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Interaction between Two Discontiguous Chain Segments from theâ-Sheet of
Escherichia coliThioredoxin Suggests an Initiation Site for Folding†
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ABSTRACT: The approach of comparing folding and folding/binding processes is exquisitely poised to
narrow down the regions of the sequence that drive protein folding. We have dissected the small single
R/â domain of oxidizedEscherichia colithioredoxin (Trx) into three complementary fragments (N, residues
1-37; M, residues 38-73; and C, residues 74-108) to study them in isolation and upon recombination
by far-UV CD and NMR spectroscopy. The isolated fragments show a minimum of ellipticity of ca. 197
nm in their far-UV CD spectra without concentration dependence, chemical shifts of HR that are close to
the random coil values, and no medium- and long-range NOE connectivities in their three-dimensional
NMR spectra. These fragments behave as disordered monomers. Only the far-UV CD spectra of binary
or ternary mixtures that contain N- and C-fragments are different from the sum of their individual spectra,
which is indicative of folding and/or binding of these fragments. Indeed, the cross-peaks corresponding
to the rather hydrophobicâ2 and â4 regions of theâ-sheet of Trx disappear from the1H-15N HSQC
spectra of isolated labeled N- and C-fragments, respectively, upon addition of the unlabeled complementary
fragments. The disappearing cross-peaks indicate interactions between theâ2 andâ4 regions, and their
reappearance at lower temperatures indicates unfolding and/or dissociation of heteromers that are
predominantly held by hydrophobic forces. Our results argue that the folding of Trx begins by zippering
two discontiguous and rather hydrophobic chain segments (â2 andâ4) corresponding to neighboring strands
of the nativeâ-sheet.

Although biophysicists still debate whether the burst phase
intermediates observed in the folding of small proteins truly
represent folding events (1-4), the current emphasis is on

determining the balance between the local and nonlocal
interactions that drives the folding of small proteins. An
interesting idea that is gaining ground is that the folding
events are primarily determined by the overall topology of
the final fold and not by specific details of the stabilizing
interactions (5, 6). If this is the case, the wealth of
information about protein evolution arising from structural
genomics promises significant insights into the protein
folding problem and its possible solution by integrating
theory and experiments (6) in the study of representative
protein domains.
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Folding processes that bring together discontiguous and
disordered chain segments without the assistance of intercon-
necting regions show that nonlocal interactions can be
responsible for driving folding. Such processes are found in
small homodimers [GCN4 (7) and ArcR (8)] and in
artificially generated heterodimers [CI2 (9), barnase (10), and
Trx1 (11-13)] that resemble their native structures. In
principle, the regions that are involved in these nonlocal
interactions can be found by further dissecting the protein
and studying folding and/or binding of the resulting frag-
ments. For instance, mixing experiments with cytochromec
(Cyt c) fragments corresponding to the N- and C-terminal
chain segments indicate the formation of a rather helical
noncovalent complex in the presence of covalently linked
heme (14) and exogenous heme (15). The formation of this
complex correlates well with folding events in which amide
groups become protected only in chain segments correspond-
ing to the N- and C-terminal helices (16). As another
example, fragment complementation studies of theR-helical
homodimer tryptophan repressor (TrpR) indicate that dimer-
ization of its N-terminal fragment precedes the complemen-
tation and reassembly of the full structure (17). Subsequent
kinetic studies of the native-like homodimer of a similar
N-terminal fragment of TrpR (18) shed light on the complex
folding kinetics of the full protein. These studies illustrate
the usefulness of comparing folding and folding/binding
(19-21) processes to gather structural insight about the
folding of R-helical proteins.

To extend this approach toR/â proteins, we have studied
the folding of oxidizedEscherichia colithioredoxin (Trx)
(22) and the folding/binding of its complementary fragments
(23). The kinetic model of folding for this five-stranded
â-sheet packed against fourR-helices (see Figure 1a) shows
multiple pathways going through burst phase intermediates
of hydrophobic nature, rich inâ-type structures, which reflect
both Pro-independent and -dependent processes. To narrow
down the regions of its polypeptide sequence that are
responsible for reassembly upon cleavage of a loop (13, 24)
or a helix (11), three complementary fragments (N, residues
1-37; M, residues 38-73; and C, residues 74-108) were
generated. Here we report the results of studying the isolated
and recombined fragments by size exclusion chromatography
and far-UV CD and1H-15N NMR spectroscopy. Our studies
suggest that the folding of Trx begins by zippering two
discontiguous and rather hydrophobic chain segments cor-
responding to two neighboring strands of the nativeâ-sheet.

