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Abstract

Light-sensitive proteins can be used to perturb signaling networks in living cells and animals with 

high spatiotemporal resolution. We recently engineered a protein heterodimer that dissociates 

when irradiated with blue light and demonstrated that by fusing each half of the dimer to termini 

of a protein that it is possible to selectively block binding surfaces on the protein when in the dark. 

Upon activation with light, the dimer dissociates and exposes the binding surface, allowing the 

protein to bind its partner. Critical to the success of this system, called Z-lock, is that the linkers 

connecting the dimer components to the termini are engineered so that the dimer forms over the 

appropriate binding surface. Here, we develop and test a protocol in the Rosetta molecular 

modeling program for designing linkers for Z-lock. We show that the protocol can predict the most 

effective linker sets for three different light-sensitive switches, including a newly designed switch 

that binds the Rho-family GTPase Cdc42 upon stimulation with blue light. This protocol 

represents a generalized computational approach to placing a wide variety of proteins under 

optogenetic control with Z-lock.

Graphical Abstract

•Corresponding author. Kuhlman B (bkuhlman@email.unc.edu, 919-843-0188). 

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our 
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of 
the resulting proof before it is published in its final form. Please note that during the production process errors may be discovered 
which could affect the content, and all legal disclaimers that apply to the journal pertain.

HHS Public Access
Author manuscript
J Mol Biol. Author manuscript; available in PMC 2021 February 14.

Published in final edited form as:
J Mol Biol. 2020 February 14; 432(4): 805–814. doi:10.1016/j.jmb.2019.12.033.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Keywords

Optogenetics; Protein design; LOV2 domain; Rosetta; Z-lock

Introduction

Light-responsive proteins offer spatiotemporal control of protein activity inaccessible to 

drug-based approaches[1–5], allowing biological processes to be rapidly and reversibly 

perturbed, in seconds to minutes, in specific locations in a cell or tissue. This has been 

widely used to interrogate the function of neurons[6,7], and certain of these tools, 

particularly channelrhodopsins[8], have been more broadly applied to controlling protein 

function with light. Engineered light-activatable proteins have been used to localize proteins 

to specific cellular components[9–12], oligomerize them[3,13], or control their 

activity[14,15], as with the photoactivatable Rac1 (PA-Rac) system[16]. In PA-Rac, the 

effector binding surface of the GTPase Rac1 domain is sterically occluded from binding 

effectors by the second light sensitive Light Oxygen Voltage (LOV2) domain from 

phototropin 1 of Avena sativa, which is fused to the N-terminus of Rac1. When irradiated by 

450 nm light, the Jα helix at the C-terminus of the LOV2 domain rapidly becomes 

disordered as per normal LOV2 kinetics (< 1 sec at 30 C), [17] [freeing the LOV2 domain 

from the Rac1 surface and exposing the effector binding site. The process is reversible with 

the switch returning to the closed state in the dark with a half-time of approximately 60 

seconds at 23°C [18]. If control on different time scales is needed, there exist mutations to 

the LOV2 domain that shorten or lengthen the half-life in the lit state[16,19,20]. A crystal 

structure of PA-Rac revealed that the LOV2 domain was able to block effector binding 

because specific interactions between the surface of the LOV2 domain and the surface of 

Rac1 helped to pin Rac1 against the LOV2 domain in the dark[16]. To control the activity of 

the GTPase Cdc42 with the same approach, it was necessary to redesign the surface of 

Cdc42 so that similar favorable interactions could be made with the LOV2 domain.

Recently, we developed a general system, called Z-lock, for photocaging proteins with the 

LOV2 domain that does not require the formation of a specific interface with the protein that 

is being caged [21]. Z-lock makes use of a small protein domain, zDK, which we previously 

engineered to interact with the LOV2 domain in the dark but not in the light. With Z-lock, 

the LOV2 domain is fused to one terminus of the protein that is being caged and zDK is 

fused to the other terminus. If the linkers connecting the two domains to the termini of the 

protein are an appropriate length, zDK interacts with the LOV2 domain in the dark and 

forms a complex over the surface of the protein. In the light, zDK releases from the LOV2 

domain, exposing the surface of the protein to its binding partners. If the linkers are too 

short, the LOV2 domain and zDK are unable to interact in the dark and there is little caging. 

