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The Cytochrome c Folding Landscape Revealed by
Electron-transfer Kinetics
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We have investigated the folding energy landscape of cytochrome ¢ by
exploiting the widely different electron-transfer (ET) reactivities of buried
and exposed Zn(Il)-substituted hemes. An electronically excited Zn-por-
phyrin in guanidine hydrochloride denatured Zn-substituted cytochrome
¢ (Zn-cyt c¢) reduces ruthenium(Ill) hexaammine about ten times faster
than when embedded in the fully folded protein. Measurements of ET
kinetics during Zn-cyt ¢ folding reveal a burst intermediate in which
one-third of the ensemble has a protected Zn-porphyrin and slow ET kin-
etics; the remaining fraction exhibits fast ET characteristic of a solvent-
exposed redox cofactor. The ET data show that, under solvent conditions
favoring the folded protein, collapsed non-native structures are not sub-
stantially more stable than extended conformations, and that the two
populations interchange rapidly. Most of the folding free energy, then, is

released when compact structures evolve into the native fold.
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Great strides have been made recently in under-
standing exactly how a polypeptide self-assembles
into the native structure of a protein.'"" Energy
landscape models, in particular, have provided a
conceptual framework that has aided both the
design  and interpretation of  folding
experiments.’>"> The configurational entropy of a
polypeptide, represented by the lateral dimension
on a funnel-shaped folding energy landscape, is
minimized at the native conformation. This
unfavorable configurational entropy change is
balanced by a decrease in enthalpy due to native-
contact formation, and an increase in solvent
entropy.' It is the large change in configurational
entropy that can introduce mechanistic (and, in
turn, kinetics) complexity. Without detailed maps
of the folding energy landscape, it is uncertain at
what stage the conformational heterogeneity of
the unfolded ensemble is lost. This issue is difficult
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to resolve experimentally; folding probes must
report not just the average progress of the unfolded
ensemble toward the folded state, but on the
ensemble heterogeneity as well. Indeed, few spec-
troscopic methods can even distinguish between
single and bimodal distributions of molecules in a
partially folded ensemble.

The reactivity of a polypeptide can be an
extremely sensitive indicator of structural hetero-
geneity. With a carefully selected probe reaction, a
bimodal distribution of protein conformations
would exhibit biphasic kinetics, whereas a single-
mode distribution would react in a single phase.
The key requirement is that the probe reaction
be fast compared to the time scale of folding
(<107* to >10' seconds). Electron-transfer (ET)
reactions could be excellent folding probes
because rates at high driving forces are deter-
mined by the distance and medium separating
the two redox partners.” Buried redox centers
in proteins often exchange electrons rather
slowly with reagents in solution. Unfolding will
greatly increase the accessibility of a redox cofac-
tor and can lead to much faster ET. Compact
intermediates might be expected to exhibit ET
rates somewhere between those of the folded
and unfolded molecules.

0022-2836/02/$ - see front matter © 2002 Elsevier Science Ltd. All rights reserved
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We have investigated the folding landscape of
Zn(Il)-substituted cytochrome ¢ (Zn-cyt ¢)'® with
ET reactivity probes. Zn-cyt ¢ is structurally
homologous to the native protein (Fe-cyt c¢), which
has been studied in great detail.""'*"'* A non-native
axial ligand (His26 or His33) replaces Met80 at
neutral pH in denatured horse heart Fe-cyt c;"” the
rate-limiting folding step in this case is correction
of heme misligation. Owing to weaker binding
and faster substitution at the sixth coordination
site, replacement of Fe with Zn will eliminate axial
ligand traps during refolding.”® The key advantage
of the Zn-substituted protein is the availability of
a long-lived (~15ms), powerfully reducing
(E° = —0.8V wversus NHE) triplet excited state
(*Zn-cyt c¢), which can be prepared in 90% yield*!
with 580 nm laser excitation.*

