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A Proteomic Study on the Membrane Protein
Fraction of T Cells Confirms High Substrate

Selectivity for the ER Translocation Inhibitor

Cyclotriazadisulfonamide

Eva Pauwels'®, Claudia Rutz?, Becky Provinciael', Joren Stroobants'®,

Dominique Schols’ ]
Ralf Schiilein®, and Kurt Vermeire'

Cyclotriazadisulfonamide (CADA) inhibits the cotransla-
tional translocation of type | integral membrane protein
human CD4 (huCD4) across the endoplasmic reticulum
in a signal peptide (SP)-dependent way. Previously,
sortilin was identified as a secondary substrate for
CADA but showed reduced CADA sensitivity as
compared with huCD4. Here, we performed a quantita-
tive proteomic study on the crude membrane fraction of
human T-cells to analyze how many proteins are sensi-
tive to CADA. To screen for these proteins, we employed
stable isotope labeling by amino acids in cell culture
technique in combination with quantitative MS on CADA-
treated human T-lymphoid SUP-T1 cells expressing high
levels of huCD4. In line with our previous reports, our
current proteomic analysis (data available via Proteo-
meXchange with identifier PXD027712) demonstrated
that only a very small subset of proteins is depleted by
CADA. Our data also confirmed that cellular expression
of both huCD4 and sortilin are affected by CADA treat-
ment of SUP-T1 cells. Furthermore, three additional
targets for CADA are identified, namely, endoplasmic
reticulum lectin 1 (ERLECH1), inactive tyrosine-protein
kinase 7 (PTK7), and DnaJ homolog subfamily C mem-
ber 3 (DNAJC3). Western blot and flow cytometry anal-
ysis of ERLEC1, PTK7, and DNAJC3 protein expression
validated susceptibility of these substrates to CADA,
although with varying degrees of sensitivity. Additional
cell-free in vitro translation/translocation data demon-
strated that the new substrates for CADA carry cleav-
able SPs that are targets for the cotranslational
translocation inhibition exerted by CADA. Thus, our
quantitative proteomic analysis demonstrates that
ERLEC1, PTK7, and DNAJC3 are validated additional
substrates of CADA; however, huCD4 remains the most
sensitive integral membrane protein for the endoplasmic

, Enno Hartmann®, Eberhard Krause”, Heike Stephanowitz?,

reticulum translocation inhibitor CADA. Furthermore, to
our knowledge, CADA is the first compound that spe-
cifically interferes with only a very small subset of SPs
and does not affect signal anchor sequences.

In mammalian cells, one-third of all polypeptides enter the
secretory pathway in order to reach their target destination,
that is, the extracellular environment or plasma membrane
(1, 2). Driven by specific targeting signals in their sequences,
either transmembrane helices or cleavable amino-terminal
signal peptides (SPs), these proteins enter the secretory
pathway in order to reach their final destination (3-8). The
central component of the secretory pathway is the hetero-
trimeric Sec61 translocon composed of Sec61 «, B, and y
monomers that forms an aqueous polypeptide-conducting
channel in the endoplasmic reticulum (ER) membrane
(9-11). Cotranslational translocation, the most common
form of translocation seen in higher eukaryotes, couples
ribosomal protein synthesis directly to protein translocation
through the Sec61 translocon (4, 12, 13). In this multistep
process, the signal recognition particle recognizes the SP or
transmembrane helices of nascent precursor polypeptides
emerging from the translating ribosomes in the cytosol
(14-17). Subsequently, the ribosome-nascent chain complex
is targeted to the ER membrane through binding of signal
recognition particle to its receptor (18). The precursor
polypeptides are then inserted into the Sec61 translocon in
order to translocate the preprotein from the cytosol to the
ER lumen. A lateral gate in the Sec61 translocon facilitates
the integration of hydrophobic transmembrane protein
segments into the lipid bilayer for the accommodation of
integral membrane proteins. Finally, the signal peptidase
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High Substrate Selectivity of CADA

complex and oligosaccharyl transferase allow further
maturation of the translocated preprotein in the ER lumen,
such as SP cleavage and glycosylation, respectively (12, 13,
19-21).

SPs are short hydrophobic sequences located at the N-
terminal end of secretory or type | integral membrane pro-
teins (3, 4). In general, SPs are highly variable in sequence
and primary structure and are unique for each protein but
share some common features. SPs have a typical length of
15 to 30 residues and comprise a central hydrophobic core
(h-region) flanked by a positively charged “N-region” and a
polar “C-region” that contains the cleavage site for the signal
peptidase (5, 22). As SPs are the targeting and translocation
signals for proteins to enter the secretory pathway, we can
consider SPs as potential drug targets for pharmaceutical
intervention of protein expression (23). It is therefore no
surprise that research has been dedicated to identify in-
hibitors of cotranslational translocation over the ER that block
the biogenesis of secretory and integral membrane proteins
(24, 25).

Cotransins, a class of cyclic peptides derived from the
fungal substance HUN-7293 (26, 27), have been described as
compounds that potently inhibit cotranslational translocation
of a number of secretory and type | transmembrane proteins
in a SP-discriminatory manner by directly interacting with
Sec61a (28-32). The cotransin variant CT08 has been re-
ported not only to be substrate selective but also to prevent
the membrane integration of a single-pass type Il membrane
protein with a noncleavable signal anchor sequence (SAS)
(33). Other known examples of compounds that interact with
the Sec61 translocon but in a substrate nonselective manner
are mycolactone (34, 35), aprotoxin A (36, 37), decatransin
(38), coibamide A (39, 40), and ipomoeassin F (41). In
contrast, the synthetic macrocycle cyclotriazadisulfonamide
(CADA; Fig. 1A) is a small-molecule ER translocation inhibitor
that acts in a specific SP-dependent manner (42). Previous
work from our laboratory has shown that CADA directly in-
teracts with the SP of the human CD4 (huCD4) preprotein,
preventing the receptor's cotranslational translocation pro-
cess, ultimately resulting in reduced cell surface huCD4
expression levels. Moreover, specific glutamine and proline
residues in the huCD4 SP are critical for full susceptibility to
CADA (43).

The aim of this work was to investigate whether addi-
tional substrates for CADA, besides the earlier reported
huCD4 and sortilin (SORT) (44), could be identified. We
employed the stable isotope labeling by amino acids in
cell culture (SILAC) technique in combination with quan-
titative MS on CADA-treated human T-lymphoid SUP-T1
cells expressing high levels of CD4. This proteomic
screening of the crude membrane fraction of T-cells in-
dicates only three of 3007 quantified proteins as addi-
tional substrates for CADA.

