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ABSTRACT: Native-state amide proton (NH) exchange in turkey ovomucoid third domain (OMTKY3) has
been used to determine rates of unfolding and folding at the 13 most slowly exchanging residues. Ten
of the 13 NHs have previously been demonstrated to exchange via complete unfolding of OMTKY3
while the remaining three exchange more slowly than expected on the basis of thermal stability alone
[Swint-Kruse, L., & Robertson, A. D. (1996)Biochemistry 35, 171-180]. Rates of unfolding and folding
have been determined by monitoring NH exchange over a range of pH where (1) the free energy of
unfolding for third domain, about 7 kcal/mol, is insensitive to pH and (2) the mechanism of exchange
changes from one governed by a rapid equilibrium preceding the chemistry of exchange (i.e., EX2 exchange)
to one where exchange is limited by the rate of unfolding (i.e., EX1 exchange). The pH dependence of
exchange has then been fit to a two-state model to obtain the unfolding and folding rates. Unfolding
rates at these 13 NHs in native third domain range from 0.003 tog0.03 s-1. No correlation is observed
between opening rates and the free energies measured at the same NHs: for example, the slowest and
most rapid opening rates occur at Leu 23 and Asn 33, respectively, and these two NHs show very similar
free energies of 6.7 and 6.9 kcal/mol, respectively. In contrast, folding rates show a positive correlation
(R2 ) 0.90) with free energies, the most rapid folding occurring at the sites with the largest free energies.
Folding rates are most rapid, 103-104 s-1, in the middle of the helix, intermediate rates of around 103 s-1

are found in the remainder of the helix and through much of theâ-sheet, and the slowest folding, 102-
103 s-1, occurs at the juncture between the helix and sheet. Overall, NH exchange from native proteins
provides remarkable structural and temporal precision for measuring very rapid conformational fluctuations.

Much of the current investigation into the mechanism of
protein folding is guided by two recent developments in the
field: the experimental observation of very rapid folding (1-
4) and the realization that folding is probably a structurally
complex process involving ensembles of conformations
rather than distinct pathways (5). Key events in protein
folding can occur on a submillisecond time scale, and in
some instances, folding may go to completion in as little as
100 µs (6). Experiments to detect these rapid events are
yielding a wealth of information regarding the kinetics of
folding but generally report on either macroscopic properties
of the protein or a very small subset of the possible
noncovalent interactions during folding. In contrast, rapid
mixing experiments involving amide hydrogen (NH) ex-
change provide rich structural detail during folding and
unfolding reactions, but important events are occurring in
the millisecond dead times for these experiments (7, 8). We
report here a relatively simple experimental method that

provides structural detail on a submillisecond time scale:
native-state NH exchange at alkaline pH.
Native-state NH exchange experiments are typically

performed by dissolving native protein into D2O1 and then
monitoring the disappearance of the NH resonances by1H
NMR spectroscopy. The slowing of NH exchange in native
proteins relative to peptides is most often modeled by the
two-state mechanism (9):

wherekop is the rate at which a given NH is exposed to
solvent,kcl is the closing or folding rate, andkch is the rate
of NH exchange in model peptides (10). The reaction
depicted in eq 1 consists of an equilibrium between a closed
conformation, from which exchange cannot occur, and an
open conformation from which exchange occurs with the
model peptide rate,kch.
Specific “two-process” models for NH exchange have been

derived from eq 1 in order to explore the possibility that
two processes, global unfolding and local fluctuations, are
sufficient to describe exchange at all NHs in native pro-
teins (11, 12). However, in this paper we focus on NHs
where exchange appears to be governed by global unfolding
alone. Under native-state conditions, wherekop , kcl, and
assuming that the concentration of “NH(open)” is in a steady
state, the observed rate of exchange is described by the
equation (9):

Equation 2 is often simplified by consideration of two
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possible limiting cases. The first is EX2 exchange, where
kcl >> kch. Under such conditions, eq 2 simplifies to the
equation:

