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Background

Proteins do not fold by randomly searching a large
number of nearly degenerate configurations; instead, an
ensemble of unfolded molecules must traverse a compli-
cated energy landscape to reach a thermodynamically
stable structure.~5 The fastest nuclear motions in pro-
teins, rotations about single bonds, occur on the pico-
second time scale and accompany both secondary- and
tertiary-structure-forming processes.® Short segments of
secondary structure (e.g., a-helices) can be formed in
nanoseconds,” whereas the large-scale, collective motions
associated with the development of tertiary structure fall
in the microsecond to millisecond range. Misfolded
structures or traps are frequently encountered in folding
processes; escape from these traps (e.g., proline isomer-
ization) can take seconds or even minutes.8 Understand-
ing the key events in folding and identifying any partially
folded intermediates are major goals of theoreticall 5910
and experimentaltl—18 work.

Rapid mixing techniques, including stopped-flow Ki-
netic spectroscopy and pulsed deuterium-exchange NMR,
have been employed to gather the vast majority of
available experimental data on folding kinetics.1°=25 Pulsed
deuterium-exchange experiments, in particular, have been
extremely informative, yielding residue-specific informa-
tion.1213.17.22.26.27 |n many rapid-mixing investigations of
folding, however, submillisecond “burst phases” have
been observed.19:28=32 |t has been speculated that some
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secondary-structure formation and a collapse to a com-
pact denatured state (molten globule) occur during this
burst, but faster methods are necessary to resolve this
issue.16:19.32

Folding Triggers

A basic requirement for experimental investigations of
kinetics is some means of triggering the folding (or
unfolding) process.’® New approaches are necessary to
break the millisecond time barrier and resolve the events
occurring during the burst phase. Recent technical
advances are pushing the dead time for rapid mixing down
to ~100 us.%3737 Conventional temperature jump has
been used to examine the refolding of cold-denatured
proteins.38:39 |aser-initiated temperature jumps, capable
of subnanosecond time resolution, have been employed
by several groups in studies of the folding and unfolding
dynamics of peptides and proteins.”40—44

Lasers also can trigger protein folding by initiating a
photochemical reaction that shifts the folded/unfolded
equilibrium. The first study of this type examined the
folding of ferrocytochrome c (Fe''-cyt ¢).1* Carbonmonoxy
ferrocytochrome c ((CO)Fe''-cyt c) is less stable toward
denaturants than the native protein. The folding of Fe'!-
cyty ¢ in this investigation was triggered by laser-initiated
carbon monoxide dissociation from the heme in less than
10 ns.2? Since the experiments were performed under an
atmosphere of carbon monoxide, rebinding of CO (~1 ms)
prevented complete folding of the protein. Our photo-
chemical approach is based on the oxidation-state de-
pendence of the folding stabilities of redox-active pro-
teins.*s

Redox-Coupled Folding

The formal potentials for redox cofactors in the interiors
of proteins often are shifted substantially from their
aqueous-solution values.*¢ A thermodynamic cycle can
be drawn connecting oxidized and reduced proteins in
both folded and unfolded configurations (Figure 1).4547
If the active-site reduction potentials are different for the
folded and unfolded states (AEf = EZ — Ey), then the
free energies of folding the oxidized and reduced proteins
will differ by a comparable amount (AAG? = AGfoy —
AG{gep)-

Under normal conditions in aqueous solution, both the
oxidized and reduced forms of redox proteins are usually
folded; AE? reflects the relative stabilities of the two
forms. Addition of denaturants (e.g., urea, guanidine
hydrochloride (GuHCI)) to protein solutions induces
unfolding; the folding free energies under these conditions
(AGy) often are found to be linear functions of the
denaturant concentration ([D], eq 1).484° Indeed, linear

AG; = AG?+ mg[D] (1)

extrapolation to infinite dilution of a AG¢ vs [D] plot is
commonly employed to estimate AG?5° In redox pro-
teins with large values of AE{, and comparable values of
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FIGURE 1. Thermodynamic cycle illustrating the relationship
between the reduction potentials (Er, Ey) for folded (F) and unfolded
(V) proteins and the folding free energies of oxidized (AGtox) and
reduced proteins (AGtgep).
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FIGURE 2. (Top) Equilibrium unfolding curves for oxidized (Fe'") and
reduced (Fe") horse heart cytochrome c. (Bottom) Folding free
energies as functions of denaturant concentration.

