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Abstract. Many genes for calmodulin-like domain Introduction

protein kinases (CDPKs) have been identified in plants ) o ,

and Alveolate protists. To study the molecular evolutionClCium-dependent protein kinases play important roles
of the CDPK gene family, we performed a phylogenetic'n cellular signaling processes mvolvmg' calc_:lum as a
analysis of CDPK genomic sequences. Analysis of in__second messenger. In a””T‘a' cells, transient increases in
trons supports the phylogenetic analysis; CDPK genejsntracellular calqum activate calcium/calmodulin-
with similar intron/exon structure are grouped togetherdependent protein kinases (CaMK) (Schulman 1993) or

on the phylogenetic tree. Conserved introns support calcium/phospholipid-dependent protein kinases (PKC)

A . ?Azzi et al. 1992). In plant cells, however, calcium acti-
monophyletic origin for plant CDPKs, CDPK relateq ki vates calmodulin-like domain kinases (CDPKSs) that do
nases, and phosphoenolpyruvate carboxylase kinases

L . not require calmodulin or phospholipids (Harmon et al.
Plant CDPKs divide into two major branches. Plant.1987; Roberts 1993: Roberts and Harmon 1992), and
CDPK genes on one branch share common intron pos

tions with protist CDPK genes. The introns shared beIthus differ from both the CaMK and PKC families preva-

) L lent in mammalian cells.
before the divergence of plants fom Aneolates. Addr./ CDPK commonly contains three functonal do-
tionallv. th In? d Iin-Iikp domains of profi tC.DPK mains: a protein kinase catalytic domain, a carboxyl-
onafly, the caimoaul € domains ot protis S terminal calmodulin-like domain with four EF-hands as
have intron positions in common with animal and fungal

calmodulin genes. These results, together with the pres-

suggest that the ancestral CDPK gene could have origi!-ength and sequence, which may play a role in establish-

nated from the fusion of protein kinase and calmodulinIng functional diversity within the CDPK family (Stone

nes facilitated by recombination of ancient intron and Walker 1995). The kinase and junction domains of
genes facilitated by reco ation ot-ancie ONS- cDPKs share significant homology with the mammalian

CaMK catalytic and regulatory domains, respectively,
whereas the C-terminal calmodulin-like domains of
CDPKs resemble calmodulin, a ubiquitous and highly
conserved calcium-binding protein (Harper et al. 1991,
Suen and Choi 1991). The sequence similarity of CDPK
to CaMK and calmodulin proteins has led to the specu-
lation that CDPK evolved by fusion of an ancestral
CaMK gene with a calmodulin gene (Harper et al. 1991,
Correspondence tal.H. Choi;email: jung.choi@biology.gatech.edu  Suen and Choi 1991).
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Many CDPKs have been cloned and characterizedable 1. CDPK genomic sequences used in this study
from a variety of plant species, including soybean

(Harper et al. 1991), carrot (Suen and Choi 199tp-  Sene Name Organism RC Chromosome
bidopsis(Harper et al. 1993; Urao et al. 1994), rice (Bre- T805.150 A. thaliana AL021890 4
viario et al. 1995; Kawasaki et al. 1993), corn (Berberichor FIN20.40 _ AL022140
and Kusano 1996; Estruch et al. 1994; Saijo et al. 1997) 8K414 A. thaliana AC004392 1
i ishi | b I T4B21.11 A. thaliana AF118223 4
iverwort (Nishiyama et al. 1999), mungbean (Botella et1,551 1o A thaliana AF118223 4
al. 1996), and black spruce (Perry and Bousquet 1998)4B21.13 A. thaliana AF118223 4
Members of this family with no functional EF-hands, T4B21.15 A. thaliana AF118223 4
called CDPK-related protein kinases (CRKs), have alsg 19J18.7 A. thaliana AF149414 4
been found in carrot (Lindzen and Choi 1998yabi- ~ SPPK! M. polymorpha  AB017515
d is. Trad . d . = | 1996 CDPKG®6 or A. thaliana U20625 4
opsis, Tradescantiaand maize (Furumoto et al. \ FOD16.120 ALO35394
Lu et al. 1996). CDPKs have also been isolated andppk Z. mays 127484
characterized from Alveolate protists, includiRtasmo-  F5J6.5 A. thaliana AC002329 2
dium falciparum(Farber et al. 1997; Gardner et al. 1998; F23E12.130 A, thaliana AL022604 4
Zhao et al. 1993)Eimeria (Bumstead et al. 1995; Dunn F20P10-350  A. thaliana ALO35538 4
|. 1996), andParamecium tetraureligKim et al CDPK9 A thaliana V20626 >
et al. , etal.  r11F19.20 A. thaliana AC007017 2
1998). No CDPK sequences have been found in animalgsa4.29 A. thaliana AC008263 1
or fungi. T06D20.24 or  A. thaliana U90439 2
As of December 1999, more than seventy differentT11A07.4 _ AC002339
CDPK sequences, including 28 genomic sequences, hafe®P K19 A. thaliana u20627
b d ited in GenBank. Cl V. CDPK . A. thaliana U54615
een deposited in GenBank. Clearly, s comprise a AF049236
large multigene family containing many members inT28p16.1 or A. thaliana AC007169 2
plants and protists, which may have evolved to play di-T9H9.2 AC007071
verse cellular and physiological roles in plant/protist T13L16.9 A. tﬂa:'a"a AC003952 2
T19K4.200 A. thaliana AL022373 4
grovv\\l/th hand devellopn;er;]t. | | luti f ol T3K9.9 A. thaliana AC004261 2
e have analyzed the molecular evolution of planty,oe,3 139 A thaliana AL133363 3
and protist CDPK genomic sequences. Intron positions aL3p3.17 P. falciparum 798547 3
were tabulated to corroborate the phylogenetic tree. TheCAPK-A P. tetraurelia AF009560
results indicate a common origin for plant and protistPFCPK or P. falciparum X67288 2

