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Abstract: To construct pET-alr1966gaf?, a fragment of alr1966gaf? was amplified by
polymerase chain reaction (PCR) from Anabaena sp. PCC7120, and then inserted into pET-
30a( +). For over-expression, pET-alr1966gaf? was transformed into Escherichia coli BL21
(DE3) containing pACYC-ho1-pcyA and biliproteins were co-expressed successfully. Results
showed that bili-Alr1966GAF2 had a sequential reversible photoconversion in three different
states. We also detected red fluorescence reversible photoconversion of Alr1966GAF2 in
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15E-Py,, o/ 15Z-P 1 o fOrms. Via site-directed mutagenesis, we mutated conserved Cys into Ala
in the conserved DXCF motif of Alrt1966GAF2, resulting in Alr1966GAF2 (C72A). Alr1966GAF2
(C72A)-PCB showed strong red fluorescence and high fluorescence quantum vyield of 0.11.
Furthermore, Alr1966GAF2(C72A) could bind to phycoerythrobilin (PCB) and biliverdin (BV)
covalently, with strong red fluorescence. Therefore, as a red fluorescent protein, Alr1966GAF2
(C72A) could be further developed as a fluorescent probe and applied in life sciences.

Key words: Cyanobacteriochrome; Sequential reversibility; Red fluorescent protein; Biliverdin
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) N K 3w & A GAF (cGMP phosphodiesterase,
adenylyl cyclase and FhIA protein domain, GAF)
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SEA ¥ IR (phycoerythrobilin, PCB) . BV 712
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JeEH RGS (4t sir1393) fIAITRM:A 38%
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£ DXCF J67 i) e & iR Cys #7584, K15
T AIr1966GAF2 (C72A) , % % 75 {K fE i 45 &
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Alr1966GAF2( C72A) fE M 41 a5 S 8 11 n] LAtk —
IR R NCIRET
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AHFFE T A pET-30a( +) 4T Novagen
el R SE o E R A B IR KRR R
(Freshwater Algae Culture Collection at the Insti-
tute of Hydrobiology, FACHB); MutanBEST Kit
EE R AN Takara 42 F 72 5, R OR
PACYC- ho1-pcyA. pACYC-hot 1 K % ¥F #i E.
coli BL21( DE3) FAErh b 2 B
1.2 XWHIE
1.2.1 RiERAAEE

iR g L IRl iR, DA P1, P2 R514Y)
(& 1), X alr1966gaf2 #HATIRAN 1S, ¥R )T
Jg. Q4CHIAEME 240 55 94°C75PE 60 s; 48°CiE k
60 s; 72°CHEM 60 s; HLAEH 30 Ik ; i 72°CHE
i1 300 s, &G, § 3G K/NHy 480 bp, #E—
$Ht alr1966gaf2 ik pET-30a( +) #ikHr, ks
TR TR pET-alr1966gaf2, L pET-alr1966gaf2
i, P3, P4 R4y, FIHE MRS 1
alr1966gaf2 ( C72A) FH B, # a2 AR PR e 3k it
ki pET-alr1966gaf2 ( C72A)

R1 BRI ASIY

Table 1 Primers used for plasmid construction
Primer Sequence(5'-3") DNA
P1 GAAGGATCCGAAACCCTTGATATTGAA
alr1966gaf2
P2 CGCGTCGACTTATTGCCTAGTTTGTAG
P3 CCTGCATTTCAAAAAGATTAC

alr1966gaf2 (C72A)

P4 ATCAAGAATATTTTGTCCCAGTAC
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pPACYC-hot I E. coli BL21 (DE3), 7£ & A 20
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TELG 10 min, HUE & I HE kT SDS-PAGE
K, K SDS-PAGE i & T 1.5 mol/L i B2 5% %
WHRHL 10 min, FERAMT TR, KA
%S5l R-250 Jefn, Y@ MR E M RIE

