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Property optimization and substrate selectivity of a polyketide
chain-releasing subunit CalA3 in calcimycin synthesis
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Abstract: [Objective] CalA3 subunit catalyzes the release of the polyketide chain in the
biosynthesis of calcimycin. This study aims to obtain CalA3 proteins with stable biochemical
properties and homogeneous structure for cryo-electron microscopy, to understand the
mechanism of polyketide chain releasing by the module of the polyketide synthase, and to
explore the selectivity of CalA3 to polyketide substrates with different structures, thereby
providing biochemical materials for the complexes of CalA3 with small ligands and a reference
for further exploring the catalytic potential of CalA3. [Methods] The medium for culturing the
heterologous expression strain and the biochemical conditions for CalA3 protein purification
were optimized. Then, the CalA3 proteins were analyzed by negative-stain transmission
electron microscopy. The reaction products of S-(2-acetamidoethyl)3-(1H-pyrrol-2-yl)
propanethioate (SANC-C3), N-(2-(pentylthio) ethyl) acetamide (SNAC-C5), lauroyl-CoA and
3-hydroxy anthranilic acid (3HA) catalyzed by CalA3 were identified by high performance
liquid chromatography and high-resolution mass spectrometry (LC-MS). [Results] The strains
cultured in the optimized medium PGTY, expressed more CalA3 proteins which exhibited
featured structures under negative-stain transmission electron microscope. The purified CalA3
proteins were prepared for cryo-electron microscopy for structural determination. CalA3
catalyzed the aminolysis reaction of SNAC-C5 and SNAC-C3 with 3HA. However, the
products of lauroyl-CoA and 3HA catalyzed by CalA3 were not detected. [Conclusion] The
results of protein purification and negative-stain transmission electron micrographs show that
the conditions for culturing Escherichia coli for heterologous expression and purifying CalA3
proteins are established. The results of in vitro catalytic experiments demonstrate that CalA3
has broad selectivity for the structure of polyketide substrates. These findings provide a
reference for further exploring the structure, functions, and application of polyketide synthases.
Keywords: polyketide synthase; culture medium; calcimycin synthase CalA3; cryo-electron
microscopy; substrate specificity; in vitro catalysis; polyketide analogues; structure identification
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Figure 1

Module 4

The function of CalA3 in biosynthesis of calcimycin!'!

Module 5 Module 6 Module 7

. The biosynthetic pathway by which CalAl,

CalA2, CalAS, CalA4, and CalA3 generates calcimycin. The chain-releasing function of CalA3 is indicated
with green arrows. The C—N bonds formed from upstream polyketide chain and 3-HA are highlighted in green.
The proposed pathway from the polyketide former to calcimycin is displayed by dotted arrows.
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FHEE R A UM CalA3 (1 544 K/ A 180 kDa,
FEUZRIRMIE R, CalA3 HA 4 4045
K, 43 MR A R (ketosynthase, KS) . i34
% W (acyltransferase, AT) . i /K i (dehydratase, DH)
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By FERE R A A CalA3 A8 S5 5 20k Ak 1S
FREEMVE SO HAT T, R385 TB ek B
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Y, ARG A FEAR CalA3 AHE LR
W, EEAT CalA3 X ELE% SRR R4 (1 B 2R
et R0 R T i A i 114 MU 16 PR 5 48 N LA & — IS
YIvEREE, Wit —AE 0 CalA3 YR b H
TRREIRIE T 2% DL R 25 RO s e Bl 6 A PKS
PIEAEHLRER L T — S5,
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1.1 #H
1.1.1  FRKFERK

SLIG BT I JBORL pET28a-CalA3-cH, pGro7,
kR R HFE DHI10B . BAP1 | 4258 K21
A AR [ 2 S S = IR AE
1.1.2 EFREMEPE

Luria-Bertani (LB)J& & 15575 (g/L): BEEEH
R 10, WEREERE 5, EibEh 10, mZE oK
ERZE 1L,

LB [EAE 35 (g/L): BB AN 10, FEREE
B 5, SA6EN 10, 1.5%2.0%3i08, InEEsT1
KEFRZE 1L,

10xBARZE M (2/L) : TR BSR4 125.35,
BER — S 23.13, IMAZEEFRKERZE 1L,

Phosphate-glycerol-tryptone-yeast extracts
(PGTY)i AR S (g/L): FREE AR 10, Webke
By s, 4%, MEEF/KERZE 900 mL K
W BEAbET, #Min 100 mL K )5 ) 1008
[E U

20% L-FURLAFTRE: L-BIRIAFRE 10 g, BT
KERZE 50mL, 0.22 um JERFEITIE.

