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Guanylin and uroguanylin are structurally related
intestinal peptide hormones which were purified from
a limited number of mammals and are capable of acti-
vating the particulate guanylate cyclase-C. Although
the biological functions of guanylin and uroguanylin
are not yet clarified in detail, they are involved in the
regulation of the intestinal water and electrolyte bal-
ance. In order to verify the general importance of this
hormone system in mammals, we cloned the corre-
sponding cDNAs from pig. Here, we present the nucle-
otide sequences and the deduced amino acid
sequences representing porcine guanylin and urogua-
nylin. The expression patterns of the corresponding
genes, as shown by Northern hybridization and RT-
PCR analysis, resemble those of the human homo-
logues. Further, we demonstrate the bioactivity of
both porcine peptide hormones by inducing the intra-
cellular cGMP production in human T84 cells and by
ion transport experiments using porcine intestinal
mucosa in the Ussing chamber. © 1999 Academic Press

The membrane receptor guanylate cyclase-C (GC-C)
is located in the gastrointestinal tract of mammals and
is capable of binding bacterial enterotoxins, such as E.
coli heat-stable STa. Activation of GC-C by these ente-
rotoxins causes an increase in the intracellular level of
cGMP (1) thereby activating the protein kinase cGKII
(2) which subsequently phosphorylates the cystic fibro-
sis transmembrane conductance regulator channel
(CFTR) (3). As a result, chloride and water secretion is
enhanced, causing secretory diarrhoea (4). The search
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for endogenous ligands of GC-C led to the discovery of
two novel mammalian intestinal peptide hormones
that were named guanylin and uroguanylin. Guanylin
was first isolated as a peptide of 15 amino acids from
rat intestine (5), whereas uroguanylin was isolated
originally as a 15-amino acid peptide from opossum (6)
and as a 16-amino acid peptide from human urine (7).

We later succeeded in identifying circulating forms
of human guanylin and uroguanylin exhibiting chain
lengths of 94 and 24 amino acids, respectively (8, 9).
Guanylin and uroguanylin-specific cDNA sequences
have been described for a limited number of mamma-
lian species (mouse, rat, guinea pig, and human; for
EBIl/GenBank database accession numbers, see Table
1). Their sizes range from 472-723 bp and they encode
putative precursor proteins of 107-120 amino acids.
Since these cDNAs were characterized from humans
and rodents which share phylogenetically distant rela-
tions, a general importance of the guanylin/urogua-
nylin hormone system seems to be likely. In order to
verify this thesis and to search for other possibly oc-
curring guanylin and uroguanylin-related peptides, we
amplified the corresponding cDNAs from pig using
primers specific for regions conserved within the cur-
rently known amino acid sequences of the guanylin
and uroguanylin precursors.

In this paper, we present the cDNA and deduced
amino acid sequences of two porcine proteins repre-
senting the precursor molecules of guanylin and
uroguanylin. The expression patterns of the corre-
sponding genes were investigated by Northern hybrid-
ization and RT-PCR analysis. From the cDNA se-
quences obtained, we derived the amino acid sequences
of the putative mature 15-amino acid guanylin and
24-amino acid uroguanylin of the pig. The peptides
were chemically synthesized and their biological func-
tionality is demonstrated by a specific cGMP assay
with human T84 colon carcinoma as well as by the
Ussing chamber experiments using porcine colonic mu-
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cosa. The results presented confirm an overall impor-
tance of the guanylin/uroguanylin hormone system
among mammals and might facilitate the identification
of related peptides and the corresponding cDNAs/
genes from species other than those already men-
tioned.

