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Abstract. Annexin homologues in the kingdoms of annexins. Consensus sequences compiled for each eu-
Planta and Protista were characterized by molecular seékaryotic kingdom showed some breakdown of the “an-
guence analysis to determine their phylogenetic andhexin-fold” motif in repeats 2 and 3 of protist and plant
structural relationship with annexins of Animalia. Se- annexins and a conserved codon deletion in repeat 3 of
guence fragments from 19 plant annexins were identifiegplants. The characterization of distinct annexin genes in
in sequence databases and composite sequences wetants and protists reflects their comparable diversity
also assembled from expressed sequence tagsrédni-  among animal species and offers alternative models for
dopsis thaliana.Length differences in protein amino- the comparative study of structure—function relationships
termini and evidence for unique exon splice sites indi-within this important gene family.

cated that plant annexins were distinct from those of

animals. A third annexin gene dBiardia lamblia  Key words: Giardia lamblia — Evolutionary diver-
(Anx21Gla) was identified as a distant relative to othergence — Land plants — Molecular phylogeny — Se-
protist annexins and to those of higher eukaryotes, thuguence alignment — Structural features — Subfamily
providing a suitable outgroup for evolutionary recon- classification

struction of the family tree. Rooted evolutionary trees
portrayed protist, plant, anBictyosteliumannexins as
early, monophyletic ramifications prior to the appearance

of closely related animal annexin XIIl. Molecular phy- Introduction
logenetic analyses of DNA and protein sequence align-

ments revealed at least seven separate plant subfamili
represented byAnx18 (alfalfa, previously classified),

Phe presence of annexins in protists and plants suggests

Anx22(thale cress)Anx23(thale cress, cotton, rape and a basic, if not vital, role for these prote|n§ in cell func-
tions common to all eukaryotes. The calcium-dependent

cabbage) Anx24 (bell pepper and tomato p34Anx25 L - . .
(strawberry, horseradish, pea, soybean, and castor bea@hosphollmd binding characteristic of animal annexins

Anx26Zma, andAnx27Zma (maize). Other unigue sub- i associated with ion ch_annel properties and the |nh|b|-_
o . : tion of membrane-associated enzymes such as cytosolic
families may exist for rice, tomato p35, apple, and celer

yphospholipase Aand protein kinase C (Raynal and Pol-
lard 1994). Annexin modulation of plasma membrane
events such as exocytosis and of nuclear regulatory pro-

Abbreviations:aa, amino acid; ANX, annexin proteid&NX/Anx, hu- cesses invo]ving cell growth and deve|opment is evident
’I‘E"g?/”onh“ma”dge”e '°°“St°r DNDA’\?IACDS' Coqi”%,\?:‘Aeseq“ence;in plants as well as in animals (Battey and Blackbourn

, expressed sequence tag, , genomic . GSp, genus, S

species;pMyr, miIIionqyears; nt,gnugcleotideg; ORF, open readigg ?ame;ﬂ'ggg; Seals et al. 1994; Wilkinson et al. 1995; Clark a”q
UTR, untranslated region Roux 1995; Proust et al. 1996). To the extent that their
Correspondence taR.O. Morgan; e-mail: mpff@dwarf1.quimica.uniovies actions and species distribution are consistent with a uni-
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versal cellular role, alternative and simpler cell modelsof 100 bootstrap alignments for protein distance calculations using the

should then be useful in elucidating their true function(s).Dayhoff point-accepted mutation matrix (PROTDIST and FITCH).

. . . Bootst li f the input data with random duplicati d
One caveat is that the discovery of new annexins front, 0. op fesamping ot tne input cata with random cupication an
deletion of individual positions yielded congruent alignments that

more distant species is making it increasingly difficult to ¢ou14 pe evaluated statistically for the extent to which they left the
distinguish between orthologous and paralogous genesiolutionary tree (un)altered. The majority-rule consensus trees pro-
for valid comparisons. Deciphering the abundant data oruced by CONSENSE-PHYLIP bear bootstrap values as measure of
annexin structure, function, and regulation requires Caregertainty about branching topology, while branch lengths in DNAML

L. ees reflect distances between diverging molecular species.
ful distinction between features that are based on a broag’ Genus/species (Gsp) abbreviations for previously classified annex-

common homology frqm those acqu.ired by divergencens | 1o xx (Morgan and Fernandez 1995a) include G@hé¢norhab-
through gene duplication and selection for novel func-ditis elegans,roundworm), Ddi Dictyostelium discoideumslime
tions. mold), Dme DProsophila melanogastefruit fly), Gla (Giardia lam-

Annexins from early diverging eukaryotes such asPli2). Hsa Homo sapienshuman), Hvu Klydra vulgari9, and Msa

. . edicago sativaalfalfa). The new annexins being considered for
protists and plants represent key models of the aﬂClenéﬁr/:ylogenetic classification are named in anticipation of results from the

progenitor gene(s) a_nd Oﬁer_unique insight into the COM-present comparative analyses and are summarized here for future ref-
mon structure—function requirements that will ultimately erence. Their proposed subfamily designation with Gsp of origin is
define their fundamental physiological role(s). Verte- followed by the formal taxonomic and familiar names, plus references

brate annexins include ten known unique subfamilied® the literature and/or electronic sequence databases (db for GenBank/

