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Previous work used hydrogen exchange (HX) experiments in kinetic and
equilibrium modes to study the reversible unfolding and refolding of
cytochrome ¢ (Cyt c¢) under native conditions. Accumulated results now
show that Cyt c is composed of five individually cooperative folding units,
called foldons, which unfold and refold as concerted units in a stepwise
pathway sequence. The first three steps of the folding pathway are linear
and sequential. The ordering of the last two steps has been unclear because
the fast HX of the amino acid residues in these foldons has made
measurement difficult. New HX experiments done under slower exchange
conditions show that the final two foldons do not unfold and refold in an
obligatory sequence. They unfold separately and neither unfolding
obligately contains the other, as indicated by their similar unfolding surface
exposure and the specific effects of destabilizing and stabilizing mutations,
pH change, and oxidation state. These results taken together support a
sequential stabilization mechanism in which folding occurs in the native
context with prior native-like structure serving to template the stepwise
formation of subsequent native-like foldon units. Where the native structure
of Cyt c requires sequential folding, in the first three steps, this is found.
Where structural determination is ambiguous, in the final two steps,
alternative parallel folding is found.
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To understand any biochemical pathway, one
must identify and order the important pathway
intermediates. The same is true for protein folding
pathways. Work in recent years has traced the
folding pathways of several proteins in some
structural detail (cytochrome ¢,'"? ribonuclease
H,13-15 apocytochrome b562,-20 OspA of Borre-
lia,?122 and triosephosphate isomerase?®). These
proteins have been found to fold through distinct
intermediates in distinct stepwise pathways. A
major finding is that the pathway steps are
determined by the formation of cooperative native-
like structural units, called foldons. The order of
pathway steps appears to be determined by a
sequential stabilization process in which earlier
native-like structure serves to guide and stabilize
the formation of subsequent native-like foldons in a
sequence that progressively constructs the native
protein.
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The identification of protein folding intermediates
has been difficult because they generally live for less
than one second and cannot be isolated for study by
the usual structural methods. An alternative ap-
proach is possible. Although protein molecules
under native conditions predominantly occupy
their lowest free energy native state,”* it is a
thermodynamic truism that proteins must populate
each higher energy state according to its Boltzmann
factor and over time must kinetically cycle through
all of these states. Thus, protein molecules must
unfold and refold repeatedly, even under native
conditions. Accordingly, folding intermediates and
pathways might be studied directly over long
periods of time under native conditions. Unfortu-
nately, the infinitesimally populated high-energy
states that define folding pathways under native
conditions are normally invisible, because most
experimental measurements are dominated by
signals from the overwhelmingly populated native
state. The opposite is true for hydrogen exchange
(HX) experiments. HX rates that one measures
receive no contribution from sites that are protected
by H-bonding in the native state but are wholly
determined by the cycling of molecules through
their H-bond-broken higher energy states. Among
the high-energy states are the partially unfolded
forms (PUFs) that construct protein folding path-
ways. This is so whether one views the high-energy
manifold in terms of a classical pathway with
distinct intermediates, 2% or as a funnel-shaped
landscape.??-3°

In favorable cases native state HX (NHX)
experiments can determine the structure and
properties of the dominant high-energy forms and
so can help to define potential folding intermedi-
ates and pathways. The experiment exploits con-
ditions that selectively promote large unfolding
reactions so that measured HX becomes dominated

C) (b)

by them.?1:32 Cytochrome ¢ (Cyt ¢) has proven to
be a particularly favorable model due to its high
global stability and the unusually separable nature
of the cooperative folding /unfolding units (foldons)
that form it, shown in Figure 1(a). Figure 1(b)
summarizes the NHX results that originally defined
the Cyt ¢ foldon units. Some hydrogen atoms, called
marker protons, are very sensitive to denaturant.
Their exchange is governed by sizeable unfolding
reactions that expose considerable new surface to
solvent, encoded in the slope, m=dAGyx/d[Den].>3
The exchange of many other hydrogen atoms is
independent of denaturant. They exchange by way
of small local fluctuation reactions that expose little
new surface to the solvent (m~0).2*3> When any
given unfolding reaction is sufficiently promoted so
that it provides a faster HX pathway than the local
fluctuations, it comes to dominate the exchange of
the hydrogen atoms that it exposes. This is seen as a
merging of multiple flat HX curves for different
amides into a common HX isotherm. Figure 1(b)
shows only one marker proton and one merging
proton for each HX isotherm.

