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ABSTRACT. Naturalc-type cytochromes are characterized by the consensus Cys-X-X-Cys-His heme-binding
motif (where X is any amino acid) by which the heme is covalently attached to protein by the addition
of the sulfhydryl groups of two cysteine residues to the vinyl groups of the heme. In this work, the
consensus sequence was used for the heme-binding site of a designed four-helix bundle, and the apoproteins
with either a histidine residue or a methionine residue positioned at the sixth coordination site were
synthesized and reacted with iron protoporphyrin IX (protoheme) under mild reducing conditiotre.

These polypeptides bound one heme per hdtiwp—helix monomer via a single thioether bond and
formed four-helix bundle dimers in the holo forms as designed. They exhibited visible absorption spectra
characteristic ofc-type cytochromes, in which the absorption bands shifted to lower wavelengths in
comparison with thé-type heme binding intermediates of the same proteins. Unexpectedly, the designed
cytochromesc with bis-His-coordinated heme iron exhibited oxidatimeduction potentials similar to
those of theirb-type intermediates, which have no thioether bond. Furthermore, the cytoclraiitie

His and Met residues as the axial ligands exhibited redox potentials increased by o189 H%V in
comparison with the cytochrome with the bis-His coordination. These results indicate that highly positive
redox potentials of natural cytochromesre not only due to the heme covalent structure, including the
Met ligation, but also due to noncovalent and hydrophobic environments surrounding the heme. The
covalent attachment of heme to the polypeptide in natural cytochromesy contribute to their higher
redox potentials by reducing the thermodynamic stability of the oxidized forms relatively against that of
the reduced forms without the loss of heme.

De nao protein design is an important approach to for heme are in the dissociation constalt)(range from
elucidating the principles of protein structure and function nanomolar to several micromolar and are much lower than
(1-5). In this respect, several artificial heme proteins have those of natural cytochromes. The effects of the affinity for
been designed and synthesized as the analogues for cytoheme on the redox properties and the rational strategy for
chromes §—9) and myoglobins10, 11). Four-helix bundle  sequence selection for generating the native-like affinities
motifs were frequently used to realizebaype cytochrome have not yet been clarified.
in the artificial systems. In these designed four-helix bundles,
two histidine residues were positioned at the opposite sites
across the hydrophobic interface between two helices and
the heme was associated with the protein in the bis-His six-
coordinated state of the iron. These artificial heme proteins
exhibited U\-visible absorption spectra similar to those of
natural cytochromé in the ferric and ferrous forms and
underwent one-electron oxidatieneduction reactions with
midpoint potentials aroune-200 mV versus SHE, which
are in the lower range of the potentials exhibited by natural
b-type cytochromes. The affinities of these artificial proteins

Naturalc-type cytochromes have essential roles in living
cells as electron carriers in respiration and photosynthesis,
enzymes, and signal transducers and are characterized by
the covalent attachment of heme to protdig{14). Usually,
the heme of cytochrome, in contrast with that of cyto-
chromeb, is associated with the protein via two thioether
bonds formed by the addition of the sulfhydryl groups of
two cysteine residues to the vinyl groups of the heme at the
consensus Cys-X-X-Cys-His heneebinding motif, where
X is any amino acid. Furthermore, the two axial ligands of
the heme iron in cytochromeare methionine and histidine,
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Ficure 1: Amino acid sequences of the synthesized artificial cytochromes. The outlined codes are the residues different from those of the
prototype helix-loop—helix polypeptide ¢-I-o)) designed by Gibnegt al. (8). The vertical lines between the sequences denote the positions
assumed to be the heme axial ligands. His-23 and His-42 of these polypeptides correspond to thsiteOoflthe prototype (see reés

and8) and form hemés-binding sites near the loop. His-9 (Met-9) and His-54 correspond to the 24ijt84f the prototype, and those of

cHH and cHM form the heme-binding sites with Cys-52.

bonds seem to be formed with the aid of an enzymatic systemdigested witiNdd andHindlIll (Takara Bio Inc.) and cloned

for the maturation of cytochrome Thus, the expression
and engineering of native cytochromes(15—18) and
mutational conversion of nativetype cytochromes to-type
cytochromes 19, 20) were conducted using recombinant
E. coli either by thein situ maturation system or by co-
expression of the cytochroneanaturation ¢cmj gene cluster
or the heme lyase gene. Recently, Daltetpal. reported
that the thioether bonds in a natural cytochrarepontane-
ously formin witro under mild reducing conditions via a

into a pRSET-C vector (Invitrogen) using T4 DNA ligase
(Takara Bio Inc.) to yield pbHH. The artificial genes encod-
ing c-type de nao cytochromes were constructed by PCR
using pbHH as the template. For example, the gene encoding
polypeptide cHM was constructed from pbHH and the two
primer DNAs: B3-GGAGATATACATATGCTGAAGAA-
ACTACGCGAAGAAATGTTGAAGCTCCTAGAAGAG-3
encoding Met-9 in place of His-9 of the bHH sequence for
the sixth coordination ligand and-6&CCGGATCAAGCT-

b-type heme-binding intermediate in the absence of any TACAGCTTTTTCAAACGCTCCTCATGCAGTTTCA-

biogenesis apparatugl, 22). In the work presented here,

GGCATTCCTCGAATTTTTTCAG-3 encoding Cys-52 in

we have adopted a designed four-helix bundle framework place of Leu-52 of the bHH sequence for ttiype heme-

with a simplified amino acid sequencé, (8) for binding
hemec and synthesized artificial cytochromedy thein

binding motif. The resulting fragment was digested it
andHindlll and was cloned into pRSET-C to give pcHM.

vitro formation of thioether bonds between heme and the Other artificial genes were constructed by similar procedures.
polypeptide. The structural and functional properties were All the synthetic oligonucleotides were purchased from
investigated and compared with those of natural cytochromes,QIAGEN Inc.

their variants, and designed cytochronie® gain insight

Protein Expression and Purificatiod\n artificial gene in

into the strategy for realizing native-like functional properties pRSET-C was transformed int6. coli strain BL21(DE3)

in the designed proteins.

