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Abstract — To clarify effects of the structural changes of Fur protein on the resistance to metronidazole (Mtz), the muta-
tional analysis of structure and function of the protein in Helicobacter pylori (Hp) was undertaken. It was identified that some
changes in Hp Fur protein resulted in increase of resistance to Mtz, and other changes resulted in decrease of resistance.
Increase of Mtz resistance came from the enzyme's decreased ability of reducing prodrug Mtz to the form of bactericidal
agent. Some sites that affects Mtz resistance (i) in Fur's N terminal extension, and (ii) in its central region, which links DNA
binding and Fe-binding modules were identified. It was also found that the addition of FLAG tag to Fur's C terminus also

significantly impairs Fur function.
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Fig. 1 - Unique and conserved sequence of Helicobacterpylori Fur protein.”®
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Table Ioll VRGO 2} 3#5=2] wljfolli= 71322 0% brain
heart infusion agar(Difco) B}<]°ll horse blood(Invitrogen) 7%,
Isovitalex(BBL) 0.4%, vancomycin(6 jig/m/), amphothericn B
(8 pg/ml), Trimethoprim(5 ng/ml)= 37Fske] ARE-SFITHO] 8}
BHI agarel 3. EAmolA] Adks flel Heeof wet BHI
agar B]#| ]l chloramphenicol<- 15 ug/m/ &%, kanamycin<
20 pgml FE= 7Fsto] wieksiion 1 AlRE Sl Mtz
& e wet bgeket wE% Hrkste] ARgERit w2 Hl
372 37°C wllF71el 5% 0,, 10% CO, X 85% N, 7F~5

¢

Aol Edwele] s1xlel wet Mtzell that A7 d/44
] spectrums TS 817] f1sto] ov] Mtzell that i

Strains Genotypes Phenoypes ref.

Hp 26695 #1.4 wt fur rdxA-, frxA-, mdaB-, ribF- 190R/220S 14,17

Hp 26695 #1.4(delata-fur) Delta fur::kan was introduced into #1.4 160R/190S this study
Hp 26695 # 1.4 wt fur-cat cat was introduced into #1.4 190R/220S this study
Hp 26695 #1.4 wt fur<R3I Hp 1027(R3I) 220R/250S 14,17
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Table II — Primers used for H. pylori gene amplification. Italicized means complementary sequences that served as a tail for 3 fragment
assembly. Complementary to the Pylori Gene coordinates listed

Pylori gene

Target site Primer name coordinates (553 Sequences (5'—>3")
Sfur flanking x5K-F 1089716-1089740  cct taa ttt agc cgc ttc ttg ttt g
region x4-R 1091135-1091115  ctg tag agt tgc attg gaa ttt gtc a
fur-cat Clx2 1090706-1090682  atc cac ttt tca atc tat afc cca tta aag ata gec cta tct aag c
C2x3 1090682-1090706  ccc agt ttg tcg cac tga taa gct tag ata ggg cta tct tta atg g
Nfier-kan kanF x6 1090210-1090184  atg git cgc tgg git tat cct gat atc ttc ctt atc cgt aaa atg a
aphaR x3 1090682-1090706  tta ctg gat gaa tg it tag tac cgc tta gat agg gct atc ttt aat gg
Are3 random R3n-F 1090193-1090239  gga taa gga aga tat cag cat gaa alNN Btt aga aac ttt gga atc ca
8 R3n-R 1090239-1090193  tgg att cca aag ttt cta aVN Ntt tca tgc tga tat ctt cct tat cc
Flag ta R2A 1090661-1090640  ttt atc atc gta atc ttt ata atc aca ttc act ctc ttg gca ttc t
& g F3A 1090662-1090697  gat tatt aaa gat gac gat gat aaa taa aag att tta aaa aag aag ctt aga tag ggc tat
kanF gat aaa ccc agc gaa cca ttt ga
aphA. gene kanR ggt act aaa aca att cat cca gta a
camF gat ata gat tga aaa gtg gat aga ttt a
cat. gene camR tta tca gtg cga gaa act ggg

d A7 woldl 34 wilES 2hal Qli= Hp 26695 #1.4
(rdxA", frxA", mdaB", ribF", 190R/2208)Z A}-8-31% c}.1610

