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 2 

The functional link between cofactor binding and protein activity is well established, but how 15 

cofactor interactions with the polypeptide reshape the folding energy landscape of large and 16 

multidomain proteins is unknown. Here, we use optical tweezers in combination with a novel 17 

analytical framework that integrates clustering, bootstrapping and global fitting of kinetic and 18 

thermodynamic data to dissect the folding mechanism of the light-sensing Drosophila 19 

cryptochrome (dCRY), a 542-residue protein that binds FAD, one of the most common, complex 20 

cofactors. We show that FAD binds to multiple dCRY folding intermediates, some of which 21 

contain large amounts of unfolded polypeptide. Yet, binding occurs with association kinetics 22 

above the diffusion-limit and at sub-nanomolar affinity. Surprisingly, the first parts of dCRY to 23 

fold are independent of FAD, but later steps are FAD-driven as the remaining protein folds around 24 

the cofactor. Thus, dCRY coordinates cofactor-dependent and independent folding mechanisms to 25 

attain its native state. Furthermore, we find that not all the FAD chemical moieties are strictly 26 

required for folding: whereas the isoalloxazine ring linked to ribitol and one phosphate group (i.e., 27 

FMN) are sufficient to drive complete dCRY folding, the adenosine ring plus the phosphate groups 28 

(i.e., AMP and ADP) only allow partially folded structures. Lastly, by combining the results from 29 

optical tweezers experiments with structural data, we propose a model for the dCRY folding 30 

pathway wherein regions known to undergo conformational transitions during signal transduction 31 

are the last to fold. Altogether, our single-molecule experiments and data analysis illustrate the 32 

power and broad applicability of optical tweezers to dissect complex mechanisms that couple the 33 

folding of large proteins to cofactor binding. 34 

  35 
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INTRODUCTION 36 

Since the solution of the first protein structures1–3 much progress has been made to 37 

elucidate experimentally or computationally the tertiary structure and quaternary organization of 38 

proteins4–7. However, determining protein folding pathways, i.e., identifying the steps and rate 39 

constants that connect transient intermediates to end states, has proven more challenging, 40 

particularly for large or multidomain proteins8. This challenge is further exacerbated when 41 

considering that a large fraction of the proteome incorporates cofactors, which are not only 42 

important for protein function but can also alter fold and thermodynamic properties9,10. 43 

Previous bulk studies have investigated the role of cofactor binding on the folding of 44 

flavoproteins that contain the cofactor flavin mononucleotide (FMN). These studies showed that 45 

flavoproteins can form molten globules or fold into their native state independently of the 46 

cofactor11–13 or fold into an intermediate that is stabilized by FMN binding before reaching the 47 

native state14. More recently, single molecule manipulation methods have enabled the direct 48 

kinetic characterization of intermediates along the folding pathway of small, single-domain 49 

proteins that have metal cofactors15–19 However, these methods have not been applied to proteins 50 

that bind to flavin cofactors, let alone multi-domain proteins that bind one of the most common 51 

large cofactors known, flavin adenosine diphosphate (FAD). Single molecule techniques like 52 

optical tweezers overcomes several challenges in studying the folding mechanism of large proteins 53 

in bulk20,21 as it enables the direct observation of transient intermediates, overcomes the rapid loss 54 

of synchronicity among molecules undergoing sequential kinetic steps, provides a direct measure 55 

of changes in protein secondary and tertiary structures, and, importantly, avoids protein 56 

aggregation22–26.  57 

In this study, we use optical tweezers to dissect the mechanisms that couple FAD binding 58 

to folding of Drosophila cryptochrome (dCRY), a multidomain protein of 542 residues. dCRY is 59 

a signaling protein that undergoes functionally important conformational changes in response to 60 

chemical changes in FAD27–29. Thus, dCRY function is fundamentally linked to the coupling 61 

between the protein fold and the FAD cofactor. The structure of full-length dCRY displays two 62 

large domains, collectively known as the  photolyase homology region (PHR; Figure 1a)30–32. The 63 

N-terminal domain comprises an a/b Rossman fold (residues 1-140)33, whereas the much larger 64 

C-terminal domain (residues 141-542) contains a central 4-helix bundle motif conserved by other 65 

DNA-metabolizing enzymes that bind cofactors (residues 361-424)34, as well as three extended 66 

loops that surround the FAD binding pocket: (1) the phosphate-binding loop (residues 249-263) 67 

that coordinates a phosphate group close to FAD; (2) the protrusion motif (residue 288-306); and 68 

(3) the C-terminal lid (residues 420-446). These three loops, called C-terminal coupled motif 69 

(CCM), pack against a 10-residue helical tail called C-terminal tail or CTT (residues 530-539) 70 

