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In this work, the unfolding mechanism of oxidized Escherichia coli thioredoxin (ECTRX) was investigated exper-
imentally and computationally. We characterized seven point mutants distributed along the C-terminal a-helix
(CTH) and the preceding loop. The mutations destabilized the protein against global unfolding while leaving the
native structure unchanged. Global analysis of the unfolding kinetics of all variants revealed a linear unfolding
route with a high-energy on-pathway intermediate state flanked by two transition state ensembles TSE1 and
TSE2. The experiments show that CTH is mainly unfolded in TSE1 and the intermediate and becomes structured
in TSE2. Structure-based molecular dynamics are in agreement with these experiments and provide protein-wide
structural information on transient states. In our model, ECTRX folding starts with structure formation in the 3-sheet,
while the protein helices coalesce later. As a whole, our results indicate that the CTH is a critical module in the folding
process, restraining a heterogeneous intermediate ensemble into a biologically active native state and providing the
native protein with thermodynamic and kinetic stability.
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1. Introduction

Protein folding involves the coordination of a myriad of interaction
events. Intra- and intermolecular contacts establish a cooperative and
plastic interaction network that determines protein topology, stability,
dynamics, and biological activity.

Thioredoxin (TRX) is a key protein in the archaea, bacteria, and eu-
karyote domains. TRX, TRX reductase and the co-enzyme NADPH are
components of the TRX system that controls the global protein dithiol/
disulfide balance in the cell [1,2] and are involved in a large number of
biochemical processes [3]. The role of TRX as an oxidoreductase enzyme
is crucial in the peroxide detoxification process, as a partner of thiol
peroxidases [1]. TRX, the physiological electron donor of methionine
sulfoxide reductases, acts in the reversible reduction of the oxidized

Abbreviations: CD, circular dichroism; CTH, C-terminal c-helix; DLS, dynamic light scat-
tering; ESI-MS, electrospray ionization mass spectrometry; GdmCl, guanidinium chloride;
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simulation; N, the native state; NMR, nuclear magnetic resonance; Rs, the hydrodynamic ra-
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sodium dodecyl sulfate polyacrylamide gel electrophoresis; TSE, the transition state ensem-
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methionine as well [4]. Along with the ribonucleotide reductase
enzyme, both TRX and glutaredoxin are involved in the reduction of ri-
bonucleotides to desoxiribonucleotides [3]. TRX also acts by controlling
the redox state of transcription factors [5,6].

Escherichia coli TRX (ECTRX) has been extensively used in protein
engineering to investigate the bases of protein stability, folding and
protein function [7-17]. Full-length EcTRX is a small (108 residues)
globular and monomeric protein with a characteristic o/ topology,
and its structure has been already investigated by both NMR [18-21]
and X-ray crystallography [22] (Fig. 1). The structural features and the
knowledge gained by several research groups make EcTRX a very inter-
esting model to try to obtain a complete picture of the protein folding
process. The active site of ECTRX is characterized by the presence of
the ~-WCGPC- catalytic motif, which is characteristic of the TRX family,
and the reversible oxidation of these Cys residues forms an —S—S— bond.

Both chemical [23] and temperature [24-26] equilibrium unfolding
experiments indicate that ECTRX, a thermodynamically stable protein
(~8 kcal mol ™!, in the case of the oxidized form), behaves as a two-
state folder. The EcTRX folding kinetics was also studied [27-29].
Folding traces of oxidized EcTRX show high complexity, and at least
five multiple phases are necessary to describe the process (followed
by Trp fluorescence). Among them, a burst phase is observed, character-
ized by a time constant smaller than the observation dead time (2.5 ms),
which, more likely, corresponds to the initial hydrophobic collapse [30].
In addition, the slowest phase arises from the trans to cis isomerization
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Fig. 1. Ribbon diagram of ECTRX. Residues that were mutated in this work are shown in
sticks. The disulfide bridge (residues 31-35) is in yellow. In addition, the side chains of
W28 and W31 are shown in gray. The model was generated with YASARA view software
[84] and the PDB ID: 2TRX.

of Pro76. On the other hand, the unfolding of ECTRX may be described
by a single exponential. The rate of unfolding for wild-type EcTRX in
water, i.e., extrapolated to zero urea concentration, was estimated as
9.5 x 1078 s~ 1, which yields a half-life time in water of around four
months [31]. This fact supports the idea that ECTRX is also a kinetically
stable protein [31].

In addition, there is invaluable thermodynamic and kinetic informa-
tion for an extended list of ECTRX point mutants [13,14,26,31-33].
Godoy-Ruiz and coworkers have found, based on results from urea-
induced folded/unfolded experiments, that there is a large fraction of
residues that occupy unstructured regions in the ECTRX TSE, yielding a
high energy barrier, presumably as the result of the evolution towards
a highly kinetically stable conformation [31]. Remarkably, Hamid
Wani and coworkers [34] showed that the unfolding of ECTRX includes
an intermediate state when the reaction is performed at pH 3.0. They
suggest that at pH 7.0, the energy of this intermediate state is too high
for it to be detected. Thus, how the transition state ensembles (TSE)
are organized seems to be an open question.

Experiments between different couples of ECTRX fragments point to
the plasticity of the core of this protein [35-40] and to the relevance of
C-terminal a-helix (CTH) on the consolidation of the native state [41,
42]. Experiments involving fragment TRX1-93 showed that the absence
of the CTH (residues 94-108) results in the stabilization of a premolten
globule-like state, with only a residual secondary structure and without
signatures of a persistent tertiary structure. In particular, complementa-
tion between fragment TRX1-93 and peptide TRX94-108 indicated that
interactions mediated by apolar residues of CTH strongly contribute to
the secondary structure propensity of this secondary structure element
[43] and simultaneously stabilize the tertiary structure of ECTRX native-
like complex [44]. Interestingly, it was suggested that the alteration of
the C-terminal region of the protein may considerably affect folding
kinetics [30,45], thus indicating that this region plays a key role, not
only contributing to the native state stability, but also acting on the
stabilization of TSE.

