VI- Treball 3.  Monitoring the
protein folding by D/H exchange
followed by MALDI-TOF MS



VI.A Introduction

The folding of the smdl disulfide-rich proteins has been broadly studied as a good approach to the
genera understanding of the protein folding problem (Chang et a; 2000). Although protein folding
basically depends on the amino acid sequence (Anfinsen, 1973), the rules that govern the folding
process still remain to be established and detailed (Fersht and Daggett, 2002). The process is
characterized by the appearance and disappearance of a number of partially structured folding
intermediates and the isolation and characterization of these intermediates contribute significantly
to the understanding of the folding process. In the case of the small disulfide-rich proteins, their
folding is subgantialy driven and congrained by the disulfide-bond formation. Therefore, the
characterization of the number and pairing of disulfide bonds of the folding intermediates and their
kinetics of appearance and disappearance allows the characterization of important aspects of their
folding process.

The acid-trapping method followed by reverse-phase high pressure liquid chromatography (RP-
HPLC) is a smple and quick approach to isolate and study disulfide folding intermediates.
Typicaly, the folding reections are performed a pH 7-8.5, and then time-course samples are
guenched with acid or the sulfhydryl groups are blocked to stop disulfide formation (Konishi et d,
1982). Afterwards they can be analyzed by RP-HPLC and characterized by mass spectrometry
(MS), amino acid andysis and disulfide analyss (Thannhauser et a, 1998). Using this
methodology the folding and unfolding process of an important number of smal disulfide-rich
proteins have been eucidated (Weissman and Kim; Chatrenet & Chang, 1993; Chang et a, 1994,
Chang, 1995) and some differences among their folding mechanisms have been observed. For
hirudin, potato carboxypeptidase inhibitor (PCI) and tick anticoagulant peptide (TAP) the folding
process is characterized by a high heterogeneity of 1 and 2-disulfide intermediates and by the
presence of 3-disulfide scrambled species, and their reductive unfolding follows an dl-or-none
mechanism (Chang, 2000). For epiderma growth factor (EGF) and leech carboxypeptidase
inhibitor (LCI) a heterogeneity of 1 and 2-disulfide species and of scrambled forms are detected
along their folding pathway, but there is dso an stable intermediate that in the case of EGF contains
al native disulfide bonds except one. This stable intermediate accumulates during both protein
folding and reductive unfolding and acts a kinetic trap (Chang, 2000 and Sadamanca € 4.,
unpublished results).

The acid-trapping method is a useful approach to study the disulfide folding mechanism, but it
poorly contributes to elucidate the conformationa stability of the trapped folding intermediates.
Severa attempts of resolving three-dimensiona structures of disulfide folding intermediates by
NMR were unsuccessful and only one has been reported (Gehrmann et a, 1998). Although NMR is
aso capable of andyzing the conformationa stability of folding intermediates through the amide

proton/deuteron (H/D) exchange, the large amounts of these species required and sometimes, their



poor solubility at the required concentration for anadyss, severdy limited its use for folding
studies. However, other approaches with capability for such kind of H/D anadysis, but less
demanding in terms of sample quantities required, may be very useful. We propose the use of
matrix-assisted laser desorption/ionization- time of flight (MALDI-TOF) mass spectrometry (MS)
for this goal.

MALDI-TOF mass andysis is a broadly used method for mass measurements of biologica
molecules (Beavis & Chait, 1990). Recently, MALDI-TOF MS has been used to follow H/D
exchange for the study of protein-protein interaction (Mandell e a, 1998) and for the
characterization of the oability and conformation of proteins (Villanueva e d, 2000,
Ghaemmaghami et a, 2000). While H/D exchange coupled to MALDI-TOF MS has been used to
obtain structura and conformational stability information, only H/D exchange coupled to
electroespray ionization (ESI) has been used to study protein folding (Miranker et a, 1996 and
Jeng et d, 1990). The homogeneity and stability of the native state of proteins, make them
relatively smple to describe. Contrarily, the characterization of folding intermediates and unfolded
states is a more difficult issue, due to the short-life and conformational heterogeneity of these
molecules.

In the present work, we have applied a methodology based on the hydrogen exchange of proteins
monitored by MALDI-TOF MS, previoudy reported by our group, to characterize the protein
folding process of disulfide-rich proteins (Villanueva et d, 2000). Two smdl disulfide rich
proteins, hirudin core domain and LCI have been chosen, since their folding mechanism have been
previoudy studied and they represent two different folding modes of disulfide-rich proteins
(Chang, 1993; Sdamanca et a, unpublished results). The comparison of the number of dow
exchanging protons of different samples aong the folding pathway provides an easy and fast way
to follow the protein folding process. The picture here stated for hirudin and LCI folding is in good
agreement with those previoudy described by the acid-trapping method and RP-HPLC.
Additiondly, D/H exchange experiments on purified folding intermediates were performed in order
to characterize their conformationa stability. The data provided evidence that the conformational
gtability correlates well with protein folding progress, but not necessarily with the number of
disulfide bonds of the folding intermediates. Since we are aso able to quantify the extent of the
unfolding of each of the folding intermediates, we can measure the contribution of the disulfide
bonds versus non-covalent forces in the folding process of the small disulfide-rich proteins.

VI.B Experimental Procedures

VI.B.1 Folding experiments

0.5 mg lyophilized diquots of protein (hirudin or LCl) were dissolved in 0.5 mL guanidinium
chloride (GndCl) 8M, dithiotreitol (DTT) 30 mM, Tris-Cl 0.5 M, pH 8.5. After 3 hours at 25°C the
sample was acidified to pH 3.0, adding trifluoroacetic acid (TFA) to prevent disulfide formation,



and the reduced and denatured protein was filtered through a PD-10 column (Pharmacia)
equilibrated with 20 mM glycine pH 3.0, to remove the denaturant and the reducer. The protein
was collected in 1.2 mL sample, split in three diquots and lyophilized.

Folding experiments in a protonated buffer. An aiquot of lyophilized protein collected from the
PD-10 column was dissolved in 400 m of 0.1 M TrisCl, pH 8.5. At these conditions, the disulfide
formation is favored and the protein starts its refolding process. In the case of LCI, the refolding
buffer contained ImM reduced glutathion (GSH) and 0.5 mM oxidized glutathion (GSSG), and in
the case of hirudin contained 0.1 mM GSSG. Samples of al reaction mixtures were collected in a
time-course manner and trapped by mixing with equal aiquots of water containing 1%TFA and
analyzed by reverse phase-high pressure liquid chromatography (RP-HPLC) on a C4 0.46x25 cm 5
mm column (Vydac). The chromatographic conditions used were: solvent A, water containing 0.1%
TFA and solvent B, acetonitrile containing 0.1% TFA. The gradient was linear, 20%-40% solvent
B in 40 minutes for LCI and 15%-35% solvent B in 40 minutes for hirudin.

Folding experiments in a deuterated buffer. For LCI, an aliquot of lyophilized protein collected
from the PD-10 column was dissolved in 100 m of deuterated buffer (glycine, pD 3.0) and
incubated for 1.5 hours at 90°C in order to exchange completely al labile protons, and afterwards it
was maintained for 30 minutes at room temperature. The deuterated sample was lyophilized and
dissolved in 400 m of the deuterated refolding buffer (TrisHCI 0.1 M, pH 8.5, containing GSSG
0.5 mM and GSH 1 mM). Samples of the refolding mixture were taken in a time-course manner,
trapped by sample acidification with DCl 1 M and lyophilized.

