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o= RTWEH (A4 T4 7)) ko TRESNA, LIPL, AFAT425
DEBRERIL, BHOoPTREdbol. ATAT4 VY FOFHEE, T CUE—0F54F
I/ A2 & - T, Ecoli RNA FY * 7 — ¥ R 1 P.putida ® CamR 12%F L CREB S T W
5. ZORO—FFHER, DNARKEEBEIZEX, AT4 71 7 PRI~
BRELBEOHFIIESLTWALDE RNARY X7 —-¥) | BEOE5IHH
EHLEPIZKENVDD (CamR) P¥HBHILERLE. BEOYA 7T}, FERY
WMUEASEL L, ATAFT4 V7L > THREL D DBESIMESNLOT, HEDW
BT 2 BMUSB L2 s. COFBBMIM AR LzE 210, BRI
TAHABEMMUA LR T2HRET Y F PR L BT

AR TE, AFATA T8 EBT7 T FhROFELERE LT, KBS TrpR OF
EEBETHIEERLI. M)V 77 VEAEOEE) L v —Td5 TrpR (3,
FREM, o%h, HFROSMISET 2HMEOE ST AEFROBAOFNO LIS
#4200 THHEINREINTVS, TrpR PRERMFALICKETE 00100, KBEERD
FEH RN O 10°~10" % T DL TE - 72 3510,000 2SHFEHNO T €L L THE
EEzZbNA. LAL, #MBRAO TpR ® 22—, H100 L5TESh, TpR O E
RHESICLEL -5, 100D RRETAHI LIRS,

TrpR DRI EDME BIRET HERTIE, 7V 7 THRIFIRE N2 42bp 0
DNA MTH RV LN T iz, it T, invivo DERBAEMOBRS ZRBL TV w
A B A, DL, TpPRV 100U LD 7 v 7 -8 224 61, EBOERY
MEHW3IREL B LA, CNERAET B720, pOECRLIEID
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7z, FOFEE, 18bp ° 5 5200bp THWIMEDT T FhEMNSH I LATREINT. o
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THHRE LW LEPRENT:, o T, TPRDT VT FIREATA T4 72 ko
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Summary

Biological significance of sliding motion of DNA

binding proteins

DNA binding proteins function by binding to a limited number of specific sites on DNA
buried in numerous nonspecific sites. Such specific complexes can be formed from
nonspecific complexes via sliding, one-dimensional diffusion along DNA. The existence of
sliding motions have been proved by direct visualization of single molecules of E.coli RNA
polymerase and P. putida CamR. Biological significance of sliding, however, is not clear yet.
The single-molecule experiments also showed that these two proteins slide in a similar manner,
but RNA polymerase mostly slides upon dissociation from its specific sites, while CamR
seems to dissociate from its specific sites directly into bulk without any extensive sliding. For
a protein like CamR, sliding accelerates association into a specific site more than dissociation
from it, resulting in an increased affinity for the specific site on a longer DNA. This positive
length effect is here named antenna effect.

As a proof of the existence of antenna effect due to sliding, I here solved a long-standing
contradiction of specificity and copy number of E. coli TrpR, which is the repressor of #rp
operon. The specificity of TrpR, the ratio of affinities for specific and nonspecific sites, is
about 200, so that a copy number of 10 is required per genome to occupy its 5 specific sites in
competition with 10° non-specific sites. However, the actual copy number of TrpR is only
200-300/cell, seemingly contradicting to the fact that TrpR is the repressor.,

The specificity of TrpR has been determined by a short DNA fragment which may have
little antenna effect, suggesting an underestimation of its specificity. If TrpR has 100-fold

antenna effect due to sliding, the contradiction of TrpR will be solved. To determine the




existence and the amplitude of the antenna effect of TrpR, the affinities of TrpR for the same
trp0 harbored on DNAs of various lengths are determined by hydroxyl radical footprinting.
The affinity was enhanced by 10 times when the length was increased from 18bp to 5 ,200bp.
The observed amplitude is large enough to increase the specificity of trpR to a level in
consistent with the small copy number.

Antenna effect is also e_xerted by a second protein-DNA interaction within a specific
complex as well as sliding. To determine which mechanism caused, 36bptrpO fragment was
connected to 232bp non-specific DNA by means of avidin-biotin binding. In this way of
connection, which blocks sliding but not the second interaction, the antenna effect (otherwise 9
fold) disappeared proving that antenna effec.t of TrpR is caused by sliding.

The obtained results demonstrate that the biological significance of sliding in this case is
saving the copy number of a DNA binding protein by means of antenna effect. This saving
mechanism will be beneficial for proteins like TrpR which is not always required . The newly
found antenna effect due 1o sliding is "an action at a distance” and could be implicated in many

gene regulatory systems .
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1. #5

DNA f&&HE 2, DNA EOFEDIMVICHESG L THENEGHEERL, &
EFRAOCASICEbL> T ab, HlziE, RNAKY X —5—¥ik, DNA Lo70
E— - LBEEBEREL TEELTY, V7L vy —&AKE, 70t—%—1{F
AORRWGENL (A <L —5—) CHELBETORFALAMT L. Shild, BE
HHOEAH LR TH L. AT, EREHDNA LOBRNBLIHEEGL TS
B3, XRAESEERITC NMR 3 AV CRNIBICBEShoo5h 5. LiL,
BEOGEESVETESNDEHEE, LDL5LbDTH» ) . DNA LOFERNE
MNICEBHIES LESEIERT 201X, BIIIhLDBREBERIZLADLD
ThHsH M. RFFETE, EAEFEOHE A = XA THRWIIC L) ED
(rxeBETLENTITORL.

