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Abstract

The precise spatiotemporal regulation of protein synthesis is essential for many complex
biological processes such as memory formation, embryonic development and tumor formation.
Current methods used to study protein synthesis offer only a limited degree of spatiotemporal
control. Optogenetic methods, in contrast, offer the prospect of controlling protein synthesis non-
invasively within minutes and with a spatial scale as small as a single synapse. Here, we present a
hybrid yeast system where growth depends on the activity of human eukaryotic initiation factor 4E
(elF4E) that is suitable for screening optogenetic designs for the down-regulation of protein
synthesis. We used this system to screen a diverse initial panel of 15 constructs designed to couple
a light switchable domain (PYP, RsLOV, LOV, Dronpa) to 4EBP2 (eukaryotic initiation factor 4E
binding protein 2), a native inhibitor of translation initiation. We identified cLIPS1 (circularly
permuted LOV inhibitor of protein synthesis 1), a fusion of a segment of 4EBP2 and a circularly
permuted version of the LOV2 domain from Avena sativa, as a photo-activated inhibitor of
translation. Adapting the screen for higher throughput, we tested small libraries of cLIPS1 variants
and found cLIPS2, a construct with an improved degree of optical control. We show that these
constructs can both inhibit translation in yeast harboring a human elF4E J/n vivo, and bind human
elF4E /n vitro in a light-dependent manner. This hybrid yeast system thus provides a convenient
way for discovering optogenetic constructs that can regulate of human elF4E-dependent
translation initiation in a mechanistically defined manner.
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The precise spatiotemporal control of protein synthesis (translation) is crucial for the
function of cells and tissues in all organisms.1: 2 At the level of a single cell, numerous
points of control ensure appropriate translational responses, for example to changes in
nutrient availability.3: 4 In the brain, spatiotemporally-regulated translation plays a key role
in the processes of learning and memory formation.>: ® Rapidly responsive translational
machinery permits controlled expression of spatially localized pools of mMRNAs in order to
regulate synapse morphology and function.” Spatiotemporal control of translation is also
vital for organismal development with translational responses occurring seconds to minutes
after fertilization of the egg.8

Studying the roles of translation in these diverse settings requires tools that enable
experimental control of translation. While, it is possible to manipulate translation by small
molecule drugs or by expressing/injecting translational regulators, these approaches are
limited when it comes to studying spatiotemporal changes in translation. Drugs cannot be
spatially restricted with cellular or subcellular resolution, and cannot be quickly removed
from cells. Tissue-specific promoters and viral vectors can permit spatial control of the
expression of translational regulators, but temporal control is typically limited to hours or
days,® whereas translation responses can occur in seconds to minutes.10: 11

Optogenetic approaches directly address the challenge of high-resolution spatiotemporal
control.12: 13 By using light to activate recombinant photoswitchable proteins that are
expressed in specific tissues, spatiotemporal control of molecular function can be achieved
within seconds and at subcellular resolution.12 13

Several light-activated systems have been developed for the control of translation, including
chemically modified “caged” RNAs that can be released using a light pulse,14 1° caged
morpholinos or siRNAs that silence specific mMRNAs,6-18 or antagomirs that act on
microRNAs.19 Caged versions of the ribosome inhibitors, anisomycin,20-22 emetine,?2 and
puromycin,23 and the mTORC1 inhibitor rapamycin,?! have been reported as well as photo-
regulated small molecule analogs of the 5’-mRNA cap.24 These compounds allow precise
timing but, with the exception of the cap analog, are irreversible. Moreover, they are not
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genetically encoded so that they cannot be employed in a cell-type or cell-substructure-
specific manner. Recently, Cao et al. have developed genetically-encoded optical controllers
of translation using light-dependent interactions between CRY2 and CIB1 to co-localize the
translation initiation factor elFAE with mRNAs using specific RNA binding proteins.2> 26
These are powerful tools for controlling cellular responses to specific mMRNAs but cannot be
used directly on native targets.2’ Moreover, this approach cannot produce the more global
translational responses that naturally occur in response to a signaling event or growth, 1. 27

Eukaryotic initiation factor 4E (elF4E) is a key control point for the endogenous
spatiotemporal regulation of translation. In the translation initiation step, elF4E binds both
the cap structure (m’GpppN where N is any nucleotide) found at the 5’ end of eukaryotic
mRNA and eukaryotic initiation factor 4G (elF4G), a large scaffolding protein28 29 The
translation initiation machinery then assembles around elF4G while elF4E acts as a link
between elF4G and the mRNA (Figure 1A).2° The interaction between elF4E-elF4G is
tightly regulated by a family of elF4E binding proteins (4EBPs)(Figure 1B). These proteins
disrupt the elF4E-elF4G interaction by binding elF4E and blocking elF4G from interacting
with elF4E.30

In humans, three 4EBP homologues exist. For all homologues, the binding of 4EBP to
elF4E occurs through the consensus sequence YXXXXLé¢ (X: any, ¢: hydrophobic), termed
the primary binding site, and is augmented by a more dynamic secondary binding site.30: 31
The binding of 4EBP to elFAE is regulated by phosphorylation of 4EBP at specific sites that
lead to conformational changes and decreased affinity for elFAE.32 Peptides corresponding
to segments of 4EBP containing the primary elF4E binding site have been shown, using
reporter assays, to inhibit translation in cell lysates?L: 33 and to inhibit translation-dependent
processes when introduced /7 vivo.3* 35 Since 4EBPs are well-characterized and highly
conserved amongst higher eukaryotes, 4EBP-based designs (opto-4EBPS) would appear to
be good candidates for optogenetic inhibitors of translation, suitable for probing
spatiotemporal changes in translation in natural systems (Figure 1B).

It is important to stress that roles of 4EBPs in translational control are context dependent
and, in a given cellular system, both global effects3® or more focused effects on specific
mRNA transcripts, and classes of mMRNAs may be observed.37 38 Moreover, since
translation is naturally subject to spatiotemporal control, exogenous manipulation of elFAE
via an opto-4EBP may activate compensatory homeostatic responses in a cell. For example,
down-regulation of elF4E expression using ShRNA has been found to produce down-
regulation, via ubiquitination and proteasomal degradation, of 4EBP.39 Likewise,
upregulation of elF4E, often seen in cancer, can be accompanied by increases in
hypophosphorylated forms of 4EBPs.40 In addition to their central role in the initiation of
translation, elF4E and 4EBPs also function in nucleocytoplasmic transport of mRNA,41: 42
sequestration of mMRNA in a non-translatable state and stabilization of mMRNA against decay
in the cytosol.#3-4> An optogenetic inhibitor of translation must ultimately function by
interfacing with this complex regulatory network, aspects of which are incompletely
understood. Having tools with well-defined molecular activity, /.e. binding to elF4E at the
primary binding site, in a light-dependent manner, is thus an important first step towards a
detailed understanding of this network.
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To screen and characterize potential optogenetic inhibitors of translation acting in a defined
manner through elF4E, a suitable test platform is required. It is necessary to work with
eukaryotes as bacteria use fundamentally different translation machinery. Additionally, to
screen large numbers of potential constructs, a rapidly growing system, in which it is easy to
introduce new genetic material, is ideal. For these reasons, we chose to use a modified yeast
strain to develop a screening system. In both yeast and mammalian cells, elFAE (encoded by
CDC33 in yeast) is an essential gene and its disruption causes severe defects in growth.46-48
Human elF4E, and elF4Es from numerous other species can functionally substitute for yeast
elFAE. 4649 Native yeast elFAE does not bind to mammalian 4EBPs.50 We used a strain of
Saccharomyces cerevisiae (Jo56) in which human elF4E is expressed in a CDC33-deficient
background. If human 4EBPs are expressed in this strain, translation is inhibited and growth
is greatly slowed.49-°1

Using this modified yeast strain, we expressed various 4EBP constructs designed to have
photo-controllable activity (opto-4EBPs) and compared growth rates under light and dark
conditions. Yeast expressing active opto-4EBPs were identified by slower growth in light
compared to dark conditions. Using this assay, we identified a first-generation light-
switchable opto-4EBP construct that we named cLIPS1 (circularly-permuted L OV inhibitor
of Protein Synthesis 1). Then, adapting the yeast assay for higher throughput screening, we
were able to select improved mutants of the original construct, which we named cLIPS2.
Using direct translation reporter assays, together with biochemical data on the purified
proteins, we show that this yeast-based screening system enables discovery of constructs that
impact translation initiation and can interact with human elF4E in a light-dependent manner.

