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Abstract; Plants, like humans, contain hemoglobins (Hbs) , which consist mostly of protein subunits (the “globin”
molecules) and heme groups. Phylogenomic analysis shows that Hbs are widely distributed in higher plants, and by com-
paring sequences, expression patterns, and ligand-binding properties, it is evident that three distinct types of Hb exist in
plants: symbiotic, non-symbiotic, and truncated Hbs. In the recent years, the genes of Hb have been cloned and identi-

fied in various species of bryophytes, gymnosperms and angiosperms, but no study has been reported in the ferns until
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now. In the present study, a full-length Hb gene from Ceratopteris thalictroides was cloned by Thermal Asymmetric Inter-

laced (TAIL) PCR, and sequence analysis was conducted by bioinformatics. The results revealed that the gene was 949

bp long, containing 4 exons interrupted by 3 introns. The deduced protein (named CtHb) with 189 amino acid residues

had a predicted isoelectric point (PT) of 7.81 and a calculated molecular mass 21.14 kDa. Modeling of the tertiary struc-

ture indicated that CtHb possesses the typical tertiary structure as plant Hbs (including helices A, B, C, E, F, G and

H, these together forms a “sandwich” structure of 3-on-3). Comparative structure analysis of CtHb with rice native

NsHb1 revealed that most of the CtHb structure was quite similar to that of rice NsHb1, including the positions of helices

E and F, where distal and proximal His were located, respectively. However, the structure differences were as follows;
(1) The N-terminus region was longer in CtHb than in rice NsHb1; (2)The CD-loop folded differently; (3) Helices to

coils transition at the connect regions of helices B and C were different. Structural comparison revealed major evolutionary

changes during plant Hbs evolution. Some of these structural changes would be helpful for the transition from nonsymbiot-

ic Hb to symbiotic Hb and for the specialization of a symbiotic function for symbiotic Hb.

Key words; plant hemoglobin, sequence analysis, tertiary structure modeling, structural evolution, Ceratopteris thalic-

troides

FE Y 1M 21 3 H ( Hemoglobin ) /&2 — S HER HE H
( Globin) AIM4T 2 ( Ferroheme ) H S SHEH, T
ZAFAE TR TR [ A B AR e 3 vh oA
SRR BEE T RN BTR A R4 I 202 A ) 7
H) ik T LA B B AR 45 G 1 B A ) e i il £ 2
Hoar o = 26 L4 W i 40 28 A ( Symbiotic
hemoglobin,sHb) | JE 3 A= 1 1L 21 25 [ ( Nonsymbiotic
hemoglobin , NsHb ) F1# & 7 1L 125 4 ( Truncated he-
moglobin, tHb) , Az (I 41 & 1 EEAFFE TR
e R G AR ) (32 B T TR 4 TR A ) A A R
TP HESE IR ) [ AR R T A= Gt O AR 20 i b, RS
A 2T AR e AR 5 il 208 A0 A )T, A
FEET oA R LT F A b i A TE T
HAta Y b A2 Fh s B bRk e E A K 4
PR IE 25 T A AR 25 i JEATRD b (An-
derson et al,1996; Lira-Ruan et al,2001; Ross et al,
2004 ; Taylor et al, 1994 ; Trevaskis et al,1997) , #
JELRY IMELEE 1 e e B AR Y AR Bl ) A LA
Kh R, R LMY R EHR TIZEA
(Watts et al, 2001 ), ¥ 51 b HC A if 21 4 7 %6
(Pesce et al,2000) , = #EZEH) 2 i o-T25E3E 1o 2-0n-
2 1977 X HEF T A, ASTE) T 3-on-3 FRifE Ry L2185 H
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1.2 FEHFEPFLF

