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John Fenton Thompson
Reaction of Fsoralen with RNA: Specificity and Use as a

Probe for Secondary Structure Analysis
ABSTRACT

A variety of technigues have been used to study how
psoralen'and its derivatives reagt with RNA. This informa-
ticn has then been used to analyze the secondary structure
of different ribosomal RNAs. The structural 1nformat10n ob--
tained has allowed us to make several proposals concerning
the nature of ribosomal functions.

Paper electrophoresis at pH 3.5 and 8.8 and HPLC have

been used to get high resolution separation of RNA-psoralen

adducts. The separated adducts have been analyzed and shown
to be»primariiy uridineladducts with the psoralen reacted at '
the furan end. The.stereocheﬁistry‘of'theamajdr adducts was
determine&‘by NMR. The effectch structural transitions: on
the;number‘and typetof;adducts was found for several p@lym~'.
ers; Low salt and temperatufe. invgeneral, produced maximal
incorporation.. The effect of pscraieﬁ etructure on cross-
linking ability was analyzed. Charged derivatives formed

monoadducts very effiCiently but did nct.produce the levell

. of crosslinking obtainable with lower levels of reaction

w1th uncharged derivatives.

Secondary structure analySLS of Do melanogaster So RNA
yielded two definite and ‘two tentative crosslinks which sup-
port the generally accepted models for &S structure. Analye- .

sis of E, coli 16S RNA by gel technlques_ylelded 13 cross-.



links. Of these, seven are present in all published second-
ary structure models, three are presént in one or twd, and
three are new. The positions of these crosslinks have all-
owed us to make detailed strubtgre-fgnction correlations for
tRNA proofreading and translocation. Evidence is also pre-
sented for an interaction between edkaryotic mRNA (5' cap
structure) and 18S RNA (hypermodified base amV¥) which serves
a function analogous to thé Shine-Dalgarno sequence in pro-

karyotes. &
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Chapter One:

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 uéed to clarify this situation;
chemical modification and partial enzymatic digestion, ,
have only been mildly successful in limitihg the number of

acceptable structures. These methods indicate which

'regions are most exposed to attack by enzymes or chemicals

and thus must be single-stranded. Unlike other enzymes,
cobra venom ribonucle&Se cuts specifically in double stranded

regions, thus yiel&ing additional information- None of these

probes, however, gives direct information about which regions

.are paired to which. To get around this, two variations of

partial enzymatic digestion have been employed. Rather than
simply map the location of‘cuxting sites, entire fragments
have been isolated, denatured, and their components sequen-
¢ed.(Rdss and Brimacombe, 1979; Glotz-ahd Brimaéombe. 19863
Glotz eﬁ alm._l98L)m This gives infofmafion about which
regions are interacting in distant‘paris of the RNA. Care
must be taken in interpreting this data bécause any fimg’the
RNA chaih ig'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 occasionaily 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 interactionsvactually occur in vivo. This
procedure is limited by the number of proteins which can be
used. |

More recently, phylogenefic 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
~ Woese, 1975 Noller and Woese, 1981). This technique is
based on the assumption that RNAs’from‘different'speéiés
which carry out the same function must have approximately
the éame sécoﬁdary and tertiary siructure despife differen-
ces in sequence. Therefore, it must be possible to general-
ize any proposed structure to all spécieé for which the RNA
sequence is known. While this method has been more powerfui
than any other in analyzing such étructurgs as 16S RNA (Nol-
ler and Woese, 1981) and 23S RNA (Noller et al., 1981), it
alsé has sevefe liﬁitations. It ié’difficult,to completely
analyze very large RNAs and impdssible_to analyze RNA of v
which there is only éne example availablé (viral»RNAs, éome-
mRNAs, etc.). | | |

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

While many crosslinking rgagents have the potential to be
used as probes to RNA structuré, only a few have been em-
ployed 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 Brimaéombe. 1980). This infor-
mation has proved vefy useful, but UV light hés two disad-
vantages. It can céuse extensive damage to both nucleic
acids and proteins, and it'is'also.not clear what the exact
structural requirements are for crosslinking. Ceftainlyf
the crosslinked bases must be pﬁysically very close because
there is no chemical reagenf to bridge any distance. How-
ever, it is not known what kinds of Secondary or tertiary
interactions promote‘reaction{ |

| Phenyl,digljoxal has also Eeen used as a chemical cross-
linker (Wagﬁer'ahd‘ﬁarrettw 19785 Hancoek-and‘Wagnery 1982)..
While-glyoxal-generally only reacts with singleuétranded
guanines,. thefphenyl ring evidently allows intercalation of
the compound because initialArgsulfs yielded a crosslink_be-
tween two 6bviously'doublebstrandedvgﬁanines (Wagner and
Garrett, 1978). Further results have only complicated thé.
interpretation (Hancock and'Wagnef.‘l982; see_chapter 5 for
further'discussion). Most of the reéctive sites observed
thus far normally aré unreactive to glyoxal so some unfoldprv
inngf the RNA must be occurrihg.. This ambiguity clearly
limits the compound's usefulness. More récenfly; a diald-

ehyde connected by an aliphatic chain has beenbsyﬁthesized
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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 circumvehts all of the
problems mentioned above. Crosslinking is done in combina-
tion with 1ong—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 reaction between nucleic
acids and psoralen has been well studied.

Psoralen and its derivatives have been used for over
3000 years to treat skin diseases such as psoriasis (rev-
iewed by Scott et al., 1976). Its use as a tool for nucleic
acid strucfure analysis began somewhat more recently when
it was discnvered that the basis for psoralen's action aris-
es from its ability to covalently cfosSiink DNA via the 5, 6
double bond of pyrimidines on opppsité strands of the'helixk
(Dall* Acqua et al., 19703 Cole, 1971). The sequence of
reactions which lead to croéslink formation are now fairly
well éharactefized; o

The first reaction to occur is the non-covalent interc- W
alation bf the psoralen between base pairs of DNA or RNA.

This intercélétiqn. or dark binding, is accompanied by an |

unwinding of the helix with a concomitant lengthening of the
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of the polymgf. The‘émount of unwinding is comparable to
other known intercalators (Wiesehahn and Hearst, 1978).

Flow dichroism experimenfs have confirmed the intercalativex
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 substituents
at various positions>on the psoralen heterocycie.have.been
examined (Isaacs et ai.. 1977, 1982). Positively charged
derivatives bind much more strongly than uncharged deriva-
tives because, in addition to hydréphobic and base stacking
interactions, thére is also a strpng electrostatic attrac-
tion. Conditions which stabilize the helix, such as high
salt, lower the rate of intercalation. The geometry of the
dark bound psoralen~places severe constraints on how it may
reéct, Even before definitive étructdral_analyses were per-

formed on psoralen adducts, it was clear what stereoisomers

- should be allowed.

The photoreactive bdndé;of psoralen are the 4', 5" and -
3,_& double bonds (see figure 1 for structure and numbering
system). After absorptién of 300-40’0 nm light, either 6f
these can photo-react and form a cyclobutane bridge to the
5; 6 double bond of_aapyrimidine base;-~Purines can also re-
act, but to a much lesser extent (chépter 2). Reaction with
proteins has been feported. but no protein adducts have eyer'
been isolated (Pathak,et al., 1974). If reactionvactually'
does occur, it is at a much lower rate than with nucleic

acids.
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- Figure l: The structure and numbering system for psoralen is

shown at the top. The two possible monoadductsvare diagram-

"med in the middle. The»stereochemistry around the cyclobupw

| tane ring is discusséd in chapter 2. A crosslink between two

uridines is shown at the bottom.
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Theoretical calculations predicted that the 3, 4 double

bond would be the most reactive (Song et al., 1971). These.
did not take the effect of the DNA helix into account, how-
ever. It is now clear that the 4', 5' bond is actually more
reactive in the DNA (Straub et al..-l981). Unlike the 3, &4
adduct, the 4', 5' adduct retains éignificant absorbance
above 300 nm. It can thus absorbd a secondiphdton to form a
cfosslink providing there is a pyrimidiné suitably located
on 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 needed for a conformational change, before
most monoadducts can go on to form crosslinks (Johnston et
al., 1981). | -

