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John Fenton Thompson 

Reaction of Psoralen with RNAa Specificity and Use as a 

Probe for Secondary Structure Analysis 

ABSTRACT 

A variety of techniques have been used to study how 

psoralen and its derivatives reac;:_t with RNA. This informa­

tion has then been used.to analyze the secondary structure 

of different ribosomal RNAs. The structural information ob-

tained has allowed us to make several proposals concerning 

the nature of ribosomal functions. 

Paper electrophoresis at· pH J.5 and 8.8 and HPLC have 

been used t·o get high resolution separation of RNA-psoralen 

adducts. The s·eparated adducts have been analyze-d and sho.wn 

to be· primarily uridine addu.cts with the ~soralen reac·ted at 

the fu.ran e:nd. The s·te·reochem1stry of th:e· ma.jor add.uc·t:s: was· 
\ 

de·t·e:rmine-d~ by N:MR. Th.e e•ffe·c·t of s:true:t:u•ral trans:lt.i:ain;s; am: 

the• num·ber and type of ad'dac:ts was· found for· seiVe'rati p:oitym~-­

e-rs •. Low salt and tempe·ra ture , in ge-ne:ral ,. produced· maximal 

incorpora-tion.. The e:ffect of psorale.n structure on c-ross­

linking a.bility was analyzed. Charged derivatives formed 

monoadducts very efficiently but did not produce the level 

, of crosslinking o!Jtainable with lower levels of reaction 

with uncharged derivatives. 

Secondary structure artf!lysis of D. melanogaster 5S RNA 

yielded two_definite and two tentative crosslinks which sup­

port the generally accepte·d models for 5S structure. Analy-­

sis of !.s_ coli 16S RNA by gel techniquesyielded lJ cross.-



links. Of these, seven are present in all published second-

ary structure models, three are present in one or two, and 

three are new. The positions of these cros~links have all-

owed us to make detailed structure-function correlations for 

tRNA proofreading and translocation. Evidence is also pre­

sented for an interaction between eukaryotic mRNA (5' cap 

structure) and 18S RNA (hypermodified base amo/) which serves 

a function analogous to the Shine-Dalgarno sequence in pro-

karyotes. 

;·, 
(_· / 

{_ 

·.7 /. ·>'1//.~ I ,..'i { ': ·-- . ~-··;,....:~-· / 
. I . 

... 

, 

' 



-i­
DEDICATION 

To Patty 



Dedication 

Acknowledgements 

Abbreviations 

-ii-
TABLE OF CONTENTS 

Chapter 1 

Introduction • • • • • • • • • • • • • • • • 

References • • • • • • • • • • • • • • • 

Chapter 2 

Separation and Analysis of the Adducts Produced 
by Photoreaction of Psoralen with RNA 

Introduction • • • • · • • • • • • • • • • 

Materials and Methods . . . . . . . . .. 
Results • • • • • • • • • • • • • • • • 

Discussion • • • • • • • • • • • • • • • 

• • • • • • • • • • • • • • • 

Chapte·r J 

De·pende·nce of Psoralen Addition on 
the C.onformat'ion of RNA 

Introduction • • • . • • • • • • • • • • • 

Mate·rials and Methods •· . . . . .. . . . 
Results • • • • • • • • • • • • • • • • 

Discussion • • • • • • • • . . . . . .. . 
. References • • • • • • • • • • • • . . . . 

Chapter 4 

Crosslinking of RNA by Different 
Psoralen Derivatives 

i 

iv 

vi 

1 

12 

16 

17 

20 

44 

6J 

65 

66 

68 

85 

99 

Introduction • • • • • • • • • • • • • • 102 



\,· 

J 

Chapter 5 

-iii­
Materials and Methods • • • • • • • • 

Results • • • • • • • • • • • • • • • 

Discussion .. . . ·- . • • • • • • • • • 

• 103 

• 103 

References • • • • • • • • • • 

• 110 

117 . . •· . . 

Secondary Structure of Drosouhi1a me1anogaster 
5S RNA by Psoralen Cross1inking 

Introduction • ~ • • • • • • •· . . . •· • 118 

Materials and Methods • • • • • • • • • 120 

Results . •· • • • • • • • • • • •· • • • 123 

Dis·cussion • . . ·- . •· . • • • • • • ~ ~ 146 

References • • . •· . .. . .. . • • • • • • 165 

Chapter 6 

Func·tion and Structure of E • .£..Q.11 16S RNA 
by Es,o:rale·n. Cros:s1ink.ing 

C:ha,pte~r 7' 

Intro·d.uc·t.ion • • .•.• · .. .. •. er •• • ., .. . • 168 

170 

•· ·- .. . ·~ •· •· •. . .. . . 
Dl.s:c:us.s'i.o.n .. .. .. ., . ... .. •· .. . 

.. .. . .. .. .. ·~ .. .. 

• • . ·~ •. 
• • •. 17} 

18:4 • • • • • 

. ·•· . 227 

Role of am'f' in Eukaryotic mRNA Rec:ogn'i tion 

Appendix 

r·ntroduction •. • • • •· . . •· . • • ., . 0 233 

. Mate,rials and Methods • • • • • • • • • 234 

Re·sults . . . . . . . . . . •· . . . . • 235 

2)6 Discussion • • • . •· . • • • • 

References • • • • • • • • • • 

... •· 

• • 

. . .. 
• • • 241 

243 



( 
-iv­

Acknowledgements 

This thesis would not have been possible without the 

continual help and support of many people throughout the 

last four years. I cannot hope to thank all those who made 

my stay at Berkeley so stim}llating, but this thesis is proof 

that their assistance did not·go for nought. 

I am especially grateful to my original office-mates; 

Corliss Chun, Rick Reisbig, and Doug Youvana who instilled 

inme a more critical and realistic view of science. I 

learned much from their endless arguments on all types of 

problems. Other scientists with whom I have worked closely 

have also imprinted their a.ttl tudes and knowledge on ·me. My 

work has benefitted great·ly from· working with St·eve Isaacs, 

Maurice Wegne·z, Ge·orge Cimino, and Je·an-Pie·rre Bachellerie. 

The comments, cri ti.cisms, and friendship of others in 

the various parts of the Hearst· lab were also indispens·able a 

Kris z:sebo:, Gary W·ie·seha·hn, Mark Wal te·rs, Jobn T.e·ssman, 

S.ohel Talib,. Diane Sandlin, Jane Rupple., Dave Kanne, Brian 

Johnston, Aku Ik.o·ku, John Hubba·rd:, Chiao-Chain Huang, Bruce 

G.reenberg, Jeremy "Gold",. Howard· Gamper, J. T .• Elder, Ed 

Bylina, De·an Bender, and Barry Ballard. The people who con­

tributed technical assistance t:hat made my work so much eas'"­

ier include Marion Malone, Kathy Macbride, Lisa Kona, Mar­

garet Knight, Karen Elliot, and Steven Quong. Marshall, of 

course, goes in a. separate category. 

The Tinoco lab was a special asset. Not only did they 

help with many melting curves and CD spectra but they also 



i 

I 

-v-
staged the infamous cold noodle parties and ensured that the 

Hearst lab was not overproductive. Special thanks to Steve 

'tlinkle, Milan Tomic (honorary),. Jo·hn Flatenak, ·Art Pardi, 

Je·ff Nelson, Kat~y Morden, Gloria Meng, Helen Lok, David Koh 

David Keller, Joe Kao, Kathi Hall, Barbara Dengler, and Ken 

Dahl •. 

Most of all, this thesis is a tribute to John Hearst. 

His courage to let me decide my own fate in science and 

chase wild ideas while always keeping me on track has 

taught me more than constant supervision ever could have. 

I just hope I can always maintain the same enthusiasm .for 

s·cience· that he has. Thanks John. 
. .. ,· .. ~ 



A 

acpJu 

AMP 

AMT 

am'¥ 

ATP 

BA 

BAF 

Bis-MSB 

BND 

c 
CD 

CMP 

CMT 

cUMP 

Dl, D2 

DMSO 

DTT 

El, E2 

EDTA 

EF-G 

EF-Tu 

G 

.. GMP ,. 

GDP 

GTP 

' i 

I 

adenine 

-vi­
ABBREVIATIONS 

J-(J-amino)-carboxypropyluridine 

adenosine-J'-monophosphate 

4'-aminomethyl-4,5',8-trimethylpsoralen 

J-(J-amino)-carboxypropyl-1-methylpseudouridine 

adenine-5'-triphosphate 

base adduct (p. 44) 

bacterial alkaline phosphatase 

p-bis(O-methylstyryl)benzene 

benzoylylatednapthyl~teddietylyaminoethyl 

cytidine 

circular dichroism 

cytidine-J'-monophosphate 

4' -c·hloromethyl-4, 5 •· ,.8-trimethylpsoralen 

uri.dine·-·2 •, J' -cyclic phosphate 

dias·te:re·ome·r one, diastere·ome·r two 

d:ime·thyl s~ulfoxide 

d:i thiothre:itol 

equilibrium product one, equilibrium product two 

ethylenediamlnetetraace·tic acid 

elongation factor G 

. eclongation factor Tu 

guanine 

guanine-J'-monophosphate 

guanine-5 '-dipho·sphate 

guanine-5'-triphosphate 



1"*', 

, .. 

HMT 

HPLC 

IMT 

LES 

m7G 

8-MOP 

NMR 

NOE 

OD 

PMT 

PMX 

poly( A) 

-vii-
4'-hydroxymethyl-4,,5',8-trimethylpsoralen 

high pressure liquid chromatography 

4'-iodomethyl-4,,5',8-trimethylpsoralen 

0.1 M LiCl, 10 mM EDTA, 0 • .5% SDS, 10 mM Tris base 

7-methylguanine 

8-methoxypsoralen 

nuclear magne·tic resonance 

nuclear Overhauser effect 

optical densi.ty at 260 nm 

N-( 4' -methylene·trioxsalen) -pyridinium chloride 

N-(.5-methylene-8-methoxypsoralen)-pyridinium 

chloride 

polya:denylic acid 

poly(A ,.U) pollyade,nylicuri.dylic acid ( rando.m) 

po:ly.(A-U) polyad.e!nylicuri.dyl.i.c· ac:id (stric:ti.y al ternat:ing) 

polly;{c·) po}lyc:yt:idyli.c· aci.d: 

p:ol.y{G) 

poly( I) 

poly·(U) 

PO POP 

PPO 

RF 

SDS 

TEMED 

polyguan·odyli.c ac·id: 

poiyino,s,oic ac:id 

polyuri.dyl.ic ac:i.d. 

1 ,.4-·bi.s[2-·( .5-·phenyloxazolyl) Tbe:nzene 

2, .5-diphenyloxaz·ole 

relative mobility in paper electrophoresis at pH 

. J • .s 
relative mobility in pape·r electrophoresis at pH 

8.8 

sodium dodecyl s-ulfate 

N,N,N',N',-tetramethylethylenediamine 



( 
-viii-

TrtiA I 10 mM MgC12, 100 mM NH4Cl, 10 mM Tris-HCl (pH 7.2) 

14 mM ~ -mercaptoe thanol 

TMP 4,5',8-trimethylpsoralen 

Tris tris(hydroxymethyl)aminomethane 

u uri dine 

UMF uridine-3.' -monophosphate 

UTP uridine·-5' -triphosphate 

UV ultraviolet 

VRC vadanylribonucle·oside complex 

~ pseudouridine 



Chapter Onea 

Introduction 

The unambiguous determination of RNA secondary struc­

ture is a problem that has plagued researchers for many 

years. The problem lies not in formulating reasonable 

structures, but in choosing from among the many available. 

The techniques most commonly used to clarify this situation, 

chemical modification and. partial enzymatic digestion, 

have only been mildly succes•sful · in limiting the number of 

acceptable structures. These methods indicate which 

re·gions are most exposed to attack by enzymes or chemica-ls 

and thus mu.s-t be single-·s·tranded. Unlike other enzymes, 

c·obra ve·nom ribonuclease· cuts specifically in double stranded 

regions,. thus yielding ad:diti.onal inf-ormation.. None of the·se 

probe•s:,, ho,wever, gives•d'ire·c·t info·rmation about. whi.c:h re!gi.o:n:s 

are paired· to whic:h... To. get a.round· this,. two variatio.ns a;f 

partial e·nz.yma.tic d·ige·s:t·ion have bee·n employed. R:a·the:r than. 

s:imply· ma.p t·he locat:i.on o-f c:utting sit·e·s,. e.ntire fragme~nts· 

have been isolated,. d·ena.tured,. and their c·omponents sequ.en­

ced.(Ros-s and Brimacombe, 1979• G:lot.z· and Brimacombe, 1980a 

Glotz et al., 1981) •. This gives information about which 

re·gions are interacting in distant parts of the RNA. Care 

must be taken in interpreting this data because any t'ime the 

RNA chain is·cut, there is a possibility that rearrangements 

in structure will occur. The other variation of the enzym­

atic digestion method is to examine which RNA fragments are 
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protected when a protein which binds specifically to a par-

ticular RNA is attached. Sometimes, only short stretches of 

RNA are protected, but occasionally distant regions in a 

molecule are protected by a single protein (Rinke et al., 

1976). As long as it can be shown that the protein can still 

specifically bind the digested fragment, it can be safely 

assumed that the interactions actually occur in vivo. This 

procedure is limited by the number of proteins which can be 

used. 

More recently, phylogenetic comparisons have proved 

valuable. When used in conjunction with the aforementioned 

techniques, widely accepted models for the secondary struc-· 

ture of various ribosomal RNAs have been generated (Fox and 

W.oes·e, 19751 Noll.er and Woes.e, 1981). This technique is 

based on the as;sumption that RNAs from di.ffere,nt· s·pecies 

w<hic:h carry out the· same function must have approximately 

the same secondary and t·e·rtiary s:tructure d'e·s'pi te dif'fe're:n~­

ce's in .seq:ue·nce. Therefore, it must be pos;si.bl.e to ge'ne:ral-· 

iz.e any proposed structure to all specie·s for w,hich the· RNA 

sequenc·e is known:. W·hile this method has been more powe·rfu:l 

than any other in analyzing such structures as 16S RNA (Nol-, 

ler and Woese, 1981) and 2JS RNA (Noller et al., 1981), it 

also has severe limitations~ It is difficult to completely 

analyze very large RNAs and impossible to analyze RNA of 

which there is only one example available (viral RNAs, some 

mRNAs, etc.). 

The only technique which can yield simple, direct in-
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formation abqut the structure of any RNA is crosslinking. 

While many crosslinking reagents have the potential to be 

used as probes to RNA structure, only a few have been em-

played with any degree of success. Ultraviolet light has 

been used to determine a number of crosslinks to high reso~ 

lution in 16S RNA (Zweib and Brimacombe, 1980). This infor-

mation has proved very use·ful, but UV light has two disad­

vantages. It can cause extensive damage to both nucleic 

acids and proteins, and it is also not clear what the exact 

structural require-ments are for crosslinking. Certainly, 

the crosslinked bases must be physically very close b~cause 

there is no chemical reagent to bridge any distance. How• 

ever, it is not known what·kinds of secondary or tertiary 

interactions promote reaction. 

Ehenyl_ diglyoxal has a·ls:o been used as a chemical cross-

1 ink.er ( w.agne·r and Garre t·t ,. 197 8 :- Hancock and Wagne.•r , 19·8·2 ) •. 

Wrhile glyoxal g.eneral.ly only reac·t·s w~it·h s:ingle·-s:trande,d 

guanines ,. the· phe·nyl ring evident:ly all.ows intercalation o.f 

the compound becaus·e initial results yield·ed. a cro·sslink be-· 

twee:n two obviously double-stranded guanines (Wagner and 

Garrett, 1978). Further results.ha:ve only complicated the 

inte·rpretation (Hancock and Wagne.r, 1982; s·ee chapter 5 for 

further discussion). Most of the reac·tive sites observed 

thus far normally are unreactive to glyoxal so some unfold­

ing of the RNA must be occurring. This ambiguity clearly 

limits the co·mpound' s usefulne-ss. More recently·, a diald­

ehyde connected by an aliphatic chain has been synthesized 
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to overcome this problem (H. Noller, personal communica-. 
tion). The crosslinks to be found, if any, will be between 

single-stranded regions. Crosslinked guanines will be close 

spatially, but adjacent bases might not be involved in any 

secondary or tertiary interactions. 

Use of psoralen as a crosslinker circumvents all of the 

problems mentioned above. Crosslinking is done in combina­

tion with long~wave ultraviolet light and thus causes no dam­

age to the remainder of the RNA. Psoralen is reacted with 

the intact RNA in whatever conditions are necessary so native 

structure can be maintained. Crosslinks are limited to 

double-stranded regions, and the reac·tion between nucleic 

acids and psoralen has been we-ll studied. 

Psoralen and its deri va ti ves have bee·n used for ove-r 

JOOO years to treat skin diseases such as psoriasis (rev­

iewed by Scott et al., 1976) •. Its use as a t·ool for nucle·ic 

a.cid s·truc;:t.ure a:nalysi.s b·egan s·omewhat more recently when 

i.t w-as discove·red that the basis for ps·oralen • s action aris­

es from its abil.i t.y to covalently crosslink DNA via the 5, 6 

double bond of pyrimidine·s on opposite s·trands of the helix 

(Dall' Acqua ~tal~~ 1970; Cole, 1971). The sequence of 

reactions which lead to crosslink formation are now fairly 

well characterized. 
~, 

The first reaction to occur is the non-covalent interc·- ~ 

alation of the psoralen between base pairs of DNA or RNA. 

This intercalation, or dark binding, is accompanied by an 

unwinding of the helix with a concomitant lengthening of the 
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of the polyme.r. The amount of unwinding is comparable to 

other known intercalators (Wiesehahn and Hearst, 1978). 

Flow dichroism e~periments have confirmed the intercalative 

mode of dark binding (Dall' Acqua et al., 1978; Tjerneld et 

al., 1979). The rate constant for dark binding is highly 

dependent on a number of factors. Effects of substi tu.ents 

at various positions on the psoralen heterocycle have been 

examined (Isaacs et al., 1977, 1982). Positively charged 

derivatives bind much more strongly than uncharged deriva-

tives because, in addition to hydrophobic and base stacking 

interactions, there is also a strong electrostatic attrac­

tion. Conditions which stabilize the helix, such as high 

salt, lower the rate of intercalation. The geometry of the 

dark bound psoralen place·s severe constraints on how. it may 

react. Even before defin.itt ve structural analyses were per-· 

formed on pso.ralen adducts·, it was clear what s·tere·ois:ome:rs 

shou.ld· be allowed •. 

The photoreactive bond·s· .,of ps·oralen are the 4' ,. 5' and 

.J •. 4 double bonds (see figure· 1 for structure and numbering 

system). After absorption of .J00-400 run light, either of 

these can photo-react and form a cyclobutane bridge to the 

5, 6 double bond of a pyrimidine base. ·Purines can also re­

act, but to a much lesser extent (chapter 2). Reaction with 

proteins has been reported, but no protein adducts have ever 

been isolated (Pathak,et al., 1Q74). If reaction actually 

does occur, it is at a much lower rate than w'ith nucleic 

acids. 



·~ 
N 

I 
R 

-6-

Psoralen 

Monoadducts 

Cro,s.s:link 

• 

N't 
N ........ 

R 

N't' 
N, 

R. 



i 

1 

-7-

Figure l= The structure and numbering system for psoralen is 

shown at the top. The two possible monoadducts are diagram-

. med in the· midd·le •. The stereochemistry around the cyclobu.-­

tane ring is discussed in chapter 2. A crosslink be·tween two 

uri dines is shown at the bottom •. 
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Theoretical calculations predicted that the J, 4 double 

bond would be the most reactive (Song et al., 1971). These 

did not take the effect of the DNA helik into account, how-

evere It is now clear that the 4', 5' bond is actually more ~ 

reactive in the DNA (Straub et al., 1981). Unlike the J, 4 

adduct, the 4', 5' adduct retains significant absorbance 

above 300 run. It can thus absorb a second. phat.an to farm a 

crosslink providing there is a pyrimidine suitably located 

an the opposite strand of the helix. Crosslink formation 

was shown to be a two photon event by pulsed laser studies 

(Johnston et al., 1977). There is a relaxation time requir-

ed, presumably ne-eded for a conformational change, before 

most monoadducts can go on to farm crosslinks (Johnston et 

al., 1981). 

The relative reactivities of pyrimidine.s as polymers 

and as nucleosid.es in a variety of condi t.ions have been ex­

amined. In all cases , thymine ani uracil have been more 

reac·tive· than. cytosine (Krauch et al •. , 1967; Pathak et al., 

1974;. Bachelle·rie e·t al., 1981: Straub et al., 1981) •. The 

diffe-rence in reac:tivi ty is accentuated when the nucle·oside:s 

are base paired in polymers. Reaction of nucleosides in 

solution or in frozen glasses yields a much larger number of 

stereoisomeric products than the reaction of polymers in 

solution (Straub et al., 1981). 

Detailed structural analyses have recently been per­

formed on psoralen ad.ducts. High resolution separation of 

different stereoisomers has been made possible by HPLC 

.~. 

.v 
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(Straub et al., 1981; Kanne et al., 1982a, b; chapter 2). 

NMR studies have shown that the stereochemistry of both 

monoadducts and crosslinks is as previously supposed. Mass 

spectroscopy, circular dichroism, ultraviolet absorption, 

and fluorescence studies have also been done on isolated ad-

ducts. Two separafe x-ray crystallographic studies have re­

cently been completed.. The first must be viewed with some 

caution because the material used was reacted in frozen 

glasses (Land et al., 1982). The second study (Peckler et 

al,, 1982) used an enantiomeric mixture of psoralen-thymin~ 

monoadducts. A unit cell containing three pairs of enantio­

mers was solved. The detailed information obtained is in-

valua.ble in modelling what the adduct structure is like in 

the helix and ho.w it pe!rturbs nearby bas:es. The angle be­

twee·n the psorale·n and the· thymine is· clearly variable.. Al­

though he·l.ical c·ons;tra.ints pro·ba bly d·ecreas'e the angl.e e:Ve·n 

m·.ore than crys·tal. pac·king· forc·e·s ,. a. kink in t·he pho:s;phod:ie·s:-· 

ter backbone will lik·ely be pre·sent •. 

Using t·his· info.rmatton, exte·nsi ve · s·tud.ies of DNA and 

RNA secondary structure have been done. While the se,c·ondary 

structure of cellular DNA is obvious without the aid of 

ps.oral.en ,. t·he drug can be used to study the higher order 

structure. ( Wiesehahn et al., 1977: Hanson et al., 1976). 

The secondary structure of single-stranded viral DNAs is .not 

quite so obvious. Hairpins have been mapped in fd virus 

relative to·restriction enzyme cuts (Shen et al., 1979). 

The structures found appear to have functional significance. 

•.. 
' 
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DNA can also be crosslinked to RNA (Shen et al., 1977). 

This has been used to advantage in stabilizing R-loops for 

electron microscopy (Wittig and Wittig, 1979). 

The reactivity of psoralen is much lower in RNA than in 

DNA (Isaacs et al., 1977), but some of psoralen's most im-

portant applications have come in examining RNA secondary 

structure. Crosslinks have been mapped in h coli 16 S RNA 

(Wollenzein et al., 1979: Wollenz·ein and Cantor, 1982; 

chapter 6) ,and 5S RNA (Rabin and Crothers, 1979; chapter 5). 

Intermolecular associations between mRNA and 18S RNA (Naka­

shima et al., 1980), between Ul RNA and hnRNA in vivo (Cal­

vet and Pederson, 1981), and between 18S RNA and 5S RNA 

.(chapter 7) have been crosslinked by psoralen. The tech-

niques nee.ded to map crosslinks at high res·olution are still 

being refined, but substantial progress is being made. Ma.p-· 

ping of monoadducts is also possible (Youvan and Hearst, 

1982: Bac·helle·rie and Hearst, 1982). This does not yield 

as much. information as cros·slinks but is ve~ry useful, none-

the:l.ess •. 

T.he go.al of t·he work pre.sented in this thesis is t·o 

achieve a better understanding of RNA secondary structure. 

For the reasons s·tated above, psoralen crosslinking was cho-

sen as the best means of attaining this. Clearly, knowledge 
·~ 

about the nature of the reaction between psoralen and RNA ~ 

has advanced greatly in recent years. In order to achieve 

a more rigorous understanding of how psoralen is affecting 

RNA secondary structure and to best take advantage of psora-
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len's crosslinking abilities, a number of studies were done 

with model compounds to determine which features of RNA were 

important for reaction. Studies on the ability of different 

psoralen derivatives to crosslink RNA were also done. This 

work is followed by an analysis of the secondary· structure 

of D. melanogaster S.S RNA and E. coli 16S RNA. 
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Chapter Two: 

Separation and Analysis of the Adducts Produced 

by Photoreaction of Psoralen with RNA 

INTRODUCTION 

In order to understand the details of reaction between 

psoralen and RNA, it is first necessary to have a reliable 

' method of separating the products from the reactants. To 

this end, three different methods of separationi useful for 

different needs, have been developed. The ability to 

separate the different products has allowed us to study 

the kinetics of reaction as well as the types of products 

formed. 

Paper electrophoresis at pH J.S was chosen to separate 

ps·oralen adducts because simultaneous separation of all 

four unmodified nucleotides can be achieved. ·rhis is use­

ful when classical RNA sequencing is done (see chapter 5). 

This technique provides good separation of monoadducts 

from eros-slinks with some separation of the different type·s 

of monoadducts. Paper electrophoresis at pH 8 •. 8 provides 

much better separation af the different types of rnonoadducts 

but separation of unmodified nucleotides is lost. HPLC 

provides for greater resolution of the different stereo­

isomers of adducts and is thus preferable for use in 

detailed studies of structure. 

Parts of this work were performed with Jean-Pierre 

Bachellerie and Maurice Wegnez, and appeared in Nucleic 
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Acids Research, volume 9, pp. 2207-2222, May 1981. HPLC 

and NMR work was performed with Stephen Isaacs. 

MATERIALS AND MET.HODS 

Materials. Homopolymers were obtained from P.L. Bio-

chemicals. Nucleotide monophosphates and T2 RNase (E.C. 

J •. l.4.2J) were purchased from Sigma. Calf intestine 

alkaline phosphatase was (E.C. J.l.J.l) a Boehringer­

Mannheim product. JH-HMT ( J. 7 x 10 7 cpm/).(g) was synthesized 

by Steve Isaacs of this lab according to Isaacs et al. (1982). 

Uniformly labeled 32P-tRNA from cultured Drosonhila cells 

was prepared as indicated in chapter 5. 

Irradiation of Samples. The samples to be irradiated 

were put in E.ppendorf tubes which were placed in a wa t·er 

bath. The bath was surrounded by a double-walled- glas·s 

vessel containing a circulating 40% (w/w) cobaltous nitrate 

solu,tion. This s:olution serv·ed as a temperature regulator 

and an u.l traviolet and visible light fil te·r with a maximum 

transmittance of J65 run light (window: J20-J80 nm). The-

samples were irradiated by two GE 400 W mercury lamps, one 

on each side of the sample.. The light intensity at the 

surface of the sample was approximately 100 mW/cm2 • After 

irradiation, polymers were extracted twice with phenol and 

then ethanol precipitated two or more times to remove all 

trace:s of unreacted HMT. The RNA was redissolved in 50 mM 

sodium acetate, pH 5, conta-ining 2000 units/ml T2 RNase. 

For up to 50 )J.g of RNA, 10 ).(.1. was used. Digestions were 
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done at J7°C for 18 hours. After photoreaction, mono-

nucleotides were extracted two or more times with chloro-

form/isoamyl alcohol (24:1, v/v) and then electrophoresed 

directly. 

Electrophoresis. Electrophoresis was done on Whatman 

#1 chromatography paper in the form of 46 x 57 em sheets 

(VWR Scientific) or 27 em wide rolls (Savant Instruments). 

The running buffer was 5% acetic acid, 0.5% pyridine (v/v/v), 

pH 3.5. Runs were done in a Savant LT 48 tank, normally 

for 50 minutes at JOOO V .. Longer runs at 4000 V for J or 

more hours were also done. An aliquot of a mixture of 

(32P)J'-phosphate mononucleotides was added to each sample. 

to serve as mobility marke·rs. Electrophoresis at pH 8.8 

was done with a buffer containing 80 g Tris base and 8 ml 

acetic acid per liter. After electrophoresis, the paper 

was dried and cut into 0.5 or 1 em slices. In order to 

obtain high counting efficiencies, 0 •. 5 ml of water was 

added to each slice for one hour to elute the nucleotides 

from the paper. Each fraction was counted after addition 

of a 5 ml scintillation mixture containing 2 parts toluene, 

1 part Triton XlOO, 4 g/1 omnifluor (98% PPO, 2% Bis MSB). 

When it was necessary to recover the electrophoresed 

samples, the paper.strips were counted directly at low 

efficiency in toluene with 6 g/1 PPO and .075 g/1 POPOP. 

After counting, the paper strips were rinsed with toluene 

and dried. They were then each placed in a 200jU pipet 

tip and rinsed with 200~1 of H2o in order to elute the 
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nucleotides from the paper. 

Photoreversal. Photoreversal of crosslinks and mono­

adducts was done with a hand-held Rayonet 6 W short wave 

UV lamp. The lamp was positioned 5 em above the sample to 

be reversed. The optical density of the samples was low 

enough that the rate of photoreversal was independent of 

concentration. 

