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Abstract: For the selection of peptide specifically binding to
Pb**, the biopanning with the commercially available Ph.D.-7
phage displayed heptapeptide library was carried out against
Pb** immobilized on a metal-chelating IDA (iminodiacetic
acid) resin. After four rounds of screening against Pb**-IDA
including negative selections against charged bead with metal
ions other than Pb*" and uncharged bead, several candidate lead-
binding phage peptides were initially determined based on the
order of frequency from the screened phage clones. Of the
selected phage peptide sequences, the peptide of the highest
frequency, CysSerlleArgThrLeuHisGInCys (CSIRTLHQC)
also exhibited the strongest affinity for Pb*" in binding assays
for individual phage clones. However, there was not a signifi-
cant difference in Pb*" affinity between selected peptides when
using synthetic heptapeptides corresponding to the displayed
peptide sequences of phage clones.
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1o

o] FAE 25| gt 5> 94| (phage)®] AJZEH H X
=2l 0] (cell surface display)& 2]-8-3F BFo] 231 7]®H o 9
off =Yt vho] e g2 =2 7] A 9] Aol Aok A9
2] oF A mehA 2] thefRl et = Al F o] A 7]
Aol ozt X3S ThAIZE ol JAE 4= gl A alo] 3
o] thFotA Z-&H L ek AR Fa&o] 2 S 2
o= AR Uiyl HWepo| & PR Cd¥ofl st S B
o] HisSerGInLysValPhe (HSQKVF), Hg?"ol] o3l GlyHis-
HisProHisGly (GHHPHG) A 9-& o] & & 4= 9t} [11,12].

Pb* o] 79 7]29] A FA 2l vio] @ oy 7]H-& o] &3
Eto] = o] BA.L |/ 1 E| 7] okl Qli=d], B Al R 59| Pb”
AA, &2 AAE SlslA et o] &2 Fetol= A Fo]
SHEH, g o AR AA Y AR 2 e FA)
92t A E2HA] (biosorbent) 9] S22 A B8 4= g
Zlolct. whba] £ Aol A= Pb ol el 215t o] =2 3
BlolE Mo A Y S Ao, oA FH T AE
olofl 714kt A5 2l viol L. d 7|2 o] &3 Gich. EFF
Pb** o] 9]of| thE 427} 40 (Cu™’, Ni*', Co™, Zn™) &
i3k negative 2232|153l o4 iy h-ollA BAY
H Hepols FoA thE a4 oo gk wat 34y
(cross binding affinity)o] 22 A E-S vjAgro 2R AeHA]
o) & AL BB ek A mstsict

— e =

10 30 O
8 o

245 X9y
21. 3842 4 WA

& Who] cystein residues FH-7-5hal Apojof] 7742] F&LQ
ofu|leAbO g o] £o]%l 1 2]F FEto] 55 MI3 11| 9] plll
of B2 WASEE LAY 9 BH T ASYo] A AH
(Ph.D.-C7C™, phage display peptide library kit, E8120S)&
NEB (New England Biolabs, Beverly, MA, USA)Z F-€] 9]
31t} 1+A] washing W3 2= TBS (50 mM Tris-HCI, 150
mM NaCl, pH 7.5) @ TBST |5 (TBS -+ 0.1~0.4% Tween 20)
£ o|-&35}9t) 7}A] elution W 3 2= Tris-imidazole & (0.1
M Tris-HCI, 500 mM imidazol, pH 7.5)& ©]-&3} ¢t o}x] =
EZ.5 93} E. coli ER2738 (Ph.D.-C7C™) ujj o) vl 2] = 12.5 mg/
L tetracyclineo] 7} LB "l #] (10 g/L tryptone, 5 g/L yeast
extract, 10 g/L NaC))E- o]-&3}4 11, I x| £EZL v A= 5mM
MgCLE Z3F31 2xYT vl Z] (16 g/L tryptone, 10 g/L yeast ex-
tract, 5 g/L NaCl, pH 7.0)E o]|-&3} %t}

