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The Effects of Ligand Exchange and Mobility
on the Peroxidase Activity of a Bacterial
Cytochrome c upon Unfolding
Jonathan A. R. Worrall,[a] Rutger E. M. Diederix,[a] Miguel PrudÞncio,[a]

Christian E. Lowe,[a, b] Simone Ciofi-Baffoni,[b] Marcellus Ubbink,[a] and
Gerard W. Canters*[a]

Introduction

The spectroscopically rich properties of the covalently bound
heme and the high solubility in both the folded and unfolded
state make c-type cytochromes (cyts c) an ideal choice for fold-
ing/unfolding studies. Much work has focused on the mito-
chondrial proteins from horse heart (hh) and the two isoforms
from yeast. Kinetics,[1] native-state hydrogen-exchange NMR
measurements,[2–4] resonance Raman spectroscopy,[5, 6] one- and
two-dimensional NMR spectroscopy,[7–10] fluorescence spectros-
copy,[11] and EPR, optical, and CD spectroscopies[12] are some of
the many biophysical methods that have been employed to
gain an insight into the folding/unfolding behavior of these
metalloproteins. The loss of the sixth axial methionine ligand
to the heme is widely considered to be the first step of the un-
folding process, which results in deprotonated protein-based
ligands, such as histidine, lysine and the N-terminal a-amino
group, as well as solvent molecules competing for the vacant
heme coordination site.[6–9, 13–17]

The folding/unfolding of bacterial cyts c has received less
attention than that of their mitochondrial counterparts. The
class I cyt c-550 from the Gram-negative bacterium Paracoccus
versutus has 134 amino acids and is a member of the larger
class of bacterial cyts c.[18] The structure in the ferric state has
been solved by X-ray diffraction, which indicates the presence
of five a helices and two short stretches of antiparallel b

strand, wrapped around the six-coordinate heme with M100
and H19 as the axial ligands (J.A.R.W., unpublished results;
Figure 1). Although similar in structure to the well-studied
hh cyt c, a number of insertions are present that give rise to
the increased size, and sequence homology between the two
proteins is very low.[19] Furthermore, in variance to the observa-

tions of previous folding/unfolding studies with bacterial
cyts,[20–23] cyt c-550 contains one potentially misligating histi-
dine residue, located after the C terminal helix (Figure 1). This
position contrasts with the sequence positions of the misligat-
ing histidine residues found in hh cyt c (Figure 1), which in an
unfolded state has H33 as the predominant nonnative ligand
to the heme.[24] In an unfolded state, the H33 misligation pre-
vents proper refolding in the middle segment of the polypep-
tide chain but does not stop the formation of a proposed early
intermediate folding species (or late unfolding species) with
interacting N- and C-terminal helices.[13]

Differences in the dynamic properties and folding pathways
of class I bacterial cyts c are now starting to be identified, with
direct evidence for a bacterial cyt c which refolds along parallel
folding pathways.[21] Such pathways have not, as yet, been de-
tected in the mitochondrial proteins and may lead to the ques-
tion of whether the topology of the native protein is an impor-
tant determinant of the folding/unfolding mechanism.[25]

Therefore, studies on bacterial proteins, which are generally
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The effect on the heme environment upon unfolding Paracoccus
versutus ferricytochrome c-550 and two site-directed variants,
K99E and H118Q, has been assessed through a combination of
peroxidase activity increase and one-dimensional NMR spectros-
copy. At pH 4.5, the data are consistent with a low- to high-spin
heme transition, with the K99E mutation resulting in a protein
with increased peroxidase activity in the absence of or at low
concentrations of denaturant. Furthermore, the mobility of the
polypeptide chain at pH 4.5 for the wild-type protein has been
monitored in the absence and presence of denaturant through

heteronuclear NMR experiments. The results are discussed in
terms of local stability differences between bacterial and mito-
chondrial cytochromes c that are inferred from peroxidase activi-
ty assays. At pH 7.0, a mixture of misligated heme states arising
from protein-based ligands assigned to lysine and histidine is de-
tected. At low denaturant concentrations, these partially unfolded
misligated heme forms inhibit the peroxidase activity. Data from
the K99E mutation at pH 7.0 indicate that K99 is not involved in
heme misligation, whereas histidine coordination is proven by
the data from the H118Q variant.
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more varied in size and have lower sequence homology be-
tween the different species, are important to complement the
many studies performed with the mitochondrial proteins.

Previously we have concentrated on the equilibrium unfold-
ing of both mitochondrial and bacterial ferricyts c by monitor-
ing the increase in their peroxidase activity in the presence of
denaturant.[26, 27] This novel unfolding probe allows information
on the lowest free energy unfolding species to be obtained.[26]

Clear differences in the total increase in peroxidase activity and
the thermodynamic unfolding parameters relating to the
lowest free energy unfolding species between the different
cyts exist, with the mitochondrial proteins having a less stable
methionine ligand interaction in the presence of denaturant.[26]

In the present study the effect of unfolding on the heme en-
vironment of cyt c-550 has been assessed at two pH values by
using a combination of peroxidase activity assays and 1D NMR
spectroscopy. Interpretation of the data for the wild-type (wt)
protein has been aided by studying various forms of cyt c-550.
We show that despite the unusual sequence position of H118,
as compared to the corresponding histidine residue in
hh cyt c, this residue and one or more lysine residues (but not
K99, which is homologous to K79 in hh cyt c) are involved in
ligand-exchange events as the protein unfolds. The effect of
these nonnative ligands on the peroxidase activity is assessed.
Also, the effect of unfolding at pH 4.5 on the polypeptide
chain is monitored through a 15N NMR mobility study.

Results and Discussion

Choice of cyt c-550 variants

At neutral pH values in the presence of denaturant mitochon-
drial hh cyt c undergoes ligand-exchange events in which
lysine or histidine residues can act as nonnative ligands to the
heme.[6–8, 13] As cyt c-550 contains a single potentially misligat-

ing histidine residue,[19] the
H118Q variant was constructed
to unequivocally test whether
histidine ligation is occurring as
the protein unfolds. For lysine
coordination, K79 and K73 of
hh cyt c have been postulated as
the nonnative coordinating resi-
dues.[8] The lysine residue prior
to the axial methionine ligand
(K79 in the hh numbering) is
conserved in a high number of
class I cyt c sequences, and for
hh and yeast iso-1-cyt c this
lysine is involved in ligand-
exchange events occurring at
alkaline pH values.[28–30] To test
whether lysine coordination
plays a role in the unfolding of
cyt c-550, all lysine residues were
first chemically modified, there-
by rendering them incapable of

binding to the heme. More specifically, K99 in cyt c-550 is
homologous to K79 in the mitochondrial proteins, but no
lysine is found at position 84 in cyt c-550 (homologous to K73
in hh cyt c). Therefore, only a single variant, K99E, was used to
test whether K99 might act as a nonnative ligand to the heme
at neutral pH values.