HPLC. Samples run on HPLC were digested in two ways. 

Preparative scale samples digested with 1 M HCl at 60° for 

4 hours were then stripped down and resuspended in Tris 

(adjusted to pH 7.2). BAP (bacterial alkaline phosphatase, 

Sigma, grade VII) was added, 100 units per addition, and 

then incubated at J7°. Aliquots were moni t.ored by paper 

electrophoresis at pH J •. 5 to see when dephosphorylation 

was complete. Analytical s·cale samples (less than 1 mg 

RNA.) were e.nz.yrnat1cally dige·sted.. Samples were diluted 

to I ml, 100 mg of crude· snake venom phosphodie·sterase 

(Sigma) and 100 units of BAP added, followed by incuba.tion 

at J7°'. The degree· of reaction was followed by electro­

phoresis. 

After diges·tion to nucleosi.des, samples were applied 

to a C-18 Sep Pak cartridge (Waters). This was eluted 

with H2o, 50 mM NaF04 (pH 2 •. 1), H2o, and CHJOH. The 

CH30H fractions were combined and concentrated. Samples 

were injected onto a 10 mm x 25 em reverse phase C-18 

Ultrasphere ODS column (Altex-Beckman). Flow rates were 

4 ml/min with H2o/cH3oH gradients. Optical density of all 



-20-
samples was monitored at either 250 or 330 nm and fractions 

were taken and counted for 3H. lH NlVlR spectra were done at 

360 MHz on a Nicolet Technologies NT360 NMR spectrometer. 

Sample preparation and NOE experiments were done as by 

Straub et al. (1981). 

RESUL'l'S 

'l'he photoproducts of HMT with different types of natur-

al and synthetic RNAs have been studied, taking advantage of 

a highly radiolabeled psoralen derivative synthesized in 

this laboratory (Isaacs et al., 1982b). After the photore­

acted RNA. has been completely hydrolyzed by extensive diges-

tion with T2 RNase, the products can be separated by elec~ 

trophoresis on neutral paper at pH ).5. 

Reaction of LJHjHMT with all the natural RNAs we have 

tested so far yields only two major labeled peaks separable 

by paper electrophoresis~ Typical radioactivity profiles of 

RNA hydrolysates are shown in Figure 1, for a mixture of E. 

coli tRNAs and for poly(U). The relative mobilities of each 

peak (taking m7G as a reference, Rp(m?G)=-1) are .,62 and 

.99 for peak 1 and peak 2, respectively. In every case, 

we observed that the (3H) cpm ratio between peaks 1 and 2 

was highly dependent upon the light dose. The proportion 

of peak 2 photoadducts increases with irradiation time (as 

shown here in .Figure lb for poly(U)). Moreover, "pulse-

chase" experiments, in which a short irradiation of RNA in 

the presence of LJH]HMT is-followed by removal of unreacted 

psoralen and further irradiation, have indicated that a 

.io( 
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Figure 1: Paper electrophoretic analysis of T2 RNase digests 

of HIVIT-photoreacted E. coli tRNAs and ·poly(U). RNA was pho-

. toreacted with [3HlHMT, ertracted with phenol, and ethanol pre­

cipitate~. The samples were then hydrolyzed with T2 ~Nase 

and analyzed by paper electrophoresis at pH 3.5. A mixture 

of [3 2pl labeled ribonucleotide monophosnhates were corniera­

ted as markers. Radioactivity profiles were determined by 

liauid scintillation counting of 0.5 em paper slices. (a) A 

mixture of Ecoli tRNAs (200J--~g/ml) was nhotoreacted with 

1 /-~.Q'Iml C3HlHMT for 10 min at 5° in 5 mM i'1aCl, 1 mM Tris-HC1 

(pH 7.5), and 1 rnM ED'rA. (b) Poly(U) (660/'-(g/rn1) was photo­

reacted with l.)./'_,.f'/rn1 [3HlHMT at 16° in 1 rnM Tris-HCl (pH 

7.6) and 1 mrv; EDTA for 15 s (•--") or 2 min (4'1----£.). 

ljj 
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fraction of the pulse-labeled peak 1 component can be con-

verted into peak 2 product by 320-380 run li~ht during the 

chase period (not shown). In order to aid in the identifi-

cation of the composition of these two major peaks, the 

reaction was examined in simple systems such as hornopolymers 

and mononucleotides. 

When HlViT was photoreacted with the four ribohornopoly­

mers in standard conditions, the reactivity of poly(U) was 

found to be 10-20 times higher than that of other synthetic 

homo polymers (\Table I). The paper electrophoresis analysis 

of T2 RNase digests showed that only poly(U) yields a pro­

file similar to that observed with natural RNAs. The much 

less efficient reaction of HM'r with poly( C) gives rise to a 

iabeled c·omponent with the same mobility (RF'= 0.14) as a 

minor component seen in natural RNA, as well as a component. 

(Rf = 0 •. 62) identical to the one observed with poly(U). 

·rhese are d.etec·ted in varying proportions, depending upon 

how the photoreacted polymer is handled {see Discussion). A 

more complex electrophoretic pattern of labeled products was 

obtained for poly(G) (not shown). Most of the products re-

mained at the origin when electrophoresed at either pH 3.5 

or 8.8. At pH 3.5, minor products formed which had both 

positive and negative mobilities • 

The reaction of HMT with the different mononucleotides 

was also studied. The products detected with the mononuc­

leotides have mobilities identical to those observed in the 

respective homopolyrners. The reactions were found not to 

I, 
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\ 

Table I: Photoreactivity of ribohomopolymers with HiviT* 

Polynucleotide 

Poly(U) 

Poly( C) 

Poly( G) 

Poly( A) 

Relative 
Photoreactivity 

1 

.064 

.112 

.058 

*Homopolymers were reacted as in Figure 1 excent irradi..ations 
were for 2 min. 

cJ; 
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vary with temperature in the range 4-50°C. Ionic concentra-

tion did have an effect on the reactivity. Raising the con­

centration of NaCl from 0 ml\1 to 100 mivi increased the amount 

of HlVlT incorporated into UMP by 25%. In the case of mono-

nucleotides, the photoreactivity of uridine was higher than 

that of the other majcir bases. CMP was about one third as 

reactive while no reactivity above backround could be detec-

ted for AMP and GNi.P. We also examined the HMT photoreac-

tions with different uridine analogs, in the mononucleotide 

monophosphate form. No reaction could be detected with 

dihydrouridine, even though it would have been possible to 

observe a reaction which is 20 ti~es less efficient than the 

reaction with uridine. Pseudouridine and 4-thiouridin:e were 

approximately 10 time·s less reactive than uri dine. 

The elec.trophoretic mobili tie·s of the observed HMT-rnon-

onucleotide products are liste·d in Table II. These mobili-

ties have been compared to those calculated from an empiri-

cal equation (Sommer,. 1979). Based on this and on the na.-

ture of the reactive nucleotides used in the simple systems, 

a tentative assignment can be made as to the identity of 

these products. The major peak (peak 1, RF = 0.62) in Fig­

ure 1 has the same mobility as predicted for an HMT monoadd­

uct of uridine monophosphate, while the other major product 

{peak 2, RF = 0.99) has the mobility expected for an HMT 

crosslink between two uridine monophosphates. For this rea-

son, as well as additional evidence shown below, we shall 

refer to these products as U monoadduct and U-U crosslink,· 
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Table II: Electrophoretic mobilities of photonroducts at 

pH 3.5. 

Comnound 

CMP 

Af'/lP 

GMF 

UMP 

UlViP + HIViT 

Ur.'IP + Ul\1P + H!ViT 

UMP + crnP + HM·r 

CMP + HMT 

Predicted RF+ 

.21 

.13 

.76 

.n3 

.64 

• .ss 
.14 

Observed Rp 

.19 

.)? 

.74 

.57 

.61 

.66 

.oo 

1 •. 04 

.57 

.14 

+The nredicted mobilities were calculated from the equation 
Rp = 45.4Q/M2/3 where Q is the net chart:;e and M is the mol­
ecular wei~ht (Sommer. l97q). 
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respectively. When the two components are dephosphorylated 

by alkaline phosphatase, they both remain at the origin dur­

ing electrophoresis at pH J.5. This is exactly what is pre-

dieted by their assigned structures. 

The stability and reactivity of the presumptive U mono-

adduct and U-U crosslink were also examined. Both products 

were purified by paper electrophoresis and assayed in vari­

ous conditions. A further irradiation at J60 nm resulted in 

no detectable change in the electrophoretic profiles. When 

irradiation of' the U-U crosslink at J60 nm was carried out 

in the· presence of additional nucleotides, the U-U cross­

link was again unchanged. ·rhe U monoadduct, on the other 

hand, could be converted to a U-U crosslink if' the irradia-

tion was carried out in the presence of additional UMP. 

In the presence of additional CIVl.P, the irradiation of U 

monoadduct gave rise to a new product migrating as would 

be predict·ed for a U-C crosslink using the e•mpirical e·qua.­

tion mentioned a,bove (Figure 2). However, eve·n with care­

ful handling, this new product.slowly converts to a compound 

migrating like the U-U crosslink (see Discussion). No new 

product was detected when the further irradia.tion of U 

monoadduct was performed with additional AMP or GMF. Both 

of these crosslinks could also be photoreversed (Figure J). 

After a 260 nm irradiation of ( JH) :HIVtT-uridine monoadduct, 

the fraction of tritium counts remaining at the origin when· 

electrophoresed on paper increased proportionally with the 

light dose (not shown). When irradiated with short UV 
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Figure 2: Formation of crosslink from monoadduct. U mono-
- -

adduct from E. coJ.i tRNAs was nurified and reacted further. 

A 10 min irradiation was performed in 1 mM Tris-HCl (pH 1.~) 

0.1 mM EDTA at· 20°. The concentration of monoadduct was 

2 .LJ. x lo-7 rJl and no additional nucleotides ( v--o), 'SO ;;t,e:/ml 

UMP ( ~·--'·: ) , or 50 mg/ml CNiP ( -<---s: ) was added. 



A) C , A, • G U r) C A G U 
I I _ I I I I I I R. ,=0.99 

251- n1;o.s5 l 
' I I ~~ 

!! 
2 

Rf=0.57 1\ 
5 J. 11 8 _ It 
x I 11 

, 1l It 
.E 15 ;I I A 
{!. II It 
-

1
_
1
1- II I I o I - ~ 

- IO ' 0 ~ A I I I I 
~ 10 I I Rt=0.66 I I 

a. : I R,=o.57 1 1 ,,, ~ 

II I~ ~ • ~ 
I 

rl.~b- .. f c:irlm~! _,ll 
0 5 10 15 20 25 0 5 10 15 20 25 

Distance Migrated (em) 

IV .. 'ti 



... 

-31-

Fi~ure }: Photoreversal of crosslink~. The U-C crosslinks 

(A) and the U-U crosslinks (B) formed as shown in FigurB 2 

were purif'ien and then reversed with 20 minutes of short­

wave ultraviolet light. The crosslinks are shown before 

(c --u) and after (...,_..) reversal.-
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light, the uridine-HMT-uridine crosslink was progressively 

converted into a labeled compound migrating like the 

uridine monoadduct {Figure Jb). This was, in turn, broken 

down to a labeled product which remains at the origin 

after further UV exposure {not sho·tm). The 260 nm irradia-

tion of the presumptive U-C crosslink resulted in the 

transient detection of U monoadduct and a small amount of 

C monoadduct (Figure Ja). 

The kinetics of formation of these products was studied. 

In order to get efficient reaction, large excesses of nucleo-

tides have to be added. A plot of these data is shown in 

Figure 4. The straight lines obtained indicate a reaction 

which is first order in monoadduct. In order to determine 

the order of reaction in which monoadduct is formed, the 

change in the initial rate of reaction was observed with 

varying concentrations of UlVIP. This is shown in Figure 5. 

In order to confirm the presumptive nature of the HNJT-

uridine photoproducts, further experiments were done using 
32P labeled RNA. In vivo uniformly labeled 32P-tRNA was 

photoreacted with JH-HMT and then hydrolyzed by T2 RNase 

before paper electrophoresis. All of the tritium labeled 

peaks are listed in Table J. The U monoadduct could 

actually be resolved into three components, while the U-U 

crosslink was separated into two species. The tritium to 

J2p ratios also support the assignments. The crosslink 

has twice as much 32 p per HMT when compared to the monoadduct. 

All of these species were also reversed with short UV light. 
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Fi£ure 4: Kinetics of formation of crosslink from monoadd-

uct~ The formation of the U-U crosslink {~-- 0 ) and the U-C 

crosslink (~--*) as ctescribed in Fi~ure 3 is shown in a 

first order plot. The initial· concentration of rnonoadduct 

is [MA1 0 and the c~ncentration of crosslink at any time is 

[XL 1 • The initial concentration of monoadduct was 2.4 x 167 

M and the initial concentration of mononucleotides was 50 

rng/ml. 
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Figure ~: Kinetics of formation of monoadduct. Varying 

concentratir:ms of UMP were reacted with l5 /~sr,/ml HN.T, 1 miVl 

Tris-HCl (pH ?.~), and 0.1 mM iDTA at 20° for JO sec and 

analyzed by pacer electrophoresis. The curved lines were 

generated from a best fit of the data to an exponent in the 

equation listed in the DISCUSSIO~. The dashed line is the 

best fit for t~e four lowest concentrations while the solid 

line is for all concentrations. 
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Table III: Photoproducts of reaction between [3HlHI'v:T and 

[32p""]tRNA, 

Rp % of Total JH 3H/32p Products of UV Photoreversal 

• 57 4.1-18 

.61 2 L~. 2 2 

•. 61) 56.RP 

.08 6.01 

l •. 04-- 2.61 

28 UNIP, HMT . 

)3 UMP, HMT 

·) 5 cUM?, HMT 

18 UMP, cUMP; U monoaiducts (Rp -

•. 57 , • 6 6 ) , HM T 

cUlfP, U monoadduct (Rp = .66), 

HMT 

'rhe rema1n1ne: 5. 2% of the tri ti urn was nresent in HMT break­
down products and incompletely hydrolyze.d rna terial. The RNA 
was irradiated for 10 min in a solution of l ..:tg/ml HlViT, ~ mM 
NaCl, 1 mM Tris-HCl (pH 7 .4), and 0.1 mM. EDTA •. 
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When the U monoadducts were reversed (Table III), the 

slower two yielded UMP while the faster one yielded a 

product migrating like cyclic UMP. When additional UMP 

was added to the two faster migrating monoadducts (and 

then irradiated at )60 nm), U-U crosslink was formed. 

'J.'his was not performed on the slowest moving component 

(Rp = 0.57). When the crosslinks were reversed, mono­

adducts, UMP, and HMT were formed. 

More resolution can be obtained in the separation of 

the U monoadduct by carrying out the electrophoresis for 

a longer time. A typical profile is shown in Figure 6a. 

The broad monoadduct peak is actually res·olved into three 

subspecies with RF = .57, .61, and .66. The relative pro­

protions of the components is highly dependent upon the 

ratio of the concentration of monoadduct to the concentra-

tion of T2 RNase pr&sent during the hydrolysis of the photo­

reacted RNA. When the ratio is high (low enzyme concentra­

tion), the peak migrating with RF = .66 is the ma.ior specie-s. 

When the T2 HNase concentration is raised sufficiently, 

this peak disappears with a concomitant increase in the size 

of the peak with RF = .61. The faster migrating peak can 

also be auantitatively converted into the component migrating 

with Rp = .61 ·by a one hour treatment at pH= 1 (Figure 6b). 

The Rp = .66 component is resistant to dephosphorylation 

with calf alkaline phosphatase, unlike the Rp = .61 compo­

nent (Figure 6c). The acid treatment of the RF = .66 com-

' ponent allows its subsequent dephosphorylation by alkaline 
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Figure 6: High resolution electrophoretic seTiaration of 

UMP-HMT monoadducts. RNA containing HMT monoadducts was 

digested with T2 RNase and electronhoresed at uH J.'1 on oo 

em sheets of paper. (a) No further treatment (b) ~he T2 

R~ase digest was treated with 0.1 N HCl for 1 hr before 

electronhoresis. (c) The T2 RNase digest \vas treated with 

calf intestine alkaiine nhosnhatase (10 mUnits, 75 min, 37° 

. 50 "" ·T· • HCl ~n . mt,, .r1.s- , pH R.J) ~efore electrophoresis. Each 

samnle contained 6 nicomoles of rnonoarlduct. 

.. 
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phosphatase (not shown). It should also be noted here 

that the experiment reported in Figure 1 was carried out 

with a low substrate to enzyme ratio. This results in 

almost complete absence of the RF = .66 component. 

The properties of the Rp = .57 component are more 

complex. It can interconvert with a portion of the Rp. = 
.61 component and is susceptible to phosphatase. When 

eluted from the paper, there is no absorption above 280 

nm (lower wavelengths are obscured by contaminating 

fluors) while the RF = .66 component has a spectrum 

characteristic of a furan monoadduct. Greater than ?Or~ 

of the RF = .66 component can be driven to crosslink 

after addition of nucleotide and reirradiation while less 

than 5% of Rp = .57 can. 

These specie·s were further examined by electro-

phore·sis at pH 8 •. 8.. All mobilities at pH 8.8 will be 

denoted as Rp*· to avoi.d confusion and are re·la ti ve to the 

mobility of xylene cyanol.. The RF = •. 66 component migrates 

with.Rp* = •. 53 which, after acid treatment, migrates at 

Rp* = .82. The Rp = •. 57 component yields an Rp* = 1.06 

species. Also observed at pH 8.8 is an Rp* = .91 product 

which can be converted to Rp* = l.06 by acid treatment. 

Crosslinks migrate at Rp* = 1.27. 

HPLC profiles of the hydrolysis products of poly(U)• 

poly(A) irradiated at 5 mM NaCl is shown in Figure 7. Acid 

hydrolysis (Figure ?a) generates more products than 

enzymatic hydrolysis (Figure ?b). The major products 
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Figure 7a HPLC profile of HNiT adducts. a) Acid digestion 

of poly(U)·poly(A) yields the expected furan diastereomers~ 

base adduct, and a- number of equilibrium products. The 

relative amounts of these are dependent on length of hydrol­

ysis. b) Enzymatic digest'ion of a similarly prepared sa-m­

ple yields· only the furan d iastereo:ners and pyrone adduct. 

This· sample was run i.n 10 t!"1•1 sodium phosnhate (pH 2.2) to 

keep the open coumarin adduct uncharged. The two samples 

were run on diffe·rent columns so the retention times are not 

equivalent •. 
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have been analyzed by NMR, CD, and UV absorption. Dl and 

D2 have identical CD. UV, and fluorescence spectra and 

these are identical to the diastereomeric furan monoadducts 

characterized by Straub et al (1981). NMR and NOE results 

confirm this equivalence. NMR spectra are shown in Figure 

8. The base adduct (BA), in which the glycosidic bond has 

been cleaved, has been similarly characterized. 

Both BA and the equilibrium products (El, E2, etc.) 

are formed in increasing amounts when acid hydrolysis is 

used. Enough material has been isolated from some of the 

equilibrium products for NMR and UV spectra. It is clear 

that they arise from the furan adducts and that no alter-

ation has been made to the coumarin moiety. There· are 

differences in the NMR spectra (compared to normal furan 

adduct.s) but contaminants in the samples make it difficult 

to conclusively determine the spectra. The equilibrium 

products slowly revert to the furan adducts upon prolonged 

(greater than 1 month) sitting at room temperature in H2o/ 

C.H3oH. Conversely, the furan adducts can slowly convert 

to equilibrium products. This process is catalyzed by acid 

and is not dependent on CHJOH. The coumarin adducts and 

crosslinks are present in low amounts and could not be 

analyzed directly. Their mobilities are what would be 

expected, based on the results of Straub et al. (1981). 

DISCUSSiuN 

Identification of photoproducts ( monoadducts vs •. ·cross­

linkl. The process of identifying the photoproducts of the 
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~igure 8s N!VIR spectrum of diastereomer two from poly(U)­

poly(A). 
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reaction between Hl'JJT and natural RNA is simplified greatly 

by the use of model compounds such as homopolymers and mono-

nucleotides. In the case of' both polymers and nucleotides, 

uracil is the most reactive of the four bases. For uridine, 

there is no difference in reactivity between the nucleotide 

and the polymer. ·rhis is in agreement with previous work 

(Pathak et al •• 1974: Krauch et al., 1967) and indicates 

that polymerization has no effect on :the reaction. The 

products obtained from poly(ti) and UMP are identical in 

electrophoretic mobility to the major products obtained in 

natural RNAs. This suggests that the reaction in natural 

RNA involves principally uridine. 

This assignment is supported by the use of an empirical 

equation which can be used to predict electrophoretic mobil­

ities on neutral paper. This equation assumes that only the 

charge and molecular weight of a compound determine its mo-

bili ty •. 'tlhile other factors are certainly involved. the 

equation provides a good first al)proximation of the mobility 

of the common and modified nucleotides that have molecular 

weights from 200 to 2000 D. We have used the mobility of 

UMP as our standard and equated its Rp with that observed by 

Sommer (1979), who measured mobilities relative to m7G. Us-

ing the assumption that, at pH 3.5, addition of HMT does not 

affect the net charge of the nucleotide to which it is att­

ached, the mobilities were calculated and compared to those 

observed. The close agreement is strong evidence for the 

assignments made. That the global charge of the uridine 
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adducts does remain identical to that of unreacted uridine 

(i. e. Rp = 0 at pH J.5) was experimentally confirmed by the 

absence of mobility of the dephosphorylated photo-products 

as well as the base adduct (no sugar or phosphate). 

The possibility that the peak 2 product results from an 

incomplete hydrolysis of the phosphodiester chain by T2 

RNase was examined. The nucleolytic activity of various 

RNases can actually be altered adjacent to the photoadduct. 

Resistant dinucleotide diphosphates containing a U-monoad­

duct can be detected fo~ shorter periods of T2 RNase di~es­

tion, and these have also been characterized by pap~r elec­

trophoresis (Bachellerie and Hearst, 1982). An HMT rnonoad-

duct of UpUp migrates only marginally slower than the cross­

link· between two uridine rnonophosphates (RF = .9J instead of 

.99). However, these compounds can be easily distinguished 

after dephosphorylation by BAP (RF = .50 for UpU rnonoad.duct, 

RF = 0 for U-U crosslink), thus providing a good .assay for 

monitoring the extent of T2 RNase digestion. In the exper­

iments described here, no .detedtable fraction of resistant 

phosphodiester linkages was observed. Another possibility, 

pUp-HMT, migrates significantly faster than peak 2. 

Photoreversal (first observed by Musajo et al., 1967) 

of peak 2 yields additional evidence for this assignment. 

Peak 2 can be completely converted to monoadduct which is in 

turn reversed. When J2p crosslink is reversed, the 32p is 

ultimately found as UMP and cUMP. If peak 2 contained par-

tially hydrolyzed monoadduct, reversal would lead immediate-
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ly to ID~T and other J2p products. 

Kinetics of peak 1 and peak 2 appearance were also 

studied during the initial period of 360 nm irradiation, 

when changes in ffivtT concentration due to photoreaction and 

breakdown can be neglected. While the rate of peak 1 ap-

pearance is linear with light dose, the rate of peak 2 pro-

duction is a quadratic function of light dose. This is pre­

dicted by the previous observation that crosslink formation 

is a two photon event (Johnston et al., 1977). 

The preferential reactivity with uridine agrees with 

the observations of Ou and Song (1978). They found that the 

major psoralen photoproduct in fluorouracil substituted tRNA 

involved fluorouracil.· Also, the absence of reactivity ob-

served for dihydrouridine agrees well with the hypothesis 

that the 5, 6 double bond of the pyrimidine is involved in 

the psoralen addition. This process is alsu clearly inhib-

i ted when this double. bond is sterically hindered by a C6-C·l 

ribose linkage· as in the case of pseudouridine • 

.besides uridine photoadducts, some minor products have 

been detected. Their mobilities agree well with predicted 

values ( •rable II) a a CMP-monoadduct was detected by irradi­

ating CMP, poly(C), or natural RNA and ·a U-C crosslink was 

detected by irradiating U monoadducit in the presence of CMP. 

Identification of the C-photoproducts was complicated by the 

fact cytidine deaminates readily when the 5, 6 double bond . ( 

is saturated by the addition of HMT. Th~s process is accel­

erated by heat but it occurs even at low temperature and 
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neutral pH •.. CMP monoadduct is then converted to UN~P monoad-

duct. Deamination has been observed previously with psora­

len adducts (Musaio et al., 1967), cyttdine dimers (Liu and 

Yang, 1978), and bisulfite adducts (Slae and Shapiro, 1G78). 

This urocess clearly interferes with determining the accur-

ate extent of cytidine photoaddition in natural RNA. In 

DNA, this problem can be solved because uridine adducts ari-

sing from cytidine deamination can be separated from thymid­

ine adducts (Straub et al., l081). The HifT adduct to guario-

sine was not obsereved in native RNA, either because of its 

low yield or its complexity. 

The exact nature of the guanine adducts was not eluci-

dated because of the number and low vield of uroducts. 'The 

fact that, at nH 1.5, most of the nrqducts had no mobility, 

suggests that the Hrf:T reaction introduces a nasi. tive charge 

on the ~uanine ring:. 'rhis would be the case if the 7, P 

double bond reacted, quarternizing the N7. 'rhis comnound 

would be unstable at a pH greater tr.an 7 (Townsend and Robir., 

l06J) and thus explain the difficulty in reproducing exact 

product urofiles. The glycosidic bond in such comuounds is 

als·o very labile (Lawley and Brookes, Jo6J) and, if broken, 

would produce similar results. The principal minor product 

of the guanine reaction has a mobility (Rp = .52) virtually 

identical to that Predicted for a simnle addition of HMT to 

GMP with no alteratior. in charge. This could occur by addi­

tion to the 6 carbonyl bond, for example. 

There are three other reports in the literature of 
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usoralen covalently reacting with a purine, two involving 

adenine and one involving inosine. Ou and Song (1978) used 

paper chromatography to separate the photoadducts formed 

in tRNA. Anything which did not leave the origin was 

assumed to be photoadduct. The composition of the photo-

adduct was determined by subtracting the amount of the 

nucleosides found in the photoreacted sample from that of 

a control sample. This type of indirect proof is not 

sufficient, especially since it has been determined that 

the presence of a psoralen adduct can markedly inhibit the 

rate of enzymatic digestion (Bachellerie and Hearst, 1982). 

It is more likely that adenine was simply adjacent to the 

photoadduc ts, •.vas not cleaved by the enzymes, and remained 

at the ori~in. Krauch et al. (1967) noted a low level of 

reaction of psoralen to poly(A). Unfortunately,~· critical 

control experiment was omitted so it is not certain whether 

the observed bindi.ng is real. These experiments employed 

Sephadex GlOO to separate unreacted psoralen from the 

polymers. 'rhe control where psoralen was irradiated, added 

to the polymer, and purified was not done. Hochkepuel and 

Gordon (1979) raported addition to inosine; and, while 

their results did not directly show the presence of an ino­

sine adduct, their evidence for a crosslink between poly(I) 

~nd poly(C) is plausible in light of the poly(G) reactivity. 

Examination of the putative intercalation complex would 

seem to indicate that the 7~8 double bond would be most 

favorably aligned. The difference in reactivity amorig the 
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purines woul~ then be explained by differences in the n 

electron structure or by the solution structure of the poly­

mers which allow differential access to the photoreactive 

bonds. The lack of reactivity at the nucleotide level tends 

to support the latter conclusion. Outside binding of psora­

len to the helix is unlikely as the sole explanation since 

poly(I)•poly(C) can be crosslinked. 

None of these possibilities explains the unusual behav­

ior of poly(G) in the presence of added salt. Unlike the 

addition of HMT to other polymers (chapter J), the ineorpor-

ation of HlVIT increases by a factor of two as the con:centra-

tion of NaCl is raised from 0 ·to 100 mfi,. Also surprising is 

the fact that addition of poly(C) (in conditions where the 

polymers should base pair) causes no change in the amount of 

HI'iiT added.. . While the answers to thes·e questions are no 

doubt interesting, these pro,blerns have not been pursued be­

cause of their unirn.portanc·e when cons.id.ering native RNA. 

Ass:i.gnment o.f isomers of U-monoa:dduct and U-U cross links. 

The numbe·r of possible isomers from the reaction of HMT 

with any of the bases is very large. Clearly, most of 

these would not be separable by paper electrophoresis. 

