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ABSTRACT

Electrostatics can alter the RNA-binding properties of proteins that display structure selectivity without 

sequence specificity. Loquacious-PD relies on this broad scope response to mediate the interaction of 

endonucleases with double stranded RNAs. Multimodal spectroscopic probes with in situ perturbations 

reveal an efficient and stable binding mechanism that disfavors high protein density complexes and is 

sensitive to local electrostatics.

INTRODUCTION

RNA-binding proteins (RBPs) are a critical component in the production, translation, localization, and 

degradation of RNA.1 A diverse class of proteins,2 RBPs bind their targets with varying degrees of 

sequence, structure, and context specificity,3 and their molecular recognition properties rely on a 

complex set of interactions.4 Electrostatic forces and dynamic conformations are important for protein-

RNA binding,5 but assessing their role in substrate recruitment and complex stability is challenging, 

especially when multiple protein domains are involved. 

Studies of protein-RNA interactions rely on a variety of tools to measure structural, kinetic, and 

thermodynamic properties.6 However, currently available methods are rarely capable of introducing 

controlled in situ perturbations to the environment in which binding takes place, and vast differences in 

sample conditions can hinder the comparability of results across techniques. Interrogating the binding 

mechanism of complex biomolecules from a molecular perspective that accounts for their local 

environment requires a multi-pronged approach.7 One way to achieve these goals is to combine time-

resolved fluorescence and surface plasmon resonance measurements on functionalized transparent 

electrodes,8 a multimodal approach that incorporates distinct observables to yield complementary 

information while introducing a controllable local electrostatic perturbation to the interactions between 

binding partners – vs. bulk perturbations to dielectric screening.9 Importantly, a bifunctional silane self-

assembled monolayer localizes the formation of biomolecular complexes to an electrified interface with 

generalizable surface functionalization protocols.10 Combining plasmonic and fluorescence-based 

readouts enables complementary measurements of equilibrium dissociation constants, dielectric 

properties at the interface and bulk (e.g., surface coverage, refractive index), as well as association and 

dissociation rates. This versatile platform for probing protein-RNA binding under the effect of an 

interfacial electric field is valuable because electrostatic forces are prevalent in biomolecular 

interactions, and disrupting those interactions provides an approach to quantify their relevance in 

complex formation and stability. 
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The binding of double-stranded RNA (dsRNA) by loquacious-PD (Loqs-PD) is an interesting model to 

probe electrostatic effects in protein-RNA interactions. Loqs-PD is essential for the efficient biogenesis 

of endogenous siRNAs in D. melanogaster,13 assisting the endonuclease Dicer-2’s recruitment of 

suboptimal dsRNA substrates.11 With two dsRNA binding motifs (dsRBMs), Loqs-PD recognizes a 

wide range of targets, binding anywhere along a dsRNA strand (Fig. 1).11f Multiple protein copies can 

bind to one dsRNA, but cooperativity has not been reported.11a Importantly, the mode in which multiple 

Loqs-PD copies bind a single dsRNA and the effect of local electrostatics on complexes with different 

stoichiometries is unexplored. Here, we measured the binding of dsRNA by Loqs-PD at an electrified 

interface using plasmonic and fluorescence probes. Kinetic measurements revealed an efficient initial 

binding step, and stoichiometry-dependent dissociation constants suggest high protein density is 

disfavored. The formation and stability of these protein:RNA complexes is altered by local 

electrostatics in a stoichiometry-dependent manner.

Figure 1. Loqs-PD has two dsRNA binding motifs (red) to recognize its targets, and a binding footprint 

of ~16 base pairs on the dsRNA strand.11a Protein structure predicted with trRosetta12 and equilibrated 

with molecular dynamics simulations (Fig. S1).