(Figure 1a)30,31. Signaling mediated by dCRY involves displacement of CTT from the CCM upon 71 

changes in FAD redox state27–29.  72 

Herein, we show that dCRY folds into its native state in a stepwise fashion via five 73 

intermediate states. We determined all the rate constants connecting these intermediates using 74 

clustering, bootstrapping and global fitting analysis. We find that FAD binds to the first two 75 

intermediates that are largely unfolded, yet the cofactor binds very fast (above the diffusion-limit) 76 

and with sub-nanomolar affinity. It is only after FAD binds and stabilizes these intermediates that 77 

dCRY can proceed to the native state. Furthermore, by using a variety of cofactors that contain 78 

different FAD moieties, we show that the isoalloxazine ring linked to ribitol and one phosphate 79 

group (i.e., FMN) is sufficient for dCRY to natively fold. In contrast, the adenosine ring of FAD 80 

with one or two phosphate groups (i.e., AMP or ADP) only forms partially folded structures. By 81 

combining the results from optical tweezers experiments with published structural data, we 82 
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propose a model in which the dCRY PHR folds first and independently of FAD, followed by 83 

several steps of binding and co-folding around the cofactor by the larger C-terminal domain. Thus, 84 

the complex topology and domain organization of dCRY seems to require various folding 85 

strategies previously seen as mutually exclusive mechanisms for single-domain proteins that bind 86 

organic or metal cofactors. Altogether, our single molecule approach allowed us to dissect and 87 

quantitate these distinct folding mechanisms for a single protein, underscoring the power and broad 88 

applicability of optical tweezers to dissect complex coupling mechanisms between folding of large 89 

proteins and cofactor binding. 90 

 91 

RESULTS and DISCUSSION 92 

Mechanical Unfolding Trajectories of dCRY 93 

To immobilize a single dCRY protein between the two beads in the optical tweezers 94 

(Figure 1b), we added the Avi and ybbR tags at the N- and C-termini, respectively35,36. The Avi 95 

tag was covalently modified with biotin, and the ybbR tag was modified with a 350-bp DNA 96 

handle with a digoxigenin in its 5’-end (Supporting Figures S1 and S2). The biotin interacts with 97 

a streptavidin-coated bead held in a fixed position on a micropipette tip. The digoxigenin binds a 98 

bead coated with anti-digoxigenin antibodies, which is held in a movable optical trap (Figure 1b, 99 

Supplementary Information). Importantly, the modified protein displayed the same spectroscopic 100 

properties as wild type dCRY, indicating that the addition of the tags did not interfere with the 101 

normal fold of dCRY and its ability to bind FAD (Supporting Figure S2).  102 

Molecular trajectories of the mechanical unfolding of single dCRY protein molecules were 103 

obtained by moving the bead in the optical trap away from or towards the bead on the micropipette 104 

tip. The resulting force-extension curve displayed a gradual increase in force and position, due to 105 

stretching of the DNA handle, that is interrupted by one or more rips that correspond to protein 106 

unfolding events (Figure 1c, blue line). In this study, dCRY was mechanically unfolded using a 107 

constant pulling velocity of 75 nm/s and a force up to 45 pN. Then, the force was reduced to 1 pN 108 

to allow dCRY to refold and bind FAD before the next pulling cycle (Figure 1c, red line). 109 

Depending on the type of experiment, we varied the refolding time between 0-40 s, the FAD 110 

concentration, or both. 111 

 112 

dCRY Requires FAD to Attain its Native State 113 

We first examined whether dCRY was natively folded in the single molecule mechanical 114 

assay by determining the total change in contour length, ΔLcT, upon unfolding, which reports on 115 

the number of folded residues at the start of the experiment. ΔLcT was obtained from the total 116 

unfolding rip size (ΔxT) irrespective of the number of intermediate rips that occurred during the 117 

unfolding reaction (Figure 1c, inset). We used the worm-like chain (WLC) model37 to analyze the 118 

observed ΔxT as a function of force (Figure 1d). In conditions where [FAD] = 25 μM and the 119 

refolding time was 20 s, we obtained a ΔLcT = 205.7 ± 15 nm (mean ± standard deviation, N = 120 

269), which is consistent with the fully folded dCRY structure30,31 (558 amino acids of native 121 

protein and engineered linkers × 0.365 nm per amino acid – the folded end-to-end distance (5.5 122 

nm) = 198.2 nm). This result indicates that dCRY can reversibly fold, bind FAD, and attain its 123 

native folded state in the optical tweezers assay. 124 

To study the role of FAD binding on dCRY folding, we tested if the protein could fold into 125 

its native state in the absence of the cofactor (Figure 1c). Using the same refolding time of 20 s 126 

but with no FAD added into the optical tweezers microfluidic chamber, we found that 25% of 127 
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force-extension curves did not display any unfolding rips, indicating that the protein remained in 128 

or continued to sample the unfolded state. The other 75% of the force-extension curves displayed 129 

small unfolding rip sizes (Figure 1e, N = 132) with corresponding ΔLcT values between 27 nm and 130 

120 nm (Figure 1f). These values are significantly smaller than the observed ΔLcT for the natively 131 

folded protein bound to FAD (198.2 nm) indicating that dCRY can only form partially folded 132 

intermediates in the absence of the cofactor. Thus, to attain its native folded state, dCRY strictly 133 

requires a bound FAD molecule.  134 

 135 

Single Molecule FAD Titration Reveals Multiple Intermediates During dCRY Folding 136 

Given the essential role of FAD in driving the native fold of dCRY, we investigated how 137 

dCRY folding depends on FAD concentration. For this experiment, we monitored ΔLcT at FAD 138 

concentrations between 1 pM and 25 μM, allowing the protein to refold at 1 pN for 20 s between 139 

pulling cycles. The results were plotted as degree of folding from 0 to 1, which reflect the unfolded 140 

and fully folded states, respectively. Degree of folding was calculated by dividing the observed 141 

ΔLcT at each FAD concentration by 198.2 nm, the theoretical ΔLcT of full-length dCRY (Figure 142 

2a, Supplementary Information). 143 

The plots of degree of folding reveal a complex refolding pattern, with events that 144 

correspond to unfolded, intermediate or native states, and whose populations vary with FAD 145 

concentration (Figure 2a). The fraction of events with degree of folding near 0 almost completely 146 

disappeared as the FAD concentration was increased. In contrast, events with degree of folding 147 

around 1 increased gradually with FAD concentration. Events with degree of folding between 0.1-148 

