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Abstract

Native-state hydrogen exchange (HX) studies, used in conjunction with NMR spectroscopy, have been
carried out on Escherichia coli thioredoxin (Trx) for characterizing two folding subdomains of the protein.
The backbone amide protons of only the slowest-exchanging 24 amino acid residues, of a total of 108 amino
acid residues, could be followed at pH 7. The free energy of the opening event that results in an amide
hydrogen exchanging with solvent (AG,,) was determined at each of the 24 amide hydrogen sites. The
values of AG,,, for the amide hydrogens belonging to residues in the helices «,, a,, and o, are consistent
with them exchanging with the solvent only when the fully unfolded state is sampled transiently under native
conditions. The denaturant-dependences of the values of AG,, provide very little evidence that the protein
samples partially unfolded forms, lower in energy than the unfolded state. The amide hydrogens belonging
to the residues in the B strands, which form the core of the protein, appear to have higher values of AG,,
than amide hydrogens belonging to residues in the helices, suggesting that they might be more stable to
exchange. This apparently higher stability to HX of the 3 strands might be either because they exchange out
their amide hydrogens in a high energy intermediate preceding the globally unfolded state, or, more likely,
because they form residual structure in the globally unfolded state. In either case, the central 3 strands—3;,
,, and B,—would appear to form a cooperatively folding subunit of the protein. The native-state HX
methodology has made it possible to characterize the free energy landscape that Trx can sample under
equilibrium native conditions.
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It has been difficult to characterize, in structural terms, the
energy landscape separating the unfolded and the native
state of a protein, using traditional optical probes like fluo-
rescence and circular dichroism, because these probes do
not provide residue-specific information about protein
structure. Experimental approaches, which are not only
more sensitive toward the detection of partially folded con-
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formations, but which also provide residue-specific struc-
tural information, are therefore required. Hydrogen ex-
change (HX; Englander et al. 1996, 1997; Rumbley et al.
2001; Juneja and Udgaonkar 2003) is one such technique,
which, when coupled with NMR spectroscopy, has been
applied quite effectively to a number of proteins to obtain
residue-specific information on structures present in kinetic
and equilibrium folding intermediates, in the unfolded
forms of proteins, and in partially unfolded forms (PUFs)
that coexist very transiently with the native state in native
conditions.

The native-state HX (Mayo and Baldwin 1993; Bai et al.
1995; Englander 1998) methodology can detect the fully
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unfolded as well as the partially unfolded conformations
that can be sampled by a protein, even if only transiently,
under strongly native conditions. The relative populations
of PUFs can be perturbed using marginally destabilizing
denaturant concentrations, and the perturbation is reflected
in the exchange rates of individual amide protons. The ex-
change rate observed at each amide hydrogen site provides
an estimate of the free energy of the opening event that
leads to the exchange. Hence, information about the coop-
eratively unfolding units of a protein can be obtained. The
native-state HX methodology has been applied to many pro-
teins including ribonuclease A (Mayo and Baldwin 1993;
Neira et al. 1999; Juneja and Udgaonkar 2002), cytochrome
c (Bai et al 1995), staphylococcal nuclease (Loh et al. 1993),
RNase H (Chamberlain et al. 1996), barnase (Clarke and
Fersht 1996), chymotrypsin inhibitor 2 (Itzhaki et al. 1997),
protein L (Yi et al. 1997), barstar (Bhuyan and Udgaonkar
1998), T4 lysozyme (Llinas et al. 1999), B-lactoglobulin
(Forge et al. 2000), human acidic fibroblast growth factor
(Srimathi et al. 2002), csp A (Rodriguez et al. 2002), cyto-
chrome bsg, (Chu et al. 2002), and transthyretin (Liu et al.
2002), and has usually led to the identification of PUFs of
these proteins, which are populated under equilibrium na-
tive conditions. Native-state HX experiments have also pro-
vided useful insights about the various interactions that sta-
bilize the native state, helped in comparing the pathogenic
variants of a disease-causing protein with the normal protein
(Hoshino et al. 2002; Liu et al. 2002), allowed the charac-
terization of residual structure in the unfolded state (Wrabl
and Shortle 1999), helped in comparing observed equilib-
rium intermediates with kinetic intermediates (Chu et al.
2002; Juneja and Udgaonkar 2002; Rodriguez et al. 2002),
and helped to distinguish whether discrete intermediates or
a continuum of intermediates populate the free energy land-
scape of a protein under native conditions (Loh et al. 1993;
Mayo and Baldwin 1993; Bai et al 1995; Chamberlain et al.
1996; Clarke and Fersht 1996; Itzhaki et al. 1997; Yi et al.
1997; Bhuyan and Udgaonkar 1998; Llinas et al. 1999;
Neira et al. 1999; Forge et al. 2000; Chu et al. 2002; Juneja
and Udgaonkar 2002; Liu et al. 2002; Rodriguez et al. 2002;
Srimathi et al. 2002).

Escherichia coli thioredoxin (Trx) is an oxidoreductase,
whose sequence of 108 amino acids folds into a native state
with two structural subdomains: a large ,o,B5a,83, do-
main and a small 8,850, domain (Fig. 1; Holmgren et al.
1975; Dyson et al. 1989; Katti et al. 1990). The two sub-
domains of this mixed o3 protein are joined by an 18 amino
acid residue segment consisting of a single turn o helix and
a 3, helix. The protein has a twisted, five-stranded 3-sheet
as its central core, which is flanked by the four helices
(Holmgren et al. 1975; Dyson et al. 1989; Katti et al. 1990).
The refolding and unfolding kinetics of Trx have been stud-
ied using multiple probes, including intrinsic tryptophan
(Trp) fluorescence, far UV circular dichroism (CD), near
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A
C Structure Aminop-acid Aming-acid residue probes
residues
B strand 1(By) 2-8
Btum 1 811
ahelix 1 (or) 11-18 Phe 12, Val 16, Lys 18
Bstrand 2 (B 2229 1le23, Leu 24, Asp 26, Phe 27, Tip 28, Ala29
Bum2 3235
alelix2 (o) 35-49 Lys 36, Ile 41, Leu 42, Ala 46
frum3 4952
Pstrand 3 (Bs) 53-58 Thr 54, Val 55, Ala 56, 1eu 58, Tle 60
ahelix3 (o5) 59-63
3 helix 66-70
Bum4 7477
P strand 4 (Bs) 77-81 Leu 78, Leu 7, Leu 80, Phe 81
Bstrand S (Bs) 8891
ahelix 4 (0s) 95-107 Leul03, Asp 104

