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ABSTRACT: The role the axial methionine plays in the conformational properties
and thermostability of the heme active site has been investigated with the help of
site-specific mutations at the axial Met69 position with His (M69H) and Ala
(M69A) in thermostable cytochrome cgs, from Thermus thermophilus. Detailed
circular dichroism, direct electrochemistry, and other spectroscopic studies have
been employed to investigate the thermally induced and GdnHCl-induced
unfolding properties of the heme active site of the wild type and the mutants of
cytochrome cs5,. We observed an unusually high thermodynamic and thermal
stability of the M69A mutant compared to that of wild-type cytochrome cqq,.
However, the M69H mutant exhibited a slightly lower unfolding free energy
compared to that of the wild-type protein. The high conformational stability of the
M69A mutant was attributed to the presence of residual structure in the unfolded
state as well as to the altered conformation in the folded state of this mutant of
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cytochrome cgs,. This study thus supports the view that apart from the folded state, the unfolded state of a protein may also make

a significant contribution to the stability of a protein.

he heme proteins play a variety of roles in biological

systems, including electron transport, oxygen storage and
delivery, catalysis, etc."”” This diverse nature of their mode of
action has been attributed either to the differences in their axial
ligands or to the differences in the amino acid residues around
the heme active site.’ In addition, the axial ligands and the
surrounding residues in the heme proteins have also been
shown to play crucial roles in conformational stability.*”'*
Earlier studies showed that the removal of the axial ligands from
horse cytochrome ¢, myoglobin, and cytochrome by, alters the
folding and decreases the conformational stabilities of the
proteins.*”” A detailed assessment of the specific effects of the
amino acid axially coordinated to the iron of the heme on the
conformational stability is, however, often limited because of
the low thermal stability of the protein. The study of the
conformational stability of a hemeprotein from a thermophilic
source would hence immensely help in the understanding of
the role of the axial ligands in the thermodynamic properties of
the active site of the protein. Several thermophilic proteins have
recently been investigated from both experimental and
theoretical perspectives to gain insight into the molecular
basis of protein thermostability."*™" Structural comparison
between the thermophilic proteins and their mesophilic
homologues has contributed significantly to the understanding
of the relationship between protein structure and thermo-
stability. The presence of large networks of ion pairs,'”"’
hydrogen bonds or an increased packing density,”® a hydro-
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phobic core,”' etc., has been found to be responsible for the
thermostability of the thermophilic proteins. The metal-
loproteins can indeed show further stabilizing interactions
through metal—ligand (from protein) coordination.

The release of the prosthetic group during unfolding or other
types of conformational changes can complicate the studies of
stability of the heme proteins.*® A six-coordinate c-type heme
protein such as cytochrome ¢ and analogues that consist of the
heme moiety covalently attached to the protein matrix through
thioether linkages with two cysteine residues offer a preferred
system for studying the role of axial coordination in the
conformational stability of the heme protein. Although
cytochrome c has previously been engineered (axial methionine
to alanine) to create an artificial globin and peroxidase, the
effects of such mutations on the conformational stability have
not been reported.>****

Cytochrome cgq, (cyt cgqp) is a thermostable c-type heme
protein from Thermus thermophilus (HB8) involved in the
terminal step of the bacterial respiratory electron transfer
process.”* The active site of cyt ¢, [Protein Data Bank (PDB)
entry 1C52] consists of a low-spin iron(III) in a ruffled shaped
heme group axially coordinated to His1S and Met69 (Figure 1).
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Figure 1. Crystal structure (PDB entry 1CS2) of thermostable
cytochrome cs5, from T. thermophilus illustrating the heme group, axial
ligands (His1S and Met69), the Trp91 residue, and the N-terminal and
C-terminal helices.

The crystal structure of cyt css, shows the presence of a
covalently bound heme with thioether linkages to two cysteine
residues in a conserved Cys''-Xaa'*-Yaa'*~Cys'*-His'® motif. >
The second axial ligand, Met69, is present at the end of an
unusual extended f-sheet (Leu**—Met®) covering one edge of
the heme (Figure 1). Residues such as V49, LS50, L54, QSS,
V68, M69, and F72 form a compact hydrophobic environment
around the distal heme pocket, which has been proposed™ to
be important for the high thermostability of this protein
(Figure S1 of the Supporting Information).

We have investigated the effect of axial coordination on the
thermodynamic and thermal stability as well as the on the redox
properties of cyt css,. Site-specific mutation of the axial Met69
to a His or an Ala was conducted to create M69H and M69A
mutants of cyt cg5,. Direct electrochemical studies, circular
dichroism studies, and other spectroscopic studies have been
conducted to determine the thermally and chemically induced
unfolding properties of the M69H and the M69A mutants in
comparison with those of the wild-type (WT) protein. The
results are discussed in light of our understanding of the
molecular basis of the role of axial ligation in the stability and
function of the hemeprotein.

B MATERIALS AND METHODS

Materials. Carboxy methyl (CM) Sepharose and Sephadex
G-25 columns were purchased from GE Healthcare Bio-
Sciences AB (Uppsala, Sweden). Guanidine hydrochloride
(GdnHCl), ampicillin sodium salt, isopropyl f-p-thiogalacto-
pyranoside (IPTG), lysozyme, phenylmethanesulfonyl fluoride
(PMSF), and DNase I were purchased from Sigma Chemical
Co. All buffer components, solvents, and other reagents were of
analytical grade. Deionized water (Millipore) was used in the
preparation of all the buffers.

