By are assigned values to give a basic reproduction number, Ry, for local transmission in a
patch of 5, R, for mass-action transmission in a patch of 0.4, and an R, of 0.02 between any
two patches. Seasonal variation in contact rates is characterized by €,, and is assumed to be
opposite in phase for the Northern and Southern hemispheres (represented by setting
g, =+0.25for 1 <p=M/2,and g, = —0.25 for M/2 <p = M).

The probability that a host is infected upon exposure depends on the strain s, and the
host’s immune history. Each strain is characterized by A epitopes, each consisting of C
codons (three nucleotide bases). Immunity is assumed to be specific to the set of amino
acids to which the host has been exposed at each codon, and for simplicity, no functional
constraints are imposed on the amino acid sequences. For the default values of A = 4 and
C = 3 used here, a total of 4 X 10" strains are possible. Antigenic distance, d(s,H) between
a strain s and the immune history of a host, H, is then simply defined as the number of
codons in strain s for which the amino acid has not been previously encountered by the
host. The level of cross-protection from infection provided at a certain antigenic distance
is given by the function f(d), where we assume f(d) = 60, + (6p — 0,)(d — n,)/(AC — n,)
ford = n,, f(d) =0, for 0 < d < n,, and f(d) = 1 ford = 0. n, (=2) is the threshold level
of change necessary for cross-protection to drop below the maximal level set by 0;(=0.99),
and 6, (=0.25) is the minimal level of cross-protection mounted against a strain with no
similarity to a previously encountered strain at the codons modelled (=0 for no cross-
protection). These assumptions reflect empirical studies suggesting that two or more
substitutions at key antigenic sites are required to escape pre-existing immunity**?’.

The probability that a host will be infected by a strain following exposure is given by

@p,i(t,8) = {1 = wexp[—(t = Tp))/7IH1 = fld(s, Hp )1}

where 7 (=270 days) is the decay timescale (half-life = 7,,, = 187 days = 6 months) and
w (=1) is the peak level (0 = w = 1) of a short-lived strain-transcending immune response
that protects against reinfection in the weeks after an infection (see main text). If a host is
infected following exposure, its immune history is updated to include the new strain. If
exposure does not result in infection, we assume that no immune response is raised to the
new strain but that pre-existing immune responses are boosted (akin to the ‘original
antigenic sin’ response®), by resetting Tj,; to t — 6 immediately after exposure.

There is a probability 8 (=10"°) per base per day that a nucleotide substitution will
occur in the virus in an infected host and the resulting mutant strain will replace the pre-
existing strain in that individual. The individual is then infectious with the new strain. All
strains are assumed to have the same intrinsic transmissibility (but see Supplementary
Information), and model runs were started from near the single-strain equilibrium.
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Conservation of gene order in vertebrates is evident after hun-
dreds of millions of years of divergence"?, but comparisons of the
Arabidopsis thaliana sequence® to partial gene orders of other
angiosperms (flowering plants) sharing common ancestry ~170-
235 million years ago* yield conflicting results®>'". This difference
may be largely due to the propensity of angiosperms to undergo
chromosomal duplication (‘polyploidization’) and subsequent
gene loss" (‘diploidization’); these evolutionary mechanisms
have profound consequences for comparative biology. Here we
integrate a phylogenetic approach (relating chromosomal dupli-
cations to the tree of life) with a genomic approach (mitigating
information lost to diploidization) to show that a genome-wide
duplication®>""” post-dates the divergence of Arabidopsis from
most dicots. We also show that an inferred ancestral gene order
for Arabidopsis reveals more synteny with other dicots (exem-
plified by cotton), and that additional, more ancient duplication
events affect more distant taxonomic comparisons. By using
partial sequence data for many diverse taxa to better relate the
evolutionary history of completely sequenced genomes to the
tree of life, we foster comparative approaches to the study of
genome organization, consequences of polyploidy, and the mol-
ecular basis of quantitative traits.

