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Light-Activatable Ubiquitin for Studying Linkage-Specific
Ubiquitin Chain Formation Kinetics

Sudakshina Banerjee, Zeyneb Vildan Cakil, Kai Gallant, Johannes van den Boom,
Shubhendu Palei, Hemmo Meyer, Malte Gersch,* and Daniel Summerer*

Ubiquitination is a dynamic post-translational modification governing protein
abundance, function, and localization in eukaryotes. The Ubiquitin protein is
conjugated to lysine residues of target proteins, but can also repeatedly be
ubiquitinated itself, giving rise to a complex code of ubiquitin chains with
different linkage types. To enable studying the cellular dynamics of
linkage-specific ubiquitination, light-activatable polyubiquitin chain formation
is reported here. By incorporating a photocaged lysine at specific sites within
ubiquitin through amber codon suppression, light-dependent activation of
ubiquitin chain extension is enabled for the monitoring of linkage-specific
polyubiquitination. The studies reveal rapid, minute-scale ubiquitination
kinetics for K11, K48, and K63 linkages. The role of individual components of
the ubiquitin-proteasome system in K48-initiated chain synthesis is further
studied by small molecule inhibition. The approach expands current
perturbation strategies with the ability to control linkage-specific
ubiquitination with high temporal resolution and should find broad
application for studying ubiquitinome dynamics.

1. Introduction

Ubiquitination is a dynamic post-translational modification in
eukaryotes that acts as a versatile regulator of intracellular protein
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abundance, function, and localization.[1]

Ubiquitination involves conjugation of the
small protein Ubiquitin (Ub) to target pro-
teins via an isopeptide bond that connects
the carboxyl group of the Ub C-terminal
glycine with the Ne-amino group of lysine
residues on target proteins. However, con-
jugation can also occur at single or multi-
ple lysines of Ub itself, giving rise to com-
plex, linear or branched polyubiquitin chain
topologies. This process is orchestrated by
an enzymatic cascade involving activating
E1 enzyme as well as different conjugating
and ligating enzymes E2 and E3 that can ex-
hibit specificity for single or multiple Ub ly-
sine sites, resulting in chain topologies with
distinct linkages. Moreover, Ub can be re-
versed by deubiquitinases (DUBs) with in-
dividual linkage specificities.[2] Importantly,
different Ub topologies on a target protein
can result in distinct regulatory outputs,

e.g. different signal strengths for proteasomal degradation,[3]

contributing to a complex and highly dynamic homeostasis.[4]

A deeper understanding of ubiquitination kinetics on a
proteome-wide level depends on effective perturbation methods
that enable controlling and tracking linkage-specific ubiquitina-
tion events with high temporal resolution. A number of strategies
have greatly contributed to this area, such as pulse-chase meth-
ods using, e.g., isotope-labeled amino acids[5] or fluorophores,[6]

capping with lysine-less Ub,[7] advances in mass spectrometry,[8]

chemically triggered ubiquitination of individual sites,[9] and the
use of small molecule binders and inhibitors of different compo-
nents of the ubiquitin-proteasome-system (UPS).[10] Such strate-
gies can deliver invaluable insights into ubiquitinome dynam-
ics at timescales defined by the rate of the respective perturba-
tion or assay event, i.e., the expression rate of labeled proteins
or diffusion and association rates of small molecules. It is how-
ever currently not possible to activate specific Ub lysine residues
with light, which would allow the investigation of rapid polyu-
biquitin chain formation dynamics initiated by specific linkage
types.

To address this shortcoming, we here report light activation
of linkage-specific ubiquitin chain formation in mammalian
cells.[11] By expressing Ub variants bearing a single genetically
encoded[12] photocaged[13] lysine (pcK, Figure 1a) at specific
sites, we generate a proteome subpopulation that is transiently
caged for further ubiquitination at this site (Figure 1b). Removal
of the photocaging group by a light pulse enables monitoring
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Figure 1. Light-activated ubiquitination using a genetically encoded, photocaged lysine. a) Incorporation of photocaged lysine (pcK) into ubiquitin via
amber suppression, its charging to target proteins, and its subsequent light-decaging leads to polyubiquitination initiated by specific linkages. Ub K0:
Ub with K→R mutations in all lysine sites except for the pcK site. b) Biosynthesis and light-activation of a caged Ub subproteome that acts within the
ubiquitin-proteasome system (UPS). Inhibiting individual UPS components by small molecule inhibitors enables studying their function in early phases
of de novo (poly)ubiquitination from specific linkages by rapid activation and time-resolved monitoring.