Mutation, Expression, and Purification of Recombi-
nant cyt css,. Site-directed mutagenesis was conducted using
the QuikChange mutagenesis kit (Stratagene Co.). The forward
and reverse oligonucleotide primers used for the M69H
mutation were 5-GAAGTACAACGGCGTCCACTCCTCC-
TTCG-3' and 3'-CTTCATGTTGCCGCAGGTGAGGAGG-
AAGC-5/, respectively. The forward and reverse oligonucleo-
tide primers used for the M69A mutation were 5'-GAAGTA-
CAACGGCGTCGCGTCCTCCTTCG-3" and 3'-
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CTTCATGTTGCCGCAGCGCAGGAGGAAGC-S’, respec-
tively. The underlined nucleotide sequences are those
corresponding to the amino acid residues of mutagenesis.
WT cyt cs5, and mutant proteins were expressed using
Escherichia coli (strain JM109-DE3) cells transformed with
the pET-22b(+)-cSS2 plasmid and cyt ¢ maturation gene
(pACYC-CCMO) and purified according to a reported
method.>® The cell pellets were lysed (by ultrasonication)
and centrifuged to remove cell debris and membranes. The
supernatant was incubated at 70 °C for 30 min and centrifuged
to remove any denatured mesophilic proteins. The supernatant
was loaded onto a pre-equilibrated CM Sepharose column with
50 mM sodium succinate buffer (pH 5.0), and the proteins
were eluted by applying a linear gradient from 0 to 1 M NaCl.
The protein fractions having R, (Agoree/Ass0) values of >3, 4,
and 6.5 for WT, M69H, and M69A proteins, respectively, were
collected and finally desalted with a Sephadex G-25 column
equilibrated with 50 mM sodium phosphate buffer (pH 7.0).
The concentrations of the WT and mutant cyt cs, proteins
were determined by the pyridine—hemochrome method.*®

Spectroscopy. The WT and mutant cyt csg, proteins in 50
mM sodium phosphate buffer (pH 7.0) were used for recording
UV—visible absorption spectra on a Shimadzu (UV-2100)
spectrophotometer coupled with a thermostated cell holder
(TCC-260 temperature controller). The concentration of the
protein was 4 M for recording UV—visible absorption spectra.
CD spectra were recorded on a JASCO J-810 spectropolarim-
eter equipped with a Peltier cell temperature controller (+0.2
°C). The far-UV CD spectra (195—250 nm) were recorded
using a quartz cuvette with a 1 mm path length. The near-UV
and visible CD (heme CD) spectra (250—450 nm) were
recorded using a cuvette with a 1 cm path length. The
concentration of the protein samples was 16 uM for recording
both far-UV and visible CD spectra for WT and mutant cyt csg,
proteins. The far-UV CD spectra were fit to Reed’s algorithm
(received with CD instruments) to estimate the secondary
structure for all the species.

Thermal and Chemical Unfolding Study. The temper-
ature dependence of the far-UV CD (at 222 nm) and the heme
CD (at 404, 402, and 398 nm for WT, M69H, and M69A
proteins, respectively) were monitored to determine the
thermal unfolding of the secondary and tertiary structure
around heme of WT and mutant cyt cg5, in SO mM sodium
phosphate buffer (pH 7.0) at different GdnHClI concentrations.
Cuvettes with 1 and 10 mm path lengths were used for far-UV
and heme CD, respectively. The temperature was increased
from S to 90 °C at a heating rate of 1 °C/min. Protein samples
(16 uM) were used both for the far-UV and the heme CD
studies. The protein solutions were equilibrated with various
GdnHCI concentrations (0—7 M) at 4 °C for 36 h for the
unfolding studies. The GdnHCI concentration in the stock
solution was determined using a refractometer according to the
reported methods.”’

The unfolding studies with the WT and mutant cyt css,
proteins with GdnHCI as the denaturant were also performed
by monitoring the Soret absorbance peaks as a function of
GdnHCI concentration at 25 °C. The protein samples [4 uM,
in SO mM sodium phosphate buffer (pH 7.0)] were incubated
under the same condition described above prior to the scanning
of UV—visible absorption spectra.

Analysis of the Unfolding Data. The results were
analyzed by a two-state equilibrium between the folded state
(N) and the unfolded state (U):
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Figure 2. (A and B) UV—visible absorption spectra of the native forms of ferric (A) and ferrous (B) WT (—), M69H (---), and M69A () cyt css,

in 50 mM sodium phosphate (pH 7.0) at 25 °C.

N=U
The free energy change of unfolding (AGy) is defined as

fo ]
1=y 1)

where R is the gas constant, Ky, is the equilibrium constant for
unfolding, and fy, is the fraction of the total protein in the
unfolded conformation. fy; is obtained by

AGy = —RT InK; = —RT ln[

yo - (J’N + me)
Yy + myx — Q}N + myx)

fo = @)

where y, is the observed CD values (millidegrees) of the WT
and mutant cyt cs5, at a given temperature (or at a given
GdnHClI concentration), yy and yy represent the intercepts, x is
GdnHCI concentration, and my and my are the slopes of the
native and unfolded baselines, respectively.

The unfolding curves of the proteins induced by denaturants
at different temperatures were analyzed from the linear
dependence of AGy on denaturant concentration as

AGy = AG™ — m[GdnHCI] 3)

where AG* and [GdnHCI] are the free energy extrapolated to
zero concentration (LEM) of GdnHCI and the concentration
of GdnHC], respectively. Linear fits to the transition region of
the experimental unfolding data (AGy) give m values and the
free energies of unfolding in aqueous solution, AGM, at
different temperatures.”**’

The data were also analyzed by a nonlinear fit to eq 3a by
combining eqs 1—3:

D= [yN + myx — ()’U + myx) X e(AGAq_mx)/RT:I/I:I

_ e(AGAq—mx) /RT]

(3a)

The stability curves for WT and mutant cyt cgs, were obtained
for secondary and tertiary structure around heme by nonlinear
square analysis of the data given above (AG*9 as a function of
temperature) by fitting to the Gibbs—Helmholtz equation.

AGY = AH,(1 - T/T,) + AC[T - T, - T
In(T/T,)] (4)

Different thermodynamic parameters such as AH, T,,, and

AC, for unfolding of the secondary and tertiary structures

around the heme were obtained from the analyses of the
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respective stability curves of WT and mutant cyt cgs, proteins.
The results are reported with the standard errors obtained from
the fit of the data. The total error of determination of the
parameters would, however, include the uncertainties in
measurements and propagate errors, which are estimated to
be within 15% of the reported values.

