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: Ce:rt:am FRNAs have bmlogbaliv mactm denat u;eﬂ
_-B()nf{)mlﬂ‘ﬂﬂﬂs which ate- mattas‘ta?ﬂe atlow teamp ar’- "

* itures in the presence of Mg®” [11. The sxistence off
- spch forms was first noted bv Lindahi et al. [2] for

" yeast ﬁiNALEU Since then, 311' lar denatired fDHnb o

 have baen discovered for E coil iRhATIP {37 and

yeast tRNASCT and 1IRNAPDE [4]. Denaturation 6f

~these :tR’I&As DECUTS upon heating above a transition
- ierhp‘era tare specific to the 1RNA in the presence of. -
- EDTA. Renaturation is aﬂ&: accomphshed b}f }zemmg
- but in the presence of Mg=" . :
 Upon denaturation, ch mges i :see:ond:ary and fer

Hary structure ogcur. Using Kethoxal {-ethoxy-eketo- '_. '

" butyraldehyde) as probe, we have mvesngaieaa the

* conformations of both the denatured (D) and native

{15y forms of TRNATID From £ coli This reagent

’—eacts spec:\ﬁcﬂly with guamrms in exposed Tegions of - -
CRNA {Li1t [5], Litt end Greensban IE]} Wehavess
_certained mfferences in macmnw of the two. forms of

- the tRMA and have shown thet sﬂes of reaction with -
;:kaihoxﬂ in t‘h"e :ceacltwe D fom] axe Hne 3 -mde mf

s Suppﬁrteﬁ by ‘bhmi [’A—lal’n fmm Iha Na’lmm] L
- Institotes of Health znd 2 grant, from ﬂa: Amtm:ma i
Cancer. Sbi::ﬂy, Drevon Tivision. g e

Ciramit 1 HD-0D165. Present address 35 Bspa:rtmeni B

=C’henlstry, Dld Dnmmizon Umvem‘k:-h N-ca'falk \J mma .

S Iﬁchmmamgraphed
. _underivatized tRNA was remove

: Tpufier, then ‘with Baffer A'p}us 1.

“12%-ethanol. % 200 m] Hneéar graiilent wWas tnen

_ \'v;apphed f-ram} 210 25 5 eihano] in Buf‘m A con- -

5 {aining 1.25 M ?‘QPC.L,

s o h]ghes*tzﬂa’g’l’ ; ED, JERNATIP'["_}‘_ sthan

* Fellow in Medicl Genetics =uppnnéd by "QIH Tm; amg 7

s :ths- 3m1taaﬁtr; siem the D stern and ﬂhh D }aop. B -
~ " appears that denaturation of this tRMNA s atcompameﬁ

- by .chan ges in ]wdmgﬁn bonding in the anmndnn and
D Slcms :

2 Maienas and medm&s

For the prep Aration of IBE Pj ¢ RN ‘{TTP £ mﬂ? :
strain MRE 50D was grown in the meﬁxum of Garen

and Levinthal [7]. with amino acids substituted for.
' Bacto-peptone. -After addition of carrier 111—¢’>AEDD S
- upitsernde £ coff tRNAJm] culiure), total tRNA was.

isolated by phenol exiraction and DEAB-celhalose

’ aﬂu@mam;grapny [3]. The 1RINA was fra*tmnated on-
a4 X 120m BD—s:wellumse Gohzmn {f Gl.lam Ei gl

191. A solution of 0,8 M NaCl in Buffer A (10 mM
MgCL, 2 mM dm}nﬁﬂn gitol, and. 10 mM Na’ af:eta"te, =

- pH 4.5} was ased to ﬁas:.olve ‘the 1RNA3 aqnﬁ;ﬁbmie S

the column, and elute sbodt 80% of the radioactivity =

. applied. Partly purified 1RNATIP wps then shited with-
‘- Buoffer A containing 1 M NaCl and 15% eﬂ'-am:.}, ﬂ:a- ‘
'+ ool precipitated, renatvred. aminpacylated with

