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Abstract

The ubiquitin-proteasome system plays a critickd no many diseases, making it an attractive
biomarker and therapeutic target. However, the chparesults obtaineih vitro using purified
proteasome particles or whole cell extracts istiohby the lack of efficient methods to assess
proteasome activity in living cells. We have engireel an internally quenched fluorogenic peptide
with a proteasome-specific cleavage motif fuseiAd, and linked to the fluorophores DABCYL
and EDANS. This peptide penetrates cell membranéssarapidly cleaved by the proteasomal
chymotrypsin-like activity, generating a quantiatfluorescent reporter @i vivoproteasome
activity, as assessed by time-lapse or flow cytoyrf@iorescence analysis. This reporter is an
innovative tool for monitoring proteasomal protea\activities in physiological and pathological
conditions.

Introduction

The ubiquitin proteasome system (UPS) has a fund&hele in maintaining cell viability, by
regulating the turnover of cell proteins Its proteolytic activity provides an essentiahlbjty

control mechanism that selectively eliminates middd or damaged proteins. In addition, because
the proteasome also degrades regulatory proteéinasian impact on virtually all biological
processes, including regulation of gene transomptcell cycle progression, apoptosis, development
and

differentiation. Finally, the proteasome generat@mnunogenic peptides that are presented on the
cell

surface, making it a key factor in self-recogniteomd adaptive immunity.

Altered proteasomal activity has been implicatethany diseases, ranging from neurodegenerative
disorders, to genetic diseases, cardiac dysfunatidnautoimmune syndromess. Specific

changes in

UPS have been identified in cancer, where aberegputiation of cell cycle proteins can lead to



tumorigenesis,s,z. For this reason, the development of proteasoimbitors as new anti-tumor
agents

s-l0represents a promising therapeutic strategy, asadstnated by the success of bortezomib, a
drug

approved for the treatment of multiple myeloma

The efficacy of new molecules with therapeutic ptitd is usually evaluated usinmg vitro systems
with purified components of the proteasomal system However, results obtained by these
methods

may be misleading, because they measure only ndeatures of proteasomal degradation, and do
not

account for important parameters, like cell perniggbsolubility, and bioavailability, as well as
effects from interaction with other cellular compeois.

To evaluate proteasomal activity in intact celld anvivo, fluorescent proteasome substrates have
been engineered-16 and have been powerful tools for investigatingigasome insufficiency and
studying disease models in which mutant proteiresload the proteasomal capacity. However,
these

reporters cannot detect physiological fluctuationghe level of proteasome expression and
functional workload, which may have profound biotad implications. Moreover, accumulation of
ubiquitin-

GFP reporters depends not only on proteasomaligctut also on the efficiency of their
expression

and ubiquitination. Finally, techniques that refyexpression of fusion proteins are not suitabte fo
monitoring proteasome activity at the single oeldl, or for routine diagnostics, for example in
primary human samples. Therefore, a compelling eeésts forin vivo methods for quantitating
proteasomal activity.

In this study, we used an innovative approach tpreer an internally quenched fluorogenic
peptide,

TAT-EDANS-DABCYL (TED), that is specifically recogzed and hydrolyzed b§5, the main
proteosomal subunit responsible for the chymotryike activity17,1g the main proteasomal
activity

and the rate limiting activity in proteins turnowervivo. Due to its short sequence (20 residues)
TED

diffuses freely into the proteasomal proteolyticecand therefore its degradationvivois most
likely

independent of preliminary ubiquitinatian Furthermore, TED enabled the direct determination
proteasome efficiency in living cells, using fluscence microscopy and flow cytometry. In fact the
core-structure of the peptide was fused to a TAjJusace that allows the construct to efficiently
penetrate biological membranesy, thus circumventing the need for a complex mactemde
delivery strategy, such as viral transduction ccroinjection. We added the feature of internal
guenching by introducing the donor/acceptor paiBQA L/EDANS 22, that allowed to easily
follow

fluorescence changes using the fluorescence resemgergy transfer (FRET) technique.

Here we show that TED is a useful tool for fast amdple evaluation of proteasomal activity in
living

cells, and provides the possibility fior vivo monitoring of altered proteasome activity at thegte-
cell

level in patient-derived cells.