38 Taq DNA G = PR EC LA Taq [ . ANTP
R FI [ TaKaRa; DNA %8 2l 4k [0 083 5] 8
T Axygen ‘EYIHEARABRAF]
1.3 R FH L
1.3.1 RpE s Za R EIRS R EGT I 50l
ARG IF (Arabidopsis thaliana ) AHB1 F1 AHB2 %
(B 55 AAD26949 , AAB82770) HY K 1 5 AE Jy A
VR A, 38 2 X 5000 e v L 4R A RS 8 A T A
I ZR , FE Ceratopteris richardii 115 %) — 45 [6) H
B 7 B A L PR B R EST 8 (B R
BQ087262) , MRHEX 47 H T — X4 2514, it
17 PCR ¥4, 5I¥F5R F-cera;5 -TCACCGAGC-
ATCTGCGTCAAT-3'; R-cera: 5'-TCAATAGGCAGTA-
CCTGACGA-3',
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PCR VR Z K 20 pl, 519145 40 pmol , ANTP

% 1 pmol, 10xPCR W ZZ ik 2.0 pL, Taq i 0.2
RL(5 U/pl) o W24k 95 CHUAEME: 5 min; $25
94 CAEME 50 5,53 CiR Kk 50 5,72 C HEAH 60 s, 3t
36 MEFR; i) 72 °C ZEH 8 min,
132 Kt B AR 3IMEFF I3 DI
HUP) AL DNA A, FH 3 N3R5 it ir 3 7
TAIL-PCR ¥4, 5 ¥ /¥ 51 & 3' TAIL-1.5"-TCTTAAT-
GTGAGTTCGCCTCTGTGA-3'; 3’ TAIL-2; 5'-CTTTGAG-
CAGCACAGGAATGGTCTC-3'; 3’ TAIL-3: 5'-CGGTG-
TAGTGGATGAGCATTATGAG-3',

TAIL-PCR By X W AR 2R 4 50 wl, i 3F514 AD
(5'-TC(G/C) TICGNACIT ( A/T) GGA-3") ( Liu and
Whittier, 1995) , % 8 43 J H & W1 F: LA buffer
(Mg™ plus)5.0 wL;dNTP Mix (2.5 mmol/L)8.0 uL;
AD B1¥1(20 pmol/L) 5.0 wl; 54 S 1E51 % (5
pmol/L)2.0 pl; LA Taq /i (5 U/pL)0.5 pL; DNA
(50 ng/nL)5.0 wl;H,0 24.5 plL,

B—3 NG YIoR H 3/ TAIL-1 Al AD, 514K
94 C HWIAEM: 1 min, 98 C HASYE 1 min; #E 94 CAF
30 5,65 CIiE K 1 min,72 °C#EfH 2 min, 3£ 5 MG
I B HE 94 C AR 30 5,25 CiB 2k 3 min, 7£ 3 min
WNEETFR] 72 °C |72 CHEMH 2 min, HEF7—PDIEER ; 3
94 CAEME 30 5,65 CiE K 1 min, 72 C FEAf 2
min, 94 °C 7251 30 5,65 CIB K 1 min, 72 °C ZE{i 2
min, 94 °C 751 30 s,44 CiE K 1 min, 72 °C iEff 2
min, 3£ 15 NMER; )5 72 °C ZEAH 10 min, TAIL-
PCR 28 40 W 519K F 3' TATL-2 Fil AD, ¥ 55 —
RN PRI R 50 A5, B 1 L AE RS 5 N Y
Bt B o 55— AR A N AR 94
CHAME 1 min; 335 94 C 281 30 5,65 CiEk
1 min,72 CIEMf 2 min, 94 °C 25 30 5,65 CiE &
1 min,72 CEEfH 2 min, 94 °C A 30 5,44 CIiB .
1 min,72 CHEMH 2 min, 3 15 NMER; )5 72 C Ik
fiff 10 min, 25 =% ) W 51 ¥R 3/ TAIL-3 il AD,
W5 RN IR B 50 5 B 1 WL /RN ER =4
@ VA O] 5 T = s T et <t S VA = | [ P AV
(GRUAEE 2t by
1.3.3 Fapenlk i sk B n A P B
HERE 1T WSCR FHEE A IR O &, 2 BB 1A 75 7
YK ] TaKaRa 23 F] pMD19-T simple Vector, 5
FUtH A OV AR RFEELAL . KT sz 2 4
J i £ >R T CaCl, 25, K B A% 55 R 3 ik $RB0k e ik

