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Abstract: The peptide hormones guanylin and uroguanylin are ligands of the intestinal guanylyl cyclase-C (GC-C) that is involved
in the regulation of epithelial water and electrolyte transport. The small peptides contain 15 and 16 amino acids, respectively,
and two disulfide bonds with a 1–3/2–4 connectivity. This structural feature causes the unique existence of two topological
isoforms for each peptide in an approximate 3 : 2 ratio, with only one of the isoforms exhibiting GC-C-activating potential. The two
uroguanylin isomers can be separated by HPLC and are of sufficient stability to be studied separately at ambient temperatures
while the two guanylin isomers are rapidly interconverting even at low temperatures. Both isomers show clearly distinguishable
1H chemical shifts. To investigate the influence of certain amino acid side chains on this isomerism and interconversion kinetics,
derivatives of guanylin and uroguanylin (L-alanine scan and chimeric peptides) were designed and synthesized by Fmoc solid-
phase chemistry and compared by HPLC and 2D 1H NMR spectroscopy. Amino acid residues with the most significant effects
on the interconversion kinetics were predominantly identified in the COOH-terminal part of both peptides, whereas amino acids
in the central part of the peptides only moderately affected the interconversion. Thus, the conformational conversion among the
isomers of both peptides is under the control of a COOH-terminal sterical hindrance, providing a detailed model for this dynamic
isomerism. Our results demonstrate that kinetic control of the interconversion process can be achieved by the introduction of
side chains with a defined sterical profile at suitable sequence positions. This is of potential impact for the future development of
GC-C peptide agonists and antagonists. Copyright  2004 European Peptide Society and John Wiley & Sons, Ltd.
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INTRODUCTION

Guanylin and uroguanylin are small mammalian
peptide hormones that stimulate chloride secretion via
the activation of transmembrane guanylyl cyclase-C
(GC-C) [1–3]. The two peptide hormones of 15 and 16
amino acid residues, respectively, are characterized by
two disulfide bonds with a 1–3/2–4 cysteine pattern
which is crucial for biological activity [1]. Due to the
two disulfides located within a short stretch of 12 amino
acids (Figure 1), both guanylin and uroguanylin show a
unique topological stereoisomerism which is detectable
using NMR spectroscopy and temperature-dependent
HPLC [4–6]. Both peptides form two topological isomers
in an approximately 3 : 2 ratio in solution, but only
the preferred and earlier eluting isomer, referred to
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nuclear magnetic resonance spectroscopy; NOESY, nuclear Overhauser
enhancement spectroscopy; RP-HPLC, reversed phase high perfor-
mance liquid chromatography; ST, Escherichia coli heat-stable entero-
toxin; TFA, trifluoroacetic acid; TOCSY, total correlation spectroscopy;
Trt, trityl.
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as isomer A, activates GC-C [6,7]. While the two
isoforms of guanylin interconvert with a half-life of
seconds and are only detectable at low temperatures
during HPLC analysis [4], the interconversion of the
topological isomers of uroguanylin is significantly
slower and the two isoforms can be separated by
HPLC (Figure 2) [6,8,9]. The different interconversion
kinetics of uroguanylin isomers has been attributed to
the COOH-terminal leucine residue which is absent in
guanylin. A uroguanylin derivative lacking this amino
acid exhibits similar HPLC characteristics to guanylin
[8]. Correspondingly, a guanylin derivative COOH-
terminally extended by leucine shows interconversion
kinetics similar to that of uroguanylin, and thus the two
corresponding isomers are separable [7]. The solution
structures of guanylin and uroguanylin determined by
NMR spectroscopy show two distinct stereoisomers for
each peptide, termed A- und B-isoforms, which can
be distinguished easily by their typical backbone 1H
chemical shifts [5,6]. Only the respective structure of
the A-isoform of either peptide closely resembles the
structure of Escherichia coli heat-stable enterotoxin
ST which is a strong agonist of GC-C [6,7,10]. ST
contains a third disulfide bond that is responsible for
its conformational rigidity and the lack of topological
isomers [11].
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Figure 1 Amino acid sequences of GC-C-activating peptides
guanylin, uroguanylin and Escherichia coli heat-stable entero-
toxin ST. Disulfide bridges are indicated. The dotted disulfide
bond corresponds to the additional disulfide of ST.

Figure 2 Analytical HPLC profiles of guanylin-(1–15) 1 and
uroguanylin-(1–16) 13 at different column temperatures. The
peaks appearing in the chromatograms were collected and
analysed under the same conditions.

The biological importance of guanylin and uroguany-
lin and their transmembrane guanylyl cyclase-C recep-
tor is reflected by the fact that infection with enterotoxi-
genic strains of E. coli secreting the agonistic and highly
potent heat-stable enterotoxin ST is a main cause of
infant mortality in developing countries and of traveler’s
diarrhea [12–14]. Novel findings using uroguanylin-
deficient mice suggest a role for uroguanylin in the
enteric–renal communication axis, linking the intestine
and kidney in an endocrine way for the maintenance
of sodium balance [15]. Furthermore, uroguanylin was
shown to induce apoptosis in human colon carcinoma
cells in vitro. It may, therefore, have a therapeutic

potential for the prevention or treatment of colon cancer
[16].

Structural heterogeneity due to topological stereoiso-
merism is known for a few other small cysteine-rich
peptides such as the conotoxins, peptide neurotoxins
produced by Conus snails. Using NMR spectroscopy,
α-conotoxins show one major species (over 80%) and
multiple minor conformations, but structure determi-
nation was only possible for the major isoform [17,18].
The conotoxin sequences from different species con-
tain, however, at least one proline or hydroxyproline
residue that might contribute to the structural hetero-
geneity. Such cis/trans isomerism at a hydroxyproline
peptide bond has been found for a µ-conotoxin [19].
Contryphans, another family of small peptides isolated
from Conus snails containing a D-amino acid, one disul-
fide bond and a hydroxyproline and/or proline residue,
also exhibit two distinct interconvertible conformational
states, as detected by HPLC methods [20,21]. NMR-
spectroscopic structure determination revealed that the
two distinct structural states are due to cis/trans iso-
merism of the cysteine-hydroxyproline peptide bond,
with the major conformer exhibiting cis orientation
[22,23]. To our knowledge, guanylin and uroguanylin
are the only known peptides exhibiting topological
isomerism without the presence of a proline or hydroxy-
proline residue. It has been shown previously that the
interconversion of guanylin and uroguanylin isomers
is independent of the peptide concentration, and no
indications for an opening and rearrangement of the
disulfide bonds during the interconversion were found
[4,6].

