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ABSTRACT
The proteostasis network involves complex protein signaling cascades. The tagging of proteins with ubiquitin is central to the 
degradation of cellular proteins, but understanding its exact role in processing proteins is complicated by the complexity and 
extent of its utilization within cells. Here, we describe the application of a traceless protein delivery strategy to effect the uptake 
of exogenous ubiquitin into the cytosol of human cells. We find that coadministration of the endosomolytic peptides L17E and, 
especially, L17ER4 provides not only cytosolic access to ubiquitin but also its functional incorporation into endogenous proteins. 
By enabling the study of semisynthetic ubiquitin variants in the human cytosol, this strategy could advance the field of ubiquitin 
biology.

1   |   Introduction

The proteasome is the key component of a tightly regulated net-
work of ~2000 proteins that affect proteostasis [1, 2]. The dys-
regulation of proteostasis has been implicated in many diseases, 
heightening the importance of understanding the underlying 
biological chemistry [3]. Revelations could, for example, lead to 
novel therapies for aging and neurodegeneration [4, 5].

Ubiquitin is the key mediator of protein turnover in eukaryotic 
cells. Small (76 residues; 8.6 kDa) and neutral (pI 6.8), ubiqui-
tin is used to tag proteins for degradation [6]. The linkage is an 
amide bond between the side-chain amino group of a lysine res-
idue on the target protein and the main-chain carboxyl group 
of the C-terminal glycine residue of ubiquitin. Ubiquitin itself 
is rich in lysine residues, which can serve as sites for elabora-
tion with additional ubiquitin monomers [7]. The connectivity 
of these linkages is important but complex [8]. After elaboration, 
ubiquitin-binding proteins recognize the linkage type and chain 
length of polyubiquitinated proteins, which directs appropriate 
processing by the proteasome [9]. Additional layers of cellular 

signaling are becoming apparent. The surface of ubiquitin can 
be elaborated with a variety of small-molecule signaling effec-
tors, such as acetyl, amido, saccharide, or phosphoryl groups, to 
alter proteostasis [7, 10]. Changes in cell state are coordinated 
by the altered interactomes of modified ubiquitin proteins [7]. 
For example, mitophagy and the cellular response to DNA dam-
age are regulated by the phosphorylation of ubiquitin at Thr12, 
Ser57, and Ser65 [11–14].

Because of its small size, ubiquitin is a candidate for chem-
ical synthesis using solid-phase methods [15–17]. Total syn-
thesis [18–20], the semisynthesis of ubiquitin with caged 
fluorophores [19, 21–23], and the preparation of ubiquitin-like 
proteins [24, 25] have been used to profile deubiquitinating 
enzyme activity and cellular processing in  vitro and in live 
cells. The latter has been enabled by fusing ubiquitin to cell-
penetrating peptides (CPPs) [26]. Protein chemistry has been 
used to install small-molecule sensors that enable the cellu-
lar tracking and proteome-wide profiling of interaction part-
ners in cellulo [27–29]. Appreciation for the importance of 
the posttranslational modifications of ubiquitin on cells has 
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inspired the semisynthesis of ubiquitin variants with pendant 
arginine-rich CPPs and posttranslational modifications, as 
well as chemically defined ubiquitin dimers and tetramers 
[30–35]. These efforts have revealed the role of branching pat-
terns on cellular processing [27] and the significance of phos-
phorylation on the proteostasis network [33].

Arginine-rich peptides are vulnerable to a high degree of endoso-
mal entrapment and lysosomal degradation. In general, the uptake 
efficiency of CPPs is < 10%, which presents a high barrier to the cy-
tosolic delivery of biomolecules [36, 37]. Moreover, the conjugation 
of a CPP to ubiquitin could impact its subcellular localization and, 
subsequently, its behavior. For these reasons, an efficient, traceless 
delivery method for the uptake of ubiquitin is desirable.

