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Susan Jones-Bolin,b Michael Williamsb & Huib Ovaaa,*

Introduction

The ubiquitin-proteasome system is responsi-
ble for the degradation of proteins involved in 
a wide variety of cellular processes, including 
cell proliferation and survival, cell-cycle con-
trol, transcriptional regulation and cellular 
stress responses, as well as for the destruc-
tion of abundant and misfolded proteins.1,2 
The catalytic activity of the 26S proteasome 
resides within its 20S core and is mediated 
by three catalytically active constitutive 

β-subunits termed β1, β2, and β5. These have 
three different catalytic activities, caspase-
like, tryptic and chymotryptic activity, respec-
tively. In lymphoid tissues or after induction 
with interferon γ, these subunits can be re-
placed by their immunoproteasomal counter-
parts, termed β1i, β2i, and β5i, to form the 
immunoproteasome,  while mixed-type hy-
brid proteasomes have also been reported.3-6 
The increased sensitivity of malignant cells to 
proteasome inhibitors has resulted in protea-
some inhibition emerging as a novel strategy 

*Correspondence should be addressed to H.O. (h.ovaa@nki.nl).

aDivision of Cell Biology II, The Netherlands Cancer Institute, Plesmanlaan 121, 1066 CX Amsterdam, The Nether-
lands. bCephalon Inc, Discovery Research, West Chester, PA, USA. 

The ubiquitin proteasome system is an attractive pharmacological target for the treat-
ment of cancer. The proteasome inhibitor bortezomib has been approved for the treat-
ment of multiple myeloma (MM) and mantle cell lymphoma, but is associated with sub-
stantial adverse effects and the occurrence of resistance, underscoring the continued 
need for novel proteasome inhibitors. In this study, bortezomib and the novel protea-
some inhibitor CEP-18770 were compared for their ability to inhibit proteasome activity 
using both fluorogenic substrates and a recently developed chemical proteasome activity 
probe. Bortezomib and CEP-18770 were equipotent in inhibiting distinct subunits of the 
proteasome in a panel of cell lines in vitro. In a preclinical MM model, both inhibitors in-
hibited the proteasome in normal tissues to a similar extent. Tumor proteasome activity 
was inhibited to a significantly higher extent by CEP-18770 (60%) compared to bortezomib 
(32%). In addition, CEP-18770 was able to overcome bortezomib resistance in vitro. The 
present findings demonstrate that proteasome activity probes can accurately monitor the 
effects of proteasome inhibitors on both normal and tumor tissues in preclinical mod-
els. Furthermore, the data presented here indicate that CEP-18770 has a favorable phar-
macodynamic profile compared to bortezomib, and provide rationale for further clinical  
development of CEP-18770.
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for cancer treatment.2 In addition to eliciting 
direct apoptotic effects, proteasome inhibi-
tion may also enhance sensitivity and over-
come drug resistance to standard chemo- and 
radiation therapy.7 Bortezomib8 (Figure 1), the 
active ingredient of velcade®, was the first pro-
teasome inhibitor to be approved as a single 
agent for the treatment of relapsed or refrac-
tory multiple myeloma (MM)9-11 and mantle 
cell lymphoma12 and, in combination with PE-
Gylated doxorubicin, for the treatment of re-
lapsed MM.13,14 Bortezomib induces apoptosis 
via stabilization of a number of proapoptotic 
and/or regulatory proteins. Both stabilization 
of p53 and inhibition of NF-κB (nuclear factor 
κB) mediated transcription via stabilization 
of its inhibitor IκBα, are thought to play im-
portant roles in bortezomib-induced apopto-
sis,15,16 although additional  mechanisms have 
been implicated to explain the anti-tumor ef-
ficacy of bortezomib.17,18

Bortezomib treatment is associated with 
manageable but substantial side effects e.g., 
thrombocytopenia and peripheral neuropa-
thy10 and the occurrence of both primary and 

acquired drug-resistance.18 Consequently, 
there is an ongoing need for the development 
of novel proteasome inhibitors, and several 
second-generation proteasome inhibitors 
are now entering clinical trials. These include 
carfilzomib (PR-171),19-21 an irreversible ep-
oxyketone peptidyl inhibitor, and marizomib 
(NPI-0052),22,23 an orally available proteasome 
inhibitor isolated from the marine actinomy-
cete, Salinispora spp (Figure 1). Both these 
inhibitors demonstrate a favorable cytotoxic-
ity profile as compared to bortezomib and can 
overcome bortezomib resistance in vitro.19,20,22 
Another second-generation proteasome in-
hibitor in clinical development is CEP-1877024 
(Figure 1). Like bortezomib, CEP-18770 is a 
reversible boronic acid-based inhibitor that 
suppresses NF-κB-mediated transcription, 
and induces apoptosis in human MM cell 
lines and patient derived cells to a similar ex-
tent.25 It has a favorable cytotoxicity profile 
towards a variety of normal human cell lines 
as compared to bortezomib.25 In a preclinical 
model of human MM, CEP-18770 evidenced 
significant and sustained proteasome inhibi-

Figure 1 | Structures of bortezomib, CEP-18770, NPI-0052, carfilzomib and proteasome activity 
probe 1 (Me4BodipyFL-Ahx3Leu3VS).
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tion in tumors relative to normal tissues and 
anti-tumor efficacy, resulting in complete tu-
mor regression of MM xenografts.25 Impor-
tantly, CEP-18770 is orally bioavailable, and 
oral administration of CEP-18770 resulted 
in significant reduction in tumor weight and 
dose-related incidence of complete tumor 
regression with minimal changes in animal 
body weight.25,26

In the present study, the proteasome inhibi-
tory capacities of bortezomib and CEP-18770 
were profiled side by side in vitro and in a va-
riety of in vivo preclinical models, using both 
fluorogenic substrates and a recently devel-
oped chemical proteasome activity probe, 
that allows profiling of all constitutive and 
immunoproteasomal activities in live cells 
and ex vivo.27 These studies demonstrate that 
both bortezomib and CEP-18770 inhibit β1 
and β5 subunits to a similar extent in a panel 
of multiple myeloma cell lysates and cells. 
Furthermore, in a preclinical model of human 
MM, CEP-18770 inhibited tumor proteasome 
activity to a significantly higher extent (60% 
inhibition of total activity) compared to bort-
ezomib (32% inhibition of total activity), while 
CEP-18770 inhibited the proteasome in nor-
mal tissues with equal potency compared to 
bortezomib. Finally, our data show that CEP-
18770 is able to overcome bortezomib resis-
tance in vitro.
 