As previously described [41,43], helix a5 consists of a set of spatially
aligned buried apolar residues .99, F102, L103 and L107 that establishes
contact among them (apparently stabilizing the a-helical structure of
the last 15 residues of the protein, as predicted by the AGADIR
algorithm [46-49], Table S1) and also with residues of helix &3 and res-
idues from the B-sheet (tertiary interactions). In particular, L99 is highly

conserved and the apolar residues Ile, Leu and Val are very frequently
found in position 103 along the TRX family (L103 in the E. coli se-
quence), suggestive of the key role these residues exhibit in the ECTRX
structure (a sequence logo for the CTH is shown in Fig. S1). In addition,
L94, a less conserved residue, is located in the connector between CTH
and the last strand, establishing contacts with L99 that could also be rel-
evant in contributing to the native stability of ECTRX. The side chain of
residue N106 establishes an intra-helical hydrogen bond (HB) with
the carbonyl oxygen of F102 and one tertiary hydrogen bond between
the carbonyl oxygen of N106 and the amine group of K82. Finally,
E101 is close in space to the charged groups of residues K96, K100,
and D104 from the CTH. To evaluate the role in the unfolding mecha-
nism of some interactions established by key residues of the CTH
(helix a5) in the native state of ECTRX, a series of point mutants was
designed (Fig. 1). We chose to mutate L94, L99, F102, L103, N106 and
L107 to alanine, and E101 to glycine. We expected that these mutations
would destabilize the native state of ECTRX relative to the unfolded state
because of the truncation of the side chains forming stabilizing interac-
tions. Mutation E101G should further destabilize the native state
because of the higher entropic cost of restricting the conformation of a
glycine to the a-helical region.

In this work we investigated experimentally and computationally
the role of CTH in the EcTRX unfolding mechanism. Based on the obser-
vation and analysis of non-linear rate profiles (kinks or rollovers) in the
unfolding arm of ECTRX chevron plot [50,51], equilibrium unfolding
experiments and structure-based simulation results, we suggest that
the EcTRX folding/unfolding mechanism includes an on-pathway
high-energy intermediate state. In addition, we characterized the
involvement of CTH in the energetics of the transition-state ensembles.
Finally, based on molecular dynamics simulation (MDS) results, we de-
scribed the folding landscape and the conformational ensembles across
the folding process.

2. Materials and methods
2.1. Subcloning, expression and purification of ECTRX mutants

ECTRX mutants were obtained by PCR-based site-directed mutagene-
sis. Expression and purification were carried out as previously described
in Santos et al. [41,44]. Briefly, transformed E. coli BL21 (DE3) cells were
grown in a Luria-Bertani medium at 37 °C to ODgponm = 0.9-1.0. Finally,
overexpression of each ECTRX variant (3 h, 37 °C, 250 rpm) was induced
using 1.0 mM IPTG. For the protein purification, cells were disrupted in
20 mM Tris-HCl, pH 7.0, and centrifuged at 6000 rpm. The isolated fluid
was loaded onto a DE52 Sepharose column equilibrated with 20 mM
Tris-HCl, pH 7.0. Elution was performed with increasing concentrations
of NaCl up to 1.0 M. Fractions containing EcCTRX (evaluated by SDS-
PAGE and UV absorption) were loaded onto a preparative Sephadex
G-100 chromatography (SEC, 93 cm x 2.7 cm) column, previously
equilibrated with 10 mM Tris-HCl and 100 mM NaCl, pH 7.0. Then,
pure ECTRX fractions were pooled and extensively dialyzed against
distilled water. Finally, the protein was lyophilized and preserved at
—20°C.

2.2. Mass spectrometry

Protein samples were analyzed by RP-HPLC-MS using a 1.0 mm x
30 mm Vydac C8 column, operating at 40 uL min~ ', connected to a
Surveyor HPLC System on-line with an LCQ Duo (ESI ion trap) mass
spectrometer (Thermo Fisher, San José, CA, USA). Samples were eluted
using a 15 min gradient from 10% to 100% solvent B (solvent A: 2% acetic
acid, 2% ACN; solvent B: 2% acetic acid, 96% ACN). Protein characteriza-
tion was performed by full scan 300-2000 amu and deconvoluted by
the XCalibur software.
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2.3. Trp fluorescence spectroscopy

Fluorescence spectra were recorded in the range of 305-500 nm
using an excitation wavelength of 295 nm and a 1.0 cm path length
quartz cell with stirring. The spectral slit-width was set to 8 nm for
both monochromators. After acquisition, each spectrum was corrected
by blank subtraction. Buffer was 25 mM sodium phosphate, pH 7.0
and spectra were acquired at 25 °C.

2.4. Circular dichroism spectroscopy

Spectra were acquired using a Jasco 810 spectropolarimeter (Jasco
Corporation, Japan) equipped with a peltier for temperature control.
Protein samples were prepared in 25 mM sodium phosphate, pH 7.0
to a final concentration of 10 and 25 pM for far-UV and near-UV, respec-
tively. Circular dichroism (CD) spectra were recorded in the range of
190-260 nm (using a 0.1 cm path-length cell) and 240-340 nm
(using 0.5 cm or 1 cm path-length cells). Data acquisition was carried
out at 25 °C and at least five spectra were acquired at a speed scan of
20 nm min~ "' and a time constant of 1 s, and averaged. Finally, a scan
of buffer was properly smoothed and subtracted from the correspond-
ing average spectrum.

2.5. Fourth-derivative UV-absorption spectroscopy

At least 10 scans were recorded at intervals of 0.1 nm in the range
of 240-340 nm and a scan speed of 40 nm min~ ' using a Jasco V-550
UV-visible spectrophotometer (Jasco Corporation, Japan) equipped
with peltier equilibrated at 25 °C. Protein samples (10.0 uM final
concentration) were prepared in 25 mM sodium phosphate, pH 7.0. A
scan corresponding to the buffer was acquired in the same conditions,
smoothed and subtracted to the averaged spectrum of each protein
sample. An ad-hoc Excel® spreadsheet was used to transform the raw
numerical data to the corresponding fourth-derivative spectra.

2.6. Equilibrium unfolding followed by fluorescence measurements

Lyophilized proteins were dissolved in 25 mM sodium phosphate,
pH 7.0 at room temperature (10 pM final concentration) and incubated
overnight in increased concentrations of GAmCl in a range of 0.0 to
5.0 M. Unfolding was followed by Trp fluorescence intensity as
described above. Excitation and emission were 295 and 354 nm, respec-
tively. A two-state model was fitted to experimental data according to
Santoro and Bolen [52] by the nonlinear least squares method to define
the difference in free energy of unfolding (AGSy 120) and the denatur-
ant concentration in which the unfolded fraction of molecules is
0.5 (Cny). Global fitting for all variants, including the wild-type EcTRX,
was performed using a single myy value (the dependence of the differ-
ence in free energy on denaturant concentration) using Eq. (1),

S= <SO'N i mN[deCl]) + (SO,U + mu[deCl]>e<w> "

AGY+myy [Gdmcl )

1+e< K

where So and Sp; are the intrinsic fluorescence signals for the native
and unfolded states, respectively; my and my are the slopes of the pre-
and post-transition regions, respectively, assuming a linear dependence
of Sy and Sy, with denaturant concentration.