In this study, a set of L-alanine-substituted peptides
(L-alanine scan) and chimeric peptides of guanylin,
uroguanylin and E. coli ST were designed, synthesized
and investigated using temperature-dependent HPLC
analysis and NMR spectroscopy in order to determine
the amino acid residues influencing the interconversion
of guanylin and uroguanylin peptides, and thereby
substantiating and refining the mechanism for this
unique type of conformational isomerism.

MATERIALS AND METHODS

Peptide Synthesis

Guanylin peptides (Table 1) were synthesized on a preloaded
TentaGel-S-PHB Fmoc-Cys(Acm) resin (Rapp Polymere, Tübin-
gen, Germany). Uroguanylin peptides (Table 2) were synthe-
sized on a preloaded H-Leu-2-Cl-Trt resin (Novabiochem, Bad
Soden, Germany) except for [Ala16]-uroguanylin 14 which
was synthesized on a preloaded H-Ala-2-Cl-Trt resin (Nov-
abiochem, Bad Soden, Germany). Acylations were carried out
using HBTU activation on a 433 A peptide synthesizer (Applied
Biosystems, Weiterstadt, Germany) applying standard Fmoc
chemistry. For selective introduction of disulfide bonds, Cys7

and Cys15 were Acm-protected, while Cys4 and Cys12 were
Trt-protected. Disulfides were subsequently introduced by air
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Table 1 Sequences of Guanylin L-Alanine Peptides Used in
this Study

No. Peptide Sequence

1 Guanylin-(1–15) PGTCEICAYAACTGC
2 [Ala14]-guanylin-(1–15) PGTCEICAYAACTAC
3 [Ala13]-guanylin-(1–15) PGTCEICAYAACAGC
4 [Ala9]-guanylin-(1–15) PGTCEICAAAACTGC
5 [Ala6]-guanylin-(1–15) PGTCEACAYAACTGC
6 [Ala5]-guanylin-(1–15) PGTCAICAYAACTGC
7 [Ala3]-guanylin-(1–15) PGACEICAYAACTGC
8 [Ala2]-guanylin-(1–15) PATCEICAYAACTGC
9 [Ala1]-guanylin-(1–15) AGTCEICAYAACTGC

10 des-Gly2-guanylin-(1–15) P TCEICAYAACTGC
11 [Val8, Asn9, Val10]-guanylin-

(1–15)
PGTCEICVNVACTGC

12 [Asn9, Pro10]-guanylin-(1–15) PGTCEICANPACTGC

The disulfide bonds are indicated. Mutated residues are shown
in bold.

oxidation and iodine treatment. For a detailed description of
the synthetic procedure, see Klodt et al. [4]. Peptide purity was
checked by RP-HPLC (Vydac C18, The Separations Group,
Hesperia, USA) and ESI-MS (Perkin Elmer, Sciex API 100,
Foster City, USA). Stereoisomers of uroguanylin peptides were
separated by RP-HPLC on a Vydac C18 column (5 µm, 300 Å,
20 × 250 mm, 8 ml/min, detection at 215 nm; eluent A: 0.1%
TFA, eluent B: 0.07% TFA in acetonitrile/water 4 : 1; gradient
20%–50% eluent B in 60 min, or a pH 7 eluent system with
eluent A: 20 mM phosphate buffer, pH 7, eluent B: 20 mM

phosphate/acetonitrile 2 : 3; gradient 10%–40% eluent B in
60 min; for peptides 14, 16, 19 (Table 2)).

Analytical High Performance Liquid
Chromatography

The interconversion of guanylin and uroguanylin peptides
was investigated on a Nucleosil C18 PPN column (Macherey
& Nagel, Düren, Germany, 5 µm, 100 Å, 2 × 250 mm,
0.2 ml/min, UV detection at 215 nm) using either eluent
system 1 (eluent A: 0.1% TFA, eluent B: 0.07% TFA in acetoni-
trile/water 4 : 1) or eluent system 2 (eluent A: 10 mM NH4OAc,
pH 5.7, eluent B: 10 mM NH4OAc/acetonitrile 1 : 4) at column
temperatures of 11 °C, 35 °C and 50 °C for guanylin peptides
and column temperatures of 25 °C and 35 °C for uroguanylin
peptides.

Interconversion Studies of Guanylin Peptides

For the interconversion studies of guanylin analogs, the
peptides were loaded onto an analytical HPLC column and a
gradient of 10%–70% eluent B (eluent system 1) in 60 min at a
flow rate of 0.2 ml/min was applied. The appearing peaks were
separated, immediately frozen in liquid nitrogen, lyophilized,
reconstituted in water and loaded directly onto the same HPLC
column for repeated chromatographic separation at 11 °C.

Interconversion Studies of Uroguanylin Peptides

For the interconversion of uroguanylin peptides, the separated
forms of each analog were dissolved in water (pH 4.5) at
a concentration of 1 µg/µl and incubated at 37 °C. After 3,
6, 24, 48, 72 and 168 h, samples of 10 µl were taken and
lyophilized. The samples were then stored at −20 °C prior to
analytical HPLC (eluent system 2, 10%–70% B in 60 min). The
peak areas detected were integrated using the Kroma System
2000 software (Kontron, Neufahrn, Germany). The percentage
of peak 1 was plotted against the incubation time and then
analysed using a first order exponential fit function (Graph
Pad Prism, San Diego, USA).