Electrochemistry. Direct measurement of the reduction
potential of cyt cs5, and its mutants was conducted using
Autolab potentiostat 30 (Eco-Chemie) operated using GPES.
The lab-made electrochemical cell consisted of a three-
electrode system: a glassy carbon (GC) working electrode
(which was in direct contact with 50 uL of a protein-containing
solution), a platinum counter electrode, and a Ag/AgCl (3 M
KCl) reference electrode. The GC and Ag/AgCl (3 M KCl)
electrodes were from CH Instruments. Potassium phosphate
buffer (50 mM, pH 7.0) along with 0.1 M KCI was used as the
supporting electrolyte. Cyclic voltammetric measurements were
taken at scan rates of typically S mV/s, and square wave
voltammetric measurements were taken a frequency of 8 Hz at
25 °C. A nitrogen atmosphere was maintained over the
solutions during the experiments. All reduction potentials were
with reference to the NHE.

Samples were prepared by equilibrating the protein solution
(0.5 mM, stock concentration) with different concentrations of
guanidinium hydrochloride for 36 h at room temperature
followed by concentration by using Millipore ultra centricon
tubes. Prior to every experiment, suitable pretreatment of the
working electrode was conducted. Pretreatment of the GC
electrode involved polishing firmly on micro-cloth using fine
0.05 M alumina powders. It was then sonicated for 2—3 min
in Milli-Q_water, rinsed thoroughly with Milli-Q water, dried
under nitrogen for S min, and then used immediately.

B RESULTS AND DISCUSSION

UV-Visible Absorption Study. The UV—visible absorp-
tion spectra of WT, M69H, and M69A cyt cg, in their ferric
and ferrous states are shown in panels A and B of Figure 2,
respectively. The peak positions corresponding to Soret (y) and
visible regions (& and f8) of the WT and mutant proteins are
listed in Table ST1 of the Supporting Information. The
absorption spectral features of WT cyt css, agree with those
from an earlier report that are characteristic of class I c-type
cytochromes and correspond to the low-spin His-heme-Met
axial coordination.®® The ferric form of the M69H mutant
showed an ~3 nm blue-shifted Soret band compared to that of
WT cyt css,. The ferric and ferrous forms of M69A mutant cyt
¢ssp show drastically different spectral features compared to

dx.doi.org/10.1021/bi300982v | Biochemistry 2013, 52, 1373—1384
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Figure 3. (A and B) Far-UV CD spectra (A) and near-UV and heme CD spectra (B) of ferric WT (—), M69H (---), and M69A (---) cyt css, in SO
mM sodium phosphate buffer (pH 7.0) at 25 °C. The concentrations of all variants of cyt css, were 16 #M. The path length of the cuvette for far-UV

CD studies was 1 mm, and that for near-UV and heme CD was 10 m

m.

those of the WT and M69H mutant proteins. The ferric form
of the M69A mutant showed a blue-shifted Soret band at 398
nm, a broad peak at 493 nm, and a shoulder at 538 nm in
addition to a new small absorption band at 625 nm. This new
band at 625 nm of the M69A mutant is similar to that found in
the HRP, met-myoglobin, several mutants of these heme
proteins, and the substrate-bound cytochrome P450. This band
has been assigned as a characteristic charge transfer (porphyrin-
to-iron pz—drz charge transfer) band in the high-spin ferric
heme system (see Table ST1 of the Supporting Informa-
tion).>*™>* These results indicate that while the ferric forms of
MG69H and WT cyt cgs, are low-spin six-coordinate species, the
replacement of the axial methionine ligand with alanine leads to
formation of a high-spin ferric species. These observations
about the low-spin (WT) and high-spin (M69A) nature of the
ferric heme iron were also well supported by '"H NMR spectra
(Figure S2 of the Supporting Information) of WT and M69A
mutant cyt css,. The heme methyl 'H chemical shift of WT cyt
¢ss; was found to show low-spin spectral characteristics at ~34
and ~32 ppm in the downfield region, which are similar to
those of WT cyt ¢ from horse heart,” but the heme methyl 'H
signals of the M69A mutant are found to be shifted even more
toward the downfield region around 60—70 ppm. The highly
downfield chemical shifts were characteristic of the high-spin
Fe(Ill) nature of the M69A mutant.**>® The NMR spectra
further show that the meso-protons are not upfield-shifted in
the M69A mutant, indicating that the heme is possibly six-
coordinate in the M69A mutant of cyt cgs,.> °

Circular Dichroism and Fluorescence Studies. The CD
spectrum in the far-UV region provides information about the
nature and composition of different secondary structural
elements such as a-helices, f-sheets, turns, and random
coils® in a protein. The far-UV CD spectra for WT, M69H,
and M69A cyt cgs, are shown in Figure 3A. The presence of two
negative bands at 208 and 222 nm in the far-UV CD spectra of
WT, M69H, and M69A cyt css, supports the proposal that the
a-helices are the major secondary structural elements present in
both WT and mutant cyt cs,. Close inspection of the results in
Figure 3A shows that though the mutation of the axial
methionine to histidine in the M69H mutant has no effect on
the far-UV CD spectrum of cyt css,, the band near 208 nm for
the M69A mutant was slightly blue-shifted from the
corresponding band of WT c¢ss,. The far-UV CD spectra were
analyzed using Reed’s algorithm,*® which suggests a small
increase in the level of random coil in the M69A mutant
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compared to that in WT cyt cys, at the expense of a-helices and
turns (see Table ST2 of the Supporting Information).

The near-UV and visible CD (heme CD) spectra for WT,
MO69H, and M69A cyt css, are shown in Figure 3B. The two CD
bands at 284 and 293 nm in the near-UV region are the
signatures of the asymmetric environment around the
tryptophan residues in cyt cs5,. > Figure 3B clearly shows
that the tryptophan tertiary environment has been affected
because of the axial ligand mutation in thermophilic cyt css,.