%[8} 5

1.2.4 BEEAWNXESH
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Felb g, AEFR AT B 5 min, fliILAL
TR R, BRSO R E AW RBOLIE I
P, LR, RIS —F LIRS @
FEM 5 min, HHLATH —MOLRE, AR
RS R OGS o eokig ™ L
ROREARBEARFRDCRES Z 8 &4 ml A8k
UEINYSR | e ¥ - = B S S BUIS) o0 AN 151 Rl
OIS OGS, TR AREANILE T
PR O
1.2.5 BEEARMNTHE

KT FFEEBARSHEEAZG AP AR

KRR R, MEREARSA ORI,
TSR RRPE PR R B W (8 mol/L, pH1.5) 284
BREN, THEHEEASARSE, AX2IF
BURAS, ME AR = L WOBOETE AR L
WO T BT B 1 45 A B R B, R
TR PRSI RSO T P IR B €0 28 1) R 7K
HIERE, FIH Lambert-Beer Eff, THRA GRS
F BRI R B e > ™

3 FZHREH

3.1 AIrl966GAF2 BEEHMRIEREEFTOLER

AW Alr1966GAF2 5 HO1, PcyA 1E E.
coli BL21 th Rk, RGBT G HMBARD
AIr1966GAF2( Bl 1. A), S RFEWIBENH AR 55
BRI AY), HARIMHEIRE G Rens & 5
PO 1: B), Alrt966GAF2 {5 & 1 B A7 15 i
MYEEDOEIE M, 7T LA E Alr1966GAF2 BEME 5 3
MEE RIS E

M. EFBFRES TR 1. Ar1966GAF2 (A ZEE; A %ol
S B BEARLE,

M. Marker protein; 1. Bili-Alr1966GAF2; A. Stained with Coo
massie brilliant blue; B: Stained with Zn?* solution.

1 BEEB AIr966GAF2 [fJ SDS-PAGE R
Fig. 1 SDS-PAGE profiles of bili-Alr1966GAF2 stained
with Coomassie brilliant blue or Zn®* solution

3.2 AIr1966GAF2 B E B XU F R E EHIR
F AT 35 ¢ 35 R

AW R, Alr1966GAF2 (0 E & 1 HA W
ETAOIBUID oy GIANEN: N BUID oty G L K S =) 1| P
F1 420, 510, 600 nm B (a5 I8 52 (6 2% 8 (A
ZE AN T 3 FORE WA (B 2) . A
420 nm GRS A EE AR, HAE 514 nm AbF
BRI HAE 600 nm FiF Y B — A 56 5 i
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BifiJ A A 600 nm £10EBRYT, R & [ 600 nm
AR TEJE TN G 7E 514 nm &b By IS I FE AR, )
BF7E 428 nm Ak Wt AT 510 nm 406
MRGHEEE N, OEEALE 514 nm AR A 6
IS, [FIEFE 428 nm Ab AW IO FEVR /NI T 5
i —2 R R PR IR RO X 3 bR (2R
AT, IRAGHASYE ) i O (A 3.
A) FIZEWOEHE (8 3: B) . /T RE AR AR
WOtEE (B 2. A) DL ISOERE (K 3. A),
K Alr1966GAF2 £ 420 nm Wi GBS 2 )5,
REAMT 15E-Py, ., @A E N 15E-PCB Al
15E-PVB; BG4 610 nm ZIEIRES, @R E AL
TFHETRAIRES 15Z-P g o Al 15E-Py,, . Z [0, 1T

