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Expression of an Active Adenylate Forming Domain of Peptide Synthetase. Yoen-Ok Kim, Ki-Young
Kim', Seong Lee?, Young-Haeng Lee and Byung-Soo Yu*. Department of Chemistry, Wonkwang University, Iksan
City, Chonbuk 570-749, Korea, '‘Department of Medicine, Wonkwang University, Iksan City, Chonbuk 570-749,
Korea, *Department of Food and Biotechnology. Hanseo University, Seosan, Chungnam 356-080, Korea — The
plasmid pK8 was constructed to verify the existence of an adenylate domain in peptide synthetase by using
pGC12. 1.2 kb fragment, coding tyrocidine synthetase 1 (123 kDa) was deleted, and 79.6 kDa one was expressed
in Escherichia coli XL1-blue. The truncated multienzyme activated phenylalanine and substrate analogues with
comparable kinetics as the over expressed synthetase. ATP-[*P]PPi exchange reaction was measured for the

enzyme assay.

Multienzyme familyol] %3= peptide synthetase+=
olei7tx] FAE 7R HAEIAAG Bt gch
o g EHe o Z Aty @eo] AHEEA §= anti-
biotics{(gramicidin S, tyrocidine, penicillins), immuno-
modulator(cyclosporin), extracellular surfactants(surfa-
ctin) % siderophores(enterobactin, ferrichrome) &
d2 5 4 don olEe A{AHAe] ribosomed
AR ekm Faol ofs] gl FHEHIACKI-I).
Peptide5-9] A3 efol= linear peptide, cyclic pepti-
des, peptidolacton ¥ depsipeptides 5] multienz-
ymeell &j3) @A =, o) A2 EAF shie ribo-
somes 53 AFAYH peptidecl s & F e AAT
o}u] = AHN-methylation, hydroxylation, epimerization,
cyclization) 5& E§gslx glo] #4E How Utk
tj 2-2-9] peptide synthetaseE©] Bacilliol A A = <]
ow, o] A2E9 2 mechanism ¥ 54| g
ZA} A3H= Kleinkauf and von Doehren +=%5o &
2MEe) e 2 g EAe Ho 2+ tyrocidin syn-
thetase®} gramicidin S synthetaseZ & 4= UZAtH4).

Decapeptideq! tyrocidine2 Bacillus brevis ATCC
8185¢] ols AFA =w Gramicidin S S A| Bacillus
brevis ATCC 9999¢] 2} WA= =dl ofwf 572 o}w]
% AHD-Phe-Pro-Val-Orn-Leu)2-2 ¥ A ¥ pentapeptide
2707} head and tail condensation& E3} cycleg ¢|Fv
o] #AE-L ribosomed F3HA| kL Aol o3 A
&4 "ok 99} 2-E non-ribosomal-systemol] €&} pep-
tide A dale A=t ofe} o] A& A Uckb).

Lipmann$] non-ribosomal-system modelll & &
3} 7o) 7}A3tgich Protein matrixel= dA3 1HAS
=1 “Activation spots” Eo] wix]E o] glor, o] “Acti-
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vation spots”ol o}u]’=Ats}t ATP7} uk-g-3fe] A3t=
olw| X Ak aminoacyladenylate7} 4% ¥ proteine-ma-
trix®] cysteine #7)ell gl SH-groupel| ZHAjste
thicester2 #A &=t o] #&& “Thio-template-me-
chanism”¢]2t3. gk}, o]u aminoacylthioester—= fatty
acid synthetase®] 74-%3% 4'-phosphopantethein®]
“swinging arm”# 7ro] protein-matrix®] A z}e]el
2ol gloma gEvlatgol Fojgheia deA JUKE).
o9} e gde]ol 9la) Gramicidin Sy} FA == ol v
Z78 2] multienzyme, < gramicidin S synthetase 1(GS
1)#} gramicidin S synthetase 2(GS2)7} ¥ 8 3}c}. GS1
126 kDa®] #-x}2ko 2(7) L-phenylalanin 7]3-& 1 mo-
lecule®] ATP®} uFS-A]#A L-phenylalanyl-adenylate =
A A7l F thioeterS 3 Adsle] L-PheE D-PheZ epi-
merizationg |71t} 511kDa 37]2] GS2(8)ell& 470
olu]x 4} proline, valine, ornithine % leucinee] ¥4
35w AMP7} 42 38 2dE"A aminoacylthioe-
ster7} o] Fojzlt) o)A A H-9o thicesters
o]£n] R itxle] gl ofw|iAbEo] A EAQ pe-
ptideZ ¥4=+E A2 GSlo| $#3=o} gl L-phert
D-phe® epimerizationo] o]Foix]HA GS2¢ 9= L-
pro¢} <17s]o] dipeptides FAd3AA FAol A=Hd
ot 7FAst L i) o] e}zre] pentapeptide D-phe-pro-
val-orn-leue] A% ¥ GS29] waiting positionol A
ti7)scbrl o] B o R 3ol pentapeptider}
FA = o] F0e] peptideEL head and tail conden-
sationg o] FHA] 1070¢] olvw|:Ale 2 cycled A3}
A "} w3 o] Gramicidin S7F AAZRE BIAHE
= 29.1kDa =72 thioesterase®} ¥]<=%t protein
F25 72 9lo.™ gramicidin S synthetase operon
(grs-operon)ell GS13} GS29] F-A =} gell Ale] At U=
grsT7F A"} 718k ¢t} Schlumbohm ef al.(9)
-2 4'-phosphopantetheine cofactor7} &2 &4 3%-9)0)
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HBaglo) gl & FH3lz] A8l GS2e radioactive
affinity labeling W o= Helgt ¥ BrCN3} protei-
nase 2 H3|sto] olvlx Al A d4F LGGHD)SLE &<l
819l 37, Stein ef al.(4)& MSE 3 A3 cofactor7}
LGG(D,H)SL motife] Serine #t7]o] Hitslo] 9les
sk ch 2 o4& tyrocidine synthetase 1
A2e] motif-Ioll 4] motif-O7}A] A (deletion) A1 ¥
Escherichia colidll 28AA A4 AL &Aslgied,
multienzyme ¢} adenylate 3 A A] ¥ 2.8+ domainel] tHsl

