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HX-ESI-MS and Optical Studies of the Unfolding of Thioredoxin Indicate
Stabilization of a Partially Unfolded, Aggregation-Competent Intermediate at
Low pHT
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ABSTRACT. Hydrogen exchange monitored by mass spectrometry (HX-MS), in conjunction with multiple
optical probes, has been used to characterize the unfolding of thioredoxin. Equilibrium and kinetic studies
have been carried out at pH 7 and 3. The HX-MS measurements are shown to be capable of distinguishing
between native (N) and unfolded (U) protein molecules when both are present together, and their application
in kinetic experiments allows the unfolding reaction to be delineated from the proline isomerization reaction
to which it is coupled. At pH 7, equilibrium unfolding studies monitored by three optical probes, intrinsic
fluorescence at 368 nm, ellipticity at 222 nm, and ellipticity at 270 nm, as well as by HX-MS, indicate
that no intermediate is populated at pH 7, the unfolding reaction is slower than the proline isomerization
reaction that follows it, and the three optical probes yield identical kinetics for unfolding, which occurs

in a single kinetic phase. The fractional change in any of the three optical signals at any time of unfolding
predicts the fraction of the molecules that have become U, as determined by HX-MS. Hence, unfolding
at pH 7 appears to occur via a two-statesNU mechanism. In contrast at pH 3, HX-MS as well as
optical measurements indicate that an unfolding intermediate is stabilized and hence accumulates in
equilibrium with N and U, at concentrations of denaturant that define the transition zone of the equilibrium
unfolding curve. The intermediate has lost the near-UV signal characteristic of N and possesses fewer
amide hydrogen sites that are stable to exchange than does N. Kinetic experiments at pH 3, where unfolding
is much faster than proline isomerization, show that more than one intermediate accumulates transiently
during unfolding. Thus, the unfolding of thioredoxin occurs via ar=N == U mechanism, where | is a
partially unfolded intermediate that is stabilized and hence populated at pH 3 but not at pH 7. It is shown
that transient aggregation of this intermediate results in a deceleration of the kinetics of unfolding at high
protein concentrations at pH 3 but not at pH 7.

Obtaining an understanding of how proteins unfold can unfolding intermediates and multiple pathways and helped
yield valuable information about protein folding mechanisms. in the characterization of the transition sta2d{23). The
Kinetic unfolding studies have been used to characterize thestudy of protein unfolding has much practical value because
transition state of protein foldindl( 2), to demonstrate the  native protein may often, especially when destabilized by
possibility of multiple pathways for folding and unfolding mutation or by a change in environment, unfold to partially
(3—9), and to characterize intermediates that may accumulatestructured forms that misfold to form specific aggregates such
on unfolding pathways3( 10—13). Measurements of unfold- as amyloid fibrils that have been implicated in many
ing rates under refolding condition44) not only indicate neurodegenerative diseasesl{26) as well as the prion
the population of partially folded structures but also indicate diseases?7).
that the folding mechanisms in urea and guanidine hydro- Measurements of hydrogenleuterium (HX} exchange
chloride may be different. Equilibrium unfolding studies have in folded proteins, in partially folded proteins, in protein
been used to establish the possible sequence of events thaiggregates, and in proteins undergoing the process of folding
follow the rate-limiting step in folding 15), to show that  or unfolding have been instrumental in delineating mecha-
non-native structures may form during folding and unfolding nisms of protein folding, unfolding, and misfolding3, 28).

(16), and to show that protein folding and unfolding reactions When coupled with the high-mass measuring accuracy and
may incorporate continuous structural transitiadig.(Single-  sensitivity of modern electrospray ionization (ESI) mass

molecule unfolding studies have also indicated that unfolding spectrometry (MS), HX measurements become a relatively
may occur in a stepwise mannéi8-20). Computer simula-  fast and sensitive method for studying global and regional

tions of protein unfolding have confirmed the occurrence of conformational changes as well as local dynam&s-31).
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The most important advantage of using HX-MS methods, Protein Purification.The procedure for the purification
in which HX is monitored by ESI-MS, compared to HX- of Trx has been described previous#if] . The protein was
NMR methods, is that MS unlike NMR can distinguish >95% pure. Purity was checked by SBBAGE and by ESI-
between protein conformations that differ in structure and, MS; a single protein with a mass of 11673.4 Da was
hence, in the number of protected amide hydrogen sites,observed. Trx concentrations were determined using a molar
when these conformations are present togetB3@r-85). extinction coefficient of 13 700 Mt cm™2.
Moreover, large proteins as well as protein assemblies, even Deuteration of Trx and GdnHCDeuteration of Trx was
in very small quantities, can be studied easily by HX-MS, carried out by dissolving 1 mg of lyophilized Trx/mL o£D
but not by HX-NMR. Of course, HX-MS, unlike HX-NMR,  at pH 7, heating at 85C for 15 min, and then refolding on
has the disadvantage of not being able to provide residue-ice for 15 min and at 28C for 30 min. Mass spectrometry
specific HX information, but this disadvantage can be indicated an increase in mass of 180 Da over the protonated
overcome partially when HX-MS is used along with pro- protein mass of 11 673 Da. GdnHCI was deuterated (to
teolysis methods3). GdnDCI) by dissolving it in RO followed by lyophilization;

Here we report the application of HX-MS methods to the the procedure was repeated three times to ensure complete
study of the guanidine hydrochloride (GdnHCI)-induced deuteration.
unfolding of the small protein thioredoxiischerichia coli Fluorescence and Circular Dichroism Spectiéuores-
thioredoxin (Trx) is a two-domain, 108-amino acid protein. cence emission spectra were collected on a Fluoromax-3
The large domain hasfSop fold, and the smaller domain  fluorimeter, upon excitation at 295 nm using a band-pass of
has agfo fold (37). In the past, HX-MS has been used to 0.3 nm. Circular dichroism spectra were collected on a Jasco
study conformational changes in oxidized and reduced Trx, 720 spectropolarimeter, using a bandwidth of 1 nm. Cuvettes
as well as in chemically modified variant38—-41), but not with path lengths of 0.1 and 1 cm were used for the far-UVv
to characterize folding or unfolding pathways. Much is (200-250 nm) and near-UV (240320 nm) circular dichro-
known about the folding mechanism of Trx from optical ism measurements, respectively.
studies 42—46). Trx folds via multiple pathways that Optically Monitored Equilibrium Unfolding Experiments.
originate from the establishment of slow proline isomeriza- Equilibrium unfolding of Trx was carried out both at pH 3
tion equilibria in the unfolded form4@, 46). In the presence  and at pH 7 by incubating the protein20 uM for far-Uv
of the chaperone, GroEL, folding is channeled along the CD measurements and5 uM for fluorescence measure-
slowest folding route46). On the other hand, very little work  ments) in different concentrations of GdnHCI atZ5for 4
in characterizing the unfolding reaction of the protein has h. Unfolding was monitored by measurement of far-Uv CD
been done. A native-state HX studi7] has failed to identify at 222 nm (1 nm bandwidth) using a Jasco J720 spectropo-
a partially folded form to which the native state may larimeter and a cuvette with a path length of 0.1 cm, as well
transiently unfold but has suggested tfiadtrands32—/4, as by measurement of fluorescence emission at 368 nm for
which form the core of the protein in the native state, may pH 7 and 360 nm for pH 3, using a Fluoromax-3 fluorimeter.
participate in residual structure in the unfolded state under Equilibrium unfolding curves were fitted to a two-state N
native conditions at pH 7. = U model @8).