2.2. F& 0] 29 IDA 1143}

T2 0] (Pb¥, Ca¥, Cu®, NiZ¥, Zn¥, Co*) £NL 7H7}H 0.2
um L E) 2 6] 21 PH(NOs),, CaCly, CuCly, NiCl, ZnCl,, CoCl,
2 HE FH] 5 lt) 200~400 pLe] IDA (iminodiacetic acid)
& Al (Chelating Sepharose Fast Flow, 17-0575-01, GE Health-
care)& 1 mL F7,2 33 A A5 1 mLo) g40]2 489
(10 uM)ol| Y 31 overnight incubationA| 7 IDA9] F< 0] 22

A 3gte 545 o] 2o] 131 IDA YA= 1 mL SR/
2 33] A|A% 1 mL TBST 3 (0.1% Tween 20)% 33] Af| 2]
st

2.3. Pre-negative 238 J

NEBoJ| A G913t 1 mLe] m}HA] glo] B ajg] (2x10" virions,
library complexity = 1.2x10%) Zof| A 100 uLZ #|5}o] 900 uL
O] TBS ¥ o] 3145} G1t}. | mL /2 33] A| &8t &
4 o] 20] TS A gk 1 mLe] DA Ato 57 o2
1A] 7} &<t incubationdt 3 10,000xgof| A 5E7F ¢4 &85}
ek, A5 ool o Sl 1) QRS S Helstel 5247
3 titer 243k5c}. 717 ZE W titering 279 S NEB of
oA AAIE Wil whek AAJEEIAL 3hA] titere= pla-
que forming unit (pfu) 2 A &4 & 1t} [13].

2.4. Pb*" o] oj 3 v}o] 2.9y

NEBo|| A A3 %= ] gko] 22 2] 2] complexityZ} 1.2x10°
o|BR NE }2 A Heko|= A AL 3 7ol 4] A
EHE=E 100 copy o] FA Y 4= U EF, pre-negative 2~ 2]
Jol K 2ol ZEH 579 27] w2 2x10" plumLE =
Astglt. o]ek o] 1 mL TBS W 7 of] =591 u}2] &5 Pb*
7} 1 A3FE 200 uLe) Pb**-IDA @) x}&} 1417} 5-¢F incuba-
tion 3}37, 10,000xgol| A 587 YAl 28] slo] Pb*of 5215
A ke T QRS Ao nA ASAT. 1 ok
Pb>-IDA ¢]Z+2 1 mL TBST |7 (0.1% Tween 20)& 33|
washingd}o] Pb> o] B A€l 2 0 & /oFal A S2tE 742 & A
AstAct vpREro g2 500 mM imidazoled $H-5-3F Tris-
imidazole ¥ ¥ 1 mLZ 1057} incubationd}o] Pb**-IDA ] A}
of T2 WA 5 g ST o N 12l aid S ¢
2oL}, 5148 T 2 tierS 2 5 2 Ealo] ohA] 3}
A =22 2x10" pfumL| 2 2A3}3L go| A2} EA3 bj
o m2ES ofalx 22850 Wy AA e oloh 2
o] Pb-IDA 715 o[ § o] 23 BAL F deteE
of AA AAJeFch 24712] 2hg-Eof A] Table 10] 4] 9} Zo]
washing H 3 Q1 TBSTof| &+ Tween 209] =& 9y 2}
SE7hARRo) uet A3 Z7H 2.

2.5. Post-negative 238

A GA Y] vy BT oA A E Po* AsHY mh2] JAE
Zo||A] Pb*7} obd ThE 22 o] & (Ca¥, Cu¥, NP, Zn®,
Co)ell sl Wk ABFYL A= TS AAS 9
post-negative H}o] @ 1 & Al A5} 9t} Pb*-IDA H}o] 5|
Y& AA AdE 25 FE5tL 525 2x10° pfmL=E
279510} Pb 0] 2]9] 4 o] 2o] 22t 1} 400 uL2)
Metal**-IDA ¢ #}2} 3057} incubationd} 17, 10,000xgol| A ¢
AR esHeh T3 R0 s Beld A S thA) ThE
T4 0] 20] TABHE 400 uLO] Metal*~IDA 9] 42} 3057+
incubationdh= A0 & A32JdE A5}t npxjato 7
5%&5 9] Metal*-IDA Q] A+¢} incubationS H5F A X ASH
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Table 1. The number of phages in each biopanning round using phage library against Metal**-IDA bead