Mp.ox and Mpgep, it is possible to find denaturing condi-
tions where one oxidation state of the protein is fully
unfolded while the other is fully folded.5* The coupling
of folding free energies and redox potentials is clearly
illustrated by the unfolding behavior of horse heart cyto-
chrome c (Figure 2).455253 |n the folded protein, the for-
mal potential of the redox-active (heme) cofactor is 0.38
eV greater than its value in aqueous solution. Consequent-
ly, the reduced protein has a more favorable folding free
energy than the oxidized protein (AAG{ = 42 ki mol~1).
The unfolding midpoints occur at denaturant concentra-
tions of 2.8 M (AG{ox/Mpox) and 5.3 M (AG{rep/Mp rep)
for oxidized and reduced proteins, respectively. Notably,
the values of mp ox and mp grep are quite similar (14.3 and
13.8 kI mol~* M~1, respectively).53 There is a range of
denaturant concentrations in which >99% of the oxidized
protein is unfolded and >=99% of the reduced protein is
folded. In this range, electron injection into the ferrihneme
of the unfolded protein will initiate a folding reaction.
Similarly, electron removal from the reduced folded
protein will induce unfolding. Thus far, our investigations
of folding kinetics have been restricted to heme proteins
in which the driving force for folding is greater in the
reduced form.45:52.54.55

Photochemical Electron-Transfer Triggers

An attractive feature of ET-triggered folding is the avail-
ability of many well-established techniques for rapidly
injecting and removing electrons from proteins on time
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scales as short as a few nanoseconds. Electronically
excited Ru(bpy)s:2* (*Ru(bpy)s?t; bpy = 2,2'-bipyridine) is
a powerful reductant (E°(Ru3*/*2+) = —0.85 V vs NHE),
and its 600-ns decay time makes it an excellent reagent
for triggering folding reactions on the microsecond time
scale.> Furthermore, the millisecond-time-scale reoxi-
dation of the reduced protein by Ru(bpy)s3* regenerates
the initial species and permits extensive signal averaging.

Complete folding of a protein can require tens to
hundreds of milliseconds. Consequently, irreversible
photochemical ET reagents are required to study the
entire range of folding dynamics. Early on, we found that
UV irradiation of Co(ox)3®~ (ox = C,042™) produces Coyq? "
and a species, presumably CO,*~, that can reduce an
unfolded heme protein.*> Unlike *Ru(bpy)s;2*, CO,*~ does
not decay rapidly in solution; the reduction time scale is
determined by the pseudo-first-order rate constant for ET
to the unfolded heme protein (~1 ms under typical
conditions). Under some conditions, however, oxidation
of the unfolded reduced protein by Co(ox)s:3~ competes
with folding.

We have found that NADH is the best irreversible
photochemical sensitizer for injecting electrons into un-
folded proteins.>*5 Two-photon, 355-nm excitation of
this reagent generates two powerful reductants, a solvated
electron and NAD*;57 both reductants reduce unfolded
heme proteins (~100 xM) in about 100 us. The combina-
tion of *Ru(bpy)s;?T and NADH permits investigations of
1 us to >1 s folding events of heme proteins.

Cytochrome ¢

The folding of Fe'"'-cyt ¢ (Figure 3) has been studied by
several investigators.12:19.26.28,33,35-37,58-62 The unfolded
protein has a low-spin heme with one native axial His
ligand (His18) and a nonnative His ligand that replaces
the Met80 of the folded structure ((His)Fe'"'-cyty c).63-66
Recent evidence indicates that His33 is bound to the heme
in the unfolded protein above pH 5.5.65 When the non-
native His ligand is dissociated from the heme by proto-
nation (below pH 5.5), or is removed by site-directed
mutagenesis, Fe'''-cyty ¢ folding is accelerated.12:36.58.65 |¢
appears that substitution of the nonnative His ligand limits
the rate of Fe'''-cyty ¢ folding at neutral pH. Thus, the
low-spin, bis-His-ligated heme represents a folding trap;
correct ligation is required before the protein can fold
properly.