In this study, multiple structural probes, including HX- Optically Monitored Kinetic Unfolding Experimentsor
MS, have been used to characterize the unfolding reactionskinetic studies in which unfolding was monitored by
of Trx at pH 7 and 3. At pH 7, no intermediate is seen to be measurement of far-Uv CD, at pH 7 and 3, native protein
populated during unfolding, either transiently during the time was diluted to a final concentration of BV in unfolding
course of unfolding or at equilibrium. At pH 3, an intermedi- buffer containing a final GAnHCI concentration ranging from
ate is seen to populate in equilibrium with the native and 2.2 to 3.5 M. Unfolding was monitored by measurement of
unfolded protein. This intermediate has lost the near-UV CD far-UV CD at 222 nm using a cuvette with a path length of
signal characteristic of the native protein, and the structure 1 cm, with the bandwidth and response time set to 1 nm
retained in it does not provide protection from HX, at a subset and 1 s, respectively. For kinetic studies in which unfolding
of the 33 amide hydrogens that are protected in the nativeat pH 3 was monitored by measurement of near-Uv CD at
protein. In kinetic experiments at pH 3, at least two 270 nm, at GdnHCI concentrations ranging from 2.0 to 3.5
intermediates are seen to be populated transiently whenM, and using a final protein concentration of &M, a
unfolding is carried out in 2:22.5 M GdnHCI, butonly one  cuvette with a path length of 1 cm was used, with the
kinetic intermediate is detected when unfolding is carried bandwidth and response time set to 1 nm and 2 s, respec-
out in 3 M GdnHCI. At high protein concentrations, the tively. All CD data were collected using a Jasco J-720
kinetic intermediates detected during unfolding appear to spectropolarimeter, and in all cases, the dead time of manual
aggregate transiently, and consequently, the unfolding ratemixing was 10+ 2 s.
is seen to be dependent on protein concentration. For kinetic studies in which unfolding at pH 7 was

monitored by measurement of fluorescence at 368 nm upon

MATERIALS AND METHODS excitation at 295 nm, manual mixing (mixing dead time of

Buffers and Reagent®,0, NaOD, DCI, and other buffers 5 s) of the solutions was carried out directly into a cuvette
were ultrapure-grade from Sigma, and GdnHCI was from with a path length of 1 cm in a Fluoromax-3 fluorimeter.
U.S. Biochemical Corp. Sodium phosphate (20 or 30 mM) For kinetic unfolding studies carried out at pH 3, an SFM-4
was used as the buffer at pH 7, and 20 or 30 mM glycine stopped-flow machine (Biologic) was used to initiate unfold-
was used at pH 3. All pH values were recorded using a ing, with a mixing dead time of 6.2 ms, at GdnHCI
Thermo Orion 420 pH meter, and the pH values reported concentrations ranging from 2.2 to 4.0 M. The concentration
for D,O buffers are uncorrected for the isotopic effect. of the protein during unfolding was 1@M, and unfolding
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was monitored by measurement of fluorescence emission atimportant control experiment was to dilute deuterated protein
360 nm upon excitation at 295 nm. directly 10-fold into quench buffer containing.@ buffer
HX-MS-Monitored Equilibrium Unfolding Experiments. at pH 3. After the sample had been processed in a manner
For equilibrium unfolding studies at pH 7, deuterated Trx identical to that for the samples for the unfolding experi-
was diluted to a final concentration of 80/ protein into ments, as described below, 333 deuteriums were found
native buffer [20 mM sodium phosphate in®@ (pH 7)] and to have remained unexchanged.
unfolding buffer [GdnDCI and 20 mM sodium phosphate in ~ Processing of HX Samples for Mass Spectrométity-X
DO (pH 7)] so that the final concentration of GdnDCl was samples were processed in an identical manner. Each sample
2.2, 2.5, or 2.8 M. The reaction mixture was incubated at was desalted using a Sephadex G-25 column equilibrated
25°C for 4 h. Then, 1%L of the reaction mixture described with water at pH 3 (pH adjusted with formic acid), in
above was diluted 10-fold into 13&L of labeling buffer conjunction with an Akta chromatography system. After
(50 mM sodium phosphate inB), containing the same incubation for 24 h at 28C (from the time of labeling), the
concentration of GdnHCI. After labeling had been carried samples were analyzed by electrospray mass spectrometry.
out for 5 s, the exchange reaction was quenched at pH 3 by ESI Mass Spectrometr. Micromass Q-TOF Ultima mass
diluting the sample 10-fold into 135@L of quench buffer spectrometer (ESI-MS) was used. For acquisition of mass
[50 mM glycine in HO (pH 2.8)]. The samples were then spectra, the capillary voltage was set to 3 kV, the desolvation
processed for mass spectrometry. temperature to 15€C, and the source temperature to°80
For equilibrium unfolding studies at pH 3, deuterated Trx No organic solvent was added to the samples, and the spectra
was diluted to a final concentration of &M, with unfolding were collected in the positive ion mode. Furthermore, before
buffer [30 mM glycine in BO (pH 3)] containing 2.2, 2.5, injection of the sample, the injection line was washed with
or 2.8 M GdnDClI, and then incubated at Z5 for 4 h. Then, D,0 or H,O, depending on whether the sample was ¥®D
100 uL of the incubated solution was diluted 10-fold into or H,O. The concentration of Trx in each sample was
900uL of labeling buffer [50 mM sodium phosphate in®l typically 5 uM, and typically, an ion count of~75 was
(pH 7)] containing an identical concentration of GdnHCI. obtained ih a 1 sdata acquisition window. For each sample,
After labeling had been carried out for 5 s, the exchange data acquired over 100 s were averaged.
reaction was quenched at pH 3, by diluting the sample 10- Data Analysis. To quantify the relative amounts of
fold into 9 mL of quench buffer [50 mM glycine in D deuterated protein with 3% 3 protected deuteriums (mass
(pH 2.8)]. The samples were then concentrated to 0.5 mL of 11 706+ 3 Da) and a protonated protein with a mass of
using a 50 mL Amicon stirred cell so that the concentration 11 673 Da in each sample, the relative amplitudes of the
of protein became~10 uM and then processed for mass peaks corresponding to the ninth charged stale {301.8)
spectrometry. were determined. Relative amplitudes were determined either
HX-MS-Monitored Kinetic Unfolding StudieSor kinetic directly from the ion intensities or from fitting Gaussian
unfolding studies at pH 7 and 3, a pulse labeling methodol- distributions to the peaks to determine their areas.
ogy was used. Deuterated protein was diluted with unfolding  Unfolding kinetics monitored by manual mixing fluores-
buffer (3.3 M GdnDCI and 20 mM sodium phosphate CD cence measurements were fitted to a single-exponential
for pH 7 or 30 mM glycine in RO for pH 3) to a final protein  equation, and unfolding kinetics monitored by stopped-flow
concentration of 5@M and 3 M GdnHCI. The mixing dead  mixing fluorescence measurements were fitted to a two-
time was 11+ 1 s. After different times of unfolding in 3~ exponential equation.
M GdnDCI, ranging from 11 to 300, & 5 slabeling pulse
was given by diluting the sample 10-fold into 9@Q of RESULTS
labeling buffer [50 mM sodium phosphatecs® M GdnHCI Structure and Stability of Trx at pH 7 and Bigure 1
in H,O (pH 7)]. The exchange reaction was quenched by compares the spectroscopic properties as well as stability of
decreasing the pH to 3 via a 10-fold dilution into 9 mL of Trx at pH 7 to the spectroscopic properties and stability at
quench buffer [50 mM glycine in ¥0 (pH ~2.8)]. The pH 3. It is seen that the fluorescence spectra (Figure 1A),
resultant reduction at pH 3 quenched the HX reaction, and the far-UV CD spectra (Figure 1B), and the near-UV CD
the reduction of the GdnHCI concentration to 0.3 M enabled spectra (Figure 1C) of the protein are identical at pH 7 and
the protein to refold. The sample was then concentrated to3. The far-UV CD spectrum at pH 7 is identical to that
0.5 mL using an Amicon stirred cell wita 1 kDa cutoff reported in earlier studiegt, 50). These results indicate
membrane and processed for mass spectrometry. that both the secondary and tertiary structure of Trx are not
It was important to demonstrate that the labeling conditions changed by the change in pH from 7 to 3, and they are in
were sufficient to completely label the unfolded protein but agreement with an earlier study which indicated that Trx
not the native protein. When completely unfolded, deuterated remains in its native conformation in 2% acetic aca8)(
protein h 6 M GdnDCI was given th 5 s labeling pulse, Size exclusion chromatography as well as dynamic light
and the sample was processed as described below; only twescattering studies (data not shown) indicate that the protein
to three deuteriums were found to have remained unex-remains monomeric at both pH 7 and 3, at concentrations
changed, either because of residual structar@ M DCI or of 50 and 50QuM. In Figure 1D, it is seen that the far-UV
because the labeling buffer contained 10%DWhen native CD-monitored GdnHCI-induced equilibrium unfolding curve
deuterated protein was giveretls s labeling pulse and the of Trx determined at pH 7 completely overlaps that
sample processed in the same way#33 deuteriums were  determined at pH 3. In both cases, the midpoint of the
found to have remained unexchanged, showing that theequilibrium unfolding transition is at 2.5 M GdnHCI. Thus,
labeling conditions do not affect the conformation of the far-UV CD-monitored equilibrium unfolding studies suggest
protein. In every HX-monitored folding experiment, an that the stability of Trx is the same at pH 7 and 3.
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Ficure 1: Comparison of the structure and stability of thioredoxin / \ 2min
at pH 3 and 7. (A) Fluorescence emission spectra of thioredoxin. 22 1300 1305
(B) Far-UV circular dichroism spectra of thioredoxin (18v 20 1
protein). (C) Near-UV circular dichroism spectra of thioredoxin =)
(49 uM protein). In panels A-C, the dashed lines represent spectra 18 I
obtained at pH 7 (in 30 mM sodium phosphate buffer) and the 0 100 200 300
solid lines represent spectra obtained at pH 3 (in 30 mM glycine Time (min)

