FEBS 15444

FEBS Letters 365 (1995) 71-74

Homologues of the engrailed gene from five molluscan classes
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Abstract We used the polymerase chain reaction (PCR) to am-
plify, clone, and sequence 10 engrailed homeodomains from
8 species in the five major molluscan classes, including the serially
organized chiton (Polyplacophora) lineage. The Drosophila
melanogaster gene engrailed (en) is one of several genes involved
in embyonic segment polarity determination. Studies of engrailed
sequence and expression in molluscs are of interest due to ques-
tions regarding the evolution and homelogy of segmentation in
these taxa. Nucleotide and deduced amino acid sequence compar-
isons reflect evolutionary conservation within helices of the en
homeodomain and ancient divergences in the region 3’ to the
homeodomain.
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1. Introduction

Sequences similar to the homeodomain containing, segment-
polarity gene engrailed (en) of Drosophila have been reported
from numerous bilaterian taxa (Table 1). Several of the major
deuterostome groups, including the tetrapods, bony fish, ag-
nathans and an echinoderm possess engrailed homologues. The
protostoma are represented by engrailed genes from numerous
arthropods, two annelids as well as a brachipod. The mollusca
represent an ancient and divergent group within which en-
grailed-like genes have not been charaterized. The flatworms
(i.e. Schistosoma), thought to be the most primitive bilaterian
metazoans, are known to have an engrailed homologue. en-
grailed sequences from the Cnidaria and Porifera (sponges),
now recognized as basal lineages of the metazoan phylogenetic
tree [16], are not known.

Comparison of the sequence and expression of engrailed
genes in the protostomes is particularly interesting. In several
protostome phyla the evolution of serial repetition and segmen-
tation (metamerism) remains controversial [17]. Annelid and
arthropod expression studies strongly suggest that engrailed is
a major gene involved in the development of metamerism. Dur-
ing the early development of several arthropods, engrailed is
expressed in the posterior portion of each segment primordium
[18]. In Drosophila, the engrailed gene interacts with other seg-
ment-polarity genes such as wingless and patched and is ex-
pressed in the iterated series of parasegments that form the
segmental registry in early development [19-21]. In leech devel-
opment, engrailed is first expressed in iterated rows of cells
during germband extension [22]. We have undertaken a study
of the engrailed sequence in the molluscs to investigate the
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potential homology and phylogenetic significance of metamer-
ism amongst the protostomes.

Here we report DNA sequence of the engrailed gene from
eight molluscs representing the five major classes in the phylum.
A 232 base pair segment including the engrailed homeodomain
and an engrailed specific region 3’ to the homeodomain was
amplified using the polymerase chain reaction (PCR), cloned
and subsequently sequenced.

2. Materials and methods

Genomic DNA was prepared from the following species:
Scaphopoda, Dentalium eboreum, Cadulus fusiformes; Bivalvia, Tran-
sannella tantilla, Placopecten magellanicus, Crassostrea virginica; Ceph-
alopoda, Nautilus pompilius; and Gastropoda, Ilyanassu obsoleta using
proteinase K digestion followed by CTAB purification [23]. Purified
lysates were extracted first with chloroform (due to CTAB step) and
subsequently with phenol/chloroform and chloroform. In the chiton
(Polyplacophora, Lepitochiton caverna) a cesium-chloride gradient was
used for nucleic acid purification.

Initial amplification primers for PCR (en-3 and en-5) [24] were used
to amplify only the engrailed homeodomain region from chiton DNA.
Subsequently, a primer specific to a 5" portion of the chiton sequence
(5-CTTCGTCTAAATGAGTCTCA-3) was synthesized and used in
combination with a degenerate primer that recognizes the engrailed
specific region 3’ to the homeodomain (5-TGRTTRTANARNC-
CYTGNGCCAT-3 negative strand; MAQGLYN). The engrailed
genes for the rest of the taxa were obtained using two degenerate
amplification primers (5-GACAAGCGRCCDMGVACVGCNTT-3;
KRPRTAF; at the 5 end of the homeodomain) and the 3’ engrailed
specific primer MAQGLYN mentioned above. Using these primers a
232 base pair target region was amplified in a Perkin-Elmer 480 thermal
cycler. Each DNA template required slightly different cycling parame-
ters; however, a general cycle of denaturation, 45 s at 94°C, primer
annealing, 45 s at 50°C and extension, 45 s at 72°C for 40 cycles
commonly yields amplification of the target segment. engrailed amplifi-
cation is most successful when the template DNA is preheated to the
denaturation temperature prior to the addition of the polymerase and
the amplification cocktail (hotstart PCR). After electrophoresis and
selection of appropriate length amplification products on ethidium
bromide stained 1% agarose gels, target fragments were cloned into the
pCR-2000 vector (Invitrogen). Following transformation, selected
clones were grown overnight and prepared by alkaline lysis mini-
preparation [25)]. Clones were digested with EcoR1 and insert sizes were
assayed on [% agarose gels. Multiple clones for each species were
sequenced in both directions with Sequenase 2.0 (United States Bio-
chemical) after sodium hydroxide denaturation [26].