NMR Spectroscopy

Two-dimensional NMR spectra were recorded on a Bruker DRX
600 MHz or Bruker AVANCE 400 MHz spectrometer (Bruker,
Karlsruhe, Germany) at 11 °C. The peptide concentrations
ranged from 0.4 to 1.2 mM in aqueous solution, pH 3.6–3.9
in H2O/D2O (9 : 1, v/v, 500 µl). Water suppression was
performed by excitation sculpting for NOESY and the z-
filtered TOCSY spectra [24,25]. The spectra were recorded
with a spectral width of 6613.8 Hz in both dimensions and
4 K × 0.5 K data points in the time domain. Quadrature
detection was used in both dimensions with the time
proportional phase incrementation technique in ω1. Spectra
were multiplied with a squared Sinebell function phase shifted
by π/4 for the NOESY (mixing time 200 ms), and the z-filtered
TOCSY (mixing time 80 ms) prior to Fourier transformation.
Application of zero filling resulted in 4 K × 1 K data points
in the frequency domain. Baseline correction was achieved
using a model-free algorithm [26]. Data were evaluated on X-
window workstations with the NDee program package (SpinUp,
Dortmund, Germany).

RESULTS

Interconversion of Guanylin Peptides

To gain insight into the interconversion kinetics of
guanylin peptides, native guanylin 1, eight side chain-
substituted alanine mutants (peptides 2–9, Table 1), a
deletion mutant lacking Gly2, and chimeric peptides
of guanylin, uroguanylin and ST (peptides 10–12)
were synthesized and subjected to HPLC analysis
under different elution conditions and separation
temperatures. At a high temperature of 50 °C, all
synthetic peptides exhibited only one peak during HPLC
analysis using the standard eluent system at pH 2.
At a lower column temperature of 11 °C, the native
guanylin peptide 1 showed two different isoforms that
were interconverting within approximately 30 min, the
time required for rechromatography of the separated
peaks (Figure 2) [4]. The HPLC profile of peptides
that exhibited a notably different behavior compared
with native guanylin 1 using the standard eluent
system are shown in Figure 3. The substitution of Gly14

by Ala in peptide 2 (Figure 3A) caused a significant
reduction in the interconversion rate, generating two
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Table 2 Sequences and Half-life Constants of Uroguanylin L-Alanine Peptides Used in this Study

No. Peptide Sequence t1/2 (min)a

−−−−→←−−−−
A B

13 Uroguanylin-(1–16) NDDCELCVNVACTGCL 1055 898
14 [Ala16]-uroguanylin-(1–16) NDDCELCVNVACTGCA 41 53
15 [Ala14]-uroguanylin-(1–16) NDDCELCVNVACTACL n.db n.db

16 [Ala13]-uroguanylin-(1–16) NDDCELCVNVACAGCL 947 1137
17 [Ala10]-uroguanylin-(1–16) NDDCELCVNAACTGCL 891 1164
18 [Ala9]-uroguanylin-(1–16) NDDCELCVAVACTGCL 395 173
19 [Ala8]-uroguanylin-(1–16) NDDCELCANVACTGCL 581 2130
20 [Ala6]-uroguanylin-(1–16) NDDCEACVNVACTGCL 2529 817
21 [Ala5]- uroguanylin-(1–16) NDDCALCVNVACTGCL 1356 1148
22 [Ala3]-uroguanylin-(1–16) NDACELCVNVACTGCL 470 1064
23 [Ala2]-uroguanylin-(1–16) NADCELCVNVACTGCL 1664 379
24 [Ala1]-uroguanylin-(1–16) ADDCELCVNVACTGCL 969 723
25 [Ala8, Tyr9, Ala10]-uroguanylin-(1–16) NDDCELCAYAACTGCL 457 382
26 [Pro10]-uroguanylin-(1–16) NDDCELCVNPACTGCL 1953 1631

The disulfide bonds are indicated. Mutated residues are shown in bold.
a t1/2 was calculated using a first order exponential fit function (Graph Pad Prism).
b n.d. = not determined.

Figure 3 Analytical HPLC profiles of guanylin deriva-
tives at different column temperatures and rechromatog-
raphy of the separated isomers. (A) [Ala14]-guanylin-(1–15)
2, (B) [Ala13]-guanylin-(1–15) 3, (C) [Ala9]-guanylin-(1–15)
4, (D) [Ala6]-guanylin-(1–15) 5, (E) [Ala5]-guanylin-(1–15)
6, (F) [Asn9, Pro10]-guanylin-(1–15) 12, (G) [Val8, Asn9,
Val10]-guanylin-(1–15) 11.

permanently separable isoforms similar to uroguanylin
isomers (Figure 2). The mutation in [Ala13]-guanylin (3,
Figure 3B) caused a slightly faster interconversion and
it was not possible to accumulate either isomer by
HPLC. Chromatographic analysis of [Ala9]-guanylin (4,
Figure 3C) showed only one peak at 11 °C. Using 2D
NMR spectroscopy, two different sets of spin systems
with chemical shifts similar to those of the isomers
of native guanylin 1 were identified, revealing the
existence of the typical two isoforms. The HPLC pattern

of [Ala6]-guanylin (5, Figure 3D) revealed a ratio of the
two isoforms that differs from the 3 : 2 ratio found
for native guanylin 1 with the later eluting isomer
being present in a higher population. [Ala5]-guanylin
(6, Figure 3E) exhibited a faster interconversion than
native guanylin 1. Peptides 7 to 9 with mutations at
the NH2-terminus showed no notable difference in their
HPLC patterns from that of 1. The deletion peptide
10 lacking Gly2 which has a short NH2-terminus of
two amino acid residues displayed only one HPLC
peak at a separation temperature of 11 °C similar
to peptide 4. Using a different eluent system at pH
5.7, peptide 10 showed two distinct peaks at 11 °C
(data not shown). A chimeric peptide of guanylin and
uroguanylin (11, Figure 3G) exhibited one peak with a
front shoulder during HPLC analysis at 11 °C, while the
hybrid derivative of guanylin and ST (12, Figure 3F)
showed two separate but interconverting peaks in a
ratio of about 2 : 3. In summary, only the isomers of
[Ala14]-guanylin 2 revealed a decreased interconversion
rate compared with native guanylin, strongly suggesting
the participation of the COOH-terminal amino acid side
chains in the interconversion.

