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ABSTRACT: Escherichia colithioredoxin (TRX) catalyzes redox reactions via the reversible oxidation of
the conserved active center WCGPC. TRX is a monomericR/â protein with a fold characterized by a
centralâ-sheet surrounded byR-helical elements. The interaction of the C-terminalR-helix (helix 5) of
TRX against the remainder of the protein involves the close packing of hydrophobic surfaces, opening
the possibility of studying a fine-tuned molecular recognition phenomenon. To evaluate the relevance of
this interaction on the folding mechanism of TRX, we characterize TRX1-93, a truncated variant of
TRX devoid of the last stretch of 15 amino acid residues that includes helix 5. TRX1-93 may possibly
represent a molecular form where the folding process becomes interrupted, giving rise to a structure
exhibiting the features of a molten globule state. This was assessed by circular dichroism, intrinsic
fluorescence, binding of the probe ANS, size-exclusion chromatography, limited proteolysis, and
calorimetry. Remarkably, fragment TRX1-93 interacts with peptide TRX94-108 (KD ∼2-12 µM),
bringing forth the restoration of native-like signatures and enzymic function. This represents a molecular
event of reciprocal structure selection where both partners gain order, thus leading to long-range
consequences on conformation. In this context, the binding of the C-terminal helix could signify a late
event in the consolidation of the overall TRX fold.

Understanding how the amino acid sequence encodes the
three-dimensional (3D) protein structure remains one of the
main challenges of biophysics, and much effort has been
devoted to devising suitable experimental systems to address
this problem. In this regard, the association of peptides
leading to native proteins focuses folding studies on the
interaction of complementary protein surfaces. Several
truncated proteins are known to act as templates for the
binding and folding of complementary peptides (1-7). For
instance, a structured but inactive N-terminally truncated
ribonuclease (the S protein) binds the cognate S peptide to
regenerate a folded and active ribonuclease (RNase S) that
differs from the wild type by having one hydrolyzed peptide
bond (8). Productive association, in a mutually induced
binding/folding process, can also take place between protein
fragments that would remain unfolded if in isolation. Related
issues are the specificity of the complementary interactions
and the tolerance of the adjusting surfaces to mutations (5,
7, 9-11).

Thioredoxins (TRXs1) are proteins of about 100 residues
with a distinctiveR/â topology. They participate in diverse
redox reactions via the reversible oxidation of the conserved
active center WCGPC. In addition,E. coli TRX is essential
for phage T7 DNA replication as a subunit of the T7 DNA
polymerase complex and also for the assembly of the
filamentous phages f1 and M13 (12). E. coli TRX has been
thoroughly characterized by X-ray diffraction and by NMR
methods (13-16). It has also been used extensively as a
model in protein engineering to understand the basis of
protein stability (17-22).

The equilibrium unfolding ofE. coliTRX is well described
by a two-state model (23, 24). In addition, the unfolding
kinetics also appears to be a two-state process, without an
appreciable accumulation of intermediates (23). On the
contrary, the refolding kinetics is more complex, where
multiple phases become apparent (23, 25). This process
would occur via a burst-phase intermediate with an elevated
content ofâ-structure that folds to the native state through
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multiple routes (26, 27). Finally, hydrogen-exchange experi-
ments on the native state suggest the subsistence ofâ-struc-
ture in a high-energy intermediate preceding the globally
unfolded state or more likely in the globally unfolded state
itself (24).

Conspicuously,E. coli TRX has offered a plastic frame-
work for complementation assays. At least two combinations
of fragments are productive: TRX1-37/TRX38-108 and
TRX1-73/TRX74-108 (Figure 1, panel A) (4, 6, 7, 28).
Furthermore, although fragments TRX1-37, TRX38-73,
and TRX74-108 behave as disordered monomers when
isolated in solution, native-like TRX interactions arise from
combinations of these fragments in the ternary mixture or
in a binary mixture containing only TRX1-37 and TRX74-
108-fragments (7). 1H-15N HSQC NMR experiments have
indicated that the initial step in the folding of TRX involves
the interaction between theâ2 and â4 strands (6, 7). In
agreement with these studies, hydrogen-exchange (HX)
results support the notion of a highly stableâ-sheet,
comprising strandsâ2, â3, andâ4, forming the core of the
protein and contributing to the residual structure persisting
in the unfolded state (24).

In this context, the packing of the C-terminalR-helix of
TRX (helix 5) against the remainder of the protein offers
the possibility of probing a series of interactions that might
play key roles in stabilizing the native fold, a fact that makes
it a particularly interesting topic for study. Among other
residues, L24, L42, L53, L80, I38, I41, and I45, belonging
to the â-sheet floor (strands 2, 3, and 4) and neighboring
helix 2 (herein referred to as the LI surface), lie in close
contact (atom-to-atom distance<4.5 Å) to the four leucine
residues belonging to the C-terminalR-helix: L94, L99,
L103, and L107 (herein called the L row). The latter
arrangement conforms a cluster of hydrophobic interactions
on one side of helix 5 (Figure 1, panel B). When I38, I41,
or I45 are separately replaced by valine residues, changes
in the parameters of stability are observed. The authors
speculate that the optimization of the environment of these
three residues is the reflection of an evolutionary process
(21). Most likely, these changes will bring about the
occurrence of packing defects in the environment of the
hydrophobic core of the protein, thus compromising its
stability. Nevertheless, Hellinga et al. demonstrated that
positions L42 and L78 in the hydrophobic core ofE. coli

FIGURE 1: (A) Complementation systems based on TRX: ribbon representation of complexes involving interacting fragments that give
rise to native-like structures. From left to right: TRX1-37/TRX38-108, TRX1-73/TRX74-108, and TRX1-93/TRX94-108, on the
basis of the known structure of full-length TRX1-108 (2trx). (B) Area of interaction betweenR-helix 5 and the LI surface of TRX. The
top figure shows a ribbon diagram with side chains of amino acids in close contact (atom-to-atom distance<4.5 Å) with L94, L99, L103,
and L107 (the L row, not shown). The bottom figure shows the above model rotated 90° along thex-axis, where the L row is shown in light
blue. Yellow, red, and blue indicate the location of relevant side chains in theâ-, R-, and turn regions. N and C represent the N- and
C-termini, respectively. (C) Sequence logos of TRX94-108, generated from a multiple sequence alignment of 283 unique amino acid
sequences (top) and from 1,000 amino acid sequences compatible with the TRX1-108 structure, as obtained by Gibbs sampling using a
pairwise contact plus the solvent-accessibility potential (center). At the bottom, the sequence of TRX94-108 is shown as a reference.

