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Abstract: The fundamental cellular role and molecular
interactions of annexins in vesicle trafficking and mem-
brane remodeling remain to be further clarified in order
to better understand and exploit their contributions to
health and disease. We focused on distinctive features
of atypical annexins from all domains of life using phy-
logenomic, molecular systematic and experimental
approaches, to extend the current paradigm and better
account for annexin diversity of structure, function and
mechanistic role in membrane homeostasis. The analy-
sis of gene duplications, organization of domain archi-
tectures and profile hidden Markov models of subfamily
orthologs defined conserved structural features relevant
to molecular interactions and functional divergence of
seven family clades ANXA-G. Single domain annexins of
bacteria, including cyanobacteria, were frequently cou-
pled to enzymatic units conceivably related to membrane
metabolism and remodeling. Multiple ANX domains
(up to 20) and various distinct functional domains were
observed in unique annexins. Canonical type 2 calcium
binding ligands were well-preserved in roughly half of all
ANX domains, but alternative structural motifs comprised
of ‘KGD’, cysteine or tryptophan residues were promi-
nently conserved in the same strategic interhelical loops.
Selective evolutionary constraint, site-specific location
and co-occurrence in all kingdoms identify alternative
modes of fundamental binding interactions for annexins.
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Introduction

Those who moil for annexins have made significant
advances during four decades of multidisciplinary
research in documenting the molecular properties and
cellular roles of this ubiquitous and unique gene super-
family (Creutz et al., 1978; Gerke et al., 2005). Observa-
tions and empirical testing of their association with cell
membrane lipids and cytoskeletal proteins are compatible
with their proposed participation in intracellular trans-
port processes leading to vesicle translocation, fusion
and transcytosis (Potez et al., 2011; Tebar et al., 2014).
These basic processes can be conceptually linked to an
integrated physiological role in membrane remodeling
and maintenance to promote cellular membrane growth,
repair and to facilitate transmembrane microvesicle trans-
port (Bouter et al., 2015; Draeger et al., 2011; Demonbreun
and McNally, 2016). The prominent expression and apical
trafficking of annexins in epithelial and endothelial
tissues support this interpretation of a protective homeo-
static role, but they have additional, distinct actions in
immune responses (D’Acquisto et al., 2008), secretory,
apoptotic and chemoresistance events, antithrombotic,
anti-inflammatory and tumor suppressor roles, and in
muscle contraction and neuronal activity. Such functional
diversity argues for even broader roles as scaffolding com-
ponents of multifunctional complexes involved in cellular
signal transduction networks of multicellular organisms
and other coordinated molecular interactions at the level
of unicellular organisms.

Annexin subfamily specificity in calcium affinity is
influenced by individual structural variation under differ-
ent proteoglycolipid environments and intracellular pH
that modulate membrane binding kinetics (Gerke et al.,
2005; Potez et al., 2011). This basic paradigm defines
annexins as calcium-mediated, membrane lipid-associ-
ated proteins, but does not consider calcium-independent
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annexins, other conserved structural motifs, distinct
functional domains, unique amino-termini and varied
architectures to adequately postulate integrated roles
and mechanisms for individual annexin function. A
unifying concept for annexins must recognize their
commonly shared characteristics as well as the unique
features that define individual members. The advent of
high throughput, low-cost sequencing has already sup-
plied ample genomic, transcriptomic and proteomic data
to permit the characterization and comparative analysis
of some 4000 individual annexins. These data provide
new evidence for ‘atypical’ annexins from diverse phyla
in which the fundamental relationships between struc-
ture and function are expected to be preserved despite
mechanistic variance.

Phylogenetic reconstruction of the annexin gene
superfamily from bacterial, protist, plant, fungal and
metazoan sequences (Morgan and Fernandez, 1995, 1997;
Weiland et al., 2005) can chart the complete gene family
history and effectively distinguish paralogs and orthologs
for a comprehensive classification of individual gene
subfamilies (Moss and Morgan, 2004; Clark et al., 2012).
It can also provide informative evidence for positive or
negative selection and the dates, rates and patterns of
divergence or conservation. This is essential for compara-
tive studies because species orthologs vary by essentially
silent changes in primary structure without significant
functional differences, whereas the multiple paralogous
genes within single species diverge at semi-conserved
sites responsible for subfamily functional specificity. The
evolutionary distance between paralogs duplicated from
a common ancestor depends not only on the timing and
rate of divergence but also on functional adaptation perti-
nent to each species group, so it can be insightful to follow
these features throughout an extensive period of evolu-
tionary change that the annexin superfamily has under-
gone. Molecular fingerprints of each subfamily can be
generated from multiple sequence alignments as profile
hidden Markov models (pHMM) to predict amino acid pro-
files with statistical precision and to decipher conserved
sequence patterns that can be used to infer functional
importance. This evolutionary, structural and physico-
chemical property information can be represented in 3D
models to substantiate those inferences and to define the
spatial context of key functional domains, motifs and
amino acids responsible for mediating physiological and
pharmacological interactions of individual annexins. The
bioinformatic development of these models is aimed at
defining the common features and distinctive character-
istics of all functionally unique subfamilies pertaining to
this superfamily.
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Results
Annexin molecular phylogenetics

The 12 annexins common to vertebrates (ANXAI-ANXA13,
excluding unassigned ANXA12) extend from the earliest
diverging extant species, the jawless fish lamprey and
hagfish, whilst annexins A5, A6 and A10 appeared later
in cartilaginous fish and ANXAS8 in coelacanth (Figure 1).
The annexin A2-A1-A9 clade also separated early from a
lamprey common ancestor and ANXA9 first appeared in
cartilaginous fish. Earlier metazoan origins of annexins
A13 and A7 were apparent from their close association
with known nonvertebrate outgroups and from other
similarities in genetic linkage and gene exon organization
(Fernandez and Morgan, 2003). Among the 10 remaining
vertebrate annexins, ANXA11 can be regarded as the most
basal member from Agnatha with a gene organization
congruous among all annexins except A7 and A13 (Moss
and Morgan, 2004). Copy number variation is important
for assessing associated phenotypes, so the documenta-
tion of extra paralogous gene duplications is noteworthy
(Figure 1). ANXAI has two to five copies in certain fish,
birds and amphibians, ANXA7 and ANXA13 duplicated in
lamprey, like most other annexins in teleost fish, and a
second ANXAS8 gene has emerged only in humans, con-
sistent with a genome propensity for segmental chromo-
somal duplications.

