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Abstract

Neurodegenerative plaques characteristic of Alzheimer’s disease (AD) are composed of amyloid beta (Ap) peptide, which
is proteolyzed from amyloid precursor protein (APP) by [-secretase (beta-site APP cleaving enzyme [BACE1]) and
v-secretase. Although y-secretase has essential functions across metazoans, no essential roles have been identified for
BACE1 or Ap. Because their only known function results in a disease phenotype, we sought to understand these com-
ponents from an evolutionary perspective. We show that APP-like proteins are found throughout most animal taxa, but
sequences homologous to A are not found outside gnathostomes and the f cut site is only conserved within sarcopter-
ygians. BACE1 enzymes, however, extend through basal chordates and as far as cnidaria. We then sought to determine
whether BACE1 from a species that never evolved AP could proteolyze APP substrates that include Ap. We demonstrate
that BACE1 from a basal chordate is a functional ortholog that can liberate Ap from full-length human APP, indicating

BACET1 activity evolved at least 360 My before Ap.
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Alzheimer’s disease (AD) is characterized by progressive cog-
nitive decline and the presence of extracellular plaques com-
posed of amyloid beta (AB). The AP peptide is a 4-kDa
fragment derived from sequential proteolysis of the amyloid
precursor protein (APP) by - and y-secretase (Glenner and
Wong 1984). Production of AP is precluded by activation of
an alternative proteolytic pathway involving o-secretase,
which is known to compete with B-secretase for cleavage
of APP (Skovronsky et al. 2000).

Despite significant understanding of proteolytic pathways
related to APP, little is known about its functional role.
Indeed, some have characterized APP as an “all-purpose pro-
tein” (Shariati and De Strooper 2013) reflecting a vast array of
proposed functions. These include dendritic spine formation
(Tyan et al. 2012), neuronal cell migration (Young-Pearse et al.
2007), cell-cell adhesion (Soba et al. 2005), synaptogenesis
(Wang et al. 2009), and long-term potentiation (Dawson
et al. 1999). APP-like proteins (APPLPs), which lack the AP
motif, are proteolyzed similar to APP but appear to have
distinct, and quite different, roles (Shariati and De Strooper
2013).

[B-Secretase activity is thought to be the rate-limiting step
in AR production (Citron et al. 1995). The beta-site APP
cleaving enzyme (BACE1) responsible for 3-secretase activity
contains two consensus motifs [D(T/S,G(T/S)] characteristic
of an aspartyl protease (Vassar et al. 1999). BACE1 is highly
expressed in neurons in humans (Irizarry et al. 2001), is known
to account for the majority of AP produced in the human
brain (Ahmed et al. 2010), and BACE1 knockout mice are
viable but do not produce AP (Luo et al. 2001).

BACE2 is a paralog containing 45% identity with BACE1
(Bennett et al. 2000). BACE2 expression in the brain is low or

undetectable (Bennett et al. 2000), and the enzyme is not a
significant source of AP in humans (Ahmed et al. 2010).
Hussain et al. (2000) have documented BACE2 cleavage of
APP at the -secretase cut site, with paradoxically no increase
in AB. Indeed, Basi et al. (2003) demonstrated a role for
BACE2 in lowering levels of secreted AP, and others
have shown that the enzyme functions as an alternative
a-secretase that precludes AP production by cleaving APP
within the A} domain at a novel “theta” site just downstream
from the alpha position (Sun et al. 2005).

Although much is known about the function of
y-secretase components across metazoans (reviewed in
Zhang et al. [2013]), very little is understood regarding the
normal role of two key components of Alzheimer’s patho-
genesis, the monomeric B-secretase and the AP peptide.
Because their only known function results in a disease phe-
notype, we sought to understand these components from a
functional evolutionary perspective.

