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A cytochrome c kinetic folding intermediate was studied by hydrogen
exchange (HX) pulse labeling. Advances in the technique and analysis
made it possible to define the structured and unstructured regions, equi-
librium stability, and kinetic opening and closing rates, all at an amino
acid-resolved level. The entire N-terminal and C-terminal helices are
formed and docked together at their normal native positions. They fray
in both directions from the interaction region, due to a progression in
both unfolding and refolding rates, leading to the surprising suggestion
that helix propagation may proceed very slowly in the condensed milieu.
Several native-like beta turns are formed. Some residues in the segment
that will form the native 60s helix are protected but others are not,
suggesting energy minimization to some locally non-native conformation
in the transient intermediate. All other regions are unprotected, pre-
sumably dynamically disordered. The intermediate resembles a partially
constructed native state. It is early, on-pathway, and all of the refolding
molecules pass through it. These and related results consistently point to
distinct, homogeneous, native-like intermediates in a stepwise sequential
pathway, guided by the same factors that determine the native structure.
Previous pulse labeling efforts have always assumed EX2 exchange
during the labeling pulse, often leading to the suggestion of hetero-
geneous intermediates in alternative parallel pathways. The present
work reveals a dominant role for EX1 exchange in the high pH labeling
pulse, which will mimic heterogeneous behavior when EX2 exchange is
assumed. The general problem of homogeneous versus heterogeneous
intermediates and pathways is discussed.

q 2003 Elsevier Ltd. All rights reserved.

Keywords: protein folding; pulse labeling; hydrogen exchange; EX1;
cytochrome c*Corresponding author

Introduction

Do proteins fold through a multiplicity of
alternative intermediates and parallel pathways,
as envisioned by many theoretical1 – 3 and experi-
mental studies,4 or through a small number of
distinct intermediates on discrete pathway(s) to
the native state?5 – 7 To understand how proteins
fold, and why, it will be necessary to obtain

detailed information on the structure of kinetic
folding intermediates. This has been difficult.
Kinetic intermediates exist only briefly (, seconds)
and cannot be isolated for structural studies.
Spectroscopic methods fast enough to follow
kinetic folding yield essentially one-parameter
data that provide no structural definition and can
confuse intermediate formation with events such
as chain compaction and transient aggregation.
Theoretical methods are not yet able to deal with
the complex structures, potential functions, and
folding time-scale of real proteins.

Detailed structural information has come mainly
from hydrogen exchange (HX) methods.7 An HX
pulse labeling method, applied during kinetic
folding, can provide residue-resolved information

0022-2836/$ - see front matter q 2003 Elsevier Ltd. All rights reserved.

E-mail address of the corresponding author:
mmg@hx2.med.upenn.edu

Abbreviations used: Cyt c, cytochrome c; HX,
hydrogen exchange; NHX, native state hydrogen
exchange; foldon, cooperative folding/unfolding unit;
CD, circular dichroism; GdmCl, guanidinium chloride.

doi:10.1016/j.jmb.2003.09.070 J. Mol. Biol. (2003) 334, 501–513



on intermediates that accumulate transiently in
three-state kinetic folding.7 – 18 A native state HX
method avoids the kinetic problem altogether by
studying the high-energy, partially folded forms
that proteins experience as they reversibly unfold
and refold under native conditions.7,19 – 21 Extensive
HX results for cytochrome c (Cyt c; 104 residues;
Figure 1) define a small number of discrete inter-
mediates that form in a sequential pathway by
the stepwise addition of native-like structural
units.19 – 27 However, HX pulse labeling results now
available for many proteins, including Cyt c, have
most often been interpreted somewhat differently,
in terms of multiple alternative intermediates in
alternative parallel pathways, similar to results
from computer simulations of simplified folding
models.

The present work reconfigured the pulse label-
ing experiment and the data analysis, taking into
account all contributing factors and the principles
of HX processes, especially at the high pH nor-
mally used in the HX labeling pulse. The corrected
pulse labeling experiment made it possible to
define the structure, stability, and dynamics of an

initial kinetic Cyt c intermediate at amino acid
resolution. It represents a discrete partially formed
replica of the native protein. The entire protein
population moves through this same early inter-
mediate on the way to the native state. When
pulse labeling experiments are interpreted without
attention to the character of high-pH HX behavior
and appropriate data controls, the results will
appear to show heterogeneous intermediates in
alternative parallel pathways.

Results

Optimization

One wants to find conditions where refolding
Cyt c enters some intermediate state rapidly and
exits slowly so that a large fraction of the protein
population occupies the intermediate and can be
probed by HX pulse labeling. The same infor-
mation helps to choose optimum pulse labeling
times.

In exploratory experiments, Cyt c was initially
unfolded in concentrated guanidinium chloride
(GdmCl, p2H 7.5). At this pH (and denaturant),
the normal Met80-S to heme iron ligand is replaced
by a misligating peripheral histidine residue. The
misligation inserts a latent misfolding barrier that
becomes obvious later in the folding process.
Refolding was initiated by dilution into pH 6
buffer (stopped-flow). Spectroscopic probes
were used to detect initial chain contraction
(fluorescence; Figure 2(a)), helix formation (CD222;
Figure 2(b)), and final native state acquisition
(A695; Figure 2(c)).