EOAVRENESHROEBRICELERICE, FERNESEIPRREL LT
FEL, ZBOEFVIHPREINRTYS (Fig.l) . £, EALEEOBYE
LTHHOBETHS. £__13, AFAT4A Y FETFTINVTDNA L¥H-T, —XK
T BE L, RFEOSVCEREIEETS. F=3, (Y- T XYM
YA7 7 LRI RRBMLEETT, EAR 14T RIS oM EoBE RN

HhHbHEZIZ, DNAODNV—-TEFOFEBLZETBETLI0T, —RLELLR

ZI:bDTHh5H.




Repeated dissociation and association
O

Sliding

Intersegment transfer
e =)= Sy

Figure 1 One-dimensional diffusion mechanisms. Mechanisms of transfer
within the same DNA molecule are here classified into three models. The
Intersegment transfer requires two DNA binding sites like Lacl tetramer3~>

and steroid receptor dimer®. The green ovals are protein molecules and
DNAs are expressed as helices.
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rEHTAIEZRO Oy ) T4 —LANDOAT A T4 v T OEBNEESIRE
Thir-slhbThb.

1980 FRZELS, ABBSTOBE*EERETHITEIRRELL. 1070
HItEEBRTE L IOFER A FYAF IV AR T L. ZOFHEE
BWT, ABERNA HY x5 —+H*L pputidaCamR'") 7L v —&B'E" 55 DNA
ERATAFT4 v T HTEHTHEN.

RNAKRY X T —HiL, 52047212y b rbh b3 FESOTDERLZELE
T, btASHEETHUEDDNA LEST S, 7, CamR Y 7Ly —id, 200
=71y bbb FRES FONSLEHHAT, HHA 2 045 DNA
EHEMERT AN S THRUBEMLZESIRL 2D, CORE(RLL2O00F
HECET M50 1 5F7 vAid, BREBLCEESTLETORIAL T4
YOERCE, ENEVIEERLE. L L, BROBA,SMMET I
KELEVDHLZ ENbolz. Fig2 ICCOBEBHE S RNAKRY A —EL
CMRbﬁﬁ%%ﬁ#&@%%#é%%b@w%ﬁ#.mmﬁuxa—ﬁu,%%
MRULPOATA T4 v 7 L THEROGBU P LMET 5205, CamR 13, 1AL
PHERGEAI A S EHEEHE T HREST 2. SO &I, RNAKY) 27— EBiHEEH
bAAERE D RO L RIEEICHA T 545, CamR 1, #ERICLAPFIALT

WhWZ ERRLTWAS, 2% 0, CamR X, FROPM~DESTIX, AF74574



CamR repressor: direct dissociation

O

Specific site

RNA polymerase: two-step dissociation

Specific site

Figure 2 Different major pathways of dissociation from specific
sites were observed for two proteins. Ovals are protein
molecules and DNAs are expressed as helices. The upper

mechanism exerts antenna effects.




YTEFHLTHERELZRD LY, BEFIEIA T4 7 1 V& fiblwv. BRE
LT, FERKBICBT 2RBENTE KT IEEORNELROT0E. ZOHR
i, MBS IS Lo T, HRERMBMORL ZE SO DNA KT S CamR DR
MEDRSETNY T P T v AR THAN, @Bl

Faid, FEROBM LR LRI, BEOBVICET 280%0 7758
RET VT FHREBTTEY. EENTIE, DNA DT &8 IXOBERRIGI
K2 EHEADOT, DNAKHT DA EEIRERMC 25 L, £RIIEEL
v, ©LAEAED DNA I3 5 HMELS RIS, #hibid, 254
74, BAROBEMEE RSSO 0T, CoELHALRIETR
RORBHGREVHFETHETTH .
BEORBEOEAOPIZT ¥ T HHRILL - CHIATE L b OPHL. £,
KIEHE TrpR DEIETH L. KIBE TpR YV 7L v #—id, 108 7 I /BRELL L
D, EELFESAT— LR FBETAEHETHAH”. TpROA RV —F —[ZH¥T 5
BROKEEE, VAV FTH% L-uptophan X TrpR ICFEE T A Z LI L - THEE X
hé.ﬁmf@mmA@QW@%%%ﬁﬁﬁﬁg,bwmwmﬁhﬂ771-9
=V -y s ADEEIHEEL, BETRAIET, FRNBNLERTLIA S
SZXAFRENTVDY, TrpR DFIE T 5 4 _ L — % —1, apEDCBA, aroH, mur,

