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Guanylin and uroguanylin are structurally related
ntestinal peptide hormones which were purified from
limited number of mammals and are capable of acti-

ating the particulate guanylate cyclase-C. Although
he biological functions of guanylin and uroguanylin
re not yet clarified in detail, they are involved in the
egulation of the intestinal water and electrolyte bal-
nce. In order to verify the general importance of this
ormone system in mammals, we cloned the corre-
ponding cDNAs from pig. Here, we present the nucle-
tide sequences and the deduced amino acid
equences representing porcine guanylin and urogua-
ylin. The expression patterns of the corresponding
enes, as shown by Northern hybridization and RT-
CR analysis, resemble those of the human homo-

ogues. Further, we demonstrate the bioactivity of
oth porcine peptide hormones by inducing the intra-
ellular cGMP production in human T84 cells and by
on transport experiments using porcine intestinal

ucosa in the Ussing chamber. © 1999 Academic Press

The membrane receptor guanylate cyclase-C (GC-C)
s located in the gastrointestinal tract of mammals and
s capable of binding bacterial enterotoxins, such as E.
oli heat-stable STa. Activation of GC-C by these ente-
otoxins causes an increase in the intracellular level of
GMP (1) thereby activating the protein kinase cGKII
2) which subsequently phosphorylates the cystic fibro-
is transmembrane conductance regulator channel
CFTR) (3). As a result, chloride and water secretion is
nhanced, causing secretory diarrhoea (4). The search

1 Present address: Graffinity Pharmaceutical Design GmbH, Im
euenheimer Feld 515, D-69120 Heidelberg, Germany.
2 To whom correspondence should be addressed. Fax: 149 511

466132. E-mail: knut.adermann@gmx.de.
The cDNA sequences reported in this paper have been deposited in

he EBI/GenBank data bases with the accession numbers Z73607
nd Z83746.
141
wo novel mammalian intestinal peptide hormones
hat were named guanylin and uroguanylin. Guanylin
as first isolated as a peptide of 15 amino acids from

at intestine (5), whereas uroguanylin was isolated
riginally as a 15-amino acid peptide from opossum (6)
nd as a 16-amino acid peptide from human urine (7).
We later succeeded in identifying circulating forms

f human guanylin and uroguanylin exhibiting chain
engths of 94 and 24 amino acids, respectively (8, 9).
uanylin and uroguanylin-specific cDNA sequences
ave been described for a limited number of mamma-

ian species (mouse, rat, guinea pig, and human; for
BI/GenBank database accession numbers, see Table
). Their sizes range from 472-723 bp and they encode
utative precursor proteins of 107-120 amino acids.
ince these cDNAs were characterized from humans
nd rodents which share phylogenetically distant rela-
ions, a general importance of the guanylin/urogua-
ylin hormone system seems to be likely. In order to
erify this thesis and to search for other possibly oc-
urring guanylin and uroguanylin-related peptides, we
mplified the corresponding cDNAs from pig using
rimers specific for regions conserved within the cur-
ently known amino acid sequences of the guanylin
nd uroguanylin precursors.
In this paper, we present the cDNA and deduced

mino acid sequences of two porcine proteins repre-
enting the precursor molecules of guanylin and
roguanylin. The expression patterns of the corre-
ponding genes were investigated by Northern hybrid-
zation and RT-PCR analysis. From the cDNA se-
uences obtained, we derived the amino acid sequences
f the putative mature 15-amino acid guanylin and
4-amino acid uroguanylin of the pig. The peptides
ere chemically synthesized and their biological func-

ionality is demonstrated by a specific cGMP assay
ith human T84 colon carcinoma as well as by the
ssing chamber experiments using porcine colonic mu-
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ance of the guanylin/uroguanylin hormone system
mong mammals and might facilitate the identification
f related peptides and the corresponding cDNAs/
enes from species other than those already men-
ioned.

