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The specific inhibition of the biosynthesis of target proteins is
a relatively novel strategy in pharmacology and is based mainly
on antisense approaches (e.g. antisense oligonucleotides or RNA
interference). Recently, a novel class of substances was
described acting at a later step of protein biosynthesis. The
cyclic heptadepsipeptides CAM741 and cotransin were shown
to inhibit selectively the biosynthesis of a small subset of secre-
tory proteins by preventing stable insertion of the nascent
chains into the Sec61 translocon complex at the endoplasmic
reticulum membrane (Besemer, J., Harant, H., Wang, S., Ober-
hauser, B., Marquardt, K., Foster, C. A., Schreiner, E. P., de
Vries, J. E., Dascher-Nadel, C., and Lindley, 1. J. (2005) Nature
436, 290-293; Garrison, J. L., Kunkel, E. J., Hegde, R. S., and
Taunton, J. (2005) Nature 436, 285-289). These peptides actin a
signal sequence-discriminatory manner, which explains their
selectivity. Here, we have analyzed the cotransin sensitivity of
various G protein-coupled receptors in transfected HEK 293
cells. We show that the biosynthesis of the human endothelin B
receptor (ETgR) is highly sensitive to cotransin, in contrast to
that of the other G protein-coupled receptors analyzed. Using a
novel biosynthesis assay based on fusions with the photocon-
vertible Kaede protein, we show that the IC;, value of cotransin
action on ETR biosynthesis is 5.4 um and that ETR signaling
could be completely blocked by treating cells with 30 um cotran-
sin. Taken together, our data add an integral membrane protein,
namely the ETgR, to the small group of cotransin-sensitive
proteins.

Signal sequences play an important role during biogenesis
and transport of secretory and membrane proteins (1-3). They
bind the signal recognition particle and consequently mediate
targeting of the ribosome-nascent chain-signal recognition
particle complex to the translocon machinery of the ER> mem-
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brane. After engaging the Sec61 translocon complex, signal
sequences are also involved in translocon gating. In the case of
secretory proteins, the signal sequences are located at the N
terminus of the proteins (signal peptides) and cleaved off fol-
lowing ER translocation by the signal peptidases of the ER
membrane. Integral membrane proteins may also possess
N-terminal cleavable signal peptides. The majority of the pro-
teins, however, possess signal sequences that are part of the
mature protein. These “signal anchor sequences” are usually
formed by the first transmembrane domain, but the other
transmembrane domains may also have such a potential. In the
case of opsin, for example, it was shown that five of the six
transmembrane segments studied could function as a signal
anchor sequence (4).

The translocon machinery must handle a broad range of
secretory and membrane proteins, and due to this lack in spec-
ificity, its components were not considered to represent suita-
ble drug targets. However, the recently described first inhibi-
tors of the Sec61l translocon complex act in a surprisingly
selective and signal sequence-discriminatory manner (5, 6). On
the basis of the natural fungal substance HUN-7293 (7, 8), the
derivative CAM741 was synthesized. CAM741 was shown to
prevent selectively cotranslational translocation of the vascular
cell adhesion molecule 1 (VCAM1) through the Sec61 translo-
con complex (5). More recently, it was shown that the vascular
endothelial growth factor (VEGF) is also sensitive (9). Cotran-
sin represents a simplified derivative of HUN-7293, which also
blocks cotranslational VCAMI translocation (6). In the same
study, four other proteins were described to be cotransin-sen-
sitive at low micromolar concentrations as follows: P-selectin,
angiotensinogen, B-lactamase, and one integral membrane
protein, namely the CRF ;R (6).

The detailed mechanism of action of these cyclodepsipep-
tides is not fully understood. Although targeting of the nascent
chain to the Sec61 translocon complex is not affected, produc-
tive interaction of the target signal sequences with the translo-
con is prevented, and the channel gating process and subse-
quent cotranslational translocation of the target protein are
prohibited (6). Cross-linking studies indicate that the cyclodep-
sipeptides interact with the Sec61a core component (protein-
conducting channel) of the Sec61 translocon complex (10) and

receptor 1; UTR,, urotensin 2 receptor; V, ,R, vasopressin V1a receptor; V,R,
vasopressin V2 receptor.
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enhance cross-linking of the nascent chains to the Sec618 com-
ponent (5, 11). These data point toward a mechanism where the
cyclodepsipeptides compete with the signal sequences for bind-
ing to a specific site within the protein-conducting channel (9).

Strikingly, selectivity of the substances is conferred by the
signal sequences of the target proteins. Selectivity seems to be
based on the fact that signal sequences do not have any
sequence homologies (1, 2), although their conformation is
conserved. However, it was not possible to define a consensus
within the sensitive signal sequences as yet, although some crit-
ical residues have been described (11). It is also unknown
whether the cyclodepsipeptides bind to the signal sequences
directly.

The selective mechanism of action of CAM741 and cotransin
raised the question whether specific derivatives interfering with
biosynthesis of only a single protein may be found. A proof of
principle was recently published for the CAM741 derivative
NFI1028; although CAM741 inhibits both the VCAM1 and
VEGF biosynthesis, NF1028 is specific for VCAM1 (9).

Here, we have analyzed the effect of cotransin on the biosyn-
thesis of various G protein-coupled receptors (GPCRs) possess-
ing signal peptides or signal anchor sequences. Moreover, we
have established a biosynthesis assay based on fusions with the
Kaede protein from the stony coral Trachyphyllia geoffroy (12,
13). We show that the human endothelin B receptor (ET5R), a
GPCR with a cleavable signal peptide, also belongs to the family
of cotransin-sensitive proteins.