Phylogenetic Analysis of APP, AP,
and BACE1

We searched across animal taxa for APP, AP, and BACE1
sequences. Iterative searching of protein, transcript, and ge-
nomic databases (see Materials and Methods) indicates that
APPLPs are found in all major animal taxa except sponges and
ctenophores. Sequence alignments reveal extensive conserva-
tion across APP and APPLPs from all these taxa, including
several previously characterized domains (Li and Stidhof 2004;
data not shown). Alignments also reveal that sequences
homologous to A are only found in APPs of gnathostomes
(fig. 1A). Among the partially sequenced chondrichthyan
genomes, Raja erinacea (little skate), has a clear APP/AP
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Fic. 1. Widely separate origins of Af} and BACE 1. (A) Alignment of C-terminus ends of APP and APPLP sequences from selected animal species that
represent major phylogenetic branches (some unique unaligned sequences trimmed for compactness). APPLPs are found throughout most animal taxa,
extending basally as far as cnidaria (e.g, Nematostella). However, sequences homologous to AP (gray shaded box), including the central amyloidogenic
core (AP 16-22, overlined) are not found outside of gnathostomes (e.g, Raja). Canonical gamma secretase cut sites are conserved throughout all
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ortholog. Although several exons of APP-like sequences
were found in the incomplete genomes of sea lamprey
(Petromyzon marinus; Smith et al. 2013) and Japanese lam-
prey (Lethenteron japnonicum; Mehta et al. 2013; data not
shown), no matches to A sequences were found in these or
other non-gnathostome genomes, even under relaxed search
constraints (see Materials and Methods). Our APP phyloge-
netic tree (fig. 1B) confirms and extends the analysis of Tharp
and Sakar (2013), who used a different subset of species and
identified three major clades of vertebrate APP and APPLPs.
All AB-containing proteins form a very well-supported clade
and should be considered true APP orthologs.

Among APPs that share the A motif, all also share the
two gamma secretase sites (40 and y42) and most also share
the seven amino acid motifs (KLVFFAED) that has been dem-
onstrated to be the central core of amyloid aggregates
(Tjernberg et al. 1999). APP2 from Danio has a more divergent
sequence in place of the amyloid core, indicating that it has
been less constrained since teleost-specific genome duplica-
tion (Taylor et al. 2001). We find that the coelacanth,
Latimeria chalumnae, is the most basal species containing
the [P-secretase recognition and proteolysis sequence
(EVKMDAE; Li and Stidhof 2004). This cut site is highly con-
served within sarcopterygians (one amino acid change
in Xenopus) but was not found in teleost (Danio, shown;
Fugu, Oryzias, Gadus; not shown), other actinopterygians
(Polypterus, Acipenser, Amia, and Lepisosteus; not shown),
or chondrichthyan genomes. Some of these nonteleost ge-
nomes remain incomplete, and it is thus possible that they
may harbor 3-secretase recognition sequences. Such a finding
would alter our proposed timing of the origin of the cut site
and would indicate that modern teleosts secondarily lost this
sequence. We were unable to detect signals of positive selec-
tion across AP and flanking sequences or anywhere in APP
(data not shown). Non-AB-containing APPLPs form two
separate, gnathostome-specific clades, APPLP1 and APPLP2.
Invertebrate APPLPs and lamprey APPLP exons (not shown)
group outside the cluster of gnathostome APP and APPLPs.
Together, these analyses indicate that gnathostome verte-
brates underwent duplications of ancestral APPLP genes.
One APPLP paralog acquired the AP motif in at least the
gnathostome ancestor.

Our analysis of BACE1 (fig. 1C) indicates that orthologs are
widely present among animal taxa. Bona fide BACE1 ortho-
logs can be found throughout the chordates, including all
taxa that have AP in their APPs, and also in taxa such as
Branchiostoma that do not have AP and only have APPLPs.
Although there are some invertebrate taxa that are

conspicuously lacking BACET orthologs (e.g, Drosophila and
Caenorhabditis), multiple edysozoans and lophotrochozoans
have BACE1 orthologs (data not shown). Among basal ani-
mals, we found a bona fide BACE1 ortholog in the genome of
hydra (Hydra magnipapillata). BACE2 orthologs appear to be
limited to sarcopterygians, while proteins equally orthologous
to BACE1 and BACE 2 can be found in ctenophores
(Mnemiopsis leidyi) and choanoflagellates (Monosiga bevicol-
lis). Cathepsin D is the closest family of aspartyl proteases to
BACE1 and BACE2; our tree topology suggests that BACE1
properly arose by gene duplication within this family just after
the origin of Eumetazoa (fig. 1C).

BACE1 Functional Evolutionary Analysis

Our phylogenetic analysis indicates that AP peptide arose in
early gnathostomes and the [} cut site arose in early sarcop-
terygians. BACET, in stark contrast, arose near the base of the
animal phylum, in the common ancestor of bilaterians and
cnidaria. Fossil evidence places this ancestor at least 570 Ma
(Xiao et al. 2000) and sarcopterygians at 390 Ma (Benton
1990). The corresponding molecular clock estimates are
1,700 Ma (Cartwright and Collins 2007) and 430 Ma (Blair
and Hedges 2005), respectively. Given this enormous tempo-
ral difference in the appearance of enzyme and substrate, we
sought to test the degree of functional conservation of BACE1
during animal evolution. Specifically, we wished to determine
whether BACE1 enzymes from basal species that never
evolved AP would proteolyze human APP/A substrates.
BACE1 from Branchiostoma floridae was our test of this func-
tional conservation. Branchiostoma are the sole surviving
genus of the cephalochordate subphylum, the most basal
chordate taxon (Putnam et al. 2008), and separated from
humans by 520-890 My (Shu et al. 1996; Blair and Hedges
2005).

