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ABSTRACT: Lysozyme folds through two competing pathways. A fast pathway leads directly from a
collapsed state to the native protein, whereas folding on a slow pathway proceeds through a partially
folded intermediate (I1). At NaCl concentrations above 100 mM, a second transient intermediate (I2) is
induced as judged by the appearance of an additional apparent rate constant in the refolding kinetics.
Monitoring the time course of native molecules and of both intermediates shows that the NaCl-induced
state (I2) is located on neither of the two folding pathways observed at low-salt concentrations. These
results suggest that I2 is a metastable high-energy intermediate at low-ionic strength and is located on a
third folding pathway. The folding landscape of lysozyme seems to be complex with several high-energy
intermediates located on parallel folding routes. However, the experiments show no evidence for partially
folded states on the fast direct pathway.

The characterization of transition barriers separating the
ensemble of unfolded polypeptide chains from the native
state is an important step toward the understanding of the
mechanism of protein folding. For many proteins, partially
folded intermediates transiently accumulate during the fold-
ing process. These intermediates guide the folding polypep-
tide along efficient folding pathways (1), according to the
framework model. Other models proposed that intermediates
represent nonproductive local minima on the energy land-
scape (2-4). This view seems to be supported by the
experimental observation that many small proteins fold
rapidly and in a two-state reaction, which suggests that barrier
crossing is a single-step process (5-11). Recently, however,
both experimental (12-14) and theoretical work (15, 16)
indicated that transition barriers for fast-folding proteins
might be rough, including distinct local minima that represent
metastable high-energy intermediates.

Lysozyme from hen egg-white is a well-suited model
system to elucidate the role of intermediates for the folding
process. A very rapid reaction occurs in the dead-time of
stopped-flow mixing during refolding of lysozyme with
disulfide bonds intact (17-19), leading to a collapsed
globular state (C), with solvent exposed hydrophobic residues
(20). The subsequent formation of native protein (N) occurs
in two kinetic reactions with relaxation times (τ ) 1/kapp)1

of 30 ms and 400 ms at pH 5.2, 20°C (21). The fast
formation of native lysozyme represents a direct folding
pathway to the native state, whereas the slow formation of
native molecules occurs via an folding intermediate (I1) with

a native-like helical structure (19) and a native-like size and
shape (20). The pathways branch at the stage of the rapidly
formed collapsed state (ref22, Scheme 1).

Because of kinetic coupling between the different reac-
tions, the formation of the intermediate and of native
molecules on the fast pathway both occur in the faster
reaction (τ ) 30 ms), whereas the slower reaction represents
mainly the interconversion of the intermediate to the native
state (22). An additional intermediate was shown to be
located between collapsed lysozyme and the helical inter-
mediate (23). However, this intermediate is higher in energy
than the collapsed state and it is thus not observed in
refolding reactions.

Although intermediates have been detected and character-
ized on the slow pathway of lysozyme folding, little is known
about the direct-folding reaction. Recently, Kulkarni et al.
(24) suggested that a native-like state with theR- and
â-domains protected from hydrogen exchange is observed
on both the fast- and the slow-folding pathway at high-ionic
strength. Consequently, formation of this native-like inter-
mediate would represents an essential step in the folding of
all lysozyme molecules. Their model was based on the
observation of different rate constants for folding monitored
by protection from hydrogen exchange and by changes in
intrinsic tryptophan fluorescence (24). A similar effect has
been observed for a lysozyme folding at low-ionic strength
and was argued as evidence of an intermediate located on
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the direct folding pathway (25). This model is, however, in
contrast to results from interrupted refolding experiments at
low-ionic strength, which measure the population of native
molecules and of partially folded states. These experiments
detected only native lysozyme and the helical intermediate
and give the same time constants for formation of the various
species as the fluorescence measurements (21, 22).

To investigate the influence of ionic strength on the
mechanism of lysozyme folding, we monitored the folding
in the presence of NaCl to investigate the resulting effect
on the folding kinetics. NaCl was chosen since it is a neutral
salt in the Hofmeister series (26, 27), and thus, it should
have little effect on protein stability (28, 29). This facilitates
comparison of the results with the previously reported data
at lower ionic strength (21, 22). Our results show that a third
resolvable kinetic reaction is detected by monitoring changes
in intrinsic tryptophan fluorescence above 100 mM NaCl,
supporting the presence of an additional intermediate (I2).2

Monitoring the time course of native molecules and of both
intermediates shows that the NaCl-induced state (I2) is
located neither on the direct-folding pathway nor on the slow-
folding pathway observed at low concentrations of NaCl. A
direct-fast-folding pathway to the native state without detect-
able intermediates still exists. The results indicate that I2 is
located on a third parallel folding pathway. At a low-ionic
strength, I2 represents a high energy intermediate and thus
does not become populated. These results suggest that the
energy landscape for lysozyme folding contains several local
minima, some of which are only slightly less stable than the
unfolded state and may be populated already under only
mildly stabilizing folding conditions.

MATERIAL AND METHODS

Materials.Lysozyme (3x crystallized) was purchased from
Sigma and was used without further purification. Ultrapure
GdmCl (AAA grade) was from Nigu (Waldkraiburg, Ger-
many). All other chemicals were reagent grade and were
purchased from Merck (Darmstadt, Germany).