Peptide Recognition inE. coli TRX Biochemistry, Vol. 46, No. 17, 20075149



TRX are highly tolerant to substitutions, even by charged
residues (29). However, the least stable mutant (L78D) in
their set still shows a∆G° of 8.7 kcal/mol, highlighting the
extreme stability of this protein. In this context, the extended
thermodynamic range for accommodating mutations makes
it difficult to evaluate the informational content at particular
positions along the amino acid sequence.

In the work presented herein, we characterize TRX1-93,
a TRX fragment comprising the first 93 residues of the full
protein, thus devoid of the last stretch of 15 amino acid
residues comprising helix 5. Indeed, we were able to
demonstrate that this fragment interacts with synthetic
TRX94-108. Even though these two fragments do not show
native-like properties in isolation, they interact with each
other very efficiently to yield a native-like complex, thus
suggesting that binding can select the correct conformation
from an ensemble of partially folded states. This system
opens the possibility of dissecting key interactions leading
to the consolidation of the native TRX fold.

MATERIALS AND METHODS

General Details. Protein and peptide purity were evaluated
by SDS-PAGE (30) and RP-HPLC. Molecular graphics
were prepared using Swiss PDB Viewer 3.7 (Glaxo Wellcome
Experimental Research). Accessible surface area (ASA) was
calculated using Surface Racer (31). In protein concentration
measurements, the theoretical extinction coefficient of
unfolded TRX1-108 was used for fragment TRX1-93 (ε
) 14,060 M-1 cm-1 at 280 nm). For peptide TRX94-108,
the extinction coefficient at 280 nm was calculated as 1,280
M-1 cm-1. Limited trypsinolysis was performed in 25 mM
TrisHCl, 200 mM NaCl, and 1 mM EDTA at pH 7.0 (buffer
A) with the addition of 1 mM DTT at 25°C and a weight
ratio of protease to TRX of 1:100. Proteolytic fragments were
separated by SDS-PAGE (16%) and stained by colloidal
Coomassie Blue (32) or silver staining. Protein mass was
analyzed by HPLC-MS using a 1.0 mm× 30 mm Vydac
C8 column, eluted at a flow rate of 40µL/min, in a Surveyor
HPLC system connected on line with an LCQ Duo (ESI ion
trap) mass spectrometer (Thermo Finnigan, San Jose´, CA).
Proteins were eluted using a 15-min linear gradient from 10
to 100% solvent B (solvent A: 2% acetic acid and 2%
acetonitrile in water; solvent B: 2% acetic acid and 96%
acetonitrile in water). The ESI-MS spectra range was 300-
2000 amu, and data were deconvoluted with the program
Xcalibur provided with the instrument.

Protein and Peptide Preparation.The cDNAs for TRX
and TRX1-93 were prepared by PCR mutagenesis using
Platinum Pfx DNA Polymerase (Invitrogen, CA), appropri-
ate primers (XbaITRX tttccctctagaaataattttgtttaactttaagaagg-
agatatacatatg, NdeITRX tttaagaaggagatatacatatgtctgata-
aaattattcatctg, TRX1-108 gcatggatccttaggccaggttagcgtc-
gaggaa, and TRX1-93 gcatggatccttatgcacccactttggttgccgc
(purchased from QIAGEN)), and pTRXfus (Invitrogen, CA)
as the template. PCR products were purified by PureLink
(Invitrogen, CA), cut with restriction enzymes, and ligated
into XbaI/BamHI of pET9a (Novagen), generating pETRX1-
108 and pETRX1-93. TransformedE. coliBL21 (DE3) cells
were grown in Luria-Bertani medium at 37°C to A600nm

∼1.0. Finally, TRX1-108 and the fragment TRX1-93 were
overexpressed for 3 h after induction with 1 mM IPTG.

For the purification of TRX1-108, cells were washed with
20% sucrose, 2.5 mM EDTA, 20 mM TrisHCl at pH 7.4,
centrifuged at 5,000-7,000 rpm, and subjected to osmotic
shock by incubation in cold water. The isolated fluid (∼500
mL) was mixed with 50 mL of 100 mM TrisHCl at pH 7.4
and 4 °C, and loaded onto a DE52 Sepharose column
equilibrated with 10 mM TrisHCl at pH 7.4. Elution was
performed with increasing concentrations of NaCl up to 1.0
M. Fractions containing TRX (evaluated by SDS-PAGE and
UV absorption) were loaded onto a second column, a
preparative Sephadex G-100 chromatography (SEC, 93 cm
× 2.7 cm) column, previously equilibrated with 20 mM
TrisHCl at pH 7.0 and 200 mM NaCl. This step completes
the purification from other proteins of higher molecular
weight and from DNA fragments. Then, pure TRX fractions
were pooled and extensively dialyzed against distilled water.
Finally, the protein was lyophilized. Similar TRX purification
protocols were described (28, 33).

Taking advantage of its pronounced tendency to aggregate
during in ViVo protein expression, fragment TRX1-93 was
purified from inclusion bodies (34). These were dissolved
in 6.0 M urea, 10 mM DTT, and 5 mM glycine at pH 7.0
for 20 min. Then, sodium acetate (pH 4.5) was added up to
a 10 mM concentration. This solution was centrifuged at 10,-
000 rpm for 30 min before loading it onto a fast-flow SP-
Sepharose column to remove insoluble particles. Protein
elution was performed with increasing concentrations of
NaCl up to 1.0 M. Fractions containing TRX1-93 were
pooled and injected into an HPLC system (Rainin Dynamax,
NY) equipped with a reverse-phase C4 semipreparative
column (Vydac) equilibrated in 0.05% aqueous TFA. The
protein was eluted in a linear gradient from 40 to 60%
aqueous acetonitrile (0.05% TFA). Fragment TRX1-93
typically elutes at∼50% acetonitrile. Finally, fractions
containing>90% pure TRX1-93, as judged by analytical
HPLC, were lyophilized. Peptide TRX94-108, LSKGQLKE-
FLDANLAY, was synthesized and purified up to the
desalting step by GenScript Corp. (NJ). Afterward, the
peptide was purified by an HPLC system (Rainin Dynamax,
NY) equipped with a reverse-phase C18 semipreparative
column (Vydac) equilibrated in 0.05% aqueous TFA. TRX94-
108 was eluted in a linear gradient from 30 to 45% aqueous
acetonitrile and 0.05% TFA (the peptide typically elutes at
∼40% acetonitrile). Fractions containing>90% pure peptide
were pooled and lyophilized. The sequence of the peptide
was corroborated by ESI mass spectrometry.

