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ABSTRACT: Oxidized horse cytochrome ¢ (cyt ¢) has been
shown to oligomerize by domain swapping its C-terminal helix
successively. We show that the structural and thermodynamic
properties of dimeric Hydrogenobacter thermophilus (HT)
cytochrome csg, (cyt css,) and dimeric horse cyt ¢ are different,
although both proteins belong to the cyt ¢ superfamily. Optical
absorption and circular dichroism spectra of oxidized dimeric
HT cyt cs5, were identical to the corresponding spectra of its
monomer. Dimeric HT cyt cgs, exhibited a domain-swapped
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structure, where the N-terminal a-helix together with the heme was exchanged between protomers. Since a relatively strong H-
bond network was formed at the loop around the heme-coordinating Met, the C-terminal a-helix did not dissociate from the rest
of the protein in dimeric HT cyt cs5,. The packing of the amino acid residues important for thermostability in monomeric HT cyt
Css, were maintained in its dimer, and thus, dimeric HT cyt css, exhibited high thermostability. Although the midpoint redox
potential shifted from 240 + 2 to 213 + 2 mV by dimerization, it was maintained relatively high. Ethanol has been shown to
decrease both the activation enthalpy and activation entropy for the dissociation of the dimer to monomers from 140 + 9 to 110
+ S keal/mol and 310 + 30 to 270 + 20 cal/(mol-K), respectively. Enthalpy change for the dissociation of the dimer to
monomers was positive (14 + 2 kcal/mol per protomer unit). These results give new insights into factors governing the
swapping region and thermodynamic properties of domain swapping.

P rotein forms a native structure according to its amino acid
sequence.' However, under specific conditions, proteins
may suffer structural changes, which may cause protein
misfolding diseases.” * Oligomerization of proteins has gained
interest as initial intermediates of amyloid fibril formation,*™
and domain swapping has been detected in oligomerization of
several amyloidogenic proteins.” ' Domain swapping is a
phenomenon where one molecule exchanges its domain or
secondary structural element with another molecule. The
number of proteins identified with domain-swapped structures
has been increasing,”''™"® and domain-swapped structures
have also been reported for several heme proteins."*”"”
Runaway (successive) domain swapping has been suggested
as a mechanism for polymerization of serpin,l&19 as well as for
formation of RNase A fibrils (3D domain-swapped zipper-spine
model).>** Successive domain swapping has also been
suggested for human yD-crystallin by molecular dynamics
simulation.”' We have recently shown that horse cyt ¢ also
forms polymers by successive domain swapping the C-terminal
a-helix, where this a-helix was displaced from its original
position in the monomer.>” In dimeric horse cyt ¢, Met80 was
dissociated from the heme iron, and a higher peroxidase activity
was observed in the dimer compared to its monomer.”>*

-4 ACS Publications  © 2012 American Chemical Society

8608

Cytochrome cs5, (cyt css,) belongs to the cyt ¢ superfamily.
Pseudomonas nautica cyt css, has been proposed to be an
electron donor for cytochrome cd;,** although the function of
thermophilic Hydrogenobacter thermophilus (HT) cyt css, is not
known. HT cyt ¢, is smaller than mammalian cyt ¢ and
consists of 80 amino acids (9.2 kDa).?® HT cyt css, contains
three long a-helices similar to other proteins in the cyt ¢
superfamily, and His14 and MetS9 are coordinated to its heme
iron.>>*® The denaturation temperature (T;) of oxidized HT
cyt css, is higher than 100 °C.*” The high thermostability of HT
Cyt css, has been attributed to the packing of the hydrophobic
residues responsible for the increased hydrophobic interaction
by comparison with the structure of mesophilic Pseudomonas
aeruginosa (PA) cyt css;, whose amino acid sequence matches
56% of that of HT cyt c55,.>°>® The Ty of the oxidized and
reduced forms of HT cyt css, are higher by about 27 and 20 °C,
respectively, than those of the corresponding forms of PA cyt
¢ss;, and the midpoint redox potential (E,,) of HT cyt css, is
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lower by about 60 mV than that of PA cyt c¢55;.>>** It has been
suggested from these results that the redox function of HT cyt
¢ss; is enthalpically regulated through the stability of the
oxidized form. However, heme-depleted HT cyt Ess2 has been
shown to form amyloid fibrils,** as well as cyt ¢.>