. . L EMBL/DBJ or pir for the NBRF protein database). They include
that appear to have limited representation in inverte Anx2%Gla fromGiardia lambliagenomic DNA (gDNA) (Townson et

brates, while other distinct genes from protists, plantsg 1994, db:L27221)Anx22Ath and Anx23Ath of Arabidopsis

and invertebrates also appear to show greatest similaritialiana (thale cress), compiled here as composite cDNA sequences of
with annexins from species limited to the same phylumthe expressed sequence tags (ESTs) derived from genome sequencing
(Morgan and Fernandez 1995a). We have used rigorougojects (Newman et al. 1994; CNRS-France, unpublishenj22Ath

. . ame from db:T04775, T13910, Z18073, and Z25%a823Ath came
search techniques to cull DNA and protein sequence%om db:H36260, H36536, H37398, H76134, H76460, H77008,

from the current molecular databases for 43 differentzog763, R30014, T22046, T22585, T41940, T42209, T43657,
eukaryotic species expressing products homologous withi76739, 717514, 718518, 726190, 732565, 733916, and Z47714;
annexins. Many of these, including 19 unique fragmentsAnx23Bca fromBrassica campestrik. ssp.pekinensigChinese cab-

from plants, have never been classified, and their uncer229e) 325-bp EST cDNA (Lim et al. 1996, db:L47930) not previously

. . . - e recognized as an annexiAnx23Bna fromBrassica napugrape) 234-
tain relationship to known annexin subfamilies precmdesop EST cDNA (Park et al. 1993, db:H74681) not previously recognized

extrapolation of knowledge about them to other anneX-s an annexinAnx23Ghi from Gossypium hirsuturtcotton) annexin
ins. We have therefore identified and characterized thesgs4 peptide fragments (Andrawis et al. 1998)j1x24Can fromCap-
new protist and plant annexins to clarify their phyloge- sicum annungbell pepper) 1180-bp annexin cDNA (Proust et al. 1996,
netic relationships and to compare their structural fea_db:x93308);Anx24Les from Lycopersicon esculentum34 annexin

: . PR Smallwood et al. 1990, 1992, db:X63996 and pir:S1148hK25Aru
tures to those of animal annexins. This is intended tc#rom Armoracia rusticana(horseradish) gDNA flanking peroxidase

provide a basis for assessing the relevance of moleculgjenes (Fujiyama et al. 1990, db:D90116) not previously recognized as
biology studies to the common role and individual func- an annexinAnx25Fan fromFragaria x ananassastrawberry) 1063-
tions of specific annexins. bp annexin cDNA (Wilkinson et al. 1995, db:U1994Bnx25Gma

from Glycine max(soybean) hypocotyl 500-bp annexin EST cDNA

(Shi et al. 1995, db:T41436Anx25Psa fromPisum sativun{garden
Data and Methods pea) annexin p35 peptide fragments (Clark et al. 1992%25Rco

from Ricinus communigcastor bean) 511-bp EST cDNA (van de Loo
The common name annexin (alias lipocortin or calpactin) followed by et al. 1995, db:T24154, T24168, T24170), for which overlapping
a Roman numeral is used to designate subfamily or class members @lones yielded a composite sequence and deduced peptide not previ-
this gene family, while the abbreviatioWsx for the gene locus and  ously characterized as an annexdmx26Zma andAnx27Zma repre-
DNA and ANX for protein are, by convention, suffixed with an Arabic sentingZea maygmaize) p33 and p35 annexins, respectively (Battey
numeral to identify the corresponding members. Sequences weret al. 1996, db:X98244 and X98245).
identified in the current electronic databases using the BLAST email  Four additional sequences that probably also represent distinct sub-
server of the National Center for Biotechnology Information (Altschul families were not classified in the absence of a full-length subfamily
et al. 1990). Consensus amino acid sequences were compiled from representative. These includ@ex-Agr from Apium graveolengcel-
database of aligned annexin sequences for each eukaryotic kingdom Bry) 42-kDa annexin peptide fragments (Seals et al. 1998 es p35
determining the most frequent residues at each position, and thesiom Lycopersicon esculentu(ftomato) p35 annexin peptide fragments
sequences were used to search for additional protein or DNA entrie§Smallwood et al. 1990, pir:S11462, S11468))x-Mdo from Malus
showing high match scores with the consensus. Pairwise alignmentdomesticus(apple) 287-bp annexin gDNA (Clark and Roux 1995,
with known annexins were evaluated for similarity and homology using db:L41393); andAnxOsa fromOryza sativa(rice) 361-bp shoot EST
the SSEARCH and PRSS programs, respectively, from the FASTAcDNA (Sasaki et al. 1994, db:D39787) not previously recognized as an
version 2.0 package (Pearson 1990). Annexin nucleotide (nt) andnnexin. Three final sequences showing similarity to each other and to
amino acid (aa) sequences were multiply aligned by CLUSTALW the 5 end of Anx14Ddi (Greenwood and Tsang 1991) includadx
(Thompson et al. 1994) and subjected to phylogenetic analysis usingth-NT from Arabidopsis thalianathale cress) 363-bp EST cDNA
computer programs from the Phylogeny Inference Package, PHYLIRNewman et al. 1994, db:T20417AnxOsa-NT fromOryza sativa
version 3.57 (Felsenstein 1989). Options for the latter included re<rice) 453-bp shoot EST cDNA (Sasaki et al. 1994, db:D48581), and
peated, random input of the sequence alignment followed by globalAnxZma-NT from Zea maygmaize) 450-bp endosperm EST cDNA
rearrangements for maximum likelihood analysis (DNAML), or input (Shen et al. 1994, db:T18316).
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Fig. 1. Protein structures of annexin subfamilies. Each outline newGiardia annexin, ANX21-Gla, and 18 plant sequences under study
depicts the variable amino-terminugh@ded, 311-aa tetrad of internal  were aligned with the corresponding regions of known annexin sub-
repeats golid block$ joined by unique linker segmentsgen blocks families and shown with the sanghading patternas above. These
and short carboxy-terminust{adedl that are common to representa- alignments were used for phylogenetic studies that employed full-
tives of all 20 known annexin subfamilies (Morgan and Fernandezlength sequences of 311 aa or 933 nt within the tetrad core region
1995a). They are arranged in order of decreasing amino-terminus sizeomologous for all annexins. Partial sequences were individually com-
(seescalg, with the aa lengths of their amino- and carboxy-termini pared with the corresponding segments that could be alighigiore-
shown on thdeft andright, respectively. Only the amino-terminal half viated nameso the right are those proposed on the basis of the current
of the human annexin VI octad is shown as ANXBaRegions of the  study and are summarized under Data and Methods.