Thermal denaturation of ECTRX variants was monitored by changes
in the fluorescence signal of SYPRO orange dye by heating the holder
from 4 to 95 °C at a rate of 1 °C min™~ . The experiment was performed
in a real-time PCR system (Bio-Rad). Excitation and emission ranges
were 470-500 and 540-700 nm, respectively. Protein concentration
was 0.16 mg mL™! and the buffer was 20 mM sodium phosphate,
pH 7.0.

It is worthy of note that the ECTRX I state described in this paper
(see below) is a high-energy intermediate. This determines that the I*
state does not significantly populate in solution, in equilibrium experi-
ments. In this case, the folding transition can be described using a
two-state model; the only observable states under these conditions
are the native and the unfolded states. Thermodynamics can be applied
and free energy of unfolding calculated, without any assumption
concerning the microscopic kinetic constants.

2.7. Fast chemical unfolding kinetics

Unfolding kinetics was recorded using a Spectra Kinetic Monochro-
mator stopped-flow device (Applied Photophysics, Leatherhead, UK)
equipped with a fluorescence detection system and a thermal bath.
The excitation wavelength was 280 nm and emission was recorded
through a 320 nm filter. Unfolding kinetics were initiated by a 10-fold
dilution of protein samples (10 uM final concentration) into increasing
GdmCl concentrations up to 7.8 M. The buffer was 25 mM sodium phos-
phate, pH 7.0. All measurements were carried out at 25 °C. In all cases,
the concentration of denaturant solutions was verified by refractometry
(ANgoo7m = 0.132).

2.8. Analysis of kinetic data

A simple exponential equation was fitted to the unfolding time-
traces performed at each denaturant concentration (Eq. (2)):

Foy=Axe ™"+ F, (2)

where A is the difference between the initial and final signal; k,p; is
the observed rate constant and F. is the fluorescence signal when
time tends to infinity (equilibrium). In addition, the residuals of
each fitting were plotted and compared with those obtained using
more complex models like two or three exponentials plus a drift of
the signal.

The unfolding kinetic data (k,ps) for ECTRX variants were globally
fitted to a three-state model including an obligatory high-energy inter-
mediate (Eqgs. (3)-(11), [51,53]),

Uﬂ I*ﬂN‘ (3)

kIU kNI

The apparent rate constants are the solutions to Eq. (4):

—B+ VB*—4C
kops = @
where
B = —(ky + kiy + kiy + kny) (5)
C = kyi(kiy + knyp) + kiykng- (6)

The value that each coefficient k; takes varies with the denaturant
concentration as follows:

[GdmCl
ki cama = kie™ ™. (7)

In addition, at low denaturant concentration (TSE1 limit), ky; << kiy
and given that the crossing of TSE2 can be treated as a pre-equilibrium,

we can approximate krand k,, as:

ky(TSE1) = ky, (8)

ky(TSE1) = % ki 9)
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and at high denaturant concentration TSE2 represents the higher barrier
(TSE2 limit), thus the corresponding equations are:

ky(TSE2) = Ky (10)
kiy

k, (TSE2) = ky;. (11)

Egs. (8)-(11) were used to plot lines in Fig. 4 corresponding to the
TSE2 and TSE1 limits.

All activation free energies were assumed to vary linearly with
GdmClI concentration, with a proportionality constant m. Since the in-
termediate is not populated, only the ratio of the rate constants for the
steps leading from the intermediate (k;n/k;y) can be obtained from the
data fitting. For the same reason, we cannot calculate values for my
and myy; in spite of this, we can fit the value for (m;-myy). For practical
reasons, we did not fit the ratio directly but kept k;y and its denaturant
dependence fixed at a value that will not make this step rate-limiting
under any conditions (ki = 10° s~ !, myy = 0 kcal mol~!' M?) [51].
Individual ¢ (phi) values, which compare the effect of amino acid
replacements introduced by site-directed mutagenesis, were calculated
according to Eq. (12):

0.TSE! 0.TSE!
o= AGf, wt _AGf, mut (12)
AGgq‘ wt_AGgq. mut
il 1l
where AG?:ZVStE" and AG?:T;UE; are the Gibbs terms applied to the activation

free energies of folding corresponding to wild-type and mutant ECTRX,
respectively, whereas AAGY is AGRqwe — AGRqmur the difference
between equilibrium free energy differences of folding for wild-type
and mutant variant, respectively.

The proportionality constants oiggmc; to quantify the energetic sensi-
tivity of each TSE to changes in denaturant concentration relative to the
ground states were calculated according to Eq. (13):

m m
e = = (1=t ). 13)

Qamc 1S interpreted as the relative amount of accessible surface area
buried in the TSE, myy is the dependence of the difference in free energy
of equilibrium unfolding on denaturant concentration, m,, and my are
defined as follows:

0.TSE]
m, — % . (14)
fa = 31Gdmdl)

2.9. Oxidoreductase activity assay

TRX enzymatic activity was measured as described in Santos et al.
[41]. Briefly, lyophilized protein (10 uM final concentration) was
dissolved in 25 mM sodium phosphate and 1 mM DTT, pH 7.0 at room
temperature and incubated for 1 h to reduce the disulfide bridge to
free thiols. The reaction was initiated by the addition of DiFTC-insulin
(0.1 M final concentration) [54,55] and the fluorescence signal was
recorded. Excitation and emission wavelengths were 320 and 520 nm,
respectively. The bandwidth used was 8.0 nm for both excitation and
emission. The apparent straight line curves (first seconds) were fitted
by linear regression and the percentage ratio between the slope of
each mutant and the wild-type protein was considered as the specific
activity in this work.