MATERIALS AND METHODS

Sequence DesigriAn amino acid sequencex{-a) de-
signed by Gibneyet al. (8) to form a heme-binding four-
helix bundle (p-1-a]2) was used and modified for binding
hemec as shown in Figure 1. In our prototype polypeptide
bHH (b-type bis-His ligation), methionine was added to the
N-terminus ofa-l-a to initiate the protein expression .
coli cells. The binding site for thec-type heme was

and expressed in>2YT medium supplemented with 100
mg/L ampicillin under the control of the T7 promoter using
isopropy! 1-thio-p-galactopyranoside (IPTG). Cells were
harvested by centrifugation, washed with TE buffer contain-
ing 10 mM Tris-HCI (pH 8.0) and 1 mM ethylenediamine-
tetraacetic acid (EDTA), and lysed by sonication in TE buffer
supplemented with 0.3% (v/v) 2-mercaptoethanol. After
addition of polyethyleneimine (PEI) to approximately 0.6%,
the insoluble fractions were removed by centrifugation. The
supernatants were collected and dialyzed against 0.05%

constructed by the rep|acement of Leu-52 with Cys at the trifluoroacetic acid (TFA) overnight at 4C. After removal

site followed by His-56, which was originally positioned for
binding hemeb on the C-terminal side of the second helix
in the helix-loop—helix monomer, to give the sequence
CLKLH in the polypeptide cHH ¢-type bis-His ligation).
In the polypeptide cHMdc type His/Met ligation), His-9 was

of the insoluble fractions by centrifugation, the supernatant
was concentrated to an appropriate concentration using an
AMICON YM-3 ultrafiltration membrane (Millipore). The
concentrated solution was centrifuged, and the supernatant
was applied onto a C4 reverse-phase preparative HPLC

further replaced with Met (Figure 1). See the Discussion for column (Vydac 214TP1022). Apo-cHH and apo-cHM

other designed sequences that have been synthesized.
DNA ConstructionThe artificial gene encoding the proto-
type polypeptide bHH with the optimal codons BEf coli

polypeptides were eluted with a gradients 32 to 52% and 36
to 56% acetonitrile, respectively, in the presence of 0.05%
TFA with a Hitachi L-6200 HPLC system. The peak fractions

(23) was generated by the polymerase chain reaction (PCR)containing the designed proteins were collected, evaporated,

with PyrobestDNA polymerase (Takara Bio Inc.) from three
synthetic oligonucleotides:' &5GGCATATGCTGAAGAAA-
CTACGCGAAGAACATTTGAAGCTCCTAGAAGAGTT-
CAAAAAGTTACTCGAAGAGCACTTA-3' containing the
Ndd restriction site near the' ®nd, 5-CTCGAAGAGCA-
CTTAAAATGGCTGGAAGGCGGGGGAGGTGGCGG-
AGGTGGGGAACTGCTTAAGCTCCACGAGGAATTG-
3, and 3-GGGAAGCTTACAGCTTTTTCAAACGCTCC-
TCATGCAGTTTCAGTAATTCCTCGAATTTTTTCAGC-
AATTCCTCGTGGAG-3 containing theHindlIl restriction
site near the '5end. The resulting 205 bp fragment was

and lyophilized. The samples were dissolved in water and
dialyzed against an appropriate buffer solution. Concentra-
tions of apo-designed cytochromes were determined spec-
trophotometrically using apgoof 5.8 mM~tcm at pH 8,
which was estimated from the protein sequence.

1 Abbreviations: CD, circular dichroism; cHH and cHM;type
heme-binding polypeptides with the axial ligands of bis-His and His/
Met residues, respectively; DMSO, dimethyl sulfoxide; HPLC, high-
performance liquid chromatography; MALDI-TOF, matrix-assisted laser
desorption ionization time-of-flighty,, relative molecular mass; SHE,
standard hydrogen electrode.
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Covalent Attachment of Heme to Designed Apocyto-
chromes The in uitro reaction of protoheme with the
polypeptide Cys residue was performed under mild reducing
conditions according to the methods of Daltrepal. (21,

22). Concentrated apoproteins£1.5 mM) in 10 mM Tris-

HCI (pH 8.0) were kept reduced by the addition of dithio-
threitol (DTT) to a final concentration of 5 mM. Hemin
(Sigma-Aldrich) solubilized in DMSO was diluted to 0.6 mM
with 50 mM Tris-HCI (pH 8.0) and reduced with a small
amount of sodium dithionite. Apo-designed cytochromes
were added to the hemin solution in deaerated 50 mM Tris-
HCI buffer (pH 8.0) at a final protein concentration of 0.2
mM. To fill the two heme binding sites of the designed
cytochromes, hemin was added at approximately 2.5 equiv
of protein. The reaction mixture was incubated in the dark
under anaerobic conditions by & ijas flow for 48-60 h.

The reaction mixture was dialyzed against 0.05% TFA in
the dark and was centrifuged to remove the insoluble
materials. The supernatant was applied onto a C18 reverse-
phase preparative HPLC column (COSMOSIL 5C18-AR300,
Nacalai Tesque) and was eluted with a gradient of 30 to 50%
(in cHH) and 37 to 52% (in cHM) acetonitrile in the presence
of 0.05% TFA. The three-dimensional chromatograms were
recorded in the wavelength range between 195 and 650 nm
using a MD-1510 multiwavelength detector (JASCO). The
peak fractions containing the designed cytochromes were
collected, evaporated, and lyophilized. If necessary, reverse-
phase chromatography was repeated to obtain a homogeneous 100
protein fraction that was>95% pure. The samples were C
dissolved in water and dialyzed against an appropriate buffer
solution. These procedures were carried out in the dark.

