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Azido-BODIPY Acid Reveals Quantitative Staudinger–Bertozzi Ligation in
Two-Step Activity-Based Proteasome Profiling
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Heng,[a] Dmitri V. Filippov,[a] Alexei F. Kisselev,[b] Gijsbert A. van der Marel,[a] and Herman S. Overkleeft*[a]

Activity-based protein profiling (ABPP) research is directed to-
wards the development of tools and techniques that report on
enzyme activity in complex biological samples.[1–4] With the aid
of activity-based probes (ABPs)—small molecules designed to
react specifically, covalently, and irreversibly with the active
site residues of an enzyme or enzyme family—enzymatic activi-
ty levels are detected, rather than the protein expression levels
that are measured by means of conventional proteomics tech-
niques. A typical ABP consists of three parts: 1) a “warhead“,
the reactive group that binds covalently and irreversibly to the
enzyme active site, 2) a recognition element targeting the ABP
to a certain enzyme (family), and 3) an affinity tag or a fluoro-
phore for visualization and/or enrichment purposes. In most
ABPs that report on enzyme activity, the reporter group is di-
rectly attached to the probe, with obvious advantages with re-
spect to experimental design. Incorporation of, for instance, a
biotin or large fluorophore in an ABP, however, might have a
detrimental effect either on bioavailability (cell permeability) or
on enzyme reactivity of the probe, or on both. With the aim of
alleviating these problems, the two-step labeling approach is
an important alternative in ABPP. We and Cravatt and co-work-
ers simultaneously reported that this approach is also versatile
in the profiling of enzyme families : namely the proteasome
and serine hydrolases, respectively.[5, 6] In two-step ABPP ap-
proaches a small biocompatible reactive group, normally an
azide or an acetylene, is introduced into an ABP. After covalent
modification of a target protein (family), a reporter group is in-
troduced in a chemoselective manner, by means either of Stau-
dinger–Bertozzi ligation[6–8] or of Huisgen [2+3] cycloaddition
(the “click reaction”, of which both copper(I)-catalyzed[5,9–13]

and copper-free[14,15] versions exist). Key to the success of such
two-step ABPP experiments are the selectivity (in terms of
cross-reactivity towards endogenous functional groups in a
biological sample) and efficiency (in terms of chemical yields
with which the azide- or acetylene-modified proteins are con-
verted) of the chemoselective ligation step by which the re-
porter group is attached to the modified proteins. There are

several reports on the selectivity of both Staudinger–Bertozzi
and click ligations.[11,14] Here we describe a compatible set of
one-step and two-step proteasome ABPs 4 and 6 (Scheme 1)
and demonstrate that with these the efficiency of the Stau-
dinger–Bertozzi ligation in the two-step ABPP of the protea-
some catalytic activities is estimated to proceed in a quantita-
tive fashion.

The design of probes 4 and 6 is based on the new bifunc-
tional azido-BODIPY acid derivative 1, which can be incorporat-
ed into ABPs and subsequently functionalized either before or
after enzyme labeling by both Staudinger–Bertozzi and click
ACHTUNGTRENNUNGligation. We have recently demonstrated that the BODIPY-TMR-
modified proteasome inhibitor 8 (MV151) labels all proteasome
catalytic sites both in cell lysates and in living cells.[16] The ca-
pability to introduce a biotin moiety into 4 at will at any time
in the profiling experiment provides flexibility in designing the
optimal ABP (one-step or two-step), depending on the nature
of the ABPP experiment.

The title compound, azido-BODIPY acid 1, was synthesized
by adaptation of the literature procedures for the synthesis of
BODIPY-TMR[16,17] (Supporting Information) and was subse-
quently converted into the corresponding succinimidyl ester 2
(Scheme 1). Removal of the Fmoc protective group in the
hexapeptide vinyl sulfone 3,[16] followed by condensation with
azido-BODIPY-OSu 2, gave ABP 4. Copper(I)-catalyzed Huisgen
[2+3] cycloaddition[9,10] with biotin-propargylamide (5) gave
rise to the fluorescent and affinity-tagged ABP 6.

