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Abstract

The mechanism of the disulfide-bond forming enzyme DsbA depends on the verKlpof a cysteine residue in its
active-site and on the relative instability of the oxidized enzyme compared to the reduced one. A thermodynamic cycle
has been used to correlate its redox properties to the difference in the free energies of foldiR§’°*) of the oxidized

and reduced forms. However, the relation was proved unsatisfied for a number of DsbA variants. In this study, we
investigate the thermodynamic and redox properties of a highly destabilized varianp Rgbfsubstitution ofcis-

Pro151 by an alanineby the means of intrinsic tryptophan fluorescence and by high-sensitivity differential scanning
calorimetry(HS-DSQ. When the value oAAG™¥°* obtained fluorimetrically for Dsbpqs14 does not correlate with

the value expected from its redox potential, the valuasG ¥ provided by HS-DSC are in perfect agreement with

the predicted thermodynamic cycle for both wild-type and variant. HS-DSC data indicate that oxidized wild-type
enzyme and the reduced forms of both wild-type and variant unfold according to a two-state mechanism. Oxidized
DsbAp1514Shows a deviation from two-state behavior that implies the loss of interdomain cooperativity in DsbA caused
by Pro151 substitution. The presence of chaotrope in fluorimetric measurements could facilitate domain uncoupling so
that the fluorescence prob@rp76) does not reflect the whole unfolding process of DspAa anymore. Thus,
theoretical thermodynamic cycle is respected when an appropriate method is applied to DsbA unfolding under conditions
in which protein domains still conserve their cooperativity.
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Formation of disulfide bonds is a crucial step in the folding, as- All these oxidoreductases possess a thioredoxin-like domain.
sembly and stabilization of secreted proteins. Deficiency in theirThey share the same active-site containing two cysteine residues,
formation generally entails misfolding and aggregation or prote-in the sequence Cys-XaXaa-Cys, that form a reversible disul-
olysis of polypeptide chains. In vivo, disulfide bonds formation is fide bond. Each enzyme possesses a characteristicXa di-
catalyzed by specialized disulfide oxidoreductases: protein disulpeptide sequend®H for DsbA, GH for protein disulfide isomerase,
fide isomerase in eukaryotéBreedman et al., 1994and several GP for thioredoxin. This sequence was found to be critical in
Dsb enzymes in prokaryoté®sbA, DsbC . .. ; for a review see determining both the stability of the active-site disulfide bond and
Bardwell (1994). the oxidizing power of the enzymé&rauschopf et al., 1995The
change of one dipeptide sequence for another induces a shift of
the redox potential in the direction of the protein from which the
Reprint requests to: Eric Quéméneur, CEA, Département d’Ingénierie eflipeptide sequence originatéldundstrom et al., 1992; Kortemme
d’Etudes des Protéines - Batiment 152, C.E. Saclay, F-91191 Gif-suret al., 1996; Chivers et al., 1987The biophysical characterization
Yvette, France; e-mail: eric.quemeneur@cea.fr. o _ of DsbA has shown that this enzyme is the strongest oxidant in the
e emmeon easmt s sl oxidoreductase familunderich e al. 1993; Zapun
states;AC,, denaturation heat capacity incremen, Gibbs energy of et al, 1993'_A_t least two _phy5|cal properties Ca_n explaln. this
denaturationaHe, calorimetric denaturation enthalpyHyy, van't Hoff ~ unusual oxidizing power. First, thekp of the N-terminal cysteine
enthalpy of denaturationAS, denaturation entropy; DTT, 1,4-dithim=-  thiol of the active-site(Cys30 is extremely low(3-3.5 which
IQ{ﬁ;Lﬂfﬂ@%’s %’aﬁi'gr':'sug‘]gt‘ig’i&dg; ﬁiiﬁ%?i;iﬂ?ﬁﬁ;;gﬁ;‘é%:' makes it highly reactive toward the cysteine residues of the protein
equilibriL’Jm constant for the thiol-disulfide exchange with glutathid; substrates. Second, the oxidized form of DSbA_ls more unstable
equilibrium constant of disulfide bond formation in the denatured sTate;  than the reduced form that favors thermodynamically the transfer
denaturation temperature. of its disulfide bridge to substrate proteins during their folding.
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Existence of a consistent thermodynamic cy@la. 1) linking the
relative stability of both states of DsbA and the redox properties of
the protein was proposetWunderlich & Glockshuber, 1993;
Wunderlich et al., 1993; Zapun et al., 1993, 129he difference