It has been assumed that because the monomer and domain-
swapped dimer share the same structures except the hinge loop,
the free energy difference between closed and open monomers
for domain swapping is small with a high energy barrier in
between.*”*® This energy barrier can be reduced by a change in
pH,” mutation in the protein,®* * and treatment with
denaturants.”>***"*3 1t has been proposed that RNase A
forms domain-swapped dimers and trimers by opening the N-
or C-terminal segments under certain conditions.*>**~*
Recently, it has been shown with NMR spectroscopy that
RNase A oligomers are formed by refolding from a chiefly
denatured state.*’ However, information on the factors
governing the swapping region and the thermodyanamic
properties of domain swapping are limited. We show that
dimeric HT cyt cs, is formed by domain swapping the N-
terminal @-helical region containing the heme. In contrast to
horse cyt ¢, the C-terminal a-helix did not dissociate from the
rest of the protomer in dimeric HT cyt cgs,, presumably
because of the stiffness of the Gly49—Thr6S loop containing
the heme-coordinating Met59. We also found that dimeric HT
Cyt css, is enthalpically favored compared to its monomer.

B MATERIALS AND METHODS

Protein Purification and Oligomerization. HT cyt c;,
was expressed in Escherichia coli and purified as reported
previously.”®*® The oxidized form of the protein was prepared
by an addition of potassium ferricyanide.

Oxidized dimeric HT cyt c55, was prepared by dissolving
oxidized HT cyt cs, (200 4uM) in 50 mM sodium phosphate
buffer, pH 7.0, followed by addition of ethanol (final
concentration, 80% (v/v)) at 0—50 °C. After centrifugation
of the HT cyt css, solution, the precipitate was lyophilized to
remove residual ethanol. The lyophilized precipitate was
dissolved in 50 mM sodium phosphate buffer, pH 7.0, at 4
°C. The solution containing oxidized dimeric HT cyt css, was
incubated at 80 °C for 1 h. After the incubation, dimeric HT cyt
css; was purified by gel chromatography (HiLoad 26/60
Superdex7S, GE healthcare, Buckinghamshire) using a fast
protein liquid chromatography (FPLC) system (BioLogic
DuoFlow 10, Bio-Rad, CA) several times with the same buffer
at 4 °C. The absorption coefficients of the oxidized monomer
and dimer were obtained with the pyridine hemochrome
method.*” The concentrations of the proteins were calculated
from the absorbance at 410 nm with these absorption
coefficients, and adjusted to desired concentrations.

To investigate formation of oxidized monomeric HT cyt css,
from its dimer by treatment with ethanol, a 500 L solution of
dimeric HT cyt ¢y, (heme, 10 uM) in S0 mM sodium
phosphate buffer, pH 7.0, was mixed with 2 mL of ethanol
(final concentration, 80% (v/v)) at 50 °C, where precipitates
were obtained. After lyophilization of the produced precipitates,
the precipitates were dissolved in 500 yL of 50 mM sodium
phosphate buffer, pH 7.0, at 4 °C. The stability of oxidized
dimeric HT cyt cs5, was investigated by incubation of the
purified dimer (heme, 10 yM) in 50 mM sodium phosphate
buffer, pH 7.0, containing 100 M ferricyanide in the presence
and absence of 60% (v/v) ethanol at 36—43 °C and 82.5—92
°C, respectively.
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Formation of dimeric HT cyt cs5, in the presence of ethanol
was investigated by addition of ethanol (final concentration,
60% (v/v)) to oxidized monomeric HT cyt cg5, (40 M) in 10
mM sodium phosphate buffer, pH 7.0, at 20 and 50 °C, and
subsequent incubation for 1 min at the same temperature. After
the incubation, the protein solution (500 uL) was mixed with
50 mM sodium phosphate buffer (3 mL), pH 7.0, at 4 °C. The
mixed solution was concentrated and analyzed by gel
chromatography.

Size Exclusion Chromatographic Analysis. The oligo-
meric HT cyt cs5, solutions were analyzed by gel chromatog-
raphy (column: Superdex 75 30/100 GL, GE healthcare) using
the FPLC system (BioLogic DuoFlow 10, Bio-Rad) with 50
mM sodium phosphate buffer, pH 7.0, at 4 °C. The peak areas
in the elution curves of gel chromatography were obtained by
least-squares fitting the peaks with Gaussian curves using the
Igor Pro 6.0 software package (WaveMetrics, Portland).

Optical Absorption and Circular Dichroism Measure-
ments. Optical absorption spectra were measured with a UV-
2450 spectrophotometer (Shimadzu, Japan) using a 1-cm-path-
length quartz cell at 20 °C. Circular dichroism (CD) spectra
were measured with a J-725 CD spectropolarimeter (Jasco,
Japan) using a 0.l1-cm-path-length quartz cell at room
temperature.