* - PH]trypiophas (2—3 Cifmmol, Amersham’ Searle}
-~ i3], and phenm\yacatylat@ﬁ {10} The ﬁen‘vahzed
. 1RNA; dissolved in Buffer A plus | 0.8M NaCi, was

j D-tehhk}se. A’I’he Imlk nf i‘rw

'TOIT those fxacuons Wj’th Ihe'
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T : ’I’a'bla;l :'-'—Ci o N ST
MD}aI mum‘ Dl’ “II —numnuclease d:gas*mn pmdnfts uf ke!hmmlaied a:nd wwmml IR"\TATIP Lo

'_,_"Spm. !m.f L Saquencee . R .Fppmib e i"CnntrD] Ref IB] Keﬂmxalmed
: LT oL T s T '&a]cula;ed - o N form ’ Dfmm Lo
3 - Iwml fom_l_nd’?
CTLL G , 12,1216 09 80 1500 132213 Ny
T2 Ay o 34z10 3 - 341 537 . 38204
T3 CG 15203 1 - 1.0 .23 . 21204 -
T4 'm.cm _ 12205 1 05 10  DHxDA
™ ~ DAG 13=D2 1 05 1. 13202
T6 - URAG 04201 1 0.5 0.4 S D3=20.1
T7 . - pAG. 0.B20.0 1 ok 1.0 132032
T OOCCUG {1 1- 1.0 0.0 (1.0)
ST TICG ) 15292 -1 - 1.1 1.5 1.7 = 0.
- TiD Um7GULG T B A P 10 D& 062 0.1
Tl UUCAADDGE DBa0A 1 - 5 6D 112102
112 UCUCUCCs 10=02- 1 1.0 1.1 12200
ST13 o UCmUCCAA*AACCG. -  OB2pI 1 0.3 1.2 022044 .
- T1s : 1UCmUCCAA*AACCGKG] e ‘ : D52 0.1
TI8 1GRUM7IGUUG) 0.3 > 0.1

‘ Kmhcxa!a.mnns were for 50 min as ﬁelau]eﬂ unﬂw Methods. QMc\i}n Tatios wex& ca]cula&erl from the sadio--
activity in each spol and are expressed relative to T8, taken 2s 1.0. Values given are averages = 142 ihe zange
.- Single determinations were averaged from each of. bi}nae p;epmaawns, “iwo prepazations, and Yone
- prepararion. ®Seguencss were asSurned from spot positions on the radicantograms, with tnmpc.smom of
all new spots ang selected control spoets eonfirmesd by analyses of alkaling hydrolysates. fSpois wers
, sumbsered as in ref. [B]. T14, a photo-oxidation [pmdnri of Té and T11 was not found on our anto-
© . radiographs. EThe sequence shown is fo:r ‘T]J from controel ﬁng&sls T}l from the kethoxalated I fonn had -
" & biss composition of 20% G, 22% A, 12% C, 2B% U and 18% D. T* I a modificd uridine, pmbably

A-ihiouridine: A* isa momﬁt& adtnosms. Pr mbabiy ?-meihyiaham—ﬁzscpenmyl adenusine. {3] G s lkmﬂuaxalav_ed .

= gmrmm L.

: pﬁaied, mﬂhpo:re Flterad [] i ] and dinted and
. sujpped of the derivatized amino acid with 1 M Tns-—
_C1; pH 8.0, held at 37°C for 30 min-{12]. The
'tRNAT'IP was judged about 68% pure as the molar - -

ratio of TlIfCG 10 CCCTIIG | (assumed unique 1o

stmcmrre {table 1) {8].
" Kethoxalated pr camml [321’] tRNATm Was. ﬂ: ,

o gasieﬂ in the presence of borate by gither T1- RNase won
) [Sankyo} o1 pancreatic RiNase {Rnase Ay Sigma) |[6]
The resul’ rmg ohgonualmnﬂes ‘were Tesolved by two--
‘dimenstonal high voltage electrophoresis, amomdm-_
graphed, coanted, eluted, and Jalka]ine'hj,hdmlyzeﬁ
“{Sanger et al | []3] with sninor ‘modifications of N

