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quent intramembrane proteolysis.

regulated intramembrane proteolysis cascade.
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(Bacl(ground: SPPL proteases are intramembrane-cleaving aspartyl proteases of the GxGD type.
Results: Under certain circumstances, SPPL3 cleaves FVenv independent of prior shedding, generating substrates for subse-

Conclusion: Unlike other known GxGD proteases, SPPL3 can act as a sheddase and an intramembrane protease within the

Significance: This initial biochemical characterization of SPPL3 will help to address its physiological role in later studies.
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Signal peptide peptidase (SPP), its homologs, the SPP-like
proteases SPPL2a/b/c and SPPL3, as well as presenilin, the cat-
alytic subunit of the y-secretase complex, are intramembrane-
cleaving aspartyl proteases of the GxGD type. In this study, we
identified the 18-kDa leader peptide (LP18) of the foamy virus
envelope protein (FVenv) as a new substrate for intramembrane
proteolysis by human SPPL3 and SPPL2a/b. In contrast to
SPPL2a/b and y-secretase, which require substrates with an ect-
odomain shorter than 60 amino acids for efficient intramem-
brane proteolysis, SPPL3 cleaves mutant FVenv lacking the pro-
protein convertase cleavage site necessary for the prior
shedding. Moreover, the cleavage product of FVenv generated
by SPPL3 serves as a new substrate for consecutive intramem-
brane cleavage by SPPL2a/b. Thus, human SPPL3 is the first
GxGD-type aspartyl protease shown to be capable of acting like
a sheddase, similar to members of the rhomboid family, which
belong to the class of intramembrane-cleaving serine proteases.

Regulated intramembrane proteolysis describes a two-step
proteolytic processing pathway required for protein degrada-
tion and cellular signaling of many membrane proteins (1).
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Typically, regulated intramembrane proteolysis substrates are
first cleaved within their luminal domain to release a large part
of their ectodomain or to clip a hairpin loop between two trans-
membrane domains (TMDs).* This cleavage is termed “shed-
ding” and generates a membrane-retained fragment, which is
subsequently processed by an intramembrane-cleaving prote-
ase (2—4). Intramembrane proteases are defined as proteolytic
enzymes “which reside within cellular membranes and their
active sites are buried within the TMD, where they cleave in, or
immediately adjacent to, transmembrane domains of their sub-
strates, thereby releasing soluble domains from membrane pro-
teins” (5). So far, intramembrane aspartyl, serine, and metallo-
proteases have been described (4). Intramembrane-cleaving
proteases of the aspartyl protease class are GxGD proteases (2,
3). GxGD describes the amino acid motif in TMD7 of the
unconventional but highly conserved protease active site (6). In
humans, two subfamilies of GxGD proteases are known: prese-
nilin-1 and presenilin-2, which constitute the catalytic subunit
of the y-secretase complex, and signal peptide peptidase (SPP)
and its homologs, the SPP-like (SPPL) proteases SPPL2a/b/c
and SPPL3 (3). All known 7y-secretase substrates are type I
transmembrane proteins (2), whereas SPP/SPPLs selectively
cleave type II transmembrane proteins (3). This is consistent
with the opposite orientation of the catalytic sites of presenilin
and SPP/SPPLs (7). One common requirement for substrate
recognition by y-secretase, SPP, and SPPL2a/b is truncation of
the corresponding substrate by shedding, which always pre-
cedes intramembrane proteolysis and generates integral mem-
brane proteins short enough to be recognized by these pro-
teases (8 -10).

“*The abbreviations used are: TMD, transmembrane domain; SPP, signal peptide
peptidase; SPPL, SPP-like; FVenv, foamy virus envelope protein; (Z-LL),
ketone,1,3-di-(N-benzyloxycarbonyl-L-leucyl-L-leucyl)aminoacetone; DAPT,
N-[N-(3,5-difluorophenacetyl)-L-alanyl]-S-phenylglycine t-butyl ester; ER, en-
doplasmic reticulum; PC, proprotein convertase; Tricine, N-[2-hydroxy-
1,1-bis(hydroxymethyl)ethyllglycine.
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Endoproteolysis of FVenv by SPPL3

Because only artificial model substrates optimized for SPP
cleavage have been used so far to study the proteolytic activity
of human SPPL3 (11), very little is known about its biochemical
properties. We noticed that, compared with other retroviral
signal or leader peptides, the foamy virus envelope (FVenv) pro-
tein harbors an unusually long leader peptide (LP18, gp18"")
that is stably integrated into mature virus particles as a type
II-oriented transmembrane protein (12). Interestingly, budding
of foamy virus particles is observed at intracellular membranes
(12). On the basis of this knowledge and our previous observa-
tion that individual members of the SPP/SPPL family reside
within early secretory compartments (3), we speculated that
LP18 of FVenv might be a substrate for SPP/SPPL proteases.