Endosomolytic peptides provide an alternative to CPPs. For 
example, the cotreatment of proteinaceous cargo with L17E, a 
rationally engineered endosomolytic peptide derived from M-
lycotoxin [38, 39], enables efficient endosomal escape and cy-
tosolic access [39–45]. Mechanistic studies reveal “carpet-like” 
membrane ruffling after macropinocytotic uptake [40]. Recently, 
we demonstrated that endosomolytic peptides can deliver highly 
anionic proteinaceous cargo to mammalian cells with high effi-
ciency [46, 47]. We have also used this method to deliver peptide 
nucleic acids, which are neutral biomolecules of high therapeu-
tic relevance [48]. Given our success with these challenging pay-
loads, we sought to apply this delivery strategy to ubiquitin.

Here, we investigate the cytosolic uptake of ubiquitin upon 
coadministration with two endosomolytic peptides, L17E and 
L17ER4 [44], and we explore its ability to function after entry 
(Scheme 1). We find that these two endosomolytic peptides af-
fect the efficient cellular delivery of exogenously administered 
ubiquitin that can be processed by the cell.

2   |   Materials and Methods

2.1   |   Conditions

All procedures were performed at ambient temperature (∼22°C) 
and pressure (1.0 atm) unless indicated otherwise.

2.2   |   Materials

Commercially available reagents and solvents were reagent 
grade or better from Sigma–Aldrich (St. Louis, MO), unless spec-
ified otherwise, and were used directly without further purifica-
tion. Amino acids were from Chem-Impex International (Wood 

Dale, IL). Rink Amide ProTide resin (LL) and Oxyma were from 
CEM Corporation (Matthews, NC). DIC and 4-methylpiperidine 
were from Oakwood Chemical (Tampa, FL). Water was obtained 
from a Milli-Q IQ 7000 purification system and had a resistivity 
of 18.2 × 106 Ω cm.

2.3   |   Mass Spectrometry

The molecular mass of peptides was evaluated on a CHCA ma-
trix with MALDI-TOF mass spectrometry with a microflex LRF 
instrument from Bruker (Billerica, MA). MALDI samples were 
desalted using DOWEX 50WX4-400 strong cation-exchange 
resin (CAS #11113-61-4) before spotting 1:1 v/v with the matrix. 
The molecular mass of proteins and protein conjugates was eval-
uated with a 6530C Accurate-Mass Q-TOF mass spectrometer 
equipped with a PLRP-S LC column (1000 Å, 5 μm, 2.1 × 50 mm) 
from Agilent Technologies. A gradient of 5%–95% v/v MeCN in 
water containing formic acid (0.1% v/v) over 7 min was used un-
less indicated otherwise. Before Q-TOF LC-MS analysis, sam-
ples were passed through a Corning Costar Spin-X centrifuge 
tube filter (0.22-μm cellulose acetate membrane) from R&D 
Systems (Minneapolis, MN).

2.4   |   Peptide Synthesis

All amino acids used in solid-phase peptide synthesis (SPPS) 
were of l stereochemistry and were protected at their N terminus 
with fluorenylmethoxycarbonyl (Fmoc). Peptides were synthe-
sized on Rink Amide ProTide Resin (LL) (0.1 mmol, 0.59 mmol/g, 
1.0 equiv) with a Liberty Blue Automated Microwave Peptide 
Synthesizer from CEM Corporation (Matthews, NC) following 
the manufacturer's standard procedures. Solutions of Oxyma 
(1.0 M in DMF), DIC (0.5 M in DMF), 4-methylpiperidine (20% 
v/v in DMF), and Fmoc-protected amino acids (0.2 M in DMF) 
were used in coupling and deprotection steps.

Linear peptides with sequences listed in Table  S1 were syn-
thesized with single couplings of amino acid monomers as de-
scribed previously [48]. When applicable, Fmoc-His(Boc)-OH 
was coupled for 10 min at 50°C under standard microwave con-
ditions. After the synthesis, the resin was transferred to a 24-mL 
polypropylene Luer-lock syringe equipped with a filter frit.

After their syntheses, peptides were washed with DMF (5×) fol-
lowed by DCM (15×) and were cleaved from the resin for 3 h using 
2× the volume of DCM-swelled resin of cleavage cocktail, which 
contained TFA (82.5% v/v), H2O (5% v/v), phenol (5% w/v), thio-
anisole (5% v/v), and 3,6-dioxa-1,8-octanedithiol (2.5% v/v). The 

SCHEME 1    |    Strategy overview: ubiquitin uptake and functional incorporation into live human cells.
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resin was washed with an additional 4 mL of cleavage cocktail, 
and the pooled cleavage eluate was exposed to a stream of N2(g) 
or Ar(g) to evaporate the cleavage cocktail. After concentration 
to a thick orange oil, the peptide was precipitated in 50 mL of ice-
cold diethyl ether. The peptide was pelleted by centrifugation for 
10 min at 1500 RPM at 4°C. The ether supernatant was decanted, 
and the crude peptide was stored at −70°C until purification.

