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Abstract

The A1 family of eukaryotic aspartic proteinases (APs) forms one of the 16 AP families. Although one of the best characterized families,
the recent increase in genome sequence data has revealed many fungal AP homologs with novel sequence characteristics. This study
was performed to explore the fungal AP sequence space and to obtain an in-depth understanding of fungal AP evolution. Using a
comprehensive phylogeny of approximately 700 AP sequences from the complete proteomes of 87 fungi and 20 nonfungal eukary-
otes, 11 major clades of APs were defined of which clade I largely corresponds to the A1A subfamily of pepsin-archetype APs. Clade |l
largely corresponds to the A1B subfamily of nepenthesin-archetype APs. Remarkably, the nine other clades contain only fungal APs,
thus indicating that fungal APs have undergone a large sequence diversification. The topology of the tree indicates that fungal APs
have been subject to both “birth and death” evolution and “functional redundancy and diversification.” This is substantiated by
coclustering of certain functional sequence characteristics. A meta-analysis toward the identification of Cluster Determining Positions
(CDPs) was performed in order to investigate the structural and biochemical basis for diversification. Seven CDPs contribute to the
secondary structure of the enzyme. Three other CDPs are found in the vicinity of the substrate binding cleft. Tree topology, the large
sequence variation among fungal APs, and the apparent functional diversification suggest that an amendment to update the current
A1 AP classification based on a comprehensive phylogenetic clustering might contribute to refinement of the classification in the
MEROPS peptidase database.

Key words: aspartic protease, phylogeny, molecular evolution, functional redundancy and diversification, classification,
structure—function prediction.

Introduction a psi-loop, named after its physical resemblance to the Greek

Aspartic proteinases (APs) form one of the eight major classes
of protein-degrading enzymes and are divided into five clans
or superfamilies (AA, AC, AD, AE, and AF) and 16 families. The
AA clan includes the A1 family of eukaryotic APs, which con-
tains many biochemically characterized enzymes. APs of the
A1 family are believed to have evolved through gene duplica-
tion (Tang 1979). The polypeptide characteristically consists of
two internally homologous domains, each of which provides a
catalytic Asp residue, positioned within the hallmark motif
Asp-Thr/Ser-Gly, to the active site. Each of these Asp residues
is followed by a hydrophobic—hydrophobic—Gly sequence.
Together, these residues form a structural feature known as

letter W (Cooper et al. 1990). The N-terminal domain also
contains the strictly conserved Tyr75 residue, located in a
B-hairpin loop which overhangs the active site, and a Trp res-
idue commonly, but not absolutely, conserved at position 39
(residue numbering according to that of pig pepsin).

APs fulfill a variety of physiological roles and, currently, the
A1 family is further subdivided into subfamilies A1A (pepsin-
archetype APs) and A1B (nepenthesin-archetype APs)
(Rawlings et al. 2012). Subfamily A1B APs are distinguished
from A1A APs by the presence of the nepenthesin-specific
insert, a Cys-rich segment inserted between Trp39 and
Tyr75 in the polypeptide. Other functionally important inserts
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such as the Plant Specific Insert in phytepsins have
been identified (Runeberg-Roos et al. 1991) and recently
a comparative genomics study of APs in Oomycetes
demonstrated that a substantial number of APs have
sequence characteristics, such as potential membrane span-
ning stretches, that suggest different functions (Kay et al.
2011).

Fungi have a relatively high complement of APs that show a
large sequence diversity and interspecific clustering (Ten Have
et al. 2004, 2010; Monod et al. 2011; Xiao et al. 2011), in-
dicating that the AP gene family in fungi has undergone a
process of birth and death rather than concerted evolution
(Eirin-Lopez et al. 2012). Fungal-secreted APs used in industrial
processes such as aspergillopepsin (Cho et al. 2001), mucor-
pepsin (Newman et al. 1993), and penicillopepsin (Fraser et al.
1992) have been well-characterized in biochemical terms
but little is known about their physiological functions.
Fungal APs can also be located in vacuoles or associated
with the cell membrane or cell wall through a glycosyl-
phosphatidylinisotol  (GPl)-anchor. A recent fungal AP
phylogeny (Monod et al. 2011) showed that 21 major
clades could be selected. However, the phylogeny did not
include complete proteomes from Basidiomycetes or lower
fungi, nor sequences from nonfungal eukaryotes. Recently,
many complete proteomes from Basidiomycetes, a
Chytridiomycete, and other minor taxonomical groups have
become public, which enables the reconstruction of a com-
prehensive phylogeny and which is fundamental in under-
standing processes such as birth and death evolution
(Lemberg and Freeman 2007; Bondino et al. 2012; Castro
et al. 2012; Eirin-Lopez et al. 2012). Birth and death evolution
promotes genetic diversity and results in functional redun-
dancy and diversification. Combining phylogenetic clustering
with biocomputational analysis can give indications for how
and in which evolutionary lineages functional diversification
has occurred. The cellular location to which a polypeptide is
directed is an important functional aspect and can be inferred
from sequence motifs. Biocomputational tools have been de-
veloped in order to identify “Cluster Determining Positions”
(CDPs), which correspond to residues that are important
for the evolution of a protein superfamily. Analysis of the
residues at CDPs, using both 3D structures and high quality
multiple sequence alignments (MSAs), can provide insight into
functional aspects of the family members. Such studies can
identify APs with novel interesting features and validate clas-
sifications derived from the hierarchical clustering of the
phylogeny.

Based on the above considerations, this study was per-
formed in order to explore the fungal AP sequence space,
to obtain a more profound understanding of fungal AP evo-
lution, to obtain indications for functional diversification of
fungal APs, and to explore whether MEROPS might benefit
from an amendment of the current classification of the A1
family of eukaryotic APs.

Materials and Methods

Data Resources

The 107 complete proteomes were downloaded from vari-
ous sources, as specified in supplementary table S1A,
Supplementary Material online. The PDB database was
downloaded from National Center for Biotechnology
Information (NCBI)'s FTP site (ftp:/ftp.ncbi.nih.gov/blast/db/
FASTA/pdbaa.gz, last accessed June 13, 2014).