MATERIALS AND METHODS

E. coli Trx, its fragments, and their15N-labeled versions
were prepared according to previous reports (11, 23). The
lyophilized isolated fragments were resuspended in 4 or 6
M GuHCl and 10 mM phosphate buffer (KPi) (pH 7.0) and
dialyzed against KPi (pH 6.5) for NMR spectroscopy or
against KPi (pH 7.0) for CD spectroscopy. The fragments
were mixed before and after dialysis for NMR and CD
spectroscopy, respectively. Serial dilutions of freshly pre-
pared solutions were carried out to monitor the concentration
dependence of the isolated fragments. The molar extinction

1 Abbreviations: CD, circular dichroism; NMR, nuclear magnetic
resonance; Trx, thioredoxin.

FIGURE 1: (a) Topological scheme of Trx (32) depicting the
N-fragment (light gray), the M-fragment (gray), and the C-fragment
(dark gray). Helices and strands are depicted as circles and boxes,
respectively. The smallest circle corresponds to the distortedR3
helix (33). The elements of secondary structure are also depicted
along the primary sequence. (b) Far-UV CD spectra of the
N-fragment (b), the M-fragment (2), and the C-fragment (9). (c)
Plot of the observed chemical shift values for the HR protons of an
isolated fragment minus that of the random coil: the N-fragment
(a), the M-fragment (b), and the C-fragment (c).
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coefficients of the N- and M-fragments in KPi are 1.12×
104 and 2.56× 103 M-1 cm-1 at 280 nm (25), respectively,
and that of the C-fragment is 3.96× 104 M-1 cm-1 at 214
nm (23). Size exclusion chromatography was carried out with
a peptide column from Pharmacia using a Pharmacia FPLC
system and 10 mM KPi (pH 7.0).

Far-UV CD Spectroscopy.Spectra were obtained with an
AVIV-60DS instrument using cells with a path length of 1
or 0.1 mm. The spectra represent the average of four scans
at 20° after correction for the buffer baseline.

NMR Spectroscopy.NMR data were acquired on a 500
MHz Varian Unity plus spectrometer at various temperatures.
Two-dimensional1H-15N HSQC spectra were recorded
using 16 scans under the phase-sensitive mode with 100 and
768 complex int1 and t2, respectively. The spectral widths
were 7600.2 Hz in the1H dimension and 2200 Hz in the
15N dimension. Three-dimensional TOCSY-HSQC and three-
dimensional NOESY-HSQC spectra were acquired using 16
scans, three spectral widths (ω1 ) 5999.7 Hz,ω2 ) 1555.7
Hz, andω3 ) 6800.4 Hz), and mixing times of 70 and 200
ms, respectively. All spectra were processed and analyzed
on a Silicon Graphics computer using Felix 1.10 and 2.3
(Biosym Technologies, San Diego, CA). Three-dimensional
TOCSY-HSQC and three-dimensional NOESY-HSQC spec-
tra were used to identify through-bond and through-space
connectivities for each fragment. The assignment of the
TOCSY-HSQC spectra began with residues such as Gly, Thr,
and Ala. All glycines with the exception of G33 were
assigned on the basis of the NH-HR cross-peaks. The
alanines were characterized by their NH-HR and NH-âCH3

cross-peaks in the TOCSY. Threonines and valines were
assigned on the basis of NH-HR, NH-Hâ, and NH-γCH3

cross-peaks in the TOCSY spectrum. The AMX spin systems
were identified by the Hâ chemical shifts in the TOCSY
spectrum. Those residues with long side chains such as Lys,
Leu, and Ile were assigned on the basis of NOE connectivi-
ties. The NOESY and TOCSY spectra were used to obtain
sequential connectivities [d(HRi, NHi+1), d(Hâi, NHi+1), and
d(NHi, NHi+1)] according to standard procedures.

