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ABSTRACT. Described here is a mass spectrometry- and H/D exchange-based approach for the detection
of equilibrium intermediate state(s) in protein-folding reactions. The approach utilizes the stability of
unpurified proteins from rates of H/D exchange (SUPREX) technique to measureviee (i.e.0AG/
o[denaturant] value) associated with the folding reaction of a protein. Such SUPREXuUe analyses

can be made over a wide range of denaturant concentrations. Thus, the described approach is well-suited
for the detection of high-energy intermediates that might be populated at low denaturant concentrations
and hard to detect in conventional chemical denaturation experiments using spectroscopic probes. The
approach is demonstrated on four known non-two-state folding proteins, includiagtalbumin,
cytochromec, intestinal fatty acid binding protein (IFABP), and myoglobin. The non-two-state folding
behavior of each model protein system was detected by the described method. The cytogchrome
myoglobin, and IFABP systems each had high-energy intermediate states that were undetected in
conventional optical spectroscopy-based studies and previously required other more specialized biophysical
approaches (e.g., nuclear magnetic resonance spectroscopy-based methods and protease protection assays)
for their detection. The SUPREX-based approach outlined here offers an attractive alternative to these
other approaches, because it has the advantage of speed and the ability to analyze both purified and
unpurified protein samples in either concentrated or dilute solution.

A full understanding of the processes by which proteins generated using multiple spectroscopic probes [e.g., fluo-
fold into their native three-dimensional structures requires rescence and circular dichroism (CP(1). The coincidence
the biophysical characterization of not only the native and of unfolding transitions monitored by different structural
denatured state(s) but also the partially folded intermediate probes is often used to support two-state folding models,
state(s) that may be populated in their folding/unfolding and the non-coincidence of such transitions is often used to
reaction. In many cases, the detection of protein-folding support non-two-state or multistate models of protein folding.
intermediate state(s) can be challenging because they aré®ne problem with such conventional spectroscopy-based
often poorly populated and thus escape detection by manyapproaches is that the unfolding transition often occurs at a
biophysical techniques. The apparent absence of partiallyhigh denaturant concentration, where high-energy, partially
folded equilibrium states in the protein-folding reactions of folded intermediate states are not often heavily populated.
many small, single-domain proteins has led to the develop- Thus, a protein that appears to have a cooperative, two-state
ment of two-state thermodynamic models for their folding unfolding transition at high denaturant concentrations may
and unfolding reactions, in which only the native and not display such behavior at low denaturant concentrations
denatured states are assumed to be populated. However, ther in the absence of the denaturant. More recently, several
appropriateness of such two-state models can sometimesiew biophysical approaches have been explored for the
come into question, because a protein system that appearsletection of partially folded equilibrium unfolding intermedi-
to be a two-state folder may populate partially folded ates 2—5).
intermediate states that have escaped detection. Here, we report on a new experimental approach for the

The most common experimenta| approaches for dif- assessment of two-state fOIdIng The approach utilizes the
ferentiating two-state and non-two-state folding behavior Stability of unpurified proteins from rates of H/D exchange
have involved measuring the cooperativity of chemical (SUPREX) technique&-10) to probe the chemical denatur-
denaturant-induced equilibrium unfolding transitions and/or ant-induced equilibrium unfolding properties of proteins at

measuring the coincidence of such unfolding transitions 10w denaturant concentrations. The approach outlined here
is analogous to the native-state nuclear magnetic resonance

(NMR) approach that has been described by Englander and
co-workers 4). However, SUPREX relies on a matrix-
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assisted laser desorption ionization mass spectrometry (MAL-containing the different GdmCI concentrations were incu-

DI—MS) readout; therefore, unlike the native-state NMR

bated at least 15 min before the spectroscopic measurements

method, the methodology described here is not limited to were taken. Results from an earlier stu@2)(show that this

the analysis of protein-folding reactions in highly concen-

15 min equilibration time is more than adequate for myo-

trated and purified protein samples. Rather, it can be appliedglobin to reach equilibrium. A quartz cuvette with a light

to dilute protein samples containing multiple protein com-
ponents {1). This facilitates biophysical studies of protein-
folding reactions under more biologically relevant solution
conditions.

Described here is the application of SUPREX to the
detection of partially folded intermediate states of four model
protein systems, includingi-lactalbumin, cytochromee,
intestinal fatty acid binding protein (IFABP), and myoglobin.
Three of the four model protein systems in this study (i.e.,
cytochromec, IFABP, and myoglobin) display two-state
folding behavior in conventional chemical denaturant-
induced equilibrium unfolding experiments2—14), but the

path length of 1.0 cm was used. The difference spectral
measurements of myoglobin were monitored at a wavelength
of 408 nm.