Structure-based designs and screening

A panel of 15 candidate opto-4EBP constructs was created using insights gained from the
design of current optogenetic tools and the structure of human 4EBP bound to elF4E (Fig. 2,
Fig. S1).30. 52-54 Foyr different photoswitchable domains were fused to different lengths of
human 4EBP2. Different lengths of 4EBP2 were used to vary the distance between the
elF4E binding sites and the photoswitchable domain. We used the 4EBP2 homolog because,
although the 4EBPs appear functionally equivalent in terms of their primary and secondary
binding sites for eIF4E, the 4EBP2 sequence exhibits the highest affinity for elF4E.31. 51,55
Phosphorylation sites (S/T) of 4EBP2 were changed to Ala (for an alignment of sequences
see Fig. S2) to avoid modulation of affinity for eIF4E by kinases.32 The Lys57 residue that
has been shown to be ubiquinated /n vivo was not mutated since it is part of the primary
binding site and effects of mutations of binding affinity have not been directly tested.3? It is
expected that the recognition of 4EBPs by the ubiquitination machinery will be different
when segments are combined with photoswitchable proteins as is the case here. Finally,
RAIP and TOS motifs that mediate mTORC1 and insulin-dependent phosphorylation of
4EBPs%6 are not included in these designs.

The four photoswitchable domains used were a LOV domain from Rhodobacter sphaeroides
(RsLOV),>* a LOV domain from Avena sativa (AsLOV?2),%’ the green photoswitchable
fluorescent protein Dronpa,2 and photoactive yellow protein (PYP).58 For the constructs
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built with Dronpa and RsLOV, we reasoned that the dimerization of two Dronpa or RsSLOV
domains in the dark would sterically hinder (‘cage’) 4EBP2 and prevent 4EBP2 from
binding to elF4E.52 54 In the light, dissociation of the dimer would uncage 4EBP2 and allow
binding to elF4E.52 Circular permutations of PYP and AsLOV2 were created so that the
4EBP2 sequence could be inserted between the original N- and C-terminal ends, which are
the sites on these proteins that undergo the largest light-induced conformational changes.
58,59 For the constructs built with cPYP, AsLOV2, and circularly permuted AsLOV2 we
reasoned that the compact shape of the photoswitchable domain in the dark would sterically
hinder 4EBP2 from binding to elF4E.80: 61 |n the light, the additional flexibility of the
proteins, would allow 4EBP2 to adopt its native conformation for binding to elF4E.57. 59, 62

To screen these candidate opto-4EBPs for light-inducible inhibition of translation, we used
Jo56, a strain of S. cerevisiae where CDC33 (the gene coding for yeast elF4E) had been
disrupted and human elF4E is constitutively expressed from a plasmid®9 (Figure 3A).
Plasmids containing galactose-inducible photoswitchable 4EBP2 constructs were
transformed into this strain. Colonies were grown in synthetic media containing glucose
(SC-W-U+Glu, see Methods), and then plated in serial dilutions onto two identical plates in
which glucose was replaced by galactose (SC-W-U+Gal, see Methods) to induce expression
of the opto-4EBP constructs. One plate was grown under ~450 nm blue light while the other
was grown in the dark. A difference in growth between the light and dark plates was
interpreted to mean that a construct impacted translation in its light-state versus its dark-state
(Figure 3A, Fig. S3). Data from screens of all 15 constructs is shown in Figure S3. One
construct, cLOV-V92I, showed very little growth inhibition in the dark but modest inhibition
in the light (Figure 3B); we named this construct cLIPS1 (circularly-permuted L OV
inhibitor of Protein Synthesis 1).

Validating cLIPS1 activity (moved)

To confirm that cLIPS1 was inhibiting yeast growth through its effect on elF4E, several
control constructs were made. One negative control was made by mutating Leu51 and Leu52
in the primary binding site of cLIPS1 to Ala51, Ala52 (cLIPS1A4). This mutation in full
length 4EBP is known to abolish binding to eIF4E.83 Another two negative controls were
made by mutating Tyr46 to either Ala or Phe (cLIPS1Y46A and cLIPS1Y46F respectively).
The Y46A mutation abolishes 4EBP binding to 4E while the Y46F mutation reduces binding
to 5% of wild-type.53 When cLIPS1AA, cLIPS1Y46A and cLIPS1Y46F were expressed in the
Job56 yeast strain, growth was comparable to wild-type (/.e. empty vector or AsSLOV2) with
no difference between light and dark (Figure 3B), indicating an intact elF4E recognition site
was necessary for cLIPS1 function.

When the 4EBP2 fragment found in cLIPS1 (tr-4EBP2) was expressed alone, yeast growth
was strongly inhibited both in light and dark conditions (Figure 3B). Although there was
some evidence of light toxicity at these low levels of growth, the effect was minimal
compared to the inhibition of growth by cLIPS1 under blue light (Figure 3B). We note that
several studies have reported detrimental effects of light on yeast growth due to production
of reactive oxygen species.54 We have also seen marked growth inhibition when high
intensity blue light is used, and the effect is more pronounced with constructs that strongly
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inhibit translation, such as with wild-type 4EBP2. Therefore, light levels for growth assays
were carefully chosen to minimize these effects (see Methods section).

In past studies, it was found that human 4EBP1 and 4EBP2 did not affect the growth of
yeast containing native yeast elF4E, indicating the inhibition of growth observed in Jo56 in
the presence of cLIPS1 is the result of an association between human 4E and the fragment of
human 4EBP in cLIPS.50. 51 As expected, when cLIPS1 and tr-4EBP2 were expressed in
wild-type yeast, no inhibition of growth was seen in the light or the dark (Figure 3D).

The photoswitchable domain in cLIPS1 is a circularly permuted version of AsLOV2 (Figure
4A), the second light-oxygen-voltage domain of Avena sativa phototropin 1, containing a
point mutation (V921) known to slow the photocycle and thereby increase the light
sensitivity.55 AsLOV?2 is an FMN-binding blue-light sensor, popular in many optogenetic
designs.56: 67 When AsLOV2 is irradiated with blue light, the FMN chromophore forms a
bond with an adjacent cysteine, which causes the C-terminal Ja-helix and N-terminal A’a-
helix of AsLOV?2 to undock from the compact core of the protein.>®: 62 If the light source is
removed, the flavin-cysteinyl bond breaks and AsLOV?2 reverts to its dark state
conformation.59

In cLIPS1, a fragment of human 4EBP2 connects the C-terminus of the Ja-helix to the N-
terminus of the A’a helix. New N- and C-termini are inserted between the HB and Ip strands
creating a circular permutation of AsSLOV2 (Figure 4A). The 4EBP2 fragment in cLIPS1 is
comprised of the wild-type 4EBP2 sequence from position 51-85 with mutated
phosphorylation sites (S65A and T70A). This length of 4EBP2 is the minimum needed to
include both primary and secondary elF4E binding sites, which are required for high-affinity
binding to elF4E.30: 31. 68 \We hypothesize that, in the dark, the N- and C- termini of native
AsLOV?2 hold the two binding sites of 4EBP2 in an unfavourable conformation for elF4E
binding. In the light, enhanced flexibility due to unfolding of the Ja-helix and A’a-helix
then allows 4EBP2 to bind elF4E (Figure 4B).

