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ABSTRACT. Snhake curaremimetic toxins are short/albroteins, containing several disulfide bonds which
largely contribute to their stability. The four disulfides present in snake toxins make a “digtHéidEss”-

fold that was suggested to be a good protein folding template. Previous studies on the refolding of snake
toxins (Menez, A. et al. (1980Biochemistry 194166-4172) showed that this set of natural homologous
proteins displays different rates of refolding. These studies suggested that the observed different rates
could be correlated to the length of turn 2, one out of five turns present in the toxins structure and close
to the “disulfidef-cross”. To demonstrate this hypothesis, we studied the refolding pathways and kinetics
of two natural isotoxins, toxim (Naja nigricollis) and erabutoxin blaticauda semifasciajaand two
synthetic homologues, the mutants,a60 anda62. These mutants were designed to probe the peculiar
role of the turn 2 on the refolding process by deletion or insertion of one residue in the turn length that
reproduced the natural heterogeneity at that locus. The refolding was studied by electrospray mass
spectrometry (ESMS) time-course analysis. This analysis permitted both the identification and quantitation
of the population of intermediates present during the process. All toxins were shown to share the same
sequential scheme for disulfide bond formation despite large differences in their refolding rates. The
results presented here demonstrate definitely that no residues except those forming turn 2 accounted for
the observed differences in the refolding rate of toxins.

Proteins that are structurally related to snake curaremimeticreceptor was demonstrated to be borne by the bottom of the

toxins are good examples of short Alproteins, containing
several disulfide bonds which largely contribute to their
stability. The four disulfides present in snake toxins make
a “disulfide s-cross”-fold that was suggested to be a good
protein folding templatel). The fold consists of five strands
forming 3 loops owing to disulfide bridges (Figure 1A). Such

3 loops by site-directed mutagenesi. (

Very little information is available on the refolding of
snake toxins in vitro. Early studies provided an original
example of a natural set of homologous proteins displaying
different rates of refolding@). In particular, toxinc. from
Naja nigricollis, 61 residues, and erabutoxin b (Eliom

a structure is adopted by many proteins with unrelated | aticauda semifasciata62 residues, showed a very large

functions: nicotinic and muscarinic acetylcholine receptor,
an acetylcholine esterase inhibitor (fascicullin), cardiotoxins,
a calcium-channel ligand (calciceptine), an inhibitor of
platelet aggregation (for a review, see 2gfand the activator
of complement CD593, 4). The site responsible for the
interaction of erabutoxin Ea with the nicotinic acetylcholine
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difference in their rate of oxidative refoldingg)( The
sequences of toxin. and Eb differ for 17 residues out of a
total of 62 (Figure 1B), and many residues might account
for this discrepancy. Schematically, sequence variations are
located within four regions of the protein: 4 out of 6 and 5
out of 7 residues differ in the N- and C-terminal portions,
respectively, whereas 6 substitutions occur in the segment
22—32 encompassing strand 3 (S3). Moreover, turn 2
connecting loops 1 and 2 is one amino acid longer in Eb

1 Abbreviations: AChR, nicotinic acetylcholine receptor; CAM,
carboxyamidomethyl group; DTT, reduced dithiothreitol; EDTA, eth-
ylenediamine tetraacetic acid; Eb, erabutoxin b frdaticauda
semifasciataESMS, electrospray mass spectrometry; GSH, reduced
glutathione; GSSG, oxidized glutathione; HPLC, high-performance
liquid chromatography; IAM, iodoacetamide; MALDIMS, matrix-
assisted laser desorption ionization mass spectrometry; RNase A,
ribonuclease Ap, natural toxina from Naja nigricollis; o60, a61,
a62, synthetic variants of toxio varying in length from 60 to 62
residues.
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A

understanding of the folding pathways of denatured proteins
either with intact native disulfide bond&(@) or with reduced
ones (1-13). In the latter case the determination of the
chemical nature and the time-course analysis of refolding
intermediates permitted the unambiguous determination of
the kinetic role of disulfide bond formation in the refolding
process.

In this paper, we used mass spectrometry to study the
folding pathways and the kinetics of refolding of snake
toxins. Experiments were performed in the presence of
reduced and oxidized glutathione in order to avoid the
accumulation of irreversibly trapped off pathway intermedi-
ates and to enhance rate-limiting isomerizations. The
refolding of two homologous toxins, toxia and Eb, from
the set previously studied by Mez et al. §) was undertaken

loop Il

B to determine their pathways and rates of folding in the
f - . pe

o, 06l LE([:HHOOSSOPPTTKT-i 1= TN(‘WKKUHRDHRGTIIERG(|ZGCPTUKPGIKLNCCTTDK(ltNN preser,]ce Of g.|Utath|0ne' Furthermore.’ the SpeCIfIC rOI.e Of

Eb  RICENHOSSOPOTT 55CYHKQUSDERGTI IQRGCGCP TUKPGIKL SCCESEVCHN turn 2 in the kinetic control of the refolding of these proteins

ab2 LECHNQQSSQPPTTKTE TNCYKKUNSDHRGTIIERGCGCP TUKPGIKLNCCTTDKCHN was investigated USing synthetic mutants Of Snake t(]Xln

b8 LECHNQQSSQPPTTKTE TNCYKKUURDHRGTI IERGCGEPTUKPGIKLNCCTTDKCNN
~—i/oop | —> tumn?2 loop I foop 1l ——>