718
ME W g

e

DNA restriction endonuclase @ T4 ligase= Gibco
BRLo| A =l e [3P]-PPi DuPont “C-labeled L-
Phenylalanine-2 Amersham/Buchler?] A|F-o|g]a ATP
2 dithioerythrito(DTE)E-& Sigmaol] A +=ich

gtefj2jo} #F A HiLEU

Enzyme expressions} plasmid Z4]-2 ]l Escheri-
chia coli XL1-blue(10)7} AH£-=¢] 3 recombinant plas-
mid7} A Ago] ® % 50 pyg/m/ ampicilling g3}
91+ Luria-Bertani mediumel 4wl okl gich

Plasmid2| & x|

pBT2¢|+ 3.5 kb9] Hincll DNA fragment(tycA)S B
433 glen tyrocidine synthetasel®] AR E 7}x|ar
9)th11). pGC12%: pUC189] derivateE. tycA7} AFsl=
o] 9lom lac-promotorol] &3 E colio) WA=}
Plasmid DNA+= Birnboim3} Doly~} 7§%}3} alkali me-
thode ofsl &= ck(12).

DNA =%}
Digestions, ligation %! 22]¢] DNA manipulation2-
Sambrook et al.2] WPHE 2183 TH(13).

FaME o MEY

Mandel and Higaoll 2}3t vhg e 2 plasmid”} Com-
petent E. coli XL1-blueol 3 %ko] 5g] o 50 ug/ml
ampicillin® 8 23 = ¢ ci(14).
g2 HH
£ AHSe 0~dCol SaEch Q48716
o8 saE AEE 399 100mM Tris/HCl pH 7.5
et €g) 32 o) Tris/HCI bufferel] 10 mM dithioerythri-
tol(DTE), 1 mM EDTA, 150 mM NaCl, 10%(v/v) glyce-
rol, 2mM MgS80,, 2ug/m/ DNase, 300 ug/m/ lysoz-
ymee] #31=]o] ¢lt}. Suspensiong 147} FoF &%

2855 o]&s Haixdct 25871 16,000 rpm
AR5 g F cell debrisE HelAl3H 29 superna-
tantell 0, 1% polyethylenimin(PED)-S- #7}3}3. 30&7t
&% 1077} 18,000 rpmo) A o}A] 422l & 3ldc)
HA5x2] 60%7F d w72 (NH.).S0s& 7FshaA 1
A 7EEet A ¥ ARSI E A AR = pel-
lety 22| buffer A(50 mM Tris, pH 7.5, 1 mM DTE,
0, 1mM EDTA, 10% Glycerol, 150 mM NaCl)el] £-3}
A171 & Sephacryl S 300 HR column(Pharmacia)-& Z¢]
buffer AE ol&s} Re)x|zcth ATP-[*P]JPPi® acti-
vity7} #<l3 fractionE-& Xo} buffer Aol dialysis #]
71% DEAE-Sepharose CL-6B column(Pharmacia)E ©]
23t 0~400 mM NaCl-g #7}3 buffer® elution A
At 5§49 FAHL 714 fractionEL 1M NaCle
3Hi-3F Buffer B(50 mM Tris, pH7.5, 1mM DTE, 0.1
mM EDTA)s] =& % Phenyl-Sepharose CL-4B co-
lumn(Pharmacia)ol] 4 NaCl 32 1MollA] OM7HA]
gjm A buffer B2 ¥ A4 sk