Nevertheless, high re~olution migration allowed the detec­

tion of three subspecies in the peak I (U monoadduct) compo-· 

nent obtained either from natural RNAs or U-containing syn­

thetic polyme-rs. However, only two of these· s·ubspecies can 

be detected after photoreact.ing with UMP. The r·easons. for 

an additional fast-migrating (RF = 0.66) U monoadduct in 
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the case of polynucleotides can be understood upon 

considering the RNA hydrolysis process itself. T2 RNase 

digestion involves the formation of a 2'-3' cyclic phos­

phate intermediate. The decyclization of this into the 

final 3' phosphate nucleotide is also catalyzed by the 

enzyme. Cyclic phosphate mononucleotides migrate slightly 

l:.ut significantly faster than the noncyclic form (not shown) • 

Our results are consistent with the fastest moving U mono-

adduct (Rp = 0.66) being a 2'-3' cyclic phosphate nucleo­

tide, the conversion of which is strongly inhibited by the 

presence of HMT. As expected, increased amounts of T2 

RNase promotes the conversion of Rp = 0 •. 66 species into 

Rp = 0.61 species. Also, the classical procedure of using 

acid to decyclize the phosphate (Sanger et al., 1965) 

allows us to perform the same· conversion. ·rhis assignment 

is in line with the inhibition of dephosphorylation of the 

fast moving U monoadduct (RF = 0.66). T.he dephosphoryla­

tion becomes possible once the decyclizing acid-treatment 

has been carried out. The short-UV light reversal experi­

ment reconfirms this identification, since the RF = .61 

U-monoadduct yields (32p) labeled noncyclic UMP and the 

Rp = .66 monoadduct yields (32p) labeled cyclic UMP (Table 

III). 

The pH 8 •. 8 electrophoresis data shed additional light 

on the assignment of the monoadduct subspecies. At pH 8.8, 

the 3' phosphate will contain two negative charges while 

the 2', 3' cyclic phosphate can only be ionized once. The 
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mobility cha~ge upon opening the cyclic phosphate is less 

than a factor of two (.53 to .82) because the cyclic phos-

phate has a smaller effective volume and is not retarded 

as much by the paper. For the same reason, these subspecies 

can be separated at pH 3.5. The Rp* =1.06 component 

migrates faster because it contains an additional negative 

charge caused by opening of the lactone ring to aS-hydroxy 

·acid (figure 9). This carboxylic acid is protonated at 

pH 3.5 and thus has only a minor effect on the mobility. 

The interconversion of Rp = .57 and Rp = .61 components 

at pH J.5 is thus caused by the opening and closing of the 

lactone. This process is slow compared to the time scale 

of electrophoresis and hence the comnounds can be separated 

because of their different effective volumes. The open and 

closed form of the lactone are in equilibrium at pH J.S, 

but onl.y the ope.n, deprotonated form is observed at pH 8 •. 8. 

The opening of the lactone ring has been observed pre­

viously (Kanne et al., 1982) and occurs only i.n adducts at 

the 3~4 double bond. Reaction at this bond destroys the 

pseudo-aromaticity of the ring and facilitates opening. 

Thus, at pH 8 •. 8, furan adducts have a charge of -2, coumarin 

adducts are -J, and crosslinks are -5. Cyclic phosphates 

complicate separation by lessening the charge so are removed 

by acid treatment prior to electrophoresis. 

The UV spectra, ability to form crosslink, and mobility 

at pH 8.8 all indicate that the Rp = .57 component is a 

coumarin adduct and the RF = .61 is a furan adduct. Short 
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Figure n: Equilibration of the coumarin adduct. At low pH, 

the coumarin adduct undergoes a reversible opening of the 

lactone ring. 3oth forward and reverse react\ons are slow 

(on the order of ~ours) at room temerature. At sufficient­

ly high nH, all of the adduct is driven to the onen form 

because denrotanation of the acid nrevents reclosure. 

• 
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enzymatic digestions also lead to the transient formation 

of 2', J' cyclic phosphates. This problem has arisen pre-

viously with unusual nucleosides, but it has not always 

been recognized (see, for example, Maden et al., 1975). 

More rigorous assignment of structure has been per-

formed on samples obtained by HPLC. NMR assignments were 

done by standard decoupling experiments and comparison 

to known structures. Complete details will be published 

at a later date. 

Dl and D2 are diastereomers of the furan monoadduct 

to uridine. One of these adducts arises from reaction 

above ( or on the J' side) of the uridine while the other 

comes from reaction below (or on the 5' side) of the uridine 

ring (figure 10).. Base adduct cannot be separated into two 

species because the chiral sugar is removed. The diastereo-

mers thus become e·nantiomers which are only separable using 

ehiral tools. The DNA analogs of these adducts have the 

same properties (Straub et al. ,. 1981). 

The equilibrium products have no equivalent in DNA 

adducts. Definitive structural analyses have not been pos-

sible because of the amount of' material available. Certain 

properties have become evident. The entire coumarin ring 

structure must be intact because the furan adduct absorption 

spectrum is observed. The sugar cannot be a factor since 

the base adduct also undergties the reaction. The equilibrium 

product is evidently more non-polar than the furan adduct 

because its mobility is less on the reverse phase column 
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Figure 10: Stereochemistry of the furan diastereomer mono­

adducts. ·rhe stereochemistry of the uridine adducts is 

shown, as determined by NMR and NOS enhancement. Norr\encla­

ture is from Straub et al. (1081)~ 
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and certain NMR resonances move to a more aliphatic region. 

The reaction probably will not be useful in devising chem­

ical means of cleaving psoralen adducts because of its 

requirement for strong acid or very long reaction time. 

Kinetics. The order of the reaction between UIV:P and 

HlV!T was determined by varying the concentration of UMP and 

determining the initial rate of reaction. If the amount 

of reacted material is very small compared to the total 

amount present, the following relation can be proven: 

)/ 0 = k[X]n 

The order of reaction, n, can be found by simply 

varying the concentration of the reactant in question while 

keeping all other factors constant and then measuring the 

initial rate. Figure 6 demonstrates that the reaction is 

first order in UMP~ The deviation from linearity at higher 

concentrations is caused by the breakdown of the above 

relationship becau.se of the large amount of P.MT reacted. 

It could also be caused by the presence of more than one 

type of mechanism for the reaction. 'rhe two lines shown 

in Figure 6 were obtained from a least squares fit of 

ln Yo = n lnLXl + c~ The slope of this line yields the 

best value of the exponent (order of reaction). For the 

four lowest concentrations only, a value of n = .99 was 

obtained. For all concentrations, a value of n = .90 fits 

the data best. 

A first order reaction was to be expected based on 

the similarity of reaction rates of UMP and poly(U). If 
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the reaction was higher order, the high local concentra-

tions of UMP in poly(U) would lead to increased reactivity. 

This rules out the possibility of an intercalation complex 

~or the simple systems studied here. 

The kinetics of formation of crosslink from monoadduct 

is shown in F'igure 5. The tremendous excess of UMP and CMP 

used causes the reaction to be pseudo first order in these 

components. The standard method of graphing first order 

reactions is to plot the logarithm of the initial concen­

tration of the starting material divided by the difference 

between the starting rna terial and product versus time. Tb•· 

fact that straight lines are produced for both reactions 

indicates that they are first ordet in monoadduct. 

The deviation from linearity observed is caused by 

the fact that not all o~ the starting material can be driven 

to crosslink. The monoadduct used in this experiment is 

derived from a mixture of E •. coli tRNAs. Only 80% can form 

crosslinks in these conditions. Thi~ could be the result 

of the presence of unreactive isomers of the monoadduct 

(those with the J,4 bond reacted) or photobreakdown products 

of the monoadduct which cannot react further but have the 

same mobility (e.g., photohydrates). 

Relative Merits of Different Techniaues. In previous 

studies of the reactions of psoralens with RNA and DNA, 

paper (Ou and Song, 1978) and thin layer chromatography 

(Pathak and Kramer, 1969) have been used to separate the 

photoproducts. These methods as well as changes in the 



-62-
absorbtion or fluorescence have been used to monitor the 

progress of reaction (Lown and Sim, 1978; Dall'Acaua et 

al., 1979). Although these techniques have been very use-

ful, we have found paper electrophoresis and HPLC to be 

more versatile in studying the complex products found in 

natural RNA as well as in monitoring the production of small 

amounts of products. HPLC gives much better resolution of 

products and allows better recovery of sample for further 

study than any other technique. Paper electrophoresis, 

while not giving as goodresolution, can separate the major 

photoproducts and can be used for large numbers of samples 

more easily. These techniques are far more accurate and 

informative than techniques used previously. 

The use of paper electrophoresis and HPLC has enabled 

us to e,xamine the reaction of HIVIT and RNA in great detail. 

The ability to detect extremely small amounts of product 

(as low as 1 picogram under ideal circumstances) has made 

it possible t.o examine the reactions under a wide variety 

of conditions. Reactions with model compounds have allowed 

us to understand the kinetics and specificity of reaction. 

This kno~ledge has led to a better understanding of the 

way in which HMT reacts with natural RNAs in vivo. 
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Chapter Three: 

Dependence of Psoralen Addition 

on the Conformation of RNA 

INTRODUCTION 

In order to take full advantage of psoralen's use 

as a structural probe, it is necessary to find both the 

specificity and the optimal conditions for the reaction. 

It has been apparent for some time that the most reactive 

base is uracil (Krauch et al., 1967: Pathak et al., 1974; 

Ou &. Song, 1978; Bachellerie et al., 1981). Only more 

recently has it become known that adjacent uracils_ in a 

weak helix in natural RNA are a particularly strong site 

for addition (Bachellerie & Hearst, 1982; Thompson at al~~ 

1981; Youvan & Hearst, 1982) .. In DNA, it has been suggested 

that an ·A--T si t·e is preferred· (Chandra e·t. al. , 197J ;. 

D.all 'Acqua et al •. ,. 1978). Optimal conditions for psCJ.ralen 

reacti.on with 5S· RNA (Thompson et al •. , 1981) .and Col El DNA 

(Hyde & Hearst, 1978) have already been described. Studies 

with synthetic DNA polymers have d·etermined relative reac­

tivities but only in a narrow range of conditions (Dall'Acqua 

e t al •. , 1979). Other studies. have examined even more heter­

ogeneous systems (Dall'Acqua et al~• 1969). 

We have chosen to study simpler systems in which a more. 

homogeneous, controllable structure can be obtained. We 

have examined a wide range of salt concentrations, temper~ 
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atures, and conformations for their effect on HMT incorpo-

ration. Circular dichroism and UV absorption spectroscopy 

have been used to correlate the structure of the polymers 

with HMT addition. This has been done with poly(U). 

poly(A,U)(random), poly(A-U)(alternating), and poly(A)+ 

poly(U) •. The synthetic polymers of adenine and uridine 

are worthwhile to study because they can adopt a variety of 

conformations and these have been well characterized by a 

variety of techniques (Stev:ens & Felsenfeld, 1964; Brahms, 

1965; Massouli~. 1968; Steiner & Millar, 1970; Arnott & 

Bond, 1973). The transitions between different conformations 

are sharp and easily monitored. This work was performed with 

Jean Pierre Bachellerie and Kathi Hall, and appeared in 

Biochemistry vol. 20, pp. 1363-1368, March 1982. 

MATERIALS A~lD METHODS 

All polymers except poly(A-U) we,re purchased from P.L. 

Biochemicals. Poly(A-U) was synthesized by a modification. 

of t·he method described by Chamberlin et al. , ( 1963). The 

reaction ( l •. o ml) was· done with 50 mM Tris ·HCl (pH 8 •. 0), 

1 ml\li MnC12 , 5 mM MgC12 ,· 10 mM ~-me·rcaptoethanol, 10 mM ATP, 

10 mM UTP, 10 mM KCl, 10 pg/ml poly(dA-dT)(P-L Biochemicals), 

1 AM 3' -0-methyl ATP, and 0.25 mg/ml E. coli RNA polymerase 

( a gift of Prof. Robert Woody and A. Young M. Woody of 

Colorado State University) for 2 hours at 37°. After reaction, 

the solution was phenol extracted three times, ethanol 

precipitated three times, dialyzed against 50 mM Tris pH 7.5 
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and 10 mM EDTA for 6 hours, followed by 6 hours with 1 mM 

Tris pH 7.5 and 0.1 mM EDTA. After ethanol precipitation, 

the sample was run through a Sephadex GlOO column and the 

void fractions combined and precipitated. The yield was 

800;~g. Aliquots of the reaction contained ~-32P]UTP or 

[or..32P]ATP (Amersham). Nearest neighbor analysis was done 

by digestion with T2 RNase (Sigma) followed by pa.per elec­

trophoresis at pH 3.5 (Bachellerie et al., 1981). Average 

length of the product was determined by electrophoresis on 

a 12% polyacrylamide gel (Thompson et al., 1981). 

3H-HMT with a specific activity of 4.0 x 107 cpm/.Mg 

was synthe.sized by s. Isaacs of this laboratory (Isaacs 

et al., 1982>". In some experiments, 5'(32P) labeled RNA 

was used. 1 mg of poly(U) was de·phosphorylated with 1 unit 

of calf alkaline phosphatase ( Boehringe:r-fv'lannheim) in 50 mlVI 

Tris pH 8 •. 8 at 37 ° for one hour·. The reac.tion mix was then 

phe·no1 extracted twice,. e·ther extracted, and ethanol precip-· 

itated. The polymer was redissolved in 50 mM Tris pH 8.j, 

lOmlVl MgC1.2 , and 5 mM DTT.. 50 _M.Ci of [i -J2P]ATP (Ame·rsham, 

3000 Ci/mmol) and 1 unit of T4 polynucleotide kinase 

(Boehringer-Mannheim) were added and incubated for 30 min 

at 37°. The mixture was phenol extracted, ethanol precipi­

tated, and run through a. Sephadex G-100 column. 

Unle·ss otherwise noted, all irradiations were perf~rmed 

with 200 .,Mg/ml of each polymer, 10 . .M.g/ml JH-HMT, 1 mM Tris 

pH 7.5, 0.1 mM EDTA for JO seconds or less. Irradiations 

involving poly(A,U) or poly(A-U) were done ·with 400 )-lg/ml 
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polymer in order to maintain the same amount of uridine 

in all cases. Samples containing both poly(A) and poly(U) 

were incubated at 50° for 1 hour and then slow cooled to 

·the temperature of interest. Each incubation took place 

for a minimum of 18 hours. Irradiations were done as 

d~scribed in chapter 2. 

After irradiation, samples were extracted twice with 

a 2x volume of chloroform, isoamyl alcohol (24al, v/v) and 

then ethanol precipitated twice. The precipitate was 

resuspended and counted in a solution of toluene, triton 

X-100, and water (6:Jal, v/v/v) with J.92 g/1 PPO and 0.08 

g/1 Bis-MSB. 

CD spectra we·re measured with a Cary 60 spectropolar­

imeter equipped with a 600J unit. The computerized data 

colle·ction system has been described previously (Brunner & 

Mae.stre, 1975). Data is presented as c1 -ER per mole of 

monomer, whe;re· s1 and [R are the extinction coefficients 

for left and right circularly polarized light, respectively. 

Ultraviolet absorption spectra were me·asured with a Cary 14 

spectrophotometer. In both instruments, the temperature 

of t·he sample was maintained with a circulating water bath. 

Melting curves for poly(A-U) were done with a Gilford 

Model 2527 thermoelectric temperature programmer. These 

were interfaced to a Commodore PET Model 2001 microcomputer. 

RESULTS 

Poly U. The incorporation of JH-HMT into poly(U) as 

a function of temperature at different salt concentrations 
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is shown in Fig. la. The unit of HMT incorporation on the 

vertical axis is the same for Figs. 1, 2, 4, 5, 6, and 7 

and is based on the reactivity of poly(U) in Tris-EDTA at 

25a (equal to 1). 

Random Poly(A,U). Figure J shows the incorporation 

of HMT into the random copolymer poly(A,U) in Tris-EDTA and 

in O.lM NaCl. Figure 4 shows the temperature dependence 

of the CD spectra for these two conditions. 

Alternating Poly(A-U). Before HMT incorporation 

studies were done on the alternating copolymer poly(A-U), 

its properties were determined in order to assure its 

authenticity. Nearest neighbor analysis using o<-labeled 

triphosphate:s showed that the po.lymer was over 99% correct. 

The· UV absorption spectra of both the coil and helix-were 

identical to pu.bli.shed s·pec:tra (Chamberlin et al., 1963) 

with is·os·bestic point·s at 279 nm and 295 nm. Carefully 

annealed· polymer showed a hyperchromism of 67.2% at 260 nm, 

whic:h is slightly large:r than. pre-viously observed. ( 65%) •. 

Fast cooled polymer showed a hype.rchromism at 260 nm of 

6) •. 4%. These measurements were done with 5 mM NaCl between 
'' 

20" and 80"'. ·The melting points with 5 mM NaCl (42.,) and 

100 mM NaCl (65°) were sharp. Circular dichroism spectra 

of the helix and coil forms were identical to those 

previously published (Gray et al., 1972). The polymer 

was between 500 and 2000 bases long. The temperature 

dependence of HMT incorporation, UV absorption, and CD are 

shown in Fig. 4. 

'·' . ., 
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Figure 1: 

a) The temperature dependence of HMT addition to po1y(U) 

at: no ~iaC1 (...,___.); 5 mM NaCl (~·-,-.··): 100 mM NaCl (·.·:---~-.); 

5 ml'( rJI~Cl 2 , 5 mM NaCl (!:> -c.) ; 50 miVi ~~:~c1 2 •• )00 miV: NaCl . (4\- -.t.) :. J 

b) ( '·:L_ ~R) 274 for poly(U) at 5 mWl N!gCl2, c; miVl NaCl 

c) (:' r,-~R)276 for poly(U) at so mN: ;'1gC., ,. .l2 ' 500 mM :~aCl <-~--,-,) 

and absorntion at 260 (•_.) 
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Fi.gure 2: 

a) The temoerature dependence of HMT addition to nolv(A,U) . . 
at: no NaCl (?--~:'); 100 miVI l'iaCl (-·4t): and 5 mM NaCl, 5 mM 

MeC 12 ( .... _ - "") 

b) (CL-.:~)270 for ool:v(A,U) wi.th no NaCl (- ... -~-·) and absorp­

tion at 260 nm (__.,) · 

c) C:.:L_.;H)260 for poly(A,U) at 100 mf'i! NaCl {->- -'-) and ab­

sorotion at 260 nm (8 _.,) 

' I 
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.. 

Figure J.: 

a) The circular dichroism snectrum of nolv(A,U) with no 
' ' ' 

NaCl at 5°(-), 10° (----), 20° (---·-), 40° (·····). 

b) T~e circular dich~oism spectrum of nolv(A,U) with 100 mM 

N aC 1 at 5° ( --) , 10 ° ( -- -- ) , 2 0 ° ( -·- - ·) , 40 ° ( · \ 
J • 



( 
-76-

(EL-ER) (o--o) (EL -ER)257 (o-- ~) 
max " 0'1 

0 0 00 
0'1 

I{) I{) 00 
I 

co """ .... 
00 

~ 
co 

0 >< 
0 ,o <.0 
I , 
I if -~~----- _.o 

I 
._,. ... -- I 0 o-- I 

~ , I , 
r1 o' 

I ' I 0 I C\J 
' I 
I 

0 

-
( ..-.) o9·z.v ( ..... )ogzv 0 

(.0 

0 
I{) 

I 
I 
I 0 ' I ~ 

' ' I 0 
9 r<> 

' I 

' 0 I 
I C\J 
I 

' ' f 0 0 
I 
I 
I 

<( 0 

0 0 
0 ... 

0 0 
0 I{) 

UO!~.D.JOd.JOOU I .lV'JH 



-77-

Figure 4s 

a) The temperature dependence of HfJTT addition to noly(A..:u) 

ats 5 rnM NaCl (• •) ,_ 100 mM NaCl (·~- -.-), and 5 mi'Il M~Cl 2 , 

5 mM ~ aC l ( '(-- - -._) 

b) U:L_:--R)rnax for noly(A-U) at 5 mM NaCl (!·- -r-) and absorp­

tion at 260 nrn ( •--) 

c) (\:L_JR)257 for noly(A.-U) at 100 !T'M NaCl ('"··- -···) and ab­

sorntion at 260 nm ( -----"·) 



-78-
Double-Stranded Poly(A)·Poly(U) and Triple-Stranded 

Poly(A)•2Poly(U). By proper choice of salt condition and 

molar ratio of homopolymers, it is possible to form either 

a double or triple helical structure (Stevens & Felsenfeld, 

1964). The HMT reactivity of double-stranded poly(U)· 

poly(A) was examined in a wide range of temperature and 

salt concentrations. After heating and slow cooling to 

the temperature of interest, an equimolar mixture of poly(U) 

and poly(A) was photoreacted with HMT at different salt 

concentrations and temperatures (figure 5). 

The rate of HMT incorporation into poly(A).poly(U) 

was examined over a wide range of salt concentrations as 

shown in Fig. 6. At 4a, the amount of incorporation fell 

logarithmically between 5 and 100 mM NaCl and then tailed 

off more slowly. The salt dependence at J7 ° was moni t.or.ed 

at two poly(A) to poly(U) rat>ios, lal and la2. The equi­

molar mixture· curve is virtually identical to that at 4'} 

except· that incorpora'.ti.on does not increase until 1.0 mM 

NaCl (the lowest salt at which the double--stranded complex 

is stable). The salt dependence of the mixture which 

contains only half as much poly(A) has the same shape at 

low salt but drops off more quickly at higher salt. 

In order to determine the rate of HMT addition to the 

triple-stranded poly(A) •·2poly(U), the amount of poly( A) 

was varied while keeping poly(U) constant. This is shown 

in Fig. 7. In conditions where the triple-stranded 

complex cannot form ( 25°, 10 mM NaCl) (Stevens & F·elsen-



c 
b ·--b 
"-
0 
0.. 
"-
b 
0 
c -
r 
~ 
:r: 

• 

150~--~~~--·~--~~~~~~--~~--~--~--~ 

100 

50 

00 

A 

o. 
··o· ···- • o· ~ · ~~·· o, .... -··1J 

' ., 
' 0 

' ' ' ' ' 

-I 
~ 

,.._ 
I{) 
C\J 

<{ 

o-- ~0---o-._ 
., 

0 

' ' o- ' ~...... ' 

40 

- ""0 ' ' ' 
' 

50 

o, 
'o 

' ' ' 

0.28 c 
0 

\ 
\ 

\ 
b, 

.... 

20 

Temperature 

~;._ --~.; 

' 0 
\ 
'I 
\ 
\ 1.5 

\ 

' o, 

' ' 1.0 

I h. 

r-11.4 'o ....... 
~ 
' \ 

\ 
\ 

A 
\ 

r-
1.0 

40 60 80 

-11\ 
r 

I 
11\ 

:::0 I - --.] 

1\) \.0 
m I 
U> 

-cr 
b 



-80-

Figure _2: 

a) The temperature dependence of HMT addition to poly(A)• 

poly(U) (equal mole amounts of each nolymer) at: 5 mM NaCl 

(•-•); 50 mM ~~aCl (o----·1 ); 1.00 mM :'~aCl (-~·· ··); 5 ml\'1 i'll.gC1 2 , 

5 mM NaCl ('<·- .. -) 

b) (l:L_;·R)26,G for poly(A)·'Ooly(U) at') m£•1 NaCl (c·· -;-)and 

absorption at 257 nm (----) 

c) ( L-· R)270 for noly(A) •poly(U) at 50 mM NaCl (·,.- ·.~.) and 

absorption at 257 nm (...-') 
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Figure 6: 

The concentration of NaCl was varied for nol:v(A) (200~-~e;/ml) 

and nolv(U) (200 /-~.g/ml) at 4° (·'-o) and 37° (':<- ·-.:) and for . ' . .. 

noly(A) (100 -~'e:/ml) and noly(U) (200 .·'~g/ml) at J7° (<:>-':.:;). 
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Figure z: 
Poly(U) (200."e:/ml) was mixed with varying amounts of poly 

(A) at: 25°, 10 mM NaCl (~·-:;); 4°, 10 mM NaCl (-x;--·."-); 4° 

and 25°, 100 mM NaCl (-•). 

" . 
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feld, 1964: lVIassoulie, 1968), a linear increase in the rate 

of HMT addition with added poly(A) is seen. The amount of 

HMT incorporated reaches a plateau at a molar ratio of 

slightly more than lal (A:U). In conditions where both the 

triple and double-stranded complexes can exist (25(>, 

100 mM NaCl) the amount of· HMT incorporated. increases only 

slightly with increasing poly(A) until a ratio of 1:2 is 

reached. At this point, the amount of HMT added increases 

quickly until an AlU ratio of lal is reached. This exper­

iment was repeated with the same salt conditions but at 

4°. At 100 mM NaCl, the incorporation profiles are iden­

tical at the two temperatures. At 10 miVI NaCl, the rate of 

addition is lower than would be predicted for a double­

stranded complex below a 1:2 ratio of'AaU. This effect 

is not nearly as dramatic as at 100 mM NaCl. 

DISCUSSION 

The conditions used to· photoreact HMT wi.th RNA in 

this study we·re chos.en to be as gentle as possible. The 

irradiation was short in order to prevent crosslinking. 

Quantitation of crosslinks by paper electrophoresis of 

hydrolysates (Bachellerie et al., 1981) showed there was 

a negligible amount. The binding constant of HMT. is 

sufficiently low (Isaacs et al., 1977) that the noncova­

lently bound HMT has a minimal impact on the polymer 

structure. This is not true for intercalators with a 

higher binding constant such as ethidium bromide. Ethidium 

bromide can unfold the tertiary structure of tRNA but 
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stabilizes other polymers {Urbanke et al., 1973). It has 

also been shown to disproportionate triple-stranded 

2poly{U)·poly(A) at high concentrations (Bresloff and 

Crothers, 1981). HMT does not have as large an effect 

because not as many molecules are bound. 

Ultraviolet absorption and circular dichroism are 

useful probes for studying the structures of our RNA 

systems because they monitor different aspects of the 

geometry. UV absorption measures mainly the stacking 

between bases and hence is a good method of observing 

secondary structure, but it is relatively insensitive to 

higher order structure. CD, on the other hand, arises 

principally from the interaction between optical transi­

tions of the bases. The theory for predicting the s.truc-

tural changes whic:h are occurring ~hen the CD changes is 

not well advanc·e.d ye,t, but progress is being mad.e (Greve 

et al., · 1978). 

Po.ly(U). In low salt·, poly(U) has no se.condary 

s·tructure. At 0.1 M NaCl, poly(U) is o.ptically identical 

to the polyme·r at· low salt but the level of HMT addition 

is slightly elevated, particularly at low temperature. 

This could be caused by a small amount of structure which 

is not discernible by CD. 

When 5 mM MgC12 is pres.ent, CD indicates that poly(U) 

has secondary structure. This is not apparent from the 

UV absorption, however. The latter is a result of the 

poor base stacking properties of uridine. Thrierr et al. 

.. 
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(1971) have.shown that poly(U) folds back on itself at 

high salt to form a double-stranded structure. Even 

though the base pairing has been shown to be much differ­

ent than the classical Watson-Crick type (Young & Kallen­

bach, 1978), HMT can intercalate and react with the 

uridine. The CD spectrum suggests that the helix is an A~ 

form, similar to normal double-stranded RNA. It is not 

clear whether the intercalation site in the poly(·U) is 

essentially the same as in other polymer structures. At 

very high salt (500 mM NaCl, 50 mM MgC12), both absorption 

and CD spectra indicate a stable structure exists. In 

fact, the structure in the poly(U) is stabilized so much 

that int·ercalation is made difficult. Because intercalation 

is accompanied by an unwinding of the helix ( Wies·ehahn & 

Hearst, 1978) and a lengthening of the RNA, anything which 

s·tabiliz.es the helix and condenses the RNA will inhibit 

inte~rcalation.. .A1 t·hough the rate of' HMT addition falls 

at these high salt concentra.tions, it is still higher than 

i.n the randomly coiled poly( U). 

Random Poly(A,U). As determined by CD, the structure 

of the random copolymer poly(A,U) is substantially differ­

ent in no NaCl and 100 mM NaCl. In Tris-EDTA, the CD is 

characteristic of a B-form structure with positive and 

then a negative band of approximately equal strength ( a 

conservative spectrum) (Tinoco et al., 1980). This type 

of CD is very uncharacteristic of double-stranded RNA. 

Since the ionic strength is low and would not shield the 
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phosphate charges effectively upon double strand formation, 

it is uncertain that any base pairing is present. The 

spectrum is more like that observed with adenylate 

oligomers (Brahms et al., 1966). As observed with these 

oligomers, the peaks decrease in intensity and are red-

shifted with increasing temperature. Since short runs of 

adenines are present in the polymer, it seems likely that 

this type of interaction could be occurring. Neither 

the CD nor the UV absorption predict the temperature 

dependence of the HMT incorporation. It is possible that, 

everi.in the absence of base pairing, the stacking of 

adenines is sufficient to create local order in the 

uridine re.sidues at very low temperatures. This ordered 

structure would allow intercalation and reaction. 

Because uridine does not s·tack well, its contribution to 

the change in the CD and UV a.bsorption would be small. 

The CD of poly( A ,.U) in 0.1 M NaCl is more complex. 

It is much more like the normal A-form RNA spectrum with 

a large positive band and a small negative band (noncon­

servati ve spectrum). The·re are clearly at least two 

components in the positive band. It seems likely that 

normal Watson-Crick bas~-pairing is present, although 

the type of s·tructure postulated for the low salt 

poly(A,.U) could also be present. The large change in 

optical properties occurring between 20° and 40" is 

probably caused by a loss of base-pairing. The· drop in 

HMT incorporation is not as sharp, but falls almost 
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linearly between 5° and 40°.-

Alternating Poly(A-U). Although the shape of the 

CD for poly(A-U) suggests an A-form helix, there are 

differences between it and the normal RNA spectrum 

(Gray et al., 1972). Below the melting temperature, 

UV absorption is essentially constant while HMT incor-

poration and CD decrease somewhat with increasing 

temperature. Of the synthetic polymers studied, 

poly(A-U) has the highest rate of HMT reaction, with 

over 1000 times more HMT incorporated than poly(U). In 

DNA, it was also observed that the alternating purine­

pyrimidine polymers had higher reactivities than the 

homopolymers (Dall'Acqua et al., 1979). This does not ap­

pear to be caused by the rate of dark binding. Binding 

of ethidiurn bromide to hornopolymers is much higher than 

to al te.rna.ting purine-·pyrimidine polyme.rs. ( Bre,sloff 

and C.rothers:, 1981) • Apparently, the alignmen:t of 

phot·oreactive bonds. is better in alternating struc.tures·. 

