, Heyendaalseweg 135, 6525 AJ
Nijmegen, The Netherlands. E-mail: H.Heus@science.ru.nl; Fax: +31
24-365-2112; Tel: +31 24-3653113

† These authors contributed equally.

This journal is ª The Royal Society of Chemistry 2011
Rev is an essential regulatory protein of HIV-1 that controls

production of viral proteins, required for the assembly of infec-

tious virions.6–10 In the absence of Rev, shortly after infection of

cells, HIV-mRNAs are fully spliced and exported from the

nucleus to the cytoplasm for the synthesis of the regulatory

proteins Rev, Tat and Nef. Rev shuttles back to the nucleus,

where it protects viral mRNA from the host cell’s splicing

machinery and activates nuclear export of nonspliced and

partially spliced mRNAs that encode for the structural

proteins.8–10 To achieve this Rev binds to an �351 nucleotide

RNA stem-loop structure, termed the Rev responsive element

(RRE), which is encoded within the HIV-1 env gene. Rev first

binds to a site, containing a purine rich internal loop located in

the stem-loop IIB region of RRE, followed by multimerization of

other Rev proteins along RRE.10 Stem loop IIB is the most

preserved sequence along all HIV isolates and mutational studies

of RRE have shown that binding of Rev to RRE is highly

sequence specific.11,12 So far the only high-resolution information

available is an NMR-based structure of the arginine-rich motif

(ARM, residues 34–50 of Rev) bound to stem-loop IIB.13 In this

complex the ARM forms an a-helix, which donates several

specific hydrogen bonds to essential residues in the stem-loop IIB

bulge. To further characterize RNA–protein interaction by

AFM-SMFS and develop AFM-based methodology for single-

molecule drug screening, we investigated the RRE–Rev complex

and probed the influence of the antibiotic neomycin B known to

inhibit formation of the complex.14,15
2. Materials and methods

2.1 RNA synthesis

RNA oligonucleotides with 50-hexanethiol label were synthesized
using phosphoramidite chemistry (IBA, Germany). RNA

sequences, constituting either wild type or mutated high affinity

site, were extended on the 50-end with a stretch of five adenines to
Soft Matter
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Fig. 1 (a) RNA and Rev peptide sequences used in this study. (b)

Experimental setup. In the blow-up attachment of RNA and peptide to

surface or cantilever via PEG spacers and complex formation is illus-

trated by the NMR-derived structure of the Rev–ARM stem-loop IIB

complex.13
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reduce nonspecific PEG–surface interaction. Full sequences are

presented in Fig. 1(a).
2.2 Peptide synthesis

Rev peptide (Fig. 1(a)), modified on the C-terminus with

cysteine, was synthesized by standard f-moc based solid phase

peptide synthesis. Peptide samples were dissolved (20 mM) in

coupling buffer (50 mM NaPO4/NaH2PO4, 50 mM NaCl, pH

6.8) and stored at �20 �C. Before applying the peptide to amine-

modified or PEG-coated AFM cantilevers, peptide was reduced

by immobilized TCEP (tris-2-carboxyethyl-phosphine) disulfide

gel (Pierce) according to the manufacturers protocol.
2.3 RNA and peptide immobilization

Procedures for RNA and peptide immobilization are based on

protocols described in ref. 16–18. AFM tips (MLCT-AUHW,

Veeco Instruments, Santa Barbara CA, USA) were activated by

UV cleaning for 10 minutes and subsequently amino-function-

alized with 3-aminopropyldimethyl-ethoxysilane (ABCR,

Karlsruhe, Germany) as provided by the supplier without dilu-

tion. Afterwards they were washed with toluene (Sigma-Aldrich)

