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2 2F. Acetolactate synthase(ALSH= 2tel|2]o}, yeast, 28]l TS 2Bl 7}2] & 743l ofo[xA4l Val,
Leu, Jle2] AL FEAH L2 Foddle Al A4olvt 32 Nl sulfonylurea, imidazolinone, tri-
azolopyrimidine, 2212 pyrimidyl-oxy-benzoated| A2 A EL FTRH 02 AT FAlAlo] gl 273l
2% ALSE 24 4o 2 gho}. Triazolopyrimidine(TP)A|S] A2 =45 ¥4d3le] ¥a]e] ALS) of
Mg SYshsich 24 vehd AR S IC, 2 3.2nM-062mMR F o] fEAE Holut
A8 weoitt ¥e] ALSo) 3} triazolopyrimidine -fr= TP42] 2 sj&A3-& vtg A|7bo]| Z7lghel| wla} 2
7t 2, €38 MF49L BTt TP42} imidazolinone #|ZA|%) Cadre, 22) 1 feedback sl
Leuol| )8} dual inhibition A& 2=} 25 3 5§33} kinetic patterno] 2do{ 7] o) 5 Ao g +¢7F 23t
FEHLE FEEE 2] AEE ATk ALSS] Tyre] W3l TPl 2|8 Yol &3E 1hal7]e ut
2 Trps} Cys 952 TPa2] Aol 332 Lhstuia] eistel.

ABSTRACT. Acctolactate synthase (ALS) is the common enzyme in the biosynthesis of branched chain am-
ino acids, Val, Leu, and Ile in bacteria, yeast, and higher plants. The enzyme is target site of several classes of
structually diverse herbicides, including the sulfonylureas, the imidazolinones. the triazolopyrimidines, and the pri-
midyl-oxy-benzoates. We have synthesized new triazolopyrimidine (TP} derivatives, and determined their in-
hibitory activities on barley ALS. IC,, values for the active compounds were 3.2 nM-0.62 mM. and some of them
appeared to be potent inhibitors. The progress curves for inhibition of ALS by TP4, a representative derivative, in-
dicated that the extent of inhibition increased with incubation time. The inhibition of ALS by TP4 showed mixed-
type inhibition with respect to pyruvate. Dual inhibition analyses of TP4 versus imidazolinone Cadre and fe-
edback inhibitor Leu suggested that three different classes of inhibitors bind to ALS in a mutually exclusive
manner. Chemical modification of tyrosyl residues of ALS decreased sensitivity of ALS to TP4, while mod-
tfication of tryptophan and cysteine did not affect the sensitivity.
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3l pyruvate®} 2-ketobutyrate2 FE] fle2] A33HAd
Al 2-aceto-2-hydroxybutyrate 3 AA13be 3

HJ'%-S" Zoulgle}. 54 E3 o]4EelA ALSIH &
A4 2+7] 9184 thiaminepyrophosphate(TPP), Mg™,
2] flavin adenine dinucleotide(FAD)®] ¥ = )}
2 geg g