PFB0815W AE001419

CDPKs, and identify introns that may predate the dlver-PCAPK_B P. tetraurelia AF009561

gence of plants from protists. Furthermore, introns
shared between protist CDPKs and calmodulin genesgenBank accession number.
support an evolutionary relationship between calmodulir® Gene name is not given.
genes and the calmodulin-like domains of CDPKs.

tions among members of each family. Intron data from annotated ge-
nomic sequences in databases were used for intron comparison. How-

Materials and Methods ever, some intron splice sites, which had been predicted incorrectly,
were corrected by reference to alignment of exon regions.

Members of CDPK, CaMK, and calmodulin gene families were iden-

tified from public databases using the BLAST search algorithm

(Altschul et al. 1990). Previously identified and characterized protein Results

sequences were used as query sequences to search protein databases

(e.g. SWALL, SWISS-PROT, and PDB). Genomic sequences of each

gene family were identified and all sequences were visually inspected . .
before undergoing further analysis. The selected genomic sequences S:TDPK Genomic Sequences and Their
each gene family and their corresponding protein sequences were ré&chromosomal Distribution

trieved and compiled.

Multiple sequence alignments were generated with Clustal WDatabase searches identified 26 CDPK genomic se-

(Thompson et al. 1994) sof_twa_re. The alignment was thep manuallyquences and two CRK genomic sequences (T3K9.9 and
edited to correct obvious misalignments and remove sections of ams

biguous alignment. Phylogenetic trees were constructed by neighborTZOEzS'lgo) from plants and protists. Twenty-two se-

joining (Saito and Nei 1987) or maximum parsimony methods, usingdUences are fromArabidopsis,and the remaining six
the PHYLIP version 3.5¢ software package distributed by J. Felsensequences are from liverwoitarchantia polymorphp
stein, Department of Genetics, University of Washington, Seattle. Phycorn (Zea mayy malarial protist Plasmodium falcipa-
Iogenetl_c bootstrapping (Felsenstein _1985) was performed to estlmatPum)’ and Paramecium tetraureliaspecies. The gene
the confidence level of the phylogenetic hypothesis. One hundred boot- m ion number. plant/protist i nd chr
strap replicates were conducted. TreeView (Page 1996) was used tga €, acceSS,O u e » plant/protist species, and chro-
draw gene trees. mosomal location (if available) for each of the sequences

Compiled genomic sequences were used to compare intron posare shown in Table 1.
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Fig. 1. Distribution of CDPK genes in thArabidopsisgenome. The genetic distances (cM) are indicated on a scale bar at left. The chromosome
numbers are indicated on the bottom.

Among the 18ArabidopsisCDPK genes with known The phylogenetic analysis revealed several aspects of
chromosomal locations, most were found on chromo-the molecular evolution of CDPK family. First, all protist
somes Il and IV. Five are located on chromosome Il, nineCDPK sequences are grouped together (subgroup A) on
on chromosome 1V, two on chromosome |, and one eaclthe phylogenetic tree, as expected. Second, plant CDPK
on chromosomes lll and V (Fig. 1). It is not surprising genes form two major branches on the phylogenetic tree,
that most CDPK genes were found on chromosome Il result strongly indicated by high bootstrap support. One
and 1V, because these are the chromosomes most extebranch (subgroup B) contains four sequences, including
sively sequenced thus far #rabidopsis. two CDPK sequences (T13L16.9, T19K4.200) and two