Two variants,a60 ando62, were synthesized with the goal
of getting rid of any possible interference from other amino

FiGure 1: (A) Ribbon structure of toxim from Naja nigricollis ; P ; ;

(drawn using MOLSCRIPT,30)). The 8 cysteine side chains are ?‘C'd §ub§tltutlon§ n thbe squgncg.b Vaarlar(ri]Z has an
drawn as lines and numberggtstrands are numbered from S1 to Insertion in turn. as observe .'n an" OT[ er toxms (
S5. Turn 2 is at the top of the molecule close to the disulfide knot. Whereasu60 derives fromAstrotia stokesitoxin A which

(B) Sequence alignment of neurotoxins and their variants used in displays a deletion in this turn. Toxin A was shown to refold

this study. Residues that differ between torirand erabutoxin b faster than toxir (6).

are underlineda61 is a synthetic analogue of toxin, and 60 Th It ted in thi h that all toxi

anda62 are synthetic variants. The sequence of turn 2 is shaded. e results presented in this paper show that all foxins
share the same sequential pathway for disulfide bond

(from 4 to 5 residues). There is no easy correlation betweenformation despite large differences in their refolding rates

these variations in sequence and structural changes. Amincand no residues except those forming turn 2 account for the

acid substitutions taking place in different sites of the toxins observed differences in their refolding rates.

sequences affect their overall structures to various extents.

Wu et al. {) reported the structural role of Leul in MATERIALS AND METHODS

cardiotoxin Il, a structurally related family of toxins: its

change to a D-Leu or a Gly had a significant effect on the

secondary structure content of the protein. On the contrary,

the CD spectra of toximx and Eb superimposed perfectly

(6) despite the substitution of Leu-Glu to Arg-lle at the

N-terminus. This suggests that the effects of these variations

are compensated at a different region of the protein, most‘\-"/: ) )
likely at the close C-terminus. Synthetic toxinsa60, 061, ando62 were prepared by

It is even more difficult to correlate variations in the Solid-phase peptide synthesis on a Applied Biosystems 431A
sequence of toxins to differences in the rates of refolding. Synthesizer, using the Fmoc strategy. Fmoc-Asp(Rink amide
The above quoted studies suggested that the possibldIBHA resin)-OtBu (0.45 mmol/g) was from Novabiochem.
determinants of these observed different rates arise fromAmino acid protecting groups were as follows: OtBu (Glu,
sequence variations in some secondary structure elementgsp), trityl (Cys, His, Asn, GIn), tBu (Ser, Thr, Tyr), Boc
particularly turn 2 that could affect important steps in the (LYys. Trp), and Pmc (Arg). Cleavage of the proteins from
folding process. However, such a hypothesis could not be the resin and simultaneous deprotection of the side chains
proved at that time as the results obtained suffered for limits Were achieved by treatment with trifluoroacetic acid/triiso-
in the experimental conditions: (i) refolding was performed Propylsilane/HO (9:0.5:0.5) for 30 min at room temperature.
by air oxidation, in the absence of a redox buffer, leading to The crude proteins were washed 3 times with ether and
an accumulation of non-productive intermediates; (i) the Solubilized in 10% acetic acid. They were then lyophilized
sequences of the proteins studied differed in many positionsand purified by HPLC using a C18u Bondasorb column
other than turn 2; and (iii) circular dichroism used to monitor in the following conditions: solvent A (}0, TFA 0.1%),
the appearance of native toxin provided only an average Solvent B (acetonitrile); 0%21% B (5 min), 21%-25% B
measurement of the rate of secondary structure formation,(20 min), 25%-80% B (5 min).
without description of the folding pathways. The concentration of solutions of natural and synthetic

The interest in the “three-fingers”-fold in protein engineer- toxins was determined using a molar extinction coefficient
ing (8, 9 has motivated the re-examination of previous Of 6490 M* cm* at 280 nm §).
studies taking advantage of recent developments in mass Peptide Mapping of Synthetic ToxinAll the toxins were
spectrometry and peptide synthesis. The introduction of reduced and denatured with a 50-fold molar excess of DTT
mass spectrometry has allowed a great progress in our(mol DTT/mol SH) in 0.1 M Tris-HCI, 1 mM EDTA, pH