Indeed, we found that the FVenv protein undergoes
intramembrane proteolysis mediated by SPPL3 and, in addi-
tion, by SPPL2a/b. In contrast to intramembrane proteolysis by
SPPL2a/b, cleavage of FVenv by SPPL3 is not dependent on the
size of the substrate’s ectodomain and is, surprisingly, not sen-
sitive to treatment with known GxGD protease inhibitors. In
addition, the cleavage product of LP18 generated by SPPL3
cleavage constitutes a substrate for consecutive intramembrane
cleavage by SPPL2a/b.

EXPERIMENTAL PROCEDURES

Antibodies and Reagents—Monoclonal antibodies against
SPPL2a and SPPL3 were produced by immunization with syn-
thetic peptides. 2a01 6E9 (mouse IgG1) was generated against
peptides comprising amino acids 199 -217 of human SPPL2a,
and L302 7F9 (mouse IgG1) against amino acids 247-261 of
human SPPL3. Anti-FLAG monoclonal (M2) and polyclonal
antibodies and anti-FLAG M2-agarose conjugates were
obtained from Sigma-Aldrich. Other antibodies used were
anti-V5 polyclonal antibody (Millipore), anti-KDEL and anti-
calnexin polyclonal antibodies (Enzo Life Sciences), anti-V5
monoclonal antibody (Invitrogen), anti-HA antibody 3F10
(Roche Diagnostics), and anti-HA polyclonal and anti-actin
monoclonal antibodies (Sigma-Aldrich). The SPPL2b-specific
monoclonal antibody CADG-3F9 has been described previ-
ously (13). (Z-LL), ketone and L-685,458 were obtained from
Calbiochem, and N-[N-(3,5-difluorophenacetyl)-L-alanyl]-S-
phenylglycine ¢-butyl ester (DAPT) was from Enzo Life Sci-
ences. Inhibitor treatment was carried out for 16 h.

Expression Constructs, Cell Lines, and Transfections—
SFVepz(hu) coding sequences were amplified by PCR from
pCiES (14), kindly provided by David W. Russell. To generate
FVenv, an N-terminal FLAG tag (DYKDDDK) and a V5 tag
(GKPIPNPLLGLDST) upstream of the C-terminal endoplas-
mic reticulum (ER) retention signal (KKKNQ) were intro-
duced. The R123A/R126A mutation was introduced by site-
directed mutagenesis according to the instructions of
Stratagene.” All FVenv constructs were cloned into
pcDNA3.1/Hygro™ (Invitrogen) and sequenced for verifica-
tion. Cell lines stably expressing the FVenv variants were gen-
erated, selecting for hygromycin resistance as described previ-
ously (13). HEK293 cell lines stably overexpressing WT and
mutant SPPL proteases have been described (13). The cDNA

° Primer sequences are available upon request.
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that encodes SPPL3 is based on GenBank™ RefSeq
NM_139015.4. All experiments were performed on poly-L-ly-
sine-coated cell culture dishes. Protease expression was
induced for at least 48 h by supplementing the media with 1
pg/ml doxycycline (BD Biosciences). Transient plasmid DNA
transfections were carried out using Lipofectamine 2000 (Invit-
rogen) according to the manufacturer’s instructions. Cells were
analyzed for protein expression 48 h post-transfection.

SiRNA-mediated Knockdown Experiments and TagqMan
RT-PCR—siGENOME SMARTpool siRNAs targeting human
SPPL3 and SPPL2a and controls were obtained from Dharma-
con. Human SPPL2b-specific single oligonucleotides and con-
trols were purchased from Qiagen. siRNAs were transfected
using Lipofectamine RNAiMAX (Invitrogen). Cells were ana-
lyzed on day 4 or 5 post-transfection. Quantitative TagMan
RT-PCR was used to control knockdown efficiency. Total cel-
lular RNA was isolated using the RNeasy kit and QIAshredder
homogenizers (Qiagen). Up to 2 ug of total RNA was reverse-
transcribed using a high capacity reverse transcription kit
(Applied Biosystems) according to the manufacturer’s instruc-
tions. Quantitative PCR was performed using predesigned Taq-
Man probes for human SPPL2a, human SPPL2b, and human
B-actin (Applied Biosystems). Signals obtained were normal-
ized to B-actin, and relative mRNA levels were determined by
the AAC; method.