Results 
 
Bortezomib and CEP-18770 show comparable 
inhibition profiles in a panel of cell lysates
CEP-18770 and bortezomib are chemically re-
lated (Figure 1) and have a comparable ability 
to induce apoptosis in MM cell lines and in pu-
rified primary human MM explants cultures, 
but show substantial differences in their cy-
totoxicity profile towards normal cells and in 
their antitumor-efficacy.25 To assess whether 
these differences can be related to differenc-

es in proteasome inhibition, the proteasome 
inhibitory potential of CEP-18770 and borte-
zomib were first compared in cell lysates using 
fluorogenic substrates for the different pro-
teasomal activities. Lysates from RPMI8226, 
H929, JJN3 (all MM) and HeLa (cervical car-
cinoma) cells were pre-incubated for 1 hour 
with increasing concentrations of CEP-18770 
and bortezomib after which residual protea-
some activity was measured (Figure 2A). IC50 
values for the chymotryptic and caspase-like 
activities of the proteasome were calculated 
(Figure 2B). Bortezomib (black lines) and CEP-
18770 (grey lines) showed almost identical 
inhibition profiles in all cell lines tested (Fig-
ure 2A) and inhibited both the chymotryptic 
activity (thin solid lines) and the caspase-like 
activity (dotted lines), but not the tryptic ac-
tivity (thick solid lines), as has been described 
for bortezomib.25,28 IC50 values for inhibition 
of the chymotryptic activity were 10–25 nM 
depending on the cell line used and did not 
differ significantly between bortezomib and 
CEP-18770 (Figure 2B). When IC50 values were 
compared between different tumor cell lines, 
RPMI8226 and H929 MM cells were more sen-
sitive than JJN3 and HeLa cells to inhibition of 
chymotryptic activity. Whereas in RPMI8226 
and H929 cells IC50 values between 9 and 13 
nM were measured, HeLa and JJN3 cells re-
quired 20–24 nM of CEP-18770 or bortezomib 
for 50% inhibition (Figure 2B). Consistent with 
the finding that low concentrations of CEP-
18770 inhibit the proteasome to a higher ex-
tent in H929 or RPMI8226 cells compared to 
JJN3 cells, a low concentration of CEP-18770 
induced apoptosis in RPMI8226 and H929 
cells, but not in JJN3 cells.25 IC50 values for in-
hibition of the caspase-like activity were 40–
75 nM depending on the cell line used. CEP-
18770 was more specific for the chymotryptic 
activity as compared to bortezomib in both 
JJN3 and HeLa cells, but a significant differ-
ence between IC50 values (p<0.05) was only 
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observed in JJN3 cells (Figure 2B). 

Bortezomib and CEP-18770 show compara-
ble inhibition patterns in cells
The proteasome inhibitory effects of bort-
ezomib and CEP-18770 in intact RPMI8226, 
H929, and HeLa cells were investigated. To 
this end, active proteasome subunits in cells 
were labeled using a fluorescent proteasome 
activity probe (Me4BodipyFL-Ahx3Leu3VS (1); 
Figure 1) that contains a vinyl sulfone reactive 
group that covalently modifies all N-termi-
nal threonine residues of catalytically active 

proteasomal subunits, and a fluorescent tag 
that allows in-gel visualization of the subunit-
probe complex in an SDS-PAGE gel. When one 
or more proteasome active sites are targeted 
by CEP-18770 or bortezomib treatment, probe 
labeling is hampered, resulting in a decrease 
in in-gel fluorescence intensity and ultimately 
in the disappearance of specific bands.27 
Cells were pulsed for 1 h with increasing con-
centrations of bortezomib and CEP-18770, 
followed by a 2-h chase with probe 1, a close 
analog of the bodipyFL probe described pre-
viously.27 Cells were then lysed, subunits 
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Figure 2 | Bortezomib and CEP-18770 have identical proteasome inhibition profiles in cell lysates. A) 
Representative proteasome inhibitory profiles in RPMI8226, H929, JJN3 and HeLa cell lysates after ad-
dition of increasing concentrations of bortezomib (black lines) or CEP-18770 (grey lines), obtained us-
ing fluorogenic substrates for the different proteasomal activities. Results were plotted as percentage 
activity compared to non-treated lysates. Thick solid lines: tryptic activity; thin solid lines: chymotryp-
tic activity; dotted lines: caspase-like activity. B) IC50 values of CEP-18770 (grey bars) and bortezomib 
(black bars) in RPMI8226, H929, JJN3 and HeLa cell lysates determined using fluorogenic substrates for 
the different proteasomal activities. IC50 values were determined in three independent experiments 
and error bars indicate SEM. • p<0.05
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separated by SDS-PAGE and the gel scanned 
for fluorescence emission (Figure 3A). In un-
treated cells, the proteasome probe labeled 
all active subunits, and differences in sub-
unit activity could be seen between different 
cell lines (Figure 3A, first lane). In H929 and 
RPMI8226 cells both constitutive and im-
munoproteasome subunits were active, as 
shown previously in RPMI8226 cells,29 while 
in HeLa cells only constitutive subunits were 
labeled.27,28 When cells were preincubated 
with either bortezomib or CEP-18770, the la-
beling of the β1 and β5 subunits disappeared 

in a concentration-dependent manner in all 
cell lines with estimated IC50 values in the low 
nanomolar range, while the labeling of the β2 
subunits remained largely visible. These data 
confirm results in cell lysates and suggest that 
bortezomib and CEP-18770 are equipotent in 
inhibiting β1 and β5 subunits, but that they 
do not inhibit the β2 subunits in live cells. 

Validating ARP-1 cells as a model system to 
compare bortezomib and CEP-18770 treat-
ment in vivo
In a previous report, the in vivo efficacies of 
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Figure 3 | Bortezomib and CEP-18770 induce near identical proteasome inhibition profiles and re-
covery patterns in live cells. A) In-gel fluorescence measurements showing representative protea-
some activity profiles in RPMI8226, H929 and HeLa cells after a 1-hour incubation with increasing 
concentrations of bortezomib or CEP-18770. Results were obtained by incubating cells with inhib-
itor, followed by active proteasome labeling by probe 1, and SDS-PAGE analysis. B) In-gel fluores-
cence measurements showing representative proteasome activity profiles in ARP-1 cells after a 2- or  
24-hour incubation period with increasing concentrations of bortezomib and CEP-18770. Results were 
obtained by incubating cells with inhibitor, followed by active proteasome labeling by probe 1, and 
SDS-PAGE analysis and fluorescence scanning. C) In-gel fluorescence measurements showing repre-
sentative proteasome activity profiles in ARP-1 cells after a 1-hour incubation with 100 nM of borte-
zomib or CEP-18770, followed by the indicated recovery periods. Results were obtained by incubating 
cells with inhibitor, followed by active proteasome labeling by probe 1, and SDS-PAGE analysis.



