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QU H-L NMRZ} X-ray crystallography
gro] FAg i ow deA Urt. webA ofF TF FAELY SR8 Je
izt ob&el Fxo 7we BAE Wile AYE FHREAI= A2 I 2AT}
EZEA el Y S8H ¥ ol ASGHe EEMNY Aol vigo] He d
ANNe2 el JEE RE FIFHA Fxprt HaF Fofoljrh.  HIZe] NMRI
X-ray crystallography?] 7|HAke] Wd-& whzle] P& sl ®/2 7[HE
stk ZE]3 1990 XFE] RNAol= NMR 7o) F-EE 7] AZste] #HA|7LA|
Z=A17§2] RNA high-resolution =-X7} FHE . 8L} RNAE A& FH|[ 7} o)
L 7ZITHE AL crystalo] & ¥Ad¥|2] ¢5om NMR spectrum oA FEdo] 3

= TAE whyo|L} DNAoY wlsl wla s FH2 49 FErlo] d#A Q& #ol
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b gl RNAS] 33bA
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B dTodE AR, 2 FelAE TEadel Wolsitkn ¢y R
3 YA TR E vIXIACHEE MR JHLE sk WHS FYsiddnh =
ol = o3 o] 7IRtr|&o] FHalEA] ogkr] wiol RNA P&k MAH 7t
Q1 UC Berkeley?] Tinoco F.4=(m|= National Academy of Sciences Z|¢)2} ZH 2
= B oAE 2askn. 2 AFH 8l SAHeT AEA ALY MR A
< ¥t53E PR AYEAY A shaped pulsed AHET At A AAZY, 1
2|31 DNA ARSLPd BV Solrh.  oleld 7l 7] AUd JZles 383ty
H AFoA &AFF DNA, influenza A virus?] promoter region, Sc Virus RNAZ2]
packaging signal region &2 FxE& FHsigrt & AY dFHIE= SC1 5
S 2 stexo] 69 UESYT 40 Fusigon 17 =E 42 2uF
of altt. £ o) 23] AUH TviARATHE NMR 712 717353} workshop,
o3 AT B Bolo] Fh ATABA RIste] ATol BEY 5 A 23
staich
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1. WR FZ578 7[7]e 7Y

(1) 3864 X3 A A8 387]s

2) Thx}gd ThEE NMR 7|4 : DOF-COSY, TOCSY, NOESY, HMQC, HSQC, HETCOR,
HET-TOCSY, HET-TOCSY-NOESY, HSQC-NOESY, HCCH-COSY, HCCH-TOCSY, HCCH-Relay

3) A E<%* Pulse sequence 7|4 : Pyrimidine-filtered pulse sequence

(4) AAEA} QAT 2LY 7)& |

2. ¥rr3tE FRENI &

B-D-(1-3, 1-6)glwcane A7e] WAN2RE ZA5}e AFShe B4
7R AL Qlo] ABANE-E M B xH(Biological Response Modifiers : BRMs)elal E2Ic},
2 Z71R| 8] ke ApAE BRE 7123} A %X (Degree of Branching)$} Hs}
HAzto]l whel B-glucan®] FAFH(MW) -r%°“°ﬂ it &= rt AR s =, o
= no] BRRMO 2 O]APX-I_Q_E }\]__Q.% (o)) tx]a é}ﬂ @- I]:H _6._9_5].7-]] ZI-_Q‘Q_]_-]:I.
ddH g [L3 glucan?] EA[8F 9l 100KD-200KDo]aL 7}R]3F A
.2-0.50|th. 2 B WR AFERS F3jhat EAte] SEA wﬁ%’:"ﬂ
-D-(1-3)-glucan?] EAFFRE 'H-NRE o]&3sle] 24 4= glglcl. 2R
-glucang®] FFo] 7% thE AGUEY uhe 22 D|aES A5
e /b3y wiEolgdnt. o mi$ e 3AE FAY 4= glojopyt !
M=WoL DBk D AR 4 Utk ke A2 7
124U e 4-1(NRT), BEThe] ulE o] R3h=
AbEo M e] TR AGUS] A 1(TSC), AAME(SC)Y] B AGUS Aelgt RE AGU
2] 41, Holth

= Ao A f-2l= BRM B8-& 71X+ B-D-(1—3, 1—6)-glucan FE2] FZ
A Bde R BRUS Aedlel 2T AReiUT, Tl AUES 1 4
o gushl FAsigrh  wa M MR ERWOT pkstn um e DPagh
540Q! pachyman® T=2] Ex}a8Fel B-D-(1—3, 1—6)-glucan®] DPn3} DPL] ZAA S
S AAstlct
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3. DNA A2 Asky|s g

CpG oligodeoxynucleotide(ODN)= innate?} adaptive immunityES activatingk]



A £ 9= EAZ od8A  qr) CpG ODN®] endosomelE2] entry:=
immunostimulatory 7]so]] ©j-$ ZQ3F Ro7 Helrl DNAVE E-§F2] Axulof
bindingdh= A2 oA AXq, o7 receptor: WA vyl ¢ith
ko] dadE I5ES dG runo]2t E2]& consecutive dG residueE CpG
ODNojl EU 224 immunostimulatory 71%6& B|AAIZIchs AMLE LASIgch
HAA O Z, CpG ODNY] 3‘-dxle] dG rund mouse splenic dendritic cell
ofl Al INF- @ o IL-127} 23] F716le A& #5313t A d6 Zole= 671
ol HAeogw whszitt, wWhH, 5 -wrlo] dG rung Y H-$ 238 cytokine
inductionS ZtARA|F|E= Ay HEE QL) -
dG run?] $jx]ofl mhal cytokine inductiono] WEFRlthe H-2 dG rung] $£]x]o)
et AREubal R ¥4 o7 AAFEE= ATt gt gERH S A JIF
oftH, AFELiAdol g1x]e} #AIQe]l FAHo] HE=d tlE 7]ZF o 23} induction
o] &eld & gt o] F& Yl ] ]'}04 = dFollA] \MRE AHESto] AbE1t
A Fx2] population® FAF3H= FYHE sHustach
dG runo] scavenger receptor (S ) activityE Wafgici= A2 oju] HIH
v} gith. & dFoAE ofg] Zole dG6 runt dG runo] FEHE = QIX|7F o|EA
activityol Q&L WAIE Wepsty] $iste] MR spectrung ol &3ttt AHE
WAE 10-12 ppmol] XHES dod= immind proton peakZE XK. ojFr}, B
Watson-Crick base pairi= 12-15 ppmo]] imino protono] F-T

o
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2} Watson-Crick base pairE 3h= hairpin & duplex F-%2] population H|ES
F& 4 crh B dAFojr cytokine inductiono] AREH ofz] ODNoj rtjstoed
G-quartet 729} Watson-Crick 22| H|E AXbstelrt. 47] F2 1 o]Ate] dG
residueE 712 ODN2 BT ¢IX|o HAQel Agud F2RE P45t d6 run
o] A& AlEUA population F7Pstgict.  3°-whe] A7 dG run®] ¢
-wwirct o SFo T ARFLiido]l FAHo| AEFFEATE oA, 3T
dG ODNe|] 5’ -wtthe] dG ODNXE.C} cellular bindinge] © Hzt&ojegh= AdH Azle}
o x| gt}

geAgeiol A T2E w7 fistel A
L osare] Txe] WA Ztu AwWngth 2
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A HBE ft=a] SFof ginh, adFLE AREH GUE AAlste]

| 3 olR¥ A7IA ol whetA
@elzict,  Escherichia coliolA A FEL Sx] @7 uwel cl2y], A-C,
G-G, G-T® A$7F 7k £33, L thdol A-A9 &7|%eld, A-G, C-C, C-T, T-T¢
27t 71 vt ol &&2] AlolE AH TR Aolet Aol ditin
A& Jel7l= olgARt, olmlm Fx 17} 2R Folst= FTAS

=
b B 54
FBE ulE Zojetan ] wiEe, FEFLZE A

e F AN eAME Pt T ulwstel Rakth AT Wt ARe
AN AAE hPTEE 27] WEo] AAR o] FUUTEE o8 4 UES
stes, ohld BAX @7 B drigel AT THE F e s,
(]
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5’ -d{ CGAGAATTCACG) £} 5’ -d(CGACAATTGACG)
JE T UIME PRYOT EY deiuhel gAY wold ALY AolE B
k. TelaL low pHeld BHolFUhd WAol Tyt AR Aolr} Yt How
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5. ABFA} vlolel s RNA P& 79

Influenza A virus+= orthomyxoviridae familyol <3t 1 genomed 8§7)2)
negative-sense single-stranded RNA £x}2 FAETE o] 8712 RNA: A 7]
RNA-dependent RNA polymerase (RdRp) %ha¥-d PA, PB1, PB2%} nucleoprotein NP &
25 10712 w2 & encodingdtth.  Viral genome?] At} Eals 7ZHEE ANE
o] & o Al 7i] RdRp2} NP, 1|3 viral RNA (VRNA)E o]Fo|Z
ribonucleoprotein (RNP) complexo] 2J3] 4=3iFcl. EA2 3}AHE& Esdlo] vRNAR
H-E] positive-sense?] full-length cRNAZ}, 2|3 cRNAZEE vRNAZ} RS0z
th Fab E3 2 RNP complexofl 2J3sf #3E|X|yt, B2} a] host mRNAS]
7-methyl guanosine cap FXof] 2|3] initiation X1 cRNART} 15~227] =&
mRNAZ} hEo] X poly(A) taile] A/dHth= Fel ti=ch

Influenza A virus®] RdRp: RNA2] 5° weizl 3° dgle] ofs) o] Folx]=
partial duplex promoterE Q1A1&}o] AIBICE o] F2oj= 49| panhandle RNAZ}
3% Ezltl. o] panhandle RNAY influenza A virus?] HolHE Zojx EJ A F
o] REH = Folg F¢lojrt. o promoter ¥-9]i= EX[2} genome packagingo] ¥

2% RE NTE FPshT b Ao= Btk my o Rk A



RdRp2] RNA 33 ol promoter 4] 7|Zbof cfstoi M= opxizi=] oefxd uprt A&
gt

E od oA RdRp7t QIA18H= promoter$! 42| panhandle RNAR] LR E
$Ho.2 promoters} RARpe] AEaE W s1ae] thTt Qo] 7|olF saxt o)
T}. Panhandle RNA2] 7] d& NMR FZ ol YR RNA ¥4 e 42
Aoz ¢I3}e] wild-type @71~ Ha sk RNAS] 22E A A8
wild-type @7]Ad2] RNA FF ]

A o2 virusol| A geneo] WAHTE  RdRpd| o]¥] Folgt A= F-7sh
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6. Saccharomyces cerevisiae virus RNA L& 9

Hairpin loop3} bulge: wh#a qlAlz}l ZAgH RNA foldingE #1%t $483% F&
& RE|Zolr}t, HR Saccharomyces cerevisiaeo] E|d}= double-stranded RNA
vlo]&]A L1 (ScVL1)2] Cap-Pol fusion ¥H¥&A2 Hpo]e{ A8 plus strand RNA &
7o BHo olaldltl, o] E9E viral binding site (VBS)ElaL shi=t], o]Zl&
wlo]a@ A particleo] plus strando] Z3d wie} wlo]g~ RNAE packaging® uf
%23t} Stem-and-loopE o] Fold o] F9l 578 wEHREl[ER ofFof
loopZ} internal bulge-loopE T8 LAZA EFS}3L gty ScVL12 st VBS
2 7lx[a 9l ¥hA, ScVL12] satellite Hlo]#AQl ScWMlS F 7i2] VBSE 7H#]
2 oth.  "xJ7R| Cap-Pol fusion ThYAzte] Adle] Fosira ¢ 24+
stem?] &z, loop2] @7l MY, bulgeE ©]F= adenosine ZFt7[o[t). dF
straino] ZzJshe, L1 wloleiio] ) HFEE ScV particleo] EE|F o
packaging® = ScWMI-L ©hx] F 7}x] ghlAutg Aabsie], the killer toxint
7 toxind] HHEAHE Rolt thdo] I Fo|t}l, o] toxin®] phenotyped ©]-&3f
L1 ulolalAa A|AEle] {853 Fajo] o|Folgrh  ScVLl, ScWMl HIoJFH & AJX

de s A7t gol ol FelA gtk

B oA ScVM12] T VBS RNA SL1z} SL22] &9 A}e] 3%} L2E ¥=2}7]
Z BN 3} restrained molecular dynamicsE o]-&3to] FHslgct = A3 &
2 QoksiH, (1) ulo]a28 plus strand®} viral particle®] ZA¥, RNA

packagingol] 2838+ & X Saccharomyces cerevisiae®] Ml double-stranded RNA H}
olgl£2] SL1z} SL2 VBS RNAY] 3x} 22E HAxprlgwyel o8] #8stgich  (2)
#]£4 2% high-resolution 7+2& B53}4] o, average pairwise RMSD F}& 2t
zb A Bxpo] ofs) SL12 1.28A, SL2& 1.29A9|th.  (3) Penta loopE ¥/}
Xt loop ofgfel] Q= G&] imino proton3}t C 027} +4ZA¥YS 3FAZIT) Loop
HEol 7| stackingS 5'-side FollA 3z 7|7bx| ALHTh 3709 F el
o7l BE major groove® 3Fdhm, o]l Cap-pol proteinze] A Z2ZME-A] major



groove Zo| QlAlE|g|gl= A AJA}3It}.  (4) SL12] Bulged A5 #7|:= stem ¢+
Z stack® conformationg HojFcr} SR bulged-out conformationo] &A A]
2 ZAPE AASHE A NOEZF ZRWTH  (5) SL29] internal loopi
dyanmic3¥t conformationg& X oJET}. S}x|2t base-phosphate hydrogen bondingod]
oJsA ek 3IIElo] ittt (6) Loop H+3} upper-stem?] rigid conformation
SL1 Z} SL2 VBS RNAZ} T =}A|2] conformation W3S o] AX|x] ¢tir Cap-Pol

proteinst 4T HEY 4 9l&g AT
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#2 human genome project?} AZAHOZT ZTEHo] uizl A MAZe=w
structural genomics®} structural proteomicsol Thdt @77} RE 3 Qlth 1]
=, 43S E HAZL ofFE2e] MWR O AAEY X-ray AAHALE Fx}sHY
high-throughput &1 projectE AJ&3stei FUolM= AR = Wl izt 4t
A FE ol thpel AAER T ALS A"t gk olHg Aol
A B AR Ane AARR, 53 A F2AEI Ahie] F7 B8y 4

s o} 4+

RN
Zolth. & A 7led Ao 5o AFE FREL =& &

b I = §
4+ & Zolth  E3 RA F2FY siYel HUHUSEE HIV F o
virus®] genomed targetSE FZA3= Al HAFAL
BEFOR] R A}
23

ol etet= A

whebA structural genomics %, X
=3] nlgiE]o] post-gencme At F
ofo} @ Zolt

M o
o
o

it _ln: _b’
S
2
r-_‘\c_)(
=
X
>,



Chapter 1

Chapter 2

Chapter 3

Chapter 4

CONTENTS

Introduction ~-------mmmmmme 10
Current Status of Research and Development -----—-----—-- 11
Results and Discussion ————-=----mcmmmmmomomee 13

1. Developments of NMR Methods

in Structure Determination -------------n--—- 13
2. Structure of Unusual DNA ----------mmommmmmm oo 50
3. Structure of Influenza Virus RNA ---—-----mommm—- 101
4. Structure of Saccharomyces cerevisiae Virus RNA ---- 120
Future Direction ------=-------mmommmom e 141



ol

=24

#|34d

44

| 4

N
o~

ME 10
U8 Jled 9% e 11
ALY 5 g W AT oo 13
< I L e 13
1. Zolala A3FRNA Al T 71& —oommmmmmmmoeee 14
I e el L e 16
3. AAEA YATLE BIA 7]& o 20
4 SHSIE JEEHN J|E —ooooeeeom e 23
5. DNA AU ok 7l - 31
6. ETL BE mmoo o 33
Tables and Figures -----=-~=--=--------moomomomomom 37
SAE NA AR JAH e e 50
1. AA Mismatch DNA &  --------mmmmmmommm oo oo 50

b T 50

ugodg e ——— 52

ch, A3 W Eo] e 57

g}, 3 E¥ e 61

Tables and Figures ----------------—-o--mmmmmomm o 64
2. UV £A4F DNA Base +&  ———---—=--—-=mmomomommmooomoeo 72

7t HE e 72

L e—s— 74

th A3 H BEo] e 75

gt AE e 83

o, 3 B e 84

Tables and Figures ~---------=-------—---ooomommo—e 86
QLEF M2} viojYA RNA PR - 101
1, M~ mm s 101
20 AR WP oo 102
3. AR W B o 104
4, FHF BEF e 110
Tables and Figures ----—----------=-s-ormmromm 112
Saccharomyces cerevisiae virus RNA #+& ---—-—-----——-- 120
1, AT e 120
2. g9 122
ARSI 124
4, EO] e 129
5, AE 133
6. 3 T - 134
Figures —----—---------ommmmm oo 136
Ay Aol 28 d AY - 141



M1z M2

Human Genome Project o] gene productQ]l TF 2z} RNA2] QUINFTLRE
ToB2H [FAH2Y J%E& IYEIILAF 3= structural genomicsZb | FEAL
2Tk olAE $ARS oL U ARl WIS skl FAA
o J% % WA 7z FRel WA WL wAels] wEelt. WA u
RNA®] 3x[dZ QA 3% WS> NMRI} X-ray crystallography Rro] -8t wh
Mo oA rh. weld olE B3 AAMELL] TzFE JEAL ofe
Fz2 758 BAE Wil F BT 22 O AAVF ERER Y
of Ay &&E ¥ ollel ASGEH= S4/MY dFel vlgo] He dHAIEEA Y
AYE strg FFFAd FA7E ezt Fofojth
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#2] NMRZ} X-ray crystallography?] Z]¥4te] a2 whifzle] LB ui3]
=u "2 7]9E stadnh ZeEla 1990 X F-E RNAYIE NMR 7ol H-§F 7] A
2rsto] HzRFFR] $=41702] RNA high-resolution 27} FHE Yl 8L} RNAX=

A& FH[ZE vl ZICHESL orystalo] # FAEA] olom NMR spectrum Aol A=
Zgao] FHEE HAZ chdolu} DNAo] Hls) vlaz 2 48] Fxuto] oty
2 o) & Holr}l, 1980d X ribozyme (catalytic RNA) 52] WA S Z RNAY 7%
of FAREe Hdant F3EE o] ohfet H4L Js7HA] 7HE = Qlrhs Al
Alo] geixEA 1 Pzo] thEt @77} nj US| AWHL ek
2 dolaE AMTER, 1 FANE TEFE Wolsitin el R
34U YATRE chAATHIE MR AHoE T e HYstast sty
ok ShllellMi obg o] lubrlge]l BUFA oty wRol RNA FEEOR] Al
A tf7}el UC Berkeley?] Tinoco H.4=(m]= National Academy of Sciences 3| )2}
FTELR & AAE FAASHACE  Tinoco A4RFE T AU FodL A
RNA Al g7 2t Tl MR 7S 35A7E Fshe] A, Ju
AFHAME M2 ChAATIIE NR M S AUstel ket A2 T2 Yo
gstgtt. £ d7Ele] o] EXOT AEA AL MR JHE BEHE 7
Fefa Y3t shaped pulsed AREEE AAF WA XF 7, 22|32 DNA AFEL}
3 H 5024 A3 1™l AAME st oleldt Jlezt 7] AUH
7les AEste] & AT YAIFRE FET AALEAE ST DN,
influenza A virus®| promoter region, Sc Virus RNA2] packaging signal region
ToEAM A3 2™ T2 W AEIHH Au|E Jlestdct. 2 A ArAH
SCL & A S=A|d 6¥2 WX 49& Fastdoen 19 =5 A&
Falgol gk & A o Apd® chAdchEE WR 71E2 7171383
workshop, 2| WX & Fdto] Fu AFAEAA HFste] dol EEH +
AEE zA|3tdTh.

tlo rfr
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M2z =uel J7|l=7ig dg
MRS M2 144l B3 waes AAEARAL] Aol glolA of
Ao oE AAmAS it IHdE AMLEAEL B4, & £
2Folu} &3l E So] MRl 23t FRATL] HAYUER A&l olrh.  ol2d A
2 3us] flste] B WUSol A% AVHD YT T ol Fagt A
HoZ Adol o AMolth AdD WMo} Wile a8 EF F4aw
2] 315} deuterium labeling techniqueo|l} 5% 0]-11]}_’;_9] EAAAE P =
Byo g labelingdls W ES TS Thgdlsle] 1R Ao T =& ZFZ] gk
S SAT UALA 5171 HolAE A3 U R 2ecfol o
), Azle] e s Edo] HRsEE 2 HA oHFo] wEA He A
otk mebA old¥ Aol delAE oln el Ei dyatty] mRoE 3
A% 71 gl F2ol @7l P = z|3e] FH=SA =t dasicl
RNAY= crystallizationo] ©uf$ o]&7] uwfFoll NMRo] &J3t FR@|Fo] TS =
T2U \MRE ribosed] 43 Falo] DNARME ©E| F3 o]
1= RNA £z} 3771 #gEle] gt FxjE A= RNA A &0
. 25-30 nucleotide(10kD mut) Hxe] =A7|7}
B=2] A7t 7}
222 k|| o}a ol2rim
Fx7F o=

icth

H4& S0l
SRR T
isotope labeling® 3IA] &S
753t isotope labelingE & 73-9-oll= 60 nucleotide(20kD)
=3tch ubebA] el MR ZPHLOZE rRNA A TRE W
3 4 9t} 31} RNAS] 7% secondary structural motif2]
folding® AA 2} oA I FZ2= %11‘6}—— o2 A ULB = building
motifS 7S F2 FEE FTY A AAFA FRol thF nmodelingo] 7Hsd
Zog ofARCEH E3F,  structural elementSo] rRNAS] E&F  JlHolut
protein-bindingz} AAAE o] o= E ALY motifo] T3t FZF A= e
Hl2 dAZAsie] MY £ germz, W dF 1FEC] RNAY 53 FeRt I
PR AFE YD Tk
A AR TEFEC] BEY & U MR Fu] LFTRE 50047} ol
% 719, GFAE TSl 1000, G00MEE KIST, ABBALTL, 16 AL,
et 2EY, Aet ST 8 B dvad & 6uivh olow 48w A 3
o 28] ek FE WOM B0 o84 Fufel Gk ol o] AT
HFx 2ol o Ax FRF] oA FuHE FEETA, AL
E 7to] A3 PHEL B3] MRS o] 8T A EA} °]Xﬂ*r55 FrEof H3t AFLE Al
=% Ao ol=ET}
9]sre] 79 NMRo|L} X-ray crystallographyS of-&of #Hab, whild Fo 24
UIZE BEA3 A3 njs $ume] =Eo% uRsy du Zb vfsta da
of = 1-27§8] NMRZ} X-ray F&FE JFHE B&3ta gk & At #¥H
- 11 -



7krtE 2 n]= Yale th¥}te] Peter B. Moore 11¥l3} Chicagorfdl Agarwal
Elo] E, coli 23S rRNA?] domain VI F-ZE NMRE Tr%’ﬁ}l ricin, a-sarcin
cytotoxinE 2] interaction W3 o FX Az AEF3 23 skdA JpUE
AL7E elelx|aL Tl Je]3 Yale UfE}e] T.A.  Steitz AFHoA
glutaminyl-tRNA synthetase®} tRNA""2] complex, reverse transcriptase (RT) %
2] crystal F-RE JEETOZEH RTE targetF 3h= AIDS X[ &4 7ol AAMA
Hoz wus| AR gk
“—_HLLHOHH—E' F-RAAETo] of

AT
A7Y
E

o oy
e
et
)l
(o
re
44
L
i
9,
4
o
o
R
pacd
X,
Ir
il
o
£
=
o

re
44
)
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human genome project ©]F&] structural genomics®}
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structural proteomics ¢3-of] Z|thE Aol E3Z 3}cl).
Tz thEk &= 7]**53 FApak 30-40kDoy] wgtrhil g 7hstzlch

FUelME 15-20k08) AT AT} 9T Bl BT AT} olFolAEE AHow

£ A2} 2A FEolAA| ‘”-‘:Ub— stzich. el SFow wlas) X

2 A RE cja(uba} shelzigel Q= of

[ChN
gh)o] theo FRAAEUAE B3t o3 AEFS Midshs tiREe ASEHAE
= FRAET ] ZA A Aol =g JI&ela itk fEuvEke] B+
A izt dFAE ALstae FRAEY dYo] e FHolth

Qto 2 TIXFYITIEE NMR 7'} RNA isotope labeling 7]®¥ 2] whd, 2|1
=35 2o ZiE TROSY(transverse relaxation-optimized spectroscopy) &<
200-300 nucleotide (60-100kD) o]JAr2] RNA JRXRAILE JlssiA & Fold,
structural building motifS2] 7EA JFTRATFE Z33LO T A RNA A2 AA|
FzI} dolA £ 9lg Aot} EF 2] RNA crystallization ¥Wo] glo] 7j
utgjgl o B2 X-ray crystallographyo] &3t FZRE Al WEHE Zog Hatwith
NMR, X-ray crystallography®} UTjEo] low-resolution?] electron microscopy,
neutron scattering, chemical modification & enzymatic digestion A%, 5& &
St mke At] RNA A T2} RNA-protein complex X7} FHE Zoz o4
=3
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2 AT AR JATRE 3517 91 Hal MR 7HE Fylsla
RNA 5 BALEA YAIFZE AAZ F3sted F3o] gk 1980dtioll NMR&
o] &3t vhild Fx g o] JPUH olF MR JH2 FAHT WAS ARSI
| chAhdThelE NMR 7o JipdEo] chifEat ofu]al RNAS} DNAS] FZ7iA]
= Y 5 A =Hdrh RNAE FRAe] FHEHI Foda XF AR Aol
o]H7] wiEe] Al uls) FEHE F27F Aok 2y HZ AMEL JlEo] A
W3 ribozyme So] e Rof whel RNAS] T3t Talo] TRE|o] WS RNA PR
AF7t FAAFE A= 3 et

= Hods & AN F2E AHY o A& Ao chAATEE MR
& Zlestddrh. thATHE MR 7I1HE A8 gt e BedAE A
3 BAEAEY gdo]l ot Fold4 ¥ RNAL whilef uis) @ A o
Hegh #gol glrh  UC Berkeley®l FFo2 /et Fold4 X3 RNA A& 3
B71eS (1o Zlestddet. 2194 H9 WR 7IHE ZI&stgch. 482
NMR 73 2ol chabd WR 7S Z1estgdtt. 53] RNA 32 so] Hagt
22k 9 32k MR 7 & Jlestolnh. EI 2 Ao AEE AEE MR 7
Zlestach.  [3]elA = MR

1
datao] ZABIe} 3310 H LYHTFZE modelingshs WS 7l&3borh

<4

Ml pyrimidine-filtered pulse sequence® X}A]3

= dFoME A2 MR 71 Hols ©e3E F2EA Jl&3 DN AR
A BF Jles Mdstdcth. o] F el BF F9] grax|o HEE Ak g

X
BE F2EA Jle2 [4ldl, DNA AR AR 7142 [5lef Zl&stolct

_13_



1. T4 23 RNA A2 P 70e

NMRES ©]-83F RNAY] 33 JAIFZRE FHoll golM 7MY 2 A-ES 2%
AHolct. & 2ol 10K Da, o]Ate] RNAY 7% 30078 o]A+e] proton nmr X1
7} 10ppm ool 7] wfEel A% ZHHo] @A Hr}, oldt A% AFL shas}
7] g1siA = Pcet 'No=Z label H RNA A]Eo} MR ZH7[Ho] 27HL}) B o
FolA= ol R T4 AT RNA AR FEUeS Fystach

Feot 'NOZ label © RNA ARE AT flsiAEe 2 7B wAE el
T}, RNA: template DNA®} T7 RNA polymeraseE 0]%6}0# in vitro transcription
nhH o 2 FEAMIICE (Fig. 1-1 #X) DNA template:= automated DNA synthesizerZ
o|-&sto] ¥gd3trt 4 E DNA= PAGE 4l HPLCE ©-&ste] Ee|3lal dialysisE
o83}y A=A ZITE, In vitro transcriptiono]] ©]8%|= T7 RNA polymerase:= A}
A o7 o]fo] 7Hs3lA|YF NMR sample FH|o] Q3 RNAS] large scale
transcriptionolli= A ws}A] Qi uwl2lx] T7 RNA polymerase gened 7|3l Q&
E. coli& wieste] Fel, BAste ARE3siAct.  T7 RNA polymeraseS FA|st:
HhH2 of g 7IX| 7} wWEE QAT 2 o FoA &= fast-flow SP sepharose columng
o] &3t T7 RNAE BASt AME3IAA ol 7]Ed] ARE3IY P11 cation
exchange column WH-E& tiAs= ZOoZ J|& dhHo| u|3] 28 E ®T-&Fo|t}.
M& ©]-&3te polymeraseZ 14}

AlZc}h  Polymin PE o]&3t

Cell lysis & polymin P$} ammonium sulfate A
#2|5}3L SP sepharose columns EIA]HA 2x} Fg
FHAUE ol &YLe=2H DNA 9 RNAGS] ks
clogging A& 3|43l proteind] =& =Y
exchange columng o83t FA whi 2537t 4
T oWHe ] Fdubd £% %2 T7 RNA polymerasesS AAZ 4 oladch.  SP
sepharose colum® 2 $3}= polymerased #-8]3 F oA dialysis® 3}
Z] ¢t= saltEF} nucleaseS2 A AZNE W% XS} in vitro transcriptiono]
AAH polymeraseE o]-&3Iic}. Fig. 1-20] AA® T7 RNA polymerase?]
SDS-PAGE A}2 UEhjolth.