Hp 266959 XX} =&t

Hpol & #AEAARl Fur w49 7153 47 9l8) oF
A fur A knockout A7 EAWOAIE wHEo] FHA
$121319] recipient cell & AF-3F 0 W Fur ¥ N-dtho]]
random mutation =%} 2! C-Zde] FLAG tag =% s7]1$Ist
oS FRAARY] A9 AR ks Al 7] $% &
203 chloramphenicollld 74121 cat genes marker %1
A2 wild type fur +AA12] down stream $JX|ol AkQlale] A}
L3kt = AFof ALE-3F primer + Invitrogen(CA, U.S.A.)
Aol 3] ARES1S] 0 Table IOl ARE-8t primers LER
itk

Hp 26695 Afur:kan S9HO0[H Q] M= - Tan'®? 59
Aure AB :: cat AZ9} FAFE WS o]gsto] AlgtEAE A
3k 931 PCR 715 o] §3to] Azttt fur F2¢
(HP1027)E ¢+73] A3} kanamycin resistance cassette
(aphA, plasmid pIP 1433)2 =437 93t fur 34
flanking regionol] 3ld&R= primer x5K-F&} x4-R, aphA +3A}
2 =37 98l primer kanFx6%} aphAR x3 %! kanF %}
aphAR(1402 bp of kanamycin resitance cssette)E A}-E-3}o
PCR A= A(upstream region of fur), BlaphA) % C(downstream
region of fur)g Zt7t T% F 371 PCR At=S $7Wiel
primer x5K-F¢} x4-R& o]8slo] A F5ato] z3tal3ich

Hp 26695 wild type fur-cat SQHO|H|2| M= — oy
Sur ARl EAROIE A5 & EARNOAS] G821 AtE

3}7] $151] marker -2 A& chloramphenicol resistance cas-
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setteS fur A downstream &kl 4Q18}A} SFAT), Af
231 primeri= fur -7 A} flanking region®] 3|&3}= primer
x6K-F} x4-R8} cat 74 T53817] 918te] camF$} camR
(Campylobacter coli plasmid C589) W c1x229} c2x35 A3l
t}. PCR AHE A(from 500 bp upstream of fur to entire fur
region), B(cat region)2! C(downstream region of fur)s ZtZ}
Z% 3 3709 PCR A= primer x5K-F&} x4-RS ©]-4-310
A A} FFste] 38l

Error prone PCR

fur A7l SAA7E ohd AAFAA ] T2 Btuo]
£ FUShL 7 delAle] Miz el a8k Sast] slstel
error prone PCRE th&-3} o] AX813Ith2Y PCR wh3-2 20
f mol wild type genomic DNA(wt fur-cat), Z}Z} 30 pmole2]
primer(x5k-F, x4-R), 5unit 7a2gq polymerase, 0.2 mM dGTP,
02mM dATP, 1mM dCTPR, 1mM dTTE 0.5mM MnCl, 10
% PCR Buffer [1x buffer:= 7mM MgCl,, 50 mM KCI, 10
mM Tris-ClpH 8.3)]2 $Hi3t=5F 9o 94°C 1023+
denaturaiotn 5-, 94°C 40%, 55°C 40%, 72°C 2 min g2 30
3] RHE AA] - 72°CollA] 10811 BB - F4sISict

PCR HI30|| 7|=5t Fur tHY NEEo| Z0iH0| & CHtt
Flag tag =¢!