proteome-wide (poly)ubiquitination initiated by a specific Ub
linkage type (Figure 1c). We observe rapid ubiquitination kinet-
ics on the minutes scale for K11, K48, and K63 linkages. Pertur-
bation studies using small molecule inhibitors of different UPS
components reveal their impact on early steps of K48-initiated
ubiquitinome synthesis.

2. Results and Discussion

To establish our methodology, we focused on Ub variants bear-
ing a single pcK residue at one of the three lysines K11, K48,
and K63 because these represent the main ubiquitination sites
most abundantly found in cellular Ub chain topologies with di-
verse and important functions.[14] We introduced pcK into the
variant Ub K0 (featuring K→R substitutions at all other K sites),
which excludes ubiquitination of any other lysine sites. Although

single-lysine Ub restricts chain elongation at the mutated sites
and thus alters chain topologies in the modified proteome sub-
population, it represents a functional Ub substrate compatible
with further modification that is widely used (Figure 1).[15] We
expressed the variants with N-terminal myc tags at low levels
to obtain a minimal, selectively trackable Ub subpopulation that
operates within the UPS. As an initial test, we individually ex-
pressed wild type Ub (Ub wt), Ub K0, and a Ub wt version
that cannot be conjugated to lysines because of an altered C-
terminus (Ub nc, Figure 2a; Figure S1, Supporting Information)
in HEK293T cells, and conducted SDS PAGE analyses of the
isolated whole proteomes. Anti-myc blots revealed the proteome
subpopulation modified with our Ub variants as a smear with a
broad range of molecular weights (Figure 2b). As expected, the
proteome fraction modified with Ub K0 thereby showed only a
fraction (14%) of the intensity observed for Ub wt. No smear
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Figure 2. Analysis of caged Ub proteome subpopulation for light-activation of linkage-specific downstream ubiquitination a) Domain structure of Ub
constructs used in this study. Blue arrows: b-strands, grey boxes: a-helices. b) SDS PAGE/anti-myc blots of proteomes from HEK293T cells expressing
indicated Ub variants for 24 h (all lanes are from the same blot with identical exposure time). Cells were treated with 10 μm MG132 5 h before harvesting
(also applies to panels (c–g)). c) Experiment as in Figure 2b with indicated Ub linkage variants. d) Anti-myc immunostaining and FACS analysis of cells
from Figure 2c reveal similar total expression levels of Ub variants. MFI: Mean fluorescence intensity; AU: arbitrary units. e) High fidelity incorporation
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was observed for Ub nc, showing that the observed signal ex-
clusively resulted from protein conjugates of the Ub variants
(Figure 2b).

We next expressed Ub K11, K48 and K63 that each differ from
K0 only in the single indicated R→K mutation, and thus al-
low further ubiquitination only in a linkage-specific manner. All
three variants resulted in similar or higher myc-proteome inten-
sities than Ub K0. K48 showed the highest levels, being in agree-
ment with the generally high abundance of this linkage type in
Ub topologies[14] (Figure 2c). Anti-myc immunostains and FACS
analyses of the cells thereby revealed similar total expression lev-
els for all four Ub variants, a scenario that allows attributing dif-
ferences in the formed myc-Ub proteome amounts to specific
linkage preferences of the UPS rather than different availabili-
ties of the Ub variants (Figure 2d; Figure S2, Supporting Infor-
mation).