An initial very fast burst phase represents, we
believe, the relaxation of the chain to a more
contracted but still unfolded form characteristic
for the lower concentration of denaturant, although
see Shastry & Roder28 for a different view. Perti-
nent evidence has been analyzed in detail.29 Most
convincingly, the fast continuous flow results
reported by Akiyama et al.30 show that the entire
CD spectrum of Cyt c, recorded long after the
burst phase (at 400 ms), is identical with the
thermally unfolded state and the acid low-salt
unfolded state (compared in Figure 5 of Akiyama
et al.30 and Figure 6(F) of Krantz et al.29). This state
has been referred to as U0 29 or intermediate I.30

The protein starts to fold on a multi-millisecond
time-scale (Figure 2(a) and (b)). The histidine to
heme misligation barrier is encountered, folding
pauses, and some intermediate accumulates.31,32

The native state is reached much more slowly
(,one second; Figure 2(c)), rate-limited by the
misligation-dependent “error repair” barrier.32,33

The detailed kinetics observed depends on
denaturant concentration. At 0.7 M GdmCl, mul-
tiple phases are seen, perhaps due to the multiple
configurations possible for the misligation-depen-
dent barrier (His26 and His33; under and over
the heme, etc.). Lower denaturant concentration

Figure 1. Molecular Cyt c structure (1HRC.pdb80 and
MOLSCRIPT81) color coded to indicate the folding units
identified by NHX experiments and ranked spectrally in
order of decreasing stability and apparent folding
sequence (blue to green to yellow to red to nested
yellow).19,20,22,23,27 The five foldons are the blue unit (N
and C-terminal helices), the green unit (60s helix and
20s–30s V-loop), the outer yellow unit (a short anti-
parallel b-sheet; residues 37–39, 58–61), the nested
yellow V-loop (residues 40–57), and the red unit (71–85
V-loop). The histidine residues in the green loop can
misligate to the Met80 side of the heme Fe in the
unfolded protein. This introduces an incipient barrier
that causes transient accumulation of the initial N/C
bi-helical intermediate (blue) by blocking the subsequent
folding of the green unit.
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(0.23 M GdmCl) speeds initial chain collapse
(Figure 2(a)) and helix formation (Figure 2(b))
because the transition states and intermediate
formation are stabilized. Inversely, the lower con-
centration of denaturant makes the native state
formation slower (Figure 2(c); reverse denaturant
effect) because the rate for overcoming the mis-
folding barrier is limited by an unfolding reac-
tion.24,32 – 37 Thus, lower denaturant concentration
increases intermediate occupation.

The gray area in Figure 2 shows where the
HX labeling pulse was applied in subsequent
experiments. Figure 2(c) shows that 15% of the
refolding protein reaches N before or during the
HX labeling pulse, while the remaining 85%
occupies the blocked intermediate state during the
labeling pulse. These numbers must be known for
the data analysis. It is also important to note that
the fraction already native at the time of the pulse
shows the same kinetic behavior (Figure 2(c)) and
therefore has probably passed through the same
condition as the intermediate fraction that is
probed by the labeling pulse.

Final folding (Figure 2(c)) is not mono-expo-
nential. A small fraction (,4%) folds more rapidly
to N, probably because it loses the His-heme
misligation before or during the initial chain
collapse. In the 35% slower folding phase(s), 15%
is due to proline mis-isomerization38 – 40 (checked
by us in double jump experiments). Much of the
rest is protein concentration-dependent, due at
least in part to intermolecular histidine to heme
misligation.29,31,32,41 This kinetic heterogeneity has
no effect on the early N/C helix intermediate
studied here, apparently because the histidine to
heme misligation and the four proline residues are
remote from the N and C helices and can only
influence later events.

HX pulse labeling

For pulse labeling experiments, Cyt c was

initially unfolded by denaturant in 2H2O (4.2 M
GdmCl, p2H 7.5). All of the amides become
deuterated and almost all of the molecules have
the histidine to heme iron misligation. Dilution
into H2O buffer (0.23 M GdmCl (pH 6.0), 10 8C)
initiates refolding. At this condition, 2H to H
exchange is slow (seconds). A folding time of
100 ms was allowed in order to ensure uniform
mixing and complete folding to the intermediate
form (tf , 12 ms; Figure 2(a)). 2H to H exchange
labeling was then catalyzed by a brief high-pH
pulse (50 ms, pH 7.5 and above where tex , ms).
Amides that are still exposed in unstructured
regions of the intermediate are labeled at their
unprotected rate. Amides in already formed struc-
ture are protected and are labeled more slowly or
not at all, as determined by the usual HX kinetic
equations. A third mix into low pH (pH 5.3) termi-
nates the labeling pulse. The protein folds to its
native state within several seconds, trapping the
H– 2H labeling profile imposed during the short
pulse. Kept under slow HX conditions (,6 8C,
reduced Cyt c, pH 5.3), the sample was then con-
centrated (centrifugal filtration) and the amount
and position of H-label was read out by 2D NMR
of the native protein at amino acid resolution.