ATERIALS AND METHODS

Oligonucleotides. The following oligonucleotides (Perkin Elmer,
eiterstadt, Germany) were used as PCR primers and hybridization

robes (listed in 59339 orientation): GUUP-1, TCTGAGCT-
ITWIRCRCAIAIYTCRCA; GUUP-2, TCTGAGTIGARWSIKTIA-
RMARYT; GUUP-3, RCAICCIGYRCAIGC; HUGU-3, TCTGAGCT-
AAYGAYGAYTGYGARYTNTG; HUGU-4, TCTGAGCTCTGYGA-
YTNTGYGTNAAYGT; HUGU-5, TCTGAGCTCTGYGTNAAYGT-
GCNTG; HUGU-11, TCTGAGCTCGTGCCACCACCCTGCTCTG;
UGU-15, TCTGAATTCTCATTAGAGGCAGCCGGTACACGC; OHI-1,
CTGAGCTCGAAGATCTCCTCGGCGT; OHI-2, TCAAGGACCTC-
AGGAGCTCCAGAAGC; OHI-3, TCTCGAGTCTGGGCAGGTG-
AGCTGC; OHI-4, TCTCGAGTCTAGATTACTAGCATCCCGCGC-
GGC; SDII-1, TCTCCAGCCCATCTGCCAGTC; SDII-2, TCTCCTC-
GACTGGCAGATG; SDII-3, CAGGCCTTGAGGACCATCG; SDII-4,
CTGAATTCTTATCAGCTGCAGCCGGTACAGGC; SDII-5, TCTG-
ATCCAGGATACAGCGGGAGCGAGATG; PIGCC-1, CACATTCT-
GACCACCATGAC; PIGCC-2, ACGTTCCAGACAGGGCAGCT;
NIP-5, CCTCAGCTGCAGCTCGAG(T)24; UNIP-6, CCTCAGCTG-
AGCTCGAG; b-TUB-1, TTCCCTGGCCAGCTGAANGCNGACCT-
CGCAAG; and b-TUB-2, CATGCCCTCGCCNGTGTACCAGTG-
ANGAAGGC.
Abbreviations: I 5 Inosinenucleotide, W 5 A or T, S 5 G or C, R 5
or G, Y 5 T or C, M 5 A or C, K 5 G or T, N 5 A, C, G, or T.

nderlined regions do not correspond to the cDNA sequences but
ontain restriction endonuclease recognition sites to facilitate easy
loning of the PCR fragments obtained.

Molecular biological standard procedures. RNA extraction,
orthern hybridization, and Southern hybridization were performed
ccording to Sambrook et al. (10). cDNA first strand synthesis, an-
lytical reverse transcriptase polymerase chain reaction (RT-PCR),
nd DNA fluorescence sequencing were performed as described pre-
iously (11, 12). PCR fragments were cloned using either the pGEM
Zf T-vector system (Promega, Madison, USA) (13), or the plasmid
BSK1 (Stratagene, Heidelberg, Germany) by means of restriction
ndonuclease recognition sequences included in the 59-add on re-
ions of some of the primers which were compatible with those
ccurring within the multi-purpose cloning site of the vector. For
nalytical RT-PCR, the following primer pairs were used: porcine
uanylin: OHI-2/OHI-3, porcine uroguanylin: SDII-4/SDII-5, porcine
C-C: PIGCC-1/PIGCC-2, b-tubulin: b-TUB-1/b-TUB-2. Southern
lot analysis of the RT-PCR products was performed using the oli-
onucleotides OHI-1 and SDII-2 as hybridization probes for cDNA
ragments specific for porcine guanylin and uroguanylin, respec-
ively. Nucleotide sequences were compared by means of the Mac-
olly program package (SoftGene, Berlin, Germany) using a window

ize of 12 nucleotides allowing two mismatches.