0.3
A 428 nm —15E-Psyim
A » oo 15Z-P 5 m
) = — Intermediate state

2 Absorbance
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# K Wavelength (nm)

300 400

DIgh 4 a2 15Z-PCB 1 15E-PVB, itk 610 nm
IGHRATHE 15E-Psy, . 45 B 1Y 15E-PCB 45 #4) 2l 4%
g 15Z-PCB, 4 F]H 510 nm LIRS K H 1,
ORE AT 15Z-P . 25, @A MR N 15Z-
PCB Fl1 15Z-PVB, Hi L al Al 510 nm £t i 5l
15E-Py,, . 441 15E-PVB 5442 15Z-PVB, X 3
FlIRZAS B Alr1966GAF2 45 & 6 2 1 28 AL I -4 Uk
4 15E-PCB/PVB — 15Z-PCB/15E-PVB — 15Z-
PCB/15Z-PVB, % 2% 1k 88 5 Fk M i 5 Al 30 )l 5%
N CBCRs 5 ¥ 2 (3L m 4 & & —1 A i
fbid#, %2t CBCRs fE#5¥5 #6 5 PCB %4 K
PVB'™' Fefa Z kit b, Alr1966GAF2 fit %Kt
4y PCB 5444 PVB,

50

_15E'P514nm
B Tt 152-P428nm
8
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o
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ES
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K Wavelength (nm)

A: EEET AIr1966GAF2 AT 15E-Pyyy o 15Z-P g o MIHTALIRZS B W WO ; B, (3 Z 11 AIr1966GAF2 i T 15E-Pyy, . Fil

15Z-P g o INFEILIETE

A: Absorption spectra of bili-Alr1966GAF2 in 15E-Ps4 1, 15Z-P s o @nd intermediate state; B: Fluorescence spectra of bili-

AIF1966GAF2 in 15E-Psy 1 @nd 15Z-P 45 1.

B2 ARKESEEEH Alrl966GAF2 FATHIRY L (A) FITEALiE (B)
Fig. 2 Reversible absorption spectra (A) and fluorescence spectra (B) of bili-Alr1966GAF2 in different states

0.3

A — 15E'P514 nm
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S
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Pk Wavelength (nm)

A: PR AIr966GAF2 &b F 15E-Pyyy o,
157-P 15 o 220 AR A OO

300 400

15Z-P 15 o MV LIRS BT 3 B

0.06
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0.04 i >
0.02 }

%15t Absorbance

-0.06
300
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#K Wavelength (nm)

A PE ) AIr1966GAF2 Ha IR 7S 22 15E-Pg,4 o F1

400

A Absorption spectra of denatured of bili-Alr1966GAF2 in 15E-Psi4 > 15Z-Pss nm @nd intermediate state; B Different absorption
spectra of intermediate state minus 15E-Ps4 o, and 15Z-P . ., Minus intermediate state of bili-Alr1966GAF2.

B3 AREARESEEEH AIr1966GAF2 FITTERILAIE (A) FZ R (B)
Fig. 3 Absorption spectra (A) of denatured Alr1966GAF2 and different absorption spectra (B) of bili-Alr1966 GAF2
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O K E 1 Alr1966GAF2 1 [ i& 3 Fl A [A] Mz i
BZ AL EA AT WORON , AT 60 F2 kA
1E 15E-P,,, o Al 156Z-P 0 . Z ], (AR E AT
15E-Py,, 526 & 516 (A = 645 nm) &g, %
HEF =N 0.04; WAk T 15Z-P g o BT 56
RESWERAR (&1 2: B),

3.3 Ik AIr1966GAF2(C72A) &4 PCB K3t
=RE A

R R BIR, AREN Ar1966GAF2 A
Ti5F i) DXCF Al CH 277 (1 4) o AWFFEAIHIE s
RAFFE A Alr1966GAF2 H {51 ) DXCF &3
) Cys 748N Ala, K15 % 48 & Alri966GAF2
(C72A) . ¥ Alrt966GAF2( C72A) 5 HO1, PcyA
fE E. coli BL21 hdtgkik, 15 T aifb K E N
Alr1966GAF2 (C72A) ., 4 &K & H Alrt966GAF2
(C72A)7E 621 nm AbF e KW U, 78 650 nm
WA R RD R SIS (E 5. A), HIOtRFHES
PR A5E-P,,,  AHHA 5 nm 48, POt T