buffer). (D) Equilibrium unfolding curves of thioredoxin at pH 7
(©) and 3 @), determined by measurement of ellipticity at 222
nm. The equilibrium unfolding curves were converted to plots of
fraction of protein unfolded vs GdnHCI concentration and fitted to
a two-state N= U model for unfolding, as described in ré8.
The solid line through the data represents the fit, which yielded
values forAG, the free energy of unfolding, an@,, the midpoint

of the transition, of 8.2 kcal/mol and 2.5 M, respectively.

Native Trx Has 33 Amide Hydrogen Sites Protected from
HX at pH 3. Figure 2A shows exchange-out of amide
deuteriums from deuterated Trx at pH 3. In the inset of Figure ’ ' ' ‘ _
2A, exchange-out is seen to manifest itself in a shift in the 0 20 40 60 80 100
mass spectrum to lowemyz values with the time of o .
exchange-out. Only one peak with a decreasing average mass % Deuterated protein
and width with time is observed, suggesting that the exchangeFIGURE 2: Kinetics of deuteriumproton exchange from native

; ; ; thioredoxin. A solution of deuterated Trx in,© was diluted 50-
mechanism is EX29, 32). The number of protected amide fold into H,O buffer (50 mM glycine) at pH 3 (A) or 10-fold into

deuterlu_ms at each time of incubation was (_jetermmed bY H,0 buffer (50 mM sodium phosphate) at pH 7 (B). Panel A shows
subtracting the mass of the protonated protein (11 673 Da) how the number of protected amide deuterium atdiasdecreases
from the mass observed at that time. Fully deuterated Trx with time of incubation in HO at pH 3. The solid line through the
has a mass 180 Da greater than that of protonated Trx,data is described by the equatibly = 36 + 27 x exp(~0.089)

i dinati ; ; + 32 x exp(—0.003%). The inset shows the mass spectra (the ninth
indicating that 180 protons are replaced with deuteriums. charged state) of the protein at different times of incubation,.H

Figure 2A shows that at the earliest time (3 min) of panel B shows how the number of protected amide deuterium atoms
incubation of the deuterated protein in®{ the number of  decreases with time of incubation in® at pH 7. The solid line

deuteriums retained has been reduced to 90, indicating thathrough the data is described by the equatign= 19+ 4 x exp-
90 deuteriums have exchanged out very rapidly. The number(~0-133) + 10 x exp(-0.01). The inset shows the mass spectra

. - S (the ninth charged state) of the protein at different times of
of deuteriums retained decreases with time, and after 20 incubation in HO. Panel C shows that the relative populations of

24 h, exchange-out appears to have reached a plateau leveyieyterated and fully protonated Trx molecules in a mixture of the
where 33+ 3 deuterons are retained in each Trx molecule. two, determined from the relative ion intensities of the ninth charged

Thus, Trx has 33t 3 amide hydrogen sites that are protected states centered awz 1301.8 (deuterated Trx, with 32 protected
from exchange at pH 3. When exchange-out of amide dheuterltjms) anan/z ﬁZ%Bg (protonated Trx), scale linearly \lNIthI
deuteriums from Trx is carried out at pH 7 (Figure 2B), usrgw%&re[ftlo at which the deuterated and protonated molecules
where the intrinsic HX rate is ¥Gimes faster than it is at

pH 3, 13 of these 33 amide hydrogen sites exchange out

over a 3 htime period, and the protein is seen to havet20 A and B of Figure 2 also indicate that the native protein has
3 amide hydrogen sites that are protected from exchange atat least five classes of amide hydrogen sites that differ in
pH 7. These results are in accordance with previous studiestheir level of protection. From the measured rate of exchange-
which had shown that 27 amide hydrogen sites remain out at each class of amide hydrogen site (Figure 2 legend),
protected from exchange at pH 547). The results in panels  and assuming an intrinsic HX rate of 20'sat pH 7 and of

Relative intensity
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0.002 s'at pH 3 at 25°C (51), the protection factors of the
five classes are calculated to be, approximately, 1.5, 35, 9000,
120000, and>120000.

