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The non-native heme coordination structures emerging upon guanidine hydrochloric acid (GdnHCl)-induced un-
folding of Pseudomonas aeruginosa ferricytochrome css; were characterized by absorption, circular dichroism, para-
magnetic NMR, and resonance Raman spectroscopy. Hexacoordinated high-spin ferriheme bearing axial His and
H,O ligands, and pentacoordinated high-spin ferriheme with an axial His ligand were identified in the presence of
GdnHCI concentrations > 1.5 M (M = mol dm~). These non-native species were rapidly interconverted to each other
through cleavage/formation of the Fe-H,O coordination bond, and were also in dynamic equilibrium, at a rate of
<2 x 10* s7!, with the native species. Thus, the present study demonstrated the presence of dynamic equilibrium
through cleavage /formation of a Fe-H,O coordination bond in an unfolding intermediate. These results provide a deeper
insight into structure transitions of the heme active site upon folding and unfolding of cytochrome c.

The class I cytochromes ¢ (cyts ¢) are some among the best-
characterized redox-active proteins containing a single
heme.!? His and Met residues are coordinated to heme Fe as
axial ligands in the native form. However, several different
heme coordination structures have been reported, depending
on the temperature, pH, ionic strength, and presence of a
chemical denaturant or surfactant.>='> These non-native heme
coordination structures of cyt ¢ have attracted the interest of
protein researchers because this protein has been recognized
as a convenient model for protein folding studies,®'® and
moreover specific conformational transitions of cyt ¢ have
been reported to be highly relevant to the biological functions
of the protein.!*!> For example, conformational changes have
been thought to be induced in the heme active site of cyt ¢
upon complexation with cytochrome ¢ oxidase.'* Furthermore,
cyt ¢ has been shown to undergo a conformational change ear-
ly in the reaction cascades of apoptosis.'® Therefore, we should
investigate the structural and physicochemical characteristics
of cyt ¢ in its non-native form together with the native one
in order to fully understand the folding mechanism and the
biological functions of the protein.

In the cyt ¢ protein scaffold, particularly in the case of oxi-
dized cyt ¢ (ferricyt c¢), Fe-bound Met has been shown to be
more susceptible to a displacement under non-native condi-
tions, compared with Fe-bound His. Cleavage of the native
Fe—Met bond in ferricyt ¢ has been shown to occur through lo-
cal structure changes under various non-native conditions.>'
Depending upon the conditions, the Fe—Met bond cleavage in
ferricyt ¢ results in either a hexacoordinated ferriheme or a
pentacoordinated one. A bis-His ferriheme bearing the side-
chain of a His residue, other than the axial His as a ligand to
heme Fe in place of axial Met, is often formed, and has been
shown to act as a kinetic trap for cyt ¢ protein folding, which

significantly affects the folding mechanism.'®2! On the other
hand, the formation of the pentacoordinated ferriheme of horse
and yeast cyts ¢ in the presence of a high concentration of
micelles of sodium dodecyl sulfate has been characterized in
some detail by paramagnetic NMR, and has been discussed
in terms of physiological roles of the protein.®°

Cytochrome c¢ss; (cyt c¢ssy) from Pseudomonas aeruginosa
is a class I cyt ¢, and is composed of 82 amino acid residues
and possesses a single His residue as an axial ligand to heme
Fe.?? Consequently, both unfolding and refolding of this cyt
¢ss1 proceeds in the absence of the non-native bis-His heme.
In the present study, we investigated the non-native heme co-
ordination structures emerging upon guanidine hydrochloric
acid (GdnHCl)-induced unfolding of the oxidized cyt css; (fer-
ricyt ¢ss1) by absorption, circular dichroism (CD), paramagnet-
ic NMR, and resonance Raman (RR) spectroscopy. An acidic
condition, pH 5.00, was used throughout the measurements
because of an excellent reversibility of the protein unfolding/
refolding process.”> We found that hexacoordinated high-spin
ferriheme bearing axial His and H,O ligands (6¢cHS), and pen-
tacoordinated high-spin ferriheme with an axial His ligand
(5cHS) prevail in the presence of a high GdnHCI concentration
([GdnHCI]), and that these non-native heme species are rapid-
ly interconverted to each other through cleavage/formation of
the Fe-H,O coordination bond. Furthermore, the 6¢cHS and
5cHS species were also found to be in dynamic equilibrium,
at a rate of < 2 x 10* s~!, with the native one, demonstrating
that the formation/cleavage of the Fe—Met bond is the rate de-
termining step for interconversion between the native and non-
native forms. The present results provide a novel and dynamic
description of structure transitions of the heme active site upon
GdnHCl-induced unfolding of ferricyt c¢ss; in aqueous solu-
tion.
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Experimental