in stability between the reduced and oxidized formaGedox 1,
should be equal to the difference in the stability of the disul-
fide present in the native and unfolded protek(AGsy) =
—RTIn(Ky/K). Although the interdependence of the thermo-
dynamic difference and the redox potential was demonstrated for
DsbA and a series of variants with substitutions in the dipeptide
sequence between the active-site cystei@eauschopf et al., 1995

the situation appeared to be more complex for variants with sub-
stitution of charged residues in the vicinity of the active-ékien-
necke et al., 1997; Jacobi et al., 1993everal suggestions can be
made to explain these deviations from theory. In this paper, we
explore the possibility that the widely used experimental method to
determine the free energies of unfoldiffuorescencg may re-
flect the denaturation process in a biased way. Crystallographic
data for oxidized DsbA show the existence of two structural do-
mains in this protein: the thioredoxin domaidomain A and a
compactly folded helical domai@omain B (Martin et al., 1993

The intrinsic probe of fluorescen¢&rp76) is located in the helical
B-domain of the protein and may not be affected by structural
modification occurring in the thioredoxin domaiirig. 2). We
chose for this work a variant showing large discrepancy between
its oxidizing properties and th&AG™¥°* value measured by flu-
orescence. This variant has an alanine in the position 151 insteac
of a cis-proline highly conserved in the thioredoxin family. Inter-
estingly, this proline is the closest residue to the active disulfide
bond and is part of a hydrophobic cluster surrounding the active-
site which may constitute the unfolde(_j protein binding @@rtln Fig. 2. Ribbon representation dEscherichia coliDsbA. The figure was
etal., 1993; Guddat et al., 199Unfolding processes of wild-type drawn from X-ray coordinates of the prote{?DB entry 1DSB using
DsbA and DsbAis1.Were investigated both by the classical flu- Molscript (Kraulis, 1992. The side chains of Cys30, Cys33, Trp76, and
orimetric method and by high-sensitivity differential scanning cal- Pro151 are highlighted.

orimetry (HS-DSO, and compared.
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Results at pH 7.0. Oxidized DsbA showed a 3.3-fold decrease in fluores-
cence intensity at 322 nm when compared to its reduced form,
whereas the oxidized mutant protein only presented a 1.5-fold
decrease and niy,ay Shift. However, this difference was sufficient
Secondary and tertiary structures of Dshéys and DsbA were g determine both its thermodynamic stability and redox equilib-
compared by circular dichroism and fluorescence spectroscopyjym with glutathione by fluorescence spectroscopy.
Far-UV CD spectra of reduced and oxidized Dshéa were in- The relative oxidizing power of DshAs;4 was determined by
distinguishable from those of the wild-type Dskdata not shown  measuring the equilibrium constatio,) for the thiol-disulfide
signifying that the secondary structure of the protein was main'exchange reaction with glutathioi€SH/GSSQ. Measurements
tained. This result indicates that the ProAla replacement did not  \yere made by taking advantage of the difference in the intensity of
alter significantly then-helix andg-sheet contents of DsbA. Both  f|yorescence emission at 322 nm for oxidized and reduced species.
reduced proteins displayed very similar tryptophan fluorescencepe Kox Of DSbA was found to be 0.145 mM in agreement with
emission spectra Withma, = 322 nm after excitation at 280 nm, previous measuremertté/underlich & Glockshuber, 1993; Graus-
chopf et al., 1995 DsbAs;514proved slightly more reducing than
the wild-type enzyméK,, = 0.82+ 0.06 mM) (Fig. 3.

Spectroscopic and redox properties of DsbAa

KOX
Nox = Nred Thermodynamic stabilities of Dsbf;as determined
by fluorescence
AGox u “ AGred ) o o
The thermodynamic stabilities of oxidized and reduced forms of
Uox SuUred DsbA and DsbA;sia Were first investigated by GdmCl-induced
Kss unfolding/refolding experiments. Transition curves were obtained