Natural toxin a was prepared from the venom of.
nigricollis (Institut Pasteur, France) by the procedure of Eaker
and Porath14) and was tritium-labeled according to" ez
et al. 15 and Charpentier et al16). Erabutoxin b was
purified fromL. semifasciataccording to Sato and Tamiya
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8.5, containig 6 M guanidinium chloride, fio2 h at 37°C described above. The eluted protein fraction was recovered
under nitrogen atmosphere. After reduction and denaturation,and lyophilized.
the proteins were carboxyamidomethylated with iodoaceta-  Electrospray Mass AnalysisSESMS analyses were carried
mide (IAM mol/SH mol = 10:1) for 5 min at room  out using a BIO-Q triple quadrupole mass spectrometer
temperature in the dark. The excess of reagents was therequipped with an electrospray ion source (Micromass). The
removed by HPLC desalting using a Vydac 218TP54 protein samples were dissolved in®icontaining 2% Cht
reversed-phase C18 column (0.46 en25 cm). The elution COOH and diluted 1:1 with CKCN; 10 L (10—20 pmol/
system consisted of 0.1% TFA in water (solvent A) and 4L) was introduced into the ion source via loop injection at
0.07% TFA in 95% acetonitrile/5% water (solvent B). a flow rate of 1QuL/min. Spectra were recorded by scanning
Samples were purified from the excess of reagents with athe quadrupole at 10 s/scan. Data were acquired and
linear gradient of solvent B from 5% to 95% at flow rate of elaborated by the MassLynx software. Each population of
1 mL/min. Eluted proteins were monitored at 220 nm. The intermediates was accurately quantified by measuring the
protein fraction was recovered and lyophilized. Tryptic total ion current produced by each speci#®, (13. Mass-
digestion was performed in 0.4% ammonium bicarbonate, scale calibration was performed by means of multiply
pH 8.5, at 37°C for 4 h, using an enzyme/substrate ratio of charged ions from a separate injection of horse heart
1:50 (w/w). MALDI analysis was carried out using a myoglobin (average molecular mass 16951.5 Da).
PerSeptive Biosystem Voyager DE in_strument mass Spec-  Binding Studies.Monoclonal antibody M-1 (19) was
trometer. The mass range was calibrated using insulin kindly provided by J.-C. Boulain. Radiobinding assays were
(5734.5 Da) as internal standard. Samples were dissolvedyerformed with My-1 using PH]-toxin a.. Varying amounts
in 0.1% TFA at a 50 pmaoll. concentration; luL was  of toxins were incubated overnight at@ with Mo-1 (9.4
applied to a sample slide and allowed to air-dry before ny\}) [3H]-toxin o (10 nM), and 6.25% normal horse serum
applying 1uL of a solution of a cyano-4-hydroxycinnamic i, pBS 100 mM 0.5% BSA, pH 7.0. PEG 6000 (final
acid in ethanol/CHCN/0.1% TFA (1:1:1) (10 mg/mL). The  concentration: 12.5% (w/v)) was then added to the solutions
matrix was allowed to air-dry before collecting spectra.  that were stirred and centrifuged at 1096r 25 min. The
Refolding ReactionsThe toxin samples were reduced and pellets were dissolved in 75L of 0.05 N NaOH and 10

denatured as described above. The protein solution was theny | of scintillation solution (Aqualuma). The radioactivity
separated from the excess of DTT and denaturant by HPLC\yas counted on a Rackbeta counter (LKB).

desalting. The protein fraction was recovered, lyophilized, The acetylcholine receptor (AChR) from the electric organ
and used V\.’ithin 2 days. Reduced aqd qxidized glu'[.athionetissue ofTorpedo marmoratavas prepared as described by
stock solutions were que fresh daily in 0.1 M Tris-HCI Sobel et al.20). Competition experiments made with AChR
(pH 7.5) at a concentration of 25 mM; 1 mM EDTA wWas are performed at equilibrium, using]-labeled toxin as
added to the buffers to prevent oxidation of SH groups g agioactive tracer. Varying amounts of native toxins were

catalyzed by traces of heavy mefals. _ incubated with AChR (2 nM) andif]-toxin o (27 Ci/mmol,
Lyophilized, reduced, and denatured toxins were dissolved 1 nM) for 18 h at 20°C, and the mixture was filtered

to a concentration of approximately &M in 1% CHCOOH through Millipore filters (HAWP) which had been soaked

and then diluted into the refolding buffer (0.1 M Tris-HCI, i, pRs 0.019% Triton buffer. The filters were washed with

1 mM EDTA, pH 7.5) to a final concentration of 18V, 10 mL of PBS 0.01% Triton buffer, dried, and, after addition
The desired amounts of GSH and GSSG stock solutions were

N : 7 ; , of 10 mL of scintillation solution (Lipoluma), counted as
added to initiate refolding; typically, final concentrations of - e\iously described. Equilibrium dissociation constants
the glutathione species were 3 mM GSH/0.3 mM GSSG. \yere determined from competition experiments according
The pH of the _solutlon was adjusted to 7.5 with _Trls—base to Cheng and Prusof2().
and the reaction carried out at 2% under nitrogen
atmosphere. Each set of data was obtained as the mean 05
two independent folding experiments. A 4% difference in
the ion current of individual components detected in the
refolding experiments performed completely independently
of each other was obtained.

Alkylation of the Refolding AliquotsThe refolding was
monitored on a time-course basis by sampling aliquots of
the refolding mixture at appropriate intervals. The protein
samples were alkylated under conditions developed to
prevent reshuffling of SS bonds 11, 1§. IAM was freshly
dissolved in 0.1 M Tris-HCI, containing 1 mM EDTA (pH  ResuULTS
7.5) at 65°C and cooled to room temperature before use.