If the linkers are longer than needed, it is more likely that the zDK/LOV2 complex will form 

in a location that does not sterically occlude the target binding surface. Here, we describe a 

protocol we have developed in the molecular modeling program Rosetta to aid in the design 

of linkers for Z-lock. In addition to revealing which linker lengths are most appropriate for 

caging, the Rosetta protocol determines if the protein termini are appropriately positioned to 

place the zDK/LOV2 complex over the target binding surface. We first benchmark the 
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computational protocol with data we previously obtained when caging the proteins cofilin 

and αTAT with Z-lock, and then use it to design a photosensitive binder of the GTPase 

Cdc42.

Results

In the Z-lock design protocol, a model is first constructed with zDK and LOV2 fused to the 

termini of the protein of interest (POI) with the linkers adopting random conformations and 

zDK not binding with the LOV2 domain. In order to build this model, it is necessary to have 

a high-resolution structure or high confidence homology model of the POI. There are two 

variants of zDK, zDK1 and zDK2, that can be used with the Z-lock system. With zDK1 the 

N-terminus of the LOV2 domain must be fused to the C-terminus of the POI as the LOV2 

domain C-terminus is buried at the interface in the zDK1/LOV2 complex. With zDK2, the 

LOV2 domain and zDK2 can be fused to either terminus of the POI.

The second stage of the protocol is to perform structure prediction to determine if the linkers 

are long enough to allow zDK to interact with the LOV2 domain and to determine if the 

zDK/LOV2 complex is likely to block the surface of interest on the POI. Structure 

prediction is performed with Monte Carlo sampling with the Rosetta low resolution 

(centroid) energy function combined with distance constraints to direct the formation of a 

native-like complex between zDK and LOV. Each Monte Carlo move is either a random 

perturbation to backbone torsion angles in the two linkers or a fragment insertion, the latter 

being used primarily to speed the backbone sampling by sampling many torsions 

simultaneously in a structurally sound way. During a fragment insertion, the backbone 

torsion angles for three consecutive residues in the linker are replaced with torsion angles 

values pulled from 3-residue pieces of naturally occurring proteins that have similar 

sequences to the linker that is being designed. Following the Monte Carlo sampling, 

gradient-based minimization of the torsion angles in the linker is used to fall into a local 

minimum. The conformations of the individual domains (zDK, LOV2 and the POI) are held 

constant during the simulation. Many independent trajectories are performed, each starting 

from different random linker conformations, to map out the range of linker structures that 

allow for the zDK/LOV2 complex to form. If the linkers are too short for zDK to reach LOV, 

then none or very few of the trajectories will end up with zDK docked against LOV, even 

though distance constraints are being used to drive formation of the complex.

To predict if Z-lock is likely to block binding of the POI to its binding partner, we have 

developed two simulation strategies. The first approach is employed in cases where a high-

resolution structure (or homology model) is available of the complex that will be inhibited 

with Z-lock. In this case, two sets of structure prediction simulations of the zDK/LOV2 

linkers are performed: one set with the POI bound to its binding partner and one set with the 

binding partner absent. If the zDK/LOV2 interaction forms in the absence of the binding 

partner, it is a desirable result as it indicates that the linkers are long enough for the two 

proteins to interact. However, if the zDK/LOV2 interaction also forms in the presence of the 

binding partner (illustrated in the “too long” scenario of fig 1, panel B) it is an undesirable 

result as it suggests that the two binding events (zDK binding LOV2 and the POI binding to 

its partner) are not mutually exclusive. Therefore, to identify linkers favorable for caging we 
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scan for linker lengths that allow zDK and LOV2 to interact in the absence of the binding 

partner, but disfavor interaction when the POI is bound to its binding partner (Fig 1, panel 

D).

