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Abstract 

Single Molecule Study on RNA 

Chaperone Hfq and Development of 

Autofocusing System for Single 

Molecule Fluorescence Imaging 

 

Wonseok Hwang 

Major in Physics 

Department of Physics and Astronomy 

The Graduate School 

Seoul National University 

 

Hfq is a bacterial RNA chaperone stimulating specific RNA-RNA interactions by 

inducing RNA unwinding or RNA-RNA base-paring. However the detailed 

molecular mechanism of how Hfq selectively achieves completely two opposite 

functions—unwinding, and base-paring—depending on RNA substrates is still 

unclear. Here, we developed single-molecule fluorescence assay monitoring Hfq-

mediated RNA interactions. RNA fragments from DsrA small non coding RNA and 

rpoS mRNA of E. coli were used as a model system. Our real time observations 

reveal that Hfq stimulates DsrA:rpoS base-paring by simultaneously binding both 

RNAs using same RNA binding site on its proximal surface. The competition for the 

same binding site of the two RNAs makes the RNA-Hfq interaction dynamic, but 
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drives efficient base-paring by properly aligning two RNAs in close proximity. When 

Hfq-binding sequence presents only in one of the two RNAs, RNA unwinding 

process dominates over the base-paring process. 

 Single-molecule fluorescence imaging has greatly contributed to our 

understanding of many bio-molecular systems. While reactions occurring in the 

range of several minutes can be readily studied using conventional single-molecule 

fluorescence microscopes, data acquisition for longer time scales is hampered by the 

focal drift of high numerical aperture objectives, which should be corrected in real 

time. Here, we developed a robust autofocusing system based on optical astigmatism 

analysis of single-molecule images. Compared to the previously developed methods, 

our approach has a merit of simplicity in that neither fiducial makers nor an 

additional laser-detector system is required. As a demonstration, we observed B-Z 

transition dynamics occurring for several hours. 

 

Keywords:  Single molecule FRET, Hfq, DsrA, rpoS, Autofocusing 

Student Number:  2010-30118 
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List of terminology 

DNA:  Deoxyribonucleic acid. Essential biomolecule. Forming 1-D polymer 

 chain by connecting 4 basic subunits (A, T, G, and C). The sequence 

 of 4 subunits encodes genetic information. 

RNA:  Ribonucleic acid. Essential biomolecules transcribed from DNA. 

protein: Biomolecule consisting of one or several 1-D chains of amino acids. 

 Each amino acid chain is folded into particular 3-D structures. 

mRNA: Messenger RNA. RNA that conveys genetic information from DNA to 

 ribosome. 

ribosome: Complex biomolecules consists of several RNAs and proteins. 

sRNA:  Small non-coding RNA. RNA participating protein regulation process 

 by interacting with mRNA. sRNA does not contain protein-coding 

 information. 

Chaperone: Protein assists folding or unfolding of other macro-biomolecules 

 such as RNA or protein. 

RNA chaperone: Chaperone assisting folding or unfolding of RNAs. 

ATP:  Adenosine triphosphate. Biomolecules often used as an energy 

 supplier of many enzymatic process via hydrolysis. 

Hfq:  Protein. Hfq stands for “Host Factor of bacteriophage Qβ” which is 

 named after its initial identification as a host factor for replication 

 activity of bacteriophage Qβ in E. coli. 

host factor: Factor affecting susceptibility of host with respect to disease. 
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Bacteriophage: Bacterial virus. 

E. coli:  Escherichia coli. Bacterium. 대장균 

DsrA:  Bacterial sRNA. 

rpoS:  mRNA encoding sequence of RpoS protein. 

Cy3, Cy5 and Cy7: Names of fluorescence dyes. 

smFRET: Single molecule fluorescence resonance energy transfer. 

FOM:  Figure of merit. Quantity characterizing the quality of image. 

P-feedback: Proportional feedback. 

PT-feedback: Proportional feedback with threshold filter. 

PK-feedback: Proportional feedback with Kalman filter. 
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1. Introduction 

 

1.1. RNA chaperone Hfq 

 

Ribonucleic acid (RNA) is an essential biomolecules of all living organisms. RNA 

forms 1-D polymer chain consisting of four types of nucleotides: Uracil (U), Adenine 

(A), Cytosine (C), and Guanine (G). U can base-pair with A through hydrogen 

bonding interaction whereas C can base-pairs with G. Due to these interactions 

between each monomer, the distance between each monomer of RNA polymer does 

not follow random distribution but depends strongly on the type of nucleotide 

making RNA have characteristic structure depending on the sequence of nucleotides. 

 The role of RNA inside a cell is very diverge. It participates directly in gene 

expression process by conveying genetic information from DNA to protein as a 

messenger RNA (mRNA) and by delivering amino-acid as transfer RNA (tRNA) 

during protein synthesis. RNA also engage indirectly, yet critically, in gene 

expression process by consisting of essential building block of ribosome as a 

ribosomal RNA (rRNA) and by regulating translation efficiency of mRNA by 

modifying secondary and/or tertiary structure of mRNA. 

 The structural modification of mRNA is rarely achieved spontaneously due 

to ruggedness in folding energy land-scape of RNA. This ruggedness traps mRNA 

in previous state which is a local minimum in the new environment and delays the 

transition to global minimum. Thus the presence of additional co-factor RNA 
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chaperone is necessary for the structural modification of RNA within biologically 

relevant time. 

 To rescue RNA from a free energy local minimum, RNA chaperone first 

loosens the previous fold of RNA so that each monomer is freed from previous 

interaction partner (other monomer) and interacts with new partner to make new 

overall folding structure. Interesting question arises here. RNA chaperone should 

loosen only a non-natively (local minimum) folded part of RNA structure but not 

natively (global minimum) folded part of RNA as once the RNA is properly folded, 

no additional perturbation should be introduced. How RNA chaperone recognizes 

non-native or native structure of RNA? This question becomes more intriguing as 

there is an RNA chaperone that can induce base-paring as well as unwinding and can 

interact with many RNA substrates. 

 To address this question, we studied interactions between DsrA small non-

coding RNA (sRNA), rpoS mRNA, and RNA chaperone Hfq of Escherichia coli (E. 

coli). To reveal the molecular interaction without loss of information from ensemble 

average of signals, we performed single molecule study employing single molecule 

fluorescence resonance energy transfer (smFRET). 

 

1.2. Single-molecule FRET 

 

Fluorescence resonance energy transfer (FRET) was initially described theoretically 

by Förster in 19481. FRET is a mechanism of non-radiative energy transfer between 
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two chromophores mediated by dipole-dipole coupling. In typical application, two 

fluorephores with different spectral properties are used. Fluorephore with shorter 

excitation/emission wavelength, called donor, is excited by laser. The other 

fluorephore, called acceptor, is not excited by laser but receives energy via FRET 

from donor. By the result of energy transfer, acceptor emits light instead of donor. 

By monitoring each intensity of fluorophore (i.e. FRET), we can deduce inter-dye 

distance in real time. The distant dependence of FRET is determined by following 

equation. 

FRET =
1

1 + (
𝑟

R0
)

6 ≅
𝐴𝑐𝑐𝑒𝑝𝑡𝑜𝑟 𝑖𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦

𝐷𝑜𝑛𝑜𝑟 𝑖𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦 + 𝐴𝑐𝑐𝑒𝑝𝑡𝑜𝑟 𝑖𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦
 

Here, r  denotes inter-dye distance and R0  is inter-dye distance when FRET 

becomes 50%. The typical value of R0 in many applications is ~5 nm. Due to 

exponent 6 and the typical value of R0, FRET changes steeply in 1-10 nm range 

which corresponds very well with typical size of biomolecules and their range of 

motion. By labeling fluorophores on biomolecules of interest, FRET allows 

monitoring of change in inter-/intra- molecular distance in real time. 

  One pitfall of typical application of FRET is that fluorescence signals are 

obtained from many molecules simultaneously. Thus, during measurement process, 

the motion of individual molecules cannot be monitored and the acquisition of 

kinetic information is limited up to ensemble level.  

  This limitation has been overcome recently from development of single 

molecule FRET (smFRET)2. In smFRET, from the use of high-sensitive CCD and 
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high-numerical aperture objective, the signals from individual molecules can be 

monitored. This enables the monitoring of motion of fluorescence labelled individual 

molecules without loss of kinetic information from ensemble average. 

 

1.3. Autofocusing system for single-molecule fluorescence 

 imaging 

 

Application of smFRET to RNA-Hfq system was sometimes challenging due to 

exceptional long-term binding of Hfq to certain RNA. Long-term measurement of 

fluorescence signals led to the accumulation of focal and lateral drift between sample 

and high-numerical aperture objective. Lateral drift could be corrected by post-

processing image but focal drift could not due to loss of information from image blur 

indicating it should be corrected in real time. Autofocusing methods for conventional 

ensemble fluorescence imaging was not applicable to single molecule imaging 

because of low signal-to-noise ratio of single molecule signal. Thus, we developed 

new autofocusing system for single molecule fluorescence imaging. 
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2. Single molecule study on RNA chaperone Hfq 

 

Bacteria regulate their gene expression under various environmental stresses. One of 

their noble gene regulation methods is small non-coding RNA (sRNA) network. 

sRNAs act by base-paring with its target mRNAs and up/down-regulate the protein 

expression of target mRNAs. For example, E. coli expresses DsrA sRNA in response 

to cold shock which base-pairs with 5’ upstream part of rpoS mRNA. Base-paring of 

these two RNAs results in up-regulation of RpoS transcription factor. As base-paring 

of sRNAs and their target mRNAs requires secondary/ternary structural changes of 

both RNAs, which are already thermally stable, this process requires protein-

cofactor RNA chaperone Hfq. Among ~100 sRNAs found so far in E. coli3, many of 

them require Hfq for their efficient action. 

 Hfq was initially discovered as an E. coli host factor required for 

bacteriophage Qβ RNA replication4. The importance of Hfq in other cellular 

functions became clear from various deleterious phenotypes observed in an hfq-null 

mutant5. Subsequent studies revealed that Hfq acts as a post-transcriptional regulator 

by facilitating the trans-base-paring of small noncoding RNAs (sRNA) to their 

mRNA targets6,7, thus resulting in up- or down-regulation of various proteins8–10. In 

addition, Hfq is involved in the regulation of RNA decay11,12 and is a virulence factor 

in pathogenic bacteria13,14. Thus, Hfq is a potential target for anti-bacterial drug 

development. Finally, due to its homology to Sm and Sm-like (L-Sm) proteins, the 

interest in Hfq increased as a simpler model system for the understanding of the 
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operational mechanisms of Sm and L-Sm proteins in general15,16. 

 Structural studies revealed that Hfq is a homohexameric ring-shaped 

protein and has two-specific RNA binding sites. U-rich sequence binding site on its 

proximal face17,18 and A-rich sequences binding site on its distal site17,19. This 

indicates that Hfq could potentially bind two RNAs simultaneously facilitating their 

intermolecular interaction. However, the roles of the proximal/distal complementary 

RNA binding sites of Hfq in the RNA chaperone activity are still unclear. 

 A recent bulk Fluorescence Resonance Energy Transfer (FRET) study20 

confirmed that Hfq is an RNA chaperone which facilitates the interaction of DsrA 

(an E. coli regulatory sRNA) with its mRNA target rpoS (encoding σS, the stress 

factor) by facilitating both the base-paring of DsrA and rpoS, and the unwinding of 

the inhibitory stem of rpoS (Fig. 1). However, the detailed mechanisms of Hfq 

activity are still unclear, especially how Hfq can selectively achieve opposite 

functions, base-paring and unwinding, for different RNA substrates is still obscure. 

To address these questions, we developed single-molecule FRET assays that can 

represent the essential aspects of the ternary interaction between DsrA, rpoS, and 

Hfq21 and observed the mechanistic steps of both RNA base-paring and unwinding 

in real time. 
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Fig. 1. Regulation of rpoS translation by DsrA. Base pairing of DsrA with the leader 

sequence of rpoS increases the expression of RpoS transcription factor by exposing the 

ribosome binding site (rbs, blue line) and start codon (AUG, purple) of rpoS, which is 

sequestered by upstream sequence in the absence of DsrA. This process does not happen 

readily, but requires the RNA chaperone Hfq as a cofactor. Hfq unwinds the inhibitory 

stem of rpoS and also accelerates the base-paring of DsrA and rpoS. To understand the 

detailed mechanism of RNA base-paring and unwinding processes we focused on the 

core of the RNA:RNA interactions (dashed boxes). 
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2.1. Single-molecule FRET assay 

 

We designed a single-molecule FRET assay to emulate the strand-exchange process 

depicted in Fig. 1. We prepared three RNA fragments based on the essential parts of 

the RNA:RNA, and RNA:Hfq interactions: (i) DsrA_core, the 5’-portion of DsrA 

containing sequences for base-pairing with rpoS and the primary Hfq binding site; 

(ii) rpoS_reg, the upstream part of the rpoS inhibitory stem, and (iii) rpoS_rbs, the 

complementary sequence of rpoS_reg which contains the ribosome binding site (rbs) 

of rpoS and start codon (Fig. 2A). Each RNA strand was labeled with distinct 

fluorophores so that high FRET signal occurs in the properly annealed states, and 

rpoS_reg was additionally biotinylated for immobilization (Fig. 2(a)). 
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Fig. 2. Strand-exchange experiments. (a) RNA fragments used in this study. The three 

synthetic RNA fragments contain both the RNA:RNA interaction sequences (red line 

for DsrA_core, and green line for rpoS_reg), and the main Hfq-interaction sequences 

(DsrA_core: AAUUUUUUAA, and rpoS_reg: AUUUUG). The labeling positions of 

fluorophores and biotin are shown. (b) Experimental scheme. Pre-annealed 

rpoS_reg:rpoS_rbs complex was immobilized on a polymer-coated surface. While 

single-molecule fluorescence images were taken, the buffer containing Cy5-labeled 

DsrA_core (2 nM) and Hfq (5 nM) was delivered. (c) Single-molecule images before and 

300 seconds after the addition of Hfq and DrsA. The circled molecule corresponds to 

first trace in (d). (d) Single-molecule time traces of Cy3 (green), Cy5 (red), and Cy7 

(gray) intensities. Blue dashed line indicates the Hfq injection point. 
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  To observe the individual steps of the strand-exchange process, we 

immobilized pre-annealed rpoS_reg:rpoS_rbs complexes on polymer-coated quartz 

surface via a streptavidin-biotin interaction, and delivered a buffered solution 

containing DsrA_core and Hfq (Fig. 2(b)) while acquiring single-molecule images 

through a wide-field total-internal-reflection fluorescence microscope22,23. 

Comparison of single-molecule images before the injection of the DsrA_core and 

Hfq and after incubation for 300 seconds clearly shows that Hfq induces the 

displacement of rpoS_rbs from rpoS_reg, and facilitates the base-paring of 

DsrA_core to rpoS_reg (Fig. 2(c)). This results demonstrates that our single-

molecule strand-exchange assay is working properly. Representative fluorescence 

intensity time traces provide the critical properties of the strand-exchange process 

(Fig. 2(d)); the unwinding of the rpoS_reg:rpoS_rbs duplex (informed from the 

disappearance of Cy7 signal) occurs rapidly after the injection of Hfq and DsrA_core 

(dashed blue line), but the full base-paring of DsrA_core and rpoS_reg (monitored 

from the appearance of stable Cy3/Cy5 FRET) happens after a number of transient 

and unproductive binding events of DsrA_core (informed from Cy3/Cy5 FRET 

spikes). This observation supports the hypothesis that the unwinding and base-paring 

of RNA molecules by Hfq are largely independent processes, and thus can be studied 

independently. 
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2.2. RNA unwinding mechanism of Hfq 

 

To investigate the detailed mechanism of rpoS_reg:rpoS_rbs duplex unwinding by 

Hfq, we first immobilized the rpoS_reg:rpoS_rbs duplex and added Hfq (Fig. 3(a)). 