The conventional equilibrium unfolding studiesaflac-
talbumin, cytochrome, and IFABP were carried out on an
Applied Photophysicsr*-180 spectrometer (Applied Pho-
tophysics Ltd., Leatherhead, Surrey, U.K.). The unfolding
reactions ofr-lactalbumin and cytochronmewere monitored
by CD, and the unfolding of IFABP was monitored by
fluorescence. Foa-lactalbumin and cytochrome the CD
denaturation experiments were performed by using an
automated titrator system. The CD signal was monitored at

population of partially folded intermediate states has been 220 nm. Titrations were set up by mixing 0caé M GdmCl
observed in other biophysical studies of these three proteinssolutions containing the protein in 20 mM Tris buffer (pH

at low denaturant concentratiorisb(-20). In the case of the
fourth protein,a-lactalbumin, there is biophysical evidence
for non-two-state folding behavior at a wide range of
denaturant concentration21).

EXPERIMENTAL PROCEDURES

Materials. Deuterium oxide (99.9 atom %D), sodium

deuteroxide, and deuterium chloride were purchased from

Aldrich (Milwaukee, WI). Deuterated phosphoric acid was
obtained from Cambridge Isotope Laboratories (Andover
MA), and guanidinium chloride (GdmCI) (OmniPur) was
from EM Science (Gibbstown, NJ). Sinapinic acid (SA) was
either from Acros Organics (Pittsburgh, PA) or from Aldrich.
Trifluoroacetic acid (TFA) was from Halocarbon (River
Edge, NJ), and acetonitrile (MeCN) was from Fisher

7.4). The mixing duration time was 60 s. After a delay of 5
s, 5000 optical signal data points were recorded over a time
course of 30 s and the signals were averaged. Results from
earlier biophysical studies anlactalbumin and cytochrome

c suggest that the above mixing and delay times were
sufficient for the protein samples to equilibrag8(25). The
fluorescence denaturation of IFABP was also performed with
the titrator system. The total fluorescence was monitored
using a filter with an optical cutoff of 305 nm. Excitation
was at 280 nm. The titration was performed by mixing 0

» and 10 M urea solutions containing 20 mM sodium phos-

phate, 100 mM potassium chloride (pH 7.5), and the protein.
The mixing duration time was 60 s. After a delay of 5 s, the
fluorescence signals were recorded over a time course of 30
s and the signals were averaged. Results from earlier
biophysical studies on IFABP suggest that the above mixing

(Pittsburgh, PA). Trizma base and the protein samples gnq gelay times were sufficient for the protein to equilibrate

(bovine ubiquitin, bovinen-lactalbumin, horse heart cyto-
chrome ¢, and horse skeletal muscle myoglobin) were

(12.
The final protein concentrations in all of the spectroscopy-

purchased from Sigma (St. Louis, MO) and used without pased denaturation experiments were in the-20 yM

further purification. The IFABP was kindly provided by

Professor Carl Frieden (Washington University).
InstrumentationAll MALDI spectra were collected on a

Voyager DE biospectrometry workstation (Perspective Bio-

range.
The calculation ofm values in the spectroscopy-based

denaturation experiments was based on the linear extrapola-

tion method (LEM) () that exploits the well-documented

systems, Inc., Framingham, MA) using a nitrogen laser (337 jinear relationship between the apparent unfolding free energy

nm). SA was the matrix in all experiments. All spectra were

of a protein and the denaturant concentration described in

obtained in positive-ion mode using an acceleration voltage gq 1

of 25 kV, a grid voltage of 23 kV, a guide-wire voltage of
75V, a delay time of 225 ns, and 282 laser shots.

GdmCl concentrations were determined with a Bausch and

Lomb refractometer as described previously. (Measure-

AG, 3pp=

1)

In eq 1,AGyappis the apparent unfolding free energy at a

AG,, o — m[denaturant]

ments of pH were performed with a Jenco 6072 pH-meter given denaturant concentration. It is calculated from the
equipped with a Futura calomel pH electrode from Beckman fraction of unfolded proteinKapy) using eq 2

Instruments. To correct for isotope effects, the measured pH

of each DO solution was converted to pD by adding 0.4 to
the pH value.

