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Figures and Tables 

 
Figure 1. BMAL1 and CLOCK mobility is regulated by dimerization and DNA binding.  
(A) NIH/3T3 cells are either singularly or sequentially transduced to express fluorescent fusions 
with CLOCK or BMAL1 (wildtype and mutant variants). Confocal microscopy images of cells solo-
expressing (LV1) either tagRFP::CLOCK or BMAL1::EGFP or co-expressing (LV2) them together 
(including BMAL1L95E DNA binding mutant). (B) Confocal microscopy images for photobleaching 
of LV2BMAL1::EGFP-RFP::CLOCK labelled cells, either with wild-type or BMAL1L95E DNA binding 
mutant. Images show nuclei and highlight region of bleaching. (C) Representative fluorescence 
recovery curves of bleach region for B. following normalisation. (D) Residence time calculated as 
the inverse of kOFF

 (s-1), determined from fitting the recovery data in C. with a single component 
binding model (n = 69, 58 and 51 cells). Bar represents median values. (E) Representative auto- 
and cross- correlation data showing raw data and fit lines for monomeric and complexed fluorescent 
proteins. (F) FCS data showing diffusion for BMAL1 and CLOCK in solo- and co-expressed 
conditions (n = 173, 152, 198 and 185 cells). (G) FCS results for BMAL1::EGFP diffusion for 
NIH/3T3 cells that co-express tagRFP::CLOCK. Data shown is for comparison of BMAL1 as either 
wild-type of L95E DNA-binding mutant. Bars show median and interquartile range. (H) Correlation 
of nuclear protein quantification showing relationship of BMAL1::EGFP with tagRFP::CLOCK for 
both wildtype and DNA binding mutant (n=221 cells from 3 biological replicates). (I) Average cross-
correlation curves for BMAL1::EGFP (WT) with tagRFP::CLOCK (n = 140) compared to a non-
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interacting control of NLS::EGFP co-expressed with tagRFP::CLOCK (n = 408). (J) Dissociation 
plot from FCCS data for BMAL1::WT and tagRFP::CLOCK. (K) Summary of calculated dissociation 
constants across all conditions, including BMAL1 dimerization mutant, V435R (n= 156 , 274 and 
244). Mann-Whitney non-parametric test to determine significance (values are denoted as p>0.05 
ns, p<0.05 *, p<0.01 **, p<0.001 *** and p<0.0001 ****) 
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Figure 2. A rhythmic and strong interaction observed between BMAL1 and CRY1 facilitates 
repression. (A) Schematic representation of newly made transgenic mouse engineered to express 
CRY1::mRuby3, Venus::BMAL1 and PER2::LUC. (B) Confocal microscopy image of SCN 
organotypic slice expressing CRY1::mRuby3. (C) Quantification of mRuby3 fluorescence over time 
for the whole SCN, with mean and standard deviation of period. (D) Experimental set up to measure 
isolated primary lung fibroblasts from Venus::BMAL1 x CRY1::mRuby3 x PER2::LUC labelled mice 
synchronised with dexamethasone. Parallel cell cultures were analysed for luminescence and also 
by FCS over a time-course, measured every 4 hours. (E) Luminescence recordings of isolated 
primary lung fibroblasts from BMAL1 x CRY1 x PER2 labelled mice synchronised with 
dexamethasone. Data shown is for three independent replicates, with mean and standard deviation 
of period shown. (F) Confocal images of two cells shown for Venus::BMAL1 and CRY1::mRuby3 
over time. FCS determined measurement for diffusion coefficient (G) and protein concentration (H) 
of Venus::BMAL1 and CRY1::mRuby3 (n = 136, 143, 173, 131, 158, 121 and 132; line shows the 
mean and error envelopes show the SEM) . (I-J) Interaction strength between BMAL1 and CRY1 
was also measured over time as illustrated by the schematic of affinity as well as plotted values of 
dissociation constant (error envelope shows the standard deviation).  
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Figure 3. PER2 acts via CRY1 to mediate rhythmic displacement of CLOCK:BMAL1 from 
DNA. (A) Confocal images of transduced NIH/3T3 cells that either solo- or co- express PER2 and 
CRY1. (B) FCS data showing diffusion for PER2 and CRY1 in solo- and co-expressed conditions 
(n = 165, 174, 274 and 274 cells). (C) Dissociation plot from nuclear FCS measurements for 
EGFP::PER2 and CRY1::tagRFP (n=274). (D) Schematic representation of model topology used 
for the deterministic model of CLOCK:BMAL1 DNA binding. (E) Primary lung fibroblasts from 
BMAL1 x CRY1 x PER2 mice were synchronised with dexamethasone. Plot shows PER2 
concentration as measured via FCS by Smyllie et al 2016 (11) as well as mean BMAL1 binding 
time (showing SEM error envelope). Binding time was measured by confocal FRAP measurements 
performed on the Venus::BMAL1 fluorescence. Orange line shows the inverse of kOFF

 (s-1), 
determined from fitting the recovery data with a single component model (n = 48, 70, 82, 63, 82, 
64 and 65 cells). (F) ODE model was fit to FRAP binding data from E. and using a measured input 
for PER2 nuclear concentration previously determined in Smyllie. et al 2016. Model output showing 
(G) inferred nuclear concentrations for molecular complexes (H) and CLOCK:BMAL1 without and 
with CRY1 bound to target sites (see supplementary materials for parameters).  
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Figure 4. Mathematical modelling demonstrates dual function of PER:CRY mediated 
repression. (A-B) Sensitivity analysis of the deterministic binding model showing relationship of 
measured parameters (bottom) against model for occupancy of active BMAL1:CLOCK on target 
sites (top). (A) Changing number of target sites with data matched to BMAL1 ChIP data sets.  (B) 
From left to right, the effect of changing residence time of CLOCK:BMAL1, or protein 
concentrations. Histograms show measured concentrations for corresponding proteins across all 
conditions/cells. The 10th to 90th percentile is highlighted. (C-G) Stochastic binding model outputs 
using parameters corresponding to T28, T32 or T40 post dexamethasone BMAL1 x CRY1 data 
sets. (C) Shows a promoter corresponding to the average binding rate of CLOCK:BMAL1, (D) the 
time to visit 95% of target sites once and (E) number of visits to a single promoter over time. (F) 
Average number of visits per minute to a target site showing active and CRY1 repressed 
CLOCK:BMAL1 visits. (G). Comparison of the contribution of BMAL1 concentration (blue) and 
PER2 facilitated displacement (green) on the visits per minute to a target site. Percentage 
contribution indicated. (H) Relationship of PER2 protein concentration to site visitations per minute 
by CLOCK:BMAL1 using parameters for T40 explored over different concentrations of PER2 . (I) 
The action of CRY:PER leads to short-lived transient binding of CLOCK:BMAL1 to DNA, working 
as both a repressive action whilst also facilitating binding to new target sites.   
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