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ABSTRACT: This paper reports the discovery of a (meta)-
stable partially unfolded state of horse heart ferricytochrome ¢
that was obtained after exposing the protein to a solution with
an alkaline pH of 11.5 for 1 week. Thereafter, the protein did
not undergo any detectable change in its secondary and
tertiary structure upon adjusting the solution to folding
promoting conditions at neutral pH. Spectroscopic data
suggest that the misfolded protein exhibits a hexacoordinated
low-spin state with a hydroxyl ion as the likely ligand. Below
pH 6, a new ligation state emerges with the spectroscopic
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characteristics of a pentacoordinated quantum mixed state of the heme iron. Gel electrophoresis revealed substantial formation of
soluble dimers and trimers at submillimolar concentrations, whereas monomers were dominant at lower, micromolar
concentrations. Ultraviolet circular dichroism spectra indicate that oxidized monomers are pre-molten globule to globule-like
with a substantial fraction of secondary (helical) structure reminiscent of alkaline state V. The oligomers contain even more
helical structure, which suggests domain swapping as the underlying mechanism of their formation. A substantial fraction of the
submillimolar mixture of monomers and oligomers underwent a reduction of the heme iron. Its dependence on pH suggests the
coupling to a proton transfer process. Altogether, our data indicate a partially unfolded ferricytochrome ¢ conformation with
spectroscopic characteristics reminiscent of the recently discovered alkaline isomer V}, which is stabilized under folding
conditions by exposing the protein to a very alkaline pH for an extended period of time.

F or the past 20 years, cytochrome ¢ has been utilized as an
ideal model system for protein folding and unfolding
studies.'* Results from various kinetic experiments suggest
that the folding of denatured oxidized cytochrome c¢ involves
the population of an off-pathway kinetic intermediate state, in
which the imidazole group of H33 rather than the functionally
pivotal M80 is bound axially to the heme iron.* The thus
misfolded state is in equilibrium with an on-pathway state, in
which the protein exhibits a hexacoordinated high-spin heme
iron with water as the distal ligand. The latter eventually
converts into the fully folded, “native”, conformation with
Met80 as the proximal ligand (Figure 1) to complete the
folding process. Recently, Tzul et al. revealed an even more
complex picture for the folding pathway of ferric iso-1-
cytochrome ¢, which depicts a competition between intra-
molecular histidine loop formation and ligand-mediated
oligomer formation because of the binding of a histidine side
chain of one molecule to the free binding site of another.®
Thus, the misligated kinetic intermediate can encompass
monomers as well as soluble and partially folded oligomers.
This finding is in line with earlier reported results from small-
angle X-ray scattering, which suggest the formation of dimers
during the refolding of horse heart cytochrome ¢’ At
equilibrium, ie., folding (neutral pH and room temperature)
or mildly unfolding conditions (high urea or guanidine
hydrochloride concentration and room temperature), ferri-
and ferrocytochrome ¢ are both monomeric, but polymerization
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by domain swapping can be thermodynamically achieved by
dissolving the protein in ethanol/water mixtures.”

The occupation of a misfolded state is not an unusual part of
the protein folding process. The energy landscape theory
predicts that non-native interactions can trap proteins in kinetic
intermediates along the unfolding pathway from which they can
only slowly escape. However, as long as the Gibbs energy
positions of such misfolded states remain above the glass
transition point of the folding funnel, the barrier between the
folded and misfolded state can be overcome on a subsecond
time scale, thus allowing the fully folded state to become
predominantly populated.® For some proteins, the stability of
the misfolded state can be increased by point mutations. The
folding process of A repressor fragment A4 g5, for instance,
shows a classical fast two-state kinetics, whereas its rather
thermodynamically stable mutant (A1Q33Y) was found to
exhibit an additional slow phase in which folding proceeds
only on a millisecond time scale.”'® The latter reflects a slowly
decaying intermediate that was found to be rich in amyloid
structure because of the presence of strong hydrophobic
interacting intramolecular amyloids. Such kinetic traps have
been found for the folding of many proteins, but frustrated
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Figure 1. Structure of horse heart cytochrome ¢ based on the
coordinates from Protein Data Bank entry 1AAK in the oxidized form
with axial ligands His18 and Met80 shown.”®

states from which a protein cannot escape on a measurable time
scale are difficult to discover, because most proteins avoid them
during the folding process. Some exceptions to this rule are
serine protease inhibitors (serpins) and viral membrane fusion
proteins, which remain in metastable states prior to reactions
with other components of their respective environment.""

In this paper, we report the discovery of what we consider to
be a frustrated, misfolded state of cytochrome ¢, formed after
the exposure of the oxidized protein to alkaline conditions for
an extended period of time. We show that this state is very
stable even under physiological conditions (pH 7 and room
temperature). The majority of the proteins in our samples are
predominantly monomeric at 0.05 mM but form substantial
fractions of soluble dimers and higher-order oli7gomers at 0.5
mM, most likely because of domain swapping.>” Interestingly,
fractions of this ensemble switch back into the reduced native
state in a pH-dependent manner. Upon the addition of
potassium ferricyanide to the sample, the protein is oxidized
completely.