Our second simulation strategy applies in cases where a structure is not available of the POI 

bound to its partner, but there is information about which residues on the surface of the POI 

are important for binding to its partner. In this case, structure prediction is just performed 

with the POI fused to zDK and LOV2 and the resulting models are interrogated to determine 

if the zDK/LOV2 complex forms adjacent to the residues on the POI that are important for 

binding to its partner.

To search for effective Z-lock linkers, structure prediction simulations are performed with a 

panel of linker lengths going from short to long. As we are not trying to enforce specific 

conformations upon the linkers, we have computationally and experimentally tested linkers 

consisting only of serines and glycines. Because of the varied shapes of the POI, zDK and 

LOV, it can also be helpful to test asymmetric linkers lengths, i.e. where the zDK-POI and 

the POI-LOV2 linkers are not the same length as each other. Many structure prediction 

trajectories are performed with each set of linker lengths and the linker lengths that promote 

formation of the zDK/LOV2 complex over the desired surface of the POI are good 

candidates for experimental studies.

To test our computational protocol, we performed simulations with three systems that have 

been caged with Z-lock: the binding of cofilin to actin, the binding of α-tubulin 

acetyltransferase (αTAT) to tubulin, and the binding of a CBD domain to the GTPase 

Cdc42. We recently reported the experimental characterization of the cofilin and αTAT 

switches [21], while the caged Cdc42 binder is a new switch that we experimentally 

characterize here.

Caging cofilin.

The first optogenetic tool that we examined with our modeling protocol used Z-lock to 

prevent non-muscle cofilin from binding to actin, which causes depolymerization and 

severing of actin filaments as part of cytoskeletal remodeling[22,23]. In vivo, this serves to 

convert old actin filaments to monomeric actin[24] for re-integration into new filaments, 

maintaining G-actin levels to enable cell motility[24,25]. The actin/cofilin complex has an 

interface area of 1162 A2 as determined by CoCoMaps[26], with the primary structural 

component on the cofilin side of the interface being a single alpha helix running from 

residues 263 to 278 and the beta hairpins flanking it. A line drawn between the terminal 

residues of cofilin would pass through one end of the helix forming the majority of the 

interface, suggesting that the actin interface may be caged by constraining the optogenetic 

components to the region directly between the termini.

In the development of Z-lock cofilin three sets of linkers with varying lengths were 

experimentally tested: zDK2-GSGGG-Cofilin-GSG-LOV2 (linker set 1X), zDK2-GSGGG-

Cofilin-GGSGG-LOV2 (2X) and zDK2-GSGGGCofilin-GGSGGSGG-LOV2 (3X). Binding 

to actin in the lit state and dark state was initially characterized using mutations to the LOV2 

domain that mimic the photo-activated state by inducing the Jα helix to unfold (A532E 
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I536E)[27] and mimic the dark state by disrupting signal transduction from the flavin to the 

Jα helix (C450A) and stabilizing the folded state of the Jα helix (L514K, G528A, L531E, 

N539E) [28][12]. Dark state mimics were also kept primarily in the dark as it has been 

shown that signals can still transduced in some cases with the C450A mutation[29]. Binding 

to actin was measured using co-sedimentation experiments as part of the cofilin sensor 

design process [21]. With the shortest linker (1X), 51% of the Z-lock molecules co-

sedimented with actin in the dark state, while 31% and 15% co-sedimented with 2X and 3X 

respectively. These results indicated that the shorter linkers were not providing strong caging 

in the dark, possibly because the linkers were not long enough to allow the zDK/LOV2 

interaction to readily form. The 3X form of the switch was carried forward for additional 

experimental studies and was shown to provide light-responsive control of cofilin activity in 

living cells.