Materials. Cyt css; was produced using Escherichia coli and
purified as reported previously.?* Ferricyt css; was prepared by the
addition of a 10-fold molar excess of potassium hexacyano-
ferrate(IlI). For NMR samples, the protein was concentrated to
about 1 mM in an ultrafiltration cell (YM-5, Amicon), and then
100% 2H,0 was added to the protein solutions. The pH of the
sample was adjusted using 0.2 M KOH or 0.2 M HCI and the
pH was monitored with a Horiba F-22 pH meter with a Horiba
type 6069-10C electrode.

UV-Vis Absorption and CD Measurements. The absorption
spectra were recorded at 25 °C with a Beckman DU 640 spectro-
photometer and protein concentrations of 0.008 mM and 0.2 mM
in 20 mM phosphate buffer, pH 5.00,% in the presence of a 10-fold
molar excess of potassium hexacyanoferrate(Il), were used to
measure the heme Soret absorption and 625/695-nm absorption,
respectively. The CD spectra were recorded at 25 °C with a
JASCO J-720W spectrometer using a protein concentration of
0.005 mM in the identical solution conditions used for the absorp-
tion measurements. For a [GdnHCI]-dependence study of the ab-
sorption and CD spectra, the protein was incubated in a solution
mixture containing various [GdnHCI] at 25 °C for at least 2 h
before measurements in order to allow the protein solution to
reach equilibration.

The midpoint of the GdnHCI denaturation of the protein was
obtained by a linear extrapolation method using the following

equation:2®

0 = {(On + my[GdnHCI]) + (Gnon + non[GdnHCI])
x @~ (AG+SIGIHCI/RT ) /1| | o~(AG-+¢IGAnHCID/RT

()]

where 0 is the observed molar ellipticity (absorption) and 6; and
m; (1 = n or non for the native and non-native form, respectively)
are the intercept and slope of a line drawn for the native or non-
native form with the assumption of a linear relationship between
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and [GdnHCI]. AG is the free energy change for the conversion of
native to non-native protein in the absence of GdnHCI; g is a con-
stant that accounts for the [GdnHCl] dependence of AG; R and T
represent the gas constant (8.314 JK~!mol~!) and the absolute
temperature. Plots of the 6 value against [GdnHCI] were fitted
using the equation with optimized 6y, Guon, M0, Mnon, AG, and g
values, as illustrated in Figs. 1 and 3. Then, the midpoint of the
GdnHCI denaturation of the protein was calculated from the fitted
equation.

'HNMR Measurement. NMR spectra were recorded on a
Bruker AVANCE-600 FT NMR spectrometer operating at a 'H
frequency of 600 MHz. GdnHCl-ds (Cambridge Isotopes) was
used as received. Chemical shifts were given in ppm downfield
from sodium 4,4-dimethyl-4-silapentane-1-sulfonate with H,O
as an internal reference. Saturation transfer (ST) experiments were
carried out by selectively saturating a desired peak for 40 ms, and
the resulting spectra were presented in the form of a difference
spectrum.

Resonance Raman Measurement. Resonance Raman (RR)
spectra were recorded by a liquid nitrogen-cooled charge-coupled
device detector (Model LN/CCD-1340-PB, Princeton Instru-
ments) attached to a 75-cm single polychromator (Model 750M,
Jobin-Ybon) using excitation with the 413.1 nm line of a Kr laser
(Model 2060, Spectra Physics). The slit width and slit height were
set to be 150 um and 20 mm, respectively. The spectral slit width
was 7.5 cm~!. The wavenumber width per one channel (resolu-
tion) of the detector was 0.5 cm™!. The laser power at the sample
point was 1.7 mW. Raman shifts were calibrated with indene, and

accuracy of the peak positions of the Raman bands was 1 cm ™.

