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BH OBRED, AFZR KR, X5 I B #FY. gH A"

2024 % 11 B 17 5%, 2024 % 12 B 12 HXIE

W - NA ZHEE D E ORI E BT & ) HUUERER - ¥ 2y H ORI ST E 5.
C AR OBRBEISHEIL & ERE THGE S 2 A2 R4, COHECII VI T2 T -ED%
JetEALR I A 71 ¥ Y O REISEL 2 AT L 72RER, U2 5 135 o e WA LR - A
FH T — 512 & B AEAURBLOMGELED W HE & 75 o 72.

Analyses of evolutionary environmental adaptation
by resurrecting ancestral genes

Ryuhei Minei', Satoshi Ohmori', Atsushi Hijikata®,
Yuko Tsuchiya’, Tsuyoshi Shirai'

The methods for molecular phylogeny inference, such as maximum likelihood or Bayes inference, can
provide the sequences of ancestral genes/proteins. This approach makes it possible to examine the environmental
adaptations of organisms in laboratory. The evolution of luminescence color from firefly luciferases and marine re-
adaptation of myoglobins were examined with this method, and the biochemical and molecular biological data, for

which fossil samples could not provide, successfully verified the hypotheses of evolution.
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1. [FL&IC

W ERIZ46(EAFE D BEL O H TR & ZBRBILE) & B b #E
BRL, ORI THA ZREWRPREEEEZHIRLLT
ElolENb., ZOAYHDOEEEZMNIET 72O DRA
NOBREEATH 2%, IREORLADBUIR S
THEY, REDOMARBIATETH 72D KRECH
HBLTWEZERS, BEMDOECIERDOERAH L v

BRI ORI L D EEIND Z LITHBEITRET 5.
BIZILX, AFFON—T 2 ZHEP RSN ALA
(2 3k 5 < Hallucigenia (N Vv ¥ 47 =7, B2 700 0 MR
O %, WHIZTAROMT% b OMEBEVIEREY) oW
BrE, BEEMORT 4 75 v ohTHER TV
ZEns, AU T)TEBEOSHEE LTCEHEZED N
(Morris 1977), ZOHIMNO B LA DFERIZ L Y RO
I (EF) @S AN Y (Ramskold 1991), IROIEH D B
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LALA OFE AT X 0 HifRdh b 5T1E S 72 (Smith and Caron
2015). #EH & LT, Hallucigeniald /1 ¥ 57 EBUET 5
HINEYIZ OB EMRINLE X )kl 2
DEHZ, BB lbtaroHon s HHiEEeTIE
<, RRICHALER - T EMFN R T - e RA 2 L
EHEETH 5.

EAETEESEY — 7 = 0% 2 FH L 72{t 1 DNAD fiF##T
WXy, HUEY OBET OB ORI b £k
HENTWSB, flE LT, Svante Padbofiit: 51, B X
TAHEMOS O LHESND AT ¥ TN =V NFD D
fili S N7zDNAD S 47 AELHI % JeiE L7z (Green et al.
2010). Z D4 NIE#RIE, Homo sapiens (& ) & Homo
neanderthalensis (77 ¥ TV T — IV N) OXHE & BB
NOBIBEIR L, € OWFEIE20224F ) — NV A BE - R
FRIZOLD T,

7272 LAL A CDNA R % IS0 &b o T, BLIR
ZDHPFETIEB X ZF1004 4] (1 Ma = Million years ago,
megaannum, PAEC OFFEEH VL) TTHL I EHRA
Thb. B TRE OILADNAMATHIE, XY 7
+ 5 5 5 B & 7z Mammuthus primigenius (7 F 7= V&
A) BEOKHEPHLEMEN/2DDTH S (van der Valk
etal. 2021). ZOFITIIERIRE THREF S LT W22 LA
FWLZLEEZLNLDT, FH#{LADNATI MaDkEZ
BZ2LDIHEHTERVE)IZEDRSL. Lrl, 20
MAZBR LI LZWRICTZHEDO—DELTT—%
AL ADD .