In vitro transcription®® C2} "NO.Z label ¥ RNA A B2 3A3}7
A Pcot "NOZ label H NIPE o]-&dlojo} 3ttt ey g0 e}
label ¥ NTP H]-Eo] Wo| A£QHTh= o] lth  mleprd £ dAFoxE= N
2] AFAQl NMPE enzymatically phosphorylation AJH A A}&3tgdcy. o] w
labeled NTPE A1g3h= whilo] ulstel 45} of4de] u]& A7 &7 gich '
No & label H NMP mixturel= cambridge isotopeEHE| FA3tedtl.  Buffer
solutiono]] NMP mixture?} kinase %! PEP(phosphoenolpyruvate)& 7}3}3
overnights<¢t incubationdlo] ¥hg-& Aj7]3, WEEQ] 2PASTE TLC 4 HPLCE
olgslo] Tastgth  wkgo] Tukm WES mixtureold FTAHH Pcot Nowm

HAANZDOZA  columnof 4] 2]
 olgr}.  E3F P11 cation
&7

[Zto] Hastglort o o

Tem

—

—_—

;o o

ko 22

]
)

i



label ¥ NTPS boronate columng o]-83to] £z2], AAstgct. ColummE E3}
Peel "Ne g label H NIPE SAZZ A1 RNA 3ol o] &3l sx|ut o]&l
BjE Pcel “NoZ label ¥ NIP: AF22] non-labeled NTP2} transcription?]

%

| ttEc}t. E3] magnesium ion?] X in vitro transcription®] 4=
FerS For}. Labeled RNAE A Sl=0] transcription yield= =]
2 F7] wj&o] transcription ZZ-S optimizedl= Zlo| HQ3stc)
sk PPRAL olgstel U, "New X3 RNAE PAsHATh (Fig
) AH RNAE= polyacrylamide gel electrophoresis (PAGE)E o|-83}o]
A3 electro elution, dialysisE E3| 141{]0}031:]- stz Bo Byowm
2 RNAR] ], BA] ZAL non-labeled RNAR} Ztl 2 AFor:= ',

] T— L_
BNo g %35 SL2 RNA (28 nucleotides)E ¢j2} o vk o=z Zn|siac).
No 2 x|3E RNA: Fig. 1-42F o] Proton—lSC (= N) HSQC NMR spectrum®.

2 wlEgr),
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2. T THEE R J)s

NMRZ ©]-&%F RNAS] 3x} =2 HHole 8 712 MR SF 7] HEC] o]&¥H
ch &9 Aefe} S48 AefofMe] 1D W 2D, 3D 52] ChARY tiEE NMR 7]
o] @7FTh  $£8% Alefo]la]= exchangeable protond} oo} AHUUAE 71#]
L dzs BHsly, Z2gd AejoHE non-exchangeable protonz} c, N 71
gla Ypg TESA Hrl o] B AFoA HLH A7 MR thxpgd
LI E NMR 7]&& Aestalct

7t 2871

(1) DQF-COSY : o] ®PH-& RNAZ} one conformations 7[X|=71E EIslaL
3-bond couplingol] 2J3} correlationS Z#3l=d] o] &3ttt EE pyrimidine
H6-H5 region (8-7ppm/6-5ppm)ofjx] &}t crosspeakES THEA] Hrl,  qhef o] ==
2}7]- ogArBE Tt gthd multiple conformation® ZIA AU A& Ev[2pFollA A7

n+tlolA] Ffsh= F-folth. o] Afols AEE th HASHAYU AlEzA
T, 55, pH 5)& delste] dF@steiof gl whef o] 2}t o ETE ATl
H6-H5 crosspeak7} TFE region® Z shift ¥ o] QUE=J1E A A3 Holof Fith
el intermediate exchangeo] 1} dynamic®t pyrimidineo] 1& -9 ©] peak7}
bpS okl A 4 otk o A$E ARZAS Yelsld Awsl 2 Besh srh
oo 2 non-stem region®] pyrimidine2 uf-$- ZstAL) uf-$ ¢St crosspeakE X
& 4 g9lEul, ol dynamicsofl &% AR MY 4 Arh RNA FRo|A W2
749 sugar= C3'-endo conformationS 7FX|A] E&=d], oJuf HI' to H2 " coupling
constant= 2 Hz n|gFtS T COSY crosspeaksS B o{Fx] ¢l=cr}. (2'-endo sugars
7¥&t H1'-H2' (5-6ppm/4-5ppm) crosspeak”7} VEIUIY 7 F7|= 7 HzE V| %= 3
Tl RNA2] bR oln} loop H-9]9 79 mixed sugar pucker& 7IX|7|E h=v],
H1'-H2' regionofA] oFs}A] Hol:= crosspeak~— g 8 4 Qlrh
H2'-H3'-H4'-H5'-H5" protoni}lolol= i 7L crosspeakE HH ¥ F 9lA]
TF RNA oligomer?] 7§ 213 7 %o OH*"Oﬂ Ftigr o7} #cl. Small sweep
width, *'P decoupled DQF-COSY A 8-S & 7% peak pattern 24L& E3] F&24
sj o] sHesich

rH@rl

(2) TOCSY : Homonuclear TOCSY spectrumS Hl'Z} H2' X}ol2] J-couplingol &
3t o] 7153t C2'-endo sugard -9 {83t} Crosspeak®] intensity= &
opup 22 transfer& Z3ts slofl uwhgl @apdch Mixing timeo] Z 79 e
Z}=](H4’, H5', H5”) transfer?} 7}53}R|t 1RFE magnetizationo] ZFASHA &
2% og] 7}R] mixing timeol A 2] A3lo] H Q3jc

_16_



(3) NOESY : FF8HAorMe] A WHxl HFE= base proton (H8/H6, H5, H2)=3
H1'& assign 3t= Zlolt} o]+ dipolar-coupling® ©]-&%F NOESYolA]
base-sugar walks E3||A] o]Fo]ZtT}t. A-form helixolA&= Hl'S base proton
(H8/H6) 2.2 2] intranulceotide NOE 2} 3° ®W3FC 2 internucleotide NOEE 7}3
tl. el internucleotide NOEZ} intensity’} E2]Au FHAEA] ¢i=t}d RNA
conformationo] o] Hox deldcls S A + alch Pyrimidine&] H6
crosspeaks= doublet2F HHAE L ZF singlet®® HEE+= purine HBSZFE T
w3al 4= olr), H1'2 C2'-endo sugar’} obd A$ singlet2® FHEE| 31, HI'-HS
region(6-5 ppm)oflA] doublet®Z 2T = Z1.& COSYL} H]ZS}o] C2'-endo sugar
2] H1'QlA] H5 crosspeak®lZ] 83t HEEFE]S] crosspeak= THH-E oFstAnt
TAEx] okx|ut Tatd A9 WadE A Fstr] ulEe] {-&3lch.  Adenine®] H2
proton& nonexchangeable protonZzofA -FdU3}A inter-strand NOEE R.ofF7] uj
Lol o] £Q3}ct. Adenine H2 proton loﬁg relaxation timeZ ©]-&3F A3 o]
L} proton-carbon HMQC spectrumoflx] g 7A] =¥ 7}55itt. RNAS] stem regionof 4]
A H2:= 3708 NOEE uehji=d], <Fst H1'z2}e] intranucleotide NOEQ} 733t
internucleotide, interstrand NOEE RHo]FEr}, o]2]o] base-base, base-sugar,
sugar-sugar NOES-& assignd}tA] ®T}l.  Assign® crosspeaks= 32} ZZ& Ak
o] volumn integration® ¥-3)] proton-proton distance restraint® o]&X 7 H

ct.
vl Tk ohEE MR Tl

RNA E2}7} #A|H resonance peak”7} U‘O}Z] A E3 A5 7 Ho] wlobA A peak
assignment7} TEOIXA Hr} o] Ffol c, NG o] &8 tixld MR JHES
o] &3 peak overlapS ZTE3I £ 9l7 Hul uwakd ®c, "NeE ATH RNAS
g3 shal T MR S 71 ol HastA "t

(1) HMQC/HSQC : o] ®PH-E& protono]] RAA S F chemical bondingS d}xL &l
= Bo (mi N)S Basts vkoltl. o] spectrumoA] uridine C5 (100-105
ppm)< cytidine C5 (95-100 ppm)ol]l H|8H 5-10 ppm A% downfiled shift Eo] L}
Elvitt.  mhebA] cytidine?} uridined FEI S EH aromatic protonF} carbong:
assign dh=ud] 8§83t}  Adenine C2 (150-160 ppm)< purine C82} pyrimidine C6
(135-145 ppm) . ZFE] ¢F 10 ppm downfield shift Eo] AH22] 9IX|& A FHJIE
< 9lt}. C1’ (85-95 ppm), C2'/C3° (70-79 ppm), C4" (80-87 ppm), C5° (60-69
ppm)-2 protono]] H|3l carbon®] chemical shift dispersiono] ZE2Z assignmento]
E&o] Ht}t, E3| unusual conformation® 7}3 RNAoA protonol] A 2] shifted
sugar peaksE JE3sl=d] B8535} Exchangeable proton?] A% 'H-N

_.17_



correlation M@= G imino (~150 ppm)2} U imino (~160 ppm) resonanceZ 23}
=d F8&3fch. 7R R amino nitrogen(G ~70 ppm: A “83 ppm; C ~95 ppm) 2]
B5-ol% nitrogeno] ThE regionoA] resonance® H.0]|2FE baseo]| WE o]

7Vs st

(2) HETCOR/HET-TOCSY/HET-TOCSY-NOESY : °'P2] chemical shifte} °'p-'H
coupling constant+= RNA2] backbone conformationoi] tfgt &3t ARE i 9]
tl.  ¥P& ©]8%l heteronuclear COSY AlF-E %P2} H3' = H5'/HE” Apo]g]
3-bond couplingS FAst= WHOF H3I'2] assignmentol] -$-&3tA AFEE 4 ol
2 coupling constantZ3-E] beta®} zeta?] dihedral angleo] tf3t FRE o &=
olt}.  Heteronuclear TOCSY 132 *'Po} H3'Alo]e] 7}3} couplingS isotropic
mixingg& ©]-&3te] H2'/H4' o8 JdAAAZoZ A *po] th3l sequence-specific
assignmentZ& 3 4= QA ¥ttt ¢ L}o}sbA| heteronuclear-TOCSY-NOESY A3
o2 Ypojja] H]LE assignment’} 2]-& Hl' X base proton®. @ magnetization

& transfer 0.2 H Hl'/H8/H6/°'P2] sequece specific assigmentE & 4= Qlr}.

(3) HSQC-NOESY : 'C X "NO & label® RNA A]Ro]M protonold &7
o] Llelt -] NOEE assignmento]] §-83%F A¥ojr}. 202} 3DE AP S
21, homonuclear NOESY Ao AHR 23 & B¢ rx= Pnxogw Hagt
o7l wiEe] wfg  /-&sich 2D NOESY Agolla A Hl'/H50 A
H2'/H3'/HA’/H5 /H5" 2.2 2] NOEE& 3 HSQC-NOESY Ao A= C5 (95-105 ppm)}
C17(85-95 ppm)2} chemical shift”?} G138 7158} 22 NOE crosspeak?] Z2o] &)
Elo] assignments W NOE volumn integration® E3F LR EAM o] §L3F ARE
Fich 3xd P& o] B4 base-sugar Ale]2] NOEE EHRlsh=d] {83}
Al AH-gH

4 32 ¥

ES

(4) HCCH-COSY/HCCH-TOCSY/HCCH-Relay : RNAQ] TR FoA 7} & A=l
sugar?] resonance assignmento|T}, 1 o]-f-= tf¥-E2| sugar protonSe| 4-5
ppmAtolol A X1 & Aol Ayl wiEely], coll 213} carbon chemical shift:
proton®]] H]&}o] dispersiono] Ztr}, wlabA proton-carbon-carbon-proton S & 2]
magnetization transferof 2]%F HCCH A 32 sugar assignmento]] Q3+ <38 3t
T}, T3 IH-1H (~10 Hz) coupling constant o] B]3}e] H-YC (~180 Hz), “c-Bc
(¥40 Hz) coupling constant’7} FEZ sugar pucker?] &3k A nler}
HCCH-COSYoll <= DQF-COSY®} ZHe AR E dAAE L}, sugar puckerol] £]3F ol dkoj
gorng utzy oz Hasly] ojajyd Hl'-H2' 53} 22 correlation T3 3t
< 2ith.  HCCH-Relay Ao Z:= H1'-H2’, H1'-H4'2] correlation® %
HCCH-TOCSY ofj A= TOCSYR} & ARE ¥& 4 9l O1} proton spread (1 ppm)ol
H]S}o] carbon spread (over 30 ppm)o] 2]3F ®3FO 2 rescnance® 4] A assign &

¢

o)

(")

o

ot
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+ ac
T}, A 2§ Pulse sequence B3I : Pyrimidine-filtered pulse sequence

RNAS] FzAFo] glojA A Haj A2 spectral assignmentE Shi= ZlojTh.
ol &t assignment $o Ae=H A& 7YY vhAE ThF WR 71 o] &3}
430353 9ltl. B3] sequential base-Hl’, base-sugar®] crosspeaki= o]&]3}
assignment& 3dt=d] QoA 71 Fo3 J¥E st vk gL o] EfoA
2] A& AR RNA oligonucleotide, 53] I ExlYU A-202] assignmento] Aloff
b 25 gl whEbd 2 AFoA= ottt AZHE A4St assignmentE
T8 ¥ U=RF 317 fste] AEE MR pulse sequenced JiUSIATE
Conventional NOESY spectrao]|A] pyrimidine H6 resonanced 3E3}'5}l3 9= NOELS
& selectively filter 3l= AlEF techniqueE AHLIOCZ A spectrumdS
simplify® 4 Qlgt}l. Fig. 1-b%= pyrimidine-filtered experiments®] pulse
sequences UEhJgiTY. 71 &2 7192 90-A-180-A2] exitation pulse ¥ o
pyrimidine?] H5E selectively excite 3}= pulseE 7}t 2 pyrimidinel] H6
proton resonances selectived}A filterdb= Zolt}. ojuf 2A = 1 / (2Jusm) 0]
2 0 23 pyrimidine?] antiphase® UEI}E= EE single quantumE mulitple
quantum® 2 H}Fo] pyrimidine H6 resonance® filterstaitvt, AzA o2 Llelh}
X spectrumn ¥t WBFO T = gelective filterationo] FHI, THE 3t Wto gL
nonselective excitationo] EE2E symmetry’7} oLyt spectrumS GA Hcl o]
pulse sequenceZ SL2 RNA oligonucleotideo] H£3F A& Fig. 1-6o LeRjict
Fig. 1-6A= standard NOESY experiment&, Fig. 1-6B+= pyrimidine-filterd
experimentE UEPHd Z 22 standard NOESY experimentol|A]= peak overlap wj&
of Ho|x] Qtalwl H8-HI' crosspeak&ol HA| HWHEITE & Ao 7Rt
pulse sequence= 413 ZIa]7} Tof &l AAEH =Y, 7 Z7]= [1-exp(-2A/Ts)]
ol B 52 %2] A% 7|7} WHEUTE o] pulse sequence= W2 Z-¢ #EH
El= purine?} pyrimidine?] base proton ¥= Hl’'Z} H52] resonance?} overlap F|

£ %ol f83 AH8E & 9tk
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3. AAEAL dAFE

]

g8 Je

MWRE o] &3 AAE=} AT BUYL Fig. 1-73 22 AR S AAA
t}. NMR spectra@ 3]Ad3}o] resonance assignmentE 83t FRAFS 9
constraintE F-3tc}. ZzAA] = Q3E initial structures model build,
distance geometry(DG), simulated annealing(SA) WHLS= IL3IaL iterative
relaxation matrix approach(IRMA)2} Z+e WIH O Z refinementE +33tA Il
Final structure: constraint®}e] &xjA, convergence, deviation from ideal
structure5-& e ste] 73kA Hch  thgol £ AFolx FH{H dATz BY
8 7la& Aadirh

kil
g

7}. Constraints

MRS E3fd & FR: FTxAse] eyt 71 287 Aok ol#¥
constraints® interproton distance constraints, hydrogen bonding constraints,
dihedral angle constraints5 &2 Uixltl  Interproton distance constraints+=
NOESY spectra?] crosspeakZ® integration 3024 &2 4 =0, o= F spin
x}ol2] magnetization transfer rate®} TEET NOE intensityi= interproton
distance?] 6%of R[dsHe 42 shxlck. RNA FEAFelA = pyrimidine?]

H5-H6 (2.45 A) interproton distanceE 7|&C2E mixing timeo] wE NOE

N

intensityS H] 23} strong, medium, weak, very weak?] category® L}Fil Zf
o] sjutsls distance constraint® ul7o] T}, Exchangeable protong s}
= distance constraint® 7-¢ exchangeol] 2l3F &3S 18|31 internucleotide
NOE:= 2-5 A2l Y& constraint® &£t} Hydrogen bondi= indirectly detection
(imino and amino protons) E]= 7Z$-2} directly detection (HNN-COSY) Ei= 7%
7} 9lt}.  Watson-Crick basepairofA]+= NOE patterno] wa}A hydrogen bond
constraintE donorg} acceptorAlele] distance constraint (2-3 A)E A& gich
Dihedral angle constraint: ribose ringZ} backbone angleoi tj3sle] A& 3 4
olth.  olof tf3t A K= DQF-COSY, HETCOR W cTixld cialE MR 7]&5olA 23
& 4 A, U Ve, ec & FHst] AP ETH DOF-COSYOIA ey
e 2 sugar puckerE ZAASt=d] £Q3F 93E 3ttt Backbone dihedral
angle (from a to {)%= HETCOR, HCP AlYofx ZAE 4= 2t} Dihedral angle p
L srp, S ST AAS, o]Eeo] BF 5 Hz n|wtd 7% trans (180
+ 40° )2 AHztch,  YUpw o] 5 Hz olAHY A 2] ¥ gauch'E A
trans-gauch” B2 AGTh  “peas, s o] BF 5 Hz miwtd A v
gauch' & ZAFcE 312 o] T coupling constanti= DOF-COSYoA &= A1ZE Y
o8 olste] ZAASII| o892 FE NOESYR] crosspeak ZH-E| qualititivedtAl &

3]

o¥ ¥ rlr
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SIC}.  Phosphorous chemical shift= a2} 18] dihedral angleof wle} =lzbsjcl.
BE2 A-form RNA2] Z§ P -3.5004 -4.5 ppm A}o]of A resonanceE Ho|il
o| 2 8¥ upfield = downfield shift¥ phosphorous resonance?] 7% unusual
dihedral angle& 7}AA ST oatal 4= git}),

L}. Distance Geometry

o] WL pointE Ale]e] Agle] HlEE & geometric problemS AL3}= 7
o2 N2l atomo] Q& uwl N(N-1)/27]2] interatomic distanceZ} A7|A L
atom i, j7} S W element (i, )& 7} MN matrix® represent 3'C}. NMR
data®HE HL geometric informationd ©]83}to] molecular modelE
construction Sh= R7] WHOF o]&FHT| Distance geometry= interatomic
distance®] upper and lower bound® ¥ matrixS AlAtstz, zZizboll ti3dt bounds
Lf2] trial interatomic distance value® assign d}= 2} 2}, distance matrixs
cartesia coordiante® H}FLIl, target lower and upper bounds® refine dh= =}
BE& AXA b, A H#] oAM= trianlge smoothings d13l, embeddingS
E3] cartesian coordinateE WA Fich wt=o] 4 cartesian coordiante:=
simulated annealingZ}8& E3l upper bound?} lower bound® refinedsto]
molecular dynamicEo] 3t initial structured H|ZL3tA Hc},

t}. Iterative relaxation matrix approach

IRMAE BE B33t WR data set®?} model structure (DG, SALS E3}
initial structure)@%-E] NMR relaxation theoryS A 83} refine® NOE
distance listE& %"ISo]F= computational ¥HS2] 3Jfifojcr}. RNAL] of] A 2]
dipolar interactionE< molecule f&] T}oF&t motionof2]dA] modulation FT}.
wlzlx] NOESY spectraofjA] ¥ojx|&= crosspeak?] intensity:= spin diffusion
effects, molecular flexibility, spin-relaxation phenomenons2] R3O T o]F
o]t o]=A ZAH NOE J coupling2 structural parameter® ‘HEFH T}
IRMAE= #EE NOE  intensity2H-E] molecular flexibilityd 3128t entire
spin-relaxation networkZ& AAtslo] Bt} A3t NOEZLS ¥ = Q. 3 H
7] stepollAlE= starting XY= model structure?] atomic coordinateEFE]
associateed NOE relaxation matrixE A413}3l, TS stepo]lA] theoretical NOE
intensity & Al4Fs}A] Ht}l. =33 NOE crosspeak intensity=®-5E| experimental
NOE intensity matrixZE AAFstZ, T 72 matrixE ZHH A] relaxation matrix®E
back-transform3tc}. o] average¥l relaxation matrix®X-E] upper 2} lower

distance matrixS AJ4Fst3, refine®™ distance restraint set& wHEA Hr}.
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ol&A I#HF setS restrained molecular dyanmics ®HHOZ  improve
structureE AJAgIct o] I} oA IRMAE= NMR restraintsE &XIA O E refine
SHAl =3, refine® FTZRE wEA ¥Hch o83t cyclic AL convergenceZ}
ol %ol w7ka] WHRHTH
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Zh ME

[o

B-D-(1—3, 1—6)-glucan QIZte] HYA|ARLE FXIsIAL AFsh= A4
7} 32 glo] AAMEE W7 =}(Biological Response Modifiers : BRMs)2tal &
T} (Kulicke, 1997; Kiho, 1991; Blascheck, 1992: Kitamura, 1994; Bohn &
BeMiller, 1995) th2 FZE Zt= B-glucand] thdd2 it U=t &34
o4 T ele %t 2 it} (Bohn & BeMiller, 1995: Kollar, 1997) m|A] 7]3
(microorganism)ollA] F=3%t B—glucanE—‘D— Auidog R-D-(1-3)-92F Fo+¥
the](anhydrous glucose units @ AGUs)& W{ti® Zt31 FI7|H o2 B-D-(1—6)2=%
AAEE A& ZEnh SRR 7}7‘] ol EulE B-D-(1—3)-AZ 2] glucan
Ex ot AZ7A Y $£ue AFAAE(Villians, 1991: Williams, 1992
Suzuki, 1991) X 7}x]3} A= (Degree of Branching)®} 33td wH3le] uwiel B
~glucan®] BA}H(MI) 2 8ol it Ssi=rt AR =, ol2¥ o] BRMeE
Aoz A8W 4 ALAE 2P Tl EReb YU PFHeE
3k glucan®] Hx}2F ¥ ¢ 100KD-200KDo] 32 7Fx[2F A =(DB)+= 0.2-0.5°]T}. (Bohn
& BeMiller, 1995)

S -glucan®] EA}7%, %33 < (Degree of Polymerization : DP), Le|il DB
& AR A BYSE B, 4 ogluane] Fejela o
A5} DB oY BHYs BolEakal, c MR PHoE BHY 4 Atk &
LBSES DM EL A 22 AAIEA 2ol Agsts Anths 12 %y
A AHEHAL Th 1 olfE RE foglucand] BAZE I RalHAE 4w
I B = HEasis ubHE o]¥ 7] wjEolth (Kitamura, 1994: Stahmann, 1995:
Stahmann, 1993) “C MR 2432 tjfz oz ZelolaAly Az} DBE 23
G ogm B4 A me el ARl WeSIL AT FLulE RS B 4
O}, (Japas, 1990) U3} BAE Felol2AY @A AAol ASH FAW W
Az AAele] & @3t U 22 B-glucan AR FfoE W 5
o] g EA 7} r). (Bohn & BeMiller, 1995; Waeghe, 1983; Hakomori,
1964) Read 917El(Read & Currie, 1996)o]A %= El-Mass& ©]-&3to] F8&fof =
= lammarm./] ZZE B o3t ¥ P4 0}5’«7‘} sl 2] Mol A
To] 913 BRY BAol gl DP7E 30 BTk e glucans] ZPol@ F8Y & Atk

2 Zot NMR AWHE-S] B3zt Fx}8 %’ﬂ%’:zﬂ n:H-p:oﬂ Z B-D-(1—
3)-glucan?] EA}ZRE H-NMRE o]&3dte] A 4 ) (Williams, 1991)
B-D-(1-3)-AZA g zb= WHe] ojPFe ohen] $£8 H, T MREHLE
3 2= ¢lolt} (Jansson, 1988: Ensley, 1994) Xt} Z|toll, Ensley A7H
(Ensley, 1994)oA $=golo] 5z] ot AR glucan®] UH-T4£E5S o3Hd NMRE

(o

Fl

i o
(o J
z L
Y

»
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elstdm, olze g-D-(1-3)-ddel Ty 23AU FAE ABsHe Zolort
stelelofol &% TR THE AGUY THFE ohwr$4E

] S 'H R E3He
Z &Ao| 7}=3}t}. (Duenas-Chasco, 1988) X272 ' NMR B3 o g Hapz
Ql ®Ajo] E7Hs AW Gidley(1985)7F H3et 'H MR AMEHS 7= tighR
o} AF-2] PPt DBE HBE 7He8 & A o=E A4St sH|Tt thE AGUES
THYEE H-152 dotd = gIlaL, oig®e] A sid=rt "olx7l wiFo] &2l
%o Zf-olvt DPE AXE 9,19113}

A Z7HA = B-glucanE?] o] 7Hedt TS AGUESY w9 22 I|3E5S& &
As] st A2 E7Msdch od 4 glojopgt 'H

= 5
WR ~MEeR DB OPE AAY 4 gtk whe AE 7=
RT), HIRATRAAIORT), BUBD M} ol T oA AL 4
-1(SRT), ZAl&olMe] Wyt AGUL] 4=4-1(TSC), FARE(SC)e] Wrh AGUE A3t
£ AUES 441, Solth (Fig. 18 2) oI7lold Felt B F4E A
B-D—(1—>3 1—6)-glucan %’-%9] 723 BE4E& 'H WR BE¥YE a}&ste] 2
7, TIITE ACUSS] 19 +4ES s HAsAT. ET W WR 23
L2 Zichsial umpz] 3 22 DPn3t 54091 pachymand =o] #x}3kel B-D-(1-3,
)-glucans] DPnzt DPe] Ao WHE AASHAL)
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L

(1) 2|& : Table 1-12 & dAFoA AR&3t Thotst B-D-(1—3,1—6)-glucan
Eeol #g&Y, &4, =T &HE Lotz drh

(Tokyo, Japan)ollA] F-<l3¥
o1, gentiobiose?} laminarina Sigma Chemical Co. (MO, USA)ollA], pustulanz}
pachyman-2 Calbiochem Co, (CA, USA)ZHR¥| Ztz} Lolsict SZHAZRZE yeast
glucang o]Ao HuH ubHow Zd|3lgirt (Williams, 1991:; Williams, 1992;
Williams, 1994; Lowman, 1998; Muller, 1997: Pretus, 1991)

Laminaribiose,

laminaripentaose®} laminariheptaosei= Seikagaku Co.