For hirudin, an adiquot of lyophilized protein collected from the PD-10 column was dissolved in 80
m of deuterated buffer (glycine 20 mM, pH 3.0 containing GndCl 2 M) and incubated for 1.5 hours
a 70°C in order to exchange completely all labile protons and, afterwards, it was maintained at
room temperature for 30 minutes and diluted to a final volume of 400 m of deuterated refolding
buffer (TrisHCI 0.1 M, pD 8.5 containing 0.1 mM GSSG) and diquots of the refolding mixture
were taken in a time-course manner, trapped by acidification with DCI 1 M (find pD 2.0) and
lyophilized.

VI.B.2 Isolation of refolding intermediates

For LCI, an diquot of the sample eluted in the PD-10 column was dissolved in 400 n of refolding
buffer (TrisHCl 0.1 M, pH 8.5) containing 0.5 mM GSSG. Half of the refolding mixture was
trapped a 2 minutes by mixing with water containing 1% TFA and purified by RP-HPLC as
previousy described. The reduced form, and a mixture containing 1 and 2-disulfide forms were
collected (Figure 4A1). The other half of the refolding mixture was trapped a 1 hour by mixing
eith an equal volume of water containing 1% TFA. The 3-native disulfide form, a mixture of
scrambled species and the native form, were purified by RP-HPLC (Figure 4A2).



For hirudin, two diquots of the sample euted in the PD-10 column were dissolved in 400 m of
refolding buffer. One of the aiquots was dissolved in TrisHCl 0.1 M, pH 8.5 containing 0.1 mM
GSSG and the refolding process was stopped at 1 minute by addition of water containing 1% TFA.
From this sample, the reduced form and a mixture of species of 1 and 2-disulfides were purified by
RP-HPLC (Figure 2.A1). The second aliquot was dissolved in TrisHCl 0.1 M, pH 8.5 containing
0.1 mM GSSG and after 24 hours the refolding mixture was trapped by acidification with water

containing 1% TFA and the native form and a mixture of scrambled species were collected from
the RP-HPLC purification (Figure 2.A2).

All isolated intermediates were lyophilized in 5 ng aliquots. LCl samples were ressuspended in 5
nm of deuterated buffer (glycine 20 mM, pH 3.0), incubated a 90°C for 1.5 hours to exchange al
labile protons and afterwards were maintained at room temperature for 30 minutes to refold
properly. Hirudin samples were dissolved in 5 mi of deuterated buffer (glycine 20 mM, pH 3.0
containing GndCl 2 M), incubated for 1.5 hours a 70°C to exchange dl labile protons, diluted 1:4

with deuterated water to afinal 0.4 M GndCl concentration and maintained at room temperature for
30 minutes.

VI.B.3 Deuterium to proton exchange (D/H)

Samples were diluted 1:4 with ammonium citrate (50 mM, pH 4.0) to start the hydrogen exchange.
Samples were taken in a time-course manner and mixed 1:1 with sinapic acid (pH 2.0) to be
andyzed by MALDI-TOF MS. The sample acidification, together with the so-called crystdlization
process, ows down considerably the exchange rate.

VI.B.4 Analysis of disulfide species

Fractions of acid-trapped refolding samples (» 10 ng) were lyophilized and free cysteines (cys)
were blocked with iodoacetic acid (1 M) in 30 m of TrisHCI buffer (0.5 M, pH 6.5) containing
40% (by volume) of dimethylformamide. The carboxymethylation reaction was allowed to proceed
for 30 minutes at room temperature. At these conditions the equilibration of intermediate isomers
during carboxymethylation is inhibited (Chang, 1993b). Samples were diluted 1:9 with water
containing 0.1% TFA and were analyzed by MALDI-TOF MS. Each carboxymethylated free cys
increases the molecular mass by 59 Da.

VI.B.5 MALDI-TOF MS analysis

Molecular masses were determined by MALDI-TOF MS on a BRUKER-BIFLEX spectrometer.
lonization was accomplished with a 337 nm pulsed nitrogen laser and spectra were acquired in the
linear positive ion mode, using a 19 Kv acceleration voltage. Deflection of the low mass ions was



used to enhance the target protein signa. Samples were prepared mixing equa volumes of the
protein solution and a saturated solution of singpic acid, used as a matrix, in aqueous 30%
acetonitrile with 0.1% TFA.

In the D/H exchange experiments, two sample aliquots were analyzed at each time and each sample
was anayzed twice. The media of the mass values corresponding to the centroid of the peaks and
the standard deviation was calculated for each time and compared to an externa unlabeled control
(next spot), whose mass was determined by duplicate. The number of retained deuterons was
caculated by subtraction of the average mass of the control from the average mass of each sample
and the accuracy in mass determination was calculated as.

Sample: x+a

} (X‘y)i(a2+b2)l/2
Control: y+b

VI.C Results

VI.C.1 Measurement of D/H exchange of hirudin during its oxidative refolding by
MALDI-TOF MS

Hirudin is a thrombin specific inhibitor isolated from Hirudo medicinalis. The sequences of the
natural variants contain from 64 to 66 residues and 6 cys that form 3 disulfide bonds in the native
structure. Hirudin core domain (amino acids 1-49) is biologicdly active and is the only part of the
protein that requires proper folding to maintain its biologica activity (Chang et d, 1990). The
folding pathway of hirudin (1-49) has been previously described and is characterized by a first
stage of nonspecific disulfide pairing and a second stage of disulfide reshuffling (Chatrenet and
Chang, 1993). In the first stage, the flow of disulfide species advances from fully reduced hirudin
to equilibrated 1-disulfide, 2-disulfide and findly 3-disulfide (scrambled) forms. The second stage
is the limiting step and it is characterized by the reshuffling of the scrambled species to reach the
native disulfide pairing. Hirudin shares with PCl and TAP a smilar oxidative folding mechanism
(Chang et a, 1994 and Chang, 1996), with no evidence of stable 2-disulfide intermediates aong the
folding process.

Hirudin oxidative folding experiments were performed in the presence of 0.1 mM GSSG in
TrisHCI buffer (0.1 M, pH 8.5). Time-course acid-trapped samples were analyzed by RP-HPLC
(Fig 1A) and the disulfide content of their folding intermediates was calculated by integration of
the MALDI-TOF masss spectra of the carboxymethylated samples (carboxymethylation of free cys
increases the protein molecular weight by 59). The refolding samples chosen to further characterize
the stability of their intermediates were: the 1 min refolding sample, which contains reduced
hirudin and 1 and 2-disulfide intermediates as major species; the 15 min sample, which contains 1
and 2-disulfide intermediates as mgor species;, the 120 min sample, which contains 2 and 3-



disulfide intermediates, as maor species and finaly the 1440 min sample, which contains 100% 3-
disulfide intermediates, with about 60% of native form (data obtained from the integration of the
peak areas of the corresponding RP-HPLC profile)(Fig 1B).
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Figure 1. Characterization of time-coursein vitro r efolding samples of hirudin in the presence of 0.1 mM GSSG.
(A) Samples were analyzed by RP-HPLC on a vydac C4 column. Native hirudin (N) and reduced form (R) are
indicated. (B) The disulfide content of the samples was calculated by MALDI-TOF MS analysis of the
carboxymethylated molecules. (C) D/H exchange experiments of the refolding samples detected by MALDI-TOF
MS. The number of protected deuterons (increment in mass relative to the protonated protein ) as a function of
exchangetime.