2. BRAE - MCMCAR A RGEIC K BHEFTETID
HEE

DNADHIERLT| R 5 > X7 MO T 3 ) BRIEY] % f# 3 L
DTRBEEEHET A LT, EMEDORELZ D L
FEE CRRIMICHNTT 5 Z DRI R o 72, BCHITH i
2D TRk E RS CRESTBY, &
& LCRHI M o B2 355 < Billis: (distance method) &,
Fb UCRRILE SRR IC 5D O EIRRED: (character state
method) 12 K% & 115 (Nei and Kumar 2000) .

ME O E L CIZIEmEM &2 (unweighted pair
group method with arithmetic mean, UPGMA{%), TS &
% (neighbor joining method, NJ{E) 7 E2MREINTH 5.
BHEDILEIREEIE, RKHE (maximum parsimony
method, MPi#%), A% (maximum likelihood method, ML
), ~NA XHEE: (Bayesian inference method, BIfE) 7% &
Wb,

HHE, HE BT B W

d
Ancestral sequence ‘ 34 g, H
=93 a;;
A d —d;5 R
< 6
3

aic R

a7 K

X1 : BEESIOHE DR Ta W BUFRY, a0
KRFI ORI B 72 5. ayq b HEALHHED,, 5 5 AR (ML
) F 73R R F IR (BIE) 2 b a2 HET 5.

Figure 1: Prediction of ancestral sequence The a,, ; in the
phylogeny on right are the extant residues, and a;, ; are ancestral
residues. The methods predict @, , ; with maximum likelihood (ML
method) or posterior probability (BI method) from g, , , and d, ;.

RE ZIEIREF:D1DTH HMLEIE, BRSO
TIA YA MADS, BELADZRKILT S (0% ) #
K& UTAPERT DR RKRICT 2) AT 2 RS
5 )T D (Felsenstein 1981).  TEEL(A|T)\3 5% Ik 1 o f
REMALHRE> SEHE S, REBTNO  — Fjo$l) —
s BT BEEHIH A bidFkIa, (T T ¥ Fs() — )
DHEACHHEd, ), DI/ — FjD5RIHEa (B S N5 R
Zpldgy iy dy t E LTUTO X ) ICEFHRS NS,

L(A|T) = l_L ; plaisey aijr dsiyi}

DF ) IO THE SN RHEHTOE 7 IV TR
Bhl{a,;j¢ BUF / — F1a & o<, [k oM c
HICEFIAHHIND 2 8125 (MPERBIER Eho
WEREEDRBETHS). 2720, LUDERKIZT A
TRIFHTINIRD B HEZMSN TV R WD T, 590
RER 2 TV T) X LDLIEZ R 5.

SEAES SN B H L, N4 ZEHI & 0 RBHE TV
ZRBMICIHRERT 2BIETH L. ZOHETIE, N
A ZADEIIZE Y ERENBLUTORT, FHEMERLTA
ZIRALT 2 RMBTEZHRET 5. DTORTIIHHEO
7o O MM O FEER I MO T 5 EIELTBY,
Z OB EILATIE ETRD 5 N5 [ T,0 124
Ly,

L(TIA) = LEAIT)/ ) L(AIT,)

RLZONETS, EXGROG 2§ RTOWRE
LR TIZ O WTEHET 2 2 L IEHELANTRTDH S
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Lompyris turkestanicus AY742225
Nyctophila caucasica DQ72141
—.Lcmpyns noctiluca X89479

p is ACFE1063
Pyrocoelia rufa AF328553
[gpymcuerm miyako L39928
Pyrocoelia atripennis PatLucl LC215693
[gl'ymcneha _nectarabs EF155570
Dic lis DQ408300

QO Cratomarphus distinctus AY633557
Qrhatinus pyralis PpyLucl M15077

Lucidina biplagiota LbLucl AB535101
Drilaster axillaris Dalucl AB604790
ladius azumai Salucl AB644225

Luc1

—.Qphonacerus ruficollis Crlucl ABE04789

ica Ppelucl D25416
Luciola r:ruc.mm LeLucl AB220162
Luciola cruciata LeLucl M26194

