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Cytochrome ¢ is found in a variety of bacterial species, from mesophiles to hyperthermophiles.
Cytochrome ¢ functions in respiratory electron transport chain, and is one of the best-characterized
ones not only in terms of molecular biology such as biogenesis and evolution, but also in
biophysical terms such as protein structure, stability, and folding. Four homologous cytochromes
¢, mesophilic Pseudomonas aeruginosa cytochrome ¢551 (PA ¢551), moderately thermophilic
Hydrogenophilus thermoluteolus cytochrome ¢552 (PH ¢552), thermophilic Hydrogenobacter
thermophilus cytochrome ¢552 (HT ¢552), and hyperthermophilic Aquifex aeolicus cytochrome
555 (AA ¢555) have been subjected to mutagenesis and structural analyses and provided substantial
clues to the mechanism underlying protein stability at the amino-acid level. HT ¢552 is stabilized
through five specific amino acid residues compared with PH ¢552 and PA ¢551. AA ¢555 is
further stabilized by an additional helix structure compared with the other three proteins. As
to folding, the apo AA ¢555 polypeptide can intrinsically form a holo-like structure without heme
binding, this being the first case for a cytochrome c polypeptide. Molecular mechanisms underlying
protein stability and folding in these bacterial homologous cytochromes ¢ with different thermal
stability are understood.
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Fig.1 Research history of cytochrome c. Three stages
(Discovery, Structure, and Biogenesis) are shown
with the scientist, and

year, important

accomplishment.
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Fig. 1123 M7 B AcHIFEnER % § L7,
21 Y h7OLcOER

HE, N2k GOROEE MBI, P hrual
BRREN TV D, TOFEXR AR L7201 ) A
DBEF, C. A. MacMunn C, 1884 4EIZEES A HFZERG:
BTV A D MacMunn 1Z, HS2%8H L72HE
FEE IFANTF rHLVIEE A PATF U LTI,
iz, INHOOREIFWOARIAAELT, MiEBFETH
HZANEZOE VIR ENDL B DTH D LIRRTWDDS,
BICEES TWAB Z Lo 72,

19254F, D. Keilin |Z, MacMunn 23585, L 72k %
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FUZ, 1950 0L, Mhoffses sz ko, 2ol
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EHENES B b AL 5o
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—TAEET BEGOT I BRIEHIAS < D EYRELRO
LD TS, 34 L T Cys-Xaa-Xaa-Cys-His (Xaa (&
BT X /i) O 2 Fo 2 LB S MIcENTze D
ZORHNHF D2 DD Cys FRIEITANLD T+ T — TGS
%o LT, 19614E121%, E. Margoliash [Z& > T <
BHRD Y b 7O L e 4T 3 RES] (104553E) 795sE
S, ZO104EHD 1971 4E121E, R. E. Dickerson 12 &
STRLLYROY b7 8L e DX MEEIER S
726 WFRY, Vb rOLe b LTIRHADERETH 5,
TRDOY 7L e OAFEERITA S, SEHS T4
7o) —DfFET AANLIGT- OIS 1), ~L8kICIE His
EMet BENLT A 2 EHHL MR o7 (Fig2)s 512,
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KR 5D DTHD, R.P. Ambler i3, T Vo254
Y MNIULcER T TAFITLT, 7D Mo aLe AHF
Y0, ThbbANLE DL, NAFKICHis & Met 2L
FMLTWBHD% [7F5A1Y MO Lc] EX4TTODS

H5 5131990 -G 5, MRV IREBE I A3 B MR
D FA1Y b rane UTF, BihA%wiE) b2
Olce&FKld5b) 2PN, EREOLEERCHTD Bk
DREICH A TE 72,

3. AFRENELZMEHRENY VO L ¢

e O3B, EHIREDE R 2 4 THHEOM A HROM
{7222 b7 abe 2WFERE LT\W5, AHREIRED
WPAIL, Pseudomonas aeruginosa D37 C5 Aquifex
aeolicus D85 CETTdH% (Table 1), ZNZFNHIED
FHDA = XV LTI b 7 1 L e IR 2 550 nm
FHED aBPFIZ BB ATHEL LTS Y b7 ULk

Fig.2 Three dimensional structure of horse heart
cytochrome c¢. (Left) Backbone and heme
structure with relevant amino acid residues.
(Right) Sphere models of hydrophobic amino

acid residues.

