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Submillisecond Unfolding Kinetics of Apomyoglobin
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Submillisecond mixing experiments and tryptophan ¯uorescence spectroscopy are used to address two questions raised in earlier stopped-¯ow
studies of the folding and unfolding kinetics of sperm whale apomyoglobin. A study of the pH 4 folding intermediate (I) revealed, surprisingly,
that its folding and unfolding kinetics are measurable and ®t the twostate model except for a possible burst phase in unfolding. Submillisecond mixing experiments con®rm the unfolding burst phase and show
that its properties are consistent with the recently discovered interconversion between two forms of I, Ia  Ib. In urea-induced unfolding, Ib is
converted to Ia before Ia unfolds, and the unfolding kinetics of Ia ®t the
two-state model when the burst phase is assigned to Ib ! Ia. The second
question is whether the Ia, Ib intermediates accumulate transiently when
the native protein (N) unfolds to the acid unfolded form (U). Earlier
work showed that Ia and Ib accumulate when U refolds to N at pH 6.0
and the results ®t the linear folding pathway U  Ia  Ib  N. We
report here that either or both Ia and Ib accumulate transiently when N
unfolds to U at pH 2.7 and that the position of the rate-limiting step in
the pathway changes between unfolding at pH 2.7 and refolding at
pH 6.0. In unfolding as in refolding, we do not detect a fast track that
bypasses the Ia, Ib intermediates.
# 1999 Academic Press

*Corresponding author

Keywords: folding intermediate; apomyoglobin; molten globule;
cooperativity; tryptophan ¯uorescence

Introduction
The pH 4 equilibrium intermediate (I) of apoMb
has striking properties which make it a desirable
choice for studies of the mechanism of protein folding. First, I is formed rapidly in the kinetic process
of forming the native apoMb structure at pH 6.0
(Jennings & Wright, 1993), so that detailed characterization of I can be made at equilibrium at pH 4
and the results can be used to describe the kinetic
folding intermediate at pH 6. Second, the kinetics
of folding and unfolding I are measurable by
stopped-¯ow methods inside the urea-induced
unfolding transition at pH 4.2, 4.5  C, and the kinetics ®t the two-state model I  U (U  unfolded),
with one caveat that is discussed below (Jamin &
Baldwin, 1996). Third, there are two distinguishable forms of I, Ia and Ib, which coexist in a pHand urea-dependent equilibrium, and which are
E-mail address of the corresponding author:
bbaldwin@cmgm.stanford.edu
0022-2836/99/380731±10 $30.00/0

interconvertible with measurable kinetics in the
millisecond time range (Jamin & Baldwin, 1998).
These earlier kinetic results for the overall refolding reaction of apoMb are consistent with the linear model U  Ia  Ib  N (N  native) in which
both Ia and Ib are on-pathway intermediates.
We ask ®rst if the U  Ia reaction inside the
urea-induced unfolding transition (pH 4.2) is truly
two-state when monitored by Trp ¯uorescence.
Jamin & Baldwin (1996) found that the kinetics ®t
the two-state model except for a possible burst
phase (missing amplitude) in the unfolding reaction. Because they could monitor only the last half
of the kinetic reaction, both in unfolding and
refolding, their observation of a burst phase in
unfolding was tentative. If the submillisecond mixing experiments, which we report here, con®rm the
presence of a burst phase, and if the burst phase is
demonstrated to be part of the unfolding reaction
of I, this would mean that its unfolding is not completely cooperative. When the kinetics of the U  I
transition were ®rst reported, the existence of two
# 1999 Academic Press
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forms of I was not known. Later, Jamin & Baldwin
(1998) reported that, at low urea concentrations
(below 1 M), Ib is converted to Ia and the unfolding transition of I, which occurs above 1 M urea, is
in fact the unfolding transition of Ia. In unfolding
experiments with I, it is now necessary to take
account of the Ib  Ia reaction.
Our second aim involves submillisecond mixing
experiments on the unfolding of N at pH 2.7, in the
absence of urea. The aim is to test whether Ia and
Ib accumulate transiently when N unfolds to U, as
predicted by the model derived from the refolding
experiments, U  Ia  Ib  N, when the rates of
the various steps are extrapolated down to pH 2.7.
The accumulation of these intermediates during
the process of unfolding of N would bear out the
existence of a de®ned macroscopic pathway. Some
simulations suggest that the refolding process
should proceed more rapidly by bypassing folding
intermediates which are predicted to act as kinetic
traps in folding (see Dill & Chan, 1997; Wolynes,
1997). A basic prediction is that molecules that fold
by pathways that avoid populated intermediates
will be observed to fold on a ``fast track''. A previous study of apoMb refolding at pH 6.0 found
that the intermediates Ia, Ib accumulate transiently
and there is no evidence for a fast track that
bypasses Ia, Ib (Jamin & Baldwin, 1998). The formation of N was monitored by a sensitive and
speci®c assay, its unfolding rate: this assay can
detect a small amount of N in the presence of
larger amounts of folding intermediates (Kiefhaber,
1995). We ask here if the Ia, Ib intermediates
accumulate transiently when N unfolds to U at
pH 2.7. It is straightforward to answer this question with the equipment used here because the
¯uorescence emission maxima of Ia, Ib occur at
wavelengths quite different from those of N and U.
Both the disappearance of N and the formation of
U occur with measurable kinetics under the conditions used here, when observed with submillisecond mixing.
Although there are two distinguishable intermediates, Ia and Ib, they are not resolved from
each other in some types of experiments and we
use the collective term I to refer to the mixture of
Ia, Ib when they are not resolved.