B MATERIALS AND METHODS

Protein Preparation. Equine ferricytochrome ¢, from
acetic acid, was obtained from Sigma-Aldrich and dissolved at
a protein concentration of 0.5 or 0.0 mM in a 0.1 mM
monobasic potassium phosphate buffer. We employed a sample
preparation similar to a protocol previously developed by Alessi
et al,, which avoids photoreduction of the sample in resonance
Raman experiments after its oxidation with ~2 pM potassium
ferricyanide {K[Fe(CN)¢]}."* First, the pH of the sample was
adjusted to 11.5 to neutralize the positive patches on the
protein surface. Several lines of experimental evidence suggest
that the protein adopts a partially unfolded state V under this
condition.”®™* In a second step, the protein was allowed to
stay at this pH for varying periods of time at 5 °C. A Sephadex
G-25 (GE Healthcare) or G-75 (Pharmacia Fine Chemicals,
Inc.) column was pretreated with a solution of potassium
ferricyanide to compensate for the reducing nature of the
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Sephadex gel. The protein solution was then passed over the
column, which removes any excess oxidizing agent or other
impurities.'® Finally, the pH of the eluted samples was titrated
from 11.5 to various values between 11.5 and 4.0 using small
aliquots of 0.1 M HCl or 0.1 M NaOH. The low molarity of the
buffer ensured that the anion concentration was always below
the region in which small anions can bind to the protein.'” "
The final concentration of cytochrome ¢ was verified by
measuring Soret band absorption.

Size Exclusion Gel Chromatography. The sample was
passed over a Sephadex G-75 column (Pharmacia Fine
Chemicals, Inc.) at room temperature. The column was
pretreated with potassium ferricyanide to neutralize the
reducing nature of the G-75 column. Aliquots were removed
at regular intervals for electronic circular dichroism (ECD) and
absorption measurements.

Protein Hydrolysis. Complete protein hydrolysis was
achieved by producing a 3 M NaOH sample solution degassed
with N, and heated for 8 h at 100 °C. After cooling, the alkali
solution was neutralized with an equivalent amount of 1 M HCI
prior to the adjustment of the sample to the pH of interest.*

Gel Electrophoresis. Proteins were separated using a
precast 4 to 20% polyacrylamide gel (Thermo Scientific) with
Tris/glycine running buffer. Each well was loaded with § yL of
the aqueous cytochrome ¢ samples and run using a Mini-
PROTEAN Tetra Cell (Bio-Rad) with a FB1000 power supply
(Fisher), with a constant voltage (200 V and 20—50 mA) for
~30 min per gel. The protein molecular weight distribution was
assessed with S uL of SeeBlue Plus2 Prestained Standard
(Invitrogen). The gels were then stained using ProteoSilver
Plus Silver stain (Sigma-Aldrich).

Absorption Spectroscopy. A Perkin-Elmer Lambda 35
UV—vis spectrometer was used to measure the spectra of the
charge transfer (CT) region between 550 and 750 nm. We used
a 10 mm quartz cell (Helma), with a data pitch of 0.1 nm, a
continuous scanning speed of 480 nm/min, a response time of
1.0 s, and a bandwidth of 5§ nm.

Circular Dichroism Spectroscopy. A Jasco J-810
spectropolarimeter continuously purged with N, was used to
obtain visible and far-UV circular dichroism spectra (CD).
Spectra of the Soret band region were recorded between 350
and 550 nm using a 1 mm quartz cell (Helma). The UV region
was measured between 180 and 350 nm using a 0.05 mm Q
silica demountable cell (International Crystal Laboratories).
The spectra were all acquired using a data pitch of 0.1 nm, at a
continuous scan speed of 200 nm/min, with a response time of
0.5 s and a bandwidth of 5 nm. A minimum of five
accumulations for each pH were averaged at 20 °C.

Resonance Raman Spectroscopy. Polarized resonance
Raman spectra were obtained using a Renishaw Ramascope
(RM-1000), with a confocal Raman microscope (Olympus BH-
2) equipped with a back-thinned CCD camera, a 2400 lines/
mm grating, and a S0X microscope objective. Soret band
resonance Raman spectra were collected using a HeCd laser
(Kimmon) with an excitation wavelength of 441.6 nm. Aqueous
cytochrome ¢ samples were placed into a hanging drop
microscope slide (Fisher) for acquisition. Spectra were
collected with polarizations parallel (x) and perpendicular (y)
to the polarization of the excitation laser beam. A minimum of
five accumulations were collected for each spectrum at 20 °C
and averaged.
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B RESULTS