Physicochemical Characterization

Size-Exclusion Chromatography.Changes in hydrody-
namic volumes were monitored by chromatography on an
SEC-FPLC system (Pharmacia Biotech, Sweden) equipped
with a 280 nm detector and a Superdex S-200 HR 10/30
column (Pharmacia Biotech, Sweden) equilibrated at room
temperature in buffer A. The choice of this chromatographic
resin allowed us to confidently test for the presence of soluble
aggregates in the samples. The flow rate was 0.4 or 0.5 mL/
min, and the injection volume was 200µL. Samples were
centrifuged at 13,000 rpm before loading onto the column
that was previously calibrated with appropriate molecular
weight markers (35).

Fluorescence Measurements.Steady-state fluorescence
measurements were performed in an Aminco Bowman Series
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2 spectrofluorometer operating in the ratio mode and
equipped with a thermostated cell holder connected to a
circulating water bath set at 20°C. A 1 cm path cuvette
sealed with a Teflon cap was used. When the intrinsic
fluorescence of proteins was measured, the excitation
wavelength was 295 nm, and emission data were collected
in the range 310-450 nm. The spectral slit-widths were set
to 4 nm for both monochromators. For ANS-binding experi-
ments, fragment TRX1-93 was refolded from 6 M urea by
dialysis at 4°C in buffer A with the addition of 1 mM DTT
in the absence of peptide TRX94-108. Then, fragment
TRX1-93 (10 µM) was incubated with peptide TRX94-
108 (20 µM) for 30 min at room temperature, a time
sufficient to recover a stable native-like CD signal. A control
sample of isolated TRX1-93 was treated under the same
conditions. The dye ANS (8-anilino-1-naphthalene sulfonic
acid) was added to both samples at a final concentration of
50 µM. An additional control sample consisted of ANS (50
µM) added to a TRX1-108 solution (10µM). The excitation
wavelength was 350 nm, and the emission spectra were
collected between 400 and 600 nm. The bandwidth used was
4.0 nm for both excitation and emission. For estimating the
concentration of the dye, a value of the extinction coefficient
of 4,950 M-1 cm-1 at 350 nm was used (36). A simple
hyperbolic equation was enough to fit the binding data and
estimate the dissociation constant (parameterKD) (37).

CD Spectroscopy.Measurements were carried out with a
Jasco J-810 spectropolarimeter calibrated with (+) 10-
camphor sulfonic acid. Far and near-UV CD spectra were
collected in 20 mM TrisHCl buffer, 100 mM NaF, 1.0 mM
DTT, and 0.1 mM EDTA at pH 7.0 (buffer B). Cells of 1.0
and 0.1 cm were used for near- and far-UV measurements,
respectively. Data were acquired at a scan speed of 20 nm/
min, and at least five scans were averaged. Finally, blank
(buffer) scans were subtracted from the spectra, and values
of ellipticity were generally expressed in units of deg cm2

dmol-1. The protein concentration ranged from 7 to 52µM.

The binding of peptide TRX94-108 to fragment TRX1-
93 was followed by the evolution of the CD signal at 280
nm. The band centered at this wavelength reports on the Y/W
environment and probes the consolidation of the tertiary
structure that ensues the formation of the complex. In this
case, TRX1-93 (28µM) was incubated at room temperature
for 1 h with peptide TRX94-108 at various concentrations
ranging from 0 to 87µM. Because no time dependence of
the signal is observed under these conditions, the equilibrium
of the complex formation reaction is assumed to be complete.

Extrapolation of the observed signal at a large excess of
peptide TRX94-108 allowed us to estimate the ellipticity
of the assembled complex. At a given amount of added
peptide TRX94-108, the fraction of occupied sites (fos) was
calculated as the ratio between the measured signal and that
of the complex, and the concentration of free peptide
TRX94-108 ([Lfree]) as the difference between the total
([Ltotal]) and bound (([Lbound]) forms of the ligand. Then, the
dissociation constant (KD) is determined from eq 1.

Thermal unfolding experiments were carried out in 20 mM
sodium phosphate, 100 mM NaF, 1.0 mM DTT, and 0.1 mM
EDTA at pH 7.0. This buffer was chosen for its transparency
and low dependence on temperature. Unfolding transitions
as a function of temperature were monitored by the CD signal
at 220 nm. The protein concentration was 7.0µM, and a 1.0
cm cell was used. Temperature was varied from 0 to 95°C,
at a rate of 2°C min-1, and the melting curve was sampled
at 0.2 min intervals. The following equations were fitted to
the data (38)

where fU and fN are the unfolded and folded fractions at
equilibrium (fU + fN )1), respectively;Tm is the temperature
at whichfU is equal tofN; S is the observed CD signal;S0,N

and S0,U are the intrinsic CD signals for the native and
unfolded states, respectively; andlN andlU are the slopes of
the pre and post-transition regions, respectively, assuming a
linear dependence ofSN andSU with temperature.

Radioiodination of Peptide TRX94-108.Peptide TRX94-
108 (100µL, 4.3 mg/mL in water) was mixed with 1.0 M
sodium phosphate at pH 7.0 (12µL), [125I]Na (4 µL,
approximately 0.5µCi), and chloramine-T (58µL, 3 mg/
mL). This mixture was incubated for 3 min at room
temperature. Immediately thereafter, the reaction was quenched
with sodium metabisulfite (2µL, 10 mg/mL), and the
solution was loaded onto a Sephadex G-25 (Superfine grade)
column (0.5 cm× 38 cm) previously equilibrated in buffer
A. The column was eluted with the same buffer, and the
radioactivity in the fractions was quantified by scintillation
counting with a gamma detector (1272 CliniGamma, LKB,
Finland). In addition, the UV spectrum of the main fraction
containing [125I]-TRX94-108 was recorded, (This spectrum
is identical to that of the unlabeled peptide, confirming that
under these experimental conditions, there is no oxidizing
damage of the peptide as a result of the chloramine-T
reaction.) A solution of [125I]-TRX94-108 (0.26 mM, 50,-
880 cpm/µL, 500 µL) was used for the TRX1-93 binding
experiments.