Preparative PCR amplification of cDNA. Two degenerate anti-
ense primers (GUUP-1, GUUP-3) were deduced from the amino acid
equence (C E (L/I) C (V/A) (N/Y) (V/A) A C (T/A) G C) conserved at
he C-termini of the human guanylin and uroguanylin precursor
equences (14-16). A degenerate sense primer (GUUP-2) was de-
uced from an amino acid sequence motif (L E (S/M) V (K/Q) K)
onserved within the N-termini of the known guanylin and urogua-
ylin precursor sequences from different species (16).
5 mg porcine jejunum total RNA was reverse transcribed using 50

mol GUUP-3 primer and 200 units SuperscriptII reverse transcrip-
ase (Gibco BRL, Eggenstein, Germany) according to the manufac-
142
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ncubation for 10 min at 70°C, and the RNA was hydrolysed for 10
in at 50°C after addition of 5 units of RNAseH (Gibco BRL). cDNA
rst strands were purified by means of Glassmax spin columns
Gibco BRL) and eluted in a volume of 50 ml water.

Several PCR protocols using different combinations of the primers
UUP-1, GUUP-2, and GUUP-3 and the human uroguanylin cDNA

16) -derived primer HUGU-11 were tried. Finally, the following
eaction conditions led to the amplification of porcine partial guany-
in and uroguanylin cDNA: Amplification of porcine guanylin cDNA:
rimers GUUP-1/GUUP-2, 53 (95°C, 20 sec; 46°C, 20 sec; 70°C, 90
ec); 53 (95°C, 20 sec; 42°C, 20 sec; 70°C, 90 sec); 283 (95°C, 20 sec;
7°C, 1 sec; 70°C, 90 sec). Amplification of porcine uroguanylin
DNA: Primers GUUP-2/GUUP-3/HUGU-11 (nested PCR), 53
95°C, 20 sec; 46°C, 20 sec; 70°C, 90 sec); 53 (95°C, 20 sec; 40°C, 20
ec; 70°C, 90 sec); and 283 (95°C, 20 sec; 37°C, 1 sec; 70°C, 90 sec).
Reactions were performed in a total volume of 100 ml in a model

600 thermal cycler (Perkin Elmer) under the following general
onditions: 10 mM Tris-HCl pH 8.8, 50 mM KCl, 1.5 mM MgCl2, 1/10
f each cDNA first strand, 200 mM of each dNTP, 0.4 mM of each PCR
rimer, 2 units Taq DNA polymerase (Biomol, Hamburg, Germany),
ot start at 78°C.
From the partial cDNA sequences obtained, highly specific primers

OHI-1, OHI-3, OHI-4, and SDII-2) were constructed and used to-
ether with a human uroguanylin-derived primer (HUGU-15) for
mplification of the 39- and 59-termini of both the porcine guanylin
nd uroguanylin cDNAs, as described earlier (16).
For 39-RACE experiments, the cDNA first strand synthesis was

rimed using the oligo(dT) primer UNIP-5 whose 59-add on region
orresponds to the primer UNIP-6. In the case of porcine guanylin
DNA, the first amplification step was performed as follows (general
onditions as described above): 253 (95°C, 20 sec; 58°C, 20 sec; 70°C,
min), primers OHI-2/UNIP-6. 5 ml of the reaction mixture was then

ubjected as a template to a second amplification step under the
ame conditions but with 40 cycles. The 39-terminus of porcine
roguanylin cDNA was amplified using the primer combination
DII-1/UNIP-6 for the first step as described above. Here, the second
mplification step was performed with 35 cycles and the primer
ombination SDII-3/UNIP-6.
For 59-RACE experiments, cDNA first strand synthesis was

rimed using the oligonucleotide OHI-4 for porcine guanylin, and
UUP-3 for porcine uroguanylin. cDNA first strands were then
urified using Glassmax spin colums as described above. Half of each
f the cDNA first strands were 39-oligo(dA)-tailed according to the
tandard procedure (17). 1/5 of these tailing reaction mixtures were
ubsequently used for the first amplification step under standard
onditions (17): Primers GSP-2/UNIP-5, 53 (95°C, 20 sec; 50°C, 20
ec; 70°C, 1 min); 43 (95°C, 20 sec; 44°C, 20 sec; 70°C, 1 min); and 13
95°C, 20 sec; 44°C, 1 sec; 70°C, 3 min).

