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ABSTRACT: Two-dimensional nuclear magnetic resonance spectroscopy has been used to monitor proton-
deuterium exchange rates (kobs) for more than 30 residues in turkey ovomucoid third domain. To test
whether exchange is governed by global unfolding, rates were measured over a wide range of pH and
temperatures where the change in the free energy of unfolding (∆Gu

°) is known [Swint, L., & Robertson,
A. D. (1993)Protein Sci. 2, 2037-2049; Swint-Kruse, L., & Robertson, A. D. (1995)Biochemistry 34,
4724-4732]. Under conditions where EX2 kinetics are observed, a subset of 6-11 residues exhibits a
one-to-one correlation with global stability. These residues are all located in central regions of secondary
structures. Many other sites show varied degrees of correlation with∆Gu

°, while some are slower than
expected on the basis of∆Gu

° alone. Preliminary evidence suggests that the latter is due to deviation
from EX2 kinetics, even though experimental conditions are relatively mild (pH* 3 and 40°C) compared
to those in which deviations were observed for bovine pancreatic trypsin inhibitor. These results, together
with similar observations for hen egg white lysozyme and barnase, suggest that EX2 kinetics should not
be assumed when interpreting exchange studies.

Hydrogen exchange of amide backbone protons is utilized
to identify stabilizing interactions, folding intermediates silent
in other experiments, and ligand binding sites in proteins
(Woodward & Hilton, 1979; Roder, 1989; Scholtz &
Robertson, 1995). Exchange rates are slowed relative to
those of unstructured peptides and have long been postulated
to be affected by surrounding structure (Linderstrøm-Lang,
1955). The mechanism by which protein structure slows
exchange has been much debated (Hvidt & Nielsen, 1966;
Wagner & Wüthrich, 1979; Woodward & Hilton, 1980;
Barksdale & Rosenberg, 1982; Englander & Kallenbach,
1984). Models to explain slow exchange have ranged from
cooperative structural fluctuations with concomitant exposure
of the exchange site (Hvidt, 1964; Englander et al., 1980;
Wüthrich et al., 1980) to solvent penetration through
noncooperative fluctuations (Woodward & Hilton, 1980).
Nevertheless, several proponents of the various models have
agreed upon a two-process model for exchange (Rosenberg
& Chakravarti, 1968; Woodward & Hilton, 1980; Bai et al.,
1994; Qian et al., 1994).
According to the two-process model, exchange occurs via

two competing pathways: (1) global unfolding followed by
exchange from unstructured protein and (2) exchange from
native protein. Often, the slowest exchanging sites in a
protein are assumed to exchange solely by the first pathway;
their exchange rates have been interpreted as measures of
the unfolding equilibrium constant (Ku),1 and therefore
∆Gu

° (Roder, 1989; Jandu et al., 1990; Clarke et al., 1993;
Kim et al., 1993; Loh et al., 1993; Mayo & Baldwin, 1993;

Bai et al., 1994; Perrett et al., 1995). If exchange from a
subset of sites is indeed dominated by pathway 1, then these
sites present an opportunity for testing elements of the two-
process model (Perrett et al., 1995).

The use of hydrogen exchange experiments to analyze
protein stability is based upon three rarely tested assumptions.
First, the slowest exchange is dominated by global unfolding
(pathway 1). Second, the rate of protein refolding is faster
than exchange from the exposed site (EX2 kinetics; Hvidt,
1964). Third, no interactions remain in unfolded protein to
further slow exchange. When these criteria are met,Ku and
∆Gu

° may be calculated from the observed exchange rate
(kobs) and that predicted from unstructured peptides (kint):

and
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1 Abbreviations:∆Gu
°, the change in Gibbs free energy for protein

unfolding; D2O, deuterium oxide; NMR, nuclear magnetic resonance;
HEW lysozyme, hen egg white lysozyme;Ku, equilibrium constant of
unfolding;kint, calculated intrinsic exchange rate;kobs, observed exchange
rate; OMTKY3, turkey ovomucoid third domain; NOE, nuclear
Overhauser effect; pKa, acid dissociation constant;V, the normalized
volume of an amide proton cross-peak;a, amplitude of an exchange
decay curve;t, time in hours;c, a constant value describing the offset
of the exchange curve from zero;K1, equilibrium constant describing
interconversion of native protein states;k1, rate of protein unfolding or
other “opening” event;k2, rate of protein folding or other “closing”
event; pHmin, the pH at which hydrogen exchange is slowest;kmin, the
exchange rate at pHmin; EX1, mechanism of hydrogen exhange in which
kobs is equal tok1; EX2, mechanism of hydrogen exchange in which
kobs is equal tok1/k2kint; PA andPB, the probabilities that sites A and B
are protonated, respectively;kA andkB, the hydrogen exchange rates
for sites A and B;PAB, the probability that an NOE exists between
sites A and B;kAB, the rate of disappearance of NOE AB; BPTI, bovine
pancreatic trypsin inhibitor; RNase A, ribonuclease A.

Ku )
kobs
kint

(1)
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Values ofkint are calculated for any amino acid sequence
according to the procedures of Molday et al. (1972) and Bai
et al. (1993). These predicted rates generally agree well with
those measured in denatured proteins (Roder et al., 1985b;
Robertson & Baldwin, 1991; Lu & Dahlquist, 1992; Radford
et al., 1992; Arcus et al., 1994; Buck et al., 1994). For
clarity, all hydrogen exchange results in this manuscript are
reported as-RT ln(kobs/kint ); values labeled “∆Gu

