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Human Hydroxyindole-O-Methyltransferase:
Presence of LINE-1 Fragment in a cDNA Clone

and Pineal mRNA
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ABSTRACT

Hydroxyindole-O-methyltransferase (HIOMT) catalyzes the last step in the synthesis of the pineal hormone
melatonin. In this study, an HIOMT clone was isolated from a human pineal cDNA library using synthetic
oligonucleotide probes based on the bovine HIOMT sequence. The human sequence is unusual because it
contains a 3' fragment (84 bp) of the LINE-1 sequence, a highly repetitive sequence in the human genome
and the genome of some primates and rodents. Exclusive of this LINE-1 fragment, the human HIOMT
clone is 75% and 63% homologous to bovine and avian HIOMT sequences, respectively. The deduced
amino acid sequence of the human cDNA clone encodes a 41.6-kD protein. In addition, the sequence is 70%
and 57% identical and 81% and 73% similar to bovine and avian HIOMT, respectively. In agreement with
the results of earlier studies, it was found that vertebrate HIOMT amino acid sequences are not homologous
to any other vertebrate proteins, including several methyltransferases. However, HIOMT exhibits homology
with a plant ('-methyl transí erase and an internal 120-am i no-acid region is approximately 35% identical to a

region of four bacterial O-methyltransferases. The results of PCR and Southern blot analysis indicate that
three species of HIOMT mRNA are typically present in the human pineal gland, only one of which contains
the LINE-1 fragment. An antiserum was raised against a mixture of three synthetic peptides, corresponding
to three regions of the deduced amino acid sequence of human HIOMT. This antiserum detected a single im-
munoreactive protein in Western blot analysis of human pineal glands. The size of the protein (-42 kD) is
identical to that predicted from the HIOMT clone, including the LINE-1 fragment. The human HIOMT se-
quence should be useful in further studies of this enzyme and will also be of special importance in evaluating
the functional significance of the inclusion of a fragment of the LINE-1 in an mRNA.

INTRODUCTION et ai, 1975; Reppert et ai, 1979). This nocturnal increase
functions as a chemical indicator of night time, a signal

Hydroxyindole-O-methyltransferase (S-adenosyl-L- that is of essential importance in optimally integrating sea-
methionine: N-acetylserotonin- O-methyltransferase, sonal changes in the length of night with seasonal changes

E.C. 2.1.1.4; HIOMT) is the last enzyme in the serotonin— in physiology (i.e., reproduction, mating behavior, body
N-acetylserotonin—melatonin pathway (Axelrod and weight, and coat color) (Tamarkine? ai, 1976; Thorpe and
Weissbach, 1960; Sugden et ai, 1986). In mammals, this Herbert, 1976; Hoffmann, 1978; Kennaway et ai, 1982;
enzyme is found consistently at high levels only in the Bartness and Wade, 1984; Martinet and Allain, 1985). It is
pineal gland, the source of circulating melatonin (Axelrod thought that melatonin controls circadian and seasonal
and Weissbach, 1961; Axelrod et ai, 1961). Melatonin is physiology through actions on cells in the suprachiasmatic
synthesized and secreted in a circadian pattern, and high nucleus, the location of the master circadian oscillator
levels invariably occur at night (Pelham et ai, 1973; Lynch (Klein et ai, 1991).

 Toxicology Branch, Developmental Therapeutics Program, Division of Cancer Treatment, National Cancer Institute, Rockville,
MD 20892.

'Section on Neuroendocrinology, Laboratory of Developmental Neurobiology, National Institute of Child Health and Human De-
velopment, National Institutes of Health, Bethesda, MD 20892.

'Institute of Physiology, Prague, Czechoslovakia.

715



716 DONOHUE ET AL.

In humans, as in all mammals, the pattern of melatonin
production is under photic regulation (Lewy et ai, 1980;
Czeisler et ai, 1981; Bojkowski et ai, 1987) and adminis-
tration of melatonin can help reset the circadian clock
(Arendt et ai, 1985; Lewy et ai, 1992). There is also evi-
dence that suggests a link between melatonin and human
behavior (Lewy et ai, 1981; Nair et ai, 1984; Beck-Friis et
ai, 1985; Brown et ai, 1985; Sack et ai, 1990), cancer (El-
Domeiri and Das Gupta, 1973; Lapin and Ebels, 1976;
Bartsch et ai, 1991; Subramanian and Kothari, 1991), and
sudden infant death syndrome (Stumer et ai, 1990; Sparks
and Hunsaker, 1988). Of further interest is the > 10-fold
individual-to-individual variation in the amount of mela-
tonin produced (Arendt et ai, 1977; Arendt, 1988), a vari-
able that might reflect genetic differences in the ability to
synthesize melatonin. Such differences might also be asso-
ciated with a yet unidentified alteration in biological func-
tion.

In view of the critical role HIOMT plays in melatonin
production and the potential role it might play in human
disease, we isolated a cDNA clone encoding human
HIOMT with the long-term goal of using this clone to in-
crease our understanding of the enzyme. HIOMT has pre-
viously been cloned from avian (Voisin et ai, 1992) and
bovine pineal glands (Ishida et al., 1987). In the present re-

port, a human HIOMT clone is described. In addition, re-
sults are presented indicating that three species of human
HIOMT mRNA exist, probably reflecting alternative splic-
ing. One species, represented by the clone, contains a 3'
fragment of the long, interspersed (LINE-1) repetitive se-

quence.1

MATERIALS AND METHODS
Materials

Human pineal glands used to prepare the cDNA library
were provided by the late L.J. Rubinstein (Department of
Neurosurgery, University of Virginia Medical School,
Charlottesville, VA). Other human pineal glands were ob-
tained from National Disease Research Interchange (Phila-
delphia, PA). These pineals had a postmortem interval of
9-12 hr. Bovine tissues were obtained from Biological Re-
search and Delivery Service (Gaithersburg, MD) and were
removed within several minutes after death.

The following reagents were used: T7 DNA polymerase
sequencing kit and Klenow/reverse transcriptase sequenc-

'Full-length LINE-1 sequences are 6.5 kb in length (Grimaldi et
ai, 1984; Hutchison et ai, 1989) and contain active transposable
elements (Hutchison et al., 1989; Singer, 1989). About 4 x 103
copies of the full-length LINE-1 sequences are found in the pri-
mate and rodent genomes. Even more common are 5' truncated
sequences (10* copies per genome), which can be as short as 70 bp
(Hwu et ai, 1986; Singer, 1989). Two reports have shown that the
second open reading frame of the LINE-1 element is translated
into a functional reverse transcriptase (Mathias et ai, 1991) and
this transcriptase is responsible for transcribing the LINE-1,
which is then inserted into a new location in the genome (Dom-
broski et ai, 1991).

ing kit to sequence the human and bovine HIOMT clones
(Promega, Madison, WI); Sequenase kit to sequence poly-
merase chain reaction (PCR) products (United States Bio-
chemical, Cleveland, OH); RNAsin and avian myeloblasto-
sis virus (AMV) reverse transcriptase (Promega, Madison,
WI); XL1 Blue competent cells and pBluescriptll, (Strata-
gene, La Jolla, CA); random primer labeling kit (Boehringer
Mannheim Biochemical, Indianapolis, IN); Eco RI (New
England Biolabs, Beverly, MA); AmpliTaq I (Perkin-Elmer
Cetus, Norwalk, CT); Magna NT nylon membrane (Micron
Separations Inc., Westboro, MA); random hexamers and
deoxynucleotides (Pharmacia, Piscataway, NJ); 4%—20%
gradient acrylamide gels (Novel Experimental Technology,
San Diego, CA); [a-"P]dCTP and [a-35S]dATP (Amer-
sham, Arlington Heights, IL); ['"C-mer/y/J-S-adenosyl-L-
methionine (ICN Radiochemicals, Costa Mesa, CA); [l"I]-
Protein A (New England Nuclear, Boston, MA); TV-acetyl-
serotonin, S-adenosyl-L-methionine, 5-bromo-4-chloro-3-in-
dolyl phosphate, and nitro blue tetrazolium (Sigma, St.
Louis, MO); Hybrisol I and Hybrisol II (Oncor, Gaithers-
burg, MD); guanidium isothiocyanate (Fluka Biochemika,
Switzerland), RNazol B (Tel-Test, Inc., Friendswood, TX);
SeaPlaque GTG, Nusieve GTG and SeaKem GTG (FMC
BioProducts, Rockland, ME); Immobilon-P (Millipore,
Bedford, MA); goat anti-rabbit IgG conjugated to alkaline
phosphatase (Kirkegaard and Perry Laboratories, Inc.,
Gaithersburg, MD); and Protein A agarose (Life Technolo-
gies, Inc., Gaithersburg, MD).