The steady state intrinsic (Trp91) fluorescence spectra of the
WT protein showed very a low quantum yield, while mutation
of the axial methionine to histidine or alanine showed
significant enhancement of the fluorescence emission (Figure
S3 of the Supporting Information). The emission of the single
tryptophan (Trp91) of the protein is quenched by the transfer
of resonance energy to the heme that is located ~8.5 A from
the fluorophore in the WT protein. The enhancement of
fluorescence in the M69H and M69A mutants suggests that the
segment that follows the Met69 residue in the protein possibly
moves away from the heme in the mutants, supporting the
change in the tertiary structure of the protein upon mutation of
the axial ligand.

The circular dichroism of the heme absorption arises because
of the anisotropic interaction of the heme chromophore with
the nearby aromatic residues in the protein. The heme CD thus
contains information about the relative spatial arrangements of
the heme and the aromatic side chains in the tertiary structure
of the protein.*' The heme CD spectrum of WT cyt cs,
exhibits a strong positive band at ~404 nm and a negative band
at 417 nm (Figure 3B), which agrees well with the previous
report.”* The heme CD spectrum (Figure 3B) of M69H cyt css,
shows symmetrical positive (at 402 nm) and negative (at 414
nm) bands. The M69A mutant, on the other hand, shows an
intense positive band (at 398 nm) in the Soret region and a
broad negative band in the delta region (Figure 3B). The
changes in the axial ligation and/or conformational properties
of the heme cavity may affect the position and nature of the
heme CD bands of the protein.*"* The small blue shift in the
position(s) of the heme CD bands (Figure 3B) in the mutants
may be related to the blue shift in the Soret absorption bands
(Figure 2A) caused by changes in the coordination geometry of
the metal ion in the mutants. The absence of a negative CD
band (at ~417 nm) in the heme tertiary region of the M69A
mutant may be ascribed to the changes around the heme center

dx.doi.org/10.1021/bi300982v | Biochemistry 2013, 52, 1373—1384
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Figure 4. (A—C) GdnHCl-induced unfolding profiles for the secondary structure (A), heme tertiary structure (B), and UV—visible absorption (C)
of ferric WT (M), M69H mutant (O), and M69A (A) mutant cyt css, at 25 °C in SO mM sodium phosphate (pH 7.0). Solid lines through the data
in panel A correspond to fits to eq 3a. The dashed lines in panels B and C are sigmoidal fits to the data. The unfolding of the secondary structure was
monitored by the CD band at 222 nm. However, the unfolding of the heme tertiary structures was monitored at their respective Soret CD and Soret

UV—visible absorption bands.

caused by the absence of the axial methionine residue in the
mutant protein.

Thermally Induced and GdnHCl-Induced Unfolding.
To determine whether axial coordination in the protein plays
any role in the stability of the active site, we conducted detailed
thermodynamic stability studies of the wild type and mutants of
Cyt css,. It is important to note that addition of GAnHCI to the
protein solution leads to equilibrium unfolding of the secondary
as well as tertiary structure of the protein. Unfolding of cyt css,
was reversible as observed from the reversal of the CD signal as
well as from the color of the protein solution. It is noteworthy
that the M69A mutant reversibly changes color from light
blackish green to red during folding and unfolding. However,
an increase in temperature alone was insufficient to completely
unfold WT and mutant proteins because of the thermostability
of cyt cs5. The temperature-dependent circular dichroism
studies show that WT and the mutants of cyt cs5, do not unfold
completely even at 90 °C in the absence of GAnHCI. Thus, the
unfolding of WT and mutant cyt cs, with GdnHCI was studied
at different temperatures to assess the effect of the mutation of
the axial ligand on the conformational stabilities by monitoring
the CD signals both in the far-UV region (Figure 4A) and in
the heme tertiary region (Figure 4B) as well as by monitoring
the absorbance of the Soret band of the WT and mutant
protein (Figure 4C) at 25 °C.

The GdnHCl-induced unfolding profiles of oxidized WT and
mutant cyt css, could be analyzed by a two-state model. Earlier
reports also suggested that the unfolding of cyt cs5, from T.
thermophilus proceeds by a two-step process (see below).***
Analyses of the unfolding data were performed by using egs
1—4 of Materials and Methods. The unfolding transition
profiles clearly suggest that the M69A mutant unfolds at a
higher GdnHCI concentration than WT and M69H mutant cyt
css; (Figure 4). The C, value (midpoint of the unfolding
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transition, [GdnHCl], ,,) obtained from the analysis of far-UV
CD for the M69A mutant (4.7 & 0.1 M at 25 °C) was found to
be higher than those of both WT (4.1 & 0.1 M at 25 °C) and
M69H (4.0 + 0.1 M at 25 °C) cyt css,. The C,, value of WT cyt
Cssp obtained from the secondary structure unfolding analysis
matches with that reported previously (4.2 + 0.2 M).* The C,,
value obtained from the analyses of the heme CD spectra
(probing the tertiary structure around the heme) for the M69A
mutant (4.5 = 0.1 M at 25 °C) was found to be higher than
those of both WT (3.4 + 0.1 M at 25 °C) and M69H (3.3 +
0.1 M at 25 °C) cyt cssp. The C,, value obtained from the
analysis of the absorbance of the Soret band of the M69A (4.2
+ 0.2 M) mutant was also higher than those of WT (3.6 + 0.2
M) and M69H (3.7 + 0.2 M) cyt css,. It is important to note
that though the unfolding profiles of the protein could be
analyzed using a simple two-state model, the values of the
midpoint (C,,) were distinctly different for the far-UV CD and
for the heme CD. This indicates that the unfolding process in
this case possibly involves multiple states and the different
spectroscopic experiments could probe different states, leading
to the observation of the apparent two-state transitions.

The apparent free energies of unfolding in aqueous solution,
AG™, were obtained for WT and mutant cyt cgg, by the linear
extrapolation method (eq 3) from the denaturant-dependent
changes in the far-UV CD at each temperature (Figure 4A).
The results (Table 1) show that the AG*? for unfolding
decreased upon mutation of the M69 residue to His (in the
M69H mutant). On the other hand, mutation of this residue to
Ala (in the M69A mutant) led to a distinct increase in the AG*
for unfolding of the secondary structure of the protein (Table
1) at room temperature (see below). The spectral changes of
the heme (absorbance as well as CD) at different denaturant
concentrations (Figure 4 B,C) were complicated because of
contributions from several factors apart from the structural

dx.doi.org/10.1021/bi300982v | Biochemistry 2013, 52, 1373—1384
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Table 1. Summary of Thermodynamic Parameters for the
Secondary Structure (from far-UV CD) of Oxidized Forms
of WT, M69H, and M69A cyt css, from T. thermophilus®

AG™ (KJ/mol) [m Acé, AH,,
T, (K) (K mol™ K') (kJ mol™)

protein (kJ/mol?)]