Figure 1. Structure of Escherichia coli thioredoxin. (A) The crystal struc-
ture of thioredoxin (Katti et al. 1990) at 1.68 A reveals two distinct do-
mains: a large BaBaB domain and a small BB domain, joined by a
segment consisting of a single turn « helix and a 3, helix. The figure has
been generated using RASMOL (Sayle and Milner-White 1995) from the
protein crystal structure 2TRX in the PDB, deposited by Katti et al. (B)
Schematic representation of the topology of Trx, viewed down the axis of
the B-sheet (Dyson et al. 1989). Boxes represent 3 strands, octagons rep-
resent a-helices, curved thick lines represent loops above, and curved thin
lines represent loops below the 3-sheet, respectively. The two subdomains
are packed together via the 3, and B, strands. (C) Location of the 3 strands,
a-helices, and B-turns (Dyson et al. 1989) in Trx. The table also shows the
amino acid residues whose backbone amide protons could be followed in
this study.

UV-CD, 8-anilino-1-naphthalene sulfonic acid binding, and
regain or loss of native Trx activity (Kelley and Stellwagen
1984; Kelley et al. 1986; Kelley and Richards 1987; Kelley
et al. 1987; Georgescu et al. 1998; Bhutani and Udgaonkar
2001). The unfolding kinetics of Trx appear to be two-state,
without the accumulation of any detectable intermediates.
The refolding of Trx is multiphasic, and has been shown to
occur via a burst phase ensemble of intermediates, rich in
[B-content, which fold to the native state via multiple routes
(Georgescu et al. 1998; Bhutani and Udgaonkar 2001).
Fragment complementation studies have indicated that the
initial event that occurs during the folding of Trx is the
zippering together of the 3, and 3, strands, which form part
of the hydrophobic core of the protein (Tasayco and Chao
1995; Tasayco et al. 2000). Detailed structural information
about the various intermediates that populate the folding
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and unfolding pathways, as well as about the unfolded form,
is still lacking.

In this study, the native state HX profile of Trx has been
investigated under equilibrium native conditions at pH 7.
Two folding subdomains have been identified, which can be
distinguished on the basis of their apparently different sta-
bilities to HX. Three helices, o, a,, and ay, flanking the
central 3 sheet core, appear to unfold cooperatively when
the protein transiently samples the globally unfolded state
under native conditions. A folding subdomain is also
formed by the interface of the two structural subdomains of
the protein, that is, the central  strands, 35, 3,, and B,. The
residues in these [3 strands appear to be more stable to
exchange than do residues in the flanking helices, and it is
argued that this is likely to be due to these residues partici-
pating in residual structure in the otherwise globally un-
folded state. There is very little evidence indicating that the
protein might be sampling PUFs lower in energy than the
globally unfolded form under the native conditions used in
this study.

Results

Equilibrium or kinetic unfolding intermediates
cannot be detected by CD and fluorescence

The fluorescence of Trp 28 and Trp 31 is strongly quenched
in native Trx because of the proximity of the active site
disulphide bond between Cys 32 and Cys 35 (Stryer et al.
1967). There is a release of Trp quenching on unfolding.
The guanidinium chloride (GdmCl)-induced equilibrium
unfolding transition of Trx was monitored by measurement
of Trp fluorescence as well as of far-UV CD at 222 nm. The
unfolding transitions are observed to be identical by the
tertiary structure probe as well as by the secondary structure
probe, as shown in Figure 2A. Equilibrium unfolding of Trx
therefore appears to be two-state, without the accumulation
of any intermediates. The values of the free energy of un-
folding, AG, (H,0), and the midpoint of the unfolding tran-
sition, C,,, were determined to be 9.6 kcal mole™! and 2.5
M, respectively.

When Trx was unfolded at a final GdmCI concentration
of 3.2 M, the increase in Trp fluorescence occurred in a
single kinetic phase (Fig. 2A, inset). The increase in the CD
signal on unfolding in 3.2 M GdmClI took place at the
same rate as that of the fluorescence change, that is, 0.02
sec”!, and the unfolding traces monitored by both CD and
fluorescence overlapped, as shown in the inset to Figure 2A.
No kinetic unfolding intermediates had been detected in
earlier studies (Kelley et al. 1986, 1987; Georgescu et al.
1998).

The equilibrium unfolding transition was monitored in
H,0 as well as in D,O solutions, using far-UV CD at 222
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Figure 2. Global unfolding of thioredoxin. (A) The fraction of unfolded
Trx molecules, as monitored by fluorescence (open circles) at 368 nm and
CD (filled circles) at 222 nm, is plotted against the concentration of GdmCl
in which Trx was equilibrated at pH 7. The solid line through the data is
a fit of the data to a two-state N = U model (Agashe and Udgaonkar 1995)
and yields a Cy,; of 2.5 M. The inset to the figure shows the kinetics of
unfolding of thioredoxin in 3.2 M GdmCl, followed by both fluorescence
and CD. In either case, a fit (solid lines) to a single exponential yielded a
rate of unfolding of 0.02 sec”'. In both cases, the data were normalized to
a value of O for the native protein and to a value of 1 for the unfolded
protein. (B) Equilibrium unfolding transitions of Trx in H,O (filled circles)
and D,O (open diamonds) buffers at pH 7. The fraction of unfolded Trx
molecules is plotted against the GdmCl concentration in which the protein
is equilibrated. The equilibrium melts overlap, showing that there is no
stabilization of Trx in D,O. The solid line through the data is a fit of the
data to a two-state N = U model (Agashe and Udgaonkar 1995).

nm as the structural probe. Some proteins, like cytochrome
¢ (Bai et al. 1994), have been shown to be more stable in
D,O0 than in H,O. Figure 2B shows, however, that Trx, like
ribonuclease A (Juneja and Udgaonkar 2002) and barstar
(Bhuyan and Udgaonkar 1998) does not gain any extra sta-
bility in D,O. The equilibrium unfolding transition is iden-
tical in both D,O and H,O solutions, with the midpoint
being at 2.5 M GdmCl.
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Native-state HX

Complete resonance assignments are available for the oxi-
dized and reduced forms of Trx (Dyson et al. 1989). All
experiments reported here have been carried out with oxi-
dized Trx. The backbone amide proton peaks present in the
fingerprint region of the 2D-NMR TOCSY spectra collected
for oxidized Trx could be identified easily (Fig. 3) from the
published NMR assignments. Only the slowest exchanging
24 backbone amide protons (Fig. 1C) could be followed in
this study, which was carried out at pH 7. The backbone
amide protons of the residues present in all four 3 turns, in
helix 3 and the 3, helix joining the two structural subdo-
mains, as well as in the (3 strands 1 and 5, exchange fast and
hence, could not be studied. Figure 3 shows how the peak
intensities decrease with time in spectra collected at differ-
ent time intervals for Trx in the absence of any GdmCl. For
each peak, the decrease in intensity over time (Fig. 4) could
be fitted to a single exponential (Equation 1).