Results
Folding and unfolding kinetics of I at pH 4.2
The mechanism of folding and unfolding of the
pH 4 folding intermediate, inside the urea-induced
unfolding transition, is studied here with a continuous-¯ow rapid mixing apparatus which operates at a ®xed temperature of 20  C (dead-time
200 ms) (Takahashi et al., 1997). The kinetics are
monitored by recording the Trp ¯uorescence spectrum at different time points. The folding intermediate I has a ¯uorescence intensity higher than
those of U and N, and the ¯uorescence changes for
U to Ia, Ia to Ib and Ib to N have been used pre-
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viously to monitor the folding kinetics of U to Ia
and U to N (Jamin & Baldwin, 1996, 1998). The Trp
¯uorescence spectrum shifts when the Trp sidechain becomes accessible to the aqueous solvent,
and the position of the emission maximum is a
sensitive indicator of Trp burial. It provides a more
reliable signal for identifying large conformational
changes than the ¯uorescence intensity.
In preliminary experiments, the ¯uorescence
spectra of the starting materials for the refolding
and unfolding of I were measured, namely U at
pH 4.2 in 4.0 M urea and I at pH 4.2 in 0 M urea.
At pH 4.2, where both Ia and Ib are present, the
emission maximum of I is at 353 nm, whereas the
maximum occurs at 359 nm in the spectrum of the
unfolded protein (U). Under the same conditions
(4.5  C, in 2 mM sodium citrate, 30 mM NaCl,
pH 4.2), the equilibrium unfolding transition of I
takes place above 1 M urea, with a midpoint near
1.9 M (Jamin & Baldwin, 1996). The folding and
unfolding kinetics measured here at various urea
concentrations inside the urea-induced unfolding
transition reveal changes in both the intensity and
the shape of the ¯uorescence spectrum. Figure 1(a)
shows the unfolding kinetics at 2.2 M urea monitored by the ¯uorescence intensity at 340 nm and
by the red-shift of the emission maximum. Up to
70 % of the reaction is observed; the measured part
follows an exponential time course with decreasing
intensity and the emission maximum shifts from
354 nm to 358 nm. Extrapolation to time zero indicates that at least one additional reaction occurs
during the mixing: it involves a small red-shift of
the emission maximum (1 nm) and a rise in
¯uorescence intensity. This burst phase amplitude
increases slightly when the urea concentration
increases (data not shown). The refolding kinetics
measured inside the transition region also follow
an exponential time course. Figure 1(b) shows the
refolding kinetics measured at 1.5 M urea. In contrast to the unfolding kinetics, however, there is no
burst phase: the variations in both intensity and
blue-shift of the emission spectrum account for the
entire changes expected from the initial and ®nal
equilibrium spectra.
The observed rate constant (1/t) increases
with increasing [urea] in the unfolding experiments, increases with decreasing [urea] in the
refolding experiments and proceeds through a
minimum in the transition region. Similar values
of the observed rate constant are found in the
folding and unfolding directions. A plot of ln(1/
t) versus ®nal [urea] in Figure 1(c) is ®tted to
equation (2), which is derived for a two-state
model (see Materials and Methods) when there
is a linear dependence of ln(k) on [urea] (Chen
et al., 1989). Because the data at 20  C are limited, the kinetic m values determined previously
at 4.5  C are used in ®tting. The rate constants
for folding and unfolding, obtained by extrapolation to 0 M urea, are: k12(H2O)  21,700 sÿ1 and
k21(H2O)  220 sÿ1. The free energy change for
unfolding at 0 M urea, 20  C, calculated from the
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forward
and
backward
rate
constants
(Gunf  2.7 kcal/mol), is slightly higher than
the
value
obtained
previously
at
4.5 
(Gunf  2.4 kcal/mol), as expected if the intermediate is slightly more stable near 20  C
because it exhibits cold denaturation (Nishii et al.,
1994). The equilibrium transition curve in
Figure 1(c) is calculated from the folding and
unfolding rate constants at each urea concentration. The midpoint of the equilibrium transition appears shifted towards lower [urea] as
compared to the point of the V in the kinetic
plot where 1/t is minimal. This shift is predicted by the two-state model because the value
of [urea](1/t)min depends on the ratio of the kinetic
m values (equation (3)). The midpoint of the
equilibrium transition (Cm) occurs where the
microscopic rate for folding equals that for
unfolding.