Round Target Washing Buffer Concentration Initial phages (pfu/mL) Screened phages (pfu/mL)

1 IDA - N.D. N.D.

2 Pb** 0.1% Tween 20 2x10" 2.1x10°
3 Pb** 0.2% Tween 20 2x10" 1.6x10°
4 Pb* 0.3% Tween 20 2x10" 1.2x10°
5 Pb** 0.4% Tween 20 2x10" 1.1x10°
6 Ca*, Cu**, Ni*, Zn**, Co?* - 2x10° 2.5x10°

of L, 10,000xgofl 4] 57+ 4] efsko] Pb* ol S2kE| 7] ob-e

| £ 549 titerS %3590k Fig. 19] & A0 4
A A hol 2.3 IS EAI skt

2.6. §Elo]= A E B4

REGAE AA A3 H gx oA FHo| gAEY 0]
H Hepol= A BA5H] S8l 2007]9) 544 SEe F
291 = Adesto] 7vzy FEekqlch S&H 2129 5hA|of o
3 QIA M13 kit (Qiagen)E ©|-&3}] ssDNAS 353 &
NEBO| A A|-&% -96 ¢lll sequencing primerS ©]-8-3}o] DNA
A B4 oSttt

2.7. 718 %X fero|=9] Ph** ABHY vl

ofu] At A d EA o] ehirH 20071 2] wHA] & Fo A Hl
=47} 7] bt S700) 98 Aestel 247} SR el
o} 7b7 S5 10°702] 7425 200 uLe] Ph*-IDA AF} 1
A7 &<t incubation 3} 3L 4 2] 5ke] A5 A& A A5G
c}. 0] 39| 1142 Qhof| A 7] &3t 2.4.4 2] A1} F U5,
500 mM imidazole- 33t Tris-imidazole ¥ 3 & ©]-8-3}¢]
PYIDA SUabol BAE B4R S B2 355k 4] titer
SH A 2 w2 24 e,

2.8. '8 ¥4 Welo|=9) Pb* ASHY w|&

W a7h =2 5709 21| o] Heto| = A Ao tfsto] 7-mer
S HWeEfo| & A &S o) F s}t 22 o 7Hd fEtol B
I mgmL 5% & TBS # 3o F8[gtct. 100 uLe| HEfo| =
LS 200 uL2 Pb**-IDA A9} 1A]7F £t incubation &}

Phage from peptide
library

Incubate phage with IDA beads
Callect phages in supernatant

negative biopanning

Phage
Amplification
Eluted Phage _—
|
4

Phage from main
biopanning

Incubate phage with Ca2*,Cu2* N2+, Zni2+, Co2+
Collect phages in supernatant

Phage with specific
affinity to Pb2*

Fig. 1. Overview of biopanning protocol for the selection of specific
lead-binding peptides from the phage library.
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Screening

Biopanning -
(repeat for 4 rounds)
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Post-Negative = —»
Screening

Heto| =2 A5 oz Lelstach 3254 ke Heto]
o ¥ =437 YA florescamine HH--2 o] -3} T}
[14]. 100 pLe] #HElO|= AFG-oH-S 96 well plateo] 7]l
fluorescamine (3 mg/mL in acetone) 8- 20 pLe} HH-3-A| 7]
5., fluorescence intensityE microplate reader (excitation at
390 nm, emission at 465 nm, SpectraMax M2/M2e, Molecular