3 Pace penona} comm ) Base z:ompnmmns were s::b—
: ‘tamed y two dlme
B L

mraal ﬂnn layer chmmategraphy

' fm 15 Tnin in ﬂ..j M Na cacnmy]aie pH ?LU 1 m\ﬂ

EDTA, and renamred by sio heating in the prosence of

20 mM MgCi; [3]: Reaction of tRNA with kethoxal,
“borate stabilization of kethoxal adducts during RNase
- i gestmns and p‘rﬁpamnon of crude ammmcyl tRNA

iRE"EATIP} is 1.5, rather than 1.0 as; preﬂmted fmm ﬂaé -synﬂ-leiasts were ﬁéstnbﬁﬁ pxevmmly {6]

'-'_._'3 Resaﬂtsanﬂ ﬂzscussum 'z,—,. _ o

3 1 Kmenm af raeacmma Df ] SHj kEIJm;-:H] wﬂ.h

S IRNATIP
P:g. 1 shmvs the ilme mnrse mf reaemm of

= f -¢RNAT!P with kethoxal. After 90 min, about 2; 0
. inoles of kethoxal have reacted per: mole of the D~
fonn A subsequent slowe;r :reachcm feﬂows-w}nch 15 },

U' dar the ﬂame

ndependent of the | -presence of M g .
nof 1}18,1‘711‘911?1‘

nditions there is litile kethox
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R T L S L _.‘3 2 Loraﬂon 1Dj keﬂmxaiarea‘nmﬁﬂes S :
IR LT e “ . Sinecea ke‘lhmxal—,rguanme complex prmec*ts the .
"ﬁél.q o B .- ’mol#mﬂe from hydroiysis by Ti-RNasze- adjacent to: i}ae )
‘%g S site of modification, ﬁm Teaction of kethoxal with -
‘ %:J % ~2E . tRNA shonld canss ﬁngerprmn of T1 RNasn ;fhoes
’ TE g  to show losses in spols present on fingerprinits of u*:-
& IR f . . RIS - treated conirols and 2 rcorrespcardmg appearance of
9 ;—-—3—-—‘“’5“"*’"’ R " mew spots which conrain at least two guanines ;pe.r mole
: D — ﬂ; — ooof oligonucleotide {ses below for base analysss).- |
S S Howrs . = - . . Fig. 2A'and 2B show Tﬂ R¥Nase fingerprinis ao.’f un- -
: _ _ ‘ o e trezred and kethoxalated D forms. Table 1 lists the
Fig. 1, E?;'jmﬁ;cs of rezcrion of {3H ] kethoxal with tRNATTP, ‘molar ratics of e oligomiclsotides obtained Trom
Reaclion mixtures contained, per milliiter fingd volmme, - - these fingerprints. In the fingerpring of the kethosa
194550 units IRNA, 100 pmoles Mo cazodylate (P70, - Jated D form, spot-13 is. markedly redaced and fmn o
15 pmpoles of [3H] kethoxal, and onless otherwise noted, T new Spms T15, T16, T1 7 and TIB are f@%:’lﬂ T15 i s )

‘10 pmoles of MpCly. Bach point represents the average naf

1wo determinations. Solid circlss, renaturci t:lNATZP- open the nfﬁ_}@! new 51351 :
eircles. denatured tRNATID: trianzies, denatured mNATID : Kethoxaladon doas mat affec't snes sof E}yﬁrzﬂyfm by

in the absente of Mg(l. : ‘ ce o pam::eafac }Eﬂa.,e, however, }ceihoxal:moﬁ of a ;rr».mﬂne

an. 2. I‘ WD dumex\smml elech-mphozcn» pa‘ﬂmm @*’ Ti- a.?ad panhmatﬂ:-RNa:e sd:uzs*mn pmﬁm:zs m iRhATT'P as cde%cr"beﬂ i
Whe ekt B is vhe blue marker. Spois aze ‘mumtered as in el 18]. T1-RNase Sepesis: AL uzn_kmhoxa}a =d Lm’z’n:u] .B 9@ nLn ]
k@i};tﬂaiawd D form. }‘ancveaai c~RNasg ﬂlvesrs' i unketfmhﬂaheé £onirol, D. [ 'mn }(eﬂmxa}amd feg fmm_ :