3. Results and discussion

Using PCR amplification with degenerate primers ten en-
grailed-like sequences were identified. Fig. 1 exhibits the nucle-
otide and amino acid sequence of the engrailed-like clones for
the molluscs sequenced in this study. All clones approximately
the length of an intron free engrailed target fragment (232 bp)
were sequenced in order to search for multiple copies of the
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A

CHITON AGT GAC AGT CAG TTG GAA CGC CTG AAA AAA GAA TTT GAC AGT TCA CGA TAC CTC AGT GAA GCA
SCAPHOPOD Cadulus TCC A== G~A === C=C =-T === «=T C~= C-T =G -=C =~A ~CC AGC =~T ==~ ==G ~CA =~-- CAG
SCAPHOPOD Dentalium TCA A== GAA ==~ C=C ==T =-A T-A C-G GTG =~G ==C —-A GC~ ~GT A-G == === «CG ~-- ACC
BIVAVLE Transennella -CA ACA G~A =-- C=C CG~ AAA «== ~=e GaT === «C =~G GC~ AAC AAA --T === TCC -=G AAC
BIVALVE Placopecten =CG A== G=C ==A «=p Co= ==T eouw «uf§ CGC === «a= <<A GAA -GT =-C ==T ==T «C= --G CAG
BIVALVE Crassostrea <=CA ACA G-C =e=A C=C C=G A~A ==A «=G TCG ~~G === ==G GAG AAC -AT eae ==e =CA --G AAG
CEPHALOPOD Nautilus A ~CA AG= G~C ==+ C== C=G TAC =«w v« =-G =~G === ==A GAR -GC -=C =~~~ =G -CG ~-G =AC
CEPHALOPOD Nautilus B -CA TCG G-G —==~ C-= C=G -~G =w- -GG -0G ~-G ~-= --G GCG GGG AAA --- ~=-G -CC —-- <AT
GASTROPOD Ilyanassa A -CC AG- GAA --- C=A TCT =~T =<« ==@ CG- ««G =~v -== GAG ~GT =--C -=- «=G -CG --G A-G
GASTROPOD Ilyanassa B -CC AG- GAA --- C-A TCT +~T «== 2@ CG~ =«G === --A GAG -GT -~-T =v- -=G -CG =--G A-G
DROSOPHILA en TCC AG~ GAG ==w =we ~CC =re «=T «=G CGG =~G =-=C A-- GAG AAT --~ --T CTG -CC --G CGG
LEECE ht-en AGC -G- GA~ -== C-= -CG A-G T-- -=G CGT === --C AG- GAG AAC AA~ --- =-=G -CG --G CAG
MOUSE EN-1 ACG GCC GAG ~~~ Ce= C~G AGA --C =~G GCG ~=G ==C C=-G GCA AAC --C =-T A-- -CG --G CAG
CBITON AMA AGA CAG GAT TTA GCC AGA GAA CTT CGT CTA AAT GAG TCT CAA ATA AAA ATT TGG ITC CAA
SCAPROPOD Cadulus C3- === AGA A~» C~C AGC =TG wwe -=G GAC === TCG =-A A-A ~ew omc wm- wo] ==r ec- ~me-
SCAPHOPOD Dentalfum CG- C-= A=A -=C =-= T== GAC ==G -=G ARG ==C TCG ~=A A-T === «o? —=c ==C —=c «uc =@
BIVAVLE Transennella -G- C-«- --= C-A C=G ==G CAT -== -=G AAC Tee ==C ~-A =~A -G ~-v ==e ==C == =T =G