and Milli-Q water and cured for 30 minutes at 80 �C. Ultrasonic

and UV-cleaned glass slides (Menzel Gl€aser, Braunschweig,

Germany) were silanized by incubating in a droplet of the same

silane for 30 minutes, washed with isopropanol and cured for 1

hour at 80 �C. After silanization, cantilevers and glass slides were

immersed in borate buffer for 1 hour to ensure free functional

amino groups. Hetero-bifunctional NHS-PEG5000-Mal spacers

(�50 nm, Rapp polymere, Karlsruhe, Germany) were dissolved

at 50 mM in 50 mM sodium borate buffer pH 8.5. Cantilevers

were incubated in a 50 ml droplet and glass slides were treated

with a 50 ml droplet of dissolved PEG spacers for 1 hour at room

temperature in a humid chamber. Hexanethiol modified RNAs

were reduced by TCEP bond breaker (10 mM, Pierce), washed by
Soft Matter
ethanol precipitation and dissolved at�30 mM in coupling buffer

(50 mM NaPO4/NaH2PO4, 50 mM NaCl, pH 6.8). Reduced

RNAs were coupled with PEG-modified glass slides by adding

a 25–30 ml droplet of dissolved RNA and leaving it to incubate

overnight at 4 �C. Cantilevers were incubated overnight at 4 �C in

a 25 ml droplet of �0.4 mM reduced Rev peptide solution in

coupling buffer. Cantilevers and glass slides were washed with

measuring buffer (20 mM Tris, 100 mMKCl, pH 6.8) and stored

in measuring buffer until use.

Gold surfaces were prepared according to the protocol

described in ref. 19 and 20. For immobilization RNA oligos with

50-hexanethiol label were deposited on a gold surface in a droplet

(� 20 ml) of RNA solution (100 mM) dissolved in sterile Milli-Q

water.
2.4 Single molecule force measurements

Force measurements were done on a Veeco multimode AFM

with a nanoscope IV controller (Veeco, Santa Barbara, CA,

USA) using a contact mode liquid cell. Spring constants of the

cantilevers (MLCT-AUHW, Veeco) were 0.017–0.06 N m�1 (C

andD cantilevers) as determined by the thermal tune method.21,22

Measurements were done with different retract velocities ranging

from �500 nm s�1 to 3.1 mm s�1. The trigger set point for

deflection of the cantilever was varied from 0.18 to 1.5 nN, and

the surface delay time was set to either 0 or 120 ms. Measure-

ments were done in standard buffer (20 mM Tris–HCl, 100 mM

KCl, pH 6.8) in the absence or presence of neomycin B (100 mM,

Sigma-Aldrich). For each velocity typically 1000 force–distance

curves were measured. The yield of force curves showing relevant

rupture events was usually between 25 and 30%. Each force and

loading rate histogram was fitted with a probability density

function which most reliably describes the dataset. Apart from

surface chemistry (measurements using gold surfaces or PEG

spacers for RNA immobilization) experimental conditions and

the number of measurements were comparable.
2.5 Data analysis

Data analysis was done with MATLAB R2008 using a home-

built program with a graphical user interface (GUI). The GUI

allows individual inspection of each curve and marking the

unbinding events. In cases when more than one single binding

event was registered on the curve, only the last rupture was taken

into statistical analysis. The loading rate (r) at the rupture event

was determined by calculating the slope of the curve just before

the rupture (r ¼ vdF/dz). Values of rupture forces and corre-

sponding loading rates were collected for each retract velocity

separately and plotted in histograms.
2.6 Dynamic force spectroscopy

Rupture forces of the RRE–Rev interaction were measured with

retraction velocities ranging from 581 nm s�1 to 3.1 mm s�1.

Typically, 1000 force curves were measured for each velocity.

Most probable forces and most probable loading rates were then

plotted in a semilogarithmic plot, the so-called dynamic force

plot, which is used to estimate the bond parameters according to

Bell’s model.23,24 The semilogarithmic plot of the most probable
This journal is ª The Royal Society of Chemistry 2011
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Fig. 2 Comparison of histograms for wild type RRE–Rev peptide data

in the absence (light blue) and presence of 100 mM neomycin (dark blue)

at a retraction velocity of 581 nm s�1. Insets show the distributions of the

logarithm of loading rate ln (dF/dt) with the extreme value fit. (a) Force

trigger set point 1.5 nN. (b) Force trigger set point 0.5 nN. (c) Force

distance curves obtained in 20 mM Tris, 100 mM KCl, pH 6.8, at

a retraction velocity of 1.16 mm s�1. (d) Dynamic force plots for several

measurements with different force trigger set points and surface

delay times.

