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Abstract

Project Code : TRG4880001

Project Title : Immobilization of pfDHFR for the Selection of Tight-Binding Inhibitors

from Combinatorial Library

Investigator : Chawanee Thongpanchang, Ph.D.

National Center for Genetic Engineering and Biotechnology

E-mail Address : chawanee@biotec.or.th

Project Period: 2 Years

In this study, the method for immobilization of pfDHFRs onto the solid support
has been developed for the selection of tight-binding inihibitors from combinatorial
library. pfDHFRs with cysteine residue at the C-terminal have been prepared in order
to immobilize to a thiopropyl-Sepharose gel via S-S linkage. The amount of
immobilized DHFRs was estimated to be 4-5 mg/g of dried gel, and the activities of the
bound DHFRs were comparable to that of the free enzymes. The prepared immobilized
enzyme has been used for the selection of tight-binding inhibitors from the combinatorial
library, based on the affinities of each inhibitor with the enzyme. Free inhibitors were
then identified and analyzed quantitatively by high performance liquid chromatography-
mass spectrometry (LC-MS) and the components with high binding affinity of the library
could thus be realized. Results could be confirmed by quantitative analysis of the

bound inhibitors released from the enzyme by guanidine hydrochloride treatment.

Keywords : Immobilized enzyme, Plasmodium falciparum dihydrofolate

reductase, Combinatorial library, DHFR inhibitors



Executive Summary

lavinmsiesontanlasl double mutant pfDHFR (C59RS108N) 2 wfia wiiausn C-
terminal danunIaaziiludn 8 @284 junction region tNalidUanafiilu cysteine (NCR1) waz
A A { A o { . & . v
dnvfianitsazilfouniaeziilu 3 a1 neunazdidans cysteine 1iu glycine (NGCR3) lagldda
oulodng 2 siadilidnnuLaa Thiopropyl Sepharose 6B dRaNUE: S-S WUINUSNAV89
au s NCR1 Aitmzuw solid support fa s mg ¢8 1 g U843 solid support uazd specific
activity fia 27 &audSunsvadianbod NGCR3 filnzu solid support /8 4 mg @a 1 g Va4
solid support wasdl specific activity fia 21 TILNALALINY free tawloal NlaansaaLaw ol
8ana1n solid support fia 40.7 kaz 38.3 #n5ULaK byl NCR1 uae NGCR3 aud1ay Laadin
side chain V29nN300: A lUNGANUNUTY s-s NAany solid support MIANANL MITARALAZ
.. °’ 33 :A I d' = > d' a
activity vadtewlay] asnulafanian bl NCR1 Salluiawlodn luinsusuilasuniaazilu
laglulslumsdaifendrgugsanlodanniaseyaidar
A . . ed A o o oA '
WWaNagauI1 immobilized Lo kraiNtaIuN G EINITNAALRENEITIINVBINRNTZRTN
adusslaaanged 39laianladneseuld (NCR1) anlninsenussazaananses /5
a P’ o A Aao A o Py ' '
Wi lasunlnawsy uas lolaanifia Aldwuluafiiingnn lasfisanaiwiening
ewlmainudmgudng9iu e 0, 0.5, 1, 2, 3 uaz 3.75 udamnUSanmagugsn ldldgniuiu
v s§ =3 1 6 A @ o o 3: [ a A 3 ea
awlailasls HPLC Sefiwudanladamaninifonsuardussldaunge] fa diawladd
a v 1 L %] g; (=1 Qs o a ‘é a o‘ lil 1 {
Uinmdesniddusfianiandu lolaaiafia Sefidn K dfiganan (42.6 nM) uaziila
€ |1a £ = A o  Aa = A A A £
ewlaaifidSinauunniu fandendy Awnmie uaz lasuminamwia Gl K g93u
ANEAL (53.9 uay 242.1 nM) wananilaldRsiunsAmdu reference G9N1TRAIWITAMN
@ Ki 189 lolaaniia waz lasiwnlniwsy lalndidusnuainialasisun@fe 33.3 waz 270.9
nM

111 immobilized Lauvlsnﬁﬁm'%smvlﬁﬁq"lﬂ%ﬁ@LﬁaﬂéhfiTuﬂ'amﬂﬁaaagm%aswﬁm?w
£ & . . A a o Ao & o . a Y @
JuN3 2 Ny 9N library winfiieipalasnsha e MzAuazia Ki fiazaannaunn
WU %binding V98150 ULaM lrafazuyTHUaNNeAN Ki 284813 wazean Ki Adwimlabnaiass
o A Yo [ ada a & . d‘v 53 1 o o & 1 Aa
Auflddimaialasitaudnd wazanni 2 library hazidwidmdusalungundany
A N S LA ' AN A A ' ' Aaa a v A o &
Banguiazdien Ki Adindasnhidanuianguse Awnmiuuszlolaaiafa dmuaslu

AR A ] A o A = Py I v a o s & AL '
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Wasa s unyinliiialsaluauiui 4 a0 WS @a falciparum, vivax, ovale Uz malrae Tila

falciparum, vivax wuwu'ldannfiga udsfia falciparum azuussngauazyinlitiaansld diu 2 ofia
> d‘v U v v 1 £ a & A d%' a a a

naainy ldaaudradasuazldguusaannin - dymeslsainarFoife wanaGoiedininais
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o v o = A o A = Aa o @
Anwanainunwunae tawlodlelalaslWiaaianies (DHFR) G luianlmindenudsande
o | & a Py A o ode A o & L. Aa

mMIdegadTaNaGe WasnndnihnsaglunszuawniTissaeiass Thimidylate 13
anusndulunsains DNA asiuwmnanansasugimvhnuasewloiilaf i l¥isanas
AYILLTWLALIN LA by DHFR Raadluiiwananvingwlalunmsnamandiwanaiss laaaisls
nauitaziiundy uaudlwiaa (antifolate)
A [ s ' A [ 6 = o nﬁ Id ad n:l'
uALduMIRAIENa Ina gazltitmsFaansALaznagaum iazar g Saduitni
suldasussnuiaznanduatnmnn udliwmusnitlaimaiimedialnifizanit “Combinatorial
Synthesis” Ik F3mstdumsasianzdinvinlilaansnilassanamannansluanidoanuias be
' A a o . ' =a ad o o oA Aa SLda
nauwedIsINTuNI “Library g lsnadywvasitmifAanmsaaidan (screen) lo1F1INRgNTNG