MEFLL TV b, 7 X /RT3 b 80 IR T, ik
TH35% D7 I /BT L Tw5 (Fig.3),

EHLIE, TNODY M AL cHEIETET T O—
ALL, KBEEEEICHW TR S5 EBRA R L
TW5,9 EHEDOA L LML DIRR L DT, KM%
PR A FEERATIRETH 56

4. PA ¢551, PH c¢552, LU
HT ¢552 DidE & LEM

4.1 3EDEEMELER

Table 1I2ZF 72/ D9 &, HiLH Pseudomonas
aeruginosa, WFEEERTELE Hydrogenophilus thermoluteolus,
B X UMF#LHE Hydrogenobacter thermophilus O A il
B, Ehen3y, 52, BXU72CTH%, P. aeruginosa
HRDOPA ¢551, H. thermoluteolus HRDOPH ¢552, %
LCH. thermophilus HFROHT 55213, LOMEE Tl
BLTH T 3 ERICHD50% Hite—ET 50 512, 3
DY 7L DFFREEDRMSD (Root Mean Square
Deviation, ffER OV PO L) 13, 1 ARRE
T ) IS S HELLL T 5 (Figd)o

CNBHIMEDY b 1L e DRFEIERLL TV A2 2
D5, HRT BME ORI O SHEHI S 1
55918, INOSDOREEIZKRE /b, BfbFEN
BN T BZEEMEMET 2 &, HT 552 DREMHD -
LB, HHEVTPH ¢552, PA ¢551 DIFEFIE T %, 10
% BEEHOIL, REMNE OB TR & v RE 2 B D i
ZABHEIILTRAHEDT, 8led v b0 Lc MO
GBS RETH %o
4.2 PA ¢551 EHT ¢552 "DEEEA

HT ¢552 £ PA 551 DAL Z LT 52 &2k -
T, HT 552 DLEELICHG T HREMED VT I /R
LT5%%& (Ala7, Metl3, Tyr34, Tyr43, BXUTe78,
DTF7 3V EEESE, PA S510DDISK— L) 2l
L72,1112 PA ¢551 TINBITHILT 57 3/ RldZhe
#LPhe7, Vall3, Phe34, Glu43, BLUVal78 Th b, &

Table 1 Bacteria used for our research.

Bacteria

classes for growth temperature

Optimal growth temperature (C),

Cytochrome ¢ Amino

abbreviation acid residues

Pseudomonas aeruginosa

Hydrogenophilus thermoluteolus
(formally Pseudomonas hydrogenothermophila)

Hydrogenobacter thermophilus

Aquifex aeolicus

37, mesophile PA ¢551 82

52, moderate thermophile PH ¢552 79
72, thermophile HT ¢552 80

85, hyperthermophile AA ¢555 87
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10 20 k1]
PHc552  E'LAK KGCMACHAID K VGPSYKDVAKKY = AD -V
HTc552 - E LAKQKGCMACH ' K VGPAY DVAKKYAG ‘D AV
10 20 30 10
AAC555 D F QKGO CH VGPS KA YAG D

10 20
VSD EA LA WVLS K

70

50 60
PAc551 LA 'IK G GVWGPIPMPP

40 50 60
PHc552 L 'K KKGG GVWGPVPMPP VA WVL K

70 vo80
V DAEAK LA WILS K

50 60
HTc552 LA KIKKGG GVWG VPMPPQ

60 70 80
AAC555 L IMPO M SDAE K LA ILS K

Fig.3 Amino acid sequence comparison of four
The

sequences are aligned so as to the heme binding

cytochromes ¢ used for our research.

Cys, His, and Met residues are matched. Identical
residues in at least two sequences are black.
Residue numbers are on the each sequence and
the five amino acid residues responsible for
the high stability in HT ¢552 are marked with
asterisks. Amino acids are represented by the
single letter notation (for example, C, H, and

M stand for Cys, His, and Met, respectively).