The relative»réactivities of pyfimidines as'polymers
and as nucleosides in a}Variety'of conditions have been ex-
amined}' In all cases, thymihe'aniﬁraéil.have been more
reactive than,cytosine»(Krauch et al., 1967; Pathak et al.,
1974; Bachellerie et al., 1981.; Straub et al., 1981). The
difference in reactivity is accentuated when the nucleosides
are base paired in pqumers. Reaction of nucieosidés in
solution or in frozen‘glasses yields'a much larger numbér of
stereoisomeric products than the reaction of polymers in
solution (Straub et al., 1981). |
- Detailed structural analyées have regently been per-
formed on'psoralen adducts. High resolution separatioﬁ of

different stereoisomers has beén made possible by.HPLC
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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 previousiy supposed, Mass
spectroscopy, circular dichroism, ultraviolet absorption,
and fluorescence studies have also been done on isolated ad-
duéts. Two separate x-ray crystallographic studies have re-.
cently'been completed. The first must be viewed withvsomev
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-thymine
monoadducts. A unit cell containing three pairs of enantio-
mers was solved. The detailed information obtained is in-
valuable in modelling what the adduct structure is like in
the helix and hbw-it perturbs nearby bases. The angle be-
tween the=psoralen'ahd the thymine is-cléarly variable, Al-
though helical consmraints probably decrease the angle even
morerthan‘drysmal,paéking'forces, a kink in the phosphodies-
ter backbone will likely be present.‘

Using this information,_extehsive‘étudies of DNA and
RNA secondary structure have been done. -while the secondary
structure of cellular DNA is obvious without the aid of
psoralen, the drug can be uéed to study the higher order
structuré_(Wiésehahn et al., 1977:: Hanson et al., 1976).
The secondary structure of single-stranded viral DNAs is not
quite SO'obvious.> Hairpins have been mappedvin fd virué
relative to;restriction'enzyme cuts (Shen et al., 1979).

The structureé 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 péoralen 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 Seéondary
structure. Crosslinks have been mapped in E. coli 16 S RNA
(Wollenzein et al., 1979; Wollenzein and Cantor, 1982;
chapter 6).and 55 RNA (Rabin and Crothers, 1979; chapter 5).
Intermolecular associations between mRNA and lBSvRNA (Naka-
shima et al., 1980), between Ul RNA and hnRNA ;g vivo (Cai-
vet and Pederson. 1981), and bétween 18S RNA and 5S RNA
~(cha§ter 7) have been crosslinked by psoralen. The tech-
niques needed tbimap crosslinks at high resolution are still
being refined; but Subsfantial progress is being made. Map-
ping of monoadducts is,also poSsible (Youvan and Hearst,
1982; 'Bachellerie‘and Hearst, 1982). .Thié does not yield
as much information as crosslinks but is very useful, none-
theless.. |

The goal of the work presented in this thesis is to
achieve a better understanding of.RNA Seéondary structure.
For the reasons stated abové. psoralen’érosslinking was cho-
sen as fhe beét meﬁns of attaining:this. Clearly, knowledge
about the nature of the reaction between psoralen and RNA
has advanced greatly in recent years. In order to achié&e
a more rigofous understﬁnding of how psoralen is affectingb

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 5S 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
Athis end, three different mefhods of separation, useful for
different needs. have been developed. The ability to
separate'the different products has allowed us to study
the kinetics of reaction as weil as the types of products
formed.

Paper electrophoresis at pH 3.5 was chosen to separate
psoralen adducts because simultaneous separation_of all
four unmodified nucleotides can be achieved. ”This is use-
ful when classical RNA sequencing is done (see chapter §).
This technique pfovides good separation of monoadducts
from crosslinks with some separation'of the different types
of monoadducts. Paper electrophoresis at pH 8.8 provides
much better separation of the different types of monoadducts
but separation of unmodified nucleotides is lost. HPLC
provioes for greater resolution of the different stereo-
isomers of adducts end is thus preferable for use in
detailed studies of structure. |

Parts of this work were pefformed 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 METHCDS

Materials. Homopolymers were obtained from P.L. Bio-
chemiéals. Nucleoti&e monophosphates and T2 RNase (E.C.
3.1.4.23) were purchased from Sigma. Calf intestine
alkaline phosphatase was (E.C. 3.1.3.1) a Boehringer-
Mannheim product. 3H-HMT (3.7 x 107 cpm/ug) was synthesized

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

Uniformly labeled 32P-tRNA from cultured Drosophila cells

‘was prepared as iﬁdicated in chapter 5.

Irradiation of Samples. The samples to be irradiated

were put in Eppendorf tubes which were placed in a water
bath. The bath was'surroundedvby a double-walled glass
vessel containing a circulating 40% (w/w) cobaltous nitrate
snlumion, This solution served as a temperature regulator
and an ultraviolet and visible light filter with a maximum
transmittance of 365 nm light (window: 320-380 nm). The
samples were irradiated by two GE 400 W mercury lamps, one
on each side»of the sample. The iight intensity at the
surface of the sample'was approximately 100 mW/me. Afterv
irradiation. pblymérs were extracted tWice.with rhenol and
then ethanol precipitated two or more times to remove all
traceé of unreacted HMT. The RNA was redissolved-in 50 mM
sodium acetafe, pH 5, containing 2000 units/ml T2 RNaSe.

For up to 50 ug of RNA, leAl_was used. Digestions were
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done at 37°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 fofﬁ of 46 x 57 cm sheets
(VWR Scientific) or 27,cm wide rolls (Savant Ihstruments).
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 3000 V. Longer runs at 4000 V for 3 or

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

(32P)3'-phosphate mononucleotides was added to each'sample,
to serve as mobility'markers.- 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 cm-Slices, In order to
obttain high counting efficieﬁciés. 0.5 ml of watér was
added to each slice for one hour to elute the nﬁcleotides
from the paper. Each fraction was counted after addition_
of a 5§ ml scintillation mixture containing 2 parts toluene,
1 part Triton X100, 4 g/1 omnifluor (98% PPO, 2% Bis MSB).
When it was neceésary to recover the electrophoresed
samples, the paper strips were counted directly at low
efficiency in toluene with 6 g/1 FPO and .075 g/1 POPOP.
Affer dounting, the paper strips were rinsed With toluene'
and dried. They were then each placed in a 200 ul pipét

tip and rinsed with 200 4l of H,0 in order to elute the

o
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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 cm above the sample fo
be reverSed; The optical density of the samples was low
enough that the rate of photoreveréal was independent of
concentration. | |

HPLC. Samples run on HPLC were digested in two ways.
Preparative scale samples digésted with 1 M HC1l at 60° for
L hours were thehvstripped down and resuspended in Tris
(adjusted to pH 7.2). BAP (bacﬁerial alkaline phosphatase,
Sigma, grade VII) was added, 100 units per addition, and
then incubated at 37°. Aliquots were monitored by paper
electrophoresié at pH 3.5 to see when dephosphofylation
was completea Analytical scaleAsamples (less than 1 mg
RNA) were.enZymatically digested. Sampléévwere diiuted
to I ml, 100 mg of crude-snake venom phosphodiesierase
(Sigma) and 100 units of BAP added, followed by incubation
at 37%. The degree of reaction was followed by electro~
phoresis.

After digestion to nucleosides, samples were applied
to a C-18 Sep Pak cartridge (Waters). 'This was eluted
with H,0, 50 mM NaFO, (pH 2.1), H20. and CH,OH. The
CH50H fractions were combined and concentrated. Samples'_

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

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

4 ml/min with HZO/CHBOH gradiehts. Optical densify of all
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samples was monitored at either 250 or 330 nm and fractions

were taken and counted for 3H. 1y NMR spectra were done et
360 MHz on a Nicolet Technologies NT360 NMR spectrometer.
Sample preparation and NOE experiments were done as by
Straub et al. (1981).

RESULTS

The 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 T> RNase, the products can be separated by elec~ -
trophoresis on neutral peper at pH 3.5.

