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The earliest steps in the folding of proteins are complete on an
extremely rapid time scale that is difficult to access experimentally.
We have used rapid-mixing quench-flow methods to extend the
time resolution of folding studies on apomyoglobin and elucidate
the structural and dynamic features of members of the ensemble
of intermediate states that are populated on a submillisecond time
scale during this process. The picture that emerges is of a contin-
uum of rapidly interconverting states. Even after only 0.4 ms of
refolding time a compact state is formed that contains major parts
of the A, G, and H helices, which are sufficiently well folded to
protect amides from exchange. The B, C, and E helix regions fold
more slowly and fluctuate rapidly between open and closed states
as they search docking sites on this core; the secondary structure
in these regions becomes stabilized as the refolding time is in-
creased from 0.4 to 6 ms. No further stabilization occurs in the A,
G, H core at 6 ms of folding time. These studies begin to time-
resolve a progression of compact states between the fully un-
folded and native folded states and confirm the presence an
ensemble of intermediates that interconvert in a hierarchical se-
quence as the protein searches conformational space on its folding
trajectory.

protein folding � pulse labeling � rapid mixing

Most proteins fold rapidly from the highly heterogeneous
conformational ensemble of the unfolded state into their

well defined native conformations. For proteins with �100
residues, collapsed, partially folded intermediates are formed
within hundreds of microseconds after the initiation of folding
(1–4). Quench-flow pulse-labeling experiments have yielded
considerable information about the development of secondary
structure in such intermediates, on a time scale of milliseconds
(5, 6). However, little is known about the processes that occur
within the dead time (�6 ms) of the conventional quench flow
apparatus, nor about the dynamic behavior of the kinetic folding
intermediates. To gain insights into the early folding processes
for sperm whale apomyoglobin, we have performed pulsed
hydrogen-deuterium (H/D) exchange experiments with submil-
lisecond time resolution.

Apomyoglobin has been studied extensively by kinetic and
equilibrium methods as a paradigm for understanding protein
folding pathways and the structure of folding intermediates (7).
The structure of apomyoglobin is similar to that of the holopro-
tein except that residues in the F helix and the C terminus of the
H helix are disordered (8–10). During refolding, apomyoglobin
forms an on pathway kinetic intermediate, in which major
portions of the A, G, and H helices and part of the B helix are
folded, within the 6-ms burst phase of conventional quench-flow
H/D exchange experiments (11–14). These same regions adopt
stable secondary structure in the equilibrium molten globule
intermediate formed at pH 4.2 (10, 15–17). Recent H/D ex-
change experiments under a variety of conditions detected

heterogeneity in the apomyoglobin kinetic intermediate, with
the E helix partly folded in a subset of molecules in the
conformational ensemble (12).

To obtain further information on the fluctuations and heter-
ogeneity of the apomyoglobin intermediate, we adopted a rapid-
mixing exchange protocol for determination of the elementary
rate constants of H/D exchange (Scheme 1) (18–20):
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where NHclosed is a folded state in which amide protons are
protected from exchange, and NHopen is an open state from
which exchange occurs. Data were obtained by using a three-
solution mixer that can be applied for pulsed H/D exchange
experiments in the submillisecond time domain (21, 22). In
contrast to previous pulse-labeling experiments (11–13), in
which amides were exchanged by a single high pH pulse in the
EX1 regime (kex �� kcl), our protocol uses a wide range of
labeling pulse strengths in both the EX1 and EX2 regimes to
measure the pH dependence of the proton occupancy (20).
Because the pH dependence of kex is known (23), the proton
occupancy curves can be analyzed to give the values of kop and
kcl without assuming EX1 or EX2 exchange mechanisms. The
fluctuations of the residues in the kinetic intermediate can be
assessed from the rate constants, whose ratio (kcl/kop) corre-
sponds to the stability of the closed conformation. Furthermore,
accurate values of [NHopen] at the moment of applying the pulse
can be estimated. By estimating [NHopen] as a function of
refolding time, the evolution of secondary structure along the
apomyoglobin folding pathway can be deduced. Fractional val-
ues of [NHopen] indicate heterogeneity in the intermediate. The
application of this method to refolding of sperm whale apomyo-
globin shows that the initial collapse event leads to formation of
a folding core comprised of parts of the A, G, and H helices, with
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f luctuating secondary structure in the B and E helix regions,
which becomes stabilized on a millisecond time scale as these
helices dock to the core domain.