The covalent structures of synthesized polypeptides were
identified by the visible absorption spectra of their pyridine
hemochromes and also by MALDI-TOF mass spectrometry.
Concentrations of heme-binding designed cytochromes
were determined by the absorption coefficient of pyridine
hemochrome at the peak &ss3) estimated to be 30 mv
cmt (24).

Size-Exclusion Chromatographyhromatography was : :
performed on a Hitachi L-6200 HPLC system with a Hitachi 8 10 12 14 16
L-4200 UV—visible detector or a JASCO MD-1510 multi-

Wavelengt_h de_tector using a Superdex75 gel filtratio_n column FIGURE 2: Size-exclusion chromatography of designed cytochromes
(Pharmacia Blotech). It was operated with a mobile phase ¢ The éhromatograms of hemebinding cHH (A) and heme
of 10 mM Tris-HCI (pH 8.0) and 200 mM NacCl at a flow  ¢-pinding cHM (B) were monitored via absorbance at 280 nm. A
rate of 1.0 mL/min. This column was standardized using 50 uL aliquot of 10uM (+++) or 100uM (—) proteins was loaded
commercially available globular proteins with a variety of %”;%Cmgr ;:noallg;n Qr'ldi?ﬂt?cl,nctm%vc?fs[athcs cé?frl;e)latﬂg%e%emﬁn e
masses and shapes (see Figure 2C). . (a), [apo-cHM}, (@), and [hema:-cHlvlﬁ)2 (O), with that of natqrzau
SpectrometryUV—visible absorption spectra of artificial  g15hjar proteins®) with variousM; values and shapes: chicken
cytochromes or these pyridine hemochromes were reCOTdecgvalbumin (1), rabbit triosephosphate isomerase (2), bovine carbonic
with a Hitachi U-3000 spectrometer using quartz cuvettes anhydrase (3), horse myoglobin (4), horse cytochren(®), and
with a path length of 1.0 cm. CD spectra were recorded at bovine aprotinin (6).
20 °C with a JASCO J700 spectropolarimeter using quartz
cuvettes with a path length of 0.2 cm. MALDI-TOF mass adjusted by the addition of sodium dithionite and potassium
analyses were conducted with a Reflex mass spectrometefferricyanide in the reductive and oxidative directions,
(Bruker Daltonics) using sinapinic acid as the matrix in the respectively. The redox potential was measured with a
linear positive mode or an Ultraflex (Bruker Daltonics) in combination MI-800-410 redox electrode (Microelectrodes,
the positive MS/MS mode26). Inc.), and the optical absorption spectra were recorded
Redox TitrationTo estimate the redox midpoint potentials, throughout the titration on a Hitachi U-3000 spectrometer.
potentiometric titration was performed under anaerobic The potentials measured against the Ag/AgCl reference
conditions with a continuous flow of gaseous nitrogen in electrode are reported against the standard hydrogen electrode
TN buffer containing 10 mM Tris-HCI (pH 8.0) and 200 (SHE) in the text. Equilibration between the electrode and
mM NacCl at 20°C (26). The ambient redox potential was the reaction mixture was facilitated with the following redox

A280

A280

Molecular mass, kDa

Elution time, min



9826 Biochemistry, Vol. 43, No. 30, 2004 Ishidaet al

20 heme and polypeptides, pyridine hemochrome and MALDI-
- TOF mass spectra were measured. The pyridine hemochrome
S 10} spectra of the heme-attached polypeptides showedxthe
_g bands at 553 nm, indicating-type heme with a single
« thioether bond, as in the case Bluglena gracilisand
g 0r Crithidia oncopelticytochrome (24), whereas these spectra
:0 of the hemeb-binding intermediates showed thebands of
< -10 | 556 nm characteristic ob-type hemoproteins. The mass
“ analyses revealed that the attachment of heme to cHH and
S 20 cHM increased the mass values by 617 and 618 Da,
X respectively, both of which are identical to the mass of iron
® protoporphyrin IX (G4Hs,0:NsFe, 616.5 Da) within the
-30 ' ' instrumental error, and that the heme-attached cHH and cHM
200 220 240 260 proteins have masses of 8049 and 8043 Da, respectively,
Wavelength, nm which correspond to the calculated values of the heme-

attached cHH (8048.5 Da) and cHM (8042.6 Da) (Table 1).
Furthermore, digestion of these holocytochromesAlaf-
romobactemrotease 127) produced heme-attached peptide
fragments with a mass of 1511.6 Da which is identical
to the calculated mass (1511.7 Da) of the heme-attached
KFEECLK. Thus, these polypeptides have a covalent linkage
to the heme via a single cysteine residue as designed. On
the other hand, any covalent attachment of heme to bHH,
which has no Cys residue in the sequence, did not occur by
incubation of the polypeptide with heme under the same
reducing conditions.

The purified, heme-attached polypeptides recovered in the
30 ‘ . reversed-phase HPLC were refolded in a buffer solution at
- a neutral pH and were used for the following analyses.