Corwentional Equilibrium Unfolding Studie3he unfold-

ing of myoglobin was monitored by absorbance using a
Hewlett-Packard 8452A diode array UV/vis spectrophotom-

AG 4pp= —RTIN[F,,J(1 — Fyp)] (2
Values forF,,p were determined according to eq 3
I:app= - yf)/(yu - yf) (3

eter. The GAmCI denaturation solutions contained 20 mM wherey is the optical signal when the protein is equilibrated

sodium acetate and 20 mM potassium chloride at pH 5.8.

at a given denaturant concentration apcandy, are the

This pH condition was used because it matched that used inoptical signals of the folded and unfolded forms, respectively,

ref 14. The myoglobin-containing denaturation solutions

at each denaturant concentration in the unfolding transition.
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Ultimately, a AGy app Versus [denaturant] plot was con- Amass= AM. + a
structed for the data in the unfolding transition of each protein 0 [denaturang-C22_ )
and a linear least-squares analysis of the data was used to 1+e f) 4)
extract slope ang-intercept values, which were taken as
the m and AG, values, respectively. In eq 4,AMy is the Amass before global exchangeis the

SUPREX AnalysesThe basic protocol used for the amplitude of the curve in Da, [denaturant] is the denaturant
1/2

SUPREX analysis in this work was essentially identical to concentrationCgjprex is the [denaturant] at the transition
that described previously8), except that a 12-channel midpoint of the curve, g_ntj |sapar_ameterthat describe the
pipettor was used to reduce the time for pipetting by steepness of the transmor_m Equat|0n4wgs a_dapt_ed from the
transferring solutions in a batch instead of one by one. Also, 9€N€rC Jgur-parameter sigmiodal equation in Sigma Plot.
to minimize the back-exchange of deuterons to protons, the 1€ CsuprexValues obtained from eq 4 were then used in
quenched samples were loaded on a cold stainless-steefd © 10 determine thevalue and the unfolding free energy
MALDI sample stage and incubated in a vacuum desiccator &,
at 0 °C for 1-2 min before going into the MALDI mass RTIn( int
spectrometer for analysis. No attempt was made to correct 0.693
for the back-exchange of deuterons to protons during the
MALDI sample preparation and analysis. Back-exchange

(N4O%) did occur. Howeyer, it was relatively constant Wit.hin the denaturant in kcal mol, R is the gas constant in kcal
a given SUPREX experiment (i.e., for all of the data. points i1 KL, Tis the temperature in Kelviri s the average
in a SUPREX curve). Thus, the back-exchange reaction only ingic H/D exchange rate for an amide proton i, and
affected the amplitude of our SUPREX curves. It did not s the H/D exchange time in seconds. This equation is valid
impact our ability to determine the transition midpoint of a ¢ &0 \alues oft, such that theC2,., value is greater
curve (see below). than or equald 0 M GdmCI. The derivation of eq 5 can be
The GdmCI buffers (pD 7.4) used forlactalbumin and found in ref9. Values for B:[dwere estimated using the
cytochromec contained 20 mM sodium phosphate. The relationship 1875 min=! (6), and they were assumed to be
GdmCl buffers (pD 5.8) used for myoglobin contained 20 independent of the denaturant concentrati®®).(
mM sodium acetate and 20 mM potassium chloride. The urea  The CiZprex Values used to generate tHRT In([Kin
buffers (pD 7.5) used for IFABP contained 20 mM sodium 0.693— 1) versusCseprexValue plots in this work were the
phosphate and 100 mM potassium chloride. The working average of 24 determinations (i.e.,24 SUPREX curves
concentrations of each protein in our SUPREX analyses werewere recorded at each H/D exchange time (see Table 1).
similar to those used in our optical experiments (i.e., in the Ultimately, linear least-squares analyses of the resulRig
10—20 uM range). In((K[0.693 — 1) versusCagprex Value plots yielded a
All of the H/D exchange times used in our SUPREX Slope andy intercept. The slope was taken as thevalue.
analyses oru-lactalbumin, cytochrome, and myoglobin ~ According to eq 5, the intercept corresponds to th&G,
were long compared to reported unfolding and refolding value of the protein when it is a two-state folder. SUdB, .
times of these proteins in denaturant-containing buff2@s-( values are not reported hgre becau;e they are not meaningful
25). However, this was not the case for IFABP, which has for the non-two-state folding proteins.
been reported to take 20 s to unfold and refold in RESULTS
denaturant-containing bufferd?). Thus, it was necessary
to use the “pre-equilibrium” SUPREX protocol that we  SUPREX Analyse3he four model proteins in this study
recently reported on to collect the IFABP SUPREX curves (a-lactalbumin, cytochrome, IFABP, and myoglobin) were
at short H/D exchange times (i.e., those between 15 and 1208ach subject to a SUPREX analysis that involved the
s) (10). The protonated denaturation buffers (pH 7.5) used ach|S|t|on.of SUPREX curves using a series .of d|fferer_1t
in conjunction with the pre-equilibrium protocol contained €*change times that ranged from 0.25 to 1325 min depending
20 mM sodium phosphate and 100 mM potassium chloride. UPON the protein (see Table 1). Shown in Figure 1 are
The urea concentrations in these protonated buffers a|sorepresentatlve SUPREX curves pbtalned for. each protein
matched those in the deuterated H/D exchange buffers. TheUsiNg short and long exchange times. Equation 4 (see the

