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ABSTRACT: Development of methodologies for optically NN | o

triggered protein degradation enables the study of dynamic protein o%j;j a

functions, such as those involved in cell signaling, that are difficult HN)k o N @

to be probed with traditional genetic techniques. Here, we describe @ <N
the design and implementation of a novel light-controlled peptide - '{
degron conferring N-end pathway degradation to its protein target. light by X
The degron comprises a photocaged N-terminal amino acid and a ~ HaN m > N > wSee
lysine-rich, 13-residue linker. By caging the N-terminal residue, we ° ° degraded
were able to optically control N-degron recognition by an E3 functional protein protein

ligase, consequently controlling ubiquitination and proteasomal

degradation of the target protein. We demonstrate broad applicability by applying this approach to a diverse set of target proteins,
including EGFP, firefly luciferase, the kinase MEK1, and the phosphatase DUSP6 (also known as MKP3). The caged degron can be
used with minimal protein engineering and provides virtually complete, light-triggered protein degradation on a second to minute
time scale.

B INTRODUCTION of protein degradation (B-LID)'"~" and photoactivated

Proteasomal degradation aids in maintaining cellular homeo- cleavage of appended degron domain for optical deactivation

stasis through the turnover of misregulated, misfolded, or of degradation (GLIMPSe).” Optical control over PROTAC

damaged proteins.' Several methodologies have harnessed this function has been achieved through synthetic analogs bearing
important cellular process to afford conditional control of photoswitchable azobenzene linkers”"** and light-removable
protein activity, the most common of which include protein caging groups.”’ >

fusion to small molecule-controlled degradation domains While the technologies mentioned above offer optical
(degrons) and small molecule inducers of degradation control of target protein activity, these designs include certain

(PROTACs).””* These approaches hold important advantages limitations. The AID, B-LID, and GLIMPSe systems rely on
over small molecule inhibitors, namely, by retaining selectivity

without being limited to the pool of “druggable” protein
targets.5

The majority of small molecule-controlled degrons are based
on engineered FRB and FKBP domains that are either
stabilized or destabilized in the presence of suitable ligands

large protein-fusions which risk interference with the
endogenous function of the protein. LOV2-based technologies,
including B-LID and GLIMPSe, are further limited by the need
for long (hour time scale) irradiations, making time-resolved
analysis of protein activity difficult. Light-regulated PROTAC

such as rapamycin and related compounds.é_“ Other technology lacks generalizability, as it requires prior knowledge
approaches include the SMASh system, which utilizes a of a selective and efficient PROTAC.

protease-degron fusion appended to the target protein and We developed a novel degron methodology employing a
small molecule-mediated inhibition of the protease resulting in light-activated, short, 14-amino acid peptide for optical control

rapid destabilization and degradation.12 HaloTag and IZFK3 of protein degradation through the N-end proteolytic pathway.
degrons utilize hydrophobic/E3 ligand tagging'>'* and E3 This allows for rapid degradation of protein targets with
ligase recruitment," respectively, for small molecule-induced
degradation of protein fusions.

Optical systems for protein stability have been developed as
well in order to achieve spatiotemporal control of cellular
processes in a rapid, noninvasive manner while maintaining the
above-mentioned advantages of degron protein engineering,'®
Examples include a photocaged small molecule dimerizer of
the auxin-inducible domain (AID) and optogenetic ap-
proaches, such as LOV2-degron fusions for optical activation

minimal protein engineering and complete temporal control.
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Figure 1. Light-inducible N-degron design. N-terminal ubiquitin is cotranslationally cleaved by endogenous DUBs, leaving a user-defined residue
X, e.g, A, K, or the caged lysine, HCK. HCK-terminal proteins are stable until light exposure results in N-terminal decaging, E3 ligase recognition,
E2 recruitment, polyubiquitination, and proteolytic degradation of the POL. Structure of the tetrapeptide KIAA (green) bound to the UBR box of
UBRI (gray). Dotted lines represent electrostatic interactions between the N-terminal lysine and negatively charged aspartic acid residues in UBR2.
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B RESULTS AND DISCUSSION