Kinetic Measurements.Direct refolding and unfolding
kinetics were monitored by the change in intrinsic tryptophan
fluorescence after excitation at 280 nm. Rapid kinetics (τ <
10 s) were measured in an Applied Photophysics SX18-MV
stopped flow instrument by monitoring the change in
fluorescence above 320 nm. Typically, 4-10 time traces
were averaged. Slow kinetics were measured by manual
mixing in an Aminco Bowman SLM Fluorimeter by moni-
toring the change in fluorescence at 350 nm. The protein
concentration was 3.6µM in both cases. A change in the
protein concentration did not affect any of the observed rate
constants up to 0.7 mM, which was the highest concentration
tested. The presence of mixing artifacts was tested in both
instruments by the use of a mixture ofN-acetyl tryptophan-
amide andN-acetyl tyrosine-amide at the same molar
concentration as in lysozyme.

Interrupted Refolding Experiments.Interrupted refolding
experiments were performed at 20°C and at 10°C to monitor
the time course of formation of native molecules or of the

folding intermediates. Unfolded lysozyme (in 3.6 M GdmCl,
20 mM glycine/HCl, pH 1.5) was diluted 6-fold into final
conditions of 0.6 M GdmCl, 0.85 M NaCl, 50 mM NaOAc,
and pH 5.2, which initiated the refolding reaction. After
various times (ti), refolding was interrupted by a second
6-fold mixing step into unfolding conditions of 6.7 M
GdmCl, 20 mM Gly, and pH 1.5. Under these conditions,
native lysozyme unfolds with a relaxation time of 8 s at 20
°C and of 25 s at 10°C. Unfolding of the intermediates is
complete within 100 ms. The amplitude of the slow unfolding
reactions was used as a measure for the amount of native
lysozyme present afterti. The amplitudes were normalized
using the unfolding amplitude of the completely refolded
solution att ) ∞, which was set to 1. The relative amount
of folding intermediates generated in the refolding pulse was
measured by the same interrupted refolding experiments with
unfolding conditions of 5.0 M GdmCl, 0.85 M NaCl, 20 mM
NaOAc, and pH 5.2. Under these conditions, the two
intermediates unfold with relaxation times of 25 ms and 65
ms at 20°C and of 50 ms and 200 ms at 10°C, and native
lysozyme unfolds with a relaxation time of 2000 seconds at
20 °C and of 10 000 s at 10°C; this allows the separation
of these processes. The GdmCl-dependence of the two faster
rate constants (λ2 and λ3) was measured in essentially the
same way by applying a refolding pulse of 100 ms and
subsequently unfolding the intermediates in the presence of
various concentrations of GdmCl.

Equilibrium Transition CurVes.The GdmCl-dependence
of lysozyme stability was measured by the change in circular
dichroism at 225 nm in an Aviv 62 DS spectropolarimeter.
The samples were incubated for 12 h at 20°C or for 24 h at
10 °C to allow for equilibration. The two-state character of
the transitions was checked by monitoring the transitions by
the change in CD in the aromatic region at 289 nm, which
gave identical values as the transition monitored at 225 nm.
Protein concentrations were 10µM in far-UV-CD measure-
ments and 100µM in near-UV-CD measurements. The path
length was 1 cm in both cases.

Data Fitting.Direct refolding and unfolding measurements
were fit using the program KinFit (Olis, Bogert, GA) for
linear time scales and the program ProFit or the software
supplied with the Applied Photophysics stopped-flow instru-
ments for logarithmic time scales. The time course of native
molecules and of the folding intermediates were fit simul-
taneously to the various four-state models displayed in
Scheme 2 using the program Scientist (Micromath, Salt Lake
City, Utah), which performs nonlinear least-squares fits of
the differential equations for the various kinetic mechanisms.
To reduce the number of free parameters, we set all unfolding
reactions starting from the native state to zero. This ap-
proximation is valid, since unfolding of native lysozyme is
at least 106 times slower than the slowest refolding reaction
under the refolding conditions of 0.6 M GdmCl and pH 5.2
(cf. Figures 2A and 4A).

RESULTS

Effect of NaCl on Lysozyme Folding and Stability.We
studied the effect of NaCl on the folding mechanism of
lysozyme. Refolding kinetics at pH 5.2, 0.6 M GdmCl at 20
°C can be described by the sum of two exponentials with
time constants (τ ) 1/kapp ) 1/λ) of 33 ( 2 ms and of 385

2 The two intermediates observed at high-ionic strength are named
I1 and I2, with I1 corresponding to the intermediate, which is also
observed at low-ionic strength and I2 corresponding to the salt-induced
intermediate.
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( 10 ms (Figure 1A). Figure 1B displays the effect of the
addition of 0.85 M NaCl on the refolding kinetics. Com-
parison of the residuals of double and triple exponential fits
shows clearly that a third exponential is needed to fit the
data in the presence of NaCl. The three observable kinetic
phases have time constants of 16( 4 ms, 34( 3 ms, and
740 ( 20 ms. As in the absence of NaCl, a major part of
the fluorescence is quenched in the dead-time of stopped-
flow mixing (Figure 1), which can be attributed to a very
rapid compaction of the polypeptide chain (20). Measuring
the NaCl-dependence of the refolding kinetics shows that
the additional faster rate constant is observed at NaCl
concentrations above 100 mM and that the rate of the slowest
reaction decreases steadily with increasing salt concentrations
(data not shown). The presence of a third kinetic phase in
the presence of NaCl is even more pronounced at 10°C
where the two faster rate constants show time constants of
30 ( 3 ms and of 110( 5 ms and the slower reaction has
a time constant of 3.0( 0.1 s (Figure 1C).