(2) #9214 : Laminaripentaose®t laminariheptaose+= NaBH4(3mg/1ml)E& A}
|35F] IM NHiOH € AollA SdAjzict o] E2 Wyl E FFAIE7IZ 3B
IZich, BdE AP E2 olehe A AE 3 102 ¢ 3000RPMO] A diiwe] ¢

A ﬂ | =3 o
AG AX 2elgich. oRToR, FA3f] o HAHEE AEY S s
of &%t RiIEEE 35 IEE T Atk MR A& 23] BE A=
- = ‘]-

T

ES 50~60CoA Ao A] Z3F Lui(DMSO-de: D0 = 6:1)0] Hgdon,
= NaBHs= QA= 2]of o8] AAs e

(3) NMR spectroscopy : EE NMR AL 524 dx=}o] tfsl 600, 13MHz= Z
S}= Bruker FT-NMR E3}7] DMX600olA 38st&rt. AlEE2 DMSO-ds =
DMSO-ds} D:02] 2%+ guf(6:1)ef] Soth A 8E2 H2& HAES 9siA 1ol
o} 5mg?] glucans, °C AHS 23 1nl & 20mgd] glucang “gon, 80T =
oA AL 43sigdct. HolA FWAL chemical shifte]l thd ¥ EE &
AL tetramethylsilane(TMS, Oppm)S A}&3teionm, Beoll tfsfias DMSO-ds
(39.5ppm) & AHgstaith 'H Ayolr, B dolE AL ¢l 32K 2718 7]
of FAAE A3l on 30° HAES ARl Qo 128702 FIDES Ha3tsied
th 53 FIDE Alojof 522 vkE A4 A& Fodrh o] FIDES 64K=2 zero
filling 3}9l 3, Fourier W3 Aol 24 T4E ALsigrt. Uc Aol tiside
64K2] F7]o] 7)o FAE AREsigon 30° HAE ARESte], W& AA Aol 5
=2 As)2 2048~40967]¢] FIDSo] A#Fslstdct. 'H ¢ Yoo I AFL 9
3] 2 *}$12] magnitude COrrelation SpectroscopY(COSY)$} Heteronuclear Multiple
Quantum Correlation spectroscopy(HMOC)AH ¥ & &ttt COSY 32 2048(t2) X
256(tl) Z7]1e] B4 vlolE] A& ol X AT 1.62% Hslol, 16 72
FIDE HIF3stedct  FIDES tlof cthsh 1024F zero fillings}dil, -+ Xpdof
t]3] squared sinebell ¥TH4E AL3s1orh.  HMAC A T2 2048(t2) x256(t1) = 7|
o] B4 dolHZE, ol A4 A7HS 22E HIle], 16~128 7§¢] FIDE B3
sttt FIDES tlo] thsl 1024% zero filling 3talxr, zbzhe] xpdof chsh 9
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0° £]Ato] o]%3l squared sinebell 3¥=E A -3}t
(4) MR §oHe] A ¢ B BglucanSL 8 Aold 332

jdo] W3t & 4 9lt). B-(1—3,1—6)-D-glucan?] °C MR BAL 9|3
7re] SR EAIEL 254 7A)& A% 4 9lE dimethyl sulfoxide(DMSO)
Lo AFR3shgdct.  E3F DMSOE D0u} NaOD@} ZHe 42 o Br}l 2%
= F7 stz e deA otk 2EU FF ol=HE FE H £ UA 3
1218l ¢4 3t H ¥AVE FHsle] AARE FFFH2E A5 oYk
WA oleh 22 OH WIE AABI] 9)3) DMSO-d6st D07t EH EuiE AHEs}
o] fujZ7AL t}dF(polysaccharide)?] #x} S & 3

off
o droaw dn Lo

2 &

o b 2
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(1) & 842 A8 272 H 92 A3 : R 7z 24g o8k
AGUE2] H-2, H-3, H < THE AUGEoOlA Ztzte] a7}

Gentiobioseo A 2l WL7(RT)2] «-H-13} B—H—i ¥|3& ztzb 4. 96ppm(d,
J=3.7Hz)3} 4.34ppm(d, J=7.9Hz)oll $Ix|cT}. T WrhrlofA F WHazjo] x|zt
AGU (SRT)®] H-12] #| 3+ RTY F 71x] ob=n] HEelF Q1sto] 4.23~4. 26ppmoA]
+ 7he] o]FHd o= viehdth.  COSY o BMAC A EHo|A H-29} C-13} o] B 2
7o) BAE 44 e 25 12 4R G5 A4 olsh BL A3 Aol
FA0e slwd o 24t (Fig 1-9)

Laminaripentaose?} laminariheptaoseol=- 6 7§°] H-1 == 7} 4,41 ~5. 04ppm
Afolofa olFdos elyth  RTY a-9f B-H-1 $452 Zz 5 03ppm(d,
J=3.6Hz) 2} 4.43ppm(d, J=7.7Hz) &2 Folsloir). H2 $49be] #x|e ma AR
A C-1e]  AFBA(e-C-10] thshAE=  91.46ppm, A-C-lof thsfrl=
96.10ppm)= #1ot 2 H-19] ¥3Z A& FASA stedch (Fig. 1-10 & Fig,
1-11) 4.57ppm(d, J=7.8Hz)ollM FW3te 713 78 3|3 717 27 (BC)ollA U
4 H-1 42 ATk 4.50~4.53ppno]] $1x]3}= 4-EH Zo] Roj: yjas
Al SRTY] & Y 33zt FHA Aotk o]RZ  glolg A3
laminaribiose®} gentiobiose?] Z-P-olx= SUZE o] 2 QI3 F 7)o wja= B
FIETh olsh 2 W3 ARS T ¥M acue] F olFde] TR olF
(4.50ppm, d, J=7.8Hz)2 2 A== U laminaripentaose?] A
AL 5= gl o714 RA|EE o Fd(4.46ppn, d, J=7.8Hz)& 3 o4
YRt AGU(NRT)®] H-122 X3ttt OH7] 42 3 xF& ¢35 IMSOS £uj
2 AH&3telth.  Laminariheptaose?] COSY ASJE#olA] 6.19 2} 6.47ppne] = 2| =37}
RIS a-9b B-H-13} BxlolA 97| wfBol 27t RISl a-9t B OH-10% x| W5ty
Tk OH-2, OH-4 o OH-69) $4T72 €A 9 FAelA Ri upe} Zo] 1S3 o
HlaRg 2] m3ete] A3 BARYE XAyt (Fig. 1-10) o|&

= 578 chemical shift7} A3 2% 2183 fujjo] ula}

kel Apolzt A AdSE A oMo R AAE3} A Axsigrt.
ohmm 47t ¢l YT laminaripentacsed A= A7) AGUS2] H-1 ¥a LS

o] & FelHa, HEAAE shie] 448 o 4 2drh. o] chemical shift
E A E NRT®] H-12 4.45ppm(d, J=7.8Hz), SRT2] H-1& 4. 50ppm(d, J=7.8Hz),
L2 H-1-2 4.55ppm(d, J=7.8Hz)Z} 4.48ppm(d, J=7.8Hz)o & z}z} =z @3t}
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B¥Y laminariheptaose (AHEZ Aek)o] thsjr UFe] H-1o] % 72| o
’d(4.57ppm, 4.56ppm) 22 Hojz|=d], ¥H] WA W& 3:1 olgrl ol
4.57ppn®] ¥ 27} 4, 5, 6 HA] AGUE2] H-1 &L wald, 4. 56ppm $]x]2] =3
3 ¥ AGUS] H-1 ¢-& UEldT)

fr rir O{N

(2) LaminarinZ} pustulan®] Z Al& 1H I3 A& : 2 AlSoAe] H-19] 3
3 A BE& $l8l, Laminaria digitaoA] 3+&%} laminarin® £ TFE EARTA 2}
&3kgith.  LaminarinolA] 2 AM&EL B-1-6F, 7|2 24L& £-1-39 gz
dAA= o] Ar} (Usui, 1979; Stone & Clarke, 1992) = Xk&2] C NMR EA2 o]
Ao Baxold iyt oleh  Laminarind F 7]¢] TthE %f‘:}ﬂi +8Hch  shit
= Wwto] mannitol 7]E o] L}il(M-series), T2 shits YA glucoslyZ| &
2°] L (G-series), o|E ¢ 3:12] H|&E 3ttt Laninaring HI DP.7}
20~30L.2 R14¥317] el BE Ex}Ee] HUS P& 7IA|A] ¢k, w3t A 4}
<9 glucosyl7|E2 E4-A3icl

Fig. 1-9G9} Table 1-20fA] H.=uje} o], 712+ ZZ 2] AGU (RT, NRT, SRT¢}
Li52] AGU)&] H-1 |3 &L oligolaminarinE®] chemical shift& w®|@ZsFAL,
COSY$} HMOC AFEHSGS Fisle] Lo|stA AAY £ Qtrh M-seriesol| A]
mannitol o] ¢l SRT® H-12, NRT H-1(4.46ppm)®} Z383}t3, 4. 47ppn(d,
J:7_ SHZ)OM UERSITE 2 A8 B-6—1% dZAF[Z H-1-2 C-1(105. 34ppm) 3}

BAZY Rol= 4,28(d, J=7.7Hz)Z} 4.34ppm(d, J=7.7Hz)oA] L}ElLtCE o]t
7‘3 chemical shiftE-2 gentiobiose 2} pustulanolx] A-1—62 AAF o]z H-1
2] chemical shift2} tj-SHc} 4. 28ppmoll 2] ¥IAE BE B£-(1—3,1—
6)-glucanofjx] RojZith it 4.34ppn $[X[o] UERIE 3 B Al&o] s
°]’22] glycosyl 7I& Zt laminarin®] Z-9-ofjzt vebutch  o]o} 2 @z} 2

=29 chemical shifto]]l Z73lo] 4.28ppmol| A 2] 3|32 Z A}&2] 27FH thd &
= Tk AGU(TSC) 2] H-12.8 X339 o, 4.34ppmo|A2] T2 7 2}& 9]

r“ r]

AGUE A&t BE AGUE(SC)S] H-122 = Fslgrlh

2 Ah&ollA sCe &3 Z A& Q] 7|7 2 EIFOoRHE g-6-1

FelZ JZH H-lo] izt ¥|3 HES 53l 20%(+1%) 2 Alatglolzdch. Ty

o] Azt B k& ¢ glucosyl”] & UEhfE Z& ol =|nh, 4. 34ppmofl A 2]
.'_?_.

A2} 712 %Eo*c laminaring 33t FAMES] TthEsdtzt E4F-2dAlo] o3t
2 2]
(3) & =3 DP.of DB A7 : FH3 H-12] 73 FHEoZ B-glucanE 2]

. B (A)



= H-1 332 "3 /NR

T H-13] 3
DB = TSC H-1 9|3 ®Wd/ A RE H-1 3]3 HAA (B)

) o2 5E Axtd Dz 22}

Laminaripentaose®} laminariheptaosec|x], (A)&} (A
3] Laminariheptaose?] DP.
=

5 ¢} 7E uf-¢ FAIRE Froltth. (Table 1-3) 5© P,i=, H]
SN H]-&°] 'H MR AME™ Bt} Wl 3}x|gk, RT, NRT, SRT2} uj&e] c-17}
BasiA FEEe] Uc slagyy Axtd 4 gladrh (Fig. 1-10) o]} é
=8 ®3 L vfek 1:1:1:40]0, o] 'H \MR £A2] F-A DP. 3

g P*c NMR B2 oligosaccharide?] 7-$-of gt }%E},\E}

2 (A*)S o]&3te] A4HgE laminarin®] DP, 330t} o] HISEC-MALLS-RIZ
=43 ")y DP.(37)¢t IA thEXA] ¢ty DPDP.Y HIEE EFH EMES
ashd, F 7IXY A= f¥stAl dx]gth. A(B)E o]&sle] Alalgt
laminarin®] DBE 0.070]m, o]t o|He] EMSI #4& o]&ste Hid ZAx
(0.06)2} ¢¥7F tlET}  M-series®} G-series?] H|&2 UF H-1 IS FFHS

2 Qlste] Axtstr] 7 ol

>-|-f
L
2

n
bt

(4) B-D-(1—3, 1—6)-glucan?] FTZEA]

(7}) Yeast glucan : Eof &2] 9= Yeast glucan®] chemical shitfi= HMQC2}
DQF-COSY AW EZo] A 2QI3t laminarin?} laminarioligomer®] chemical shift&
7122 3slo] Folstgct (Fig. 1-12A & Table 1-2) RE AvjEx}2] ZH-$ SRTE}
F4-128] I3} VRl AGUES] 4T3t Pk 28 Aol (Williams,
1994) yeast glucan?] H4re 1.128 Wit FEAFFEASo] 3.5x10° 02 &
22 &= ol DPn 2198} T2 Holth SR o] AFAES L Fho] AT
Aoz zy] o] DB 3t BEA|stoittt. 287} yeast glucan®] DPn ZES NMR
2 By3e ujf MALLS BAXZAzte} St 2189 2 ot e I—’ DB+ 0.003
gl a: B8 "lE= 1:1.01(Table 1-2)& zz&,‘ﬂ‘"‘t} 233t
AF7HA] T2 PHESEE X BT S HNWR 2P
Hah= Aojth.  B-D-(1—-3)-glucans?] §°ﬂ oy gt %‘311
AFst= 7MY F4 3, o|Z DB ol 9
Stot stk 315} L= goﬂtﬂzﬂ *Q‘SH—‘-:—%
Eof z &x] ¢k= yeast glucan}= tfzF L L]_zz}qc]_ 1ucan% QI A}
L£351A AFRHTE (Muller, 1996) <Qlat3l-yeast glucan®] 'H-NMR AjollA DPnghe
210914 ul3] o] Mol WEH Zt2 137-450F =2 tisith. I o]fE2E AT
o A] Ql4t3}-yeast glucano] 237 wjEo 2 delA gy fele] Axe
Ar3} 31| ok yeast glucan®] DPn ZH(218)3} -F-AF3sr, <latElH yeast glucan®]
DB 0.02493t}l.  ojA 3 o AU, %A ¢ yeast glucan®] DBIro] UX|}HA]

’..3
o

_IE % U ﬂll
[o

E _llm

3
H
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ol A2 yeast glucanS Hel3 u] XS o] tiay] uwjRolr). e dg:=
ZIR A AHY Aol vhefdt DBREE Zbe ZoZ ofde ojn] R drt,
Loman(1998) v]2-1-243%-S st= 1477} Q1AFSt-yeast glucan®] helix 7}%-
Gl 91715te] BUIALES pHE AL HOT Aslirh. Pt ARE
wol Fol BUlY pHE ZHASAL AT o
shiftZ v} 28L& uj yeast glucand} Zith

21 213} -yeast glucan 2] chemical

(Y}) Curdlan®} Pachyman : Curdlan®} pachymanS HEof x| ol=t}.
Pachymane LA Efol A= curdlanit Begetd oz FRH o2 FASHX 2 DPRL
& olF A AR AMEE AHrc). (Fig, 1-12 & Table 104)(Okuyama, 1996;
Nakata, 1998) DMSO2%} D.02] H]E 6:1% 3t Zahgof] ZAXA curdlan®] DPnIl-2
16301913, SUREIIE 9112 b DPn ghol 2252 Z7kstalrt. oldl 2
o Bl wakep B ool WE P2 WE}, TelL curdlanc] BAk] S
YA 91l7] wiEo|t}h. (Suda, 1995: Zhang, 1995) Curdlan DMSO fujjof nj$ &
2 &3l=E Zterh  Curdlan®] ¢-, B-H19] H]8} DB= 242} 1:1.25% OOIUP
Pachyman®] DPnz} DP:= 5402} 0.0030]3L, A[27}x] 2|7} NMR EX4HOo T P
3 UEZE B-D-glucan 7R 71 2 DPngks& 7HICH

o o?:: F

—-4
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5. DNA At HvF Ve
7} DNA AFELPAR] 204

CpG oligodeoxynucleotide(ODN)¥ innate?} adaptive immunityE activatingA]
Zl = Q= BAST delA vl (Klinman, 1999a; Carpentier, 1999: Klinmann,
1999b; Walker, 1999; Kovarik, 1999, Kline, 1998) CpG ODN2] endosome® E 2]
entry= immunostimulatory 7]%5of - £Q3F 7T Belt) (Yi, 1998; Hacker,
1998) DNAZ} Z-8-F2] Alxutof bindingdl= A %B%?C] Qlxjut  o}& receptor
£ ¥ uprt gl

H AFoAE= dG runolgl Ee]=(Pisetsky, 1996) consecutive dG residueZ
CoG ODNoj] B¢l o 23 immunostimulatory 7]%5S 3AIA|ZIth= AJAlE 47
t} (Lee, 2000) FAHSZ, CpG ODN2] 3‘-wtle] dG runs U 7
splenic dendritic cellof]A] TNF-a@ &} IL-127} Atets] E7ists
th (Lee, 2000) 2] dG Zoli= 670 o= ysizict.  whH, 5 -dxhol
rung &Y F-$ 238 cytokine inductiong Zr&AA|F7|= Azprl ZEF o E
AFoll A drAd3le] cytokine productionS =& 3t sequence= Table 1-50 B 313}
At ERE 9iA]o] mE 32 Table 1-60f4 HojFolTt

Ll dG run®] 7= W F3}

dG run?] £]X]of] m}e} cytokine inductiono] R ThH= 712 dG run?] £]X]o]
meb AFUA PR A oYl ARHE Akl tn ABAS AT
ofUm, AREUMO] 9]x]2f BAGle] dAdo] it t}E 7]zte] 28t induction
o] Wbl 4% oItk o] AL Wiyl skl B AToM MRS AHEStel AFEU
A F22] populationd S 3t FaHE JiUstych

dG run®] scavenger receptor (SR) activityE Wsjgitl= 712 oln] E.Sl%
u} T}, (Pearson, 1993) £ @FolAxE o8] Zol9 d6 runzt dG runo] F-EE =
AA17F oAGA activityo]l FFE ulX=7tE Thefstr] #ste] NMR spectrums ©}
&£stgdeh. AFEEUAS 10-12 ppooll 3EE dod=
C}. (Aboul-ela, 1994; Cheong & Moore, 1992) HEH Watson-Crick base pair=
12-15 ppmof] imino protoneo] FHWE dozict uwlgbd F 492l imino proton &
H ] peak integration ZFE BlESHH AFELA LX) Watson-Crick base pair
£ 3} hairpin && duplex 722 population H]E F& 4 9lt} (Fig. 1-13)
EH oA cytokine inductiono]] AFEH of#] ODNof thsdle] G-quartet PR}
Watson-Crick -&2] H]E A4Esle] Fig. 1-130] BoFgr}. 47] &2 1 o]Ate]
dG residueE 7}l ODN2 EF ¢lx]of #Agle] AMgud #2E Bgstelch.  d6

immino proton peakZE Ho]F
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runo] Z45F ARZUA 9] populatione Z7bstgin). 3 -wthe] 9 x| st
B 5 -UTHETH o Ao xFubadoe] FdHe] BEE I oL
%He] dG ODNe| 5’ -2hete] dG ODNE.T} cellular bindingo] o A3Aolet=
34} QX
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Table 1-1. Structural characteristics and solubility of standard compounds

and B-D-(1—3,1—6)-glucans examined in this study

Linear Solublity Solubility Solubility Poly-

Trivial Name or . . . dispers Sources
branched in water in DMSO in alkari ity
Laminaribiose linear Soluble Soluble Soluble - -
Gentiobiose linear Soluble Soluble  Soluble - -
Laminari-
linear Soluble Soluble Soluble - -
pentaose
Laminari-
linear Soluble Soluble Soluble - -
heptaose
. Laminaria
Laminarin branched Soluble Soluble Soluble 1.18
digita
Unmbiliaria
Pustulan linear Soluble Soluble Soluble *
papul losa
Saccharomyce
Yeast glucan  branched Insoluble Soluble  Soluble 1.12 L
cerevisiae
Glucan 1.67~6 Saccharomyces
branched Soluble Soluble Soluble
phosphate .2 cerevisiae
Alcaligenes
Curdlan linear Insoluble Soluble Soluble *
faecalis
Partial Partial
Pachyman branched Insoluble : X Poria cocos
soluble soluble
Sclerotium
Sleroglucan branched Soluble  Soluble Soluble 1.83 .
glucanicum

*Result from our measurement.
*Values given by the manufacturer.

xUnknown,
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Table 1-2. 'H-NMR chemical shifts(ppm) and coupling constants(Hz) of
anomeric protons at different AGUs of standard compounds and

B -D-(1—3,1—6)-glucans in the mixed solvents(DMSO-ds:D:0 = 6:1) at 80T

RT
Compound SRT BC NRT SCT SC
a B
. 4.25(7.9) i ) . i
Gentiobiose 4.96(3.7) 4.34(7.9) 4.23(7.9)
) . 4.42(7.9) B B B B
Laminaribiose 5.03(3.7) 4.39(7.8) 4.41(7.9)
Laminari- . .
amimar 5.03(3.6) 4.43(7.8) 22178 501 8) 446(7.8) 4.45(7.8) -
pentaose 4.50(7.8)
Reduced 457(7.8)
* * 4.45(7.8) 4.46(7.8) - -
laminaripentaose 4.54(7.8)
Lami g . .
aminar 5033.6) 4437.6) “2278 4 5178) a4607.8) - -
heptaose 4.50(7.8)
Reduced 4.56(7.8)
* * 4.49(7.8) 4.47(7.8) - -
laminariheptaose 4.57(7.8)
52(7.8
Laminarin 5.03(3.6) 4.43(7.7) 151§7 8; 4.57(7.8) 4.46( *)y 4.28(7.7) 4.34(7.7)

5.02(3.6) 4.42(7.8) 4.53" 4.57(7.6) 4.46(7.8) 4.26(10.6) -
Yeast glucan

al

Hean 5.02( %) 442(*) 453°  4.57(7.6) 4.46(7.8) 4.27(7.6) -
phosphate
Curdlan 5.02(3.7) 4.42(7.8) 4.52° 457(7.6) 4.46(7.8) 4.27(7.8) -
Pachyman 5.03(4.0) 4.42( *)  451°  457(7.7) 4.45(1.9) 4.27(7.8) -
Scleroglucan 5020 ") 4.42( %) SUNN 459456 4.45( %) 4.28(7.7) -
Pustulan * ¥ * 4.32(7.8) ¥ * *

*Undetectable value,

*Slightly overlapped value with that of internal H-1 at main chain unit.
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Table 1-3. 'C NMR chemical shifts of a series of B-D-(1—3,1—6)

glucan in DMSO-ds at 80°C

Compound unit C1 C2 C3 Cc4 ChH Co
Laminari-
102.81 72.39 86.01 68.16 75.94 60.59

heptaose

at 91.46

B8h 96.10
Laminarin 105.34 76.04 87.36 71.03 78.50 63.63
Yeast glucan 104.62 74.23 88.09 69.93 78.05 62.46

Yeast glucan
104.73 74.63 87.90 70.23 78.15 62.95

phospahte

Scleroglucan A* = 7414 88.22 70.01  78.05 62.56
B* 104.60 74.14 88,00 69.98 7648  70.01
o = 74.33  88.37 70.31  78.05  62.46
D* - 7529  78.37 7194 77.87 62.83

'4 and B mean the configuration of reducing terminal C1 units.
A, B, C, and D mean glucose units (Fig. 1-8 ZZ).

3Overlapped stgnal.
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Table 1-4. The calculated value for the characteristics of
various f-glucans by using the relative ratio of anomeric

protons at different AGUs in mixed solvent at 80T

DB DP
a: B
compound .
ratio
Our study Other study Our study Other study
Laminaribiose 1 @ 1.01 0 0 2 2
Gentiobiose 1 : 146 0 0 2 2
Laminari- 1:1.09 0 0 5 5
pentaose
Laminari- 1:1.03 0 0 7 7
heptaose
Laminarin * 0.07 0.05 33 20~30
Yeast glucan 1 :1.02 0.003 * 218 220
t gl

Yeast glucan * 0.02 0.04 210 137~ 450
phosphate
Curdlan 1:1.25 0 0 225 ( 540
Pachyman * 0.003 0.015~0,02 540 255~690
Scleroglucan * 0.33 0.33 - 9700

Walues given by the manufaturer,
*Undetectable.