Classically, the N-end pathway is defined as the process
through which the half-life of a protein is determined by the N-
terminal and, to a lesser extent, penultimate residues.”® It is
important in several regulatory and developmental pro-
cesses.”’ ' A primary destabilizing residue, or N-degron,
can be directly exposed in mammahan cells through the
activity of endogenous proteases.”” A general pathway for
generation of destabilizing N-degrons (e.g., terminal lysine) is
through proteolytic cleavage of pre-N-degrons by proteases
such as endopeptidases, caspases, separase, and calpains.”*™*
While the resulting exposure of a stabilizing residue (e.g,
alanine) does not alter protein halflife, exposure of a
destabilizing residue (e.g., lysine) initiates the recruitment of
proteasomal machinery.”® The UBR class of E3 ligases
recognizes N-degron motifs, and the crystal structure of an
N-terminal lysine tetrapeptide bound to the UBR box of UBR1
reveals electrostatic interactions between the positively charged
amino groups and the negatlvely charged binding pocket of the
E3 ligase (Figure 1).°° This is the only available cocrystal
structure of a lysine terminal peptide docking to a UBR
binding pocket. However, this process of targeted protein
degradation can be achieved through the recognition of a
lysine N-degron by four different mammalian proteins that
encode the UBR box and recognize 3pOSItlvely charged
residues: UBR1, UBR2, UBR4, and UBRS.®” UBR recruitment
leads to the polyubiquitination of one or multiple internal
lysines, labeling the protein for proteasomal degradation.'

In order to achieve optical control over this process, we
hypothesized that by genetically introducing a photocaged
hydroxycoumarin lysine (HCK)® at the N-terminal position,
recognition by E3 ligases such as UBRI1 will be blocked
through steric bulk and disruption of the electrostatic
interactions. Brief exposure to 365 or 405 nm light removes
the caging group, restores the native degron, and leads to
recruitment of either UBR1, UBR2, UBR4, or UBRS. To
generate a methionine-free, N-terminal lysine, we designed a
fusion containing an N-terminal ubiquitin that is cotransla-
tionally cleaved by endogenous deubiquitinases.”” Two control
constructs were generated, exposing either alanine or lysine at
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the N-terminus of the protein of interest (POI): ADeg-POI
and KDeg-POI, representing stabilized or destabilized
proteins.’® A light-controlled optoDeg was generated by
replacing the N-terminal lysine with HCK, and is expected
to remain stable and functional until the N-degron is exposed
through photolysis, resulting in rapid proteasomal degradation
of the POL

We first sought to maximize instability of the degron, thus
increasing the degradation efficiency of the POI. Previous
studies have correlated the lysine density of an N-degron
peptide with protein degradation, revealing that the strongest
N-degrons contain 3 to 5 internal lysine residues.”’ In light of
this, two unstructured linkers with randomized amino acid
sequences and two different lengths (13- and 17-residues to
accommodate up to 3 and 4 lysines, respectively) were
modified with extra lysines at various distances from the
primary residue (XDeg, Figure 2a). Mutation positions were
chosen for their distance from the first four residues, which
directly interact with the E3 ligase and determine UBR box
recognition.””*" To accurately quantify degradation efficiency
of the resulting fusion protein, we inserted a P2A self-cleavable
linker between the N-degron-linked POI and a stable control
protein.*” The stability (and subsequent activity) of the POI is
normalized to the stable internal control, reducing error from
variable protein expression levels.