D
ow

nl
oa

de
d 

by
 R

ad
bo

ud
 U

ni
ve

rs
ite

it 
N

ijm
eg

en
 o

n 
23

 N
ov

em
be

r 
20

11
Pu

bl
is

he
d 

on
 2

2 
N

ov
em

be
r 

20
11

 o
n 

ht
tp

://
pu

bs
.r

sc
.o

rg
 | 

do
i:1

0.
10

39
/C

1S
M

06
56

3G

View Online
rupture force against most probable loading rate was fitted

linearly with the function:23,24

F* ¼ kBT

Dx
ln

Dxr

kBTkoff

where F* denotes the most probable rupture force, r the corre-

sponding loading rate dF/dt, kB Boltzmann’s constant, T the

absolute temperature, Dx the potential width scale, and koff the

dissociation rate constant at zero applied force.

The dataset where RRE was immobilized on a gold surface

was additionally evaluated with the model proposed by Raible

et al.25 In contrast to Bell’s model which relies on the force

histograms and most probable values, the model introduced by

Riable et al. is based on the analysis and fitting of �vlog (pNE)

plots obtained from the experimental survival probability

(pNE) with the theoretical model described below. First the

experimentally obtained survival probability pNE was

approximated by

pNE ¼ 1

n

Xn

i¼1

QðFi � FÞ

where n is the number of rupture events and Q(Fi � F) represents

the Heaviside step function. Subsequently, experimental curves

�vln (pNE) for different retract velocities were created and fitted

with the theoretical model:

�vln ðpNTðF ;aÞÞ ¼
ðF

Fmin

koff exp ðaF 0 Þ
k

dF
0

where a represents the potential width in units of thermal energy

(Dx/kBT) and k the effective spring constant of the cantilever-

linker-molecule system, which was taken as the maximum of the

distribution of all effective spring constants measured (k ¼
0.0026 N m�1). The term p �NT(F;a) represents the theoretical

survival probability averaged over parameter a given by

a Gaussian distribution:

rða;am; saÞ ¼ Ce�ða�amÞ2=2s2aQðaÞ

The averaged survival probability was obtained according to

ref. 25:

pNTðF ;aÞ ¼
Ð
darða;am; saÞpNTðF ;aÞÐ

darða;am; saÞpNTðFmin;aÞ

The parameters koff, am and sawere varied to obtain the best fit

evaluated by the error function:

Eðam; saÞ ¼
Xn

i¼1

½pNEðFiÞ � pNTðFi;am; saÞ�2

The error function was minimized for each retract velocity

separately. After the parameters koff, am and sawere obtained for

each velocity separately, their average values were calculated.

This step represents a small deviation from the original error

estimate used in the model of Raible et al.25 and insures better

fitting of the theoretical to experimental curves.
This journal is ª The Royal Society of Chemistry 2011
3. Results and discussion

