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ABSTRACT: The metallocarboxypeptidase inhibitor identified in the intestinal parasite Ascaris (ACI)
comprises 67 amino acid residues and a novel fold consisting of two structurally similar modules, an
N-terminal (NTD) and a C-terminal domain (CTD), each stabilized by two disulfide bonds. Both domains are
linked via a connecting segment (CS) that includes a fifth disulfide bond. Here, we investigated the oxidative
folding and reductive unfolding of ACI. It folds through a sequential formation of disulfide bonds that finally
leads to the accumulation of a heterogeneous population of 5-disulfide non-native scrambled isomers. The
reshuffling of these species into the native form constitutes the major kinetic trap of the folding reaction, being
efficiently enhanced by the presence of reducing agent or protein disulfide isomerase. The analysis of ACI
variants lacking the NTD reveals that this domain is indispensable for the correct folding of such inhibitor,
most likely acting as a pro-segment that helps in the acquisition of a CTD native structure, the fundamental
inhibitory piece. In addition to the CTD, both the NTD and the CS play a significant role in the function of
ACI, as derived from the diminished inhibitory capacity of the truncated ACI variants. Finally, the reductive
unfolding and disulfide scrambling analyses reveal that ACI displays an extremely high disulfide and
conformational stability, which is consistent with its physiological function in a hostile environment.
Altogether, the results provide important clues about the two-domain nature of ACI and may pave the

way for its further engineering and development of a minimized inhibitor.

The study of protein folding is still a major challenge in
structural and molecular biology. Although working on protein
folding is usually difficult due to the transient nature of folding
intermediates, the particular chemistry of disulfide-bond forma-
tion allows circumventing this problem thanks to the trapping of
disulfide-bonded intermediates by alkylation or acidification
(1, 2). A deeper understanding on the nature of these folding
intermediates would provide the possibility to conceive ap-
proaches to deal with diseases caused by protein misfolding
and also help to improve the recovery of recombinant proteins
for biotechnological applications (3—35). Extensive investigation
on model proteins such as bovine pancreatic trypsin inhibitor
(BPTI'"), ribonuclease A, lyzozyme, and hirudin (6—9), among
others (/10—13), has set up the basis for studies of oxidative
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folding, that is, the composite process by which a reduced and
unfolded protein acquires both its native disulfide bonds and its
native structure. The disulfide folding pathway is elucidated from
the order of formation of disulfide bonds, and characterized by
the heterogeneity and disulfide pairings (native or non-native) of
the intermediates that arise during the oxidative folding reac-
tion (/4). A great diversity of folding mechanisms is observed
among the numerous proteins that have been studied to date
using this technique (15, 16). At the two extremes of this diversity
we find BPTI and hirudin, two well-known serine protease
inhibitors. The former protein folds via a limited number of
intermediates containing native disulfide bonds and native-like
structures (/7), while the folding of the later proceeds through a
highly heterogeneous population of intermediates with the pre-
sence of fully oxidized non-native (scrambled) isomers (/8).

A new metallocarboxypeptidase (MCP) inhibitor has been
recently isolated from Ascaris, the most common human parasite
of the gastrointestinal tract that causes the pandemic disease
ascariasis (19). The inhibitor, termed ACI, is 67-residues long and
does not show significant sequence homology with any known
protein. Recombinant ACI is fully functional and displays
nanomolar inhibition constants against digestive and mast-cell
A/B-type MCPs, which is in good agreement with its localization
within the Ascaris roundworm, i.e. in body wall, intestine, female
reproductive tract, and fertilized eggs. The crystal structure of
ACI in complex with human carboxypeptidase A1 (hCPA1), one
of its potential targets in vivo, shows a protein with a novel fold
consisting of two structurally similar tandem modules
(Figure 1A,B), an N-terminal (NTD) and a C-terminal domain
(CTD), which are linked by a connecting segment (CS). Each
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FiGure 1: Structure of ACI and its complex with hCPA 1. (A) Richardson plot of the complex of ACI (NTD in blue, CSinred, and CTD in green)
and hCPA1 (o-helices and turns in yellow, -strands in orange, catalytic zinc ion as a magenta sphere) (PDB code 3FJU). Figure prepared with
PyMOL. (B) Richardson plot of ACI taken from (A), showing its domain architecture and regular secondary structure elements (ribbons for the
concatenated 1,4-turns and the a-helix, arrows for fS-strands). The five native disulfide bonds (Cys®—Cys'®; Cys'>—Cys®®; Cys*—Cys®;
Cys®—Cys™; and Cys**—Cys®?) are shown as gray sticks. The N- and C-terminal residues are labeled. (C) Amino acid sequence of ACI. The
native disulfide-bond pairings are schematically shown above the sequence. The limits for the ACIshort]l and ACIshort2 constructs are indicated