To quantitatively assess the degradation efficiency of the N-
degron peptides, we first targeted an HA-tagged firefly
luciferase,™ using Renilla luciferase as the internal control
(XDeg-FLuc-HA-P2A-RLuc). The FLuc degron variants were
transiently expressed in HEK293T cells, and cells were
exposed to light or kept in the dark. We utilized the dual
luciferase assay to evaluate the extent of protein degradation.
Assessment of KDeg-FLuc activity relative to the RLuc internal
control revealed a trend in which increasing lysine content
within the linker corresponded to increased instability, leading
up to 85% degradation of constitutively active KDeg-FLuc
constructs (Figure 2b, light green). Notably, increasing lysine
density had no significant impact on optoDeg-FLuc stability
after UV irradiation (Figure 2b, dark green). This may be due
to a saturation of proteasomal machinery by the acutely
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Figure 2. Light-activated degradation of firefly luciferase in HEK293T B NT A K HCK 5 1.0
cells. (a) N-degron sequences with X representing the N-terminal A, w - - - -« é
K, or HCK. FLuc-HA was used as the protein of interest (POI) in the N ——— = 05
experiments shown here. (b) Comparison of the degradation & 0.0 T T 1
efficiency of firefly luciferase (FLuc) in HEK293T cells. FLuc GAPDH U . 0 10 2 30
- time (min)

luminescence was normalized to RLuc as an internal control.
OptoDeg-FLuc was kept in the dark (—UV) or irradiated with 365
nm light for 2 min (+UV). Error bars denote standard deviations from
three biological replicates. (c) Validation of HA-tagged A, K, and
HCK (£UV) stability through Western blot analysis of construct 3.

triggered degron, resulting in limitation of immediate optoDeg-
FLuc degradation. While ADeg-FLuc stability was not affected
by lysine doping, the same mutations resulted in decreased
expression of optoDeg-FLuc relative to construct 1 (Figure 2b,
light blue and dark blue, respectively). These results indicate
that all constructs were suitable for efficient optically activated
protein degradation; however, construct 3 was selected for
turther applications since it showed the lowest protein level for
KDeg-Fluc. Western blot analysis of XDeg-FLuc stability in
HEK293T cells revealed significantly lower levels of both
KDeg- and optoDeg-FLuc (+UV) compared to those of ADeg-
and optoDeg-FLuc (—UV) (Figure 2c). These results support
the successful development of a small, light-activated degron
that maintains protein levels matching those of stable protein
controls prior to irradiation and triggers near-complete protein
degradation upon light stimulation.

In order to assess both the robustness and the kinetics of the
optically triggered N-degron, we applied the technology to
different protein targets, including enhanced green fluorescent
protein (EGFP). Using a P2A-linked mCherry internal
control,”> we assessed the caged degron using fluorescence
microscopy (XDeg-EGFP-P2A-mCherry). The EGFP degron
variants were transiently expressed in HEK293T cells, and the
stability of the degron was monitored in the absence or
presence of light. ADeg- and optoDeg-EGFP (—UV) controls
displayed stable expression of EGFP (Figure 3a, first and third
rows, respectively). Cells expressing KDeg-EGFP, in contrast,
displayed reduced EGFP levels relative to the mCherry internal
translation control (Figure 3a, second row). Degradation of
optoDeg-EGFP was rapid upon light stimulation (40S nm, 60
s) and resulted in significant protein degradation within
minutes of irradiation (Figure 3a, bottom row). However,
degradation was incomplete, as evident from residual EGFP
fluorescence in irradiated cells. As previously discussed, we
attribute this to oversaturation of the proteasomal machinery
in response to high levels of destabilized protein. To address
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Figure 3. Light activated degradation of EGFP in HEK293T cells. (a)
Stability of ADeg- and optoDeg-EGFP (—UV), and instability of
KDeg- and optoDeg-EGFP (+UV), as verified through fluorescence
microscopy. (b) Validation of A, K, and HCK (+UV) stability
through Western blot analysis of EGFP expression. (c) Intensity of
EGFP fluorescence relative to mCherry internal control at various
time points pre- and postirradiation (labeled with blue lightning). p <
0.0001 from two-way ANOVA between HCK (+UV) and HCK
(—UV) at t = 30 min. (d) Single cell analysis of EGFP fluorescence
intensity relative to mCherry internal control at various time points
pre- and postirradiation (labeled with blue lightning). Cells binned
according to percent decrease of EGFP intensity relative to
preirradiation intensity. A = ADeg-EGFP-P2A-mCherry; K = KDeg-
EGFP-P2A-mCherry; HCK = optoDeg-EGFP-P2A-mCherry.