Fig. 1. The relationship proposed to link redox potential and free energieTom the variation in fluorescence intensity at 355 and 322 nm for
of reduced and oxidized DSbAGeq — AGox = —RTIN(Kgy/KY). oxidized and reduced DsbA, respectively, as previously described
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Fig. 3. Redox equilibrium of DsbA®) and DsbAs5:» (M) variant with
glutathione. The relative amount of reduced protein was determined using, 0s | DsbA
the specific DsbA fluorescence at 322 nm, in 100 mM sodium phosphateg ™ SDAP1ST A
1 mM EDTA, pH 7.0(excitation at 280 nm N
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(Wunderlich et al., 1993 For DsbAs1514 the difference between 5
spectra for native and unfolded states was maximal at 322 nm fo§ 02 4
both redox states of the protein. In every case, highly cooperativéX ’
and reversible transitions were obtainédg. 4). Free energies of B
unfolding were calculated by extrapolation 86 to zero GdmCI 00 ' ' ' ihé '
0.0 0.5 1.0 LS 2.0 25 3.0 35 4.0

concentration assuming a two-state model of unfolding. As previ-
ously reported, the disulfide bond strongly destabilizes DsbA
(AG =528+ 2'0_ k.J’mol for reduced DsbA compared to 34£7 Fig. 4. GdmCI-dependent unfoldinéplding of oxidized and reduced
1.9 k¥mol for oxidized DsbA. Both redox states of DshAsia  (A) DsbA(0, A) and(B) DsbApys14 (0, ©). All fluorescence spectra were
are less stable than the wild-tygaG = 14.8+ 0.3 and 11.9+ recorded in 100 mM phosphate, 1 mM EDTA, pH 7.0, at’G0n the

0.4 k‘ymol' respectlvely the free energy difference between both Presence of 1 mM DTT for reduced prOteinS. The protein concentrations

. : were 0.42uM. Excitation was measured at 280 nm. Normalized transition
states being only 3 Khol. Furthermore, both forms of the variant profiles are shown. Unfolding and refolding experiments are represented

exhibit a strongly reduced cooperativity (m = 8.6 = 0.4 and  py closed symbols and open symbols, respectively. The folding transitions
10.3+ 0.4 k¥mol compared to 20.3 1.1 and 24.1 0.9 kJmol and curve fitting were done as described in Materials and methods.

for oxidized and reduced DsbA, respectivetyiggesting that they
may not fold/unfold according to a two-state modéflyers et al.,
1995.

[GdmCI ] (M)

perturbations of the heat capacity curves and transition parameters
by DTT were observed. For this reason, the values of calorimetric
parameters from repeated measurements for reduced DsbA and
Calorimetric curves obtained for DsbA and variant DspAa in DsbAp1514 in the presence and absence of DTT were averaged
oxidized and reduced states are shown in Figure 5. Correspondin@able 1.

denaturation parameters are presented in Table 1. Reversibility of As can be seenin Table 1, reduced forms of DsbA and RshA
thermal unfolding of DsbA was tested by reheating of the sampleshow remarkable increase in both transition temperdfyeand

in the calorimetric cell after completing the first scan at 100 enthalpy(AH.,) as compared with corresponding oxidized forms:
(Fig. 5, inset. The thermogram of the second heating shows deAT32% = 8.4°C; AT{S2 A= 8.7°C; AHEI %A = 102.2 kJmol
naturation transition at the same position but with lower enthalpyand AHZ&#%5, 4= 95.2 kYmol. These increments @ andAHcq

as compared with the first scan. Overall, this indicates 75% reare of the same order for DsbA and variant DsbA,. Addition-
versibility of thermal unfolding of DsbA. Partial irreversibility ally, calorimetric data reveal substantial destabilization of both
seen from enthalpy decrease can be assigned to secondary paxidized and reduced forms of the studied variant as compared
cesses, as for example, aggregation. Aggregation could be reducedth that of DSbA:AT1514DsbA = —11.0°C andA HS351ADsbA =

HS-DSC studies

by optimization of the heating conditior(slecreasing final tem- —186.3 kJmol for oxidized andAT{*5#PsbA = —10.7°C and
perature and duration of protein incubation in the unfolded state AHZ}5*4PsPA = —193.3 kJmol for reduced forms, respectively.
Calorimetric measurements of reduced DsbA and DRsbéA The values of the denaturation heat capacity increménptare

were carried out both in the presence of DTT in the cell and afteppresented in the fourth column of Table 1. Within the errors of
elimination of reducing agent by gel-filtration. This was done to estimation, the values afC, for DsbAs15,4 are close to that of
check if the presence of DTT does not influence thermal denaturbsbA and do not depend significantly on the redox-state of the
ation generating discrepant calorimetric and fluorimetric data. Noprotein. The large errors &fC, for DsbAp;5;14are related to some
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Table 2. Gibbs energy of denaturation of DsbA and DsbAa

150 - ¥ 3 (pH 7.0; t= 30°C)

y :\E: 100 N

3 £ P A. HS-DSC measurements

g A

S i AG AG™ AAG™Y A(AGg9?