74

CEP-18770 and bortezomib were compared 
in a RPMI8226 subcutaneous xenograft mod-
el of human MM, and in an ARP-1 systemic 
model of human MM.25  In these models, dif-
ferences were found between bortezomib 
and CEP-18770 in the extent and duration of 
tumor proteasome inhibition and antitumor 
efficacy. To assess whether the use of specific 
MM cell lines that respond differentially to 
CEP-18770 or bortezomib treatment were re-
sponsible for these observations, the effects 
of bortezomib and CEP-18770 were further 
studied in ARP-1 cells. ARP-1 cells were pulsed 
with increasing concentrations of bortezomib 
and CEP-18770 for 2 or 24 h, followed by a 
2-h chase with proteasome probe 1. Cells 
were then lysed, labeled subunits separated 
by SDS-PAGE and the resulting gel scanned for 
fluorescence emission. As can be seen in Fig-
ure 3B, both immuno- and constitutive pro-
teasome subunits were labeled in untreated 
ARP-1 cells (Figure 3B, lane 1). In accord with 
results inform the RPMI8226, H929 and HeLa 
cells, bortezomib and CEP-18770 showed 
near identical inhibition profiles in ARP-1 cells 
(Figure 3B). After a 2-hour incubation period, 
both compounds dose-dependently inhibited 
β1 and β5 subunits with IC50 values between 
3 and 10 nM, while β2 subunits remained 
relatively unaffected. Also after 24 h, both 
compounds inhibited β1 and β5 subunits, but 
in addition the labeling of β2 subunits was 
largely abolished at higher concentrations. 
As bortezomib and CEP-18870 do not interact 
with β2 subunits directly at the concentra-
tions investigated (Figure 2A), this may be due 
to a secondary cellular response. 
To investigate whether ARP-1 MM cells show 
differences in proteasome activity recovery 
after either bortezomib or CEP-18770 treat-
ment, ARP-1 cells were pulsed for 1 h with 
100 nM bortezomib or CEP-18770, washed 
and either probed directly (Figure 3C, lane 3), 
or allowed to recover for the indicated time 

periods before being analyzed. The patterns 
of activity recovery after withdrawal of either 
bortezomib or CEP-18770 were very similar 
(Figure 3C). After withdrawal of either inhibi-
tor, proteasome activity recovered only slow-
ly. After a 20-h recovery period, activity of the 
β5 subunits had not completely returned to 
baseline levels, while the activity of the β1i 
subunit was not detected (Figure 3C). These 
results indicate that although boronic-acid 
based proteasome inhibitors inhibit the pro-
teasome in a reversible manner, proteasome 
synthesis, which occurs only after longer time 
periods, is the predominant factor contribut-
ing to recovery. Together, these data demon-
strate that ARP-1 cells respond similarly to 
bortezomib and CEP-18770 treatment with 
respect to both proteasome inhibition and 
proteasome recovery patterns. 

CEP-18770 shows an improved pharmacody-
namic profile compared to bortezomib
To evaluate whether bortezomib and CEP-
18770 show differences in proteasome inhibi-
tion in vivo, proteasome probe 1 was used to 
profile proteasome inhibition using an ex vivo 
approach.27 NOD/SCID mice bearing subcuta-
neous ARP-1 tumor xenografts (n=5/group) 
were administered with the maximum toler-
ated dose (MTD) of bortezomib (1.2 mg/kg in-
travenous), CEP-18770 (4 mg/kg intravenous) 
or Solutol/PBS vehicle. At 2 h, 8 h or 24 h post 
dosing, mice were sacrificed and heart, lung, 
liver, spleen and tumor tissue obtained. Tissue 
cells were lysed, and lysates probed for pro-
teasome activity, followed by SDS-PAGE. The 
resulting gels were scanned for fluorescence 
emission (Figure 4A) and the intensities of all 
bands were quantified using a sypro stain to 
control for protein loading. In all tissues, ve-
hicle treatment had no effect on proteasomal 
subunit activity over a 24-h period (data not 
shown). Proteasome subunit activities in CEP-
18770 and bortezomib treated samples were 
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Figure 4 | CEP-18770 shows an improved pharmacodynamic profile compared to bortezomib in an 
ARP-1 MM tumor model. NOD/SCID mice (n=5/group) bearing ARP-1 tumor xenografts received a 
single injection of the maximum tolerated dose of bortezomib or CEP-18770 or vehicle, and tissues 
were removed at t = 2 h, 8 h, or 24 h post dosing. Tissues were lysed, followed by active proteasome 
labeling by probe 1 and SDS-PAGE analysis. A) In-gel fluorescence measurements showing representa-
tive proteasome activity profiles in mouse heart, lung, liver, spleen and tumor tissues after bortezomib 
or CEP-18770 treatment for the indicated time periods. B) Quantification of proteasome activity pro-
files in mouse heart, lung, liver, spleen and tumor tissues after bortezomib or CEP-18770 treatment 
for the indicated time periods. The proteasome subunit activity in treated samples was plotted as a 
percentage of the subunit activity in vehicle treated mice and total proteasome activity was defined 
as the sum of all individual activities. Error bars represent SEM. Statistical analysis was performed 
using GraphPad Prism software. CEP-18770 treated samples in which inhibition differed significantly 
from the corresponding bortezomib treated samples are indicated with dots. • p<0.05; •• p<0.01;  
••• p<0.001
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calculated as a percentage of the activities in 
vehicle-treated samples and averaged (Figure 
4B). Total proteasome activity was defined as 
the sum of all individual activities. 
In normal murine tissues, CEP-18770 and 
bortezomib showed comparable inhibition 
and recovery patterns, although subtle dif-
ferences in inhibition patterns could be ob-
served between the two inhibitors as well as 
between different tissue types. Bortezomib 
and CEP-18770 inhibited β1 and β5 subunits 
(Figure 4B, blue bars) to a similar degree in all 
tissues at all time points, with residual activi-
ties ranging between 20–50% for the β5,5i,1 
subunits (dark blue bars) and 0–10% for the 
β1i subunit (light blue bars). The β2 subunit 
(red bars) was least affected by compound 
treatment. A small decrease in labeling was 
only observed in lung tissue. Labeling of the 
β2i subunit (orange bars) was decreased to 
a somewhat higher extent in lung, liver and 
spleen, predominantly at later time points. 
These results are in line with the results from 
ARP-1 cells (Figure 3B), suggesting that this 
was a secondary cellular response to pro-
teasomal β1 and β5 subunit inhibition. Ad-
ditional, little recovery of the activity of indi-
vidual subunits was seen in this model over 
a period of 24 h, although in individual mice, 
proteasome activity appeared to recover in 
spleen, liver and heart after treatment with 
either compound (data not shown). Total pro-
teasome activity (Figure 4B, yellow bars) was 
only partially inhibited in all normal tissues, 
predominantly because the β2,2i activities 
substantially contributed to total proteasome 
activity in all tissues examined (Figure 4A). The 
largest effects on total activity were observed 
in lung, where 40% residual proteasome activ-
ity was measured. In heart and liver, 60–70% 
of total proteasome activity remained after 
CEP-18770 and bortezomib treatment, while 
in spleen, total proteasome activity hardly 
decreased compared to vehicle (Figure 4B). 