More complete data?*!% show that each HX
isotherm merges one or two sets of residues that
are adjacent in the Cyt ¢ sequence. These results
identify the five cooperative unfolding/refolding
units (foldons) in Figure 1(a), evaluate the free
energy level of each of the partially unfolded forms
(PUFs) that they produce, and provide a measure of
the size of each unfolding (m value). The properties
listed in Table 1 reveal a ladder of PUFs defined by a
concomitant increase in AG and m. This ladder was
initially taken to suggest a sequential pathway in
which the foldons unfold and refold one discrete
step at a time. Related results have been obtained in
HX pulse labeling experiments done during kinetic
folding,” in NHX experiments done in equilibrium
(EX2) and kinetic (EX1) modes as Cyt ¢ unfolds and

C-helix

AG, (kcal/mol)

Figure 1. (a) Cyt ¢ structure
(IHRC.pdb* and MOLSCRIPT®),
color-coded to indicate the foldon
units previously identified by HX
experiments and ranked in spectral
order of decreasing AGpx and m
value* 7231 as specified in Table 1.
(b) Illustratlon of NHX experlments
on oxidized WT equine Cyt 7
Native Cyt c is placed into *H,0O and
the H/D exchange of many amides
is measured by recording 2D NMR
spectra in time. The experiment is
repeated with increasing concentra-
tions of guanidinium chloride

infrared loop (40-57)

formalism® and the known unprotected chemical exchange rate. 263
merging proton are shown. Complete data sets for oxidized**

elsewhere.

0.0 0.|5
[GdmCI] (M)

high-energy state that determines the HX of each amide is calculated and plotted using the standard EX2

(GdmCl) but still far below the
melting transition (C,=2.75 M
GdmCl). The free energy of the

T
1.0 1.5

7 For each PUF, only one marker proton and one
and reduced* Cyt ¢ and several mutants'® are shown
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Table 1. Properties of five foldons in oxidized Cyt ¢

Foldon Identity AGpx (kcal/mol) m (kcal/mol/M [GdmCl])
Blue bihelix N and C-terminal a-helices 12.8° 472
Green helix and Green loop 60's a-helix and 19-36 Q-loop 10.0° 322
Yellow p-sheet 37-39, 5861 short anti-parallel p-strands 7.4° 2.1b
Red loop 71-85 Q-loop 6.3° 1.5°
Infrared loop 40-57 Q-loop 3.8° 1.5°

2 From Bai et al”
> At pDr 5.5, 20 °C from Figure 4.

refolds spontaneously under native conditions,>*-
and in stability labeling experiments in which the
stability of a given foldon is altered and the effect on
the other foldons is measured.?-19 All of these
results have consistently found the same coopera-
tive foldon units and ordered them in the same
sequential unfolding/refolding pathway. In the
folding direction, the N-terminal and C-terminal
helices (blue foldon) form in an initial step,!7-3¢-37
the 60s helix and -loop (green foldon) fold next,
followed by the small yellow unit, and finally the
two large Q-loops.?4©

A compelling explanation for this pathway order
is suggested by the arrangement of the foldons in
the native Cyt ¢ structure.®® In the native context,
the first folding blue bihelical unit contacts only
the two green segments, therefore can only guide
and stabilize their formation. The two short yellow
strands grow from the ends of the two green units
and, therefore, can only follow the two green
units. This entire scaffold must be in place in order
to template and stabilize the formation of the final
two loops. However, the sequential stabilization
mechanism seems to allow the assembly of these
two loops in either order.

Here, we describe further HX experiments that
clarify the position of these two loops in the
Cyt ¢ folding sequence. The results indicate that
they can unfold and refold in arbitrary order,
just as suggested by the sequential stabilization
mechanism.