One CDPK gene cluster on chromosome IV containsCRK sequences (T3K9.9, T20E23.130). The other
five genes: T4B21.11, T4B21.12, T4B21.13, T4B21.15,branch (including subgroups C, D, E, and F) contains all
and T19J18.7 (Fig. 1). They are organized in tandem andther plant CDPK sequences. Third, CDPK1 from liver-
in the same transcriptional orientation. wort is grouped together in subgroup E with CDPK from
corn and CDPK6 fromArabidopsis This observation
indicates that the common ancestor of this subgroup pre-
dates the origin of vascular plants. Finally, CDPKs en-

To determine the evolutionary and functional relation-coded by the five genes (T4B21.11, T4B21.12,
Ships among CDPK genes, a phy|ogenetic ana]ysis Wajs-482113, T4B21.15, and T19J187) clustered on chro-
performed using the kinase catalytic domain. Fig. 2 is @nosome IV (Fig. 1) are all in subgroup D. Therefore,
neighbor-joining tree, rooted by designating the protistthey may share a recent common ancestor.

sequences as the outgroup. The phylogenetic tree of

CD_PK sequences from plants and protists forms six W_e”'Comparison of CDPK Amino Acid Sequences

defined subgroups (A—F). The tree generated by neigh-

bor-joining is also supported by the maximum parsimonyAll the proteins encoded by these CDPK genes contain
method (data not shown). three characteristic domains: kinase catalytic domain,

Phylogenetic Analyses of CDPK Genes
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Fig. 2. Phylogenetic tree
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kinase domains of CDPK proteins.
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F) are defined. The numbers
indicate the percent bootstrap

72
F5J6.5 replicates supporting the node. Root

10 of the tree is arbitrarily placed.

calmodulin-like domain, and junction domain. Align- CDPKs, significant sequence identity is found between
ment of all sequences shows an overall amino acid sef06D20.24 and CDPK19 (47%) of subgroup C, between
quence similarity (data not shown). A matrix showing T13L16.9 and T19K4.200 (50%) of subgroup B, and

the percent divergence between CDPKs from plants anbetween the two CRK sequences T3K9.9 and
protists is shown in Fig. 3. Plant CDPK sequences, in-T20E23.130 (57%) of subgroup B. Sequence homology
cluding the CRK sequences, generally share highealso exists among the N-terminal domains of F5J6.5,
amino acid sequence identity with each other (52% av+23E12.130, and F20D10.350 of subgroup F (60% av-
erage pairwise divergence, or 48% average pairwiserage pairwise identity). Most sequences in subgroup D,
identity) than with protist sequences (70% average diincluding T19J18.7. T4B21.11, T4B21.12, T4B21.13,

vergence, or 30% average identity). The protist se-and T4B21.15, again share high sequence identity in
quences are more diverged (64% average pairwise divetheir N-terminal domains (49% average pairwise iden-
gence, or 36% average pairwise identity); they are nearlyity). Obviously, the sequences sharing high homology in
as different from each other as they are from plantN-terminal domain have resulted from the most recent
CDPKs. Multiple sequence alignments of the three fun-duplications as indicated by the phylogenetic analysis
tional domains of all the sequences listed in Fig. 3 indi-(Fig. 2).

cate that the catalytic kinase domain sequences are more

conserved (52% average pairwise identity) than the junc-

tion domains (42% average pairwise identity) or the cal-Intron Evolution in CDPK Genes

modulin-like domains (36% average pairwise identity).

Some CDPKs also contain amino-terminal domains ofThe coding regions of all CDPK genes contain introns,
various lengths, ranging from 5 to 129 bp. Most of theranging from five to eleven (Table 2). Introns were num-
CDPK N-terminal domains share no significant sequenceévered consecutively from N-terminal to C-terminal of
similarity with each other. However, amoAgabidopsis  aligned CDPK protein sequences. Introns 1-16 are
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Gene
1. T805.150/FIN20.40 -
2. F8K4.14 34 -
3.T4B21.11 41 45 -
4.T4B21.12 36 41 43 -
5. T4B21.13 20 31 38 32 -
6. T4B21.15 28 38 43 38 16 -
7.T19J18.7 39 43 27 41 35 43 -
8. CDPK1 44 45 49 45 39 44 48 -
9. CDPK6/F9D16.120 43 43 S0 46 42 46 49 35 -
10. CDPK 41 42 47 44 37 44 50 32 35 -
11. F516.5 48 49 56 47 44 48 52 39 44 40 -
12. F23E12.130 S0 49 56 47 46 49 52 39 47 40 12 -
13. F20D10.350 43 45 55 46 40 45 53 36 42 40 13 15 -
14. CDPK9 47 47 55 49 44 47 54 39 45 40 36 36 35 -
15. F11F19.20 48 58 62 59 57 60 64 53 57 54 53 50 49 51 -
16. F25A4.29 56 54 61 54 53 53 60 47 52 46 S1 52 48 49 59 -
17. TO6D20.24/T11A07.4 55 55 59 54 54 52 61 51 54 49 53 51 48 50 60 39 -
18. CDPK19 S8 55 59 54 51 53 59 S0 53 48 52 52 48 50 60 35 27 -
19.U54615 53 54 60 53 50 50 60 47 S3 46 S50 S50 47 49 60 34 39 33 -
20. T28P16.1/T9H9.2 54 58 60 59 56 57 61 55 56 S0 56 58 53 56 63 47 43 44 43 -
21. T13L16.9 48 61 63 63 58 59 65 60 57 S5 61 62 59 S8 65 62 64 63 63 66 -
22. T19K4.200 49 62 64 64 59 61 67 61 61 S6 64 65 61 62 68 64 66 66 63 64 20 -
23.T3K9.9 68 68 71 69 65 67 70 65 67 64 68 67 65 64 71 65 67 67 67 69 56 58 -
24. T20E23.130 66 67 70 69 65 65 69 65 63 61 67 67 64 63 70 65 65 65 65 67 54 55 28 -
25. MAL3P3.17 72 71 68 68 69 69 69 71 70 67 69 71 68 67 72 69 T1 72 72 75 74 72 76 I8 -
26. PCAPK-A 67 68 70 69 67 68 72 66 66 68 67 67 68 67 T4 68 68 68 67 69 73 T3 76 76|65 -
27. PFCPK/PFBO8ISW 70 68 72 68 69 69 72 69 69 67 70 70 67 67 75 71 71 71 71 72 72 73 76 75|67 63 -
28. PCAPK-B 70 68 70 70 68 69 71 68 69 68 68 68 68 67 75 68 69 68 67 67 69 71 76 76|68 62 59 -