Results protein alignments (Fig. 1A) obtained for representatives
. ) of the 20 classified annexin subfamilies (Morgan and
Annexin Protein Structures Fernandez 1995a) included two fro@iardia lamblia

Members of the known annexin subfamilies are encodedFiedler and Simons 1995) and a single plant species,
by paralogous genes with common genomic organizaANX18-Msa (Pirck et al. 1994). The relative alignment
tion, regulatory properties, and protein structural fea-positions of a third annexin froiGiardia lambliaand 18
tures. The 5coding DNA sequence (CDS) of each an- additional peptides from 15 different species of plants
nexin exhibits sequence identity and structural homology(see Data and Methods for names) have been outlined
limited to its respective subfamily. Hence, the sequencéelow (Fig. 1B). Annexins summarized in Fig. 1B are
length and identity of the corresponding protein amino-proposed members of novel subfamilies on the basis of
termini (Fig. 1) provide a reliable means of inferring the current study, including four incomplete structures
subfamily identity except where those amino-termini arenot specified by a subfamily number. Sizes of both the
short or unknown. The'3CDS region contains four (or amino- and carboxy-termini flanking the tetrad core were
eight in annexin VI) internally homologous repeats of identical for ANX22-Ath, ANX23-Ath, and ANX24-
68-69 codons linked by repeat-specific segments of fou€an, as for ANX26-Zma and ANX27-Zma, but distinct
to 16 codons. This latter tetrad core of 311 codons prefor ANX25 members. The respective termini are thus
sent in all known annexins was used for further structuradiagnostic of structures distinct from animal annexins,
and evolutionary comparisons. but not unique for individual plant subfamilies. Hence,
Candidate sequences homologous to annexins bthe tetrad core region was the primary focus for phylo-
PRSS-FASTA (including deduced peptides and ambigugenetic analysis and structural comparisons.
ously back-translated DNA) were multiply aligned by ,
CLUSTALW and imported into database spreadsheets to€duence and Structural Notes on Novel Annexins
compute statistics for nt and aa conservation at eacfihe expectation of finding vertebrate annexin ortho-
position (see later). A structural outline of the resultinglogues in extant plant species was very low, apart from
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A. ANX21-Gla repeat 4 reading frame correction.
02
gDNA GCGGCAGCATTCTCTATGAACGTGGCTTTGCAGNGCTCCGGAAGCGACTCCAATAGGCTCAATAGAATCACCGCCATGCACTT

Protein A DR E s WD vBLraxs@ s B s ¥QEvDODE RO v ¢

B. Arabidopsis thaliana deduced annexin protein sequences.

ANX22-Ath E S?KVPSNVPLPEDDAEQLHKAFSG-WGTNEKLIISILAHRNAAQRSLIRSVYAATYNEVLLKALDKELSSDFKRAVMLWTL

ANX23-Ath TLKVSDSVPAPSDDAEQLRTAFEG-WGTNEDLIISILAHRSAEQRKVIRQAYHETYGEDLLKTLDKELSNDFERAILLWT
ANX22-Ath DPPERDAYLAKESTKM-FTKNNWVLVEIACTRPALEFIKVKQ??2?2?22272222222222222222222222212
ANX23-Ath EPGE[RDALLANEATKR-WTSSNQVLMEVACTRTSTQLLHARQAYHARYKKSLEEDVAHHTTGDFRKLLVSLYV

ANX22-Ath ?2?2?Y?GNDVNI?LAR??2AK?L?2?2KVSKKSNS?2?2D?-1 21 2 TTRSKAQLGATLNH?N?EY?222222222227222222222222272
ANX23-Ath SYRYEGDEVNMTLAKQEAKLVHEKI KDKHYNDEDVRIRILSTRSKAQINATFNRYQDDHGEEILKSLEEGDDDKFLALLRSTI

ANX22-Ath 7722272?227222222272-2GTDEGDLTRYVTTRTEVDMERIKEEYQRRNSIPLDPS IAKDTSGDYEDMLVALLGHGD
ANX23-Ath CLTRPEL|YFVDVLRSAINK-TGTDEGALTRIVTTRAEIDLKVIGEEYQRRNS IPLEKVITKDTRGDYEKMLVALLG|EDD
C. Anx-Mdo gene exon splicing. [