Having synthesized probes 4 and 6, we assessed their ability
to label the proteolytically active proteasome subunits both in
cell lysates (Figure 1) and in living cells (Figure 2). EL-4 cell
ACHTUNGTRENNUNGlysates containing both the constitutive proteasome and the
immunoproteasome[18] were treated with increasing concentra-
tions of 4 or 6 for 1 h at 37 8C. The lysates treated with 4 were
then exposed to biotin-phosphane 7 for 1 h at 37 8C. All sam-
ples were precipitated, and their protein contents were re-
solved by SDS-PAGE. Direct in-gel read-out of the wet gel slabs
showed uniform labeling of the proteasome catalytic subunits
(b1, b2, b5, b1i, b2i, b5i) by both ABPs in a concentration-de-
pendent manner. The observed patterns are similar to those
demonstrated previously (see the labeling pattern of 8, Fig-
ure 1A lane 10 for a representative example).[16] Preincubation
with epoxomicin[19,20] (Figure 1A, lane 9, Figure 1C, lane 8)
abolished all labeling, which further confirms the activity-
based mechanism of ABPs 4 and 6. ABP 4 appears to be slight-
ly more reactive than its biotinylated counterpart 6 (compare
Figure 1A, lanes 3–5 and Figure 1C, lanes 3–5). Quantitative
Staudinger–Bertozzi ligation on proteasome subunits modified
by ABP 4 is evidenced by the gel shift of those samples
ACHTUNGTRENNUNGexposed to 100 mm biotin-phosphane 7 (Figure 1A; compare
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lanes 3–7 and 8). The efficiency of the ligation is also apparent
when the streptavidin blots we prepared from the same gels
are compared (Figures 1B and D). Again, the two patterns are

highly similar, and the intensities of the signals are similar for
those experiments in which we applied 10 mm concentrations
of either 4 or 6 (Figures 1B and D, lanes 7).

The proteasome labeling potential of ABPs 4 and 6 in living
cells was established by incubating EL-4 cells with either of the
two probes at various concentrations for 2 h at 37 8C. The ex-
posed cells were harvested, washed, and lysed, and the lysates
were processed as before (Figure 2). The outcomes of these ex-
periments are highly reminiscent of those involving the ABPP
labeling of lysates depicted in Figure 1. However, the main,
and important, difference is found in the divergent labeling ef-
ficiency now observed for the two probes. In contrast with the

Scheme 1. Reagents and conditions: a) N-hydroxysuccinimide, EDC, DCM, 2 h, 68%. b) DBU, DMF, 5 min. c) HOBt, 1 min. d) 2, DiPEA, 30 min, 86%. e) 5, 10
mol% CuSO4, 20 mol% sodium ascorbate, tBuOH/H2O 1:1, RT, 15 h, quant.

Figure 1. Fluorescence readout (A and C) and streptavidin blot (B and D) of
labeled proteasomes in cell lysate. A) and B) EL-4 cell lysates (25 mg total
protein) were treated with 4 for 1 h at 37 8C, followed by Staudinger ligation
(100 mm biotin-phosphane 7) and SDS-PAGE. C) and D) EL-4 cell lysates
(25 mg total protein) were treated with 6 for 1 h at 37 8C, followed by SDS-
PAGE. BM=biotinylated marker.

Figure 2. A) Fluorescence readout, and B) streptavidin blot of labeled protea-
somes in living cells. Living EL4 cells were exposed to the indicated probes
for 2 h at 37 8C, before being harvested and lysed. Lanes 3–6: 25 mg total
protein was treated with biotin-phosphane 7 (100 mm) for 1 h at 37 8C.
Lanes 7–10: 25 mg total protein was loaded on SDS-PAGE. BM=biotinylated
marker.
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proteasome profiling experiments on lysates, in which both
probes appeared about equally efficient, we estimate that the
two-step ABP 4 is at least five times more efficient in targeting
the proteasome catalytic activities in living cells. As both
probes are equally efficient in labeling proteasomes in lysates,
this difference must be based on the relative cell permeabili-
ties of the two probes.