Library screening for increased light versus dark activity

To improve the difference in activity between light and dark states of cLIPS1, we took
advantage of the yeast growth assay to enable higher-throughput screening. Two small
libraries (one primer-based and the other error-prone) were made based on the cLIPS1
template. The primer-based library was aimed at varying the junctions between the 4EBP2
sequence and the cLOV sequence, whereas the error-prone library simply introduced
mutations randomly between residue T16 and E104, which encompasses the 4EBP segment
and parts of cLOV on either end (see Figure S1). These libraries were transformed into Jo56,
grown in glucose, then replica plates were made on galactose media. One plate was grown in
the light while the other was grown in the dark. From the primer-based library, we found one
colony that showed a significant decrease in size when grown in the light compared to the
dark (Figure 5A). This colony was picked and sequenced. Interestingly, the sequence
showed a duplication of the secondary binding site on 4EBP2, an unexpected mutation that
presumably arose from adventitious primer annealing to the starting sequences in the library.
In vivo characterization in yeast showed that the construct, named cLIPS2, inhibited growth
more strongly in the light compared to cLIPS1 (Figure 5B). A negative control of cLIPS2
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with Leu51 and Leu52 mutated to alanines (cLIPS2AA) also showed no impact on the
growth of the yeast. We hypothesize that the duplication of the secondary binding site in
cLIPS2 either enhances affinity for elF4AE by enhancing the local concentration of binding
sites, and/or acts as a linker between the 4EBP2 and the cLOV sequence, increasing
flexibility and accessibility in the light-state.

Growth curves and protein quantification in liquid culture

To confirm results obtained from yeast growth on plates, we also analyzed growth curves for
Jo56 strains in liquid culture. Under low levels of blue light (50 uW/cm?) in liquid culture,
the growth of Jo56 expressing cLIPS1 and cLIPS2 showed significant differences between
light and dark conditions (Figure 6A). The negative controls, AsLOV2, cLIPS1AA and
cLIPS2AA all grew robustly with no difference between light and dark conditions, while the
positive control, tr-4EBP2, grew poorly with no difference between light and dark. A
doubling time was calculated for all six strains and no significant change was seen between
light and dark doubling rates for controls (Figure 6B).5°

Since a phenotypic screen may uncover switchable constructs that operate via a change in
protein expression level or protein stability, rather than via allosteric effects on function,©
we wished to test for possible light-dependent changes in cLIPS concentration. C-terminal
myc-tags were therefore added to the AsLOV?2, tr-4EBP2, wt-4EBP2, cLIPS1, cLIPS1AA,
cLIPS2, cLIPS2AA constructs. We confirmed that the myc-tagged constructs behaved in the
same manner as their un-tagged counterparts in yeast growth assays (Fig. S4), indicating that
the tag did not interfere with construct activity. Yeast expressing myc-tagged constructs were
then grown in liquid culture, under light and dark conditions, and expression levels of the
constructs versus total protein or GAPDH (reported to be insensitive to elF4E’1) were
determined by Western blot with an anti-myc antibody (Fig. S4). Constructs that had no
effect on growth (AsLOV2, cLIPS1AA, and cLIPS2AA) expressed robustly with no
difference between light and dark conditions. Interestingly, expression levels of the active
constructs, cLIPS1 and cLIPS2, were ~2-fold lower than expression levels of negative
controls under both light and dark conditions, with the expression of cLIPS2 under light
conditions ~2.5 fold lower. These data show that the light-dependent inhibition of growth in
yeast expressing cLIPS1 and cLIPS2 is not a result of higher expression of the constructs
under light conditions, leading to increased metabolic burden or toxicity. We hypothesize
that the observed decreased expression of active constructs could be due to a negative
feedback effect, where cLIPS1 or cLIPS2 proteins inhibit their own expression (vide infra).

Polysome Analysis

To confirm that cLIPS constructs were inhibiting growth via inhibition of translation
initiation, a polysome profile analysis was performed on yeast strains expressing tr-4EBP2,
cLIPS2AA, and cLIPS2. Polysome profiling is often used to study global translation by
taking a snapshot of the number of translating ribosomes on all MRNA in an organism.”2 In
this technique, cell lysate is sedimented through a sucrose gradient that separates mMRNA
based on the number of ribosomes associated. The ratio of mMRNA-ribosome complexes, or
polysomes, to ribosomes not associated with mRNA, or monosomes, (the P/M ratio) is
indicative of translational status. If translation initiation is defective, fewer ribosomes are
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loaded onto mRNA, decreasing polysome abundance and increasing monosome abundance.
73,74

Polysome profiling analysis of Jo56 yeast expressing cLIPS2AA in the dark gave a P/M ratio
of about 1.2 + 0.2 whereas yeast expressing tr-4EBP2 exhibited a markedly decreased P/M
of 0.5 + 0.1 (Figure 7B). This decrease in P/M ratio indicates a substantial reduction in
translation initiation in the presence of an active 4EBP2 construct. The P/M ratio of cLIPS2
(0.5 £0.1) in the dark also indicates substantial inhibition of translation initiation. The low
P/M ratio of cLIPS2 in the dark is consistent with the observation that cLIPS2 in the dark
also slows the growth rate significantly compared to cLIPS2AA (Fig. 6, Supplementary Fig.
5). The further 35 + 5% decrease in growth rate observed with cLIPS2 in the light (Fig. 6),
might be expected to cause a further decrease in P/M ratio to approximately 0.35 (see
Supplementary Fig. 5). The observed average P/M ratio for cLIPS2 in the light was 0.4 £ 0.1
(Figure 7B) but variability between polysome profiling runs done on different days (error
bars in Figure 7B) means that this small additional effect on the P/M ratio cannot be reliably
measured under these conditions.

The substantial effect of dark-adapted cLIPS2 on translation initiation indicates that
significant binding to elFAE occurs in the dark. In this system, the level of expression of
cLIPS2 cannot be controlled, and may vary as a function of the stage of the growth curve
(polysome profiles were analyzed at early log phase). As noted above, Western blot analysis
indicates that there may also be feedback effects where active cLIPS2 proteins inhibit their
own synthesis.

Effect on translation in vitro

To directly control the concentration of cLIPS constructs, we expressed and purified cLIPS1,
cLIPS2 and the corresponding cLIPS1A4 and cLIPS2AA controls (Fig. S6), and tested their
ability to inhibit translation in a cell-free assay prepared from lysates of the Jo56 strain. We
used mRNA coding for Renillaluciferase that was either capped or contained an internal
ribosome entry site (IRES) (Fig. S7). Translation of IRES-containing mRNA does not
require elFAE and thus serves as a further test of the mechanism of inhibition in this system.
These mRNAs were added to lysates and the luminescence of the translated Renilla
luciferase was used to measure the rate of translation.

In the Jo56 lysates, cLIPS1 and cLIPS2 showed clear inhibition of translation of capped
MRNA transcripts under blue light compared to the dark (Figure 8A). For cLIPS1,
translation was inhibited more strongly in the light at higher protein concentrations, while
for cLIPS2, there was a clear difference between light and dark with even 0.5 pmol of
protein added (Figure 8A). These results are consistent with the growth assay results where
cLIPS2 showed a larger difference in inhibition between the light- and dark-state. The
negative controls, cLIPS1A4 and cLIPS2AA, did not affect translation under either dark or
light conditions. Full-length 4EBP2 inhibited translation strongly with no difference
between light and dark.