RESULTS and DISCUSSION

Surface plasmons are electromagnetic waves formed when the transverse wavevector of light incident at 

a conductor/dielectric boundary couples resonantly to charge oscillations on the conductor’s surface.14 

Because the strength and incidence angle response of surface plasmon resonances (SPR) depend on the 

dielectric properties at this interface, they provide a sensitive probe of ligand recognition for surface-

immobilized targets.14 Typical SPR sensors employ noble metals with resonances in the visible 

spectrum, but their broadband optical response and propensity to quench excited states prevents their 

integration with other light-based stimuli. An alternative is to use doped wide bandgap metal oxides 

(e.g. indium tin oxide, ITO) with plasmon resonances in the mid-infrared.8,15 

We measured the reflectance of a 2550 nm laser beam directed to the SPR sensor chip through a 

coupling prism (Kretschmann configuration) as a function of rotation angle before and after the addition 

of buffer to the sample chamber. A transfer matrix model of these SPR resonances (Fig. S2, Table S1) 

was used to determine their free carrier density ( ), thickness (

), and sensitivity ( ). Once each sensor’s response was 

recorded, it was positioned at an angle at the midpoint of the sharp dip in reflectance (the SPR sensing 

angle, ), RNA targets were attached in situ (details in ESI, Fig. S3), and the reflectance of the infrared 
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laser beam was monitored as a function of Loqs-PD concentration over a series of additions of protein 

aliquots. Loqs-PD:dsRNA complexes at the sensor’s surface increase the local refractive index and shift 

the SPR resonance to shallower angles, increasing the reflectance measured at  (Fig. 2). This binding 

response was expected to follow a Langmuir isotherm,16 reaching saturation once all binding sites are 

occupied. However, due to the substantial penetration depth of mid-IR plasmon evanescent waves (

 vs ),14 changes in the bulk refractive index led to a linear response at high 

protein concentrations (Fig. S5) – an onboard calibration used to estimate the concentration of Loqs-PD 

bound to the surface-anchored RNA. Dissociation constants ( ), saturation amplitudes of binding 

response ( ), and chip responsivities ( ) were obtained by nonlinear fitting (Table S2).

Figure 2. The reflectance of a mid-IR laser coupled to the surface plasmon resonance of ITO electrodes 

increases as protein is added to the sample chamber, both under open circuit conditions (left) and with 

an electric bias (500 mV vs. Ag/AgCl, right). Markers indicate measured reflectance, averaged over 5 

mins.; error bars are ± one standard error of the mean. Dotted horizontal line denotes the reflectance 

starting value . Signal was described by a binding isotherm (red line) plus a linear response 

(combined fit as dashed black lines). Upper insets depict the plasmon resonance for each sensor in 

blank buffer (blue squares), with the sensing angle  shown. Lower insets show signal at lowest protein 

concentrations. Additional SPR responses in ESI (Fig. S4).

In open circuit conditions, we measured an average dissociation constant for Loqs-PD:dsRNA 

complexes of , in line with values reported using steady state fluorescence 

anisotropy (62 nM) and gel mobility shift assays (9 nM).11a,f The surface coverage of Loqs-PD at 

saturation, , is comparable to the surface coverage of RNA measured with ex 

situ elemental analysis ( , Fig. S6 and Table S3). The responsivity of the SPR chip 

measured in binding experiments ( ) together with the sensitivity extracted from models of the 

full SPR curve ( ) can estimate the change in refractive index as a function of protein 

concentration at mid-IR wavelengths, with an average value of   that compares 

well to values reported for a wide variety of protein solutions at visible and near-IR wavelengths.17 

When a positive bias of 500 mV (vs. Ag/AgCl) was applied, the dissociation constant increased to 

, but the protein coverage at saturation did not change. This weakened 
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interaction was expected since an electric field directed away from the ITO and into the buffer perturbs 

the binding between Loqs-PD’s positively-charged dsRBMs and the negatively-charged nucleic acid. 

By detecting changes in the refractive index at the sensing interface due to complex formation, mid-IR 

plasmons indicate that the molecular recognition properties of Loqs-PD are sensitive to electrostatic 

perturbations. For a complementary view of this binding process – as sensed by the surface-tethered 

binding partner – we performed time-resolved fluorescence experiments of fluorescent probes attached 

to the distal terminus of surface-anchored dsRNA targets.