WT 13 + 2 [3.1] 368 +3 1.3 +02 127 £2
M69H 10 + 2 [2.7] 366 + 2 12 £ 02 118 + 1
M69A 34 +2 (73] 372 +2 21402 248 + 2

“AG™ and m were determined at 298 K, and T,, AH,,, and ACI{J were
determined from nonlinear curve fitting of the respective protein
stability curves to the Gibbs—Helmholtz equation.

changes. Moreover, the heme CD and the absorbance of the
M69A mutant of cyt cs5, (Figure 4B,C) were further
complicated because of the presence of residual structure in
the unfolded protein (Figure S). Hence, the denaturant-
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Figure 5. (A) Heme CD spectra and (B) UV-—visible absorption
spectra of unfolded ferric WT (—), M69H mutant (---), and M69A
mutant () cyt ¢, in 7 M GdnHCl (pH 7.0) at 90 °C. The
concentrations of all variants of cyt css, were 16 yM for the heme CD
and 4 uM for UV—visible absorption studies.

dependent changes in the heme CD as well as in the absorption
spectra (Figure 4B,C) of the protein were not analyzed to
derive any thermodynamic parameters.

Circular Dichroism Spectra under Different Unfolding
Conditions. As discussed in the previous section, the proteins
were not completely unfolded in aqueous buffer solutions even
at 90 °C, and unfolding of the proteins could be studied at high
temperatures in the presence of GdnHClL The heme CD
spectral profiles during unfolding of WT cyt css, (spectra not
shown) and the M69H mutant were found to be similar. Both
the positive and negative heme CD bands of WT and M69H
(Figure S4A of the Supporting Information) were decreased in
magnitude upon unfolding, leading finally to almost no Cotton
effect (CD activity) of the heme band in the unfolded protein
(Figure S). Earlier studies of unfolding of horse heart cyt
however, reported an increase in the magnitude of the positive
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band of the heme CD at the expense of the negative CD
band*"*~* because of the formation of a misfolded species.
The absence of a heme CD band in the unfolded form of WT
and M69H cyt css, in this case indicates that the anisotropic
environment around the heme is possibly absent in the
unfolded form of the protein.*"*® These results support the
earlier report that unlike horse cyt ¢, unfolding of WT cyt css,
follows the “on pathway” and possibly does not involve
formation of any misfolded heme species.****

The heme CD spectral profiles during unfolding of the
MG69A (Figure S4B of the Supporting Information) mutant
were found to be different from those of both WT and M69H
mutant cyt cs5,. A new positive CD band at 407 nm emerged
via the loss of the original positive CD band intensities at 398
nm of the M69A mutant upon unfolding (Figure S4B of the
Supporting Information). The results described above indicate
that the unfolding pathway for the M69A mutant is different
from that of both WT and M69H mutant cyt css,.

Figure SA shows the heme CD spectra of ferric WT, M69H,
and M69A cyt css, in the presence of 7 M GdnHCI (pH 7.0) at
90 °C. The results indicate that the tertiary structures around
the heme center of WT and M69H cyt css, are possibly
completely unfolded [i.e., the environment around the heme is
isotropic in the unfolded form (Figure S)] at 90 °C in the
presence of 7 M GdnHCL On the other hand, the heme
environment remains anisotropic in the case of unfolded M69A
cyt ¢s55 at 90 °C in the presence of 7 M GdnHCI (Figure S),
suggesting the existence of residual structure. The possibility of
formation of complex structures (e.g., misfolded or oligomeric
forms) of the M69A mutant with the heme center trapped in an
anisotropic environment cannot be ruled out under denaturing
conditions, and such complex structures may lead to the
observation of residual structure around the heme in the M69A
mutant of cyt cgs,.

UV-Visible Absorption Spectra under Different
Unfolding Conditions. Unfolding of WT cyt cs5, and its
mutants at increasing GdnHCI concentrations showed a
gradual decrease in the absorbance of the Soret band (see
Figure SSA of the Supporting Information). The unfolding (in
7 M GdnHCI) caused shifts in the Soret band position from
410 to 403 nm in the WT protein, from 407 to ~403 nm in the
M69H mutant, and from 398 to ~407 nm in the M69A mutant
(Figure S and Figure SS of the Supporting Information). Both
the WT and M69H mutant showed the presence of a distinct
band at ~632 nm indicating the presence of a high-spin heme
species in the unfolded protein. Unfolding of the M69A
mutant, however, caused a decrease in the absorbance of the
625 nm band, indicating a decrease in the high-spin species,
though even at 7 M GdnHCI there was a very weak band at
~630 nm, indicating the possible presence of a mixture of low-
spin (major) and high-spin (minor) forms.

The thermal unfolding of the WT and the mutants of the
protein also showed qualitatively similar trends in the
absorption spectra as observed in the case of GdnHCl-induced
unfolding, indicating that the thermally induced and GdnHCI-
induced unfolding processes might form similar species (see
Figures S4 and SS of the Supporting Information). The thermal
unfolding of the M69A mutant consisting of a high-spin ferric
heme in the folded form showed a clear isosbestic point
possibly associated with ligand exchange at high temperatures
in the presence of GdnHCI These results suggest that the
MG69A mutant possibly has a heme ligand coordination different
compared to that of the WT and M69H mutant of cyt css, in
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the unfolded state at a high GdnHCI concentration and 90 °C.
It is important to note that the absorption spectrum of the
unfolded M69A mutant (in 7 M GdnHCI) showed a distinct
shift in the Soret band from ~407 nm at pH 7 (Table ST1) to
402 nm (data not shown) with an increase in absorbance at 630
nm at pH 4, indicating formation of a high-spin heme species of
the unfolded M69A mutant of cyt cgs, at low pH.