To test the cap-dependence of the system, we examined translation of Renillaluciferase
encoded by uncapped mRNA containing an IRES. We used the IRES from yeast poly-A
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binding protein (PAB1) mRNA.”® PAB1 has been proposed to bind to this IRES and recruit
elF4G to the 5 end of the transcript, initiating translation.”> When full-length 4EBP2 was
added to lysates with IRES-dependent mRNA, an increase in translation was observed
(Figure 8B). We hypothesize that elF4E is competing with PAB1 for binding to elFAG in the
lysate; when 4EBP2 binds to elF4E, elFAG is then free to bind with PABL, thereby
increasing IRES-dependent translation.

When cLIPS1 or cLIPS2 was added to lysates with PAB1 IRES-dependent transcripts, the
rate of Renillaluciferase translation increased somewhat in the dark but increased
substantially upon irradiation (Figure 8B). cLIPS1 showed a smaller increase in translation
upon irradiation than cLIPS2, but less dark inhibitory activity than cLIPS2. At high
concentrations, cLIPS2 appears to impact translation both in the dark and the light,
consistent with the behaviour observed in the yeast growth and polysome assays. The
controls cLIPS1AA and cLIPS2A4 showed no effect on translation either in the light or the
dark.

cLIPS binding to elF4E in vitro

Having demonstrated that cLIPS constructs can cause light-dependent inhibition of cap-
dependent translation, we wished to directly confirm whether the mechanism of this
inhibition was via light-dependent binding to elF4E. For in vitrotests, cLIPS1, cLIPST1AA,
and human elF4E with a GB1-tag (GB1-elF4E) were expressed and purified (Fig. S6).
Photoswitching and thermal recovery of the purified cLIPS protein was confirmed using
UV-Vis spectroscopy (Figure 9A). The half-life for thermal recovery of cLIPS1 and
cLIPS1AA was measured at 3 min, a typical value for the AsLOV2 domain in these
constructs (Figure 9B).76

The interaction between the cLIPS constructs and GB1-4E was then analyzed by size-
exclusion chromatography (SEC). Alone, cLIPS1 constructs eluted as single peaks at 14.5
mL (Fig. S8). This elution volume did not shift significantly when the proteins were
irradiated with blue light (Fig. S8). GB1-4E also eluted as a single peak around 13 mL (Fig.
S8). When the control construct cLIPS1A4 was mixed with GB1-elF4E and injected (10 uM
each), two peaks were eluted, one at the retention volume of cLIPS alone and one at the
retention volume of GB1-elF4E alone, indicating the proteins do not interact under these
conditions. No difference was seen in this elution pattern upon blue light irradiation (Figure
9C, right chromatograph). When dark-adapted cLIPS1 was mixed with GB1-4E (10 uM
each) and injected onto the column a similar pattern was seen (Figure 9C, left
chromatograph) indicating little interaction between the proteins. In contrast, under constant
blue light irradiation, the first peak eluted much earlier and contained more material than the
second peak. This indicates that a complex is formed between cLIPS1 and GB1-4E in the
light. Eluted light-state and dark-state cLIPS1 + GB1-4E were collected and analyzed by
SDS-PAGE. Under blue light, cLIPS1 co-elutes with GB1-4E whereas it elutes separately in
the dark (Figure 9C, left panel).

A similar analysis was performed on cLIPS2 mixed with GB1-4E (Fig. S9). In this case,
when dark-adapted cLIPS2 was mixed with GB1-4E, at the concentrations required for
SEC, a single broad peak eluted from the column consistent with weak, dynamic binding
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between cLIPS2 and GB1-4E in the dark. However, under blue light, the chromatograph
showed the elution of another peak, much earlier than the single peak seen in the dark,
consistent with the formation of a tightly bound complex between cLIPS2 and GB1-4E. As
before, eluted light-state and dark-state cLIPS2 + GB1-4E were collected and analyzed by
SDS-PAGE. While in the dark, cLIPS2 low amounts of cLIPS2 co-elute with GB1-4E over
most fractions, in the light, most of the cLIPS2 is observed to co-elute with GB1-4E much
earlier, again consistent with formation of a tight complex between cLIPS2 with GB1-4E in
the light (Fig. S9).

Discussion

Translation is a fundamental cellular process and is the primary determinant of protein
abundance in a cell.”” There has been growing interest in determining the role of translation
regulation in diverse settings; however, it remains difficult to control translation with
spatiotemporal precision.% 78 79 An optogenetic tool with a defined mechanism of action on
the endogenous translational machinery would enable analysis of systems where a high
degree of spatiotemporal resolution is important. For example, local translation at synapses
is important for memory formation and retrieval 8% and aberrant elF4E-dependent translation
has been linked to neurological diseases such as Fragile X syndrome and autism spectrum
disorders.81

The yeast-based system described here provides a means for quickly screening a library of
constructs for effects on human 4E-mediated translation /n vivo. We have shown that 4EBP
constructs that inhibit growth in this system are doing so by inhibiting translation initiation
via direct binding to human elF4E. This approach is suitable not only for constructs with
4EBP inserts but also variants of other regulators that target elFAE.

The system could be further modified to permit better control of expression levels of
opto-4EBPs. For example, in the current GAL promoter based system, transcription rates are
not tunable, and overexpression is expected to decrease light/dark differences observed. This
may be circumvented by using tunable yeast expression systems.82: 83 Selection for strong
elF4E binding under low expression conditions in the light, combined with selection for
weak or no elF4E binding under high expression conditions in the dark could lead to
opto-4EBPs with greatly improved dynamic range. A second issue is that active 4EBP
constructs may be repressing their own (cap-dependent) translation (Fig. S4), again leading
to decreased light/dark differences. This could be circumvented by having the opto-4EBP
constructs produced from IRES-containing mRNAs.84 Most importantly, by linking
optogenetic function to growth in a well-characterized model system, high throughput
approaches for generating large defined libraries together with next-generation sequencing
can be readily employed to discover improved optogenetic tools.8°

Using the current system, we identified cLIPS1 and cLIPS2, two light-activated 4EBP2
constructs, capable of binding human elF4E J/n vitro and downregulating translation
initiation in yeast expressing human 4E. These constructs thus have the essential
requirements to enable light-dependent control of translation in other settings. How they
function in other settings, however, will necessarily depend on what other protein factors are
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present. More complex cell types use more complex regulatory networks of proteins that can
compete with 4EBPs for elF4E binding. In yeast, only four proteins have been shown to
directly interact with elF4E — elF4G1, elF4G2, Eapl (required for mRNA degradation), and
p20/CAF20 (a translational regulator).86 In metazoa, numerous additional elF4E binding
proteins have been identified®”- 8 including 4E-T and CYFIP1, Angel18%, and others yet to
be characterized.®®

The effect of light-dependent translation inhibition by cLIPS constructs in different cell
types must, therefore, be analyzed under carefully defined conditions. For example, a
constitutively active (non phosphorylatable) version of 4EBP1 does not affect basal
translation in mouse thymocytes, but dramatically inhibits the increased translation seen
with hyperactivation of the oncogenic kinase Akt, greatly slowing lymphomagenesis.®!
Likewise, Benson and colleagues found that expression of a constitutively active 4EBP had
negligible effects on global translation in PC12 cells, but dramatic effects on translation-
dependent processes in axonal growth cones.84

In addition, as noted above, introduction of opto-4EBPs are likely to produce homeostatic
responses, for example up-regulation of active elF4E or redistribution of elF4Es between
nuclear, cytoplasmic, and/or RNA granules (P-bodies and stress granule) locations.*4: 45
Finally, regulation of elF4E activity can differentially regulate the translation of subsets of
mRNAs under different conditions and in different cell types.3¢: 92 Given the complexity of
translational regulatory mechanisms, the possible responses of cells to opto-4EBPs are
numerous. We anticipate that tools such as cLIPS and improved variants are precisely what
is required to help dissect the molecular events underlying dynamic translational responses.