EXPERIMENTAL PROCEDURES
Compounds and Antibodies

CADA hydrochloride was a gift from Dr Thomas W. Bell (Reno,
Nevada). It was synthesized as described previously (45). CADA was
dissolved in dimethyl sulfoxide (DMSO) and stored as a 10 mM stock
at room temperature. FITC-labeled or allophycocyanin-labeled anti-
huCD4 (clone SK3) (BioLegend; catalog no. 344604 and 344613) and
phycoerythrin-labeled antihuman inactive tyrosine-protein kinase 7
(PTK?7) (clone 188B) (MACS Miltenyi; catalog no. 130-122-923)
monoclonal antibodies were used for flow cytometry. Western blot
antibodies were purchased from (i) Genscript: anti-V5 (catalog no.
A01724); (i) BD transduction laboratories: anticlathrin (catalog no.
610500); (i) Dako: horseradish peroxidase-labeled goat antimouse
immunoglobulins (catalog no. P0447); and (iv) Invitrogen: anti-p-actin
(catalog no. MA1-140).

Plasmids and Mutagenesis

The endoplasmic reticulum lectin 1 (ERLEC1) expression vector
(PGEM-T backbone) was purchased from Sinobiological, the PTK7
expression vector (b DONR223 backbone) from Addgene, and the
DNAJ homolog subfamily C member 3 (DNAJC3) expression vector
(PDONR223 backbone) from DNASU plasmid repository. The pEGFP-
P2A-RFP expression vector (pEGFP-N1 Clontech backbone) was a
kind gift from Dr Ramanujan Hegde (46). The sequence for enhanced
GFP (eGFP) was replaced by that of turbo GFP (tGFP), and wildtype
huCD4 was fused to the N terminus of tGFP. In addition, the sequence
for mCherry (red fluorescent protein) was replaced by that of mTag-
BFP2 (blue fluorescent protein [BFP]). Constructs for Western blot
were designed, which included the simian virus 5 (V5) epitope
(GKPIPNPLLGLD) at the C terminus of the protein of interest. Site-
directed mutagenesis of all constructs was performed with the Quik-
Change Il kit (Stratagene), Q5 site-directed mutagenesis kit (New
England Biolabs), or NEBuilder HiFi DNA assembly kit (New England
Biolabs), following the manufacturer's instructions. Plasmid DNA was
isolated using the Nucleospin Plasmid Transfection grade system
(Machery-Nagel), supplemented with an endotoxin removal wash. The
concentration of all constructs was determined with a NanoDrop 1000
spectrophotometer, and sequences were confirmed by automated
capillary Sanger sequencing (Macrogen Europe).

Transient Transfection and Flow Cytometry

SUP-T1 cells were seeded at 1.5 x 10° cells/ml in Corning Costar 24-
well plates, supplemented with the indicated amount of CADA or 0.1%
DMSO as a control, and were incubated for 24 h. Cells were then washed
in PBS and stained. Samples were stored in PBS containing 1% form-
aldehyde before acquisition on either a BD FACS Canto |l or a BD FACS
Fortessa flow cytometer (Beckton Dickinson) with BD FACSDiva 8.0.1
software. All data were analyzed in FlowJo X (FlowJo Software), version
10.

Human embryonic kidney 293T (HEK293T) cells were cultured in
Dulbecco's modified Eagle's medium supplemented with 10% (v/v) fetal
bovine serum. For transfection, cells were seeded at a cell density of 4 x
10° cells/ml and allowed to adhere overnight. Lipofectamine LTX (Invi-
trogen) was used for the transfection of plasmid DNA, according to the
manufacturer's instructions. CADA and/or MG132 (Sigma) was added 6 h
after transfection, and cells were collected for analysis 24 h or 48 h after
transfection (as indicated in the legend to the figures).

To compare the downmodulating activity of CADA, ICsq values were
calculated with GraphPad Prism 8 software (GraphPad Software, Inc)
on a four parameter concentration response curve fitted to data from
at least three replicate experiments with flow cytometry. The absolute
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Fic. 1. Strategy of the SILAC study. A, chemical structure of cyclotriazadisulfonamide (CADA). B, schematic representation of the SILAC
approach. Proteins of SUP-T1 cells were labeled with either 2Cg L-lysine and '2Cg '*N, L-arginine (“light” sample) or *Cg L-lysine and '3Cg "°N,
L-arginine (“heavy” sample). Cells were treated for 17 h with CADA (10 uM) or DMSO control, and pooled cell lysates were separated using an
SDS gradient gel (4-12%). The protein bands were cut, proteins were in-gel digested using trypsin, extracted, and finally analyzed using LC-MS/
MS. The forward experiment is shown. For the reverse experiment, isotopic coding was inverted. C, SILAC results for integral membrane
proteins, which were identified and quantified by LC-MS/MS analysis (see also supplemental Table S1 for a list of the individual proteins). The
ratios of protein expression following DMSO or CADA treatment of the forward (heavy/light sample = H/L) and reverse experiment (light/heavy
sample = L/H) are plotted against each other. Proteins were considered CADA sensitive if the ratio was determined to be >2.0 (indicated by the
dotted line) in both experiments, thus, located in the upper right quadrant of the plot. HuCD4 is marked in green, whereas the four other CADA-
sensitive proteins are marked as red dots. DMSO, dimethyl sulfoxide; SILAC, stable isotope labeling by amino acids in cell culture.

ICs0 value represents the concentration that produces 50% reduction
in protein level.