To determine the capacity for our modeling protocol to predict the effect of different length 

linkers on the caging of Z-lock cofilin, we ran 10,000 independent simulations of the zDK2-

cofilin-LOV2 construct in the presence and absence of actin and tabulated what fraction of 

the simulations produced models with zDK2 bound to LOV2. We refer to this as the closed 

state. To be considered closed, a model needed to satisfy an energy filter to exclude non-

physical models and a constraint filter to verify that zDK2 and LOV2 adopted relative 

positions consistent with the zDK2-LOV2 co-crystal structure 5DJT; models that passed the 

first check but failed the second were considered open. The fraction of low-scoring 

conformations that were closed was compared for the simulations in the absence of actin and 

for the simulations in the presence of actin. Ideal linkers should allow the zDK2/LOV2 

interaction to form (i.e. close) in the absence of actin, but not allow the interaction to form in 

the presence of actin. An absence of closed models in the presence of actin indicates that the 

formation of the zDK2/LOV2 interaction and the binding of actin are in competition with 

each other, a necessary condition for regulating actin binding. To further explore the effects 

of longer and shorter linker lengths than were experimentally tested, we also 

computationally tested a single glycine as the cofilin-LOV2 linker (G), as well as 

GGSx4(4X) and GGSx5(5X), consisting of the 3X linker set with one and two additional 

SGG repeats on the cofilin-LOV2 linker respectively.

In the simulations, the 3X linker set showed the largest decrease in interface closure caused 

by the presence of actin [Figure 2]. The 2X linker also demonstrated some caging capacity, 

while very little caging was predicted for 1X and 0X. The simulations indicate that the 1X 

and G the linkers are too short to allow the zDK2/LOV2 interaction to form, even in the 

absence of actin. These predictions are consistent with the co-sedimentation experiments 

that showed that the 1X linker set binds strongly to actin even in the dark state, and that 3X 

is more strongly caged in the dark than 2X [21]. The molecular modeling also predicts that 

3X will more effectively block actin binding than switches with longer linkers, 4X and 5X. 

In the case of 4X and 5X, the linkers are long enough that it becomes possible to 

simultaneously form a complex with actin and form the zDK2/LOV2 complex.
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Caging αTAT.

Alpha-tubulin acetyltransferase (αTAT) preferentially acetylates microtubules over free 

tubilin and promotes microtubile degradation[30]. To create Z-lock αTAT, zDK1 was fused 

to the N-terminus of the catalytic domain of αTAT and the LOV2 domain was fused to the 

C-terminus. A fixed length linker with 5 gly-ser repeats was placed between zDK1 and 

αTAT and three different linkers were experimentally tested for connecting the C-terminus 

of αTAT to LOV: a 4 residue linker with 2 gly-ser (GS2) repeats, a 6 residue linker with 3 

gly-ser (GS3) repeats, and an 8 residue linker with 4 gly-ser (GS4) repeats. The Z-lock 

variants were tested by probing levels of microtubule acetylation in 293TLinXE cells in the 

dark versus light. All three switches showed some light-dependent activity, with the GS3 

linker showing the largest fold change in acetylation between the dark and lit state. The GS2 

linker demonstrated higher background activity in the dark than the GS3 linker. To 

determine if our modeling protocol could predict this behavior we ran simulations with the 

GS2, GS3 and GS4 linkers as well as a single GS and a 5GS linker. The GS and GS5 linkers 

were simulated to more completely map out what is occuring when the linkers are shortened 

or lengthened.

Unlike with cofilin, there is no crystal structure of αTAT bound to its substrate. However, 

there is a structure of the αTAT catalytic domain[31] and mutational studies have identified 

a set of surface residues located in a large groove that are critical for interacting with 

microtubules. To computationally test which Z-lock constructs would be most effective at 

regulating acetylation we ran 10000 independent structure prediction trajectories for each 

linker variant and examined what fraction of the trajectories resulted in models consistent 

with blocking binding to tubulin. To be consistent with blocking tubulin binding the model 

needed to have a favorable energy (i.e. few steric clashes), have zDK1 and LOV2 

appropriately docked against each other, and be adjacent to the tubulin binding site on αTAT. 