Doubl.e.-Stranded Poly(A) •·Poly( U) and Triple-Stranded 

Poly(A) •2Poly(U). W·hen poly(A) and poly(U) a·re mixed in 

equal proportions in the range 5-·100 mM NaCl ,. the CD 

spectrum indicates that the polymers adopt an A--form 

geometry. The CD spectra are more complex than normally 

associated with this geometry, but contain many A-form 

features. In both 5 an~ 50 mM NaCl, the HMT incorporation 

falls off at temperatures slightly below the optical 

melting temperatures. 

:-, 
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Poly(A) and poly(U) are also capable of forming 

triple helices. Depending on the salt, temperature, and 

molar ratios, single-, double-, or triple-stranded 

complexes may be present in solution. We have examined 

conditions in which the double-stranded complex is the 

most stable over all molar ratios of A:U and conditions 

in which either the double- or triple-stranded complex 

can form, depending on the ratio in which the polymers 

are mixed. Although conditions exist in which only the 

triple helix is stable, very high salt and temperature 

are necessary. This produces very low levels of HMT 

inc·orporation and thus changes are not easily measured. 

At 10 mM NaCl and 25c, only the double-stranded 

complex is stable. As expected, Hiv'lT incorporation in-

creases line-arly with poly(A) added (Fig. ?). Once all 

o.f the poly( U) has be·en base paired to poly( A), the 

incorporation levels off. In conditions where both 

double- and triple--stranded complexes can form ( 100 mM 

NaCl at 4° and 25:7 • 1.0 mM NaCl at 4°), HMT incorporation 

is not a simple function of poly(A.) added. In all case·s, 

the amount of HMT reacted is su.bstantially lower with 

the triple helix than would have been predicted for a 

double helix. When sufficient poly(A) has been added 

to start formation of double-stranded molecules, the 

level of HMT incorporation rises dramatically. 

At 10 mM NaCl and 4°, the incorporation curve can 

be approximated by two straight.lines. If the line 
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connecting the points up to a poly(A)/poly(U) molar ratio 

of 0.5 is extrapolated, it predicts that the plateau 

value for HMT incorporation would be one half of what it 

actually turns out to be. One interpretation of this is 

that the strand of poly(U) which is involved in Watson­

Crick base pairing reacts normally while the strand which 

is in the major groove running parallel to the poly(A) 

(Arnott & Bond, 1973) does not react to an appreciable 

extent. At 100 mM NaCl, the third strand could be so 

tightly bound that it inhibits reaction of both strands 

of poly(U). Alternatively, the structure of the strands 

which are involved in Watson-Crick base-pairing might be 

perturbed suffic ient·ly that the phot·oreacti ve bonds are 

not aligned corre,ctly after intercalation occurs. 

E:v:i.d·ence for reduced incorporat'ion after triple­

strand formation may als.o be seen in Figure 6.. At J7° 

and a. 1::1 ratio of po.lymers, double·-·s·trand:e'd complexes 

form at all salt c·oncentra tions above 10 mM. At a la2 

(A aU) ratio, the s:i tuation is more complex.. At 1 and 

5 mM NaCl, only singl.e strands are present. Only single­

and d·ouble-stranded molecule·s should be present from 10 

to JO mM NaCl. As expected, the lower amount of poly(A) 

leads to reduced incorpora.tion of HMT ( 50-60% of the lal 

ratio). Above 50 mM NaCl, both double and triple strands 

should be present. The amount of HMT incorporation 

relative to the lal ratio drops .. At 50 mM NaCl, the 

level of incorporation is 40% of the lal mixture,' 25% at 
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75 rnM NaCl, and less than 15% at 100 mM NaCl and above. 

The fact that the triple-stranded poly(A)•2poly(U) 

is much less reactive to HMT than the double-stranded 

complex is not surprising. X-ray diffraction studies 

have shown that the triple helix has virtually the same 

radius and pitch as the double helix (Arnott & Bond, 1973). 

It is thus much more condensed and difficult, if not 

impossible, to unwind. It seems probable that a margin­

ally stable_ triple helix does allow some intercalation, 

possibly with the third strand looping out. Another 

possibility is that imperfections in the helix arise which 

allow double-stranded regions to exist. 

Insight into how RNA conformation affects reactivity 

can also be gained by examining the types of HMT adducts 

formed as well as -t·he numbe.r. This has been done for a 

number of polymers, as shown in table I, using paper 

e·le·ctrophore·si.s at. pH 8.8 for separation. The same exper-

iments, us:ing HPLC for separation, have· been done for a 

smaller set of polymers. It should be noted that the 

numbers obtained by the two methods are in qualitative, 

but not quantitative, agreement. One reason for this 

discrepancy is the fact that samples tested with both 

methods have not been prepared in identical fashions. 

Also, and perhaps more importantly, is the problem of 

decomposition of the coumarin-adduct. As mentioned in 

chapter 2, this adduct opens up to form· an acid. This 

is very unstable and makes HPLC analysis particularly 

;.· 
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difficult b~cause the charge grossly affects the mobility. 

The two methods can be reconciled if the material which 

is unaccounted for (in the void volume or unrecoverable) 

is attributed principally to coumarin adduct. A more 

careful, complete analysis should resolve this problem. 

Despite the lack of quantitative agreement between 

methods, paper electrophoresis is reproducible and can 

yield important information. The fraction of coumarin 

adduct which cannot be driven to crosslink varies over a 

factor of ten. The only completely unstructured polymer, 

poly( U), has the largest amount. Uridine and UlVtP have 

even larger amounts of coumarin adduct. · This indicates 

that, as predicted by quantum mechanical calculations 

(Song et a1., 1971)~ the J,4 bond is inherently more 

reactive than the 4' ,5' bond. As the polymers become 

more structured and more reactive, there is· a gene·ral 

decrease in the fraction of coumarin adduc.t. This 

indicate's that the geometry of the intercalation c·omple·x 

is the principal driving force in de.te·rmining reactivity. 

The effect of the NaCl c·oncentration on the fraction of 

coumarin adduct is small (when comparing the same polymer) .•· 

'rhe time· dependence of coumarin adduct formation 

ind~cates there is more than one class of reactive site. 

With poly(A,U) and poly(A-U) at both 5 and 100 mM NaCl, 

there is a matked increase in coumarin adduct with time. 

With poly(A)+ poly(U), there is a slight decrease in 

coumarin adduct at longer times. If all reactive sites 

. .,., 



Table 1= Conformation dependence of uhotoadduct nroduction 

Polymer 

Poly(U) 

Poly(U) + 
500 mM MgC12 

Poly(A,U) 

folv(A,U) 

Poly(A)•Poly(U) 

Poly(A)•Poly(U) 
@ 20° 

Poly(A)·Poly(U) 

Poly(A)"2Poly(U) 

Polv(A-U) 

Poly(A-U) @ 20° 

')S RNA 

')S RtiA @ 20° 

[NaCll (ml\'!) 

0 

50 

0 

100 

5 

5 

100 

100 

5 

5 

5 

s 

Fur an 
Monoadduct 

0.5 min lC min 

qq.) 

0 5,1 

PO.l 

7R.o 

8L~. 8 

nq.6 

44.5 

)2.5 

65.'5 

54.6 

78.7 

77.5 

70.8 

70.4 

PBJ~ 

o4.F 

70.1 

81.0 

Coumarin 
lVlonoadduct 

0.5 min 10 min 

o.q 

4.0 

].().() 

21.1 

1.').2 

0.4 

30.6 

22.7 

11.0 

12.0 

10.0 

21.) 

17.6 

12.') 

J. 1 

o.o 

Q .1 

6.4 

Crosslink 
0.5 min 10 min 

0 

0.7 

0 

0 

0 

0 

24.o 

44.) 

21.5 

12.~ 

2.1 

1.1 

2.6 

17.) 

10.0 

4.2 

20.8 

12.6 

Irradiations were performed for the time indicated at 5°, unless otherwise stated • 

• ! '\, 

I 
'-!) 
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were identical, there should be no change in the fraction 

of coumarin adduct. As expected, there is very little 

crosslink formed at short times. 

The amount of crosslink formed is also highly depen-

dent on conformation. Perhaps the most surprising result 

is the small amount of crosslink in poly(A-U~ where every 

furan adduct is a potential crosslink. In the analogous 

DNA polymer, using the same conditions, more than 90% of 

the furan adduct is converted to crosslink. (Kanne et al., 

1982). This clearly demonstrates that reactivity is not 

simply determined by the availibility of a site but also 

requires the correct conformation. Equally surprising 

is the large amount of crosslinking in random poly(U). 

This aptly demonstrates the dynamics of the polymer in 

s:olution, as remote parts of the molecule must come in 

close contact with the IDiiT adducts to permit crosslinking. 

T.he amount of cros·slinking in poly(A) ·poly(U), while very 

small, indicate·s there must be imperfections in the he·lix 

or breathing motions which allow two uridine·s to crosslink. 

While the temperature and salt effects on the amount 

of coumarin adduct formed are small, the effects on 

crosslink formation are larger and more uniform. In the 

two cases where comparison can be prope·rly made (poly( A) • 

poly(U) and poly(A-U)), increasing of NaCl from 5 to 100 

mM increases crosslinking_by about 10%. Temperature has 

a more profound effect. Increasing the temperature from 

4° to 20° decreases crosslinking by J9 to 68%. Clearly, 
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crosslinking .is not dependent solely on thermal breathing to 

allow the correct conformation (which would be higher at 

higher temperatures). The low temperature structure must 

simply be a better structure for crosslinking. 

HPLC allows an even more detailed analysis of products 

to be made, but these experiments have not been done system-

atically. It is noteworthy that the amount of each of the 

two diastereomers which make up the furan adduct varies con-

siderably in the three polymers tested. Yeast tRNA yields 

equal amounts of the two while poly(A)•poly(U) in 5 mM NaCl 

has a 021Dl ratio of 10:1 and poly(A,U) at 100 mM NaCl has a 

ratio of la2. The significance of this is not yet clear but 

it may eventually be possible to glean structural informa-

tion from·this type of data. 

In the tremendous variety of conditions used in these 

expe:riments, we never found the amount of HlV1T incorporated 

into poly'(U) to be lower than that found in the random coil •. 

This implies two types of reaction. '!'.he preferred mode of 

reaction is preceded by intercalation (Dall'Acqua et al., 

1978a; Tjerneld e·t al. ,. 1979). This allows 'TT bond stacking 

which stabilizes the structure such that the reactive bonds 

of the HMT and uridine are optimally situated for photoreac­

tion. This can lead to a high rate of incorporation as seen 

in poly(A-U) at low salt and temperatures Clearly, this 

type of interaction cannot take place when poly(U) is in a 

random coil or a very tightly packed helix. It is unlikely 

that any type of overlap between the base and the !WiT could 

.•. 
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occur in a tight helix, so the low level of reactivity must 

arise from either random encounters from the solution or 

some type of weak, outside binding. HPLC analysis of the 

stereoisomers of the monoadducts produced with each compound 

should prove useful in determining the type of interactions 

taking place. 

From this study, it is obvious that certain types of 

helical structure accelerate the reaction of' HMT with RNA. 

In general, low salt and low temperature favor HMT reaction. 

These conditions lead to a relatively weak helix which can be 

easily unwound.. When salt is added, it becomes difficult for 

the drug to intercalate between the more tightly packed base 

pairs. Magnesium has a particularly strong inhibitory· ef-

feet.. The fact that HMT reactivity is in.timately linked to 

RNA structure is further exemplified by the same type of log·-

ari thmic dependence on salt c·oncentra tion as is observed for· 

me·l ting temperature (Dove and Davidson, 1962) • At higher 

temperatures,. the thermal fluctuations in the RNA shorten 

the lifetime of· the intercalation complex and thus lower the 

reaction rate. Temperature has a greater effect on the dis­

sociation constant than on the association constant (Hyde 

and Hearst, 1978). In more complex systems~ these general­

ities do not always hold true. For tRNA, an increase in HMT 

reactivity with increasing temperature was observed at one 

salt concentration because of unfolding of the tertiary 

structure (Bachellerie and-Hearst, 1982). 

Changes in the rate of HMT incorporation could not be 
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perfectly predicted by either CD or UV absorption transi-

tions. 'rhese three probes of RNA conformation are influ-

enced by different aspects of structure, so it is not sur-

prising that they yield slightly different results. It is 

not trivial to extrapolate the structure-reactivity relation-

ships found in synthetic polymers to the more complex RNAs 0f 

biological interest. Also, there are many structures found 

in natural RNAs that cannot be duplicated with synthetic 

polymers. Despite these complications, study of these model 

compounds does provide insight into what types of factors are 

likely to influence l~1T reactivity. Combining the knowledge 

of what conformations are most reactive to Hfi1'r with the 

known base specificity (chapters 2 and 6) should allow work-

ers to choos& systems and conditions which are most likely to 

yield worthwhile results. 
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Chapter 4: 

Crosslinking of RNA by Different Psoralen Derivatives 

INTRODUCTION 

The aspects of RNA primary and secondar~ structure 

which affect psoralen reaction have been dealt with in the 

nreceding chapters. Equally important in optimizin~ cross­

linkin~ conditions is the effect of psoralen structure. As 

mentioned in Chanter 1, there are a number of asi.Jects of the 

psoralen reaction which determine t~e total amount of cross­

link. Previous studies have examined these features (water 

solubility, nhotobreakdown rate, nhotoarldition rate~ binding 

constants) in detail (Isaacs et al., 1077; 1082). 

Different substituents on the nsoralen ring have dram-

atic effects on the dark and light reactions. For examnle, 

R-methoxy derivatives have a IT'UCh lower nhotobreakdown rate 

than other rysoralens (Isaacs et al., lOR2) whi.le tri_methyl 

derivatives yield a much lower percentage of coumarin add­

ucts (Kanne et al., 1082). Understanding of these, and oth-

er nhenomena, will require analysis of a much larger number 

of derivatives. 

The purnose of this particular work is not to gain a 

detailed knowledge of how the various derivatives react, but 

simoly to see which are most efficient at generatin~ cross-

links and whether different derivatives nroduce a different 

set of crosslinks. This was accomnlished by electronhores­

ing crosslinked RNA in denaturing conditions. The changes 
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in electrophoretic mobility induced by crosslinkin~ of RNA 

by nsoralen are diagnostic for each crosslink and thus vari­

ous psoralen derivatives (or other crosslinkers) can be 

quickly assayed for both efficiency and tyne of crosslink. 

MA'rERIALS AND M:2:·rHODS 

Drosonhila melanogaster 5S RNA was nrenared and label-

led ~s in Chapter ~. Psoralen derivatives used were synth­

esized as in Isaacs et al. (1077, 1082). Gels co~taining 

12% nolyacrylamide were made as in Chanter 5. Irradiations 

at J60 nm were done as in Chanter 2. Length of trradiation 

varied for the different derivatives and was long enough so 

that greater than ao% of the original psoralen had either 

covalently added to the RNA or had broken clown. "Irradia­

tions at 4R8 nm were done with a Snectra Physics Model 164 

Ar~on Ion Laser using the 488 nm line at 1.8 W for 20 min. 

Durin~ this time, all of the comnound ( AZ·r) had broken down 

or added to the RNA~ Samples were irradiated in a water 

iac~etted cuvette at 5° to minimize heating effects. 

RESULTS 

The nsoralen derivatives used in this study are oic-

tured in Figure l. The nroper chemical names are listed in 

the table of abbreviations. The derivatives, which have a 

wide range of substituents, can be out into two general cat-

egories. ·rhe first ,e:roup consists of those which can only 

covalently react in a manner identical with the narent nsor-
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AMT 

AZT 

HEP 

l'MT 

PMT 

ANG 

CMT 

HMT 

OCH3 

8MOP 

OCH3 

PMX 

• 
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Figure 1: Structure of ~soralen derivatives. The chemical 

structures of ·all the psoralen derivatives referred to in 

this chanter are shown. Prouer chemical nam~s are listed in 

the table of abbreviations. 
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alen, i. e. ~hrough the formation of a cyclobutane bridge 

involvin~ the 4', 5' or the 3, 4 double bond. The second 

group, made un of CMT, IMT, and AZ~, also contain other 

functionalities which can react with other narts of the RNA. 

IMT and CMT are alkylating reagents and will react in the 

dark with the N7 of guanine or the NJ of adenine. The hy­

drolysis of IMT or CMT to ill~T competes with the alkylation. 

At 0°, all of the nsoralen has either reacted with the RNA 

or hydrolyzed within one minute. CMT is about five times 

more reactive with poly(G) than with poly(A) while poly(C) 

and noly(U) are virtually non-reactive. tRNA and 5S RNA are 

only sliehtly reactive, desnite the presence of potentially 

re~ctive purines (see also Chanter 7). AZT contains a nhen­

ylazide group which, upon excitation at 450-500 nm,·decom-

poses to a highly reactive nitrene which can insert into any 

C-H bond.. The electronic transitions of the nsoralen and 

nhenylazide chromophores do not overlan so either one can be 

selectively excited without destroying the other. 

In lanes 3 and 12, the reaction of HMT with Dros·ophila 

5S RNA is shown (Figure 2). Two major and one minor band 

can be seen in addition to the normal 5S band. These addit-

ional bands represent molecules containing different cross-

!inks~ It is possible that the minor band actually contains 

two crosslinks (those found in the major bands). None of 

the nsoralen derivatives of the first group yield crosslinks 

other than those found in these three bands. R-MOP and AZT 

(when reacted only at J6C nm so the azide group is not ac-
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Figure £: Mo.bili ty of crosslinked 5S RNA. Drosophila mel-

anogaster 5S RNA was crosslinked with the compounds shown 

and then run on a 12% polyacrylamide, 7 M urea gel at high 

ternnerature. The xylene cvanol marker dye migrated through 

the gel twice. The compounds used, the length of irradia-

tion, and concentratibns are listed below. 

Time of Irradiation 
(min) 

Lane Comnound Concentration (.-'1g/ml) }60 nm 488 nm 

1 ANG 40 20 

2 8-NiOP 40 120 

3 HMT 20 30 

4 AMT 100 30 

5 HviX 100 120 

6 HiiT 100 120 

7 AZT 40 20 

8 AZT 40 20 20 

9 AZT 40 20 

10 AZT 40 20 20 

11 HEP 100 120 

12 ~T 30 20 

13 IMT 30 20 

14 AJ.V!T 30 20 
.. 
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tivated, lane ?) give the major crosslinks, albeit at reduc-

ed yield. ANG and HEP samples do not show any chanE?;e from 

control samples. The positively charged derivatives show 

two types of behavior. PMX yields a small amount of one of 

the major crosslinks while the remainder of the 5S has a 

small but noticeable retardation in_mobility. This is 

caused simply by the neutralization of the phosphate nega-

tive charges by the PMX bound. PMT, on the other hand, 

yields none of the major crosslinks and has a more pronoun-

ced effect on the mobility of the 5S band. Clearly, there 

are at least a few PMT molecules bound to each 5S as mono-

adducts. There i.s also a small arrount of material Which 

does not enter the gel. This same nhenomena i.s observed 

with AMT at low doses (lane 14). At hi~her doses (lane 4), 

none of the material enters the gel. Because of the size of 

5S RNA, it seems unlikely that a simnle crosslink would pre-

vent entrance into the ge~. More likely, two or more 5S RKA 

molecules are crosslinked together. The nositi.ve charge of 

the AMT (or PMT) neutralizes the normally repulsive interac-

tion between phosphates and facilitates close approach. In­

deed, Rabin and Crothers (unnublished results) have found 

that, using AMT, the stems of two 5S molecules can stack on 

each other and be covalently linked. 

When AZT is irradiated only at 488 nm, no crosslinks 

are observed. If all the unbound AZT is then removed from 

this sample and irradiated at 360 nm, the two major cross­

links are observed. If the sample which was irradiated 
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first at J60 nm is subsequently reacted at 488 nm, no new 

crosslinks are observed, but the pre-existing ones increase 

slightly in intensity. If IMT is reacted thermally, unbound 

drug removed, and irradiated at J60 nm, none of the major 

crosslinks are observed, but a small amount of a new cross-

link can be seen. 

DISCUSSION 

Electrophoresis of Crosslinked Nucleic Acic.s: Anomalous mo-

bility of psoralen crosslinked DNA (Cech, 1Q81) and RNA (Wo-

llenzein and Cantor, l082) in ~el electronhoresis has been 

observed ureviously. Cech found that the mobility of cross-

linked DNA was decendent on the number of crosslinks, the 

size of the DNA, and the per cent aearose in the alkaline 

gels. In heavily crosslinke~ samnles, the apparent molecu-

lar we~ght of all sizes of DNA was anproximately 1.35-1~51 

times that of uncrosslinked DNA and was ir..dependent of agar-

ose concentration.. Because the psoralen holds toeether com-

nleme·ntary strands even in the absence of base-pairing, the 

crosslinked DNA should have twice the molecular weight of 

sin~le stranded DNA. In heavily crosslinked samPles, the 

DNA is constrained to a much srr.aller volume than normal. 

The size of the lOOT>S caused by unnaired bases is very small 

comnared to the total length of DNA thus i.t can migrate 

through the pores in the gel more easily than a single-stra~ 

nded molecule of equivalent molecular weight. In samples 

which have only a single crosslink, t~e behavior is more 

... 
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complex. DNA.up to about 2 kb has an apparent molecular 

weight of 2.0!0.1 times the single stranded molecular 

weight. This result shows that a single crosslink has no 

apnreciable effect on the volume of DNA. As the size of the 

DNA increases above 4 kb, the apparent molecular weight in-

creases dramatically. This occurs because the DNA size has 

anproached the pore size of the gel. Many of the pores 

present in the gel are simnly too small for the DNA to nass 

through. A similar phenomenon was observed by Mickle et al. 

(1G77) for relaxed circular DNA. At approximately 18 kb, 

the circular DNA could not enter a~arose gels. This con-

trasts with the results of Roberts and Friedlos (1G82) who 

found that large DNA crosslinked by cisnlatin migrated in an 

alkaline sucrose ~radient just as would be exnected for its 

molecular weight. When there is either a large nore rela-

tive to the size of the DNA (Cech. 1981) or there is no 

pore, even for very large DNAs (Roberts and Friedlos, lG82). 

no alteration in mobility occurs. 

At first glance, it would appear that a contradiction 

arises when it is stated that, in some situations, cross-

linked DNA has the same volume or anparent molecular wei~ht 

as normal DNA while, at other times, there is a large diff­

erence in the effective volume. In fact, the dynamic nature 

or randomly coiled Dl\A readily accounts for this. Whenever 

uncrosslinked DNA encounters the ~el lattice, it can easily 

change its shane to move with the voltage gradient. Cross-

linked DNA, on the other hand, is covalently fixed. X 
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structures, arising from double stranded DNA, or loop struc-

tures, arisinE from single stranded RNA, cannot as easily 

deform and thus cannot migrate as readily. 

Wollenzein and Cantor (1982) took advantage of these 

~ross changes in mobility to separate different crosslinked 

structures in l6S RNA. The relation between loop sizs and 

mobility is very complex and will reauire rnuch more analysis 

before the migration of a ~iven crosslink can be predicted. 

Intuitively, larger loons should cause larger mobility 

changes. The lengths of the tails of the loop also play a 

major role, however. Longer ends would make it more diffi-

cult for a molecule to backtrack if it was trapped in a pore 

too ~mall for it to nass through. 

All of the studies mentioned thus far have used condit-

ions so extreme (alkali or 98% formamide) that no base-nair-

ing could possibly exist. When crosslinks are run under 

milder conditions (e.~· 7 M urea), great care must be taken 

in int·ernreting the prese-nce of secondary structure. Even 

uncrosslinked secondary structure can exist in the standard 

7 M urea nolyacrylamide gel (Frank et al~, 1G81). The fact 

that a crosslink can stabilize a normally unstable helix has 

been used to advantage in isolating and analyzing cross-

linked fragments {~wieb and Brimacombe, lOAO; Turner et al., 

1982; Chapter 6). In chapter 6 and Zwieb and Brimacombe 

(lqBo), crosslinks were used to stabilize helices in mild 

conditions and then fragments were isolated by electrophor­

esing in denaturing conditions. Turner et al. (lq82) found 

.. 
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that nsoralen crosslinks stabilized hairpin structures in 

7 M urea. When the crosslinks were reversed and the mater-

ial run under the same conditions (7 M urea, 6°), hairpin 

structures which had been stabilized by crosslinks became 

denatured and migrated niore slowly in the gel. 

The effect of psoralen monoadducts on mobility is much 

simnler. An W~T monoadduct attached to short oligonucleo-

tides retards the mobility by the equivalent of two nucleo­

. tides (Chanter 5). Longer pieces of RNA are similarly re­

tarded (3achellerie and Hearst, 1082). Presumably this 

occurs because of hydronhobic interactions between the HWT 

and the ~el lattice. Positively charged derivatives would 

furt"l:er slow down any RNA fralSffient. 

While the above data show that the nositions of cross-

links cannot be nredicted based on mobilities in a e-el, it 

is clear that different crosslinks can be resolved. Thus, 

with nroner choice of acrylamide concentration and care t·o 

ensure denaturing conditions, crosslinking within any RNA 

by any reaeent, ~soralen or otherwise, can be assayed •. 

Crosslinking Properties of Different Fsoralert Derivatives: 

As shown in Figure 2, it is clear that HMT is the best 

crosslinking agent for Drosonhila 5S RKA. Other RNAs have 

not been assayed systematically so it is possible that other 

RNAs might give different results. However, crosslinking of 

Drosonhila 18S and 5S RNAs follows the same qualitative pat­

tern observed here (Chapter 7) so it seems likely that simi­

lar results would be obtained with different systems. 
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While the yield of crosslinks generated by various de-

rivatives approaches that of HN.T tn some cases, no other 

derivative which reacts soleJy through the normally reactive 

double hands produces any different crosslinks. Even when 

AZT is reacted through its aztdo group and unreacted mater-

ial removed, the same pattern of crosslinks emerges. Since 

the azide group should be virtually non-specific in what it 

reacts with, this suggests that there are a small number of 

ava1lable intercalation sites and it is the nature of these 

sites that determine where crosslinkin.e: can occur. One 

would exnect any simPle intercalator to bind to these same 

sites; so, in order for a different tntercalative crosslink-

er to generate new crosslinks, it would have to have some 

other base specificity. 

Ifi!T is the only other derivative with a different base 

snecificity and, indeed, it nroduces one new crosslink. Be-

cause it is so specific in its reaction,· it must intercalate 

first and then react once bound. It should be of interest 

to determine where reaction ts occurring because sin~le-

stranded guanines are most susceptible to alkylation while 

intercalation is snecific for double-stranded regions. It 

is not obvious from the secondary structure shown in Chanter 

5 where such a crosslink might occur. 

Clearly, some substituents cause a profound decrease in 

crosslinking. Destroying the linearity of the heterocycle, 

as in ANG, comnletely abolishes crosslinking. It is nossi-

ble that tertiary structure in some molecule might produce a 
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site that is .crosslinkable, but 5S RNA is certainly not one 

of these. Introduction of a positively char~ed group at the 

4' position increases solubility and the amdunt of monoaddi-

tion but drastically reduces crosslinking. Monoaddition of 

AMT and PMT occurs at a high rate as evidenced by the retar-

dation of the main band of 5S. However, the interaction be­

tween·the nositively charge~ nitrogen and the nhosnhate 

groun must be sufficient to pull the psoralen away from the 

opposite side of the helix and nrevent crosslinking. The 
( 

diameter of the A form helix is so large that any skewing of 

the psoralen prevents simultaneous alignment of the 4', 5' 

and J, 4 double bonds. The B form helix is not as wide so 

crosslinking of DNA should not be as severely affected. 

Having the positive charge at the 5 nosition (as in PMX) low-

ers the amount of monoaddition but allows crosslinking to 

occur more readily. 3oth of t·hese suggest that the interac-

tion between t·he nitrogen and phosnha te is not as strong in 

PMX as in AMT and. PMT. 

While no other studies have examined the ability of 

various psoralen derivatives to form particular crosslinks, 

there is precedence for the variation of substituents caus-

ing changes in the tynes of nroducts formed. Trimethylnsor-

alen derivatives have very large photobreakdown rates when 

compared to 8-methoxy cornnounds (Isaacs et al., 1982). Even 

more ~triking is the effect of the 4-methyl gioun on the 

tynes of rnonoadducts created. Derivatives containing this 

group form very small amounts of coumarin adduct (2-J%) in 



-116-
DNA while derivatives lacking it have up to 20% coumarin 

adduct. Once again, this seems to be dictated by the struc-

ture of the intercalation complex. Similar changes in tDe 

amount of coumarin adduct are observed usir.g HMT in differ-

ent RNA conformations. In DNA, the 4-methyl group must 

force the psoralen far enough away from the 5, 6 bond of the 

pyrimidine to inhibit reaction. 