this, protein expression was inhibited through either
incubation with the translational inhibitor cycloheximide**
(in case of experiments with ADeg and KDeg) or simple
withdrawal of the unnatural amino acid HCK (in case of
optoDeg) upon treatment with light, followed by a 24 h
incubation period for proteasomal degradation of the
destabilized constructs. Western blot analysis revealed protein
stability of ADeg- and optoDeg-EGFP (—UV) and complete
degradation of KDeg- and optoDeg-EGFP (+UV) (365 nm, 2
min) following translational inhibition (Figure 3b). Complete
degradation of optoDeg-EGFP can likely be attributed to the
long (24 h) incubation period for proteasomal processing of
the saturated protein postirradiation.

While fluorescence microscopy analysis showed rapid and
extensive protein degradation, the results did not match the
high level of degradation observed using Western blot analysis.
We hypothesized that an acute increase of decaged protein can
overwhelm the proteasomal machinery; we therefore analyzed
degron stability on a single-cell basis over time in order to
investigate the relationship between protein expression level
and extent of degradation. ADeg-, KDeg-, and optoDeg-EGFP
were transiently expressed in HEK293T cells and treated with
or without light in three consecutive exposures followed by 10
min incubation periods, during which cells were monitored
using fluorescence microscopy. Resulting EGFP/mCherry
values were subsequently evaluated on a single cell level both
for the entire population (n = 100) and binned according to

https://doi.org/10.1021/jacs.1c04324
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the level of protein degradation. While population-level
expression of ADeg- and KDeg-EGFP negative and positive
controls were not significantly altered upon irradiation, light-
induced decaging of optoDeg-EGFP resulted in degron
activation and considerable degradation of the destabilized
protein, closely resembling KDeg-EGFP levels (Figure 3c). We
utilized light titration to visualize the rapid decrease in protein
expression, especially within the first ten seconds of protein
decaging. Relative EGFP fluorescence was monitored over the
course of 10 min after each 15 s irradiation. OptoDeg-EGFP
degradation was extremely rapid upon initial irradiation,
reaching 50% degradation within the first minute and
increasing to 80% degradation as additional irradiation further
increased decaging and thus increased protein instability,
demonstrating tunability of protein levels through a simple
adjustment of light exposure.

In order to better understand the relationship between initial
cellular EGFP concentration and the level of protein
degradation, cells were binned and grouped by the percentage
of EGFP loss relative to the initial (—UV) time point (Figure
3d). Cells displaying 0 to 33% EGFP degradation (n = 8) have
an average EGFP/mCherry fluorescence ratio of about 1.64 at
the 0 min time point and show a rather gradual decrease in
EGFP expression over time. Cells reaching 34—66% EGFP
degradation (n = 16) and 67—100% EGFP degradation (n =
76; the majority of cells) display a lower average EGFP/
mCherry fluorescence of about 1.41 and 0.959, respectively.
Loss of fluorescence in cells expressing lower initial EGFP
fluorescence was rapid, reaching near complete degradation
immediately upon the second irradiation at 10 min. These
results revealed an inverse correlation between initial POI
levels and degradation efficiency, presumably due to over-
saturation of the proteasomal machinery.**~*” This correlation
is consistent with the increased level of protein degradation
observed in translationally inhibited cells after 24 h, compared
to a shorter (30 min) degradation period. POI levels suitable
for rapid degradation via optoDeg should be readily achievable
through simple concentration adjustments of HCK, which
directly impacts protein expression levels.*”