. A a v .
aaﬂmnﬂ@‘maamsmmwvlm (library)
Iumuﬁﬁﬂﬁmumﬂf,jmad;ﬁ%’ﬂ@i’ﬁwmiﬁwmmmsﬁmmmL%UIuﬂﬁjumaaaﬂiwaﬂ

waud lWLaauadLBe Plasmodium falciparum (pfDHFR) laganduainuidn laiianunsauaInm
Pag A2LVLINULAW krai L1310k active site Lﬁﬂﬂ%’ﬂﬂgdiﬂidﬁ%ﬁdﬂaaé’aﬂ'uﬁ'ﬂﬁmmm%’uﬁ'u
{ o P v o A . . . o (%
awlmifinanonutlddaun uazldsiunafia Combinatorial Synthesis anlflumigaamzviean
A 1 a v v a Fﬂ‘ Q =} tild Q/Qtﬂld >
Tangaiibred aassigns ldnauwinaiiafltlunsdaiiensninlguandandlunisivuas
fussianlosd pDHFR aanannguvasmafiaiowle (Library) lasvinawled DHFR lugivas
&a ° o A A o o o & & o
L% ki ARIENIYINMIAALEaN mstm']ummmlumiﬁmﬂuLauvlbﬁﬁvlmm]zgmauvlfﬁmuvb
' AV fo aa . . o o A A
sauansf lignienloddufinsgnusnaaniylest ultrafiltration wazvinmisasiiaysunmansd
\wdean filtrate uazanIngniewloidulilasldinaiia HPLC-MS udiiiasanisitliaansoii
wnlodnauanlslngle lunuddpisiaulanazwawiIznns immobilized tawlas] pfODHFR U
. A o v & o oA . . . ad g °
solid support Warhunlgillualnaidanasann combinatorial library I@mﬁmiu%ﬂﬂugﬂmm
solid phase wazazvnlwaunsaienlminauanlilunmsaaianassdaluld wananiies
a31303 immobilized towlaalitlUlFlumInageuanuimzrIaNuEInTaluI T UTes
FEUEINULAY k] DHFR 3231990917018 5 LAz uaIanane e



1. n1ILaSaataw laal

MIe39Lew lmsdidny solid support ﬁuﬁaaﬁﬁﬁoﬁommﬁwsjumauau%ﬂuﬁaaﬁauﬁ
9z819 solid support LﬁaﬁiﬁgfyLﬁaqmauﬁahmnﬂmaﬂeﬁﬂﬂ sarulumaaduiawlods
éTaaLﬁ'wéhL%awﬁamﬂa:ﬁiumaé’aLiﬁvlﬂﬁlﬂmﬂLﬁ@lﬁLﬁ@ﬂaﬁwﬁmﬂﬂ;uLﬁﬂawa wazlAfdane
C-terminal \ilu cysteine Lﬁﬂiﬁﬁﬂ@jw —SH ielFlumIsadniy solid support uazLiiasann
pfDHFR (Il bifunctional enzyme fiondanuionles Wndlows Swna doswisenh
junction region eawApaITTINTEENvedenlTIRasd U smMssenuuLewlmiTida
donsaozdlulugauaas junction region lasiadsutawlesl double mutant pDHFR duan 2
shiafa sfausn (NCR1) Uansvasiiuazdadionsaasdlulusiuvad junction region 8 62 9
dan 8 anilu cysteine wed sudnafianils (NGCR3) azmidfsuninazfile 3 daroudls
cysteine 1#i8u glycine tlaannININzNz84 side chain M3laanduwasonlssd pDHFR a2
lfinafin PCR (polymerase chain reaction) LLﬁ?ﬁﬁ%uﬁuﬁvLmﬂaunT’] pET-17b plasmid uae
g E.coli (BL21)DE3pLysS Warnmanaaewladlildduaminng  Foewladinaites
Qﬂﬁﬂﬁﬂ%@ﬂﬁ@ﬁ% methotrexate-affinity lasunlasns il [Sirawaraporn W, Prapunwattana
P, Sirawaraporn R, Yuthavong Y, Santi DV. The dihydrofolate reductase domain of
Plasmodium falciparum thymidylate synthase-dihydrofolate reductase: gene synthesis,
expression, and anti-folate resistant mutants. J Biol Chem 1993; 268: 21637-21644.] Lﬁa\‘lﬁ]’m
Twiuaoumaadsuanlsfazdinafudisand ae dithiothreitol (DTT) 39da9vinmIuenLans
Serdeantoufieziinlederiy solid support laarnuaasuil Sephadex G25 Anassnits Lie
14l DTT TUSedWuse s-s seninatewlodiny solid support

2. naday activity vasiaunlzaifiasuale
Taunageuniu substrate Gsfinalalalasiwian laosl NADPH 13w co-factor ugaiams

