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The Impact of Copper Ions on the Crystallization of
Auracyanin from Candidatus Viridilinea Mediisalina

JU Jinxin, MA Lin, LI Lin, DONG Shishang, QIN Xiaochun

(School of Biological Science and Technology, University of Jinan, Jinan 250022, China)

Abstract The auracyanin (AC) is an important copper-containing photosynthetic electron transport carri-
er. The high quality of the (Candidatus Viridilinea mediisalina . Cvm) AC protein (Cvm-AC) and mu-
tant AC protein (Cvm-AC-mutant) were obtained, and the effect of copper ion on the crystallization of
Cvm-AC protein was further explored by comparing the differences in crystallization conditions between
the two. Firstly, we obtained two target proteins by heterologous. and then isolated and purified the high-
purity Cvm-AC and Cvm-AC-mutant proteins by nickel-ion affinity chromatography. anion-exchange col-
umn chromatography., and gel filtration chromatography. respectively, and examined the homogeneity and

purity of the proteins by using sodium dodecyl sulfate-polyacrylamide gel electrophoresis. The crystalliza-
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tion conditions for Cvm-AC protein were screened and optimized using the sitting drop method and the
hanging drop method. ultimately yielding high-quality Cvm-AC protein crystals. However, the crystalliza-
tion conditions for Cvm-AC protein could not yield protein crystals for Cvm-AC-mutant, indicating that
the binding of copper ions can directly affect the crystallization of Cvm-AC.

Key words Candidatus Viridilinea mediisalina ; Cvm-AC protein; separation; purification; crystalliza-

tion
0 5l

SEAEFABIES R b i B A Ak RN, AN R A Tk At e 26 vp kA fee A A
TEICAVERDE R BB B 66 A W R -6 R B A W RISOGRE TR A% 38 45 06 SO oo g CH D it
FRETRNT 4R 7 A AT A B AR B I . I A B A v SRR R AR 2P BT i i A Y

TESR TR T AT AT A E B 20 A0 TS W e B W8 Sk 2218 8 I8 22 T & B4k T
J& 8 AT NGRS TE DG A (filamentous anoxygenic phototrophiles, FAPs) %, ¢
AP AL M AN [R] L, 7 FAPs W, &R 19 2L & H—FPFR A ACIIT(Alternative Complex 111D F4) 40 fifd (2, 22
be, /b | EARKERY 78, AL ACUIT &4k J5 B i+, f 28 8 5T 2 (Rl %) 5 4 28 11 (Auracya-
nin, AC) , & AE 456 RN G, 56 B T IO R G T

AC EHE—FEA T &R B L A BN EEOL A i P 3k, 2 e TAE g op e,
H AT 2025 0w DA BRI 8 AC B0 =4k 2 [0 45/ 2 2 RS M b, 4549 1, iiAh AC B BAT 404
AR B 254 148 B R A R R AR A B R[> 52 AL, M8 TS W MBS E AC
AR ZE R L B D RERF 52 AR F R e

ARICGERBOCE B S (Candidatus Viridilinea mediisalina » Cvm) W45 -G 4 B - 1) W 7 25 1 0 BF 58 %
5 R R B S U5 2258 T =X 40 i) il 48 8 A6 A8 (AT AR Cvm-AC) FITZR AR IR Cvm-AC 8 H GRS Cvm-AC
[ 0 2 25 T e DA M B S T s AC 2 Y 43 B LA, T 1 Cvm-AC 194 B 125 & f 50 H78, C143,
H148 Fl M152""* ), 35 PUAN SRR TR 5L 578l H s MR AR , (0 S B T4 A - RS A 2 A8 1Ak ey
P Cvm-AC-mutant) , i 73 25 SR — PRI aF (Al B B i AR RS . B X Cvm-AC A
ST e S0, AR R BT R 1Y Cvm-AC 8 H TS A IR AT 2 238015 19 Cvm-AC 45 & 5544, 2210305
Cvm-AC-mutant FJHE FH T BT B X Cvm-AC 35 S5 5 52 00 o 6] Bt R R AR R 425 B 1) A [)
JBN AC H H 45 K IRe 2 - 5%