EXPERIMENTAL PROCEDURES
Materials

Cotransin was synthesized in our group using our previously
described solid phase protocol (14) and dissolved in DMSO.
[*?*T]JET-1 (2000 Ci/mmol) was purchased from Amersham
Biosciences. The vector plasmids pEGFP-N1 (encoding the
red-shifted variant of GFP) and the Tet-On gene expression
system (containing the doxycycline-inducible vector plasmid
pTRE-Tight and the HEK 293 Tet-On® advanced cell line) were
from Clontech. The vector CoralHue™ pKaede-MN1 was pur-
chased from MBL International (Woburn, MA). Primary-cul-
tured mouse astrocytes were a gift from H. Kettenmann (Max-
Delbriick-Zentrum fir Molekulare Medizin, Berlin, Germany).
The transfection reagent polyethyleneimine (PEI) was from
Polysciences Inc. (Eppelheim, Germany). DNA-modifying en-
zymes were from New England Biolabs (Frankfurt am Main,
Germany). Oligonucleotides were purchased from Biotez (Ber-
lin, Germany). The RNeasy mini kit was from Qiagen (Ham-
burg, Germany). TRIzol, SuperScript II reverse transcriptase,
and the oligo(dT);, ;5 primer, and the AlamarBlue kit were
purchased from Invitrogen. The TagMan universal master mix
and the TagMan gene expression assay mix were from Applied
Biosystems (Darmstadt, Germany). Trypan blue was purchased
from Seromed (Berlin, Germany). The RotiLoad sample buffer
was from Carl Roth (Karlsruhe, Germany). The polyclonal rab-
bit anti-GFP antiserum 02 (raised against a GST-GFP fusion
protein) has been described previously (15). The monoclonal
mouse anti-GFP antibody was purchased from Clontech.
Horseradish peroxidase-conjugated anti-mouse IgG was pur-

OCTOBER 14,2011 +VOLUME 286+-NUMBER 41

Cotransin Sensitivity of the Endothelin B Receptor

chased from Dianova (Hamburg, Germany). The 35-mm diam-
eter ibidi® dishes were obtained from ibidi LLC (Martinsried,
Germany). All other reagents were from Sigma.

DNA Manipulations

Standard DNA manipulations were carried out according to
the handbooks of Sambrook and Russel (16). Nucleotide
sequences of the plasmid constructs were verified using the FS
Dye Terminator kit from PerkinElmer Life Sciences.

Plasmid Constructs

A GFP tag was C-terminally fused to various GPCRs with and
without cleavable signal peptide by cloning the cDNAs of the
receptors into vector plasmid pEGFP-N1 (thereby replacing the
stop codons of the receptors; Fig. 1, details of the cloning pro-
cedure on request). The resulting constructs were PAR1.GFP,
CRF,,,R.GFP, N13A-CRF,R.GFP, ET;R.GFP, V, R.GFP,
V,R.GFP, UTR,.GFP, AT,R.GFP, and nOR.GEFP. A signal pep-
tide deletion mutant for ET;R.GFP was constructed by deleting
the sequence encoding the N-terminal 26 amino acid residues.
The resulting construct was ASP-ET,R.GFP. In addition, the
sequence encoding the signal peptide of the ET3R was fused to
the LOR.GFP yielding construct SP.ETzR-uwOR.GFP. The GFP
tag of the ET3R was also exchanged for the photoconvertible
Kaede protein by cloning the receptor cDNA into vector plas-
mid CoralHue™ pKaede-MNI1.

Cell Culture and Transfection

HEK 293 cells were cultured at 37 °C and 5% CO,, in Dulbec-
co’s modified Eagle’s medium (DMEM) containing 10% (v/v)
fetal calf serum (FCS), penicillin (100 units/ml), and streptomy-
cin (100 pg/ml). Transfection of the cells with plasmids and PEI
was carried out according to the supplier’s recommendations.
Equal amounts of plasmid were transfected in each experiment
allowing comparison of the receptor expression levels.

Quantitative Real Time PCR (qRT-PCR)

HEK 293 cells (3 X 10°) grown on 6-well plates for 24 h were
transiently transfected with 0.8 ug of plasmid DNA and PEI
according to the supplier’s recommendations. Cells were cul-
tured for 5 h and afterward treated with cotransin (30 uMm) or
DMSO for another 17 h. Cells were cultured and washed with
PBS (140 mMm NaCl, 2.7 mm KCl, 10 mm Na,HPO,, 1.76 mm
KH,PO,, pH 7.4), and total RNA was extracted with 500 ul of
TRIzol reagent and 100 ul of chloroform and precipitated with
250 ul of isopropyl alcohol. The total RNA was washed with 500
wl of ethanol (70% v/v) and cleaned using the RNeasy mini kit.
The cDNA was synthesized using 1 ug of total RNA, the Super-
Script II reverse transcriptase, and the oligo(dT),,_,4 primer
according to the supplier’s recommendations. The qRT-PCR
was performed in an ABI7300 sequence detection system
(Applied Biosystems) using 2 ul of cDNA, 12.5 ul of TagMan
2 X universal master mix, 1.25 ul of 20X TagMan gene expres-
sion assay mix, and 9.25 ul of water (total volume = 25 ul/well).
The thermocycler program was as follows: 2 min, 50 °C; 10 min,
95 °C; 40 cycles, 15 5,95 °C; 1 min, 60 °C. Each assay was carried
out in triplicate. GAPDH expression was used as internal con-
trol for normalization.
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FIGURE 1. Schematic representation of the constructs used in this study (see the text for details). The indicated GPCRs were fused C-terminally with GFP
or Kaede to quantify their expression by confocal LSM or by flow cytometry measurements. N-terminal signal peptides and their predicted size (program
“SignalP 3.0") (27,28) are indicated by gray boxes. Roman numerals indicate transmembrane domains (only shown for the first construct); arabic numerals above
each construct refer to the number of receptor amino acid residues present (without signal peptide).

Cell Viability Assay

HEK 293 cells (1.3 X 10*) were grown on 96-well plates in 100
ul of DMEM for 48 h. Cells were supplemented either with
cotransin (0.1-100 um) or puromycin (10 ?~10"" pg/ml) and
incubated for another 17 h. The AlamarBlue dye (10 ul/well)
was added, and cells were incubated for another 2 h at 37 °C.
The absorbance of the reduced (metabolized) AlamarBlue dye
was measured photometrically at 570 and 600 nm, and the
A570/A600 difference was calculated.