To see whether the effect of NaCl is due to a general
stabilizing effect of the salt, we investigated its influence
on the stability of native lysozyme. Figure 2A compares
equilibrium unfolding transitions of lysozyme at pH 5.2 in
the presence and absence of 0.85 M NaCl. The stability
(∆G°) was obtained by fitting the data to a two-state model.
This resulted in∆G° values of-46.4( 1.5 kJ/mol and of
-49.5( 2.0 kJ/mol in the absence and presence of 0.85 M
NaCl, respectively, which shows that NaCl has only a minor
effect on lysozyme stability. This result is supported by urea-
induced unfolding transitions at pH 5.2 that exhibit a similar
change in∆G° (data not shown).

To further characterize the effect of NaCl on lysozyme
folding, we measured unfolding and refolding kinetics at 20
°C in the presence of 0.85 M NaCl at various concentrations
of GdmCl between 0.12 and 6.3 M (Figure 2B). In addition
to refolding experiments starting from the unfolded state and
unfolding kinetics starting from the native protein, we
measured kinetics using a double mixing procedure. In these
experiments, the protein is allowed to refold for a short time
in the presence of 0.6 M GdmCl to allow any partially folded
intermediates to populate. After 100 ms of refolding, the
reaction is interrupted by transferring the solution to higher
concentrations of GdmCl (between 1.3 and 5.2 M GdmCl)
and the resulting kinetics are monitored. This procedure
allows the determination of the two faster rate constants (λ2

andλ3) over a broad range of GdmCl concentrations, which
is not possible in single mixing experiments (22). Figure 2B
shows that three apparent rate constants are needed to fit
the refolding and unfolding kinetics over the complete range
of GdmCl concentrations, confirming the existence of an
additional kinetic phase induced by NaCl. The values and
the GdmCl-dependencies ofλ2 andλ3 are similar, whereas
the slowest apparent rate constant (λ1) is much smaller and
exhibits a minimum at the midpoint of the unfolding
transitions at 4.2 M GdmCl.

Time Course of Formation of NatiVe Molecules.The
results from fluorescence-detected refolding and unfolding
kinetics show three apparent rate constants above 100 mM
NaCl, which indicates a four-state model for lysozyme
folding (30). Consequently, a second intermediate (I2) is
required to describe refolding under these conditions. The
appearance of a new intermediate rises the question of its

FIGURE 1: Refolding of lysozyme in the absence (a) and presence (b) of 0.85 M NaCl at 20°C and in the presence of 0.85 M NaCl at 10
°C (c). The folding reaction was monitored by the change in intrinsic tryptophan fluorescence. Refolding conditions were 0.6 M GdmCl,
20 mM NaOAc, pH 5.2 and 20°C. Folding in the absence of NaCl can be fit with a double exponential function with rate constants (kapp)
of 30 ( 1 s-1 and 2.6( 0.1 s-1 and amplitudes of 0.70( 0.01 and-0.52( 0.01. Folding in the presence of 0.85 M NaCl at 20°C is best
described by a triple exponential function with apparent rate constants of 63( 5 s-1, 30 ( 3 s-1, and 1.35( 0.05 s-1 and amplitudes of
0.19 (0.03, 0.53( 0.03, and-0.63 ( 0.01, respectively. The fit to the folding reaction in the presence of 0.85 M NaCl at 10°C gives
time constants of 33( 3 s-1, 9.1 ( 0.3 s-1, and 0.32( 0.02 s-1 (A1 ) 0.18( 0.02;A2 ) 0.73( 0.02;A3 ) -0.83( 0.01) The dashed
line in all panels indicates the fluorescence of the unfolded protein extrapolated to refolding conditions. Under both conditions major
fluorescence changes occur within the dead-time of mixing (2 ms).

12462 Biochemistry, Vol. 38, No. 38, 1999 Bieri et al.



location on the folding pathway. The single intermediate (I1)
detected in lysozyme folding in the absence of NaCl was
shown to be located on an alternative slow folding pathway.

The major evidence for this came from the time course of
formation of native molecules, which showed a slow folding
pathway going through the helical intermediate (I1) and an
additional direct fast folding pathway (21). To investigate
the role of the NaCl-induced intermediate (I2), we monitored
the time course of formation of native lysozyme in the
presence of 0.85 M NaCl (Figure 3) using essentially the
same interrupted refolding experiments that were used to
detect the direct refolding pathway in the absence of NaCl
(21). These experiments make use of the high-energy barrier
between the native state and any unfolded or partially folded
states (31, 32). Consequently, under strongly destabilizing
conditions (e.g., at high concentrations of denaturant) native
molecules unfold much slower than any partially folded states
and the amplitude of this slow unfolding reaction is a
measure of the amount of native molecules. Starting from a
completely unfolded protein, we initiated refolding by a first
mixing step into 0.85 M NaCl, 0.6 M GdmCl, 20 mM
NaOAc at pH 5.2 and allowed refolding to proceed for a
certain timeti. At ti, a second mixing step was applied, which
changes the solvent to 6.7 M GdmCl, pH 1.5. Under these
conditions, native lysozyme unfolds with a relaxation time
of 8 s. Any partially folded states unfold within 100 ms.
The amplitude of the slow unfolding reaction induced after
different lengths of refolding pulses (ti) can be used as a
measure for the amount of native molecules present atti.
The resulting time course of formation of native molecules
(Figure 3, A and B) indicates that native lysozyme is formed
in at least two kinetic reactions in the presence of NaCl with
time constants (1/λi) of 60 ( 30 ms and 700( 20 ms and
amplitudes of 10( 2 and of 90( 2%, respectively. The
rate of the slow unfolding reaction was essentially indepen-
dent of the refolding time (ti) and corresponds to the known
unfolding rate of native lysozyme (Figure 3C). This rules
out that the interrupted refolding experiments detect any
transiently populated kinetic species, which might be only
slightly less stable than the native state.