Interconversion of Uroguanylin Peptides

In contrast to the guanylin derivatives, all L-alanine
mutant peptides derived from native uroguanylin (13,
Table 2) existed as two separable isomers, allowing a
more detailed analysis of the interconversion. In the
following, the earlier eluting isomer of the uroguanylin
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derivatives is referred to as isomer A, and the more
retarded component as isomer B. The separated
isomers were incubated in aqueous solution at 37 °C
(pH 4.5). Samples were taken after 3, 6, 24, 48, 72
and 168 h and analysed using HPLC and ESI-MS.
An NH4OAc eluent system at pH 5.7 was applied for
HPLC analysis of the samples because the isomers
of all uroguanylin derivatives were detectable using
these conditions. The ratio of isomers was calculated
by HPLC peak integration. To illustrate the mutual
interconversion of the isoforms of selected derivatives,
the percentage of isomer A was plotted against

the incubation time (Figure 4). The most striking
alterations in the interconversion kinetics compared
with native uroguanylin (13, Figure 4A) were found for
peptides 14 and 15 (Figure 4B, C). The interconversion
of the [Ala16]-uroguanylin mutant 14 was significantly
accelerated, reflected by a steeper slope of both curves.
The equilibrium between the isomers was reached after
6 h. The exchange of Gly14 by Ala in peptide 15 led
to a significant deceleration of the interconversion.
The isomerization of 15 did not reach an equilibrium
after 7 days of incubation, although the interconversion
from the A-form to the B-form appeared to be slightly
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Figure 4 Interconversion kinetics of isoforms of selected uroguanylin derivatives. ž Interconversion of A-isoform; �
interconversion of B-isoform. Percentage of A-form after incubation at 37 °C is plotted against the incubation time and
then analysed using a first order exponential fit function (GraphPad Prism, (for details see Materials and Methods).
(A) uroguanylin-(1–16) 13; (B) [Ala16]-uroguanylin-(1–16) 14; (C) [Ala14]-uroguanylin-(1–16) 15; (D) [Ala8]-uroguanylin-(1–16)
19; (E) [Ala6]-uroguanylin-(1–16) 20; (F) [Pro10]-uroguanylin-(1–16) 26; (G) [Ala8, Tyr9, Ala10]-uroguanylin-(1–16) 25.
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faster than vice versa (Figure 4C). Exchanges of the
amino acids adjacent to Cys7 (peptides 19 and 20)
led to different interconversion kinetics depending on
the starting isoform. For peptide 19, the equilibrium
ratio of the isomers was 3 : 7, in which isomer B was
more highly populated than isomer A, probably due
to different thermodynamic stabilities of the isoforms
(Figure 4D). The energy barrier for the interconversion
from isomer B to A appeared to be higher than
vice versa, resulting in a slower interconversion from
isomer B to A. In contrast, the [Ala6]-uroguanylin
A-isoform 20 transformed more slowly than the B-
isoform (Figure 4E). The uroguanylin-ST hybrid peptide
26 (Figure 4F) exhibited a clearly slower conversion
compared with native uroguanylin 13, whereas the
uroguanylin-guanylin hybrid 25 (Figure 4G) exhibited
an increased interconversion rate. Substitution of
the central Asn9 residue by Ala (peptide 18) led to
an accelerated interconversion (Table 2). This might
be due to the lacking potential of Ala to form a
side chain hydrogen bond. For some peptides, the
interconversion rate was dependent on the starting
isoform. For uroguanylin peptides 19, 20, 22 and 23,
one isomer showed a faster interconversion compared
with native uroguanylin 13, whereas the other isomer
interconverted more slowly compared with peptide 13.
The L-Alanine substitutions that led to a significantly
faster conversion from the A- to the B-form compared
with native uroguanylin were those of the mutants
Leu16 14, Asn9 18, Val8 19, Asp3 22 and the exchange
of [Val8, Asn9, Val10] to [Ala8, Tyr9, Ala10]-uroguanylin
25. A slower interconversion rate from the A- to
the B-isoform was observed for the mutants [Ala6]-
uroguanylin 20 and [Pro10]-uroguanylin 26 as well as
for peptides 21 and 23. Amino acid replacements that
led to a significantly faster conversion from the B- to
the A-form were found for Leu16 14, Asn9 18, Asp2

23 and the triple mutant peptide 25. A decreased
interconversion rate from the B- to the A-isoform
was detected for the derivatives [Ala8]-uroguanylin 19
and [Pro10]-uroguanylin 26 (Table 2). In summary,
substitutions at the COOH-terminal part (residues 14
and 16) of uroguanylin have the greatest influence on
the interconversion, while exchange of Gly14 to Ala
slows down the interconversion. The opposite effect is
observed, when Leu16 is replaced by Ala.

NMR-spectroscopic Analysis of Guanylin and
Uroguanylin Peptides

In order to gain further insight into the structural prop-
erties of selected guanylin and uroguanylin derivatives,
2D NMR spectroscopy was performed with selected
peptides exhibiting significantly different HPLC elution
and interconversion characteristics to those of native
guanylin and uroguanylin.

