[
The Journal of
Biological Chemistry

AFFINITY SITES

Cell Biology: _ .
Cell-based Analysis of Structure-Function CHLLBIOLOGY
Activity of Threonine Aspartase 1
MOLECULAR BASES
OF DISEASE

Carolin Bier, Shirley K. Knauer, Alexander
Klapthor, Andrea Schweitzer, Alexander
Rekik, Oliver H. Kramer, Rolf Marschalek

and Roland H. Stauber
J. Biol. Chem. 2011, 286:3007-3017.
doi: 10.1074/jbc.M110.161646 originally published online November 17, 2010

Access the most updated version of this article at doi: 10.1074/jbc.M110.161646
Find articles, minireviews, Reflections and Classics on similar topics on the JBC Affinity Sites.

Alerts:
* When this article is cited
» When a correction for this article is posted

Click here to choose from all of JBC's e-mail alerts

Supplemental material:
http://www.jbc.org/content/suppl/2010/11/18/M110.161646.DC1.html

This article cites 48 references, 17 of which can be accessed free at
http://www.jbc.org/content/286/4/3007 .full.html#ref-list-1

GTOZ ‘€ YoLe N uo abs (|00 1noD Ueifioss e /Bio-og - mmm//:dny woly pspeojumoq


http://affinity.jbc.org/
http://cell.jbc.org
http://moldisease.jbc.org
http://www.jbc.org/lookup/doi/10.1074/jbc.M110.161646
http://affinity.jbc.org
http://www.jbc.org/cgi/alerts?alertType=citedby&addAlert=cited_by&cited_by_criteria_resid=jbc;286/4/3007&saveAlert=no&return-type=article&return_url=http://www.jbc.org/content/286/4/3007
http://www.jbc.org/cgi/alerts?alertType=correction&addAlert=correction&correction_criteria_value=286/4/3007&saveAlert=no&return-type=article&return_url=http://www.jbc.org/content/286/4/3007
http://www.jbc.org/cgi/alerts/etoc
http://www.jbc.org/content/suppl/2010/11/18/M110.161646.DC1.html
http://www.jbc.org/content/286/4/3007.full.html#ref-list-1
http://www.jbc.org/
http://www.jbc.org/

THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 286, NO. 4, pp. 3007-3017, January 28, 2011

© 2011 by The American Society for Biochemistry and Molecular Biology, Inc.  Printed in the U.S.A.

Cell-based Analysis of Structure-Function Activity of

Threonine Aspartase 1™

Received for publication, July 7, 2010, and in revised form, October 22,2010 Published, JBC Papers in Press, November 17,2010, DOI 10.1074/jbcM110.161646

Carolin Bier'', Shirley K. Knauer®?, Alexander Klapthor', Andrea Schweitzer*, Alexander Rekik*, Oliver H. Kramer?,

Rolf Marschalek”, and Roland H. Stauber™

From the *Molecular and Cellular Oncology/Mainzer Screening Center, University Hospital of Mainz, Langenbeckstrasse 1,
55101 Mainz, the Sinstitute for Molecular Biology, Centre for Medical Biotechnology, University Duisburg-Essen, Universitdtsstrasse,
45117 Essen, the "Institute for Biochemistry and Biophysics/Centre for Molecular Biomedicine, Friedrich-Schiller-University Jena,
Hans-Knéll-Strasse 2, 07745 Jena, and the Institute for Pharmaceutical Biology/ZAFES, Goethe-University, Max-von Laue-Strasse 9,

60438 Frankfurt/Main, Germany

Taspasel is a threonine protease responsible for cleaving
intracellular substrates. As such, (de)regulated Taspasel func-
tion is expected not only to be vital for ordered development
but may also be relevant for disease. However, the full reper-
toires of Taspasel targets as well as the exact biochemical re-
quirements for its efficient and substrate-specific cleavage are
not yet resolved. Also, no cellular assays for this protease are
currently available, hampering the exploitation of the (patho)-
biological relevance of Taspasel. Here, we developed highly
efficient cell-based translocation biosensor assays to probe
Taspasel trans-cleavage in vivo. These modular sensors harbor
variations of Taspasel cleavage sites and localize to the cyto-
plasm. Expression of Taspasel but not of inactive Taspasel
mutants or of unrelated proteases triggers proteolytic cleavage
and nuclear accumulation of the biosensors. Employing our
assay combined with scanning mutagenesis, we identified the
sequence and spatial requirements for efficient Taspasel pro-
cessing in liquid and solid tumor cell lines. Collectively, our
results defined an improved Taspasel consensus recognition
sequence, Q*(F/I/L/V)*D* | G’ X*>'D* D*, allowing the first
genome-wide bioinformatic identification of the human Ta-
spasel degradome. Among the 27 most likely Taspasel targets
are cytoplasmic but also nuclear proteins, such as the up-
stream stimulatory factor 2 (USF2) or the nuclear RNA export
factors 2/5 (NXF2/5). Cleavage site recognition and proteolytic
processing of selected targets were verified in the context of
the biosensor and for the full-length proteins. We provide
novel mechanistic insights into the function and bona fide tar-
gets of Taspasel allowing for a focused investigation of the
(patho)biological relevance of this type 2 asparaginase.

* This work was supported by German Cancer Aid Grant FKZ102362 (to
R.H.S.and R. M.), Head and Neck Cancer Foundation (to C. B.), Wilhelm-
Sander Foundation, Funds of the Chemical Industry, Stiftung Rheinland-
Pfalz fiir Innovationen Grants DFG KN973/1-1 and DFG INST371/5-
1FUGG, Mainz Screening Center, donation from Dr. Krieg, and the
Inneruniversity and MAIFOR Mainz Support Program.

51 The on-line version of this article (available at http://www.jbc.org) con-
tains supplemental Figs. S1-S5 and Tables S1 and S2.

' To whom correspondence may be addressed. Tel.: 49-6131176030; Fax:
49-6131176671; E-mail: bier@uni-mainz.de.

2To whom correspondence may be addressed. Tel.: 49-2011834987; Fax:
49-2011836053; E-mail: shirley.knauer@uni-due.de.