UV/Vis spectroscopy of ferricyt c-550 and variants at pH 4.5

At pH 4.5 the UV/Vis spectrum of cyt c-550 is indicative of a
low-spin heme protein with two strong field axial ligands.
Upon titration of increasing amounts of guanidinium hydro-
chloride (Gdm·HCl), the protein starts to unfold, thereby caus-
ing the perturbation of a number of electronic absorption
bands in the spectrum and the appearance of new bands. One
of these, a band at 623 nm which is characteristic of a high-
spin species, grows into the spectrum, a result indicating a
change from a low- to high-spin heme. We ascribe this to loss
of the M100 axial ligand, which is apparent from the concomi-
tant loss of the 695 nm band that is characteristic of methio-
nine–heme ligation.[18] Figure 2 A shows the results for the wt
protein and the two variants, with Table 1 listing the corre-
sponding two-state equilibrium unfolding parameters (mid-
point concentrations, Cm, slopes, m, and the derived free
energy in the absence of denaturant, DGunf). For the K99E and
H118Q variants the thermodynamic parameters are within the
error for the wt protein. This indicates that their respective
stabilities, at least under these conditions, are unaltered upon
introduction of the point mutations.

Peroxidase activity of ferricyt c-550 and variants at pH 4.5

In the presence of hydrogen peroxide, cyt c-550, like other fer-
ricyts c, is able to catalyze H2O2 reduction with concomitant
oxidation of a reducing substrate.[31] The rate, however, is ex-

Figure 1. Comparison of the X-ray crystal structures of Paracoccus versutus ferricyt c-550 (left ; PDB code : 2BGV,
J.A.R.W., unpublished results) and hh ferricyt c (right ; PDB code : 1hrc),[67] created by using the PyMOL program (avail-
able from http ://www.pymol.org). The heme and axial ligands are shown as ball-and-stick representations, along with
the two histidine residues in hh ferricyt c that are involved in misligation to the heme on the folding/unfolding path-
way. H118 in P. versutus ferricyt c-550 is also shown. N and C indicate the N- and C-terminal helices. The colors green
(residue numbers 23, 30, and 55) and red (residue numbers 95–97, 99, 101, and 102) on the structure of cyt c-550 high-
light regions relating to the 15N dynamic data discussed in the text.
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tremely low and this can be assigned to two factors. Firstly, it
is the deprotonated form of H2O2 that reacts with the heme
iron. The pKa value of H2O2 free in solution is approximately 12

and, although its apparent value
is lowered by about 4 units by
binding the heme iron center,
only a small fraction of the per-
oxide anion is available at neu-
tral or acidic pH values. Second-
ly, access to the heme for the
peroxide anion is blocked due to
the presence of six ligands on
the iron. Upon addition of

Gdm·HCl, the activity is significantly increased for the wt pro-
tein and the variants (Figure 2 B); this coincides with the loss
of the axial methionine ligand. This results in a vacant coordi-

Figure 2. Equilibrium unfolding at 298 K in the presence of Gdm·HCl for wt ferricyt c-550 and various forms, as monitored by A) the intensity change of the electron-
ic absorption band at 623 nm at pH 4.5, B) the peroxidase activity increase at pH 4.5, C) the peroxidase activity increase as a ratio (variant :wt) of the second-order
rate constant at pH 4.5, D) the peroxidase activity increase at pH 7.0, and E) the peroxidase activity increase as a ratio (variant :wt) of the second-order rate con-
stant at pH 7.0. WT-mod denotes the protein after treatment with O-methylisourea.

Table 1. Thermodynamic parameters (pH 4.5, 298 K) for the equilibrium unfolding of wt ferricyt c-550 and variants
in the presence of Gdm·HCl, as monitored by the intensity change of the electronic absorbance band at 623 nm
and the peroxidase activity increase.

Absorbance at 623 nm Peroxidase activity
Protein DGunf [kcal mol�1] m [kcal mol�1

m
�1] Cm [m] DGunf [kcal mol�1] m [kcal mol�1

m
�1] Cm [m]

wt 6.4�1.6 3.2�0.8 2.0�1.0 4.5�0.5 2.3�0.3 2.0�0.5
K99E 7.1�1.9 3.6�0.9 2.0�1.0 4.5�0.6 2.3�0.3 2.0�0.6
H118Q 6.2�1.5 3.2�0.7 1.9�0.9 4.5�0.4 2.2�0.2 2.0�0.4
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nation site at the heme for the peroxide anion to bind. The
data for the peroxidase activity assays were fitted to a two-
state equilibrium unfolding model and the thermodynamic pa-
rameters are presented in Table 1. In all cases the stabilities, as
measured by peroxidase activity increase, are lower than those
obtained from the 623 nm measurements.

If it is assumed that unfolding is strictly two-state, then at
zero [Gdm·HCl] the fraction of fully unfolded wt protein is
2.49 � 10�5 based on the DGunf value obtained from the equili-
brium unfolding measurements as monitored at 623 nm. This
would correspond to an expected 40 000 times increase in per-
oxidase activity at 6 m Gdm·HCl; yet, from the ratio of activities
between native and “fully” unfolded protein, an activity in-
crease of only 770 times is observed. Therefore, at zero
[Gdm·HCl] , approximately 1.3% of the protein is in a form that
is peroxidase active but is not the fully unfolded species. Thus,
the unfolding curve measured by peroxidase activity is more
representative of the transition to the lowest free energy spe-
cies, as indicated from the lower thermodynamic parameters
compared to those measured with UV/Vis spectroscopy
(Table 1) and fluorescence spectroscopy.[26, 27] Similar observa-
tions are observed for the peroxidase activity assays with
hh cyt c,[26] where the DGunf value obtained from peroxidase
activity is comparable to the DGunf value for local unfolding of
the loop containing the axial methionine at low [Gdm·HCl], as
measured by native-state hydrogen-exchange NMR spectros-
copy.[2]

In the absence of denaturant the second-order rate constant
for the peroxidase activity of the wt protein and the H118Q
variant are comparable at pH 4.5 (Table 2), along with their

total activity increases upon unfolding. For the K99E variant,
however, a fivefold-higher second-order rate constant, relative
to that of the wt protein, is found in the absence of Gdm·HCl
(Table 2). On comparing the activity ratios (variant:wt) in Fig-
ure 2 C, it is clear that removal of K99 results in an increased
population of a peroxidase-active species between 0–1 m

Gdm·HCl. However, at higher Gdm·HCl concentrations the rate
is independent of the mutations introduced into the protein, a
result suggesting that protein-based ligand-exchange events
at pH 4.5, which may affect the peroxidase activity at low
[Gdm·HCl] , are not occurring at high [Gdm·HCl]. At acidic pH
values it is well documented from studies with the mitochon-

drial proteins that ligand exchange does not occur;[1, 5, 6] yet
removal of K99 in cyt c-550 clearly has an effect on the perox-
idase-active form at low denaturant concentrations.