FLEINZ L 5 TPA 551 D5SEIEDT I V% $_XCTHT
cSS2 BN B &, ALFEMAI 7T =T MERITET 5
ML, HT 552 LIZIZFABEICR 572,19 RIS,
HT ¢552 D5EEDOT I /% TXTPA 551 BB
% EPA 551 LIITRABEORENE R LZ. 1 b
DFERIS, ZDO5FIEDT I JEEDTHT 552 DEVEEE
PEVZIETH B & A L 720

SHICER S, RAERERER (DSC) xHWT
HT ¢552 £ PA 551 OEJ)F %KD, BRGFROREH
TWwh, HT 552 (EEZEM IR 9 s k. (AC,) 7°
PA ¢551 LHRB ENS L, D7D ¥ 7 AH
M AL F =21t (AG) DIRERIFHEIVNE { 5o Tz,
—J7, BEILIZES T HHT 552 Bl 5 5IEE PA 55112
BALTZPA 551 DSIRIEEIRIRDAC,1E, HT 552 &1
NTREL Lo TV, #0720, BEKOHT 552 D)
IR OTEHI IS BV CREMRD VW &) FE A RO 2
o721 TORERIE, BRELIC X 2 EOEHEE
L& BIVE T L BREIGEND D B = & HEllE
X WIRENTBITH B,
4.3 PH 552 »5EShHR

HT ¢552 L PA 551 25688727 3 VL NV TOHEF
BIE LR B BaIE, PH 552 &NR 5 2 & T
BHIHE L 720 PH €552 1B W THT ¢552 DEEEEEC
HEHT D STRIELICHIET S 7 I /BRI, Ala7, Metl3,
Tyr34, Lys43, BXUVal78 TH %, PH c552 % HT c552

12

ICIITEN OB

HT ¢552

Fig.4 Structure comparison of four cytochromes ¢ used
for our research. Extra helix in AA ¢555 is

indicated by the arrow.

RPA 551 LT AL, 77, 137, BLU34%FIIHT
c5S52 ERILT I VEETH Y, 43FIIPH cS52HEDT 2
Ik, #LTI8%FIIPA 551 LMLT I/ BRTH A
(Fig.3)o 2%V, Lysd43 %< 45%EIEHT 5L, PH
c552 1ZHT 552 B X PA 551 OITHEE L 725 T D, £
NOSELHT, PH 552 DZEMEIZHT ¢552 £ PA ¢551 O
o7z b FHITE 2,

FEBUZ, PH ¢552 120\ T b &8 A KR % Fhti L 72,
ZORER:, HT 552807 3 /[R% PA ¢551 BB 5
DT L, PA 551 Bl HT 552 FIICiEfRT 5 &
LRI BT 5 2 L R C & 72,10 TPl D) OfEET
%of:o

5. B EMEERERIBEIC L/=FT LWk
5.1 TEROFE

B OBEEED T IE T < A S0 eEIFIH S
T&E7z, FRIZ, PG EME (CD) REEARS PV A
LT 5L, BAEERONMEIIE ) G2 2 fuskic itz
52 ENTELDT, EAEDIMLEETFMIZ B THE
WCHWHNTE 7,

72720, IS OWEETITEE, Koz iBz 5k
FECOUENSATFETH L, —HfIZ, ¥ b7 Lcldshi
WL TEWEEEZFH->THY, EEIZHT ¢552%°PH
¢552 7% L3100 CTHEM L vy, 2 2 CEZMEZ BN
5729012, IR TIEZENE L 2 W ayEBiRE25100 CLLF IS
%% < S\ OIREEDZMER % & BRI L CEZe
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FEEREAT) HEDPTIHENTEZ, L LIOHETIE,
TEWHIFAE T COBZEW BT 5720, BUd 58&
HEOZEW AR GHIITE 2 W LATETH 5,

E51T, KETERERORERFELNE L, 2R
LY O OAMFE D O BEERE 2 e T 5 HIEbELRS
NTWD, ZEVHREAT 100 CEIBR 2 EAG OBEENRE
i & < STV D25, ZEHATRE L OIS 2720,
PEDTRE L B AR A R L TB 2R I U 5w,
5.2 BIRLAHFLOWFEREZOHNE

