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We report four human tachykinins, endokinins A, B, C, and D
(EKA-D), encoded from a single tachykinin precursor 4 gene that
generates four mRNAs (e, B, v, and §). Tachykinin 4 gene expres-
sion was detected primarily in adrenal gland and in the placenta,
where, like neurokinin B, significant amounts of EKB-like immu-
noreactivity were detected. EKA/B 10-mers displayed equivalent
affinity for the three tachykinin receptors as substance P (SP),
whereas a 32-mer N-terminal extended form of EKB was signifi-
cantly more potent than EKA/B or SP. EKC/D, which possess a
previously uncharacterized tachykinin motif, FQGLL-NH,, dis-
played low potency. EKA/B displayed identical hemodynamic ef-
fects to SP in rats, causing short-lived falls in mean arterial blood
pressure associated with tachycardia, mesenteric vasoconstriction,
and marked hindquarter vasodilatation. Thus, EKA/B could be the
endocrine/paracrine agonists at peripheral SP receptors and there
may be as yet an unidentified receptor(s) for EKC/D.

he mammalian tachykinins, a family of peptides traditionally

classified as neurotransmitters that includes substance P (SP)
and neurokinins A (NKA) and B (NKB), have been implicated
to have a wide variety of biological actions including smooth
muscle contraction, vasodilatation, pain transmission, neuro-
genic inflammation, and the activation of the immune system
(1). They all share a common C-terminal region: FXGLM-NH,
where X is hydrophobic. The N-terminal sequence is believed to
convey receptor specificity to each of the three known mamma-
lian tachykinin receptors, NK;, NK,, and NK3. SP shows pref-
erence for NK;, NKA for NK;, and NKB for NKa.

The SP precursor was first determined to be encoded on two
complementary cDNA sequences (2). The second sequence
contained a previously uncharacterized tachykinin, now known
as NKA, produced by alternative RNA splicing of two distinct
transcripts encoding SP alone (a tachykinin precursor 1,
aTAC1) or with NKA (BTACI) (3). Relative amounts of these
mRNAs varied in different tissues, suggesting tissue-specific
regulation. A third TACI transcript containing both SP and
NKA but differing in its sequence organization was subsequently
reported (4) and named yTACI. The latter two transcripts
encode biologically active N-terminally extended forms of NKA
(5, 6). The total number of human TACI transcripts discovered
is now four after the more recent discovery of 6TAC1 (7). NKB,
the third mammalian tachykinin, is encoded on a single TAC3
transcript (8). This peptide is secreted in significant amounts into
the maternal circulation from the placenta, where its action has
been suggested to cause the symptoms of preeclampsia (9). This
notion has recently been reinforced by the ability of NKB to
induce lung and liver edema in mice (10).

Evidence of a fourth mammalian tachykinin, hemokinin 1
(HK-1), encoded on TAC4 and expressed in the hematopoietic
cells of mice has been demonstrated (11). This tachykinin is
uniquely expressed outside of neuronal tissue in immune tissues
(11). It has subsequently been found to be a full agonist at the
NK;, NK;, and NKj receptors, with highest selectivity for NK;
(12, 13). Here, we report the identification, pharmacology, and
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cardiovascular physiology of four previously uncharacterized
members of the human tachykinin family encoded on the human
TAC4 gene that we have named endokinins (EK) A-D. As their
name suggests, they are mainly distributed in the periphery, and
their presence in the placenta suggests that these tachykinins
may be involved in controlling blood flow during pregnancy.

Materials and Methods

Materials. Tachykinins for SP and NKA, mouse HK-1 (mHK-1),
[N-Me-Phe’]NKB, and custom synthesized EKA/B, EKC, EKD,
and yTAC4(32-50) (AETWEGAGPSIQLQLQEVK) were sup-
plied by CN Biosciences (Nottingham, U.K.), Tocris (Bristol, U.K.),
Bachem, and Cambridge Research Biochemicals, respectively.
YyTAC4(30-61)-NH,, TEAETWEGAGPSIQLQLQEVKT-
GKASQFFGLM-NH,, was kindly synthesized by H. P. J. Bennett
(McGill University, Montreal). Neurokinin antagonists L-733060
(13), GR94800 (14), and SB 222200 (15) were obtained from Tocris,
Neosystems (Strasbourg, France), and D. W. Hay (GlaxoSmith-
Kline), respectively. [*H] SR140333 [specific activity 24.0 Ci/mmol
(1 Ci = 37 GBq), Kg = 0.3 nM; ref. 17], [’H] SR48968 (specific
activity 27.0 Ci/mmol, K4 = 0.5 nM; ref. 18), and [*H] SR142801
(specific activity 64.0 Ci/mmol, K4 = 0.13 nM; ref. 19) were
purchased from Amersham Biosciences, as were membranes for
NK; (0.18 pmol/mg), NK; (2.4 pmol/mg), and NKj; (5.1 pmol/mg)
tachykinin receptors. All cell culture reagents and other reagents
were purchased from Sigma-Aldrich unless otherwise stated.