= 100 - N Protein (kJ/mol) (kJ/mol) (kJ/mol) (kJ/mol)

B3} E 0 1 { 1 4 §

§ 20 40 60 %0 oo DsbA 48.7 65.93 17.23 17.8

8 Temperature, °C DsbApis1a 24.96 37.6 12.64 13.44

<

£ s} . )

2 B. Fluorimetric measurements

;% AG ox AG red AAG red/ox

Protein (kJ/mol) (kJ/mol) (kJ/mol)

‘ . L . DsbA 34.7 52.8 18.1
20 40 60 80 100 DsbAp151a 11.9 14.8 29

Temperature, °C

BA(AGsd = —RTIn(K,/Ks). The redox potential in the denatured state
Ke was considered to be identical to that measured for the wild-type
enzyme, i.e., 170 mMZapun et al., 1993

Fig. 5. Excess heat capacity curves for Dsfpiirves 1 and Band variant
DsbAp1514 (curves 2 and ¥in oxidized (curves 1 and Rand reduced
(curves 3 and ¥istate100 mM phosphate, 1 mM EDTA; pH ?.(Circles,
experimental; solid lines, two-state fitting. Inset: calorimetric raw data for
oxidized DsbA.

not depend on pH between pH 7.0 and 8.5. The valGg =

9.28+ 2.09 kymol/K = 0.44 Jg/K for oxidized DsbA(Table 1
instability in the baseline in the post-denaturation segment of thé@drees well with the average value of this parameter for small
thermogram probably because of aggregation of unfolded proteirflobular proteingPrivalov, 1979; Goémez et al., 1985 .
Baseline instability did not, however, affect significantly such pa- The values of cooperative ratidHca/AHvy are presented in
rameters as transition temperature and enthalpy. The average valff¢ 1ast column of Table 1. According to this parameter, the re-
of AC, over all the data presented in Table 1S, = 8.98+ 1.36 duced forms of both DsbA and variant respect a two-state transi-
kJ/mol/K. This is in agreement with the value of this parameter fil0n mechanism, while oxidized forms seem to deviate from it.
for oxidized DsbAAC, = 9.28+ 2.09 kJmol/K. The attempt was However, more precise analysis of transition mechanism by fitting
made to estimatexC, for DsbA from the slope of temperature the excess heat capacity curves according to the two-state model
dependence of calorimetric enthalpy by measuring at different pHFig. 5 shows that there is no systematic deviation of a calculated
varying from 7.0 to 9.5, but it failed because of distortions of Curve from an experimental one for oxidized DsbA. In contrast, a
thermograms obtained at pH8.5. At pH 8.0 and 8.5 the following ~ ¢lear deviation from the two-state approximation is found for
values of transition parameters of oxidized DsbA were obtained:OXIdlZGd_ DsbAs1s14 suggesting the existence of few folding
Ty = 68.04°C, AH, = 592.3 kJmol, AC, = 9.25 kJmol/K atpH  intermediates. . . .
8.0, andTy = 66.8°C, AHc, = 565.6 kJmol, AC, = 9.33 kJ Tables 2A and 3 contain values of thermodynamic unfolding
mol/K at pH 8.5. Although these data are not fully sufficient to Parameters of DsbA and Dsb#s: Gibbs energyAG), enthalpy
evaluate the dependenséi. (Ty), one can see thaiC, values do  (AH), and entropy(TAS) of unfolding calculated at 3T by ex-

trapolation of calorimetric paramete($able 1) assumingAC, =

9.28 + 2.09 kJmol/K for both redox-states of DsbA and its

variant. It was also assumed that uncertainty of thermodynamic

Table 1. Denaturation parameters at pH 7.0 of DsbA Cnfolding wansiion could bo-meglected. I the fast column of

and Dsb according to HS-DSC S o -

Aisia g Table 2 the denaturation increment of disulfide stabilifyAGs))
T AHca (Ty) AC, is presented, calculated from equation(AGs) = —RTIn

Protein (°C) (kJ/mol) (kJ/mol/K)  AHca/AHyy (Kox/Ksus)-

Oxidized
DsbA 68.40+ 0.03 618.0+ 25.0 9.28+ 2.09 1.08+ 0.01
n=5 .