Results
Time-Dependent Changes in the Proton Occupancy Profiles. To obtain
information on fluctuations and heterogeneity in the folding
intermediate of apomyoglobin, we measured proton occupancies
(Hobs; Fig. 1) at refolding times of 6 and 0.4 ms and pulse
strengths ranging from pH 7 to 10.7, all with duration of 3.6 ms.
The resulting exchange profiles can be classified in three groups,
exemplified by the data shown in Fig. 1 (a complete set of plots
for all residues is included in supporting information (SI) Fig.
S1). The amide protons of residues in the first group (termed
group S) are strongly protected and cannot be exchanged within
the 3.6-ms exchange period even by the strongest labeling pulse
(Fig. 1 A). Many residues in helices A and G belong to this group.
Amide protons in group M are moderately protected from
exchange; however, a significant decrease in Hobs is observed at

high pH (Fig. 1B). Assuming the EX2 scheme, in which exchange
occurs at the rate of kex�kcl/kop, the magnitude of the shift of the
sigmoid Hobs curve to higher pH compared to the curve for
the free amide (kex; Fig. 1B, dashed line) gives a measure of the
stability (kcl/kop) of the amide. The amide protons of many
residues located in helices B and H belong to this group. The
third group (W) shows only a small shift of the sigmoid Hobs
curve to alkaline pH (Fig. 1C), indicating weak protection. Even
at the highest pulse strength, where the mechanism is EX1 and
exchange is pH independent and limited by kop (20), the proton
occupancy after 6 ms of refolding time does not reach its limiting
value of 0.14 (determined by the proportion of residual H2O in
the refolding buffer). The amide protons in the C and E helices
belong to group W.

Analysis of HD Exchange Data. Amide protons in group S exhibit
very similar exchange profiles at folding times of 6 and 0.4 ms,
indicating that they are already fully protected within 0.4 ms of
initiating refolding (Fig. 1 A). With the sole exception of I30 (B
helix), all of these amides belong to residues in the A and G
helices. In contrast, the 0.4- and 6-ms refolding curves are not
coincident for many of the amide protons belonging to groups M
and W, an indication that the local folding process that results in
the protection of these amides is continuing on a time scale of
0.4–6 ms. For each residue, the midpoint of the sigmoid tran-
sition is at nearly the same pH for the two refolding curves but
there is a significant decrease in the plateau value of the proton
occupancy at high pulse pH for the data at 0.4 ms relative to that
at 6-ms refolding time (Fig. 1C and Fig. S1). This decrease can
be attributed to an increased population of the NHopen state at
0.4-ms refolding time, rather than to differences in kcl and kop
values, which would shift the pH midpoint of the sigmoid curve
(20). In other words, many amide protons remain largely in the
open conformation in the ensemble of compact states formed
after 0.4 ms, and additional compaction or folding events reduce
the fraction of NHopen after 6 ms of refolding. Amide protons
located near the ends of the B helix and in the C and E helices
exhibit this behavior, showing that these regions have not yet
relaxed into stable hydrogen-bonded conformations in the com-
pact states formed 0.4 ms after initiation of refolding.

For each residue, the pH-dependent proton occupancies at
0.4- and 6-ms refolding times were fitted simultaneously to the
Hvidt equations (18,19) (Eqs. 2 and 3 and Materials and Meth-
ods), assuming that the values of kop and kcl are the same at both
refolding times. These equations were derived without assuming
either EX1 or EX2 regimes (18). Eq. 4 was used to describe the
time-dependent changes in [NHopen], assuming that all amide
protons are in the open form at the moment of initiation of the
refolding reaction. Examples of fitted curves are shown in Fig. 1
as solid lines. All of the exchange profiles can be fitted by the
above equations, with the exception of amides in group S, which
show only limited dependence on pH. The values of the stability
(kcl/kop) and [NHopen] obtained from the data fitting are shown
as a function of residue number in Fig. 2 and are listed in Table
S1. For amides in group S, only lower limits can be placed on
values of kcl/kop (�100) and kcl (more than �40,000 s�1) (see SI
Text). Moderately protected amides, with kcl/kop between 20 and
100, are found toward the C terminus of the B helix and at the
N-termini of the G and H helices (Fig. 2 A). Weakly protected
amides were identified not only in the C and E helices and CD
loop, but also in the terminal regions of the helices that were
otherwise highly or moderately protected. The relative stability
of each amide in the kinetic intermediate ensemble provides a
clue to the nature of the core structure and its mechanism of
formation.