1 MR-k

1.1 K

.11 BE#. G AB53514, KIBIFHE (Escherichia colisE. coli )DH5« A% F1 BL21(DE3) I [ T4t 5t
TR R ARAT AT pET28a BRI A T 32 E PR i RBHE A Fl s Cvm-AC JEFFI pET28a-Cvm-
AC-mutant FIXEAM A T 95N S MERAEVBHA AL 519 R 7 S ERAEYRHE A RA R G Cvm-
ACHY 51 ¥: 5-CATGCCATGGGCGGCAACGGCAAC-3", F 51 4. 5-CCCTCGAGTTCTTCCAC-
CACCAGAC-3,

11,2 EZXA 54, Pl Bk R &5 Bl e e I A% A% 2 (DNA) [Tt &, W [ kst
FARAEACBHE A PR F] 3 T4 DNA GERE . Neo T AN Xho 1.0 F 35 EFEERCH/RBHE 2 7] s M 8 E DNA
R4 W Prime STAR Max, 1 H K& S AW TRARAE s 81 0 Firbnn ), 18 5 R AE ) = 25 Y
H RN F] 88 B 2R FE TR (NEENTA) . Superdex™ 75 Fil Q HP B 2528 3kt e b g J2 bt 1 1 26 [
T8 HL A F 5 R B, T A [ 2R 5 % RN B 5 Index™ | Cystal Screen™ | Cystal Screen™ 2, PEG/
Ion Screen™ . PEG/Ion 2 Screen™ . SaltRx™ 1 il SaltRx™ 2 %% i 2617 &, W A 35 [F Hampton Re-

search A7l .
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1.1.3 E=ZMLE. PCR Y YL, Long Gene /A F] ; Centrifuge 5417R =18 % % &5 HL » eppendorf 23 7 s GXZ
HERER IR0, B PR B AR IR E IR B 3546 » H K Panasonic 23 ) ; Avanti J-26S XP % &3 2.0,
DU sw & IR RS B IV R IR 7K e i IS R 55 ) s UVP BERBUR R G e B UVP 2 E ; TR b
B KFHLK A Tanon 28 ] JH-02 HC B FE A1 AL, ) M 3 RE 4 K A= W B B E43 A BR A 1 AKTA
pure25 L1 I [ 4ifk 255, 35 F oL S 7] s NanoDrop B £84h-1] WA GG R, 26 2R 8 KA ],
1.2 Jiik

L2.1 Ba®REELBEAME, Cvm-AC EHAIEH 160 N IEFR IR I AT 18 13 5 4055 1 i LA S B 2
R AC 8 [ EIERRF 5 R E L3 & 3, Cym-AC B %5 1~23 M E IR IR IE N a5 5 5551 ik
A BB EE LY 1 Cvm-AC 5 15 24~ 160 v 22 JL 15 5% 3L Fr xf i (19 3L K, 3% 1 Prime STAR
Max BRI 2R 34T 38 4 B 5 20 5 b (polymerase chain reaction, PCR) . 973 254k 94 “C T A8 4 5
min; 94 ‘CZ5PE 1 min,56 ‘CiB K 30 5,72 CIEM 1 min(GHirr, 280k B K FIFEMIL AT 32 DMEH) . 2 1%
TR WEEE I B Yk /BT PCR =4, 3R FH DNA B RIS & BSR4 R 412 bp (94571 (Cvm-AC 2 H
DNA FBR/NHR 412 bp) . BlJE ¥ PCR 72915 pET28a 28 8 4& 7 51l Neo 1A Xho 1 WA Rl 4
fitg HEA T RUREEDT A9 B e AL 1) pET28a Ml Cvm-AC . #2365 . (1 T4 DNA #8204 pET28a fl Cvm-
AC SRR (25 “C) Fi%5#E 3 he RN SR MG EA TR S b A DH5e B2 84000 IR T fH
50 pg/mL RAREZEAY Luria Bertani(LB) 4 b 37 “Ca s, K H L ik B AR 217 5 K8 97 I 42
gAY 42 IR A pET28a-Cyvm-AC FELA FORIA 275 5 R EWRHL A IR A HE T I T4 5E
1.2.2 EawiFFiE, BilFEEEHL pET28a-Cvm-AC 5 40 5 ki A A: 948 54 I+ 8 5 2 1)
pET28a-Cvm-AC-mutant 53544 ZE BL21(DE3) KB HEEZ Qb R A 2S5 A I E R
B LB BEARRE IR 50 L 3545 T 20 W& A pET28a-Cvm-AC il pET28a-Cvim-AC-mutant Y 20 K HF#
BL21(DE3) BHEFEAL T, S H A& 4> M4ER 2 5 mL LB W iAREs #5856, 34 37 °C.220 r/min &0 Tt
WREFEARM TR . R H CER TR IRYEM 2 800 mL LB AR FR K IF 1 35 2 (H (OD600)
294 0. 6~~0. 8, 0L 200 pL. W FRic B FRIFEM . RS, 7 BRI PO 400 pL ¥EEEH 1. 0 mol/L
()5 N E-B-D-FRACEFLBET IPTG) 5 S £ 35 16 h, FRREL 200 pl B AR C B SR REM . a2 5
W5 FRTRE S AIE S 5 BE AR AE 100 °C & 3B 10 min Ji PEAT T %0 3 B R B-38 79 94 Tk e 368 JIe L Tk (SDS-
PAGE) #6:l ,