IFABP samples were pre-equilibrated in the protonated E>1</|2er|men|tal fProcedurhes) was employed ;O hextralct a
denaturation buffers for 30 min prior to their dilution into Csuprex Value from each SUPREX curve, and the values
the deuterated H/D exchange buffers. extracted from each SUPREX curve recorded in this study

o are summarized in Table 1.
m-Value Determination by SUPREXhe m-value deter- One general observation that can be made regarding the

minations in this work were made by recording a series of SUPREX data in Figure 1 is that the amplitudes of the curves
different SUPREX curves at different H/D eXChange times. obtained using the |0nger exchange time were smaller than

The Amass values used to construct each SUPREX curvethe amplitudes of the curves obtained using the shorter
(i.e., theAmass versus [denaturant] plot) were the average exchange time. This is a result of the pretransition baseline
values determined from 5 to 10 MALDI mass spectra. The of the curves collected at the longer exchange times being
data points in each SUPREX were fit using a nonlinear shifted to higherAmass values. Such shifts are observed
regression routine in Sigma Plot to the following sigmoidal because H/D exchange reactions resulting from local unfold-
equation: ing reactions in the protein (i.e., so-called local H/D exchange

- 1) = ~MCqprex+ AG° 5)

In eq 5,mis defined as-0AG/d[denaturant] in kcal mott
M~ AGC is the free energy of unfolding in the absence of
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Table 1: SUPREX Exchange Times and Val@xe of Model A.
Protein Systems in This Work 90 1.2
— 1.0
exchange time (min) CE2 e (M) S 8o o8
o-lactalbumin 15 1.7 \5; 70 . %
30 1.3 g 0.6 L
60 1.2 S 60 0.4
9 0.9 < 02
180 0.8 50 ’
240 0.6 " 0.0
cytochromec 1:(3) ié 0 1 2 3 4 5 6
30 1.7 [GdmCI] (M)
45 15 B
60 15
90 1.4 e
120 1.3 ©
150 1.1 Q 5 g
180 1.0 0 0w’
(2]
IFABP 0.25 3.5 © 40
0.5 3.4 =
1 2.9 < 30
2 2.3
3 2.1 20
10 1.9 0 1 2 3 4 5
30 1.6
60 1.5
100 13 C. w®
140 1.1 < T
200 0.8 Q e
myoglobin 15 0.8 b o
45 0.6 g 50 =
60 05 S w w
105 0.4 < .
195 0.4 0
420 0.4 20 -0.2
1325 0.4 0 2 4 6 8
aEach Cedprex Value is the average value obtained from 4
SUPREX curves. The standard deviation associated with each value D.
was typically+0.1 M.
©
. . . y =} o
reactions) largely define th&mass value in the pretransition @ g
baseline. As the H/D exchange time is increased in the & L
SUPREX experiment, the local H/D exchange reactions %
proceed further toward completion; therefofenass values
in the pretransition region also increase. It is important to
note, however, that the local H/D exchange reactions defining 0 05 10 1520
the pretransition baselines of SUPREX curves do not have [GdmCI] (M)

a significant denaturant dependence. ThusAttrass values  Figure 1: Chemical denaturant-induced equilibrium unfolding
in the pretransition baseline of a specific SUPREX curve curves obtained for (Ay-lactalbumin, (B) cytochrome, (C)
are generally constant. In contrast, the globally protected IFABP, and (D) myoglobin using SUPREX®(and M and lefty

xes) and conventional spectroscopy-based techniquasd right
protons generally have a strong denaturant dependence t@axes). The SUPREX curves farlactalbumin were collected with

their H/D exchange reactions. Ultimately, this strong dena- g4"min @) and 15 min M) H/D exchange times: the SUPREX
turant dependence creates the transition region of a SUPREXcurves for cytochrome were collected with 45 r’ninq) and 3

curve, and it is the transition region that defines the most min (@) H/D exchange times; the SUPREX curves for IFABP were

i /2 collected with 30 min@®) and 2 min @) H/D exchange times; and
i/malpzjoertant parameter of a SUPREX curve, tprex the SUPREX curves for myoglobin were collected with 420 min