No significant differences in total proteasome 
inhibition were observed between CEP-18770 
and bortezomib in healthy murine tissue at all 
time points.
In ARP-1 tumor xenografts, differences be-
tween the inhibition produced by CEP-18770 
and bortezomib were more pronounced. In 
primary tumor tissues β5 and β1 subunits 
were inhibited to a significantly higher ex-
tent by CEP-18770 treatment compared to 
bortezomib treatment at all time points, with 
residual activities ranging between 10–20% 
after CEP-18770 treatment and 60–80% after 
bortezomib treatment (Figure 4B). CEP-18770 
induced maximal inhibition of these subunits 
within 2 h while maximal inhibition by bort-
ezomib occurred only after 8–24 hours. Ad-
ditionally, treatment with either compound 
resulted in small decreases in β2 and β2i 
labeling over time, as described above for 
normal tissues. As a result, the residual pro-
teasome activity was significantly lower in 
CEP-18770-treated tumors as compared to 
bortezomib-treated tumors at 2 h and 24 h 
(Figure 4B). CEP-18770 reduced total protea-
some activity to 40–50%, suggesting that this 
compound inhibited tumor proteasome to a 
similar or greater extent than proteasome in 
normal tissues. In contrast, the residual activ-
ity in bortezomib-treated tumor samples was 
70–100%, suggesting that bortezomib inhib-
ited proteasome activity in tumors to a lesser 
extent than in most normal tissues. Collec-
tively, these data indicate that CEP-18770 
induces a more favorable pharmacodynamic 
response in the ARP-1 MM tumor model as 
compared to bortezomib. 

CEP-18770 displays activity against cells that 
are resistant to bortezomib
We next investigated whether CEP-18770 
could overcome bortezomib resistance in the 
bortezomib resistant cell line THP1/BTZ100.30 
THP1/BTZ100 cells acquired bortezomib resis-
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tance by exposure to stepwise increasing con-
centrations of bortezomib (2.5 to 100 nM). 
Study of the molecular mechanism of borte-
zomib resistance in these cells revealed an Al-
a49Thr mutation in the β5 subunit protein.30 
This mutation has also been observed in Jur-
kat cells (human lymphoblastic T cells) with 
acquired bortezomib resistance.31,32 THP1/
BTZ100 cells were shown to be cross-resistant 
to other proteasome inhibitors that target 
the β5 subunit, including MG132, MG262 and 
4A6.30 
First, we compared the proteasome inhibito-
ry potential of CEP-18770 and bortezomib in 
cell lysates of THP1/BTZ100 and THP1 wild type 
(THP1/WT) cells using fluorogenic substrates 
for the different proteasomal activities as de-
scribed above. Lysates were pre-incubated 
for 1 hour with increasing concentrations of 
CEP-18770 and bortezomib after which re-
sidual proteasome activity was measured 
(Figure 5A) and IC50 values were calculated for 
the chymotryptic activity of the proteasome 
(Figure 5B). Bortezomib (black lines) and CEP-
18770 (grey lines) showed near identical inhi-
bition profiles in THP1/WT cells (dotted lines), 
in accordance with data obtained in other cell 
types (Figure 2A). Higher concentrations of 
bortezomib were required to inhibit the chy-
motryptic activity in THP1/BTZ100 cells as com-
pared to THP1/WT cells, as expected (Figure 
5A,B). Remarkably, CEP-18770 inhibited the 
chymoptryptic activity in THP1/BTZ100 cells 
with equal potency compared to the WT cell 
line (Figure 5A,B). In THP1/BTZ100 cells, no dif-
ferences between bortezomib and CEP-18770 
were observed in the degree of inhibition of 
the tryptic and caspase-like activities of the 
proteasome (Figure 5A).
Next, we set out to confirm that CEP-18770 
was able to inhibit the β5 subunit in intact 
THP1/BTZ100 cells. To this end, THP1/WT and 
THP1/BTZ100 cells were pulsed with increasing 
concentrations of bortezomib and CEP-18770 

for 3 or 24 h, followed by a 2-h chase with 
proteasome probe. Cells were then lysed, la-
beled subunits separated by SDS-PAGE and 
the resulting gel scanned for fluorescence 
emission. In line with results inform other 
cell lines tested, bortezomib and CEP-18770 
showed near identical inhibition profiles in 
THP1/WT cells (Figure 5C, left panels). After 
a 3-hour incubation period, both compounds 
dose-dependently inhibited β1 and β5 sub-
units with IC50 values between 3 and 10 nM, 
while β2 subunits remained relatively unaf-
fected. After 24 h, the labeling of β2 subunits 
by probe 1 was  also hampered at higher con-
centrations of bortezomib and CEP-18770. In 
contrast, CEP-18770 and bortezomib showed 
different inhibition profiles in THP1/BTZ100 
cells (Figure 5C, right panels). CEP-18770 in-
hibited the β5 subunits in THP1/BTZ100 cells 
with IC50 values between 3 and 10 nM, while 
higher concentrations of bortezomib were re-
quired to reach a similar extent of β5 inhibi-
tion. These differences are in accordance with 
results found in cell lysates using fluorogenic 
substrates and suggest that the β5 subunits 
in bortezomib resistant THP1 cells can still be 
inhibited by CEP-18770.
Finally, we investigated how the cell viabil-
ity of THP1/BTZ100 and THP1/WT cells was 
influenced by bortezomib and CEP-18770 
treatment. To this end, cells were exposed 
to increasing concentrations of bortezomib 
and CEP-18770 for 24 h or 48 h, after which 
cell viability was assessed using a cell titer 
blue assay. Values were normalized to con-
trol samples that were incubated with DMSO 
only and results were plotted as percentage 
compared to control values (Figure 5D). EC50 
values, defined as the concentration of inhibi-
tor causing 50% cell death, were determined 
at 48 h (Figure 5E). In accord with the protea-
some inhibitory profiles found in these cells 
using probe 1, THP1/WT cells responded simi-
larly to bortezomib and CEP-18770 treatment 
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(Figure 5D). In THP1/BTZ100 cells on the other 
hand, bortezomib showed higher EC50 val-
ues as compared to THP1/WT cells, whereas 
THP1/BTZ100 and THP1/WT cells were equally 
sensitive to CEP-18770 (Figure 5D,E). The 
EC50 value of CEP-18770 in THP1/BTZ100 cells 
was approximately 30 nM, whereas 100 nM 
bortezomib was not sufficient to kill 50% of 
all THP1/BTZ100 cells (Figure 5E). From the 
data obtained in THP1/BTZ100 and THP1/WT 
cells we conclude that THP1/BTZ100 cells are 
resistant to bortezomib due to a mutation in 
the β5 protein, which prevents bortezomib 
binding. Remarkably, THP1/BTZ100 cells are 
still equally sensitive to proteasome inhibi-
tion by CEP-18770 as compared to THP1/WT 
cells, and as a consequence, CEP-18770 dis-
plays similar EC50 values in THP1/BTZ100 and 
THP1/WT cells. Therefore, our data suggest 
that CEP-18770 can overcome acquired bort-
ezomib resistance in vitro.