pH dependence of the folding and unfolding
kinetics at 4.5 C
At low salt conditions, the pH-induced unfolding transition of native apoMb shows two well
separated steps between pH 6 and 2 (Griko et al.,
1988; Barrick et al., 1993). An intermediate, actually
an equilibrium mixture of two distinct forms, Ia
and Ib, is populated near pH 4 (Jamin & Baldwin,
1998). The overall folding and unfolding kinetics of
apoMb at 4.5  C and various ®nal pH values are
measured here in pH-jump experiments monitored
by Trp ¯uorescence. Figure 2 shows the pH dependence of the observed rate constants (Figure 2(a))
and kinetic amplitudes (Figures 2(b), (c)) for the
various kinetic phases observed in both folding
and unfolding directions.

Figure 1. Urea-induced unfolding and refolding kinetics of the pH 4 intermediate. Variation of the ¯uorescence intensity at 340 nm (*) and of the position of
the emission maximum (&) are shown as a function
of time for unfolding at 2.2 M urea (a) and for refolding at 1.5 M urea (b). The ¯uorescence intensity and
position of the emission maximum measured in the
initial conditions are shown by ®lled symbols (*, & ).
Conditions: 2 mM sodium citrate, 30 mM NaCl,
pH 4.2, 20  C; initial protein concentration is 20 mM in
0 M urea for unfolding and in 4 M urea for refolding.
The ¯uorescence values are normalized so that the
value at pH 4.2, 0 M urea, in (a) is 96 (as in Figure 3
of Jamin & Baldwin, 1998). In each Figure, the kinetics
monitored by ¯uorescence intensity at 340 nm was
®tted to a three-parameter exponential equation,
F  F®nal ÿ A  exp(ÿk  r), in which the amplitude
(A), the apparent rate constant (k) and the ¯uorescence
intensity at equilibrium (F®nal) are adjustable

parameters. The kinetics of the emission maximum
change was ®tted to a two-parameter exponential
equation in which the observed rate constant k was
obtained from the ®t of the ¯uorescence intensity. The
lines in (a) are drawn using the following parameters.
Fluorescence
intensity:
A  ÿ 19.7,
k  1.43 sÿ1,
F®nal  81.3. Emission maximum: A  4.6, k  1.43 sÿ1
(®xed), lmax(®nal)  358.4. The lines in (b) are drawn
using the following parameters. Fluorescence intensity:
A  22.2, k  3.24 sÿ1, F®nal  98.2. Emission maximum:
A  ÿ 6.5, k  3.24 sÿ1 (®xed), lmax(®nal)  353.9.
(c) The reciprocal of the relaxation time (1/t) versus
urea molarity for refolding from 4 M urea (*) and
unfolding from 0 M urea (*). The line shows a ®t
of the data to equation (2) for a two-state model
with k12(H2O)  21,700 sÿ1, m12  ÿ 0.9 kcal.molÿ1 Mÿ1,
k21(H2O)  220 sÿ1, m21  0.4 kcal.molÿ1 Mÿ1. The broken
line shows the equilibrium transition curve calculated
from these parameters assuming a two-state model.
The symbol  shows the midpoint of the equilibrium
transition (Cm  2.06 M) and the [urea]min (2.42 M).
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Refolding kinetics
For the refolding experiments, the starting
material is U at pH 2.2 and the kinetic behavior
changes with pH. (a) When the refolding reaction
is measured at a pH above 4.5, three phases plus a
burst phase are observed. These kinetic phases
were assigned earlier at pH 6.0 (Jamin & Baldwin,
1998) and, by continuity, they are now assigned
throughout the pH range from pH 3.4 to 7.0. The
U  Ia reaction occurs during the mixing time and
gives rise to the burst phase change. The Ia  Ib
reaction is the ®rst measurable phase: its observed
rate varies from 150 sÿ1 at pH 3.4 to 30 sÿ1 at
pH 6.0. Native apoMb N is formed in each of the
last two kinetic phases. The slowest phase, whose
amplitude depends on the protein concentration,
represents the dissociation of a dimeric or oligomeric intermediate. It contributes less than 10 % of
the native protein formed in these experiments.
The rate of forming N from monomeric Ib at pH 6.0
is 3.3 sÿ1. (b) When refolding is measured at a pH
between 3.4 and 4.5, only one phase is observed in
addition to the burst phase. The observed rate
matches that of the Ia  Ib reaction measured previously between pH 3.1 and 4.1 (Jamin & Baldwin,
1998). The previous data are also shown in
Figure 2(a). (c) When refolding is measured below
pH 3.4, a single exponential phase with increasing
¯uorescence intensity is observed. Both the rate
and amplitude of this phase increase with pH and
the reaction becomes too fast to measure above
pH 3.4. We show below that this reaction is
U  Ia.
Unfolding kinetics