Lastly, from the standpoint of protein engineering, this work introduces a unique variant of
the Avena SativaLOV?2 scaffold for the design of optogenetic constructs. We have shown
that the insertion of an intrinsically disordered peptide sequence between the C-terminal Ja-
helix and N-terminal A’a-helix of AsLOV?2 together with the creation of new N- and C-
termini between the HPB and Ip strands results in a stable folded protein capable of
photoactivation. Since the Ja and A’a helices are the regions of AsLOV2 that undergo the
largest changes in conformation upon photoactivation, this circularly permutation of
AsLOV2 may prove generally useful. Simply masking the 4EBP2 binding site via fusion the
C-terminal end of the J-a helix in wild-type AsLOV2,53 was not able to produce light-
switchable activity in the present case.

Genes for the rationally designed panel of opto-4EBPs were synthesized and cloned into the
pET24b vector with a C-terminal 6xHis-tag by Biobasic. To construct the yeast expression
plasmids, opto-4EBP genes were amplified from their respective pET24b plasmids using the
polymerase chain reaction (PCR) and ligated into a pRS316 vector under the GAL1
promoter using Gibson Assembly Master Mix (New England Biolabs E2611S) or NEBuilder
HiFi Assembly Master Mix (New England Biolabs E2621S). The pRS316 plasmid with
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GAL1 promoter was generously given to us by Benjamin Scott from the Peisajovich lab
(Univ. Toronto).

For controls, site-directed mutagenesis on cLIPS1, and cLIPS2 for the construction of
CLIPS1AA cLIPS1Y46A cLIPS1Y46F and cLIPS2AA was performed using the Q5 Site-
Directed Mutagenesis Kit (New England Biolabs). To construct the yeast expression plasmid
containing truncated 4EBP2, the 4EBP2 fragment of cLIPS1 was amplified by PCR and
ligated into pRS316 using Gibson assembly. To construct the yeast expression plasmid of
full-length wild-type 4EBP2, the gene was amplified from a pET-Sumo plasmid encoding
wild-type 4EBP2, generously given to us by Alaji Bah from the Forman-Kay lab (Hospital
for Sick Children, Toronto).

To add a C-terminal myc tag onto select constructs (cLIPS1, cLIPS1AA, cLIPS2, cLIPS2AA,
tr-4EBP2, wt-4EBP2, and AsLOV2), the pRS316 plasmids with the non-myc-tagged
versions were amplified using primers encoding a short GSG linker, the myc sequence
(EQKLISEEDL), and a stop codon. These were then assembled with the Q5 Site-Directed
Mutagenesis Kit (New England Biolabs). The sequences of all constructs are shown in
Figure S1.

Library construction

For the primer-based PCR library, a set of four primers (three forward and one reverse) was
added into a single PCR with Q5 polymerase (NEB) and the pRS316 (cLIPS1) template.
The binding sites of the three forward primers were staggered from amino acids 78-80
(EFL). The library was intended to sample shorter linker lengths between the C-terminal end
of the tr-4EBP2 insert and the N-terminal end of ASLOV2 in cLIPS1. The resultant PCR was
ligated with the Q5 Site-Directed Mutagenesis Kit (New England Biolabs), then transformed
into Jo56 yeast cells and DH5a bacterial cells. The transformed Jo56 were replica-plated on
two identical SC-W-U+Gal plates (see growth assays section below for details on media).
One was grown in the light, while one was grown in the dark. Colonies with less growth in
the light were lysed, and sequenced. The library quality was assessed from the transformed
DH5a E. coli cells.

For the error-prone PCR library, the cLIPS2 insert was amplified with a PCR mix containing
the following: 1 uL Taq polymerase (New England Biolabs M0267S), 10 uL 10X
ThermoPol reaction buffer, 2 uL 50X dNTP mix (Thermo Fisher Scientific R0191), 5.5 mM
MgCly, 5.5 mM MnCly, 5 pM forward primer, 5 UM reverse primer, and 10 ng pRS316
(cLIPS2) template. The forward primer amplified cLIPS2 from residue 16 and the reverse
primer amplified cLIPS2 from residue 104 (see sequences Figure S1). The pRS316 (cLIPS2)
vector was amplified with Q5 polymerase (NEB). The vector and insert were assembled
using NEBuilder HiFi Assembly Master Mix (New England Biolabs E2621S) according to
the manufacturer’s instructions. Afterwards, 5 uL was transformed into £. co/i DH5-a for
amplification and sequencing, and into Jo56 using the Fast Yeast Transformation kit (G-
Biosciences). Sanger sequencing indicated an error rate of 2-5 nucleotides per kilobase.
After 3 nights of growth at 30°C, Jo56 were replica plated onto two SC-W-U+Gal plates. As
with the primer-based PCR library, one was grown in the light, while the other was grown in
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the dark. Colonies with less growth in the light were picked, lysed and sequenced. Only
small test libraries of <5000 colonies were screened.

Yeast growth assay

The Jo56 strain (MATa cdc33-A::LEU?2 leu2 ura3 his3 trpl ade2 [YCpTrp-Hu4E TRP1])
was generously given to us by the McCarthy lab (U. Warwick). Yeast cells were transformed
with pRS316 plasmids using the Fast Yeast Transformation kit (G-Biosciences). Yeast were
plated on agar plates with synthetic complete selective media, composed of 2 g/L. Drop-out
Medium Supplement without histidine, leucine, tryptophan and uracil (Bioshop
DOMO003.100), 1.7 g/L Yeast Nitrogen Base (Biobasic Canada S505), 5 g/L. ammonium
sulfate (Bioshop AMP302.1), 50 mg/L L-histidine (Bioshop HIS100.10), 100 mg/L L-
leucine (Bioshop LEU222.25), 100 mg/L adenine sulfate (ADS201.5), and either 2%
glucose (SC-W-U+GIu), 2% galactose (SC-W-U+Gal) or 2% raffinose (SC-W-U+Raf). For
glycerol stocks, single colonies were picked from plates and stored in SC-W-U+Glu media
containing 15% glycerol at —80°C.

Transformed yeast from glycerol stocks were streaked onto SC-W-U+Glu agar plates and
grown at 30°C for 2 days. A single colony was picked and grown in SC-W-U+Glu media
overnight at 30°C. One mL of culture was then centrifuged at 500 rpm, washed with water,
and SC-W-U+Gal media. The cells were diluted to an OD (optical density) of 0.4 and
serially diluted in a 96-well plate. On two identical SC-W-U+Gal agar plates, 5uL of each
dilution was spotted. One plate was placed under a 450 nm LED array at 0.23-0.25 mW/
cm?. The other plate was wrapped in foil. Both plates were then incubated for 64 hours at
30°C.

Growth curves in liquid culture

Yeast cells were first streaked onto SC-W-U+Glu plates from glycerol stocks and grown for
2 nights. Colonies were picked and grown overnight at 30°C in 10 mL SC-W-U+Glu liquid
cultures. Then, 1 mL of the cultures was pelleted and washed in SC-W-U+Raf and diluted to
an OD of 0.05-0.09 in 125 mL SC-W-U+Raf media. These cultures were grown for 65
hours at 25°C.

To measure growth, yeast cells were diluted to OD = 0.06 in SC-W-U+Gal. In a 96-well
plate, 300 L of culture was added to each well. A Breathe-Easy sealing membrane (Sigma-
Aldrich Z380059) was applied to the plate. The plate was then incubated at 30°C with
shaking in an automated shaker and platereader made by S&P Robotics. OD readings of the
plate were checked every 15 min. For growth curves under blue light, an intensity of 0.06
mW/cm?2 was used.