Results

The nested-yellow (infrared) loop is a separate
foldon

In earlier work, the grouped HX behavior of
three slow marker protons protected by the yellow
segments (Lys60, Leu64, Trp59 eNH) was taken to
mark the concerted unfolding of the yellow neck
region together with its entire nested (-loop.?
Hydrogen atoms in the nested loop segment
exchanged too fast to measure. Subsequent results
obtained under slower HX conditions indicated
that the nested loop can behave as a separate
foldon.®

Figure 2 shows more complete HX results as a
function of destabilizing pH or denaturant, at

lower pH where HX is slowed, in both reduced
and oxidized Cyt c. Nine measurable hydrogen
atoms in the nested loop exchange initially at
quite different rates, evidently by way of local-
ized structural fluctuations, except for the slowest
protons, which appear to act as foldon markers.
As pDr is lowered or denaturant is increased, a
large concerted unfolding is promoted and comes
to dominate the exchange of all of the nested
loop hydrogen atoms, which merge into a
common HX isotherm. Figure 3 shows that
protons in other parts of the protein, including
the yellow and the red foldon markers, are not
entrained by the unfolding of the nested loop.
These results identify the nested loop as a
separate foldon, different from the yellow foldon,
and show that it can unfold independently and at
lower AGpx than all of the other foldons. We
designate this loop as infrared (previously called
nested yellow) to imply that its unfolded state is
at lower free energy than even the red unfolded
state.

The destabilization of the infrared loop by
decreasing pH is due to two structurally protected
groups that have decreased pK, values in the native
protein; namely, a heme propionate and His26.°
Both are buried in their unprotonated form and
interact directly with groups in the infrared loop.*”
No other candidate group in Cyt c titrates in the
measured pH range. Sizeable general charge effects
seem unlikely, since these experiments were done in
0.5 M KCl, no salt dependence was seen,® and
hydrogen atoms that exchange by way of local
fluctuations show no pH effect, even though HX is
catalyzed by a hydroxyl ion, the local effective
concentration of which would respond to increasing
electrostatic potential.

Relationship of the red and infrared foldons: m
values

Prior results show that the red, yellow, green,
and blue foldon units unfold in a sequential
manner, up the ladder of increasing AGpx and
increasing m values (Figure 1; Table 1).1° Each
higher unfolded state obligately includes the lower
ones to produce PUFs with identity as follows: red
unfolded, red+yellow unfolded, red+yellow +
green unfolded, and red +yellow + green+blue un-
folded signifying the U state. The unfolding of the
infrared loop has even lower AGpy, suggesting that
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Figure 2. NHX results for the
infrared (nested yellow) loop resi-
dues in reduced (pDr 5.8) and

IC)
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g T T T T
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= pDr [GAmSCN] (M)
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42,43,52
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57
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49

oxidized (pDr 5.5) WT Cyt ¢ (20 °C;
0. 5 M KCl), showing the depen-
dence of AGyx of the measurable
amide exposure reactions on solu-
tion pH and denaturant. Broken
lines show the straight line fit to
the marker protons. The markers
include residues 42 and 52 in re-
duced Cyt ¢, and 43 in oxidized Cyt
¢, where the loop is further destabi-
lized. Residues 40, 53, and 54 can
also be expected to appear as mar-

21 Oxidized - kers in oxidized Cyt ¢ but their
: - . : . crosspeaks are not seen in the
4 5 6 7 00 0.4 08 oxidized NMR spectra. Errors in
' ’ ' AGpx are generally less than
pDr [GdmCI] (M) 0.1 kcal/mol.

it might unfold first and that the subsequent red
loop unfolding includes it. It now appears that this
is not the case.

Figure 4 compares the denaturant dependence (1
values) of marker protons in the lower lying Cyt c
foldons. It is clear that the red and infrared loops do
not unfold together in a single concerted step, since
they have very different HX rates and AGpx for
unfolding. Further, the m values measured for their
unfolding are both 1.5 kcal/mol/M [GdmCl] (Table
1). This result is against the view that the unfolding
of either loop obligately includes the other. If they
unfolded in a prescribed order, one would have a
larger m value than the other, as for the other units
(Table 1).