BT T RS 25 A b FF P e B R Tl P e
VeIt —2 R PCR ik ¥ =K IES B
(R BOMH 2 R BRI ok . RS H By v B, B ALk
Wz 3 AP v b, R AR R R, 4 I
K ABI PRISM 3730 DNA {54 BigDye Termi-
nator Kit( Applied Biosystems ) #4757 X 5 B ¥ .
1.4 HIESHT

K H BioEdit ZAF (http ://www. mbio. ncsu. edu/
BioEdit/bioedit. html ) ( North
University ) X e R 37 75 2] 09 Fr Betb 17 PF ez, SR H
FGENESH #1 NCBI ( http://linux1. softherry. com/
berry.phtml ) ) ORF finder 17 JF I [5) 132 HE B % .
iz il DNAstar HCPFHEN 2 519 5 51, 0 A 2 1 B Y
Sy G R SR S R R A R, fd ) SignalP 3.0
Server( http : //www. cbs. dtu. dk/services/SignalP/ ) 73
Pra 1 N-ii LR 77 51, AR SignalP 23 #7175 21 1)
Cmax fH (the cleavage site score) . Smean ( the signal
peptide score) Al HMM {H ( Hidden Markov Model) 3|
SMES T2, i 5 S A eSS K, fd ] TargetP
Server v1.01 ( http://www. cbs. dtu. dk/services/Tar-
getP/) i E 73 WA AE 11 1) 3 Wb i A M 40 i 7, 2
FUSTORSF 45 19 DI BE3UH] PROSITE | SMART #%4Fil
PFAM %04 )% (http ://pfam. wustl. edu/ ) #4770
22578 B — B 43 B F Bioedit #X 4 sequence i-
dentity matrix 17, f# F7E 284 SOPMA Tii il &
5 I & v B S o e e Y v T (O o E A
T A B AL TR e 51 2 52 F A= W AR BB 5 i B9
Swiss-model ( http://www.isbh-sib.ch/) (Arnold et al,
2006; Schwede et al, 2003 ) , %& T[] J5 H 4 4 Ji7 3L,
FH/KAE Y NsHb1 /E R #i4i (PDB code: 1D8UA) i
/K BRMLLLEE =R a5 py ), 50 25 51 1 Py-
MOL #fF Je 7 Fdh

iz H Blast I E ( http//blast. ncbi. nlm. nih. gov/
Blast.cgi) , PAZK BR Il £ 85 A AE &8 7 51, #5477
SRR 2R, HF e U R = 1 2 51 MEGAG
A% (Tamura et al ,2013) WA 2R #2551k 47 UE AL AR
ke, Forh Z2 F 7 51 LE X R B Clustalx #4417

2 HERE5HM
21 kBEIAEBERNTERE

PLIZKERAY &L DNA S REAR, I — X3 5 53 5 1 ) (F-
cera Fl R-cera) ¥ 3415 3| — B 24 820 bp M F Bt (A

Carolina  State
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l:a) . Zad M, ZFHI 0 5 e se 38 10, ik H
T Y AR B AR RS 3B P 5, 3Tk
B A B, it — B T — 4L A5 i it
TAIL-PCR R 3A5 3" M3 ¥ 51, 7E TAIL-PCR )45
TSR AR AT ARAS T L ARTE I Y A5, AR B R
25 BT R AR 7 B, 326 B 1 46 s 1 A 7= 4 K
/IMEZERZ) 100 bp B4 (B 1:b) 1FE 0 H B 25407,
HEEE =40 B 25 Il SRy, 26531, 15 5
(A& A R E N FA 22— SRS, ¥ ik
SIS ARAT T 5 D4 fe 245 B K BRI 21 28 1 36 A )
SEEEGRIS X P A,

BSB89 2[R C. richardii H) EST (& %5 .
BQO87262) [F AT L X, & A 58 4R 15 1 15 )
FeECHR TP S 2 T = B, B A H g 4
DEFC , eI X =3R40 S P N 7 X3, bk
HZFEHNEH 4 MM, 3 NS, x5 H Al
7] ARG S i OB PR EAT eob Sl i PR T 1 4 = = B~ 9 S )
AT T A TERE A PR RS
22 & KERFIIRHEBEANERERSH

