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ABSTRACT The human precursor gene for vasoactive in-
testinal peptide (VIP) and PHM-27, a peptide that has an NH,-
terminal histidine and COOH-terminal methionine amide and
is closely related in sequence and activity to VIP, was detected
with synthetic oligodeoxynucleotide probes. These specific hy-
bridization segments were constructed according to the neuro-
blastoma VIP ¢DNA sequence and contained up to 39 bases.
The gene structure was partly deduced by hybridization to
synthetic oligodeoxynucleotide probes and partly by direct
chemical nucleotide sequencing. Four exons were discovered
thus far; among them are two short exons separated by a 0.75-
kilobase DNA stretch, one encoding PHM-27 and the second
encoding VIP (exons 1 and 2). Each of these two exons encodes
both the hormone amino acid residues as well as the post-
translational processing signal sequences. The 3’ splice sites of
the two exons contain an identical stretch of nine nucleotides.
At the cDNA level, the 3’ splice sites contain the same stretch
of six nucleotides, which are identically spliced. The occur-
rence of VIP and PHM-27 coding sequences on two separate
exons of the human genome and the homology of their 3’ splice
site may allow alternative RNA processing as discussed below.

VIP is a 28-amino acid peptide originally isolated from por-
cine duodenum (1). This peptide is found in the central and
peripheral nervous systems and in endocrine cells, where it
exhibits both neurotransmitter and hormonal roles (2, 3).
VIP-containing structures have been identified by light and
electron microscopy techniques (3, 4) as being closely asso-
ciated with blood vessels in the brain. In addition, VIP has
induced relaxation of cerebral blood vessels (5), supporting
the hypothesis that a VIP-like substance is the transmitter
for vasodilation in the brain (3). VIP in the peripheral ner-
vous system has been suggested recently as a neurotrans-
mitter in penile erection (6, 7). As a hormone, VIP may be a
candidate for the prolactin-releasing factor. However,
immunohistochemical studies have revealed so far only sin-
gle VIP-positive nerve fibers in the medial basal hypothala-
mus, from which hormones are released into the portal blood
(8). VIP is closely related in its structure and function to oth-
er peptide hormones such as the recently discovered PHM-
27, a peptide with an NH,-terminal histidine and COOH-ter-
minal methionine amide. This peptide is the human analog of
the porcine PHI-27, which has a COOH-terminal isoleucine.
PHI-27, in contrast to VIP, is present in the medial basal
hypothalamus, forming a dense fiber network around the
portal capillaries, and may be involved in the control of pro-
lactin secretion (8). In human neuroblastoma and in other
tumors that produce VIP, VIP and PHM-27 were shown to
coexist on the same protein precursor (9, 10). As clearly out-
lined above, not all of the cells produce VIP and PHM-27
simultaneously (8, 9). Thus, we decided to investigate the
structure of the VIP gene, which may shed light on its modes
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of expression. Short cDNA sequences (9) were chosen and
chemically synthesized, which then allowed a facilitated
gene library screening and characterization of the gene. We
discovered that VIP and PHM-27 are encoded by two inde-
pendent exons on the human genome, and the possibility of
alternative RNA processing is discussed.

MATERIALS AND METHODS

Materials. Restriction enzymes were purchased from New
England Biolabs. Reverse transcriptase was obtained from
Life Sciences (St. Petersburg, FL). Radiochemicals and ad-
ditional enzymes were purchased from the Radiochemical
Centre.

Methods. Preparation of synthetic oligodeoxynucleotides.
Oligodeoxynucleotides (up to 21 bases long) were synthe-
sized by the modified deoxynucleotide phosphoramidite ap-
proach with diisopropylphosphoramiditic nucleosides (11).
Longer probes were produced by ligation as follows: oligo-
deoxynucleotides to be ligated were labeled with [y->?P]ATP
in the reaction catalyzed by the enzyme T4 polynucleotide
kinase (12); the labeled probes were hybridized to short syn-
thetic linker sequences and ligated at 12°C using T4 DNA
ligase by a published procedure (13). The synthetic probes
obtained are outlined in Fig. 1.

