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Abstract

In this work we evaluate the interaction of two optogenetic protein variants (CIB1, CIBN) with 

their complementary protein CRY2 by single-molecule tools in cell-free extracts. After validating 

the blue light induced co-localization of CRY2 and CIB1/N by Förster resonance energy transfer 

(FRET) in live cells, a fluorescence correlation spectroscopy (FCS) based method was developed 

to quantitatively determine the in vitro association of the extracted proteins. Our experiments 

suggest that CIB1, in comparison with CIBN, possesses a better coupling efficiency with CRY2 

due to its intact protein structure and lower diffusion rate within 300 s detection window.
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The discoveries of light inducible (optogenetic) proteins in plant and microbial origin offer 

ample opportunities to manipulate the dynamic nature of gene expression with 

spatiotemporal precision. Cryptochrome 2 (CRY2) and cryptochrome-interacting basic-

helix-loop-helix 1 (CIB1) is one such photosensitive protein pair whose isomerization could 

be induced by the blue light of wavelength ranging from 390 nm to 480 nm. Upon 

illumination, CRY2 is photoactivated to contact and associate with CIB1. The coupling 

between CRY2 and CIB1 is reversible and they automatically dissociate in the absence of 

illumination. The importance of CRY2-CIB1 interaction was first recognized in relation to 

flowering by photoperiod and vernalization in Arabidoposis thaliana [1, 2]. Recently, 

genetically engineered molecular constructs containing CRY2, CIB1 (335 aa), or a truncated 

N-terminal portion of CIB1 (CIBN, 170 aa) have been used as novel optogenetic tools for 

editing genomic and epigenetic states in a variety of organisms [3-6]. However, techniques 

are limited to quantitative evaluation of the interaction of this light inducible association, 

which is crucial for precise tuning of their coupling. Surface plasmon resonance (SPR), 
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though a commonly used technique to study real-time protein interactions [7, 8], has its 

limitations. First, in SPR detection, one component of the optogenetic pair should be 

anchored onto a 2D substrate as the “ligand”, which could impose unnecessary steric stress 

on the protein conformation and impede their natural interaction. Second, the specific 

illumination required for optogentic association is currently unavailable in commercial SPR 

systems. The presented study elucidates a single blue light induced dynamic monitoring of 

the interaction kinetics of CIB1-CRY2 and CIBN-CRY2 using highly sensitive FCS, which 

has the ability to record single-molecule events at sub-second timescales and has been 

successfully implemented to study in vitro and in vivo protein-protein interactions [9-11]. 

The increment in hydrodynamic size and corresponding reduction in diffusion rate of the 

coupled state of optogenetic proteins allow us to obtain and compare the association 

efficiency of CIB1-CRY2 and CIBN-CRY2.

To initiate our study, a blue light dependent association between CRY2 and CIB1/N was 

first validated by single-molecule FRET analysis in live HeLa cells. The plasmids 

containing CRY2-mCherry (#26866), CIB1-GFP (#28240), and CIBN-GFP (#26867), 

constructed by Chandra Tucker group (University of Colorado Denver, CO, USA) were 

obtained from the Addgene plasmid repository (https://www.addgene.org/). Plasmid DNA 

was extracted using QIAGEN Plasmid Midi kit (QIAGEN, USA) and transfected to 70% 

confluent cells in low serum DMEM/F-12 using Lipofectamine®LTX kit (Life 

Technologies, NY, USA) according to the manufacture’s instruction. Post-transfected cells 

were grown for 24 h in the presence of 5% CO2 at 37°C. Localization of the CIB1/N-GFP 

and CRY2-mCherry was visualized with the Olympus IX71 inverted microscope fitted with 

a mercury lamp (Fig. 1A), and found to be consistent with the previous report [4]. CIB1-

GFP has a strong tendency to attach to cell membranes because of the CAAX-motif 

engineered into the sequence by the inventors [4]. CIBN-GFP showed the same distribution 

(image not shown). Images of co-transfected cells with CIB1-GFP and CRY2-mCherry were 

presented to confirm the optogenetic association after exposure to blue light for 20 s (Fig. 