Angiosperms sustain humanity by providing oxygen, medicines,
food, feed, fibre, fuel, erosion and flooding control, soil regener-
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ation and other benefits'®, warranting increased exploration of
their genomic diversity. The ~1,000-fold variation in angiosperm
genome size, from 125 million base pairs (Mbp) for Arabidopsis
thaliana® to 124,852 Mbp for Fritillaria assyriaca', motivates com-
parative approaches, using data from smaller genomes to accelerate
the study of larger genomes. It was recognized recently that even
small angiosperm genomes contain much duplication®*™", but
robust application of this finding to comparative biology has
awaited a means to directly relate chromosomal events to the tree
of life in a manner that is not subject to the differing rates of various
molecular clocks®*?'.

After revising our earlier analysis of Arabidopsis thaliana chromo-
somal duplication" to reflect matches between inferred protein
(instead of DNA) sequences and to include 26,028 (instead of
15,199) genes (obtained from NCBI), we circumscribed 34 non-
overlapping chromosomal segment pairs that include 23,177
Arabidopsis genes (representing 89% of the total) (Fig. 1a). Circum-
scription of these segment pairs (here called the o group) is
conservative, as x> tests comparing the observed number of gene
duplications comprising each pair to the number expected in a
chromosomal region of equal size if duplications are randomly
distributed over the genome, show a maximal random likelihood
of 2.8 X 10~ ** (for «17). Of 2,851 (11%) genes in putatively non-
duplicated regions, 1,570 (55%) were near centromeres, and the rest
in gaps between the duplications.

After using interpolation to infer an ancestral gene order (see
Supplementary Information) that accounts for the composition of
the 26 ‘large’ (Fig. 1 legend) o segment pairs that collectively
comprise 83% of the transcriptome, a second iteration of analysis
revealed additional, more ancient duplications. Nested within the
26 o segment pairs, we circumscribed 29 additional duplications
(Fig. 1b). All 29 segments are mosaics of genes from each of their
four ‘descendant’ modern chromosome segments, and most are
only evident by analysis of the inferred ancestral gene order. The 29
segment pairs comprise two subpopulations (called here § and ).
B01-B22 include 13,449 genes (51.6% of the transcriptome) and are
non-overlapping, with a maximal probability of random occurrence
of 31077 (for B19). B18, 20 and 22 each comprise <1% of
the transcriptome, and like the ‘small’ o pairs were grouped for
further analyses. y01—y07 include 5,287 genes (20.3% of the
transcriptome) with a maximal probability of random occurrence
of <2x 107> (for v04), and overlap with many 3 segments.
Distinct identities of the 8 and ~ groups are reinforced by the
finding that among 78 cases in which protein matches were found in
both groups, 59 (75%) showed greater distance between the
members of the v pairs.

To relate the events that produced the o, § and vy segment pairs to
the angiosperm family tree, we compared all syntenic Arabidopsis
gene pairs from each duplication event (respectively), to individual
genes from representatives of the gymnosperms (Pinaceae), mono-
cotyledonous angiosperms (Oryza), asterids (Solanaceae), distantly
related rosids (Glycine, Medicago), closely related rosids (Malva-
ceae) and a confamilial Brassicaceae genus (Brassica), respectively
(see Fig. 2 for GenBank taxon IDs). Although the ideal comparison
would involve analysis of individual gene trees that included full-
length sequences for all taxa simultaneously, the fragmentary nature
of expressed sequence tags (ESTs) that comprise most plant gene
databases necessitated a modified approach. First, using genes for
which adequate sequence information existed (based on criteria
described in Fig. 2 and Methods), we made phylogenetically rooted
trees using Physcomitrella (a moss) as an outgroup, then evaluated
the frequency at which heterologous proteins clustered internally or
externally to the Arabidopsis duplicates. For many additional genes,
it was possible to determine whether inferred protein sequences
from the syntenic Arabidopsis genes were more, or less, similar to
one another than to the heterologous protein by evaluating PAM
(per cent accepted mutation)-based pairwise distances (Fig. 2 and
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Methods). Both analyses considered only matches of =35 amino
acids (105 nucleotides). (Lists of genes and their arrangements in the
o, B and vy duplications, inferred ancestral gene orders, frequencies
of internal versus external rooted trees and PAM-based pairwise
distances for each o, B and v segment pair, and the accession
numbers plus chromosomal and map locations of the cotton DNA
sequences used for synteny analysis are available as Supplementary
Information.)