200 220 240 260 Four-Helix Bundle Formation.Self-association of the

Wavelength, nm designed cytochromes was analyzed by size-exclusion

. . chromatography, in which the elution volume of a protein
Ficure 3: CD spectra of designed cytochromesThe spectra of d d both the si d | | h - >
cHH and cHM are shown in panels A and B, respectively, in which depends on both the size and molecular shape (Figure 2). In

the solid and dotted lines are for the apo and hemiending the chromatography of the heradinding proteins, the main
cytochromes, respectively. The spectra were recorded in 10 mM peaks were eluted in thil, range of the dimer over the
sodium phosphate (pH 8.0) and 200 mM NaCl at@0The protein  |oading protein concentrations of 10 and 10, whereas
concentrations were 1M as determined spectrophotometrically. the larger aggregate appeared as the minor peak at a higher
. ) loading protein concentration (Figure 2A, B). The major peak
mediators at 1930 uM: 2,3,5,6-tetramethyp-phenylene- o e ntified as a dimer, based on a standard curve derived
diamine, 1,4—naphthqqumone, 1,2—naphthoqumc_)ne, phenazmefrom the data of globular proteins as shown in Figure 2C.
ﬁtr;c;sglfaltei Eherr:tar\]2|neirr]n(re1thosRuI;atet,i dnurc?qtur:nor?er,nanv?/ 2'The main fractions of the apoproteins were also eluted as

yaroxy-1,5-haphthoguinone. Reduction of the NemMe Was,q yimer (Figure 2C), and thus, the attached heme has little
monitored by the increase in the absorption bands. The

titration data were analyzed by fitting the Nernst equation effect on the association states.
y y 9 q " Secondary structures of the apo forms of the designed

RESULTS cytochromes were probed by far-UV circular dichroism (CD)
measurements (Figure 3). The CD spectra of these proteins
Synthesizing Artificial Cytochrome. @he amino acid indicate the highlyo-helical features of their structures and
sequences of artificial cytochroneewere constructed by  that the sequence modification in cHH and cHM results in
modification of a designed helixoop—helix polypeptide, only minor changes in the helical content in comparison with
which was originally designed to form thetype heme- the original protein ¢-I-a], (8). Both the mean residue
binding four-helix bundles in the dime6,(8) as shown in ellipticities of apo-cHH and apo-cHM were determined to
Figure 1. These polypeptides, cHH and cHM, were efficiently be (—2.54 0.1) x 10* deg cn? dmol™* at 222 nm. On the
expressed in their apo forms in the soluble fractions of other hand, those of the heradinding cHH and cHM were
recombinantE. coli cells. By mixing with protoheme in a  determined to be-<{2.6 4+ 0.1) x 10* deg cn? dmol™? at
buffer solution, the purified polypeptides bound the heme 222 nm. From these values, all the helical contents of the
and exhibited UV~visible absorption spectra characteristic apo- and holocytochromes were identical within experimental
of b-type cytochromes (see Figure 4). Thdaype heme- error and were estimated at approximately 80% based on
binding polypeptides were incubated for-2 days under  the ellipticity of —32000 deg crhdmol* for 100% helicity
mild reducing conditions, and the fractions with covalently (28), as summarized in Table 1. Thus, the covalent attach-
attached heme were collected by reversed-phase HPLC undement of heme produced almost no effects on the helical
denaturing acidic conditions (see Materials and Methods). contents of cHH and cHM. Also, the ratio of signal intensity
To verify the formation of the covalent bond between the at 222 and 208 nm showed no significant changes in these

©, x10° deg cm’ dmol”’
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Ficure 4: UV-—visible absorption spectra of artificial holocytochromes. Panels A and B show the spectra of holo-cHH in the ferric and
ferrous forms, respectively. Panels C and D show the spectra of holo-cHM in the ferric and ferrous forms, respectively. The absorption
bands of the heme-binding cytochromes—) shifted to a shorter wavelength compared to those of their Heiiading intermediates

(-++). The absorbance increases of the ferrous forms around 350 nm in panels B and D were due to sodium dithionite added for the reduction
of heme. These spectra were recorded in 10 mM Tris-HCI (pH 8.0) and 200 mM NaCl at protein concentratigid af 30 °C.

Table 1: Mass and CD Analyses of Apo and HecBinding Table 2: Spectral and Electrochemical Properties of Atrtificial
Forms of Synthesized Atrtificial Cytochromes Cytochromes
molecular mass mean residue ellipticity oxidized Soret, reduced Soret, Em
(Da) (deg cnT2 dmol-1)b protein  f,abands (nm) j,abands(nm) (mV vs SHE)
protein calcd measurdd 6222 0208 02200208 % o helix cHH

apo-cHH 74320 7432 —25226 —24760 097  78.2 hemec  409.5,5325  421.0,525.0,554.5 —105, 220

hemec-cHH 8048.5 8049 —25685 —26411 0.97 80.8 hemeb  414.0,535.5  426.0,529.5,559.5 ND
apo-cHM 74261 7425 —25035 —25385  0.99 78.2 CHM
hemec-cHM 8042.6 8043 —25859 —28043 092 808 hemec ~ 409.5,5340  4215,5255,556.0 —90,-187

hemeb 414.5,537.5 425.5,529.0,559.5 —105,-214

aThe instrumental errors are0.1% of the measured valuésThe " -
data represent mean values of three separate measurements with a ° Not determined.
standard deviation ot3%.

These blue shifts of the absorption bands by the covalent
proteins (Table 1), suggesting that the coiled-coil supersec-attachment of heme to the polypeptides agree with the
ondary structures are not affected by the hesri@nding. differences in the spectral features between natorand