We observed clear differences between the linkers in the simulations. The GS and GS2 

linkers rarely blocked binding because the linkers were not long enough to allow the zDK1/

LOV2 interface to form. This result is consistent with the increased background activity 

observed experimentally for GS2 in the dark. The GS3 and GS4 linkers most consistently 

caged the interface, and the GS5 linker resulted in weaker caging because the zDK1/LOV2 

complex more often formed in locations that were not adjacent to the tubulin binding site on 

αTAT. Overall, the results were in agreement with the trends observed experimentally.

When we originally engineered and tested Z-lock αTAT, we hypothesized that Z-lock may 

also regulate the binding of the cofactor, acetyl CoA, to the enzyme. In the Rosetta 

simulations we did not observe zDK1/LOV2 associating over the acetyl CoA binding site, 

and we did not observe any strain on the protein that would allosterically regulate acetyl 

CoA binding. These results suggest that perturbation of cofactor binding is not important to 

the mechanism of the switch.

Caging CBD.

To test our linker design protocol on a case without prior experimental data, an inhibitor was 

constructed around the CDC42-binding CBD domain of WASP, which plays a role in 

establishing cell polarity in complex with CDC42 and Par3[32] as well as chromosomal 
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protein composition[33] and more general regulation of cell polarity[34,35] and has 

previously been placed under optogenetic control [36]. To optogenetically control the 

affinity of the CBD domain to CDC42 with LOV2, zDK2 was added to its N terminus and 

LOV2 to its C terminus, with glycine-serine dimers placed between the zDK2 and CBD 

domains. We computationally predicted the effects of adding zero to five glycine-serine 

dimers. The CBD-based switch is different than the cofilin and αTAT switches in that the 

CBD domain is partially disordered when it is not bound to CDC42. Cofilin and αTAT are 

well folded in the presence and absence of their binding partners. The intrinsic flexibility of 

the CBD domain provides an alternative mechanism for controlling its activity with Z-lock. 

When bound to CDC42, the N-terminal region of the CBD domain forms a long beta strand 

that partners with a beta strand on the surface of CDC42. When the CBD domain is not 

bound to CDC42, this beta strand is intrinsically disordered. We hypothesized that Z-lock 

could block binding to CDC42 by not only forming a steric block, but also by constraining 

the flexible N-terminal region of the CBD domain in a distorted, non-binding conformation. 

To allow for this mechanism of control in our simulations, we allowed the N-terminal beta 

strand of the CBD domain to adopt alternative conformations in our simulations of the 

switch not bound to CDC42.

As with cofilin, two types of simulations were performed: simulations with Z-lock Wasp 

CBD bound to its binding partner, CDC42, and simulations of the unbound state. In the 

simulations all of the switch variants could form the zDK2/LOV2 complex in the absence of 

CDC42 and the construct with no additional linker residues (GS0) was least susceptible to 

forming it in the complex state. The GS0 construct was expressed in LinXe cells as either a 

lit state or dark state variant (as described for the cofilin switches) and pulldown experiments 

were used to measure binding to CDC42 [Figure 4]. When zDK2/LOV2 was expressed at 

lower levels, over a 5-fold reduction in binding to CDC42 was observed with the dark state 

variant compared to the lit state variant.

Discussion

A challenge in optimizing the linkers for the Z-lock system is the ambiguous nature of 

negative experimental results. Linkers that are too short do not permit zDK and the LOV2 

domain to interact and so the switch is permanently “on”. Linkers that are too long allow the 

zDK/LOV2 interaction to form in locations that do not block binding to the protein of 

interest and therefore the switch is also permanently “on”. Here, we have developed and 

benchmarked a molecular modeling protocol that can distinguish between the two scenarios 

and indicates which linker lengths should provide maximal caging with Z-lock. Although it 

was not the case for the three systems studied here, the modeling should also provide an 

indication of whether a protein is amenable to caging with Z-lock. If no combination of 

linker lengths favor the zDK/LOV2 complex forming over the protein binding surface of 

interest, than that protein is not a good candidate for caging with Z-lock.