Anx-Mdo

ANX1,2,3,5,6 Exon 5 (114 bp) I ______

Fig. 2. Structure and alignment of selected annexin sequeAc€he four and 20Arabidopsis thalianegEST sequences, respectively (New-
open reading frame (ORF) of repeat 4Amx21Gla (Townson et al.  man et al. 1994), that showed significant homology with other annex-
1994) was corrected by insertion of an ambiguouhl below arrow) ins. They are shown from their amino-termini (2 aa), through each of
corresponding to position 9846 in the complementary sequence ofhe four vertically aligned, homologous repedtsde boxed arep to
db:L27221. The resulting translation shift from ORF-1 to 3 gave atheir carboxy-termini (4 aaQuestion marksignify unknown residues
deduced aa sequence over the remainder of the repeat that retainedANX22-Ath and areverse-highlighted gajm the middle of repeat 3
significant identity (everse highlightand conservative aa replacement marks the deletion site common to other plant annexthd.ack of
(shaded residu@swith respect to ANX19-GlaB Putative annexin  correspondence between the exon 4 splice sites common to annexins |,
proteins ANX22-Ath and ANX23-Ath (317 aa) were deduced from II, lll, V, and VI and that of aligned exon A (>147 bp, incomplete at 5
connected DNA sequences compiled from two separate alignments afnd) in gDNA for AnxMdo (Clark and Roux 1995).

the structural considerations above. For example, the teruvate-flavodoxin oxidoreductase gene (Townson et al.
known human annexins have a mean aa identity betweeh994), has not been previously characterized. It showed
them of 49.8 + 4.1% (range 44.0-58.5%) and similar52% nt identity toAnx19Gla over 939 nt and 27.2% aa
estimated mutation rates of 1% aa replacements everngentity to ANX3-Hsa over 309 aa of its tetrad core
9.0 + 3.3 Myr (Morgan and Fernandez 1995a). This im-region. Significance testing by PRSS-FASTA indicated
plies pairwise divergence times of 250-700 Myr, dependthat the optimal alignment score of 283 for the latter
ing on aa differences and individual protein mutationcomparison had a probability of random occurrence
rates. The upper limit was given by the 55.8% aa differ-equal to 3.93 x 10" This index of homology with an
ence between two slowly mutating annexins, ANX2-Hsaanimal annexin and the fact that the new annexin was
with 1% aa replacements every 16.7 Myr, and ANX7-equally distant (dissimilar) from all previously identified
Hsa with 1% aa replacements every 8.5 Myr. Con-annexins suggested that the th@&ardia annexins could
versely, ANX4-Hsa and ANX5-Hsa had only a 41.5% aacollectively serve as an ideal outgroup to root evolution-
difference and more typical mutation rates of 1% aa re-ary trees of annexins from higher eukaryotes. Following
placements every 9.6 and 7.9 Myr, respectively, indicatthe convention of numbering annexin subfamilies in or-
ing that they may have duplicated about 200-300 Myrder of their identification, we shall call this ge@ardia
ago. These estimates assume a constant protein clock atainblia annexin XXI, abbreviatedAnx2tGla. Proper
their accuracy is dependent on knowledge of species dialignment of the gDNA sequence @nx2tGla with
vergence times. Yet they are consistent with the knowrother annexins required insertion of a single, ambiguous
existence of ANX2, ANX5, and ANX7 in amphibians, base early in the fourth internal repeat (Fig. 2A). The
estimated to have diverged from mammals 300—-350 Myrresulting shift and correction of the open reading frame
ago (Gould 1993). The limited representation of verte-retained significant homology for the deduced protein
brate annexins in invertebrates further suggests that anand preserved key aa known to be strongly conserved in
mal annexins are unlikely to exist in plants, as the latterother annexins (see consensus sequences later).
are believed to have diverged from eukaryotic lineage In view of the structural uniqueness of individual an-
about 1,000 Myr ago (Doolittle et al. 1996). nexin subfamilies (Fig. 1), we sought to identify full-
A new annexin homologue fron®Giardia lamblia, length cDNA and proteins among plant annexins that
originally sequenced as genomic DNA flanking the py-could serve as prototype representatives for new sub-



182

Anx25-Rco castor bean
Anx25-Gma soybean
an strawberry
Anx25-Psa garden pea
. Anx25-Aru horseradish
Anx24-Les tomato p34
Anx24-Can bell pepper
0.05 Anx23-Bca Chinese cabbage
P 04Anx23-Bna rape
— Anx23-Ath thale cress
22 Anx23-Ghi cotton
2.282 Anx22-Ath thale cress
06 Anx18-Msa alfalfa
] - celery
s Anx-Mdo apple
— Anx-Les tomato p35
0.127 .01 Anx-Osa rice
- T Anx27-Zma maize p35
; Anx26-Zma maize p33
0 0.2 0.4 0.6 0.8 1.0
Branch Length

(estimated nt substitutions per site)