below the sequence.

domain comprises a small helix and a C-terminal S-sheet that are
stabilized by two disulfide bonds (see Figure 1C). The CS
includes an o-helix, which is linked to the fS-sheet of the CTD
by an external disulfide bond. Binding and inhibition of hCPA 1 is
exerted by the C-terminal tail of ACI, which enters the funnel-like
active-site cavity of the carboxypeptidase and approaches the
catalytic zinc ion. Secondary contacts come from the tip and the
center of the N-terminal S-strand of the CTD, as well as the end
of the CS, contributing to the formation of a more stable
complex. Therefore, the NTD of ACI is not involved directly
in the interaction with hCPA1. Preliminary conformational
studies by CD and NMR spectroscopy indicate that ACI is
highly stable and only denatures by the simultaneous presence of
both denaturing and reducing agents (19).

The main aims of this study are to characterize the oxidative
folding and reductive unfolding pathways of ACI and also to
determine the role of each part of the molecule in its folding and
activity. To clarify the latter issue we have constructed two
truncated variants of ACI lacking the NTD or both the NTD and
CS and have characterized their folding pathway and inhibitory
capability.

MATERIALS AND METHODS

Protein Expression and Purification. Recombinant ACI
was obtained by heterologous overexpression in Escherichia coli
as previously published (79). Briefly, ACI was cloned into the
pET-32a vector and transformed in E. coli Origami2 (DE3) cells.
Expression of the protein was performed in Luria—Bertani med-
ium inducing with 0.5 mM isopropyl-f-p-thiogalactopyranoside

at 18 °C. The thioredoxin-hexahistidine-ACI fusion protein was
purified by Ni*"-affinity chromatography (HiTrap HP column,
GE Healthcare) and subsequently digested with tobacco-etch-
virus protease, which leaves a glycine residue at the N-terminus of
the protein. The inhibitor was finally purified to homogeneity by
reversed-phase high performance liquid chromatography (RP-
HPLC) in a Waters Alliance apparatus and stored lyophilized.
The ACI variants lacking the NTD (ACIshort!; Thr*’—Leu®)
and the NTD plus the CS (ACIshort2; Phe¥—Leu®’, with Cys®
replaced by a serine residue) were generated by PCR using the
pET-32a-ACI vector as template. Both ACI variants were
expressed and purified as described for the wild type (WT) form.
Protein identity and purity were confirmed by mass spectrometry
(MS), automated Edman degradation and SDS—PAGE.
Oxidative Folding. Native protein (2 mg) was incubated in
0.1 M Tris-HCI, pH 8.5, containing 6 M guanidine thiocyanate
(GdnSCN) and 100 mM dithiothreitol (DTT) for at least 2 h at
room temperature (RT). The chemical reagents were purchased
from Sigma unless otherwise stated. To initiate folding, the
reduced and unfolded protein was passed through a PD-10
column (Sephadex G-25; GE Healthcare), previously equili-
brated with 0.1 M Tris-HCI, pH 7.2 or 8.5. After elution in a
volume of 1.2 mL, the protein was immediately diluted to a final
concentration of 0.5 mg/mL in the same buffer, both in the
absence (Control —) and presence of redox agents: 0.25 mM 2-
mercaptoethanol (Control +), 0.5 mM oxidized glutathione
(GSSG), or 0.5 mM/l mM oxidized/reduced glutathione
(GSSG/GSH). In some cases selected concentrations of NaCl
(0.2 M), protein disulfide isomerase (PDI) (2 uM), or denaturant
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(0.5—4 M guanidine hydrochloride; GdnHCI) were added to the
reaction. To monitor folding, aliquots were removed at various
time intervals and quenched with 4% aqueous trifluoroacetic
acid (TFA). Acid-trapped intermediates were subsequently ana-
lyzed by RP-HPLC in a 4.6-mm Jupiter C4 column (Phenome-
nex) using a linear gradient from 25 to 35% (for WT ACI) or
23-33% (for ACIshortl and ACIshort2) acetonitrile with 0.1%
TFA at a flow rate of 0.75 mL/min for 50 min.