Isothermal Titration Calorimetry (ITC).The ITC experi-
ments were performed on a Nano ITC III 5300 (Calorimetry
Sciences Corp.) at 25°C. The unfolded fragment TRX1-
93 was dialyzed extensively against buffer A and 1 mM DTT
at pH 7.0 and 4°C, and the lyophilized peptide TRX94-
108 was dissolved into the same dialysis buffer. Fragment
TRX1-93 at a concentration of 81µM was placed into the
cell and titrated with peptide TRX94-108 (1.03 mM
solution, loaded into a 250µL syringe). Intervals of 60 min
were set between 10µL injections to ensure the completion
of the folding reaction.

Fluorometric Assay of TRX ActiVity. Bovine pancreas
insulin was chemically modified with fluorescein isothio-
cyanate and purified according to Heuck and Wolosiuk (39)
to yield the fluorogenic substrate di-fluoresceinthiocarbamyl-
insulin (Di-FTC-insulin). The catalytic activity of TRX as

∆GNU ) -RT ln(fUfN) ) ∆HTm
+ ∆CP(T - Tm) -

T((∆HTm

Tm
) + ∆CP ln( T

Tm
)) (2)

S) fN(S0,N + lNT) + fU(S0,U + lUT) (3)

fos) 1
KD

[Lfree]
+ 1

(1)
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protein disulfide reductase was assayed as follows. TRX
variants were dissolved in buffer A with the addition of 1
mM DTT. The reaction was started by the addition of Di-
FTC-insulin to this solution (0.1µM final concentration),
and the intensity of the fluorescent signal (F) at 519 nm
(excitation wavelength is 495 nm) was continuously recorded
at room temperature as a function of time. Normalized
intensities were expressed as the ratio ((F - Fo)/Fo), where
Fo is the value of the fluorescent intensity of the protein
substrate. Finally, the specific catalytic activity was estimated
through the initial slope of the kinetic trace.

Bioinformatic Analyses.PSI-BLAST (40) was used to
collect 283 non-redundant amino acid sequences sharing the
TRX fold from SwissProt: five iterations were run and an
e-value cutoff of 0.001 was set. Multiple sequence alignment
(MSA) was built using MUSCLE (41). Sequence conserva-
tion scores were calculated with the ConSurf server (42, 43)
using the JTT amino acid substitution model and a Bayesian
method for score calculation.

In order to visualize the central aspects of the MSA results,
a sequence logo was constructed, computing the frequency
of each of the 20 amino acidsa at each positioni, yielding
a vectorqi(a) of the site-specific profiles. Each frequency is
computed as the number of occurrences of amino acida, at
position i (Ni (a)) divided by the number of sequences in
the alignment (N). To ponder gaps in the alignment, the
following correction was introduced:

In the graphic representation, the total heighthi at each
position is proportional to the Shannon information as
follows:

However, a total of 1,000 theoretical sequences compatible
with the TRX1-108 structure were generated by Gibbs
sampling using a statistical potential optimized for the inverse
folding problem (44). The potential consists of a pairwise
contact term supplemented with a solvent accessibility term.
The results were represented as sequence logos in the same
fashion as that for the MSA analysis.

RESULTS

Fragment TRX1-93

Molecular Design.An examination of the TRX structure
led us to pay particular attention to the cluster depicted in
Figure 1 (panel B). This region comprises bothR- and
â-segments that should organize appropriately to form a
hydrophobic concave surface onto which the amphipathic
C-terminal helix is tightly docked. Most likely, the correct
packing of this crucial region, which includes several long-
distance tertiary interactions, will consolidate the overall fold
of the protein. Our efforts were then directed toward excising
the polypeptide chain of TRX so as to isolate helix 5 from
the remainder of the protein. If successful, this approach
would provide a means for dissecting the interaction network

to evaluate its importance for determining and stabilizing
the final fold.

To that end, we prepared the recombinant fragment
TRX1-93. Under the assumption of a native-like fold, this
truncated form would partially expose the surface, otherwise
hidden, belonging toâ-strands 2, 3, and 4, and helix 2. A
more detailed analysis of the balance of polar/apolar acces-
sible surface reveals that although TRX1-93 exposes a less
polar area (2,381 Å2) than the full protein (2,645 Å2), this
indeed occurs at the expense of a reduction in total area:
5,467 and 5,767 Å2, for the former and the latter, respec-
tively. In other words, the truncated form actually exposes
a similar amount of hydrophobic area (3,086 Å2, 56% of
total area) compared to that exposed by the native protein
(3,121 Å2, 54% of total area).

Expression and Characterization of TRX Variants.TRX1-
108 and TRX1-93 were efficiently expressed inE. coli (up
to 60 mg/L of culture). Mass spectrometry confirmed the
expected chemical structures: 11,673.3( 2.0 Da for full-
length oxidized TRX and 10,045.7( 0.5 Da for the reduced
form of the fragment TRX1-93. Remarkably, the fragment
was mainly localized in inclusion bodies (data not shown).
This in ViVo behavior was the first indication that TRX1-
93 does not fold as efficiently as the parent TRX. Refolding
by dialysis at 4°C for 16 h allowed us to recover up to an
81 µM concentration of soluble TRX1-93.

Circular Dichroism.We used CD spectroscopy to address
the question of whether the TRX1-93 fragment is able to
efficiently acquire the native TRX fold in isolation. Clearly,
the spectral features of soluble TRX1-93 are at variance
with those of native TRX (Figure 2). Only residual secondary
structure is evident from the analysis of the far-UV region,
and no defined asymmetric environment for the aromatic
residues becomes evident from the greatly diminished signal
in the near-UV region (Figure 2, panel B). In addition, the
CD spectra of the fragment show no protein concentration
dependence in the 7-51 µM range (data not shown). Only
after incubation in 6.0 M GdmCl, TRX1-93 becomes
completely unfolded at pH 7.0 and room temperature, as
judged by the obliteration of signals attributed to ordered
secondary structure in the far-UV CD spectra (Figure 2, panel
A). Taking into consideration all of the evidence as a whole,
under nondenaturing conditions, TRX1-93 includes the
features of a molten globule state (45, 46).

Intrinsic Fluorescence Emission.Additional evidence for
the remaining structure in TRX1-93 came from tryptophan
fluorescence analysis. A comparison of the emission spectra
(taken upon excitation at 295 nm) suggests that tryptophan
residues in TRX1-93 lie in a slightly less quenched
environment than they do in the full-length protein (Figure
3, panel A).