In conclusion, we have demonstrated the versatility of the
bifunctional fluorophore azido-BODIPY acid 1 as a new tool in
ABPP experiments. We have established that the Staudinger–
Bertozzi ligation proceeds in quantitative yield under the con-
ditions applied here. This result essentially means that two-
step ABPP may proceed with an efficiency equal to that of
contemporary one-step ABPP approaches with respect to pro-
tein tagging. The efficiency thus depends on the reactivity of
the ABP towards the target protein (family), and not on the
chemoselective ligation employed in the second step. The ad-
vantage of two-step ABPP is evident from the results present-
ed here demonstrating that ABP 4 is better than biotinylated
analogue 6 at labeling proteasomes in living cells. We expect
that BODIPY derivative 1 will be useful to the chemical biology
community outside the proteasome field for several reasons.
Firstly, the system presented here should be of assistance in
optimizing Staudinger–Bertozzi ligation conditions, in reaction
time and in the amount of phosphane used with respect to
the azido modified biomolecule, for instance. Further, azido-
BODIPY acid 1 can be readily transposed to different ABPP
ACHTUNGTRENNUNGexperimental settings. These include not only those directed
towards the profiling of different enzyme families (entailing
the incorporation of 1 into other ABPs), but also those directed
towards the development or employment of other bio-orthog-
onal ligation strategies. An obvious extension of the work re-
ported here is evaluation of the efficiency of the Huisgen cy-
cloaddition reaction, but modification of the azide in 1 to en-
compass reaction partners for new bio-orthogonal ligations are
envisaged as well. We are currently pursuing research in these
directions.

Experimental Section

General : All reagents were commercial grade and were used as re-
ceived unless indicated otherwise. Toluene (Tol, purum), ethyl ace-
tate (EA, puriss.), diethyl ether, and light petroleum ether (PE,
puriss.) were obtained from Riedel–de HaMn and distilled prior to
use. Dichloroethane (DCE), dichloromethane (DCM), dimethyl for-
mamide (DMF), and dioxane (Biosolve) were stored over molecular
sieves (4 N). Methanol and N-methylpyrrolidone (NMP) were ob-
tained from Biosolve. Tetrahydrofuran (THF, Biosolve) was distilled
from LiAlH4 prior to use. Reactions were monitored by TLC analysis
on DC-Alufolien (Merck, Kieselgel 60, F254), with detection various-
ly by UV absorption (254 nm), spraying with H2SO4 in ethanol
(20%), and subsequent charring at ~150 8C, by spraying with a
ACHTUNGTRENNUNGsolution of (NH4)6Mo7O24·4H2O (25 gL�1) and (NH4)4Ce ACHTUNGTRENNUNG(SO4)4·2H2O
(10 gL�1) in sulfuric acid (10%), followed by charring at ~150 8C, or
by spraying with an aqueous solution of KMnO4 (7%) and KOH
(2%). Column chromatography was performed on Screening Devi-
ces B.V. silica gel (40–63 mm, 60 N). LC/MS analysis was performed
on a LCQ Advantage Max (Thermo Finnigan) fitted with a Gemini
C18 column (Phenomenex). The applied buffers were: A) H2O,

B) MeCN, and C) aq. TFA (1.0%). HRMS were recorded on a LTQ Or-
bitrap (Thermo Finnigan). 1H and 13C APT-NMR spectra were record-
ed on Jeol JNM-FX-200 (200/50), Bruker DPX 300 (300/75 MHz), or
Bruker AV400 (400/100 MHz) instruments fitted with a pulsed field
gradient accessory or on a Bruker DMX600 (600/150 MHz) instru-
ment with a cryoprobe. Chemical shifts are given in ppm relative
to tetramethylsilane as internal standard. Coupling constants are
given in Hz. All 13C-APT spectra presented are proton-decoupled.
UV spectra were recorded on a Perkin–Elmer Lambda 800 UV/Vis
spectrometer.

Synthesis

3-{7-[4-(3-Azidopropoxy)phenyl]-4,4-difluoro-1,3-dimethyl-4-bora-
3a,4a-diaza-s-indacene-2-yl}propionic acid N-succimidyl ester (2):
Azido-BODIPY acid 1 (30 mg, 64 mmol) was coevaporated thrice
with toluene, before being dissolved in DCM (1 mL). After the addi-
tion of N-hydroxysuccinimide (29 mg, 0.25 mmol. 4 equiv) and EDC
(48 mg, 0.25 mmol, 4 equiv), the reaction mixture was stirred for
2 h. Next, the reaction mixture was diluted with EtOAc, washed
with aq. HCl (0.5m), dried over MgSO4, and concentrated. Purifica-
tion by column chromatography (0!4% EtOAc in Tol) furnished
title compound 2 (24 mg, 43 mmol, 68%). 1H NMR (200 MHz,
CDCl3): d=7.88 (d, J=9.1 Hz, 2H), 7.12 (s, 1H), 6.97 (d, J=8.8 Hz,
2H), 6.96 (m, 1H), 6.56 (d, J=4.4 Hz, 1H), 4.11 (t, J=5.8 Hz, 2H),
3.54 (t, J=6.6 Hz, 2H), 2.79 (m, 8H), 2.56 (s, 3H), 2.14 (s, 3H),
2.08 ppm (dt, J=6.0 Hz, 2H); 13C NMR (50.1 MHz, CDCl3): d=
168.98, 167.55, 159.45, 158.30, 155.91, 139.71, 135.10, 133.95,
130.65, 128.37, 128.22, 125.43, 123.12, 118.45, 114.09, 64.35, 48.07,
30.69, 28.60, 25.39, 18.96, 12.95, 9.47 ppm; HRMS: calcd for
C27H27BF2N6O5H: 565.21768; found: 565.21783; for C27H27BFN6O5:
545.21145; found: 545.21130.

