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Abstract

In contrastto their prohormoneshe maturepeptidehormonegguanylinanduroguanylinare not ableto fold to
their nativedisulfide connectivitiesuponoxidativefolding. Structuralpropertiesof both peptidehormonesand
their precursorproteins as well as the role of their prosequences proper disulfide coupledfolding are
reviewed.In addition, the structuralbehaviorof a proguanylinmutantthat closely resemblegprouroguanylin
has been investigated to gain further insight into structural properties of this homologous precursor protein.
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I ntroduction

Thereis a strongcorrelationbetweerthe three-dimensionadtructure- the fold - of a proteinandits biological
activity. Therefore understandin@f proteinfolding to reachthe protein'snativestateis animportantbranchof
structuralbiology andstill represents challengein this discipline.In his pioneeringwork in the early 1970s
Anfinsenhasshownthatthe three-dimensionadtructureof a proteinis determinedy its aminoacid sequence
[1] and thereforesequencdrasedstructurepredictionshould be possible.However,diseasesssociatedvith
protein misfolding demonstratehe existenceof more than one folded (but not native) stateof a protein[2].
Anothercomplicacyconcerninghe relationbetweerthe primary sequenceandthe three-dimensionadtructure

of a proteinis the existenceof so-calledintramolecularchaperonsUsually, theseintramolecularchaperonsare



covalently attached NH,-terminal propeptides that are assumed to help an intermediate folded state to overcome
a kinetic or thermodynamic barrier on the folding pathway [3]. Many proteins are produced with an NH.-
terminal propeptide sequence that is located between the signal peptide and the mature protein. These
prosequences usualy play an important role in intracellular trafficking and secretion of the corresponding
mature protein. In some cases, however, they are also essential for mediating proper folding of their

corresponding proteins [4]. Propeptide mediated protein folding was initially demonstrated for proteinases such

as subtilisin [5] and a-lytic protease [6]. The prosequence mediated folding behavior of these two proteins has
been studied extensively [3]. Other proteins that contain prosequences which are crucia for protein folding are
for example growth factors [7,8] and peptide hormones. Examples for the latter are the prohormones
proguanylin [9] and prouroguanylin [10,11]. These two proteins represent special cases compared to other
proteins containing prosequences with intramolecular chaperon-like features as their prosequences are about
four to five times longer than the mature hormones guanylin and uroguanylin. Structural properties of these two
peptide hormones and their precursor proteins as well as analysis of mutational data that lead to a better
understanding of the role of these prosequences in proper disulfide coupled folding are reviewed in the present
article. Furthermore, we have investigated the structural behavior of a proguanylin mutant that closely
resembles prouroguanylin in order to gain further insight into the structural properties of this homologous
protein.

Guanylin and Uroguanylin exhibit a unique topological isomerism

Guanylin and uroguanylin are guanylyl cyclase C (GC-C) activating peptide hormones of 15 (guanylin)
respectively 16 or 24 (uroguanylin) amino acid residues. The different uroguanylin peptides found in urine (16
residues) [12,13] and in blood ultra filtrate (24 residues) [14,15] correspond to different products of
prouroguanylin processing in the kidney and in circulation. Both peptide hormones contain four cysteine
residues that have to be connected in a 1-3/2-4 pattern (Fig.1 A) to produce biological activity [16,17]. In
addition to their high sequence similarity (Fig. 1 A) and similar GC-C activating potencies [17], guanylin and
uroguanylin fold into similar three-dimensional structures [18]: The 1-3/2-4 disulfide bond pattern of both
peptide hormones located within a short sequence stretch of only 12 amino acid residues leads to the unique
existence of two topological isoforms of each peptide as demonstrated by HPLC chromatography and NMR
spectroscopy [17-21]. Although both isomers exhibit the same cysteine connectivity, they differ in their three-
dimensional conformations, referred to as A- and B-isomers, with only one of them - the A-isomer - showing
biological activity [18,20]. Even though an equilibrium of interconversion prevents separation of the guanylin
isomers, NMR analysis revealed two conformationally different species present in a 1:1 ratio [17,19]. In
contrast, the topological isomers of uroguanylin can be separated by HPLC allowing discrete structural and
biochemical characterization [18]. The structures of the respective guanylin and uroguanylin A-isomers can be
described as a right-handed spiral stabilized by the two 1-3/2-4 disulfide bonds, respectively, whereas the
structures of the B-form can be depicted as a distorted left-handed spiral (Fig. 2). Apart from reverse turns, the