Screening of a human genomic library for the VIP-encod-
ing gene. The human gene library was a kind gift of R. Mis-
kin and J. Axelrod. It was a collection of recombinant \
phage carrying human DNA fragments of 15-17 kilobases
(kb) generated by partial digestion with EcoRI and joined to
phage A\ Charon 4A arms (14). Screening of the phage library
was performed by hybridization with synthetic oligonucleo-
tides end-labeled as above with [y->2P]ATP (5000 Ci/mmol;
1Ci = 37 GBg).

Characterization of the VIP gene. \ phage was isolated by
CsCl gradient centrifugation (13). Restriction endonuclease
mapping and blot hybridization analysis were conducted as
described (15). Hybridization temperatures for each probe
were calculated by using the following formula: 69.3°C +
[0.41°C multiplied by the percentage of G+C in the probe] —
[650°C divided by the number of bases in the probe] (16).
Subcloning of restricted gene fragments (EcoRI-Pst I) in
bacterial hosts was conducted by using pBR322 vector lack-
ing an EcoRI-Pst I fragment of 752 bases (ampicillin sensi-
tive). Chimeric plasmids were used to infect Escherichia coli
RR1 bacteria (13), and tetracycline-resistant transformants
were screened by using the appropriate oligodeoxynucleo-
tide probe. Cloned DNA fragments were further digested
with the restriction enzyme HinfI and labeled in the presence
of reverse transcriptase and [a-*?P]JdATP (3000 Ci/mmol)
(17). DNA sequencing was performed basically as described
by Maxam and Gilbert (18). The organization of Hinfl frag-
ments in the cloned EcoRI-Pst I gene segments was deduced

Abbreviations: VIP, vasoactive intestinal peptide; kb, kilobase(s).
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VASOACTIVE INTESTINAL POLYPEPTIDE
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Screening of human genomic library for VIP gene fragments. DNA hybridization was performed with synthetic oligodeoxynucleo-

tides containing sequences as in the cloned VIP cDNA sequences. Each oligonucleotide (40 pmol) was labeled with [y-*?P]ATP in the reaction
catalyzed by T4 polynucleotide kinase (12) and was ligated by using an equimolar amount of synthetic linker (L-1; L-2) and T4 DNA ligase at
12°C for 17 hr (13). Hybridization was conducted at 50°C with the oligodeoxynucleotide probe denoted V-5 and at 66°C with probe V-I1in 0.9 M
NaCl/0.09 M sodium citrate, pH 7/0.1% polyvinylpyrrolidone/0.1% Ficoll/0.1% bovine serum albumin (13). Out of 300,000 plaques screened,
3 plaques gave positive hybridization to all the probes tested. An example of one such plaque is shown. A higher specificity was obtained with a
longer oligodeoxynucleotide probe (V-I), as compared to one (encircled) nonspecific plaque obtained with V-5. Repeated subcloning steps

enabled the isolation of a pure clone.

by labeling the EcoRI site with [a-*?P]dATP, followed by
partial digestion with Hinfl and analysis of the products on a
polyacrylamide gel.

RESULTS

Screening a Genomic Library. The human DNA library
was screened for phage carrying the VIP precursor gene by
hybridization in situ with four synthetic DNA probes corre-
sponding to sequences 403-438 (probe V-I), 421-459 (probe
V-II), 379-399 (probe V-2), and 439-459 (probe V-5) of the
cloned cDNA (ref 9; see Fig. 1). The first two probes (V-I
and V-II), which are of longer sequence and of higher (ap-
proximately doubled) specific activity as compared to the
second two probes, hybridized identically to 3 plaques out of
=300,000 recombinant phages screened. Probe V-2 hybrid-
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Fi1G. 2. Simplified restriction analysis of the human VIP gene.
Cloned A-VIP; DNA (10 ug) was cleaved with several restriction
enzymes. The fragments were loaded on 0.8% agarose gel, electro-
phoresed, transferred to nitrocellulose, and hybridized to specific
labeled oligonucleotide probes (15) shown at the top of each lane.
Lane S shows EcoRI fragments (size in kb) stained with ethidium
bromide. (See text and Fig. 1 for detailed description of the synthet-
ic DNA probes.)

ized to 10 plaques, 3 of which were ideritical to the former 3,
with the rest probably representing nonrelated DNA seg-
ments. Similarly, probe V-5 hybridized to 9 additional
plaques, among them 3 identical to the above 3 plaques hy-
bridizing to all VIP-related probes.