Materials and Methods

To validate a given set of linkers for their suitability in caging a given interface, it is 

necessary to construct a model of those domains in both the presence and absence of the 
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binding partner of interest, then perturb the linker backbone torsions to create an ensemble 

of models representing possible relative orientations of the optical components to each other 

and the protein of interest; the entire ensemble can then be analyzed to estimate the relative 

ease of formation of the optogenetic interface and fraction of formed interfaces that also 

cage the desired interface. The first step, that of forming the model itself, can be done 

manually by aligning the components to each other using standard molecular modeling 

software, but was done automatically via domain assembly software created for the Rosetta 

macromolecular modeling suite that automatically generates linker atomic coordinates for a 

provided sequence, links them to the provided domains via idealized peptide bonds, and 

outputs the relevant kinematic inheritance tree for downstream linker perturbation. An 

example of this component file is provided as supplementary figure S4.

The RosettaScripts executable was then used to perturb the backbone torsional dihedrals of 

the linker residues in centroid mode according to the RosettaScript listed as supplementary 

figure S1. As the force field terms required to favor the formation of an interface only 

function at ranges that are small in comparison to the entire sampleable space, the score 

function was biased towards favorable interfaces by including constraints to favor distances 

between the alpha carbons of the LOV-zDK interface residues seen in the relevant LOV-zDK 

crystal structure. A sample constraint file of this type is included in supplementary figure S3, 

and an example fold tree is provided as supplementary figure S2. Flags files and command 

lines for running both scripts are supplementary figures S6–S9. Decoy generation itself 

consisted of a combination of fragment insertion into the linkers and random backbone 

torsion perturbation under the control of a simulated annealing Monte Carlo function. This 

step is followed by gradient-based minimization under the same constraints to optimize the 

linker torsions. As these constraints also artificially force the optogenetic components closer 

than they would be randomly in the absence of an interface, it is necessary to differentiate 

formed interfaces from unformed interfaces through a low numerical cutoff on the score 

term representing the total deviation of the interface alpha carbons from their ideal positions. 

Typically, 2000 such models are independently generated to assay a single set of linkers, 

1000 in the monomer state and 1000 in the complex state; if the complex state is unknown, 

2000 trajectories of the monomer state are used instead. In many cases, the set of 2000 

trajectories was then repeated 10 times to establish error bars. The fraction of models that 

successfully formed interfaces (as determined by the constraint term being below a 

numerical cutoff, usually 5) was then compared in the case of the sensor alone relative to the 

sensor with the binding partner of interest positioned over the interface. If the selected 

linkers are too short, a large fraction of models will fail to form interfaces in both the 

monomer and complex cases as the protein of interest separates the optogenetic components 

too widely; if they are too long, the interface will form away from the interface of interest, 

creating a “leaky” sensor in which the closed state is not mutually exclusive with binding. 

This state is detectable as a high proportion of models with formed interface in both the 

monomer and complex states. The linker residues of optimal length will display a high 

proportion of formed interfaces in the monomer state but not in the complex state.

For the cofilin sensor, the complex state used was that of the cofilin-actin complex in the co-

crystal structure (pdb id: 5YU8). For the CBD sensor, structures of CDC42 (2ODB) and 

WASP CBD (1CEE) were aligned according to the complex in the structure 1NF3. For the 
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ATAT sensor, the structure of ATAT alone (4GS4) was used. The LOV2 and zdk structures 

were extracted from pdb deposition 5EFW. The LOV2 domain is the second light sensitive 

Light Oxygen Voltage domain from phototropin 1 of Avena sativa.