The fact that major taxonomic groups ‘approximate’
monophyletic distributions of species groups must have
been the result of evolutionary selection by which annex-
ins have adapted and diverged within at least six major
families; e.g. the ANXA family consisting of 12 gene sub-
families of more than 2000 known vertebrate annexins.
Distinct clades form other families, including ANXB from
nonvertebrate metazoa, ANXC with fungal-related annex-
ins, ANXD comprising 40+ subfamilies in plants (Clark
et al., 2012), ANXE in diverse protists and ANXF now
represented by more than 200 bacterial annexins (this
study). The loss of annexin genes from certain genomes
was deduced from more extensive analyses to document
the absence of ANXA3 from Archosauria (crocodiles,
dinosaurs and birds) and Squamata (snakes), ANXA8
from Afrotherian mammals, Amphibia, most fish and
Lepidosauria (salamanders and snakes), ANXA9 from
Archosauria, ANXA7 and ANXA10 from Teleostei (bony
fish). Annexin phylogeny has been partially examined for
fungi (Khalaj et al., 2015), plants (Clark et al., 2012), pro-
tists (Einarsson et al., 2016) and bacteria (Kodavali et al.,
2014) and these were not reexamined in detail here except
for divergent examples of special interest.

Bereitgestellt von | De Gruyter / TCS
Angemeldet
Heruntergeladen am | 09.11.17 18:15



DE GRUYTER M.-P. Fernandez et al.: Annexin phylogenomics = 753
0.1 aa a5 <A N ANXAQ
Flep'l:cr:esw:ms 8 I_“:j Al un EE‘ ﬂﬂﬁg SFg?ﬁgﬁ?trhark]
7
Ey — gE L Eaomianxa2
- 10 A R
¢ o ANGAlG 2
or—— 1§ a] ANXA1
| | S E— ﬁ gg\ l::::an coe|acanm
EH| 100 ﬁ aee an?oi
100 - ’ gﬁ 8 R lacanth ) = NT-ANXAG6
2] 100 La—— i @man?sm 1
al i g_q; :% ; :io%ackanth 1 ANXAS
JL'SG Ty uefmﬁsfﬁm - ::i:g
e\ s p— :
g5 7 Eﬂ' JANZALR SR IAmPRL -
33@%’ g ANXA4
100 A "U{}}a 7]
— ‘—'_|_|1=A A iﬁﬁ% ji\i} |Anxat4
s gﬁﬂggg o 'cme.acan.h CT-ANXA6
< 4 : J,Eg :
a2
e AL, | ANxat0
" Eﬁian an?ggaﬁf"'" ANXA7
33 Yoo a owczarzaki
38 ;—:-: lerciss gu:‘émm ;135 Nonvertebrate
oA Um seni e
7L 70 S ANSE Sk o Wg?a ) metazoa
81 — 81 g bsea Fﬂrimnéasear;anth ANXA13

® ANXB Bran FOSOm

mﬁae 15 aa (XP_002589951) "

Figure 1: Molecular phylogeny of the vertebrate annexin ANXA family.

Proteins comprising the core tetrad of protein subfamilies from lamprey, shark, spotted gar, coelacanth, ostrich and human were aligned for
analysis by Maximum Likelihood using RAXML v8 and MEGA v7 with 100 bootstrap pseudoalignments and gamma rate site weighting. The
twelve paralogous subfamilies formed distinct clades and confirmed the origin of the earliest diverging annexins A13 and A7 from ancestors
in common with nonvertebrate representatives. The remaining subfamilies with congruent gene organization duplicated from a common
ancestor with the ANXA11 founder gene in Agnatha while several subfamilies such as annexins A5, A6, A9 and A10 appeared later in car-
tilaginous fish. The gene duplication order (green spheres) and chronology are given by the horizontal bifurcations and branch lengths,
while confidence values at the nodes support the tree topology. Although several early diverging taxa for ANXA3, A4 and A5 were not well-
resolved, additional intralineage, coparalogous gene duplications were evident for lamprey ANXA13 and A7, human annexin A8 and annexin

Alin coelacanth, amphibians (5 copies) and birds (red and blue sphe

Domain architecture variations in annexin
proteins

Annexin research has focused primarily on vertebrate
members, plants and some earlier diverging eukaryotes
in which the predominant form comprises a homolo-
gous tetrad of 68 aa ANX domains. Such an architecture
presumably originated from a monomeric annexin such
as those found in bacteria (Figure 2) and in principle
should be capable of further duplication, although only
vertebrate octad annexin A6 has provided evidence for

res).

an alternative architecture. We scrutinized thousands
of nonvertebrate annexins to identify members with
novel architectures ranging from one to 20 ANX domains
and including other unique domains indicative of more
complex multifunctional interactions or a scaffolding
role. A graphical summary of annexin protein domains
(Figure 2) compared numerous members with multi-
domain composition and identified those with foreign
domains or ANX domains lacking apparent calcium-
binding sites. Numerous nonvertebrate metazoa possess
an ANX octad architecture phylogenetically distinct from
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A. ANX domain number