Figure 2. pH dependences of the folding and unfolding kinetics at 4.5  C. Conditions: 2 mM sodium citrate,
30 mM NaCl, initial protein concentration 20 mM. The
starting material for unfolding is N at pH 6.0 and for
refolding it is U at pH 2.2 (a) Apparent rate constants.
Filled symbols are for the unfolding kinetics (!, ^, *),
and open symbols are for refolding kinetics (!, &, },
*, ~). The diamonds (}, ^) represent the data
obtained previously by pH jump between pH 3.1 and
4.1 (Jamin & Baldwin, 1998). The triangles (~) show the
apparent rate constant for the formation of N from the
slow dissociation of a dimeric species (Jamin & Baldwin,
1998). (b) and (c) Amplitudes of the different phases
measured in the refolding (b) and unfolding directions
(c). The symbols are the same as in (a). Between pH 3.0
and 3.4, the amplitude of the ®rst kinetic phase of

For the unfolding experiments, the starting
material is N at pH 6.0, and the kinetic behavior
again changes with pH. (a) When unfolding is
measured above pH 3.0, unfolding produces an
exponential rise in ¯uorescence intensity whose
amplitude accounts for the entire change expected
from the equilibrium transition curve. The rate
increases as the pH decreases and, by continuity, it
matches the rate of the Ib  N reaction. Near
pH 4.0, Ia and Ib are the end products of the
unfolding reaction but, because the Ia  Ib reaction
is faster than the Ib  N reaction, Ia  Ib is not
detected in the unfolding kinetics. (b) When
unfolding is observed below pH 3.0, biphasic kinetics are seen in which a species accumulates transiently whose ¯uorescence intensity is higher than
those of U and N. Figure 3 (trace 1) shows the

refolding (!) is the measured amplitude, whereas
above pH 3.4, the same symbol (!) shows the amplitude of the burst phase calculated from the sum of the
amplitudes of the other kinetic phases and from the
initial and ®nal ¯uorescence values. The other symbols
are as in (a).
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Figure 3. Millisecond unfolding kinetics at pH 2.7
measured with a stopped-¯ow at 4.5  C. Conditions:
2 mM sodium citrate, 30 mM NaCl, initial protein concentration 20 mM. The different time traces show the
unfolding kinetics starting from different conditions: N
at pH 6.0 (1) or a mixture of Ia and Ib at pH 4.2 (2) or
3.5 (3). The kinetic traces are ®tted to a single (pH 4.2
and 3.5) or double exponential equation (pH 6.0). The
lines are drawn using the following values for the
amplitudes, rate constants and ®nal ¯uorescence intensity: (1) at pH 6.0, A1  0.088, k1  538 sÿ1, A2  ÿ 0.063,
k2  240 sÿ1, F®nal  0.085; (2) at pH 4.2, A1  ÿ 0.066,
k1  227 sÿ1, F®nal  0.085; (3) at pH 3.5, A1  ÿ 0.063,
k1  252 sÿ1, F®nal  0.086.

unfolding kinetics of N at pH 2.7; the transient
species is formed with an observed rate constant of
540 sÿ1 (t1  1.9 ms) and it disappears in the
second phase with an observed rate constant of
240 sÿ1 (t2  4.2 ms).
Transient accumulation of an intermediate
when N unfolds at pH 2.7
To ®nd out whether the biphasic change of Trp
¯uorescence at low pH is caused by the accumulation of the folding intermediates Ia and Ib, the
unfolding kinetics at pH 2.7 were observed starting
from different initial pH values (Figure 3). When
the starting material is N at pH 6.0 (trace 1), biphasic kinetics are observed. The ratio of the amplitudes of the fast and slow unfolding phases is
independent of protein concentration over the
range 5 to 40 mM (data not shown), which excludes
the formation of a multimeric species as the origin
of the biphasic kinetics. When the starting material
is a mixture of Ia and Ib at either pH 4.2 (trace 2)
or pH 3.5 (trace 3), only the second phase
(1/t  220-250 sÿ1) is observed, showing that the
fast rise in ¯uorescence intensity when N is present
initially is caused by the disappearance of N. The
kinetic amplitude and the observed rate of the
slow kinetic phase are independent of the initial
conditions, suggesting that Ia  Ib equilibration is
rapid at pH 2.7 and the slow step is Ia  U. This
deduction follows because the initial ratio [Ib]/[Ia]
varies with pH between 4.2 and 3.5.