3 To whom correspondence may be addressed. Tel.: 49-6131177002; Fax:
49-6131176671; E-mail: rstauber@uni-mainz.de.

JANUARY 28, 2011+VOLUME 286+-NUMBER 4

By cleaving proteins, proteases are involved in the control
of a large number of key physiological processes such as de-
velopment, metabolism, tissue remodeling, cell proliferation,
and apoptosis (1-3). Protease signaling therefore differs from
the majority of other signaling pathways by being mostly irre-
versible (3). Protease signaling is strictly regulated, and the
deregulation of protease activity can contribute to various
pathologies, including cancer (3).

The human Taspasel gene encodes a protein of 420 amino
acids (aa),* which is the proenzyme of Taspasel. It belongs to
a family of enzymes possessing an asparaginase-2 homology
domain. In the MEROPS database, Taspasel is found as
T02.004, classifying this protein as a class PB, subclass PB(T),
and T2 family protease. In contrast to the other cis-active type
2 asparaginases, such as amidohydrolases, L-asparaginase, and
glycosylasparaginase, only Taspasel is able to cleave other
substrates in trans (4). Therefore, Taspasel represents a dis-
tinct class of proteolytic enzymes. Taspasel-mediated cleav-
age of proteins follows distinct aspartate residues, suggesting
that Taspasel evolved from hydrolyzing asparagines and gly-
cosylasparagines to recognize a conserved peptide motif with
an aspartate at the P1 position (4). Thus, the discovery of Ta-
spasel founded a new class of endopeptidases that utilize the
N-terminal threonine of its mature B-subunit as the active
site (4). The N-terminal threonine (Thr***) is generated by
autoproteolysis of the Taspasel proenzyme (referred to as
cis-cleavage) into the two subunits « and 3, which assemble
into an asymmetric a,/3,-heterotetramer, representing the
active protease (5). Mutation of the catalytic nucleophile,
Thr?**, significantly attenuates the catalytic activity of Ta-
spasel (4, 5). Interestingly, Khan ez al. (5) reported that dur-
ing Taspasel crystallization, a chloride ion was found bound
to amino acids Gly*®, GIn'%®, and Thr***. This interaction was
suggested to function as a reversible competitive inhibitor
already at physiological relevant concentrations (IC5, = 26
nM). However, the detailed biochemical and structural re-
quirements for Taspasel cis- and/or trans-cleavage still re-
main to be resolved.

Taspasel was first identified as the protease responsible for
the cleavage of the mixed lineage leukemia (MLL) protein at

*The abbreviations used are: aa, amino acid; «, anti; Dox, doxycycline; MLL,
mixed lineage leukemia; NES, nuclear export signal; NLS, nuclear import
signal.

JOURNAL OF BIOLOGICAL CHEMISTRY 3007

GTOZ ‘€ Yo N uo aba [0 1no) teibioas) e /B1o o - mmmy/:dny wouy papeoumoq


http://www.jbc.org/cgi/content/full/M110.161646/DC1
http://www.jbc.org/

Mechanism-based Probing of Taspase1

conserved (Q3X*D' | G'') sites (4). Besides its relevance for
proper Hox gene expression, MLL is found as a translocation
partner in a variety of acute leukemias and hence is consid-
ered as a proto-oncogene (4, 6 -9). Proteolytic cleavage of
mature MLL is considered a crucial constituent of MLL-me-
diated tumorigenesis (6, 10—12). Recent data indicate also
that other essential proteins, such as the precursor of the
transcription factor IIA (TF2A) (13), are considered as Tas-
pasel targets. However, the molecular mechanisms of how
Taspasel affects TF2A or MLL protein function through site-
specific proteolysis and what other (patho)physiological path-
ways are regulated in humans by Taspasel remain to be
determined.

Besides genetic instruments, chemical decoys allowing the
targeted inhibition/activation of proteins are powerful tools to
dissect complex biological pathways in general. Unfortu-
nately, catalytic activity of Taspasel is not affected by com-
mon protease inhibitors, and no small molecule inhibitors of
this enzyme are currently available (4, 14). Consequently, we
developed and employed here cell-based assays combined
with bioinformatic approaches to provide novel insights into
Taspasel (patho)biological functions.

EXPERIMENTAL PROCEDURES

Antibodies (Ab) and Reagents—The Ab used are as follows:
a-GFP (sc-8334; Santa Cruz Biotechnology, Heidelberg, Ger-
many); a-Myc tag and «-ClevCasp3 (New England Biolabs);
a-Taspasel (AP1330b, directed against the C terminus; Bio-
Cat GmbH, Heidelberg, Germany); a-GAPDH (sc-47724),
a-TF2A- (sc-5315), and a-Casp3 (sc-7272) (Santa Cruz Bio-
technology). Appropriate HRP-, Cy3-, or FITC-conjugated
secondary antibodies (Sigma and Santa Cruz Biotechnology)
and a-USF2 (sc-81645) (Santa Cruz Biotechnology) and
a-NXF5 (sc-133860) (Santa Cruz Biotechnology) were used.
Reagents were from Sigma unless stated otherwise.

Cell Culture, Microscopy, and Imaging—Cell lines used in
the study (supplemental Table S2) were maintained and
transfected as described previously (12, 15-17). Twelve-bit
black and white images were captured using a digital Axiocam
CCD camera (Carl Zeiss, Jena, Germany). Quantitation, im-
age analysis, and presentation were performed as described
previously (2, 18). The nuclear signal was similarly obtained
by measuring the pixel intensity in the nucleus. Nuclei were
marked by Hoechst 33258 staining as described previously (2,
19). To determine the average intracellular protein localiza-
tion, at least 200 fluorescent cells from three separate images
were examined in three independent experiments. The num-
ber of cells exhibiting cytoplasmic (cytoplasmic signal >75%
of the total cellular signal), cytoplasmic and nuclear, or nu-
clear (nuclear signal >75% of the total cellular signal) fluores-
cence was counted.

