
G
o
M

M
D
U

R

r
c
c
t
i
p
a
c
p
t
t
c
c
H
5
d
s
s
c
e
r
e
C
i
o
a
w
q
s
a
C
m

m
A

D

c
c

Biochemical and Biophysical Research Communications 277, 7–12 (2000)

doi:10.1006/bbrc.2000.3629, available online at http://www.idealibrary.com on
enomic Organization and Splicing Variants
f a Peptidylglycine a-Hydroxylating
onooxygenase from Sea Anemones1

ichael Williamson, Frank Hauser,2 and Cornelis J. P. Grimmelikhuijzen3

epartment of Cell Biology, Zoological Institute, University of Copenhagen,
niversitetsparken 15, DK-2100 Copenhagen Ø, Denmark

eceived August 21, 2000
tions and have the same intron phasing as eight
i
a
l
©

o
i
m
t
r
t
t
s
c
fi

n
o
g
t
d
a
(

t
h
c
g
b
e
(
t
a
e
(
X

Cnidarians are primitive animals that use neu-
opeptides as their transmitters. All the numerous
nidarian neuropeptides isolated, so far, have a
arboxy-terminal amide group that is essential for
heir actions. This strongly suggests that a-amidat-
ng enzymes are essential for the functioning of
rimitive nervous systems. In mammals, peptide
midation is catalyzed by two enzymes, peptidylgly-
ine a-hydroxylating monooxygenase (PHM) and
eptidyl-a-hydroxyglycine a-amidating lyase (PAL)
hat act sequentially. These two activities are con-
ained within one bifunctional enzyme, peptidylgly-
ine a-amidating monooxygenase (PAM), which is
oded for by a single gene. In a previous paper (F.
auser et al., Biochem. Biophys. Res. Commun. 241,

09–512, 1997) we have cloned the first known cni-
arian PHM from the sea anemone Calliactis para-
itica. In the present paper we have determined the
tructure of its gene (CP1). CP1 is >12 kb in size and
ontains 15 exons and 14 introns. The last coding
xon (exon 15) contains a stop codon, leaving no
oom for PAL and, thereby, for a bifunctional PAM
nzyme as in mammals. Furthermore, we found a
P1 splicing variant (CP1-B) that contains exon-9

nstead of exon-8, which was present in the previ-
usly characterized PHM cDNA (CP1-A). CP1-A
nd -B have 97% amino acid sequence identity,
hereas both splicing variants have around 42% se-
uence identity with the PHM part of rat PAM. Es-
ential amino acid residues for the catalytic activity
nd the 3D structure of PHM are conserved between
P1-A, -B and the PHM part of rat PAM. Further-
ore, eight introns in CP1 occur in the same posi-

1 The nucleotide sequences reported in this paper have been sub-
itted to the GenBank Data Bank with Accession Nos. AY006478,
Y006479, and AY007173-AY007186.

2 Present address: Lundbeck A/S, Ottiliavej 9, DK-2500 Valby,
enmark.
3 To whom correspondence should be addressed. E-mail:

grimmelikhuijzen@zi.ku.dk. Homepage: http://www.zi.ku.dk/
ellbiology/.
7

ntrons in the rat PAM gene, showing that the sea
nemone PHM is not only structurally, but also evo-
utionarily related to the PHM part of rat PAM.
2000 Academic Press

Cnidarians are primitive animals such as sea anem-
nes, corals, jellyfishes, and Hydra. Cnidarians are
nteresting for several reasons. First, they are useful

odel organisms for developmental biologists, because
hey are simple, easy to manipulate, and have a strong
egeneration capacity (1–3). Second, cnidarians are in-
eresting from an evolutionary point of view, because
hey are the lowest animal group having a nervous
ystem and it was probably within cnidarians or a
losely related ancestor phylum that nervous systems
rst evolved (4).
The primitive nervous systems of cnidarians use

europeptides as their transmitters (5). All the numer-
us (;30) cnidarian neuropeptides that we and other
roups have isolated, so far, have an amide group at
heir carboxy-termini (5–9). This amide group prevents
egradation by unspecific carboxypeptidases, but is
lso essential for the biological actions of the peptides
5, 8).