" ) . (®) and 15 min W) H/D exchange times, respectively. The
Notably, the Cgjprex Values obtained for each protein  conventional CD denaturation data enlactalbumin and cyto-

were shifted to lower denaturant concentrations when longerchromec were collected using CD spectroscopy as a structural
exchange times were used in the SUPREX experiment. ThisProbe, and the denaturation data for IFABP and myoglobin were

: : : : : collected using fluorescence and BVis absorbance spectroscopy,
is predicted by eq 5, which has been previously described respectively, as a structural probe. Error bars representihg

for the analysis of SUPREX datd,(9). Equation 5 also  gtandard deviation are included for the first SUPREX curve in each
predicts that a plot oRT In((Ki[#/0.693 — 1) versus the  case. The error bars are typical of those obtained in all of our

ObservedCéILZJPREX values will be linear for proteins that SUPREX experiments. Error bars for the optical experiments are
meet the requirements of so-called “ideal proteins”. Ideal not shown, because they were less than the size of the symbol.
proteins for SURPEX analyses include those that exhibit

reversible, two-state unfolding and EX2 exchange behavior. Calorex Values were constructed for each protein in this
Plots of RT In((K[0.693 — 1) (i.e., AGyap) Versus study (see Figure 2) using the data in Table 1. Interestingly,
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FiGUre 2: Apparent free energy versus denaturant concentration
plots for (A) a-lactalbumin, (B) cytochrome, (C) IFABP, and
(D) myoglobin derived from SUPREX dat@(and lefty axes)
and conventional spectroscopy datagnd righty axes). The solid

lines represent the best linear least-square fitting of the data to either

eq 1 for the spectroscopy data or eq 5 for the SUPREX data. Note
that AGy appcorresponds to thBT In(Ei[{0.693— 1) term in eq

5. In B and C, the SUPREX data in the specified regions (i.e., |,
Il, and IIl) were independently fit to eq 5.

only the a-lactalbumin data were well-fit to eq 5. Tha
value extracted from the fitting is given in Table 2.

The movement 0€55 ey values with the exchange time
was not well-described by eq 5 for cytochromelFABP,
and myoglobin. However, in the case of cytochroonend
IFABP, it is noteworthy that specific regions of tiT In-
(i 1/0.693— 1) versusCy2orexvalue plots could be well-
fit to eq 5. These regions are depicted in Figure 2. The
values extracted from the fitting of these individual regions

Dai and Fitzgerald

Table 2: Thermodynamic Parameters Obtained by SUPREX for the
Model Proteins in This Study

mvaluet
(kcal moirt M%)

1.6:0.2

a-lactalbumin

cytochromec 1.3+ 0.1 (region 1,<1.5 M GdmCl)
3.0+ 0.1 (region 11,>1.5 M GdmCI)
IFABP 1.0+ 0.1 (region I,<1.5 M urea)
2.7+ 0.1 (region 1, 1.5-2.1 M urea)
0.9+ 0.1 (region Ill,>2.1 M urea)
myoglobin N/A

2 Values calculated using SUPREX data in Figure 2 as described in
the Experimental Procedures. Reported errors are the standard errors
of fitting.

Table 3: Thermodynamic Parameters Obtained by a Conventional
Spectroscopy-Based Method for Model Proteins in This Study

mvaluet AG2
(kcal molt M%) (kcal mol?)
a-lactalbumin 1.4+ 0.1 (1.3) 3.0+ 0.2(3.%)
cytochromec 2.8+ 0.1(3.0) 7.4+0.2(8.%)
IFABP 1.7+£0.1(1.8) 9.240.3(10.0)
myoglobin 5.4+ 0.2 (4.48) 5.8+ 0.2(5.3)

a2 Thermodynamic parameter determined from conventional dena-
turation data acquired in this work using LEM. Values are reported
with standard error. Values in parentheses were previously reported
by others.” Values were estimated from denaturation data in2ef
¢ Data are from refL3. ¢ Data are from refl2. ¢ Data are from refl4.

RT In([Kn[10.693 — 1) versusCygprex Value plot of the
SUPREX data obtained for this protein was nonlinear.