Reaction of L H JHMT with all the netural‘RNAs we have
tested so far yielde 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 m’G as a reference, Rp(m’G)=-1) are .62 and
+99 for peak 1 and peek 2, respectively. In every case,
we observed that the (3H) cpm ratio between peaks 1 and 2
was highly dependent ﬁpon the light dose. The proportion
of peak 2 photoadducts increases with irradiation time (as
shown here in Figure 1lb for poly(U)). Moreover, "pulse-
chase” eipe;iments, in which a short irradiation of RNA‘in
the presence of L3H]HMT is followed by removal of unreacted

psoralen and further irradiation, have indicated that a
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-Figgre‘;: Paper electrophoretic analysis of Té RNase digests
of HMT-photoreacted §; coli tRNAs and poly{(U). RNA was pho-
- toreacted with [ SH]HMT, extracted with phenol, and ethanol pre-

cipitated. Thé samples were then hydrolyzed with T2 RNase
and analyzed by paper'eleétrophoresis at pH 3.5. A mixture
of EBZPT labeled ribonucleotide monophosvhates were 6omigra-
ted.as markers. Radioacti#ity profiles were determined by
liquid scintillation éounting of 0.5 cm paper slices. (a) A
mixture of Q.ggll‘tRNAs (200.41g/ml) was vhotoreacted with

1 He/ml [3H1HMT for 10 min at 5° in 5 mM NéCl, 1 mM Tris-HC1
(pH 7.5), and 1 mM,EDTA. (b) Poly(U) (660.+g/ml) was vhoto-
reacted with 1.3 .*e/ml [3H1HMT at 16° in 1 mM Tris-HC1 (pH

7.6) and 1 mM EDTA for 15 s (*~-*) or 2 min (a—a).
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fraction of the pulse-labeled peak 1 component can be con-

verted into peak 2 product by 320-380 nm light during the
chase period (not shown) . In'order to aid in the identifi-
cation of the composition ofvthese two major peaks, the
reaction was examingd'in simple systems such as homopolymers
and mononucleotides.

When HMT was photoreaéted with the four ribohomopoly-
mefs in standard conditions, the reactivity of poly(U) was
found to be 10-20 times higher than that of other synthetic
homopolymers (Table I). The paper eléétrophoresis analysis
| of T, RNase digests showed that only poly(U) yields a pro-
file similar'fo that observed with natural KNAs. The mﬁch
less efficient reaction of HMT with poly(C) gives rise to a
labeled componeht with the same mobility (Rp= 0.14) as a
minor component seen in natural KNA, és-well as a component
(Rf = 0.62) identical to the one observed with poly(Uj.
These are detected in varying proportions, depending upon
how the photoreacted polymer is handied_(see Discussion). A
more complex electrophoretic.patterﬁ of‘labeled products was
obtained for poly(G) (not shown). Most of the products re-
mained at the origin when electroﬁhoresed at either pH 3.5
or 8.8. At pH 3.5, minor produéts formed which had both
positive and negative mobilities. |

The reaction of HMT with the different mononucleotides
was also stgdied. The products detected with the mononﬁc--
leotides have mobilities identical to those observed in the

respective homopolymers. The reactions were found not to
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Table I: Photoreactivity of ribohomopolymefs with HMT*¥*

Polynucleotide ~ Relative
Photoreactivity
Poly(U) | 1
Poly(C) , 064
Foly(G) | J112
Poly(A) | .058

*Homopolvmers were reacted as in Figure 1 except irradiations
were for 2 min. '
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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 mM to ldO mivi increésed the amount
of_HMT incorporated into UMP by 25%. In the casevof mono-
nucleotides, the photoreactivity of uridine was higher than
that of the other major bases. CMF was about one third as
reactive while no reactivity above backround could be détec-
ted for AMP and GNP. We also examined the HMT photoreac-
tions with different uridine analogs, in the mononucleétide_
monophosphate form. No reaction could be detected with
dihydrburidine. even though it would haVe'been‘possible to
obéerve a resction which is 20 timeé less efficient than the
reaction with uridine. Pseudouridine and 4-thiouridine were
approxiﬁateiy 10 times less reactive than uridine.

The electrophoretic ﬁébilities of the observed HMT-mon-
onucleotide products are lisied 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 uséd in the simple systems,
a.téntative assignment can be made as to the identity of
these products. The major peak (peak 1, Rg = 0.62) in Fig-
ure 1 has the same mobility as predicted for an HMT monoadd-
uct of uridiné monﬁphosphate. while the other ma jor product
(peak 2, Rp = 0.99) has the mobility éxpected for an HMT
crosslinkvbetweenvtwo uridine monophosphafes. .For»thisfrea-
son, as wéli as additional -evidence shown below, we shall

refer to these products as U monoadduct and U-U crosslink,
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Table Il: Electrophoretic mobilities of photoproducts at

pH 3.5.

Comoouﬁd Predicted RF+ Observed RF

CMP | L2 .19

AMP C 33 .37

GME ' .76 B .7l

UNP .03 03

UMP + HMT | iy | .57

| 3

.66

UMP + UMP + HNT L | | .00

| 1.04

UMP + CMP + HMT .58 .57

CMP + HMT 1k - ' L1k

T The oredlcted mobilities were calculated from the equation
RF = 49, bQ/M /3 where Q@ is the net charge and M is the mol-
ecular weight (Sommer, 1979). :
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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 3.5. This is exactly what is pre-
dicted 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 360 nm resulted in
no detectable change ih'the electrophoretic proiiles. .When
irradiation of the U-U crosslink at 360 nm was carried out
in the presence of additional nucledtides, the U-U cross-
link was again unchanged. The U monocadduct, on the other
hand, could be converted to a U-U crosslink if the irradia-
tion was carried out in the presence of additional UNP.

In the presence of additional CMFE, the irradiation of U
monoadduct gave rise to a new product migrating as would

bé predicted for a U-C crosslink using the empirical equa- -
‘tion mentioned above (Figure 2). Howéver; even with care-
ful handling, this new product'slowiy_converts to a compound
migrating like the U-U crosslink (see Discussion). No new
product was detected when the furfher‘irradiation of U
monoadduct was performed with additional AMP or GME. Both
of these crosélinks could also be ﬁhotoreversed,(Figﬁre 3).
After a 260 nm irradiation of (3H) HMT-uridine monoadduct,
the fracfion of tritium counts remaining at the origin Qheni
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_monéf
adduct from Z. coli tRNAs was ourified and reacted further.
A 10 min irradiation wasvperformed in 1 mM Tris-HCl {pH 7.A)
0.1 mi EDTA at 2C°, The cohcentration of monoadduct was

2.4 x 1077 M and no additional nucleotides (u—c), 50 mz/ml

Ulp (*~—1), or 50 meg/ml CME (<~ ) was added.
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Figure 3: Photoreversai of crosélinké. The U-C crosslinks
(A) and the U-U crésslinks (B) formed as shown in Figure 2
were purified'and then reversed with 20 minutes of short-
wave ultraviolet 1ight. The crosslinks are shown before

(¢--¢) and after (e—=) reversal.
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- light, the uridine-HMT-uridine crosslink was progressively

converted into a labeled compound migrating like the
uridine monoadduct (Figure 3b). This was, in turn, broken
down to a labeled product which remains at the origin
after further UV exposure (not shown). 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 monocadduct (Figure 3a).

Thé kinetics of formation of these products was studied.
.In order to get efficiént'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 monoadducf; In order to determiﬁe
the order of reaction in which honoadduct is formed, the:
‘change in the initial rate of reaction was observed with
varying concentrations of UMP. ‘This is shown in Figure 5.

In order to confirm the presumptive nature of the HMT-
uridine photoproducts, further experiments were done using_
32p 1abeled RNA. In vivo uniformly labeled J2P-tRNA was

photoreacted with 3H-HMT and then hydrolyzed by T, RNase

2
before paper electrophoresis. »Ali of the tritium labeled
peaks are listed in Table 3. The U monoadduct could
actually be fesol&ed into three components, while the U-U
crosslink was separated into two species. The tritium to
32p ratios also support the assignments. The crosslink

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

All of these species were also reversed with short UV light.
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Figure 4: Kinetics of formation of crosslink from monoadd-
uct. The formation of the U-U crosslink (5--¢) and the U-C
crosslink (®—=) as described in Figure 3 is shown in a

first order plot. The inifial'concentration'ofvmonoadduct

is LMA]O and the concentration of crosslink at any time is
| XL7. The initial concentration of monoadduct was 2.4 x 167
M and the initial concentration of mononucleotides was 50

mg/ml.
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Figure 5} Kinetiecs of formationvof'monoadduct. Varving
concentrations of UMP were reacted with 15 +1g/ml HNMT, 1 m,
Tris-HC1 (pH 7.4), and 0.1 mM £DTA at 20° for 30 sec and
analyzed by paner electrophoresis. The éurved lines were
generated from a best fit of the data to an exponent in the
equation listed in the DISCUSSION; The dashed line is the
best fit for the four lowest cbncentrat@cns while the solid

line is for all concentrations.
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Table III: Photoproducts of reaction between [3H1HMT'and

[ 32pTtRNA,

Rp % of Total JH J3H/32P Products of UV FPhotoreversal

.57 L.48 28  UMP, HMT
.61 2h.22 33 UNP, HNT
.65 . s6.8R 35 cUNE, HMT
.08 6.51 18 UMP, cUMP, U monoaiducts (Rp =