Discussion

Proteasome inhibition is a validated strategy 
for the treatment of cancer, as evidenced by 
bortezomib, a boronic acid-based proteasome 
inhibitor, which is the active ingredient of vel-
cade® and which is currently the only protea-
some inhibitor approved for human use.  Bort-
ezomib treatment is however associated with 
adverse effects,10 including thrombocytope-
nia33 and peripheral neuropathy,34 and with 
both primary and secondary resistance.18 This 
has led to the search for new proteasome in-
hibitors with an improved cytotoxicity profile 
and the potential to overcome bortezomib 
resistance. CEP-18770, a novel proteasome 
inhibitor that is structurally similar to bort-
ezomib, is one of several second-generation 
inhibitors in clinical trials.24,25

In the present study the proteasome inhibi-
tory profiles of bortezomib and CEP-18770 
were compared in cell lysates, whole cells and 

ex vivo in a mouse model of human MM, us-
ing both fluorogenic substrates and a chemi-
cal proteasome activity reporter that allows 
profiling of proteasome activity with high 
sensitivity in a wide range of cell types and 
tissues.27 In addition, we investigated the pro-
teasome inhibitory profiles of CEP-18770 and 
bortezomib in cells with acquired resistance 
to bortezomib, and assessed the effect of ei-
ther CEP-18770 or bortezomib treatment on 
the cell viability of these cells.
CEP-18770 and bortezomib showed com-
parable inhibition patterns in a panel of hu-
man tumor cell lines. Both compounds were 
equipotent in inhibiting the β1 (caspase-like 
activity) and β5 (chymotryptic activity) sub-
units and had little effect on the β2 subunit 
activity (tryptic activity), in agreement with 
previous reports.25,28 IC50 values in cell lysates 
were 40–75 nM and 10–25 nM for inhibition 
of the caspase-like and chymotryptic activity, 
respectively. In cell lines, IC50 values of both 
compounds for both the β1 and β5 subunits 
ranged between 3–10 nM. These data are in 
agreement with a previous report, in which 
bortezomib and CEP-18770 showed com-
parable effects in cells downstream of pro-
teasome inhibition, including a comparable 
accumulation of polyubiquitinated proteins 
and the appearance of activated caspases-3, 
-7, and -9 with a comparable kinetic profile.25  
Data obtained using either fluorogenic sub-
strates in cell lysates or using probe 1 in intact 
cells were similar, indicating the use of probe 
1 provides a reliable method to assess protea-
some activity. 
Proteasome activity recovered similarly after 
withdrawal of either inhibitor from cells, with 
immediate but very slow recovery of β5(i)/1 
subunit activity, and no recovery of the β1i 
activity within 20 hours. The slow rate of pro-
teasome activity recovery after inhibition by 
either compound indicates that proteasome 
synthesis, and not the reversibility of boronic-
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acid based proteasome inhibitors, is the pre-
dominant factor contributing to recovery, as 
suggested previously.19 The factors contribut-
ing to a differential recovery of proteasomal 
activities are unknown, but differences in re-
covery between subunits have been report-
ed.22,35 After treatment with bortezomib, the 
recovery of caspase-like activity was delayed 
compared to that of chymotryptic activity.22 
Furthermore, continuous bortezomib treat-
ment can abrogate immunoproteasome sub-
unit expression and thus induce an altered 
subunit composition of newly synthesized 
proteasomes.35 
In contrast to the finding that CEP-18770 and 
bortezomib have near identical effects on tu-
mor cell proteasome activity in vitro, marked 
differences between CEP-18770 and bort-
ezomib were found in vivo in an ARP-1 MM 
xenograft model. In tumor xenografts, CEP-
18770 showed a significantly higher degree 
of inhibition of β1 and β5 subunits at all time 
points measured as compared to bortezomib 
(80–90% inhibition by CEP-18770 as com-
pared to 40–60% inhibition by bortezomib), 
resulting in a significantly higher degree of 
overall proteasome inhibition (60% inhibition 
by CEP-18770 as compared to 32% inhibition 
by bortezomib), while the response of nor-
mal, healthy murine tissues to treatment with 
the maximum tolerated dose of bortezomib 
or CEP-18770 was near identical. CEP-18770 
thus reduced proteasome activity in tumors 
to a greater extent than in most normal tis-
sues, while bortezomib inhibited proteasome 
activity in tumors to a lesser extent than in 
most normal tissues, resulting in a favorable 
pharmacodynamic profile for CEP-18770 as 
compared to bortezomib. These results are in 
agreement with Piva et al., who have shown 
that in a RPMI8226 MM tumor xenograft 
model, CEP-18770 induced a similar degree 
of proteasome inhibition in normal mouse 
peripheral tissues compared to bortezomib, 

but a greater and more-sustained inhibition 
of tumor proteasome activity.25 Consistent 
with these findings, CEP-18770 treatment has 
been shown to have a greater in vivo antitu-
mor efficacy, and CEP-18770 administration 
resulted in a dose-related induction of com-
plete tumor regression, whereas bortezomib 
treatment only delayed tumor growth.25 Other 
studies have shown that bortezomib reduced 
proteasome activity in tumors to a lesser ex-
tent as compared to other tissues or whole 
blood samples19,36,37 and similar observations 
have been reported for marizomib38 and 
carfilzomib.19 While the anti-tumor efficacy 
of bortezomib results in effective anti-tumor 
therapy, the improved response of CEP-18770 
in tumors that can be correlated with its pre-
viously reported improved anti-tumor effi-
cacy may result in further benefit in a clinical 
setting. In addition, the data obtained in mice 
ex vivo show that probe 1 can be successfully 
used for detailed studies of the effects of pro-
teasome inhibitors on both normal and tumor 
tissues in preclinical models.
Finally, our data show that CEP-18770 dis-
plays activity against a bortezomib resistant 
cell line in vitro. The cell line THP1/BTZ100 is 
resistant to concentrations of bortezomib up 
to 100 nM. Study of the molecular mecha-
nism of bortezomib resistance in these cells 
revealed an Ala49Thr mutation in the β5 
subunit protein.30 Ala49 is a highly conserved 
residue among many prokaryotic and mam-
malian species and very likely involved in tight 
interactions with the pyrazine-2-carboxy-
phenylalanyl backbone of bortezomib, as can 
be reasoned from the bortezomib liganded 
yeast 20S proteasome structure.39 Therefore, 
mutation of this residue to threonine is likely 
to have a profound effect on binding of bort-
ezomib and of other proteasome inhibitors 
that target the β5 subunit. Our data show 
that CEP-18770 binding was not influenced 
by the Ala49Thr mutation. Bortezomib and 
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CEP-18770 are structurally similar, but differ 
in their P2 and P3 residues, suggesting that 
even small changes to the backbone structure 
of bortezomib can be sufficient to overcome 
bortezomib resistance. The data presented 
here suggest that the development of second-
generation proteasome inhibitors will likely 
result in the generation of inhibitors that can 
overcome resistance and may ultimately con-
tribute to better patient outcome and that 
this outcome can be predicted with the use of 
activity reporter reagents.
 