Random mutation % P2} fur 30448 545918 293t
o] EAWolE Eqlstaa} siglom 1 FAR9RE N dde]
S gdsh= 3 ofr| ARl arginines A EIEIITE o]u] WA
ohu iRl Arge] Tlew WolH 739 oM F w10 Mtz Ulg
o] Z7¥st Zo] BRIE g, 1Y wepd P59z dejxl R3
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fur-wt cat
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\Mutation containing primers; overlap by = 20 bases
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fur mutant alleles; overlap by = 20 bp

Assembled PCR product with
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Fig. 2 — PCR-based site specific mutagenesis of fur. The following four primers were used; primerl (x5K), 2 (R3n-R for codon 3 and R2A for
flag tag) 3 (R3n-F for codon 3 and F3A for flag tag), 4 (x4).

5 712 3= 3ol theFe obv] iAo WskE Mtzol] thEh o
A2 W3S glsluA} 319tk Random mutations %218}
A} fur §7419] flanking Gl |IS= primer x5K-F9} x4-
R} mutagenic primer?] R3n-F 2 R3n-R& A3t} o]w)
codon 3°] nonsense mutation®] %= ZS 713t WS 9
3l 3HA codons NNB(forward)/VNN(reverse)= TJA}Ql 3}
Qo Fig. 264 Hai= 313} 2> PCR W o= EWolAlE
THESIth. ¢ Hp Fur ©9i2e] 2] A 5422 FLAG
tags fur AR Cdctel] ARIeE EAMOAE w30
o] WolAlE o] &l C-at M3y} Mtz IS vlwste] C-&
) 715 dokR izt siSitt. Flag tag A4S $13t primere
x5k-F&} x4-R 2 R2A%} F3AE ARE3IATE

Hp 26695°| Xtod && FMgt

Hpel FA4% tha3} 2o IsraelVe] WS wgslo] =
A AAE-S AAEIT, -70°Cell X33k AW recipient T+
Z(Hp 26695 Afur::kan)= BHI agardl] E'da}ar w|5714 Al
of| A 37t wliFsielet. & At #-5 AR HiA|el &7]3
SHEERE A wleksieint. tad A ekt 755 looplE ol
% A= BHI agar plate®] 4ol 4~5cm 274 7|2
% 4~6M7F H= wlokslo] exponential phaseZFA] IS ¥
3= genomic DNAL} PCR 4HE<Q1 mutated DNA ~1 pg
< competent cellZ} 2 Z3F 3 over night WISt T
455 A% PYAE TF3 A8 uiel] =2 F 2~34 3

= vjoksha HAAEA Ao AL BRI

o U i Lo
2 ad rlo

Mtz X{&tao| =X

Mtzoll thst #8432 EOP ¥ ol|'® wle} AAskgi}, -70°C
o B¥slal Y Hp ¥+5 MtzS ¢33kl A %2 BHI
agaroll 32 52t Wik 5 AZ-9- drugfree WAl TFA] Althat

10X 100X 1000X dilutions

none

allele

furgs,

furwr

220 pg Mtz/mL

furR3,

furwr

0 ug Mtz/mL

Fig. 3 — Semi-quantitative tests of Mtz resistance: efficiency of
colony formation by single cells. ~20-fold difference in
efficiency colony formation (eop) on Mtz 220 agar. No such
difference in eop on Mtz 190 agar (not shown).