X-ray Crystallographic Analysis. Crystallization was
carried out at room temperature using the sitting drop vapor
diffusion method with crystal plates (CrystalClear D Strips,
Douglas Instruments, Hampton Research, CA). Oxidized
dimeric HT cyt cg5, was dissolved in 100 mM HEPES buffer,
pH 7.0, at a protein concentration of 18.4 mg/mL. Droplets
prepared by mixing 1 uL of the protein solution with 1 uL
reservoir solution were equilibrated. The best reservoir solution
was found to be 100 mM HEPES buffer, 800 mM ammonium
sulfate, and 45% (v/v) 2-methyl-2,4-pentanediol, pH 7.0.

The diffraction data were collected at the BL38B1 beamline
at SPring-8, Japan. The crystal was mounted on a cryo-loop and
flash-frozen at 100 K in a nitrogen cryo system, Quantum31$
(ADSC). The crystal to detector distance was 200 mm, and the
wavelength was 1.0 A. The oscillation angle was 1°, and
exposure time was 7 s per frame. The total number of frames
was 180. The diffraction data were processed using the
program, HK1.2000.**

The preliminary structure was obtained by a molecular
replacement method (MOLREP) using the atomic coordinates
of the structure of monomeric HT cyt c55, (PDB code: 1YNR)
as a starting model. The structure refinement was performed
using the program, REFMAC. The molecular model was
manually corrected, and water molecules were picked up in the
electron density map using the program, COOT. The data
collection and refinement statistics are summarized in Table S1,
Supporting Information.

Electrochemistry. Cyclic voltammetry responses were
obtained with an ALS-612DN electrochemical analyzer (BAS
Inc,, Tokyo, Japan). An Au electrode was used as a working
electrode. A Pt wire and Ag/AgCl (3 M NaCl) were used as
counter and reference electrodes, respectively. The potentials
were referred to the normal hydrogen electrode (NHE).
Modification of the Au electrode surface was performed by the
following procedure. The Au electrode was polished with 0.05
pum alumina water slurry, rinsed with purified water to remove
residual organic compounds from the electrode surface, and
cleaned by electrochemical oxidation/reduction treatment.*’
The Au electrode was dipped in purified water containing 1
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mM 4-mercaptopyridine (Wako, Osaka, Japan) for 30 s, and
subsequently rinsed with purified water. Cyclic voltammograms
of monomeric and dimeric HT cyt ¢55, (heme, 200 M) were
recorded in 50 mM sodium phosphate buffer, pH 7.0. All
measurements were performed with a scan rate of 50 mV/s at
room temperature, after degassing with a vacuum line and
flowing Ar gas for at least S min to remove oxygen from the
solution.

Differential Scanning Calorimetric Measurements.
Differential scanning calorimetry (DSC) thermograms of
monomeric and dimeric HT cyt ¢, (heme, 100 uM) were
measured using VP-DSC (MicroCal, GE Healthcare) at a scan
rate of 1 °C/min with S0 mM sodium phosphate buffer, pH
7.0.

B RESULTS

Formation of Oligomeric HT Cyt cs5,. Oxidized HT cyt
Css in 10 mM sodium phosphate buffer, pH 7.0, precipitated
with addition of ethanol (final concentration, 80% (v/v)) at all
temperatures investigated (0—S0 °C). After the precipitate was
lyophilized to remove residual ethanol, it was dissolved in 50
mM sodium phosphate bufter, pH 7.0. Monomeric HT cyt ¢y,
was observed at about 14 mL in the elution curves of size
exclusion chromatography of the ethanol-treated HT cyt css,
solutions when we used a Superdex 75 10/300 GL column
(Figure S1, Supporting Information). Only a small amount of
dimeric HT cyt css, was detected after treatment in 80% (v/v)
ethanol at 20 °C. By the same treatment at 35 °C, peaks
corresponding to dimeric and trimeric HT cyt c55, were
detected at about 12.5 and 11.6 mL, respectively, in addition to
the monomer peak (Figure S1, Supporting Information). The
relative intensities of the oligomer peaks in the elution curves of
size exclusion chromatography increased as the temperature
during addition of ethanol to the precipitates was increased
from 0 to SO °C (Figure S1, Supporting Information).

Precipitates were also obtained when oxidized dimeric HT
cyt cs5, was treated with S0 mM sodium phosphate buffer, pH
7.0, containing 80% (v/v) ethanol at SO °C. These precipitates
contained monomers, indicating that dimers dissociate to
monomers by addition of ethanol (Figure S2, curve d,
Supporting Information). The precipitates also contained
trimers and tetramers. The intensity of the dimer peak
decreased more than 70% by addition of 80% (v/v) ethanol
at 50 °C. These results indicate that ethanol may induce
structural changes in dimeric HT cyt cs5,, and the conversion
between the monomer and dimer is reversible in the presence
of ethanol. Reversibility of oligomerization has also been
observed in horse cyt ¢ in the presence of ethanol.*?

