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Identification of Signal Peptide
Peptidase, a Presenilin-Type
Aspartic Protease

Andreas Weihofen," Kathleen Binns,? Marius K. Lemberg,’
Keith Ashman,? Bruno Martoglio'*

Signal peptide peptidase (SPP) catalyzes intramembrane proteolysis of some
signal peptides after they have been cleaved from a preprotein. In humans, SPP
activity is required to generate signal sequence-derived human lymphocyte
antigen—E epitopes that are recognized by the immune system, and to process
hepatitis C virus core protein. We have identified human SPP as a polytopic
membrane protein with sequence motifs characteristic of the presenilin-type
aspartic proteases. SPP and potential eukaryotic homologs may represent an-
other family of aspartic proteases that promote intramembrane proteolysis to

release biologically important peptides.

The discovery of intramembrane proteolysis
has revealed alternative pathways in cell sig-
naling, cell regulation, and protein processing
(). Dormant, membrane-bound transcription
factors, like sterol regulatory element-bind-
ing protein (/), activating transcription fac-
tor—6 (2), and NOTCH (3), or the growth
factor Spitz in Drosophila (4), are activated
and liberated in regulated processes that cul-
minate in proteolytic cleavage within their
membrane anchor. Similarly, B-amyloid
(AB) peptides, which are believed to be the
main toxic component in Alzheimer’s dis-
ease, are generated from membrane-anchored
B-amyloid precursor protein (3-APP) (5).
The critical cleavage in the membrane anchor
of B-APP is thought to be catalyzed by the
aspartic protease presenilin (6).

Tinstitute of Biochemistry, Swiss Federal Institute of
Technology (ETH), ETH-Hoenggerberg, 8093 Ziirich,
Switzerland. 2Samuel Lunenfeld Institute, Proteomics,
600 University Avenue, Toronto, Ontario M5G 1X5,
Canada.

*To whom correspondence should be addressed. E-
mail: bruno.martoglio@bc.biol.ethz.ch

Processing of signal peptides by an SPP is
related to protein cleavage by presenilin.
Both proteases cleave their substrates within
the center of a transmembrane region (6, 7).
The discovery of posttargeting functions of
signal peptides, which are required primarily
for the biosynthesis of secretory and mem-
brane proteins, has pointed to a central role
for SPP activity (8). Generation of cell sur-
face histocompatibility antigen (HLA)-E
epitopes in humans requires processing of
signal peptides by SPP (9). HLA-E epitopes
originate from the signal sequence of poly-
morphic major histocompatibility complex
(MHC) class I molecules and report biosyn-
thesis of these molecules to the immune sys-
tem (10). SPP activity is also required for
processing hepatitis C virus polyprotein and
hence is exploited by the pathogen to produce
viral components (/). It is thought that SPP
promotes the liberation of functional signal
peptide fragments from the endoplasmic re-
ticulum (ER) membrane (§).

To identify human SPP, we synthesized a
ligand affinity probe based on the SPP inhib-
itor (Z-LL),—ketone, which is thought to re-
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Fig. 1. Inhibition of SPP activity A
and photolabeling with TBL K.
(A) Diagram of TBLK. (B)
TBL,K inhibits signal peptide
processing. Amino acid se-
quences of substrates HLA-A/
24 and HLA-A®*/30. Arrows in-
dicate approximate SPP cleav-
age sites in the transmembrane
region (underlined). HLA-A®*Y/
20, cleavage product of HLA-
A®*t/30. Substrates were incu-
bated in the presence of deter-
gent (CHAPS)-solubilized SPP
activity (lanes 2 to 6) or buffer
only (lane 1). TBL,K was added
at indicated concentrations.
(C) TBL,K labels a 42-kD pro-
tein. CHAPS-solubilized ER
membrane proteins were incu-
bated with 50 nM TBL K (lanes
2 to 8) and (Z-LL),—ketone at
indicated concentrations (lanes
4 to 8). Samples were irradiat-
ed with UV light (lanes 1 and 3
to 8) to activate TBLK. (D)

FaC

TBLK-labeled protein is N-glycosylated. After labeling with TBL,K,
samples were treated with endoglycosidase H (lane 2) or buffer only
(lane 1). (E) Monitoring of purification by SDS-polyacrylamide gel
electrophoresis—silver staining and Western blot analysis with biotin-
specific antibody. Lane 1, CHAPS-solubilized ER membrane proteins;

versibly attack an active-site residue of the
protease with its central ketone moiety (7).
We synthesized a diazirine-containing deriv-
ative of (Z-LL),—ketone, TBL K (Fig. 1A),
because the photo-reactive compound might
also be directed to the active site of the
protease but irreversibly bind on activation
with ultraviolet (UV) light (Z2). A biotin
moiety was also incorporated into the probe
to facilitate identification of the adduct (I3).