["??I]ET-1 Binding and Displacement Assay

HEK 293 cells (8.7 X 10°) grown for 24 h on 60-mm diameter
dishes were transiently transfected with 1.6 ug of plasmid DNA
and PEI according to the supplier’s recommendations. 24 h
after transfection, cells were treated with cotransin (30 uMm) or
DMSO and cultured for another 17 h. Cells were washed twice
with PBS and resuspended in 1 ml of Tris-BAME buffer (50 mm
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Tris-HCl, 2 mm EGTA, 10 mm MgCl,, 1.4 ug/ml aprotinin, 0.2
mg/ml bacitracin, 3.2 pug/ml trypsin inhibitor, 0.5 mm PMSE,
pH 7.2). Cells were disrupted using a Potter homogenizer and
centrifuged at 26,000 X g for 35 min at 4 °C. Crude membranes
were resuspended in 150 ul of Tris-BAME buffer, and
[*?°I]ET-1 (diluted in 100 wl of the same buffer) was added to
achieve the indicated concentrations. Nonspecific binding was
determined in the presence of 1 um unlabeled ET-1. Cells were
incubated with the ligand for 2 h on ice (to avoid receptor inter-
nalization), washed quickly two times with ice-cold PBS, and
lysed with 100 ul of 0.1 M NaOH. The lysate was transferred to
tubes, and radioactivity was measured using a y-counter. When
using primary-cultured mouse astrocytes for the binding assay,
ETgR-specific binding was guaranteed by subtracting values
obtained in the presence of the ET;R-specific agonist IRL 1620
(Sigma) (1 um) instead of unlabeled ET-1. The ['***IJET-1 dis-
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placement assay was carried out accordingly, but cotransin or
unlabeled ET-1 (1 um each) was added to compete for
["**I]JET-1 (50 pm) in ligand binding.

Inositol Phosphate Accumulation Assay

HEK 293 cells (7.5 X 10*) grown for 24 h on 24-well plates
were transiently transfected with 0.5 ug of plasmid DNA and
PEI according to the supplier’'s recommendations. Cells were
cultured for 5 h and treated with cotransin (30 um) or DMSO.
Cells were cultured for another 17 h, and the inositol phosphate
accumulation assay was carried out as described previously
(17). All data were analyzed using the GraphPad Prism software
(release 3.02; La Jolla, CA).

Immunoprecipitation of ET;R.GFP and Immunoblotting

HEK 293 cells (3 X 10°) grown for 24 h on 6-well plates were
transiently transfected with 0.8 ug of plasmid DNA and PEI
according to the supplier’s recommendations. Cells were cul-
tured for 5 h and treated with cotransin (30 um) or DMSO. Cells
were cultured for another 17 h, washed twice with PBS, pH 7.4,
and lysed for 1 h with 1 ml of lysis buffer (50 mm Tris-HCI, 150
mM NaCl, 10 mm EGTA, 10 mm EDTA, 0.25% (w/v) SDS, 1%
Igepal, 0.5 mm benzamidine, 1.4 ug/ml aprotinin, 3.2 ug/ml
trypsin inhibitor, pH 8.0). Insoluble debris was removed by cen-
trifugation (20 min, 20,000 X g). The supernatant was supple-
mented with polyclonal rabbit anti-GFP antiserum 02 coupled
to protein A-Sepharose Cl-4B beads, and the sample was incu-
bated overnight (beads were prepared by equilibrating 3.5 mg of
the beads with lysis buffer and subsequent overnight incubation
with 1 ul of polyclonal rabbit anti-GFP antiserum 02). GFP-
tagged receptors were precipitated, and the beads were washed
twice with 1 ml of washing buffer (50 mm Tris-HCI, 500 mm
NaCl, 10 mmM EDTA, 10 mM EGTA, 0.25% (w/v) SDS, 1% Igepal,
0.5% (v/v), pH 8.0) and once with 1 ml of PBS. EndoH and
PNGaseF digestions were performed according to the suppli-
er’s recommendations. Samples were supplemented with Roti-
Load sample buffer, incubated for 5 min at 95 °C, and analyzed
by SDS-PAGE/immunoblotting (8% acrylamide) using a mono-
clonal mouse anti-GFP antibody and horseradish peroxidase-
conjugated anti-mouse IgG. Immunoblotting was carried out as
described previously (18).

Quantification of the GFP-tagged GPCRs by Flow Cytometry
Measurements

HEK 293 cells or COS-7 cells (1.8 X 10°) grown for 24 h on
12-well plates were transiently transfected with 1.2 ug of plas-
mid DNA and PEI according to the supplier’s recommenda-
tions. Cells were cultured for 5 h and treated with cotransin
(GPCR cotransin sensitivity assay, 10 um; signal peptide speci-
ficity assay, 30 um) or DMSO. Cells were cultured for another
17 h and washed twice with PBS. The GFP signals of the recep-
tors were analyzed by flow cytometry analysis using a
FACSCalibur apparatus (BD Biosciences). For each sample,
total fluorescence intensity of 1 X 10* cells was analyzed using
the BD CellQuest Pro software (release 6.0; BD Biosciences).
The fluorescence background of vector-transfected cells was
subtracted. Data of the cotransin-treated cells were expressed
in % of the DMSO control.
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Modulation of Receptor Expression Using the Tet-On System

We used the Tet-On gene expression system from Clontech
for our study. Construct ET;R.GFP was cloned into the vector
plasmid pTRE-Tight and the HEK 293 Tet-On advanced cell
line was transiently transfected with the resulting construct.
Receptor expression was induced by doxycycline according to
the supplier’s recommendations. The GFP fluorescence signals
of the receptors were quantified by flow cytometry measure-
ments as described above.

Localization of ET;R.GFP Using Confocal LSM

HEK 293 cells (2.5 X 10°) grown for 24 h in a 35-mm diam-
eter dish were transfected with 0.8 ug of plasmid DNA and PEI
according to the supplier’s recommendations. Cells were cul-
tured for 5 h and treated with cotransin (30 um) or DMSO. Cells
were cultured for another 17 h, washed twice with PBS, and
transferred immediately, between two coverslips, into a self-
made chamber (details on request). For colocalization of the
receptor’s GFP signals with the plasma membrane trypan blue,
live cells were covered with PBS, and trypan blue was added in a
final concentration of 0.05% (v/v). After 1 min of staining, GFP
and trypan blue signals were visualized at room temperature
using a Zeiss LSM510-META invert confocal laser scanning
microscope (objective lens, X100/1.3 oil; optical section, <0.9
pm; multitrack mode; GFP, A, 488 nm, argon laser; BP filter,
500-530 nm; trypan blue, A, 543 nm, HeNe laser, LP filter,
560 nm). The overlay of both signals was computed using the
Zeiss LSM510 software (release 3.2; Carl Zeiss AG, Jena, Ger-
many). Images were imported into Photoshop software (release
10.0; Adobe Systems Inc., San Jose, CA), and contrast was
adjusted to approximate the original image. To quantify GFP
signals, the signal intensities at the plasma membrane and in
the cell’s interior were measured using the 8-bit gray scale
(ranging from 0 to 255) provided by the LSM510 software (n =
16-27 cells).