Cell Lysates, (Co)lmmunoprecipitation, and Immunoblotting—
Cells were harvested on ice and lysed in 150 mm NaCl, 50 mm
Tris (pH 7.6), and 2 mM EDTA supplemented with 1% Nonidet
P-40, 1% Triton X-100, and protease inhibitor mixture (Sigma-
Aldrich). Lysates were either directly analyzed or subjected to
immunoprecipitation as indicated in the figures. For co-immu-
noprecipitation of substrates and proteases, cellular mem-
branes were prepared as described previously (15). Membranes
were lysed in 25 mm HEPES-KOH (pH 7.6), 100 mM potassium
acetate, 2 mM magnesium acetate, and 1 mm DTT supple-
mented with 1% CHAPSO (Sigma-Aldrich) on ice. Membrane
lysates were subjected to immunoprecipitation as described
(16). Electrophoresis and immunoblotting were carried out as
described previously (17). Quantification of proteins from
Western blots was carried out as described (18).

RESULTS

FVenv Is Proteolytically Processed by SPPL Proteases—FVenv
glycoproteins are initially synthesized as type III transmem-
brane protein precursors and harbor unusually long mem-
brane-tethered signal or leader peptides (Fig. 14) (12). We
studied proteolytic Env processing of the human isolate of the
chimpanzee foamy virus (SFVcpz(hu)) (19). Post-translation-
ally, the 130-kDa FVenv protein is proteolytically processed at
two sites by furin or furin-like proprotein convertases (PCs)
(Fig. 1A) (20-23). This generates the N-terminal 18-kDa leader
peptide (LP18, gp18™F), the 80-kDa surface subunit (SU,
gp80°Y), and the C-terminal 48-kDa membrane-anchored sub-
unit (TM, gp48™) (Fig. 1A) (12). ER localization of FVenv is
mediated by a C-terminal KKKNQ motif (24) and was not
affected by the epitope tags that we attached to the FVenv pro-
tein (supplemental Fig. S1A).
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FIGURE 1. SPPL-mediated proteolysis of FVenv. A, schematic overview of FVenv processing by PCs. The FVenv glycoprotein consists of a leader peptide
(LP18), a surface subunit (SU), and C-terminal membrane-spanning domain (TM). PC and PC* cleavage site (arrowheads), the C-terminal ER retrieval signal
(KKKNQ), and the epitope tags (FLAG and V5) are indicated. Glycosylation sites are also indicated (Y). B-E, FVenv proteolytic fragments were isolated from
HEK293 cells coexpressing FVenv and the indicated SPPL proteases either as catalytically active (WT) or inactive (Asp-to-Ala (D/A)) variants. The open arrow-
heads indicate unglycosylated LP18. Coexpression of WT SPPL3 resulted predominantly in generation of ICD(L3) (black arrowheads), whereas catalytically
active SPPL2a/b produced predominantly ICD(L2) (gray arrowheads). Upon coexpression of FVenv and SPPL2a/b Asp-to-Ala mutants, ICD(L3) and protein
fragments (marked with asterisks) accumulated. Depending on the resolution of the gel system, ICD(L3) was sometimes detected as a doublet. /P,

immunoprecipitation.

To test whether members of the SPP/SPPL family are capable
of processing the type II-oriented LP18, FVenv was coexpressed
with either biologically active SPPL (WT) or the corresponding
catalytically inactive aspartate-to-alanine mutant. Upon coex-
pression of WT SPPL3, a low molecular mass intracellular frag-
ment, termed ICD(L3), was detected that was almost com-
pletely absent in cells expressing SPPL3(D272A) (Fig. 1B).
Coexpression of FVenv with SPPL2a also resulted in the gener-
ation a low molecular mass intracellular fragment, termed
ICD(L2), which was suppressed upon coexpression of the cat-
alytically inactive mutant SPPL2a(D412A) (Fig. 1C). Under the
latter condition, additional low molecular mass protein frag-
ments, slightly larger than ICD(L2), accumulated (Fig. 1C). As
demonstrated by siRNA-mediated knockdown of SPPL3, the
smallest of these fragments corresponds to ICD(L3) (supple-
mental Fig. S2), which is generated by endogenous SPPL3 activ-
ity. The other protein fragments (labeled with an asterisk in Fig.
1, C and D, and supplemental Fig. S2) remained unchanged
upon SPPL3 siRNA treatment and most likely result from deg-
radation of the accumulating LP18 (supplemental Fig. S2).
Processing of FVenv by SPPL2b was highly similar to that by
SPPL2a (Fig. 1D). Expression of SPP induced toxicity in our
system; therefore, we were not able to study processing of
FVenv by SPP (data not shown). Direct comparison of the ICD
species generated by the different SPPL proteases confirmed