The effect of TBL, K on SPP activity was
examined in vitro with detergent-solubilized
SPP activity isolated from canine pancreas
ER membranes; the in vitro—synthesized sub-
strates HLA-A/24 corresponding to the signal
peptide of HLA-A*0301; and HLA-A®*/30,
a mutant signal peptide containing an extend-
ed NH,-region that allowed fixation of the
cleavage product (HLA-A®**20) on the gel (9,
13) (Fig. 1B). Addition of TBL K to reac-
tions inhibited cleavage of the peptides in a
dose-dependent manner. The apparent medi-
an inhibitory concentration (IC;,) value (~50
nM) and the concentration that abolished SPP
activity (1 wM) were within the range for
inhibition of SPP by (Z-LL),—ketone (7),
indicating that modifications of TBL,K did
not affect targeting to SPP.

To identify protein(s) to which TBL K
binds, we mixed detergent-solubilized ER
membrane proteins with the inhibitor and
then exposed the mixture to UV light (Z3).
Western blot analysis with a biotin-specific
antibody revealed a major and a minor prod-
uct of about 42 and 40 kD, respectively (Fig.
1C). Specificity of TBL,K for these species
was confirmed by competition with (Z-LL),—

REPORTS
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ketone. Endoglycosidase H treatment shifted
both TBL,K-labeled proteins into a single
band of ~38 kD, suggesting that they are
differentially glycosylated forms of the same
protein (Fig. 1D).

To identify the 42-kD species, we per-
formed photolabeling with TBL, K on a pre-
parative scale and purified the labeled protein
by chromatography (Fig. 1E) (/3). At each
purification step, the presence of TBL K-
labeled protein was confirmed by Western
blot analysis with a biotin-specific antibody.
Analysis of the final pooled fractions re-
vealed five proteins (Fig. 1E, lane 8). The
TBL K-labeled protein was identified by
Western blot analysis, excised from a prepar-
ative gel, and analyzed by mass spectrometry.
Sequences were obtained for six peptides that
were compared with predicted translated
products in the National Center for Biotech-
nology Information non-redundant and Ex-
pressed Sequence Tags databases (/3). With
the exception of two amino acid residues, all
of the peptide sequences matched a hypothet-
ical human protein of unknown function.

In the absence of homology to other pro-
teins, we screened sequence databases for
homologous genes in other species. Potential
orthologs of the identified protein were found
in higher eukaryotes (Fig. 2) (/3), but no
functions have yet been described for any of
these hypothetical proteins. The most con-
served regions contain the motifs YD and
LGLGD (14) within two putative transmem-
brane segments (Fig. 2, regions 1 and 2).
Such motifs are characteristic of the preseni-
lin type of aspartic proteases (/3, 16). In
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lanes 2 and 3, Concanavilan A-Sepharose flow-through and eluate

hydroxyapatite flow-through and eluate pool;

lanes 6 and 7, reversed-phase flow-through and peak fraction; lane 8,
reversed-phase peak fraction, but five times the equivalents loaded in
lane 7. The arrow indicates the position of the TBL K-labeled protein.

presenilin, the two aspartic acid residues
within these motifs are required for proteo-
lytic activity and are thought to reside in the
protease active site. Apart from these motifs,
there is no particular homology between pre-
senilins and the putative SPP. Also, no other
potentially conserved catalytic residues such
as serine, histidine, or cysteine were found.

