THE JOURNAL OF BioLoGicaL CHEMISTRY
© 1993 by The American Society for Biochemistry and Molecular Biology, Inc.

Vol. 268, No. 30, [ssue of October 25, pp. 22397-22401, 1993
Printed in US.A.

Processing and Characterization of Human Proguanylin Expressed

in Escherichia coli*

(Received for publication, June 30, 1993)

K. Christopher Garciat$$§, Frederic J. de Sauvagei, Martin Struble§, William Henzel",

Dorothea Reillyl, and David V. Goeddel}**

From the Departments of §§Protein Engineering, tMolecular Biology, §Bioorganic Chemistry, YProtein Chemistry, and
|Process Development, Genentech Inc., South San Francisco, California 94080

Guanylin is a 15-amino acid peptide hormone that was
originally isolated from the jejunum of the rat small in-
testine and shown to be an endogenous activator of the
intestinal heat-stable enterotoxin receptor-guanylyl cy-
clase. Guanylin is synthesized as a 115-amino acid pro-
hormone, proguanylin, which is processed at a site yet to
be determined, into a C-terminal bioactive fragment(s).
In order to examine the processing of proguanylin in
vitro, we have generated large quantities of the properly
folded prohormone by constructing an expression vec-
tor that directs its secretion into the periplasmic space
of Escherichia coli. The bacterially expressed human
proguanylin was then processed to smaller C-terminal
fragments by protease digestion. Digestion with trypsin
or lysine-C generated C-terminal peptides of different
length, which have been purified and characterized.
Guanylin-22 and guanylin-32 have binding affinities and
biological activities similar to guanylin-15, while gua-
nylin-63 and the entire proguanylin have only minimal
bioactivity. Circular dichroism spectroscopy reveals
that proguanylin is a stably folded protein containing
mostly p-sheet and B-turn structure.

Heat-stable enterotoxins (STa)! are small peptides of 18 or
19 amino acids that are secreted into the intestine by entero-
toxigenic strains of Escherichia coli (Chan and Giannella,
1981). The 13 amino acids necessary for the toxic activity of the
peptide include 6 cysteines that form three disulfide bridges
(Yoshimura et al., 1985). STa exerts its actions by binding and
activating a member of the receptor-guanylyl cyclase family
that is preferentially expressed in the intestine and is called
the heat-stable enterotoxin receptor (STaR) (Schulz et al., 1990;
de Sauvage et al., 1991). Binding of STa to STaR induces a
dramatic increase of the cyclic guanine monophosphate (cGMP)
content of the cell (Field et al., 1978; Hughes et al., 1978). The
c¢GMP increase inhibits salt absorption and stimulates chloride
secretion into the gut. The imbalance of ions is accompanied by
a massive accumulation of water in the gut that gives rise to
diarrhea and dehydration characteristic of enterotoxin activity.

A search for an endogenous activator of STaR resulted in the
isolation from the rat small intestine of a 15-amino acid peptide
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called guanylin (Currie et al., 1992). Guanylin shares struc-
tural similarities to STa, including 4 cysteine residues. Gua-
nylin is also able to compete for 12°I-STa binding and stimulate
¢GMP production in cell lines expressing the STaR (Currie et
al., 1992; de Sauvage et al., 1992a). Recent ¢DNA cloning ex-
periments showed that guanylin is synthesized as a 10-kDa
precursor called proguanylin (de Sauvage et al., 1992a; Wie-
gand et al., 1992; Schulz et al., 1992) (Fig. 4). Upon trypsin or
acid treatment of proguanylin, a C-terminal fragment is re-
leased that binds to and activates the STaR (de Sauvage et al.,
1992a). While the site(s) of physiological processing is un-
known, there are several basic residues in proguanylin that
could potentially fill this role.

Functional studies aimed at determining the size of a gua-
nylin molecule with maximal activity require large quantities
of the prohormone. Correct disulfide pairing of the 4 cysteines
in the C-terminal fragment of proguanylin may require the
membrane translocation of the entire molecule through the
endoplasmic reticulum. Therefore, we have secreted the entire
prohormone into the periplasm of E. coli. The soluble progua-
nylin has been purified and processed enzymatically and
chemically to yield fully active mature hormone. Additionally,
the high level expression has enabled us to begin structural
characterization of both proguanylin and guanylin.