Identification of Functional AP Homologs

Separate HMMER profiles were constructed for the MEROPS
ATA and A1B alignments by means of “hmmbuild” using
default settings (HMMER Version 3.0; Eddy 2011). The com-
plete proteomes of 107 organisms (see fig. 18 and C and
supplementary table S1A, Supplementary Material online) as
well as the PDB database were then screened by
“hmmsearch” using the two profiles and default settings.
All sequences identified by the matrices with a full sequence
E value smaller than the HMMER exclusion threshold were
considered as AP homologs. First and for identification pur-
poses only, the N- and C-terminal regions of the sequences
were trimmed according to the MSA published by Ten Have
et al. (2010). Basically, this consists in the removal of nonho-
mologous extensions beyond the mature polypeptide, which
would generate noise in subsequent sequence filtering. Then,
the sequence set was reduced in size by means of CD-HIT
using 85% identity as upper threshold (Huang et al. 2010).
The remaining set was scrutinized for the presence of typical
AP hallmarks defined as D3?[TS]G, Y’°, XXG'??, D?'°[TS]G,
and XXG>% (where X is any of the hydrophobic residues
AFILMV and numbering is according to mature pig pepsin).
Sequences lacking any of the hallmarks were considered
nonfunctional homologs and excluded from further analysis.
A second screening was performed directed at the lack of
secondary structure elements. Sequences and secondary
structure information obtained from the AP structures were
mapped onto a preliminary MSA and sequences that ap-
peared to lack important B sheets were removed. Then, se-
guences with long (>15 amino acids) inserts were removed
that appeared to have no homologous counterparts in any of
the sequences collected or in a homologous sequence identi-
fied by BLAST in the nonredundant database of NCBI.

MSA and Phylogenetic Analysis

Multiple protein sequence alignments were performed using
the PROMALS3D program (Pei et al. 2008). Trimming for phy-
logeny was performed with Block Mapping and Gathering
with Entropy (BMGE) (Criscuolo and Gribaldo 2010) using
the command options “-t AA -m BLOSUM30 -b 1 -g 0.9.”
Maximum likelihood phylogenies were built using PhyML-
a-bayes (Guindon et al. 2010). Specifically, PhyML analyses
were conducted with the LG model, estimated proportion
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Fic. 1.—Sequence mining flowchart and taxonomic sequence sampling of APs. (4) HMMER profiles built from the MEROPS Peptidase Database ATA
(pepsin-archetype) and A1B (nepenthesin-archetype) holotype alignments were used to screen both 107 eukaryotic complete proteomes and the Protein
Data Bank (PDB) database. Consecutive steps of information redundancy reduction and sequence hallmark scrutiny were performed in order to achieve the
final set of 728 AP sequences including 26 sequences for which a 3D structure is available. (B) Taxonomic organization of the 107 genomes examined. *These
clades may not be monophyletic § see panel (C) Detail of fungal sequence sampling. **Placement of this clade is without consensus.

1482  Genome Biol. Evol. 6(6):1480-1494. doi:10.1093/gbe/evu110  Advance Access publication May 28, 2014

¥T0Z ‘2 1000190 o 158n6 Aq /B.10°s feulnopaoxo'agBy/:dny WwoJj pepeojumoq


http://gbe.oxfordjournals.org/

Z
=
=
B
=]
@)
>
m
a)
Z
<
=
@)
(@)
-
<
M
m
>
o
Z
m
)

Extensive Expansion of Fungal APs

GBE

of invariable sites, four rate categories, estimated gamma dis-
tribution parameter, and optimized starting BIONJ tree, both
with aLRT and 100 bootstraps branch support measures. The
resulting phylogenetic trees were viewed and edited with iTol
version 2.0 (Letunic and Bork 2011), Dendroscope (Huson and
Scornavacca 2012), and Inkscape (GNU license, www.
inkscape.org, last accessed June 13, 2014).

Additional Biocomputational Analyses

The SignalP server (Petersen et al. 2011) (http:/Avww.cbs.dtu.
dk/services/SignalP/, last accessed June 13, 2014) was used to
predict the presence of signal peptides, using complete se-
guences. Prediction of nonclassical secretion signals was per-
formed using the SecretomeP server (Bendtsen et al. 2004)
(http:/Avww.cbs.dtu.dk/services/SecretomeP/, last  accessed
June 13, 2014), trained with mammalian sequences, due to
the lack of fungal-specific prediction software. WolfPSort
(Horton et al. 2007) was used to determine putative subcel-
lular localization. The prediction of GPI-motifs was per-
formed using the web-tool bigPl fungal predictor
(Eisenhaber et al. 2003) (http://mendel.imp.ac.at/gpi/fungi_
server.html, last accessed June 13, 2014). Prediction of trans-
membrane helices was made with TMHMM server (Krogh
et al. 2001) (http:/Awww.cbs.dtu.dk/servicessTMHMMY/, last
accessed June 13, 2014).

For the CDP analyses, three different software packages
were used. SDPfox (Mazin et al. 2010) (http:/bioinf.fbb.msu.
ru/SDPfoxWeb/main.jsp, last accessed June 13, 2014) was
used with default parameters, allowing a maximum of 30%
of gaps in a group per column. GroupSim (Capra and Singh
2008) was executed locally, with the following parameters: -w
0 -m BLOSUM30.txt. GroupSim CDPs were selected when
having a score higher than 1.5 (total score achieved =3.7).
Coupled Mutation Finder (CMF) (Haubrock et al. 2012) was
performed online (cmf.bioinf.med.uni-goettingen.de/, last
accessed June 13, 2014) with default parameters, using the
U-metric and the UD(a)-metric.

Sequence LOGOS were created with WebLogo (Crooks
et al. 2004) (http:/Aveblogo.berkeley.edu/, last accessed June
13, 2014), and AP structures were visualized and edited with
Jmol (www.jmol.org, last accessed June 13, 2014).

Results

Identification of AP Sequences in 107 Genomes

The strategy to identify and collect AP-encoding sequences
was based on a number of considerations. A comprehensive
analysis of fungal APs should be embedded in a more expan-
sive taxonomical context. Then, similar sequences that lack
strictly conserved hallmark residues should be removed as
they might not correspond to functional APs and therefore
are under a different functional constraint. Inadvertently, a
number of real positives (i.e., sequences lacking hallmark

residues that nevertheless encode for functional APs) might
be removed in order to prevent inclusion of false positives (i.e.,
similar sequences that do not encode functional APs). Two
additional technical aspects were considered. As structure is
more conserved than sequence, inclusion of sequences of APs
for which X-ray structures have already been resolved would
enhance the quality of the MSA; and, in order to facilitate
computation of the alignments and phylogenies, redundancy
of information should be avoided. We devised the data mining
protocol depicted in figure 1A to screen 87 complete fungal
proteomes (fig. 1C) along with 20 complete proteomes from
nonfungal eukaryotes (fig. 1B), both sets being selected as a
representative sample with a broad taxonomic distribution
(see also supplementary table S1A, Supplementary Material
online, for detailed information).