Equilibrium unfolding of Zn-cyt ¢

Addition of guanidine hydrochloride (GuHCl) to
solutions of Zn-cyt ¢ produces a blue shift in the
Soret absorption band (folded, Amax = 426 nm;
unfolded, Amax = 418 nm), giving a species with a
spectrum similar to that of Zn(II)-substituted myo-
globin (\max = 414 nm).* GuHCI unfolding curves
generated from Soret absorption and far-UV CD
spectra show that the stability of folded Zn-cyt c is
comparable to that of the Fe(Ill) form (Fe(Ill):
AGY = —40(1) k] mol 1, [GuHCl],,, = 2.8(1) M;
Zn(ll):  AGY) = -352)Kmol™!, [GuHCl],,, =
2.9(1) M).*** In contrast to Fe-cyt ¢, the Zn center
in the unfolded protein should not be ligated by
any peptide side-chain other than the native
His18.%

Triplet-excited Zn-cyt ¢ is quenched by
Ru(NH,)", producing Zn-cyt ¢* and Ru(NH;)Z*
(Figure 1, inset). The reported quenching rate
constant measured under native conditions is
14x10°M 's '.»* Moderate concentrations of
GuHCl (<1.0M) do not unfold the protein, but
accelerate Ru(NH,)i" quenching, presumably
because of the increased ionic strength.** Under

denaturing conditions ([GuHCI] >3 M), the
quenching reaction is 100 times faster
(14x10°M's™!, [GuHCl] =3.5M) than that

measured in the absence of GuHCIl. At a GuHCI
concentration corresponding to the midpoint of
Zn-cyt ¢ unfolding (2.85M), the Ru(NH;)*
quenching kinetics are biexponential. Both rate
constants exhibit a linear dependence on
[Ru(NH,;)Z"], giving respective values of 7.2 X 107
and 1.0x10°M's™! for folded and unfolded
ensembles (Figure 1). The latter quenching rate is
very high, owing to the greater accessibility of the
Zn-porphyrin in the unfolded protein. The “Zn-cyt
c ET kinetics are generally consistent with a two-
state unfolding process. The unfolding isotherm
generated from ET kinetics exhibits a transition
midpoint at 2.8(1) M GuHCI, in good agreement
with those obtained from far-UV CD and heme
absorption measurements (Figure 1).
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Figure 1. (a) ET quenching of *Zn-cyt ¢ by Ru(NH,)Z*
(inset: reaction scheme) in deoxygenated denaturant sol-
ution (2.85M GuHCI, 100 mM sodium phosphate, pH
7). The “Zn-cyt ¢ decay under these conditions is biexpo-
nential and both observed rate constants vary linearly
with [Ru(NH;)?"]. The second-order rate constants
extracted from these measurements are attributed to
bimolecular ET reactions of folded (7.2 X 10" M~ s™!, red
squares) and unfolded (1.0 10°M™'s™!, blue circles)
protein. (b) Denaturation curve for Zn-cyt ¢ generated
from Soret absorption (red squares) and ET rate (blue cir-
cles) data. Zn-cyt ¢ was prepared from commercial horse
heart protein according to standard procedures.”
Guanidine hydrochloride and [Ru(NH;)s]Cl; were from
commercial sources and wused without additional
purification.

Zn-cyt c folding kinetics

Changes in Zn-cyt ¢ Soret absorption (418 and
426 nm) after stopped-flow dilution of denaturant
(initial [GuHCl] =3.4M; final [GuHCI] = 1.20-
2.60 M) were examined: the transient absorption
kinetics are exponential functions and the observed
rate constants depend linearly on denaturant con-
centration, decreasing from 1.3(+0.2) X 10*°s™" at
120M GuHCl to 1.1(x0.1)x10's™' at 2.60 M
GuHCI. The extrapolated time constant for refold-
ing in the absence of denaturant is about a milli-
second. The Zn-cyt ¢ folding rate is about ten
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times higher than that of the Fe(IIl) protein at com-
parable driving forces,'""'® consistent with the
absence of heme misligation.