Predicted amino acid sequences of more
than 15 proteins of unknown function were
homologous to human SPP and could be
subdivided into at least five subfamilies on
the basis of phylogenetic tree analysis (Clust-
alW 1.4) (Fig. 2). The first subfamily com-
prises proteins with a COOH-terminal ER-
retrieval signal, KKXX (/4), and includes
SPP. Members of this subfamily are potential
orthologs and share homology (up to 94%
identity) with SPP throughout the whole ami-
no acid sequence. They are found only in
higher eukaryotes. The other four subfamilies
comprise SPP homologues without obvious
intracellular localization signals. Also, they
are homologous to SPP only in the COOH-
terminal half of the protein and show substan-
tial variation in the NH,-terminal regions.
This result suggests that the COOH-terminal
portions containing the YD and LGLGD mo-
tifs and a highly conserved sequence
[QPALLYhhP (I/4); Fig. 2, region 3] form
the proteolytic (sub)domain, whereas the
NH,-terminal parts define the specific func-
tion of the respective proteins.

Potential orthologs of SPP were not found
in the genomes of Saccharomyces cerevisiae
and Schizosaccharomyces pombe, suggesting
that SPP function was acquired late in evo-
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Fig. 3. Expression of human SPP
in yeast and predicted topology.
(A) TBLK labeling of human SPP
expressed in S. cerevisiae. Yeast D
microsomes were isolated, solu-

Cytosol '
bilized with CHAPS, and labeled
with TBL,K. Wild-type (WT) SPP SPP ‘
(lane 2) mutant D265A SPP
(lane 3); control strain trans- = umen c
formed with vector only (lane Substrate
1). (B) Signal peptide processing - m orientation
with recombinant SPP. HLA-A/
24 and HLA-A®'/30 were incu-  Gytosol
bated in the presence of CHAPS- g
solubilized yeast microsomes  Presenilin 1
isolated from the control strain 0
(lane 2), and the strains express- ;000

ing WT SPP (lanes 3 and 4) and
mutant D265A SPP (lane 5), or buffer only (lane

1). To one sample 1 M TBL,K was added (lane

4). (C) Glycosylation of human SPP expressed in yeast. Yeast microsomes were |solated solubilized
with CHAPS, and labeled with TBL,K. WT SPP (lane 2); mutant N10Q/N20Q SPP (lane 3); control

strain transformed with vector only (lane 1). D

topology of human SPP compared with presenilin-

brane regions containing the catalytic site motifs

ot indicates glycosylated protein. (D) Predicted
1. Arrows indicate the orientation of transmem-
YD and LGLGD (74). Arrows to the right indicate

the orientation of the cognate substrate. KKXX, ER retrieval signal.

lution, possibly to gain signal peptide—de-
rived peptides for signaling or regulatory
events, because it seems typical for processes
that include intramembrane proteolysis (17).
To confirm that the identified protein targeted
by TBL K is an SPP, we expressed the pro-
tein in yeast S. cerevisiae (13). We cloned
and sequenced the human cDNA from a
HeLa cell ¢cDNA library with partial ex-
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pressed sequence tag sequences from public
databases, and expressed the protein encoded
by the recovered cDNA [submitted to the
European Molecular Biology Laboratory
(EMBL) database; accession number
AJ420895]. Yeast microsomal membrane
proteins were isolated and solubilized with
detergent, and associated proteins were either
labeled with TBL,K or tested for protease

activity (/3). The TBL K-labeled protein ap-
peared as a glycosylated and a nonglycosy-
lated protein, which were not present in con-
trol yeast membranes (Fig. 3A). Furthermore,
solubilized membrane proteins containing the
human protein showed SPP activity that was
sensitive to TBL,K (Fig. 3B). Mutation of the
conserved aspartic acid residue at position
265 of the LGLGD motif to alanine did not
affect its labeling with TBL /K, indicating
that substrate binding was not disrupted, but
catalytic activity was abolished in the mutant
(18) (Fig. 3, A and B). These results suggest
that the human TBL,K-binding protein is
SPP and likely an aspartic protease.
Analysis of the amino acid sequence of
the predicted protein revealed seven putative
transmembrane regions, according to the
TMHMM 2.0 prediction program (/9): four
potential N-glycosylation sites, YD and
LGLGD aspartic protease motifs, and the ER
retrieval signal KKXX. To assess the topol-
ogy of SPP, we determined its sites of gly-
cosylation. At Asn®2, which lies in the loop
between putative transmembrane regions one
and two, glycosylation is unlikely. This resi-
due is part of a peptide identified by mass
spectrometry and hence not modified and
presumably facing the cytosol. To test the
two N-glycosylation sites Asn'® and Asn?°,
we mutated these residues to glutamines
(N10Q/N20Q). When wild-type (WT) SPP
was expressed in yeast, the TBL K-labeled
protein appeared as two bands corresponding
to glycosylated and nonglycosylated forms of
the protein. In contrast, expression of the
N10Q/N20Q mutant resulted in a single pro-
tein with the expected molecular size of non-
glycosylated WT SPP, indicating that the
NH,-terminus of SPP had been translocated
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into the ER lumen (Fig. 3C). Glycosylation of
Asn'® and Asn?® was also confirmed in vitro
(13).