The Arabidopsis o duplication event pre-dated its divergence
from Brassica about 14.5-20.4 million years (Myr) ago®, but post-
dated its divergence from the Malvaceae 83—86 Myr ago®. Rooted
trees and PAM-based pairwise distances (Fig. 2b) showed that 49%
and 64% (respectively) of Brassica sequences were more similar to
one duplicated Arabidopsis sequence than was the other Arabidopsis
sequence. By contrast, only 6-19% of Malvaceae and more distant
sequences clustered internally to the Arabidopsis syntenic
duplicates.

The 8 event pre-dated Arabidopsis divergence from the other
dicots studied, but post-dated divergence from the monocots about
170-235Myr ago*. Rooted trees and pairwise distances revealed
internal clustering rates of 43-79% across the dicots, but only
14-33% with monocot or gymnosperm ESTs. The frequencies of
internal clustering with Oryza rooted trees overlapped both the
dicot and gymnosperm values (which did not overlap one another),
but the larger number of pairwise distances differentiated Oryza
from the dicots.

The ~ event appears to pre-date monocot—dicot divergence.
Predominantly internal clustering (47-87%) was found for
sequences from all angiosperms studied. For gymnosperms,
internal clustering was less frequent (31-47%) but not significantly
different from that for angiosperms. Relating the v event to the
angiosperm-gymnosperm divergence ~300 Myr ago™ awaits more
data.

Different models for Arabidopsis karyotypic evolution can be
explored by considering the antiquity of duplication events, and the
size of inferred duplicate chromosomal segments. The ‘footprints’
of the a event of =86 Myr ago include 57 adjacent syntenic regions
with opposite orientation and order explicable by localized inver-
sions (Fig. 1 legend) that cover 89% of the genome, with an average
length of about 9 centimorgans (cM). Using an estimated rate of
structural mutations per chromosome pair per million years of
divergence™ (0.14 * 0.06), and assuming that the present n =5
chromosomes has typified the Arabidopsis lineage in the past, about
60 rearrangements would be predicted, yielding modern chromo-
somal segments that average 8.3 cM in length. The possibility that
n = 8 better represents the taxon’s history”> would suggest greater
divergence, with modern segments averaging 5.2 cM. If the lineage
has varied between five and eight chromosomes, the fit of observed
to predicted* values improves.

Establishing the provenance of ancient genome-wide duplication
events revises and extends understanding of angiosperm evolution-
ary history, showing that much if not all of the flowering plant
lineage is palaeo-polyploid. Although our o event falls squarely in
the range (65-100 Myr ago) during which much evidence supports
a genome-wide duplication™*"", only two studies infer additional
duplications. (1) Vision et al."” inferred four ‘age classes’ of
duplications that bound 48, 39, 11 and 3% of the Arabidopsis
genes, respectively, dismissing two additional classes as probable
artefacts. However, <25% of all genes fall in two or more blocks,
thus only one age class (C, 48%) could be inferred to involve most of
the genome. Our o event involves 89% of Arabidopsis genes, close to
the total of all four age classes'”. By inferring pre-duplication gene
orders, then searching for more ancient duplication, we show that
the 8 event involved =51.6% of the genes, more than the largest age
class'® and virtually all of which were also involved in the o event.
The event, which may be 100 Myr older than the most ancient age
class", covers more of the transcriptome (20.3%) than two of the
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four age classes. (2) A recent study'” using synonymous (third-

nucleotide, K;) rather than overall® nucleotide substitution rates
also contraindicates the four age classes, instead supporting our
inference of two to three genome-wide duplications based on K
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Chromosome 3
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values similar to those found among our syntenic gene pairs
(1.18 + 0.69, 2.33 = 1.03 and 2.82 = 1.16 for o, § and v, respect-
ively, calculated as described™).