ZITEELIL, COEHOMIEED LIV T — %4l
HICBZE L, BEEEERC 10 ZEREOFEN % 2 kil
HZ180 CICEIFAZ X2k, 100 CEMMR T BN
ZEIFCEB LI TOLIIILT, BUFIPEFEE
TCHT ¢552 DpH 7.0 l2BF AZEMEREZ #1110 C & Ak
bLIENTEL, D 4B, ZONETEIEERI,T
B (10 RUERE) 13, BEHEOREHIEEE KT
LUWRETH 5,

EZAT, ¥ MO L IR BRI OIRED S D
I D T HBRETHH I EDHLN TN D, itV &
W =% HWTHT ¢552 D#FEICTOCD Ml xiT o728
25, pH 7.0 COZEWIREL, RO LI OZMRE
(110C) £ H20CEH V130 CTH o720 17

%B, TODSC CIEHIERED FRAT130 THiETH
Bz, U ERWEHRE & o & A E O R
IEHEECH 5, F7-DSC OHE, IEAETROMEEEASES -
DI, BIER OBV OBEIRE ) FEBUS A IS
P WA & [RGB S, BRI Hegs
CD I L7 45
FURREE X T 5 DI, BHEOREAZZITICnE v
MEDH B, 9 LTCDHENSH/ZAEMEMIIZOWNT,
TIREEIER L RGEL, S51IDSC BN zpH 3.6 T
DAC, #AVTIEIE T 1+ v 714 ¥ 7 &7V, BT &
JCRIE J5 D25 CTOBIIF AL Z L IHF Lz, 1D &
DEHILTHELNIBIIFEE Y P71 b e OFEREDM
FRIZDWTIE, 9CI2 Yamamoto B & UFTai 25AGEIC T
BLTWVDL 19

6. AA ¢555 DLTEM EEEDER

FHOHE, ¥ M UL DOREBEORIZ KO T, il
LI Aquifex aeolicus D AA ¢555 X502 L 72098 S iR
LTwWhb,

6.1 SEATHAZEDFE

AA 55507 X ERCY, KR CTORH, £ L THZE
IOV TIE, T TIMDAZE/ L —TIC ko THuhE s
TWh19 FRIZEDE, AA 555 VA% 100 CE THIZL
LCHEMET, FSHOWEZEEE RO 2 LavRig s
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TWb, [AHEE T, NAFKICENIT 5 Met JEfEDOT X/
BREFRIE (Fig.3) 75, AA 555 \IEfFET Aoy b oo
LclZid BV EDD, AA 555 IdmVBEEENEE RO L
HERI L TV B & CCIIARICHERRM 5L 2 STy,
D> N7 T LeTIE, NLARICEALS 5 Met DITEEE
N—THEEETE L TWh, AA ¢555 DXL AR5 T D
FREICV — THEEZ R L T2 0% 51E, £WT 3k
DHETN—=TBEL B DIETTH L, V—TOMEIZL
S THEAEIALENLT 5605 H D, 20 AA 555 THEE
LSRR LR ERN L 2 V155, ZNTlE, BHRoOEZHE
FIEZEL 5,
6.2 D -o7-AA c555 DEEEY