3.1 AFM based SMFS of Rev–RRE

The interaction pair we used for this study is the small arginine-

rich RNA binding motif of Rev (residues 34–51) and RNA

hairpins containing the high-affinity site, which is a validated in

vitro model system to characterize binding properties.26,27 We

engineered two RNA hairpins containing either wild type or

mutated high-affinity site and probed the mechanical stability of

interaction with the modified Rev peptide (Fig. 1(a)). RNA

oligonucleotides, equipped with 50-hexanethiols or Rev peptide,

modified with C-terminal cystine, were immobilized on a glass

surface or AFM cantilever via 50 nm hetero-bis-functional NHS-

PEG-Maleimide spacers (Fig. 1(b)). The peptide-functionalized

AFM tip was repetitively brought into contact with the RNA-

functionalized surface up to a desired cantilever deflection

(trigger set point) and subsequently retracted. Successful bond

association was identified from typical signatures in retraction

force extension curves (FEC) that show gradual force increase

from stretching PEG spacers, followed by a sudden drop in force

attributed to bond rupture of the RNA–peptide complex (Fig. 2

(c)). Loading rates experienced by the bond were calculated from

the slope of the curve preceding rupture. In the case of a single

barrier potential, the most probable rupture force scales linearly

with the log of the loading rate, from which the natural off rate

koff of the bond at zero force and distance between the bound and

transition state along the forced reaction coordinate Dx can be

determined.23,24

The interaction of Rev peptide with wild type RRE hairpin

was probed with different retraction velocities ranging from

581 nm s�1 to 3.1 mm s�1 and with trigger set points ranging from

0.18–1.5 nN with or without a surface delay of 120 ms. In all
Soft Matter
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cases measured, the histogram of rupture forces showed a wide

distribution with several peaks. In these experiments many

different types of interactions can contribute to the force distri-

butions, such as: binding of Rev–peptide to high-affinity binding

site, nonspecific binding, multiple bond formation and possible

entanglement of PEG spacers. From control experiments where

one or both binding partners were excluded in the experimental

setup, it was estimated that nonspecific interactions caused by

PEG spacers for a force trigger set point of 1.5 nN constitute

about 10–15% of all binding events detected. For smaller trigger

set points (0.2, 0.3, 0.5 nN) this percentage dropped below 5%.

These nonspecific interactions together with the multiple bond

formation are responsible for ruptures in the higher force regime

and give rise to the long tail of the force distribution. However,

for systems with reasonable affinity specific interactions are more

frequent and dominate the distribution.

To estimate the kinetic parameters for the RREwt–Rev inter-

action we have used Bell’s model.23 The most probable values of

the rupture force and the loading rate were estimated by fitting

the distributions with lognormal and extreme value distributions

respectively.28 These types of distributions were found to describe

the observed data profiles more reliably than the widely used

normal distribution. Resulting dynamic force plots in all cases

considered (with different deflection trigger set points and

surface delay times, Fig. 2(d)) showed a linear dependence of

force on loading rate in accordance with a single barrier transi-

tion and yielded a natural off rate at zero force koff ¼ 5 � 3 s�1.

Because of the non-equilibrium nature of these experiments the

exact on rate cannot be directly determined. However, a reason-

able estimate can be made by assuming a diffusion controlled

association process with a typical on rate of 108 M�1 s�1.27 Using

this value, the equilibrium dissociation constant KD can be esti-

mated to be�50 nM which agrees well with previously published

data on the comparable RRE–Rev peptide interactions.27 The

inverse slopes of the linear fits of the dynamic force plots (Fig. 2

(d)) yield a potential barrier width Dx of 0.26 � 0.02 nm. This

short distance is in the range of hydrogen bonding (�1.8 �A) and

much smaller than the length spanning the RNA–peptide inter-

action (�2.5 nm, ref. 13) and suggests the coordinated loss of the

hydrogen-bonding network at the RNA–peptide interface in an

all-or-none unbinding mechanism rather than gradual unzipping

of the peptide from the RNA.
Fig. 3 (a) Histogram of rupture forces obtained for mutant RRE–Rev

interaction in the absence (light blue) and presence (dark blue) of

neomycin, trigger set point ¼ 1.5 nN, v ¼ 581 nm s�1. (b) Dynamic force

plots for wild type RRE (blue circles) and mutant RRE–Rev (red trian-

gles) interaction using the same experimental setup.
3.2 Influence of blocking agent neomycin

Competition experiments were performed in the presence of

excess free RNA binding agent, neomycin B. Neomycin B

belongs to the family of aminoglycosides antibiotics, which

interact with a variety of RNA molecules, including RRE.