.57, .66), HNT
1.0 - 2.61 - . cUNP, U ﬁonoadduct (Rp = .66),
‘»HMT - |
The remaining 5.2% of the tritium was présent in HMT break-
down products and incompletelyv hydrolvzed material. The RNA

was irradiated for 10 min in a solution of 1 /1g/ml HMT, 5 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 360 nm), U-U crosslink was formed.
This was not performed on the slowest moving component
(RF = 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 shewn in Figure 6a.
The broad monoadduct peak is actually resolved 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 T, RNase present during the hydrolysis of the photo-
reacted RNA. When the ratio is'high (low enzyme concentra-
tion), the peak migrating with Rp = .66 is the major species.
When the T2 RNase concentration is raised sufficiently,‘,
this'peak disappears with a concomitant increese in the size
of the peak with Rp = .61l. The faster migrating peak can
alsovbe quantitatively 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 dephoSphory}ation )
with calf alkaline phosphatase; unlike the Rp = .61 compo-
nent (Figure 6c). The acid treatment of the RF = ,66 com-

ponent allows its subsequent dephosphorvlatlon by alkallne
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Figure 6: High resolution electrovhoretic separation of
UMP-HNMT monoadducts. RNA containing HMT monoadducts was
digested with Té'RNase and electronhoresed ai pH 3.5 on 90
cm sheets of paver. (a) Mo further treatment (b) The T,
RNase digest was treated with 0.1 ¥ HC1 for 1 hr before
eiectrophoresis. (c) The T, RNase digest was treated with
calf intestine alkaline ohosphataée (10 mUnits, 7% min, 37°
in 50 mM Tris-HC1l, pH 8.3) before electrovhoresis. Zach

sample contained 6 vicomoles of monoadduct.
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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 subctrate to enzyme ratio. This results in
almost complete absence of the RF = ,66 COmponent.

The prcperties of the Rp = .57 compcnent are more
complex. It can interconvert with a portion of the RF. =
+61 component and is.susceptible to phosphataée. When
eluted from‘the paper, there is no absorption above 280
nm (lower wavelengths are obscured by contaminating
fluors) thle the Rp = .66 component has a spectrum
characteristic of a furan ﬁonoadduct. Greater-thani70%_
of the RF = .66 component can be driven to crosslink
after addition of nucleotide and reirradiation.while less
than 5% of Rgp = .57 can. |

These speciesvwerechrtherAexamined.by electro-
phoresis at pH 8.8. All mobilitieS'at.pHcS.B will be
denoted as Rp* to avoid confusion and are relative to the
mobility of xylene cyanol; The Rp = .66 component migrates
with:RF* = o53 which, éfter\acid;treatment, migrates at
Rp* = +82. The Ry = .57 component yields an Rp* = 1.06
species.' Also observed at pH 8.8 is an Rg* = +91 product
which can be convertedito RF* = 1.06 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
hydroiysis (Figure 7a) generates more products than

enzymatic hydrolysis (Figure 7b). The major products
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Figure 7: HFLC profile of HMT'aﬁducts. a) Aéid digestion
of poly(U)-poly(A) yiélds the ekpecﬁed furan diastereomers,
‘base adduct, énd é number of equilibrium’producté. The -
relative amounts of these are dependent on length of hydrol-:'
ysis. b). Enzymatic digestion of a similarly prepared sam-"
vle yields only the furan diastereomers and pyrone adduct..
This sample was run in 10 mM sodium phosbﬁate (pH 2.2) to
 keep the open coumarin adduct uncharged. The two samples
were run on different columns so the retention times are'not_

eguivalent..
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have been analyzed by NMR, CD, and UV absorption. D1l and

D2 have identical CD, UV, and fluorescence specira and _
these are identical to the diastereomeric furan monoadductsn
characterized by Straub et al (1981). NMR and NOE results
confirm fhis equivalence. .NMR spectra are shown in Figure
8. The base adduct (BA), in which.the glycosidic bond has
been cleaved, has beén similarly characterized;

Both BA and theAequilibrium products (El, E2, etc.)
are formed in increasing amounts when acid.hydrolysis is
used. Ehough material hés been isolated from some of the
equilibrium-producté 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
adducts) but contaminants in theisamples make it difficult
to conclusivély determine théispectra. Tﬁe equilibrium
produété slowly revert to thé furan adducts upon prolonged
(greater than 1 month) sitting at room temperature in HZO/
GHBOH. Conversely, the furan adducts can slowly convert
to equilibrium p:oducts. This process is catalyzed by acid
and is not dependent on CHBOH. The coumarin adducts and
crosslinks are present in low amounts and could not be
analyzed directly._.Their mobilitiesvare what would be
expeéted, based on the results of Straub et al. (1981).

| DISCUSSIUN |

Identification of photoproducts {(monoadducts VS. cross-

link). The process of identifying the photoproducts of the
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Figure 8: NMR spectrum of diastereomer two from poly(U)-

poly{A).
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reaction between HMT 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. This is in agreemént 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(U) and UMP are identical in
e;ectrophoretic mobility to the majér products obtained in
natural RNAs. This suggests that the reaction in natural
RNA involves prinéipally uridine. |

This assienment is supported by the use of an empirical
equation which cén 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-
bility. While other factors are certainly involved, the
equation.provides a good first approiimation 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 ifs.RF with that observed by
Sommer (1979), who meésured'mobilities relative to m’G. 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 Caiculated and compared to tﬁose
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. RF = 0 at pH 3.5) was experimentally confirmed.by the
absence of mobility of the dephosphorylated photo-producté
as well as the base adduct (no sugar or phosphate).

The possibility that the peak 2 product results from an
incomplete hydrolysis of the phoéphodiester chain by T,
RNase was examined. The nucleolytic activity of various
RNases can actually be altered adjacent to the photoadduct.
Resistant dinucleotide diphosﬁhates containing a U-monoad-
_duct‘can be detected for shorter periods of T, RNase diges-
. tion, and these have also been characterized by paper elec-
trobhoresis (Baéhellerie and Hearst, 1982). An HMT monoad-
duct of UpUp migrates only marginally slower than the cross-
link- between two uridine monophosphates (Ry = .93 instead of
.99). However, these compounds can be easily distinguished
after dephosphorylation by BAP (Rp = .50 for UpU monoadduct,
Rp = 0 for U-U crosslink), thus providing a good assay for
monitoring'the extent of T, RNase digéstidn. In the exper-
iments described here, no detectable fracfion of resistant
phosphodiester linkages was observed. Another possibility,
pUp-HUT, 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 32F crosslink is reversed, the 32P_iis
ultimately found as UMP and cUMP. If peak 2 contained par-

tially hydrolyzed monoadduct, reversal would lead immediate-
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ly to HMT and other 32p products.

Kinetics of peak 1 and peak 2 appearance were also

studied during”the initial period of 360 nm irradiation,
when changes in HMT 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 1ight dése. 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 Qu and Song (1978). They found thét,the
ma jor vsoralen photoproduct in fluorouracil substituted tRNA_
involved fluorouracil. Also, fhe absence of reactivity ob-
served for dihyvdrouridine agrees well with the hypothesis
that the 5, 6 double bond of the_pyrihidine is involved in
the psoralen addition. This process is also clearly inhib-
ited when this double bond is stericaily hindered by a,Cé;Cl
ribose linkage as in the case of pseudpuridine. |

Besides uridine photoadducts, some minor products have
been detected. Their mobilities agree well with predicted
values (Table II):.»a.CMP-monoaddch was detected by irradi-
ating CMP, poly(C), or natural RNA and a U-C crosslink was
detected by irradiating U monoadduét in the presence'of CMP.
Identification of the C-photoproducts was complicated by the
fact cytidine deaminates read%ly when the. 5, 6 double bénd
is saturated by the addition of HMT. This 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 UMP monoad-

duct. Deamination has been observed previously with psora-
len adducts (Musajo et al., 1967), cytidine dimers (Liu and
Yang, 1978), and bisulfite adducts (Slae and Shapiro, 1978).
This vorocess clearlyv interferes with determinine the accur-
ate extent of cytidine photoaddifion in natural RNA, 1In
DNA, this problem can be solved because uridine adducts ari-
sing from cvtidine deamination can be separated from thymid-
ine adducts (Straub et al., 1081). ThevHNT adduct to guano-
sine waé not obsereved in native RNA, either»becauSe cf its
1ow,yield or its complexitv. |