tpR TH 2P, HA XL —-% — 2 TipR KGR THZ L AR ERIE, EEAICE




V7 % tryptophan DIFED LA 2PV, tryptophan ¥ 5T 5 —EDOBEOA RO L &
HH+H5ZLTHE. TrpR PHFRMICEET 53 Y X7 DNA OEF|IE,
5'-GNACTNNNNNNNNAGTNC-3' T& %”. TipR OHFRMSAIZxT$ 2 Bt & 3k
ﬁﬁ%%&uﬁ#é%hwmu,%ﬂp?%é%ﬁ%éﬂfwé“%nmm.%(
O DNA 4 BEHECH LT, SOk, BEICRETHS. TOEEE, Thb
DEAEY, FLOEFRHBIMICE O A BROTMIIIC, SVHERETEETS
1LOTHL. GG LBBEOTERED L, KBEEOTORFRGIALOHK 10°~10’
T IOHTEH- 1B NTRABAD I —HELTLELEZ LS, HI2iE, KiE
MO IHF T, NOMEIZF 10,000 LEFE 3, ERIC, IHFOIE-FUI1 AT
Y, COPRTHLILTVE, CORXBISELE, KR IHF VO0E— % —
DERKTII, i%ﬁﬁiilﬁi:%’;%ﬁﬁﬂ% CEMRENRTWE®, o T, BHE®D
BAMIAN L, ERCHEBECHE SR Tw2E8b2 5. —7, MM TR
DI¥—FuE, H1oo L@WETSh, FEROREEFETH. TiX, TpR IFEDH
BANZXATCHREHBEIZZEDFECTVIDTHA ) o, BRI, 0
TmR®3E—ﬁt%ﬁwﬁﬂﬁwﬁﬁoﬁﬁéﬁﬁTéB%fﬁbht.

TrpR O FMPEIL, 40bp F2EDOF V> DNA Wi & W T, T T T v AR
EDPESNIY, BUTPR A7 ¥ 7 HRRICL D BFAHLBOTHEL6E, =

NE)LENDNA TRT7 VT FHENRESATL IV, uEHNEI8H S




Table 1 Specificity of TrpR contradicts with its copy number

Knonspecific  copy number of  antenna
Kspecific  cell  nonspecific sites effect

TrpR 200" 200"  106~107 ?
[HE 500°°*10,000°* 106~107  no

10,000 molecules are required in vivo



TREHAH D, TNERIET L7290, upO* H.LICHL, IEFROBLORLLE
SRS DNA VT, FIHT 5 TpR BB 2BIEL 2. FORR, &
FEGIALITAT T 5 TrpR DEME L, FEFEEHRVSREVER 2T bR D,
CTOR DT YT FMBSERENL. BORLARCLETE, XAIAF4 VIO

WHEHERIIOWTCEET L,
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21 ) ITDNADEHEER
2-2 7947 18p DESEFD DNA KD P i< L 5 H
2-3 REDRE%LD up0 % & DNA KA OHAR
2 —4 Avidin-DNA comlex D{EHK,
2—5 TrpR BEAHDHER
2—6 TPREHHAOEE
2—7 OHFVHNT Y TV YF4vT
2-8 FIAR—IIRTVIavTveA
2—9 TR ? DNA 26 OREEEEEROE L
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2. KB

2—1 A TDNADOHEEHEH

EBICFER L72A ) T DNA OEIFI % Table 2 {Z/RT. 4 Y T DNA X, BiEH;IC
BIRLCEBL, BRIV - FE, SBHA— MY vy VI HPLC RO b O ¥

Hwi- .

2—2 TS5A4<—¥& 18bp DEX %D DNA WO P 12 & b=

—AGE DNA @ 5'Kigid, RICEW 30 pul 1, 2.5u0 M —A&$H DNA, 50 mM Tris-HCI
(pH8.0), 10 mM MgCl,, 5 mM DTT, 2.5 uM {y - *’P]JATP (6000 Ci/mmol)(ICN) D& T
T 4 U @ T-4 polynucleotide kinase (TAKARA) #1112 T, 37C, | BMORIE#iTo T
ERL. O, 3070/ — ) - 700RVABERY L THE L%, *
RGP [y-"PIATP %‘:F%( fedy, AU ASZAIZO—F LT, AV Y BT LI,
Sephadex G-50 (Pharmacia) # AV 72, 1 5371 3000 ipm T/ L mL L7, > 7L

0 — FLT3000mpm T2 48&ELEITo 7z,

2—3 RADELD uwpO % &L DNAWH OFAR
18bp D= & 2 DNA OEF| % Tabel 2 12/R7. Z O DNA KK O 5 K% 22

TIRLIZHETERLLR, T2 Y IRIEET -7 72—V Y I RisiE,



Table 2 DNA sequence of primer used in this study

Primer DNA sequence

5'—gtactctttagcgagtaccc
3 —catgagasatcgctcatgcc c

looped 18bp
36bp 5'-primer 5'-gatgctatcgtactctttag-3"

36bp 3'-primer S '-ttagcgagtacaaccggggg-3'

50bp 5'-primer 5';gtttatgatatgctatcgta—B'

50bp 3-primer ~ >'-agtacaaccgggggaggcat-3'
ﬂXbpSZpﬁnmr ‘5'—ctaccgctatttcatgggggataaa—3'
200bp 3'-primer 5'-cgctgttctgccatcgectgectgaat-3!
232bp 5'-primer 5 '-gcgggggaagcaaaatgcct-3"
232bp 3'-primer 5 '-aggcattttgcttcccccge-3!
500bp 5'-primer  5'-gtcctcagcagcttataacgccgga-3!
500bp 3'-primer 5'-gcgceccgcecgcecaacagcetcecttcecgacaa-3"