The polarization-resolved ultrafast fluorescence of fluorophore-labeled dsRNA anchored to ITO was 

used to report on changes to the photophysics of the fluorescent probe (Cy3) due to protein binding. In 

the same liquid cell used for mid-IR SPR experiments (but without the coupling prism), the 

fluorescence from RNA-functionalized ITO coverslips was measured first for dry samples, then after 

adding buffer, applying a voltage (if used), and during sequential additions of protein aliquots. As 

observed in binding studies of dsRNA, Loqs-PD, and Dicer-2 performed in bulk solution,11c rigidifying 

the local environment of Cy3 labels lengthens their fluorescence lifetime and increases their residual 

transient fluorescence anisotropy. Multichannel time-tagged time-resolved photon detection yields 

kinetic traces for the fluorescence lifetime of chromophores labeling surface-anchored dsRNA and their 

time-averaged (equilibrium) fluorescence lifetime and fluorescence anisotropy decays. 

Figure 3. The fluorescence decay (a) and transient fluorescence anisotropy (e) of Cy3 chromophores labeling 

dsRNA anchored to ITO supports reveal changes in their photophysics due to binding by Loqs-PD. These 

changes in the fluorescence lifetime (b,c) and residual anisotropy (f,g) are well-described by Langmuir 

isotherms. Equilibration rates as a function of concentration (d, black and gray markers are data from points 

inside dashed rectangle in c and d, respectively) support these observations and provide information on the 

association and dissociation rates for this binding event (details in ESI).

In open circuit, binding of surface-tethered Cy3-dsRNA by Loqs-PD lengthens the fluorescence lifetime 

of Cy3 labels (Fig. 3a) and hinders the relaxation of their fluorescence anisotropy (Fig. 3e). Notably, 
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these changes in the photophysics of dye-labeled dsRNA take place at considerably lower protein 

concentrations than those which resulted in a measurable mid-IR SPR response. Fitting Langmuir 

isotherms to time-averaged fluorescence lifetime (Fig. 3b,c) and residual anisotropy (Fig. 3f,g) of 

surface-anchored Cy3-dsRNA as a function of Loqs-PD concentration reveals a sub-pM dissociation 

constant – with an average . If a kinetic trace was observed (dashed 

rectangles in Fig. 3b,c), its equilibration rate  was computed by fitting an exponential relaxation 

between the starting and final values (  values in Fig. 3d and Table S4, kinetic traces and fits in Fig. 

S7). These kinetics are dictated by association and dissociation rates ( , 

, ) consistent with  from Langmuir isotherms and 

suggest diffusion-limited binding. 

At protein concentrations , an additional change in the time-averaged fluorescence 

lifetime of Cy3-dsRNA substrates can be observed (Fig. 3b,c); however, this signal is not as robust as 

that in the photophysical changes at lower protein concentrations. Interestingly, this response is in line 

with that measured in mid-IR SPR sensors. Kinetic traces (Fig. S7) measured at these higher 

concentrations suggest that, compared to the rates calculated for the earlier binding event, these 

complexes form with a significantly lower association rate ( ) but no discernible 

change to their dissociation rate ( ). 

The application of a voltage to the ITO electrode (500 mV vs. Ag/AgCl) alters the conformation of 

dsRNA on the sensor surface and their binding by Loqs-PD. Prior to adding Loqs-PD, a positive bias to 

the ITO electrode leads to longer fluorescence lifetimes and larger residual anisotropies for surface-

anchored Cy3-dsRNA. These observations can be explained by noting that nucleic acids are negatively-

charged polyelectrolytes whose conformation atop electrodes can be modified with an external bias – as 

seen in fluorescence quenching assays of DNA on Au electrodes.18 The dsRNA employed in this work 

are shorter than their persistence length19 and are anchored with a flexible linker, so it is likely that the 

dsRNA is attracted toward the electrode without substantial bending – although mechanical stress can 

distort their minor groove and affect their binding by dsRBMs.20 This change in the initial conditions 

upon which Loqs-PD binds dsRNA alters their complex formation (Fig. 4). In these conditions, the 

average fluorescence lifetime of Cy3-dsRNA is shortened upon binding, and its residual anisotropy is 