Waguulainng kinetic 189 NADPH @28 UV-VIS spectrophotometer fnuLIAEN 340 NM
laglul§fisen 2zisznavdis 100 mM Hyfolate, 100 mM NADPH, 50 mM TES, pH 7.0, 75
mM [-mercaptoethanol, 1 mg/ml bovine serum albumin and ~0.005-0.01 Unit of purified
enzyme

- Specific activity vadtawlasl NCR1 fa 71.8

- Specific activity 284104 byl NGCR3 Aa 80.3

awlminieIonlens 2 sfiaft § Specific activity InfiAssnutan ol double mutant fi
ladldrumsaaudaslag (90.1) uaasiniaezdlufidedin lufdanaduuaz DTT firdasean’ly
T ldguaud@nmuduewladidfouuwdasanniin - dsuudsiienlsing 2 siladlulglums

@390V solid support



3. Immobilized tawles] pfDHFR U# solid support

Immobilized taulas pOHFR filaawldlagld Thiopropyl Sepharose 6B il solid
support %o%:@im%auﬁuﬁwﬁuﬁz S-S laum s incubate Law lodny Thiopropyl sepharose 6B
1% 20 mM phosphate buffer pH7 fi1sznaueae 0.1 mM EDTA, 50 mM KCl, 20% glycerol lag
o Siazdasringm 0, sandaums bubble N, m"l,ﬂfiaumﬂ%munﬂﬂ%a MNIIBATER
wusmaenledfiimzun solid support 837 titration-based lag incubated solid support
(10 mg) ﬁ'mau"lfﬁﬁﬁﬂ%mm@me]ﬁ'u ud2 plot NTWTEING activity vadtawlodly solution
phase (tawlmaiflaisuny solid phase) AudSumuasawlodilaaly %uﬁmau"lfﬁﬁﬁaﬁ;ﬂ
BudnTewing activity  wardSunomewlofsnduduiduase emniduassriiuuny

USunomau bodnazlavSunmwasanlsodninizun solid support

- JiazrmdSunananlod NCR1 Atnzus solid phase laaansaw

2,
1.8 1
16 -
14 1
1.2 1

14
0.8 |
0.6 -
0.4

0.2
0 oo

DHFR Activity (AA 340 /min)

0 50 100 150 200 250 300 350 400 450 500 550 600

Enzyme amount (ug)

wunydSunaadian bl NCR1 fifla@aun solid support @8 5 mg @a 1 g vas solid
support
- JiazrmdSunanan bl NGCR3 Aivnnzuw solid phase laaansn

1.6 1 R? = 0.997
14 |

12
1,
0.8
0.6 -
0.4 -
0.2 -
I e —

0 25 50 75 10 25 W0 15 200 225 250 275 300 325 350 375 400 425

\
)

A 340/ min

DHFR activity (

enzyme amount (mg)

wuyUSunmvadian ol NCR1 ffadaun solid support Aa 4 mg ¢ia 1 g 284 solid

support



4. nASBY activity 289 immobilized toulusiniaToala

Tagiamstasuutlaans kinetic 189 NADPH @28 UV-VIS spectrophotometer A
6120 A% 340 NM WU

- Specific activity 83 immobilized au b NCR1 fa 27

- Specific activity 483 immobilized au bl NGCR3 da 21

wananigs larinmadaawlaiann solid support lagld B-mercaptoethanol uazia
activity a4 free 1w laa] wuin

- Specific activity 284 free Law Lol NCR1 fia 40.7

- Specific activity 284 free Law bl NGCR3 da 38.3

Gasin activity 289 free Lawldlndifiusniu activity 289 immobilized toulasifia3ow’le
wonndiUsumasonlmifisadausn solid support uas activity vestawlning 2 siaden
In&ifAp9nn ugasin side chain vasnInasdluiaanuwus: s-s finany solid support laifing
AU Msbaaauas activity vostewley] auiwisdeniawlsd NCR1 Fallwanwlodilidns

Uindsunsaesiilula glultlunmsdaifendsugsenlodaniasayaizary

5. 'nﬂaaumﬂﬁﬂﬁ‘lﬁ%msﬁmLﬁanmsmnﬁmmgm%ﬁwmm immobilized tawlass]
lilonagau3n immobilized tawlmifiiaIow ldmuNInAALEoNENTIINVOINENTZNINIG
dugivldmamneg 3eldhewlaiieionld (NCR1) anlnnsatumsszmnonauwes F5wnm
fiu Pyn) laswnlnsnda (Tmp) waz lolaamadia (Cyc) Afiswanluadivringniu lasddandiu
sewioenloiiudsudansgiu da 0, 0.5, 1, 2, 3 uas 3.75 LLﬁamﬂ%mmﬁaﬂ’uﬂy‘dﬁ"LaJvLﬁgﬂ

= ™ v é v Qs v 1
Junutanladlasld HPLC sﬁdvl,@wamgﬂmuma

120

100

80 -

—o—Pyr
—8—Cyc
—A—Tmp

60 -

% Free Inhibitor

40 -

20

DHFR:Inhibitor Ratio




azduhieuwlafmansnideniudmdudsldaanaed o fueuwlsfivsunaien
nesudsfadeniu lolaamafia (Cyc) Folien K, ﬁwﬁlq@ﬁau (42.6 nM) uaziatonlasid
Usinoanniu fazidansy Asmmiin (Pyr) uas laswnlnswiy (Tmp) Seiidn K g{d’?‘fu
AURIAL (53.9 UAz 242.1 nM) wananit nENMIA (1) LLaz“ﬁaga‘ﬁ'é’mnahmzmﬂqmuvlsnﬁ
fudmdugniu 2 Taeld ASmmiwin reference azsnansndwimmian Ki 289 lalaamiila
uaz lasimInawsy lelndidsanuaiialagitundfe 33.3 uaz 270.9 nM