SDS-PAGE
Leammli vhHel| w2l 7%<2] SDS-PAGE7} 43=]
3L A7) o] Byt gel5-& coomassie brilliantE o] &

3 QA= ACHL5).

Western blot
Western blot analysist Towbin et al. ¥P§e] o] &

5 A eH16).
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ATP-[3P]PPi exchange= Pavela-Vrancic®) vhjo &
A= 9ler, ol 70 W AA &H)4 50mM Tris-
HCl &2 pH 74, 0.14 mM MgSO,, 0.07mM EDTA,
1mM DTE, 0.07mM PPi, 0.1 uCi [*P]PPi ¥ 14 mM
D-Phenylalanine & ¥33t2 glow A4F ArlA|7)d
A 37Tl A 3087 HHEAIF K16, 17).
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Peptide synthetase §XX} tycAQl ZAl U w2
23t plasmid pK8 AH|2t WHEl §4a49 XA

3261 bpE codingdl= tycA gene & C-terminal %]
ol 2+ I-motifell 4 O-motifell <3+ 1170 bp7} ZA =
st} old| pGC12%= Fig 13} o] 3%w/9 Algha s Hi-
ndIll, BamHI % Pstl2 Axtsle] 2.7 kb(BamHI/Hin-
dIll), 1.5 kb(Pstl/HindIIl), 1.17 kb(HindIII/HindIIl) =2
0.8 kb(BamHI/HindII)®) pGC12 DNA ©HS-g T3
4 glom pUCI8E 2%59] A¥is BamHIF Pstle
ol43l 27kb DNA ®#& Faich 15 kb(Pstl/Hin-
dllne} 0.8 kb(BamHI/HindII)¢} pGC12 DNA =3}
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Fig. 1. Construction of recombinant plasmid pKS.

2.7 kb(BamHI/Pstl)¢] pUC18 thHE-2 0.7%<] Agarose
gelol| 4 A7]d5H & AH83l Fe A ¥ T4 DNA
ligase2 AZAAIL] ¥ Escherichia coli XLI1-blueol| 33
Asks A1Fch 919 plasmidE pK8ejzh A onf o
pK8dll+ tyrocidine synthetase 1l|4] Leud829l4 Lys
8727421 AAE FH2} AtycAZ} ARslEe] Q) At-
ycA¥- lac-promotere] 28] XL1-blued]A] 79.6 kDa 22
over expressione] F gt} & o] proteine polyclonal
antibody tyrocidine synthetase 1(TY1)ell ola] ZAAR
E2(ATYD)YE #73tdch Over expressiono] % o]
24 5 oF 80%+ inclusion bodyS 3 Adsteda ]
20%-= 60%<2] ammonium sulfates] A A]71 ¥ Sepha-
cryl S 300 Gel filtrationg 7J#] DEAE CL-6B anion-
exchange chromatography %! Phenylsepharose hydro-
phobic interaction chromatography& %8 A =gt}
(Fig. 2).

E. colioll gl8iA|Z] HAAIEA ATY19| §M -1 su-
bstrate analoguesZ} ATY10]| oOjxl= Y&k

Peptide 3FAA14l tyrocidine2 3784} multienzyme
tyrocidine synthetase 1, 2 2 3(Tyl, Ty2, Ty3)ll £l3}
N34 =e=d], o]d tyrocidine synthetase 1& 7] L-
phenylalanine®} 1 molecule®] ATP2} ¥Hg-3}e] L-phen-
ylalanine-adenylate & 343l x[71 % thicester& A
g} 123 kDa9] tyrocidine synthetase 1(Tyl)e] 79.6
kDa(ATYyDZE HA= E. coliell #d=ct. ©] pro-
tein®} adenylate 3434 2 2 3} domaing FH3}7] $13)

Peptide Synthetase 2| g Adenylate #A Domaine & 69

Fig. 2. SDS-PAGE analysis of the truncated tyrocidine syn-
thetase 1 summarizing purification.