A Non-Native Oxidized State Stabilized at Neutral pH.
Oxidized cytochrome ¢ was prepared by using the protocol
described in Materials and Methods. The oxidized protein was
incubated at pH 11.5 and 4 °C for 2 h before we ran the sample
over a Sephadex column pretreated with potassium ferricya-
nide. The protein concentration of the sample was 0.5 mM.
Subsequently, we incrementally lowered the pH of the solution
to various values between 8 and 5 and measured the
corresponding optical absorption spectrum of the protein
between 12500 and 18200 cm™". In this spectral region, one
expects only a weak band at 14388 cm™, often termed the 695
nm band, which is now attributed to an S(M80) — d,(Fe**)
rather than to an a,,(heme) — d,(Fe*) charge transfer
transition.””** This band, denoted as CT1 in the following, is
indeed displayed in all spectra shown in Figure 2. Surprisingly,
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Figure 2. Charge transfer band region of the absorption spectrum of
0.5 mM ferricytochrome ¢ (equine) measured between 13500 and
17000 cm™" at pH 5.0 (maroon), pH 5.5 (orange), pH 6.0 (olive), pH
7.0 (light green), and pH 8.0 (dark green) in 0.1 mM potassium
phosphate buffer. Prior to the measurement, the oxidized protein was
exposed to alkaline conditions (pH 11.5) for 2 h. Charge transfer
bands CT1 and CT2 are explained in the text.

an additional weak band (CT2) appears at 16000 cm™ (625
nm) in the spectra measured below pH 6. Figure S1 of the
Supporting Information shows the isolated CT1 and CT2
bands obtained from the spectra in Figure 2 after baseline
subtraction. Apparently, the integrated intensity of CT1 is
nearly pH independent, whereas the intensity of CT2 increases
with a decrease in pH. We analyzed the CT2 band using our
spectral decomposition program MULTIFIT? and found that
it can be fit with a single Voigtian band. Figure 3 shows the
integrated intensity of CT2 as a function of pH. The data
clearly indicate a biphasic titration, which reflects the
involvement of at least two amino acids with protonatable
side chains. We fit the data using the titration model of Verbaro
et al,>* which considered the influence of two different sets of
interacting protonation sites on the oscillator strength of optical
transitions. For pH-dependent oscillator strength fcr,, this

leads to the following equation:
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Figure 3. Integrated intensity of the CT2 band of horse heart
ferricytochrome ¢ incubated under oxidizing conditions at pH 11.5 for
2 h plotted as a function of pH. The solid curve results from a fit
explained in the text.
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This equation describes the two phases of the titration curve
as cooperative processes, which involve the #; and n,
protonations. The effective dissociation constants are K; and
K, respectively. f{r, is the oscillator strength of the final fully
protonated state, and f{, and for, are the oscillator strengths
of states in which one of the two considered groups is fully
protonated. If K; > K,, the third term of the equation
contributes only weakly to fcr,. To avoid any ambiguities, we
assumed that f{r, = for,. The solid line in Figure 3 results from
the fit to the data. The pK values related to K; and K, are 4.70
+ 0.07 and 6.40 + 0.01, respectively; for the Hill coeflicients,
we obtained the following values: n; = 1 (fixed parameter), and
n, = 3.9 + 0.6. The value of the first coeflicient indicates that
only a single protonation step is involved; the second number
reflects a high degree of cooperativity. It should be noted that
the statistical error for pK; was underestimated because
correlations between K; and f&r, have not been taken into
account.

The spectroscopic data described above suggest that our
treatment of the protein caused the (weak) population of
another state of cytochrome, which coexists with native state III
and changes upon the protonation of amino acid residues. The
appearance of the CT2 band at acidic pH indicates that this
state is at least partially unfolded. We designate it as M to
indicate the misfolded character of the protein’s state. We call
the three protonation states considered in the above equation
M,,;, My, and M. The deprotonated state is labeled as M.
The appearance of the CT2 band is generally diagnostic of a
hexacoordinated high-spin (hchs) state.”> However, as we will
argue below, resonance Raman and optical absorption data
suggest that an alternative assignment must be considered.
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The simultaneous occurrence of CT1 and CT2 in spectra
taken at acidic pH suggests a mixture of folded and partially
unfolded proteins. The protonated M states are formed by the
protonation of a yet undetected non-native state My, which
coexists with native state III at neutral pH. We wondered
whether the data presented thus far were just a snapshot of a
slow transition into state M. In this case, we should be able to
isolate this state by increasing the incubation time of the
protein under alkaline conditions. Therefore, we incubated
ferricytochrome ¢ for 7 days at pH 11.5 prior to measuring its
absorption spectrum between 12500 and 18200 cm™' (550—
800 nm) as a function of pH. The observed spectra in Figure 4
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Figure 4. Charge transfer band region of the absorption spectrum of
0.5 mM ferricytochrome ¢ (equine) measured between 13500 and
17000 cm ™! at pH 5.0 (maroon), pH S.5 (orange), pH 6.0 (olive), pH
7.0 (light green), and pH 8.0 (dark green) in 0.1 mM potassium
phosphate buffer. Prior to the measurement, the oxidized protein was
exposed to alkaline conditions (pH 11.5) for 1 week. Charge transfer
bands CT1 and CT2 are explained in the text.