Two HMMER profile matrices (Eddy 2011) were con-
structed using the A1A and A1B subfamily alignments
retrieved from the MEROPS database (Rawlings et al. 2012).
When the HMMER profiles obtained were used together to
screen the 107 complete proteomes, the sequences of 1,873
AP homologs were identified. In order to reduce information
redundancy, sequences with >85% identity to any other
sequence were removed using CD-HIT (Huang et al. 2010).
The resulting set was then scrutinized for the presence of the
AP hallmark motifs (see Introduction) that were defined as
DF[TSIG, Y’?, XXG'#?, D?"[TS]G, and XXG?* (where X is
any hydrophobic residue and numbering is according to
mature pig pepsin). Sequences of 26 APs with determined
X-ray structures were retrieved from the PDB database (sup-
plementary table S1B, Supplementary Material online)
(Berman et al. 2000) and added to the reduced, scrutinized
sequence set, yielding a final set of 728 sequences. This subset
of sequences, from which nonhomologous N- and C- terminal
extensions were removed (according to Ten Have et al.
[2010]), is available in supplementary datafile S1 (fasta),
Supplementary Material online.

Alignment Construction and Phylogenetic Clustering of
APs

An MSA of the 728 AP sequences was constructed by means
of PROMALS3D (Pei et al. 2008) followed by manual correc-
tion. An excerpt of the MSA, with strategically chosen
sequences for which 3D structures have all been resolved, is
depicted in figure 2. B-Sheets, a-helices, and the aforemen-
tioned AP sequence hallmarks are highlighted and appear to
be correctly aligned.

As the 728 sequences are very divergent and represent
different evolutionary histories, the MSA contains blocks of
poorly aligned subsequences including nonhomologous or
cluster-specific subsequences such as the nepenthesin-specific
insert (see Introduction). These were removed by BMGE
(Criscuolo and Gribaldo 2010), which permits selection
of parts of the alignment that are suitable for proper
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3C9X: VRPHPQKITWFSNEEEEEEEEEEmAAS SLAE - - PLFTADLR- - - - - - - HGQ-------------- NGSYNFGY IDISVEAKGPVAYTPVDN- - - -

2HIZ:--------- LEPEFDEEEEEEEE=SIVKQT HVP - - -NLFSLQUEBAGF - PLNQS - - - - - EVLAS- - -VGGSMIIGGIDHS - LYTGSLWYTPIR- - - - -

3QRV: - VDPVEEEEEEEVVEEKNONKIEQ - AVFTFYAP - - - - - - FDDK HKGYLTIGGIEDRF - YEGQLTYEKLN- - - - -

3APR: - VKTPNMDNEEEEE S RETS QG L ISR - PIFGWLG- - - - - - KAKN - -GGGGEYIFGGYDSHK - FKGSLTTVPIDN- - - -

2JXR: - VPPEYNEEEE =SS ATEQQD L L DE - KRFAFYLG- - - - - - - - DTSKDTEN-------- GGEATFGGIDESK-FKGDITWLPVR- - - - -

3PEP:--------- ATPVEDNEEEEEEEERIWEDQGLVSQ - DLFSVYLS - - - - - - - SND------------ DSGSVVLLGGIDSSY - YTGSLNWVPVS - - - - -

140 160

AAAAAAAAAAAAAAAAAAAAAAAAAAAAAA3@0ﬁ%AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA35@AAAAAAAAAAAAAAA

3FV3:SSQALTISLASVNLKG- - --------- FG------- DGALLDSGTTLTYFPSDFAAQEADKAGAR - - - - -

IWKR : ASAYWGINQSIRYGSS- - - - - - - - - - -TSI|S------- STAGIVDTGTTLTL IASDAFAKYKKATGAV - - - - - -

1PPL : SQGFWSFNVDSYTAGS- - - - - - - - - - - 5D ------- GFSGIADTGTTLLLLDDSVAVSOYNSQVSGAQ

1EPR: KQGFWEWTSTGYAVGS - - ¥ -TSIDGIADTGTTLLYLPATNVVSAYWAQVSGAK- -
3C9X: SQGFWEFTASGYSVGG- - - - - - - - - - ZBKLNRN- - - - - - SIDGIADTGTTLLLLDDNVADAYYANVQSAQ
2HIZ: REWYYEVIIVRVEING - - -QDLKM - BEOKEMN - - - - - - - - YDKSIVDSETTNLRLP)

3QRV: HDLYWQVDLDLHFGN - - - - - - - - - - - LTVEK-

3APR: SRGWWGITVDRATVGT - DTGTTLLILPNNIAASVARAYGAS-------
2JXR:RKAYWEVKFEGIGLGD- -
3PEP:VEGYWQITLDSITMDG

200 230

ANANANANANANANANNAANANANANANANANNANNLQOANAANNANAANANANANNANANANANANANNANNANNNNNNAANAANANANNNNLS@AANANNANNANAN

3FV3:==LYFID----CNTDT----------- SGTTVFNFGN- -G- - - - - AKITVPNTEYVYQN- - -~ -~ - -~ GDGTCLWGIQP - -~ ------------- )
AWKR: TGLLRLT - - - - [AQYASEEEEEEENLQ - - SLFFTIG- - -G- - - - - QTFEL TANAQT WPRNENIATG - - - GSASSVYLIVGD- - - - - LGSDS- - - GEGL
1PPL:AGGYVFD- - - -CSTN---------- LP- -DFSVSIS- - -G- - - - -YTATVRGSEINYGPS - - - - - - - - GDGSTCLGGIQSNS - --------- --GIG

1EPR:VGGYVFP- - - -CSAT - - ---LP--SFTFGV- - - -G- - - - - SARIVIPGDY# DFGP - - ISTGSSSCFGGIQSSAG- - ---16
3C9X:QEGVVFD- LP--SFSFGV- - - -G- - - -SSTITIPGDEENLTPLE- - - - - - -EGSSTCFGGLQSSS - - - --GIG
2HIZ: - - -QLV- - - - - CWQAGTINRWNEEEIEFP - - VISLYLMG - - EVTNQSFRITIERQQYLRPVEDVAT - - - - - SQDDCYKFAISQS- - - ---ST
3QRV:--LYITT- KLP--TLEFRSA---T----- NVYTLEPE¥YLQQIFDFG- - - - - - - ISLCMVSIIPVDLN- ---KN
3APR:DGTYTIS----CDTSA-------- FKP- - -LVFSIN---G----- ASFQVSPDSEVFEEF---------- QGQCIAGFGYG-------------- NWG
2JXR: --QYTL- - - - DCNTRDSSESS==ENL P - - DLIFNFN- - -G- - - - - YNFTIGPYDYTLEVS----------- GSCISAITPMDFPEP--------- VGP
3PEP: - -EMVIS- - - »_P— -DIVFTID---G----- VQYPL-ILQD ----------- DDSi)TSGFEG ------ MDVPTS - - - SGE
245 285