@ Ki 28908089 i, Ki, = (. [El]. Kig 1)
[EI] [,

[, [E1], [1,] waz [E],] faanuiduduaaifdsuss i, iowlod-aa6uss complex, reference Waz

6
vau bsi-reference complex

lagf /] = Peak area of |.in the test . |,

Peak area of |, in control

[EI,.] = lti - [/i]

1, = the total concentration of inhibitor i

.4 = Peak area of | , in the test . |,
Peak area of | , in control

[El =l [

/ = the total concentration of reference

tref

a . ¥ = 61 1 :\‘[‘
5. LA38HN library 2a3d@150 %198 %nqmtaum Wiaa

-library 1 1$8931NMIARLNRILNNTIN UV TENAIBLAAINMTN Cl azaaulanunzne
a . . { J a { ° . ¥ (2 1] -
WATTUNL side chain NeNTUVBINTARENlUNMUALI 108 VaaBaNaesn (\Waswan Ser 1u Asn)
dl' a_ 4 o A= | oo & \ . L. Aa A " e
\NanANRLINITUALAIS IdFATIzAETlungy pyrimidine ua triazine NANDanE Ui 9
o [ . ' o @ o “ Aaa o v & v &
@1 laiadn Ki 2898n13udaza WA KaNSINALATIIN UGzl il reference laiiln

Library 1 laafisneasiduaaiansnai 1



@15297 1 laseaing ﬁmﬁfﬂiwl,aqal,l,a:m K; 1898174 library 1

a3 Tas9a3ne wmwnlaana K, (nM)
NH, c
1 S 248.71 53.9
HZNJ\N/ Et
NH2 /N\
N~ SN
2 ' OW@ 335.83 2.77
HN™ N M
NH, N
3 [oane® 321.76 38.5
HoN" N7 M N
NH, N
N
4 ' O 311.34 1.45
HoN” N7 Et
NH
N \2 o~ D
5 AL 390.28 1.62
2
Br
NH, Q
6 Nl)\/[o\/\/“@ 376.89 1.81
HZNJ\N/ Et
NH,
7 NJ\N/OV\/NI:L 495.89 0.78
HZN)\\N cl
)N\Hz/o\/\/N/\/\Q
8 )N\\ N Q 558.39 6.64
HoN N Cl
Cl
)N\Hz /\/Me
9 NPNON N Me 441.47 4.20
HZNJ\\N Me
NH, Lt
N)\N/O\/\/N
10 A\ 552.44 9.2
H,NTN cl
Cl

- library 2 1635 mMIgaaTzilas combinatorial synthesis WUU split and mix Aaazuanyin

UAsendes 3 UGNTen asuuunIw

A + B' BB B B —— AB' AB° AB’ AB' AB’
A + B' BB B B —— A aAB° AB’ AR AR’
A+ B' BB B B —— AR aAB° AB’ aAB' AR’

d -] e =3 v g: Qs té a :/ L
LLﬂzLﬁf’Ju’]ll’ﬁ')llﬂuﬂi]:vl,@]ﬁ’ﬁ‘ﬂdﬁll@ 15 @n ‘ﬁd%?ﬂ’]i‘ﬂﬂﬁﬂﬂi@ﬂﬂ’ﬁ'ﬂLﬂ'ﬁ’]zﬁfu’]ﬂ%ﬂiﬂmf]‘ﬂ

18 mass spectrometer NUINRINTAFIATIEHFNTLANG 15 AI109A1319N2



a397 2 lasease

LLa:ﬁmﬁfﬂImaqamaamﬂu library 2

19 Tassass wmnlanana
NH, /N\\
1 NS OWbN 299
HoN"NZ ~Me
NH, /N\\
2 S OWbN 285
HoN" N7 M
NH N
3 ‘Dt 207
HQNJ\N/ Me
NH, ° Br
4 I O j@ 381.4
HoN N Me Cl
NH; /_©
OwN
5 )NI\\/ @ 377
H,NT N M
NH, N
6 S OWNC}N 313
HZNJ\N/ Et
NH,
O~ Ny
7 A NN 299
H,N” N7 Et @
NH, N
8 'ORae 311
HZN)\N/ Et
NH, ° Br
9 )N,\)\/[OW @ 401.4
H,N” NZ Bt Cl
-
10 NS ON 391
p —~
H,N" N” O Et
NH; N
Ao N N
11 )N\/ NN 316
HoN \N)<
b
PN
12 j‘\\ j‘< N N 302
H,NT N @
1 N
_0 N
13 )N\/ N7V 314
HoN” N
NH, Br
_0 o
14 f\N N @ 404.4
HN" SN cl
)N\Hz F@
15 NN O 394
hN O
H,N" N




6. unenlminiasoalalidaiaanasann Combinatorial Library

- ¥hansann library 1 lUdaianlag immobilized towlmifiieIowld lasfisasaiuszning
YSanmansnudSanasawlaaiidn 1.6 da 1 189310 incubate &34 column ﬁmi@ﬁamauvlsﬁﬁlﬂu
181 5 W ﬁdmmiﬁhigﬂ%‘uﬁamauvlsﬁﬁ (unbound) lU3taseAlasls HPLC-MS mumiﬁ'gﬂ%‘u
setawlas (bound) 92QNTLADNAY guanidine HCI uash e ehens HPLC-MS Louldennn
1auRNTAFMWITAT %binding °uaamiﬁvl,@i”mndmﬁvlajgﬂ%'uLLa:mnmuﬁgﬂ%'uﬁaULauvlfﬁﬁvl,@Tmn