299
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Mnla:r mhma Df 'p.'mtréatlc n'“bonutlease rd]ges‘tmn p:odums
B ‘of }.mh o\a]med ami ccn‘m)} RNAC TP

- . Spot m_t\f Sequence® me'dbj ; ; ‘-.;:‘Comm!l,_ "{.—Rgif.: 13]: . Kethoxoalared
R ‘ Y £alcula'1{:d RS Niform. Dforor -
S , ST - foundd | fonna®
P8 m’f GU S D520 - P30 U @3 L 0S5 Em
P.. . CmlU 7 -DB8=2D2 1. R R A ¢ E N
P10 - BURE € o 2AF0A 2 S23 0 - e 1828l
SO PI: T AAD B S B0 N SRR 0.7 - Db 09xD2 .
oM - AGAGC. - 062D 1 3 BB BT202
S - AA*AAG o DBED2 1 Be o DSs . 07200
P4 GY S DExD2. 1 STOSs e DS 03:0.3
Lo P3SoABT . . BOEDd R b .0 DB 0b202
CP1&L - GOD,GGUL 18201 | 2 B S R -2 1.2=0.1
PAIT L GAGL ’ RS & 1) AR B 3 D) ) R UD _.*{Il.ﬁ) )
- PIB . GGGU Y - 0800 1 : _@8 D8 03200
B GGGAGT ~ . 03202 1. SD8 T 0B 0B202
SP20 .- - pAGEGGC 04202 1. s RE . D403 -
P21 0 oo wResyo o - = B I P X -
o2z o cEBep T = - Tl DAER2
23 0 GHEGEp el e e e e R FERR S T
P24 :{AGK}TU D, fcmceg S T T -;B.SND.BS, S

‘ Kciho\almm A5 Were p;.ﬂ'mmed as ﬁf:scnt gd-in mbﬂe 1. 3Dzua WETE m’bzameﬂ as xﬂesrnhad
n t=ble 1 and are expressed rélative 1o P17 as 1.0 b, d, £ ant ¥ axe as gefined in 1able 1.
EData for individual mins are }:resenmd- TlnE ﬂrsi a_mﬂ seemnﬂ vzﬂlnes in taarh CaRe’ are fzom
- ﬂue same TRNA p:r.eparmmms. : - -

“in a pancreatic oligonucleotide might be expected 1o 'thoss fmm w]mh ‘they are ﬁsnveﬁ, P: B and P21 bmh
shift its position on a fingerprint. Indeed, three new ~ analyse as GGGU, but only P18 appears on control
spots, P21, P22, P23 are seen on all fingerprints of 1] the -fingerprints. Further, the amount of P21 cormresponds
90 1min kethoxalated D-form and P24, which was . .- totheloss of P13, Hénce, P21 Isinferred to be a kethoxa-
. present as a trace spm‘. on some conirol ﬁnge;rpnnts, L .]a'{eﬂ derwa’twe af GGG S1malaﬂy5 the presenca .
“became pmmmznt after [Leinoxa]aimn (see fig.. 2C, - of twio new spms P22 and P23, bothof which ana]yse

* 2D). P21 was present in 'grea“le.r molar amounts. ‘ihan o as GGD; may be ;ascnbeﬂ to the fﬂzmﬂimn of mono-

- P22 (sée table 2), and both were present in larger f'{ ~ 0 mnd dikethoxalated desivatives. of GGDL-As pzed:ciei .
“relative. amounts than P23, a consistent’ but-minor - “the amount of P16 + P22 + P23 in the ‘kethaxalaifﬂ D
‘component. P18, P16 and P1 5 were Te ﬁuced in. 1hese o form equ’a}-s the amount of P16 in the conircl. By ana—\.'
Afingerprints. - - - - " - logons reasoning, P24 is inferred to be (AGK ), me',