Quantification of ET R.Kaede Biosynthesis by Kaede-based
Assays

Microscopic Single Cell Assay—HEK 293 cells (2.5 X 10°)
grown for 24 h in a 35-mm diameter ibidi dish were transfected
with 0.8 ug of plasmid DNA and PEI according to the supplier’s
recommendations. After 24 h of incubation, cells were incu-
bated with cotransin (30 uMm, 3 h), and dishes were transferred
to a 37 °C microscope chamber. Cells were covered in phenol
red-free DMEM with FCS. The gKaede and rKaede signals of
the receptors were analyzed on a Zeiss LSM510-META
inverted confocal LSM in a time series using different channels
(multitrack mode; objective lens, X100/1.3 oil; optical section,
<2.0 pum; A, gKaede, 488 nm, argon laser, BP filter, 505-530
nm; A, rKaede,= 543 nm, argon laser, LP filter, 560 nm).
Images were imported into Photoshop 10.0 software (Adobe
Systems Inc, San Diego), and the contrast was adjusted to
approximate the original image. To measure biosynthesis, the
gKaede fluorescence signals of the receptors were photocon-
verted to rKaede by irradiation of the cells by a conventional UV
lamp for 10 s. The gKaede and rKaede signals were recorded in
a time series (180 min total; one picture every 15 min) using
different channels as described above. The reappearance of the
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gKaede signals at the plasma membrane was also analyzed
quantitatively for single cells as described (15).

Flow Cytometry Assay—HEK 293 cells (1.8 X 10°) grown for
24 h on 12-well plates were transiently transfected with 1.2 ug
of plasmid DNA and PEI according to the supplier’s recom-
mendations. Cells were cultured for 24 h; the gKaede signals
were photoconverted to rKaede for 4 min using a 50-watt mer-
cury UV lamp, and cells were supplemented with different
cotransin concentrations (0.1-100 um) or DMSO. Cells were
cultured for another 17 h, washed twice with PBS, and the
gKaede signals of 1 X 10* cells were analyzed by flow cytometry
analysis using a FACSCalibur apparatus and the CellQuest Pro
software (release 6.0; BD Biosciences). The fluorescence back-
ground of vector-transfected cells and residual gKaede signals
present immediately after photoconversion were subtracted.
Data of the cotransin-treated cells were expressed in % of the
respective untreated sample.

RESULTS

Biosynthesis of the ETzR Is Cotransin-sensitive—GPCRs fol-
low one of two different ER insertion pathways. Some GPCRs
possess cleavable N-terminal signal peptides like secretory pro-
teins that are cleaved off following signal peptide-mediated
integration of the receptors into the ER membrane. The major-
ity of GPCRs do not possess signal peptides, and a transmem-
brane domain of the mature receptor (usually TM1) must take
over signaling functions as a so-called signal anchor sequence.
Here, we have assessed the influence of cotransin on the bio-
synthesis of various GPCRs with and without cleavable signal
peptides.

We first studied the toxicity of cotransin in our HEK 293 cell
model. Untransfected cells were treated with 30 um cotransin
for 17 h, and total lysates as well as fractionated cytosolic and
membrane proteins were separated and analyzed by SDS-
PAGE (Fig. 2A, right panel). In neither case was the pattern of
detectable proteins significantly affected by cotransin treat-
ment confirming the previously described selective action of
this peptide on protein synthesis (6). Cytotoxicity was analyzed
by treating HEK 293 cells for 17 h with increasing concentra-
tions of cotransin (0.1-100 M) and by measuring metabolic
reduction of the preloaded AlamarBlue REDOX indicator. No
cytotoxicity was observed with cotransin concentrations up to
100 umM (Fig. 2B, left panel). As a control for the functionality of
the cell viability assay, the drug puromycin was used and a toxic
effect was observed starting at a concentration of 10 ug/ml (Fig.
2B, right panel).

For a pilot study analyzing cotransin sensitivity of GPCRs, we
used nine receptors possessing various types of GPCR signal
sequences (see Fig. 1 for the constructs). Cleavable signal pep-
tides are present in the case of the PAR1? and the ETR (19).
The CRF,,R contains an N-terminal pseudo signal peptide
that is unable to mediate ER targeting, remains uncleaved, and
forms part of the mature receptor (20). The N13A mutant of the
CRF,yR converts the pseudo signal peptide into a conven-

3 C.Westendorf, A. Schmidst, I. Coin, J. Furkert, I. Ridelis, D. Zampatis, C. Rutz, B.
Wiesner, W. Rosenthal, M. Beyermann, and R. Schilein, unpublished
results.
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tional and cleaved signal peptide (20). The VR, the V,R, the
UTR,, the AT,R, and the pOR do not possess cleavable signal
peptides and must possess instead putative internal signal
anchor sequences. To analyze cotransin sensitivity, all recep-
tors were C-terminally tagged with GFP (thereby deleting their
stop codons) to facilitate their detection and to compare their
expression levels. Transiently transfected HEK 293 cells
expressing the receptor constructs were treated for 17 h with 10
1M cotransin, and receptor expression was quantified by flow
cytometry measurements of the GFP fluorescence signals (Fig.
3A). In the case of the ETyR, the amount of detectable GFP
signals was decreased substantially to 45% of the DMSO con-
trol, indicating a significant inhibition of receptor biosynthesis
following cotransin treatment. Expression of all the other
GPCRs studied was unaffected. Even when using higher cotran-
sin concentrations up to 50 wM, receptor expression was not
influenced significantly in the case of construct V,R.GFP (Fig.
3B).

In the flow cytometry diagrams of the individual experiments
shown in Fig. 34, two peaks were visible for each receptor con-
struct. The second peak represents the fluorescence of trans-
fected cells and was substantially influenced by cotransin treat-
ment only in the case of the ET;R.GFP (see above). The first
peak consists of a cotransin-insensitive autofluorescence signal
(fluorescence intensities <10; see the vector control) and sig-
nals of transfected cells expressing the receptors at a very low
level. These weak receptor fluorescence signals were decreased
in the case of all studied receptors following cotransin treat-
ment. Thus, cotransin may also have a (albeit very weak) non-
selective effect on protein biosynthesis, which is readily super-
imposed once a sensitive signal sequence is present.