JUNTIN 2 LT 3 WAZ AIWITWANAT Ki VIO ULILARzA7 LaaNFNNIIN 1 @969 3
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ABSTRACT

A simple procedure for selection of tight-binding inhibitors of mutant dihydrofolate reductases from
Plasmodium falciparum (PfDHFRS) based on preferential binding to the enzyme immobilized on a
Sepharose column has been described. PfDHFRs with cysteine residue at the C-terminal have been
prepared in order to immobilize to a thiopropyl-Sepharose gel via S-S linkage. The amount of
immobilized DHFRs was estimated to be 4-5 mg/g of dried gel, and the activities of bound DHFRs were
comparable to that of free enzymes. The prepared immobilized enzyme has been used for the selection
of tight-binding inhibitors from combinatorial libraries, based on the affinities of each inhibitor with the
enzyme. Free inhibitors were then identified and analyzed quantitatively by high performance liquid
chromatography-mass spectrometry (LC-MS), and the components with high binding affinity of the
library could thus be realized. Results could be confirmed by quantitative analysis of the bound

inhibitors released from the enzyme by guanidine hydrochloride treatment.



INTRODUCTION

Plasmodium falciparum dihydrofolate reductase- thymidylate synthase (PfDHFR-TS) is a validated
target of antifolate antimalarial drugs * ? such as pyrimethamine (Pry) and cycloguanil (Cyc), which are
commonly used clinically for the treatment of malaria infection. Since the emergence of the resistant
strain of malaria parasites to these inhibitors became widespread, there has been an urgent need to
search for new drugs to combat the resistant malaria. Molecular mechanism for resistance to PFDHFR
inhibitors has been shown to be due to point mutation at various sites of the parasite gene sequence,
leading to the decrease in binding affinity of inhibitor to the enzyme. Mutation of one or more residues
at amino acid positions 16, 51, 59, 108 and 164 of PfDHFR were identified to be involved in antifolate
resistance.>® Based on modeling of wild type and mutant PfDHFRs, a number of inhibitors were
synthesized and screened against the enzymes individually and found to be effective against both wild
type and some mutant PfDHFRs.”™*

The advent of combinatorial chemistry techniques offers the means for rapid generation of a large
number of structurally related compounds. However, identification of potential leads from the
combinatorial libraries required an effective selection system that can single out the tight-binding
inhibitors for further characterization and development. Recently, Kamchonwongpaisan et al. have
developed an ultrafiltration method for the selection, based on the dissociation constant of the enzyme
with each inhibitor.!* In the stoichiometric selection, the limitation of this technique is its dependence
on the solubility of the target enzyme which effected the compounds concentration in the libraries: i.e.
the larger the size of library, the lower the concentration of each inhibitor.! Since the sensitivity of
HPLC instrument is limited only to micromolar level, the quantitative analysis of very low
concentration inhibitors might not be accurate.

It has been reported that immobilized enzymes are useful tools in many areas such as for enzyme

sensors, enzyme reactors, or enzyme catalysis in organic synthesis.'***

Dihydrofolate reductase
enzymes were also immobilized onto the solid support in different manners and purposes.™ *® In this

paper, we report the method for immobilization of PFDHFR to the Sepharose gel for using in the
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selection of tight-binding inhibitors from combinatorial libraries. By using the immobilized enzyme,
the unbound and released bound inhibitors can easily be separated from the reaction mixture for

determination and has no limitation on the solubility of the enzyme.



EXPERIMENTAL SECTION

Materials and Methods

For the synthesis of trimethoprim analogues, reagents were purchased from Fluka, Merck and Sigma-
Aldrich Ltd. and liquids were distilled before use. For enzyme studies, chemicals were obtained from
Sigma-Aldrich Ltd., Merck, and BDH and were used without further purification. Oligonucleotides
were made-to-order from Bioservice unit at our research center. Thiopropyl Sepharose 6B was
purchased from Amersham Biosciences. Nuclear magnetic resonance (NMR) spectra were recorded in
DMSO-dg on a Bruker AV 500D spectrometer; chemical shifts are reported in parts per million (ppm).
Mass spectra were recorded on a Micromass LCT using electrospray ionization (ESI) technique.

Enzyme Preparation

Double mutant PFDHFR'” and PfDHFR-TS™® (C59R+S108N) were cloned and expressed in E. coli
BL21(DE3) pLysS. Two modified PFDHFR enzymes with an eight amino acid spacer and a Cys at the
carboxylic terminal were engineered. The spacers of the enzyme were designed based on its natural
amino acid sequences (KMLNEQNC, named as KINCR) and modified sequences (KMLNGGGC,
named as KINGCR) at the junction region between DHFR and TS domains. These genes were PCR
amplified from the available plasmid carrying natural pfdhfr-ts gene'® using 5" GCC AGC AAG CTT
ATG ATG GAA CAA GTC TGC GAC GTT 3’ as the forward primer and 5> CTC CGC GGT ACC
TTAACAATTTTG TTC ATT TAACAT TTT A 3’,0or 5 CTC CGC GGT ACC TTA ACA CCC
TCC GCC ACC TAACAT TTT ATT ATT CGT TTT CTT 3’ as the reverse primer for KINCR and
KINGCR, respectively. The PCR protocol was initiated with 95°C for 5 min, followed by 30 thermal
cycles (1 min denaturation at 95 C, 1 min annealing period at 50 C and 2 min extension period at 72 'C),
and 10 min final extension at 72°'C. The PCR products of 732 base pairs were purified, restriction
enzyme cut, and ligated back into the same modified pET17b. The DNA sequences of the constructs
were verified by DNA sequencing. Protein expression and purification by Methotrexate-Sepharose
affinity column were carried out as previously described"’.