This analysis, which takes hours, reveals the
H– 2H labeling profile imprinted on a millisecond
time-scale, identifying the structure that was
formed and unformed at the time of the pulse.
Repetition of the experiment, varying the pre-
folding time or the pulse intensity (pH, time), can
provide site-resolved information on the time-
course of structure formation8,9 and its stability10,11

and even on dynamics (below). We measured the
labeling obtained in multiple experiments with an
increasingly strong labeling pulse (pH 7.5–10), but
with constant pre-folding time (100 ms) and pulse
time (50 ms).

Figure 3(a) shows a typical H-labeling pattern
(pulse pH 9). Figure 3(b) shows the residues
found to have significant protection in the

Figure 2. Stopped-flow folding kinetics of Cyt c. Unfolded Cyt c (4.2 M GdmCl, p2H 7.5) was diluted into the folding
buffer (pH 6.0, 10 8C) to final GdmCl concentrations of 0.23 M GdmCl (black) and 0.7 M GdmCl (cyan). Refolding was
measured by (a) Trp59 fluorescence relative to the unfolded state (chain contraction/collapse), (b) circular dichroism at
222 nm (helix), and (c) absorbance at the 695 nm Met80-S to heme Fe charge transfer band (native state probe; final
value is 0.73; measured at 0.1 mM Cyt c as for the pulse labeling experiments). The gray shading indicates the time
during which the HX pulse was applied in pulse labeling experiments.
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intermediate, evaluated as described below. The
more complete data are in Figure 4, which shows
the H-labeling at 45 amides that could be measured
with good accuracy across the pulse pH range. The
color coding (compare with Figure 1) identifies
amides in the N and C helices (blue unit), the
green loop and helix, the nested-yellow loop and
outer yellow neck, and the red loop.

Data fitting

In Figure 4, the colored continuous curves fit the
pH-dependent labeling data for each amide with
the complete HX equations given by Hvidt42

(equations (2)–(7)), with no assumption about HX
mechanism (EX1 or EX2). The fitting parameters
are kop and kcl, which also specify site-resolved
protection (structure) and stability (Kop, DGop).

The broken curves in Figure 4 relate to labeling
in the intermediate alone. The black broken curves
show the labeling that is expected for each amide

when it is wholly unprotected (scaled to 0.85),
calculated from kch as described.43,44† The colored
broken curves show the labeling obtained at each
amide (HI,pulse), after correcting for labeling of the
native protein during the pulse (HN,pulse) and
during the sample workup (Hbkgd) (see Materials
and Methods). The corrections are nearly zero for
amides in the blue and green units but are larger
for some faster exchanging amides in the yellow
and red segments (compare the colored curves in
Figure 4).

It can be noted that the brief high-pH pulse used
here, at pH 10 and lower, is unlikely to seriously
distort the parameters measured. Only the two
histidine residues are titratable below pH 10, both
are in the still unstructured green loop, and one is
already titrated and misliganded to the heme,
which in addition protects against the usual

Figure 3. Labeling results. (a) The
directly observed fractional H-label
accumulated by the various residue
amides in HX pulse labeling experi-
ments (Hobs in equations (1) and
(2)), in this case at pH 9.0 before
correcting for the other factors
described in Materials and Methods.
The broken line indicates the frac-
tional population of intermediate
(15% is native). (b) The folding
equilibrium constant (kcl/kop) calcu-
lated for each amide in the trapped
intermediate, as detailed in
Materials and Methods. Only the N
and C helices are stably formed.
Color coding relates to Figure 1.
Residues 14, 15, and 18 (gray bars)
are protected even in the unfolded
state.

† http://hx2.med.upenn.edu/download.html
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alkaline transition.45 The pH 10 data point is
slightly elevated for some residues, perhaps due
to the onset of some destabilization at elevated
pH,26 which can increase the HX labeling rate
even for EX1 exchange.46

Structure

The results shown in Figures 3(b) and 4 identify
the structured and unstructured regions of the
trapped intermediate and quantify their stability
and kinetic parameters. Major protection in the
intermediate is found for all of the amides that are
H-bonded in the N and C helices of the native
protein, indicating that the entire length of both
helices is formed. A similar conclusion was
inferred before on the basis of many fewer
protons.8,11

In native Cyt c, the amide hydrogen atoms of
residues 64–70 are H-bonded in the 60s helix. In
the intermediate, the core residues Leu64 and
Leu68 and the more exposed Met65 have small
but clear protection (Kop , 1; kop , 40 s21). The
other residues in the 60s segment are at most
marginally protected. A possible interpretation is
marginal helix formation. A more likely option is
that the helix is not yet formed but exposed hydro-
phobic residues tend to become buried. Energy
minimization that forms non-native hydrophobic
interactions in a folding intermediate has been
demonstrated before.47,48

A number of amides that are H-bonded in b-turn

configurations in the native protein have HX
protection in the intermediate.49,50 His33 and the
heme-related residues Cys14, Ala15, and His18, all
known to be protected in the unfolded state,19,23,31

are protected in the intermediate. Arg38, Gln42
and Thr78, show small HX protection in the inter-
mediate in the sense of a low EX1 plateau, but
their equilibrium protection is within the noise
level (Kcl , 0.2). Four other b-turns could not be
monitored due to weak cross-peaks and fast
exchange during sample workup and analysis.