To confirm the results that the ETR is a highly cotransin-
sensitive protein, construct ET;R.GFP was precipitated from
cotransin-treated transiently transfected HEK 293 cells (30 umM,
17 h) and detected by SDS-PAGE/immunoblotting (Fig. 4A4).
Two immunoreactive protein bands were detectable. The
upper stronger protein band represents the mature ET,R.GFP
(*in Fig. 4A, apparent molecular mass ~75 kDa) (21); the lower
faint protein band (@ in Fig. 4A) represents a degradation prod-
uct resulting from N-terminal receptor cleavage by an endoge-
nous metalloprotease that could not be completely removed
even upon EGTA/EDTA treatment (10 mm each) (21). Cotran-
sin treatment leads to a substantial decrease of the ETR recep-
tor expression consistent with the above results. Treatment
with EndoH did not influence the apparent molecular mass of
the upper protein band, whereas treatment with PNGaseF
reduces the upper band to the nonglycosylated form (# in Fig.
4A) demonstrating that the receptor possesses the previously
described N-glycosylation in the N-tail increasing the apparent
molecular mass only to a minor extent (~3 kDa) (21). The fact
the lower faint band (@ in Fig. 4A4) is not sensitive to either
EndoH or PNGaseF demonstrates that this band does not rep-
resent the high mannose form of the receptor but is indeed the
cleavage product.

It has been shown previously that cotransin interferes with
the Sec61 translocon complex in a signal sequence-discrimina-
tory mechanism; transcription of the mRNAs of the target
proteins was unaffected (6). To study whether this holds true
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FIGURE 2. Cotransin toxicity assays. A, chemical structure (left panel) and SDS-PAGE analysis (right panel) of HEK 293 cell proteins. Cells were treated with 30
uMm cotransin (+) or DMSO (—). Total lysates (Ly) or cytosolic (Cy) and crude membrane proteins (Me) were loaded on a SDS gradient gel (4-12%). B, cell viability
assay. Following treatment of cells with increasing concentrations of cotransin (left panel) or puromycin (right panel), HEK 293 cells were preloaded with
AlamarBlue redox indicator, and its metabolic reduction was analyzed (measurement wavelength A,,., 570 nm; reference wavelength A, 600 nm). Data
points indicate cell viability and represent mean values of the As,/Agq, difference of three independent experiments each performed in triplicate (=S.D.).

for the ETR, we isolated mRNA from transiently transfected
HEK 293 cells expressing ETzR.GFP following cotransin
treatment (30 uMm, 17 h) and performed qRT-PCR experiments.
Consistent with the above results, no decrease in ET;R tran-
scription was observed (Fig. 4B). To demonstrate that the
cotransin effect is mediated by the signal peptide of the ETR, a
signal peptide deletion mutant was constructed (construct
ASP-ET;R.GFP; see Fig. 1). Moreover, the ET ;R signal peptide
was fused N-terminally with the wOR, which is normally
cotransin-resistant (resulting construct SP.ETzR-uOR.GFP,
Fig. 1). HEK 293 cells were transiently transfected with the con-
structs and treated with cotransin (17 h, 30 wMm), and the GFP
fluorescence signals were quantified using flow cytometry
measurements (Fig. 4C). The wild type construct ET;R.GFP
was again cotransin-sensitive. Deletion of the signal peptide
(construct ASP-ET;R.GFP) leads to a strong decrease in
cotransin sensitivity. Moreover, fusion of the signal peptide to
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the wOR transfers cotransin sensitivity to this signal anchor
sequence receptor demonstrating that the cotransin-mediated
inhibition of ET3R expression is solely conferred by the signal
peptide of the receptor.

We next analyzed the pharmacological properties of the
ETR.GEP in transiently transfected HEK 293 cells following
cotransin treatment. ['*’I]ET-1 binding profiles of intact cells
were recorded using cotransin-treated (30 um, 17 h) or DMSO-
treated cells (Fig. 5A). In the case of the control cells, a typical
saturation curve was observed with K, (71.6 = 3.0 pm) and B, .,
(105.2 * 1.3 fmol/mg) values for ['***I]ET-1 binding similar to
previously published results (22). Following cotransin treat-
ment, ['**I]JET-1-binding sites were only barely detectable, and
K, and B,,, values could consequently not be calculated. We
next measured inositol phosphate accumulation in transiently
transfected HEK 293 cells following ET-1 stimulation (Fig. 5B).
In the case of the control cells, a typical concentration-response
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FIGURE 3. A, GPCR cotransin sensitivity assays using transiently transfected HEK 293 cells. Upper panel, flow cytometry measurement of the GFP fluorescence
signals of various GPCRs following cotransin treatment (10 uMm, 17 h; see the text and Fig. 1 for the details of the constructs). Columns represent mean values of
the GFP fluorescence signals of 1 X 10* cells of three independent experiments (=S.D.) and are expressed in % of the DMSO control (***,p < 0.001; one-sample
two-tailed t test). Lower panel, flow cytometry histograms of a single representative experiment for each GPCR. The cell counts were plotted against the GFP
fluorescence intensities. Gray areas represent the DMSO-treated control cells; white areas below the black lines represent the cotransin-treated cells. Signal
intensities below 10 result from nontransfected or weakly transfected cells. Vector transfected cells were used as a control (pcDNA3). B, flow cytometry
measurement of the GFP fluorescence signals of V,R.GFP following treatment with increasing cotransin concentrations (10-50 um, 17 h). Columns represent
mean values of the GFP fluorescence signals of 1 X 10 cells of three independent experiments (+S.D.) and are expressed in % of the DMSO control (differences
were not significant in one-sample two-tailed t and ANOVA tests).
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FIGURE 4. Cotransin action on protein and mRNA expression levels of ET;R.GFP in transiently transfected HEK 293 cells and signal peptide specificity
of cotransin. A, SDS-PAGE/immunoblot analysis. Cells were treated with cotransin (30 um, 17 h) (+) or with DMSO (—). Receptors were precipitated using an
anti-GFP antiserum and detected using a monoclonal anti-GFP antibody and horseradish peroxidase-conjugated anti-mouse IgG. Nontransfected HEK 293
cells were used as a control for antibody specificity (Ctrl). Treatment of the receptors with EndoH (EH) or PNGaseF (PF) was used to identify the complex (¥) and
nonglycosylated (#) receptor forms. An additional faint band (@) represents a degradation product of ET;R.GFP resulting from cleavage by an endogenous
metalloprotease (21). The immunoblot is representative for three independent experiments. B, qRT-PCR analysis of ETgR.GFP mRNA expression following
cotransin treatment. Cells were treated with DMSO or cotransin (30 uMm, 17 h), and mRNA levels were amplified by gRT-PCR. The graphs show the data of one
out of three independent experiments. The overlapping solid and dashed lines represent the mRNA amount of ET;R.GFP and GAPDH of DMSO and cotransin-
treated cells, respectively. The table shows the corresponding C; values (=S.D.). Nontransfected HEK 293 cells were used as a control yielding a similar curve
only in the case of GAPDH (data not shown). C, upper panel, flow cytometry measurements of the GFP fluorescence signals of the ET;R.GFP, ASP-ETgR.GFP,
MOR.GFP, and SP.ET;R-uOR.GFP following cotransin treatment (30 um, 17 h; see the text and Fig. 1 for the details of the constructs). Columns represent mean
values of the GFP fluorescence signals of 1 X 10* cells of three independent experiments (+S.D.) and are expressed in % of the DMSO control (**, p < 0.01; *¥,
p < 0.01; one-sample two-tailed t test). Lower panel, flow cytometry histograms of a single representative experiment for each construct. The cell counts were
plotted against the GFP fluorescence intensities. Gray areas represent the DMSO-treated control cells, the white areas below the black lines represent the