In mammals, peptide amidation is known to occur in
wo steps. In the first step, a peptidylglycine propeptide is
ydroxylated at the a-C atom of glycine. This reaction is
atalyzed by peptidylglycine a-hydroxylating monooxy-
enase (PHM), which requires O2, Cu ions, and ascor-
ate. The next step is a cleavage reaction, where the
nzyme peptidyl a-hydroxyglycine a-amidating lyase
PAL) performs an N-C cleavage, thereby releasing pep-
idylamide and glyoxylic acid. In mammals, both PHM
nd PAL activities are contained within one bifunctional
nzyme, peptidylglycine a-amidating monooxygenase
PAM) that is coded for by a single gene (10–13). From
-ray studies it is known that the PHM part of rat PAM
0006-291X/00 $35.00
Copyright © 2000 by Academic Press
All rights of reproduction in any form reserved.
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ontains two opposing domains (A and B, or I and II) that
ach contains a Cu ion (Cu1 or Cu21) necessary for cata-
ytic activity bound to three essential His residues (in
omain A) and two His and one Met residue (in domain
) (14, 15). The two opposing domains are each held

ogether by three Cys–Cys bridges (in the A domain) and
wo Cys–Cys bridges (in the B domain) and are connected
y a hinge region (14, 15).
In a previous paper we described the cloning of the

rst cnidarian PHM (CP1-A) from the sea anemone
alliactis parasitica (16). This cnidarian PHM cDNA
ontained a stop codon at its 39 end, suggesting that
he cnidarian PAL enzyme must be coded for by a
ifferent gene. In the present paper we have deter-
ined the genomic organization of the cnidarian
HM gene (CP1) and established the presence of
plicing variants.

FIG. 2. Schematic representation of the CP1 gene, its two splic
ositions of the cDNA clones used to clone CP1-B. The upper clone
9-RACE, and the two middle clones are the products of 59-RACE PC
ut not exon-8 of the gene. (C) Organization of the CP1 gene. Intro
oman), exons are represented by boxes, being broad for the coding
egion coding for the signal sequence is highlighted in black. Exon-8
f the splicing variant CP1-A that contains exon-8, but not exon-9 o

FIG. 1. Upper panel: cDNA and encoded amino acid sequence of e
he numbering refers to Fig. 3 of this paper and Fig. 2 of Ref. (16).
8

ATERIALS AND METHODS

Preparation of poly(A1) RNA and cDNA from C. parasitica, the
eneration of the initial PCR products (Fig. 2A), 59/39-RACE, as well
s DNA sequencing and sequence analyses were described earlier
16).

For cloning of the gene, a genomic library from C. parasitica was
onstructed in l FIX II by Stratagene. This library was screened with
he initial PCR products described above. From 750,000 plaques
creened, 51 were positive. Two of them were used to compose the
P1 gene (Fig. 2E).
Northern blots were performed as descibed earlier (17), using a

adioactive probe (2 3 106 cpm/ml), corresponding to nucleotide
ositions 592–1216 of Fig. 2 from (16), and 5 mg of mRNA. For
outhern blots, a BioRad ZetaProbe membrane was used, following
he protocol of the manufacturer, and 12 mg of genomic DNA was
igested with either one of the restriction enzymes (Fig. 5). A radio-
ctive probe corresponding to nucleotide positions 717–1156 of Fig. 2
rom (16) was used at 2 3 106 cpm/ml.

variants, and the positions of the genomic and cDNA clones. (A)
the initial PCR product, the two lower clones are the products of
B) Organization of the splicing variant CP1-B that contains exon-9,
are represented by lines (not drawn to scale) and marked 1–14 (in
d small for the noncoding regions and marked 1–15 (in italic). The
highlighted in light grey, and exon-9 in dark grey. (D) Organization
e gene. (E) Positions of the genomic clones used to clone CP1.

-9. Lower panel: cDNA and encoded amino acid sequence of exon-8.
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ESULTS

PHM cDNA’s. To find out whether other Calliactis
HM cDNA’s existed in addition to the one published
reviously (CP1-A; 16), we sequenced additional PCR
lones from our initial PCR reaction (16). This resulted
n the identification of a new cDNA (CP1-B) that was
dentical to CP1-A with the exception of a continuous
equence of 65 nucleotides, coding for 21 amino acid
esidues located in the middle of the PHM (Figs. 1
nd 2).

Alternative splicing. To establish whether CP1-A
nd -B originated by alternative splicing from the same
ene, we screened a genomic library from Calliactis
ith the PCR products from our initial PCR reaction

16). This resulted in several positive genomic clones
hat were sequenced and turned out to be the gene
CP1) coding for both CP1-A and -B. CP1 is .12 kb in
ize and has 14 introns and 15 exons (Fig. 2). The
ntrons varied in size from 85 bp to ;3600 bp (Table 1).
xon-8 is present in CP1-A but not in -B, whereas
xon-9 is present in CP1-B, but absent in -A, showing
he existence of alternative splicing of the CP1 gene
ranscripts (Fig. 2).