ALSel| 3] 7}&F &uks] 7t 4815 bacteria
o= M) ZFe) isozyme(ALS I, II, 1)s) 7S]
o, o] B2 27} & 272k efs] A
=702 WAL E coli K12 strainZ €] A
A ALS [ large subunit(60 kDa)s} small subunit
(9.5 kDa)y] 1:1 En]|2 FAlEe] Qlev, pyruvate
o) A slells AL e A AL 200kDa
2 23:Egch” ALS 11 Salmonnella tvphimurium
2] $3HAS E. coliolA] &g A7 &e] HAslge
H) Ex2}eko) 140 kDa L B4 2702 large subunit(59.3
kDa)s} 2702] small subunit(9.7 kDa)Z A= 2l
o} 22] 7 ALS 1= itvH §32}ell 2]30 encoding
¥)o] 9l 62 kDa2| large subunit3} ilvl §7d 7)ol 2]
] encoding®le{ € 17 kDa®] small subunit® =
A=) 9lge] WHAUTE YeastolJ ALSE %
ekt 2ohA ol Foll £4aA AASIA] E3d
oo, HZ Saccharomyces cerverisiae ALSE E. coli
A ek 2EAA A sk’ Fde 2
yeast ALSE 75 kDa2] E2}2:-3 Z+E 2709] subunit
o2 FAY dimerZ B uF ATk AlE ALSE 3
grakst oAl W o &4 A Aol ofed-gol Hol
subunit 74, 482 B4, 28| 724 7159
ARRA 5 718 o3k ol A Al 3l
t}, 1988'3d Duners} Bogert B.2]Z FE{ ALSE A
8] s4517 RAsE =l 3 polypeptide?) £A1eF
o] 58 kDa, 18] 3 8452 zH= ALS(native form)
2] xzjeke] 440 kDa®} 200 kDao|ztz B w3ty
! 2 &, 19933 Beckkaoui S anti-ALS an-
tibody & Western blot2- 583}e] B2}l & u]| 5% Y
S5 Sl EX3hE ALSY EAjke] 64 kDa‘%JE
Basigdch” 2 welg 2 £58 ALSY) A4
=e] subunite] £xpko] 64 kDale] Helssi e
QrkA Aadhd gale] Busde
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Fig. 1. Four chemical families of herbicides known to
inhibit acetolactate synthase.

Triazolopyrimidine sulfonanilide
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Al 2k B odFo) A}&-5] A shAl<) triazolopyri-
midine fF=AE2 2 M AYF I A7
AR Agodd G B AT A olr 4
A 4 F20E S43el sk 20, NMRS}
IRE o] &3le] 482 &5 els)lydc). Cadre
£ T B drse) dus ok sl g
A% 732 Alukete}. Sodium pyruvate, thiamine-
pyrophosphate(TPP), flavin adenine dinucleotide
{FAD), magnesium chloride, dithiothreitol(DTT), L-
Leu, L-Val,
minetetra  acetic  acid(EDTA). dimethyl sulfoxide
{DMSQ), Sephadex G-23, N-bromosuccinimide{NBS),
N-ethylmaleimide Z22] 3 N-acethylimidazol-2 Sigma
Chemical Co.2 E] F3l3tadch. Potassium dihy-
drogen phosphate2} dipotassium hydrogen phosphate
£ Junsei Chemical Co.2 H¥] #1893, 29 ¢}
£ Jlohe B4 ool a2 1 Felakin

B2|9) ALS 22|. 23] Aotd 1223 & ¥
o G2 F Al el 7247k 25°C2] Al
4] eRgk ¥ F71E Aot ALS F]el A}-g-stsdrt.
2] Z7] 12082 5 mM MgCl,, | mM EDTA, 50
UM FAD, 5 mM L-Leu, 1 mM DTT2} 15% glycerol
< g3 50 mM Tris-HCl(pH 7.8) I3 +-3-8-4
480 mlol] 97 mixer® 40&4) 4 Fass)gich
U3t FZE-2 8739 cheese clothel] A= %
cell debrisE 20,000 gell 4] 827+ 14 £2)3fo] A
73}sic}. AbZ Rl 30-45% ammonium sulfate sa-
turation 2 23 A3t AANES dict JAEF
& 4% EZ 3800 541 F Sephadex G-
25 Aol ST o)m) AL A8E AP ¥
L2 vl J70°C, e AAULF BRF FR
A AR}

&2 BSEE &3, ALS ¥FTX = Westerfield B
927 <7k WYE Ray Wbyl e} SAistadd)
TPP(0.5 mM), 10 uM FAD, 20 mM pyruvateS E %
sH= 20 mM KH;PO,-K;HPO(pH 7.0) Sh3gofof
A0S QT 2 537} 200 piz}h S|A g}, 37°Cedl
A 1A17E Bk 2R3 A7 &, 6 N SHHHSO. s 20
ul F718te W2 A A20F 65°CellA 1583
Fm 4 acetolactate S =27L22A)3} A7), Creatine
200 ui(0.5%), 0.5% o-naphthol 200 pl& z+z} W

o-naphthol, creatine, ethylenedia-

65°Coll 4] 15%7} incubation & % A-ell2] 1587
gz gte}, o W £4E 525 nmellM FHEE &
A}, BET AN FIAE 0.62= 0.1 mM ace-
tolactate] *BAJ ol sfepzc}.'®