During preparation of the reagents, the solutions were The tridimensional structure of the class of toxins under
protected from light to minimize photolytic production of study is essentially maintained by the four disulfide bonds
iodine which is a very potent oxidizing agent for thiols. The which act as bolts. Reduction of these bridges is sufficient
refolding aliquots (10@:L) were added to an equal volume to abolish secondary structure for both toxirand Eb (as

of a 2.2 M IAM solution. Alkylation was performed for 30  shown by CD analysis), but it is not sufficient to abolish all

s, in the dark, at room temperature, under nitrogen atmo- tridimensional interactions since reduced toxins refold in a
sphere. After 30 s, 50L of 5% TFA was added, and the few minutes compared to reduced and denatured ones (data
aliquots were quickly vortexed and desalted by HPLC as not shown). In this report, all experiments were performed

The amount of native toxin in the refolding mixture could

e determined for each mutant and at each time point using
the competition data previously obtained. Refolding samples
were incubated with AChR andH)]-toxin o as described
above. The final concentrations of protein tested wese 4
108 and 1 x 107 M. These concentrations displace
respectively 90% and 100% of the labeled ligand when the
native toxin is used. The percentage of active toxin was
deduced from comparison with the standard competition
curves.
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100 A Table 1: ESMS Analysis of the Intermediates Formed in the
1 min Refolding of Natural Toxino
measured expected possible
component MW (Da) identificatio® MW (Da) isomers
A 7250.04+ 0.48 8CAM (8H) 7250.74 1
N ¢ B 7499.68+ 0.32 1G (1G7H) 7499.06 8
% 7CAM
C 7134.44+0.28 1S (1S6H) 7134.74 28
6CAM
D 7383.67+0.81 1S (1S1G5H) 7383.06 168
E B 1G
k” L 5CAM
0 -~ E 7018.80+ 0.31 2S (2S4H) 7018.74 210

6000 6500 7000 7500 8000 4CAM

w00 . F 7267.18:0.47 2S  (2S1G3H) 7267.06 840

60 min L 6902.06+0.39 3S  (3S2H)  6902.74 420

M 7151.67+0.38 3S (3S1G1H) 7151.06 840

% 1CAM
N  6785.68:0.78 4S  (4S) 6786.74 105

a Abbreviations: CAM= carboxyamidomethyl groups; & mixed
disulfide with glutathione; S= intramolecular disulfide; H= free

L\) Emr cysteine.
. N

6000 6500 7000 7500 3000 voluted ESMS spectra of the samples withdrawn at 1 min
(A), 60 min (B), ard 4 h (C) of the refolding of the natural
100 N toxin a.. At different times, different populations of disulfide
4 H intermediates are present which were identified on the basis
of their accurate molecular mass. The measured molecular
masses, the expected mass values, and the identification of
the various intermediates are shown in Table 1. Each
% population of trapped intermediates is characterized by a
different number of intramolecular disulfide bonds (indicated
as nS in Table 1), mixed disulfides with the exogenous
glutathione §G), and carboxyamidomethyl groupgJAM).
The number of CAM groups corresponds to the number of
UL mass free thiols present in the refolding intermediates, and it is
therefore indicated asH. It is important to emphasize that
FIGURE 2: Electrospray mass spectrometric analysis of aliquots of ea(_:h observ_ed mc_)lecular mass corresponds 0 a population
the refolding mixture of natural toxia. in the presence of 3 mM Of_ ISOMErs, n V_Vh'Ch the_total _num_ber .Of dls_ulfldes, free
GSH and 0.3 mM GSSG withdrawn at time 1 min (A), 60 min thiols, and protein-SSG mixed disulfides is defined, whereas
(B), ard 4 h (C) and alkylated with 1.1 M IAM. the positions of the effective cysteine residues involved are
not identified. The number of possible isomers within each
with proteins denatured and reduced in the presence of 6 Mpopulation is indicated in Table 1.
guanidinium chloride and DTT as described in Materials and The ESMS spectrum of the aliquot withdrawn at time O
Methods. The reduced and denatured proteins were thenshows the presence of a single component exhibiting a
incubated in the presence of 3 MM GSH/0.3 mM GSSG for molecular mass of 7250.04 0.48 Da which corresponds
oxidative refolding. These redox conditions were chosen to the protein carrying eight carboxyamidomethyl groups
to mimic the concentrations of GSH and GSSG within the (component A, 8H). Besides the reduced protein (A, 8H),
lumen of the endoplasmic reticulurgd), the site at which ~ the ESMS spectrum of the aliquot withdrawn after 1 min
native disulfide bonds form during biosynthesis. Aliquots (Figure 2) reveals the simultaneous presence of four species.
of the refolding process were withdrawn at different time On the basis of their molecular masses, component B
intervals, trapped by alkylation of the free thiols, and corresponds to a population of isomers containing one mixed
analyzed by ESMS to identify the disulfide bonded inter- disulfide with the exogenous glutathione and seven free SH
mediates formed. The carboxyamidomethylation reaction groups (1G7H); C to intermediates containing one intra-
used to trap the free SH groups increased the molecular massnolecular disulfide bond and six free thiol groups (1S6H);
of the intermediates by a fixed amount, 57 Da for each free D to species having one intramolecular disulfide bond, one
SH group, allowing the separation by mass of intermediates mixed disulfide, and five free SH groups (1S1G5H); and E
containing different numbers of disulfide bonds and the to species containing two intramolecular disulfide bonds and
determination of their relative concentration during the four free SH groups (2S4H). In addition to species E already
refolding (11-13). observed, the analysis of the sample withdrawn at 60 min
Refolding of Natural Toxins Figure 2 shows the decon- reveals the presence of species N containing four intra-