—— IE> h -h )
ANANANAANNANAANANNANNANANNNLQD
3FV3:DTILEPNEERHAYLLYNLDA-NTISIA: 326 339
1WKR: CFINGETEEERFYSVYDTTN-KRLGLA: 324 of 334
1PPL: FSIFEPEEEKSQYVVFDSDG-PQLGFA: 320 of 323
1EPR: INIES AFVVFNGATTPTLGFA: 331 of 333
3C9X: INIFE| ALVVFDLGN-ERLGWA: 327 of 329
2HIZ:CTVMGAVIMEGFYVVFDRAR-KRIGFA: 418 of 455
3QRV: TFILGDPEMRKYFTVFDYDN-HTVGFA: 330 of 336
3APR: FAIIGDTELKNNYVVFENQGVP-EVQIA: 321 of 325
2JXR: LAIVEDAEERKYYSIYDIGN-NAVGLA: 326 of 329
3PEP: LWILGDVFIRQYYTVFDRAN-NKVGLA: 323 of 326

Fic. 2.—Excerpt of MSA of APs. The aligned amino acid sequences are a representative subset of ten APs for which structures are known, indicated by
their PDB access codes, that have been extracted from the main alignment. The tree at the top left-hand corner demonstrates the phylogenetic relationship
between the sequences as derived from the main phylogeny (fig. 3). The standard numbering for the mature region of pig pepsin (3PEP) is included
underneath the sequence blocks whereas numbers above correspond to the alignment columns. The characteristic D[TS]G and hydrophobic—hydrophobic—
Gly motifs forming the psi loops in each domain of APs as well as the strictly conserved Tyr75 are underlined in bold. The pairing of the Cys residues forming

(continued)
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phylogenetic inference. The trimmed alignment is presented
in supplementary datafile S2 (fasta), Supplementary Material
online. The trimmed MSA was used to reconstruct a phyloge-
netic tree using PHYML-a-Bayes (Guindon et al. 2010). As
shown in figure 3, 11 major monophyletic clades were as-
signed. Nine sequences did not cluster in any of these mono-
phyletic clades.

Two novel deductions can be made from the phylogenetic
tree and the clustering pattern. First, with the exception of
two orphans (sequences from Emiliania huxleyi and Monosiga
brevicollis that appear at a long distance in clade XI), all APs
from organisms outside the Kingdom Fungi fall into two
clades. Clade | contains only sequences that correspond to
the A1A subfamily whereas clade II contains all sequences
that correspond to A1B, supplemented with a number of se-
guences from the A1A subfamily (as determined by MEROPS
BLAST). Hence, this part of the phylogeny largely correlates
with the MEROPS classification into pepsin-archetype (A1A)
and nepenthesin-archetype (A1B). Fungal AP sequences are
also present within clades I and Il. The last common ancestor
(LCA) of all APs is therefore most likely found at the node that
connects clades | and Il (see fig. 3B). The other nine clades
consist exclusively of fungal sequences, with the exception of
the two aforementioned orphans. Many of these clades con-
tain sequences that in the MEROPS database appear as an
ATA AP. Our phylogenetic clustering would thus appear to
provide greater detail and a higher resolution than MEROPS
classification. Second and remarkably, the pepsin- and
nepenthesin-archetype APs appear to encompass only a
small part of AP sequence space as clades | and Il form a
monophyletic superclade in a tree with nine other clades
that are more distant. The distances between the 11 clades
are most readily visualized through the radial phylogram of
figure 3B.

Separate phylogenies for all 11 major clades were recon-
structed based on the corresponding subMSAs. As these
SubMSAs contain less divergent sequences, BMGE selected
more columns for all subsequent phylogenies thus increasing
the resolution of the phylogeny. The main results are discussed
below. All trees are available in supplementary datafile S3 (txt),
Supplementary Material online.

Clade I: The “Pepsin” Archetype APs

Clade | of figure 3, depicted at higher resolution in figure 4A,
contains only sequences classified by MEROPS as A1A and is
therefore referred to as the pepsin-archetype clade. It contains
APs involved in a diverse range of processes like digestion and

blood pressure control. Gastric enzymes such as pepsin, gas-
tricsin, and chymosin (for PDB details, see supplementary table
S1B, Supplementary Material online) cluster in a small
subclade. Another subclade with only metazoan sequences
contains lysosomal cathepsin D, napsin and the AP involved
in the regulation of blood pressure, renin. A large subclade is
formed by vacuolar enzymes from fungi such as proteinase
A from Saccharomyces cerevisiae (Parr et al. 2007).
All fungi, except for the Zygomycete Rhizopus oryzae and
Taphrinomycetes, have a single ortholog in this cluster.
Rhizopus oryzae has two homologs (probably as the result
of a recent whole genome duplication [Ma et al. 2009]),
whereas Taphrinomycetes lack an ortholog. These vacuolar
fungal APs cluster with representatives of the chromalveolata
such as PiAP1 from Phytophthora infestans. The topology of
the vacuolar subclade is largely consistent with the topology of
the species tree (fig. 1C). Nonvacuolar, Zygomycete APs,
among which is Rhizopuspepsin, form a small polyphyletic
group. The two remaining subclades contain, respectively,
sequences from a number of taxonomic domains including
oomycetes (PsAP4) and plants (Phytepsin).

Clade II: The “Nepenthesin”-Archetype APs and
Close Homologs

Clade 1l (see fig. 4B) contains the nepenthesin-archetype or
A1B APs that could be considered as true nepenthesin homo-
logs, as well as a number of representatives from the MEROPS
A1A subfamily. Nepenthesins are named after APs that were
first isolated from the slender-pitcher plant Nepenthes gracilis
(Takahashi et al. 2005). True nepenthesin homologs have an
insert between Trp39 and Tyr75 (see Introduction). This insert
contains a number of cysteine residues, contributing
additional disulphide bridges which have been suggested to
account for the enhanced stability of nepenthesin over a wide
pH range (Athauda et al. 2004; Takahashi et al. 2005). In clade
Il, all of the nepenthesins assigned to the MEROPS A1B
subfamily cluster within a subclade (labeled as the
nepenthesin subclade in fig. 4B). Within this subclade, the
nepenthesins from Arabidopsis thaliana cluster into a mono-
phyletic sub-subclade whereas other nepenthesins that are
not of plant origin such as AP10, AP11 and AP12 from
Phytophthora species fall into a separate sub-subclade. The
latter also contains a number of sequences hitherto classified
as pepsin-archetype (A1A) and which all lack the Cys-rich
insert. Among the latter are other Phytophthora APs (AP2
and AP8) and also human BACE1 and BACE2 (fig. 4B).
Another subclade with sequences that have been classified

Fic. 2—Continued

the three disulphide bonds in pig pepsin is indicated by thick lines. The Cys residues forming an additional disulphide bridge in human BACE1 (2HIZ) are
indicated by a circle and a thick dotted line. B-Sheets and a-helices are highlighted by yellow and magenta shading, respectively. The exact organization of

secondary structures found in pig pepsin is depicted below the alignment.
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Revuelta et al. GBE