Structure of Dimeric HT Cyt css5,. The structural
properties of dimeric HT cyt cs5, were investigated to reveal
the structural basis of dimerization. The maximum wavelength
of the Soret band of oxidized dimeric HT cyt cg5, was detected
at 410 nm (Figure 1A), which was similar to that of the
oxidized monomer.>® The absorption coefficient of the dimer
Soret band at 410 nm was obtained as 113000 + 3000 M™*
cm™ (heme unit) with the pyridine hemochrome method.*’
This value was similar to that obtained for the monomer,
109000 + 2000 M~'cm™, which was close to the reported
value (105000 M~" cm™ at 409.5 nm).>" It has been reported
that the 690-nm absorption band of oxidized HT cyt css, is
related to the coordination of MetS9 to the heme iron.*> The
intensity of the 690-nm band of the dimer was also similar to
that of the monomer (Figure 1A), indicating that MetS9 is
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Figure 1. Optical absorption and CD spectra of oxidized monomeric
and dimeric HT cyt css, (A) Spectra of oxidized monomeric (black)
and dimeric (red) HT cyt css, The spectra near the 690-nm band are
expanded 50 times. (B) CD spectra of oxidized monomeric (black)
and dimeric (red) HT cyt csg,. The concentration of the protein was
calculated from the intensity of its Soret band. Measurement
conditions: Sample concentration (heme): (A) 16—17 uM, (B) 9
uM; solvent: 50 mM sodium phosphate buffer; pH: 7.0; temperature:
(A) 20 °C, (B) room temperature.

coordinated to the heme iron in the dimer. In the CD spectrum
of oxidized dimeric HT cyt css,, negative peaks were observed
at 208 and 222 nm, whose intensities were similar to those of
the monomer (Figure 1B). These similarities in the
spectroscopic properties between monomeric and dimeric
HT cyt cg5, indicate that the active site and secondary
structures of the monomer and dimer are similar.

To elucidate the detailed structure of dimeric HT cyt css,, we
solved the X-ray crystal structure of dimeric HT cyt c5, (PDB
ID: 3VYM). The structure of dimeric HT cyt cg5, at 2.0 A
resolution exhibited a domain-swapped structure, where the
positions of Alal8, Lysl9, and Lys20 in the dimer were
relocated from those in the monomer (Figure 2). The N-
terminal a-helix from Asnl to Lys17 together with the heme
was exchanged with the corresponding region of another
molecule (Figure 2). It is noteworthy that the swapped region
in dirglzeric HT cyt cgs, was different from that in dimeric horse
cyt ¢

Met59 coordinated to the heme in dimeric HT cyt cgs,, but
the Met originated from the other protomer to which the heme
belonged (Figure 3). Between the monomer and dimer, a
change in the orientation of the terminal CH; group of the Met
side chain was observed (Figure 3). The Fe—His14 and Fe—
MetS9 distances of dimeric HT cyt cg, were 1.89 and 2.28 A,
which were shorter than the corresponding distances in the
monomer (Fe—His14, 2.05—2.09 A; Fe—Met59, 2.33—2.40 A)
(Table 1).

There is one HT cyt css, protomer in the asymmetric unit of
the crystal of the dimer. The overall protein structure
corresponds very well between the monomer and dimer
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Figure 2. Crystal structures of monomeric and dimeric HT cyt css,.
(A) Structure of monomeric HT cyt css, reported previously (PDB:
1IYNR). (B) Structure of dimeric HT cyt 55, (red and blue). The
hemes are shown as pink and slate blue stick models. Side-chain atoms
of His14 and Met59 are shown as stick models. The N- and C-termini
and the N- and C-terminal helices are labeled as N, C, ay, and a,
respectively. The Ala18—Lys20 residues (hinge loop) are depicted in
orange and cyan.

(a) monomer (b) dimer

Figure 3. Active site structures of monomeric and dimeric HT cyt css,.
(A) Structure of monomeric HT cyt cs5, (PDB: 1YNR). (B) Structure
of dimeric HT cyt css;, solved in this study. The red and blue strands in
the dimeric structure are regions from different protomers. Side-chain
atoms of His14 and MetS9 are shown as stick models.