Corventional Equilibrium Unfolding Studie€onventional
chemical denaturation curves utilizing various spectroscopic
probes were also used to characterize the denaturant-induced
equilibrium unfolding properties of the four model proteins
in this study. Shown in Figure 1 are the conventional
chemical denaturation curves recorded for each protein in
this study. Note that these denaturation curves were recorded
under solution conditions that were similar (e.g., the same
buffer composition, pH, and temperature) to those used to
acquire the SUPREX curves in this work, with the exception
that the SUPREX buffers were prepared inCband the
conventional denaturation buffers were prepared i®H

The conventional denaturation curves in Figure 1 were
used to evaluatAG, andm values for each model protein
according to the LEMY). In this method, the data points in
the transition region of each unfolding curve were used to
calculate an apparent unfolding free enerdfzy app value,
at each denaturant concentration in the transition region, and
plots of AGy appVversus [denaturant] (see Figure 2) were used
to calculateAG, andmvalues for each protein, as described
in the Experimental Procedures. These values are sum-
marized in Table 3. Note that the spectroscopy-deri&qg
and m values determined in this work were in reasonably
good agreement with similar values previously reported in
other denaturation experiments on these same proteins, albeit
under slightly different solution conditions (see Table 3).

DISCUSSION
SUPREX and Carentional Spectroscopy-Based Data.

of the cytochromes and IFABP SUPREX data in Figure 2  There are important parallels between SUPREX and con-
using eq 5 are summarized in Table 2. Note that a SUPREX ventional spectroscopy-based approaches for the thermody-
derivedm value is not reported for myoglobin because the namic analysis of protein-folding reactions. Both approaches
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utilize chemical denaturants and rely on a linear extrapolation population of partially folded intermediate states in the
method to evaluate thAG, and m values associated with  denaturant-induced equilibrium unfolding reaction of the
the folding/unfolding reaction of a protein in the absence of protein @0). Indeed, the population of at least three states
the denaturant. Both approaches also require that similar(folded, unfolded, and partially folded) has been reported
assumptions (e.g., reversible and two-state unfolding) befor the GdmCI-induced equilibrium unfolding reaction of
valid for the accurate determination of such values. In theory, a-lactaloumin 21). This earlier work utilized multiple
the AG, andmvalues derived by SUPREX and conventional structural probes (i.e., near-UV CD and far-UV CD spec-
spectroscopy-based approaches should be the same provideioscopy) to detect the non-two-state folding behavior of
that the additional assumptions required by SUPREX (i.e., a-lactalbumin 21). It is also noteworthy that this partially
EX2 exchange and a random coil-like denatured state) arefolded state ofu-lactalbumin appears to be populated at a
also met. This has been demonstrated for several two-statavide range of GdmCI concentrations.

folding systemsg; 10). The RT In([/0.693 — 1) values calculated fon-lac-

The proteins studied in this work were assumed to be in talbumin in the SUPREX experiment were consistently
the EX2 exchange regime. Indeed, the results of the masshigher than theAG, appvalues calculated in the CD experi-
spectral analyses in this study were consistent with EX2 ment (see Figure 2A). In theory, the SUPREX and CD
exchange behavior (i.e., only one protein ion signal was denaturation data foa-lactaloumin shown in Figure 2A
observed in each mass spectrum, and the double peakshould coincide with each other at the denaturant concentra-
indicative of EX1 exchange were not detected). Recently, tions in which they overlap. The presence of “super-
we have also shown that problems associated with non-EX2protected” amide protons in the unfolded statenefactal-
exchange behavior in SUPREX can generally be minimized bumin may be one explanation for the discrepancy between
if H/D exchange times are chosen so tf e, values the two data sets. Super-protected amide protons (i.e., amide
are< ~2 M (27). This was the case for all of the experiments protons that appear to exchange significantly slower than
in this work, with the exception of several IFABP SUPREX the global stability of the protein predicts) have been
curves collected at short exchange times. observed in NMR-based H/D exchange studies of several