Clear evidence for the transient accumulation of
I during the unfolding of N at pH 2.7 is provided
by time-resolved Trp-¯uorescence spectroscopy
studies. The ¯uorescence spectrum of I has a greater intensity than those of U and N, but, more
importantly, its lmax is about halfway between
those of U and N. The emission spectra of the starting material (N at pH 6.0) and of the ®nal product
at pH 2.7 (a mixture of U and I) are shown in
Figure 4(a), together with the spectra taken at
different times of the reaction. The ¯uorescence
spectrum of the transient species, recorded after
300 ms of unfolding, has lmax  353 nm, almost
halfway between those of the ®nal product at
pH 2.7 (lmax  356 nm) and N at pH 6.0
(lmax  348 nm); its spectrum is compared in
Figure 4(b) with the spectrum of the pH 4.2 equilibrium intermediate. The lmax of the fully acidunfolded protein at pH 2.2 is at 359 nm (data not
shown). Figure 5(a) shows the biphasic variation of
the ¯uorescence intensity at a single wavelength.
The kinetic trace is ®tted to a double exponential
equation. Figure 5(b) shows that each phase
involves a red-shift of the emission maximum.
No additional faster or slower reaction, involving either a signi®cant change in ¯uorescence
intensity or a red-shift of the spectrum, is detected
in the unfolding kinetics. The kinetic trace in
Figure 5(a) extrapolates at time zero to a ¯uorescence value close to that of the native protein,
and the spectrum recorded after 4.1 ms of unfolding can almost be superimposed on the spectrum
recorded at equilibrium at pH 2.7 (Figure 4(a)).

Discussion
Two-state formation of Ia
We obtained measurements in the submillisecond time range of the kinetics of folding and
unfolding of the pH 4 intermediate of apoMb at
20  C. These new data provide a more reliable
assignment of the kinetics and con®rm the highly
cooperative character of the U  Ia transition
(Jamin & Baldwin, 1996). First, in refolding the
shift of lmax occurs during the measurable part of
the kinetics, and in unfolding the largest part of
the shift also occurs in the measured part of the
kinetics. The refolding results show that there is no
early intermediate with a different ¯uorescence
spectrum formed in the mixing time. Sperm whale
myoglobin has two Trp residues, which are both in
the A helix and are buried in the hydrophobic
interface zone between the A, G and H helices.
Trp ! Phe single mutants show that each Trp residue is partially buried in the pH 4 intermediate I
(M.J., M.S. Kay and R.L.B., unpublished results),
and each Trp residue helps to stabilize I (Kay &
Baldwin, 1996). The present results, together with
earlier ones, strongly argue that the U  Ia reaction is the cooperative assembly of Ia. Second, the
rapid mixer we utilize here has extended the time
window into the submillisecond domain. It
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Figure 4. Fluorescence emission spectra. (a) Emission
spectra of N at pH 6.0 (1), of the equilibrium mixture of
U and I at pH 2.7 (5) and after different times during
the course of the unfolding of N at pH 2.7: 125 ms (2),
300 ms (3) and 4.1 ms (4). The ¯uorescence intensity is
normalized so that the value at 340 nm, pH 6.0 is 55 in
order to match our previous data (Figure 1, Jamin &
Baldwin, 1998). (b) Comparison of the spectrum taken
after 300 ms of unfolding (1) with the spectrum of the
pH 4.2 equilibrium intermediate (2). The spectra are
normalized so that the value at 450 nm is 0 and the
value at 350 nm is 100.

improves the accuracy with which the kinetic
amplitude is determined and con®rms the existence of a burst phase in the unfolding kinetics
(Jamin & Baldwin, 1996). A simple explanation for
this missing amplitude can now be proposed,
based on the discovery that two forms of the intermediate, Ia and Ib, coexist at equilibrium between
0 and 1 M urea (Jamin & Baldwin, 1998). Ib has a
lower ¯uorescence intensity than Ia and is converted rapidly to Ia with increasing urea concentration (Jamin & Baldwin, 1998). The kinetics of the
Ib ! Ia reaction are measurable at 4.5  C in the
pre-transition region, but become too fast to
measure by stopped-¯ow mixing above 1 M urea.
When the kinetics of the urea-induced unfolding of
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Figure 5. Submillisecond unfolding kinetics at pH 2.7
measured with a continuous-¯ow rapid mixer at 20  C.
Conditions: 2 mM sodium citrate, 30 mM NaCl, initial
protein concentration 12 mM, at pH 6.0. Variation of the
¯uorescence intensity at 340 nm (*, a) and of the
position of the emission maximum (*, b) are shown as
a function of time for unfolding at pH 2.7 (a) Fluorescence intensity at 340 nm. The ®lled circle (*) shows
the ¯uorescence intensity at 340 nm of the native protein at pH 6.0. The ¯uorescence intensity is normalized
so that the initial value at pH 6.0 is 55, according to our
previous data (Figure 1, Jamin & Baldwin, 1998). On
this normalized scale, the measured value at equilibrium
at pH 2.7 is about 82, in good agreement with the value
obtained here at the end of the unfolding kinetics. The
kinetic trace is ®tted to a double exponential equation.
The line is drawn using the following values for the
amplitudes, rate constants and ®nal ¯uorescence intensity: A1  ÿ 58.9, k1  5200 sÿ1, A2  32.0, k2  1030 sÿ1
and F®nal  81.3. (b) Emission maximum. The ®lled circle
(*) shows the position of the emission maximum of the
native protein at pH 6.0. The line represents a ®t to a
double exponential equation in which the rate constants
are ®xed to k1  5200 sÿ1 and k2  1030 sÿ1.