Devices)ol 4 274519t

3. 4349 %
3.1. Pb** A3} Welo| = 9] gAY

& Tetof] cysteing: -5kl 771 ofw|ieAto 2 Y 11
2] g Febo] =71 MI3 ol HalH ubA] A& o] Al
gS o] g3t Pbiof| MeF 34 e HElo|=
A G- TSI T Fig. 1of] 2 Aol A %183t vio] @ gy
B0 S THA o= Yeloh 94 pre-negative
~38dE Fal P 7t 1A e A] o2 =423 DA%} 1}
Al JAHE HEAIA IDA ZAHA| o] 23 & Hol= A&+
A AT o]+ FHEZH Q] P 7} obd, A SHE $3) o]
&5 IDA ZHA| o] 213 & Hol= Petol= &S A
Asto] o] 9] Hio] @ afjidof| A Hovt =4=5HA| &
Ho| = kA2 B /] e Alolch. o] 2 A dojxl 3
35U F FEE 2x10" pfumLE 2745} =] (Table 1),
o)z g o A] 7 Meko] = AW X243 100 copy
olate] THA| 7} EA SRR Bo] PbUE QKT 4 Sk F
o %2) T2 2 2157 A oIk Phol chat s

sheso] A7 Aol Mefol o] 228, Azl

AL sk weto| 2] A7, 22E g8 Wefo|20) 5%
A2Leld 5 9] WERAR A 3L ol ool 2
319 Hol= HEro| = A S A5t o] uf Pb*o] oF
oA S2HE A& A A7 913l washing H Q1 TBST]
Z3+E Tween 202] =25 2= 7] X3 = of whe} Table 1
oA At & 0.1~0.4%714] S7HAZ =T, o= 4 2
=R 74 o] FolA L A5 AEHoE B
2]3}7] fJaAolct. 28k Fof :}HA] titeri= 2.1x10°7] 2
2aeygo] FAE 27] 22 o vlsf v A2 AT}
Aozt ol HA| grol B gfg] FofA Pb¥ol HsH&
Ay = Fepo| =7} AlRHA & Urebd T 3~5ehEEofl A &
Yu= A Y sk A e EoA AHE 02 & FHst

& A

2 N8 £
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Table 2. Amino acid sequences of Pb** binding peptides obtained from 197 sample phage clones after biopanning

No Amino acid sequences of peptides Frequency of each sequence
1 CysProAsnSerProAlaProGInCys (C PNSPAPQ C) 10
2 CysProThrThrLeuProHisSerCys (C PTTLPHS C) 34
3 CysGInGInLeuProArgGlySerCys (C QQLPRGS C) 55
4 CysSerlleArgThrLeuHisGInCys (C SIRTLHQ C) 78
5 CysProAsnSerArgAspMetLysCys (C PNSRDMK C) 5
6 CysSerSerSerAsnLysThrThrCys (C SSSNKTT C) 2
7 CysMetHisAlaThrArgGlnAspCys (C MHATRQD C) 2
8 CysMetLysSerSerHislleThrCys (C MKSSHIT C) 1
9 CysSerlleLysAlalLysAlaAlaCys (C SIKAKAA C) 2
10 CysLysHisAlaSerGluArgLeuCys (C KHASERL C) 2
11 CysProSerValThrThrProHisCys (C PSVTTPH C) 1
12 CysAsnAlaHisHisProlleHisCys (C NAHHPIH C) 1
13 CysProProSerGInArgGInGInCys  (C PPSQRQQ C) 2
14 CysSerProlleMetProThrLeuCys (C SPIMPTL C) 1
15 CysHisGlyAsnlleProArgMetCys (C HGNIPRM C) 1

Sum 197

o] U o] T2 S A Asto] A2 HES
oA FAI8FAL, o] &= Qlsf 3~52h- =0 i of| 4] AE
a2 €] A4 A 2 ~107) 20| 4] Egiek.