Representative fluorescence intensity time traces in Fig. 3(b) show that Hfq binding 

to RNA substrates can be monitored by intensity jumps of the sum signal (middle 

panel, orange line). This technique, named PIFE (Protein Induced Fluorescence 

Enhancement), has been used to study the translocation of molecular motors on 

nucleic acids24–26. No jump appeared in the absence of Hfq. Cy3-Cy7 FRET rapidly 

fluctuates upon binding of Hfq, and eventually disappears (Fig. 3(b), bottom). The 

unwinding time histogram gave 81 s of rpoS_reg:rpoS_rbs dissociation time (Fig. 

3(c)). Consistently, the unwinding process was almost complete after incubation of 

5 minutes (Fig. 3(d)). From these observations, we infer that Hfq binding to an 

rpoS_reg:rpoS_rbs complex induces a partial unwinding of the complex and the 

competition of Hfq and rpoS_rbs for the interaction with rpoS_reg causes FRET 

fluctuations (Fig. 3(h)). The model that a complete unwinding of the complex 

spontaneously follows due to the reduced stability of rpoS_reg:rpoS_rbs complex 

upon Hfq binding is consistent with previous data showing that Hfq destabilizes the 

secondary structure of rpoS21,27. 
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Fig. 3. Unwinding mechanism of Hfq. (a) Experimental scheme of rpoS_reg:rpoS_rbs 

duplex unwinding. Pre-annealed rpoS_reg:rpoS_rbs was immobilized on a polymer-

coated quartz surface, and Hfq (10 nM) was added into the detection chamber. (b) 

Example traces of fluorescence intensities (top: green for Cy3, and gray for Cy7; middle: 

orange with blue for the sum of Cy3 and Cy7), and corresponding FRET (bottom: 

black). Blue lines in the middle panel were added as an eye-guide. The red dashed line 

indicates the injection point of Hfq. (c) Unwinding time of rpoS_reg:rpoS_rbs duplex by 

Hfq. (d) FRET histograms before the injection of Hfq (top), and after 5 minute 

incubation with Hfq (bottom). (e) Experimental scheme of DsrA_core:rpoS_reg 

unwinding. DsrA:rpoS_reg complex was immobilized on a polymer-coated quartz 

surface and Hfq (10 nM) was added into the detection chamber. (f) Representative 

fluorescence intensity and FRET time traces of the experiment described in (e). (g) 

FRET histograms of the experiment described in (e) before the injection of Hfq (top), 

and after the incubation with Hfq for 35 minutes (bottom). Model of rpoS_reg:rpoS_rbs 

unwinding by Hfq (h), and that of DsrA:rpoS_reg unwinding (i). 
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  Next, we performed the same experiments with the pre-annealed 

DsrA_core:rpoS_reg complex (Fig. 3(e)). Representative time traces of fluorescence 

intensities and FRET (Fig. 3(f)) show that the binding of Hfq (informed from the 

intensity jumps in the middle) induces a partial unwinding of the complex (informed 

from the FRET decreases upon the binding of Hfq), but complete unwinding of the 

annealed DsrA_core:rpoS_reg complex was very rare in this case (Fig. 3(f)); even 

after incubation for 35 minutes, most of DsrA_core:rpoS_reg complex remains intact 

(Fig. 3(g)), which is well contrasted to the rapid unwinding of the rpoS_reg:rpoS_rbs 

complex after the binding of Hfq. We speculate that the DsrA_core:rpoS_reg 

complex does not proceed to a complete unwinding because both RNAs have Hfq-

binding sites allowing Hfq holds both RNAs simultaneously in this case (Fig. 3(i)). 
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2.3. RNA base-paring mechanism of Hfq 

 

2.3.1. RNA base-paring happens through three distinct    

steps 

To study the detailed mechanism of DsrA:rpoS base-paring, we added a buffer 

containing DsrA_core and Hfq into a detection chamber where rpoS_reg is 

immobilized (Fig. 4(a)). In Fig. 4(b), representative time traces of fluorescence 

intensities and corresponding FRET are shown. Under our experimental conditions, 

the FRET jumps (binding of DsrA_core) were not observed in the absence of Hfq, 

confirming a critical role of Hfq in this DsrA:rpoS interaction. Fig. 4B also shows 

that the base-paring process of DsrA_core and rpoS_reg can be classified into three 

distinct stages. In stage I, brief binding of DsrA_core (informed from Cy3/Cy5 

FRET spikes) to rpoS_reg:Hfq complex occurred repeatedly while the binding of 

Hfq with rpoS_reg (informed from the intensity jumps of sum signal) was 

maintained for hundreds of seconds (Fig. 4(c)). Under our experimental conditions, 

88 % of rpoS_reg molecules in stage I were in Hfq-bound state (inset of Fig. 4(c)). 

In stage II, the ternary complex of rpoS_reg, DsrA_core and Hfq is stably maintained 

for much longer time than the ternary complex formation events in stage I (τave =

41 𝑠). Molecules in stage II regress back to stage I (92%) after the dissociation of 

DsrA_core, or to proceed to stage III (8%). In stage III, the DsrA_core:rpoS_reg 

interaction is maintained even after the dissociation of Hfq, confirming the identity 

of stage III as the fully annealed state. It is noticeable that, compared to stage I, the 
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dissociation time of Hfq is appreciably reduced in stage III (Fig. 4(d)), and the 

portion of RNA molecules bound to Hfq is decreased (inset of Fig. 4(d)), an 

observation consistent with the model of an efficient recycling of Hfq21. 
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Fig. 4. Base-paring of DsrA_core and rpoS_reg. (a) Schematic diagram of the 

experiment. Cy3-labeled rpoS_reg was immobilized on a polymer-coated quartz surface, 

and Cy5-labeled DsrA_core (5 nM) and Hfq (2 nM) were added into the detection 

chamber. (b) Representative time traces of single-molecule FRET experiments. The 

same color coding as in Fig. 3f was used. The base-paring process are classified into 

three distinct stages (stage I, II, and III). (c) Binding lifetime of Hfq to rpoS_reg in stage 

I, and the portion of Hfq-bound rpoS_reg (inset). (d) Binding lifetime of Hfq to 

DsrA_core:rpoS_reg complex in stage III, and the portion of Hfq-bound 

DsrA_core:rpoS_reg complex (inset). (e) Evolution of FRET histograms after the 

delivery of DsrA_core and Hfq. Three FRET states were detected; A zero-FRET state 

corresponding to the absence of DsrA_core was omitted here for clarity. The last 

histogram was obtained after washing out the detection chamber at 24 minutes with a 

high-salt buffer (300 mM NaCl) to dissociate Hfq proteins. (f) Kinetics of product 

accumulation of DsrA_core:rpoS_reg. (g) A proposed model of the DsrA_core:rpoS_reg 

base-paring by Hfq. 
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Due to low unwinding rate of the DsrA_core:rpoS_reg complex (Fig. 3(g)), the 

fraction of stage III molecules gradually increases, as shown in time-lapse FRET 

histograms after the injection of Hfq and DsrA_core (Fig. 4(e)). The last histogram 

of Fig. 4(e) was obtained after washing out the chamber with high salt buffer (300 

mM NaCl) at 24 minutes, in order to induce a complete dissociation of Hfq28. In 

these histograms, the high FRET state (x-axis; E = 0.9) is solely contributed by the 

molecules in stage III after Hfq release, while the middle FRET state (E = 0.6) is 

contributed by the molecules in stage II as well as by the stage III molecules with re-

bound Hfq. The fact that the high FRET population of the last histogram is identical 

within error to the sum of the middle and high FRET populations just before the 

flushing of Hfq supports the interpretation that the two FRET states correspond to 

either the partially or the fully annealed states. From the time-lapse FRET histograms, 

we determined the populations of molecules in stage II and stage III as functions of 

the incubation time (Materials and methodss). The time-evolution of stage II and 

stage III populations thus obtained shows that the population of stage III molecules 

linearly increases while the stage II population roughly remains a constant from 5 to 

21 minutes (Fig. 4(f)). 

 The observations in Fig. 4(b-f) can be summarized as a reaction diagram of 

Hfq-mediated DsrA:rpoS base-paring (Fig. 4(g)), where the first transition (stage I 

to stage II) is reversible and approaches a steady state relatively fast in our 

experimental condition, and the second transition (stage II to stage III) is almost 

irreversible. In the reaction diagram, the apparent forward rate of the first transition 
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(k1) is a parameter depending on the Hfq and DsrA_core concentrations, opposed by 

the reverse rate of the first transition (k-1) and the forward rate of the second transition 

(k2). Because the stage II population is highly heterogeneous, the kinetic parameters 

in Fig. 4G (k1, k-1, and k2) could not be uniquely determined from dwell-time analysis. 

However, an effective value of k2 could be determined as 0.13 min-1 from the steady 

state approximation in the range of 5 to 21 minutes of (Fig. 4(f), Materials and 

methods).  

 

2.3.2. Two RNAs compete for same RNA binding site of    

Hfq 

Considering that a biological role of Hfq is to anneal DsrA and rpoS, the formation 

of many unproductive DsrA:Hfq:rpoS ternary complexes in stage I is intriguing. 

Hence we asked why the ternary complex in stage I is so unstable. By investigating 

time traces in stage I, we noticed that many of the brief binding events of DsrA_core 

(monitored from Cy3-Cy5 FRET in Fig. 5(a)) happen simultaneously (blue triangles 

in Fig. 5(a)) with the binding or dissociation of Hfq proteins (monitored from 

intensity jumps of Cy3 signal in Fig. 5(a)). The coincident probability between Hfq 

binding/dissociation and DsrA_core binding was several times larger than what is 

expected from a random event (Fig. 5(b), Materials and methods). One model to 

explain the high probability of coincidence is that the two RNAs dynamically 

compete for the same RNA-binding site of Hfq. According to this competition model, 

the brevity of DsrA_core binding in stage I should not represent an intrinsic 
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instability of the DsrA_core:Hfq interaction, but rather a hindrance of DsrA-binding 

caused by the existence of rpoS_reg pre-loaded on Hfq. 

 To test this competition model, we measured binding lifetime of free Hfq 

to DsrA_core as follows. We immobilized a Cy3-labeled DsrA_core on a polymer-

coated quartz surface, added Hfq into the detection chamber, and monitored the 

fluorescence signals of Cy3. As before, the binding of Hfq could be monitored as 

intensity jumps of Cy3 signal. Dwell-time analysis of Hfq binding shows that the 

binding lifetime of DsrA to a free Hfq is much longer than when Hfq is pre-loaded 

by rpoS_reg (Fig. 5(c)), consistent with the competition model. 
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Fig. 5. Competition of DsrA_core and rpoS_reg for the same proximal RNA binding site. 

(a) Representative intensity time traces of DsrA_core:rpoS_reg base-paring process in 

stage I. Cy5-labeled DsrA_core (2 nM), and Hfq (1 nM) were added in a rpoS_reg-

immobilized detection chamber. Frequent coincidence of DsrA_core binding and Hfq 

dissociation/association events are indicated (blue triangles). (b) Comparison of the 

random binding and coincident binding probabilities. (c) Normalized histograms of 

DsrA_core binding lifetime to Hfq loaded with rpoS_core (red), and to free Hfq (black). 

(d) Representative intensity time traces of the experiment in which Cy5-labeled 

DsrA_pA (5 nM) and Hfq (2 nM) were added to a rpoS_reg-immobilized detection 

chamber. Ternary complex is much more stable compared to the case in (a). (e) FRET 

histogram after 21 minutes incubation (top), and after flushing with 300 mM NaCl 

solution at 24 minutes (bottom). (f) Product accumulation kinetics of 

DsrA_pA:rpoS_reg. 

  



29 

 

2.3.3. The competition drives more efficient base-paring 

Previous biochemical and structural studies revealed that Hfq has two RNA binding 

sites: the proximal site which prefers U-rich sequences17,29, and the distal site which 

prefers A-rich sequences17,19. Both RNA fragments used here have U-rich sequences 

(at the 3’-end of DsrA_core and at the 5’-end of rpoS_reg). Thus, it is a reasonable 

hypothesis that the proximal RNA-binding site is the competition site. To see what 

happens when the two RNA molecules use two different binding sites in Hfq, we 

prepared a DsrA mutant, DsrA_pA, in which the U-rich sequence at the 3’-end of 

DsrA_core was replaced with an A-rich sequence. As a consequence, DsrA_pA is 

expected to primarily bind to the distal RNA binding site of Hfq17,19. When we added 

Cy5-labeled DsrA_pA and Hfq to a detection chamber where Cy3-labelled rpoS_reg 

was immobilized, we could still observe a transient formation of ternary complexes 

(Fig. 5(d)), but in this case the binding lifetime of DsrA_pA on rpoS_reg:Hfq 

complex was increased by 100-folds compared to the case of DsrA_core (Fig. 5(e)).  

 Despite the significant increase of the ternary complex stability in DsrA_pA, 

the relative population of the high FRET state of mutant DsrA_pA is reduced 

compared to that of DsrA_core (Fig. 5(f), top). Strikingly, high-salt flushing to 

remove Hfq shows that most of the middle FRET population is disrupted after the 

dissociation of Hfq (Fig. 5(f), bottom). Thus we conclude that the base-paring 

efficiency of DsrA_pA and rpoS_reg is reduced despite of the greatly increased 

ternary complex ratio (Fig. 5(g)). These observations indicate that the RNA-RNA 

interaction is rarely established (Fig. 5(g), blue) even though the ternary complex is 
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rapidly formed (Fig. 5(g), red) and maintained for a much longer time. Because the 

replacement of the U-rich sequence with A-rich sequence does not cause any 

appreciable reduction in the stability of DsrA_pA:rpoS_reg complex, the difference 

of the base-paring efficiencies was not caused by the reduced stability of the RNA 

complex. 

 Observations in Fig. 5(a-g) support the competition of the two RNAs for 

the proximal RNA binding site of Hfq. However, the competition does not seem to 

be limited to the proximal binding site, because the binding lifetime of rpoS_reg was 

still reduced several-fold when Hfq was loaded with DsrA_pA (Fig. 6). Therefore, 

we conclude that the major competition site of DsrA and rpoS binding is on the 

proximal side, but non-specific interaction on the periphery of the torus, which is 

highly positively charged, is also important for RNA-binding30. Consistently, recent 

several studies have reported the importance of residues placed in side-rim in RNA 

base-paring activity of Hfq31,32. 
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Fig. 6. Transient binding of rpoS_reg to the DsrA_pA:Hfq complex. (a) Experimental 

scheme. Cy3-labeled DsrA_pA was immobilized on a polymer-coated quartz surface, 

and Cy5-labeled rpoS_reg (5 nM) and Hfq (10nM) were added. (b) Representative 

fluorescence intensity time traces of the experiments. (c) Comparison of the dissociation 

times of rpoS_reg from with DsrA_pA (blue) with those from free Hfq (black), and Hfq 

pre-loaded with DsrA_core (red). 
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 We note that the nonspecific RNA interaction itself does not support an 

efficient RNA base-paring because when rpoS_rbs was added together with Hfq to 

the rpoS_reg-immobilized chamber, we still observed frequent transient binding 

events of rpoS_rbs, but we could not observed any appreciable base-paring (Fig. 7). 