1 w(isp ANXF1_Cytophaga hutchinsonii  (WP_011584860) 147 aa

2 ANXF_Haliangium ochraceum  (WP_012826893) 643 aa

4 = @) ANXAL1_Homo sapiens (NP_001265337) 505 aa

8 T RE® R FiiGlmmm ANXB_Thecamonas trahens (AMSG_03555) 774 aa
12 ANXB_Hymenolepis microstoma A0A068XJIS_Hymmi 1019 aa
16 ANXB_Capsaspora owczarzaki  (ACFS01000107) 1439 aa
16 M@—CMD@ ANXB_Aplysia californica (XP_005098611) 1491 aa

ANXB_Porites australiensis (FX460623) 1993 aa

B. Known domains

ww e W W ANXCL_Pseudocercospora fijiensis (M3B563_PSEFD) 398 aa
EBP {CEBP (G0 W B}(6 ANXC2_Tularomyces stipitatus (XP_002479586) 706 aa
Septin SeptinpEeptifSepts {OE ) ANXC3_Aspergillus niger (G3Y2P8_ASPNA) 1494 aa
pKinase ANXC_Phytophthora infestans (DON1C6_PHYIT) 602 aa
GT20; PPase sf@) 5 W[ w6 G0 G mm{ Glycosy! transterase 20 Je{Trahaiose Prase)ss ANXC_Phytophthora ramorum (H3H562) 1628 aa

FAR1 ANXB_Hymenolepis microstoma A0A068X562_Hymmi 585 aa
GHB_HexC1 et . C L 8 ANXB_Echinococcus multilocularis AVA068Y0US_Echmu 714 aa
pKID, BRLZ iy e E|ANXBY_Camponotus floridanus  (E1ZYAT_CAMFO) 618 aa
Ricin (i) GhmmmfRicil ANXB_OQikopleura dioca (FP843221) 339 aa
Gelsolin foriecieroipforcifmm— W (6 ANXB_Salpingoeca rosetta (F2TXB8_SALRS) 828 aa
Filament ANXB_Ciona intestinalis (CBY13814) 506 aa
Patatin; EF7; GST OB el Pataltin Juefer iu{GsTimmm ANXB_Branchiostoma floridae (XM_002610265) 1487 aa
CHB; ANK_2 I iy rine 50"y ANXB_Strongylocentrotus purpuratus (XM_001185012) 911 aa
EGF-like w{ EGF-Tike (x8] } T ® ANXB_Strongylocentrotus purpuratus (W4Z998 STRPU) 994 aa
KIAA1430 TP e D)8 SO ANXB _Acropora millepora (JT008754) 1559 aa

C. Bacterial domains with functional predictions

“abortive infection protein AbiGI" (DUF4095) ={re)@) ANXF_Clostridium hathewayi (EFC97646) 219 aa
“transcriptional regulator BN8_01351" w e ANXF_Fibrisoma limii (WP_009280939) 222 aa
“molybdopterin FAD-DHase” ey ANXF _Afipia sp. (WP_009340524) 306 aa
“IpxA UDP-N-Acglucosamine O-acylTase” (PF00132) ANXF_Taylorella equigenitalis (AFN35880) 271 aa
“lipase_3 (302-440)” ANXF_Microscilla marina (WP_002694287) 530 aa
“DUF4157" e AT ™ e ANXTF_Actinopl globisporus (WP_051115397) 559 aa
“beta-N-hexosaminidase” (Glyco_hydro_20) P Glyco nviin 20 Jems ANXF_Bacteroides thetaiotaomicron (WP_011109002) 661 aa
“DNA sulfur mod. protein DndD” R et S ANXF_Flavobacterium indicum  (WP_014388835) 698 aa
“Phage_GPD, T6SS_Vpr, DUF2345” K (WP_065642327) 978 aa
“Namu_1606" i) e ANXF_Nakamurella multipartita ~ (WP_015746904) 1019 aa
“COCOR_01751" _m_m‘ﬁE ANXF_Corallococcus coralloides ~ (WP_014394597) 1202 aa
“DUF4157, PG_binding_1" ) i i ANXF_Sporocytophaga myxococcoides (WP_052430405) 1254 aa

f 3
“colicin D” _M L ANXF_Burkholderiales sp. (WP_043286211) 2578 aa

“A_deaminase” e e} { Tl eeeeeeeeeeee——fE@y— ANXF_Myxococcus virescens (SDE97228) 2701 aa

. « i . . ” DNA-BD
Archaea: bacterio-opsin activator s J=("HTH} ANXG1_Haloterrigena thermotolerans (WP_006650676) 226 aa

Bacteriophage: “structural protein” (== ANXH1_Cellulophaga phage phi48:2 (AGO47264) 157 aa

Figure 2: Diversity in the organization of protein functional domains and structural motifs of atypical annexins.

A curated library of annexins derived from protein, transcriptomic and genomic sequence databases was searched with locally reconstructed
pHMM models providing molecular fingerprints of the annexin domain and established subfamilies. Confirmed annexins were analyzed for
annexin domain number (A), further scrutinized by the SMART (Letunic et al., 2015), PFAM (Finn et al., 2016) and ELM (Dinkel et al., 2016)
servers to identify additional distinct domains (B), and extended to the annotations accompanying bacterial annexin GenBank entries (C).
The schematic shows linear protein length, the absence (red) or presence (green) of type 2 calcium-binding motifs in ANX domains, and the
inclusion of other prominently conserved or strategically located amino acids with hydrophobic, aromatic, bulky properties (Trp-W, Phe-F),
redox potential (Cys-C), positively charged basic residues (Arg-R, Lys-K) or the disintegrin motif ‘KGD’.

vertebrate annexin A6. They were thus formed by inde- domain annexins thus amplified to multidomain annex-
pendent convergent evolution and this amplification ins within bacteria (Figure 2C) and, in the absence of
extended to octad in the protist Thecamonas trahens and large-scale lateral transfer verified by phylogenetic anal-
20 ANX domains in the coral Porites australiensis. Single yses (Garcia-Diaz, 2011), gave rise to eukaryotic annexins
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in algae and protozoa via other processes (e.g. symbio-
sis, genetic recombination).