The folding of oxidized cytochrome ¢ has been exam-
ined far more extensively than that of the reduced
protein.’! Given the key role of axial-ligand binding in
ferricytochrome ¢ folding, and the substantially greater
folding stability of ferrocytochrome c, it is possible that
the mechanism of folding the reduced protein differs
significantly from that of the oxidized protein. Our initial
investigations of ET-triggered Fe''-cyty, ¢ folding employed
Co(ox)s3~ as the sensitizer for electron injection; the
studies were perforce limited to folding events on milli-
second and longer time scales.#>52 At neutral pH, the
folding of horse heart Fe!'-cyty ¢ is accompanied by a
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FIGURE 3. Ribbon structures of horse heart cytochrome c¢ (top), cytochrome bss, (middle), and sperm whale myoglobin (bottom).

significant change in the heme absorption spectrum on
a time scale of tens to hundreds of milliseconds. The
average rate constant for this phase decreases exponen-
tially with increasing denaturant concentration. This
result implies a linear relationship between the activation
free energy and the free-energy change for the folding
reaction. Similar correlations have been observed in the
folding of several other proteins.?12326.48 The folding rates
of horse and Saccharomyces cerevisiae cytochromes c agree
well when they are normalized to a constant folding free-
energy change (Figure 4).52 This observation indicates

that, although the folding rates vary with GUHCI concen-
tration, they do so because of a shift in the position of
the folding/unfolding equilibrium, and not because GuHCI
is a specific reactant in the folding process.

The study of ferrocytochrome c folding initiated by CO
dissociation from (CO)Fe''-cyty ¢ suggested that Met80
binding, with a time constant of ~40 us, was the first step
in the process.11.67.68 This result contrasts sharply with
ferricytochrome c folding, and may be due to the absence
of the nonnative His ligand in the initial unfolded state.
ET-triggered folding experiments begin with Fe'''-cyty c,
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FIGURE 4. Mean cytochrome c folding rates as a function of driving
force: horse heart cytochrome ¢ (225 °C, <; 40.0 °C, #); yeast
cytochrome ¢ (225 °C, v; 40.0 °C, w).

which is likely to have a structure substantially different
from that of (CO)Fe''-cyty .59 At the very least, the initial
ligation state of the heme when folding is initiated by CO
dissociation will not be the same as that in ET-triggered
folding. For this reason, the sequence of steps in the
folding of these two structures could differ substantially.

To test the role of histidine residues in ferrocytochrome
¢ folding, we have examined the dynamics of folding and
the concurrent spectral changes of Fe!'-cyt ¢ between 10
us and 1 s, over a range of pH and as a function of added
ligands.5® We use N-acetylmicroperoxidase-8 (MP8), the
heme octapeptide produced by enzymatic digestion of
cytochrome c,”° as a spectroscopic model complex for the
unfolded protein. This water-soluble heme peptide,
containing residues 14—21 from the original protein,
retains the His18 axial heme ligand, as well as the key
thioether links between the porphyrin and Cys residues
at positions 14 and 17. The spectra and kinetics obtained
following electron injection into Fe'''-MP8 serve as a guide
to the interpretation of the results with cytochrome c.

The early events in Fe'l-cyty ¢ folding have been
examined using *Ru(bpy)s;?* as the photochemical sensi-
tizer.4556 In 3.5 M GuHCI, the first-order decay rate for
*Ru(bpy)s?" is a linear function of the concentration of
Fe'll-cyty c. This observation is consistent with a bimo-
lecular ET reaction between *Ru(bpy)s;2* and Fe'''-cyty c.
Following the initial phase of protein reduction, a second
process with a time constant of ~20 us can be detected
by transient absorption spectroscopy. The rate constant
for this phase varies linearly with protein concentration
with an intercept of ~1 x 10% s~1. Similar results are
obtained when the unfolded protein is replaced with MP8
and imidazole—MP8. The time scale of this process is
close to that reported for Met80 binding,'%-68 but in ET-
triggered folding this phase does not arise from coordina-
tion of Met80 to the ferroheme.