The [NHopen] values in different regions of the protein (Fig.
2B) give additional insights that can be interpreted in a time-
dependent way. Amide protons in the center of the A, G, and H

Fig. 1. Representative plots of amide proton occupancy in partially refolded
apomyoglobin as the 3.6-ms labeling pulse pH is varied from 7.0 to 10.7. (A)
V10 (A helix), representative of the highly protected residues (class S). (B) A143
(H helix), representative of moderately protected residues (class M). (C) V66 (E
helix), representative of weakly protected residues (class W). Red circles and
blue triangles represent the data obtained at tf of 0.4 and 6 ms, respectively.
The red lines and blue lines represent the fits to the 0.4- and 6-ms data,
respectively, obtained by using Eqs. 2-5. The red and blue lines are coincident
in A and B. The dotted lines show the expected curves for unprotected amides
at tp of 3.6 ms.
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helices and at I30 in the B helix are strongly protected and have
extremely small [NHopen] values at both 0.4- and 6-ms refolding
times; no decrease in [NHopen] is observed at the longer folding
time. In contrast, most amides in the B, C, and E helices possess
much larger values of [NHopen] at 0.4 ms, which decrease
significantly after 6 ms of refolding time. The fractional [NHopen]
values at 0.4 ms indicate that these amides are involved in
fluctuating and heterogeneous conformations in the intermedi-
ate ensemble formed after 0.4 ms of refolding. Stabilization of
secondary structure and reduction of heterogeneity occurs in
these regions as folding progresses in the time range between 0.4
and 6 ms. The amides of several terminal residues of the helices
of the AGH folding core (E18 in A helix, Y103 in G helix, and
K133 in H helix) also display time-dependent [NHopen] values,
reflecting end-fraying of the helices.

The difference in behavior of the various amides at 0.4- and
6-ms refolding time is emphasized by Fig. 3. For each amide,
[NHopen], which is 1.0 in the unfolded state, starts to relax after
the initiation of the refolding reaction to the equilibrium value
defined by the respective kop and kcl rates. Limiting equilibrium
values of [NHopen] can be calculated by using Eq. 4 for infinitely
long refolding time, where the second term of the equation
becomes zero and [NHopen] reduces to kop/(kop � kcl). Values of
[NHopen] obtained by fitting the experimental data at 6-ms
refolding time (Fig. 3, blue triangles) coincide with the calculated
equilibrium values of [NHopen] (Fig. 3, solid curve), showing that
all amides have achieved equilibrium between the open and
closed states at this time (Fig. 3A). In contrast, at 0.4-ms
refolding time, only the amides located in the helix AGH folding
core (plus I30) have reached their equilibrium values of [NHopen]
(Fig. 3B). For amides in the B, C, and E helix regions, [NHopen]
values are much larger than the limiting equilibrium values, again
indicating that these regions of the protein remain in a fluctu-
ating and heterogeneous state in the folding intermediate en-
semble formed after 0.4 ms. For amides in the B, C, and E
helices, the kop values are all �200 s�1 (Table S1): their

experimental [NHopen] values can be fitted by Eq. 4 by using
kop � 200 s�1 and tf � 0.4 ms (broken line in Fig. 3B).

Discussion
Formation of the Folding Core Is Associated with Initial Hydrophobic
Collapse. Conventional stopped-flow and quench-flow hydrogen
exchange experiments on refolding of apomyoglobin at 5°C
revealed formation of a helical intermediate within the 6-ms
dead time of the instrument (11, 12). The present studies extend
kinetic pulse-labeling experiments on apomyoglobin refolding
into the submillisecond time regime and provide insights into the
early folding events. In these experiments, most of the observ-
able amide protons in the A, G, and H helix regions are
significantly protected from exchange even at the shortest (0.4
ms) refolding time (Figs. 2 A and 3B). Many amides in the A and
G helix regions show little tendency to exchange even with the
highest pH labeling pulse. Some amides in the middle of G
(residues 106, 109, and 110) and those in the middle of H
(residues 134–137 and 139) are more labile but still appear to
have reached their maximal protection in the intermediate
formed after 0.4 ms. These data show that the AGH core is fully
formed after 0.4 ms of refolding time, although not all amides are
equally well protected from exchange. With the exception of
residue I30, and to a lesser extent R31 and L32, which have small
values of [NHopen] (�0.1), amides in the B, C, and E helices are
not strongly protected in the 0.4-ms intermediate, suggesting that
stable helical structure has not yet formed.