cotransin-treated cells. Signal intensities below 10 result from nontransfected or weakly transfected cells.

curve was observed with an EC, value of 1.3 nm (95% confi-
dence limits, 0.95-1.8 nm) similar to previously published
results (22). Following cotransin treatment, however, second
messenger formation was completely abolished. To demon-
strate that cotransin does not interfere with the ligand binding
site of the receptor, a [***I]JET-1 displacement binding assay
was performed using unlabeled ET-1 or cotransin (1 um each)
to compete for ['*’IJET-1 binding (Fig. 5C). Binding of the
radioligand was only impaired by ET-1 demonstrating formally
that cotransin is not a competitive antagonist for the ETzR.
We next studied whether cotransin inhibits ET;R expression
in other cell types, too. Transiently transfected HEK 293 or
COS-7 cells expressing ET;R.GFP were treated for 17 h with 30
uM cotransin, and receptor expression was quantified by
flow cytometry measurements of the GFP fluorescence sig-
nals (Fig. 6A4). ET3R expression was decreased to a similar
extent in both cell types demonstrating that the results are
not cell type-specific. Moreover, cotransin treatment (17 h)
decreased ['*’I]ET-1 binding to the endogenous ETyR present
in primary cultured astrocytes (23) in a concentration-depen-
dent manner (Fig. 68) (IC;, = 1.3 = 0.4 um). In addition, we
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studied whether the cotransin effect in HEK 293 cells is influ-
enced by receptor expression levels. HEK 293 Tet-On advanced
cells were transiently transfected with ET;R.GFP cloned in the
vector plasmid pTRE-Tight, and receptor expression was quan-
tified by flow cytometry measurements of the GFP fluorescence
signals. Induction of the cells with doxycycline strongly
induced receptor expression (Fig. 6C, left panel). However,
cotransin-mediated inhibition of ET R biosynthesis (30 um,
17 h) remained constant under these conditions (Fig. 6C, right
panel) indicating that receptor expression levels do not influ-
ence cotransin sensitivity within the limits of HEK 293 cells.

Taken together, our results show that the ET;R can be
classified among the small number of cotransin-sensitive
proteins. Moreover, complete prevention of ET ;R signaling
following cotransin treatment indicates that the substance
may be of pharmacological significance in the case of this
receptor.

In the flow cytometry quantification and immunoprecipita-
tion experiments using HEK 293 cells, ET;R.GFP signals were
still detectable following cotransin treatment, albeit in low
amounts. The even more sensitive ligand binding and second
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FIGURE 5. Pharmacological properties and subcellular localization of ETgR.GFP in transiently transfected HEK 293 cells following cotransin treatment.
A, specific ['**IJET1 binding profiles of crude membranes from cotransin-treated (30 um, 17 h) or DMSO-treated cells. Data points represent mean values of
three independent experiments each performed in triplicate (=S.D.). The calculated K, and B,,,,, values for DMSO-treated cells are indicated. B, ET-1-mediated
inositol phosphate accumulation in intact cotransin-treated (30 um, 17 h) or DMSO-treated cells. Data points represent mean values of three independent
experiments each performed in triplicate (S.D.). The calculated ECs, value for the DMSO-treated cells is indicated. C, ['**[JET-1 displacement assay. A binding
assay was performed as described in A using 50 pm of the radioligand (Control). Unlabeled ET-1 or cotransin (1 um each) was added to compete for ['2°I]ET-1
binding. Columns represent mean values of specific ['**I]ET-1 binding of three independent experiments each performed in triplicate (+S.D.) (***, p < 0.001;

one-sample two-tailed t test).

messenger accumulation experiments in HEK 293 cells indi-
cate, however, that no functional receptors were present under
these conditions (Fig. 5, A and B). This phenomenon might be
explained by the presence of an intracellular receptor popula-
tion that does not contribute to functional receptors (e.g. aggre-
gates). Indeed, subcellular localization of the GFP fluorescence
signals of ET ;R.GFP by confocal LSM revealed the presence of
a stable intracellular receptor population following cotransin
treatment (30 um, 17 h; data not shown). Assuming that this
receptor population is formed by pre-existing receptors that
have a long half-life, their insensitivity to cotransin is easily
explicable.

Cotransin-insensitive proteins with a long half-life would
represent an experimental problem, in particular in the case of
integral membrane proteins because they cannot be washed out
like secretory proteins prior to cotransin treatment. Thus, sim-
ple immunoprecipitation experiments and flow cytometry
measurements of GFP fluorescence signals are not the optimal
solution for deriving concentration-response curves for cotran-
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sin action, for example. Conventional pulse-chase experiments
may help to overcome this problem. They are very extensive,
however, when using different cotransin concentrations.
Ligand binding displacement assays, as shown in Fig. 6B, are
expensive and specific for only one target protein. Taking these
considerations into account, we decided to develop biosynthe-
sis assays that could be easily used to measure cotransin effects
on different integral membrane proteins independent of long
half-life protein populations.