2.10. Hydrodynamic behavior

Size-exclusion chromatography (SEC) was performed in a FPLC
system equipped with UV detector (Jasco Corporation, Japan), multiangle
light scattering (MALS) and dynamic light scattering (DLS) modules
(Wyatt Technology). SEC experiments were carried out using a Superose
12 (Pharmacia Biotech, Sweden) equilibrated in 25 mM Tris-HCl
and 100 mM NadCl, pH 7.0 at room temperature. The flow rate was
0.4 mL min~ ! and the injection volume was 100 pL. Protein samples
were prepared in the same buffer and centrifuged (16,000 rpm, 4 °C)
before injection. Data processing was performed using ASTRA software
[56].

2.11. Computer simulations

All-atom Go-like MDS with structure-based force fields [57] were
carried out with the GROMACS package [58] and the empiric gromos-
G43al force field using periodic boundary conditions on the in vacuo
model [59]. Topologies for the ECTRX structure (PDB ID: 2TRX, [22])
were built applying the shadow contact map method using a cutoff
of 1.5 nm [60]. Basically, these force fields only consider attractive inter-
action between pairs of heavy atoms in close proximity to the native
structure and avoid the inclusion of non-direct interactions. A total of
35 simulations were performed, each one at a constant reduced temper-
ature, spanning a range of values between 60 and 140 (60, 62, 63, 64, 66,
69, 72, 74,75, 76, 78, 80, 82, 85, 86, 90, 92, 98, 99, 101, 102, 103, 104,
105, 106, 107, 109, 112, 114, 116, 124, 127, 131, 135 and 140 °C). This
protocol ensures the whole set of simulations spans all possible scenarios
for the protein, from completely folded to completely unfolded. On the
other hand, the temperature intervals ensure a good superimposition be-
tween the histograms obtained from each simulation, which is necessary
for a reliable WHAM analysis. To keep the temperature constant along
each simulation, a Berendsen thermostat [61] was used to suppress fluc-
tuations of the kinetic energy of the system with a relaxation constant of
1.0 ps~'. Each simulation comprised 20 million steps with a 0.5 fs time
step, and the coordinates were taken at every 0.5 ps. Protein covalent
bonds were constrained using LINCS [62]. Bidimensional energy maps
were obtained with the weighted-histogram analysis method (WHAM)
[63].

The solvent-accessible surface area was calculated with a POPS
online server [64] using a water probe with a 1.4 A radius and the PDB
ID: 2TRX. Intramolecular interactions were calculated with UCSF
Chimera software [65] using default parameters. Only chain A (PDB
ID: 2TRX) was considered. Helicity of CTH was calculated with the
AGADIR online server [46-49].

3. Results
3.1. Conformation of ECTRX variants

All ECTRX variants were soluble when over-expressed in E. coli and
purified as monomers (as judged by light scattering MALS and DLS,
Table 1) in the oxidized form (disulfide bond between C32 and C35),
as judged by the absence of free thiols in a protein solution (not
shown). The masses of the ECTRX variants evaluated by ES-MS differ in
less than 2.0 Da from the expected masses deduced from protein
sequences (Table 1). Far- and near-UV CD spectra (Fig. 2A and B), UV
absorption spectra and fluorescence Ayax values (Fig. 2C and D and
Table 1) of the variants show native-like signatures. All mutants show
more than 70% of the specific enzymic activity of ECTRX (Table 1). Addi-
tionally, we were able to obtain crystals for variants L94A, E101G, N106A
and L107A (Diego S. Vazquez and Javier Santos, unpublished results,
Table 1). Taken together, these results suggest that these mutations in
the CTH do not produce a major disruption in neither the secondary
structure nor the tertiary packing of the native state of ECTRX.
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Table 1
Spectroscopic characterization of the native state of ECTRX variants.

Variant Hydrodynamic radii® (A) Mass” (Da) Amax hative-state© Enzymatic activity? (%) Crystallization®
Wild-type 18.0 11,674.1 (11,675.4) 343.6 100 Yes
L94A 18.0 11,629.7 (11,631.4) 3443 80 Yes
L99A 174 11,632.1 (11,631.4) 344.2 105 No
E101G 17.7 11,602.1 (11,603.3) 3442 175 Yes
F102A 16.2 11,595.9 (11,599.3) 342.8 80 No
L103A 183 11,632.1 (11,631.4) 3441 70 No
N106A 179 11,630.0 (11,628.4) 344.0 108 Yes
L107A 16.8 11,630.0 (11,631.4) 3441 95 Yes

2 The oligomeric state of each ECTRX variant was determined by multiangle light scattering (MALS) and the hydrodynamic radii determined by light scattering (DLS) measurements. The

error was lower than 5%.

b The molecular mass measured by ESI-MS and the expected mass according to the sequence between parentheses are both shown.
¢ The maximal wavelength emission (A\vax) in fluorescence spectra are in nm. For all variants in the unfolded state, on average, Ayax = 348.4 nm.

4 Specific enzymatic activity using DiFTC-insulin as substrate [54,55].

€ EcTRX variants were subjected to a crystallization trial using a standard battery of conditions. Experiments were carried out at different temperatures (4, 16 and 22 °C). In particular,
sodium acetate was screened in the range of pH 4-6 and ethanol, 2-methyl 2,4-pentanediol (MPD) were tested as precipitants (Diego S. Vazquez and Javier Santos, unpublished results).

3.2. Thermodynamic stability of ECTRX variants

To quantify the effect of each mutation on stability, equilibrium
GdmCl-induced unfolding experiments were performed (Fig. 3).
Unfolding was followed by Trp fluorescence and data were fitted to a
two-state model (N — U). The reversibility of the process was corrobo-
rated by dilution of high [GdmCl] samples. The myy values for the ECTRX
variants were similar to each other and to the value obtained for the
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wild-type enzyme, suggesting that unfolding involves similar changes in
an accessible surface area (AASAyy). We performed a global fit to the
data for all variants using a common myy value. The results are shown
in Table 2. As judged by the differences in free energy, each ECTRX variant
has an unfolded fraction <10~ in the absence of GdmCl (Figs. 3 and S2).
The change in stability upon mutation varied between a minimal destabi-
lization for N106 (AAGRy = 0.3 kcal mol~'), and a large destabilization
for L103A (AAGy = 3.9 kcal mol ™!, Table 2).
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Fig. 2. CD spectra of wild-type ECTRX and mutants. Far- (A) and near-UV CD (B) spectra corresponding to the wild-type (black) L94A (blue), L99A (red), E101G (green), F102A (orange),
L103A (magenta), N106A (cyan) and L107A (brown) are shown. The buffer was 25 mM sodium phosphate, pH 7.0 and spectra were acquired at 25 °C. Fourth derivative UV-absorption
(C) and Trp fluorescence spectra (D) of ECTRX variants corresponding to wild-type (black) L94A (blue), L99A (red), E101G (green), F102A (orange), L103A (magenta), N106A (cyan) and
L107A (brown) are shown. The buffer was 25 mM sodium phosphate, pH 7.0. For Trp fluorescence, the excitation wavelength was 295 nm. To unfold the proteins, 5.0 M GdmCl was added