XF O ARAT 1 va B LR A T AT 5 ), 13 31K

*1
Table 1
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2000 bp

2000
1000 1000
750

750
500 500
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b

K1 455 PCR(a) .TAIL-PCR(b) BRI IS 1k kG )
M.2000 bp 73 FHFRIC; a 1. FE5759 F-cera Hl R-cera #1915 5
ALY 820 bp 1745 b I1. 514 3'TAIL-2 il if TAIL-PCR 58—
I MAFFIRI AT ; b 111 5[4 3'TAIL-3 ifiad TAIL-PCR 2% =4¢
FNIAFEN ) 550

Fig. 1 Agarose gel electrophoresis of the specific PCR(a) ,
TAIL-PCR(b) products M. Molecular weight marker ( DL2000) ;
a 1. About 820 bp fragment generated by specific PCR with primer F-

a

cera and R-cera; b II. Several bands produced by the secondary reaction
of TAIL-PCR with primer 3"TAIL-2; b III. Two clear bands produced by
the tertiary reaction of TAIL-PCR with primer 3'TAIL-3.

Rl — S

Analysis of percent sequence identify

Sequence name Cotton AI\I{IS];I Barley Maize  Rice  Alfalfa Lotus Soybean Lupinus AHSBZ Cotton  comi- ti:gr; ;'Sneel;;i;
Nsl Nsl Nsl Nsl Lb Lb Lb Lbl Ns2 trella

AR Nsl AHB1 0.762

K3 Nsl Barley Nsl 0.709 0.674

FK Nsl Maize Nsl 0.702  0.668 0.824

7K F& Nsl Rice Nsl 0.650 0.644 0.777 0.789

E7E Lb Alfalfa Lb 0.417 0.431 0.370 0.381 0.403

AR Lb Lotus Lb 0.392 0.393 0.364 0.369 0.385 0.719

K3 Lb Soybean Lb 0.390 0.378 0.345 0.339 0.367 0.628 0.655

SPIE E Lbl Lupinus Lb - 0.414  0.403  0.388 0.400 0.409 0.541 0.561 0.538

ARG Ns2 AHB2 0.487 0.500 0.497 0.476 0.508 0.518 0.474 0.481 0.531

Hi4E Ns2 Cotton Ns2 0.527 0.527 0.518 0.502 0.511 0.522 0.522 0.462 0.550 0.722

INSEHEEE Physcomitrella  0.450  0.411  0.401 0.412  0.417 0.316 0.322 0.292 0.348 0.366 0.408

AR &E Ceratodon 0.455 0.432 0416 0.427 0.438 0.325 0.325 0.301 0.346 0.381 0.413 0.828

fi¥s Selaginellae 0.400 0.373 0.397 0.397 0.397 0.273 0.268 0.252 0.315 0.357 0.361 0.410 0.389

JKB Ceratopteris 0.373 0.365 0.343 0.375 0.380 0.269 0.259 0.243 0.285 0.342 0.329 0.307 0.303 0.341

HE: AHB1 I AHB2 J33 (R FURIIT AL M AT EE 1 1 A0 25 Nsl RFARIEMLEN 1; Th RELMAE A GHEMLEN) .
Note: AHB1 and AHB2 represent nonsymbiotic hemoglobin 1 and 2 from Arabidopsis thaliana ,respectively; Nsl indicates nonsymbiotic hemoglobin-1( NsHb-1) ; while Lb

indicates leghemoglobin ( symbiotic hemoglobin) .

FRIMZT T (4% A CtHb) JER 3 24 (K 2) R
949 bp, iZFEH AL 4 NMMNETF 3 AN E T, gt
189 NI, RN & i e o i N T &R

(Ala, 11.6%) , H R B & B2 (Val,9.0%) . 2 AR

(Ser,8.5%) 52 % R (Leu, 7.9%) Ml & R ( Lys,
7.9%) . BEPEEIERR (Arg, Lys) 24 />, 50 R 1 44 F
2 (Asp,Glu)23 4>, Bi /K 2 22 (Ala, lle, Leu, Phe,
Trp, Val) 71 4>, Air B far A PE ZHERR (Asn, Cys,