Earlier reports have shown that both the thermodynamic
stability and the thermal stability of cyt ¢ are sensitive to the
protein environment around the heme.*’ ™' It has also been
proposed previously that fluxionality of the axial methionine in
the folded state is critical for the high thermal and
thermodynamic stability of thermophilic cyt cs5, from Hydro-
genobacter thermophilus (Ht cyt Css2)- 732 These results suggest
that the M69A mutant confers an unusually increased
conformational stability to the heme pocket compared to that
of WT cyt css,. Site-directed mutagenesis of Met61 to His in
Pseudomonas cyt css; was previously shown to decrease the
stability compared to that of the WT protein.>® Earlier reports
also showed that the stability of the tetraheme cyt ¢; from
Desulfovibrio vulgaris>* with an active site containing a His/His
coordination to the heme was increased by converting the His/
His system to a His/Met coordination to the heme, which
supports our results for the M69H mutant of cyt css,.

The heme CD spectra of both WT and M69H cyt css, in the
unfolded state are similar to that reported for acid-unfolded
horse heart cyt ¢ at pH 2.5, which was froposed to have a His/
H,0 axially coordinated heme species.*® Thus, unfolding of the
protein possibly leads to removal of the axial Met (in WT) or
(distal) His (in M69H) coordination of the protein. The heme
CD spectrum of unfolded M69A cyt cs,, on the other hand,
was similar to that reported for the unfolded (misfolded) horse
heart cyt ¢ at neutral pH. The Soret band position of the
unfolded M69A mutant [~407 nm (Figure 5)] was also similar
to that of folded M69H (Table ST1 of the Supporting
Information), possibly indicating the presence of a six-
coordinate low-spin heme in a misfolded conformation.
However, earlier studies of the M80A mutant of yeast iso-1-
cytochrome ¢ proposed the formation of a hydroxyl-ligated
ferric heme®® upon unfolding, which showed a Soret band at
406 nm. Thus, unfolding of the M69A mutant of cyt ¢, might
also lead to formation of a hydroxyl-ligated ferric heme (ie.,
OH or Tyr coordinated to heme) in a misfolded
conformation.****~>® The position of the UV—visible absorp-
tion band depends on the coordination geometry, the spin
state, the nature of the axial ligands, and the environment
around the heme center, and unambiguous assignment of the
axial coordination of the heme in the unfolded M69A mutant of
Cyt css could not be made on the basis of our results.

The m values for unfolding determined from the analyses of
the far-UV CD results of the proteins in the oxidized state are
listed in Table 1. The high m for the M69A mutant indicates an
apparently expanded structure of the unfolded protein
compared to those of the WT and M69H mutant in the
oxidized forms. The heme CD and electrochemical studies,
however, indicated that the unfolded form of the M69A mutant
might have a residual structure near the heme. This possibly
indicates that the distal loop containing the M69 residue might
be more open to allow formation of a misligated heme with a
certain residue away from the M69 site.

Comparison of the sequences of cyt ¢ from horse heart (PDB
entry 1IHRC) and yeast (PDB entry 1YCC) and cyt ¢, (Ht cyt
¢ss,) from H. thermophilus (PDB entry 1YNR) with the
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sequence of cyt css, from T. thermophilus (1CS52) shows (Figure
S8 of the Supporting Information) that the two Cys residues
and the coordinated His are invariant in all four proteins. While
the axial Met residues in horse and yeast cytochromes are
homologous, Met59 of cyt css, from H. thermophilus and Met69
of cyt css, from T. thermophilus do not have any homologous
residue in the other proteins. Unfolding of the protein would
break the iron—Met bond, leading to the movement of the
protein segment at the distal side of the heme. Misfolded
structures with coordination of His33 and less commonly
His26 as the non-native ligands in horse cyt ¢ were reported
previously.”® Cyt css, does not contain any His residue
homologous to His33 or His26 of horse cyt ¢; hence, the
misfolded structures analogous to that of horse cyt ¢ are not
formed in the case of WT cyt cq,. Mutation of Met69 to Ala (in
the M69A mutant of cyt css,) possibly results in a higher
flexibility and more open conformation of the distal segment of
the mutant protein. Misfolding of the unfolded M69A mutant
may hence result from coordination of a non-native residue
(e.g., His86, GIn74, Lys101, etc.) from the distal side of the
heme or from coordination of a residue from another molecule
of the protein forming a domain-swapped soluble dimer.
Similar domain-swapped dimers were recently shown in an
ethanolic solution of H. thermophilus cyt css, and horse cyt
3% Although the distal region of the heme in the M69A
mutant of cyt cs5, may be relatively more flexible than that in
the WT or in the M69H mutant of the protein, the exact
structural basis for formation of the residual structure upon
unfolding of the M69A mutant could not be identified in this
study.

Stability Curves of the Proteins. The thermodynamic
stability (free energy of unfolding) of a protein is defined as the
difference between the free energies of the native and unfolded
states (AGy,s = Gy — Gg). The free energies of the folded and
unfolded states of a protein arise from the different types of
interactions (intraprotein and solvent—protein) present in their
respective states. Hence, both the folded and unfolded state
structures contribute to the overall thermodynamic stability of
the proteins. Protein stability has often been described only on
the basis of the properties of the folded state of the protein.
However, recent studies show distinct evidence that suggests
that residual structures in the unfolded state contribute
substantially to the thermodynamic stability of the protein in
its folded form.*>%'~%

The plot of the conformational stability (AG*) of the
protein versus temperature is known as the “protein stability
curve” defined by the modified Gibbs—Helmholtz equation (eq
4)2%%* The nature of the stability curve depends on how
different thermodynamic parameters such as AH_, T, and
AC, contribute to the conformational stability (AG™) of the
protein.'® As these thermodynamic parameters are related to
the conformation and/or structure of the protein in folded and
unfolded states, these values are often used to extract the
structural information for the folded and unfolded states of the
protein.