Restriction Mapping. The structure of one genomic clone
(A\-VIP,) was determined by EcoRI and Pst I digestions (Fig.
2).

Exons were identified by using synthetic probes comple-
mentary to the published neuroblastoma VIP mRNA se-
quences (9). The synthetic sequences are given in Table 1.

As shown in Fig. 2, probes denoted V-5 and V-6 hybrid-
ized to the same EcoRI fragment of 3.2 kb; probes V-1 and
V-5 both hybridized to the same Pst I fragment of about 2.65
kb; probes V-6 and V-7 hybridized to the same Pst I frag-
ment of =3.5 kb. To further characterize the Pst I fragments
hybridizing to two remote probes, partial digests were con-
ducted, and the two probes gave identical patterns of hybrid-
ization (Fig. 3). Detailed restriction maps for the mRNA cod-

Table 1. Sequences of synthetic probes

Probe* Sequence
V-1 (244

264) 3’ C-G-A-C-T-A-C-C-T-C-A-A-A-A-G-T-G-G-T-C-A
V-2 (379-

399) 3’ A-G-T-C-T-A-G-G-T-C-A-G-A-A-G-T-G-A-C-T-G
V-3 (403-

420) 3’ T-G-G-G-C-G-G-A-A-T-C-T-T-T-T-G-T-T
V-4 (421-

438) 3' T-A-C-C-G-A-C-A-T-T-T-C-T-T-T-A-T-A
V-5 (439-

459) 3’ A-A-C-T-T-G-A-G-T-T-A-A-G-A-C-T-T-A-C-C-T
V-6 (470-

498) 3’ C-A-C-T-C-C-C-T-C-T-T-A-G-A-G-G-G-C-T-G
V-7 (1229-

1248) 3’ C-A-C-T-T-C-A-C-T-T-A-C-T-T-T-G-T-G-A-G

*The locations of these sequences along the RNA are denoted in
parentheses.
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FiG. 3. Partial restriction enzyme digest analysis. A-VIP, DNA
(10 ng) was partially digested with Pst I at 37°C. Fragments were
then subjected to electrophoresis on 0.8% agarose gel, blotted onto
nitrocellulose, and hybridized to the appropriate oligodeoxynucleo-
tide.

ing sequences (exons) in the cloned fragments were obtained
as follows. Each of the EcoRI-Pst I fragments containing
exon sequences were ligated to pBR322 devoid of the ampi-
cillin-resistance site and were further cloned in E. coli RR1.
The cloned gene fragments were then restricted with Hinfl,
subjected to electrophoresis on 2.5% agarose gel, and ana-
lyzed by blot-hybridization (15). Using this approach, we es-
tablished the location of exon sequences within the cloned
gene fragment. The arrangement of the Hinfl fragments
within the cloned gene segments was deduced from the par-
tial Hinfl digest of the EcoRI end-labeled fragment com-
pared with known lengths of Hinfl fragments, obtained after
complete digestion (Fig. 4).
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Fi1G. 4. Restriction mapping of cloned human genomic DNA
containing the prepro-VIP gene and sequencing strategy. (Top) A
part of the cloned human DNA containing four exons. (Middle)
PHM-27-encoding sequences (exon 1). (Bortom) VIP-encoding se-
quences (exon 2).

Nucleotide Sequence Analysis. The Hinfl fragments con-
taining exon sequences and their surrounding regions were
subjected to chemical nucleotide sequence analysis by the

PHM
—_—

(Ar)gAsnAlaArgHisAlaAsp

Intron 1...ACTGAAAGCCATTACGAAATAATGCTGTTTTTCTTCCTTGTTTTAG | AAATGCCAGGCATGCTGAT

PHM

——

GlyValPheThrSerAspPheSerLysLeuLeuGlyGlnLeuSerAlaLysLysTyrLeuGluSerLeuMetGly

GGAGTTTTCACCAGTGACTTCAGTAAACTCTTGGGTCAACTTTCTGCCAAAAAGTACCTTGAGTCTCTTATGGGA

LysArgValSe(r)