Immunoblotting

To detect PTK7, DNAJCS3, and ERLEC1, HEK293T cells were
collected 24 h after transfection and lysed in ice-cold Nonidet P-40
buffer (50 mM Tris-HCI, pH 8.0, 150 mM NaCl, and 1% Nonidet P-40)
supplemented with protease inhibitor cocktail (Roche) and centrifuged
at 17,0009 for 10 min at 4 °C to pellet nuclei and debris. The super-
natant was then used for further Western blot analysis. Following cell

lysis, lysate was digested overnight with endoglycosidase H (Prom-
ega) at room temperature. For SDS gel electrophoresis, samples were
boiled in reducing sample buffer (120 mM Tris-HCI, pH 6.8, 4% SDS,
20% glycerol, 100 mM dithiothreitol, and 0.02% bromophenol blue).
Equal protein amounts were separated on 4 to 12% Criterion XT Bis—
Tris gels (Bio-Rad) using 2-(N-morpholino)ethanesulfonic acid buffer
(Bio-Rad). After electrophoresis, gels were blotted onto polyvinylidene
fluoride membranes using the Trans-Blot Turbo transfer system (Bio-
Rad). Membranes were blocked for 1 h with 5% nonfat dried milk in
20 mM Tris-HCI, pH 7.6, 137 mM NaCl, and 0.05% Tween-20. After
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1 h incubation of the primary antibodies at room temperature, mem-
branes were washed and incubated with the secondary antibody.
SuperSignal West Pico and Femto chemiluminescence reagent
(Thermoscientific) was used for detection in conjunction with a
ChemiDoc MP system (Bio-Rad), and signal intensities were quanti-
fied with Image Lab software, version 5.0 (Bio-Rad). Differences in
protein concentration between each lane were compensated by
normalization to the clathrin heavy chain or p-actin signal.

Metabolic Labeling

For the pulse labeling of the CADA substrates, CHO-K1 cells were
seeded at a cell density of 2 x 10° cells/ml in Ham's F-12 medium
(Gibco) supplemented with 10% fetal bovine serum and allowed to
adhere overnight. The next day, cells were transfected with plasmid
DNA using Lipofectamine LTX (Invitrogen) according to the manu-
facturer’s protocol and incubated overnight at 37 °C. Cells were
pretreated with 10 pM CADA and/or 200 nM MG132 (Sigma) for 1 h
prior to a 45-min starvation for methionine and cysteine. Next, cells
were pulsed for 30 min with L-3*S-methionine/cysteine (PerkinElmer)
and chased for 45 min at 37 °C. All steps were performed under
constant CADA (10 pM) and MG132 (200 nM) pressure. Chased cells
were then washed with ice-cold medium and lysed with NP-40 buffer
as described previously. Radiolabeled proteins were pulled down
using V5-trap agarose beads (Chromotek) as described in the man-
ufacturer's protocol. The pulled proteins were next separated with
SDS-PAGE on 4 to 12% Criterion XT Bis—Tris gel (Bio-Rad) using 2-
(N-morpholino)ethanesulfonic acid buffer, detected by phosphor im-
aging and quantified (Cyclone Plus storage phosphor system;
PerkinElmer).

Cell-Free in Vitro Translation and Translocation

The Qiagen EasyXpress linear template kit was used to generate
full-length complementary DNAs using PCR. The SP and first part of
the mature hit protein was fused upstream of prolactin (PL) with PCR.
PCR products were purified and transcribed in vitro using T7 RNA
polymerase (RiboMAX system; Promega). All transcripts were trans-
lated in rabbit reticulocyte lysate (Promega) in the presence of L-°S-
methionine (PerkinElmer). Translations were performed at 30 °C in the
presence or the absence of ovine pancreatic microsomes and CADA
as described elsewhere (47). Samples were washed with low-salt
buffer (80 mM KOAc, 2 mM Mg(OAc),, 50 mM Hepes, pH 7.6), and
radiolabeled proteins were isolated by centrifugation for 10 min at
21,382g and 4 °C (Hettich 200R centrifuge with 2424B rotor). The
proteins were then separated with SDS-PAGE and detected by
phosphor imaging (Cyclone Plus storage phosphor system;
PerkinElmer).

SILAC Methodology

SILAC experiments were carried out according to the supplier's
recommendations outlined in the Pierce SILAC protein quantification
kits. To obtain 90% labeling, SUP-T1 cells were grown on 60-mm
diameter dishes for 2 weeks in Dulbecco's modified Eagle's medium
containing either '2Cq L-lysine (1 mM) and '2Cg "N, L-arginine
(0.48 mM) (“light” sample) or '3Cg L-lysine (0.96 mM), and "3Cg '°N, L-
arginine (0.45 mM) (“heavy” sample). Cells of the light sample were
treated for 17 h with 10 uM of CADA, whereas cells of the heavy
sample served as a DMSO-treated control. For the isolation of the
total integral membrane proteins, cells were washed twice with cold
PBS containing 0.5 mM phenylmethylsulfonyl fluoride (PMSF), 3.2 ng/
ul soybean trypsin inhibitor, 0.5 mM benzamidine, 1.4 pg/ul trasylol;
pH 7.4. Cells were disrupted in 100 pl cold fractionation buffer
(250 mM sucrose, 20 mM 4(2-hydroxyethyl)-1-
piperazineethanesulfonic acid, 10 mM KCI, 1.5 mM MgCl,, 1 mM

EDTA, 1 mM EGTA, 0.5 mM phenylmethylsulfonyl fluoride, 3.2 pg/ul
soybean trypsin inhibitor, 0.5 mM benzamidine, 1.4 pg/pl trasylol; and
pH 7.4) using a potter homogenizer. Lysates of the light and heavy
samples were combined, and cell nuclei were removed by centrifu-
gation (4 °C, 720g, 5 min). The crude membrane fraction was collected
(4 °C, 100,000g, 1 h), resuspended in fractionation buffer, and
centrifuged for a second time as described previously. The pellet
containing the integral membrane proteins was resuspended in 50 pl
Rotiload buffer supplemented with 15 pl Tris—=HCI (100 mM, pH 8.5).
Proteins were reduced using DTT (5 mM, 30 min, and 55 °C) and
alkylated using iodoacetamide (15 mM, 30 min, room temperature) in
the dark. Separation of the proteins by SDS-PAGE was carried out as
described previously (32).

Protein Identification by MS

Each gel lane was cut by hand into 14 slices, and in-gel tryptic
digestion was performed as described (48). Tryptic peptides were
analyzed by a reversed-phase capillary LC system (Ultimate 3000
nanoLC system; Thermo Scientific) connected to an Orbitrap Elite
mass spectrometer (Thermo Scientific). LC separations were per-
formed on a capillary column (Acclaim PepMap100, C18, 3 um, 100 A,
250 mm x 75 pm i.d.; Thermo Scientific) at an eluent flow rate of
300 nl/min using a linear gradient of 3 to 35% B in 60 min. Mobile
phase A contained 0.1% formic acid in water, and mobile phase B
contained 0.1% formic acid in acetonitrile. Mass spectra were ac-
quired in a data-dependent mode with one MS survey scan with a
resolution of 60,000 (Orbitrap Elite) and MS/MS scans of the 15 most
intense precursor ions in the linear trap quadrupole.