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28

Fig. 3. Degree of divergence between CDPK homologs. Values in-lar region on the bottom contains the pairwise comparisons between
dicate percent difference (100 minus percent identity) for the completeplant and protist CDPK homologs. The remaining values are pairwise
sequences. The small triangular region on the bottom right includexomparisons between plant CDPK proteins.

pairwise comparisons between protist CDPK homologs. The rectangu-

within the kinase domain. Intron 17 is in the junction incide in both codon and phase with introns in protist
domain. Intron 18 is positioned exactly on the borderCDPK genes: PCAPK-B, MAL3P3.7, and PFCPK, re-
between the junction and calmodulin-like domains. Thespectively. The occurrence of conserved introns suggests
remaining introns 19-29 are located in the calmodulin-a monophyletic origin for plant and protist CDPKs.
like domain. In contrast to the overall conservation of intron loca-
For plant CDPK genes, the patterns of intron distri-tions among plant CDPK genes, intron locations among
bution can be readily mapped on the phylogenetic treghe protist CDPK genes are highly diverged. Of fifteen
(Table 2). All subgroups of plant CDPK and CRK se- introns present in protist CDPK genes, only intron 15 in
quences share a set of four introns (introns 11, 16, 18he P. tetraureliaPCAPK-A gene coincides with an in-
and 21; Table 2) at exactly the same positions (saméron in theP. falciparumPCAPK-B gene in codon, but
phase in the same codon). This indicates that all planhot in phase (Table 2). If intron “frame-shifting” or “slid-
CDPK and CRK sequences share a common ancestoing” is discounted (Stoltzfus et al. 1997), then these must
However, the sequences of the introns are highly ditbe considered nonhomologous introns.
verged and most homologous introns are not alignable.
Three additional introns (introns 13, 26, and 28) are
shared among CDPK genes from liverwort, maize, andRelationships with CaMK and Calmodulin Families
Arabidopsis(Table 2), which suggests that these seven
introns were present in the ancestral gene before th8even CaMK genomic sequences were identified from
separation of bryophytes and higher plants. Intron 26 igat, fission yeastAspergillus nidulansand Caenorhab-
retained by all members in subgroups D and E, but lostlitis elegansCaMK sequences are highly diverged, ex-
in subgroups C and F. CDPK genes sharing intron 9 areept for threeC. elegansequences that share 92% amino
clustered in subgroup C. Clearly, CDPK genes clusteredcid identity with each other. The proteins encoded by
together on the phylogenetic tree have similar intron/these CaMK genes are readily alignable with the kinase
exon structure. and regulatory domains of CDPK members, with only a
The deepest branching subgroup B is well defined byfew ambiguities (data not shown). However, they gener-
the presence of introns 3, 6, 8, 10, 20, and 27, and thelly share less than 40% amino acid sequence identity
absence of introns 13, 26, and 28. Among members invith CDPK kinase and junction domains (33% average
subgroup B, the two CDPK sequences share an addpairwise identity). One intron is conserved among fission
tional intron (intron 14), which is absent in the two CRK yeast, rat, and nematode CaMKs, indicating that this is
sequences. an evolutionarily older intron. However, most introns
Three subgroup B introns, introns 6, 14, and 27, co-show restricted phylogenetic distribution, indicating
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Table 2. Distribution of introns in CDPK genes

Intron No?