In principle, EX2 exchange is thus capable of providing
measures of conformational equilibria (kop/kcl) in native
proteins. The smallest values forkch occur at about pH 3,
so EX2 exchange is typically observed at acidic pH.
Previous studies have demonstrated that a subset of the
slowest exchanging NHs provides accurate measures of
unfolding equilibria in native proteins (13-21). For this
subset of slow exchangers, the model for NH exchange
depicted in eq 1 is accurate.
The second limiting case occurs whenkch . kcl, which is

called EX1 exchange. Equation 2 then simplifies to

thus permitting direct determination of the rate of opening.
EX1 exchange has been detected in a number of proteins,
where experimental conditions have increasedkch by raising
the pH (22-25) or decreasedkcl by either raising the
temperature (26) or adding denaturant (16, 27).
Some investigators have recognized that a combination

of EX2 and EX1 exchange at the slowest exchanging NHs
should permit calculation of the rate of folding (i.e., closing,
kcl) (22-24, 28), but the full potential of this idea has not
yet been realized experimentally. We show that a compre-
hensive analysis of the pH dependence of native-state NH
exchange in turkey ovomucoid third domain (OMTKY3)
yields very rapid closing rates at multiple sites distributed
throughout much of its structure.

MATERIALS AND METHODS

The purification of OMTKY3 has been described previ-
ously (20). Exchange samples were prepared by adjusting
aliquots of pure OMTKY3 in H2O to the desired experi-
mental pH with potassium hydroxide. Protein solutions
were then lyophilized to a constant weight. Exchange
buffers, consisting of 10 mM glycine and 10 mM glycyl-
glycine in D2O, were also preadjusted to the desired ex-
perimental pH by addition of sodium deuterioxide (Cam-
bridge Isotope Laboratories). The final concentration of
buffered OMTKY3 was approximately 2 mM for each
experiment. Sample pH was measured after each experiment
as described previously (20). The pH values reported herein
are for D2O solutions and have not been corrected for isotope
effects.
NMR spectrometer specifications have been described

previously (20). The spectrometer’s variable temperature
controller was calibrated to 30°C using a methanol standard
(uncertainty( 0.5 °C) (29). Exchange was initiated by
mixing lyophilized OMTKY3 with D2O buffer. Experimen-
tal dead times (i.e., time between dissolving protein to the
start of data acquisition) were between 5 and 10 min. Each
FID was the sum of 16 transients consisting of 8000 time-
domain data points. The spectral width was 6000 Hz and
the recycle delay was 1.5 s. Total data acquisition time for
each FID was 38 s, and FIDs were acquired at 20-30 time
points for most experiments.

NH resonance peak heights were normalized to two
nonexchanging aromatic signals. Hydrogen exchange rates
were determined by fitting normalized peak height versus
time (30) to the equation:

whereh is the normalized peak height,a is the amplitude of
the exchange curve,kobs is the observed hydrogen exchange
rate constant,t is the time in minutes, andc is a constant.
Rates were only determined for NHs where resonance
intensities were above baseline for at least four time points.

RESULTS

How can native-state NH exchange, which may take
anywhere from minutes to days to go to completion, be used
to measure fast events in protein folding? The approach
takes advantage of exchange data obtained under solution
conditions ranging from low pH, where EX2 exchange
provides equilibrium constants (i.e.,kop/kcl), to alkaline pH,
where EX1 exchange provides estimates forkop (i.e., the rate
of unfolding). These data are thus sufficient for calculation
of kcl, the folding rates (28). In the present studies of
OMTKY3, exchange rates obtained over a wide range of
pH have been fit to eq 2 to determine values forkop andkcl
at individual NHs.
One assumption in this analysis is thatkop andkcl values

are not changing as the pH is raised from 6 to pH 10. The
best evidence in this regard is that the stability of OMTKY3
shows little change from pH 6 to pH 10, as indicated by the
following observations. First, the midpoint for thermal
denaturation of OMTKY3 in H2O at both pH 9 and pH 10
is 80°C (Forsyth and Robertson, unpublished results), which
is only 5° less than at pH 5 (31). This corresponds to a
decrease of about 0.5 kcal/mol in∆G° for unfolding.
Second, calculations of the thermodynamic linkage between
proton binding and OMTKY3 stability are possible because
the pKa values have been determined for all ionizable groups
in native OMTKY3 that are titrating between pH 1.5 and
pH 12.4 (31, 32; Forsyth and Robertson, unpublished results).
On the basis of these calculations, the unfolding of OMTKY3
between pH 6 and pH 10 is expected to be accompanied by
very little proton uptake or release. This suggests that
OMTKY3 stability and, presumably,kop and kcl are not
changing much over this range of pH.
Native-state NH exchange monitored by 1D NMR has

