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We collected as much information as possible on new lamin genes and their flanking genes. The number of
lamin genes varies from 1 to 4 depending more or less on the phylogenetic position of the species. Strong
genome drift is recognised by fewer and unusually placed introns and a change in flanking genes. This
applies to the nematode Caenorhabditis elegans, the insect Drosophila melanogaster, the urochordate
Cionaintestinalis, the annelid Capitella teleta and the planaria Schmidtea mediterranea. In contrast stable
genomes show astonishing conservation of the flanking genes. These are identical in the sea anemone
Nematostella vectensis and the cephalochordate Branchiostoma floridae lamin B1 gene. Even in the lamin
B1 genes from Xenopus tropicalis and man one of the flanking genes is conserved. Finally our analysis
forms the basis for a molecular analysis of metazoan phylogeny.

© 2010 Elsevier GmbH. All rights reserved.

Introduction

Text books tell us how a comparison of specific protein
sequences can be used to calculate an evolutionary tree (Wehner
and Gehring, 2007). A recent specific example is the tree calculated
for 21 arthropods from sequences of motor proteins (Odronitz et al.,
2009). We have taken a different approach based on intron patterns
in lamin genes (Zimek and Weber, 2008).

The large multigene family of metazoan intermediate filament
proteins (IF proteins) covers two types: the small group of nuclear
lamins and the large group of cytoplasmic IF proteins having
sequence homologies, that are particularly obvious in the proto-
stomic cytoplasmicinvertebrate IF proteins (Dodemont et al., 1990;
Doring and Stick, 1990; Zimek and Weber, 2002). The common
structural element is a long central rod domain consisting of the
smaller coil 1a, the long coil 1b, the small coil 2a and the long coil 2b
domain. This describes a segmented double stranded coiled coil (for
review see Gruenbaum et al., 2005), from which the non-helical N-
terminal head and C-terminal tail domains extend into the exterior.
A major difference between the lamins and the cytoplasmic IF pro-
teinsis anuclearlocation signal (NLS), which usually consists of four
consecutive basic residues. Lamins usually have a C-terminal iso-
prenylation site C-a-a M, which in a stepwise reaction gives rise to a
chargeless carboxy terminal cysteine (see Gruenbaum et al., 2005).
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Lamin A is only expressed once cells differentiate (Rober et al.,
1989). Many cytoplasmic IF proteins show mutations which give
rise to human diseases (Bonifas et al., 1991; Vassar et al., 1991). The
nematode Caenorhabditis elegans (C. elegans) has a single lamin
and 11 cytoplasmic IF proteins, that in part arise by differential
splicing. RNA interference studies showed that at least five of them
are essential for embryonic development (Karabinos et al., 2001).
C. elegans lamin is crucially involved already in the earliest stages
of embryonic development (Liu et al., 2000). The number of cyto-
plasmic IF proteins ranges from 11 in C. elegans (Karabinos et al.,
2001) to 65 in man (Hesse et al., 2001).

One striking difference between A type lamins and B lamins
is seen before mitosis when the nuclear envelope disassembles
into vesicles. Lamins B1 and B2 stay bound to these vesicles and
are used in the formation of nuclear envelopes in the daughter
cells. A-type lamins are of course initially also isoprenylated, but
the modified C-terminal end is subsequently cleaved by a specific
metalloproteinase to form the mature lamin A molecule which has
lost 10 amino acid residues (Gruenbaum et al., 2005; Weber et al.,
1989). Thus, the differentially spliced lamin C as well as the mature
lamin A molecules lack the isoprenylation site and become solu-
ble. The sequence around the cleavage site is highly specific so that
any mutations at this site give rise to laminopathies (Worman and
Bonne, 2007).

Electron microscopical studies have shown that arthropods and
their close relatives lack cytoplasmic intermediate filaments. Here,
thick bundles of specialised microtubules substitute for the bun-
dles of cytoplasmic intermediate filaments, that are observed in
other phyla (Bartnik and Weber, 1989). This finding suggested that
cytoplasmic IF proteins arose in evolution from a nuclear lamin. In
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Table 1
Intron sizes of radiata and placozoa lamins starting at the 5'-end of the gene.

Nematostella vectensis
Predicted protein: EDO37225 The 9 introns of the gene have a size starting from the 5'-end of the gene of 1.2 kb, 0.3 kb, 0.2 kb, 0.8 kb,
0.2 kb, 0.5kb, 0.4 kb, 0.5 kb and 0.6 kb
Hydra magnipapillata
On genomic contig NW_002157556.1| The 9 introns of the gene have a size starting from the 5-end of the gene of 389 bp, 11.33 kbp, 99 bp,
2.38 kbp, 5.45 kbp, 155 bp, 114 bp, 865 bp and 78 bp
Trichoplax adhaerens
scaffold_3: 3298016-3306114 The 9 introns of the gene have a size starting from the 5-end of the gene of 3107 bp, 145 bp, 105 bp,

190bp, 129 bp, 105 bp, 143 bp, 111 bp and 977 bp

Table 2
Intron sizes of ecdysozoa lamins starting at the 5-end of the gene.

Caenorhabditis elegans
Imn-1 NM_059970 The 5 introns of the gene have a size starting from the 5-end of the gene of 90 bp, 48 bp, 157 bp, 52 bp
and 84 bp
Drosophila melanogaster
Lamin Dmo NT_033779
Lamin C NT-033778
Daphnia pulex
scaffold_90: 311661-315862

The 2 introns of the gene have a size starting from the 5'-end of the gene of 243 bps and 64 bps
The 3 introns of the gene have a size starting from the 5'-end of the gene of 2.4 kbp, 60 bps and 148 bps

The 10 introns of the gene have a size starting from the 5’-end of the gene of 910 bp, 89 bp, 63 bp,
60bp, 78 bp, 87 bp, 62 bp, 113 bp, 91 bp and 166 bp

Table 3
Intron sizes of lophotrochozoa lamins starting at the 5'-end of the gene.

Schmidtea mediterranea

contig 1379: mk4.001379.07
Capitella teleta

scaffold 373: 172264-179935

The 4 introns of the gene have a size starting from the 5'-end of the gene of 51 bp, 1970 bp, 53 bp and 55 bp

The 6 introns of the gene have a size starting from the 5-end of the gene of 3.36 kbp, 50 bp, 49 bp, 58 bp, 50 bp and 910 bp

Table 4
Intron sizes of lower deuterostomes lamins starting at the 5’-end of the gene.

Strongylocentrotus purpuratus
NM_214500 The 9 introns of the gene have a size starting from the 5’-end of the gene of 21 kbp, 2.4 kbp, 1.9 kbp, 1.8 kbp,
2.5kbp, 1.2 kbp, 1050 bp, 540 bp and 910 bp
Ciona intestinalis
Lamin L2 AJ251957 The 10 introns of the Lamin L2 gene have a size starting from the 5'-end of the gene of 0.6 kbp, 1.8 kbp, 2.6 kbp,
0.6 kbp, 0.5 kbp, 0.25 kbp, 1.1 kbp, 0.35 kbp, 0.3 kbp and 0.75 kbp
Branchiostoma floridae
chrUn: 258492196-258513674 The 10 introns of the gene have a size starting from the 5'-end of the gene of 7744 bp, 324 bp, 519 bp, 962 bp,

1175 bp, 885 bp, 1857 bp, 396 bp, 4227 bp and 1410 bp

addition the full genome of Drosophila melanogaster proved this
point much later on the molecular level. Once the genome of the sea
anemone Nematostella vectensis became available we found that
it had a single nuclear lamin gene and lacked genes for cytoplasmic
IF proteins. The Nematostella lamin gene has 9 introns, which are
strikingly conserved in the human lamin B genes, which have only
1 (lamin B1) or 2 (lamin B2) additional introns. Using the infor-
mation on one neighbouring gene we concluded that the human
B1 gene on chromosome 5 and the human B2 gene on chromo-

some 19 arose later with the vertebrate lineage (Zimek and Weber,
2008).