MATERIALS AND METHODS

Oligonucleotides. The following oligonucleotides (Perkin Elmer,
Weiterstadt, Germany) were used as PCR primers and hybridization
probes (listed in 5'—3’ orientation): GUUP-1, TCTGAGCT-
CITWIRCRCAIAIYTCRCA; GUUP-2, TCTGAGTIGARWSIKTIA-
ARMARYT; GUUP-3, RCAICCIGYRCAIGC; HUGU-3, TCTGAGCT-
CAAYGAYGAYTGYGARYTNTG; HUGU-4, TCTGAGCTCTGYGA-
RYTNTGYGTNAAYGT; HUGU-5, TCTGAGCTCTGYGTNAAYGT-
NGCNTG; HUGU-11, TCTGAGCTCGTGCCACCACCCTGCTCTG;
HUGU-15, TCTGAATTCTCATTAGAGGCAGCCGGTACACGC; OHI-1,
TCTGAGCTCGAAGATCTCCTCGGCGT,; OHI-2, TCAAGGACCTC-
CAGGAGCTCCAGAAGC; OHI-3, TCTCGAGTCTGGGCAGGTG-
GAGCTGC; OHI-4, TCTCGAGTCTAGATTACTAGCATCCCGCGC-
AGGC; SDII-1, TCTCCAGCCCATCTGCCAGTC; SDI1-2, TCTCCTC-
AGACTGGCAGATG; SDII-3, CAGGCCTTGAGGACCATCG; SDII-4,
TCTGAATTCTTATCAGCTGCAGCCGGTACAGGC; SDII-5, TCTG-
GATCCAGGATACAGCGGGAGCGAGATG; PIGCC-1, CACATTCT-
CGACCACCATGAC; PIGCC-2, ACGTTCCAGACAGGGCAGCT;
UNIP-5, CCTCAGCTGCAGCTCGAG(T).s; UNIP-6, CCTCAGCTG-
CAGCTCGAG; B-TUB-1, TTCCCTGGCCAGCTGAANGCNGACCT-
NCGCAAG; and B-TUB-2, CATGCCCTCGCCNGTGTACCAGTG-
NANGAAGGC.

Abbreviations: | = Inosinenucleotide, W = AorT,S=GorC,R =
AorG, Y=TorC M=AorC,K=GorT,N=AC,G,orT.
Underlined regions do not correspond to the cDNA sequences but
contain restriction endonuclease recognition sites to facilitate easy
cloning of the PCR fragments obtained.

Molecular biological standard procedures. RNA extraction,
Northern hybridization, and Southern hybridization were performed
according to Sambrook et al. (10). cDNA first strand synthesis, an-
alytical reverse transcriptase polymerase chain reaction (RT-PCR),
and DNA fluorescence sequencing were performed as described pre-
viously (11, 12). PCR fragments were cloned using either the pGEM
5Zf T-vector system (Promega, Madison, USA) (13), or the plasmid
pBSK+ (Stratagene, Heidelberg, Germany) by means of restriction
endonuclease recognition sequences included in the 5’-add on re-
gions of some of the primers which were compatible with those
occurring within the multi-purpose cloning site of the vector. For
analytical RT-PCR, the following primer pairs were used: porcine
guanylin: OHI-2/0OHI-3, porcine uroguanylin: SDI1-4/SDII-5, porcine
GC-C: PIGCC-1/PIGCC-2, B-tubulin: p-TUB-1/p-TUB-2. Southern
blot analysis of the RT-PCR products was performed using the oli-
gonucleotides OHI-1 and SDII-2 as hybridization probes for cDNA
fragments specific for porcine guanylin and uroguanylin, respec-
tively. Nucleotide sequences were compared by means of the Mac-
Molly program package (SoftGene, Berlin, Germany) using a window
size of 12 nucleotides allowing two mismatches.

Preparative PCR amplification of cDNA. Two degenerate anti-
sense primers (GUUP-1, GUUP-3) were deduced from the amino acid
sequence (C E (L/1) C (V/IA) (N/Y) (VIA) A C (T/A) G C) conserved at
the C-termini of the human guanylin and uroguanylin precursor
sequences (14-16). A degenerate sense primer (GUUP-2) was de-
duced from an amino acid sequence motif (L E (S/M) V (K/Q) K)
conserved within the N-termini of the known guanylin and urogua-
nylin precursor sequences from different species (16).

5 ug porcine jejunum total RNA was reverse transcribed using 50
pmol GUUP-3 primer and 200 units Superscriptll reverse transcrip-
tase (Gibco BRL, Eggenstein, Germany) according to the manufac-
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TABLE 1
Comparison of the Nucleotide Sequences of Guanylin and Uroguanylin-Specific cDNAs from Different Species

CPUGUMRNA HS342791 RNU75186 MMU90727

SDGCAP1 CPGUAMRN2 CPGUAMRN1 HSGNLNA RNGUANYL MMGUANYLA SDGCAPII

54.2

44.1
67.0

6

47.1
57.2
54.7

CPGUAMRNZ2
CPGUAMRNL1
HSGNLNA

41.6 64.3

50.4

RNGUANYL

47.7 63.1 44.2 65.7 86.4
29

MMGUANYLA
SDGCAPII

38.2

40.3

35.5

25.3

35.0

23.4 28.5 25.1 29.4 41.6 36.5 68.8

CPUGUMRNA
HS342791

65.5

58.6

16.2

34.0

29.0

41.2

39.2

36.1

30.5 25.4 31.2 33.2 30.7 243 46.9 54.2 45.5

RNU75186

72.8

455 30.3 37.8 335 30.8 34.3 55.1 61.8 59.5

MMU90727
DV49353

22.4

20.1

39.9

311

18.7

27.2

27.7

24.9

37.4

24.9

23.3

Note. The sequence identities between guanylin and uroguanylin-specific cDNAs from different species are shown as percentages. Porcine guanylin cDNA (SDGCAP1) shares the