Lampyridae

cLamp

QAquatica lateralis LiLucl X66919
—OLuﬂ'oia terminalis EU302126
Luciola parvula LpLucl AB644227
Luciola parvula LpLucl 139929
i—Luciola unmunsana AF420006

Oi’.ucmia ingrelica 561961
@iucmia italica DO138966

Warning

AncCanth 100 AncLch

DQ137139
A.L'.l':mlu parvula Lpluc? AB812879

\quatica lateralis LILuc2 AB693934

100 Luciola cruciata LeLuc2 AB490793
E:Fymmel’in atripennis PatLuc2 LC215694

Phaturis pennsylvanica Ppeluc? U31240
[:Phn':mrhn'x hirtus AF139645

LuC2

Phrixothrix vivianii AF139644

B AncElat

51

() Rhagophthalmus ohbai AB255748
Pyropharus plagiophthalmus dGR AF543412
[gPympbarus mellifluus sdGR AF545854
—OPympbarus plagiophthalmus dYG AF543402
99 Pyrophorus plagiophthalmus vYE AF543384
Eg?;'mpburus plagiophthalmus vOR AF543372
—OPympburus mellifiuus vGR AF545853
—.Pympbnrus angustus dPaluc AB479112
OPympbarus angustus vPaluc AB479113

100

Elateridae  Phengodidae

83

' 'y illurmi AF116843
h, hi Jjansonii ABT67301

Pyrophorus angustus luscus PalL AB479114

62

\grypnus binodulus binodulus AbLL
100 Tenebria molitor TmLL-1 ABO9B615
EgTznzbn‘u molitar TmLL-2 ABO9B616
Tenebrio molitor TmLL-3 ABO98617
[gﬂmsnphikx melanagaster CG6178 MN142964

Cretaceous

145 66 23

Paleogene Neogene

(D Luciola cruciata Lell2 AB196456

46 L.}
S - QLuciola cruciata LeLL1 AB196455

Quaternary

2.5 (Ma)

K2 : VY7295 —EOnTRue ) — 70, — FIZAEDHL L ELELENEZ/RLTWS
M EOHMEIEZT— A NSy FliTH L. AncLampZz EOBFRIITHH EN2NE — F E3ht Y

MERLTWS

ORI RFH TH Y, FOTRLAEBAKGIM)IZHLTH 2.

Figure 2: Molecular phylogeny of luciferases The species name and fluorescent color (circle) of extant
luciferases are shown on the leaf nodes. The numbers on branches indicate bootstrap probabilities. The
names and fluorescent color (square) on the internal nodes show the resurrected ancestral luciferases. This
phylogeny is unrooted, and the ages shown in blue (Ma) are not accurate.

DT, WEIE~ IV a7HEE VT AP (Markov chain
Monte Carlo method, MCMCi%:) & flAEbE 5 2 L TRER
WCHEET 5. A LHOTE (B 2 XFHE DS H R NIE
THRHEHO M RO T — ()& 7T v FRld, &Ko,
MPZ: CHIETRLH {a, } % R B 72 &) CTRIMIRHM € 7
WLATY 2 RD D, TDHINT A—F G TEE LR
BT 2 E L, FRRICLAIT)ZRTET 5. WF il
LAIT) > LAT) THNZINT, €9 THRWEHIZ—EDK
WERTREB T2 R $ 5. TNELAT)PRT 2 F
THEYRL, TEIEXKERTS. PUEL7z0L, REET
BB L DL HIIRK Z BT, —EoHMD(T,) %
FHLEET 4524 T, LRXogrifEEshs.
CDJETIE, {THREOMEN X D LR {a, 5/ ¢ B
7/ — PRl T 2 — 7 ITFBEROGAm & L

TRkooNz, @HIE &4 P TRRERERZ SO
WM EINT 5 2 & THUERIRYI 2R T 5. HEES N
AN 2 ER L S ESEaEHe T I LT, b
A0 5 IEHHATRE A4 2EHRERL 2 LT 5 (M
D. DT, Zokhzs s Lokttt izlmom
TEHRBICHEL DM IS L 728D W TR S 5.