structuref bothisomersdo not showany elementsof regularsecondarystructure[18,19]. Comparisorof the
structuref the respectiveuroguanylin[18] andguanylinisoforms[19] confirmsthe high structuralsimilarity
betweenthesepeptideswith backboneRMSD valuesfor the cysteinerich region of the respectiveaverage
structuresof 1.4 A for the A-isomersand1.5A for the B-isomers As mentionedabove only the A-isomersare
able to activate GC-C [18,20], and their structuresclosely resemblethat of the agonisticE. coli heat-stable
enterotoxin STa [22].

Oxidative folding of guanylin and uroguanylin requiresthe respective prosequences

Both peptide hormones are secretedas the correspondingbiologically inactive prohormonesof 94
(proguanylin)and 86 (prouroguanylin)amino acid residueswith the mature hormoneslocatedat the very
COOH-termini(Fig. 1 B) [15,23-26].Oxidativefolding of reducedl5-residuegguanylinundervariousrefolding
conditions predominantlyresultsin formation of the two inactive disulfide isomerswith only 5 to 10 %
showingthe nativedisulfide connectivitied9,16]. Althoughtheisomerwith the native1-3/2-4disulfide pattern
wasslightly preferredusinga Cys/Cys-containingrefolding buffer, the ratio of the guanylinisomerscould not
be shifted towards the native isomer by varying temperature,buffer, or redox conditions [9]. Similar
observationshave beenmadefor uroguanylin-24for which the native disulfide pairing also was the minor
product,independenbf the redox conditionsused[10]. Theseresultssuggestedhat correctlyfolded guanylin
anduroguanylinpossessinghe native disulfide connectivitiesare thermodynamicallyessstablethanthe two
non-nativedisulfide isomers,implying additionalfactorsto facilitate correctdisulfide coupledfolding of both
peptide hormones.As the reduced guanylin and uroguanylin precursor proteins containing the entire
prosequenceare able to predominantlyfold to productswith native cysteineconnectivity under optimized
refolding conditions [9,10], these factors have been identified to be the respective prosequences.
Proguanylin lacking the first 31 NHerminal residues of the prosequence, however, almost exclusively folds 1
productswith non-nativedisulfide connectivitieseven though the sameredox conditionswere usedas for
correctrefolding of proguanylin[9]. From this experimentit was evident that the NH,-terminal region of
proguanylin significantly contributes to correct disulfide-coupled folding.

This crucialrole of the NH -terminalresiduesof the prosequencéor properfolding wasalsodemonstratedor
the closely relateduroguanylin-prohormongl0,11] of which various NH.-terminally truncatedmutantshave
beenproducedo furtheridentify aminoacid residuef the prosequencéhatareinvolvedin disulfide coupled
folding of this precursorprotein[11]. Both in vivo andin vitro refolding experimentgperformedwith these
mutantsrevealedone or two residuesat the very NH, terminusof prouroguanylinto be critical for correct
disulfide bond formation. For in vitro studies,five mutantproteinsof prouroguanylinhave beenanalyzedin
which aminoacid residueswvere sequentiallydeletedfrom the NH, terminusbut containedan additionalNH,-
terminally methionine residue. Met'-prouroguanylin(2-86)predominantly exhibited the native disulfide
connectivity in the peptide hormoneregion. For the mutant proteins Met?>-prouroguanylin(3-86)and Met*-
prouroguanylin(4-86)however the nativeisomeronly madeup 1/3 respectivelyl/9 of the product,suggesting

that deletionof the very first residuesof prouroguanylingreatly affectsthe constructionof the nativetertiary