Fic. 3.—Phylogenetic tree of eukaryotic APs. The 728 AP sequences were aligned, trimmed, and subjected to phylogenetic analysis by maximum
likelihood using PHYML-a-Bayes. (A) Circular phylogram in which each of the 11 monophyletic clades is depicted in a different color, with color-matched
boxes indicating the clade number and the PDB structures contained therein. Red dots placed on edges indicate both aLRT and bootstrap support of >80%,
grey dots placed on edges indicate >80% alLRT support only. Nine orphan sequences are indicated in black. The scale bar indicates 0.1 amino acid
substitution per site. (B) Radial phylogram. Colors as in (A), magenta and red clades correspond to pepsin and nepenthesin-archetype APs whereas the other
clades contain only fungal AP sequences. The arrow points to the most probable LCA of AT APs.
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Fic. 4.—Pepsin, nepenthesin, and clade Il AP phylogenetic trees. Subsets of the aligned sequences corresponding to clades |, II, and Il from the main
phylogenetic tree (fig. 3) were independently trimmed and used for phylogenetic analysis by maximum likelihood using PHYML-a-Bayes. Black dots placed on
edges indicate both aLRT and bootstrap support of >80%, grey dots placed on edges indicate >80% aLRT support only. The scale bars indicates 0.1 amino
acid substitution per site. (A) Pepsin archetype APs, (B) nepenthesin APs and their homologs, (C) clade Il fungal APs. Classifications and particular amino acid
sequence features are annotated on the surrounding rings according to the embedded symbol key. *Gastric APs include pig, human and atlantic cod

pepsins, human gastricsin, calf chymosin, and human cathepsin E.

previously as belonging to the ATA subfamily, such as plas-
mepsins |, Il and IV from the vacuoles of Plasmodium spp, also
contains sequences from the genus Phytophthora, from
Tetrahymena, from three higher fungi and two minor clades
of the lower Chytridiomycete fungi. A further monophyletic
subclade consists only of nine APs from higher fungi, all of
which are phytopathogens (labeled as phytopathogen

subclade, fig. 4B). Additionally, all of the sequences in this
subclade are typified by the absence of a propeptide and a
substitution of the almost invariant Asp317 residue by Ala,
Thr, Pro or Met; in addition eight out of the nine sequences
carry a substitution of the commonplace Thr/Ser218 residue
by Ala (fig. 4B and supplementary datafile S2, Supplementary
Material online).
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Secreted Fungal APs

Clade Ill (see fig. 4C) contains only sequences from the fungal
phyla Ascomycetes and Basidiomycetes, and includes the
well-described aspergillopepsin, penicillopepsin, trichoderma-
pepsin and edindothiapepsin, for which 3D structures have
long been determined. Some of these enzymes have been
demonstrated experimentally to be secreted. Indeed, most
entries in figure 4C are predicted to have signal peptides.
However, the sequences of a small subclade of APs appear
to lack a signal peptide, according to both WolfPSort (Horton
et al. 2007) and SignalP 4.0 (Petersen et al. 2011) servers. This
lack of a signal peptide coclusters with the complete absence
of disulfide bridges in these AP sequences. A number of the
APs in this subclade might therefore be either cytosolic or
subject to secretion by a nonclassical pathway. BCAP1 from
Botrytis cinerea, a member of this particular subclade, was
identified in the secretome in one study, but the authors com-
ment it might be due to contamination (Li et al. 2012). Other
secretome studies on B. cinerea did identify a number of APs
but not BcAP1 (Shah et al. 2009; Espino et al. 2010;
Fernandez-Acero et al. 2010).

Four other clades, VI, VI, X and XI, contain only fungal
sequences that correspond with secreted APs but with no
other obvious distinctive characteristics. Clade VI includes
the sequences with determined structures of polyporopepsin
and mucorpepsin as well as the recently described BCAPS,
which is the most abundant secreted proteinase of B. cinerea
(Ten Have et al. 2010).

Cell Wall Associated APs and Their Close Homologs

Clades IV, V, VIII, and IX consist mostly of sequences with a C-
terminal extension. Some C-terminal subsequences of clade IV
are predicted to act as transmembrane regions, whereas
others contain a GPl-anchor motif. The presence of predicted
transmembrane regions and GPl-anchor motifs largely follows
the hierarchical clustering of clade IV. Clade IV (supplementary
fig. S1A, Supplementary Material online) consists of
Basidiomycete sequences only. All Basidiomycete fungi in-
cluded in this study, except Moniliophthora perniciosa, have
at least one homolog in this group. The sequences in clade V
are derived from both Ascomycetes and Basidiomycetes, and
mostly encompass APs with GPl-anchor motifs (supplemen-
tary fig. S1B, Supplementary Material online). To the best of
our knowledge, clades IV and V do not contain members that
have been biochemically characterized.

Clade VIII (fig. 5) contains the yapsins, a group of GPIl-
anchored APs (and close homologs such as barrierpepsin)
that have been extensively characterized and reported to be
involved in various processes such as the maturation of
secreted hydrolases, pathogenesis (Monod et al. 2002;
Albrecht et al. 2006), pheromone proteolysis, sexual repro-
duction (Alby et al. 2009), and cell wall integrity (Gagnon-
Arsenault et al. 2006). The yapsin homologs of clade VIl

Symbol Key @ Gpjanchor motit Ml Insert Cysa5-Cys52

Fic. 5.—Phylogenetic tree of yapsin and yapsin-like APs. The aligned
sequences corresponding to clade VIl from the main phylogenetic tree (fig.
3) were separately trimmed and used for phylogenetic analysis by maxi-
mum likelihood using PHYML-a-Bayes. (A) Circular phylogram. Black dots
placed on edges indicate both aLRT and bootstrap support of >80%, grey
dots placed on edges indicate >80% alLRT support only. The scale bar
indicates 0.1 amino acid substitution per site. Presence of GPl-anchor motif
and the insert between Cys45 and Cys52 are annotated on the surround-
ing rings according to the embedded symbol key. (B) Radial phylogram:
Monophyletic subclade i corresponds to Pezizomycete APs, monophyletic
subclade ii corresponds to Saccharomycete APs with GPl-anchor and a
cluster specific subsequence between Cys-45 and Cys-52. The other sub-
clades correspond with Saccharomycete APs that lack these cluster-specific
subsequences.

were detected only in Saccharomycetes and Pezizomycetes
and not in any of the other analyzed taxonomic groups.
Most of the Pezizomycete sequences have GPl-anchor
motifs in the C-terminal extensions (monophyletic subclade
i, fig. 5). Approximately half of the Saccharomycete APs also

1488  Genome Biol. Evol. 6(6):1480-1494. doi:10.1093/gbe/evu110  Advance Access publication May 28, 2014

¥T0Z ‘2 400100 U0 1589n6 Aq /B10'sfeulnolpioxoaghy/:dny woly pepeojumod


-
-
-
-
ue
http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evu110/-/DC1
http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evu110/-/DC1
http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evu110/-/DC1
ue
http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evu110/-/DC1
http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evu110/-/DC1
http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evu110/-/DC1
ue
ue
http://gbe.oxfordjournals.org/