Cell signaling processes are rapid and highly dynamic and
thus benefit from optical control and perturbation ap-
proaches.*”" We selected MKP3, a dual-specificity phospha-
tase with regulatory functions in cellular processes such as
proliferation, differentiation, and development, as a target for
our optoDeg methodology. MKP3 is transcriptionally activated
in response to ERK/MAPK signaling and is responsible for
negative feedback regulation of ERK though the direct
dephosphorylation and deactivation of its cytoplasmic
population.”’ This prevents the nuclear translocation and
subsequent kinase activity of ERK, inhibiting activation of
transcriptional programs. This feedback attenuation serves to
dampen MAPK signaling at the ERK node, and previous
studies have linked this process to the regulation of axial
patterning in development.”” The catalytically dead C293S
mutant of MKP3 (dMKP3) presents a dominant negative
mutant in which the inactive enzyme retains affinity for pERK
without the ability to catalyze its dephosphorylation. This
results in pERK sequestration by the phosphatase in the
cytoplasm, restricting pERK’s interaction not only with other
catalytically active proteins but also with nuclear substrates
(Figure 4a).”>>* By fusing our optically controlled N-degron to
dMKP3, we hypothesized that ERK translocation would be
blocked until light exposure. In order to test this, we utilized an
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Figure 4. Control of ERK signaling through light activated
degradation of dMKP3 in NIH 3T3 cells. (a) Schematic of the
ERK/MAPK signaling pathway. (b) Validation of HA-tagged A, K,
and HCK (+UV) stability through Western blot analysis. (c)
Representative fluorescence microscopy images of NIH 3T3 cells
expressing A, K, and HCK (+UV). (d) Time-course quantification of
C/N ratio of Clover fluorescence pre- and poststimulation in cells
expressing A or K. (e) Time-course quantification of C/N ratio of
Clover fluorescence pre- and postirradiation in stimulated cells
expressing HCK (—UV) or HCK (+UV). p = 0.0003 from two-way
ANOVA for HCK (+UV) at t = 0 min and t = 80 min. Error bars
represent standard error of the mean from 10 to 12 individual cells
combined from three biological replicates. A = ADeg-dMKP3-P2A-
mCherry; K = KDeg-dMKP3-P2A-mCherry; HCK = optoDeg-
dMKP3-P2A-mCherry.

ERK KTR-Clover reporter that contains four main compo-
nents: (1) the kinase binding domain of an ERK substrate
(Elk1), (2) a nuclear localization sequence (deactivated
through phosphorylation), (3) a nuclear export sequence
(activated through phosphorylation), and (4) a Clover green
fluorescent protein.’

We again used the P2A linker for validation of dMKP3
translation and HCK incorporation through mCherry fluo-
rescent protein expression (XDeg-dMKP3-HA-P2A-mCherry).
The dMKP3 degron variants were transiently expressed in
HEK293T cells. The cells were simultaneously treated with
light (365 nm, 2 min) and transcriptionally inhibited through
either HCK withdrawal (optoDeg-dMKP3) or cycloheximide
treatment (ADeg- and KDeg-dMKP3). After another 24 h

https://doi.org/10.1021/jacs.1c04324
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incubation, Western blot analysis revealed stable expression of A FGFR FGFR
ADeg- and optoDeg-dMKP3 (—UV) compared to the
extensive degradation of destabilized KDeg- and optoDeg- B A K HCK
dMKP3 (+UV) (Figure 4b).
An ERK KTR-Clover reporter was used for the analysis of we -
Ha W

ERK activity in live cells in the presence of stabilized or
destabilized dMKP3. NIH3T3 cells coexpressing the dMKP3
degron variants and the pERK-KTR-Clover reporter were
serum starved for 6 h to minimize extracellular stimulation of
ERK signaling. In the absence of MAPK signaling, the ERK
KTR-Clover reporter was localized in the nucleus (t = —20
min). Upon FGF-induced activation of the ERK/MAPK
pathway (f = —20 min), ERK phosphorylation of the reporter
stimulated rapid nuclear exportation (t = 80 min) (Supporting
Figure S1). Complete cytoplasmic accumulation of the KTR
reporter was achieved within 20 min of stimulation in the
absence of dMKP3. ERK sequestration was demonstrated
through the maintenance of nuclear ERK KTR-Clover in cells
expressing optoDeg-dMKP3 (—UV) (Figure 4c, third row;
Figure 4e, blue). Irradiation of optoDeg-dMKP3 (405 nm, 60
s) following ERK/MAPK stimulation allows for complete
proteolytic degradation within 20 min and resulted in release
of pERK from the cytoplasm and activation of ERK KTR-
Clover reporter upon cellular stimulation (Figure 4c, last row;
Figure 4e, green). Nuclear exportation of the reporter
plateaued about 20 min poststimulation. These results match
the reporter response to FGF stimulation in the presence of
the ADeg- and KDeg-dMKP3 controls (Figure 4c, first and
second rows; Figure 4d, blue and green, respectively).
Unexpectedly, some nuclear re-entry was observed in cells
expressing KDeg-dMKP3. This is likely due to the
compensatory effects of a low remaining KDeg-dMKP3
concentration, ERK suppression by phosphatases,”® or a
combination of the two. Ultimately, our results support the
utility of the degron-fused dMKP3 variant for activation of
ERK signaling in the presence of light.