An important difference between SUPREX and conven- Other proteins that appear to have structured denatured states
tional spectroscopy-based methods for the thermodynamic(31—33). Interestingly, the results of other biophysical studies
analysis of protein-folding/unfolding reactions is that a much have suggested that the denatured statelattalbumin may
longer linear extrapolation is required for the evaluation of not be a random-coil-like configuration but that some
AG, andm values by conventional spectroscopy methods Structure might persisB).
than by SUPREX (see Figure 2). This is because the Cytochrome c.Unlike o-lactalbumin, the equilibrium
Caiprexvalue of a SUPREX curve is not only a function of  unfolding behavior of cytochromevaried with the denatur-
the AG, and m values of a protein, as in the case of the ant concentration. Similarly, largm values of 3.0 and 2.8
conventional methods, but it also depends ufigrdand kcal mol* Mt were determined by SUPREX and CD at
the exchange time,(6). The use of longer exchange times high denaturant concentrations (i.e.1.5 M). The magni-
in the SUPREX experiment moves th’ . value of a  tudes of both the CD- and SUPREX-derivetvalues in
SUPREX curve to lower denaturant concentrations. It is this these high denaturant concentrations were similar to the value
feature of SUPREX that enables the analysis of protein- of 2.8 kcal mot! M~ that is expected for a two-state folding
folding reactions at low denaturant concentrations. For protein the size of cytochrome (29). Significantly, the
example, in our earlier work on ubiquitii@), it was possible SUPREX experiment enabled the unique ability to measure
to generate SUPREX curves Wimé’spREx values ranging themvalue of cytochrome at low denaturant concentrations
from 1 to 3 M GdmClI, even though the unfolding transition (i.e., <1.5 M). In this denaturant concentration range, a
of the protein occurs at GAmCI concentrations between 3 relatively smalimvalue of 1.3 kcal mot* M~* was recorded.
and 5 M. In the case of ubiquitin, the same linear dependence The smallm value determined in our SUPREX experi-
of the unfolding free energy on the denaturant concentration ments on cytochrome at denaturant concentrationsl.5
(i.e., mvalue) was found in the-13 M range by SUPREX M is indicative of non-two-state folding and the population
as was found in the-25 M range by the conventional CD  of partially folded intermediate state(s) at such low denaturant
spectroscopy-based method. Such behavior is consistent withconcentrations30). While such partially folded intermediate
the well-established two-state folding behavior of ubiquitin - state(s) went undetected in the conventional CD denaturation
in denaturant-induced equilibrium unfolding experiments, experiments reported here and elsewhet® @5), their
which was also detected in a Comparable low GdmClI presence has been noted in other stud'[E&—QO). For
concentration range (1-5..8 M) probed by NMR Z8). example, there is electrochemical evidence of their existence,

o-Lactalbumin.The m values determined far-lactalbu- as well as data obtained using proteolysis and MAEMIS
min by SUPREX and the conventional CD denaturation that supports their existencd§ 19). Native-state NMR
method (1.6 and 1.4 kcal mdlM 1, respectively) are very  studies performed on cytochroroalso revealed the presence
similar, and they are relatively small compared to that of partially folded states20) Significantly, the results of
expected for a two-state folding protein the sizeosfac- these earlier studies all indicated that the population of the
talbumin (i.e., 142 amino acids with 4 disulfide bonds). A equilibrium intermediate state(s) was strictly dependent upon
two-state folding protein of such size would be expected to the denaturant concentration, with the population of these
yield anm value of 2.4 kcal mol' M~1 according to the  state(s) being favored at lower denaturant concentrations. Our
data presented by Myers and co-worke28)( The lowm SUPREX data accurately detected such equilibrium unfolding
value measured fouo-lactalbumin is consistent with the behavior for cytochrome.
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As in the case witlu-lactalbumin, there is a discrepancy M range) (7). *F NMR was also used to detect an
between the SUPREX-deriveliG, pp values and the CD-  intermediate state that went undetected by fluorescence, CD,
derivedAG, sppVvalues at overlapping denaturant concentra- and absorption measuremeni$)( This intermediate state
tions (see Figure 2B). Again, this discrepancy is most likely was found to be populated betweenr M urea and had
related to the super-protection of amide protons in the very little secondary structure.

unfolded state of cytochrome In the case of cytochrome The three different linear phases of our SUPREX data are
¢, such super-protection has been documented in native-statgonsistent with the H/D exchange of IFABP, being described
NMR experiments by Englander and co-worke§)(In their by at least three different equilibria over the range of