1/20 of each reaction mixture from the preceding amplification
teps was subjected as a template to each of the following amplifi-
ation steps. Second amplification step: Primers GSP-2/UNIP-6,
43 (95°C, 20 sec; 44°C, 20 sec; 70°C, 1 min) and 13 (95°C, 20 sec;
4°C, 20 sec; 70°C, 3 min).
Third amplification step: Primers GSP-3/UNIP-6, 193 (95°C, 20

ec; 44°C, 20 sec; 70°C, 1 min) and 13 (95°C, 20 sec; 44°C, 20 sec;
0°C, 3 min).
Fourth amplification step: Primers GSP-3/UNIP-6, 293 (95°C, 20

ec; 44°C, 20 sec; 70°C, 1 min) and 13 (95°C, 20 sec; 44°C, 20 sec;
0°C, 3 min).
For porcine guanylin, GSP-2 and GSP-3 were OHI-3 and OHI-1,

espectively. In the case of porcine uroguanylin, GSP-2 and GSP-3
ere HUGU-15 and SDII-2, respectively.

Peptide synthesis. To assess the biological activity, the following
eptide fragments deduced from the corresponding porcine cDNA
equences were chemically synthesized: PSTCEICAYAACAGC (por-
ine guanylin95-109 5 pguanylin95-109) and FQALRTIAGDDCELCVN-
ACTGCS (porcine uroguanylin90-113 5 puroguanylin90-113). Solid
143
ublished procedure (18). The correct pairings of cysteines crucial for
he biological activity were selectively introduced by the use of mixed
cetamidomethyl- and trityl-protected cysteine residues. Purity and
dentity of the peptides were checked by reverse-phase HPLC, elec-
rospray mass spectrometry and Edman degradation. The peptides
ere used for the bioassays according to the net peptide content as
etermined by amino acid analysis.

cGMP assays with T84 cells. Effects of human guanylin, pguany-
in95-109, and puroguanylin90-113 on cGMP increase in human T84 colon
arcinoma cells were measured as described previously (8).

Ussing chamber experiments. Pigs from the slaughterhouse were
illed, the ascendic colon was immediately removed, opened longitu-
inally and stripped of the serosal and muscular layers. The mucosal
heets were mounted in modified Ussing chambers (19) with an
xposed surface area of 1 cm2. Tissues were bathed in Krebs-Ringer
olution in both the mucosal and serosal reservoirs (8 ml volume).
oth buffer solutions were mixed and oxygenated by a gas-lift sys-

em with 95% O2/5% CO2 and maintained at 37°C. The Krebs-Ringer
icarbonate solution contained 140 mM Na1, 123.4 mM Cl-, 5.4 mM
1, 1.2 mM Ca21, 1.2 mM Mg21, 2.4 mM HPO4

22 0.6 mM H2PO4
2,

1 mM HCO3
2, and 10 mM glucose. Osmolarity was adjusted to 300

osm/l with mannitol and the pH was adjusted to 7.4. Each chamber
as connected to voltage clamp amplifiers (VCC 600 or VCCMC 6;
hysiological Instruments, San Diego, USA). Transepithelial poten-
ial differences (Vt) were measured using Ringer-agar bridges con-
ected to calomel half-cells with reference to the mucosal solution.
he tissues were voltage-clamped using Ag-AgCl electrodes in 3 M
Cl. The short-circuit current (ISC, expressed in mA/cm2) was consid-

red positive for cation flow from the mucosal to the serosal side.
Tissues were allowed to establish a stable ISC for at least 30
inutes prior to any drug addition. Peptides were added to solutions

t the mucosal (apical) side of the chamber. Responses (DISC) were
etermined as the difference between the basal ISC and the maximal
hange in ISC observed in response to substances tested. The tissue
onductance (Gt) was measured every minute. At the end of each
xperiment the cholinomimetic agent carbachol (1034 M) was applied
o the serosal side of the preparation to confirm tissue viability. The
ollowing substances were tested: pguanylin95-109, puroguanylin90-113

nd carbachol. Peptides were tested in doses ranging from 1026 2
028 M and carbachol was tested at a dose of 1024 M.