highest sequence identity with guanylin cDNAs of other species, whereas the porcine uroguanylin cDNA (SDGCAPII) shares the highest sequence identity with the corresponding
uroguanylin-specific cDNAs. In both cases, the guinea pig sequences exhibit the highest similarity with the porcine sequences (65.7% and 68.8%, respectively). The cDNA sequences are

indicated by their EBl/Genbank identifiers as follows: SDGCAPL: porcine (Sus domestica) guanylin cDNA, accession no. Z73607; SDGCAPII; porcine (Sus domestica) uroguanylin cDNA,

accession no. Z83746; CPGUAMRNL1.: guinea pig (Cavia porcellus) cDNA for guanylin-like protein (splice variant), accession no. Z74735; CPGUAMRN2: guinea pig (Cavia porcellus)

guanylin cDNA, accession no. Z74736; HSGNLNA: human (Homo sapiens) guanylin cDNA, accession no. M97496; RNGUANYL: rat (Rattus norvegicus) guanylin cDNA, accession no.

HS342791: human (Homo sapiens) uroguanylin cDNA, accession no. U34279; RNU75186: rat (Rattus norvegicus) uroguanylin cDNA, accession no. U75186; MMU90727: mouse (Mus

M95493; MMGUANYLA: mouse (Mus musculus) guanylin cDNA, accession no. M95175; CPUGUMRNA: guinea pig (Cavia porcellus) uroguanylin cDNA, accession no. Z74738;
musculus) uroguanylin cDNA, accession no. U90727; DV49353: opossum (Didelphis virginiana) uroguanylin cDNA, accession no. U49353.
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turer’s instructions. Subsequently, the enzyme was inactivated by
incubation for 10 min at 70°C, and the RNA was hydrolysed for 10
min at 50°C after addition of 5 units of RNAseH (Gibco BRL). cDNA
first strands were purified by means of Glassmax spin columns
(Gibco BRL) and eluted in a volume of 50 ul water.

Several PCR protocols using different combinations of the primers
GUUP-1, GUUP-2, and GUUP-3 and the human uroguanylin cDNA
(16) -derived primer HUGU-11 were tried. Finally, the following
reaction conditions led to the amplification of porcine partial guany-
lin and uroguanylin cDNA: Amplification of porcine guanylin cDNA:
Primers GUUP-1/GUUP-2, 5X (95°C, 20 sec; 46°C, 20 sec; 70°C, 90
sec); 5X (95°C, 20 sec; 42°C, 20 sec; 70°C, 90 sec); 28X (95°C, 20 sec;
37°C, 1 sec; 70°C, 90 sec). Amplification of porcine uroguanylin
cDNA: Primers GUUP-2/GUUP-3/HUGU-11 (nested PCR), 5X
(95°C, 20 sec; 46°C, 20 sec; 70°C, 90 sec); 5x (95°C, 20 sec; 40°C, 20
sec; 70°C, 90 sec); and 28X (95°C, 20 sec; 37°C, 1 sec; 70°C, 90 sec).

Reactions were performed in a total volume of 100 wl in a model
9600 thermal cycler (Perkin Elmer) under the following general
conditions: 10 mM Tris-HCI pH 8.8, 50 mM KCI, 1.5 mM MgCl,, 1/10
of each cDNA first strand, 200 uM of each dNTP, 0.4 uM of each PCR
primer, 2 units Taq DNA polymerase (Biomol, Hamburg, Germany),
hot 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-
gether with a human uroguanylin-derived primer (HUGU-15) for
amplification of the 3’- and 5’-termini of both the porcine guanylin
and uroguanylin cDNAs, as described earlier (16).

For 3'-RACE experiments, the cDNA first strand synthesis was
primed using the oligo(dT) primer UNIP-5 whose 5’-add on region
corresponds to the primer UNIP-6. In the case of porcine guanylin
cDNA, the first amplification step was performed as follows (general
conditions as described above): 25X (95°C, 20 sec; 58°C, 20 sec; 70°C,
1 min), primers OHI-2/UNIP-6. 5 ul of the reaction mixture was then
subjected as a template to a second amplification step under the
same conditions but with 40 cycles. The 3’-terminus of porcine
uroguanylin cDNA was amplified using the primer combination
SDII-1/UNIP-6 for the first step as described above. Here, the second
amplification step was performed with 35 cycles and the primer
combination SDII-3/UNIP-6.