0.9, which represent intermediate states with partially folded structures, were observed in most 149 

FAD concentrations but with diverse degrees of folding (Figure 2a). Intermediates with degree of 150 

folding < 0.5 were observed more frequently at FAD concentrations below 0.3 nM. Above 0.3 nM, 151 

intermediates with higher degrees of folding between 0.5 and 0.9 became more prevalent. We use 152 

the fraction of events corresponding to unfolded, intermediates and fully folded states as a function 153 

of the log[FAD] to obtain an apparent FAD dissociation constant: Kdapp = 0.11 ± 0.04 nM (mean 154 

± 95 % confidence interval) (Figure 2b).  155 

 156 

A Complex dCRY Folding Pathway is Coupled to FAD Binding 157 

The wide-ranging values of degree of folding observed in the FAD titration suggest that 158 

folding of dCRY coupled to FAD binding proceeds via multiple intermediate states. We therefore 159 

performed experiments to determine the kinetic steps and rate constants that connect these 160 

intermediates from the unfolded to the native state, including where in the folding pathway FAD 161 

binding occurs. For these experiments, we mechanically unfolded dCRY and allowed the protein 162 

to refold at 1 pN for increasing time intervals between 0 and 40 s, using concentrations of FAD of 163 

0, 0.3 nM (~ Kdapp) and 10 nM (>> Kdapp). At each time interval and FAD concentration, we 164 

calculated the degree of folding from 0 and 1 (Supporting Figure S3). 165 

To determine the number of states along the FAD-dependent folding pathway of dCRY, 166 

we applied the Bayesian Information Criterion and Integrated Complete-Data Likelihood tests38–167 
40 to all of the kinetic refolding data (Supporting Figure S4a-b, Supplementary Information). This 168 

global analysis combined with model-based clustering yielded five distinct clusters (labeled C0 169 

through C4) with degrees of folding centered at 0, 0.26 ± 0.01, 0.52 ± 0.01, 0.80 ± 0.01 and 1.0 ± 170 

0.01 (mean ± standard deviation) (Supporting Table S1). The five clusters identified by the 171 

statistical analysis are distinctively observed in density plots of the combined refolding data at 172 

each FAD concentration (Figure 3a-c). We implemented a bootstrapping procedure to determine 173 
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an assignment error of each degree-of-folding data point to one of the five clusters (Supporting 174 

Figure S4c). The bootstrapped data was plotted as a function of refolding time and FAD 175 

concentration (Figure 3d-f) and globally fitted to various kinetic folding models (Supplementary 176 

Information, Supporting Table S2). 177 

Because clusters C0 and C4 with degree of folding 0 and 1 represent the unfolded state and 178 

the natively folded, FAD-bound structure, respectively, the remaining clusters C1,  179 

C2 and C3 must represent intermediate states. The analysis does not indicate which cluster 180 

incorporates FAD-bound and unbound dCRY states. However, the data in Figure 3a provides 181 

direct experimental evidence that eliminates possible states along the dCRY folding pathway. For 182 

instance, the data at [FAD] = 0 shows that dCRY only samples clusters C0, C1 and C2, indicating 183 

that clusters C3 and C4 cannot form without FAD. Moreover, given the extensive inter-molecular 184 

interactions established between folded dCRY and FAD30,31 it is unlikely that the unfolded state 185 

binds FAD with high affinity, an observation that is in agreement with the result that the unfolded 186 

state is the only cluster that completely disappears with increasing FAD concentration (Figure 2b). 187 

Thus, the resulting dCRY folding model includes clusters C1 and C2 as states that can possibly 188 

bind FAD (Scheme 1).  189 

   (Scheme 1) 190 

In this model, dCRY in the unfolded state (C0 = U) forms a first apo intermediate that can 191 

bind FAD (C1 = I1 + I1·FAD). A second apo intermediate is formed from I1, which also can form a 192 

complex with FAD (C2 = I2 + I2·FAD). A third FAD-bound intermediate (C3 = I3·FAD) is formed 193 

from I2·FAD before reaching the final FAD-bound native state (C4 = FFAD). The kinetic parameters 194 

in Scheme 1 were globally optimized to describe the time courses for the five clusters at the three 195 

concentrations of FAD (Supplementary Information). Binding and conformational equilibrium 196 

rate constants were determined between each state, first testing two simpler models in which FAD 197 

only binds to I1 or I2, but not both.  The resulting chi-squared values and the F-test at a 68% 198 

confidence interval were used to determine that the model where FAD binds to I1 and I2 is 199 

statistically in better agreement with the data compared to the two simpler models (Supporting 200 

Table S2).  201 

The results from the global fitting allowed us to determine the fourteen rate constants that 202 

characterize the refolding pathway of dCRY (Scheme 1). We find that !! is reversibly connected 203 

to " with rate constants k1 = 0.20 ± 0.03 s-1 and k-1 = 0.17 ± 0.05 s-1. The formation of !" is also 204 

reversible with k2 = 0.17 ± 0.03 s-1 and k-2 = 0.06 ± 0.02 s-1. The reversibility of these two steps 205 

along the dCRY folding pathway is consistent with the refolding plot at [FAD] = 0 that shows co-206 

existence between ", !!, and !" at the longest refolding time intervals (Figure 3d). In contrast to 207 

the relatively slow forward rate constants of formation of !! and !", the FAD binding rate constants 208 

for these two intermediates are substantially faster and comparable in magnitude with k3 = (2.8 ± 209 