Heme Spectroscoppbsorption spectra of the holo forms  c-type cytochromes and also with the mutational conversion
of cHH and cHM (Figure 4) indicate that both the polypep- of cytochromed to ¢ (19, 20) and vice versa(22, 29, 30)
tides bind hemes in a low-spin six-coordinated state. In the (Table 3). Furthermore, the introduction of a thioether bond
oxidized forms, both the hemebinding cHH and cHM between heme and the polypeptide increased the absorption
proteins exhibited a Soret peak at 409.5 nm. These peakscoefficients and sharpened the band shapes, suggesting the
are at wavelengths shorter than those of the hiethieding restriction of the conformational geometry of the heme inside
intermediates of cHH and cHM by approximately 5 nm the protein molecule.
(Table 2). On the other hand, the reduced forms of the heme Redox TitrationRedox properties of the designed cyto-
c-binding cHH and cHM exhibited the, 3, and Soret peaks  chromes were studied in equilibrium redox titration. Figure
at 554.5, 525.0, and 421.0 nm and at 556.0, 525.5, and 421.% shows changes in the fraction of the reduced heme assayed
nm, respectively. These values are at wavelengths shortelby optical spectroscopy as a function of the solution redox
than those of the hentebinding intermediates of cHH and  potentials for each of the proteins. The titration curves are
cHM by approximately 5 and 4 nm, respectively (Table 2). biphasic due to the fact that the two hemes are associated
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Table 3: Spectral and Electrochemical Properties of Natural Cytochrome Variants Converted frioto théype andVice Versa

hemec- thio- reduced absorption reduction
binding ether maximum Soret, potentials
protein axial ligands motif bond S, a.bands (nm) (mV vs SHE) refs
bovine liver cytochromés bis-His (wild type) - 423,527, 555 +4¢ 19,31
His/Met - - NDe NDe
bis-His - single 420, 527, 555.5 -1
E. coli cytochromébse. His/Met (wild type) RNAYH - 426.5, 531.0, 561.5 +16% 20, 32,33
bis-Met RNAYM - 430, 530, 561.5 +240
bis-Met CNAYM single 426, 528, 557 +350°
His/Met CNAYH single 421.5,527.5, 556 ND
His/Met RNACH single 424.5,529.5, 560.5 KD
His/Met CNACH double 421, 526, 556 ND
His/Met CNACH single 424,529, 559.5 ND
H. thermophiluscytochromecss, His/Met (wild type) CMACH double 417,521, 552 +245! 21,2930, 34
His/Met CMAAH single 420, 525, 556 +250!
His/Met CMAAH - 424,528, 559 NB
His/Met AMACH single 418, 526, 558 +2258
His/Met AMACH - 425.5, 528.5, 559.5 ND
His/Met AMAAH - 425, 529, 560 +17¢0¢
His/Met CMACH - 425, 530, 560 NB 35, 36
T. thermophilugytochromecss, His/Met (wild type) CAGCH double 417,525, 552 KD
His/Met CAGCH single 423, 526, 557 ND
P. denitrificanscytochromecsso His/Met (wild type) CKACH double 415, 521.5, 550 ND 22
His/Met CKACH - 423,528.5, 558.5 ND
horse cytochrome His/Met (wild type) CAQCH double 415, 520, 550 +2624 22,37
His/Met CAQCH - 424,528, 559 NB
bis-His CAQCH double 415, 520, 550 +414
yeast iso-1-cytochrome His/Met (wild type) CLQCH double 415, 518.5, 549 +28Z 38,39
His/Met SLQCH single 418, 522,553 ND

a Methionine sulfur is not bonded to the heme iron, and the bound heme is five-coordin@texlheme is not attached at the hecdginding
motif but at the Cys replacing Asn-57 of the wild type, which is close to a heme vinyl group in the tertiary stra@etermined by cyclic
voltammography? Determined by equilibrium redox titratioA Not determined or not reported.

Fraction reduced

-300  -200 -100 0
Redox potential, mV vs SHE

Ficure 5: Redox titration of artificial cytochromes. The fractions
of the reduced forms of hentebinding cHM (black circles), heme
c-binding cHH (blue triangles), and henwebinding cHM (red

squares) were plotted against the solution redox potentials under

with cHM at the heme-binding site by the His/Met ligation
but associated at the henfebinding site by the bis-His
ligation near the loop (see Figure 1 and the Discussion). The
Em values of heme-binding cHH and cHM were determined
to be—1054+ 10 and—220+ 10 mV, and—90 + 10 and
—187+ 10 mV, respectively (Table 2). Thus, the covalent
attachment of heme to the polypeptide with the bis-His axial
ligation did not affect the redox potential, but the combination
of the covalent attachment with the replacement of the bis-
His ligation with the His/Met ligation gives redox potentials
higher by 15-30 mV in these artificial systems. These results
for redox properties contrast with those of the conversion
of natural cytochromeb to thec-type variants 19, 20) and

of natural cytochromes to theb-type variants 22, 29, 30)
(see Table 3 and the Discussion).

DISCUSSION
The research goal of protein design is the construction of

equilibrium conditions. The data were obtained from the spectral novel amino acid sequences capable of folding into a

changes of the cytochromes in the and-band region with the
potential monitored by a combination redox electrode at@0

The theoretical curves were drawn by fitting the data using two

independent Nernst equations =€ 1).

with the four-helix bundle dimerg; 8). Thus, the data were

functional tertiary structure. In the design of cytochromes,
the ability to control the midpoint redox potentials is an
important measure for assessment of the function. The
previously designed heme-binding proteins exhibited poten-
tials lower than those of native cytochromes; e.g. dfgpe

fitted using the two independent Nernst equations, each withheme binding maquette protein has the most positive

one electron transitiom(= 1), to estimate the midpoint redox
potentials E). The E; values of the hemeb-binding
intermediate of cHM were determined to b405+ 10 and
—214 + 10 mV (Table 2). These values were identical to
the values of~100 and—215 mV of the original designed
four-helix bundle (I or [H10A24}) with protoheme bound
by bis-His ligation 6) within experimental error. This is a

potential [but only 40 mV versus SHEQ)], whereas native
cytochromes have a variety of potential values of up to 400
mV. We consider that the difficulty in making heme proteins
with higher potentials is partly due to the creation of a
hydrophobic environment around the bound heme, which
requires unique side chain packing inside the protein core
containing heme. This is closely related to the general and

reasonable coincidence because protoheme is not associatetifficult subject of protein design, i.e., achievement of a
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native-like unique structure. Many artificial proteins with