For 5'-RACE experiments, cDNA first strand synthesis was
primed using the oligonucleotide OHI-4 for porcine guanylin, and
GUUP-3 for porcine uroguanylin. cDNA first strands were then
purified using Glassmax spin colums as described above. Half of each
of the cDNA first strands were 3’-oligo(dA)-tailed according to the
standard procedure (17). 1/5 of these tailing reaction mixtures were
subsequently used for the first amplification step under standard
conditions (17): Primers GSP-2/UNIP-5, 5X (95°C, 20 sec; 50°C, 20
sec; 70°C, 1 min); 4X (95°C, 20 sec; 44°C, 20 sec; 70°C, 1 min); and 1X
(95°C, 20 sec; 44°C, 1 sec; 70°C, 3 min).

1/20 of each reaction mixture from the preceding amplification
steps was subjected as a template to each of the following amplifi-
cation steps. Second amplification step: Primers GSP-2/UNIP-6,
24X (95°C, 20 sec; 44°C, 20 sec; 70°C, 1 min) and 1X (95°C, 20 sec;
44°C, 20 sec; 70°C, 3 min).

Third amplification step: Primers GSP-3/UNIP-6, 19X (95°C, 20
sec; 44°C, 20 sec; 70°C, 1 min) and 1X (95°C, 20 sec; 44°C, 20 sec;
70°C, 3 min).

Fourth amplification step: Primers GSP-3/UNIP-6, 29X (95°C, 20
sec; 44°C, 20 sec; 70°C, 1 min) and 1X (95°C, 20 sec; 44°C, 20 sec;
70°C, 3 min).

For porcine guanylin, GSP-2 and GSP-3 were OHI-3 and OHI-1,
respectively. In the case of porcine uroguanylin, GSP-2 and GSP-3
were HUGU-15 and SDII-2, respectively.

Peptide synthesis. To assess the biological activity, the following
peptide fragments deduced from the corresponding porcine cDNA
sequences were chemically synthesized: PSTCEICAYAACAGC (por-
cine guanylings., = ,guanyling.q,) and FQALRTIAGDDCELCVN-
VACTGCS (porcine uroguanyling;; = ,uroguanyling.;s). Solid
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phase peptide synthesis was performed according to the previously
published procedure (18). The correct pairings of cysteines crucial for
the biological activity were selectively introduced by the use of mixed
acetamidomethyl- and trityl-protected cysteine residues. Purity and
identity of the peptides were checked by reverse-phase HPLC, elec-
trospray mass spectrometry and Edman degradation. The peptides
were used for the bioassays according to the net peptide content as
determined by amino acid analysis.

CcGMP assays with T84 cells. Effects of human guanylin, ,guany-
liNgs.100, @and puroguanyling..;; on cGMP increase in human T84 colon
carcinoma cells were measured as described previously (8).

Ussing chamber experiments. Pigs from the slaughterhouse were
killed, the ascendic colon was immediately removed, opened longitu-
dinally and stripped of the serosal and muscular layers. The mucosal
sheets were mounted in modified Ussing chambers (19) with an
exposed surface area of 1 cm?. Tissues were bathed in Krebs-Ringer
solution in both the mucosal and serosal reservoirs (8 ml volume).
Both buffer solutions were mixed and oxygenated by a gas-lift sys-
tem with 95% O,/5% CO, and maintained at 37°C. The Krebs-Ringer
bicarbonate solution contained 140 mM Na*, 123.4 mM CI’, 5.4 mM
K*, 1.2 mM Ca*, 1.2 mM Mg, 2.4 mM HPO; 0.6 mM H,PO,,
21 mM HCOg;, and 10 mM glucose. Osmolarity was adjusted to 300
mosm/l with mannitol and the pH was adjusted to 7.4. Each chamber
was connected to voltage clamp amplifiers (VCC 600 or VCCMC 6;
Physiological Instruments, San Diego, USA). Transepithelial poten-
tial differences (Vt) were measured using Ringer-agar bridges con-
nected to calomel half-cells with reference to the mucosal solution.
The tissues were voltage-clamped using Ag-AgCl electrodes in 3 M
KCI. The short-circuit current (I, expressed in wA/cm?) was consid-
ered positive for cation flow from the mucosal to the serosal side.