Using consensus among many gene trees to relate Arabidopsis

Chromosome 4 Chromosome 5

I |
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Chromosome 2
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Figure 1 Arrangement of duplicated protein-encoding genes in Arabidopsis thaliana. Top
right, o duplications. Both x and y axes represent 26,028 genes in their chromosomal
order. The best-matching gene pairs are plotted, colour-coded to indicate same (red) or
opposite (green) transcriptional orientations. For further analysis, 57 adjacent duplicated
regions with opposite orientation and order explicable by localized inversions were
combined into 26 ‘large’ duplications («01-«26) that each included =1% (260) of the
genes. Eight shorter duplications were pooled («27). Lower left, 8 and ~y duplications.
Both xand yaxes represent 21,749 genes, in an inferred ancestral order that accounts for
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the composition of the 26 large o duplications (at left and bottom). Twenty-nine § or
duplications (see text) are highlighted. Colours show how the four modern Arabidopsis
chromosome segments contribute to 3 or ~ duplications, distinguishing contributions to
the segments at left and bottom respectively from the: (1) lower-numbered chromosomes
(red); (2) higher- and lower-numbered chromosomes (light blue); (3) lower- and
higher-numbered chromosomes (dark blue); (4) higher-numbered chromosomes (green).
Higher-resolution versions of the figure and lists of gene orders are available (see
Supplementary Information).
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Figure 2 Phylogenetic methodology for dating Arabidopsis duplications. a, Schematic of
data flow for rooted gene tree and/or PAM-based pairwise protein distance analysis
described in Methods. b, For each taxon (as listed) and analysis method (rooted trees,
pairwise distances), the fraction of internal trees with superscripted letters indicating
differences significant at P = 0.05, and number of trees that could be analysed
(parentheses) are shown, and aligned with phylogenetic relationships among the

taxa (above). Taxonomic divergence dates are as cited in the text. Detailed data for

each individual o, 8 and ~ segment pair are available (see Supplementary Information).

duplication events to its divergence from other angiosperms
addresses significant pitfalls of ‘dating’ approaches based on mol-
ecular clocks™". Within each duplication event, much variation
exists among syntenic gene pairs in the frequencies of internal/
external clustering, but we question the interpretation'>"” that such
variation largely reflects the antiquity of duplication events. Indi-
vidual chromosome segment pairs vary widely in the abundance of
different classes of genes, which in turn have different degrees of
conservation (Fig. 3). For example, structural proteins are well
conserved, and enzyme regulators are especially diverse. Substantial
differences in the extent of divergence between segment pairs (for
example, average K values) can be explained simply by this
sampling variation. A recent report*' of K variation among plant
genes of up to 14-fold, generally higher than previously reported,
urges further caution in equating K with time.

A consensus of data from many genes is needed to ‘date’
duplication events, in that occasional false trees and/or distance
estimates may occur due to rapid evolution of one duplicated copy,
ancient proximal duplication followed by deletion of the true
orthologue, failure to sample true orthologues in EST data, inter-
locus convergence such as gene conversion, or other factors. For
example, the Pinaceae—Arabidopsis divergence far pre-dates the
o event, yet pine sequences show 6-11% internal trees.

By merging a phylogenetic approach to relating chromosomal
duplications to the tree of life, with a genomic approach to
mitigating information lost to diploidization, increased levels of
angiosperm synteny (and associated opportunities for comparative
biology) may be revealed. Virtually all previous comparative
studies, including ours'’, may have underestimated synteny
between taxa by using ‘one-to-one’ comparisons to Arabidopsis®
"', which are appropriate only for closely related taxa that diverged
from Arabidopsis after the o event (such as other Brassicaceae).
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Figure 3 Gene family composition contributes to different levels of divergence
between duplicated chromosomal segments. Inset, Gene- Ontology-based
(http://www.geneontology.org) molecular function annotations of syntenic duplicated
gene pairs, including the number in each category, and mean protein similarity values
(calculated by protdist). Tukey’s analysis of square-root-transformed protein distances
shows significant differences (A—G) in the degree of similarity for different gene families.
Main panel; for «01-«26 duplications, percentages of the total proteins (genes) are plotted
for the five most abundant protein families. A duplicate pair can be in more than one family
if different domains perform different functions, so the sum can exceed 100%.

Phylogenetic data provide a framework for making more appro-
priate intergenomic comparisons, by determining whether chro-
mosomal duplications within taxa pre-date or post-date divergence
among taxa. Although abundant genomic duplication makes this
approach especially important in the angiosperms, it may contrib-
ute to better genomic comparisons in many lineages.