°” are not
calculated from eq 2 but are determined from independent
thermal denaturation experiments (Swint-Kruse & Robertson,
1995).
Several studies have focused on correlations between free

energies of stabilization and hydrogen exchange. In many
cases,∆Gu

° and the exchange rates have not been measured
independently under the same solution conditions (Kim &
Woodward, 1993; Mayo & Baldwin, 1993; Bai et al., 1994).
Roder concluded that his efforts with BPTI (1989) were
limited by uncertainties in values ofkint in mixed solvents.
Some of the most informative studies have been performed
with helical peptides (Shalongo et al., 1994; Rohl & Baldwin,
1994), the six tryptophan side chains of hen egg white
lysozyme (HEW lysozyme) (Wedin et al., 1982) and the
backbone amide protons of barnase (Perrett et al., 1995).
Shalongo et al. (1994) demonstrated that, for individual
amide protons, the degree of protection from hydrogen
exchange is in good agreement with the fractional helicity
of corresponding carbonyl hydrogen bond acceptors, deter-
mined with 13C-NMR spectroscopy. Rohl and Baldwin
(1994) showed quantitative agreement between slow ex-
change and a well-established statistical mechanical treatment
of hydrogen bonding in helical peptides. The work on HEW
lysozyme provided good evidence for exchange limited by
global unfolding (Wedin et al., 1982). Very recent results
for barnase demonstrate good agreement between stability
measured by hydrogen exchange and calorimetry (Perrett et
al., 1995). In this manuscript, we present a rigorous test of
the relationship between amide proton exchange and∆Gu

°

in turkey ovomucoid third domain (OMTKY3), utilizing a
wide range of experimental conditions. In addition, the
assumption of EX2 kinetics has been tested by examining
the cooperativity of exchange between neighboring amides
using two-dimensional nuclear Overhauser enhancement
spectroscopy (NOESY; Wagner, 1980).
The best way to identify the residues whose exchange is

dominated by global unfolding is by comparing hydrogen
exchange with results of denaturation experiments. These
correlation experiments must be performed under carefully
matched solution conditions, since pH, D2O, varied protein
concentration, and varied ionic strength may affect protein
stability (Hermans & Scheraga, 1959; Jencks, 1969; Lemm
&Wenzel, 1981; Horovitz et al., 1990; Stigter & Dill, 1990;
Šali et al., 1991; Connelly et al., 1993; Swint & Robertson,
1993; Antosiewicz et al., 1994; Swint-Kruse & Robertson,
1995). We have monitored hydrogen exchange for OMT-
KY3 under conditions identical to those of thermal dena-
turation experiments used to determine∆Gu

° (Swint &
Robertson, 1993; Swint-Kruse & Robertson, 1995). Ex-
change experiments have been conducted at 30°C over the

pH range of 1.4-5.0 and at pH 5.0 at temperatures ranging
from 27 to 55°C. To identify those residues that exchange
only when OMTKY3 unfolds, correlation plots have been
constructed to determine which values of-RT ln(kobs/kint)
(eq 2) are equal to∆Gu

° determined from independent
thermal denaturation experiments (Swint-Kruse & Robertson,
1995).

MATERIALS AND METHODS

Domestic turkey (Maleagris gallopaVo) eggs were a gift
from Theis Farms (New Haven, IA); purification of OMT-
KY3 was performed as described by Swint and Robertson
(1993). Deuterium oxide (99.9 atom %, D2O) and sodium
deuteroxide were obtained from Cambridge Isotope Labo-
ratories (Cambridge, MA), and deuterium chloride was
purchased from Stohler Isotope Chemicals (Rutherford, NJ).
Exchange buffer consisted of 10 mM potassium acetate and
10 mM potassium phosphate in D2O; the latter had been
previously lyophilized from D2O to minimize the proton
concentration in the buffer. The pH of all samples was
measured at the beginning and end of each experiment using
an Orion Research model 611 pH meter equipped with a 3
mm Ingold electrode (Wilmad Glass Company, Buena, NJ)
calibrated at two points with standards from VWR Scientific
(West Chester, PA) and Fisher Scientific (Pittsburgh, PA).
The estimated uncertainty in pH measurements is 0.04 pH
units. Values of pH* reported for D2O solutions represent
apparent pH values, without correction for isotope effects.

NMR data were acquired on a Varian UNITY spectrom-
eter, located in the College of Medicine at the University of
Iowa, operating at 500 MHz proton frequency and equipped
with an ID500-5 probe from Nalorac Cryogenics Corporation
(Martinez, CA). Prior to sample preparation, the spectrom-
eter’s variable temperature controller was calibrated using a
methanol standard (Van Geet, 1968). The uncertainty in
these calibrations and in the stability of the temperature
controller is(0.5°C. For each sample, the temperature was
calibrated immediately prior to data acquisition. Shims were
also preadjusted on a sample similar to the exchange sample.

Exchange samples were prepared by lyophilizing aliquots
from a stock solution of OMTKY3. The aliquot volume was
chosen so that the final protein concentration was 2 mM
when redissolved in 800µL of cold buffer. The pH* of the
sample was quickly adjusted, and the sample was filtered
through a Millipore Millex-GV 0.22µm filter unit. A 700
µL aliquot was then transferred to a 5 mm NMR tube. If
exchange was to be monitored below 35°C, the sample was
kept on ice during the preceding manipulations. After
transferring the sample tube to the spectrometer, the lock
signal was monitored in order to determine when the sample
temperature had equilibrated with that of the spectrometer,
the shims were readjusted, and data acquisition was begun.
Equilibration and adjustment usually took 15-20 min. Both
1D and 2D spectra were acquired at 20-30 time points for
most experiments. The sample was kept at the appropriate
temperature in a water bath during long intervals between
time points.