Lyophilized deuterated aliquots corresponding to these four refolding times were used to perform
the D/H exchange experiments and the number of deuterons retained in the samples was calculated
at different times by MALDI-TOF MS analysis (see experimental procedures). The kinetic plots of
the D/H exchange of the refolding samples show that the number of retained protons increases
adong the folding pathway, indicating that the folding intermediates display a higher
conformational stability when the folding process progresses (Fig 1C). We find the maor
differences between the 120 min and the 1440 min refolding samples, which suggests that exists an
important difference in dability between the 3-disulfide isomers and the other disulfide
intermediates. Additionaly, we observe that the 1 min refolding sample presents 4 retained
deuterons, dthough it contains basically reduced hirudin and 1 and 2-disulfide species. Since
reduced hirudin is an dmost unfolded form, such extra protection observed in this refolding time
should be due to the mixture of 1 and 2-disulfide species.

VI.C.2 Measurement of D/H exchange of isolated intermediates of hirudin oxidative
refolding by MALDI-TOF MS



Refolding samples are a mixture of hirudin species. In order to characterize the stability of the
intermediates containing different number of disulfide bonds, the refolding samples were anadyzed
by RP-HPLC and the intermediates were isolated. Denatured and reduced hirudin was alowed to
refold in the presence of 0.1 mM GSSG. From the 1 min refolding sample the reduced form and a
mixture of 1 and 2-disulfide species were isolated (Fig 2.A1) and from the 1440 min sample the
native form and the scrambled species were purified (Fig 2.A2). These four ensembles of
molecules were lyophilized and deuterated and the D/H reactions were performed a room
temperature, taking samples in a time-course manner and anayzing them by MALDI-TOF MS.
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Figure 2. D/H exchange of isolated intermediates of hirudin folding. (A) RP-HPL C chromatographic profiles of
refolding samples of hirudin in the presence of 0.1 mM GSSG. (A1) 1 min refolding sample of hirudin. The
isolated species are indicated: Reduced form (R) and the mixture of 1 and 2-disulfide species (I-11). (A2) 24 hour
refolding sample of hirudin. The isolated species are indicated: scrambled forms (S) and native form (N). (B)
Exchange of fully deuterated intermediates of hirudin folding by MALDI-TOF MS as a function of time. The
number of protected deuteronsistheincrement in mass (Da) relativeto the protonated protein.

Native hirudin showed the highest number of protected deuterons, nearly twice the number of

retained deuterons by the scrambled species (Fig 2B), which indicates that the conformational

sability of native hirudin is not only due to the content of disulfide bonds, but also to other non-
covalent interactions that are present in the protein when it adopts the proper disulfide pairing. The
results also suggest that in the case of hirudin the disulfide-bond formation is absolutely necessary
to achieve some degree of stability, since the reduced form hardly presents protected deuterons.

VIL.C.3 Measurement of D/H exchange of LCI during its oxidative refolding by MALDI-
TOF MS

LCI isa65 amino acid carboxypeptidase inhibitor isolated from Hirudo medicinalis (Reverter et al,
1998), and its sequence contains 8 cys that form 4 disulfide bonds in its native structure (Reverter



et a, 2000). The in vitro disulfide folding pathway of LCI has been previoudy studied and it is
characterized by a first stage of nonspecific disulfide pairing, which is characterized by the flow of
fully reduced LCI through equilibrated 1-disulfide, 2-disulfide and 3-disulfide isomers to reach the
scrambled species and a second stage of disulfide reshuffling to dlow the native disulfide pairing
formation (Salamanca et al, unpublished results). It has been hypothesized that the presence of a
stable 3-disulfide isomer during the oxidative refolding of LCI could correspond to a kinetic trap.
On these basis, LCI oxidative refolding would resemble that of EGF, the folding of which aso
progresses through a 2-disulfide stable isomer that contains two native disulfide bonds (Chang et
al, 1995).

Time-course acid-trapped refolding samples of LCl were analyzed by RP-HPLC (Fig. 3A). Four
representative refolding times were chosen and their disulfide contents were analyzed by MALDI-
TOF MS (Fig 3B): the 5 min sample, which contains reduced LCI, 1, 2 and 3-disulfide isomers and
scrambled forms as major species; the 15 min sample, which contains 1, 2 and 3-disulfide isomers
and scrambled forms as major species; the 3 hour sample, which contains scrambled forms, a 3-
disulfide stable isomer and native form; and the 7 hour sample, which contains native LCI and the
3-disulfide stable isomer as major species.
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Figura 3. Characterization of time-courserefolding samplesof LCI. (A) Sampleswere analyzed by RP-HPLC on
a Vydac C4 column. Native hirudin (N) and reduced form (R) are indicated. (B) The disulfide content of the
samples was calculated by MALDI-TOF M S analysis of the carboxymethylated molecules. (C) D/H exchange
experiments of the refolding samples detected by MALDI-TOF MS. The number of protected deuterons
(increment in massrelativeto the protonated protein ) as a function of exchange time.



To perform the D/H exchange experiments, lyophilized deuterated aliquots corresponding to the 5
min, 15 min, 3 hour and 7 hour refolding samples were ressuspended in 10 m of ammonium citrate
(pH: 4.0) to initiate the D/H exchange reaction, and samples were taken in a time-course manner
and analyzed by MALDI-TOF MS. The number of deuterons protected from D/H exchange was
caculated in each time of the exchange reaction for al four folding samples (see experimenta
procedures). The kinetic plots of the D/H exchange show that the number of deuterons retained by
the LCI species in the folding samples increased along the folding process (Fig 3C). The kinetics of
the process was similar for al tested samples, and in al cases an exchange plateau was reached
about 24 hours after the D/H exchange reaction was initiated. The number of retained deuterons
increased from the 5 min refolding sample to the 15 min and findly to the 3 hour refolding sample.
However, in no case the differences were as important as observed present between the 3 hour and
the 7 hour refolding samples. In fact, both samples contain a smilar disulfide content, but in the 3
hour sample about 50% of the 4-disulfide species are scrambled forms, and the 7 hour sample only
contains a 10% of scrambled forms (data obtained from the integration of the pesk areas of the
corresponding RP-HPLC profiles). This suggest that there is an important difference in stability
between the native and the scrambled forms.

VI.C.4 Measurement of D/H exchange of isolated intermediates of LCI oxidative
refolding by MALDI-TOF MS

In order to characterize the D/H exchange kinetic plots of the most representative intermediates of
LCI oxidative refolding, denatured and reduced L CI was refolded for 1 hour in the presence of 0.5
mM GSSG and afterwards it was acid-trapped and analyzed by RP-HPL C to isolate the 3-disulfide
stable intermediate (Salamanca et a, unpublished results), scrambled species and the native form
(Fig. 4A1). Another sample was refolded for 2 minutes in the presence of 0.5 mM GSSG and
afterwards it was acid-trapped and analyzed by RP-HPLC to isolate a mixture of 1 and 2-disulfide
isomers and the reduced form. Aliquots of each sample were lyophilized and deuterated and,

afterwards, the D/H exchange experiments were initiated. Samples were taken in a time-course
manner and analyzed by MALDI-TOF MS as previously described.