In large angiosperm genomes that are not likely to be sequenced
soon (such as many major crops), much benefit might be gained
from the sequences of botanical models by alignment of detailed
genetic maps based upon conserved sequence-tagged sites. Com-
parison to a detailed cotton map (Fig. 4) showed that the two
different members of most Arabidopsis o segment pairs provide
complementary synteny information. For each member of the 26
large o segment pairs, we determined the number of ‘best matches’
(using BLASTN with an expectation value of E < 10~ 7) with genes
on each of the 13 cotton chromosomes. To normalize over the
different gene numbers on each cotton chromosome and Arabi-
dopsis segment, we subtracted the random expectation (calculated
by standard contingency methods). The paired Arabidopsis seg-
ments showed highly significant correlation (r = 0.197, 336d.f,
P < 0.01) of the residual frequencies of ‘best matches’ to the 13
cotton chromosomes. Comparisons of non-paired segments to one
another showed no correlation (r = —0.02). Only after assembling
the two members of o segment pairs into inferred ancestral orders
did patterns of Arabidopsis—cotton synteny become clear (to be fully
described elsewhere but see example, Fig. 4). In addition to its
applied value for cotton improvement, this finding further supports
the view that the o event post-dated Arabidopsis—Malvaceae diver-
gence. Using entire cotton chromosomes to assess the predictive value
associated with pairing of duplicated Arabidopsis segments is very
conservative, but is at present necessary. Sufficient data to analyse
synteny in the 8.3-cM-average bins predicted* to persist after
=86 Myr of divergence awaits mapping of more cotton genes.

Of special interest is synteny between monocots and eudicots, the
two main branches of the angiosperms. One-to-one comparisons®’
show discernible parallels of the partial Oryza (rice) sequence to
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Figure 4 Examples of Arabidopsis—cotton synteny. Axes reflect relative gene orders
(Arabidopsis) and map distances in cM (cotton). Cotton homoeologous series 7
corresponds in non-overlapping regions to Arabidopsis .06 (derived from parts of
chromosomes 1 (red) and 2 (green)) and 11 (from chromosomes 2 (red) and 3 (green))
based on 10 and 20 matches respectively, numbers of matches expected to occur

by chance at likelihoods of 2.6 x 10> and 1.9 x 102 based on x 2 analysis. A
sub-central region of cotton chromosome 6 corresponds to Arabidopsis a14 (from
chromosomes 3, 5) based on 12 matches, and a chance likelihood of 2.5 x 107°.

Arabidopsis, although “... conservation is less extensive than pre-
viously predicted...” (in ref. 24). Factoring in two Arabidopsis
duplications (o, B) plus at least one Oryza duplication”” that
post-date divergence of these taxa is likely to increase the level of
conservation found.

By this synergistic approach, analysis and interpretation of
whole-genome sequences benefits from partial sequence data for
larger-genome taxa, in turn building contextual information
important to using comparative approaches to accelerate analysis
of larger genomes. Improved delineation of comparative gene
arrangements promises new insights into fundamental questions,
and invigorated progress towards practical applications of geno-
mics. For example, the notion that particular gene arrangements
may confer increased fitness has long awaited sufficient data to
discern conserved organization of chromosomal segments that are
larger, or contain more genes, than would be explicable by chance.
Detailed study of the levels and patterns of diploidization and
divergence in different gene families, and divergent taxa, may
begin to shed light on the long-debated adaptive significance, if
any, of polyploidy. Much knowledge exists about genomic changes
that follow polyploidization'?, but little is known about which
specific events underlie the co-evolution of divergent genomes in
a common nucleus to yield new phenotypes. Only 30% of Arabi-
dopsis genes have retained syntenic copies in the =86 Myr since the
o duplication—comparison to the 70% synteny of human and
mouse proteins after 100 Myr (ref. 1) highlights the potential
impact of gene loss on angiosperm evolution.