DECEMBER 21, 2012+VOLUME 287 +NUMBER 52

that ICD(L3) has a slightly different running behavior com-
pared with ICD(L2) (Fig. 1E). Processing of FVenv by SPPL2a or
SPPL2b predominantly resulted in the generation of ICD(L2),
whereas only minor amounts of ICD(L3), probably resulting
from endogenous SPPL3 activity, were detected (Fig. 1E). Coex-
pression of SPPL3 and FVenv resulted in massive production of
ICD(L3) (Fig. 1E) and ICD(L2) (compare with Fig. 4A4). How-
ever, because of the limited resolution of the gel system, we
could not fully separate ICD(L3) and ICD(L2) under these con-
ditions. Taken together, these data suggest that FVenv is a sub-
strate for intramembrane proteolysis mediated by SPPL3 and
its homologs SPPL2a and SPPL2b, which generate two distinct
intracellular fragments of FVenv.

Cleavage of FVenv by SPPL3 Is Independent of Shedding—N-
terminal PC cleavage of FVenv separates LP18 and SU/TM (Fig.
2A), whereas the more C-terminal PC* cleavage is hardly
observed upon cellular expression of FVenv containing the ER
retrieval signal (25). Thus, processing of FVenv at the N-termi-
nal PC cleavage site is comparable with a classical shedding
event of single-span transmembrane proteins required for sub-
sequent intramembrane proteolysis. To inhibit processing of
FVenv by PC, the R123A/R126A mutation (FVenv mut) was
introduced (Fig. 24). Subcellular localization of FVenv was not
affected by the mutation (supplemental Fig. S1B). As expected,
processing of FVenv mut by PC was strongly diminished, and
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FIGURE 2. SPPL3 cleavage of FVenv is independent of shedding. A, model depicting the proteolytic processing of FVenv and FVenv mut disregarding the
C-terminal PC* cleavage site, which is hardly observed upon cellular expression of FVenv containing the ER retrieval signal. FVenv mut carries a R123A/R126A
mutation to abolish cleavage at the N-terminal PC cleavage site. The respective cleavage products are denoted. Amino acids are depicted using the single-
letter code. B, WT FVenv and FVenv mut were transiently transfected into HEK293 cells, and cleavage products were monitored. Note that processing of FVenv
mut by endogenous PC was strongly reduced at the N-terminal PC cleavage site due to the mutation introduced and that, as expected, the C-terminal PC*
cleavage site was hardly used at all. The IgG background signal is indicated (**). All other species are labeled as described in the legend to Fig. 1. C, WT FVenv
or FVenv mut was transiently coexpressed in HEK293 cells stably expressing catalytically active SPPL2b or SPPL3. LP18 and ICD species generated by SPPL are
indicated. The quantification depicts ICD levels relative to LP18. Ratios in cells expressing the indicated protease and WT FVenv were set to 1. Data represent
means = S.E. of three independent experiments. *, p < 0.049 (Student’s unpaired t test). D, the samples shown in C were analyzed for high molecular mass
fragments of FVenv. SPPL3-mediated cleavage of FVenv generated ICD(L3) and TMD/SU/TM. Note that TMD/SU/TM was detected exclusively in cells express-
ing SPPL3. The respective cleavage products in Band C are indicated according to A. E, CHAPSO lysates of cellular membranes from HEK293 cells coexpressing
the catalytically inactive mutants of the indicated proteases and FVenv were subjected to immunoprecipitation (/P) against HA-tagged SPPL2b and SPPL3.
Co-isolated FVenv fragments were detected as indicated. To determine the total amount of FVenv present in the lysate, 5% of the total lysate was applied
(input). To trace unspecific binding, the respective CHAPSO lysates were incubated with protein A-Sepharose beads only (beads). Note that SPPL2b(D421A)
preferentially co-immunoprecipitated LP18 and only minor amounts of FVenv, whereas SPPL3 selectively co-immunoprecipitated full-length FVenv.

the levels of LP18 and SU/TM were significantly reduced (Fig.
2B). Thus, FVenv mut represents a valid model substrate that
does not undergo shedding.