Although BACE1 from cnidarians (e.g, Hydra) are margin-
ally more divergent from humans (570-1,100 Ma), we rea-
soned that functional conservation across this additional
divergence time would not result in a significantly more
informative result. Given the more well-developed and readily
available cDNA resources (Langeland et al. 1998), we reasoned
that cloning and expressing the Branchiostoma BACE1 cDNA
would prove more tractable, yet still provide a robust test of
deep functional conservation.

For our analysis of BACE1 functional conservation, we
chose a well-described system wherein the shortest, primarily
neuronal isoform of human APP (APP695) is stably expressed
in a Chinese Hamster ovary cell line (CHO 695 cells;
Skovronsky et al. 2000). CHO 695 cells were transiently

Fic. 1. Continued

AP-containing APPs, while the canonical B cut site (overlined and arrow) are only conserved within sarcopterygians (e.g, Latimeria). (B) Maximum
likelihood tree of APP and APPLPs. Nodes collapsed below 60% bootstrap support. AB-Containing APPs form a very well-supported clade (bootstrap
support 99.4%), indicating that they are true orthologs. Several tetrapod APPLPs and all non-gnathostome APPLPs fall outside of the AB-containing
clade. (C) Maximum likelihood tree of BACE1 and BACE2 sequences. Nodes collapsed below 60% bootstrap support. Bona fide BACE1 orthologs extend
beyond sarcopterygians, through basal chordates (e.g, Branchiostoma), and extend basally as far as cnidaria (e.g, Hydra). BACE2 proteins have not been
found outside of sarcopterygians. Sequences equally orthologous to BACET and BACE2 are found in ctenophores (e.g, Mnemiopsis) and choano-
flagellates (e.g, Monosiga). The tree was rooted on cathepsin D as this is the closest family of aspartyl proteases to BACE1 and BACE2.
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transfected with Branchiostoma BACET1 for 16 h. Conditioned
media was collected and subjected to ELISA for human A
1-40, a major AP species produced by sequential 3-secretase
and y-secretase proteolysis. For comparative purposes, Homo
BACE1 was used as a positive control and GFP as a negative
control (fig. 2). One-way analysis of variance (ANOVA) re-
vealed a significant construct effect [F(2,18) = 4.686; P < 0.05].
Bonferroni post hoc analysis determined AP secretion was
elevated compared with GFP controls after transfection of
either Branchiostoma BACE1 or Homo BACE1 (P < 0.05)
Indeed, transfection with Branchiostoma BACE1 elevated
AP secretion by nearly 2-fold over GFP control, and was in-
distinguishable from Homo BACET1 in terms of its ability to
proteolyze APP. As such, BACE1 from this basal chordate cuts
human APP at the B cleavage site and represents a true
functional ortholog.

Conclusion

We have demonstrated that BACE1 predates the origin of its
AP substrate by at least 360 My based on molecular clock
estimates. Furthermore, our observation that BACE1 from
Branchiostoma, a basal chordate that never evolved AP, can
proteolyze human APP and liberate AP indicates a very high
level of functional conservation since the origin of BACE1.
These two results indicate that BACE1 has deeply conserved
and essential functions that have nothing to do with APP
processing. Nonamyloidogenic roles for BACE1 are beginning
to emerge, such as peripheral myelination (Hu et al. 2006) and
maintenance of synaptic function (Sheng et al. 2003).
Moreover, BACE1 is known to cleave substrates other than
APP, including APPLPs that lack the AP domain (Li and
Stidhof 2004), NRG-1 (Hu et al. 2006), the lipoprotein recep-
tor-related protein LRP-1 (von Arnim et al. 2005), the cell
adhesion protein PSGL-1 (Lichtenthaler et al. 2003), and the
immune regulator ST6Gal1 (Kitazume et al. 2005). We found
orthologs of each of these genes in both Branchiostoma and
cnidaria (data not shown), indicating that these proteins are
likely members of the ancestral set of essential BACE1 sub-
strates. Although not as deeply conserved as BACET, the A3
peptide has been conserved for at least 430 My. This indicates
that AP, too, has essential functions that have thus far
escaped discovery.