Triazolopyrimidine(TP) &0 28t Maf. =
2k {3 52 dimethyl sulfoxide{DMSQ)el| =4l
% 0.1% o] e] DMSO7t Y= EE assay S0
A7t Z255E &A% HAHE Pl e
dx 43 Zse) vlasledck. A ICs, <
Foizl 27N ALS 55§ 50% FA7e A
A Y & 2ri3lad] thEH T2 A S o] &3
of Zapoictt

% Activity = 100/(1+[In)/1Csy)
100/% Activity= 14[In}1Csp

3714 % Activitys= HalAd] Za sellA L& F
5% oz Age] Y5l da] %2 vheby 7o)
o, e AeA 2] FEolch. Asfaol I 4
2 718 FEE 2-32mM B $ell4] thepsiA £
3l TP48] ¥5E 2, 5, 10, 20uME 7}z Fn]g
F A g £ bl ofe} BEe 71W £} 2
HY SE9 Ao $4E Y2 BrolE 2Hrlaed
qh3-& Alatalsich A8 63 $ 2438171 $13) Line-
weaver-Burk plot -& o] &3]9i ¢}

ALS MollMI=e| 28t TR0l CHS AL ALSE
A 3|3k TP42} feedback A a2 ] Leus] ALS A{
of 42 AAYUA A¥E Yobus| A3l TPa| 5
=5 AR F Leud] FEE WsATIEA L4
Y3EE FAHHAND o2 AU TP el F
g Yo VRASET WESEE FYeA)
2w 2AE TP4 oA imidazolinone Cadres]
FEE WA F|HA B4 FFEE F5He] TP4
2} Cadred] A¥ F-7F AHA71E dolrgbel

Trp, Tyr, 22|22 Cys £H7]2 BH0| XMsiA| 2gt
O OXl= H&. AzA2te) 235 3ge] sl AL
2 F3¥E Tp WIE oz w3717 ¢
3 NBSE Arg-gleich” Trp Wd4 93l 50 mM
KH,PO,-K:HPO(pH 7.0) $r&2eo|d 0.63 mM
NBSo} &hoflg 25°Cel| Al 2087 whg-A]7e}. o)
o 7]3o] ZAgaRe 22l Trp 717k 2 e o)
H]&] 0.15 M pyruvate S 7} Fdc}. 4k2o] TG
F 2 QagpEo2 vle] By A7 gol fil-
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tration column{(.5x 5 cm)ell loading &tz 3000 rpm Table 1. Continued
22 287 {4 Feisle] HkgEz] 92 NBS9 Name Structure ICso
pyruvate B EARMES A ZE A7 sieint. ol o, ool
de $20¢ TP F2EE AR gl Y ps i )j 0.62 mM
ool mae) YEEE 3AAU. Uz A¥oR SSWSe
HY A 7}2] S Ao dis] 22 HlE oz A o o
Qe Fusiach ALSY Halal AY 24 Ty py A 0.16 mM
7)) EAE 2ANEH?) 818 Neacethylimidazole S A )L
Apgatod NBS w33 W& Wgog Wy AYE o
43stdc). olg #2}s] 3 N-acethylimidazole=} ?\/ — ,./'\1 58 uM
pyruvate %= z+7E 40 mM3t 0.15 Mot} ALS ﬁz* /ku’ 0,
o) AafA 2 £ Cys 3712 ER 3§ 24}
8l7] $]81od N-ethylmaleimide S A28t NBS u} TPY P k__u )j\ 027 mM
+3 2L e Wy AYE Fsiion, o sagm -~ o?
uj A}&-3F N-ethylmaleimide2} pyruvate2] F%4= 7t .
13 U
7 1.8 mM3} 20 mM o]3ich. TP16 J,:k"_. oo 4 uM
H, ,A @)
2 I )
}‘n——n
) TP11 Swl S4uM
Triazolopyrimidine(TP) REMES] Mo, » o e m,.._@/ﬁ
2lE BE 22| ALSE o]8-3} trazolopyrimidine o
(3 E.¢] 13 A8 Z2AlS Lo0]5 & .0
FEATS AT SN 1T R2AT oy A 56 u
cxrl3 M M@m
Table 1. The structures of tdazolopyrimidine sul-
fonanilide derivatives and their ICsq values for inhibition .
of barley ALS TP13 f Do 64 pM
e
Name Structure ICy,
oy j-‘; # Gyl
1 O 0 19 uM TPL4 - e 8 UM
Ph&‘“ A\N/ 9’;‘“ N/ \013 . x& S —@
Fh (Hy %N%b
P2 K‘n-* ND* ™IS [ 1 15 nM
m;ﬁ”A e ) A /J\m;" _-O
ty Oty
TP3 ot ’J\ 47 uM TP16 ,J:)L P85 69 1M
\H/K 0,0 /J\ #‘\ Ky
m ool
N —
TP4 "—“ S uM TP17 . 23 pM
i »\ A ;\)1 . e e
oy Pn CH O D),
TPS # o ’j\ 031mM  TPI8 i & 11 M
%Av’&*!)\ )\ % '/1\'/“\%_@
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Table 1. Continued