The exact nature of the Euaniné adducts was not eluci-
da{ed hecause of the number and low vield of pfoducts. The
fact that} at oH 3.5, mostvofvthe vproducts had no mobility,
suggests that the HMT reaction introduces a nositive charege
on fhe guanine ring. This would be the case if the 7, 8
double bond reacted, guarternizing the N7. .This.comnound
would be unstable at a ﬁH greater than 7 (Townsend and Robin.
1963) andvthus explain the difficulfv in reproducing exact
product orofiles. The glycosidic bond in such compounds 1is
also very labile (Lawley and Brookes. 1063) and, if broken,
would produce similar'results. The principal minor product
of the guanine reaction has a mobiiity (Rp = .52) virtually
identical to that predicted for a simole addition of HMT to
GMP with no_alteration in charge. This could occur by éddi»
tion to the 6 carbonvl bond, for example. |

There are three other revports in the literature of
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psoralen 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
photoadducté, wés not cleaved by the enzymes, and remained
at the orizin. Krauch et al. (1967) noted a low level of
reaction of psoraleh to polv(A). Unfortunately. aicritical
control experiment was omitted so it is not certain whether
the observed binding is real. These experiments employed
Sephadex G100 to separate‘uhreacted psoralen from the
polymers. The control where pSoralen was irradiated, added
to the polymer, ahd\purified was not done. Hochkeppel and
Gordon (1979) repofted addition td inoéine: and, while
their results did‘not‘directly show the presence of an ino-
sine adduct, their evidence for a cfoéslink between poly(I)
and 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 wbuld be most

favorably aligned. The difference in reactivity among the
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ourines would 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 photoreactiveA
bonds. The lack of reactivity at the nucleotide level tends
to sunport 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 presenee of added salt. Unlikevthe
addition of HMT to other polymers (chaptesr 3), the incorpor-
.ation of HMT increases by a facfor of two as the concentra-
tion of NaCl is raised from Osto-lOO mhi. Also surprising is )
the fact that addition of poly(C) (in conditions where the
polymers should base pa1r) causes no change in the amount of
HNT added.. While the answers to these questions are no.
doubt interesting, thesevproblems have not been pursued be-
cause of their'unimpdrtance'When considering netive_RNAi

Assiznment of isomers of U-monoadduct and U-U crosslinks.

- . The number of possible isomers from the reaction of HMT
with any ofithe bases is very:iarge; Clearly, most of |
vthese would not Ee separable.by.paper electfophoresis. _
Nevertheless, high resolution migration allowed the detec-
tion of three subspeCies in the peak I (U monoadduct) compo—i'
nent obtained either’ from natural RNAs or U-containing syn-.
thetic polymers. Hewever, ohiy_fwo‘of these'subspeciesA.esn'j
be.detecfed after ﬁhétoreacting with UMP. Thefreasoﬁs'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
hrtsignificantly faster than the noncyciic-form (not shown).
Our results are consistent with the fastest moving U moné-
adduct (Rp = 0.66) being a 2'-3' cyclic phosphate nucleo-
tide, the conversion of which isstrongly inhibited dy the
presence of HMT. As expected;Aincreased amounts of T2
RNase promotes the conversion éf 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. This assiznment
is in line with the inhibition of dephosphorylation of the
fast moving U mohoadduct,(RF'= 0.66). The dephosphoryla-
tion becomes possible once the decyclizing acid-tréatment
has been carried-ouf.v'The short-UV'light reversal experi-
ment reconfirms this identification, since the Rp = .61
U-monoadduct yields (32P) labeled noncyclic UMP and the .
Rp = .66 monoadduct yields (32P) labeled cyclic UMP (Table
1. | |

The pH 8.8 electrophoresis data shed additional light
6n the assignment of the monoadduct subspecies. At pH 8.8,.
the 3° phosﬁhate will contain two negative charges while

the 2', 3' cyclic phosphate can only be ionized once. The
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mobility change 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 subspeciés
can be separated at pH 3.5. The Rp* =1.06 component
migrates faster because it containé‘én additional negative
charge caused by opehing of the lactone ring io a‘§-hydroxy
‘acid (figure 9). This carboxylic acid is protonated at
pH 3.5'and,thus has onlyva minor effect on the mobility.
The interconversion of RF = .57 énd RF = .61 components
at pH 3.5 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 compounds can be-seéarated
because of.their different effective volumes. " The open and
closed form of the lactone are in eéuilibrium-at pH 3.5,
but only the open, deprotonated form is observed'at.pH 8.8.
Thé'opening of the lactone ring has been observed pre?
viously (Kanne et al., 1982) and occurs only in 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 -3, 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 Ry = .57 component is a

- coumarin adduct and the RF = ,61 is a furan adducf. Short
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Figure Q: Equilibration of the coumarin adduct. At low pH,
the coumarin adduct undergoes a reversible opening of the
lactone ring. Both forward and reverse reactions are slow
(on the order of hours) at room temerature. At'éufficient-
lv high nH, all of the adduct isvdriven to the ovwen form

because devrotanation of the acid vorevents reclosure.
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enzymatic digestions also lead to the transient formation

of 2', 3' 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 decoupiing experiments and comparison
to known structures. Complete details will be published
at a later date.

Dl and D24are‘diastereomers of the furan monoadduct
to uridine. One of these adducts arises from reaction
abo?é ( or on the 3" sidé)’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 thé“chiral.sugar is removed. The diastereo-
mers thus become enantiomers which are only separable using
chiral 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 maferial available. Certain
properties have bgcome evident. The éntire coumarin ring
structure must be intact because'tﬁe f@ran adduct absorption
spectrum is observed. The sugar cannot pe a factor sinqe
the basebadQuct also undergoes the reaction. The equilibrium
product is‘evidently more non-polar than the furan adducf

because its mobility is less on the reverse phase column
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Figure 10: Stereochemistry of the furan diastereomer mono-
adducts. The stereochemistry of the uridine adducts is.
shown, as determined by NMR and NOZ enhancement. Nomencla-

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 UMP and
HMT was determined by varying the concentration of UMP and
determining the initial rate of reaction. If the amount
of reécted material is very small compared to the total
amount present, thé following rélation can be proven:

Vo = k[xI | |

The order of reaction, n, can be found by simply
vérying the éoncentration of the reactant in question while
keepving 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 because of the lérae amount of HMT reacted.
It could also be caused by the presence of more than one
type of mechanism for the reactién._ The two lines shown
'in Figure 6 were.obtained'from a least'squares fit of
InYg =n In X} + C; The slope of this line yields the
best value of the exponent (order of reaction). For the
four 1owest_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 reagpivity.v
This rules out the possibility of an interéalation compiex:
Lfor the simple systems studied here.

The kinetics of formation of crosslink from monoadduct
is shown in Figure 5. The tremendbus 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 cpncen;
tration of the starting material divided by the difference
between the starting material and product versus time. Thih
fact that straight lines are produced for both reactions
indicates that they are first order in ﬁonoadduct.

The deviation from'linearity observed is caused by
the fact that not all of 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 conditidns, This could be the result
of the presence of unreactive isomers qf the monoadduct
(fhose with the 3,4 bond.reacted) or photobreakdown products
of the monoadduct which cannot react further but have the

same mobility (e.g., photohydrates).

Relative Merits of Different Technigques. In previous
studies of the reactions of psoralens with RNA and DNA, |
paper (Ou and Song, 1978) and thin layer chromatograbhy
(Pathak and Kramer, 1969) have been used to separate the

photoproducts. These methods as well as changes in the
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absorbtion or fluorescence have been used to monitor the

progress of reéctioﬁ (Lown and Sim, 1978; Dall'Acqua 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
naturzl KRNA as well as in monitoring the production of small
amounﬁs of products. HPLC gives much better resolution of
-products and allows better recovery of sample for further
study than any other technique. Paper elecirophoresis.
while not giving as gobd”feSOiution} can separate the major
photoproducts and can be.used for large numbers of samples
more easily. These techniques are fgr more accurate and
informative than techniques used previously.