Significantly, the spectrum of TRX1-93 is incompatible
with an unfolded conformation. Moreover, in this fragment,
tryptophan residues might share nearly the same solvent
accessibility (λmax ) 343 nm) as that of the native state (λmax

) 344 nm). This is a strong indication that at least the part
of the molecule comprising the environment of these
fluorophores preserves native-like structure, preventing full
solvation of the polypeptide chain, as is indeed observed for
the unfolded state (λmax ) 352 nm in 4 M GdmCl).
Importantly, for the aggregation state of TRX1-93 (see
below), the emission maximum of this fragment does not

qi(a) )
Ni(a)

N
+

Ni(gaps)

20
(4)

hi ) ∑
a

qi(a)lnqi(a) (5)
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change with protein concentration in the range 4-70 µM
(data not shown).

Size-Exclusion Chromatography.To directly assess whether
soluble TRX1-93 adopts a compact conformation, fragment
TRX1-93 was analyzed by SEC-FPLC (Figure 4). At the
lowest concentration assayed (16µM), this species shows a
Stokes radius (RS ) 22.0 ( 0.5 Å) larger than that of the
full-length protein (RS ) 18.0 ( 0.7 Å). However, a clear
dependence on protein concentration was observed for the
elution volume of the main fraction (Figure 4, inset), a fact
consistent with a change in the aggregation state of TRX1-
93. Indeed,RS changes to 26.0( 0.5 Å at the highest
concentration assayed (81µM). This evidence is consistent
with the existence of a rapid equilibrium (in the time scale
of the filtration experiment) between the somewhat expanded
monomeric and dimeric species with similar CD and
fluorescence signals (see above). The aggregation process
does not appear to progress toward higher aggregation states,
as judged by the invariance of the relative proportion of the
eluting species.

The cross-linking of TRX1-93 with disuccinimidyl sub-
erate (DSS) followed by separation by SDS-PAGE reveals
that only a monomer and a dimer are significantly populated
at equilibrium. This result confirms that a switch toward the
latter occurs upon increasing the protein concentration in the
same range as that assayed before (data not shown).

ANS Binding.The molten globule character of TRX1-
93 was further evidenced by the occurrence of hydrophobic
patches on the surface of this fragment. Indeed, upon the
binding of ANS to TRX1-93, the fluorescence intensity
increases dramatically, andλmax shifts from 500 to 480 nm
(Figure 3, panel B). Note that at the low protein concentration
needed for this experiment (1µM), the fragment exists
entirely as the monomeric species. Furthermore, the measured
dissociation constant for the ligand (KD ANS ) 240µM) lies
within the range of values usually attributed to the binding
of ANS to molten globule-like states (Figure 3, the inset in
panel B,) (47). Most significantly, the addition of TRX94-
108 to TRX1-93 actuallyinhibitsANS binding, as revealed
by the large decrease in fluorescence observed (∼50%) after
adding a 2-fold molar excess of the former relative to the
latter (Figure 3, panel B). One should note that ANS does
not bind to native TRX. Most likely, this result would suggest
the refolding of TRX1-93 into a native-like conformation,
presumably as a consequence of the association of peptide
TRX94-108 to the former. In this case, one would expect
a substantial reduction of the solvent-accessible hydrophobic
area. To explore the possibility of complex formation in

FIGURE 2: Circular dichroism spectra of TRX fragments. The (A)
far-UV and (B) near-UV spectra are shown: TRX1-108 (s),
TRX1-93 (---), TRX1-93 in 6 M GdmCl (s s), TRX94-108
(-O-), and TRX1-93/TRX94-108 (‚‚‚‚‚). All measurements were
carried out at 20°C in buffer B (see Materials and Methods). The
concentration of TRX1-108 and TRX1-93 was 50µM, and that
of peptide TRX94-108 was 100µM.

FIGURE 3: Fluorescence emission spectra of TRX variants. The
intrinsic fluorescence emission is shown in panel A, where the
symbols represent the following: TRX1-93 (---) or TRX1-108
(s) dissolved in buffer A and TRX1-93 (-O-) or TRX1-108
(-4-) in 4.0 M GdmCl. The excitation wavelength was set at
295 nm. Panel B shows the emission spectra of free ANS (-O-),
TRX1-93 (- - -), TRX1-108 (s), and the complex TRX1-93/
TRX94-108 (‚‚‚). The excitation wavelength here was set at 350
nm. The inset shows the binding of ANS to TRX1-93 (1.0µM)
at 20°C in buffer A with the addition of DTT (1 mM). The solid
line corresponds to the optimal curve fitting to the data by nonlinear
regression, after which the dissociation constant (KD) was derived.
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further detail, the interaction of TRX1-93 with TRX94-
108 was studied next.

Interaction between Fragment TRX1-93 and Peptide
TRX94-108

Circular Dichroism.When fragment TRX1-93 is incu-
bated with peptide TRX94-108, large changes in the far-
and near-UV CD regions are indeed observed (Figure 2).
Particularly, the evolution of the spectrum of TRX1-93 in
the near-UV CD region as peptide TRX94-108 is added
might be indicative of the reconstitution of the native
spectrum (TRX1-108). In fact, if a 2:1 molar excess of
peptide TRX94-108 is present in the mixture,∼75% of a
characteristic signal at 280 nm is recovered. The resulting
spectrum closely resembles that observed for the native state,
showing identical details of fine structure (Figure 2, panel
B). Correspondingly, the far-UV CD spectrum of the same
mixture acquires a shape similar to that of the spectrum of
TRX1-108 (Figure 2, panel A). This statement results from
the comparison of the spectra of native TRX1-108 with
those of the mixture, after subtracting in the latter the
contribution of the remaining amount of peptide 94-108 in
its free form. (Notice that this peptide exhibits a typical
random coil spectrum.)

Size-Exclusion Chromatography.To further explore the
extent of the compactness of the complex, a mixture of
fragment TRX1-93 and TRX94-108 (in a molar excess of
2:1 of the latter) was analyzed by SEC-FPLC (Figure 5, panel
A), in a fashion similar to that of the experiments already
described (Figure 4). By comparison, isolated fragments
TRX1-93 and TRX94-108 and the full-length protein
TRX1-108 were also tested. At the lowest concentration
assayed (17µM), the elution profile of fragment TRX1-93
is consistent with the monomer-dimer equilibrium, where
the expanded monomer clearly prevails (RS ) 22.0 ( 0.5
Å). Remarkably, the TRX1-93/TRX94-108 mixture ex-
hibits the appearance of a new peak centered at a position
(RS ) 19.0( 0.5 Å) compatible with that of the full-length

protein, a fact indicative of a transition to a native-like
complex. Predictably, in a more concentrated sample (50
µM), the peak attributed to the complex increases dramati-
cally at the expense of the TRX1-93 peak. In addition, the
presence of large molecular aggregates does not rise upon
increasing protein concentration (not shown in the graph).