After demonstrating optical deactivation of phosphatase
function with our light-triggered degron, we turned to the
regulation of kinase activity next. MEK1 is a protein kinase that
is central to the Ras/MAPK cell signaling cascade through the
phosphorylation and activation of ERK.”” MEKI activation is
dependent on the phosphorylation of two key residues, Ser218
and Ser222, and introduction of aspartic acid mutations at
these two sites generates a constitutively active enzyme (Figure
5a).>° To evaluate the efficacy of the caged degron with
caMEK1, we generated a construct bearing the P2A-mCherry
internal control (XDeg-caMEK1-P2A-mCherry). Following
expression of caMEK1 degron variants in HEK293T cells, we
treated them with light (365 nm, 2 min) and translationally
inhibited them through cycloheximide treatment (ADeg- and
KDeg-caMEK1) or UAA removal (optoDeg-caMEK1). After
overnight incubation ensured optimal protein degradation,
Western blot analysis showed high protein levels for ADeg-
and optoDeg-caMEK1 (—UV) and complete degradation of
the destabilized KDeg- and optoDeg-caMEK1 (+UV) (Figure
Sb), validating the efficiency of the caged degron with
caMEKI.

The activity of the degron-fused caMEK1 was then analyzed
using a fluorescently labeled ERK translocation reporter
(EGFP-ERK2) in order to generate measurements using its
direct downstream target. We analyzed the response of serum
starved cells expressing EGFP-ERK2 to FGF-mediated
stimulation to establish a baseline for EGFP-ERK2 activation
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Figure S. Control of ERK signaling through light activated
degradation of caMEK1 in NIH 3T3 cells. (a) Schematic of the
EGFP-ERK2 reporter mechanism. (b) Validation of HA-tagged A, K,
and HCK (+UV) stability through Western blot analysis. (c)
Representative fluorescence microscopy images of NIH 3T3 cells
expressing ADeg-, KDeg-, or optoDeg-caMEK1. (d) Time-course
quantification of N/C ratio of EGFP fluorescence over the course of
100 min in cells expressing A or K without external stimulation. (e)
Time-course quantification of N/C ratio of EGFP fluorescence before
(—20 to 0 min) and after (20 to 80 min) irradiation of cells expressing
HCK compared to nonirradiated cells expressing HCK. p = 0.0054
from two-way ANOVA for HCK (+UV) at t = 0 min and ¢ = 80 min.
Error bars represent standard error of the mean from ten individual
cells combined from three biological replicates. A = ADeg-caMEK1-
P2A-mCherry; K = KDeg-caMEK1-P2A-mCherry; HCK = optoDeg-
caMEK1-P2A-mCherry.