Identification and quantification of proteins were performed using
MaxQuant software (version 1.5.2.8). Data were searched against the
Uniprot protein database (July 2015; 131,108 human sequences with
46,761,785 residues). Trypsin cleavage C-terminal region to arginine or
lysine residues was used (except where these residues are directly
followed by a proline residue). A maximum of two missed cleavages was
allowed. The initial maximum mass deviation of the precursor ions was
set at 20 ppm, and the maximum mass deviation of the fragment ions
was set at 0.35 Da. Methionine oxidation and carbamidomethylation of
cysteine were used as variable modifications. Protein quantification
was based on calculations of isotope intensity ratios of at least two
tryptic peptides. False discovery rates were <1% based on matches to
reversed sequences in the concatenated target-decoy database.

Experimental Design and Statistical Rationale

All SILAC experiments were repeated with switched isotopic coding
(forward and reverse experiments) and analyzed separately. Proteins
were considered if at least two sequenced peptides were identified (at
least one unique peptide and at least two razor + unique peptides).
The criterion for quantification was a ratio count of at least two. In our
experiments, we considered proteins as CADA sensitive if the ratio of
protein expression following DMSO or CADA treatment (DMSO/CADA)
was higher than 2.0 in both experiments. For the flow cytometry and
Western blotting validation experiments, at least three independent
experiments were performed using a different passage of cultured
cells. For the in vitro translation/translocation experiments, at least
two independent experiments were performed using a fresh aliquot of
rabbit reticulocyte.

RESULTS
CADA Sensitivity of Integral Membrane Proteins of SUP-T1
Cells

The SILAC approach used is outlined in Figure 1B. For our
study, human T-lymphoid SUP-T1 cells were selected
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because of their high endogenous huCD4 expression, the
main target of CADA (42). The ICsq values for CADA-mediated
CD4 downmodulation in T-cell lines and huCD4-transfected
cells were reported to be in a range of 0.25 to 1 pM (42, 43,
49). Taking these ICsq values into account, we used a CADA
concentration of 10 pM for our study, a saturating concen-
tration for huCD4 downmodulation (43). It was previously
demonstrated that CADA does not affect transcription (42, 50)
and does not cause cytotoxicity in SUP-T1 cells at a con-
centration of 75 pM (49).

Cells were grown in medium either containing 2Cg L-lysine
and 2Cg "N, L-arginine (“light” sample) or '3Cg L-lysine and
3Cs ®N,4 L-arginine (“heavy” sample) (Fig. 1B). Cells of the light
sample were treated with CADA, whereas cells of the heavy
sample served as a DMSO-treated control. For the analysis of
the integral membrane, lumenal ER, and Golgi proteins, total
cell lysates of the light and heavy samples were mixed, and cell
fractionations were performed. Proteins of crude membrane
preparations were separated by SDS-PAGE, in-gel digested
with trypsin, and the resulting peptides were subjected to LC-
MS/MS analysis. The experiment was repeated in a crossover
mode, in which cells of the light sample were treated with DMSO
and the heavy sample exposed to CADA. In our experiments,
we considered proteins as CADA sensitive if the ratio of protein
expression following DMSO or CADA treatment (DMSO/CADA)
was higher than 2.0 in both experiments. A total of 3007 pro-
teins could be identified and quantified (Fig. 1C and
supplemental Table S1), of which 500 contained a SP and/or
transmembrane domain (TMD), and are routed to the secretory
pathway. As expected, for the T-cell surface glycoprotein, CD4

heavy/light (and light/heavy) isotope ratios >3 were found,
indicating that CADA treatment of the cells was successful.
Surprisingly, only five of the 3007 identified proteins showed a
significant decrease in protein expression following CADA
treatment (Table 1). Thus, at this saturating concentration
(10 uM), CADA does not affect the expression of many proteins
additional to huCD4. Interestingly, the proteomic data also
indicated SORT as a substrate for CADA, thus, confirming our
previous report (44). The three additional hits for CADA were
PTK7, DNAJCS, and ERLEC.

PTK7 (also known as colon carcinoma kinase-4) is a receptor
tyrosine kinase-like molecule containing an extracellular
domain with seven immunoglobulin-like loops, a TMD, and an
inactive kinase domain (51). PTK7 is a key regulator of multiple
Whnt pathways under normal and possible pathological condi-
tions, including cancer (52, 53). DNAJC3, previously known as
P58'PK is expressed in the ER and, as a cochaperone of BiP
(immunoglobulin heavy-chain binding protein), it plays a crucial
role in ER protein folding as well as in the unfolded protein
response during ER stress (54, 55). ERLEC1, also known as
XTP3-B, is a lectin that selectively binds to improperly folded
lumenal proteins. It may function in ER quality control and
endoplasmic reticulum-associated degradation (ERAD) of both
nonglycosylated proteins and glycoproteins (56, 57).

Confirmation of the SILAC Hits by Expression Analysis of
Potential CADA Targets With Flow Cytometry and Western
Blotting

To confirm the potential CADA hits from the SILAC experi-
ments, we evaluated the expression of the identified integral

TaBLE 1

Potential CADA-affected SILAC targets selected for validation

Cellular

UniProt_ID Protein Function o Ratio H/L®  Ratio L/H
localization
P01730 Human T-cell surface glycoprotein Major histocompatibility complex Cell surface 3.63 3.61
CD4 (cluster of differentiation 4) class-Il antigen/T-cell coreceptor
Q13308 Human PTK7, CCK-4 (colon Inactive tyrosine kinase involved in  Cell surface 2.39 2.49
carcinoma kinase 4) Wnt signaling pathway, both the
noncanonical (Wnt/planar cell
polarity signaling) and the
canonical pathway
Q13217 Human DNAJC3, ERdj6 (endoplasmic Involved in the unfolded protein ER lumen 2.16 2.93
reticulum DNA J response (UPR) during ER stress
domain—containing protein 6)
Q99523 Sortilin, NTR3 (human Sorting receptor in the Golgi Nucleus, ER, 2.07 3.48
neurotensin receptor 3) compartment, required for Golgi, and
protein transport from the Golgi cell surface
apparatus. Also acts as a
receptor for neurotensin
Q96DZ1 Human ERLEC1, XTP3B Probable lectin that binds ER lumen 2.00 2.11