1000bp 5'-primer  5'-gaagaagctcgaccgtcttggccge-3

1000bp 3'-primer 5'-gtaatttcaatatgtttggtaggcatg-3"




30 W RUSEWH, 2.5 uM 18bp, IM NaCl DEHFT 100 T, 5 5MA » Fax—3 3
LTk, wo Y EREY FIFTiTo . o8, v A 12% KUY T2
VT I RS- FLTERKE RITo 72, kEE, 7% 0Spg/ml =737
lx’/U‘?/f:]*‘"‘iﬁ?YE'(‘?f‘e@ L7-1%, ;pr DNV FEGHHE L, FVEF e 77Oy |
REVFAF—THRFL /%, 1 MNaCl TE buffer (10mM Tris-HCl(pH8.0)) & TiFH!
L7z, BHHOBER% Microcon 10 (AMICON) % i\ T TE buffer 12 &#: L T 18bp O
RERHODNAMR ZBERLT.

36bp-1,000bp D S ¥ D DNA WA X, PCRE®ICE B{ERL 7. 5K/ DNA &
LT, KBEY / ALEDupR ARV —F —%§FH D75 A I F pRG16 (Princeton X
O Jannette Carey 1% 0 ft5) 2 H\v 7. 50bp, 200bp @ DNA WK #ER S 2B
RV SprimertZiE, 22 T/RLAHETERLA-H D%, 500bp, 1,000bp D
DNA BTH @ AE T S B R 72 5-primer 1243, FARED 4 TDNA AV 72,
Avidin—DI;IA comlex % fEFCIZ AV 72 36bp @ 3'-primer & UF 36bp @ 3 'flliZ avidin % 4
LCEE S5 232bp @ DNA BiH O S-primer 3, ¥4 F bEa3 b e Hvi:,
5-primer (24, pRG16 LD BRI D5 KimiZHL4 3 5E5 % £ 20-26mer D F ')
T DNA %, 3-Primer (3B R3O 3" FKimTH YT 2850 %+ 20-26mer DA V) T
DNA ¥ flVv 7z, PCR i Taq DNA polymerase buffer (10 mM Tris-HCI (pH9.4), 50 mM

KCl, 1.5mM MgCl,, 0.1 % TritonX-100), 0.5 uM 5'-Primer, 0.5 uM 3'-primer, 10 ng



template DNA, 200 mM dNTP, 1U TagDNA polymerase (Boehringer Mannheim#ft) # ¢
BIE %47, 94 T (0.5min) — 55 ‘C (0.5min) — 72 C (imin) ? cycle % 20 [EfT > 7-.
BUei%, DNA BTFriZ, PCR prep (Promega) 12 & o THE I LT,

5,200bp M S T FFD DNA BT i, PRG16 % Nspl CUIRTL CRRARL . RIGE
# 40 ul 7, 50 oM pRG16, 10 mM Trs-HCt (§H8.5), 10 mM MgCl,, lmM DTT, 100 mM
KCl, 0.01 % BSA, 0.01 % Triton X-100 D5HTFTT4UD Nsp IEMZT37TC, 18
ﬁaﬁ@ﬁﬁﬁﬁvn pRG16 ZEIT L7z, RISk, 40D 7=/~ N - 700KV AR

mz CTHi L7, 4p1 @ 3 M Sodium Acetate, 100pl DX/ — v EMEA Ty ) —

WILBRRAT, V=T —12% 272 5,2000p 1572,

2 —4  Avidin-DNA comlex DER

30 pmol @ 36bp {Z 300 pmol @ avidin (Vector Lab. Inc.) %12 T, 4C, 100ul TE
buffer T —BE LT 36bp DY+ F L S /: DNA WTH & avidin ¥ §54 387,
FIGH, 129 XY T2 ULNT I FFMCO— FLTESRKEI T 7. kEE,
V& 0S5pugml LF V7 AT A FIFERTHEDE LK, complex D32 FEEHH
Lz, FVEiE &7 79 REVF A —THEL72H, 500ul @ 1 M NaCl TE
buffer T complex % iAHI L 7=, HHH % Microcon 10 (AMICON) % i\ T TE buffer

IZE# L T 36bp-avidin complex #¥FH L /2. D complex |2 30 pmol O 232bp /N




2T, 4T, 50 ul TE buffer FT—BIE L THEY A S JUSK, 70
12%RYVTI7UNT I RFVIcO— KL TERKE ©17\v>, 36bp-avidin complex
DIFREE CRAETT V6 OEFH, buffer B % 1T > T 36bp-avidin-232bp complex

rHRERL.