20% IPTG:IPTG 10 g, K& F/KEXRZE 50 mL,
0.22 pm JEAELIE
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KA R (50 mg/mL): RIFEEX 2.5 g, =
BTIKERZE 50mL, 0.22 pm JEMEELE,

FAERQS5mg/mL): EER 1.25g, KL
PR 2 S0 mL, 0.22 um JERFEITIE .

Ni ZZ ¥ A: Hepes 50 mmol/L, NaCl
700 mmol/L, 5% Hi# , 10 mmol/L WK, pH 7.74.

Ni ZZf# B: Hepes 20 mmol/L, NaCl
50 mmol/L, 5% i, 10 mmol/L BKME, pH 7.74.

Ni ZZ % C: Hepes 20 mmol/L, NaCl
50 mmol/L, 5%, 200 mmol/L Bk, pH 7.74.

Heparin ZZ M A: Hepes 50 mmol/L, NaCl
50 mmol/L, 5%Hi#, pH 7.74.

Heparin %P B Hepes 50 mmol/L, NaCl
500 mmol/L, 5%, pH 7.74.
SEC ZZ /. Tricine 50 mmol/L, pH 7.60.

I

JRER R . BEREREIE H OXOID Al
F A FH BRI [ Sigma-Aldrich 23] ; 5 N %&-B-D-
A FLBE T (IPTG) . A& . Tricine, JHEME
G A W B A TAEY TR RO A FRA R
FALEN . ERmR . ECAALER . JOKIERR A . W
fig — S0 A LRI A E 25 A IR A 3-
FRILAR A IR IR F BT hr T AL B A BRA
Al; iKY SNAC-C5. SNAC-C3 Hy A= /8 vl
G RAREE R A TR F] s Ni-NTA R
1 mL Heparin £, IAFRHERH (2354 Superdex 200 1)
H GE healthcare 2 H] .
1.2 KB ERFEKL

## 1 pL pET28a-CalA3cH(160 ng/uL)F1 1 uL
pGro7 (100 ng/uL)BTRINA 50 uL 1 BAP1 Jg&
ZAYMF, K EFE 30 min 5, ffiA 42 C
K, B 45 so SRS IREUIR K b, EE
2 min. 7EHHF S H B2 S M A 1 mL A~
THARN LB WA R, BRREAFET
37 CHEIRFEIR, ¥R 1he W 1 mL @RI

1.1.3
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WA T4 50 pg/mL RABEE R A 12.5 pg/mL A&
FFRM LB ARSI, BT, BEF 37 CHE
TSR A IR
1.3 EEMFSFRIE

Pt &35 0 B e B e Ak 30 T 100 mL =
A 50 pg/mL RAFFEEM 12.5 pg/mL AEERXMW
LB WiAR L, BT 37 CHERRKRFE 12-
14h, VERFFIR. BB 20 mL IR FI, #55E
% 1L HA 50 pg/mL RAREE R A 12.5 pg/mL &
TR M PGTY WIAIEFRELS, MIA 5 mL 20% L-
BT R AR B OF5 5 1148 GroES Fil GroEL 19
Fik, HEW 37 'C. 220 vmin B55E, ERKER
ODgoo THH 0.6-1.0 5, BEILZ 16 C, ALK
5 0.1 mmol/L 1 IPTG, %537 24 he 4 000 r/min &
> 15 min YR, B HEFE S 50 mL 1250
%, —80 CHAAHH.
1.4 FEEWEHK
141 BHEFEMER