Tissues were allowed to establish a stable I for at least 30
minutes prior to any drug addition. Peptides were added to solutions
at the mucosal (apical) side of the chamber. Responses (Alsc) were
determined as the difference between the basal I and the maximal
change in I observed in response to substances tested. The tissue
conductance (Gt) was measured every minute. At the end of each
experiment the cholinomimetic agent carbachol (10** M) was applied
to the serosal side of the preparation to confirm tissue viability. The
following substances were tested: ,guanyling.g, ,uroguanyling.s
and carbachol. Peptides were tested in doses ranging from 10°° —
10°® M and carbachol was tested at a dose of 10™* M.

RESULTS

Molecular Cloning of the Porcine Guanylin and
Uroguanylin cDNA

Primary PCR amplifications led to the amplifica-
tion of a 227 bp fragment from porcine jejunum
cDNA wusing the guanylin-specific primer pair
GUUP-1/GUUP-2. From the same cDNA, a 145 bp
fragment was obtained by priming with the
uroguanylin-specific primer pair HUGU-11/GUUP-3.
The fragments were cloned in pGEM 5Zf T-vector
and sequenced. As expected, comparison with the
already known guanylin and uroguanylin cDNA se-
quences revealed highest sequence identity of the
GUUP-1/GUUP-2-priming product with the known
guanylin-specific cDNAs and highest sequence iden-
tity of the HUGU-11/GUUP-3 priming product with
the known uroguanylin-specific cDNAs. From the
nucleotide sequences obtained, highly specific PCR
primers were constructed and used for amplifications
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A
Guanylin 5'-non-translated region M N T F L F P 7
acctggccactecteteteccgggtgetgetgee ATG AAC ACC TTC CTG TTC CCC 55
T L C L L G v W A A L A G G v T \% K D G 27
ACA CTG TGC CTC CTC GGG GTC TGG GCT GCC CTG GCA GGT GGA GTC ACG GTG AAG GAT GGA 115
GUUP-2 >
E F 8 F 8 L E S8 Vv K K L K D L O E L Q K 47
GAG TTC TCC TTC TCC CTG GAG TCA GTG AAA AAG CTC AAG GAC CTC CAG GAG CTIC CAG AAG 175
P R N P R N L D G P I I P \% L C N S P X 67
CCC AGG AAC CCA AGA AAT CTT GAT GGA CCC ATC ATT CCC GTC CTC TGT AAT TCC CCG AAG 235
F P E E L K P I C e} K P N A E E I L BE R 87
TTT CCC GAA GAA CTC AAG CCC ATC TGC CAG AAG CCC AAC GCC GAG GAG ATC CTC GAA AGG 295
< GUUP-1 <
L B T I A Q D P S T C E I C A Y A A C A 107
CTG GAG ACC ATC GCC CAG GAC CCG AGC ACA TGT GAA ATT TGT GCC TAT GCT GCC TGC GCG 355
—GUUP~3~
G C STOP 3'-non-translated region 109
GGA TGC tag gacggccagggctcgetgtecttcecttteccacceceecgeagggegettegeateccecgcagecteccacct 431
gcccagacgggaggagcgaggagggggcaggetggggcggeccaggecctgececcateccgagectgecggtgetteccaa 511
polyadenylation signal
gatccattcecccacccatggetaataaaccagattctagagte 555
B
Urocuanylin 5'-non-translated region M A 2

gagggccaggtggacggcaacagcggeggcaggatacagegggagegag ATG GCC 55

s R A A A G L L L C G v A L Vv F L vV L L
AGC AGG GCG GCG GCA GGG CTC CTC CTG TGT GGG GTIT GCC CTG GTC TTC CTG GIG CTG CTG

22
115

. —GUUP-2—
Q G T Q 5 vV Y I Q Y Q G F R \Y% Q L K S \Y% 42

CAG GGC ACA CAG TCC GTC TAC ATC CAG TAC CAA GGC TTC CGG GTC CAG CTG AAA TCA GIG 175
—_—>

K K L S D L B G Q W A P S P R L Q A Q S 62
AAG AAG CTG AGC GAC CTG GAG GGA CAG TGG GCG CCC AGC CCC CGC CTG CAA GCG CAG AGC 235

HUGU-11 >
P Q P S v C H H S A L P P D L Q P I C Q 82
CCC CAG CCC TCC GTIG TGC CAC CAC TCG GCC CTG CCA CCG GAC CTC CAG CCC ATC TGC CAG 295
S B B A A S I F Q A L R T I A G D D C B 102
TCT GAG GAG GCG GCC AGC ATC TTC CAG GCC TTG AGG ACC ATC GCT GGC GAC GAC TGT GAG 355
< GUUP-
L c VvV N VvV A Cc T G C S Stop 3'-non-translated region 113
CTG TGT GIG AAT GTT GCC TGT ACC GGC TGC AGC TGA gaggacccegggogccccgageccaceatgga 422
polyadenylation signal
cececttgeececcaaggecagectggetgetgaataaagatteccacecac 472