Results

Characteristics of Engineered TED Peptide. The schematic structure of TED is shown in Figure
1.

The strategy for designing the peptide compriseddhowing steps:

1. Incubation of commercial Suc-LLVY-amc with puedl 26S proteasome for 22 h caused
complete

degradation of the substrate, as demonstrated hHWS-MS. Figure S1 shows the proportions
of

the different proteolytic fragments of the peptidéth the most abundant (85%) derived from
cleavage

at the C-terminal site of the Tyr residue (Tablg. Shis showed for the first time that proteasomal
cleavage of the prototypic substrate for chymotiryti&e activity occurs primarily at the Tyr-amc
bond.

To mimic this effect, Leu-Leu-Val-Tyr (LLVY) was dsen as the “cleavage-determining motif”,
because it is preferentially cleaved at the Tyidwes by the chymotrypsin-like activity of the
proteasomes,2a

2. To further promote specific cleavage at the régidue, a bulky side chain was added close to the
Cterminus

of the scissile motifs,2e We chose to link the EDANS moiety to the sideiclud the Glu

residue at position 10.

3. Residues 48-57 of the transfer domain from tA& protein were fused to the peptide C-
terminus to

provide cell membrane-penetration capaeity

4. Lys and Arg residues promote cell membrane orgss so N-terminal residues were selected to
maximize penetration by adding three Lys residlaesking the Leu at position 5. This gave the
peptide a net positive charge, as shown by sudiaagge distribution modeling (Figure S2).

5. To minimize the possibility of N-terminal degeditn, the Lys residues at positions 1, 3 and 4
were

in the D conformation.

6. For internal quenching, a DABCYL group was botmdlys at position 2, and EDANS to Glu at
position 10. The structural model of TED was anatlywith molecular dynamic simulations
(Figure

S2), showing a very mobile structure, with no confations that were more stable or preferred in
the

solvated environment. The fluorophore pair distaasemeasured by PyMOL, was between 7 and
30

A, which was lower than their Forster radius £R83A), the distance at which the energy transfer
efficiency is 50%e2.

The purity of TED was always above 98% as deterchineHPLC analysis (Figure S3) and peptide
identity was confirmed by specific analytical medesuch as NMR and high resolution mass
spectrometry analyses (Figures S4-S6 and Table S2).

To assess if proteasomal cleavage of TED occupedifgcally at the Tyr residue of LLVY, as it
did in

Suc-LLVY-amc, the peptide was added to HelLa calfter 15 min, cells were collected and lysed,
and

the main peptide cleavage products purified andtified by reverse phase HPLC and MS.
Representative mass spectra from Hela cell lysateseported in Figure 2, similar results were
obtained for U266 and MM.1S multiple myeloma celek. The molecular ion at m/z 3084.48
[M+H] +

that is characteristic of TED (Figure 2A) was altmoagligible after cell incubation, indicating
efficient degradation (Figure 2B). The most abungaateolytic fragment, at m/z 1270.97,



corresponded to the peptide obtained by cleavag&Dbfat the carboxyl end of the Tyr residue at
position 8. The mass spectra also clearly showmotaolytic fragment at m/z 1141.58,
corresponding

to cleavage at both the Tyr residue and the N-taathliys residue. No evidence of cleavage
between

Lys(DABCYL) residue at position 2 and D-Lys residatgposition 3 was found (Figure 1). These
results indicated that separation of the DABCYL/BX¥\pair is observed only when proteolysis
occurs at the Tyr residue, confirming that spe@fiocteasomal cleavage caused the appearance of
the

fluorescent signal.

Internalization and Cleavage of TED in Living Cells. We next evaluated TED as a reporter of
proteasomal activity in primary hippocampal neur@rl in different tumor cell lines, specifically
HelLa, a human cervical carcinoma line; N2a, a moesgoblastoma; and MM.1S and U266, two
human multiple myeloma cell lines. Proteasomalvdga of TED led to physical separation of the
DABCYL/EDANS pair, abolishing intramolecular quemat), with increases in EDANS
fluorescence

proportional to the amount of substrate cleavedid@pmicroscopy imaging using time-lapse
recording and image analysis were performed onradheells, or cells in suspension after plating.
After 5 min of incubation with 1iM TED, time-lapse experiments showed a progresaiuease

in

EDANS-fluorescence in most cells, reaching a maxmwalue within 15 min (Figure 3A and
Figure

S7A). The percentage of fluorescent cells varigd/ben 38% in MM.1S cells and 87% in
hippocampal neurons (Table 1). The half-life of flnerescent signal was determined to be 60 min
(data not shown).