ESULTS

olecular Cloning of the Porcine Guanylin and
Uroguanylin cDNA

Primary PCR amplifications led to the amplifica-
ion of a 227 bp fragment from porcine jejunum
DNA using the guanylin-specific primer pair
UUP-1/GUUP-2. From the same cDNA, a 145 bp

ragment was obtained by priming with the
roguanylin-specific primer pair HUGU-11/GUUP-3.
he fragments were cloned in pGEM 5Zf T-vector
nd sequenced. As expected, comparison with the
lready known guanylin and uroguanylin cDNA se-
uences revealed highest sequence identity of the
UUP-1/GUUP-2-priming product with the known
uanylin-specific cDNAs and highest sequence iden-
ity of the HUGU-11/GUUP-3 priming product with
he known uroguanylin-specific cDNAs. From the
ucleotide sequences obtained, highly specific PCR
rimers were constructed and used for amplifications
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f the 59- and 39-termini of the cDNAs as described
bove. Finally, from all partial cDNA sequences ob-
ained the entire cDNA sequences of the porcine
uanylin and uroguanylin precursors were assem-
led. The porcine guanylin precursor cDNA sequence
pans 555 bp and codes for a 109-amino acid precur-

FIG. 1. cDNA sequences and derived amino acid sequences of th
he primers used for amplification of the first partial cDNA frag
epresenting the putative secretory signal peptides are in italics. Poly
p in size and codes for a 109-amino acid precursor protein, whereas
cid precursor protein.
144
or protein (Fig. 1A). As determined by sequence
omparisons, within the entire cDNA sequence the
9-non-translated region is 34 bp in size, the coding
egion (including the translational stop codon) 330
p and the 39-non-translated region 191 bp. The 39-
on-translated region contains a typical AATAAA

rcine guanylin (A) and uroguanylin (B) precursors. The positions of
ts are indicated by arrows. The parts of the precursor proteins

enylation signals are underlined. The porcine guanylin cDNA is 555
porcine uroguanylin cDNA spans 472 bp and codes for a 113-amino
e po
men
ad

the
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he 39-terminus.
In a similar way, the entire cDNA sequence for the

orcine uroguanylin precursor was assembled. It is 472
p in size and codes for a 113-amino acid precursor
rotein (Fig. 1B). The 59-non-translated region is 49 bp
n size, the coding region 342 bp and the 39-non-
ranslated region 81 bp. Also in this case, a typical
ATAAA polyadenylation signal appears at the ex-
ected distance from the 39-terminus.

xpression Pattern of the Porcine Guanylin and
Uroguanylin Gene

In order to confirm the cloning of porcine guanylin
nd uroguanylin cDNA and to compare the expression
atterns of the corresponding genes, we performed
orthern hybridization and RT-PCR analysis with por-

ine RNA from different tissues, especially of the gas-
rointestinal tract. As a hybridization probe for guany-
in gene-specific transcripts, we used a 139 bp porcine
DNA fragment (pos. 152-290 of the cDNA sequence,
resented in Fig. 1A) generated by PCR with the prim-
rs OHI-1/OHI-2 and the entire porcine guanylin
DNA as a template. For detection of uroguanylin gene
xpression, we used a 260 bp RT-PCR fragment (pos.
31-390 of the cDNA sequence, presented in Fig. 1B)
hich was generated similarly by use of the entire
orcine uroguanylin cDNA and the primer pair HUGU-
4/SDII-4.
The following tissues were analysed: mucosa from