Initial shedding is known to be required for SPPL2b-medi-
ated intramembrane proteolysis (10). In line with this, ICD(L2)
production correlated with the reduction of LP18 upon coex-
pression of SPPL2b and FVenv mut (Fig. 2C). In contrast, coex-
pression of SPPL3 with FVenv mut hardly affected ICD(L3) gen-
eration, although LP18 was significantly reduced (Fig. 2C).
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Moreover, an additional high molecular mass protein fragment
(TMD/SU/TM) that was anti-V5 but not anti-FLAG immunore-
active was detected upon coexpression of FVenv and SPPL3 but
not SPPL2b (Fig. 2D). Hence, TMD/SU/TM likely originated from
intramembrane cleavage by SPPL3. Interestingly, TMD/SU/TM
was observed upon SPPL3 overexpression even when FVenv was
processed by PC. We therefore conclude that SPPL3 may prefer-
entially cleave full-length FVenv to generate ICD(L3) and TMD/
SU/TM, whereas SPPL2b preferentially cleaves LP18.
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To address whether generation of ICD(L3) and TMD/
SU/TM is a result of direct proteolytic cleavage of FVenv by
SPPL3 or is catalyzed by an unknown protease that is activated
by SPPL3, we performed co-immunoprecipitation assays using
the catalytically inactive variants of SPPL2b and SPPL3.
SPPL2b(D421A) predominantly co-isolated with LP18,
whereas full-length FVenv was co-isolated only to a minor
extent. In contrast, SPPL3(D272A) predominantly co-isolated
with full-length FVenv and only to a minor extent with LP18
(Fig. 2E), indicating that both enzymes directly interact with the
substrate, suggesting that proteolysis of LP18 and FVenv is
mediated directly by SPPL2b and SPPL3, respectively. Further-
more, these data strengthen the previous observation that
SPPL3 is capable of cleaving FVenv independent of prior proc-
essing by PC, whereas SPPL2b requires the short ectodomain of
LP18 for efficient cleavage.

Cleavage of FVenv by SPPL3 Is Insensitive to GxGD Protease
Inhibitors—To investigate whether GxGD protease inhibitors
block SPPL-mediated intramembrane proteolysis of FVenv
cells coexpressing either WT SPPL2b (Fig. 34) or WT SPPL3
(Fig. 3B), FVenv was treated with increasing concentrations of
(Z-LL), ketone, L-685,458, or DAPT. Whereas (Z-LL), ketone
was shown to target the active site of SPP and SPPL2a/b but not
y-secretase (7, 13, 16, 26), L-685,458 targets y-secretase, SPP,
and SPPL2a/b (13, 16, 27, 28). In contrast, DAPT blocks only
y-secretase activity and fails to block SPP and SPPL2b activity
(16, 27, 28). In line with this, treatment of cells expressing WT
SPPL2b with (Z-LL), ketone or L-685,458 resulted in a concen-
tration-dependent reduction of ICD(L2) and a simultaneous
accumulation of LP18 (Fig. 3A). In addition, a concomitant
accumulation of ICD(L3) and higher molecular mass protein
fragments (Fig. 3A), similar to those detected upon coexpres-
sion of SPPL2b(D421A) (compare with Fig. 1D), was observed.
As expected, DAPT had no effect on the processing of LP18 by
WT SPPL2b (Fig. 3A). Strikingly, none of the inhibitors was
capable of reducing the generation of ICD(L3) from cells coex-
pressing WT SPPL3 and FVenv (Fig. 3B). (Z-LL), ketone and
L-685,458 even increased the amount of ICD(L3), whereas
LP18 levels were hardly affected (Fig. 3B). These data demon-
strate that cleavage of FVenv by SPPL3 is not inhibited by any of
the GxGD protease inhibitors tested.