Fig. 3. Phylogenetic relationship of 19 plant annexins based on maxi-was based on the inclusion of thr€ardia annexins as outgroup and
mum likelihood analysis of cDNA sequences contained within the 933-was supported by subsequent analyses of peptide alignments. Celery,
nt homologous tetrad core region. The tree grows horizontally from itsapple, tomato p35, and rice annexins probably represent novel sub-
root and monocotyledon representatives atléfie Lengths shown on  families but remain unclassified because limited structural data pre-
individual branches correspond to tbealebelow of estimated nt sub- cluded their adequate characterization. Sequences were multiply
stitutions per site. Calculated confidence limits indicated that all aligned using CLUSTALW (Thompson et al. 1994) and SSEARCH
branches were significantly positive € 0.01) except those marked as (Pearson 1990), consistent with the peptide alignment outlined in Fig.
n/s.Annexins were named according to their proposed subfamily num-1. Data were analyzed by DNAML-PHYLIP (Felsenstein 1989) with
ber (18, 22, 23, 24, 25, 26, and 27) agenus/species abbreviation, duplicate, random-order input on a DEC-VAX mainframe computer.
with common names to theght (see Data and Methods). Topology

families. One obvious source of plant annexin cDNA interruption confirmed its lack of introns also. Adnx
fragments was the expressed sequence tag (EST) datieldo fragment contained two exons with unique splice
base derived from th&rabidopsis thaliansgenome se- sites (Fig. 2C) that did not coincide with the size or
quencing projects (Newman et al. 1994; CNRS-Franceosition of exons 4 and 5 in human annexins I, 1, 1Il, V,
unpublished). We used TBLASTN and a plant annexinand VI (Fernandez et al. 1994), nor with the correspond-
consensus sequence to retrieve four candidate sequendag exons 7 and 8 of human annexin VII (Shirvan et al.
with 95% overlapping nt identity that, within sequencing 1994). This provided clear evidence for the existence of

error limits, collectively defined a putativa. thaliana  plant annexin genes distinct from those of animals.
annexin,Anx22Ath. Linkage of the overlapping frag-

ments by DNASIS-CONNECT (Hitachi Software Engi-
neering) y!elded a composite CDNA sequence with a NA Maximum Likelihood Analysis of Plant Annexins
open reading frame (ORF) that spanned three segments
of the tetrad core region (Fig. 1) and had 26.5% average
aa identity with known annexins (Fig. 2B). Twenty other The 933-nt alignment of homologous core regions (Fig.
A. thaliana EST fragments also showed over 90% nt1) was subjected to maximum likelihood analysis by
cross-identity in overlapping regions and significant ho-DNAML-PHYLIP to assess evolutionary interrelation-
mology with annexins but had only 68% nt identity with ships among all 19 plant annexins (Fig. 3). Initial analy-
Anx22Ath. Its composite cDNA contained a complete ses (not shown) that also includ@&dctyosteliumand/or
ORF that translated into 317 aa defining another putativanimal annexins determined that plant annexins were
annexin, ANX23-Ath (Fig. 2B). monophyletic with respect to other phyla. The inclusion
The genomic DNA source of three new plant annexinof Giardia annexins as an earlier-diverging outgroup es-
fragments permitted some structure comparison withtablished the proper tree rooting to yield a correct orien-

other known annexin genes. THnx25Aru sequence
corresponded to exons 11, 12, and 13AdfX5Hsa and
appeared to have no introns. The alignmerAo%24Les
(p34) gDNA with ANX5Hsa exons 8, 9, and 10 without

tation as shown in Fig. 3. Annexins from monocotyle-

dons (maize and rice) represented the earliest-diverging
plant annexin subfamilies. Subsequent branches formed
several distinct clades, suggestive of unique subfamilies
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comprising one to five different species. The maximum
likelihood analysis would be proven fully consistent with
later protein analyses that provided statistical support for
the same.

The only previously classified plant annex#inx18
Msa, displayed significant branchin® & 0.01) from a
node shared witAnx22Ath (Fig. 3). Since neither of the
Arabidopsisannexins showed similarity witAnx18Msa
in their 3-untranslated regions (UTR) and their proteins
gave no significant bootstrap probability of belonging to
the ANX18 subfamily (see later), they were assigned to
two new subfamilies afnx22Ath and Anx23Ath, fol- -39
lowing that ofAnx2XGla. Anx23Ath in fact appeared on
a more remote branch, closely relateddex23Ghi and
annexins from twdBrassicaspecies. The finding of con-
served sequence similarity in the-BTR between =

Anx23Ath andAnx23Bna supported this assignment, as 100 {700 IRABSHEAN
did the p34 mass oAnx23Ghi. Anx24Can, the first I A\ N'X25-Fan|

plant cDNA with a complete coding region spanning the 700 %g;g{;

entire tetrad core, branched withnx24Les (p34), 7

clearly separate from th&nx23clade. The largest sub-
family grouping included the five sequences/Aix25 I_:ig. 4. Evolutionary relationships among annexin protein subfami-
Gma, Anx25Rco, a near fuII-Iength\anSFan,AanS lies. ngen new prc_;tlst and plapt annexin tetradse{rse-_lmage labels
were incorporated into an aa alignment of representative members from
Psa, andAnx25Aru. The three sequences frohmxLes 20 known subfamilies. Pairwise distance matrices were computed by
p35, AnxMdo, andAnxAgr were clustered together on PROTDIST-PHYLIP for 100 bootstrap alignments of 29 species x 311
a branch Ieading tAAnx18, Anx22, Anx23&nd Anx24 aa and analyzed by the least-squares method using FITCH-PHYLIP
but could not be unequivocally associated with any paryvith global rearrangements (Felsenstein 1989). The consensus tree is

. . . G shown with bootstrap values at each node to indicate the percentage
ticular SUbfamlly'AnX Osa exhibited the IongeSt branch frequency with which branches to the right occurred in the output. The

length (greatest diSSImllarltY) among annexins _and Wa%ee grows from left to right from a root positioned on the branch
most closely associated with the two early divergingbetween monophyletic protist and plant annexins. Unique designations
monocot subfamilies represented bga maysannexins for new subfamilies were based on consideration of the resulting boot-

Anx26Zma (p33) andAnx2ZZma (p35)_ sFrap probabilities, the corres_pond?ng DNA_ maximum likelihood analy-
sis (Fig. 3), and clade formation with additional peptide fragments (see

later).