Most of the amides in the red, yellow, and green
loops are labeled at very close to their expected
unprotected rates. This agreement provides a test
of the experiment and the data analysis, and also
of the previously calibrated rate constants for
unprotected amides.43,44

Stability

Figure 5 shows equilibrium and kinetic para-
meters obtained for the N-terminal and C-terminal
segments. For the C helix, maximum protection
occurs where the hydrophobic side-chains of the
N and C helices interact in the core of the native
protein (Figure 5(a)). Native-like N to C inter-
actions were inferred before in a mutational
study.51 A fraying pattern appears to emanate
from that region. The N helix may also fray but
this is less clear. (Note: this kind of fraying beha-
vior may contribute to the dispersion of DGHX

Figure 4. Residue-resolved H-labeling results for the kinetic intermediate, which specify the position of protected
structure and its equilibrium and kinetic parameters (color coded to match the foldons in Figure 1) The data points
show the experimentally observed pH-dependent labeling (Hobs; Materials and Methods). The continuous colored
curves fit the equations given in Materials and Methods to the data, which yields kop and kcl, and therefore also Kop.
The broken colored curves show the labeling in the trapped intermediate alone (HI,pulse) after correcting for the
extraneous contributions (Hbkgd and HN,pulse). For comparison, the black broken curves show the labeling for each
amide in the intermediate that would be expected in the absence of protection (scaled to 0.85, the fraction of the
population in the intermediate at the time of the HX pulse).
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Figure 5. Equilibrium and kinetic parameters through the N and C segments in the intermediate. Error flags are at
^1s. DGHX in (a) is the residue-resolved stabilization free energy level of the unfolding reaction that allows exchange.
The data are fit to Lifson–Roig helix-coil theory (continuous line). Also shown is the residue-resolved AGADIR helical
stability prediction for the isolated segments56,57 (broken line). (b) The approximately constant opening rate (continu-
ous line at 14 s21). (c) Closing rates. The horizontal continuous line in (c) shows the folding rate measured by trypto-
phan fluorescence (from Figure 2(a)). The fraying behavior in (a) appears to be due mainly to a progression in
refolding rates (c) but also in part to unfolding rates (b), as suggested by the dotted lines. Residues 14, 15, and 18,
shown in gray, are protected even in the unfolded state.
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values often seen within cooperative elements in
native state HX experiments.)

The presence of helix fraying seems very reason-
able. Its reality is supported by the pattern
observed and the maximum apparent stability
where the two helices normally interact, even
though the error level for individual protons is
sizeable. If the fraying pattern is real, then a fit to
the Lifson–Roig equation52,53 leads to propensity
values (w) of 0.6–0.8 for the peripheral residues,
in the range normally seen,54,55† and much higher,
4–50, for the middle helical residues, denoting
external stabilization. The broken curves show the
AGADIR56,57 prediction of helical stability for
these segments when unsupported‡. The N and C
helices in the intermediate are more stable than
calculated for the separately isolated segments by
4 kcal/mol and 2 kcal/mol, respectively (they
have negative stability when unsupported).

The maximum stability for the bi-helix in the
kinetic intermediate, 1.4 kcal/mol, is less than
found before by native state HX for the same inter-
mediate at the same GdmCl concentration
(2.6 kcal/mol at 0.23 M GdmCl). Given the differ-
ences in conditions of measurement (10 8C at high
pH for pulse labeling versus 30 8C at p2H 7 for
NHX), the actual discrepancy is probably signifi-
cantly less, since Cyt c goes through maximum
stability at 20–25 8C and is more stable in 2H2O
than in H2O.

Kinetic parameters

The labeling pattern observed in Figure 4 indi-
cates EX2 exchange at lower pH and EX1 exchange
at elevated pH. The EX2 to EX1 transition is deter-
mined by the competition between each amide’s
unprotected HX rate (kch) and the reprotection rate
(kcl).

26 In the EX2 region (lower pH), HX labeling
of the protected sites increases sigmoidally with
pH, as expected. At pH 8.5 and 10 8C an average
unprotected amide HX rate is 100 s21, about equal
to the measured rate for refolding to the inter-
mediate. This is the condition (kch , kcl) where
EX1 exchange is expected to emerge, as is found.
Every opening results in labeling, and the degree
of labeling reaches a pH-independent plateau.
Different amides reach their plateau values at
higher or lower pH, consistent with the known
intrinsic HX rate of each amide (kch). EX1 exchange
at high pH has now been observed in a number of
studies.26,27,46,58 – 62

The plateau level for each amide (after correc-
tions) shows the fraction that fails to label because
it does not open even once during the labeling
pulse. The fractional labeling obtained taken
together with the labeling time (50 ms) specifies
kop. Figure 5(b) shows that almost all of the hydro-

gen bonds in the two helices open at about the
same rate, indicating that the two helices unfold
concertedly (kop ¼ 14(^5) s21). Residues near the
helix ends unfold faster, as can be expected, as do
the protected b-turn amides. Figure 5(c) shows
amide-resolved values for kcl. The calculated
reclosing rates match the rate for folding to the
intermediate, independently measured by fluor-
escence (from Figure 2(a)) (horizontal line), which
helps to validate the HX result (see also Sivaraman
et al.63).