1 2 3 4 5 6 7 8 9 10 11 12 13 14
Gene Subgroup (I)  (® (@ © @ @M @@ @ © © O © @@

T805.150/FIN20.40 D + +
F8K4.14 + + +
T4B21.11 + +
T4B21.12 + +
T4B21.13 + +
T4B21.15 + +
T19J28.7 + +
CDPK1 E + +
CDPK6/F9D16.120 + + +
CDPK +
F5J6.5 F + +
F23E12.130 + +
F20D10.350 + +
CDPK9 + +
F11F19.20 + +
F25A4.29 C + +
T06D20.24/T11A07.4 + + +
CDPK19 + + +
U54615 + +
T28P16.1/T9H9.2 + + +

T13L16.9 B + + + + + +
T19K4.200 + + + + + +
T3K9.9 + + + + +

T20E23.130 + + + + +

MAL3P3.7 A +
PCAPK-A + +

PFCPK/PFB0815W

PCAPK-B + +

aThe number in parenthesis indicates the intron phase.

b Two protist introns numbered 16 coincide with each other in position, but not in phase. Please see text for details.
¢ The protist intron in this column coincides in position (but not in phase) with the intron shared by three plant genes.
4 This sequence is truncated in the C-terminal. Therefore, the information for this intron is not available for this gene.

more recent origins (data not shown). No introns foundent only in protist species. However, potentially old
in these CaMK genes coincide in position with any in-introns were also found, which are conserved among
trons in CDPK genes. species across the kingdoms. For example, intron A is

Forty calmodulin genomic sequences were identifiedconserved across animal, fungal, and protist species. In-
from a variety of species, including protist, plant, fungal, tron E is shared by both plant and fungal species.
and animal species. They are highly conserved (82% The intron positions were also compared between
average pairwise identity, with a maximum 100% iden-CDPK and calmodulin families. Intron J (Table 3),
tity) and share at least 41% amino acid identity with eachshared by seven fungal calmodulin sequences, coincides
other. Their protein sequences are readily alignable wittwith intron 22 (Table 2) from &. falciparum CDPK
the calmodulin-like domains of CDPK, although they gene. These seven fungal calmodulin genes represent six
share significantly lower amino acid sequence identityfungal species from the phylum Ascomycota, including
with CDPK calmodulin-like domains (31% average pair- Magnaporthe grisearice blast fungus)Neurospora
wise identity). The length and position of four EF-handscrassa, Colletotrichum trifolli, Aspergillus nidulans, As-
are highly conserved between two families. pergillus oryzae,and Ajellomyces capsulatusdn addi-

The phylogenetic distribution of introns in the cal- tion, an intron shared by eleven animal calmodulin se-
modulin gene family is highly restricted (Table 3), again quences coincides with R. tetraurelia CDPK intron
indicating recent origins of most calmodulin introns. For (intron 25, Table 2). These animal calmodulin sequences
example, five introns (B, H, I, L, and N) show animal- are fromHomo sapienghuman),C. elegans, Halocyn-
specific distribution, four introns (C, D, J, and M) are thia roretzi (sea squirt),Branchiostoma lanceolatum
fungal-specific, and three introns (F, G, and K) are pres{lancelet), Drosophila melanogaste(fruit fly), Rattus
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Table 2. Extended

Intron No?

15 16 17 18 19 20 21 22 23 24 25 26 27 28 29

Gene Subgroup h © © © © © O © © © a0 (@© (© (©
T805.150/FIN20.40 D + + + + +
F8K4.14 + + + + +
T4B21.11 + + + + +
T4B21.12 + + + + +
T4B21.13 + + + + +
T4B21.15 + + + + +
T19J28.7 + + + + +
CDPK1 E + + + + +
CDPK6/F9D16.120 + + + + +
CDPK + + + + +
F5J6.5 F + + + +
F23E12.130 + + + +
F20D10.350 + + + +
CDPK9 + + +
F11F19.20 + + + d
F25A4.29 c + + + +
T06D20.24/T11A07.4 + +
CDPK19 + + + +
U54615 + + + +
T28P16.1/T9H9.2 + + +
T13L16.9 B + + + + +
T19K4.200 + + + + +
T3K9.9 + + + + +
T20E23.130 + + + + +
MAL3P3.7 A +

PCAPK-A + + +

PFCPK/PFB0815W + + +
PCAPK-B + + + +

norvegicus(rat), Gallus gallus (chicken), andAplysia  gae, and Alveolate protist species. A recent phylogenetic

california (California sea hare). analysis of the catalytic domains of these sequences sug-
gested that plant and algal CDPKs have a common ori-

Plant Phosphoenolpyruvate Carboxylase gin, but could not resolve whether CRKs and protist