Reductive Unfolding. Native protein (0.5 mg/mL) was
dissolved at RT in either 0.1 M Tris-HCI, pH 8.5, or 0.1 M
sodium acetate, pH 4.5, containing increasing concentrations
(1—400 mM) of DTT or tris(2-carboxyethyl)phosphine (TCEP),
respectively. To monitor the unfolding reaction, time-course
aliquots of the samples were trapped with 4% aqueous TFA
and analyzed by RP-HPLC as detailed in Oxidative Folding.

Disulfide Scrambling. Native protein was dissolved to a final
concentration of 0.5 mg/mL in 0.1 M Tris-HCI, pH 8.5, contain-
ing 0.25 mM 2-mercaptoethanol as thiol initiator and different
concentrations of denaturants (0—8 M urea, 0—8 M GdnHCl, or
0—6 M GdnSCN). The reaction of disulfide scrambling was
allowed to reach equilibrium typically for 20 h at RT. The
samples were then quenched with 4% aqueous TFA and
analyzed by RP-HPLC as detailed in Oxidative Folding.

Disulfide Pairing Analysis. To determine the number of
disulfide bonds, acid-trapped intermediates that populate the
oxidative folding and reductive unfolding of ACI were purified
by RP-HPLC using the conditions described in Oxidative Fold-
ing and lyophilized. Each sample was alkylated with 0.1 M Tris-
HCI, pH 8.5, containing 0.1 M 4-vinylpyridine for 45 min at RT
in the dark. The derivatized protein was then freed from reagents
by RP-HPLC, and analyzed by matrix-assisted laser desorption/
ionization time-of-flight (MALDI-TOF) MS (+105 Da for
each free cysteine). Samples were mixed with a matrix solution
(I:1, v/v) of 10 mg/mL 2,6-dihydroxyacetophenone (Sigma)
dissolved in 30% acetonitrile containing 20 mM dibasic ammo-
nium citrate, pH 5.5. 0.5 uL of the mixture was spotted onto the
MALDI-TOF plate using the dried-droplet method. Mass spec-
tra were acquired in an Ultraflex mass spectrometer (Bruker)
equipped with a 337 nm laser in linear mode geometry under
20 kV and ~300 laser shots. A mixture of proteins from Bruker
(Protein calibration standard I; mass range 3,000—25,000 Da)
was used as a calibration standard. To determine the disulfide
pairings, purified and lyophilized acid-trapped intermediates
were digested with endoproteinase Lys-C (Roche Applied Scien-
ce) in 20 mM Tris-HCI buffer, pH 8.0, for 4 h at 37 °C using an
enzyme:substrate ratio of 1:40 (w/w), and further analyzed by
MALDI-TOF MS. The obtained peptide mass fingerprint was
compared with the expected proteolytic digest of ACI using the
program SequenceEditor (Bruker). The N-terminal amino acid
sequence of selected species was determined by automated
Edman degradation in an Applied Biosystems model Procise
492 protein sequencer.