Immobilization of Enzyme to Thiopropyl-Sepharose 6B



For large scale preparation, dried thiopropyl-Sepharose 6B gel (1g) was suspended in 20 mL of buffer
A (20 mM phosphate buffer, pH 7, 0.1 mM EDTA, 50 mM KCI and 20% glycerol). The mixture was
air-aspirated to remove oxygen and bubbled with nitrogen through the solution. Enzyme (20 mg) was
added to the gel suspension and mixed gently at 4 ‘C overnight. The gel-enzyme suspension was
transferred to a column and the unbound enzyme was removed by the continuous flow of 100 mL of
buffer. The washed enzyme-bound gel was then re-suspended in the same buffer and stored at 4 "C until
used.

Determination of the Amount of Enzyme Bound to the Thiopropyl-Sepharose Gel

Ten portions of 10 mg dried thiopropyl-Sepharose 6B gel were suspended in 200 puL of oxygen-
removed buffer A. Each gel suspension was combined with 200 pL of the enzyme solution containing
different amount of DHFR enzyme (5-600 pg). The mixtures were mixed gently at 4 'C. After 5h of
incubation, the suspensions were centrifuged for 10 min at 12,000 rpm at 4 'C, and the supernatant from
each tube was collected for the enzyme assay. The enzyme activity in the supernatant solution was
plotted against the amount of enzyme added to the gel suspension.

Enzyme Assay

The activity of PfDHFRs were determined spectrophotometrically at 25 'C according to the method
previously described.'”  The reaction (1mL) contained 10X DHFR buffer (50 mM N-
[tris(hydroxymethyl)methyl-2-aminoethanesulfonic acid], pH 7.0, 75 mM R-mercaptoethanol, 1 mg/mL
bovine serum albumin), 100 uM each of the substrate dihydrofolate and cofactor NADPH, and
appropriate amount of enzyme solution. In the case of immobilized enzyme, there is no B-
mercaptoethanol in the reaction mixture and the gel-bound enzyme was placed instead of the enzyme
solution. Thiopropyl-Sepharose gel was added to the reaction mixture for blank measurement.

Construction of Combinatorial Libraries

Pyrimethamine (Pry), cycloguanil (Cyc), trimethoprim (Tmp) and derivatives of trimethoprim were
synthesized individually according to the method described previously & ® *° and their K; values were

measured by the conventional kinetic experiment.®® Two libraries were prepared for using in the
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stoichiometric selection. The first library was a mixture of an equimolar amount of pyrimethamine,
cycloguanil and trimethoprim, which was used for technique validation. The second library was a
mixture of an equimolar amount of trimethoprim and its 17 analogues, which was constructed based on
the Kj values of each compound against the double mutant enzyme (C59R+S108N). The stock solution
of each library was prepared in DMSO.

Selection of Tight Binding Inhibitors

One mL of combinatorial library containing 270 puM inhibitors and 100 uM NADPH in buffer A was
added into the column of PfDHFR immobilized gel (1 g of dried gel, contained KINCR 0.18 pumol) for
the test and into the column of Sepharose gel for control. After 5-min incubation at 25 'C, unbound
inhibitors were eluted from the column and collected for further analysis using HPLC. The column was
briefly washed with buffer and treated with 1 mL of 6M guanidine-HCI containing 12%DMSO to
release bound inhibitors from the enzyme. The release compounds were then eluted from the column
for further analysis by HPLC. The peak area of each inhibitor was determined.

HPLC and LC-MS Analyses

HPLC analyses were performed on a Waters 600 system equipped with a Waters 996 photodiode
array detector, using a reverse phase column (Atlantis C18, 5 um, 4.6x250 mm) and acetonitrile and 25
mM ammonium acetate (pH 4.5) as the mobile phase at a flow rate of 1 mL/min. The separation was
started with 15% acetonitrile, followed by stepwise gradient from 15-25% 25-35% and 35-70% at 5-10
25-60 and 70-80 min, respectively. Then the separation continued at 70% actonitrile until the last
compound was collected. The chromatograms were detected through absorption at 254 nm for peak
area determination. Compound identification was achieved by LC-MS (Micromass) using the same
column and solvent system. In case of compounds with similar mass, standard of individual inhibitors

were used to locate their peaks under the same separation protocol by HPLC.



RESULTS AND DISCUSSION

Design and Expression of Mutant DHFRs

The SH group of the cysteine (Cys) residue is very useful for immobilization of an enzyme to the
solid support ** *® because of its easy bond formation under mild condition. For example, modified
Escherichia coli DHFR with Cys residue at the C-terminal has been successfully immobilized to a
thiopropyl-Sepharose gel.® In this study, PFDHFRs were designed to immobilize to thiopropyl-
Sepharose via S-S bond. PfDHFRs with Cys residue at the C-terminal were constructed with the
extension of some amino acids as a spacer to provide the flexibility for the enzyme. Since the DHFR
domain of bifunctional enzyme PfDHFR-TS joined to the TS domain by the junction region (JR) of
which amino acid residue at position 8 is Cys, double mutant (C59R+S108N) enzyme extended with 8
amino acids of the JR was constructed and named as KINCR (Fig 1a). Thus, the 8 amino acid residues
of the JR acted as a spacer. Alternatively, it is possible that bond formation of the enzyme to the solid
support might be restricted due to the steric effect of the large side chains of Glu, GIn and Asn attached
to Cys, therefore, three glycine (Gly) residues were introduced in place of these amino acid in the
modified spacer and the engineered enzyme was named as KINGCR (Fig 1b).