The helix fraying (Figure 5(a)) appears to be due
to a progression of both unfolding and refolding
rates, moving from the bi-helix contact region and
not from the heme attachment region. Most sur-
prising, the helices appear to propagate (closing
rate) on a millisecond time-scale, a million-fold
slower than the nanosecond time-scale seen for
independently stable helices in free solution. This
result suggests slow phi–psi rotation in the
condensed milieu, presumably due to side-chain
hindrance and interactions.64 – 67 The observation of
fraying (Figure 5(a)) and its dependence on the
helix propagation (reclosing) rate (Figure 5(c))
depends on data with significant error levels, but
is supported by the persistent pattern of the data
and the likelihood of the fraying result.

Homogeneity

Is the intermediate population homogeneous?
The results in Figure 4 show that all intermediate
forms present must have all amides in the N and
C segments well protected, and many other
defined sites essentially unprotected. In agreement,
the CD222 measured at this stage in kinetic folding
(Figure 2(b)) indicates that all of the molecules in
the intermediate population must have essentially
all of the N/C bi-helix formed (CD parameters
from Chin et al.68). The intermediate population
therefore appears to be homogeneous in a
structural sense.

Can the intermediate population be hetero-
geneous in a stability sense, with differing N/C
protection? The labeling curve for any given
amide in Figure 4 would then consist of different
components with different stabilities and opening
rates. Heterogeneous intermediates would produce
a superposition of curves like those in Figure 4,
with the component curves variably displaced in
the rising EX2 portion of the labeling curve (note
that a one-component labeling curve is identical in
form to the standard one proton pH titration
curve). In fact, the data in Figure 4 fit well to
the equations used, which assume a single
homogeneous intermediate and use only two free
fitting parameters. The goodness-of-fit obtained
for many protons does not allow for the presence
of significant heterogeneity in the measured
labeling.

These considerations still do not rule out the
presence of another population with only the N/C
residues protected but with protection so large, or

† ftp://cmgm.stanford.edu/pub/helix
‡ http://www.embl-heidelberg.de/Services/serrano/

agadir/agadir-start.html
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kop so small, that it does not label measurably
under the conditions used. What fraction could
this population represent? The data in Figure 4
show that at least 60% of each protected site is
well accounted for by a single fitting curve. This
fraction is limited at high pH by an EX1 plateau,
indicating that the major intermediate character-
ized here represents a proportion of the population
that is larger than 60%. Any more stable popu-
lation must be less than 40%. In the regions nearer
the helix ends and elsewhere, a single fitting curve
accounts for a homogeneous fraction close to
100%. Also, the matching of the kcl value with
the folding rate measured from fluorescence
(Figure 5(c)) is against the possibility that some
very different fraction exists.

These results leave no room for significant
heterogeneity.

Equilibrium behavior of the kinetic intermediate

The kinetic parameters found lead to an interest-
ing perspective. The trapped intermediate
unfolds and refolds repeatedly, , ten times
(1/kop , 70 ms; 1/kfold , 800 ms), before the barrier
that blocks its forward progress is overcome and
folding can proceed to N. Implications are noted
in Discussion.

Discussion

The N/C intermediate: distinct and native-like

The present experiments reconfigured the HX
pulse labeling experiment and analysis. The
intermediate population was maximized, control
experiments corrected for labeling that occurs
before and after the pulse and for protection due
to a population of already native molecules, and
the data analysis allowed a role for high pH EX1
behavior. These advances made it possible to
portray the structure, energetics, and dynamics of
the populated intermediate in some detail.

The residue-resolved pattern of HX protection
shows that the entire N and C-helices are formed
and they appear to interact as in the native protein.
A small number of protected amides elsewhere in
the protein suggest several native-like b-turns,
which are known to be marginally stable even in
the unfolded state. Some small protection is seen
for other amides, perhaps due to the burial of
hydrophobic residues in some non-native but
energy minimized48 format. The unstructured
regions of the partially folded intermediate
undoubtedly represent a broad dynamic ensemble,
as emphasized by theoretical studies, but it is clear
that fairly extensive native-like structural elements
are also present.

In summary, the kinetic folding intermediate
strongly resembles a partially constructed native
protein.

On or off pathway: the initial nucleation barrier

Is the trapped N/C intermediate on or off of the
Cyt c folding pathway? A demonstration comes
from studies of the folding barriers.

A previous study showed that the rate-limiting
barrier for two-state Cyt c folding (U to N) is
identical with the rate-limiting barrier for for-
mation of the N/C intermediate in three-state
folding (U to I). They exhibit the same rate (DG ‡

and pre-exponential), the same temperature
dependence (DH ‡ and DS ‡), and the same denatur-
ant dependence (m ‡).35 It is obvious that the barrier
that limits the rate of two-state folding is on the
folding pathway. Since the very same barrier leads
directly to the N/C intermediate in three-state
folding, this intermediate must also be on the
main pathway (U to I to N) (the misfolding barrier
that traps the N/C intermediate, producing three-
state folding, is placed afterwards). In support,
Krantz et al.69,70 found evidence that the N and
C helices are formed in the initial rate-limiting
transition state in two-state folding.

Thus, it appears that Cyt c folds through the
same initial on-pathway N/C intermediate
whether it becomes apparent in three-state folding
or remains kinetically hidden in two-state folding.
The same conclusion comes from a quantity of
native state HX data,19,20,22 – 27 which places the
N/C intermediate at the beginning of the folding
pathway, even when no kinetic trapping occurs,
and shows that all of the molecules move
through it.