The exchange of the backbone amide protons was moni-
tored as a function of GdmCI concentration in the concen-
tration range 0 to 1.5 M. These concentrations of GdmCl
correspond to native conditions as measured by optical

probes like CD and fluorescence (Fig. 2A). Figure 4 shows
the kinetics of exchange of the amide protons of Lys 36, Ala
46, Leu 24, and Leu 79 at four different GdmCI concentra-
tions. The kinetics of exchange of the amide protons of Lys
36 and Ala 46 have only a small dependence on the con-
centration of denaturant, implying that the exchange is
dominated by local structural fluctuations in which there is
no significant change in the surface area to which GdmCl
can bind. For the much slower exchanging amide protons of
Leu 24 and Leu 79, there is a significant increase in the rate
of exchange with an increase in GdmCI concentration, sig-
nifying that exchange occurs through a structure-opening
reaction in which there is a significant change in GdmCl-
binding surface area.

HX isotherms defined by the
GdmCl-dependence of exchange

The values of the free energy of opening to HX, AG,,,, were
determined from the measured exchange rates, k,,, as given
by Equation 3. The dependence of AG,, on GdmCl con-
centration, for each amide residue, is shown in Figures 5
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Figure 3. Fingerprint regions of TOCSY spectra of native thioredoxin in D,O at pD 7, 25°C, at (A) 0.5, (B) 4, (C) 48, and (D)185
h, after the change from H,O to D,O. Only the peaks in the first spectrum (A) have been labeled.
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Figure 4. Kinetics of HX. The proton-to-deuterium exchange kinetics of the backbone amide proton of Lys 36 (A) and Ala 46 (B),
residues belonging to Class I, are shown at 0 (circles), 0.3 (triangles), 0.5 (diamonds), and 0.8 M (squares) GdmC]I. The peak intensities
were normalized with respect to the intensity in the first spectrum. The solid lines through the data are fits to Equation 1. (B) Kinetics
of exchange of the amide protons of Leu 24 (C) and Leu 79 (D), residues belonging to Class II, are shown at 0 M (circles) and 0.3
M (triangles) GAmCI. The insets show the kinetics of exchange at 0.5 M (triangles) and 0.8 M (squares) GdmCI. The peak intensities
were normalized with respect to the intensity in the first spectrum. The solid lines through the data are fits to Equation 1.

and 6. The dependence defines the HX isotherm for each
amide proton. Each HX isotherm was fitted to Equation 8.
All fits, except those for Ile 41 and Leu 42, were constrained
to the value of m that was obtained for global unfolding
(Fig. 2). The straight solid lines in all panels of Figures 5
and 6 show the linear dependence of AG, on increasing
GdmCl concentrations. This dependence of AG,, values on
GdmCl concentration was obtained from the global unfold-
ing transition of Trx monitored by CD and fluorescence
(Fig. 2). The dashed line shows the proline isomerization-
corrected values of AG, at the different GdmCl concentra-
tions, with 1.4 kcal mole™! having been added to each of the
values of AG, (see Discussion).

Figure 5 shows the exchange isotherms of helix 1 amide
protons. All the isotherms were fitted to Equation 8, with
the fits constrained to the values of m and K, (water) that
were obtained from optically monitored equilibrium unfold-
ing studies (Fig. 2). At low GdmCl concentrations, ex-

change of the amide protons of Phe 12, Val 16, and Lys 18
appears to be independent of the concentration of GdmCl.
The unfolded state does not appear to be populated to any
significant extent, and HX is dominated by local structural
fluctuations under these subdenaturing conditions. The HX
isotherms for Phe 12, Val 16, and Lys 18 appear to merge
with the global unfolding curve at high denaturant concen-
trations, in the transition zone, as expected from Equation 8.

Helix 2 appears to have two different sets of amide pro-
tons, as shown in Figure 5. The first set, comprising Lys 36
and Ala 46, shows exchange dominated by local structural
fluctuations at low GdmCl concentrations, whereas at
higher GdmCl concentrations, exchange appears to be
dominated by global unfolding. Unlike the exchange iso-
therms for the helix 1 residues, which appears to merge with
the uncorrected global unfolding curve, the isotherms of
Lys 36 and Ala 46 merge with the proline isomerization-
corrected global unfolding isotherm. The second set com-
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Figure 5. HX isotherms of amide protons belonging to residues in helices.
The GdmCl concentration-dependence of the free energy of opening to HX
is shown for each of the amide protons from the helices that were used as
probes. The solid line in each panel represents the free energy of global
unfolding of Trx, as a function of GdmCI concentration, which was ob-
tained from the equilibrium unfolding data of Figure 2. The dashed line
shows the global unfolding free energy at each indicated GdmCI concen-
tration, after correction for proline isomerization (see text). The solid lines
through the data points are fits to Equation 8. All fits, except those for Ile
41 and Leu 42, were constrained to the value of m that was obtained for
global unfolding (Fig. 2).

prises Ile 41 and Leu 42, whose HX isotherms exhibit a
linear dependence on GdmCl concentrations, like the global
unfolding isotherm. The values obtained for m and AG,
were, however, —2.7 kcal mole "M~ and 5.9 kcal mole™’,
respectively, much lower than the values for global unfold-
ing. The m value is indicative of the nonpolar surface area
exposed during the opening reaction that leads to exchange.
A value similar to the m value for global unfolding would
therefore indicate that the exchange takes place via the glo-
bally unfolded state. The isotherms with a lower m value
therefore represent exchange following a partial unfolding
(structure-opening) reaction that leads to the exposure of
less nonpolar surface area than the global unfolding reac-
tion. Both the helix 4 amide protons, Leu 103 and Asp 104
(Fig. 5), show exchange dominated by local fluctuations at
lower GdmCI concentrations, and by global unfolding at
higher GdmCI concentrations. The HX isotherms for the
helix 4 amide protons merge with the proline isomerization-
corrected global unfolding isotherm at high GdmCI concen-
trations.