Following enzyme purification, dithiothreitol (DTT) was removed from the enzyme solution by gel
filtration through a small column of Sephadex G-50 prior to immobilization. This is to prevent the
cleavage of S-S bond between the enzyme and the solid support in the immobilization process and to
keep the S-S bond intact throughout the study. The specific activities of free KINCR and KINGCR
enzymes after DTT removal were 71.8 and 80.3 units/mg protein, respectively, which were similar to
that of the parent C59R+S108N double mutant enzyme, K1 (90.1 units/ mg protein). The result
indicated that the extended amino acids and the removal of DTT did not affect the enzyme activity.

Immobilization of DHFRs on Sepharose Gel

The amount of enzyme bound to thiopropyl-Sepharose gel was determined by a titration-based
experiment.®® Following incubation of 10 mg of the gel with various amount of PfDHFR enzymes

ranging from 5 to 600 pg, unbound enzyme was separated and the activity of enzyme was determined.
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Figure 2 shows the relationship between the total enzyme added to the gel suspension and the activity
of unbound enzyme detected in supernatant solution. At low amount of enzyme added, 5-40 ug, the
activity of DHFR enzyme was undetectable to very low. With the increasing amount of enzyme, the
enzyme activity of unbound fraction became detectable. This indicated that, after saturation of the
immobilization of enzyme onto the Sepharose gel, further addition of enzyme merely increased the
amount of unbound enzyme and, therefore, the enzyme activity in supernatant solution showed linear
relationship with the amount of added enzyme. The total amount of enzyme bound to the gel can then
be estimated by extrapolating the linear line back to zero (x-axis intercept). This estimation is based on
the assumption that the disappearance of enzyme activity from supernatant solution is immobilized onto
the gel support, thus, the maximum estimate could be obtained from this method. The calculated
specific activity of the enzyme would decrease as the amount of immobilized enzyme estimated
increase. Therefore, it was not unreasonable to assume that this method gave the minimum specific
enzyme activity. It was estimated that the amount of bound KINCR and K1INGCR enzymes on the gels
were 5 and 4 mg per 1 g of dried gel as shown in Figures 2a and b, respectively. The calculated
specific activities of the immobilized enzymes were 27.3 and 21.5 units/mg protein for KINCR and
KINGCR enzymes, respectively (using a maximum estimate value of each enzyme). A more accurate
figure was also obtained by determining the amount of enzyme by protein determination®* following
DTT treatment to release the enzymes from the gel. By this direct determination, the amounts of bound
KINCR and KINGCR enzymes on the gel were 4.4 and 3.2 mg/ g of dried gel, respectively, which
were similar to the values determined by the titration method. Upon releasing from the gel, the specific
activities of the free enzymes (40.7 and 38.3 units/mg protein) were comparable to those of the
immobilized enzymes.

Technique Validation

The general procedure for the stoichiometric selection of tight-binding inhibitors by an immobilized
enzyme is outline in Scheme 1. Inhibitors with high affinity should bind tightly to the enzyme and the

unbound inhibitors could then be eluted from the column for further quantitative analysis and
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identification by HPLC and LC-MS. K; values of each inhibitor in the library could be calculated using
equation 1 ** by mixing the reference compound with known K; value to the library as an internal

standard.

Ki value of inhibitor i, Ki; = [li] [Elrer] . Kirer Q)
[Eli] [|ref]

[1il, [Eli], [Irer] and [Elres] are concentrations of free inhibitor i, enzyme-inhibitor complex, reference

and enzyme-reference complex, respectively.

where [1i] = Peak area of |; in the test . Iy
Peak area of |; in control

[E|i] = Iti - [li]

the total concentration of inhibitor i

i

Peak area of I in the test . lyes
Peak area of I, in control

[ I ref]

[Elrer] = liret — [lrer]

the total concentration of reference

ltret

Since the activities of two immobilized enzymes were comparable, non-modified enzyme K1INCR
was selected for further study. The theoretical expectation of the binding of immobilized enzyme with
the mixture of inhibitors was tested by titration of the enzyme with a mixture of equimolar of each
pyrimethamine (Pyr), cycloguanil (Cyc) and trimethoprim (Tmp).}* Then the amount of free inhibitors
was determined. Figure 3 shows that the concentrations of free inhibitors decrease sequentially in the
order of Cyc, Pyr and Tmp as expected. Using equation 1 and data in Figure 3 at the enzyme : inhibitor
ratio of 2, where all inhibitors share the binding to the enzyme at less than 100 % binding, Pyr as the
reference with K; value of 53.9 nM, the calculated K; values of Cyc and Tmp were 33.3 and 270.9 nM,
respectively. These values are comparable with the previously reported K; values of 42.63 + 6.3, and
242.1 + 40.1 nM, respectively. This demonstrated that the principle of stoichiometric selection of
inhibitors was applicable to an immobilized PFDHFR and their inhibitors and the accurate K; value of

each compound in the library could be calculated by this method.
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Construction and Identification of Trimethroprim Derivatives in the Library

In order to generate the library of the compounds with a variety of binding affinities, a library of 17
trimethoprim derivatives together with trimethoprim itself as reference was constructed based on their
Ki values against double mutant enzyme (C59R+S108N) which was measured by conventional kinetic
method.”® This 18 compound-library was subjected to HPLC analysis using reversed phase column and
stepwise gradient of 15-70% acetonitrile and 25nM ammonium acetate (pH 4.5) and each compound
was identified by LC-MS. The amount of each compound was determined from peak area at 254 nM.
The structures, K; values and the analysis results of these inhibitors in the library were summarized in
Table 1.