Guanylin Peptides

The guanylin peptides 2, 4, and 5 have been
investigated by NMR spectroscopy (Table 3). In contrast
to the uroguanylin peptides, the guanylin isomers
could not be separated by chromatography, and
the HPLC data suggested that the interconversion
equilibrium was reached within 30 min. Therefore, only
the investigation of a mixture of the two isomers was
possible by NMR spectroscopy. As no exchange between
the isomers of either of the peptides and also no
line-broadening was observed, it is assumed that the
isomers have a half-life of at least seconds. Complete
sequence-specific resonance assignment was possible
for all derivatives examined except for Pro1 of peptides
4 and 5. For native guanylin, chemical shift values
are available for a 22-residue derivative [5]. However,
those values were obtained at different temperatures
and pH compared with our investigations. A guanylin
derivative COOH-terminally extended by one leucine
residue [Leu16]-guanylin-(1–15) was investigated earlier
[7]. This derivative was analysed by NMR-spectroscopy
under the same solution conditions as used for the
alanine-substituted peptides of the present work. It
was demonstrated that the COOH-terminal extension
had no significant influence on the three-dimensional
structures of the isomers [7]. Therefore, the chemical
shift values obtained in the present work were
compared with those of the COOH-terminally extended
guanylin-Leu peptide and the deviations are given
in Table 3. From this comparison, the chemical shift
differences for the COOH-terminal cysteine residue
were not meaningful due to the influence of endgroup
effects and were therefore disregarded.

A substitution of Gly14 by Ala in peptide 2 caused
no Hα chemical shift deviation by more than 0.1 ppm
for both isomers, except for Tyr9 of isomer B with
a �ppm value of −0.11. No deviations exceeding
0.2 ppm were found for the amide proton resonances
of the two isomers. For isomer A only Tyr9 and
Cys12 and for isomer B the residues Tyr9, Ala10 and
Ala11 showed amide proton chemical shift deviations
greater than 0.13 ppm, indicating that a substitution of
Gly14 influences the central loop (see also uroguanylin
peptide 15).

The substitution of Tyr9 by Ala 4 had mainly a local
influence on the backbone chemical shift values, most
likely due to the loss of the aromatic system compared
with native guanylin and with guanylin-Leu. The Hα

resonances of Ala8 preceding the substitution were
significantly downfield-shifted (0.26 ppm for isomer A
and 0.2 ppm for isomer B). All other Hα resonances
coincided with those of guanylin-Leu within a tolerance
of 0.1 ppm, except for Thr13 of isomer A and Glu5 of
isomer B. For the amide proton resonances, the largest
deviations were found for Ala11, Cys12 and Gly14 of
isomer A and Glu5 and Ala10 for isomer B, indicating
that, except for the neighboring residues (Ala8, Hα
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Table 3 Chemical Shift Deviations (�ppm) of Guanylin-peptides 2, 4 and 5 Compared with [Leu]16-guanylin-(1–15)a

Residue �ppm 2a �ppm 2b �ppm 4a �ppm 4b �ppm 5a �ppm 5b

Hα HN Hα HN Hα HN Hα HN Hα HN Hα HN

Pro1 0.05 0.01
Gly2 0.04 −0.09 0.03 0.04 0.08 −0.08 0.03 0.03 0.02 −0.18 0.04 0.05
Thr3 −0.01 0.04 0.04 0.03 −0.05 0.08 0.03 0 0.06 0.05 0.06 0.03
Cys4 0.01 −0.03 0 −0.03 −0.04 −0.06 0 0 0.12 0.09 0.06 0.09
Glu5 −0.01 0.05 −0.03 0.11 −0.09 −0.06 0.12 0.15 −0.05 0.03 −0.1 0.01
Ile6 −0.06 0.01 0.03 −0.01 −0.05 0.04 0.04 −0.01 — — — —
Cys7 0.02 0.03 0.02 −0.06 0.07 0.09 0.05 −0.02 −0.15 −0.17 −0.2 −0.26
Ala8 0.07 0.06 −0.01 0.04 0.26 0.11 0.2 −0.03 −0.09 −0.01 0.09 −0.02
Tyr9 −0.05 0.19 −0.11 0.19 — — — — 0.13 −0.35 0.01 0.13
Ala10 −0.07 0.06 0.05 −0.14 0.08 −0.01 −0.01 0.14 0.03 0.13 −0.03 0.14
Ala11 0.01 −0.01 0.1 −0.18 0.01 0.18 0.05 −0.01 0 −0.13 −0.01 0.03
Cys12 0.05 0.17 0.08 0.01 0.07 0.13 0.05 0.05 −0.09 −0.07 0.07 −0.09
Thr13 0.06 −0.04 0.02 0.08 0.13 −0.01 0.08 −0.01 0.05 −0.04 0.06 −0.07
Gly14 — — — — 0.06 −0.13 0.02 −0.05 0.02 0.15 0.04 0.07
Cys15

a See reference [7] for details. The values obtained for [Leu16]-guanylin-(1–15) [7] were subtracted from the corresponding values
of the mutant peptides. Therefore, an upfield-shift compared with the reference peptide [Leu16]-guanylin-(1–15) appears as a
negative value in the table. Deviations ≥0.1 ppm are highlighted.

resonance and Ala10, amide proton resonance), the
backbone chemical shifts of Glu5 of isomer B were
slightly influenced. All other backbone chemical shifts
of isomer B of peptide 4 coincided with those of
guanylin-Leu within a tolerance of 0.1 ppm.

The substitution of Ile6 by Ala in peptide 5 appeared
to have an influence on the central loop of both
isomers and on both termini of isomer A. For both
isomers, the Hα resonance of Cys7 directly following
the mutated sequence position was upfield-shifted by
up to −0.2 ppm (isomer B), and a downfield shift was
observed for Cys4 and Tyr9 of isomer A. All other
deviations of the Hα resonances of both isomers were
less than 0.1 ppm. The amide proton chemical shift of
Cys7 of isomer B was upfield-shifted by −0.26 ppm
compared with guanylin-Leu and the amide proton
resonances of Tyr9 and Ala10 were slightly downfield-
shifted. The influence on the amide proton chemical
shifts of isomer A were more pronounced. Not only the
amide proton resonance of Cys7 directly following the
substituted position was upfield-shifted, but also that of
Gly2, Tyr9 and Ala11, while the amide proton resonance
of Ala10 and Gly14 was downfield-shifted. An influence
of the substitution on the backbone geometry of both
isomers of peptide 5 cannot be excluded. Anyhow,
exactly two isomers have been identified that showed
backbone chemical shift values similar to the respective
isomers of wild-type guanylin. Therefore, it is concluded
that the general shape of the two isomers is still similar
to native guanylin and only local distortions of the
central loop geometry of both isomers of peptide 5 are
assumed.