AAACGTGTTAG | GTAAAGAGAATTTATTATTTTTAT. . . . Intron 2....TGGAACATGTGTGTATTTATCATTT

(Se)rSerAsnIleSerGluAspProValProVallLys

CTTGTGAAAACTCTTTGATTTCCTTTTCCTCATGTTCCTTAG | CAGTAACATCTCAGAAGACCCTGTACCAGTCAAA

VIP

—_—

ArgHisSerAspAlaValPheThrAspAsnTyrThrArgLeuArgLysGlnMetAlaValLysLysTyrLeuAsn

CGTCACTCAGATGCAGTCTTCACTGACAACTATACCCGCCTTAGAAAACAAATGGCTGTAAAGAAATATTTGAAC

VIP
P a—

SerIleLeuAsnGlyLysArgSe(r)

TCAATTCTGAATGGAAAGAGGAG | GTAAAGAAAAAGAGAACTTGCTAAAATGAGG. . . . Intron 3....TGTTGC

(Se)rSerGluGlyGluSerProAspPheProGluGluLeuGluLysEndEnd

CATTGCTGCAG | CAGTGAGGGAGAATCTCCCGACTTTCCAGAAGAGTTAGAAAAATGATGAAAAAGACCTTTGGAGC

AAAGCTGATGACAACTTCCCAGTG | GTGGGTAT. . . . Intron 4

FiG. 5. A part of human genomic DNA encoding VIP and PHM sequences. Exons 1, 2, and 3 are denoted together with their flanking
intronic sequences. The two pairs of nine-base-long (heavy line) and six-base-long (thin line) identical sequences are underlined at the splice

junctions.
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procedure of Maxam and Gilbert (18) according to the strate-
gy indicated in Fig. 4. In the two peptide (VIP and PHM-27)-
encoding exons sequenced, we have found a complete corre-
lation to the published cDNA sequence. These exons are
short, terminating a few bases (two or five) after the post-
translational amidation signal at the COOH terminus of the
peptide (19). At the cDNA level, their 3’ splice sites both
contain an identical stretch of six nucleotides (A-G-C-A-G-
T) that also are spliced identically (9). Indeed, the same co-
don is spliced (AG/C of serine). At the gene level, the 3’
splice sites of the two exons and their adjoining introns con-
tain an identical, repetitive, stretch of nine bases (Fig. 5).
Moreover, their subsequent downstream introns contain an
identical stretch of six nucleotides at their 3’ splice site (Fig.

5).

DISCUSSION

Molecular cloning and DNA sequence analysis have estab-
lished the primary structure of a part of the VIP gene. Syn-
thetic oligodeoxynucleotides were successfully used in the
screening and sequencing of the VIP gene. The discontinuity
of the genetic segments encoding mature RNAs and the com-
plexity of RNA processing pathways suggest that alternative
splicing events could be one of the mechanisms for increas-
ing the flexibility of gene expression in the neuroendocrine
system, as was found for the calcitonin gene (20). Indeed,
our finding of two separate exons encoding either VIP or
PHM-27 and the existence of specific cells expressing either
VIP or PHI-27 (8) supports the possibility of alternative
RNA processing. Blot-hybridization analysis with either the
labeled gene fragments or oligodeoxynucleotides as hybrid-
ization probes for RNA detection revealed a high molecular
weight RNA (=7000 bases long) in all VIP-producing tissues
examined thus far (unpublished data). A smaller possible
precursor (=4000 bases) of the mature VIP mRNA was iden-
tified in human neuroblastoma (21). One mature processed
product of the VIP gene is a mRNA of =1600 bases de-
scribed by us in a human buccal tumor (22, 23) and by others
in a human neuroblastoma (21). In the neuroblastoma, this
mRNA was shown to contain both VIP- and PHM-27-encod-
ing sequences (21). In an islet cell tumor, a similar VIP
mRNA encoding both VIP and PHM-27 was described (24).
Future studies are aimed at screening more cell types for
VIP and PHM-27 mRNAC(s) production. However, in normal
nontumorigenic cells, the low amounts of the specific
mRNA may be below the level of detection, and investiga-
tions are now being designed to overcome these limitations.
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