Intron/Exon Bo

Intron 59 donor Intron siz

1 G gtaagt t . . . ;360
2 AAG gtaagt t . . . ;180

Lys
3 G gtatgt t . . . ;46

Val
4 TG gtgagt a . . . ;53

Trp
5 G gtaaca a . . . 12

Asp
6 A gtaagt t . . . ;24

Asn
7 AG gttgcc a . . . ;128

Arg
8 AG gtagga t . . . ;55

Arg
9 G gttaaa c . . . ;61

Ala
10 G gtaagt t . . . 8

Gly
11 CAG gtattc a . . . ;46

Gln
12 TTG gtaagt a . . . ;24

Leu
13 GG gtaaga t . . . 13

Gly
14 G gttagt t . . . ;47

Gly

Note. The sequence of each of the intron–exon boundaries is show
owercase letters represent nucleotides in the exons and introns, resp
enBank submission, Accession Nos. AY006479, and AY007173-A
ositions of the introns are shown in Figs. 2 and 3. Introns 2–5, 7, an
n eight introns in the rat gene (20).
9

Comparison of CP1-B with other PHMs. CP1-B has
7% amino acid sequence identity with CP1-A (Fig. 3).
oth PHMs have about 40% sequence identity with
at, Xenopus, Drosophila, and Lymnaea PHMs (Fig. 3,
ee also Discussion). Eight introns in the CP1 gene
ccur at the same positions and have the same intron
hasing as eight introns in the rat gene, showing that
he sea anemone PHMs are not only structurally, but
lso evolutionarily related to the PHM part of rat PAM
Fig. 3, Table 1).

Northern blot analysis. Northern blot analysis of
alliactis mRNA, using a hybridization probe covering
ost of the coding region of CP1-A, showed a promi-

ent band at 1.6 kb (Fig. 4), fitting very well with the
ize of CP1-A mRNA, which is 1562 bp (16). CP1-B
RNA will hybridize within the same band, because it

as a large nucleotide sequence identity with CP1-A
98%) and the size of exon 9 is comparable to that of
xon 8 (Fig. 3). In addition to the strong band at 1.6 kb,
here is a weak band at 5.1 kb that we can not interpret
t present.

Southern blot analysis. We carried out a Southern
lot analysis, using Calliactis genomic DNA digested

daries of CP1

p) 39 acceptor Intron phase

. . . accacag AA —

. . . cttgcag CAT 3
His

. . . cattcag TT 1
Val

. . . atttag G 2
Trp

. . . tctttag AT 1
Asp

. . . attgcag AT 1
Asn

. . . aatccag A 2
Arg

. . . actacag A 2
Arg

. . . tgtacag CT 1
Ala

. . . attgcag GC 1
Gly

. . . gttgcag GCT 3
Ala

. . . attttag GCT 3
Ala

. . . cattcag A 2
Gly

. . . tccgtag GC 1
Gly

as well as the codons for the amino acid residues. Uppercase and
ively. The sequences of some of the introns can be retrieved from our
07186. Other introns have not been fully sequenced. The overall
–11 occur in the same positions and have the same intron phasings
un
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ith five different restriction enzymes, and a hybrid-
zation probe covering a large portion of the coding
egion of CP1. This yielded single, strongly hybridizing
ands, accompanied, however, by weakly hybridizing
ands (Fig. 5). These findings suggest the presence of a
ingle PHM gene, although the presence of another
P1-related gene in Calliactis can not be excluded.

ISCUSSION

As mentioned in the Introduction, several amino acid
esidues in the PHM part of rat PAM have been rec-
gnized as being important for its 3-D structure and
atalytic activity. These are a Cu ion binding site in the
-domain (consisting of three His residues that occupy

hree of the four coordination positions in a tetrahe-
ron) and a Cu ion binding site in the B domain (con-

FIG. 3. Amino acid residues comparison of the PHMs from C. pa
oded by exon-8 are given), Drosophila (DRO), Lymnaea (LYM; here o
cid residue positions are given at the right. Residues that are ident
n grey. The five His and one Met residue that bind two Cu ions are i
ys–Cys bridges are indicated by filled circles. The four conserved
ositions of introns in CP1 are marked by open or filled triangles. E
ame intron phasing as eight introns in the rat PHM (or PAM) gene.
ptimize alignments. The A-domain of rat PHM stops at Cys-186 and
nd from the rat, Drosophila, Xenopus, and Lymnaea PHMs are fro
10
isting of two His and one Met residue, again in a
etrahedral configuration) that each bind a Cu ion
CuA and CuB), which are necessary for catalytic ac-
ivity of PHM (14, 15, 18). These six amino acid resi-
ues are conserved between the rat and sea anemone
HMs (marked with asterisks in Fig. 3). Furthermore,
he C-terminal carboxyl group of the Gly-extended
ropeptide makes hydrogen bridges with Arg-240 and
yr-318, and the C-terminal peptidyl amide bond
akes a hydrogen bridge with Asn-316 of the rat PHM