2.5   |   Peptide Purification

Peptides were purified by reversed-phase chromatography 
with a 1260 Infinity II Preparative LC System from Agilent 
Technologies (Santa Clara, CA) equipped with an XSelect Peptide 
CSH C18 OBD prep column (130 Å pore size, 5 μm particle size, 
19 mm × 250 mm) from Waters (Milford, MA) or a VP 250/21 
Nucleosil 100-5 C18 column from Macherey–Nagel (Düren, 
Germany). The crude peptide was reconstituted in a minimal 
amount of ACN, passed through a 0.22-μm PFTE filter, and sep-
arated using a gradient of 15%–40% v/v ACN in H2O containing 
TFA (0.1% v/v) over 40 min. Purified fractions were pooled and ly-
ophilized using a FreeZone benchtop instrument from Labconco 
(Kansas City, MO) to yield peptides as fluffy white TFA salts.

2.6   |   Protein Chemistry

The A46C variant of human ubiquitin (UbA46C) was produced 
heterologously in Escherichia coli, as described previously [49]. 
UbA46C was characterized previously with Q-TOF LC-MS [47]. 
UbA46C was reconstituted at 395 μM in DPBS with Ca2+/Mg2+. 
TAMRA-PEG2-maleimide from Broad Pharm (Product #24286) 
was reconstituted at 10 mM in DMSO. UbA46C was incubated 
with TAMRA-PEG2-maleimide (1.1 equiv) in DPBS with Ca2+/
Mg2+ buffer system at pH 6.0 with shaking for 2 h. Reaction 
progress was monitored by Q-TOF LC-MS. When UbA46C 
was consumed, the excess dye was removed using Pierce Dye 
Removal Columns according to the manufacturer's recom-
mendations. The UbA46C-TAMRA conjugate was exchanged 
into the reaction buffer of the subsequent step using either an 
Amicon Ultra 0.5-mL 10K MWCO Centrifugal Filter Unit or 
a 0.5-mL 7K MWCO Zeba Spin Desalting Column according 
to manufacturer's recommendations. UbA46C-TAMRA con-
jugate concentrations were assessed by the absorbance of the 
TAMRA dye.

2.7   |   Biological Reagents, Supplies, 
and Instrumentation

Protein concentrations were determined with a DS-11 UV–vis 
spectrophotometer/fluorometer from DeNovix (Wilmington, 
DE). SDS-PAGE analyses were performed with Any kD Mini-
PROTEAN TGX Precast Gels in a Mini-PROTEAN Tetra cell 
from Bio-Rad Laboratories (Hercules, CA). A Spectra Multicolor 
Broad Range Protein Ladder was from Thermo Fisher Scientific 
(Product #26634). Bio-Safe Coomassie G-250 Stain was from 
Bio-Rad Laboratories. A Titer Plate Shaker was from Labline 
Instruments (Melrose Park, IL). Gels were imaged with a 
ChemiDoc Gel Imager from Bio-Rad Laboratories. Pierce Dye 
Removal Columns were from Thermo Fisher Scientific (Product 

#22858). An Amicon Ultra 0.5-mL 10K MWCO Centrifugal 
Filter Unit was from MilliporeSigma (Burlington, MA) (Product 
#UFC501024). Zeba Spin Desalting Columns, 0.5-mL 7 KMWCO, 
were from Thermo Fisher Scientific (Product #89882).