CPA Inhibitory Experiments. The inhibitory activity of
different ACI forms was tested by measuring the inhibition of
hydrolysis of the chromogenic substrate N-(4-methoxyphenyla-
zoformyl)-Phe-OH (Bachem) by human CPA1 at 350 nm using a
Cary 400 UV—vis spectrophotometer (Varian). The assays were
performed in 50 mM Tris-HCI, 100 mM NaCl, pH 7.5, at a
substrate concentration of 100 M. Inhibition constants (Ks)
against human CPAl were determined using pre-steady-
state kinetics as reported for tight-binding inhibitors (20). The
concentration of ACI variants in solution was determined by
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measuring the absorbance at 280 nm and using the calculated
absorption coefficients E; jo, =1.49,2.32, and 3.30, for WT ACI,
ACIshortl, and ACIshort2, respectively.

RESULTS

Oxidative Folding of ACI. The oxidative folding of ACI was
examined by acid-trapping and RP-HPLC analysis of the
disulfide intermediates that accumulate along the folding process.
The reduced and unfolded protein (R) was allowed to refold in
Tris-HCI, pH 7.2 or 8.5, in the absence and presence of different
redox agents (for details, see Materials and Methods). Similar
RP-HPLC profiles were observed up to 8 h of folding reaction, at
both pH 7.2 and 8.5, regardless of the absence (Control —) and
presence (Control +) of 2-mercaptoethanol (Figure 2A,B).
However, the presence of reducing agent in the reaction mixture
substantially affected the last stages of folding by decreasing the
accumulation of intermediates and favoring the attainment of the
native structure (N). The analysis by MS of the acid-trapped
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FiGuRrEe 2: Oxidative folding of ACI. RP-HPLC traces of the acid-
trapped intermediates that accumulate along the oxidative folding of
ACI. The reactions were performed in Tris-HCI, pH 7.2 (A) or 8.5
(B), in the absence (Control —) and presence (Control +) of 0.25 mM
2-mercaptoethanol, 0.5 mM GSSG, or a mixture of GSSG and GSH
(0.5 mM and 1 mM) as detailed under Materials and Methods. The
retention times of the native (N) and fully reduced/unfolded (R)
forms are labeled. XS represents an ensemble of species with X
number of disulfide bonds as determined by alkylation with 4-
vinylpyridine and subsequent analysis by MALDI-TOF MS. Xa
stands for a major 5-disulfide scrambled isomer.
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FiGure 3: Oxidative folding of ACI at physiological and denaturing conditions. RP-HPLC traces of the acid-trapped intermediates that occur
along the oxidative folding of ACI carried out in Tris-HCl, pH 7.2, in the absence (Control —) and presence (Control +) of 0.25 mM
2-mercaptoethanol, or 0.5 mM/1 mM GSSG/GSH. 0.2 M NaCl (A), 0.2 M NaCl plus 2 uM PDI (B), or 0.5—4 M GdnHCI (C) was added to the
folding reaction. The retention times of the native (N) and fully reduced/unfolded (R) forms are labeled. Xa stands for a major 5-disulfide

scrambled isomer.

intermediates further derivatized with vinylpyridine showed a
sequential formation (packing) of 1-, 2-, 3-, 4-, and 5-disulfide
species. The strongest kinetic trap of the folding reaction
appeared to be the reshuffling (consolidation) of 5-disulfide
scrambled isomers into native ACI, which is promoted by the
presence of reducing agent (2-mercaptoethanol or GSH).
Unfortunately, the major scrambled isomer (Xa) could not be
analyzed in terms of function and disulfide pairings due to its
close proximity in elution with N. As expected, the addition of
oxidizing agent (GSSG) enhanced the formation of interme-
diates at the early steps of folding, leading to an improved
folding process. Also, the use of a buffer with pH 8.5, which
coincides with the pK, of the cysteine side chain, significantly
affected the overall folding rate, slowing down the first steps
of folding and accelerating the final consolidation of scram-
bled isomers into native protein (see Control — in Figure 2A
vs 2B).