Here we have assembled information on new lamin genes and
determined when possible both flanking genes.

Materials and methods

We analysed the public available genome assemblies of vari-
ous metazoans using online tools of the respective websites and

Table 5
Intron sizes of vertebrate lamins starting at the 5'-end of the gene.

Homo sapiens

Lamin B1 NM.005573 The 10 introns of the gene have a size starting from the 5-end of the gene of 26.9 kbp, 0.63 kbp, 4.44 kbp, 1.38 kbp,
6.97 kbp, 1.73 kbp, 1.55 kbp, 3 kbp, 6.5 kbp and 3.38 kbp
The 9 introns of the gene have a size starting from the 5'-end of the gene of 27.6 kb, 4.45 kb, 1.4 kb, 7 kb, 1.75 kb,
1.6 kb, 3.1 kb, 6.65 kb and 3.4 kb
The 11 introns of the gene have a size starting from the 5'-end of the gene of 15.3 kbp, 3.5 kpb, 275 bp, 210 bp,
0.58 kbp, 90 bp, 0.48 kbp, 85 bp, 0.42 kbp, 0.74 kbp and 0.32 kbp

Lamin B2 NM_032737
Lamin A NM_170707

Xenopus tropicalis
Lamin B1 NM_203867 The 10 introns of the gene have a size starting from the 5'-end of the gene of 18.5 kbp, 650 bp, 230 bp, 320 bp,

770bp, 1.5 kbp, 0.8 kbp, 0.7 kbp, 0.7 kbp and 0.35 kbp

The 10 introns of the gene have a size starting from the 5'-end of the gene of 3.45 kbp, 1.41 kbp, 0.77 kbp, 0.75 kbp,

120bp, 175 bp, 0.98 kbp, 85 bp, 0.9 kbp and 1.78 kbp

The 10 introns of the gene have a size starting from the 5’-end of the gene of 1.9 kbp, 280 bp, 180 bp, 3.2 kbp, 90 bp,

630bp, 0.8 kbp, 820 bp, 2.18 kbp and 95 bp

The 11 introns of the gene have a size starting from the 5'-end of the gene of 37.8 kbp, 2.1 kbp,1.37 kbp, 75 bp,

250bp, 770bp, 150 bp, 1.5 kbp, 120 bp, 2.1 kbp and 200 bp

Lamin B2 scaffold_555: 694,555-707,819
Lamin B3 NM_001083354

Lamin A CR942559
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nematostel MATATKSPAS SSSTPKTPVS SSRIMGSSPP GSAKFTRAQE KAELQHLNDR LATYIDRVKN LEQENSKLRS EVTVSRKTVE REVDSMKSLY ETELADARRL
hydra MA........ .. STP..DVR SPRYGYQSP. .NVR.TRVQE KEELSGLNDR LATYIDRMRY LEQQNTRLSA EITTSKESVT REVGNVKAMF EAELGEARRL
trichoplax M......... .. SSPSM... ...... ASPM SPLKIKRVQE KEELKNLTDR LASYIEKSRF LESRNARLNE EIRSSRRSGD ENIKSLKALY EQELQEARKT

nematostel LDETAKEKAK QQIESSKNSN DAQEFKNKFD EEAAARKKAE KELNDVRKLL HDKENQLTRR NQEALNLESV LRELQGECEE LKDALKAAKY ALEQETLTRV

hydra LDETAKDKAL LQLENNKLTS LVEDLRHWLE
trichoplax IDEMANEKSK ITITVMKYTK QVEELTS]

KEVANRSRIE EELKRVERRL LEKESLNIVL SKERKDLEHQ VKDLEDQLKE YQDDLEKEKS DHEKEIIRRV
E KVKASKSSLQ VALNNAEKRA TELEGEVVNE RKNVAELREV VIGHKEKIQR SSEELESANK LAEQQALRRV

nematostel DLENRCQSLQ EEQNFKKQMY DEELSDIRSQ LKTVETKRVV VETDYK.DKY EGLMAEKLQE LREDYDSDAR SFKEETELLY SSiFEELRIQ RERDSEALAK
ON|

hydra DAENRAQTLQ EEVDFNEQVH AKEMMDLRAQ ...TESLHFS LOMDDKVDNY DNILRDKLQE LREEFEEEAD NAKRELEDAY
QOETRSLKKN LKTVDDQRST LQDDFQSE.Y DTKMTEALQQ LRRDNEENSK RLKQEVEELY RSQVEELESQ RERDTKIITE

trichoplax QIENEYQTLK ESAEFSTEMH

hydra LIESNTNLKS ELDKLRSDYS NLES

BEFETLRAE SDRDRSHVTR

(VOLO KRISDLDSLR QHDKDDFHKQ LQVRDDKNRL LQDKIDELQN EYEALLGSKI ALDVEIAAYR KLLEGEEE!

nematostel LREENRNLSK SVDELSSQVH QLE@NALV SRVSDLQGLR AQDKEKHDNE ILLRENEIAE LRTSIDDALR DYEDLMGVKV ALDMEITAYR KLLESEET%

trichoplax LKNECRKFRD KSESISSEVH VLRAENSSLQ TRKRELEESL IEERQKNTNK FEEYEMEMRA LQLKLEEQST EYKELLDVKI ELDNEIAAFR KLLEGEET[JL

hydra NISTPPR... .. GSTS....

KRGTKRSRAD DEEQP.HVEN NAIGSIEIAE CDSDAKFVRL INNSDKEEPL GGWSVQRIVD GKDEQAVEYK FTPKFVLKGK

nematostel EI.TPPASPV LGGSSSVSQT RRGNKRARTE ETESTMTTTT TAEGAIQFTE ADPDGKYIKI YNSGEEEEAL GGWTIQRQV. GTEDPSV.YK FTPKYVLKSQ

trichoplax S.SSP..... ... SSPFAQR KR..... RRI DEDSDYIVSS HATGDVQISD VDKHGLYVRL LNTSKTBCHI GNFVIKHQVD NKNE..ISYK FNTKAILKGN

nematostel SHVE@VWSAQG GGTHKPPSDL VFKQLPSWGS GNEARTALVN AG
hydra QTVHIWSQNS GVKQKPPTDF VLKQ.EDWSH GSSMTTSLIN

IVA... ..K.HTIALP TPPVGT.RRI

GEMATLL EEK.VFQHYS TDVIDSGRRG RGRRE....G EVAKGCAV.M*

RERRE. ...G GERESCKI.M*

trichoplax CVTTVIAADS GQSHKPPANY LWKQONNFGL GEEMVTRLVN AGGERIAIFN LTKAQEVEIK DELFQSYESI IGFKQLPQFI ETTEAVNIKR*

Fig. 1. Alignment of predicted lamin protein sequences for the cnidaria Nematostella vectensis (upper line), Hydra magnipapillata (middle) and the placozoan Trichoplax
adhaerens. Intron positions are marked by inverted letters (white on black) in the sequence, for intron sizes see Table 1.

published lamin sequences. Some gene sequences were manually
extracted from databases for the respective animals and assembly
versions. The collection of these putative lamin coding sequences
is available as Supplementary material (mmc2.zip to mmc8.zip).
Locations, either GenBank accession numbers or genomic database
locations are given in the respective Tables 1-5.