Significant differences were observed among the kinetic plots of the D/H exchange reaction of the
5 isolated intermediates. Native LCI showed the highest number of protected deuterons -about 27-,
a fact which agrees with the 7-hour folding sample that contained native LCI as the mgjor specie
(about 75%) and presented 23 protected deuterons. Since these samples proceed from two different
sources, and have been deuterated in different ways, this gives us indication that none of these
parameters does interfere in the final number of protected deuterons.
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Figure 4. D/H exchange of isolated intermediates of LCI folding. (A1) RP-HPLC chromatographic profile
corresponding to the 60-minute refolding sample in the presence of 0.5 mM GSSG. The isolated speciesare
indicated: scrambled forms (S), 3-disulfide stable isomer (I11), and native form (N). (A2) RP-HPLC
chromatographic profile corresponding to the 2-min refolding sample in the presence of 0.5 mM GSSG. The
isolated species are indicated: reduced form (R), 1 and 2 disulfide species (1/11). (B) Exchange of fully deuterated
intermediates of LCI folding by MALDI-TOF MS as a function of time. The number of protected deuteronsis
calculated from theincrement in massrelative to the protonated protein.

Interestingly, the scrambled forms and the 3-disulfide stable isomer showed a smilar protection.
Although the molecules possess a different number of disulfide bonds -three and four, respectively-
they apparently present the same conformationa stability. Findly, the mixture of 1 and 2-disulfide
species shows 7 protected deuterons, about 1/4 of those found in the native form, indicating that
these species are rather unstable.

VI.D Discussion

Results obtained in this work show that the use of the hydrogen exchange methodology previoudy
reported by our group (Villanueva et a, 2000) can be applied to the study of protein
conformational stability, providing an informative complement to the acid trapping method to
study the folding pathway of disulfide-rich proteins. In this work, the acid trapping approach
monitored by RP-HPL C, has been used to group and fractionate the different folding intermediates
whereas the hydrogen exchange method monitored by MALDI-TOF MS, has been used to
characterize the unfolding extent of the different species along the folding pathway. The
comparison between both methods indicates that the increasing amount of deuterons retained
during the refolding samples can be assigned to the disappearance of reduced, 1 and 2-disulfide
forms and to the appearance of scrambled forms and, findly, to native form.



VI.D.1 Comparison of the folding path ays of LCI and hirudin.

When comparing the LCI and hirudin folding described by the acid-trapping RP-HPLC method it
was concluded that these proteins were models of two different folding mechanisms (Chang et d,
2000; Sdlamanca et a., unpublished results). Folding of hirudin is characterized by a high
heterogeneity of 1 and 2-disulfide intermediates and by the presence of scrambled 3-disulfide
isomers as folding intermediates. Differently, during LCI folding, apart from highly heterogeneous
1 and 2-disulfide intermediates and scrambled 4-disulfide isomers, a sable 3-disulfide
intermediate, that accumulates rapidly along the folding pathway, could be detected.

In the case of hirudin we observe a growing protection aong the folding pathway: the O, 1 and 2-
disulfide intermediates showed a number of protected deuterons lower than the 3-disulfide
scrambled forms, whilst the protection of these scrambled forms was inferior to that of native
hirudin. In contrast, dong LCI folding not al intermediates with a higher number of disulfide
bonds showed a higher number of protected deuterons. Both, LCI scrambled forms -containing 4
disulfide bonds- and the stable 3-disulfide intermediate presented a smilar protection in the D/H
exchange reactions despite having a different disulfide bond content (Fig. 5). This apparently
shocking result could imply that such LCl 3-disulfide intermediate displays a smilar stability to
that of the 4-disulfide scrambled forms.

VI.D.2 LCI inetic trap

It has been suggested that the last NH hydrogens to exchange in a protein are located in the most
rigid part of its structure and congtitute a three-dimensiona cluster caled the dow exchange core,
which is expected to be formed by segments of secondary structure that are tightly packed and
collapse early during folding (Kim et a, 1993 and Woodward, 1993). Thus, we could assume from
our hydrogen exchange results that the LCI 3-disulfide stable intermediate contains an amount of
secondary structure higher than expected. This fact would contribute to the over-gtabilization of the
intermediate, promoting its accumulatiion in relaion to the other 3-disulfide intermediates.
Therefore, it would act as a kinetic trap in the same way that EGF-1l acts in the EGF folding
pathway (Chang et a, 1995). Whether this extra amount of secondary structure present in the I11-
disulfide stable intermediate is native-like, it is not clear yet. Actualy, this hypothess is being
tested in our laboratory through structural characterization of such a 3-disulfide intermediate. In the
case of EGF-II, this intermediate needs to undergo a genera rearrangement and be transformed into
different scrambled forms before acquiring the native disulfide bonds, a fact which seems to
indicate that the EGF-11 structure is not native-like.



VI.D.3 The intert ining dependence of the disulfide bonds and non-covalent forces

Disaulfide bonds are known to enforce the stability of native proteins (Chang, 1997). Less certain is
how disulfide bonds interact with non-covalent forces to stabilize the folded native conformation.
For hirudin, PCI and TAP proteins, the non-covalent interactions do not actively drive or direct the
folding until non-native disulfides are formed. In this first stage of folding the role of the
nonspecific disulfide pairing is to cross-link the protein at its unfolded state to decrease its entropy.
Otherwise, the second stage in the folding process, that is the conversion of scrambled disulfides to
the native disulfides, is driven by the non-covalent interactions (Chang, 1997). For LCl and EGF
the folding process is similar to that of hirudin, PCI and TAP. However, non-covaent interactions
are probably involved in the formation of a stable intermediate during the first stage of the folding
process, which facilitates the formation of scrambled species.

A
1004 —— Native — Native
90- HE
©|.=
— 80 HE
S iz
< 70 5|2 lil-disulfide stable form
> ==
= 604 ___ Scrambled Scrambled
| 504
B sy Il disulfides o
= |T
304 =5 I/l disulfides
= |l
207 ©
100 — Reduced Reduced
Hirudin LCI

Figure 5. Stability of hirudin and LCI isolated refolding intermediates. The stability of the intermediates was
calculated as the percentage of protected deuterons retained by each intermediate relative to the deuterons

retained by the native form.

The acquisition of conformationad stability aong the folding pathway for hirudin and LCI takes
place, smilarly, in two stages. In the first stage a gradua increase in protein stability is observed.
About 60% of the native state stability is achieved in the transition from the reduced form to the
scrambled species (through folding intermediates with an increasing number of disulfide bonds)
(Fig.5). In the second stage a step rise in conformational stability from the scrambled to the native
form is detected. These data show that even though the scrambled forms contain the same number
of disulfide bonds than the native form, they are much more unstable forms (about a 40%
difference in conformational stability). This 40 % is an estimation of the contribution of non-
covaent interactions to the folding process of the small disulfide-rich proteins. These results agree
with the large differences observed between the inhibitory activity of native PClI and their
scrambled forms. PCI is also a small disulfide-rich protein that inhibits carboxypeptidase A with an
inhibition constant in the nanomolar range (Molina et a, 1994). When the inhibitory activities of
PCI scrambled forms were tested, the results showed that the inhibition constants were three orders



of magnitude higher (in the micromolar range) (Pavia et a, unpublished results). In addition,
several attempts of resolving their NMR three-dimensiona structures have been unsuccessful.
Findly, the NMR studies of a-conotoxin scrambled forms showed that these species present an
increase in conformational heterogeneity -each scrambled form presents multiple conformers in
solution- and a decrease in thermodynamic stability (Gehrmann et a, 1998). All these facts could
be explained if we consder the scrambled forms as highly flexible unstable species that only
present the disulfide bonds as major stability elements and without the contribution of non-covalent
interactions.
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VIlI- Resum i discussié general



El PCI, lahirudinai e LCI formen part del grup de proteines pet itesi riques en ponts disulfur. Dins
aguest grup de proteines trobem factors de creixement, toxines, inhibidors de proteases... que son
molécules amb potencias aplicacions biotecnologiques. Des ddl punt de vista de la seva produccié
recombinant, sdn proteines de dificil obtencio, ja que I’éevat nombre de ponts disulfur fan que €
seu rendiment de produccié sigui baix, i que en molts casos s acumulin formes mal plegades, o bé
gue es formin cossos d'inclusié. Des del punt de vista del seu plegament son proteines ampliament
estudiades, ja que @ seu plegament esta dirigit principalment per la formacié dels ponts disulfur; i
aixo fa que siguin una bona aproximacio a procés genera de plegament proteic.