DsbApsia 57.40+ 0.80 4317+ 51 10.77+ 4.88 1.21+ 0.05 Table 3._ Enthalpy and entropy of denaturation of DsbA
n=3 and variant DSbA15lA(pH 7.0;t= 300C)

Reduced (AH)> (TAS)™ (AH)™d (TAS)™d
DsbA 76.77+ 0.16 720.2+ 31.2 8.15+ 2.18 0.98+ 0.02 Protein (kJ/mol) (kJ/mol) (kJ/mol) (kJ/mol)
n=3
DsbApi514 66.06+ 0.23 526.9+ 40.0 7.72+ 4.10 0.98+ 0.06 DsbA 261.6 213.0 286.2 220.3
n=4 DsbAp1s14 177.4 152.4 192.3 154.5

Increment —-84.2 —60.6 -93.9 —65.8

an, Number of repetitions of measurements.
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Discussion states of variant Dsb#s;4 When the unfolding is induced by
GdmcCl.
A concept of thermodynamic cycle was used to explain the oxi- As a consequence, the underestimatiolGfvalues provide a
dizing properties of DsbA linking the difference in stability of wrong estimation oAAG™%°X, According to the thermodynamic
oxidized and reduced forms and the stability of the disulfide bondcycle, theAAG™¥°* expected for DsbA and Dsk#s; 4 from the
expressed as a redox equilibrium with glutathione. This relationmeasuredK,, are 17.80 and 13.44 kdol, respectively. The
ship was confirmed for DsbA and a number of variants with sub-AAG™¥**values at 30C observed in the case of the wild-type are
stitution in the dipeptide sequence within the active-site cysteinesn the same range by both fluorimetric and calorimetric methods
However, large deviations from this cycle appeared for DsbA vari-(18.1 and 17.23 kdnol, respectively, while the values measured
ants modified either in the kink of the active-site helix or in vari- for DsbAp,s:4 differ substantially(AAG™%°* = 2.9 and 12.64
ants with altered electrostatics around their active{dttennecke  kJ/mol, respectively (Table 2. Using the appropriate method,
etal., 1997; Jacobi et al., 199 Until now, thermodynamic studies these results show that the variant does fulfill the predictions of the
of DsbA and its variants have been performed only by fluorim-thermodynamic cycle. This might also be true for other variants
etry. Under these experimental conditions, #16G°%** value of  reported not to respect the cydlelennecke et al., 1997; Jacobi
3 kJ/mol obtained for DsbA,s:4allows to expect a large increase et al., 1997.
of the redox potential of the active-site disulfifi€,x ~ 50 mM). Another relation has been proposed to explain the oxidizing
Surprisingly, the studied variant was only slightly more reducingpower of DsbA: the Bronsted-like correlation betwdésy and the
than the wild-type(Kyy = 0.82 mM). This variant is one of the pKj of the active-site thio{Szajewski & Whitesides, 1980; Graus-
most radical examples of discrepancy between the valui€,of chopf et al., 1995; Bulaj et al., 1998 sbAs,514als0 respects this
predicted from the cycle and that measured experimentally. Henceorrelation(pK, = 4.03; Charbonnier et al., 1998ut unlike the
it is certainly a good candidate to study in greater details thevariants previously mentiondéHennecke et al., 1997, Jacobi et al.,
thermodynamic properties of DsbA. Additionally, the substitution 1997), this mutation has no large electrostatic effect in the vicinity
P151A occurs in a region which was shown by NMR to display of the active-site.
significant differences in the electronic structure of oxidized and Replacement of a&is-proline by a non-proline residue is ex-
reduced state$Couprie et al., 1998 In the present study, we pected to produce either@s non-proline peptide bond with no
focused on the following question: does this DsbA varigrtd major impact on the structure or teans conformer with large
potentially, otherp really escape from the theoretical thermo- modifications in the geometry of the backbone. Both events have
dynamic cycle or does the fluorimetric method used to determinalready been observed ais-Pro variants of various proteins. For
free energy values introduce a bias in the results? The later posastance, the Pro202 Ala human carbonic anhydrase Il retains a
sibility may result from the location of the intrinsic fluorophore cis conformation(Tweedy et al., 1993 whereas its isomerization
(Trp76) in the helical B-domain of the protein, far away from the to atransbond was observed in staphylococcal nuclease variants
active-site cysteines and the thioredoxin domain. (Evans et al., 1987; Hodel et al., 1995 the case of thioredoxin,