1, crude extract; 2, after purification by gel-filtration on Se-
phacryl S-300; 3, after anion-exchange on DEAE-Sepharose;
4, after chromatography on phenyl-Sepharose (7% SDS-
PAGE)

Table 1. ATP-[**P]PPi exchange activity of the truncated
tyrocidine synthetase 1 in the presence of various amino acids
and phenylalanine analogues

Relative Activity

Amino acid %)
L-Phenylalanine 100
3-(2'-Thienyl)-L-alanine 95
D-Phenylalanine 86
P-Fluoro-phenyl-L-alanine 77
L-Phenylserine 47
L-Tyrosine 16
L-Methionine 5

ATP-[*P]PPi exchangeE -$-4-% enzyme assay W'{-&
Abgsle) EAEAE SAsh old ATY1 AiE
oA ZZd| 2 thioesterS A3t &gkom, o] ZAFe
Stein S-o] &3 motif JILGGDSI7} Co-factor 4'-pho-
sphopantethein®] %2 $-¢]91& F3 F3 UcK3).
L-phenylalanine2- 7} 2 & % adenylate 32 A] turnover
number3= Bacillus brevis ATCC 81854 A#|¥ wild
type A& Tyle Kcat 2.57S10)3L E. colicl] L& = re-
combinant &2 Tyl2 wild type &AA¥c} 2F 4.580
3xdo] A =¥k Kcat 0.57S 17} Pleifer et al.o) 23] 2
EH5ler(19), ¥ A7l AAE mutant 4 ATyl
2 Kcat7} 04S 12 &A= ¢l 282 & adenylate ¥
A Al A E. colioll EE FAHA] B o] vl
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Fig. 3. Organization of adenylate forming enzymes.

(A) Acetyl-CoA synthetase; (B1) peptide synthetase; (B2) Pe-
ptide synthetase with epimerizing function. The boxed motifs
of peptide synthetases represent the following core sequen-
ces: A, LTXXELXXXAXXLXR; B, AVXXAXAXYVXIDXXYP-
XER; C, YISGTTGXPKG; D, IIXXYGXT; E, GELXIXGXX-
VAR; F, RLYRTGDL; G, IEYLGRXDXXQVIKIRXXRIEL-
GEIE; H, LXXYMVP; [, LTXXGKLXRKAL; J, LGGXSIXAI;
K, YPSVXXQXRMYIL; L, LXXXHDXX; M, XXHHXXVDVS-
WXIL; N, VXXEGHGRE; 0O, TVGWFTXXXPXXL; P, PXXG-
XGY; Q, VXFNYLG

FH=El, =3 o] A= HAH tyrocidine AL
2919l motif-Iell 4] motif-07}A] & o}w| =4S adeny-
late2 st HAA IS4l F97F obdE
el 3 9k 71 Bel g 24487 98] 713 L-phen-
ylalanines} §-A}713A-& Alg3s] ATyl &40 A A

£ &4 392w o]u L-phenylalanined 7| A& 3
o] 849 #8448 100%& A3tk F4F 71" A}
43-& o Table 1ol e} o] &40 o] =4 3
AFe ZoZ Rol AAH 4] 7|A BolAE BE
3t sleg & dehix Sk

von Doehren %-(18)-2 &=7}%x] DNA sequencing®]
5 ¥ peptide YR ALFAANES vl EAg A GS
1-genes} GS2-gene A}elell homologous regionSo] &
A=, 2 9Jo ACV synthetase gene ¥ tyrocidin
synthetase geneol| %= A-5F-915°] FHEAUL 99
2 AR5 EE peptide synthetase #3z}7}
FTEHos HF3a qlen of 600~70070) ofn| At
2.2 o]Foix gl odzf7fe] motif(Box A-Q)Ee] 3¢l
B A"AA] o] motif &9 o] #AE o v glrkFig.
3).

2 ¢

B 7ol A& tyrocidine synthetase 1(tycA)E motif-
1ol A motif-O7}%] AAA 73 E. coliol]l HHAA A9
activity’ S ZA%F A3} motif-Io) 4] motif-O7}2 = ami-
noadenylate 384 Aol Al H-97} opd S 9
kit o] A= in vitro AEE E&) 2xAH £49

AMP binding(C-motif) Adenine binding(E-motif) =
ATP binding(F-motif) 3 ATFE Hupy & 4 9le
F& AAR AlmEHIT 9o

Aob2e ATEE Fd AARHEAS YA
multienzyme-& 2t} of & ols|& £ glon w3 o
BT FAA 22t g A2 5o 1
2 gAe] FE% AR D Folw, kel 99wy
B4 S4Y A ABAL NIT 5 Ak e T2

o] 2 Aelch
HAtel &

YA A bR dTAE Ao] 1HA}
=4,

H2oEs
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