On or off pathway: the I $ U ! N issue

The on-pathway question is raised also by the
observation that the trapped N/C intermediate
unfolds and refolds repeatedly (perhaps all the
way to U), before the misligation-dependent
barrier is overcome and folding to N can proceed.

When refolding is initiated by denaturant
dilution, an unfolded protein may initially relax to
some form that is not on the productive folding
pathway (chain contraction, aggregation, etc.), in a
sequence usually written as I $ U ! N. This
description is often taken as the definition of an
off-pathway species. An off-pathway form must
travel back through the U state in order to go for-
ward. However, it should be noted that the reverse
logic does not hold. A trapped intermediate that is
on-pathway may still re-equilibrate with U before
going forward (U $ I (blocked) ! N). This will
occur if the barrier that blocks forward folding is
higher than the I to U barrier. The trapped N/C
intermediate is one example. Other trapped
on-pathway intermediates may do the same.

In the trapped condition, the repeated unfolding
enters the rate for final folding to N as a pre-equi-
librium step, as does the heme deligation step,
which may occur only when the collapsed inter-
mediate transiently unfolds. The need to unfold in
order to repair the misfolding and fold to N
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explains the reverse dependence of folding rate on
denaturant concentration24,32,34 – 37 and it duplicates
a suggested mechanism for GroEl action.71

In summary, the N/C intermediate is clearly
on-pathway, best described as a U $ I $ N situa-
tion, with a large inserted error-repair barrier
slowing the I ! N rate.

Homogeneity of the intermediate population

The pH-dependent pattern of labeling seen in
Figure 4 has been observed in previous HX pulse
labeling studies with Cyt c and other proteins.
Some fraction of any given amide is labeled while
another fraction appears altogether resistant to
labeling, even at high pulse pH. The common
interpretation, based on assuming EX2 HX
behavior, has been that different fractions of the
refolding population have different protection,
indicating alternative folding intermediates with
different structure and/or stability, supposedly in
alternative parallel pathways.

The present work identifies a different reason.
At pH above 9 or so, the chemical HX rate of
transiently exposed amides becomes faster
(,1 ms) than reclosing. This is the condition for
EX1 exchange (kch . kcl). A plateau level of labeling
is reached because amides have reached their
maximum labeling rate, equal to kop. Amides that
open at least once during the brief pulse are
labeled. Those that do not open even once are not
labeled, no matter what their stability may be.
When EX2 exchange is assumed, the resistant
fraction appears misleadingly to represent a more
stable form. Another contribution to the protected
fraction can come from molecules that reach the
native state before the labeling pulse. These factors
have generally not been considered in previous
pulse labeling work.

Analysis shows that the N/C bi-helical inter-
mediate observed here is a distinctly structured
form with defined stability that is homogeneously
shared by essentially all of the refolding popu-
lation. One appreciates that conformation in
unstructured regions must be grossly hetero-
geneous from one chain to another, but the
structured regions are essentially the same in
conformation and stability. Some folding models
picture that the heterogeneous nature of multiple
trapped intermediates is most pronounced early
on the funnel-like folding landscape where con-
formational freedom is large, and much more
restricted near the bottom of the funnel where
conformations merge to the native form. The
present intermediate is distinctly structured,
homogeneous, and native-like even though it is an
early one.

Pathway heterogeneity and optional
misfolding barriers

Other results in the literature seemed to show
heterogeneity in folding pathways. Different popu-

lation fractions are often seen to refold at different
rates, taken to imply that proteins fold through
multiple alternative pathways.

A different possibility32 is that all of the
molecules fold by way of the same sequence of
structure formation (intermediates), but that some
fraction of the population encounters an optionally
inserted barrier (misfold). When optional mis-
folding barriers are inserted into a pathway with
probability between 0 and 1, different fractions of
a refolding population will encounter a limiting
barrier at different points along the pathway,
populate different intermediates, and reach N at
different rates.

This occurs in Cyt c where a misligation-depen-
dent barrier can be inserted into the folding
sequence of some variable fraction of the popu-
lation simply by adjusting the pH of the initially
unfolded protein, even though folding is always
done at the same low pH value.32 Molecules with
the misligation encounter the misfolding barrier,
populate the N/C intermediate, and fold in a slow
three-state manner. The rest of the population
folds in a fast two-state manner.4,32,72,73 Folding
appears to be heterogeneous. However, a great
deal of data now support a single dominant
pathway that can be variably interrupted by an
optionally inserted error repair barrier.7,25,33

Analogous examples in other proteins depend
on the fractional mis-isomerization of proline
residues,4,73 alternative disulphide bond forma-
tion,4 alternative docking modes for different
folding domains,4 and formation of non-native
hydrophobic clusters.66 These kinds of proba-
bilistically inserted barriers have often been dis-
cussed in terms of parallel pathways. The same
results might be better described as single path-
ways that are variably interrupted by optionally
inserted barriers.

Implications

The present experiments trap and characterize a
folding intermediate during kinetic folding. The
intermediate resembles a partially constructed
native state. The entire refolding population passes
through it on the way to N. In agreement, a quan-
tity of native state HX results indicate that Cyt c
and some other proteins fold in a stepwise manner
through a small series of native-like intermediates,
sequentially adding cooperative native-like elements
to progressively assemble the final native structure.
These results point to a classical, stepwise, folding
pathway.