PCR primers and 84-bp probes were synthesized using
an Applied Biosystems, Inc. DNA Synthesizer 380B (Fos-
ter City, CA); a Stratalinker 1800 (Stratagene, La Jolla,
CA) was used to cross-link DNA or RNA onto Magna NT
and, PCR was performed using the Hybaid Thermal Reac-
tor (National Labnet, Woodbridge, NJ) or a DNA
PACER (Bélico Biotechnology, Vineland, NJ).

METHODS

Unless described below, methodological details are given
in the appropriate figure legend.

Isolation of human HIOMT cDNA clones
Total RNA was isolated from human pineal glands using

the method of Sargent et ai (1986) with the modification
of extracting three times with LiCl2. Poly(A)RNA was pur-
ified using an oligo(dT) column. This RNA was used by
Clontech (Palo Alto, CA) to prepare an amplified cDNA
library in Xgtll. The library was initially screened using
clone B-18, a full-length bovine cDNA encoding for
HIOMT (Ishida et ai, 1987). The isolated plaques were
screened further using four oligonucleotides corresponding
to bases 1-24, 25-75, 198-248, and 27 to -21 of the pub-
lished bovine sequence (Ishida et ai, 1987). Six positive
plaques were isolated and the two largest inserts were sub-
cloned (Struhl, 1985) into pBluescriptll SK* (clones 179
and 217). The nucleotide sequence of both clones was de-
termined using the dideoxy termination method (Sanger et
ai, 1977).



LINE-1 FRAGMENT IN A HUMAN HIOMT cDNA CLONE AND PINEAL mRNA 717

At a later time, the human pineal cDNA library was

screened again in an effort to isolate a full-length clone
that did not contain the LINE-1 fragment. The library was

first screened with two synthetic 100-mers (bases -9 to 91
and bases 1,032-1,131 from the human HIOMT
sequence). Plaques that hybridized with both probes were

subsequently screened using PCR. Two different primer
pairs were used (5hiomt/31ine+42 and scrnlib/3hiomt; see

Fig. 2). The cycling parameters for the PCR were 94°C for
5 min, (50°C for 1 min, 72°C for 1.5 min, 94°C for 45 sec)
40 cycles, 50°C for 1.5 min, 72°C for 15 min, then cool to
4°C.

Computer analysis
The sequence of the cDNA clone and the deduced

amino acid sequence were analyzed using the Sequence
Analysis Software package of the Genetics Computer
Group (Devereux et ai, 1984). Genbank, EMBL, Swiss-
Prot, and NBRF databases were searched and homology
comparisons were done using the FASTA, BESTFIT, and
PILEUP programs. In addition, the deduced amino acid
sequence was analyzed for probable antigenic regions using

Table 1. Immunoprecipitation of Human Pineal
HIOMT Activity with Antiserum 139A

HIOMT activity
(dpm/tube)

the PEPTIDESTRUCTURE program and secondary mod-
ification was predicted using the MOTIFS program.

PCR
First strand cDNA was synthesized by incubating 1 fig of

total RNA, 50 mMTris pH 8.3, 8 mMMgCl,, 40 mMKCl,
4 mM DTT, and 1 mM each dATP, dGTP, dCTP, and
dTTP for 2 min at 70° C. The reaction was then placed on

ice and 40 units of RNasin (1 pi), 1 fig of T6 random hexa-
mers (1 pi), and 18 units of AMV reverse transcriptase (2
/il) were added. The mixture (50 pi final volume) was incu-
bated for 2 hr at 42°C and then stored (-20°C).

The final composition of the PCR was 10 mM Tris pH
8.4, 3.5 mMor 4 mMMgCl2, 0.01% gelatin, 50 mMKCl,
5% dimethylsulfoxide (DMSO), 0.67 mM each dATP,
dCTP, dTTP, and dGTP, 2.5 units of AmpliTaq I, 0.5 pM
of each primer, and 1 pi of cDNA. DMSO was added to
the reactions to prevent the formation of secondary struc-
ture (Shen and Hohn, 1992). Amplification did not occur

in the absence of DMSO. The reaction (final volume 50 pi)
was covered with mineral oil (50 pi). The cycling parame-
ters were 94°C for 5 min, (n°C for 1 min, 72°C for 1 min,
94°C for 45 sec) 30 cycles, n°C for 1 min, 72°C for 15
min, end (4°C). "/?" refers to annealing temperature and is
given in the appropriate figure legends. The sequence of
PCR products was determined by using the Sequenase kit
protocol for double-stranded template.

Serum Dilution Supernatant Pellet Preparation ofprobes
Preimmune
Immunized

1:1
1:1
1:3
1:7
1:15

413
259
232
222
214

24
28
20
13
6

Preparations of human pineal supernatant were incubated with
antiserum 139A. 'Dilution' refers to the dilution of the antiserum
in the reaction. Triplicate determinations were done; each value
was within 10% of the given average.

Two ~450-bp probes which flank the LINE-1 fragment
were prepared by PCR amplification of the HIOMT
cDNA and used for Northern blot analysis. The 5' probe
was synthesized using primer pair 5hiomt/5probe and the
3' probe using primers 3probe and 3hiomt (see Fig. 2). For
Southern blot analysis, synthetic 84-bp LINE (bases 562-
645) and HIOMT (bases 196-279, reverse complement)
probes were used. All probes were labeled by the random
primer method.
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FIG. 1. Sequencing strategy. Sequence was determined for two human HIOMT cDNAs (179 and 217) subcloned into
the Eco RI site of pBluescriptll SK*. The dideoxy method of sequencing was performed using either Klenow or T7 DNA
polymerase and synthetic oligonucleotides as primers. Arrows identify the region and strand that was sequenced with a

particular primer. The full sequence of each strand was determined at least twice.
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humHIOMT AGCAGGCTCTGTGCTCCTT -51

humHIOMT GAAGCAAGCG CTCCAGAGGC TCCGGAAGCC ACGGCTGGAT TGGAGACAAG -1
5hiomt -»

humHIOMT ATGGGATCCT CAGAGGACCA GGCCTAT... CGCCTCCTTA ATGACTACGC 47
rbovHIOMT ¡ ¡ ¡T¡C¡ ¡ ¡C AG¡ ¡ ¡ ¡ GTG ¡ |¡G¡¡¡C... A¡T|¡j]¡G¡ ¡G¡]A]{¡¡¡ 47

chkHIOMT ¡|¡AC¡¡¡A ¡¡¡¡A¡¡¡¡TT¡A¡¡¡TCCT ¡AAA¡¡A¡CT T¡C¡A¡¡¡AG 50

humHIOMT CAACGGCTTC ATGGTGTCCC AGGTTCTCTT CGCCGCCTGC GAGCTGGGCG 97
rbovHIOMT f ¡ ¡ ¡ ¡ ¡ ¡ ¡ ¡ ¡ | I ¡ ! |C¡ ¡ | | ! i j I I ! I ¡ I ! T ¡ ¡ T ¡ ¡ ¡ ¡ ¡ T ¡ ¡ ¡ ¡ ¡ ¡ | ¡ G ¡ 97