Errors are below 1%,
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Table 1-5. The effects of dG run on cytokine induction from splenic dendritic cells ?

cytokine productionb

ODNs sequences
IL-12 (ng/mi) TNF-a (pg/mi)

LPS 1.59  0.25 844 154

Mddia '0.07 0.0t 27 4
o9 GGAAAACGTTCTTCGGGGCG 132 0.3 640 96
piod GGAAAACGTTCTTC 0.07  0.01 25 3
ol GGAAAAGCTTCTTCGGGGCG 0.05 0.0t 27 3
w7 GGAAAACGTTCTTCGCCCCG 0.09 0.02 30 3
Mit 3 GGAAAACGTTCTTCGGGCCG 0.07  0.0% 20 1
Mt 4 GGAAAACGTICTTCGGCCCG 0.05 0.01 DD 2
Mit5 GGAAAACGTTCTTCGGCGCG 0.08 0.02 36 5
Mit 6 GGAAAACGTTCTTCGGGGGG 2.40 0.77 960 166
Mt 9 GGGGAAAACGTTCTTCGCCC 0.13 0.05 39 6
ME26 GGGGGGAAAACGTTCTTCGC 0.13  0.07 96 26
M7 GGGGGGGGGAAAACGTTCTT 0.07 0.03 64 19

a C57BL/6 mouse splenic DCs (10° cells/well) were stimulated by various ODNs (1.5 uM) or
LPS (0.5 pg/ml) for either 10 h (TNF-a) or 30 h (IL-12). ® Mouse TNF-a and IL-12 were
measured from culture supernatants by ELISA kits. Numerical values represent mean and SEM
of quadruplicate. Consensus CpG motifs are underlined. The experiments were repeated five
times with similar results.
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Table 1-6. The effects of a dG run on cytokine induction depend upon its location »

cytokine production®

ODNs sequences

IL-12 (ng/ml}  TNF-a (pg/ml) IL-12 (ng/ml) ©

1826 TCEATGACGTTCCTGACGTT 0.37 0.07 134 58 4.15 1.17
M2t TCCATGACGRTCCTGACGTTGGGGGG 304 057 1103 176 8.11 2.19
M2aE GGGGG@TCCATGACGTTCCTGACGTT 0.42 0.1 115 29 1.74 0.57
M1zt +  CTTAACGTICT 0.05 0.01 18 3 1.68 0.33
M2zt LTTAACGTICTGGGGGG 0.88 0.17 408 55  7.89 3.21
M23t BGGEGGCTTAACGTTCT 0.05 0.01 40 5 0.86 0.25
M1et GGARAACGTTCTTCGGGGGG 2.40 0.77 960 166  4.76 1.65
M16AE GGRAAACGTTCTTCAAAAAA 0.05 0.01 25 2  5.56 1.10
M16T GGRAAACGTTCTTCTITITT 0.06 0.01 29 3 511 0.88
M16CE GGHAAACGTTCTTCCCCCCC 0.06 0.01 45 8 4.35 0.52
M16GE GGAAAAGCTTCTTCGGGGGG 0.08 0.02 31 2 0.15 0.03

a C57BL/6 mouse splenic DCs (10° cells/well) were stimulated by various ODNs (1.5 uM) for either 10 h
(TNF-o) or 30 h (IL-12). ® Mouse TNF-a and 1L-12 were measured from culture supernatants by ELISA.
Numerical values represent mean and SEM of quadruplicate. ¢ ODNs (0.3 pM) were delivered with liposome
(3 ng). The 24 h-supernatants were tested for IL-12. Consensus CpG motifs are underlined and nucleotide
runs are shown by bold letters. All the experiments were repeated three times with similar results.
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T7 RNA polymerase
promoter region

CACTATAG 3’

GATATCCTCTGCGCTAAGCGCGAGG 5’
+1

5’ TAATA
3’ ATTATGCT

template region
DNA strands

Fig. 1-1. T7 RNA polymeraseS ©]-&3%} in vitro transcription

Fig. 1-2. AAIS T7 RNa polymerase?] 8 % SDS-PAGE

Best fraction THZ dialysis s}t
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Fig. 1-3. In vitro transcription®] |43}
pH, NTP, enzyme, magnesium %% 5] ZAZ Z2A

stdE=T A 2AE vehydch

s .
% @o o w @
G14/G19 G26 67

Us u25

Fig. 1-4. 13C, 15N doubly labeled SL2 RNA 2] HSQC spectrum
G2} U2] imino peakEo] nitrogen dimensionolA] -t}
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NMR Spectra
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Fig. 1-8, Structure of pg-glucans and abbreviations of AGUs
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Fig. 1-10. COSY spectrum of Laminariheptaose
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Fig. 1-11. HMQC spectrum of Laminariheptaose
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Fig. 1-12. 'H -NMR spectrum of polyglucans
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G-quartet/ iL-12
Watson-Crick induction (%)

p19 M 24 100

M1 2.5 0

ODN imino proton spectra

M13 ' 0.4 0

M15 M\%MW 0.1 1
M16 WL\ 45 182

M16’ h_,,n~M,\\_~*_*_~y,f«\\_mA__N___h-,/’/////f\\\\*‘_‘_ 28 5

. :/\:_JJLC,W S
A

M20 2.1

_.‘._,,/\\__“,.,J\/\\\»_~4/V\WJ\"\,__~

H T f oo T T i T T T

ppm 13 12 11

28

M21 5.2 230

Fig. 1-13. Imino proton NMR spectra and the population ratios of tetraplex
structure for various ODNs. The population ratios of tetraplex structure to
hairpin or duplex structure were estimated by calculating the peak integral
ratios of G quartet imino proton resonances and Watson-Crick base-paired
imino proton resonances at 10-12 and 12—14;5 ppm, respectively. The relative
percentages of IL-12 induction from splenic DCs were also reported by setting
the 1L-12 induction by pl9 as 100% The- nucleotide sequence of M16' is
GGGGGGAAAACGTTCGTC,
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& BHSIAAT AE7F WAE = A& B2 Zch

ol ¥ AEZRZAAM = ofu]x FAMI} otul 4ol Fofjel B £4

Aol e Bt WR FHAol BEHA, o] 3 ?

25 THARSIA 99.96% D00 wrh  JHedt HASHA H05 AASIALRL o] 3}
& 3 A wHEshTh
RE YAZFHAR S s &

fd

SIS

378 F3k7F 600.13 MHzolSL I} Foy
sh7t 242, 937MHzQ! DMX-600 (Bruker, 5) &38718 AH&3todrt. oA d2
AteE AE FERQ UXNMROA iiElﬂ?i

oA 8] NOESY A& 0.3%2] 24 —% T,

o} olulm $4E A AFs=u] AR ArjFoR uiwts] 2 fujAEE  jump
and return pulse sequence(Plateau, 1982)% ALE3to] At 1-1 HAZHY
X ZHAF= 40 psec ©]giTh  tyi 2Ko], t1& 5120]git}. 2zt FIDE 80 )] 128
We AN Zokth  2SIEge] Yol 8000 Hz olgirh FID: chol gldes
squared sine bell ¥FE I3t o HHFLS stAT).

Z4 XA Al¥HojiL phase sensitive NOESYE d7] 2]ste] time
proportional phase incrementation (TPPI) phase cycling(Bodenhausen, 1984)2
A5ttt QA mixing time2 300 msecd F¢Oonm, o]MAFIO B L 2RE F
et AT Fo] G2 4] F AIE A7 ¢8te] presaturation S
212319l =t], o] ul] decoupling powers= 72 LjZ|] 78 dBE A}&3lYT).  t.= 2K,
t12 4002 Fgith. 2z FIDE 80 Ui#] 96H& Rglth AMER Yol ojuji9}
ofu|l ¢4 FHdo] Holx] ¢torg HX FH 47 2lolA 4800 HzE 4
Tl 2ZZFu= 2o R FYEy 256 oldTh. o|FA st BT 20 vx] 24 A
Zro] Al

ZAFElof]l A3t FIDE Faof ¥ RE Astelch

Single quantum signalg |3} phase sensitive DQF-COSY(Derome, 1990) A
HEYE R AALE Aol WA wsledl, o dEE Foiebie U
scalar coupling constants® @& 4 At} ugld & B35S &5ty t,.& 4K
2 2g3 4,2 E3 512 ol 96HE R AWE=R UWoll= 4464.28 Hz 9|
oArt. o] AT w3 Felo] WS slod WY YRS EAstd AwE
w35l ¢F 1 Hz/point A=A T}

TOCSY (total correlation spectroscopy) A¥E % 3staitl. o] Zx CosyLe} uf
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7R AZAZE fste] Aot NOESYS} AFz o] BT A Zot}y, it
MLEV-17 sequence(Bax, 1985)& 49 S&}A mixing time 84,2 msecZ} E] It}

FA&HE BE3H= H-P C0SY A ¥(Sklenar, 1986)2 FZ e SEl] T Afolo
A Brade] AAE oty 9ste] £t AP AL NOESY A8} o
, TIRF phase sensitive A#-2 ¢]3}o] States phase cycling B} & A}&3la 0
ti< 20022 FHrt

H

(3) Circular Dichroism A& : pH &A cp Al AR7F A EE ulrg e

o 2 W7t PelAll A obd AE Webusl glstel stATh. of m A% 9
g UAlgYEBWINel Pk AE®  AuE  Jasco  J-715
spectropolarimeter |13, el Tl gl 10 mm ®le]E Al&3lgc) Adew
= 4 T olgled], o] A st AHEE AET AF O T,0| Y] wjolgl
Tl 2%i= NESLAB RTE-210 2=xd7|2 2Eslgcl. 82 S5 traxs 7
S 60 M olglEd], ol WA xHEAIE ZHI Foltl, AHE:=
pH-electrode (Aldrich, cat. # Z11344-1)F A}&3l=d], o]RAL 2} Ao WA
7.03} 4.0 pHolM RA3l] 4,02} 8.0 ol APl RE D AME=IL 4
A Rota Fgstdom 3 s eE 200 nmol A 320 no7lx] ojgith.  Z 2

e WES RASY HoE d@stan).

(4) 933 niZpase] Azt wby ¢ #ato] o] FalEe Tl
7 7H7F RRUA o] FolXich  ubebr o] RE o] FAREI} whUxlE Atole] 7}

= 2 o
A BPnbgoleta AA4Y 7t gk o7l o]FAES DS, v Al&S sseln
gohd, 38 theE 2ol 2 4+ gt

o] ¥E&o] two-state transition model & WE Tl s}A3tchd BT K=

that 2ol & 4 9lth
K, =

of i, Cwot Csiz 22 o] FAl&at Thlals Ex12] mxo|th xpejdEzwos

293 dUeToR 9 ne] X2 AASE (et shd

Cr = 2Cps+ Css
o= HUY F ork welel] o FAL B&(1)o] 2E Fholai,
2Cps
AD) = 52

°|aL, THA BT K, =
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(Cr — 2Cp)°

Ka = Cos
_ 200 — AT
AD
o2 & g vt Tgd, o] ¥hgeoA B a AFoldx] W3 AG)E &7}
UFE o,

AGy = AG3 + RThK,,

LR & 4 Ued 467 = EEZolvh FP el

AGr = 0
ojR=Z, f2f Ao,
4G4 = —RThK,,
_ g 2= AD)Cr

A7)
L2 A & F glon,

AGT=A4H® — T4S°

olms
AH ~ TAS® = —RTI 2 _f(];)T))ZCT
thi 29,
i —f(f;)T))ZCT _ _% 4 A}g"
ol 93, o wig yae nilADCrog g9 wze Loz s

fittingshd, dxpupgA]

y = a + bx
oAl ydHZ
\n A8
azla, 71&71=
_ 4
b= R

A uf, AH® and 4S°E F& 4 Qr} ¥, %7} 25 TN BFE LAY

AGY = AH° — TAS° = 4H° — (25+273.15)4S°
o2 AL 4 odrh

(5) Expmed=l : IRMA, SA, rEM, rMDO] WS EF x&3514c DGE E5to
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50702] TRE BEoA A& FzRT o) Tx7F AW 28 2 [RAZ A}
/3101y, Fig. 2-30 29l protocol-& AR5} SAE 435 }911:}
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Cl-G2-A3-G4-A5-A6-T7-T8-C9-A10-C11-G12

G12-C11-A10-C9-T8-T7-A6-A5-G4-A3 - G2 - C1
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Scheme 1
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Scheme 2 : AA2-dodecamer
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=
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(2) S BFU Y S5 FuiolN onlw faw ol Fau

THAL Fh2ode] AWOR o oy Molx Yorw WA the® AvEle

AL RS ozt ge) $AUES ARY 4 Ak o Hold AWy A
=

ar
2 NOESY, DQF-COSY, TOCSY, 'H-*'P coSY?] ¥ xR E 7lx]3 54
A8 4 dArh. o] 2314 MR AEELS HAE B Mo 25 2wa
< *]%8(Hare, 1983:; Scheek, 1984: Weiss, 1984)3} <= ¢
A, WS AN we] HIY 43 xlolo] Urlhs Az E £x17
L

E Y = gt EdA] €7 otdidel s Al EI Zolx|
1

s W = gk E, UgE faws) g Y 4

el
o] FAMELS WA CoSYL} TOCSYY] AMHAEE 7ix7 AxpAo T = At
5L, NOESY H=I=E ZIX|aL EHelsh NOEES #sioich.  glusialzls wgl o

SA 2| Rt = H2 ol 7 AHY] o] gloja] wiak

(3) ml&mjx] ofFupd Tz el ¢ wA w2 oY 3|7t o]r wraoA

TEol H¥e S ARkt olE s8] B 23 slolo] AZal AL =
Fstalvh  Jrae 2 i ®] Zrol 7 Hzoll 17 R2g 9l o] C2'-endo?] FE)
= H= e &t 2Eu EdX @719 I 2] 47 Aok o] e &
Bt717b oyl wifol AzZel ARSI 1 UiA] 2 Hezoll Eabslo], o] 4
o] &2 C3'-endo?] Hefo] 7t7ke Ao = A3t THTable 2-2).

Haboll A Qlabrlo} ol HAUES v EUZo] Lol 2l Zo] eja
A l71e} Watolel ZelmAY wIERZAS AR anti WS shu 9
€ o 4 Atk oA WUF Saek Fol H fadjole] wANTE wE 2]

4] @A TRTE 2ol Az} 2 45ART) Wi}

7
olefqt NOE tEol ¥ AEEate] APo] HARORE uwy usixy o

-
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B-212] 74-Q-of = G2H8-G2H1’ &}
Z}2]

AAl

7ol glojA ztolzt FSE| gt (Fig. 2-2)

G2H1 ‘' -A3H8o] A

1

ﬁo

H
RLIN

I AA2

=} NOE7} BR.oz]

A
L

G9H8-GIH1 * 2} GIHI '-A10H8O]A] £=x} NOEZ} Ro]x] ¢okatr}. o5 2]

gy

& ofy]

s

ojglct. o]

71Ql obdde] 5 Ho of%
ol FAegA Delurrt Ex47} 2] vl

oz ]
=4

I

=

‘9]
-3)o]] X2l protocolS o]&3t
(Fig. 2-4)o] Rt} ol7]A aA-13}

=
L

dgle=d 2 A3

=

AA-22] F-2H Zpol7}

olgkil 7HgE (¢

48°
K

+

4H°

2(1 — AD)Cy

RT

A1)

2Cps

AT =

o

ojth. o] o]FAk&e] 2%

X

°]

€ uEhdTh

H
o

BN

Ty
ph

o] Hul HAe] Alo]

Eal
=

7b EeprbEA whd A

g7] A, AY W upgEZe] S

I

3o

=
=

7b &b A

AAl o]

|
.

A 2ol glet A

Lot ¢ 10 ¢ 7}

AJ
&

vieR glTh,

BE7t et Exte] FElzt oA

i

_59_



= A& €7] $sted, pHE ubPeol i) Dot WR AE-S $=3ystgr}. o]n]
o opEade] ZHado] Aol yolxn FAE alexle A& wASIYT) (Fig.
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el sepolFo] Hxtz MM Uit Zlo] ohr] wfell, ofu}
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Table 1(a). The assigned chemical shifts of AA-1

Base|H6/ H8] HI' | H2" | H2' | H3' | H4/HSV/H5" | Me/H2/H5 NH/NH2
Cl | 753 |571 | 225175 | 464 | 401, 3.63 5.84
G2 | 7.84 | 486 | 2.41 | 2.49 | 4.10 | 3.99, 3.86 - 12.90
A3 | 820 | 587 285|278 5.04 | 439
G4 | 7.63 | 5.44 | 2.65 | 2.50 | 4.98 | 4354.17 - 12.42
A5 | 8.09 | 597 | 292|268 | 5.06 | 4.19, 4.46 714 | 738, 6.08 |
A6 | 8.09 | 6.11 | 291 | 2.54 | 499 | 4.24, 4.44 756 | 7.09, 6.08
T7 | 7.10 | 5.88 | 2.55 | 1.96 | 4.81 | 4.34, 4.17 122 | 13.72
T8 | 7.34 | 6.01 | 2.51 | 2.12 | 4.88 | 4.06 150 | 13.87
C9 | 739 [ 551|212 1.66 | 4.81 | 4.14, 4.04 5.64 | 829, 6.99
A10] 828 | 6.19 | 2.85 | 2.84 | 5.02 | 4.11, 4.45 8.23
Cl1] 723 | 5.63 | 222 | 1.68 | 4.76 | 4.26, 4.11 535 | 8.36, 6.78
‘E12 793 | 6.14 | 236 | 2.67 | 4.69 | 4.20, 4.05 - 13.00
Table 1(b). The assigned chemical shifts of AA-2
Base|H6/ H8| HI' | H2" | H2' | H3' | H4/H5VH5" | Me/H2/H5 NH/NH2
Cl | 748 | 568|220 1.69 | 460 | 3.99, 3.60 579 |685
G2 | 785 [4.78 | 247 | 257 [ 462 | 412 - 12.71
A3 | 821 |6.19 [ 2.80 | 277 | 5.00 | 4.42, 4.03 830 | 5.1
C4 | 7.10 | 530 | 2.08 | 1.59 | 4.69 | 4.04 515 |7.97, 6.16
A5 | 817 | 586 | 2.88 | 2.74 | 499 | 438 704 | 735, 5.97
A6 | 8.11 | 6.06 | 2.84 | 2.52 | 4.94 | 440, 4.18 743 |6.99, 5.92
T7 | 7.03 | 577 | 243 | 1.87 | 4.75 | 4.25, 4.08 120 | 13.45
T8 | 7.12 | 575 | 224 | 1.89 | 4.80 | 4.01, 3.86 150 | 13.61
G9 | 776 | 499 | 243 | 2.44 | 4.19 - 12.28
A10| 821 | 6.16 | 2.79 | 277 | 5.00 | 4.38, 4.06 831 | 7.96, 5.63
CIl| 7.16 | 559 | 2.15 | 1.62 | 471 | 422, 4.08 522|811, 6.51 |
G12]| 7.88 | 6.09 | 2.30 | 2.60 | 4.62 | 4.15, 4.01 - 12.85

_64_



*: overlapped.

Table 2. Sum of coupling constants in the duplex, Jur (=] + Ji»» ) and molar fraction of
S-type sugar conformer, pS (=(Jur - 9.4)/(15.7 - 9.4)).

AA-1 AA-2
Residue Jur (Hz) |pS (%) Residue Jur (Hz) pS (%)

C1 14.38 79.0 Cl 14.67 83.7
G2* - - G2* - -

A3* - - A3* - -

G4 13.5 65.1 C4 14.04 73.7
AS 14.04 73.7 AS 14.16 75.6
A6 14.12 74.9 A6 14.08 74.3
T7 14.26 77.1 T7 14.35 78.6
T8 14.62 829 T8 14.71 84.3
c9 14.67 83.7 G9 14.82 86.0
Al0 14.67 83.7 Al0 14.67 83.7
Ct1 14.31 77.9 Cl1 14.04 73.7
G12 14.83 86.2 Gi2 14.69 84.0

Table 3. Thermal properties of the two molecules: T, (°C), H°, S°, and G°os.

Tn (°C) H° s° G208
Base-Pair 1 2 4 5 6 (kcal/mol) | (cal/mol.K) |(kcal/mol)
AA-1, 15 27 | 40 | 40 | 40 -194 -50.0 -4.56
pH=7.04
AA-2, I5 33 47 | 47 | 47 -323 -88.8 -5.86
pH=7.02
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Table 4. The calculated average energies and RMSD of the two molecules after restrained energy

minimization
Molecule AA-1 AA-2
Energy Total energy -69.943.7 -119.4437
Bond energy 18.1+0.5 1241+0.5
Theta energy 1472142 108.4x7.2
Phi energy 231.1£3.7 248.2+3.8
Hydrogen-bond energy -16.3x1.0 -16.2+04
Nonbond energy 207484 _ -224.1%+2.8
Nonbond repulsion energy 784.3+13.6 775.5+5.6
Nonbond dispersion energy [-993.41+20 -999.6+8.4
Coulomb energy -243.3%3.5 2484+1.1
Forcing potentian 1014129 66.5+0.1
Evaluation R-factor 0.005 = 0.0007 {0.011 * 0.0004
Number of Distance restraints 60 82
Restraints Chiral restraints 72 72
Dihedral restraints 526 526
NOE restraints 374 400

Table 5. The comparisons of reported AA mismatched DNAs with ours.

Author Sequence Base Stacking Hydrogen  |Remarks
Bonding
Tinoco 5°-dCAG Stacking X Symmetric
) GAC Stacking
Mordern 5-dGAA Stacking AHa-AN3  [Tandem
AAT Stacking mismatch
Fazakerley 5-dCAA Stacking ANI1-AHa  Pynamic
GAT Stacking AHa-AN1  |equilibrium
Here 5-dGAC Stacking ANI-AHa  [Not-symmetric
CAG Stacking
Here 5°-dGAG Loop-out X
CAC Stacking
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Fig. 2-1. The resonances of imino protons and expanded NOESY of AA-1 (a, b)
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1 and (b)AA-2.

4. The modeled structures of (a)AA

Fig. 2-
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1D NMR proton spectra and CD spectra at various pH's
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2. UV £AF DNA Base 3%
b M8

DNA Q7152 AAcrt 2PgollA thakst abspibEEo]l A==y olgst 73
L 7}5siAl St reactive speciesS2 y -radiation(von Sonntag, 1987:
Nackerdien, 1992: Kasai, 1986)¢c|L} Z}xt8bg=4(Floyd, 1988: Henle, 1996;
Aruoma, 1991)ZX¥ AIAH hydroxyl radical, singlet oxygen(Devasagayan,
1991; Ravanat, 1997), superoxide radical, T=+& '}lﬁ% E¥SH= radical E(von
Sonntag, 1987: Kenedy, 1995)50o] <glt}. o]5& do|L} mitocondrial
DNA(Richter, 1988: Yakes, 1997)& &7 3to} tiagt Wy ¢7IE ¥AdshA HAch
Nuclecbase?} deoxyriboses?] M3} 2ZE3}, oxidative purine®} oxidative
pyrimidine?] FZxEo] de] A3 r}h (Zuo, 1995 Martini, 1997) EH3J]
8-oxo-guanosine?} 8-oxo-adenine, 5-hydroxyuracil, 5-hydroxycytosine, %!
uracil glycol's-o] DNAZR3}o] oJ3t WHYLRZ AfFos 2 £8&2 dojHo]
R E 3 2t (Richter, 1988) o™ DNA baseE2 4t3}zbgollM hydrolytic
deaminationZ}#&-& <4=uF3IT}, (Singer, 1983) Cytosine2 T}= G7]&3 de]
deaminationz}E o] 2P o7 doji}= Ao w ojn] U= 9l (Singer, 1983)
therst 213F RAoA] AT o]FojR|5L glr) (Zuo, 1995: Privat, 1996:
Dizdaroglu, 1986; Caulfield, 1998) Deamination}F-2 GCE TAR HAZTA[H
(Cheng, 1992) DNA=ANE LIl eo] WolE X stcl(Friedberg, 1995:; Zharkov,
1997: Bulychev, 1996). Free radicalo] 2]3F o]} Z+S £Alke AL ulAA Al
AL LR ofo]A] FdwHe], FAAolY, AXEL3}, {HF ATIA] ololA A
= U7bR] wABBLA Hcel (Cheng, 1992; Moriya, 1993)

Superoxide radical 2} Z}xIs}g=A Z-E Oxygen-derived speciesH2 RE 37]
AAEEO A AAE W HZ, AU 4o &3 ionizing radiation®] H}E
hydroxyl radicale] AT} Hydroxyl radical® U}2] modified basesE AIAd
ot shARE, IRadsbe4e] EX) slol M) AR Atell o3t HE G PTRE
ol oejA] 3] ¢kt

= Aol A= of8 ZHA] DNA baseE 8| oxidation £zl ule 2 WIHE H
Zstar dlolejuo] A3} = Ao 2 EAo] gitl.  Cellular DNAY] oxidative
basesE8 F& HZ AAFLoERE w2 io] IFHIL Qe AT &okld,
. Aol A adenine, guanine, thymine 18]35 cytosine®] <&AMH W&
£ wSuglsl, 53] thymined} cytosineo] Qlojx @] x| zho]l whE
AuANE R Astein,

DNA base52] & Wolo] & e Fo HUdS AdY AR

=
(irradiation time)2} AtEbAe] Hriato g Hgsta WY 97 2 BWHo] ol
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astel 44 522 WA AHY T, A4

I3
o] EC]—% photooxidatwe product=2] AlcfA ol

W 7ba Bubgel Auslel gltdl, WAseE AZUE ol 8Y 1A
A ZZolE w3 (HPLC/EC) (Shigenaga, 1994; Adachi, 1995)z} akiadw]
Mo F 3t 7},é:7iﬂ}§.'7EHJ]/ZE!EJ—‘?*’:#‘:‘Q(GC/MS)(Dizdaroglu, 1993 Teixeira,
Tk PLCECHS AAHeT 2 TEE AW B ol
2 shul, AriEQ e GO/MSHol "ol ¥ EC-detector= TS i &
*“’ﬂ 5315}0% chetat HEE7IEe 5/\1‘1"“011& H3str] Esich melbd, B
AR E AU TR FAEA ol 7Hed GC/MSHol & A

*roﬂ iL‘ UH—?* —1'“‘8 o w MEmgct
&ste] o % gledtt (Hong, 1998; Mccloskey,
1985; Crain, 1990) 53| darRArle] ‘Aud o] BErX|YH(selected ijon
monitoring ,SIM)’ & o] &3t 54 Fxtak& 711 product ofZef tfsf o] HAF
Al Zbe] $hE S| FO2 4 oy photooxidative productE2] =3hE Ak
2E st AYMHes A3 d

6] trlmethylsﬂyl (TMS)-F- =315

%
L
ki
il
r
&
ok,
o
e,
o
> J[m

B o
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v A

(1)  Alef Aol AF2E  DNA  baseS3} Calf Thymus DNA:
Aldrich(Milwaukee, WI, USA)ALe] A&& 2915} A&3}et}t.  Formic acid=
Janssen Chimca(Geel, Belgium)Ale] HAEFS FU3t  AL&3}gic) 1%
trimethylchlorosilane(TMCS) 7} 271 N-methyl-N-trimethyl

silylacetamide(MSTFA), silylating grade acetonitrile, pyridine® Pierce
chemical company(Rockford, IL, USA)A} AH|Z& A}L235}%itl.  Osmium tetraoxide:=
Sigma(Milwaukee, WI, USA)A}2] &L A}&3l8T, Zaitl Milli-QA] A&l
(Millipore, USA)E o] &3}y AHRH 2L

(2) Oxidation of DNA bases with 0s0y : HF I ELS Ay
olF7] wiZel Z drie] ARFEL HAsIIIgls) 0s0,F o]-£35} e
A A o HYES THEQTE. DNA base(0.4mg)S 2% 0s0y & 7}sto] 60
A 1AZE vEEAZiTh AR ES A28 Ul WS 9hgg wWitol
"Freeze and Dry"HOo 2 4+E& A 3|