HHHIXFEY, AHROMELIL AV F— %W TAA
€555 DIEARBIEEEM % CD TIBIR L, ZOZEMRE
130 CEPET BT EHTETZL2D 2RIZ, AA 555 DX
KRR 2 T 0 728 2B, ANLERICET 5 Met FEJE
EETETIE, Met ZHLIIANY v 7 ARG Z TR LT
5T DL 572 (Figd)o2» iy b 71 Lie Tl
V— THEE TR T B AA €555 TIEANY v 7 AR
Lo TWDIzD, AA 555 IFBZEMI L CREILL T
WD EEBETE DL, EHEOFMTWD4FEHNY 71
Lellld, 4RO v 7 AL, ENEOMER
RIGTRAFE TV S (Fig.d)o AA ¢555 bBIsLTIEZ
CNHARDNY v 7 AFIRFEENT WD, ZNHITNRT
AA 555135 KREDNY v 7 AR FF>TWADTH S,
AA ¢555 T > b 7 T L e lIZHRTAY v 7 AfiE
MOz 72720 L) — BSOS, Ll
ZhC X Y EAED LS, R L CORBEICIREDS
EVEBSIHEIE T E 72000 LNV, AA ¢555 1213&H
BREEDH EE V) EHRHE N2 F LR T 5 X
I THA, PIZIE, AA 555 DFFDO5 KON v 7 A2
BRSNS <, DI E A EHEES T O % ([
WTW2 (Fig.5)o 5AKEDNY v 7 ADHILEZR LT,
YRIE N R & B IR ETH D

7. AA 555 DEERLITY)BH

EHEOY ) BA LN, ThbLEEOER L L
FEARORIH 2, DF WEEZEELL TV L ER
i, RS ) EAEHEDLERNTH B D155,

WX s T arT, AA 555 I FICEWEREEF o2
L BRIz, TOBWEEMX, AA 55507 3 FERECK
WRAETE, ZIMIEAEOI) BAICLEEL TV LT
REEN D %, FH 51T, BABOREME LI BADRHE
WEFRD720, AA 555 xR L L72ERET-> T\,
DT, KIGWAmEL LAEENRISIRICBI 2 AA
c555 DBHME R 5EH, B L UHEREHNTDAA ¢555 DYF
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Fig.5 Hydrophobic amino acid residues facing protein
interior of AA ¢555.

BRH ) BARIOWTRAT 5,
71 Y hUOLCIEBADERE AA 555 DEIsEIE
Ei=i)

— R, NAEEF VT REOY by aLcld, T
FIEED TN T VT ARIRETH Y, N2OREFICL T
EHE O ) BADHER ZREGENTER S ND EFE 2 B
TW5.2) TN M7 0L i) BADEHRTH S, ¥
b a L e BSRNTEERSNLEATY, THREY b
JULcIZANLEREETH00EEIEHINTVWE S
LD, D ANLEDEADY N T L e DEAHOBIETHE
BRRA VN ERH>TWEZ ENETE S,

HEEHIL, FEBRIHWTWDS Y M7 a4 & RBH TR
BEETwad, ZOoORBEHICBWTIE, Cem
(Cytochrome ¢ maturation) &% HN729 FHDOEH
B EDsbEHED, TRE Y M7 OLcbAl Dt
filtfi L T b, Cem = Dsb i, ¥ F 27 04 e DR ICE
T 2R MR OLE, R 77X L) CHEE
Tw5 (Fig.6)o

Dsb % AT 2 KIGH T b 7 0 4 ¢ 2 /IR 12563
ERLE, TETECRNT D, TUL, EHEOLMOA L
P hrBLAc R KR CHRHSETELREN LWL T
ETHb, LL, ME—DOBISAAA 555 TH D, AA
€555 721F1%, Dsb 28T 5 KGR CTHHIHT 5,2

FKiKTH D, Dsb & KT 2 M % i ) FBRITIZTER
BT L, RO, VATAURYFAALA b—b
nE, Fh—I - VANT 4 ROFRALRICICE D 5 K51
LAY IZIRA L TV A &, Dsb DRIBZH>TL
FONOTHD, L7zh>T, HHidimd s My, f#
FRFEICH LD EHEFEFNDZRAWICOER L) LELGD
bo DX BRIFEREDL L, Dsb ZXRITHMETH &

14
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Periplasm

(Wt

Cytochrome ¢ precursor
Cytoplasm

Fig.6 Cytochrome ¢ biogenesis machinery in Eschericha

coli. Cytochrome c¢ precursor polypeptide is
translocated to periplasm via Sec proteins. The
two heme binding Cys residues in the cytochrome
¢ polypeptide first form disulfide bond by means
of DsbA protein, which is followed by reduction
through CcmH before the heme binding. The
heme is supplied by CcmE protein and finally
holo cytochrome ¢ is formed. Other proteins
in this machinery are supposed to function
indirectly for the cytochrome ¢ biogenesis.