Z
S
H
B
=]
@)
>
m
a)
Z
<
=
@)
(@)
—
<
M
m
>
o
Z
m
)

Extensive Expansion of Fungal APs

GBE

A Pos | C-U C-UD Group SDP SecS
37 X X X No
41 X X X VII-3
84 X X X VII-5
129 X X X X No
151 X X X -3
153 X X X -3
165 X X X I-6
232 X X X H-8
284 X X X No
309 X X X -4
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Fic. 6.—CDPs of eukaryotic APs. (4) CDP analysis was performed using four separate algorithms (C-U/C-UD, Group and SDP refer to the CMF U/UD
metrics, GroupSim, and SDPfox; supplementary table S2, Supplementary Material online), whereas SecS locates each CDP in the secondary structure of
human pepsin (PDB structure 1PSO; H, | and VI refer to helix, pleated beta-sheets | and VI, respectively). Residues (numbered according to the sequence of
human pepsin) identified by at least three of these methods were considered to be CDPs. (B) Cartoon of structure of the complex between human pepsin
and the inhibitor pepstatin (in yellow). The catalytic D[TS]G motifs and Y75 residues are all depicted (in red) together with CDPs 41, 84, 151, 153, 165, 232,
and 309 contributing to helices and B-pleated sheets (in blue). () Sequence logos of subsequences flanking three selected CDPs (37, 129, and 284) are
depicted for all major clades (fig. 3) with colors according to standard physicochemical characteristics. (D) Cartoon showing the pepsin—pepstatin structure
viewed from a different angle from that in (B) with CDPs 37, 129, and 284 (in pink, 100% van der Waals) adjacent to the active site.

have a GPl-anchor motif and cluster in a monophyletic sub-
clade ii (fig. 5B), which includes the GPI lacking barrierpepsin.
Monophyly is substantiated by the presence of a cluster spe-
cific subsequence between Cys45 and Cys52 that was iden-
tified earlier (Abad-Zapatero et al. 1996) (fig. 5A). Intriguingly
however, a GPl-anchor motif is lacking in the rest of the se-
guences from the Saccharomycetes. It should be noted that
most Saccharomycete species sampled for this study have a
homolog in both clades, which indicates that a duplication of
the vyapsin gene has occurred in the LCA of the
Saccharomycetes.

Clade IX is monophyletic with clade VIII, and contains ex-
clusively Pezizomycete sequences, most of which also have a
C-terminal extension often containing a GPl-anchor motif
(data not shown).

Cluster Determining Positions

Software tools (De Juan et al. 2013) have been developed to
identify columns in MSAs—or positions in protein structures—
that show a high level of conservation within, but not neces-
sarily between, clusters. Such a conservation pattern suggests
that these CDPs are structurally or functionally important for
the evolution of protein families.

SDPfox (Mazin et al. 2010), Groupsim (Capra and Singh
2008) and CMF (Haubrock et al. 2012) were used to predict
CDPs, the last of which used settings of 1) pure entropy and 2)
similarity-corrected entropy. When three out of these four
methods detected the same position, it was considered a sig-
nificant CDP and justified for inclusion in a first explorative
evaluation. The results of the four methods are collected in
supplementary table S2, Supplementary Material online, and
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Fic. 7.—Taxonomic distribution of 11 major classes of eukaryotic APs.
The occurrence of APs from each of the 11 monophyletic clades across the
indicated taxonomic phyla is indicated by black shading, orphans are in-
dicated by an o. *These clades may not be monophyletic; **placement of
this clade is without consensus; 1) dme, dre, hsa, tgu, xla; 2) act, afv, ajd,
alb, ang, ani, aor, ast, b, bar, che, chg, cim, cog, cpw, erp, fgr, fuo, fuv,
hca, lem, mean, meac, mgr, mgy, mic, myf, myg, ncr, nfi, pabr, pan, pcs,
pno, pyt, ssl, tml, tra, tre, treq, tru, trv, tto, ure, vaa, ved; 3) ago, cal, cdu,
car, clu, ctp, dha, dkwa, dsba, dsmi, dsrd, kla, lel, Ith, pgu, pic, ppa, sce,
vpo, yli, zro; 4) schc, schj, scho, spo; 5) cci, cnb, cne, dpch, Ibc, mpr, scm; 6)
mgl, sre, uma. Complete names of abbreviated species are in figure 18
and supplementary table S1A, Supplementary Material online.

the ten CDPs thus identified are shown in figure 6A. Seven of
the CDPs take part in secondary structure of the core of the
protein molecule. CDPs 41 and 84 are part of pleated B-sheet
VII; CDPs 151, 153, 165, and 309 form part of pleated B-sheet
l; and CDP232 is part of helix 8 (fig. 6B). CDPs 37, 129 and
284 do not take part in secondary structure, suggesting that
they may be under functional rather than structural constraint.
These three CDPs all lie in close juxtaposition to the active site,
are partially solvent exposed, and can be envisaged to interact
with a substrate or inhibitor (fig. 6D). Sequence logos for these
CDPs and immediate surrounding subsequences (Schneider
and Stephens 1990; Crooks et al. 2004) are depicted in
figure 6C with residues E37 in clade IX and E129 in clade
VIl identified as the most conspicuous residues.

Discussion

A1 APs are ubiquitous in eukaryotes (See fig. 7) and have
many different cellular and physiological functions. Although

a number of fungal APs have been characterized biochemi-
cally, genome sequences uncover many APs with novel se-
guence features. The objective of this study was to explore
the diversity of fungal APs. Phylogeny shows that fungal APs
have been subject to birth and death evolution, as well as
functional redundancy and diversification, which led to the
emergence of different subfamilies. The functions of certain
subfamilies, such as the yapsins, have been well established,
whereas functions for other subfamilies with distinct sequence
features remain to be characterized. The results suggest that
an update or amendment of the current MEROPS classifica-
tion would improve future functional annotation of A1 AP
encoding sequences.

The AP phylogeny (figs. 3-5) reflects how AP evolution has
occurred, according to the maximum likelihood criterion and a
carefully constructed MSA. Sequence mining (fig. 1A) was
directed at the inclusion of all sequences of functional APs
and the exclusion of all sequences of nonfunctional AP-homo-
logs. The taxonomic sampling was focused on fungi (fig. 1C)
but we deliberately included taxa representative of the major
eukaryotic lineages, in order to provide a data set that covers
the complete AP sequence space (fig. 1B). The set was com-
plemented with 26 sequences for which X-ray structures have
been resolved. Promals3D, which uses structural information,
was used for MSA construction (MSAs made by other pro-
grams were inferio—data not shown). The complexity of
the evolution of protein superfamilies (where superfamilies
include paralogs as well as orthologs, and show functional
diversification), ~demands stringent data  processing.
Trimming of the nonhomologous or poorly aligned blocks
by BMGE (Criscuolo and Gribaldo 2010) was guided by the
structural information. The excerpt of the complete MSA (fig.
2) shows that the hallmark residues and distinct sheets and
helices, as indicated by the 3D structures, are generally cor-
rectly aligned.