structure of mature uroguanylin. This suggestion was confirmed by the mutant Met*2-prouroguanylin(3-86) in
which the first two residues are substituted by methionine, therefore containing the same number of residues as
the wildtype protein. For this mutant protein, predominantely uroguanylin with the native fold was obtained
after oxidative folding [11], implying rather important backbone/backbone interactions than a role of the side
chain of Tyr2 during the folding process. Indeed, Lauber et al. [27] have shown that the very NH -terminal part
of the prosequence and the hormone region of the closely related guanylin prohormone interact via
backbone/backbone interactions with each other (see below). The same kind of interactions can aso be
assumed for prouroguanylin as discussed below. Furthermore, for in vivo studies Hidaka et al. [11] have
expressed wildtype prouroguanylin as well as three prouroguanylin mutants lacking the first 6, 11, or 17
residues in human embryonic kidney 293T cells. Wildtype prouroguanylin was expressed as a monomeric
protein showing the correct disulfide pattern within the hormone region. In contrast, prouroguanylin(7-86),
prouroguanylin(12-86), and prouroguanylin(18-86) were expressed as dimers covaently linked via
intermolecular disulfide bonds [11]. These findings together with the unusual elution behavior of both
proguanylin and prouroguanylin in size exclusion chromatography led Hidaka et al. [11] to the conclusion that
both proguanylin as well as prouroguanylin form stable non-covalently bound homodimers in solution and that
dimerization would also play a role in the disulfide dependent folding pathway of both precursor proteins. At
least for proguanylin, this assumption, however, could be confuted by extensive analytical ultracentrifugation
studies and NMR diffusion measurements at various concentrations [9,28].

Taken together, the prosequences of both guanylin and uroguanylin, particularly their NH,-terminal residues
play acrucia rolein the oxidative folding of both proteins and can be considered as intramolecular chaperones.
Oligomerization state of proguanylin and prouroguanylin

From their unusual elution behavior in size exclusion chromatography prouroguanylin and proguanylin have
been assumed to be dimers in solution [11]. These results, however, contradicted former suggestions of
proguanylin being monomeric in solution [9]. As structure determination of proguanylin required unequivocal
knowledge of the association state of this protein, accurate determination of the oligomerization state was
carried out by extensive biophysical studies on both natural and recombinant proguanylin [28]. Even though
recombinant proguanylin as produced by Lauber et al. [28] possesses two additional amino acid residues at its
NH.-terminus, recombinant and natural proguanylin feature identical biophysical properties as deduced from
capillary zone electrophoresis, HPLC, and mass spectrometry. ldentical structural properties were aso
confirmed by CD and NMR spectroscopy. From analytical ultracentrifugation studies applying both
sedimentation equilibrium and sedimentation velocity measurements, natural as well as recombinant
proguanylin have been shown to be monomeric in solution for protein concentrations up to the millimolar range
[28]. These results together with the data from NMR diffusion measurements [9] verified that proguanylin is
monomeric even at the concentration of 2.4 mM [28].

Comparison of the monomeric proguanylin with prouroguanylin reveals that both proteins exhibit a sequence

identity of 35 % and show almost identical predicted secondary structures (Fig. 1 B). Main differences are



found in the central part of the proteinswith the most striking differencebeing a deletionof 7 amino acid
residueswithin this regionwhereaghe terminalamino acid residueg1-22 andthe last 30 residues)are quite
similar. This deletion mainly “aligns” with residuesthat are unstructuredand flexible in the proguanylin
structure(Fig. 1 B, Fig. 3 A). Sincefor proguanylinthe predictedsecondarystructureclosely resembleghe
experimentallydeterminedone, the samecan be assumedor prouroguanylin Additionally, it was shownfor
prouroguanylin that the hormone part exclusively adopts the A-form topology after digestion of the
prohormoneandreleaseof the maturehormoneregion[10], which is the sameasobservedn the proguanylin
structure(Fig. 3 B) [27]. Basedon thesefindings it has beensuggestedhat prouroguanylinadoptsa fold
similar to that of proguanylin [27], allowing comparative modelling of the prouroguanylin structure (Fig. 3 C)
Besideghis striking similarity of both precursoiproteinson a structurallevel, prouroguanyliralsolikely exists
asa monomerin solution. This assumptioris supportedoy biophysicalanalysisof a proguanylinmutantthat
lacks residuesArg28 to Pro37(Fig. 1 B) resultingin a sequencedentity to prouroguanylinof 38.6 %. Like
wildtype proguanylin this protein- proguanylinA(28-37)- is exclusivelymonomericin solution,asshownby
analyticalultracentrifugationat protein concentration®f 450 and 900 puM [29]. Also, as confirmedby NMR
spectroscopyand comparisonwith wildtype proguanylin,the core structure of proguanylin containing all
elementsof regularsecondarystructureis not influencedupon this deletionof residues28 to 37. The same
applies for the formation of the native disulfide bonds [29].