(XTP3-transactivated gene B protein)

selectively to improperly

folded lumenal proteins. May
function in ER quality
control and ERAD

®Ratio of the heavy sample (H) over light sample (L).
PRatio of the light sample (L) over heavy sample (H).
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membrane proteins in CADA-treated or DMSO-treated SUP- antibody. In parallel, huCD4 was included as our positive
T1 cells. First, flow cytometry was used to analyze the natural control. As summarized in Figure 2A, CADA concentration
cell surface expression levels of the target protein in SUP-T1  dependently suppressed the expression of huCD4 (ICso of
cells that were used for the proteomics study. PTK7 is an in-  0.79 uM) and PTK7 (ICso of 2.05 uM) in SUP-T1 cells, but the
tegral type | membrane protein that is expressed on the sur- downmodulating effect of CADA on PTK7 was less pro-
face of SUP-T1 cells. Consequently, PTK7 can easily be nounced (57% reduction in surface expression at 10 pM of
detected by surface staining with a fluorescently labeled CADA as compared with 74% reduction for huCD4). Thus, the
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Fic. 2. CADA downmodulates cell-surface huCD4 and PTK7 in lymphoid cells and the transient expression of huCD4, SORT, PTK?7,
ERLEC1, and DNAJCS3 in transfected cells. A, concentration-response curves of CADA for huCD4 and PTK7 in SUP-T1 cells. Cells were
incubated with CADA for 24 h. Tested CADA concentrations were 50, 10, 2, 0.4, 0.08, and 0.016 uM. Expression of the surface receptors was
measured with flow cytometry and normalized to the DMSO control. A four parameter concentration response curve was fitted to data from at
least three replicate experiments. Values are mean + SD; n > 3. B, Western blot images of cell lysates from nontransfected (NT) and huCD4-V5,
SORT-V5, PTK7-V5, ERLEC1-V5, or DNAJC3-V5 transfected HEK293T cells treated for 24 h with different CADA concentrations. Protein bands
were visualized using an antibody against the V5 tag, whereas for the cell loading control, an anticlathrin or anti—p-actin antibody was used. One
representative experiment out of 3 to 5 is shown. C, concentration-response curves of CADA for huCD4, SORT, PTK7, ERLEC1, and DNAJC3 in
transfected HEK293T cells. Samples from (B) were quantified and normalized to the clathrin (huCD4, ERLEC1, and DNAJCS3) or p-actin (SORT
and PTK?7) internal control. A four parameter concentration response curve was fitted to the data from at least three replicate experiments.
Values are mean + SD; n > 3. CADA, cyclotriazadisulfonamide; DMSO, dimethyl sulfoxide; DNAJC3, DnaJ homolog subfamily C member 3;
ERLEC1, endoplasmic reticulum lectin 1; HEK293T, human embryonic kidney 293T cells; huCD4, human CD4; PTK7, inactive tyrosine-protein
kinase 7; SORT, sortilin.
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expression of PTK7 is substantially affected by CADA, indi-
cating that PTKY7 is a validated substrate of CADA.

Both ERLEC1 and DNAJCS3 are ER-resident proteins that
possess a cleavable SP and an ER retention signal but lack a
TMD. No antibodies are available for flow cytometric analysis
of these proteins. We therefore obtained the coding sequence
of wildtype full-length human ERLEC1 and DNAJC3 and
incorporated the simian V5 epitope at the C terminus of both
proteins for detection purposes. To allow for a comparative
analysis, we also applied the same procedure to PTK7, and to
our previously identified control proteins SORT and huCDA4.
HEK293T cells were transfected with the plasmids, treated
with increasing concentrations of CADA, and subjected to
immunoblotting. As shown in Figure 2B, in nontreated control
cells, transfection with the different plasmids resulted in high
expression levels of the V5-tagged proteins as visualized by

mRNA

target

target tGFP

OO

the use of an anti-V5 antibody. Treatment with CADA reduced
protein expression concentration dependently (Fig. 2C). The
weakest effect of CADA was observed on PTK7. For ERLECT,
a complete inhibition of protein expression was achieved with
10 pM of CADA, as determined by quantification of the V5
signal. For DNAJCS, a clear concentration-dependent effect of
CADA was observed. Thus, these data demonstrate that
ERLEC1 and DNAJCS are also valuable substrates of CADA.

Next, to compare the relative CADA sensitivity of the
different hits side by side in a more quantitative way, we
cloned the coding sequence of each target protein in the same
vector backbone to obtain a GFP-fused reporter. As outlined
in Figure 3A, the SP and 62 residues of the mature protein of
huCD4 were exchanged by the corresponding region of each
target to obtain a chimeric CD4 protein. This chimera contains
the relevant preprotein sequence of each hit (i.e., N-terminal

huCD4 Mature Protein

S (OGS — 3’
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Fic. 3. SILAC hits differentially respond to CADA in transfected cells. A, schematic representation of the expected mRNA and protein
products of the tGFP-P2A-BFP construct. The constructs express huCD4 that is anchored in the plasma membrane via its transmembrane
domain and with tGFP at the cytosolic tail. As the SP is cleaved by the ER lumenal signal peptidase during protein biogenesis, the mature huCD4
variants differ only in their N terminus (62 residues). B, four parameter concentration-response curves for CADA of huCD4, SORT, PTK?7,
ERLEC1, and DNAJC3 cloned in the same tGFP-P2A-BFP plasmid backbone as shown in (A). HEK293T cells were transiently transfected with
the tGFP-P2A-BFP constructs and incubated with different CADA concentrations for 24 h. Protein levels in CADA-treated samples are
normalized to the DMSO control (set at 1.0). Curves are fitted to data from 3 to 4 replicate experiments. Values are mean + SD; n > 3. BFP, blue
fluorescent protein; CADA, cyclotriazadisulfonamide; DMSO, dimethyl sulfoxide; DNAJC3, Dnad homolog subfamily C member 3; ER, endo-
plasmic reticulum; ERLEC1, endoplasmic reticulum lectin 1; HEK293T, human embryonic kidney 293T cells; huCD4, human CD4; PTK?, inactive
tyrosine-protein kinase 7; SILAC, stable isotope labeling by amino acids in cell culture; SORT, sortilin; SP, signal peptide; tGFP, turbo GFP.
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region with the SP) important for proper protein biogenesis
and ER translocation (58). In addition, tGFP was fused to the
C-terminal end of huCD4 (i.e., cytosolic tail). As previously
determined, the addition of tGFP did not affect the sensitivity
of huCD4 to CADA (42, 43). In addition, the reporter construct
holds the BFP downstream of tGFP. Here, GFP and BFP are
separated by the viral P2A sequence (Fig. 3A). At the P2A
sequence, ribosomes skip a peptide bond without interrupting
translation elongation (59, 60). This way, each polycistronic
mRNA encodes two separated fluorescent proteins in equal
amounts. The tGFP signal serves as measurement for target
protein expression, whereas cytosolic BFP serves as an in-
ternal expression control that correlates with the number of
transcripts. Here, we show that both PTK7 and DNAJC3 are
concentration dependently downmodulated by CADA in an
identical manner: about 70% reduction in protein expression
at 10 uM CADA (Fig. 3B), whereas for SORT, only 50%
reduction in protein expression was measured, which is in line
with a previous report (44). Interestingly, ERLEC1 was affected
the most, with 81% reduction in protein level at 10 pM CADA,
and almost copied huCD4 (85% reduction) (Fig. 3B).