To mimic the conditions inside the cell, the oxidative folding of
ACI was studied at pH 7.2 in the presence of NaCl and of the
protein folding catalyst PDI (Figure 3A,B). The addition of a
physiological concentration of NaCl did not significantly affect
the folding of ACI, indicating the absence of competing ionic
interactions and/or electrostatic repulsions during the folding
process. However, the addition of PDI dramatically accelerated
the folding rate, leading to completion of the reaction after 8 h in
the absence of GSSG and 1 h in its presence. The same behavior
was observed when folding was performed at pH 8.5, confirming
that the acceleration of the folding rate was due to a faster
disulfide exchange that avoids the accumulation of scrambled
isomers, which were rapidly funneled to N by the action of PDI.
ACI was also refolded at pH 7.2 in the presence of selected
concentrations of denaturant (Figure 3C) to study the role of
noncovalent contacts on its oxidative folding. Increasing con-
centrations of GdnHCI correlated with a higher accumulation of
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FiGurE 4: Reductive unfolding and disulfide scrambling of ACI. RP-HPLC traces of the acid-trapped intermediates generated by reductive
unfolding or disulfide scrambling. Native ACI was reduced with increasing concentrations of DTT in Tris-HCI, pH 8.5 (A), or TCEP in sodium
acetate, pH 4.5 (B). N and R indicate the native and fully reduced /unfolded forms, respectively. 2S, 3S and 4S represent ensembles of species with
the corresponding number of disulfide bonds. I1la stands for a major 3-disulfide intermediate. (C) Native ACI was denatured by incubation for
20 h in Tris-HCI, pH 8.5, containing 0.25 mM 2-mercaptoethanol as thiol initiator and the indicated concentration of denaturant.

scrambled isomers at the end of the folding reaction, and there-
fore, in lower amounts of native protein. Thus, unlike for other
small disulfide-rich proteins like leech carboxypeptidase inhibitor
(LCI) (21), in ACI the addition of small denaturant concentra-
tions did not promote the acquisition of N.

Reductive Unfolding of ACI. The reductive unfolding of
ACT was investigated by acid-trapping and RP-HPLC analysis of
the disulfide intermediates that accumulate along the unfolding
process. The native protein was reduced in either Tris-HCI, pH
8.5, using DTT or sodium acetate, pH 4.5, using TCEP
(Figure 4A,B). High concentrations of DTT (i.e., 100 mM) were
necessary to reduce native ACI. The unfolding reaction followed
an apparent all-or-none mechanism (22), with the concerted
reduction of the five disulfide bonds that resulted in the accu-
mulation of minute amounts of intermediates. The use of TCEP
as reducing agent strongly altered the unfolding reaction, giving
rise to the noticeable accumulation of three fractions in the RP-
HPLC chromatogram. The intermediates contained in these
fractions were derivatized with vinylpyridine and further ana-
lyzed by MS. The analysis revealed the successive accumulation
of 4-, 3-, and 2-disulfide species before reaching the fully reduced/
unfolded form. The analysis by automated Edman degradation
of the single intermediate found inside 3S (termed I1la) revealed
the presence of pyridylethyl groups at positions Cys®, Cys'%,
Cys'®, and Cys* (data not shown). Therefore, IIla contains four
free cysteines instead of two disulfide bonds in the NTD.
Importantly, despite the lack of two disulfide bonds this unfold-
ing intermediate shows a very similar affinity toward hCPA1 as
compared to the native form, suggested by a nearly indistinguish-
able K; determined for both forms against this enzyme (Table 1).
Alkylation and subsequent Edman analysis of the 4S fraction
showed the presence of two 4-disulfide intermediates lacking
either the Cys®—Cys'® or the Cys'>~Cys*® disulfide bond. The
disulfide pairings of 2S could not be determined owing to the
presence of a complex mixture of 2-disulfide intermediates inside
this fraction.

Table 1: Inhibition Constants (K;) of ACI Variants and Intermediates
against hCPA1¢

K; (nM)
N ACI 1.6+0.2
IITa ACI 1.9+0.3
N AClIshortl 39.8+3.7
Xa AClIshortl 205.5+£5.2
N AClIshort2 2400 £ 100
Xa AClIshort2 2600 £ 400

“The values are given as mean + SD.