A size-exclusion experiment with radiolabeled TRX94-
108 was also carried out to ascertain the presence of this
peptide in the peak assigned to the complex (Figure 5, panel
B). The free TRX94-108 species elutes at a position
consistent with its low molecular weight and can be detected
both by the absorbance of the Tyr residue and because it is
the main radioactivity peak in the sample. However, upon
incubating a mixture of radiolabeled TRX94-108 with
TRX1-93 prepared as described above, the radioactivity
profile denotes the appearance of a shoulder eluting precisely
at the position of the complex.

Affinity of the Association.To study the peptide-fragment
interaction, we measured the dissociation constant (KD) of
the TRX1-93/TRX94-108 complex. To this end, CD in
the near-UV region seems most appropriate to monitor
peptide binding. The signal at 280 nm serves to monitor the

FIGURE 4: Size-exclusion chromatography of fragment TRX1-
93. Protein (100-200 µL) at different concentrations, 16 (1), 27
(2), 41 (3), and 81µM (4), was sampled onto a Superdex S-200
column equilibrated in buffer A at room temperature. Elution with
the same buffer was carried out at a flow rate of 0.4 mL/min. The
column was previously calibrated with appropriate molecular weight
markers. The inset shows the dependence of the average hydro-
dynamic radius (RS) of fragment TRX1-93 with protein concen-
tration.

FIGURE 5: Size-exclusion chromatography of the complex TRX1-
93/TRX94-108. Chromatographic conditions were identical to
those described in Figure 4. (A) The average hydrodynamic radius
(RS) was measured for isolated TRX1-93 or the complex formed
after incubation for 30 min with TRX94-108: TRX1-108 (40
µM, (s)), TRX1-93 (17 µM, (- -)), and TRX1-93/TRX94-
108 (17µM/34 µM, (- - -) or 50 µM/100 µM, (‚‚‚)). (B) A similar
SEC-FPLC experiment carried out with [125I]-TRX94-108 is
shown. Here, both the absorbance at 280 nm (free TRX94-108,
(s); complex TRX1-93/TRX94-108, (---)) and the eluted radio-
activity (free TRX94-108, (-4-); complex TRX1-93/TRX94-
108, (-O-)) were monitored along the run.
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acquisition of tertiary structure (Figure 6) and poses an
advantage over the spectrum in the far-UV region because
no contribution of the free peptide TRX94-108 exists
between 250 and 310 nm (data not shown). In addition,
TRX1-93 shows a somewhat poor signal in this spectral
range that increases dramatically upon complex formation.
To a solution of TRX1-93 (28µM), different amounts of
peptide TRX94-108 were added up to a 3-fold molar excess
ratio. After an appropriate transformation of the spectral data,
a rectangular hyperbola could be fitted (the inset in Figure
6), from which a value ofKD ) 12 µM was calculated after
nonlinear regression. At the highest molar excess of peptide
TRX94-108 assayed, almost 85% of the expected signal
for native TRX was achieved.

Thermodynamic Stability of the Complex.Because coop-
erativity is a feature of native proteins, we decided to evaluate
this property in the complex TRX1-93/TRX94-108 by
temperature unfolding followed by circular dichroism. The
melting transition of TRX variants at pH 7.0 was monitored
by the loss of secondary structure upon heating the samples
at constant rate (Figure 7). Under our experimental condi-
tions, more than 90% of the signal was recovered after
reversing the temperature ramp (data not shown). As can be
appreciated, the complex exhibits a clear cooperative be-
havior, although the transition is centered at a much lower
midpoint temperature than that of TRX1-108: 40 vs 76°C,
respectively. Undoubtedly, the complex is significantly less
stable than the wild-type protein:∆GNU ) 1.3 ( 0.5 and
5.2( 0.4 kcal mol-1 at 25°C, respectively. Nevertheless, it
is remarkable that the temperature range for the transition
of the complex is relatively narrow and comparable to that
of the full-length protein, pointing to similar values of∆CP

(1.6 and 1.2 kcal K-1 mol-1), a fact that would suggest a
comparable extent of solvent exposure of hydrophobic
residues occurring upon unfolding. However, the CD signal
of the isolated TRX1-93 fragment does not change ap-
preciably between 25 and 95°C. This result suggests that

TRX1-93 does not exhibit a temperature-induced coopera-
tive transition and that the residual structure in the confor-
mational ensemble might remain even at a temperature as
high as 95°C. (Notice, however, that the CD signal at 220
nm for TRX1-93 is sensitive to 6 M GdmCl (cf. Figure 2,
panel A).)

Isothermal Titration Calorimetry.To further investigate
the thermodynamics of the association between TRX94-
108 and TRX1-93, the heat changes that ensue the formation
of the complex were measured (Figure 8). A long interval
(60 min) was set between each injection of peptide TRX94-
108 because it was previously observed that the association
process is slow (kA ∼2.9‚10-3 s-1, equivalent tot1/2 ) 4 min,
as determined from the evolution of the CD signal at 220
nm upon adding a 2-fold molar excess of TRX94-108 over
TRX1-93; data not shown). The reaction is exothermic
(Figure 8, panel A), and the dissociation constant (KD ) 2
µM), estimated after a nonlinear fitting of a binding model
considering a single site to the data (Figure 8, panel B), does
not significantly differ from theKD determined by CD (see
above). The calculated binding enthalpy is 13.7 kcal mol-1,
and the stoichiometry determined for the titration is 0.7. This
somewhat low value might result from the fact that in the
course of the experiment, close to 25% of the protein
fragment aggregates, as estimated by SEC-FPLC on a sample
submitted to the ITC experiment (data not shown). This arises
from the high protein concentration required (81µM) and
the long incubation time (18 h at 25°C).