After the rapid change in absorbance following electron
injection into unfolded cytochrome c, there is no sub-
stantial variation in the spectrum of the reduced protein
for a time period up to 200 us. Consequently, we used
NADH as the sensitizer to study ferrocytochrome c folding
between 100 us and 1 s. Following reduction of horse
heart Fe''-cyty ¢ at pH 7 ([GUHCI] = 3.2 M), the transient
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FIGURE 5. Time-resolved difference spectra of horse heart cyto-
chrome c following photochemical reduction of the unfolded protein
with NADH: (a, top) pH 7, [GUHCI] = 3.2 M, 1 ms (solid line) and 400
ms (dotted line) after excitation; (b, bottom) pH 5, [GUHCI] = 3.1 M,
100 us (solid line), 1 ms (dashed line), and 400 ms (dotted line) after
excitation.

difference spectrum is characteristic of a low-spin, six-
coordinate ferroheme (Figure 5a), suggesting that the
ferrous ion in the unfolded protein remains axially coor-
dinated to two His ligands. Only minor changes in Soret
absorbance are observed in the time range from a few
microseconds to several milliseconds after electron injec-
tion; significant changes in the heme spectrum occur 50—
100 ms after injection. The difference spectrum measured
400 ms after reduction of Fe''-cyty ¢ closely matches that
of folded Fe''-cyt ¢ (Figure 5a). Importantly, we see no
evidence for a high-spin intermediate in the folding of
Fe''-cyt ¢ at neutral pH.

The heme axial-ligand set in unfolded cytochrome c is
a sensitive function of the solution pH. At lower pH,
nonnative histidine binding is disfavored (pK, ~5.3); the
oxidized heme is high-spin, and the axial ligands are His18
and water ((H,O)(His)Fe'"'-cyty c).56:63=65 Under such
conditions, Fe'''-cyty ¢ folding is markedly faster than at
neutral pH, and a single kinetics phase is observed when
folding is probed by Trp fluorescence and S(Met80) — Fe!!!
charge-transfer absorption.12.13

We find distinct changes in the folding kinetics of Fe!'!-
cyty ¢ as the solution pH is lowered.>¢ In the unfolded
oxidized protein, the acid dissociation constants of the
native His18 ligand (pK, ~ 2.8) and the nonnative His
ligands are sufficiently close that it is not possible to work
at a pH where the nonnative His ligands are fully dissoci-
ated, yet the native His18 remains bound. Accordingly,
we have examined the ET-triggered folding kinetics of
ferrocytochrome c¢ near pH 5 where 67% of the unfolded
ferric protein is in the high-spin aquo form ((H,O)(His)-
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Fe'l'-cyty ¢) and 33% remains as a low-spin bis-His species
((His),Fe"'-cyty ¢). The reduction potential of imidazole—
MP8 is shifted ~40 mV negative from that of aqguo MP8,7%
indicating that the binding constant for the second imid-
azole group is smaller for the ferroheme than for the ferri-
heme, consistent with pK, ~ 5.5 for the nonnative His lig-
and in the reduced unfolded protein.>¢ Hence, at pH 5,
only 24% of the unfolded reduced protein should have
bis-His ligation ((His).Fe"'-cyty c). The majority fraction
of the reduced unfolded protein at pH 5 is high-spin and,
by analogy to deoxymyoglobin,”? probably five-coordinate
((His)Fe"'-cyty c).