To test whether the time course of formation of native
lysozyme is compatible with an intermediate located on the
fast pathway, we simulated the fast formation of native
lysozyme as a consecutive reaction. We assumed the
formation of an intermediate with the rate constantλ3 and
its subsequent interconversion to the native state withλ2.
The simulations show that this mechanism produces an initial
lag in formation of native lysozyme (Figure 3B). It can,
however, describe formation of the native state at time points
above 80 ms assuming that 11% of the molecules fold
through the fast pathway. However, the early time region of
formation of the native state is not very well-described by
the simulations. To confirm these results with an improved
resolution of the faster reactions, we monitored formation
of native lysozyme at 10°C, where folding still follows a
triple exponential process but with considerably slower rates
(Figure 1C). The stability of the lysozyme increases by 3.1
( 3.9 kJ/mol by decreasing the temperature from 20°C to
10 °C (Figure 2A). At 10°C, formation of native lysozyme
again clearly occurs in two reactions (Figure 4), and 10(
1% of the molecules fold through the faster pathway with a
time constant of 108( 20 ms, which corresponds to 1/λ2

under these conditions (1/λ2 ) 110( 5 ms; Figure 1C). The
remaining molecules fold with a time constant of 2.8( 0.1
s, which corresponds to 1/λ1. As for refolding at 20°C, a

FIGURE 2: (A) Effect of NaCl on the stability of native lysozyme.
The GdmCl-induced unfolding transitions were fit assuming the
two-state model (52). This resulted in∆G° values of-46.4(1.5
kJ/mol; (m ) d∆G° /d[GdmCl] ) 11.0( 0.6 (kJ/mol)/M)) and of
-49.5( 2.0 kJ/mol, (m ) 11.7( 0.7 (kJ/mol)/M)) at 20°C in the
absence (O) and presence (b) of 0.85 M NaCl, respectively. The
transition at 10°C in the presence of 0.85 M NaCl (2) gave values
of -51.5( 1.9 kJ/mol (m ) 11.6( 0.5(kJ/mol)/M)). Panels (B)
and (C) show the effect of GdmCl of the three apparent rate
constants (λi) for lysozyme folding in the presence of 0.85 M
GdmCl at 20°C and at 10°C, respectively. The data from single
mixing stopped-flow refolding experiments ((, 1, b) were com-
bined with double mixing experiments. In these experiments,
partially folded states were first allowed to populate for 100 ms at
0.6 M GdmCl. In a second mixing step, the intermediates were
unfolded at various concentrations of denaturant in the presence
of 0.85 M GdmCl. This allowed the measurement ofλ2 (3) andλ3
(O) over a broad range of GdmCl concentrations. The slowest
folding reactions (λ1; )) was measured by manual mixing unfolding
and refolding experiments above 2 M GdmCl. All experiments were
carried out at pH 5.2, and 20 mM NaOAc.
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simulation of formation of native lysozyme via an intermedi-
ate, which is formed with the fastest observable rate constant
(λ3), shows a lag corresponding toλ3 and can clearly not
reproduce the data at early time points (Figure 4B). Because

of the decreased rate constants this effect is much more
pronounced at 10°C as compared to 20°C. These results
show that the fast direct folding pathway still exists in the
presence of 0.85 M NaCl and that neither intermediate is
located on the direct folding pathway.

Time Course of Formation of Intermediates.A high-energy
intermediate had been shown to be located between collapsed
lysozyme and the helical intermediate (I1) at low-ionic

FIGURE 3: Time course of formation of native lysozyme measured
by interrupted refolding experiments. Lysozyme was refolded in
0.6 M GdmCl, 0.85 M NaCl, 20 mM NaOAc at 20°C. After various
times (ti), refolding was interrupted and the protein transferred to
unfolding conditions of 6.7 M GdmCl, 50 mM Gly/HCl, pH 1.5,
where native lysozyme unfolds with a time constant of 8 s. The
amplitude of this unfolding reaction (b) is plotted againstti. The
solid line shows a double exponential fit of the data with time
constants of 60( 30 ms (10( 2% amplitude) and of 680( 20
ms (90( 2% amplitude). A single exponential fit could not describe
the data. Panel B shows the early time region of the kinetics. The
dashed line represents a simulated time course of formation of N
assuming two parallel pathways with an intermediate located on
each pathway (Scheme 2, model 1). The intermediate on the fast
pathway was assumed to form with 1/λ3 ) 17 ms and decay with
1/λ2 ) 36 ms and the intermediate on the slow pathway was
assumed to form with 1/λ2 ) 36 ms and decay with 1/λ1 ) 680
ms. These rate constants were taken from the fluorescence detected
refolding curves (Figures 1B and 2B). The curve was simulated
by assuming that 11% of the molecules fold through the fast
pathway, which gave the best reproduction of the data. Panel C
show that the rate of the observed unfolding reaction (b) is
independent ofti confirming that the same state is monitored at all
times ti.