Name Structure ICs,
?HJ =\
P19 jow " 32 nM
oy /\N/\sON O\ = n
=~ ~N—N
TP20 NS J\SOZN 43 oM
QO
TP21 f i 245 M
\NANJ\SJZ
<4 N—N
TP22 \u n 0.18 mM

@)

P fk o And ND
\N N &)zNH oH
@)

R
TP24 oty syl

75 uM
o 275
mzH
TP25 Zh ND
w5
TP26 I\ N—)ksz@ ND
A K—N vO
™7, £ g, 7 uM
032H

“Not detectable at 1 mM.
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3 60t \
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Fig. 2. Dose-response for inhibition of barley ALS by TP4.

FEA} ALS @FEE 50% Z2A17)E Mg
FEE u]she ICs T2 Table 1o vJebuigich. &
Heg 71 oL ICm e 3.2nMelA 0.62
mM #3lgie}. 13 712k S5d) A BAS Hol:
& TPI9Z ICy Zho] 32nMe|z, o]} u]£gh =]
ANBA L ol SEH& TP20o)ch. Tuble 164 &
CHEY F2E BH, sulfonanilide bridge§ F41.0
2 $2HN pymmdme?]l—Jr phenyl7| 7} A% of
Hrl= quinoline”] 7 A ) o 2L A S
2L o £ glel. TPI-TP9= pyrimidineo] Exf3t

14
12+ .
1.0
08r .

06+

Abs. at 525 nm

04

0.2r

0‘00 20 40 &0 80 100

Incubation time (min}

Fig. 3. Rate curves for acetolactate formation by ALS
in the presence of TP4. The concentration of TP4 used
were 0 (#), 4 (@) and 16 (A) M.

-0I.2 -0.1 0.0 0j1 0.12 0.I3 0.14 05 086
18}, mM’!