As we drop the pH below 7, the observed rates of
ferrocytochrome ¢ folding increase slightly but remain
monoexponential down to pH ~ 5.5. Below pH 5.5,
however, the folding kinetics are distinctly biphasic. The
rate constant for the faster process is sensitive to pH,
increasing by an order of magnitude between pH 5.5 and
pH 4.9. The spectroscopic changes that accompany this
phase are consistent with a loss of the nonnative His
ligand and conversion from (His),Fe''-cyty ¢ to (His)Fe''-
cyty ¢ (Figure 5b). The rate of the slower phase does not
vary substantially with pH, remaining constant within
error at Keps = 16(5) s~1. The changes in absorption
spectra associated with the slow phase are consistent with
conversion of (His)Fe!'-cyty ¢ to the native, six-coordinate,
low-spin His-Met-heme ((His)(Met)Fe''-cyt c). Thus, the
rate of intramolecular methionine ligation to the ferro-
heme in ET-triggered folding is 16(5) s~ at pH 5, [GUHCI]
= 3.1 M. The rate of this step is much slower than the
rate reported for Met binding (2.5 x 104 s—1) when folding
is initiated by CO dissociation from unfolded carbonmon-
oxy ferrocytochrome c.11.67.68

Our transient absorption measurements of ET-triggered
ferrocytochrome c folding reveal a central role for ligand
binding and dissociation kinetics. This is due in large part
to the fact that the heme spectrum is far more sensitive
to the Fe coordination sphere than it is to the polypeptide
conformation. A three-component kinetics model de-
scribes our observations:

ko is . k et
(His),Fe"-cyt ¢ # (His)Fe"-cyt c ——

(His)(Met)Fe'-cyt ¢

The general solution to the rate law for this model predicts
biphasic kinetics. Above pH 6, ferrocytochrome c folding
is slow and monophasic (Kops = 1—20 s~ 1; [GUHCI] = 3.1
M). Since we observe only (His),Fe''-cyt ¢ and (His)(Met)-
Fe'l-cyt ¢, we can invoke the steady-state approximation
for (His)Fe''-cyt c. In this limit, the kinetics will be
exponential with an observed rate constant given by

Kk — k—His k+Met
obsd k-*—His + k+Met

At high pH, then, folding could be limited by Met80
binding (Kinis > Kimet; Kobsa & KimetK-nis/Kinis) or by
nonnative His dissociation (Kimet > Kinis; Kobsd ~ K—His)-
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FIGURE 6. Folding kinetics of dansylated yeast ferrocytocytochrome

c as probed by heme absorption (black) and dansyl fluorescence
(gray) (pH 7, [GUHCI] = 1.8 M).

Below pH 6, the folding kinetics are biphasic, and all
three of the ligation states of the reduced heme can be
detected in the transient absorption spectra. Under these
conditions, the steady-state approximation is not valid.
The faster kinetics phase reflects the equilibration between
(His),Fe''-cyt ¢ and (His)Fe''-cyt ¢, with a pH-dependent
rate constant given by kinis + k_pis. The rate constant
for the slower step corresponds to Kiyer = 16(5) s71. If
k+met does not vary substantially with pH, then it is likely
that k_g;s limits ferrocytochrome ¢ folding above pH 6.

We have recently studied the folding of reduced S.
cerevisiae cytochrome ¢ with a probe (a dansyl fluoro-
phore) at Cys102.7% In the folded protein, the dansyl
fluorescence is strongly quenched, presumably via energy
transfer to the heme. Unfolding the protein with GuHCI
restores the dansyl fluorescence. The GuHCI-induced
unfolding monitored by dansyl fluorescence matches that
monitored by changes in heme absorption, and the
presence of the dansyl group only slightly destabilizes the
folded protein. The intensity of fluorescence from this
dansyl probe located on the C-terminal helix of the folded
protein reports on its proximity to the heme. Following
photochemical electron injection into Fe'''-cyty ¢ with
NADH (pH 7, [GUHCI] ~ 3.1 M), we observe a rapid
decrease in the intensity of the dansyl fluorescence. The
time constant for this process (~100 us) is similar to that
for electron injection into Fe'''-cyty c. This phase, which
accounts for ~25% of the total reduction in dansyl
fluorescence upon folding, also is observed at higher
GuHCI concetrations (6 M) where Fe!''-cyty ¢ does not
fold. This step is followed by a further decrease in
fluorescence on the 10—100-ms time scale. Interestingly,
the rate constant for this phase is about a factor of 2 larger
than that obtained from changes in heme absorption
under identical conditions (Figure 6). These data suggest
that the large-scale motions required to position the
C-terminal helix occur before the heme—ligand exchange
step that limits formation of folded ferrocytochrome c at
pH 7. This observation is consistent with studies that
suggest the C- and N-terminal helices are among the most
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FIGURE 7. Schematic representation of ferrocytochrome c folding
at high (upper path) and low (lower path) pH. Reduction of unfolded
ferricytochrome ¢ is complete within 100 us. The protein subse-
quently collapses and develops secondary structure, but Met80
binding to form the native structure requires more than 100 ms to
complete.