Table 1. Fe—His14 and Fe—MetS59 Distances in Monomeric
and Dimeric HT cyt ¢,

Fe—His14 (A) Fe—MetS9 (A)

dimer 1.89 228
monomer” 2.09 2.40
2.05 2.33
2.06 2.34
2.05 2.33

“PDB: 1YNR. There are four independent HT cyt cs5, molecules in
the asymmetric unit of the monomeric HT cyt ¢, crystal.

(Figure S3, Supporting Information). We have calculated the
root-mean-square deviation (rmsd) values of the N-terminal a-

helical region including the heme and the rest of the protein
(excluding the hinge loop) between the structures of the
monomer (four molecules in the asymmetric unit) and the
protomer of the dimer (Table S2, Supporting Information).
The rmsd values of both the N-terminal region (Asnl—Lys17)
with the heme and the rest of the protein (Val21—Lys80)
between the protomer of the dimer and the monomer
(calculated for each molecule in the asymmetric unit) were
0.43—0.58 and 0.32—0.41, respectively. These results indicate
that the structures of the N-terminal region are similar between
the monomer and the protomer of the dimer, as well as the rest
of the protein excluding the hinge loop (Alal8—Lys20).

Most of the interactions in the monomer were maintained in
the dimer. However, the hydrogen bonds (<3.2 A between
heavy atoms) at or near the hinge loop (Alal8—Lys20) in the
monomer (Aspl15(082)/Lys17(N), Aspl5(052)/Alal8(N),
Lys19(N{)/Asp27(061)) are broken in the dimer, and a
new hydrogen bond Aspl5,(061)/Lys205(N¢{) (and Ly-
$20,(N¢)/Asp155(061)) (A and B represent each protomer)
is created between the protomers (Figure S4, Supporting
Information). This new hydrogen bond may stabilize the
dimeric structure. Interestingly, the hydrogen bonds Leul6-
(0)/Ala26 (N) and Met11(0)/Lys20(N¢), which are
positioned at or near the Alal8—Lys20 region in the monomer,
are formed between different protomers in the dimer (Figure
S4, Supporting Information). The packing of AlaS, Metll,
Tyr32, Tyr41, and Ile76 in monomeric HT cyt cg5, has been
shown to be important for its thermostability.”*>' In the
dimer, the positions of these residues are maintained, although
AlaS and Metll originate from one protomer and Tyr32,
Tyr4l, and Ile76 originate from the other protomer to
construct a tight structure similar to the monomer (Figure
SS, Supporting Information).

Redox Potential of Dimeric HT Cyt c¢55,. We measured
the cyclic voltammograms of monomeric and dimeric HT cyt
Cssp to compare their redox potentials. The E,, of dimeric HT
cyt css, shifted to a slightly lower potential at 213 + 2 mV
compared to that of the monomer at 240 + 2 mV (Figure 4).

tO.Z HA

T T I T I T
0 200 400
Potential (mV vs. NHE)

Figure 4. Cyclic voltammograms of monomeric (a) and dimeric (b)
HT cyt cs5,. Measurement conditions: Sample concentration: 200 M
(heme); scan rate: SO mV/s; temperature: room temperature.

The small shift (=27 mV) in the redox potential on
dimerization of HT cyt c¢s5, may be attributed to the small
change in the active site structure on dimerization. The shorter
Fe—His14 and Fe—Met59 bond lengths may cause stronger
electron donation from the ligands to the heme iron, resulting
in a shift to a lower potential (Table 1), whereas a change in the
solvent accessibility of the heme site may also affect the redox
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potential >*** However, the shift in the redox potential on
dimerization was relatively small and the high redox potential
was maintained in the dimer, due to the active site structure and
the protein structure surrounding the heme propionates of the
dimer being similar to those of the monomer.

Thermostability and Thermodynamics of Dimeric HT
¢yt Cs5;. Oxidized dimeric HT cyt cg, did not dissociate to
monomers by incubation at 70 °C for S min (Figure S6, curve
b, Supporting Information), while oxidized dimeric horse cyt ¢
dissociated to monomers under the same conditions.”” No
more than half the dimeric HT cyt cg, dissociated by
incubation at 90 °C for S min (Figure S6, curve c, Supporting
Information). These results show that dimeric HT cyt cg,
possesses a thermostability as high as its monomer.

The activation enthalpy (AH*) and activation entropy (AS*)
for the dissociation of oxidized dimeric HT cyt ¢, to
monomers were obtained from the Eyring plot of In(k/T) vs.
the reciprocal of temperature (Figure 3). From the plot, AH*
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Figure S. Plots of In(k/T) vs. reciprocal of temperature on dissociation
of dimeric HT cyt ¢, in the (A) absence and (B) presence of 60% (v/
v) ethanol. The linear lines are obtained by least-squares fitting the
plots. Reaction conditions: Sample concentration: 10 yM (heme);
solvent: SO mM sodium phosphate buffer; pH: 7.0; temperature: (A)
82.5-92 °C, (B) 36—43 °C.

and AS* for the dissociation of the dimer were calculated from
the slope and y-intercept, which were obtained as 140 + 9 kcal/
mol and 310 + 30 cal/(mol-K), respectively, in the absence of
ethanol. In the presence of 60% ethanol, AH* and AS*
decreased to 110 + S kcal/mol and 270 + 20 cal/(mol-K),
respectively.