HeLa cells were from ATCC (Product #CCL-2) and tested neg-
ative for mycoplasma. DMEM (high glucose and pyruvate) 
for HeLa cells was from Thermo Fisher Scientific (Product 
#11995065), as was FluoroBrite DMEM (Product #A1896701). 
Fetal bovine serum (FBS) was from Corning (Corning, NY) 
(Product #45001-108). Penicillin–streptomycin (10,000 U/mL) 
(Product #15140122) and trypsin–EDTA (0.25% w/v) with phe-
nol (product #25200056) were from Thermo Fisher Scientific. 
DPBS with Ca2+/Mg2+ (Product #14040141) and DPBS without 
Ca2+/Mg2+ (Product #14190144) were from Gibco (Waltham, 
MA). SYTOX Blue dead-cell indicator was from Thermo Fisher 
Scientific (product #S34857). MG-132 proteasome inhibitor was 
from Sigma–Aldrich (Product #474790).

2.8   |   Mammalian Cell Culture and Treatment 
Conditions

HeLa cells were grown in DMEM supplemented with FBS (10% 
v/v) and penicillin–streptomycin (1% v/v) in an incubator at 
37°C and humidified with CO2(g) (5% v/v). Cells were counted 
with a Countess II FL Automated Cell Counter (Product 
#AMQAF1000) and Countess Cell Counting Chamber Slides 
from Thermo Fisher Scientific (Product #C10283).

Identical cell seeding and treatment conditions were used 
across all cell studies. Cells were seeded to be 90% confluent 
at the time of the experiment. Specifically, cells were seeded at 
36,000 cells/well if performing the experiment 24 h later, cells 
were seeded at 18,000 cells/well if performing the experiment 
48 h later, and cells were seeded at 9000 cells/well if perform-
ing the experiment 72 h later. In each case, cells were seeded 
into an 18-well IbiTreat (#1.5 polymer coverslip, tissue culture 
treated, sterilized) plate (Product #81816) from Ibidi (Fitchburg, 
WI). Prior to treatment, cells were washed with DPBS without 
Ca2+/Mg2+ (2 × 100 μL). The UbA46C-TAMRA conjugate was 
sterile-filtered with a Spin-X centrifuge tube filter. UbA46C-
TAMRA constructs were used directly in cotreatment experi-
ments. Constructs were prediluted to the appropriate treatment 
concentrations and subsequently dosed into each well accord-
ing to the conditions listed in Table S2 in an incubator at 37°C 
humidified with CO2(g) (5% v/v). The volume of the vehicle in 
each treatment condition did not exceed 20% of the medium 
volume, and the final volume of each well after the addition 
of an endosomolytic peptide and UbA46C-TAMRA was 40 μL. 
After incubation, cells were washed with DPBS without Ca2+/
Mg2+ (2 × 100 μL), and FluoroBrite DMEM (100 μL) was used for 
imaging. Cells were protected from light at room temperature 
until imaged.

2.9   |   Epifluorescence Microscopy and Flow 
Cytometry

Cells were grown and treated according to the protocol 
in Section  2.8 and Table  S2. A sequential epifluorescence 
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microscopy/flow cytometry workflow was adapted [46, 48] and 
deployed. Epifluorescence and differential interference con-
trast (DIC) live-cell images were acquired with an epifluores-
cence EVOS M7000 Imaging System (Product #AMF7000) from 
Thermo Fisher Scientific. The RFP light cube (λex = 531/40 nm, 
λem = 593/40 nm) was used for excitation. Images were collected 
using standardized laser intensity values. Images were analyzed 
with the open-source Fiji distribution of ImageJ [50], adjusting for 
brightness and contrast, and processing was identically applied to 
all fluorescence images collected in a session.

After imaging, cells were washed with DPBS without Ca2+/Mg2+ 
(2 × 100 μL) and lifted from the plate with 50 μL of 0.25% v/v 
trypsin–EDTA. Trypsin was quenched by the addition of 50 μL 
of complete medium. Cells were strained into flow tubes and 
pelleted by centrifugation for 5 min at 1000 RPM at 4°C. Cells 
were resuspended in 1 mL of ice-cold DPBS with Ca2+/Mg2+ 
supplemented with BSA (0.1% w/v). Each sample was stained 
with SYTOX Blue dead-cell indicator (1 μL of a 1.0 mM stock) 
for ≥ 5 min on ice protected from light. Cells were kept on ice 
and protected from light until the time of analysis.