En & primer treball d’ aquestates s aprofundeix en I’ estudi de la produccié recombinant del PCI en
flasco. S avaluen tres sistemes d’ expressio extracel.lular de PCI: un sistema eucariota (P.pastoris) i
dos sistemes procariotes (E.coli). S optimitzen diversos parametres per tal de millorar € seu nivell
de produccié recombinant; per exemple la font de carboni, I’agent inductor de I'expressié o €
temps de produccio, i es busguen sistemes que ens permetin smplificar € seu procés de
purificacio.

En & segon treball s anditza € paper de les regions precursores del PCl, especiament de la pro-
regio N termina, en e plegament de la forma madura. S estudia € replegament in vitro de les
diverses pro-formes del PCl per tal de caracteritzar la seva influencia sobre la velocitat o la
eficiencia del procés. També s estudia la influéncia de la pro-regié N termina in vivo en E.coli per
alguns mutants del PCI i finAment es duu a terme una caracterizacio estructural de la forma
corresponent al PCl amb la pro-regié N-terminal.

En d tercer trebal també s anditza e procés del plegament proteic, perd a través de I'estudi de
dues proteines diferents, que també pertanyen a grup de proteines petitesi riques en ponts disulfur:
la hirudina i € LCI. Es determina € seu procés de plegament mitjancant la caracteritzacio de
I'estabilitat conformacional dels seus intermediaris de plegament usant la técnica del bescanvi D/H
i es compara amb els resultats obtinguts per altres aproximacions experimentals. S estudien, des
d'un punt de vista d estabilitat, les diferencies existents entre els dos models de plegament que
representen les dues proteines, i es calcula la importancia de les interaccions covalents i no -
covaents en les proteines natives.

En @ primer treball (descrit en I'apartat 1V d aquesta tesi) es desenvolupen diversos sistemes de
produccio de PCI mitjancant expressio heterologa en flascd. Fins d moment d'iniciar-se € treball,
el sistema descrit per a la produccio de PCI en flasco era mitjangant € vector pIN3OmpAlIl i la
soca MC1061 d'E.coli i menava a una produccio de PCI entorn de 1-2 mg/L (Malinaii col., 1992).
El primer sstema estudiat en aguest treball fou € del llevat metil.lotrofic P. pastoris, ampliament
descrit com a productor d’ dts nivells de proteines heterologues (Cerghino i Cregg, 2000). A causa
de I'élevat nombre de ponts disulfur de la nostra molécula es va escollir un vector d expressio



extracdl.lular (pPIC9) i es va comprovar |’ estabilitat de la nostra proteina en € medi de cultiu, fins

ales 72 hores. En d triatge andlitic redlitzat amb 20 colonies transformades ala soca GS115 esva
observar que hi havia una variacié important en la produccié de la proteina recombinant que

abarcava des d’'uns nivells practicament nuls fins a uns 5 mg/L. Aquesta vasta variacio esta
probablament relacionada amb € fenotip d' utilitzacié de metanol. En genera, s observava una
tendéncia dels clons mut® a una produccié6 més elevada de PCI, la qua cosa indica que un
creixement lent afavoreix la produccié de la nostra proteina.

L’ expressio heterdloga del PCl en P.pastoris en condicions optimes, a partir del clon escallit en €
triatge andlitic i usant flascons de 2 litres, va conduir a una produccio find de 5,5 mg/L de la nostra
proteina; unes tres vegades superior a sistema de partida (plN3OmpAlll -PCI). El fet que amés del
PCl també s hagin descrit bons nivells de produccié per dtres proteines riques en ponts disulfur

(Rosenfeld i col., 1996; Laroche i col., 1994; Brankamp i col., 1995) que Shan expressat
extracel lularment a P.pastoris sense problemes importants, sembla indicar que aguest és un
sistema idoni per a I’obtencié d'aquest tipus de proteines. En atres sistemes, com ara E.coli,
I’ expressi extracel .lular d’ aguest tipus de proteines acostuma a donar uns rendiments de produccié

de proteina molt més baixos i obliga a abordar la produccio a través d’ una expressio intracel lular,
gue condueix alaformacio de cossos d'inclusio, obligant a un posterior replegament de la proteina.

La segona estrategia que vam emprar per a l’expressié heterologa del PCI fou la fusié a una cua
d higtidines per I’extrem N-termind i produccio en la soca MC1061 d E.coli mitjancant € vector
pIN3OmpAIIl. La principa finalitat d’ aguest sistema era aconseguir purificar la proteina en una
Unica etapa cromatografica mitjancant una cramatografia o afinitat de Ni**, que es basa en I’ afinitat
que presenten les higtidines per aguns ions metd.lics, entre dls € nique; i d aguesta manera
eliminar passos cromatografics que disminueixen & rendiment proteic. Entre la cua de 6 His i €
PCl esvacol.locar un residu d Arg, que és una diana de tall de latripsing, per tal de poder eiminar
la cua després de purificar la proteina, s fos necessari. Es va emprar €l vector pIN30OmpAlll, el
mateix que en € sistema de partida, que conté un promotor | pp-lac induible mitjangant IPTG, i que
integra € gen de resstencia a I’ampicil.lina i € péptid senyd (PS) OmpA que condueix a una
expressio periplasmatica. Tot i que es va aconseguir la produccié de proteina bioldgicament activa
(mostrava activitat inhihidora vers la CPA), aguesta no presentava la cua de histidines N-termind.
El seguiment per MALDI-TOF MS de la produccié de la nostra proteina ens va permetre observar
gue es produia una degradacié rapida i seqiencia a partir de I'’extrem N-terminal de la cua
d higtidines en € periplasmad E.coli.

Aquest fet, juntament amb la degradacio també observada en I'expressid extracel.lular de
ProNtPCl (PCI amb la proseqliencia N-terminal, descrit a treball 2, apartat V d’' aquesta tesi) fa
pensar que, a diferéncia de lagran estabilitat que caracteritzala proteinamadura, les extensionsala
zona N-termina de la proteina generen variants molt labils i susceptibles de degradacio. Els tres
ponts disulfur confereixen a la proteina madura un nucli centrad molt es table, pero I'addicié de



resdus a la zona N-termina segurament provoca que I'estructura de la cua N-termina
esdeveningui més labil, convertintse en un candidat facil per al’acci6 de les peptidases.

Finalment vam decidir expressar la nostra proteina en un sistema de secreci6 extracel.lular pero
utilitzant un vector derivat dels pET (Studier i col., 1998), on la proteina es troba sota € control
d'un promotor fort, & delaT7 RNA polimerasa, i la seva expressio és induida per addicio d'IPTG
a cultiu. El vector escallit fou € pBAT4 (Peranen i col, 1996) amb € PS OmpA, que en principi
condueix a una expressio periplasmatica. Es va observar una acumulacié mgjoritaria del PCI a
medi extracel.lular, tal com també s ha descrit per altres proteines (Hewin son i Russdl, 1993 i
Manosroi i col., 2001).