The assay described in this chapter provides a way to 

reliably test compounds for crosslinking ability, and, even 

more importantly, to determine if crosslinks are produced in 

different locations.. Before investing a good deal of time 

in analyzing the secondary structure of an RNA by crosslink-

ine:, it is certainly advantageous to know if an·y crosslinks 

are, in fact, being generated and whether they are the same 

as any which have been previously identified. 
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Chapter Fi_ve: 

Secondary Structure of Drosonhila rneJanoeaster 

5S RNA by Psoralen Crosslinking 

INTRODUCTION 

Since the discovery of )S RNA as a ribosomal cornuonent 

(Rosset and Monier, l06J), considerable work has been done 

on this molecule (reviewed by Monier, 1074; Erdmann, 1076). 

Although rnore than 50 prokaryotic and eukaryotic SS RNAs 

have been sequenced (Erdmann, 1080), the secondary structure 

of the 120 nucleotide lon~ RNA is still the subject of con­

troversy. The specific function of 5S RNA also remains onen 

to auestion. Activity of reconstituted )OS ribosomal sub­

units in E. coli is dependent unon the nrP.ser.ce of' t;S RNA 

(Dohrne and i'lierhaus, 1076), but deletions and chane.:es in the 

sequence still allow protein synthesis to occur, albeit at a 

reduced rate (Pace et al.F 1082). Irt addition, there is 

suggestive evidence that l)S RNA may be invo1ved in different 

asuects of ribosomal functions, but none of the evidence at 

nresent seems to be conclusive (Erdmann, 1076). 

Unlike transfer RNA, for which the correct secondary 

structure was inferred from the first primary structure 

(Holley et al., 1965), no definite secondary structure has 

yet been assiened to 5S RNA. The onlv common feature 

among the models prouosed to date is the ureserice of a stern 

formed by the uairing of the J' and the 5' ends ~f the mole­

cule. A model which relies on thP. comparison of all avail-
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able sequences and which considers only perfect pairings has 

been proposed by Fox and Woese (1975). Vigne and Jordan 

(1977) have proposed a very similar model based.on partial 

enzymatic digestion experiments performed on 5S RNA from a 

variety of organisms .. They have shown that two regions of 5S 

RNA (around nucleotides 40 and 90) are particularly acces-

sible to ribonucleases and, thus, are most probably single­

stranded. Laser raman spectroscopy data, which suggest 

that some 60% of the bases are paired in 5S RNA, have led 

Luoma & Marshall (1978a;b) to propose another model very 

similar to the "cloverleaf" structure of tRNA. Other 

techniques have also been employed to study single-stranded· 

regions of the molecule and to determine the number and 

type of base-pairs (Monier, 19·74J Erdmann, 1976). Thes·e 

data are of limited usefulness, however. More detailed 

information a.bout specific intramolecular interactions is· 

needed. 

In the present study, we have attempted to ge-t. d.irect. 

information about the. secondary structure of )S RNA by 

crosslinking with HMT. Three other crosslinking studies 

have already been done on 5S RNA from Escherichia coli. 

One study was with a derivative of psoralen, aminomethyl­

trioxsalen (Rabin & Crothers, 1979). while the other two 

were with 1,4-phenyl-diglyoxal (Wagner & Garrett, 1978; 

Hancock & Wagner, 1982). The latter reagent has an 

unknown specificity because glyoxal reacts preferentially 

with single-stranded residues while the phenyl ring might 
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allow intercalation. Because of its specificity, psoralen 

is highly preferable in this regard. The crosslinks identi­

fied agree very well with the model of Fox & Woese (1975) 

and Vigne ~Jordan (1977). In addition, we propose morl.ifi-

cations which now account for the raman data of Luoma & Mar-

shall (1978a). This work was done, in part, with Maurice 

Wegnez, and appeared in Journal of Molecular Biology, volume 

147, pp. 417-4)6. 

I~TERIALS AND Y~THODS 

(a) Purification and labelling of 5S RNA 

i) 5S RNA f~om Drosophila embryos 

Dechorionated Drosophila embryos (20 to 25 g) were 

homogenized in 250 ml of 200 mM sodium acetate (nH 5.0). 

RNA was extracted with phenol- in the pre·sence of 0. 5~~ 

(w/v) sodium dodecyl sulfate at 0°C (Brown & Littna, 1964). 

After precipitation with e:thanol, RNA was d iss,olved in 

1 • .2 M ~IaCl ,. 50 mM ammonium acetate (pH 5. 3) , 5 m'ffi MgC1 2 
and kept overnight at 0°C. Cold precipitated high molecular 

weight RNA was removed by ce-ntrifugation and the super• 

natant was diluted to 100 mM NaCl. Whatman DE52 cellulose 

was added and washed several times with 100 mM NaCl, 50 mM 

ammonium acetate (pH 5.J), 5 mM MgC12 • RNA was then 

eluted by raising the salt concentration to 1.2 M NaCl 

with a yield of 800 O.D. units at 260 nm. 5S RNA, 

accounting for 20% of this preparation, was purified 

through two cycles of Sephadex GlOO chromatography (Wegnez 

et al., 1978). 



.. 

-121-
(ii) 5'-End labeling of )S RNA 

5S RNA ( 500 /1 g;) was first denhosnhorvlated in 2CO J1.l 

of SO mM Tris-HCl (nH Q.O) with 1.2 units of calf alkaline 

~hosphatase (Boehringer) at 37° for )0 min. The RNA was 

extracted twice with phenol, then purified on a 12.4% (w/v) 

polyacrylamide/a M urea gel polymerized in 40 mM Tris-acetate 

buffer (nH 8.J). The full length 5S RNA band w~s excised, 

eluted with O.J M NaCl and -oreci-oitated with etbanol. 

Phosnhorylation of SS RNA (2 /;g) was carried out in 50 /-~1 

of 50 mM ·rrts-HCl (nH ().5), 10 mrv: MgC1 2 , 5 mlVl dithiothreitol 

containi.na: 1_'50 /;Ci. [!-32PlATP (Amersham; JOOO Ci/mmol) and 
I 

1 1mi t of 'r4 nol:rnucleotide ki..:1ase ( 3oehrin!!er). The inc-

ubation was carried out at )7° for 30 min and was termin-

ated by extraction with nhenol. Purification of full length 

)2P-5S f~l\A on a 12 •. 4~~ polyacrylamide/8 M urea gel nrovi..ded 

approximately lc7 cts/ min of activit:v~ 

(iii) SS RNA labeling from cell culture 

SS RNA uniformly labeled with 32p was nrenared by a 

modification of the method of Jordan et al. (lr.76) •. 

Actively growing KC Drosonhi1a cells (Echalier & O~anessian, 

1070) were transferred from complete medium to low nhosnhate 

medium (obtained from the cell culture facility, University 

of California, San Francisco) and allowed to a:row 24 h at 

25°C. 32P in the form of orthonhosphate (Amersham; e mCi/ 

mmol) was then added to a concentration of o.J mCi/ml and 

the cells were harvested after 48-72 h of growth. RNA 

was extracted by the sodium dodecyl sulfate/cold nhenol 
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method of Brown & Littna (1964) and loaded on a non-

denaturing 12 .4~~ polyacrylamide gel in 40 mlVI-Tris­

acetate buffer (pH 8.)) (Benhamou et al., 1977). The 

5S RNA band was eluted with a small volume of O.J M NaCl 

and precipitated with ethanol. Typically, 100 ml cultures 

yield 1.5 x 106 to 4.0 x 106 cts/min of 5S RNA. 

(b) Partial digestion of 5S RNA 

Partial digestions of 5S RNA with T1 ribonuclease 

were performed at 0 to 4~c in different salt concentra­

tions. After the digestion (J to 5 min), 5S RNA was 

extracted with phenol, precipitated with ethanol, 

dissolved in 20 to 40~-tl of 40 mM-Tris-acetate (pH 8.)), 8 M 

urea and analyzed on a 12.4% polyacrylamide gel made up in 

the same buffer. After electrophoresis, the gel was shaken 

10 to 15 minutes in electrophoresis buffer and th~,n stained 

with ethidium bromide ( 1 'ttg/ml) and/or autoradiographed. 

(c) Crosslinkin.e; 

The 5S RNA was di,ssolved in 0.4 ml of 5 mM NaCl, .2 m!Yl , 

'I'ris•,HCl (pH 7.5), 0.02 mM ED'rA. [3H]HlViT ().7 x 107 cts/min 

per..r<tg, a generous gift of Steve Isaacs) ·was synthesized 

according to Isaacs et al. (1982) and added at concentra­

tions of up to JOA.g/ml, depending on the level of incorpor­

ation desired. The solution was irradiated in 1.5 ml Eppen­

dorf tubes. 'rwo or J cycles of 5 min irradiations separated 

with new additions of HMT were routinely performed at 4° as 

described in chapter 2. 
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(d) Sequence techniques 

The RNA was digested with 10/'1,1 of T1 RNase (Sankyo; 

5000 uni ts/rn1, 50 mM 'fris, pH 7. 5). The digestion was for 

2 hat 37°. After di,e:estion, 5 ,'''_1 of 7 M urea, 1M EDTA, 

o.os% bromophenol blue, o.os% xylene cyano1, 50 mM Tris­

borate (pH A.)) was added. The samnle was loaded into a 0.8 

em well in a 20% polyacrylamide gel (20% acrylarnide, .6% bis 

acrylamide, 7 M urea, 50 rnM Tris-borate, 1 mM EDTA; 0.05 ern 

x 12 ern x 40 ern) and run at 1000 to 1500 V until the dye 

markers were separated by 11 ern. After autoradiogranhy, the 

fragments of interest were cut from the gel, eluted in 1 ml 

of 0.3 M NaCl, dialyzed against H2o, lyopholy~ed, and resus­

pended in 10 - !1 of H2o. The crossl inks were then reversed 

with a 6 W hand-he·ld, Rayonet short-wave UV lrrmn. The lamn 

was at a distrrnce' of 5 em from the sample. Crosslinks in 

dilute solution are 50~,(, reversed in 20 r.1in. The reversed 

fraE!TTlents were run on a 20% gel and isolated as described 

above. _Base comnositions of the isolated fragments were 

done by further digestion with RNase T 2 (Sigma; 10 .>~1 of' 

2000 u enzvme/ml in 50 mM sodium acetate,-uH 4.5; 16 hat 

J 7°) or RNase A (Sigma; 10 /'ll of 10 mg enzyme /ml in 50 mM 

Tris, ~H 7.5: 2 hat 37°). The products were then analyzed 

by paper electronhor&sis as described in chapter 2. 

RESUL'fS 

The SS RNA which was crosslinked in this study was nure 

and homo~eneous. Purification on the non-denaturing gel 

yields a sharp band. Under the same conditions,~ coli 5S 
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Fieure 1: Schematic diagram for forming and analyzing 

crosslinks. 
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RNA runs as two bands (A and B forms described by Aubert et 

al., 1968; experiment not shown). Luoma et al. (1980) also 

noted that ~ cerevisiae 5S RNA has a homogeneous structure 

in these conditions. The two dimensional fingerprints ob-

tained after RNase T1 and RNase A digestion are identical to 

those published by Benhamou et al. (1977). Samples run 

under denaturing conditions show that there are no nicks 

(experiments not shown). 

'rhe amount of HMT incorporated into 5S RNA is highly 

dependent on the temperature and salt concentration used in 

the irradiation (Fig. 2). Crosslinking was done at low salt 

concentration and low temperature in order to increase the 

level of addition. The effects of these irradiation condit-

ions on the conformation of 5S RNA was determined by partial 

hydrolysis e~periments. 

Drosophila 5S hNA is cut afte·r residues 37 and 89 when 

subjected to a mild T1 RNase digestion (Benhamou et al., 1977). 

With the condi t·ions we used for partial hydrolysis, only J 

bands are detected (Fig. J( a)). 'rhe s·lowly moving band cor-

respond.s to intact 5S RNA while the other two bands result 

from a single c.leavage. When 5S RNA labeled at the 5 • end is 

used, only the two slowly mavin~ bands can be seen by auto­

radiography (experiment not shown). These two bands corres-

pond to intact 5S RNA and fragment 1-88. The presence of HMT 

in the incubation mixture does not change the digestion pat­

tern of Fig. J(b). Additional bands are seen when ethidium 

bromide is present (Fig. J(c)). These are caused by the 

.. 
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Figure 2: Relative rates of HMT incorporation into 5S RNA 

as a function of temnerature for: 5 mM NaCl (c--o), 100 mM 

NaCl ("~----:), and 5 mM iVi~l 2 , 5 miVI NaCl (x---). All samnles 

contained 20 .~'a:/ml 5S RNA, 1 'Jg/ml HMT, 2 mM Tris-HCl ( nH 

7,~), 0.2 mM EDTA and were irradiated for 2 min. Samnles 

·were ~xtracted twice with phenol, ethanol nreci~itated twice 

and then counted. 
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Fi~ure }: Partial RNase digestion of Drosophila 5S RNA. SS 

Rf':A ( 7 Yg) was hydrolyzed with 5 units of T 1 RNase in 40 --~ l 

of 200 mM NaCl, 20 mM Mg(C 2H302) 2 , 50 mM Tris-HCl (pH 7.S)4 

at O-LL 0 for 5 min (a). In (b), the di.£;estion was done under 

identical conditions except that HMT (JO··"~/ml) was added. 

In (c), ethidium bromide (JO '"g/ml) was added. 



.. 

-131-
the cleavage after GJ7. The same nattern is also observed 

wtth and without Mg2+ and over a wid~ range of Na+ concen-

trations. This indicates that the secondarv structure is 

stable even at verv low salt concentrations. The fact that 

the same crosslinks are produced in low salt and in Mg2+ is 

shown in Fieure 4. Mi~ration of RNA in denaturine gels is 

retarded by the nresence of crosslinked loons (see chapters 

4 and 6 for further discussion). While the yield of cross~ 

links varies in the two salt conditions, the pattern of 

bands is the same. 
! 

The types of HMT adducts which are formed unon trradia-

tion can be easi1v determined by paner electroohoresis. 

Studies with model compounds (chapters 2 and J) as well as 

e~pirical calculations (Sommer, 1970) have been used to det-

ermine the mobilities of all uossible monoadducts and cross­

linl<s. A T2 RNase digestion of' )S RNA re2.cted with L3:-IlHVT 

is S"hown in Figure '). One ma.ior neak is observed after a 1 5 

second irradiation. This has been assigned to the :!Ylonoadd-

uct of uri dine.. Two small peaks can also be seen near the 

ori~in. The smaller one is probably a breakdown nroduct of 

HMT that is not removed in the purification. The other peak 

is a monoaddu~t of cytidine. After 15 min, two peaks that 

mierate faster than UMP are seen. These are isomers of a 

crosslink between two uridines. Part of the slowest moving 

peak attributed to the uridine monoadduct may be a uridine-

cytidine crosslink. It comigrates with one of the isomers. 

Polyacrylamide sequencing gels were used to analyze the 
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Figure 4: Production of crosslinks in Na+ and Mg2+. Two ex­

·posures of the same 20f~ polyacrylamide gel are shown. Both 

films are overexposed in order to show minor crosslinks more 

clearly. 5S RNA which is incubated in the presence of 20 I 
. ::e:/ml HNiT but with no irradiation migrates as a single ':)and 

'(o•). Varying irradiation times are shown for Na+ buffer 

(5 miVi LaCl,. 1 miVi 'rris-HCI, DH 7.5, 0.1 mi~~ EDTA) and for ilf:p-2+ 

buffer (200 mNi NaGl, 20 mM Mg(C 2H3o2 ) 2 , 110 mY! Tris-i-fCl, pH 

7.5L 
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Ftgure j: Paper electrophoresis analysis of a T2 RNase hy~ 

drolysate of Drosonhila 32P-5S HNA which has been reacted 

with 3H-HMT. ·rhe RNA was irradiated for 15 s (.-.--•) or 15 

min (•j- -:,) in the presence of 5 -"Hs/ml HMT. After the uaner 

dried, 0.5 em slices were cut and counted. Arrows indicate 

the location of the 32P-mononucleotides while the complete 

3H profile is shown. 
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HMT photoadducts after total T1 RNase digestion of 5S RNA. 

As shown in Figure 6, exactly the same pattern of oli.gonucl-

eotides was obtained when the SS RNA'was untreated (lane A), 

when HMT was added to the RNA with no light (lane B) and 

when the RNA was irradiated with no HMT present (lane C). 

The len~th distribution of fragments is that exnected. The 

faint,. slowly moving bands in lanes A to C probably result 

from incomnlete digestion. Several new bands annear when )S 

RNA is irradiated in the presence of HMT. The JH nrofile 

from the [ JHlHlVlT in lane D is shown in Figure 7. Most of 

the bands running slower than the longest unmodified oliEo-

nucleotides are exnected to be crossl inks. 

Attempts to analyze the intact crosslinks met with liM-

ited success. The number of possihle crosslinks is large 

and minor contaminants can cause errors i.n the exnected base 

compositions. 'ro avoid these problems, the crossl inks were 

reversed Prior to analysis·.. Reversal of cyclobutane-type 

compounds has been obse·rved previously wi. th psoralen adduc·ts 

( Musa.io et al. , 1067; . Rabin arid Crothers, 1 07<1) • After the 

crosslink between oligonucleotides has been reversed, they 

can be separated and analyzed independently. The length and 

base compositions uniquely determine the fral;ments involved 

in the crosslinks. 

Crosslink 4A (XL4A, Fig. 6) is the easiest to analyze. 

Upon reversal, bands corresponding to lengt·hs of R (XL 4A-A) 

and 9 (XL4A-B) bases are observed (Fig. R). There is only 

one oligonucleotide corresponding to each of these lengths 
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Length 5S 5S · 5.; ~s Modified 
Markers only HMT hv HMT Fragments 

+ 

·'·· .~ ... 

h11 

XC- ·;.. 

ACCAUACCACG-11-

AAUACAUCG-·9.~~ 
AAAUUAAG~8-

BPB-· 
AUCACCGt ·· 

. UACUUAG 7-
AACACCG ·.· . 

CCAACG ·. -.· · ·.· 
UUCUCG J-6- . 
\ 

UCCG ·.· · · 
.·. UUAGl· ·. ·.· ·_ 
. ACCGj-4-
CUUG . 

. AUGCUGt· ··. 
UAG 3-

(2)UUG UCG · . 

(4} CG }-
2

·. -
UG- -

·:A '8 C. ·. D 

-XL4C 
--xL4B 
-XL4A 
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Figure 6: Autoradiogram of T1 RNase digestion of 32P-5S RNA 

Samples were run on a 20% polyacrylamide gel after digestion 

and a) no treatment, b) addition of 20/tg/ml HM'r, c) 10 min 

irradiation, d) addition of 20 .~(g/ml HMT and 10 min irradia­

tion. The column at left shows the length and sequence of 

the T1 fragments as well as the positions of the bromophenol 

blue (3PB) and xylene cyanol (XC) dye markers. The column 

at right shows the positions of the crosslir..ks described in 

the text. 
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Figure 7: 3H incorporation into T1 RNase oligonucleotides. 

Lane d from Fi~ure 6 was cut into 0.2 em slices. The RNA 

was eluted in 0.3 M NaCl overniEht and then cou~ted. Arrows 

indicate the nositions of the unmorl.ifi.ed o1.Le:onucl_eotides. 

the crosslinks described in the text are labeled XLl-4 while 

the other p~aks are lettered and identified in Table II. 

... 
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,, 

Fieure 8: Reversal of crosslinks with short wave UV light. 

Crosslinks were reversed as described in Materials and IV:eth-

ods. Crosslink 1, crosslink 4A, and crosslink 4B are shown. 

The lanes at the far left and right contain the comulete 

dieest as len~th markers. The reversal products from each 

crosslink are lettered and identified in Table I. 
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Tabl.~ .!.• Base Compositions of Crosslinked Oli~onucleotides 

Fragment Experimental (theoretical) Base Compositions Length Inferred Position 
From· Sequence in 5S RNA 

c A ______ _Q._. ____ j! ________ l!~ _____ (!tl 
-··-··- ·-·-·-----· ··--

XLl-A 0.99(1) o.oo(o) 1.05(1) 1.95(2) 0~00(0) 4 CUUG 94-Q7 

XLl-B 1.08(1) o.oo(o) 0.97(1) 1.10(1) .o.R5(1) 6 CU*UG 04-C)7 

XLl-C 1.11(1) 1.80(2) 1~23(1) 2.87(3) o.oo(o) 7 UACUUAG 76-82 ··~ 

XLl-D 1.24(1) 1.95(2) 0.97(1) 1.07(2) 0.86(1) 8 UACUU*AG -76-82 

XLl-E 1.65(2) ).96(4) 1.12(1) 2.26(2) o.oo(o) 0 AAUACAUCG 22-30 
I 

XL1-F 0.68(0) 4.33(5) o.oo(1) 1,16(1) 0.92(1) 10 AAAU*UAAG 40-56· 1-' 
{:" 
\...> 

------·-----------------------------~-------------------------------------------~--
I 

XL4A-A 0!00(0) ·4.96(5) 1.21(1) 1.84(2) o.oo(o) 8 AAAUUAAG 4()-56 

XL4A-B 1!85(2). ).71(4) 1.11(1) 2.J3(2) o.oo(o) 9 AAUACAUCG 22-30 

XL4A-C 0.34(0) 4.61(5) 1.00(1) o.o7(1) 1.08(1) 10 AAAU*UAAG 49-56 

·- -·-·-·-
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Table IIt Assignment of Modified Nucleotides 

Peak Percent 1 Length- Length Assigned Number of Posit-
of 'rotal According According Length HMTs per ion in 

3H to 32p(3H to Gel Fragment ss RNA ~ 

A 1.48 6 4 1 04-97? 
! 

B 1.27 6 ? 

c lJ./51 6.)9 8 6 -1 32-37? 

D 5.8) 8 ? 

E 6.86 9 7 1 76-82 

F 8.)9 10 8 1 4o-56 

G 5.06 11 0 l 22-30 

H 5.64 6.6_1 13 8 2 4o-56 

XL ] 17.65 11.00 12 - 4+7 1 76-82 
04-07 

XL 2 ).24 1).5<1 15 6+7 1 32-37 
42-48? 

XL 3 1 •. 84 14.85 16 3+11 1 8-18 
111-llJ? 

XL 4A 8.27 16.12 19 8+0 1 22-3'0 
4q-56 

XL 43 11.43 o.84 20 8+9 2 22-30 
4o-56 

XL 4C 0.55 8.40 21 8+0 2 22-30 
49-· 6 

1The length accordin.e: to 32pj3H was calculated by setting the 
length of XL l to 11 and comnaring all to it. In all . case-s, 
fragments were assumed to have one HMT. 
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in the molecule. These oligonucleotides occur between 

22-JO and 4Q-56. The base domposition is exactly that ex­

pected (Table 1). There are also two slower moving bands 

running as 10 (XL4A-C) and 11 (XL4A-D). The base campo-

sition of XL4A-C corres~onds to the octamer seen above, 

but with a monoadduct still remaining. XL4A-D could not 

be obtained in sufficient quantity to analyze. Presumably 

it corresponds to the monoadduct of the nonamer. In 

preparations with a high incorporation of HMT, one or two 

bands (XL4B and XL4G; Fie;. 6) are observed running slightly 

slower than crosslink 4A. Reversal yields the· same frag­

ments seen in the main band (Fig. 8). Based dn the ratio of 

JH to 32p, the.s·e have been assigned to the same crosslink 

with an additional monoadduct (Table 2). Some fainter bands 

running much slower on the gel have also been attributed 

to this crosslink (XL4D and XL4E; Fig. 6). They probabl~r 

result from an incomplete T1 digestion caused by the bound 

HMT. 

Reversal o.f crosslink 1 (XLI; Fig. 6) yields fragments 

corresponding to lengths 4 (XLl-A) and 7 (XLI-C). The base 

comnositions (Table 1) show that these are the oligonucleo;..· 

tides occurring between o4-97 and 76-82. Once again, bands 

corresPonding to oligonucleotides still containing a mono-

addu~t are observed (XLl-B and XLl-D). Two additional 

bands can also be seen (Fig. 8). The base compositions 

show these to be the octamer (XLl-E) and nonamer.(XLl-F) 

seen in crosslink 4. These fragments appear because the 



. -146-
octamer with two monoadducts and the nonamer with one 

monoadduct run very close to crosslink 1. After irradia-

tion wt th 260 nrn light, the mon·oadducts are J ost and the 

bands migrate faster. Crosslink 2 (XL2; Fi~. n) was more 

difficult to analyze because of the low yield. Unon 

reversal (not shown), fragments corresponding to len~ths 

of 6 and 7 bases are observed. There were not enough counts 

to analyze the base cornnositions. 

An additional crosslink (XLJ; Fig. 6) is also present. 

Unon reversal , a band corresnonding to a length of 11 is 

seen. The length of the total crosslink shouJ.d be 14 or 15 

bases, based ori its nosition. No band of length J or 4 is 

seen, however. Since it would only have JO% of the radio-

activity of the lone; fragment, this is not surprising-. 

Because there is only one fragment 11 bases long in the mol-

ecule, the crosslink probably occurs between fra,!mlent 8-18 

and a tri- or tetranucleotide. 

DISCUSSION 

(a) Reaction of HMT with ss· RNA 

The ability of HMT to intercalate and react with 5S 

RNA is highly denendent on temperature and the nresence 

of Mg2+ (Fig. 2). As also observed with DNA (Hyde & 

H 8) ) 2+ earst, 197 and other RNAs (Chanter J , Mg sharnly 

reduces the uptake of HMT by 5S RNA. This may be exnlained 

by the strong stabilization of the double-stranded re~ions 

which prevents the HMT from intercalating. The fact that 
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the incorporation of HMT into 5S RNA is not as dependent 

on Mg2+ as it is in tRNA may indicate less tertiary 

structure. This has also been suggested on the basis of 

melting and NMR studies (Luoma et al., 1980). The 

lowered incorporation of HMT at increased temperatures 

is caused by the melting of the RNA. 

The identities of the fragments in bands A to· H 

(Fig. 7) have not been determined. 1V1ost of these are 

monoadducts, but it has not been possible to purify them 

for more detailed study. They are not present in as large 

quantities as the crosslinks. 

In any attempt to determine the secondary structure 

of RNA molecules, a critical e-xamination of the experime·ntal 

c.ondi tions should be done to ascertain their influence o·n 

the RNA c·onformation.. As seen in figure 4, the same cross-

1 inks are formed with. Mg2+ and a.t· low salt. In orde·r t·o 

see the e,ffects on the secondary structure- of the optimal 

conditions for HMT uptake by 5S RNA (4°C, low salt concen­

trati,~n,, ~o Mg2+), we ~ade a partial dige-stion of 5S RNA 

in those conditions. Partial enzymatic digestions are 

assumed to attack exposed single-strand.ed regions preferen­

tially.. This is probably true for first cleavages, but 

subsequent cleavages may be the result of an altered 

structure caused by first cuts. Figure J shows that only 

one cut, after GSa occurs in 5S RNA following T1 partial 

hydrolysis when the high ionic buffer (200 mM-NaCl, 20 mM 

Mg(C2H302)2) described by Vigne & Jordan (1977) is used. 
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Benhamou et al. (1977) observed two cleavages. We 

observe the second cleavage (after GJ?) at a much lower 

level. ·while the cleavage at GJ7 cannot be seen in 

Figure J(a) or (b), it can be seen when T1 is used at 

slightly higher concentrations. This difference probably 

is caused by the way in which the sample is handled after 

the digestion. Benhamou et al. (1977) ran the sample 

directly on a gel while we first phenol extract and 

precipitate. This stops digestion more completely. HMT, 

when present in the incubation mixture, does not change 

the hydrolysis pattern (Fig. J(b)). This proves that no 

important rearrangement of the secondary structure of 

5S RNA occurs after HMT intercalation~ Ethidium bromide, 

whe-n present, induces a cleavage· after GJ7 (Fig. J(c)). 

Both drugs unwind DNA to the same degree but ethidium 

has a much larger as·s·ociation constant (Wiesehahn & Hearst·, 

1978). The large amount of bound drug must induce an 

expansion of the 5S RNA which allows better access to GJ?. 

Decreasing the ionic strength, even in the absence of 

Mg2+, does not change the partial hydrolysis pattern. We. 

obtained the same pattern in the buffer used for HMT cross­

linking and in the high ionic buffer described by Vigne & 

Jordan (1977). 

The effect of ethidium and HMT on the digestion at 

low salt (5 mM-NaCl) is the same as that at high salt 

(results not shown). The presence of HMT has no effect 

while ethidium induces an additional cleavage after GJ?. 

... 
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This is a very strong argument in favor of a stable secondary 

structure of Drosophila 5S RNA in high and·low salt solution. 

The effects of salt and drugs on the tertiary structure are 

unknown. 

The same crosslinks (XLl-4; Fig. 6) are produced in dif­

ferent-salt conditions (Figure 4) and over a wide range of 

.HMT incorporation ratios (data not shown). The fact that 

each modified fragment is found even at levels of much less 

than one HOCT per 5S molecule shows that they are not the re­

sult of induced structure. Once this was established, it was 

possible to use larger amounts. of drug to obtain the quanti-· 

ties needed for analysis. The fact that more than 50~; of' 

some bases can be modified under conditions of heavy incor-

pora ti.on sugge·sts that the. cros.slinking is not occurring in 

just a small. part of the population of conformations, but is, 

in fact:,. oc·curring in the principal species in solution. 