A possible explanation for the above observations can be in-
ferred from the crystal structure of the wt protein (J.A.R.W., un-
published results). Electron density for many of the lysine side
chains is absent, most probably due to their high mobility.
However, electron density is observed for the side-chain amino
group of K99 due to a stabilizing hydrogen-bond interaction
with the main-chain carbonyl oxygen atom of K54. Such an in-
teraction results in the side chain of K99 nestling onto the side
of the heme, thereby helping to protect the heme cavity from
solvent. The loss of a hydrogen-bonding interaction upon re-
placement with a glutamate residue and the subsequent intro-
duction of a negative charge, along with the probable in-
creased exposure of the heme cavity to solvent, would appear
to destabilize either the methionine loop, the metal–ligand in-
teraction, or both; this results in an increased population of a
partially unfolded peroxidase-active protein under native and
low [Gdm·HCl] conditions. Such a subtle destabilization goes
unnoticed in terms of the thermodynamic parameters, but is
clearly detected from the peroxidase activity assays.

1D 1H NMR spectroscopy of ferricyt c-550 at pH 4.5

Due to the paramagnetic properties of low-spin ferricyt c-550
(S = 1=2), a number of well-resolved resonances belonging to
protons of heme substituents and axial ligands are observed
outside of the diamagnetic envelope in the 1H NMR spectrum
(Figure 3 A). The pattern of heme–methyl signals and the pres-
ence of the signal arising from the M100 side-chain methyl
protons are indicative of methionine–histidine heme ligation.
Between 0 and 1 m Gdm·HCl, the intensity of the native pro-
tein signals in the diamagnetic and paramagnetic regions of
the spectrum decreases. Further increases in [Gdm·HCl] result
in a total loss of the native paramagnetic signals. At 1.5 m

Gdm·HCl, peaks appear at a higher frequency in the 1H NMR
spectrum, which are not present in the absence of denaturant
(Figure 3 B). The chemical shifts and line widths are indicative
of protons of heme substituents arising from a high-spin ferric
heme form. This observation is in accordance with the 623 nm
measurements.

The presence of both high- and low-spin heme peaks at 1.5
and 2.1 m Gdm·HCl is indicative of a slow-exchange process on
the NMR timescale between at least two species. In principle,
the high-spin species could be either a penta-coordinate or
hexa-coordinate heme with a water molecule as the sixth
ligand; the latter has been shown to exist on the unfolding
pathway of hh cyt c from time-resolved resonance Raman
spectroscopy.[6] Between 1.5 and 2.1 m Gdm·HCl, the high-spin
heme peaks become better resolved with a new peak forming
at d= 76 ppm (Figure 3 B), whilst at higher denaturant concen-
trations a general broadening of the new resonances is ob-
served. These observations point towards the presence of a
number of different high-spin forms which are exchanging
with one another as the protein unfolds. Attempts with

Table 2. Second-order rate constants, k (298 K), for the reaction of H2O2

with various forms of cyt c-550 in the absence of Gdm·HCl, along with the
total activity increase (defined as the ratio between the second-order rate
constant at 6 m Gdm·HCl and 0 m Gdm·HCl) at the two different pH values.

pH 4.5 pH 7.0
Protein k [m�1 s�1] total increase k [m�1 s�1] total increase

wt 2.1�0.2 770 22.8�0.4 4700
K99E 9.6�0.3 200 26.4�0.4 3100
H118Q 2.6�0.2 720 27.9�0.3 4100
wt-mod[a] – – 34.5�0.4 3340

[a] wt-mod denotes the protein after treatment with O-methylisourea.
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exchange spectroscopy (EXSY) to assign these high-spin heme
peaks proved unsuccessful.

2D NMR spectroscopy of 15N-labeled wt ferricyt c-550 at
pH 4.5

Further insight into the unfolding by analysis of the polypep-
tide chain in the presence of Gdm·HCl was obtained by 1H–15N
HSQC experiments at pH 4.5. Chemical shift variations for the
native amide peaks were observed at all Gdm·HCl concentra-
tions for which they were still visible (0.5–1.5 m Gdm·HCl).
These shifts most likely arise from a combination of increasing
ionic strength and the binding of Gdm·HCl to the protein sur-
face. Recent work has highlighted the fact that Gdm·HCl has
no recognizable hydration shell and is therefore not retained
in the bulk solvent but preferentially binds to the protein sur-
face.[32] In Figure 4, the average amide chemical shift changes
upon increasing [Gdm·HCl] are plotted against residue
number. It is apparent that the binding of Gdm·HCl to the pro-
tein is highly aspecific with many regions of the structure af-

fected. The largest chemical shift changes (Dd�0.2 ppm)
occur in parts of the structure away from the N- and C-terminal
helices and involve residues 47–49, 56–57, 73, 84, 88, 98, 101,
102, and 105. It is interesting to note that the regions 47–49,
56–57, and 101–102 are involved in hydrogen-bonding interac-
tions with buried water molecules in the heme cavity, a fact
suggesting that Gdm·HCl may disrupt these interactions.

In addition to the native amide signals, new peaks appear in
the spectrum at 1.5 m Gdm·HCl (Figure S1 in the Supporting In-
formation). The observation of a new polypeptide form at the
same time as the native fold is consistent with the 1D NMR ex-
periments, where two species differing in heme ligation state
are in slow exchange with one another on the NMR timescale.
With an increase in [Gdm·HCl] or temperature, the native
peaks further decrease in intensity and the new amide peaks
predominate (Figure S1 in the Supporting Information). The
small chemical shift dispersion in the 1H dimension (approxi-
mately 1 ppm) relative to that of the native peaks is indicative
of a polypeptide lacking tertiary and secondary interactions.

15N relaxation of wt ferricyt c-550 in the absence and
presence of Gdm·HCl at pH 4.5

15N relaxation can be used to obtain an insight into the dy-
namics of the polypeptide chain on the nano- to picosecond
timescale.[33] The 15N relaxation times, T1 and T2, and the {1H}15N
nOe value have been measured for all nonoverlapping amide
cross-peaks in the 1H,15N HSQC spectrum for the folded protein
in the absence and presence of Gdm·HCl. The relaxation pa-
rameters are plotted in Figure 5, and the 10 % trimmed mean
values and errors are given in Table 3.[34] From the T1/T2 ratio in
the absence of denaturant, a correlation time (tr) for the over-
all tumbling of the molecule in solution of 6.5�0.2 ns is cal-
culated.[34] This value is in line with other proteins of similar
shape and size and is in good agreement with the tr value
determined for ferrocyt c-550 (6.6 ns).[35] Some residues display

Figure 3. 1H NMR spectra (600 MHz, 298 K) of wt ferricyt c-550 (100 mm NaPi,
pH 4.5) in the presence of increasing amounts of Gdm·HCl. In (A) the signals
arising from the four hyperfine-shifted heme methyl substituents, 8, 3, 5, and 1,
are labeled as a, b, c, and d, respectively, and m corresponds to the side-chain
methyl protons of the coordinating M100 ligand. The spectrum at 2.1 m

Gdm·HCl has been magnified ten times. In (B) the region of the 1H NMR
spectrum containing the new peaks coinciding with increasing [Gdm·HCl] is
depicted.