FHONi B0yl A BB S g BAZE 20 mL, 4
JLT TR S P PR FAE TR, 7.0%10° Pa % 5 min,
WA RE S B, 18 000 r/min %.0» 40 min,
{358 FIEW. FH 10 mL Ni ZE v A B 5 mL
Ni-NTA B g, Z ¥ HiERSWIR MRS,
BT 4 CAEWE 1 h, HHERFESEMIEE,
FH 10 MEARFR A EAT 700 mmol/L NaCl () Ni 2%
IR A TR, B2 DNA FIHERE RIS A R &,
FMA S AEAAFAY HAT 50 mmol/L NaCl 9 Ni
PR B FArile, FEARERMRRE . S5, HE
A 200 mmol/L BKMRRY Ni ZE il C eI ZE A1y
H B8 W BRI 17U T Heparin 22 FUZ T .
aifk 2T 4 CREPIHT,
1.4.2 Heparin £ FEMER

HSEiH 5 mL A9 1 mol/L NaCl ¥ ik
1 mL Heparin £, FH 10 mL [ Heparin 2% i
A A Heparin 4. 2 )5, BERAERZ T
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PIVEER 1 EFE, BRI 2 5, A 10 mL
f) Heparin 22 Ml A VEZa28E 1 . fie)m, ] 1 mL
Heparin ZZ P B VR H MR . BERNE
HH TR CER)ZMT . difb 2T E 4 CTR=E
kT,

143 BESIEEN

B SEH] 30 mL SEC ZZ ol A P A BUHE
FH 433541 Superdex 200, % Heparin 3% FlZ T4k
RREAAESREZE 1| mL J5UEFE, A 30 mL
SEC Ze Ml , BCEMAE Y 1 mL/min, Y8
VRIS o alifb T EAE 4 "CUKEE k1T
E BB E N, A 10%Hh, &
F-80 CHAT-

1.5 BRSAE

X CalA3 & HMEHEE R YL iR,
TE 120 KeV MZAF A r I . B 5E55
BEXT R A TSR KA B, Z R R E 4 R i
2% SR, 18 LR &AL . e,
WERE S 5 % 208 I i AR A TSR L A IR
£7, WIZRBCE T TRmE v, e, v
RAEL 44 H .

WS Ad AL T L TR ER Gatan K2
Summit A HL 5% FEI Titan Krios JFF 788G EE .
SR B A4 Vitrobot FET¥ VRS i
RO £, ECIRE Vitrobot I HIRETR B 518
BB LB, K8 VR R B B 2 e T
%, TS 5 BTERIBARE TN IR i i
¥, FFBOE WOK I TA] 5 3 B 5 FHYR VRIAE SR -2
AL A A A B % 4 1, A I AR R
i 5 pL, ARHEE B SRR R] S LA SRR
UEARIR 5 2R R R H AR S b,
INCEERE BRI AI, 58 IS URFE S A o AR R
FE TR T AE R AIERIR S o TR L AR B /g
PRAFEIN - R B 3 S0 T 28 Al 24 BUE 1
JRE RS, X JiE SR AR T Y S

1.6 Eg7EMERN

CalA3 fifh, SNAC-C5/SNAC-C3/H H: ki Bty
A WEMEEIKZR N ¢ Tricine (pH 7.60) 25 mmol/L,
3HA 1 mmol/L, SNAC-C5/SNAC-C3/H H: it
fiff A 0.5 mmol/L, CalA3 0.5 umol/L, GAFLH
100 uL. 30 ‘C/K¥A 20 h, SN AZEIAFAY H B
1ERVAARZ . 12 000 t/min 5.0 20 min, PBRFEE
FUCHE, B EIHWEE AWARR, T HPLC HI
LC-MS i .

fdiFH Agilent 1260 Infinity =25 %0RHH (351
X CalA3 HEAGIY SOV A T AR . A
N KB TFKOI%FR, A )RS R
0.1%H R, B M), ikt 85K Agilent
ZORBAX SB-C18 (4.6 nmx250 mm), DAD # il
A AT AN O . AT A5 0-8 min,
75%—85% B; 22 min, 95% B; 29 min, 100% B;
35min, 100% B; ik, W#A 0.4 mL/min, %
MG A 254 nm BY 290 nm.,

i F§ Agilent 6530 Series Accurate-Mass
Q-TOF LC/MS (Agilent technologies)%} CalA3 &
FIEfL SANC-CS 5 3HA i S =ikt 7 —2
sk M. i FH Waters Xevo G2-XS
QTOF X} SNAC-C3 F1 3HA Ay 2 b =¥ e 1 — 2%
Q5 in i Sl B Vi