Disulfide Scrambling of ACI. It is known that in the
presence of a thiol initiator and denaturant, unfolding of a native
disulfide-containing protein results in reshuffling of its native
disulfide bonds, a process called disulfide scrambling (23). Un-
folding of native ACI was performed at pH 8.5 in the presence of
2-mercaptoethanol and increasing concentrations of different
denaturants (urea, GdnHCl and GdnSCN). After reaching
equilibrium the reactions were analyzed by RP-HPLC
(Figure 4C). The use of high concentrations of GdnHCI and of
GdnSCN promoted the reshuffling of native ACI into scrambled
isomers, which reflects the degree of unfolding of native ACI. The
exact percentages of scrambled isomers and N could not be
integrated due to the overlap in their RP-HPLC elution times; the
midpoint denaturant concentrations were about 4.25 M GdnHCI
and 1.9 M GdnSCN. No fraction of scrambled isomers was
detected by incubation with 0—8 M urea (data not shown).

Oxidative Folding of ACIshortl and ACIshort2. ACI-
short] lacks the NTD and therefore displays three disulfide
bonds (two in the CTD plus one linking the CS and the CTD).
ACITshort2 lacks both the NTD and the CS, which implies the loss
of a third disulfide bond, i.c. it only comprises the two disulfide
bonds of the CTD. The oxidative folding of both truncated
variants was examined by acid-trapping and RP-HPLC analysis



8230  Biochemistry, Vol. 48, No. 34, 2009

:
-
:

Control — Control + GSSG/GSH

Arolas et al.

:
:
-

s TR R 28T R

15 min N 15 min VA 1 min JU__VJ_\
18 18

Control — Control + GSSG/GSH
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unfolded (R) forms are labeled. XS represents an ensemble of species with X number of disulfide bonds. Xa stands for a major 3- (AClIshort1) and

2-disulfide (ACIshort2) scrambled isomer.

of the disulfide intermediates that accumulate along the folding
process. The reduced and unfolded proteins were allowed to
refold in Tris-HCI, pH 8.5, in the absence and presence of
different redox agents (Figure 5A,B). For ACIshortl similar
RP-HPLC profiles were observed up to 5 h regardless of the
absence (Control —) and presence (Control +) of 2-mercap-
toethanol. The addition of GSSG strongly accelerated the
formation of intermediates at the beginning of the folding process
(data not shown). The analysis by MS of the acid-trapped
intermediates further derivatized with vinylpyridine showed a
sequential formation of 1-, 2-, and 3-disulfide species. The
presence of reducing agent in the reaction mixture significantly
affected the last stages of folding by enhancing the conversion of
a Xa-like isomer into N. This major 3-disulfide scrambled isomer
displays a low inhibitory capability (Table 1). The native form of
ACTshortl also shows a higher inhibition constant compared to
WT ACI (~25-fold increase). However, this form comprises the
three native disulfide bonds of the CTD and CS of ACI, that s,
Cys**—Cys®, Cys*—Cys®®, and Cys*—Cys®, as indicated by
digestion with Lys-C and further MS analysis: Peptides of
1451.73 and 3515.62 Da, corresponding to residues *’EHF-
TIPCK*4+>"ICNK® and (G)TIVEIQRCEK**+**SNNDC QV-
WAHEK**+°'GCC WDLL®", respectively. The numbering is
based on the WT ACI sequence.

For ACIshort2 there was a rapid formation of a few 1- and 2-
disulfide intermediates that was strongly sped up by the addition
of GSSG (data not shown). Again the presence of reducing agent
in the reaction mixture significantly affected the last stages of
folding by promoting the conversion of an Xa-like isomer into
N. Xa AClIshort2 is a major 2-disulfide scrambled isomer with a
very low inhibitory potential (Table 1). Noteworthy, the native
form of ACIshort2 also shows a very low inhibitory activity,
despite the fact that it comprises the two native disulfide bonds of
the CTD: Cys*—Cys™, and Cys*—Cys®. This is indicated by
digestion with Lys-C and further MS analysis: Peptides of
1240.74 and 2222.95 Da, corresponding to residues (G)FTIP-
CK*+ICNK® and “SNNDC QVWAHEK**+°'GSCW-
DLLY, respectively. The numbering is based on the WT ACI

sequence. In summary, unlike WT ACI, the folding of both
ACIshortl and ACIshort2 cannot reach completion since at the
end of the reaction only 40—50% and 60—70% of the protein was
recovered as native form in the absence and presence of thiol
catalyst, respectively (see Figure 5A,B).