Better delineation of comparative gene arrangements may also aid
in annotation of genomic sequences for other angiosperms, and also
promises increased use of rapidly expanding knowledge about the
action(s) of individual genes in facile models to identify convergent
or parallel evolution of allelic variants important to agriculture or
development. Such a comparative approach may especially accelerate
progress towards identifying those genes that underlie complex
physiological, morphological or behavioural phenotypes, and are
discernible only as quantitative trait loci*®. O

Methods

Duplication analysis

A total of 26,028 Arabidopsis gene sequences were downloaded from NCBI (http://
www.ncbi.nlm.nih.gov/), encoded by their chromosomal order and transcriptional
orientation, and compared to each other using BLASTP*. Only the top five, or two,
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non-self protein matches that met a threshold of E < 10™'° were considered in a-
duplication, or 8/y-duplication analysis, respectively. Circumscription of individual
duplicated segments was largely as described ', using additional data to extend the limits
of a duplication if a BLAST match revealed a pair of genes in consistent orientation within
20 or fewer genes (counted by combining both members of the pair) from the prior
terminus. Adjacent syntenic regions with opposite orientation and order explicable by
localized inversions were combined for further analyses, arbitrarily designating the linear
order of the lower-numbered chromosomal region as ancestral, and assigning the
inversion to the higher-numbered chromosome. In six cases, the proposed inversions
involved two duplication regions.

Gene tree analysis

Each duplicated syntenic gene pair was compared to each taxon-specific sequence (using
nucleotide databases created by batch NCBI download of taxon IDs 3318, 3629, 3705,
3846, 3877, 4070 and 4527) using TBLASTN, results parsed, and the best match exceeding
E < 10" ° translated to protein in the frame of the TBLASTN match, then (using BLAST)
checked against all Arabidopsis proteins to confirm that the original genes were recovered.
Rooted trees were made by including Physcomitrella (taxon ID 3217) sequences. The most
similar regions between a duplicated pair, the best-matching homologue and the moss
outgroup (where relevant) were determined using pairwise alignment as implemented by
the ‘water’ program in EMBOSS (http://www.emboss.org), then aligned using
CLUSTALW version 1.82 and the default parameters (PAM matrix; gap opening
penalty = 10.0; gap extension penalty = 0.2). For rooted analyses, 100 bootstrap
replicates were created using the EMBOSS interface to the ‘seqgboot’ program in PHYLIP
version 3.6 (http://evolution.genetics.washington.edu/phylip.html), and protein
parsimony trees created using the ‘protpars’ program in PHYLIP (default parameters). A
consensus tree rooted with moss was created using the EMBOSS interfaces to the
‘consense’ program in PHYLIP, and the resulting tree file was parsed to determine the
position of the taxon-specific sequence relative to the Arabidopsis duplicates. For non-
rooted analyses, protein distances for Arabidopsis duplicates and the other taxon were
calculated using ‘protdist’ (PAM matrix, default parameters) in PHYLIP, and compared to
determine the most similar pair. NCBI downloads, BLAST parsing, sequence translation
and phylogenetic analyses were automated using Python scripts available from http://
www.plantgenome.uga.edu/project-bioinformatics.htm.

The fractions of ‘internal trees’ associated with each duplication cycle were
compared using one-way analysis of variance (ANOVA) for correlated samples and
Tukey’s HSD analysis for post-ANOVA comparisons between organisms (R. Lowry,
chapter 15 in http://faculty.vassar.edu/lowry/webtext.html). Individual duplicated
segment pairs were considered treatments, and the indicated taxa were conditions,
accounting for correlations that may result from comparing identical genes in different
taxa. This is conservative, because in many cases different regions of an Arabidopsis gene
matched ESTs from different taxa, reducing the correlation problem.

Arabidopsis-cotton synteny

The order of 2,102 sequence-tagged sites (GenBank accession numbers provided in
Supplementary Information) along the chromosomes of a hypothetical cotton progenitor
pre-dating A/D-subgenome divergence was inferred by using anchor probes mapped in
both diploid and tetraploid cottons® plus new loci to interpolate the locations of
sequence-tagged sites mapped in only a subset of these populations. This map was
compared to the inferred ancestral gene order pre-dating the Arabidopsis o duplication by
finding the most similar BLASTN match of E < 10~ to any Arabidopsis gene.
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Mutations in presenilin genes account for the majority of the
cases of the familial form of Alzheimer’s disease (FAD). Preseni-
lin is essential for v-secretase activity, a proteolytic activity
involved in intramembrane cleavage of Notch and @-amyloid
precursor protein (BAPP)"?. Cleavage of APP by FAD mutant
presenilin results in the overproduction of highly amyloidogenic
amyloid 342 peptides®®. y-Secretase activity requires the for-
mation of a stable, high-molecular-mass protein complex”"" that,
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in addition to the endoproteolysed fragmented form of presen-
ilin, contains essential cofactors including nicastrin'*"*, APH-1
(refs 15—18) and PEN-2 (refs 16, 19). However, the role of each
protein in complex formation and the generation of enzymatic
activity is unclear. Here we show that Drosophila APH-1 (Aph-1)
increases the stability of Drosophila presenilin (Psn) holoprotein
in the complex. Depletion of PEN-2 by RNA interference pre-
vents endoproteolysis of presenilin and promotes stabilization of
the holoprotein in both Drosophila and mammalian cells, includ-
ing primary neurons. Co-expression of Drosophila Pen-2 with
Aph-1 and nicastrin increases the formation of Psn fragments as
well as y-secretase activity. Thus, APH-1 stabilizes the presenilin
holoprotein in the complex, whereas PEN-2 is required for
endoproteolytic processing of presenilin and conferring v-secre-
tase activity to the complex.