For exchange at pH* 5.0, 48 and 55°C, the sample was
incubated in a water bath at the appropriate temperature for
the desired time interval, exchange was quenched by cooling

∆Gu
°(hydrogen exchange)) -RT ln (Ku)

) -RT ln(kobskint) (2)
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in ice water (Wagner & Wu¨thrich, 1982), and spectra were
acquired at 27°C. The same sample was then returned to
the bath for the next time point. Sample temperature reached
48 °C in less than 20 s and 55°C in approximately 30 s.
Since OMTKY3 amide proton exchange at 27°C is generally
2 orders of magnitude slower than that at 48°C, exchange
during data collection was minimal. Furthermore, since the
time elapsed during acquisition at 27°C was about the same
for each time point, the observed rate constant is a function
of exchange at only the higher temperature (Wagner &
Wüthrich, 1982; Wang et al., 1995). The same argument
holds for the time elapsed while raising the temperature of
the sample from 27°C to the exchange temperature.
During data acquisition, the carrier frequency of the NMR

spectrometer was set on the water signal and the spectral
width was typically 6000 Hz. Two to four steady state pulses
were applied at the beginning of each experiment. The
relaxation delay was 1.5 s. 1D data sets were the sum of 16
transients; each had 8000 time-domain data points. These
experiments took 1 min to complete. Prior to Fourier
transformation, 1D data were zero-filled to 8192 data points.
COSY spectra (Aue et al., 1976) consisted of 256 blocks of
four summed transients; each transient had 1024 time-domain
points. Total acquisition time was 33 min.
COSY experiments were processed using the NMRI option

of SYBYL (Versions 6.0 and 6.1, Tripos Associates, Inc.,
St. Louis, MO) installed on a Silicon Graphics 4D-35
Personal Iris workstation. Data were apodized in each
dimension with an unshifted sine bell prior to Fourier
transformation. The water signal was set at 4.76 ppm and
used as the chemical shift standard. The cross-peaks of CRH/
NH were identified according to the assignments of Rob-
ertson et al. (1988). Proton occupancies were determined
using the integration utility of NMRI. An attempt was made
to compensate for base plane differences between spectra
by subtracting volumes obtained in regions of noise from
cross-peak volumes, but this only diminished data quality.
Therefore, base plane differences have been neglected in rate
determinations. Peak volumes were normalized to the sum
of the volumes of three nonexchangeable peaks: the CâΗ/
CγH cross-peak from Val 41, the CδΗ/CεH cross-peak of
Tyr 20, and either the CâH/Câ′H cross-peak of His 52 or the
CγH/CδH cross-peak of Leu 50. Normalized volumes of
nonexchanging standard peaks usually deviated less than 5%
over the course of the exchange experiment.
Hydrogen exchange rates were determined by fitting

normalized peak volume versus time to the equation

whereV represents the normalized volume of the cross-peak,
a represents the amplitude of the exchange curve,kobs is the
rate of hydrogen exchange,t is the time in hours, andc is a
constant. Nonlinear regression was performed using a
version of NonLin (Johnson & Frasier, 1985; Johnson &
Faunt, 1992) modified to run on Apple Macintosh computers
by Robert Brenstein (Robelko Software, Carbondale, IL).
Rate constants were only determined for sites for which at
least three data points were obtained. In the event of
overlapping peaks, the two rate constants could sometimes
be determined by fitting the data to the sum of two
exponentials (Tu¨chsen & Woodward, 1985a). Values ofkint
for each exchangeable amide proton at all temperatures and

pH* were calculated according to Bai et al. (1993). Ioniza-
tion states of acidic groups, determined from their respective
pKas (Schaller & Robertson, 1995), were included in these
calculations.
Solvent accessible surface areas were calculated using the

crystal structure of silver pheasant third domain (Bode et
al., 1985), which differs from OMTKY3 by only one solvent-
exposed residue (Laskowski et al., 1987). These calculations
were performed with the Lee and Richards algorithm (1971)
as implemented in the program Access by Scott Presnell
(UCSF). Solvent probe radius was 1.4 Å.
For EX1 versus EX2 tests at pH* 3.0, 40°C, exchange

was monitored in real-time with NOESY spectra (Kumar et
al., 1980) collected at 40°C. The number of time points
that could be obtained from one sample was limited to less
than 8 by the 6 h acquisition time. Therefore, additional
time points were obtained from a second sample that was
incubated at 40°C for 1.5 h prior to data collection at 40
°C. Handling differences resulted in different amplitudes
and signal-to-noise in the data of the two samples. Therefore,
the data were simultaneously fit with eq 3 as two separate
peaks monitoring the same event, with a common value of
kobs and separate values ofa andc.
NOESY data were processed using the NMRI option of

SYBYL. Data were apodized in both dimensions with a
Gaussian function using line broadening of 8 and 30 Hz in
the t2 and t1 dimensions, respectively. Data in thet1
dimension were zero-filled once prior to Fourier transforma-
tion. The water signal was set at 4.76 ppm and used as the
chemical shift standard. The cross-peaks for NH/NH and
CH/NH NOEs were identified according to the assignments
of Robertson et al. (1988). Proton occupancies were
determined using the integration utility of NMRI and
normalized to the volumes of nonexchanging peaks, such
as the CRH/CγH of Val 41, the CâH/CγH of Leu 50, and the
CRH/CâH of Tyr 20. All normalized intensities were fitted
with eq 3. In cases where more than one CH/NH cross-
peak could be distinguished for the same residue, the data
were simultaneously fitted with a common value ofkobsand
separate values ofa andc.

RESULTS

Exchange rates for OMTKY3 have been measured over a
wide range of pH* and temperature where∆Gu

° is known
with confidence from independent thermal denaturation
experiments (Swint-Kruse & Robertson, 1995). Buffer and
solvent (D2O) are identical in the studies of hydrogen
exchange and global stability, and the thermodynamics of
unfolding are independent of protein concentration (Swint
& Robertson, 1993). We are thus able to test the assumption
that the most slowly exchanging sites are controlled pre-
dominantly by the global unfolding pathway. Exchange
reactions have been monitored with 2D1H NMR experi-
ments. Typical fingerprint regions, which contain CRH/NH
cross-peaks, of COSY spectra obtained during the course of
an experiment are presented in Figure 1. Cross-peaks for
more than 30 of the 52 possible residues are well resolved
at time zero. The rate of disappearance after dissolution in
D2O was on the order of hours for most peaks, but some
reactions at pH*> 3 were monitored for up to 6 months.
The decay rates for nearly all peaks observed in the spectrum
at time zero could be determined in at least a subset of the
pH* and temperature experiments.