(Distinct PUFs having similar m values were
observed before in RNase H,'® which may similarly
indicate that their unfolding/refolding is not obli-
gately sequential in either order.)

Relationship of the red and infrared foldons:
stability labeling

In further tests we constructed several stability
labeling experiments in which the stability of one of
the foldon units was selectively perturbed and the
effect on it and the other foldons was measured by
NHX experiments. The results are illustrated by
Figure 5.

Figure 5(a) shows the results for the non-
perturbing surface mutation Glu62Gly, placed in
the yellow neck (see Figure 1(a)).” Glycine exerts a
destabilizing effect by entropically favoring the
unfolded state. The mutation directly destabilizes
the yellow foldon and higher foldons about equally
(~0.9 kcal/mol) but the lower red and infrared
foldons are unaffected. This is the expected result
for a linear unfolding ladder in which each higher,
partially unfolded state includes all of the lower
unfoldings.

Figure 5(b) compares results for oxidized and
reduced Cyt c. In reduced Cyt ¢, the heme iron to
Met80-S ligation is strengthened by 3.2 kcal/mol, as
measured by direct binding experiments with a
model heme peptide.® The red loop is stabilized by
the same 3.2 kcal/mol, evidently because its
unfolding must break the Fe to S ligation. The
higher yellow and green units are equally stabilized,
as expected if their unfolding includes the red
unfolding. The global blue unfolding has an
additional stabilization because the heme iron
reduction has an additional stabilizing effect, not
limited to the Fe to S bond, as described below. The
important point for the present discussion is that the
infrared loop is stabilized by much less than
3.2 kcal/mol.® This result confirms that the unfold-
ing of the infrared loop does not obligately include
the red loop unfolding. The same conclusion is
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Figure 3. NHX results for all of
the measurable amides in oxidized
WT Cyt ¢ as a function of solution
pH(20°C;0.5MKCl). Themeasured
amide protons are grouped and
color-coded according to the fol-
dons in Figure 1(a) (infrared loop in
black). NB: Previous denaturant-
dependent NHX experiments sug-
gested that the green helix and the
green loop unfold and refold to-

pDr

obvious from Figure 4, which shows that the
infrared loop has much larger K., (lower AGgx).
An analogous situation is seen when the infrared
loop is destabilized (Figure 5(c)). The Thr47Gly
mutation placed in the infrared loop directly

8
Le4
K60
74 i
S 61 175 2.1
S 2.0
© 1.4
£ 1.6
x
E
S 4 Q42
2
A43
1.4
1.6
2 ;
0.0 0.4 0.8
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Figure 4. NHX results for some marker protons in
oxidized WT Cyt ¢ (pDr 5.5, 20 °C, 0. 5 M KCl). Infrared
(black) and red foldons (red) have the same denaturant
dependence (slope=m value), suggesting that neither of
these two loops is obligatorily included in the unfolding of
the other. Errors in AGyx and m values are generally less
than 0.1 kcal/mol.

5 ? gether. However, the upper right
panel now indicates that these two
units can unfold separately (see the
text).

destabilizes the loop itself by 0.8 kcal/mol. The
higher foldons are destabilized equally, as expected
if their unfolding necessarily includes the infrared
unfolding. However, the red unfolded state is
promoted by significantly less, indicating that it
does not obligately include the infrared unfolding.

The same effect is observed in a comparison of fol-
don destabilization at decreasing pH (Figure 5(d)),
taken from the AGyx results for foldon marker
protons in Figure 3. At pDr 4.5 the infrared unit is
destabilized by 3.3 kcal/mol (relative to pDr 7.0)
because it is supported by the buried protonatable
groups noted before (His26 and heme propionate).
Marker protons for the higher yellow and green
unfoldings are destabilized equally. This is the
expected result if the infrared loop is on the unfolding
pathway so that the higher unfoldings contain it. The
red loop also appears to be destabilized by low pH
but by much less. In fact, the red foldon destabiliza-
tion may be even less. The apparent destabilization
observed may simply reflect the fact that its free
energy level is ultimately limited by the higher
yellow foldon, insofar as the yellow unfolded state
obligately includes the red unfolding. In either case,
this result (Figure 5(d)), as for the Thr47Gly result just
described (Figure 5(c)), is against the view that the
red loop unfolded state obligately includes the
unfolded infrared loop. (Here also, the global
unfolding marker feels an additional effect, which is
considered below.)