Kinases (PEPCKS) CDPKs evolved separately (Harmon et al. 2000). The

Plant PEPCKs have protein kinase catalytic domains tha€Sults from this analysis of conserved intron positions
resemble CDPKs, but lack the junction domains or cal-2dd another dimension that strongly supports a mono-
modulin-like domains (Hartwell et al. 1999). Teabi-  PhYletic origin for plant and protist CDPKs and CRKs.
dopsisgenome contains four genes encoding PEPCK or 1he rooted phylogenetic tree derived from genomic
related kinases (accession nos. AAF99758, AAF637845eduences (Fig. 2) agrees well with the unrooted tree of
AAF88079, AAF88093). Genes for all four of these ki- Harmon et al. (2000) constructed from both cDNA and
nases contain an intron at the same codon and phase 3§n°Mic sequences. Both trees show a branch (subgroup
CDPK intron 16 (Table 2), and two of these contain B of Fig. 2) containing CRK and CDPK sequences sepa-
another intron in the same codon and phase as cppiated from all other plant CDPKs. Companson of.mtror?s
intron 11 (Table 2). strongly supports this degp phylogenetlc bran<':h.|ng with
several subgroup B-specific introns. The remaining sub-
groups of plant CDPKSs share a similar pattern of introns,
with subgroups differing in only one or two introns. We
have analyzed addition@rabidopsisCDPK and CRK
genes recently entered into the databases, but did not find
any new subgroups or unexpected patterns of introns
(data not shown). We were unable to identify any se-
Database searches have identified over seventy differemfuences for chimeric calcium/calmodulin-dependent ki-
CDPKs from vascular plants, liverwort, moss, green al-nases (Patil et al. 1995) in thrabidopsisgenome.

Discussion

Conserved Introns Support a Monophyletic Origin of
Plant and Protist CDPK Genes
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Table 3. Distribution of introns in calmodulin genes

Introns

A B C D E F G H | F K L° M N
GenBank AC Organism @ O O ©O o O © ©O O m O O O
AC006536 H. sapiens + + + + +
X52606, X52607, X52608 H. sapiens + + + + +
U94725, U94726, U94728 H. sapiens + + + + +
u12022 H. sapiens + + + + +
X14265 R. norvegicus + + + + +
L00096, L00097, LO0098, LO0099,

L00100, LO0101 G. gallus + + + + +
X13931, X13932, X05117 R. norvegicus + + + + +
X13833, X13834, X13835 R. norvegicus + + + +
AB018797 H. roretzi + + + + +
AB018796 H. roretzi + + + + +
AJ001092 B. lanceolatum + +
AJ001093 B. lanceolatum +
AF016429 C. elegans + + +
X05948, X05949, X05950, X05951 D. melanogaster + + +
X64653, X64655 A. california + + +
AC004261 A. thaliana +
L34546, D45848 A. thaliana +
297336 A. thaliana +
AC004261 A. thaliana +
AC005623 A. thaliana +
D45848 A. thaliana +
X67273 A. thaliana +
M73711 A. thaliana +
X60737 M. domestica +
212827, 212828, L18914 0. sativa +
AF064456 O. sativa +
AF103729 M. grisea + + + + +
AF104986 M. grisea + + + + +
L02964 N. crassa + + + + +
U15993 C. trifolli + + + + +
J05543 A. nidulans + + + + +
D44468 A. oryzae + + + + +
AFQ072882 A. capsulatus + + + + +
L05572, M96933 P. carinii +
U91643 P. ostreatus +
795395, M16475 X. pombe +
M59349, X56950, M59770, M99442 P. falciparum +
AF020781 S. microadriaticum + +
M20729 C. reinhardtii + +
M64089 D. discoideum + +

#Introns are lettered consecutively from N-terminal to C-terminal of aligned calmodulin protein sequences. Only conserved introns are included in
this table.

b Intron J coincides in codon and phase with intron 22 of CDPKs (Table 2).

¢Intron L coincides in codon and phase with intron 25 of CDPKs (Table 2).