The use of.paper electrophoresis and HPFLC has enabled .
us to examine the reaction of HMT and RNA in great detail.
The ability té detect extremely small émounts of product
(as low as 1 picogram under ideal circumstances) has made
it pessible to examine the reactions under a widé variety
of conditions. Reacﬁions with modei compounds have allowed
us to undérstand the kinetics and specificity of reaction..
This knowledge has led to a bettef 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 neceésary to find both the
specificity and the optimal conditions for the reaction.
It has been apparent for someltime that the most reactive
base is uracil (Krauch‘et al., 1967;: Pathak et al., 1974;
Ou & Song, 1978; Bachellerie et al., l981).v'0h1y more
recently.has it become known that adjacent uracils_in‘é
weak helix in hatural RNA ate a particulérly strong site
for addition (Bachellerie & Hearst, 1982; Thompson et ai.,
1981; Youvan & Hearst, 1982). In DNA, it has been suggested
that anrA-Tisite:is preferred (Chandra et al., 1973:
Dall'Acqua et al., 1978). Optimal conditions for psoralen
reaction with 5S RNA (Thompson et‘al;, 1981) and Cbl El'DNA
(Hyde & Hearst, 1978) have already been described. Studies
with synthetic DNA polymers have determined relative reac-
tivities but only in a narrow range of conditions (Dall'Acqua |
et al., 1979). Other-studies.haVe examined even mbfe heter-
ogeneous systems (Dall'Acha et al,. l969).'

We have:chosen to study simpler systems in which a more.
homogeheous, controllable structure'can bebobtained. 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). .Thé synthetic polymers of adenine and dridine

are worthwhile to study because they can adopt a variety of
conformations'énd these have been well characterized by a
variety of techniques (Stevens & Felsenfeld, 1964; Brahms,
1965; Massoulie, 1968; Steiner &‘Millar, 1970; Arnott &

Bond, 19?3). The transitions between different conformations
afe 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 AND METHODS

All polymérs'eXcept.poly(A-U) were purchased'from P.L.
Biochemicals. Poly(A-U) was synthesized by a modification.
of the method described by Chamberlin et al., (1963). The
reaction (1.0 ml) was done with 50 mM Tris-HC1 (pH 8.0),
1 mM MnCl,, 5 mM MgCl,, 10 mMﬁ-mercaptoefhanol. 10 mM ATP,
10 mM UTP, 10 mM KC1, 10 ug/ml poly(dA-dT)(P-L Biochemicals),
1 MM 3'-O-methyl ATP, and 0.25 mg/ml E. coli RNA polymerase
( a gift of Prof. Robert Woody and A. Young M. Woody of
Colorado Stafe University) for 2 hours at 37°. After reaction,.
the solution was phenol extracted three times, ethanol

précipitated 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 G100 column and the
void fractions combined and precipitated. The yield was
800 g. Aliquots of the reaction contained [pt-22PJUTP or
[« 32PJATP (Amersham). Nearest neighbor analysis was done
by digestion with T, RNase (Sigma) followed by paper elec-
trophoresis at pH 3.5 (Ba&hellerie et al., 1981). Average
léngth of the product was determined by electrophoresis on
a 12% polyacrylamide gel (Thompson et al., 1981).

JH-HMT with a spebific‘activity of 4.0 x 107lcpm/,qg_
was synthesized by S. Isaacs of this laboratory (Isaacs n
et al., 1982). In some experiments, 5¢(32pP) iabeled RNAi
was used. 1 mg of poly(U) was dephoesphorylated with 1 unit
of calf alkaline phosphatase (Boehringer-Mannheim) in SO.mM
Tris pH 8¢8'at 37° for oné hour. The reaction mix was then.
phenol extracted twice, ether extracted, and ethanol precip-
itated. The polymer was redissolved in 50 mM Tris pH 85,
10mM MgCl,, and 5 mM DIT. 50 MCi of [¥-32PJATP (Amersham,
3000 Ci/mmol) and 1 unif of T, polynucleotide kinase
(Boehringer-Mannheim) were added and incubated for 30 min
at 37°. The mixture was phenol extracted, ethanol pfecipi«i
tated, and run through a Sephadex G-100 column.

Unless otherwise noted, all irradiations were performed
~ with 200 ug/ml of each polymer, 10 mg/ml “H-HMT, 1 mM Tris
pH 7.5, 0.1 mM EDTA for 30'seconds‘or'less. Irradiations

involving poly(A,U) or poly(A-U) were done with 400 ug/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
described in chapter 2.

After irradiation, samples wefe extracted twice with
a 2x volume of chloroform, isoamyl alcohol (2431, v/&) and
then ethanol precipitated twice. The precipitate was
resuspended and counted in a solution of toluene, triton
X-100, and water (6:3:1, v/v/v) with 3.92 g/1 PPO and 0.08
g/1 Bis-MSB. | |

CD spéctra‘were measured with a Cary 60 spectropolar-
imeter equipped with a 6003 unit. The computerized data |
collection system has been described previously (Brunner &
Maestre, 1975). Data is preéented as.EL-ER per mole of
monomer. where EL and ER are the extinction coefficients
for left and right circularly polarizéd light, respectively..
Ultraviolet absorption spectra were measured with a Cary 14
spectrophotometer. In both instruments. the temperature
of the sample was maintained with'a‘circulating water bath.
Melting éurves for poly(A-U) were done with a Gilford
Model 2527 thermoeiectric temperature programmef. These

were interfaced to a Commodore PET Model 2001 microcomputer.

RESULTS
Poly U. The incorporétion 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
" 257 (equal to 1).

Random Poly(A,U). Figure 3 shows the incorporation

of HMT into the random copolymer poly(A,U) in Tris-EDTA and
in 0.1M NaCl. Figure 4 shows the temperature dependence
of the CD spectra for these two conditions.

Alternating Poly(A-U). Before HMT incor?oration

studies were done on the alternating copolymer poly(A-U),
its properties were determined in order to assure.its
.authenticity. - Nearest neighbor analyéis ueingcx-labeled'
triphosphates showed that the polymer was over 99% corfect.‘
The UV ebsorptien spectra of both»the coil and.helixfwere
identical to published-spectra.(Chamberlin et al., 1563)
with isosbestic points at 279 nm and 295 nm. Carefully
annealed polymer showed aihyperchromism:ef 67.2% at 260 nm,.
which is siightly'larger than.previouély observed.(éS%); |
Fast cooled polymer showed a hypercﬁromism_at 260 nm of
63.4%. These measurements were done with 5 mM NaCl between
20° and 80°. The melting points'ﬁith 5 mM NaCl (427) and
100 mM NaCl (65°) were sherp. Circular dichroism spectra
of the helix and ceil forms were identical to those
previously published (Gray et al., 1972). The polymer
was-between 500 and 2000 bases long. The temperatﬁre
dependence-ef HMT incorporation, UV absorption, and CD are

shown in Fig. &.
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Fizure 1:

é) The temperatdre dependence of HMT additien to poly(U)
'atz no NaCl (e—e); 5 mi NaC1 (*=-2)3 100 mM NaCl (-ﬁ-:-—-a.);'
5 mb MgCly, § mM NaCl (£--£); 5C mM 1\1%;;_:012.1 500 mM NaCl : (4--4)
b)  (i1=R)poy for poly(U) at S mh NeClp, 5 mi NaCl

c) (;"L-ZR)276 for poly(U) at 50 m MeCly, 500 mi NaCl v(o'-"-c)

and absorvtion at 260 (e—s)
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Figure 2:

'a) The temperature dependence of HMT addition to volyv(A,U)
at: no NaCl (o--); 100 mM NaCl (s—8); and & m¥ NaCl, 5 mM
MeCly (v - %)

b) (PL-ég)27o for polv(A,U) with no NaCl (= =) énd absorp-
tion at 260 nm (*—). |

c) (5L-$R)266 for polyv(A,U) at 100 mi NaCl (=~ - ) and ab-

sorption at 260 nm (*—=)
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Figure 3:

a) The circular dichroism spectrum of volv(A,U) with no

KaCl at 5° (——), 10° (==-), 200 (===, 40° (=),

h) The circular dichroism specitrum of volv(A,U) with 100 mM

NaCl at 5° (——), 10° (= =), 20° (-=- ), 40° ( ),
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Figure 4:
a) The temperature denendence of HFT addition to poly(A-U)

at: 5 mM NaCl (®—), 100 mi NaCl (=--<), and 5 m¥ MeCl,,

5 mb NaCl (%= ==)

b) (iL-fg)max;for voly(A-U) at 5 mM NaCl (*- -~) and absorp-

tion at 260 nm (*—)