1.2.3 BBFFAEN., BT 16 h G G KIBITEEEFRYLL 6 000 r/min FHEEETE 4 C 40T S 7m0 2
O s W TTTE I FIIC B 22 pP (20 mmol/L HEPES. pH {Eh 7. 0, Hl AR 34 5% . EALENH B R 500
mmol /L) &7 AR RIS KA FF BB . PR 2t i FE A R 5 YRS 512 000 r/min #5.0 0. 5 h, e L&
W o N VRS TS OO 52 T i R B SR FR AT B A IR E 4 CAMEIINE 2 h, B,
T FH 5 A AR v 32 R s 1) B 2% 9% op VR E AT Uk A%, B SE H B 25 mmol/L BRI ) B 4% 2% W (20 mmol/L
HEPES, pH {E°4 7. 0, H AR 53-8 5%, SALANH BE A 500 mmol/L, BRI BEH 25 mmol/L) PE2% =
YR TS 50 mmol /L BEMEAYER 24 2% it (20 mmol/L HEPES, pH {H4 7. 0. H AR %0k 5%, &k
BAHEE A 500 mmol/L, BRIV B 2 50 mmol/L) Ve — K. o i B 2+ 2 AT Ve (20 mmol/L
HEPES.pH {H~ 7. 0, HIMIAR R0 5% , AL AN EE R 500 mmol/L. BRIBRIK B 500 mmol/L) ¥ H
H3E 1 33T SDS-PAGE #:) ,

L2.4 M&BFRBAEENAL, 5508 E T 200 2]/ 8 RSB AT 1 10 ku W45 T, 7E
4 °C,4 500 r/min &4 FATEOWYE, HEEARBREE 1 mL. S5 MR AR5 i A SE R AIE
Eh 22 bk (HEPES Y6 B8 20 mmol/L,pH 7. 0, ZAb&k 2 4 200 mmol/L, H IR0 5%) 47 Wik
L HE AR 4 R, A RS R FRE S I A SR A Wi (HEPES ¥ % 20 mmol/L, pH
7.0, EALEAHRE R 20 mmol/ L, HIMIRF 4, 5%0) - BT B0 s EAE AT 1 mL, RBP4
W, Bon .l AKTA EA 4k REATHE FRB 20, Hb, vt 2, 38 280 1376 60 min
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PR AL B I 20 mmol/L R PEFE = 2 1. 0 mol/L. WAE 5 25 WG AR X W (A 398 G YRR & » T 4T SDS-
PAGE £l ,

1.2.5 SAadig AT A, TEEBERGE I8 2T 22 rhill (HEPES BY¥ A 20 mmol/L.pH 7. 0. S ALY
W R 300 mmol/ L) )= HTAE Superdex™ 75 , B 5 44 42 B 25 F A3 AT 2 M Al A0 J5 i () 2 R ot e 4 0
e RIS nE E T b, B E AR N 0.5 mL/min, FFRRIERN 2. 0 MPa, JEA7EER 382 1T,
PR HE M. JJa H SDS-PAGE il 2 AT 4845 19 B 198 A, 4% B (8 1 46 5 FH NanoDrop il it 28
Hh-A] WL G EE T TR BRI A . 43 AR AR S A EE 1) Cvm-AC Fl Cvm-AC-mutant [,