(dashed lines). In all cases, samples were thermostatized at 25 °C.
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Fig. 3. Equilibrium unfolding experiments followed by Trp fluorescence. The buffer was
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Thermal unfolding experiments followed by SYPRO-orange dye
fluorescence were also performed. The changes in the T;,, range between
a small decrease of 1.8 £ 1.2° for the N106A variant and a large decrease
of 17.3 + 0.8° for the L103A variant. The T;,, values show a good correla-
tion with the results from the chemical unfolding experiments (Fig. S3).
The crystallization experiments failed for the L99A, F102A and L103A
variants, also in agreement with the chemical unfolding data. We con-
cluded that the designed mutations noticeably altered the stability of
ECTRX against global unfolding and, therefore, are useful to probe the
folding mechanism of the protein.

3.3. Unfolding kinetics of ECTRX variants

We studied the unfolding kinetics of wild-type EcCTRX and its
variants using stopped-flow fluorescence in the presence of variable
concentrations of GdmCI (excitation at 280 nm, emission collected
above 320 nm) (Figs. 4 and S4).

The unfolding kinetics of five variants, including the wild-type pro-
tein, L99A, E101G, N106A and L107A were well described by mono-
and biexponential curves at high and low GdmCl concentrations. The
slowest phase (A;) accounts for <10% of the observed amplitude, and

Table 2

GdmCl and temperature-induced unfolding parameters for ECTRX variants.
Variant AGy 120 (kcal/mol) Con (M) T (°C)
Wild-type 81+ 03 2.6 +£ 0.2 87.7 £ 0.7
L94A 74+ 03 24 402 833 + 0.6
L99A 58 + 0.2 1.9 £ 0.1 76.1 £ 0.7
E101G 72 +03 23402 816 £ 15
F102A 51+ 03 1.7 £ 0.2 776 + 1.0
L103A 42 402 14 + 0.1 704 + 0.4
N106A 7.8 £ 0.3 25402 859 + 1.0
L107A 58 +£ 0.3 1.9 £ 0.2 785 + 1.6

The parameters were calculated by non-linear least square global fitting of the data shown
in Fig. 3 using a global myy for all variants, as described in Materials and methods.
mMyu = 3.09 + 0.12 kcal mol~! M~ . The units of C,, and free energy differences are M
and kcal mol~!, respectively. GdmCl equilibrium unfolding experiments were performed
at 25 °C. Temperature unfolding was followed by SYPRO-orange dye fluorescence
increments.

was not observed for variants L94A, F102A, and L103A. A, did not vary
neither with GdmCI concentration nor with protein mutation. Both
the GdmCl-independence and the magnitude of A, are compatible
with a phase limited by the cis/trans isomerization [66-68] of one or
several of the Pro residues of ECTRX, which in the native state has four
trans and one cis X-Pro peptide bonds (Fig. S5 and Table S2). In the fol-
lowing, we will analyze only the fastest, isomerization independent
phase A;.

The fluorescence signal at the end of the kinetics parallels the equi-
librium curve for all variants, indicating that unfolding was followed
until equilibrium (Fig. 4A, inset). The fluorescence signal at the begin-
ning of the recorded kinetics follows the extrapolation of the native
baseline for all variants, indicating that there are no unfolding reactions
taking place in the 3 ms mixing time of the instrument (Fig. 4A, inset).

The logarithm of the observed rate constants for ECTRX unfolding
shows a biphasic behavior for all variants (Figs. 4, panels A, B and C,
and S5). The In (k,ps) varies linearly with the GdmCl concentration be-
tween the denaturation midpoint and approximately 5 M GdmCl. A roll-
over is observed at higher GdAmCIl concentrations, and for some variants
a second linear region is observed at the highest GdmCl concentrations.
This behavior is compatible with a three-state linear mechanism for
ECTRX unfolding, with an on-pathway high energy intermediate I*
flanked by two consecutive transition state ensembles TSE1 (between
U and I*) and TSE2 (between I and N) U — I* — N (Fig. 5A). At low
denaturant concentrations, the unfolding rate constant is limited by
TSE1, and at high denaturant concentrations, the unfolding rate constant
is limited by TSE2 (Figs. 4A and 5A) [51]. We fitted such a three-state
model to the data for all variants [50], using global m-values for the de-
pendence of the free energies of activation with denaturant concentra-
tion. The results of the fit are shown in Table 3. Given that GdmCl
efficiently screens electrostatic interactions, it might produce a differen-
tial effect on the stability of each TSE. However, the effect of GdmCl on
the screening of electrostatic interactions is expected in the range of
0-1.5 M GdmCl [69], whereas the rollover is observed at significantly
higher concentrations of denaturant (higher than 4.5-5 M). In addition,
as GdmCl is a stronger denaturant than urea, the use of the former
enables us to study a larger range of denaturant concentrations than
in urea.

We can use the data in Table 3 to characterize the molecular interac-
tions present in the transition state ensembles for the unfolding of
ECTRX. First, we considered m-values as a proxy for changes in solvent
exposure upon unfolding [70]. From the equilibrium m-value for global
unfolding and the kinetic m-values (Table 3), we calculated the aggmg
values for TSE1 and TSE2 (Oggma = 1 — my / Mgq, Fig. 5C). Qgamci
describes the interaction of the different states along the folding coordi-
nate with the denaturant GdmCl. oy can range between 0 (unfolded-
like) and 1 (native-like) and usually assumes values between 0.6 and 1
[71]. The oggmg values for TSE1 and TSE2 are 0.40 + 0.05 and 0.85 +
0.05. We interpreted that TSE2 is considerably more native-like than
TSE1.