¢) (fp=73)257 for poly(i-U) at 100 mM NaCl (»- -*) and ab-

sorption at 260 nm (=—=)
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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)f
poly(A) was examined in a wide range bf temperature and
salt concéntrations. 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 incorpofation into poly(Ajopoly(U)
wés exémined over a wide fange of salt concentrations as
shown in Fig. 6. At 4%, the amount of incorporétion fell
logarithmically between 5 and 100 mM NaCl and then tailed
off more slowly. The salt depeﬁdence at 37¢ was moﬁiiored
at.two poly(A) fo poly(U) ratios, 1l:1 and 1:2. The equi-
molar mixture curve is virtually identical to that a-‘_l:vl-l—'?5
except that incorporation does not increase until 10 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 theISame 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. 1In conditions where the triple-stranded

complex cannot form (25°, 10 mM NaCl) (Stevens & Felsen-
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Figure 5:

a) The teﬁperature denendence of HMT addition to poly(A)-
poly(U) (equal mole amounts of each volymer) at: 5 mM NaCl
(#—®); 50 mM NaCl (==—); 100 mM NaCl (= =); § mM MaCl,,
5 mi NaCl (- ) |

b)  (t1-‘glagq for poly(a)-voly(U) at 5 mM NaCl (> -+) and
absorption at 257 nm (e—w) |
¢) ( 1= g)27q for voly(A)-poly(U) at 50 ﬁM NaCl (== -) and

absorption at 257 nm (e—e)
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Figure 6:

The concentration of NaCl was varied for polv(A) (200 .~g/m1)

and noiy(U) (200 #g/ml) at 4° (®—¢) and 37° (< - %) and for

noly(A) (100 “g/ml) and poly(U) (200 +g/ml) at 37° (s—u),
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Figure 7:
Poly(U) (200.“g/ml) was mixed with varying amounts of poly

’

(A) at: 25°, 10 mM NaCl (o—); L°, 10 mM NaCl (== -=); 4°
and 25°, 100 mM NaCl (s—=),
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feld, 1964; Massoulie, 1968):8: 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 ratiq of
slightly more than 1:1 (A:U). In conditions where both the
triple and double-stranded complexés can exist (257,

100 mM NaCl) the amount of HMT incorporated.increases'only
slightly with'increaéing poly(A) until a ratié of 1:2 is
reéched. At this point, the amount of HMT added increases
quickly until an A:U ratio of 1l:1 is reached. This exper-
iment was repeated with_the'same salt conditions but at

L°, At 100 mM NaCl, the incorporation profiles are iden-
tical at the two temperatﬁres; At 10 mM NaCl, the rate of
addition is lbwergthan would be pfedicted for a double-
stranded complex below a 1:2 ratio of AsU. This effect

is not nearly as dramatic as at 100 mM NaCl.

DISCUSSION

The conditions used to photoreact HMT with RNA in
this study were chosen to be as gentle as possible. The
irradiation was short iniorder to prevent crosslinking."
Quantitation of crossiinks by paper electrophoresis of
hydrolysates (Bachellerie et al.; i981) showed there was
a negligible amount. The binding cdnstant 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 dispfoportionate 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 différent aspects of the
geometry. UV absorptionvmeasures mainly the stacking
between bases and hence is a good method of observing
secondary structure, but it is rélatively insensitive to
higher order structure. CD, on the other hand, arises
principélly from the interaction between optical transi-
tions of the bases. ‘The theory for predicting the struc-
tural changes which are occurring when the CD'changes is
not well advanced yet, but progress is being made‘(Grevev
et al., 1978). |
| Poly(U). In low salt, poly(U) has no secondary
structure. At 0.1 M NaCl, poly(U) is opticaliy identical
to the polymer at low salt but the ievel 6f HMT édditioh
is slightly elevated, particularly at low tempefature.
This could be cauSed by a small amount'of structure whiéh
is not discernible by CD

When 5 mM MgCl, is present, 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 Watcon-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 thc poly(U) is
essentially the same as in other~polymer'structures. At
very high salt (500 mM NaCl, 50 mM MgCl,), both absorption
and CD spectra ihdicate a stable structure exists. In
fact, the structure in the poly(U) is stabilized so.much
that intercalation is made difficult. Because intercalation
is accompanied by aﬁ unwinding of the helix‘(Wiesehahn &
Hearst, 1978) and a lengthening of the RNA, anything which
stabilizes the-helix and condenscS‘the RNA will inhibit
intercalation. Although the rate of HMT addition falls
at these high salt concentrations, it is still higher than
in the randomly coiled poly(U). _
Random ?oly(A,U). As determined'by CD, the struciure~

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 b#nd 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 effectiveiﬁsgpon 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 theée
oligomers, the peaks decrease in intensity and are red-
shifted with increasing temperatufe. Since short runs of
adenines are present in the polymer, it‘seemé'likely that
this typé of interaction could be occurring. Neither
the CD nor the UV absorption predict the temperature
dependence of the HMT incorporation. It is possible that,
even. in the absence of base pairing. the stacking of
adenines is sufficient to create local order in the
uridine residues at very low temperatures. This ordered
‘structure would allow intercalation and reaction.
Because uridine does not stack well, its.contribution to
the change in the CDVand UV absorption wduld 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 (noncone
Seryative spectrum)Q There are clearly at least two
components in the positive band. It seems likely that
normal Watson-Crick base-pairing is present, although
the type of structure postﬁlatéd for the low salt_
poly(A,U) could also be present. . The lérge change in
optical properties occurring between 20° and 407 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 uo°.

Alternatihg'?oly(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 incof-
poration and CD decrease somewhat with increasing
temperature. Of the synthetic poiymers studied;
poly(A-U) has the highest rate of HMT reaction, with
over 1000 times ﬁore HMT incorpdrated 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 ethidium bromide to homopolymers is much highér-than
to alternatihg’purine-pyrimidine-polymeré. (Bresloff
and Crothers, 1981). Apparenfly; théralignment.of
photoreactive bonds is better in alternating structures.

Double-Stranded Poly(A)+*Poly(U) and Triple-Stranded

Poly(A)-2Poly(U). When poly(A) and poly(U) are 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 and 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/leo 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 conditibns
in which either the.dOuble- or triple-stranded complex
can form, depending on the ratio in which the polymers
are mixed. Although conditibﬁs exist in which only the
tripie helix is stable, very high salt and temperature
ars ﬁecessary. This produces very low levels of HMT
incorporation and thus éhanges are not easily measured.

At 10 mM NaCl and 25°%, only the double-stranded
complex is stable. As expegted. HMT incorporation in-
'q?eases lineérly with poly(A) added (Fig. 7). Once all
of the poly(U) has been base paired to pély(A). the
incorporation levelé off. In conditions where both.
double- and tfiple-stranded complexes can form (100 mM
NaCl at 4° and 257, 10 mM NaCl at 47), HMT'inéorporation
is not a simple function ofvpoly(A)-added. In all cases,
the amount of HMT reacted is substantially 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 éurve«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 incbrpbration would be one half of what it
actually turns out to be. One interpretation of this is
that the strand of poely(U) which is invoived in Wafson-
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 reactionvof both strands
of pbly(U). Alternatively, the structure of the strands
which are involved in Watson-Crick base-pairing might be‘v
perturbed sufficiently that the photofeactive bonds are
not aligned correctly after intercalétion occuré.
Evidence for reduced incofporatiOn after triple-
strand formation may also be seeﬁ in Figﬁre 6. At 37°
~and a 1l:1l ratio of poelymers, double~stranded.complexes
form at all salt concentrations above 10 mM. At a 132
(A:U) ratio, the situation is more complex. At 1 and
5 mM NaCl, only single stfands-are present. vOnly single-
and double~stranded ﬁdlecules should be present from 10
to 30 mM NaCl. As expected, the lower amount of poly(A)
leads to réduced incorporation of HMT (50-60% of the 1l:l
ratio). Above 50.mM NaCl, both double and triple strands
should be present. The amount of HMT incorporation |
relative to the 1il ratio drops.. At 50 mM NaCl, the

level of incorporation is 40% of the l:l mixture, 25% at
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75 mM NaCl, and less than 15% at 100 mM NaCl and above.

The fact that the triple-stranded poly(A)s+2poly(U)
is much less reactive to HMT than the double-siranded
complex is not surprising. X-ray difffaction 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_stablé,triple.helix does allow some'intercalation.
possibly with the third strand ldoping out. Another
possibility is that imperfections in the helix arise which
" allow double-stranded regionsvto exist.