1.2.6 Cvm-AC & & 4y &40 89 ik 5 kA, SR AR TR IE XS Cvm-AC 2 FRE bl IS5 A5 1R 2547400 20 i
T 7 198 i 32 FH ) 2 11 SR B B IR R 20. 0 g/ L, 25 BRI E R 16 °C L il S5 25 R IA IR IR AR L 10 1
RA . 45 k7 & 0 Index™ ., Crystal Screen™ . Crystal 2 Screen™ ., PEG/Ion Screen™ F1 PEG/Ion 2
Screen™ (M3t 288 FPAcMF) o 38 AT W IR AR  HEBUABUE S IR ARASE Ay KLU 8 i A e X I 1 45 ot 2 R a6 A 7
JESEARAL B3 51%F Cvm-AC 85 19 AR A A 0 25 1 BTV B2 2R R W i 00 70k B2 L 92 vpiatml pH AR L)
R d AR A A BT BRLRE A A TR SRR R AR Cvm-AC 81 BT AR A

1.2.7 Cvm-AC-mutant & @82 &, 2 0{# H Cvm-AC & 0006 24 Ak 5 2 4E %) Cvm-AC-mu-
tant 2 FAREFTEE 5 LIRS Cvm-AC-mutant 1958 R A

2 ERATR S B

2.1 Cvm-AC H I SEDI 3% B I b5 4 ik 4 vk g 4t
B 1 A Cvm-AC JE N 3 1A il 2 s (PCRO B g 0 B e L ik
K, BEEEEFEK AN 412 bp, B 1 i &AL BT B BB UE
B RCR Y Yy, 45 MR IR AR pET28a-Cvm-AC & JF 5
KIE H P I — 8 v 7 E 2508 . Cvm-AC-mutant 5 [
B pET28a-Cvm-AC-mutant T 2H ¢ 35 2 A0 2 2y 75 N 45 nfie
B RHATIR A A
2.2 WHEAMISSHRE Note: M Gene markers 1 The gene of Cvm-AC.
Cvm-AC il Cym-AC-mutant & [11f) SDS-PAGE il 55y B 1 OmACEBER PCRIEH
I 2 1 2Ch) B, AT LG o A T S TRE 8 S b TEERR RS
E 10 ku %ﬂ 15 ku ZI‘ETJ( H E"JEF‘ E"JIEI/I:\,%?% 14. 4 ku) E@Eﬁ%% Fig. 1 Agarose gel electrophoresis
W15 A8KL %] Cvm-AC T Cym AC-mutant B (475 7% & I F 17 after PRt of ConreAC gene
BRI,

412 bp

(a)

Cvm-AC-mutat

10 ku l

MR AR s L SRR 2 B R s H A 0 B P P ZLHERTR
Note: M—Protein marker; 2—Induced sample; the location of the target protein is indicated by the red box in the figure.

2 EHEHIFSHIG SDS-PAGE B (a)Cvm-AC & B R SDS-PAGE B ; (b) Cvm-AC-mutant & B #J SDS-PAGE &
Fig. 2 SDS-PAGE of recombinant protein before and after induction (a) SDS-PAGE of Cvm-AC protein;
(b) SDS-PAGE of Cvm-AC-mutant protein
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2.3 B ORRUA bk gt

Cvm-AC Fl Cvm-AC-mutant £ [Z87 B  2% FZ P 405 1945 4053 19 SDS-PAGE & I 235 5 43 3] 4n
K 3Ca) F1 3(b) . HEAIHILE 25 mmol/L F1 50 mmol/L BEMEFIVETT T , KES /4% iR e v ia
HYER B TSR AT T T & Cvm-AC B A Cvm-AC-mutant & 1406 BE4SE (BN AEAE D BE 24 B, 75 A T30
— o B Al

(a) M1 2 3 4 5 6 7 8 (b) M 1 2 34 56 7 8

25 ku

25 ku
15 ku Cvm-AC

15 ku Cvm-AC-mutant
10 ku

10 ku

TE M5 EbR R 1 B S B0 TR 00 s 2 MRS B0 T 0 5 3 B T B g LW R I LUS B 48 s 4 SR AL AOER
BP0 55—25 mmol /L BRIBVEAL IS L 2F 5 6—25 mmol/L BRI BEZ 5 R B 40 i 5 7—50 mmol /L Y BRI BE A IS IR L2 5 86—
50 mmol/L BRI Z2 58 LUS fER 41 5T