The doubling time (D) was calculated according to St. Onge et al.%9 Here, an arbitrary final
OD (ODgs) at mid-log phase was chosen. The initial OD (OD;) was determined by dividing
ODx by 8 (or 3 doublings). The doubling time was calculated as the difference between the
time the culture reached ODs (tf) and the time that the culture reached OD; (t;) divided by the
number of generations:
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Polysome assays

A modified version of a protocol described by Pospisek and Valasek’3 was employed. Yeast
cells were streaked from glycerol stocks and single colonies were grown overnight in 10 mL
of SC-W-U+Glu. The overnight culture was then diluted from an ODggq of 8.0-10.0 to
0.05-0.08 in 40 mL of SC-W-U+Raf media. This culture was grown in a 125 mL
Erlenmeyer flask for 65-72 hours. Cells were then diluted to an ODggg of 0.04-0.05inalL
Erlenmeyer flask with 200 mL of SC-W-U+Gal media. These were grown under either light
or dark conditions for 18-22 hours in a shaking incubator at 30°C and 200 rpm. For the light
samples, a 447 nm blue light array (0.09 mW/cm?) flashing 30 s on and 30 s off was used.
Dark samples were wrapped with aluminum foil and grown in the same incubator. Cultures
were started at staggered time points (based on a previously determined doubling time) so all
strains reached an ODggg of 1.0-1.1 simultaneously. At the ODgqg of 1.0-1.1, cells were
incubated at 30°C for 20 min with 100 pg/mL of cycloheximide. For myc-tagged constructs,
samples were taken at this point and frozen at —80°C (without cycloheximide) for analysis
by western blot. Cells were lysed as described3 in 0.02% diethyl pyrocarbonate in lysis
buffer (20 mM Tris HCI, pH=7.4, 50 mM KCI, 10 mM MgCl,, 1 mM DTT). A Gradient
Master (BioComp) was used to make sucrose gradients (4.5-45%). These gradients were
prepared with lysis buffer the night before ultracentrifugation and kept at 4°C. Lysates were
quantified using a NanoDrop 1000 (Thermo Fisher Scientific) and normalized according to
the absorbance at 260 nm in 300 pL freshly prepared lysis buffer. After dilution, 200 pL of
the lysate was loaded on top of the sucrose gradient. These gradients were centrifuged in a
Beckman L-80 ultracentrifuge at 36000 rpm in a SW41-Ti rotor for 3 h at 4°C. These
gradients were passed through a detector (Isco UA-6 UV/VIS) using 60% (w/v) sucrose in
water at a flow rate of 900 pl/min using a peristaltic pump (Teledyne ISCO). A PowerChrom
280 digitizer was used to record the polysome profile and the multipeak fitting routine in
Igor Pro 7 was used to determine the polysome to monosome ratios.

Western blot analysis

Yeast cells were grown as described as for polysome assays. Lysates were prepared as
described by Zhang et a3 An equal volume (10 L) of each sample was loaded in a 10%
TGX stain-free SDS-PAGE gel (Bio-Rad 161-0183). Proteins were transferred using the
Trans-Blot Turbo Transfer System (Bio-Rad 1704150) and ready-to-assemble transfer Kits
(Bio-Rad 1704273). The manufacturer recommended time (3 min) was used for transfer.

The membrane was blocked overnight at 4°C in tris-buffered saline with 20% Tween-20
(TBST) and 5% skim milk (Bioshop SK1400.500). A primary rabbit anti-myc-tag polyclonal
antibody (PA1-981) and a primary mouse anti-GAPDH antibody dilution (1:5000) were
prepared in TBST with 5% skim milk. The membrane was incubated in both primary rabbit
and mouse antibody simultaneously for an hour at room temperature. The membrane was
washed 3 times in TBST for 5 min each. The membrane was then incubated at room
temperature for an hour with a secondary rabbit and mouse HRP antibody simultaneously
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(1:5000 dilution) in TBST. A Bio-Rad Gel Doc System was used to image the membrane
after 3 washes in TBST for 5 minutes each.

Yeast extract preparation

Yeast lysates were prepared according to a protocol from lizuka er aP* with modifications
described below: From glycerol stocks, Jo56 were streaked onto plates with YPD media (20
g/L Peptone, 10 g/L Yeast Extract and 2% glucose). A single colony was picked and grown
in 10 mL of YPD media overnight at 30°C. Enough cells were added into 1L YPD media to
reach an OD of 2.0 in 20 hr at 30°C. Cells were harvested at mid-log phase (OD = 2.0),
washed with distilled water and 150 mM HEPES-KOH pH7,4, 500 mM potassium acetate,
10 mM magnesium acetate, 2 MM DTT, 100 uM PMSF, 7% mannitol (Buffer ADPM). Cells
were resuspended in 250-500 pL Buffer ADPM and pipetted into liquid nitrogen to form
‘pellets” which were stored at —80°C.

For cell lysis, pellets were ground vigorously with liquid nitrogen in a mortar and pestle.
During grinding, liquid nitrogen was added 2—-3 times and care was taken not to allow the
cells to thaw. The final homogenous powder was collected in tubes and thawed on ice. The
lysate was spun down in a microfuge for 10 min at 13000 rpm to remove insoluble material.
The supernatant was immediately separated from the insoluble fraction and applied to a
G-25 superfine size-exclusion column pre-equilibrated with 150 mM HEPES-KOH pH 7,4,
500 mM potassium acetate, 10 mM magnesium acetate, 2 mM DTT, 100 uM PMSF (Buffer
ADP) at 4°C. Fractions of about 200 pL were collected and the absorbance at 260 nm (Azgq)
was measured. Fractions with high Aygg (>80 Units/mL) were tested for activity in an /in
vitro translation assay (see below). The most active fractions were pooled, aliquoted and
flash frozen with liquid nitrogen. These were stored at —80°C.

Synthesis of mRNA.

Two plasmids, 1762 (cap dependent) and 1833 (cap independent), encoding Renilla
luciferase were linearized with Xhol (NEB R0146S) (10 ug of plasmid were digested with 1
UL enzyme in 50 pL reaction mix at 37°C). After 1.5 hours, an additional 1 uL enzyme was
added and the reaction was incubated for a further 1 hour. DNA was purified with GeneJET
PCR Purification Kits (Thermo Fisher K0701) and added to a reaction mix with T3 DNA
polymerase (Thermo Fisher Scientific EP0101) according to the manufacturer’s protocol to
produce RNA.

The transcription product was treated with RNase-free DNase | (NEB M0303S), (5 pL were
added to each polymerase reaction and incubated at 37°C for 20 minutes), to remove the
template. RNA was purified by phenol-chloroform extraction. Briefly, the sample volume
was increased to 200 puL with TE (10 mM Tris, 1L mM EDTA) pH 7.0, an equal volume of
phenol:chloroform:isoamyl alcohol (Bioshop PHE512.100) was added and the suspension
was vortexed for 15 seconds and centrifuged for 5 minutes to isolate the upper phase. The
extraction was repeated and the upper phases pooled. The RNA was precipitated with
ammonium acetate (an equal volume of 5 M ammonium acetate was added, the sample was
incubated overnight at —20°C and centrifuged in a microfuge for 30 minutes at 14K. The
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pellet was rinsed with ice-cold 70% ethanol, dried and dissolved in 50 pL RNase-free
water).