CADA Diverts the Nonglycosylated Preprotein for
Proteasomal Degradation

Previous experiments clearly indicated that treatment with
CADA reduces the cellular expression of the selected sub-
strates. Although CADA has been reported as an inhibitor of
cotranslational translocation, we next questioned if CADA has
an additional binding and destabilizing effect on the mature
protein part of the different substrates. First, we performed a
pulse-labeling experiment with the V5-tagged huCD4 in the
presence of a proteasome inhibitor to rescue the different
unstable protein species that are getting degraded. Briefly, a
30-min pulse, followed by a 45-min chase and a V5-mediated
pull down resulted in a clear reduction in the mature huCD4
form when CADA was administered (Fig. 4A; lane 4, open
arrowhead). Interestingly, treatment of the cells with CADA
resulted in a considerable fraction of a faster migrating form,
presumably the nonglycosylated huCD4 precursor (Fig. 4A;
lane 4, solid arrowhead and red bar in graph), which was
enriched by the addition of MG132 (lane 5, solid arrowhead)).
However, treatment with MG132 neither resulted in the rescue
of additional mature huCD4 protein or in the enhanced protein
expression of the translocated species (lanes 3 and 5, open
arrowhead). This indicates that CADA interacts with the pre-
cursor form (for proteasomal degradation) rather than with the
mature protein and induces the proteosomal degradation of
the precursor proteins.

A similar effect was also observed when cells were tran-
siently transfected with huCD4, treated with both CADA and
MG132, and when separated proteins were subsequently
visualized by immunoblotting through V5 staining 24 h after
transfection. Although no (unstable) preprotein could be
detected with CADA-treatment only (Fig. 4B, lanes 4 and 6),

again, a clear fraction of the huCD4 precursor form could be
rescued when a proteasome inhibitor was administered
together with CADA (Fig. 4B, lanes 5 and 7). Notably, under
these conditions, the mature form was nearly completely
depleted (lane 5). Additional endoglycosidase H treatment
experiments confirmed that, in the presence of CADA and
MG132, the rescued protein fraction represents the non-
glycosylated preprotein (Fig. 4C, solid arrowhead). Further-
more, for the two other glycosylated substrates, SORT and
PTK7, a similar concentration-dependent effect with CADA
was observed, with preservation of the preprotein fraction
when MG132 was added simultaneously with CADA (Fig. 4B,
lanes 5, 7, and 9).

CADA Inhibits the ER Cotranslational Translocation of its
Substrates

As CADA is known to inhibit the cotranslational trans-
location through the ER membrane of both huCD4 and SORT,
we next determined if PTK7, DNAJC3, and ERLEC1 are
substrates of CADA in the context of ER protein trans-
location. Analysis of the protein sequences showed that the
identified substrates carry a cleavable SP, an indispensable
property of secretory and type | integral membrane proteins
to enter the ER-targeted secretory pathway (5, 22). As sum-
marized in Figure 5, the SPs of the hits differ in length and
protein sequence. At first sight, the primary sequence of the
SPs does not display a similarity in amino acid composition.
Also, no putative consensus motif that mediates CADA
sensitivity could be deduced from the aligned amino acid
sequences.

To address whether CADA also inhibits protein expression
of PTK7, DNAJC3, and ERLEC1 in a SP-dependent manner,
we tested the impact of CADA on the translocation of PL
chimeric constructs in a cell-free in vitro translation system as
described in a recent study (43). As schematically represented
in Figure B6A, the PL chimeric constructs hold the SP and the
first residues of the mature hit protein fused to mature PL, a
CADA-resistant protein as previously determined (42). Briefly,
the constructs of Figure 6A were linearized by PCR and
transcribed in vitro. The transcripts of the PL chimera were
translated in the rabbit reticulocyte system in the absence or
the presence of ovine pancreatic microsomal membranes and
exposed to different concentrations of CADA. As expected,
translation and translocation of wildtype PL was not affected
by CADA, whereas the translocation of the huCD4-PL
chimera, as evidenced by the faster migrating SP-cleaved
species (open arrowhead), was strongly inhibited with 15 pM
of CADA and higher (Fig. 6B). The cotranslational translocation
of the SORT, ERLEC1, DNAJC3, and PTK7 constructs was
also inhibited by CADA, although in various degrees. This in-
dicates that the SPs of the hit proteins exert differential
sensitivity toward CADA, with PTK7 and SORT as the least
affected substrates and the huCD4 SP as the most sensitive
target.
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Fic. 4. CADA diverts the nonglycosylated preprotein for proteasomal degradation. A, autoradiogram of cell lysates from nontransfected (NT)
and huCD4-V5 transfected CHO-K1 cells pulsed for 30 min with [*°S]methionine/cysteine. Pulsed-labeled cells were then chased for 45 min in the
presence or the absence of CADA (10 pM) and/or MG132 (200 nM). Open arrowhead represents the translocated (and glycosylated) huCD4 mature
protein fraction, and solid arrowhead represents the nonglycosylated huCD4 preprotein. Graph on the right shows the quantification of the pre-
sented radioblot. For each sample, the fraction of preprotein and mature protein is calculated and given as percentage of total amount of protein. B,
Western blot images of cell lysates from nontransfected (NT) and huCD4-V5, SORT-V5, and PTK7-V5 transfected HEK293T cells treated for 24 h
with different CADA concentrations and 200 nM MG132. Protein bands were visualized using an antibody against the V5 tag, whereas anticlathrin
(huCD4) or anti-p-actin (SORT and PTK?7) antibody was used for the cell loading controls. Do note that the combination of MG132 with 10 or 2 uM
CADA strongly reduces the level of mature protein, presumably by blocking the residual translocation of substrate that is normally seen with CADA.
C, same as in (B) but for 10 pM CADA and/or 200 nM MG132. Lysates were treated with endo H prior to SDS-PAGE and Western blotting to remove
N-linked glycosylations. Protein bands were visualized through V5. Do note that, because of the stronger denaturation conditions during the endo H
treatment, V5 detection of the endo H treated samples was more efficient, giving thicker protein bands (although the same sample loading was
used). PTK7 is a highly glycosylated protein (ten potential N-glycosylations) that is partially resistant to endo H treatment, resulting in only a minor
fraction that is deglycosylated by endo H (solid arrowhead). CADA, cyclotriazadisulfonamide; Endo H, endoglycosidase H; HEK293T, human
embryonic kidney 293T cells; huCD4, human CD4; PTK?7, inactive tyrosine-protein kinase 7; SORT, sortilin.
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Signal Peptide