V ) a exp(-kobst) + c (3)
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Most peaks not observed in the initial spectra are from
surface residues, which exchange too fast to measure with
these techniques. To observe a cross-peak, we estimate that
the rate of exchange must bee0.03 min-1, the reciprocal of
the dead time for the experiment. Calculated rates at pH*
2.5 and 30°C, where intrinsic rates are generally slowest,
range from 0.06 to 0.78 min-1, so upper limits for protection
at these sites are 2-25-fold. As intrinsic rates increase with
changes in pH* and increasing temperature, the limit of
detectable slowing also increases. One residue not observed
in the present study is Gly 25. Although Gly 25 exchange
is known to be slow (Robertson, 1988; Robertson et al.,
1988), its cross-peaks were too weak to measure in these
COSY experiments.
First-order decay curves derived from hydrogen exchange

experiments are presented in Figure 2. Observed rate
constants (kobs) were determined by fitting the data with eq
3 and are available as supporting information. Errors of the
fit for kobsvary widely, but repeated experiments at pH* 3.5
and 5.0 are in good agreement. In Figure 3,kobs is compared
to the intrinsic rate of exchange predicted for unstructured
peptides (kint; Bai et al., 1993) as a function of (a) pH* and
(b) temperature. The observed exchange rates from the

protein are slower than the intrinsic rate for all sites but
valines 4 and 6 (data not shown), which have very slow
intrinsic rates, 0.04 and 0.05 min-1, respectively, at pH* 2.5
and 30°C.
Values ofkint for amides of acidic ionizing residues, as

well as residues C-terminal to these amino acids, are affected
by the charged state of the side chain. Carboxyl pKas are
known for native OMTKY3 (Schaller & Robertson, 1995):
for Asp 27, Glu 43, and Cys 56 they are<2.3, 4.7, and 2.4,
respectively. However, if exchange is occurring from
denatured OMTKY3, the pKas for denatured protein might
be more appropriate. The pKas for Glu 43 and Cys 56 are
not much different than model compound values (Schaller
& Robertson, 1995; Swint-Kruse & Robertson, 1995), and
the differences have little effect on calculated values ofkint
(see Discussion). However, the pKa for Asp 27 in denatured
OMTKY3 is probably much larger than in native protein.
The consequences of this difference are considered in the
Discussion.
Slowed exchange in proteins has been attributed to a

variety of structural features. In OMTKY3, all protected

FIGURE 1: Fingerprint regions of COSY spectra for OMTKY3. OMTKY3 was dissolved in D2O, pH* 2.5 with exchange buffer, and
monitored as a function of time at 30°C. The diminishing volumes of cross-peaks were used to quantitate proton-deuterium exchange at
backbone amides.

FIGURE 2: Hydrogen exchange for Lys 29 (0), Arg 21 ([), and
Ser 44 (O). Exchange was monitored at pH* 2.5, 30°C. Decay
curves were generated from CRH/NH cross-peaks normalized to
nonexchanging peaks and fit with eq 3 (solid lines).

FIGURE 3: Observed versus predicted exchange rates. Observed
exchange rates (kobs) determined from eq 3 are plotted as functions
of pH* (Thr 49,9; Ala 40,1) and temperature (Cys 38,2; Cys
56,b) and compared to rates predicted for unstructured peptides
(Bai et al., 1993;kint; 0, 3, 4, O). The solid lines are visual aids
only and do not represent fitted parameters.
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amide protons except Thr 30, Asn 33, Cys 35, Leu 50, and
Lys 55 are involved in hydrogen bonds (Fujinaga et al., 1987;
Krezel et al., 1994; Schaller & Robertson, 1995; Figure 4,
~). Furthermore, all sites but Thr 30, Ala 40, Leu 50, and
Lys 55 have little solvent-exposed surface area (Lee &
Richards, 1971; Figure 4,.). Most sites involved in
hydrogen bonds or excluded from solvent show protected
exchange; those that do not (Figure 4,0 andO) are in regions
of irregular structure (Fujinaga et al., 1987; Krezel et al.,
1994).

Numerically, exchange protection is often expressed as
the quantity (kobs/kint)-1. If this quantity does indeed represent
an equilibrium constant (eq 1), then-RT ln(kobs/kint) is
comparable to a free energy and, when plotted against values
of ∆Gu

° determined from independent thermal denaturation
experiments, may serve as a diagnostic tool for interpreting
exchange results (Roder, 1989). Sites that exchange via
global unfolding should show a one-to-one correlation with
∆Gu

°, while those with contributions from native exchange
should fall below this limit.

Plots of-RT ln(kobs/kint) versus∆Gu
° for various amino

acid residues are presented in Figures 5 and 6. Experimental
errors for kobs were propagated through calculations with
NonLin. The limited data for Val 4, Val 6, Lys 13, Gly 25,
Thr 30, Cys 35, Thr 47, and Leu 50 are not shown, but
exchange rates are available as supporting information. A
striking result is the general agreement between those
experiments with varied pH* at 30°C (open symbols) and
those with varied temperature at pH* 5.5 (filled symbols).

Several interesting trends emerge from the correlation plots
(Figures 5 and 6). Exchange for six residues (Leu 23, Ser
26, Asn 28, Asn 33, Val 41, and Ser 51) correlates one-to-
one with∆Gu

° (dashed line in Figures 5 and 6). Cys 24,
Lys 29, Tyr 31, Cys 35, and Phe 37 may also fall into this
group (Figures 5 and 6; class 1, Table 1). This behavior
strongly suggests that global unfolding controls hydrogen
exchange at these positions. Class 1 sites are not the same
as the subset of slowest exchangers, due to variation inkint.
In fact, whenkobs is ranked at pH* 2.9, exchange rates for
class 1 residues Ser 26, Asn 28, and Asn 33 are in the fastest
half of the data, while Val 42 (class 2) is much slower. When
contributions from intrinsic rates are included, the smallest

values of (kint/kobs) still do not equate with class 1: Several
of the slowest sites exhibit “superprotection” beyond that
predicted by global unfolding, which is discussed in the
following paragraphs.
Exchange for a second group of amides appears to have

contributions from a process that is unaffected by either
temperature or pH. These plots can be described with a
model that assumes two competing processes (Qian et al.,
1994),

whereK1 is the equilibrium constant between protected native
structure and all exchange-competent native structures of a
single residue; this process is assumed to be independent of
temperature or pH (Bai et al., 1994; Qian et al., 1994).Ku

is the measured global unfolding equilibrium constant that
represents conversion of all native states to unfolded protein.
Example curves for a series ofK1 values are presented in
Figure 7: -RT ln (kobs/kint) plotted as a function of∆Gu