The extended ANX domain architectures of non-
vertebrate annexins were further accompanied by various
unrelated domains with alternate binding properties
(Figure 2B). The binding properties and general function of
these supplementary domains are either uncharacterized
(e.g. KIAA1430, PF00132, Domains of Unknown Function
DUF234, 515, 975, 1104, 3106, 4095, 4116 and especially
DUF4157), partially defined (viz. septin, gelsolin, EGF-
like) or with intrinsic enzymatic activity (i.e. adenosine
deaminase, protein kinase glycosyl transferase, hydro-
lase or lipase). Other domains detected by comparison
with PFAM or SMART pHMM models included WW, EBP,
FAR1, GHB_HexCl1, pKID, BRLZ, ricin, intermediate fila-
ment, patatin, GST, CHB, ankyrin, SMC_N or colicin_D.
The incorporation of such diverse domains with potential,
varied roles is reminiscent of the unique amino terminal
domain of certain vertebrate annexins that have similarly
been proposed to realize distinct, essential functions
(Bena et al., 2012; Yuan et al., 2016). More complete names
and documentation are available from the correspond-
ing source databases PFAM (Finn et al., 2016) and SMART
(Letunic et al., 2015).

Conserved structural motifs were also prevalent
within many ANX domains where aa replacements made
them incapable of binding calcium, and such altered fea-
tures are of growing interest to resolve the full spectrum
of molecular interaction mechanisms as described in the
Eukaryotic Linear Motifs database (Dinkel et al., 2016).
The presence of ‘KGD’ disintegrin binding motifs, aromatic
hydrophobic Trp/Phe residues and Cys residues have been
well-recognized to be conserved in a strategic location
(D-E-interhelical loop) of the ANX domain, so the obser-
vation here that these structural features now extend to
protists and bacteria (Figure 2) accentuates their prob-
able importance in the fundamental binding interactions
of annexins independent of the type 2 calcium-binding
site. The composite design of selected bacterial annexins
(Figure 2C) has provided extra information for tentative
annotations, functional predictions, even implicating
some directly in membrane-related enzymatic activity.

Identification of conserved structural motifs
within the ANX domain

It is clear that the calcium-binding capacity of annexin
domains responsible for union with membrane phos-
phatidylserine represents a single property that may be
neither universal nor essential for their function. This

M.-P. Fernandez et al.: Annexin phylogenomics = 755

is exemplified by the vertebrate annexins ANXA9 and
ANXA10 and similar homologs throughout eukaryotic and
prokaryotic phyla and implicates other known domains
and structural motifs in the translocation and association
to membrane scaffold constituents, cytoskeletal proteins
and extracellular matrix components. A statistical analy-
sis of multiple sequence alignments for individual sub-
families was given by the construction of profile hidden
Markov models, to define conserved structural motifs
within the ANX domain that could be relevant to their
functional specificity (Figure 3).

We compiled pHMM matrices for annexins A9 and
A10 and visualized the information content in their
domains 3 and 4 as sequence logos. The obliteration of
calcium coordinating residues in all 100 ANXA9 repre-
sentatives was accompanied by the emergence of HGD/
KGD tripeptides conserved in many D-E interhelical
loops. Note that this motif and a YKKKY motif in domain
4 (residues 312-316) are characteristics shared with and
inherited from annexins Al and A2 (Morgan et al., 2004)
and that annexins A4 and A5 also manifest KGD ligands
in the same D-E loop but prior to the acidic calcium-
binding residue. The pHMM molecular profile of annexin
A10 was strikingly different in that A-B and D-E loop
functional residues were replaced by conserved basic
residues and Cys in domain 3 and by the aromatic, hydro-
phobic, bulky amino acid Phe in domain 4. Elevated
levels of basic, Cys and Phe/Trp were found to be char-
acteristic of most annexins A10 (highlighted in Figure
3) and presumably substitute for the eroded calcium-
coordinating ligands to determine the specific, distinct
binding targets with which ANXA10 interacts, perhaps
including the nuclear ribonucleoprotein bodies, par-
aspeckles (Quiskamp et al., 2014).

Annexin A9 and A10 molecular interactions
and functional roles

The pHMM sequence logos generated for annexins A9
and A10 (Figure 3) identified conserved motifs with the
highest probability of a functional role determined by
evolutionary selection. This information must be revisu-
alized in a 3-dimensional context (Figure 4A) to properly
interpret how molecular interactions might transpire at
the cellular or vesicular membrane, cytoskeleton or extra-
cellular matrix. Physiological receptors have been sought
in extensive studies of annexin A9 through immunohis-
tochemical colocalization with cytoskeletal proteins such
as keratin (Garcia-Diaz, 2011) and periplakin (Boczonadi
and Maatta, 2012) and for annexin A10 among other
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A. ANXA9 pHMM

ANXA9 domain 3
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Figure 3: Profile hidden Markov models of ANX domains 3 and 4 in annexins A9 and A10.