opz) ek A & Pb* o] 2] thE 27} F40]2 (Ca*’, Cu”,
Ni**, Co*, Zn*"Y=o| th3l negative 232 J-& £ o] 4 g}
STo A HAE FEfo] = Foll A Pb* o) tfgh e s}
dol 1 thE 55 o]0 it wA} FsHdol A2 A 4E
of 222128 Akl o FHol AL 27] 32| Yol
FAE 2x10°7) & kA 9 3ol B8 1/1002 &1L,
Hig of] Me*'-IDA bead 2] H.u] = 2uf| 2 3F O 2 4 negative 2~
Aol &% Fdistetltt. & 72 2] 27kl H] 3| Me™'-
IDA®) oo] o LbE 2 5hA|7} ol &3} 15 4 9l
713]7F E o U A, Pb* 0] 9] 9] F&ofl A 3HI& Hol= k4
S Az wiAIAE 5= A A SR wesiith 194 9
pre-negative 232 W x| 9} 9] post-negative A~ J A
2 A 7HA 9] A2 2l vieo] @y Rl S0l A A A A o
2 A ZEZR ok gl A E = HEro] =2 Pbrof o gl
A e S A 71 F5 AN 22 S22 7] 5 7] 2A4]

O RIFES FA7I7] A% g 2oleta & 4= Al

3.2. qe}o| 9] ofu] At A E £ 4

HFHoR Aqe Y 5] FEA FA R 20071 E A
g 5lo] HEto| = M E B4S A A8}t Table 2] 23S
% 2]+l =H constrained 2to]H 22| 2HE S 7| ofE
of & Eof & Cys residues 2335l it F 15742 ¢
A &2 ohE HEte| & A go] Yetstetl, 53] 1~4¥7tA] 9
A dol 712} 10, 34, 55, 787 2 FES| A HAE T} o] A
o] vlsl 2 Aol A= Bl E FEE A4 (2007)2] T}
A A=pof tf 3l opu] Ak A D& B35S 7] wf Eofl A o]
AFe= w3 A0 2 F54Hrh CSIRTLHQCE o] Fo]%l 4
W Hefo] BV} 71 w2 R 2 A Gl 7|20 2 &
70 Cu™, Ni*' 5ol 218H4d& et 32 Q] ofv| At
2l His residue= 6% )] ofl 17]9F 24819 20 71 9]of 21
HEelo|Eof| A 611 ¢ A of His residue’} 17 2HAE T} E

3t 0 W 8XH 9] A9 constrained loop A4S 93l 2XH
Cys residueE | 2] 3t U= %] 77§ ofm] = AFe] 92" homo-
logy, 73t o]l Ake] W%, £ 3}E olu| - ALO] charge &
oS HENE O, o] T 1A R ZE=Pb ol 2
3}4] 91 consensus binding motife] & & 1}ols}7]= o] H ¢
o} 37HA] S0l -2 A FwA of] AHE-E A 2007 2] A
Z 5 o 89%E AHAIRE 1471 FEto] =98] A9, acidic ofv]
o4k A E5HGL AL, basic ofr| Al S A] A E TFE e
Sof Hlg) P4l A2 2 x5 2 0 & Kol Pbrof gt
238> AR 74 A 224G o8l A& 7] Kotk g
EfolE 9] 122 EAof 7]Qlst= A& Ktk 4%
T AUtk

3.3. A8H Wehol= N g o] ABY vm
Table 2004 714 W =47} 7 WA E 1571 o] geol
= Aol HaE shH 22 47 2 T, 14 A
of 7H4:2 1072 Q31| 24 5he] 212} Po-IDAC] &3¢
A7 el A et o] FHE wA o] A%E ZA st
Fig. 20l HErTh. Qo4 ALAIGE & 5hA) eho] vafe] 2
RH EUsine wx) E3ES o83 Aol AT, of 7 A
5% Hetol= o] tladlolsl S43h x|z A
A€ A E A g S B Wbl = A A2l 2
sl 2712 AetA| v 3 5 9tk Fig 204 B v}
20| Table 20 4] 71 ME7} 9kd 4 Hekol= A4
o] WA ABHE HANAE 7P & g HolF: 9l
o APl bk 3o W of Qi HEfol= o] Ao
wheh Z480] ThE 4 9O [15], Table 2014 B2 W=
58 89l upx] 229 Feto] = A Qo] BLEA] Pl 74
e Askel S ATk w4 gich 28U Fig 20
A ) A42 BAs] 24T F dof, PPHIDAY &
2] 544 o] R Table 200 4] 23 WESE 7| S5k 4
Efo|= 43} EUmE 2 o704 o] Fojxl upo] 23]
S

ahx] o] o] A% d o] 5l Heto] = 4 d-L o ke Cys
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No. of bound phages (x 10°)

3 I T I Y

1 2 3 4 5

Phage clone

Fig. 2. Comparison of Pb*" affinity between individual phage pep-
tide selected from 6-round of biopanning: 1, CPNSPAPQC; 2, CPT-
TLPHSC; 3, CQQLPRGSC; 4, CSIRTLHQC; 5, CPNSRDMKC.