From all of these experiments some principles
have emerged. The unit folding steps are deter-
mined by the intrinsically cooperative nature of
the secondary structural elements of the native
structure or pairs thereof, termed foldons. The
pathway sequence is determined by the arrange-
ment of the foldons in the native protein; prior
native-like structure guides and stabilizes the
subsequent formation of adjacent units (sequential
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stabilization25,74). In this process, easily reversible
non-native interactions may commonly serve to
minimize the energy of transient forms.48 Less
rapidly reversible interactions may insert kinetic
barriers that slow folding and cause intermediate
accumulation. These principles can be seen as a
natural consequence of thoroughly established
protein structural behavior that seem unlikely to
differ fundamentally in other proteins.

However, many studies have been interpreted
differently, in terms of multiple heterogeneous
intermediates in multiple parallel pathways. In the
case of HX pulse labeling experiments, the present
work shows that these conclusions have depended
on incorrect assumptions about HX behavior
and some other experimental problems. We note
that other studies often interpreted in terms of
heterogeneous pathways might be reconsidered
in terms of optionally inserted error-dependent
barriers.

Materials and Methods

The purity of WT equine Cyt c (type VI; Sigma
Chemical Co.) was checked and further purified by
reverse phase HPLC when necessary.75 The pH buffers
used were of highest quality available from Sigma.
2H2O was from Isotec or Aldrich. Deuterated GdmCl
(d-GdmCl) was prepared by dissolving in 2H2O and
vacuum evaporating three times.

Folding kinetics were measured at 10 8C using
stopped-flow Biologic SFM-400 apparatus (for 695 nm
absorbance and tryptophan fluorescence) or an Aviv
stopped-flow module attached to an AVIV CD spectro-
meter (model 202). Buffers and pH values were the
same as those in HX pulse labeling experiments.

The following HX pulse labeling procedures were
used. Cyt c was unfolded in 4.2 M d-GdmCl in 10 mM
phosphate, (p2Hread 7.5), 2H2O buffer. Refolding was
initiated by diluting 18 times into the folding buffer
(0.23 M GdmCl (pH 6), 10 mM Mes, H2O). Protein con-
centration during folding was about 100 mM. Folding
was continued for 100 ms. A high-pH pulse (pH 7.5–10)
was applied for 50 ms. Pulse buffers were (after mixing):
50 mM Hepes (pH 7.5), EPPS (pH 8), Bicine (pH 8.5),
Ches (pH 9 and 9.5) and Caps (pH 10) in H2O. HX
labeling was stopped by mixing with the quench
buffer (63 mM citrate, 35 mM ascorbate, H2O (pH 5.3)).
Ascorbate was used to reduce Cyt c and pH 5.3 mini-
mizes background labeling during the sample workup.

Final samples were concentrated (15 ml–0.5 ml; 4 8C;
Amicon centriprep YM-10), then buffer-exchanged
(Sephadex spin columns pre-equilibrated with NMR
buffer; 100 mM deuterated acetate, 12 mM ascorbate,
2H2O, p2Hread 5), transferred to an NMR tube filled with
argon, and frozen at 280 8C pending NMR analysis.
Typical workup time was two hours. Duplicate samples
were run at each pH value and the data were averaged.

Data analysis

The 2D COSY NMR spectra were recorded on a
500 MHz Varian INOVA spectrometer in magnitude
mode (24 scans of 2048 complex data points for 512
increments; no water suppression, 20 8C). Spectra were

processed using Felix 2.3 (Biosym/MSI). NH–CaH
cross-peak volumes for each amide were calculated to
obtain the fractional H labeling, Hobs, as in equation (1):

Hobs ¼
V=Vref

VC=Vref
C

ð1Þ

The cross-peak volume after background subtraction,
V, is normalized to the volume for a non-exchanging
reference cross-peak (Vref, heme bridge 4). VC and VC

ref

are the analogous values in a native protein control
sample equilibrated (pH 7.5, 55 8C, three hours) to the
same H/2H ratio as during the pulse, representing 100%
labeling. Hobs and the analogous terms considered
below vary from 0 to 1.

Hobs includes the labeling that occurs in all of the pro-
tein forms (unfolded, intermediate, and native) at all
stages of the experiment (before, during, and after the
pulse and during the sample workup). We want to
remove the extraneous contributions and extract the
information, structural, equilibrium, and kinetic, that is
contained in the way that the intermediate alone
becomes labeled during the pulse. The two extraneous
contributions, Hbkgd and HN,pulse, were evaluated in
control experiments.

