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3. Conclusions

Early inhibitors of the 20S proteasome
have been invaluable tools for improving
our understanding of the proteasome degra-
dation pathway in vitro. However, they are
relatively non-specific compounds and exert
their inhibitory activity by forming a cova-
lent bond with the enzyme. We have identi-
fied a new class of non-covalent inhibitors
able to modulate the chymotrypsin-like ac-
tivity of the 20S proteasome in ways not
previously possible. The increased potency
and selectivity of the compounds described
in this paper should allow us to investigate
and eventually confirm the potential thera-
peutic application of this approach.
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Understanding the function of proteins on a
molecular level often requires characteriz-
ing their location and interaction partners
within the living cell. Despite the impor-
tance of this task, there are few methods
that allow proteins to be studied in vivo.
Most existing approaches rely on genetical-
ly fusing the protein of interest to a reporter
protein that gives the observer a direct or

indirect measure of the location and mi-
croenvironment of the tagged protein. The
most prominent examples for such reporter
proteins are fluorescent proteins [1]. How-
ever, all currently existing approaches pos-
sess various disadvantages and we have 
recently introduced a general method for
the covalent labeling of fusion proteins in
vivo that complements the existing strate-
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gies and should open up new ways of study-
ing and manipulating proteins in living
cells [2]. The covalent attachment of a
small reporter molecule to a given protein is
achieved by genetically fusing the protein
of interest to the human DNA repair protein
O6-alkylguanine-DNA alkyltransferase
(hAGT). During DNA repair, hAGT irre-
versibly transfers the alkyl group from its
substrate, O6-alkylguanine-DNA, to one of
its cysteine residues (Fig. 1A) [3]. The sub-
strate specificity of hAGT is relatively low,
as it reacts also readily with O6-benzylgua-
nine (BG), either as the nucleobase or when
incorporated in oligonucleotides [4]. Based
on these observations we reasoned that
hAGT fusion proteins could be labeled by
cell-permeable BG derivatives of the type 1
both in vivo and in vitro (Fig. 1B). To test
the feasibility of the approach we first in-
vestigated the labeling of hAGT with dif-
ferent reporter groups in bacterial and yeast
cells. In these experiments we demonstrat-
ed the specific labeling of hAGT fusion
proteins with the affinity tags biotin and
digoxigenin by simply adding either BG
derivatives BGBT or BGDG to bacterial or

yeast cell cultures expressing the corre-
sponding fusion protein (Fig. 1C) [2]. It is
important to note that BG derivatives of the
type 1 can be readily synthesized starting
from 6-chloroguanine (Fig. 1D). 

Clearly, the most interesting applica-
tions for such a specific protein labeling can
be foreseen for mammalian cells. As a first
example for the extension of our approach
to mammalian cells, we investigated the la-
beling of a hAGT fusion protein with fluo-
rescein in Chinese hamster ovarian (CHO)
cells using BGFL (Fig. 1C). To facilitate the
evaluation of the specificity of the fluores-
cence labeling, a hAGT fusion protein was
constructed which was targeted to the nu-
cleus of the CHO cell by fusing hAGT to
three consecutive nuclear localization se-
quences (NLS), yielding hAGT-NLS3 [5].
Furthermore, we used the non-fluorescent
diacetylated derivative BGAF as labeling
reagent, as it possesses improved cell per-
meability compared to fluorescent BGFL.
Inside the cell BGAF is rapidly hydrolyzed
by esterases, yielding BGFL (Fig. 1C) [6].
CHO cells transiently expressing hAGT-
NLS3 were incubated with BGAF (5 µM)

for 5 min and then washed to remove excess
substrate. The labeling was monitored with
confocal fluorescence microscopy (Fig.
2A–C). During and after the washing pro-
cedure unbound fluorophores leaked out of
the cell and after 25 min only the nucleus of
the cell displayed a strong fluorescence sig-
nal (Fig. 2A–C). Control experiments in
CHO cells not expressing the hAGT fusion
protein showed no fluorescence labeling of
the nucleus (data not shown) [2]. The data
thus demonstrate a covalent and specific la-
beling of the hAGT fusion protein with flu-
orescein inside the mammalian cell.