Although stable helical structure is a prerequisite for the
observation of amide proton protection during folding, it is not
the major driving force in the folding process. Studies of isolated
peptide fragments of apomyoglobin indicate that the H helix
possesses the highest propensity for spontaneous formation of
helical structure in aqueous solution, whereas the fragments
corresponding to the G helix possess poor helix propensity in

Fig. 2. Plots of stability and [NHopen] as a function of residue number. (A) The
estimated stability (kcl/kop) for each amide. For highly protected amides with
pH-independent proton occupancies, kcl/kop values are assigned a lower limit
of 100. (B) [NHopen] values, estimated from kcl, kop, and tf. The red circles and
blue triangles represent [NHopen] at tf of 0.4 and 6 ms, respectively. [NHopen] for
highly protected amides is assigned a limiting value of 0. The location of the
helices in the holomyoglobin structure is indicated at the top.

Fig. 3. Equilibration of amide proton exchange at 0.4 and 6 ms. (A) [NHopen]
versus kcl/kop for a refolding time of 6 ms. Experimental data points are shown
as blue triangles. The solid line depicts equilibrium values of [NHopen] at long
refolding time, calculated by using the equation [NHopen] � kop/(kop � kcl)
derived from Eq. 4. (B) Plot of [NHopen] versus kcl/kop for a refolding time of 0.4
ms. Data points are colored according to their location in the apomyoglobin
helices, as depicted in Fig. 2. The highly protected amides are assigned values
of kcl/kop � 100 and [NHopen] � 0. The solid line depicts the equilibrium values
of [NHopen], and the broken line was calculated by using Eq. 4 with kop � 200
s�1 and tf � 0.4 ms.
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isolation (24, 25). Both the G and A helices show extensive helix
formation in longer peptides where interhelix contacts are
possible (26). These data clearly show the importance of tertiary
interactions for folding of the A and G helices. The A, B, G, and
H helix regions are also the sites of transient long-range contacts
formed in the acid-unfolded state of apomyoglobin at equilib-
rium, which have been directly related to the local hydrophobic
nature of the sequence (27–29). Because hydrophobic collapse of
the apomyoglobin polypeptide chain and formation of the first
tertiary contacts occurs within 300 �s (1, 4, 30), our observation
that the A, G, and H helices contain the most highly protected
amides at 0.4 ms is consistent with a model in which collapse and
coalescence of local hydrophobic clusters in these regions drives
formation and stabilization of helical secondary structure. A
strong propensity for spontaneous helix formation is not a prereq-
uisite for efficient folding, as shown clearly by previous folding
studies of H helix-destabilizing apomyoglobin mutations (31).

It is notable that, although amides in the middle of the H helix
are well protected after 0.4 ms and show no decrease in [NHopen]
values after 6 ms of refolding time, they are in general less well
protected than amides in the A and G helices (Fig. 2). This
finding contrasts with the native apoprotein and the pH 4
equilibrium molten globule intermediate, where the protection
factors for exchange of amides in the H helix are comparable to
those of the A and G helices (10).

Docking of B and E Helices to the Folding Core. Five amides in the
B helix (residues 29, 30, 31, 32, and 33) have relatively small
[NHopen] (�0.16) and are moderately protected at 0.4-ms re-
folding time. These residues contact the C/D region, the N-
terminal region of the E helix, and the middle of the G helix in
the native state. Of these regions, only the G helix contains
amides that show high protection and low [NHopen], which
implies that the primary contact for the B helix in the interme-
diate ensemble is to helix G. These observations are consistent
with previous studies of the L32A mutant (32), in which the
substitution caused a reduction in the observed proton occu-
pancies at G-helix residues I107 and E109, which contact L32 in
the folded state. We therefore suggest that, at 0.4-ms refolding
time, the region between residues 29–33 of the B helix is
sampling contacts with the fully structured G helix; the inter-
actions with G and the helical structure of B become further
stabilized as folding proceeds in the time domain from 0.4 to 6
ms, as evidenced by the decrease in [NHopen] observed for the
B-helix residues over this time period.