Fig. 4. Lineweaver-Burk plots for inhibition of ALS in

the presence of different TP4 concentrations. The levels

of TP4 used were 0 (@), 2 (W), 5 (®m}, 10 {A), and 20

(®) uM.
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wlel 23 a3} 68 9 A]el] methyl groupe] £z
g u) & 4% vyl TP4e] IC) -2 SuME
TP1-TPSF 713+ $-& M &4-¢ vehlic). TP10
-TP182 benzene groupell carboxyl groupelu} Val,
Leug &1 AL, HAZ pM FHellA ICq ZHE
2ok 23 7P 2 AEAE Role AL
benzene group2] meta $] %<l carboxyl groupol &)
gl= TP102. 2 ICs ztel 4 uMolc}t 283w TP19-
TP27% quinoline2] ortho$] 2]ol| Br, Clo] &x)3}=
TP19s} TP20o| £33 AHWPA-S Bc). TP49)

4
A
e 0 mMleu
4 01mM
» 0.3mM Y
3T v ‘o5mm v///
2
0 1 1 1 1 ]
0 2 4 6 8
[TP4} uM
5
B
® 0uM Cadre.
A 1M
4r = 2.M
v
2

[TP 4], uM
Fig. 5. Dual inhibition analysis of ALS. (A) At dif-
ferent concentrations of TP4 versus Leu at different fix-
ed levels, (B) At different concentrations of TP4 versus
Cadre at different fixed levels.
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Fig. 6. Effect of chemical modification on the binding of
TP4 to ALS. Barley ALS was modified as described in
Meterial and Method. Activity of treated () and un-
treated (@) ALS was assayed in the presence of TP4. (A)
Barley ALS was treated with 0.63 mM NBS. (B) Barley
ALS was treated with 40 mM N-acethylimidazole. (C) Bar-
ley ALS was treated with 0.18 mM N-ethylmaleimide.
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dose-response curve Fig. 2ol vpeligich.

TP40|| 2|8t ALS2| XSHYMER. K483l TP4
4 714 % A7l F kA7 379 A] A
g LA AN YRS Aide] SRR A A
o] Z7lstsdcH(Fig. 3). HalgAe] 7HY =& TP19
of M E - Hlg o g Fasld e TP4g 2
< FF3E ¥odFAcKAE I vlAl4]). Hele] ALSe
&k TP42] A 2§33 (inhibition pattern)S o}y 7}
23] 9% A" MEA R 7] Q) pyuvate
9} Fx & wWaAA 7l L& 4T F Line-
weaver-Burk plotdk Zat E#H8 2 s) ok H(mixed-
type inhibitionyg X.oJ FTHFig. 4).

NHRES) Z £2. ALsel 43 M52
AgE97r FEEHEA AR%E dual
analysisE E3ll EASIACH TAHH Leud] 5ol
TP42) FE5 WspAARAM HR-4EE £33
tl. Leudl o8] Fxol4d T4 e 434
WhB =aisled 1/VE TP4S] FXol ofsf plot 5k
o} d3de] Fahxde] JAH F FF A
AR 7} HA4g RE¥Hog TBo| L vl
Eul,® 2.2)2] ALS) & TP49} Leuoll th&h dual
inhibition A1 & ell 2] Fig. S(A)ell ¥.2] 743} o] Y&
o] Ha§glk A xo] doiHr}. Imidazolinone Cadre2}
TP4ol| 3F AH = =8 kinetic patterng B
1= cth(Fig. S(B)). o)2i&+ 222 TP4, Leu, im-
idazolinone Cadre®] ZA3}F-He= 2 4F ¥EAH2R
FEY L A2t

Trp, Tyr 112|1 Cys HE0| M3jA| Aol O[A|
= Y& Tp Ab7)2] wEe] HaA|ef A 0|
= AFE ot nzl ALSE NBS2b ghA|7 &
gel§ 53A17) ARG AMs] 2 Al deF
& FZolA assay 8}5iv}. oluf NBSE 22]814]
< 5405 dx AYo = ARk Fig. 6(A)9A
Y& e 7te] NBS Al ALS®| TP42] 2o
3 3S el R] odstct Tyr WE A7 ALSS) o)
78] ALSe]| chel TP4oy 2|3t A2 & 2 23}
A& zhze) Wislr) BAEge =2 TP4 A4
oA Tyr 3717F &2 7HgAdel Ecoh(Fig. 6(B)).
CysS Wy A7l ALS i3] TP4 A} EE 22}
g A zAYA Helrt flslchFig. 6(C). w2}
21 TP49] ZARj}ell Cys 717} FA3)A] ¢ A=
2

inhibition

I @

ALSE FZ2HZ A3 fAlde] gle oS F
o AzAE 4IHoE 4eiH gk ALSE
AgxHe T e Y2 A=A g fi
© ALS?| 729} 7]5el A3 A7 v ge] A=
& A 22 gz A8 2=AF 8 s