La soca d'E.coli emprada fou la BL21(DE3) que és deficient en algunes proteases, per tal de
minimitzar els processos de degradacié. Mitjancant estudis analitics d’ expressio es varen optimitzar
diversos parametres que afecten ala produccio proteica, tals com la naturalesa o concentracié de la
font de carboni i d tipus d'agent inductor de I'expressd. Com en e cas abans mencionat
(P.pastoris) es va observar que un creixement lent (en preséncia de glicerol) afavoriala produccio
de PCI; en canvi s aguest creixement tenia lloc de forma rapida (en preséncia de glucosa) la
produccié disminuia. Aquest fet, també observat en I’ expressio d altres proteines, s ha relacionant
amb la saturacié de la maquinaria d’ exportadd quan es treballa amb creixements molt rapids, la
gual cosa podria conduir a la formacid de cossos d'inclusié per part de la proteina estudiada
L’ optimitzacié de la produccié de PCl en aquest sistema va permetre obtenir la proteina a una
concentracié d'uns 15 mg/L, en flasco. Aixo representa un augment de 10 vegades respecte
sistema de partida.

Es per tant evident, que en es dos sistemes d expressié de PClI amb secrecié extracel lular aqui
investigats, en P.pastorisi en E.coli, s obté un mgor rendiment de producci¢ de proteina. En €l cas
de les proteines riques en ponts disulfurs, la secrecié de les proteines recombinants és una

edrategia a bastament utilitzada, ja que I'espal periplasmatic, a diferéncia del citosol, és un
compartiment oxidant i, per tant, permet la formacié dels ponts disulfur. En € citosol d'E.coli, a
causa del seu caracter reductor, s acumulen formes mal plegades, que en molts casos contenen
superficies hidrofobiques exposades que promouen I’ agregacid de les molécules i la formacié de
cossos d'inclusié. En canvi, @ caracter oxidant del periplasma, juntament amb la preséncia de
cigein oxido-reductases (Dsb) que catalitzen la formacié dels ponts disulfurs, contribueixen al
plegament correcte d’ aquestes proteines. Cal remarcar que en ambdds casos es va utilitzar €
mateix sistema de purificacio, que és € mateix que € dd sistema de partida: una primera etapa
d'extraccio en fase solida (Sep pak C18), una segona etapa cromatografica de bescanvi ionic
(DEAE-SPW) i una dltima etapa cromatograficad’ HPL C en fase reversa (RRHPLC) (Vydac C4).

El rendiment de produccié de PCI en P.pastoris fou inferior que a E.coli, perd d primer sistema
presenta algunes avantatges: € volum de mostra amb & qual es comenca la purificacio és molt més
petit, d sstema d'induccié és molt barat i té una magjor estabilitat clonal, ja que € gen d'interes



sintegra al genoma de P.pastoris, i axi s eviten s problemes de segregacid que es produeixen
amb es plasmids d'E.coli. El principa inconvenient d' aguest sistema és la duracié del procés
d expressio, mentre que a E.coli nhomés calen 2 dies per a I'expressio en flascd del PCl, a
P.pastoris son necessaris 4 dies (2 dies per a creixement i dos dies per al’ expressio de la proteing).

El rendiment de produccio de 15 mg/L de PCl a E.coli en flascO representa € principal éxit
d aguest treball d’ optimitzacio de la seva expressié, ja que ens permet aplicar aquest sistema per a
la produccié de nous mutants o variants del PCl. Fins aquest moment calia escalar la produccio
d aguestes proteines en un bioreactor de 2 litres per tal de poder obtenir la quantitat necessaria de
proteina per a reditzar estudis estructurals (Raigs X, RMN...) o funcionals (determinacié de
parametres cingtics, cultius cel.lulars...). El gstema optimitzat ens permet arribar a aguestes
quantitats en flasco, la qual cosaimplica un estalvi molt important de tempsii diners.

En & segon trebal, descrit a I'apartat V d aquesta tesi, s anditza € possible paper de les pro-
sequencies N i C-terminals del PCI sobre € plegament de la proteina madura. Per tal d’ obtenir un

bon rendiment en I’obtencié de noves variants de PCI, a més d'un bon sistema de produccio
recombinant, ca que la proteina que s obtingui estigui ben plegada. El plegament i de splegament
del PCl ha sigut anteriorment estudiat en e nostre grup (Chang i col., 1994; Chang i col., 2000) i
s ha observat que @ plegament oxidatiu de la proteina madura presenta una cinetica molt lenta, fins
i tot a concentracions optimes d agents redox (2 mM Cys-Cysi 4 mM Cys) calen 3 hores per a
replegar €l PCI in vitro (Chang i col., 1994). En € cas d atres proteines petites riques en ponts

disulfur amb un plegament lent in vitro s havia observat que la presencia de les pro-seqiiencies
gudaven d plegament de la proteina madura (Weissman i Kim, 1992; Hikaka i cal., 2000). Aixo,

juntament amb la lenta cinética de plegament del PCI in vitro, ens vafer pensar que fora plausible
una accio de les pro-regions del PCI en € plegament de la proteina madur a. La pro-sequiencia C-
termina de 7 resdus presenta similituds amb altres pro-péptids de direccionament a vacuol

(Villanueva i col., 1998), per tant semblava que e pro-péptid N terminal era e principa candidat a
tenir un paper en € procés de plegament.

Amb aquest objectiu, €s estudis de replegament oxidatiu in vitro es varen redlitzar amb € PCI, €
ProNtPCI (PCI amb la pro-regié N-terminal), Pro+PCl (PCl amb la pro-regié N-termind en trans)
i & ProPCl (PCl amb les pro-regions N i C-terminals). Tant I’ eficiencia de plegament (quantitat de
proteina nativa assolida en un determinat temps), com la cinética de plegament (velocitat

d adquisicio de la forma nativa) foren similars en tots es casos, indicant que € pro-péptid no afecta
a flux d'intermediaris de | i 1l ponts disulfur i de formes scrambled que segueix & PCI madur per
arribar a la forma nativa. Tampoc es va observar cap influéncia en I’equilibri existent entre les
formes scrambled, que es trobaven en les mateixes proporcions.



Aquests resultats ens feren replantgjar parcialment la nostra hipotesi de treball i vam pensar que
potser I efecte de la prosequiencia no s observava in vitro perqué necessitava la interaccié d’ algun
altre component cel.lular i, per tant, que serien els estudis in vivo s que ens donarien una resposta
a aguesta possibilitat. A causa de la impossibilitat de dur a terme els experiments in vivo en la
planta vam decidir redlitzar-los en E.coli. Per a aquests estudis es van utilitzar e PCl i 3 mutants
gue presentaven un baix rendiment de produccié o poca eficiencia de plegament -Y 37G PCI, D3
PCI, G35P&P36G PCI- (Venhudova i col., 2000) per tal de veure s I’ efecte de la pro-segiiencia
S observava millor en els casos on la producio i/o plegament de la proteina estan desafavorits . Es
van generar aguests mutants amb la pro-regio N-termina i es va comparar € seu nivell d’ expressio
(produccio totd de proteina) i I’ eficiencia del seu plegament (quantitat de forma nativa present en
el cultiu) amb la dels mutants sense la pro-seguiéncia. Els resultats mostraren que €l PCl madur i els
seus mutants sexpressen a mateix nivell que les formes corresponents amb la pro-regié N-
terminal. Tampoc es varen observar diferéncies entre la quantitat de forma nativa o la proporcié
entre forma nativa i scrambleds. Per tant, no sembla que la pro-segiiéncia N-termind tingui una
influencia sobre € plegament in vivo a E.coli de la forma madura del PCI. En € cas que la pro-
regio N-termind influenciés € plegament del PCl interaccionant amb alguna protei na cel.lular,
aguesta probablement no es troba present en E.coli.