Second, we used the unfolding dynamics of the designed EcTRX var-
iants to extract information about the energetics of the CTH in TSE1 and
TSE2. Fig. 5B shows the structure-induced rate-equilibrium free energy
relationships [71] that compare the effect of mutations on the stability
of TSE1 and TSE2 relative to the unfolded state (kinetic experiments)
with the effect these mutations have on the stability of the native
state relative to the unfolded state (equilibrium experiments) [71]. Tak-
ing into account the magnitude of the errors of the individual ¢-values
(Table 3), and given the small AAGY, for mutant N106A, we decided to
carry out the analysis considering the CTH structural element as a
whole, even when this approach means the loss of resolution at the res-
idue level. The slopes in the plot (global ¢-values for the CTH, Fig. 5B)
can essentially assume values between 0 (unfolded-like energetics)
and 1 (native-like energetics). All variants behave as a group for both
TSE1 and TSE2, indicating that the CTH behaves as a single cooperative
unit along the ECTRX unfolding pathway (Table 3). The slopes are


image of Fig.�3
Unlabelled image

D.S. Vazquez et al. / Biochimica et Biophysica Acta 1854 (2015) 127-137 133

8 A 8 B 8
W4 b4 | e
~ ~ &/
£ 01 e cood| £ o0+ _ 0-
g ;-u v g A/,'V " == Wild-type // ——— Wild-type
c i ° = s L. v L103A
-4 4 o -4 4 [+] L99A -4 — N106A
= = ol g 4 E101G 4 X L107A
F102A
-8 1’ T T -8 T T T
2 4 6 8 2 4 6 8 2 4 6 8
[GdmCI] (M) [GdmCI] (M) [GdmCI] (M)

Fig. 4. Unfolding kinetics of ECTRX variants. (A) Unfolding branch of wild-type ECTRX is shown. The black line represents the fitting of a three-state model to the data as described in
Materials and methods. The dashed and dotted lines correspond to the TSE2 and TSE1 limits. Inset: the initial (®) and the final (O) fluorescence signals observed for the unfolding reactions
of wild-type are shown. Denaturant dependence of In (ko) for ECTRX mutants, (B) L94A (A), L99A (O), E101G (¢) and F102A (») and (C) for L103A (V), N106A (@) and L107A (x). The

fitting corresponding to the wild-type ECTRX is shown in dashed lines.

0.29 4+ 0.14 for TSE1 and 0.82 4 0.11 for TSE2, indicating that the CTH is
unfolded-like in TSE1 and native-like in TSE2.

Given that I* is a high-energy state under these experimental condi-
tions, and consequently, it does not populate, we did not gain many
direct structural information about the conformational I* ensemble, nei-
ther from the unfolding kinetic nor from equilibrium unfolding experi-
ments. Nevertheless, partial compaction of the protein and the absence
of a stabilized C-terminal o-helix in I suggested by experiments liken
I* to the molten globule state in which conformation is less rigid and it
undergoes structural fluctuations that are larger in amplitude than the
native state, including local unfolding describing unlocked states with
increased conformational entropy.

3.4. Computer simulations of ECTRX folding

Since I* does not populate in our unfolding experiments to a signif-
icant degree, we were unable to obtain information about the effect of

mutations on [* stability. To answer this question, we performed struc-
ture-based molecular dynamics simulations of wild-type ECTRX. We
modeled folding on a perfectly funneled energy landscape using a
force field that only considers attractive interactions between pairs of
atoms in contact in the native structure. Several simulations were run
at different temperatures with the protein in its oxidized form (see
Materials and methods). Energy landscapes were obtained by WHAM
analysis, with the number of native interactions Q as the reaction
coordinate.

The energy landscape shows three basins corresponding to a native-
like state, an unfolded state and a high-energy intermediate I*-sim, sep-
arated by two transition state ensembles (TSE1-sim and TSE2-sim)
(Fig. 5D). This reaction route is in agreement with our modeling of
the experimental results (Fig. 5A). It is worthy of note that non-native
contacts are not considered by the model implemented herein. This
fact defines a funneled energy landscape, without frustration at the
level of the interactions, in which only native contacts will promote
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Fig. 5. Structure-induced Leffler Plot for CTH of ECTRX. (A) Schema of the reaction coordinate proposed in this paper, where U, I¥,N, are the unfolded, the high-energy intermediate and the
native states, respectively. TSE1 and TSE2 are the transition state ensembles between U and I, and between I'" and N, respectively. (B) Relation between kinetics and equilibrium free en-
ergies. Dotted and dashed lines represent linear fits to the data and the slope of each curve corresponds to the average ¢ value (<¢>) of TSE1 and TSE2, respectively. (C) Relations between
<@> and Olggmc for each transition state. (D) The energy landscape for TRX obtained by WHAM analysis of MDS. The reaction coordinate (Q) is the fraction of native interactions between
atoms. (E) The difference between the average number of contacts formed by residues L94, L99, E101, F102, L103, N106 or L107 in each ensemble (TSE1 (®), r (A) and TSE2 (O)) and the
average number of contacts formed by each residue in the unfolded state (Qi-Qy) are plotted against (Qy-Qy), the difference between the number of contacts in the native and unfolded
ensembles. (F) The average phi value for the residues mentioned above (<@>cry, the slope of the linear dependences in E) corresponding to each ensemble is plotted against the <¢> for

the whole protein.



134 D.S. Vazquez et al. / Biochimica et Biophysica Acta 1854 (2015) 127-137

Table 3

Folding kinetics of ECTRX variants.
Variant ki (s™Y kni (s™1) AAGrsg; (keal/mol) AAGrsg (kcal/mol) Orse1 Orse2
Wild-type 0.10 £ 0.05 0.55 4+ 0.31 0.00 £+ 0.76 0.00 & 0.63 - -
L94A 0.24 £ 0.12 0.51 4+ 0.27 0.20 £ 0.75 0.74 £+ 0.62 n.d. n.d.
L99A 1.58 + 0.72 1.40 4+ 0.69 0.08 £ 0.7 1.75 + 0.57 0.04 £+ 0.30 0.76 4+ 0.28
E101G 0.13 £ 0.06 0.90 & 0.49 045 £ 0.76 0.61 &+ 0.63 n.d. n.d.
F102A 1.26 £ 0.56 431 4+ 2.08 0.25 £ 0.73 1.78 £ 0.61 0.08 &+ 0.24 0.59 4+ 0.22
L103A 2.05 £ 0.93 1.18 + 0.57 1.62 + 0.69 3.45 4+ 0.57 042 £+ 0.18 0.88 4+ 0.17
N106A 0.09 + 0.04 1.13 4+ 0.62 —0.08 4+ 0.76 —0.13 + 0.63 n.d. n.d.
L107A 0.78 £+ 0.36 240 4+ 1.20 0.18 £ 0.74 143 + 0.61 0.08 & 0.32 0.62 4+ 0.29