0.3)·109 M-1·s-1 and k4 = (10 ± 1)·109 M-1·s-1, respectively. The FAD unbinding rate constants for 210 

!! and !" are k-3 = 0.82 ± 0.08 s-1 and k-4 = 1.49 ± 0.40 s-1, respectively, resulting in microscopic 211 

(i.e., state specific) equilibrium dissociation constants (k-3/k3 and k-4/k4) of 0.29 nM and 0.15 nM, 212 

which are in quantitative agreement with the apparent dissociation constant obtained in the single 213 



 7 

molecule titration experiments (Figure 2b). The conformational rate constant between I1·FAD and 214 

I2·FAD are k5 = 0.14 ± 0.03 s-1 and k-5 = 0.03 ± 0.01 s-1, resulting in an equilibrium constant of 5.1 215 

that favors the formation of folding intermediates with a larger degree of folding.  216 

After the formation of I2·FAD (either from FAD binding to I2 or via a conformational change 217 

from I1·FAD) a third FAD-bound intermediate, I3·FAD, is formed with k6 = 0.9 ± 0.1 s-1 and k-6 = 0.46 218 

± 0.09 s-1. The fitted parameters for the formation and disappearance of the fully folded state, FFAD, 219 

are k7 = 0.101 ± 0.008 s-1 and k-7 = 0.026 ± 0.006 s-1. We also performed clustering and 220 

bootstrapping analysis of the FAD titration data (Supporting Table S1). The statistical analysis and 221 

the density plot of the combined FAD titration data (Figure 3g) revealed the same five cluster 222 

centers obtained in the kinetic refolding experiments (Figure 3a-c).   We fitted the titration data to 223 

the model shown in Scheme 1 by itself (Figure 3h) or together with the kinetic refolding data, and 224 

obtained rate constants that are in quantitative agreement between the two data sets (Supporting 225 

Table S2). Altogether, the statistical and kinetic analysis of the data indicate that dCRY folding is 226 

slow and follows a complex pathway, wherein FAD binds fast to early intermediates with partially 227 

folded structures. These early intermediates likely represent a minimal structural scaffold for FAD 228 

docking to promote the natively folded FAD-bound state. 229 

 230 

Contribution of FAD Moieties to dCRY Folding 231 

To further dissect the mechanism by which FAD promotes the native fold of dCRY, we 232 

investigated how the different FAD moieties contribute to dCRY folding. FAD harbors two ring 233 

structures that are connected by two phosphate groups in tandem (Figure 4a). The first ring 234 

structure is riboflavin, which is composed of the isoalloxazine ring covalently linked to ribitol, a 235 

pentose. The other ring is adenosine, composed of ribose and adenine. These moieties have 236 

different properties that establish hydrophobic, ionic, and hydrogen bond interactions with dCRY 237 

(Figure 4a). In addition, the two phosphate groups in FAD interact with an Mg2+ ion. We used 238 

optical tweezers to determine the degree of folding of dCRY using various FAD moieties. As in 239 

previous experiments, the protein is allowed to refold for 20 s at 1 pN between pulling cycles.  240 

We found that riboflavin (at 0.1 mM) is able to promote a fully folded dCRY structure with 241 

a degree of folding of 0.99 ± 0.01 nm in 39 % of events. In the other 61 % of events, we obtained 242 

a degree of folding of 0.78 ± 0.01 (N = 256) (Figure 4b, Supporting Table S3). Interestingly, events 243 

corresponding to unfolded or intermediates states with a degree of folding below 0.3 were 244 

negligible, indicating the absence of protein in the apo state (Supporting Figure S5). The high 245 

percentage of riboflavin-bound intermediates may be due to the fact that riboflavin cannot establish 246 

all the intermolecular interactions that FAD allows. We therefore used FMN, composed of 247 

riboflavin and one phosphate group, to test the contribution of the phosphate to dCRY folding. At 248 

0.1 mM of FMN, most events displayed a degree of folding of 1 (84 %, N = 158, Figure 4b, 249 

Supporting Figure S5). This result indicates that the phosphate group next to riboflavin is critically 250 

important for dCRY folding. In agreement with this observation, the dCRY structure shows that 251 

this phosphate group establishes two hydrogen bonds with Ser265 (Figure 4a), located in the 252 

phosphate binding motif of the protein.  253 

The results obtained with riboflavin and FMN indicate that the isoalloxazine ring is a major 254 

contributor to dCRY folding. It may seem, therefore, that the role of the adenosine ring in 255 

promoting and reaching the native conformation is minor. We tested the contribution of adenosine 256 

(at 0.1 mM) to dCRY folding and observed a wide distribution of intermediates with degree of 257 

folding from 0.3 to 0.9 in 75 % of events (N = 286), and the fully folded conformation in 20 % of 258 

events (Figure 4c, Supporting Figure S5). Thus, while the adenosine ring is able to promote 259 
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complete folding of dCRY, it does so with much less efficiency compared to the isoalloxazine ring 260 

in riboflavin or FMN.  261 

 262 

Burial of FAD Phosphates is Energetically Costly but Required for Efficient dCRY Folding  263 

Because the phosphate group in FMN was found to be critically important in promoting a 264 

folded conformation, we tested the presence of one or two phosphate groups in adenosine by using 265 