do not depict the CT1 band, which clearly indicates the
absence of native state III. The CT2 band appears again at
acidic pH. Isolated bands obtained by background subtraction
are shown in Figure S2 of the Supporting Information. We fit
the equation given above to the pH dependence of the
integrated intensity of CT2 depicted in Figure 5 and obtained
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Figure S. Integrated intensity of the CT2 band of horse heart
ferricytochrome ¢ incubated under oxidizing conditions at pH 11.5 for
7 days plotted as a function of pH. The solid curve results from a fit
explained in the text.
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the solid line depicted therein. The obtained pK values are 4.37
+ 0.25 and 6.58 + 0.02, and the Hill coeficients are as follows:
n; = 1,and n, = 3.9 + 0.7. The oscillator strength f ¢, of 2150
M™' ecm™? is an order of magnitude larger than the
corresponding value of 194 M™' cm™ obtained from data in
Figure 3, which indicates that only a small fraction (10%) of the
proteins adopt state M after a 2 h incubation at alkaline pH.
Figure 6 shows the visible CD and absorption spectrum of
the Soret band region, which were measured at pH 7 after
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Figure 6. Circular dichroism (top) and absorption profile (bottom) of
Soret band absorption of horse heart ferricytochrome ¢ measured at
the pH 7 after oxidation at pH 11.5 for 2 h (black) and 7 days (gray)
under refrigerated conditions (5 °C).

exposure of the oxidized protein for 2 h and 7 days to alkaline
conditions (pH 11.5), respectively. The visible CD spectrum
taken after incubation for 2 h is still dominated by the classical
couplet of the Soret band, which is indicative of an excited state
splitting in protein state IIL°° The spectrum taken after
oxidation for 1 week, however, shows a positive Cotton band
that nearly coincides with the absorption band. This indicates
the reduced splitting typical for partially unfolded states of the
protein.”” The corresponding absorption band is broadened
and upshifted. Taken together, the spectroscopic data
unambiguously show that that the protein is now predom-
inantly in the misfolded state of M.

Spectroscopic Characterization of State M. To further
characterize the different protonation states of M, we measured
the visible CD and absorption spectra of ferricytochrome ¢ at
several pH values between 11.5 and § after a 7 day incubation
period at pH 11.5. The protein concentration for these
measurements was 0.05 mM. Figure 7 shows positive Cotton
bands for all CD spectra. This confirms that non-native states
are populated at all these pH values. Interestingly, the
intensities of the CD and the corresponding absorption
bands are reminiscent of the respective band intensities that

dx.doi.org/10.1021/bi301586e | Biochemistry 2013, 52, 1397—1408
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Figure 7. Circular dichroism (top) and absorption profile (bottom) of
Soret band absorption of 0.05 mM horse heart ferricytochrome ¢
measured at the indicated pH. Prior to the measurements, cytochrome
¢ was subjected to conditions for 7 days at pH 11.5.

Hagarman et al. reported for state V of ferricytochrome c. This
state exhibits much higher Soret band absorption and CD
intensities than alkaline state IV or native state IIL.>”*® The CD
profiles measured between pH 6 and 12 are all very similar,
suggesting that the heme environment does not drastically
change in this pH range. At pH S, the CD band profile is clearly
composed of two bands, which are red- and blue-shifted with
respect to the position measured for the other pH values. The
corresponding absorption spectrum is blue-shifted but does not
coincide with the more intense sub-band of the CD profile.
This could be indicative of the population of either a
pentacoordinated high-spin ferric (pchs) state or, as we will
argue below, a pentacoordinated quantum mixed (pcqm) state
of the heme iron.”” The thus detected conformational change at
acidic pH is reminiscent of the My, — My, — M, transitions
inferred from the appearance of the CT2 band in the 12500
and 18200 cm™’ region of the optical spectrum recorded with a
0.5 mM sample. It is difficult to infer this band from the
spectrum of a sample with a concentration of 0.05 mM (Figure
S3 of the Supporting Information), because this concentration
is too low for probing weak charge transfer bands.

The noncoincidence between the absorption and CD profile
indicates band splitting caused by electronic perturbations.*
The low-wavenumber component of the CD spectrum does
not have a discernible counterpart in the absorption spectrum.
It is suspiciously close to the positive maximum observed in the
CD spectrum of intact ferrocytochrome ¢, which is slightly red-
shifted from the peak position of the respective absorption
band.”® The other absorption spectra are all slightly blue-shifted

from the peak position in the spectrum of native
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ferricytochrome c. This is consistent with a hexacoodinated
low-spin state.”"

Ferricytochrome c in solution is known for its ability to adopt
a variety of non-native conformations at nonphysiological pH
or on the surface of anionic liposomes, in which the secondary
structure is predominantly maintained.*> *® To probe the
secondary structure of our M states, we measured the UV CD
spectra at the same pH and for the same protein concentration
used for the recording of the visible CD spectra. As shown in
Figure 8, they clearly reveal a substantial fraction of secondary
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Figure 8. UV circular dichroism spectra 0.05 mM horse heart
ferricytochrome ¢ measured at the indicated pH. Prior to the
measurements, cytochrome ¢ was subjected to oxidizing conditions
for 7 days at pH 11.5.

structure, which is predominantly a-helical. This view is
confirmed by a more quantitative analysis performed with
DichroWeb,*"** using the CDSSTR™ method with the SP175
reference set.** The result of this analysis is shown in Figure S4
of the Supporting Information. The obtained helical fraction of
~0.45, which is practically pH-independent between pH 4 and
12 and decreases only at pH 13, is even slightly higher than the
40% helical fraction of the native state.*> At pH 13, the protein
unfolds into a statistical coil. The very weak negative maximum
in the spectrum of the latter (1.9 mM cm™' per residue)
actually suggests a random coil state with a very reduced
polyproline II content.***”

Uversky recently showed that a so-called “double-wavelength
plot” of Aeg,,, versus Agyy, can be utilized to further
characterize the state of proteins (the author used molar
ellipticities [0],,0 and [6],00; we prefer the physically easier to
interpret Ae representation).** The author found that the data
cluster in regions that can be identified as coil-like, pre-molten
globule, molten globule, and globular. As shown in Figure 9,
our data inferred from the spectra in Figure 8 all cluster in the
transition region between the pre-molten globule and the
globular region. This suggests a disordered state that lacks some
of the native tertiary structure but still exhibits order on the
secondary structure level.