The parameters were calculated by non-linear least square global fitting of the data shown in Fig. 4 to a linear three-state model for irreversible unfolding with an on-pathway high-energy
intermediate using a global my;, and my, for all variants, as described in Materials and methods [53]. The fit yields values m;; = 2.30 4+ 0.06 M~ " and my; = 0.79 + 0.08 M~ . Since the
intermediate does not populate significantly during unfolding, its free energy is not accessible and only the difference in free energy between TSE1 and TSE2 can be determined. Thus, k;y
and myy were fixed to values of 10° s~ and 0 M~ [51]. Only ¢-values for which the error propagated from the data is 0.32 or lower are reported.

the folding reaction. However, barriers and intermediates along the
folding pathway accounting for the presence of topological frustration
can be observed. In other words, even though the intermediate state is
stabilized by interactions present in the native state, it may have a
non-native topology. For instance, during the folding process, certain
partially folded structures cannot access the fully folded state because
it has a set of native contacts which do not allow the formation of the
remainder as a result of geometrical constraints [72].

TSE1-sim and TSE2-sim feature about 30% and 80% of native contacts
(Fig. 5D), again in qualitative agreement with our experimental results
(Fig. 5A). The basin for I"-sim presents about 60% of native contacts.

Next, we evaluated the behavior of the CTH along the simulated
folding/unfolding route and compared it with the experiment. Subse-
quently, we took the difference in the number of contacts that a mutated
residue makes in N and U (Qy-Qy) as a proxy for the effect of muta-
tions on the stability of the native state, relative to the unfolded state
AAGRy [73]. Similarly, we took the difference in the number of con-
tacts that a mutated residue makes in a transition state ensemble
and U (Qrsg—Qy) as a proxy for the effect of mutations on the stability
of TSE1 and TSE2 relative to the unfolded state. Fig. 5E shows the
structure-induced rate-equilibrium free energy relationships [71]
corresponding to the simulation for the CTH residues probed in the ex-
periment. All perturbations behave as a group for both TSE1 and TSE2, in-
dicating that the CTH behaves as a single cooperative unit along the
EcTRX folding simulation. The slopes are —0.06 + 0.03 for TSE1, and
0.62 + 0.04 for TSE2 (Fig. 5F), indicating that the CTH is unfolded-like in
TSE1 and native-like in TSE2 and in agreement with the experiment
(Fig. 5B). The slopes for the CTH in the experiment are higher than in
the simulation. This discrepancy may be due to transient non-native in-
teractions that are not included in our native-centric model [74].

We performed the same calculations for all ECTRX residues in order
to evaluate the global degree of folding along the simulated route. We
obtained an average ¢-value of 0.32 =+ 0.02 for TSE1 and 0.85 4 0.01
for TSE2 (Fig. 5F), which are in agreement with the assessment of
solvent exposure given by the aggmc values of 0.40 4+ 0.05 for TSE1
and 0.85 + 0.05 for TSE2 (Fig. 5C). In both the experiment and simula-
tions, structure formation in the CTH lags behind the averaged structure
formation in the protein as a whole.

We interpreted that our simplified model for the folding of ECTRX re-
produces the experimental results. In the next section, we will analyze
the simulations to gather information that was not accessible in our
experiments.

3.5. TRX folding on an energy landscape

The fractional number of native contacts per residue (Q;) at different
values of the reaction coordinate Q is shown in Fig. 6A (bottom). In
TSE1-sim (Qprorein = 0.27), the first four strands of the p-sheet are
partially folded and the rest of the protein, including the CTH, is mainly
unfolded. On the other hand, the ensemble I*-sim (Qprotein = 0.6) is

more structured in the 3-sheet and, additionally, helix a1 is folded.
Helix o3 and the CTH show a low degree of folding in I*-sim. All regions
that show some degree of structure in I*-sim are more structured in
TSE2-sim (Qprorein = 0.8). Moreover, helix a3 and the CTH are almost
folded, whereas the fifth 3-strand is partially folded in this ensemble.
Thus, the less structured ensemble I*-sim exhibits a native-like struc-
ture only in the first four strands of the 3-sheet. Residues in the strands
[32-4 present the highest values of contacts per residue in the native
structure (Fig. 6A), suggesting that this might be one of the reasons
for the formation of the 3-sheet in this ensemble.

The CTH is unfolded in U and TSE1-sim (Fig. 6B) and is partially
folded in the high-energy intermediate (the average ¢-sim for I*-sim
state for residues studied in this work is 0.23 + 0.03) and TSE2-sim
(Figs. 6C and S6). In the latter ensemble, the structure in the CTH is
evidenced at residues 194, K96, L99, K100, L103 and L107, which are
also the CTH residues with the highest values of contacts per residue
in the native structure (Fig. 6A).

These contacts mainly involve other CTH residues and, to a lesser de-
gree, residues in helix o3 and strands 32-5. We have also determined
the propensity of the CTH sequence segment to be in a helical conforma-
tion as a function of Qprotein Using DSSP (Fig. 6D) [75]. The helical pro-
pensity of the CTH sequence segment is low in U-sim, TSE1-sim, [-sim
and TSE2-sim. Our MD results suggest that two conformations coexist
in N-sim. Both present most native contacts but in one of them the
CTH residues are not in a helical conformation. More experiments will
be carried out to explore the significance of this result and the existence
of this heterogeneity in the native ensemble.

4. Discussion

The folding dynamics of ECTRX under different conditions have been
interpreted in terms of a two-state process in both equilibrium and
unfolding kinetics [31], a two-state process in equilibrium and complex
refolding kinetics with populated intermediates [76], a three-state
process in equilibrium and complex unfolding kinetics with populated
intermediates [34] and a two-state process in equilibrium and three-
state unfolding kinetics with a high-energy intermediate (this work).
We will now discuss whether these apparent differences reflect the be-
havior of a single underlying mechanism under different experimental
conditions.