Genome browsers, analysed animals and assembly releases
http://genome.ucsc.edu/

e Strongylocentrotus purpuratus: Sep. 2006 (Baylor 2.1/strPur2)
e Branchiostoma floridae: Mar. 2006 (JGI 1.0/braFlo1)

e Caenorhabditis elegans: May 2008 (WS190/ce6)

e Ciona intestinalis: Mar. 2005 (JGI 2.1/ci2)

http://genome.jgi-psf.org

e Nematostella vectensis: v1.0 (March 2008)
e Capitella teleta: v1.0 (October 2007)
e Trichoplax adhaerens: v1.0 (October 2007)

http://www.ncbi.nlm.nih.gov/genomes/geblast.cgi?gi=6140

e Hydra magnipapillata: WGS  draft

(2009/01/02)

NZ_ABRMO00000000,

http://smedgd.neuro.utah.edu

e Schmidtea mediterranea: v3.1 (Sofia M.C. Robb, Eric Ross and
Alejandro Sanchez Alvarado (2007) SmedGD: the Schmidtea
mediterranea Genome Database Nucleic Acids Research,
36:D599-D606).

Used software
Sequence analysis: GCG Version 11.1 (Accelrys Inc., San Diego,
CA).
Graphics: penOffice.org v. 3.2.1 (Oracle).
Results
The lamin gene of Nematostella
The lamin gene has 9 introns (Zimek and Weber, 2008). Their

sizes and positions are given in Table 1 and Fig. 1 respectively. The
flanking genes are genes encoding methylmalonyl-CoA epimerase

and the membrane associated ring-finger protein 2/3 on scaffold
145 (Fig. 6).

A lamin genes from Placozoa

With the genome of Trichoplax adhaerens the genome of an
evolutionary very old metazoan became available (Wehner and
Gehring, 2007). Using the predicted cDNA sequence of the sea
anemone lamin gene we have located the Trichoplax lamin gene
on scaffold 3. It has the same 9 intron positions as the Nematostella
gene. Their sizes and positions are given in Table 1 and Fig. 1 respec-
tively. One flanking gene is as for Nematostella the gene encoding
methylmalonyl-CoA epimerase (Fig. 6). The second flanking gene
cannot be identified because of a gap in the genome informa-
tion. Potentially interesting is the finding that the deduced lamin
sequence lacks the carboxy terminal isoprenylation C-a-a-M so far
found in all other lamins (see Discussion).

The Hydra lamin gene, a strong drift of Hydrazoa versus the sister
group of the Anthozoa

Fig. 1 shows the lamin gene of Hydra magnipapillata (Chapman
et al,, 2010) versus the lamin gene of Nematostella. The Hydra
magnipapillata lamin gene is located on the genomic contig
NW_002157556 and has 9 introns. Their sizes and positions are
given in Table 1 and Fig. 1 respectively.

We had previously cloned the Hydra gene from Hydra attenu-
ata (Erber et al., 1999). The deduced cDNA and protein sequences
show 99% identity with the new data from Hydra magnipapil-
lata. However, contrary to our report, the gene has the same 9
intron positions as the Nematostella gene and not only the last 3
positions. We were therefore surprised when we interpreted the
Nematostella lamin gene and did not put our Hydra gene in the
summary, but mentioned it only in the text with the note that we
did not know whether our intron mapping procedure had been
correct (Zimek and Weber, 2008). It was clearly not and this most
likely concerns also the Priapulus caudatus lamin gene where we
reported also only 3 introns (Erber et al., 1999).

Chapman et al. (2010) report that the sequence divergence
between a Hydra peptide and its Nematostella orthologue is
typically greater than the sequence divergence between the
Nematostella and its human orthologue. For the lamin protein we
find a sequence identity between the two cnidarian proteins of
43.5% while the corresponding value for the Nematostella and the
human lamin B1 in spite of the long evolutionary distance is still 40%
(see also Zimek and Weber, 2008). Chapman et al. (2010) also report
a strong loss of introns in Hydra versus Nematostella. Because of
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c.elegans MSSRK...GT RSSRIVTLER SANSSLSNNG GGDDSEGSTL .......

LET SRLQEKDHLT SLNSRLATYI EKVRQLEQEN NRLQVQIRDI EVVEKKEKSN

drosoph-dmo MSSKSRRAGT ATPQPGNTST PRPPSAGPQP PPPSTHSQT. ASSPLSPTRH SRVAEKVELQ NLNDRLATYI DRVRNLETEN SRLTIEVQTT RDTVTRETTN

drosoph-c

MSARRVTLNT RVSR.ASTST P....VG... .GASTSSRVG ATSPTSPTRT SRQQEKEELQ HLNDRLACYI DRMRNLENEN SRLTQELNLA QODTVNRETSN

daphnia MSTRSKKT.. .... PASSSQ ...t . .ASSSASQS RSSPLSPTRL TRLQEKVELQ NLNDRLANYI DRVRQLESEN NRLTLQITTT QDTISREVTS

c.elegans LADRFEAEEA RLRRALDSAQ DELAKYRIEY DAAKVEVKKL KPQVEKLERE LAGAEEQALH AQSTADQSQA KQKTLQARND KLVVENEDLK KONITLRDTV
drosoph-dmo IKNIFEAELL ETRRLLDDTA RDRARAEIDI KRLWEENEEL KNKLDKKTKE CTTAEENVRM YESRANELNN KYNQANADRK KLNEDLNEAL KELERLRKQF

drosoph-c
daphnia VRGSYEKELS DTRQLLDETA KEKARLQLEA GRARAELGEL T

LKAVYEKELA AARKLLDETA KEKAKLEIDI KRLWEENDDL KiE

LDKKTKE ATVAENNARL YENRYNEVNG KYNQSLADRK KFEDQAKELA LENERLRRQL
[YNKAKND LLOAEKKVQQ LETRNNELNA SLHQLKSDMA RAIEEKEDAV SERDKLAKQV

c.elegans EGLKKAVEDE TLLRTAANNK IKALEEDLAF ALQQHKGELE EVRHKRQVDM TTYAKQINDE YQSKLODQIE EMRAQFKNNL HQNKTAFEDA YKNK...LNA
drosoph-dmo EETRKNLEQE TLSRVDLENT IQSLREELSF KDQIHSQEIN ESRRIKQTEY SEIDGRLSSE YDAKLKQSLQ ELRAQYEEQM QINRDEIQSL YEDKIQRLQE

drosoph-c

DDLRKQLEAE TLARVDLENQ NQSLREELAF KDQVHTQELT ETRSRRQIEI SEIDGRLSRQ YEAKLQQSLQ ELRDQYEGOM RINREEIELL YDNEIQNLKA

daphnia PELQQQLETE LLARTDLENR NMTLKEELSF KQEMYEREMT EVRSNKQVEI SEIDGRLQEQ YQARLQSTLQ ELREQYESQI QQSRDEVEVL YQNEVEDLED

c.elegans ARERQEEAVS EAIH...... ..... LRARV RDLETSSSGN ASLIERLRSE LDTLKRSFQE KLDDK..... .. .DARIAEL NQEIERMMSE FHDLLDVKIQ
drosoph-dmo AAARTSNSTH KSIEELRSTR VRIDALNANI NELEQANADL NARIRDLERQ LDNDRERHGQ ........ EI DLLEKELIRL REEMTQQLKE YQDLMDIHVS

drosoph-c
daphnia QVKKQRGAAG AHYEELIQAR NRLKDANLKL SELELANSHM

c.elegans LDAELKTYQA LLEGEEERLN L...... TQE APQNTSVHHV SF:

AANRAAQGSA LATEEVRLMR TKIDGLNAKL QNLEDTNAGL NARIRELENL LDTERQRHNQ ........ YI ASLEAELQRM RDEMAHQLQE YQGLMDIKVS
NDRLAEMERN METERQTHAT AMQDASAVYS SMCQGEITRL REQMAIQLQE YQDLMDIRTA

............... .GASAQRGVK RRRVVDVNGE DQDI.DYLNR RSKLNKETVG

drosoph-dmo LDLEIAAYDK LLVGEEARLN I....TPATN TATVQSFS.. ..QSLRNSTR ATPSRR...T P....SAAVK RKRAVVDESE DHSVADYY.. ...VSASAKG

drosoph-c

c.elegans PVGIDEVDEE GKWVRVANNS EEEQSIGGYK LVVKAGNK.. EASFQFSSRM KLAPHASATV

TRSG. .TPSRR...T

LDLEIAAYDK LLCGEERRLN IESPGRPTTD SGISSNGSHL TASASSRSGR VTPSGRRSAT PGISGSSAVK RRRTVIDESE DRTLSEYS.. ...VNAAAKG
daphnia LDMEISAYRK LLEGEETELK L....TPTAG ASTSQS.... .....

P....TRALK RKRTMLEESS SYSLADFI.. ...TSSSAKG

WSADAGAVHH PPEVYVMKKQ EWPIGDNPSA RLEDSEGDTV

drosoph-dmo NVEIKEIDPE GKFVRLFNKG SEEVAIGGWQ LQRLINEKGP STTYKFHRSV RIEPNGVITV WSADTKASHE PPSSLVMKSQ KWVSADNTRT ILLNSEGEAV

drosoph-c

DLEITEADVE GRFIKLHNKG TEEINLTGWQ LTRIAGDE.. ELAFKFSRGS KVLGGASVTI WSVDAGTAHD PPNNLVMK.K KWPVANSMRS VLANADKEDV

daphnia EVQVEEVDSE GKFIRLINKS EEEVSLSGWQ LVHKAQE..T ETIYKFHRSL KVAPGGTVSV WSAESGTAHE PPSTLVMKEQ RWFVANEMVT QLLDNSGJ#EM

c.elegans SS....... I TVEFSES...

.................. SD PSDPADRCSI M*

drosoph-dmo ANLDRIKRIV SQHTSSSRLS RRRSVTAVDG NEQLYHQQGD PQQSNEKCAI M*

drosoph-c

ASYDRVRANV SSHTSRHRSS GTPSTGFTLG S..... GAGS TGVRSLFSLL F*

daphnia AQRESKRA.. ..QTSTSILR QREEYRGLGG PEELHHQEGD PEGKD.RCVV M*

Fig. 2. Alignment of predicted lamin protein sequences for the nematode C. elegans (upper line), the two lamins of the fruitfly Drosophila melanogaster (lamin Dmo and
C, middle lines) and the small crustacean Daphnia pulex (lower line). Intron positions are marked by inverted letters (white on black) in the sequence, for intron sizes see

Table 2.

sequence gaps in the Hydra genomic DNA the nearest neighbours
of the Hydra lamin gene are not available.

While the Hydra lamin has a nuclear location signal with only
3 basic amino acid residues (KRSR) and an unusual basic cluster
RRIRKRR, cell biological experiments show that this cluster is not
responsible for nuclear uptake (Erber et al., 1999). We now recog-
nise in the Nematostella lamin also a nuclear location signal with
only three basic residues (KRAR) and also a basic stretch close to
the carboxy terminal end (RRGRGRR). Both features seem specific
for cnidaria (see Fig. 1).

A normal lamin gene from the Ecdysozoa branch

Using the Nematostella gene as a probe we have located a lamin
gene in the genomic information of Daphnia pulex on scaffold
90. The gene has 10 introns. Their sizes and positions are given
in Table 2 and Fig. 2 respectively. The flanking genes of the gene
are peptidyl-glycine-alpha amidating monooxygenase and a gene
encoding a pdz domain containing protein (Fig. 6). Fig. 2 and Table 2
also contain the information on the single lamin gene of the nema-
tode C. elegans. It has 5 introns. The sizes and positions of these
introns are given in Table 2 and Fig. 2 respectively. The flanking
genes of the single lamin gene are a gene encoding a member of the
family for the transport to the inner mitochondrial membrane and
a gene encoding a member of the helix-loop-helix family (Fig. 6).

Included in Fig. 2 is also the information on the 2 lamins of
Drosophila melanogaster. The constitutively expressed lamin Dmo
gene located on chromosome 2L has 2 introns. The organisation of
this gene was already established by Osman et al.(1990) long before
the Drosophila genome was established. Their sizes and positions
are givenin Table 2 and Fig. 2 respectively. The flanking genes of the
lamin Dmo gene are a gene encoding a helicase at 25E and oscillin
(Fig.6).Finally there is also the information on the Drosophila lamin
C gene. It is expressed only in differentiated cells (Riemer et al.,
1995). The gene lies on chromosome 2R. It has 3 introns. Their
sizes and positions are given in Table 2 and Fig. 2 respectively. The
flanking genes of the Drosophila lamin C gene encode the cuticu-
lar protein 51A and an RNA polymerase subunit. It is striking that
lamin genes from organisms with a strong genome drift show this
not only in a reduced number of introns, often at new positions

(Zimek and Weber, 2008), but additionally lose the identity of the
flanking genes.

Lamin genes from the Lophotrochozoa branch

We located 2 lamin genes of species from the Lophotrochozoa
branch by a screen with the Nematostella gene.

In the planarian Schmidtea mediterranea, which is a member of
the plathelminthes, we located a lamin gene on v31.001379. The
gene has 4 introns. Their sizes and positions are given in Table 3
and Fig. 3 respectively. Thus the lamin gene keeps only one of the
usually conserved intron positions. It has lost 8 introns and gained 3
new intron positions, indicating a strong genomic drift of this meta-
zoan species. Since the genome analysis of Schmidtea mediterranea
has started only recently, no information is available on flanking
genes.

We have also found a lamin gene in the genomic information on
the annelid Capitella teleta on scaffold 373. The gene has 6 introns.
Their sizes and positions are given in Table 3 and Fig. 3 respectively.
The lamin gene of Capitella teleta has lost 4 typical intron positions
and acquired one new intron position indicating a strong drift in the
genome of the organism. The deduced protein sequence ends with
M-L-R rather than the usually found C-A-V-M. The flanking genes
are genes encoding the zinc finger protein 44 and a gene encoding
a protein with a pdz domain (Fig. 6).

Lamin genes from the lower Deuterostomia

The lamin gene of Branchiostoma floridae found by a screen
with the Nematostella gene on chromosome UN has 10 introns.
Their sizes and positions are given in Table 4 and Fig. 4 respec-
tively. The flanking genes are as for the Nematostella gene. One of
them encodes the ring finger protein 2/3 and the other encodes the
methylmalonyl CoA epimerase (Fig. 6). This lamin gene is clearly a
lamin B1. A second lamin gene indicated by cDNA accession num-
ber AJ271077 cannot be found in the currently available genomic
sequence.