ChkHIOMT ! ¡ ¡T¡ ¡A¡ ¡T T¡A¡ ¡C¡ ¡ AA ¡ ¡ ¡ ¡ ¡A¡G¡ ¡ ¡A¡T¡ ¡ ¡ ¡ ¡T ¡ ¡ ¡T[A¡ ¡A¡ 100

humHIOMT TGTTTGACCT TCTCGCCGAG GCCCCAGGGC CCCTGGACGT GGCGGCAGTG 147
rbovHIOMT ¡!!!!!¡G¡¡ C¡¡G¡¡A¡¡] ¡|¡|TG¡A¡¡ ¡¡¡¡¡¡¡¡TC A¡]A¡¡¡¡¡¡ 147

ChkHIOMT !¡¡¡!!¡T¡¡ ¡¡¡GCTGC¡¡ T¡AGG¡C¡A¡ ¡T||ATCTT| A|AT¡TCA|T 150

humHIOMT GCTGCAGGTG TGAGGGCCAG CGCCCATGGG ACAGAGCTCC TGCTGGACAT 197
rbovHIOMT T¡¡T¡¡CA¡C ¡¡G¡CT¡¡¡¡ ¡C¡¡¡¡G¡¡¡ |||¡||||8| ¡A¡¡¡A¡¡¡C 197

ChkHIOMT ¡¡¡¡Í¡C¡CT ¡ ¡G¡TA¡A¡ ¡ ] AT ¡ ATG ¡ ¡ ¡ ¡ TG | | AAGA ¡ | T ¡ ¡ ¡ ¡ ¡ TGC 2 00

humHIOMT CTGTGTGTCC CTGAAGCTGC TGAAAGTGGA GACGAGGGGA GGAAAAGCTT 247
rbovHIOMT ! ! ! ! 1 I ! ! ! ! ! ! I !¡!ll¡ ! !|c¡¡¡cc¡¡ cgt¡¡!j¡¡ ! ¡ ¡ ¡¡¡¡¡¡¡G 247

ChkHIOMT ¡ ¡ ¡ ¡ i ¡ ¡GGA T¡ ¡ ¡ ! ¡ ¡ ¡ TT ¡ ¡ GC ¡ ¡ ¡ A ¡ i ¡ CT ¡ [ ¡ AC ¡ ] ¡ A ¡ GG ¡ ¡ ¡ C ¡ 250

humHIOMT TCTATCGAAA CACAGAGCTG TCCAGCGACT ACCTGACCAC GGTCAGCCCG 297
rbovHIOMT ¡G¡ ¡ ¡6C¡ ¡ ¡ ¡ ¡ ¡ G] ¡ ¡ ¡ ¡ C G¡ ¡ ¡ ¡ ¡ AC ¡ ¡ ¡¡ ¡ ¡ ] GTG ¡ G A¡G¡ ¡ ¡ ¡ ¡ ¡C 297

chkHIOMT ¡T¡ ¡CA¡ ¡ ¡ ¡ ¡ ¡ ¡ ¡AA¡T |¡¡ ¡ ATAT ¡ ¡ ¡ ¡ ¡ ¡T¡ ¡G¡A ¡ TCA ¡ ¡T¡ ¡C 300

humHIOMT ACGTCACAAT GCAGCATGCT GAAGTACATG GGCAGGACCA GCTACCGGTG 347
rbovHIOMT ¡G¡ ¡ ¡C] ¡GC ¡ GGA ¡ ¡ ¡ ¡ ¡ ¡ ¡ CT ¡ ¡ ¡ ¡ GC ¡ ¡ ¡ ¡ ¡ ¡ ¡ ¡ ¡ ¡ G CT ¡ ¡ | GTC ¡ | 347

ChkHIOMT ¡A! I ¡T¡ ¡G! ATCAT! ¡TA! ! ¡T¡¡ !TTAC TC¡ I AT¡ ! ¡G T! ! ! !TT! ! ] 3 50

humHIOMT CTGGGGCCAC CTGGCAGACG CCGTGAGAGA AGGAAGGAAC
rbovHIOMT ¡¡¡¡C¡¡¡¡¡ ¡¡¡¡¡G¡¡G¡ ¡A¡¡C¡¡G¡¡ ¡¡¡G¡¡¡¡¡¡

chkHIOMT ¡¡CA¡T¡¡ |¡¡A¡T¡¡T¡ ¡T¡¡¡¡¡¡¡¡ ¡|¡¡¡A¡¡T
scrnlib

humHIOMT AGACGTTTGG CGTTCCCGCT GAAGAGCTTT TTÁCGGCCÁT
rbovHIOMT ¡AG¡C¡¡C¡¡ GA¡C¡¡GT¡C |¡G¡¡¡¡¡C¡ ¡CT¡T¡¡¡]¡

ChkHIOMT GAG¡T¡ ¡ !¡] TA¡ ¡ T ¡ AT ¡ ¡ A¡ | ¡ ¡C¡ ¡C¡ | ¡ GGA ¡ | ¡ ¡G
humHIOMT GAGGGCGAGC GGCTACAGTT CATGCAAGCT CTGCAGGAGG

rbovHIOMT ¡¡¡¡A¡¡¡AA ¡¡¡¡G¡¡¡¡¡ ¡¡¡¡¡¡G¡G¡ ¡¡¡!¡¡¡¡C¡
ChkHIOMT ¡ ¡A¡AA¡ ¡AA T! ¡ ¡GA¡ ¡ ¡ ¡T¡ ¡GCTIGC I A ! A !CTCAA

CAGTACCTGG 397
¡¡¡¡¡T¡¡|A 397
|¡A¡¡TGAAA 400

CTACAGGTCC 447
! !!! ! ! 1 !fT 447
G¡¡¡I¡A¡¡A 450

5probe
TCTGGAGCGT 497
¡G{¡¡¡¡GC| 497
! ! i ! !¡ta¡ 500

humHIOMT CAACGGGAGA AGCGTGCTGA CCGCCTTTGA CCTGTCAGTG TTCCCACTTA 547
rbovHIOMT GG[G¡¡¡GCG ¡ CG ¡ ¡ ¡ ¡ ¡ ¡ G ¡¡¡¡¡¡¡C¡¡ ¡ ¡ ¡ ¡ ¡ ¡ CCCC ¡¡¡¡¡G¡¡C¡ 547

ChkHIOMT ATGT¡ ¡C¡¡¡ GAT ¡ ¡A¡¡T¡ ¡T¡¡A¡¡¡¡¡ ¡ ¡ ¡T¡ ¡ CCCT ¡ ¡ ¡ A ¡ ¡ ¡ AG ¡ 550
*- line2 & linel -*

humHIOMT TGTGTGACCT TGGTGGGACÄ CGGATAAAGC TGGAAACCAT CATTCTCAGC 597
rbovHIOMT ¡C¡¡C¡¡¡¡¡ G¡¡G¡. ......