The E helix can be divided into two regions that demonstrate
different docking dynamics to the AGH core domain. At the C
terminus of the E helix, residues 71–76 possess moderate NHopen
at 0.4 ms and low protection (average kcl/kop � 12 � 2), whereas
at the N terminus, residues 63–70 possess high NHopen and
marginal protection (average kcl/kop � 5 � 3). The C-terminal
half of the E helix is located at the junction of the A, G, and H
helices in the folded protein (Fig. 4), providing a possible reason
for its increased stability in the intermediate state. In addition,
the marginal stability of the N-terminal half of the E helix, which
contacts the B helix in the native structure, suggests inefficient
packing between the E and B helices in the intermediate. These
results imply that the docking of the B and E helices to the core
occurs independently and that interactions between the B and E
helices are not established during this time period. It follows that
the formation of the correct contacts between the different
helices that dock to the core might be an important kinetic
bottleneck in the folding of apomyoglobin.

Cooperative Dynamics in the Intermediate Ensemble. Analysis of kop
and kcl and the time-dependent changes in [NHopen] yields
profound insights into the structural heterogeneity and dynamic
cooperativity of the intermediate ensemble. Our model assumes

that the open-closed dynamics of different amides can be
described by independent kop and kcl values. Exchange between
open and closed states is fast enough (kop � kcl � 1,000 s�1) that
the exchange process in the intermediate ensemble reaches
equilibrium within the 6-ms refolding time, i.e., [NHopen] is equal
to kop/(kop � kcl) (Eq. 4). That the system has equilibrated within
this refolding time is confirmed by Fig. 3A, which shows that the
fitted values of [NHopen] at 6 ms are coincident with the calcu-
lated equilibrium values, i.e., all protected amides in the inter-
mediate ensemble have reached equilibrium after 6 ms.

In contrast to the data at 6 ms, the plot of [NHopen] versus
kcl/kop for the data at 0.4 ms (Fig. 3B) shows that the amides fall
into two groups. First, the amides in the AGH folding core are
fully equilibrated even after 0.4 ms of refolding, and their
[NHopen] values are identical to those of the equilibrated state at
6 ms. Amides in these regions are highly protected from ex-
change and kcl values are large, i.e., folding is very rapid. Second,
the amides in the B and E helices possess [NHopen] values that
are significantly shifted from the equilibrated values; for these
amides, kop � kcl is not fast enough for equilibrium to be reached
within the 0.4-ms refolding time. The B-helix amides cluster
around kcl/kop of �20–40, and the amides in the N-terminal and

Fig. 4. Location of the most rapidly protected amides. (A) Distribution of
fully and nonequilibrated amides in the 0.4-ms intermediate ensemble. The
structure of holomyoglobin (38) is represented as a tube of varying radius.
Residues whose amides are fully equilibrated after 0.4 ms of refolding, i.e., for
which [NHopen] has reached the equilibrium value, are depicted in magenta
with increased tube radius. Residues for which [NHopen] has not reached the
equilibrium values and which are fluctuating between folded and unfolded
states are depicted by a thinner blue tube. Very thin tubes represent regions
that do not exhibit exchange protection and probably remain unstructured in
the folding intermediate. (B) Mapping of kcl values onto the holomyoglobin
structure. Closing rates are depicted by variations in color and tube radius.
Red, kcl � 9,500 s�1; yellow, 5,000 � kcl � 9,500 s�1; green, 2,500 � kcl � 5,000
s�1; blue, kcl � 2,500 s�1. This figure was prepared by using MolMol (39).
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C-terminal halves of the E helix cluster around values of 5 and
10, respectively. The distribution of [NHopen] values for amides
in these helices can be fitted reasonably well by Eq. 4 by using
kop of 200 s�1 and tf of 0.4 ms (Fig. 3B). Amides in the C helix
also belong to this group. The location of the equilibrated and
nonequilibrated amides mapped onto the holomyoglobin struc-
ture is shown in Fig. 4A.