2 EREM

2.1 CalA3 EEMFIREREML

T, W C i HARRZ N CalA3 %
ik JFki pET28a-CalA3cH #1k % KT # BAP1
W, TE TB {5 R AR RB BE KA S ¢
() TB B35 s % 1 TR R 2840 w8 HE i e A SR e
BRI b TR 2 AR SR RN 2T - B e
VI 3 2R AT s T P o A ek A, e B H A
BZMZAEM . TB B m ki & 2B 3R
JRE AT RE S TB B AL E R AU S, CalA3 &
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F RIS PE PR , AR SRR S S W IR &
G, BMELS G T2 AR R
TS CalA3 FE IRy R IB M4, B X)
TB 53T T, KR R EE M 12 g/IL
B2 5 g/L, WRERREEHUIAIR I 24 /L [
10 g/L, BEAR T H5FRFEME SR, JFRHMmER
W, ARAS T B EE 33 PGTY., AR EL N
5 g 1Y PGTY Rifemymifk, IR Bk gz vhigit
frafifh, SBHCEMZNE, H CalA3 HIAK
yrie 5 TB 83 RARARRL, (A48 & AR
(K 2A, VKiE 4). BRATEGENOR R 240 Heparin 41
FEAZ T RUARFRHERR)Z AT IS , CalA3 4l

2 CalA3 EBHI4E TN E N

e E (& 2A, KGE 6-7). KM, i PGTY
BiFRI 5 g WK, ZnirEaifbiiAs 100 uL A
AR, HWREREW A 36 mg/mL., CalA3 &
FIAARFRHEB (3 B AE 11 mL {7 B Ak S A
— X PRI, HE RIS T 4B | S
E (& 2B),

X CalA3 & FEAMATHERYINLE, 7
Y e B PR 5 BE A% 37 I i 00 22 2 40 B KL B Y 2R 1
Wk (8] 2C—2D), % CalA3 F¥ v HL B8 45 ) B
Wt , PEFT 2D 4328403, R CalA3 A —
YES- YRR AT, BB WA B AN [R] B fr) 2 9 3
#i(& 2E).

5 10 15 20 25
V/mL

Figure 2 Purification and electron microscopy structure determination of CalA3. A: SDS-PAGE of CalA3
purification at each step. M: Marker; 1: Total proteins; 2: The supernatant; 3: Flowthrough of Ni-NTA affinity
chromatography; 4: Elution of Ni-NTA affinity chromatography; 5: Flowthrough of Heparin affinity
chromatography; 6: Elution of Heparin affinity chromatography; 7: Size exclusion chromatography. B: Size
exclusion chromatography of CalA3 with Superdex 200 column. C: Negative staining electron micrograph of
CalA3 protein. Scale bar, 100 nm. D: Representative 2D class averages of CalA3 protein particles from
negative staining electron micrographs. E: Representative 2D class averages of CalA3 protein particles from

cryo-electron micrographs.
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2.2 CalA3 1t SNAC-C3 71 3HA X4 &
iR I Bz

JTHRIE CalA3 X 4 SR 0K ks 1 0
R SRR, BT TS R T B R R I 2l
SNAC-C3. SNAC-C3 LA N-Z. ekt b akdac,
JNER T —rFIe-2-IN1R , 70128 CiHgNLO,S,
SRRV A 240.0932,SNAC-C3 5 SNAC-N1
AL, HOkBE4a R, USH 3 MR+, [HaEik
HEOR Mg R 4 OR B (8] 3A)

FIH HPLC ¥l CalA3 & 5Mifk SNAC-C3

A
UVat254nm SNAC-C3
CK
1
4 Comp 1 Reaction
[ 'y
1 3 5 7 9
B t/min
[M+H]*
275.102 4