Multiple sequence alignments of 100 ANXA9 and 200 ANXA10 proteins were used to build pHMM probability matrices using HMMBUILD
v3.1b2 for all amino acids at all positions, then converted to sequence logos using the SKYLIGN server utility. Individual letter height reflects
the probability of occurrence (i.e. conservation by selection pressure) for each amino acid whilst the total column height can be used to infer
information content or functional importance of each site. (A) The ANXA9 logo established the absence of canonical type 2 calcium-binding
sites (i.e. GXGT...38 aa...D/E) from all domains (orange rectangles) and the emergence of ‘KGD’ disintegrin motifs instead within the D-E
alpha helical connecting loops. (B) The ANXA10 profile was likewise unique, showing prominent conservation of Cys residues with notable
replacement of the acidic calcium-binding ligand at position 229 in domain 3, and a predominance of hydrophobic, aromatic bulky residues
with replacement of the acidic calcium-binding ligands for Phe at aa 265 and 304 in domain 4.

cysteine-containing proteins such as stomach mucin 5AC
(Martin-Almedina, 2010) although no bona fide recep-
tors have yet been proven. For ANXA9, the absence of
calcium-dependent membrane binding (Goebeler et al.,
2003; Garcia-Diaz, 2011) due to replacement of the respon-
sible residues makes the introduction of conserved KGD
motifs later in the D-E loop a significant finding. This is
a well-known (dis)integrin binding motif, also conserved

and interactive for related clade members ANXA1 and A2
(Cheng et al., 2012; Rankin et al., 2013), at distinct loca-
tions for annexins A3, A4 and A5 (Saint-Guirons et al.,
2007; Setti et al., 2013) and with variants able to interact
with other domains including C2 (Simdes et al. 2005) or
integrins (Wang and Kirsch, 2006). The case of annexin
A10is rather different in that the sites specifically involved
in calcium-binding have been substituted by residues with
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A ANXA9 potential interaction motifs and MCF-7 transfection phenotype
Domain 3 Domain 4
(**

WRFHG)@EYAKG@

1. MCF7: YEP.
(pZsYellow1-N1)

2. ANXA9-KGD +YFP
(pZsY1-N1-ASH-KGD)

3. ANXA9-LGA + YFP
(pZsY1-N1-A9H-KGD>LGA)

B ANXA10 potential interaction motifs and IHC of rat pancreatic islets

Domain 4
(i - rocve) (orarn s FASC

\\I} % ANXA10

Figure 4: External ligands of atypical annexins A9 and A10.

(A) 3D structural models of annexin domains 3 and 4 for human ANXA9 highlight the conserved residues of probable functional importance
for external binding interactions. The color-matched residues in single letter code and stick graphic representations signify basic (blue),
hydrophobic (green), acidic (red) and redox cysteine (yellow) properties and (non-functional) calcium-binding residues (black). Despite the
absence of significant membrane binding and the lack of known true receptors, the strategically located ‘KGD’ motif of ANXA9 could favor
calcium-independent binding of phosphates, fatty acids and glycoproteins in the cytoskeleton, plasma membrane, cytosol or extracellular
matrix. Fluorescence microscopy of cultured mammary cancer MCF7 cells transfected with (1) Control plasmid pEYFP-N1 (Clontech) encoding
an enhanced yellow-green variant of the Aequorea victoria green fluorescent protein; (2) Plasmid construct pA9H-YFPN1 containing human
ANXA9 cDNA sequence cloned into the pEYFP-N1 control plasmid with its KGD motif intact (domain 4, residues 329-331 aa); and (3) Plasmid
construct pA9H(KGD_LGA)-YFPN1 containing the site-directed mutations K329L and D331A converting KGD — LGA of human ANXA9 cDNA
sequence also cloned into the pEYFP-N1 control plasmid. Fluorescence microscopy was at 1000 x magnification, 50 pixels per 3.5 um. (B)
Putative binding ligands in ANXA10 consist of positively charged basic residues, hydrophobic or cysteine residues in both domains. The
immunofluorescence detection of annexin A10 (red), insulin (green) and merged images in rat pancreatic islet tissue demonstrated specific
binding to the cell surface. In image 1, the primary antibody anti-ANXA10 reacted with secondary antibody rabbit anti-IgG conjugated to
Alexa fluor 555 (red); image two corresponds to incubation with an anti-insulin primary antibody (Abcam) and guinea-pig anti-IgG conju-
gated to Alexa fluor 488® (green); cellular nuclei were stained with DAPI (blue). The colocalization of annexin A10 and insulin (yellow stain)
confirmed the elevated expression of annexin A10 in pancreatic B-cells, although it also appeared to be associated with other (endocrine)
cell types in islets of Langerhans and, to a lesser extent, with some exocrine pancreatic cells. Scale 20 um.

Domain 3

Insulin ANXA10 + insulin (merge)

alternate, distinctive properties, specifically aromatic glycoprotein and membrane lipid targets distinct from

and hydrophobic Phe/Trp and Cys with redox binding
potential, surrounded by adjacent basic residues. The
ANXA9 KGD motif and ANXA10 Phe/Cys residues shown
exposed in the ANX domain D-E loop (Figure 4A,B) are
hypothesized to represent alternative binding ligands for

calcium-mediated PS binding.

The proposal of novel binding mechanisms and
binding partners for annexins A9 and A10 is expected to be
accompanied by altered subcellular protein distribution so
the role of its KGD motif was investigated experimentally.
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A. Bacterial ANX domain profile HMM
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C. ANXF1 Cytophaga hutchinsonii
hydrolase ANXF1
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2. Functional motifs and surface electric potential

ANXF-D2 ((CDO24307) Mycobacterium mageritense
ANXF-D1 (YP_003266178) Halfangium ochiracenm
ANXF-D2 (ZP_09751906) Burkholderiales bacterium
ANXF-D1 (YP_007375859) Flavebacterium indicum
ANXF-D1 CAJ75171 Candidatus K. stutigartiensis
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ANXF1 (YP_678085) Cyrophaga hutchinsonii LEMAFDNDT LSSDDYNTVIRLLS
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1. Operon linkage

ANXF1-Chu

This was verified by transfecting MCF7 cells with plasmid
constructs containing ANXA9 coding sequence, with
either the intact KGD or a mutated sequence (KGD-LGA)
fused to yellow fluorescent protein. Figure 4A shows a
visible change in the distribution of the fluorescence in
the cell cytoplasm, giving the intact KGD plasmid a fibril-
lar and granular distribution (Figure 4A, panel 2) vs. a
homogeneously dispersed fluorescence in the cytoplasm

ANXF1-Chu

of cells transfected with the sequence site-mutated con-
struct. (Figure 4A, panel 3). In contrast, the Figure 4B
panel shows annexin A10 associated with secretory vesi-
cles in rat pancreatic islets and other cells of pancreatic
tissue visualized by fluorescence confocal microscopy.
The association of endogenous annexin A10 with secre-
tory cells of the stomach (Martin-Almedina, 2010) concurs
with its strong expression in pancreatic islet endocrine
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Figure 5: Characterization of bacterial annexins.