The- presence of a crosslink d·oes not prove that the in­

volve.d regions are base-paired in the normal Watson-Crick 

sense. lt does, however, sho.w that the regions are very 

c·lose because the HMT is very small. Studies on the struc­

ture of adducts produced in DNA (Straub et al., 1981) and in 

RNA (chapter 2) have shown.that only one orientation of the 

Hl\llT in the helix leads· to reaction. For a crosslink to 

occur, the base on the opposite strand must also be in the 

proper orientation. Stacking or base-pairing in secondary 

and some types of tertiary structure would allow the correct 

orientation. 
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(c) Secondary structure of 5S RNA 

Two crosslinks have been demonstrated unequivocally in 

Drosophila 5S RNA, i.e. crosslinks between fragments 76-82 

and 94-97 (XLl; Fig. 6) and between fragments 22-30 and 49-56 

(XL4A; Fig. 6). Even in the absence of results from other 

techniques, these crosslinks, in conjunction with the rules 

generated for predicting the strength of base pairs (Tinoco 

et al., 1973; Borer et al., 1974), lead to the secondary 

structure model shown in Figure 9. This model is identical 

to that initially proposed for 5S RNA from Torulopsis 
..• 

utilis by Nishikawa & Takemura (1974) and contains elements 

of the structure proposed by Fox & Woese (1975) and Vigne 

& Jordan (1977). 

Close examination of this model gives new insight 

into the crosslinks XL2 and XLJ. In XL2, the crosslin~ 

occurs between a hexanucleotide and a heptanucleotide. 
' 

There is a he,ptame.r (fragment 42-48) opposite the hexamer 

32-37 in t·he model shown in Figure 9. A crosslink 

involving C44 or C46 with UJJ can be postulated. The 

low yield of this crosslink would be explained by the 

wea·ker reactivity of cytid·ine (chapter 2) • Because the 

composition of these fragments was not determined, it is 

possible that an unreversed HMT could make the fragments 
' 

appear longer. The low yield also makes it impossible to 

rule out partial digestion of one or both fragments. The 

position of the intact crosslink and the 32pf3H ratio 

(Table 2) indicate the length must be about 13 bases. 

• 

. 
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Fi~ure 9: Proposed secondary structure of Drosonhila melan­

ogaster 55 RNA. The solid circles show the positions of the 

crosslir..ks identified conclusive1y.(XL1 and X14) while the 

dashed circles show the crosslinks identified tentatively 

(XL 3 and XL2 ) • · 

.. 
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Upon reversal, XLJ produces a fragment 11 bases long. 

From the position of XL3 in the gel~ we can postulate that 

XL3 either results from the photoaddition of two or three 

[JH]HMT molecules to. a oligonucleotide 11 bases long (a 

product of partial digestion, for example) or is a product 

of a crosslink between the fragment 8-18 and a tri- or 

tetramer. This latter oligonucleotide, due to the very 

low yield of the crosslink, would not be seen in the anal-

ysis. The data shown in Table 2 favor the crosslink 

hypothesisa only one [3H]HMT photoadduct is present in 

XL3 because of the 32pj3H ratio. The model we propose in 

Fi~re 9 helps in predicting a crosslink with the trimer 

111-113. Once again, this would be a U-C crosslink,, 

accounting for the low yield observed. 

It can be argued that the crosslinks we were able to 

detect do not necessarily oc,cur in 5S RNA molecules sharing 

the same secondary structure,., Howe-ver, the fact that the 
1 

four crosslinks can easily be integrated into a single 

model strongly supports the idea that they belong to only 

one conformation. 

It is possible to propose minor variations to the 

mQdel shown in Figure 9. We have paired bases 33 and 34 

with 41 and 42. This decreases the size of the loop to 

a more favorable numbe'r but also introduces a bulge. The 

rules for predicting secondary structure seem to favor 

this structure but are not .sufficiently refined to answer 

this question definitely. There are experimental obser-
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vations which bear on this point. G41 is mildly reactive 

to kethoxal in T. utilus (Nishikawa & Takemura, 1978). 

The low yield might be a result of minor contamination 

by a partially denatured form or it may merely be an 

indication of the weakness of the suggested base-pairing. 

Partial digestion of yeast and HeLa 55.RNA with T2 RNAse 

have produced cleavages after G41, but these cleavages 

occur only after a cut has been made at GJ7 to open up 

the loop. Interactions with other components in the 

ribosome, as suggested by studies with E. coli 55 RNA 

(Larrinua & Delihas, 1979), may alter the conformation 

of this region.in vivo. Obviously, more experimental 

evidence is needed. It has been suggested that bases 

14, 15 can pair with 64, 65. This is strongly supported 

by phylogenetic comparisons (Peattie et al.~ 1981). 

It is also possible to draw a different structure 

for the area around crosslink 1. Because· we only dete·rmined 

the T1 fragme.nts· being base-paired and not the specific 

bases, an alternative scheme which would crosslink U80 

with U96 is possible. In this case, A81 and G82 would be 

paired to U96 and U95· Although this would replace a GC 

pair with a GU pair, two bulges would be replaced by a 

single internal loop. As shown in Table J, the stabilities 

are comparable. We have chosen the pairing scheme shown 

in Figure 9.because it agrees better with the partial 

enzymatic digestion data and also because the same type 

of structure is more stable in HeLa 55 RNA. 
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The secondary structure proposed here is easily 

generalized to other eukaryotes (Saccharomyces cerevisiae 

for example, Ftg. 10). The stabilities of the various 

regions for s. cerevisiae and HeLa 5S RNA are given in 

Table ). It is also possible to generalize the model to 

prokaryotes (Fox & Weese, 1975; Vigne & Jordan, 1977). 
I 

In this case, the helix which pairs the regions around 70 

and 105 is present but its stability varies considerably. 

In thermophilic bacteria, the base pairing is very strong, 

while in more temperate species, the base- pairing is 

weak (Stahl et al., 1981). 

(c) Validity o-f the model 

Any proposed secondary structure must, of course, be 

compatible with all the availahle information. Most of 

the studies on 5S RNA have dealt with E. coli.. Because of 

the differences be:tween prokaryotic -and eukaryotic 5S RNA 

it is sometimes difficult to use data concerning E-. coli 

5S RNA to discuss the validity o.f models proposed for eu­

karyotic 5S RNA. The following data, most dealing with 

eukaryotic 5S RNA,. argue in favor of the model presented 

here (Fig. 9). 

· The model presented in Figure- 9 differs from the 

evolutionary model in two respects. The region around 

base 90 has been paired. This structure can be drawn 

for all eukaryotes. The additional base-pairs between bases 

22-24 and 51-53 are present in some, butnot all, eukaryotes. 

In species which do not have these additional base-pairs, 
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Fi..gure 10: Proposed secondary structure of Sacchrtromvces 

cerevi.siae 5S RNA. 
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the adjoining· helices are more stable. 

Some of the most reliable data come from the partial 

ribonuclease digestions. The first cleavages in most 5S 

RNAs are usually around positions 40 and 90. The reasons 

for this are obvious after examining the secondary structure 

(Fig. 9). The hairpin loop around base 90 is one of the 

two most accessible regions and the small size of the loop 

causes it to be the most strained part o:f the molecule, so 

it is understandable that the first cut is made here. The 

positions of 19 cleavages have been examined for Drosophila 

5S RNA (Benhamou et al., 1977). One of these, after G85, 

occurs in conjunction with the· cut G89. Once the cut at 

G89 has been made, the neighboring helix would no longer 

be stable and could easily be chewed away by T1 • In fact, 

very mild digestion with T1 shows that the first cut is 

made after G88 with lesser cutting occurring at G87· and 

G89. No initial cutting is made after G85 (Fig. 11). Of 

the remaining 17 cleavages, only three are in regions that 

are not predicted to be either single-stranded or bulged. 

These three, after Gl8, U80 and .GllO, are made only after 

extensive cleavages in other parts of the molecule. In 

fact, the enzymatic cuts are remarkably good at predicting 

the ends of helices and bulges. More recent work in which 

.. 

care was taken to examine only initial cutting (Douthwai te ·• 

& Garrett, 1981; Troutt et al., 1982), shows that all of 

the primary cuts agree with this secondary structure. In 

addition, studies using cobra venom ribonuclease (double 
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Fie-ure 11: Partial enzymatic digestion of 5S RNA. 3'[32pl 

5S RNA was di~ested under mild conditions such that each 

molecule would have one or less cleavages. Lanes 1. 2, 3, 

and 5 were done under denaturing conditions so a sequence 

ladder was ~enerated. Reac~ions were done as suggested by 

the sunplier (PL Biochemicals). Lane 1 contains bands cor­

responding toG (Tl RNase), lane 2 contains A (U2 RNase), 

lane J contains A and U (Fhy M RNase) and lane 5 has U and 

C (B. cereus RNase). Lanes 4 ann 6 contained 10 m~/ml 

pancreatic RNase, 0.1 tvl 'rris-HCl (pH 7._'5), 10 mfvt EDTA and 

were digested for JO min at 0° and 37°, respectively. Lane 

7 containe·d 20 uni ts/ml T1 RNase, 0 •. 1 M Tris-HCl (pH 7. _5) , 

10 mM EDTA and was di~ested for 30 min at 0°. The principal 

cut in lane 7 is ~fter G88 while the ortncipal resolved cut 

in lane 4 is after Cl02. Both are predicted to be sin~le­

stranded in Figure 10. Numberinfr of the the G's i..s shown 

adjacent to lane 1 for convenience. 

, 
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strand specific) also support this model. 

Chemical modification of exposed guanines with 

kethoxal has been done for T. utilis 5S RNA (Nishikawa 

& Takemura, 1978). All of the strongly reacting sites 

fell within single-stranded regions predicted by our 

mode,l. Laser raman studies on §..:.. cerevisiae 5S RNA have 

predicted that 65% of the uridines are involved in base­

pairing with a total of at least 35 base-pairs (Luoma & 

Marshall, 1978a). When the crosslinking model is general­

ized to yeast, 68% of the uridines and J8 base-pairs are 

observed (Fig. 10). Infrared spectroscopy (Stulz et al., 

1981) e1nd NMR (Luoma et al., 1980) also indicate there are 

35-40 base pairs in this 5S molecule. 

Three cross·linking studies have been done with E •. coli 

5S RNA. Rabin and Crothers ( 1979) found a crosslink in 

the stem re.gion using a ps,oralen derivative, AlVlT. Wagner 

and Garrett ( 1978) found a similar crosslink using 1 ,4· 

phenyldiglyo.xal.. As mentioned earlier, the glyoxal 

functionalities are specific for single stranded guanines 

while the phenyl group promotes intercalation into double 

stranded regions. Further work with this reagent has resulted 

in two additional.crosslinks {Hancock & Wagner, 1982). One 

of these was arbitrarily chosen to reflect true structure 

while the other was dismissed as caused by structural hetero­

geneity. W~ile a new secondary structure was proposed on 

the basis of this crosslink, a more proper conclusion would 

have been that this reagent is not suitable for secondary 
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structure analysis.· It appears to unfold the 5S and cause 

normally protected guanosines to react with a probe which 

is inherently specific for single stranded regions. 

(d) Stability of the model 

Two different methods for predicting the stability 

of secondary structures have been used to estimate·the 

stability of the model (Table J). Both of these methods 

have their drawbacks when used to analyze a large molecule 

{relative to the model compounds used) like 5S RNA with 

unknown tertiary structure. The values obtained are a 

first approximation of the stability. Unlike other models, 

the model proposed here has approximately the same stability 

among all eukaryotic species (Table J). All of the regions 

are also independently stable. 

Me·l ting studies have been done on ~ cerevisiae 5S RNA 

(Maruyama et al., 1979; Luoma et al •. , 1980) but the results 

do not agree with each other. Maruyama et al. (1979) found 

that all helices melted cooperatively. Since the 3 regions 

in this model are all· of approximately the same stability,. 

this can be unde·rstood. Other models do not predict this 

behavior. Luoma et al. (1980) found a biphasic melting 

with half the bases melting prior to the other half. The 

uncertainty in the stability calculations also allow this 

possibility. If the hairpin 40 arm (the most unstable) 

melted first, this behavior would be predicted. What is 

clear, is the need for careful studies in a variety of salt 

conditions which would remove this ambiguity. 
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·rable III: Stability of Drosonhila melanogaster, Hela, a.nd 

S~ccharomyces cerevisiae ~S RNA 

Stability (in kcal/mole) 

Thermodynamic 1 Empirical2 

Model Region D.m. Hela S.c. D.m. Hela S.c. 

This work Stem 18.2 1S.5 16.1 18.0 15. q 1S.5 

Hairpin 40 arm 20.0 1<1.0 10.3 20.? 18.3 13.2 

Hairpin oo arm 11.6 16.4 1'5. J 5.9 5.7 15.3 
(Alternate3) ( 12. 5) ( 14. 6) ().9) (4.J) 

Total 4o.e 5(). q . 41.7 41.4 36.2 40.'3 

------------------------------------------------------------
Vi me and Stem 18.2 15.5 16.1 18.9 15.9 15.5 

Jordan Hairpin 40 arm 14.6 14.8 5.2 18.5 16.4 8.8 

(1077) Hairpin 90 arm 6.2 6.'3 3.1 4.0 3.2 3·7 

Total 39.0 36.6 24.4 J7.J )1.8 24.) 

---------·-- _,_- .- ---·- -·-·--·-·--- ---·- -·--- _,_ -·-------------------- -·- -·- ---·-
Luoma and Stem· 24.7 24.3 17.9 22.7 21.2 " 16 •. a 

Marshall Hairpin 40 arm 1.8 ? •. o +3.9 2.1 3 •. 7 +0 •. 1 

(1978a) Hairpin 65 arm 1.3 6.0 1.1 +2.4 7.6 2.5 

Hairpin qo arm 0.5 6.1 7.2 +2.2 +l.G 6.4 

Total 28.3 4) •. 4 22.) 16.7 27.5 20.4 

----------·---·------- -·-----------------·-------------- -·- -·------------
1Calculated from data given by Tinoco et al. (1973), Borer 
et al. (1974), and Gralla and Crothers (197)). 

2Calculated from data given by Ninio (1979) • 

3see text for descrintion of alternate base-p~iring scheme 
for the region around base 90. 
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Small angle X-ray scattering measurements .have provided 

a model for the gross shape of 5S RNA (Osterberg et al., 

1976; Muller et al., 1981). An elongated, Y-shaped molecule 

with an axial ratio of 5•1 has been predicted. This shape 

can be generated in a number of ways with the model presented 

in Figure 9. Some idea of the types of tertiary interactions, 

if any, which are occurring is needed before a three-dimen-

sional model can be formulated w.i th any df?gree of confidence. 

(f) 5S RNA in ribosome 

It is possible to overinterpret the results of studies 

on 5S RNA in solution when theorizing on structure in the 

ribosome. Unlike tRNA, 5S RNA does not normally function 

free in solution. Studies of 5S RNA in the ribosome are 

more difficul.t because much of the molecule is not in con-

tact with solution. The high salt needed to maintain 

ribosomal structure and the large number of proteins both 

serv:e to inhibit intercalation of HiVIT. Absolutely no 

crosslinking of 5S RNA in the intact ribosome could be 

detected. 

.,. 
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Chapter Six: 

Function and Structure of E. coli 16S RNA 

by Psoralen' Crosslinking 

IN'l'R u DUC TI UN 

The secondary structure of h coli 16S RNA has been 

s~eculated on ever since the first, partial sequences were 

determined (Fellner et al~, 1970). Real progress was not 

made until the complete sequence of the RNA was unequivocal­

ly determined (Brosius et al., 1978; Carbon et al., 1079). 

Once the sequence was established, chemical modification and 

enzymatic digestion data (reviewed by Noller and Weese, 

1981) could be used with greater confidence. Availability 

of the small subunit RNA sequences of h mavs chloroplasts 

(Schwarz & Kosse.l, 1980) , ~ vulgaris (Carbon e t al. , 1981) , 

S. cerevisiae ( Ruptsov et al., 1980) , ~ laevis (Salim & 

Maden, 1981) and various mitochondria (Eperon et al., lOBO; 

Van Etten et al., 1980; Sor & Fukuhara, 1980) has made nh:vl­

ogenetic comparisons possible. On the basis of this data, 

Noller & Weese (1981) and Stie~ler et al., (1981) have pro­

posed a general secondary structure model for all small sub­

unit RNAs. Zwieb et al. (1981) have also proposed a general 

model based on this evidence as well as UV crosslinking 

(Zwieb & Brimacombe, 1980) and denaturation studies (Ross & 

Brimacornbe, 1979; Glatz & Brimacombe, 1080). All three mod­

els are very similar. 

Despite this agreement, the models are far from com-
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plete. Psoralen crosslinking data generated by electron 

microscopy yields results that, in many instances, cannot be 

easily incorporated into the other models (Wollenzein et al. 

1979; Wollenzein & Cantor, 1982). Because of the low reso-

lution of the electron microscope, the unambiguous place­

ment of the crosslinks is not nossible. tt is clear that 

psoralen crosslinking is generating new information, so this 

study has been undertaken to obtain more detailed locali~a-

tion of crosslinks and thus a more com~lete picture of the 

16S RNA secondary structure. 

A technique, b~sed on that of Zwieb & Brimacombe (1980) 

+ has been developed which allows resolution to at least -lS 

bases. Because psoralen reacts with only a certain class 

of ~ites and only a few secondary structures can he drawn 

for an~r given fragments, actual resolution :.s generally to 

the exact nuc1eotides crosslinked •. 

The fUnction of certain regions in l6S RNA is already 

known. Bases 1303--1401 are involved in binding tRNA to the 

P site (•raylor et al., 1981) ·and bases 1534-1540 bind rnRNA 

(Shine & Dalgarno, 1975; Steitz & Jakes, 1975). Other reg~ 

ions have been implicated in other functions. Correlation 

of' the data generated by psoralen crosslinking with other 

results enables us to formulate detailed mechanisms for the 

rway in which ribosomes carry out· protein synthesis. While 

some aspects of these mechanisms are purely speculative, 

predictions made can be tested to gain further insight into 

ribosomal functiorting. 
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f~IA'l'ERIALS AND ME'rHODS 

C:. coli MRE 600 cells were e;rown as by Traub et al. 

( 1971) • Frozen cells ( 1 g)· were suspend-ed in 10 rnl of 50 m1{; 

sodium acetate (pH 5.0) and 10 mM VRC (vadanylribonucleoside 

complex; Berger & Berkenmeier, 1979). Cells were homogen-

ized in a ground glass tissue homogenizer until the solution 

became viscous. DNase (Worthington, RNase free) was added 
. 

to about 50..A1g/ml and homogenization continued until the 

solution was no longer viscous. An eaual volume of redis-

tilled nhenol was added. Phenol extraction was repeated at 

least three more times (until the water-phenol interface was 

clear). The solution was made .2M NaCl and ethanol urecip-

itated at -20° twice. The precipitated RNA was dissolved in 

a minimum volume of .1 M LiCl, 10 mM EDTA, 0.5% SDS, 10 mM 

'Eris base (US). Approximately 5 mg was placed on top of a 

15-30% sucrose gradi~nt containing LES buffer. The RNA was 

centrifuged for 24 hr at 27,000 rpm in an SW27.1 rotor •. 

Bands corresponding to 23S RNA and 16S Rf~A were resolved by 

l)Umpi.ng the solution through a· Beckman Analytic2.l Optical 

Unit (254 nm). 16S RNA fractions were combined according to 

purity and precipitated. When necessary, the centrifugation 

was repeated in order to get pure 16S RNA. The 5S/tRNA band 

was sometimes obscured by residual VRC. 

Purity and intactness of the RNA was examined by gel 

electrophoresis in 4% polyacrylamide (20:1, w/w, acrylamide 

to bis-acrylamide), 7 M urea e;els buffered with 50 mM Tris­

borate (pH 8.3), and 10 mM ED'rA. Polymerization was cata-

.i> 
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lyzed by • 075 e; ammonium persulfa te and 50./11 TEMED per 100 

ml. All gel materials were purchased from Bio Rad except 

urea which was from Schwarz-Mann. 

Before crosslinking, 16S RNA was incubated for 30 min 

or more at 37° in TrfJA I buffer (10 m!V! lV!gCl2, 100 mM NH4Cl, 

10 mM Tris-HCl, pH 7. 2, 14 mtv: 6-mercaptoethanol·). Cross-

linking was done in the apparatus described previously 

(Thompson et al., lq81) at 10° •. Three additions of' Hl'f.T were 

made from a stock solution in DMSO (2 mg/ml). Each addition 

made the aqueous solution 20 "tg/ml in HMT and additions were 

separated by 10 min. This protocol produced an average of 

J-5 HMTs per 16S molecule. After phenol extraction and eth-

anal precipitation, the RNA was redissolved in SO mM Tris-

HCl (pH 8.5), 10 mfJ: IV~gCl2 at a concentration of 10 OD26o/ml. 

This •.vas digested for 2 hr· at 37° with 100 u/ml T1 RNase 

(Sigma). 'rhis was phenol extracted and ethanol precipitat-

ed. 

The digested RNA was then senarated by two different 

methods. Method one involved runnin~ the RNA through an 

RPC-5 column (0.4 x 20 em: Astra Enterprises) and elutine; 

with 80 ml of a 0.1 to 2 M KCl gradient. The KCl solutions 

also contained 2 mM sodium thiosulfate, 10 mM EDTA, .06% 

sodium azide, and 10 mM Tris-HCl (pH 6.8). One ml frac-

tions were collected and ethanol precipitated. Later frac-

tions requi~ed dialysis to remove excess KCl before precin­

itation. Method two involved running the RNA through a BND 

cellulose column (0.5 ml, Sigma) with a 15 ml O% DMSO, 0.3 M 



-172-
NaCl to 25% DMSC, 0.65 M NaCl gradient for elution. 

The purified, precipitated RNA was redissolved in 25/il 

of 50 mM Tris-HCl (pH 8.5), 10 mM ~gCl2, 13 mM 8-mercanto­

ethanol, 2 mM spermine and labelled with 0.5 mCi of [~-32 pl 

ATF (ICN, crude) and 2 units of polynucleotide kinase over-

night at 37°. :r'he sample was then made -1 M in urea, heated 

at 90-95° for l min, fast cooled on ice and loaded onto a 

.08 x 15 x 40 em 12% polyacrylamide gel (made like the 4% 

gel described earlier except no urea was present). This gel 

was run at roqm temperature until the bromonhenol blue had 

migrated off the gel (about 7 hr at Boo V). The unper glass 

plrrte was removed and the gel covered with plastic wrap. 

The lane(s) containing the RNA was cut using a razor blade 

and a straight edge. The lower JO em was nlaced on a 34 x 

43 em plate. After removal of the plastic wrap, a 20% poly-

acrylamide (JO:l, acrylamide to bis), 7 ~ urea gel was ooly-

merized around the gel strip. The gel was buffered at twice 

the salt concentration of the first dimension gel. The sec-

ond dimension was run warm until the xylene cyanol marker 

had migrated off the gel. The gel was covered with plastic 

wrap and autoradiographed with Kodak XAR-5 film. Crosslinks 

were reversed in the gel by exnosure to a 40 W germicidal 

lamp at a distance of about 10 em for 2 hr. After reversal, 

fra~ents of interest were cut from the the ~el and eluted 

in 200-Al of LES buffer for 6-16 hours twice. Ten micro-

grams of tRNA was added and the samples ethanol orecipitated 

The RNA was run on another 20% polyacrylamide, 7 M urea ~el 
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to separate the previously crosslinked fragments. After 

autoradiography, the fragments of interest were eluted from 

the gel as described above. 

Fragments were sequenced enzymatically. Digest-tons 

were carried out at 55° for 15 min in 10111 which contained 

20 mM sodium citrate, 1 m.flol ED'rA, and 2 Ag carrier tRNA. In 

addition, the RNase T1 (G specific), u2 (A specific), and 

Phy r-,; (A 8-nd U specific) contained 7 rf: urea while the B. 

cereus (U and C specific) did not. The u2 reaction was buf­

fered at nH 3.5 and the others at nH ).0. Phy M and B. cer-

eus were purchased from P. L. Biochemicals and used as des-

cribed. T1 and U2 were purchased from Sigma and dissolved 

in stock solutions at 50 u/ml. One microliter of the stock 

solution was needed for each digestion. After reaction, the 

samples were run on 20% polyacrylamide gels and ~utoradio-

granhad us~ng Dunont lightening Plus intensifying screens. 

RESUL'ES 

A schematic of the methodology used to form and analyze 

crosslinks is shown in Fi~ure 1. Crosslinking was done in 

reconstitution buffer at low levels of }WT reaction in order 

to attain the most biologically relevant conformation. HMT 

has 'been shown to have a rn.inimal effect on RNA structure 

when added at these low doses, 3-5 HMTs per 16S (Thompson et 

al., l081; Thompson et al., 1082). The crosslinked and un­

crosslinked 16S melted at exactly the same temperature in· 

reconstitution buffer. The psoralen sar1ple had about 10% 
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Firore 1..:.. Schematic diagram of methods used to analyze 

crosslinks. 
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less hyperchromicity and also renatured ~uch more quickly 

(results not shown). 1t/hen examined at lower ionic strength, 

t~e crosslinked sample melted at lower temperatures, sug~es-

ttng that a different structure was more stable. The cross-

linked samnle was locked in the reconstitution conformation 

and could not change as easily as the uncrosslinked sample. 

Zwieb and Brimacombe (1980) have used a similar two 

dimensional gel technique to examine UV induced crosslinks. 

In the first dimension gel, any pre-existing secondary 

structure is stable because there are no denaturants and the 

gels are run at room temperature. T~e only fragments which 

will have structure are snapback hairpins and covalent cross 

links. Prior to loading on the gel, all intermolecular sec-

ondary structure is destroyed by heatin~ and ranid cooline. 

This nroduces a more uniform ponulation of molecules. The 

second dimension contains molecules with no secondary struc-

ture because it contains 7 ~~1 urea and is run hot. ~'/lost mol-

ecules are unaffected because they contained no secondary 

structure in the first dimension and thus run as a dia~onal. 

Hairr>in loops actually run slightly faster iYl the se-cond 

dimension because their radius decreases somewhat. Coval-

ently crossliYlked molecules, however, are severely retarded 

in the second dimension. After meltine, crosslinks have four 

ends an are forced to move throut;h the e:e l in a sl')read out, 

octonus-like conformation (Zwieb and Brimacombe, 1080). 

As shown in Figure 2, _the only bands which appear above 

the diagonal are caused by crosslinkine. In 2D ~els which .. 
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Fi.crure 2: Autoradiograms of two-dimensional gels. A) 2D 

gel of uncrosslinked 16S RNA. Heavy T1 digestion results in 

very little large material near the top of the gel. The "X" 

marks the position of xylene cyanol. B) 2D gel of cross­

linked 16S RNA. This sample was treated exactly as that in 

A except it was crosslinked as described in Materials ~nd 

OCethods. Discre~e off diagonal spots result from h~avy T1 

digestion. C) 2D gel of fraction from RFC-5 column. Note 

the two diagonals. both of which are heavier near the bottom 

of the gel. D) 2D ge·l of fraction from BND cellulose column 

The family of dark, off diagonal spots nea·r the ce,nter are 

all GFs 1116 x 118). Other fractions yield gels with a much 

differer.:t pattern of off diagonal spots. 

.. 
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contain total 16S RNA, the number of off-diagonal spots is 

simply too large to handle. Only a few crosslinks can be 

retrieved in pure form with enough 32p to se~uence. In or-

der to circumvent both these problems, the T1 digests of 

crosslinked RNA was first run through ei~her a RPC-5 or BND 

cellulose column. Fractions from these columns were then 

labelled and analyzed by the 2D gel system. This protocol 

has the double advantage of reducing cross-contamination of 

crosslinked bands and also providing better incorporation of 

The basis for RPC-5 separation of crosslinks is no~ en-

tirely clear. What is observed is the nresence of two diae-

onals. The lower diagonal corresponds to the normal single 

stranded material while the upper, steeper diagonal consists 

entirely of crosslfnked material. When a 0.1 to 2.0 M KC1 

B;radient wa-s used for elution, the most useful fractions for 

analysis came off the column at .45-.80 M KCl. Later frac-

tions tended to contain material too large for analysis •. 

This can be recombined) redigested, and run on the column 

again. 

BND cellulose separates nrincipally on the basis of 

secondary structure (Sedat et al., 1967). Before addinE RNA 

to the column, it was heated and quick ecole~ to minimize 

non-crosslinked secondary structure. The profile of a tyoi-

cal column eluent is shown in Figure J. It is quite clear 

that the OD and 3H (from 3H-HMT) peaks do not coincide. 

This is as exnected. Most RNA has little secondary struc-
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Fieure .1!. Elution profile of BND cellulose column. JH ari­

sing from [JH~HfYIT is pl.otte·d versus fraction for a BND cell­

ulose column run as described in Materials and rr:e·thods (..,.._). 