AG values fluorimetrically obtained for DshAs1 are largely  for which cis-Pro76, the structural analog of Pro151 was mutated
underestimated compared to the values obtained by HS-DS@ alanine, no conclusion was drawn concerning the conformation
(Table 2. Substitution of Pro in position 151 of DsbA may of Ala76 in the variant P76AKelley & Richards, 1987; Gleason,
cancel some interactions maintaining the integrity of folded struc-1992. Whatever their conformatiorgis-Pro — Xaa variants are
ture of the protein. Consequently, the helical B-domain of thegenerally strongly destabilized. The observed decreases in stability
protein would acquire more freedom, uncoupling the changes irtaused by the substitution ota-proline by an alanine range from
the vicinity of Trp76 from unfolding of the polypeptide chain. ~20 k¥mol for the RNase T1 P39AMayr et al., 1993 and
This is consistent with recent concepts on folding intermediatesarbonic anhydrase Il P202A, to 8—-9/kibl for RNase A variants
where intermediate states are considered to involve defined dgSchultz & Baldwin, 1992 with an intermediate value of 16.3
mains of the protein molecule rather than representing misfoldkJ/mol for thioredoxin P76A. In our case, the substitutioncis
ing states of the whole polypeptide chdffreire, 1995; Privalov, Prol51 decreases the stability of oxidized DsbA by about 24 kJ
1996. Such intermediates, identified with independent portionsmol and the reduced state by about 28rkdl. These values are
or subdomains of protein, were found drlactalbumin, equine  significantly higher than those mentioned previously.
lysozyme, staphylococcal nuclease and myoglofior review To analyze energetic changes of DsbA caused by Prol51 sub-
see Privalov(1996). These domains reveal different degrees of stitution, deeper insights in the contribution of the entropic and
folding and/or interaction with the rest of the molecule depend- enthalpic factors can be helpf(iTable 3. It is known that Pro—
ing on the conditiongpH, detergent, endogenous ligand, etc. Ala substitution results generally in an increase of configurational
In some specific conditions, these subdomains unfold indepenentropy of the protein in unfolded statdatthews et al., 1987
dently (deviation from two-state unfoldingin other cases two Thus, one could expect the destabilization of variant Dslf\
parts may interact positively forming a single cooperative unitmainly due to the increase of its unfolding entropy. However, as
(two-state unfolding (Freire et al., 1992; Privalov, 1996The  can be seen in Table 3, substitution of Pro151 in DsbA leads to
last phenomenon seems to be observed for thermal unfolding adntropy decrease both in oxidized and reduced form indicating that
DsbAp1s:14 in reduced state since it follows strictly a two-state effects other than change of configurational entropy of the un-
transition, while a non-two-state transition is observed for oxi-folded state are prevalent. Comparison of the mutation increments
dized DsbA514 Moderate concentrations of GdmCI, used in of AH andTAS (Table 3 show that destabilization of DskAs1a
fluorimetric study, can act not only as a destabilizing factor, likeis enthalpically driven. Taking into account the location of Pro151
temperature in calorimetric measurements, but they can also favan a hydrophobic cluster close to the active-ditdartin et al.,
domain uncoupling. This may explain why Trp76 stops function-1993, one can suggest that its substitution leads to the loss of
ing as an intrinsic probe of global unfolding for both redox favorable packing interactions of the side chains in folded DsbA.
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Decrease of packing density was shown to increase abruptly cordnfolding-refolding fluorescence studies
figurational entropy of folded conformation and, thus, should con-
tribute negatively to the entropy of unfoldin@romberg & Dill,
1994; Richards & Lim, 1998 Unpacking should also result in
decrease of unfolding enthalpy due to disruption of van der Waal
contacts(Makhatadze & Privalov, 1995This is consistent with
the observed decrease aH for DsbApi514 (Table 3. It was
already shown for bacterial ribonuclease barnase that the loss
tight packing in the hydrophobic core reduces by a half the ne
energy of folding(Kellis et al., 1989, even if this unpacking does