MATERIALS AND METHODS

Vector Construction and Expression—The cDNA encoding the 99-
amino acid human proguanylin (de Sauvage et al., 1992a) was sub-
cloned into the expression vector pAK19 (Carter et al., 1992) following
introduction by polymerase chain reaction of an MlulI site at its 5’ end
and an Sphl site at its 3' end. pAK19 contains the E. cofi alkaline
phosphatase promoter, the heat-stable enterotoxin II (STII) Shine-Dal-
garno sequence, and sequence that encodes STII signal peptide. The 5
Mlul site places the proguanylin cDNA insert, minus its signal peptide,
in frame with amino acid 23 of the STII signal peptide (Carter et al.,
1992). The resulting expression construct, named pHPG2, was trans-
formed into competent E. coli strain W3110 ton A and grown overnight
in Luria broth (LB) media supplemented with 50 pg/ml carbenicillin. At
this point, induction media (final concentrations; 16.4 mm K,HPO,, 9.2
muM NaH,PO,, 47.4 mm (NH,),SO,, 3.7 mM sodium citrate, 22 mm KCI,
7.7 mm MgSO,, 11 gfliter casein hydrolysate, and 11 g/liter yeast ex-
tract) was inoculated with the saturated culture at a ratio of 1 volume
of saturated culture to 100 volumes of induction media and grown at
37 °C for up to 32 h. Expression was checked by osmotically shocking
the cell pellet contained in 1 ml of a 1 O.D. (Ageo) E. coli culture with 0.1
volume of ice-cold H;O, and analyzing protein content of the superna-
tant by 18% SDS-polyacrylamide gel electrophoresis. Fermentations
were carried out in 10-liter Biolaffitte fermentors.

Proguanylin Purification—The media from the induced culture con-
tained substantial amounts of the expressed proguanylin, as did the
periplasmic space of the induced E. coli. To purify the proguanylin in the
periplasmic fraction, 100 g of cell paste was osmotically shocked by the
addition of 500 ml of ice-cold distilled H,O containing 10 mM EDTA
(Carter et al., 1992). The suspension was stirred at 4 °C for 1 h, centri-
fuged at 5000 x g for 30 min, and the supernatant from the centrifu-
gation clarified by filtration through a 0.2-pm filter. The clarified su-
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2A) and the peak eluting at 40% acetonitrile was confirmed by
LC-MS to be proguanylin. For preparative purification, 500 ml
of the acid-precipitated osmotic shock supernatant (Fig. 2B) or
1-liter batches of the acid-precipitated induction media (not
shown) were loaded onto a preparative RP-HPLC and eluted
with a gradient of 30~50% acetonitrile, 0.1% trifluoracetic acid
over 80 min. The proguanylin-containing fractions were deter-
mined by analytical RP-HPLC of fractions from the preparative
column. An analytical RP-HPLC profile of the final proguanylin
pool is shown in Fig. 2C.

Although the proguanylin appeared to be >99% pure by RP-
HPLC, isocratic elution analysis of the material indicated a
slight nongaussian shape to the peak. The only chromato-
graphic technique that was successful in separating contami-
nants from the proguanylin peak was hydrophobic interaction
chromatography (HIC). The major eluting peak from the HIC
column was proguanylin, but a number of contaminants were
separated (Fig. 3).