The urochordate Ciona intestinalis has a lamin gene on chromo-
some 12.It has 10 introns (Zimek and Weber, 2008). Their sizes and
positions are given in Table 4 and Fig. 4 respectively. They show that
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schmidtea MSGRSRKTRT SQQAESNTRE EISIGDSDED IMTTTTTTKR VVLSKSMGED KPTATSTPSH KESHSRSFRA ASPLTISRNE EKDELAHLND RFASYIDYVR

capitella

Moo dKKTTT oiviiiiin tiiiiinnns ...TTTVVRQ ....SASG.. ...ASTPASS KQSPGRS.RA

SSPTMISRMQ EKTELAGLND RLAVYIDRVR

schmidtea SLEIAKEKLT KKIQSISKTE TSEIDKIKKL YEDELRSLRK MVDDLAKERA NIEIELKNAK EDAIAYRKKL EKRDLDLQNL QRKLENLE.. ........ RD
capitella YLENENGRLT KQITTHEETI QREVTSIKRL YESELGDARK LLDDTSKDKA RLQIEVGKLK AENVEYKEEN RTLESSLESV ERRLLAAESQ VNELQARLND

schmidtea LSKQRMDSE. RYSTLLVQHD TLEKKCAKLS KELDGEILLR TDIENKNVTL KEQLEFNERL YNEENVKIRQ HHIVIEEQIE DRKQAEYESK LADELRAIRE
capitella AVNQRKHWED EFERLKKENE QLKKQLAAAK KQLEEETIAR VDLENRVQSL KEELAFKGQV HQEELNETMQ RTRVEVEEVD GRLQHEYEAK LADSLREMRD

schmidtea ETAEEFESYK LEFEQSFTLR LADLKKINQQ TNENVTKTRD EMLTWRSKAE QREQELAMKT SENDALKRRI KDLESLLNTE RNEFEGQLMK LRGESDNLRN
capitella ANDETIRMTR EETEEVFARK LAELRGALDQ KDGMADRAQK ELRETRKRLD EISSQCTKLQ SQAAIFEARI RDLEAQLARE QEHHEAALSG RDSEIRRLRT

schmidtea DLEKRLDEFS SLMSTKIALD QEILMYRKLL ESEETRCNIS V....

..... .AADGDTSFS ALNASSKRRK VGERGEYVLP DNRGNTVSCG RESYKVDLVS

capitella QIEEQLAEYR DLLDVKIQLD NEIQSYRKLL EAEESRLNIS QDSIRSSGTP RTTRADTPSG GSSRKRKRAT LLTSAEGVSG VKQVRQSQ.A SSGYTQTSTA

schmidtea RGNVEFSSKP
capitella KGVVEV.SET DTDGHFIKLT NTSDj

schmidtea EA..... NCV L..AKEHTRS SVYNYNRKVA ARSLRTGEEE KCSMM*
capitella MASRELKRCM LRTSAQYAEE DEDSSSEGKR NASGSWSWSF FSMLR*

DCSGKFVKLI NPTDEDICIG GWMLKYIADN QETSYKFHHN LHIKAKSDCE VWSSDANETH NPPSDLVMKG QRFFSGSNIK INLTNADN@E
JDHSLG GWQLVHTAGE EETSFKFHRT LNLKPGATVT VWSSDTETAH SPPHDVVMKN QKWETGDDMT SKLMNPQGHEE

Fig. 3. Alignment of predicted lamin protein sequences for the planaria Schmidtea mediterranea (upper line) and the polychaete Capitella teleta. Intron positions are marked

by inverted letters (white on black) in the sequence, for intron sizes see Table 3.

Ciona intestinalis has genome drift. The flanking genes encode a
Ser/Thr specific protein phosphorylase and endoglin, a CD105 anti-
gen. Previous cell biological studies showed that Ciona had only 5
intermediate filament proteins: a type I keratin, a type Il keratin, a
type III IF protein, a unique annexin-IF fusion protein and a single
nuclear lamin (Karabinos et al., 2004). Curiously the Ciona lamin
gene has a unique deletion, which removes the Ig-G-like middle
domain of the tail domain. A second Ciona lamin gene predicted by
the cDNA sequence for Ciona L1-0 (Acc. number AJ271075) cannot
be found in the currently available Ciona genome data.

The lamin gene of Strongylocentrotus purpuratus present on
scaffold 34693 has 9 introns (Zimek and Weber, 2008). Their sizes
and positions are given in Table 4 and Fig. 4 respectively. The
flanking genes are VPS33B and SMN1 (Fig. 6). Attempts to find a
second lamin gene by a search with the coding sequence (CDS) of
the known lamin gave no other gene. Thus it seems that at least
this member of the echinoderms has only a single lamin gene and
resembles the situation in the nematode C. elegans where a single
gene is firmly established.

The lamin genes of vertebrates

Table 5 gives the sizes of the introns, and the positions of the
introns are indicated along the deduced protein sequences in Fig. 5.
The identity of the flanking genes when known is summarised in
Fig. 6.

Mammals have 3 genes, lamins B1, B2 and lamin A. The latter
is expressed only in differentiated cells (Rober et al., 1989). The
human B1 gene is located on chromosome 5 and flanked by genes

1

encoding the phosphorylated adapter RNA export protein PHAX
and the Membrane Associated Ring-finger protein 2/3 (MARCH 2/3-
TYPE), which is also one flanking gene of the Nematostella lamin
gene. The human B1 gene has 10 introns. The human B2 lamin gene
lies on chromosome 19. It has 11 introns. The flanking genes encode
TIMM13 and BADD45B. The human lamin A gene lies on chromo-
some 1. It is flanked by genes encoding the Ring-finger 2/3 and KH
domain containing protein 4 and the sematophorin B precursor. It
is interesting to note that the murine B2 gene maps on the distal
arm of chromosome 10 (Zewe et al., 1991). This finding was made
more than 10 years before the human and murine genomes were
established.

Non mammalian vertebrates have 4 lamin genes due to a
germline specific lamin gene. The number of 4 genes has been
established only in the genome of Xenopus tropicalis. The B1 gene
has 10 introns and lies on scaffold 7. It is flanked by the gene
encoding Ring-finger protein 2/3 just as in the human B1 and
Nematostella lamin genes (Fig. 6). The other flanking gene encodes
an aldehyde dehydrogenase 7. The lamin B2 gene lies on scaf-
fold 555. It has 11 introns. The flanking genes encode timm13 and
RPL36. The lamin A gene has 12 introns and lies on scaffold 1266,
which is very small so that no flanking genes are currently known.
The germline specific gene B3 lies on scaffold 562. One flanking gene
is SHGL1/2/3. The other flanking gene is not yet available. Inter-
estingly the Xenopus tropicalis B3 protein shows 13% amino acid
sequence identity with the Xenopus laevis protein. The correspond-
ing B3 (LIII) gene was first described by Doring and Stick (1990). It
is also described for the fish Danio rerio (Erber et al., 1999). We
now find that the gene is located on chromosome 10. The flanking

strongylo MASQTKSQRY EKRSTRTEFK TTSTPKASSS SQAK..SLLS PAKISRHEEK EELIGLNDRL ATYIDRVRHL ELENGRLLVQ ITSFEETQTR DIEGIKVLYE
ciona-12 MATPKQQ... .... TRERDK ECPS...... ... TPLS PSISSRKDER DQLANLNNRM AAYVEKVRSL ETENSRLQIK VTSYEETSTR EVTSLKAMYE
bflori MSRRSQKLTQ KTVVTETTTS SVSTPKVTKQ VQEAFVTQLS PTRLTRMQEK QELQWLNDRL AQYIDRVRYL EAENSRLMVQ VTSSEEITQR EVTNIKSMFE