Results and Discussion

[GdnHCI] Dependence of the Heme Environment of the
Ferricyt c¢ss;.  We first studied the [GdnHCI] dependence of
the heme environment of the ferricyt css; using absorption
spectra. In the present study, all of the measurements were car-
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Fig. 1.

Absorption spectra, 300-800 nm, of ferricyt css;, pH 5.00, in the absence (Amq: 409, 531.5, and 695nm) and presence

(Amax: 399.5, 495, and 625 nm) of [GdnHCI] = 3 M (M = moldm~?) at 25 °C (A). Absorption spectra, 550-800 nm, of ferricyt
¢ss1, pH 5.00, in the presence of various [GdnHCI] (0-3 M) (B). Isosbestic points were observed at 592, 658, and 752 nm. Plots of
625-nm (red circles) and 695-nm (green circles) absorbance as a function of [GdnHCl] (C). 1.90 & 0.05 M was obtained as the

[GdnHCI] at the transition midpoint (Cy,) from both plots.
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Fig. 2. CD spectra, 200-250 and 350-500 nm, of ferricyt c¢ss;, pH 5.00, in the presence of various [GdnHCI] (0—4 M) at 25 °C.
Plots of the ellipticity at 222 nm as a function of [GdnHCI] are shown in the inset. 2.14 + 0.05 M was obtained as the C,, value

from the plots.

ried out at pH 5.00, because of an excellent reversibility in the
protein unfolding/refolding under an acidic condition, which
may be related to the fact that the isoelectric point of the pro-
tein is ~4.7.2> Heme Soret absorption of the native protein at
409 nm exhibited a blue shift to 399.5 nm in the presence of
[GdnHCI] = 3 M. The wavelength of heme Soret absorption
was shown to be sensitive to the spin and coordination states
of heme Fe; the observed wavelength for the unfolded protein,
i.e., 399.5 nm, was between the reported values for 6¢HS,
i.e., ~408 nm, and 5cHS, i.e., ~395 nm, in metmyoglobins
(metMbs).?” Furthermore, with increasing [GdnHCI], 625-nm
absorption, attributable to a high-spin (HS) ferriheme com-
plex,’ emerged and increased in intensity, while the 695-nm
absorption characteristic of the Fe—-Met bond in the oxidized
protein?®?° decreased, and eventually disappeared (Fig. 1B).
Plots of the absorbance at 625 and 695 nm against [GdnHCI]
in Fig. 1C demonstrate that the cleavage of the Fe-Met bond
occurs concomitantly with the formation of a non-native HS
species, giving rise to the 625-nm absorption. Furthermore,
the observation of isosbestic points at 592, 658, and 752 nm
demonstrated equilibrium between the native and non-native
HS species. Fitting the plots in Fig. 1C to a two-state unfolding
model, determined by the linear extrapolation method,?® yield-
ed a [GdnHCI] at the transition midpoint (Cy,) of 1.90 £ 0.05
M. The C,, value for the ferricyt css; is almost the same as that
of horse ferricyt ¢, judging from the replacement of the Fe-
bound Met by a Lys.?!-3°

Characterization of the GdnHCl-Induced Unfolding of
the Ferricyt css;. We next characterized the GdnHCl-in-
duced unfolding of the ferricyt css; using CD. Plots of the el-
lipticity at 222 nm as a function of [GdnHCI] revealed clear
two-state unfolding with a C, value of 2.14+0.05 M
(Fig. 2). These results were identical to those previously re-
ported.*** The GdnHCl-induced unfolding curve obtained
from the 222-nm ellipticity was compared with that obtained
from the 695-nm absorption in Fig. 3. As shown in Fig. 3,
the C,, value obtained for the Fe—Met bond cleavage is dis-
tinctly lower than that for the overall protein unfolding. This
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Fig. 3. GdnHCl-induced unfolding curves of ferricyt cssi,
pH 5.00, at 25 °C, determined on the basis of the 695-
nm absorption (green circles) and the 222-nm ellipticity
(red circles). The Cy, value obtained from the plot of the
695-nm absorption was lower than that from the plot of
the 222-nm ellipticity.

finding demonstrated that the Fe—Met bond cleavage precedes
the overall protein unfolding during the GdnHCl-unfolding of
the ferricyt css;. Consequently, a strengthening of the Fe—Met
bond in the ferricyt css; by changing amino acid side chain
packing in a hydrophobic core of the protein could enhance
the stability of the overall protein structure, as has been dem-
onstrated in a close relationship between the stabilities of the
Fe—Met bond and the overall protein structure for homologous
proteins.!