The range of the backbone proton deviations of the
other two peptides 2 and 4 was much smaller, leading
to the assumption that the corresponding alanine
substitutions do not influence the backbone geometry
of the isomers of these peptides. Therefore, the three-
dimensional structures of the isomers of peptides 2 and
4 are most likely similar to those of native guanylin.

Uroguanylin Peptides

Based on the HPLC characteristics, uroguanylin pep-
tides 14, 15, 19 and 26 were investigated by NMR
spectroscopy at 11 °C and their backbone chemical shift
values were compared with those of the corresponding
isomers of wild-type uroguanylin 13 (Table 4) [6]. In all
cases, the two isomers were separated by HPLC, allow-
ing an NMR analysis of the single isoforms. Complete
sequence-specific resonance assignment was possible
for all isomers.

Comparison with the backbone chemical shifts of
the respective isomers of native uroguanylin 13,
measured under identical conditions, revealed that
the corresponding shifts of both isomers of peptide
14 differed by not more than 0.1 ppm. This indicated
that the exchange of Leu16 for Ala only influenced the
rate of interconversion but not the three-dimensional
structure of both isomers of 14.

For peptide 15, the backbone geometry of both
isoforms seemed to be influenced by the substitution of
Gly14 by Ala. The Hα chemical shifts of isomer A differed
by less than 0.1 ppm from the corresponding shifts
of native uroguanylin, except for Val8 with a slightly
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Table 4 Chemical Shift Deviations (�ppm) of Uroguanylin-peptides 14, 15, 19, and 26 Compared with Native Uroguanylin
(peptide 13)a

Residue �ppm 14a �ppm 14b �ppm 15a �ppm 15b �ppm 19a �ppm 19b �ppm 26a �ppm 26b

Hα HN Hα HN Hα HN Hα HN Hα HN Hα HN Hα HN Hα HN

Asn1 0.02 0.02 0.02 0.02 0.02 0.03 0.02 0.03
Asp2 −0.02 −0.03 −0.04 −0.04 −0.02 −0.02 −0.04 −0.04 −0.03 −0.02 0 −0.01 0 0 −0.02 0.01
Asp3 −0.04 −0.03 −0.03 −0.06 −0.01 −0.02 0.02 −0.07 −0.02 −0.03 0 −0.04 0.01 0.01 −0.01 −0.01
Cys4 0.06 0.08 −0.01 0.06 0.01 0.09 −0.01 0.01 0.04 0.08 0 0.06 0.08 0.04 0.01 0.02
Glu5 −0.02 0.03 0.01 0.07 −0.02 0 0.01 0.07 0 0.08 0.03 0.11 0.01 0.03 0.01 0.09
Leu6 0 0.1 0.03 −0.02 0.03 −0.03 0.03 0.02 0.05 0.07 0.03 −0.03 −0.05 0.1 0.03 −0.04
Cys7 −0.03 −0.03 0.04 0.02 0 −0.05 0.09 0.03 −0.12 −0.04 −0.02 0.03 −0.08 −0.06 0.01 −0.02
Val8 −0.04 −0.03 0.03 0.01 0.12 0.06 0.01 −0.04 — — — — −0.02 −0.01 0 0.13
Asn9 0.03 −0.08 0.02 −0.02 −0.04 0.21 −0.13 0.53 0.07 −0.27 0.04 −0.18 0 −0.08 0.03 −0.27
Val10 −0.02 0.02 −0.01 0.02 0.07 0.07 0.14 −0.39 0.02 0.12 0 0.1 — — — —
Ala11 0.01 −0.02 0.01 0.03 0.01 0.08 0.05 −0.02 0.02 0.11 0.05 −0.02 −0.02 −0.19 0.03 −0.03
Cys12 −0.03 −0.01 0 0.03 0.1 0.05 0.04 0.22 −0.01 0.04 0.03 −0.06 −0.03 0.09 0 0
Thr13 0.01 0.04 0.08 −0.01 −0.05 −0.04 −0.07 0.13 0.03 0.02 0.03 0.17 0.05 −0.01 0.02 −0.19
Gly14 −0.06 0.05 −0.01 0.02 — — — — −0.09 0.01 0.01 0.06 −0.09 −0.02 −0.03 0.17
Cys15 0.03 0.01 0 0.04 0.02 0.16 0.02 −0.15 0.02 0.01 0.02 0.02 0 −0.01 0.01 0.11
Leu16 — — — — −0.06 −0.44 −0.08 −0.37 −0.05 −0.15 −0.04 −0.13 0 −0.06 −0.05 −0.12

a See reference [6] for details. The values obtained for wild-type uroguanylin [6] were subtracted from the corresponding values
of the mutant peptides. Therefore, an upfield-shift compared with the reference peptide appears as a negative value in the table.
Deviations ≥0.1 ppm are highlighted.

higher deviation. The amide proton shifts of isomer A
were within the 0.1 ppm threshold, except for Asn9,
Cys15 and Leu16. Amide proton chemical shifts appear
to be highly sensitive to local sequence variations [27],
providing an explanation for the shift deviations of
Cys15 and Leu16 close to the substituted position.
The amide proton of Asn9 was downfield-shifted by
0.21 ppm relative to native uroguanylin. Together with
the Hα chemical shift deviation of Val8, this indicated
an influence of the substitution on the central loop of
isomer A of peptide 15. For the corresponding B isomer,
the same regions were affected by the substitution: the
Hα chemical shifts of Asn9 and Val10 differed by −0.13
and 0.14 ppm from those of wild-type uroguanylin. All
other Hα shift deviations were within 0.1 ppm. The
amide proton chemical shifts of the residues flanking
the substitution (Cys12, Thr13, Cys15 and Leu16) showed
deviations of more than 0.1 ppm. More interestingly,
residues Asn9 and Val10 of the central loop of isomer B of
peptide 15 were significantly affected with amide proton
chemical shift deviations of 0.53 and −0.39 ppm.