the secondary structures and the overall topology success-

fully designed exhibited mixed conformational states or a Syn-topologies
“gemisch” state41), which is similar to molten globules of
native protein folding intermediates, but never achieved any
single structures under any conditions. In such a multiple-
conformation state of a heme protein, water molecules easily
enter into the protein core, and the hydrophobic environment
cannot be attained as in native protein cores. The favorable
interaction between water and ferric heme with net charge
of +1 stabilizes the oxidized form to shift the redox
equilibrium in the oxidized direction. Thus, the redox
potential of an artificial heme protein is an essential probe
for the native-like structure coupling with the function. The
artificial cytochromesc also provide a useful system for
controlling the redox potential via the stability modulation Bisecting topologies
because the covalent linkage to the heme prevents its releas

when the oxidized form is destabilized and makes effects of (1

the lower heme affinity negligible. F 6: Possible topologies of the dimer four-helix bundles. The
P IGURE 6: i i - .
T_he art.mCIal Cytochrom_es, cHH and CHM'_ follow the ._topologies are classified by the arrangements of the loops with the
amino acid sequence designed to form multi-heme-binding same (syn) and opposite (anti) sides of the bundle and of the loops

proteins 6, 8) and preserve the henhebinding site formed bisecting at the opposite sides of the bundle, and also by the
by His-23 and His-42, which are assumed to face each otherarrangements of the helix dipolesV) indicated by the arrows
in the helix bundle, in addition to the heneebinding site from the amino- to carboxyl-terminal ends of the helices. The

. . . bisecting syn topologies should be rare for steric hindrance between
formed by His-9 (Met-9) and His-56 (see Figure 1). Thus, the loops and are excluded from this set of topologies. In the heme

they have the two heme-binding sites and also have the ¢ pinding forms with the bis-His or His/Met ligation, only hetix
two extra hemeb-binding sites in the four-helix bundle dipole arrangements I, I, and Il are possible for the syn, anti, and

dimer. The heme sites correspond to the 24, 2dosition bisecting topologies, respectively, as shown in the figure. Red square
in the original H1I0H24 or-SSo polypeptide 6, 8) and ~ Plates represent the bound heme

should have the binding affinity for protoheme, which is other, and these topologies should be rare. On the other hand,
lower than that of the hemb sites corresponding to the the bound heme restricts the topologies to three species
10, 10 position near the loop region. After the formation of (syn-I, anti-l, and bisecting-II) by fixing the helix disposition
the thioether bond between the heme and the Cys residue irin an interface between the helices. The bisecting topologies
the hemec site with excess heme, the heme without the are impossible in the four-helix bundles without the heme
covalent bond was removed from the polypeptides during binding sites near the loop, such as the polypeptides with
the purification procedures. Thus, the resulting proteins Ala residues for His-23 and His-42.

preserved the two vacant herbéinding sites in the four- The splits of the midpoint potentials observed in the redox
helix bundle. We have tried to prepare proteins binding both titration of the hemec-binding cHH and cHM were ap-
hemesb andc in a single molecule by adding protoheme to proximately 100 mV (Figure 5 and Table 2), suggesting the
the hemec-attached cHM. In the binding titration experi- electrostatic interactions between the two bound hemes
ments with the heme-attached polypeptide, however, almost within the four-helix bundle&, 8, 40, 43, 45). The entropic

no hemeb binding was observed under low concentrations effect on the difference in redox potentials between two
of added heme and the dissociation constant of the holocyto-noninteracting redox centers bound to a protein molecule
chromec for protoheme was more than several micromolar. can be estimated via RZ/F) In 2 = 35.6 mV at 25°C,
Interestingly, at higher concentrations of heme, the axial arising from the fact that donation of the first electron to a
ligation of hemec was gradually lost whereas small amounts molecule with two oxidized redox centers occurs more easily
of hemeb were bound (not shown). This may be due to the (at a higher potential) than that of the second electron to the
direct steric interference between the hemes as previouslymolecule with only one oxidized center (at a lower potential)

) (Im (i

Anti-topologies

O (I

= S ==

(V)

suggested in the original four-helix bundle with hean@O0), (46, 47). Thus, the residual potential difference 680 mV,
and/or due to indirect negative cooperation between bindingcan be attributed to the electrostatic repulsion between the
of hemeb and that of heme; i.e., the binding of hemé ferric hemes in the holocytochromesAs mentioned above,
induces unfavorable conformational changes for heame we have constructed several three-dimensional models of the
binding, andvice versa(also see below). artificial cytochromeg: with different topologies and favor