Plasmids—To generate plasmid p_NLS-GFP/GST-CS2-
NESg.. (p_BioTasp), encoding a fusion composed of the SV40
large T-antigen NLS, GST, and GFP, the Taspasel cleavage
site from MLL (CS2; aa >”"*KISQLDGVDD?"??), and a Myc
epitope-tagged NES from the HIV-1 Rev protein (NES;.,)
(20), the CS2 coding sequence was inserted into vector pNLS-
GFP/GST-CS3-RevNES (p_BioCasp3), replacing CS3.

3008 JOURNAL OF BIOLOGICAL CHEMISTRY

p_BioCasp3 encodes a biosensor harboring the cleavage site
for caspase3 (CS3: aa KRKGDEVDGVDE) (2). pCasp3 allows
ectopic expression of caspase3 (2). p_BioTasp, encodes a red
fluorescent biosensor (NLS-mCherry/GST-CS2-NESg., ), in
which GFP was replaced by mCherry (2). Expression
plasmids for BioTasp variants, in which CS2 was mutated
(p_BioTasp,,,,; see supplemental Table S2 and supplemental
Table S1 for oligonucleotides used), were generated by oligo-
nucleotide-annealing and cloning into the Notl/Xhol restric-
tion sites of p_BioTasp as described previously (2).

Likewise, the coding sequences for full-length TF2A
(p_BioTasp+g), its cleavage site (p_BioTasprgcs), full-length
USF2 (p_BioTaspysp»), or the cleavage site from myosinlF
(aa 152-268) (p_BioTaspy,,,) or NXF5 (aa 626 —692)
(p_BioTaspyxrs) were inserted into p_BioTasp, thereby re-
placing the CS2. pTRE-NLS-GFP/GST-CS2-NESg.,
(p_BioTasp;) allows the inducible expression of the biosensor
(“Tet-Off”) and was constructed by inserting the NLS-GFP/
GST-CS2-NES., coding sequence into pTRE-NLS-GFP/
GST-NESg., (2).

The Taspasel, TF2A, or MyolF coding sequence was am-
plified from cDNA obtained from a human head and neck
tumor. mRNA preparation and cDNA synthesis from tumor
tissue was performed as described previously (21). Cloning of
the Taspasel coding sequence into expression vectors pc3,
pc3-GFP, pc3-BFP, and pc3-mCherry using BamHI/EcoRI or
BamHI/Nhel restriction sites, respectively, allowed the ex-
pression of Taspasel, alone or as a fusion with fluorescent
proteins as described previously (17, 22). Plasmid p_TaspTV-
BFP, p_TaspTA-BFP, and p_TaspTV-mCherry encoding the
catalytically inactive Taspasel mutant, TaspTV, were gener-
ated by splice overlap extension PCR as reported previously
(2, 23). p_TF2A-GFP, encoding a TF2A-GFP fusion, was gen-
erated by PCR amplification and cloning into pc3-GFP as re-
ported previously (18). pc3_RevM10BL-BFP, encoding a mu-
tant HIV-1 Rev protein, was described previously (24). The
NXF5 or USF2 coding sequence was derived by PCR from
plasmids described (25, 26).

Plasmids were verified by sequence analysis as described
previously (21). Oligonucleotides used for PCR amplification
and cloning are listed in supplemental Table S1.

Generation of Inducible Tet-Off BioTasp; Cell Lines—
MEF3T3 stably expressing the Tet-controlled transactivator
(27) were transfected with the p_ BioTasp,, in which the ex-
pression of the biosensor is under the control of the tetracy-
cline-responsive promoter element. Transfectants were se-
lected by G418 (800 wg/ml) and puromycin (2 ug/ml)
selection, as well as by fluorescence-activated cell sorting as
reported previously (15). Cells were cultured in medium con-
taining 1 pg/ml doxycycline (Dox) (15) to repress expression
of the biosensor.

Protein Extraction, Immunoblot Analysis, and
Immunofluorescence—Preparation of whole cell lysates and
immunoblotting was carried out as described previously (19,
28). Equal loading of lysates was controlled by reprobing blots
for GAPDH as described previously (29). Immunofluores-
cence was performed as reported in detail (2, 16, 30).
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Database Searches and Pathway Analysis—For the in silico
identification of potential human Taspasel targets, Scan-
Prosite searches were performed using the patterns
Q(FILV)DGXDD, Q(FILV)DGXXD, and Q(FILV)DGXDX as
queries. Searches were performed in the human taxon of the
UniProtKB/SwissProt database, and all other parameters were
used at default settings. Pathway analysis was performed us-
ing GeneSpringGX11.0.2 (Waldbronn, Germany) and MAPP-
Finder, a component of the software package GenMAPP ver-
sion 2.1 (31).

Statistical Analysis—For experiments stating p values, a
paired Student’s ¢ test was performed. Unless stated other-
wise, p values represent data obtained from three indepen-
dent experiments done in triplicate. p values <0.05 were con-
sidered as significant.

RESULTS

Development of Cell-based Assays to Probe Taspasel
Activity—Previous studies employed mainly in vitro assays to
analyze Taspasel function. As biochemical data must be veri-
fied at the cellular level, we here focused on the most relevant
test tube, the living cell. To develop such a cell-based assay,
we first cloned Taspasel from a human head and neck tumor.
Sequence analysis revealed an open reading frame (ORF)
identical to the one described by Hsieh et al. (4). The same
ORF could be amplified from the BCR-Abl™ chronic myeloic
leukemia cell line K562. Upon ectopic expression as a Tas-
pasel-GFP, -BFP, or -mCherry fusion, the protease localized
predominantly to the nucleus, accumulating at the nucleoli in
living cells (Figs. 1 and 2). Localization was confirmed by
staining with a-Taspasel Ab (Fig. 1a). A similar localization,
although with less prominent nucleolar accumulation, was
observed for a Taspasel mutant, in which the catalytic nu-
cleophile, Thr***, was changed into Val or Ala (TaspTV, Ta-
spTA) (Figs. 1d, 2, and 4 and supplemental Fig. S1a, and data
not shown). These mutations abolished the enzymatic activity
of Taspasel (4, 5), which was confirmed by immunoblot anal-
ysis (Fig. le).