N3-BODIPY-Ahx3L3VS (4): DBU (3.3 mL, 22 mmol, 1 equiv) was added
to a solution of Fmoc-Ahx3L3VS (3,[16] 21.2 mg, 22 mmol) in DMF.
After 5 min. of stirring, HOBt (13.4 mg, 0.1 mmol, 4.5 equiv) was
added. Compound 2 (12.4 mg, 22 mmol, 1 equiv) and DiPEA (22 mL,
0.13 mmol, 6 equiv) were added to this mixture, which was then
stirred for 30 min before being concentrated in vacuo. Purification
by column chromatography (0.1% TEA in DCM!3% MeOH, 0.1%
TEA in DCM) afforded N3-Bodipy-Ahx3L3VS (4, 22.8 mg, 19 mmol,
86%). 1H NMR (400 MHz, CDCl3/MeOD): d=7.86 (d, J=8.85 Hz, 2H),
7.75–7.60 (m, 3H), 7.51–7.44 (m, 2H), 7.43–7.36 (m, 1H), 7.28–7.22
(m, 1H), 7.20 (s, 1H), 7.03–6.95 (m, 3H), 6.86–6.77 (m, 1H), 6.56 (m,
2H), 4.73–4.60 (m, 1H), 4.38–4.26 (m, 2H), 4.13 (t, J=5.89 Hz, 2H),
3.55 (t, J=6.62 Hz, 2H), 3.21–3.09 (m, 6H), 2.98 (s, 3H), 2.74 (t, J=
7.43 Hz, 2H), 2.54 (s, 3H), 2.31 (t, J=7.34 Hz, 2H), 2.27–2.20 (m,
5H), 2.16 (t, J=7.51 Hz, 2H), 2.13–2.05 (m, 4H), 1.73–1.18 (m, 27H),
1.03–0.84 ppm (m, 18H); 13C NMR (100 MHz, CDCl3/MeOD): d=
174.52, 174.45, 174.08, 173.20, 172.75, 172.72, 172.63, 159.31,
159.11, 154.85, 147.32, 139.97, 134.64, 134.09, 130.27, 128.72,
127.62, 125.36, 122.67, 117.85, 113.82, 64.23, 51.89, 51.85, 47.58,
46.09, 42.06, 41.95, 40.06, 39.87, 39.85, 38.80, 38.69, 35.66, 35.53,
35.38, 35.33, 28.42, 28.31, 25.96, 25.91, 25.80, 24.96, 24.90, 24.80,
24.41, 24.38, 24.33, 22.33, 22.29, 22.26, 21.12, 21.08, 21.01, 19.91,
8.85, 8.10 ppm; UV/Vis: labs=541.94 nm, lem=570.00 nm, e=
62488 Lmol�1 cm�1; HRMS: calcd for C61H94BF2N11O9SH: 1206.70906;
found: 1206.71092; for C61H94BF2N11O9SNa: 1228.69100; found:
1228.69269; for C61H94BF2N11O9SK: 1244.66494; found: 1244.66770.