3. IRIILDFENERDEL

Lampyridae (% VE) OF I, B X Z100 MalZ i3
Liztahs, ZThid, MEEEKEISIHLE L Bbh sk
i 2 RO HHAH UAD 5 N3 b A o RIS v
T\ (Kazantsev 2015). BIFT 5K 7 WIIKR»SHE T
DIREVIENEZRT A (K2), ZOHEHR 5V AMIEIC
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R3S BN Y 7 2T —EDFEART MV R B Z & OFEREERKI00%E LTRLTW A,
AncLamp ~ AncElatiZ F 3 & 721568, LcLucl, LeLuc2, PpyLucliZ ZNENHIALES %7~ VAR ¥ )vLuciola
cruciata®LUC1, LUC2, Pyrocoelia pygidialis® LUCID A7 V% 7RT.

Figure 3: Fluorescent spectrum of ancestral luciferases The horizontal axis shows intensities of fluorescent light scaled
maximum values as 100%. AncLamp~AncElat are resurrected ancestral luciferases, and LcLucl, LcLuc2, and PpyLucl
are extant Luciola cruciata LUC1, LUC2, and Pyrocoelia pygidialis LUCI.

Thr2at o < 1
1le298 -

R4 : R v T = 5 — B AncLampD i ARHERE (A7) AncLamp (kkffs, PDBZ — F 6K4C) & Luciola cruciata
MLUCL (LcLucl, Fifa, PDBa— F2D1S) O Vi AffiEofiafbe RMSD 1.64 A) % ) Ry EF NV TRLTW
5. EDIGHEEAHE oS, JOSHhRfE 7 1 7 (DLSA) 2%, A S N7-PhelRIE 2k, EftShz7 3/
% R D22 HFEIE 7L T/R L, Phe-DLSADJEE(A) L 3EHHGF v €T 1 —OHR(A3) ZIRL T 5.

Figure 4:Three dimensional structure of AncLamp (Left) Superposed structures of AncLamp (green, PDB code 6K4C)
and LUCI of Luciola cruciata (LcLucl, white, PDB code 2D18) in ribbon models with 1.64 A RMSD. (Right) Structures
of catalytic centers. The reaction intermediate analogue (DLSA), conserved Phe residue, and replaced residues are shown
in space-filling models in blue, red, and orange, respectively. The distances between Phe and DLSA (A) and the volume

of substrate-binding cavities (A3) are indicated.

LT IbALOMA I I TE L. FY
DFEBIUTORXDE I, BELY 7257 —-FIZLD
DAy 7)) vDFFINY T ) YOS TH
AL, ThZENOKRI VEYREDOFEEANRT PV, &
BENTINSDOGTOATHRNETH 5.

Luciferase+ Mg?*
_—

D-Luciferin + ATP + 0, Oxoluciferin + AMP + PP; + CO, + hv

22T, MERNVY 7 2T — ORI ML THEE
L, BELMEERNZEGWLIERART PVOREZ &
LEMDIER%E AT > 72 (Oba et al. 2020). K20 RAif T
Lampyridae)v ¥ 7 = 5 — ¥ D)V — b IZAncLamplZFHY4 L,
C QMBI EAREITOLT 5 2 LRSIz (1X3).
AncLamp Pl ® Elateridae (2 27 % 5 Y 8}) & o 3@k
AncElat?* 5133 AT ITEO 53, Phengodidae (7 —
VIOF AR & odEtH e AncCanth TIXF W RTTH - 72

ZED D, RIS I Lampyridae D [T H RIS S
7z E NS, 72721, AncLamp® / — NiXLampyridae
Ny 727 —EOFEER/ST0 7 THAHLUCIELUC2D
AR TEBISHY L, BIRT-EYE L Lampyridael§i 7. & Dk
BRI R EARIEAW]TH S ([M2). AncLampil % DLUCI -
LUC2/%5 1 7 O SEM AncLucl + AncLuc2 3 f#k 580 % HE
FLTW/2A, AncLucl ##kidZ D% ikk (AncLampnl) ~
#if (AncLucinl) ICEEET 7 FLzDIZA L, AncLuc2
RIIBIEICES T TREZHERL T,