Protein Distance Analysis of Annexin Subfamilies

show plant annexins as a monophyletic group diverging
The greater conservation of protein structure in the evoafter protist annexins.
lution of gene families led to the use of distance com- High bootstrap values in Fig. 4 indicated the prob-
parisons between plant annexins and other known sulability with which annexin species were evolutionarily
families as a means of corroborating and extending theelated. Thus, the fact that ANX1-Hsa branched with
DNA maximum likelihood results from Fig. 3. Incorpo- sponge ANX1-Gcy in 100% of the bootstrap alignments
ration of bootstrapping techniques provided a statisticatlearly indicated that they were orthologues from differ-
basis for inferring subfamily identity in questionable ent species, while the divergence of ANX2-Hsa in 99%
cases of bifurcation. The first step was to take an align-of the analyses confirmed that it must be a closely related
ment of the longest plant aa sequences with represent@aralogous gene from the same species as ANX1-Hsa.
tives of all known subfamilies shown in Fig. 1 and The importance of the new ANX21-Gla and ott@&iar-
produce 100 bootstrap alignments using SEQBOOTdia lamblia annexins as homologues from a species es-
PHYLIP. A pairwise distance matrix computed for eachtimated to have diverged from eukaryotic lineage over
by PROTDIST was analyzed by the least-squaredl,200 Myr ago (Doolittle et al. 1996) was that they could
method using FITCH. The resulting majority-rule con- be used as an outgroup to root the annexin family tree.
sensus tree incorporated bootstrap statistics as a measuensequently, branches containing plant annexins and
of the branching frequency in randomized samples. Thehe later-diverging animal annexins are oriented accord-
results in Fig. 4 show evolutionary relationships betweenng to their evolutionary relatedness to protist annexins
major representatives of the new plant annexin subfamiand, by implication, to their common ancestral progeni-
lies and those of all previously classified annexins. Theytor(s). While previous relationships among animal an-
reflect the profile observed with DNA maximum likeli- nexins were essentially maintained (Morgan and Fernan-
hood analysis of plant annexins alone (Fig. 3) and clearlydez 1995a), certain adjustments included the clear
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emergence of ANX13-Hsa (Wice and Gordon 1992) as ANx25-Fan ANKZ5.Ah

the most primitive animal annexin (with 100% bootstrap *¥*> %%
probability), with a slightly more distant appearance of ANX25-Reg /ANX24.Can

ANX7-Hsa and theDrosophilaannexins. Also, ANX8- ANX22-Ath
Hsa branched prior to ANX4-Hsa in one of the two more
distant clades of human annexins.

Figure 4 also showed 100% separation of the five
ANX25 members from other plant annexins and of the
ANX18/22 pair from ANX23/24. The relatively low
bootstrap values between ANX18-Msa and ANX22-Ath,
and between ANX23-Ath and ANX24-Can, implied that
the individual members of these bifurcating pairs were
not likely to belong to the same subfamily. We therefore

X24-Les (p34
ANK£Can

oN ANX18-Msa

58 ANX23-Ath

100

regard ANX21-Gla, ANX22-Ath, ANX23-Ath, ANX24- wf
Can, ANX25-Fan, ANX26-Zma, and ANX27-Zma as o ANX21-Gla
the best full-length representatives of seven novel an- AN%-ArANX10-Dme

nexin subfamilies. This was supported by comparison of ANX25-Ath ANK2ACan  ANKES A

protein structures (Fig. 1) where certain length differ- ANX23-Bea,
ences existed among the amino-termini and carboxy-
termini of the respective subfamilies. The position of
ANX14-Ddi on a solitary branch intermediate between
plant and animal annexins concurred with a recent phy- axxio.Dme
logenetic assessment Dfctyosteliumusing 19 proteins, ANX7-Hsa
in which it was represented as belonging to an indepen-

dent phylum of a fifth eukaryotic kingdom, Protoctista Fig. 5. Subfamily assignment of plant annexin peptide fragments.
(Kuma et al. 1995). Separate partial alignments were constructed for each plant annexin test
peptide (shown imeverse highlightwith the corresponding segments

of annexin representatives from all known subfamilies and plants listed
in Fig. 1. These consisted of 23 to 28 operational taxonomic units with
a sequence length ranging from 14 to 81 aa, corresponding to the size
of the test species. One hundred random bootstrap replicates were
The relationship of ten smaller fragments of plant an-generated from each alignment and pairwise distance matrices were

nexin protein, cDNA or gDNA, with established sub- analyzed by the least-squares method using PROTDIST and FITCH
families remained to be evaluated. The procedure wakrograms, respectively. Only the relevant branch of each unrooted,

tiallv th d ibed ab for the | majority-rule, consensus tree is shown with those annexins most
essentally the same as described above ior the Ong%\’oselyrelated to theighlightedtest specied?ercentagesat the branch

sequences, except that each of the ten fragments Wagdes indicate bootstrap support for the proposed branching order and
examined in an alignment restricted to the correspondingpr the assignment of ANX23-Ghi (see text), ANX23-Bca (98%),