RESULTS AND DISCUSSION

Isolated Fragments Are Disordered.Freshly prepared
solutions of the isolated N-, M-, and C-fragments (Figure
1a), under conditions that promote their monomeric state
(23), elute from a size exclusion chromatography column at
10.85, 10.27, and 10.48 mL, respectively. The far-UV CD
spectra of freshly prepared solutions of the isolated N-, M-,
and C-fragments at neutral pH exhibited no concentration
dependence within the experimental range (5-375 µM), a
minimum between 197 and 200 nm, and a bulge between
210 and 230 nm, which is more pronounced in the case of
the N-fragment (see Figure 1b). The unexpectedly higher
elution volume, the shifted minimum, and the pronounced
bulge in the far-UV CD spectrum of the N-fragment suggest
the presence of residual structure in this fragment. The one-
dimensional NMR spectra of these fragments at pH 6.5
exhibit a narrow chemical shift dispersion for the amide
protons of ca. 0.8 ppm, and no upfield peaks between 0 and
-1 ppm. Only the N-fragment shows both a 30% decrease
of the signal-to-noise ratio in the one-dimensional NMR
spectrum and partial elution in the void volume of the size

exclusion chromatography column after incubation for 3 days
at room temperature, which is indicative of a slow oligo-
merization. Despite the fact that the N-fragment appears to
have a residual structure that promotes slow oligomerization,
all these isolated fragments behave as disordered monomers.

To further search for residual structure in these fragments,
three-dimensional NMR experiments were carried out. The
N-fragment, which oligomerized slowly, produced reso-
nances whose half-width show no concentration dependence
(11), which suggests the coexistence of monomers and
oligomers with high molecular weights. Most residues, with
the exception of Pro (positions 34, 40, 64, 68, and 76) and
a few others (positions 1, 2, 33, 38, 74, and 75), were
assigned. Some amide protons share the same chemical shift
values such as those at positions 16 and 36, 19 and 22, 25
and 27, 80 and 102, 81 and 98, 84 and 97, 85 and 104, 86
and 100, and 95 and 106. The HRs of these fragments show
chemical shifts that are close to the random coil values and
dispersions of<0.3 ppm (Figure 1c). Further analysis of the
spectra of these fragments shows the typical network of
d(HRi, NHi+1) andd(Hâi, NHi+1) connectivities. Although a
few connectivities between protons from residues separated
by two peptide bonds were found, no evidence for medium-
or long-range interactions was observed (data not shown).
In summary, the far-UV CD and NMR spectra of monomeric
N-, M-, and C-fragments show no evidence of a well-defined
conformational bias.

N- and C-Fragments Interact with Each Other.On the
basis of our previous success reassembling Trx by recom-
bination of two complementary fragments (residues 1-73
and 74-108 or 1-37 and 38-108) (11-13, 24), we
proceeded to narrow down the regions of the sequence
responsible for recognition and reassembly by searching for
pairs of smaller fragments (residues 1-37, 38-73, and 74-
108) that interact with each other. Three techniques, which
together cover a wide range of concentrations (size exclusion
chromatography and far-UV CD and NMR spectroscopy),
were used to detect both tight and weak complexes. No
evidence for the presence of new species different from any
of the isolated fragments was observed when injecting binary
mixtures at millimolar concentrations into a size exclusion
chromatography column. Since we suspected that the lack
of evidence for interactions was due to the dilution effect of
the chromatography column, far-UV CD measurements were
carried out with the isolated and recombined fragments using
a final concentration range of 5-375µM (see Figure 2). To
start with, three binary mixtures (N/M, M/C, and N/C) were
prepared, each containing the first fragment (100µM) and
the second one (375µM) to keep a constant fragment ratio.
It is interesting to observe that the difference in the spectra
of the N/M and M/C mixtures are negligible compared with
that of the N/C mixture. In fact, further addition of the
C-fragment to the N/M mixture or of the N-fragment to the
M/C mixture until reaching a final concentration of 100µM
demonstrates that an excess of the M-fragment has less effect
than an excess of the C-fragment on the difference spectra
of the original binary mixtures. Furthermore, addition of the
M-fragment to the N/C mixture up to a final concentration
of 100 µM produces negligible change in the original
difference spectrum. It should be mentioned that, qualita-
tively, all the difference spectra exhibit a predominance of
â-type structures.