Sanchez-Ruiz and coworkers reported a single TSE with an alpha-
value of 0.47 and unfolded-like side chain energetics [31]. This is partially
compatible with our description of TSE1-sim, which has an alpha-value
of 0.4 and an average ¢-value of 0.4 for the residues mutated in [31]
(data not shown). Udgaonkar and coworkers detected a populated equi-
librium intermediate for ECTRX at pH 3, which they proposed is higher in
free energy than both U and N at pH 7 [34]. Their work also describes
two populated kinetic unfolding intermediates. We speculated that the
high-energy intermediate in our model for ECTRX unfolding may be
one of the intermediates reported by [34] or a mixture thereof. Chafotte
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in Fig. 5D.

and coworkers reported complex refolding kinetics, which are related to
the isomerization of Xaa-Pro peptide bonds. The unfolding kinetics
described in [31,34] and in this work started from native protein and
cannot be directly compared with refolding kinetics starting from a
mixture of fast- and slow-folding unfolded state isomers. However,
Chafotte and coworkers have reported a rapidly formed intermediate
that is unrelated to peptide bond isomerization [76]. Perhaps the high-
energy intermediate that causes the unfolding rollover in our experi-
ments is the same species as the one found by Chafotte and coworkers
in refolding experiments. Additional computational and experimental
work may further converge on a unified description of the energy land-
scape for ECTRX folding.

Previous work also led to proposals for the structure of (the) folding
intermediate(s). The burst-phase intermediate in [76] has a predom-
inantly B-structure according to CD spectroscopy. Furthermore,
hydrogen-exchange experiments of native ECTRX in the EX2 regime
[77] suggest that the amide hydrogens belonging to the R-sheet
have higher local stabilities than amide hydrogens belonging to the
a-helices. These data fit well with the structure we have proposed for
the high-energy unfolding intermediate (Fig. 6). The pH 3 equilibrium
intermediate described by Udgaonkar and coworkers [34] is prone to
aggregation, which may be a disadvantageous property in vivo. In this
context, ECTRX domains might have evolved towards a high kinetic
stability [31] and folding kinetics in which aggregation-prone interme-
diates do not populate [78,79].

Previous work pointed at the CTH as an essential element of the
ECcTRX fold. When the CTH is truncated, the rest of the protein adopts
a pre-molten globule state devoid of stable tertiary structure and enzy-
matic activity [41,44]. The crucial role of the CTH is supported by the
thermodynamic analysis of point mutants presented in this work. Muta-
tion of CTH wild-type residues to alanine leads in most cases to a signif-
icant reduction in stability (Table 2). These results obtained for oxidized
ECTRX are in agreement with the behavior of reduced L107P, L107R and
L107A EcTRX variants, which present reduced stability and impaired

folding [30]. These results, together with our studies, indicate that in
both forms of ECTRX (reduced and oxidized) the CTH has a key role in
the structure acquisition process.

Mutations lying on the apolar face of CTH may affect both the sec-
ondary structure propensity of the CTH and the consolidation of the
ECTRX core by perturbing intrahelical contacts and tertiary interactions.
The decrease in stability observed for our ECTRX variants correlates well
with both a decrease of helical propensity of CTH peptides in TFE solu-
tions [44] and with incomplete consolidation of the tertiary structure
when the mutant CTH peptides are combined with the fragment
TRX1-93 [44]. Thus, the mutations analyzed in this work probably
lead to native state destabilization by decreasing both secondary struc-
ture propensity and tertiary hydrophobic interactions. It is noteworthy
that the CTH sequence adopts an amphipathic helical structure in the
presence of both its intramolecular interaction surface comprising
strands B4, 35 and helices a2 and a3, and of flexible apolar surfaces
such as a C18 HPLC matrix or the C12 tail of SDS [43]. Thus, it seems im-
probable that the CTH folds in the absence of an apolar surface provided
by the remaining protein. In agreement with that, the folding of the CTH
in our simulations takes place only after the partial folding of its intra-
molecular interaction surface (Fig. 6).

We observed in our simulations two CTH conformations in the
native basin (Fig. 6B). Both present tertiary contacts but only one of
them displays significant helicity. This suggests that the lowest free en-
ergy route for CTH docking-and-folding involves a non-helical interme-
diate, reminiscent of simulation results for other binding-and-folding
reactions [80]. In this context, as fragment TRX1-93 does not exhibit
significant enzymatic activity, one might ask whether the native-like
conformations carrying the C-terminal residues in non-helical confor-
mation are inactive. If they were inactive, the activity of the enzyme
could be modulated by protein-protein or protein-ligand interactions
that alter the CTH conformation.

In the EcTRX folding reaction, apolar residues of CTH (L99, F102,
L103 and L107) seem to interact late and in a cooperative way, locally
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and with the rest of the protein, stabilizing the secondary structure of
CTH and the tertiary structure of the TRX, promoting final consolidation
of the protein. As judged by the X-ray structure, in addition to the apolar
contacts, polar residues of CTH establish side-chain/side-chain interac-
tions K96-E44 (3.18 A), K96-E48 (2.54 A), K100-E48 (3.29 A), and
D104-Y49 (2.88 A) and side-chain/backbone interactions N106-K82
(2.85 A). Interestingly, interaction between K100-E48 and contacts
between L99-145 and L103-Y49 (all tertiary contacts) are identified as
stabilization centers of the ECTRX structure using the SCide program
[81-83], suggesting their involvement in cooperative long-range
contacts. Thus, the last stretch of the protein (CTH) would act as an
apolar/polar tertiary structure zipper. In this context, it is reasonable
to propose a folding mechanism in which apolar/polar interactions
take place with dehydration of the apolar interfaces and a concomitant
adjustment of CTH with a subsequent stabilization of its helical confor-
mation in a cooperative fashion.

On the other hand, the stability of the isolated helix a5 (CTH in
helical conformation, in the absence of non-covalent interactions with
the rest of the protein) is so low that, in principle, a scenario where
the helix is formed previously to interact with the rest of the protein,
and exposing a considerable apolar area, is far less likely than the one
described above (Fig. S7).

As a whole, experiments and simulations indicate that the CTH pro-
vides thermodynamic and kinetic stability to the native conformation of
ECTRX by a combination of local and tertiary interactions. The folding of
the CTH in the context of the whole protein can be partly understood
from its behavior as an isolated peptide. In turn, the role of intermedi-
ates in folding the whole protein could be studied by mutation of the
CTH.
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