More complex Zn-cyt c¢ folding becomes
apparent when the process is probed with transient
absorption measurements (450 nm) of “Zn-cyt
c¢/Ru(NH;)¢" ET kinetics. As the polypeptide
chain folds around the porphyrin, the "Zn-cyt ¢ ET
rate decreases from its value in the unfolded pro-
tein (~7 x 10°s7!, [Ru(NH;)¢"] = 3-5 mM) to that
characteristic of folded molecules (~2.5x 10°s™).
Biphasic "Zn-cyt ¢ decay kinetics are observed
during protein refolding; biexponential functions
provide adequate fits to the “Zn-cyt c kinetics,
although the residuals suggest that more than just
two decay components are present. Fits to the kin-
etics recorded 1 ms after GuHCI dilution to 1.46 M
reveal that two-thirds of the excited Zn-porphyrins
decay in a fast phase (7(*=2) X 10°s™") attributable
to largely unfolded protein; the remaining third
exhibits a rate constant (3.5(*1.5) X 10°s™!) closer
to that expected for folded molecules. ET kinetics
measured at longer folding times remain biphasic
with the amplitude of the faster component
decreasing in favor of an increase in the amplitude
of the slow component (Figure 2).

Both rate constants extracted from biexponential
fits to the “Zn-cyt ¢ decay kinetics decrease by
about a factor of 2 as the folding reaction proceeds
(Ims, 7(£2)x10° 3.5(x1.5)%x10°s™"; 50ms,
3(+2) x10°% 2.2(+0.4)x10°s™") (Figure 2). This
variation in quenching efficiency, although close to
the uncertainties in our measured rate constants,
may reflect a gradual collapse of polypeptide struc-
tures during folding. It is important to note,
however, that biexponential functions only
approximate the "Zn-cyt c decay kinetics. It is likely
that the two rate constants extracted from these fits
represent the average ET rates of two hetero-
geneous populations of polypeptides, one largely
unfolded, the other compact. In this case, the shifts
in “Zn-cyt ¢ decay constants could reflect subtle
changes in the composition of these two groups
during protein folding.

The amplitudes of the two *Zn-cyt ¢ decay
phases vary exponentially with folding time and
the rate constant (33s™!, [GuHCIl] = 1.46 M) is in
reasonable agreement with that measured by Soret
absorption spectroscopy. It is noteworthy that, at
the earliest measured folding times (1 ms), there
are significant amplitudes in both the fast and
slow *Zn-cyt ¢ ET phases (~67% fast; ~33%
slow). This is substantially more than would be
expected on the basis of the stopped-flow dead-
time (~1ms) and the observed rate constants
extracted from the signal amplitudes. Measure-
ments of “Zn-cyt ¢ kinetics at different GuHCI con-
centrations consistently extrapolate back to a
“burst-phase” ensemble'"'***® with a 2:1 ratio of
fast and slow ET components (Figure 3): these
results demonstrate that the burst ensemble is
heterogeneous; molecules in one-third of the
protein population have compact structures, and
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Figure 2. Zn-cyt ¢ folding probed by ET kinetics.
(a) Folding initiated by stopped-flow denaturant dilution
(final concentrations: [GuHCI] =146M; [Zn-cyt
c] =10 pM; [Ru(NH;)2] = 4 mM; pH 7) and monitored
by laser transient absorption measurements of “Zn-cyt ¢
decay (450 nm, signals normalized to an initial value of
1.0) at different delay times after mix was complete (0,
1, 2, 3, 5, 10, 20, and 50 ms). (b) Rate constants and
relative amplitudes from biexponential fits of “Zn-cyt c
decay data measured during protein folding. The
observed rate constants decrease by about a factor of 2
as folding proceeds. Protein folding was initiated using
a stopped-flow mixer with a calculated mixing deadtime
(A) of ~1 ms. ET kinetics were measured during Zn-cyt ¢
folding by synchronizing pulsed laser excitation with the
stopped-flow mixer. Data from ten laser shots ([Zn-cyt
c] =10 pM; one laser shot per mix) provided adequate
signal-to-noise levels.

those in the remaining fraction have exposed Zn-
porphyrins.