DSC measurements for oxidized monomeric and dimeric HT
Cyt cs5, were performed to reveal the thermodynamic properties
of dimeric HT cyt c5s, in more detail (Figure 6). The peak
temperature (T,,) at 92.3 + 0.3 °C corresponds to the
dissociation temperature of the dimer, since mostly monomers
were detected by gel chromatographic analysis after the dimers
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Figure 6. Differential scanning calorimetry thermograms of oxidized
monomeric (black) and dimeric (red) HT cyt cg5,. Measurement
conditions: Sample concentration: 100 uM (heme); buffer: 50 mM
sodium phosphate buffer; pH: 7.0.

were scanned up to 95 °C with the DSC equipment. No peak
was observed at 90—95 °C in the DSC curve of the monomer.
The peak area represents the enthalpy change (AH) for the
dissociation of the dimer to monomers. AH for the dissociation
of the dimer exhibited a positive value, 14 + 2 kcal/mol,
indicating that dimeric HT cyt cgs, is enthalpically favored
compared to its monomer, although dimeric horse cyt ¢ is
enthalpically disfavored compared to its monomer.>*

Effect of Ethanol on HT Cyt cg5, Structure. We
investigated the effect of ethanol on the structure of oxidized
HT cyt css,, since the oligomers of HT cyt css, were produced
by interaction with ethanol (Figure S1, Supporting Informa-
tion), as well as it enhanced dissociation of dimeric HT cyt cs,
to monomers (Figure S and Figure S2, Supporting
Information). Although no distinct change was observed in
the absorption spectra of oxidized HT cyt cs5, by interaction
with 60% (v/v) ethanol at 20 °C or without ethanol at 50 °C,
the intensity of the 690-nm absorption band decreased by
interaction with 60% (v/v) ethanol at 50 °C (Figure S7,
Supporting Information). These results show that the Met
coordination to the heme iron in oxidized HT cyt cg, is
perturbed with addition of ethanol at 50 °C but not at 20 °C. In
fact, HT cyt cs5, oligomers were detected more in the
precipitates obtained by addition of ethanol at higher
temperatures (Figure S1, Supporting Information). However,
no dimeric HT cyt ¢, was detected from the protein solution
with addition of 60% (v/v) ethanol at 20 and 50 °C (Figure S8,
Supporting Information).

B DISCUSSION

HT cyt cs5, formed a dimer by domain swapping its N-terminal
a-helix containing the heme with another HT cyt ¢55, molecule
(Figure 2). Met and His residues coordinated to the heme iron
in dimeric HT cyt css), but they originated from different
protomers (Figure 3). An exchanged heme ligand has been
observed for the b-type heme in dimeric hemophore HasA.'®
These results indicate that the heme may exchange its ligand
between different molecules of the same protein, forming
domain-swapped dimers. The redox potential of domain-
swapped dimeric HT cyt cs, was obtained as 213 + 2 mV. The
high redox potential was maintained in the dimer, due to the
Met and His coordination to the heme in the dimer. Recently,
domain-swapped dimeric myoglobin has been shown to possess
a similar active site structure and oxygen binding character as
those of its monomer."” These results show that domain
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horse

HT

Figure 7. Schematic views of the hydrogen bonds at the loop before the C-terminal a-helix for horse cyt ¢ (PDB: 1HRC) and HT cyt cg5, (PDB:
1YNR). The loops containing the heme-coordinating Met residue are shown as stick models in green and cyan. The C-terminal a-helix is also
depicted in cyan. Hemes are shown as gray stick models. Hydrogen bonds between the backbone atoms are depicted in red broken lines, whereas
other hydrogen bonds are depicted in black broken lines. The nitrogen, oxygen, and sulfur atoms are depicted in blue, red, and yellow, respectively.

swapping may be useful to design oligomeric proteins with
similar characteristics as their monomers.