(3) Irradiation and hydrolysis : Z}Z}2] DNA baseS zt7z} 10 ugd 24323}
T4t MM 2ole-& o Azgoh  wEeAS xpelde) Zzt 5, 10, 15, 20,
307 high pressure mercury lamp(Hanovia Photochemical Lamp, 600W)E ©]|L23)
A ZAMA]F|3L air-cooled glass filterS ARES|A] 310nmo)|ste] w}ARS xpghsicy.
A dZAE B HgAE WEioN FEYS FAARE S o]l S8
= 33| A AZICE  Calf thymus DNA2] Z-$ol= wA] 88%2] formic acidZ 7}5}
o 130ColA 4027 ThPRINAAN TAAZE Tk N, th7lstell M 1% TMCS7} =
HE MSTFAS 100£LE 7hste] 100ColA TMSRE=AE A2 ¥, GC/MSE B 3ir),

(4) GC/MS &4 : JEOL SX-102A double focusing mass spectrometer (Akisima,
Japan) A #<E-A 7] & Hewlett-Packard 6890 series gas chromatography3tx] e} i ]
3 Aswlow st ST AdS BN AWz AR(30m LD
0.25mm, HRA|AF7] 0.25um, J&W Scientific, Folsom, CA)E AM&3}ddr), 4%
DE7IEE 0.9ul/min®] F508 ZeFdrl. MEZFAL splitlessH O T o
stelom GCol FF 2= 250TE fAIStETh  6Co oBew g g
(temperature programing)2 Z7|2% 80Tol|A 327t §x]3tE Rut 20T &%
2 180T7HA] F7HAZ F, B9 20T H=2 280C7HA] L8] 1087 8251
AES 2UES stgch.  oj23uhye ASAW(ED)S ARgsigdon, 70evE
AHESIGITE o] 2L 2R 200TE RAIS] FATH AR WSIL 50~

600 amu®l ©1H, GC/MS interfaceLE= 270CE FAI3tel.

a
i
>,
ofo
S
¥
inj

AN 3o ok
o2 o N
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ot Az 9 =e

UBLH O F Faksfg=A = Aa|sta o] Ao
A

A ! M= A
BAZIA] FRteh Zely, aabsteas 2pelade] A, FHEEA, mE 24
oA wke-A *}ﬂ%(reactwe oxygen species, ROS)Z 3434 ¥Hcl AHAEH
WS ABEES DN baseS3 WS} T MYTEE WA Woh 3
njeFo g AR GC/MSe] ‘AT Fo] AR ulE TM(RTICC) ‘o A adeninez}

[¢]

A A JEN= 4, 6-diamino-5-formamido pyrimidine (FAPy adenine)of wf-$- &3}
Aoz AgEct E3L 2,6-diaminopurined o83t R EFER 7P’ 7} e
3}

b

o] 2 EIX|H & o83l MAIH photooxidative pr’oduct‘:./] ‘A A ol AR Adu)
& 533ty A ¥ photooxidative products®] A =& IEZF x}e]Mul
ZA3te & Z

o Hrh 2%8] zpiisbeart TRH A9t dA5] otk 9
Az A E 2APBIFE 20 E 2] &3 FatztEe 7t
o2 o]Fofx|a olZ s ¥ zlr|Zo] DNA baseE FAZI= Ao ukg
AE & 4 Ak |

A1788" 6C/MS AP ZZo)A adenine-TMS FEAlE= 13,5804 uf-9 75t U}
Ebtsl, tidE3 Q) oxidative product?l FAPy-adenine adenine®.T} ¢FA] ULle}Llo
], 8-hydroxyadenine®} 2-hydroxyadenine2 14.383} 15 28o]M ztzt Lpejyts,
Ui 323 EZE HUISIdE 2, 6-dianinopurine?] TMSREA= 15,8804 ZHE
] gltt.  Purine AlQQl adenined pyrimidine AQ<Ql thymineRt} Bc} A3t =
2 FRE JREE AME FE mass  spectrunFEfE  HFT  Qlig],
8-hydroxyadenine?} 2-hydroxyadenine2 purine +Z& JItjE §X|3}1 9oz
molecular ion 2} (M-15)"e]&o] Z}3}A] LlElul= R®IWH, FAPy-adenineZ hydroxy
radical®] FZo 2|3 g Z ringo] 7folA] pyrimidineT-2RE ZIX| A HoZH
molecular ionz} (M-15)"0]&o] oFstA] Uehhs AE At

s
_)'J_:l
(2 o o

Adenine?®] photooxidative product@l 8-hydroxyadenineZ} 2-hydroxyadenine,
2|51 FAPy-adenine®] =}o]id ZaAb xzte] wzlo] w2 AgAdoke] HIE Fig
2-2-2¢] YeRhjgict  8-hydroxyadeninez} 2-hydroxyadenine?] ZA-$ ZEHoZ =z}
e zAP] AN Sui e 2020] Al wf A ool 7?0‘ W Few
LFEFSITE  Fig.  2-2-20f  UEpUtl®  8-hydroxyadenine?] Zxjeko] ulaj,
2-hydroxyadenine?] &xzj3f2 H2 Z o=z LlElyIt}t, o] hydroxy radicalo] &
% N7-CB siteS FASH=UA J1QIE Aolth  20%o] AUFAN oA A
=2 ExfFFo] Ay A|ABITE, o]RE A F7}A] oxidative product’} R
ALEH = =pjxde] Zatol o8} £ t}E oxidative product® T2 WHol|s} Aol
L= A& & & Utk oo we} Fig. 2-2-2 #&3lghoe]l L}l FAPy-adenine?]
e W3yt of-9 EnEe 2422 yehlgtt. FAPy-adenine2 purine?]
S5-membered ringe] Z§o]A A pyrimidineo] H Z-$-<¢ld], FAPy-adenine?] &xzjaf2
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A ztol Azt "eE FMstn drke Hol FHEHTE o] FrA Azbojr AZ
8-hydroxyadenineo|L} 2-hydroxyadenineo] A]Zto] Zz}Hol ulg} o]Eeo] FLzE
FAPy-adenine 2 & wWol7} dojudria B 4= gt} %3 FAPy-adenine?] Z-$ zpat
Shrae] ExR-Fel whE WERRE 2 5 Ak Ad wezw I RApA| 7o)
dold A migolviut BAEEH 4 ool BH=E Yo, oA T}E oxidative
product®} HPHZIA| 2 Zabtparyt X8 A 1 oo T} Frlets AAE A
Arct

—

Photooxidative producty TMS -+X=X3} ¥He £ njzfo] HAE 4 9180 B
2wl elch wetd B dFoAE  adenined] ALE AP LU

8-hydroxyadenineo] TMS -§-=x|3 Bhg Fof n|xt AAMH ZHo] BEE Yt ule}
A, o] & RSt} antioxidantQl N-phenyl-1-naphthylamine(PNA)& -&
<A Zistal fEAE AIES HAE FUMIAIPEA HEE 1T AAE Fig

2-2-2 &35k =xlstyc) AFOE  PNAE  TIElE A=
8-hydroxyadenineo] A2l MAAEx] ¢totn, FEAH I} RF2o] 3 PH EQte] ok
HEle ALl Uehr] ekglch Jgw PNAE  JISER] odekE A%,

8-hydroxyadenine?] ¢k& Ax}do g MAzro] 27} £ £ 9t}

DNAS] &XHE RTXRE A3 o, 2Z7FA] guanineo]l} T}E baseZol H|3)
adenine?] photooxidative products= 2] F&Ewx] E3Jct Tz 2 A3 Az}
of st zZo uwheld AAEE  8-hydroxyadenine, 2-hydroxyadenineo]L}
FAPy-adenine®™ RBIE=R] 374 slgEojof dtviar Aizksitt. 53] 8-hydroxy- 4,
2-hydroxyadenine?] 7Z-$ A X[zto] =1} 2 o] TiA] TASt= Ao T E
z22] Wolst HAsta, ofo] nsf FAPy-adenine?] ofo] A} Frlels Aow &
u, TS baseEol thgt A7 RA] UA LA Q3T YR olof & AojTh

DNA base?Ql thymine2] Photooxidative product?] A& ¢J3] =& Aol 2% 7}
AEtead Zhstar, 2ml2] F#ste] xpeldE& zbzh 10, 15, 20 25l 3084 Ra}
sl Fgich 7 gelg AZW ¥, REA VIS AH ST RSt
o] Fptstrart XY Lo ApYAE RAIFAUS wis, ZTskH] Agre A
ot ¥lw3t A3} thymine?] TAATIE 10ufof o2& Zlo] Helg|glom Fig
2-2-30] A5 =Astdch x3, ZHEE= Ibabee] g2 BINZHLE AS
o= 4 BEe F7E At 28y, 2pdke 251 Sujols thymine?] 2¢
= e oY Ze®  yepdoh I3 EZ thymine?] WL atii g g
23’4 == hydroxyl radicale] $H 29d& & 4 g}

28’43 photooxidative products®] A4 E3ZF 2pAnte ZaAlsiad S o
HUpzee] a4zt =3R" A7 A5 okl f9 e Ae xga
ZAPl T 2AqME el o3t zparstEe] iyt dxpge
ol2 <lsf ¥ elrizo] DNA baseE & }
2HBR 7l 2itElEe] Exfe] mi$- a3t ¥ 5= gk 2% zhabst

Ad
°
I

b
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SaE BT 027 AANES AR F, DS FEAH WeS AN
GC/MSE FEA3} thymine?] photooxidative products®] & o] I ZufET(TI
& Fig. 2-2-40f UERAGITE  oF 80%2] thymineo] ¢l ZHoll oJste] EAHH 7
2 HygEglon, 12708 HIH thymine7?R7F UEluith  Fig. 2-2-4-(A)
1,2,5 2283 8 zlo]|a 5L ztzt TMSH=4|3H thymine, uracil, cytosine 11g]
5-hydroxymethyluracile] sjw@gict, o] Fo]|ZEL thxTE A3l FUT A
8 23z 71712 22 o RE A7 vlaste] HEsiech 3,46 O
I 9 IFo|aEL 2+zh Az 5, 6-dihydrouracil,
5-hydroxy-5-methylhydantoin, 6-hydroxythymine 18]51_; carboxyuraciloel] sfwts}
o oL Edlo] wEH I8 E nlzste] AZsiYch 10, 12 mo|ax: ztz}

olo N2

i

—

cis-, trans-thymine glycolol siutsts 3] ]:VO]IZ} o] 5L thymined 0s0:5 AFE-
sto] atziAlzla FEAESE F AEH FYEY Fo|AERFH HSdEd, &

3] cis-, trans-thymine glycoll: 0s0; 2Fgpehgof 23l A BAHE= 2 Yol
B olch

7, 11 3g3 13 ¥o|aEL] AYAUERS Flg 2-2-50] YEpfolct  Fis.
2-2-5-(A) ol - ExpaFo]| (M) 2} BAgol2al (M-15)"0] &% w/z 374 2} 359 oA Z
7} elg4 gltl. o] 5-methyl dialuric acid®] TMSH-=A[of si=rict o] 3
HAES tfREQ 0s0,2] AH3hitgg B3 AHE ¥olAME HUAFArE  DNA
baseZ sILtQ] cytosineS 0s0,9} ¥HEA|Z-E o, C5-C6 o|FAT S Arate} %0}‘1"

71AA L 23] HAREE BYEYo] E¥e] Bad uf gJloE® thymine?], 7%}
vz & 2= it} Fig., 2-2-5-(B)&} Fig. 2-2-5-(C)&= AzpAREZ o] A9 %013}
U o 22 A7to] NE TS AoT FRo|HAAYSE & F odrh. olE EXF

UehA] otoror) ol (M-15)" w/z 449 7} FEFSch

1 of] 23l cis- W trans-thymine-N-oxide?] TMSH-EAHZIEZE AP A
oz AHostgen, o] AMEYEL thymine glycol®] AFAHEHI A2 At
st o] T o|dAASe] thigt FEIE 1L AT © o] FojHof & o]
o},

7;‘11}%73‘:“ (E1)2} 3}3to] 23 (Cl)ofl 23t &A% thymine 7252 EAIF
(M2} BAol2(M-15)" & J|E} o]25E Table 2-2-10] fofstairh ﬁoﬂﬂ
UElYt th @ 5-hydroxy-5-methylhydantoin?} thymine glycol-N-oxided2t 22
TE2ES 5—7‘}‘3‘0]10] AxtzAN o HEHA| 4ot Al E ”éﬂ
AR A (E1) Bl ddol 23yl spstol ey (Cl)o] del AH&3d

e P R *‘1‘7" F2E 3jato] 23R (cl) o2 YA HEsHch

et el Fig, 2-2-4-(A)oflA] B ufel Zo] cis-, trans-thymine glycol,
5-hydroxly-5-methylhydantoin & 5-methyl dialuric acid7} & M7 713
+H AREZ AEE 9, o] 2] of| uracil, 5, 6-dihydrothymine,
5-hydroxymethyluracil, 6-hydroxythymine, 5-carboxyuracilgo] & APRZA

olg A¥EY
L=

o
T
o] AYgATEY
85 A

oo W
L
it
[o
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rlo m[o

A&wgct. 53] 5 6-dihydrothymine2 At&]A& 537 ZAMSHAS uff of¢
oko 7 HEE|odr}. ulelr 5,6-dihydrothymined Z}atshgA2] Zz| dloj A
EA BEE, Ae]de] Ao o5 wiE2A thE FRE Helst
U= ez AzbHch 3t hydroxyl radical®] Ao 23]
5-hydroxymethyluracil, 6-hydroxythymine, 5-carboxyuracil®l Z+-& MAELE
o) Zatel wet A7 T2 SR

DNA j5-2] oxidative productZE AekL 2|3] DNARHE basefH& Hiaste
Aol "Haslch o]E 8] formic acidZ} dg] A& =t formic acid®] I3
& MR 3] 2 A} F formic acidE o] &sto] lRafsie] Al A
AEE Felsiolct.  Fig. 2-2-4 (A)2} Fig. 2-2-4 (B)E wv|&Z3dle] RBH formic
acid 7FEESAAEA L AXLE ufoll= 5-hydroxy-5-methylhydantoin®] QFo| &3]
ZaSASS o ¢ Uk o] Az JE] Aot APiEE AR o &
28 A, b5-hydroxy-5-methylhydantoin?Z} 5-hydroxyhydantoin<  Zh
5-methyl-5-hydroxy-barbituric acid®} 5,6-dihydroxycytosine®] acid-induced
yrzz Byl ot B A3xZAzfo A= 5-hydroxy-5-methylhydantoin®] <F
formic acido] 2]t ZhRsinF ol F27 FHEE Ao UEych 4,
formic acid 7}E3iz8 L A Fof 5-methyldialuric acid®] oFo] Z7}H o]
Efte ., uracilz} 5,6-dihydrouracil®] &% u|8Folx|gt formic acidslollr F
7tstedet

= %Uliw‘?—— A& cis- L trans-thymine glycol-N-oxideZ} formic acid
Tt AE S AR Fole AEEA ddth PR = o]E A E] ule
g 7 OE JztHct
3H71R] Eo)3F A3}, trans-thymine glycolZ} cis-thymine glycol?] &)
ko] W 3lokrlojr}, formic acid 7} E3J3}R] %<& A-Foll= trans-thymine
glycolo] RAISHA] A= AR Letgton), 7h-E3ixd S Esﬂ cis-thymine
glycolo] o M3 Ros WRTYTH webd el sprRslzdelis
trans-thymine glycol®] X7} cis-thymine glycol® AZEH, dFEE= 7423
Aol F27} BATE Row ABAL 4 AZTh

Sparsiase] Zaf StoA thymined] £AHH Tzol chat 98 AFAWEDL
2Asle] FaWolA e Fig 2-2-6o AASHATE  FH WolEE thyminee]

1
=
.
Ls

ol
oX, 1o

k1
2ot 9 |n rlo

’l‘[‘

fo rE NN E
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Q
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m{m
H:? OE

C5-CeolEATE MolE B 4 vk o] el F AHEEA reductionz}
oxidation® A& cis- W trans-thymine glycolo] *EA=Egich IE3H

5, 6-dihydrothymineo] ¥ 7H2] hydroxyl radicale] F7lEHoZ# AAMEH 4 glch
Thymine 2 £ H-¥] uracile] HAE =7H-E A nethylZ|7} WolZ o g B EZ]
o3l tiA E2sE vAE AXA Hrl WA thymineo] hydr'oxyl r‘adical_‘l] 2
& ®ro} 5-hydroxymethyluracil® &7} ¥H3ED, S 9HAZ 43248 =3
5-carboxyuracil® &HA43IA Hrh 2 EZHOF carboxyl gr‘oupol -J:E]%LO_E%]
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uracilo] BAEE ZHoF F2FHr} 6-hydroxythymineS 7 71%| ZAEZE s
= alt}.  37IR]E= thymine 2 2 F-E| hydrogen radical 2} hydroxyl radical?] x]|3%
& Fote], E IHAIE thymine glycol 278 Z&A7F HolAUzto gy 3
2= 4 Qlrh.  5-methyldialuric acid: thymine®] C5-C6 o] &Z3te] Ahajub-gof
o5 AAHTE  0sOs0ll 23t APBhIbGel e uje He o FAH
Cytosine®= 918} mpR7IAZE A& 200] oA |9
photooxidative product&o] HEEATT (Fig. 2-2-7) o]52] JIRE Mass
spectrums2] fragmentation2 3JfAdsle] FRE =Istelon(Privat, 1996;
Dizdaroglu, 1986: Hong, 1999:. Demple, 1980; Simandén, 1996; Wagner, 1996;
Dizdaroglu, 1985), @@ &= olu] F3of e 2tz e} vaste] Eelstaitt,
APt ARt JREESHY FA stolM ] RS A3 ARHE FXIAE
ZHY 4 vt 2HEE AAHI UIAE o] &3t cytosined AFAIAAN T2
E Flshe= 2ol dasich, & AFoMes 2T AEARL 0s0E AHE-5to]
1

cytosined AFERA]FA FTREQI] glo] FAY tfxF O E AMESH L
o] A$ AMAME|LE A3}E O F = yracil, cytosine glycol, uracil glycol,

5-hydroxycytosine, 5-hydroxyuracil, 5, 6-dihydroxycytosine,
5, 6-dihydroxyuracil So] AAE|=d] pyrimidine C5-C6 double bondd]
oxidationo] W8t XEZF deaminationo] dojyt AIolt}.  uracil?d] ZFAL:=
cytosineo]] T3} hydroxyl radical?] nucleophilic aromatic substitutionz}® 2]
ZAzto|th(Singer, 1983; Caulfield, 1998). & AFZZoJME cytosine?]
deaminationz} 18 QI3 LIElLI: tlokst £So] T QT

0s040)] &3] WA cytosineo] HA cytosine glycol 2 FXW¥HEI} dojiL}al o]
3rEL 31t o7 EolAste] ®lg(degydration)E AA 5-hydroxycytosinel 2

|=]
%3] H3Erl Deamination}ol &3} cytosine glycol 5] uracil glycol
o] FA=E=ul ¢l T2 AL cytosine glycolo] F3H o7 v EQFE517]
ol AHow MzZMEIt},  5,6-dihyroxycytosine®} 5, 6-dihydroxyuracil o] 3 A%

odrt. o]5& ztz} 5-hydroxycytosine} 5-hydroxyuracil 25-E 7]l g},

Cytosineo] 0s040) 2]3f A3}E]4)-& ufje] Eo|st Az2tZE A 5,6-dihydro uracil
of WAL ot uwacild] BUFOT AMFLY A ATAoIA
thmineo] 0s040¢f 2]3F Aztg Eo|d}A 5,6-dihydrothymino] AAHZA 2} -F-A}stCt
(Demple et al., 1980). (Fig. 2-2-8)

Cytosine?] T}e¥3}t photooxidative productE2] TMSHEA[3} mass spectal
data= uracil glycolZ} cytosine glycol& A &st3= [M-15]" o]22] A|7]7} nj
2 ZSHA uebdch ™S L5H3 Alof] cytosine, b-hydroxyuracil,
5-hydroxycytosine, 5,6-dihydroxyuracil, 5, 6-dihydroxycytosines< enclization
© % aromaticityS BAd3to gy Exalo]l&(molecular ion, M )o] I3} 7] wj&

of olF ol&2] AZ|7} ZstA vehdrt,
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Cytosine®] photooxidative product ZoflA] 5-member ring J-Z7} WA= Ao}
5, 6-dihydrocytosine, 5, 6-dihydrouracil, 5-hydroxyhydantoin,
1-carbamoyl-2-oxo-4, 5-dihydroxy imidazolidine RA|y AFoA H3H n}
C}h (Dizdaroglu, 1986; Simandan, 1996: Wagner, 1996) 5,6-dihydrocytosine,
5,6-dihydrouracil> 1E2] & [M-15]1" L 28E HA F=27 Felxlo] 2t}

5-hydroxyhydantoin2] TMSH- =X 3} nass spectrum=
5-hydroxy-5-methylhydantoin3} §-A}3F A EZ ATES. Llehjs=d Exjo]2[M']
2} [M-151"Z}o] of-$ erstA L}E}CIT}, (Hong, 1999)

1-carbamoy! -2-oxo-4, 5-dihydroxyimidazolidine-N, 0-(TMS); = molecular ion?] oF
3t Zr A= F A|2)3t 5-membered M3 X8| mass spectrumES TA|3FITE QA
I 2] TMS2E o] #Aztof o]Qldt m/z 147 [(CH3)»Si=0TMS]' peak”7} EX1 Ao
L LA TE el Aol A=), 2-oxo-bhydroxy imidazolS [M-15]"
to g FREMo] Ro]3tglIl [(CHs)sSi=0-CH=CH-OTMS] o] 2]&t m/z = 189 peak7}
Fig. 2-2-92] (C), (D)ollA #AZFH A= o] o]&2 C4-C52] oxidationo] ti3t &
dojeow b} of  eleel Al esid 72
2-oxo-4, 5-dihydroxyimidazolidine, 3—anﬁno—4, 5-dihydroxy pyrazole,

it

Mot

=N

A

1-carbamoyl-2-oxo-4, 5-dihydroxy imidazolidine JFXE F&3FY). E3]
1-carbamoyl-2-oxo-4, 5-dihydroxyimidazolidine: [M-CONHTMS] 7} m/z=334%. 1}E}
seh o] o|28] A7|ZF 73t A2 carbamoyl 7| & FHA A = EFEYE 3B
F+= peak7} "t}  1-carbamoyl-2-oxo-4,5 -dihydroxy imidazolidineZ} 5-hydroxy
hydantoing = oA} CIHofl 28] molecular iond XUl +HslH FHeigd 4
3leitHFoiles, 1991).

E0E DNAY R E e u=d dolA DNAY dVIES EElE] Y]
formic acidef] ]38} hydrolysisz}do] F2 AL&E o] ZtH(Douki, 1996). 9]
Zhrgdl] A= HE oxidative productEe] AAEl A 4= gk o]
& oluyl #13) cytosined] 415hz}A Aol hydrolysis 714 Arbstel A
stelth.  AIME Fig. 2-2-100] =xlsigl=u]l. APF2EY PP T2 w
2} formic acide] 2J3] &S Wty o 4 glrh. Uracil glycolz}

5,6-dihydroxycytosinex= ¥A|3tA] Aol ZFolE29m, 5-hydroxyuracil,
T

¥ o2 oY
o o3 b 2

¥ r
o
tlo

== & 5 8tk 53] uracil glycol?] Z-¢ abdxZolMs P27 SF331=
2 &3] S-hydroxyuracil 2 F2H37F dojehE o = Atk fAlgE goe=

Abd z 7 StoflA cytosine® A LR3I dolytrh(Dizdaroglu, 1985). o]
a-% dehydrationZ}d& AXA] 5-hydroxycytosine @ FTRWH3}7L dojim,
deamination®} dehydrationg A A Al 5-hydroxyuracil® ®i3}7} dojulc) o] 7
Ao FEdo] o oln] HZEH v} QrHTaguchi, 1977; Teoule, 1978).
5, 6-dihydrocytosine?] -2 formic acid 7p3-3f Fof 7ZhAH Ho] sl o
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It 2 5, 6-dihydrouracilS Z7}E|gich. oo} Z-& o] &3l formic acido]]
TRl AL cytosine F-EHEE2] deamination2}H 2] WHEEEE ZF A
A& & 4 vl 5-membered FZ2] 79 5-hydroxyhydantoin®] 7-9- oko]
o] LtERLER] ¢Fgko L}, 1-carbamoyl-2-oxo-4,5-dihydroxyimidazolidine®] 73-$
=

ool ZAFEH, ol AMHEANAY carbamate1E2] EotAAd o

‘

o

d

o2 o N o

[o rr o o

o Aztol] o] ASIo] Fig., 2-2-119] cytosine?] photooxidation pathway
= Aletstadrt. 7P WA cytosine?] C5-C6 double bond7} 7R A] oxidationo]
Aotz 11 A3} cytosine glycolo] EAFTE  Cytosine glycol jstrlog E
QFE3IE R dehydrationg AXAA TR E3jrst dolub 5-hydroxycytosine,
5-hydroxyuracil, wuracil glycolo] HAET deaminationZ}AE E3A4
5, 6-dihydroxyuracil, 5, 6-dihydrouracile] &A=t} C5-C6 double bond
reductiono]] 2]3A] 5,6-dihydrocytosine®] A% 1] C5-C6 double bond oxidation
off 2J3] cytosine glycol® HZHt} Deaminationof] 2]3l 5,6-dihydrouracil &
HEHE

5-hydroxytosine®] 82 Fr/AE HdB¥E 4 Qch =

5-hydroxycytosine©| cytosine glycol 258 BAMEL= Zlola, ExlE cytosine?]