ciona-12 REISEARRLL DELSKEKAQL QIESNSFREK WEIEL

(ASA LGHDNAVLEG KLKDSNSLLF SRENQLQCAK REREEAVEEA ETLRSKLNDI QVELETSQKA

strongylo KELADARKLL DETAGEKAKL QIECGKYKTE LDSLR§EVGK LEKELNAANK RVASLESQIA EKDVRIRSLS NDKRSLEDEL NELKKDLGNK EKQLKVAKKE

bflori QELTDARKLL DDTAKEKARV QIEAGKYRAE ADELR

ciona-12 LDTETLMRVN FENKLQSLKE ELEFKEKLYQ

LAK SEGALATAEK KRHQAESALN EKEGRLQNAI ADKQRAEGEL AALRLEFANL EKQLATARKQ

BEVSEIRKRH TLSVTEIDEK VKGVYESQFE VALIELRDQQ NADLEQMKED LEGQYSSEMIE ELKKKLDYVR

strongylo VEEETLLRVD LENRLQSLKE ELSFKEQLFK iELRETRTKR QVDMSTIEGQ SIEELNNSLY ESLQELREQT SEQTTLLRQE TESLYFSiLA DLKALAERHR

bflori LEEETLLRVD LENKVQTLRE EVEFNKQVYE

ciona-12 KSTMKGSEDC KAAEMKVERL QTTIKSLQ!

@ELTESRTRK EVSITEVD.A GEAAFESRLQ EALREMREQH ELEARSMREE LETMYTQIT SMRTDSERGS

NNNLNNRVQD LEGQVATERE IRFSAVLSIE QQRDEALQKI TTMEKEYLEL MDLKIKLDHE IGVYRKLLEE

strongylo NAAVNSQDEV RKLRSTVDDL TSEITTIRgE NNALIARIKD LEKQLRQEQD DHLEATTLRD KELQQLRDAV AEQLKDYDDL LNIKLSLDNE ISTYRKLLEG

bflori NALSVAREEM RESRARIDSL MSQVSGLQ!

NASLEARCKE LEGMMARMSE ESRSSAEQYE REIRQLREEI SQMMVDYQEL MDIKIALDLE ISAYRTLLEG

strongylo EETRILRITTP PRKTKSTG.. .......... «o.o... RDP RPTKRRRVED ESS....... ...ouivvinnn vunnn VTQSA TNNGVVAIVE SDPEGNFVKL
ciona-12 EETHELNLSPS PHVDG..... ...iiuiune. onn SDSKRRS R.RKRKRVTT QSELAQKAKK !EIA .............. SA TYSSETVIT. ..........
bflori LKLTPT PSPTGRTRSV VQESRKTTTV SSSSSASGEG RTSKRKRVEM ESEESGSSSS GAVAVGGVSG SASAMVTQSA TASGFITIDE VDLEGKFVKL

strongylo HNNY.EHDQA LGGWHLKRSV DGGSQQSYKF TAKYVLKAGQ EVTVWASGSG KSHSPPKDLV YKNVESWGTG DNVETSLLDA SGHIMATRTV IKEVTT.HEY

ciona-12

............... ©..QKSVNVG EDV..ovvin it cieeennen

bflori QNTSAEKEMS MGGWLLKRTV GGGEEISYKF PSRYVLKAGQ SVTEWATEGG GTHSPPSDLL FRGQASWGSG DDTKTLLVND SGEHMATRSV TRVASSGFSS

strongylo REG....... c.eoeiiio. ... R.EDRCS LM*
ciona-12 .......... ..., LHQ@DD PAPEGNNSCS IM*
bflori TSGGTFVEVG QEELFHQGD PA.SPRQRCS IM*

Fig. 4. Alignment of predicted lamin protein sequences for the echinoderm Strongylocentrotus purpuratus (upper line), the tunicate Ciona intestinalis (lamin L2) and the
chordate Branchiostoma floridae (lower line). Intron positions are marked by inverted letters (white on black) in the sequence, for intron sizes see Table 4.
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human-bl MATA.TPVPP RMG..SRAGG PTTPLSPTRL SRLQEKEELR ELNDRLAVYI DKVRSLETEN SALQLQVTER EEVRGRELTG LKALYETELA DARRALDDTA

human-b2

MA..TP.... ...LPGRAGG PATPLSPTRL SRLQEKEELR ELNDRLAHYI DRVRALELEN DRLLLKISEK EEVTTREVSG IKALYESELA DARRVLDETA

human-a METP....SQ RRATRSGAQA SSTPLSPTRI TRLQEKEDLQ ELNDRLAVYI DRVRSLETEN AGLRLRITES EEVVSREVSG IKAAYEAELG DARKTLDSVA
xenopus-bl MATA.TPSGP RSS..GRRSS MNTPLSPTRI SRLQEKVDLQ ELNDRLAVYI DKVRSLESEN SLLHVQVTER EEVRSREVSG IKELYETELA DARRSLDDTA
xenopus-b2 MATATPSRSG TSSMQSPARG TSTPLSPTRI SRLQEKEELR HLNDRLAVYI DRVRSLELEN DRLMVKISEK EEVTTREVSG IKNLYESELA DARKVLDETA
xenopus-b3 MATSTPSRA. ....REHASA APSPGSPTRI SRMQEKEDLR HLNDRLAAYI ERVRSLEADK SLLKIQLEEK EEVTSREVTN LRLLYETELA DARKLLDQTA
xenopus-a METP....GQ KRATRS.... THTPLSPTRI TRLQEKEDLQ ELNDRLAVYI DKVRSLESEN AGLRLRITES EEVVSREVSG IKGAYEAELA DARKTLDSVA

human-bl RERAKLQIEL GKCKAEHDQL
human-b2 RERARLQIEI GKLRAELDEV
human-a KERARLQLEL SKVREEFKEL

xenopus-b2 RERARLQIEL GKFRSDLDEL
xenopus-b3 NERARLQVEL GKVREDYRQL

YAKKESD LNGAQIKLRE YEAALNSKDA ALATALGDKK SLEGDLEDLK DQIAGTEASL AAAKKQLADE TLLKVDLENR
IJAKKREGE LTVAQGRVKD LESLFHRSEV ELAAALSDKR GLESDVAELR AQLAMAEDGH AVAKKQLEKE TLMRVDLENR
INTKKEGD LIAAQARLKD LEALLNSKEA ALSTALSEKR TLEGELHDLR GQVAIMLEAAL GEAKKQLQDE MLRRVDAENR

YKKKDAD LSTAQGRIRD LEALFHRSEA ELGTALGEKR SLEAEVADLR AQLSWAEDAH AVAKKQLEKE TLMRVDFENR
INSKKETD LSLAQNLLRD LESKLNTKEA DLATALSGKR GLEEQLQEQR AQIAILESSL RDTTKQLHDE MLWRVDLENK