Figure 6 shows that, at high concentrations of GdmCI, the
HX isotherms of all the amide protons of 3 strand 2, Ile 23,
Leu 24, Asp 26, Phe 27, Trp28, and Ala 29, appear to merge
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with an isotherm that is higher in energy than the proline
isomerization-corrected global unfolding curve by 1.3 kcal
mole™" at all GdmCI concentrations. At lower GdmCl con-
centrations, the exchange of all the amide protons of (3
strand 2 is dominated by local fluctuations, whereas at
higher GdmCI concentrations, exchange appears to occur
predominantly by global unfolding.

In B strand 3 (Fig. 6), the amide protons of Thr 54, Val
55, Ala 56, Leu 58, and Ile 60 appear to exchange via local
fluctuations at lower GdmCl concentrations. At higher
GdmCI concentrations, their HX isotherms, like those of the
residues belonging to 3 strand 2, appear to merge with an
isotherm that is higher in energy than the proline isomer-
ization-corrected global unfolding isotherm by 1.3 kcal
mole™" at all GdmCI concentrations.

Figure 6 shows that the amide protons of Leu 78, Leu 79,
Leu 80, and Phe 81 in B strand 4 exchange through local
fluctuations at subdenaturing GdmCl concentrations. At
higher GdmCI concentrations, the HX isotherms of all the
amide protons merge with the high-energy isotherm defined
by the residues of 3 strand 2 and 3 strand 3. This high-
energy isotherm is higher in energy than the proline iso-
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Figure 6. HX isotherms of amide protons belonging to residues in the
B-sheet. The GdmCI concentration-dependence of the free energy of open-
ing to HX is shown for each of the amide protons from the [ strands
that were used as probes. The solid line in each panel represents the free
energy of global unfolding of Trx, as a function of GdmCI concentration,
which was obtained from the equilibrium unfolding data of Figure 2. The
dashed line shows the global unfolding free energy at each indicated
GdmCl concentration after correction for proline isomerization (see text).
The solid lines through the data points are fits to Equation 8. All fits were
constrained to the value of m that was obtained for global unfolding
(Fig. 2).
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merization-corrected global unfolding isotherm by 1.3 kcal
mole™" at all GdmCI concentrations.

Two different classes of amide residues

On the basis of their HX isotherms, two different classes of
amide residues could be broadly identified: Class I residues
whose HX isotherms merge with the global unfolding iso-
therm, without or with the correction for proline isomeriza-
tion, and Class II residues whose HX isotherms define an
isotherm that is higher in energy than the proline isomer-
ization-corrected global unfolding curve by 1.3 kcal mole™
at all GdmCI concentrations. The residues belonging to
Class I are Phe 12, Val 16, Lys 18, Lys 36, Ala 46, Leu 103,
and Asp 104. The Class II residues are Ile 23, Leu 24, Asp
26, Phe 27, Trp 28, Ala 29, Thr 54, Val 55, Ala 56, Leu 58,
Ile 60, Leu 78, Leu 79, Leu 80, and Phe 81 (Table 1). All the
residues in Class I belong to helices, and all the residues
belonging to Class II are present in (3 strands (Table 1). The
range of the values of AG,, in the absence of any denatur-
ant, for the 24 observed amide protons is from 4.7 to 9.9
kcal mole™. For Class I, AGOP (water) is 6.3 £0.9 kcal

Table 1. Spatial location and free energy of opening to HX, in
the absence of denaturant, for the measured amide protons
of Trx

Residue Structure % Surface H-bond ki, (h7H)? AG,,

Class 1
Phe 12 helix 1 0 8 Thr O 36165 6.4
Val 16 helix 1 4.4 12 Phe O 4150 4.7
Lys 18 helix 1 15.7 — 30783 6.1
Lys 36 helix 2 25.2 33Gly O 177134 7.5
Ala 46 helix 2 7.1 421leu O 32223 7.0
Leu 103 helix 4 0 99 Leu O 16531 8.8
Asp 104 helix 4 17.5 100 Lys O 16916 7.1

Class II
Ile 23 {3 strand 2 0 81 Phe O 10191 9.1
Leu 24 3 strand 2 0 54 Thr O 8478 9.3
Asp 26 3 strand 2 0.1 56 Ala O 19875 7.9
Phe 27 {3 strand 2 0 77 Thr O 20811 9.6
Trp 28 3 strand 2 0 58 Leu O 8478 9.2
Ala 29 {3 strand 2 0 — 42490 8.7
Thr 54 {3 strand 3 0 — 28724 7.8
Val 55 {3 strand 3 52 — 17308 9.8
Ala 56 {3 strand 3 0 24LeuO 39654 10.0
Leu 58 3 strand 3 0 26 Asp O 18979 6.6
Ile 60 {3 strand 3 16 28 Trp O 21297 9.5
Leu 78 {3 strand 4 0 90 Lys O 22820 7.3
Leu 79 {3 strand 4 0 25Val O 8877 9.0
Leu 80 {3 strand 4 0 88 AlaO 8877 9.2
Phe 81 {3 strand 4 0.6 231le O 19422 9.8
Ile 41 helix 2 0 — 5864 5.6
Leu 42 helix 2 0 381le O 8478 6.1

* Values of k;,, were determined from model-peptide data, as described by
Bai et al. 1993.
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Figure 7. pH dependence of AG,,,. The GdmCI concentration-dependence
of the free energy of opening to HX is shown for Phe 12, Val 16, and Lys
18, which are the fast-exchanging amide proton probes from helix 1, at pH
7 (open symbols) and at pH 5.7 (filled symbols), respectively. The solid
and the dotted lines represent the free energies of global unfolding of Trx,
as a function of GdmCI concentration, at pH 5.7 and at pH 7, respectively,
and are given by the equations AG, = 10.7-3.5 [GdmCl] and
AG, = 9.6 — 3.8 [GdmCl], respectively.

mole™!, and for Class II, AG,,I, (water) is 9.4 £ 0.4 kcal
mole™'. Only residues Ile 41 and Leu 42 appear not to
belong to either of these two classes. The HX isotherms of
these two residues show a linear dependence on GdmCl
concentrations even at subdenaturing concentrations (see
earlier).