To incorporate pcK at Ub positions K11, K48, and K63,
we co-transfected vectors encoding the Methanosarcina mazei
pyrrolysyl-tRNA-synthetase pair pcKRS/tRNAPyl that has been
engineered to use pcK as substrate, with the respective Ub vec-
tors containing a single in-frame amber codon (TAG) at the in-
corporation target sites into HEK293T cells. We observed myc-
positive proteomes for all three amber positions when cells were
cultivated in the presence of 0.32 mm pcK, but not in its ab-
sence, indicating faithful incorporation of pcK at all three tar-
get sites (Figure 2e). Moreover, we observed only a trace amount
of myc-positive Ub proteome when we replaced pcKRS with wt
PylRS, for which pcK is a poor substrate (Figure 2e). Incorpora-
tion of pcK thereby resulted in a considerable further reduction
of the Ub variant expression levels (compared to the non-amber
Ub variants, Figure 2f), and anti-Ub blots did not differ between
cells expressing pcK-modified myc-Ub or even non-amber Ub
(Figure 2g). These data collectively confirm that the caged myc-
Ub proteome indeed represents a minimal population with lit-
tle potential to perturb the cellular UPS by extensive overexpres-
sion. Another potential source of proteome perturbation in ge-
netic code expansion-based cellular experiments is off-target am-
ber suppression leading to the formation of extended/misfolded
endogenous proteins, but only a relatively small number of
genes is found to actually be suppressed in related tRNAPyl-based
systems.[16]

To characterize the Myc-Ub-containing pool of ubiquitin modi-
fications further, we employed ubiquitin enrichment through the
OtUBD reagent[17] coupled to UbiCRest assays.[18] We confirmed
that the high molecular weight signal disappeared when elu-
ates were incubated with the highly active deubiquitinase USP2.
Incubation with the K48-specific DUB OTUB1* and with the
K63-specific DUB AMSH* confirmed that Myc-Ub was primarily
added in polyubiquitin chains containing the two most abundant
chain types (Figure S3, Supporting Information).

Of note, Ub proteins with caged lysines are able to be conju-
gated to substrates as monoubiquitination as well as be added to
ubiquitin chains as distal tips, but prevent chain extensions in
the absence of light. This priming of the system thus allows the
specific assaying of the global linkage-specific chain extension ac-
tivity upon lysine decaging.

We next conducted light activation experiments with the Ub
variants for studying linkage-specific de novo ubiquitination ki-
netics over a window of 6 h. We transfected cells as above,
cultivated them for 24 h in the presence of 0.32 mm pcK, ex-
changed the medium with warm DPBS lacking pcK to termi-
nate expression of photocaged Ub, and irradiated the cells with
light (365 nm, 4 min; see Figure S4, Supporting Information
for irradiation kinetic reference experiment). We cultivated the
cells further in full media containing 25 μm MG132 and lack-
ing pcK, and harvested at each corresponding time-point after
light. We extracted proteomes and analyzed the formation of myc-
Ub proteomes by SDS-PAGE/anti-myc blots. To enable study-
ing ubiquitinome synthesis kinetics uncoupled from overlaying
proteasomal degradation, we conducted experiments in the pres-
ence of the proteasomal inhibitor MG132.[19] We generally ob-
served de novo myc-ubiquitination in both irradiated and nonirra-
diated cells, with the latter however showing markedly slower in-
creases. This indicates that a sufficiently high fraction of the pro-
teome ubiquitination sites were modified with the photocaged
Ub proteins, enabling selective monitoring of linkage-specific de
novo ubiquitination after light (Figure 3a; Figure S5, Supporting
Information). Importantly, cells grown under analogous condi-
tions, but expressing non-amber Ub K48 or K0 did not show
any changes in the myc signals, confirming that the observed
light-dependent signal increases of high molecular weight myc-
Ub proteome were not an unspecific light-response of the cells
(Figure S6, Supporting Information). Moreover, we did not ob-
serve any effects of light on cell morphology or viability (Figures
S7–S8, Supporting Information).

Overall, the observed kinetics were rapid for all three linkage
types, with large increases already after 0.5 h. The three linkage
types however strongly differed in the amount of formed myc-Ub
proteome, with K48 again showing the highest signals. This is in
contrast with the similar ubiquitination levels observed for the
three linkage types before light activation that can occur at any
lysine of target proteins and pre-existing Ub chains, and thus
should involve diverse UPS enzymes (Figure 2f). The different
myc-Ub proteome amounts observed for the linkages after light-
activation thus likely reflect the differences in activity of the spe-
cific involved UPS enzymes for each linkage type. Of note, the
myc-Ub proteome amounts synthesized from available free ly-
sine residues alone (- light) reached similar levels as the ones
from both free and decaged lysines combined (+ light), presum-
ably due to the concurrent proteasome inhibition that depletes