been used to determinekobs for the 13 slowest exchanging
NHs in OMTKY3. NH exchange for 10 of these NHs shows
good agreement with independent measures of global unfold-
ing (20), so the simple two-state model for exchange can be
used to analyze the data. The other three NHs are Cys 38,
Asn 39, and Ala 40, all of which show exchange that is
slower than expected on the basis of OMTKY3 stability (20).
Semilogarithmic plots ofkobsversus pH are shown in Figure
1 for all NHs except Asn 33, whose exchange is very similar
to that of Asn 28.
For all residues,kobs increases by a factor of 10 per pH

unit between pH 6 and pH 8.5. This is consistent with EX2
exchange (eq 3):kobs is a product of the equilibrium constant
for opening (kop/kcl), which is largely insensitive to pH, and
kch, which is proportional to the concentration of hydroxide
ion (10). Above pH 8.5, the pH dependence ofkobsdecreases
and, in some cases, disappears. This is consistent with a

kobs) kch(kop/kcl) (3)

kobs) kop (4)

h) a exp(-kobst) + c (5)
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switch in the rate-limiting step for NH exchange to the
opening reaction (i.e., EX1 exchange), in which case the
plateau value ofkobsapproaches the opening rate,kop. Values
for kop andkcl at 10 of the 13 NHs have been obtained by
nonlinear least-squares fitting of the data in Figure 1 to eq
2. Plateau regions for Cys 24, Asn 28, and Asn 33 (data
not shown) were insufficiently defined for fitting, so simula-
tions of eq 2 were used to obtain lower limits forkop andkcl
(Table 1).

For some NHs, the plateaus in Figure 1 appear to be
represented by very few data points. In fact, the curvature
in most of these plots begins below the pH at which the
plateau is evident. This is illustrated in the lower right panel
of Figure 1, where a dotted line with a slope of 1 has been
superimposed on the fitted curve for Lys 29. The data show

systematic deviations from a unit slope as low as pH 8, and
these deviations are well described by the fitted curve.
Thekop values obtained by least-squares analysis vary by

less than an order of magnitude, ranging from 0.003 to
g0.028 s-1 (Table 1). At the extremes, the differences in
kop values are significant, but many of thekop values overlap
at the 95% confidence level. However, thekop values for
Cys 24 and Asn 33 must be at least twice the fastest rate
obtained from the fits, so the overall range ofkop values
covers at least an order of magnitude.
Thekcl values appear to cover a wider range than is seen

for kop. The fitted kcl values vary by nearly 2 orders of
magnitude, ranging from 200 to 15000 s-1 (Table 1). Solid
and dashed lines represent the fitted or simulated curves for
each NH group (Figure 1). Overall, the fitted curves intersect
the data well, which further suggests that the two-state NH
exchange model (eq 1) is sufficient to describe the exchange
behavior of the most slowly exchanging NHs in OMTKY3.
Some of the 95% confidence intervals reported in Table

1 cover more than an order of magnitude in rate constant.
The magnitude of this uncertainty is directly related to the
extent to which the pH-independent plateau is described by
the data (Figure 1). This, in turn, is a function of the relative
magnitudes ofkcl and kch (eq 2), at the highest pH where
exchange was measured. To illustrate this relationship, the
data for Gly 25 in Figure 1 have been subjected to a
systematic series of truncations, starting at high pH, followed
by least-squares analysis; for the complete data set,kch at
the highest experimental pH is about 20 times the fitted value
of kcl. The kcl value and 95% confidence interval for
truncated data sets are equal to those for the complete data
set untilkch is about two or three times the fittedkcl value.
In general, the residues with the largest confidence intervals
in Table 1, Asn 39, Ala 40, Val 41, and Ser 51, are also
those where the largestkch value is only about two times the
fitted kcl value.
Kinetics of the opening and closing reactions at individual