40

30 4

20 -

% of bound peptide

10 1

1 2 3 4 5
Synthetic 7-mer peptide
Fig. 3. Comparison of Pb*" affinity between individual synthetic 7-

mer peptide corresponding to selected phage peptide: 1, PNSPAPQ;
2, PTTLPHS; 3, QQLPRGS; 4, SIRTLHQ; 5, PNSRDMK.

3 129 P20l B 7] T-mer Weko]

A= %%94 R MM S A ESH] 8l 1~59 Hgfo| =
3 mer Efo] = g4 o] 83 1

She 248 skt 28004 A4 vhe} 7o)
FEfo| = Gol3} Ph-IDAS HEAIZFT A5 Fof dot
Sl Mo 20| BES Bajalo] FaE Wefo| =] ok
mass balance® ¢t 2 15 Fig. 30 YelW T TR 29
o Fig. 29] 2181 .41 Aaleh De) 4 Wehol = A
o] AtjA Hstel 27 gttt o] 8= Heksla] ot
Fig. 20|14 Heho] =7} 7] QJ2je] Sl bl oLz vl
% Aol tfat 10| T, o1 7] o A= free HEFo] 27} A}
|50 HEto] =7t F450]- 23} 3 5351= contextual environ-
ment”’} th=th= H& A48 & = 1o} [16]. Chen 5 [16]
o] Lo A= QCM-D&} Z+e thofsl B 2| S £ 935}
of free FEHo] =, 0}A] H &g o] Efo] =, Lacl T2 2
ot ﬁ,ﬂE}O]‘:—E— H] 23} metal oxideo]| that Fefo]|= 2] 21
St Hj1E = 38to], 7-mer YEfO| =9 Xste 1}017} !

Ehol = o] 4 Wt o} T2 Exof o3t 2
gk glch. whebA] £ ATLo) A dojzl Wkl = A B
oF A8k AskE B7He Teat At vt obd A
4 )5 ol g ALY BAHE B3 54 A4

AYE o Aot

oz 274

b

=R

2

e FA717 %’4311 negative A8 ¥4
WA g vre] ey 7]H& o8-k sz*oﬂ
201 Bheln A48 BAA A chelit A
AR A S0 fetol = FolA 714 Ee HES
CysSerlleArgThrLeuHisGInCys A o] 7| 2] 2l u}x] &
o] &gk X3t BA A= Pb* ol taf 717 7hat ?ﬂﬁ}iﬁ.%
Hele} vhdof oF el Cys residue7}t A A # 7-mer 343
FEo|= §o& o] g3t ATE B0 E AT o] 9]
£ FAsHA Kol A ohsh=tl, uhA] ol v AEolH i
2} B Efo] 29} frec HEfo] = Afol o] A5l 20| Aol
ol o] g2l Aoz Btk FRFoR AT H 2} W}
o] = 9] ofu]le Ak Al H A o] A & acidic oFn| = Ako] A &
7 g baic ol o] 4 0] 2SIl el
Pb*o]] 3k M 3}A o] A A7 - Az LRt L7 EX
of 7]18t= AL Zﬂ Foh 2 Atoll A A=Y H e
o= A o] wef geret Mok Bohe Bk Wteh 2
o 54 Qlas B4 walHop 3 A0 melt),

ol
—~

r°1‘
AN ggL'

AL i

mlm
H‘U HI 1% oXx H'l

o 2 o mlo tu

A

o] =E.2 2008U & AH (2L
A A o] 2] H-E who} 4=
2008-521-D00230)
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