NMR and H/D exchange studies on cytochromEnglander  denaturant concentrations studied in our SUPREX experi-
and co-workers observed the super-protection of some amidements, 8-4 M. Because it was not possible to obtain
protons to be on the order of 2 te30-fold (36). It is SUPREX and fluorescence data in overlapping denaturant
noteworthy, that &k[value reduction of 70-fold (i.e., using  concentrations, it is not clear if the presence of phase Ill in
a value of 0.06 s* instead of 4.2 s') would eliminate the ~ our SUPREX data is an artifact of the IFAPB intermediate
discrepancy between our SUPREX- and spectroscopy-detected by'®F NMR or if an additional intermediate state
derivedAG, appvalues. This degree of super-protection that of IFABP has been detected in our SUPREX experiments.
is observed in our SUPREX experiments is within the same Detailed information about the states populated in each
order of magnitude as that observed in the native-state NMR equilibria cannot be ascertained from our SUPREX data.
experiment 20). We note that there is also biological However, the SUPREX data do clearly indicate that the
evidence for such residual structure in the acid denaturedequilibrium unfolding reaction of IFABP is not well-modeled
state of cytochrome (37, 38). by a simple, two-state process at low denaturant concentra-
IFABP. Our SUPREX results with IFABP indicate that tions. This conclusion is consistent with those arrived at in
the equilibrium unfolding behavior of this protein also varied the NMR studies noted above. However, unlike in the NMR
with the denaturant concentration. At low denaturant con- Studies 16, 17), the SUPREX studies described here required
centrations €3.5 M) exclusively probed by SUPREX, three N0 special covalent labeling of the protein and significantly
different regions with three differemt values were observed  €ss protein material was required for analysis.
(Figure 2C). The largeshvalue of 2.7 kcal mol* M~ was Myoglobin.Our SUPREX results on myoglobin indicate
observed at urea concentrations between 1.5 and 2.1 Mthat there is a nonlinear dependence\@, app(i.€., theRT
(region 1), and the two smallenvalues of 1.0 and 0.9 kcal  In((&[{0.693 — 1) values) on [GdMCI]. The nonlinearity
mol~* M~ were observed in the 0:91.5 M and 2.1- 3.5 is especially pronounced at low denaturant concentrations
M ranges, regions | and lll (respectively). None of the (<0.5 M). Similar nonlinearities have been previously
SUPREX derivedn values were similar to then value of observed in other chemical denaturation studies on myoglo-
1.7 kcal mot! M1 determined in our fluorescence dena- bin (39). In these earlier studies that employed conventional
turation experiments. However, it is important to note that spectroscopic techniques, acidic conditions had to be used
the SUPREX and fluorescence data were not obtained atto determine apparenAG values in the low GdmCl
overlapping urea concentrations. In theory, SUPREX curves concentration range<(0.5 M). TheseAG values obtained
recorded at shorter exchange times could move IFABP under acidic conditions were then employed to calculate
C¥2 e values to the higher denaturant concentrations COrresponding\Gap,values at neutral pH. The resulting plot
probed in the fluorescence denaturation experiment. In Of AGappversus [GAMCI] looked very similar to that of our
practice, it was not possible to use H/D exchange times lessSUPREX data in Figure 2D (see Figure 3 in ). It has
than 0.25 mint in the SUPREX experiment because the been suggested that such nonlinearities for myoglobin are
small uncertainties in the H/D exchange timel(-2 s) due to the population of partially folded intermediate states
introduced during pipetting become significant. For example, @ low denaturant concentrationd5. However, other
a 3 s exchange time would be needed to move the IFABP explanations have also been proposed to explain increases
SUPREX curved 5 M urea. Such an exchange time is not in themvalue of a protein at low denaturant concentrations.

practical because the pipet transfer of protein into and then0r €xample, in the case of barnagd€)( potential interac-
out of the exchange buffer takes several seconds. tions between the chemical denaturant and the native protein

were thought to alter the value. Regardless of the source

of the nonlinearity, it is significant to this work that the

nonlinear behavior of myoglobin was directly detected in
ur SUPREX analyses at pD 5.8. No extrapolation of low
H data was needed to arrive at such conclusions.

The folding mechanism of IFABP has been well-studied
(12, 16, 17). The equilibrium unfolding behavior determined
by conventional spectroscopy-based approaches has bee
modeled by a two-state process, because the chemica
denaturation curves recorded by fluorescence, CD, and
absorbance were coincident and cooperative, each yieldingcoNCLUSIONS
an m value on the order of that expected for a two-state
folding protein the size of IFABP~1.7 kcal mott M1) The SUPREXmvalue analyses of the four model proteins
(12, 29). However, several intermediate states have beendescribed here validate the utility of SUPREX for probing
detected using more specialized NMR-based methdfis (  equilibrium unfolding intermediate states in protein-folding
17). For example, NMR studies utilizing two-dimensional reactions. The SUPREX-based approach outlined here suc-
IH-N heteronuclear single-quantum coherence (HSQC) cessfully detected the non-two-state folding properties of all
spectra collected on IFABP revealed the presence of at leasfour model proteins chosen for this study, including the three
two partially folded equilibrium intermediate states of IFABP  proteins with high-energy equilibrium intermediate states that
populated at low denaturant concentrations (i.e., in thé.8 were undetected in conventional optical spectroscopy-based
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studies. The detection of these states previously required 19
other biophysical approaches such as NMR spectroscopy-
based methods and protease protection assays. The SUPREX-

based approach outlined here offers an attractive alternative 20.

to these other approaches, because it can be rapidly applied
to small amounts of purified and/or unpurified protein.
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