AMP and ADP, respectively. Whereas the distribution of species was similar between adenosine 266 

and AMP (Supporting Figure S5), the presence of two phosphates decreased the percentage of 267 

fully folded protein from 24 % with AMP to 9 % with ADP (N = 327 for AMP and N =215 for 268 

ADP, Figure 4c). Another important effect owed to the second phosphate in ADP is in the observed 269 

intermediate states. The events with degree of folding between 0.5-0.9, that reflect bound 270 

intermediates based on the kinetic refolding experiments, were much smaller in ADP than in AMP 271 

or adenosine (Figure 4c). These results indicate that the second phosphate group has opposing 272 

effects depending on whether it is covalently linked to the adenosine ring in ADP (negative folding 273 

effects) or to the isoalloxazine ring in FMN (positive folding effects). 274 

Since charges are characteristically incompatible with hydrophobic environments, and only 275 

highly stable proteins are found to tolerate engineered charged residues in their hydrophobic 276 

core41, it is possible that the negative effect of ADP on dCRY folding is due to the energetic penalty 277 

of partially burying phosphate charges in the protein core. We tested this hypothesis by increasing 278 

the number of phosphate groups in adenosine by using ATP. When ATP is 0.1 mM, we observed 279 

that dCRY samples the unfolded state (23 %, N = 128) or forms partially folded intermediates (77 280 

%) with degree of folding of up to ~ 0.5 (Supporting Figure S5). No events corresponding to the 281 

natively folded state or intermediates with degree of folding > 0.5 were observed (Figure 4b-c). 282 

Similar percentages and degrees of folding were obtained in experiments with no FAD, suggesting 283 

that ATP at 0.1 mM may not bind to dCRY or can bind and only form early intermediates. Thus, 284 

the results with ATP support our interpretation that increasing the number of negative charges has 285 

unfavorable effects on the ability of the adenosine ring to promote the native state of dCRY.  286 

It is possible, however, that the additional phosphate group in ATP may not only increase 287 

the number of negative charges per adenosine molecule but also generate steric hindrance effects. 288 

If steric hindrance were a major force in preventing ATP from interacting and promoting folding 289 

in dCRY, then our previous interpretation would be invalid. Therefore, we performed similar 290 

experiments with ATP at 0.1 mM but in the presence of saturating MgCl2 = 0.5 mM to reduce the 291 

net negative charge of the molecule 42–44. If ATP-Mg2+ and ATP alone have similar effects on 292 

dCRY folding, then steric hindrance may be the dominant force in inhibiting ATP to interact and 293 

induce dCRY to fold. We found, however, that the percentage of events corresponding to 294 

intermediates with degree of folding below 0.5 reduces to 24 % with Mg2+ from 77 % with no 295 

Mg2+ (Figure 4d). And, accordingly, the fraction of events with degree of folding between 0.5-0.8, 296 

corresponding to ATP-bound intermediates, increases from 0 to 45 %. Only 11 % of events 297 

corresponded to the fully folded state with degree of folding larger than 0.9 (N = 114). These 298 

observations indicate that the negative folding effects of the phosphate groups in adenosine can be 299 

mitigated by the presence of Mg2+. In fact, the crystal structure of dCRY shows a single Mg2+ ion 300 

interacting with both phosphate groups of ADP (Figure 4a). It is therefore possible that the role of 301 

the Mg2+ ion is to reduce the energetic penalty of burying a negative charge in FAD. In support of 302 

this observation, the addition of MgCl2 (0.5 mM) to ADP (0.1 mM) also increases the fraction of 303 

ADP-bound intermediates, albeit to a lesser degree compared to ATP (Figure 4d, Supporting Table 304 

S3).  305 
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Interestingly, it is well-established that plant CRYs bind ATP and other nucleotides in a 306 

cavity close to FAD45,46. Binding of ATP to this secondary site increases the quantum yield of the 307 

signaling state, facilitates protonation of the flavin when it gets photoreduced, and has been 308 

proposed to stabilize conformational changes in the a/b domain important for signaling47–52. It is 309 

not known whether dCRY has the secondary binding site for ATP. Our studies show that dCRY-310 

ATP interactions mostly induced the formation of partially folded intermediates. Further studies 311 

using mixtures of FAD and ATP may help to elucidate if dCRY has a secondary site for ATP that 312 

is important for function but less relevant for folding in the native state. 313 

 314 

Mapping Folding and FAD-Bound Intermediates Along the dCRY Folding Pathway 315 

To gain greater insight into the folding pathway between U and FFAD we sought to identify 316 

possible structures for the intermediates that were identified in the kinetic refolding experiments 317 

(Scheme 1). As in previous mechanical manipulation studies of single molecules24,53–57 we 318 

estimated the intermediate structures by comparing the experimentally determined ΔLcT to values 319 

expected from folding different parts of the protein (Supporting Figure S6, Supplementary 320 

Information). This approach considers that loops and random coils are unstable against mechanical 321 

force, and that secondary structures are stable when they are intact or fully folded, i.e., 322 

intermediates ending in the middle of β-strands or α-helices are energetically disfavored48,50. For 323 

dCRY, the values of ΔLcT for the three intermediates were estimated from the clustering analysis 324 

that yielded degrees of folding of 0.26, 0.52, 0.80 for clusters C1, C2, and C3, respectively. These 325 

values correspond to 140 amino acids for cluster C1 composed of I1 and I1·FAD, 275 amino acids 326 

for cluster C2 composed of I2 and I2·FAD, and 448 amino acids for cluster C3 composed of I3·FAD. 327 