Our results are consistent with established trends docu-
menting unexpected roles for familiar proteins (Perona 2009),
such as modulation of Wnt signaling by the telomerase com-
ponent hTERT (Park et al. 2009) and activation of angiogen-
esis by the histone H2AX (Economopoulou et al. 2009).
Components of the APP processing machinery are also
known to have essential roles independent of APP proteolysis.
For example, y-secretase is known to cleave non-APP sub-
strates including Notch (Song et al. 1999) and ErbB4 (Ni et al.
2001); these activities may represent its earliest biological
function in metazoans. Furthermore, presenilin (PS, the cat-
alytic component of y-secretase) performs nonproteolytic
functions in plants. Remarkably, this nonmetazoan PS rescues
the growth deficiency phenotype in PS-deficient mouse
embryonic fibroblasts (Khandelwal et al. 2007), indicating
unknown nonproteolytic roles for PS in animals.
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Fic. 2. Branchiostoma BACE1 proteolyzes human APP at the
[B-secretase site. CHO 695 cells stably transfected with human APP
were transiently transfected with GFP control, Homo BACE1 or
Branchiostoma (Branch.) BACE1. Conditioned media were harvested
after 16h and secretion of human AP 1—40 determined via ELISA.
(*P < 0.05).

On the basis of our data, we suggest that the evolutionary
origin of AR accumulation in neurodegenerative plaques
necessarily included the following steps (fig. 3): BACE1 and
APPLPs had and maintain essential ancestral functions dating
to near the origin of animals. In the gnathostome ancestor,
one APPLP paralog evolved the still-essential A motif. The
amyloidogenic core and the y cut site seem to appear in one
step, indicating that the intermediates have been lost. The
definitive 3 cut site appears somewhat later in the sarcopter-
ygian ancestor. Either concurrently or later, the two proteins
came to be coexpressed and into physical contact in neurons.
Because >95% of Alzheimer's cases manifest after age 60
(Holmes 2002), AP accumulation should be selectively neutral
and would not affect the proposed essential functions of
BACE1 and AP. Unresolved questions stemming from our
analysis include when and how BACE1 began acting on
ancestral AP containing APP substrates.

Materials and Methods

Phylogenetic Analysis

For APP/APB searching we used both full-length human
APP695 isoform (NP_958817) and the 42 residue AP peptide
from this isoform. For BACE1 searching, we used full-length
human BACE1 (AAH36084). These sequences were used to
exhaustively Blast the genomes of several species spanning
progressively more basal animal taxa and also including choa-
noflagellates, yeast, and plants. Specific databases searched
include GenBank, Ensemble, National Human Genome
Research Institute, Joint Genome Institute, Skatebase, jlam-
preygenome.imcb.a-star.edusg, and the Broad Institute
Origins of Mulicellularity database. Searches were current as
of 9 November, 2013. To ensure maximum coverage, in ad-
dition to BlastP and PSI-Blast (where available) against protein
sequences, we used TBlastN against transcript and genomic
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B cut site

AR homolggy tetrapods
sequence
homolog;
Proven x 430
BACE1 390 coelacanth
function 525
APPLP and 457 sharks/rays
BACE1 proteins
890
520 amphioxus
1100
570
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Fic. 3. Timeline of BACET and AP evolution. Simplified animal phylo-
genetic tree annotated with key events demonstrated in this article.
Numbers below nodes indicate divergence times in millions of years
relative to the present. Top number is consensus estimate based on
molecular clock data and bottom number is minimum number based
on fossil evidence (see text for references). APPLP and BACE 1 proteins
are shared with all animals inclusive of bilateria and cnidaria and thus
arose at least 570 Ma and perhaps as long as 1,100 Ma. Our analysis of
Branchiostoma BACE1 demonstrates that BACE1 function was present
in the chordate ancestor at least 520 Ma and perhaps as long as 890 Ma.
AP peptide arose in the common ancestor of jawed vertebrates and the
canonical B cut site, on which BACE1 acts to release AP, arose in the
common ancestor of tetrapods and lobe-finned fish, up to 600 My after
the origin of BACE 1.