HIEHRZ NV OFFEDPMETH > 7201220 T,
B THolz T HHPEZ 5N TWS (Martin et al. 2017).
AR SV DFEILRIFICF AN A A HE DT
% 723 Omating display (REAF5) O&ElZ 5 L#S
NTWBH, EBIEE K DR FIVIEH - hlt - i d 5
5. MBSO I E 0§ 5 B S 5 warning
display (B 5125) TH V), TNV EHEOREOEETH D,
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@ Sperm whale swMb
Beaked whale e
asilosaurus aMbWb/aMbWb'

2 Dolphin
) Mink whale
Pakicetus aNbWp "
Hippopotamus

Marine adaptation l.l

Cow

Pig

Camel
] Horse hsMb ! 3

Bat

| Cat
Dog
Polar bear
Ferret
uijila aMbSp

P = Walrus
Enaliarctos aMpSe
A Elephant seal esMb

Jurassic Cretaceous Paleogene l}leogeqe Quaternary
145 66 23 2.5 (Ma)

B5: 34 7u o Rl ZoRizEmsShTs
D, V=7 Kii) / — N3z £ & o THREN 2 —ik
ZHTRLTWS. AEIE ZMETR LN, — M3 S h
AR IA 7O Y EIRLTEBY, aMbWpZe & D554
PR TRLTWS (7 Y F ¥t SEBasilosaurus\Z O \WT I, 2
DDORALT B MALRBALGN b & DT D FLs]aMbWb &
aMbWb’ % FEH L 72). FEAMITEFEFEIGHE 2 o 728 2 7R
LTwW5. swMb, esMb, hsMblZHElFET Ar~vvar s Y5,
TTHITY, veDIFruyThHLH ZORFBHIEE
HESNIZAHCRIA TH 0, IHARIX 5 Ma) 2 FBTRL TV A
Figure 5: Molecular phylogeny of myoglobins This phylogeny is
simplified, and the species at leaf nodes are indicated by representative
spices in common name. The squares and circles at internal nodes
indicate the resurrected ancestral myoglobins, and the names of
molecule, such as aMbWp, are shown in red (two different sequences
aMbWb and aMbWb’ were resurrected for Basilosaurus based on
two controversial phylogenetic hypotheses). The blue arrows indicate
the marine adaptation branches. swMb, esMb, and hsMb are extant
myoglobins of sperm whale, elephant seal, and horse, respectively.
This phylogeny is rooted and estimated ages are shown in blue (Ma).

B DOBLFRME D 8 & > 5 ikl A%
Ty 7 =7 —EREaRHTH 5.

LampyridaeTl%, B FEBETHRILLIZ70870D95 5
LUC2IZ F & L Twarning display, LUCI{Zmating display|Z
595, BHEEINHLERY Y7 5 — € AncLamp Dk
158 1d AncLuc2 2 & BifF 3 5 LUC2# ¥ Twarning display
& U THEEMICRAFE SN TE Y, LUCLHIEmating display

WCHH S NBRRE LT 5 2 L T (BF 6 KROBEOH
WA O7DIT) FRFEREOIHRES 7 P LAEERD
&, MAEMBHOMRIEZORB L IFEFICRIEEGLT
W7z (X2).

HEMHEHO b ) —o0f L, HH SN0 FORE
fE AT 2 S EALO W EAL IR Z 155 Z &S TE 511
5 (Konno et al. 2011). #JE#)V ¥ 7 = 5 — ¥ AncLamp
(2D W TXHRAG SR IT FEBR % AT\, 2.1A50 5 BB o #
wERUE L (K4). fHon7-f&Ex, AT 5 Luciola

LCTWwWz & 35004

(P REEE)

cruciata (77 VR Z V) OLUCI (LcLucl) & X <HEPLL
T\ 7z (Nakatsu et al. 2006). 38 AT 13 SRS HH RS A4 7 5
O 7 T & % 5-O-[N-(dehydroluciferyl)- sulfamoyl]adenosine
(DLSA) & OWEEIKRTI D N7225, AncLamp & LeLucl T
PR R SRR B0 7 X RIS IR IR A S
nTwi.