Relative OD26o of selected fractions is also shown (.)(~·.x.) • 
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ture and elutes early. The later maxima in OD (fractions 45 

to 65) probably result from the nresence of hairnin loops. 

The 3H peak elutes more ~lowly because the crosslinks stab-

ilize the secondary structure to the denaturing effect of 

DMSO. The second 3H peak contained a great deal of cross­

linked hairnin loops while the earlier 3H peak tended to 

contain more lon~er range crosslinks with less complementar-

i ty. There we.re significant amounts of hairpin structures 

also, though. Fractions beyond fraction 70 were also col­

lected but JH counts dropped quickly beyond this. This mat-

erial tended to be very large but could be redigested as 

before. 

The crosslinks obtained varies tremendously with the 

level of T1 digestion. If the samnles are heavily di~ested 

as in Figure 2b (note the lack of material near the top of 

the dia~onal), a small set of crosslinks is found. Light 

digestion results ih more crosslinks which are less well re-

solved. If the full range of crosslinks is to be found, 

several different diges~ions must be done. 

In order for the two dimensional gel system described 

here to separate crosslinked and uncrosslinked material, the 

fragments must each have a minimum length of approxima~ely 

15 nucleotides. Complete digestion with any RNase would 

make the fra~ents too small to be of use. In order to pro­

duce oligonucleotides that are large enough to separate but 

small enough to be resolvable, partial digestion was done 

with T1 RNase. This has the undesirable property 'of produc-
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ing many different sized fragments which actually contain 

the same crosslink. The number of off-dia~onal spots pro-

duced even when usin~ a crosslinkine reagent as snecific as 

psoralen becomes overwhelming. To compound this even fur­

ther, it was observed that many spots can reverse to yield 

exactly the same pair of fragments. This appears to be pri-

marily a problem in the running of the first dimension ~el. 

To reduce the number of off-diagonal bands, first dime­

nsion gels containing a short 4% polyacrylamide, 7 M urea 

stacking gel were employed. This ensured that no intermol-

ecular base pairing could be present. While this did reduce 

the number of bands, it also reduced the separation of bands 

from the diagonal. The decision of which type of first dim-

ension gel to use is thus dependent uuon the seriousness of 

the multiple spot phenomenonm 

After photoreversal of the crosslink and elution from 

the gel, fragments were separated on a 20% polyacrylamide, 

7 M urea gel. In some cases a single band was observed. If 

the mobility of this bind changed distinctly after reversal 

(Rf in 2nd dimension gel and separation gel were compared),, 

the band was classified as a hairpin loop and sequenced. 

When two bands were found, both were sequenced. Frequently, 

more than two bands were found. Unfortunately, relative 

intensities of labelling cannot be used to match pairs of 

bands because the halves of crosslinks are not necessarily 

labelled equally. The 5' ~erminal bases are usually differ­

ent and the ends are usually differentially offset in sec-
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ondary structure. These ambiguous crosslinks were discarded. 

Because the fragments are 5' end labelled, rapid se-

auenci.ng techniques can be eTT~nloyed in determining their 

positions in 16S RNA. Many fragments were sequenced simul-

taneously so the less time consuming method of partial enz-

ymatic digestion was chosen over chemical cleavage. The 

seauence of 16S RNA is already known (Brosius et al., 1Q78) 

so ambiguitiies in enzymatic cuts are easily resolved. The 

positions of the 5' and J' bases in t~e unambiguous cross-

links are shown in Table I. Frequently, different sets of 

termani were obtained from different off diagonal spots for 

the same crosslink. These overlr.ipping fragments allow an 

even finer resolution of the crosslink position. 

DISCU.::3::5IGN 

Reacti_vi.. ty of Fsoralen 

In order to best assign the locations of crosslinks 

within the observed fragments, a knowledge of the specific-

ity of reaction of !-llV!T is necessary. Reaction of different 

usoralens with vartous RNAs (Bachellerie et al., l08l; 

Thompson et al., 1082) and DNAs {Straub et al., 1081; Kanne 

et al., 1982) has demonstrated that uridi.ne and thymine are 

the preferred sites for photoreaction. There are only a few 

studies in which the position of psoralen has been mapped to 

high resolution (Rabin and Crothers, 1979; Thdmpson et al., 

1°81; Bachellerie and Hearst, 1982; Youvan and Hearst, lo82; 

Turner et al., 1082). These studies indicate that the most 
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Table I: Loc;:ations of Crosslinked Oligonucleotides 

FRAGlVJENT 1 FRAGMENT 2 

5' Ends 1' Ends· 5' Ends 1' Ends 

Confirmatory Crosslinks 

238 289 
435 481 

576' 592 616 617 645, 650, 655 
q94 1015 1016 1043 

1317, 1335 1361 1362 137q, 1385 
1280 1316 1317 1361 
1234 1255 1280 1304 

Discriminatory Cross links 

1100 1127 1167, 1179 1206, 1215 
1167, 1179 1206, 1215 

7 46* 918 941 

f'iew Cross1inks 

327 36Q 1317 1343 
618 645 1405 ,. 1418 1432 ,. 1453 
955 976 14Q8 1514 

*This cros1ink o1igonucTe~otid·e· is tentative·. S.e·e· Di.sc·uss'ion •. 

Multiple 5 • and J' e·nds are· found. be·cause· most crosslinks 
have be'e·n se·quence-d more· than once· with differe,nt termani 
pr.e·sent in the d.i.ffe·rent off diagonal spots. 



-186-
reactive positions occur in locations which are relatively 

unstable and facilitate intercalation Particularly suscep-

tible sites occur near the ends of helices, adjacent to G-U 

pairs, or at the end of runs of uridine. CertainJ.y, there 

are non-Watson-Crick pairin~ schemes which could be cross-

linked. Such structures may be inherently less reactive be-

cause of the rigidity which they impose on nearby helices. 

In tRNA, the melting of the tertiary structure greatly en­

hanced psoralen reaction (Bachellerie and Hearst, 1982). 

An entirely different type of tertiary interaction has 

been observed in tRNA (Kim et al., 1074). Coaxial stacking 

of helices appsars to be a ma~or structural feature in tRNA 

and has also been proposed as an important feature of large 

ribo~omal RNAs (Noller et al~, 1981). Such structures may 

be reactive if they can be unwound sufficiently to allow 

stackin~ of the osoralen between helices. The non-contin-

uous nhosnhodiester backbone should allow unwinding to occur 

more easily. 

Nomenclature 

·rhe nomenclature used to describe the crosslinks found 

is an extension of that used by Noller et al. (1981) and 

Wollenzein and Cantor (1982). Noller et al. use the s:rmbol 

"/" to mean "is base paired to". Because psoralen cross-
I 

linked nucleotides are not base oaired to each other but 

rather to ad,iacent residues, we shall use the symbol "x" to 

denote "is crosslinked to··~ Wollenzein and Cantor have 

adonted a nrefix to signify that their psoralen crosslinks 
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(Ps) have been localized by the electron microscope (E). 

The crosslinks described here have been localized using gel 

techniques (G). Thus, if bases 625 and 1420 are crosslinked 

by psoralen, .this interaction is written as GPs 625 x 1420. 

In the following discussion, the three most widely cited 

secondary structure models will be called, for simplicity, 

the American model (Noller and Weese, 1981), the German mod­

el (Zwieb et al., lG8l), and the French model (Stiegler et 

al., 1981). 

Method of Crosslink Assignment 

Assia;nment of crosslinks to specific bases in the fol-

lowin.e; section has been done with a number of criteria in 

minrl. First, and most obvious, is that the crosslink must 

occur within the isolated fragments. PossibJe secondary 

structures btween the two fragments were then determined by 

hand. These possibilities were discriminated on the basis 

of phylogenetic conservation and the presence of suitable 

psoralen c-rosslinking sites. Crosslinkine- sites were assum­

~d to be between uridines only~ While psoralen can certain­

ly react with cytidine and even purines to some extent (Cha~ 

pter 2), reaction with polymers has shown uridine to be the 

nreferred site. Hot spots for monoaddition and crosslinking 

(Youvan and Hearst, 1082; Thompson et al., 1981) have all 

been at uridine. To some extent, looking for uridine-uri­

dine crosslinks and then using these to prove the specific­

ity of psoralen is a circular argu~ent. However, the great 

ease in finding such sites argues in favor of this bias. 
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Phylogenetic comnarisons were made using the best 

alignments available in the literature. The secondary 

structure· alifP1ments of Zwie b et al. ( 1081) and Stiegler et 

al. (1981) were found to be the most useful while the pri­

mary structure alignment of Kuntzel and Kochel (1981) was 

also helnful. The assignments below are senarated 1rto 

three categories: confirmatory crosslinks which are nresent 

in all models, discriminatory crosslinks present in some 

models, and new crosslinks. 

Confirmatory Crosslinks 

GPs ')04 x 645: ·.rhis crosslin!c confirms the nresence of ,)88-

617/623-651. While the presence of the helical structure is 

definite, the resolution of the crosslink does not allow an 

unambiguous assignment because there are two other likely 

crosslinking sites in the secondary structure shown in Fig-

ure 4. Also possible are GPs 508 x 641 and G~s 603 x 636. 

The secondary structure drawn is nresent ir all three mod-

els in ~he literature. A UV-induced crosslink was also 

found in this region (Zwieb and Brirnacombe, 1~81). 

GPs 13'51 x 1372: This crosslink could also occur as GPs 

1348 x 1375. 1350-1356/1366-1372 is present in all three 

models while 1347-1349/1376-1378 is found only in the German 

model. This helical region has also been crosslinked by UV 

light (2wieb and Brimacombe, 1981). 

GPs 252 x 271: This is the only likely site of crosslinking 

within the fragments found. It is near the end of a helix 

terminated by two A-U pairs so nsoralen can easily intercal-

... 
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Figure 4a Sequences of confirmatory crosslinks arrange·d in 

proposed secondary struc·tures. The e·ntire fragments of 

crosslinks prese·nt in published structure models are shown. 

Arrows mark. the· .locations of observed T1 cuts. 
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ate. The secondary structure nroposed in all three models 

is identical in this region excent for an additional G-U 

pair tn the American model. The crosslink is isolated as a 

sin~le fragment despite the presence of accessible guanines 

ir. the hairpin loop. 

GPs 458 x 4?3: This fragment was also isolated as a single 

fragment. The three consecutive uridines opposite a G-U 

pair are ideal for crosslinking. This helix is well conser-

ved in all species which have not deleted the region and has 

been shov-m to be near the bound mRNA (Wagner et al., 1076). 

This same psoralen crosslink has also been mapped bv Turner 

et al. (1982) by a slightly different gel technique. 

GPs 1007 x 1021: This crosslinking site is ideal for inter~-

calation of psoralen. It contains a run of four uridines 

with a G-U ~air at the end of the helix. This helix is 

present in all models and is supuorted by compensting base 

changes in other species. 

GPs 1240 x 1298: This crosslinking site is at the basa of 

an extended helix present in all three models. There are 

two uotential psoralen sites wtthin the proposed helix which 

are virtually identical and thus cannot be distinguished. 

GPs 1308 x 1330: The hairpin stem nroven hy this crosslink 

is nresent in all models. Th~ only uridine-uridine cross-

link uossible involves the terminal uridine on one strand 

with the first uridine beyond the helix on the onposite 

strand. This type of interaction might even be preferred 
( 

over normal intercalation. There would be no unwinding of 
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the helix ~ecessary and nearly as much stabilization by 

stacking would be gained. Stacking from the terminal base 

nRir would be normal and some would also be gair.ed from the 

~ext unnaired residues. ~ucleottde 1)02 was previously ob-

served to be a hot snot for monoaddition hy Youvan and 

Hearst (11")82). 

Discriminatory Crosslinks 

GPs 1116 x 1183: The German model contains no sites of not-

ent ial crossl inking that would generate t.te observed frag-

ments while the newest version of the American model (H. 

Noller, personal communication) and the French model have 

two each. The most likely site in the A~erican model (Fig­

ure 5) involves the terminal uridine in a helix with a uri-

dine in a G-U pair. Also possible is a crosslink between 

terminal uridines in a coaxial stack (GPs 1118 x 1183). 

This helical region is deleted in some mitochondria but con-

served in other snecies. A very similar base pairin~ scheme 

is present in the French model. In this model, GPs 1115 x 

11e3 would involve the terminal uridine in a helix with the 

first uridine beyond the helix. This type of crosslink has 

benn proven for GPs 956 x 1506 and is likely for GPs 1308 x 

1330. The other uossible crosslink would arise if the hel-

ices formed by 1118-1124/114Q-1155 and 1063-1067/1184-1193 

stacked on each other. The terminal uridines would then be 

suitably positioned for crosslinkin~. These four crosslinks 

cannot be distin~uished on the basis of the crosslinking 

data available. 
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Figure 2:.. Sequences and secondary structures of discrimina­

tory crosslinks. Arrows show the positions of T1 cuts. 

Thre·e nucle·otides have bee·n added to the o~served fragments 

of GFsl4 x 921 in ord~r to show th~ entire helical stem. 
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GPs 14 x 921: This crosslink must be classified as tenta-

tive because of problems in identifyin~ one strand. The se­

quence for 918-941 is definite, however, 7-46 could not be 

read clearly enough to be sure of its uniaueness. Since 

nucleotides 020 and 921 are the or.ly uridines in the first 

sequence, one of them is most likely involved in the cross-

link. If 17-20/ ql5-0l8, present in the American model, is 

extended by four base pairs with a single base bulge, a good 

crosslinking site would be present. This crosslink may have 

been observed tn early electron microscoui~ ~ork (Wollenzein 

et al., 107q) and erroneously classified with EPs 510 x 1~40 

The latter crosslink has been confirmed with a more rigorous 

uolarit;r assie-nment recently (Wollenzein and Cantor, 1982) 

so the presence of this crossl in·k does not contradict the 

original work. 

GFs 1189 x 1202: The helical region identifled by this 

crosslir.k was pres-ent in two stretches i.n the original Amer--

ican model but has since been deleted (H. Noller, nersonal 

communication} .. It was not present at all in the french or 

German models. If GPs 1189 x 1202 is to occur simultaneous­

ly with 1116 x 118J, the helices in the original American 

~odel need to be shortened as shown in Figure s. 
J:i§!! Crosslinks 

GPs 1~8 x 1130: While there are two ~tretches of complirnen­

tarity between the crosslinked fragments found (330-340/1333 

1343 and 357-362/1325-1330), only one of these is conserved 

in other species as well (Figure 6). In this region, there 
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Figure .£.!. Phylogenetic conservation of GPs 358 x 1330. 

The homologous secondary structures for 6 species of small 

subunit RNAs are shown. Base changes in .going from the 

spe·cies on the le·ft to the· one on the right are shown by . 

arrows. 
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is only one likely crosslinking site. In the American and 

German models, both of these regions are involved in other 

interactions. In the French model, one of the re~ions is 

involved in another interaction. This crosslink had been 

observed previously in the electron microscope and mapped as 

EPs 353 x 1344 (Cantor et al., 1980). 

In order to conserve this interaction in Z. mavs chlor---
oplasts, one strand must be offset by two bases and a one 

base bulge introduced. One additional base pair can be made 

and more G-C pairs are nresent so this structure is actually 

more stable than in E. coli. Similar structures can be 

drawn for the homologous regions in eukaryotic RNAs. In mi-

tochondria, however, only very weak interactions are found. 

Human anrl yeast mitochondria are only stable by 5.5 and s.6 

kcal/mole while no reasonable structure at all is present in 

mouse mitochondria. Secondary structure calculations were 

done by the method of Tinoco et al. (lG73) usin~ the most 

recent values available (I. Tinoco, Jr., personal communica-

tion) . 

It does not seem likely that coaxial stackin~ would 

generate this interaction. 368-379/384-393 has a suitably 

placed terminal uridine but there is no structure between 

1317 and 1343 with a terminal uridine except for 1301-1)05/ 

1335-1339. This is present only in the German model and 

would necessitate stacking within a bulged loop of an exten-

ded helix. 

GPs 625 x 1420: Overlapping T1 fragments have allowed the 
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mapping of this crosslink to high resolution. There is only 

one good crosslinkin~ site in the secondary structure shown 

(Figure 7). A similar structure is uresent tn Z. mays chlo-

, ronlasts. One base is bulged but additional G-C nairs more 

than make un for this. Decidin~ which structures are homol-

ogous is difficult in eukarYotes. OCost of the additional 

sequences which have been inserted in lP~ RNA are added be-

tween bases 600 and 640 of E. coli. Because of this, no 

region is strictly homologous to bases 620-626. There is 

no such difficulty with the other crosslinked fragment. 

When the inserted sequence is scanned for complementarity 

with the known homologous region, one stretch can be found 

that has good base nairing. This is shown in Figure 7. 

Finding the appropr~ate secondary structures for mitochon-

dria1 RNAs is much simpler.. Homoloa:ous reg:ions for both 

crosslinked strands have been deleted. This crosslink may 

~orresnond to Feature X found by electron microscopy and 

manped Rt EPs 740 x 1370 (Wollenzein et al., 1079). 

GPs o56 x lS06: This crosslink is the most accurately known 

of those described. Not only were the fragments in Table I 

found; but, using a technique involving complete T1 diges­

tion followed by running in a 2D gel system similar to that 

described by Turner et al. (1982), the exact T1 fragments 

were found. This interaction is not present in any of the 

current models and would, in fact, necessitate the melting 

of one of the most highly conserved features of ·small sub­

unit RNAs, the m~Am~A hairpin structure. The very high ne-
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Figure .1..! Fhyloge·netic conservation of GFs 625 x 1420 •. 
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gree of conservation of the interaction is shown in Fi~ure 8 

indicates that this helix is truly present in vivo and is 

not an artifact caused by the crosslinking or the conditions 

used. The significance of this structure will be discussed 

later. This feature was ~apued by electron microscopy as 

EPs 970 x 1530 and was the most prevalent crosslink found 

(Wollenzein et al., 1979). 

Dvnarnics of Long Range Crosslir.ks 

The most surprising aspect of the long range interac-

tions which have been observed is the presence of multiple 

structures for the same nucleotides. These structures are 

probably in equilibrium in the conditions used. Tn the fun-

ctionir.g ribosome, such confor~ational switches are probably 

us~d to produce the physical movement necessary in transla-

tion. Evidence for switches has been found by Glatz et al. 

(1Q81). Psoralen may react uarticularlv well with this type 

of structural feature because, by necessity, the helices 

must be relatively free to move and unwind. Since the hel-

ices are not tightly constrained by other parts of the RNA, 

psoralen is able to intercalate and crosslink. 

Two of the crosslinks found, DPs 1189 x 1202 anrt GPs 

1116 x 1183 are in a region which there is evidence that 

large conformation?..l changes occur (Glatz et al., 1081). 

The data from crosslinking and denaturation studies could 

not all be incorporated into a sin~le secondary model. When 

our data is combined with that of Glatz et al.,(l981). it is 

quite apparent that large conformational changes are requir-
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Figure 81 Phylogenetic conservation of GPs 056 x 1506. 
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ed to explain it. One possible set of structures is shown 

in Fi.fSure 9. 

Possibly linked to this structural change is the cross-

link GPs 358 x lJJO. This crosslink is between ~egions sim-

ilar to those in one interaction postulated by Glatz et al . 

(1981). The two interactions could easily co-exist and pro­

vide a stable link between the two regions of the RNA. Ex-

tensiveconformational chan~es can he drawn 'Nhich combi_ne t~e 

data of all three models as well as the evidence presented 

here. Whether the changes are as extensive as depicted in 

Fi£l'ure ()·are very JTiuch in question. If the helices are as 

extended as nictured, topological nroblems could arise be-

cause more than a full helical turn would be introduced. 

GPs 1)08 x lJJO must also be in dynamic eauilibrium beriause 

it obviously could not co-exist with GPs 358 x lJJO. 

GPs 625 x 1420 also appears to be in a helix which un-

dergoes conformational change. The forrra ti c·n of the helix 

shown in Fi.P.:ure 7 would reauire the opening of two·other 

helices. The conformational chan£l'e may be facilitated by 

the binding of protein S8. S8 has been shown to stroneslY 

protect 58P-60J/6J6-6.51 when bound ( Ungewickall et al. ,. 

1975) and also induces a large conformational change when 

bound (N.omura et al., 1970) •. This chane;e could very well be 

the bringing together of the regions around 620 and 1420. 

S8 does not necessarily have to bind directly to the region 

around 1420; instead, this interaction could be medi.ated by 

another protein. 
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Figure 9t Possible conformational changes in 16S RNA. 

A) Long range inte·ractions shown are supported by thre:e dif-

ferent psoralen crosslinks (boxed) and one interaction found 

b~r Glotz e·t al. ( 1981) , 387-400/1053-1067. 1131-1144/1301-

13l7 is not pre·sent in any of the current models but similar 

structure·s· can be· drawn for other spe.cie·s. B) Short range 

interactions shown are from the· newe·st ve·rs.ion of the Ame·r-

ican mode·l (H •. Nolle·r, pe-rsonal communication). 
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_Additio~al evidence for this conformational switch can 

be deduced from the work of Stark et al. ·(1982). They have 

studied the effect of deletion mutations on the processing 

and function of Ee coli 16S RNA. One of these mutations, a 

single base d~letion at position 615, has a profound effect. 

Very little of this RNA is processed correctly or incorpor-

ated into JOS subunits. While this base is not directly in-

valved in the long range interaction described, it would 

!'lave an effect on the eauili brium of 612-617/62)-628.:; 620-

626/1420-1426. The stability of the first helix and hairpin 

loop is 12.0 kcal/mole while t'1e second helix is 11.8 kcal/ 

mole. Omitting base 615 does not change the stability of 

the second helix but the first structure is t~en only stable 

by 10.4 kcal/mole. Instead of he in.g more stable, it is con-

siderably weaker t~an the second helix after deletion. The 

short range interaction may be re~uired for correct process-

ing while the lon~ range interaction would form with only a 

small inout of ener~y at some other point in the ribosomal 

cycle. The same type of finely tuned equilibrium can be 

seen in ~ mavs chloroplasts. The homologous helices have 

stabilities of 14.6 and 14.1 kcal/mole. Eukaryotes behave 

similarly with§..:.. cerevisiae having stabilities of 7.4 and 

7.2 kcal/mole and X. laevis having stabilities of 8.7 and 

7. 8 kcal/mole. While the seauence and stabil i tes of t:1ese 

helices in the four species vary widely, the trend of the 

short range interaction being sli~~tly stron~er than t~e 

lone range interaction is uniform. 
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In the above analysis, the German secondary structure 

model has been used in all cases. The stabilities were cal-

culated.for the entire helix, including the hair~in loop, 

from where the disruption caused by the long range interac-

tion would occur. Additional stability caused by repiring 

of the other two sequences involved in the short range in-

teractions has not been included because there is no infer-

mation on this. Disruption of the 1400-l4J0/1470-l40l helix 

has not been calculated either. This contribution is small 

because, of the seven base nairs needed to be broken for E. 

coli, four are G-U pairs and two n.re A-U pai::-s. Whether 

t:-tis structure is oresent as drn.wn in t~e Ger~an model is 

also subject to debate. 

The helix crosslinked by GPs ol:\6 x 1')06 would also need 

to be in dynamic equilibrium. It would re~uire the unuair­

in~ of the highly conserved m~Am~A hairpin loop, a structure 

found in all small subunit RNAs that have been even Dartial-· 

ly seauenced. That this helix should open is not surprising 

in view of the results of Van Charldorn et al. (1081). They 

found that the presence of the four methyl groups destabil-

ized the helix because of the greater energy required to un-

stack them for placement in a hairpin loop compared to un­

modified adenines. This destabili~ation would not be pres­

ent in 950-056/1507-1513 because this helix would not intro­

duce a loop hence the two m~As could effectively stack. 

Functional ImPlications of Crosslinks 

mRNA Binding: The role of 16S HNA in recognizing and bind-
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ing mRNA in the initiation complex has been well established 

for several years (Shine and Dal~arno, 1q7~; Steitz and 

Jakes, 1075). In euKaryotes, however, the sequence which 

has been imnlicated in mRNA binding has been deleted. Be-

cause both eukaryotic and prok~ryotic small subunits nerform 

essentially the same function, there should be some compen-

sating interaction between 18S RNA and mRNA. There are no 

apparent similarities in either the primary or secondary 

structure of eukaryotic mRNAs that would provide a basis for 

this. 

GPs 956 x 1506 brings to~ether two highly conserved re-

gions in E. coli 16S RNA. The same interaction occurs in 

eukaryotes anrl thus brings this region spatially close to 

'Nhere mRNA reco~i tion occurs in nrokaryotes. In nrokarv-

otes and eukaryotes, there are a number of modified bases 

located in both these parts of the R~A. As mentioned earli­

er, the two m~As serve to facilitate the opening of the 

hairpin loop. In E. coli, there are a rn 2G and a m5c present 

in the region 550 bases from the J' end. In eukaryotes, 

these have been replaced by the hynermodifi..ed base amf". 

This nucleotide is perfectly suited to assist in mRNA reco~-

nition. 

The modifications present on am~ allow it to make sne­

cific interactions with the m7G cap structure found at the 

5' end of all eukaryotic mRNAs. The ne~ative charge delo­

cali..zed on the carboxylic acid group of am¥ can stabilize 

the nositive charge delocalized on the i..mi..dizole nitro~ens. 
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Simul taneously. the amino groun of am r can interact with one 

of the negatively charged phosphate grouns. Preliminary 

evidence suggests that exogenously added arnf can inhibit 

tr:1.nslation (Chapter 7) as efficiently as exogenously added 

m7GTP (Hickey et al., 1977) which lends additional support 

to the importance of this interaction. A more detailed des-

cription of this interaction and additional evidence for it 

are presented in Chapter 7~ 

This interaction may also be involved in more complex 

intersubunit contacts. Azad (1979) has proposed an tnterac~ 

tion between SS RNA and the same region of 16S RNA (1509-

1517) that pairs with the region near m2Gm5c. There is no 

firm evidence for this interaction and it was suggested by 

Schnare and Gray (1981) that it is not universal. However, 

stable base nairing of 5S and 18S RNA in solution has been 

observed (Oakden et al., 1976). The in vitro complex formed 

between !h melano.f':'aster 18S and 5S RNAs can be crosslinked 

by H.MT and large amounts of 5S co-purify with~ melanoa:as­

ter 18S RNA even after two rounds of sucrose gradient cen­

trifugation using the purification protocol described in the 

Materials and Methods section. The fact that JOS subunits 

which contain the 956-1506 crosslink are less able to form 

70S ribosomes than other crosslinked subunits (Thammana et 

al., 1970) further su~gests that 5S pairs with 16S through 

this interaction. 

How the two long range and the short range interactions 

might alternate through the ribosomal cycle is not clear. 

' :.-i 
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For instance, one interaction might only occur during initi-

ation while the others might switch during elongation. Only 

crosslinking results from ribosomes irradiated at specific 

points in translation will clarify this situation. 

Proofreadine: and tRNA Bind ine:: ·rhe total. error rate in 

translation is simply a sum of t~e error rates of its com-

ponent reactions. The theoretical and practical problems 
. 

involved in the analysis of translational fidelity are re-

viewed by Kurland (1980) and Yarus (1979). Best estimates 

nlace the total error rate from all factors at one misincor­

poration per 104 amino acids. The only sten in translation 

which cannot be exnected to easily yield t~is level of dis-

crimination is tRNA binding via the codon-anticodon interac-

tion. The difference in bindine: energies of partially de-

generate anticodon~ is far too small to expect such accurate 

reading. To accnunt for this, a nu~ber of models have been 

presented, all of which involve reading the anticodon twice 

to multiply small differences in binding. The lack of ex-

perimental data has, up until now, prevented formulation of 

a detailed nhysical model of this process which satis£abtor­

ily accounts for what little is known. 

No part of 16S RNA has been associated with a proof-

readin~ function. Several proteins, however, are known to 

be involved in regulating translational fidelity. Elonga-

tion factor Tu, S4, SS, Sll, Sl2, and Sl7 have all been 

shown to profounly affect the error rate (Gavrilova et al., 

1981 and references therin). The characteristics of one of 
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the long range crosslinks observed, GPs 625 x 1420, suggests 

~hat it might have a role in proofreading and tRNA bindin~. 

The region near 1420 has been implicated in binding of tRNA 

to the P site (Taylor et al., 1G8l) and the region near 625 

is part of the S8 (a tRNA binding protein) bindin~ site. 

Both regions are highly variable as would be exnected for a 

nroofreading function. The proofreading process reauires 

energy and each species will have different requirements for 

ootimizing the advantages of increased accuracy with the 

disadvantages of energy loss. Thus, proofreading should be 

different even among closely related species with even lar-

ge~ differences upon gain~ from mitochond~ia to prokaryotes 

to eukaryotes. The region of E. co1 i 16S Rt-;A around 580-660 

varies considerably among nrokarvotes and has been deleted 

entirely by mitochondria. Virtually all of the nucleotides 

which have been inserted into eukaryotic l8S RNA are found 

tn this region. A similar behavior is seen around 1~20. 

l'f:i tochondria have shortened t~at helical stem while eukary• 

oies have expanded it. 