esophagus, cardia, stomach fundus, stomach corpus,
tomach antrum, and stomach pars pylorica, parotid
land, duodenum, jejunum, ileum, caecum, colon
ransversum, colon descendens, lung, and kidney. 50
g total RNA of each tissue were used for Northern
ybridization. The blots were first hybridized with the
orcine uroguanylin-specific probe, then stripped and
ubsequently hybridized with the porcine guanylin-
pecific probe. Washing of the blots was perfomed un-
er highly stringent conditions (final washing for 30
in with 0.1% SSC/0.1% SDS at 60°C). Autoradio-

raphs obtained from blots containing RNA from dif-
erent parts of the stomach did not show any guanylin
r uroguanylin mRNA-specific signals, even after ex-
osure for 10 days (data not shown). On the other
and, blots with intestinal RNA gave strong signals
fter exposure for two days using the guanylin- and the
roguanylin-specific probe (Fig. 2A). RNA from parotid
land, lung, and kidney revealed no signals.
Since the expression of the uroguanylin gene in the

tomach was already demonstrated for humans, we
nalysed the RNA samples isolated from mucosa of
ifferent segments of the stomach by use of the more
ensitive RT-PCR method (Fig. 2B). In this case, we
btained strong signals from mucosa of stomach fun-
us, corpus, antrum, and pars pylorica using the
145
ragments of the expected size of 805 bp were also
enerated from these tissues and additionally from
ucosa of the cardia using primers specific for the

articulate guanylate cyclase-C (20) which is a recep-
or of guanylin and uroguanylin. In contrast, with
uanylin-specific primers we only obtained weak sig-
als after 30 and 35 cycles of PCR from fundus, an-
rum, and pars pylorica. These findings confirm the
ata obtained from humans (11).

GMP Assays with Human T84 Colon Carcinoma
Cells

pguanylin95-109 and puroguanylin90-113 were tested for
heir cGMP-increasing effect on human T84 colon car-
inoma cells compared to human guanylin101-115. The
eptides caused a significant increase of intracellular
GMP starting at a concentration of 1027 M or slightly
ower (Fig. 3A). Among the peptide concentrations
ested, the highest level of intracellular cGMP was
eached at 1026 M. Human guanylin revealed the max-
mum cGMP level of 7 3 1028 M followed by purogua-
ylin90-113 with 4.9 3 1028 M and pguanylin95-109 with
3 1028 M. The data obtained indicate the biological

ctivity of porcine guanylin and uroguanylin in a cel-
ular system with the human GC-C receptor.

ssing Chamber Experiments

A total of 16 colonic tissue samples from 3 pigs were
sed for Ussing chamber experiments. After reaching
table conditions, the mean baseline ISC was 231.17 6
.64 mA/cm2 and resistance was 19 6 4.91 mS. Re-
ponse to carbachol was 2103.63 6 25.91 mA/cm2. The
ffects of potential secretagogues on ISC were assessed
sing a cumulative concentration response protocol.
ddition of pguanylin and puroguanylin to the mucosal
olution induced an increase in ISC. The increase of ISC

tarted at a minimum concentration of 10 nM for both
eptides and subsequent addition of higher concentra-
ions (100 nM and 1 mM) elicited further increases in
SC (Fig. 3B).