Establishment of Biosynthesis Assays to Quantify Cotransin
Action on ETgR Biosynthesis—We have previously shown that
the nonbioluminescent fluorescent protein Kaede from the
stony coral T. geoffroy can be fused with GPCRs and be used to
localize receptors within cells (13). In this recent study, C-ter-
minally fused Kaede neither influenced GPCR trafficking nor
receptor pharmacology. The advantage of Kaede in comparison
with the widely used GFP derivatives is that its fluorescence can
be photoconverted from green (gKaede signals) to red (rKaede
signals) following UV irradiation, due to rearrangements in its
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FIGURE 6. Influence of cell type and receptor expression levels on the cotransin sensitivity of ET;R.GFP. A, left panel, flow cytometry measurement of the
GFP fluorescence signals of ETgR.GFP in cotransin-treated (30 um, 17 h) HEK 293 or COS-7 cells. Columns represent mean values of three independent
experiments (+S.D.) and are expressed in % of the DMSO control (***, p < 0.001; one-sample two-tailed t test). Right panel, flow cytometry histograms of a
single representative experiment for each cell type. The cell counts were plotted against the GFP fluorescence intensities. Gray areas represent the DMSO-
treated control cells; the white areas below the black lines represent the cotransin-treated cells. Signal intensities below 10 result from nontransfected or weakly
transfected cells. B, specific ['**I]ET-1 binding profiles of crude membranes from cotransin-treated (30 um, 17 h) or DMSO-treated primary cultured astrocytes.
ETgR-specific binding was guaranteed by subtracting values obtained in the presence of the ETgR-specific agonist IRL 1620 (29). Data points represent mean
values of two independent experiments each performed in triplicate (=S.D.). G, influence of receptor expression levels on cotransin sensitivity in transiently
transfected HEK 293 Tet-On advanced cells. Left panel, receptor expression following induction with doxycycline. Data points represent mean values of the GFP
fluorescence signals (arbitrary units) of 1 X 10* cells of three independent experiments (=S.D.). Right panel, cotransin-mediated inhibition of ETgR biosynthesis
(30 um, 17 h) in doxycycline-induced cells. Columns represent mean values of the GFP fluorescence signals of 1 X 10* cells of three independent experiments
(=S.D.) and are expressed in % of the DMSO control (differences were not significant in a one-sample two-tailed t test).

ment for transiently transfected HEK 293 cells expressing
ETgR.Kaede is shown in Fig. 7; cells were pretreated with
cotransin (30 uM, 3 h) or left untreated, and ETzR.Kaede bio-
synthesis and its inhibition by cotransin could be measured
following photoconversion without disturbing signals of pre-
existing receptors.

As an alternative to the pulse-chase microscopy working at a
single cell level, flow cytometry measurements of reappearing
gKaede signals of cell populations are possible. We used such an
assay to derive a concentration-response curve for the cotran-
sin action on ETzR.Kaede biosynthesis in transiently trans-
fected HEK 293 cells. The gKaede signals of the cells were pho-
toconverted to rKaede; cells were treated with increasing
cotransin concentrations for 17 h, and reappearance of the

chromophore (24). This property allows us, for example, to
visualize trafficking of Kaede fusion proteins between different
subcellular compartments using a confocal LSM. Once the
Kaede fusion protein has reached a particular region of the cell,
its fluorescence can be switched from green to red, and its traf-
ficking to the target compartment can be easily studied by mon-
itoring the new fluorescence (13). We assumed that a modifi-
cation of this technique would also be suitable to measure
biosynthesis of integral membrane proteins or its inhibition. In
such an experiment, the gKaede signals of the target proteins
are completely photoconverted at time £ = 0 to rKaede. Time-
dependent reappearance of the gKaede signals by receptor bio-
synthesis can then be measured microscopically in real time
using single cells (“pulse-chase microscopy”). A proof of prin-

ciple of such a methodology was recently published using the
tagged KV1.1 channel (25). A pulse-chase microscopy experi-

OCTOBER 14,2011 +VOLUME 286+-NUMBER 41

gKaede signals was measured by flow cytometry (Fig. 84). From
the resulting concentration-response curve, an IC., value of 5.4

JOURNAL OF BIOLOGICAL CHEMISTRY 35597
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FIGURE 7. Single cell pulse-chase microscopy assay to quantify the bio-
synthesis of ETgR.Kaede in transiently transfected HEK 293 cells using
confocal LSM. Top, cells were treated with DMSO or cotransin (30 um, 3 h).
The gKaede signals of ETgR.Kaede were completely photoconverted to
rKaede by UV irradiation, and reappearance of the gKaede signals was ana-
lyzed in a time series (180 min total; one picture every 15 min; only pictures at
the indicated times are shown). The horizontal xy scans are representative for
fiveindependent experiments. Scale bar, 10 wm. Bottom, quantification of the
reappearance of the gKaede signals at the plasma membrane. Data points
represent mean values of the signals of five cells (+S.E.) analyzed in a time
series (180 min total; one picture every 15 min). Plasma membrane gKaede
signals were quantified using an 8-bit gray scale ranging from 0 to 255. The
curve is representative for three independent experiments.

M (95% confidence limits, 4.8 -5.9 uMm) could be calculated,
which was ~10-fold higher than that reported for the biosyn-
thesis inhibition of the secretory VCAMI1 protein (6).

We also used these flow cytometry measurements to get more
detailed data about the incubation times needed to measure
cotransin effects (30 um) in cells. The gKaede signals of transiently
transfected HEK 293 cells expressing ET;R.Kaede were photocon-
verted to rKaede; cells were treated for different times with cotran-
sin, and reappearance of the gKaede signals was measured by flow
cytometry (Fig. 8B). Using 30 uMm of cotransin, half of the effect was
observed after ~8 h of treatment.