Cloning of the Human TAC4 ¢DNA Splice Variants. Primers were
designed to match the region on human clone AC027801
(GenBank) homologous to the mouse TAC4 gene (GenBank
accession no. AF235035; sense 5'-GCCAGTTCTTTGGGCT-
GATGGGGAAGCGAGT-3', antisense 5'-CAGGATACAGA-
GTGTGCGAGTCTCCTCACT-3") to perform 5" and 3’
SMART RACE (BD Biosciences Clontech) cDNA amplifica-
tion on human adrenal cDNA as described (20).

Gene Expression Studies. Twenty normalized cDNAs from differ-
ent tissues were taken from the mouse MTC I and II panels (BD
Biosciences Clontech). Normalization was confirmed by 18
cycles of PCR to amplify the mGAPDH gene (sense 5'-
TGAAGGTCGGTGTGAACGGATTTGGC-3’, antisense 5'-
CATGTAGGCCATGAGGTCCACCAC-3") before 40 cycles
of PCR to amplify the mTAC1 (sense 5'-CACCATGTTGC-
CTCTCCTTGCCCTGCTTCT-3', antisense 5'-GGTGGCA-
GAGTGCTACACGTTGCTGGTGGTTA-3") and mTAC4
(sense 5'-ACCTGCTCCACTCCTGCACCGCGGCCAAG-3',
antisense 5'-GAACTGCTGAGGCTTGGGTCTTCGGGC-

Abbreviations: EK, endokinin; HK-1, hemokinin; mHK-1, mouse HK-1; NK, neurokinin; SP,
substance P; TAC, tachykinin precursor.

Data deposition: The sequences reported in this paper have been deposited in the GenBank
database [accession nos. AF515827 (mTAC4), AF515828 (haTAC4), AF515829 (hBTAC4),
AF515830 (hyTAC4), and AF515831 (h6TAC4)].
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GAT-3") genes, as described (20). Human total RNA was
obtained from a human total RNA master panel (BD Bio-
sciences Clontech) or extracted directly from tissues and cells by
using Tri-reagent and converted to SMART 3’-RACE-ready
cDNA as described (20). The cDNA levels were normalized and
confirmed by PCR amplification of the hpB-actin (sense 5'-
TCCATCATGAAGTGTGACGTGGACATC-3', antisense 5'-
CCAGACTCGTCATACTCCTGCTTGCTG-3") and hGAPDH
genes (sense 5'-AGGCTGAGAACGGGAAGCTTGTGATCA-
3’, antisense 5'-TCCCGTTCAGCTCAGGGATGACCTTGC-3")
for 18 cycles. These cDNAs were then subjected to 32 cycles of PCR
to amplify the hTACI (sense 5'-CGTGCGCTCGGAGGAACCA-
GAGAAACTC-3', antisense 5'-TGAGGAATCAGCATC-
CCGTTTGCCCAT-3"), hTAC4 (antisense: 5'-CAGGATACA-
GAGTGTGCGAGTCTCCTCACT-3' for all variants; sense:
5'-GCAGAGACCTGGGTAATTGTGGCCTTGGAG-3' for
a, 5'-GCTGATGGGGAAGCGAGTGGGAGCATATC-3’
for B, 5'-CCTCTGATCCA GCCAAGGAGAAAAAAAGG-
CAGAG-3’ for vy, and 5'-GCTGATGGGGAAGCGAGTGG-
GAGGCAGAGA-3' for 8), and hNK; (sense 5'-GGCTTTAC-
CGCCTAGCTTCGAAATGGA-3’, antisense 5'-CTGG-
GCATGGTCTCTGTGGTTGAGTAG-3") receptor genes.
PCRs were performed in triplicate, and controls containing no
reverse transcriptase and no template were included. PCR
products were cloned and sequenced as described (20).