Determination of the Relate Amounts of Deuterated and
Protonated Trx in a MixtureFor proper analysis of HX-
MS measurements of protein folding, it is important to first
show that the fully protonated protein population and the
deuterated (33t 3 deuteriums) protein population can be
estimated quantitatively in a mixture of the two populations,
from the relative ion intensities of the two peaks that are
observed for the ninth charged states of the two forms. Figure 0
2C shows that this is indeed so: when deuterated and

Fraction unfolded

2 3 4 5 6

protonated protein are mixed at different molar ratios ¥0H 1.0

at pH 3, the relative ion intensities of the two peaks

corresponding to the two forms differing in mass by 33 Da 3 08

predict the molar ratios of mixing. This experiment also 2

indicates that there is no significant exchange-out from the "g 0.6

samples within the mass spectrometer. Thus, if both N and s

U molecules are present together, they can be distinguished 5 04

by the former but not the latter possessing 33 amide hydrogen £ 02

sites that are protected from exchange. o 235 iz
Unfolding of Trx at pH 7 Monitored by HX-MS and by 0.0 4 o e

Optical ProbesHX-MS was used to determine the fraction 0 100 200 300 400

of protein that is unfolded, at each of three different GdnHCI

concentrations corresponding to the transition zone of the 1.0

equilibrium unfolding curve. This unique capability of HX-

MS arises because 33 amide hydrogen sites are stable to HX § 0.8

in the N state but undergo exchange in the U form. Hence, 'g‘-:

the result of proton labeling of a mixture of native and g 06

unfolded protein that had been previously deuterated is that = 0.4

the native protein retains deuterium at 33 amide hydrogen %

sites while unfolded protein does not; consequently, the S 02

unfolded protein will have a mass that is 33 Da lower than oo

that of the native protein. Figure 3A shows that the fraction
of protein that is unfolded at each GdnHCI concentration
agrees well with the value estimated from the fluorescence, Time of unfolding (s)

far-UV CD, or near-UV CD-monitored equilibrium unfolding  Ficure 3: Equilibrium and kinetic unfolding studies of thioredoxin
curves. The mass spectrum obtained from each of the proteirgt pH 7. Unfolding was monitored by HX-M3M, as well as by

- _fluorescence®), ellipticity at 222 nm ), and near-UV CDY).
samples, equilibrated at any of the three GdnHCI concentra Panel A shows the values of the fraction of protein that is unfolded,

tions, shows only two well-resolved peaks, corresponding yyhich were determined by HX-MS at three GdnHCI concentrations,
to deuterated (11 706 Da) and protonated (11 673 Da) proteinoverlaid on the values of fractional changes in the magnitude of
and originating from the native and unfolded protein popula- the optical signal, which were determined from equilibrium
tions present at equilibrium (inset in Figure 3A). The absence unfolding curves. The inset shows the mass spectra of samples

) . . ) - unfolded in 2.2, 2.5, and 2.8 M GdnHCI. Panel B shows how the
of any ion intensity straddling the two peaks indicates the relative amount of unfolded proteimy, determined by HX-MS,

absence of any intermediate showing protection at only aincreases with time of unfoldingii3 M GdnHCI. The solid line
subset of the 33 most protected amide hydrogen sites. Itthrough the data represents a single-exponential it to the data and

should be noted that because the labeling pulse had a durayields an apparent constant of unfolding of 0.008 Representative

tion of 5 s and because the intrinsic time constant of HX Mass spectra of samples in which the labeling pulse was given at
the indicated times are shown in the inset. Panel C compares the

at pH _7 and 25°C is 50 ms, any intermedia_lte with a kinetics of unfolding m 3 M GdnHCI monitored by HX-MS to the
protection factor of<20 at each of the 33 amide hydro- kinetics monitored by the three optical probes. The kinetic curves
gen sites stable to HX could also have become fully labeled were normalized between a value of 0 for the native protein at

and appeared as U. Such a possibility appears unlikelytime zero and a value of 1 at the end of the kinetic cutve ).

because the relative amount of U determined by HX-MS is The solid line is a single-exponential fit to the data and yields a
. . . I . value for the observed rate of unfolding, of 0.0085 s™.

predicted by the optically monitored equilibrium unfolding

curves.

Figure 3B shows how the amount of unfolded protein unfolding, with an apparent rate of 0.008'sand indicates
increases with time of unfoldingni3 M GdnHCI. The mass  that there is virtually no €10%) U present at the earliest
spectra show only two well-resolved peaks at each time of time of unfolding that was monitored. Thus, the unfolding
unfolding (inset in Figure 3B), indicating that U and N are kinetics also indicate that N unfolds directly to U, although
the only two forms present at any time during the unfolding it is possible that an intermediate with weak general
reaction. Figure 3B shows that the fraction of protein protection against HX (see above) may be transiently
unfolded shows an exponential dependence on the time ofpopulated.

0 100 200 300 400
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1.0

Figure 3C compares the kinetics of unfolding of Trx, 1.0 (B

measured by near-UV CD, far-UV CD, and fluorescence, & 05
o

el

0.4 - wel\ o

s la

105

0.8 -

probe, a single kinetic phase accounts for the complete-§ 0.6 1
amplitude of unfolding. The probes for tertiary structure, & 0.4 -
near-UV CD, and fluorescence and the probe for secondarys o |

Fraction unfolded

structure, far-UvV CD all yield very similar kinetics. An 0.2 1

earlier study 46) had shown co-incident kinetics for unfold- ' — 7S 00 ‘ ,
ing in 3.2 M GdnHCI, when monitored by fluorescence and 01 2 3 4 5 6 0 50 100 150 200
far-UV CD. The observation suggests that unfolding at pH [GdnHCI] (M) Time of unfolding (s)
7 can be described by a two-state <N U model. Not 10]¢c 5o

surprisingly then, the increase in the relative amount of -
unfolded protein, as measured by HX-MS, occurs at a rate %] ’
identical to the rate measured by the fractional changes in
the optical signals (Figure 3C).

Unfolding of Trx at pH 3 Monitored by HX-MS and by
Optical Probes. Figure 4A shows that an equilibrium
GdnHCI-induced unfolding curve determined by monitoring 0.0
the change in far-UV CD is co-incident with that determined
by monitoring the change in fluorescence. Both unfolding Time of unfolding (s)
curves have a midpointCg) at 2.5 M. In contrast, the  Ficure 4: Equilibrium and kinetic unfolding studies of thioredoxin
equilibrium unfolding curve determined by monitoring the at pH 3. Unfolding was monitored by HX-M3Mj, as well as by
change in near-UV CD does not overlap with the other two fluorescenceQ), ellipticity at 222 nm 4), and near-Uv CDY)).

. Panel A shows the values of the fraction of protein that remains
and has a different value €y at 2.26 M GAnHCI. The 54y "which was determined at different GdnHCI concentrations

fraction of protein that remains folded at pH 3, at each of by HX-MS, overlaid on the values of the fractional changes in the
the different GdnHCI concentrations corresponding to the magnitude of the optical signal, which were determined from
transition zone of the equilibrium unfolding curve, was equilibrium unfolding curves. The inset shows the mass spectra
determined using HX-MS. This fraction is found to be (ninth charged state) of samples labeled in 2.2, 2.5, and 2.8 M
. . . GdnHCI. The mass spectra were fit to the sum of three Gaussian
predicted by the fractional retention of near-UV CD at each gisriputions, shown as dotted lines. The fraction of native protein
GdnHCI concentration. Together, the optical and HX-MS at each GdnHCI concentration was determined from the relative
studies suggest that equilibrium unfolding at pH 3 is area under the Gaussian distribution corresponding to the peak of
described minimally by a three-statesN Iz = U model, the deuterated protein (at/z 1301.8); all native protein remains

. : ; . : deuterated even after the labeling pulse. The fractions of protein
where L is a partially folded intermediate which has lost molecules present as an intermediate (with protection and, hence,

the near-UV CD signal of native Trx. _ labeled mass intermediate between that of U and N) at different
The mass spectrum obtained from each of the protein GdnHCI concentrations were estimated to be 0.12 (2 M), 0.21 (2.2

samples, equilibrated at any of the three GdnHCI concentra-M), 0.18 (2.5 M), and 0.13 (2.8 M). Panel B shows how the relative
tions, showed two peaks, corresponding to deuterated (11 70@mount of unfolded proteirl), determined by HX-MS, increases