Changes in fluorescence signal were evaluatedradlpbby FACS on U266 and MM.1S cell lines
growing in suspension. TED cleavage in multiple logea cell lines was comparable to that
observed

by time-lapse recording, the frequency of fluores@ells was 47.4% in U266 and 35% in MM.1S,
indicating the versatility of this reporter. To tiuer ascertain that fluorescence resulted from
proteasomal activities, we used an engineered bRaG&n multiple myeloma cell line stably
expressing a destabilized GFP fused to a mutatel@éavable Ub moiety (WevGFP-U266 cells)

33.

This is an established short-lived substrate,abatimulates upon pharmacological inhibition or
functional overload of the proteasomez No increased toxicity following exposure to pademe
inhibitors or TED was observed in BlsvGFP-U266 cellss(data not shown). Following
incubation of

cells with TED, FACS analysis showed that EDANS ot Ubs76vGFP fluorescence was evident;
conversely, pretreatment with epoxomicin led togaificantly decreased EDANS fluorescence and
GFP accumulation (Figure 3C). The inverse correfatietween EDANS and GFP fluorescence
demonstrated that TED is degraded by the proteasome

To determine whether the fluorescent signal wasipally due to proteasomal cleavage of TED,
prior to peptide administration cells were incublaia 3 h with 5uM epoxomicin, a specific and
irreversible proteasome inhibitex. Epoxomicin treatment resulted in a significantréase in
fluorescence in HelLa, N2a, MM.1S, U266 cells anchary hippocampal neurons (Table 1; Figure
3B and Figure S7B). Its efficacy in inhibiting TEravage ranged between 40 and 78%, which
correlated

with the sensitivity of the different cell typesttoe drugso-32 In light of these observations we
performed dose-response experiments to determenkC&0 values for epoxomicin, and two
reversible

and widely used proteasome inhibitors, MG-132 amdezomibs2. As shown in Figure 4 all three



molecules inhibited proteasomal activity in HeLiszeepoxomicin and MG132 had a similar
potency,

IC50 were 13.08M and 6.45uM respectively, while bortezomib showed a much gmepotency
with

an IC50 of 141.3 nM (p=0.0016, F=14.26).

Intracellular Localization of TED. Optical microscopy with time-lapse recording wasdit
evaluate the intracellular distribution of TED flescence. In primary hippocampal neurons, and in
N2a and Hela cell lines, we observed a prevaledtean distribution, as indicated by co-
localization

of EDANS with SYTO59 nuclear staining (Figure 5 dfigure S8). Both multiple myeloma lines
showed similar fluorescence intensity in the cydspt and nucleus (Figure 5 and Figure S8).
Time-lapse recording allowed the monitoring of pesgive changes in the distribution and
intensity of

fluorescent signals in different cell compartmemisiorescence was initially concentrated in the
cytoplasm of both hippocampal neurons and MM.1%& c8ignal increased progressively in the
primary neuron culture until nuclear localizatioasaprevalent, while a more homogeneous
distribution between cytoplasm and nucleus was taiged in MM.1S cells (Figure S9).

TED Detects Differential UPS Efficiency in Different Human Multiple Myeloma Cell Lines.
We

next tested the reporter in multiple myeloma aget$. The MM.1S line is exquisitely
bortezomibsensitive,

because it expresses fewer proteasomes, whichahlaigier functional workload than in

U266 cellsss. We reasoned that the reporter might discrimibateveen sensitive and resistant
multiple

myeloma cell lines by detecting idle proteasomesys quantified TED processing in these two
lines.

As shown in Figure 6, U266 cells showed a highsvrtscence intensity at each time point after
incubation with 111M TED, suggesting that MM.1S cells were less ediitiat cleaving the
reporter.