ISCUSSION

Following the cloning strategy described above, we
ucceeded in cloning two porcine cDNAs from jeju-
um total RNA which may represent the porcine
uanylin precursor cDNA (SDGCAP1) and the por-
ine uroguanylin precursor cDNA (SDGCAPII). In-
eed, comparison of both nucleotide sequences with
ntries of the EBI/GenBank database revealed
ighest identities to the nucleotide sequences of gua-
ylin (in the case of SDCAP1) and uroguanylin (in
he case of SDGCAPII) precursor cDNA from species
ther than the pig (guinea pig, human, mouse, rat).
his finding strongly indicates that SDGCAP1 rep-
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esents the porcine guanylin cDNA whereas SDGCA-
II represents the porcine uroguanylin cDNA. The
aximum total identities of both cDNA sequences
ith the corresponding cDNA sequences of other spe-

ies are in the range of 65-70% which also fits with
he values for maximum identities between guanylin
r uroguanylin cDNA sequences of different species

FIG. 2. Expression pattern of the porcine guanylin and uroguan
NA from porcine parotid gland (1), jejunum (2), ileum (3), caecum (
nd porcine guanylin (G) as well as uroguanylin (U)-specific cDNA fr
U)-specific hybridization signals are obtained from intestinal tissue
how any signals. (B) RT-PCR analysis was performed using cDNA fir
2), fundus (3), corpus (4), antrum (5), and pars pylorica (6). The p
uanylin (b), GC-C (c), and b-tubulin (d) (universal). Guanylin and ur
ycles (from left to right), Southern-blotted and subsequently hybrid
C-C-specific RT-PCR was performed for 35 cycles, b-tubulin-specifi
-tubulin-specific products were analysed on ethidium-bromide aga
ignals are obtained from fundus, corpus, antrum, and pars pylorica
3), antrum (5), and pars pylorica (6). GC-C-specific RT-PCR products
omparable intensity of the b-tubulin-specific PCR fragments indicat
ere in the expected size range. Abbreviations: knt: kilonucleotides
146
xcluding pig. In contrast, the overall identity be-
ween the porcine guanylin and uroguanylin precur-
or cDNA is below 35%.
An important question arising in the context of gua-

ylin/uroguanylin-related research concerns the pos-
ible existence of further peptides belonging to this
ovel family of gastrointestinal hormones. In order to

genes. (A) Northern blot analysis was performed with 50 mg total
colon transversum (5), colon descendens (6), lung (7), and kidney (8)

ents as hybridization probes. Strong guanylin (G) and uroguanylin
anes 2-6) whereas parotid gland (1), lung (7), and kidney (8) do not
trands from porcine mucosa of oesophagus (1), and of stomach cardia
er pairs used (see text) were specific for porcine uroguanylin (a),
anylin-specific RT-PCR samples were taken after 20, 25, 30, and 35

d with internally positioned, 32P-labelled oligonucleotides (see text).
T-PCR (control) for 20 and 30 cycles (from left to right). GC-C and

e gels without Southern hybridization. Strong uroguanylin-specific
6). Guanylin-specific RT-PCR shows only weak signals from fundus
e obtained from fundus, corpus, antrum, and pars pylorica (3-6). The
a similar quality of all cDNA first strands used. All signals obtained

3 nucleotides), M: size marker, NK: negative control.
ylin
4),
agm
s (l
st s
rim
ogu
ize
c R
ros
(3-
ar
es
(10
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dentify such peptides, we derived degenerate primers
rom highly conserved regions of both peptide hor-
ones for the initial RT-PCR step (see above). Using

hese primers, we did not succeed in amplifying addi-
ional guanylin/uroguanylin-related cDNAs encoding
ny peptides other than the two described. This finding
ay indicate that guanylin and uroguanylin are the

nly two members of this family of gastrointestinal
eptide hormones. However, the existence of addi-
ional members which occur in tissues other than those
nvestigated as yet and which possibly share a lower
equence identity with guanylin and uroguanylin can-
ot be excluded.
As another proof of the identification of the porcine

uanylin and uroguanylin precursor cDNAs, we anal-
sed the expression of the corresponding genes in tis-
ues already known to express the related genes of
ther species by use of Northern hybridization and
T-PCR analysis. As hybridization probes we used