RNA from plasmid 1762 was capped (Cap 0, /.e. without the addition of a methyl group at
the 2°-O position of the penultimate nucleotide of the transcript) using ScriptCap™ m’G
Capping System (CELLSCRIPT™ C-SCCE0625). The capped RNA was purified by
phenol-chloroform extraction and ammonium acetate precipitation as described above. RNA
from both plasmids was finally purified using GeneJET RNA Purification Kits (Thermo
Fisher Scientific KO731), quantified using A,go on a Nanodrop 1000 (Thermo Fisher
Scientific) and analysed by agarose electrophoresis using the method of Masek et a/%°. RNA
was aliquoted and stored at —80°C.

In vitro translation assay

All proteins (purified as described below) were buffer-exchanged a day beforehand into 20
mM HEPES-KOH pH 7.4, 50 mM NaCl and 1 mM fresh DTT. On the day of an experiment,
all proteins were diluted to 2 uM and kept on ice in the dark for the duration. The mRNA
was diluted to 30 ng/uL on the day of the experiment and also kept on ice for the duration.
Light/dark experiments on the same protein were done concurrently and every point in the
protein titration was prepared in triplicate.

The translation reactions were prepared according to the protocol from lizuka er a/.%* with
slight modifications as described below: The total volume of each reaction was 5 pL and was
prepared in thin-walled 0.2 mL tubes pre-chilled in ice-water. A pre-mix was assembled on
ice with the following components per reaction: 1.5 uL yeast extract, 1.55 pg creatine
phosphokinase (Roche SKU 10127566001), 1.2 Units RNasin Plus RNase Inhibitor
(Promega SKU N2611), 30 ng mRNA, and 1.04 uL of an amino acid cocktail. The amino
acid cocktail contained 132 mM HEPES-KOH pH 7.4, 720 mM potassium acetate, 9 mM
magnesium acetate, 4.5 mM ATP, 0.6 mM GTP, 150 mM creatine phosphate (Roche SKU
10621714001), 0.24 mM 20 amino acid mix (Promega SKU L4461), and 10.2 mM DTT.

In the dark, the pre-mix was split into 4 equal aliquots of 24 uL . Each aliquot was enough
for 6 reactions at each protein concentration (0 uM, 0.1 uM, 0.2 uM, 0.4 uM). Then, in the
dark, protein aliguots with working stock concentrations of 2 uM, 1 pM and 0.5 pM were
prepared. In each 24 pL pre-mix aliquot, 6 UL of the respective protein stock was added.
Buffer was added to the pre-mix aliquot prepared for 0 uM protein. To assemble the final
reaction, these pre-mixes with protein or buffer were aliquoted into pre-chilled reaction
tubes at 5 UL per reaction. Three reactions per protein concentration (12 samples) were
incubated in ice water in the dark for 10 min (dark samples). The remaining 12 samples
(light samples) were flashed with blue light (50 pW/cm?) 10 s on and 10 s off for 30 s (off-
times were kept in ice water to prevent the reaction from starting). The light samples were
placed over a 50 pW/cm? blue light (447 nm) in a 25°C water bath. The dark samples were
incubated over the same blue light but in a separate 25°C water bath wrapped in foil. All
samples were then incubated concurrently for 40min.

Renilla luciferase substrate and passive lysis buffer (PLB) from the Promega Renilla
Luciferase Assay System (SKU E2820) were prepared according to the manufacturer’s
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instructions. For each translation reaction, 10 uL PLB was added into a polystyrene tube
(Falcon SKU 352052). After incubation, samples were immediately placed in ice water and
prepared for luminometer readings. In each tube with PLB, 2 pL of the translation reaction
was added. Then, 50 pL of the Renilla luciferase substrate was added and pipetted 6 times
before the tube was placed in the luminometer (Berthold Sirius Single Tube Luminometer).
Luminescence was read for 10 s after a 10 s delay.

Protein purification

E. coli BL21 (DE3J) cells were transformed by heat-shock and incubated on agar plates
containing 25 g/L Luria Broth (LB) (Bioshop LBL407.1) and 50 pg/mL kanamycin
(Bioshop KAN201.10) overnight at 37°C. Single colonies were grown in 25 mL LB with 50
pg/mL kanamycin overnight at 37°C. The 25 mL cultures were added into 1 L LB with 50
ug/mL kanamycin and grown until ODgnp=0.6—0.8. Cultures were then induced with 500
UM IPTG and incubated overnight (~20 h) with shaking in the dark at 17°C. Cells were
collected by centrifugation and stored at —20C.

For purification of cLIPS1, cLIPS2 and derivatives, cells were resuspended and sonicated in
lysis buffer containing 40 mM Tris (pH 8), 300 mM NaCl, and 0.15 mM DTT. Insoluble
debris was removed with centrifugation and the soluble fraction was filtered through a 0.45
um filter and added onto 1-4 mL of Ni-NTA in a Glass Econo-Column (Bio-Rad). The
column was washed with 50 mL of lysis buffer, then 25 mL of lysis buffer supplemented
with 2 M NaCl, and finally 25 mL lysis buffer with 5 mM imidazole. Yellow protein was
eluted by lysis buffer supplemented with 200 mM imidazole. The eluant was dialysed
overnight at 4°C against 40 mM Tris-acetate, 1 mM EDTA, 100 mM NacCl, and 0.15 mM
DTT (dialysis buffer). After 2-3 buffer exchanges, proteins were concentrated by Amicon
centrifugal filters and further purified on a Superdex™ 75 10/300 GL size exclusion (SEC)
fast protein liquid chromatography (FPLC) column, pre-equilibrated with the dialysis buffer
supplemented with 0.02% NaNs3. The fractions with the highest 447 nm absorbance
contained the desired proteins as confirmed with ESI-MS (Figure S3). The absorbance of
each fraction was then separately measured by UV-Vis and those with a A447/280 ratio of
0.27 or higher were pooled.

The purification of GB1-4E was carried out in the same manner as for the purification of
cLIPS constructs except the lysis buffer used was 50 mM sodium phosphate (pH 6.5), 300
mM NacCl, and 1 mM DTT. The dialysis buffer was 50 mM sodium phosphate (pH 6.5), 100
mM NaCl and 1 mM DTT (with 0.02% NaN3 for SEC-FPLC). Due to its instability,
experiments requiring GB1-4E were performed within two days of SEC purification.%
Wild-type 4EBP2 protein was a generous gift given to us by Alaji Bah from the Forman-Kay
lab.

UV-Vis characterization

All characterization was performed in GB1-4E dialysis buffer: 50 mM sodium phosphate
(pH 6.5), 100 mM NacCl, and 1 mM DTT. All versions of cLIPS were either buffer
exchanged by Amicon centrifugal filters or SEC. Spectra for all cLIPS proteins were
obtained at a concentration of ~5 uM. To examine the photocycle, cLIPS proteins were
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irradiated in a quartz cuvette for 1 min with a 450 nm LED (>10 mW/cm?). After turning off
the LED, scans were obtained at 480 nm/sec every 40s. To calculate the half-life of thermal
relaxation, the absorbance at 446 was plotted versus time. The data were then fit to an
exponential function to obtain the rate constant.