of pcK at three different Ub lysine sites in HEK293T cells expressing the indicated amber myc-Ub variants along with the indicated pyrrolysyl-tRNA-
synthetase pair for 24 h (individual contrast settings for each linkage). f) SDS PAGE/anti-myc blots of proteomes from HEK293T cells expressing
myc-Ub variants with or without amber codon and in presence or absence of pcK for 24 h reveal minimal expression levels of caged Ub variants. g) SDS
PAGE/anti-Ub blots of proteomes from HEK293T cells expressing Ub variants for 24 h with or without amber codon and in presence or absence of pcK
reveal minimal expression levels of Ub variants compared to the endogenous Ub pool. Cells expressing non amber Ub variants were harvested directly
after 24 h and those expressing amber Ub variants were further treated with light and harvested 24 h later.
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Figure 3. Light activation reveals rapid, proteome-wide ubiquitination kinetics initiated by K11, K48, and K63 linkages. a) Long-term, linkage-specific
ubiquitination kinetics after light activation of caged myc-Ub variants (t = time after light). HEK293T cells were cultivated in the presence of 0.32 mm pcK
for 24 h after transfection. After light activation (as stated in text), cells were grown in full media containing 25 μm MG132, lacking pcK, and harvested
at each corresponding time-point after light (also applies to panels (b,c)). b) Rapid, initial ubiquitination kinetics (<45 min after light). c) Plots of rapid,
initial ubiquitination kinetics (myc-Ub proteome intensities normalized to beta-tubulin blot and no light control of each lane; error bars from N ≥ 2).
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Figure 4. Ubiquitin light activation in combination with small molecule UPS inhibitors enables studying the involvement of individual UPS compo-
nents on rapid, K48-linked de novo polyubiquitination. a) Scheme of UPS synthesis/degradation pathway with highlighted UPS factors targeted by used
inhibitors. b) Effects of UPS inhibitors on early, K48-specific de novo ubiquitinome synthesis (t = 0.5 h) in presence of MG132. HEK293T cells were
cultivated in the presence of 0.32 mm pcK for 24 h after transfection. The inhibitors were added to the media in concentrations as mentioned. Following
the pretreatment times, light activation was performed and cells were grown in full media containing 25 μm MG132 and the respective inhibitors, lacking
pcK, and harvested at t = 0.5 h after light (also applies to panel (e)). c) Enrichment of branched ubiquitin with agarose-immobilized NbSL3.3Q nanobody
from HEK293T cells with light-decaged myc-Ub pcK48, with or without prior addition of the p97 inhibitor NMS-873 (5 μm for 0.5 h). Eluates were analyzed
by western blotting for Myc. d,e) Effect of NMS873 on early, K48-specific de novo ubiquitinome synthesis in presence and absence of MG132.

monomeric Ub. This becomes visible by comparing −/+ light for
pcK48 and pcK63, whereas for pcK11, no saturation is reached
within the observation time window (Figure 3a).

We next conducted kinetic measurements with a short time
window of up to 45 min post light, and observed myc-Ub pro-

teome increases already after 15 min, confirming a very rapid
build-up of Ub proteome from all three linkages (Figure 3b;
Figure S9, Supporting Information). To reveal light-induced,
linkage-specific synthesis kinetics independently of the observed
background synthesis, we normalized the myc signals from irra-
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diated cells to the nonirradiated cells of each time point. These
kinetics – though differing between the linkages – generally re-
vealed an initial burst with a maximum at 15 min in all cases,
and a subsequent stabilization in relation to the background
(Figure 3c).

We next applied our methodology for the comparison of cellu-
lar polyubiquitin synthesis capacities in different cellular states.
Small molecule inhibitors of UPS components hold great thera-
peutic potential and are central perturbation tools to study the
cellular roles of the UPS.[10a] The use of inhibitors in our ap-
proach offers the investigation of the involvement of individual
UPS components in the observed rapid, linkage-specific de novo
synthesis of Ub chains. We employed three small molecules per-
turbing different steps of the ubiquitination/proteasomal degra-
dation pathway: MLN7243[20] as a mechanism based, AMP-
mimicking inhibitor of both mammalian E1 enzymes (UAE and
UBA6),[21] MLN4924[22] as a covalent inhibitor of the NEDD8-
activating enzyme (NAE) to inhibit Cullin-Ring-E3 ligase activa-
tion, and NMS-873 as an inhibitor of the AAA+ ATPase VCP/p97.
We focused on measuring Ub chains initiated by the abun-
dant K48 linkage under conditions of proteasomal inhibition by
MG132 (Figure 4a).