Flow cytometry measurements were made with a Life 
Technologies Attune NxT flow cytometer, which was equipped 
with 405-, 488-, 561-, and 640-nm lasers. The fluorescence in-
tensity of at least 10,000 live events was measured by flow cy-
tometry with an Attune NxT Flow Cytometer from Thermo 
Fisher Scientific. Control cells treated with SYTOX Blue (1 μL of 
a 1.0 mM stock) and cells treated with UbA46C-TAMRA (only) 
were analyzed first to set gates and laser intensities (Figure S4). 
For the SYTOX Blue signal, the 405-nm laser was used for exci-
tation, and the 450/40 filter was used to detect fluorescence. For 
the TAMRA signal, the 561-nm laser was used for excitation, and 
the 585/16 filter was used to detect fluorescence. Events were 
collected using standardized laser intensity values. A template 
was established for laser intensity values, and all experiments 
were performed using these laser powers to enable comparison 
between data sets. Data were analyzed with the FlowJo software 
package from FlowJo (Ashland, OR) to obtain the MFI of live, 
single cells.

2.10   |   Epifluorescence Microscopy Time-Course 
Imaging

Cells were grown and treated according to the protocol in 
Section  2.8 and Table  S2. After a recovery period in an in-
cubator at 37°C humidified with CO2(g) (5% v/v), cells were 
washed with DPBS without Ca2+/Mg2+ (2 × 100 μL), and 
FluoroBrite DMEM (100 μL) was used for imaging. Cells were 
protected from light at room temperature until imaged at 
1, 6, and 24 h. After an imaging session, cells were washed 
with DPBS without Ca2+/Mg2+ (2 × 100 μL), and full DMEM 
(100 μL) was added to each well. Cells were returned to an in-
cubator at 37°C humidified with CO2(g) (5% v/v). At the next 
time point, cells were prepared again in FluoroBrite DMEM 
(100 μL).

2.11   |   In-Gel Fluorescence Assay

HeLa cells were grown and treated according to the 
protocol in Section  2.8 and Table  S2. After the recov-
ery period, cells were treated with MG-132 (10 μM). Cells 
were incubated overnight (≥ 16 h) prior to in-gel fluores-
cence analysis. Cells were then washed with DPBS without 
Ca2+/Mg2+ (2 × 100 μL) and lifted from the plate with 50 μL of 
0.25% v/v trypsin–EDTA. Trypsin was quenched by the addi-
tion of 50 μL of complete medium. Cells were transferred to 
0.5-mL Eppendorf tubes and pelleted via centrifugation for 
5 min at 1000 RPM at 4°C. Subsequently, cells were resus-
pended in 100 μL of ice-cold DPBS with Ca2+/Mg2+ as a wash 
and then pelleted again by centrifugation for 5 min at 1000 
RPM at 4°C. Pellets were maintained on ice and protected 
from light.

Cells were lysed by using 20 μL of RIPA lysis and extraction 
buffer from Thermo Fisher Scientific (Waltham, MA) (Product 
#89901), supplemented with Halt proteasome inhibitor cock-
tail (100×) from Thermo Fisher Scientific (Product #78438) and 
TCEP (100×) from Sigma–Aldrich (Product #646547). After 
the addition of the lysis buffer, cell samples were vortexed 

SCHEME 2    |    Semisynthesis of a UbA46C-TAMRA conjugate.
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briefly to resuspend the pellets, protected from light, and 
transferred to an orbital shaker maintained at 450 RPM at 4°C 
for 15 min to allow for cell lysis. After lysis, cells were subjected 
to centrifugation at 14,000g at 4°C to remove cellular debris. 
Supernatants (15 μL) were transferred to PCR strip tubes, and 
Fluorescent Compatible Sample Buffer (5 μL) from Thermo 
Fisher Scientific (Product #LC2570) was added to each sample. 
Samples were boiled for 5 min at 95°C and then loaded onto 
an Any-kD Mini-PROTEAN TGX gel from Bio-Rad (product 
#4569033). The SDS-PAGE gel was eluted at 195 V and 4°C for 
30 min. Gels were imaged with a ChemiDoc imaging system 
from Bio-Rad using the AlexaFluor 546 Blot Channel and Auto 
Optimal Exposure.