The C-terminal oa-helical region swapped in dimeric and
trimeric horse cyt ¢,”> whereas the N-terminal a-helical region
and the heme swapped in dimeric HT cyt cs5, (Figure 2). The
conformation of Lys20 is slightly distorted in monomeric HT
Cyt css,- Backbone dihedral angles of dimeric HT cyt css, are (¢,
y) = (—95.7°, 144.8°)), whereas (¢, ) are (—98.5°, —122.3°),
(-108.6°, —83.7°), (—100.9°, —125.8°), and (—114.3°,
—90.6°) for the four molecules in the asymmetric unit of the
crystal of the monomer. In the Ramachandran plot, the dihedral
angle pair (@, w) of Lys20 of the monomer is in the allowed
region, whereas that of the dimer is in the favored region
(Figure S9, Supporting Information).>> The structure at the
hinge loop (Ala18—Lys20) of the monomer was relocated in
the dimer, and the distortion at Lys20 was removed in the
dimer.

We have shown that oxidized horse cyt ¢ forms domain-
swapped oligomers by interaction with ethanol, and that the C-
terminal a-helix is swapped in the oligomers.”” The local
protein region around Met80 in cyt ¢ has been shown to unfold
by benzyl alcohol or m-cresol and acts as a “hot spot” for
triggering aggregation.’®”” The loop constructed of the
Asn70—Ile8S amino acids has been shown to open first during
unfolding of cyt ¢.>® The Thr78—Lys87 amino acids of the loop
of horse cyt ¢ form hydrogen bonds (<3.2 A between heavy
atoms) to the rest of the protein at Leu68(O)/Ile85(N),
Lys72(N{)/Met80(0), Lys72(N{)/Phe82(0), Thr78(0y)/
Hem(0O2D), Lys79(N)/Hem(O2D), and Lys79(N()/Thr47-
(O) in a relatively broad region (Figure 7). On the other hand,
the corresponding region (TrpS4—Thr6S) in monomeric HT
Cyt css, is fixed to the rest of the protein by forming a f-sheet-
like structure with four relatively close hydrogen bonds
between the backbone atoms (Lys47(0)/GIn62(N), GlyS0-
(N)/MetS9(0), GlyS0(O)/Met59(N), and GlyS2(N)/Glyss-
(0)), which creates a relatively tight structure for the amino
acids TrpS4—Thr6S in the loop (Figure 7). Actually, the
Gly50—MetS9 residues of HT cyt css, have been suggested to
form a short but persistent region of f-sheet secondary
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structure for its heme-depleted apo state according to
molecular dynamic simulation.®® In addition, relatively strong
hydrophobic interactions between Ala73 in the C-terminal a-
helix and Val39, Leu42, Ala43, and Ile46 in the neighboring a-
helix (Ala38—Lys48) exist in HT cyt cs5, whereas such
interaction is not seen in horse cyt ¢ (Figure S10, Supporting
Information). Therefore, to form dimeric HT cyt cg,, the C-
terminal o-helix may not exchange its position with the
corresponding helix of another molecule and instead, the N-
terminal a-helix with the heme may swap between protomers.

Although higher order oligomers were detected in horse cyt
¢, oligomers only up to pentamers were detected in HT cyt css,.
The hinge loop, which changes its conformation by domain
swapping, consists of only three residues in HT cyt css, (Alal8,
Lys19, and Lys20) (Figure S11, Supporting Information),
whereas it is relatively long in cyt ¢ (Thr78—Lys87). Since the
swapping loop is short in HT cyt ¢g55, HT cyt css, oligomers
may be subjected to more steric hindrance at the swapped site
compared to horse cyt ¢, and thus formation of higher order
oligomers may be prevented in HT cyt css,.

The dimers of horse cyt ¢ dissociated to monomers when
heated at 70 °C for 5 min,>* whereas dimeric HT cyt cg5, did
not dissociate under the same conditions (Figure S6,
Supporting Information). These results show that dimeric
HT cyt cs5, possesses a higher thermostability against
dissociation to monomers compared to those of dimeric
horse cyt c. Comparative studies on homologous proteins from
thermophiles and mesophiles have been performed to under-
stand the relationship between protein structure and thermo-
stability,”***~” and the packing by hydrophobic interactions
with the surrounding protein for AlaS, Metll1, Tyr32, Tyr4l,
and Ile76 residues has been shown to be important for the
thermostability of monomeric HT cyt c55,.”°>" The packing
around the side chains of these residues was maintained in
dimeric HT cyt css, (Figure S4, Supporting Information), and
thus the thermostability of the dimer against dissociation to
monomers was high. We attribute the stability of dimeric HT
cyt css, to the conserved packing of the amino acid residues
responsible for the thermo stability, as in the monomer.
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A high activation enthalpy has been obtained for domain-
swapped stefin A, pl3sucl, and cyanovirin-N, suggesting that
domain swapping proceeds via complete unfolding.*”*** It has
also been shown that RNase A oligomers are formed by
refolding from a chiefly denatured state,*® where the amounts
of the two N-terminal and C-terminal dimers depended on the
unfolding conditions.”® Our results also show that dissociation
occurs with a high activation enthalpy in dimeric HT cyt css,
(Figure S). Dimeric HT cyt cs5, and dimeric horse cyt ¢
dissociate to monomers when heated over 90 and 70 °C,
respectively. However, AH for the dissociation of dimeric HT
cyt css, to monomers was positive, whereas AH for the
dissociation of dimeric horse cyt ¢ was negative.”> The stronger
coordination of the His and Met ligands to the heme iron in
dimeric HT cyt cs5, compared to the monomer (Table 1) and
the removal of the stress around Lys20 in the dimer (Figure S9,
Supporting Information) may contribute to AH for the
dissociation exhibiting a positive value. On the other hand,
Met dissociated from the heme iron in the dimer and trimer,
and the loop before the C-terminal a-helix was long and
relatively flexible in the monomer for horse cyt c. These results
show the diversity in the properties of domain swapping even
between the proteins in the same superfamily.