The impaired degradation of TED that we observedi.1S cells is consistent with the reported
imbalance between proteasomal workload and degvadapacity in these celis.

Discussion

Proteasome activity in living cells can be assesséidectly by a number of approaches. The
development of fluorogenic peptides to evaluatehinee main peptidase activities of the 26S
particle,

enables proteasomal enzymatic capacity to be detednn cell extractss, so allowing
proteasomal

complements to be compared in different cell types However, the proteasomal complement
may

be adequate under normal physiological conditibosjnadequate in cells expressing
aggregationprone

proteotoxins, or in situations that increase thmaled for proteasomal degradatisnz.

UPS efficiency can be inferred by measuring thé&lifal of proteasomal substrates. Similar
information can be obtained by assessing the stetady levels of Ub-conjugates or free Ub, by
immunoblotting or autoradiography, especially ithpdogical conditions that challenge and
overload

proteasome functiogs,zz However, these classical biochemical assays tlalloov direct
assessment

of UPS efficiencyin vivo. They are also demanding and time-consuming, leeréfiore they cannot
be

adopted for routine diagnostics of primary samples.



As an alternative, fluorescent probes have beealdpegd to measure UPS insufficiency. By
coupling

the degradation signal to GFP, rapid ubiquitinagod proteasome-dependent degradation can be
observeds. These reporters efficiently detect proteasoméitibn and overloadh vitro andin

Vivo,

proving powerful means of assessing toxicity iredse models. However, destabilized GFPs fall
to

ascertain the exact step in the UPS that is imgaineler pathological or stress conditions, and have
proven inadequate for reporting on physiologicattiiations of UPS efficiency. Finally, their use
require transient or stable transfection or transdo of the analyzed cells.

More recently, a cell-based assay that employsivimiescent synthetic peptides in a coupled-
enzyme

format has been proposed for evaluating the thrgeptidase catalytic activities. However, this
assay requires weak permeabilization of the cethbrane, which may interfere with cell function.
We attempted to overcome these limitations in Ugs&ssment by engineering the new peptide
TED as

a tool for evaluating proteasomal activity in intheing cells. TED has a TAT sequence that allows
it

to directly cross cell membranes. Combined with FREED allows measurement of proteasomal
activity in living cells after simple addition dfi¢ peptide to cell suspensions or culture media,
without

membrane permeabilization. TED abolishes the requent for altering cell permeability and
structure, and allows direct and quantitative eatidun of proteasomal activity by measuring the
appearance of fluorescence. Although some fluoresces generated independently of proteasome
activity as an indication that experiments canmtirely rule out a minor contribution by other
proteases to observed fluorescence, our data sgaitiant cleavage attributable to the
proteasome.

MS analysis confirmed that cleavage was specificakdiated by the chymotrypsin-like activity, at
the Tyr residue of the prototype motif LLVY.

In contrast to GFP-based reporters, TED is a gfeptide that does not require ubiquitination for
degradation by the proteasomeReal-time monitoring of TED fluorescence, for exde by
timelapse

microscopy or repeated FACS analysis, allows kinetialuation of proteasomal activity in living
cells, during basal or challenged conditions.

The potential applications of TED in basic and stahonal research are manifold. In this study, we
compared UPS efficiency in two multiple myelomad &Gaks recently shown to possess different
levels

of proteasomes and functional worklaadFluorescence was higher in the multiple myeloeia ¢
line

with higher activity and lower workload, suggestagole for TED as a reporter of proteasome
idlenessThe imbalance in proteasome load and capacitywhatobserved in these multiple
myeloma

cell lines coincided with apoptotic sensitivitygooteasome inhibitors, so TED might be employed
to

predict sensitivity to bortezomib in primary mulegmyeloma patient-derived samples, and perhaps
in

other cancers. Indeed, although the proteasombkiiahbortezomib has been successful as a
multiple

myeloma therapy, the molecular basis for differenoendividual responsiveness remain obscure,
and



no predictive factor for successful treatment heenbidentified. More generally, TED might be
useful

for investigating conformational diseases markealbsred proteasomal activity, such as
neurodegenerative disorders

Impairment of proteasome activity induces alteneproteocatabolic pathways like autophagy,
which

has important implications for neurodegeneratim 43 The molecular sensors and networks
linking