Characterization of Non-Native Forms Emerging upon
the GdnHCl-Induced Unfolding of the Ferricyt cs51. We
also characterized the heme coordination structure of the
non-native HS ferriheme species by paramagnetic NMR. As
shown in the 600 MHz 'HNMR spectra (Fig. 4), a new set
of signals emerged in the shift range of 55-80 ppm at
[GdnHCI] > 1.5 M, and their intensities increased with in-
creasing [GdnHCI]. The characteristics of the GdnHCl-in-
duced unfolding of the present protein under an acidic condi-
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Fig. 4. 600 MHz 'HNMR spectra of ferricyt css;, p°H
5.00, in the presence of various [GdnHCI] (04 M) at 25
°C. The assignments of heme methyl and axial Met proton
signals were indicated in the spectra. A new set of signals
emerged in the shift range of 55-80 ppm at [GdnHCl] =
1.5 M, and their intensities increased with further increas-
ing [GdnHCI].

tion are manifested in the spectral changes shown in Fig. 4.
First, only signals due to native protein were resolved in the
chemical shift range of 15-35 ppm, where signals due to
low-spin (LS) ferriheme appear. This is quite different from
the results of similar GdnHCl-induced unfolding studies of
other ferricyts ¢, which generally reflected the presence of
multiple non-native LS forms, such as bis-His and His-Lys
ferrihemes. Due to a lack of His residues other than axial
His in the protein, the formation of bis-His ferriheme can be
ruled out. Furthermore, the unfolding of ferricyt ¢ under an
acidic condition hampers the coordination of the side-chain
of a Lys to heme Fe in a non-native protein, through the ion-
ization of its side chain; in fact, signals attributable to His-Lys
ferriheme were identified in the spectra of non-native forms,
which emerge upon the GdnHCl-induced unfolding of the pro-
tein under a physiological pH condition (results not shown).
Second, the [GdnHCl]-dependent spectral changes of the pro-
tein are completely reversible, as has been demonstrated previ-
ously.?? The shifts of the newly emerging signals were the
same as those of the heme methyl proton signals of a typical
HS ferriheme species.’® The newly emerging methyl proton
signals were identified and assigned by saturation transfer
(ST) experiments (Fig. 5). Saturation of the heme methyl pro-
ton signals of non-native HS ferriheme yielded the ST connec-
tivities to the assigned heme methyl proton signals of native
ferricyt css;,>> which facilitated unambiguous assignments
for the non-native signals. The heme methyl proton shift pat-
tern of 7-, 12-, 18-, and 2-methyl signals, in the order of de-
creasing the shift, for the non-native HS ferriheme is similar
to that obtained for non-native HS form emerged upon the
GdnHCl-induced unfolding of Bacillus pasteurii ferricyt c,
although the shifts are larger by more than 7 ppm in the former
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than the latter.® On the other hand, the mean heme methyl pro-
ton shift of 72.7 ppm for the non-native HS ferriheme at 25 °C
was almost the same as the value for sperm whale metMb,
in which both axial His and H,O are coordinated to Fe3t of
a b-type heme.

The heme methyl and axial Met proton signals of the ferri-
cyt css; were resolved from the diamagnetic envelope where
protein proton signals severely overlap,’ and their intensities
decreased with increasing [GdnHCI], and vanished at
[GdnHCI] = 3 M, although their shifts were only slightly af-
fected by GdnHCI. On the other hand, the line widths of the
native signals were greatly increased in the presence of
[GdnHCI] > 2 M. The [GdnHCIl]-dependent behavior of the
NMR signal intensities for the native and newly emerging spe-
cies paralleled, within experimental errors, that of the Fe—Met
bond cleavage, as determined by an analysis of the 695-nm ab-
sorption, and the HS ferriheme species giving rise to the 625-
nm absorption, respectively. These results strongly suggested
that the HS species detected in the absorption and NMR spec-
tra were identical with each other. Since the signals for both
the native and non-native HS species were separately observed
in the NMR spectra, the time scale of the interconversion be-
tween them was found to be slower than the NMR time scale,
and a value of 2 x 10* s~! was estimated to be the upper limit
of the interconversion rate from the difference in the resonance
frequency between the signals of the two species. These results
indicated that the formation/cleavage of Fe—Met bond is the
rate determining step for the interconversion between the
native and non-native forms of the protein.