1B). The spatial interaction between CRY2 and CIB1 was then further analyzed and 

validated using FRET with a Microtime200 scanning confocal time-resolved microscope 

system (PicoQuant, Germany). The 467 nm picosecond pulsed laser was used to excite the 

GFP labels fused to CIB1 and CIBN. The excitation beam was directed to the sample stage 

via an apochromatic 60×, 1.2 N.A. water immersion objective and the fluorescence was 

collected by the same objective after which the emission was separated from the excitation 

by a dual band dichroic. A 50-µ m pinhole was applied and the final signal was further 

filtered by a 500-540 nm band-pass filter before reaching the single photon avalanche 

photodiode detector (SPAD, PerkinElmer, MA, USA). Fluorescence signal was scanned and 

recorded with the time-tagged time-resolved (TTTR) module which can be converted to a 

time-correlated single photon counting (TCSPC) format for reconstructing the pixel-by-pixel 

(150 × 150) fluorescence lifetime images. For each pixel in a lifetime image, the laser 

dwelling time is about 0.8 ms, which is far beyond the time scale for most fluorescence 

lifetimes (ns-level). The generated TCSPC by SPAD is a time-resolved histogram of 

detected photon counts (i.e. amplitude F(t)) (Fig. S1). The fluorescence lifetime (τ) is 

determined by fitting the TCSPC for the count value decaying from the highest F0 to its 1/e 

as: F (t) = F0 e−t/τ, which is automatically accomplished by the SymPhoTime software 
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(PicoQuant, Germany). In theory, when the FRET-pair labeled proteins were within a 

distance below 10 nm, a reduction in fluorescence lifetime and average intensity (I) of the 

donor (i.e. GFP here) should be noted [12], since the FRET efficiency (EFRET) is highly 

dependent on the inter-molecule distance (r):

(1)

where R is the Förster distance and about 5.2 nm for GFP-mCherry pair [13]; τDA, IDA and 

τA, IA are the fluorescence lifetimes and intensities of donor with or without the acceptor, 

respectively. In Fig. 1C, images representing the fluorescence lifetime of GFP clearly show 

a lifetime-shortening change upon the CIB1-CRY2 association; the intensity profiles on the 

cell membrane also display a remarkable reduction, validating that the migration of CRY2-

mCherry was CIB1 dependent (same for CIBN).

However, it is difficult to evaluate the exact association rate between CRY2-mCherry and 

CIB1/N-GFP in cells due to the different expression efficiencies of individual vectors and 

the complex intracellular microenvironment. Hence, we extracted the proteins to assess their 

association rates in vitro by FCS. In principle, fluorescence cross-correlation spectroscopy 

(FCCS) is a better option to determine protein-protein interactions if they are separately 

labeled with different fluorescent tags. However, it is reported that cryptochrome is also 

responsive to green light to a certain extent [14, 15]. The equilibrium of flavin redox states 

that contribute to the CRY2 activity would be suppressed by green irradiation, thus retarding 

the optogenetic association [16, 17]. To avoid this possible negative impact, we opted to 

apply a blue laser mediated FCS in our experiments. All the FCS measurements were 

performed after proteolytic digestion of the transfected cells with M-PER mammalian 

protein extraction reagent (Pierce, IL, USA). Since CIB1 and CIBN were fused to the cell 

membranes, they were subsequently acetone precipitated to eliminate the possibly attached 

lipid moieties. Concentration of the extracted proteins was then determined with Coomassie 

Plus (Bradford) assay kit (Pierce, IL, USA), and the emission of GFP and mCherry was 

confirmed by a fluorescence spectrometer (Cary Eclipse, Agilent Technologies, CA, USA). 

Notably, after the processes of purification and precipitation, the characteristic emission 

spectra of GFP and mCherry were well-maintained (Fig. S2B, inset), implicating the 

intactness of obtained proteins. All of the prepared protein solutions were kept in dark at 

−20°C for subsequent uses.

One prominent advantage of our approach incorporating FCS, is that the excitation light 

(467 nm) used for monitoring GFP must be the same as the peak wavelength for triggering 

the CIB1-CRY2 and CIBN-CRY2 associations. Considering a much larger size of CRY2, it 

is convenient to differentiate the CIB1/N molecules bound to CRY2 from the free ones, 

since a larger size of protein leads to a slower diffusion rate [18, 19]. The two-component 

3D diffusion model that characterizes the protein diffusion in the system was used to fit the 

autocorrelation function in FCS analysis:
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(2)

Where <N> is the average number of molecules, τ is lag time, τD is diffusion time, κ is ratio 

of axial to radial radii of detection volume, and y is percentage of bound molecules. τD 

reflects the average dwelling time of diffusers in the detection volume. Based on a 

characteristic τD, the diffusion coefficient can be calculated as: , where w0 is the 

lateral radius of detection volume (255 nm for blue laser in our system). Fig. S2A outlines 

the general flowchart of the experiment design. A continuous fluorescence fluctuation trace 

of GFP was recorded along with the 467 nm laser excitation. During monitoring, the mono-

dispersed CRY2-mCherry and CIB1/N-GFP were expected to gradually isomerize. Since we 

used a high N.A. objective with about 0.25 mm focal length (the radii of the excitation 

profile would broadly expand outside the focal plane) and the existing protein molecules 

could somehow scatter the incident blue light, in addition to the molecular property of 