2—5 TrpREBHDKEH

TrpR &BE L, Paluh b DHEXZHE L THRS L. TpR OBEFIH AR E
NTW5HT7F A FpIPR2 EA L7 EcoliCY15071 #% 37T, 200 pug/ml
ampicillin, 0.2 % glucose, 0.1 % acid casein hydrolysate, 0.1 % yeast extract % ‘& €+ minimal
media 353 1 L T cell density 254 X 10" cells/ml {27% 5 X THEL, IPTG % R iRE
ImM IR B E3ICMA T, TpR DKERBOFTEYIT 7. FO%%, —BUEEL,
HATELIT, BEAE4-5g %18/, BEE4-5g% 225ml @ 0.1 M Tris-HCl
(pH7.6) IZEE L, V=7 — % —THIIREOBIE YT /2. ZOMIEBBHOE G
ﬁ‘&éﬁ*ot?&, FERCASBEMC LD EH)ICHBT VETAEMAT, X
BT30 5L LBIFL %, B0 To. BOORER, LEAEIREL, o
S, TSR BRI D L) ICHEEBET Y B AR MA TR, BLTEL L, 55
N /-iLE% % P-11 buffer (10 mM NaPi (pH7.6), 0.1 mM EDTA, 0.1 M NaCl) (25 L,

2L @ P-11 buffer (23 L TEITE4T o 7. P-11 buffer TEH1L L 7= P-11 (whatman) 7




C 7 A (1.4X20cm) 12, ENERONBEEASL, & 80ml ¢ 0.15 M NaCl P-11 buffer
£ 0.75 M NaCl P-11 buffer # T EBH R IBEQRE T, BB L-oE%

SDS-PAGE THEFE L, 98% L LOMBECHRE SN, TpR EOH L5/,

2—6 TrpREHHDEE

TrpR &EA I, 2 - 5RLA-FETHREEN, Princeton K@ Jannette Carey
HtihftGans, TrpR EHA L, FREET ¥ =0 A Lo THEA SN THRE
o TWedT, T 500 ul 10 mM NaPi (pH6.5), 25 mM NaCl buffer (2% L C
EFTZATo 7. FEMIL, 1L © 10 mM NaPi(pH6.5), 25 mM NaCl buffer (Z3f L T 2 [A]

T-7. TrpR BB L, TrpR D E IV HKETEL (OD,=1.2mg/mb)”* AWV TEE L 7.

2—7 OHFTVHNT Y TN 54y

TrpR bi;lding buffer (10 mM NaPi (pH6.5), 0.25 mM L-tryptophan, 25 mM NaCl) {2
HODNA &ETpR ¥ M2 TEEX 70 & L7128, 2STT1BMME L. 25uM
[Fe(EDTA)], 0.25 mM Sodium Ascorbate, 0.015 % H)O, 1% 5 L ) IZBHAE, sul iz
T25C T3 mMRIEEE728, 50 % glycerolx 56 ul I 2 TRIC % 451E $472. 141
MLDT7 /=) - 200RNAEINZTHE L%, 14ul @ 3M Sodium Acetate,

ABUD LY /- VENMZ TIY /= VKB *{Tv, 500bp, 1,000bp, 5,200bp D




DNA BT DBEIIE, TIAR—T I AT a3y T veA%4To7:. 18bp,
50bp, 200bp @ DNA BT} i3, loading buffer (10 mM EDTA, 80 % formamide, 0.025 %
xylene cyanol, 0.025 % bromophenol blue) {758 L 7-7%, 18bp i3, 20% EMEK Y 72
VINT I RSN, 50bp X, 10% EHRY 727007 I R4, 200bp i;t, 6 % &
RYTI7IUNT I FPNVHRTERKBI LT /2. KBk, Y VoS, 1 A—
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F/—NVeMz Ty / —NVikB % 1T » 727%, loading buffer (10 mM EDTA, 80 %
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TrpR binding buffer {2 [y - 32P] ATP CAEFE L 7 18bp F 7213 200bp 2 F £t 40
nM,50M 2% 5 K 5 NZ, 18bp DAL 10uM, 200bp DFAIZ 2000M 1275 5 &
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Frpica— N L7, EX0KEIL, running buffer (10 mM NaPi(pH6.5), 100 uM
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Kd # 5 L7z,
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TpR (X DNA 25 OBEENENLOTHEEEZ LD, #ZT, TrpR D DNA (2
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AagbEhid, ‘ﬂf') To2UNTIFYNVESKENIC L éﬂﬂlﬁ%@:‘;fcﬁ‘é@ DNA
T OB DRETE LB ELED,

ESNR%%DNA X, ABEOTPR 70— —fH%D up0 ¥ Hb, ap0 %
LELTHNCFALRSOFBRROMLEZFOL ) ITHFA v L. $/2, PCRO
HE L L THW: pRG16 £ DNA BFIR /72 25, upO UM TrpR 945 R
BICEET RFIE B ho 7.

Fig.3 {Z200bp (23495 TipR DOH T VAN Ty b TV T 4 ¥ T DOERYRT.
OH 7 VA NDORISE, TrpR OFMBEL EENICRET 5701, 1 KD DNA # 2
@urwéiau&wvyﬁwﬁvb@%ﬁ?ﬁot1@3¢uﬁén6;5n
tpR AL — & =@ -1T, +1A, +2G, +3C, +4G DL, TrpR DB IHKIEL T
OH 7 VAN L TEZEESF LA T ABUIBH S, ThoxipdT b3 F
£, TrpR O co-repressor T % L-tryptophan D&M CIIBII X Wiz b 72, §o
T, T DNA OFEIBAOH T Jh MZxt LTRSS < & 5D1iX, TrpR AF
DNA LBFRNICHELIHRTHLIEWMERTIOLNE. TALDONRY FORT

ROBEEOBV-ATON Y FORGTEER A — FS VAT T LDy FOBEL L
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Figure 3 Hydroxyl radical footprinting of TrpR at a zrpO on a 200bp DNA fragment. G denote G
ladder. TrpR concentration was varied 0, 5, 10, 15, 20, 30, 40, 50, 75, 100, 150 nM. L-tryptophan
was omitted from the reaction mixture of lane 150 nM, otherwise it was present at 250 uM. The
position and the sequence of #7pR operator are shown in the left hand side. The arrow indicates the
hypersensitive band used for the determination of the binding constant.