stable and earliest formed structural domains in folded
ferricytochrome c.26.60

Our time-resolved absorption and luminescence mea-
surements permit us to develop a rudimentary picture of
ferrocytochrome c¢ folding (Figure 7). The 10—100-ms
decrease in dansyl fluorescence following reduction of
Fe'l-cyty ¢ suggests a collapse of the protein to a more
compact form. The final step in the folding process
coincides with Met80 ligation, a process that appears to
be limited by dissociation of nonnative His ligands above
pH 7. Although ligand substitution is central to the
formation of the native folded structure of ferrocyto-
chrome c, these steps must be coupled to rearrangements
of the polypeptide. The finding that folding rates mea-
sured by transient absorption at pH 7 correlate well with
folding free-energy changes,*> and that cytochromes c
from different species fold at comparable rates when the
folding driving forces are matched,5? indicates that kip;s,
K-_nis, and kyver are closely tied to the folding of the
polypeptide.

Cytochrome Dbsg;

A requirement for kinetics studies of folding is that the
redox-active cofactor remain bound to the unfolded
protein. When the cofactor is dissociated from the
unfolded protein, its bimolecular capture would likely be
the rate-limiting process. Originally, we believed that this
requirement would limit our investigations to proteins
with covalently bound redox-active cofactors. We have
demonstrated, however, that ET triggering can be em-
ployed to study the folding of a four-helix-bundle protein,
cytochrome bsg,.5*  Although the porphyrin is not co-
valently attached to the protein, the heme iron is ligated
axially by the side chains of Met7 and His102 (Figure 3).

As expected for a heme protein with a 0.18-V reduction
potential, titrations with GuHCI confirm that reduced
cytochrome bsg, is more stable toward unfolding than the
oxidized protein.>47475 Unfolding experiments probed
using circular dichroism and Soret-band absorbance gave
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FIGURE 8. Transient absorption kinetics (430 nm, inset) and spectra
recorded 200 us (thin line) and 2 ms (thick line) after electron injection
into unfolded ferricytochrome bsg, (pH 7, [GUHCI] = 2.25 M).

identical results, consistent with a two-state process. In
contrast to the bis-His ligation of unfolded cytochrome c,
absorption spectra of the unfolded cytochrome bsg, indi-
cate that the heme iron is high-spin in both oxidation
states. Oxidized cytochrome bsg, is fully denatured at 2
M GuHCI, whereas reduced cytochrome bsg, does not
unfold below 6 M GuHCI. The oxidized protein refolds
upon dilution of GuHCI, and the refolding kinetics show
no protein-concentration dependence, indicating that the
heme is still associated with the protein in the unfolded
state. It is likely that the Fe'""—N(His102) bond is still
intact in the unfolded protein.

Electron injection into unfolded, oxidized cytochrome
bse, (Fe'''-cyty bsgz) produces a significant amount of
folded, reduced protein (Fe''-cytr bsg,) at GUHCI concen-
trations between 2 and 3 M. The transient difference
spectrum measured 200 us after laser excitation of NADH
in the presence of Fe'''-cyty bse, (Figure 8) is consistent
with that of a high-spin Fe!' heme. The spectrum mea-
sured 2 ms after excitation (Figure 8) indicates the
formation of a low-spin Fe!' heme, and closely matches
that expected for Fe''-cytr bss,. The ferrocytochrome bsg,
folding kinetics can be described by a dominant kinetic
phase with a first-order rate constant of 800 &+ 200 s~ at
a driving force of ~25 kJ/mol (2.5 M GuHCI). At a similar
driving force, Fe''-cyty ¢ folds much more slowly (10 s—1).
The absence of nonnative His ligands is certainly one
explanation for the faster folding of cytochrome bsg,, but
even at reduced pH, the rate of Met80 binding to the
ferroheme in cytochrome ¢ (16(5) s—1) is far slower than
in cytochrome bsg,.