L
N
K
xenopus-bl RERARLQLEL SKISVEHEDL RABFSKKESE LESAQARFRE TEALLNSKNA ALATTQSENK SLQGEVEDLK AEIGE®LESAL ALAKKQLEEE ILIKVDLENR
T.
Q
K

xenopus-a KERARLQLEL SKIREEHKEL

(INAKKESD LLTAQARLKD LEALLNSKDA ALTTALGEKR NLENEIRELK AHIALEASL ADTKKQLQDE MLRRVDTENR

human-bl CQSLTEDLEF RKSMYEEEIN ETRRKHETRL VEVDSGRQIE YEYKLAQALH EMREQHDAQV RLYKEELEQT YHAMLENARL SSEMNTSTVN SAREELMESR
human-b2 CQSLOEELDF RKSVFE@EVR ETRRRHERRL VEVDSSRQQE YDFKMAQALE ELRSQHDEQV RLYKLELEQT YQAWMLDSAKL SSDONDKAAS AAREELKEAR
human-a LQTMKEELDF QKNIYSEELR ETKRRHETRL VEIDNGKQRE FESRLADALQ ELRAQHEDQV EQYKKELEKT YSAIILDNARQ SAERNSNLVG AAHEELQQSR
xenopus-bl CQSLIEELDF RKNVYEREIK ETRRRHETRL VEVDSGKQIE YEHKLSQALA DMREQHDSQV TLYKEELEHT YQSMLENARL SSEMNSSAVN STREELMESR
xenopus-b2 IQSLOEEMDF RKNIYE@WESR ETRKRHERRI VEVDRGHQCD YDSKLAQALD ELRKQHDEQV KMYKEELEQT YQAMLDNIKR SSDHNDKAAN TAREELTEAR
xenopus-b3 MQTIKEQLDF QRNIHE@EVK EMRKRHDTRI VEIDSGRRIE FESKLAEALQ ELRRDHEQQI SDYKEQLERN FSARLENAQL AAAKNSDYAS ATREEIMATK
xenopus-a NQTLKEELEF QKNISNEEMR ETKRRHETRM VEMDNGRQRE FESKLADALQ DLRAQHEGQV GLYKEELEKT YNARLENAKQ SAERNSSLVG EAQEEIQQSR

human-bl MRIESLSSQL SNLQ?ESRAC LERIQELEDL LAKEKDNSRR MLTDKEREMA EIRDOMQOQQL NDYEQLLDVK LALDMEISAY RKLLEGEEEJ} LKLSPSPSSR

human-b2 MRLESLSYQL SGLQ

ASAA EDRIRELEEA MAGERDKFRK MLDAKEQEMT EMRDVMQOQQL AEYQELLDVK LALDMEINAY RKLLEGEEEM LKLSPSPSSR

human-a IRIDSLSAQL SQLOKQLAAK EAKLRDLEDS LARERDTSRR LLAEKEREMA EMRARMQQQL DEYQELLDIK LALDMEIHAY RKLLEGEEEJR LRLSPSPTSQ
xenopus-bl YRIDSLTSQL SELQKBESRAW HDRMQELEDM LAKEKDNSRK MLAEREREMA DIRDOMQQQL NDYEQLLDVK LALDMEISAY RKLLEGEEEW LKLSPSPPSR
xenopus-b2 MRIETLSYQL SGLQOK@ANAA EDRIRELEQL LSSDRDKYRK LLDSKEKEMA EMRDOMQQQL TEYQELLDVK LALDMEINAY RKLLEGEEEWl LKLSPSPQSR

xenopus-b3 LRVDTLSSQL SQYQK@NSAL EAKVRELQDM LDRAHDMHRR QMTEKDREVT EIRQTLQAQL EEYEQLLDVK LALDMEINAY RKMLEGEE!

LKLSPSPSQR

xenopus-a IRIDSLSAQL SQLOK@LAAK EAKLRDLEDA YARERDSNRR LMSDKDREMA EMRARMQQQL DEYQELLDIK LALDMEIHAY RKLLEGEEEJ§ LRLSPSPTTQ

human-bl VTVSRASSSR S...... VRT TRGKRKRVDV EE.......0 titiinnnnn tonnnnnnns vnnnn SEASS SVSISHSASA TGNVCIEEID VDGKFIRLKN
human-b2 VTVSRATSSS SGSLSATGRL GRSKRKRLEV EEPLGSGPSV LGT....... . .GTGGSG GFHLAQQASA SGSVSIEEID LEGKFVQLKN
human-a RSRGRASSHS SQTQGGG... SVTKKRKL.. ......vien vuvnnnnnn. .....ESTES RSSFSQHART SGRVAVEEVD EEGKFVRLRN
xenopus-bl VTVSRASSSR S...... VRT AKGKRKRIDV EE.......t ittt tiiinnnns cuunn SEASS SVSISHSASA TGDVSIEEVD VDGKYIRLKN
xenopus-b2 VTVSRATSSS SSAT....RT SRSKRKRVEE EYEEGGAGTG LHTGTSLGLS HITASEGSSR TVTSGQGSST RFHLSQQASA TGSISIEEID LEGKYVHLKN
xenopus-b3 STVSRASTSQ SS...... RL SRGKKRKLE. ......iiitt tiiiiinnnn tennennnnn .ETGRSVTKR AYKVVQEASS TGPVSVEDID PEGNYVRLLN

xenopus-a KRSARTVASH SGTHISS...

human-bl TSE@DQOPMGG WEMIRKIGD. TSVSYKYTSR YVLKAGQT
human-b2 NSDRIDQSLGN WRIKRQVLEG EEIAYKFTPK YILRAGQM
human-a KSNB@DOSMGN WQIKRQONGDD PLLTYRFPPK FTLKAGQV
xenopus-bl NSE@DHPLGG WELTRTIGE. ASVNFKFTSR YVLKAGQT
xenopus-b2 NSDIDQOSLGN WRLKRKIGEE EEIVYKFTPK YVLKAGQS
xenopus-b3 NTEBDHSLHG WVVRRKHGSL PEIAYKLPCR FVLKSEQR
xenopus-a KSNEDOSLGN WQIKRQIGEE TPIVYRFPPR LTLKAGQT

human-bl EEEAA.....
human-b2 EEEEE.....
human-a EDGDDL.LHH .
xenopus-bl EEEML.....
xenopus-b2 EEDEE.....
xenopus-b3 DFAEE.....
xenopus-a EDDDDVGHHH

human-bl ..TPRA...S NRSCAIM*
human-b2 ..DPRT...T SRGCYVM.
human-a NSSPRTE.AS PONCSIM*
xenopus-bl ....KS...G NRNCAIM*
xenopus-b2 ..DPRT...T SRGCSVM*
xenopus-b3 ..TKRR...K KKCCSVS*
xenopus-a NDSQRA@V.T PQSCSIM*

SASKRRRLEA GE........ .....

IWAAGAGAVH SPPTDLVWKS HKNWGTG.DI KIILLDSS
IWASGAGATN NPPTDLVWKA QSSWGTGDSI RTALLTSN

....................... SG STSYTQHART TGKVSVEEVD PEGKYVRLRN

IWAANAGVTA SPPTDLIWKN QNSWGTGEDV KVILKNSQGE EVAQRSTVFK TTIPEEE.EE
VWAAGAGVAH SPPSTLVWKG QSSWGTGESF RTVLVNADGHE EVAMRTVKKS SVMRENENGE
IWAAGAGATH SPPTDLVWKA QNTWGCGNSL RTALINSTGE EVAMRKLVRS VTVVEDD.ED
IWAADAGVTA SPPSDLIWKN QNSWATGEDV KVILKNSQ

DVAQRTTVYT TTIPEEELEE

IYSADAGVAH SPPSILVWKN QSTWGTGSNI RTYLVNTEE@ EVAVRTVTKS .VLRNVE..E
ECAERTI.YR VIGEEGETDE
EVAMRKLVRT VVINDEDGDD

VEEELFHQEG
GEEDLFHQEG
TVTRSYRSVG
TKESHYS .

GEEDLFHQ®G ...

. .ERQFRSE.