[}

6000 6500 7000 7500 8000
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molecular disulfides (4S), L having three intramolecular 100 $————
disulfides and two free SH groups (3S2H), M containing !
three intramolecular disulfides, one mixed disulfide, and one :
free thiol group (3S1G1H), and F having two intramolecular
disulfides, one mixed disulfide, and three free SH groups
(2S1G3H). It should be noted that the fully reduced protein
(A) and the three species B, C, and D detected at 1 min
have already disappeared at this stage of the process. Finally
after 4 h ofrefolding, the ESMS spectrum shows essentially
the presence of component N together with a very minor |
amount of species L. 2
In the use of ESMS, a further bonus is that each population 0 el o - -
of intermediates can be accurately quantified by measuring 0 50 100 150 200 250
the total ion current produced by each species provided that time (min)
the different components are endowed with comparable ! S I
ionization capabilities 2, 13. To control this point, a
sample of reduced, denatured, and carboxyamidomethylatec
toxin oo was mixed with an equal amount of oxidized protein.
The concentration of both samples was determined spectro-
photometrically at 280 nm using a molar extinction coef-
ficient of 6490 Mt cm™%. This mixture was analyzed by
ESMS, and the individual components were quantified by
measuring the respective ion currents. Native tosin
constituted 52.3% of the mixture while the reduced, dena-
tured, and carboxyamidomethylated protein accounted for
the remaining 47.7%, demonstrating that oxidized and
modified toxins yield similar ion currents. Therefore, the 0 50 10 150 200 250
total ion current produced by each component in the refolding time (min)
mixtures was used to calculate their relative abundance atFIGURE 3: Time-course analysis of the refolding of natural toxin
different times of refolding. a (A) and erabutoxin b (B) in the presence of 3 MM GSH and 0.3

L . e . . mM GSSG. The insets are zooms of the 45 min of refolding.
The relative intensity of the disulfide bonded intermediates percentages of intermediates are derived by ESMS analysis as

formed during the refolding process of natural toxinis described in the text; 8HK), 1G7H ©), 1S6H @), 1S1G5H (1),
shown in Figure 3A. The fully reduced species (8H) rapidly 2S4H @), 2S1G3H 4), 3S2H (r), 3S1G1H ), 4S (®).

disappears within the first 15 min, and the 3S2H intermedi-

ates predominate from the first minutes of refolding up to present in higher amounts and last longer than in the case
about 60 min when the fully oxidized species 4S becomes of toxin «, and the two glutathione mixed disulfide species
predominant. A4 h the fully oxidized protein, species 4S, (2S1G3H and 3S1G1H) can be detected even at late refolding
reaches 94%. These results do show that intermediates 3S2i$tages. Altogether these results might suggest that extensive
tend to accumulate along the pathway and slowly interconvert forward and backward reactions, involving most intermedi-
into species 4S; the overall rate of refolding seems to dependates, take place during the whole process.

therefore on the rate of conversion of intermediates 3S2H Properties of the Synthetic Mutants of Toxin The

into species 4S. In addition, these analyses show that speciesynthetic toxinsp61 identical to natural toxin, the deletion
containing mixed disulfide with glutathione do not ac- mutanta60, and the insertion mutart62 (sequences are
cumulate to a concentration higher than 10% throughout thereported in Figure 1), were purified by HPLC and analyzed
entire process, thus confirming that they constitute transientby ESMS. All the spectra show the presence of a single
species which rapidly evolve toward the formation of component exhibiting a molecular mass in excellent agree-
intramolecular disulfide bonds. However, it was not possible ment with the expected mass values calculated on the basis
to develop any quantitative analysis of the process becauseof the amino acid sequences of individual toxins, as reported
its complexity did not allow the calculation of any rate in Table 2. Further confirmation of the toxin sequences was
constants as previously made in the simpler case of RNasebrought by peptide mapping. The toxin samples were

iates

[e2]
o

termed

n

(o]
o

percentage of
N
o

tive
N
o

rela

relative percentage of intermediates

T1 (13). reduced, denatured, and alkylated as described, digested with
Erabutoxin b (Eb) was reduced, denatured, and refoldedtrypsin, and then analyzed by direct MALDIMS. The
in the same experimental conditions used for taxinThe recorded mass signals were associated with the corresponding

refolding pathway was then analyzed by the ESMS approachtryptic fragments within the toxin sequences on the basis of
previously described. The relative percentages of the their molecular mass and the specificity of the enzyme. The
detected intermediates are reported in Figure 3B. No changesMALDI-mapping analyses demonstrate that the synthetic
in the nature of disulfide bonded intermediates were observedtoxins have indeed the expected amino acid sequences (data
in the refolding of Eb but they accumulate at different rates not shown).