The temperature dependence of the free energy of unfolding,
AG*, for WT cyt cgg, and its mutants (Figure 6) obtained from
the analyses of the far-UV CD results at different denaturant
concentrations were fit to the modified Gibbs—Helmholtz
equation (eq 4). The values of the thermodynamic parameters
obtained from the analyses of the data are listed in Table 1. The
values of thermodynamic parameters such as AH,, and T, for
the unfolding of the secondary structure of the M69H mutant
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Figure 6. Protein stability curves plotted for the secondary structure of
ferric WT (M), M69H (O), and M69A (A) cyt css,. Each point in the
stability curves represents the free energy of unfolding (AG*9) at the
corresponding temperature. The solid lines represent nonlinear curve
fits to the Gibbs—Helmholtz equation (eq 4).

were smaller than those of WT cyt cgs, (Table 1), while the
AC, for the M69H mutant was within error of that of the WT
protein. The stability curve for the M69A mutant was, on the
other hand, found to be significantly higher than that of WT cyt
¢ss; and that of the M69H mutant (Figure 6) possibly because
of the higher AH,, of the M69A mutant.

Electrochemistry of WT and Mutant cyt css,. The redox
potential of iron in the heme is sensitive to the protein
environment around the heme center; thus, the measurement
of the redox potentials of the metal center in the protein can
provide important redox state-dependent structural information
about the folded and unfolded states of WT and mutant cyt
Cssp- The thermodynamics of the reduced form of the redox
protein can be determined from the electrochemical studies of
the folded and unfolded states (see below). Direct
(unmediated) cyclic voltammetry (CV) and square wave
voltammetry (SWV) of the folded and unfolded states of WT
and mutant cyt cg, at the bare glassy carbon electrode were
investigated to determine the effect of axial ligand mutation on
the redox properties.

Midpoint Potential of Folded cyt css,. Both the folded and
unfolded forms of the WT and mutants (M69H and M69A) of
cyt cs5, show one-electron, quasi-reversible electrochemical
behavior. The folded forms of WT, M69H, and M69A mutant
cyt css; exhibited redox potentials of 200, 40, and 130 mV
versus the NHE, respectively, at pH 7.0 (Table 2 and Figures
S6A and S7A of the Supporting Information). The redox
potential of folded WT ¢, (200 mV) agreed with that reported

Table 2. Midpoint Potentials (E°’) Obtained by Cyclic
Voltammetry for the Folded and Unfolded States of WT cyt
Cssp and Its Axial Ligand Variant Proteins from T.
thermophilus at pH 7.0 and 25 °C*

Aq
protein E°" (mV vs NHE) Ey® (mV vs NHE) (k?/GnIii)dl)
wWT 200 + 7 (198 + 5) 70 + 8 (65 + 10) 26 + 2
M69H 40 + 8 (S5 + 13) 70 + 7 (73 + 8) 742
M69A 130 + 10 (125 + 10)  —30+ 7 (—25 + 8) 49 +2

“The value in parentheses corresponds to the midpoint potential
obtained via square wave voltammetry. The AGAY; values for the
reduced proteins were calculated by using the relation in Scheme 1.

previously”* and was also found to be well within the potential
range of class I cyt ¢ forms reported previously.*

The high positive redox potential for WT cyt c¢g5, was
assigned to the presence of a hydrophobic and strong 7z
electron acceptor axial ligand, methionine.*® It was suggested
that the presence of methionine at the axial position of WT cyt
Css, stabilizes the reduced state compared to its oxidized state.*
In contrast, M69H (40 mV vs the NHE) showed a 160 mV
lower redox potential compared to that of WT cyt css).
Considering that the folded form of the M69H mutant consists
of a bis-histidine coordination to the heme, the observed low
redox potential for this mutant (M69H) was attributed to the
polar, strong electron donating character of histidine, which
prefers to form a strong bond with ferric iron and hence
stabilizes the ferric state compared to the ferrous state. The bis-
histidine species (M80H) of horse heart cyt ¢ also showed a
midpoint potential of 41 mV,” which is very similar to that of
the M69H mutant in this study. The earlier report also showed
that the redox potential decreases from 260 mV (vs the NHE)
to SO mV (vs the NHE) upon mutation of the axial methionine
ligand with histidine (M61H) in cyt css; from Pseudomonas
stutzeri.> Axial coordination of imidazole in the heme peptide
also earlier was shown to decrease the redox potential,®> which
agrees with the results presented here. The redox potential of
M69A mutant cyt cs5, was found to be 130 mV versus the
NHE, indicating that the removal of the axial methionine
indeed causes a decrease in the redox potential. The midpoint
potential for the M80A mutant of horse heart cyt ¢ was earlier
shown to be 185 mV versus the NHE,® which is 7S mV lower
than that of WT horse heart cyt c. This is consistent with the
observed decrease in the redox potential of the M69A mutant
with respect to WT cyt ¢, in the case presented here.

Midpoint Potential of Unfolded cyt cs5,. The redox
potential of cyt cs5, in the unfolded form provides insight
into the ligand environment and the extent of solvent
accessibility of the heme in the unfolded state. The results
show that the redox potential of the heme of the WT and
MG69A mutant of cyt cg5, decreased significantly upon
unfolding, while that of the M69H mutant remains almost
the same in the folded and unfolded forms of the protein
(Table 2). Table 2 shows that the unfolded forms (in 7 M
GdnHCI) of both WT and M69H mutant cyt cqs, exhibit the
same redox potential of 70 mV (vs the NHE). On the other
hand under the same denaturing condition (in 7 M GdnHCl),
the M69A mutant of cyt css, exhibits a redox potential of —30
mV versus the NHE (Table 2 and Figures S6B and S7B of the
Supporting Information).