Limited Proteolysis.Resistance to proteolysis is another
distinctive attribute of native TRX. Fragment TRX1-93 is
highly sensitive to trypsin (Figure 9), a feature that likely
results from its molten globule structure. On the contrary,
the partial resistance to trypsinolysis exhibited by the TRX1-
93/TRX94-108 complex would point out a consolidation
of its structure giving rise to reduced conformational flex-
ibility, a fact probably indicative of dynamics closer to that
of the native state.

Catalytic ActiVity of TRX1-93 and the Complex TRX1-
93/TRX94-108.Function is the paramount property of the

FIGURE 6: Binding of peptide TRX94-108 to fragment TRX1-
93 as followed by near-UV circular dichroism. Fragment TRX1-
93 was titrated with peptide TRX94-108 (concentration from 0 to
104 µM) in the same buffer as that described in Figure 2. After 1
h of mixing, spectra were recorded. The concentration of fragment
TRX1-93 was 35µM. Numbers (from 0.0 to 3.1) indicate the
peptide-to-fragment molar ratio, and a blank of the buffer is shown
as a dotted line. The inset shows the evolution of the signal at 280
nm as a function of free peptide TRX94-108. The fraction of
occupied sites (fos) and the dissociation constant were derived after
nonlinear regression fitting of the curve to the data according to
eq 1 (see Materials and Methods).

FIGURE 7: Thermal unfolding behavior of isolated fragment
TRX1-93 (3) and the complex TRX1-93/TRX94-108 (2). For
comparison, full-length TRX1-108 (1) is shown side by side. The
concentration of TRX1-93 or TRX1-108 was 7µM, and that of
TRX94-108 was 14µM. The measurements were carried out in
20 mM sodium phosphate, 100 mM NaF, 0.1 mM EDTA, and 1
mM DTT at pH 7.0. The solid lines represent the nonlinear
regression fitting of curves to the data, according to eqs 2 and 3
(see Materials and Methods).
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native state. To ascertain whether the title variants are
catalytically competent, these were compared side by side
with full-length TRX by employing a highly sensitive
fluorometric assay of protein disulfide reductase activity
(Figure 10). TRX1-93 exhibits only marginal activity (0.7%

of the specific activity shown by full-length TRX), but the
catalytic efficiency dramatically increases in the case of the
complex TRX1-93/TRX94-108. (The specific activity of
the complex is 7.1%; note that isolated peptide TRX94-
108 is not active.) At the longest time assayed (250 s), the
complex is able to reduce close to 30% as much protein
substrate as full-length TRX, following a time course of
catalysis not distinguishable from that of the latter.

DISCUSSION

It is universally accepted that proteins contain in their
sequence all the necessary information to reach the native
state. Nevertheless, despite intense research during the past
four decades, the folding code remains elusive. Furthermore,
the problem becomes more intricate in view of the fact that
different sequences give rise to similar structures. In this
context, useful clues to decipher the code may be extracted
from the study of peptide complementation as a model of
folding.

In particular, in this article we describe and characterize
a novel system of this type, constituted by fragments 1-93
and 94-108 of E. coli TRX. In comparison with other
complementing fragments of TRX (cf. Figure 1, panel A),
an important aspect of the present system is that it allows
one to place the focus on the informational content of a more
restricted region of the TRX structure. In other words, this
would enable us to address key conformational features in a
clear-cut fashion.

The bulk of spectroscopic evidence presented herein
supports the notion that fragment TRX1-93 in isolation
adopts a non-native structure: this polypeptide folds into an
expanded molten globule, with residual tertiary interactions.
Upon binding peptide TRX94-108, fragment TRX1-93
consolidates a native-like fold, minimally exposing the
hydrophobic surface area to the aqueous solvent.

In this regard, one should bear in mind that isolated peptide
TRX94-108 does not exhibit defined secondary structure

FIGURE 8: Isothermal calorimetric titration of fragment TRX1-
93 with peptide TRX94-108. Peptide TRX94-108 was injected
into the sample cell (1 mL volume) containing fragment TRX1-
93 in buffer A with the addition of 1 mM DTT, at 25°C. The
sample cell was stirred at 400 rpm. (A) Rate of the heat evolved
after each injection. The peaks represent the difference between
the heat evolved in the sample cell and that in the reference cell
containing water. The heat of dilution of peptide TRX94-108 has
not been subtracted. (B) Solid line corresponding to the nonlinear
regression fitting of a simple binding model to the data after
subtraction of the heat of dilution.

FIGURE 9: Relative stability to proteolysis of fragment TRX1-93
and complex TRX1-93/TRX94-108 as analyzed by SDS-PAGE.
The incubation times (in min) are indicated at the top of each lane,
and symbols (+) and (-) indicate the presence or absence of peptide
TRX94-108 in the reaction, respectively. As a control sample,
TRX1-108 was incubated for the time indicated in the presence
of an identical concentration of trypsin. The molecular mass, 11.7
kDa, corresponds to that of full-length TRX1-108.

FIGURE 10: TRX-catalyzed reduction of insulin. The time course
of the protein disulfide reduction exhibited by TRX variants assayed
against di-FTC-insulin: TRX1-108 (s), TRX1-93 (---), TRX94-
108 (- ‚ -), and TRX1-93/TRX94-108 (‚‚‚). All measurements
were carried out at 25°C in buffer A and 1 mM DTT (see Materials
and Methods). The concentration of TRX1-108 was 17µM, that
of TRX1-93 (free or in the complex) was 40µM, and that of
TRX94-108 (free or in complex) was 120µM.
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in solution, as ascertained by far-UV CD spectra. Neverthe-
less, in all likelihood it would acquire helical structure upon
complex formation. Fragment interaction confers to fragment
TRX1-93 less susceptibility to proteolysis, pointing to a
dynamics of the complex more closely resembling that of
the native state, that is, the polypeptide backbone would not
be as flexible as in the case of the isolated fragment, a result
that agrees well with the emergence of rigid environments
for aromatic residues, as can be judged by near-UV CD
spectra. All evidence indicates that TRX1-93 efficiently
refolds when it meets the cognate peptide TRX94-108,
establishing an interaction network that physically represents
the reciprocal exchange of information between the interact-
ing moieties. Proof of this is the ability of the complex to
perform catalysis, the hallmark of the native state.