We undertook an attempt to probe the resonance Raman
spectrum of 0.05 mM state M ferricytochrome ¢ at pH S and 7.
Because our Raman microspectrometer does not allow the
recording of spectra in the resonance region of the Soret band
with a sufficiently good signal-to-noise ratio, we used the 442
nm excitation of our HeCd laser that provides preresonance
excitation. We were able to identify the peak of the v, band at
1371 cm™, which indicates an oxidized state (data not shown).

dx.doi.org/10.1021/bi301586e | Biochemistry 2013, 52, 1397—1408
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Figure 9. Analysis of UV circular dichroism spectra of 0.05 (black
circles) and 0.5 mM (blue circles) horse heart ferricytochrome c taken
at different pH values by means of a double-wavelength plot (Ag,y, vs
Agyy) as introduced by Uversky.*® For all spectra analyzed,
cytochrome ¢ was subjected to oxidizing conditions at pH 11.5 for 7
days. The different colored areas of the plot indicate the location of
pairs of Ag,y, and Aeg,y, associated with statistical coil, pre-molten
globule (PreMG), molten globule (MG), and globular structures.

Checking for Chemical Modifications. The data reported
thus far clearly show that a very slow conformational transition
occurs if one allows oxidized cytochrome ¢ to remain at pH
11.5 for 1 week. To check for reversibility, we recorded another
series of CD spectra after allowing the samples to stay for an
additional 1 week at their respective pH values. The CD spectra
depicted in Figure SS of the Supporting Information show that
no significant changes had occurred. One might therefore
suspect that our findings reflect irreversible unfolding caused by
chemical modifications of the protein rather than a conforma-
tional transition into a metastable state. It is known, for
instance, that cytochrome ¢, if exposed to alkaline solutions, can
form up to 15 deamidated species, which involves the
conversion of asparagine and glutamine into asparaginyl and
glutaminyl.*” The most abundant deamidated species show a
loss of the amides in the asparagine located at positions 52 and
54 of the protein. We checked our sample for deamination by
using a cation-exchange resin at neutral pH and found no
indication of deamination. Another possible chemical mod-
ification is hydrolyzation, which would produce protein
fragmentation. If this had indeed occurred, one would expect
a significant change in the secondary structure composition of
our sample, because protein fragments would most likely be in
a random or statistical coil state. To demonstrate this, we
subjected cytochrome ¢ to hydrolyzing conditions as described
in Materials and Methods. When the protein was allowed to
fully hydrolyze, the color of the sample converted from rust-
colored to a green more viscous solution, which is clearly at
variance with the spectra observed after oxidation for 1 week at
alkaline pH. To check whether the recorded spectra could
reflect partial hydrolysis, we probed the secondary structure of
the sample subjected to hydrolyzing conditions as a function of
time by measuring UV CD spectra of aliquots removed every
10 min (Figure S6 of the Supporting Information). We found
that even the CD spectra taken after 10 min strongly suggest a
statistical coil-like structure. This is in significant contrast to the
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UV CD spectra of oxidized misfolded cytochrome ¢ shown and
discussed above (Figure 8).

To verify that our results are not caused by modifications of
cytochrome ¢ due to bacterial contamination of our sample, we
added a drop of toluene at the start of the 1 week incubation
period at pH 11.5. This did not lead to any significant changes
in CD and absorption spectra.

Altogether, our tests show that the conformational transition
induced at alkaline pH is not due to the discussed chemical
modifications of the protein. Another possible chemical change,
i.e., the oxidation of the M80 ligand, is discussed below.

Protein Aggregation. From what we have described thus
far, the newly discovered My, state still resembles partially
unfolded alkaline state V.*” As an unfolded or misfolded kinetic
intermediate, this state is prone to aggregation into soluble
dimers and higher-order oligomers.5 Therefore, the question of
whether protein oligomers are formed under our experimental
conditions arises. One might even go a step further by invoking
the idea that irreversible aggregation is the prime reason for the
population of state M. To check for protein aggregation of our
7 day incubation of the 0.05 mM sample, we conducted a native
gel electrophoresis to determine the molecular weight
distribution as a function of pH, shown in Figure 10. The
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Figure 10. Images from gel electrophoresis of 0.05 (top) and 0.5 mM
horse heart ferricytochrome ¢ (bottom). The procedure was
conducted after the protein had been subjected to oxidizing conditions
at pH 11.5 for 7 days.