We speculate that when one of the two RNAs binds to Hfq only via non-specific 

interactions, the base-paring of the two RNAs is inefficient due to a very low 

probability of the proper alignment of the two RNA for base-paring. 



33 

 

 

Fig. 7. Transient binding of rpoS_rbs to the rpoS_reg:Hfq complex. (a) Experimental 

scheme. Cy3-labeled rpoS_reg was immobilized on a quartz surface, and Cy7-labeled 

rpoS_rbs (5 nM), and Hfq (2 nM) were added to the detection chamber. (b) FRET 

histograms before the addition of rpoS_rbs and Hfq and after the incubation with 

rpoS_rbs and Hfq for 21 minutes. (c) Representative intensity time traces.  
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2.4. Discussion 

 

It has been unclear how RNA chaperones Hfq shows two completely opposite 

functions, stimulating base-paring and unwinding, in a substrate-specific manner. 

We focused on the Hfq RNA chaperone activity on E. coli DsrA and rpoS. Using 

single-molecule FRET and RNA fragments from DsrA and rpoS labeled with 

fluorephores, we observed that Hfq-dependent base-paring proceeds through three 

separable stages: transient unproductive binding events, partial base-paring, and full 

base-paring. Analysis of binding kinetics revealed that Hfq helps the base-paring of 

the two RNAs by using the proximal RNA-binding site. The competition of the two 

RNAs to occupy the same RNA binding site of Hfq resulted in many unproductive 

formations of transient ternary complexes, but surprisingly the competition was 

advantageous for the efficient base-paring of the two RNAs; when rpoS and DsrA 

fragments are designed to use different RNA binding sites of Hfq, the base-paring 

efficiency was dramatically decreased. Therefore, the distal binding site of Hfq may 

not directly involved in base-paring of DsrA and rpoS. Note that, despite belonging 

to the same protein family, Sm protein mechanisms probably do not bind RNA on 

their distal face33. We infer that when the two RNAs compete for the same binding 

site, there is a higher probability that complementary sequences of two RNAs are 

properly aligned compared to the case when the two RNAs use different Hfq binding 

sites (proximal/distal). This interpretation is consistent with Hfq as local 

concentration enhancer, without the need to consume ATP34. Furthermore, there 
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have been debates on the oligomeric state about the active form of Hfq, and our 

finding demonstrates that a single Hfq hexamer can facilitate the DsrA-rpoS base-

paring process.  

 We need to emphasize that our observation is not contradictory to the recent 

observation that the poly-A region in the leader sequence of rpoS greatly enhances 

the base-paring efficiency of DsrA and rpoS27,35 because the A-rich region of rpoS 

can contribute to the recruitment of DsrA and Hfq while the U-rich region is actually 

used in the base-paring process. Therefore, we propose the following model for Hfq-

mediated rpoS-sRNA interactions. First, by using the two binding sites, Hfq 

enhances the local concentration of two RNAs by forming a stable ternary complex. 

Then, by using the same RNA binding site, Hfq drives eventual base-paring of two 

RNAs by placing two RNAs in close proximity.  

 Finally, while the base-paring activity of Hfq is manifested when two 

interacting RNAs have poly-U sites as in DsrA and rpoS fragments, RNA unwinding 

activity is manifested when only one RNA molecule has a specific Hfq binding site 

as in the inhibitory stem of rpoS21. The unwinding of the RNA complex is initiated 

because the binding of Hfq to the RNA complex induces a partial unwinding of the 

complex, resulting in a reduced stability of the RNA. 

 In conclusion, our study has revealed for the first time that both the rpoS 

and DsrA compete for the same binding site of Hfq, making the RNA-Hfq interaction 

more dynamic, but also surprisingly greatly increasing the overall base-paring 
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efficiency. We also show that when Hfq specifically binds only to one of two RNAs, 

in the inhibitory stem of rpoS, the unwinding process dominates over the base-paring 

process, thus shedding a new light on the substrate selectivity for base-paring or 

unwinding. 
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2.5. Materials and methods 

 

2.5.1. Protein purification 

E. coli Hfq was over-expressed and prepared as described previously36, excepted that 

to avoid the use of denaturing conditions previously imposed by purification on a 

polyA sepharose column, this affinity purification step was replaced by a strong 

anion-exchange chromatography on a Mono Q HR5/5 column (GE Healthcare). The 

process of purification was as follows: cells from post-induction cultures were 

resuspended in a buffer containing 20 mM Tris·HCl pH 7.5, 0.5 M NaCl, 10% (v/v) 

glycerol, 0.1% (v/v) Triton X-100 and a protease inhibitor cocktail (SIGMAFASTTM 

Protase Inhibitor Cocktail) at 4°C. The suspension was sonicated and lysed cells 

were cleared by centrifugation at 15,000g for 30 min. The supernatant was heated at 

80°C for 15 min, followed by centrifugation at 15,000g for 30 min. DNase I (40 

µg/ml) and RNase A (30 µg/ml) were added to the cleared lysate at RT for 1 hour. 

RNAse digestion resulted in weakening of RNA:Hfq complexes, which can be 

removed by the ion-exchange column (see below). The resulting solution was then 

applied to a 1-mL Ni2+-NTA column (GE Healthcare). The resin was washed with 20 

mM Tris·HCl, pH 7.8, 0.3 M NaCl, 20 mM imidazole and the protein was eluted 

with a gradient of imidazole (20-500 mM). Finally, to completely remove all traces 

of RNA bound to Hfq, the protein was further purified by anion exchange 

chromatography on a Mono Q HR5/5 column (GE Healthcare). Elution was 
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performed with a linear gradient of NaCl, which allows to separate remaining RNA 

from Hfq. Absence of significant RNA contamination of the protein preparation was 

verified by its absorbance spectrum, which has high sensitivity for the detection of 

nucleic acid contamination, and by the absence of detectable bands upon Sybr green 

staining of sample-resolved PAGE (PolyAcrylamide Gel Electrophoresis) gels, 

indicating that less than 1 ng of RNA/gel lane were present. We stored Hfq at 4°C in 

50 mM Tris-HCl pH 7.5, 1 mM EDTA, 10% glycerol, and 50 mM NH4Cl. 

 

2.5.2. RNA preparation 

The following RNA strands (written from 5’ to 3’) were purchased from Samchully 

(South Korea).  

rpoS_reg: Cy3/Cy5-

AUUUUGAAAUUCGUUACAAGGGGAAAUCCGUAAACCC 

rpoS_rbs: CAAGGGAUCACGGGUAGGAGCCACCUUAUGAGUCAGAAU-

Cy7 

DsrA_core: AACACAUCAGAUUUCCUGGUGUAACGAAUUUUUUAAG-

Cy3/Cy5 

DsrA_pA: AACACAUCAGAUUUCCUGGUGUAACGAAAAAAAAAAG-

Cy3/Cy5  
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DsrA_del: GAUUUCCUGGUGUAACGAAUUUUUUAAG-Cy5 

Each strand was labeled with one of the fluorophores indicated above at the amine-

modified base at the terminal. The RNA ends opposite from the dye-labeling position 

were biotinylated as needed. The labeling efficiencies were more than 90 % except 

the case of Cy5-labeling of DsrA_pA (72%), Cy3-labeling of rpoS_reg (73 %), and 

Cy5-labeling of rpoS_reg (72 %).  

 For the annealing of rpoS_reg, and rpoS_rbs the mixture of Cy3-labeled 

rpoS_reg (120 μM in H2O, 1 μl), Cy7-labeled rpoS_rbs (70 μM in H2O, 8 μl), NaCl 

(5 M in H2O, 1 μl), and 10 mM Tris-HCl (pH 8.0, 5 μl) with 50mM NaCl was slowly 

cooled down from 90 oC to 4 oC. The rpoS_reg:DsrA_pA duplex and 

rpoS_reg:DsrA_core duplex annealings were performed in a similar way. 

 

2.5.3. Single-molecule FRET experiments 

Polymer-coated quartz slides were prepared as described previously22. After 

immobilizing biotinylated RNAs, and adding an imaging buffer containing Hfq 

and/or complementary RNAs, single-molecule images were obtained in a wide-field 

total-internal-reflection fluorescence microscope using an electron multiplying 

charge-coupled device (EM-CCD) camera (iXon DV887ECS-BV, Andor 

Technology) and a C++ program developed in our laboratory. Measurements were 

performed at 23 oC in an imaging buffer with the following buffer composition: 

50mM Tris-HCl (pH 8.0), 50 mM NaCl, and an oxygen scavenger system to slow 
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down photobleaching. 

 To obtain single-molecule time traces, or dwell-times, either 300-ms 

(DsrA:rpoS base-paring), or 1000-ms (rpoS_reg:rpoS_rbs unwinding) of EM-CCD 

exposure time was used. To obtain FRET histograms, initial ten data points of single-

molecule time traces were collected from short movies with exposure times of 200-

ms (DsrA_core:rpoS_reg annealing), 300-ms (rpoS_reg:rpoS_rbs base-paring), or 

initial 20 data points with 400-ms (rpoS_reg:rpoS_rbs unwinding). Matlab, IDL and 

Origin were used for data analysis. 

 

2.5.4. Estimation of stage II and III populations 

First, a relative portion of Hfq-bound state of stage III molecules, r, was obtained 

from single-molecule time traces. Next, the populations of middle and high FRET 

states were obtained by fitting the time-lapse FRET histograms to a sum of three 

Gaussian functions.  

Stage II population = Middle FRET population 


 )
1

(
r

r
High FRET population. 

Stage III population = 


)
1

1
(

r
High FRET population. 

 

2.5.5. Estimation of k2 

First, the accumulation rate of DsrA_core:rpoS_reg complex was obtained by fitting 

the data of stage III population vs. time between 5 to 21 minutes to a linear function. 



41 

 

The transition rate k2 was obtained by dividing the product accumulation rate by the 

average population of stage II molecules in the same time range.  

 

2.5.6. Estimation of probability of coincident 

binding/dissociation of Hfq and DsrA_core 

The coincidence probability was obtained from the ratio of simultaneous 

binding/dissociation events of Hfq and DsrA_core to the total number of 

binding/dissociation events of Hfq. The probability was obtained by analyzing the 

more than 400 time traces with the experimental condition of 2 nM of DsrA_core 

and 1 nM of Hfq.If there is no correlation between Hfq binding/dissociation and the 

transient binding of DsrA_core, the coincidence probability obtained above should 

be identical to the relative portion of the ternary complex of 

DsrA_core:Hfq:rpoS_reg in the Hfq-bound state of rpoS_reg, which is termed the 

random binding probability. 
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2.6. Appendix 

 

2.6.1. Hairpin in DsrA slows down base-paring between    

DsrA and rpoS 

Many sRNAs have extensive secondary structures, which could result in 

weak base-paring of sRNA to their target mRNA37. For example, the hairpin placed 

in 5’ upstream of DsrA covers the sequence involved in rpoS base-pairing (Fig. 1). 

To investigate how the hairpin in sRNA affects its base-paring efficiency to target 

mRNA, we studied DsrA and rpoS interaction with a mutant DsrA fragment 

(DsrA_del) in which first 9 nucleotides from the 5’-end of DsrA_core are deleted 

but all rpoS-Hfq interaction sites are conserved (Fig. 8(a)). The same experimental 

procedure used with DsrA_core was followed with DsrA_del (Fig. 4(a)). Time traces 

of single-molecule show the same three steps of annealing by Hfq as observed with 

DsrA_core without notable differences. On the other hand, comparison of product 

accumulation kinetics between DsrA_core (Fig. 8(b), left panel) and DsrA_del (Fig. 

8(b), right panel) shows large increase in base-paring efficiency in the case of 

DsrA_del. Quantitative comparison of time-evolution of stage kinetic values (Fig. 

8(c-e)) reveals that the increase of base-paring efficiency is originated from the steps 

lying between stage II and stage III (Fig. 8(e), k2), not from the differences in k1 and 

k-1 (Fig. 8(c), (d)). These results may indicate the presence of hairpin structure in 

sRNA could have a role as an additional base-paring speed regulation factor in vivo 

by cooperating with RNA helicase.  
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Fig. 8. Comparison of base-paring kinetics of DsrA_core and DsrA_del (hairpin 

deletion mutant). (a) Sample scheme. (b) Kinetics of product accumulations of 

DsrA_core:rpoS_reg (left) and DsrA_del:rpoS_reg (right). Base-paring experiments 

were performed in the same way with previous experiment (Fig. 4A) but with different 

substrates concentration: [Hfq] = 2nM, [DsrA_core or DsrA_del] = 4 nM. (c) 

Comparison of k1. (d) Comparison of k-1. (e) Comparison of k2. Error bars indicate the 

error of means from three independent experiments. 
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2.6.2. Analytical solution of 3-states model and their   

   comparison with experimental data 

To investigate base-paring process more quantitatively, we found analytical 

solution of 3-states model (Fig. 4(g)). 3-states model which can be written by 

following linear differential equations. 

d[Stage I]

dt
= −𝑘1[𝑆𝑡𝑎𝑔𝑒 𝐼] + 𝑘−1[𝑆𝑡𝑎𝑔𝑒 𝐼𝐼] 

d[Stage II]

dt
= 𝑘1[𝑆𝑡𝑎𝑔𝑒 𝐼] − 𝑘−1[𝑆𝑡𝑎𝑔𝑒 𝐼𝐼] − 𝑘2[𝑆𝑡𝑎𝑔𝑒 𝐼𝐼] 

d[Stage III]

dt
= 𝑘2[𝑆𝑡𝑎𝑔𝑒 𝐼𝐼] 

And with following initial conditions 

[𝑆𝑡𝑎𝑔𝑒 𝐼]𝑡=0 = 1,   [𝑆𝑡𝑎𝑔𝑒 𝐼𝐼]𝑡=0 = 0,   [𝑆𝑡𝑎𝑔𝑒 𝐼𝐼𝐼]𝑡=0 = 0 

The solution can be found by applying Laplace transform first and by doing some 

algebra. Next, we fitted the solutions to the experimental data of relative population 

of each stage (Fig. 9) with k2 as fitting variable (The experimentally measured values 

were used for k1 and k-1).  
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Fig. 9. Comparison of the experimental data (filled square with error bar) and the result 

from the analytical solution of 3-states model (line). Red color indicates the population 

of stage I whereas green indicates that of stage II and blue of stage III. (a) DsrA_core 

data. Fig. below is enlarged version of upper figure for clarity. (b) DsrA_del data. Error 

bars indicates the standard error of mean from three independent experiments. 
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 To our surprise, the stage II population of both cases, DarA_core and 