(Supporting Table S4, Supporting Figure S6).  328 

The model we propose describes the unfolded polypeptide undergoing a stepwise refolding 329 

process to attain its native, FAD-bound structure (Figure 5). We find that cluster C1 (I1 and I1·FAD) 330 

matches the size of 140 residues in the N-terminal a/b domain of the protein (Figure 5b). 331 

Importantly, this is the only structural domain in dCRY that does not make any direct interactions 332 

with FAD, and our refolding studies show that this intermediate can fold in the absence of the 333 

cofactor (Scheme 1). We propose that cluster C2 (I2 and I2·FAD) incorporates the N-terminal domain 334 

up to residue Leu275 (Figure 5c). This reasoning is based on the large number of unfolding 335 

trajectories in cluster C2 that include a short-lived transition of degree of folding of 0.26 that match 336 

cluster C1 or the PHR (data not shown). Cluster C2 includes Arg237 and the phosphate-binding 337 

domain (residues 249-263), which make direct interactions with FAD (Figure 4a). Among these 338 

residues, Arg237, Lys264, Ser265, and Met266 also interact with the magnesium ion observed in 339 

the dCRY structure30,31.  340 

Cluster C3 or I3·FAD maps to residues starting from the N-terminus to Asp448, which harbor 341 

all the motifs that form the FAD-binding pocket in dCRY, including the conserved 4-helix motif 342 

common to photolyase and DNA primase34, and the surrounding loops called the C-terminal 343 

coupled motif or CCM (Figure 5d). The 4-helix motif binds the isoalloxazine ring and the CCM 344 

completes the interaction network with FAD through Phe280, Gln311, His378, Arg381, Phe404, 345 

Asp412, Val415, Cys416, and Asn419 (Figure 4a). As stated for cluster C2, unfolding trajectories 346 

of cluster C3 also include short-lived transitions that matched the size of the PHR (data not shown). 347 

After the formation of I3·FAD, the remaining residues require to attain the native state correspond 348 

to the C-terminal linker and the C-terminal tail (CTT). This step is expected to occur at the end of 349 

the folding pathway since the C-terminal linker and the CTT dock on top of FAD and in between 350 

the scaffold formed by the CCM (Figure 5e). Moreover, the last step of folding of the CTT is 351 

consistent with functional studies that showed that signaling in dCRY involves the displacement 352 
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of the CTT upon changes in flavin redox state29. Hence, its association with the protein core via 353 

the CCM is probably the least stable folding step of dCRY, consistent with our analysis of optical 354 

tweezers experiments.  355 

Interestingly, both I1 and I2 bind to FAD with similarly high affinities, but their cofactor 356 

binding mechanisms are likely distinct. For instance, I1 does not include folded residues that 357 

directly interact with FAD, while I2 has pre-formed a first structural scaffold for direct contact 358 

with FAD. Cofactor interactions with I1 seem to follow an induced-fit binding mechanism, where 359 

I1·FAD may promote the formation of a better-defined FAD binding site, as mapped for I2·FAD. 360 

Noteworthy, I1 is almost 75 % unfolded, including all residues involved in FAD binding, and 361 

cofactor binding still occurs with very fast kinetics (2.8·109 M−1·s−1). Several binding studies 362 

involving intrinsically disordered proteins (IDPs) have reported association rates around the 363 

estimated diffusion limit for folded proteins (109-1010 M−1·s−1)51–55. Such fast association kinetics 364 

for IDPs has been explained by “fly-casting” effects, where the unfolded polypeptide forms initial 365 

interactions with its binding partner at a greater distance than a folded protein58–60. It is plausible 366 

that the large fraction of unfolded polypeptide seen in I1 binds FAD with fast kinetics following a 367 

fly-cast effect, as seen in IDPs. In contrast, cofactor interactions with I2 likely follow a 368 

conformational selection mechanism61, where FAD selects a state with a pre-formed, albeit not 369 

fully structured, binding pocket. Given the degree of burial of FAD in the fully folded dCRY 370 

structure, and the fact that dCRY dynamics are mostly localized to the CTT upon changes in flavin 371 

redox state27,28, binding of FAD to intermediate states seems a more likely scenario, as opposed to 372 

a model in which FAD binds after a fully folded structure forms, which would require large 373 

conformational changes or significant unfolding to then incorporate the cofactor. 374 

Altogether, our results indicate that FAD binding to dCRY involves multiple mechanisms, 375 

as reported for other proteins62,63, including proteins that bind FMN, a related cofactor64. It is 376 

possible that topologically complex proteins with slow folding kinetics as seen for dCRY have 377 

evolved to bind a cofactor to different intermediates along its folding pathway to prevent the 378 

formation of misfolded states that could accumulate and lead to protein aggregation. 379 

 380 

CONCLUSIONS 381 

A large fraction of proteins harbor inorganic (i.e., metal clusters) or organic (i.e., FMN, 382 

FAD, hemes, among others) cofactors in their structure. While the functional role of protein 383 

cofactors has been well described and characterized for decades, how cofactor interactions 384 

contribute to the protein fold, conformation and stability is not well understood. Previous bulk and 385 

single molecule studies have investigated how a cofactor interacts with small, single-domain 386 

proteins15–19. These studies have shown that a protein can either interact with the cofactor in the 387 

unfolded state, forming and stabilizing an intermediate before reaching the native state65–67, or fold 388 

and reach the native state before binding the cofactor17.  However, mechanistic studies on cofactor 389 

interactions coupled to folding for large proteins with multiple domains are lacking. Recently, the 390 

application of single molecule optical tweezers has opened new opportunities to study the folding 391 

mechanisms of large proteins or protein complexes22–26. Here, we used optical tweezers to study 392 

folding of dCRY, a multidomain protein of 542 amino acid residues that binds to one of the most 393 

common and complex organic cofactors, FAD. 394 

The molecular trajectories of the unfolding behavior of dCRY under force displayed large 395 

heterogeneity, suggesting multiple intermediates along the folding pathway of dCRY (Figure 1). 396 