(A) The Skylign sequence logo of a profile hidden Markov model was built from an alignment of 68 aa in 350 individual ANX domains. The
sequences constituting this model scored well above the background threshold E-value and excluded up to 25% potentially false positives.
New bacterial and archaeal candidates could therefore be confidently assigned by significant matches to this molecular fingerprint using
HMMSEARCH. The relative probabilities of individual amino acids are reflected in the letter heights and total column height is inferred to

be proportional to site selection pressure and functional importance. The conserved residues containing carbonyl and carboxyl oxygens
implicated in type 2 calcium ion coordination are marked by arrows below the interhelical A-B and D-E loops. (B) Partial alignment of the
ANX domain in bacterial annexins demonstrating the presence of type 2 calcium-binding sites GXGT...38 aa...D/E canonical for vertebrate
annexins. Amino acids are shown in single letter code and source species are identified on the left. Additional features in the selected
examples reinforced the observation of frequent inclusion of hydrophobic, aromatic, bulky residues (Trp, Phe in green background) adjacent
to the A-B interhelical loops, the strategic location of KGD/RGE motifs in the D-E interhelical loops and only occasional insertion of Cys
residues. Putative archaeal annexins ANXG1 from Natrinema pellirubrum (Figure 5B) and Haloterrigena thermotolerans (Figure 2) showed
weak matches to the pHMM model from bacteria (E=9.7e-06). (C) 1. The annotated chromosomal linkage map for the operon containing

the ANXF1 locus Chu-1474 of Cytophaga hutchinsonii associates it with a known cellulose hydrolase, FljG (DOE Joint Genome Institute and
MicrobesOnline). 2. A predicted 3D structural model of the ANXF1-Chu annexin (I-Tasser) is shown in ribbon style to highlight the location of
both calcium-binding and hydrophobic residues (stick format) as potential interactors with the cell membrane. The middle figure displays
surface electric potential charge distribution with mottled red (acidic, negative) expected for the ANX domain and predominantly blue
(basic, positive) in the accessory left domain of unknown function and with smoother surface topology. The rightmost image of TSE3 from
Pseudomonas aeruginosa shows putative ANX and muramidase domains, the former lacking amino acid homology with other annexins in

type 2 Ca-binding sites of loops A-B and D-E.

secretory cells (Figure 4B, right). The pattern was similar
to that of insulin (middle) but the merged images estab-
lished that annexin A10 was not restricted to B-cells,
but to other islet cells and some exocrine cells were also
slightly stained (right image). It may have a related role
in intestinal M-cells which endocytose external antigens
(Nakato et al., 2009).

Bacterial annexins

Annexin genes originated in eubacteria at least 2 billion
years ago, based on the presence of a 137 aa protein
containing a single ANX domain in Tolypothrix bouteil-
lei (Cyanobacteria) and a 2882 aa protein with 4 ANX
domains in a close relative Obscuribacter phosphatis
(Melainabacteria). More than 200 bacterial annexins
containing over 400 ANX domains have been identified
from database searches with pHMM models built from
ANX domain alignments of unicellular eukaryotes and
the full complement of new bacterial annexins (Figures 2
and 5). The latter pertain to at least nine bacterial phyla
(Actinobacteria, Bacteroidetes, Chloroflexi, Cyanobac-
teria, Firmicutes, Gemmatimonadetes, Planctomycetes,
Proteobacteria, Verrucomicrobia). The majority (> 60%)
of bacterial annexins are small proteins (< 200 aa) con-
taining a single ANX domain in diverse bacteria, similar to
possible archaeal annexins (Figures 2 and 5B) but others
possess up to five or more ANX domains and total lengths
up to 3000 aa. The pHMM built from an alignment of rep-
resentative domains confirmed the presence of a canoni-
cal type 2 calcium-binding signature GxGT...38 aa...D/E

(Figure 5A) although this motif, like the KGD and aromatic
hydrophobic residues Trp/Phe, were actually represented
in a minority of the aligned sequences (Figure 5B). These
characteristics are sufficient to firmly establish the pres-
ence of annexins in bacteria, considering also the motif
location and the inclusion of multiple and alternate
functional domains. The putative archaeal annexins pos-
sessed canonical calcium-binding ligands GxGT...D/E, an
amino acid distribution significantly matching the pHMM
profile (E=4.9e-06), an a-helical secondary structure and
related to several apparent orthologs, collectively indica-
tive but inconclusive for definitive classification. Public
annotations also specify an HTH_10 (helix-turn-helix)
domain which overlaps with the predicted ANX domain,
so it would be prudent to consider all the evidence until
functional proof becomes available.