DsrA_del shows large deviation between experiment and theory. The deviation is 

much dramatic in DsrA_del data. The one possible explanation for this large 

deviation is the inaccurate estimation of k-1 due to large heterogeneity in Hfq:RNA 

interactions. For example, the Hfq dwell times on many RNA substrates shows 

double exponential decays (Fig. 4(c), Fig. 5(c), (e)). In this case, the quantitative 

comparison of experimental data with analytical solution is pointless. Another 

possibility is that 3-state model could not describe all aspects of DsrA:rpoS base-

paring dynamic but only partial aspects of it. As dwell time histograms of k-1 does 

not show noticeable difference between DsrA_core and DsrA_del cases (Fig. 10), 

we speculated the inaccuracy in estimation of k-1 , even if it really exists, may not 

affect the results of analysis critically when we restrict the interpretation to the 

comparison between DsrA_core and DsrA_del two cases. Thus, we decided to 

investigate latter viewpoint further. 
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Fig. 10. Dwell time histograms of k1 and k-1 of DsrA_core and DsrA_del. (a) Dwell time 

histograms of k1 of DsrA_core (left) and DsrA_del (right). Single exponential decay 

function is fitted to the data. Three independent experiments were performed. (b) Dwell 

time histograms of k-1 of DsrA_core (left) and DsrA_del (right). Double exponential 

decay function is fitted to the data. Three independent experiments were performed. 
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2.6.3. Analytical solution of 4-states model and their        

comparison with experimental data 

As experimental data shows much higher stage II population of stage II than the 

results from the analytical solution of 3-states model, we assumed the existence of 

additional state between stage II and stage III whose FRET value is not 

distinguishable with stage II. We named it as stage II-2. Original stage II was 

renamed to stage II-1 (Fig. 11(a)). In this 4-states model, stage II-2 population can 

be accumulated when k2 < k3 increasing total stage II population. This 4-states model 

can be written in following system of linear differential equations. 

d[Stage I]

dt
= −𝑘1[𝑆𝑡𝑎𝑔𝑒 𝐼] + 𝑘−1[𝑆𝑡𝑎𝑔𝑒 𝐼𝐼1] 

d[Stage II1]

dt
= 𝑘1[𝑆𝑡𝑎𝑔𝑒 𝐼] − 𝑘−1[𝑆𝑡𝑎𝑔𝑒 𝐼𝐼1] − 𝑘3[𝑆𝑡𝑎𝑔𝑒 𝐼𝐼1] 

d[Stage II2]

dt
= 𝑘3[𝑆𝑡𝑎𝑔𝑒 𝐼𝐼1] − 𝑘2[𝑆𝑡𝑎𝑔𝑒 𝐼𝐼2] 

d[Stage III]

dt
= 𝑘2[𝑆𝑡𝑎𝑔𝑒 𝐼𝐼2] 

And with following initial conditions. 

[𝑆𝑡𝑎𝑔𝑒 𝐼]𝑡=0 = 1, [𝑆𝑡𝑎𝑔𝑒 𝐼𝐼1]𝑡=0 = 0,  

 [𝑆𝑡𝑎𝑔𝑒 𝐼𝐼2]𝑡=0 = 0, [𝑆𝑡𝑎𝑔𝑒 𝐼𝐼𝐼]𝑡=0 = 0 

 Again, the solution can be found by applying Laplace transform and by 

doing a little more algebra or by using symbolic program38. We fitted the resulting 

solution to the experimental data (Fig. 11(b), (c)) with k2, k3 as fitting variables (The 

experimentally measured values were used for k1 and k-1). The results shows that 

analytical solutions are well-fitted within the error bars. Interestingly, the estimated 
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values of k2 of both DsrA_core and DsrA_del show similar values compared to the 

previous values obtained from rough linear fitting procedure with steady-state 

assumption (Fig. 11(d), Fig. 9(e)). Both cases shows k2 of DsrA_del is approximately 

3 times larger than that of DsrA_core. k3 of DsrA_del, which affects the probability 

of stable ternary complex formation, is almost 10 times larger compared to that of 

DsrA_core. 

  



50 

 

 

Fig. 11. Comparison of experimental data (filled square with error bar) and the result 

of analytical solution of 4-states model (line). Red: Stage I, gold: Stage II-1, light blue: 

Stage II-2, green: Stage II (Stage II-1 + Stage II-2), blue: Stage III. (a) Schematic 

representation of 4-states model (b) DsrA_core data. Fig. below is enlarged version of 

upper figure for clarity. (c) DsrA_del data. (d) Comparison of estimated k2 values and 

(e) k3 values from fitting procedure. Error bars in B, C are standard error of mean 

whereas error bars in D, E indicate fitting errors. 
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 According to 4-states model, the increase of base-paring efficiency with 

hairpin deletion stems from the increase of k2 and k3. Increase of k3 may stem from 

higher probability of base-pairing of 5’upstream part of DsrA, which is buried in 

hairpin in wild type, during initial encounter with rpoS:Hfq complex. As competition 

of two RNAs on proximal binding site of Hfq makes the interaction between the 

poly-U sequence of DsrA (placed in 3’ downstream part of DsrA) and rpoS:Hfq 

complex be transient, the higher probability of base-paring of exposed 5’ upstream 

of DsrA, which does not participate main Hfq-RNA interaction, will greatly stabilize 

the ternary complex formation. The increase of k2 may stem from the fact that the 

hairpin in DsrA should be unwinds completely for full base-paring of DsrA:rpoS. 

Thus in case of DsrA_core, even after it forms stable ternary complex with Hfq and 

rpoS_reg (with lower probability), the full-unwinding of hairpin in DsrA may act as 

an additional rate-limiting step unlike the case of DsrA_del. 

  It must be emphasized that, even though 4-states model suggests additional 

effect of hairpin deletion (k3) and is well-fitted with experimental data, it does not 

guarantee the uniqueness of model as there is still a possibility of other models that 

may fitted well with experimental data. Also, 3-states model used in main study is 

not necessarily wrong as it provides most of essential pictures of base-paring process 

and the large deviation between 3-states model and experiments could stem from the 

inaccurate estimation of k-1 due to large heterogeneity between RNA:Hfq 

interactions. 
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2.6.4. Active recycling of Hfq 

Hfq has strong binding affinity to many sRNAs (~nM Kd)39,40. Even though this 

strong binding affinity could improve the activity of Hfq by making RNA:Hfq 

interaction robust, it also can introduce opposite effect in vivo as pre-existing sRNAs 

can hold Hfq and hinder the interaction between newly expressed sRNA and Hfq. To 

explain this paradoxical situation the active recycling mechanism has been 

suggested39. Active recycling mechanism suggests the dissociation of Hfq from RNA 

can be accelerated in the presence of other competitor RNA and has been tested in 

several in vitro studies39,40.  

  To test active recycling mechanism in single-molecule level, we performed 

Hfq dwell time measurement experiments with our RNA fragments. We immobilized 

biotin, Cy3 labeled DsrA_core on the quartz surface and incubated it with 10 nM 

Hfq (Fig. 12(a)). By washing residual Hfq and delivering competitor RNAs 

simultaneously via buffer-exchange in real-time, we measured the dissociation rate 

of Hfq from DsrA_core w/ or w/o competitor RNAs. The representative time traces 

shows dramatic increases in dissociation rate with competitor RNAs (Fig. 12(b)). 

Dissociation of Hfq from DsrA_core happens immediately with competitor RNA 

(43%) or after several trials (67%) when RyhB was used as competitor RNA (Fig. 

12(c)). The increase of dissociation rate was most dramatic when competitor RNAs 

use same RNA interaction site of Hfq (Fig. 12(c), RyhB vs DsrA_core). When two 

RNAs use two different RNA binding sites (Fig. 12(c) DsrA_pA vs DsrA_core) or 

when competitor RNA interacts with Hfq non-specifically (Fig. 12(c), rpoS_rbs vs 
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DsrA_core), the increase in dissociation rate was smaller compared to the case when 

two RNAs use same RNA binding site of Hfq. This results also may indicate that 

when two RNAs use two different specific RNA binding sites of Hfq, like the case 

of DsrA_core and DsrA_pA, the faster dissociation of Hfq may mainly stem from 

the competition in non-specific interaction site. This result is also consistent with our 

previous conclusion that the reduction in dwell time of DsrA_pA from rpoS_reg:Hfq 

complex may stem from the non-specific interaction from the side rim of Hfq (Fig. 

5(e)). When DNA was used as competitor (Fig. 12(c), dA30 vs DsrA_core) almost 

no increase in dissociation rate was observed. 
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Fig. 12. Active recycling assay. (a) Experimental scheme. (b) Representative time traces. 

(c) Comparison of Hfq dissociation rate from DsrA_core (No: No competitor substrates 

present (intrinsic Hfq dissociation rate from DsrA_core), RyhB: 50 nM free RyhB in the 

solution, DsrA_core: 50 nM free DsrA_core, DsrA_pA: 50 nM free DsrA_pA, rpoS_rbs: 

50 nM free rpoS_rbs, dA30: 50 nM free poly-dA (DNA)). 
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2.6.5. Physical description of Hfq system 

 

2.6.5.1. How Hfq acts passively 

Hfq induces structural changes in RNA via thermal interaction without using any 

additional energy source such as ATP. But, as a first step in structural modification 

of RNA, Hfq should rescue RNA from local free energy minimum. If RNA escaping 

from local minimum rarely happens by thermal fluctuation in the first place, how 

Hfq can facilitate escaping of RNA without using additional energy source but by 

using thermal interaction only? 

  This question can be answered by understanding the chaperone activity of 

Hfq is changing the shape of energy-landscape: Hfq lowers the threshold energy 

required to escape previous global-minimum and introduces new global-minimum. 

As an example, in the absence of Hfq and DsrA sRNA, the global minimum (or 

native state) of stem part of rpoS mRNA is duplex (Fig. 1, left). But in the presence 

of Hfq, the binding of Hfq on green strand of rpoS stem partially unwinds rpoS stem 

and lowers the threshold energy for the unwinding. Occupation of green strand by 

Hfq with strong RNA binding affinity makes base-paring energy of rpoS stem lower 

then entropic penalty of base-paring. Thus the native state of rpoS stem in the 

presence of Hfq is unwinding state. Now, in the presence of DsrA, Hfq again lowers 

the threshold energy required for DsrA:rpoS base-paring by increasing the chance of 

proper aligning of two RNAs (i.e. by lowering entropic penalty of DsrA:rpoS base-

paring process by increasing base-paring competent conformations of DsrA and 
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rpoS). Also the new native state of rpoS in the presence of Hfq and DsrA becomes 

DsrA:rpoS base-paring state (Fig. 1, right). 

  To address Hfq-induced energy landscape changes more quantitatively, we 

analyzed kinetic rates data using rate theory. 

 

2.6.5.2. Interaction energy estimation via rate theory 

In the chap. 2.2., we have argued that the difference in unwinding activity of Hfq on 

rpoS_rbs:rpoS_reg and rpoS_reg:DsrA_core stems from the fact that Hfq interacts 

only one of strand in rpoS_rbs:rpoS_reg whereas Hfq interacts two strands 

simultaneously with rpoS_reg:DsrA_core. So in the case of rpoS stem 

(rpoS_rbs:rpoS_reg duplex), Hfq first binds on poly-U sequence of rpoS_reg 

(Fig.3(h), green strand) partially unwinding rpoS stem. After then, the side rim of 

Hfq (which is positively charged and thus can interact with negatively charged RNA 

backbone) may interact with other sequences of rpoS_reg further destabilizing base-

paring between rpoS_rbs and rpoS_reg. But in case of DsrA_core:rpoS_reg duplex, 

after initial binding on poly-U sequences of two RNAs, Hfq should break interaction 

from one of the two RNAs’ poly-U sites to interact with ssRNA using its side rim 

because of geometrical constraint (Fig. 3(h)). So, if the interaction energy between 

poly-U sequence and proximal face of Hfq is stronger than the (non-sequence-

specific) interaction energy between the side-rim of Hfq and single strand RNA 

(ssRNA), Hfq will mostly remain at the top of DsrA_core:rpoS_reg duplex without 



57 

 

further destabilization of base-paring. Above arguments can be expressed more 

succinctly by following equations.  

 Δ𝐺𝑝𝑜𝑙𝑦𝑈 + Δ𝐺𝑝𝑜𝑙𝑦𝑈 − Δ𝐺𝑐𝑜𝑚𝑝𝑒𝑡𝑖𝑡𝑖𝑜𝑛 − Δ𝐺𝑏𝑝,𝑖

>  Δ𝐺𝑝𝑜𝑙𝑦𝑈 + Δ𝐺𝑠𝑖𝑑𝑒 − Δ𝐺𝑏𝑝,𝑖 − Δ𝐺𝑏𝑝,𝑠𝑖𝑑𝑒  

(1) 

Here, 𝛥𝐺𝑝𝑜𝑙𝑦𝑈 indicates the required amount of energy (to reach threshold) for Hfq 

to dissociate from one poly-U RNA sequence, 𝛥𝐺𝑐𝑜𝑚𝑝𝑒𝑡𝑖𝑡𝑖𝑜𝑛 is the reduction of 

poly-U interaction energy of Hfq due to competition between two RNAs, 𝛥𝐺𝑏𝑝,𝑖 is 

the increase of minimum energy of state due to partial unwinding of RNA duplex 

upon Hfq binding, 𝛥𝐺𝑠𝑖𝑑𝑒 is the interaction energy between the side rim of Hfq and 

ssRNA, and 𝛥𝐺𝑏𝑝,𝑠𝑖𝑑𝑒  is the increase of minimum energy of state by additional 

breaks in base-paring due to the interaction between side-rim of Hfq and ssRNA. All 

𝛥𝐺  has positive value and the higher value indicates stronger interaction. LHS 

represents interaction between Hfq and DsrA_core:rpoS_reg whereas RHS indicates 

that of Hfq and rpoS stem. 