Intense (x10°)
N

100 150 200 250 300 350
mlz
HO

o
N

H
HOO

H
N
\_/

Exact mass: 274.095 4

1 3HA BRI . SXFRRAIAHLEL, 7E 254 nm %%
SN, CalA3 fitfb s iy B T — A8
771 Comp 1 (K] 3A). #EM Comp 1 2 SNAC-C3 5
3HA KGRI, 53 F30h ClaHiNOs,

Iy PR R/NA 274.095 4, %5774 Comp 1 HEFT
— RG], EIEETFEAT, 7 Comp 1
IBRZ HE S 275.102 4 [MHH], SHEMAG SNAC-C3
5 3HA WG4 T 2751032 FFF A (E
3B). ZJi XX} Comp 1 HEAT T TG40 HT,

FEIE B TR, A6 I 1 Tk e S DT 284 )5 1) HL A ke

SNAC-C3
N X
s \ )
O
Comp 1 H
II\{I (0)
N
\_/ H
HOOC
C
6
122.059 8
136.039 8
S 4t
<
e 80.049 6
g
= oot
154.049 6
108.043 7 I
ap . . B.a .g.l.u. L. .IL .

0 60 80 100 120 Zl40 160 180

/.

HO F3
H O 'l
N
- ool F1: 122.060 0
Fl AN F2: 154.050 4
F2 F3: 136.039 1

El 3 CalA3 {1k SNAC-C3 5 3HA £ &~ Comp 1 RHEZE

Figure 3

Identification of Comp 1 yielded by CalA3-catalyzed aminolysis reaction with SNAC-C3 and 3HA.

A: HPLC analysis of aminolysis product at 254 nm. The boiled sample is used as the control. The peak of
Comp 1 is eluted at 3.7 min. B: MS spectrum of Comp 1 in positive mode. Comp 1 has experimentally
determined m/z [M+H]" value of 275.102 4. C: MS/MS spectrum of Comp 1. The calculated mass fragments of
benzene moieties F2 (m/z=154.050 4), F3 (m/z=136.039 1) and pyrrole moiety F1 (m/z=122.060 0) of Comp 1

are marked.
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W PRI ERAE RS A 122.059 8. T fics b 24 5 1 L
BRI EERE T 154.049 6 FIBE 5 3L 2R 3R

e R 136.039 8 (& 3C). A SNAC-C3 A R
Yy /DT HAJE CalA3 W RSRMEILIEY), Frid
Comp 1 W= ARME, TCIEMA TR . /e
GEE— R/ R TIE  HTAE RAUESE Comp 1 2
SNAC-C3 5 3HA W2 f#™"¥). 5 SNAC-N1
I, SNAC-C3 4ifd | RHtE, CalA3 fegiifb
SNAC-N1.SNAC-C3 5 3HA &t &l S 45
KW CalA3 IR EA Y M iREE i1 HAT L

A UV at 254 nm

SNAC-C5
CK
n Comp 2
“ Reactlon
10
t/mm
B
15} [M-H]-
236.090 6
S 10t
X
o
= 05¢
SR o | ...l...._.._..._l_
100 200 300 400 500
HO mlz
O
\/\)LNI j
H
HOOC

Exact mass: 237.100 1

BETEZ R
2.3 CalA3 1L SNAC-C5 #1 3HA X4 &
iR Iz L

R THRSE CalA3 i SR A g P12 15
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Figure 4

Identification of Comp 2 yielded by CalA3-catalyzed aminolysis reaction with SNAC-C5 and 3HA.

A: HPLC analysis of aminolysis product of SNAC-C5 and 3HA at 254 nm. The boiled sample is used as the
control. The peak of Comp 2 is eluted at 19.9 min. B: MS spectrum of Comp 2 in negative mode. Comp 2 has
experimentally determined m/z [M—H] wvalue of 236.090 6. C: MS/MS spectrum of Comp 2. The calculated
mass fragment of benzene moiety F1 (m/z=107.037 1) of Comp 2 is marked.
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Figure 5 The aminolysis product of lauroyl-CoA
and 3HA is not detected by HPLC at 254 nm. The
boiled sample is used as the control.
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