Translocation-based autofluorescent biosensors are power-
ful tools to assess protein-protein interaction and nucleo-
cytoplasmic transport in vivo (2, 15). Hence, we generated a
Taspasel protease biosensor by integrating the Taspasel
cleavage site from MLL (CS2; aa *”'*KISQLD | GVDD*"*?)
into a biosensor backbone composed of GST, GFP, the SV40
large T-antigen nuclear import signal (NLS), and a Myc
epitope-tagged nuclear export signal from the HIV-1 Rev pro-
tein (NESg.,) (Fig. 15). The resulting NLS-GFP/GST-CS2-
NESg.., fusion protein (BioTasp) localizes predominantly to
the cytoplasm (Fig. 1c), but it is continuously shuttling be-
tween the nucleus and the cytoplasm, as confirmed by treat-
ment with the export inhibitor leptomycin B (supplemental
Fig. S3).

Importantly, cotransfection of either Taspasel-BFP (Tasp-
BFP) or red fluorescent Taspasel-mCherry (Tasp-mCherry)
fusions resulted in the proteolytic cleavage of NES,, and the
subsequent nuclear accumulation of BioTasp in various epi-
thelial and liquid cancer cell lines (Fig. 1, ¢ and f; supplemen-
tal Fig. S1b; supplemental Table S2). As a control, a construct
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containing a nonfunctional Taspasel cleavage site (BioTasp,,,,,,»
aa 2P*KISQLAAVDD?"?2) or a cleavage site for caspase3 (Bio-
Casp3) remained cytoplasmic under identical experimental
conditions (Fig. 1d). Also, no nuclear accumulation was ob-
served upon coexpression of the inactive TaspTV-BFP fusion,
the nucleolar HIV-1 Rev-BFP protein, or the unrelated pro-
teases caspase3 or -9, further confirming the specificity of the
assay (supplemental Fig. S1c) (data not shown). Proteolytic
processing of the biosensor upon expression of untagged or
tagged Taspasel was confirmed by immunoblot analysis (Fig.
1le) (data not shown). In contrast to the high amounts of Ta-
spasel required for cleavage in vitro (14), cotransfection of 1
pg of BioTasp with as little as 0.1 ug of the Tasp-BFP expres-
sion plasmid was sufficient to significantly catalyze cleavage
and nuclear accumulation of the biosensor (Fig. 1f). These
results clearly underline the practical advantages and biologi-
cal relevance of the BioTasp cell-based assays to investigate
Taspasel function in living cells.

Cell lines inducibly expressing biosensors would circum-
vent the need for cotransfection of Taspasel and probe the
activity of the endogenous protein. Hence, we generated
stable cell lines, in which the expression of the biosensor
can be regulated by Dox (27). Dox interacts with Tet-con-
trolled transactivator preventing its binding and activation
of the tetracycline-responsive promoter element-contain-
ing CMV promoter. Removal of Dox allows Tet-controlled
transactivator binding triggering transcriptional activation
and expression of the biosensor, BioTasp, (supplemental
Fig. S2a). In the presence of Dox, no expression of the bio-
sensor is visible (supplemental Fig. S2b, left panel). Upon
Dox removal, expression of the cytoplasmic BioTasp, can
be detected (supplemental Fig. S2b, middle panel), and
cleavage by endogenous Taspasel results in its nuclear ac-
cumulation (supplemental Fig. S2b, right panel). Notably,
the levels of BioTasp, are lower compared with transient
expression, allowing its almost quantitative cleavage by
endogenous Taspasel.

In Vivo Mapping of Residues Critical for trans-Cleavage
Activity of Taspasel—Next, to characterize the sequence and
spatial requirements for Taspasel processing in vivo, we first
performed Ala-scan mutagenesis of the MLL cleavage site
(CS2; aa >’"*KISQLD | GVDD?*”??). As depicted in Fig. 2, co-
expression of the BioTasp mutants (BioTasps,,,,) wWith Tasp-
mCherry resulted in proteolytic cleavage and nuclear accu-
mulation of only those biosensors in which nonessential
residues were mutated. In contrast, changing critical aa into
Ala almost completely prevented cleavage and nuclear accu-
mulation of the autofluorescent proteins, leading to the fol-
lowing consensus sequence: K°I°S*Q3L*D* | G'V*'D*' D"
(essential aa are shown in boldface). Notably, even replacing
critical residues by chemically similar aa could not rescue
cleavage, except for residue P2. Leu at this position can also
be exchanged for the hydrophobic aa Ile, Val, or Phe (Fig. 2¢;
data not shown). Notably, an intermediate size in combina-
tion with hydrophobicity was required for productive cleav-
age, as replacing Leu with polar amino acids such as Trp, Gln,
or Tyr completely prevented cleavage (Fig. 2c). These results
could be confirmed by immunoblot analysis (data not shown).
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pal and domain organization of the translocation sensor to probe Taspase1 activity. BioTasp is composed of GST, GFP, combinations of a nuclear import
(NLS), and a Myc epitope-tagged export (NES) signal, combined with the Taspase1 cleavage site from MLL (CS2; aa 2”'*KISQLDGVDD?"%?), BioTasp localizes
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predominantly to the cytoplasm but is continuously shuttling between the nucleus and the cytoplasm. Coexpression of Taspase1-BFP (Tasp-BFP) results in
the removal of the NES by proteolytic cleavage of the biosensor, allowing nuclear accumulation of the green fluorescent fusion.®, NLS; 4, NES. ¢, expression
of Taspase1 triggers nuclear accumulation of BioTasp in living Hela transfectants. The autofluorescent biosensor is predominantly cytoplasmic (up-
per panel), and coexpression of Taspase1-BFP results in the proteolytic cleavage of the Myc-NESg,, and nuclear accumulation of BioTasp (lower
panel). Myc-NESg,, was detected using a-Myc tag Ab. d, biosensors containing a nonfunctional Taspase1 cleavage site (BioTasp,,,,) or a cleavage site
for caspase3 (BioCasp3) remained cytoplasmic upon coexpression of Tasp-BFP. No nuclear accumulation of BioTasp was observed upon coexpression
of inactive TaspTV-BFP or the nucleolar Rev-BFP protein. e, trans-cleavage of BioTasp shown by immunoblot analysis of whole cell lysates. 293T cells
were transfected with BioTasp together with the indicated Taspase1 expression plasmids or the empty vector (control). Expression of proteins and
cleavage products was visualized using a-GST and a-Taspase1 Ab. GAPDH served as loading control. f, efficacy of BioTasp processing in vivo. HelLa
cells were transfected with the indicated amounts of BioTasp and Tasp-BFP expression plasmid. 24 h later, the numbers of cells showing cytoplasmic
(0), cytoplasmic and nuclear (N/C), or nuclear (N) fluorescence were counted in at least 200 sensor-expressing cells. Results and images from a repre-
sentative experiment are shown. The numbers of cell showing cytoplasmic fluorescence significantly decreased upon cotransfection of as little as 0.1

g of Tasp-BFP expression plasmid (***, p < 0.0001).