Plasmid construction

LOV2 dark mutant (C450A, L514K, G528A, L531E, and N538E) and lit mutant (I510E and 

I539E) were used for Z-lock-WASP dark and lit, respectively. These cDNA fused with 

zDK1-WASP CBD (Cdc42 binding domain) was cloned into pTriEx-mVenus vector. pEF-

BOS-GST and pGEX-Cdc42 Q61L were provided by Kozo Kaibuchi (Nagoya University, 

Japan). Human Cdc42 Q61L cDNA was excised from pGEX plasmid and cloned into pEF-

BOS-GST to express GST tagged Cdc42 Q61L in mammalian cells.

Pulldown assay

LinXe cells were cultured in DMEM supplemented with 10% fetal bovine serum (Gemini 

Bio-Product, CA, USA) and GlutaMax (Thermofisher Scientific, MA, USA). For pull down 

assay, the cells were seeded in 6-well plate one day before the transfection. The plasmids 

were transfected by Fugene 6 transfection reagent (Promega, WI, USA) according to the 

manufacture’s instruction. The following amount of the plasmid was used for transfection. 

pTriEx-mVenus-Z-lock-WASP lit, 400 to 1600 ng; pTriEx-mVenus-Z-lock-WASP dark, 50 

to 200 ng; pTriEx-mVenus-CBD and mutant CBD, 150 ng; pEF-BOS-GST and pEF-BOS-

GST-Cdc42 Q61L, 500 ng. pBabePuro was used to equalize the total amount of the plasmid. 

2.1 mg plasmids in total was mixed with 10.5 ml of Fugene 6 in Opti-MEM (Thermofisher 

Scientific). After 24 hours transfection, the cells were lysed with the lysis buffer (25 mM 

Tris-HCl [pH 7.5], 1% NP-40, 10 mM MgCl2, 0.1% sodium dodecyl sulfate, 100 mM NaCl) 

supplemented with the protease inhibitor cocktail (Sigma, MA) by rocking the plate for 30 

minutes at 4°C. The lysates were centrifuged by 12,000g for 5 minutes at 4°C to remove 

debris. The supernatant was incubated with glutathione agarose beads (Thermofisher 

Scientific) at 4°C for 1 hour. After washing the beads three times with the lysis buffer, the 

bound proteins were dissolved in SDS-PAGE sample buffer. Immunoblot was used to detect 

the bound proteins. The following antibodies were used; anti-GFP antibody (JF-8; Takara, 

Japan), anti-GST antibody (91G1; Cell Signaling Technology, MA, USA), DyLight 800-

conjugated anti-rabbit IgG antibody (Cell Signaling Technology), and Dylight 680-

conjugated anti-mouse IgG antibody (Cell Signaling Technology). The fluorescence was 

visualized by ChemiDoc (BioRad, CA).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

LOV2 Light Oxygen Voltage 2

PA-Rac Photoactivatable Rac1

POI Protein of Interest

αTAT α-tubulin acetyltransferase
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Highlights

• Optogenetics provides spatiotemporal control of signaling in living systems.

• The photosensitive Z-lock system regulates activity by occluding binding 

sites.

• Rosetta can be used to design linkers that maximize caging with Z-lock.

• The Z-lock design protocol can be used to photocage a wide variety of 

proteins.
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Figure 1. 
Inhibiting protein binding interactions with the light sensitive protein pair, LOV-zDK, and 

linker design. (a) By physically coupling the light-sensitive binding between zDK and the 

LOV2 domain to a protein of interest via flexible linkers, the binding of specific interactors 

can be reversibly mediated with light. (b) The behavior of a given switch design is a function 

of the length of the linkers used. Linkers that are too short to permit the formation of the 

optogenetic interface will fail to cage the protein of interest in either state, as LOV and zDK 

will never interact; if the length of the linkers is excessive, the formation of the LOV-zDK 

interface will not prevent the binding of the binding partner to the protein of interest. In the 
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optimal case, the formation of the LOV-zDK complex is mutually exclusive with the 

accessibility of the binding site. (c) The fraction of models from a large number of docking 

trajectories that successfully form the optogenetic zDK-LOV complex can then be compared 

in the presence and absence of the binder. If the linkers are too short, no complex will be 