.- - Kethoxalation of ﬂlﬁ‘D fcl'm IUI 45 min EWPS T ‘i:]aus ﬂaia pomﬁons ]'G 18 19, zanﬂ 42+ are Jﬂenhﬁaﬁ
pattemns similar to those’ described sbove. No chimges?; BRI 1.3 : . ;

~in the ﬁngerpnn*k paitern (not shown) or 1he molar .
- 1atfos of oligomiclentides {tables 1 and 2) were Iound'v:'-_
;'-fcr the kethoxalated N fmm ﬁxgesied by enher TJ~ o
.-or. pancreatlc RNasa. . - o i
_.Becausns= of the alkah ]ablhty of ihe fkeihaxal— et ‘a_
ne addue!:_”iﬁ} new s;)ots on 1he pancre‘ ic RNas;
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or G42. Only the latter possibility is consistent with
our analysis of the pancreatic RNase digests. The minor
- new. spot T16 is sen, similarly to hays arisen from .

T13in the cuntrolrequals,the amount of T13+T15 -

- present in the- kethoxalated D form and Tl() the

, forrner equals TIO+T16 in 'the latter. T17 apparently
arose from kethoxalatxon of a -..omtammant as its base

 analysis was inconsistent with.its having arisen from
tRNATrP, 2

The pancreatic RNase data ampllcate G18 and G19
as kethoxalation sites. The undiminished yield of T3
in T1 digests of the kethoxalated D form suggest that
G18 rather than G19 is the main site. The pancreatic
RNase data also indicate that G10 is a kethoxalation
site. This implies that fragments containing residues
8—18 and/or 8—19 should be present in T1 digests of
kethoxalated D form. Unfostunataly, our T1 data,
although consistent with this possibility, are incon-
clusive. Thus, in fingerprints of kethoxalated D form,
T11 is broader than in control fingerprints and has a
significantly higher G content (table 1, footnote g).

It may be a mixture of unmodified T11 with a frag-
ment arising by kethoxalation at G10 or G18. That
one of these {ragments might be present in T18 is
suggested by the presence of dihy Jrouridine in this
spot. However, the base analysis of T18 does not agree
with that predicted for any of these fragments. Per-
haps T18 is contaminated with kethoxalated derivative
arising from impurities in our tRNA preparations.

Fingerprints of T1 digests of N form after 90 min.
kethoxalation had no spots not present in controls.
The small extent of kethoxalation: of the N form
(fig. 1) probably reflects partial modification at
several sites, not one of which is sufficiently modified
to give rise to a new spot visible on our fingerprints.
This interpretation is supperted (data not shown) by
DEAE-cellulose column profiles of T1 digests of
kethoxalated N form prepared with a 70% pure pre-
paration of non-radioactive tRNATTP and [*H] ketho-
xal.

Our conclusions are summarized i the cloverleaf
representation of the tRNA sequence (fig. 3). Thus,
in the denatured form, G42, on the 3'-side of the anti-
1, is the most reactive with kethoxal, while

codon sterr
G10 and G18 are the next most reactive. Since less
than cnie mole of kethoxal per mole of tRNA is incor-
porated at eachr of these sites, our data suggest the
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Fig. 3. Cloverleal model of tRNATTP ¢ sm £, codf (8],
Arrows indicate positions of preferential kethexalation of
the denatured tRNA. The length of the arrow i sdicates
relati~2 reactivity of the site.

existence of several denatured states with diffe-cut
conformations.

Interestingly, yeast tRNAL®Y also reacts readily
with kethoxal only in the D state (Greenspan and Litt,
unpublished observations). In thds case tiie sccondary
slow reaction is accelerated by the absence of Mg?”
Some native tRNAs do react re..dily with kethoxal. In
fact, in yeast tRNAPH® and in 7 coli tRNAV2! posi.
tion 20 in the D loop is accessible [6].

Other studies on conformational differences be-
tween D and N states using other chemical and physi-
cal probes for exposed regions have is ali czses indi-
cated that hydrogen bonds appear to be broken in
the denaturation process {4, 16—20] . n ne two dena-
turable tRNAs is the pattern of conformationil change
obzerved to be the= same.
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