Developing Antibodies to Human TAC4. Polyclonal antibodies to
EKA1, GKASQFFGLM-NH, (EKA/B), and the N-terminal pre-
cursor sequence of EKB (AETWEGAGPSIQLQLQEVK; resi-
dues 32-50 of yTAC4; EKA2) were raised in sheep. Each synthetic
peptide (2 mg) was conjugated to purified protein derivative of
tuberculin (Central Veterinary Laboratory, Addlestone, U.K.) at a
ratio of 1:2 (wt/wt) in the presence of 1.2% (vol/vol) glutaralde-
hyde. Individual sheep were immunized with the peptide conju-
gates (100 pg) emulsified in 1 ml of Freund’s complete adjuvant.
Thereafter, sheep were immunized with 100 ug of the same peptide
conjugate in 1 ml of Freund’s incomplete adjuvant at four weekly
intervals and bled 10 days after each immunization. Individual
sheep sera were collected and filtered through a 5-um cellulose
nitrate filter (Sartorius). Affinity chromatography was used to
purify peptide-specific antibodies from each antisera by the cou-
pling of 0.5 mg of each peptide to 300 mg of CNBr-activated
Sepharose 4B beads according to the manufacturer’s instructions
(Amersham Biosciences). The peptide coupled resin was packed
into an Econo-Column (Bio-Rad). Each column was washed with
500 ml of 0.9% (wt/vol) NaCl, 0.1% (wt/vol) NaN3, and 5 mM
EDTA (pH 7.5). Sera were diluted 1:10 in the same solution and
then allowed to perfuse through the column overnight. After
washing with 10 ml each 0.5 M CH3COONa and 20% acetonitrile
and then 0.05 M CH3;COONa and 20% acetonitrile (pH 6.0),
high-affinity antibodies were eluted from the columns in 0.05 M
CH3COONa/20% acetonitrile (pH 4.0) and 1-ml fractions were
collected. Each fraction was neutralized by addition of 100 ul of
saturated NaHCO;. EKAL1 antibodies were further affinity purified
by passing through an Econo-Column containing (Lys-0)-NKB
coupled to CNBr-activated Sepharose to remove antibodies to the
common C-terminal tachykinin motif, GLM-NH,, as described
above. IgG content was estimated by Coomassie blue reagent and
absorbance at 280 nm.

Preparation of Placental Extract. Human placenta was homoge-
nized in 1 M HCI/5% (vol/vol) formic acid/1% (wt/vol)
NaCl/1% (vol/vol) trifluoroacetic acid by using 5 ml per gram of
tissue, and, after centrifugation at 3,500 X g, peptides were
extracted from the supernatant by using Sep-Pak Vac/1CC, C18
octadecasilyl-silica cartridges (Millipore) as described (9).
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Two-Site Enzyme-Linked Immunoassay for Human TAC4. Exiqon pro-
tein immobilizer plates were coated with 1 ug of the affinity-
purified EKA1 antibody for capture and 100 ng of biotinylated
EKA?2 antibody for detection. Biotinylation of 0.5 mg of EKA2
antibody was performed in 1 ml of 0.1M NaHCOj3 by adding 0.15
mg biotinamidocaproate N-hydroxysuccinimide dissolved in 0.1
ml DMSO. After 30 min, unreacted reagent was removed by
passing through an Econo-Column containing Sephadex G-25.
The derived IgG fraction was diluted in assay buffer [0.05
Na,HPO4/0.1% (wt/vol) NaN3/0.5% (wt/vol) BSA] such that
100-ul aliquots would contain 100 ng of biotinylated IgG. To
carry out the immunoassay, placental extract and standards
(yTAC4 30-61-NH,) were dissolved and diluted in assay buffer
and 100 ul was added in duplicate to EKA1l-coated wells and
incubated overnight at 4°C before washing three times with 0.9%
(wt/vol) NaCl/0.2% (vol/vol) Triton X-100. One hundred mi-
croliters of biotinylated EKA?2 (100 ng) was added to each well,
and the wells were left at room temperature for 4 h before
washing again as above. One hundred microliters of streptavidin-
peroxidase was added to each well and incubated for a further
30 min. After washing again, 200 ul of TMB liquid:Stable Stop
(Europa Bioproducts, Cambridge, U.K.) per well was added and
left for 10 min. Reactions were stopped by addition of 100 ul of
0.5 M HCl per well, and absorbance was read at 450 and 600 nm.

Radioligand Binding Assays. Assays were performed with mem-
branes from human glioblastoma astrocytoma UC11 cells (21)
expressing the NK; receptor and Chinese hamster ovary (CHO)
cells expressing NK, receptor and NKj3 receptor. Competition
assays with NK;, NK,, and NKj3 receptors were conducted with
18 pg of membrane protein and 0.3 nM [*H] SR140333, 19 pug
of membrane protein and 0.5 nM [*H] SR48968, and 5 pg of
membrane protein and 0.25 nM [*H] SR142801, respectively.
Nonspecific binding was assessed as binding in the presence of
10 uM L-733060, GR94800, and SB222200 for NK;, NK, and
NKj; receptors, respectively. NK; receptor incubations were
performed in 40 mM Hepes (pH 7.4)/5 mM MgCl,/0.5% BSA
and NK, and NKj3 receptor incubations were performed in 20
mM Hepes (pH 7.4)/1 mM MnCl,/0.1% BSA, all containing 10
uM phosphoramidon with or without various concentrations of
cold ligand, for 90 min at 27°C in 1-ml assays. Incubations were
stopped by rapid filtration through Whatman GF/C filters,
presoaked for 15 min in 0.5% BSA, with a Brandel tissue
harvester (Gaithersburg, MD). Membranes were washed four
times with 5 ml of 1X PBS before being placed in vials with 2 ml
of optiphase HiSafe 3 (Fisher) and counted in a liquid scintil-
lation counter. Competition binding assays at the NK; receptor
were also conducted in the presence or absence of 100 uM
guanosine 5'-triphosphate. Each ligand binding experiment was
performed in duplicate in three independent sets of experiments.
Inhibition constants (K;) were determined from the concentra-
tion—response curves by using PRISM (GraphPad, San Diego).