The presence of four highly conserved introns among Intron analysis suggests further that plant and protist
all subgroups of plant CDPKs indicates that all plantCDPKs also share a common ancestor. Particularly, sub-
CDPK and CRK genes have a common ancestry (Tablgroup B of plant CDPK and CRK sequences shares three
2). Moreover, this lineage most likely includes plant common introns with protist CDPKs (Table 2). The sim-
PEPCKS, because two of these conserved introns anglest explanation is that these three introns originated in
also found inArabidopsisPEPCK genes. As the con- the common ancestor of plant and protist CDPKs. Ac-
served introns are also present in a liverwort CDPK genegording to this hypothesis, these introns were lost in the
they must predate at least the divergence of vasculatommon ancestor of plant CDPK subgroups C, D, E, and
plants. F. The fact that these putative ancestral introns are not
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conserved among the four protist CDPK genes could als@rigin of CDPK Genes
be explained by random loss of these introns. These pro-
tist CDPK sequences are as divergent from each other dt has been speculated that the ancestral CDPK gene
they are from plant CDPKs (Table 3). Therefore, it is notevolved by fusion of ancestral CaMK and calmodulin
surprising that they have no introns in common. genes (Harper et al. 1991; Suen and Choi 1991). The
The alternative hypothesis would require that protistbasis for this speculation is that the kinase and junction
CDPK genes recently gained these three introns. It seendomains of CDPKs share similarity with CaMK kinase
unlikely that three of sixteen protist introns were ac- catalytic and regulatory domains, respectively, and that
quired in exactly the same positions (same codon an€€DPK calmodulin-like domains resemble calmodulin. In
phase) as the plant subgroup B introns. Analysis of adthis study, we found two protist CDPK introns located in
ditional protist CDPK genes is required to determine ifthe same codon and phase as introns conserved among
the putative ancestral introns are indeed shared amorfgingal calmodulin genes and animal calmodulin genes.
other Alveolate protists, as would be expected if they areAgain, if the protist CDPK introns are old (found in other
ancestral, or whether they are unique occurrences, gwotist CDPK genes), they would provide strong support
would be expected if they are recent independent inserfor a common ancestry for CDPK calmodulin-like do-
tions. mains and calmodulin genes. Given the ancient origin of
the postulated gene fusion event, loss of these introns in
the ancestral plant CDPK and calmodulin genes may
account for the absence of these introns in extant plant
CDPK and calmodulin genes.
Intron comparison revealed recent intron loss and gain No common introns were found between CDPK and
within CDPK genes. Some individual introns (e.g. 11, CaMK genes. In fact, the survey of CaMK genomic se-
13, 18, and 21), which are shared by most plant CDPKguences identified only one potentially old intron con-
genes, have been lost from CDPK, T28P16.1, CDPK9kerved between fungal and animal CaMK genes. Given
T06D20.24, and T28P16.1, respectively. These intronshe paucity of conserved introns among these CaMK
have been precisely excised, leaving the coding regiogenes, the lack of conserved introns between CDPK and
intact. Such precise excision of introns has been attribCaMK genes is not surprising, and should not be con-
uted by Fink (1987) to the reverse transcription of par-strued as evidence against a common origin of CDPK
tially processed transcript and reinsertion of the DNAand CaMK kinase domains.
product back into the genome. Novel introns (e.g. 1, 4, This raises another interesting question: how might
and 5) were also found within a number of plant CDPK CaMK and calmodulin genes have been brought to-
genes (T19J18.7, T28P16.1, F8K4.14, and CDPK®6). Thgether? According to the exon theory of genes (Gilbert
presence of an intron in a particular plant CDPK gene,1987), ancient introns facilitated the recombination of
and its absence from all other plant CDPK genes, can bpreviously evolved functional domains to form new
explained most simply by its recent insertion into thefunctional proteins. It has been observed that, at least for
gene. some complex proteins, exons correlate with protein do-
The identification of new introns in CDPK genes mains (de Souza et al. 1996; Gilbert and Glynias 1993;
agrees with the introns-late theory (or insertional theoryGilbert et al. 1986; Go 1981). Most recently, it was
of introns), which postulates that ancient genes existed ashown that such correlation of intron positions with
uninterrupted exons and that intron insertions occurredoundaries of protein domains is due primarily to phase
relatively recently during the evolution of eukaryotic lin- 0 introns (de Souza et al. 1998). Such excess of phase 0
eages (Cavallier-Smith 1978; Rogers 1985; Rogers 1989ntrons in the boundaries of protein domains is expected,
Palmer and Logsdon 1991; Cavallier-Smith 1985). Like-because exon shuffling will not disturb the reading frame
wise, introns show highly restricted phylogenetic distri- if the introns are in the same phase. Even though the
bution in CaMK and calmodulin genes as well. introns-late theory rejects the notion of shuffling of pri-
However, evolutionarily older introns are also identi- mordial or pre-eukaryotic exons, it does not deny the
fied within CDPK, CaMK, and calmodulin gene fami- possibility of more recent exon shuffling within eukary-
lies, which are shared by a variety of species across thetic genes and protein evolution by fusion of domains
kingdoms. The conservation of intron positions among(Rzhetsky et al. 1997).
genes from diverse phyla seems to support the introns- In the case of CDPK genes, we found that a phase 0
early theory (or exon theory of genes), which proposesntron (intron 18, Table 2) is located precisely on the
that introns are ancient and recombination within intronsborder between the junction domain and calmodulin-like
generated new exon combinations, and thus new genatomain in nearly all plant CDPK genes. Therefore, we
(Blake 1978; Doolittle 1978; Gilbert 1978; Gilbert hypothesize that exon shuffling facilitated by ancestral
1987). Therefore, it seems that, in the case of CDPKintrons may have played an important role in the origin
genes, some of introns are ancient, whereas others hawé CDPK genes. We propose that recombination between
probably arisen by recent insertions. a phase 0 intron near the calmodulin N-terminus and a