RiEis 011, REARIN) 2,75 f5, Ao M 45 3
F2H] AIr1966GAF2( C72A) 45458, 22 114 B K M Wi i
660 nm, Itoh PCB M RRAE M I (K1 5. B),
ULHH Alr1966GAF2 f£5F 57 DXCF 1y Cys Je:fii
PCB Afi#fb 7k PVB By %54, % Cys %748
J5, RAMA Alr1966GAF2( C72A) Tl 3o 557 5L %
CH Hfy Cys 454 £ 1) PCB,

3.4 I AIr1966GAF2 (C72A) AT M E S
iEEEES

A5 K Alr1966GAF2 ( C72A) 5 HO1 1E
E. coli BL21 (DE3) it ik, 25 H Woraifbny
Alr1966GAF2( C72A) AR I HIR IR Rk &k 0, 7
FH] Alr1966GAF2 ( C72A) Wi 5L I RE W 45 &
JHZE 2 BV, Alr1966GAF2( C72A)-BV 11 I
TR R I i a5 R R (B 6. A),
Alr1966GAF2( C72A)-BV 7£ 409 nm #1 620 nm
A AT BRI, FE 650 nm b i KB K B
HA BRI TE, Alr1966GAF2( C72A)-BV

Alr2279
Alr1966GAF2
A111280GAF2
A112239
Npl*1883GAI2
NpIF1883GAI'3
NpF1883GAK4
AL13691GAI2
T1r1999
TIr0911
T1r0924
Alr3356

SDG——SGKVVQEAVMPGWSVTLDQD 1 YK®BKDGYLNMYRDGRITAL ADV\’QGGLKP@
ADG—SGTVVQESVLPGWPY VLGQ.\'lLMQKDYVDKYRQGRVSAI VDVTKADlQl‘m
PDM——SGKIVAESVKPGWKIALGADI QMQSGAGADYRQGI IKRATANI \'TAELTDM
PDM——SGIVVAESILPGWIATKGAQIL EMQDSAGI INH-QLKKRAINDI \'QAGLT.\@
ANW—-=SGTVIAESV] PGYI’KVLRSEIQMGQGYVEK\'QSGR\’ ATTNNI \'QAGLADH
ANW—SGTVIAESVVLTYPKVLRAEI BMGQGYVKE\'QSGR\’ LAINNI \'EVGLADﬂ
ANW—TFGI I TAESVVPGYPKVLRSKII ITQGY TEKYQSGRVVAINNI \'ESGLADm
LDVNYEYGEFVAEDVSPAIFPSALAVKV! GENY/\.\'LYKQGR ICAITDVQSSEI LDM
DDW——RGIMDVEAVVPPWLSALGDVVI GMTEQYVEA\’KRGRIIW\’ NSLEKASV Alﬂ
ADG——TGEVVAESVAAPPFSLMIRTFI lI IRESAEAYVQGRVLAIADI NTATLAQM
GDG——SGIVAVEATTLPQYSILGQVII lTI\’ETARRl-‘LEGRTLS 1 SDVNQAQLQD
WQW—-IIGQVTIEALSSEEFS1 LGSTGA,\IDEYAALYLAGRTKA IADI ESEI’IT@

B 4 AIr1966GAF2 HI{RFEFE DT

Fig. 4 Multiple sequence alignment of GAF domains of DXCF CBCRs

0.75 360 0.24 -
/A~ Absorption of Air1966GAF2(C72A)-PCB B —Denaturated absorption
- - - Fluorescence of Alr1966GAF2(C72A)-PCB of AIr1966GAF2(C72A)-PCB
c 621 nm 8 g
S 050 H240 § 2016}
= 2 3
o 8 2
8 s 2
< S Qo
o <<
E= B =
= 0.25 —1120 7 = 0.08
= ® O
300 400 500 600 700 800 400 500 600 700 800
#K Wavelength (nm) K Wavelength (nm)
Bl 5 AIr1966GAF2(C72A)-PCB RISk 5otk (A) R AT HRYLE (B)