by endogenous signaling (+ = 0 min) (SI Figure S2). This
resulted in the phosphorylation and subsequent translocation
of the reporter to the nucleus upon stimulation, with nuclear
accumulation slowing after about 40 min. The nuclear/
cytoplasmic ratio of the reporter in serum-starved cells
expressing optoDeg-caMEK1 (—UV) displayed stable activa-
tion and nuclear accumulation of the EGFP-ERK2 reporter
(Figure Sc, third row; Figure Se, blue). These results match
literature reports for MEK-induced translocation of the EGFP-
ERK2 reporter in the same cell line.”” Upon light-induced
degradation of optoDeg-caMEK1, constitutive phosphoryla-
tion of the EGFP-ERK2 reporter was halted and cytoplasmic
localization was restored after about 60 min (Figure Sc, last
row; Figure Se, green). Activity of the reporter in the presence
of the stabilized or destabilized optoDeg-caMEKI1 closely
resembled the response observed with the ADeg-caMEK1 and
KDeg-caMEK1 controls, respectively (Figure Sc, first and
second rows; Figure Sd, blue and green, respectively).
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Localization of the reporter was not significantly changed with
irradiation over the course of 80 min in either of these
controls, indicating that the light exposure itself had no effect
on Ras/MAPK signaling. These results indicate that ERK
activation is selectively turned off through the light-induced
degradation of its upstream activator, MEK.

B CONCLUSION AND SUMMARY

In conclusion, we developed a very small, light-inducible
degron, optoDeg, for fast optical activation of protein
degradation. Our design takes advantage of the N-end
proteolytic pathway and includes a photocaged N-terminal
lysine, directly appended to the protein of interest via a short,
13-amino acid peptide. The photocaged lysine was strategically
placed in the N-terminal position to sterically restrict lysine
binding to the recognition domain of UBR-type E3 ligases,
thereby enabling acute optical control of the first step of the N-
end pathway. Irradiation with 405 nm light induced the
decaging of the terminal amino acid, leading to E3 ligase
recruitment and subsequent target protein degradation by the
proteasomal machinery. The extent of degradation was
validated with both optoDeg-EGFP and optoDeg-FLuc
constructs, reaching up to 85% degradation within minutes
of irradiation. Complete, or near-complete, protein degrada-
tion after light stimulation was also confirmed by Western
blots. The degradation kinetics were determined using the
optoDeg-EGFP construct, revealing 65% degradation within 3
min of an initial 15 s irradiation and plateauing at 85%
degradation within 3 min of a second light exposure. Thus,
degradation can not only be rapidly induced (within seconds)
but can be tuned depending on the level of light exposure.
Further analysis of the fluorescence decrease in cells expressing
optoDeg-EGFP on a single-cell basis through imaging
cytometry after optical stimulation indicated a correlation
between initial EGFP expression levels and the extent of
degradation. Cells displaying only up to 33% decrease in EGFP
fluorescence upon decaging express on average 70% more
EGFP prior to irradiation than cells reaching near complete
degradation of optoDeg-EGFP. This supports the hypothesis
that increased protein expression can overwhelm N-end
pathway machinery, ultimately decreasing proteolytic efficiency
after acute activation,”~*

The versatility of the optoDeg approach was demonstrated
through the light-induced, temporally controlled degradation
of essential proteins in controlling the ERK/MAPK cell
signaling pathway, including both the phosphatase dMKP3 and
the kinase caMEKI1. An optoDeg-dMKP3 construct was
utilized to demonstrate acute temporal control of ERK
signaling through the release of cytoplasmic sequestered
pERK upon irradiation and degradation of dMKP3. Complete
cellular response was observed within 20 min of stimulation in
cells expressing the decaged optoDeg-dMKP3. Alternatively,
optoDeg-caMEK1 was utilized for on-to-off control of ERK
signaling upon light-triggered degradation of caMEKI.

The efficiency, flexibility, and complete specificity afforded
by optoDeg are characteristics that, in combination, cannot be
achieved with traditional genetic techniques, such that fast and
virtually complete protein knockdown is obtained with precise
external, light-triggered regulation and with limited protein
engineering, adding only a very small peptide tag to the protein
of interest. We expect our optically activated degron to aid in
dissecting the complicated networks of cell signaling thus
contributing to the growing pool of knowledge concerning
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important molecular mechanisms which govern cellular
processes such as development and proliferation in both
normal and disease-state models. Given the recent advances in
genetic code expansion in animals, we expect this system to be
also functional in worm, fly, fish, and mouse models.®°
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