Note: M—Protein marker; 1-—The pellet obtained after centrifugation following bacterial lysis; 2-— The supernatant obtained after
centrifugation following bacterial lysis; 3—The flow-through after affinity chromatography with the supernatant on a nickel ion me-
dium; 4—The nickel ion medium after affinity chromatography; 5—The flow-through after washing with 25 mmol/L. imidazole;
6—The nickel ion medium after washing with 25 mmol/L imidazole; 7—The flow-through after washing with 50 mmol/L imidaz-
ole; 8 The nickel ion medium after washing with 50 mmol/L imidazole.

B3 REFEMENEUIEZASH SDS-PAGE E (a)Cvm-AC EH SDS-PAGE [ ; (b) Cvm-AC-mutant & 5 SDS-PAGE
Fig. 3 The SDS-PAGE images of various components during the purification process of nickel ion affinity chromatography
(a) SDS-PAGE of Cvm-AC protein; (b) SDS-PAGE of Cvm-AC-mutant protein

2.4 P17 MAL AT alife & R

¥ Cvm-AC #1 Cvm-AC-mutant & FIHAEH S 705l #04T BB 7SSkt 2 A, S5 R A& 4. () F1 4 () i
s T ZR ol 280 nm ARAYWRIRAE . 45 KR4 Cvm-AC 1 Cvm-AC-mutant K [ 8 & 454 3 A & 735
FE, HAEREAN ZHT R BRI BE 1 A~ B S0 , 56 I PR 2 1 s LA 280 R 18—

4T X N RE S AT SDS-PAGE Kl , 25 5 4n & 5Ca) F1 5(h) firzs , I X R 19 2 4 T2 5 H 1Y
RIS T R RIS T AR BGR Y Cyvm-AC Al Cvm-AC-mutant SR

18007 (a) 5007 (b)
1 600
1 4001 4007
1200
2 1000 2 3007
E 800] E 200-
600-
400+ 1004
200-
e~ N S
0 5 10 15 20 25 30 35 40 0 5 10 15 20 25 30 35
mL mL

4 PBEFIHBEENE(a) CvmrAC EARBE FRREENE; (b) Cvm-AC-mutant EBR B FRIEEEHTE
Fig. 4 Anion exchange column chromatography diagram (a) Anion-exchange column chromatography diagram of Cvm-AC

protein; (b) Anion-exchange column chromatography diagram of Cvm-AC-mutant protein

2.5 BERIEIE BT AR

I FHEE 3 08 2 AT R Cvm-AC Fl Cvm-AC-mutant 2 [ 89 R ERE M4 FRIEATIEH . BB 554
EMraifl)5 9 Cyvm-AC Fl Cvm-AC-mutant 25 P15 R 4K S8 e 45 - 58 P i T 2 Bk I i 8 2 A 22 il b, 4 1)
fdi 1] Superdex™ 75 PEATHE— L 4liAk 45 R ANE 6 Ca) F1 6 (b) Fitzi . B 4 280 nm Kb AW {f .

HHE Superdex™ 75 B TAEJFHL, 4R H 098 U0 RIS 2778 WIRE ZEVEAA TR 13 mL Z )5 thELE 1)
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HEE W, Cvm-AC PBAR 13, 3 mL, Wi Cvm-AC & H LR ARIE A e . eAh 7R E N AU
B AS EE W, R W] Cvm-AC SR —PE R4, WOk H A E B 20 I8 W4 5 - /8] NanoDrop fici:
SO AT WAL A TR BE N IR B B S U RE O 35 o/ L5 TR . BT — 80 CukAfih I-AF s .