The fact that some ANX domains matched the pHMM
model with high threshold but did not contain predicted
calcium-binding sites raised the same questions posed
by vertebrate annexins A9 and A10 regarding the binding
mechanisms and targets involved in their actions. The
proposed functions of some bacterial annexins are prof-
fered in the GenBank/UniProt annotations, taking into
account all known structural and functional features
such as evidence for involvement in enzymatic activity
(Figure 2C). The possibility that the ANX domain serves
primarily a carrier role to target the cell membrane with
enzymes destined to degrade, repair or traverse this
protective barrier emphasizes the need to investigate all
potential accessory domains. The first discovered bacte-
rial annexin from Cytophaga hutchinsonii (Morgan et al.,
2006) resides in the middle of an operon characterized by
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known cellulose hydrolase activity in FLGJ (Figure 5C) and
key ANX domain residues probably confer the capacity for
calcium and hydrophobic dependent membrane binding.
The best model predicted by I-Tasser (C-score —2, TM ~5)
showed a C-terminal ANX domain with surface distribu-
tion of negative charge potential (red) typical of vertebrate
annexins and apparently separated by a flexible hinge
region from the N-terminal positively charged (blue)
domain which lacked obvious surface binding pockets or
protrusions (middle image). The present lack of evidence
for enzymatic activity in the latter unkown domain of
CHU_1474 annexin leads us to instead postulate a coop-
erative role in operon control of the FLGJ-based hydro-
lase activity via scaffolding or complex formation. There
are other examples where ANX and hydrolase catalytic
domains (Glyco_hydro_20) coexist in the same molecule
(Figure 2C, Bacteroides). A contrasting example of TSE3
from Pseudomonas aeruginosa (Figure 5C right image)
shows an experimentally determined annexin-like struc-
ture with N-terminal muramidase activity able to degrade
membrane peptidoglycan (Lu et al., 2014). Despite the
presence of a 5 o-helix bundle and confirmed calcium-
binding activity, we note that the acidic Asp-Asp calcium
binding residues in loop A-B and the uncharged Gly
residue 38 aa downstream in loop D-E do not conform to
the primary structure motif ‘GxGT...E’ typical of bacterial
and other annexins as represented in the pHMM model
(Figure 5A). This demonstrates the need to precisely eval-
uate various structural features to properly define annex-
ins and to infer their apparently diverse functions.

Discussion

The annexin gene superfamily comprises several thou-
sand known representatives in nearly all eukaryotic phyla,
ranging from 12 gene subfamilies common to vertebrates
and with homology traceable to hundreds of unicellar
eukaryotes and prokaryotes, including at least 13 bacte-
rial classes and possibly extremophilic archaea. The elu-
cidation of 3D structures for calcium-binding mammalian
annexins (Liemann and Huber, 1997) identified a unique
type 2 calcium coordination site involving discontiguous
loops of a five a-helical structure repeated within each of
the four core ANX domains. The formation of a calcium
bridge with membrane anionic phospholipids such as
phosphatidylserine (PS) or phosphatidylinositol 4,5-bis-
phosphate has long been considered a common property
of annexins, but other non-homologous calcium-binding
domains such as C2 and EF-hand also exist in bacteria and
appear to serve principally as transporters or scaffolds for
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other proteins with independent activity within mem-
brane-associated complexes (Zhang and Aravind, 2010). A
modified paradigm would resolve the dilemma of whether
‘functional activity’ must be embodied solely in the ANX
domain for tetrad annexins with short amino termini such
as A3, A4 or A5 or plants) or in the unique amino terminus
of other annexins like ANXA1, especially when calcium-
independent annexins exist in all phyla. The novel addi-
tional features found in the more elaborate architectures
of nonvertebrate annexins and membrane-directed enzy-
matic activity in bacteria and pathogenic fungi argue for
multifunctional modules in primitive annexins followed
by a separation of roles in favor of vesicular transport and
scaffolding functions for vertebrate annexins. The unifica-
tion of all functional features implies some central role of
membrane association via diverse mechanisms (including
the cytoskeleton, extracellular matrix and nucleus) whilst
other associated interactions may ultimately be neces-
sary for functional execution in membrane remodeling or
repair originating in other internal domains or external
multimolecular complexes (Draeger et al., 2011).

The varied composition of annexins with exten-
sive architectures of ANX and other domains (Figure 2),
calcium-binding kinetics ranging from null to high
affinity (Potez et al., 2011), additional ligand motifs
and distinct physicochemical properties collectively
contribute to a broad potential spectrum of molecular
interactions, mechanisms and functional specificity for
different annexins. The presence of strategically placed
KGD ligands in all phyla from bacteria to vertebrates
implies its key functional role, although its potential
binding partners (e.g. C2 domains, integrins or SUMO)
(Simoes et al., 2005; Cheng et al., 2012; Caron et al., 2013;
Rankin et al., 2013) and subcellular localization remain
to be determined. Consistent with these observations,
we propose a less restrictive definition of annexin as a
unique structural domain comprising 68 amino acids
in a five a-helical arrangement with two external loop
regions, but containing ‘distinct functional ligands’ able
to interact with membrane lipids, cytoskeletal proteins
and/or extracellular matrix components. These basic
properties of a single ANX domain can further altered or
enhanced with to 20 homologous ANX domains, other
distinct domains, unique amino-termini and even enzy-
matic activity in a single protein. To the extent that non-
vertebrate and prokaryotic annexins may have related
yet remote structures and corresponding functions, the
validation of true binding partners for atypical, calcium-
independent, vertebrate annexins A9 and A10 remains of
special interest to better comprehend their unique mole-
cular interactions, physiological roles and pathological
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consequences in humans (Morgan and Fernandez, 1998;
Morgan et al., 1999).

Genomic sequence data are being generated at an
accelerating rate, offering an untapped information
resource for investigating gene family molecular evolu-
tion and hence the relationships between structure and
biological roles. The prolific divergence of annexin sub-
families within individual phyla provides clear evidence
of their adaptability, which includes both redundancy and
diversity in structure and function. If there is a functional
relationship between primitive annexins from bacteria
and later evolved vertebrate annexins it is partially dis-
torted by this adaptive evolution within different species
groups, but could consolidate a common basic cellular
role in membrane homeostasis aimed at supporting cell
growth, division, adhesion, signaling and wound healing.
Finally, it should be recognized that the regulation of
genome expression may represent an even more important
determinant of function than the protein products them-
selves. Thus noncoding RNA and epigenetic influences
on annexin expression (Wang et al., 2013; Bae et al., 2015)
also warrant greater attention and may be particularly rel-
evant in special cases such as the copy number variants of
annexins A8 in human or Al in species with special capa-
bilities such as limb regeneration (Saxena et al., 2016).