Figure 4. Average amide chemical shift changes versus residue number for wt
ferricyt c-550 at pH 4.5 and 298 K in the presence of 0.5 m (black), 1.0 m (light
gray), and 1.5 m (dark gray) Gdm·HCl.
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values that are more than one standard deviation below or
above the mean ratio. The latter are indicative of a contribu-
tion of slow (micro- to millisecond timescale) conformational
exchange to the T2 value[36] and include residues A23, V30, and
Y55. A23 and V30 are situated in a loop region on the axial his-
tidine side of the heme protruding out into the solvent
(Figure 1), whereas Y55 is located on a loop protecting the
side of the heme with its side-chain phenolic oxygen atom
forming a hydrogen bond with one of the heme propionate
groups. Residues with mean T1/T2 values slightly below the
average occur predominately in the loop region harboring the
M100 axial ligand and include A95, A96, K97, K99, and F102
(Figure 1). In the {1H}15N nOe measurements, the same residues

have slightly decreased nOe values compared to the average
and this is indicative of fast internal motions.[36] Also notewor-
thy are the low nOe values at the N terminus for E2 (negative
nOe, not shown) and G3 and also for S119 after the C-terminal
helix; these values suggest increased flexibility. Furthermore, a
number of unassigned amide peaks display negative nOe
values. These peaks, in analogy with the assignment data on
the ferrous form,[35] arise from a 13 residue amino acid exten-
sion preceeding the C-terminal helix; from the negative nOe
values, this extension is deemed highly mobile and unstruc-
tured in both oxidation states of the protein.

In general, the rather uniform relaxation parameters indicate
that the main chain of ferricyt c-550 is fairly rigid on the nano-
to picosecond timescale. Such a conclusion was also inferred
from a 15N mobility study with the ferrous form,[35] with the
same backbone regions indicating slight deviations from the
mean relaxation values as were observed here. Other 15N mobi-
lity studies with bacterial cyts c in the ferric state have also re-
vealed little variation in relaxation parameters, a fact suggest-
ing highly rigid structures.[37–39] The only other 15N mobility
study in which both redox states of a bacterial cyt c have been
analyzed is the cyt c-553 from the Gram-positive bacterium
Bacillus pasteurii.[37, 40] This class I cytochrome consists of only
71 amino acids with little variation in mobility on the nano- to
picosecond timescale between the two redox states reported.
Cyt c-550 is almost twice the size of the “minimal” cyt c-553;

Figure 5. 15N relaxation data and {1H}15N nOe values for wt ferricyt c-550 (20 mm sodium acetate, pH 4.5, 100 mm NaCl) in the absence (&) and presence of 1.5 m

Gdm·HCl (*) at 298 K. The numbers on the T1/T2 plot indicate residues that have a ratio above or below the mean, as discussed in the text.

Table 3. 10 % trimmed average T1 and T2 values (seconds), 15N nOe values,
and T1/T2 ratios for backbone amide 15N nuclei of folded wt cyt c-550 in the
absence and presence of Gdm·HCl and the average values for nonnative
amide peaks in the presence of Gdm·HCl (14.1 T, 20 mm sodium acetate,
pH 4.5, 100 mm NaCl, 298 K).

Folded protein Folded protein Unfolded protein
zero denaturant 1.5 m Gdm·HCl 1.5 m Gdm·HCl

T1 0.74�0.02 0.70�0.06 1.83�0.2
T2 0.14�0.01 0.16�0.02 0.67�0.1
nOe 0.78 0.88 �0.45
T1/T2 5.4�0.2 4.6�0.2 2.7�0.7
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yet despite the additional amino acid inserts, global rigidity on
the nano-to picosecond timescale is retained in both oxidation
states. In contrast, mitochondrial yeast iso-1-cyt c displays
more pronounced mobility differences between the two redox
states.[41–43] The ferric form shows higher global flexibility, espe-
cially in the loop region containing the axial methionine
ligand,[42, 43] with several residues belonging to helical segments
in yeast iso-1-cyt c exhibiting conformational exchange on the
micro- to millisecond timescale.[41]

From peroxidase activity assays at pH 4.5 with the mitochon-
drial hh and yeast iso-1-cyts c, the DGunf value assigned to
local unfolding of the axial methionine loop was found to be
lower than with the bacterial proteins, Pseudomonas aerugino-
sa cyt c-551 and Paracoccus versutus cyt c-550.[26] If it is as-
sumed that the methionine–FeIII bond strength is invariant be-
tween the different species, then other factors contributing to
the enhanced stability of the bacterial proteins towards dena-
turant must be considered. One such consideration on com-
paring the available dynamics data for bacterial cyts c with
their mitochondrial counterparts is the extent of plasticity in
the axial ligand loop. The apparent stiffening of this region in
the bacterial proteins seemingly plays a role in determining
the equilibrium of the dynamic exchange process causing
release of the axial methionine ligand.[44]

As the HSQC spectrum in the presence of Gdm·HCl has the
same fingerprint as the folded form, albeit with chemical shift
changes, this species can still be considered as a native form.
The presence of Gdm·HCl, up to 1.5 m, appears to have little
effect on this form in terms of the relaxation properties
(Table 3 and Figure 5). A marginal decrease in the mean T1/T2

ratio translates to a lower tr value of 5.7�0.6 ns. V30 displays
an increased T1/T2 ratio in the absence of Gdm·HCl, a fact relat-
ing to an increased conformational exchange process that pos-
sibly involves an unfolded form of the protein (Figure 5). The
resonance arising from A23, which exhibits a high T1/T2 ratio in
the absence of Gdm·HCl (Figure 5), is not observed at 1.5 m

Gdm·HCl due to peak overlap, while T101 displays a mean T1/
T2 value below the average, a fact suggesting increased inter-
nal motions in this region.[36] No new extensive conformational
exchange processes were observed, in contrast to a previous
report with B. pasteruii cyt c-553 in the presence of Gdm·HCl.[20]

The most visible change is for the {1H}15N nOe measurement,
where an erratic variation in nOe values is observed (Figure 5),
with the mean value increasing to 0.88 in the presence of
1.5 m Gdm·HCl. Such an increase would suggest a stiffening of
the structure with highly restricted internal motions. This is
unlikely, however, as the effect of the denaturant would be
expected to loosen the structure. An explanation for the ob-
served effect at elevated [Gdm·HCl] on the nOe values is there-
fore unclear.