UPS and autophagy are still unclear, thus TED neaydbuable for monitoring the onset of
proteasome

impairment in disease models, for gaining mechamissights into the activation of autophagy.
Another potential biotechnological application &D is the measurement of rapidly degraded
polypeptides (RDP). These constitute a signifiganportion of total proteins, and are degraded
soon

after synthesis, imposing a significant load ontgmeomess. RDP measurement relies on
radiometabolic pulse-chase labeling and trichldra@eid (TCA)-precipitable radioactivity
assessment

in the presence of proteasome inhibitors. Morectiaed reliable assays are needed for studying the
role of RDP in cell function and immunity. Importgn TED might allow direct measurement of
RDP

by quantifying rapid changes in fluorescence byrasicopy or FACS, after pharmacological
blockade

of protein translation.

The ability to monitor TED fluorescence in livinglts also allows the observation of changes in the
intracellular distribution of proteasomal activiije found that primary neurons had a mainly
nuclear

distribution, and that multiple myeloma cells hagh@ distribution in the cytoplasm and nucleus.
TED

can be applied directly to living cells, excluditing possibility of artifactual uptake, or nuclear
localization due to fixations.

In conclusion, our study demonstrates that TEDigrgortant technological development for
investigating proteasomal activity in living cellsshould advance the analysis of the UPS in
physiology and pathology, in both basic researchdinical applications, including diagnostics,
new

biomarkers and novel therapies.

Conclusions

The ubiquitin proteasome system (UPS) is vitalnfi@intaining cell viability, regulating the
turnover of

cell proteins and providing the quality control rhanism that selectively eliminates misfolded or
damaged proteins. Altered proteasomal activityliees implicated in many diseases, such as
neurodegenerative disorders, genetic diseasesacalygsfunction and autoimmune syndromes. The
efficacy of new molecules with therapeutic potdrdaiened at controlling aberrant regulation of cell
cycle proteins is usually evaluated usingitro systems with purified components of the
proteasomal

system. However, these methods may give misleaésgts, because they only measure limited
features of the proteasomal degradation mechafisravaluate proteasome activity in intact cells
and

in vivo, fluorescent substrates have been engineeretidyte unable to detect the physiological
fluctuations of its expression and functional wodd, which may have profound biological
implications. Moreover, techniques that rely onresgion of fusion proteins are not suitable for
monitoring proteasomal activity at the single ¢elel, or for routine diagnostics, for example in



primary human samples. We report an innovative @agr to engineer an internally quenched
fluorogenic peptide, that is specifically recoguniznd hydrolyzed b5, the proteosomal subunit
responsible for the chymotrypsin-like activity, ashoks not require ubiquitination to be a
proteasomal

substrate. This peptide permits direct determimatioproteasome efficiency in living cells, using
fluorescence microscopy and flow cytometry. Itsecstructure is fused to a TAT sequence that
enables

the construct to efficiently penetrate biologicambranes so changes in the intracellular
distribution

of proteasomal activity can be seen as well. Itlmaapplied directly to living cells, excluding the
risk

of artifactual uptake or nuclear localization dodixation. This reporter can advance analysis of
the

UPS in physiology and pathology, in basic researahclinical applications, including diagnostics,
new biomarkers and novel therapies.

Experimental Section

TED Synthesis and chemical characterization. TED (H-DLys-Lys(DABCYL)-DLys-DLys-Leu-
Leu-

Val-Tyr-Gly-Glu(EDANS)-GIly-Arg-Lys-Lys-Arg-Arg-GInArg-Arg-Arg-OH) was synthesized
using

solid-phase FMOC chemistry on an Applied Biosystd@®3A synthesizer, and purified by reverse
phase HPLC with a Symmetry C4 column (150 x 19 @®0,A, 7 um; Waters) on an AKTA
purifier

10 XT instrument (GE Healthcare). Identity and puwere determined both by tandem mass
spectrometry (MS/MS) and by MALDI-time-of-flight @F) mass spectrometry (MS). MS/MS
analysis have been performed with a high resolutiass spectrometer LTQ Orbitrap XL hybrid
FTMS (Fourier Transform Mass Spectrometer) by dimgftision of TED with a Prosolia
electrospray

ionization (ESI) ion source. MALDI-TOF experimentgre carried out with a Bruker Reflex I
timeof-

flight (TOF) mass spectrometer operating in thedinmode. TED purity was also checked by
HPLC using an AKTA purifier 10 XT instrument (GE &leéhcare) equipped with a C4 column (250
X