Mature Protein

huCD4 TFOG |- KKVVLGKKGDTVELTCTASQ
SORT [MERPWGAADGLSRWPHQLELLLLLQLLESTLS } — QDRLDAPPPPAAPLPRWSGP
PTK7 —— AIVFIKQPSSQDALQGRRAL
ERLEC1 _— LPQLSDDIPFRVNWPGTEFS
DNAJC3 [ MVAPGSVTSRLGSVEPFLLVLVDLOYEGAEC ] - GVNADVEKHLELGKKLLAAG

Fic. 5. CADA substrates differ in their signal peptide (SP) sequence. Alignment of the N-terminal amino acid sequence of the identified
SILAC hits. For each protein, the amino acid composition of the SP is given, together with 20 residues of the N terminus of the mature protein.
The hyphen represents the SP cleavage site. The critical residues in the huCD4 SP are indicated in bold, whereas for the other SPs, the putative
residues involved in CADA sensitivity are underlined. CADA, cyclotriazadisulfonamide; SILAC, stable isotope labeling by amino acids in cell

culture.

DISCUSSION

Previous studies for the small-molecule CADA identified two
susceptible substrates, that is, human integral membrane
proteins CD4 and SORT (42, 44). Original interest in CADA
came from its antiviral potency against HIV (50). As CADA
significantly downmodulates surface expression of huCD4—
the main cellular receptor for HIV entry—potential target cells
are being protected from infection with various HIV clinical
isolates (61). To systematically explore whether additional
cellular receptors are downmodulated by CADA, we used
SILAC-based MS to perform a proteomic survey on the
cellular membrane fraction. SILAC is a potent technique for
direct qualitative and quantitative comparison of proteomes
(62), which has been successfully used to evidence biological
pathways affected in drug-resistant cells and to investigate
the mode of action of compounds (32, 48, 63, 64). Our SILAC
screen in the huCD4" T-cell lymphoma SUP-T1 identified and
quantified a total of 3007 proteins, of which 500 proteins were
classified for having an SP and/or a TMD, thus, belonging to
the secretory pathway. Remarkably, only five hits showed a
significant decrease in protein expression following CADA
treatment, including the two previously confirmed targets
huCD4 and SORT. By means of independent assays, we
validated the newly identified hits as being valuable substrates
of CADA. This implies that the used SILAC technique is very
accurate as it confirms previously validated substrates and
identifies new targets without selecting false positives. In an
additional study on the immunosuppressive potential of
CADA, CD137 has recently been identified as a new substrate
of CADA (65). This type | integral membrane protein is tran-
siently expressed after activation of immune cells, mainly
cytotoxic CD8" T cells (66). However, in SUP-T1 cells, the

basal level of CD137 is nearly undetectable, which might
explain that this protein was not identified in our current pro-
teomics analysis. Even though our current proteomics study is
limited to a single cell line (SUP-T1) that does not express the
complete proteome, our analysis clearly demonstrates that
CADA, in general, has a low impact on the cellular mem-
branome. In addition, it would be interesting to expand this
proteomic study to the secretory protein fraction in order to
characterize the effect of CADA on all proteins that enter the
secretory pathway. However, our attempts to analyze the
supernatant of the cells did not result in successful and reli-
able detection of secreted proteins. Future work will therefore
focus on the analysis of the CADA-treated secretome.

So far, the identified CADA substrates have various sub-
cellular localizations and are involved in different cellular
pathways and functions (Table 1), except for ERLEC1 and
DNAJC3. Both proteins take part in ER quality control and
ERAD but are supposed to have distinct tasks in clearance of
the ER lumen (54-57). Transfection experiments and the
supplemental in vitro translocation data clearly demonstrate a
direct inhibitory effect of CADA on each of the selected pro-
teomics hits. However, given that ERLEC1 and DNAJC3 are
involved in ER quality control, we cannot exclude that reduced
levels of both proteins might affect the net outcome of protein
downmodulation by CADA on the other substrates.

PTK?7 is highly expressed in several cancers, such as
gastric cancer, lung cancer, and colon cancer; hence, a po-
tential role of PTKY7 in the progression of multiple cancers has
been proposed (67-69). Thus, pharmaceutical targeting of
PTK7 might hold some clinical potential in cancer treatment,
justifying the further exploration of the effect of CADA-
induced PTK7 downmodulation in the field of cancer.
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Fic. 6. CADA inhibits the signal peptide (SP)-dependent cotranslational translocation of SILAC hits. A, schematic representation of the
chimeric construct used in radiolabeled cell-free in vitro translation reactions. For each SILAC hit, the SP and first 6 to 11 residues of the N-terminal
part of the mature protein were fused to mature prolactin (pPL). B, cell-free in vitro translation and translocation in rabbit reticulocyte lysate
supplemented with ovine microsomes. Representative autoradiogram of the in vitro translated and translocated prolactin variants shown in (A). In
the presence of microsomes, the preprotein (black arrowhead) is translocated into the ER lumen and the SP is cleaved, resulting in a faster migrating
mature protein (open arrowhead). Relative protein translocation for the 150 and 15 pM CADA-treated samples is shown in the graphs, calculated
from the signal intensities of the translocated protein fraction (open arrowhead) and the preprotein fraction (black arrowhead). Bars are mean + SE; n
> 2. CADA, cyclotriazadisulfonamide; ER, endoplasmic reticulum; SILAC, stable isotope labeling by amino acids in cell culture.