Brownian motion, it was anticipated that the optogenetic proteins can be extensively 

photoactivated within 300 s. In our analysis, the entire fluorescence trace was segmented to 

several time-intervals and an autocorrelation curve for each interval was generated. By 

fitting the autocorrelation curves, the proportion of free and bound CIB1/N-GFP molecules 

can be determined. For a standard two-component autocorrelation curve, the time for G(τ) to 

approach the baseline positively correlates with the percentage of slower component (i.e. 

bound protein). After preliminary tests, the power of blue laser was optimized to be ~8 µ W, 

and the detection window was chosen to be 300 s to minimize photodamge by excessive 

light exposure. No obvious photobleaching was noted during the entire procedure. For 

segmentation, 50 s was used as the time-interval to generate autocorrelation curves.

Although CIB1 and CIBN were individually applied in different CRY2 involved studies, 

evidence demonstarting their difference in association is lacking. Our work is a direct proof-

of-concept, comparing the association efficiency of CIB1-CRY2 and CIBN-CRY2 with the 

proposed FCS strategy. Prior to the association induction, 2 nM of mono-dispersed proteins 

were prepared, which was confirmed by FCS (Fig. S2B) with the appropriate laser 

excitations (532 nm laser was employed to measure CRY2-mCherry). Next, the 1:1 mixed 

CRY2 and CIB1/N were illuminated and monitored by FCS to determine the percentage of 

free and bound CIB1/N in the reaction droplet (20 µl). Six autocorrelation curves were 

generated during one measurement. In Fig. 2A, the right-shift of autocorrelation curves in 

both cases was remarkable along with the time lapse, indicative of more bound proteins 

induced by illumination. From equation.2, we were also able to determine the characteristic 

diffusion coefficient for each component. Essentially, compared to CIB1 both the free and 

bound CIBN possess a faster diffusion rate (a larger diffusion coefficient) because of the 

smaller size (Fig. 2B): 59.77 ± 6.11 µ m2/s versus 44.11 ± 4.13 µm2/s in free form, 2.59 ± 

0.62 µm2/s versus 2.19 ± 0.53 µm2/s in bound form. According to a recent study, the CYR2 

per se would be self-clustering upon blue light illumination but this will not compromise the 

binding ability with CIB1/N [20], which can explain why the observed fold-change in 

diffusion coefficient from free to bound CIB1/N-GFP is not proportional to the 1:1 CIB1/N-
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CRY2 association stoichiometry. Based on the diffusion rate, the enhanced mobility of 

CIBN however, was found to reduce its coupling efficiency with CRY2 in free 3D space 

(Fig. 2C), indicating that an appropriate contact time is required to form a stable isomer. 

And within the 300 s detection window, CIB1 yielded about 15% more bound component 

than CIBN. This observation also suggests a possibility that the truncated 165 aa from CIB1 

might influence the association kinetics and stability of CIBN with CRY2. Moreover, the 

laser power dependent percentage of bound CIB1/N-GFP after 300 s was also noted (Fig. 2C 

inset). Overall, our study provides the first evidence, in terms of association efficiency, that 

CIB1 is better than CIBN when CRY2 is used, which is helpful for choosing optogenetic 

pairs if a fast modulation is desired.

Optogenetic proteins are emerging as a new class of active modulators in biotechnology. For 

future extensive application of these photosensitive proteins, quantitative information of 

their interaction properties (e.g. association rate and efficiency) is needed. Here for the first 

time we capture the real-time interaction rate between CRY2 and CIB1/N using FCS which 

relies on the simultaneous induction and recording of the optogenetic association by a single 

blue laser. The single-molecule tools applied in this study satisfactorily revealed the 

association rate of the blue light dependent CRY2-CIB1/N isomerization. Our study also 

demonstrates that CIB1 has a better in vitro binding efficiency with CRY2 over CIBN, while 

a structural biology-based analysis will be required to understand the basis of their detailed 

interactions.
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Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
Blue light induced CIB1-CRY2 association in live cells. (A) Fluorescence images of CIB1-

GFP and CRY2-mCherry display distinctive distribution patterns. (B) Blue light triggers the 

migration of CRY2-mCherry onto the cell membranes. (C) FRET signal from the GFP-

mCherry interaction is confirmed by reduced fluorescence lifetime and intensity in GFP.
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Fig. 2. 
In vitro association efficiency of CIB1-CRY2 and CIBN-CRY2 revealed by FCS. (A) 

Representative FCS curves generated at consecutive 50 s intervals show the obvious right-

shift for both pairs. (B) Diffusion coefficients for free and bound CIB1/N are presented as a 

mean with standard error bars (n = 9). (C) Percentage of bound CIB1/N within 300 s 

detection window (5 replicates). Laser power dependent increase in association efficiency 

was also noted (inset).
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