FIGURE 4: Time course of formation of native lysozyme (b)
measured by interrupted refolding experiments. Lysozyme was
refolded in 0.6 M GdmCl, 0.85 M NaCl, 20 mM NaOAc at 10°C
The experiments were carried out in essentially the same way as
in Figure 3. A double exponential fit gave time constants of 108(
20 ms (10 ( 1% amplitude) and of 2.8( 0.1 s (90 ( 1%
amplitude). A single exponential fit could not describe the data.
Panel B shows the early time region of the kinetics. The dashed
line represents the time course of formation of N assuming two
parallel pathways with an intermediate located on each pathway
(Scheme 2, model 1) and the time constants measured in direct
refolding experiments (Figure 2C). The intermediate on the fast
pathway was assumed to form with 1/λ3 ) 23 ms and decay with
1/λ2 ) 110 ms and the intermediate on the slow pathway was
assumed to form with 1/λ2 ) 110 ms and decay with 1/λ1 ) 2.8 s.
Assuming that 10% of the molecules fold through the fast pathway
gave the best reproduction of the data (- - -). As for 20°C, the
rates of the observed unfolding reactions were independent ofti
(panel C).
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strength (23), which might correspond to the NaCl-induced
state (I2). In this case, formation of the helical intermediate
would occur via I2. To test for this mechanism, we monitored
the time course of formation and decay of the two folding
intermediates, using interrupted refolding experiments similar
to those described above. This time the second mixing step
produced mildly denaturing conditions (5.0 M GdmCl, 0.85
M NaCl, 20 mM NaOAc, pH 5.2, 20°C or 10°C) that allows
the measurement of two unfolding reactions with relaxation
times of 25 ms (1/λ3) and 65 ms (1/λ2) at 20°C (see Figure
2B) or of 50 ms (1/λ3) and 200 ms (1/λ2) at 10°C (see Figure
2C). A third reaction, corresponding to unfolding of native
lysozyme was observed in the range of several thousands of
seconds. This reaction did not interfere with the experiments
that were carried out on the time scale between 2 ms and 1
s. At the chosen unfolding conditions only little kinetic
coupling between the different pathways occurs, since all
refolding steps are slow (see Figure 2, B and C). Thus, the
three observable kinetic reactions correspond to the unfolding
reactions of the three different folded species, namely, the
native state (λ1) and the two folding intermediates (λ2 and
λ3, ref 23), which was confirmed by a simulation of the
interrupted refolding experiments for all possible four-state
models (see Discussion). The amplitudes of the two faster
unfolding reactions are thus a measure for the relative amount
of the two intermediates at the time, when refolding was
interrupted. Figures 5 and 6 show the time course of
formation and decay of the two intermediates at 20°C and
at 10°C, respectively. They are formed with different rates,
which correspond exactly to the two faster rate constants
(λ2 and λ3) observed in fluorescence measurements. The
decay of both intermediates occurs with the slowest observ-
able rate constant (λ1). The populations of both states
extrapolates to zero att ) 0, arguing for the absence of a
lag phase in their formation and indicating that they are not
located on a sequential pathway. This is confirmed by
simulating the time course of the intermediates, assuming a
sequential folding mechanism. Placing either state as the first
intermediate on a sequential folding pathway cannot repro-
duce the experimental data (Figures 5 and 6). These results
suggest that the two intermediates are located on parallel
folding pathways. In addition, the experiments support the
existence of a fast direct pathway by showing that none of
the intermediates decays with a rate corresponding to the
fast formation of native molecules (cf. Figures 3 and 4). At
all time points, the unfolding kinetics could be fit by the
sum of two exponentials both at 20°C and at 10°C
corresponding to the unfolding of I1 and I2 and no additional
slower unfolding reaction, besides unfolding of the native
protein on the several thousands of seconds time scale could
be detected. This rules out the presence of any additional
rapidly formed intermediate.

DISCUSSION

Effect of NaCl on Lysozyme Folding and Stability.We
investigated the effect of NaCl on lysozyme folding. NaCl
increases the stability of native lysozyme only slightly
(Figure 2A). In the presence of 0.85 M NaCl, the midpoint
of the GdmCl-induced unfolding transition is shifted by 0.1
M and the extrapolated stabilities at zero denaturant in the
presence and absence of NaCl are similar (∆∆G° ) 3 ( 3
kJ/mol). This is in agreement with its position as a neutral

salt in the Hofmeister series (26-29). Despite its minor effect
on protein stability, NaCl changes the folding mechanism

FIGURE 5: Time course of the two folding intermediates measured
by interrupted refolding experiments at 20°C. (A) complete
refolding reaction (B) early time region. Refolding was carried out
at 0.6 M GdmCl, 0.85 M NaCl, 20 mM NaOAc, pH 5.2. After
various times ti refolding was interrupted and unfolding of the two
intermediates was monitored at 5.0 M GdmCl, 0.85 M NaCl, 20
mM NaOAc, pH 5.2. The amplitudes of the observed unfolding
reactions (b, O) are plotted as a function ofti. Double exponential
fits (solid lines) gave the following rate constants for the formation
and decay of the two intermediates: 53( 10 s-1 and 1.32( 0.10
s-1 for I1 (b) and 27( 5 s-1 and 1.82( 0.15 s-1 for I2 (O). In all
cases, the fits extrapolated to f(Ix) ) 0 at t ) 0. The dashed lines
represent simulated curves for the time course of each intermediate,
assuming that either I1 (- - -) or I2 (-‚-‚-‚-) represents the first
intermediate on a linear pathway with two consecutive intermediates
(U f Ix f Iy f N; Scheme 2, model 3)). The three rate constants
for the kinetic reactions were taken from the direct refolding
experiments (Figure 2B). In both cases, the simulated sequential
folding mechanism could not describe the experimental data.