Figure 7 shows a comparison of the HX isotherms of the
fast-exchanging helix 1 amide protons at two different pH
values, pH 7 and at pH 5.7. The values of AG,, for the
residues Phe 12, Val 16, and Lys 18 were observed to be
unchanged by the variation in pH, within experimental er-
ror, over different concentrations of GdmCl ranging from 0
Mto 1 M.

Discussion

Validity of the EX2 mechanism

The data in Figures 5 and 6 have been analyzed according
to the EX2 mechanism (see Materials and Methods), be-
cause a previous study of HX of oxidized and reduced forms
of Trx (Jeng and Dyson 1995), in the absence of any dena-
turant, had indicated that the exchange of back-bone amide
protons at pH 5.7 takes place via the EX2 mechanism. The
validity of the assumption that the EX2 mechanism holds
true over the entire range of the GdmCl concentration, 0—1.5
M, used in this study at pH 7, is indicated by the following
observations.

1. The values of AG,, for the fast-exchanging helix 1
residues, Phe 12, Val 16, and Lys 18, have been observed to
be similar, within experimental error, at pH 5.7 and pH 7 in
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the 0—-1 M range of GdmCl concentration (Fig. 7). The
values of AG,,, have been determined using Equation 3 (see
Materials and Methods). The observation that these values
are similar at both pH 5.7 and pH 7, at all the concentrations
of GdmCI between 0 M and 1 M, indicates that the values
of k,,/ki, for these residues are independent of pH over the
entire range of GdmCI concentrations studied. Two differ-
ent scenarios, for either the EX2 or EX1 mechanism being
operative in such a case, can be considered:

(a) In the EX2 scenario, K, = K,p/ki,,, and the observed
pH independence of k,¢/k;, would imply that K, is inde-
pendent of pH. It is quite plausible that K, the equilibrium
constant for the opening reaction leading to exchange, is
affected only marginally by a change in pH from 5.7 to 7. In
fact, the value of K, (water) for the N = U global unfolding
transition for Trx at pH 5.7 is 0.2 x 1077, whereas at pH 7
the value is 1 x 1077, as obtained from optically monitored
equilibrium unfolding transitions, indicating that at least
the global unfolding reaction has only a small dependence

on pH.
(b) In the EX1 scenario, k., /k;,, = k. /k;,, and the ob-
served pH independence of k, /k;,, would imply that the pH

dependence of k_, the rate of the opening transition, would
therefore have to be identical to the pH dependence of k;,,,.
It is very unlikely that the rate of any conformational change
in a protein would have the very strong dependence on pH
that characterizes the rate of an HX reaction.

Thus, the observations support the assumption that the
mechanism of exchange remains EX2 over the entire range
of GdmCI concentration that has been studied.

2. For the residues in the core B strands and helix 2, the
dependence of the values of AG,, at high GdmCl concen-
trations is consistent with the m value for global unfolding.
For an EX2 mechanism of exchange, the values of AGOP are
expected to follow the dependence of AG, on the concen-
tration of GdmCI at high concentrations of GdmCl where
exchange is dominated by global unfolding (see Materials
and Methods). This observation lends further support to the
assumption that exchange takes place via the EX2 mecha-
nism over the entire range of GdmCl concentrations that has
been studied.

Presence of high free energy unfolded states

The HX isotherms for many amide protons are observed to
be higher in energy than the global unfolding isotherm,
which is defined by the dependence of AG, values on
GdmCl concentrations. When the exchange-competent un-
folded state is energetically and structurally identical to the
globally unfolded state defined by optical probes, then AG,,,
should be =AG, at all concentrations of GdmCl. HX is,
however, a kinetic experiment, and if a transiently formed
exchange-competent unfolded state is populated for a suf-
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ficient duration so that exchange takes place before it re-
laxes to its final equilibrium state, then AG,,, may be >AG,,.

Equilibrium unfolded Trx is known to have at least three
different unfolded states (Kelley and Stellwagen 1984;
Georgescu et al. 1998), which have been identified on the
basis of the differences in their rates of folding: Uy folds
very rapidly, Uy folds rapidly, and Uy, folds slowly. It is
presumed that the presence of these multiple unfolded states
is due to the five proline (Holmgren et al. 1975) residues at
positions 34, 40, 64, 68, and 76, each of which can be in a
cis or trans conformation in the unfolded state. Only Pro 76
is present in the cis conformation in the native state,
whereas the rest of the Pro residues are present in trans
conformations (Holmgren et al. 1975). Double-jump experi-
ments have shown that native Trx unfolds rapidly to Uyg,
which must have all the proline residues in native confor-
mations because it refolds very rapidly to the native state
(Georgescu et al. 1998; Bhutani and Udgaonkar 2001). Un-
der unfolding conditions, Uyi has been found to relax
slowly via two parallel processes to Ui and Uy, (Georgescu
et al. 1998; Bhutani and Udgaonkar 2001). Thus, Uyy is a
higher energy unfolded state that can equilibrate with two
other lower energy unfolded states, with all three states
expected to be exchange competent. In the context of HX,
AG,,, for a particular amide hydrogen site is expected to be
a measure of the energy difference between the native state
and the high-energy unfolded state Uy . In contrast, AG, is
the observed energy difference between the native state and
the equilibrium mixture of Uyy, Uy, and Uy,.