(a) M1 2 34 56 7 8 9 10 (b) M 1 2 3 4 5 6

25 ku
20 ku 45k
—>Cvm-AC-mutant
15 ku
Cvm-AC
15 ku 10 ku
HEME AR, Note: M—Protein marker

B 5 MBEFXHEEMIIEE SDS-PAGE B (a)Cv-AC EEZ B FRRENEHE B EBRIE K SDS-PAGE E;
(b) Cvm-AC-mutant & B &/ 5 F X i R 5 H R B SR IERT 89 SDS-PAGE &
Fig. 5 Anion-exchange chromatography corresponding SDS-PAGE image (a) The SDS-PAGE corresponding to the protein
elution peak after anion-exchange chromatography of Cvim-AC protein; (b) The SDS-PAGE corresponding to the

protein elution peak after anion-exchange chromatography of Cvim-AC-mutant protein

600
350] (2) 133 mL (b) ¢amp
3004 5001
250 4001
2 2001 o
?:5200 < 3001
150/ E
2001
1004
501 100 J
0 - - . : , 0 r . ; ; . T
0 5 10 15 20 25 0 5 10 15 20 25 30
mL mL

B 6 ERIIEEHE (a)Cvm-AC E B Superdex™ 75 & iiT B E T E ; (b) Cvm-AC-mutant Z B Superdex™ 75 BT 8 E T E
Fig. 6 Gel filtration chromatography diagram (a) The gel filtration chromatography diagram of Cvm-AC protein using
Superdex™ 75; (b) The gel filtration chromatography diagram of Cvm-AC-mutant protein using Superdex™ 75

MM Cvm-AC-mutant A8 A9 A B AE 8. 3 mL, 8 KT T A BR AR , # Cvm-AC-mutant J& L)
Z RIRIEAAEAE i NanoDrop i 284011 WA OCEE T A T vk BED e - B 2 il s Wkl 35 /L )R
R, BT —80 “C kKA P RTEA .

2.6 Cvm-AC E &5 VR0 S5 04

FIH Z i 11 25 il &0 Cvm-AC 8 1T 45 S A 00 2D i ik 45 SR & Cvm-AC 8 H7E 4 Fp
(Index™ ) 26 5 . Index™fY 66 5. SaltRX™ ) 1 5 . Crystal screen B™ 4 5) £ F AT LK H A, B4R
MR 1 iR,

X35 A2 1 4 TR it o3 R AR IR A TR . 38X Cvm-AC B MR BE 25 i pHL UTTE IV BE
HATZ R AL)E B Index ™) 26 5 554 . Index™ 1) 66 5 5514 SaltRX™ 14 1 5 &AL 5 R 45 2%
Cvm-AC 2 H SRR DA KK/ NS AR AS B 3% 5 82k 2 # I 44 FR A Crystal screen™ [ 4 5 45 R (0 2%
mn ST A A 7 ()

LRSS S A0 B A B R R 020,35 /Ly 25 SRIRE N 4,16 A1 20 “C BRBREL M J . 1. 6,
1.8.2.0.2.2.2.4,2.6.3.0.3. 2 mol/L;pH fHH:6. 5.7. 0.7. 5.8. 0.8. 5. £ X} B A [F] AR 5, A AN 04
Hrp—A 35tk a2k a7 CvmeAC B IR 35 g/ L. &5 N 16 °C L it ik - A R 4 Tk
FEA 2.0 mol/L, =¥ H R EFEH LA A 0.1 mol/L.pH A 8.5 BIZME T Al #/45 TIREUE K JERE A
U Cvm-AC g, i 7(b).,
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E7 Cvm-AC EABEMWEIFEE (a)Crystal screen™ 5 4 S&EMABIE; (b)Crystal screen™ HIEE 4 SEGMHLFE
Fig. 7 The crystal optimization before and after images of Cvim-AC protein (a) The image before optimizing Cvm-AC
protein with condition number 4 of Crystal Screen™ (b) The image after optimizing Cym-AC protein
with condition number 4 of Crystal Screen™

2.7 Cvm-AC-mutant 2 "1 45
il 224K, Cvm-AC-mutant & [A7E Index™ ) 26 5. Index™ Y 66 5. SaltRX™ ) 1 5. Crystal
screen™ 19 4 B-LLRAEALJG B Crystal screen™ [ 4 550 F AR K 45 5.
£1 OmrACERVIMERERENS

Tab. 1 The initial screening of crystallization growth conditions for Cvm-AC protein

TR 2 R R4 Y,
Index™ fi 26 & W ATR 2% 1. 1 mol/L,pH 7.5
SaltRX™ i 15 TR N 3. 2 mol/L, A (2 B L) & (=R B D Y% J9 0. 1 mol/L,pH 5.5