Again, specificity of the assay was verified by cotransfection of
inactive TaspTV-mCherry, which did not result in nuclear
accumulation of the biosensors (Fig. 2, b and d). Nuclear ac-
cumulation of all the BioTasps,,,,,, variants upon leptomycin
B treatment further excluded the formal possibility that mu-
tagenesis had affected the shuttling capability of the biosen-
sors (supplemental Fig. S3). Similar results were obtained

3010 JOURNAL OF BIOLOGICAL CHEMISTRY

upon expression in other adherent or liquid cancer cell lines
(data not shown).

Genome-wide in Silico Identification of the Taspasel
Degradome—Previous studies suggested the motif

Q*X°D' | GY (X = any residue) already as an improved Ta-
spasel consensus cleavage site (4, 5). However, employing this

motif to identify potential Taspasel targets by database
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FIGURE 2. In vivo mapping of residues critical for trans-cleavage activity of Taspase1. Hela cells were transfected with the indicated BioTasp cleavage
site mutants (BioTaspcs,..) together with the Tasp- or TaspTV-mCherry expression plasmid. 24 h later, nuclear translocation of the BioTasp s, variants was
analyzed in at least 200 fluorescent living cells. Representative examples are shown. a and b, alanine-scanning mutagenesis using active (a) or inactive Ta-
spase (b). c and d, similar exchange mutagenesis using active (c) or inactive Taspase (d). Scale bars, 10 um. *, residues required for Taspase1 cleavage.

| indicates position of Taspase1 cleavage.

searches resulted in a list of more than 1400 potential targets
(data not shown). As the experimental validation of such an
extensive list of putative Taspasel substrates is almost impos-
sible, we thus exploited the knowledge obtained from our mu-
tational analysis. Consequently, we used the motif Q3(F/1/L/
V)?2D! | G X*'D?* D* to scan the Swiss-Prot database. Our
finding that a cleavage site containing Ala*’ instead of Asp*’
was still partially processed by Taspasel in trans (Fig. 2a) and
that the TF2A cleavage site contains Gly*’ instead of Asp®’
(Table 1) suggested that some variability at these positions is
tolerated. Hence, the motifs Q3(F/I/L/V)*D* |, G''X*'X3>'D*
and Q3(F/1/L/V)*D' | GV'X*>'D* X*" were included in our
search, resulting in 27 putative Taspasel targets, for which
diverse molecular functions and intracellular localizations

JANUARY 28, 2011-VOLUME 286-NUMBER 4 \ASEMB

were predicted bioinformatically using MAPPFinder analysis
(Table 1 and Fig. 3a) (14).

Collectively, the cleavage sites were scattered through-
out the respective proteins, and no specific pattern was
evident (supplemental Fig. S4b). However, as the average
length of protein entries in the UniProt database is 321 aa
(supplemental Fig. S4a), we noticed that the majority of
identified Taspasel targets are large proteins composed of
more than 800 aa (Fig. 30). Next, we tested whether this
result is merely based on the fact that the chance of finding
any random sequence is higher in larger compared with
smaller proteins. Thus, we analyzed the results obtained
from database searches employing the sequences Q*(F/I/L/
V)2D! | GV X*' D3> D* versus Q*(F/1/L/V)>*G'D'' X*>' D3> D',
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The latter represents an identical but nonfunctional cleav- Validation of Predicted Taspasel Targets—To experimen-
age site, as the critical aspartate at the P* and glycine at the  tally verify that the predicted proteins represent most likely
P!’ position were interchanged. Remarkably, the search biologically relevant Taspasel substrates, we first tested the
results differ in showing a significant enrichment of larger ~ cleavage sites of several targets in the biosensor system. In-
proteins as putative Taspasel targets (Fig. 3b). deed, integration of the cleavage sites from MLL1, TF2A,
TABLE 1

Characteristics of potential human Taspase1 targets identified by ScanProsite

Gene loci, SwissProt accession numbers, gene names, and aliases in accordance with the HUGO Gene Nomenclature Committee are given together with the aa
sequence containing the predicted Taspasel cleavage site (consensus marked in boldface). Gene ontology (GO) identifiers and descriptions are listed. Previously known

Taspasel targets are framed, and target probability decreases with line order.
GO : biological process