Intron Distributions Reveal Recent Loss and Gain
of Introns
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kinase domain  regulatory domain

NH2- | [ -COOH ancestral CaMK Fig. 4. CDPK origin hypothesis.
recombination An intron (gray box) in the
NH2- -COOH ancestral calmodulin  C_terminal of an ancestral CaMK
and an intron (gray box) in the
i N-terminal of ancestral calmodulin

. . . . . o ) gene allowed recombination to take
kinase domian  junction domain  calmodulin-like domain place, which resulted in the fusion

of ancestral CaMK and calmodulin

COOH  CDPK genes.

NH2- | |

phase 0 intron near the C-terminus of the calmodulinBotella JR, Arteca JM, Somodevilla M, Arteca RN (1996) Calcium-
binding region of CaMK formed the ancestral CDPK dependent protein kinase gene expression in response to physical

. . . . . and chemical stimuli in mungbeaXi@gna radiatg. Plant Mol Biol
gene without disrupting the functions of the domains . " /o0 o)

(Flg. 4)' Indeed, a phase 0 intron (mtron A, Table 3) IS Breviario D, Morello L, Giani S (1995) Molecular cloning of two novel
located between the first and second codons of calmod- rice cDNA sequences encoding putative calcium-dependent protein
ulin genes (Table 3). This intron appears to be ancestral kinases. Plant Mol Biol 27:953-967
because it is conserved among calmodulin genes frorumstead JM, Dunn PPJ, Tomley FM (1995) Nitrocellulose immuno-
animals and fungi. Moreover, a number of phase 0 in- blott!ng for_|dent|f|cat|oq and molecular gene cI_omng Enfme_rla _

' . L maximaantigens that stimulate lymphocyte proliferation. Clin Di-
trons have been found near the calmodulin-binding se- agn Lab Immuol 2:524-530
quences of CaMK genes. For example, theelegans  cavallier-Smith T (1978) Nuclear volume control by nucleoskeletal
CaMK gene unc-43/K11E8.1 has a phase 0 intron be- DNA, selection for cell volume and cell growth rate, and the so-
tween K290 and A291, precisely at the end of the cal- lution of the DNA C-value paradox. J Cell Sci 34:247-278
modulin-binding region. An intron at the same position Cavallier-Smith T (1985) Selfish DNA and the origin of introns. Nature

. . 315:283-284
can also be found in th@®rosophila CaMKI gene ;. o253 ong M. Kiein R, Roy S, Lin S, Gilbert W (1998)
(CG 1495)- Toward a resolution of the introns early/late debate: only phase zero

This analysis of introns in CDPK genes, calmodulin introns are correlated with the structure of ancient proteins. Proc
genes, and CaMK genes suggests that plant CDPKs and Natl Acad Sci USA 95:5094-5099
CRKs arose from a single common ancestor, that p|an@e Souza SJ, Long M, Schoenbach L, Roy SW, Gilbert W (1996) Intron

- positions correlate with module boundaries in ancient proteins. Proc

ahnd phrot|st CDPKls also share a _cqmm%nbancestry,har;d Nafl Acad Sci USA 93:14632-14636
t_at t e. _anceStra CDPK .gen.e Or'Q'r!ate y ex_on shu Doolittle WF (1978) Gene-in-pieces: were they ever together? Nature
fling facilitated by recombination within phase O introns.  272:581-582
For each of these interpretations, the abundance of geunn PPJ, Bumstead JM, Tomley FM (1996) Sequence, expression and
nomic sequences from plants and animals strongly sup- localization of calmodulin-domain protein kinase&imeia tenella
ports ancestral origins of the conserved introns. How- ta”‘?]E;Te:'(aé“axl:mSaP Jraﬁ'tog’gén&ﬁ?’z‘ﬁ“f’l 604 Cloning and
ever, the paucity of protist genomic sequences makes foruch 33 Kadwell S, Merlin E, Crossland L (1994) Cloning an
. . . . characterization of a maize pollen-specific calcium-dependent cal-
ImpOSSIblg to determine whether the protestintrons at the  modulin-independent protein kinase. Proc Natl Acad Sci USA 91:
same positions are ancestral or newly gained. Sequenc- 8837-8841
ing of additional protist genomes is urgently needed toFarber PM, Graeser R, Franklin RM, Kappes R (1997) Molecular clon-

answer these and many other questions of molecular evo- ing and characterization of a second calcium-dependent protein
lution kinase ofPlasmodium falciparumMol Biochem Parasitol 87:211—
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