The DNA repair protein hAGT possess-
es a variety of properties that make it a
good choice for the specific and covalent
labeling of fusion proteins in vivo. Most im-
portantly, it has high reactivity on a sub-
strate which is otherwise chemically inert
and which can be derivatized by a wide va-
riety of labels such as dyes, crosslinkers, or
affinity tags. None of the tested substrates
so far showed chemical toxicity during in-
cubation with bacterial or eukaryotic cells
and due to the irreversibility of the labeling,
excess substrate can be easily washed away.

Fig. 1. (A) Mechanism of DNA repair by hAGT. (B) Covalent labeling of an X-hAGT fusion protein using O6-benzylguanine (BG) derivatives of the
type 1. (C) Structures of the BG derivatives BGBT, BGAF, BGFL and BGDG. (D) Scheme of synthesis of BGBT, BGAF, BGFL and BGDG; a)
1-methylpyrrolidin, DMF, 66%; b) 2,2,2-trifluoro-N-(4-hydroxymethyl-benzyl)-acetamide, potassium tert-butoxide, DMF, 88%; c) K2CO3,
methanol, 85%; d) N-(+)-biotinyl-6-aminocaproic acid N-hydroxy-succinimidyl ester, triethylamine, DMF, 69%; e) Digoxigenin-3-O-methylcar-
bonyl-6-aminocaproic acid N-hydroxy-succinimidyl ester, DMF, triethylamine, 87%; f) 5(6)-carboxyfluorescein diacetate N-hydroxy-succinimidyl
ester (mixture of isomers), triethylamine, DMF, 8% (BGFL), 2% (BGAF).
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Furthermore, hAGT is a monomer of 207
residues, thereby reducing the likelihood
that its fusion to other proteins will influ-
ence their oligomeric state. The protein of
interest can be fused either to the N or the C
terminus of hAGT without affecting its re-
activity. Experiments in mammalian cells
should be performed in AGT-deficient cell
lines, preventing the labeling of endoge-
nous AGT [7]. To circumvent the necessity
to use AGT-deficient cell lines, the genera-
tion of hAGT mutants with substrate speci-
ficities orthogonal to wild-type hAGT or of
artificial alkyltransferases is a possible so-
lution [8][9]. Using directed evolution, we
have already generated hAGT mutants with
20-fold increased activity against BG de-
rivatives of the type 1 over wild type [8].

In conclusion, we have developed a
general method for the covalent and specif-
ic labeling of fusion proteins in vivo. The
method can be applied in different organ-
isms and allows the attachment of a wide
variety of labels, making it a valuable tool
for functional studies of proteins in living
cells.
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Fig. 2. Covalent labeling of nuclear targeted W160hAGT-NLS3 (NLS3: three consecutive nuclear localization sequences) in a cell line deficient of
endogenous AGT [7]. The hAGT mutant G160W (W160hAGT) is used because it has been reported to possess an increased activity against BG
[2]. In these experiments, confocal micrographs A–C show overlays of transmission and fluorescence channels (exc 488 nm). Size bar in A–C
corresponds to 10 µm. Confocal micrographs (A–C) illustrate the time course of the labeling of transiently expressed W160hAGT-NLS3 with BGAF
in AGT-deficient CHO cells. (A) CHO cell transiently expressing W160hAGT-NLS3 during incubation with BGAF (5 µM). (B) Same cell as in (A) af-
ter 5 min of incubation with BGAF (5 µM) and 3 washes with PBS. (C) Same cell as in (B) after additional 25 min of incubation in PBS, illustrat-
ing the specific labeling of hAGT-NLS3 in the nucleus of a transiently transfected CHO cell.