In summary, the results described here show
that the two lowest free energy foldons in the
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Figure 5. Stability labeling results testing the sequential nature of the individual foldons in Cyt ¢ unfolding.
NHX experiments were done at pDr 7, 20 °C unless noted otherwise. The effect of each stabilizing or destabilizing
perturbation is shown in terms of the change in AGpux of each PUF, measured from the marker protons for each
PUE. AAGux of the targeted foldon in each case is shown in boldface. Values are in kcal/mol. pWT refers to
recombinant pseudo wild-type Cyt c. (a) E62G-pWT.” The direct effect of the E62G mutation is focused on the
yellow foldon that contains it. Infrared loop stability was measured at pDr 5.4. (b) Reduced—oxidized.>® The direct
oxidation/reduction effect focuses on the heme iron to Met80-S ligand bond in the red loop. (c) T47G—pWT. The
direct destabilizing effect of the T47G mutation is on the infrared loop that contains it. Infrared loop stability was
measured at pDr 54. The change in blue unit unfolding was measured from change in global stability by
equilibrium GdmCl-induced unfolding (at both pH 5.0 and 7.0). (d) pDr 4.5-pDr 7. The direct effect of low pH is
to protonate two buried groups that support the infrared loop (His26 and a heme propionate when they are
transiently exposed). The AAGyx value listed for the global blue unfolding has been approximately corrected for an

additional effect due to His26 protonation as described in the text.

Cyt ¢ folding/unfolding ladder are able to fold
and unfold separately and in no obligatory
order.

Additional effects

In two of the trials just described, the global
unfolding (blue foldon) registers a larger effect
than the foldon that was targeted. The increased
stability change occurs because the imposed
perturbation is not limited to the targeted low-
lying foldon but has an additional effect at some
higher point on the unfolding ladder. These
observations do not challenge the present demon-
stration that the unfolding of either the red or
infrared loop does not obligately include the other
but they do have interest in respect to the use of
stability labeling experiments.

In the oxidized to reduced comparison (Figure 5(b)),
heme iron reduction strengthens the Fe ligand bond

by 3.2 kcal/mol and stabilizes the red unit and all
higher foldons by the same amount, but the global
unfolding is stabilized by an additional 1.9 kcal/
mol. This occurs because the effect of heme iron
reduction is not limited to the Fe to S bond. The
buried heme iron is charged in oxidized Cyt c and
is therefore destabilizing but it is neutral in the
reduced form. Evidently the buried charge is
unmasked and expresses its destabilizing effect
(1.9 kcal/mol)* only upon global unfolding, so
that only the final blue unfolding registers this
additional contribution.

In the pH perturbation experiment (Figure 5(d)),
low pH (pDr 4.5) destabilizes the infrared loop by
3.3 kcal/mol because it is supported by the
buried protonatable His26 and propionate
groups.® The higher foldons are destabilized
similarly. The global unfolding is promoted by
an additional 1.2 kcal/mol (4.5 kcal/mol total,
calculated from the known 12.8 kcal/mol of global
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stability at pDr 72:3-3* minus 8.3 kcal/mol at pDr
4.5 from Figure 3). This extra destabilization is due
to the fact that protonation of the transiently
exposed His26 has an additional effect. The effect
can be detected directly and evaluated approxi-
mately in the behavior of the green loop, which
contains His26. As pH is decreased below the
normal histidine pK, (~6.5), the green loop is
sharply destabilized and can be induced to unfold
separately from the green helix (highlighted in green
in Figure 3, top right). The effect is evidently due to
the suppressed pK, of His26 (pK,<3.6),*! buried in
the green loop in the folded state, since it is not seen
in the mutant His26Asn (H.M., unpublished
results). The size of the effect on the green loop
(>0.7 kcal/mol) approximately accounts for the
additional global destabilization that is observed
(1.2 kcal/mol), as follows. A minimum estimate for
the total green loop destabilization, measured using
Leu32 in the green loop, is 4 kcal/mol (pDr 4.5-pDr
7; Figure 3), higher than the expected 3.3 kcal/mol
by 0.7 kcal/mol. This value underestimates the
additional effect because Leu32 has not yet joined
the isotherm at pDr 7, so its measured AGyyx is lower
than the correct value for green loop unfolding.
Since the global unfolding must contain both effects,
the comparison in Figure 5(d) lists <3.8 kcal /mol for
the global blue unit (—(<3.8)=—(4.5 — >0.7)).