FIG. 1. cDNA sequences and derived amino acid sequences of the porcine guanylin (A) and uroguanylin (B) precursors. The positions of
the primers used for amplification of the first partial cDNA fragments are indicated by arrows. The parts of the precursor proteins
representing the putative secretory signal peptides are in italics. Polyadenylation signals are underlined. The porcine guanylin cDNA is 555
bp in size and codes for a 109-amino acid precursor protein, whereas the porcine uroguanylin cDNA spans 472 bp and codes for a 113-amino
acid precursor protein.

of the 5’'- and 3’-termini of the cDNAs as described
above. Finally, from all partial cDNA sequences ob-
tained the entire cDNA sequences of the porcine
guanylin and uroguanylin precursors were assem-
bled. The porcine guanylin precursor cDNA sequence
spans 555 bp and codes for a 109-amino acid precur-

sor protein (Fig. 1A). As determined by sequence
comparisons, within the entire cDNA sequence the
5’-non-translated region is 34 bp in size, the coding
region (including the translational stop codon) 330
bp and the 3’-non-translated region 191 bp. The 3'-
non-translated region contains a typical AATAAA

144



Vol. 259, No. 1, 1999

polyadenylation signal at the expected distance from
the 3'-terminus.

In a similar way, the entire cDNA sequence for the
porcine uroguanylin precursor was assembled. It is 472
bp in size and codes for a 113-amino acid precursor
protein (Fig. 1B). The 5’-non-translated region is 49 bp
in size, the coding region 342 bp and the 3'-non-
translated region 81 bp. Also in this case, a typical
AATAAA polyadenylation signal appears at the ex-
pected distance from the 3'-terminus.

Expression Pattern of the Porcine Guanylin and
Uroguanylin Gene

In order to confirm the cloning of porcine guanylin
and uroguanylin cDNA and to compare the expression
patterns of the corresponding genes, we performed
Northern hybridization and RT-PCR analysis with por-
cine RNA from different tissues, especially of the gas-
trointestinal tract. As a hybridization probe for guany-
lin gene-specific transcripts, we used a 139 bp porcine
cDNA fragment (pos. 152-290 of the cDNA sequence,
presented in Fig. 1A) generated by PCR with the prim-
ers OHI-1/OHI-2 and the entire porcine guanylin
cDNA as a template. For detection of uroguanylin gene
expression, we used a 260 bp RT-PCR fragment (pos.
131-390 of the cDNA sequence, presented in Fig. 1B)
which was generated similarly by use of the entire
porcine uroguanylin cDNA and the primer pair HUGU-
14/SDII-4.

The following tissues were analysed: mucosa from
oesophagus, cardia, stomach fundus, stomach corpus,
stomach antrum, and stomach pars pylorica, parotid
gland, duodenum, jejunum, ileum, caecum, colon
transversum, colon descendens, lung, and kidney. 50
ng total RNA of each tissue were used for Northern
hybridization. The blots were first hybridized with the
porcine uroguanylin-specific probe, then stripped and
subsequently hybridized with the porcine guanylin-
specific probe. Washing of the blots was perfomed un-
der highly stringent conditions (final washing for 30
min with 0.1% SSC/0.1% SDS at 60°C). Autoradio-
graphs obtained from blots containing RNA from dif-
ferent parts of the stomach did not show any guanylin
or uroguanylin mRNA-specific signals, even after ex-
posure for 10 days (data not shown). On the other
hand, blots with intestinal RNA gave strong signals
after exposure for two days using the guanylin- and the
uroguanylin-specific probe (Fig. 2A). RNA from parotid
gland, lung, and kidney revealed no signals.