ChkHIOMT ¡T¡A¡¡¡ ¡¡ G¡¡A¡.
561
564

humHIOMT
rbovHIOMT

ChkHIOMT

humHIOMT
rbovHIOMT

ChkHIOMT

humHIOMT
rbovHIOMT

ChkHIOMT

humHIOMT
rbovHIOMT

ChkHIOMT

humHIOMT
rbovHIOMT

chkHIOMT

humHIOMT
rbovHIOMT

ChkHIOMT

humHIOMT
rbovHIOMT

ChkHIOMT

AAACTATCGC AAGGACAGAA AACCAAACAC CQCOTGTTCT CACTCATAGG 647
.I 563
.¡ 566

3probe -* *- 31ine+42
TGGGGCTGGA GCTCTGGCTA AGGAATGCAT GTCTCTGTAC CCTGGATGTA 697
C¡¡TT¡¡¡¡G ¡¡¡¡¡]¡¡C¡ ¡]¡CG]¡¡G¡ ¡|¡C¡¡¡¡¡] ¡]G¡¡ ¡ ¡ ¡ JC 613
¡|¡T¡GA¡¡¡ ¡]¡T¡¡¡¡CC ¡A¡¡¡¡¡TG¡ T ¡ TCT ¡ ¡ ¡ ¡ T ¡ ¡ AAAT ¡ ¡ C ¡ 616

AGATCACCGT TTTTGACATC CCAGAAGTGG TGTGGACGGC AAAGCAGCAC 747
G¡GC]¡TT¡¡ G¡¡C¡¡¡¡¡¡ |!||S¡|¡¡I ¡¡CA¡¡TC]¡ C¡¡¡AGA¡¡T 663
CAG ¡¡¡¡AA¡ ¡¡A¡¡¡¡C¡G |¡CA¡¡¡¡T¡ ¡ ACAAGT ¡ ¡ ¡ C ¡ ¡ AG ¡ ¡ ¡ GA 666

TTCTCATTCC AGGAGGAAGA ACAGATTGAC TTCCAGGAAG GGGATTTCTT 797
¡¡¡¡|¡GC¡T C¡[¡¡¡¡C¡¡ G¡GC¡¡CAG¡ ¡¡¡¡¡T¡¡¡¡ ¡¡¡¡¡¡¡¡¡! 713
¡ ¡GGTTCC¡ ¡ C¡ 1 ¡ ¡ ¡ ¡GCG ¡ ¡G¡ ¡ ¡ ¡ ¡C¡ ¡ ¡ ¡ ¡ ¡T¡ ¡ ¡ ¡ ¡A¡ ¡ ¡ ¡ ¡T¡ | 716

CAAAGACCCT CTTCCGGAAG CTGATCTGTA CATCCTGGCC AGGGTCCTCC 847
¡¡¡¡¡¡¡G¡C ¡¡C¡¡¡]¡G¡ ¡G¡]C¡¡¡]¡ T¡¡¡¡¡!¡¡¡ !¡¡¡¡¡¡¡G¡ 763
T¡!¡¡¡TT¡AA¡C|¡T¡¡¡¡ ¡¡¡¡C¡¡C¡¡ ¡|¡TT¡AT¡A ¡A¡A¡A¡¡G¡ 766

ATGACTGGGC AGACGGAAAG TGCTCACACC TGCTGGAGAG GATCTACCAC 897
¡ ¡ j¡¡j ¡¡A] C¡¡T¡CC¡¡¡ ¡ ¡ ¡ ¡ ¡C¡ ¡ ¡ ¡ ¡ ¡ ¡ ¡ ¡C¡ ¡ ¡ ¡ AG¡¡¡¡T¡GG 813

¡¡¡A T¡¡TAA¡¡¡A ¡¡¡AGG¡¡G¡ ¡¡¡¡¡¡CAGA AG¡¡¡¡TA¡G 816
- 31ine+245
ACTTGCAAGC CAGGTGGTGG CATTCTGGTA ATTGAAAGCC TCCTGGATGA 94 7
G¡C|¡¡¡G¡A ¡¡¡¡¡¡¡C¡¡ ¡|¡C¡¡¡¡¡C ¡¡C¡¡G¡¡¡¡ |¡¡¡|¡¡CAC 86 3
G¡C¡¡¡¡GA¡ ¡T¡ ¡ ! ! ! ! I ¡ AG¡G¡ ! ¡C¡G G¡ ¡ ¡ ! ¡TCG¡ ! ¡ ¡AG! ¡ ¡ 8 66

humHIOMT AGACAGGCGA GGTCCTCTGC TCACGCAGCT CTACTCTCTG AACATGCTTG 997
rbovHIOMT G¡¡¡G¡¡¡¡G ¡¡C¡¡¡¡¡¡A C¡¡¡¡¡T¡¡¡ G¡¡¡¡¡G¡¡¡ ¡¡¡¡¡¡¡¡G¡ 913

ChkHIOMT ¡¡¡¡¡¡AA¡T ¡¡A¡¡¡G¡¡GAA¡¡C¡¡¡¡¡ G¡¡T¡¡A¡¡! !¡T¡G¡ 916

humHIOMT
rbovHIOMT

ChkHIOMT

humHIOMT
rbovHIOMT

ChkHIOMT

humHIOMT
rbovHIOMT

ChkHIOMT

humHIOMT

humHIOMT

TGCAGACGGA AGGGCAGGAG AGGACCCCCA CCCACTACCA CATGCTCCTC 1047

C¡A¡ ¡AG¡AG TTG¡G¡
¡¡G ¡GC¡
¡AG TGA¡i i i i i p i i mi pj^ i i i

*- 3hiomt
TCTTCTGCTG GCTTCAGAGA CTTCCAGTTT AAGAAAACAG GAGCCATTTA 1097
GGCC{C!¡C] ]¡¡¡¡C¡¡¡¡ ¡G¡G¡G¡¡GC CG¡¡GG¡¡G¡ ¡G¡GA¡CC¡
GGGG¡A¡¡¡¡ ¡¡|¡G¡¡ GG¡T¡¡AG¡¡ ¡G¡¡G¡¡¡T¡ ¡¡AAAC¡C¡

963
966

1013
1016

TGATGCCATT TTAGCCAGGA AATAACTGTT TCTTGTGACC TGGAACTAAC 1147
C¡¡¡¡¡TG¡C ¡¡G¡¡¡¡¡¡¡ ¡¡¡G¡ 1038
¡¡¡¡¡¡TG¡¡ C¡G¡GG¡¡¡¡ ¡]¡G¡ 1041

*- hiomtcdna
GTCAAAGCAC ACAAGACATA ATAATAAAGA CATGTACCTC CAAAAAAAAA 1197

AAAAAAA 1204
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RNA isolation
Total RNA was isolated from human pineal glands using

two methods, a modification of a previously described
procedure (Sargent et ai, 1986, without the LiCl2 step) and
by extraction with RNazol B. A cow pineal gland was ex-
tracted simultaneously to provide an indication of RNA
degradation during the isolation procedure. Bovine pineal
RNA was never found to be degraded, as judged by the
presence of strong ribosomal RNA bands and a well-de-
fined signal following hybridization with a glyceraldehyde-
3-phosphate dehydrogenase (GAPDH) probe.

HIOMT enzyme assay
HIOMT activity was measured (final volume = 50 fil)

using 1 mM A^-acetylserotonin and 0.1 mM ["C-methyl]-
S-adenosyl-L-methionine (25 mCi/mmole) (Sugden et ai,
1986).

Production, screening, and characterization of
anti-human HIOMT serum

Three peptides were synthesized (University of Notre
Dame Bioscience Core Facility, Notre Dame, IN) based
on regions of putative high antigenicity in human HIOMT
(see Fig. 3): HH1 (LKVETRGGKAFYRNTELS,
residues 73-90); HH2 (ADGKCSHLLERIYHTC
K P G G, residues 286-305); and HH3 (E G D F F K D, res-
idues 262-268). A mixture of these peptides was used to
generate antiserum 139A. A New Zealand white rabbit was

injected with keyhole limpet hemocyanin conjugates of
these peptides and boosted 14 days later; 6 months later
the animal was boosted twice (14-day interval) with polyly-
sine conjugates of the peptides.

To determine whether antiserum 139A could precipitate
human pineal HIOMT, undiluted antiserum (2 volumes)
and Protein A-agarose (1 volume) were mixed (21 hr,
4°C). Following centrifugation (13,000 x g, 1 min, 4°C),
the pellet was resuspended in 2 volumes of 0.05 M sodium
phosphate buffer pH 7.9. Human pineal glands were ho-
mogenized in 10 volumes of 0.05 M sodium phosphate
buffer pH 7.9, containing 0.5 mM phenylmethylsulfonyl-
fluoride (PMSF) and 1 ¡ig/ml leupeptin. A range of vol-
umes of the Protein A-agarose suspension were then mixed
overnight with 10 ¡a of human pineal homogenate and
phosphate buffer (final volume = 100 /¿l). The suspension
was centrifuged as before, the pellet resuspended in 100 /d

phosphate buffer, and both the pellet and supernatant as-

sayed for HIOMT activity. Antiserum 139A precipitated
HIOMT, albeit weakly (Table 1).