Curiosament, la preséncia dels propéptids N i C-terminals no tenen una influéncia negativa sobre
plegament in vitro o in vivo a E.coli de la proteina madura, tot i que de forma conjunta tenen una
mida semblant a PCl madur. L’ Us de tres técniques d' analis estructural: DC, protedlisi limitada i
bescanvi H/D seguits per espectrometria de masses MALDI-TOF, i RMN va indicar la presencia
d elements d' estructura secundaria i/o terciaria dins dd propéeptid N-termina del PCI. Aixi doncs,
tot i que no s hagi observat cap efecte de la pro-seqiiéncia N-termina del PCl in vitro oin vivo en
E.coli, e fet que aguesta pro-regié no presenti una estructura tipus random-coil i que no afecti
negativament a plegament de la proteina madura fan pensar que no és descartable un possible

efecte sobre e plegament in vivo en la planta, o bé intervenint en alguna atra funcio, com la
modulacié de la secrecidé de la proteina o bé interaccionant amb agun atre fac tor cd.lular
(chaperones...).

En € tercer treball d' aquest tes, recollit en I apartat V1, es caracteritza I’ estabilitat conformacional
dds intermediaris de plegament de dues proteines petites riques en ponts disulfur. El plegament
proteic té lloc de manera espontaniai depen de la seqiiencia aminoacidica de la proteina (Anfinsen,
1973), pero les regles que regeixen e procés son complexes i encara no S han pogut determinar del
tot. La complexitat del procés ha donat una gran rellevancia a I'estudi del plegament de les
proteines petites riques en ponts disulfur, ja que en aquestes proteines e plegament esta regit
principalment per la formacio des ponts disulfur i aixd permet caracteritzar una part dignificativa
del seu procés de plegament d’'una manera relativament senzilla, mitjancant la determinacio del
nombre i aparellament de ponts disulfur dels seus intermediaris.



Un dels metodes de més amplia utilitzacié per a la caracteritzacié del flux d aparellament de
disulfurs és la captura en medi acid seguida per RP-HPLC (Weissman i Kim, 1991). Aquest
metode es basa en la diferent reactivitat dels grups tiol de les cys en funcié del pH. En € rang de
pH en que normament s estudien els replegaments proteics (7-8,5), els grups tiol reaccionen entre
s formant enllagos disulfur. Si es baixa e pH de la reaccio (pH 2-4), es grups tiol no reaccionen
entre s i d’'aguesta manera es poden capturar €ls intermediaris de plegament. Posteriorment es
poden separar per RP-HPLC i aillar-los, es pot carcteritzar e nombre de disulfurs mitjancant la
derivatitzacio quimica de les cys no oxidades (per exemple, per aquilacid) o es pot caracteritzar la
continuacio del procés de plegament d’un intermediari purificat, ja que la captura en medi acid és
reversible (només cal tornar a pujar € pH).

Aquests estudis ens permeten anditzar ds flux de disulfurs a llarg del plegament i també ens
indiquen quins intermediaris sdn més productius (intermediaris que donen lloc a forma nativa amb
una cinética mes rapida). La poca quantitat de proteina de qué normalment es disposa i la
heterogeneitat de les mostres de plegament (ja que parlem d'intermediaris aillats i relment es
tracta d'un conjunt de formes amb un mateix aparellament de ponts disulfur perd amb un gran
ventall de configuracions) provoca que la caracteritzacié de la seva estabilitat o estructura sigui
dificil. Els estudis de bescanvi H/D seguits per MALDI-TOF MS ens permeten solventar aquest
problema ja que es poden anditzar un gran nombre de mostres, amb poc temps i emprant quantitats
minimes de proteina.

Els protons amida de les proteines bescanvien a unes velocitatls que son mesurables
experimentalment. La velocitat de bescanvi, a més de deprendre de factors externs com la
temperatura o e pH, depen de I’entorn on es troba € protd: S esta soterrat o es troba involucrat en
una estructura secundaria presenta una velocitat de bescanvi molt més lenta que s es troba
accessible a dissolvent. Aixi doncs, la determinacio del nombre de protons de bescanvi lent ens
dona informacio de I estabilitat conformaciona de la molecula (Villanueva 2000; Ghaemmaghami
et a, 2000). El fet que tant les reaccions de bescanvi H/D com les de formacio de ponts disulfur
siguin fortament depenents de pH, fa que calgui tenir molt en compte aquest parametre en €
desenvolupament experimental. Per aladeuteracio de la proteinareduidao d' un intermediari aillat
ca trebalar a un pH baix (3-4) per evitar que hi hagi formacié de ponts disulfur i s volem
accelerar lareacci6 de bescanvi es pot pujar latemperatura o afegir un agent desnaturalitzant. Per a
mesurar la cinética del procés de bescanvi D/H hem treballat a pH 4.0, de manera que no hi ha
formaci6 de ponts disulfur i lareaccié de bescanvi és mesurable.

La caracteritzacio de I’ estabilitat conformacional de mostres de replegament i d'intermediaris de
plegament purificats de la hirudina i del LCl ens ha permés determinar que aquest parametre
evoluciona de forma paral.lela a la formacié dels ponts disulfur. Les dues etapes que caracteritzen
e seu plegament (una primera etapa sequiencial on es passa de la forma reduida a les formes
scrambled i una segona etapa limitant on s adquireix la forma nativa) també es poden observar en
I’adquisici6 d'estabilitat per part dels seus intermediaris. Primer hi ha un augment gradual



d estabilitat desde la forma reduida, passant pels intermediaris de | i 1l -ponts disulfur fins a arribar
a les formes scrambled, i després hi ha un sat d’ estabilitat fins arribar alaforma nativa. El fet que
les formes scrambled presentin momes un 60% d estabilitat respecte la forma nativa ens indica que
en € procés de reaparellament de disulfurs es produeix una profunda reorganitzacio estructural que
permet que es donin una série d'interaccions no-covaents en la forma nativa, que no es donaven
abans i que son responsables de la seva estabilitat. Aixi doncs, tot i que la formacio dels ponts
disulfur sigui molt important per a plegament de la molécula (la forma reduida presenta una
edtabilitat minima), les interaccions no-covalents que es donen en la forma nativa també
contribueixen de manera essencia en la seva estabilitat i congtitueixen I’ etapa limitant des del punt
de vista termodinamic.

En & cas concret del plegament del LCl es va observar que |'estabilitat conformacional dels
intermediaris de plegament no esta rigorosament lligada a nombre de ponts disulfur. Es va
purificar un intermediari de Il ponts disulfur que sacumula durant € plegament dd LCl i que
S havia postulat com a possible trampa cinética (Salamanca i col, resultats no publicats) i es va
comparar la seva edtabilitat amb la de les formes scrambled que en contenen quatre. El fet que
ambdés intermediaris presentin una estabilitat semblant, ens indica que la forma amb I[11-disulfurs
presenta una serie d'interaccions no-covaents, que podrien ser smilars a les que es donen en la
forma nativa, que sobre-estabilitzen la molécula i compensen la manca d’un pont disulfur. La major
estabilitat d’aquest intermediari de |11 ponts disulfur, probablement, és la responsable de la seva
acumulaci6 respecte larestad intermediaris de 111 ponts.