As mentioned, at 1.5 m Gdm·HCl, new peaks are observed in
the HSQC spectrum, which from the poor chemical shift dis-
persion in the 1H dimension are assigned to an unfolded form.
For a number of these new nonnative peaks (25 nonover-
lapping cross-peaks) it was possible to extract relaxation pa-
rameters, with the average values presented in Table 3. The
large increases in both T1 and T2 times and the negative nOe

values further confirm an unfolded species lacking in tertiary
and secondary interactions. These findings differ from the un-
folding of yeast iso-1-cyt c in the presence of sodium dodecyl-
sulfate, where the dynamics data for the nonnative resonances
in the 1H,15N-HSQC spectrum indicate a compact structure with
residual helical content.[45]

Peroxidase activity of wt and lysine-modified ferricyt c-550
at pH 7.0

The unfolding transition at pH 7.0 monitored by peroxidase ac-
tivity increase for the wt protein and the variants is shown in
Figure 2 D, and the thermodynamic parameters obtained from
the fitting are given in Table 4. In nearly all cases, with the pos-

sible exception of the H118Q variant, the relative steepness of
the posttransitional baseline complicates the fitting procedure,
causes a shift in the transitional midpoint and affects the out-
come of the thermodynamic parameters. Such a sloping base-
line has been explained as being due to an increase in protein
volume, which lowers the effective concentration of protein-
based heme ligands that inhibit the activity.[26] However, when
peroxidase activity in urea (data not shown) is monitored no
such increase in posttransitional baseline is observed, a result
suggesting that the type of denaturant also has an effect
(ionic versus neutral). The second-order rate constant for the
reaction with H2O2 and the total activity increase for the wt
protein upon unfolding under nondenaturing conditions are
given in Table 2. The higher total activity increase compared to
that at pH 4.5 may, in part, be related to there being less of
the lowest energy intermediate present under native condi-
tions due to a more stable methionine–iron interaction at
pH 7.0.

Upon treatment of the wt protein with O-methylisourea,
lysine residues are converted into homoarginine, thereby ren-
dering them incapable of acting as ligands to the heme. On
comparing the activity ratio (lysine-modified:wt; Figure 2 E), it
is apparent that the lysine modification has an effect on perox-
idase activity at low [Gdm·HCl]. A 22 times higher activity of
lysine-modified protein versus the wt protein is observed be-
tween 0 and 1 m Gdm·HCl. This increase in the peroxidase-
active form can be correlated to the removal of a ligand(s),
which in a partially unfolded form inhibits the activity. Alterna-
tively, it may be interpreted that the modification results in a
less stable protein. However, in terms of local unfolding, the

Table 4. Thermodynamic parameters (pH 7.0, 298 K) for the equilibrium
unfolding of various forms of ferricyt c-550 in the presence of Gdm·HCl, as
monitored by the peroxidase activity increase.

Protein DGunf [kcal mol�1] m [kcal mol�1
m
�1] Cm [m]

wt 3.2�0.4 1.4�0.2 2.3�0.6
K99E 2.5�0.2 1.1�0.1 2.4�0.4
H118Q 4.5�0.5 2.5�0.3 1.8�0.3
wt-mod 2.6�0.3 1.1�0.2 2.4�0.7
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Cm value measured by peroxidase activity is, within error, the
same as that of the wt protein (Table 4).

1D 1H NMR spectroscopy of wt ferricyt c-550 at pH 7.0

At pH 7.0, signals arising from the heme substituents and the
axial methionine ligand decrease in intensity as [Gdm·HCl] is
increased (Figure 6). Furthermore, the native 8 and 3 heme

methyl proton peaks (d= 29.2 and 28.3 ppm) shift up- and
down-field, respectively, thereby resulting in the formation of a
single peak. Such an observation has previously been reported
for cyt c-550 as a function of increasing ionic strength at neu-
tral pH values.[46] At 1.5 m Gdm·HCl, a number of new broader
peaks are observed in the spectrum (Figure 6). The observation
of peaks arising from both native and nonnative forms of the
protein is again consistent with a slow-exchange regime on
the NMR timescale. The positions in the spectrum of the non-
native peaks at d= 12–25 and �8.6 ppm, give a strong indica-
tion that they are hyperfine-shifted protons of heme substitu-
ents arising from a new low-spin form(s) of the protein. Con-
ceivably, the peak at d=�8.6 ppm could also arise from pro-
tons of the native H19 ligand.[47] These observations confirm
that ligand exchange is occurring. Unlike the spectrum at
pH 4.5, no peaks at higher frequency corresponding to a high-
spin heme form were observed. At elevated [Gdm·HCl] , the
nonnative signals start to decrease in intensity, as evidenced
by the signal-to-noise ratio, but remain visible above 3.5 m

Gdm·HCl, when the protein is considered to be in an unfolded
state.

Identification of the nonnative ligands on the heme by T1

relaxation measurements at pH 7.0

Proton signals arising from heme methyl groups are extremely
sensitive to the type of axial ligands on the heme.[48] If the me-

thionine ligand is replaced with either an exogenous or pro-
tein-based ligand, a change occurs in the distribution of the
unpaired electron spin density on the heme, which becomes
manifest in a change in the T1 relaxation times for protons of
the heme methyl peaks.[49] T1 relaxation times for the native
heme methyl peaks in the absence and presence of Gdm·HCl
are given in Table 5 and are indicative of methionine–histidine

heme ligation. Although the nonnative peaks at d= 23.5, 22.5,
20.7, and 17.9 ppm are broader and more crowded than the
native heme methyl signals, the T1 times could be measured
(Figure S2 in the Supporting Information). The peaks at d=

23.5 and 20.7 ppm (A1 and A2 in Figure 6) have significantly
longer T1 times than the peaks at d= 22.5 and 17.9 ppm and
also the native peaks (Table 5). This suggests that they arise
from heme methyl groups in which a deprotonated side-chain
amino group of a lysine residue(s) or the a-amino group of the
N terminus is coordinating to the heme.[8, 50] The latter possibili-
ty can be ruled out, as in cyt c-550 the N-terminal glutamine
residue is pyroglutamated. Although the pKa value of a lysine
is approximately 10.8, evidence exists from studies on the alka-
line transition of cyts c that the events prior to release of the
methionine ligand and the subsequent formation of the strong
lysine–iron bond can significantly lower the apparent pKa value
of a lysine.[51, 52] Longer T1 times for heme methyl groups of a
cytochrome with lysine–histidine heme coordination were con-
firmed from measuring the relaxation times of the M100K var-
iant, where the axial M100 ligand is replaced with a coordi-
nating lysine residue (Table 5).[53] The peaks at d= 22.5 and
17.9 ppm (B1 and B2 in Figure 6) gave much shorter T1 times
than the native peaks and are in the range for histidine–histi-
dine coordination (Table 5).[8, 9] These results point towards the
presence of three species at 1.5 m Gdm·HCl: the native form
and two nonnative low-spin heme forms. A fourth high-spin
form is also inferred from the peroxidase activity assays, but
due to its low population is not observed by NMR spectros-
copy.