Thethree-dimensional structure of proguanylin and itsimplicationsfor folding

The recentdeterminationof the solution structureof proguanylin[27] revealeda globularly folded protein

composedf a threehelix bundleanda small triple-strandedantiparallel3-sheetof two NH.-terminal strands
and one strand of the very COOH-terminus(Fig. 3 A). The loop region connectingthe first two helices
(residue22t0 45; Fig. 3 A) exhibitsa significantlyincreasednherentflexibility ona pico-to nanosecontime
scale[27] andneitherhasanimpacton the folding of the proguanylincore structurecomprisedof all elements

of regularsecondarystructurenor on disulfide coupledfolding of this precursorprotein as proven by the
analysis of proguanylid(28-37) described above.

As mentioned earlier, the prohormone itself is almost inactive with respect to GC-C activation [9,28,30]. Thi
despitethe fact that the sequencecorrespondingo matureguanylin (residuesPro80to Cys94)is fixed in its

bioactive A-isomer topology (Fig. 3 B) [27]. With a more detailed analysisof the proguanylinstructure,
however this issuecanbe explainedasfollows: in additionto 3-sheetformationwith the NH, terminusof the

protein, the hormoneregion s involved in numerouscontactsto the NH.-terminal B-strandin that it partly
wraps aroundthe first four residuesof the prosequencdFig. 4) [27]. On the one hand, theseinteractions
stabilizethe A-isomertopology of the hormoneregionand sterically preventa B-form like conformation,on
the otherhand,theyleadto shieldingof partof the hormonesurface(Fig. 4) thatis thereforenot accessablér
interactions with GC-C, explaining the significantly decreasedptor binding affinity [27].

Furthermore the sameinteractionsprovide an explanationfor the importantrole of the first NH,-terminal
residuesn the disulfide coupledfolding of proguanylin.As outlined above,disulfide coupledfolding of the



homologous guanylin and uroguanylin precursor proteins requires the NHx-terminal residues of the respective
prosequence of which the first few residues are of particular importance [9,11]. This is underlined by the fact
that all NH.-terminally truncated variants of both proguanylin and prouroguanylin exhibit non-native disulfide
connectivities. As known from the three-dimensiona structure all truncations affect the central strand of the

triple-stranded [3-sheet and thus the interactions between the termini [27]. These results show that the NH-
terminal residues of the prosequence are essential for and involved in the correct assembly of the three-
dimensional structure of proguanylin and as a result in the assembly of the three-dimensional structure of
mature guanylin.

Further experiments performed on a disulfide deletion mutant support this assumption of a straight influence of
the proseguence on the structure of the hormone region [31]. Substitution of cysteine residues 86 and 94 by
serine - resulting in proguanylin-C86S/C94S - leads to strong weakening of the tertiary contacts between
guanylin and its prosequence whereas the helical core structure remains rigid as deduced by comparison of the
NMR spectra of this mutant protein with those of wildtype proguanylin. Secondary chemical shift analysis,
however, reveads that the conformation of the hormone region of proguanylin-C86S/C94S remains more similar
to that of wildtype proguanylin than to mature guanylin [31] indicating residua tertiary contacts to be present
that lead to structural stabilization of the hormone region. In contrast, isolated guanylin lacking the respective
disulfide bond is biologically inactive [17] which can be interpreted as a complete loss of tertiary structure.
Therefore, the conformation of the hormone region of proguanylin-C86S/C94S has to be induced by the
prosequence. In agreement with the observation that non-random conformations on the folding pathway of a
protein will favor formation of a specific disulfide bond and vice versa, a specific disulfide bond will favor and
stabilize a specific conformation [32], these studies suggest two different processes that are likely to contribute

to formation of the native disulfide connectivities of the hormone region in a cooperative manner. First, the

structure of the prosequence - in particular the NH,-terminal [3-hairpin - has a straight effect on hormone
topology (see above) and thereby favors formation of the native disulfide bonds, and second, the native
disulfide bonds exhibit a stabilizing effect on the tertiary structure of the prohormone and thus trap the native
structure and disulfides.