3   |   Results and Discussion

3.1   |   Design and Semisynthesis 
of Fluorophore-Labeled Ubiquitin

To monitor the cellular delivery of ubiquitin, we sought a 
means to label ubiquitin with a fluorophore while preserving 
its ability to participate in endogenous signaling pathways. 
Because lysine is central to the branching of ubiquitin in cells, 
we avoided labeling with stochastic reagents that target amino 
groups. Fortunately, human ubiquitin does not contain any 
cysteine residues. Moreover, replacing Ala46 with a cysteine 
residue does not impact the processing of ubiquitin in the cell 
[49]. Accordingly, the cysteine in A46C ubiquitin (UbA46C) 
enables an orthogonal labeling strategy. As a fluorophore, 
we chose TAMRA because of its bright red fluorescence 
(λmax = 553 nm; λem = 575 nm; Φ = 0.1; ε = 84,000 M−1 cm−1) 
that is pH-agnostic, enabling a holistic appraisal of delivery 
efficacy. We produced UbA46C heterologously in E. coli as 
described previously (Figure S1) [49]. To install a single fluo-
rogenic label on the protein, we reacted a TAMRA–maleimide 
fluorophore with the side-chain sulfyhydryl group of Cys46, 
yielding the UbA46C-TAMRA conjugate (Scheme  2 and 
Figure S2).

3.2   |   Microscopy of Ubiquitin Internalization

We tested UbA46C-TAMRA (5 or 15 μM) along with a 
cotreatment of either L17E (40 μM) or L17ER4 (20 μM) in 
HeLa cells. We first imaged these cells using epifluorescence 
microscopy to assess subcellular localization. Subsequently, 
we analyzed cells using flow cytometry to quantify uptake. 
We found that treatment conditions without serum afforded 
superior uptake (Figures  S5 and S6). Microscopy revealed 
that UbA46C-TAMRA accessed the cytosol, as evidenced 
by diffuse fluorescent staining throughout the cytosol and 
nucleus of live HeLa cells (Figure  1A,B). We note the ab-
sence of punctate staining, which is indicative of endoso-
mal entrapment. We observed an enhancement in cellular 
uptake and cytosolic access when cells were treated with 
higher concentrations of UbA46C-TAMRA, and we were 
gratified to observe that cellular uptake when cotreated with 
UbA46C-TAMRA was potentiated when treated with L17ER4 
(Figure 1A,B).

3.3   |   Cytometry of Ubiquitin Internalization

Flow cytometry enabled quantification of UbA46C-TAMRA 
uptake (Figure  1C). We observed that cells treated with 
UbA46C-TAMRA (5 μM) and cotreated with L17ER4 (20 μM) 
had an approximately threefold increase in uptake compared 
to cells cotreated with L17E (40 μM). At a higher concentra-
tion of UbA46C-TAMRA (15 μM), L17ER4 was approximately 
fourfold more effective than L17E. We consistently observed 
that when cells were cotreated with L17E, only ~35% of cells 

FIGURE 1    |    Fluorescence microscopy and flow cytometry evalu-
ation of UbA46C-TAMRA uptake in HeLa cells when cotreated with 
endosomolytic peptides L17E (40 μM) or L17ER4 (20 μM) in serum-free 
DMEM. UbA46C-TAMRA uptake was evaluated by fluorescence mi-
croscopy at (A) 5 μM and (B) 15 μM after a 10-min serum-free cotreat-
ment followed by a 1-h recovery in complete medium. Images are rep-
resentative of uptake profiles of at least two independent experiments 
performed with two technical replicates. Scale bars, 50 μm. Additional 
images are shown in Figure  S3. (C) MFI of UbA46C-TAMRA conju-
gates in HeLa cells was evaluated by flow cytometry. Values are the 
mean ± SE from at least two independent experiments, each performed 
with two technical replicates. Additional data are shown in Figures S5 
and S6. Standardized laser intensities were used across all imaging and 
flow experiments.
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had taken up UbA46C-TAMRA (Figure S6). In contrast, ~85% 
of cells cotreated with L17ER4 demonstrated a change in flu-
orescence, and the magnitude of the shift in population was 
intensified with higher concentrations of UbA46C-TAMRA 
(Figure S6). Taken together, these results assert L17ER4 as the 
superior endosomolytic peptide in affording cytosolic access to 
UbA46C-TAMRA.