4.6 mm, 300 A, 7im; Vydac) and UV/vis detector (214 and 460 nm). Tétention time was 27
min,

in gradient solvent elution @ + 0.1% TFA / CHCN + 0.08% TFA; 95:5% for 6 min, 65:35% in
18

min, 65:35% for 5 min, 60:40% in 8 min, 60:40% #min, 0:100% in 3 min, 95:5% in 3 min,
95:5%

for 10 min) at the flow rate of 0.5 ml/min.TED piyrivas always higher than 98 %. Peptide was
lyophilized and stored at -80 °C. Reagents werainbt from Novabiochem.

1H-NMR and 13C-NMR characterization data of the aromatic residues of TED. 1H, 1H-1H
DQFCOSY,

andiH-13C-HSQC spectra of TED dissolved in@were recorded at 25 °C on a Bruker
AVANCE 400 spectrometer, operating at 9.374H .and13C resonances, together with the coupling
constants of aromatic residues were recorded. drige loverlapping of the signals prevented the
assignment of the aliphatic resonances.

Deter mination of Suc-LLVY-amc and TED Cleavage Products. Succinyl-Leu-Leu-Val-
Tyraminomethylcoumarin

(Suc-LLVY-amc, Bachem) degradation was performegrasiously described



46. Briefly, 200uM Suc-LLVY-amc in 40 mM Tris, pH 7.5, 2 mM ATP, 4MhMgCl2. was
incubated

for 22 h at 37 °C in the presence of g¢hof 26S proteasomes, purified as reposte®eactions
were

stopped by cooling, peptides separated by filtratiwough a 3000 Da Microcon device (Millipore)
and analyzed with an Agilent 6410 Triple QuadruddlZMS system, with a Chromolith
FastGradient

RP-18 endcapped 50-2 column (furé, 130A; Merck Chemicals).

A solution of 17uM TED, dissolved in water:acetonitrile (1:1), waklad to cell culture medium
and

incubated for 15 min at 37 °C; medium was remoxeetls were washed with phosphate buffered
saline (PBS), detached and recovered by centrifugathe pellet was resuspended in PBS, cells
were

lysed by freeze-thawing, centrifuged at 3000 xg&fonin and the supernatant used for analysis.
Fragments from TED degradation were identified analyzed by reverse phase HPLC and
MALDITOF

MS.

Molecular M odeling. Models were built and analyzed with MacroModeatl{®dinger). The
simulated

system consisted of TED in a cubic box at a diga{&.0 nm from its periodic image, with
approximately 30,200 molecules of water. Systemmggn&as minimized with the steepest descent
algorithm, with subsequent refinement with a coajeggradient, followed by a 100 ps of
equilibration

to generate the starting point for molecular dyremihe OPLS2001 force field was used, and all
simulations were carried out at 298 K temperatme aatm pressure. Multiple conformations
were

stored at regular intervals for subsequent analfectrostatic potential was calculated using the
DelPhi program v.4s, with finite difference solution to the nonlindaoisson-Boltzmann equation,
and

visualized using PyMOL software (http://pymol.org).

Cell Lines. Cells were cultured in DMEM (HelLa and N2a) or RPMKO (U266 and MM.1S),
both

supplemented with 10% heat-inactivated FCS, 2 milutamine, 100 U/ml penicillin and 100
ug/mi

streptomycin and maintained in humidified air at’87with 5% CQ. Reagents for cell culture
were

obtained from Invitrogen. U266 cells stably expimegs destabilized GFP fused to a mutated
uncleavable ubiquitin moiety (dlsvGFP) were cultured as previously descrikedPrimary
hippocampal neuron cultures were prepared fromy2etdhrat pups as previously described