]

C5¢1*]ofl  hydroxyl radical®] ZHzel Agte] 23] AMAEE Zojt}
5, 6-dihydroxycytosine?] 3 *3-2 5-hydroxycytosineo] © Atzt® ZAzloltt, Lo}
7} 5, 6-dihydroxycytosine Z45-E Co =AF2] SAle

3-amino-4, 5-dihydroxypyrazole?] &4 & {53t}

5-hydroxyhydantoin®] 3 A& dialuric acidZH%E CO0 A7 AAE o2 o
Fold £ o). At d3 A4 5-methyldialuric acid?} thymine?] At3purg
o] A= P HM ol 5-hydroxy-5-methyl hydantoin®’de] A-FAe] wha|x
cl.  oiebd {A8E BEeAZE 2 5-hydroxyhydantoing dialuric acid25E C0 &

217 dojxuzte® ¥ B 4 9t 5-hydroxyhydantoin2]
dehydroxylation¥} hydrogenationo - 2] 3] Zyz} hydantoinz}
2-oxo-4, 5-dihydroxyimidazolidineo] 2+ z} A=t
2-oxo-4, 5-dihydroxyimidazolidineo] A] dehydration®}3 & A 2] A A

2-oxo-bhydroxyinidazoleo] A H T UubA o T Algre] Ztof A 2] pyrimidine ti
At} o]l I8 carbamoyl groupe] EAAHCTE (Loffler, 1990) o]& cytosine?]
photooxidative product® carbamoyl groupo] FAE -+ 9SS Sa T =
Ao A= 2-oxo-4, 5-dihydroxyimidazolidine & 5]
1-carbamoyl -2-oxo-4, 5-dihydroxy imidazolidinec] 3AdH <},

#HEAH o7 A]2hEQl calf thyms DNAO] UVE XA}stal o ojfE wH3 DNA
baseE2] AGiH-E A¥E ANE Fig. 2-2-120] VeRjadch  WRAR Al 72 ¢k
Aol ATARE BTl 20202 AP WS AJIAL ¢ Fol 88% fornic
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acid® 7[83]5}e] basente B3] U o] ™S 543} dlo] GC/MSE F
gl sle] AT AHEY S nlaste] WHAI|AHFE AASIGCE Hydroxyl

radical o8 sfol A 7}zbe] base Z-PolA Wob2 WHAZIGo] Uehston] 4
FEol eb7he] Aol HolL 2loul, cytosined] Z% shtlz A3} wopuly]
whg, whs) W WY RS UL ik

A1z DNA chaing& WHEA[71 o] AFolA thymin2} cytosine Zrz}e] AlFofA
(3= 3 4] =R 5-member ring TEE LHERLEA] oottt
2-oxo-4, 5-dihydroxyimidazolidine, 3-amino-4, 5-dihydroxypyrazole,
1-carbamoyl-2-oxo-4, 5-dihydroxyimidazolidine 12|31 '2—oxo—5—hydr‘oxyimidazole
o] BTHE R otgk=y] o]5L 3-amino-4, 5-dihydroxypyrazole 28] 7{QIH Tl
ore] 2 AFEle] AFAzfoA A otgtut glov}, o] HfolME o] FHATE
AE]z] otgrome vLERGR] QFqtth.  5,6-dialluricacid®} 5,6-dihydroxycytosine
A AP it 8-hydroxyadenine®}  8-hydroxyguanine  128]il
Fapy-adenine2 & 3o @A3AQ photooxidative products® LIEFLEOH

[o 2han B B
5-hydroxycyosine 2] %}O}UU] B2 A E 9l 5-hydroxyuracil® £ WHERZA &

o ZIeAET ApAHEH s FelEglon 5, 6-dihydrouracil % thymin
glycol H¥@r|= 2 A¥zoA BTt & Aol ot 24 drs2] o
= A7tz EM A 7o) ES Table 2-2-3¢] |3}ttt

- 82 -



et A&

o]ge ATAUZFE Bl 3 Sloll A P2z Ale]l 2%t DNA base
52| photooxidative productssms deamination Z}F-E $HIsITl= AL Eolslgd o
¥, purine N7-C8, pyrimidine C5-C6 double bond®)] hydroxyl radicalo] Zd= o
2 HrlHeEd  gAE¥ch 53] formic acid TJhpREIAES g
photooxidative products®] deamination ‘ﬂ%é—_‘},% FSIMAFIE ZE o 4 9y
o zReldzalel oA 7t @rlEE chernt ME R grsgon, ol

[o

_

[}
g2 AA A UollMe] AA] dHekgs g2 o]y
A=A DNA chaing o] &3 A& Ea) uracil glycol, thymin glycolo] =¥
A71F22 UEHYIL Fapy-guanine =] ¢rol Azl ExAoA A
gk Zo g velydct

(g o -
2 o o

s

ot e ATE ATl ol GoMSHS i EIHQ BAudo] Y
otk S5l M5 REAS B MYBES S TEU JA A=nETgNY 4y
& e, S g 2UEPS AFHEE o2 B BAREE 27
A Bt 2340 Byl SAT + otk ol uHOR GCMSYE hydroxyl
radicalo] 7|08 £4E DNAAAlS] Z2FHATAE 2 7ol S @ oz Tty

=g
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Table 2-2-1. Chromtographic and mass spectral data for photolytical transformation

products of thymin.

15 of Thyming .

Chmmgmmphi{; and Mask Spe::@ ‘Dam fcer PE;

wcai Ti'ansfégpaﬁm Prod

Characteristic jon

Pyrimidine {ming {mizy ¥l ) o1
Thymine PRl 270072, 255000y 27 1(18), 2550100),
! B “ 299(525};
5.6-Divydrbthymine 957 212(100), 257785, - ZTHI00), 25789
el 10.10 B0, 241142,
£ w0
3.6-Dinydrouracil o 259(63), 2430100
5-Hydrosy-Someihyibudantoln . 1040 ARy, 3000,
L ; , 257028
S-Hydroxvaracs 1385 | A7) 320010y
o sy
s-Hydrorsibymine 1122 35928, 343(100)
S-Mothvidialurie acid 1133 34 37400), 3890100), | 75(46), 359(10),
' U 2991y 216032, 40323y
oGty o .
S-Hydroxymethyluracil 1139 388 3SRy HBI00% 359046y, 31008
255(68) -
5-Carboxyuric] 193 37 36 IS | 3T302), 3570100y
cis- anif srensitbymine ghyool 1237 448 3, A3y,
i L s 30281, 259¢160) f _
o o b '
ciss and rransthymine glycol- 1249 464 AdmE 3390100), 455181, 4490 100%
Saomide - - 1267 IVTE0), 239017 350(16)
T L
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Table 2-2-2. Chromtographic and mass spectral data for photolytical transformation
products of cytosine.

Cytosmc N 0-'(’I’MS)2 o

. S-Hydroxyutacxl-

5 &thydroxycytosme— 1205
| No-(ms_z,_

ammo—é@-,S—dlhydgoxypyrazoleOP—lt: 1=-carbamoyi—Z’-‘oxc%;Sedihyd;‘oxyimidaiblidine *
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Table 2-2-3. Chromtographic and mass spectral data for photolytical transformation products of calf
thymus DNA.

. 'Q;iﬂa§§vé’pr diicts

Thymine 9.828 270 270(72), 255(100)
5.6-dihyvdrothymine 10.263 272 272(100), 257(78)
Uracil 10.416 256 256(100), 255(72), 241(48)
3,6—dihydrouracil 10.568 258 258(78), 243(100)
5~-hydroxy=5-methylhydantoin 10.699 346 331(89), 287(100), 144(72)
Cytosine 10.939 255 255(57), 254(97), 240(100), 168(147)
S5-hydroxyuracil 11.440 344 344(68), 329(100), 270(12)
5-methvldialuric acid 11.592 374 374(20), 359(100),
5-hydroxymethyluracil 12.071 358 358(100), 343(51), 331(10), 316(8)
12.616
Thymine glycol 448 448(31), 433(40), 343(28), 259(100)
12.834
Fapy-adenine 13.531 369 369(5), 354(5), 264(100), 279(30)
Adenine 13.618 279 279(92), 264(100), 192(30), 206(15)
Thymine glycol acid 13.749 564 564(10), 549(20), 259(100), 375(18)
8-hvdroxyadenine 14.293 367 367(98), 352(100), 294(10),
2~hydroxyadenine 14.968 367 3-67(72), 352(100), 147(50)
Guanine 15.230 367 367(90), 352(100), 264(10), 315(12)
8-hvdroxyguanine 15.731 455 455(100), 440(50), 352(17), 299(25)
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PH'GtOIytiéal;gtagsf tmation of adenine in the presence of H20;

. GV-light (310nm) MSTFATTMCES

Adenine = —» Oxidative products -2 0 L otdlvl-derivatives

o dplindbmin o 100°C for 40 min RLY
¥

GC/MS analysis

12541%%33 0 ‘
o 3
2 4
spo ? ' }é
[ L \JVJ 2. J

- T " T T 2 T T T
18.9 1f<B-'il.5 12,8::42.5 13.2 135 14.8 14.5 15.8 15,5 16.0 '16.5 17.8

Time (min.)

Fig. 1. Total ion chromatogram of photolytical trans formation products
obtained from UV -irradiation of adenine in the presence of H20:.
peak identity as follows; 1. 2,3,6-trihydroxy-pyrimidine—(TMS); 2. Fapy-adenine~(TMS);

3. adenine-(TMS)z 4. 8-hydroxyadenine 5. 2-hydroxyadenine-(TMS);3

6. 2,6-diaminopurine-(TMS)(internal standard)
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Abundane

Ew 14 e ia

V¥ rzadasisk zim o Xe dal

A% aFIIgR g W IR A2t K KAYwInn Ex 2 REE J

Abunian ce of 8-hydroxy ade:

5.5 XY

8.8 4%

3840

Ahundan ce of 2-hydroxy ade:

8943

ERTRY

ER R

IR RS
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ERY R
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/
&
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B IE3

VY Grradiazisn uim s Sk ih)
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P

Yoo W EERSEE BFRTSQ N g AL

Py Y PN T

o wivk TN & MEEETERETE ]

Fig. 2. Time course plot of adenine under UV -irradiation
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100

A with H}fﬁi‘éé&%ﬁperoxide

® without h}(drogcnpexféii&

Relative Abundance (%)

330

UV irradiation time (iin)

Fig. 2-2-3. Time course plot of thymine under UV-irradiation in the

presence of 2% Hz0: and the absence of hydrogen peroxide solution.
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217672224
198

(A) without formic acid hydrolysis

Relative abundance (%)

3.8 £.5 12.2 2.5 I.8 1.5 12.9 12.5 13.8 3.5

Time (min.)

283323536
J505]

10
(B) with formic acid hydrolysis

5]
<

Relative abundance (%)

T T e e e B
g 18 H 12 i3

Time (min.}

Fig. 2-2-4. Total ion chromatograms of photolytically damaged products
obtained from UV-irradiation of adenine in the presence of H:0:. (A)without
formic acid hydrolysis (B) with formic acid hydrolysis

peak identification, 1. thymin 2. uracil 3. 56-dihvdrouracil 4. 5-hydroxy-5-methylhyvdantoin 5. cytosine 6.
6-hydroxythymin 7. 5-methyldialluric acid 8. 5-hydroxymethyluracil 9. carboxyuracil 10. cis-thymine glycol 11

cts~thymin glycol-N-oxide 12, trans~thymin glycol 13. trans-thymin glycol-N~oxide
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Fig. 2-2-5. EI mass spectra of (A) 5-methyldialluric acid (B) cis—thymin
glycol-N-oxide (c) trans—thymin glycol-N-oxide formed from UV-irradiation
of thymine in 2% HyO..
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Fig. 2-2-6. Proposed pathways of formation of modified products from
UV -irradiation of thymine in 2% H:0. solution.
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Fig. 2-2-7. Total ion chromatogram of photolytically damaged products
obtained from UV -irradiation of cytosine for 20 min in 2% H:0:; solution.
peak identification : 1. uracil-(OTMS);, 2. 56-dihydrocytosine-N,O0-(TMS); 3.
hydantoin-(QOTMS)4 4. 2-oxo-hydroxyimidazole-N,O0-(TMS)s, 5. 5,6-dihydrouracil-(OTMS)
6. 5-hydroxyhydantoin-(OTMS); 7.cytosine-N,0—(TMS), 8. 5-hdroxyuracil-(OTMS)3 9.
2-ox0-4,5-dihydroxyimidazolidine-N,0-(TMS)4, 10. 3-amino-4,5-dihidroxypyrazole-N,0-
(TMS)4 1l.uracil glycol-(OTMS)s 12.cytosine glycol-N,O-(TMS)4 13. 5-hydroxycytosine
-N,O-(TMS), 14. 56-dihydroxyuracil-(OTMS), 15. 1-carbamoyl-2-oxo-4,5-dihydroxy -
imidazolidine-N,O0-(TMS); 16. 5,6-dihydroxycytosine-N,O-(TMS),
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Fig. 2-2-9. El mass spectra of (A)
2-0o0xo0o0-5-hydroxyimidazole-N,O0O-(TMS)3,
(B)2-o0ox0-4,5-dihydroxylimidazolidine-N,0- (TMS)4 (9] 3-amino-4,5-
—-dihydroxypyrazol-N,0-(TMS);, (D) 1-carbamoyl-2-oxo0-45-dihydroxy
imidazolidine-N,O0-(TMS)s formed from UV-irradiation of cytosine in 2%
H:02 solution.
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Fig. 2-2-11. Proposed pathways of formation of modified products
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Fig. 2-2-12. Photooxidative products of DNA bases from Calf Thymus DNA
under UV—-irradiation with hydroxyl radical.

Peak identification : 1. thymine 2. 5,6-dihvdrothymine 3. 56-dihydrouracil 4. 5-hydroxy-5methvlhvdantoin 5.
cytosine 6. 5-hydroxyuracil 7. 5-methyldialuric acid 8. 5-hydroxymethyluracil 9., 10. thymine glycol 11
Tapy-adenine 12. adenine 13. thymine glycol acid 14. Fapy-guaninc 15. 8-hydroxyadenine 16.

2~hydroxyadenine 17. guanine 18. 8-hydroxyguanine 19. uracil
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1. A&

Influenza A virus orthomyxoviridae familyof <3l I genome® 87§2]
negative-sense single-stranded RNA Ex}Z2 FAFHT} o] 8712 RNAL= A 7j¢]
RNA-dependent RNA polymerase (RdRp) Tha2 PA, PBl, PB22} nucleoprotein NP &
25 1071e] whES encoding¥ttl.  Viral genome?] HAle} HEaje ZHAE Az
2l 3 oM A Z§2] RdRp®} NP, Zg]il viral RNA (VRNA)E o] Fojxl
ribonucleoprotein (RNP) complexof] 2]&] =3It} EH2] #}AS Edlo] vRNAE
H-E| positive-sense®] full-length cRNAZ}, 12|31 cRNARY-E] vRNAZ} ntSo] =l
th. FAAp EZF ZE RNP complexoll s #3YEx|q EAe} ] host mRNA2J
7-methyl guanosine cap FZof 2Jsl initiation =@ cRNAERT} 15~227] zk&
mRNAZ} qhZo]*|™  poly(A) tailo] “3’ddtl= Fol ti=ctl (Lamb & Choppin,
1983)

Influenza A virus® RdRpx= RNA2] 5° gtz 37 gl &3] o] Folx]=
partial duplex promoterZ& QlAI3}te] ZA¥sict, o] H2|%= 42| panhandle RNA®}
3% EEItl. o] panhandle RNAYE influenza A virus®] WHolAES Foa] |74
o WEEL ol Fglolth (Fig. 3-1a BE) ol promoter Heli S
genome packagingol] H Q3 BRE AT E EIslT 9= oz xelr) (Luytjes,
1989) IETE o] F2jE= AHAix}2] initiation(Fodor, 1994; Fodor, 1995; Cianci,
1995; Hagen, 1994)2} termination, 12]3 polyadenylation(Poon, 1998;
Pritlove, 1998)2] regulationd] #oslci= @ 7}x] A7} B3E2tl.  RdRpe

RNAE template®3}e] dlZ RNAE A SH= RHAZ A 55 virusofA] geneo]
ZAXcCE  RdRp] o]l Eo|3t Adox £33 RdRp2] RNA ¥4 W promoter ¢}
2 7 2ol thstod A obxziA] ezl whrt A9 gich

<+ 7o A= RdRpZ} ¢1A]3H= promoterQl 49| panhandle RNAS] ZXRE 73
3o 24 promoter} RdRpe] 42 2HE Wl 7]Zof i3t Qo] 7| E st} st
C}.  Panhandle RNA2] 7] &d-& NMR 72X ool H Q3 RNA 3 7]& Ake] ot
Ho g Qo] wild-type B/ EE W38 RNA(Fig. 3-23)2] & 94 #xE3t

¥, THA wild-type @7IMde] RNA -2 & ST (Fig. 3-1A)
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2. Ag Wy

7} RNA AR 4]

(1) ®3 RNA A]E 2d] @ 3etzom $HA%H DNA template2} T7 RNA
polymerase® AR23}o] Fig. 3-2A2] 5 ‘-GGAGCAGAAACAAGGCUUCGGCCUGCUUUUGCLC-3"
71 dL 7Fx]= RNAE dhAdstelct (Milligan, 1987) 323 ¥ RNA= denaturing 4
El2] 15% polyacrylamide gel electrophoresis® AF&3sto] AA st FHAH
RNAY 10mM sodium phosphate(pH 6.5)+0.01mM EDTA 82§ .f‘o"EHE ZE=o] NMR tube®
SAAC RNA B2 oF 2uMth

(2) #18 RNA®] in vitro AA} Q] : influenza virus® polymerasex 7|
¥ =R ubdS o]£3}9lT} (Seong & Brownlee, 1992a) dir 0.1pg9]
micrococcal nuclease-treated influenza core proteing 60ng2] W3 RNAS} 4.2
% 158 Z¢F 30TCoA wjesteich. 2 % 50mM Tris-HCI(pH 7.8), 50mM KCl,
10mM NaCl, 1mM DTT, 5mM MgCl2, 0.1% NP-40, 1mM ATP, 0.5mM GTP, 0.25mM UTP, 10
uM CTP, 50 uM [ @-32P]ICTP, 4U RNasin(Promega), primer?] 1mM ApG 5 o= -4
H A} bufferZ T3t} ¥hg R Ryt 10p17t HA vk S 3
& 2A17F ZoF 30TollA] uiFA]Zl § phenol extraction, ethanol precipitation
7448 AHA 15% 8M urea polyacrylamide gel 2 FA435tedct.

3

(3) wild-type RNA A]E Y] : wild-type RNA G7]A G2 AR A]33IER T7
RNA polymeraseZ A}&3h= in vitro HAF W o2 A d=th o A
E ZB3}7] 915t GE ARl 41-nt2] substrate RNAS X (1)2] WHoE
P g B Fig, 3-1C2} Zo] trans-cleaving hammerhead ribozyme RNAE A}-&-5}o]
zg}l 31-nt wild-type RNAE ZH|3}gitl. Hammerhead ribozyme® (1)8] WHow
3t 5}girt.  Substrate RNAYE H.E2] NTPE A[&-3}o] unlabeled RNAR} GIHAZE
=Sl RNA SRS 9]3o] 13Ce} 1SNS.E X|3HE rNTPE A}231o] labeled RNAS
st stlTh (Batey, 1992) Hammerhead ribozymes ©]-83} trans-cleavage HHg2
55C oA substrate} ribozymeS 10:12] H|SE 4o 50mM Tris(pH 7.9), 28mM
MgCl2 ool 607F it =2 RNAE 15% polyacrylamide-7M urea gel
2 Axsteddct FHE2H O F RNAL 10mM sodium phosphate(pH 6.5)+0.01aM EDTA &
o AE[Z NVMR tubeo] Zu[Eolon] apHlalEx] ok RNAY] wEi= 2m 13Ce}
I5NO.E o]Zelal ¥ RNAL] %X 0. 5uMith

1
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L}, NMR Spectroscopy

NMR spectrum<> Bruker DRX400, DMX600, DRX800& A}-&3lo] ZAsiair), W&
RNA A]&of thslo]= mixing time 150ms®} 400ms®] H20 NOESY, 72|35 80ms,
150ms, 400ms2] D20 NOESY, IE&F DOF-COSY 5] spectrum® ZEseic),
Wild-type RNA A]Zof thdlodE=  100ms®} 200ms mixing time2] NOESY, DQF-COSY,
TOCSY, 1H-31P HETCOR, 1H-31P hetero-TOCSY, 1H-15N HSQC, 1H-13C HSQC,
HCCH-COSY, HCCH-RELAY, HCCH-TOCSY, 3D HCCH-TOCSY(Kay et al., 1993) %29

spectrung FHSSH3ITH

th & AA

(1) #H3 RNA @ 37t AglE= pyrimidine H5-H6 A 2|7} 2.45AQ AL 7|&o0=
3to] NOESY spectrum®] cross-peak 7| 25E Axbstgtl.  Cross-peak I 7| =
strong, medium, weak, 12|31 very weak, UZ}X|Z FE3}od upper boundE 2.5
A, 3.5A, 5.0A, 7.0A% ZtzZ} Hojstgdrt. E3F DOF-COSYEHE coupling
constantE FA st} FTERA A &3}, Ribose sugar conformation<
Hl1 "-H2’ scalar coupling constant® ZAA35}el o glycosidic angled Hl’-H6/H8
NOE Z7]Z ZAAstgrt. UUCG tetra loop 7R wWHEH =2 JLXE ol&slyd
T} (Allain & Varani, 1995) AMBER force fieldE A}23}l= Insightll softwares
AHE31e] Silicon Graphics workstationol|A] FTRE Axbsladceh HR Ix:
distance geometryE& ARE3lo] I8} 5l simulated annealing AL AATh
restrained energy minimizationZ} 1000KofA] 20ps S9oF 1.
restrained molecular dynamics& 33t ¥ 20ps 9} 300KE 2T &
Tl FEZFHO=Z 2000 cycle?] energy minimization Z}E S 4335}
Arh

(2) Wild-type RNA : 80, 150, 250ms mixing time?] NOESY spectrum®]
cross-peak I 7|EFE 1.8-3.4A, 2.5-4.5A, 3.5-6.0A, 4.0-7.0A2] A7+ Ag|
& E5F3ledc}l.  Backbone dihedral angle 1H-31P HETCOR Ao ZXE 1519
T},  Distance geometry® 3t XX JLZRE 3000KofA] 10ps =<¢F restraind

molecular dynamics& %t F 50ps %-¢F 300KE yFolT),
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3. A3t 4 B2

7t % RNA
(1) in vitro AA}7]% Zel : M3 RNAVL templateEA] 7|%S & £ Qx|
= sl $I8te] micrococcal nuclease® 2|3t influenza coreZ polymerase

2 283} (Seong & Brownlee, 1992b) in vitro HA} o]RE Folsladr}. Fig.
3-2BojlA] template RNA size®} F 7|7} ZE& full-length RNA transcript7} ZQlE
drt. ABAEES size?d] microheterogeneityE Hollu] o] o)A A E
panhandle?] 7J-$-1}(Seong & Brownlee, 1992b) 3'-RNA template®] 7-$-ofA](Seong

& Brownlee, 1992a) -F-A}3F okAbS B AT}

(2) NMR &4 : Sequential NOE connectivity®FE] G2-A9 & A13-C169]
U27-C34 & G21-U242} base pairE ©|E2FH o]l 727 €S o £ qir}.
o] ¥9l+= G-U pairE EHSI7] wjEoll A-type FRoA &7t #Hoi} Ak 625
imino proton®} Cl11 H5 & amino protonz}e] NOEZXE] G257} C112} Watson-Crick
base pairing& St= A& HAY 4 UArh (Fig. 3-3A) A102] H22} U272] Hl'o]
NOEE Kol=dl o]Zl& Al0o] helixol stack®Eo] 2122 2olujgitt.  Al2 H2%} G25
HI "~ ZFe] NOE E3F A127} stackEe] o= AS Hoj&rl, Fig. 303B:= DQF-COSY
spectrum®] H1'-H2’ regione|t}. U182} C19%8] Hl'-H2' cross-peak &A= T
nucleotideZ} C2’-endo sugar conformation #3e X o Ft} Internal loop &
212 A129} A13, G25, ZE[il helix Wwhe] 629} €34 m 3t &F5}x|2t cross-peakE
BoAFLE0 0|72 sugar conformationo] C2’-endo®} C3’'-endo?] conformational
equilibriume] ¢l dynamicit FAHES HoFL Aot} RNA EH-Fof UUCG
tetraloopE =15t =ul(Cheong et al., 1990) o]ZA-2 RNA 29| stabilityE
T8l 51 7] assign® chemical shift AR (Varani et al., 1991)& assign?] &
dHo g et

(3) RNA -2 : Distance geometry?} molecular dynamicsZHE] 16712 =
TZ25 Fstdrh. #E TR EAXIES} energy= Table 3-1o] R.us}airt.
Fig. 3-40 Xo{F superimposed FT%2] G1& A2lgt rmsd:= 1.18+0.29A gIr}.
G723} U292] G-U base pairs A-formojlA] o] Blolul 7z ohjglon} tlE base
pairo] Wlsl ¥R o2 o=l FRAc

#]F X2 backbone torsion angleZ} sugar puckerZ Fig. 3-59 plots}yd
CF  Bulged nucleotideq! A102} Al2% 5°‘-sideollA] stacking® o] It}  C11-Al2
step<> helical twist7} 8° A underwound%]o] ¢lom A10-Cll step2 45° =
overwound¥]o] QIt}. 5 bulged nucleotideo] 2J3] A10, Al2, Al3, Gl4eo] Fxi=
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A& A A-form FRERE o} vl A107} A129] backbone T2 o'y t'e}
a 7 '8 conformational equilibrium AJeEfo] Qlt). A3 Al A-form FLZE7} o 2}
y'ol BbE A13L o'y o]l Gld:E 'y 'olth.  Modelingoll 2stH A10Z} Al127}
stack¥ o] 9l= vlH €262 helixoll stack® o] QJA] ¢t31 F2] basel} FZAInlsko
2 minor grooveo] $]Z]stx Qltf. o] FFE= (C262] amino proton} A122] Nl1of
2]3t F4A%T} €262] 022} G252] amino protono] 213t = ATl 2]3)] ¢HH 3}E]
of Gith. el olelw w4ATel hT 4yl MR AL A 4 g}
RNAo] 9lo] o] 3t 4=31A ¢l orientationS HIV-22] TAR-argininamide complex -
Z(Brodsky & Williamson, 1997)oflA %= wWAF wv} Qlcl o] Ao ¢oshdH
Cl12} G25& base pairingS 3HA] = Zog RBuE|gor} 2 o 2o3shd
Watson-Crick base pairZ 3st= ZHoz ubs &t}  Internal loop wfollA] 8] base
pairing2 RNA F-RojA &3] #&E = Z1oZ A IRE RNA2] NMR &0 F-A}3F 3+
27} BaxElgc), (Gdaniec, 1998)

Fig. 3-6& minor grooved]A] panhandle RNA2] o} Heo|&E uvjelE FHolr}
Al2, A13, G25%] HI’'-H2’' coupling constanti= 4-6HzZ A sugar conformationo]
dyanmic3rS ¢rr]st=d], 2 modeling FRoA = Al127} C3'-endos, Al137} G25
7} C2'-endo PR E # st ZoF AxtElgit}t, o]8 %) sugar conformations G25
2} Cl1o] Watson-Crick base pairE & 4 Q%% wtEo] £r}  o]|A2 modeling

oA FHold £ glgd=u, G258 C3'-endo?] sugar conformation®® BIFSLE
o C113} base pairE & 4 ¢ladTh

(4) Tz} 7]1%8] AHHA ¢ Panhandle F+ZRE= A} BA2] regulation,

Jel 3 vRNAS] packagingol F2 GBS st Aow @aA grh o Fxe
g e melsles HHLE o] 9]¢ sequenceD ol FEIE ol
e FAUAY A7 BAAL A A7) AW, 131634 202
[e]

2]2] nucleotideZ} uf-¢ Z83F 7 orel At (Fig, 3-2A)(Fodor, 1994: Fodor,
1995; Kim, 1997) 3-12%} 25-23 —;—L,E base paird] A FHFHrl= sequence A}
A7t o 2@3icts o] odal#] Qlth (Fodor, 1994; Fodor, 1995) 1eu} AAH
QAT o}y o]Folxx| BshaL gtk

C113} G25% polymerase bindingz} A A} 7]%of of-¢ FR3}t} (Fodor, 1993:
Fodor, 1994, Fodor, 1995) C113} G25 Ate]ofl #E ¥ base pair7} polymerase2}e]
A& 2k Qo] 23 7S wutdt sleA T glth.  Diethyl pyrocarbonatel} base
=z kol 2J3F A102] W3 L polymerase bindingZt @A} 7|53 <F3tA[Fcl. (Fodor,
1995; Baudin, 1994) £ dFofla] 13t UAFFo &jspd A0S A-form 2o
Hojit ook Axtd 3,5011 oshe A28} €26 Apololl Aol EX|RITE 9]
732 RNA-fork modelo]L}(Fodor, 1994: Fodor, 1995) corkscrew model(Flick,
1996)2] ElgdE shdsh= Fa23 7ol d Zlolrh
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L}, Wild-type RNA