DNA fragments spanning the nucleotides from posi-
ions 152-290 in the case of porcine guanylin and from
ositions 131-390 in the case of porcine uroguanylin.
ecause the maximum sequence identity of each par-

ial cDNA fragment with the cDNA of the other porcine
astrointestinal peptide hormone (guanylin hybridiza-
ion probe with uroguanylin cDNA and uroguanylin
ybridization probe with guanylin cDNA) was lower
han 22% and the hybridization experiments were per-
ormed under highly stringent conditions, cross-
ybridization events were not to be expected. Similarly
o our recent investigations in humans (11), we de-
ected a strong expression of the genes for both peptide

FIG. 3. Biological activity of porcine guanylin and uroguanylin. (A
o the stimulation by synthetic peptides. Experiments were carried ou
■) pUroguanylin90-113, (F) pGuanylin95-109, (�) hGuanylin101-115. (B) C
ylin90-113 on the short circuit current in porcine colonic mucosa. Da
umulative addition of the synthetic peptides to the mucosal solution
otent than pGuanylin95-109.
147
ormones within the intestine, whereas a significant
xpression within the stomach was only detectable for
roguanylin. An expression of the genes for GC-C and
he CFTR channel (21, 22) within the stomach have
lso been described. In addition, a cGMP-stimulated
icarbonate excretion of the bile (23) as well as the
timulation of bicarbonate secretion in rat duodenum
y guanylin (24) have been reported. Taking these
ndings all together, one may speculate that urogua-
ylin is possibly involved in a CFTR-mediated bicar-
onate secretion of the stomach, generating a protec-
ive pH gradient within the mucin layer located
etween the lumen and the epithelial surface (25).
As a final proof of the identification of the porcine

nalogues, the functionality of synthetic peptides (see
bove) was tested due to their influence on mucosal ion
ransport utilizing Ussing chambers and in their po-
ential to elevate the intracellular level of cGMP. By
easuring the short-circuit current using porcine mu-

osa, both peptides exhibited a similar dose-dependent
ffect between 1028 and 1026 M. This quantitative effi-
acy is identical to that observed for the human or rat
eptides with human or rat mucosa, respectively. The
ctivation of intestinal guanylyl cyclase-C follows a
imilar dose-dependent order. However, porcine gua-
ylin and uroguanylin were slightly less potent in the
ctivation of the human receptor that is present on T84
ells. This may be explained by differences in amino
cid sequences between the porcine and human li-
ands, thereby causing a less efficient interaction with
he human receptor protein.

ose-dependent cGMP formation in cultured T 84 cells as a response
duplicate for each peptide and the data shown represent the mean.

parison of the stimulatory effects of pGuanylin95-109 and pUrogua-
re presented as mean 6 SEM derived from 7-9 experiments each.
the Ussing chamber increases ISC. pUroguanylin90-113 is slightly less
) D
t in
om

ta a
of
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ucceeded in cloning the cDNAs for the precursor pro-
eins of porcine guanylin and uroguanylin and demon-
trated the biological functionality of the putative ma-
ure forms. Our results verify the importance of both
eptide hormones for a wide range of different, not only
losely-related mammals. It will probably also enable
he detection of highly conserved regions within the
mino acid and nucleotide sequences of the different
recursor proteins and the corresponding cDNAs,
hich may be helpful for the identification and inves-

igation of related peptide hormones in species other
han those already described.
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Mägert, H. J. (1995) Proc. Natl. Acad. Sci. USA 92, 2046–2050.

3. Marchuk, D., Drumm, M., Saulino, A., and Collins, F. S. (1990)
Nucleic Acids Res. 19, 1154.

4. de Sauvage, F. J., Keshav, S., Kuang, W. J., Gillet, N., Henzel,
W., and Goeddel, D. V. (1992) Proc. Natl. Acad. Sci. USA 89,
9089–9093.

5. Wiegand, R. C., Kato, J., Huang, M. D., Fok, K. F., Kachur, J. F.,
and Currie, M. G. (1992) FEBS Lett. 311, 150–154.

6. Hill, O., Cetin, Y., Cieslak, A., Mägert, H. J., and Forssmann,
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