ID discription

Gene Name Length (aa) | Sequence

. SAEG 0006915
LymohoidOr ML QVDGADD oossiee o citicn
MLL1 Q03164 Mixed- HRX 3969 PKIS 0043984 developmental process,
Lineage ALLA QLDGVDD (006461 cellular component
Leukemia GTES 0006366 modification
Myeloid/ 0006350
Lymphoid Or MLL2 BRIE 0016568 transcription,
Mixed- MLL4 0008284 cellular component
MLL4 — QOUMNE  |ineage HRX2 eats QLDGVDD 5933148 modification,
Leukemia 2 TRX2 0010552 cellular process
Protein 0043627
MYO1F SDTY
MYO1F 000160 Myosin-1F Myosin-le 1098 QVDGTDD - unknown
myosin-ID RSDF
0032488
0033344
0042632
88?2?83 signalling pathway,
0007186 LEVIEREI,
o 0034380 homeostgtlc process,
ABCAT 095477 AEF;SBSIQSEQ A$gé1 2261 QLIFJVéEI?DW 8822223 gflﬁg?t%gggﬁ:i’t
Sub-Family A ABC1 TAQD 0007040 qrganization,
Member 1 CERP 0010887 lipid storage,
0010745 cell differentiation,
0033700 cellular biosynthetic
0055091 process
0060155
0030819
0043691
DEDI
ARSJ  Q5FYBO Ary'sud'fatase AARSSJJ 599 QLDGYDl 0008152  metabolic process
WETI
DIS3-like IVEA
DIS3L2 Q8lYB7 exonuclease FAMGA 885 QFDGSDS - unknown
2 EDGH
FERM TEIS
Domain- FRMD4B
FRM4B Q9oY2L6 Containing GRSP1 980 QLR&EDG - unknown
Protein 4B
. INTU TTLH
PDZD6  QOULDE o5 oman PDZD6 942 QLDGVDS : unknown
9 PDZK6 RIDE
Hepatitis E
Vitlis non= L5 88822?8 metabolic process
POLN P29324 structural POLN 1693 QVDGRID cp ’
] 0019079 reproductive process
polyprotein CETL
bORF1 0019082
26S Protease PSSI\ZC1 ELLN 0031145
PRS4 P62191 Regulatory 56 440 QLDGFDS 0051436 metabolic process
Subunit 4 e RGDV 0051437
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PRS7

PTPRG

PTRZ

SDCB2

SDCG1

TF2AA

ATP9A

ATP9B

DPOLZ

EVI5

GGT5

HOOK1

IPPK

NXF2

NXF5

RBGP1

USF2

P35998

P23470

P23471

Q9H190

060524

P52655

075110

043861

060673

060447

P36269

Q9UJC3

Q9H8X2

Q9GZY0

QoH1B4

Q9Y3P9

Q15853

26S Protease
Regulatory
Subunit 7

Receptor-
Type
Tyrosine-
Protein
Phosphatase
Gamma
Receptor-
Type
Tyrosine-
Protein
Phosphatase
Zeta

Syntenin-2

Serologically
Defined
Colon Cancer
Antigen 1

General
Transcription
Factor IIA

ATPase,
Class Il, Type
9A

ATPase,
Class Il, Type
9B

DNA
Polymerase
Zeta
Ecotropic
viral
integration
site 5 protein
homolog
Gamma-
Glutamyl-
transferase 5

Hook
Homolog 1

Inositol-
pentakis
phosphate 2-
kinase
Nuclear RNA
Export Factor
2
Nuclear RNA
Export Factor
5
RAB6 Gtpase
Activating
Protein 1

Upstream
Stimulatory
Factor 2

PSMC2
MSS1
S7

PTPRG
R-PTP-GAMMA
PTPG

PTPRZA1
PTP18
HPTPzeta

SDCBP2
SITAC18

SDCCAGH1
NY-CO-1

GT2A1
TF2A
TFIIA

ATP9A
ATPIIA

ATP9B
NEO1L
HUSSY-20

REV3L
POLZ

NB4S

GGT5
GGT-REL
GGTLA1

HOOK1
HK1

IPPK
IPK1
IP5K
INSP5K2
NXF2
CT39
TAPL2

NXF5
TAPLA1

RABGAP1
GAPCenA
TBC1D11

USF2
FIP

433

1445

2315

292

1076

485

1047

1147

3130

810

586

728

491

626

397

1069

346

ELIN

QLDGFDP
RGNI

YQEL
QLDGFDN
ESSN

VLYQ
QLDGEDQ
TKHE

DQLL
QIDGRDC
AGWS

EEME
QLDGGDT
SSDE

GEll
QVDGSGD
TSSN

LRTD
QLDGETD
WKLR
IRTD
QLDGETD
WKLK
LSIP

QLDGTAD
ENSD

VIPH
QFDGVPD
KLIQ

LIRQ
QIDGRGD
HQaLs

EKLD

QLDGSFD
DPNT

RKTL
QIDGPYD
EAFY

NKLY
QLDGLSD
ITEK
NKLY
QLDGLSD
ITEK
VKRS

QLDGEGD
GPLS

VTDG
QLDGQGD
TAGA

0031145
0044419
0051436
0051437

0006470
0007169

0007417
0006470

0046907
0007399

0032568
0045449
0006368
0006367

0006754
0015914

0015917
0006754
0015914

0006281
0006261

0007049
0051301
0008283
0007275
0032313
0006520
0006750
0019370
0045022
0007032
0008333
0007040
0007275
0015031

0046853

0006406
0007275

0006406
0007275

0007049
0032313

0006350
0019086
0055088
0010552
0000432

metabolic process,
multi-organism process

metabolic process,
signalling pathway

developmental process,
metabolic process

intracellular transport,
developmental process

unknown

transcription,

regulation of

transcription,
transcription initiation

biosynthetic process,
transport

biosynthetic process,
transport

DNA repair,
DNA replication

cell cycle, cell devision,
cell proliferation,
developmental
processes,
signalling pathways

metabolic process

transport,
cellular component
organization,
developmental process

metabolic process

nucleocytoplasmic
transport,
developmental process
nucleocytoplasmic
transport,
developmental process

cell cycle,
signalling pathway

transcription,
homeostatic process
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a SARKR | ARKRR" “(LLRLRAK

PTRZ
ABCA1 PTPRG

CAdbd LRA L L AL

IPPK MYO1F
HOOK1 POLN

FRMD4B PDZD6 /
p
ARSJ \_//

SDCB2 ATP9A

ATP9B GGT5
RBGP1

PRS4
NXF5 2 RS RS

NXF2 =

DPOLZ
| DIS3L2 MLL4

MLL1

b

Taspase1 NONtargets Taspase1 targets

aa length
<400

Il 400-800
W > 800

Proteins containing

Proteins containing

Q[F,I,L,V]GDXDD Q[F,I,L,V]D*GXDD

FIGURE 3. Bioinformatical analysis of potential Taspase1 targets. g, pre-
dicted cellular localization. Target proteins (gray, see Table 1 for details) are
depicted in their respective cellular compartment according to their gene
ontology term classification using the GeneSpring GX “Pathway and Net-
work Analysis” tool. Cell membrane (yellow) with pores (blue), cytoplasm
(light blue) containing endoplasmic reticulum (brown), mitochondria (violet),
and the nucleoplasm (green) surrounded by the nuclear membrane (light
green) are represented schematically. b, length distribution of potential Ta-
spase targets versus proteins randomly found in a partially scrambled mo-
tif search. Results are obtained from database searches employing the se-
quence Q*(F/I/L/V)’D' | G''X>'D*' D* /x>’ D* /D> X* (Taspase] targets)
versus the partially scrambled motif Q3(F/I/L/V)*G'D"' X?' D' D*'/X*'D*'/

D* X* (Taspasel NONtargets).