databases. We generally used default Blast settings (BLOSUM
62 matrix, 11/1 Gap penalties, a conditional compositional
score matrix adjustment, and no filtering). We employed an
iterative approach wherein e values, beginning at 10, were
progressively raised until hits were generated. Regardless of
whether or not they were previously annotated, the top hits
from each search were return blasted against the human
genome to determine their identity. Results were deemed
negative if they did not return, respectively, AB, APP, or
BACE. In taxa where we could not recover AP, we recovered
a range of proteins including angiotensinogen, aquaporin,
and esterase. For APP, negative candidates were typically cy-
toskeletal proteins such as myosin, tubulin, or ankyrin. In taxa
where we could not recover BACE, the results were invariably
cathepsins. Multiple sequence alignments were produced
using T-coffee (Di Tommaso et al. 2011) with default settings.
Maximum likelihood trees were produced using Mega5.2.2
(Tamura et al. 2007) with JTT substitution model and five
gamma distributed rate categories. Trees were bootstrapped
with 1,000 replicates, and the resulting consensus trees were
visualized using FigTree v1.4 collapsing nodes below 60%
bootstrap support. The following sequences were used for
APP alignments, in order shown in figure 1B (GenBank
Accession number, Ensemble sequence number, SkateBase
Contig number, or jgi scaffold): NP_958817, NP_031497,
AAG00593, NP_001082098, ENSLACGO00000001469,
NP_571639, NP_690842, SkateBase Contig91495,
AAHO00373, AAH52396,CAE75662, AAB96331, NP_031493,
XP_002613121.1, NP_508871, NP_476626, XM_001637304.
The following sequences were used for BACE alignments,
in order shown in figure 1C: AAH36084, NP_035922,
NP_001072485, AAS64565, ENSLACT00000020958,
SkateBase  Contig 11234, NP_991267, ENSPMAT
00000006274, Branchiostoma KJ018079, XP_002166168.2,
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AAQ89286, NP_062390, AAS64566, NP_001080615, Skate-
Base Contig 20593, ENSLACT00000017156, Mnemiopsis
transcript ML154145a, jgi|Monbr1|28443|fgenesh2_pg.scaf-
fold_26000054, NP_034113. Tests for positive selection were
carried out using the codon-aligned APP nucleotide files in
the Datamonkey implementation of HyPhy (Delport et al.
2010).

Cloning of Branchiostoma BACE1

Branchiostoma floridae genomic traces were blasted with
human BACE1 cDNA sequence to obtain partial exon
sequences. Primers were designed and used to amplify a
600-bp BACE1 fragment from our B. floridae cDNA library
(Langeland et al. 1998). This fragment was used as a probe to
screen for the full-length cDNA by hybridization. The result-
ing cDNA (2,790 bp; 500 amino acids) was subcloned into
pcDNA3.1 for expression in mammalian cells.

Cell Culture and Transfection

CHO cells stably transfected with the 695 amino acid variety
of human APP (CHO 695; gift of Dr Virginia M-Y. Lee,
University of Pennsylvania) were maintained in minimum
essential alpha media (MEM; Invitrogen, Carlsbad, CA) sup-
plemented with 10% fetal bovine serum, 1% glutamine, and
1% penicillin/streptomycin (Invitrogen). Cells were passaged
as specified in Balan et al. (2010). Cells were seeded into six-
well plates at a density of 1.25 x 10* before transient trans-
fection. CHO 695 cells at 70% confluence were transfected
with GenePorter (Genlantis, San Diego, CA) 24 h after plating
following manufacturer’s instructions. Two micrograms of
DNA (GFP, Homo BACE1, or Branchiostoma BACE1) and
10 pl transfection reagent was delivered in 0.5 ml serum-free
oMEM for 5h. Transfections were stopped by addition of
0.5ml serum-containing «MEM. Visual inspection of GFP
controls verified successful transfection.

Collection of Conditioned Media and ELISA

Conditioned media was harvested 16 h following transfection.
A complete-mini protease inhibitor cocktail (Roche,
Indianapolis, IN) was used to prevent degradation of secreted
proteins. Media (1.0 mL) was transferred to microfuge tubes
containing protease inhibitors and incubated on ice. Tubes
were centrifuged at 13,000rpm for 20 min at 4°C
Supernatant was transferred to new microfuge tubes and
stored at —80 °C until analysis. Secreted AP 1-40 was mea-
sured via a human-specific ELISA kit (Invitrogen) following
manufacturer’s instructions. Absorbance was measured at
450nm on a pquant microplate spectrophotometer
(Biotek, Winooski, VT).

Statistics

Significance of ELISA data was determined by one-way
ANOVA followed by Bonferroni post hoc testing.
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