and to different extents. Species 3S2H are in fact predomi- The synthetic toxins were incubated in the presence of
nant for almost the entire process, arideh the yield of the same GSH/GSSG redox buffer used for the natural toxins
species 4S is much lower than that observed in the refoldinguntil complete oxidation, as monitored by HPLC. The

of natural toxino.. Moreover, the 2S4H intermediates are oxidized toxins were purified and characterized for their
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Table 2: Characterization of Toxins

measured MW (Da) expected MW (Da) redox state Kg (x 10711 M) reference
natural toxino 6785.84+ 0.88 6786.74 4S-S 28 0.6 @8
a6l 6794.23+ 0.43 6794.80 8 SH 2.45% 0.60 this study
60 6665.8+ 0.39 6665.63 8 SH 2.350.28 this study
62 6882.26+ 0.15 6881.82 8 SH 2.240.38 this study
erabutoxin b 6859.03 0.46 6859.75 4S-S z2 (29
10083 J Table 3: Half-Lives of Major Species Detected in the Refolding
A 1 Analyses
80 I u 8H time (min) 4S time (min)
I ] natural toxino 2 60
r synthetic toxino 2 60
60 ] synthetica60 0.5 35
synthetico.62 0.5 210
erabutoxin b 4 220

40

Boulain et al. {9) prepared a conformational monoclonal
antibody specific for the region of the toxin modified in this
study. Mapping of the M-1 epitope by chemical modifica-

20

AChR-bound [®H]-toxin alpha (%)

0 T == tion (19) or NMR analysis of amide hydrogen exchangs)(
10770 109 108 107 10€ indicated that the recognition is spatially limited to the region
Concentration of competitor toxin (M) involving Leul-No and Lys15-N amino groups and the side
e ——rrrr —— chains of Asn5, Thrl3, Lys15, and Lys58. oM. does not
3100 0 recognize wild-type erabutoxin while deletion of Serl8
°; restored the binding of the antibody to erabutoxin E3).(
&5 80 Radioimmunoassays were carried out for the two mutants
Z of toxin a, 062 anda60 (Figure 4B), and reproduced the
g 60 expected pattern. Introduction of a serine at the position 18
I in a62 as it exists in Eb completely abolished the binding
§ 40 to the antibody. Deletion of Glu20 in60 has less drastic
3 effects: binding is preserved althouthis 100-fold lower
g (18.5 nM) than the value for wild-type (0.2 nM).
g 20 On the basis of these biochemical criteria, the synthetic
g r a61 behaves exactly as natural togintoxins a.60 anda.62
0 R T o are foldable and reach a native-like structure except for the
109 108 107 10® local structure of the turn 2 which mimics toxin A and Eb,
Concentration of competitor toxin (M) respec’[ively_
FIGURE4: (A) Competition experiments betweel]-toxin o used Refolding of Synthetic Mutants of Toxin a6l was

as a radioactive tracer and various amounts of toxin mutants for reduced and denatured before starting the refolding experi-
binding to AChR fromTorpedo marmorata(B) Reactivity of the ments even if the ESMS analysis had shown it to be in the
conformational antibody M-1 against toxir. variants. Analyses  reduced state (Table 2). The ESMS analysis of the refolding
\&v.eli%rczggﬁdgg);ﬁgzr&%eggg? (zs)dfér;m@u;ggzs.say witH]ftoxin process ofa61 cIearIy. shows that the same intermediates
observed in the refolding of natural toxinaccumulate and
structural and biological properties. The analysis of the that the distribution of these species is almost identical to
circular dichroism spectra for the three refolded synthetic that observed for the refolding of the natural protein (data
toxins a60, a61, and a62, did not reveal any visible not shown). Finally the two refolding processes seem to
difference with the natural toxio (data not shown). This  produce a fully oxidized species, 4S, at the same rate and
suggests that the modifications introduced in the turn 2 havewith the same yield, as shown in Table 3. These results
little influence on the overall tridimensional structure of the demonstrate that the synthetic toxi81 is a perfect mimic
toxin. This was further confirmed by binding assays of natural toxino also regarding its refolding process. We
performed on the nicotinic acetylcholine receptor (AchR) and then proceeded to the analysis of toxin mutant8Q and
a conformational antibody (b+1). Both toxin mutants60 062.
anda62 bind to the AChR with an equilibrium dissociation 60 was reduced, denatured, and refolded in the presence
constant Kg) similar to the constant foe61 from which of 3 mM GSH/0.3 mM GSSG, as described. The intermedi-
they originate as deduced from competition experiments ates formed during the process were then analyzed and
(Figure 4A, Table 2). The modifications introduced in the quantified by ESMS analysis (Figure 5A). The distribution
turn 2 do not alter the toxin-binding capacity for the AChR. of intermediates clearly shows that the fully reduced species
This result fits with previous findings by mutagenesis on disappears within the first 20 min, that species 3S2H is
erabutoxin Ea that the region involved in the receptor predominant only in the first 20 min, and that species 4S
interface strictly corresponds to the bottom of the three loops corresponding to the fully oxidized protein is predominant
(5). from 30 min onward (Table 3). As previously observed,
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Ficure 5: Time-course analysis of the refolding @60 (A) and
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Ficure 6: Closed symbols: appearance of 4S species in the toxin
mutant refolding detected by ESMS analysis in the presence of 3
mM GSH and 0.3 mM GSSG. Open symbols: recovery of
biological activity from aliquots of the same refolding reactions.
The competition curves were used to determine the concentration
of active toxin in each aliquot: @/O) 0.60; (/<) 61, @/O) a62.