Myoglobin

Sperm whale myoglobin (Mb) is another heme protein
with a noncovalently attached porphyrin (Figure 3).72 The
heme in Mb is coordinated to a single axial histidine
ligand, and both oxidized (ferric or met) and reduced
(ferrous or deoxy) states have a high-spin electronic
configuration. As was found for both cytochrome ¢ and
cytochrome bsg,, the reduced form of the protein is more
stable than the oxidized form.5> Between 2.5 and 3 M
GuHCI, where Fe"'-Mb is fully unfolded, addition of
dithionite leads to the formation of folded Fe''-Mb. We
found only a 20—25% vyield of folded Fe''-Mb in these
experiments, presumably because heme dissociation com-
petes with the folding of the reduced protein.
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FIGURE 9. Transient absorption spectra recorded 100 us (thin line)

and 10 ms (thick line) after electron injection into unfolded sperm
whale myoglobin.

Laser excitation of NADH generates species that reduce
Fe'"'-Mb; the pseudo-first-order rate constant for this
reduction was found to be 2.4(6) x 104 s—! (100 uM
protein). Reduction of unfolded Fe'"'-Mb to unfolded Fe''-
Mb does not result in large absorption changes, whereas
the difference spectrum associated with the conversion
of unfolded to folded Fe!'-Mb is quite distinctive. The
difference spectrum obtained from measurements on
samples before and after 355-nm excitation of NADH
agrees with the calculated difference spectrum between
unfolded Fe'"'-Mb and folded Fe''-Mb, confirming that
folding occurs. Moreover, the difference spectrum re-
corded 10 ms after excitation demonstrates the formation
of folded Fe''-Mb (Figure 9). The kinetics of Fe''-Mb
folding at a driving force of ~10 kJ/mol (2.5 M GuHCI)
are independent of protein concentration; the rate con-
stant is 5(2) x 108 s71.

Summary and Prospects

Cytochrome c¢ folds at least 50 times slower than myo-
globin or cytochrome bsg,. In cytochrome bsg, the tertiary
fold can be approximated as a symmetric bundle of four
cylinders. Upon reduction of the heme, the a-helices
cluster around the heme, and the methionine sulfur bonds
to iron, yielding the final low-spin complex. It is of
interest to note that the folding of a four-helix bundle
without a cofactor, acyl coenzyme A binding protein,
proceeds on a time scale comparable to that of Fe!'-cyty
bse> (<5 ms at room temperature?3), and deoxymyoglobin
folds even faster. In accord with theoretical analyses,
then, it would appear that highly helical proteins have
favorable energy landscapes for folding.”®
Oxidation-state-dependent folding free energies are a
general property of redox-active proteins. ET-triggering
has allowed us to examine the folding of proteins that
would be difficult or impossible to study by other meth-
ods, and with time resolution great enough to permit
investigations of the earliest steps of the folding process.

The folding of many more proteins could be triggered by
this technique because redox cofactors tend to remain
bound to unfolded proteins. The challenge now is to
exploit existing probes and develop new probes that report
on the structure of a protein as it folds. Absorption
spectroscopy has revealed details of the metal—ligand
environment during folding of polypeptides around hemes,
and this method promises to provide information about
the development of blue and purple centers that must
accompany the formation of folded copper proteins.5!
Fluorescent probes bound to specific sites in proteins are
sensitive to structures at long distances from the redox
cofactor, and vibrational spectroscopy (infrared and Ra-
man) can be employed to study the development of
secondary structure. The combination of new triggers and
new folding probes promises to provide increasingly
detailed information about how unfolded proteins find
their way to unique, stable structures.
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