 To quantitatively estimate each 𝛥𝐺 we employed rate theory. According 

to “Transition State Theory” or “Krammer Theory”, the kinetic rate from one state 

to the other state is proportional to energy difference between minimum energy of 

current state and threshold energy. Now from the dwell time measurement of Hfq to 

DsrA_core (Fig. 5(c), black and Fig. 12(c)) we have 

  e−𝛽 𝛥𝐺𝑝𝑜𝑙𝑦𝑈 ∝ 𝑘𝑝𝑜𝑙𝑦𝑈 = 0.036 𝑠−1 (2) 

where 𝛽 = 1/k𝐵𝑇. 𝑘𝐵 is Boltzmann constant. And from dwell time measurement 

of Hfq to rpoS_reg (Fig. 4(c)) we get 
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   e−𝛽 (𝛥𝐺𝑝𝑜𝑙𝑦𝑈+𝛥𝐺𝑠𝑖𝑑𝑒) ∝ 𝑘𝑝𝑜𝑙𝑦𝑈,𝑠𝑖𝑑𝑒 = 0.0029 𝑠−1 (3) 

 Now, we embark bold assumption that the proportional constant between 

𝑘 and e−𝛽 Δ𝐺, which depends on the harmonic frequencies of local minimum and 

of threshold (and diffusion coefficient in reaction coordinate in case of Krammer 

theory), is identical for all cases. With this assumption we have  

 𝑘𝑝𝑜𝑙𝑦𝑈

𝑘𝑝𝑜𝑙𝑦𝑈,𝑠𝑖𝑑𝑒
=

0.036

0.0029
~ e𝛽 (𝛥𝐺𝑠𝑖𝑑𝑒) (4) 

 𝛥𝐺𝑠𝑖𝑑𝑒~2.5 𝑘𝐵𝑇 (5) 

 To estimate 𝛥𝐺𝑐𝑜𝑚𝑝𝑒𝑡𝑖𝑡𝑜𝑛 , we compared DsrA_core dwell time on 

rpoS_reg:Hfq complex (Fig. 5(c), red) and DsrA_core dwell time on Hfq (Fig. 5(c), 

black and Fig. 12(c)). 

 e−𝛽 (𝛥𝐺𝑝𝑜𝑙𝑦𝑈−𝛥𝐺𝑐𝑜𝑚𝑝𝑒𝑡𝑖𝑡𝑖𝑜𝑛)  ∝ 𝑘𝑝𝑜𝑙𝑦𝑈,𝑐𝑜𝑚𝑝𝑒𝑡𝑖𝑡𝑖𝑜𝑛 = 3.2 𝑠−1 (6) 

 𝑘𝑝𝑜𝑙𝑦𝑈

𝑘𝑝𝑜𝑙𝑦𝑈,𝑐𝑜𝑚𝑝𝑒𝑡𝑖𝑡𝑖𝑜𝑛
=

0.036

3.2
~ e𝛽 (−𝛥𝐺𝑐𝑜𝑚𝑝𝑒𝑡𝑖𝑡𝑖𝑜𝑛) (7) 

 𝛥𝐺𝑐𝑜𝑚𝑝𝑒𝑡𝑖𝑡𝑖𝑜𝑛~4.5 𝑘𝐵𝑇 (8) 

 Finally, by comparing the dwell times of Hfq on DsrA_core (Eq. (2)) and 

on DsrA_core:rpoS_reg duplex (Fig. 4(d)) we have 

 e−𝛽 (𝛥𝐺𝑝𝑜𝑙𝑦𝑈+𝛥𝐺𝑝𝑜𝑙𝑦𝑈−𝛥𝐺𝑐𝑜𝑚𝑝𝑒𝑡𝑖𝑡𝑖𝑜𝑛−𝛥𝐺𝑏𝑝,𝑖)  ∝ 𝑘𝐷:𝑅 = 0.091 𝑠−1 (9) 

 e−𝛽 (𝛥𝐺𝑝𝑜𝑙𝑦𝑈+𝛥𝐺𝑝𝑜𝑙𝑦𝑈−𝛥𝐺𝑐𝑜𝑚𝑝𝑒𝑡𝑖𝑡𝑖𝑜𝑛−𝛥𝐺𝑏𝑝,𝑖)

e−𝛽 (𝛥𝐺𝑝𝑜𝑙𝑦𝑈)
 ∝

𝑘𝐷:𝑅

𝑘𝑝𝑜𝑙𝑦𝑈
=

0.091

0.036
 

(10) 

 𝛥𝐺𝑝𝑜𝑙𝑦𝑈 − 𝛥𝐺𝑐𝑜𝑚𝑝𝑒𝑡𝑖𝑡𝑖𝑜𝑛 − 𝛥𝐺𝑏𝑝,𝑖~0.93 𝑘𝐵𝑇 (11) 

Now by substituting Eq. (8) into Eq. (11) we have 

 𝛥𝐺𝑝𝑜𝑙𝑦𝑈 − 𝛥𝐺𝑏𝑝,𝑖 = 5.4 𝑘𝐵𝑇 (12) 

By substituting again Eq. (5), Eq. (8) and Eq. (11) into Eq. (1) we get 
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 𝛥𝐺𝑝𝑜𝑙𝑦𝑈 + 𝛥𝐺𝑏𝑝,𝑠𝑖𝑑𝑒 > 7.0 𝑘𝐵𝑇 (13) 

 𝛥𝐺𝑏𝑝,𝑖 + 𝛥𝐺𝑏𝑝,𝑠𝑖𝑑𝑒 > 1.6 𝑘𝐵𝑇 (14) 

Now, based on previous study21, we guessed approximately 4 base-pairs unwound 

upon binding of Hfq on DsrA:rpoS duplex. And ~6 nucleotides may interact with 

positively charged side rim of Hfq30. As separation of base-pair requires 2 or 3 

hydrogen bonding (2~5 𝑘𝐵𝑇), the energy difference between minimum energy of 

state and threshold for one-base pair break will be 4~15 𝑘𝐵𝑇. This implies the 

inequality in Eq. (14) is indeed valid indicating our rough thermodynamic model 

with bold assumption does not generate contradiction. Estimation of 𝛥𝐺𝑝𝑜𝑙𝑦𝑈 was 

not possible with currently available data. 

 As indicated in LHS of Eq. (1), the interaction between Hfq and 

DsrA:rpoS_reg duplex are affected by two energies 𝛥𝐺𝑝𝑟𝑜𝑡𝑒𝑖𝑛,𝑅𝑁𝐴 =  Δ𝐺𝑝𝑜𝑙𝑦𝑈 +

Δ𝐺𝑝𝑜𝑙𝑦𝑈 − Δ𝐺𝑐𝑜𝑚𝑝𝑒𝑡𝑖𝑡𝑖𝑜𝑛  and 𝛥𝐺𝑅𝑁𝐴,𝑅𝑁𝐴 = −Δ𝐺𝑏𝑝,𝑖 . Here, 𝛥𝐺 = 𝛥𝐻 − 𝑇𝛥𝑆 

where H and S indicate enthalpy and entropy respectively. Enthalpy is determined 

by electrostatic energy (Van der Waals force, hydrogen bonds, stacking etc…) of 

RNA:RNA base-paring or RNA-protein interactions. Entropic penalty is from 

conformational restriction in each ssRNA polymer (in this paper 𝛥𝐺  does not 

indicate energy difference between base-paring state and unwinding state but the 

difference between minimum energy of current state and threshold energy). To 

understand which one, 𝛥𝐻 or 𝛥𝑆, is more critical in Hfq and DsrA_core:rpoS_reg 

interaction, we compared dwell times of Hfq from DsrA_core:rpoS_reg duplex 
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under three different temperatures (Fig. 13(a)). Now applying similar logics in 

previous paragraph we have  

 
 𝑘𝐷:𝑅 ∝ e

−
1

𝑘𝐵𝑇
 (𝛥𝐻𝑝𝑟𝑜𝑡𝑒𝑖𝑛,𝑅𝑁𝐴−𝛥𝐻𝑅𝑁𝐴,𝑅𝑁𝐴)+

1

𝑘𝐵
(𝛥𝑆𝑝𝑟𝑜𝑡𝑒𝑖𝑛,𝑅𝑁𝐴−𝛥𝑆𝑅𝑁𝐴,𝑅𝑁𝐴)

 
(15) 

  log (𝑘𝐷:𝑅) ∝ −
1

𝑘𝐵𝑇
 (𝛥𝐻𝑝𝑟𝑜𝑡𝑒𝑖𝑛,𝑅𝑁𝐴 − 𝛥𝐻𝑅𝑁𝐴,𝑅𝑁𝐴)

+
1

𝑘𝐵

(𝛥𝑆𝑝𝑟𝑜𝑡𝑒𝑖𝑛,𝑅𝑁𝐴 − 𝛥𝑆𝑅𝑁𝐴,𝑅𝑁𝐴) 

(16) 

  log (𝑘𝐷:𝑅) = 𝑐𝑜𝑛𝑠𝑡. −
1

𝑘𝐵𝑇
 (𝛥𝐻𝑝𝑟𝑜𝑡𝑒𝑖𝑛,𝑅𝑁𝐴 − 𝛥𝐻𝑅𝑁𝐴,𝑅𝑁𝐴) (17) 

Thus log (𝑘𝐷:𝑅) is proportional to inverse temperature. Based on Eq. (17) we can 

draw Arrhenius plot (Fig. 13(b)). The positive slope indicates that Δ𝐻𝑝𝑟𝑜𝑡𝑒𝑖𝑛,𝑅𝑁𝐴 <

𝛥𝐻𝑅𝑁𝐴,𝑅𝑁𝐴 . This means 𝛥𝑆𝑝𝑟𝑜𝑡𝑒𝑖𝑛,𝑅𝑁𝐴 < 𝛥𝑆𝑅𝑁𝐴,𝑅𝑁𝐴  and major contribution in 

𝛥𝐺𝑅:𝐷 = 𝛥𝐺𝑝𝑟𝑜𝑡𝑒𝑖𝑛,𝑅𝑁𝐴 + 𝛥𝐺𝑅𝑁𝐴,𝑅𝑁𝐴 , which is positive (if negative, Hfq cannot 

bind), is from large 𝛥𝑆𝑅𝑁𝐴,𝑅𝑁𝐴. Positive 𝛥𝑆𝑅𝑁𝐴,𝑅𝑁𝐴 indicates the increase of the 

number of possible states in conformational space which is expected as ssRNA part 

increases upon Hfq binding due to partial unwinding of duplex. 
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Fig. 13. (a) Dwell time measurement of Hfq to DsrA_core:rpoS_reg under varying 

temperature. (b) Arrhenius plot. Red line indicates the result of linear fit. 
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3. Development of autofocusing system for  

single-molecule fluorescence imaging 

 

By using the unique capabilities of single-molecule imaging to monitor the motion 

of individual molecules in real time with sub-nanometer accuracy, the mechanistic 

intermediate steps of molecular reactions hidden within ensemble averages become 

accessible. As a result, single-molecule fluorescence imaging has been widely used 

to understand detailed operational mechanisms of many biomolecular systems41–44. 

Single-molecule observations performed for several hours, however, remain 

challenging due to the focal and lateral drifts of the single-molecule imaging system. 

Because the lateral drift does not deteriorate image quality, it can be corrected after 

data acquisition using the spatial cross-correlation method45–47. However, the focal 

drift, which blurs single-molecule images, should be corrected in real time. 

 To solve the defocusing problem of single-molecule fluorescence 

microscopes, two different methods have been developed. First, in an image-based 

approach, fluorescence beads were used as fiducial markers, and an objective lens 

was scanned to find the focal plane48. This approach exposed several disadvantages. 

Because axial scanning of the objective lens was required to find the focal plane, the 

temporal resolution of the single-molecule imaging experiments was hampered. The 

bead-injection step during sample preparation may cause additional difficulties. To 

minimize photobleaching of the single-molecule fluorophores, beads with separated 
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emission spectra are used, limiting the spectral freedom of single-molecule 

experiments. 

 To solve some of these problems, a reflection-based method was developed. 

In this approach, the infrared laser beam reflected from a cover slip is monitored 

using a position detector to track the focal plane49,50. Because this method does not 

require the scanning process to find the focal plane, the time response of the 

autofocusing system was not hampered. Furthermore, the potentially problematic 

bead-injection step can be avoided. A disadvantage of this reflection-based scheme 

is that the additional laser used for position detection could limit the spectral freedom 

of single-molecule fluorescence imaging. In single-molecule multi-color imaging 

that uses near-infrared fluorophores51–53, this limitation can be more serious. 

 Here, we developed an autofocusing system based on optical astigmatism 

analysis of single-molecule images54,55. Because single-molecule images themselves 

are used to track the focal plane, neither an additional laser/detector system nor a 

fluorescent bead is required, making the implementation of this autofocusing system 

simple and economic. Also as axial scanning is not required in our system, the 

temporal resolution of single-molecule experiments is not hampered. Finally, any 

available spectral region can be used without any limitation for single-molecule 

fluorescence imaging, and thus this autofocusing system is fully compatible with 

current single-molecule multi-color fluorescence imaging51,52. 
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3.1. Scheme of autofocusing system 

 

3.1.1. Optical setup 

The autofocusing system was built by introducing two additional components to a 

conventional single-molecule FRET (fluorescence resonance energy transfer) 

microscope (Fig. 1(a))56. First, to follow the focal plane in real time, the objective 

was mounted on a piezoelectric actuator (PZT, Fig. 1(a)). Second, to generate 

asymmetric single-molecule images for the positive and negative defocusing, we 

placed a cylindrical lens (CL, Fig. 1(a)) in front of the camera54,55. The single-

molecule images were elongated in the horizontal direction of the camera (the x-axis) 

for the negative defocus (z < 0, the focal plane is positioned below the glass surface) 

and were elongated in the vertical direction of the camera (the y-axis) for the positive 

defocus (z > 0, the focal plane is positioned above the glass surface). Fig. 1(b) shows 

Cy3 single-molecule fluorescence images of the surface-immobilized DNA1 

(Materials and methods) at three different objective positions. 
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Fig. 1. A schematic of the autofocusing system. (a) The optical setup. To add the 

autofocusing capability to a conventional single-molecule FRET microscope56, we 

installed a piezoelectric stage (PZT, Physick Instrument, P-721) and a cylindrical lens 

(CL, Thorlabs, LJ1516L1-A, f = 1000 mm), which was positioned 75 mm from the 

camera (EM-CCD). The other key elements are as follows. OBJ: an objective lens 

(Olympus, UPlanSApo 60X), F: a longpass filter (Chroma, LP03-532RU), L2: a plano-

convex lens (Melles Griot, 01 LAO 538, f = 120 mm), D: a dichroic mirror (Chroma, 

640dcxr), L3: a plano-convex lens (Melles Griot, 01 LAO 638, f = 260.1 mm), M: a 

dielectric mirror (Thorlabs, BB2-E02), and EM-CCD: an electron multiplying charge 

coupled device (Andor, iXon DV897). (b) Cy3 images of immobilized DNA1 at different 

axial positions. The single-molecule images, which are circular in focus (top), become 

elongated in the x-direction for negative defocus (z = -0.5 µm, bottom left) and in the y-

direction for positive defocus (z = +0.5 µm, bottom right). (c) FOM at varying axial 

positions. (d) The FOMs in the range -0.2–0.2 μm (solid squares) and their linear fit (red 

line). The error bars in (c) and (d) were generated from 30 independent measurements. 
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3.1.2. Numerical parameterization of the defocused state 

The Brenner gradient (𝐵), a macro used to determine image focal quality, decreases 

as the defocus increases57–59. It is defined as 2  [ ( , ) ( , )],B I i j I i m ji j   , where  ,I i j  

is the signal intensity at the  ,i j  pixel, and m is a certain small integer. We used 

the difference of the normalized Brenner gradients in the x and y directions as a 

quantity to parameterize the defocused state (FOM: a figure of merit) as follows. 

 

2 2[ ( , ) ( 2, )] [ ( , ) ( , 2)], ,
2 2( , ) ( , )

 

, ,

 
I i j I i j I i j I i ji j i j

FOM
I i j I i ji j i j

    


 
   (1) 

As Fig. 1(c) shows, a FOM profile, which was obtained by analyzing the Cy3 single-

molecule fluorescence images of the immobilized DNA1 at different axial positions 

of the objective lens, exhibited different signs for the negative defocus and the 

positive defocus. This difference allowed us to determine the defocused direction 

without axial scanning. The determination of a FOM at every 40 nm showed that the 

FOMs were well fit to a linear function in the range -0.2–0.2 μm (Fig. 1(d)). 

 

3.1.3. Realization of autofocusing system 

Before starting the single-molecule experiments, we characterized the core 

properties of the FOM profile: the slope of FOM in the range -0.2–0.2 μm 

(
Position

s
FOM





) and the standard deviation of the FOM (σ, obtained from 100 image 

frames at z = 0). Once an experiment started, FOM was calculated for each frame, 

and the position of the objective lens was controlled to follow the movement of the 

focal plane. The displacement of the objective lens (d) was empirically determined 

as follows. When the FOM was small ( | | 4FOM  ), the objective lens was moved 
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by a small amount ( ( ) 0.002 μmD sign FOM  ). The criteria 4  and a 

displacement 0.002 μm were selected to avoid unnecessary focal plane fluctuations. 