Materials and Methods

Reagents
The THP1/BTZ100 cell line was kindly provided 
by Dr. G. Jansen (VU University Medical Centre, 
Amsterdam, The Netherlands). Fluorogenic sub-
strates were purchased from Bachem (Weil am 
Rhein, Germany).  All solvents were purchased 
from Biosolve (Valkenswaard, the Netherlands) at 
the highest grade available. Bortezomib and CEP-
18770 were synthesized at Cephalon Inc for this 
study. All other chemicals were purchased from 
Sigma-Aldrich (Zwijndrecht, the Netherlands) at 
the highest available purity. 

Probe synthesis and characterization
Detailed information on synthetic procedures and 
characterization can be found in the Supplemen-
tary Information and Supplementary Schemes 1 
and 2 therein.

Cell culture
RPMI8226 (human, multiple myeloma), ARP-1 
(human, multiple myeloma), THP1/WT (human 
monocytic/macrophage) and H929 (human, mul-
tiple myeloma) cells were cultured in RPMI 1640 
medium (Invitrogen). THP1/BTZ100 cells were cul-
tured in RPMI 1640 medium supplemented with 
100 nM bortezomib. JJN3 cells were cultured in 
RPMI 1640 medium containing 10mM HEPES (In-
vitrogen). HeLa cells (human, cervix carcinoma) 
were cultured in DMEM medium (Invitrogen). All 
media were supplemented with 10% fetal calf se-
rum (FCS), 100 units/mL penicillin and 100 µg/mL 
streptomycin. 

Inhibition experiments in cell lysates
Cells were washed with phosphate-buffered sa-
line (PBS), pelleted and lysed with one volume of 
glass beads (<106 microns, acid-washed; Sigma) 
and an equal volume of homogenization buffer 
(50 mM Tris pH 7.4, 1 mM dithiothreitol (DTT), 
5 mM MgCl2, 2 mM ATP and 250 mM sucrose)
by vortexing at high speed for 45 minutes at 4 
°C. Beads, membrane fractions, nuclei and cell 
debris were then removed from the supernatant 
by centrifugation at 14,000 g for 5 minutes. Pro-
tein contents were quantified using the Bradford 
method (BioRad, Veenendaal, the Netherlands) 
or with a nanodrop spectrophotometer. Equal 
amounts of protein were incubated with 1, 3, 10, 
30 or 100 nM bortezomib or CEP-18770 for 1 h 
at 37 °C. Control samples were incubated with 
1 µM epoxomicin. To assay proteasome activity, 
10 µg of lysate was added to 100 µL of substrate 
buffer (20 mM Tris pH 7.4, 5 mM MgCl2, 1 mM 
DTT, 1 mM ATP and 100 µM BzValGlyArg-AMC 
(tryptic activity), 100 µM SucLeuLeuValTyr-AMC 
(chymotryptic activity) or 50 µM ZLeuLeuGlu-
AMC (caspase-like activity)). Fluorescence was 
measured every minute for 25 minutes at 37 °C 
using a fluostar optima 96 well plate reader (BMG 
labtechnologies) (λ ex/em = 355/450 nm) and the 
increase in fluorescence per minute was used to 
calculate specific activities of each sample. Non-
specific activities were determined using 1 µM 
epoxomicin, which specifically inhibits all pro-
teasomal activity at this concentration, and the 
background signal obtained was subtracted from 
each measurement. IC50 values were determined 
in three independent experiments and averaged. 
Data were analyzed by using GraphPad Prism 
software (GraphPad, La Jolla, CA, USA).

Probing proteasome inhibition in whole cells
H929, RPMI8226, ARP-1 or HeLa cells (0.5 × 106 

cells/mL) were pulsed with 0, 1, 3, 10, 30 or 100 
nM bortezomib or CEP-18770 for 1, 2 or 24 hours 
at 37 °C, followed by a 2 hour chase with 500 nM 
proteasome activity probe 1. Alternatively, ARP-
1 cells were pulsed with 100 nM bortezomib or 
CEP-18770 for 1 hour, washed, and either chased 
directly with 500 nM proteasome activity probe 
1 or left to recover for 0.25, 0.5, 1, 2, 3, 4 or 20 
hours before being chased with probe 1. THP1/
WT or THP1/BTZ100 cells (0.5 × 106 cells/mL) were 
pulsed with 0, 1, 3, 10, 30 or 100 nM bortezomib 
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or CEP-18770 for 1 or 22 hours at 37 °C, followed 
by a 2 hour chase with 200 nM proteasome activ-
ity probe 1. Cells were harvested, washed with 
cold PBS and lysed for 30 min. in NP40 lysis buf-
fer (50 mM Tris pH 7.4, 150 mM NaCl, 1% NP40)
at 4 °C. The Bradford assay was used to measure 
protein content.

Ex vivo evaluations
Nod/Scid mice with established human ARP-1 
MM subcutaneous tumor xenografts (n=5/group) 
were dosed at Cephalon (West Chester, PA) with 
the maximum tolerated dose of bortezomib (1.2 
mg/kg i.v.), CEP-18770 (4 mg/kg i.v.) or Solutol/
PBS vehicle.  Experiments were approved by the 
Institutional Animal Care and Use Committee 
of Cephalon. At 2 h, 8 h, and 24 h post dosing 
heart, liver, lung, spleen and tumor tissue were 
obtained, rinsed in cold PBS and flash frozen in 
a tissue cassette under liquid N2. Organs were ly-
sed in homogenization buffer using glass beads 
as described above. Protein concentrations were 
determined using the Bradford assay, and equal 
amounts of protein were incubated with 1 µM 
probe 1 for 1 h at 37 °C. Statistical analyses were 
performed using by using GraphPad Prism soft-
ware (GraphPad, La Jolla, CA, USA).

In-gel fluorescence measurements
Equal amounts of protein were denatured by boil-
ing in LDS (Lithium dodecyl sulfate) sample buffer 
(Invitrogen) containing 2.5% β-mercaptoethanol 
and polypeptides were resolved by 12% SDS-
PAGE using the NuPAGE system from invitro-
gen. Wet gel slabs were imaged for 2 min, with 
a resolution of 100 µm, using the ProXPRESS 2D 
Proteomic imaging system (Perkin Elmer), using 
appropriate filter settings (λ ex/em = 480/530 
nm). To verify protein loading, gels were stained 
with ruthenium II tris bathophenanthroline dis-
ulfonate, as described,40,41 and imaged using ap-
propriate filter settings (λ ex/em = 460/680 nm). 
Probe signals were then normalized to the sypro 
signal. Images were analyzed using Totallab anal-
ysis software (Nonlinear Dynamics, Newcastle 
upon Tyne, UK) to quantify the intensity of the 
bands detected. 