LU, 5 TR o O e & N5 IR IHE & G S S
No, HEEBEF YT A — OB L EEZLHH S H
Ehhol, RETHOLIN Y 72 VETFHERAY v F
I X ) AEET BPhefkE (AncLamp T lZPhe246, LcLucl
TIZPhe249) (ZHALIICHEEIRAFE SN T VDD, TDJF
FREZEMWTHEZ TV EHEEDEH (AncLamp—LcLucl
Tlle240—Val243 35 L FLeu285—11e288) (2L V), Phed 5
VY72 VIEFBRADHHEALcLucl TAncLamp & X
THTELS ZoTHBY, ToOMRELT, EEMEFY
EFr 4 —ORBIREVIEDNRENZ, ZhIZED
FYUTF 4 —NTOREEDOEELX, AncLamp Tl LY
FIREN TV Z AR EN S, HREOBIRE)T T
MROBET 2B CTZANF—HRIZLDFNBREOR
W7 MEHIERITERESINLIOT, oM
AncLamp® f 1 7> & B AFLUC1 @ # i o~ D FE ot
ZALDS, PEOT I BERIZ L 2 LERKEF Y ET 4 —
OHEEZAIZE D 263N/ 2R L TWw5

4. EFROBKEREE

FHEE L, R (480 Ma) - 4ii¥y (470 Ma) (ZHy 1EA4E
BENTHB L 38 MallfE LML 7L SN b, ZOR%EE
ECH#ELBOS L, 7V () LTI VHE
(BB ITRESIND WL ODDRKIE, B X250 Mall
WIS R L 72, S AU AL R OK-Pg ke ik ©
Mosasaurs (B3 7 )V A) 7 & O KBGEENE HUEASHR, L
722, T, BHE o=y FICHERLZD D EINT
W5, ERERICES COBET OIS LETH -
R EZONLD, FO—ONHNTHELFHT S 3
Fr7ury (Mb) O#fLTH S (McGowenetal. 2014). =
NS DOMFEFHEL L 228 Tl koTwab720
W T T & 2V T, KRS I T L 720,
FRBICHET 2LENH L. ZoOkd, oo
DR IZBEA RIS T L < B EE ICMbDS i fi#
ENTW5S (Snyder 1983). Z 5 OMbIZMHISHIZIE R 2
Fol RN T I VB (Lys, Arg, His) 4 FKIHCOHEL
PR CRAEMZy 2 H<T5I LT, HEEICEIDE
BETOREZIVWTWS & XD (Mirceta et al. 2013).
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7.0E-04 0.02 — ‘
3.5E-04 -0.07 7
0.0E+00 i i . : | 012 ; T
0.12 0.08 0.04 0.00 0.12 0.08 0.04 0.00
1095, B

K6 : HSEH I 4 7 0¥ v D51 HIE - IR - WA E AHUER B X OBIE I A a1l O,
Ay - EIREE (R, logS,) - TRIBEHIEE (5, A 25BUER0& L7 LM (M) 1o L7 ay PEhTwb, £
IF /Y ERTHANE ZMEERSEFAETH 5.

Figure 6:Intermolecular repulsion, solubility, precipitant resistance of ancestral myoglobins Intermolecular repulsion (left,
A,), solubility (middle, logS,) and precipitant resistance (right, f) of ancestral and extant myoglobins are plotted against
molecular evolutional distance (horizontal axis as present is 0). The squares and triangles are indicating the molecules as
shown in Fig. 5.