When the FOM was large ( | | 4FOM  ), the objective was displaced according to 

.
2

s
D FOM

 
A factor of 2 was included in the denominator to avoid oscillatory 

behavior during the focal plane search. 𝑠 and 𝜎 are affected by the signal-to-noise 

ratio (SNR, a ratio of the mean to the standard deviation of the fluorescence intensity 

of individual fluorophoes) of the single-molecule images (Fig. 2) and the number of 

single-molecules in the imaging area (Fig. 3). However, 𝑠 and 𝜎 do not need to be 

accurately determined for the operation of the autofocusing system. Although they 

affect the autofocusing time, the autofocusing system faithfully operates over a wide 

range of 𝑠 and 𝜎. See the appendix for more detialed disccussion about feedback 

scheme. 
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Fig. 2. The dependence of s and σ on SNR. (a-d) FOM at varying objective positions 

(solid squares) and their linear fit (red line) for four different SNR conditions. The error 

bars were generated from 30 independent measurements. The 4σ positions are indicated 

by dashed lines. (e) s (obtained from the fitting graphs in (a-d)) at varying SNR. (f) σ 

(standard deviations at z = 0) at varying SNR.  
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Fig. 3. The dependence of s and σ on the number of single-molecules. (a) s at varying 

number of single-molecules. (b) σ at varying number of single-molecules. 

  



70 

 

3.2. Results 

 

3.2.1. Autofocusing from large defocuses 

To test how large defocuses could be corrected by the autofocusing system, we 

intentionally defocused single-molecule images of DNA1 and monitored the process 

in which the microscope located the focal plane (Fig. 4(a)). The fluorescence 

intensities decreased with increasing defocus in both directions, but once the 

autofocusing system was activated, the original intensities were readily recovered, 

even from ±0.8 μm defocusing (Fig. 4(a)). When the SNR of the Cy3 signal was 

greater than 4, the time required to locate the focal plane (the refocusing time) did 

not depend on either the SNR or the defocusing distance in the range -0.5–0.5 μm 

(Fig. 5, Fig. 4(b)). By contrast, when the SNR was smaller than 3, the refocusing 

time increased with decreasing SNR or with increasing defocusing distance (Fig. 5, 

Fig. 4(b)). In small SNR conditions, the FOM has a greater chance to remain smaller 

than 4 , resulting in a slow approach to the focal plane. Once the microscope was 

refocused, we found that the focal plane was stably maintained. The fluctuation of 

the objective lens was less than 10 nm, independent of the SNR (Fig. 4(c)). 
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Fig. 4. Autofocusing from large defocuses. (a) Representative time traces of the 

fluorescence intensities (top; Cy3: green line, Cy5: red line), the position of the objective 

lens (middle), and the displacement of the objective lens for each step of autofocusing 

(bottom). The orange and black bars on top of the graphs indicate the on and off states 

of the autofocusing system, respectively. While the autofocusing system was off, the 

microscope was intentionally defocused downward or upward. (b) The autofocusing 

time for varying defocusing distances. Four different SNR conditions of Cy3 signal (2.0, 

2.9, 4.3 and 6.1) were tested. The error bars were generated from five measurements. (c) 

The position stability of the objective lens while the image focus was maintained. Four 

different SNR conditions of Cy3 signal (2.0, 2.9, 4.3 and 6.1) were tested. The error bars 

indicate the standard error of the mean generated from 4 independent movies. The 

experiments were performed with a 0.1-s exposure time. 
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Fig. 5. Representative refocusing time traces. Representative time traces of the objective 

lens position during refocusing process from defocuses of –0.1 μm (a, left), +0.1 μm (a, 

right), –0.5 μm (b, left), and +0.5 μm (b, right). Experiments were performed under four 

different SNR conditions: 2.0 (black), 2.9 (red), 4.3 (green), and 6.1 (blue). Auto-

focusing system was turned on at 0 frame (black dashed lines). 
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3.2.2. Long time focal maintenance test 

To test the long-time stability of the microscope, we performed single-molecule 

FRET experiments on DNA1 (Fig. 1(a)) for 15 hours. To reduce the photobleaching 

of the fluorophores, the experiments were performed with a 3-s exposure time. The 

lateral drift in the single-molecule images were corrected using the spatial cross-

correlation method45–47. With the autofocusing system turned off, meaningful data 

could not be obtained after two hours because the SNR of the Cy3 signal gradually 

deteriorated as the fluorescence intensities decreased with time (Fig. 6(a)). In 

contrast, with the activated autofocusing system, the single-molecule data could 

stably be obtained for more than 15 hours (Fig. 6(b)). Remarkably, during the 

measurement, 66 % of the Cy3 molecules were photobleached, but no deterioration 

of the SNR was detected (Fig. 6(b)). This persistence of the SNR demonstrates the 

robustness of the autofocusing system 
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Fig. 6. Focus maintenance. (a) Representative time traces of single-molecule 

fluorescence intensities (top) and the SNR of the Cy3 signal (bottom). The experiment 

was performed with the autofocusing system turned off. (b) Representative time traces 

of the single-molecule fluorescence intensities (top panel), the SNR of the Cy3 signal 

(2nd panel), the FOM (3rd panel), the number of remaining Cy3 molecules (4th panel), 

and the position of the objective lens (bottom). The experiment was performed with the 

autofocusing system activated. The SNR was obtained by analyzing the nearest 50 

frames of the Cy3 images (n = 10). The experiments were performed with a 3-s exposure 

time. 
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3.2.3. Real-time observation of B-Z DNA transition     

dynamics 

Z-DNA is a left-handed isoform of double-stranded DNA60,61 and is favorably 

formed in purine-pyrimidine repeats at high-salt conditions. By labeling the thymine 

bases flanking Z-DNA embedded in B-DNA (Fig. 7(a)), we recently showed that the 

B-Z transition of CG repeats can be monitored via single-molecule FRET (Fig. 

7(b))62. In those studies, however, B-Z transition dynamics could not directly 

monitored in real time at the single-molecule level due to the slow dynamics of the 

B-Z transition. 

 As an application of the autofocusing system to an interesting biophysical 

system, we studied salt-induced conformational dynamics of B(CG)6B (Fig. 7(a), 

Materials and methods). We immobilized B(CG)6B (Fig. 7(b)) in a buffer containing 

4.0 M NaClO4, and performed single-molecule FRET experiments using the 

autofocusing system. The FRET dynamics between the B-form (high FRET) and Z-

form (low FRET) were clearly observed (Fig. 7(c)). The existence of two FRET 

states was also clear in the FRET histogram (Fig. 7(d)) and in the FRET transition 

density plot (Fig. 7(e)). Similar FRET dynamics were observed over a wide range of 

NaClO4 concentrations (Fig. 8). We found that the Z-to-B transition rate decreased 

with increasing NaClO4 concentration, whereas the B-to-Z transition rate was 

affected only mildly (Fig. 7(f)). 
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Fig. 7. The real-time observation of B-Z transition kinetics at high-salt conditions. (a) 

The sequences of the DNA construct (B(CG)6B). (b) The experimental scheme. The 

interdye distance increases in the Z-form, resulting in decreased FRET. (c) 

Representative time traces of the fluorescence intensities (top) and the corresponding 

FRET (gray, bottom). The most probable FRET time trace generated via hidden 

Markov modeling (HMM)63 is overlaid (blue, bottom). (d) FRET histograms showing 

Z-DNA formation at 4.0 M NaClO4. The histogram is fitted to two Gaussian functions. 

The low-FRET state (red) corresponds to Z-DNA, and the high-FRET state (green) 

corresponds to B-DNA. (e) The transition density plot at 4.0 M NaClO4 obtained from 

hidden Markov modeling64. (f) The salt dependence of the B-Z transition rates. The 

experiments were performed with a 3-s exposure time. 
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Fig. 8. B-Z transition dynamics at varying salt conditions. The representative time 

traces of fluorescence intensities (Cy3: green, Cy5: red), FRET (gray), and HMM63 (blue) 

at (a) 3.1 M, (b) 3.4 M, and (c) 3.7 M NaClO4. Distribution of B-Z transition rates at (d) 

3.1 M, (e) 3.4 M, (f) 3.7 M, and (g) 4.0 M NaClO4. The transition rates were obtained by 

HMM. To obtain the transition rates in Fig. 4(f), the histograms were fitted to log-

normal distribution (red lines)64. 
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3.3. Discussion 

 

Single-molecule fluorescence imaging has been applied to a variety of bio-molecular 

systems. Autofocusing systems, which can maintain single-molecule images in focus 

for several hours, will further extend the applicability of single-molecule 

fluorescence imaging techniques. Compared to the previously reported autofocusing 

systems, the autofocusing system introduced here has several advantages. First, this 

system is simple and economic in that neither a fiducial marker nor an extra position 

detection system is required. Second, it is fast in that the time resolution of single-

molecule experiments is not hampered. Lastly, this system is fully compatible with 

single-molecule multi-color imaging51,52,65,66 in that near-infrared fluorophores can 

be freely used. However, it should be notified that our autofocusing system cannot 

be used when fluorophores are distributed in three dimensions. Therefore, the new 

autofocusing system is expected to be widely used for surface-immobilized single-

molecule fluorescence studies requiring long observation times. 
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3.4. Materials and methods  

3.4.1. DNA preparation 

The following DNA oligomers (written from 5’-3’) were purchased from Integrated 

DNA Technologies (Coralville, IA). 

a: 

TGGCGCGTTTTAAAAAATCTCy5GTGCGGCTGATTCTATGCCTGATTCTGTT

T ATTG CCTCAGTTTTTTTTTTTTTTTT/biotin/ 

b: CTGAGGCAATAAACAGAATCy3CAGGCATAGAATCAGCCGC 

ACAGATTTTTTAAA ACGCGCCA 

c: /biotin/-CCCAGTTGATCy5CGCGCGCGCGCGATAACCCACC 

d: GGTGGGTTATCy3CGCGCGCGCGCGATCAACTGGG 

The DNA duplexes were prepared by annealing complementary strands (a and b for 

DNA1, and c and d for B(CG)6B) as previously described. 

 

3.4.2. Single-molecule experiments 

DNA molecules were immobilized on a polyethylene glycol-coated surface via 

biotin-streptavidin interaction and imaged in 10 mM Tris-HCl buffer (pH 8.0) with 

oxygen scavenging system (saturated Trolox (Sigma-Aldrich), 0.4 % w/v glucose 

(Sigma-Aldrich), 0.04 mg/ml catalase (Roche), and 1 mg/mL glucose oxidase 

(Sigma-Aldrich)), and salts (50 mM NaCl for Fig. 1-3 or varying concentration of 

NaClO4 for Fig. 4). To reduce the air contact of the imaging buffer, the sample 
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chambers were sealed with epoxy after the delivery of the imaging buffer. The raw 

image data (512 × 512 array of 32 bit signed integers) were background-subtracted 

and rescaled to an 8-bit unsigned integer array. The rescaled image array was used 

to extract the single-molecule intensity time traces. The 460 × 460 central area was 

used to calculate the Brenner gradients. Data acquisition and experimental control 

were performed using a custom LabVIEW (National Instrument) program run on a 

personal computer with 3.16 GHz processor (Intel Core2 Duo Processor E8500). The 

autofocusing program (written in LabVIEW) and lateral drift correction script 

(written in Matlab) are freely available from 

“https://sites.google.com/site/whwangbiophys/” 
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3.5. Appendix 

 

3.5.1. Mathematical modeling of autofocusing system 

Even though our autofocusing system have proved to be faithful under various 

experimental conditions, it has not been tested systematically. Also, it is an open 

question whether our system works on all experimental environment. For example, 

the threshold-proportional feedback, which has been implemented in our system, 

could slow down the refocusing time in the cost of suppression of fluctuation of focal 

plane from noise in FOM. But when defocusing becomes faster, faster refocusing 

time could be more important factor than noise suppression in determination of focal 

stability. 

  To address this issue, we have developed simple mathematical model 

describing autofocusing system (Fig. 9). Let xn denotes the defocus at time n, i.e. 

the difference between focal plane of objective and sample plane. The xn keeps 

changing due to environmental disturbance (say dn ) like thermal expansion of 

device. Then we can estimate xn, which is not directly observable, by using FOM 

measured from image at time n. Let’s name it as yn. The FOM profile versus x found 

during calibration step is used to convert FOM to yn. As image contains several 

noises (photon number fluctuations, dark current, auto-fluorescence from materials 

in sample chamber etc…), estimation error (say ξn) exists. The goal of autofocusing 

system is to find a best value of objective displacement (say un) making xn+1 be 

zero as close as possible. Above description is summarized succinctly in Fig. 9. 
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  The choice of response function f, which determines the un is most critical 

part of autofocusing system. There are many sophisticated feedback schemes67 but 

we restrict ourselves to proportional feedbacks because of its simplicity and 

analytical tractability. Simplicity is considered to make understanding and 

implementation of our system be easy for broad audience.   After 

limiting the form of response function f to proportional feedback, we next considered 

the noise filtering methods. Our experimental study has been performed with 

“threshold filter” in which un  is determined by proportional feedback scheme 

above certain threshold and becomes constant below threshold. Due to hardness in 

analytical approach from discreteness, we consider another noise-filtering scheme, 

Kalman filter67–69. The detailed analysis of each filter will follows shortly below. 

  We next considered cost function to compare the effectiveness of three 

approaches suggested above: “Proportional feedback (P-feedback)”, “Proportional 

feedback with threshold (PT-feedback)”, and “Proportional feedback with Kalman 

filter (PK-feedback)”. We selected < x2 >steady as a cost function as it directly 

reflects the focal stability. Ideal autofocusing is identified by < x2 >steady = 0. 

Based on this cost function we compared three different methods quantitatively. 
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Fig. 9. Mathematical scheme of autofocusing system. The system can be written by 

(stochastic) difference equations. The choice of response function f determines the focal 

maintenance character of autofocusing system. 

  



84 

 

3.5.1.1. Proportional feedback 

The difference equations of P-feedback can be written as followings. 

 yn = 𝑥𝑛 + 𝜉𝑛 (2) 

 un = −𝑠 𝑦𝑛 =  −𝑠 (𝑥𝑛 + 𝜉𝑛) (3) 

 𝑥𝑛+1 = 𝑥𝑛 + 𝑢𝑛 + 𝑑𝑛 = (1 − 𝑠)𝑥𝑛 − 𝑠 𝜉𝑛 + 𝑑𝑛 (4) 

  The s in this section has different meaning compared to previous section 

(previous section: s =  
Δ𝑍

Δ𝐹𝑂𝑀
, current section: multiplication factor for yn . 

whereyn = 𝐹𝑂𝑀 ∗
Δ𝑍

Δ𝐹𝑂𝑀
). Now suppose ξn  and dn  follow normal distribution 

with < ξn > = 0, < ξn
2 > = ξ2, and < dn > = 0, < dn

2 > = d2 respectively. The 

normalness of ξn  is identified experimentally but the normalness of dn  will 

depends on the experimental environment. In our case, time trace of dn showed 

directional diffusion with oscillatory motion with T~30 min (Fig. 6B). But for the 

sake of simplicity we assumed only second moment of dn  is critical for the 

description. Now by squaring RHS and LHS of (4) individually and taking ensemble 

every of both sides we found 

 < 𝑥2
 >𝑠𝑡𝑒𝑎𝑑𝑦=

𝑠2 𝜉2 + 𝑑2

𝑠(2 − 𝑠)
 

 (5) 

 

𝑠𝑚𝑖𝑛 =
𝑑2

2 𝜉2
(√1 + 4

𝜉2

𝑑2
− 1) 

(6) 

 

< 𝑥2
 >𝑠𝑡𝑒𝑎𝑑𝑦,   𝑚𝑖𝑛 =

𝑑2

2 
(1 + √1 + 4

𝜉2

𝑑2
) 

 

(7) 
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whereas smin   indicates the value of s making < x2 >  minimum calculated by 

differentiating (5). 