samples are dominated by protein monomers at all pH values
investigated. A small fraction of dimers, however, indicates that
soluble oligomers are indeed formed. This result clearly shows
that oligomerization cannot be the cause of the irreversible
formation of M and that its spectroscopic properties depicted in
Figures 7 and 8 cannot be assigned to the monomeric protein.
Furthermore, it reaffirms the notion that the protein has not
undergone fragmentation due to hydrolysis.

dx.doi.org/10.1021/bi301586e | Biochemistry 2013, 52, 1397—1408
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Protein aggregation should be concentration-dependent. The
low concentration of cytochrome ¢ aggregates formed at 0.05
mM does not allow us to obtain the secondary structure of the
formed dimers, so we repeated the set of experiments described
above (absorption, visible and UV CD, and gel electrophoresis)
with a 0.5 mM solution of ferricytochrome c¢ after a 7 day
incubation period at pH 11.5. The result of gel electrophoresis
shown in Figure 10 reveals a mixture of monomers, dimers, and
trimers. Oligomerization appears to be maximal in the pH
range between 6 and 10, whereas the monomeric form
remained dominant under acidic® and alkaline conditions.'"">
The corresponding UV CD spectra are shown in Figure 11.
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Figure 11. UV circular dichroism spectra of 0.5 mM horse heart
ferricytochrome ¢ measured at the indicated pH. Prior to the
measurements, cytochrome ¢ was subjected to oxidizing conditions
for 7 days at pH 11.5.

They are very similar to the UV CD spectrum of the native
protein,>® which is clearly indicative of nearly intact secondary
structures. This is confirmed by the result of our DichroWeb
analysis displayed in Figure S7 of the Supporting Information.
The Ag,y,, Agyy, coordinates in the Uversky plot in Figure 9
are now in the globular region, which corroborates the notion
of very limited structural disorder in the oligomers. We can
therefore conclude that the observed aggregation of cyto-
chrome ¢ does not involve the formation of -sheet protofibrils.
We propose that it is instead caused by domain swapping.”*"

The visible CD and absorption spectra are rather
complicated (data not shown). The reason is revealed by
highly pH dependent visible Q-band spectra shown in Figure
12. The spectra taken at pH 7—10 all reflect a substantial
amount of reduced ferrocytochrome ¢, suggesting that a
fraction of proteins in our sample has switched back into the
native state. We would like to remind the reader that our initial
protocol had removed potassium ferricyanide by means of a
Sephadex column after a short oxidation period at alkaline pH.
The Q-band region of reduced cytochrome exhibits a clear
separation of Q, and Q,, with a higher peak intensity of the
former,>* whereas Q, and Q, merge into one single band in the
spectra of all ferricytochrome c species, because of the reduced
lifetime of the respective excited states.”” A comparison of the
spectra in Figure 12 and the electrophoresis result displayed in
Figure 10 suggests a correlation between oligomer formation
and reduction. We therefore subjected a 0.5 mM sample of the
protein to size exclusion chromatography as described in
Materials and Methods. The Q-band spectra of different
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Figure 12. Q)/Q, band spectrum of 0.5 mM ferricytochrome ¢
measured at the indicated pH after the protein had been subjected to
oxidizing conditions at pH 11.5 for 7 days.

fractions are exhibited in Figure S8 of the Supporting
Information. Apparently, the slower fractions (monomers and
dimers) contain the highest fraction of reduced cytochrome c.

We measured the polarized resonance Raman spectrum of
the 0.5 mM solution of ferricytochrome ¢ after the 7 day
incubation period at different pH values between S and 12.
Overlaid spectra of x-polarized scattering are shown in Figure
13. Two bands are clearly displayed in the v, v; and vy,

300 -
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1500 1700
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Figure 13. Resonance Raman spectra of 0.5 mM ferricytochrome ¢
measured at the indicated pH after the protein had been subjected to
oxidizing conditions at pH 11.5 for 7 days. The spectra were taken
with 442 nm excitation.

regions of the spectrum, which are diagnostic of the coexistence
of reduced and oxidized species.>> We normalized the spectra
onto the y component of v,; at 1311 cm™ and subsequently
subjected all spectra to a self-consistent analysis by decompos-
ing them into Lorentzian profiles with identical wavenumber
positions and half-widths for the same bands in different
spectra. All spectra can be described as a superposition of bands
from oxidized and reduced hexacoordinated low-spin (hcls)
species.*>*7> The wavenumber positions of the classical
marker modes of the oxidized species in Table 1 reveal a hcls
state, in agreement with what we inferred from the absorption
spectra of the 0.05 mM sample. Figure 14 shows relative
intensities I,,q(v,) and I ,(v,) as a function of pH. The plotted
data clearly indicate that the fraction of reduced cytochrome ¢
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Table 1. Wavenumber Positions of Marker Bands in the
Resonance Raman Spectrum of the Oxidized Fraction of
Cytochrome ¢ Incubated for 1 Week at pH 11.5 (column 2)
and the Corresponding Bands in the Spectrum of State V,,
Obtained by Dépner et al."* (column 3)

mode Py (em™) Dy, (em™)

Uy 1371 1370
Vs 1499 1501
v, 1585 1586
V1o 1635 1636

B 10000

N

= ® Vd4(red)- 1359 nm

% © V4 (ox)- 1371 nm °

>4 8000 +

t3

= 6000 +

= °

c

Qo

C 4000 +

'_5 ° ° o ® . °

2 .