Parallel Pathways In Lysozyme Folding Biochemistry, Vol. 38, No. 38, 199912465



of lysozyme. At low concentrations of NaCl (<100 mM),
lysozyme exhibits double exponential folding kinetics with
additional major fluorescence changes occurring in the dead-
time of stopped-flow mixing (Figure 1A). This complex
refolding behavior is due to rapid collapse of the polypeptide
chain (20) followed by refolding on two parallel pathways

((21, 22); Scheme 1). One of the refolding pathways leads
directly to native lysozyme (21), whereas an intermediate
with a native-likeR-domain (I1) is located on the second
pathway (19). The coupling between the six microscopic rate
constants, connecting collapsed lysozyme (C) with the
intermediate (I) and the native state (N), gives rise to the
two observable rate constants (22). The experimental obser-
vation of only two apparent rate constants despite the
contribution of three microscopic equilibria is in agreement
with the analytical solutions of a triangular kinetic model
and holds true for any kinetic model involving three species
(30). Collapse occurs for all molecules on a much faster time
scale and can thus be treated independently in the form of a
rapid preequilibrium (33, 34).

Above 100 mM NaCl, a third exponential is observed
during lysozyme refolding (Figure 1, B and C), indicating
the presence of an additional intermediate (35, 36). Under
these conditions major changes in fluorescence still occur
in the dead-time of stopped-flow mixing (Figure 1, B and
C), showing that the additional reaction does not correspond
to molecular collapse at low-ionic strength. Since protein
stability is only little effected by NaCl, the stabilizing effect
on the intermediate is most likely due to screening of charges
in partially folded lysozyme. The ability of anions to stabilize
partially folded states has been observed for many proteins
under equilibrium conditions, especially at low pH (37, 38)
and has been attributed to the reduction of the positive net
charges (39). For most proteins, this effect becomes only
significant at low pH, when aspartate and glutamate residues
titrate, resulting in a significant positive net charge on the
protein. Lysozyme is a very basic protein with an isoelectric
point (pI) at pH 11 and a net charge of about+12 at pH 5.2
(40, 41). Consequently, the ability of chloride to screen
positive charges and thus to stabilize partially folded states
is already significant above the pK value of the acidic side
chains. The presence of chloride ions from the residual
amounts of GdmCl does not seem not to be sufficient to
induce this effect, possibly due to a compensation by the
destabilizing effect of the guanidinium ion. The intermediate
can also be induced at NaCl concentrations above 50 mM
when refolding is carried out in the presence of residual
amounts of urea and above 30 mM NaOAc, showing that
the effect does not depend on the ionic character of the
denaturant or on the anion (data not shown). The induction
of an additional kinetic intermediate at high ionic strength
was also reported by Kulkarni et al. (24) on the basis of
differences in the folding rates measured by hydrogen
exchange and by fluorescence measurements in the presence
of a variety of different salts. In these studies, only two
apparent rate constants were reported in the fluorescence-
detected kinetics at high-ionic strength, which would argue
against the presence of an additional intermediate, unless no
fluorescence change is associated with the formation of this
state. Our results support the induction of an additional
kinetic intermediate at high-ionic strength by showing that
the expected additional rate constant can be observed.

Model for Lysozyme Folding in the Presence of NaCl.The
observation of an additional folding intermediate (I2) at high-
ionic strength raises the question of its role in lysozyme
folding. The time course of formation of native lysozyme in
the presence of 0.85 M NaCl suggests that neither of the
two intermediates is located on the direct folding pathway.

FIGURE 6: Time course of the two folding intermediates measured
by interrupted refolding experiments at 10°C. All other conditions
are essentially identical as in Figure 5. Double exponential fits gave
rate constants of 14( 2 s-1 and 0.32( 0.10 s-1 for I1 (b) and of
23 ( 5 s-1 and 0.58( 0.10 s-1 for I2 (O). In all cases, the fits
extrapolated to f(Ix) ) 0 at t ) 0. The dashed lines represent the
predicted time course of each intermediate, assuming that either I1
(- - -) or I2 (-‚-‚-‚-) represents the first intermediate on a linear
pathway with two consecutive intermediates (Uf Ix f Iy f N;
Scheme 2, model 3). The three rate constants for the kinetic
reactions were taken from the direct refolding experiments (Figure
2C). As in Figure 5, the sequential folding mechanism was not
able to describe the experimental data.
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No lag phase is observed in formation of native lysozyme,
indicating that a fast folding pathway still exists (Figures 3
and 5). In addition, formation of neither intermediate exhibits
a lag (Figure 6), suggesting that I1 and I2 are not located on
the same consecutive folding pathway. Both intermediates
decay with the slowest observable rate constants (λ1), which
supports the data from the time course of formation of native
molecules by showing that neither intermediate is located
on the fast folding channel. The intermediates are formed
with different rate constants both at 20°C and at 10°C and
the rate constants are identical with the two faster rate
constants from fluorescence measurements. This suggests that
the system can be completely described with three apparent
rate constants.