Additional support for the nonnative ligand type on the
heme comes from the 1H NMR spectrum of the lysine-modified
protein, in which peaks A1 and A2 assigned with lysine coordi-
nation have disappeared and peaks B1 and B2 assigned with
histidine coordination remain (Figure 7). Upon addition of KCN
(final concentration 3 mm) to the lysine-modified protein in
the presence of Gdm·HCl, peaks B1 and B2 decrease dramatical-
ly in intensity and heme methyl signals of a CN�-bound form

Figure 6. 1H NMR spectra (600 MHz, 298 K) of wt ferricyt c-550 (100 mm NaPi,
pH 7.0) in the presence of increasing amounts of Gdm·HCl. The signals labeled
A1, A2, B1, and B2 arise from nonnative heme ligation and n corresponds to a
native peak of the protein. The spectra are not of equal intensity.

Table 5. T1 times [ms] for heme methyl protons of various forms of ferri-
cyt c-550 with native and nonnative heme ligation at pH 7.0.

Protein Histidine/ Histidine/ A1+A2 B1+B2

methionine lysine

wt 95–100
M100K 150–180
wt(Gdm·HCl) 90–100 120–150 53–57
wt-mod(Gdm·HCl) 85–95 51–53
H118Q(Gdm·HCl) 100–105 142
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predominate (Figure 7).[54] It is noted that peaks B1 and B2 are
still present but are of much lower intensity and appear to be
sharper (Figure 7). The latter may indicate that the histidine–
histidine form giving rise to the broad signals assigned as B1

and B2 is in exchange with multiple unfolded species, whereas
this is no longer the case in the presence of CN� . Two peaks
(d= 25.0 and 21.0 ppm) of the CN�-bound form have very simi-
lar chemical shifts to the A1 (d= 23.5 ppm) and A2 (d=

20.7 ppm) signals, which were assigned with lysine–heme co-
ordination. As CN� and lysine coordination have a similar
effect on the electronic structure of the heme in terms of
heme methyl chemical shifts,[54] this provides further evidence
that A1 and A2 arise from lysine coordination.

In comparison with hh cyt c, the same nonnative protein li-
gands on the heme (lysine and histidine) are observed upon
release of the methionine ligand.[7, 8] Subtle differences are,
however, apparent. For hh cyt c, heme methyl signals assigned
to two lysine conformers (akin to the alkaline transition[29]) are
observed at low denaturant concentrations and are replaced at
higher denaturant concentrations with heme methyl signals as-
signed to two histidine–histidine species (H26 and H33).[8] For
cyt c-550, no gradual replacement of one set of nonnative sig-
nals by another occurs. Instead, new signals appear in a con-
certed manner and are still detectable, albeit less intense, at
Gdm·HCl concentrations greater than 3.5 m. Furthermore, no
evidence for two lysine conformers is observed. This is also the
case for the alkaline transition in cyt c-550, where a single co-
ordinating lysine species is observed by NMR spectroscopy.[55]

The effect of the K99E mutation on unfolding at pH 7.0

The second-order rate constant for the peroxidase activity and
the total activity increase for the K99E variant at pH 7.0 are
given in Table 2. The unfolding curve is shown in Figure 2 D
and thermodynamic parameters obtained from the fitting are
given in Table 4. From the activity ratio in Figure 2 E little in-
creased activity relative to the wt protein is observed at any
[Gdm·HCl] . Thus, unlike the situation at pH 4.5, no increased
activity is observed at low denaturant concentrations. Further-
more, it suggests that, at pH 7.0, K99 is not a ligand to the

heme as the protein unfolds. This is also concluded from the
1H NMR spectrum in the presence of Gdm·HCl, with the peaks
A1 and A2 that were assigned with lysine coordination in the
wt protein still present in the K99E spectrum (Figure S3 in the
Supporting Information).

The effect of the H118Q mutation on unfolding at pH 7.0

In the absence of denaturant at pH 7.0, the second-order rate
constant for the peroxidase activity and the total activity in-
crease for the H118Q mutation are comparable to that for the
wt protein (Table 2), but the unfolding curve generated from
the peroxidase activity assay (Figure 2 D) is more cooperative
(see also the thermodynamic parameters in Table 4). A signifi-
cantly increased activity relative to that of the wt protein is ob-
served between 1.25 and 2 m Gdm·HCl, a fact suggesting that
H118 acts as a heme ligand in a fraction of partially unfolded
wt protein and that its absence results in enhanced peroxidase
activity. The activity ratio at high [Gdm·HCl] is 1, a result sug-
gesting that H118 misligation is not important in the unfolded
state in terms of suppressing the peroxidase activity. However,
from the wt protein NMR spectrum at high [Gdm·HCl]
(Figure 6), it can be noted that signals arising from a low-spin
heme species are present, a result suggesting that a six-coordi-
nate heme form is still populating a significant fraction of the
denatured state.

The 1H spectrum of the H118Q variant at pH 7.0 in the pres-
ence of Gdm·HCl (Figure 8) has peaks at d= 23.5 and 20.7 ppm
with chemical shifts and T1 times very similar to the nonnative
heme methyl peaks A1 and A2 assigned with lysine–heme co-
ordination in the wt protein spectrum (Table 5). The peaks B1

and B2 that were assigned to histidine–heme ligation are no
longer present, a fact providing evidence that H118 is a non-

Figure 7. 1H NMR spectra (600 MHz, pH 7.0, 298 K) of lysine-modified ferricyt c-
550 A) in the absence of Gdm·HCl, B) in 1.5 m Gdm·HCl, and C) after the addi-
tion of 3 mm KCN to (B). Peaks labeled B1 and B2 have similar chemical shifts
and T1 relaxation times to the analogous signals observed for the wt protein.