3.4   |   Time Course of Ubiquitin Internalization

With conditions in hand to enable robust cellular entry of 
UbA46C-TAMRA, we performed a time-course imaging exper-
iment using UbA46C-TAMRA (15 μM) cotreated with L17ER4 
(20 μM) to observe changes in subcellular localization of our flu-
orogenic ubiquitin protein. We observed changes in subcellular 
localization that suggested the utilization of the conjugate by 
the cell (Figure 2). We evaluated cellular localization after 1, 6, 
and 24 h. After 1 h, we observed cytosolic and nuclear staining, 
consistent with successful cellular entry. After 6 h, fluorescence 

persisted in the nucleus and cytosol, suggesting that the exog-
enously administered material was utilized by the cell for nu-
clear proteolysis or, possibly, transcriptional programming [51]. 
Previous reports have likewise revealed nuclear sequestration 
after cytosolic delivery [27, 52]. At longer time points, we ob-
served the appearance of fluorescent puncta, which could be 
consistent with either the utilization of the exogenous ubiquitin 
by the proteasome or by the degradation of the surplus of this 
protein. Broadly, we noted that the cell appeared to process the 
ubiquitin conjugate in accord with established ubiquitin biology.

3.5   |   Cellular Processing of Internalized Ubiquitin

Next, we sought to assess the cellular processing of the exoge-
nously administered ubiquitin conjugate. To do so, we used a 
gel-based assay to assess proteome-wide ubiquitin utilization. A 
measure of success was the fluorescent labeling of high molec-
ular weight proteins, which corresponds to protein tagging with 
our probe.

FIGURE 2    |    Time-course fluorescent and transmitted light imaging of live HeLa cells cotreated with UbA46C-TAMRA (15 μM) and L17ER4 
(20 μM) in serum-free DMEM, normalized to cells treated with UbA46C-TAMRA only. All images were acquired with identical laser settings. 
Images are representative of at least two independent experiments with two technical replicates. Scale bars, 50 μm. Additional images are shown in 
Figure S7. Yellow arrows indicate the location of nuclei in select cells.
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Using the same treatment conditions that were identified pre-
viously, cells were cotreated with UbA46C-TAMRA (15 μM) 
and either L17E (40 μM) or L17ER4 (20 μM) for 10 min in 
serum-free medium in an incubator at 37°C humidified with 
CO2(g) (5% v/v). Cells were then washed and permitted to re-
cover for 1.5 h prior to the addition of MG132 (10 μM), which 
is a peptidic proteasome inhibitor [53]. The treated cells were 
incubated overnight to allow for the enrichment of labeled pro-
teins within the cells, lysed, and evaluated for ubiquitin in-
corporation using fluorescent imaging after separation on an 
SDS-PAGE gel.

Gratifyingly, we observed the appearance of fluorescent sig-
nals in slowly migrating proteins, indicating that exogenously 
delivered UbA46C-TAMRA was utilized by the proteasome 
(Figure 3). Both endosomolytic peptides afforded evidence of 
incorporation, but we observed a stronger fluorescence signal 
with L17ER4 than L17E. These results are in accord with our 
microscopy and flow cytometry data, which likewise indicate 
that L17ER4 provides greater cytosolic access. MG132 [53] did 
not appear to potentiate ubiquitin incorporation, perhaps due 
to synergistic cytotoxicity upon treatment along with endoso-
molytic peptides. Due to increased cytotoxicity under these 
treatment conditions, the number of lysed cells analyzed on 
the gel was lower. Thus, the magnitude of fluorescence could 
not exceed that of cells treated with the endosomolytic pep-
tide alone. Nevertheless, UbA46C-TAMRA enrichment above 
background is observed in these samples.

4   |   Conclusions

Ubiquitin is a linchpin for proteostasis within eukaryotic cells. 
We report a facile means for the traceless delivery of exogenous 
ubiquitin to the cytosol of human cells. The method deploys 
cotreatment with an endosomolytic peptide. The delivered 

ubiquitin is competent for conjugation to cellular proteins, 
a tag that entices degradation by the proteasome. This strat-
egy is poised to illuminate underexplored aspects of ubiqui-
tin biology, including the role of ubiquitin posttranslational 
modifications.
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