Previous studies have shown that neomycin competes with Rev

peptide for binding to the SLIIB of RRE and impairs Rev

function in vivo,14,15 showing its potential as a scaffold for

development of novel agents against viral infection. On this

particular RRE model sequence, three classes of binding sites

have been detected: a site that competes with binding Rev peptide

in the low micromolar range (KD ¼ 1.8 mM), an adjacent non-

inhibitory site, which binds neomycin with higher affinity (KD ¼
0.24 mM), allowing formation of a ternary complex with SLIIB
Soft Matter
and Rev peptide and a weaker site (or sites) (KD$ 40 mM), which

has been attributed to nonspecific binding.14,15,27

Addition of neomycin serves two purposes: first, since

neomycin interferes with Rev binding, it can be used to address

the specificity of RNA–peptide interaction and second, the effi-

ciency of neomycin as a blocking agent can be assayed on the

single-molecule level. The latter gives the possibility to explicitly

test the AFM as a tool for single-molecule drug screening of

RNA targets. Force histograms for one retraction velocity in the

absence and presence of 100 mMneomycin are shown in Fig. 2(a)

and (b). In the presence of neomycin the number of rupture

events, assigned to unbinding of Rev–RREwt complex, were

significantly reduced, which validates the interpretation of the

data. However, even with a 5 � 104 over KD excess of neomycin,

which in bulk equilibrium experiments would irreversibly

dissociate Rev peptide from RNA, not all binding events could

be prevented. This indicates dynamic escape of the complex due

to the non-equilibrium character of the measurement: fast

retraction of the peptide prevents rebinding to RNA.
3.3 Influence of base mutations

To investigate the potential of AFM-SMFS in discriminating the

influence of base mutations on peptide binding we probed the

interaction of Rev with a mutated RRE sequence (Fig. 1(a)), in

which two base pairs adjacent to the internal loop were reversed.

These mutations preserve the structure of the high affinity site,

but transpose functional groups necessary for Rev binding.12

Gel-shift binding assays indicated this mutated sequence is

significantly impaired in Rev binding, displaying 10 fold lower

affinity than wild type.12 However, the mutations had no effect

on the number of binding events (Fig. 3), suggesting unaltered

association rates. Moreover, in contrast to the rupture force

histogram of the wild type RRE which displays multiple peaks,

the force histogram for the mutant RRE showed only a single

sharp peak, indicating that the probability of multiple bond

formation is lower due to the short life time of the RNA–peptide

complex.

Analysis of the force and loading rate distributions yielded

a substantially higher dissociation rate constant koff ¼ 17 � 2 s�1

implying that the dissociation rate is governing the molecular

affinity. Assuming equivalent on rates for the native and mutant

sequences yields an estimated KD ¼ 170 nM for the mutant

interaction, i.e., 4–10 fold lower affinity, consistent with the
This journal is ª The Royal Society of Chemistry 2011
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gel-shift binding assays.12 Formation of RNA–protein complexes

typically involves a multistep process characterized by initial

binding, followed by conformational rearrangements of RNA

and/or protein constituents that drive the complex in its final

thermodynamically stable state. Apparently, shifting functional

groups necessary for Rev binding does not affect the adaptive

binding pathway, but loss of critical hydrogen bonds at the

RNA–peptide interface13 enhances the dissociation pathway,

resulting in a larger off rate. Accordingly, the distance between

the bound and transition state, derived from the linear fit of

Fig. 3(b), is smaller than that for the wild type, Dx ¼ 0.166 �
0.005 nm.
3.4 Influence of surface chemistry

To investigate the influence of surface immobilization and reduce

nonspecific interaction we next immobilized RRE directly to

a gold surface using 50-hexanethiol. This experimental setup has

two benefits. First, it should decrease rupture events arising from

PEG entanglement between the tip and the surface, and second,

the enduring liquid flow needed to flush out neomycin should not

drastically affect the RNA–surface coupling since the covalent

bond between the 50-thiol of the RNA and gold surface is much

stronger.