For domain swapping of HT cyt css, with addition of ethanol,
it may be important for the N-terminal a-helix to conserve its
a-helical structure. In fact, trifluoroethanol promotes helical
formation in the sequences that have a tendency to be helical in
solution.”"”* Since the Met-heme iron bond needs to cleave to
form a domain-swapped oligomer according to its crystal
structure (Figure 3), perturbation in the Met coordination
seems to be necessary for formation of domain-swapped
oligomers. Ethanol induced perturbation in the coordination
structure of MetS59 to the heme iron in HT cyt css; at relatively
high temperatures (Figure S7, Supporting Information), at
which oligomerization occurred by domain swapping (Figure
S1, Supporting Information). With addition of ethanol to
dimeric HT cyt css,, dissociation of the dimer to monomers was
also observed (Figure S2, Supporting Information). These
results indicate that the structural perturbation with ethanol
enhances both association of monomers and dissociation of
dimers, probably by decreasing the activation energy. By
addition of ethanol, AH* for dissociation of dimeric HT cyt css,
decreased about 30 kcal/mol, showing that ethanol reduces the
activation energy for the dissociation of the dimer. Met
dissociates from the heme by addition of ethanol (Figure S7,
Supporting Information), which may cause a decrease in the
AH* value. Actually, the enthalpy change upon Met
coordination to the heme in cyt ¢ has been estimated to be
—18 kcal/mol.”> Although the swapping region in the proteins
of the cyt ¢ superfamily differ,” ethanol enhances formation of
both dimeric HT cyt css, and dimeric horse cyt ¢ by dissociation
of Met from the heme iron. These properties may be a
common feature in domain swapping of proteins in the cyt ¢
superfamily.

Met dissociation from the heme iron has been mentioned to
be important for apoptosis and the peroxidase activity of cyt
775 Since the Met dissociation is observed in dimeric and
oligomeric horse cyt ¢** but not in dimeric HT cyt cgs,, the Met
dissociation ability of horse cyt ¢ may be related to its apoptotic
function.
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Bl CONCLUSION

HT cyt css, formed a domain-swapped dimer by treatment with
ethanol. However, the domain-swapped region in dimeric HT
cyt cs5, was different from that in dimeric horse cyt c. The N-
terminal o-helix together with the heme was exchanged in
dimeric HT cyt cs5, whereas the C-terminal a-helix was
exchanged in dimeric horse cyt ¢. The loop region at TrpS4—
Thr6S in monomeric HT cyt cgs, is fixed to the rest of the
protein by forming a f-sheet-like structure, which may inhibit
the C-terminal a-helix from dissociating from the rest of the
protein. The heme iron was six-coordinate in dimeric HT cyt
Cssy but the coordinated Met originated from the other
protomer to which the heme belonged. Dimeric HT cyt cg,
exhibited high thermostability, due to the similar packing
around the side chains of the residues important for the
thermostability as in the monomer. Dissociation of dimeric HT
cyt ¢ss, to monomers exhibited high activation enthalpy AH*
(140 =+ 9 kcal/mol) and activation entropy AS* (310 + 30 cal/
(mol-K)). Ethanol may enhance formation of domain-swapped
oligomers for the proteins in the cyt ¢ superfamily by
dissociating Met from the heme iron and decreasing the
activation energy, although the swapping region may differ.
These results show that domain swapping may be a common
phenomenon in heme proteins, although the swapping region
may differ and depend on the relative flexibility of the swapping
region against the rest of the protein.
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