SEC analysis of cLIPS/elF4E interactions

Analytical SEC was performed on a Superdex™ 75 10/300 GL column that was pre-
equilibrated with 50 mM sodium phosphate (pH 6.5), 100 mM NaCl, 1 mM DTT and 0.02%
NaN3. The flow-rate was 0.5 mL/min. All proteins were exchanged into this buffer prior to
the SEC binding experiments. For full dark-adaptation, stock solutions of cLIPS were kept
in the dark on ice for 10 min prior to the SEC binding experiment. From the dark-adapted
stock solution in the dark, a cLIPS protein was mixed with GB1-4E. The final concentration
for both proteins was 10 uM and the final volume was 400 pL. The mixture was equilibrated
at room temperature for 10 min before injection onto the column. For light-state samples,
the cLIPS protein was first mixed with GB1-4E in the dark. The mixture was then
equilibrated for 10 min at room temperature in the dark. Before injection, the sample was
placed under a blue light LED array (447nm) at 0.6 mW/cm? for 1 min before immediate
injection onto the column. In the light-state SEC experiments, a blue light LED array was
placed next to the column so that samples were continuously irradiated with a light intensity
of 0.2-0.6 mW/cm?.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Optogenetic control of trandation initiation
(A) Interactions in the elF4AF complex (elF4G, elFAE, elF4A) and poly-A binding protein

(PABP) during cap-dependent translation initiation. Binding and circularization of mMRNA
(gray) requires elFAE and PABP. The 43S Preinitiation Complex (not shown) is then
recruited to elF4F and scans downstream of elF4E for the start codon. (B) Native 4EBP
binds elF4E and inhibits translation initiation (top). Opto-4EBPs (represented by a
photoswitchable domain in orange fused to a 4EBP segment in purple) have a sequestered
4EBP segment in the dark (bottom). Blue light irradiation causes a change in the
photoswitchable domain and the 4EBP segment can adopt the conformation needed to bind
elF4E and inhibit translation initiation.
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Figure 2.

Schematic of opto-4EBP2 designs screened in Jo56 yeast. Segments of 4EBP2 of varying
lengths containing the primary and secondary elF4E binding sites (shown in purple; a higher
affinity 4EBP mimic30 in dark purple) were fused in various configurations with different
photoswitchable domains (cPYP, yellow; RsLOV, bronze; Dronpa, cyan; AsLOV?2,
CcAsLOV?2, orange).
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Figure 3. (A)

Schematic showing the yeast growth assay used to screen opto-4EBP constructs. Yeast
(Jo56) with CDC33 deleted grow using constitutively expressed human elF4E (green)
expressed constitutively. This strain is transformed with opto-4EBPs (photoswitchable
domain, orange; 4EBP2 segment, purple) and grown in glucose media for 2 days at 30°C.
Transformed yeast are then plated on identical galactose plates to induce expression of
opto-4EBPs. One plate is grown in the light and one plate is grown in the dark. Inhibition of
growth in the light indicates light-activated inhibition of translation. (B) Yeast growth assay
results for AsLOV2, tr-4EBP2, cLIPS1, and negative controls in drop test format. Cultures
are spotted at the indicated ODs and growth is imaged after 3 days at 30°C under light (L) or
dark (D) conditions. (C) Schematic of constructs (tr-4EBP2, cLIPS1 and controls) tested in
yeast growth assay. The 4EBP2 (purple) insert is inserted between the Ja and A’a helices of
AsLOV2. (D) Yeast growth assays using wild-type yeast (CB008) containing CDC33 (yeast
elF4E) and no human elF4E. All constructs have no effect on growth indicating no
interaction of 4EBPs with yeast elF4E.
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Figure4. (A)

Crystal structure of dark-adapted AsLOV2 (PDB: 2V0U) (B) Hypothetical model of
photoswitching of cLIPS1. The model was created by inserting the truncated 4EBP2
sequence (purple) between the N-terminal and C-terminal ends of AsLOV2, and creating
new N- and C-termini (indicated) in AsLOV2. In the dark, cLIPS1 is proposed to fold so that
primary and secondary elFAE binding sites in 4EBP are sequestered. In the light, unfolding
of the AsLOV2 Ja and A’a helices releases conformational constraints on 4EBP2 enabling
it to adopt a conformation capable of binding to elF4E. Structures of 4EBP2 segments and
light state conformations of Ja and A’a helices are hypothetical.
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Figure5. (A)

Image showing replica plates of yeast colonies grown from the primer-based library. One
colony (cLIPS2, indicated by an arrow) showed distinctly less growth when grown in the
light vs. in the dark. (B) Drop test assay of cLIPS2 compared to ASLOV2 and cLIPS1
(conditions as in Fig. 3B) (C) Schematic of cLIPS2 and cLIPS2AA compared to AsLOV2.
The duplicated section is composed of a portion of 4EBP2 (purple) that encompasses the
secondary binding site and the A’a helix of AsSLOV (orange, indicated).
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Figure6. (A)
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Growth curves of Jo56 yeast expressing AsLOV?2, tr-4EBP2, cLIPS1, cLIPS1AA, cLIPS2, or
cLIPS2AA, Yeast were grown in the dark (black lines), and in the light (blue lines) in an
automated shaker and plate reader. Shaded area (dark state, grey; light state, light blue)
shows the error between wells in 3 different experiments. Each light or dark experiment was
performed with 8-16 wells per construct. (B) Calculated doubling times based on the
measured growth curves. Error bars represent standard deviation between three separate

experiments.
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Figure7. (A)

trBP :

Representative polysome profiles for Jo56 expressing cLIPS2AA, tr-4EBP2, or cLIPS2,
grown in the dark. Polysome/monosome (P/M) ratios are indicated for these individual
profiles. (B) Bar plot showing the average P/M ratio for three polysome profiling
experiments. In each replicate, Jo56 yeast expressing cLIPS2AA, tr-4EBP2, and cLIPS2
were either grown in the light (30 s on and off, 0.05 mW/cm? blue light) or in the dark until
early log phase. Error bars represent the standard deviation between three separate

experiments.
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In vitro translation assays using Jo56 lysates with capped (‘elF4E-sensitive’) mRNA
expressing Renilla luciferase. Purified cLIPS constructs or full-length 4EBP2 were added in
increasing amounts under either dark or light conditions. Whereas full-length 4EBP2 causes
inhibition regardless of light conditions, cLIPS1 and cLIPS2 cause light-dependent
inhibition of cap-dependent translation. The AA controls show no inhibition of translation.
(B) In vitro translation assays using Jo56 lysates with PAB1 IRES mRNA coding for Renilla
luciferase. In this case full-length 4EBP2 causes enhanced translation, cLIPS1 and cLIPS2
cause light-dependent enhancement of translation. The AA controls show no effect on

translation.
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Figure9. (A)

UV-Vis spectra showing the cLIPS1 photocycle after 1 min irradiation with 450 nm light.
(50 mM sodium phosphate (pH 6.5), 100 MM NaCl, and 1 mM DTT, 25°C). (B) Time
course of cLIPS1 thermal recovery calculated from the set of UV-Vis spectra. Absorbance at
450 nm vs time was fitted to an exponential curve and the half-life calculated was ~3 min.
(C) SEC chromatographs of either cLIPS1 (left chromatograph, 10 uM) or cLIPS1AA (right
chromatograph, 10 pM) mixed with elF4E (10 uM) in the dark (black lines) or under
constant irradiation of 450 nm light (blue lines). Fractions of the chromatograph (indicated)
were collected and analyzed using SDS-PAGE. With elF4E and cLIPS1, co-elution occurs at
earlier fractions under 450 nm light. With elF4E and cLIPS1AA, no co-elution is seen in
either light or dark conditions.

ACS Synth Biol. Author manuscript; available in PMC 2020 April 24.



	Abstract
	Graphical Abstract
	Results
	Structure-based designs and screening
	Validating cLIPS1 activity (moved)
	Library screening for increased light versus dark activity
	Growth curves and protein quantification in liquid culture
	Polysome Analysis
	Effect on translation in vitro
	cLIPS binding to eIF4E in vitro

	Discussion
	Methods
	Cloning
	Library construction
	Yeast growth assay
	Growth curves in liquid culture
	Polysome assays
	Western blot analysis
	Yeast extract preparation
	Synthesis of mRNA.
	In vitro translation assay
	Protein purification
	UV-Vis characterization
	SEC analysis of cLIPS/eIF4E interactions

	References
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	Figure 6
	Figure 7
	Figure 8
	Figure 9