Since the expression of the uroguanylin gene in the
stomach was already demonstrated for humans, we
analysed the RNA samples isolated from mucosa of
different segments of the stomach by use of the more
sensitive RT-PCR method (Fig. 2B). In this case, we
obtained strong signals from mucosa of stomach fun-
dus, corpus, antrum, and pars pylorica using the
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uroguanylin-specific primer pair. Homogeneous PCR
fragments of the expected size of 805 bp were also
generated from these tissues and additionally from
mucosa of the cardia using primers specific for the
particulate guanylate cyclase-C (20) which is a recep-
tor of guanylin and uroguanylin. In contrast, with
guanylin-specific primers we only obtained weak sig-
nals after 30 and 35 cycles of PCR from fundus, an-
trum, and pars pylorica. These findings confirm the
data obtained from humans (11).

cGMP Assays with Human T84 Colon Carcinoma
Cells

pguanyling ;o and ,uroguanyling,,;; were tested for
their cGMP-increasing effect on human T84 colon car-
cinoma cells compared to human guanylin, ;5. The
peptides caused a significant increase of intracellular
cGMP starting at a concentration of 10" M or slightly
lower (Fig. 3A). Among the peptide concentrations
tested, the highest level of intracellular cGMP was
reached at 10 °® M. Human guanylin revealed the max-
imum cGMP level of 7 X 10~® M followed by ,urogua-
nyling.1,; with 4.9 X 107 M and ,guanyling ., with
3 X 10® M. The data obtained indicate the biological
activity of porcine guanylin and uroguanylin in a cel-
lular system with the human GC-C receptor.

Ussing Chamber Experiments

A total of 16 colonic tissue samples from 3 pigs were
used for Ussing chamber experiments. After reaching
stable conditions, the mean baseline I was —31.17 =+
8.64 puAlcm? and resistance was 19 = 4.91 mS. Re-
sponse to carbachol was —103.63 + 25.91 uA/cm?. The
effects of potential secretagogues on . were assessed
using a cumulative concentration response protocol.
Addition of ,guanylin and ,uroguanylin to the mucosal
solution induced an increase in l.. The increase of lg
started at a minimum concentration of 10 nM for both
peptides and subsequent addition of higher concentra-
tions (100 nM and 1 uM) elicited further increases in
lsc (Fig. 3B).

DISCUSSION

Following the cloning strategy described above, we
succeeded in cloning two porcine cDNAs from jeju-
num total RNA which may represent the porcine
guanylin precursor cDNA (SDGCAP1) and the por-
cine uroguanylin precursor cDNA (SDGCAPII). In-
deed, comparison of both nucleotide sequences with
entries of the EBI/GenBank database revealed
highest identities to the nucleotide sequences of gua-
nylin (in the case of SDCAP1) and uroguanylin (in
the case of SDGCAPII) precursor cDNA from species
other than the pig (guinea pig, human, mouse, rat).
This finding strongly indicates that SDGCAPL1 rep-
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FIG. 2. Expression pattern of the porcine guanylin and uroguanylin genes. (A) Northern blot analysis was performed with 50 ng total
RNA from porcine parotid gland (1), jejunum (2), ileum (3), caecum (4), colon transversum (5), colon descendens (6), lung (7), and kidney (8)
and porcine guanylin (G) as well as uroguanylin (U)-specific cDNA fragments as hybridization probes. Strong guanylin (G) and uroguanylin
(V)-specific hybridization signals are obtained from intestinal tissues (lanes 2-6) whereas parotid gland (1), lung (7), and kidney (8) do not
show any signals. (B) RT-PCR analysis was performed using cDNA first strands from porcine mucosa of oesophagus (1), and of stomach cardia
(2), fundus (3), corpus (4), antrum (5), and pars pylorica (6). The primer pairs used (see text) were specific for porcine uroguanylin (a),
guanylin (b), GC-C (c), and B-tubulin (d) (universal). Guanylin and uroguanylin-specific RT-PCR samples were taken after 20, 25, 30, and 35
cycles (from left to right), Southern-blotted and subsequently hybridized with internally positioned, *P-labelled oligonucleotides (see text).
GC-C-specific RT-PCR was performed for 35 cycles, B-tubulin-specific RT-PCR (control) for 20 and 30 cycles (from left to right). GC-C and
B-tubulin-specific products were analysed on ethidium-bromide agarose gels without Southern hybridization. Strong uroguanylin-specific
signals are obtained from fundus, corpus, antrum, and pars pylorica (3-6). Guanylin-specific RT-PCR shows only weak signals from fundus
(3), antrum (5), and pars pylorica (6). GC-C-specific RT-PCR products are obtained from fundus, corpus, antrum, and pars pylorica (3-6). The
comparable intensity of the B-tubulin-specific PCR fragments indicates a similar quality of all cDNA first strands used. All signals obtained
were in the expected size range. Abbreviations: knt: kilonucleotides (10° nucleotides), M: size marker, NK: negative control.

resents the porcine guanylin cDNA whereas SDGCA-
PIl represents the porcine uroguanylin cDNA. The
maximum total identities of both cDNA sequences
with the corresponding cDNA sequences of other spe-
cies are in the range of 65-70% which also fits with
the values for maximum identities between guanylin
or uroguanylin cDNA sequences of different species

excluding pig. In contrast, the overall identity be-
tween the porcine guanylin and uroguanylin precur-
sor cDNA is below 35%.