In the apo and hemb-binding forms, there are at least the anti-l topology rather than the others, because this
seven possible topologies of our four-helix bundles, as showntopology is most symmetrical and produces less steric
in Figure 6. These topologies can be classified by the threehindrance between the bound hemes (see Figure 6). The
arrangements of the loops (syn, anti, and bisectifg) &nd distance between the bound hemeenters in the anti-I
also by the four arrangements of the helix dipolesI{). topology is estimated to be +20 A based on the X-ray
The syn, anti, and bisecting topologies can have three, two,structure of a designed four-helix bundle variant in another
and two helix-dipole arrangements, respectively (Figure 6). anti topology 48). This distance is equivalent to a potential
In the syn-1l and anti-Il topologies, the monomers with the difference in a range of only 10 mV in the hydrophobic
same sequences have conformations different from eachinterior of a natural globular proteid®) but may correspond
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to larger values in the less hydrophobic (higher dielectric) The hemec with bis-His ligation in cHH has redox
interior of the artificial proteins. potentials of~105 and—220 mV at pH 8.0 (Table 2). These
The two distinct components observed in the redox titration values are very similar to those of bis-His-ligated helme
have been assumed to arise from the electrostatic interactionst the high-affinity 10, 10sites of the prototype four-helix
between the bound hemes that are close to each other in théundle (Illk or [H10A24}), i.e., —100 and—215 mV at
syn topology of the four-helix bundles. However, there is pH 8.0 6, 8) and—144 and—216 mV at pH 8.543). The
only a small energetic difference between the syn and anticHM-bound hemec with His/Met ligation exhibited a
topologies 45, 50), and the recently revealed X-ray structure potential 16-30 mV higher than that of the cHH-bound heme
of a four-helix bundle maquette in the apo form has the anti ¢ (Table 2). Moreover, the hemebinding intermediate of
topology @8). Furthermore, introduction of protohemes into cHM, which contained approximately 1.0 equiv of protoheme
the syn topology induces unfavorable effects for this orienta- per monomer and was expected to bind the heme with bis-
tion and shifts the topological balance to the anti orientation His ligation at the hemb site near the loop, exhibited redox
by 25-50-fold (45). This shift was more significant in  potentials of—105 and—214 mV, similar to those of the
binding of hemea with the longer side chain due to the steric cHH-bound heme. Thus, we conclude that the thioether
effect @0), which may be similar in the case of conforma- bond between the heme and polypeptide does not affect the
tionally more restricted heme redox potential in the designed cytochromes and that the
E. coli cytochromebsgs,, Which is a four-helix bundle  replacement of the bis-His ligation with the His/Met ligation
hemoprotein containing a six-coordinated heme iron ligated increases the potential. However, the potential increase by
by His and Met residues, was converted to ttxype axial ligand replacement is small, and the redox potentials
cytochromes by replacing R98 and/or Y101 at the positions of hemec with His/Met ligation in cHM 90 and—187
close to His102, one of the axial ligands of heme iron, with mV) are still much lower than those of natural cytochromes
Cys to generate the Cys-X-X-Cys-His, Arg-X-X-Cys-His, ¢ and their variants with either single or double thioether
and Cys-X-X-Tyr-His motifs in thé>-type cytochrome and  bonds (176-350 mV) (Table 3). Therefore, the higher redox
by in vivo synthesis20, 32, 33) (Table 3). These cytochrome  potentials of natural cytochromegan be attributed not only
bss> variants with the His/Met ligation have the covalently to the covalent structures around the heme, including both
attachedc-type heme with the single or double thioether the His/Met ligation and the thioether bonds, but also to the
bonds and exhibit blue shifts of the absorption bands, e.g.,noncovalent and hydrophobic environments formed by their
from theo band of the wild-type reduced form at 561.5 nm amino acid sequences; i.e., the heme coordination structure
to that of the Cys-X-X-Cys-His variant with the double as well as the covalent attachment to polypeptide should be
thioether bonds at 555.5 nr2@). Bovine liver cytochrome  essential but not enough for realization of the higher redox
bs was also converted to thetype cytochrome without a  potentials characteristic of natural cytochronees
change in the bis-His axial ligand49), which showed Hydrogenobacter thermophilusytochromecss, has a
spectral changes similar to those of cytochrobsg (20). normal hemec-binding motif (CXXCH) with the double
Furthermore, the inverse spectral shifts to lower energy werethioether bonds and the His/Met ligation. Tomlinson and
observed in the conversion of the natural cytochromés Ferguson 29, 30) reported that the AXXCH and CXXAH
b-type cytochrome variants (Table 3). These results agreevariants of this cytochrome with the single thioether bond
with the spectral differences between the hémand heme preserved thermal stability and redox potentials that were
c-binding forms of our designed cytochromes (Figure 4 and almost the same as those of the wild type, whereas the
Table 2) and confirm the formation of the covalent bond AXXAH variant without any thioether bond is less stable
between heme and the polypeptides, which had beenthan the wild type and the redox potential reduced by 75
evidenced by the mass spectrometric analyses and theimV (Table 3). From these results, the authors inferred that
pyridine hemochrome spectra (see the Results). the potential drop was caused by the change in the heme
The increases in absorption band intensity caused byenvironment along with the loss of stability rather than the
formation of the covalent bond (Figure 4) suggest that the change in the covalent structure of heme and that either of
thioether bond imposes conformational restriction on the the thioether bonds contributes to the stability but contributes
bound heme and increases a single state of the bound hemdittle to the redox potential. This conclusion is consistent with
These absorption spectra of the holocytochrometearly our results using the artificial system. On the other hand,
indicated that these proteins have six-coordinated low-spin Barkeret al. (32) reported that a bis-Met variant &. coli
hemes as designed. In contrast to natural monoheme bindingytochromebsg, with a single thioether bond had a substan-
cytochromes, our artificial cytochromes have two heme- tially higher redox potential than another bis-Met variant of
binding sites in the helixloop—helix monomer; i.e., inthe  this cytochrome with no thioether bond, as shown in Table
four-helix bundle, cHH has four bis-His sites and cHM has 3. Thus, in this case, the thioether bond contributes to the
both two bis-His sites and two His/Met sites. As mentioned increase in the potential. Mechanisms underlying this effect
above, the bis-His hemk-binding sites close to the loop of the covalent bond are not cle&@2j but may correlate
region have higher affinity for protoheme than the other bis- with the combination of the thioether bond with the axial