Fig. 5 Absorption and fluorescence spectra (A) and denatured absorption (B) of Alr1966GAF2( C72A)-PCB
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A — Absorption of Alr1966GAF2(C72A)-BV —— Denaturated absorption of B
- - - Fluorescence of Alr1966GAF2(C72A)-BV Alr1986GAF2(C72A)-BV
0.8 650 nm 1% o o
c . S o 02}
9o * @ %
a ® L2 665 nm
o o 9
2 06} . 150 s 2
B . z <
= . =
= g =0
03Ff 620 nm {25
300 400 500 600 700 800 200 500 600 700 800
Bt Wavelength (nm) K Wavelength (nm)
B 6 Alr1966GAF2(C72A)-BV KIRUL L 531k (A) RETERISE (B)

Fig. 6 Absorption and fluorescence spectra (A) and denatured absorption (B) of Alr1966GAF2( C72A)-BV

ZIRPEIRRANE, ST P o iE (14 6.
B), EBAM=YITE 665 nm ib HA e KWl
Wb Ry 8 IR 4 22 ) R AE W S 0,y b — 25 0 P
Alr1966GAF2( C72A) & &% N BV,
1tie
ABFFE ¥ AIr1966GAF2 5 HO1, PcyA 7
E. coli BL21 Wh3t3kik, K IMIRTFH Alr1966GAF2
R HHA T Al 680, AR A2 SR R
Alr1966GAF2 TTLL A fi k45 & PCB 1k PVB, %5
+ PCB/PVB iR A %, it al 1 Alr1966GAF2
Hefs s PCB $44°H PVB, Alr1966GAF2 EA4 %14
it 1S Rl ) SRR DI RE . IO T 3 6 8508 #E DX-
CF CBCRs H1If- A% W, H AififF 58 & (U 7E 15 40 B
st ZH H NpF1883 GAF2, NpF1883 GAF3,
NpF1883 GAF4 & TIr0924 %k 3 1 25 bl i i 5
RIS, CBCRs Y AT 386 56 280 v 5 H AR
W I A P ) R AR B RE A e

ik — 25 R o3 58 A8 1 AR A DL R
Alr1966GAF2 1 DXCF JE7H iy Cys #7578, 3k
AR K Alr1966GAF2 (C72A) , ¥ Alr1966GAF2
(C72A) 5 HO1, PcyA 1E E. coli BL21 thdt3ik,
KIL AIr19B6GAF2 (C72A) {45/ PCB, Ht# M
CBCRs f#:-51PE 3L DXCF H1iy Cys J& A 1k PCB
5K A PVB ) % 5, Alr1966GAF2 ( C72A)-
PCB BARKMRINZOCIEE, HIO R TH" Fmik
0.11, %%/ AIr1966GAF2 15E-P,,,  FHH KR
FEHER R R AIr1966GAF2 fi) C72A 7 i
KA A72, BUR TR S O RGS G a2

4

F, ISR T @R GRMME RS SR, K
Alr1966GAF2( C72A) 5 HO1 & E. coli BL21 thit
Fik, R IR Ar1966GAF2( C72A) REfE Mt 2%
4 BV, Alr1966GAF2(C72A)-BV i ELA 43 1Y 5
e, I, Alr1966GAF2 ( C72A) 1 Jy 41 (5,75
JEHE AT AE— 2D RO LIREL .

gk 5¢ . % 1 ( green fluorescent protein,
GFP) M H AR R L, WA R a ik
1 Alr1966GAF2( C72A) I 7r T B /N, R 5Tk
KoK, P E A Y a0 oy g s s, vl
DR AL BT S Y EUR , RERBAE y— Pl AL o
S FIRET, N T AE A0 AR AT, SR s 2
PRG3R 2160 5 B e AR 0 200 M A5 D 1 ) 1
AL TR B, HEX IR E e s
HE A RAN I, $EETOCE A n = =
K Fre, U AIENEDE R Aok
AR TR 2B ) 240 B AR T A 0L R R ) Y

YN

SN
R &<,

SE
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