(1) Trans Cleavage 2122 o]-83 A& FH] : 3l-mer RNA A]E Q] FH|E ¢
&}o] T7 RNA polymeraseZ ©|83F in vitro transcriptionS AIA|3}g o1} oko] nj
% A7 Ughth ol of Wgeld 5 -wde] A4 sht EE T AY 67} =
ZPsfoF =2 (Milligan, 1987), transcript®] +13} +6 Afolo UZ} ¢lojof 317 wi&
oltt, o] EAE 3fAsIYl 25te] wild-type sequenceol] A} Ao = g3t
sequence= &9 in vitro transcription® 3d}o] A%t yield?7l =2 RNAE ute =
o] Z1-& substrate® 3} trans-cleaving hammerhead ribozyme .2 2bg} wild-type
sequence?] RNAE t=49lrt) (Fig. 3-1) ©] trans-cleavage 2FHS-2 I o3t vig

24 o specificsty F&AHA FHo=R uetyrt (Fig. 3-1D)  t|xpeld
trans-cleaving ribozyme2 ¥& turn-over rateE JIX|3 9 substrate®}
ribozyme?2] molar ratio”} 55ColA] 50:1¢f =3t}  Trans- &L cis-cleaving
ribozyme-2- T7 RNA polymerase transcript®] 3 ~ heterogeneityS H|Asl=d] F&
olaxofx Srt et FTo= ofiEwt ofufgl T7 RNA polymerased] thgk 5°
heterogeneity = R31¥ u} Qlth (Helm, 1999) wmheld 2 A= FxdFof glof
A] homogeneous3t 57 T AV EE 7 RNA A RE HEfo 2 FHlsh=d vf$
&% Zlolch

(2) HAAqel conformation : H0 NOESY®} 'H-'N HSQC spectraZ E3j
terminal stem®} proximal stemoljx] oJATfE Z+2t 6702} 3702] base pair7} &=3j
3hS ZIstitt. D0 NOESYoJA] NOE connectivitys %2 stem RF-7} oAt =
A-form®] geometryE 7}X| 3 Q)SE HolFetl Internal loop: G230]A] 3Lt
imino resonancqt-g UERAZIGL o] C97he] Watson-Crick Zglol thzt Azl
NCE patterng Hol&Etrl H7FAHQl imino resonance:= A1x]o] pH 5.5} ZHE U2
pH X Mg”E 5amM7IR] E7lsted = LelLbR] ¢Fgkt}. (data not shown) NMR data
EFE fF=H & 852712] restraintE 117§2] converged structureE -3}7] ¢|3gh
FZA A el o] BE|o] AT}, (Table 3-2) Average structures= bulgeZ} ¢J= A-form
helical conformationg WERNA I (Fig. 3-7) UUCGE ¥ tetraloop= A ubs]zl
tetraloop®] FZ2oF FAtsteict. (Allain, 1995)

(3) Internal loop % : Internal loop?] FXR= o]j" Eo|3dt backbone
distortiona Ho]x| ¢iektl. Internal loopE ©]F = helix pattern?] extension
<2 FE helix 8] C242] stacking2 2HE] Feist Zo|ct, 247} $=x}& ol HE;
off Al H1’;;, H6:0lA H2';; 2e]3l H6;004 H3’;; nucler Overhauser effects
(NOEs)¥1t ol 2} H6; H5';.; NOES Z}X|3L QItl= ZH-& G623, €24 22|52 U257
42X 0 F stackingslil 98-8 uebT}h.  €242] amino proton®2] dhulel A82] NI
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2} N67} hydrogen bond geometryE H.ojF51 Q151 o]zjgt ZxfA el hydrogen bond
2] Zx= 27§¢] C24 protono] th¥t Ato|dt chemical shift7} Ezf3lchs Apadoj
2o HkA=ECL A8+:c24 base pairoflA] adenine?] N1©] protonation

U
gro HabE|x] QFotr}.  A8:C24 mismatch®] stackingZ C9:G23 base pair 8o
715t A3 e internal loopE <eFAZpAFICE Co9x} C242] stacked
structure= C9Z} C242] N37} dimethylsulfaet modification® ZE-E] X & F o] 2T}
= Az} & X3t} (Baudin, 1994) <AREA O F (€92 30T (Fig. 3-8A)2} -1T
o ] o]zl DUF-COSYol Al H5-HE cross peak UIERAA] ¢Fokr}.  €9¢] H529} HE
resonanced]] Tt} field-dependent broadness(Fig. 3-8B)2} 37| o]&jgt ER-& €9
o] G233} Watson-Crick ZAEE FAI3HAA 10°22] Thelold 52 252 slx
A= 2fulgich

T}E adenosinez} Zro] A103} Al1S A3 Al A-form RNA helixollA] L}ElL=
oF8lF H2;-H1';.; NOEs= vlepufdth EE3SF A10 H29F G23 HlIA}el?] cross-strand
NOEZ} #2tE] 9=t o]= Al0 base’} C9:G23 base pair?] 7}% 2|ZoflA] helixZE
stack¥tl= 22 Ziglzivt,  Z1auf All H27F 3 623 Hlofl tfdt cross-strand
NOEE Ro{&Erl= Z12(Fig. 3-8C) Allo] minor groove £O% X|FE S-S LIE}
= Zolt}l,  o]Z-& Eol3l long-range NOEQIU] gheF A At&Ql A-form helix uf
ofdetd Aglrb o 8Ac] EJ| miFoltt. I¥Hol®= =73t intra-NOEs®}
inter-NOEs (H6/H8-H1’, H6/H8-H12’'=2} H6/H8-H3')2] patterng internal loop2] 5’
strando]] A= <& Ao|t).  Stacking interactions Alle] olZo= EIL3IL 7Y
z|Z] ¢rokrl. HIuIH o ® A102 62332} interstrand stackingol] HASIIL o= G23
2] purine ring $¢lof] A10 H2o] Eo{X|A Hrt}. o]# 3} geometry= ring current®
ol A10 H2 (7.05 ppm)2] upfield chemical shiftE& €27t}  Jy . coupling
constant= sugar pucker?] FEAJo]m A10 (5.1Hz), All (6.2 Hz)2} G23 (6.7 Hz)ol
A #EE R 5-6 Hz2] YUy C3'-endo (PJurme<2 Hz)&} C2'-endo (*Jum e >8~9
Hz ) sugar conformation AFo]oflA] dynamic equlibriumo] &x]3rE ¢FA]stC}

Minor groove® ] All X% internal loopolx] Fagt S 7}x]2] helix &
S §=31A4 Hrh Major groove:= FHA Wo]zx|3l Zlo]x|M helical axisyE inter
loop2} proximal stem®] Ao =8 stA HT} (Fig. 3-7C). o3 F+24
ol EA A103} A119] N7¢f diethylpyrophosphateo] #1A Ho¥ £ oltt
chemical modification Z 3} Baudin, 1994)%}% & *]3ltc}.

X,
o §

rr

(4) (A-A) -U Base triple & : %Al adenosine (A10-All)3} it
strando]] @l uracil (U22)o] (A-A) -U motif&E o]&F 4 YL o] motif7} E
coli 16S rRNAoA ribosomal protein S82] binding site(Kalurachchi, 1998),
branch-point helixo]] th3l spliceosome?] binding site, phage GA coat protein?]
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RNA binding site(Smith, 1998)2}3 X ¥ o]x Qltl U22 imminoZ} W pH (pH
5.5)l = wtE Euf a¥ wiEo® WHEZR] Qgty] wfFel inter loopd| &
dynamic naturet U227} B 712 $ASGo] S-S Ueldch: dlE o F 7
71538t A-U base pair Afojoljx] 3 Alefol] 1AL} base triplet interactions 3}
= Afolth. Tl & FRoA BEEHAT EZ 2 pH ZAA Smith &
Nikonowicz (1998)¢f 2] &3 (A-A) - U motif FRoJAM= HAHAEFETE ol&F2
H|AAA 07 =8 pH (pH <6.1)o]A 3’ adenosine®] N12] protonations FH&3dHL
t}. @ B dFoA]= 183} protonationd} base triplet interactiono] 3’
adenosine (All1)el] &J3] A== xlE$ (A-A) - U motif(Fig, 3-7C)& Wa3hx|
x3ich

A113} U22¢] th3t mutationS promoter efficiencyE wild typeoil B]3] 2-20%
22 Az ZAATIH 10 2 113 22 9% Alolofl A base pairE FHEA]7]
complementary mutation® promoter efficiencyS F|EA|7|x] E3tglct o]y
Az}t $-2]8] FX datalx A10, Al13} U227} Watson-Crick base pair& ©|FX]

B33 viral polymerase2}?] interactions ]3] major grooveolX] adenosine?]

o oX

amino group®} Z+H& Eo]4el functional groupE AH|Z3He RojFch

(5) Terminal Stem G-& @ Terminal Stem average structureo] tis] 0.7 A 2]
root mean square deviation®® <F#H3IIc} (Fig. 3-9A) Helical parameter
analysisi= terminal stem®] global helical axisZ} A4:U28¢A] major groovei 45
+6° 2 FHHA QLS Uebdch (Fig. 3-9B) Kink®] Exjol= E3sta U27¢]
of] U280] stacking®lil G299]of] A47} stacking8lti= -2 A4:U28 base pairofl tj
3t 2 propeller twist angle(-29+4° )& 2n|glch: o]&8| %t propeller twist
angle2 A AFAQl A-form helix(-14° )] Zr =X} 2u)] o]AF & Zlojt}l H[chA A
helixx U28-U3%} U28-G292] imino to imino NOEsZ} ¢irh= ZloZHE] ER|x|aL
o] 712 H,0 NOESYol|A] U28-G5&} U28-U272] imino to imino NOEs”} &xJgicl= 73}
AtE] s abadolt).  Kink:s 4.8 Hz®} 4.9 Hz®] *Jurap oA whe] 2 %o U282} A62)
local dynamicsol &3] &=od Zog FHHr}

Kinks <¢18%F base pair?] B[FAHQl twist angleo] 23] &FojITh
A6-U26 base paire] th3t U3-G29 base pairZBHE], & base pairo]] thdt twist
angleZ 44+2° | 25+3° | 2742° 3} 43%+2° A Z}Z}E terminal stem®] B
FFoZ e mlo] vloji} gltht (Cho, 1993). G:U wobble pairof th3t Q1A base
pairol] ti3} under- EX over-twist angle patternS G:U wobble pair& 323s}=
crystal structureol| A% 7= v} (Masquida & Westhof, 2000)

Influenza A virus promotero] T3t ok JLEXEFE-AJof 4 (Cheong, 1999) bending
< HEER gt ol FE U3V} cytosine 2 & AHE|T] wiFolct £ A
ot gk FRofAe] T JER] xeo|FHZ olEE x| 18 s utehdt A3
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(C24 bulge2} Al1:U22)8l Zlo® FyHch olejzt 7z Aol FE Syxo
2 do]A spectral datao]] 7]Z 5} helical phase difference?t 72 long range

effect(Wimberly, 1993)& i3t ©e|d oz A" < Qich
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Table 3-1. Statistics and energy analysis of the final structures

Number of distance restraints

Inter residue 111

Intra residue 87

Hydrogen bonds 77

Energy type Energy value (kcal/mol)

Total energy ~139.5+4.27
Bond energy . 221+£023
Valence angle energy 1562+ 1.81
Dihedral angle energy 408.5 +2.99
Hydrogen bond energy -259+0.51
Non-bond energy —280.0+3.68
Non-bond repulsion energy 1123.8+5.54
Non-bond dispersion energy -1403.8 £7.27
Coulomb energy —420.7+2.25

Energy values are expressed as mean values * standard deviations.
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Table 3-2. Structure determination statistics

for the 11 converged structures of the influenza A virus promoter

Table 1. Structure determination statistics for the
11 converged structures of the influenza A virus promoter

Number of NOE distance restraints 563
Internucleotide 278
Intranucleotide 285
Internal loop (residues 8-11, 22-24) 93
Terminal stem (residues 1-7, 25-31) 252

Dihedral angle restraints (., 3, €, { and y) 112

Dihedral angle restraints based on the
A-form geometry 78

Base pair restraints including H-bonding 68

Base planarity restraints 31

Total number of restraints 852

R.m.s.d. for all heavy atoms relative to the
averaged structure (A)

Terminal stem (residues {-7,25-31) 0.7+0.2
Internal loop (residues 8-11,22-24) 0.6+03
UUCG tetraloop (residues 14-19) 1.0+09
All nucleotides 1.6+04
Average NOE violations (A) ' 0.6 (>0.3A)
Average Angle violations (%) 0.4 (>3°)
Mean deviation from covalent geometry . '
Bond lengths (A) ' 0.002
Angles (°) 0.7
Impropers (°) 0.4
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Fig. 3-1. (A) Terminal sequence of the influenza A virus genomic RNA : The
conserved 13-nt at the 5’ end and 12-nt at the 3° end are boxed. The
numbering from the 3’ end is followed by a prime notation. The sequence shown
is that of vERNA segment 8 of influenza A/PR/8/34.

(B) Secondary structure of the RNA construct used in this study
Watson-Crick and non-Watson-Crick base pairs are distinguished by bars and
circles, respectively. Dashed lines indicate the calculation-driven base
pairs.

(C) Scheme of the sample preparation using trans-cleaving hammerhead ribozyme
: The 3" portion of the RNA substrate is omitted for convenience. The cleaved
site is indicated by an arrow,

(D) Efficiency of the trans-cleavage reaction with various
substrate-to-ribozyme ratios and reaction times : Control reaction (C)} was

performed without ribozyme strand.
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A)

Fig. 3-2. (A) Secondary structure and numbering scheme of the influenza virus

model RNA panhandle structure. Extra nucleotides introduced at the tetralooop

and at both 5’-end and the 3'-end and the U to C transition mutation within

the duplex are shown in small characters,

model RNA template. Lane 1,

(B) In vitro transcription of the

34 nt model RNA T7 transcript as a size marker;

lane 2, without added model RNA: lane 3, with the added model RNA,

A
D Hs
= : c34
ms”
[}
<
|~ ©
w
[~ © =A12
(o]
o~
S He P
. G25 g
"
S R us  a13
| o g:Gz
«©
<D He
T T T T T T
12.7 126 6.0 58 5.6
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Fig. 3-3. (A) Section of
a NOESY spectrum in water

at 150ms mixing time at

14C. The G25 imino to
Cl11 H5 and amino NOE
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Watson-Crick base pair
between the nucleodides,

(B) Section of a DQF-COSY

spectrum in D20 at 30T
showing the H1'-H2'
coupl ings.



Fig. 3-4. Superposition of the 16 converged structures of the panhandle RNA.

With the exception of nucleotide Gl, the average rmsd value was 1.18%0.29A.

The hydrogen atoms and the dangling Gl nucleotide are not shown for clarity.
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Fig. 3-5. Plots of
dihedral angles and
sugar puckers for the
final structures of
the panhandle  RNA,
Standard deviations
from the mean are

represented by error

bars. Angles of the
standard A-form RNA
are indicated by

horizontal lines,



Fig. 3-6. Central region of the panhandle RNA from the perspective of the

minor groove.

Fig. 3-7. (A) Overall structure of the influenza A virus promoter. Adenine
nucleotides are shown in yellow, guanines in purple, cytosines in blue and
uricils in cyan. (B) Stacking of the A8:C24 mismatch shown in red. (C)
Structure of (A10-Al11):U22 triplet. For clarity, only 8 structures are shown

superimposed,

- 117 -



PR

A

UseiCz4
=28

B2 80 5B 58 54  ppm

78 - 3250
27 o R

535 530 525  ppm

ppm -
.;»_-»;&?%H;Q«w»my s i :
<+ 770 L
: * ARt i - ;
PR ATTHT GiaMY  G2aHy
TOB, b AOME e e %%

e

¥ Ty 7 P ¥
580 58F 580 575 570 B85 Lan pon

Fig. 3-8. (A) The pyrimidine H5 to HB6 region of 80ms NOESY spectrum
(green-blue) superimposed upon DQF-COSY spectrum (orange-red). Each H5-H6
cross peak of pyrimidines was assigned on the NOESY spectrum, (B) Selected
NCGE cross peaks of Hb and H6 of pyrimidine residues obtained from 400MHz and
800MHz NOESY spectra at 294K. (C) HZ to H1’ region of 150ms NOESY spectrum
recorded at 294K. The HZ resonances of Al0 and All are indicated by a
horizontal dashed lines and the Hl’' resonances of All, Gl12 and G23 are
indicated by a vertical dashed line. The red circled cross peak indicates the
unusual NOE between A10H2 and G23H1'.
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Fig. 3-9. (A) The 11 converged structures, superimposed on terminal stem.
(B) Schematic representation of the helical geometry of the terminal stem
(left) and of a normal A-form helix (right) with a complete Watson-Crick base
pairs. The one-headed arrow indicates the helical axis. This figure was

generated from Curves 5,2,
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|48 Saccharomyces cerevisiae virus RNA 2%

1 A&

Hairpin loopZ} bulge: wh¥Z <2lx1z} ZA¥HWitherell, 1991; Eguchi &
Tomizawa, 1991; Jaeger, 1994), RNA folding(Uhlenbeck, 1990; Woese, 1990; Tang
& Draper, 1990)& #]3F 23 723 HE|Zo|tl 27|y &3-S o3}
R4, o]Z€|™ hairpin loop, bulge, internal loop, pseudoknot& XEZF5}= RNA
2=2e] 3xp FTRE AASt=d ol fF oYt Moore, 1993; Feigon, 1996).
Watson-crick @702 o] FofZ] RNA2] stem 9= A-fornE& 7IX|= Zo] RE
olx|qt, A7l AMdzt F2A njdol 7|eddlE= F4A perturbationo] Ea|sH= A
o] dnrtHolrt, FH7f loop?| conformation mf-P- Tie}sich. AUF 22 loopo] A=
- oF¥ ¥ PFE7F FEE )% S}31(Cheong, 1990; Heus & Pardi, 1991: Laing &
Hall, 1996), H]x3& 2 loopoll A= multiple conformation?] &L} ksl &%
Mog Q3] 1 FTXE ZAASIIZE odE 27 2wl (Jaeger & Tinoco, 1993;
Colvin, 1993). SFx|qt loop?] =72} 2 conformational flexibilityE wrses] o
A3l 7)ol Fel7b 2Tl Bulge?] conformation A of-e- rlofgh ofirS Roj
dl, shte] d7l= o] FolX bulge?] ZH-f-ofl o2% 7ol Ao ulzt
conformation®] 2}$E= ZHo] I o]tk Wimberly, 1993; Borer, 1995;
Greenbaum, 1996).

& 2 Saccharomyces cerevisiaeol] &%)3}= double-stranded RNA H}o]&]A Ll
(ScVL1)2] Cap-Pol fusion Th¥ 22 dlo]g ALl plus strand RNA & &L RB S
o1Aglt} o] H9]E viral binding site (VBS)gli 3t=d], o]|AL uiolglA
particleo] plus strando]] Z¥ 3 uf2} dlo]a#]A RNAES packaging®d uf] & 83}
(Wickner, 1996). Stem-and-loop®E o]Fo]Zl o] F-eol= 5718 FEQEl|ER o]
Fo|Z loop2} internal bulge-loopS F4LAEA X333 QrhHFujimura,
1990; Shen & Bruenn, 1993). ScVL1 3L1e] VBSE 7kl Q& wbH | ScvLlg]
satellite dlo]g]AQl ScWM12 F 72 VBSE 7lx|32 QrH(Fig. 4-1). =7}z
Cap-Pol fusion Th¥dzle] A3to]] ZQsitty dad @ AL stem®] &2, loopd]
7] A9, bulgeE o] FL adenosine Zt7]o|tH(Shen & Bruenn, 1993; Yao, 1997).
AF- straine]] Exfstr, L1 ulo]ejiol o]} %= ScV particleo] #2|F o]
packaging®|+= ScWM1-S ©hz] T 71x] ¢ Enks ABalsli=d], the killer toxinz}
71 toxinof] WA S Hol= thaizo] 17 Eolr} o] toxing] phenotyped o]-25)
L1 ufela] Al2®le] {43k Fao] o]FolH Tl ScVLl, ScWMl Hjo|2jA A]AE
= 4@l AT wWol o] Fojx glrh 2 o= ScWM1e] 7 VBS RNA SL1z}
SL2el g Aol 3% PEE WaylgE Ry

4

Z} restrained molecular dynamicsS

| [} RN
o]-&3te] FHstadrt. 2ela §AF FLRE JIx|= R17 coat protein binding
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site(Romaniuk, 1987: Schneider, 1992: Stockley, 1995)2] variant(Fig. 4-1)2]
;xp7|LE R e} v, BEAglon, Cap-Pol fusion TH¥2z} VBS RNA Afofe] A)

g W QA Aol ofa 2Ee St

= I
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2. Y Uy

7}, A 2EH]

SL1 (20 nucleotide) ™ SL2 (28 nucleotide) VBS RNA:= H <3 RNA A& A
ZlsollA2} o] T7 RNA £3a 49} 33t o0 F FAIE DNA templated ©]-£31 i
vitro transcription ¥hH o Z 3FASIgITH(Milligan, 1987: Wyatt, 1991). dhAdH
transcript& 20% Ze|otaolulol= A H7]PEE ol-&ste] FA st FAH
2 A FIYLElo]EE 10 mM sodium phosphate, pH 6.5, 0.01 mM EDTAZ
dialysisslgtt, 2 F, AREE SAZAZSIATE Nonexchangeable protono] & H
A e o A18EE 99.9% D20E = by A3 3 99,96% D20 0.2 nmLofl =4l
o1, exchangeable proton & AFZ gsfr= A FEF 90%H20/10%D20 0.2 mLoj|
=gt} AR X 2 mMo]gltt. Labeled SL2 RNA AR F$¢ HAsdH wHo=
Z8]¥ labeled NTPE o]-&3lg o #E %= (0.5 mMo|t},

o]

&ﬂ

1}, NMR A

RE A3 S 600M Bruker DVMX600 x}7|zw BHu7|7]E o2ttt utg of
ol g T 20 T EE= oA &246}03%4, 1=

[o]E]&= Felix (Biosym/MSI)$}
UXNMR (Bruker)S o]-83}e] ZTERMAE D ClAZHolEgtt, BE o]zl 3Mx}rs|z2
iy AHEZ.S TPP] BPH-E ALE-3}o] phase-sensitive mode® 7] EE ¢t} (Marion
& Wiithrich, 1983). H20 kol 2] NOESY A®EZ 2 5 10, 20CoA A g},
Water suppressionS jump-return pulse& ©]-£3}IT} (Hore, 1983). D20 Alollx 2]

NOESY A E=&I.2 50, 100, 150, 200, 400 ms?] mixing timeo]A] SAEF o, A
A ¥AEE 25t $ste] 10T} 30T E HES 3313t DQF-COSY
A EH L gstandard pulse sequenceE o]-£3}od 4, 800Hz2] i—iE%’ Eo7g dof

2.3

31, high-resolution, phosphorus-decoupled, DQF-COSY AHIEH .S 1 800HzL| =
0 F dojZHr}. TOCSY AHEHL pixingS $]3] DIPSI2 sequencesS ©]-&35lo] &3
=0

o

i

=lolr}. HETCORS} HET-TOCSY A®E#H2 1H &2 1,800Hz, 31P &2 580Hz2] =
= qoldrh 199 APES ALT T THIE MR AlolAeh 2 B
g st

H

T}, Modeling?] Constraints

Nonexchangeable proton A}o]2] semiquantitative distance constraint= T}=
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mixing time (50, 100, 150 ms)oljA] ©o]Z 2D NOESY A E =X 2] cross-peak?]
Aol ols] E&%oith AW Telne B5-Hee] Ael (2.45A)8 JFOE o]

= (2.4
& (o} 5 Sl & % _:
29 AEC AU S AL T Y W LAL Aol Wi Yo

Exchangeable protonS 33}5}= distance constraint+ @F3}, pf-g eksto g H&F
ot A7 o] Aelel A-U H2-NH, G- C NH-NH2= ofjejR o 7igtog R=

glodch. Sugar pucker?} backbone dihedral angleo] 3t constraint:= >Juy, Jur
coupling®] semiquantitative ZHofl &J3] =&% &cl (Williamson & Bax, 1988:
Legault, 1995). Sugar pucker conformation=> high—resdlution DQF-COSY A EH
ANAM IS FEsI] AAStTh HI'-H2' couplinge] §lE Z-¢+ C3'-endo
conformation® 2, 3Hz < *Ju.p’ < THz ZALE constraintE 7}3F=] okttt 8]
I 7Hz o]xte] ZASLE= (2'-endo conformation® @ FA3IIcl RE glycosidic
torsion angle, ¥+ 7}3F intranucleotide HI’'-H8/H6 NOEZ} ¢lth= AR ZAS)
o anti conformation (-150%40 °)2 % A5} Tt. B-2} e -torsion angleo] tf
8t dihedral angle constraint= HETCOR ASIEZHolN A3t *lp oy, *Jpws, “Jpu
coupling o BHE] T2t} (Varani, 1996). 1y -torsion angleof cfgt
constrainti= DOF-COSY AZE#ofA2] Yy ws, “Juws coupling O ERE =&
=lodth. a-2 ¢ -torsion angled] tidjil= dihedral angleoll thZ}F constraint7}
A=A eroket.