Consecutive Cleavage of FVenv by SPPL3 and SPPL2a/b—To
address whether the increased generation of ICD(L3) observed
upon treatment with (Z-LL), ketone or L-685,458 (Fig. 3B)
results from an increased availability of LP18 for SPPL3 cleav-
age due to inhibition of endogenous SPPL2a/b or from blockage
of a subsequent cleavage of ICD(L3) by SPPL2a/b, we optimized
our gel system to clearly separate the ICD species generated in
cells coexpressing SPPL3 and FVenv (compare with Fig. 1E).
Separation of the respective samples on a Tris/glycine gel sys-
tem revealed that generation of ICD(L3) in cells coexpressing
SPPL3 and FVenv was accompanied by the generation of a sub-
stantial amount of ICD(L2) (Fig. 4A). As observed before (Fig.
3B), treatment of these cells with L-685,458 or (Z-LL), ketone
induced an accumulation of ICD(L3) (Fig. 4B) and strongly
reduced ICD(L2) generation (Fig. 4B). In contrast to L-685,458
and (Z-LL), ketone, treatment with DAPT did not affect the
generation of ICD(L3) or ICD(L2) (Fig. 4B). TMD/SU/TM, the
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FIGURE 3.SPPL3 cleavage of FVenv is insensitive to GXGD protease inhib-
itors. HEK293 cells stably coexpressing FVenv and catalytically active SPPL2b
(A) or SPPL3 (B) were treated with increasing concentrations of (Z-LL), ketone,
L-685,458, or DAPT. FVenv, LP18, and ICD levels were analyzed. Whereas
L-685,458 affected ICD production in a similar manner to (Z-LL), ketone, DAPT
had no effect on intramembrane proteolysis of FVenv. Note that ICD(L3) gen-
eration was not decreased by any of the inhibitors. Upon treatment of cells
coexpressing SPPL2b and FVenyv, ICD(L3) and protein fragments (*) similar to
those detected upon coexpression of SPPL2b(D421A) accumulated (compare
with Fig. 1D). All species are labeled as described in the legend to Fig. 1. The
1gG background signal is indicated (**). IP, immunoprecipitation.

corresponding SPPL3 cleavage product of FVenv and LP18, was
hardly affected by any of the inhibitor treatments (Fig. 4B). This
again confirms that FVenv cleavage by SPPL3 is insensitive to
common GxGD protease inhibitors, whereas SPPL2a/b activity
is blocked by known SPP/SPPL inhibitors. To confirm that
ICD(L2) in this context is generated by endogenous SPPL2a/b,
SPPL2a/2b levels were reduced using specific siRNA. Com-
bined knockdown of SPPL2a and SPPL2b caused a selective
reduction of ICD(L2), whereas ICD(L3) accumulated (Fig. 4C),
indicating that ICD(L3) is turned over by SPPL2a/b to a certain
extent. LP18 and TMD/SU/TM remained unchanged under
these conditions (Fig. 4C). In contrast, siRNA-mediated knock-
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FIGURE 5. Intramembrane proteolysis of FVenv. Shown is a schematic over-
view of proteolytic FVenv processing. Glycosylation sites in FVenv are indi-
cated (Y). Proteases and the respective FVenv fragments generated are indi-
cated. FVenv is either processed by SPPL2a/b or SPPL3 following PC cleavage
(A) or alternatively directly cleaved by SPPL3 and subsequently by SPPL2a/b
(B).

down of SPPL3, targeting endogenous and overexpressed
SPPL3, reduced TMD/SU/TM and both ICD species, whereas
LP18 remained unchanged (Fig. 4C). A similar observation was
made when FVenv processing by endogenous SPPL activity was
analyzed (Fig. 4D). These data demonstrate that ICD(L2) is gen-
erated by endogenous SPPL2a/b. Surprisingly, ICD(L2) gener-
ation from cells coexpressing SPPL3 and FVenv was much
more efficient than that from cells with reduced SPPL3 activity,
although the levels of LP18 were similar, suggesting that
ICD(L3) is either turned over more efficiently by SPPL2a/2b
than LP18 or is more readily available for SPPL2a/b-mediated
cleavage. To ensure that ICD(L2) is directly generated from
SPPL2a/b cleavage of ICD(L3) and not by enhanced turnover of
LP18, ICD levels in cells coexpressing SPPL3 and either FVenv
or FVenv mut (compare with Fig. 2) were compared (Fig. 4, E
and F). Although LP18 levels in cells coexpressing SPPL3 and
FVenv mut were significantly reduced by 42 = 9.0% (p < 0.004)
compared with FVenv-expressing cells (Fig. 4, E and F; compare
with Fig. 2), the ICD(L2)/ICD(L3) ratio was not significantly
affected (Fig. 4, E and F), excluding that ICD(L2) generation
corresponds to the availability of LP18. Taken together, these
data suggest that SPPL2a/b is capable of cleaving not only LP18,
the PC cleavage product of FVenv, but also ICD(L3), the SPPL3
cleavage product of FVenv. Thus, SPPL3 cleavage of FVenv can
serve as an alternative shedding process, generating ICD(L3),
which, in addition to furin-generated LP18, serves as a substrate
for intramembrane cleavage by SPPL2a/b (Fig. 5).