220

L I W7

36 &

ATGCGTCCCATAGAAAGACGCGATGTATTTCCGGTTTCAATGCCGGTGTCGATACACAAG
M R P I ERIRDVFPV SMUPV S I HK
AATTCAAGAGGAAGTAAAGTGATTGCTGCTGCATTGTCGTCTTTCACGAAGGAGCAGGCT
N S R GS K VI AAAL S S FTIKE Q A
GCTCTCGTGAAGGACACATGGGCCGTTCTTAAGAAAGATGCAAGCCGCCACGCAATGGAT
A LV KDTWAV VLI KI KD ASI RHAMMD
TTCTTCTTAATgtgagttcgecctctgtgatttaageggegttgttgtgecattegttaacyg
F F L M
caatggcacatgttgagacaaggatacgatgacatgaatttgtgcagGGTTTTTGATGTT
V F D V
GCACAGGCCGCAAAGAAGCTCTTCTCCTTCCTTAAGGATAGCGACGAGCCCCTTGAGAAG
A Q AAK KL F S F L KD S DEUPTUL E K
AATGCGAAGTTGAAGGCACATGCACTGCAAGTTTTTGTCATTgtgtgactctctectctet
N A KL KAHALIGQV F VI
catatatttccatcatgccattattgaagaaccatcaatgtccttcaaatgtctgtaatt
ctgtctcagtatttgatatctcgcatcgaaacatatatatgtatcgtacgtcgctaacaa
ttgcttattcccagATCTGCGAGTCTGCTGCATCTTTGAGCAGCACAGGAACGGTCTCAA
I CE S A ASUL S ST GTV ST
CTCCAGGTTCAACCATGAAAGATATGGCCAGAGCTCATTACCTAGCCGGTGTAGTGGACG
P G S T MK DMARAMHYULAGV V D E
AGCATTATGAGGTgagcatcaaatggtgcatgttcacgttgcagttttagttcaagttge
HY E V
ggaaatgtcagcgcatgatttttttctcagecctecgecactttecgecatggectgataagg
atgcgttgtttcgetgttgcaggtCGTCAGGTACTGCCTATTGAAGACCATTCAGGCAGG
VRY CLU LI KTTIGQASG
CCTTCCAGAGGGAATGTGGAATGAGGATGTGAAGCAGGCTTGGCATCATGCATACGATGA
L P EGMUWNUEUDVI K QAWHUHAYDE
ACTTGTACGGGAAATGAGGTCGCAAGAGCCCCAAACTCCTGGACAGTGA
L VR EMRPRSGQEUPAGQTUPG Q *
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Fig. 2 Nucleotide and deduced amino acid sequences of hemoglobin gene from Ceratopieris thalictroides

sequence is shown below its open reading frame, and the introns are present in lowercase letters.

The predicted amino acid

Gln,Ser, Thr, Tyr) 41 4>, FIN A9 8K H E 5 2= R
21.14 kDa, BIE A5 HL 5 (pl) K 7.81,
2.3 E A RS S BTN 5 IE 48 ff 7E 52 53 A

K SignalP XFiZ 45 ¥ 81 M2 Ho 43 2 194X
R (L5 S EEAY 2 55 ( Physcomitrella patens F1
Ceratodon purpureus) eI %%( Selaginellae moel-
lendorfii ) FIGEFAEY) 11 45 (CELRR Y R0 T 51 24 FR
W 1) FATTELAE R KX 2o FAAAE R 5 Ik
WEARAIAR , ANAFTEAR T IR DIAL A, 18 B3 28 1ff 21
HAART RN AR RN . DX e )
LA RE L, R IRER T R AT 1, A/
N7 REEEFIT R A RO 2L 2 1B A AR A Y
WENR S, ATRE S8 A T4 ddr
2.4 FII—BES T

R 1AM 15 FEYMLEL TP Z
[i] 1) — SRR, b 4 2 R SR AEY) T 5] ( Phy-

scomitrella patens F1 Ceratordon purpureus) ,1 25415
KI5 ( Selaginellae moellendorfii) , 1 25 Bk 2 Al
W3 ( Ceratopteris thalictroides ) X 11 545 T H %)
FP8Il, AWFFE A BE CiHb 585119 NsHb1 1351
— B, 5 SR sHb /Y 7 91— BoME e I
P CtHb J& F NsHbl; [FlB AL CiHb At 43 2%
HE NsHb 19— BRI, 5l 2 & 88 A AR
(%) NsHb JFFIAH L, CtHb 7E#E4k F B LT 8% 148
¥ NsHb,
2.5 KR E B SREHHN