Céell Treatments. Hippocampal neurons were plated on polylysine ab8tevellsu-Slides (1x16
cells/well) and used after 11-13 days in culturenflient cell lines were detached by trypsinization
centrifuged, resuspended in medium without phesedland plated as above (1-5x&6lIs/well)

and

used after 72 h. TED in water:acetonitrile (1:1svealded to the medium at a final concentration of
17

uM, and cells were used immediately for optical msmopy cell imaging. Pretreatment with
proteasome inhibitors was withu1 epoxomicin or 2uM MG-132 (Novabiochem), in DMSO, at
37

°C for 3 h, or for 2 h for MM.1S cells, which hakgher sensitivity to proteasome inhibitassFor
dose-response studies, proteasome inhibitors iratige of 0.5- 2@M for epoxomicin, 1 - 2@M

for



MG-132 and 0.01 - &M for bortezomib (MG-341, LC Laboratories) were addo culture

medium 3

h before incubation with TED.

Flow Cytometry Analysis. After incubation with TED in the presence or abseot5uM
epoxomicin, MM.1S and U266 cells were pelletedusgended in 1 ml of PBS and analyzed with a
fluorescence-activated cell sorting (FACS) Vantaggtrument equipped with a Enterprise UV/488
nm

laser (Becton Dickinson). Fluorescence pulse wésctied at 580 + 30 nm and each flow
cytometric

analysis was performed on at least 20,000 cellta idare analyzed with CellQuest (Becton
Dickinson) software.

Optical Microscopy and Time-lapse Recording. Adherent cells were detached by trypsinization,
centrifuged, resuspended and plated on polylysia¢edy-Slides as described above, and grown in
humidified air at 37 °C with 5% C0Dto 60% confluence. Cells were treated withub¥ TED and
immediately analyzed. For co-localization experitsgthe cell nucleus was stained with SYTO59
(Invitrogen) at a final concentration ofuM. Images were collected and analyzed with arCell
imaging

station (Olympus) coupled to an inverted microsc@ied1, Olympus) equipped with an incubator
to

maintain constant temperature (37 °C) anc CO

(5%) values. The EDANS fluorescent signal was

acquired with a high resolution camera (ORCA) epagwith a 340 nm excitation filter (D340xv2
Chroma), a 400 nm dichroic mirror (400DCLP, Chromagl an emission filter with a range of 510
+

40 nm (D510/40m, Chroma). Images were acquired afenin of incubation and 10 different
frames

randomly sampled for a minimum of 100 cells. EDAN&sitive cells, identified after removing
background, were counted and compared to thedeliahumber counted by bright-field.

Statistical Analysis. Significant differences between treatment groupevesaluated with an
unpaired

t-test with equal variance to calculate a two-tabedalue. For the determination of IC50 values of
proteasome inhibitors (i.e. the concentrations edédd halve the percentage of positive cells) the
log

concentratior % positive cells curves were fitted using the eiquratnodeling a symmetrical
sigmoid;

this analysis enables to obtain the IC50 valuek wi®5% confidence interval. The significance of
the

difference among IC50 values was determined by-thest. Data were analyzed using GraphPad
Prism, version 5.03 software (GraphPad Softwarg.Inc
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Table 1. Percentage of Fluorescent Positive Cells after TEEatment, with or without
Epoxomicin.

% of positive cells — % of positive cells +

epoxomicin mean + SEM  epoxomicin mean + SEM
HeLa 773+ 14 17.0 4 1, 5%%xd
N2a 47.1+1.5 16.5 £4.2%*
MM.1S 37614 18.3 £ 3.2%*
U266 43.0+£ 1.7 23,7 £ 3.4
hippocampal 86.7+49 522422+
neurons

Cells were incubated for 15 min with &K1 TED, in the presence or absence @f\b of the
proteasome inhibitor epoxomicin. The number of pasicells is expressed as percentage of total
cells.

Data are mean + standard error of the mean (SEMjreé independent experiments, each
performed

with at least 100 cells; P < 0.05; ** P < 0.01; *** P < 0.001, unpairetttest.

Figure Legends

Figure 1. Schematic Structure of TED. Primary amino acid sege, showing linkage of
fluorophores

DABCYL and EDANS to Lys 2 and Glu 10, respectivelfne blue arrow indicates the preferred
cleavage site, yellow arrows the secondary prinegébns and red dashed arrows the non-primed
regions. Residues 48-57 of the TAT protein werkdhto the side chain of Glu 10 at the C-
terminus.