Cell Culture and Calcium Mobilization Assays. Human glioblastoma
astrocytoma U373 MG cells (expressing high levels of endogenous
NK; receptor, 68 fmol/mg; ref. 22) were obtained from the
European Collection of Animal Cell Culture (Salisbury, U.K.) and
maintained and split as instructed. Analysis of intracellular calcium
ion flux was performed as described (23) by using 1 uM final
concentrations of SP, EKA/B, and mHK-1, and the log(ECs)
values were determined from concentration-response curves by
using 107¢ to 107° M in half log points of EKA/B with PRISM.

Cardiovascular Effects of Tachykinins in Conscious Rats. Under an-
esthesia [fentanyl (Martindale Pharmaceuticals, Essex, U.K.) and
medetomidine (Pfizer), 300 ugkg™! each, ip.], male Sprague—
Dawley rats (Charles River Breeding Laboratories; 380—440 g) had
miniature pulsed Doppler flow probes implanted around the left
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renal artery, the superior mesenteric artery, and the distal abdom-
inal aorta (hindquarters). After surgery, anesthesia was reversed
and analgesia provided with atipamezole (Pfizer) and nalbuphine
(DuPont) (1 mgkg™! s.c. of each). At least 10 days after probe
implantation, rats were reanesthetized (as above) and had catheters
implanted in the right jugular vein for drug and peptide adminis-
tration and in the abdominal aorta (via the caudal artery) for the
measurement of arterial blood pressure and heart rate. Experi-
ments began at least 24 h after catheter implantation. Cardiovas-
cular variables were continuously monitored in conscious, freely
moving animals by using a custom-designed data acquisition system
(University of Maastricht, Maastricht, The Netherlands), which
sampled the signals every 2 ms, averaged every cardiac cycle, and
stored to disk at 5-sec intervals. After a period of baseline record-
ing, rats (six in each group) were randomized to receive either SP,
EKA/B, EKC, or EKD (0.1, 1, and 10 nmolkg™! i.v. in a volume
of 0.1 ml) in ascending order, with at least 30 min between the first
and second doses and 60 min between the second and third doses.
After a further 60 min, EKC and EKD were given at a dose of 100
nmolkg~!. Vehicle-treated controls received sterile, isotonic saline
at a volume of 0.1 ml. Data were analyzed by using the Friedman’s
test for within-group comparisons and the Kruskal-Wallis test,
applied to areas under or over the curves, for between-group
comparisons. P values =0.05 were taken as significant.

Results

Discovery of the Human TAC4 Transcript. We used the published
mouse TAC4 transcript (GenBank accession no. AF235035) to
search for homologous regions in the human genome and found a
short match on genomic clone AC027801 from chromosome 17
within the high-throughput genomic sequence database (Gen-
Bank). By alignment of the conserved synteny maps of human
chromosome 17 with mouse chromosome 11 (GenBank clone
AL627222 containing the mouse TAC4 gene) we determined that
these two regions were evolutionarily conserved. PCR primers were
designed to the human sequence to amplify the corresponding
TAC4 cDNA by 5’- and 3’-RACE from the human thymus and
spleen. A cDNA transcript was amplified and cloned from the
spleen containing a translational ORF of 342 bp encoding a 113-aa
protein with a predicted molecular mass of 12.3 kDa that was 60%
homologous to the mouse TAC4 (Fig. 14). The human precursor
was found to contain a HK-1-like decapeptide sequence
(GKASQFFGLM) with a dibasic cleavage site adjacent to a glycine
at the C terminus having the potential to liberate an amidated
peptide with the tachykinin signature motif (Fig. 14). Unlike the
other mammalian tachykinins, which are identical across the species
and flanked by dibasic residues, this human peptide sequence was
found not to share complete homology with mHK-1, especially at
the N terminus. In particular, there is a single-base-pair substitution
adjacent to the N terminus of the HK-1-like peptide that changes
R to T, destroying the dibasic processing site at the N terminus (Fig.
1A). The N-terminal of this precursor also lacks additional dibasic
residues. Cleavage of VAG-DG between positions 20 and 21
(deduced by using Signal P; ref. 24) would therefore predict a 47-aa
peptide (Fig. 14). The C terminus substitution in the X position of
the QFXGLM-NH, motif from Y in the mouse to F in humans
produces a peptide with the last six residues identical to SP (Fig. 2).
The mouse TAC4 encodes only mHK-1, whereas the human TAC4
transcript predicts a second tachykinin-like peptide located C-
terminal to the position of the first. This second 14-aa peptide
(KKAYQLEHTFQGLL) is flanked by dibasic residues and con-
tains a C-terminal G that converts to the amide, but unusually it
contains both a glutamine residue in the hydrophobic X position
and a C-terminal leucine amide in the tachykinin motif (Fig. 2). The
alignment of the exon map of the human and mouse transcript
provided further evidence for the evolution of the second human
tachykinin, with the inclusion of an additional unique exon (exon
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«hTACY 1
BhTACA 1
yhTAC4 1
ShTAC4 1
mTACY 1
ahTAC4 51
BhTACA 45  QRSHNISTGKASEIAFEANO SAE e . AYQLEHTFQGLLGKRSL
yhTACE 45 IO PRI = oo oo e e s
ShTACA 45
mTAC4 50 - _YQLGRIVQDLLGTRGL
ohTAC4 101
phTAC4 84
yhTAC4 T8
ShTACY 68
mTACE 89
B ATG TAA AATAAA