b7 0L e BT BN H Y, [Dsbids M7 aLe
EARICHETIE W] &), Eo7-Hilie T3 &I
HoTLEIN2 EESIE, AA 55540 hroLe
G HIFEI L 209 BEESETT, AA ¢555 DDsb IEIK
TR EBEE L TWADTH b,

7.2 RERDETE

W AA 555 72UFA%, Dsb &8 A KIH TS 5
DM ? ZF T TEE OV TG, [7HRBEDOAA 555
EEFEIHT ) BAREEE T L, 2 IAANADEFIC
AVAte] L) bDTH S,

COWEE L L2 IUE, AL LT T =TS L
WY b 7B L O BAEANLKEEIZET BT
DOEFRIZE D, ¥ b7 0L b OPF ) BAIZET 575
Lo,

(1) ¥ hzulpld, N2EEFHVTRIMCH Rl
(RS 2 T2 %

(2) ¥ hZ7uLblE, Cem = Dsb OfiliEH % W5 &4
FARBHECHRORELE LTHET S

LWV ZEPFHLNPIIENT WS 20 FH 51, AA
c555 23Dsb FEFMIZKBR CHBT 5 L 25, AA
555 7O LbDE)IIANLHPRWT RICH ROk
EWARIRE R TER L, N2 % HIEMICI) At & Z 2
72DTH5b,

7.3 READIGEE & SHROFE

IE CllR7ARGAMRRET 5 72012, EEHHIZAA 555
DF % TIRT2.20 BARIZIE, AA 555 DEFIH, N2
WSHEAT A Cys-Xaa-Xaa-Cys-His D2 DD Cys ik % Ala
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WWEBHRL, NAETFFT—FUHEETERVEIICL,
COBERBPRIGHECRIL L &IV b raLbD L)
IZANLEID AL D E ) B, EHIZT REERIIANLD
% COREEEZ NN 132 O &) a7,

FEROFER:, WL 72 AA 555 8 RIKIE, ABECho
BT M7 aLpHOBEAEE LR Lz, S5 1k
L72AA 555 BEURP OANLE BRI TYH, KGHEOET
HHE, 37 CTIERaBDAA 555 LU 52N v 7 A&
mEFFOZ LRI IO, £ L CT ARTRNIEERE N Tl
RPIIANL T AAFTR L oz, Db, ZRERAEE
WEERD S, AA 555137 ARTHIEE TR L TWw b
LAt L7 ORI, NLAOREAIZL STy by L
O BAINT L SNTWREHEZETLOTHY, ¥
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TN aLcld, FIRMEDOBIFAMEICEDL FTE LD
MRS B0 ¥ b7 UL cld, WEEE T5ER T
REL, EAHRRHEIL & o o FHEMEER R R O A 7 55,
EAHE O, BEWE, BIOY)EAR L Vo7 EY Y
FHRETS, b-oL dHHOTLNTHAIRERARD—D
Thbo AMOME LY b7 Le, HilED Pseudomonas
aeruginosa ¥ b7 1 L ¢551 (PA ¢551), HFEEERfFELED
Hydrogenophilus thermoluteolus > t 7 1 A ¢552 (PH
¢552), WENMED Hydrogenobacter thermophilus > &7 1
2 ¢552 (HT ¢552), = L CRBIFEAIED Aquifex aeolicus
o N7 HL 555 (AA ¢555) B R TR, AFE AT
T ASER SN, 7 3/ BRL NV TEAEOZLE Lk
WIS M7 o720 HT 552 &, FFEDSEREDT I /I
Lo TPH ¢552 R°PA ¢551 L) bRETH DI LWHHh
5720 AA 555D L Y b v 2 AffiEE —0%
CHo7zol2, SHILEEIEINTVE L) THE, E72,
NLDBWT FEDAA 555 BSHFEMITHT) EH, Fafl
RS RN A 2 &5, ¥ by u L e TS TEE

ENTze TOEHIT, BEEHNRLL4TEDOT MO L
ERRIZLT, BEAEOHE L) BAOG TR &
W) DDH b,
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