As discussed in the previous section, the spectral features of
the ferric forms of the WT and the M69H mutant are identical
in the unfolded state (Figure S), indicating that they possibly
have similar environments around the heme in the oxidized
forms of the metal ion. The observation of the same redox
potential (Table 2) for the unfolded states of the WT and
MO69H mutant of cyt cgs, suggests that the reduced forms of the
unfolded WT and M69H mutant of cyt cgs, are also possibly
similar to each other. The predominant species in unfolded
horse heart cyt ¢ at pH 7.4 was shown to be bis-histidine
coordinated to the heme, having a redox potential of =200 mV
versus the NHE.% The redox potential of the unfolded WT and
M69H mutant of cyt css, (70 mV) at neutral pH was not only
higher than that of unfolded horse heart cyt ¢ (—200 mV) but
also higher than that of the folded M69H (40 mV) mutant of
cyt css, (Table 2). This result thus indicates that unlike
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unfolded horse heart cyt ¢, the unfolded WT and the unfolded
MG69H mutant of cyt cs5, possibly do not possess the His/His
coordination of the heme. This observation suggests that the
predominant species in unfolded WT cyt ¢s5, and the M69H
mutant protein might consist of the heme with axial
coordination of His and H,O.

The redox potential of the unfolded M69A mutant at neutral
pH was found to be negative (—30 mV) compared to those of
the unfolded WT and the unfolded M69H (70 mV) mutant of
cyt css,- The redox potential (—30 mV) for the unfolded M69A
mutant of cyt cs5, was higher than that reported for the
misfolded bis-histidine heme species in unfolded horse heart
cyt ¢ (=200 mV). This result supports the idea that the
unfolded M69A mutant of cyt cs5, may consist of an axial ligand
from the protein matrix as proposed in the previous section.

Conformational Stability of Reduced cyt c;5,. A
thermodynamic cycle can be constructed connecting the
oxidized and reduced states of cyt cs5, in its folded and
unfolded configurations as shown in Scheme 1. The conforma-

Scheme 1. Thermodynamic Cycle That Connects the Four
States (oxidized and reduced, folded and unfolded) of WT
and Mutant cyt ¢,

AG

Ox 3
Fe3F' P — FeL."
- AG[‘u/m-)
Ef E;
(~AGr)
Fe}z__’ P Fef .
AGy,
“AG™ values for the reduced proteins were calculated by using the
relation AGRY; = AGAL + F(Ez°" — E(®'). U, F, Ox, and Red represent
unfolded, folded, oxidized, and reduced states of the protein,
respectively.

tional stability [AG1 (see Table 1 for the AG*? of the oxidized
protein)] of the oxidized state of WT and mutant cyt cs5, and
their respective redox potentials in both folded and unfolded
states were available from the direct electrochemistry and
unfolding studies. Thus, the conformational stabilities (AGgd;)
of these species in their reduced state were determined (Table
2) by using the scheme with the help of the following equation
(eq 5):

A A or or
AGyeh = AGo)! — F(Ey®' — Ex®') (5)

where F is the Faraday constant (96485 J/V) and E°’ and E;®’
are the standard redox potentials for the unfolded and folded
forms of the protein (in volts), respectively.

The results (Tables 1 and 2) from the analyses described
above suggest that the conformational stabilities (AGRY) of
WT and M69A cyt ¢, in their reduced states are higher than
those of their respective oxidized states. As discussed earlier,
Met69 forms a stronger bond with the ferrous (due to soft—soft
interaction) form of iron than with the ferric form (soft—hard
interaction) of cyt cs,*” and hence provides a higher
conformational stability to the WT species in its reduced
state. These results agree with the earlier study on the effects of
the axial coordination in the ferric and in ferrous forms of the
heme octapeptide derived from cyt ¢.”” On the other hand, the
conformational stability of M69H cyt css, in the reduced state
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[AGRY; = 7 + 2 kJ/mol (Table 2)] is only slightly lower than
that of the corresponding oxidized state [AG3! = 10 + 2 kJ/
mol (Table 1)], indicating that the oxidation state of the metal
ion may not have any significant effect on the conformational

stability of the M69H mutant of cyt css, (Tables 1 and 2).

B CONCLUSIONS

The replacement of Met69 with His or Ala affected the heme
tertiary structure but had almost no effect on the secondary
structure of mutant cyt cs5,. The redox potential of the heme
was lowered by both the M69H and M69A mutations. The
lower conformational stability (AG49) of the M69H mutant
protein compared to that of WT cyt css, may be ascribed to the
lower enthalpy of unfolding at the T, (AH,,) in the mutant
protein. The lower enthalpy of unfolding of the M69H mutant
compared to that of WT cyt cs, might result from the
introduction of the polar histidine residue in place of the
hydrophobic methionine residue inside the compact hydro-
phobic heme pocket of the protein. The higher thermal and
conformational stabilities of the M69A mutant versus those of
WT and M69H cyt ¢y, were attributed to the increased AH,,,.
The spectroscopic results indicated that the conformations of
the heme (i.e., coordination geometry and environment) in the
unfolded state for both the WT and the M69H mutant of the
protein were similar to each other, with a high-spin ferric heme
in an isotropic environment. The M69A mutant, on the other
hand, showed a distinctly different unfolded structure with a
low-spin character of the heme active site. The unfolded state
was proposed to consist of His/H,O ligation of the heme in the
WT and the M69H mutant, while that in case of the unfolded
M69A mutant was either His/His or His/N,,, NH, or His/O
ligation to the heme. The conformational stabilities (AGRY;) of
WT and M69A cyt s, in their reduced states were higher than
those in their respective oxidized states, while both oxidized
and reduced states have similar conformational stabilities in the
case of the M69H mutant of cyt cs5,. The results thus suggest
that although the axial methionine in thermostable cyt css, is
crucial for the electron transport function of the protein,
removal of the axial coordination could enhance the apparent
conformational stability and thermostability of the protein.
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Crystal structure (PDB entry 1C52) of thermostable cyt css,
illustrating the compact hydrophobic environment around the
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dependent UV—visible absorption spectra, temperature-de-
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M69A mutant, GdnHCl-dependent heme CD spectra of the
ferric forms of the mutants, cyclic voltammograms of the WT
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square wave voltammograms of the WT and mutants of cyt css,
in their native and denatured states, comparison of the
sequences of different forms of cyt ¢ with that of cyt css,,
analyses of far-UV CD spectra of the proteins by Reed’s
method, and UV—visible absorption spectral features for both
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