°

results in biphasic plots very similar to those of Val 42 and
Ser 44 (Figure 6). Plots for Val 4, Val 6, Thr 30, Glu 43,
Thr 47, and Cys 56 are also consistent with exchange
protection dominated by native fluctuations (Figures 5 and
6; Val 4, Val 6, Thr 30, Thr 47 not shown; class 2, Table
1).
Data for nine other residues also fall below the one-to-

one line but continue to show some positive correlation with
∆Gu

° where the two-process model indicates that none is
expected (Figures 5 and 6; class 3, Table 1). Plots for Tyr
11, Lys 13, Arg 21, Asp 27, Leu 48, Thr 49, His 52, Gly
54, and Lys 55 are described by a continuum of slopes,
indicating varying degrees of response to changes in tem-
perature and pH. A surprising fourth class (Table 1) is also
evident in Figure 6: Exchange rates for Cys 38, Asn 39,
and Ala 40 appear slower than those predicted by the limiting
case of global unfolding.
The apparent superprotection can be explained in several

ways. However, convergence of exchange rates above 40
°C at pH* 5.0 (supporting information) brings attention to
the possibility that the rate of protein refolding (k2) might
be slower than exchange from the exposed site (kint), resulting
in EX1 kinetics (Hvidt, 1964; Hvidt & Nielsen, 1966). If
so, kobs is controlled solely by the rate at which the site
becomes available for exchange (k1). For behavior inter-
mediate to the EX2 and EX1 limits, exchange is described
by the general equation of Hvidt (1964):

Under conditions favoring native protein structure, deviation
from pure EX2 kinetics will result in values of-RT ln(kobs/
kint) that are larger than∆Gu

°. For example, ifk2 is equal to
kint, then the value ofKu,appdetermined by hydrogen exchange
is one-half the value ofKu,true and∆Gu,app

° is 0.4 kcal/mol
larger than∆Gu,true

° (Bai et al., 1994).
One test of EX2 versus EX1 kinetics utilizes the nuclear

Overhauser effect (NOE; Wagner, 1980) and has been
applied successfully by Roder et al. (1985a), Tu¨chsen and
Woodward (1987), and Bai et al. (1994). This test is based

FIGURE4: Examination of the structural basis for slowed hydrogen
exchange (b). The axes represent the 56 amino acid residues in
OMTKY3. (0) Hydrogen bond exists between the amide backbone
proton and either a main chain or side chain residue. (O) Solvent-
exposed surface area (SSA) for the amide backbone proton is<0.05
Å2.

-RT ln(kobskint) ) -RT ln[K1 + (1+ K1)Ku] (4)

kobs)
k1kint

k2 + kint
(5)
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upon the premise that two sites close in space, A and B,
experience the same opening and closing events. In the EX2
limit, A and B will exhibit random exchange relative to each
other, and the intensity of the NOE (AB) between these sites,
PAB, will be the product of the probabilities that A and B
are protonated (PAPB). Therefore, the decay rate of AB,kAB,
will be the sum of the exchange rates for A and B (kA +
kB). Furthermore, if values ofkint are different for A and B,
kA andkB will also be different from each other. However,
in the EX1 limit, A and B will exchange at the same instant.
Therefore,PAB ) PA ) PB andkAB ) kA ) kB.

This test was applied to OMTKY3 hydrogen exchange
under the conditions that might favor EX2 kinetics, pH* 3.0
and 40°C. The intensities of only a few NH/NH NOEs
could be measured accurately. Results are presented in Table
2. The quality of the data is affected adversely by low-
intensity NOEs, long acquisition times that decrease the
number of time points 10-fold relative to an experiment
monitored with COSY, and uncertainties introduced by using
multiple samples. However, the data suggest EX1 kinetics
for at least three sites at pH* 3.0 and 40°C: Phe 37, Cys
38, and Asn 39. EX2 kinetics can also be tentatively
identified at pH* 3.0, 40°C, sincekA andkB are different
for Ala 40, Val 41, and Val 42. Variations inkint do allow
for the possibility of both EX2 and EX1 kinetics under the
same experimental conditions. The only previous example
of EX1 kinetics under such mild conditions is exchange for
HEW lysozyme detected by mass spectrometry (Miranker
et al., 1993).

DISCUSSION

The combination of breadth and detail in this experimental
design has proven very informative. Exchange rates for more
than 30 sites in OMTKY3 have been monitored as a function
of protein stability, and several previous observations may
be corroborated. First, contributions from the pH dependence
of OMTKY3 stability explain shifts in the pH* and rate of
slowest exchange, pHmin andkmin, for most plots ofkobsversus
pH* (Figure 3), as suggested by Tanford (1970) and Matthew
and Richards (1983). Next, most sites showing slowed
exchange are involved in hydrogen bonds with coincident
solvent exclusion of the amide proton (Figure 4), and one
cannot distinguish which of the two physical features is
responsible for exchange protection (Lee & Richards, 1971;
Chothia, 1976; Wedin et al., 1982; Radford et al., 1992).
Furthermore, data from experiments in which pH* and
temperature have been employed to change protein stability
overlap in the correlation plots (Figures 5 and 6). If
exchange experiments indeed monitor structural equilibria,
then the exchange competent and incompetent states are
independent of the perturbant and are affected to the same
extent relative to changes in∆Gu