Double-jump experiments as well as stopped-flow activ-
ity measurements have shown that Uy is populated to an
extent of only 10% in the equilibrium distribution of Uy,
Ug, and U, (Georgescu et al. 1998; Bhutani and Udgaonkar
2001). The difference between AG,, and AG, is therefore
given by (Bhuyan and Udgaonkar 1998):

AAG RT1 K
- "1+k

where K = [Uyrl/[Ug + Uyl = 0.1/0.9 according to the
equilibrium distribution of the three unfolded forms. The
proline-isomerization related correction, that is, AAG is
therefore estimated to be 1.4 kcal mole™'. The addition of
this AAG to AG, at all concentrations of GdmCl yields the
proline isomerization-corrected global isotherm, that is, the
dashed line in Figures 5 and 6. In water, AG, from the
proline isomerization-corrected global HX isotherm has a
value of 9.6 kcal mole™ + 1.4 kcal mole™ = 11.0 kcal
mole™!. The HX isotherms of the helix 2 residues Lys 36
and Ala 46, as well as the helix 4 residues Leu 103 and Asp
104 merge into the global unfolding isotherm having such a
correction. The presence of multiple unfolded states, as a
result of proline-isomerization after unfolding, has been ob-



Native-state hydrogen exchange of thioredoxin

served for several proteins including ribonuclease A (Garel
and Baldwin 1973; Schmid 1982), cytochrome c (Nall
1985), and barstar (Bhuyan and Udgaonkar 1998), and simi-
lar corrections were required to remove the discrepancy
between the values of AG,, and AG, observed for these

op

proteins (Bai et al. 1995; Bhuyan and Udgaonkar 1998).

Folding subdomains of Trx

The amide protons of the (B turns, helix 3, the 3,,-helix, 8
strand 1, and 3 strand 5 exchange too rapidly to be followed
under the experimental conditions of this study. The amide
protons whose exchange kinetics can be monitored have
been classified on the basis of their HX isotherms: Class I
comprises the residues whose HX isotherms merge with the
global unfolding isotherm, without or with the correction
for proline isomerization, and Class II comprises the resi-
dues whose HX isotherms define an isotherm, which is
higher in energy than the proline isomerization-corrected
global unfolding curve by 1.3 kcal mole™ at all GdmCl
concentrations. It appears that all the amide probes present
in the helices, with the exception of Ile 41 and Leu 42 (see
following) belong to Class I, and that the amide probes
present in the (3-sheet belong to Class II.

The observation that the HX isotherms of the amide
probes present in the helix merge with the global unfolding
isotherm, with or without the correction for proline isom-
erization, indicates that the helices unfold together when the
globally unfolded state is sampled transiently by the protein
in the native conditions used in this study. In that sense,
helices o, a,, and «, form a folding subdomain. Similarly,
a second folding subdomain appears to be formed by the
core [ strands, B, (3, and B,.

Apparently high stability of B strand
amide hydrogens to exchange

Two simple explanations for why the residues in the core 3
strands form a HX isotherm higher in energy than even the
proline isomerization-corrected global unfolding isotherm
are easily ruled out. The first possibility, that the protein is
stabilized in D,O with respect to that in H,O, as seen for
some proteins (Bai et al. 1994), is ruled out because Trx
does not show any increase in stability in D,O (Fig. 2B).
The second possibility, that the value obtained for AG, by
monitoring optical probes does not reflect the true value for
the stability of the protein, is ruled out because the values
obtained for AG, by monitoring optical probes and by using
calorimetry are identical (Santoro and Bolen 1992).

A third possible explanation is that the 3 strands ex-
change out not in Uy but in a high-energy unfolding in-
termediate I, which has an even higher free energy than
Uyg- I would then be a form in which the core 3 strands

have unfolded, but in which the « helices are intact. It seems
unlikely that the core 3 strands can unfold fully without
affecting the stability to exchange of the a helices that flank
it. Because it is observed that the a helices exchange only in
completely unfolded forms, it is unlikely that intermediate I
is populated on the kinetic pathway of unfolding of N.
Moreover, kinetic unfolding studies using optical probes
would not miss detecting an intermediate with only partial
secondary structure. Thus, this explanation can also be ruled
out.

The most likely explanation is that residual structure is
present in the unfolded state. Residual structure in the un-
folded state would be expected to lower the intrinsic rates of
HX of the amides involved. Because the intrinsic rates used
in the calculation of the values of AG,,, are those estimated
from random-coil peptide models (Bai et al. 1993), such
rates would be much faster than the actual rates applicable
to an unfolded protein with residual structure; consequently
AG,, would be overestimated. The presence of residual
structure in the unfolded state leading to such an overesti-
mation of the values of AG,, has been previously observed
for cytochrome c (Bai et al. 1995).

Thus, the native-state HX results for Trx indicate that the
B strands, 3, B3, and B4, which form the core of the protein
in the native state, are involved in residual structure in the
unfolded state in native conditions at pH 7. Native residual
secondary structure has also been observed in the cold de-
natured state of barstar (Wong et al. 1996), the acid un-
folded state of apomyoglobin (Eliezer et al. 1998; Yao et al.
2001), and the denatured state of barnase (Freund et al.
1996; Bond et al. 1997), and native-state HX studies have
been applied elegantly to probe the effect of single point
mutations on the structure of the denatured state of Staph-
vlococcus nuclease (Wrabl and Shortle 1999).

Structure in the unfolded state
and the folding pathway of Trx

The unfolded states of many proteins contain specific re-
sidual structure, either secondary structure or localized hy-
drophobic clusters, in some cases in a native topology (Neri
et al. 1992; Alexandrescu et al. 1994; Freund et al. 1996;
Saab-Rincon et al. 1996; Wang and Shortle 1996; Wong et
al. 1996; Bond et al. 1997; Gillespie and Shortle 1997;
Schwalbe et al. 1997; Eliezer et al. 1998; Mok et al. 1999;
Hodsdon and Frieden 2001;Yao et al. 2001; Klein-Seethara-
man et al. 2002). Such residual structure is likely to deter-
mine the initial protein folding events for these proteins
(Bond et al. 1997; Nolting et al. 1997). Theoretical studies
have also indicated that such structure in the unfolded state
facilitates folding by forming nucleation sites around which
structure can be formed (Dill et al. 1993; Smith et al. 1996;
Klimov and Thirumalai 1998).
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Because the core (3 strands, 3, B3, and B, appear to be
present in the unfolded state itself, it is expected that folding
studies of Trx will indicate that they are also present in the
earliest folding intermediates. No detailed structural infor-
mation about the unfolding and refolding pathways of Trx
is, however, available at present. Nevertheless, studies using
the fragment-complementation approach (Tasayco and
Chao 1995; Tasayco et al. 2000) have provided indirect
structural information on the early intermediate in Trx fold-
ing. Three complementary fragments of Trx were gener-
ated: the N (1-37 residues), the M fragment (38-73 resi-
dues), and the C fragment (74—108 residues) (Tasayco et al.
2000). Using size-exclusion chromatography, far-UV CD,
and three-dimensional NMR spectroscopy, it was observed
that the N and the C fragments were essential for native
complex formation. "H-'>N HSQC spectra of the complex
formed by the three fragments showed cross-peaks corre-
sponding to almost all the native-like secondary structure
elements, whereas the N/C complex showed cross-peaks
corresponding mainly to the (3, and (3, strands. The N/M
and M/C fragment complexes failed to show any cross-
peaks corresponding to native-like secondary structures. It
was therefore suggested that the initial folding event is gov-
erned by the interaction of the N and C fragments, and that
folding is initiated by the zippering together of the 3, and 3,
strands. These observations correlate well with the native-
state HX results reported here, in which the core 8 strands,
B,. B3, and B, appear to be involved in residual structure in
the unfolded state itself.