reduced (or at most, it does not increase as noticeably as with complexes formed in open circuit 

conditions). Fitting a Langmuir binding isotherm to this decrease in fluorescence lifetime upon addition 

of Loqs-PD yields an average dissociation constant . A voltage-dependent reduction 

in fluorescence signal is responsible for the observed variability in time-resolved fluorescence data. Such 

reduction is not specific to the Cy3 labeled dsRNA in this work; it has also been observed in fluorescein-labeled 

polypeptide films.8,21 The source of this brightness reduction does not appear to be an increase in nonradiative 

decay rates; such quenching would be accompanied by a shortened fluorescence lifetime with voltage, which is 

not observed. This electric field-dependent decrease in fluorescence output is a topic of current study in our 

group, and it may be caused by a detuning of electronic transitions at an electrified interface, or by a preferential 

alignment of chromophores near the interface that reduces the overlap between their transition dipole moment 

and the laser polarization. This reduction in brightness has a larger effect on the anisotropy traces, due to their 
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calculation as the relative difference between orthogonal polarization channels whose fluctuations become 

important at lower photon counts. Thus, trends in residual anisotropy contain a larger amount of scatter and 

are best described qualitatively (Langmuir binding curves yield KD~10 pM but with considerable 

uncertainty). Nevertheless, clear differences in Loqs-PD:dsRNA binding are observed as a function of 

the local electrostatic conditions in which molecular recognition takes place (primarily in the 

fluorescence lifetime measurements, Fig. 4a). As was the case for mid-IR SPR experiments, a positive 

bias to the RNA-functionalized electrode weakens their binding by protein in solution; however, the 

relative change is larger in the high-affinity binding event monitored by fluorescence ( ) 

than for lower-affinity complex formation measured with mid-IR plasmonics ( ).

Figure 4. When atop a biased ITO electrode (+500 mV vs Ag/AgCl), binding by Loqs-PD leads to a 

distinct trend in the fluorescence lifetime (a) and residual fluorescence anisotropy (b) of Cy3-dsRNA. 

Independent trials as light/dark markers, shaded blue/orange curves are Langmuir isotherms with 

parameters averaged over trials. Vertical arrows show observed changes in the photophysics of samples 

in buffer upon voltage application. Average behavior in open circuit conditions shown for comparison 

(gray shades).

Before further discussing electrostatic perturbations, it is valuable to combine our multimodal 

observations in open circuit conditions to construct a model for Loqs-PD:dsRNA complex formation. 

Loqs-PD has two dsRBMs that can bind independently and it is possible for multiple copies of Loqs-PD 

to bind along a single dsRNA – with a footprint of ~16 base pairs per protein copy.11a,f For our 52-nt 

long dsRNA substrates, one could envision two possibilities: (1) partial vs. complete binding of one 

protein copy, or (2) binding of one vs. two protein copies. The latter is more consistent with our data. 

The fluorophore attached to dsRNA responds to changes in its local environment so it should be mostly 

sensitive to initial complex formation; subsequent protein binding is expected to have a smaller effect 

on its photophysics. As complexes with increasing stoichiometry are formed, protein would continue to 

accumulate at the interface, which would explain why mid-IR SPR sensors are sensitive to the second 

event but not to the first. Interestingly, additive binding of two dsRBMs with  

separated by a 45-aa linker predicts a sub-pM affinity,11f,22 and single copies of Loqs-PD can bind at 

sub-nM concentrations.11a Thus, we interpret our data as the sequential binding of Loqs-PD to dsRNA. 

Initially, 1:1 complexes form with an equilibrium dissociation constant  and association 
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and dissociation rates , ; binding of an additional copy of Loqs-PD 

leads to a 2:1 complex with equilibrium dissociation constant  and association and 

dissociation rates , . 

An external bias at the interface where Loqs-PD:dsRNA complex formation takes place affects their 

binding. Most noticeably, the dissociation constants for both the higher- and lower-affinity binding 

events display a measurable increase. Lower signal and longer integration times prevented the 

determination of whether this bias dependence in dissociation constants was due to changes in the 

association or dissociation of Loqs-PD:dsRNA complexes – or both. Moreover, an applied voltage 

alters the conformation of dsRNA anchored to an electrode and is a likely contributor to observed 

differences in binding. Nevertheless, these results confirm the important role of electrostatics in the 

molecular recognition properties of Loqs-PD toward dsRNA. 