Proguanylin is inactive with respect to binding or activating
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Fic. 2. Reverse-phase high performance liquid chromatogra-
phy analysis and purification of proguanylin. The samples were
chromatographed using an acetonitrile, 0.1% trifluoracetic acid gradi-
ent (33-48%) and a C8 column as described under “Materials and Meth-
ods.” A, analytical RP-HPLC of osmotic shock supernatant after acid
precipitation. Column is a 105 Amicon C8 4.6 x 250 mm at 1 mV/min. B,
preparative RP-HPLC of 500 m] of osmotic shock supernatant after acid
precipitation. Proguanylin peak is highlighted. Mobile-phase gradient
is indicated by the dashed line and scale at right. Column is a 105
Amicon C8 200 column (0.9 x 50 ¢cm) at a 9 ml/min flow rate. C, ana-
lytical RP-HPLC of purified proguanylin using a 105 Amicon C8 column
(4.6 x 250 mm). Absorbance for the indicated chromatograms was moni-
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Fic. 3. Hydrophobic interaction chromatography of RP-
HPLC-purified proguanylin. Proguanylin peak is indicated by the
arrow. Buffer A was 50 mm Na,PO,, 2 M (NH,),SO, (pH 7.8); buffer B
was 50 mM Na,PO, (pH 7.8). A gradient of 75% A to 25% B at a flow rate
of 1 m/min eluted proguanylin at approximately 50% A. Absorbance
was monitored at 214 nm.
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Fic. 4. Amino acid sequence of human proguanylin showing 3
potential proteolytic processing sites. Guanylin-63, -32, and -22
are the C-terminal peptides that would result from cleavage at residues
52, 83, and 93, respectively. Alternative basic amino acid residues that
are possible processing sites are underlined.

STaR (de Sauvage et al., 1992a; Schulz et al., 1992). Prohor-
mone processing enzymes are known to cleave primarily at
dibasic residues, such as arginine and lysine (Barr, 1991). In
order to study the biological activity of fragments of the mate-
rial purified from E. coli, proguanylin was completely or par-
tially digested with the proteases trypsin or lysine-C, respec-
tively. While these are not the physiological processing
enzymes, they are convenient tools to generate smaller frag-
ments since they cleave at similar residues as most known
processing enzymes. The cleavage sites from which fragments
were generated for our studies are indicated in Fig. 4. Complete
digestion of proguanylin with trypsin is expected to cleave at
Arg-93 and yield a 22-amino acid C-terminal fragment. Com-
plete digestion with Lys-C is expected to yield a 32-amino acid
C-terminal fragment resulting from cleavage at Lys-83. Partial
digestion with lysine-C should also generate a 63-amino acid
fragment resulting from cleavage at Lys-52 of proguanylin.

The trypsin digestion was injected onto an RP-HPLC column
(Fig. 5A), and the peaks were analyzed by mass spectrometry
and amino acid analysis. The peak corresponding to the 22-
amino acid fragment was re-injected onto the RP-HPLC and
found to be homogeneous (Fig. 5B). Mass spectrometry analysis
indicates a molecular mass of 2258 Da as predicted for the
completely oxidized peptide.

The Lys-C digests were also analyzed by RP-HPLC (Fig. 6).
After exhaustive digestion (17 h at 37 °C), a 32 amino acid
fragment corresponding to residue Lys-83 of proguanylin was
purified (Fig. 6A). After partial digestion (5 min at 23 °C), we
could isolate a 63-amino acid C-terminal fragment resulting
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Fic. 5. Trypsin digest of purified proguanylin. A, RP-HPLC of
total trypsin digest. B, RP-HPLC of purified C-terminal 22 residue
fragment. Peptides were separated using a linear gradient of 0.1%
trifluoracetic acid to 70% acetonitrile in 30 min at a flow rate of 0.2
ml/min on a Synchron C4 column. Other details of the chromatography
are described under “Materials and Methods.”
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Fic. 6. Lysine-C digest of purified proguanylin. A, RP-HPLC of
complete digest yielding a 32-amino acid fragment. B, RP-HPLC of
partial digest yielding a 63-amino acid fragment. Details of the chro-
matography are identical to those described for guanylin-22 and are
described under “Materials and Methods.”