TEELT, TpROBEIIKH LTIy b U7 Figd). D79y MIxLT,
BRAZREZAVTHREBERI L EB L. AL HE+REVT, 18bp, S0bp 12
T 27y M7 Y MDEEME KD L Bl L 7(Figd, Figs). £ EROKAEH
% Kd i¥, Tabie 3 e:n‘w“..

500bp, 1000bp, 5,200bp (IFIERRMTFLSREVD, 5S- KB L HEERI CEZL T
BRKB LT o TPV ERET A EEETCHIOT, ThdDDNAPS
DYTFNE, OH T VANV, TIAR—TI RT3 arTyved %o
THRE L2, 5,2000p DFER% Fig.6 IZRT. 2000p & [ UATEIC TrpR D HERE 124K
FLTOH IV AMIH L TREBRFBL 557 FHABRES R, Zhonsy
FORTRIBEMEDOEV -1TD/NY FEER LT, TOROMSESHE Kd ¥ HIH L
7z (Fig.7) . FEkLFEEZHAWT, sooﬁp, 1000bp {Zx§ B S HMBEKIEHIE L /-

(Fig.6,Fig.7) . £ ENDFEEHE Kd % Table 3 1277 T. % DNA (2543 2 TrpR
D KA EXEFROBUORL ML TFOY LAY S5 7% Fig8 ICFT.
IRENS X HIZ, 2000p BBV Tid, TrpR ORBROTALICHT 2 B 1L, i
REGBEAR L BIIEEL D, 18bp 2°5 5200bp THIED T ¥ 7 F 4R A
M. Zhid, TP ROFELME IS, T2 2HRTHS.
| 200bp ZXF3 % TrpR DFEMMSS, DX DNA 23T 2 Kd % 2 e V75t h

HFHEEINBMEL VDI, 200bp id 5- KWITEEI crusiform % E2 DNA EF) ¢
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Figure 4 Binding isotherms obtained by the analysis of OH radical
footprinting. The hypersensitive band was plotted as a function of TrpR
concentration. The binding curves were least-square fit of a simple
binding isotherm (eq.1) with the values for Kd . The DNA length are
18bp (A) and 50bp (B).
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Figure 5 Binding isotherms obtained by the analysis of OH radical
footprinting. The hypersensitive band was plotted as a function of TrpR
concentration. The binding curves were least-square fit of a simple
binding isotherm (eq.1) with the values for Kd. The DNA length are

200bp (C) and 500bp (D).



Table 3 Kd values of TrpR for various length of DNA

. R

DNA Kd

a

" 18bp Kd=2.4+02 uM
50bp | I Kd=11=1nM
200bp Kd=37+1nM
500bp ? Kd= 0.43+0.02 nM

_ '1,ooobp Kd= 0.35+0.06 nM
5,200bp Kd=0.20+0.01 nM

ADissociation constant was determined by OH radical footprinting.
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Figure 6 Hydroxyl radical footprinting of TrpR at a #7pO on a 5,200bp DNA fragment with
primer extension. The primer locates 100bp downstream of the center of the operator. G denote G
ladder. TrpR concentration was varied 0, 10, 20, 40, 60, 100, 150, 200, 300, 400, 600, 800, 1000,
2000 pM. L-tryptophan was present at 250 uM. The position and the sequence of frpR operator
are shown in the left hand side. The arrow indicates the hypersensitive band used for the
determination of the binding constant.
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Figure 7 Binding isotherms obtained by the analysis of OH radical
footprinting. The hypersensitive band was plotted as a function of
TrpR concentration. The binding curves were least-square fit of a
simple binding isotherm (eq.1) with the values for Kd. The DNA
length are 1000bp (E) and 5200bp (F).



il

1000

T IIIIIHI T IIIIIII|

Dissociation rate constant (sec” 1)
—
=

S
-

1 1 LI IIII L) 1 rrri
K nonspecific

I 1111H

1000

Kd (nM)

1 IIlIIIIl

il 0.1

W

100

10000

Length of nonspecific DNA (bp)

Figure 8 Dissociation equilibrium constants and dissociation rate
constants of TrpR-#rpO complex formed on various length of DNA.
Dissociation equilibrium constant Kd are presented in red and
dissociation rate constants are indicated in blue.



bY, SSHKEBDATA T4 v IBZOKEEL o THES D, 7T
TRNESBAL LI T 5 EHFHESD.