°.
Across these ranges of temperature and pH*, six to eleven

sites show one-to-one correlation with values of∆Gu
°

determined from independent thermal denaturation experi-
ments (class 1, Table 1; Figures 5 and 6; Swint-Kruse &
Robertson, 1995). This agreement is remarkable, given the
differences in intrinsic exchange rates. For example, two
conditions where OMTKY3 has similar values of∆Gu

°,

FIGURE 5: Correlation of hydrogen exchange results and the free energy of unfolding for amide hydrogens in theâ sheet of OMTKY3.
Plots for Tyr 11, Lys 55, and Cys 56 are also included. The quantity-RT ln(kobs/kint) is plotted against∆Gu

° for (0, O) pH* 1.4, 1.6, 2.1,
2.5, 2.9, 3.5, 4.5, and 5.0 at 30°C; (9, b) 27, 34, 37, 40, 43, 48, and 55°C at pH* 5.0. For experiments at pH* 2.7 and 3.0 at 40°C, the
symbol+ is used for sites represented byO andb, while * denotes data for a site otherwise described by0 and9. The dashed line
represents the curvey ) x. The plot for Asn 28 shows data for all possible solution conditions; exchange for some sites could not be
determined under all conditions. In some cases, two exchange experiments are reported at pH* 3.5 and 5.0. Representative error bars at one
standard deviation are shown on panels for Cys 24, Asn 28, and Lys 55. Solid lines are from linear regression of the pH* data at 30°C and
are presented only to aid visual inspection. Values of∆Gu

° and their errors were calculated according to Swint-Kruse and Robertson (1995).
Arrows on the schematic of theâ sheet represent hydrogen bonds. When possible, correlation plots for hydrogen-bonded residues are on
the same graph.
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pH* 2.9 at 30°C and pH* 5.0 at 55°C, lead tokint values
that differ by 3 orders of magnitude. Our conclusion is that
exchange at these sites is dominated by global unfolding.
These residues do not comprise the same subset as the
slowest exchangers or even the smallest values of (kobs/kint),
as is commonly assumed. Exchange must be occurring from
a denatured structure that is disordered, since residual
interactions would further slow exchange. All class 1
residues are part of secondary structure in native OMTKY3,
but their side chains are not necessarily part of the hydro-
phobic core.
Patterns of exchange within OMTKY3 secondary struc-

tures are similar to those seen in other proteins (Calhoun &
Englander, 1985; Gallagher et al., 1992; Radford et al., 1992;
Kim et al., 1993). Generally, residues in the middle of
OMTKY3 â strands (23, 24, 28, 29, 31, and 51) are in class
1, while those at the ends (21, 27, 49, and 54) fall into class
3. This pattern is true even when members of different
classes are hydrogen bonded to one another, as in the case
of Ser 26 and Thr 49 (Figure 5). A group of class 1 residues

(26, 28, 29, and 51) cluster around theâ turn. Subsecondary
patterns are also identified in the helix of OMTKY3. Class
1 residues (33, 37, and 41) line the hydrophobic face of the
R helix. The N-terminal half (Figure 6) appears to be better
protected than the C-terminal half (42-44), which has some
310 characteristics. Interpretation of exchange in the middle
of the helix is complicated by deviation from EX2 kinetics
and is discussed below.
Exchange from residues in irregular regions of OMTKY3

is generally too fast to measure, even for amides involved
in hydrogen bonds (e.g., Asp 7 and Glu 19). Tyr 11, which
falls into class 3, is an exception to this rule. Exchange at
Tyr 11 may be slowed because its hydrogen bond to Cys 8
is “networked” to theR helix via a disulfide bond with Cys
38. The physical origin for slow exchange at Thr 30, Leu
50, and Lys 55 is a mystery, since these amides are not
involved in hydrogen bonds or significantly excluded from
solvent (Fujinaga et al., 1987; Krezel et al., 1994; Figure
4). Since exchange for Lys 55 is slowed across a wide pH*
range (Figure 5), this phenomenon is probably not due to
hydrogen-bonded carbonyl oxygens slowing acid-catalyzed
exchange (Tu¨chsen &Woodward, 1985a,b; Rohl & Baldwin,

FIGURE 6: Correlation of hydrogen exchange results and the free
energy of unfolding for amide hydrogens in and near theR helix
of OMTKY3. The quantity-RT ln(kobs/kint) is plotted against
∆Gu

° for (0, O) pH* 1.4, 1.6, 2.1, 2.5, 2.9, 3.5, 4.5, and 5.0 at 30
°C; (9, b) 27, 34, 37, 40, 43, 48, and 55°C at pH* 5.0. For
experiments at pH* 2.7 and 3.0 at 40°C, the symbol+ is used for
sites represented byO and b, while * denotes data for a site
otherwise described by0 and9. The dashed line represents the
curvey) x. The plot for Asn 33 shows data for all possible solution
conditions; exchange for some sites could not be determined under
all conditions. In some cases, two exchange experiments are
reported at pH* 3.5 and 5.0. Representative error bars at one
standard deviation are shown on panels for Asn 36, Phe 37, and
Val 42. Solid lines are from linear regression of the pH* data at 30
°C and are presented only to aid visual inspection; the exception is
Val 42, whose line represents regression of the temperature data.
Values of ∆Gu

° and their errors were calculated according to
Swint-Kruse and Robertson (1995). Arrows on the schematic of
theR helix represent hydrogen bonds.

Table 1: Hydrogen Exchange Behaviors of Amide Protons in
OMTKY3a

class 1
one-to-one
correlation
with ∆Gu

°

class 2
two-process
exchangeb

class 3
faster exchange,
some correlation

with ∆Gu
°

class 4
“super-

protection” other

Leu 23 Val 4c Tyr 11 Cys 38 Asn 36d

Cys 24e Val 6c Lys 13c Asn 39 Leu 50c,f

Ser 26 Thr 30c Arg 21 Ala 40
Asn 28 Val 42 Asp 27
Lys 29e Glu 43 Leu 48
Tyr 31e Ser 44 Thr 49
Asn 33 Thr 47c His 52
Cys 35c Gly 54
Phe 37e Cys 56 Lys 55
Val 41
Ser 51
a These tentative classifications are based upon plots of-RT ln(kobs/

kint) versus∆Gu
° (Figures 5-7). b Exchange is consistent with behav-

ior predicted by the two-process model described by eq 4.cOnly limited
exchange data is available and is not shown.d See Figure 6.e Italics
indicate that this residue may belong to class 4.f Exchange protection
decreases with increased∆Gu

° (data not shown).