. L with time of unfolding h 3 M GdnHCI. The solid line through the
Da) and protonated (11 673 Da) protein, and originating from a5 represents a single-exponential fit to the data and yields an

the native and unfolded protein populations present at apparent rate constant of unfolding of 0.0%.sThe inset shows
equilibrium (inset in Figure 4A). But unlike in the case of representative mass spectra (ninth charged state) of samples in
the samples equilibrated at pH 7 (Figure 3A), the peaks areWhich the labeling pulse was applied at the indicated times. Panel
not well resolved: 1220% of the total ion intensity spans ~C compares the kinetics of unfolding B M GdnHCI monitored

. . y HX-MS to the kinetics monitored by the three optical probes.
the region between the two peaks. This result suggests thafrhe inetic curves were normalized between a value of O for the
the intermediateglrepresents one or more intermediates that native protein at time zero and a value of 1 at the end of the kinetic
afford significant protection to one or more subsets of the curve ¢ = «). The solid line is a fit of the fluorescence-monitored
33 amide hydrogen sites most protected from exchange indata to a two-exponential equation and is described by the equation

; ; .- : ; F(t) = 0.35x exp(—0.12) + 0.65 x exp(—0.01%). The inset shows
native Trx. In an earlier studyd@), equilibrium intermediates how the slow observed rate constat, of unfolding in 3 M

were reported to be populated during equilibrium thermal GgnHcl, which was monitored by measurement of ellipticity at
denaturation at low pH. 222 nm ), varies with protein concentration in the range ef3®
Figure 4B shows how the amount of unfolded protein #M. The error bars represent standard deviations of measurements
increases with time of unfoldingii3 M GdnHCI. The mass ~ rom three separate experiments.
spectra show two peaks at each time of unfolding (inset in
Figure 4B) corresponding to the U and N forms. There also indicates that-45% of the molecules have formed U, or a
appears to be some amount {116%) of ion intensity that  species that affords U-like protection from HX (with a pro-
spans the region between the two peaks, for the masstection factor of<20) at all 33 protected amide hydrogen
spectrum after unfolding for 10 s, suggesting that N and U sites, at the earliest time (11 s) of unfolding monitored. The
are not the only two forms present at early times of unfolding. observation that only 90% of the molecules have unfolded
Figure 4B shows that the fraction of protein unfolded shows even after 500 s (Figure 4B) is expected because the equi-
an exponential dependence on the time of unfolding, with a librium unfolding studies (Figure 4A) indicate that 10% of
rate of 0.01 s'. The kinetic curve for unfolding does not, the molecules remain as N (a)lin 3 M GdnHCI at pH 3.
however, extrapolate to zero U at zero time of unfolding, as  Figure 4C compares the kinetics of unfolding of Trx in 3
it appears to for unfolding at pH 7 (Figure 3B), but instead M GdnHCI, measured by near-UV CD, far-UV CD, and
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fluorescence, to the kinetics of unfolding measured by HX-
MS. Since the fluorescence-monitored kinetics were mea-
sured by rapid mixing in a stopped-flow machine, the entire
amplitude of the unfolding reaction could be observed. The
change in fluorescence occurs in two kinetic phases, a fast
phase accounting for 35% of the amplitude and a slow phase
accounting for 65% of the amplitude. Far-UV CD-monitored
and near-UV CD-monitored kinetics were measured only in
manual mixing experiments, whose time resolution is suf-
ficient to capture only the slow phase seen in the fluorescence-
monitored kinetics. It is observed that the kinetic curves for
the slow changes in far-UV CD and near-UV CD coincide
with the kinetic curve observed for the slow change in
fluorescence (Figure 4C). The kinetics of the increase in the
fraction of protein unfolded, as determined by a manual
mixing HX-MS experiment, also appear co-incident with the
kinetics of the slow phase monitored by the three optical
probes. The observation that unfolding3 M GdnHCI at

pH 3 occurs in two kinetic phases indicates that unfolding
at pH 3 cannot be described by a two-state=NU model

but that at least one additional species must be incorporated
into any unfolding model. The HX-MS results also indicate
that in the fast phase of unfolding, 45% of the protein ‘ ‘ ‘
molecules have unfolded either to U or to an intermediate 0 100 200 300 400
with a protection factor of<20 at each of the 33 amide Time of unfolding (s)

hydrogen sites stable tq HX (see above).. . Ficure 5: Optically monitored kinetics of unfolding of Trx at pH
Since the concentration of Trx used in the unfolding 3 unfolding in 2.2'M GdnHCI (A) and in 2.5 M GdnHCI (B) was
experiments spanned the range of3® uM, depending on monitored by fluorescence-¢-—), far-Uv CD (— — —), and near-

the probe being used, it was important to demonstrate thatUV CD (-+). For each kinetic trace, the fractional progress of the
the unfolding kinetics were independent of protein concen- éaction was calculated &S ¢ S)/(S, — S), whereS is the value

o . . A of the signal at time of unfolding, & is the value of the signal
tration in this range. The inset in Figure 4C shows that the c,esponding to that of the native protein, dads the value of

unfolding ratesim 3 M GdnHCl at pH 3, as measured by the  the signal at infinite time. For each trace, only the first 800 s (A)
change in ellipticity at 222 nm, do not vary with protein or the first 500 s of the kinetic traces acquired is shown, but the
concentration in this range. traces were acquired for at leasts wherer is the observed time

; ; constant. The solid line through the CD-monitored kinetic trace is
Dependence on GdnHCI Concentration of the Unfolding a nonlinear least-squares fit to a single-exponential process; for the

K_inet_ics at pH 3'Panels A ar!d B of Figure 5 compare the  forescence-monitored kinetic trace in panel A, the fit was carried
kinetics of unfolding, determined by measurement of fluo- out to the sum of a two-exponential equation. The fits yielded values
rescence, far-UV CD, and near-UV CD, at pH 3, in 2.2 and for the observed slow rates of unfolding, when determined by

i _ fluorescence, far-UV CD, and near-UV CD, of 0.0017, 0.0034, and

t2|05r]2/| tcr;]gneHC!i-tr)e-Spegtlvely' Ac\jt these denaturagt ConcelntradO.OOZS slin 2.2 M GdnHCI and of 0.0033, 0.0043, and 0.0039
, quilibrium intermediate appears to be populated {"15"> &\t GanHel, respectively.

maximally (Figure 4A), and the midpoint of the near-Uv
CD-determined equilibrium unfolding curve is at 2.26 M
GdnHCI. For unfolding in 2.2 M GdnHCI, the far-UV CD-  monitored kinetic trace does not. These results indicate that
monitored kinetic trace extrapolates to approximately the for unfolding in 2.5 M GdnHClI, too, an intermediate species
value expected for the native protein at time zero, while the 1;, which has lost some of the near-UV CD signal charac-
near-UV CD-monitored kinetic trace extrapolates to a teristic of the native protein but none of the fluorescence or
significantly non-zero value. This suggests that the transientfar-UV CD signal, is populated within a few seconds of
accumulation of an initial intermediatg, Within 10 s, which unfolding. Intermediate,] which can be detected easily
has lost~40% of the near-UV ellipticity characteristic of during unfolding in 2.2 M GdnHCI, appears not to be
native protein but practically none of the far-UV CD. populated to any significant extent during unfolding in 2.5
Unexpectedly, the fluorescence-monitored kinetic trace while M GdnHCI.
commencing at the value expected for the native protein Since the fraction of molecules unfolding at these low
shows an initial dip and then rise, suggesting the population concentrations of GdnHCI is less than 20%, it was not
of a late intermediate after unfolding fer50 s. This late possible to determine the kinetic trace of unfolding by HX-
intermediate, 4, possesses less fluorescence intensity than MS, which was possiblet&8 M GdnHCI (Figure 4B).
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native protein and appears to subsequently unfolg snt Figure 6 shows how the unfolding kinetics at pH 3 vary
U which are together present at equilibrium in 2.2 M GdnHCI with GdnHCI concentration. In Figure 6A, it is seen that the
at pH 3 (Figure 4A). observed rate of slow unfolding at any GdnHCI concentration