CONCLUSION

In summary, multimodal observations with controllable in situ perturbations revealed valuable insights 

on the biomolecular interactions that underpin the function of Loqs-PD. First, the fast association rate 

for 1:1 Loqs-PD:dsRNA complexes suggests a binding mechanism in the diffusion-limited regime.23 

Second, the weaker interaction in 2:1 complexes implies that high protein density binding is disfavored 

– our dsRNA substrates (52-nt) are short compared to the Loqs-PD binding footprint (~16 bp), so 2:1 

complexes must accommodate protein copies in close proximity. And third, the modulation of binding 

by an electrical bias underscores the role of electrostatics on the formation and stability of these 

complexes – a key factor in a molecular recognition mechanism that is selective for nucleic acid 

structure without being specific to their sequence.

This work examined the RNA-binding protein loquacious-PD – an essential component in the 

production of endogenous siRNA in D. melanogaster. We report the electrostatic modulation of the 

formation of Loqs-PD:dsRNA complexes with stoichiometry-dependent association rates and 

dissociation constants. To determine the role of electrostatic interactions on this binding process, we 

employed steady-state and kinetic experiments that combine mid-infrared plasmonics and time-resolved 

visible fluorescence with an in situ electrostatic perturbation of the binding environment. In this way, 

we found that the initial binding of Loqs-PD to dsRNA is a high-affinity interaction ( ) 

with a diffusion-limited association rate ( ), and that the formation of 1:1 Loqs-

PD:dsRNA complexes is sensitive to electrostatic perturbations ( ) – with a mechanism 

that likely involves changes to dsRNA conformation at an electrified interface. Binding of an additional 

protein copy yields 2:1 complexes that, in comparison to 1:1 complexes, display a substantially weaker 

interaction ( ) due to a slower association rate ( ) but similar dissociation 

rate, and a reduced but still significant sensitivity to electrostatic perturbations ( ). These 

observations support a model for the dsRNA recognition properties of Loqs-PD in which initial binding 

is efficient and stable, the formation of complexes with high protein density is disfavored, substrate 

conformation plays a substantial role, and electrostatics are important. It is valuable to consider these 

molecular recognition properties of Loqs-PD in the context of its biochemical function. A fast 
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association rate coupled with a susceptibility to structural and electrostatic perturbations allow it to 

effectively bind a broad scope of dsRNA targets with varied sequences, and its low tendency to bind at 

high density on the same dsRNA strand may be connected to its ability to independently interact with 

either of its partners (dsRNA and Dicer-2) in order to form a functional dsRNA:Loqs-PD:Dicer-2 

complex for siRNA production.

A fundamental description of molecular recognition in nucleic acid binding proteins must include 

controlled studies of the effects of local electrostatics – whose key role has been recently highlighted by 

the acceleration in target search due to intramolecular electrostatic interactions.24a Together with new 

biophysical tools – such as advanced NMR techniques to map electrostatic potentials on the surface of 

biomolecules,24b and high-resolution determination of complex structures – our approach will contribute 

to the understanding of ubiquitous electrostatic interactions in protein-nucleic acid and protein-protein 

complexes. In this work, we employed a well-defined in vitro environment as a means to introduce a 

controllable electrostatic perturbation, which opens the door to studies of electrostatic interactions 

relevant to in vivo situations including protein-RNA binding at highly charged locations such as 

ribosomal complexes (for nascent RNAs) and the nuclear envelope (for nucleic acid translocation), and 

can serve as a platform to test the functional importance of electrostatic charge at biologically relevant 

interfaces such as cytoplasmic membranes and viral envelopes. Most importantly, this methodology is 

readily compatible with dynamic perturbations (e.g., optically-gated pH gradients) as well as with the 

combination of multiple stimuli,21 offering unique opportunities to control the forces that mediate the 

interactions between biological macromolecules.
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