segment of representatives from every major subfamilyANX23-Bna (95%), ANX24-Les (91%), ANX25-Psa (84%/79%), and
and all plant annexins. Bootstrap alignments were genANXZS'Ar“ (99%/99%).
erated by SEQBOOT and pairwise distances analyzed

using PROTDIST and FITCH. The results of separate

analyses (Fig. 5) permitted assignment of six additionarnon branch (84%) with ANX25-Fan in 79% of the
Y 9.92)p 9 .samples. ANX25-Aru emerged adjacent to ANX25-Fan

plant annexins to the previously characterized subfamis

lies. Only that branch comprising the test species an(ig% of the time and was clearly associated with the
' y P g b NX25 clade on a long branch in the DNAML analysis

most closely related annexins is shown, and the absenc(%ig 3)

of protist or animal annexins simply affirmed their e

greater distance or dissimilarity from the test species.

Annexins from cotton, Chinese cabbage, and rape wergnclassified Annexin Fragments

all related to ANX23-Ath with high bootstrap probability

and were thus named ANX23-Ghi, ANX23-Bca, and The final four plant peptides achieved insufficient boot-
ANX23-Bna, respectively. Although numerical results strap support for unequivocal subfamily assignment and
for ANX23-Ghi were somewhat less certain because ofare thus likely to represent independent annexin subfami-
the short alignment (14 aa), its close association withies. Since they were not associated with any full-length
both Anx23DNA (Fig. 3) and ANX23 proteins (Fig. 5) representatives that could serve to define their respective
contrasted with the much greater distance from itssubfamily characteristics, they have been identified with-
nearest alternative neighbor, ANX24-Can. Similarly, out further classification. PROTDIST analysis of the 31-
ANX24-Les branched with ANX24-Can in 91% of boot- aa alignment of ANX-Agr peptides led to a bifurcation
strap alignments and ANX25-Psa bifurcated on a comwith ANX18-Msa in 42% of bootstrap replicates. Unfor-

Subfamily Assignment of Plant Annexin Fragments
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Fig. 6. Annexin protein consensus sequences and aa conservatiocharacterize the individual kingdomisettersfor aa are standard IUB
The most frequent aa residues at each position in a database alignmesymbols andirst-letter abbreviationsare used to describe their prop-
of annexin protein tetrad core regions were compiled into consensusrties as acidic BE), basic KRH), hydrophobic LIVMFW), polar
sequences for each eukaryotic kingdom. Majority-rule consensus sefQN), “r” aromatic (FY), uncharged AGST), or other CP). Boxed
quences were derived for protists € 3), plants ¢ = 19), invertebrate letters signify over 80% identity at that position arr@verse-image
animals 6 = 13), andHomo sapiengepresentatives of vertebrate lettersin the master consensus over 90% conservat@pen stars
animals 6 = 11, including both tetrads of ANX6). Thap two lines mark positions that are 100% conserved and of likely functional im-
in each repeat summarize the aa property and identity observed in thgortance Solid starsmark positions of known or perceived importance
master consensus of all 46 annexin taxa, whilefthe lines beneath  discussed in the text.

tunately, the atypical molecular mass of ANX-Agr (42 species that had aligned with the annexin tetrad core

kDa) could not be compared directly with ANX18-Msa region. It therefore remains uncertain whether they rep-

because the latter’s full amino-terminal sequence is presesent yet another plant annexin subfamily related to the

ently unknown. Analysis of the 60-aa alignment of unusualDictyosteliumannexin.

ANX-Mdo with other annexins placed it on a bifurcation

with ANX22-Ath in only 28% of bootstrap trees, distal to

ANX18-Msa and ANX24-Can. ANX-Les p35 (70 aa) Annexin Protein Sequence Conservation in

branched on a separate twig in 65% of bootstrap samplegifferent Kingdoms

near ANX27-Zma p35, ANX25-Fan, and ANX23-Ath—

its closest neighbors. Finally, alignment of a rice peptideConsensus sequences of the most frequent aa residues a

derived from theAnxOsa EST sequence showed that iteach position of the tetrad core were compiled for an-

branched alone in 72% of bootstrap trees, adjacent taexins from the eukaryotic kingdoms of Protista= 3),

ANX14-Ddi. Planta i = 19), and Animalia, including invertebrates
The proximity of AnxAgr, AnxMdo, AnxLes p35, (n = 13) and theHomo sapiensepresentativesi(= 11)

and AnxOsa to each other at the nt level (Fig. 3), the of vertebrates (Fig. 6). These sequences served as tem-

inconclusive association of their peptides with other an-plates for database searches and multiple sequence align-

nexins, and apparent size differences (e.g., 35 kDa vs 4thents and as molecular models to identify conserved

kDa) pointed to the existence of two to four additional, residues. The master sequence for all 46 taxa summa-

unclassified subfamilies. Another unique EST fr@®ma rized both aa frequency and property, and certain posi-

mayswhose translation product had 49% aa identity withtions conserved by over 80% or 90% marked important

the “amino-terminus” of ANX14-Ddi was used to re- diagnostic references. Conserved replacements from one

trieve similar ESTs fromA\. thalianaandO. sativa.These  kingdom or subfamily to another were of special interest

proline- and glycine-rich peptides showed 50-57% abecause they likely represented key structural and func-

identity with ANX14-Ddi amino-terminus but did not tional changes of paramount significance for evolution-