BIVALVE Placopecten «G~ C== ~TA ==~ C=C =~G CAG ~~G -~C AAC T+G =CA ~-A Ge~- wov «ul ~cc wcd === ~== =G
BIVALVE Crassostrea =GG =-G TTA --A C== T== GAG =w= ~=C AAA ==G TCA === =au cee «( acs wc] =v= —ne —ae
CEPRALOPOD Nautilus A CGC C-C -G=- A-G C-G ~-T C=@ ==G ~=G A=C === ~GC === Go= «2G ==«C === =oC ==v —cn ««G
CEPHALOPOD Nautilus B CGC C-G -~A ACA C-G === =AG -=G ==G G== -=G ==C =<= ==C ==G ==C === =~C === -~ T --G
GASTROPOD Ilyanassa A CGG -=G -GA C-C €C=G ==G GCG ~~G ==~ G=G =~G =CG =-— ~=C *2G =-C ==G =~C === -- -~ -=G
GASTROPOD Ilyanassa B €CGG ~=6 -GA C-C C=G -+G GCG =G ~-- G-6G =-G -CG --- ~-= C =wG --C ==G waC wwe cam «2aG
DROSOPHILA en =G~ C=C === ==G C=@ A-- ==C ~=«@ T=G G-C «eG ==l === G=G ==G ==C ~=~G == === ca= <G
LBECH bht-en “GG === ACA TG~ C-G ~-G -AG ~-= ==G AAC T=G ~=C === AGC <+G == === «=C cme —c- ==
MOUSE EN-1 CGG C-= ==~ ACC C-C --- CAG -=G --C A-C ==G === --- “=C ==G ==C ==G ==C =w= =ce ===
CRITON AAT AAAR CGA GCC AAA TTG AAA AAA TCA ACC AGT GGT CGA ACA XXX GGA CTA GCG CTA CAT TTG
SCAPHOPOD Cadulus “aC w=G ow= =ap ==G Cov -=G ~=G A-C GG- G-~ ~«A TCC ~GC XXX -AC +-A === -A- ~--- C-C
SCAPHOPOD Dentalium = wme Aw= =op === C~A ==G -== A-~ GGA --C AAC A-C C-- CCG TCT =~G === TTG «~C C-=
BIVAVLE Transeanella -—- -== A-= == ~== A-A --Q@ -=- -GT -A- G-G -A~ AA- -AT XXX === =-=G ==~ A-G G-A C-~
BIVALVE Placopecten *aC =G -== ==T ==G A=A --G === =«=G GTG GCG CCC A-- ~AT XXX ACT ~-C ==T -=C AGC C~T
BIVALVE Crassostrea ==C o=« ==T «=T =ca= A~C «=G ~== -—- ==G G~A =~C AA- -AC XXX AC- T-G ==T T-G A-A ===
CEPHALOPOD Nautilus A =-C <=« =-C =<} === A-~ =-G -== AAT -G- GTC ACA AA- -AT xxX CGC T-G =-A ~~T -=C =~=w
CEPHALOPOD Nautilus B --C -~G ~-= -- A === A== wce —m= GT~ GGA G-A ATA AA- -AT XXX CT- =-G ==C A-G =-C C==-
GASTROPOD Ilyanassa A -=C ==G ==G ~-= ==G A=C =G =~G ~-~G T~G G-C ~TG AAG -AC xxX -AG =-G ~~C A-G =--G C--
GASTROPOD Ilyanassa B --C -=G --G --- ==G A~C =-G -~G -~G T-G G-C -TG AAG -AC xxX -AG --G ~=C A-G ~-G C--
DROSOPHILA en = ==G =-G === ~-G A-C --G =-=G --G =-G G-C TCC AA- -AT XXX CCG -~G ~—~A =--G ~-G C~-
LEECH ht-en «eaC ==G A-G === =wG A== <-G ==G G-G -GT G-C =TG AAG -AT XXX CAG T-G ~-T --G --A C-C
MOUSE EN-1 wwl «=G ~=T -== ==G A-C -G -=- G-C --A G-C ATC AAG -AC XXX =~C ==G =~ =-G --C C-C
B