Measurements were performed with velocities ranging from

1160–3100 nm s�1, a trigger set point of 0.2 nN and a surface

delay of 120 ms. The small trigger set point was chosen to reduce

nonspecific surface interactions and the long surface delay time

to insure proper bond formation between RRE and Rev peptide.

Force curves showed two distinct interaction regimes, nonspe-

cific surface interactions at distances below �20 nm, and a single

bond rupture at a larger distance (Fig. 4(a)). Thus, compared to

the data acquired with RRE immobilized to the surface via PEG

linkers, the rupture force distributions shown in Fig. 4(b) were

relatively narrow and exhibited only a single maximum (note the

maximum observed rupture force is 0.25 pN whereas for PEG-

immobilized RRE the maximum observed force value is 0.5 nN).

The absence of large rupture forces indicates that there is no

multiple bond formation as well as no PEG-entanglement. The

blocking experiment with neomycin was performed as with PEG-

immobilized RRE, i.e., by injecting a 100 mM solution of

neomycin dissolved in standard buffer. In this case blocking with
Fig. 4 (a) Force curves obtained with RRE oligonucleotides coupled

directly to a gold surface via a 50-thiol label. (b) Influence of neomycin.

Top: force distribution obtained in standard buffer; middle: force

distribution obtained in standard buffer containing 100 mM neomycin;

bottom: force distribution obtained after flushing the liquid cell of the

AFM with standard buffer.

This journal is ª The Royal Society of Chemistry 2011
neomycin was even more efficient, resulting in 6-fold reduction in

rupture events (Fig. 4(b), middle). Moreover, neomycin could be

washed away efficiently, resulting in almost complete revival of

the initial rupture force distribution (Fig. 4(b), bottom).

So far usage of long PEG spacers has been proven successful

for probing biomolecular interactions on a variety of DNA–

DNA, DNA–peptide and ligand–receptor pairs, and has thus

emerged as the preferred method.7,16–18,29,30 However, our results

indicate that for the purpose of single-molecule drug screening

on RNA targets, linking of RNAmolecules to the surface devoid

of PEGs might be more favorable. Also, the 2D contour plot of

rupture forces plotted against the effective spring constant k

(Fig. 5(a)) showed only a single peak indicating a single-binding

mode between Rev and wild type RRE.7,25 Since this experi-

mental setup revealed only a single barrier transition and no

multiple bond formation, this dataset was subjected to further

data analysis.
3.5 Comparison of theoretical models

For the analysis of the RRE(Au)–Rev dataset using Bell’s model,

we fitted the force and loading rate distributions with the

appropriate probability density function as shown in Fig. 5(b)

(full line). The maxima of the fitted force and loading rate

distributions for each retract velocity vwere subsequently plotted

in the dynamic force plot shown in Fig. 5(c). The linear fit of this
Fig. 5 (a) 2D contour plot with histogram of rupture forces plotted

against the histogram of effective spring constants. The graph shows one

strong peak at k z 0.0026 N m�1, indicating the existence of a single

binding mode. (b) Comparison of the distributions calculated with

different methods: (–) log–logistic fit of the rupture force distribution

used to determine the most probable force; (--.-) Bell’s model calculated

from the parameters obtained from the dynamic force plot (a); (/)

Probability density function of rupture forces calculated according to the

model of Raible et al.;23 (----) Bell’s model calculated from the parameters

obtained using the log–logistic fit of the rupture force distributions. The

inset shows the distribution of loading rates ln (dF/dt). (c) Dynamic force

plot obtained from the most probable forces and loading rates of RRE–

Rev interaction with RRE immobilized on gold. (d) Functions �vln

(pNE(F)) for different pulling velocities v and fitted with model functions

proposed by Raible et al.23 Each data point corresponds to one recorded

rupture event.
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plot yielded values for the natural off rate koff ¼ 7 � 3 s�1 and

barrier width Dx¼ 0.32� 0.02 nm. These values are very close to

those obtained with RRE immobilized to the surface via PEG

spacers.