Conclusion

The molecular evolutionary study of the annexin family
broadens our perspective on the functional constraints
in gene and protein design and delivers insight into the
molecular origins of functional diversification. It does not
presume a universal mechanism nor function but rather
aims to integrate all structural and biological informa-
tion into a flexible, coherent working model applicable to
individual annexin subfamily functions. The integration
of physicochemical data, including post-translational
modifications, into 3D models participating in validated
pathway schemes enables molecular dynamics and
docking simulation studies that can predict or corroborate
external evidence for bonafide molecular interactions.
The combined objective of evolutionary modeling is to
provide a molecular rationale and mechanistic predictor
that can relate patterns of structural change to modifica-
tions in annexin gene expression or protein interaction,
ergo phenotype. The comparative bioinformatic analysis
of emerging genome sequences and the associated epige-
netic control of RNA transcriptomics are likely to contrib-
ute additional genetic insight into viable annexin variants
of pharmacogenomic interest, and continuing studies are
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needed to more precisely define the molecular interaction
mechanisms involved.

Materials and methods
Bioinformatics

Annexin molecular phylogeny was analyzed by the Maximum Like-
lihood algorithm using the programs RAXML (Stamatakis, 2014)
and Mega (Tamura et al., 2013) on an alignment of selected verte-
brate annexins (311 aax 82 taxa). Parameters included a minimum
of 100 bootstraps, gamma rate correction (Gamma +P-Invar with
alpha shape estimate 1.8) and WAG substitution matrix. Confidence
levels>70 at the branch bifurcation nodes indicated statistical
support for the displayed topology. Domain architectures initially
detected by SMART (Letunic et al., 2015) and PFAM (Finn et al.,
2016) were validated and mapped by comparison of full-length
annexin proteins with pHMM models from the databases or rebuilt
from enhanced alignments and setting the E-value threshold <0.1.
These models were progressively refined as sequence alignments
were amplified, to ensure greatest accuracy and precision in the
detection of new or distant homologs. Sequence logos were created
from pHMM models using the Skylign server (Wheeler et al., 2014).
Other putative structural motifs were subjected to comparison with
the Eukaryotic Linear Motif (ELM) server (Dinkel et al., 2016). Pro-
grams from the HMMER package (Finn et al., 2015) were used to build
and align profile hidden Markov models, which were used to search
multiple protein databases for entries with specific domains. Three
dimension protein models were computed by the I-Tasser server (Roy
et al., 2010) for the predicted conformations of annexins A9, A10 and
bacterial ANXF1 while electric potential calculations were obtained
from PDB2PQR (Dolinsky et al., 2007). The visualization program for
3D structure and analysis of optimal models with the highest C-score
(- 5 to 2) was UCSF CHIMERA (Pettersen et al., 2004).

Plasmid constructs, cell transfection and fluorescence
microscopy visualization

The full coding sequence for the human ANXA9 was amplified by
PCR using primer specific sequences and additional sequence intro-
duced for cloning recognition into the Hind III and BamH I sites of
plasmid pEYFP-N1 (Clontech Labs, Mountain View, CA). The site spe-
cific change of the KGD motif to LGA was also performed by PCR and
specific primers containing the sequence change. Both constructs
PA9H-YFPN1 and the mutated version pA9H(KGD_LGA)-YFPN1 were
confirmed by sequencing. Both plasmids were transfected into cul-
tured mammary cancer MCF7 cells using Fugene (Roche Diagnostics
Canada, Laval, QC) and the expression of ANXA9 was visualized
24 h after transfection,by the emitted fluorescence using an inverted
microscope Zeiss Axiovert 100 (Carl Zeiss, Gottingen, Germany)
equipped with an objective Zeiss 40x/0.75Ph2 Plan-Neo-Fluar and
coupled to a monocromator Polychrome IV and 12 bits CCD camera
image (TILL-Photonics, Martinsreid, Germany). Monocromator and
camera control, data collection and analysis were performed with
the program TillVision (Till-Photonics).
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Tissue immunofluorescence microscopy

Tissue slices of 5 um were placed onto transparent slides SuperFrost®
Plus (VWR International, VWR Scientific Inc., West Chester, PA). Fol-
lowing dewaxing, rehydration and unmasking of antigens the sec-
tions were incubated for 30 min with Image-iT® FX (Invitrogen Life
Technology, Carlsbad, CA). After a 10 min wash with phosphate-
buffered saline samples were blocked for 30 min with horse serum
diluted to 2.5% in PBS. This was followed by overnight incubation at
4°C with primary antibodies (anti-ANXA10 produced in lab) and anti-
insulin (AbCam, Cambridge, UK), after three 10 washes with PBS,
a 1 h incubation with fluorescent secondary antibodies (Molecular
Probes, Eugene, OR) under darkness. Following three new washes of
10 min sections were nuclear stained with DAPI (Sigma-Aldrich, St.
Louis, MO, USA) for 15 min. Upon completion of final washes, cover-
slips were applied with mounting media Vectashield over the slides
containing tissue slices and the preparations were stored in the dark
at 4°C until visual observation of the samples. This was performed
by confocal microscopy with Ultra-Espectral Leica TCS-SP2-AOBS.
Image processing utilized the software LCS (Leica Confocal Software,
Leica Microsystems, Wetzlar, Germany) and Image J.
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