It is apparent that there is underlying complexity
in Zn-cyt ¢ folding. The fraction of the burst
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Figure 3. Amplitudes of fast and slow decay constants
extracted from biexponential fits to *Zn-cyt ¢ decay kin-
etics as functions of time after the initiation of protein
folding. The amplitudes vary exponentially with folding
time and extrapolate to a ~2:1 fast:slow ratio at time
zero. (a) Final [GuHCI] = 1.10 M, folding rate constant,
kiola = 200 s7%; (b) final [GUHCI] = 1.46 M, k¢oq = 335 L.

ensemble (~1/3) with slow *“Zn-cyt ¢ decay
kinetics could be fully folded protein or an
ensemble of compact non-native structures. The
former possibility would be an example of “fast-
track” folding,”*' where about a third of the
unfolded Zn-cyt ¢ molecules adopt conformations
that can refold very quickly. The remaining protein
molecules have relatively exposed porphyrin
groups, and fold on a substantially longer time
scale. Alternatively, the 2:1 ratio of fast/slow "Zn-
cyt ¢ decay components formed immediately after
dilution of [GuHCI] may reflect a shift in the equi-
librium between unfolded and compact non-native
structures. Although it is often assumed that native
solvent conditions will strongly favor compact
structures, the “Zn-cyt c ET kinetics clearly indicate
that two-thirds of the molecules in the burst inter-
mediates have highly exposed porphyrins. Ulti-
mately, the entire protein ensemble folds because,
at low [GuHCl], the native structure is much more
stable than unfolded conformations.

A strikingly similar picture of the cytochrome c
folding landscape has emerged from an analysis

Free Energy
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Figure 4. Qualitative folding energy profile for cyto-
chrome c as a function of the deviation of the protein
radius (R) from its value in the native fold (Ry).
Extended (E) and compact (C) structures are nearly
degenerate and equilibrate on a submillisecond time
scale. Compact structures fold in the Fe protein by cross-
ing an energy barrier (blue curve) with a sizable ligand-
substitution component. There is no ligand substitution
barrier for folding from the compact structures of the
Zn protein (red curve). Topologically trapped compact
structures (C') must extend and collapse to a productive
structure (C) in order to reach the native conformation
(N).

of fluorescence energy-transfer kinetics during
refolding of a dansyl-labeled native protein.*
Compact non-native structures of Fe-cyt ¢ appear
within the stopped-flow mixing time, long before
the native protein is formed at pH 7.** By analogy,
we suggest that the compact structures formed
immediately after denaturant dilution with Zn-cyt
¢ are non-native conformations. For both Zn-cyt ¢
and Fe-cyt ¢, compact non-native and extended
polypeptide conformations are populated during
the formation of fully folded molecules. These
observations accord with theoretical analyses by
Shakhnovich and co-workers that have shown that
extended and compact structures could be in equi-
librium under folding conditions.***

The schematic folding energy profile derived
from our measurements on cytochrome c (Figure
4) suggests that nearly degenerate extended (E)
and compact (C) structures equilibrate rapidly
(<1ms) after denaturant is diluted. Compact
structures in the Fe protein can fold by crossing
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an energy barrier that has a substantial ligand-sub-
stitution component. This barrier is lowered in the
Zn protein because there is no misligation.”
Owing to topological frustration, not all collapsed
conformations (C’) can proceed to folded product.*
Molecules that fall into these topological traps
must re-extend (C'— E) in order to form pro-
ductive collapsed species (C). Rapid equilibration
between quasi-degenerate collapsed and extended
populations facilitates this error-correction process.
The energy landscape that can be inferred from
these cyt ¢ folding studies has a vast number of
extended structures that rapidly exchange with
one another and with compact intermediates. Low
energy barriers separate the productive compact
structures on this surface from the deep energy
well of the native fold.
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