We next derived relevant parameters by using the theoretical

framework of Raible et al.25 In the case of a single barrier model

the quantities for the probability of bond survival �vln (pNE(F))

should collapse onto a single curve for all retraction velocities,

from which koff and Dx can be obtained by fitting. If this is not

the case the discrepancy can be remedied by averaging the

observed survival probabilities with respect to the probability

distribution of koff and Dx instead of using single values. The

rationale for this approach is that parameter distributions rather

than single values can compensate for the variations in the

measured dissociation rate and the potential width arising from,

for example, changes of the local chemical environment, the

orientation of the molecular complex during pulling, pulling on

multiple bonds or pulling on different types of bonds (specific or

nonspecific).23 Raible et al. showed that the model is not very

sensitive to small variations in koff but it is very sensitive to

variations in Dx. Therefore, it is sufficient to average the exper-

imental survival probability over the dissociation length a, which

in the framework of Raible et al.25 is defined in units of thermal

energy as

a ¼ Dx/kBT

where a is sampled from a Gaussian distribution with mean am
and standard deviation sa (see Materials and methods). If the

data represent a single-barrier transition, sets of fitting parame-

ters (koff, am, sa) should have approximately the same values for

all retract velocities. The data analysis with the model developed

by Raible et al. is presented in Fig. 5(d). All of the observed

experimental curves could be fitted with approximately the same

parameters: koff z 5.4 s�1, Dxz 0.25 nm and sa z 0.1 nm. This

result indicates that the data are consistent with a single binding

mode with heterogeneity of the chemical bond effectuated in the

dispersion of the chemical bond length. The corresponding

probability density function calculated using these parameter

values is shown in Fig. 5(b).
4. Conclusions

Herein, we have investigated the specific interaction of the RNA

recognition motif of Rev and its viral mRNA target, RRE, for

the first time at the single-molecule level by AFM-SMFS. The

molecular binding forces observed for single RNA–peptide

interactions underscore the specificity deduced from bulk

experiments, and also provided some details of the dissociation

pathway and influence of base mutations that were not revealed

from the bulk experiments. Competition experiments with

neomycin proved the specificity of measured unbinding forces as

well as neomycin’s blocking efficiency, showing the potential of

AFM-SMFS as a tool for single-molecule drug screening.

Moreover we showed that choice of surface immobilization can

be critical for the blocking efficiency by small molecules. With

RRE immobilized to the surface via PEG spacers addition of

neomycin showed a reduction in the number of rupture events of

a factor of 2–3, whereas when RRE was coupled directly to the
Soft Matter
gold surface, the number of binding events was further reduced

to a factor of 6. The calculated bond parameters extracted from

the corresponding dynamic force plots were approximately the

same for all datasets and were independent of the experimental

setup or ramping conditions. Using the classic Bell–Evans

approach23,24 the natural off rate of the wild type RNA–peptide

bond at zero force was estimated to be koff z 5 s�1 which is in

good agreement with previously reported off-rates for the same

system.27 The obtained distance from the bound to the transition

state Dx was �0.26 nm. For the dataset where RRE was

immobilized to the gold surface, the theoretical model suggested

by Raible et al.25 could be tested. The obtained values of off-rate

and the potential width utilizing this model were koff z 5.4 s�1

and Dxz 0.25 nm. These values compare very well to the values

obtained by the less elaborate and complicated Bell–Evans

approach, which is encouraging for using this approach in rapid

single-molecule drug screening of RNA targets by AFM-SMFS.

However, compared to other types of interaction pairs, i.e.,

DNA–DNA, DNA–peptide and protein–peptide, the distribu-

tion of rupture forces of the RNA–peptide interaction pair seems

to be larger, which might originate from a higher propensity of

alternative and nonspecific binding events, born out of the higher

flexibility and plasticity of RNA. The potential to distinguish

different binding modes of single RNA–protein interaction by

AFM-SMFS using more elaborate theoretical frameworks as

developed by Raible et al. could therefore prove to be extremely

useful in resolving multivalent interactions, which is an intricate

property of the adaptive binding mechanism of RNA–ligand

recognition.
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