(7DDR/7DDS)

B7 AR I 7oy OVARIEE XA IATIC &) g LGRS K OBHE I A 7 u ¥ Y o dnE
LR EN TS, EIRSNIREPZMFTIEET VT, NAGTRR—NVEAT A v 7 ETFVTRENTY
5. FMNIEZNENOWBOPDBI— FThb. #3470 Y 2R T HAE ZMANIHS L [HTH %
Figure 7: Molecular structures of ancestral myoglobins The X-ray crystallographic structures of ancestral and extant
myoglobins are shown in order of evolution. The replaced residues and heme moiety are shown in space-filling and ball
& stick models, respectively. In parentheses are PDB code of each structure. The squares and triangles are indicating the
molecules as shown in Fig. 5.

CORIZY Y TVTHENHD VIR ZIFARLRATY
505, FEBIBGEZ T SN Twin,

ILARED S, 7Y FHokE IR A XICHEM L7
PR By Packicetus (V8% b w A, aMbWp) TH Y, iff
FETEIS L7207 ¥ B34 VA OEEZ L BRO
#E > Basilosaurus (/N3 27V X, aMbWb) TH 5 & &
N5, 7o, 7H 7 VEOBE A ¥ FHOPuijila (7
4 Y7, aMbSp), HEEFEIG LW 7T IR
DMEIRIZ 72 o 72 Enaliarctos (.51 7 —2 b A, aMbSe) &
g ENTwD (HIIPK OaMbWpe & 1A RIMb O 4 F
Tha). T T, ThOOURFERMEIEHZOHLEMbZ
Be LT, WE - 2wtk - o FMMEERZ &% F5
IR 7z (1X15) (Isogai et al. 2018; Isogai et al. 2021; Isogai
etal. 2022).

LROFUCE B &, WEFETEIEIC X o TMbIE O R 5
FHIFENPKREL Y, ZNITH - THEMEIERT 2

LWIfEs NG, 22T, MO O 5] % /M XFREEL (Small
Angle X-ray Scattering; SAXS) 12X ) illl5g L 72 (Kratky and
Glatter 1982). SAXSIZ X DEHMli SN AHE LY 7 VIR
(4,) FHASAE P SN0 FRIOR ISR EWIZ LRI
K& 2B, 361, BEZR)IFL YY) a—
(PEG) EBHEIC X DEFI L 722, Zhud, —#iic s o8
7 D VEIE LI L 72 VR R B ARAE L TR T B
DT, PEGERARA ML DDEAESY v 78 7 B (HEh)
ZPEGIREE (Bil) o LC—waEBhd5 2 212k, it
WY SflK (PEGHREEO) (XX % ¥ logS,, 16 % 2
SIS 5% KD 5 )i TH 5 (Kramer et al.
2012). #ERE LT, GTFHENALRZZ VI TIEIHEmML
TWeds, THIVEHTRRELZAVBRDOOLNL o
2. F TR logS, b TG IS 5 THEK T % 1)
BRONT, 7V SHIZBWTIZFE R DaMbWpiik
bEVEWVI, RFEITEA L2 WEELE S N7z (1K6).
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Figure 8: PCA analysis of molecular parameters of myoglobins
The ancestral and extant myoglobins are plotted via PCA analysis
on the Ist (horizontal “marine adaptation” axis) and 2nd (vertical
“whale-seal differentiation” axis) principle axes plane. The molecular
parameters are fold free energy difference (AG,,,), solvation free
energy difference (AG,,,) from thermodynamics experiments,
solubility (logS,), precipitant resistance (f) from solubility
experiments, molecular repulsion (4,) from SAXS experiments, and
molecular weight (Mr), surface net charge (Z,,), isoelectric point
(pI), molecular surface area (454,,,), hydrophilic molecular surface
area (AS54,,,), hydrophobic molecular surface area (454,,,), radius of
gyration (R,), intramolecular van der Waals (vdW), hydrogen bond
(HB), electrostatic (IP) interactions evaluated from three dimensional
structures. The overlayed vectors indicate the proportion of variances
of each molecular parameter and assigned to 1st, 2nd, or other
principal axes and colored in red, blue, or black, respectively. The
squares and triangles are indicating the molecules as shown in Fig.5
and connected in order of evolution through dotted lines.
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