For unfolding in 2.5 M GdnHCI, the fluorescence- isthe same, regardless of the probe used to assess unfolding.
monitored and far-UV CD-monitored kinetic traces extrapo- The dependences on GdnHCI concentration of the logarithm
late within experimental error to the values expected for of fast and slow observed rate constants are also seen to be
the native protein at time zero, while the near-UV CD- almost identical.
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other, and they exhibit a sigmoidal dependence on the
1] concentration of GdnHCI in which unfolding was carried
out. This sigmoidal dependence, characterized Gy, salue
= gl of 3.2 M GdnHCI, represents the unfolding transition of the
;3 species that is populated at the end of the fast phase of
G0t ] unfolding at pH 3.
Figure 6C compares the kinetic and equilibrium amplitudes
i o0d for unfolding monitored by near-UV CD. Again, the= o
i 2 . M = points of the kinetic unfolding traces fall on the equilibrium
unfolding transition determined by near-UV CD measure-
T a ments, as expected. As already evident from Figure 5t the
i B %ﬁ = 0 points of the kinetic unfolding traces for unfolding at
oie i\ = GdnHCI concentrations in the range 6f2.8 M (Figure 6C)
é\ %& do not overlap with theé = 0 points of the corresponding
0.4 kinetic traces obtained using far-UV CD or fluorescence
2 02 i (Figure 6B). For unfolding in this range of GdnHCI
_EQ . x concentrations, the fractional change in near-UV CD in the
5 : fast phase of unfolding is seen to be-130% more than the
5 2 3 4 5 corresponding fractional change in far-Uv CD or fluores-
£ Tl cence (Figure 5). Thé = 0 points of the kinetic traces
;:: &% fl% monitored by near-UV CD show a sigmoidal dependence
g sl % on the concentration of GdnHCI in which unfolding was
& 061 i = carried out, which is significantly broader than that seen when
o | \ unfolding is monitored by fluorescence or far-Uv CD. This
- broad sigmoidal dependence is characterized By, aalue
02 \iﬁ v of 3.1 M.
0.0 - Ty — To determine the fraction of molecules that remain as N
H % . % (or an intermediate equally stable to HX) before the slow

T phase of unfolding has proceeded to any significant extent,
[GAnHCIIM) 5 s HX labeling pulses were applied at 11 s of unfolding at
FiGURe 6: GdnHCI concentration dependence of unfolding kinetics  gifferent GAnHCI concentrations in the range of 2% M.

at pH 3. Unfolding in different denaturant concentrations was : :
monitored by HX-MS M), far-UV CD (a and a), near-Uv CD Figure 6B shows that the fraction of molecules not labeled

(v and v), and fluorescenceC{ and ®). Panel A shows how  atall (and,_ hence, present as N or an inter_media}te as sta_ble
the observed rate constants of unfolding depend on GdnHCI as N) at this time of unfolding decreases with an increase in
concentration. The straight line fitted through the observed fast the concentration of GAnHCI present during unfolding, in a
rate constantsA{) of unfolding is described by the equation \nanner similar to the decrease seen in the fractional

log Af = —3.94 0.98[GdnHCI], and the straight line fitted through . :

the observed slow rate constant§) (of unfolding is described by am_plltude OT thg slow chan_gfa.ln f_Iuoresce'nce or far-UV CD.
the equation logs = —4.81+ 0.99[GdnHCI]. Panel B compares ~ 1his result indicates that initial intermediate Which has
the kinetic amplitude of the slow phase of unfolding to the partially lost near-UV ellipticity (Figure 5A), confers as much

equilibrium amplitude of unfolding, when unfolding is monitored protection as N at each of the 33 amide sites that are stable
by measuring changes in far-UvV CD or fluorescence. The solid ;

line represents the fit to the fluorescence and far-Uv CD-monitored D d f Unfoldina Kineti H3 p .
equilibrium unfolding curve shown in Figure 4A. White symbols ependence of Uniolding Kinetics at p on Protein
represent thé = 0O point of the slow kinetic phase of unfolding, ~ConcentrationAlthough the observed slow rate constant of

and black symbols represent the= « point of the unfolding unfolding in 3 M GdnHCI at pH 3 does not vary when the
reaction. The fractions of protein molecules that have remained protein concentration is varied in the range of3 uM

folded after unfolding for 11 s at different concentrations of ; ; B i ;
unfolding buffer, which were determined from HX-MS experiments, (Figure 4C, inset), it is significantly lower when the unfolding

are also shown. Panel C compares the kinetic amplitude of the slow€action is carried out at much higher protein concentrations.
phase of unfolding to the equilibrium amplitude of unfolding, when The deceleration of the slow unfolding reaction at high
unfolding is monitored by measuring the change in near-UV CD. protein concentrations can be observed when unfolding is
SR o e chowr i e 4a- 1 ol panee s momiored by HXCMS. Figure 7A shows thal the observed
g?rlér bars represent%tandard deviationsgof measuremepnts from thre& IOW ra_t? of unfolding at a protein concentration of 550 .
separate experiments. is significantly slower than that measured at a protein
concentration of 5«M (Figure 4B). Figure 7B compares
the near-UV CD-monitored kinetic trace of unfolding in 3
Figure 6B compares the kinetic and equilibrium amplitudes M GdnHCI of 50uM Trx to that of 200 and 50&M Trx,
for unfolding monitored by fluorescence as well as by far- and Figure 7C does likewise for unfolding in 2.2 M GdnHCI.
UV CD. For both fluorescence- and far-UV CD-monitored When Trx is unfolded at a concentration of 508 in 2.2
kinetic unfolding studies, thé = o points of the kinetic M GdnHCI at pH 3, the relative loss of near-UV ellipticity
unfolding traces fall on the equilibrium unfolding transition is also much smaller than at a concentration ofi50 Figure
determined by the fluorescence or far-UV CD measurements,7D shows how the observed slow rate constant of unfolding
as expected. The= 0 points of the slow phase of kinetic in 3 M GdnHCI at pH 3 decreases with an increase in protein
unfolding traces monitored by the two probes fall on each concentration. In contrast, when the unfolding of Trx in 3
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1.0 1.0 it is well-known that such coupling complicates the analysis

of even simple unfolding reaction$2). Consideration of

cis to trans proline isomerization is particularly important

in the case of Trx, for the unfolded as well as native states,

because it has one proline residue, Pro76, which exists in

: the cis conformation in the native statg/).