S 2000 } « o © o

<) .
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Figure 14. Integrated relative intensities of the v, bands of oxidized
and reduced proteins in the 0.5 mM sample of cytochrome ¢ obtained
after the proteins had been subjected to oxidizing conditions at pH
11.5 for 7 days. The data were obtained from a decomposition of the
spectra exhibited in Figure 13.

becomes maximal at pH 9.00. Thus, the Raman data confirm
the mixture of reduced and oxidized proteins that we inferred
from the Q-band absorption spectra. Because the reduced state
of cytochrome ¢ requires M80 as an axial ligand, its occurrence
rules out the possibility that state M is associated with the
oxidation of the sulfur atom in M80. The possibility of such a
modification of the M80 side chain is suggested by experiments
that revealed the oxidation of the sulfur of free methionine into
sulfoxide or an a-keto acid derivative under alkaline
conditions.***’

B DISCUSSION

It is well-known that ferricytochrome ¢ is structurally a very
flexible molecule. Seventy years ago, Theorell and Akesson
identified five distinct titration states populated between pH 1
and 12 that they designated with Roman numbers I-V.** State
III is the so-called native, fully folded state. States IV and V are
populated under alkaline conditions. Recent spectroscopic
experiments by Verbaro et al. reported the population of an
intermediate state II[* at low ionic strengths.”” The complete
scheme therefore reads as

I2lz2ll2IF 21V, 2V,

Subscripts a and b for states IV and V indicate the
coexistence of different isomers.® In the study presented
here, we exposed the protein to alkaline conditions at pH 11.5,
at which state V,}, is predominantly populated. We found that
cytochrome ¢ under these conditions undergoes a very slow
conformational transition from state V into state M, which

refolded only after the formation of protein aggregates. A
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spectroscopic comparison of the spectra of V and M (UV and
visible CD) reveals only minor differences. This suggests that
the respective secondary and tertiary structures are very similar.
We can therefore propose the following scheme:

— —
V= My,2M,,02M,;

States M (i and j = 0 or 1) have been introduced. States
Mjgjo; and M), exhibit the CT2 band in their absorption
spectra, though with different intensities. Because the measure-
ments of the CT band spectra have been performed with a
concentration of 0.5 mM, they might to a significant extent
reflect the behavior of the protein oligomers, because a
dominant fraction of the monomers seems to be in the reduced
state.

The resonance Raman and absorption spectra of state M,
indicate a hcls state of the ferric heme iron for the
predominantly monomeric 0.05 mM sample as well as for the
oligomers formed at 0.5 mM. The classical candidates for the
sixth ligand of a hcls complex are lysine (K72, K73, and
K79)"*! and histidine (H33 being the likely candidate).>*%*
The position of the Soret band absorption (24900 cm™) is
close to values generally observed for bis-histidine complexes of
ferricytochrome ¢,*"%® whereas the respective lysine/histidine
ligation leads to band positions at 24500 cm L' However, as
mentioned above, the respective CD spectra suggest that states
V and M are very similar. As shown by Dopner et al., state V
consists of two isomers termed V, and V,, which can be
distinguished by means of the respective maker band
frequencies in the resonance Raman spectrum. A comparison
of the wavenumbers in Table 1 with the corresponding values
of the V state isomers reported by Dopner et al. reveals that our
data are close to those reported for isomer V}, whereas the
respective bands of V, all appear at slightly higher wavenumbers
than the bands in our M state Raman spectra. The same can be
said about the marker bands in the Raman spectra of states IV
(histidine/lysine complexes) and B (bis-histidine complexes).'
The spectral analysis of Dopner et al. revealed V,, to be much
less populated than V,. We therefore propose that the V.— M
transition is in fact a slow V, — V, transition.

The work of Dopner et al. has not led to a final identification
of the sixth ligand in state V. However, several lines of
reasoning led them to propose a hydroxyl ion as a ligand.
Additional lines of evidence suggest that this is most likely the
best candidate for our state M = Vy, in both its monomeric and
oligomeric forms. First, the work of Hirota et al. provided
spectroscopic evidence of OH™ being the sixth ligand in
cytochrome ¢ oligomers formed by domain swapping in an
ethanol/water solution.'* Second, Silkstone et al. reported
OH to be the sixth ligand in M80A and M80S ferricytochrome
¢ mutants even at physiological pH.** We wonder whether the
conformations produced by these mutations actually resemble
misfolded state M or V,.