Statistical support for the phylogenetic tree was derived
from approximate Rate Likelihood Test (Anisimova and
Gascuel 2006) and the more conventional and conservative
bootstrap analysis. Significant bootstrap support (set at
>80%) was substantiated in all cases by significant aLRT sup-
port. Some of the major clades did not have significant boot-
strap support. However, as most clades have significant aLRT
support and bootstrap has been proclaimed to be excessively
conservative (Anisimova et al. 2011), the tree is well sup-
ported. Other results that support the tree topology are the
evident clustering of nepenthesins (fig. 4B) (despite the
nepenthesin-specific insert having been excluded from the
phylogenetic reconstruction); the observation that the phylog-
eny of vacuolar APs (fig. 4A) largely coincides with the species
taxonomy (fig. 10); and the finding that certain (sub)clades
exclusively contain members of a defined taxonomic group.
Additional analyses to evaluate incorrect placement of se-
guences performed by HMMER profiling with 11 clade-speci-
fic profiles, corroborated the topology (data not shown).
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Altogether both the MSA and the phylogeny can be consid-
ered as comprehensive and reliable, even though APs in cer-
tain cases show very low mutual similarity.

Although sequence-based maximum likelihood clustering
uses all columns for tree reconstruction, certain columns affect
ramification of the tree more than others. These so-called
CDPs can contribute to our understanding of evolution and
functional diversification. Of the many software tools available
for the identification of CDPs, we selected three packages and
four methods. The global meta-analysis (fig. 6) identified only
a few CDPs, seven of which appeared to be important in
maintaining the structure of the core of APs and are therefore
likely under a structural constraint, rather than related to
functional diversification. Three other CDPs are located in
the vicinity of the active site, of which CDP37 and CDP129
show residues with clearly different physicochemical charac-
teristics in one cluster, as discussed below.

AP Gene Duplications in Fungi Resulted in Both “Birth
and Death Evolution” and “Functional Redundancy and
Diversification”

The complexity of the overall phylogeny (fig. 3) and the
derived clade-specific phylogenies (figs. 4 and 5) demonstrates
that the AT AP protein family in fungi has undergone an
extensive evolution, as compared with APs in other eukaryotic
lineages. Many fungal species have APs in various clades
(fig. 7); gene duplication at different evolutionary timepoints
has resulted in paralogs becoming dispersed in different clades
of the phylogenetic tree. On the other hand, many clades lack
homologs from certain taxonomic groups. A notable example
occurs within the extensive vacuolar subclade (fig. 4A) of clade
. The patriarch of the vacuolar AP subfamily, proteinase A or
saccharopepsin from S. cerevisiae, is essential for processing of
precursors of carboxypeptidase Y and proteinase B within the
vacuole (Parr et al. 2007). With the exception of
Taphrinomycetes, all of the fungal species examined (as well
as the taxonomically distant oomycetes of the Phytophthora
genus) have a highly conserved AP within this vacuolar
subclade (fig. 7). In the model Taphrinomycete,
Schizosaccharomyces pombe, this apparent loss-of-function
of a vacuolar AP is compensated by two serine proteinases,
ISP6 and PSP3 (homologs of proteinase B in S. cerevisiae) that
fulfill the proteolytic function in the vacuole (Mukaiyama et al.
2011). Thus, some genes survive in a lineage and others are
lost and fungal AP evolution appears to be subject to a
birth and death process. Another example is found
in clade VI which contains sequences from Zygomycetes,
Basidiomycetes, and Ascomycetes (fig. 7). Clade VI homologs
must have emerged early in fungal evolution and the relatively
short branches that separate these sequences from their
common ancestor indicate that the proteins are under con-
straint and important for these fungi. Nevertheless, most
fungal species lack a representative in this clade,

demonstrating that the clade VI homolog is not vital to all
fungi. There appears to be no obvious common feature of
the fungi that have a homolog in clade VI. As an example,
the Ascomycete phytopathogen B. cinerea secretes a highly
expressed clade VI ortholog (known as BCAP8) whereas the
taxonomically closely related phytopathogen, Sclerotinia scler-
otiorum, lacks this ortholog (Ten Have et al. 2010), despite a
similar lifestyle and infection strategy (Amselem et al. 2011).

The LCA of all APs is most likely found at the node that
connects clades | and Il (see fig. 3B). Clades | and Il both have
sequences from all eukaryotic lineages including fungi (see fig.
7) whereas clades lll-XI contain, besides two orphans, only
fungal sequences. Clades II-XI occur at large distances from
the LCA. Hence, APs have undergone a much more pro-
nounced sequence diversification in fungi than in other eu-
karyotes. The high sequence diversification of fungal APs has
been caused by either adaptation or drift. Sequences at rela-
tively large distances (e.g., the sequences from clade XI, all
from Ascomycetes and with a recent common ancestor) have
likely been subject to drift. Another part of the sequence di-
versification appears specific to certain taxonomical groups,
either as a result of mere drift, or a combination of drift and
ecological adaptation. Clade IV consists of only Basidiomycete
sequences, whereas clades VIl and IX contain only
Pezizomycete sequences (see fig. 7). Clade VIl contains only
Ascomycete sequences and has Saccharomycete-specific and
Pezizomycete-specific subclades (see fig. 5, discussed in more
detail below). Most of the sequences of these clades have
relatively short branches, which suggest constraint.

Gene duplication typically results in functional redundancy
and allows for sequence diversification mediating potential
functional specialization. Such functional diversification results
in different functional constraints, which provoke different
paralogs to evolve in different directions, and is reflected in
the complex topology of the tree. The clearest evidence for
functional diversification is the yapsin subfamily of clade III.
Yapsins are well-characterized fungal APs that are involved
in the proteolytic activation of peptide prohormones
(Karlsen et al. 1998), or hydrolases, similar to the action of
the serine protease Kexin (Schild et al. 2011). Indeed, the
yapsins YPS1 and YPS2 from S. cerevisiae were identified as
suppressors of a Kexin null mutant (Werten and de Wolf
2005). The distinct biological functions of yapsins, as com-
pared with for instance the vacuolar APs from clade | or the
secreted Aspergillopepsin from clade Ill, corresponds with
their cellular location. Maturases need to operate within the
secretory organelles, just as Kexin does (Jalving et al. 2000), or
in the extracellular matrix. Yapsins typically possess a GPI-
anchor by which they can be attached to the cell membrane
or the cell wall (Gagnon-Arsenault et al. 2006). Figure 5A
shows that many sequences in clade VIl have a GPl-anchor
motif. Furthermore, the yapsins appear to have a high sub-
strate specificity. Although APs are considered to prefer
hydrophobic substrates, yapsins have a preference for
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mono- or dibasic cleavage sites (Schild et al. 2011). The CDP
analysis provided a possible explanation for this specificity.
Figure 6 illustrates that the yapsins almost invariantly have a
solvent exposed Glu residue at CDP129, near the active site.
The other APs contain mostly polar residues such as Ser,
Thr or, in the case of clade Ill, an Asn. Site-directed mutage-
nesis studies on Glu129 would give experimental insight into
whether this residue contributes to the preference of yapsins
for mono- and dibasic cleavage sites.