DISCUSSION

ACI is the only metallocarboxypeptidase inhibitor found at
the defense barrier of Ascaris, which mainly consists of a battery
of selective protease inhibitors that protects the parasite from
host enzymes and the immune system (/9). In this work, we have
comprehensively analyzed the pathways of oxidative folding and
reductive unfolding of ACI. It folds through the sequential
formation of 1-, 2-, 3-, and 4-disulfide intermediates that subse-
quently evolve into a mixture of 5-disulfide scrambled isomers.
Among them the Xa scrambled isomer accumulates to a major
extent, eluting very close to native ACI in the reversed-phase
chromatogram. This scrambled species could arise from the
presence of two consecutive cysteines located at the C-terminus
of ACI (Cys®* and Cys®®), which could easily lead to divergent
disulfide pairings. A similar phenomenon is observed in the
oxidative folding of tick carboxypeptidase inhibitor (TCI) (24).
At neutral pH Xa accumulates to similar percentages as N after
48 h of reaction (Control —), thus acting as an important kinetic
trap of the ACI folding process. Only the presence of reducing
agent or PDI efficiently promotes its reshuffling into N. The
highly efficient folding obtained in the presence of PDI demon-
strates the important role that this enzyme may have on ACI
folding in vivo. The effect of these catalysts is clearly exerted over
the kinetic traps, i.e. the scrambled population, promoting their
rapid consolidation into native protein and avoiding the accu-
mulation of the metastable intermediate Xa. This strong effect on
the formation of native protein from kinetic traps has also been
described for BPTI and hirudin (25, 26).

The folding of ACIshortl and ACIshort2, both lacking the
NTD, cannot reach a unique predominant form, which implies
that the absence of this domain has influence on the folding of
the CTD. Therefore, the two domains of ACI do not fold
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independently, unlike the case of TCI, which consists of two
tandem structurally similar modules linked by a short and flexible
linker (27). In TCI each domain, comprising three disulfide
bonds, folds and unfolds autonomously without establishing
interdomain disulfide bonds (24, 28). Also, there are no contacts
between both domains. The N-terminal domain of TCI is directly
involved in the binding of MCPs, interacting with an exosite of
the enzyme surface which contributes to high inhibitory cap-
ability (29). We have previously hypothesized that the NTD of
ACI could target digestive enzymes different from MCPs present
in the host gut (19). Apart from this potential function, we
observe here that, after the addition of optimal concentrations of
thiol catalysts and 48 h of oxidative folding, less than 70% of
ACTshortl or AClIshort2 variants are recovered as native form.
These results demonstrate that the NTD is essential for the
correct folding of ACI, since neither the CTD nor the CTD plus
the CS can fold efficiently, which provides a plausible explana-
tion for the two-domain architecture of this molecule. The NTD
would guide the folding of the CTD most likely through transient
interdomain disulfide interactions, acting as an intramolecular
chaperone. There are many examples of pro-segments required
for correct folding of their associated proteins, but only a few of
them correspond to small disulfide-rich proteins (30). In the case
of guanylyl cyclase activating peptide, the pro-region contributes
to both the correct disulfide-coupled folding of the mature
protein and the dimerization of the molecule (37). In the case
of ACI, the NTD facilitates the disulfide reshuffling of the
protein but is not removed after protein folding, as in the case
of pro-segments, maybe owing to its contribution to ACI
function.