seen in either the presence or absence of the binder. If they are too long, a high proportion of 

complexes will form in both cases. (d) The fraction forming in the presence of the binder 

can then be subtracted from that forming in the absence of the binder; the linker set with the 

biggest difference between the two states is predicted to be optimal.
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Figure 2. 
Figure 2. Modeling linkers for Z-lock cofilin. Various linkers were modeled in the presence 

and absence of actin to establish which linkers should most effectively regulate binding to 

cofilin. (a) The optimal-length linker set “3X” positioned the zDK(blue)/LOV(green) 

interface over cofilin (grey) such that zDK sterically clashed with actin (orange.) (b) The 

shorter linker set “G” did not permit the formation of a zDK/LOV2 interface even in the 

monomer state (the pictured model is with the constraint term downweighted to 0 to emulate 

the predicted behavior of this construct in cells). (c) The longer linker sets permitted the 

simultaneous formation of an actin-cofilin interface and a zDK/LOV2 interface. (d) The 

fraction of modeling trajectories that resulted in a well-formed interface between zDK and 

LOV2 was calculated for simulations with and without actin and the difference of these two 
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fractions was plotted to establish the linker length most likely to inhibit cofilin binding in the 

dark. The linker length predicted to be most effective (3X) is in good agreement with 

experimental results that indicated that the 3X showed less binding to actin in the dark than 

the 2X and 1X linker sets. As expected, the dark-state efficacy of the linkers decreased 

sharply with decreasing length, a trend that continued with the short linker (blue, “G”), and 

the longer linkers (4X and 5X) exhibited a more gradual decline in predicted efficacy.
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Figure 3. 
Modeling linkers for z-Lock αTAT. In lieu of a structure of the αTAT/tubulin complex, 

interface caging was determined by counting contacts between residues of zDK/LOV and 

surface residues of αTAT that are known to be critical for acetyltransferase activity (red 

spheres). (A) Models were considered to be caging if at least 30 α-carbons of either LOV2 

or zDK were within 20 Ã of any critical residue, (B) while an interface was considered open 

if the zDK/LOV2 interaction could not form or (C) if the zDK/LOV2 complex was not 

adjacent to the tubulin binding site. While the fraction of caged models did not differ 

between the GS3 and GS4 linker sets, with dynamic ranges of 2 and 1.87 respectively, the 
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GS2 linker set, with a dynamic range of 1.33, did show significantly fewer caging interfaces. 

GS3 was shown to be the most effective linker set experimentally [21].
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Figure 4. 
Computational design and experimental testing of a light-sensitive binder for Cdc42. 

zDK2(blue) was fused to the N-terminus of the Cdc42 binding motif from Wasp (Wasp 

CBD, grey) and the LOV2 domain was fused to the C-terminus of Wasp CBD. Simulations 

were performed in the presence and absence of Cdc42 (orange). (A) In the absence of 

Cdc42, the n-terminal beta strand of the CBD domain (grey) was allowed to adopt 

alternative conformations which allowed the the zDK2/LOV2 interaction to form with short 

linkers. The model shown (GS0) is a direct fusion with no linker residues. (B) With the GS0 

linker set, zDK2 is not able to reach the LOV2 domain when the CDB is bound to Cdc42, 

indicating that Cdc42 binding and zDK2/LOV2 formation will be in competition and that 

this should be an effective switch. (C) Simulations with longer linkers (GS1-GS4) indicates 

that caging will be diminished as the linkers are lengthened. (D/E) Experimental analysis of 

the affinity of dark state and lit state variants of zDK2-GS0-CBD-LOV2 for Cdc42 as 

determined by pulldown experiments. In panel D the relative amounts of the switch that 

bound to Cdc42 are quantified for different expression levels. The top portion of panel E 

shows western blots used to detect the amount of protein in the pulldown and the bottom 

portion of panel E shows western blots used to detect the total amount of protein in the cell 

lysate. Lower binding is evident with the dark state variant (top left of panel E).
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