faithfully reproduce its 18 tandem repeats of QGYPPQary selection and divergence. One approach to viewing

and did not overlap with other sequences from the samaa conservation in annexins is to identify constant sites
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and then determine their role. The 100% conservation oing such relationships. Plant annexins share with their
Gly-257 and Arg-265 in repeats 4, the 97% identity of paralogous, animal counterparts the properties of cal-
Arg-44 in repeat 1, and the absolute conservation of hycium-dependent phospholipid binding and tissue-
drophobic residues across positions 59, 131, 215, angpecific, growth-related expression during development
290 in all known annexins (open stars in Fig. 6) argue for(Clark and Roux 1995; Raynal and Pollard 1994). The
universally key roles for these particular residues in allsame properties may also applyRactyostelium(Doring
annexins. The Arg-265 has been suggested to serve ase@ al. 1995) andGiardia (Alonso and Peattie 1992).
voltage sensor in one ion channel model of annexinHowever, the possible deficiency of calcium-binding
(Demange et al. 1994). A unique codon deletion at po-sites in plant annexin repeats 2 and 3 and other structural
sition 187 common only to plant annexins makes theirchanges caused by conserved aa replacements (Fig. 6)
repeats 3 equal in length to the 68 codons of other rerequires close scrutiny before concluding that plant an-
peats, with unknown structural, functional, and evolu-nexins are functionally equivalent homologues of animal
tionary consequences. annexins. It is further apparent from the similar evolu-
Alternatively, the aa frequency data may be used tQjonary distances between annexin subfamilies among
verify the conservation of sites already proposed to be Obrotists, plants, and animals (Fig. 4) that there has been
critica] structural or functional importance on the basis Ofcomparable divergence within each of these separate
experimental studies such as X-ray crystallography Ofinqqoms. Hence, generalizations and distinctions about
site-directed mutagenesis (solid stars in Fig. 6). Residueg,neyin structure and function should take into account
_at positions 64, 67, and 72 of re_pea_t 1are belie\_/ed Fo b?ne full spectrum of known genes and proteins.
important for hexamer formation in the putative ion =y iinje annexin subfamilies exist in single plant spe-
channel of ANX12-Hvu (Luecke et al. 199,?)' _bgtﬂplan_ts cies, including at least two genes in each of maize, to-
(and ANX16-Cel) have 100% conserved “acidic res".mato, and thale cress. Single subfamilies sucAra®23,

dues at position 64 while all other annexins have a basi : . .
residue. The charged residues at positions 124, 129, ar%{]xm’ and Anx25 likewise appear to be prevalent in

133 have been proposed to be determinants of the iomuItlpIe plant species. The new ANX21-Gla is as distant

. S . ._from the other twadGiardia annexins as it is from plant
pore environment in this model, although position 124 Isand animal annexins (ca. 25% aa similarity) and we ob-
quite variable. The ANX5 ion channel model sees Glu- ) 0 Y

89 as the key ion selectivity filter (Demange et al. 1994),.Served no significant cross-identity of thedr 3 flank-

s0 its replacement by 100% Leu in plant annexins and"9 regions between different annexin subfamilies. This

67% His in protists would be expected to affect (puta_prowded no evidence for gene conversion, commonly
tive) ion channel function in the latter organisms. The®PS€rved in plants, and indicated that the unique protist
accepted importance for calcium binding of the acidic2Nexins were unlikely to be direct progenitors or rever-

GTDE motif of the “annexin-fold” below repeat posi- sion products of annexins from higher eukaryotes. For

tions 26-29 in Fig. 6 is in fact disrupted by polar and thiS reason, rooting of the protein family tree on the
basic residues in plant and protist repeats 2, and thBranch joining protists and plants (Fig. 4) seems justi-
compact Gly is replaced by a bulky aromatic group in fied. ) o o o

plant repeats 3. Nevertheless, the type Il calcium-binding The recent |dent|f|cat|op of distinct annexins in an-
pairs at positions 29/66, 101/138, 185/222, and 260/29Pther protozoanpParamecium(Knochel et al. 1996),
still show 80% conservation of acidic residues in all Makes it all the more perplexing that annexins have not
annexin repeats. These and other observations on thét been identified in the kingdom of fungi, despite re-
consensus sequences provide a valid basis for inferenc€§nt completion of th&accharomycegenome sequenc-
about structure—function relationships in annexins, buing project. We used TBLASTN and TFASTA sequence
more experimental testing will ultimately be needed tocomparison programs with individual and kingdom-

identify key domains and to verify theories about an-specific consensus protein sequences described here for
nexin action. rigorous searches of six reading-frame back-translations
of the 12-Mb yeast nt database. The absence of a con-
vincing match was surprising in light of the seeming
ubiquity of annexins, but assuming their presence in
fungi, it is possible that they comprise a separate, mono-
phyletic clade that has suffered the additional ravages of
Structural divergence among individual annexins, inan accelerated mutation rate (Doolittle et al. 1996). Such
their 5 regulatory regions as well as the coding tetrad, isa combination of functional divergence and sequence
an important determinant of diversification in their ex- erosion may ultimately explain why they have eluded
pression and function. Although such differences com-dentification and may necessitate the analysis of three-
plicate the distinction between their shared vs individualdimensional structures and other biochemical criteria to
physiological role(s), a perspective on their evolutionaryidentify fungal annexins.

divergence can provide a rational basis for comprehend- It is interesting that the progressive evolution of an-

Discussion
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