Paradoxically, it is worth noting that Jacobs et al. conclude,
on the basis of a distance constraint model, that a main-
chain break between residues 92 and 94 would produce two
stable and non-interacting fragments (48). The first part of
this prediction finds a generally good agreement with our
finding that fragment TRX1-93 does not adopt a fully
disordered state but rather folds into a molten globule state.
However, at variance with their interpretation, we believe
that embracing self-stability does not necessarily imply the
lack of an ability to interact with the missing moiety. On
the contrary, stabilization of a native-like conformation would
provide a scaffold favorable to peptide recognition. In turn,
binding of the cognate peptide would provide further
structural stabilization. From this viewpoint, herein we
present experimental evidence supporting the consolidation
of a stable structure for the complex TRX1-93/TRX94-
108.

In regard to complex formation, it is worth discussing
thermodynamic stability in connection with the preservation
of structure. From an experimental perspective, an evaluation
of the thermal stability of TRX peptide complexes can
provide insights into this matter. Despite the lower stability
observed for TRX1-93/TRX94-108 (Tm ∼40 °C; KD )
2-12µM at 25°C) compared to that of the wild-type protein
(Tm ∼76 °C), this fact does not pose an obstacle to
presumably attaining the same 3D structure, as is also the
case for other complexes such as TRX1-73/TRX74-108
(Tm ∼60 °C, as estimated by DSC;KD ) 49 nM) (28, 49)
or TRX1-37/TRX38-108 (KD ) 4-6 µM) (4, 49).

From a structural viewpoint, one should discuss the
consequence of preserving matching hydrophobic surfaces
at the contact region between fragments TRX1-93 and
TRX94-108. Indeed, screening experiments point to the
critical importance in the early steps of the folding process
played by the formation of a hydrophobic cluster comprising
the L row (belonging to TRX94-108) closing onto the LI
surface (in TRX1-93, see Introduction). In particular, the
change L107P in helix 5 produces a significant decrease in
the folding rate of TRX, bringing about an increase in protein
export (50). In this case, the authors conclude that the proline
at that position could partially destabilize the interaction with
the LI surface in the folded state. Independently, Chiu et al.
established the significance of residue F102 for the structural
integrity of TRX (51). In this case, pulse proteolysis was
used to show that mutant F102S unfolds at a lower urea
concentration than wild-type TRX. Moreover, they demon-
strated that the decreased stability shown by mutant F102S

affects the affinity of binding to protein gp5, a step of crucial
importance where helix 5 plays a key role in forming the
processive T7 DNA polymerase complex.

Our own evidence and that of others taken together allow
us to put forward the prominent position played by the
C-terminal helix as an essential element of TRX structure.
Interestingly, three out of four leucine residues in the L row
(L99, L103, and L107) are conserved throughout TRX
evolution, and whenever mutations occur at L99 and L103,
a hydrophobic profile is conserved (Figure 1, panel C). The
above statement is supported by the following sequence
analysis. By using the 1 to 9 scoring scale by Landau et al.
(43), the conservation scores are 7 and 6 for positions L99
and L103, respectively, suggesting their importance for
establishing the hydrophobic core. As for L107, this residue
is not conserved in the MSA because many sequences (174
out of 283) are shorter than 107 residues. However, when it
is longer than that, a hydrophobic amino acid is always found
at this position: I, L, or V in 90% of the sequences. By
contrast, as is evident in the sequence profile, conservation
of L94 does not seem relevant for the protein family.
Noticeably, L94 does not strictly belong to helix 5, as one
can conclude after inspection of the TRX structure.

To further assess the significance of the L row for attaining
the TRX fold, we applied a newly developed protein design
algorithm (44). This procedure allowed us to generate
sequences compatible with the TRX structure. By using a
pairwise contact potential and a solvent accessibility criterion,
a sequence profile very similar to the MSA of natural
sequences was obtained (Figure 1, panel C). Consistently,
L99 and L103 emerge from this analysis with enhanced
importance. Strikingly, the AGADIR server (52, 53) predicts
this same pair of leucine residues as key structural determi-
nants conferring helical behavior to peptide TRX94-108 in
solution (data not shown). Hypothetically, if the conforma-
tional ensemble of this peptide had a small but significant
population in helical form, then this could have accelerated
the association/folding reaction of the complex. In the future,
in order to assess the informational content of this peptide
more thoroughly, computational as well as biophysical
experiments will be designed to evaluate its intrinsic or
induced conformational trend.

Furthermore, the results presented in this article may shed
light on the mechanism of TRX folding. On the basis of
NMR studies of complementing fragments TRX1-37,
TRX38-73, and TRX74-108, Tasayco et al. postulated that
the zippering of two rather hydrophobic regions, those
corresponding to strandsâ2 andâ4 in the native state and
located at the bottom of the LI surface (Figure 1, panel B),
constitutes the first operational step leading to folded TRX
(7). In line with this, we hypothesize that the binding of helix
5 to the LI surface could represent a late event in the
consolidation of the TRX fold. In this regard, unfolding (or
the absence) of helix 5 could permit the population of a
partially folded state of TRX under native conditions. As
mentioned in the Introduction, the existence of partially
folded states for TRX has been well documented. In addition,
evidence from temperature unfolding experiments point to
the existence of a collapsed unfolded state for TRX, with
the persistence of residual secondary structure. This was
presumed from the presence of average chiral structure, as
detected by far-UV CD, and the simultaneous lack of
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protection against amide proton exchange (54). However,
under non-physiological conditions, the application of Fou-
rier-transform IR spectroscopy revealed the presence of
conformations with properties of molten globule-like states,
that is, characterized by well-defined secondary structure in
the absence of rigid tertiary interactions (55).

In summary, TRX1-93 could eventually represent a new
paradigm useful for interpreting differences among non-
native states. Finally, identification of short sequence sig-
natures with a significant influence on the acquisition of 3D
structure such as those present in TRX94-108 might enable
one to pinpoint the existence of interactions essential for
molecular recognition. In turn, this might lead to clues
regarding the origin of the cooperativity distinctive of the
folded state.

CONCLUSIONS

The effect of excising helix 5 (included in TRX94-108)
from the remainder of TRX causes the resulting fragment
(TRX1-93) to halt progress toward the native state. Instead,
this variant remains in a molten globule conformation.
Remarkably, complementation of fragment TRX1-93 with
the cognate peptide TRX94-108 brings forth the restoration
of native-like conformation and function. This system
underscores key interactions leading to the consolidation of
the native TRX fold. We believe that results presented herein
point to the stabilizing role played by helix 5. We conjecture
that the primary interaction brought about by the apposition
of the so-called L row onto the LI surface would illustrate a
molecular event of mutual selection, with long-range con-
sequences on conformation, and possibly represent a late
event in the consolidation of the overall TRX fold.
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