Intuitively, one would exnect eukaryotes to require the 

lowest error rate and hence devote more of the 18S RNA to 

that task. Eukaryotes s;rnthesize many more proteir.s than 

prokaryotes and are thus more sensitive to error-induced 

damage. Mitochondria, on the other hand, are almost free of 

proofreading constraints. All nroteins synthesized are mul­

tiple coDy and only a few different ones are made. Indeed, 

all nroteins which could propagate errors, ribosomal pro-
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teins and polymerases, are synthesized outside the mitochon-

dria. In some cases, mitochondria only read two of the 

anticodon nucleotides (Heckman et al., 1080) so it would not 

be surprising if they were to delete all or part of the 

proofreading apparatus. This analysis has not relied on ex-

perimental results because measures of in vivo translational 

fidelity are extremely difficult to do and have been re~ 

stricted to studies •uhich detect only one or a few different 

rnisincorporated amino acids in a protein (Edelmann & Gall-

ant, 1977). Even these studies have to be viewed critically 

because E. coli ribosomes can reject nascent peptides which 

contain an error (Caplan & OCenninger, 1979). These olieo-

Pentides are broken down rapidly in t~e cell so are rliff~-

cult to quantttatively ~easure. 

Lake (1979) has uro~6sed a detailed model for what ~e 

terms the R (recoc;ni tion) site of tR~!A bindin?,. The anti.-

codon is read once in the R site. A conformational change 

in the tRNA occurs to bring it to the A site where the anti-

codon is read again •. A primary reason for placing the R 

site on the exterior of the JOS subunit is the location of 

several tRNA binding (includin~ S8) and proofreading Pro-

teins there. For the reasons mentioned earlier, the cyclic 

interaction of 612-617/62)-628~620-626/1420-1426 appears to 

he ideally suited for involvement in the process of mavin~ a 

tRNA from the R site to the A site. 

Lake (1981) pronoses that the confor;rational change 

which brings the tRNA to the A site would occur solely in 
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t~e tRNA with the only tR~A contact to the ribosomal complex 

being
1
at the anticodon. This seems unlikely not only be-

cause of the we~kness of some codon-anticodon interactions, 

tut also because of the ease with which the process could be 

short-circuited. If the tRNA in the nrocess of switching 

wefe to come off the rnR~A, there would be nothing to ~revent 

a new tRNA which had not undergone the initial screening at 

t~e R site from takin~ its place and moving into the A site. 

It is more likely that there are multinle tRNA-protein and 

tRNA-rRNA contact points which ensure that the bound tRNA 

has all the important features of the cognate aminoacyl 

tRNA. In this way, other conformational chan~es in the rib~ 

osome could be tightly coupled to tRNA movement. 

~f'-Tu, which has been shown to recognize the J' end of 

a~inoacyl tRNA before binding the ribosome (reviewed by 

Weissbach, l9BO),and the tRNA bindin~ proteins on the exter-

ior of the JOS subunit would !1'1ake contact with tRNA bound to 

the R site~ It would not be surprisi~~ if rRNA were also 

involved. The high variability of the 588-617/623-651 reg-

ion suggests that it would not be directly involved in tRNA 

binding. There are, however, two nearby seauences of CGAA 

that are highly conserved. Both of these stretches, located 

at 726-729 and 764-767 in E. coli, are present in all -orok-

arvotes and eukaryotes and at least one is nresent in all 

mitochondria. CGAA is complementary to the highly conserved 

T~CG present in tRNA. While this sequence is not available 

for inter-RNA binding in s6lution, there is strong evidence 
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that binding of a codon to tRNA makes this region more acc-

essible (reviewed by Kim, lq78) and thus ab1e to bind to l6S 

RNA or 5S RNA. Such an interaction would destroy contact 

between the D and T+ loops of tRNA, also freeing other se-

quences for interaction. The conserved YGG sequence in the 

D loop could also be involved in interactions in the R site 

or it might remain free to allow specific binding t~ the A 

site upon switching. 

There is a strongly conserved sequence in 16S RNA which 

would allow pairing of the YGG sequence in the A site and 

subsequently in the ? site. The seauence CCGm4CmCCG (l3no_ 

140 5 in E. coli) is nresent in all prokar:votes and eukary-

otes and some mitochondria. In the .A site, 1399-1401 waul~ 

pair with the exnosed YGG while the P site tRNA YGG could 

nair with 1403-1405. 

This hypothesis is based oartly on the data of Ofengand 

et al. (1982). They found a modi.fied base in the anticodon 

loop of a P site tRNA could crosslink to C-1400. This 

crosslinking was done with an empty A site so C-1400 would 

be available. When the proper codon was· supplied for t·he 

tRNA ( Ofengand and Lieu, 1981) , crosslir.king was abel ished. 

This indicates that the interaction between the anticodon 

and C-1400 is probably not functionally important. It does, 

however, establish that the P site is in very close proxim- • 

ity. The A site must also be very close because Johnson et 

al. (1982) found that the distance between the s 4u nosition 

in tRNAs bound to the A and P sites is only 2-10 X greater 
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than the tRNA diameter. This implies that the A and P site 

tRNAs are in very close contact throughout their entire 

lengths because the anticodon loops and 3' ends also have to 

be auite close. 

In order for the D loops to pair with 16S RNA as des­

cribed, the tRNA would have to undergo a conformational 

change. The D and T 'f' loops would have already separated in 

the R site. The D loop and stem would also have to twist 

slightly and move toward the anticodon loop. In such a con-

forrration, the bases in the anticodon and D loops are in an 

antiparallel configuration. The A site is on the 3' side of 

the mRNA so it is on the 5' side of the l6S RNA. A diagram 

of how this might happen is shown in Fif?:ure 10. 'rhe mRNA is 

. necessarily kinked so the anticodon loops can base pair to 

adjacent codons on the mRNA. The same type of kink is nee-

essary in the 16S RNA. ·rhere is a larger distance allowable 

between the D loops because the base paired regions are sep-

arated by an unpaired, modified nucleotide. Tl-te base and 

suf?:ar methylations might somehow stabilize this kink. 

Except for a few mitochondrial tRNAs and tRNAs involved 

in cell wall synthesis, the sequence GG is present in the 

same location in the D loop. The base 5' to this is usually 

a C, D, or U but occasionally an A. The pairing of G-1401 

or G-1405 with this variable base holds additional potential 

for distinguishing between different tRNAs. The structure 

of G-C, G-U, G-D, and G-A pairs are all different and may 

change the orientation of a tRNA enough that, denending on 
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Figure 10: Possible structure. of two tRNAs interacting with 

both mRf\A and 16S RNA in the A and P sites of the ribosome. 
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t~e remainder of the structure, it could stabilize co~ate 

and destabilize non-cognate tRNAs. 

Translocation and Elongation: Very llttle is known about 

the mechanism of translocation and which parts of the ribo-

some are involved. The following model for translocation 

and movement of tRNAs through the ribosome is presented not 

as a definitive statement on how the ribosome works but as a 

way of accounting for our observations and those of oth-

er workers in the field. There is clearly much work to be 

done and this model should help point out weaknesses in our 

knowledge. 

The role of tRNAs in translocation appears to be nara-

rr.ount. The distance which mRNA moves is determined by the 

tRNA (Thach and Thach, 1971; GuPta et al., 1971). Johnson 

et al~ (1982) have also proposed that the energy for trans-

location comes from energy stored when the A site tRNA is 

tightly packed adjacent t6 the F site tRNA. In order for 

the tRNAs to be in such close contact, there must be other 

parts of the ribosome which prevent the tRNAs from escaping. 

Since this would necessarily have to be a cyclic interaction 

RNA-RNA interactions seem likely to be involved. While 

inter-subunit interactions could play a role in this, we 

have no information which relates to this. A large part of 

the tRNA binding sites are localized on the 30S subunits so 

16S RNA could certainly play a ma~or role. 

Brimacombe (1~80), while not setting forth ~ specific 

model, proposed that 39-47/393-402 + 1055-1065/1186-1195 ~ 
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J85-39q/1052-1067 might somehow be involved in transloca-

tion. There is no direct evidence for Brimacombe's proposal 

but this seems to be exactly the tyne of cyclic, long range 

interaction necessary if translocation is to proceed as des-

cribed above. The interactions shown in Figure 9 are cer-

tainly intricate enough to lock the P site tRNA in place. 

At t~e opposite end of the JOS subunit, similar interactions 

would have to occur to lock the A site tRNA in place. T~ese 

could include 950-956/1507-1.513 and other interactions such 

as EPs 450 x 1540, EPs 510 x 1540, or "2:Ps 0 x 1540 which 

have been mapped by electron microscopy (Wollenzein et al., 

1979; ':iollenzein and Cantor, 19B2) but not known to hie;h 

enou~~ resolution to describe in detail. 

A chart showin~ our pronosed ~odel for the elongation 

process is shown in Figure 11. The key features and abbrev-

ia"tions used are explained in the figure legend. The role 

of elongation factors and conformational changes are shown 

wit~ the occupancy of e~ch tRNA binding site after each 

event is listed. 

When EF-G ·GTP binds to the oretranslocation ribosome, 

it destabilizes the long range interactions and causes the 

short ran~e base pairing of Figure 9B to occur. This oro-

vides an escape route for the P site tRNA. This tRNA is 

ranidly expelled from the P site because of electrostatic 

reuulsion from the A stie tRNA. The A site tRNA moves to 

the, P site simultaneously because of the much greater affin­

ity of peptidyl tRNAs for the P site. After tRNA movement, 
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A Model for Protein Elongation 
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Figure 11: Model for elongation and translocation. 

The model involves six steps, three of which involve struc­

tural transitions in the RNA. These transitions are des-

cribed below. 

1) Gate 1 is a steric barrier to tRNA movement at one end of 

the cleft in the 30S s~bunit. It separates the R and A 

sites and is associated. with the following, and possibly 

other, transitions in secondary structure: 

Gate 1 (closed) ~ Gate 1 (open) 

Q50-956/1507-1513~~ 946-q55/1225-1235 + 1506-1515/1520-1529 

2) Gate 2 is a similar barrier at the other end of the cleft 

between the P and D sites. It is associated with the trans­

ition de·scri bed in Figure 9. 

Gate· 2 (closed) ,_ .2 Gate: 2 (ope.n) 

Figure· 9A Figure· 9B 

3) The movement: of the· aminoacyl tRNA from the· R site· to the· 

A site·: 

AA-tRNA (R site') --7-AA.-tRNA (A site) 

612-617/623-628 ·-7 620-626/1420-1426 

During the next ste·p ( tRNA e~xpulsion) , the reversal of this 

structural change· in the I6S RNA occurs, lea.ving the amino­

acyl tRNA in the· A site· and ge·nerating an empty R site' •. 

In the above figure, four site·s of tRNA binding are· 

pos:tu1ated. The R (re·cognition) site corresponds, in prin-. 

ciple, to that described by Lake (1981). The physical att-

ri butes and position are not nece·ssarily the sa:rie, howeve·r. 

The A and P sites are as usually proposed. The D (discharg~ 
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site corresponds to theE site of Rheinberger et al (1981). 

The name has been changed for acronymic reasons. AA refers 

to the aminoacyl tRNA, P to the peptidyl tRNA, and .D to the 

deacylated tRNA. ~ ref~rs to a closed gate, a blank space 

to an open gate, and ~~to positions of the CCG sequences in 

the 16S RNA which base pair with the D loop of the tRNA (see 

Discussion). 

• 
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EF-G•GDP dis$ociates from the ribosome, catalyzed by GTP hy-

drolysis. Tha stabilization by EF·G of short range interac-

ttons is no longer a factor as to. which conformation is fav-

ored so the interdomain interactions shown in Figure GA are 

re-established. 

Evidence for a D site and tRNA bindin~ to it after the 

F site is described by Rheinberger et al. (1G8l) (the E site 

has been renamed the D site for acronymic reasons) • ·rhe 

presence of the deacylated tRNA in the D site accelerates 

the binding of the aminoacyl tRNA·EF-Tu.GTP ternary complex 

to the ribosome. This occurs after an initial reading of 

the anticodon of the incoming tRNA.. Once the anticodon has 

been interpreted as correct; EF-·ru.GTP bi.nds wi. th high af-

finitv to the short range interactions near the A site (o46-

OSS/1225-1235 + 1506-1515/1520-1529) and allows the R site 

tRNA to move into the A site. In the presence of EF-·ru, 

this movement is irreversible without added energy and pro-

vides the non-equilibrium situation necessary for true nroof 

reading to occur (Yarus, 197o: Kurland, 1980). Once in 

nlace, the tRNA anticodon is reread. If stil.l deemed corr-

ect, EF-Tu·GDF dissociates from the ribosome with hydrolysis 

of GTf. This allows the long range interactions to reform 

(950-956/1507-1513) and locks the two tRNAs in place, cor-

rectly positioned for peptidyl transfer • 

This model is necessarily incomplete but does account 

for.all the data available on elon~ation at nresent. For 

instance, while four tRNA bindin~ sites are proposed, only 2 



.. 

.. 

( 
-225-

or J are occupied at any one time. This agrees with the 

data of Rheinherger et al. (1981) who found 2 to 2.5 tRNAs 

bound during translatiori. It also includes the R and D 

sites which increase the fidelity of translation (lake, 

1981; Rheinberger et al~, 1981). The properties of non­

cleavable GTP analogs in factor binding is accounted for be-

cause the energy input is used solely· to drive dissociation. 

The factors sim~ly favor one direction in a confor~ational 

equilibrium. Non-P-nzymatic translation is possible because 

t~e same conformational equilibrium would be present in the 

absence of factors but would simnly occur at a slower rate. 
' c • 

Cther ~.~ethod§. of fsoralen Crosslink N:anninfr: Electron r:i-

croscopy has been the most powerful tool for locRlizin~ 

psoralen crosslinks up until now. This techniaue is limi_ted 

primarily by resolution. Short ran~e crosslin~s cannot be 

observed at all while lon1:2; range crosslinks cannot be 1~apped 

as accurately as described here. Now that the type of site 

that psoralen prefers to crosslink is knovm better, mapping 

can be done with so~ewhat more co~fidence. Other gel tech­

niques have also been used (Thompson et al., lq81; Turner et 

al., 1G82). While providing valuable information, these 

techniques are simply not as versatile Rs those described 

here. 

Complete digestion of fragments with T1 provides higher 

resolution but short fragments are sometimes impossible to 

place in the sequence. Complete T1 digestion followed by 

reversal could be employed in finding GPs 956 x 1506 but 
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only because -it was present in high yield (Wollenzein et 

al., 1979) and contained two relatively long ·r1 fragments. 

COhCLUSIOf'jS 

The large number of psoralen crosslinks which have been 

localized in this study clearly shows the usefulness of this 

technique for determining the secondary structure of any 

large RNA. The technique is also simple enough t~at most 

laboratories can readily employ it on any RNA of interest. 

The results presented here, while supporting the gener­

ally accepted models for l6S RNA structure, also clearly 

~oint out the dynamic nature of the molecule. Gnly when we 

can correlate conformational changes vii. th specific events 

will we begin to understand the ribosomal machinery. The 

value of psoralen crosslinkin£ in future studies is high. 

Psoralen crosslinks precisely those features which are most 

difficult to observe using other techniques. 

.. 
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Chapter Seven: 

Role of ami' in Eukaryotic mRNA Recognition 

INTRUDUC'riOl'~ 

In Chapter 6, the structure and function of prokaryotic 

ribosomes were considered. While there are many similari­

ties between prokaryotic and eukaryotic translation, strik­

in~ differences are also present. Perhaps the most obvious 

difference is the manner of mRNA recognitton. In prokary­

otes, binding is regulated, at least to some extent, by base 

pairing of the 5' end of the mRNA to the J' end of the 16S 

RNA (Shine & Dalgarno, 19?5). This interaction does not ex-· 

ist in eukaryotes. Instead, there is a m7G cap structure at 

the 5' end of the mRNA. This serves the double function of 

protecting the mRNA from exonuclease digestion and increas­

in~ levels of translation (reviewed by Filipowicz, lG78; 

Banner,jee, 1980). Speculation thus far on how the capac­

complishes increased translational efficiency has centered 

on the role of cap binding proteins. These proteins bind 

specifically to the cap structure and, with Mg2+ and ATP as 

cofactors, unwind the secondary structure of t:'1e mRNA (Son­

enberg~ 1981; Sonenberg et al., lg81). mRNAs with little or 

no secondary structure are translated with higher efficiency 

(Kozak, 1980). 

While the presence of cap bindine: proteins can explain 

a large part of the increase in translation associated with 

m?G, it is also clear there must be something else involved 
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also. Kozak (1980) found that even mRNAs which had lost all 

secondary structure as a result of bisulfite reaction (caus-

es complete conversion of cytidine to uridine) could have 

their translation inhibited by exogenously added m7GDP. 

Therefore, the m7G must have some role other than simply 

promotins the unwinding of secondary structure. Based on 

psoralen crosslinking results, we have proposed that the hy­

permodified base am (Figure 1) plays a major role in this 

recognition (Chapter 6). Inhibition of in vitro translation 

by am in a manner similar to that done with m7G (Shafritz 

et al., 1976; Hickey et al., 1977: Adams et al., 1978; Hick­

ey et al., 1976; Roman et al., 1976) was attempted to verify 

this proposal. 

LV!.iU'.J;:;HIALS AND fiiE'l'HODS 

'rhe hypermoctified nucleoside am·Y was synthesized by 

Steve Isaacs of this laboratory in a procedure which will be 

fully described elsewhe~re with a complete structural charac-· 

terization of the product. The synthesis started with pro­

t·ected pseudouridine (Sigma).. After specific methylation at 

Nl, the NJ position was alkylated with protected bromohomo-

serine followed by denrotection at all positions. The com-

pound used in the translation studies still contained resid-

ual protecting groups. The partially denrotected products 

could be separated by reverse phase HPLC but were not char-

acterized to determine which groups remained. In vitro 

translation was done with a rabbit reticulocyte lysate from 
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Figure 1..!. Structure of m?G and am+'. 
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BRL and [3Hlleucine from Amersham. Each lysate contained 

the components provided by BRL as well as O.lSAg globin 

mRNA and S~Ci of [3Hlleucine and was incubated at J0° for 

1 hr. Ten microliters of each sample was anplied to Vlha tman 

GF/A a;lass filters, boiled in 10~~ trichloroacetic acid for 

10 min, washed twice with l01·'o trichloroacetic acid, twice 

with 95~,; ethanol, and c·ounted in a toluene scintillation 

fluid as described in Chapter 2. 

J:t£S UL'fS 

The amount of translation observed using amf, pseudour-

idine, and uridine as inhibitors is shown in Figure 2 •. The 

am? used has not been structurally characterized yet and is 

known to contain partially deprotected impurities so there-

sults ~ust be viewed as. preliminary. The compounds which 

have been tested in Figure 2 are only the first of many that 

will be examined eventually. The concentration dependence 

of translation inhibition by am-1' is similar to that observed 

for m7GTF (Adams et al., 1978). Eventually, it will be pos-

sible to determine which parts of am are necessary for its 

activity.. Clearly, it is not just simply the amino acid 

side chain because even"¥ gives some residual inhibition. 

Efforts are now underway to synthesize and test derivatives 

of am which have been only partially deblocked as well as 

analogs such as l,J dimethylpseudou,ridine. Presumably, the 

interaction is not simply between m 7G and am+' but also in-· 

volves proteins which recogni~e specific aspects of both 
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Figure ~ Concentration dependence of translation inhibit­

ion. The amount of translation of globin mRNA is shown for 

samples to which various amounts of amf (--) , 'i' ( 0 ----.:.;.) , or 

uridine ( :1--i"J) has been added. These are relative to a con­

trol in which water was added. Samples were also run in the 

absence· of added globin mRNA.. This sample (x) was compared 

to a control to which water was· added but no mRNA • 
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their structures. 

The fact that am specifically interferes with initia-

tion as opposed to elongation is shown by the samnle in 

which addition of exogenous mRNA was omitted. The only 

translation which occurs is from polysomes which had already 

formed in the lysate before addition af am • In this system 

the concentration of endo~enous mRNA is so low that reinit­

iation is unusual. Inhibition of translation by am is 

only 15% while in the normally initiating system, inhibition 

by am at the same concentration was 6ver 95%. 

DISCUSSION 

·.'ihile we have not yet been able to directl;r test vvhich 

parts of am are important for interaction, some information 

can be gotten indirectly by examination of which parts of 

m7G are important in translation inhibition (Roman et al., 

1976; Hickey et al., 1977; Adams et al., 1978). These stud­

ies have used nucleotide analogs of m7G to inhibit protein 

synthesis or mRNA binding. It was found that 2' or J' phos­

phates on m7G ~as of no importance while a 5' phosphate in­

creased inhibition. A 5' di- or triphosphate was even bet­

ter. The nature of the alkylatina; group at the 7 position 

was unimportant: only the presence of the positive charge 

mattered. The dependence of the inhibitory ability on the 

5' phosnhate has been attributed to the conformational ri~­

idity imparted by the negative charge (Hickey et al., 1977). 

While this could play a role, it is also likely that the 

... 

• 
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amino group o£ amf could interact with the phosphate charge. 

When space filling models of the 5' end of the mRNA and the 

region around am'l' are made, it is clear that the least 

strained interactions are made with the (3 and j phosphate 

oxygens. At the same time, the negative charge delocalized 

on the carboxylic acid group of amf interacts with the posi­

tive charge delocalized on the imidizole nitrogens. 

Other analogs indicated that the 2' OH group and at 

least one of the N2 hydrogens were unimportant. Adams et 

al. (1978) also investigated other substituents for their 

effects but these results must be viewed with caution. Re-

moval of the 2 amino group or re"9lacement with a keto group 

has a large effect on the pK of the Nl hydro.£;en. 'The pK '.s 

of 7-methylguanine, 7-methylxanthine, and 7-rr.ethylhypoxanth-

ine are 9.9, 8.9, and 7.5, respectively. While the pKs are 

not available for all the triphosphate comnounds, they prob­

ably follow the same trend. The pK of m7GTP is 7.1 so it is 

claarly sensitive to the pH in the range being studied. 

'Hhile m 7 GDF will have significant amounts of both charged 

and uncharged Nl atoms, m7XDP will have only small amounts 

of uncharged and m7IDP will be virtually all charged. This 

is also the trend in inhibitory effects. Thus, this data 

cannot conclusively say whether it is the 2 amino group or 

the uncharged Nl position which is important. It is diffi­

cult to interpret the pH dependence of translation to deter­

mine which feature is important because both the m7GTF and 

the m7G cap will be similarly affected. 
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Space filling models of the two regions have been con-

structed to examine what other types of interactions might 

be nresent. In making this model, only the interaction~ 

contributed by the 5' end of the mRNA and the region around 

amf were considered. In the ribosome, proteins will also 

certainly be involved and may displace some of the postula-

ted interactions. In addition to the ionic interactions 

described above, the cytidine 5' to am"¥ may engage in normal 

Watson-Crick base pairing to m7G. This would be allowed 

only if the Nl position is uncharged as pronosed earlier. 

The presence of an Nl methyl g~cup, which abolishes the in-

· hibitory effect, would also prevent base pairing. An amino 

hydrogen from amf can hydrogen bond to the imino nitrogen of 

the 3' cytidine while one of the cytidine's amino hydrogens 

can interact with a phosphate oxygen. At the same time, 

this cytidine can effectively stack over the nucleotide adj­

acent to m 7G. 'rhis hase is generally a methylated purine 

which has a strong tendency to stack (Tazawa et al., 1980). 

The adenine two bases to the 3' side can stack on the oppo­

site side while the adenine two bases to the 5' side of am~ 

can stack with m7G. The region including the Nl methyl, C5, 

C6 and the ribose_of arn"i' forms a relatively hydrophobic sur­

face which would be ideally suited for contact with a "!"ro-

tein. Froof of these, or other, interactions will have to 

await further experimentation. 

The fact that the sequence surrounding am-i' in eukary­

otes is so highly conserved suggests a functional importance. 
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amt' has been definitively mapped in Q.:_ melanogaster, (You-

van & Hearst, 1981) and X. laevi.s (Salim & Maden, 1981) but 

the T1 fragment in which it is located is highly conserved 

in all other eukaryotic species examined (Fuke and Busch, 

1979). The secondary structure which brings it in contact 

with the 3' end of the 18S RNA is also highly conserved 

(Chapter 6). In prokaryotes, the 3' end of l6S is involved 

in mRNA recognition so it should be expected that eukaryotes 

would use a similar mechanism. 

There are other, indirect data which support the m7G­

aml interaction. There are three nost-transcrintional ~od-

ifications necessary to make amf. Fseudouridylation is an 

early, nuclear step followed by methylation at Nl. Only af-

ter transport to the cytonlasm does attachment of the amino 

acid derivative occur (Brand et al., 1078). This means that 

the ~edification is not necessary for process~~,~ or ~~ans-

port and thus is probably functionally importantw There is 

also a very similar hypermodified base present relatively 

freauently in prokaryotic tRNAs, acp3u or X. This nucleo­

side differs only in that it is a uridine derivative rather 

than pseudouridine. In all prokaryotic tRNAs which have 

been found to contain X, the base immediately adjacent to it 

on the 5' side has always been m7G (Sprinzl & Gauss, lOP2). 

In the one case in which eukaryotic tRNA has been found to 

contain X, it was in a location where it could easily form a 

tertiary interaction with a m7G (Chen & Roe, 1978). 

While the presence of the amf-rn7G interaction does not 
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rule out the possibility of some base pairing recognition of 

mRNA to 18S RNA in eukaryotes, it certainly appears to obvi-

ate the need for it. Such base pairing schemes have fluor-

ished so much principally because there is no good, uniform • 

pairin~ present. Eukaryotes have simply evolved a different 

mechanism for mRNA recognition. There is apparently no wa;,r 

this interaction could be involved in complex regulation of 

translation but the strength of the Shine-Dalgarno pairing 

is not related in an obvious way to translational regulation 

either • 
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APPENDIX 

While the techniques described in Chapter 6 were very 

successful in analyzing the structure of h coli 16S RNA, 

meaningful results could not be obtained in two very specif­

ic problems in the structure of ~ melanogaster 18S RNA • 

The methods used in these experiments are described below 

because both problems are potentially solvable with further 

work. 

Crosslinking of ~ melanogaster 5S and 18S RNA in solu­

tion can. be done in high yield. If 18S RNA is in exce-ss, 

greater than 50% of added 5S can be crosslinked. The two 

RNAs can be purified as described in Chapters 5 and 6. Both 

hybridization and crosslinking can be done in TMA I buffer, 

but higher yields are o btaine·d in 0 •. 15 M NaCl, '10 mM EDTA, 

10 mM Tris (pH 7 • .5). Annealing is. carried. out at 60° for J 

hr. at RNA concentrat-ions grea te·r than 10 OD/ml.. For cross-· 

linking,. the RNA is diluted: to 5 OD/ml and 20A1g/ml HMT. add­

ed. Lower yi e·lds are- fo·und with AMT, e·ven at 1 mg/ml. 

Cross:linking is done· a.t. 5-10° for 15 min.. The level of ].n­

termolecular crosslinking can be monitored by using 32p 

labe-lled 5S RNA and running on a 4% polyacrylamide, 7 M urea 

gel. 

·unfortunately, crosslinking of total 18S and 5S RNA 

yields too complex a pattern using the standard 2D gel sys­

tem. Most of the off diagonal spots arise from intramolec­

ular 18S crosslinks. The ideal way to avoid this problem 

is to place adducts on the 5S RNA which can be driven to 
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crosslink in the presence of 18S RNA. This was attempted 

with IMT and AZT, both of which can be reacted with RNA in­

dependent of 360 nm light (Chapter 4). Levels of incorpora-

tion were simply too low to get results. Use of 390 nm 

light to produce exclusively monoadducts would seem to be a 

good solution to this. A slightly different approach, using 

32p labelled 5S, was also unsuccessful because of the low 

specific activity attainable for general labelled RNA. 

Site specific crosslinking of D. melanoeaster 18S RNA 

was also attempted by affinity labelling of am with a psor-

alen derivative. AMT was coupled to an N-hydroxysuccinimide 

ester (S. Isaacs, unpublished results). This was stored at 

-20° in dioxane until needed.. A 100-fold molar excess of 

the este·r was added to 18S RNA in 50 mM trie·thanolamine (pH 

8.1) in H2o. Addition was done at room temperature over 6 

hr with constant stirring. Concentrations we·re such that 

the final solution was 50% H2o, 50% dioxane. After reaction 

an e·qua1 volume· of .4 M NaCl was added followe-d by a 2x vol-

ume of e·tha:nol. Precipitation was done at -20° overnight. 

After pre·cipi tat ion, the RNA was redissolved in •. 2 M sodium 

phosphate (pH 3.5), phenol extracted twice, and ethanol pre·-

cipitated twice. The RNA was redissolved in TMA I, incuba-

t~d at 37° for 30 min, and crosslinked at 5-10° for 20 min. 

f 

The RNA was run hot on a 4% polyacrylamide, 7 M urea gel. J 

The gel was stained with ethidium bromide and the RNA visua­

lized with 375 nm light. Most of the RNA migrated like nor-

mal 18S RNA but 3 additional bands near the top of the gel 
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could also be seen. These were cut out and eluted electro-

phoretically. Each band was analyzed as in Chapter 6. Sev­

eral off diagonal spots were observed. After reversal, 2-4 

bands per spot were present. The psoralen derivative used 

was trifunctionalso up to 3 bands should be expected. Un­

fortunately, there were not enough counts in the bands to 

analyze. 

~! ., 
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