3—2 TipR O DNA 6L OBREEEEHOE L
%i@,7?%%@%?%%@21%?»&L1134?4yﬁ@&%ﬁﬁtﬁ,
AGATA Y TEFVHUAUZOEDNA DN —EV T2k o TH T FHRITES
D1E5. CO2ODEFNF FiglRmT. AF54 74 Y7 EFVTIE, RN
IO R SITEF L THEREOCIES W, BERGIIEALATS FLEVOT,
BEIIMEINRT, &R, EAROBREOBMHT2EMEIE2E. —F,
V=B 7EFLTHE, EBHEFFROBAICHEEE, EFROBEINV-E L
LT, BHEVE 2 OREEAEZEI LESHRIREL S, BHEI L L5,
i, BIETIE, ERROBUIRL 2D ONTHESEREI ML, %ETHE,
FRREEENRL T 23T THLH. - T, HAREEH L MEEECKOERRY
BUIOEX T 2EFR AL, EHLLMEREL>TTPR D7 > 7 +5%)
REFERIL T2 bhd. CNERIET S7/2%, 18bp, S0bp (X ¥ 5
TrpR OFREREEHE YNV 7 MT v v A ETHE LT (Fig.10). #3Ri%, 18bp,
50bp DFEMEER ERITENF0.47,0.24 (sec’’) THh o 7= (Table 4). Z DHFIEHE
% Fig.8 H11Z/R L7z, 18bp, 50bp 23§ 5 BMPEIX, FHFR 25uM, IInM TH b,

D 2DONDDNADUMTIE, M20EDT > 7 FHEIFET S, L, V¥



A. Sliding model
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Increased
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B. Looping model
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Figure 9. Two models which exert antenna effect. The green ovals are DNA binding protein
molecule and DNAs are expressed as helices. The blue part indicates specific site. A. Sliding
model; Association was accelerated by sliding along nospecific DNA. Dissociation from the
specific site is rarely mediated by non-specific complex, and the protein directly dissociates
into bulk. B. Looping model; Dissociation was decelerated by looping of nonspecific DNA.
The specific complex is further stabilized by the second protein-DNA interaction which is
possible if DNA is long enough.
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Figure 10 Dissociation rate isotherms obtained by the analysis of
gel shift assay. The band of TrpR-DNA complex was plotted as a
function of incubation time after adding competitive DNA. The
dissociation curves were least-square fit of a simple binding isotherm
(eq. 2) with the values for dissociation rate constant K ;. The DNA

length are 18bp (A) and 50bp (B).



Table 4 Dissociation rate constants of TrpR for 18bp and 50bp

DNA K1
18bp 0.47 secl
50bp | 0.24 sec!

4 Dissociation rate constant was determined by gel shift assay.




FEFLANTPR DT v 7 FEHIREFERI LTV 5D THILT, 50bp O FEFMEEL
FHIL 18bp D 1230 12 S TS b v, LA L, EBEO S0bp O BREEEREE
Bud, 18bp M 06 EREEII Lo TWwRWw, #IZ, VY 7ETNVTH,

1mR®77%+@%uﬁ%f§f,134?4yﬁ¢;omeR®?yi+ﬂ%

WBEIEREISNRTVALEIENHERITLNS.

3—3  AvidinDNA complex {241 % TrpR DBAMENBE
C@lﬁtﬁﬁm@TV?T@%ﬁ,134?4?7Klofﬂ§ﬂién1m
5Wﬁﬁﬁﬁw.ﬁL%ﬁ&B,254?4Vf%EWDNNLTE%LT;TV
FFRRVEINT, AGATFAVITETANTPR DT ¥ T F5hREREIEREI L
TWAHIERRTIREMRITRIICL S, 2T, AFAT4 7N ¥ =4 LT
avidin tetramer ¥ 3 XL — ¥ — D T, VERELXEI 2 LVEEORWE (F
&v—9;®¢ﬁw%u%m I~ biotin 4 L CTIZDNA (Z&E& SE /b or v,
ERIIE, apO T 08D 36bp & 232bp DIEFFRA DNA RS EE/. 2V}
O— & LT ap0 % BLASEED 36bp, 36bp & 232bp DIEFFRM DNA H¥—-AKIZ %k -
72b D %AV (Table5). TRHDDNAWKLTOH T VANT vy T Y b ER
BHAwWTEMUEFHELL., bLASATA VI ETFUHNELWDOTHNIE, 36bp &

232bp DIEFF R A9 DNA 2 EHER S 72 DNA & 36bp & 232bp % avidin ¥ - L T



Table 5 Antenna effect of TrpR is due to sliding

4 Relative
BN Kd (M) hinity
36b
s 15 (1)
36+232bp
1.7 9
avidin-
biotin
14 1.1
avidin-
biotin
15 1

ADissociation constants were determined by OH radical footprinting. The red
circles are avidin molecules and DNAs are expressed as helices. Blue line
points specific site.
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4—1 AFAT74 X TRFBLHLVEETREAGEE
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T5TpR DRSEELHELZ. TOKRLY, TrpR OFFRIMALICH T 5 H
i3, 2k, 2 0EBRMUBEOREIVPKRELLZEEELY, 18p 256
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t.&ugmﬁu,154?47%Kl%77?+ﬁ%%ﬂ%tfﬁ%%%ﬁtﬁ
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(a) Increased affinity (b) Decreased affinities
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Figure 11 New mechanisms of gene regulation by antenna effect due to sliding.
Increased the affinity of protein for a specific site by antenna effect (a) can be canceled
by the presence of other DNA-protein complex locating near the specific site. Blocking
of sliding may be a cut of DNA or anomalous DNA structure like triple helix and
cruciform (b). Intersegment transfer can extend the region covered by a single
consequential sliding and the affinity may be enhanced a great deal (c). Thus, a DNA
bent induced by the binding of the yellow protein may greatly increase the specific
binding of the green protein. The ovals are a DNA binding protein molecule and DNAs
are expressed as helices. The blue part indicate specific site.
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6.%Lf,x54?4yﬁ@ﬁ%@éﬂﬁﬁﬁ@ﬁMﬁHf&<,ﬁotﬁﬁ&