The exchange of Val8 for Ala in peptide 19 had
only minor effects on the backbone chemical shifts
of the two isomers. The deviations of the Hα proton
resonances of both isomers were within the threshold
of 0.1 ppm, except for Cys7 (preceding the substituted
position) of isomer A with a slightly increased chemical
shift deviation from wild-type uroguanylin. For the
amide proton resonances, that of Asn9 (following the
substituted position) exhibited the largest deviation:

−0.27 ppm for isomer A and −0.18 ppm for isomer
B. All other deviations were within 0.17 ppm (highest
deviation found for Thr13 of isomer B) with altogether
only four differences of each isomer exceeding 0.1 ppm.

The exchange of Val10 for Pro in 26 led to a peptide
that is considered a hybrid between uroguanylin and
E. coli heat-stable enterotoxin ST (for ST sequence
see Figure 1). For both isomers, the Asn-Pro peptide
bond exhibited trans conformation as found for the
crystal structure of ST [28]. It is well known that the
Hα chemical shift of a residue preceding a proline is
significantly downfield-shifted and correction values
have been suggested [29]. Taking such a correction
into account, all Hα chemical shifts of both isomers of
peptide 26 were similar to those of native uroguanylin
within a tolerance of 0.1 ppm. The amide proton
resonances of isomer A differed by less than 0.1 ppm
from those of native uroguanylin, except for Ala11

directly following the substituted position (�ppm:
−0.19). The effect on the amide proton chemical
shifts of isomer B was somewhat greater. Besides
the preceding residues Asn9 (−0.27 ppm) and Val8

(0.13 ppm), residues Thr13, Gly14 and Cys15 exhibited
deviations by more than 0.1 ppm (up to −0.19 ppm for
Thr13).

In summary, the chemical shift deviations between
the isomers of the investigated uroguanylin-derived
peptides and the corresponding isomers of native
uroguanylin were quite similar, indicating that the
isomers exhibit structures similar to those of native
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uroguanylin. Thus, the substitutions do not drasti-
cally affect the three-dimensional structures of the
uroguanylin isomers. From these results it is concluded
that the uroguanylin derivatives exhibit conformational
properties similar to those of the related isoforms of
native uroguanylin. Explicit structure calculations for
the various isomers were therefore not necessary.

Substitutions within the central loop of native
uroguanylin (peptides 19 and 26) appear to have a
slight influence on the chemical shifts of residues
between the last two cysteines, especially for the B
isomers. The substitution of Gly14 for alanine (peptide
15) influences backbone chemical shifts of the central
loop (see also guanylin peptide 2). Furthermore, the
comparison of chemical shifts revealed that, for all
peptides investigated, the earlier eluting isomer (isomer
A) is indeed the isoform that structurally resembles E.
coli ST.

For all derivatives of guanylin and uroguanylin
investigated by NMR spectroscopy, two defined isomers
have been identified that show backbone chemical shift
values similar to the respective isomers of the native
peptides. Therefore, it is concluded that the three-
dimensional structures of the isomers are highly similar
to those of the native peptides.

DISCUSSION

To our knowledge, guanylin and uroguanylin are the
only mammalian peptides that have been demonstrated
to exist as topological isomers [4–9]. Little is published
about members of the conotoxin family, membrane
channel-inhibitory peptides produced by Conus snails
living in tropical waters which may exhibit similar char-
acteristics. Conotoxin MI has been shown to exhibit
two different conformational states at chromatographic
conditions similar to those used for guanylin isomers
[30]. Isoforms of different α-conotoxins containing a
disulfide pattern similar to that of guanylin-like pep-
tides have also been analysed using NMR spectroscopy,
but nothing is known about the interconversion of
these peptides [17]. These peptides, however, contain
a proline or hydroxyproline residue that gives rise to
cis/trans isomerism.

The present study focuses on side chain con-
tributions to the interconversion of guanylin and
uroguanylin isomers which do not contain proline or
hydroxyproline residues. Understanding of the present
topological isomerism that is due solely to a certain
defined disulfide pattern and of the associated mech-
anism of interconversion is of general interest and
may also be valuable for understanding the structural
characteristics of other peptides with two or more disul-
fide bonds. In addition, the pharmacologic potential of
the peptide hormones guanylin and uroguanylin with

respect to the development of GC-C agonists and ant-
agonists requires the understanding and control of the
mechanism underlying the isomerism.

There are three different hypothetical possibilities for
a sterically controlled interconversion between the two
isoforms (Figure 5) [6,31]. The schematic structures of
the A- and B-isomers suggest that an interconversion
may occur by (A) threading the loop between the
inner cysteines through the ring formed by the two
disulfide bonds and the amino acids between these
cysteines (Figure 5A), (B) threading the NH2-terminus
through the ring built by the backbone of the residues
Cys7 to Cys15 and the disulfide bridge between Cys7

and Cys15 (Figure 5B), and (C) threading the COOH-
terminus through the ring formed by the peptide
backbone from Cys4 to Cys12 and the disulfide bond
between Cys4 and Cys12 (Figure 5C).