MLL4, MYOI1F, USF2, as well as NXF2 or -5 (Table 1) re-
sulted in cytoplasmic biosensor proteins, which efficiently
accumulated in the nucleus upon trans-cleavage by Taspasel
(Fig. 4a) (data not shown). However, we observed that cleav-
age of NXF2 or -5 was less efficient compared with the other
sites tested (Fig. 4a) (data not shown). Again, coexpression of
the inactive TaspTV mutant and leptomycin B treatment con-
firmed the functionality of the assay (Fig. 44) (data not
shown).

3014 JOURNAL OF BIOLOGICAL CHEMISTRY

Second, to additionally underline the significance of our in
silico analysis, we set out to demonstrate that the predicted
full-length proteins are also recognized and proteolytically
processed by Taspasel, as has been shown for MLL1 (4). Ac-
tually, immunoblot analysis demonstrated that full-length
TF2A-GFP and the nuclear protein USF2-GFP were also effi-
ciently cleaved upon coexpression of Taspasel but not by in-
active TaspTV (Fig. 4, b and c). Because of the large size of the
OREF, we failed to clone and thus test full-length MYO1F. No-
tably, upon ectopic overexpression of full-length NXF5-GFP
or untagged NXF5, we observed massive cell death in trans-
fectants (supplemental Fig. S5a), which precluded investigat-
ing the effect of Taspasel on NXF5. As NXF5 has been re-
ported to interact with FG-repeat-containing nucleoporins,
NXF5 overexpression may interfere with the transport capa-
bility of the nuclear pore thereby affecting cell viability (32).
Similar effects have been reported for other proteins involved
in nucleo-cytoplasmic transport (33).

These findings demonstrate again the utility and flexibility
of our biosensor system allowing it to swiftly test putative Ta-
spasel target sites originating from toxic, large, or yet unchar-
acterized proteins. However, to finally uncover the biological
relevance of their processing by Taspasel, comprehensive
experimental investigations tailored to the particular needs of
the respective target are required.

DISCUSSION

Besides their critical role in intra- and intercellular “waste
management,” proteases are accepted as important signaling
molecules involved in numerous biological and pathological
functions (3). To dissect the biological processes a given pro-
tease participates in, one has to understand the mechanisms
of protease activity, as well as the biochemistry that relates
their structure to function (34, 35). Having obtained this in-
formation about a protease in its normal physiological setting,
it is further important to understand how these protease
properties are modified in a disease state to develop targeted
intervention strategies. In contrast to other disease-relevant
proteases, such as matrix metalloproteinases, which were the
first protease targets considered for combating cancer be-
cause of their role in extracellular matrix degradation (3), rel-
atively little is known about the (patho)biological relevance
and function of Taspasel. A key part of understanding prote-
ase signaling in both health and disease is to identify the phys-
iological substrates of a protease, i.e. the protease degradome.
Various strategies, including chemical and iz silico biology,
genetics, and proteomics, are employed to achieve this goal
(3). For Taspasel, the so-called “bottom-up” approach has
been successfully used to identify Taspasel as the protease
responsible for the cleavage of the MLL protein (4, 6, 7).

So far, the genome-wide i silico identification of additional
Taspasel targets has clearly been hampered by lacking a de-
tailed understanding of the substrate specificity of Taspasel.
Although the sequence Q*X*D' | G'' has been proposed as
an improved Taspasel consensus cleavage site (5), employing
this motif resulted in a list of more than 1400 putative human
targets by searching the Swiss-Prot database. As the experi-
mental validation of such an extensive number of putative
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FIGURE 4. Verification of in silico predicted Taspase1 targets. g, Hela cells were transfected with biosensors harboring full-length TF2A (BioTasp-) or
USF2 (BioTaspyse,) or the predicted cleavage site from myosin1F (BioTasp,,,,) or NXF5 (BioTaspyys) together with the Tasp-mCherry expression plasmid.
24 h later, trans-cleavage resulting in nuclear translocation of the biosensors was analyzed in at least 200 fluorescent living cells. Representative examples
are shown (upper panel). Coexpression of inactive TaspTV-mCherry did not affect the cytoplasmic localization of the biosensors (lower panel). Scale bars, 10

um. b and ¢, proteolytic processing of full-length TF2A-GFP (b) or USF2-GFP

(c) upon coexpression of Taspase1 but not of the inactive TaspTV mutant dem-

onstrated by immunoblot analysis of transfected 293T cell lysates. Protein expression and cleavage was visualized by a-GFP and a-Taspase1 Ab. GAPDH

served as loading control.