éﬁk Coupling of the Unfolding Reaction to Proline Isomer-

, : 0.0 , , ization. Native Trx has been characterized extensively by

Time of unfolding (s) ® Time of unfording (s) NMR (47, 53-55) as well as by MS38—41). These studies

have not provided any evidence of multiple native states
C 0% Th resulting from cis-trans proline isomerization in the native
0.015 1 protein, as they have for other proteirs $6—59). Hence,

it is very unlikely that the unfolding kinetics of Trx are

"ol <, 00127 complex at pH 3 because of the presence of two native states

< 0.009 in slow equilibrium with each other. The cause of the

é © complexity must lie in processes that occur during unfolding.
N\H In fact, previous studies had in fact shown that the unique

native state, N, unfolds by a & Uc = Ur mechanism45,

46), in which the unfolding reaction is followed by and

F 7. Kinetics of unfolding of Trx at high protein concentra coupled to proline isomerization reactions in the unfolded
IGURE 7: Kineti u i X i i - _ . . .
tions and pH 3. Panel A shows how the fraction of unfolded protein state 2 46)' Th? unfolded_ §t_ate having F?I?076 N a. cIs
increases with time of unfolding of 858V Trx in 3 M GdnHCI, conformation () is formgd initially a}nd equilibrates with
as determined by HX-MSl). The inset shows representative mass Other unfolded forms having Pro76 in the trans form)(U
spectra obtained at different times of unfolding. The kinetic trace with a relaxation rate 0f0.02-0.03 s!, which is indepen-

in panel A was normalized between a value of O for the native gent of the concentration of the denaturant.

protein at time zero and a value of 1 for infinite time. The solid . . . . .
line through the data is a single-exponential fit, which yields a value For a protein such as Trx, which has one cis proline residue

for the observed rate constait, of slow unfolding of 0.006 .. in the native state, the observed unfolding kinetics will
Panel B shows the kinetics of unfolding 8 M GdnHCI of Trx at depend on the concentration of denaturant and on whether
50 (bottom trace), 200 (middle trace), and 300 (top trace), when  the unfolding reaction is faster or slower than the subsequent
monitored by measurement of ellipticity at 270 nm. The kinetic proline isomerization reaction52). When the N= Uc

traces were fit to single-exponential equations; the fits are shown tion is s than th U i folding i
as solid lines through the data. The observed rates of unfolding reaction is slower than thedJ T reaction, uniolding IS
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were 0.017 st at 50u4M, 0.009 s at 200xM, and 0.004 s! at expected to occur in a single kinetic phase, for concentrations
500uM. Panel C shows the kinetics of unfolding in 2.2 M GdnHCI  of GdnHCI larger than or equal to the concentrations
of Trx at 50 (bottom trace), 200 (middle trace), and %00 (top corresponding to the equilibrium unfolding transition zone

trace), when monitored by measurement of ellipticity at 270 nm. ; ;
Each kinetic trace was fit to a single-exponential equation; the fits (52). This appears to be the case at pH 7, where unfolding

are shown as solid lines through the data. The observed rates of2CCUrS in @ single kinetic phase with the same rate measured
unfolding were 0.00167% at 50xM, 0.0007 s at 200uM, and by different probes (Figure 3).

0.001 s at 500u4M. In panels B and C, each kinetic trace is At pH 3, unfolding occurs in two kinetic phases (Figure
normalized relative to a value of 1 for the signal of the native protein 6). The fast phase has a rate that is 10-fold faster than that

at the relevant protein concentration. Panel D shows the dependenc :
of the near-UV CD-monitored, observed slow rates of unfolding of the unfolding phase at pH 7. It therefore appears that the

in 3 M GdnHCI at pH 3 ¢) on Trx concentration in the range of ~ unfolding reaction at pH 3 is faster than the subsequent
50—-500 uM. For comparison, the values of the near-UV CD- proline isomerization reaction. When this is the case,
monitored, observed rates of unfolding 3 M GdnHCl at pH 7 unfolding is expected to occur in two kinetic phases for

(O) for 50 and 50Q«M Trx are also shown. The solid lines through  concentrations of GdnHCI larger than or equal to the
the data in panel C have been drawn by inspection only. The error

bars represent the standard deviations of the measurements frong:oncgptratlons corresponding tolthe Qqumbrlum unfoldmg
three separate experiments. transition zone, even when all optical signals used to monitor

the unfolding change only during the faster<N Uc step
_ (52). The relative amplitude of the faster phase is expected
M GdnHCI was monitored by near-UV CD at pH 7, the {5 grow at the expense of that of the slower phase, with an
observed unfolding rate constant that was determined wasjncrease in GdnHClI concentration, and the rates of both
found to be the same for unfolding at concentrations of 50 inetic phases are expected to exhibit somewhat similar