To corroborate these results and to elucidate the folding
mechanism in the presence of NaCl, we fitted the time course
of the different species both at 20°C and at 10°C to the
various four-state models displayed in Scheme 2. We
assumed that one of the intermediates at high-ionic strength
corresponds to the previously characterized helical interme-
diate at low-ionic strength (I1), since NaCl is not expected
to destabilize I1. We, thus, did not consider any models that
are not in agreement with our earlier observations that I1 is
located on a parallel but direct folding pathway (22). Fitting
the data to models 1-6 shows that only models 4, 5, and 6
can give satisfactory fits. All other models predict a lag in
either the formation of native molecules (model 1), in
formation of one of the intermediates (model 3) or on both
pathways (model 2), which is in agreement with the
simulations shown in Figures 3-6. As expected, also the
three-state mechanism for lysozyme folding at low-ionic
strength (Scheme 1) was not able to describe the data.
Treating rapid collapse as a preequilibrium in any of the
models did not change these results. To distinguish which

of the three remaining models (models 4, 5, and 6) describes
lysozyme folding above 100 mM NaCl, we compared the
fitted microscopic rate constants with the values expected
from the GdmCl-dependence of the refolding and unfolding
reactions (Figure 2, B and C). As discussed above, the two
fastest observable rate constants (λ2 and λ3) correspond to
unfolding rates of the two intermediates at high concentra-
tions of denaturant, when the unfolding rates are much higher
than the refolding rates. Thus, we can extrapolate the values
of λ2 and λ3 from the linear region above 3 M GdmCl in
Figures 2B and 4B to the refolding conditions of 0.6 M
GdmCl. These values can be used as estimates of the
unfolding rate constants of the intermediates (kI1U andkI2U)
under the conditions of the refolding experiments. Both at
10 and 20°C, the results of fits to model 6 give valueskI1U

and kI2U, which are in excellent agreement with those
expected for the extrapolation (compare Figures 4 and 7).
The values obtained for models 4 and 5, in contrast, differ
more than 5-fold from the expected rate constants. This
suggests that the data are best described by model 6. The
same results were obtained for fitting the time course of all
species for refolding at 1.5 M GdmCl at 10 and 20°C (data
not shown). These results suggest that the NaCl-induced state
is not a dead-end intermediate and that a pathway for
interconversion between the two intermediates exists (Figure
7C). Figure 7, A and B, show that the time course of native
molecules and of both intermediates are well-described by
the fit to model 6. About 15% of refolding molecules remain
in the rapidly formed collapsed state after the intermediates
have formed and are interconverted to the native state in the
final slow step. This has also been observed for folding at
20 °C at low-ionic strength (20) and indicates that both
intermediates are only marginally more stable than collapsed
lysozyme (cf. Figure 7C).

Scheme 2
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In addition to the microscopic rate constants, the fit also
yields spectroscopic parameters for the different species, i.e.
their relative fluorescence intensities. These values are nearly
identical for folding at 10 and at 20°C and show that one
of the intermediates has a largely quenched tryptophan
fluorescence compared to native lysozyme. Its relative
fluorescence corresponds to the value observed for I1 in the
absence of NaCl (20). The second intermediate, in contrast,
has native-like tryptophan fluorescence. This allows the
assignment of the two intermediates in the kinetic model
shown in Figure 7C to I1 and I2. The helical intermediate

(I1) was shown to have has all tryptophan side-chains located
in a solvent inaccessible (42) and extremely hydrophobic
environment (20). Since the fluorescence properties of native
lysozyme are mainly determined by the solvent exposed
tryptophan 62 in theâ-domain (43), the markedly different
fluorescence properties of I1 compared to native lysozyme
indicate nonnative side-chain interactions between hydro-
phobic residues in theâ-domain (20). This is supported by
folding studies on lysozyme variants with amino acid
replacements in the hydrophobic regions of theâ-domain
(44). The native-like fluorescence properties of I2 indicate
major differences in the side-chain interactions in the
â-domain between I1 and I2. This is in agreement with results
of hydrogen-deuterium exchange measurements at high
ionic strength, which suggested that the salt-induced inter-
mediate (I2) has native-like secondary structure in theR- and
â-domains (24), whereas I1 was shown to have native-like
secondary structure only in theR-domain (19). However,
the native-like properties of theâ-domain in I2 do not seem
to promote its folding, since both intermediates react to the
native state with nearly identical rates (Figure 7).

The Energy Landscape of Lysozyme Folding.Our results
show that the NaCl-induced intermediate is located on neither
of the two folding pathways observed at low ionic strength.
We can also rule out the presence of additional native-like
intermediates, since the interrupted refolding experiments
aimed at the detection of partially folded states (Figures 5
and 6) do not detect any intermediates besides I1 and I2. The
rapid formation of a native-like intermediate would be
detected by these experiments unless it unfolds within the
dead-time of mixing (2 ms), which is not in agreement with
a native-like structure. A native-like intermediate is also not
observed in the experiments sensitive for the population of
native molecules (Figures 3 and 4). A near-native stability
of this state would result in an additional faster unfolding
rate or would lead to deviations in the observed unfolding
rate at short refolding times, when the intermediate is
maximally populated. This is not observed as shown in
Figures 3C and 4C. These results show that I1 and I2 are the
only intermediates populated during refolding of lysozyme
at high-ionic strength and suggest that I2 corresponds to the
native-like state detected in hydrogen-deuterium exchange
experiments (19, 24, 45). Since I2 can be induced already at
low-salt concentrations (g100 mM NaCl or g30 mM
NaOAc) the observation of I2 in hydrogen-exchange experi-
ments at lower ionic strength might be attributed to higher
salt concentrations used in the first refolding step and/or in
the exchange pulse of the hydrogen-deuterium exchange
experiments (19). This strong dependence of the folding
mechanism on salt concentrations might thus explain the
differences in the rate constants observed by hydrogen
exchange and by optical probes discussed by Itzhaki et al.
(42) and by Matagne et al. (25) for lysozyme folding at low-
ionic strength. This is supported by a comparison of the rate
constants for the formation of the native-like intermediate
in pulse-labeling experiments (45) and for the fastest process
detected by fluorescence measurements at high-salt concen-
trations (λ3, Figure 1B), which differ only by a factor of 2.
This is a rather good agreement considering the different
salt concentrations used in the different studies and the
limited-number of time points obtained in the pulse-labeling
experiments (45, 46). The folding studies reported by