2}, Al

-4
N
-

F-Z Axzl 28 tjAZSdgo]s Insightll/Discover AXEQo] I|F[X][E A}
&3to] Tt 40712 Z7] A-form 7} Insightllo] osf 3= gich
CHAIZE o] JF ‘-té:"-% 2000 cycle®] olYzx] minimizationo] S=3PE| T}
Minimization %, 1,000KoA restrained molecular dynamics simulation®] <=3%%]
7] A &St OIUZH NOE®} dihedral angle constraint”} 30ps2] periodE<¢t 1.0fs
o] step size® AAF| ZhsizTh O %, 2%7} 20psoll AA 300KE A AE] Zha
E o], 2000 cycle?] energy minimizationo] 38%]2ICl Simulated annealing
& 2L ZX van der Waals interactiono] turn on® AtefoM 20ps &<t 300° Keoil
A equilibrated®] T}, 2000 cycle?] energy minimizationo| o]o]A =4=3FE|g]
o] 4ol S E3| convergedd FZIF HE5FH Tt
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3. A

o

Az}
7. SL1

(1) Exchangeable proton®] assignment : Imino, amino proton®] assignment=
H20 #}2] 1D, 2D ¥MA}7|FBAHE ©o]-&% standard methodol] 2]3] o] Fo]Zr},
SL1 RNA E2}= 77]2] guanosineZ} 37§12 uridine Z7]E 7Ix]2 =4, 1D imino
proton AHE™Ho = 1 7153t 107] £ 5712 sharp3t peak7} #EE|QIch 2
peak 52 stem®] imino proton® & assign®| 2t} 5'-end?] Gl fraying effect
ol AR ofodrt. o] F e AQbzb= whe] A5 bulge Hol 9= G162 C62f oF
qH @7E FAdsHR] gkt

(2) Nonexchangeable proton2] assignment : 3I|g|njgle] H52} H6 THAHS
DQF-COSY A EZA 257 2]8] 73l cross-peakol] 2J3f vt d2E 107)
8] cross-peak 7} 10702] =T ejmgls E3SH= SL1I RNA Bx}2] single
conformationS &Z3}9rl. Cytosine 1H-13C HMAC A EZ i C5 EFAQ]
chemical shift F}oll 2]3)] uridinez} FEEF oA}t o]zt H L sequential NOE
1 Z 2} through-bond correlationo] 7|R}¥} nonexchangeable proton?] assignment
2 Zashoul 2wde ATITH Fig. 425 400 ms NOESY ASEe
H8/H6/H2-H5/H1 W H-2& HoJF3 9lt}. H8/H6-H1 -2 A10 H1'=2} Ull H6 Ao]lE A
2] st Glo'“’/l'] A10, Ullollx] C20 HelolA AZAFCE 50, 100 ms NOESY2} DQF-COSY
2HEY L] Hl'-H2® o] BE H2' FPAE assignsti=t] AH&EATE 1 99}
sugar protone high-resolution, *P-decoupled DQF-COSYE o]&3}o] sugard]
spin system& FEHIOZH assign® 2T} Adenosine H22] g2 1H-13C HMQC
2 Eola ALY ¥ chemical shift Ztoll 2I3] assign= giTh ofu] o]Fo]
Zl proton assignmentZE o]&3}o] &r]e} C1° FH o tfilsequence-specific EY
4~ assignmentZ} $=8E]gdt}. 37 adenine?] C2%} aromatic ZHA 207 (C8/C6)
27 BYSIA assignF TE TE[G Hl'o] FAUE= G132} C139] €17 A3t =
E C1'% assign®gith. 'H-'P HETCOR A EZL hackboneS whal 1 sequence:
A7k o] AWEHLE Qo AARH H3'Z} H5'/HS” assignmentd o]-&3}o]
assignX| Q1 T},

(3) F2AA Azt zEHow dojA 22712 +F = y& NOE violationz}
total energy= 7RIt} 227 & & APA ST = =% NOE constraint= 0.1A
°]% violatedh= Z2 shitx ¢lglch. AA Exlo] gt average pairwise RMSD
Zhe 1.28A0IT) Loop3} bulge ¥ B2 343 7ol B4R $x/3W ool

Blofl 2Jsf A3 FHE|QCE Loop (C8olA] G14)Z} bulge (G4ollA] G7, Cl150 4]
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C17) F-of chs] 22702] converged® FTXRE 1 sfuti

wj, average pairwise RMSD Zto] Z+zh 0.57A, 0.46A o]t}

it
(3
Al
B>
3
lo
e
Y
)
o

(4) =23 5% @ NOE®] A7, sugar pucker& H[E3Z} o] =Pyl g
AZE2 RNA FAfol] vyt cisre] 723 FRE Aggch HxprjEEde ofs
ZAA¥ SL1 VBS RNA2] schematic3t LR} 227] &%
T A& Fig. 4-30) AAjstgct, o3l Fx22] loop
gt Loop H¢loflA] HH3 distance constraint® €& £ 2ol  loop
conformationg AESIA FH3ledct, A10 H22} Ull H1', CI13 Hl’ x}o]e] NOE=
A10 9717 69 @7] $lofl stackEle] ol&-& LERUTh ATEZE ALO H2e} ULZ HI,
Ul2 H5'/H5", C13 H5, Gl4 H1' Alo|o= NOEZ} 2H@E|gich Loopold FzAow
Aujgle d¥E sHe o] NEES] £xf+= Al10 H22] T1 relaxation Aol jaf =
REEEoh o] proton ATiHOE B2 Tl (4.8410.02 sec)2 zb=d], o] ke
de B2 T1 3E& 7HA= H8, H6 proton®] FEzt AL -2 Zlolr} o] A2 Al0
H27} Th2 AH2 protono]] H]3] 7}ZA] o]%3l= protono] Hrhs= 712 A A|gtc} o
2]& ¢l interresidue sugar-to-sugar NOEZ} C13 H1'Z} G14 H3' Ajolofja] d=ic),
Loopoff gl&= W 72 HEHLElel=E o2& el sugar-phosphate backbone
conformationg Z}At}h U1z} U128] £ H1'-H2' coupling 3L o|% %7]12] sugar
ring®] C2’'-endo conformation® 7}Ztl:= Z1S veldith Ulle] y-angle2
Alxtoll A constraintZh VAR QAAAIRE convergedH FTZ RFojA wFAME
ol

trans conformationg Z}FIt} C138] y -angle 9 A] constraint7} Z}six]=] 9

Hoxe o W

ch, o] Z+2 A48 trans conformationo] Z2|&}x|ut gauche+ conformation®.
Ro=&= FHsko] ol U113} Ul2e] e -angled gauche- conformationg J}ZIC)
ConstraintZ} Z}SR]R] ¢S a-, §-torsion angle2 converged® FZoji wHw
2] PHELE conformation®® Xojti= ZA3sFo| Qlr}. Loop?] olz] HEQ 69z}
C132Z Watson-Crick @7|%& FAdsHA] =t i} 22708 #HE T2 RFoA
G98] imino protono] C132] 0298} +=4ZA%HE FAdsict A C132] €717 major
groove Wk o g ZZ HZ&351A HrU} Helical base stacking®] loop?] 5'-sided]
A ALGE =], A100] 698 o, GI9& C8-Gl4 B ¢lof stackingEl= Ejo]
Tl Ull 2719] 7] Al0f]of ¥24 2% stacking Eo] it} T2v} U128} C13
= 5, 3 o= FKonT I stackingoll ToIstA] <=t U12 7o d7=
major groove W3O R Atds] E&EF o] Qlth. Al103} Ull Afojofla] NOE ¢1Zo] &
o]ZIt}t, o] F Zbrz|i= 92! A10 H3'Z} Ull HE Ale]2] <kt NOEo) o] ol A= Mo
T} A10 H1’, H2 oA U1l H6E AZE+&= NOEZE ¢ith o] 722 Ul1e] BE u|A A
Ql backbone anglez} o] Q& 4 alom, A10-Ull whAo]A  backbone?]
extended conformationZ ®leddt 4= olt}. Bulge H-9|ZE Fig. 4-5¢] ‘lehfgich

Bulge A5 Zt7]2] 7] helical stemol] stacking¥ o] ¢l-&©] G4-A5-C6 NOE o124z}
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A5 H2-C17 H1’ cross peak®] Exfofl oJsf F=gct 22u} G4 H1'-A5 H82} A5
H1'-C6 H6 NOEZ} ¢¥3}31 G42} C6 Alolofl @ 7j2] NOEZ} Tawglch EE NOE=
G4 H1'-C6 H5, G4 H2'-C6 H5, G4 H3'-C6 H5, G4 H2'-C6 Heo|tl. oA A7}
bulged-out conformation® 2% UAH AJ7F &2 AA|gIth G16 NHe} A5, C6
NH2E E38H= bulge 78] exchangeable proton?] FHAdo] FaE|x] Qt=r},
o] AL olulr TAoli} Rufe}e] exchangeo] 2|%t line-broadeningol] 7|Ql3sl=
A}l o]A2] nuclease sensitivity A2 Aol 4 Al7t o4} €62} G169]
7S A AeR AMsidoh & FAIIFHAPAA = G168 imino
proton FWAL WHY + Q7] WBe], ¥ ATAITE 069 616 Aol i
Az ¥A ofFo] HalME HIAS ¥ = $uh G4, A5, C62] H1'-HZ' coupling
constantt= C3’'-endo?} C2'-endo sugar conformations UEh[s= ERFHl X2
27V 1S ATk o] #7158 sugar puckers C2’-endo, C3’-endo, 04’-endo
sugar conformation& REH XIH £ e E JA AZLE 7iskx] Qkakth. G4, A5,
C6 sugar®] %72 bulge #-919] B]E A protons 7te] A& +8&317] 9
sl AL A5 @7]2] stacked conformationz} bulged-out conformation Afe]2]
averaging2 ®lYddl=  Zo®  AlEHTE  Bulged (HMlH  strande] &
C15-G16-C17 ribose rings standard A-family duplexolx] JEEE C3'-endo

conformationg 7}Zic}.

o
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1}, SL2

(1) Exchangeable proton2] assignment : SL1 RNAQ} n}2t7[z] 2 exchangeable
protone]] THZ} assignment7} o]FolHrT}l SL2 RNAY= 972] guanosinez} 57§2]
uridine ZF7]& 7}x]Z glt}. SL1 RNAoA 2} ZFo] stem?] imino protono] WZHE| Q)
c}. 3txjgt 2D NOESY spectrumof|x] G52} U252] imino proton®] overlap % ¢17] ul
Fof] 23R E o &% 4 ¢t} Labeled RNA A]Fof thgt HMAC-NOESY spectrum
oAl nitrogen dimensionolX FEH T peakilo]2] NOE connectivitysS Zeldto
24 SL2 RNAS] 2Xb72E ST 4 glalrh. o dol A biochemical data®bs=
2 2x} 2y 8% AL &l sty Ul1-6G21 basepairy} =] okok
3, 23] G7-C22 basepairZ} BA4E= A& dadrh oebA internal loope 5°
sideo]] 4702} nucleotides®} 3’ sideof 17§28] nucleotideZ} loopE & A3t 5712]
nucleotide® o]Fo]& loop T%¢l stem-internal loop-stem-loop?] hairpin-loop

728 JAtis 22 = st

(2) Nonexchangeable proton?] assignment : SL2 RNAofl&= 1472] pyrimidine
nucleotide”} Qlt}. DQF-COSY spectrumof]A] H5-H6 crosspeak+— 137§%teo] 2=l
th. o] Zz}= 8|S SL2 RNAV} one-conformationg 7R3l QlX|qt A& npe}
o] 1788} nucleotide:= flexible 3}A1L} intermediate conformational exchangeZ
gttt 72 E ogkt), DQF-COSY spectrumoflA] UFEFLER] €12 H5-H6 crosspeak+=
400ms NOESY spectrumof]A] broad3dt peakE K.o]F%r}. Fig. 4-60] SL2 RNAYJ
H8/H6/H2-H5/H1' region®] spectrumE L}ElLf T}, Base-sugar walk:= SL1Z} o}t
721 ZE loop?} internal loop?] YHEE Astas EF AAE )t SL1 RNAoJ
A& A10 H1' 2} Ull H6 A}o]2] NOEZ} FHEEIR] 52 71z} o] Al5 H1' 2} U16 H6
Atolofl NOEZ} ofstAl @A= G ozt el Al0 H82} G12 H1' Apolofl NOEZ}
ZlE] =1 o] Ullo| bulged out E 31 A102} G127} stack Ho] Qe AL AAre
4 Qlt}. Fig. 4-60]4] H.5o] SL2 RNA2] base-sugar walk: SL1 RNAo] u]3s}o] ut
2 AFAAo] gri=e AL & 4 gt AL vle} Zro| pyrimidine-filtered
NOESY experiments= E3lo] A2 A3 E :1’*%3]] WO ZA] assignmentES A &
4= 9ladt}. IE3F phosphorous®} carbond o]-83F thxld C}dE NMR 7]&L o] &%

O 2 assignmento]] WS =S Wit}

)
ZHOT dL 197§2] F2ZE= L& NOE violation®} total energyE 7}XITh AA|

—

4y =& EZA : Fig. 4-7¢] SL2 RNAY] X% 2R E Axrstact Loop F-¢]
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+ NOE connectivity®} chemical shift&o] SL1 RNAS} FAISES o 4= Qlajw, -
ZA %A= SL1 RNA2] loop H-¢l9}e] RMSDE 1 A mjpte s zhe z2 Jlxj3 9l
The Zi& ogith Al5E Gl49lo]l stack Ho] Q3 G149} €182 Watson-Crick
basepairZ} oPd unusual hydrogen bondingS 3}31 <lth. U173} C182 TIE base™
3} stack ¥o] x| ¢kom minor grooveZ o F shiftFe] ltl. SL1 RNAR} SL2
RNAoA  loop H-9JoflA Xpo]7F e 712 dyanmicso|t}, SL2 RNA2] DQF-COSY
spectrumoflA| H1'-H2" regionofl= W& crosspeak”} = =t)], A-form RNA2]
C3’'-endo FZoA= o] B-9JollA] crosspeak?} #&E|Z] Qr=r}. U163} U172 SL1
RNA®} n}xtrlzx|®  (2'-endo sugar puckerE 7}%‘_‘@. SEAIRE U] loop
nucleotideE& E-F7} C3'-endo ¢l SL1 RNA%}= T}EA] C2'/C3'-endo mixture 33
el & Ufeldth o]& internal loop®] dyanmicsZ} long range interactionof 2]3}
o loop®] dyanmicso] H%E& mHTH= S & 4 gth o& HAAst= A%
= SL1 RNAS] A9 HEAFHJM upper stem2} lower stemZFo] upper stem?]
melting temperatureZ} &k 2l} SL2 RNAY] ZH-9  lower stem®] melting
temperatureZ} U &2 A}E Ro{Fer} o& upper stem?] stabilityZ} loop
nucleotide=2] dyanmicsel] B3k & Z o s|A & 4 Qlt},

Fig. 4-8of SL2 RNA?] internal loopof th3t FTRE A A|3}T}. Internal
loop nucleotideES X5 DQF-COSYolA] Hl-H2' crosspeak&S2 HolF3 E3| Ull
= high C2"-endo 4&-& Ho{F3l 2t} Base-sugar walk NOESY internal loop
9] nucleotideE% stack®e] ¢lth= Z1& RojFErh shx|gt A102} Ull, U113} GI2
Atolofl M= o] 83t base-sugar walk7} Zo]2|= TAS WY 4 glm, o] e} viyy
T A10Z} Gl2Afolofl= HAFE el base-sugar walk®} ZE2 NOEZF Heojxjz gQlch o]
+ Ullo] bulge out® 3L A103} G127} stack®E o] ¢l Z& ojokrshy FxA A
2ol A= op7FR] Roks HojF Il glth. Internal loop: dyanmic nature® 713
A gJth. 3ER|RE o]t dynamic¥t FTRE QtAA]F|= base-phosphate hydrogen
bond7} FZAIAMAZ WA=t A8%] amino protond G212] phosphated}
hydrogen bondingS ¥ 322 A internal loopE stabilize A|F|3L T},
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4. B2

L17} M1 double-stranded RNA H}o]2]A2] assemblyo]] 9lojx] ZQ3F A
Cap-Pol fusion ¥h¥Zlof 23t uHfo]a]A8] plus single-stranded RNA2] ¢l2]o]
(Wickner, 1996). ol Thme] ol %17k ohsl 7] LZelElol=g ol Fojzl
loop2} s1L}2] adenine @71 E H bulgeE 7FA|3L Q1= RNAo ZA3¥Igtc} (Fujimura,
1992; Ribas, 1994). Ml vlojg] A2 ZA-$= ZAISI= RNA £ single A bulge Z}g]
of A 78] @7]= o]Fo|Xl bulgeZt EXfSh= RNAZ}F Shub ©] glth (Shen &
Bruenn, 1993). 2 1ol &|QFH SLIZ} SL2 VBS RNA®] high-resolution F-2i
pentaloop} internal loop conformationol] & E%F7} genomic RNA2] packaging
o H 3}t Cap-Pol protein-RNA HA] ¥ do] glojA RNA Fx&] Faido] ofdt

s AFgh

o
.
T

-

2 d7]1H9d9 GAUUCE 7HR]&=
pentaloope] HFHH-E& HojF ot} Loop?] olefo] dl& GI(or G14)} C13(or C18)
Zt7]+= Watson-Crick Q7] Y 7HeAdo] Ex3tAnt, =prlZEHol 23]

VBS RNA2] nuclease sensitivity mapping A3
o

ez 2 A3 38R 2 Aew ABEIrh o A= A8 protongs
k2] NOEof| oJsf & A=t a8y F8H 33 TR G C Apolof ole]F <l
B3 zkgo] gl &S RojFEtt HEFX EFolA G2 imino protono] Cof 027 =
53 %k E 4AE 9] #H Aele 2.1320.08A0|t) G

2} ¢ F7E HEsHA 9H A = U= 7] Aot 7] o] Agl constraint
C 71 870 =7l uf, 1970 7] Abo] Az

constraint® 7}xl=d], o|AL U constraint®] BH FXHT} B B2 ol
th Gz C ¥ #A7|Uhe AHL uf, average pairwise RMSD Zro] THA] 0.33A o
2] ot=th o F91e] loop 7EIF H[AE £ AFHAES JHIthke Aol &

1

X38HE= cross-strand 2% Exo] tfzt FAG S o FXRE, o] £47
& =

3P FAS St A A x| EE delels ¢l G imino proton?] sharp
3t g o] ¢itke A2 o] protono] SUjRFE 2ttEo] Q= FEIt FshR] ¢

B =
£ A& Aalgitt, shR, o] ARAdo] G imino protond] FAARE FAFRITh=
T4 AY = gk
5'-UUUCUGA-3", 5’-GCUUUGC-3’, 5'-GGUCUCC-3” ¢} 2+ & H loop G7IMES
7F2 hairpin motifS2 2tz U-G, C-G, G-C @7]%oll 23] w2l triloop
conformationg 7Z}2It} (Puglish, 1990; Davis, 1993; Grune, 1996). AybdA,
5'-CGUUUCG-3" 37] AJd& = ¢I32] SL1 VBS RNAY] 7IAld, 5'-CGAUUCG-3' A&
pentaloop conformationg ZFRIT} (Sich, 1997). UWU ¢47] X ¥& 7}*|+&= hairpin
of thgt o]M &lFE triloop FFo| QHF3to] Qlo]A context 2JEAO] &1,
closing @7|%o] F&3Ithe A S AAlgth UWU triloop C -G 7%l 2fs]
A= @3, G- Coll oFjAe ©3]A] =t B A7 Fe AU MEE G-C
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of o]af ©3d]A] 9=t

In vitro selection A%lo] 2]8lH, Cap-Pol whlzl Qlxlefl Qlo]A] loop 7]
o] Al0(or Al5), Ul2(or UL7)E A&sla A5 REFT} (Yao, 1997). SLI
2} SL22] loop A7IME-2 FUsta, L12 4HxIT ct=ThFig. 4-1). o]t B&E
2 EXZFHQ pentaloop FRo WFAd HJITE RIYse= Zew Belth
PentaloopQl 5°-CGAUUCG-3’2} 5'-CGUUUCG-3'S # tlE FXx3F EAL 7i#ich &2
Ao A TlFEo]R 5'-GAUUC-3'2] 7%, &7] stackinge] 5'-side $F 3IH=H|
uridineZtx] ojo}R|= whd, 4], 5Hx] 7= 3'-side 212 stacking®#] ¢t=
c} ez 3Hzl, 4Hx] 27| C2'-endo sugar puckerE ZFXIC} H[E A HA] G
o} Thal A C7} Watson-Crick @714 WAFA AT, o5 F A 69
2} C13 02 Afolof] =4£A3HE A3t 5¥M#] C+= major groove W3O T T4
2350 gltt. 5'-GUUUC-3’ loopd] H-%, “[‘%“n‘—/] stacking A2 28-S JIX]=
7}A] conformationo] A& AFSIIL 9= Ao =T Aotz gict 2¥H#f Ut 53H#] C+=
35l gujo] k&Ee] glth 3, 4, 5 "Jﬂ%a% C2’-endo sugar puckerZ 7}
Zich, 1¥Hx] 6o} 5Hx] Cx= Watson-Crick @7|%E sAstA] ¢, ZHZt minoré}
major groove W8k TFIICE

SL12] Bulged adenine ©€7]% in vitro selectionof 2}8} ZAAF consensus
ScV VBSojjA &3 s] BEHrcT}), 18]35 mutagenesis APAAE A5 7= ArfjH o
2 QI7FHT} (Yao, 1997). ojxl A3}= A5 A7) R}A|8] conformationz} hairpin
loop¥} bulged® 7]7te] Heid ¢1x & virh ey zte] Ajle] Fesiths A
& AA)gtet (Fujimura, 1990). o]dofl GFH RNA FX& 2] single bulgeof tjgt
R 3E 1 conformationo] o]2%F @Grj#te] Ao z22HE KHoJFr} (Borer,
1995). Watson-Crick @7]%to] FAAH 27|50 0|23 2= adenine single bulge
X jntrahelical stack® conformation®]t} (Greenbaum, 19396). #bH 3t Zwof
non-Watson-Crick @7|#to] o235 Q= Z-& extrahelical conformationo|T}. ]
HBZ ozl S82] RNA-binding site, spliceosome branch-point helix®] RNA
motif, phage GA coat protein®] RNA-binding siteol|x] WZAE = A-bulge motif
(A-A) - U o8 F2E 7k 3 He) 212 G- C8f U-G g7l o]-23) e
|, 5’ -adenine Q7] extrahelical A}efo]x, 3'-adenine2 A -U &7]%F Ao
)t} (Kalurachchi, 1997). 5 Hzj} A H&l= G-C& U-A 7o

40w =

in}

Sh5L
Stal 9l=u], 5 adenine 25 intrahelicalo]®, 5'-adenineco| A -U ¢ 7]%&
1= ZAsko] ™A 733lct (Smith & Nikonwicz, 1998). SL1 VBS RNA2] bulge F

Watson-Crick @7 A5} Q= G C RZ7jof o] 23F A52] &Helo|t).
a1 o]zl o]Ae] dF¥H phage R17 coat protein?] RNA-binding site?]
variante} SUR @7 Mdolth olde] AIE wbgoz - FTHA SLI UBSe]
(e

bulge $52-& intrahelical stacked conformation& 7} ZHozw AziHAcrh 2 o
TAIE olETt d&S FX2F Aol A #HEFEch Bulged® A5 %Y= stacking

4 dr o O m¥
Morlo ok Mo &
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patterng A|A]3H= NOE cross peakEol 23] helical stem Q2 & stack® o] ¢S
ol = th. kgt variant R17 RNA fragment®] 73wl SLI VBS RNAS G49}
C6 %t7] Atolofl NOEZ} &xf3tm, o7& A7t bulged-out conformation IE3}
EAE 4+ AFS AlAgIt} (Borer, 1995).

Cap-Pol proteinz}e] A}& 2-82o] SL1 VBS RNA®] conformationg A Az
7} wigell, SL1 =}A|] 3t T RIS = vzl RNAY] A5 kg 7] ol tfsh
A3t SAE AHAZE 4= ¢lvh. SL2 RNA2] internal loop conformation©] SL12]
bulge®t Wo| tlErl= Z2 cap-pol proteinZ}e] AFF2F2o]A] SL1 RNAS
conformational change?} Yol 7l5Ado] Atks A& oloty] & £ o}, w3t
RNA =2} wie] 7] 50] o{gA Cap-Pol proteini} AZ2-&sl=7lo] tfdh tlie]
8E 223 Jhssith. 727 % 7D loop Lio| AR F9] AUE

Sl Loopel Exst= BE ¥gujd @715 major groove WiFo T dk3iri,

A

olul% Cap-Pol proteino] SL1 RNA loop §-4-2] major grooveE QlAlgirisl ZAF
oh. Bulged® A5 7|7} BRE] AZHE helixtfol stacked®lo] Qlx|Th olHA|7H

bulged-out conformation® 2% Exjgiti= A2 ZkR%  qksith, Cap-Pol
protein-RVA AE 8ol 9lo] bulge HEo Sj4L A NS Flsforaic. 2
2} F-ZoflA] SL1 VBS RNA2} uf-$- -§-x}8} phage R17 coat protein-binding site?]
A7 goll o Fet XA A T FRE £2 Adrt Hrlh Variant R17
coat protein-binding site®] bulge F#2] #x}7]&% FZR= SL1 VBS RNAS} S
dlsestel, v vl 23 she] A A 7T RoJAE bulged-out conformationg 7}
it} (Valegard, 1994). whaba] SL1 VBS RNAY] bulged A ¥ A] Cap-Pol proteinZ}2]
3 2484] sten® Z2H bulge out Ho] EEH e e AT & glvh
SLZ RNA2] A102 T}E nucleotide® mutation 22 wj functional 3= Ho]
ezt SL1z} SL2E superimpose A|Z-& uwlf SL22] A10-2 SL12] A5} & A=
=] ot=th ulgbr] stacked-in Eo]gl: Al0 (or A5) base”} cap-pol proteinz}2]
interactionofl A= bulge-out® < 9= 7FsAE& AJAIRICE Bulge HEo] o}yl
loop2} upper-stem F-FofA= SL1 VBS RNA®} R17 coat protein-binding site A}o]
of FAl X & xjo]y} ZEA3Icl. R17 coat protein binding site?] loop sugar
conformationof A 2] variationZ} upper-stem?] 5 imino protono] Lufjo] &% o]
lth= A& R179] hairpin segment7} W2 conformational fluctuationg X.¢
< AJARRICE 8t#, SL1 VBS RNAY: rigiddF loop conformationz} & 7]
upper-stem imino”} sharpdt ZHAE HoJFrl SL19| upper-stem?] Zo]7} (7]
Aol ohtfeh) whild Qlxof Fesiths AMAlS Y uwl, rigiddt upper-stem
< hairpin loop2} bulged base®] Ati3 $1X& &ul27 st S & 4 ol
Ch olgigt Al whd )l A3e wf RNAZF Z Y= conformational change?] Ag
7} SL1 VBS®} R170] T}E 4= Qlthe 22 AT}, o] SL1 VBS RNAX: loop F-2
Z}A| 2] conformationo] A W3}x] ¢k7 Cap-Pol proteinz} A& 2F2&F 4= QIrf

- 131 -



2Jujoltt, Coat proteinof thEF RI7 coat protein binding sited] affinity=
Cap-Pol proteino] th3F VBS®] affinityH T} 10-100w] okl ( Romaniuk, 1987;
Yao, 1997). o] x}o]7} RNA =&} =[] 23 EA 2} @elo] o4& 4 Qi A}

SEh Yold AFH MBS T AW Ad 7HL ASAE Cap-Pol
protein (or REfO]Z)-VBS RNA E§tae] 3%} %7} ut of & Zojr}.

- 132 -



5. 4 &

(1) vlo]la]A2 plus strand®} viral particle?] A3}, RNA packagingol] &8
3} § 2 Saccharomyces cerevisiae®] Ml double-stranded RNA Hfola]A2] SL1zZ};
SL2 VBS RNAS] 3x} 22 E #zir|ZE e os] sl

(2) F2HOZ high-resolution 72 & 559 o, average pairwise RMSD
28 Zkzb AA] Expof sl SL12 1.28A, SL2& 1.29A9|Th

(3) Penta loop& BASI=|gE loop olgfell 21+ G&] imino proton} C2] 027}
FAA%E Y3t} Loop FE2] ¥7] stacking 5'-side ZFHollAl 3Hzf 27|z}
2 ALHch 371 mznid @7 BT major groove® ¥dtH, o] Cap-pol

proteinz}e] A ZZHE-A] major groove Zo| AXF etz H& A|ARRIC]

(4) SL12] Bulged A5 Zt7]= stem Q2 E stack® conformationd H.oj&r}.
IRt bulged-out conformationo] A& AJ7t E2JS HA|sH= ofjf & el NOEZ}

poed =

(5) SL22] internal loop: dyanmic3t conformationg X oj&FErt, 3JIx|qt

base-phosphate hydrogen bondingol] 2J3fA ¢t Zlx|o] T}
(6) Loop ¥-¥3} upper-stem?] rigid conformation= SL1 2} SL2 VBS RNAZ}

A
2} 2] conformation WIS wlo] AR]A] ¢}: Cap-Pol proteinz} A& 2H23F 4=

o1gg At
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Fig. 4-4. SL1 RNAS] loop #2198 =&, G92} C130] hydrogen bondE FHA sl
9131, U128} C13-& minor groove® shiftXEe] Qlt}
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Fig. 4-8. SL2 RNA®] internal loop F-Z. A10Z} G127} stack EojQlil,
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