FIGURE7: Exchange behavior predicted by the two-process model.
Equation 4 has been used to generate plots of-RTln(kobs/kint) versus
∆Gu

° for a series ofK1 values ranging from 0 (dotted line) to 0.1
(solid curves).
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1994). Similarly puzzling results were obtained for solvent-
exposed Val 39 of staphylococcal nuclease (Loh et al., 1993).
Future studies of these residues are warranted, since a
complete description of the physical mechanisms leading to
slow exchange will only follow from understanding factors
responsible for protection observed in exposed residues.
The exchange rates for class 2 residues may be explained

by contributions from two competing pathways, global
unfolding and native exchange (eq 4, Figure 7). At high
protein stability, these sites could exchange by local unfold-
ing events that are independent of temperature and pH* but
are overtaken by global unfolding at lower protein stability
(Kim & Woodward, 1993; Qian et al., 1994). Val 42 and
Ser 44 provide the best examples of this behavior (Figure
6). Their behavior is not explained by a local electrostatic
effect of Glu 43 (Matthew & Richards, 1983; Delepierre et
al., 1987), as the breakpoint of both curves occurs between
pH* 2.9 and 2.5, well below the region where Glu 43 is
ionizing (Schaller & Robertson, 1995). The correlation plot
for Glu 43 may also be biphasic (Figure 6), but the exchange
rates cannot be measured at higher temperatures or be
resolved from those of Leu 48 at pH* below 3.5. A final
consideration was whether the curves are artifacts ofkint
calculations, which rely on choosing either the native or
denatured pKa when determining the ionization state of Glu
43. However, the pKa of Glu 43 in native OMTKY3 is not
very different from those of model compounds, which are
used to approximate values in denatured protein (Schaller
& Robertson, 1995; Swint-Kruse & Robertson, 1995).
Furthermore, the value ofkint for Val 42 does not contain
side chain corrections from Glu 43 (Bai et al., 1993).
The choice of pKa is more complicated for Asp 27. When

the pKa in native OMTKY3, 2.3, is utilized to calculatekint
(Schaller & Robertson, 1995), a biphasic correlation plot is
obtained (not shown). This curve cannot be explained by
the two - process model: The plot of-RTln(kobs/kint) appears
to be independent of protein stability at low pH* with a
switch to class 3 behavior between pH* 3.5 and 4.5. In
contrast, exchange data for experiments with varied tem-

perature at pH* 5.0, where Asp 27 is mostly unprotonated
in both native and denatured OMTKY3, always fall into class
3. When kint is calculated using the pKa for denatured
OMTKY3 (3.6; P. M. Bowers, A. Walther, and A. D.
Robertson, unpublished data; Swint-Kruse & Robertson,
1995), the pH* data are monophasic (Figure 5). Further-
more, changes in pH* and temperature now appear to affect
exchange at Asp 27 in the same manner (Figure 5). The
choice of pKa for Asp 27 also affectskint calculations for
Asn 28. Correlation plots determined from both pKas fall
into class 1, but pH* and temperature results are in much
better agreement when the value of 3.6 is used (plot from
native pKa not shown; denatured pKa, Figure 5). These
observations suggest that the pKa for Asp 27 in denatured
protein is more appropriate.
The only other ionizing residue for which exchange was

measured is the C-terminal Cys 56. However, a similar
exercise had very little effect on the data: Changing the pKa

of the C terminus from the native value of 2.4 to 3.1, the
estimated value for denatured protein (Schaller & Robertson,
1995; Swint-Kruse & Robertson, 1995), affects-RT ln(kobs/
kint) by less than 0.05 kcal/mol.
A few features of the data are not immediately explained

by the two-process model. Class 3 behavior is a conspicuous
example. These sites exchange faster than the limit predicted
by global unfolding but are affected by perturbations of
stability. Their plots are not explained by models including
either an unfolding intermediate or deviation from EX2
kinetics for global unfolding in derivations of eq 4. One
hypothesis is these sites undergo native fluctuations that are
also sensitive to changes in pH* and temperature. Bai et al.
(1995) have postulated that similar behavior observed for
cytochromec reflects exchange from partially unfolded
structures.
An additional inconsistency with the two-process model

is the low pH* “tail” observed in correlation plots for residues
23, 27, 29, 31, 33, 36, 37, 51, 52, and 56 (Figures 5 and 6).
In these plots, data at pH* 1.4 and 1.6 (the two leftmost
points) consistently deviate from the other data and are often
above the one-to-one line. This deviation is most likely a
result of low pH* and not of decreased protein stability, since
experiments at pH* 2.7 and 3.0 at 40°C are consistent with
all other data (Figures 5 and 6,* and+). At least four
scenarios could give rise to this behavior: (1) deviation from
EX2 kinetics (Bai et al., 1994), (2) exchange from an acid
intermediate with a higher free energy than the unfolded state,
(3) high local concentrations of OH- affecting values ofkint
(Kim & Baldwin, 1982); and (4) hydrogen bonds at carbonyl
oxygens slowing acid-catalyzed exchange (Tu¨chsen &
Woodward, 1985a,b; Rohl & Baldwin, 1994). We suspect
the latter possibility, although no evidence is currently
available for distinguishing between the four.
Another prominent feature of the OMTKY3 data that is

not explained by the two-process model is the apparent
superprotection of class 4 sites (Figure 6, Table 1). Similar
results have been obtained for Cys 58 in RNase A (Mayo &
Baldwin, 1993), Ala 96 and Tyr 97 of equine cytochromec
(Bai et al., 1994), Asp 52 and Cys 64 of HEW lysozyme
(Radford et al., 1992), and seven residues in yeast iso-1-
cytochrome c (Marmorino et al., 1993). In OMTKY3, this
phenomenon is not due to differences in solution conditions,
as has been previously suggested for other proteins (Bai et
al., 1994; Qian et al., 1994), nor is this behavior likely to be