Cell viability assay 
THP1/WT or THP1/BTZ100  cells (2 × 105 cells/mL 
were incubated with 0, 1, 3, 10, 30 or 100 nM 

bortezomib or CEP-18770 for 24 or 48 hours, fol-
lowed by incubation with 20 µg/mL resazurin. 
The increase in fluorescence was measured af-
ter 8 hours using a PE envision plate reader. All 
results were expressed as percentage relative to 
untreated THP1/WT cells (100%).
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Supplementary information

slowly added in 5 portions to a solution of methyl 
4-acetyl-5-oxohexanoate (5 mL, 28.6 mmol) in 
acetic acid (15 mL) kept at 65 °C. Simultaneously, 
a mixture of zinc dust (3 g, 45.9 mmol) and so-
dium acetate (3 g, 36.6 mmol) was added in por-
tions such that zinc/sodium acetate was in excess 
of dione. After stirring the mixture for 2 more 
hours at 65 °C it was poured into ice water and 
left slowly stirring for 16 hours, allowing the mix-
ture to warm up to room temperature. The pre-
cipitate, including product and zinc residues was 
filtered off using a glass filter. The residue was 
taken up in ethyl acetate (100 mL) and the organic 
layer was dried with magnesium sulfate (MgSO4). 
The MgSO4 was filtered off and the filtrate was 
concentrated in vacuo to dryness, yielding tetra-
substituted pyrrole 2 as a light brown solid (2.87 
g, 10.2 mmol, 59 % yield), which was used with-
out further purification in the next step.

III: Methyl 3-(5-formyl-2,4-dimethyl-1H-pyrrol-
3-yl)propanoate (3)
Pyrrole 2 (1 g, 3.55 mmol) was dissolved in TFA 
(20 mL) and stirred for 20 minutes on ice. Triethy-
lorthoformate (2 mL, 12 mmol) was added slowly 
and the solution was stirred gently at 0 °C for 15 
minutes. Water (2 mL) was added and the solu-
tion was stirred for 10 minutes at 0 °C. The solu-
tion was coevaporated with toluene in vacuo to 
dryness at room temperature. The crude product 
was purified by flash column chromatography us-
ing ethyl acetate as the eluent to yield aldehyde 
3 as a brown solid (469 mg, 2.25 mmol, 63 % 
yield). 

IV: (Z)-2-((3,5-dimethyl-2H-pyrrol-2-ylidene)
methyl)-4-(3-methoxy-3-oxopropyl)-3,5-dime-
thyl-1H-pyrrol-1-ium (4)
Aldehyde 3 (469 mg, 2.25 mmol) was dissolved 
in absolute ethanol (8 mL) and cooled to 0 °C. 
2,4-dimethylpyrrole (256 mg, 2.69 mmol) was 
added under an argon atmosphere and 4 mL of 
cold 4N HCl in dioxane was added. After Stirring 
for 15 minutes at 0 °C, the solution was trans-
ferred to a 50 mL Falcon tube and centrifuged 
at 1500g for 10 minutes at 4 °C. The supernatant 
was discarded and the resulting orange solid was 

Supplementary methods

Fmoc peptide building blocks were from Nov-
abiochem. All solvents were purchased from 
Biosolve at the highest grade available. All other 
chemicals were purchased from Aldrich at the 
highest available purity. All solvents and chemi-
cals were used as received. L-Leucinyl vinyl sul-
fone was prepared as reported.1-4 Nuclear mag-
netic resonance (NMR) spectra were recorded in 
the indicated solvent using a Bruker Avance 300 
(1H: 300 MHz; 13C: 75 MHz) spectrometer. LC-MS 
analyses were carried out on a WATERS LCT mass 
spectrometer in line with a WATERS 2795 HPLC 
system and a WATERS 2996 photodiode array de-
tector. Reversed phase runs were performed on 
a 3 µm Atlantis T3, C18 RP, 2.1 x 100 mm column 
(Waters) using gradient elution with H2O/0.1% 
formic acid as solvent A and acetonitrile/0.1% 
formic acid as solvent B at a flow rate of 0.4 mL/
min. Reversed phase HPLC runs were performed 
on a Waters 1525 EF HPLC system in line with a 
Waters 2487 dual λ absorbance detector using 
gradient elution with H2O/0.05% TFA as solvent A 
and acetonitrile/0.05% TFA as solvent B. Analyti-
cal runs were performed on a 10 µm 4.6x150 mm 
Atlantis dC18 column (Waters) at a flow rate of 
1.4 ml/min and preparative runs were performed 
on a 10 µm 19x250 mm Atlantis dC18 column 
(Waters) at a flow rate of 18 mL/min.

Synthesis of Me4BodipyFL-NHS ester (Supple-
mentary Scheme 1)

I: (Z)-tert-butyl 2-(hydroxyimino)-3-oxobutano-
ate (1)
A solution of sodium nitrite (1.4 g, 20.3 mmol) in 
deionized water was added dropwise over 5 min-
utes to a stirred mixture of tert-butyl acetoac-
etate (2.80 g, 17.4 mmol) in acetic acid (4 mL), 
while keeping the reaction vessel in an ice-bath. 
The reaction mixture was stirred at 4 °C for an 
additional 16 hours.

II: tert-butyl 4-(3-methoxy-3-oxopropyl)-3,5-di-
methyl-1H-pyrrole-2-carboxylate (2)
The resulting solution containing oxime 1 was 
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resuspended in cold diethylether (40 mL) and 
centrifuged again. The supernatant was decant-
ed and the residue was dried under a stream of 
nitrogen, yielding crude dipyrrole 4 as an orange 
solid, which was used in the next step without 
further purification.

V: Me4BodipyFL-methyl ester (5)
Dipyrrole 4 was suspended in 1,2-dichloroben-
zene (20 mL) under an argon atmosphere and 
triethylamine (1 mL, 7.16 mmol) and boron trif-
luoride diethyl etherate (1 mL, 8.12 mmol) were 
added in concert. The resulting metallic solution 
was stirred for 30 minutes at 100 °C and allowed 
to cool to room temperature. The solution was 
diluted with dry hexanes (25 mL) and applied di-
rectly onto a silica gel column for purification by 
flash column chromatography using 25% EtOAc 
in toluene as the eluent to afford Me4BodipyFL-
methyl ester 5 as an orange solid (481 mg, 1.44 
mmol, 64 % yield starting from aldehyde 3). 