His and His/Met heme binding sites in cHH and cHM, ligand arrangement as well as the other environments
respectively. Thus, it should be noted that these artificial surrounding heme.
cytochromes bind protoheme at the helogtes rather than The potentials of redox proteins are determined by the

the hemec sites in the intermediates, and the spectral and differences in thermal stability between the oxidized and
redox data for the hemebinding intermediates concern the reduced forms, and the oxidized form of a higher-potential
binding sites different from those of the heréinding protein is less stable than the reduced form. For example,
cytochromes. the reduced form of cytochromess from Rhodopseudo-
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monas palustrigs more stable toward unfolding than the binding motifs is forced by the linkage of heme to the Cys
oxidized form AAG® = ~22 kJ/mol), and the redox residue next to the His residue in comparison with that to
potential is 220 mV §1). On the contrary, a single henee the other Cys residue apart from the His residue. Thus, we
bound to cHM in the folded state is assumed to have a selected the Cys-Leu-Lys-Leu-His sequence for binding
redox potential near-190 mV (see Figure 5 and Table 2), hemec and successfully synthesizelé nao cytochromes
which is equivalent to 18.7 kJ/mol. Thus, the oxidized form c with the simple artificial amino acid sequences (see Figure
is more stable than the reduced form by the same energyl). At present, we cannot identify which vinyl group at the
(18.7 kd/mol) for the foldingrunfolding transition, assuming  second or fourth position of the heme was attached to the
that the redox potential in the unfolded state is 0 mV. The polypeptide and assume that the products were mixtures of
higher stability of the oxidized form can be attributed to the hemec with a bond at either of both the positions because
preferable interaction between the ferric heme*{Favith the polypeptides were not designed to select the heme
the center net charge efl and water molecules that invaded geometry.

the protein interior. Thus, the redox potentials of the artificial  also early in this study, we have attempted to attach heme
cytochromes can be increased by making the heme environ+g designed polypeptides with the Cys-X-X-Cys-His se-
ment more hydrophobic. In naturedype cytochromes with  quence at the carboxyl-terminal region and with the pelB
higher redox pOtentials, the covalent attachment to the Signa| sequences at the amino terminusl usingna‘jyo
polypeptide prevents loss of the heme despite the consider-system with a cytochrome maturation ¢crm) gene cluster
ably low stability in the ferric states and indirectly contributes transformed intcE. coli (18). In this biosynthetic system,
to the higher redox potentials by maintaining the holo forms. formation of the thioether bonds in native recombinant
TherEfore, our artificial CytOChromwan be redeSigned to Cytochrome$ efficient|y occurs in the perip|asmic space,
increase the redox potential by decreasing the thermalinto which the apoproteins were transported after expression
Stablllty without the loss of heme and pI’OVide a gOOd System in the Cytop'asm_ However, our designed po'ypep“des were
for investigating the functional control of heme proteins.  not transferred to the periplasmic space across the plasma
At the beginning of this study, we synthesized a poly- membrane even though several signal sequences were tried,
peptide with a normal hemebinding motif with two Cys  and no heme-bound proteins were synthesized. This failure
residues (Cys-Leu-Lys-Cys-His) in place of the motif with seems to be due to their stable secondary structures in the
one Cys residue (Cys-Leu-Lys-Leu-His) in cHH, and applied apo forms (see re®, 43, and44). Consequently, we adopted
them to the reaction with heme. However, we have failed to thein vitro method of Daltropet al. (21, 22) for synthesizing
obtain a homogeneous preparation of the CXXCH holocy- the artificial cytochromes.
tochromec with the double thioether bonds. The purified There have been arguments about the chemical and
fraction of the CXXCH cytochrome as a single peak of the pjqingical mechanisms for the cytochrornenaturation or
reversed-phase HPLC exhibited anabsorption peak at he correct attachment of heme to the proteins. Mo&tes
554.5 nm in the reduced form, which was identical to that 3¢ gemonstrated that the proper maturation of recombinant
of the cHH polypeptide (see Table 2). Furthermore, the cyiochromesss, from Thermus thermophilus E. coli cells
pyridine hemochrome spectrum of the CXXCH cytochrome eqired the coexpression of the native signal peptide
showed am peak at 551.6 nm, which is slightly smaller receding the amino terminus of the cytochrome (also see

than that of the cHH cytochrome at 553 nm but larger than Tape 3) “Allenet al. (33) showed that the correct maturation
550 nm which is the value expected for the double thioether ;¢ o0 £ coli cytochromebss, variant with a CXXCH motif

bonds. Thus, the CXXCH cytochrome preparation seemed .\ ,rred in the presence of the nativem apparatus and

to contain a mixture of polypeptides with single and double 4t thein sitro spontaneous formation of the covalent bond
thioether bond(s). In the CXXCH cytochrome with a single i, the absence otcm produced an improperly matured

thioether bond, there might be the heterogeneous species Wity 1ochrome with an incorrect orientation of the heme (Table
all the combinations of a bond between one of the two Cys 3) These results suggest that the biological apparatus are

residues and one of the two vinyl groups of heme. Further- e ired for the correct cytochronsenaturation and contrast
more, formatlon o_f mtermolecula_r disulfide bonds between ,:th thein vitro maturation described by Daltrag al. (21,
polypeptides easily occurred since nonreacted free Cysy, 34 These different results for the requirement of the
residues remain in the polypeptide.s after the reaction with biogenesis system for cytochroroenaturation may depend
heme. Thus, the molecules obtained from the CXXCH gy the cytochrome species and the synthetic procedures. Our

polypeptide were highly heterogeneous and cannot be,pisicial cytochromes may provide an unbiased system for
separated by our purification procedures. A polypeptide with i estigating the chemical and biological mechanisms for
another single Cys sequence, Leu-Leu-Lys-Cys-His, was alsogyichrome ¢ maturation. However, the designed cyto-
synthesized and reacted with heme. In this reaction, the yield .j, .o mesc presented here bind two hemes interacting with
of heme attachment was very low and substantial amountSg,ch other in the four-helix bundle and are not suitable for
of the molecule were not obtained for characterization. The yatailed analyses of the geometry of the bound heme. For

low yield of bond formation agrees with reports ortHa i purpose, we are now synthesizing new cytochromes
thermophiluscytochromecss, variant with a Ala-Met-Ala- binding a single heme per four-helix bundle.

Cys-His sequence3() and a mitochondrial cytochrome

variant with a Ser-Leu-GIn-Cys-His sequen88&)( The low ACKNOWLEDGMENT
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