1 10 20 30 40 30 60
4  — 4 L] X - *
CHITON 8DEQ SGRT GLALAL

SCAPHOPOD Cadulus
8CAPHOPOD Dentalium

~NE«-D==QH~<ET~=~~

~QR-RN-SM—-D~8-Toemseccnncnsnaa-TGG-SS D--Q-~
~NE--D-—QV--EAC=~~T~TR-K=~8D~~K~8§=T=om-mmomoemnne TG-NSPPS—---~

BIVALVE Transennella  TTE--RK-~D--EANK----NR--Q--H~--If ~~I-~CNGDKN =---ME~
BIVALVE Placopecten TND-=-Q=~«R==EEC~~=-T-QR~L---Q--R-T-A-==-=-me=—a= «l==~YAP-N T-~-8~-
BIVALVE Crassostrea TTD--Q-~=8--EENH--T-KR-LE~SE--K-3 ~lwm==G-KN To~-K=-
CEPHALOPOD Nautilus A T8D--QY-~~--EEC-~~T=DR-RK-<«-=ge8eAcemcesmemansM--NSVTEN R-w-==
CEPHALOPOD Nautilus B TSE--Q--RR--BEAGK--T~DR--T==K-{Gp---~-===-ax reem=eM—-VGGIKN L~-M-~
GASTROPOD Ilyanassa A TB8E--S~--Re-~-EC-~-T<«TR-RH-~A~{GfT-=-====u= ammeceslen-SGVKN E--MQ-
GASTROPOD Ilyanassa B TSE--8---R--EEC---T-TR~RH--A- ~=v=vI~--SGVKN E--MQ-
schistosoma TVP~=K==8Q-~EKN===DoLR-KK~~TeeD=RoraVeuccr-uecacTe-ASGAQN Cemeu-
Artemia TAE~~S~=-M~NEN-=~T~RR-=~r=w-dGlH-N--cerescN-are-ecSGQKN P-~-Q~
Tribolium ~QA--~A--~H~-AEN~~=-T-RR--Q~SAQ+{Gp--A--~--= ~=ec—LI--ASGTKN
DROSOPHILA en ~§E-=A~~aR~~NEN--=P-RR-~Q-8S-G} --A-=~~

LEECR ht-en
MOUSE BEN-1

TGD-~A-—-R-—SENK-=T=QR=TCm=K~oNemomcemn

Fig. 1. (A) Nucleotide sequences (internal to primers) from 10 molluscan engrailed-like genes cloned after PCR amplification. Mollusc sequences are
aligned to Drosophila en, mouse En-1 and leech hr-en for reference. Dashes indicate identity to top line of sequence. x indicates gap in the alignment.
(B) Deduced amino acid sequences. Homeodomain residues are underlined in top sequence, a-helices are overlined. Boxed glycine residues designate
those sequences/proteins which are or could be successfully recognized by the mAb 4D9 antibody. Additional metazoan amino acid sequences are

included for reference.

gene. Wagner et al. [27] point out that amplification bias of one
gene cognate over another (PCR selection) can be driven by
differential thermal stability of primer—template duplexes in
different gene cognates. As a consequence of this possible bias,
as well as the presence of introns in engrailed genes in several
taxa, the sequences reported may not include all the engrailed-

like gene sequences in the taxa surveyed. In addition, after
numerous attempts we have been unable to obtain engrailed
genes from the squid, Loligo (Cephalopoda).

Two copies of engrailed-like genes were isolated for the ceph-
alopod, Nautilus pompilius. These genes differ from one another
at 19 amino acid positions, 13 of which are within the homeo-
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domain. This large difference between the two Nautilus genes
suggests the presence of two copies of the engrailed gene. In fact
the differences between the two Nautilus genes are substantially
larger than those observed in the same homeodomain region
of the fly (engrailed vs. invected) [5] or mouse (en-1 vs. en-2) [1]
where 8 and 7 amino acid differences, respectively, are found.
The only other intraspecific variation observed occured in the
Gastropod, llyanassa obsoleta. In Ilyanassa, variation is evident
in two third positions, one of which results in a change from
aspartate to glutamate at position 21 of the homeodomain.
Based upon sequence comparison, this amino acid substitution,
near the end of the first helix, does not appear to be significant.
The minor variation in Ilyanassa may be allelic in nature and
may not signify the presence of two genes. Single copies of the
gene were isolated from the scaphopods, bivalves, and the chi-
ton. The Dentalium (Scaphopod) engrailed-like clones exhibit
an unusual additional codon in the variable region downstream
of helix 3 and 4. Sequence data from both strands of all clones
documents this unusual feature of the Dentalium sequence.
Comparison of the molluscan engrailed nucleotide sequence
indicates that significant intraclass and interclass divergence
has accumulated since the Cambrian appearance of this phy-
lum. As expected, nucleotide substitution rates are variable in