An important question arising in the context of gua-
nylin/uroguanylin-related research concerns the pos-
sible existence of further peptides belonging to this
novel family of gastrointestinal hormones. In order to
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FIG. 3. Biological activity of porcine guanylin and uroguanylin. (A) Dose-dependent cGMP formation in cultured T 84 cells as a response
to the stimulation by synthetic peptides. Experiments were carried out in duplicate for each peptide and the data shown represent the mean.
(m) pUroguanyling.;;, (®) pGuanyling.is, (¥) hGuanyliny,.i;s. (B) Comparison of the stimulatory effects of pGuanyling., and pUrogua-
nyling.1;5 on the short circuit current in porcine colonic mucosa. Data are presented as mean = SEM derived from 7-9 experiments each.
Cumulative addition of the synthetic peptides to the mucosal solution of the Ussing chamber increases lsc. pUroguanyling,.,;s is slightly less

potent than pGuanylings.g.

identify such peptides, we derived degenerate primers
from highly conserved regions of both peptide hor-
mones for the initial RT-PCR step (see above). Using
these primers, we did not succeed in amplifying addi-
tional guanylin/uroguanylin-related cDNAs encoding
any peptides other than the two described. This finding
may indicate that guanylin and uroguanylin are the
only two members of this family of gastrointestinal
peptide hormones. However, the existence of addi-
tional members which occur in tissues other than those
investigated as yet and which possibly share a lower
sequence identity with guanylin and uroguanylin can-
not be excluded.

As another proof of the identification of the porcine
guanylin and uroguanylin precursor cDNAs, we anal-
ysed the expression of the corresponding genes in tis-
sues already known to express the related genes of
other species by use of Northern hybridization and
RT-PCR analysis. As hybridization probes we used
cDNA fragments spanning the nucleotides from posi-
tions 152-290 in the case of porcine guanylin and from
positions 131-390 in the case of porcine uroguanylin.
Because the maximum sequence identity of each par-
tial cDNA fragment with the cDNA of the other porcine
gastrointestinal peptide hormone (guanylin hybridiza-
tion probe with uroguanylin cDNA and uroguanylin
hybridization probe with guanylin cDNA) was lower
than 22% and the hybridization experiments were per-
formed under highly stringent conditions, cross-
hybridization events were not to be expected. Similarly
to our recent investigations in humans (11), we de-
tected a strong expression of the genes for both peptide

hormones within the intestine, whereas a significant
expression within the stomach was only detectable for
uroguanylin. An expression of the genes for GC-C and
the CFTR channel (21, 22) within the stomach have
also been described. In addition, a cGMP-stimulated
bicarbonate excretion of the bile (23) as well as the
stimulation of bicarbonate secretion in rat duodenum
by guanylin (24) have been reported. Taking these
findings all together, one may speculate that urogua-
nylin is possibly involved in a CFTR-mediated bicar-
bonate secretion of the stomach, generating a protec-
tive pH gradient within the mucin layer located
between the lumen and the epithelial surface (25).

As a final proof of the identification of the porcine
analogues, the functionality of synthetic peptides (see
above) was tested due to their influence on mucosal ion
transport utilizing Ussing chambers and in their po-
tential to elevate the intracellular level of cGMP. By
measuring the short-circuit current using porcine mu-
cosa, both peptides exhibited a similar dose-dependent
effect between 10 ® and 10 ° M. This quantitative effi-
cacy is identical to that observed for the human or rat
peptides with human or rat mucosa, respectively. The
activation of intestinal guanylyl cyclase-C follows a
similar dose-dependent order. However, porcine gua-
nylin and uroguanylin were slightly less potent in the
activation of the human receptor that is present on T84
cells. This may be explained by differences in amino
acid sequences between the porcine and human li-
gands, thereby causing a less efficient interaction with
the human receptor protein.
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In summarizing, as presented within this paper we
succeeded in cloning the cDNAs for the precursor pro-
teins of porcine guanylin and uroguanylin and demon-
strated the biological functionality of the putative ma-
ture forms. Our results verify the importance of both
peptide hormones for a wide range of different, not only
closely-related mammals. It will probably also enable
the detection of highly conserved regions within the
amino acid and nucleotide sequences of the different
precursor proteins and the corresponding cDNAs,
which may be helpful for the identification and inves-
tigation of related peptide hormones in species other
than those already described.
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