A no-pulse control was used to determine the
summed background labeling at each amide during the
entire experiment except during the pulse. In this control
experiment, the stopped-flow mixing and sample
workup were done exactly as before but with the
labeling pulse omitted (100 ms folding at pH 6, no
pulse, quench to pH 5.3, workup at pH 5.3). The frac-
tional labeling obtained as in equation (1) is Hbkgd,
which is dominated by the labeling that occurs during
the sample workup at sites that exchange significantly
in the native protein. Hobs for the total experiment can
then be expressed as in equation (2):

Hobs ¼ Hpulse þ ð1 2 HpulseÞHbkgd ð2Þ

Hpulse includes mainly the fractional labeling of the
intermediate during the pulse (HI,pulse), which is the
experimental parameter of major interest. It also includes
the labeling in the 15% of native protein ( fN) present
during the pulse (HN,pulse), as in equation (3):

Hpulse ¼ ð1 2 fNÞHI;pulse þ fNHN;pulse ð3Þ

To evaluate HN,pulse, pre-deuterated native protein was
carried through the entire pulse labeling procedure (in
0.23 M d-GdmCl at each pH) to obtain HN,obs (like
equation (1)). A no-pulse control experiment was run
with the native protein to obtain HN,bkgd. These para-
meters determine HN,pulse (like equation (2)). HN,pulse

values were close to zero for amides in the three helices
at all pulse pH values. Some labeling occurred at high
pH for amides in the three omega loops but this correc-
tion is multiplied by fN (equation (3)). (Note: this control
experiment is identical with the kinetic native state HX
experiment described elsewhere,26 which measured the
stability and kinetic parameters for unfolding of the
loops in the native protein).

Equations (2) and (3) together with the independently
evaluated parameters, Hbkgd, HN,pulse, and fN, connect
the measured Hobs to the desired (1 2 fN)HI,pulse. The
equations described below relate HI,pulse to opening and
closing (deprotection and reprotection) rates. These
relationships allow experimental pulse labeling data for
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Hobs versus pH to be fit in order to obtain amide-resolved
opening and closing rates in the intermediate. Accuracy
improves as the term HI,pulse becomes the dominant
contributor to Hobs and the other contributions decrease.
This condition was promoted by the experimental
manipulations described above.

HX equations

The Linderstrøm-Lang scheme for opening dependent
HX was assumed:76

NHðclosedÞY
kop

kcl

NHðopenÞ!
kch

exchanged ð4Þ

As usual, kop and kcl are the opening (unfolding) and
closing (refolding) rates of the protecting structure,
and kch is the unprotected chemical exchange rate calcu-
lated for the ambient conditions from model peptide
calibrations.43,44

Analysis of the present HX pulse labeling data
requires the complete equations given by Hvidt42

(equations (5)–(7)), rather than the usual steady-state
rate equation.76,77 The parameters tf and tp are the folding
(0.1 second) and pulse (0.05 second) times, and
[NH(open)]tf

is the population fraction in the open form
during the pulse, after folding for time tf. Equation (7)
expresses [NH(open)]tf

in these terms (assuming no
protection in the unfolded state):

HI;pulse ¼ 1 2
kch½NHðopenÞ�tf

2 l2

l1 2 l2

� �
e2l1tp

2
l1 2 kch½NHðopenÞ�tf

l1 2 l2

� �
e2l2tp ð5Þ

where:

l1;2 ¼
kop þ kcl þ kch ^

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðkop þ kcl þ kchÞ

2 2 4kopkch

q
2

ð6Þ

½NHðopenÞ�tf
¼

kop

kop þ kcl
þ

kcl

kop þ kcl
e2ðkopþkclÞtf ð7Þ

When kcl q kop, kch, and tf is sufficiently long, equation
(5) reduces to the usual steady-state rate equation.
When these conditions are not met, the additional first
bracketed term in equation (5) is necessary in order to
account for the fraction of the population, NH(open),
that is exposed when HX labeling is initiated. As in
equation (7), this term is negligible when structure is
very stable (kcl q kop), in which case [NH(open)] and
l2 , 0, and/or when the initially exposed sites are
rapidly protected before labeling can occur (kcl q kch).
This term is significant in the present work because the
stability of the intermediate is low. Therefore, a signifi-
cant fraction of the intermediate is unfolded when
labeling is initiated and it can become labeled without
having to wait for opening (neither EX1 nor EX2).

These equations are written without any assumptions
about the relative magnitudes of kop, kcl and kch and there-
fore about the role of EX1 HX (kop, kcl p kch; kex ¼ kop) or
EX2 HX (kcl q kch, kop; kex ¼ Kopkch; Kop ¼ kop/kcl). For
more discussion about the application of these equations,
see Krishna et al.78

To implement these equations, the basic experimental
data for each amide (Hobs versus pulse pH; as in Figure

4) were fit to equation (2), substituting equation (3) for
Hpulse and equations (5)–(7) for HI,pulse. The kch values
were calculated from peptide models43,44 using the Excel
spreadsheets†. The numerical parameters, Hbkgd and
HN,pulse, for each amide were fixed at the values deter-
mined in the control experiments. There are only two
independent fitting parameters, kop and kcl. Figure 4 also
shows these fitted curves after correction for the back-
ground contributions (colored broken lines). For each
amide, the corrected plateau level (EX1 region) deter-
mines the opening rate (kop); the offset from the expected
unprotected curve (black) at lower pH (EX2 region)
largely gives the equilibrium stability (Kop). Data fitting
used Sigma Plot 2001.

The residue-resolved unfolding free energy of protect-
ing structure was then obtained using (8):

DGHX ¼ 2RT ln
kop

kcl

� �
ð8Þ

The errors in DGHX (Figure 5(a)) and kcl/kop (Figure
3(b)) were calculated from the individual errors in kop

and kcl obtained from data fitting using standard error
propagation formulas.79
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