not alter the three-dimensional structure of the protein. Analysis o 986. Experimental data were fitted with a simplex procedure

cry_stallographlc structure OT Ds_ta,e‘;-.lA(Charbonnler etal., 1999 .based on the Nelder and Mead algoritfiRress et al., 1986
points up a local reorganization of the structure around posi-

tion 151 and a larger accessibility to the solvent of the active

disulfide bridge. Structural changes may introduce some uncerrigh-sensitivity differential scanning calorimetry

tainty in the thermodynamic analysis of destabilizing factors be-(HS-DSC) studies

cause in this particular case a contribution of hydration effects into ) _ ) . ) o
enthalpy and entropy of unfolding can not be totally excluded.c_alor'm‘_atr'c mea_surem_ents were carried out Wlt_h high-sensitivity
Hydration effects contribute negatively both to the unfolding en-différential scanning microcalorimeter VP-DS®icroCal Soft-

thalpy and entropyMakhatadze & Privalov, 1995 This agrees ware, Inc., Northampton, Massachusgttsthin the temperature

well with the observed tendencié3able 3. Finally, it can be range 6-110C, at_the heating rate 60 d;é_it_lput and_e_xcess pres-
concluded that Pro151, which is a well conserved residue in th&U'® 2 aim. Solutions of DsbA and variant in oxidized form for

calorimetric measurements were dialyzed against corresponding
buffer at 4°C overnight. 100 mM phosphate and 40 mM glycine-
aOH containing 1 mM EDTA were used as buffer solutions at pH
7.0 and pH 8.0-9.5, respectively. Protein concentration after dial-
ysis was determined spectrophotometrically and varied from 0.12
to 0.36 mgmL. Reduction of the disulfide bond of DsbA and
DsbAp1514 Was carried out by addition of 1 mM DTT into the
dialyzed protein solution degassed and kept under argon. When
] needed, DTT was eliminated prior to measurements by gel-filtration
Materials using HiTrap Desalting columfs mL, Pharmacia BioteghAll

1,4-DithioL-threitol (DT T), reduced glutathionéSSH), and oxi-  calorimetric measurements of reduced proteins were carried out in
dized glutathionéGSSQ were purchased from Sigma. Guanidium strictly degassed solutions, saturated with and kept under argon.
chloride (GdMC) was from Fluka. DEAE-Sephacel and phenyl- Primary data processing and fitting of heat capacity curves were
Sepharose CL-4B were obtained from Pharmacia-Biotechcarried out using Origin 4.1 softwai@ficroCal Software, Ing.
DsbApy514 Was purified by the same protocol as the wild-type Molar heat capacity of DsbA and Dsb/s;, was calculated as-
DsbA: anion exchange chromatography on DEAE-Sephacel folSUming a molecular weight of 21.1 kDa. Thermodynamic func-
lowed by hydrophobic chromatography on phenyl-Sepharose CL-480nS of unfolding at reference temperature T were calculated using

All the unfolding-refolding experiments were carried out as pre-
viously described Wunderlich et al., 1998in a 100 mM phos-
ghate buffer pH 7.0 containing 1 mM EDTA at 30. Measurements
involving reduced proteins were performed under argon atmo-
sphere, with degassed buffers. The transitions were measured flu-
O{imetrically. The exact GAmCI concentrations were calculated
rom the refractive indexNozaki, 1972. Experimental data were
analyzed according to a two-state equilibrium, using the model of
inear dependency oAG upon denaturant concentratigPace,

thioredoxin super-family, plays a key role in maintaining the in-
tegrity of the folded structure of DsbA. Substitution of this residue
breaks the native packing in hydrophobic cluster and has a maj
impact on the cooperativity of the protein folded structure.

Materials and methods

(Wunderlich & Glockshuber, 1993 the following equations:

AH(T) = AHca(Ty) + AC,(Ty)(T — Ty) )
Spectroscopic methods
Circular dichroism measurements were made with a Jobin Yvon AS(T) = AHea(Ta)/To + AC(Ta)In(T/To) @
CD6 dichrograph. Fluorescence spectra were recorded on a Spex AG(T) = AH(T) — TAS(T). 3

0.34 spectrometer. UV absorptions were measured with a Hewlett
Packard 8453 spectrophotometer. DsbA and DRsbA protein
concentrations were determined spectrophotometrically using afA\cknowledgments
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