All experiments described above support the opinion that the structural requirements of the prosequence of
guanylin are crucial and sufficient for correct structure and disulfide formation in the hormone region of
proguanylin. This precursor protein, however, contains a third disulfide bond (Cys48 - Cys61) whose function
was only investigated recently [31]. Deletion of this disulfide bond, respectively substitution of both cysteine
residues by serine, resulted in loss of the pronounced secondary and tertiary structure of this protein.
Additionally, no disulfide intermediates connecting cysteine residues of the prosequence (i.e. Cys48 or Cystl)
with those of the hormone region could be observed during in vitro oxidative folding of wildtype proguanylin
[31]. The crucial role of this disulfide bond (Cys48 - Cys61) during disulfide coupled folding is therefore not
the formation of intramolecular disulfide intermediates but rather the stabilization of the hydrophobic core and

thus of the overall proguanylin structure.



Taken together, all data available concerningthe structure and folding of proguanylin imply that the

interactionsbetweenthe termini of proguanylinfunction to force formation of the native disulfide bondsof

guanylin and stabilize the bioactive conformation of this peptide hormone during the folding of the

prohormone.
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Legendsto Figures

Figure 1:

A: Amino acid sequencesand disulfide pattern of GC-C activating peptides: human guanylin, human
uroguanylin-16(isolatedfrom urine), humanuroguanylin-24(isolatedfrom humanblood ultrafiltrate), and E.
coli heat-stable enterotoxin STa. Identical residues are highlighted in black.

B: Amino acid sequencealignment[33] of the respectiveprohormoneshuman proguanylin and human

prouroguanylin.ldentical residuesare highlighted in black, similar residuesare highlighted in gray. The
sequenceadeletedin proguanylinA(28-37) is highlighted in light gray. Experimentallydetermined(a) and

predicted [34] (b) secondary structures are indicated.

Figure 2:

A: Ribbondrawingof guanylin A- (left) and B-isomer(right) (generatedvith MolMol [35]). Disulfide bonds

are indicatedin yellow. The homologouspeptidehormoneuroguanylinshowsan almostidentical fold with
RMSD values of the backbone heavy atoms of 1.4 A and 1.5 A for the A- and B-isomer, respectively [18,19
B: Schematiadrawingof the backbondolds andthe disulfide connectivitiesof guanylinisomersA (left) andB
(right). Thetermini areindicated cysteineresiduesarerepresentetby circlesandthe disulfide bondsaregiven

as zig zag lines. Amino acid numbering is according to the prohormone sequence.

Figure 3:
A: Representativetructureof proguanylin.Elementsof regularsecondangtructureareemphasizedby ribbons,

with helical structureindicatedin red and3-sheetstructurein green.Residueof the hydrophobiccore (Phel0,
Vall5, Leul8, Phe53,Leu57, Leu60, and Leu73) are displayedin cyan, residueswith enhancednherent
flexibility, i.e.{*H}**N NOE values< 0.6, arehighlightedin blue,sidechainsof cysteineresiduesanddisulfide
bondsare indicatedin yellow (Cys48- Cys61; Cys83- Cys91; Cys86 - Cys94) (generatedwith Molmol
(Koradi 1996)).

B: Topology of the hormone region of proguanylin (residues 80 - 94).

C: Homologymodel[36,37] of prouroguanylinDisulfide bondsbetweerresiduestl — 54,74 —-82,and77 -85
are diplayed in yellow (same color code as in A; Figure generated with MOLMOL [35]).

Figure 4:
Interactionof the proguanylinhormoneregionwith the NH, terminus.A representativstructureof proguanylin

is shown.Comparedo the view in Fig. 3A the moleculeis rotatedby 45° arounda vertical axis. Helicesand
the NH -terminal B-sheetare colored red and green, respectively.ResiduesvVall to GIn4 are displayedas

spacefilledatoms,residues80 to 94 areshownin stick representatioiiblue; spacefillis indicated),the disulfide
bond between Cys48 and Cys61 is displayed in yellow (Figure generated with MolMol [35]).
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