Use of MLN7243 allowed effective starving of cellular Ub
pools and shutdown of downstream ubiquitination events
(Figure 4a,b). Interestingly, a residual de novo ubiquitination was
however still visible even after 6 h pre-incubation with 1 μm
MLN7243, indicating that low levels of active E1 and/or charged
Ub are still available under these widely used treatment condi-
tions (Figure 4b).

We next employed MLN4924,[22] a covalent inhibitor of the
NEDD8-activating enzyme (NAE). NAE-dependent NEDDylation
controls Cullin-RING-E3 ligases (CRL), the largest E3 ligase class
that regulates proteins with important functions in cancer cell
growth and survival pathways (Figure 4a).[23] Interestingly, we
did not observe a change in global K48-linked polyubiquitin
kinetics even after a 4 h preincubation with 1 μm MLN4924
(Figure 4b). This suggests that a large part of the observed, K48-
initiated chain extension ubiquitination occurs independently
of CRL activity,[24] in agreement with previous observations.[22]

Finally, we studied NMS-873,[25] an inhibitor of the AAA+ AT-
Pase VCP/p97 that promotes proteasomal degradation of ubiq-
uitinated client proteins by their extraction from membranes or
complexes, and possesses co-factors with K48-linked Ub chains
specificity[26] (Figure 4a). Treatment with 5 μm NMS-873 for 4 h
did not result in a reduced K48-initiated ubiquitinome synthe-
sis rate in the presence of MG132, being in agreement with
the requirement of proteasome activity for client protein degra-
dation (Figure 4b). Inhibition of p97 was recently reported to
cause the accumulation of K48-K63-branched polyubiquitin.[27]

We, therefore, assessed the compatibility of our method with
the analysis of branched ubiquitin by employing a nanobody
specific for K48-K63-branched ubiquitin,[27] demonstrating the
emergence of Myc-Ub signal in pulldown fractions (Figure 4c).
In addition, experiments in the absence of MG132 afforded
a marked increase of myc-Ub proteome levels in the pres-
ence of NMS-873, directly revealing the action of VCP/p97 as
counterpart of K48-linked de novo ubiquitinome synthesis on a
rapid timescale (Figure 4d,e; Figure S10, Supporting Informa-
tion).

3. Conclusion

We here report light activation of ubiquitin chain extension in
mammalian cells. Incorporation of a genetically encoded pho-
tocaged lysine via an engineered PylRS/tRNAPyl pair enabled the
expression of tagged Ub variants with individual, transiently in-
active ubiquitination sites that are employed by the UPS to syn-
thesize a small, trackable sub-ubiquitinome.

Light activation triggers ubiquitination from the decaged ly-
sine sites, enabling monitoring of proteome de novo ubiquiti-
nation initiated by specific linkages. Light activation studies re-
vealed the synthesis of distinct ubiquitinome levels for K11, K48,
and K63 linkages with rapid, burst-like kinetics that result in rel-
ative maxima already after 15 min for all linkages. Inhibition of
individual UPS components responsible for the synthesis of acti-
vated Ub and CRL activation (E1 and NAE, respectively), or for the
unfolding of K48-ubiquitinated client proteins for proteasome-
dependent degradation by (VCP/p97) revealed the impact of these
components on K48-initiated ubiquitinome synthesis on the low
minutes time scale. The high temporal resolution of our ap-
proach and its ability to selectively control individual linkage-
types adds new abilities to the current toolset of perturbation
strategies, and is compatible with diverse downstream analysis
techniques to study rapid, linkage specific ubiquitination dynam-
ics for individual proteins as well as on global proteomic levels.
Given the role of Ub in regulating protein homeostasis, function
and localization in a vast number of normal and disease-related
processes, we anticipate that our approach will find wide use for
studying the dynamics of linkage-specific ubiquitination.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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