On the basis of the analysis of glycosyl-
ation sites and the prediction of transmem-
brane regions, we propose a seven-trans-
membrane topology for SPP with the
NH,-terminus in the ER lumen, the COOH-
terminus containing the ER retrieval signal
in the cytosol, and the active-site motifs
YD and LGLGD in the center of adjacent
transmembrane regions (Fig. 3D). Such
motifs are also present in adjacent trans-
membrane regions of presenilins (3, 3, 6).
However, the predicted orientation of the
transmembrane regions containing the YD
and LGLGD motifs is opposite in preseni-
lins compared with that of SPP, in accor-
dance with the opposite orientation of the
substrates. The substrates of presenilins,
NOTCH-1 and B-APP, are type I mem-
brane proteins, whereas SPP substrates
have a type II orientation (Fig. 3D).

Genetic evidence supports the explana-
tion that presenilins are y-secretases, which
catalyze cleavage of B-APP in its trans-
membrane region and liberate AR peptides
(6). Recent observations, however, ques-
tion presenilins as the proteolytic compo-
nents that cleave B-APP and NOTCH and
suggest alternative functions, such as that
of a molecular chaperone for membrane
proteins (20). The identification of SPP as a
presenilin-type aspartic protease favors the
former view that presenilins are proteases.
The identification of potential SPP ho-
mologs may in fact expand the number of
potential proteases, which may account for
y-secretase activity in systems that exclude
the action of presenilins (20). Identification
of functional human SPP may allow eluci-
dation of the mechanism of intramembrane
proteolysis and address the still-unsolved
question of how the cleavage of peptide
bonds can be achieved in an environment
that is thought to preclude hydrolysis.

References and Notes
1. M. S. Brown, . Ye, R. B. Rawson, J. L. Goldstein, Cell
100, 391 (2000).
2. K. Haze, H. Yoshida, H. Yanagi, T. Yura, K. Mori, Mol.
Biol. Cell 10, 3787 (1999).
3. Y. M. Chan, Y. N. Jan, Neuron 23, 201 (1999).
4. J.R. Lee, S. Urban, C. F. Garvey, M. Freeman, Cell 107,
161 (2001).
5. D. ). Selkoe, Nature 399, A23 (1999).
6. H. Steiner, C. Haass, Nature Rev. Mol. Cell Biol. 1,217
(2000).
7. A.Weihofen, M. K. Lemberg, H. L. Ploegh, M. Bogyo, B.
Martoglio, /. Biol. Chem. 275, 30951 (2000).
8. B. Martoglio, B. Dobberstein, Trends Cell Biol. 8, 410
(1998).
9. M. K. Lemberg, F. A. Bland, A. Weihofen, V. M. Braud,
B. Martoglio, J. Immunol. 167, 6441 (2001).
10. V. M. Braud et al., Nature 391, 795 (1998).
11. ). Mclauchlan, M. K. Lemberg, R. G. Hope, B. Marto-
glio, in preparation.
12. ). Brunner, Methods Enzymol. 172, 628 (1989).
13. Materials and methods are available as supporting

REPORTS

material on Science online at www.sciencemag.org/
cgi/content/full/296/5576/2215/DC1.

14. Single-letter abbreviations for the amino acid resi-
dues are as follows: A, Ala; C, Cys; D, Asp; E, Glu; F,
Phe; G, Gly; H, His; |, Ile; K, Lys; L, Leu; M, Met; N, Asn;
P, Pro; Q, Gln; R, Arg; S, Ser; T, Thr; V, Val; W, Trp; and
Y, Tyr. X, any amino acid; h, hydrophobic amino acid.

=+ M. S. Wolfe et al., Nature 398, 513 (1999).