With the exception of the H helix, kop values lie in a fairly
narrow range (�200–400 s�1). The fact that kop values are
similar for most residues implies that H/D exchange occurs
through a cooperative, global opening process that involves
unfolding of the intermediate. Opening rates in the H helix,
especially toward the C terminus, are significantly faster and
suggest fraying of the helix. In contrast, considerable variation is
seen in closing rates (kcl), which provides important insights into
the folding process. For residues in the G and H helices that
display pH-dependent proton occupancies, folding is very fast
and values of kcl are mostly �10,000 s�1. Although it is not
possible to fit kinetic parameters for highly protected residues in
helices A and G whose proton occupancies show no pH depen-
dence, a lower limit of �40,000 s�1 can be placed on the kcl rates.
Closing rates near the ends of the A, G, and H helices are
significantly slower and reflect the decreased stability of the helix
terminals in the conformational ensemble of the intermediate.

The average value of kcl in the central region of the B helix is
�5,000 s�1, suggesting that this region folds more slowly than the
AGH core. The similar values of kcl and kop for these residues
argue that both folding and unfolding of the central region of the
B helix is cooperative. The N- and C-terminal halves of the E
helix have the same kop rates but display significantly different
values of kcl; for residues 63–70, the average kcl is �1,400 s�1,
whereas the average kcl for residues 71–76 is �3,000 s�1. These
results suggest that the E helix comprises two independent
subdomains, and that folding and unfolding of each subdomain
occurs cooperatively. It is also of note that kcl values at the N
terminus of the B helix (residues D27 and I28) are the same as
the N-terminal residues of helix E, suggesting that these two
regions, which are in contact in the native myoglobin structure,
fold at the same rate. The kcl values are mapped to the myoglobin
structure in Fig. 4B.

Apomyoglobin Folding Mechanism. Based on the measured kinetic
parameters, we propose a hierarchical model for folding of
apomyoglobin. The A, G, and H helix regions undergo rapid
collapse and fast formation of helical structure (red regions in
Fig. 4B). The B, C, and E helices then dock onto the AGH core
domain and fold in the following order: B helix (Fig. 4B, yellow),
C-terminal subdomain of the E helix (Fig. 4B, green), and
N-terminal subdomain of the E helix and C helix (Fig. 4B, blue).
This interpretation is consistent with previous apomyoglobin
folding schemes involving two sequential on pathway interme-
diates separated by an energy barrier (1, 33, 34). Jamin and
Baldwin (33) identified two intermediates, designated Ia and Ib,
that exist in equilibrium in the pH 4.2 molten globule state of
sperm whale apomyoglobin and are populated transiently during
kinetic refolding (U 7 Ia 7 Ib 7 N). Fast kinetic refolding
experiments with horse apomyoglobin revealed formation of an
initial collapsed intermediate, I1, within 0.3 ms, which converts
to a second intermediate, I2, with a time constant of 5 ms (1). It
appears that I1 and I2 correspond to the Ia and Ib intermediates,
respectively, of the sperm whale protein (1, 34). The two
intermediates are equally compact (Rg, 23.7 Å) but differ in
helical content (30% and 44% helix for I1 and I2, respectively).
The initial intermediate, Ia/I1, likely corresponds to the ensemble
of heterogeneous conformations observed in the present work
after 0.4 ms of refolding, containing helical structure in the A,
G, and H regions. The second intermediate, Ib/I2, would then
correspond to the equilibrated state formed after 6 ms, in which

additional helical structure has become stabilized in the B-, C-,
and E-helix regions. The increase in helicity between I1 and I2
revealed by CD (1) is quite consistent with the present pulse-
labeling experiments, which show increased exchange protection
between 0.4 and 6 ms for regions that encompass 17–18 residues
in the B, C, and E helices. Although the present data suggest that
different domains of the B and E helices fold at different rates,
these processes would be difficult to resolve by the low-resolution
CD and fluorescence methods used in the previous kinetic
measurements, which detected only the complete folding of both
the B and E helices as a single kinetic event. Further studies on
the opening and closing dynamics of the individual amides in
helices B and H and on the heterogeneity of the intermediate
ensemble are required to understand the kinetic cooperativity
and heterogeneity in apomyoglobin folding.

Materials and Methods
Rapid Solution Mixer. For the pulse-labeling experiments, a series of three
consecutive timed mixing steps is required: initiation of the refolding reaction,
H/D exchange, and quench. A schematic drawing of the equipment, modified
from the previous versions (2, 21, 22), is shown in Fig. S2. Usage and calibration
of the mixer are described in SI Text.