Absence of PUFs of Trx

In the case of many proteins, native-state HX studies (Loh
et al. 1993; Mayo and Baldwin 1993; Bai et al 1995; Cham-
berlain et al. 1996; Llinas et al. 1999; Neira et al. 1999;
Forge et al. 2000; Chu et al. 2002; Juneja and Udgaonkar
2002; Liu et al. 2002; Rodriguez et al. 2002; Srimathi et al.
2002) have led to the identification of PUFs that are
sampled transiently by the protein under native conditions.
PUFs represent structural segments of a protein with differ-
ent stabilities, and especially in the case of cytochrome c
(Bai et al. 1995; Hoang et al. 2002), they have been useful
in dissecting out the unfolding pathway.

PUFs are usually identified by determining whether a
group of amide hydrogens displays overlapping HX iso-
therms whose dependence on denaturant concentration is
less than that of AGyj, and by determining whether an ex-
trapolation of the HX isotherm to zero denaturant yields a
value for AG,, that is less than that of AGy. In the case of
Trx, the isotherms of Ile 41 and Leu 42 show a linear
dependence even on low concentrations of GdmCl, having
an m value of 2.7 kcal mole”'M™" and a AG,,, value of 5.9
kcal mole™. An m value lower than the value for global
unfolding, as seen for the isotherms of Ile 41 and Leu 42,
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signifies a partial unfolding reaction, in which the exposure
of nonpolar surface area is less than that which occurs dur-
ing global unfolding. The partial unfolding reactions de-
fined by the isotherms of Ile41 and Leu 42 can be used to
define a PUF of Trx, in which these two residues are un-
folded. It might appear surprising that helix 2 is not a co-
operatively unfolding unit, but it should be noted that it is
the longest helix in Trx (residues 35-49) and contains two
Pro residues, Pro 34 and Pro 40, out of which Pro34 is
accommodated within the helical turns, and Pro 40 causes a
break in the helix (Katti et al. 1990). This break in the helix
may account for the lower protection against HX of the two
residues, Ile 41 and Leu 42, that follow in sequence. Thus,
the HX isotherms of Ile 41 and Leu 42 may not reflect a real
subglobal opening event.

It therefore seems that discrete well-defined PUFs are not
sampled by Trx under the native conditions used in this
study. In the case of barnase (Clarke and Fersht 1996),
chymotrypsin inhibitor 2 (Itzhaki et al. 1997), and protein L
(Yi et al. 1997), discrete PUFs have not been detected. The
absence of PUFs for chymotrypsin inhibitor 2 (Itzhaki et al.
1997) and protein L (Yi et al. 1997) is not surprising be-
cause these proteins fold without the accumulation of fold-
ing intermediates (Jackson and Fersht 1991; Scaley et al.
1997). The failure to detect PUFs for Trx is surprising be-
cause Trx is known to fold via multiple folding intermedi-
ates (Georgescu et al. 1998; Bhutani and Udgaonkar 2001).
Barnase, too, is known to fold via a stable folding interme-
diate (Bycroft et al. 1990; Matouschek et al. 1990; Olive-
berg and Fersht 1996). More recent, kinetic pulse-labeling
HX experiments have, however, failed to detect this inter-
mediate of barnase (Chu et al. 1999; Takei et al. 2000), and
on the contrary, the observed kinetics have been interpreted
to indicate that the folding intermediate is not populated on
the folding pathway (Chu et al. 1999; Takei et al. 2000). It
is expected that kinetic pulse-labeling HX experiments on
Trx, which are currently in progress, will allow a better
understanding of why Trx does not appear to sample dis-
crete PUFs in the native conditions studied.

Materials and methods

Buffers and protein purification

D,0, GdmCl, and buffer components used were ultra pure grade
reagents from Sigma. Values of the pH reported for the D,O
buffers correspond to the pH meter readings uncorrected for iso-
tope effects. GdAmCI was deuterated by dissolving it in D,O and
lyophilizing the solution; this was repeated three times. Trx was
deuterated by dissolving it in D,O at pH 7, and heating to 80°C for
30 min. It was then refolded on ice and lyophilized. The procedure
was repeated three times to ensure complete deuteration. Complete
deuteration was checked by an electrospray ionization mass spec-
trum of the deuterated protein, with the deuterated protein showing
an increase in mass of 130 D over the protonated protein, which
showed a mass of 11,673 D.
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The procedure for purification of Trx has been described pre-
viously (Bhutani and Udgaonkar 2001). Trx concentrations were
determined using a molar extinction coefficient of 13,700
M~'em™'.The activity of Trx was measured by using its ability to
catalyze the DTT-mediated reduction of insulin, and monitoring
the subsequent aggregation of the insulin B chain (Holmgren
1979).

Equilibrium unfolding experiments

GdmCl-induced equilibrium unfolding was monitored by CD at
222 nm and by fluorescence. Fluorescence intensities at 368 nm
were measured on a SPEX Fluorimeter with excitation at 295 nm.
Protein concentrations used were typically 2 <4 pM. A slit width
of 0.37 nm was used for excitation, and a slit width of 10 nm for
emission. For CD measurements, a Jasco J720 spectropolarimeter
was used with the bandwidth set to 1 nm. The final protein con-
centrations used were 20-25 wM for equilibrium unfolding in H,O
as well as D,O solutions. Deuterated protein was used for equi-
librium unfolding in D,O. The buffer used was 30 mM sodium
phosphate, 0.1 M KCI (pH 7.0) without any reducing agent in
order to maintain Trx in its oxidized form under all conditions. All
experiments were carried out at 25°C.