It is also interesting that, for each perturbation of
the red or the infrared loop, the other loop may be
fractionally affected. One possibility is that the
unfolding of either loop can promote but not require
the other. The two loops are in extensive mutually
stabilizing contact.®4> Alternatively, some addition-
al effect, not limited to the targeted loop, may occur
for the different perturbants used (mutations, pH,
redox state), just as for the additional effects just
noted.

A similar behavior appears in previous work
designed to test the sequential folding model in
mutational experiments with yeast iso-1-Cyt c.
Kristinsson and Bowler*? imposed a number of
mutations at the buried Asn52 position, then
measured the pH-dependent alkaline transition as
a proxy for red loop stability,*> and denaturant-
dependent global melting as a proxy for the blue
unit. These measures were closely equivalent,
consistent with the ladder model. However, the
result seems at odds with our present results,
insofar as the red loop unfolding seemed to
include the infrared loop. The resolution seems to
be that stability changes due to Asn52 mutations
are likely to be widespread,**~#¢ and likely to exert
an additional effect on the red loop. Asn52 is an
absolutely conserved residue;*” it occupies a
critical internal position between the red and
infrared loops; it interacts with a heme propionate
and with Ile75; and it helps to stabilize an internal
water molecule that participates in an extensive
hydrogen bonding network,*4® all of which can
influence the red loop directly rather than just
indirectly through a common unfolding with the
infrared loop.

As a general observation, these results underline
the difficulty of imposing a truly localized pertur-
bation.

Discussion

Foldons and protein folding

Previous results indicated that the different Cyt ¢
foldons unfold and refold in a sequential pathway
manner as in equation (1) (letters refer to the color
coding in Figure 1; upper case folded, lower case
unfolded). Starting from the folded native protein,
the red unit unfolds as an initial step (equation (1)
left to right). The yellow unit unfolds only when
the red unit is already unfolded, so that the
measured yellow unfolding reflects a partially
unfolded form with the red and yellow units
open together. The higher green unfolding pro-
duces a PUF with green+yellow +red unfolded.
The final blue unfolding produces the globally
unfolded state:*’

RYGB (Native) <> rYGB <> ryGB <> rygB <>
rygb (Unfolded) (1)

The HX experiments that led to this picture were
done under equilibrium native conditions (pDr 7,
20 °C or 30 °C), far below the melting condition
(Cn=2.75M GdmCl). To maintain each component
in equation (1) at equilibrium, each unfolding
arrow must be matched by an equal arrow in the
refolding direction. (If side-reactions exist, the same
requirement holds for each individual reaction.)
Therefore, the demonstration of a stepwise sequen-
tial unfolding pathway requires that refolding
proceeds in the opposite direction through the
same set of intermediates. Related results for other
proteins consistently support analogous foldon-
based pathways.!0/15-23