The intermediates identified by the ESMS analysis form
a population of molecular species characterized by the same
number of intramolecular disulfide bonds, mixed disulfides
with glutathione, and free thiols. These intermediates may
include nearly all possible disulfide bonded isomeric species.
As the 4S species might in theory be constituted by as many
as 105 isomeric species, the heterogeneity of all the 4S
components was verified by measuring the percentage of
toxins able to bind to the nicotinic acetylcholine receptor at
various time points of refolding (Figure 6, open symbols).

intermediates are derived by ESMS analysis as described in theUnfolded or misfolded toxins indeed do not contribute to

text; 8H @), 1G7H ©), 1S6H @), 1S1G5H (1), 2S4H @),
2S1G3H (), 3S2H (7), 3S1G1H ), 4S @)

intermediates containing mixed disulfides with glutathione
accumulate only to a very low amount, thus confirming that
they rapidly evolve toward the formation of intramolecular
disulfides.

the biological activity as previously demonstrated by the
comparison of the direct saturation curve and competition
profile of [*HJtoxin a toward AChR (F. Bouet, personal
communication). In all cases, the appearance of 4S species
matched very well with the level of active protein, within
the experimental error, demonstrating unambiguously that
4S is a unigue native conformation containing the native set

a62 was reduced, denatured, and refolded as described gisyifide bonds and that no isomerization occurs within
for the other toxins. There were no changes in the nature o 45 species.

of disulfide containing intermediates of refolding, but they

accumulated at different rates and at different levels (Figure pjscusSsION

5B and Table 3). Itis in fact clear that 3S2H intermediates
predominate from the first minutes of refolding up to 3 h,
thus indicating its slow tendency to be converted into the
fully oxidized species. B4 h species 4S accounted for about
75%, a value much lower than that observed in the refolding
patterns ofa61 ando60.

Previous studies of ellipticity recovery in the far UV had
pointed out different refolding rates between toxinand
Eb (6). The possible determinants of the observed different
rates of folding were assumed to arise from sequence
variations in some secondary structure elements, particularly

The appearance of species 4S in the refolding of syntheticturn 2 which connects loops 1 and 2 (Figure 1) and varies

toxins is reported in Figure 6, closed symbols, and Table 3.

from 3 to 5 residues in all known neurotoxins. We decided

The results show very clearly that the appearance of 4Stherefore to investigate the role of the length of turn 2 on

species proceeds faster in the refoldingi6D even at early

the refolding process of snake toxins. To address this point,

stages, reaching the same final yield (95%) observed in thetwo mutants of toxinoa, 062 anda60, were synthesized:

refolding of synthetic toxina61. The comparison of the
refolding ofa61 ando60 confirms the difference previously
observed between the refolding of toxinand toxin A ©).
The appearance of 4S species in the refolding6# is much
slower than that observed in the refoldingod30 ando61,

mutanto62 has an insertion in turn 2 as observed in Bh (
whereasn60 displays a deletion in this turn. Turn 2 seems
to have no role in the stability of the native toxin and may
just have a role in the kinetics of the refolding process. The
thermodynamic stability of, 260, 062, and Eb was in fact

and it matches well with the appearance of 4S species of Ebinvestigated by thermal denaturation followed by CD show-
(compare Figure 3B). This means that nothing except the ing a very similarT,, for a, a60, anda62, while Eb is less
length of turn 2 is responsible for the observed discrepancy stable by about 18C (Robert Thai, personal communica-

between toxino. and Eb.

tion).
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8H A statistical mechanism of disulfide bond formation
1\ implies that a large number of cysteines have to be brought
1G7TH & | 1s6H close to each other in the right orientation during the
N refolding process. A lower degree of conformational free-

181H5G & ZTS‘EH dom in the polypeptide chain will result in a lower number
—‘ _)—| of possible cysteine pairings which leads to the formation

2S1G3H < 3S2H of a lower number of disulfide intermediates. The variable

N pB-turn propensity of turn 2 is likely to be a major early

o PTOPENSILY .
3S1GIH & 43 determinant in this process. A short turn, CPG, as found in