16. H. Steiner et al., Nature Cell Biol. 2, 848 (2000).

17. S. Huppert, R. Kopan, Dev. Cell 1, 590 (2001).

18. M. Szelke, in Aspartic Proteinases and Their Inhibitors,
V. Kostka, Ed. (Walter de Gruyter, Berlin, 1985), pp.
421-441.

19. S. Moller, M. D. Croning, R. Apweiler, Bioinformatics
17, 646 (2001).

20. S. S. Sisodia, W. Annaert, S. H. Kim, B. De Strooper,
Trends Neurosci. 24, S2 (2001).

21. We thank J. Brunner, B. Dobberstein, A. Helenius, and
J. McLauchlan for discussions; C. Jakob for p426gal;
and U. Kutay for the cDNA library. Supported by
grants from Natural Sciences and Engineering Re-
search Council of Canada Industrial Postgraduate
Scholarship with MDS Sciex (K.B.), Eidgendssische
Technische Hochschule Ziirich, the National Compe-
tence Center for Research on Neuronal Plasticity and
Repair, and the Swiss National Science Foundation
(B.M.).

15 February 2002; accepted 11 April 2002

Visualization and Functional
Analysis of RNA-Dependent
RNA Polymerase Lattices

John M. Lyle,"* Esther Bullitt,2* Kurt Bienz,? Karla Kirkegaard'f

Positive-strand RNA viruses such as poliovirus replicate their genomes on
intracellular membranes of their eukaryotic hosts. Electron microscopy has
revealed that purified poliovirus RNA-dependent RNA polymerase forms planar
and tubular oligomeric arrays. The structural integrity of these arrays correlates
with cooperative RNA binding and RNA elongation and is sensitive to mutations
that disrupt intermolecular contacts predicted by the polymerase structure.
Membranous vesicles isolated from poliovirus-infected cells contain structures
consistent with the presence of two-dimensional polymerase arrays on their
surfaces during infection. Therefore, host cytoplasmic membranes may function
as physical foundations for two-dimensional polymerase arrays, conferring the
advantages of surface catalysis to viral RNA replication.

Nucleic acid synthesis is often associated
with large, static “factories” (/). For positive-
strand RNA viruses such as poliovirus, foot-
and-mouth disease virus, hepatitis C virus,
and many others, the RNA replication com-
plexes form on the cytosolic surface of cyto-
plasmic membranes (2—4). The role of this
membrane association is not known, but it
may be to (i) concentrate and compartmen-
talize viral products by targeting to a com-
mon structure, (ii) provide key lipid constit-
uents to the viral RNA replication complexes,
or (iii) physically support the RNA replica-
tion complex.

Poliovirus RNA synthesis is catalyzed by a
virally encoded RNA-dependent RNA poly-
merase, termed 3D (5). The 3D polymerase is a
soluble enzyme, but it is targeted to membranes
by binding to another viral protein, 3AB (6-5),
also part of the RNA replication complex. Po-
liovirus polymerase forms homo-oligomers, as
demonstrated by its cooperative elongation and
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RNA-binding activity with respect to protein
concentration, facile cross-linking with glutar-
aldehyde (9, 10), and interactions in a yeast
two-hybrid system (7, /7). The three-dimen-
sional crystal structure of the poliovirus poly-
merase determined by x-ray crystallography
(12) revealed two interfaces between polymer-
ase molecules (Fig. 1A). Based on a right-hand
metaphor for polymerase structure, Interface I
involves residues on the side of the thumb
domain and residues on the back of the palm of
an adjacent polymerase, forming a head-to-tail
oligomeric fiber through the crystal (/2). Ami-
no acid substitutions predicted to disrupt inter-
face I are lethal to the virus (3, /4) and reduce
RNA-binding affinity (/4). Interface II in-
volves intermolecular donation of the NH,-
terminal domain of one polymerase to a region
of the thumb near the active site of its neigh-
boring polymerase, forming a head-to-tail fiber
through the crystal that intersects the fibers
formed by interface I at a 90° angle (Fig. 1A)
(12). However, the region of 3D polymerase
around interface I is not completely resolved in
the x-ray structure (/2), and alternative crystal
forms reveal that alternative packing conforma-
tions around interface II allow polymerase-
polymerase interactions in this region, even in
the absence of the NH,-terminal donation (/5).
For wild-type polymerase, the existence of the
intermolecular NH,-terminal donation shown
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