Accelerated Publications Biochemistry, Vol. 39, No. 35, 200010615



The next step was to test whether the same phenomenon
is observed at millimolar concentrations using NMR spec-
troscopy. The1H-15N HSQC spectra of mixtures containing
a single labeled fragment (0.7 or 0.8 mM) and the unlabeled
complementary fragment (1.4 or 1.6 mM) were compared
with those of the corresponding isolated labeled fragment at
the same concentration (Figure 3a). The spectra of mixtures
of the labeled M- with the unlabeled N- or C-fragment show
no evidence of interaction. However, the spectra of the binary
mixture of N- and C-fragments at a ratio of 1:2 or 2:1 exhibit
fewer cross-peaks than those of the corresponding isolated
fragment. In fact, this effect is further enhanced upon addition
of the M-fragment to the binary mixture until reaching a
final concentration of 0.7 or 0.8 mM.

These mixing experiments demonstrate that the N- and
C-fragments interact primarily with each other to form
heteromers which appear rich inâ-type structures and whose
interactions with the M-fragment are negligible under these
experimental conditions.

Disappearance of Cross-Peaks Points to the Importance
of â2 andâ4. The absence of cross-peaks for certain residues
in the NMR spectrum of a given protein can be due to the
combination of the slow overall tumbling of a large structure
with the rapid movement of disordered tails (26, 27) or to
conformational fluctuations of a moderately sized structure
at an intermediate time scale (28). Thus, the presence of
fewer cross-peaks in the HSQC spectra of the N/C mixtures
and the fading of some of them might reflect the formation
of heteromers with different degrees of oligomerization.
Inspection of the1H-15N HSQC spectra (Figure 3a) indicates
that, despite the overlapping resonances and the absence of
cross-peaks for P76, essentially every cross-peak of the
spectra corresponding to regions ofâ2 (A22, I23, L24, V25,
D26, F27, W28, and A29) andâ4 (P76, T77, L78, L79, L80,
F81, and K82) in the native state disappears from the spectra
of the isolated labeled N- and C-fragments, respectively, upon
addition of the unlabeled complementary fragments. These

spectra also indicate the complete or almost complete
disappearance of cross-peaks corresponding to residues in
the regions ofâ1 (4), R1 (16 and 17),R2 (35-37), â5 (89,
90, and 92),R4 (96-100, 102, and 104-106), and the
interconnecting segments (3, 18, 19, 21, 30-32, 83, 84, 86,
87, and 95). We should stress that, regardless of whether
the heteromers of the N- and C-fragments are large or small,
the vanishing cross-peaks are not randomly located. The fact
that they include residues not only from the regions ofâ2

and â4 but also from others which are close in the native
structure (R1, R2, â5, R4, and interconnecting segments; see
Figure 1a) argue in favor of native-like interactions between
N- and C-fragments. An interesting observation is that the
disappearing peaks only occur when the mixture contains
these fragments. This is somewhat surprising, since inspec-
tion of the native structure shows that the isolated C-fragment
and the binary mixture of the N- and M-fragments also have
the possibility of forming native-like contacts (see Figure
1a), but no supporting NMR evidence was found in those
cases. This behavior strongly suggest that native-like interac-
tions betweenâ2 and â4 are more stable than the other
possibilities. We interpret our NMR results by postulating
that zippering of two rather hydrophobic regions, corre-
sponding toâ2 andâ4 in the native state, constitutes the first
operational folding and/or binding event between the N- and
C-fragments.

Nature of the Hypothetical Interaction betweenâ2 andâ4.
To establish the nature of the interactions within the
hypothetical N/C complex and to explore whether slowing
the conformational exchange produces new cross-peaks (29),
the HSQC spectra of the isolated and recombined fragments
were acquired within a temperature range from 3 to 46°C.
When the ternary mixture containing the labeled N-fragment
is cooled from 20 to 3°C, the HSQC spectra show the
reappearance of cross-peaks for all amide protons with the
exception of those for the C-terminal end of the extended
â2 and the imidazole protons of Trp28 and -31 (Figure 3a).
This tendency is even more noticeable in the spectrum of
the binary mixture of the N-fragment and the labeled
C-fragment, where every cross-peak reappears upon cooling
from 20 to 5°C (Figure 3a). This reappearance is consistent
with an increase in the population of the isolated fragments
due to unfolding and/or dissociation of heteromers. The
temperature dependence of the difference far-UV CD spectra
of the binary and ternary mixtures of fragments shows a
similar trend, although their persistence at 5°C indicates an
incomplete unfolding and/or dissociation process. This
behavior is typical of processes driven by the hydrophobic
effect (30, 31) and correlates well with the hydrophobic
nature of the interactingâ2 andâ4 regions.