Figure 8. 1H NMR spectra (600 MHz, pH 7.0, 298 K) of the H118Q variant of fer-
ricyt c-550 in the presence of increasing amounts of Gdm·HCl. Peaks labeled A1

and A2 have similar chemical shifts and T1 relaxation times to the analogous
signals of the wt protein, as discussed in the text, while n arises from the
native form.
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native ligand to the heme in the presence of Gdm·HCl. The
peak at d= 18.8 ppm labeled a in Figure 8 appears earlier in
this variant than it does for the wt (Figure 6) and K99E pro-
teins. This peak arises from an unfolded form of the protein
and the fact that it appears earlier in the spectrum for the
H118Q variant is in line with the unfolding measured from the
peroxidase activity (Figure 2 D). Also noteworthy is the in-
creased intensity and line broadening of the nonnative peaks
relative to the native signals; this suggests an increased popu-
lation and possible exchange with other unfolded species. At
higher denaturant concentrations, the native peaks disappear
and a gradual decrease in the intensity of the nonnative form
is observed. The signal-to-noise ratio at high [Gdm·HCl] makes
it difficult to ascertain whether these nonnative signals are
from the same species as those at low [Gdm·HCl] , but the re-
sults still suggest the presence of a low-spin heme species as
expected from the high- to low-spin pKa values.[27]

All of the bacterial cyts c for which the folding/unfolding has
been investigated have lacked a potential nonnative His
ligand[21–23] and thereby result in a high-spin heme form in an
unfolded state at neutral pH values. Despite this, evidence
exists that the cooperative unfolding units correlate well with
the mitochondrial proteins.[56] Results from the present study
support histidine–heme misligation, but more so at low dena-
turant concentrations. At higher denaturant concentrations a
low-spin species is still present, but it is not clear what this
form arises from. Nevertheless, the position of H118 in the se-
quence of cyt c-550 is distinctly different to the relative posi-
tions of the nonnative ligating histidine residues in mitochon-
drial cyts c, which when ligated to the heme in a denatured
state do not interfere with the proposed early folding or late
unfolding intermediate with interacting N- and C-terminal heli-
ces.[13] For cyt c-550 it is difficult to see how ligation of H118 to
the heme would allow the formation of such an intermediate.
It may be that this intermediate form does not exist for cyt c-
550. This is also inferred from kinetic studies on the folding of
Rhodobacter capsulatus cyt c2, a bacterial cytochrome with
high structural homology to Paracoccus versutus cyt c-550 but
lacking a potential nonnative histidine ligand.[23]

Conclusion

In summary, this work shows that peroxidase activity assays
and 1D NMR spectroscopy are two complimentary techniques
which provide valuable information on the state of the heme
as ferricyt c-550 unfolds. Both techniques are most informative
under low denaturant concentrations. This is clearly illustrated
at pH 7.0 where partially unfolded misligated heme species
with lysine and histidine coordination have been identified
through 1D NMR spectroscopy, and at low denaturant concen-
trations, with the aid of protein modifications, such forms are
shown to inhibit the peroxidase activity. At higher denaturant
concentrations, when the protein is considered to be unfolded,
the NMR data are still consistent with the presence of a six-co-
ordinate low-spin heme species. For the mitochondrial proteins
it is generally accepted that bis-histidine coordination prevails
at neutral pH values in an unfolded state. However, removal of

H118 in cyt c-550 still results in a low-spin heme species
(Figure 8). Therefore, regardless of which inhibiting ligand is re-
moved, the effect on peroxidase activity at high denaturant
concentrations appears to be unaffected.

In hh cyt c, a sequence of ligand-exchange events occurs on
going from low to high denaturant concentrations.[7,8] For
cyt c-550 this is not the case. The species assigned with lysine–
histidine and bis-histidine coordination occur at the same
denaturant concentration (1.5 m and above; Figure 6). Involve-
ment of H118 even at low denaturant concentrations suggests
that this species must be considerably unfolded. It may be
that for cyt c-550 these misligated forms are just two subsets
of numerous unfolded species on different pathways, which
with increasing denaturant concentrations do not interchange
ligands as they become more unfolded.

The mobility study at pH 4.5 adds to the growing body of
evidence that bacterial cyts, irrespective of size, have a higher
global rigidity than their mitochondrial counterparts. In partic-
ular, a stiffening of the axial methionine ligand loop may be
one of the reasons why the DGunf value inferred from perox-
idase activity measurements is higher for bacterial species than
for the mitochondrial proteins. The effect on the peroxidase
activity of the K99E mutation at pH 4.5 goes some way to illus-
trating this point.

Finally, the use of cyts c as green catalysts in oxidative
chemistry is an attractive alternative to true peroxidases, the
latter often being unstable under extreme conditions. For
cyts c, harsh conditions are a prerequisite for enhanced activity,
and the fact that their peroxidase activity can be regulated by
manipulating their conformational state is an advantage. How-
ever, as shown in this study, to maximize activity in a non-
native conformational state (partially unfolded form) then elim-
ination of inhibiting protein-based ligands, which suppress ac-
tivity under nonacidic conditions, must also be considered.

Experimental Section

Construction of Paracoccus versutus cyt c-550 variants : The K99E
variant of Paracoccus versutus cyt c-550 was constructed as previ-
ously described.[57] The modification encoding the H118Q mutation
was introduced in a single step by site-directed mutagenesis fol-
lowing a procedure based on Stratagene’s QuickChange Mutagen-
esis kit and by using plasmid pMU19 containing the gene for the
wt cyt c-550 as the template.[19]

Expression and purification of Paracoccus versutus cyt c-550 and
variants : Wild-type cyt c-550 was heterologously expressed in
Pseudomonas denitrificans strain 2131 containing the pEG400.Tv1
plasmid. The K99E and H118Q variants were expressed in Escheri-
chia coli by using a dual-plasmid strategy. A pUC19 (Ampr) vector
containing the mutated cyt c-550 gene preceded by its periplasmic
translocation sequence was used for protein expression. The
second plasmid, pEC86 (Cmr), contains eight cyt c maturation
genes to assist with covalent heme attachment.[58] E. coli
strain MV1190 containing both plasmids was cultured in Luria–Ber-
tani (LB) medium for 8 h until the optical density at 600 nm (OD600)
was approximately 0.8. At this point, the cells were induced with
0.5 mm isopropyl-b-d-thiogalactopyranoside (IPTG) and grown
semianerobically for a further 16 h, at which time the cells were
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harvested. For growth of 15N-labeled cyt c-550, the wt protein was
expressed in E. coli with the same strategy as outlined above
except that the growth medium consisted of a 70:30 mix of M9
minimal medium containing 15NH4Cl (0.5 g L�1) and 15N-labeled
OD2 medium (Silantes). The M9 medium contained trace elements
and vitamins as described by Cai et al.[59] Purifications of all pro-
teins including the H118Q variant were performed as previously
described.[31]

Preparation of lysine-modified cyt c-550 and mass spectroscopy
analysis : Preparation of chemically modified cyt c-550, in which all
lysine residues were converted into homoarginines, was carried
out with O-methylisourea hydrogen sulfate (Aldrich) according to a
literature method.[60] The expected increase in molecular weight for
15 lysine residues converted into homoarginine is 631 Da. From
electrospray-ionization mass spectrometry, an m/z of 15 367 Da
was observed (observed m/z of unmodified protein: 14 737 Da),
thereby confirming complete conversion to homoarginine residues.
Furthermore, the m/z of the wt protein was consistent with a pre-
vious report in which the N-terminal glutamine residue is pyroglu-
tamated.[19]