Biotin-BODIPY-Ahx3L3VS (6): N3-BODIPY-Ahx3L3VS (4, 5.6 mg,
4.6 mmol) was dissolved in tBuOH (0.25 mL), after which aqueous
solutions of CuSO4 (3.7 mm, 125 mL, 10 mol%) and sodium ascor-
bate (7.4 mm, 125 mL, 20 mol%) were added. The reaction mixture
was stirred for 12 h, concentrated, and purified by size-exclusion
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chromatography (Sephadex LH-20, eluent: MeOH) to give the title
compound as a brown/red solid (6.9 mg, 4.6 mmol, quant.). 1H NMR
(600 MHz, CDCl3/MeOD): d=7.88–7.85 (m, 1H), 7.82 (d, J=8.74 Hz,
2H), 7.55 (s, 1H), 7.08 (d, J=3.97 Hz, 1H), 6.95 (d, J=8.77 Hz, 2H),
6.66 (dd, J1=15.20 Hz, J2=5.02 Hz, 1H), 6.62 (d, J=3.97 Hz, 1H),
6.54 (d, J=15.23 Hz, 1H), 4.57–4.48 (m, 3H), 4.34–4.27 (m, 3H),
4.27–4.19 (m, 2H), 4.13–4.08 (m, 1H), 4.01 (t, J=5.89 Hz, 2H), 3.10–
3.04 (m, 1H), 3.03–2.95 (m, 6H), 2.91 (s, 3H), 2.79 (dd, J1=12.53 Hz,
J2=5.00 Hz, 1H), 2.62 (t, J=7.43 Hz, 2H), 2.58 (d, J=12.54 Hz, 1H),
2.43 (s, 3H), 2.31–2.25 (m, 2H), 2.23–2.17 (m, 5H), 2.16–2.06 (m,
4H), 2.02 (t, J=7.42 Hz, 2H), 1.99 (t, J=7.47 Hz, 2H), 1.65–1.07 (m,
33H), 0.91–0.74 ppm (m, 18H); 13C NMR (150 MHz, CDCl3/MeOD):
d=173.79, 173.23, 173.03, 172.32, 172.19, 160.34, 159.72, 154.49,
147.35, 146.45, 145.65, 141.19, 135.36, 134.72, 131.72, 131.37,
131.02, 130.99, 130.96, 130.93, 130.07, 129.52, 128.61, 125.91,
124.40, 124.36, 123.39, 123.33, 118.35, 114.77, 114.71, 65.09, 61.78,
60.00, 56.07, 52.08, 51.97, 47.12, 42.50, 42.46, 40.87, 40.79, 40.30,
35.97, 35.93, 35.72, 35.57, 34.65, 30.14, 29.42, 29.33, 28.81, 28.59,
26.68, 26.64, 25.79, 25.69, 25.66, 25.62, 24.89, 24.86, 24.73, 23.17,
23.14, 21.83, 21.76, 21.52, 13.44, 13.12, 9.38 ppm; UV/Vis: labs=
551.94 nm, lem=574.05 nm, e=59325 Lmol�1 cm�1; HRMS: calcd
for C74H113BF2N14O11S2: 1487.82885; found: 1487.83093.

Two-step labeling of fluorescently labeled proteasomes in living
cells : EL4 cells were cultured on DMEM supplemented with fetal
calf serum (FCS, 10%), penicillin (10 unitsmL�1), and streptomycin
(10 mgmL�1) in a CO2 (5%) humidified incubator at 37 8C. Some
2·106 cells were seeded in 6 cm Petri dishes and allowed to grow
overnight in medium (1 mL). The cells were exposed to 0, 0.1, 1,
10 mm probe (1 mL 100R solution in DMSO) for 2 h, before being
washed with PBS (2R ) and harvested. After flash freezing (N2 (l))
the cells were lysed in digitonin lysis buffer [Tris pH 7.5 (50 mm),
sucrose (250 mm), MgCl2 (5 mm), dithiothreitol (DTT; 1 mm), digito-
nin (0.025%), 50 mL] for 5 min. on ice and centrifuged at 16100 rcf
(relative centrifugal force) for 20 min at 4 8C. The supernatant con-
taining the cytosolic fraction was collected, and the protein con-
tent was determined by Bradford assay. Some 25 mg of total pro-
tein were incubated with biotin-phosphine 7 (100 mm) in lysis
buffer (20 mL) containing DTT (5 mm) for 1 h at 37 8C. The reaction
was terminated by a chloroform/methanol precipitation of the pro-
teins.[21] The pellet was solubilized by boiling for 5 min in 1R
Laemli’s sample buffer containing b-mercaptoethanol. The proteins
were resolved by SDS-PAGE (12.5%). Labeled proteasome subunits
were visualized by in-gel fluorescence scanning on a Typhoon vari-
able mode imager (Amersham Biosciences) followed by Western
blotting. The blots were blocked with BSA (1%) in TBS-Tween 20
(0.1% Tween 20) over 30 min at RT, hybridized for 30 min with
streptavidin/HRP (1:10000) in blocking buffer, washed, and visual-
ized with the aid of an ECL+ kit (Amersham Biosciences).
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