A Western blot containing protein from several human
pineal glands was used to determine the specificity of the
antiserum. The pooled tissues were homogenized in 20 mM
Tris, 1 mM ethylenediamine tetraacetic acid (EDTA), 0.5
mM ethylene glycol-bis(/3-aminoethyl ether) N,N,N',N'-
tetraacetic acid (EGTA), 0.5 mM PMSF, and 1 /tg/ml leu-
peptin and then centrifuged (100,000 x g, 1 hr). The solu-
ble protein (1.7 mg) was loaded into a 12.5-cm-wide well
(12.5% polyacrylamide gel) (Laemmli, 1970) and electro-
phoretically fractionated. The proteins were then trans-
ferred onto Immobilon-P (Towbin et ai, 1979), and the
blots were coated with 2% gelatin in Tris-buffered saline
(TBS, 20 mM Tris pH 7.5, and 150 mM NaCl), dried, and
cut into 3-mm-wide strips. These strips were used to deter-
mine that preimmune serum had no immunopositive reac-

tion and that after immunization and boosting of the rab-
bit with the peptide mixture, the antiserum produced a

strong signal at the predicted mass. For subsequent tissue
distribution analysis, individual samples were applied to 5-
mm-wide wells for electrophoresis, proteins were electro-
blotted onto Immobilin-P, and then blots were incubated
(14 hr) with antiserum 139A (1:1,000 in 1% gelatin/TBS).
After washing with TBS containing 0.05% Tween 20
(TTBS), the blots were incubated with goat anti-rabbit
IgG conjugated to alkaline phosphatase (1:800 in 1% gela-
tin/TBS) for 1.5 hr and washed again with TTBS. Protein
bands were visualized by incubating the blot with 5-bromo-
4-chloro-3-indolyl phosphate/nitro blue tetrazolium or by
autoradiography after incubating the blot with I25I-labeled
Protein A (200,000 cpm/ml) for 1 hr. The latter method
produced less background. Antiserum 139A did not react
with bovine pineal protein.

A second anti-HIOMT serum (783) was raised following
methods similar to those above, except that the animal was
immunized with only HH1 conjugates. Western blot analy-
sis indicated that the resulting antiserum (1:1,000) detected
a — 42-kD protein in human pineal glands and a — 39-kD
protein in bovine pineal glands by Western blot analysis.
This antiserum was not used extensively because it reacted
weakly with other proteins. Antiserum 783 immunopre-
cipitated HIOMT activity to the same modest degree as did
139A.

Neither anti-HIOMT serum (139A or 783) produced a

positive signal in immunohistochemical analyses of human
pineal glands fixed by a variety of methods (H.K. Korf,

FIG. 2. Comparison of the three vertebrate HIOMT sequences. Alignment of the human HIOMT sequence (hum-
HIOMT) with bovine (rbovHIOMT) and chicken (chkHIOMT) HIOMT sequences required insertion of a 3-bp gap in
humHIOMT and rbovHIOMT at bases 28-30 (shown as "...") and an 84-bp gap (bases 563-646) in rbovHIOMT and
chkHIOMT. Nucleotides identical to the humHIOMT sequence are indicated by |. The noncoding region for hum-
HIOMT is shown as a single line and the polyadenylation signal is underlined. The LINE-1 element is shown in boldface
type. PCR primers are the shaded sequences, with the primer label above the sequence and an arrow to indicate the direc-
tion of amplification. Use of each primer is described in the text. The arrows indicate the splicing site within a consensus
splice sequence. For further details see Materials and Methods.
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S.J. Donohue, and D.C. Klein, unpublished results). This
may indicate the reactive regions of the protein are inter-
nalized or otherwise masked, which might explain why
HIOMT is not potently immunoprecipitated by these anti-
sera.

RESULTS
Sequence analysis

The nucleotide sequence of human HIOMT cDNA clone
179 was determined (Figs. 1 and 2). The coding region is
1,122 bp in length, the 5' noncoding region is 69 bp and the
3' noncoding region is 66 bp. A second clone (217) had the
same sequence.

Comparison of the human HIOMT cDNA sequence
(Fig. 2) with the revised bovine (Donohue et ai, 1992) and
avian (Voisin et ai, 1992) HIOMT sequences reveals that
all three share broad regions of similarity, and that the hu-
man cDNA contains an anomalous 84-bp region. Exclusive
of this region, the human HIOMT sequence is 75% and
63% homologous to the revised bovine and the avian
HIOMT nucleotide sequences, respectively (Fig. 2). Fur-
ther comparison of the three sequences indicates that sev-

eral short regions are highly conserved.
The deduced amino acid sequence for human HIOMT

(Fig. 3) is 373 residues with a predicted pi of 5.7 and size
of 41.6 kD, substantially larger than the reported size (39

kD) of HIOMT from other species (Nakane et ai, 1983).
Western blot analysis with immunodetection confirmed the
mass of human HIOMT to be ~ 42 kD, which is larger than
bovine HIOMT (39 kD, Fig. 4). Avian HIOMT has an

extra amino acid after residue 9 compared to mammalian
HIOMT. The deduced amino acid sequences of bovine and
avian HIOMT are 70% and 57% identical to human
HIOMT and 81% and 73% similar to human HIOMT, re-

spectively, excluding the anomalous region (Fig. 3). If this
84-bp region is translated into a 28-amino-acid peptide
within HIOMT, the downstream HIOMT sequence will
not change

Computer analysis of the human HIOMT sequence indi-
cates several potential sites for secondary modification
(Fig. 3). Two sites are conserved among the three se-

quences: the casein kinase II phosphorylation site at Ser-
149 (150 in chicken) and the myristoylation site at Gly-216
(188 in bovine and 189 in chicken). In addition, 7 cysteines
are conserved and it is possible that these form disulfide
bonds or participate in protein thiohdisulfide exchange.
The latter mechanism has been shown to alter HIOMT ac-

tivity (Sugden and Klein, 1987).
A search of Genbank and EMBL databases revealed

that the 84-bp anomalous region is 96% identical with a

portion of the LINE-1 sequence. The presence of the
LINE-1 fragment within the HIOMT cDNA clone raised
the question of whether multiple species of human
HIOMT mRNA exist, including one containing the
LINE-1 fragment.

humHIOMT
rbovHIOMT

chkHIOMT

humHIOMT
rbovHIOMT

ChkHIOMT

MGSSEDQAY. RLLNDYANGF MVSQVLFAAC ELGVFDLLAE APGPLDVAAV 4 9

¡C¡Q¡GEG¡. S¡¡KE¡¡¡¡| ¡!'¡¡¡¡¡¡| !¡¡¡¡E¡¡¡¡ ¡LE¡¡¡S¡¡¡ 49
¡D¡T|¡LD¡P QIIFQ¡S||¡ L¡¡K¡M]T¡¡ ¡¡¡¡¡]LQ SGR¡¡SLDVI 50

m t HH1
AAGVRASAHG TELLLDICVS LKLLKVETRG GKAFYRNTEL SSDYLTTVSP 99
SSHLGS¡PQ¡ !¡!¡¡NT¡|| ¡|¡¡QADV¡| ¡ ¡ ¡V¡A¡ ¡ ¡ ¡ A|T¡¡VRG¡¡ 99