QONSGDPGEYN LRSRTIVCTS CGRPAEKGVL GSQGSGL.AT ASTGSSSSSV TLTRTYRSTG GTSGGSALGE SLVTRTYIVG

Fig. 5. Alignment of predicted lamin protein sequences for the three human lamin genes (B1, B2 and A/C) and the Xenopus lamins (B1, B2, B3 and A). Intron positions are

marked by inverted letters (white on black) in the sequence, for intron sizes see Table 1.

gene encodes the phosphorylated adapter RNA export protein. The
flanking gene on the other side is not yet available.

Phylogenetic basis of the number of lamin genes of metazoa

Radiata like the cnidarian Nematostella (Zimek and Weber,
2008), Hydra (this study) and the primitive placozoan Trichoplax
adhaerens (this study) have a single lamin gene. Mammals have
3 lamin genes (Fig. 5) and non mammalian vertebrates have 4
genes because of a germline specific lamin gene. Only in Xenopus
tropicalis are all 4 genes documented (this study). Other bilateral
metazoa have only 2 lamin genes although the nematode C. elegans
has only 1 gene.

This germline specific lamin gene with its 12 introns was origi-
nally described by Doring and Stick (1990) for Xenopus laevis and
by Erber et al. (1999) for the fish Danio rerio. In the case of platypus
Ornithorhynchus anatinus the genome provides currently only 3
genes, but practically no information on flanking genes. This will
change in the future.

Discussion

We report the gene sequence of a larger number of additional
lamin genes and where possible have identified the flanking genes.

This has provided some understanding on the number of lamin
genes per species, which is 1 to 4. It is now established that radiata
have only a single lamin gene. This was first seen in our analy-
sis of the genome of Nematostella vectensis (Zimek and Weber,
2008) and is now extended to Hydra magnipapillata and to Tri-
choplax adhaerens. Equally well established is that mammals have
three lamin genes B1, B2 and A. Non mammalian vertebrates have
4 lamin genes due to an additional germ line specific gene (Doring
and Stick, 1990). The 4 lamin genes of non mammalian vertebrates
are currently only documented for Xenopus tropicalis. More prob-
lematic is the question which bilateral animals express 2 or only 1
lamin. Thus the genome of the nematode C. elegans has only 1 lamin
gene, while Drosophila melanogaster clearly has 2, the generally
expressed lamin Dmo gene and the gene C, which is additionally
expressed in differentiated cells. The sea urchin Strongylocentro-
tus purpuratus, a member of the echinoderms, may have only a
single lamin gene. A further candidate for only one gene may be
Schmidtea mediterranea, a member of the plathelminthes. How-
ever, we note that for many bilateral animals only one lamin gene
is known and attempts to find a second one have not been made.
So one can only say that currently the number of lamin genes per
species follows more or less metazoan phylogeny.

The importance of identifying the nature of the genes flank-
ing the lamin genes is illustrated by two observations. Already
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Fig. 6. The flanking genes of metazoan lamins indicate whether the species have a strong genome drift (b) or not (a). Data on flanking genes has been retrieved from the

online genome resources (see Materials and methods).

Erber et al. (1999) noted that the lamin protein sequence of the
nematode C. elegans was the most remote sequence of meta-
zoan known at that time and coined the phrase evolutionary or
genomic drift. This observation was extended in the study of Raible
et al. (2005) to Drosophila melanogaster and related insects. We
showed subsequently (Zimek and Weber, 2008) that the genes
of the nematode C. elegans and the two Drosophila lamins had
either very many fewer introns and at totally new positions (C.
elegans lamin and Drosophila lamin Dmo) or very few introns

with only some located at otherwise known positions (Drosophila
lamin C gene). Here we have shown that for the lamin genes of
Drosophila and the single lamin gene of C. elegans the flanking
genes are not only totally different than in another member of
the ecdysozoa (Daphnia pulex), but have also no relation to each
other. This is particularly striking for the single C. elegans lamin
gene and the Drosophila Dmo gene, which fulfil the same func-
tion. Using now one, two or even three of these criteria we know
that not only Drosophila and C. elegans have a strong genome
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drift, but that such a drift occurred also in the urochordate Ciona
intestinalis, the annelid Capitella and the planarian Schmidtea
mediterranea.

In contrast in species without a strong evolutionary drift there
are astonishing examples for the same flanking genes. Thus the sin-
gle Nematostella gene has like the Branchiostoma floridae lamin B1
gene characterised here, the same flanking genes -Membrane Asso-
ciated Ring-finger protein 2/3 and Methylmalonyl-CoA epimerase
-. Even in the vertebrates B1 genes of Xenopus tropicalis and man
the Membrane Associated Ring-finger protein 2/3 is retained as
one of the flanking genes. One wonders whether a laboratory with
strong computing facilities would not make a major impact when
instead of only 2 flanking genes the number would be increased to
3, 4 or even 5. Maybe one would begin to understand how meta-
zoan genomes expanded in the course of normal evolution. Such an
analysis could be done with well-documented genomes such as the
human or mouse genome and that of Nematostella. We note that
once genomes are missing information on one of the two flank-
ing genes they cannot be used in a more demanding analysis. We
know there are plans to sequence around 20 more animal genomes.
While we do not doubt that some of them are important to estab-
lish the relation between different metazoa, the real importance of
a new genome is apparent only when it approaches completion.
The lack of information on flanking genes is a serious drawback.
Thus no flanking genes of the Hydra lamin gene are known and
only one flanking gene for the Trichoplax lamin gene. The lamin
gene of the mollusc Lottia gigantea is not complete at the 3’-end,
because of a big gap in which one flanking gene lies. Even for the
recently established genome of Xenopus tropicalis which provides
all 4 non mammalian lamin genes, one flanking gene is not yet
available. In our last report (Zimek and Weber, 2008) we pointed
out that no information was available on Ctenophora and Porifera
and that a genome project would have to be started on a mem-
ber of the Porifera. Indeed now sequences become available for
Amphimenon queenslandii (Srivastava et al., 2009; Jackson et al.,
2010). This leaves the problem of Ctenophora, the sister group of
the cnidaria. If it were only for the lamin gene the procedure we
described for the cDNA of Hydra attenuata by Erber et al. (1999)
could be used.

Lamin genes seem specific for metazoa. No paralogue was found
in the yeast Saccharomyces cerevisiae (Erber et al., 1999). However,
all non metazoan eukaryotes contain a lamin like organisation sup-
porting the inner side of the nuclear membrane. In the parasite
Trypanosoma brucei the NUP1 antigen of the nuclear envelope is
a coiled coil protein containing about 20 near perfect copies of a
144 amino acid sequence. Immuno electron microscopy localised
NUP1 to the inner face of the nuclear envelope suggesting that it is
a major filamentous component of the Trypanosome lamina (Rout
and Field, 2001).

We point out that our approach may be useful for other
kingdoms, provided essential genes are used and some guiding
information, usually morphogenetic datais available. Alternatively,
the procedure may rule out one or the other model discussed in the
literature. Finally we speculate on the origin of cytoplasmic IF pro-
teins and their genes. Since they are not present in cnidaria (Zimek
and Weber, 2008), they must have originated in an early bilateral
species. As porifera are known to have in some cell types desmo-
somal junctions (Wehner and Gehring, 2007) and these anchor
usually keratin filaments, the genome draft of the sponge Amphi-
menon queenslandii may allow this hypothesis to be explored in
the future.

Since we are interested in lamin genes and their flanking genes,
we have not considered here the lamin gene of the hemichordate
Saccoglossus and the lamin gene of the mollusc Lottia gigantea and
the three genes of the non mammalian vertebrate Ornithorhynchus
anatinus.
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