Taspasel substrates is practically impossible, we first identi-
fied residues critical for cleavage in living cells. In contrast to
in vitro assays using recombinant proteins or combinatorial
fluorescent substrate libraries (3), our biosensor assay com-
bined with positional scanning mutagenesis allowed us to pin-
point residues essential for trans-cleavage activity in vivo. As
Taspasel is an aspartase, Asp at the P! position is manda-
tory for cleavage. The unique chemical characteristics of
Gly at P1’ does not even tolerate its replacement by Ala.
Also, Gln at position P? is required for substrate recogni-
tion, as an exchange of this uncharged polar amino acid by
the smaller hydrophobic residue Ala or even the highly
similar but slightly smaller amino acid Asn completely
blocks trans-cleavage. Biologically, this finding is sup-

JANUARY 28, 2011-VOLUME 286-NUMBER 4 \ASEMB

ported by the fact that all previously described Taspasel
substrates contain a Gln at this position (13). Previous re-
ports characterize position P? as irrelevant for cleavage,
proposing that P? can host any amino acid (4, 5). In con-
trast, our data now convincingly demonstrate that al-
though Leu can be substituted by hydrophobic residues of
similar size (Phe, Ile, and Val), other aa such as the smaller
hydrophobic amino acid Ala are not tolerated. Even though
the alike hydrophobic amino acid Met at P? cannot be ex-
cluded biochemically, no human Taspasel substrates con-
taining Met? were identified bioinformatically. Hence, hy-
drophobicity in combination with size is required for
productive cleavage, as replacing Leu with charged aa such
as Trp, Gln, or Tyr completely prevented cleavage.
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On the other hand, position P?’ is highly flexible, whereas
the residues at positions P*" and P*' seem to be interdepen-
dent. We found that at least one of these residues must be
Asp but that a small amino acid at the other position, like Gly
present in TF2A or Ala at either position, does not completely
abrogate substrate cleavage. Glu at either position, however,
prevents cleavage, indicating that not only charge but also size
is important to maintain a secondary structure allowing dock-
ing and productive substrate recognition by the protease. Col-
lectively, our in vivo analysis now defines the motif Q*(F/I/L/
V)?’D! | G"'V*>'D* D* as an improved Taspasel cleavage
consensus sequence, allowing for the first time a rational ge-
nome-wide bioinformatic identification of potential human
Taspasel targets. As some variability at positions P3’ and P4’
is tolerated, the motifs Q3(F/I/L/V)?D! | G X*' X*'D* and
Q3*(F/I/L/V)*D* | GV X*'D* X* were additionally included in
our search.

The obtained list of the 27 most likely human Taspasel
targets not only contains known Taspasel substrates such as
MLL, but several candidates, which have not been considered
as potential targets for this protease. Noteworthy, we also
identified a putative Taspasel target site in a human hepatitis
E virus. As proteolytic processing is essential for replication
and pathogenesis of many viruses, it is tempting to speculate
that also Taspasel might play a role in these processes. Inter-
estingly, according to bioinformatic predictions, the Taspasel
targets localize to various intracellular compartments, such as
the cell membrane, the cytoplasm, and/or the nucleus (Fig. 3).
Because also shuttling proteins, such as NXF2/5 (36), have
been suggested, it will be critical to investigate whether Ta-
spasel itself might be able to actively shuttle between the nu-
cleus and the cytoplasm allowing the processing of substrates
in both compartments (15).

Our results clearly indicate a nonrandom evolutionary en-
richment of large proteins (=800 aa) among the list of puta-
tive Taspasel targets. It might be assumed that those targets
are preferentially involved in the formation of multiprotein
complexes, for which processing by Taspasel represents a
critical (fine) tuning mechanism. Such examples are not only
the MLL protein (4) but also disease-relevant MLL fusions
containing a functional Taspasel cleavage site. Proteolytic
cleavage stabilizes these MLL fusion proteins and appears to
trigger their subnuclear localization (37, 38), ultimately pro-
moting cell cycle progression (10). Hence, cleavage-induced
formation of stable MLL-containing complexes is considered
a crucial constituent of MLL-mediated tumorigenesis (11). As
such, we found that only AF4-MLL but not the reciprocal
translocation product, MLL-AF4, lacking the Taspasel cleav-
age site, can cause pro-B acute lymphocytic leukemia in a mu-
rine model (39). It is also striking that in the MLL-MYO1F
translocation product, detectable in infant acute monocytic
leukemia (40, 41), the unconventional myosin type 1F
(MYOL1F) partner provides the functional Taspasel cleavage
site. Hence, proteolytic processing of Taspasel of the MLL
fusion proteins in general appears to be critical for disease
development, underlining the pathobiological and therapeutic
relevance of this protease.
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The suggested impact of Taspasel for neoplastic diseases is
further supported by the identification of additional targets,
which have been reported to play a role in cancer develop-
ment and progression, such as the oncogene Evi5 (42, 43). As
an additional example, we show that the oncological relevant
transcription factor USF2 (44 —46) is a novel bona fide Ta-
spasel target. USF2 not only contains a functional cleavage
site but also the full-length protein is cleaved in trans by Ta-
spasel. As USF2 dimerizes with USF1 to regulate transcrip-
tion through E-box motifs in target genes (44), cleavage of
USF2 might be sufficient to attenuate the activity of this tran-
scriptional regulator complex, as no cleavage site could be
detected in USF1 (supplemental Fig. S5).

Likewise, cleavage of TF2A appears not to be required for
the activation of this transcription factor but rather seems to
affect its turnover as part of an intricate degradation mecha-
nism that allows fine-tuning of TF2A functions (13, 47).

Also our data indicate that nuclear shuttle proteins in-
volved in mRNA transport and processing such as NXF2 and
-5 are Taspasel targets. Again, enhanced or reduced levels of
NXF2 have been linked to disease such as chronic lympho-
cytic leukemia (48) or mental retardation (32). Of note, we
could only identify a functional Taspasel cleavage site in
NXF2 and -5 but not in the other family members NXF1
or NXF3 (supplemental Fig. S5). Several studies showed that
NXF members differ significantly in their ability to export and
guide the cytoplasmic trafficking of mRNAs (32, 48). Thus,
Taspasel cleavage might represent a potential mechanism to
selectively regulate the biological activity of NXF family
members.

Collectively, our study underlines the complexity of the
(patho)biological processes in which Taspasel might be in-
volved. However, we are well aware that the above-mentioned
suggestions are currently lacking experimental evidence. Be-
sides genetic and biochemical approaches, small molecules
that allow a (transient) chemical knock-out of Taspasel in a
specific biological system would be highly valuable. Unfortu-
nately, no effective small molecule inhibitors of this enzyme
are currently available. Hence, we also suggest employing our
translocation biosensor, BioTasp, for high throughput screen-
ing assays to identify potent Taspasel inhibitors, which could
finally help to dissect the (patho)biological impact of
Taspasel.
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