v v v

offACe 11 3 O I I

PTACY 1 [ | — ]
wIaCs 1 3 O [ ]
shTaCd 1 [C— [ ]
Exon 1 2 3 4 5
Fig. 1. (A) Amino acid sequence alignment and homologies of human «, 3,

v, and 8TAC4 and mouse TACA4. (B) Intron/exon organization of the human
TAC4 gene transcripts.

3) that provides the N-terminal dibasic residues for cleavage of this
peptide from its precursor (Fig. 1B).

Determination of Four Splice Variants of the Human TAC4 Gene.
Semiquantitative PCR was performed to determine the expression
pattern of the human TAC4 transcript. Multiple bands were
observed initially that were cloned, sequenced, and aligned with the
genomic clone AC027801 (GenBank). Alignments were compared
with predicted donor and acceptor splice sites by using a neural
network recognizer (25) to identify four splice variants. The splice
variants are encoded on a combination of five different exons (Fig.
1B). We named these transcripts «, 3, vy, and 6 TAC4 and predicted
that they are capable of encoding four previously uncharacterized
tachykinins classified as EKA-D. Our original transcript (¢ TAC4)
predicts a 47-aa N-terminally extended HK-1-like peptide (EKA)
and the shorter 14-aa peptide KKAYQLEHTFQGLL-NH, (EKC).
BTAC4 was also found to predict two tachykinins, EKB and EKD.
EKB is predicted to be a 41-aa truncated form of EKA with the
sequence VIVALE deleted from position 16-21 and EKD to be an
N-terminally modified 14-aa (VGAYQLEHTFQGLL-NH,) version
of EKC. y and 6TAC4 were found to predict EKB only (Fig. 2).

The TAC4 Gene Is Expressed Predominantly in the Periphery. ¢ TAC4
(uniquely encoding EKA and EKC) has a very restricted ex-
pression pattern found only in the adrenal gland and fetal liver,

Substance P RPKPQQFFGLM
Hemokinin-1 SRTRQFYGLM
Neurokinin A HKTDSFVGLM
Neurokinin B DMHEDFFVGLM
Endokinin A/B GKASQFFGLM
Endeckinin C KKAYQLEHTFQGLL
Endokinin D VGAYQLEHTFQGLL

Fig. 2. Alignment of the amino acid sequences of the mammalian
tachykinins.
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Fig. 3. (A) Semiquantitative PCR analysis of the tissue distribution of the

human q, B, v, 5TAC4, and TAC1 transcripts in 24 human tissues. Expression is
normalized to that of the human g-actin transcript. (B) Semiquantitative PCR
analysis of the distribution of the human «, 8, y, STAC4, and TAC1 transcripts,
and that of the NKj receptor, in 15 human peripheral cell lines. Expression is
normalized to that of the hGAPDH transcript. (C) Semiquantitative PCR anal-
ysis of the tissue distribution of the mouse TAC4 and TAC1 transcripts in 20
mouse tissues. Expression is normalized to that of the mGAPDH transcript.

and very weakly in the spleen (Fig. 34). BTAC4 expression
(uniquely encoding EKB and EKD) was found in the heart, liver,
bone marrow, prostate, adrenal gland, and testis only. yTAC4
expression (encoding only EKB) was predominant in the adrenal

gland and placenta. The shorter STAC4 (encoding only EKB)
had a similar expression pattern to yTAC4 (Fig. 34). By using the
two-site immunometric assay, significant amounts of immuno-
reactive human TAC4 (7.52 fmol/g) were found probably rep-
resenting the 21-61 fragment of either the y or 6TAC4 present
in human term placental extracts. The adrenal gland was the only
tissue found to express all four TAC4 transcripts and expected
to produce all four previously uncharacterized tachykinins.
Comparison of human TAC4 and TACI1 expression demon-
strated distinct expression differences, especially in the whole
brain, spinal cord and the organs of the gastrointestinal tract
where TACI1 expression is strong but TAC4 expression is weak
(Fig. 34). In the mouse, TAC1 was expressed in brain, heart,
stomach, and smooth muscle, whereas TAC4 expression was
found in bone marrow, uterus, and skeletal muscle but not in the
brain (Fig. 3C), with no evidence of splice variants.