Presenilin is essential for ~y-secretase cleavage, which releases
amyloid B-peptide (AB) and the intracellular domain of Notch by
intramembranous proteolysis of B-amyloid precursor protein
(BAPP) and Notch, respectively"*. Presenilin mediates -secretase
function by forming a highly stable protein complex of high relative
molecular mass (high-M,) together with a set of cofactor proteins”™
"', In addition to nicastrin (NCT), a type I single-pass membrane
glycoprotein'’, two additional putative presenilin cofactors have
been identified: APH-1, a multi-transmembrane protein coded by a
gene whose deletion leads to hypoplasia of the anterior pharynx in
Caenorhabditis elegans, was found to be a Notch pathway member
possibly involved in presenilin function'®; aph-1 was also identified
as one of the presenilin enhancer genes (pen-1) together with pen-2,
which codes for a double-membrane-spanning protein'®. NCT,
APH-1 and PEN-2 are required for ~y-secretase function and
accumulation of presenilin fragments'>'*'*""°, although the differ-
ential roles of each cofactor in the formation of the high-M,
presenilin protein complex, and whether NCT, APH-1 and PEN-2
represent the principal presenilin cofactors to confer v-secretase
activity, remain elusive.

We stably transfected Drosophila S2 cells with Aph-1, and found a
significant increase in the levels of endogenous Psn holoprotein.
This was markedly enhanced by expression of Aph-1 and Drosophila
NCT (Nct), but was not observed in cells transfected with Nct
alone. The levels of Psn fragments involved in the active form of
~-secretase were not altered in either case (Fig. 1a). We next treated
stably co-transfected S2 cells overexpressing Aph-1 and Nct with
cycloheximide (CHX) to block total cellular protein synthesis,
and examined the stability of Psn and other proteins. In mock-
transfected S2 cells (transfected with an empty vector alone) only
small amounts of Psn holoprotein were detectable, which rapidly
degraded within about 4 h of CHX treatment; however, fragments of
Psn were relatively more abundant and highly stable, in a manner
similar to that of mammalian presenilin”'" (Fig. 1b, left panel). In
contrast, Psn holoprotein levels were significantly increased by
overexpression of Aph-1 or of Aph-1 and Nct, and remained highly
stabilized (Fig. 1b, middle and right panels, respectively). Levels of
Aph-1 and Nct in co-transfected S2 cells were also highly stable
during the period of CHX treatment, suggesting that Psn (including
holoprotein) forms a highly stabilized protein complex together
with Aph-1 and Nct under these conditions (Fig. 1b, middle and
right panels). To gain support for this hypothesis, we then separated
CHAPSO-solubilized membrane fractions of S2 cells stably trans-
fected with Aph-1 and Nct by glycerol velocity gradient centrifu-
gation'®"". Psn holoprotein in cells overexpressing Aph-1 and Nct
was fractionated totally in high-M, ranges of 232-440K together
with Psn fragments (Fig. Lc, lower panel, FL). This was in contrast to
the exclusive low-M, distribution of short-lived Psn holoproteins in
S2 cells in the absence of Aph-1 overexpression (Fig. lc, upper
panel, FL). Furthermore, most of the Aph-1 and Nct proteins were
found in the high-M, fractions (Fig. 1lc, lower panel). Taken
together, our data support the hypothesis that Aph-1 represents
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