FIGURE 7: The sequential pathway of folding used by natural toxin - toxin A anda.60, reduces more dramatically the folding space
a and variants. The box surrounds all the intermediates accumulat-than the longer turn, CSPGE, that is found in Em6g. If
ing during the folding. disulfide bond formation proceeds randomly, the result of
increasing the local flexibility will be a higher probability
The results presented in this paper demonstrate that indee®f formation of non-native intermediates. Analyses by
the length of turn 2 affects the folding rate in toxins and can isoelectric focusing of the number of possible isomers formed
be summarized in a few words: the shorter the turn, the fasterduring the folding of natural toxin A, toximnt, and Eb (F.
the folding. A near 2-fold increase in the refolding rate, in Bouet, personal communication) showed that, indeed, the
fact, can be obtained by shortening turn 2, but the most number of intermediates is proportional to the length of turn
spectacular observation is the effect of inserting a serine2. Thus, the early reduction in the number of possible
residue in the turn 2 which decreases the refolding rate by adisulfide intermediates benefits directly the folding rate.
factor of 3.5. The extent of the variation in the refolding Refolding of toxin under study eventually leads to the
rates observed for synthetic toxiadit remarkably well with formation of a unique 4S species that contains only native
that measured for the corresponding natural toxins. Syntheticbonds. Once the correct disulfide bonding is reached, the
toxin 062 and Eb, which share the same length of turn 2, final 8-sheets organization might occur within milliseconds
show an almost identical refolding rate and pathway, despite by hydrophobic collapse, as exemplified in a recent study
the numerous amino acid substitutions. Turn 2 appearson the refolding of oxidized CTX Ill, a 60 amino acid
therefore to be the main determinant for the differences cardiotoxin fromNaja naja atra(25). Consequently, forma-
observed in the refolding rate of toxins These results  tion of the 4S species goes through an obligatory transient
might suggest that the length of a particular turn might 3S2H intermediate with native bonds. Whether this inter-
control the overall refolding rate of three-fingered proteins. mediate is unique cannot be experimentally addressed yet.
All natural and synthetic toxins do refold according to the A more detailed structural characterization of the 3S2H
sequential pathway established formerly for RNases T1 andintermediates present in the refolding of toxins is currently
A (12, 13 as shown in Figure 7. The refolding of all these in progress to define this point. Several isomerization
proteins occurs via reiteration of two sequential steps: (i) reactions of the 3S2H population are needed to generate a
formation of a mixed disulfide with glutathione, and (ii) native 3S2H structure. The occurrence of isomerization
internal attack of a free SH group to form an intramolecular reactions of the 3S2H population is supported by the analysis
disulfide bond. This sequential pathway seems to be a of the refolding pathways of Eb (Figure 3B) an@2 (Figure
general mechanism for single-domain disulfide-containing 5B) in which the intermediates 1S6H and 2S4H and the
proteins as it has been observed before, despite differenceglutathione mixed disulfide species 1S1G5H, 2S1G3H, and
in the experimental conditions used for the refolding experi- 3S1G1H accumulate and last longer throughout the refolding
ments, such as the ratio of GSH/GSSG and the presence oprocess. These data suggest the occurrence of an equilibrium
folding factors. This mechanism predicts that only a limited among these species in which backward reactions could then
number of intermediates is formed in the process as occur up to the 1S6H species to rescue kinetically trapped
compared to all those theoretically possible. In particular, non-native intermediates. The isomerization equilibrium
no population of intermediates containing more than one involving different species might confidently be applied also
mixed disulfide with glutathione was detected in all the to the faster refolding processes of tokimndo60 as shown
folding processes analyzed. These observations allowed udy the accumulation of intermediates other than the 3S2H
to exclude some possible refolding pathways, thus signifi- species at the early refolding stages (see insert in Figure 3A
cantly decreasing the number of paths. However, within the and 5A). Altogether, these rescue reactions seem to kineti-
frame of this general pathway, differences exist in the amount cally control the refolding of toxins. In this respect, the role
and accumulation rate of individual intermediates arising of turn 2 in controlling the folding kinetics can be explained
from the peculiar protein under investigation. When the in that the conformational freedom of this segment heavily
refolding pathways of RNase A and toxin both containing affects the backward and forward rescue reactions.
four disulfide bonds, are compared, some differences can Alternatively, formation of the fourth disulfide bond might
be detected. 2S4H intermediates predominate along theitself be a quite slow reaction, due to steric constraints
RNase A refolding 11, 12, while the 3S2H intermediates  associated with forming the buried disulfides, as seen in some
represent the most abundant species in the case of éoxin steps in the BPTI refolding pathway2@). This slow
This predominance suggests that refolding of taxioould interconversion should cause the occurrence of intramolecular
be driven by statistical pairing of cysteine residues (see Tableisomerization within the 3S2H population which should
1 for the number of isomers) without the restrictions due to eventually work as a kinetic trap. However, this latter
the early acquisition of secondary structure elements reportednterpretation does not explain the accumulation of interme-
for RNase A p4). diates other than 3S2H up to the later stages in the process
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of the slow folding toxins.
In vivo folding of snake toxins probably uses a pathway
similar to that observed in vitro. Assuming that a kinetic

competition exists between productive folding processes and 12

aggregation propensity2{), we suggest that, from a bio-

technology perspective, any gain in the folding rate can 13,

benefit the production yield of recombinant proteins. Our
work provides an original way to improve yields of
recombinant protein by turns engineering.
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