¡¡RLGT¡IM¡ M¡R¡¡¡A|¡G ¡¡¡¡A¡¡L¡R EG¡¡¡¡¡¡¡I ¡HI¡¡¡KS¡¡ 100

t *

humHIOMT TSQCSMLKYM GRTSYRCWGH LADAVREGRN QYLETFGVPA EELFTAIYRS 14 9
rbovHIOMT R¡¡RD¡¡L¡A ¡¡¡A¡V¡¡R| ¡¡E¡¡¡¡¡¡¡ ¡|¡KA¡¡I¡S ¡!¡¡S¡¡¡¡¡ 149

ChkHIOMT K¡¡YHIMM¡Y SN¡V¡L¡¡HY ¡T¡¡¡¡¡¡¡¡ ¡¡ERA¡¡ISS KD]¡G¡R¡¡¡ 150

humHIOMT EGERLQFMQA LQEVWSVNGR SVLTAFDLSV FPLMCDLGGT RIKLETIILS 199
rbovHIOMT ¡D¡ ¡ ¡ ¡ ¡ ¡ ¡G ¡ ¡ D ¡ ¡ RLE ¡ A T] ¡ A¡ ¡ ¡ ¡ ¡ P ]]¡I¡¡¡¡. 187

chkHIOMT ¡E¡M¡K¡LAG QNSI¡¡IC¡¡ D¡¡¡¡¡¡¡¡P ¡TQIY¡¡¡. 188

humHIOMT
rbovHIOMT

ChkHIOMT

humHIOMT
rbovHIOMT

ChkHIOMT

humHIOMT
rbovHIOMT

ChkHIOMT

humHIOMT
rbovHIOMT

chkHIOMT

m m * t
KLSQGQKTKH RVFSLIGGAG ALAKECMSLY PGCKITVFDI PEWWTAKQH 249
.¡jS| !!!|A¡V¡¡¡ !¡¡RAI¡¡¡¡ ¡G¡¡QI¡]R¡ 221
.¡¡G¡ ¡¡|Q¡|VF¡¡ ¡N¡TV¡IY¡L ¡K¡¡QV¡¡ER 222

* HH3 KK2
FSFQEEEQID FOEGDFFKDP LPEADLYILA RVLHDWADGK CSHLLERIYH 299

¡¡AS¡D|R|S ¡H¡¡|¡|¡¡A ¡¡!|¡i|¡¡| !!!!!¡T¡A¡ ¡!|¡¡Q¡V¡R 271
LVPP¡ ¡RR¡A ¡H¡ ! ¡ ¡ ¡ ¡ ¡S I| ¡¡'! !¡¡S KI¡ ¡ ¡ ¡D¡K| !RQ! ¡AEV¡K 272

t *

TCKPGGGILV IESLLDEDRR GPLLTQLYSL NMLVQTEGQE RTPTHYHMLL 349
A¡RT¡¡¡¡¡¡ !!!¡!|T¡G¡ ¡|¡T¡L¡i¡¡ ¡ | | ¡ ¡ ¡ ¡ ¡R¡ |¡¡AE¡RA¡¡ 321
A¡R¡ ¡ ¡ ¡V¡L V¡ ¡ ¡ ¡S¡ ! ¡S ¡ ¡VE] ! ! ¡ ¡ ¡ ¡ ¡ ! ¡ ! ! ! |K¡ ¡|AVE¡SEÍ¡ 322

SSAGFRDFQF KKTGAIYDAI LARK 373
GP¡¡¡¡]VRC RR¡[GT¡¡¡V ¡¡¡¡ 345
GA¡ ! ! ¡EV¡V RR¡ ¡KL! ! ¡V ¡G¡¡ 346

FIG. 3. Comparison of amino acid sequences. The deduced amino acid sequences for humHIOMT, bovHIOMT, and
chkHIOMT are compared. In addition, the predicted secondary modifications of humHIOMT are shown. The under-
lined sequences correspond to the synthetic peptides (HH1, HH2, HH3) used to raise antiserum in rabbits. (|) Identical
amino acid residues; (*) casein kinase II phosphorylation site; (t) protein kinase C phosphorylation site; and (m) myristo-
ylation site. For further details see Materials and Methods.
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Analysis of human HIOMT mRNA: Heterogeneity
and presence of LINE-1 fragment

The presence of a LINE-1 fragment within HIOMT
mRNA was initially detected by PCR using primer pairs
which amplified from within the LINE-1 fragment to
either an upstream (5hiomt/line2) or a downstream
(linel/3hiomt) point (Fig. 2). The template used was
cDNA generated from total RNA isolated from individual
or pooled human pineal glands. Clone 179 served as a stan-
dard. Using the indicated primer pair (Fig. 5), products of
identical size were generated from human pineal cDNA

46 kDa —

30 kDa  
FIG. 4. Immunodetection of HIOMT in human and bo-
vine pineal glands. Soluble protein was run on a 12.5%
acrylamide gel. Preparation of the Western blot is de-
scribed under Materials and Methods. Following incuba-
tion with HIOMT antiserum 783, the blot was incubated
with goat anti-rabbit IgG antibody conjugated to alkaline
phosphatase. Protein bands were visualized using 5-bromo-
4-chloro-3-indolyl phosphate/nitro blue tetrazolium. Lane
1, bovine pineal gland; lane 2, human pineal gland.

5hiomt/line2
1 2 3 4 5 6 7

Hne1/3hiomt

7 8 9 10 11 12 13

FIG. 5. PCR amplification using a LINE-1 fragment pri-
mer and an HIOMT-specific primer. PCR was performed
with 4 mM MgCl2 and the primer pairs shown in the fig-
ure. The template for each reaction was as follows: lane 1,
HIOMT cDNA clone 179; lanes 3-6, cDNA from individ-
ual human pineals; lane 7, size standards; lane 8, HIOMT
cDNA clone; and lanes 10-13, cDNA from individual
pineals. Lanes 2 and 9 have nothing. The annealing tem-
perature for the reactions was 67 CC when PCR primer pair
5hiomt/line2 was used and 63 °C when primer pair linel/
3hiomt was used. PCR products were run on a 4%—20%
gradient acrylamide gel. For further details see Materials
and Methods.

and from clone 179, indicating that the LINE-1 fragment
is a typical feature of only one species of human HIOMT
mRNA.2

Amplification of cDNA from one gland (Fig. 5, lanes 5
and 12) generated very large products, which did not hy-
bridize with a 5' or 3' HIOMT probe (-450 bp) in South-
ern blot analysis (data not shown). Accordingly, we believe
they are artifacts.

In a second approach, Southern blot analysis of PCR
products was used to verify the presence of the LINE-1
fragment in human pineal mRNA. Nearly the entire
HIOMT coding region was amplified using the primer pair
5hiomt/3hiomt; the template used was cDNA synthesized
from pineal total RNA. Three products were visualized on

an ethidium bromide stained gel (Fig. 6). The largest prod-
uct (band A) was the same size as the single band gener-
ated from the clone; this band was either very faint (Fig. 6)
or undetectable (Fig. 7A, lanes 2-6) compared to the
strong bands for the two smaller products (bands B and
C). In other studies, we found that the relative abundance
of the three PCR products appeared to be constant, re-

gardless of the region of the HIOMT clone that was ampli-
fied. These findings suggest that the mRNA corresponding
to band A is present in lower abundance than the other
species of HIOMT mRNA.

Southern blot analysis of the PCR products revealed
that a synthetic LINE probe hybridized only with band A.
This indicates that the corresponding species of HIOMT
mRNA contains the LINE-1 fragment (Fig. 7B). The very
weak signal probably reflects the low amount of product
present, as noted above. A synthetic 84-base 5' HIOMT
probe hybridized to each of the three bands (Fig. 7C), with
the same relative intensity as seen with ethidium bromide
visualization. The finding that all three products hybridize
with this probe indicates each band represents a different
species of HIOMT mRNA. In contrast, an 84-bp scram-
bled LINE probe (nucleotides of LINE probe in random-
ized sequence) did not hybridize to the blot (not shown).