o] sk O wijekete] g FAlell ARl g7 A%
= 25+ Hp 5 PBS bufferel] 108 A|Q 84sto] BE &
AALL] 7S LERS] Mtzg FHet vl 10 w353t
o] w|57)d MR elA wlieFetltt. 2 T 4133 o] B
& #9 7 FAALE spottingdt Mtz T plateol| A A}t
colony A7} 10 743k Mtz 555 754 558 243190
tHFig. 3).
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Holx|e} 1 Mtz W] BAIE vliesl?] $138te] error prone
PCRE AASFATY, fur 74} upstream 9% 500 bp, down-
stream 9%} 500 bp FEC] A7IME FAMSS 2L Q= Error
prone PCR 2FE-8- Hp 26695 #1.4 Afur:kan(160R/190S) v+
of 7)Aol 7123 AA33 A g $ chloramphenicols
15 pg/mi $Hsk= wijx)el] 3931 wijeF 3k3IT}. chloramphenicol
w2 e A 2kt He 3071E A9l 2 A § kanamycing
(20 pg/ml) 333+ ¥l 2} chloramphenicols 15 ug/ml -3k
wj#] 9 Mtz 200 pg/ml =2 33k wi#|] streaking $-
kanamycin BJA|ollA+= A}2FA] 3351l chloramphenicol BiA]of]
ARk 2ht A= F Mtz 200 pg/ml oVgelM At EFE fur
Azpe] =awolel ogk Mtz A@A ] S71e] A¥w wdsiar
ok Addel ARSIt T2 2 A e HEe] 99% o) do]
kanS/CamR®] EHFS vFEhlo] A7 frAdell 71538 3
AHsle] g84do] e & = ALt Error prone PCR Y
of eJalf Mtzell thgt AgHAo] S7ket EAMolAlE Adstaak
silem wEbA] oWE fur d7F YERE Mtz U Eoh =
& FE(190 pg/ml<)PlA k= 55 Adsto] DNA 971 A
Aol WslkE gRIsISit). 1 A Fig, 49} 22 =dvolAlE o
Rom 7} 3t=2] Mtzell tigh phonotype 220~250 ug/ml 73
o) H91E vERE 2S¢ ASITE wEbA Fur daie
E45-919] EdHol= Mezell dist A3HdE S7HA 71 2
& 2= Qlolth. £3) B23 target site?] N-terminal arm® %32
749~ 71 R3I mutant®} A3+ R31 EAHO|A7} error prone
o] Al 1577} E5E 0 SuEA E8K(220R/2505)
o] HolAlE Atk shd A A¥ Mtz Udo] S7kst
ZAHo)A%F Fur®] DNA binding domain®. & ¢&x 3+ 57
(K57T), Fe-binding domain®.% U&7 FE38(R38H), 40
(G40D), 41(T41A) %! 95(E95G) WA olw] - ko] Wgk &l
OJAIE Ao ol furd] AWl A% DNAA Sl J3F
& "X EA] B Fe-binding -0l w2 DNA-binding &£2
Hslo]] 7]Q18te] Mtz E/d3lell Holshs a0 &8 24
7}19& /\]_JEJ_%E]_.IS,ZZ,ZB)

WT K57T

100 130 160 190 220 250 280

Mtz® (ng/mL)

Fig. 4 — Error prone PCR mutagenesis of fur and selected for
hyperresistance in many steps. Fur alleles have varied
quantitative effects on Mtz resistance. Mutations located
near: Fe-binding site (R38H, G40D, T41A, E95G), N-
terminal arm (R3I, E8K), DNA-binding domain (K57T).
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Fur EHHZES| N 2t codon 3 & C LEt Flag tag £