Ia are measured at 20  C, only a small rise in ¯uorescence intensity and a small red-shift of the emission maximum occur within the mixing time, in
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agreement with the changes predicted for the
Ib  Ia reaction in these conditions.
The kinetics of the U  Ia reaction measured earlier at 4.5  C (Jamin & Baldwin, 1996, 1998) and here
at 20  C, satisfy several tests showing that it is a
two-state reaction when monitored by Trp ¯uorescence. (1) The measurable part of the folding and
unfolding kinetics follows a single exponential time
course. The amplitude of the refolding kinetics
accounts for the entire change expected from the
equilibrium transition curve, and the missing
amplitude observed in the unfolding kinetics is
explained by the rapid Ib ! Ia reaction. (2) The
dependence of the observed rate constant on [urea],
measured in both folding and unfolding directions,
®ts the two-state model (equation (2)) and is consistent with the equilibrium transition curve.
(3) The m value and equilibrium constant extrapolated to 0 M urea are similar when calculated either
from the kinetic data or from the equilibrium transition curve. Another test for detecting the presence
of a kinetic intermediate remains to be made:
namely, to compare the kinetics monitored by
probes of secondary and tertiary structure.
Two other tests for a two-state U  Ia reaction
have been made which con®rm the highly cooperative nature of the reaction. First, the equilibrium unfolding curve measured by proves of
secondary structure (far-UV CD) and tertiary
structure (Trp ¯uorescence) are superimposable
when the proper baseline corrections are made
(Kay & Baldwin, 1996). Second, helix-destabilizing mutations (substitution of a Gly or Pro residue) made at solvent-exposed positions in the A
and G helices destabilize the entire folding intermediate, and not only the helix in which the
substitution is made (Luo et al., 1997). The latter
experiments also show, however, that two-state
folding of Ia is a fragile property, easily
disturbed by destabilizing mutations.
I accumulates transiently when N unfolds at
pH 2.7
The transient accumulation of I when N unfolds
at low pH is predicted from the linear
U  Ia  Ib  N model and extrapolation to low
pH of the rates assigned to the different reaction
steps at high pH. The rates of the Ia  Ib and
Ib  N reactions have been determined throughout
the pH range from pH 3.4 to 7.0 (Figure 3 and also
Figure 2(b)) of Jamin & Baldwin, 1998). Between
pH 3.0 and 3.4, an additional kinetic phase is
observed in the refolding direction which does not
correspond to any of the kinetic phases measured
at higher pH. It is assigned to the U  Ia reaction
on the basis of the following properties. (1) I has a
¯uorescence intensity higher than those of U and
N. (2) Ia has a higher ¯uorescence intensity and a
more red-shifted spectrum than Ib. (3) The
additional phase becomes too fast to measure
above pH 3.4, and the U  Ia reaction is known to
occur in the stopped-¯ow mixing time during the