Table 2: EX1 versus EX2 Kineticsa at pH* 3.0, 40°C

residue kA or kB kA + kB kAB HX typeb

28 16 (7.9)
28 (8.0) 16 (4.5) ndc

29 12 (1.2)

37 6.1 (1.8)
10.7 (2.1) 3.4 (2.4) EX1

38 4.6 (1.1)
10.4 (1.3) 4.7 (3.3) EX1

39 5.8 (0.78)
7.0 (0.80) 6.6 (4.3) EX2

40 1.2 (0.19)
1.8 (0.24) 2.9 (0.28) EX2

41 0.58 (0.14)
2.0 (0.20) 2.3 (1.1) EX2

42 1.4 (0.14)
aObserved rates for peaks A and B,kA andkB, represent exchange

of NH/CH NOEs. The rates for peaks designated AB,kAB, were
determined from the decay of NH/NH NOEs. The units of all rate
constants are s-1 × 10-5. Numbers in parentheses are fitting errors at
1 σ. bEX1 and EX2 are the limiting mechanisms of hydrogen exchange
discussed in the text. EX1 kinetics are defined wherekA ) kB ) kAB,
while for EX2 kinetics,kAB ) kA + kB and oftenkA * kB. c The
magnitudes of the fitting errors do not permit assignment of HX type.
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due to innaccuratekint values: the dipeptide sequence Cys-
Asn occurs twice in OMTKY3, at residues 35/36 and 38/
39, but the Asn correlation plots are very different (Figure
6). At least three other circumstances could lead to
superprotection: (1) exchange from an intermediate with a
free energy larger than the denatured state’s (Marmorino et
al., 1993; Bai et al., 1994), (2) a shift in the ensemble of
denatured states from that of the high-temperature denatured
state (Dill & Shortle, 1991; Wang et al., 1995), and (3)
deviation from EX2 kinetics (Marmorino et al., 1993; Bai
et al., 1994). Evidence for the latter possibility comes from
comparison ofkobs at temperaturesg40 °C and from
monitoring the decay of NH/NH NOEs (Table 2; Wagner,
1980). Moreover, inspection of the correlation plots shows
that, in some instances, data at pH* 5.0, 55°C (usually the
leftmost solid symbol) deviates from the rest of the data,
suggesting the possibility of widespread EX1 behavior at
pH* 5 and 55°C.
EX1 kinetics occur whenkint . k2, the rate of protein

folding. The kinetics of OMTKY3 folding have not been
measured, but the exchange data suggest that at pH* 5.0 and
55 °C, k2 may be slower thankint for Cys 38, which is 0.5
s-1. Slow folding around Cys 38 presents the intriguing
possibility of slow isomerization for loops constrained by
disulfide bonds (Nall et al., 1978). Extreme protection has
also been seen for disulfide-bonded cysteines in HEW
lysozyme (Radford et al., 1992) and RNase A (Mayo &
Baldwin, 1993), which suggests this may be a more general
phenomenon. Pedersen et al. (1993) similarly proposed slow
closing reactions for residues located in the middle of helices
in HEW lysozyme. Deviation from EX2 kinetics has been
directly observed with electrospray ionization mass spec-
trometry for HEW lysozyme hydrogen exchange at pH 3.8,
69 °C (Miranker et al., 1993). EX1 exchange has also been
inferred from anamolous pH dependences of exchange for
HEW lysozyme at pH> 6 and 21°C (Pedersen et al., 1993)
and barnase at pH> 6.7 and 37°C (Perrett et al., 1995).
Taken together, these results suggest that EX2 kinetics should
not be assumed in interpretation of hydrogen exchange
experiments.

This study demonstrates that global unfolding dominates
exchange at some sites in OMTKY3 and that exchange rates
contain quantitative information about structural equilibria.
Nearly one-third of the residues monitored show one-to-one
correlation with∆Gu

° at temperatures very far from those of
the unfolding transition. These sites are not the slowest
exchangers or those exhibiting greatest protection. Exchange
at some other sites is consistent with a simple two-process
model, but neither two-process nor global unfolding explains
exchange for more than one-third of the amides. Finally,
changes in pH* and temperature affect exchange data in the
same manner, indicating that the same structural equilibria
are affected by the two perturbants.
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SUPPORTING INFORMATION AVAILABLE

Observed exchange rates (kobs) for all sites measured are
available in three tables: data for pH* 1.4 to 5.0 at 30°C
(Table 1); data for pH* 5.0, 27-55 °C (Table 2); and rates
measured at pH* 2.7 and 3.0 at 40°C (Table 3) (8 pages).
Ordering information is given on any current masthead page.
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Tüchsen, E., & Woodward, C. (1987)Biochemistry 26,8073-8078.
Van Geet, A. L. (1968)Anal. Chem. 40,2227-2229.
Wagner, G. (1980)Biochem. Biophys. Res. Commun. 97,614-
620.

Wagner, G., & Wu¨thrich, K. (1979)J. Mol. Biol. 134,75-94.
Wagner, G., & Wu¨thrich, K. (1982)J. Mol. Biol. 160,343-361.
Wang, A.-J., Robertson, A. D., & Bolen, D. W. (1995)Biochemistry
34, 15096-15104.

Wedin, R. E., Delepierre, M., Dobson, C. M., & Poulsen, F. (1982)
Biochemistry 21,1098-1103.

Woodward, C. K., & Hilton, B. D. (1979)Ann. ReV. Biophys.
Bioeng. 8,99-127.

Woodward, C. K., & Hilton, B. D. (1980)Biophys. J. 32, 561-
577.
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