Indeed, it is surprising to note the important role of the NTD
for the function of ACI as inhibitor of MCPs, particularly if it is
taken into account that this domain does not interact directly
with the enzyme. This is supported by the important loss of
inhibitory activity of the native forms of ACIshortl and even
more of ACIshort2. On the other hand, the IIla unfolding
intermediate of the whole molecule, displaying the same disulfide
bonding as ACIshortl, shows a 20-fold increase in inhibitory
capability compared to AClshortl against hCPA1. This could
imply that the presence of the polypeptide backbone of the NTD
is sufficient for an efficient inhibition of the target enzyme
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without any need of cross-links provided by disulfide bonds. It
would also suggest the presence of contacts at the interface
between both domains that would be important for the proper
positioning of the molecule for a native-like binding to MCPs. In
fact, a detailed analysis of the ACI structure reveals several
hydrogen bonds and hydrophobic interactions that link both
domains (Figure 6). However, this has to be taken cautiously
since the structure of free ACI has not been determined yet and
some internal contacts could be caused by the binding to the
carboxypeptidase and/or the crystalline state of the complex. On
the other hand, the deletion of the NTD could alter the acquisi-
tion of the native conformation of the CTD, giving rise to a
folded form divergent from that of native ACI, with a lower
inhibitory capability. In the case of ACIshort2, a 1500-fold
affectation on the inhibition constant of the native form com-
pared to native ACI is observed. This dramatic change is
probably due to the loss of interactions between the end of the
CS (Phe®) and the surface of hCPA1 (see Figure 6 and ref 19).
The presence of a third disulfide bond in ACIshortl would
constrain the conformation of the connecting a-helix, allowing a
proper interaction with the enzyme and therefore a stronger
complex formation.

The acidic pH strongly minimizes disulfide reshuffling and
favors disulfide reduction; therefore the reductive unfolding
experiments performed at this pH give information about the
disulfide bonds more prompt to reduce. The reductive unfolding
of ACI performed at acidic pH shows the accumulation of 4S, 3S
and 28 species. Both 4S and 3S species, which are the first to
accumulate, lack the disulfide bonds that belong to the NTD,
indicating that these disulfides are more solvent accessible than
those present in the CTD. As stated above, this would enable the
NTD to be important for the attainment of a native global
structure by facilitating interdomain disulfide reshuffling. At
alkaline pH native ACI reduces its five disulfide bonds in a
concerted manner without a significant accumulation of inter-
mediates. This is most likely due to the working pH, which favors
the prevalence of disulfide reshuffling over reductive reactions,
thus preventing the accumulation of intermediates with native
disulfide linkages and leading directly to R. Importantly, ACI
displays an extremely high disulfide and conformational stability,
resisting up to 100 mM DTT and 4 M GdnHC], similarly to other

FIGURE 6: Structural details of ACI and its binding with hCPA1. (A) Close-up view of the interface between ACI (CS in red and CTD in green)
and hCPA1 (o-helices and turns in yellow, S-strands in orange, catalytic zincion as a magenta sphere). The side chains of ACI that interact with the
protease are displayed in a stick model and labeled. (2]%) Close-up view of the interaction between the NTD (in blufi? and CTD (in green) of ACI.

o

Hydrogen bonds (2.6—3.4 A): Asn”>~Pro*’, Asn
Ile**—Cys*, Ser’*—Pro*.

—Asp®®. van der Waals interactions (<4 A): Val’~Lys*, Lys*'—Ile*!, Asn**—Ile*,
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compactly folded protease inhibitors such as hirudin or LCI (32).
This property might be very useful for a molecule designed to act
in harsh environments like the intestine of the Ascaris hosts or the
tissues through which the larvae of this parasite migrate during
their life cycle. A high resistance of ACI in front of proteolytic
enzymes, together with its strong inhibition of digestive and mast-
cell carboxypeptidases, may help to prolong the survival of this
parasite inside the host. Overall, the findings derived from the
analysis of ACI and its truncated variants constitute a basis for
the design of novel variants of minimal size able to target MCPs
of potential biotechnological or biomedical interest (33).
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