Mtz 72 2 AgAde] vX]= Fur @94 ¢] N-terminal 4!
C-terminal®] PS5 17| 913te] PCR W= ol8sto] fur
AxF N weka) C-ddk E4%-9o site-specific mutations 2
Al8F{TE Hp Fur W2 7]8] tigatolu) frie gt
A B g YlE & 9 opn Ak o] 2t Qle A1E N-
terminal arm= 23l 931 whEbA] B Ao A= o] g N-
terminal arme] owgh oJghs sh=AE Rl flste] =4
WHolE f&3al 71 phenotypes Mtzell thdh A4 2] Wste
gelatarx}l &193ct. Error prone PCRS %3t random mutation
°] A7} N-terminal <ol theket EAMo)AE =] J35i3le.
v E534 ol AQl R3S A FE3 Arge] lleC =
2] Wzt Mtzell digk Ui ] wiskE JERIS7191(220R/250S
vs 190R/2209)*17 921 34| oh] AR ArgS: targetO = &
Aol & AAEA T} 4 codon 39 arginine $1X]7} stop
codone A& RE ofu|izAito] 385 X E(AGA—NNB)
mutagenic primers A% 810 (forward primer®] R3%= NNB,
reverse primers= VNN©Z designd}®] stop codon®] 4= 7}
F4 A}, wt fur-cat DNAZ template® PCR ¥H-$-%
A Z fur 5} upstream %3 500 bp, downstream % ©3
500bp A=2] H71MD fFAMIS 2l Sli= PCR A=< Hp
26695 #1.4 Afur:kan(160R/190S) v+ G7]HAMIel 7] =3t
AFAP A $ CamR/KanS H2he F21$] AEste] opgd
w79k 3 Mtzoll st 74 AlS AAlekal folAd e
#72 A7IMES ERISKIT. 21 Ank R3S(130R/160S)4H U]
ol dA3] Fadt EAHolA 9}, R3G(160R/190S), R3D
(160R/190S), R3T(160R/190S) 5 null mutant®} A3 gL
UERE EdWolAE A%tk =8 R3P(190R/220S), R3L
(190R/2209)%= wild type¥} 5213 U<, R3K(220R2508),
R3I(220R/250S) 52 wild type EU} Wido] 5718t 28 &l
3t} ZF N-terminal =AW o] A2] genotyped} phenotype
Fig. 59 YeR3ItE & N-terminal 9932] 334 ojn|Ake] W
sh= Mtz WAol a1 95 vehlis 2s &+ ATk gt
A Fur @49 & 2] JAE 524 0% C-terminalell Flag
tage =8karA} slglet. Bk o] ©]851e] C-terminal?} Mtz
upde) AAde Bt stk Fur 982 9) C-terminals Fur

hd}

A WT
R3S RBP R3L R3FR3K R3I

10 40 70 100 130 190 220 250 280 pjiR (ug/mL)

Fig. 5 — Spectrum of MtzR values for several R3 fur alleles. MtzR
values (ug/m/) were determined as described in materials
and methods.



230 Douglas E. Berg - 3%

dZo] dimerization®o] 143 755 LEh=t] A7 A0l
3h2Y wbA] C-terminal®] ¥o)7} oJ€A Furdl 7)%
of YIS A=A Mtz A 0= vlwekglct. 12t} Flag
tag 12l A7} delta-furd} FLgt, fur oPYF R} P do] Tha
3k 218 Flgk 4= 919191 (160R/190S, data not shown) ©]=
flag tag AF3lel ©]3l] Fur ©¥4e] dimerizationol] S w2
ZoFE Attt o R 7 AT A7) AyE b}
Foi PCRY 7]x3 thofst EAMolAlE #1223} (DNA
binding site, iron binding site 5) 723k} 7|59 BAE A
T-510] Hp Fur®] MZ-8- 227 = (reductive potential 5) 52
W] Hp a7} AREe] 13k Azl Azlstal Aws U5

& 9PgelM Fur Solaske] gabd s waidt g,

i

-/

24
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Hp?] AAEQIARR] Fur Whde 71 3ol 71E g+t
ouf TRV B ARduatihs A 0R UE 540
2 2t glom & Aqtola= olelgl AR J9F N
9] 71%5S RaAF 319 th Random mutation @ site-specific
mutations F-3F EIHOA Az 2 Mtz UPJ o= 2RIgh wdl
Bel BAg Safo] o] Yoo BA opn|Ate] WMk Fur W&
WA o] fAx 24 7-el| FEE vXE A IRIE AN
th = Fur ©9de] wo]7b pro-drugdl MtzE 2]
bactericidal hydroxylamine©. & A1 3}A)7]= 34 oA redox
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