Currently, CADA is being investigated in a breast cancer
model for its suppression of SORT, as SORT inhibition has
been reported to limit secretion-induced progranulin-depen-
dent breast cancer progression and cancer stem cell
expansion (70). Genetic loss of function of DNAJC3 has been
linked to a monogenic and recessive form of juvenile-onset
diabetes and neurodegeneration (71, 72); however, the
impact of partial reduction in DNAJC3 expression

therapeutically needs to be further evaluated. ERLEC1, a
lectin that binds to misfolded glycosylated proteins in the ER
lumen, is involved in ERAD (56, 57). Notably, knockdown of
ERLEC1 by RNAI did not affect the degradation kinetics of a
terminally misfolded glycoprotein (57), suggesting that these
ER-resident lectins are functionally redundant in ERAD, and
that downmodulation of ERLEC1 might have little impact on
cell viability.
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In order to get a better understanding of the mode of action of
CADA, we designed a tGFP-P2A-BFP reporter assay to
compare the relative susceptibility of the substrates to CADA in
a same genetic background. This flow cytometric assay proved
to be a very sensitive and reproducible system to measure and
accurately compare susceptibilities of potential targets to
CADA (43). Here, it reveals that the impact of CADA on the
cellular expression of the different substrates varies roughly
between 50% and 85% reduction, suggesting a substrate-
specific feature. Metabolic labeling experiments and addition
of the proteasome inhibitor MG132 to the cells revealed the
presence of the nonglycosylated preprotein in the CADA-
treated samples and not an enrichment of the mature protein.
This indicates that it is very unlikely that CADA interacts with the
mature part of the substrates and exerts a destabilizing effect
on the mature protein. However, the rescue of the preprotein of
the integral membrane proteins huCD4, SORT, and PTK7 in the
MG132-treated CADA samples rather suggests the putative
interaction of CADA with the SP of its substrates.

Comparison of the SP primary sequence of the different
CADA substrates did not reveal a clear similarity in amino acid
composition. Unfortunately, no putative consensus motif that
mediates full sensitivity to CADA could be deduced from the
aligned amino acid sequences. However, as recently reported
(43), the presence of a glutamine and proline in the hydrophobic
core of the SP of huCD4 is key for susceptibility to CADA. Even
though no GiIn and Pro residues could be identified at the same
position relative to the SP cleavage site in the aligned SPs
(Fig. 5), the N terminus of each target protein does contain at
least one Gin residue in the vicinity of the cleavage site (eitherin
the SP or in the N-terminal end of the mature protein). The same
holds true for the presence of a proline (and/or the other alpha
helix terminator glycine). As the drug is expected to hold the SP
in a locked position in the translocon, the compound might
indeed interact with GIn or Pro that are positioned more up-
stream or downstream the nascent chain. Also, given that the
nascent polypeptide forms a loop inside the translocon, resi-
dues of both SP and N-terminal part of the mature protein may
be involved in the interaction with the drug, making the absolute
sequence orientation (N terminus or C terminus facing ER
lumen) less determinant. In addition, the presence of positively
charged residues in the SP can also contribute to higher sus-
ceptibility to CADA (43).

We previously reported that CADA inhibits the cotranslational
translocation over the ER membrane of both huCD4 and SORT
(42, 44), and CD137 (65), a process that relies on the presence of
a cleavable SP of the preprotein. Interestingly, the three addi-
tional CADA substrates of this study are also proteins with
cleavable SPs and not membrane proteins with SASs. This is in
contrast with cotransin, another ER translocation inhibitor with a
wide substrate spectrum, including membrane proteins with an
SAS for which a consensus sequence could be deduced for
cotransin sensitivity (32). In our cell-free in vitro translation ex-
periments, we could evaluate the inhibitory potential of CADA

directly on the protein translocation of the three new targets.
Translation of the substrates as such was not affected by CADA
(not shown), whereas reduced translocation of ERLECH,
DNAJCS3, and PTK?7 after CADA exposure was observed. This
indicates that CADA blocks the SP-dependent ER translocation
process of each target protein. However, the impact of CADA on
ERLEC1 translocation was rather limited and did not correlate
with the Western blot data. The overall low translation and
translocation efficiency of ERLEC1 seen in this (artificial) cell-free
system may skew the intrinsic susceptibility of ERLEC1 to CADA
in a cellular context. In contrast, the data of ERLEC1 in HEK293T
cells are based on the transient overexpression of a V5-tagged
protein that also not represents the physiological condition. In
that context, the results from flow cytometry in SUP-T1 cells are
the most relevant data where we quantify the endogenous cell
surface expression level of the CADA substrates huCD4 and
PTKY7. The relative high residual huCD4 level in SUP-T1 after
CADA exposure as compared with HEK293T cells is because of
the presence of p56'°in T cells, resulting in reduced endocytosis
and a low turnover of huCD4 (73). Nevertheless, the flow
cytometry and the cell-free in vitro translocation data demon-
strate that huCD4 is affected the most by CADA, confirming that
huCD4 remains the main target of CADA. HUuCD4 is known to
play a crucial role in immune activation (74-76). The in vitro and
in vivo immunosuppressive potential of nondepleting anti-CD4
monoclonal antibodies further emphasize a major role of
huCD4 in ourimmune system (77-79). In that perspective, CADA
might hold great potential as an immunosuppressive drug, for
instance in the treatment of transplant rejection, given that CADA
exerts significant immunosuppressive activity in several in vitro
models of T-cell activation (65).

In conclusion, the present study suggested that CADA has a
low impact on the expression of more than 3000 different
proteins. It also revealed that CADA inhibits ER translocation
of PTK7, DNAJC3, and ERLEC1 in a SP-dependent way with
subsequent protein downmodulating effect on these sub-
strates. However, the high selectivity of CADA for huCD4
makes it an interesting drug to further explore its potential as
an alternative immunosuppressive agent.
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