NHs have been mapped onto the three-dimensional structure
of OMTKY3 in Figure 2. All 13 residues monitored in this
study reside within regions of secondary structure. Opening
rates are fairly uniform throughout theR-helix andâ-sheet.
The clear exceptions are Cys 24, which is hydrogen bonded
to the third strand of theâ-sheet, and Asn 33, the first residue
of the helix, both of which open almost three times faster
than any other residue. The slowest opening occurs at Leu
23, which is hydrogen bonded to Tyr 31 and located at the
juncture between the helix and sheet.
Closing rates vary widely throughout OMTKY3 and even

within individual secondary structures. The most rapid
closure occurs in the middle of the helix at Cys 38, Asn 39,
and Ala 40, where time constants (τ) range from 70 to 170
µs. Interestingly, exchange at these NHs was previously
observed to be slower than expected on the basis of
OMTKY3 stability (20). One hypothesis to explain this very
slow exchange is residual nonrandom structure in the
denatured state (20), so perhaps the observed kinetics are
those for formation of structure in the denatured state. Rapid
folding also takes place in the middle strand of theâ-sheet
at Cys 24 (τ e 160µs). Intermediate closing rates are found
in the remainder of the helix and most of the sheet (τ values
range from 400 to 1200µs), while the slowest folding occurs
at the juncture between the helix and sheet at Leu 23 (τ ≈
5000µs).

FIGURE1: Semilogarithmic plots of the observed rate of exchange,
kobs, versus pH for 12 of the 13 NHs monitored in this study. To
facilitate visualization of the general trend of the data, a dotted
line with a slope of 1 has been added to the lower right panel next
to the data for Lys 29. Using eq 2, observed rates for all NHs except
Cys 24, Asn 28, and Asn 33 were subjected to nonlinear regression
analysis (30). In order to eliminate fitting bias caused by larger
observed rate constants at high pH,kobsvalues have been weighted
by the reciprocal of their magnitude normalized to the slowest
exchange rate at a specific site. Results of the fits are reported in
Table 1. The plateau values for Cys 24, Asn 28, and Asn 33 (data
not shown) were insufficient for fitting, so simulations of eq 2 were
used to obtain lower limits forkop andkcl. Solid and dashed lines
represent the fitted or simulated curves for each NH group.

Table 1: Values forkop andkcl for Native OMTKY3 at 30°Ca

residue 102kop (s-1) kcl (s-1)
∆G° c

(kcal/mol)

Leu 23 0.3 (0.1, 0.6) 2.1 (0.6, 7.7)× 102 6.7
Cys 24b >2.5 >6.3× 103 7.5
Gly 25 0.8 (0.5, 1.1) 2.5 (1.2, 5.5)× 103 7.7
Asn 28b >1.0 >7.5× 102 7.0
Lys 29 1.0 (0.6, 1.8) 2.4 (0.9, 6.3)× 103 7.4
Tyr 31 0.7 (0.4, 1.3) 1.3 (0.5, 3.8)× 103 7.3
Asn 33b >2.8 >2.3× 103 6.9
Phe 37 0.8 (0.4, 1.8) 1.2 (0.4, 3.8)× 103 7.1
Cys 38 0.6 (0.3, 1.0) 5.8 (2.3, 16)× 103 8.4
Asn 39 1.5 (0.6, 4.8) 1.5 (0.5, 7.2)× 104 8.3
Ala 40 0.8 (0.4, 3.0) 8.5 (2.8, 48)× 103 8.4
Val 41 0.5 (0.3, 1.0) 9.7 (4.8, 23)× 102 7.3
Ser 51 1.3 (0.4, 15) 0.8 (0.2, 18)× 103 6.7
a Values for all residues except Cys 24, Asn 28, and Asn 33 were

determined from nonlinear regression analysis using eq 2. Numbers in
parentheses denote lower and upper limits corresponding to a 95%
confidence level. The fitting error was determined usingF analysis
(44). b Simulations of eq 2 were used to obtain lower limits for Cys
24, Asn 28, and Asn 33.c Estimated error for∆G° is 0.5 kcal/mol (20).
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The free energy of the opening reaction can be determined
by NH exchange in the EX2 limit (eq 3):

Plots of this free energy versus log(kcl) and log(kop) (Figure
3) reveal that stability at any given NH correlates best with
kcl (Figure 3B); i.e., the NHs with the most rapid closing
kinetics are generally those that are most stable to exchange
in native OMTKY3. A number of groups have either
proposed or observed such a relationship for other proteins
(21, 33, 34). Some investigators have pointed out that
observation of such a relationship is “purely fortuitous”
because noa priori relationship exists between equilibrium
distributions of species and the kinetics of interconversion
among these species (16).