El plegament dd LCl és smilar a de I'EGF. ambdues molecules presenten d llarg del seu
plegament I’acumulacio d’un intermediari que conté un pont disulfur menys que la forma nativa; en
el cas de I'EGF sha demostrat que els dos ponts que presenta aguest intermediari son natius
(Chang, 2000). Un cas extrem d’ aquest tipus de plegament és el BPTI, que presenta de forma molt
majoritaria intermediaris de plegament que contenen exclusivament paots disulfur natius
(intermediaris de | i Il ponts disulfur) (Weissman i Kim, 1991). Aix0 sha relacionat amb un
plegament dirigit per la formacié d estructures secundaries i no pels ponts disulfur. L’adquisicid
d'interaccions no-covaents de tipus-natiu des d’'un inici, forcaria a la formaci6 dels ponts disulfurs
presents en laforma nativa. En e cas del BPTI finsi tot s ha observat que en una variant on dues
cys han sigut subgtituides per serina (un dels ponts disulfur no es pot formar), la molécula

aconsegueix plegar-se i adoptar una estructura de tipus natiu activa (Goldenberg, 1988).

En & cas de 'EGF i del LCI, no tots es intermediaris presents en & plegament contenen ponts
natius i a més, també s observa la presencia de formes scrambled. Aixo implica que tot i que
s acumuli de manera predominant un intermediari que és forca estable, després aquest intermediari
€s reorganitza i trenca els seus ponts disulfurs per passar a les formes scrambled i finament
aguestes tornen a reorganitzar els seus ponts per donar lloc a la forma nativa (Chang i col, 1997).
Aixi doncs, aixo semblaindicar que aguests intermediaris més estables presents en @ plegament in
vitro del LCI i I'EGF, probablement contenen una estructura que no és semblant a la de la forma



nativa; ja que s presentessin una estructura similar a la forma nativa i tinguessin tots els ponts
natius formats, excepte un, € cami més probable per arribar a la forma nativa seria mitjancant la
formacio directa de I’ Ulitim pont, com passa en € cas del BPTI, i no mitjangant la reorganitzacio
total de la molécula per donar Iloc a formes scrambled.

Aixi doncs, aguests estudis ens permeten determinar que |'estabilitat conformaciona dels
intermediaris de plegament es correlaciona amb €l progrés del procés de plegament estudiat per
RP-HPLC, perd no esta necessariament lligada amb € nombre de ponts disulfurs dels intermediaris
de plegament. A més, les dades d' estabilitat conformacional també ens permeten quantificar la
contribucio de les interaccions covalents i no-covaents en I’ etabilitat final de la forma nativa.



VilI-Conclusions



1- S ha clonat i expressat el PCI nmadur en el Ilevat netil.lotrofic
Pichia pastoris mtjancant |'us del vector pPICO que és d expressio
extracel .lular. S ha observat que els clons de fenotip nut® presenten
producci ons general ment més el evades que els de fenotip nmut*. L optimtzacié
de |’ expressi 6 del PCl en flascons de 2L ha permes |’ obtenci6 de 5,5 ng/L
de proteina finals.

2- La construcci 6 génica d una cua d' histidines fusionada a |’ extrem N

termnal del PCl, clonada en el vector plN3OmwAlll, s’expressa nornal nent,
perdo és degradada al periplasma d Escherichia coli per acci6o de les
proteases, que elinmnen la cua d histidines. A x0 inpossibilita |’Us

d’ aquest sistema d’ expressi 6 per a facilitar la purificaci6 de |la proteina
mtjancant una columa d afinitat de Ni?".

3- S ha clonat el PCI madur en el vector pBAT4- OnpA, observant-se que |la
seva expressi 6 en E.coli és extracel.lular. Posteriornent s ha optimtzat
la seva expressid en les cel.lules d E.coli BL21(DE3), la qual cosa ha
conduit a una produccié final en flascdé de 15 ng/L de proteina, 10 cops
superior al sistema de partida.

4- S han clonat el ProPCl i el ProNtPCl en el vector pBAT4 i s’'ha
optimtzat |la seva expressio en E.coli. La caracteritzacié de |’activitat
i nhi bidora del ProNtPClI ha nostrat que és simlar a la de la nolecula
madur a.

5- Els estudis de repl egament oxidatiu realitzats anb el PCl, el ProPCl,
el ProNtPCl, i el PClI anmb la pro-sequéncia N-termnal en trans, han
denpstrat que |les pro-sequéncies Ni C-termnals del PCI no presenten cap
influéncia positiva sobre la cinetica i/o eficiéncia de pleganent de la
nol écul a madura in vitro.

6- Els estudis de producci 6 reconbinant en E.coli duts a ternme anb els
mutants Y37G PCl, D3 PC, G35P&P56G PCI, Y37 ProNtPCl, D3 ProNtPCl,
G35P&P36G ProNtPCl i ProNtPCl han nmostrat que |la preséncia de |a pro-
seqléncia N-termnal no afecta ni el nivell d expressid ni |'eficiéncia de
pl eganent del PCl o dels mutants d’ aquest in vivo, en E.coli.

7- La ol écula ProNtPCl ha estat sotnesa a estudis estructurals de
dicroisne circular, bescanvi H D seguit per espectronetria de nasses MALDI -
TOF i ressonancia nmagnética nuclear. De forma conjunta, aquest estudis
suggerei xen que |’ extensi 6 N-term nal del PCl esta estructurada.



8- Els estudis de bescanvi D/H seguits per espectronetria de nmasses
MALDI - TOF de nostres de pleganent de la hirudina i del LCI han pernes
caracteritzar |’ adquisicié d estabilitat conformacional durant el pleganment
d’ aquest es proteines.

9- La determinaci6 de | estabilitat d internediaris de pleganment de |a
hirudina i del LCl ha corroborat que anbdues nol écul es seguei xen nodel s de
pl egament diferents. En la hirudina |’ estabilitat es correl aciona anb el
nonbre de ponts disulfur dels internediaris de pleganent. En canvi, en e
LCl, tant les interaccions no-covalents com el nombre de ponts disulfur
determ nen | "estabilitat dels seus internediaris de pleganent.

10-L’ estabilitat de les formes scranbled de la hirudina i del LCl és
d’ apr oxi madanent un 60% respecte la forma nativa. Per tant, la formaci6
dels ponts disulfur no és suficient per a |’'estabilitzacié d’ aquestes
proteines, sind que |les interaccions no-covalents presents en la form que
presenta |’ aparell anent de disulfurs correcte és responsable, en gran part,
de la seva estabilitat.
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X-Apéndixs



Anglicismes

acid-trapping capturaen medi acid
clon(ing) clon(atge)*
disulfide-quenching captura de disulfurs
disulfide-reshuffling  reorganitzacio de disulfurs
DNA spacer ADN separador*
(un)folding (des)plegament*

(cat/an)ionic exchange bescanvi (cat/an)ionic*

labdling marcatge*

loop llag*

screening triatge*

stop codon codo de terminacié*
up/downstream endireccio 5'/3'*
wild-type tipus salvatge*

*Traduccions obtingudes a partir del centre de terminologia TERMCAT (Consorci integrat per la
Generditat de Catdunya, I'Ingtitud d' Estudis Catalans i € Consorci per a la Normaitzacio
Linguigtica).

http://www.termcat.es/