 

3.5.1.2. Proportional feedback with threshold 

The difference equations of PT-feedback can be written as followings. 

 yn = 𝑥𝑛 + 𝜉𝑛 (8) 

 un = −𝑠𝑖𝑔𝑛(𝑦𝑛) ∗  0.002   for yn < 4 σ (9) 

 un = −𝑠 𝑦𝑛 =  −𝑠 (𝑥𝑛 + 𝜉𝑛)   for yn > 4 σ (10) 

where σ found from σFOM  which is estimated during calibration step. Due to 

discreteness in un when yn near the threshold, these equations are hard to treat 

analytically. Use of Heaviside function with its analytical approximation by logistic 

function was not helpful due to another discreteness in time (i.e. discreteness of 

difference equation).  

 

3.5.1.3. Proportional feedback with Kalman filter 

In Kalman filter, there are three variables estimating hidden variable x: yn, xp and 

x𝑏. y  is, as previous case, the estimated x from measurement. xp is the estimated 

x by using the knowledge of system’s dynamic. For example, for the moving car 

with speed 10 m/s , we expect the position of car after 1 sec is 10 m. But, actual 

measurement of position of car can give 9.8 m due to other factors like a noise in 

detector or (uncontrollable environmental) disturbances like wind, fluctuation in 

engine efficiency etc69. In this case, y = 9.8 𝑚 and xp = 10 𝑚. The xb  is the 
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final estimation of x by adding both using y and xp with different weight factor 

(K, called Kalman gain). The value of K is determined to make E 
2 = (x − xb)2 be 

minimum (strictly speaking, minimizing < E2 >n  where n indicates a current time 

index). In previous P, PT-feedback, the knowledge of system’s dynamic about x  is 

not used but only y. Above description can be written more succinctly by following 

equations.  

 xn = 𝑥𝑛−1 + 𝑢𝑛−1 + 𝑑𝑛−1 (11) 

 yn = 𝑥𝑛 + 𝜉𝑛 (12) 

 xp,n = 𝑥𝑏,𝑛−1 + 𝑢𝑛−1  (13) 

 Kn= 
<𝐸2>𝑛−1+𝑑2

<𝐸2>𝑛−1+𝑑2+𝜉2 (14) 

 xb,n = (1 − 𝐾𝑛)𝑥𝑝,𝑛 + 𝐾𝑛 𝑦𝑛 (15) 

 < E2 >𝑛= (1 − 𝐾𝑛)2 (< 𝐸𝑛−1
2 > +𝑑2) + 𝐾𝑛

2 𝜉2 (16) 

 un = −𝑠 𝑥𝑏,𝑛 
 (17) 

(14) can be found by calculating Kn satisfying 
d<E2>𝑛

dKn
= 0 whereas < E2 >𝑛 can 

be found from (16). Derivation of (16) is shown below. 

 𝐸n = 𝑥𝑛 − 𝑥𝑏,𝑛 

      = xn−1 + 𝑢𝑛−1 + 𝑑𝑛−1 

           −( (1 − 𝐾𝑛)𝑥𝑝,𝑛 + 𝐾𝑛 𝑦𝑛  

= (1 − Kn) (𝑥𝑛−1 + 𝑢𝑛−1 + 𝑑𝑛−1 − (𝑥𝑏,𝑛−1 + 𝑢𝑛−1)) 

   +𝐾𝑛(𝑥𝑛−1 + 𝑢𝑛−1 + 𝑑𝑛−1 − 𝑦𝑛) 

= (1 − 𝐾𝑛)(𝐸𝑛−1 + 𝑑𝑛−1) − 𝐾𝑛−1𝜉𝑛 

(18) 
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By squaring both sides of final results and taking ensemble average, with the 

assumptions < En−1 𝑑𝑛−1 > = 0, < 𝐸𝑛−1𝜉𝑛 > = 0, < ξn dn−1 > =  0  and 

normalness of ξn and dn, we get (16).  

  When s = 1 , < x2 >𝑠𝑡𝑒𝑎𝑑𝑦  is analytically tractable and has a value 

𝑑2

2 
(1 + √1 + 4

𝜉2

𝑑2) . Note that, this results is identical with < x2 >min  of P-

feedback case (7) where special value for s is used (6). Other cases were hard to 

treat analytically. As both PT, PK-feedback are not easy to treat analytically, we 

calculates the cost function (< x2 >𝑠𝑡𝑒𝑎𝑑𝑦) by performing numerical simulation. 

 

3.5.2. Numerical simulations 

3.5.2.1. Simulation scheme 

For numerical simulation, we first generated d0 through Monte-Carlo simulation. 

By using d0 with initial conditions u0 = 0, x0 = 0, we can calculate x1 (Fig. 9). 

Next y1is calculated by using poly-fitted FOM profiles (Fig. 2) with the addition of 

measurement noise (Fig. 9). Finally, u1 is determined from y1 based on the choice 

of feedback scheme. Now, by generating d1 we can determined x2 and procedure 

repeats. From the generated time trace of xn , we can calculate cost function <

x2 >𝑠𝑡𝑒𝑎𝑑𝑦 assuming ergodicity. 

 

3.5.2.2. Slow defocusing case 

We first test our system in realistic condition. The position of objective in our 

experiment shows directional diffusion with oscillation with T~30 min. This slow 
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oscillation is due to slow feedback of air-conditioning system maintaining 

temperature and humidity in steady. Similar traces can be generated with diffusion 

coefficient D =  1.5 nm2/𝑠 , oscillation amplitude = 0.39 μm , and  velocity = 

1.1μm/6hr (Fig. 10(a)). 
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Fig. 10. Numerical simulation of autofocusing system under similar condition with 

experiment. (a) Comparison of experimental data of objective position (black) and 

representative time traces from simulation (blue). The trajectory was found from 

cumulative sum of environmental disturbance 𝐝𝐧. (b, c) Calculated cost function <

𝐱𝟐 >𝒔𝒕𝒆𝒅𝒂𝒚  for three cases: P-feedabck (red), PT-feedback (blue), and PK-feedabck 

(black). Each data point is obtained by averaging the results from 20 simulation 

trajectories (the length and the generation interval of each trajectory are 6 hours and 3 

sec respectively) in each condition. Error bars indicate standard error of the mean. 

“slope” of x-axis indicates the value of s in equations (3), (10), and (17). The inset value 

of 𝐬𝐦𝐢𝐧  indicates theoretically expected value of 𝐬  making smallest < 𝐱𝟐 >𝒔𝒕𝒆𝒂𝒅𝒚 

when 𝐝𝐧 follows perfect normal distribution with zero mean. 

  



90 

 

  We calculate < x2 >𝑠𝑡𝑒𝑎𝑑𝑦 for each case with s in equations (3), (10), 

and (17) as variables under two different SNR conditions: 6.1 (Fig. 10(b)) and 2.0 

(Fig. 10(c)). s = 1 is an ideal value making xn+1 = dn+1. But in the presence of 

measurement noise, larger value of s can introduce unnecessary oscillatory motion 

reducing focal stability. On the other hand, too small s also increases the < x2 > 

due to slow refocusing. The results show that this is indeed a case for P-feedback 

scheme (Fig. 10(b-c), red). But in PT, PK-feedback scheme, the < x2 >𝑠𝑡𝑒𝑎𝑑𝑦 has 

small dependence on the choice of s showing good noise-filtering performance. 

This trend is observed more clearly under low SNR (2.0) condition. Even though 

FOM is calculated from whole image to avoid effect of bleaching of individual 

fluorophores, the gradual reduction of molecules along the time reduces the value of 

FOM (Fig. 3). This gradually decreases the value of estimated y from FOM than 

the value of y in initial time. In this case, the effective value of optimal value of s 

increases with time indicating PT, PK-feedbacks are much robust than P-feedback 

as < x2 >𝑠𝑡𝑒𝑎𝑑𝑦  remains similar along the broad value of s . Collectively, our 

results of numerical simulation show PT-feedback works very well in our 

experimental environment. 

 

3.5.2.3. Fast defocusing case 

We next challenged our system in harsh condition, i.e. when defocusing is much 

faster (Fig. 11). Simulation was performed with diffusion coefficient D =
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 200 nm2/𝑠 , without introducing oscillatory and direction movement as 

disturbances from them are relatively small due to large D. 

  Under high SNR (6.0) condition, three methods does not show significant 

difference (Fig. 11(b)). But, on the contrary to previous case, PT-feedback shows 

largest deviation of x. Under low SNR (2.0) condition, more dramatic increases in 

< x2 >𝑠𝑡𝑒𝑎𝑑𝑦 was observed in PT-feedback case (Fig. 11(c)). This indicates that the 

threshold makes the focal modification be too slow to nullify defocusing under faster 

defocusing condition. On the other hand, PK-feedback shows very good noise-

filtering quality under broad choice of s. 
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Fig. 11. Numerical simulation of autofocusing system under faster defocusing condition. 

(a) Comparison of experimental data of objective position (black) and representative 

time traces from simulation (blue). The trajectory was found from cumulative sum of 

environmental disturbance 𝐝𝐧. (b, c) Calculated cost function < 𝐱𝟐 >𝒔𝒕𝒆𝒅𝒂𝒚 for three 

cases: P-feedabck (red), PT-feedback (blue), and PK-feedabck (black). Each data point 

is obtained by averaging the results from 20 simulation trajectories (the length and the 

generation interval of each trajectory are 2 hours and 1 sec respectively) in each 

condition. Error bars indicate standard error of the mean. “slope” of x-axis indicates 

the value of s in equations (3), (10), and (17). The inset values of 𝐬𝐦𝐢𝐧 in P-feedback 

cases indicate theoretically expected value of 𝐬 making smallest < 𝐱𝟐 >𝒔𝒕𝒆𝒂𝒅𝒚 when 

𝐝𝐧 follows perfect normal distribution with zero mean. 
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3.5.3. Discussion 

We have tested autofocusing system systematically using analytical and numerical 

methods. We found that the PT-feedback scheme with s = 0.5, which has been used 

in our experiment, was near optimal choice in our experimental environment among 

three methods: P-feedback, PT-feedback, and PK-feedback (Fig. 10). On the other 

hand, when defocusing is faster, PK-feedback shows much more robust performance 

whereas PT-feedback shows worst performance due to slow focal modification.  

 Kalman filter used in PK-feedback requires proper estimation of < ξ2 > 

and < d2 >. < ξ2 > can be easily estimated during calibration time which indeed 

follow Gaussian distribution and value remains similar during measurement (Fig. 3). 

On the other hand, defocusing stochastic variable d is cannot be estimated readily. 

So, we performed numerical simulation under varying values of d and found that 

< x2 >𝑠𝑡𝑒𝑎𝑑𝑦  does not change significantly when 0.1 <
<𝑑𝑔𝑢𝑒𝑠𝑠𝑒𝑑

2 >

<𝑑2>
< 100. This 

again shows robustness of PK-feedback. The value of < d2 > also can be estimated 

by performing pre- 

measurement before starting experiment. 
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Fig. 12. Numerical simulation of autofocusing system under (a) condition similar with 

experiment and (b) faster defocusing condition. The value in x-axis indicates the ratio 

(
<𝐝𝐠𝐮𝐞𝐬𝐬

𝟐 >

<𝒅𝟐>
). Each data point is obtained by averaging the results from 20 simulation 

trajectories (the length and the generation interval of each trajectory are 6 hours and 3 

sec in (a), and 2hours and 1 sec in (b) respectively). Error bars indicate standard error 

of the mean. 
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 It is possible to decrease < x2 >𝑠𝑡𝑒𝑎𝑑𝑦 in PT-feedback by finely tuning 

dZmin   (fixed as 0.002 𝜇𝑚 in our study) and threshold value (fixed as 4 σ in our 

study, 4 was selected to make 99.99% of y be observed inside threshold when x =

0 and d = 0 from normalness of ξ), but such fine-tuning is impractical due to the 

absence of analytical solution. Also, numerical simulation with dZmin   and σ as 

variables revealed in most cases PK-feedback still shows better performance than 

PT-feedback (data not shown). 

 Collectively, PT-feedback shows robust performance when defocusing is 

reasonable slow. But as defocusing becomes faster < x2 >𝑠𝑡𝑒𝑎𝑑𝑦 increases most 

quickly in PT-feedback case while that of PK-feedback increases much slowly (Fig. 

13). Also selecting optimal parameters for PT-feedback is more difficult as there are 

three parameters (s, dZmin  , and threshold) and also due to the absence of analytical 

solution. On the other hand PK-feedback has only one parameter (s) and weak 

dependence on the choice of s. These results indicate PK-feedback is a best choice 

in broad experimental conditions. 
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Fig. 13. < 𝐱𝟐 >𝒔𝒕𝒆𝒂𝒅𝒚 versus defocusing diffusion coefficient. Red: P-feedback, Blue: 

PT-feedback, Black: PK-feedback. The results were obtained under 𝐬 = 𝟎. 𝟓  and 

SNR=2.0 conditions. Each data point is obtained by averaging the results from 20 

simulation trajectories (the length and the generation interval of each trajectory are 2 

hours and 1 sec respectively). Error bars indicate standard error of the mean. Our 

experimental condition belongs 𝟏𝟎−𝟔𝝁𝒎𝟐/𝒔 < 𝐃𝐝𝐞𝐟𝐨𝐜𝐮𝐬𝐢𝐧𝐠 < 𝟏𝟎−𝟓 𝝁𝒎𝟐/𝐬. 

  



97 

 

References 

1. Förster, T. Zwischenmolekulare Energiewanderung und Fluoreszenz. Ann. 

Phys. 437, 55–75 (1948). 

2. Ha, T. et al. Probing the interaction between two single molecules: 

fluorescence resonance energy transfer between a single donor and a 

single acceptor. Proc. Natl. Acad. Sci. U. S. A. 93, 6264–6268 (1996). 

3. Vogel, J. & Luisi, B. F. Hfq and its constellation of RNA. Nat. Rev. 

Microbiol. 9, 578–589 (2011). 

4. Franze de Fernandez, M. T., Hayward, W. S. & August, J. T. Bacterial 

proteins required for replication of phage Qb ribonucleic acid. J Biol Chem 

247, 824–821 (1972). 

5. Tsui, H-C., T., Leung, H-C., E. & Winkler, M. E. Characterization of 

broadly pleiotropic phenotypes caused by an hfq insertion mutation in 

Escherichia coli K-12. Mol Microbiol 13, 35–49 (1994). 

6. Zhang, A., Wassarman, K. M., Ortega, J., Steven, A. C. & Storz, G. The 

Sm-like Hfq Protein Increases OxyS RNA Interaction with Target mRNAs. 

Mol Cell 9, 11–22. (2002). 

7. Moller, T. et al. Hfq. A Bacterial Sm-like Protein that Mediates RNA-RNA 

Interaction. Mol Cell 9, 23–30. (2002). 