DISCUSSION

The fitted values ofkop are derived from the curvature
and plateaus described by the data in Figure 1 and are thus
directly related to the experimental observables. Most of
the kop values overlap at the 95% confidence level, but
significant differences are observed between the slowest and
most rapid rates, 0.003 s-1 at Leu 23 andg0.025 s-1 at Cys
24 and Asn 33 (Table 1, Figure 3B). This order of
magnitude difference in opening rates is at odds with our
previous conclusions regarding exchange at these sites: the
similarity in ∆G° values to one another and to that for
unfolding had led us to conclude that these NHs were
exchanging by global unfolding (20). However, the real
differences inkop values clearly demonstrate that these three
NHs cannot be reporting on the same molecular events.
Nevertheless, the fact thatkop for Leu 23 is similar to values
for the other 10 NHs is consistent with an exchange
mechanism whereby the bulk of the slowly exchanging NHs
exchange at the same molecular fluctuation, which is
presumably global unfolding of OMTKY3.
Fitted values ofkcl depend entirely on knowledge ofkch:

a 3-fold increase inkch, for example, results in a 3-fold
increase inkcl. In this regard, predicted values ofkch
generally agree to within a factor of 3 with rates observed
in denatured proteins (35-40). In addition, exchange
rates in OMTKY3 peptide fragments, including those
containing disulfide bonds, have been found to coincide with
predicted kch values (Bowers, Rubach, and Robertson,
unpublished results); the largest discrepancy between mea-
sured and predictedkch is a factor of 3, and most of the
measured and predicted values are within a factor of 2.
Additional evidence for the accuracy of predictedkch values
in OMTKY3 is the good agreement between the equilibrium
measurements of unfolding made with NH exchange and
calorimetry (20). Overall,kch values for NHs that exchange
by complete unfolding appear to be predicted accurately from
the model compound values, which results in an uncertainty
of no more than a factor of 3 inkcl or about 0.5 kcal/mol in
free energy.
One interesting result with respect to previous studies of

OMTKY3 is the wide spread in∆G° values, 6.7-8.4 kcal/
mol, for the 13 slowest exchanging NHs in OMTKY3 (Table
1). The three NHs with the largest∆G° values are a distinct
set, whose∆G° values of 8.3-8.4 kcal/mol are at least 0.6
kcal/mol greater than the next largest value (Table 1, Figure

FIGURE 2: Kinetics of opening (A) and closing (B) reactions at individual NHs mapped onto the three-dimensional structure of OMTKY3
(45, 46). Opening and closing rates from Table 1 have been color-coded and superimposed on balls representing individual NHs.

FIGURE 3: Closing (A) and opening (B) rates versus free energy.
Free energies were determined from exchange-derived equilibrium
constants (kop/kcl). Opening and closing rates are those presented
in Table 1 (rates for Cys 24, Asn 28, and Asn 33 are lower limits
obtained from simulations and are denoted by open triangles). The
error bars are fitting errors at 1 SD; lack of an error bar means that
it is obscured by the symbol.

∆G° ) RT ln(kop/kcl) (6)
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3). These three NHs are the “superprotected” NHs identified
previously (20).

The remaining 10 NHs have∆G° values evenly distributed
between 6.7 and 7.7 kcal/mol. The free energy of unfolding
for OMTKY3 under these conditions is 7.1 ((0.5) kcal/mol
(31; Forsyth and Robertson, unpublished results). The free
energies in Table 1 are very similar to those obtained
previously at pH 5 and 30°C (see Figures 5 and 6 in ref
20). Thus the distribution of∆G° values is the result of
significant systematic differences and not random error. Two
possible explanations for the spread in∆G° are (1) that there
are inaccuracies inkch (see above) or (2) the∆G° values are
accurate and reflect real heterogeneity in the microscopic
behavior at individual NHs in OMTKY3. The latter result
is consistent with the observed heterogeneity inkop values.
In addition, Hilser and Freire (41) predict heterogeneous∆G°
values in their statistical thermodynamic model of NH
exchange from native proteins.