Although the majority of Saccharomycete yapsins that lack
a GPl-anchor motif are paraphyletic according to both our
phylogeny (fig. 5B) and the phylogeny recently demonstrated
by Monod et al. (2011), this is still consistent with a duplication
of the yapsin gene in the ancestor of the Saccharomycetes.
Subsequently, one of the duplicates presumably lost the
GPl-anchor motif. APs in both groups are functional as most
sampled Saccharomycete species have paralogs in both
groups. The exact function of yapsins lacking a GPl-anchor
remains to be determined although a number of Candida
albicans homologs in this subclade have been shown to be
involved in pathogenesis (reviewed by Albrecht et al. 2006).
Subclade i of clade VI (fig. 5) also contains barrierpepsin
which is involved in the cleavage of the peptide pheromone
a-factor (Monod et al. 2011), which has also been shown to
be a yapsin substrate (Azaryan et al. 1993). Barrierpepsin is a
secreted, heavily glycosylated AP (Jars et al. 1995) which lacks
a GPI anchor but does contain the insert between Cys45 and
Cys52 mentioned earlier. Hence, barrierpepsin appears to be
an even more recent homolog and its function and substrate
specificity exemplify the functional redundancy and
diversification processes that follow a gene duplication
event. A more detailed description is described by Monod
etal. (2011).

It is not clear whether the Pezizomycete APs in clade IX
represent another example of functional diversification of yap-
sins. These peptidases are similar to the yapsins, and many
contain GPl-anchor motifs whereas others do not. It is also
unclear whether the presence of a GPl-anchor motif in fungal
APs, present in APs in clades IV, V, VIl and IX, is monophyletic
as GPl-anchor motifs are low complexity regions that cannot
be reliably aligned.

The phytopathogen subclade of clade Il (fig. 4B) provides
another example of functional diversification. Although many
phytopathogenic fungi lack a homolog in this subclade, the
absence of a representative from a saprophytic fungus sug-
gests that these APs are related to virulence. The sequences
within this subclade show two characteristics that point to
functional specialization. First, all members of this subclade
lack the propeptide typically present in AP precursors or
zymogens, which implies that these enzymes enter the
endoplasmic reticulum (ER) in an active form, rather than as
zymogens. In addition, all sequences within this subclade
show substitutions of Asp-317 and Ser/Thr-218, which may
serve to extend the pH range over which the enzymes are

stable and active. Renin, the AP which is involved in the reg-
ulation of blood pressure, is active at pH values as high as
neutrality and contains Ala residues at both positions 317
and 218. Mutation of Ala-317 to the more conventional
Asp significantly lowered the pH at which renin remained
active (Yamauchi et al. 1988). A similar role for Ala-218 has
been postulated based on the occurrence of this residue at the
equivalent position, adjacent to the catalytic Asp residue in A2
retropepsins (Ido et al. 1991). The occurrence of these two
substitutions together with the absence of a propeptide in the
phytopathogen subclade of APs might thus be the result of an
adaptation to a less acidic environment. The exact function of
these peptidases remains to be elucidated.

Coclustering of features is also found in a subclade of clade
Il comprising sequences that lack a signal peptide as well as
disulphide bridges (see fig. 4C). As a signal peptide is essential
for targeting proteins to the ER and disulphide bridges
are typically generated within the ER, these subclade members
either remain confined to the cytosol or are subject to
an alternative secretion pathway. It remains to be demon-
strated whether this is another example of functional
diversification.

Toward a Redefinition of the Classification of A1 APs

Our data indicate that of the 11 selected clusters of APs only
two conform (largely) to the MEROPS A1A and A1B subfami-
lies. MEROPS A1A contains 111 sequences listed as “holo-
types,” 71 of which were included in our phylogeny. Of the
latter, 30 fell into clade I, whereas 41 (almost 60%) clustered
into six other clades (Il, ll, \VV, VI, VIII, and IX). Clade | contains
sequences from various eukaryotic orders as discussed above
and correlates well with ATA. All sequences classified by
MEROPS as A1B fall into clade IIl. The variation of sequences
in clades lll-XI provides a stark contrast with the conservation
of the sequences in clades | and II. Certain clades consist of APs
with clearly distinguished functions and/or sequence charac-
teristics related to functional aspects. The recent review on
fungal APs (Monod et al. 2011) also clearly summarizes a
number of functionally different fungal APs. Therefore, we
propose a more comprehensive classification of A1 APs
based on phylogenetic clustering. Clustering should be under-
stood as grouping objects such that the objects in the same
group or cluster are more similar to each other than to other
objects. It should be performed using a comprehensive tree
based on homologous characters only, that is, omitting clus-
ter-specific subsequences, such as C-terminal extensions and
the nepenthesin-specific insert. Classification should be under-
stood as the assignment of a query sequence to a defined
cluster and can easily include cluster-specific subsequences,
thereby exploiting the complete information of the query
sequence and the various clusters. Such a fast and reliable
biocomputational classification of sequences will be required
in order to efficiently characterize the increasing amount

1492  Genome Biol. Evol. 6(6):1480-1494. doi:10.1093/gbe/evu110  Advance Access publication May 28, 2014

¥T0Z ‘2 400100 U0 159n6 Aq /B10'sfeulnolpioxoaghy/:dny woly papeojumod


since 
ue
C.
ue
,
)
ue
il
since 
,
While 
ue
-
-
Since 
s
Aspartic Proteinase
,
,
il
 - 
i.e.
http://gbe.oxfordjournals.org/

Z
=
=
B
=
@)
>
m
a)
Z
<
=
@)
(@)
-
<
M
m
>
o
Z
m
)

Extensive Expansion of Fungal APs

GBE

of genomic data. Thus, based on the fungal AP
diversification it seems appropriate to amend the current
MEROPS classification of A1 APs based on dedicated phylo-
genetic clustering.

Supplementary Material

Supplementary datafiles S1-53, tables S1 and S2, and figure
S1 are available at Genome Biology and Evolution online
(http:/Avww.gbe.oxfordjournals.orgy).
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