Endoproteolysis of FVenv by SPPL3

DISCUSSION

In this study, we have described FVenv as a novel substrate
for intramembrane proteolysis by SPPL proteases. In contrast
to all SPPL substrates described so far (3), FVenv is cleaved not
only by SPPL2a/b but also by SPPL3. In line with previous stud-
ies (10), cleavage of FVenv by overexpressed SPPL2a/b is
dependent on PC-mediated cleavage, which precedes the
intramembrane cleavage and generates LP18, a single-span
transmembrane protein with a short ectodomain (Fig. 5A).
Contrary to our expectations, under the same conditions,
SPPL3 is capable of cleaving FVenv also without prior PC-me-
diated shedding (Fig. 5B). Thus, SPPL3 differs from other mam-
malian intramembrane GxGD aspartyl proteases, as it has the
ability to cleave substrates without prior shedding under con-
ditions in which SPPL2a/b and presenilin-1/2 strictly depend
on shedding. Interestingly, however, rhomboid intramem-
brane-cleaving serine proteases do not require truncation of
their substrate prior to intramembrane proteolysis but cleave
intact single-span transmembrane proteins, leading to release
of large, soluble, and bioactive factors (29). Hence, in this
regard, SPPL3 acts like the members of the rhomboid family
and unlike its homologs among the GxGD aspartyl proteases. In
addition, SPPL3 cleavage of FVenv is the first example of
an intact type III transmembrane protein processed by an
intramembrane protease because, so far, only single-span
transmembrane proteins or polytopic transmembrane pro-
teins, which are converted into single-span transmembrane
proteins by an independent proteolytic cleavage, have been
shown to undergo intramembrane cleavage by GxGD proteases
(2, 3, 30, 31).

Because FVenv cleavage by SPPL3 is not reduced by GxGD
protease inhibitors such as (Z-LL), ketone, L-685,458, and
DAPT, our results suggest that SPPL3 displays characteristics
distinct from other human GxGD proteases. In contrast to our
findings, in vitro experiments with recombinant Drosophila
melanogaster SPPL3 and synthetic peptides based on the
bovine preprolactin signal sequence (a putative SPP substrate)
(32) and cellular assays combining overexpressed human
SPPL3 and a model substrate optimized for SPP cleavage (11)
demonstrated that SPPL3 may be inhibited by (Z-LL), ketone
and L-685,458. However, the findings by Narayanan et al. (32)
were recently challenged (33), suggesting that such artificial
substrates may not be suitable to study the properties of an
intramembrane-cleaving protease. The discrepancies regard-
ing the effects of GxGD protease inhibitors on SPPL3 may also
be explained by substrate- and species-specific effects, as well as