Characterization of Heme Coordination Structure of
Non-Native High-Spin Ferriheme of the Ferricyt css;.
Characterization of the heme coordination structure of the
non-native HS ferriheme was carried out through an analysis
of the influence of the solvent isotope composition on the
shifts and line widths of paramagnetically shifted heme methyl
proton NMR signals, as reported previously.>* La Mar et al.>*
found larger paramagnetic shifts and line widths of heme
methyl proton signals for 6¢cHS species in metMbs and met-
hemoglobins (metHb) in 2H,0 than 'H,0, while such isotope
effects were not observed for the ScHS species. Therefore, the
influence of the solvent isotope composition on the shifts and
line widths of the heme methyl proton NMR signals could
serve as a probe for the presence of a water molecule coordi-
nated to heme Fe. All of the heme methyl proton signals of the
HS ferriheme species in 2H,O exhibited downfield shifts of
0.5-1.3 ppm relative to the corresponding signals in 'H,O,
although the line widths were essentially the same (Fig. 6).
The observed isotope effects on the signals of the present
HS ferriheme species were somewhat smaller than those
reported for 6¢HS species in metMb or metHb, i.e., ~1.5
ppm.>* These results could be interpreted in terms of a partial
occupancy of an exogenous H,O ligand in the present HS fer-
riheme species, as demonstrated for elephant metMb, in which
formation/cleavage of the Fe-H,O bond occurs rapidly.>
Moreover, the line widths of the signals for the present HS fer-
riheme species ranged >1300 Hz, and thus were considerably
larger than those for the heme methyl proton signals of the typ-
ical 6¢cHS and 5cHS species in hemoproteins possessing com-
parable molecular weights to cyt ¢ssy, i.e., 300-700 Hz.3® The
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Fig. 5. 600 MHz '"HNMR spectrum and saturation transfer (ST) difference spectra of ferricyt css;, pH 5.00, in the presence of
[GdnHCI] =2 M at 25 °C. The molecular structure and numbering system of heme is illustrated in the inset. The assignments
of the heme methyl proton (2-, 7-, 12-, and 18-Me) signals of non-native HS ferriheme in the shift range of 60-80 ppm were in-
dicated in the spectra. (A) Reference spectrum. (B) ST difference spectrum on resulted from simultaneous saturation of two methyl
proton signals at ~77 ppm yielded a ST effect to both 7- and 12-Me signals of native ferricyt css;. (C) ST difference spectrum on
saturation of a methyl proton signal at ~74 ppm yielded a ST effect to 18-Me signal of the native protein. Small ST effects ob-
served on 7- and 12-Me signals of the native protein are attributed to a decoupler power spillage, as indicated by a black circle. (D)
ST difference spectrum resulted from a methyl proton signal at ~64 ppm yielded a ST effect to 2-Me signal of the native protein.

In (B)—(D), peak being saturated is indicated by an arrow.
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Fig. 6. Downfield-shifted portion of the 600 MHz 'H NMR
spectra of ferricyt c¢ss1, pH 5.00, in '"H,0 (A) and 2H,0
(B) at 25 °C. The signals in trace B exhibited downfield
shifts of 0.5-1.3 ppm relative to the corresponding signals
in trace A, although the line widths were essentially the
same.

considerably larger line widths of the signals for the present
HS ferriheme species could be attributed to the dynamic ex-
change broadening between the 6¢cHS and 5cHS species, as re-
ported for elephant metMb.> Since the pK, value of Fe-bound
His was reported to be ~3,'237 the dynamic exchange process