H/D Exchange, pH Pulse Labeling for Apomyoglobin. 15N-labeled sperm whale
apomyoglobin was produced in Escherichia coli BL21-DE3 cells and purified as
described (35). A solution containing the fully unfolded apomyoglobin (�80
�M) at pH 2.2 in HCl/H2O was placed in syringe P (Fig. S2). Refolding and H/D
exchange was performed at room temperature. The refolding reaction was
initiated by a 6-fold dilution of the acid-unfolded apomyoglobin with either
60 mM acetate buffer or 30 mM citrate buffer in 2H2O delivered from syringe
Q, to a final pH* (measured pH, uncorrected for the deuterium isotope effect)
of 5.8. After refolding times (tf) of 0.4 or 6 ms, the H/D exchange reaction was
initiated by a 1/6-fold dilution of the sample solution with 2H2O buffer
containing 350-mM 3-(cyclohexylamino)-1-propanesulfonic acid (CAPS) deliv-
ered from syringe R at the desired pH* from 7 to 10.7 to enhance exchange of
unprotected amide protons to deuterons. The H/D exchange labeling was
allowed to proceed for 3.6 ms (tp), and the pH* was then rapidly lowered to
5.7 by mixing with 250 mM citrate buffer in 2H2O, precooled on ice. To avoid
further undesired H/D exchange, the samples were kept on ice or at 4°C after
the final mixing.

Because holomyoglobin is more stable to exchange than apomyoglobin,
heme was added to the exchange-labeled apomyoglobin and the CO complex
was formed by a modification of previous procedures (12). The pulse-labeled
samples were mixed with a 6-fold molar excess of hemin (Sigma) in a 2H2O
buffer containing 250 mM Hepes and 0.1-mg/ml KCN adjusted to pH* 8.2.
After a 5-s delay to allow heme insertion and isomerization, the pH* was
decreased to 6.0 by addition of 700 mM citrate buffer in 2H2O. The holomyo-
globin was concentrated by using a centrifugal filter (Amicon Ultra-15; Milli-
pore) and the buffer was exchanged to 50 mM phosphate in 2H2O at pH* 5.6.
The holomyoglobin was reduced by adding sodium dithionite to a final
concentration of 1.3 mg/ml and purged with carbon monoxide to prepare the
CO-bound complex. Excess dithionite was removed under a CO atmosphere by
using a Sephadex G15 column equilibrated with 50 mM phosphate buffer in
2H2O at pH* 5.6. The eluate was collected directly in an NMR tube purged
with CO.

NMR Spectroscopy. 15N-1H heteronuclear single quantum coherence (HSQC)
spectra were recorded by using a Bruker DRX600 spectrometer at a probe
temperature of 35°C. The spectral widths were adjusted to 9,615 Hz and 2,000
points in the 1H dimension and 1,538 Hz and 128 points in the 15N dimension.
Proton occupancies were determined from HSQC cross-peak intensities (see SI
Text).

Data Analysis. Amide hydrogen exchange was interpreted based on Scheme 1,
in which a given amide can be in a protected state that is nonexchangeable
(NHclosed), an open state from which exchange occurs (NHopen), or in the fully
exchanged state (NDexchanged) (18, 19, 36). kop and kcl are the local opening and
local closing rates, and kex is the exchange rate of the unprotected amide. The
latter depends on a variety of conditions and varies with pH as described in Eq.
1 (23, 37):

kex � kex
pH7�10 �pH�7	, [1]
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where kex
pH7 is the intrinsic exchange rate of the unprotected amide at pH 7.

Because kex increases with increasing pH, the fraction of protonated amide
( fH) varies sigmoidally with labeling pulse pH, as expressed by Eq. 2 (20):

fH � � kex
NHopen� tf
� �2

�1 � �2
� e��1tp � � �1 � kex
NHopen� tf

�1 � �2
� e��2tp

[2]

where

�1,2 �
kop � kcl � kex � ��kop � kcl � kex	

2 � 4kopkex

2

[3]


NHopen� tf
�

kop

kop � kcl
�

kcl

kop � kcl
e��kop�kcl	tf [4]

[NHopen]tf is the population of the open state at refolding time tf. In practice,
we observe a proton occupancy (Hobs), which is the sum of fH and the remain-
ing fraction of H2O after the second mixing (� 1/7 for the 7-fold dilution with
refolding buffer and pulse labeling buffer in our experimental protocol).

Hobs � fH � 1/7. [5]

The Hobs values as a function of pH were fitted to the above equations by using
the program IGOR Pro (Wavemetrics).
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