It seems most interesting that the experimental-
ly derived folding sequence summarized in
equation (1) is just as expected if the pathway is
directed by the foldon arrangement in the native
Cyt ¢ protein.®® The present work pursued one of
the implications of this sequential stabilization
principle. Unlike the higher energy foldons, the
structure of Cyt ¢ does not appear to require the
red and infrared Q-loop foldons to unfold and
refold in a pre-defined sequential manner. The
results obtained here show that these two loops
can unfold separately, with different free energy.
They expose very similar amounts of new surface,
indicating that they do not predominantly unfold
in an obligatory sequential order, in which case
one unfolding would necessarily include the
other. The same conclusion comes from specific
stabilization and destabilization experiments. The
loops can unfold and refold alternatively, in
parallel, as in equation 2, just as implied by the
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sequential stabilization principle (i represents
infrared):

iRYGB

IRYGB (Native) irYGB <> iryGB
™ Ly 7

<—>irygB <> irygb (Unfolded) (2)

General implications

Results now available bear on the nature and
ordering of the steps that construct protein folding
pathways. Cyt ¢ unfolds and refolds in stepwise
manner. The steps are determined by the cooper-
ative nature of its constituent foldon units. The
generality of this behavior is suggested by the fact
that similar results have been obtained for several
other proteins.

The component foldons of Cyt ¢ are essentially
identical with its native secondary elements. This
need not be completely true in general,'® because
secondary structural elements are not usually
independently stable. In native proteins, they are
stabilized and shaped by their supporting native
tertiary interactions. Partially folded forms are
known to incorporate non-native energy-minimiz-
ing interactions.?->0-5% Accordingly, given the loss
of some native interactions and the presence of non-
native interactions, foldons in incompletely folded
states need not accurately duplicate the elements
seen in the native protein.

Previous results suggest that the native-like
foldon arrangement dictates the order of folding
steps according to a sequential stabilization mech-
anism. The present results support this conclusion
in an interesting way. Where Cyt ¢ structure
clearly dictates a linear folding sequence, this is
found. Where the structure allows alternatives, in
the final two folding steps, this is found. The
indication is that pathways may be linear,
branched or parallel, depending on how the foldon
units interact with each other in the native-like
context.

These conclusions seem unlikely to be limited to
Cyt ¢ or to depend on some artifact of the conditions
or methods used. They rest on detailed structural
information, obtained under native conditions, for
Cyt c and other proteins, with and without heme
groups, with modest destabilization by different
destabilants (urea, GdAmCl, pH, temperature, pres-
sure) or none at all, in HX and non-HX experi-
ments, 1 10,13-23

Different inferences have often been drawn from
other experimental observations and theoretical
simulations.??** We note that most experimental
methods are intrinsically unable to characterize, or
even to detect, folding intermediates. This is true
for kinetic experiments where intermediates occur
after the initial rate-limiting step, for melting

experiments where intermediates are unstable,
and for experiments at equilibrium where inter-
mediates are minimally populated. Even the NHX
experiment succeeds in distinguishing minimally
populated, partially folded states only in favorable
cases.’? Similarly, many theoretical simulations
depend on the still incomplete treatment of
cooperative protein interactions.>® This is the
property that fundamentally determines the iden-
tity of foldon units and their pathway formation
by the sequential stabilization mechanism.

Materials and Methods

The purity of WT equine Cyt c (type VI, Sigma
Chemical Co.) was checked and it was further purified
when necessary by reverse phase HPLC.5®> Recombinant
pWT Cyt ¢ (H26N, H33N) and its mutants were
expressed in a high-yield Escherichia coli system and
purified as described.®® All other chemicals were as
described.®” Appropriate pH buffers (0. 1 M) were used
with pK, close to the pH in each NHX experiment. All
experiments were done at 20 °C. Solutions contained
0.5 M KCL

NHX experiments and data analysis were done as
described.”?> Typical protein concentration was ~6 mM.
The dead time from the start of the HX reaction was
~15 min. To collect faster time-points, short gradient
correlated spectroscopy (COSY) spectra (two scans,
~23 min) were collected initially back-to-back.

AGpx values were calculated from the equation:

AGHX B —RTIHKOP = —RT ]II(keX/kCh)

which holds in the EX2 region below pH 10. Here, ke is the
measured exchange rate and k, is the chemical exchange
rate calculated for unprotected amides.*®” Errors in
reported AGpx and m values are of the order of
0.1 kcal/mol for fast-exchanging amides and less for
slow-exchanging amides.
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