Table 1
Taxonomic diversity of engrailed sequences [1-15]

Common name No. gene  Accession no.

cognates

Deuterostoma
Human Homo sapiens 2 L12698-700
Mouse Mus musculus 2 Y 00201
Chicken Gallus gallus 2 L1269%4
Frog Xenopus laevis 2 X59123-24
Zebrafish Brachydanis rerio 3 X59125-26
Lamprey Lampetra planeri 1 X59122
Hagfish Myxine glutinosa 2 X59120-21
Sea urchin Tripneustes gratillu 1 M19709

Protostoma
Fly Drosophila melanogaster 2* K03055-58
Moth Bombyx mori 2% M64335-36
Bee Apis mellifera 2 M29490
Beetle Triboleum castaneum 1 NA
Grasshopper Schistocerca americana 1 M29262
Brine shrimp Artemia franciscana 1 X70939
Leech Helobdella triserialis 1 X58692
Polychaete Ctenodrilus serratus 1 NA
Nematode Caenorhabditis elegans 1 NA
Brachiopod Terebratulina retusa 1 X62688
Flatworm Schistosoma mansoni 1 M85305

Mollusca No. inde-

(this study) pendent

clones
surveyed
Chiton Lepitochiton caverna 1 4 U21675
Scaphopod Cadulus fusiformis 1 2 U23153
Scaphopod Dentalium eboreum 1 2 U23154
Clam Transannella tantilla i 4 U23212
Oyster Crassostrea virginica 1 6 U23214
Scallop Placopecten magellanicus 1 6 U23213
Nautilus Nautilus pompilius 2 8 U23431
U21857

Mud snail lyanssa obsoleta 1 6 U23432-33

*Gene cognates represent engrailed and invected.

73

relation to codon position: 59% of first positions, 45% of sec-
ond positions, and 98% of third positions exhibit variation
within the molluscs. Across the molluscs sampled, silent substi-
tution occurs at 20% of first positions and 49% of third posi-
tions. Levels of sequence divergence within the three bivalves
is comparable to levels within the molluscs as a group (Fig. 1A).

Amino acid substitutions within the molluscs are similar to
the variation in the other phyla sequenced to date. Within the
molluscs we observe no variation in the third helix, the major
groove binding ‘recognition’ portion of the homeodomain. The
only variation in the 4th helix occurs at position 48 (Fig. 1B)
where isoleucine, leucine, and methionine all occur. Variation
in the rest of the homeodomain is constrained to positions that
typically show substitution in other known engrailed homeodo-
mains. In the region obtained by our PCR approach the great-
est variation occurs between the end of the homeodomain and
the 3’ engrailed specific region. This portion of the gene appears
to be slightly more divergent in molluscs than within the verte-
brates or insects. Higher divergence within the group may re-
flect the greater antiquity of many of the branching events
within the mollusca.

The sequence data we have obtained can demonstrate the
presence of the appropriate epitope for antibody studies. Of the
engrailed antibodies the epitope of the mAb 4D9 [8] monoclo-
nal antibody, generated from the Drosophila protein, has been
characterised. The mAb 4D9 eptitope is localised to the turn
sequence between helix 2 and 3 of the homeodomain [8]. When
a glycine is present in the middle of the turn sequence (position
31 1in Fig. 1B) the mAb 4D9 antibody is known to bind success-
fully [8.9]. When asparagine, serine or threonine occur at this
position antibody binding does not occur [8,22]. The presence
of a glycine at this position in the snail and in one of the two
Nautilus sequences suggest that these taxa may be fruitfully
examined using the mAb 4D9 antibody. The serine in the sec-
ond Nautilus sequence suggests that binding is unlikely. The
other molluscs contain amino acids in the turn region that have
not been previously examined using the mAb 4D9 antibody.
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