In human peripheral cell lines, the yTAC4 transcript was widely
expressed compared with that of TACI, which was restricted to the
adrenal cortical cell line, H295, and the acute myeloid leukemia cell
line, HEL. The BTACH4 transcript was expressed in the monocyte
cell line, U937, and HEL cells, as well as the breast cancer cell line
MDA-MB-231. The «TAC4 transcript was found only in the HEL
cell line. The lack of a and BTAC4 expression in the H295 adrenal
cortical cell line may indicate that EKA/B, EKC, and EKD
(detected in whole adrenal; Fig. 34) are expressed in the adrenal
medulla. Most cell lines were found to express the NK; receptor in
the absence of TAC1 (Fig. 3B).

EKA/B Is a Competitive Agonist at the Tachykinin Receptors. Com-
petition binding assays were performed by using SP, mHK-1, NKA,
[N-Me-Phe’]NKB, EKA/B (using the common C-terminal de-
capeptidle GKASQFFGLM-NH,), EKC, and EKD. SP displayed
the highest affinity for the NK; receptor, with K; values 137-fold
lower than NKA. Binding of EKA/B at NK; was similar to SP, but
with K; values 6.6-fold higher than SP and 20-fold lower than NKA.
Interestingly the N-terminal-extended form of EKB [yTAC4 (30—
61)-NH;] had a higher affinity again at the NK; receptor (K; = 4.4 =
2.6 nM). EKC exhibited only partial inhibition even at high con-
centrations. [N-Me-Phe’]NKB and EKD did not inhibit in a con-
centration-dependent manner the binding of [°H] SR140333 to NK;
(Fig. 44). NKA displayed the highest affinity for the NK, receptor,
with Kj values ~42-fold lower than SP, which had identical affinity
to EKA/B. SP and EKA/B were >7-fold more potent than
[N-Me-Phe’]NKB in binding NK,. EKC and EKD failed to inhibit
in a concentration-dependent manner the binding of [?H] SR48968

A Human tachykinin NK1 receptor B Human tachykinin NK2 receptor C Human tachykinin NK3 receptor
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[Tachykinin] (logM)

-10
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[Tachykinin] (logM)
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Binding of tachykinin ligands to the human NKj (A), NK; (B), and NK3 (C) receptors. The binding of tachykinin ligands (m, SP; ¢, mHK-1; A, NKA; @,

[N-Me-Phe’INKB; [J, EKA/B; O, EKC; ©, EKD; A, SB 222200) as determined and described in Materials and Methods by using [3H] SR140333 at the human NK;
receptor, [3H] SR48968 at the human NK; receptor, and [3H] SR142801 at the human NKj3 receptor. The data are from representative experiments previously
replicated in Table 1.
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Table 1. Binding of the tachykinin ligands at each of the human
NK receptors

hNK; hNK> hNK;

SP 36*+1.2 188.2 = 16.0 10,139 + 908.3
HK-1 6.0 £24 782.5 =245 36,230 = 2,530
NKA 495.1 =75.3 4.4+ 0.1 176.3 = 93.1
[N-Me-Phe’]NKB * 1,379.5 = 287.5 29.3 £ 9.7
EKA/B 23.8 + 34 185.4 = 21.7 12,130 £ 221.8
EKC * * 55,526.6 = 5,788.3
EKD * * 28,080 = 1,700

The results are presented as K; values (nM) and are the mean = SE of three
to five separate experiments, each performed in duplicate.
*No significant displacement at 1075 M.