and 500uM. exponential dependences on GdnHCI concentration for
DISCUSSION (_Bd_nHCI conc_entration_s corresponding to thos_e in the equi-
librium unfolding transition zone. Both expectations are met
The unfolding of Trx at pH 7 appears to be simple and (Figure 6). Hence, at pH 3, the fast observed rate constant
occur in one step, with different probes yielding very similar represents the = Uc reaction, while the slow observed
unfolding kinetics (Figure 3). On the other hand, unfolding rate constant is that of the subsequent proline isomerization
at pH 3 appears to be complex and to occur in several stepsyeaction 62).
with different probes yielding different kinetics (Figures It is possible to verify that the N= Uc = Ut mechanism
4—6). Before considering a possible mechanism for unfolding is appropriate for describing the biphasic unfolding kinetics
at pH 3, it is necessary to consider the coupling of proline at pH 3 (Figure 4). At equilibrium, 10% of the unfolded
isomerization reactions to the actual unfolding step, becausemolecules are known to exist asc46). Thus, W is
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expected to be~1.4 kcal/mol more unstable than the of amide hydrogens have lost their stability to exchange.
equilibrium unfolded protein47). The data in Figure 6B  Since the fractional decrease in the population of native
indicate that this is indeed so. The unfolding transition traced molecules with an increase in GdnHCI concentration in the
by thet = 0 points of the slow fluorescence and far-UV CD equilibrium unfolding studies is given by the fractional
kinetic traces, which represents the unfolding of N tg U decrease in the magnitude of the near-UV CD signal, a
has a midpoint at 3.1 M, while the equilibrium unfolding spectroscopic signature afils the fact that it is devoid of a
transition determined by the same optical probes has anear-UV signal.
midpoint at 2.5 M. Since both unfolding transitions have the  If the unfolding at pH 3 occurs by a simple three-state
same slopeng = 3.2 kcal moft M), the data in Figure N == Uc == Ut mechanism, then the kinetics of the fast and
6B indicate that U is ~1.8 kcal/mol more unstable than slow phases are expected to be the same whether measured
the equilibrium unfolded protein. Moreover, the mechanism by fluorescence, far-UV CD, or near-UV CD, as long as U
demands that the product of the fast phase of unfolding beand Ur have identical optical properties as expected for
primarily unfolded protein, and the HX-MS studies indicate completely unfolded forms. If either the relative amplitude
that this is indeed so at all GAnHCI concentrations in the or the unfolding rate of either kinetic phase is found to be
range of 2.55 M (Figure 6B). Only a fraction of the protein  probe-dependent, it would suggest the presence of one or
molecules unfold completely in the fast phase to lh the more intermediates on the unfolding pathway between N and
slow phase of unfolding, Yequilibrates with Y, and as a  Uc. The data in Figures 5 and 6 indicate that when unfolding
result of the coupling between the unfolding and proline is carried out at concentrations of denaturant in the range of
isomerization reactions, the remaining N molecules unfold 2.2—-2.5 M, the relative amplitude of the fast (subsecond)
at a rate limited by that of the proline isomerization reaction. phase of change in the near-UV CD signal is-B0D% more
Hence, the N= Uc == Ur mechanism is the simplest possible than that of the fast phases of changes in far-UvV CD and
mechanism that can explain all the data. fluorescence signals. As a result, the curve traced by the
Unfolding at pH 7 Can Be Described by a Two-State t = 0 points of the near-UV CD-monitored kinetic traces of
N = U Model. No partially unfolded intermediate can be unfolding does not overlap the corresponding curves deter-
detected at pH 7, when unfolding studies are carried out atmined from far-UV CD or fluorescence-monitored kinetic
equilibrium. All three optical probes, fluorescence, far-UV experiments. If the species present at the end of the fast phase
CD, and near-UV CD, yield the same equilibrium unfolding were only the unfolded form, &) as expected from the
curve, suggesting that N and U are the only forms populatedN == Uz = Ut mechanism, then all three optical probes
at all concentrations of GdnHCI. In this study, it has been should have given the same relative amplitude of signal
shown that HX-MS, unlike the optical probes, can distinguish change accompanying the subsecond phase of unfolding, and
between, as well as quantitatively estimate, the populationshence, all three curves traced by the= 0 points should
of native and unfolded Trx molecules when both coexist, as have been overlapping. The results therefore indicate that
they do in the unfolding transition zone of an equilibrium in addition to W, one or more intermediates that have lost
unfolding curve. The observation that the fraction of protein some of the native-state near-UV CD signal but not the far-
which is unfolded, determined by HX-MS, can be predicted UV CD or fluorescence signal are also populated before the
by the fractional change in either of the three spectroscopic start of the slow phase of unfolding.
probes, at different concentrations of GdnHCI that define  The equilibrium intermediate at pH 3 has not only lost
the transition zone of equilibrium unfolding, constitutes protection against HX at a subset of the 33 most stable amide
strong evidence for the two-state nature of the unfolding of hydrogen sites but also lost its near-UV CD signal. Since
Trx at pH 7. an intermediate can be detected in kinetic studies by virtue
Similarly, no intermediate is detected in kinetic studies. of it having lost near-UV CD, this intermediate might also
At different concentrations of GAnHCI, unfolding is described be expected to have lost protection (at least partially) against
by a single-exponential process that accounts for the completeHX, in a manner similar to that observed in the equilibrium
amplitude of the spectroscopic change that accompanies thentermediate. But it appears that the kinetic intermediate that
unfolding reaction. The fractional change in optical signal is populated initially during unfolding in 2:22.5 M GdnHCI
at any time of unfolding predicts the fraction of protein that has not lost protection against HX (Figure 6). It therefore
has become unfolded at that time. Thus, in both equilibrium appears that for unfolding in this range of GdnHCI concentra-
and kinetic experiments, the unfolding of Trx at pH 7 appears tions, near-UV ellipticity is first lost, and then further unfold-
to be adequately described by a two-state=NJ model. ing occurs leading to a partial loss of protection against HX.
Unfolding at pH 3 Cannot Be Described by a Two-State  In fact, the data in Figure 5A do suggest that unfolding in
N = U Model. In equilibrium studies of the unfolding of 2.2 M GdnHCI at pH 3 occurs in multiple steps. Near-UV
Trx at pH 3, the observation that the equilibrium unfolding ellipticity is lost in less than 10 s, corresponding to formation
curve determined by monitoring the change in the near-UV of intermediate 4, and then over a 50 s time domain,
CD signal does not coincide with that determined by intermediate 4 with a tryptophan fluorescence lower than
monitoring the change in fluorescence or far-UV CD that of N is formed. Finally, at equilibrium, intermediate |
indicates that at least one intermediatg,i$ populated in which has U-like near-UV ellipticity and a partial loss of
equilibrium with N and U. In HX-MS studiesgImanifests protection against HX is formed along with U. In the kinetic
itself as a species with a U-like lack of stability to exchange unfolding experimentsni 3 M GdnHCI monitored by HX-
in at least a subset of the 33 amide hydrogens that are stabléVS, an initial transient kinetic intermediate similar t9With
to exchange in N. Given that the extent of protectiongdn | partial protection, is seen at early times of unfolding (Figure
straddles that seen in U and N, it is likely thatrésembles 4B). At later times of unfolding,d is not populated to a
an ensemble of structures, in each of which a different subsetdetectable extent (Figure 4B).
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of an intermediate, |, that immediately precedes the transition
state on the unfolding reaction pathway. At pH 3, this
pH 3 intermediate is seen to be populated at equilibrium at
concentrations of GdnHCI in the range of 22.8 M, and
it is seen to be populated transiently during the unfolding
process 83 M GdnHCI.

Transient Aggregation during Unfoldingn this study, it
has been shown that the unfolding of Trx is decelerated at

. I L . higher protein concentrations at pH 3, but not at pH 7. Since
Ficure 8: Stabilization of an unfolding intermediate at low pH. : . . .
At pH 7, the barrier to unfolding is high, and the free energy the€ native protein does not aggregate at either pH, it appears
diagram shows that the energy of the intermediate is too high for that the form of the protein that aggregates is partially
it to be detected. Unfolding therefore appears to be a two-state unfolded intermediate I, which is populated at pH 3 but not

process. At pH 3, the barrier to unfolding is lowered. The free at pH 7. The transient aggregation process during unfolding
energy diagram shows that the stabilization of the transition state can be depicted as

is accompanied by stabilization of I, which immediately precedes
it on the reaction coordinate. U represents which equilibrates
slowly with Uy (see the text). N~ [ - v

pH7

Free energy

Reaction coordinate

Thus, the unfolding of Trx at pH 3 can be represented as

aN==1==U system, where I, =1, = I, an ensemble Since the rate and extent of aggregation of | will be
of intermediates that are populated differentially at different dependent on protein concentration, the overall rate of

Gdnl_—leIZI conlcentrationﬁ in thr? range of 22 M. Itdseebms unfolding will be expected to decrease at high protein
possible to place | on the pathway between N and U because,centrations. At low protein concentrations, transient

both the rates of formation and disappearance of its j ; P
. garegate A will not be populated significantly, and the
componentd can be measured in 2.2 and 2.3 M GdnHCl  h¢61ding rate will remain effectively invariant. At pH 7,

(Figure 6). It is seen that the rate of disappearance & | s gpserved unfolding rate constant is independent of protein
_the same as the rate of formanon of U. If | were off-pathway concentration because aggregatedbes not form to any
in an == N = U mechanism of unfolding, then would  qjqhificant amount, as a result of 1 itself not being populated
f|r_st have to refold fo_r unfol_dmg to oceur. Such refolding to a significant extent. In previous studies of the folding of
will become slower with an increase in GAnHCI concentra- ge,era] proteins, it had been shown that transient aggregation
t]on. Since such a refolding step cannot be detected, it is of folding molecules §5—70) may occur at high protein
likely thf"‘t IZ_ and, hence, | WUSt be on—pathway. concentrations. Transient aggregation of intermediates that
Stat?|l|zat|on.of an Unfolding Intermediate at Low the fold directly to native protein may decelerate foldingg(
unfolding s_tudles at pH 7 and 3, reported here, |nd|cat¢ that7o)_ Here, it is shown that transient aggregation of an
the unfolding of Trx proceeds through a set of partially j,iermediate that directly unfolds to an unfolded protein can
unfolded intermediates, |, which are stable and hence yecelerate unfolding. The observation that transiently and
populated at pH 3 but unstable and hence not populated atya tia|ly unfolded intermediates can aggregate is important
pH 7. Moreover, the slow unfolding phase is faster at the hocq,5e of the presumption that native proteins are trans-
lower pH, indicating that the transition state too is stabilized ¢, med into the amyloid fibrils that characterize many

at low pH. This result suggests that the intermediate and yiseases, only after first unfolding transiently and partially
transition state are either stabilized by an electrostatic 7).

interaction present only at pH 3 or destabilized by a repulsive

electrostatic interaction present only at pH 7. The pl of Trx ACKNOWLEDGMENT
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