DISCUSSION

In summary, our results show that the G protein-coupled
ET3R belongs to the small group of cotransin-sensitive pro-
teins. Moreover, we have established biosynthesis assays with
Kaede fusion proteins allowing the quantification of cotransin
effects on membrane protein biosynthesis with minimal prob-
lems resulting from long half-life receptor pools.
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The group of highly cotransin-sensitive proteins (low micro-
molar concentrations) includes VCAMI, P-selectin, angio-
tensinogen, B-lactamase, CRF;R, and ET3R. A comparison of
the signal peptides of these proteins with those of various non-
sensitive proteins (6) such as Eotaxin-3, monocyte chemotactic
protein-1 (MCP-1), decay-accelerating factor (DAF1/CD55),
urokinase-type plasminogen activator receptor (uPAR/CD87),
and the vascular endothelial growth factor receptor-2
(VEGFR?2) reveals no obvious consensus sequence in the signal
peptides. This is similar to what was described for the HUN-
7293 derivative CAM741 and its VCAM1 and VEGF signal pep-
tide targets (9, 11), where different residues were identified to
be critical for compound sensitivity. In the case of the VEGF, it
was speculated that helix formation propensity and enhanced
flexibility of the signal peptide may be responsible for its sensi-
tivity to CAM741 and that the substance competes with the
signal peptide for binding to a specific site within the Sec61
translocon complex (9). The same may hold true for the cotran-
sin-sensitive signal peptides, but the exact mechanism remains
elusive as long as the exact binding site(s) of the heptadepsipep-
tides are unknown. It is noteworthy that all highly cotransin-
sensitive proteins described so far possess cleavable signal pep-
tides (three secretory and two integral membrane proteins).
The putative signal anchor sequence-containing GPCRs tested
in this study were invariantly cotransin-resistant, even to very
high cotransin concentrations (see Fig. 3B). Thus, a high hydro-
phobicity of a signal sequence (as it is frequently observed in the
case for signal anchor sequences) may correlate with cotransin
resistance.

At the moment, only six highly cotransin-sensitive proteins
are known, including the ET 3R (see above). Cotransin does not
affect overall protein synthesis significantly (Fig. 24) and is con-
sequently a relatively nontoxic substance (Fig. 2B). These data
indicate that cotransin acts relatively selectively and may
impair signal sequence-dependent protein synthesis of a rela-
tively limited subset of proteins. It should be noted, however,
that the exact amount of cotransin-sensitive proteins is not
known at the moment and can not even be estimated as long as
proteomic analyses of secreted and membrane proteins of var-
ious cell types following cotransin treatment are not available.

The fact that ET 3R signaling could be completely abolished
by cotransin treatment, at least in HEK 293 cells, indicates that
this compound may be significant for the pharmacology of this
receptor. In the case of primary cultured astrocytes expressing
endogenous ETRs (Fig. 6B), the observed IC, value of cotran-
sin action was even 4-fold lower than that observed in HEK 293
cells (Fig. 84) (1.3 versus 5.4 uMm, respectively) confirming a
potential role of cotransin for the ET;R pharmacology. The
slight difference in the observed IC,, values may be due to the
different methodology used (ligand binding displacement ver-
sus flow cytometry assay, respectively). A better cotransin per-
meation in astrocytes or the substantially lower amounts of the
endogenous receptor may also play a role. It should be noted,
however, that ['*’I]ET-1 binding could not be reduced in the
astrocytes as completely as in the transfected HEK 293 cells.
The reason for this phenomenon remains unclear.

One may speculate that derivatization of cotransin may lead
to substances that are specific for this receptor or even specific

VOLUME 286+NUMBER 41+-OCTOBER 14, 2011
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FIGURE 8. Flow cytometry assays to quantify the cotransin-mediated biosynthesis inhibition of ETgR.Kaede in transiently transfected HEK 293 cells.
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background of vector-transfected cells and residual rKaede signals presentimmediately after photoconversion were subtracted). Data points represent mean
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histogram of a representative experiment using DMSO-treated cells and cells treated with a single cotransin concentration (30 um). The cell counts were
plotted against the gKaede fluorescence intensities. The gray area represents the DMSO-treated control cells, and the white area below the black line represents
the cotransin-treated cells. Signal intensities below 10 result from nontransfected cells. B, time dependence of the cotransin action at a concentration of 30 um.
Upper panel, gKaede fluorescence signals of the cells were photoconverted to rKaede; cells were incubated for different times with cotransin (30 um) or DMSO,
and reappearance of the gKaede signals during these times was analyzed by flow cytometry measurements. Data points represent mean values of three
independent experiments (+£S.D.) and are expressed in % of the DMSO control. Lower panel, flow cytometry histogram of a representative experiment using
DMSO-treated cells and cotransin-treated cells at a single incubation time (24 h). The cell counts were plotted against the gKaede fluorescence intensities. The
gray area represents the DMSO-treated control cells, the white area below the black line represents the cotransin-treated cells. Signal intensities below 10 result

from nontransfected cells.

for other target signal sequences. In the case of CAM741, a
proof of principle for changing selectivity was published
recently (9). Whereas the substance CAM741 inhibits both
VCAM1 and VEGF biosynthesis, the derivative NFI028 only
inhibits that of VCAMLI. In the case of cotransin, the synthesis
of such derivatives will be facilitated by the recently established
solid phase synthesis protocol for this substance (14, 26).

We have previously shown that fusions of the photoconvert-
ible Kaede protein to GPCRs are useful to study trafficking of
the receptors between individual subcellular compartments
(13). The prerequisite for using this methodology was that
fused Kaede did not influence the pharmacological properties
of the receptors and did not oligomerize when fused to integral
membrane proteins (13). In these trafficking experiments, the
receptor’s gKaede fluorescence signals are switched to rKaede
in a particular compartment using a confocal LSM, and the fate
of the rKaede signals is analyzed independently from the resid-
ual receptor pool which is still of the gKaede fluorescence type.
Here, we have developed an additional application of the Kaede
technology; by complete photoconversion of the gKaede signals
at a certain time point and by analysis of their reappearance,
protein synthesis could be measured quantitatively either on a
single cell level in real time by confocal LSM or by flow cytom-
etry measurements integrating the signals of as many cells as
needed for the experimental setup. This technique also avoids
problems with receptor pools having a long half-life because
they are of rKaede fluorescence type in these measurements. It

OCTOBER 14,2011 +VOLUME 286+-NUMBER 41

is conceivable that this type of assay can be easily adapted to
high throughput screening, and this may lead to the identifica-
tion of novel substances having a similar mechanism of action
as cotransin.
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