How appropriate is the two-state mechanism (eq 1) for
the interpretation of these studies? In other words, is there
any evidence that more than one conformational equilibrium
may be contributing to exchange at any given NH? For the
slowest exchanging NHs in OMTKY3, exchange is pre-
dominantly mediated by a complete or nearly complete
unfolding event (20), and the similarity of mostkop values
is consistent with this interpretation: excluding Cys 24, Asn
28, and Asn 33, the meankop value is 0.008 ((0.004) s-1.
The results for Cys 24, Asn 28, and Asn 33 suggest that, in
contrast to most slowly exchanging NHs in OMTKY3, these
residues are undergoing EX2-type exchange at pH>8.5; i.e.,
they are exchanging at fluctuations occurring more rapidly
than global unfolding. Thus, exchange at these residues may
include contributions from both global and more local
structural fluctuations. More generally, the simple two-state
model is probably not appropriate for more rapidly exchang-
ing NHs, where multiple equilibria are likely to contribute
to the exchange behavior (11, 12, 20, 41).

Knowledge of the extent to which exchange at different
NHs may be monitoring the same structural events would
provide valuable insight into the molecular events in unfold-
ing and folding. Formally, exchange rates alone provide no
information about correlations between neighboring NHs.
However, patterns in rates and structural locations suggest
that multiple NHs may be reporting on the same or related
conformational changes during unfolding and folding. For
example, most of the NHs in this study exchange when the
protein is unfolded, so the narrow distribution ofkop values
(Table 1) suggests that unfolding at these NHs is nearly (but
not quite) an all-or-none event. Similar behavior was
observed in the unfolding of ribonuclease A (27).

If unfolding of OMKTY3 were indeed an all-or-none
process, then initiation of the folding reaction at the different
NHs would be synchronized, in which case the hierarchy of
kcl values and the tendency of similar values to cluster within
the structure would reflect an order of events in folding. On
the other hand, an exchange rate may reflect the statistical
probability that a particular residue is involved in structure
rather than a discrete order of events during folding (5, 41,
42) and the structural coincidences reflect the tendencies of
neighboring residues to participate in similar structures. In
truth, the exchange data in this study contain nodirect
information regarding correlated events at different NHs. This

information will have to come from additional NMR and
mass spectrometry experiments (23, 25, 26).

Native-state NH exchange provides unprecedented access
to structural information on a microsecond time scale. The
early events in OMTKY3 folding correspond in time to the
“burst phase” observed in many stopped-flow and quenched-
flow studies, where structural changes are occurring in the
millisecond dead times. Many proteins which undergo a
two-state folding reaction fold in 20 ms or less, and rapid
folding may go to completion with time constants as low as
100µs (6). Suggested diffusion-limited time constants for
elementary events in folding include about 0.1µs for
nucleating a helix (43), 0.5µs for forming a turn, and about
1 µs for forming a 6-10 residue loop (6). OMTKY3 is
refractory to chemical denaturation at temperatures below
40 °C, so direct measures of the overall kinetics of unfolding
and refolding are not readily feasible; the slowest folding
observed by native-state exchange is at Leu 23, whose time
constant of 5 ms should put a lower limit on the kinetics for
the overall folding reaction.

Folding kinetics for Cys 38, Asn 39, and Ala 40, which
probably report on formation of a helical turn, are about 2
orders of magnitude slower than the proposed diffusion limit.
Likewise, formation of the hairpin in theâ-sheet, as
monitored by Leu 23 and Tyr 31, is slowed by a factor of
g1000 relative to the diffusion limit. These results suggest
the presence of kinetic barriers to helix and sheet formation
during the very early stages of folding in OMTKY3. The
nature of these barriers can be explored by varying denaturant
concentration and temperature.

Access to very rapid kinetics via native-state NH exchange
entails systematic measurements of exchange under condi-
tions where both equilibria and opening rates are assessed.
In the present study, pH has been varied to change the rate-
limiting step in NH exchange from the chemical step to the
conformational opening reaction. Alternatively, chemical
denaturants or temperature might be used to achieve similar
ends (12, 26). The beauty of pH as a variable is the
characteristic plateau effect at alkaline pH (Figure 1) which
permits identification of EX1-type exchange conditions.
Interpretation of studies where pH is the perturbant will be
facilitated by knowledge of the pH dependence of stability.
In addition, error analysis in the present study suggests that
reliable estimates forkop andkcl require that the experimental
pH be extended to the point wherekch is at least two or three
timeskcl. Studies involving other perturbants will need to
use other techniques to determine when EX1-type exchange
is being observed (23, 25, 26).

More generally, native-state NH exchange may be used
to measure the kinetics of conformational changes in addition
to the unfolding and folding reactions. Possible applications
include the study of conformational changes associated with
binding, allosteric regulation, and rate-limiting steps in
enzyme catalysis.
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