D-amino acids are in position 1,3,4.

Figure 2. Mass Spectrometric Analysis of TED Degradation Botsl HelLa cells were incubated
with

17 uM TED for 15 min at 37 °C and cell lysates werelgred by MALDI-TOF MS. (A) The
molecular ion at m/z 3084.48 corresponds to uneléaED [M+H]}.. (B) The molecular ion at m/z
1270.97 corresponds to cleavage of TED at the ggtlemd of the Tyr at position 8. The molecular
ion

at m/z 1141.58 corresponds to TED cleavage badtmeatyr residue and the N-terminal Lys residue
and the molecular ion at m/z 2046.43 correspondsaeptide from cleavage between the two
Lys at

positions 13 and 14 in the TAT sequence. Uncled\Ed molecular ion [M+H} was negligible at
m/z

3084.97.

Figure 3. TED Internalization and Cleavage in U266 Cells. Rgpresentative micrographs
showing

progressive TED internalization and cleavage @ftérand 15 min incubation with 1iM TED.
Peptide cleavage resulted in significant EDANS rilisgence increase, monitored by time-lapse
recording microscopy. Pre-incubation for 3 h withNd of the proteasome inhibitor epoxomicin,
followed by co-incubation with TED for 15 min, si§nantly prevented EDANS fluorescence.
Scale



bar: 50um. (B) Quantification of fluorescence-positive U268Is after 15 min incubation with
TED.

Treatment with epoxomicin significantly reduced thanber of positive cells; *P < 0.01,
unpaired-test. Data are mean * standard error of the me&M] from three independent
experiments. (C) Flowcytometry

of EDANS and GFP fluorescence in &bvGFP-U266 cells incubated with 1M TED for

15 min, in the presence or absence plbepoxomicin. Incubation with TED alone resulted in
increased EDANS mean fluorescence intensity (Midhich was partially prevented by pre-
treatment

with epoxomicin; no fluorescence was detected ineated cells (CTR). GFP fluorescence was
barely

detectable in untreated cells (CTR), but accumdlafen pre-treatment with epoxomicin.
Figure 4. Dose-Response Curves of TED Cleavage Inhibitioh.aH=lls were pre-incubated for 3
h

with different concentrations of epoxomicin (Epoarh 0.5 to 2QuM), MG-132 (from 1 to 2QM)

or

bortezomib (BTZ from 0.01 to dM), and then treated with M TED for 15 min. Quantification
of

fluorescence-positive cells was carried out at ealeivitor concentration on 50-70 cells from 8-10
images. The IC50 of the inhibitors were 13,08 for epoxomicin, 6.4mM for MG-132 and 141.3
nM

for bortezomib (p=0.0016, F=14.26). Results areesged as mean + standard error of the mean
(SEM) from two independent experiments.

Figure5. Intracellular Distribution of TED in Primary Hippampal Neurons and U266 Multiple
Myeloma Cells. (A) Cells were pre-incubated for lrat 37 °C with JuM SYTO59 to stain cell
nuclei, followed by 15 min incubation with 1iM TED. EDANS fluorescence was monitored by
timelapse

recording microscopy. EDANS, green; SYTO59, redlagalization of TED and SYTO59 is
shown by merged micrographs (third column). Scale 20um. (B) Pseudocolor images with
localization of TED in the nucleus of hippocampalrons, as indicated by a color shift from blue
to

red, with a more homogeneous distribution in U2éscMicrographs showing intracellular
localization of TED and pseudocolor images foratéht cell lines are in Figure S8.

Figure 6. Time-course of TED Cleavage Efficiency in MM.1S a6 Multiple Myeloma Cell
Lines. Cells were incubated with 41 TED for 30 min and EDANS fluorescence changes
monitored

by flow cytometry for 30 min. Data were acquireev3 min. Mean fluorescence intensity (MFI)
progressively increased over incubation, with lowaues in MM.1S than U266 cells at every time
point. Two representative time points are showre ifimber of positive cells/channel was also
lower

in MM.1S than U266 cells. Data are from one repnege/e experiment of two.
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