FIGURE 7: (A) Time course of the two transient intermediates I1
(b) and I2 (O) and of native lysozyme (2) at 0.6 M GdmCl, 0.85
M NaCl, 20 mM NaOAc, pH 5.2 at 10°C. (B) Early time region
of the kinetics. The lines represent the results of a global fit of the
three data sets to the mechanism displayed in panel C. The dashed
line indicates the resulting population of collapsed lysozyme (C).
Panel C shows the model that gave the best fit of the experimental
data and the microscopic rate constant (kij) from the fit. The
populations of I1 and I2 were normalized to the actual populations
of the two states obtained from the fit.
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Kulkarni et al. (24) proposed that I2 is additionally formed
with a time constant of 350 ms in the presence of KCl on a
pathway via I1 and that I2 represents the merging point of
the slow and the fast folding pathway. This conclusion was
based on a 1.4-fold difference in the slowest kinetic reaction
monitored by fluorescence and by hydrogen exchange, which
seems to be within the limits of experimental error of the
hydrogen-deuterium exchange experiments (24). Our results
on lysozyme folding in the presence of NaCl monitored by
fluorescence and by interrupted refolding measurements
show no evidence for an additional slow time constant. The
decay of I1 occurs with the same time constant as formation
of native lysozyme and formation and decay of I1, I2, and N
can be perfectly described by the three apparent rate constants
detected by fluorescence (Figure 7). Our results rule out that
I2 is an essential intermediate on both the slow and the fast
pathway (Scheme 2, model 2) as suggested by Kulkarni et
al. (24). They rather show that I2 is located on a new parallel
folding pathway (Figure 7).

The intermediate I2 is stabilized by a reduction of the
electrostatic repulsion at low concentrations of NaCl under
conditions when the overall protein stability is virtually
unchanged. This shows that I2 is only marginally less stable
than collapsed lysozyme at low-ionic strength and suggests
that it represents a metastable high-energy state on a parallel
folding pathway under these conditions. The amplitude of
the fast folding pathway drops from 20% at low ionic
strength (21) to 10% when I2 becomes populated. This
suggests that the pathway going through I2 contributes to
the fast folding pathway under conditions, when I2 is a high-
energy intermediate. The barriers between the different states
populated during lysozyme folding are of similar height,
allowing for transitions between all four kinetic species
(Figure 7). This shows that none of the populated intermedi-
ates facilitates refolding despite the presence of preformed
native-like secondary structure. These results might require
a re-interpretation of our previous experiments on the
mechanism of formation of I1 (23). In these studies, refolding
was performed at low-ionic strength and the presence of
intermediates was monitored by a subsequent unfolding step
at high concentrations of GdmCl, similar to the interrupted
refolding experiments shown in Figures 3 and 4. Although
only a single fast reaction was observed in refolding, two
fast reactions were observed in the unfolding step indicating
the presence of two intermediates. Since both intermediates
were formed with identical rates, we concluded that the
second intermediate represents a high-energy intermediate
on the pathway of formation of I1. The similar stabilities of
I1 and I2 at high concentrations of Cl- and the low barrier
for interconversion between I1 and I2 might lead to a
significant population of I2 at high concentrations of GdmCl
in the absence of NaCl. Consequently, the previously
postulated high-energy intermediate might correspond to I2,
which is also a high-energy intermediate at low-ionic
strength. Further experiments will be necessary to discrimi-
nate between these models.

High-energy intermediates have previously been detected
in unfolding reactions of arc repressor (12), staphylococcal
nuclease (13), and CI2 (14) by a nonlinearity in the
denaturant dependence of the free energy of activation.
However, in these cases the intermediates could not be
stabilized and thus could not be observed directly. A partially

folded state could be induced during refolding in a mutant
of ubiquitin by addition of the strongly stabilizing sulfate
anion (47). This state was suggested to represent an obliga-
tory intermediate on a linear folding pathway. High-energy
intermediates have also been detected by native state
hydrogen exchange in several proteins (48, 49) and it is a
point of discussion whether these states are located on a
single sequential folding pathway (50, 51). Although hy-
drogen exchange measurements are able to determine the
stability of these states relative to the native state, they are
not able to tell their role in the folding process. Our results
show that the energy landscape of lysozyme folding contains
several high-energy intermediates, some of which are only
marginally less stable than unfolded lysozyme and can thus
be observed even under mildly stabilizing folding conditions.
The results show clearly that none of the high-energy
intermediates detected in lysozyme is located on the direct
folding pathway and that a number of parallel pathways with
high-energy intermediates may exist. This demonstrates that
the presence of high-energy intermediates does not automati-
cally identify them as essential intermediates on a linear
folding pathway.

It seems likely that the energy landscape for lysozyme
folding is even more complex and might comprise of more
intermediates, which are less stable than the NaCl-induced
state. The presence of an additional parallel folding pathway
supports the picture of many parallel folding routes from
the ensemble of unfolded molecules to the native state.
Consequently, the experimentally observed rate constants
contain contributions from many different parallel reactions.
This might contribute to the difficulty to interpret many
properties of folding reactions the like temperature-depen-
dence of the folding rates or theφ-value analysis in
mutational studies.
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