refolding of N at pH 6 (Jamin & Baldwin, 1998).
Extrapolation below pH 3.0 of the rates measured
at higher pH values predicts that N forms Ib faster
than Ia forms U and therefore that a mixture of Ia
and Ib accumulates transiently. The ¯uorescence
spectrum of pure Ib is unknown, and the fractional
amounts of Ia and Ib cannot be determined.
The observed rate constant and amplitude of the
slow unfolding phase at pH 2.7 are insensitive to
the initial pH, indicating that unfolding proceeds
through the same kinetic barrier whether it is
initiated from N or from a mixture of Ia and Ib.
This result argues that the intermediates populated
when N unfolds at pH 2.7 are similar to the intermediates present at equilibrium near pH 4 and to
the ones formed transiently when U refolds to N at
pH 6.0. Finding similar intermediates at varying
pH values does not mean that their structures and
energetics are unaffected by changing pH, but only
that the kinetic barriers separating these species
from each other remain the same.
Kinetic intermediates in unfolding
Kinetic intermediates in the unfolding reaction
of small proteins are rare but not unknown (see
MuÈcke & Schmid, 1994; Zaidi et al., 1997;
Kiefhaber et al., 1997; Yeh et al., 1998; Yeh &
Rosseau, unpublished results). Three classes of
folding reactions may be distinguished, not
including kinetically complex folding reactions
arising from proline isomerization, heme ligand
binding or disul®de bond formation. The ®rst
class, which includes apoMb and a-lactalbumin,
shows equilibrium folding intermediates which
are stable relative to U under most conditions
and also stable relative to N under restricted
conditions, particularly at acid pH. It is not surprising to ®nd these intermediates well populated in kinetic unfolding and refolding
experiments. The second class, which includes
ubiquitin (Khorasanizadeh et al., 1996), RNase H
(Raschke & Marqusee, 1997), barnase (Dalby
et al., 1998) and hen lysozyme (Radford et al.,
1992), shows two-state folding reactions at equilibrium but complex kinetics of refolding, indicative of refolding intermediates. Unfolding
intermediates are observed much more rarely in
this class, possibly because the transition state
lies between the intermediate and the native
state. A third class of folding reactions, which
includes the small proteins CI2 (Jackson &
Fersht, 1991), CspB (Schindler et al., 1995) and
protein L (Scalley et al., 1997), shows no
observed kinetic intermediates either in refolding
or unfolding. Whether or not the folding mechanism of the third class is intrinsically the same
as in the ®rst two classes, with the difference in
folding behavior being caused only by the
reduced stability of folding intermediates, is still
under discussion: see review by Baldwin & Rose
(1999).
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Change in rate-limiting step with pH
The change in kinetic behavior between pH 2.7
and 6.0 is not attributable to a change between two
pathways that have different intermediates.
Instead, our results show directly that the ratelimiting step in the apoMb folding pathway
changes with pH. At pH 6.0, the rate-limiting step
in refolding is Ib  N (Jamin & Baldwin, 1998),
while we show here that the rate-limiting step in
unfolding at pH 2.7 is Ia  U (or, more precisely,
I  U: Ia and Ib are not resolved here). This observation serves as a reminder, in the case of folding
reactions without observable intermediates, that
the rate-limiting step in unfolding may not be the
same as in refolding if, as is usually the case,
the unfolding and refolding conditions are quite
different. For barstar, a change in conditions actually produces a change from one unfolding pathway to another (Zaidi et al., 1997).
Interpretation by a funnel model
There is wide agreement among experimentalists
that, as predicted by simulations of the folding
process, alternative pathways of folding are available and may even be used simultaneously (see the
study of hen lysozyme by Kiefhaber (1995) and
Wildegger & Kiefhaber (1997), and the study of
barstar unfolding by Zaidi et al. (1997)). What has
been controversial is whether populated intermediates slow down the folding process suf®ciently so
that the intermediates act as kinetic traps in folding, and the folding process can go faster by
bypassing the intermediates (see Dill & Chan,
1997). Our present results show that in unfolding,
as in refolding (Jamin & Baldwin, 1998), a fast
track cannot be detected. Presumably this means
that the energy landscape is so constructed that the
folding and unfolding processes ef®ciently funnel
material into the Ia and Ib intermediates. It is dif®cult to construct a formal proof that these intermediates are or are not on-pathway, and we note
only that the linear model U  Ia  Ib  N is the
simplest one and our unfolding results, like the
earlier refolding results (Jamin & Baldwin, 1998),
can be ®tted by this model.
A study of the equilibrium stability of I relative to N and U, over a wide range of pH and
urea concentrations (Barrick et al., 1993) showed
that I is stable relative to U from pH 3 to pH 8
(the pH range above 8 was not studied) and the
relative stability of I increases with pH in this
range. This is undoubtedly the basic reason why
the Ia and Ib intermediates are well populated in
the kinetics of unfolding and refolding in this
pH range.
Comparison with other studies of
apomyoglobin folding intermediates
The study by Jennings & Wright (1993) of the
kinetics of the U ! N refolding reaction at pH 6.0
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used NMR-hydrogen exchange and amide CD as
probes of the folding process. Their NMR-hydrogen exchange results allowed detailed structural
comparison of the major, rapidly formed kinetic
intermediate at pH 6.0 with the equilibrium intermediate at pH 4.2 (Hughson et al., 1990) and
showed that these two intermediates are very similar structurally. They did not detect the Ia  Ib
reaction, but this is not surprising because it is not
detected by CD and it would be dif®cult to detect
by NMR-hydrogen exchange, given the fast rate of
the Ia  Ib reaction at pH 6.0 (t  30 ms). Jennings
& Wright (1993) also detected by NMR-hydrogen
exchange a late kinetic intermediate (one second),
in which the B helix becomes fully protected,
which was not detected by Trp ¯uorescence (Jamin
& Baldwin, 1998).
It is dif®cult to correlate our results with the
extensive unfolding kinetics of Gilmanshin et al.
(1998) (see also Callender et al., 1998) for three
reasons. First, they used a probe of secondary
structure (FTIR) whereas we use Trp ¯uorescence,
which depends in a complex manner on tertiary
structure and even serves as a tertiary probe in the
U  Ia reaction (see Jamin & Baldwin, 1998)
because the two Trp residues of apoMb are partly
buried in the hydrophobic helix interface region
provided by the A, G and H helices. Second, they
study horse heart Mb whereas we study Mb from
sperm whale. Although the two proteins are
known to show similar folding behavior, they cannot be assumed to be identical. Finally, the Ia  Ib
reaction depends sensitively on pH and on anion
conditions in the regime where they measured the
unfolding kinetics of I. It will be necessary to monitor unfolding both by Trp ¯uorescence and by
FTIR of the same protein solution in order to sort
out these variables. It is plausible, but by no means
certain, that their published results can be interpreted in terms of the same unfolding intermediates (Ia, Ib) that we study here.