FIGURE 4. SPPL3 generates a substrate for consecutive SPPL2a/b cleavage. A, HEK293 cells stably coexpressing WT SPPL2b or WT SPPL3 and FVenv were
immunoprecipitated (IP) using anti-FLAG antibody and separated on a Tris/Tricine gel, as in the previous figures (upper panels), or on a Tris/glycine gel (lower
panels). Note that despite less starting material for the immunoprecipitation (/P input), a significant amount of ICD(L2) was generated from cells coexpressing
SPPL3 and FVenv. The IgG background signal is indicated (**). untransf., untransfected. B, HEK293 cells stably coexpressing WT SPPL3 and FVenv were treated
with the indicated inhibitors (10 um) or the respective carrier (control (ctrl.)) for 16 h, and generation of ICD(L3) and ICD(L2) was analyzed in cell lysates.
C, endogenous SPPL levels of cells described for B were reduced by siRNA as indicated, and ICD(L3) and ICD(L2) levels were assessed as described for B.
Knockdown efficiency was verified by Western blotting (SPPL3) or TagMan RT-PCR (SPPL2a/b, normalized to actin mRNA levels). D, HEK293 cells stably
transfected with FVenv were transiently transfected with siRNAs targeting SPPL2a and SPPL2b or SPPL3 (10 nm) or the respective controls (Ctr/ T and Ctrl 2).
Knockdown efficiency was assessed by immunoblotting (SPPL3) or TagMan RT-PCR (SPPL2a/b). ICD levels were determined by anti-FLAG immunoprecipitation
following clearance of FVenv by anti-V5 immunoprecipitation. The asterisk indicated the degradation product of LP18 (see supplemental Fig. S2). E, cell lysates
of HEK293 cells coexpressing SPPL3 and either FVenv or FVenv mut (compare with Fig. 2) were analyzed with regard to the indicated FVenv species. Note that
ICD(L2) levels remained unchanged, although LP18 was strongly reduced. F, quantification of the experiment shown in D. Data represent means = S.E. of three
independent experiments. **, p < 0.004 (Student’s unpaired t test); n.s., not significant. All species are labeled as described in the legend to Fig. 1.
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the different context applied in the individual studies. This
hypothesis is supported by the observation that a reporter con-
struct based on a signal sequence that is not cleaved by SPP in
vitro (9) is cleaved by SPP in a cellular context (34). Therefore,
additional studies of various enzyme-substrate combinations
will be needed to address the issue of whether SPPL3 activity in
general is insensitive to common GxGD protease inhibitors or
only in context with the substrate FVenv.

In accordance with previous studies (10, 35), SPPL2a and
SPPL2b only accept FVenv species with a type II membrane
orientation and a truncated luminal domain as their substrates.
Both LP18 generated by PC cleavage of FVenv and ICD(L3)
generated by SPPL3 cleavage of FVenv fulfill this criteria and
are cleaved by SPPL2a/b to generate ICD(L2) (Fig. 5). Because
ICD(L2) generation by endogenous SPPL2a/b is greatly facili-
tated when substantial amounts of ICD(L3) are present, our
results suggest that ICD(L3) is much more efficiently subjected
to subsequent intramembrane cleavage by endogenous
SPPL2a/2b than LP18. Given its molecular mass, it is very likely
that the luminal domain of ICD(L3) is significantly shorter than
that of LP18. Therefore, our results are in line with the previous
observation that SPPL2b most efficiently cleaves Bri2 sub-
strates with an ectodomain shorter than 23 amino acids (10).
We cannot, however, completely rule out that, for example,
different subcellular localizations of LP18 and ICD(L3) favor a
more efficient turnover of the latter by SPPL2a/2b.

In contrast to other human GxGD proteases, SPPL3 accepts
not only LP18 but also the full-length FVenv protein as sub-
strate and, at the same time, generates a product that is an
excellent substrate for subsequent intramembrane proteolysis
by SPPL2a/b. We therefore conclude that SPPL3 has the ability
to serve as an additional sheddase in regulated intramembrane
proteolysis of FVenv (Fig. 5B). However, whether cleavage of
full-length FVenv by SPPL3 also occurs under physiological
conditions remains to be elucidated. In addition, future work
should address whether SPPL3-mediated proteolysis of FVenv
also impacts on virus particle maturation and/or infectivity.

Because it has been shown that cleavage of TNFa by
SPPL2a/b occurs within the hydrophobic core of the TMD (16),
SPPL2a/b cleavage of FVenv most likely also takes place within
the TMD of LP18. Taking into account that the molecular mass
of ICD(L3) is larger than that of ICD(L2) but smaller than that
of LP18, which contains only 35 amino acids of the luminal
part of FVenv, SPPL3 cleavage of FVenv will most likely take
place at the very C-terminal part of the FVenv TMD or in the
luminal part of FVenv in close vicinity to its TMD. To exactly
determine the cleavage sites of SPPLs in FVenv, analysis of the
respective cleavage products will be required. However,
although extensively tried, we have been unable so far to detect
FVenv-derived ICD and C-peptide species using MALDI-
TOF-MS (data not shown).

Our study on the intramembrane proteolysis of FVenv indi-
cates that SPPL3 has certain biochemical properties that, based
on the current knowledge, were not expected for intramem-
brane aspartyl proteases of the GxGD type but rather for mem-
bers of the rhomboid family. Future studies will need to address
whether this alternative, SPPL3-initiated regulated intramem-
brane proteolysis pathway is also observed for other physiolog-
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ical substrates of SPPL3 and whether SPPL3 activity itself is
regulated.
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