between the non-native 6¢HS and 5cHS species was not attrib-
uted to the formation/cleavage of Fe—His bond, but to that of
the Fe-H,O bond. This finding indicates that the thermody-
namic stability of the 6¢cHS form with an exogenous H,O li-
gand is a determinant of the reaction path of the folding/un-
folding of the protein as well as its dynamic properties. Al-
though two different species, 6¢cHS and 5cHS, are present as
non-native forms upon the GdnHCl-induced unfolding of the
protein at pH 5.00, an apparent two-state unfolding was clearly
manifested in observing the isosbestic points in the absorption
spectra (Fig. 1). This result indicated that the equilibration of
the interconversion between the non-native 6¢HS and 5cHS
species is independent of [GdnHCI]. This result indicate that
the thermodynamic stabilities of the non-native 6¢cHS and
5cHS forms are not affected by the protein structure, but are
related to the stabilities of their coordination structures. In
addition, the apparent two-state unfolding observed in the
[GdnHCI]-dependent 222-nm ellipticity (Fig. 3) demonstrated
that the protein foldings of the non-native 6¢cHS and 5cHS
forms are highly similar.

The formation of both 6¢HS and 5cHS species was detected
in the RR spectra recorded with excitation at 413.1 nm (Fig. 7).
Increasing [GdnHCI] caused a growing-in of the characteristic
HS marker bands, i.e., V3 and v, at 1485 and 1572 cm™!, re-
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Fig. 7. RR spectra of ferricyt css;, pH 5.00, in the absence
(A) and presence of [GdnHCI] =2 M (B) and 4 M (C).
(D) The component peaks and (E) resultant simulated
spectrum to fit trace C. 6¢HS, 5cHS, and 6¢LS were man-
ifested in the v3 and v, bands; 6¢HS: V3 (1479 cm™!) and
v, (1565 cm™!), 5cHS: v; (1489 cm™') and v, (1574
cm™1); and 6¢LS: v3 (1504 cm™!) and v, (1587 cm™1).
(F) Residual as a result of the subtraction of trace C
from trace E.

spectively, at the expense of the corresponding LS bands, i.e.,
V3 and v, bands at 1502 and 1585 cm™!, respectively, and also
the Vo band at 1635 cm~!. The broad v; and v, bands in
Fig. 7C could be simulated with the three bands at 1479,
1489, 1504 cm™' and 1565, 1574, 1587 cm™!, respectively
(Figs. 7D and 7E). The v; and v, bands at 1479 and 1565
cm~! could be attributed to 6¢HS, and those at 1489 and
1574 ecm™! to 5cHS.3° The RR results confirmed the coexist-
ence of the 6cHS and 5cHS forms of ferricyt css; in the pres-
ence of high [GdnHCI].

In contrast to the detection of both the non-native 6¢cHS and
5cHS forms in the present protein, only the ScHS form was de-
tected as a non-native HS form in horse and yeast ferricyts ¢
with a high concentration of micelles of sodium dodecyl sul-
fate.®° An exogenous water ligand, indispensable for the for-
mation of the 6¢cHS form, is likely to be excluded from the
heme coordination site within the non-polar environment pro-
vided by the micelles. Furthermore, Gianni et al.? reported that
the Fe—Met cleavage form is a high energy native-like inter-
mediate, and that it never accumulates in time-resolved kinetic
experiments. The present study, however, clearly demonstrat-
ed, from both '"HNMR and RR, the coexistence of the 6¢HS
and 5cHS forms. The Fe-Met cleavage form, i.e., ScHS and
6¢cHS, observed in this study, may possess various contents
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of the secondary structure, depending upon [GdnHCI], and
may be different from the Fe—Met cleavage form detected in
the time-resolved kinetic studies in terms of the protein struc-
ture. Therefore, the thermodynamic stability of the Fe-Met
cleavage form could be different to each other.

Conclusion

The present study demonstrated that rapidly interconverting
5cHS and 6¢cHS forms emerged as non-native species upon
GdnHCl-induced unfolding of ferricyt css; in aqueous solution
at pH 5.00, and that both the 5cHS and 6¢HS species were
in dynamic equilibrium, at a rate of <2 x 10* s~!, with the
native one. The rapid interconversion between the non-native
5cHS and 6¢HS forms dictated that the formation/cleavage
of Fe-H,O coordination bond was faster than the NMR time
scale. Since the conversion of the 6¢cHS form to the native
form or vice versa has to occur through the ScHS one, the rel-
atively slow interconversion between the native and non-native
forms of the protein indicated that the formation/cleavage of
the Fe—Met bond is the rate determining step for the processes.
The roles of the 6cHS form concerning the thermodynamic
and dynamic properties, and the energy landscape of the
protein folding remain to be elucidated.
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