Crystal screen™ [ 4% BREREHE N 2. 0 mol/L, =2 I IL &L LA 0 0. 1 mol/L,pH 8.5
Index™ # 66 BREREMEFE S 0. 2 mol/L, X2 F L H) B H(F HHO MM 0. 1 mol/ L. pH 5. 5, R ZBEIARUECN 226

3 Giwhitie

T FAPs YA i Pt fitrh . AC 2R (1 R FE5 BB A0 L o f A7 HE = 4 23 ) 4 Mg R A o T
fift B A Wy AR LB LU R A ) 05 e 2 B B o R R 5L,

AWFFEE T PCREAM RS T pET28a-Cvm-AC H2H K3 2 K S IR0k EFZ BT
VIR BERE i 8 JA AT Al A AR T 4l EEES  Cvm-AC Fil Cvm-AC-mutant £ [1; Zif6J5 19 Cvm-AC H £
PRI L S AL AT T ARBARXS 3R TR B A . DLAb S i B S0y - 35 3R IR EE S 16 °C L B H
BUaEHBER 35. 0 g/ L, MR AR AR B ¥ BE A 2. 0 mol /L, =38 L B B iy 24 0. 1 mol/L, pH 8. 5.
MAELEALE R R ATR I Cvm-AC-mutant £ 18 2 RARE, HREIL WL X5 T Cvm-AC H IR
WL, BeAh, S5 K. 78 Cvm-AC 45 AT Cvm-AC-mutant 8K GESS . KU1 &+
PYERIE AT BB T Cvm-AC 2 1Y =48 25 [ 2580 T DI RE . S BOLAE HOR S iy R AR K Az vl AE , i
A R SV iEAT TR

AT T80 2% Cvm-AC MYE5H)  IREERAS DL 25 i IG B A AE S 2R 2 e, H i 58 45 51
Ry PR 25 F7E Cvm-AC 2 A B SR A SIF R A% Cvm-AC = 4E25 M 25 AT 5T 2508 | B A

Z % X W

[1] XIONG J., FISCHER W M, INOUE K, et al. Molecular evidence for the early evolution of photosynthesis[ ] ]. Science, 2000, 289
(5485): 1724-1730.

[2] PIERSON B K, CASTENHOLZ R W. A phototrophic gliding filamentous bacterium of hot springs. Chloroflexus aurantiacus. gen. and
sp. nov[J]. Archives of Microbiology, 1974, 100(1): 5-24.

[3] YAMAGUCHI T, TABOROSI A, SAKAI C, et al. Systematic elucidation of the second coordination sphere effect on the structure and
properties of a blue copper protein. pseudoazurin[J]. Journal of Inorganic Biochemistry, 2023, 246. 112292,

[4] MAMMOSER C C, AGH E R, GARCIA M N, et al. Altered coordination in a blue copper protein upon association with redox partner
revealed by carbon-deuterium vibrational probes[]]. Physical Chemistry Chemical Physics, 2022, 24 21588-21592.



306 R 224l AL AR JO

[5] XIAN W, ZHANG X, LI W. Research status and prospect on bacterial phylum Chloroflexi[ ] ]. Acta Microbiologica Sinica, 2020, 60
(9 1801-1820.

[6] ROZANOV A S. BRYANSKAYA A V, IVANISENKO T V, et al. Biodiversity of the microbial mat of the Garga hot spring[ J]. BMC
Evolutionary Biology, 2017, 17(2). 254.

[7] ZHANG Y, YU X, TIAN G. et al. First-principles study on the structure and optical spectroscopy of the redox-active center of blue cop-
per proteins[]]. Chemical Physics, 2020, 537: 110859.

[8] CAMPBELL G A, SCHWIENTEK P, VISHNIVETSKAYA T, et al. Diversity and genomic insights into the uncultured Chloroflexi
from the human microbiotal J]. Environmental Microbiology, 2014, 16(9); 2635-2643.

[9] MADIGAN M T, BROCK T D. Photosynthetic sulfide oxidation by Chloroflexus aurantiacus, a filamentous, photosynthetic, gliding
bacterium[J]. Journal of Bacteriology. 1975, 122(2): 782-784.

[10] ZHANG Y, YU X, TIAN G, et al. First-principles study on the structure and optical spectroscopy of the redox-active center of blue cop-
per proteins[ J ]. Chemical Physics, 2020, 537: 110859.