Materials and Methods
All experiments were performed in 2 mM sodium
citrate, 30 mM NaCl.
Protein expression and purification
A synthetic gene for sperm whale myoglobin was
expressed and puri®ed as described (Loh et al., 1995).
The heme was removed by acid-acetone precipitation
(Fanelli et al., 1958). Protein concentrations were determined by absorbance in 6.0 M GdmCl as described
(Edelhoch, 1967) using e280 nm  15,200 Mÿ1 cmÿ1 and
e288 nm  10,800 Mÿ1 cmÿ1.
Fluorescence continuous-flow experiments
Submillisecond mixing and ¯uorescence measurements were performed using previously described
instrumentation (Takahashi et al., 1997). The output at
264 nm from a frequency-doubled argon ion laser
(Coherent) was focused on the continuously ¯owing
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sample in the ¯ow cell. The progress of the reaction
was monitored by moving the mixer/observation cell
assembly relative to the laser focusing point along the
¯ow direction. The scattered light was collected and
focused onto the entrance slit of a polychromator
(Spex 270 M) where it was dispersed and detected by
a charge coupled device camera (Photometrics). The
dead time of the mixing apparatus was determined
by examining a well-characterized pseudo-®rst order
reaction of N-acetyl-trypophanamide (NATA) and Nbromosuccinimide (Peterman, 1979). It was found to
be 200(50) ms at the earliest observable point. Folding and unfolding of apoMb was initiated with the
continuous-¯ow mixer by sixfold dilution of a 10 mM
protein solution with a buffer. The ¯uorescence spectrum of the ®nal product was obtained by collecting
the sample at the end of the observation cell and by
running it through the apparatus a second time without further dilution.
The ¯uorescence spectra presented here are not
corrected for any wavelength dependence of the detection
system accounting for the discrepancy in the position of
the emission maximum between these data and our previous data, but the same relative shifts of the ¯uorescence
spectrum with solvent conditions are observed.
Fluorescence stopped-flow experiments
Data were collected on a sequential mixing stopped¯ow instrument (model DX.17 MV) from Applied Photophysics. The excitation was at 288 nm and an optical cutoff ®lter was used to detect the emission. The pathlength
of the cell was 2 mm. A stopped-¯ow dead time of 1.6 ms
was determined by measuring the quenching of N-acetyltryptophanamide ¯uorescence at varying concentrations
of N-bromo-succinimide (Peterman, 1979). The kinetic
traces obtained in the stopped-¯ow experiments were
®tted to single, double and triple exponential equations
with the software provided by Applied Photophysics.
Fit to a two-state model
For the analysis of the curve of 1/t versus urea
molarity, we use the characteristic equations for a twostate U  Ia model. In a two-state model, the relaxation
time is given by the sum of the forward and backward
rate constants:
1
 k12  k21
t

1

The rate constants for folding (k12) and unfolding (k21)
are expressed as functions of urea molarity (C) using the
standard relations (Tanford, 1970; Chen et al., 1989). The
apparent rate constant is ®tted to the following equation:
1
 k12 H2 O  exp m12 C=RT  k21 H2 O  exp m21 C=RT
t
2
where k12(H2O) and k21(H2O) are the rate constants for
folding and unfolding at 0 M urea, respectively, and the
coef®cients m12 and m21 describe the dependence of these
microscopic rates on urea molarity. They are related to
the equilibrium m value by the following relationship:
m  m12 ÿ m21. The data shown in Figure 1(c) have been
®tted to equation (2) using Sigmaplot (Jandel Scienti®c,
San Rafael, CA, USA). In the V-shaped dependence of
the observed rate constant, the lowest value of 1/t is

found where the ®rst-order derivative of equation (2)
with respect to [urea] is zero, at [urea](1/t)min, which is
given by equation (3):


ÿk12 H2 O  m12
k21 H2 O  m21
Ureaÿ 1   ln
3
m21 ÿ m12
t min
RT
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