RNELXRFOHIIL S,

4—-2 TrrrRIROLENESE
F20EBROMEERICL T, HENESBENSLIEELShE LG, T

YT TRIREEAMT (Fig.12A). ZOH4E, extended complex #{RET 54 Fid %
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(contradicts observations)
o > —>
* o < <

reduced dissociation rate
[complex 1] << [complex 2]

B. Intervening DNA domain model

increased association rate TV

non-specific specific
complex complex

C. Sliding DNA domain model

=00

sliding DNA domains

0

complex complex

non-specific specific

increased association rate

Figure 12 Possible mechanisms exerting antenna effect. A: Looped complex model. The
specific complex is further stabilized by a second nonspecific interaction between DNA and
the protein. In the case of TrpR, this model was denied by the experiment shown in figure 8.
B: Intervening DNA domain model. An elongated space surrounding a DNA chain, which is
termed the "DNA domain" here, is supposed on the extended chemical species and protein
molecules dissociates from the extended specific site into this space before becoming free in
bulk. C: Sliding DNA domain model. Sliding is supposed the diffusion within the domain in
the alone model and no further states are assumed for nonspecific complex, so that
nonspecific complex is the protein in the DNA domain itself. Association was accelerated by
sliding along nonspecific DNA in this model.



C, BERE T L0 “HFERUHAICHES LATPR ™ R RETITERDY 5.

Z @ looping model 13, FIFANRT VLD TH S5, TrpR DAL, BEEEE

D DNA BNDEFH DA v & &, avidin - biotin TH& L7 DNA # W&
BOHERI, TOEFTNVICFETS.

Extended complex #ARE L7235&1E, 7V T FHENFH - Th, HRRE,SHFR
M A~OEEE ST 2MANTEREC#HAL3AE, CoT, BEEERD
HEHHORBIZIELT, 220X FNVEER B LIRS, £—1E, HEERD

BEHHARILDNADERTICH-oC, EERBLEINOI Y 74 XA a2 H

DEWVIFEETHY, "DNA FAAL " LIFRBHNOZMEFLELTLLDTH D

(Fig.12B). EREREEOBET L ALEM & OFWE, AMEEMTET 5 BOAH L
ROGMOIZATA 74 Y/ CRETE 2R H HERAENESBLOFHLE X
i, KT ESIIET 5. DNA-RNARY X5 —F¥OEEIOR) 7D

EEH» 5, DNA - RNA H) X 7 —EHEHIL, DNAOABEICEIFEEL TWHH S

Dxu&aéhf,wmAPx4y"a@dﬂ6ﬁ6§ﬁ¢mﬁﬁ?é:tﬁ%%
ENRTWD® (Fig.12B) . i, BB LAMEZMOTF V¥ HHEMICEHT 5.
:@ﬁu,H&AE@T@%%%%%T%C&ﬁ&%%.Lﬁbcmﬁmﬁﬁm,

DNA FAA YDRIPFAFA7 14 ¥ THEHE BT 2800 BB+ T

H5.




b 9 —D® extended complex ZRET HFFNVIE, DNA FA A VHOEHFD b
DERAFATA Y TEEZLLDTHD (FigllC). TDEFIViL, FBERHBELSH
EATGATAVTBERLERELLDIZR > TV,
X?4?4Vﬁﬁ®§9ﬁm,@ﬁ@ﬁétkﬁbf&aﬁmlmﬁéﬁﬁﬂT
A ENBEISNTYEY. ThiL, DNA L EAH L ORKE L HEBEI/NI VT
EERIRT. o T, ATA4 74 Y IROEBHE, DNADPSLH T Y HEEFIT T
&w:tﬁﬁﬁéna.&m,ﬁgnc¢uﬁ?i5txa4?4yﬁﬁﬁ%ﬁo
TVHHEEHE, FELTWEEWI LT LS, DNADTh ) DEEM P, B
BlLTwaord Lk,

DL BEFNE, LFERIR#ELTAOEIVWE, AREROZVIITOM
ﬁ%&#ﬁﬂﬁ%&u%%ﬁéb,ﬁﬁﬁéé.L#L,Chdﬂ%@km?u&
< ALFOBEXBERTH 2 AR ERN 2 DO FE L CTEBMELT 2 HEs B L
2z ThD.

SHROBEL, RESNBESPEA(OLVERABATHC T2 E2HAR
AILThHhH. MBATATIATA Y7/ Y —%2RBHEET, FMIENT 7

TRV ED L H ZHT 202 BBET 5.
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