to NK, (Fig. 4B). The NK; antagonist SB 222200 displayed the
highest affinity for NKj3, with K; values 3-fold lower than those for
[N-Me-Phe’|NKB, whereas SP and EKA/B showed similar K;
values at NK3: ~380-fold higher than [N-Me-Phe’]NKB. EKC and
EKD were shown to be very weak competitors, inhibiting [*H]
SR142801 at NKj5 with affinities ~2.7- and 5.5-fold lower than SP
and ~950- and 2,100-fold lower than [N-Me-Phe’]NKB, respec-
tively (Fig. 4C, Table 1). The affinity of mHK-1 was significantly
lower than SP and EKA/B at the NK, and NKj receptor: ~4- and
3-fold, respectively. The addition of GTP to the competition
binding assays for SP, mHK-1, and EKA/B at the NK; receptor
produced rightward shifts in the competition curves for these
agonists, suggesting uncoupling of the receptor from their G
proteins (Table 2). In vitro functional assays were performed on
U373 MG cells by measuring changes in intracellular calcium ions
to evaluate the agonist activity of SP, EKA/B, mHK-1, EKC, and
EKD at the NK; receptor and in the presence of the selective NK;
antagonist L-733060. SP, EKA/B, and mHK-1 at 1 uM induced
increases in intracellular calcium ions of 610.7 = 72.6, 576.8 = 71.3,
and 369.0 = 81.0 nM, respectively. These were not significantly
different based on ANOVA (P < 0.05). No increases in intracellular
calcium ions were seen in the presence of L-733060. EKC and EKD
did not induce any increase in intracellular calcium ions, even when
used at a concentration of 600 uM. When a concentration-response
curve was constructed for EKA/B, the data fit well into a sigmoidal
curve with a Hill coefficient of 1. The pECsy (7.64) similar to the
pK; for this agonist (7.62) at the NK; receptor indicated little
amplification of response.

Regional Hemodynamic Effects of SP, EKA/B, EKC, and EKD. At all
doses tested, both SP and EKA/B caused falls in mean arterial
blood pressure associated with dose-dependent tachycardia,
mesenteric vasoconstriction, and marked hindquarters vasodi-
latation (Fig. 5). At the lower doses there was modest renal
vasodilatation, whereas at the highest dose, particularly for SP,
the renal vasodilatation gave way to vasoconstriction and there
was an associated, transient recovery in blood pressure. There
were no significant differences between the integrated hemody-
namic effects of SP and EKA/B. The lower doses (0.1 and 1
nmol-kg~!) of EKC and EKD had no hemodynamic effects (data

Table 2. Binding of the tachykinin ligands at the human NK;
receptor in the absence or presence of GTP (100 pM)

~GTP +GTP Ki + GTP/K; — GTP
sP 36=12 6.7 =22 1.86
HK-1 6.0 = 2.4 215+ 9.1 3.58
EKA/B 238 =34 459.2 = 173.2 19.3

The results are presented as Kj values (nM) and are the mean =+ SE of three
to five separate experiments, each performed in duplicate.
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Fig.5. Regional hemodynamic effects of SPand EKA/B (A, ® and O) and EKC

and EKD (B, ® and O) in conscious male rats (six in each group). There were no
significant differences between the integrated effects of equimolar doses of
SPand EKA/B with no measurable hemodynamic effects in the vehicle-treated
controls.

not shown). At doses of 10 and 100 nmol-kg™!, both peptides
caused dose-dependent falls in mean arterial blood pressure and
tachycardia, associated with hindquarters vasodilatation. At the
highest dose tested (100 nmol-kg~!), EKC but not EKD caused
transient mesenteric vasoconstriction (Fig. 5).

Discussion

We have identified a human tachykinin gene transcript that is
related to that of the mouse TAC4 gene. Although this gene
encodes only a single transcript in the mouse, in humans it results
in four splice variants that lead to the prediction of four unique
tachykinin peptides. We have named these peptides EKA-D, in line
with their proposed peripheral endocrine roles rather than any
neuronal role (i.e., neurokinin). In mice and humans, the TAC4
gene is widely distributed with expression levels and sites distinct
from that of the TACI gene, particularly within the peripheral
tissues. The peripheral expression of TAC4 is therefore particularly
intriguing because mHK-1 has been shown to be a full agonist at
each of the three NK receptors, with a remarkable selectivity for the
NK; receptor that is similar to that of SP (11, 12). This leads us to
propose that mHK-1 and EKA/B are the peripheral SP-like endo-
crine/paracrine agonists where SP is not expressed.