Based on these qualitative results, it appears that the
LINE-1 fragment is present in both the clone and band A
and that both represent the largest species of human pineal
HIOMT mRNA. Bands B and C appear to lack the
LINE-1 fragment; band B is -85 bp shorter and band C is
— 230 bp shorter than band A.

Two additional PCR experiments were performed to
characterize better the smallest product (band C). The 5'
primer used above (5hiomt) was used with either of two 3'
primers (31ine+245 and 31ine +42), each of which anneals
to a site between the LINE-1 fragment and the 3' region to
which primer 3hiomt anneals. Three products were gener-
ated with primer pair 5hiomt/31ine+245. These were pre-

2Several observations indicate that these products are not due
to contamination or nonspecific amplification. First, products
were detectable only when template was added to the reaction.
Second, the annealing temperatures used (63°C or 67°C) permit
only specific amplification to occur. Last, the same results were

obtained if the cDNA used as template was synthesized using ran-
dom hexamers or an HIOMT-specific oligonucleotide (primer
hiomtcdna in Fig. 2, unpublished data).



722 DONOHUE ET AL.

B A-

FIG. 6. PCR amplification of human pineal cDNA and
the HIOMT cDNA clone. PCR was performed using the
primer pair 5hiomt/3hiomt and an annealing temperature
of 67°C and included 3.5 mM MgCl2. PCR products were
run on a 4% to 20% gradient acrylamide gel. Lane 1,
HIOMT cDNA clone; lane 2, four pooled human pineals;
lane 3, water control and, lane 4, size standards. For fur-
ther details see Materials and Methods.

dictably 166 bp smaller than the corresponding bands A,
B, and C (Fig. 8). However, only two products were gener-
ated with 5hiomt/31ine+42. Together with the results of
Southern blot analysis, this indicates that the ~230-bp re-

gion absent from the smallest mRNA species spans a

major portion of the LINE-1 fragment (bp 563-646) and
the region to which primer 31ine+42 anneals (bp 686-705).

The sequence of PCR products B and C was then deter-
mined. The results (Fig. 9) indicate that the region deleted
from PCR product B corresponds exactly to the LINE-1
fragment and that PCR product C has a 225-bp deletion
that includes the LINE-1 fragment and extends 141 bp fur-
ther downstream,in agreement with the preceeding results.
Interestingly, two splice junction sequences (Mount, 1982)
exist within the HIOMT clone (Fig. 9). One is present at
the 3' end of the LINE-1 fragment (bp 640-647) with the
splice site at the junction of the LINE-1 sequence and
HIOMT sequence (between bp 646 and 647). A second rec-

ognizable splice sequence is located at bp 781-788, which
corresponds to the 3' end of the region deleted from PCR
product C (splice site between pb 787 and 788).

It should be added that the human pineal cDNA library
was screened again in an effort to isolate full-length cDNA
inserts without the LINE-1 fragment (-85 bp shorter).
The full-length HIOMT cDNA inserts isolated were either
identical in size to the clones already isolated or appeared
to lack a large region (-250 bp) including the sequence to
which primer 3iine+42 anneals. Accordingly, these smaller
cDNA inserts and PCR product C may represent the same

species of human HIOMT mRNA.

Variability in pineal HIOMT levels

Analysis of samples of homogenates (60 ;tg protein/sam-
ple) of 14 individual human pineal glands indicated that all
contained a 42-kD protein that reacts with antiserum 139A
(Fig. 10, see footnote 3). In addition, it was evident that
the intensity of the HIOMT signal varied markedly be-
tween individuals.

A. Ethidium bromide staining
12 3 4 5

1000 —

700 —

B. Southern blot: LINE probe
12 3 4 5 6 7

— A
— B

—

C

C. Southern blot: 5' HIOMT probe
1. 12 3 4 5 6

3HIOMT was immunodetected in the homogenates of an addi-
tional 10 individual human pineal glands (S.J. Donohue, B. Kola-
chana, J. Kleinman, and D.C. Klein, unpublished results).

— A

— B

—

C
FIG. 7. Southern blot analysis of PCR products. PCR
was performed using the primer pair 5hiomt/3hiomt and
contained 3.5 mMMgCl2. The template for each reaction
was as follows: lanes 2-5, cDNA from individual human
pineals; lane 6, cDNA from pooled human pineals (differ-
ent pineals than lanes 2-5); lane 7, human HIOMT cDNA
clone 179. Lane 1 contains size standards. The products
were run on a 3% NuSieve GTG:Seakem GTG (3:1) gel
made with 40 mM Tris-acetate and 1 mM EDTA. A. The
PCR products are visualized by ethidium bromide stain-
ing. B. The gel was semi-dry blotted onto Magna NT
and then the blot was incubated for 4 hr at 42° C in Hybri-
sol I (50% formamide). The LINE probe (synthetic oligo-
nucleotide corresponding to the LINE-1 fragment, bases
562-645) was "P-labeled and added to the prehybridiza-
tion solution. Following incubation for 14 hr at 42°C, the
blot was washed twice (20 min each) at room temperature
with 150 mM sodium chloride, 15 mM sodium citrate (1 x
SSC) containing 1% SDS and then exposed to film. C.
The same blot was hybridized with a synthetic 84-base
HIOMT probe (bases 279-196). The blot was stripped of
the LINE probe (20-30 min in water, < 100°C), allowed to
prehybridize as described above and then the "P-labeled
HIOMT probe was added. Following an overnight incuba-
tion at 42° C, the blot was washed as described above and
exposed to film. The signal from band B was so much
stronger than that of band A that it was not possible to de-
lineate signals from these bands. Consequently, the blot
was cut between bands A and B and both sections were ex-

posed to film (6 days) separately. For further details see
Materials and Methods.
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5hiomt/3line + 42
_A.

5hiomt/3line + 245
_A_

FIG. 8. PCR amplification using HIOMT-specific primer pairs. The PCR was performed with 3.5 mM MgCl2, the indi-
cated primer pairs, and an annealing temperature of 63°C. The template for each reaction was: lane 1, HIOMT cDNA
clone 179; lanes 3-6, cDNA from individual human pineals; lane 9, HIOMT cDNA clone; lanes 11-14, cDNA from indi-
vidual pineals. Lanes 7 and 15 have size standards and lanes 2, 8, and 10 are blank. PCR products were resolved on a
4%—20% gradient acrylamide gel. For further details see Materials and Methods.

4bp 141 bp
| UNE IA-

B-

C-

551 GTGACCTTGG TGGGACACGG ATAAAGCTGG AAACCATCAT TCTCAGCAAA
1

601 CTATCGCAAG GACAGAAAAC CAAACACCGC GTGTTCTCAC TCATAGGTGG

651 GGCTGGAGCT CTGGCTAAGG AATGCATGTC TCTGTACCCT GGATGTAAGA

701 TCACCGTTTT TGACATCCCA GAAGTGGTGT GGACGGCAAA GCAGCACTTC
1751 TCATTCCAGG AGGAAGAACA GATTGACTTC CAGGAAGGGG ATTTCTTCAA

FIG. 9. Illustration of regions deleted from two HIOMT
PCR products. PCR amplification of human HIOMT
cDNA using primers 5hiomt and 3hiomt (see Fig. 2) gener-
ated three PCR products that are represented schemat-
ically (top). Determination of the sequence of the two
shorter products (B and C) indicated that the LINE-1 frag-
ment (clear box in schematic and sequence in bold type) is
absent from PCR products B and C. An additional 141-bp
region (shaded box in schematic and underlined sequence)
is absent from product C. Arrows indicate splicing sites.

DISCUSSION

This investigation has provided new information about
human HIOMT in the following areas: sequence, mRNA
heterogeneity, and individual variability. These topics will
be discussed sequentially below.