Unfolding kinetics

Manual mixing experiments were carried out to observe the un-
folding kinetics of Trx by CD (222 nm) as well as by fluorescence.
The mixing dead time was ~10 sec for both sets of experiments.
Native Trx was unfolded to a final GdmCl concentration of 3.2 M,
with the protein concentration being 20 uM for CD and 4 uM for
fluorescence. For fluorescence, the excitation was at 295 nm, and
the emission was collected at 368 nm.

Native-state HX experiments

Equilibrium hydrogen-deuterium exchange experiments were car-
ried out at different concentrations of GdnDCl (0-1.5 M). The
final protein concentrations used typically for NMR were 1-2 mM.
To initiate the H—D exchange, a 5-mL gel filtration column
packed with G-25 was used. The column was equilibrated with the
deuterated buffer containing 30 mM sodium phosphate and 0.1 M
KCI (pH 7), and containing different GdnDCI concentrations. Ex-
change was initiated as soon as the protein in the aqueous buffer
was loaded on the column. The protein eluted in the void volume
was collected, and the typical run time for the column was 2 min.

After initiating the exchange, the minimum time after which the
NMR spectrum was recorded for any of the samples was 20-25
min, and this dead time was taken into account for each of the
samples. 2D 'H TOCSY spectra were recorded on a 600-MHz
(Varian Unity Plus) NMR spectrometer with a spectral width of
7500 Hz and at a temperature of 25°C. Each TOCSY spectra was
recorded with a mixing time of 80 msec, and 128 data points were
collected along the t; domain and 2048 data points along the t,
domain. A total of eight scans were collected at each point along
the t, domain. Residual water in the samples was suppressed by
presaturation. Before Fourier transformation, sine-bell squared
window functions, using phase shifts of 90° and 30° were applied
to the data in the D1 and D2 dimensions, and the data were also
zero-filled to 2048 and 4096 points.

Each TOCSY spectrum took 1 h to record, and spectra were
collected back to back over 8 to 24 h for samples in different

GdnDCI concentrations. For the GdnDCI concentrations for which
the exchange was observed over several days, the samples were
maintained at 25°C in an incubator while they were kept outside
the spectrometer. The cross- peaks were assigned according to the
published proton chemical shifts of oxidized Trx (Dyson et al.
1989). Cross-peak intensities were analyzed using the Felix 97
software. The intensities of the nonexchangeable aromatic ring
protons of Trp 28 and Tyr 49 were used as the internal references
for the TOCSY spectra. The intensity of each C_ H-NH cross-peak
was divided by the sum of the intensities of the reference cross-
peaks. The decrease in the normalized peak intensities of each
amide proton was measured as a function of time, and fitted to
single-exponential kinetics to obtain the exchange rate according
to the following equation:

I(t) =1 + A exp(—k,.1) (1)

where 1, is the intensity at infinite time, A is the total change in
intensity, and k,, is the observed rate of HX.

Exchange for the slow-exchanging amide protons could be fol-
lowed only over a period of 10—12 d, where the decay in their peak
intensities is small. For the fits of the decreases in intensities of
such slow-exchanging amide protons, /., was constrained to a
value that was 0.5%—-2% of the intensity of the corresponding peak
in the earliest spectrum recorded. This was done because the ex-
perimentally observed values of I, for the fast exchanging Class I
amide protons, whose complete exchange could be observed, were
0.5%—2% of the intensities in the earliest spectrum recorded. It
was observed for different residues that constraining /_, in this way
did not alter the observed rates by more than 1%—2%. Even if I,
was constrained to 10% of the intensity of the corresponding peak
in the earliest spectrum recorded, the variation in the observed
rates was <10%.

Data analysis

Data were analyzed according to a “two process model” (Wood-
ward and Rosenberg 1971; Woodward and Hilton 1980), in which
the exchangeable amide protons, protected as a result of hydrogen
bonding or burial, can exchange with the solvent deuterons via
global as well as local unfolding reactions, as represented in the
following equation:

K K>

N(H) Hl N* (H)y¢——> U* (H)
\2 \2

N*(D) U* (D)

where N is the exchange-incompetent or closed native state, N* is
the locally unfolded native state that is exchange competent or
open for a particular backbone amide, U* is the globally unfolded
state that is exchange competent or open for all amide residues,
and K, (=N*/N) and K, (= U*/N*) are the two structure-opening
equilibria. The closed-to-open reaction for HX according to the
Linderstrgm-Lang is represented by Hvidt and Nielsen (1966):

Kop Kint
Closed (H) < 2 — Open (H) <~ — — Open (D)

where N is identified with the closed state, N* and U* are identi-
fied with the open state, K,,, = k,/k, is the equilibrium constant
for the opening reaction, and k;,,, is the intrinsic rate constant of the
amide proton as calculated from unfolded peptide models (Bai et
al. 1993). The model makes the assumption that the intrinsic rates
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of exchange at the globally and locally open sites are the same
(Bhuyan and Udgaonkar 1998).

Under the EX2 limit, where the rate of the closing reaction, k,
is faster than both the rate of the opening reaction, k

ops and the
intrinsic rate of exchange, k., the observed exchange rate, k,,, is
given by:

ex?

kex = Kop kint (2)
The free energy of production of exchange-competent states
(N* + U*) from the exchange-incompetent N, is then given by:

AG,,= RTInK,, = RTIn(k,/k;,) (3)

op ~ op

where R is the gas constant and 7 is the absolute temperature.
Because two exchange competent forms are present,

N+ U*
Knp = N = Kl(l + KZ) (4)

If U* is taken to be equivalent to the equilibrium unfolded state U,
then the equilibrium constant defining the global unfolding of N
and N* is given by:

P U KK, S
“UN+NET1+K, )

Combining Equations 3, 4, and 5 yields Equation 6,
AG,, -RTIn[K, + K, (1 + K)] 6)

It is assumed that K, has no significant dependence on GdmCl
concentration and that the denaturant dependence of K, is as ob-
tained from the linear-free energy model of global unfolding (San-
toro and Bolen 1992).

m[GdmCl]

K, =K; exp RT

(O]

where K, is the equilibrium constant for the N = U reaction in
water, and m is related to the denaturant-binding surface area
exposed on unfolding. Combining Equations 6 and 7 gives the
following equation for the dependence of AG,, on the denaturant
concentration:

®)

m[GdmCl |
RT ]

AG,,= RT]n[K1 +K§ (1 +K,)exp
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