There is significant divergence between SP, mHK-1, and the
human HK-1 peptides, particularly at their N termini, and an
unusual species difference between the HK peptides (i.e., the
structures of SP, NKA, and NKB are identical throughout the
mammalia). We found that all of the tachykinins except EKC and
EKD possessed a predominantly hydrophilic N terminus and a
hydrophobic C terminus. The C-terminal decapeptide sequence of
EKA/B shares the FXGLM-NH,, where X is an aromatic residue
(F and Y) in the NK;-preferring ligands or an aliphatic residue (V
or I) in the NK,/NK;-preferring ligands. Furthermore, we have
demonstrated pharmacologically that the C-terminal decapeptide
sequence of EKA/B maintains similar binding characteristics to SP
and mHK-1 at each of the NK receptors. We have additionally
tested an extended form of the C-terminal decapeptide sequence of
EKB, TEAETWEGAGPSIOLQLQEVKTGKASQFFGLM-NH,,
that showed higher affinity for the NK; receptor. At the NK;
receptor EKA/B, 10-mers also maintain similar agonist profiles as
demonstrated by their ability to initiate intracellular calcium flux in
cells that can be blocked by a NK; antagonist. Interestingly, the
uncoupled state of the NK; receptor has ~10-fold lower affinity for
EKA/B 10-mers than SP, indicating that the two peptides may bind
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to a slightly different site on the receptor. Diversity in the amino
acid sequence between these naturally occurring NK; ligands
appears moderately flexible, and this is especially significant with
regard to their role and functions. In bioassays, mHK-1 produces
hypotension in guinea pigs and salivary secretion in rats in the same
way as SP (12). In rats, we have shown that the complex, but
characteristic, regional hemodynamic response to SP (26) is closely
mimicked by EKA/B. The striking similarity between the regional
hemodynamic effects of the peptides might indicate that EKA/B
and SP operate through a common receptor pathway in vivo.
Intriguing are the sites of expression of EKA/B compared with SP.
In the absence of nerves, the local production of EKA/B by the
placenta and endothelial cells devoid of SP could have particular
importance in determining regional blood flow such as that of the
placental/uterine circulation, as previously suggested for NKB
secreted from the placenta (9). EKA/B released into the blood-
stream could target NK receptors in the local or systemic vascula-
ture. In the adrenal gland, it is noteworthy that SP treatment
enhances aldosterone production by eliciting catecholamine secre-
tion. Although there are indications that SP stimulates the main-
tenance of normal growth and steroidogenic capacity, playing an
important role in the stimulation of adrenal growth during fetal life
(27), many of these functions, in reality, could be performed by the
endokinins. It is highly possible that some earlier reports deter-
mining the presence of SP-like peptides in endothelial cells (28) and
the placenta (29) were caused by the cross-reactivity of anti-SP
antibodies with EKA/B.

The most marked hemodynamic effect of SP and EKA/B was a
short-lived vasodilatation in the hindquarters vascular bed. Others
have reported particularly marked vasodilator actions of SP in
skeletal muscle in several species, including man, which may or may
not depend on endothelial-derived relaxing factors (see ref. 1 for
review). Because we have detected the NK; receptor on a variety
of peripheral cell lines that also express EKA/B and not SP, we
propose a more fundamental role for EKA/B in cellular physiology
whereby, via NK; receptors, they can interact in an autocrine or
paracrine manner. In this regard it is interesting that SP has been
shown to be mitogenic and a potent stimulator of fibroblast
proliferation (30). SP may be limited to the central and peripheral
nervous system by the constraints of its promoter, explaining the
evolution of the second, peripheral NK; ligand. Further work is
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necessary to determine the precise processing of TAC4s that do not
possess the classical dibasic motif N-terminal to the EKA/B 10-mer
sequence. This would suggest that the natural biologically active
peptide has an extended N-terminal that starts at the end of
the leader/signal sequence. We cannot at this stage define the
molecular form of the placental peptide that reacted in the two-site
immunometric assay apart from the fact that it should contain both
epitopes (y and 8TAC4 32-50 and 52-61). Full characterization of
all of these naturally occurring peptide(s) is required to resolve this
issue.

Exceptional to the mammalian tachykinin signature motif of
EKC and EKD (which at the moment appear to be unique to
humans) is the introduction in the X position of a hydrophilic
glutamine residue, although some examples of polar residues in
the X position have been shown to exist in a few invertebrate
tachykinins (1). This would affect the hydrophobic nature of the
tachykinin signature motif and its interaction with the hydro-
phobic pocket of each of the NK receptors. A more conservative
substitution is also found in this motif, causing a transition from
the C-terminal methionine to a leucine. These substitutions led
to very weak activity at the known NK receptors and indicate that
a fourth NK or related receptor remains to be elucidated. In this
context it is interesting to note that the ability of NKB to induce
lung and liver edema (two complications of preeclampsia in
human pregnancy) in a NK; receptor knockout mouse could not
be blocked by either NK, or NKj; antagonists (10). Further work
is necessary before we can conclude whether the inappropriate
placental secretion of, e.g., EKA/B along with NKB may also be
contributory to the multisystem disorder of preeclampsia, but
their potential damaging activity particularly at peripheral NK;
receptors in this condition is a distinct possibility.

In summary, EKA/B may provide new insights into many of
the actions formerly attributed to SP in the periphery, such as
rheumatoid arthritis, vasodilatation, inflammation, and asthma,
and may be involved in controlling placental /uterine blood flow.
The discovery of EKC and EKD may also uncover novel
regulatory mechanisms for these peptides particularly in human
adrenal physiology, but their species-specific nature and the lack
of a candidate receptor limits their further characterization at
the present time.
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