VI: Me4BodipyFL-OH (6)
Me4BodipyFL-methyl ester 5 (400 mg, 1.24 
mmol) was dissolved in ethanol (6 mL) and 1 

M lithium hydroxide (LiOH) solution was added 
(1.3 mL). The solution was stirred until TLC (elu-
ent: EtOAc containing 0.1% acetic acid) revealed 
complete conversion. Ethyl acetate (40 mL) and 
0.1 M HCl (30 mL) were added and the two layers 
were separated. The organic layer was dried with 
MgSO4 and concentrated in vacuo to dryness to 
obtain an orange solid. Purification by flash col-
umn chromatograpy using EtOAc containing 0.1% 
acetic acid as the eluent afforded Me4BodipyFL-
OH 6 as an orange solid (306 mg, 0.95 mmol, 77 
% yield). 1H NMR (CDCl3): δ 7.09 (s, 1H), 6.10 (s, 
1H), 2.66 (dd, J=8.2 Hz, J=7.1 Hz, 2H), 2.59 (s, 6H), 
2.60-2.53 (m, 2H), 2.31 (s, 3H), 2.27 (s, 3H). 13C 
NMR (CDCl3): δ 178.2 (CO), 156.5 (Cq), 155.3 (Cq), 
141.0 (Cq), 138.1 (Cq), 133.3 (Cq), 132.6 (Cq), 127.8 
(Cq), 119.7 (CH), 118.9 (CH), 33.9 (CH2), 19.2 (CH2), 
14.6 (CH3), 12.7 (CH3), 11.2 (CH3), 9.6 (CH3).

VII: Me4BodipyFL-NHS ester (7)
Me4BodipyFL-OH 6 (306 mg, 0.95 mmol) was 
dissolved in  dichloromethane (60 mL) and N-
hydroxy succinimide (120 mg, 1.05 mmol), EDCI 
(201 mg, 1.05 mmol) and DMAP (11 mg, 0.1 
mmol) were added. The mixture was stirred for 
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Supplementary Scheme 1 | Synthesis of Me4BodipyFL-NHS ester 7. Step numbers correspond to step 
numbers outlined in the text.
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16 hours at room temperature, 0.05 M HCl (40 
mL) was added the two layers separated. The 
organic layer was dried with MgSO4 and concen-
trated in vacuo to dryness to obtain an orange 
solid, which was purified by flash column chro-
matography using EtOAc : hexanes (2:3 v/v) as 
the eluent to obtain Me4BodipyFL-NHS ester 7 as 
a dark orange solid (242 mg, 0.85 mmol) in 61 % 
yield. 1H NMR (CDCl3): δ 7.02 (s, 1H), 6.02 (s, 1H), 
2.85-2.78 (m, 6H), 2.75-2.70 (m, 2H), 2.50 (s, 6H), 
2.22 (s, 3H), 2.19 (s, 3H). 13C NMR (CDCl3): δ 169.0 
(2xCO), 167.7 (CO), 156.9 (Cq), 154.8 (Cq), 141.3 
(Cq), 138.0 (Cq), 133.4 (Cq), 132.5 (Cq), 126.7 (Cq), 
119.9 (CH), 119.0 (CH), 31.1 (CH2), 25.6 (2xCH2), 
19.2 (CH2), 14.6 (CH3), 12.6 (CH3), 11.2 (CH3), 9.6 
(CH3). 

Synthesis of Me4BodipyFL-Ahx3Leu3VS (Supple-
mentary Scheme 2)
The synthesis of H2N-Ahx3Leu2-OH involving stan-
dard Fmoc-based solid-phase peptide synthesis 
(SPPS) protocols and the subsequent coupling of 
fluorescent dye and vinyl sulfone electrophile to 
yield the final proteasome probe are depicted in 
Scheme 2.

I: Boc-Ahx3Leu2OH (8)
Hyper acid-labile H-Leu-2-ClTrt resin  (novabio-
chem) (1 g, 0.3 mmol equivalents) was subjected 
to four coupling cycles, in which deprotection of 

the Fmoc-group with piperidine/NMP (1:4 v/v; 10 
mL/g of dry resin), was followed by a coupling cy-
cle with 3 equivalents of Fmoc-protected amino 
acid, 3 equivalents of DIPEA and 3 equivalents of 
PyBop coupling reagent in NMP (10 mL/g of dry 
resin). Coupling steps were performed with Fmoc-
Leu-OH (1x), Fmoc-6-aminohexanoic acid (Fmoc-
Ahx-OH) (2x) and Boc-Ahx-OH (1x) sequentially. 
The peptide was cleaved from the resin using 2% 
TFA in dichloromethane and the compound was 
concentrated under reduced pressure. The prod-
uct was purified by flash column chromatography 
using a gradient of 10 % to 20% MeOH in CH2Cl2 

containing 0.1 % acetic acid as the eluent to ob-
tain Boc-Ahx3Leu2OH 8 as a white solid (205 mg, 
0.3 mmol) in > 80 % yield.

II: Boc-Ahx3Leu3VS (9)
L-Leucinyl vinyl sulfone (LeuVS, 50 mg, 0.26 
mmol) was dissolved in DMF and Boc-Ahx3Leu2OH 
8 (116 mg, 0.17 mmol), DIPEA (89 µL, 0.51 mmol) 
and EDCI (50 mg, 0.26 mmol) were added. The 
solution was stirred for 3 hours at room tempera-
ture and then concentrated in vacuo to dryness 
to yield an off-white solid. The product was puri-
fied by flash column chromatography using 10 % 
MeOH in CH2Cl2  as the eluent to obtain Boc-Ahx3-
Leu3VS 9 as a white solid (103 mg, 0.12 mmol) in 
71 % yield. 

Supplementary Scheme 2 | Synthesis of Me4BodipyFL-Ahx3Leu3VS.  Step numbers correspond to step 
numbers outlined in the text.
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III: H2N-Ahx3Leu3VS (10)
Boc-Ahx3Leu3VS 9 (12 mg, 14 µmol) was dissolved 
in TFA (1 mL) and left at room temperature for 30 
minutes. The product was precipitated by adding 
cold diethylether (40 mL) and isolated by centrif-
ugation at 1000g (low brake speed) for 5 minutes 
at 4 ˚C to afford H2N-Ahx3Leu3VS 10 as a white 
solid (10.6 mg, 14 µmol) in > 98 % yield. 

IV: Me4BodipyFL-Ahx3Leu3VS
H2N-Ahx3Leu3VS 10 (10.6 mg, 14 µmol) was dis-
solved in DMF (1 mL) and Me4BodipyFL-NHS es-
ter 7 (6.4 mg, 15.5 µmol) and DIPEA (24 µL, 0.14 
mmol) were added. The resulting solution was 
stirred at room temperature for 16 hours. The 
solution was concentrated in vacuo to dryness 
and purify by reversed phase HPLC to obtain the 
fluorescent proteasome probe Me4BodipyFL-
Ahx3Leu3VS (6 mg, 5.7 µmol) in 40% yield. MS 
(ESI): 1058.66 (M+H)+; 520.27 (M+H-F)2+; 1080.91 
(M+Na)+
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