Given the complexity of the unfolding trajectories, seen with and without FAD, we established a 397 

novel statistical framework based on clustering and bootstrapping procedures (Supporting Figure 398 
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S4) that enabled the quantification and mechanistic characterization of such heterogeneous data. 399 

While clustering allowed the deconvolution of the optimal number of intermediate states during 400 

the folding pathway of dCRY (Supporting Table S1, Figure 3a-c, 3g), the addition of a 401 

bootstrapping procedure allowed the determination of an error associated with the population of 402 

each observed state under a specific experimental condition (Figure 3d-f, 3h). Both sets of 403 

information were used to globally fit68 different models of folding coupled to FAD binding, which 404 

resulted in the quantification of the 14 binding and conformational rate constants that reversibly 405 

connect the 7 states shown in the dCRY folding mechanism (Scheme 1). Importantly, the folding 406 

mechanism (Scheme 1) provided the best fitting statistics for the kinetic refolding data alone, the 407 

FAD titration data alone, or both data sets simultaneously, underscoring the robustness of the 408 

statistical procedures and fitting analysis. We envision that the data analysis procedures described 409 

in this study will help others in their quantification of single molecule folding data that display 410 

high degree of complexity and heterogeneity.  411 

The folding mechanism of dCRY revealed multiple intermediates that can bind FAD and 412 

lead to the native FAD-bound structure. Surprisingly, we find that FAD is strictly required for 413 

dCRY to attain its native state, i.e., without FAD the protein never folds to its biologically 414 

functional structure. In fact, in the absence of FAD, dCRY only forms two intermediates with 26% 415 

and 52% of folded polypeptide. WLC analysis indicates that the second intermediate with 52% of 416 

folded polypeptide incorporates a minimal folded scaffold for FAD binding. However, the folded 417 

structures that map to the first intermediate correspond to the N-terminal a/b domain which does 418 

not establish direct contacts with the cofactor. Nonetheless, FAD binds to the first and second 419 

intermediates similarly fast, displaying association rate constants above the diffusion limit 420 

established for globular proteins69. We propose that FAD binds to these intermediates following 421 

two different mechanisms: an induced-fit binding mechanism for the first intermediate, which has 422 

been reported for IDPs that bind ligands or protein partners following fly-casting effects58, and a 423 

conformational selection binding mechanism61 to the second intermediate, in which FAD selects 424 

an intermediate state with a preformed, yet precursory, cofactor binding pocket.  425 

Given the large size of dCRY, it was expected that the unfolded polypeptide in the apo 426 

state samples a large number of heterogenous folding pathways, which would reduce in number 427 

as the protein progressively establishes native-like contacts69.  Instead, the data revealed well-428 

defined apo and FAD-bound pathways, with intermediates that share similar degrees of folding 429 

with and without the cofactor (Scheme 1). These intermediates may represent cooperative units 430 

within the structure of dCRY, which for other proteins have been defined as foldons70. Our data, 431 

therefore, suggests that dCRY has a defined pathway that progressively folds and binds FAD. It is 432 

possible that FAD has evolved to stabilize pre-existing foldons, thereby decreasing the likelihood 433 

of misfolding while at the same time promoting intermediate states with larger degrees of folding 434 

until the native states is reached.  435 

By testing the effect of various FAD moieties on the degree of folding of dCRY (Figure 436 

4a) we determined that the isoalloxazine ring with ribitol and one phosphate (i.e., FMN) is 437 

sufficient to drive the native state of the protein (Figure 4b). In contrast, the adenosine ring 438 

covalently linked to one or two phosphates (i.e., AMP and ADP, respectively) does not promote 439 

native folding to the same degree, but mostly forms intermediates. Unexpectedly, the adenosine 440 

ring without the phosphates is more efficient than AMP or ADP at promoting folding (Figure 4b-441 

c). This finding suggests that the partial burial of negative charges by dCRY is energetically 442 

penalized. We show that Mg2+ ions that coordinate to the phosphate of ADP overcome such 443 

energetic penalty, resulting in a higher percentage of bound intermediates or the folded state. We 444 

further tested this model by determining the percent of fully folded events using ATP, with and 445 

without Mg2+. We found a small, yet significant increase in fully folded events when the ion is 446 
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present (Figure 4d). Altogether, this study dissected how the different moieties in FAD contribute 447 

to the folding of dCRY in a non-additive fashion. Moreover, the fact that various FAD moieties 448 

interact with dCRY and promote folding to varying degrees indicates that initial contacts between 449 

unfolded dCRY and FAD can be established with different moieties, increasing the probability of 450 

productive folding.  451 

Interestingly, the mammalian clock CRYs have a homologous structure, yet they fold 452 

without FAD and carry out their functions void of the cofactor71,72. There is experimental evidence 453 

in vitro that flavin binding is linked to their function, but it is not conclusive73–75. However, as a 454 

principal photoreceptor, we show that dCRY strictly requires FAD to fold into its functional 455 

structure. In this context, our studies allow us to speculate about the evolution of cofactor binding. 456 