peptides were found to have the expected molecular mass.
The ability of the purified 22-amino acid tryptic peptide (gua-
nylin-22) to compete with 1251-STa for binding to the STaR was
measured using 293-STaR cells (de Sauvage et al., 1992b). As
was found for guanylin-22 isolated from mammalian cells (de
Sauvage et al., 1992a), 100 nM guanylin-22 was needed to dis-
nlace 50% of the bound 1251.8Ta (Fig_7A)._This result is alao
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Fic. 7. Functional analysis of guanylin-22. A, displacement of
125]-STa by guanylin-22 from 293-STaR cells expressing STaR. Various
concentrations of guanylin-22 were incubated with 25 pM!25]-STa and 2
x 105 293-STaR cells. Nonspecific binding was determined in the pres-
ence of a saturating concentration of guanylin-22 (5 pm). The percent
specific binding is plotted versus the concentration of STa. Each point
represents the mean of duplicate determinations. B, cGMP production
stimulated by guanylin-22. 293-STaR cells were incubated with various
concentrations of guanylin-22 for 30 min. Intracellular cGMP accumu-
lation was then determined as described (de Sauvage et al., 1991). Each
point represents the mean of duplicate samples assayed in duplicate.
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Fic. 8. Displacement of '2I.STa from 293-STaR cells by puri-
fied guanylin-22, -32, and -63. Experiments were performed as in Fig.
7. Individual curves are identified by the key in the inset.

similar to the affinity measured for the 15-amino acid peptide
generated by acid cleavage of proguanylin (Currie et al., 1992).
The ability of guanylin-22 to stimulate guanylyl cyclase activity
was studied by incubating 293-STaR cells for 10 min in the
presence of increasing concentrations of guanylin-22 and de-
termining the intracellular concentration of cGMP (Fig. 7B).
An 80-fold stimulation was observed at 30 pm guanylin-22,
where 49 pmol of cGMP/10¢ cells were measured. This level of
stimulation is similar to the 150-fold stimulation measured
with STa at 100 nm (92 pmol of cGMP/10° cells) (de Sauvage et
al., 1991).

The discrepancy between the concentration of guanylin re-
quired for half-maximal ¢cGMP elevation and the binding K, is
observed for all of the identified guanylyl cyclase receptors and
is not_vet nnderstond (Schulz et al.. 1989: de Sauvage et al..
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Fic. 9. CD spectra of 0.1 mg/ml proguanylin. Spectra were ob-
tained at pH 6.0 and 23 °C in 10 mM NaCH,CO,. Recording of spectra
is described under “Materials and Methods.”

1991; Schulz et al., 1990).

The two lysine-C-generated peptide fragments of progua-
nylin were compared to proguanylin and guanylin-22 in a 25]-
STa competition binding assay (Fig. 8). The ability of gua-
nylin-32 to compete with 125[-STa for binding to 293-STaR cells
is comparable to guanylin-22 (IC5o = 100 nm), whereas gua-
nylin-63 and intact proguanylin are far less effective (IC5¢ > 5
nm). These results suggest that processing of proguanylin at
sites located upstream from Lys-52 is not likely to generate an
active hormone. Therefore, the dibasic Lys-Lys site that is con-
served between human and mouse at position 37-38 probably
does not represent the physiological processing site of progua-
nylin.

Very little is known about the structure of prohormones. We
were interested to see whether the intact prohormone, progua-
nylin, folds into a molecule with stable and definable structure
in aqueous solution. CD spectroscopy will yield information
concerning whether the proguanylin is folded into definable
secondary structural elements, or exists as an unstructured
random coil. CD spectra on the intact E. coli expressed progua-
nylin indicates a folded molecule, which has secondary struc-
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ture (Fig. 9). The single minimum at 208 nm indicates strong
B-sheet and B-turn structure, with negligible a-helix content.
The minimum of the spectrum (208 nm) is shifted somewhat
from classical B-sheet (Yoshimura et al., 1985) CD minimum
(218 nm), which is a reflection of short sheets connected by
loops of random structure. Proguanylin is extremely proline-
rich, with 5-7 amino acid residues separating the prolines, so a
general topological model might be one in which there are
numerous short 3-sheets connected by reverse turns compris-
ing prolines. Complete three-dimensional structure determina-
tion of the prohormone by NMR is under way, and should yield
novel structural information on the role of the unprocessed,
larger precursors of small peptide hormones.
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