Unfolding monitored by UV/Vis spectroscopy and peroxidase
activity : Gdm·HCl was dissolved to a concentration of 8 m in de-
ionized water (Milli-Q) and filtered before use. Solutions ranging
from 0–6 m Gdm·HCl were buffered with 100 mm sodium phos-
phate and the pH value of each solution was measured separately.
Protein samples were oxidized by addition of an excess of K3-
[Fe(CN)6] followed by exchange into water by ultrafiltration meth-
ods. Protein concentrations were determined spectrophotometri-
cally from the absorbance at 409 nm (e= 132 mm

�1 cm�1),[55] with
ferricyt c-550/Gdm·HCl mixtures equilibrated overnight at room
temperature prior to unfolding experiments.

UV/Vis spectroscopy was carried out on a Shimadzu UVPC-2101PC
spectrophotometer fitted with a thermostat. Protein concentra-
tions of approximately 5 mm were used. Peroxidase activity was as-
sayed by using H2O2 and guaiacol (O-methoxyphenol, Sigma). The
reaction was initiated by mixing a volume of ferricyt c-550/
Gdm·HCl with an equal volume of freshly prepared H2O2/guaiacol/
Gdm·HCl. Production of the fourfold-oxidized product of the per-
oxidase reaction of cyt c-550, 3,3’-dimethoxy-4,4’-biphenoqui-
none[61] (e470 = 26.6 mm

�1 cm�1)[62] was followed on the above-
mentioned spectrophotometer. The resulting activity profiles were
analyzed as previously described, with the reaction rate depending
linearly on [H2O2].[26, 31] For coherent graphical representation, the
activities are expressed as the biomolecular rate constant of
the H2O2/cyt c-550 reaction. All assays were performed at 298 K
with [guaiacol] = 10 mm, [cyt c-550] = 0.9–1.6 mm, and [H2O2] = 0.1–
100 mm.

Unfolding curves were assessed by the two-state model of equili-
brium unfolding with the assumption of linear baselines for native
and unfolded proteins, according to the method of Santoro and
Bolen,[63] as desribed by Equation (1), where a and c correspond to
the baselines values of native and fully unfolded protein at zero
denaturant concentration, respectively, and b and d to their respec-
tive dependence on [Gdm·HCl]. DGunf is the Gibbs free energy of
unfolding in the absence of denaturant and m represents the
dependence of the unfolding free energy on [Gdm·HCl].

observable ¼ aþb½Gdm � HCl�þðcþd½Gdm � HCl�Þexpð�DGunfþm½Gdm�HCl�
RT Þ

1þexpð�DGunfþm½Gdm�HCl�
RT Þ

ð1Þ

For the fitting of the peroxidase activity data, the following modifi-
cation was applied. Since the native state is assumed to be fully in-
active due to the six-coordinate heme iron being unable to react
with H2O2, its activity cannot change linearly with increasing
[Gdm·HCl] . Therefore, a and b (pre- and posttransitional baseline
values) in Equation (1) were set to zero. The fits (nonlinear least-
squares fitting) were generated by using the algorithm of Leven-
berg and Marquardt and performed in the program Origin, ver-
sion 6.0 (Microcal Software, Northampton, MA).

NMR spectroscopy : Samples to be analyzed by NMR spectroscopy
contained the desired concentrations of ferricyt c-550 (0.5–1.5 mm),
Gdm·HCl (0–4.5 m), 100 mm sodium phosphate or sodium acetate,
and 6 % D2O for lock. The pH value of each sample was adjusted
to the desired pH value by addition of stock solutions of HCl or
NaOH. All experiments were performed on a Bruker DMX600
spectrometer operating at 1H and 15N frequencies of 600.1 and
60.8 MHz, respectively, and at a temperature of 298 K. 1D 1H spec-
tra were acquired with presaturation of the residual water signal
with a spectral window of 70 ppm. For detection of high-spin
heme signals, a 1D WEFT pulse sequence with a delay time of
50 ms and a spectral window of 200 ppm was used. Proton T1

values were measured by using an inversion recovery pulse se-
quence with variable delay (VD) times ranging between 0.05–0.9 s.
All 1D spectra were processed in XWINNMR, with exponential mul-
tiplication (50–200 Hz) being applied to each free induction decay
before Fourier transformation. Proton T1 relaxation times were
obtained by fitting the peak intensity as a function of the VD time
to a three-parameter single-exponential decay.

Chemical shift perturbations of 15N and 1H nuclei in the presence
of Gdm·HCl were analyzed in the assignment program ANSIG.[64]

The average amide chemical shift perturbation (Ddavg) upon addi-
tion of Gdm·HCl was calculated from Equation (2), in which DdN

represents the change in the chemical shift of the amide nitrogen
signal and DdH is the change in chemical shift of the amide proton
signal.[65]

Ddavg ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðDdN=5Þ2þDdH

2

2

r
ð2Þ

For 15N longitudinal (T1) and transverse (T2) relaxation measure-
ments, 3D versions of 1H,15N HSQC experiments were implemented
by using the pulse sequences described by Kay et al. ,[66] in an inter-
leaved fashion with a 1H(t2)–VD–15N(t1) acquisition order. For both
15N T1 and T2 experiments, 256 complex t1 increments and 2 K t2

points with 16 scans per t1 point were employed with spectral
widths of 2.1 kHz (15N F1) and 8.9 kHz (1H F3). In the T1 and T2 ex-
periments, 10 different VD times ranging from 0.01–1.6 s and 0–
0.288 s, respectively, were employed to determine the relaxation
times. The relaxation delay between scans was 2.5 s. In both ex-
periments, duplicate points were taken to estimate the experimen-
tal error. For the {1H}15N nOe measurements, spectra were collected
with and without proton saturation with 320 complex t1 incre-
ments and 2 K t2 points with 40 scans per t1 point. An initial delay
of 3.5 s was used in the nOe measurements, followed by either a
saturation period or a delay of 2.5 s. All spectra were Fourier-trans-
formed in the AZARA program (available from ftp://ftp.bio.cam.
ac.uk/pub/azara) and analyzed in the ANSIG program.[64]

Relaxation times were obtained by fitting the peak intensities of
the amide resonances as a function of the relaxation delays in the
VD lists to a three-parameter single-exponential equation. The
standard errors in the fitting parameters were determined from the
scatter of the data points around the exponential curve and from
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the duplicate relaxation delays in the VD lists. The {1H}15N nOe
values were calculated as the ratio of the peak intensity in the
spectra with and without saturation.
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