It is possible that the protein interacted with the cofactor in an unfolded state, and then folded 457 

around the cofactor, as seen between FAD and dCRY. As the cofactor locked and optimized this 458 

interaction, the protein could fold without the cofactor as functions diverged, which is the case for 459 

mammalian CRYs. Thus, the structural template, or CRY fold, became stable without the need of 460 

the cofactor. Comparative single molecule studies of folding of mammalian CRYs with and 461 

without FAD may help in better understanding how cofactor binding and folding are evolutionarily 462 

linked. 463 

 464 

 465 

ONLINE MATERIALS AND METHODS 466 

dCRY modified with the Avi and ybbR tags was purified as previously described30. 467 

Preparation of DNA handles and covalent modification of dCRY is described in Supplementary 468 

Information. Optical tweezers experiments were performed in a MiniTweezers instrument76 in 469 

dCRY buffer (50 mM Tris pH 8.0, 150 mM NaCl, 10 mM DTT) supplemented with desired final 470 

concentration of FAD or other cofactors (i.e., riboflavin, FMN, ATP, ADP, AMP, and Adenosine 471 

with or without MgCl2). For each condition, at least 6 different molecules were sampled for a total 472 

of > 150 molecular trajectories. Force ramp experiments were performed at a constant pulling rate 473 

of 75 nm/s sampled at 200 Hz to a maximum unfolding force of 45 pN. Formation of a single 474 

tether was confirmed by overstretching of the DNA handle up to ~ 65 pN37. Sample preparation, 475 

optical tweezers protocols and data analysis of titration experiments (with FAD and cofactors) and 476 

kinetic refolding experiments are described in detail in Supplementary Information. 477 
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Figure 1. Experimental design to study dCRY folding with optical tweezers. a- Structure

of full-length dCRY (left) and domain organization (right) (PDB ID: 4GU5). b- Schematic

representation of the optical tweezers set up to mechanically manipulate a single dCRY

molecule. c- Force-extension trajectory of the mechanical unfolding (blue) and refolding (red)

of dCRY in the presence of [FAD] = 25 uM. Zoomed-in is the total change in extension (ΔxT)

measurement from folded to unfolded state. d- Worm-like chain (WLC) analysis of ΔxT vs.

force of dCRY with [FAD] = 25 μM. The solid line corresponds to the WLC model for full-

length dCRY with a contour length of 203.7 nm and folded distance of 5.5 nm

(Supplementary Information) . e- Force-extension trajectories of dCRY in the absence of FAD

with no unfolding rips (left) and partially folded structures (right). Zoomed-in is the change in

unfolding event. f- WLC analysis of ΔxT vs. force for unfolding and refolding of the protein

in the absence of FAD with three WLC curves using a contour length of 27 nm and 120 nm

(gray lines). The black line corresponds to the WLC for fully folded dCRY.

Figure 1
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Figure 2. Single-molecule FAD titration. a- Histograms of population of dCRY states vs.

degree of folding in the presence of varying FAD concentrations. Unfolded, intermediate and

folded states are shaded in light red, light blue and grey. b- Fraction of dCRY states (unfolded

= U, intermediates = I and folded = F) plotted as a function of FAD concentration. The folded

fraction was fitted to a single site binding isotherm with a Kdapp = 0.11 ± 0.04 nM.

Figure 2
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Figure 3. Kinetic analysis of FAD binding coupled to dCRY folding. a-c- Density plots of

degree of folding of combined data at [FAD] = 0, 0.3 nM and 10 nM. The combined density

plots reveal five distinct clusters (C0 thru C4) with degree of folding centered at 0, 0.26 ±

0.01, 0.52 ± 0.01, 0.80 ± 0.01 and 1.0 ± 0.01, respectively (Supporting Table S1). d-f- Plots of

bootstrapped refolding data as a function of time at each FAD concentration. The data was

globally fitted following the mechanism shown in Scheme 1 (main text). g- Density plot of

combined FAD titration data displays the same five cluster centers as in the kinetic refolding

data shown in a-c. h- FAD titration plot of clustered and bootstrapped data from FAD titration

experiments. The solid lines represent a global fitting of scheme 1. Fitted parameters are

listed in Supporting Table S2.

Figure 3
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Figure 4. Contribution of FAD moieties to dCRY folding. a- Contact map between FAD

moieties and amino acid residues in dCRY. Interactions include hydrogen bonding (grey),

hydrophobic effect (purple), metal coordination (dark teal) and cation-pi interactions (ochre).

b- Bar plot representing the percentage of dCRY in the folded state in the presence of

different cofactors. c- Bar plot of percentage of dCRY intermediate states bound to adenosine,

AMP, ADP and ATP. d- Bar plots of percentage of dCRY in an unbound intermediate, bound

intermediate or folded state in the presence of ADP or ATP, with and without Mg2+.

Figure 4
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Figure 5. Mapping intermediate structures and FAD binding events along the dCRY

folding pathway. a-,b- The unfolded polypeptide folds into the first intermediate (I1) that

matches with the size of PHR (purple). c- I1 either binds FAD to form I1⋅FAD or folds into I2,

which encompasses the Phosphate binding motif. d- I2 can bind FAD to form I2⋅FAD, which

then folds into I3⋅FAD that includes folding of the protrusion motif and the C-terminal lid.

Together with the phosphate binding motif, I3⋅FAD has the C-terminal coupled motif (CCM)

folded, which include the entire network of residues that interact with FAD. e- In the last step,

I3⋅FAD folds into the dCRY native structure and the C-terminal tail (CTT) docks on top of

FAD.

Figure 5
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