Sequence
Analysis of the nucleotide sequence of the human

HIOMT cDNA clone described in this report reveals that it
is comprised of two distinct components. One is homolo-
gous to the HIOMT cDNA clone isolated from avian and
bovine pineal glands; a second is highly homologous to a

region of the LINE-1 sequence.
There are a number of short, highly conserved regions

shared by the three HIOMT sequences, which we suspect
contribute to substrate specificity. A longer conserved re-

gion (64% identical between all three; residues 254-341) is
notable for another reason. It includes a 35-amino-acid se-

quence (residues 261-295) that is homologous among sev-
eral methyltransferases (Motamedi and Hutchinson, 1987;
Kaneda et ai, 1988; Armstrong et ai, 1989; Salminen et
ai, 1990; Bertocci et ai, 1991; Bugos et ai, 1991; Lacalle
et ai, 1991). This region is somewhat larger than that pre-
viously identified (residues 262-287) as exhibiting homol-
ogy among methyltransferases (Voisin et ai, 1992). This
sequence may represent the site to which the methyl donor
5-adenosyl-L-methionine binds (Bugos et ai, 1991; Lacalle
et ai, 1991).

Interestingly, a large region of the methyltransferases
from Rhodobacter capsulata, Streptomyces alboniger, and
Streptomyces glaucescens is homologous with the HIOMT
amino acid sequences (approximately 35% identity, resi-
dues 235-354; see also Refs. Motamedi and Hutchinson,
1987; Laccalle et ai, 1991). In addition, a methyltransfer-
ase isolated from aspen (lignin-bispecific O-methyltrans-
ferase) is homologous with HIOMT (overall 25% identity
and 74% similarity to humHIOMT excluding the LINE-1
fragment) with even higher homology at the carboxyl ter-
minus (Bugos et ai, 1991). In contrast, human (Bertocci et
ai, 1991) and rat (Salminen et ai,m 1990) catechol-O-
methyltransferase or human phenylethanolamine-N-meth-
yltransferase (Kaneda et ai, 1988) have extremely limited
homology with HIOMT.

It should be noted that bacterial O-methyltransferases and
HIOMT are both regulated by light, indicating that this may
have been conserved as well during the course of evolution.
This association may have originated within an ancestral
form of the photosynthetic bacterium Rhodobacter capsu-
lata, as discussed in detail elsewhere (Klein et ai, 1992.

The 84-bp LINE-1 fragment found in the human
HIOMT cDNA clone is 96% identical with the 3' portion
of the second long open reading frame (ORF-2) and has
the same open reading frame as is found in ORF-2 (Fig.
11) (Scott et ai, 1987). In addition, a region of hum-
HIOMT (residues 188-217), comprised of the LINE-1
fragment and two amino acids extending 3' into the
HIOMT component, has 90% (27/30) identity with the
carboxy-terminal residues of ORF-2. The significance of
the inclusion of the carboxy-terminal region LINE-1 is not
known. It should be added that the insertion of the
LINE-1 fragment would still allow the correct translation
of the downstream portion of HIOMT.
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Heterogeneity
The results of PCR analysis indicate that three species of

HIOMT mRNA exist in the human pineal gland. The lar-
gest HIOMT mRNA contains the truncated LINE-1 se-

quence, whereas the two smaller species lack the LINE-1
fragment. It was not possible to verify the existence of
three HIOMT mRNAs using Northern blot analysis be-
cause the RNA isolated from human pineal tissue was par-
tially degraded, making it difficult to resolve species of
mRNA of similar size (unpublished data).

The presence of three HIOMT mRNA species could re-

flect the presence of three copies of the HIOMT gene in
the human genome. However, this does not appear to be
the case since recent studies indicate that only a single copy
of the gene exists (Yi et ai, 1993). Consequently, it is rea-

sonable to conclude that the three mRNA species encoding

1 2 3 4 5 6
69 kDa

-

46 kDa
-

30 kDa
-

FIG. 10. Immunodetection of HIOMT from individual
human pineal glands. Homogenates were prepared from
individual pineal glands as described under Materials and
Methods. Samples containing 60 pg of protein were run on
a 12.5% acrylamide gel. The HIOMT antiserum used was
139A. Protein bands were visualized by incubating the blot
with 125I-labeled protein A and autoradiography. The film
was exposed for 10 days. Lane 1, Pineal 1; lane 2, pineal 2;
lane 3, pineal 4; lane 4, pineal 5; lane 5, pineal 7; and lane
6, pool of pineals 1-7. For further details see Materials and
Methods.

for HIOMT are due to alternative splicing across one or

more introns. An intromexon splice junction sequence
(Mount, 1982) at the 3' end of the LINE-1 fragment proba-
bly generates the mRNA species corresponding to PCR
product B (Fig. 9). A recognizable splice site also occurs
betweeen base pairs 787 and 788, and sequence analysis in-
dicates that the deletion in produce C encompasses bases
563-787. The presence of splice junction sequences indi-
cates that alternative splicing can occur. It should be added
that a consensus splice junction sequence is not present at
the 5' end of the LINE-1 fragment in the clone because a

single base is missing (Fig. 11); however, it appears that
splicing takes place here. Resolution of this issue requires
determination of the structure of the gene in this region.

Sequence analysis also reveals three features that might
be linked to the mechanism of insertion of the LINE-1
fragment into the HIOMT gene. The first is the presence
of a 19-bp repeat sequence on either side of the fragment
(bases 535-553 and 631-649), in which 15 bp are identical
(Fig. 11). This repeat sequence suggests that the LINE-1
fragment could have been inserted into the HIOMT gene
by nonhomologous recombination, the mechanism
through which LINE-1 sequences are generally thought to
be inserted (Singer, 1989). The second is that the consensus
LINE-1 sequence (Scott et ai, 1987) is homologous to
HIOMT in both directions beyond the 84 bp inserted por-
tion (Fig. 11). A 5-bp sequence immediately 3' to the
LINE-1 insert is 100% identical and the region immedi-
ately 5' of the insert has 9/11 bp identity (with 1 bp inser-
tion). This is consistent with the possibility that the inser-
tion occurred through homologous recombination. The
third is that the full-length consensus LINE-1 sequence has
splice sites that allow the excision of a fragment corre-

sponding exactly to the LINE-1 fragment in the HIOMT
cDNA clone (Fig. 11). The importance of these features in
explaining how the LINE-1 fragment was inserted into the
HIOMT gene will become clear when more is known about
the structure of the HIOMT gene.

Although three HIOMT mRNA species exist, Western
blot analysis revealed only a single immunoreactive protein
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FIG. 11. Comparison of the LINE-1 region of HIOMT to the homologous region of the consensus LINE-1 sequence.
Identical bases in the two sequences are indicated by |. The lowercase letter at position 5,778 indicates two bases (G or T)
occur at nearly equal frequency. The sequence in bold is the LINE-1 sequence included in the HIOMT clone. The brac-
kets identify the regions of identity between humHIOMT and LICons, which extend beyond the 84-bp LINE-1 insertion.
The arrows indicate the splicing site within a consensus splice sequence. The underlined regions identify the 19-bp repeat
which surrounds the LINE-1 fragment. One repeat spans the 3' end of LINE-1 and HIOMT; 5' to the LINE-1, the repeat
is entirely within the HIOMT sequence. The stop codon at the end of ORF-2 is shaded. LICons, Consensus sequence for
LINE-1.
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band, the size of which is identical to that predicted for
HIOMT containing the LINE-1 fragment. This suggests
that only one species of HIOMT mRNA may be translated
in the cell, or that two species are relatively unstable. If
this is the only form of HIOMT present, it appears that it
would represent the active form of HIOMT. Other forms
of HIOMT may be present, but are undetectable with the
methods used.

Individual variability
Serum melatonin levels vary dramatically between indi-

viduals (Arendt et ai, 1977; Arendt, 1988). In agreement
with these earlier findings, we have shown that HIOMT
immunoreactivity differs markedly between individuals.
The basis of this variability is unknown. It might reflect in-
dividual-to-individual differences in expression of the en-

zyme at the time of death or in post-mortem degradation
of the enzyme.
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