Initiation Site of the Folding of Trx.Our far-UV CD and
NMR results strongly suggest that the disordered monomeric
N- and C-fragments undergo some kind of native-like
hydrophobic interactions through theâ2 andâ4 regions. We
are aware, however, that the disordered nature of the isolated
fragments does not preclude the existence of flickering local
interactions that might promote recognition betweenâ2 and
â4. The fact that the interactions seem to involve mainly the
hydrophobic regions of theâ-sheet in the native state
correlates well with the observation of hydrophobicâ-rich
burst phase intermediates in the folding of Trx (22). We
therefore put forth the following provocative hypothesis: the

FIGURE 2: Difference far-UV CD spectra between binary or ternary
mixtures and their corresponding isolated fragments: the N-
fragment (100µM) and the M-fragment (375µM) depicted with
black squares, the M-fragment (100µM) and the C-fragment (375
µM) depicted with white squares, the N-fragment (100µM) and
the C-fragment (375µM) depicted with black triangles, the
N-fragment (100µM), the M-fragment (100µM), and the C-
fragment (375µM) depicted in white triangles, and the N-fragment
(100µM), the M-fragment (375µM), and the C-fragment (100µM)
in white circles. The buffer was KPi at pH 7.0 and 20°C in all
cases.
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FIGURE 3: (a) HSQC spectra of isolated15N-labeled fragments and that of their binary and ternary mixtures with unlabeled fragments (six
panels). Cross-peaks for the segments corresponding toâ2 andâ4 of Trx are boxed in black. (A) Spectrum of the mixture of the labeled
N-fragment (0.8 mM) with the unlabeled C-fragment (1.6 mM) in 0.1 mM KPi at pH 6.5 (green) overlayed on that of the isolated15N-
labeled N-fragment (0.8 mM) in 0.1 mM KPi at pH 6.5 (red) at 20°C. (B) Spectrum of the mixture of the unlabeled N-fragment (1.6 mM)
and the labeled C-fragment (0.8 mM) in 0.1 mM KPi at pH 6.5 (green) overlayed on that of the isolated15N-labeled C-fragment (0.8 mM)
in 0.1 mM KPi at pH 6.5 (red) at 20°C. (C) Spectrum of the ternary mixture of the labeled N-fragment (0.7 mM), the M-fragment (0.7
mM), and the C-fragment (1.4 mM) in KPi at pH 6.5 (blue) overlayed on that of the isolated15N-labeled N-fragment (0.8 mM) in 0.1 mM
KPi at pH 6.5 (red) at 20°C. (D) Spectrum of the ternary mixture of the N-fragment (1.4 mM), the M-fragment (0.7 mM), and the labeled
C-fragment (0.7 mM) in KPi at pH 6.5 (blue) overlayed on that of the isolated15N-labeled C-fragment (0.8 mM) in 0.1 mM KPi at pH 6.5
(red) at 20°C. (E) Spectrum of the ternary mixture of the labeled N-fragment (0.7 mM), the M-fragment (0.7 mM), and the C-fragment (1.4
mM) in KPi at pH 6.5 (blue) overlayed on that of the isolated15N-labeled N-fragment (0.8 mM) in 0.1 mM KPi at pH 6.5 (red) at 3°C.
(F) Spectrum of the binary mixture of the N-fragment (1.6 mM) and the labeled C-fragment (0.8 mM) in 0.1 mM KPi at pH 6.5 (green)
overlayed on that of the isolated15N-labeled C-fragment (0.8 mM) in 0.1 mM KPi at pH 6.5 (red) at 5°C. (b) Cartoon depicting the folding
of Trx by zippering of the hydrophobic and discontiguous chain segments corresponding toâ2 andâ4. The cartoon was generated with the
program VMD (34).
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zippering of two discontiguous and rather hydrophobic chain
segments, corresponding toâ2 andâ4 in the nativeâ-sheet,
serves to initiate the folding of Trx-like proteins (see Figure
3b).

ACKNOWLEDGMENT

We thank Francisco Figueirido for helpful discussions. The
use of the NMR facilities of Hunter College is gratefully
acknowledged.

SUPPORTING INFORMATION AVAILABLE

NOE connectivities of the isolated fragments. This material
is available free of charge via the Internet at http://
pubs.acs.org.
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