8. Gottesman, S. et al. Small RNA regulators and the bacterial response to 

stress. Cold Spring Harb Symp Quant Biol 71, 1–11 (2006). 

9. Waters, L. S. & Storz, G. Regulatory RNAs in bacteria. Cell 136, 615–28 

(2009). 

10. Gottesman, S. & Storz, G. Bacterial Small RNA Regulators: Versatile 

Roles and Rapidly Evolving Variations. Cold Spring Harb Perspect Biol 

(2010). 

11. Folichon, M. et al. The poly(A) binding protein Hfq protects RNA from 

RNase E and exoribonucleolytic degradation. Nucleic Acids Res 31, 7302–

10 (2003). 

12. Caron, M. P., Lafontaine, D. A. & Masse, E. Small RNA-mediated 

regulation at the level of transcript stability. RNA Biol 7, 140–4 (2010). 

13. Chao, Y. & Vogel, J. The role of Hfq in bacterial pathogens. Curr Opin 

Microbiol 13, 24–33 (2010). 



98 

 

14. Gripenland, J. et al. RNAs: regulators of bacterial virulence. Nat Rev 

Microbiol 8, 857–66 (2010). 

15. Arluison, V. et al. Structural Modelling of the Sm-like Protein Hfq from 

Escherichia coli. J Mol Biol 320, 705–12. (2002). 

16. Tharun, S. Roles of eukaryotic Lsm proteins in the regulation of mRNA 

function. Int Rev Cell Mol Biol 272, 149–89 (2009). 

17. Mikulecky, P. J. et al. Escherichia coli Hfq has distinct interaction 

surfaces for DsrA, rpoS and poly(A) RNAs. Nat. Struct. Mol. Biol. 11, 

1206–1214 (2004). 

18. Wang, W., Wang, L., Wu, J., Gong, Q. & Shi, Y. Hfq-bridged ternary 

complex is important for translation activation of rpoS by DsrA. Nucleic 

Acids Res. 41, 5938–5948 (2013). 

19. Link, T. M., Valentin-Hansen, P. & Brennan, R. G. Structure of 

Escherichia coli Hfq bound to polyriboadenylate RNA. Proc. Natl. Acad. 

Sci. U. S. A. 106, 19292–19297 (2009). 

20. Arluison, V. et al. Spectroscopic observation of RNA chaperone activities 

of Hfq in post-transcriptional regulation by a small non-coding RNA. 

Nucleic Acids Res. 35, 999–1006 (2007). 

21. Lease, R. A. & Woodson, S. A. Cycling of the Sm-like protein Hfq on the 

DsrA small regulatory RNA. J. Mol. Biol. 344, 1211–1223 (2004). 

22. Roy, R., Hohng, S. & Ha, T. A practical guide to single-molecule FRET. 

Nat Methods 5, 507–16 (2008). 

23. Lee, S., Lee, J. & Hohng, S. Single-molecule three-color FRET with both 

negligible spectral overlap and long observation time. PLoS One 5, (2010). 

24. Luo, G., Wang, M., Konigsberg, W. H. & Xie, X. S. Single-molecule and 

ensemble fluorescence assays for a functionally important conformational 

change in T7 DNA polymerase. Proc Natl Acad Sci U A 104, 12610–5 

(2007). 

25. Myong, S. et al. Cytosolic viral sensor RIG-I is a 5’-triphosphate-

dependent translocase on double-stranded RNA. Science 323, 1070–4 

(2009). 

26. Hwang, H., Kim, H. & Myong, S. Protein induced fluorescence 

enhancement as a single molecule assay with short distance sensitivity. 

Proc. Natl. Acad. Sci. 108, 7414–7418 (2011). 



99 

 

27. Soper, T. J. & Woodson, S. A. The rpoS mRNA leader recruits Hfq to 

facilitate annealing with DsrA sRNA. RNA N. Y. N 14, 1907–1917 (2008). 

28. Hopkins, J. F., Panja, S., McNeil, S. A. N. & Woodson, S. A. Effect of salt 

and RNA structure on annealing and strand displacement by Hfq. Nucleic 

Acids Res. 37, 6205–6213 (2009). 

29. Schumacher, M. A., Pearson, R. F., M?ller, T., Valentin-Hansen, P. & 

Brennan, R. G. Structures of the pleiotropic translational regulator Hfq 

and an Hfq-RNA complex: a bacterial Sm-like protein. EMBO J. 21, 3546–

3556 (2002). 

30. Brennan, R. G. & Link, T. M. Hfq structure, function and ligand binding. 

Curr Opin Microbiol 10, 125–33 (2007). 

31. Sauer, E., Schmidt, S. & Weichenrieder, O. Small RNA binding to the 

lateral surface of Hfq hexamers and structural rearrangements upon 

mRNA target recognition. Proc. Natl. Acad. Sci. 109, 9396–9401 (2012). 

32. Panja, S., Schu, D. J. & Woodson, S. A. Conserved arginines on the rim of 

Hfq catalyze base pair formation and exchange. Nucleic Acids Res. 41, 

7536–7546 (2013). 

33. Pomeranz Krummel, D. A., Oubridge, C., Leung, A. K., Li, J. & Nagai, K. 

Crystal structure of human spliceosomal U1 snRNP at 5.5 A resolution. 

Nature 458, 475–80 (2009). 

34. Storz, G., Opdyke, J. A. & Zhang, A. Controlling mRNA stability and 

translation with small, noncoding RNAs. Curr Opin Microbiol 7, 140–4 

(2004). 

35. Soper, T., Mandin, P., Majdalani, N., Gottesman, S. & Woodson, S. A. 

Positive regulation by small RNAs and the role of Hfq. Proc. Natl. Acad. 

Sci. U. S. A. 107, 9602–9607 (2010). 

36. Arluison, V. et al. Three-dimensional Structures of Fibrillar Sm Proteins: 

Hfq and Other Sm-like Proteins. J Mol Biol 356, 86–96 (2006). 

37. Peer, A. & Margalit, H. Accessibility and Evolutionary Conservation Mark 

Bacterial Small-RNA Target-Binding Regions. J. Bacteriol. 193, 1690–

1701 (2011). 

38. William A. Stein et al. Sage Mathematics Software (Version 5.11). Sage 

Dev. Team (2013). at <http://www.sagemath.org> 

39. Fender, A., Elf, J., Hampel, K., Zimmermann, B. & Wagner, E. G. H. RNAs 



100 

 

actively cycle on the Sm-like protein Hfq. Genes Dev. 24, 2621–2626 

(2010). 

40. Olejniczak, M. Despite Similar Binding to the Hfq Protein Regulatory 

RNAs Widely Differ in Their Competition Performance. Biochemistry 

(Mosc.) 50, 4427–4440 (2011). 

41. Joo, C., Balci, H., Ishitsuka, Y., Buranachai, C. & Ha, T. Advances in 

Single-Molecule Fluorescence Methods for Molecular Biology. Annu. Rev. 

Biochem. 77, 51–76 (2008). 

42. Schuler, B. & Eaton, W. A. Protein folding studied by single-molecule 

FRET. Curr. Opin. Struct. Biol. 18, 16–26 (2008). 

43. Hohlbein, J., Gryte, K., Heilemann, M. & Kapanidis, A. N. Surfing on a new 

wave of single-molecule fluorescence methods. Phys. Biol. 7, 031001 

(2010). 

44. Klostermeier, D. Single-molecule FRET reveals nucleotide-driven 

conformational changes in molecular machines and their link to RNA 

unwinding and DNA supercoiling. Biochem. Soc. Trans. 39, 611–616 

(2011). 

45. Guizar-Sicairos, M., Thurman, S. T. & Fienup, J. R. Efficient subpixel 

image registration algorithms. Opt. Lett. 33, 156–158 (2008). 

46. Mlodzianoski, M. J. et al. Sample drift correction in 3D fluorescence 

photoactivation localization microscopy. Opt. Express 19, 15009–15019 

(2011). 

47. Lee, S. H. et al. Using fixed fiduciary markers for stage drift correction. 

Opt. Express 20, 12177 (2012). 

48. Elenko, M. P., Szostak, J. W. & van Oijen, A. M. Single-molecule binding 

experiments on long time scales. Rev. Sci. Instrum. 81, 083705 (2010). 

49. Pertsinidis, A., Zhang, Y. & Chu, S. Subnanometre single-molecule 

localization, registration and distance measurements. Nature 466, 647–

651 (2010). 

50. Peters, J. Nikon Instruments TiE-PFS Dynamic Focusing System. Nat. 

Methods Appl. Notes (2008). doi:10.1038/an6676 

51. Lee, S., Lee, J. & Hohng, S. Single-Molecule Three-Color FRET with 

Both Negligible Spectral Overlap and Long Observation Time. PLoS ONE 

5, e12270 (2010). 



101 

 

52. Lee, J. et al. Single-Molecule Four-Color FRET. Angew. Chem. Int. Ed. 

49, 9922–9925 (2010). 

53. Hwang, W., Arluison, V. & Hohng, S. Dynamic competition of DsrA and 

rpoS fragments for the proximal binding site of Hfq as a means for 

efficient annealing. Nucleic Acids Res. 39, 5131–5139 (2011). 

54. Cohen, D. K., Gee, W. H., Ludeke, M. & Lewkowicz, J. Automatic focus 

control: the astigmatic lens approach. Appl. Opt. 23, 565–570 (1984). 

55. Huang, B., Wang, W., Bates, M. & Zhuang, X. Three-Dimensional Super-

Resolution Imaging by Stochastic Optical Reconstruction Microscopy. 

Science 319, 810–813 (2008). 

56. Roy, R., Hohng, S. & Ha, T. A practical guide to single-molecule FRET. 

Nat. Methods 5, 507–516 (2008). 

57. Brenner, J. F. et al. An automated microscope for cytologic research a 

preliminary evaluation. J. Histochem. Cytochem. Off. J. Histochem. Soc. 

24, 100–111 (1976). 

58. Sun, Y., Duthaler, S. & Nelson, B. J. Autofocusing in computer microscopy: 

selecting the optimal focus algorithm. Microsc. Res. Tech. 65, 139–149 

(2004). 

59. Yazdanfar, S. et al. Simple and robust image-based autofocusing for 

digital microscopy. Opt. Express 16, 8670–8677 (2008). 

60. Rich, A. DNA comes in many forms. Gene 135, 99–109 (1993). 

61. Choi, J. & Majima, T. Conformational changes of non-B DNA. Chem. Soc. 

Rev. Chem. Soc. Rev. 40, 5893–5909 (2011). 

62. Bae, S., Son, H., Kim, Y.-G. & Hohng, S. Z-DNA is stabilized by the 

Hofmeister effect of salts. 

63. Bronson, J. E., Fei, J., Hofman, J. M., Gonzalez, R. L. & Wiggins, C. H. 

Learning Rates and States from Biophysical Time Series: A Bayesian 

Approach to Model Selection and Single-Molecule FRET Data. Biophys. 

J. 97, 3196–3205 (2009). 

64. McKinney, S. A., Joo, C. & Ha, T. Analysis of Single-Molecule FRET 

Trajectories Using Hidden Markov Modeling. Biophys. J. 91, 1941–1951 

(2006). 

65. Hohng, S., Joo, C. & Ha, T. Single-Molecule Three-Color FRET. Biophys. 

J. 87, 1328–1337 (2004). 



102 

 

66. DeRocco, V., Anderson, T., Piehler, J., Erie, D. A. & Weninger, K. Four-

color single-molecule fluorescence with noncovalent dye labeling to 

monitor dynamic multimolecular complexes. BioTechniques 49, 807–816 

(2010). 

67. Bechhoefer, J. Feedback for physicists: A tutorial essay on control. Rev. 

Mod. Phys. 77, 783–836 (2005). 

68. Kalman, R. A New Approach to Linear Filtering and Prediction Problems. 

Trans. ASME – J. Basic Eng. 35–45 (1960). 

69. Faragher, R. Understanding the Basis of the Kalman Filter Via a Simple 

and Intuitive Derivation [Lecture Notes]. IEEE Signal Process. Mag. 29, 

128–132 (2012). 

 

  



103 

 

Abstract in Korean (국문 초록) 

 

Bacterial RNA chaperone Hfq는 RNA에 특정 구조변화를 도입해 주는 

기능을 가지고있는 단백질인다. 한 예로 대장균은 온도 떨어짐에 대처하

기 위해 DsrA small non-coding RNA (sRNA)를 발현 하는데 DsrA는 

rpoS messenger RNA (mRNA)의 특정 부분과 염기쌍결합을 이루어 

RpoS 단백질의 발현량을 증가 시킨다. Hfq는 이 과정에서 요구되는 두 

가지 RNA 구조변화, rpoS mRNA의 특정 부분 염기쌍 결합 풀림과 

DsrA와 rpoS 사이의 염기쌍 결합 형성을 동시에 촉진시키는 역할을 한

다. 그런데 어떻게 Hfq가 선택적으로 RNA의 염기쌍 결합을 풀고 한편

으로는 염기쌍 형성을 도와줄 수 있는지에 대해서는 아직 자세한 연구가 

되어있질 않다. 우리는 Hfq에 의한 RNA 구조변화 도입의 구체적인 분

자적 메커니즘을 밝혀내기 위하여 Hfq에 의해 매개되는 DsrA sRNA와 

rpoS mRNA의 상호 작용을 다색 형광공명 에너지 전달 기술을 이용하여 

연구하였다. 우리는 Hfq가 자신의 앞부분에 위치한 RNA 결합 부위를 

이용하여 DsrA와 rpoS에 동시에 상호 작용 함으로써 두 RNA 사이의 

염기쌍 형성을 촉진시키는 것을 밝혀내었다. 두 RNA가 서로 같은 Hfq

의 RNA 결합 부위를 차지하려는 과정에서 생기는 경쟁은 RNA-Hfq 상

호 작용을 역동적으로 만들지만 두 RNA를 가까운 거리에 올바르게 배

열함으로써 효율적인 염기쌍 형성을 촉진 시킴을 밝혀내었다. 또한 RNA 

duplex에서 한 RNA만 Hfq와 상호 작용할 경우 Hfq에 의한 RNA 

duplex의 부분적 구조 풀림에 의하여 열적 안정도가 떨어저 전체 구조 
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풀림이 촉진됨을 밝혀내었다.  

 단분자 형광 공명 에너지 전달 기술을 비롯한 단분자 형광 

이미징은 여러 생물분자 시스템을 이해 하는데 큰 기여를 해왔다. 

수분내에 일어나는 생물학적 반응의 경우 단분자 형광 이미징 기술을 

통하여 손쉽게 연구할 수 있지만 반응시간이 길어질 경우 높은 배율을 

갖는 대물렌즈의 초점 움직임에 의하여 이미지가 손상되는 어려움이 

있었다. 우리는 이러한 문제를 극복하기 위하여 단분자 형광 이미징에 

적용할 수 있는 자동 초점 현미경을 개발하였다. 기존에 알려진 

방법들과 비교해서 우리의 방법은 추가적인 초점기준마커나 레이저-

디텍터 시스템이 필요없어서 매우 손쉽게 적용할 수 있다는 장점이 있다. 

우리는 개발한 자동 초점 현미경을 통하여 수 시간에 걸쳐 나타나는 

DNA 의 B-Z 동적 전환을 실시간으로 관찰할 수 있었다.  
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