15, 18). Also these three direct C-terminal substrate
inding sites are conserved between the rat and sea
nemone PHMs (marked with filled squares in Fig. 3).
n addition, a water molecule bridges the C-terminal
arboxyl group of the propeptide substrate and Gln-170
18). Again, this residue (marked with a filled square in
ig. 3) is conserved between the rat and the sea anem-

sitica (CP1-A and CP1-B; from CP1-A only the amino acid residues
PHM variant 2 (21) is shown), Xenopus laevis (XL1), and rat. Amino
between CP1-B and at least one of the other PHMs are highlighted
cated by asterisks. The eight conserved Cys residues that form four
strate binding sites (see text) are indicated by filled squares. The
t introns in the CP1 gene occur at the same positions and have the
ese introns are marked by filled triangles. Spaces are introduced to
e B-domain starts at Cys-227 (14). The data from the CP1-A variant
14, 16, 20–24).
ra
nly
ical
ndi
sub
igh
Th
th
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resent in the rat PHM (making three Cys–Cys bridges
n the A- and two Cys–Cys bridges in the B-domain
14)), are conserved between the rat and the sea anem-
ne proteins (marked with filled circles in Fig. 3). All
he eighteen above-mentioned amino acid residues are
lso conserved between the sea anemone and Xenopus,
rosophila, and Lymnaea PHMs (Fig. 3), showing that

hese residues are essential for the enzyme and that
he sea anemone protein is likely to have PHM activity.

In addition to the above-mentioned residues, large
locks of amino acid residues are conserved between
he five species. These blocks are often flanking the Cu
on binding sites (marked with asterisks in Fig. 3). One
mportant step in the PHM catalytic reaction is the
ransfer of an electron from CuA1 (in the A domain) to
uB21 (in the opposing B domain) (15, 18). The two Cu

ons are held 11 Å apart on either side of the interdo-
ain cleft and it was recently proposed that the elec-

ron is transferred from CuA1 via His-108 (referring to
he rat PHM, see Fig. 3), Gln-170, the C-terminus of
he propeptide substrate, and His-242 to CuB21 (18)
these residues are marked with either an asterisk or a
lled square in Fig. 3). The striking conservation of
everal other amino acid residues near the Cu ion
inding sites, however, suggests that also these addi-
ional residues must play a crucial role, either in the
lectron transfer reaction, substrate binding, or in the
recise conservation of the 3D structure of the catalytic
ocket of PHM. Other blocks of conserved amino acid
esidues further away from the catalytic core might be
nvolved in the overall 3D structure of the enzyme.

Eight introns in the sea anemone gene occur in the
ame positions and have the same intron phasing as
ight introns in the PHM part of the rat PAM gene
Table 1; filled triangles in Fig. 3). Thus, independently
rom the striking structural similarities between the

FIG. 4. Northern blot analysis of Calliactis mRNA (5 mg/lane)
ith a cDNA fragment coding for nucleotide positions 592–1216 of
ig. 2 from Ref. (16). A prominent band at 1.6 kb, corresponding very
ell to the cloned sea anemone PHM (CP1-A/CP1-B) cDNA can be

een, as well as a weak band at 5.1 kb that presently cannot be
nterpreted.
11
at and sea anemone PHMs, their genomic organiza-
ions further confirm that the two proteins are clearly
volutionarily related.
The CP1 gene yields two splicing variants CP1-A

nd -B, which differ by the alternative use of exons-8
nd -9 (Figs. 2 and 3). Alternative splicing in the rat
HM has only been found for the gene regions coding

or the C-terminal parts of PHM (or PAM) (13, 19, 20)
nd not for the middle regions of PHM, as is the case
ith sea anemones. Exons-8 and -9 code for regions

ocated in the hinge, connecting the two domains of
HM (this region corresponds to the hinge region be-
ween residues Ser-187 and Ser-226 of rat PHM, see
ig. 3 and Ref. 14). The alternative use of the two exons

n CP1-A and -B, therefore, does not directly effect the
ubstrate binding sites mentioned above. The slightly
ifferent size and the different number of Pro residues
n the two resulting hinge parts, however, could indi-
ectly affect the 3D structure in parts of the sea anem-
ne PHMs and, thereby, lead to two enzymes with
ifferent properties, e.g., different substrate specificities.
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FIG. 5. Southern blot analysis. Genomic DNA (12 mg) from C.
arasitica was digested with EcoRI, HindIII, XbaI, EcoRV, or ScaI.
he hybridization probe corresponds to nucleotide sequences 717–
156 of Fig. 2 from Ref. (16). Single strongly hybridizing and weakly
ybridizing bands appeared in each lane. The size of the hybridizing
ands is given in kb.
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