The appearance of the CT2 band is normally indicative of a
high-spin state of the metal iron,* but this notion is in conflict
with the resonance Raman data, which still display the spin
marker band close to their low-spin positions. However, all our
experimental data can be sufficiently explained by invoking a
pcqm state of the heme iron, which can be caused by spin—
orbit coupling between a low-lying high-spin and a slightly
higher intermediate spin state of the heme iron.*>*® The
absorption spectrum of such a state would appear to be red-
shifted with respect to that of all ferric hcls states but would
have its peak still below 25000 cm™.*” This is exactly what we
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observed (Figure 7). The B-band peak position of a
hexacoordinated high-spin state, however, lies at 25000 cm™"
(400 nm).”> The optical spectra of heme proteins with
quantum mixed heme irons generally exhibit a charge transfer
band in the CT2 region,29 whereas the wavenumbers of the
spin marker bands in the corresponding resonance Raman
spectra are close to the respective low-spin values. Quantum
mixed spin states have been found in cgrtochromes of the ¢/
family and in class 3 peroxidases.”>*’"® A very prominent
example is horseradish peroxidase. Quantum mixed
states have not yet been discovered in cytochrome ¢ derivatives
(both native and unfolded), but one should keep in mind that
cytochrome ¢ on the surface of liposomes and on the inner
membrane of mitochondria can acquire peroxidase activity, for
which a quantum mixed state of the heme iron might be a
prerequisite.””” The formation of the proposed pcqm state is
triggered by the protonation of groups with pK values of 4.4
and 6.6. Our analysis of the CT?2 titration suggests that the My,
— My, transition exhibits a pK value of 6.5. This lies well in the
region in which solvent accessible histidines are protonated. In
cytochrome ¢, the sole candidate is H33.”' However, the high n
values obtained from the fits suggest the involvement of three
to four protons in the My, — M, transition. This indicates a
network of interacting protonation sites. A possible candidate is
one of the propionic acid peripheral substituents of the heme.
In native cytochrome c, one of the respective pK values of the
two proprionic acids is unusually high (>9 for the other
propionic acid),”” but it is more than likely that the respective
pK value is lower in a partially unfolded state. We hypothesize
that H33 and the outer proprionate, which exhibits an alkaline
pK value in folded cytochrome ¢, interact with the OH™ ligand
to trigger the My, — My, transition. We propose that the
second protonation step involves the protonation of the
hydroxyl ligand. For the aforementioned M80A and MS80S
mutants of ferricytochrome ¢, the pK values of this reaction
were reported to be 5.6 and 5.9, which are higher than the
values of 4.3 and 4.7, respectively, inferred from our titration
curves in Figures 3 and S. However, our data in the region
below pH S must be considered incomplete because we were
not able to reach the saturation region below 4.0 because of the
onset of aggregation-induced precipitation. It is possible that
the data that can be assigned to the My, = M, transition
involve, e.g., two protonation steps, with pK values below 4.0
and between 5.0 and 6.0. The first could be assigned to H26"
and the second to the protonation of OH™.%

The fact that the CT2 band is less intense in My, /o, than in
M, suggests that it might in fact comprise a mixture of My, and
M,, rather than a thermodynamic intermediate between M,
and M, In other words, the protonations of H33, H26, and the
outer propionic acid substituent change the equilibrium
between two conformations with a hexacoordinated low-spin
state and the pcqm state. The first protonation step produces a
mixture of both states, whereas the second protonation
stabilizes the pcqm state.

If our assessment of the ligation state of M or V, is correct,
one would expect that the protonation of the hydroxyl ligand
should produce a hexacoordinated high-spin state with water as
the sixth ligand. This is what the CT2 band alone would
indicate. However, the pcqm state does fit into the picture as
well, because a similar state in horseradish peroxidase exhibits a
water molecule still close to the heme iron.”?

The observation of a pH-dependent fraction of reduced
cytochrome ¢ in the 0.5 mM sample is another really surprising

29,67,68,70
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result. The pH dependence itself indicates coupling with
protonation—deprotonation processes; ie., the pK values of
protonable groups are different in the oxidized and reduced
state. As shown by Hauser et al,, the heme carboxylate groups
as well as lysine side chains are likely candidates.”* The absence
of reduced species in the monomer fraction of the 0.0S mM
sample under neutral and alkaline conditions suggests that the
electron transfer process must occur intermolecularly in
oligomeric complexes. The heme reduction switches the
protein to native state IIL. If this state is adopted in the
oligomer, M80 might actually be provided by an adjacent
cytochrome, as observed for cytochrome cg5,. The newly
formed state III monomers should establish a new equilibrium
of reduced and oxidized proteins that reflect the corresponding
redox potential.”

Taken together, our data indicate that a metastable state of
cytochrome c that can be described as an equilibrium between
monomers and oligomers of pre-molten globule and globular
proteins is stabilized at neutral pH. This suggests that the
respective folding process has its transition region above the
glass transition of the protein.® If we allow the protein to
undergo this very slow transition at pH 11, we change the
folding landscape by lifting the glass transition above the
transition region of the folding process along the pH
coordinate. This is illustrated by the folding funnel in Figure
1S. For yet unknown reasons, the thus formed ensemble of

A
Y

Entropy

Energy

Misfolded State

(Discrete Trap)

Figure 15. Feasible funnel-like protein folding landscape for a small
helical protein. The preferred direction of flow is toward a unique
native structure. When the glass transition temperature is higher than
the folding temperature, the population of a frustrated misfolded state
can occur over that of the native state.

protein monomers and oligomers establishes a dynamic
equilibrium that involves the formation of reduced proteins
in the pH range between 6 and 10.

B ASSOCIATED CONTENT

© Supporting Information

Additional figures of baseline-corrected absorption spectra,
circular dichroism spectra, and calculated helical fractions. This
material is available free of charge via the Internet at http://
pubs.acs.org.
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