Selection of Lead Compounds from the Library by the Immobilized Enzyme

The binding assay was carried out with the excess molar ratio of 1.5:1.0 inhibitors to the enzyme, i.e.
270 uM of total inhibitors (15 uM each) to 180 uM enzyme. Then the bound and unbound inhibitors
were analyzed by HPLC. Inhibitors with lower K; values (higher affinities) competed for the enzyme
much more readily and bound to the enzyme at higher extent than those with higher K; values, as shown
by a linear correlation between % binding to the enzyme from both unbound and bound inhibitors
(calculated from equation 2 and 3, respectively) and K; values in Figure 4. It is worth mentioning that
% binding determined from bound inhibitors were slightly lower than those from unbound inhibitors
which presumably due to the dissociation of weak binding complexes (high K rate) in the washing
step.”* Using trimethoprim as a reference with K; value of 242.1 applied to equation 1, the calculated K;
value of each derivative obtained from the data of unbound fraction was comparable to that measured

kinetically (Tablel) as shown by linear relationship between K; values from both methods in Figure 5.

% Binding (from unbound) = 100 (1 — Peak area of the test (2
Peak area of control
% Binding (from bound) = 100 | Peak area of the test 3)
Peak area of control

The results indicated that this method could efficiently be used for the selection of tight-binding

inhibitors from the library and K; value of each inhibitor could be predicted reasonably accurately. The
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advantages of this method over the free enzyme method*' are that higher amount of enzyme can be
used, leading to a possible screening of a larger size of library with higher concentration of inhibitors
and thus increasing the sensitivity and accuracy of detection by quantitative HPLC analysis. Thus, this
system should be a useful tool for a primary screening or large scale selection of tight-binding inhibitors

from combinatorial syntheses or libraries of natural products.
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CONCLUSION
We have shown that PfDHFRs could be immobilized onto Separose gel via S-S bond with the
estimated amount of 4-5 mg/g of dried gel and could be used for the selection of tight-binding inhibitors
from combinatorial libraries. By this method, both bound and unbound inhibitors were easily separated
from the reaction mixture for further quantitative analysis and identification by HPLC and LC-MS.
Since there was no limitation on the solubility of the immobilized enzyme, the higher concentration of
each inhibitor could be used and a more accurate detection can be obtained from quantitative HPLC

analysis.
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LEGENDS OF FIGURES

Figure 1. Schematic representation of extended DHFR which were constructed in this study a) DHFR-

KMLNEQNC (KINCR) and b) DHFR- KMLNGGGC (KINGCR)

Figure 2. Immobilization of enzyme KINCR (a) and KINGCR (b) on thiopropyl-Sepharose 6B gel

Figure 3. Selective binding of a library containing pyrimethamine (4 ), cycloguanil (m) and

trimethoprim (A ) by an immobilized DHFR

Figure 4. Correlation of percentage of binding and K; value of inhibitors upon selection by
immobilized enzyme using an excess molar ratio of enzyme to total inhibitors of 1.0:1.5; %binding from

bound inhibitors (A ) and %binding from unbound inhibitors (m)

Figure 5. Correlation between K; values of inhibitors in the library from calculated and measured

kinetically
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Figure 2
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Figure 3
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Figure 4
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Figure 5
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Scheme 1 General protocol for stoichiometric selection

immobilized enzymed +
compound library +
NADPH

immobilized enzymed +
bound inhibitors

eluent (unbound inhibitors) eluent (released bound inhibitors)

—

retention time m/z

Quantitative analysis and identification
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Table 1 Structure, retention time, mass and K; value against double mutant PFDHFR of each inhibitor in

library
NH,
HzN)l\N R’

) _ doubl Molecular mass

Cpd P?#a R R Re:ierr;telon mljltarﬁu(nls/l) calculated M+H"
(m/z)
T1 1 4-N(CHjs); H 12.1+0.3 449.8+20.1 243.31 244.15
Tmp| 2 |34,5-(0OMe); H | 13.6+05 | 242.1+40.1° 290.32 | 291.14
T2 3 3,4,5-(OMe); Me 16.8+0.1 520.3+122.8% 304.35 305.16
T3 4 | 2,4-(OMe); H 20.4+0.1 762.2+37.4 260.29 261.14
T4 5 |4-OEt H 21.4+0.1 199.8+20.3 244.30 245.14
T5 6 |4-Br H 24.7+0.1 285.8+47.0 278.01 279.02
T6 7 2,3-(C4Hy)- H 28.2+0.1 222.1+80.2 250.30 251.13
T7 8 |4-Pr H 42.2+0.4 496.5+54.1 242.32 243.16
T8 | 9 |4-OCHx[3,4,5-(OMe)s]Ph H | 433+0.1 | 5.2+0.3° 396.45 | 397.19
T9 10 | 3-OEt-4- OCH,-[3,4,5-(OMe)s]Ph H 46.8+0.1 2.240.1% 440.50 441.21
T10 | 11 |3-OBU" H 50.9+0.1 288.6+£29.2 272.35 273.17
T11 12 | 4-Bu' H 52.8+£0.2 134.5£18.5 256.35 257.17
T12 13 | 3-OPh Me 54.840.1 15.1+1.8 306.37 307.16
T13 | 14 | 3-OEt-4-OCH,Ph H 59.0+0.1 9.741.4% 350.42 351.18
T14 | 15 | 3-OMe-4-OCH,Ph Et 60.3+0.1 60.1+8.1% 364.45 365.20
T15 | 16 | 4-OC3HsOCH,Ph H 68.1+0.1 6.7£0.5 364.45 365.20
T16 | 17 | 3- OCH;Ph-4-OCH,Ph Me 82.9+0.1 80.0+10.3% 426.52 427.21
T17 | 18 | 4-OC3HsO-[2,4,5-(Cl)s]Ph H | 87.1+0.1 39.1+3.1 452.05 | 453.07

2 Data from ref.19
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