[11] FUKUDA Y. LINTULUOTO M, KURIHARA K, et al. Overlooked hydrogen bond in a blue copper protein uncovered by neutron and
sub-Angstrém resolution X-ray crystallography[J]. Biochemistry, 2024, 63(3): 339-347.

[12] LEE M. DEL ROSARIO M C, HARRIS H H. et al. The crystal structure of auracyanin A at 1. 85 A resolution; the structures and
functions of auracyanins A and B, two almost identical “blue” copper proteins. in the photosynthetic bacterium Chloroflexus aurantiacus
[J7. JBIC Journal of Biological Inorganic Chemistry, 2009, 14(3) . 329-345.

[13] WANG C, XIN Y, MIN Z. et al. Structural basis underlying the electron transfer features of a blue copper protein auracyanin from the
photosynthetic bacterium Roseiflexus castenholziil J ]. Photosynthesis Research, 2020, 143 301-314.

[14] PIERSON B K, CASTENHOLZ R W. Bacteriochlorophylls in gliding filamentous prokaryotes from hot springs[J]. Nature New Biolo-
gy, 1971, 233(35): 25-27.

[15] BLAZEJAK A, SCHIPPERS A. High abundance of JS-1- and Chloroflexi-related Bacteria in deeply buried marine sediments revealed by
quantitative, real-time PCR[J]. FEMS Microbiology Ecology, 2010, 72(2): 198-207.

[16] NEMOTO F, KOJIMA H., FUKUI M. Diversity of freshwater thioploca species and their specific association with filamentous bacteria of
the phylum chloroflexi[ J]. Microbial Ecology, 2011, 62(4): 753-764.

[17] GAISIN V A, KALASHNIKOV A M, GROUZDEV D S, et al. Chloroflexus islandicus sp. nov. » a thermophilic filamentous anoxygenic
phototrophic bacterium from a geyser[ ] ]. International Journal of Systematic and Evolutionary Microbiology 2017, 67(5): 1381-1386.

[18] WASMUND K. ALGORA C, MuGLLER J, et al. Development and application of primers for the class ehalococcoidia (phylum hloroflexi)
enables deep insights into diversity and stratification of subgroups in the marine subsurface[ ] ]. Environmental Microbiology, 2015, 17
(10): 3540-3556.

(BTG4 - X PR

e e e e e e e Ceeec Ceeec Ceeec e eec e eec e e e e e e e e e e e e e e

(4255 258 1O

(18] BEAE. (R4, SR, 45, 217 BUEZHGACHE AR IR K (5133 4 B HK 2R B9 RFFE[T/OL ], s E R L2 4. 1-18. [2024-08-21].
http: //kns. cnki. nct/kcms/dclail/ll. 2365. TG. 20240326. 1426. 002. html.

[19] sk, fRards, £, & BRIy 0 HBgmiwiob 0o i sh e mg e seiszma L) ], op A L2, 2024, 42(4): 712-718.

[20] XU . Z=5ii . Ji . 4‘; PR R R ) S T AR BT LT /OL L. G 12748 . 1-19. [2024-08-21]. http://kns. cnki. net/
kems/detail /11, 2365. TG. 20240119. 1234, 002. html.

[21] MATSUURA Y. HOSHIJIMA J, ISHII R. Relation between Nd,Fe,, B grain alignment and coercive force decrease ratio in NdFeB sin-
tered magnets[ J ]. Journal of Magnetism and Magnetic Materials, 2013, 336 88-92.

[22] NIJJ, MATY, CUIXG, etal. Improvement of corrosion resistance and magnetic properties of Nd-Fe-B sintered magnets by Alg; Cuy;
intergranular addition[ ] ]. Journal of Alloys and Compounds, 2010, 502(2): 346-350.

[23] fRMRA. FaKkEE, THIEEE. 5. Cug Sny; MAEININT NdFeB BEME K Pt psgma) ], #ia @RS TR, 2016, 45(8) . 2111-2115.

[24] Zeeroe, Mk, XIFE, 4. Bedh NdFeB KRERIIE AT L] Ff 4 @Rk 5 TR, 2018, 47(5): 1451-1458.

[25] CAOY J, LIU Y H, ZHANG P J, et al. Corrosion resistance and mechanical properties of (Ho.Nd)FeB magnets[]]. Journal of Rare
Earths, 2021, 39: 14009.

ST G B