E AP e A 2$ tiazolopyrimidine 5 3| S
£ Adsted mafd|4] Felgk ALSe ofa) A s
S &Aslod AzA sl FAAM R HT e,
Al A Aol Hoidte obrlkAl 37| 5 RARRI
NEL AxAE dA%=d 23% JEE T3}
Ak gk A2 FAE triazolopyrimidine =&
2] Ml gdE ALS 557t 50% HAag W A
A Fxal Gy Fhe 2 SH3sick(Table 1). ¢] 3
1Csy Ztol 7H4 & 7S TPI9Z 32 nMo| 7, &
Foll 2 Al4-E TP4= 5 uMZ Jepydc). TP19E
B £% ¥ £ EE2 sulfonylurea H 99 A&
A<l chlorsulfuron(Csy: 18-36 nM)E.c}, 28] % im-
idazolinone A2 S(ICsy: 3-12 uM) &.c} 224
o] H4 it Hog 42 A2AZ AL 7ls
Aol 2 HYEE YzHch TPAE imidazelinone
Agde Ao} vl AHsBAS Holm e}
Triazolopyrimidine FE 452 F2E B= aul-
fonanilide @ 2% ¥ | benzeneo|u} pyrimidines]
&% W 2ol quinolines] Exi¥ o of £ A
ML Bolx ¢jrl. 28] quinoline] ortho ¢
ae] Cl, Bra} 22 halogen 927F 2% o o
2 A gA-s Bk TP4s)k TP19el| 2|3t =3l
A2 vk Azke] FIRte| ulet Fobsle o2
vehdtl. TP 24 F TP4e 3sj8Ado} v
oA P A pEo] Fo} AEY A o] &
hgdct. o|v| Rayel| &]3] ¥ 7% sulfonylurea F= 4
chlorsulfurono] ALS 32| zl8f curver} BF$-4|7}
2] F7}el uhe} A HE7F F7)8= biphasic e
£ 99-% 93 7,'" imidazolinone Cadre @ A] Z+&
Ang mych? ze)d pyrimidyl-oxy-benzoate
(POB)el| 2]§+ ALS curver 241 0.2 ul-SA]7kel] AF
gglol A =st dA st} wkg A7ke] 27}
gl A s 247} F7Hks biphasic ¥ e = 2] 3] A
7b Aol AAF, 22 B4 At A2 B
& 9leh ¥ TP49) A58 & dolur] dsl 29
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o] ZAE A FeedA 7139 F2F HEA]A
2 k245 2 Lineweaver-Burk plotgt Zx}
£383 A3 53 (mixed-type inhibition)y2 ¥ o 7
o} 2 Hafe] A4S AAHr} Ao A7)
Eitalle] 25 AgsA Y, F A B A5t o
2ot E43 Ao A5 Az 712 2% 7‘}
27} ol regulatory siteol] A3t 7o) W F- 2
7A%oleh 1991'd Duner S¥¢ 2] ALSe| g
sulfonylurea Al 23| chlorsulfuron®} imidazolinone ]
24 Imazaquin2 2Z}2} noncompetitive2} uncom-
petitive inhibitor2 B v3}tych T2l Fo] ALSe
3 sulfonylurea 2%
noncompetitive] ¥ bacterial ALS 11 isozymeo]] o}
31 4+= competitive inhibitior24 T5AlE3} bac-
teriacl] A1 9] 2 F3e] HeolE ¥edF 3 3ot Im-
idazolinone#] A &~ Cadre ) 3}ell2] &5 ALSe]
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