TEZ SR v , CoHb £ 61.38 %01 a-
WRIE, 6. 3500 By AE A )R, 5. 8200 1Y B-% A AN
26.46 1 TG AL, Ho o-SRE A /2 CHb
TRESI B U

R KR ML ZT 25 A A R P O T B B A 1l
£L3E F R AL 2 R B AR AR ) vh S48 A/ TR AT
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b

K3 a. BUNAY CiHb —ZRE5H; b, BEHUAY CiHb MR MAS AU =850 MBI 74 A, B, CE,F il H 5.
Fig. 3 a. Predicted tertiary structure of CtHb; b. Tertiary structure of selected amino acids in heme pocket of CtHb  Helices (in-

cluding to prehelix A) are indicated with letters A,B,C,E,F and H.

Y150/172

“6),

proximal H

distal H

K4 A CtHb( K@) FUKAE NsHb1 GREIRIR ) —RE5H LEXTIE; B, BEHUTE CiHb (K @378 ) FZKAE NsHb1 (%
OFRIR) ML A4 R RR A S = R A LU X B A4 51 AL B, CLE,F Al H 26758, Ko () HIE, (b) BT,

Fig. 4 A. Overlay of predicted tertiary structure of CtHb(gray) and native rice NsHb1(black) tertiary structures; B. Tertiary struc-
ture overlay of selected amino acids in heme pocket of CtHb(gray) and native rice NsHb1(black)  Helices(including to prehelix A) are

indicated with letters A,B,C,E,F and H. (a) is a front view,while (b) is a back view.

HHEBEME X, B THEUSAT DL SIAR E0 H
1o T A B 0T = A R 3B A T R 25 T
HEL ML AT 2451 R ) e Ty 1 LR
PEAEIR S, BT CeHb FZKAS NsHb1 EA7 2305 50 %
AR , B LA T LA 7K R NsHb1 (1D8UA ) £ K il
T CtHb =25 A0 AR,

K34 HT CtHb =4es5 Mgt 1, Krp i
7, CtHb HAHE ) 1M 21 35 (LAY (1 — R 2 A =X
Bi&A A B.C.E.F.G Fl H g, M T 3-on-3 Y
“ =R E5H , K CtHb MUK RS NsHb1 1) =45
P17 overlay FUHE, 5 R AN 4. A Firzs . SO0 A5 21 )

CtHb =451 BA WA ERE 4 & 7 =X, B R R
T A3 2 AR (A 45 AT 228 vy T vy 2H 22 R S 62 1Y E AN
F IR 55 ) [A] KRS B A5 F AR H AL AN [F] 22 Ak
FERIAE . (1) CtHb FA B N-ui X3k ; (2) %
# CD-loop 4T 5 AN 5 (3) P R TE B FNIZ g
C M9iEH T AN A, CrHb S i 45 il 7% 32 19, ik
F& NsHb1 i B 1 2 085
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Fig. 5 Multiple alignment of plant hemoglobins
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Sequence conservation is visualized according to the ESPript chemical equivalence measure,

with a similarity threshold set to emphasize strictly conserved positions; Invariant residues are boxed in black, physico-chemical equivalent residues are

boxed in gray; The deduced secondary structure of CtHb is shown above the alignment.
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Fig. 6 Phylogenetic tree of different species
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Fig. 7 Comparison of the predicted nonsymbiotic hemoglobin from Ceratodon purpureus, Ceratopteris thaliciroides , native rice

NsHb1 and soybean Lba tertiary structures and surface charge distribution  Blue and red colors represent positively and negatively charged

amino acid residues , respectively; Coordinates for nonsymbiotic hemoglobin from Ceratodon purpureus was obtained from Protein Model Database (http://

mi.caspur.it/PMDB/ ) under the ID number PM0075013. Coordinates for the rice NsHb1 and soybean Lba structures were obtained from RCSB Protein

Data Bank with the ID numbers 1D8U and 1BIN, respectively.
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