Pathway (A) can be excluded by interconversion
experiments using synthetic guanylin peptides which
contain a significant sterical hindrance in the loop.
Neither substitution of the central segment AYA by
VNV (peptide 11) nor by the less hindering AGG
sequence significantly influences the interconversion
kinetics of the two isoforms of 15- and 17-residue
guanylin peptides as reported earlier [4]. In addition,
the introduction of a bulky diiodotyrosine at position
Tyr9 has virtually no effect on the isomerization kinetics
of guanylin [7]. Pathway (B) can be excluded because
the mutual interconversion of the native uroguanylin
isomers (peptide 13) and those of a NH2-terminally
longer uroguanylin consisting of 24 residues exhibit
kinetically identical characteristics, as determined by
HPLC analysis earlier [6]. Further synthetic derivatives
of guanylin and uroguanylin proved an interconver-
sion following pathway (C) [7,8]. Uroguanylin lacking
Leu16 does not form two separable isomers. This pep-
tide shows a guanylin-like chromatographic behavior,
i.e. two observable but inseparable HPLC peaks at
low temperature [8]. Moreover, a guanylin derivative
extended by a COOH-terminal leucine was synthesized
and examined yielding two separable isomers whose
stability resembles that of uroguanylin isomers [7].
Thus, it has been suggested that the interconversion
rate of the conformational exchange of guanylin-like
peptides is under the sterical control of COOH-terminal
residues [6,7,31].

The present systematic study with L-alanine scan
peptides and chimers of guanylin, uroguanylin and
ST peptides corroborates and refines the proposed
interconversion mechanism. Among the synthetic L-
alanine guanylin derivatives, the Gly14 substitution of
peptide 2 was the only exchange causing a stabilization
of the isomers. For the corresponding uroguanylin
derivative 15, an enhanced kinetic stability of both
isomers was observed. This can simply be explained
by a higher energy barrier for the conversion induced
by the steric hindrance of the additional methyl
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Figure 5 Schematic mechanism of interconversion of guanylin and uroguanylin isomers. (A) Pathway A: the loop is threaded
through the ring formed by the two disulfide bonds; (B) pathway B: the NH2-terminus is threaded through the ring formed by
the backbone and the disulfide bridge between Cys4 and Cys12; (C) pathway C: the COOH-terminus is threaded through the
ring built by the backbone and the disulfide bridge between Cys7 and Cys15; (D) proposed mechanism of interconversion of
guanylin/uroguanylin peptides represented by the structures of uroguanylin isoforms [6]. Molscript models are based on entries
1UGA and 1UGB deposited in the Brookhaven Protein Data Bank. Arrows indicate the movement of the molecule.

group at position 14 of guanylin and uroguanylin. All
other guanylin mutations led either to an increased
isomerization rate or the isoforms were not detectable
by HPLC. The double mutant [Asn9, Pro10]-guanylin
12 confirms that sterical changes in the central loop
between the inner cysteines do not significantly alter
the characteristics of the interconversion.

For the isomers of native uroguanylin, the inter-
conversion occurs with the supply of thermal energy.
A COOH-terminal elongation thus has the strongest
impact on the stabilization of the isomers. This is due to
the sterical effect of the branched leucine side chain at
the COOH-terminus, since the mutation of the terminal
leucine to a smaller alanine residue (peptide 14) results
in an increase of the interconversion rate. In accordance
with the corresponding guanylin mutation (peptide 2),
[Ala14]-uroguanylin 15 exhibits a significant decrease of
the interconversion rate of both isomers. These results
confirm that the interconversion route is in accordance
with pathway (C) (Figure 5C). Mutations in the cen-
tral and NH2-terminal part of uroguanylin influence
the interconversion only to a minor extent. Mainly, the
introduction of sterically less hindered residues in the

central loop segment of 18 and 25 led to an accelera-
tion of interconversion. This is in accordance with our
proposed model for interconversion (Figure 5C) since
higher flexibility of the central loop would facilitate an
interconversion according to pathway (C). The introduc-
tion of a more rigid proline residue into the central loop
(peptide 26) leads to a slower interconversion.

Furthermore, some alanine substitutions exert influ-
ence on the ratio of the two isomers which is associated
with different transformation rates depending on the
starting isoform (for example 19, 20, 22, 23), prob-
ably due to different thermodynamic stabilities of the
two isomers resulting in different energy barriers for
the mutual interconversion. In the case of peptides 19
and 20, the differences in the thermodynamic stability
of the A- and B-isomers are most likely due to steri-
cal reasons since neutral residues are substituted by
alanine. In the case of peptides 22 and 23, electro-
static or hydrogen bondings may be involved as the
NH2-terminal residues do not directly participate in the
interconversion. Electrostatic or hydrogen bondings are
assumed between Asn9 and Asp3 for isomer A of native
uroguanylin and between Asn9 and Asp2 for isomer B.
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This assumption is based on the interconversion behav-
ior of peptides 22 and 23 as a substitution of Asp3 by
Ala (peptide 22) led to an accelerated interconversion
from A to B and a substitution of Asp2 23 caused a
faster interconversion from B to A. Such interactions
provide an additional explanation for the accelerated
interconversion of both isomers of peptide 18. These
interactions, however, are not directly observable by 1H
NMR spectroscopic analysis of native uroguanylin [6],
but are likely, at least for isomer A, since side chain
interactions between the residues at positions 3 and 9
are very close to the position of the third disulfide bond
of ST (Figure 1).

In summary, the interconversion of the isomers of
guanylin and uroguanylin is a dynamic process that
is influenced by several factors: the sterical hindrance
caused by the COOH-terminal residues which have the
strongest influence (peptides 2, 14, 15), the potential
hydrogen bonding between residues of the NH2-
terminus and residues of the central loop with moderate
impact (peptides 7, 18, 22, 23), and by the flexibility
within the loop region also with moderate influence
(peptides 11, 12, 25, 26) (Figure 5D). These results
demonstrate that kinetic control of the interconversion
process is possible by the selective introduction of
suitable side chains at various sequence positions. This
control is important for the development of peptide
agonists and antagonists of GC-C. Furthermore, the
backbone and disulfide connectivity of guanylin-like
peptides may serve as a molecular template that
allows a defined switch between two distinct molecular
conformations.
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