Insight into how RNA conformation affects reactivity
can also be gained by examining the types of HMT adducts
formed as well as the number. This has been done for a
number of polymers, as shown in table I, using paper
electrophoresis at pH 8.8 for separation. The same exper-.
 iments, using HPLC for separétidn. have-been,done for a
‘smaller set of polymers. It should be hoted.that the.v
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 inridentical fashions.
‘Also, and perhaps more importantly,‘is the problem of
decomposition of the coumarin adduct. As mentioned ini

chapter 2, this adduct opens up to form an acid. This

is very unstable and makes HPLC analysis particularly
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difficult because the charge é;ossly affects the mobility.
. The two methods can be reconciled if the material which
is unaccounfed 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 quantitafive agreement be tween
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 unstructuréd polymer,
poly(U), has the largest amount. Uridine>and UMP have
even larger amounts of coumarin adduct. This indicates
that, as predicted By quantum mechanical calculations
(Song et al.e 1971), the 3;4'bond is inherently more
reactive than the 4',5' bond. As the.polymers become
more structured and more reactivé,'there.iSfa general
decrease in the'fraction of coumarin adduct;' This -
indicatés‘that the gebmetry of the intercalation complex
is the principal driving force in determining reactivity.
The effect of the NaCl concentration on the fraction of
coumarin adduct is small (when comparing the same polymer).
The time dependence of coumarin adduct formation
indicates there is more than one class of reéctive site;
With poly(A,U) and poly(A-U) at both 5 and 100 mM NaCl,
there is a marked 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 I Conformatiqn derendence of vphotoadduct production

Furan Coumarin

Folymer [NaCl] (mM) - Monoadduct Monoadduct Crosslink
0.5 min 1C min 0.5 min 10 min 0.5 min 1C min
Poly(U) 0 -,' Ly, s - 30.6 - 24,0
Poly(U) + 50 - 32.5 - 22,7 - Wl 3
500 mM MgC12
Poly(A,U) 0 Q9,1 65.5 0.9 11.0 .0 23.5
Folv(A,U) : 100 - 05,3 54,6 h,o 12.0 0.7 32.5
Poly(A)*Foly(U) 5 g0.1 - 78.7 10,0 19.0 0 2.3
Poly(A) +Poly(U) 5 - 77,5 - 21.3 - 1.1
@ 20° ' .
Poly(A)-Poly(U).‘. 100 78,0 70,8 21.1 17.6 0 2.6
Poly(A)*2Poly(U) 100 -' 8L, 8 70 .4 | 15.2 12.5 0 17.1
Polv(A-U) | 5 69,6 8.1t 0.4 o 3.1 0 ©10.0
Poly(A-U) @ 20° 5 - ol F - 0.9 - W
5S RNA s - 70.1 - a.1 - 20.8
'53 RNA @ 20° 5 - 81.0 - 6.4 - 12.6

Irradiations were performéd for the time indicated at 5°, unless otherwise stated.

-176 -
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were identical, there should be no change in the fraction
of coumarin adduct. As expected, there is very liftle
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 crbsslink in poly(A-UL where évery
furan adduct is a potential crosslink. In the anaiogous
DNA polymer, using the same conditions, more than 90% of
the furan adduct is converted to érosslink,(Kanne et al.,
1982). This clearly demonstrates that reactivity is not
simply determined by the availibility of a site but also
requires the cérrect conformation. Equally surprising
is the large amount of crosslinking in random poly(ﬁ).
This aptly demonstrates the dynamics of the poiymef_in
‘'solution, as remote parts of the molecule must come in
close contact with the HMT adducts to permit'crosslinking.
The amount of crosslinking in ?oly(A)»poly(U), while very
‘small, indicates there must be imperfections in the helix
or-bréathing motions which allow two uridines to crosslink.

| While the temperature and salt effects on the amount
of coumarin adduct formed are small, the effects on
crogslink formation are larger and more uniform. In the
two cases where comparison can be propérly made (poly(A)-
poly(U) and poly(A-U)), increasing of NaCl from 5 to 100
mM increases crosslinking by ébout 10%. Température‘has
a more profound effect. Increasing the temperature ffom.

4° to 20° decreases crosslinking by 39 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 evenvmore detailed analysis of products
to be made, but these experiments have not been done system-
atically. It is notéworthy that.the amount of each of the
two diastereomers which make up the furan adduct varies con-
siderably in the three polymérs tested. Yeast tRNA vields
equal amounts of the two while ﬁoly(A)°poly(U) in 5 mM NaCl
has a D2:D1 ratio of 10:1 and poly(A,U) at 100 mM NaCl has a
ratio of 1:2. 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 thé_trémendous variety_df conditions used in these
experiments, we nevér-fbund the amount of.HMT incorporated
into poly(U) tb be lower than that found in the random coil.
This implies two types of reaction. The preferred mode of
reaction is preceded by intercalation (Dall'Acqua et al.y
1978a; Tjerneld et al., 1979). This allows m 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 temperature. Clearly, this |
type of interaction cannot take place when poly(U) is in»a
ranéom coil or a very tightly packed helix. It is unlikely

that any type of overlap between the base and the HMT 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 usefu; in determining the type of interactions
taking place. -
From this study, it is-obvioué 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_relétively weak helix which can be
easily dnwound, When salt is added, it becomes difficult'for
“the drug to intercalate betwéen the more tightly packed base
pairs. Magnesium has a particularly strong inhibitory'éf-
feet. The fact that HMT reactivity ié’intimately liﬁked to
RNA structure is further exemplified by the same type of log-
arithmic dependence on salt concentration as is observed for
melting temperature (Dove and Davidson, 1962). At higher
temperatures, the thermal fluctuationé 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 aséociation 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. These three probes of RNA conformation are influ-
enced by different aspects of structure, so it is net sur-
prising that they yield slightly different results. It is

" not trivial to extrapolate @he structure-reactivity relation-
ships found in synthetic polymers to the more complex RNAs of
biological interest. Also, there are many structures foﬁnd
in natural RNAs that cannot be duplicated withvsynthetic
polymeré. Despité these complications,.study of these model
Cgmpounds does provide insight into what types of factors are
likely to influence HMT reactivity. Combining the knowlédge
of what conformations are most reactive to HMT with the

known base specificity (chapters 2 and 6) éhould allow work-
ers to choose systems and condition; 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 secondarv structure

which affect psorélen reaction have been dealt with in the

oreceding chapters. Eaually important in optimizing cross-

linking conditions is the effect of psoralen structure. As

'menfioned in Chapter 1, there are a number of aspects of the

psoraleh reaction which determine the total amount of cross-
link., Previous studies have examined these features (water |
solubility.vnhotobreakdown rate, nhotoaddifion rate, binding
constants) in detail (Isaacs et al., 1077; 1982).

Different substituents on the osbralen fing have dram-
atic effects on the dark and light reactions. For examvle,
&-methoxy derivativesvhave a much- lower nhotobreakdown rate
than other 5soralens (Isaécs et al., 1982) while trimethvl

derivatives yield a much lower percenrtage of coumarin add-

ucts (Kanne et al., 1982). Understanding of these, and oth-

er ovhenomena, will require analysis of a much larger number
of derivatives. |

The purvose of this particular work is not to gain a
detailed khowledge of how the various derivatives react, but
simply to see which are most efficient at generating cross-
links and wbether'different‘derivatives oroduce a diffefent_
set of crosslinks. This was accomnlished by electrovhores-

ing crosslinked RNA in denaturing conditions. The changes
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in electrophoretic mobility induced by crosslinking of RNA

by vsoralen are diagnostic for each crosslink and thus vari-
ous psoralen derivatives (or other crosslinkers) can be

quickly assayed for both efficiency and tvve of crosslink.,

MATERIALS AND M=THODS

Drosonhila melanogaster 55 RNA was prevared and label-.
led as in Chaptef 5. Psoralen derivatives usedeere synth--
esized as in Isaacs et al. (1977, 1982)., Gels conmtaining
12% volyacrylamide were made as in Chanter 5. Irradiations
at 360 nm were done as in Chanter 2, Length of irradiation
varied for the different derivétives and was long enough so
that greater than 90% of the original psoralen had either
covalently added to the RNA or had broken down. Irradia-
tions at 488 nm weré done with a Svectra Phvsics Model 164
‘Argon Ton Laser using the 488 nm line at 1.8 W for 20 min.
During this time, all of the compound (AZT) had broken ddwn
or added to the RNA. Samplés were irradiated in a water

jacketted cuvette at 5° to minimize heating effects.

RESULTS
The vsoralen derivatives used in this studv are pic-
tured in Figure l; The nroﬁer'chemical names are listed in
the table of abbre?iations. The derivatives, which have a
wide rahge of substituents, can be out.into two general‘cat-
egories. Tﬁe first group consists of those which can only

covalently react in a manner identical with the vnarent ovsor-
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‘Figure l: Structure of psoralen derivatives. The chemical
structures of -all the psoralen derivatives referred to in
this chapter are shown. Proper chemical names are listed in

the table of abbreviations.
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alen, i. e. through the formation of a cyclobutane bridge

involving the 4', 5' or the 3, 4 double bond. The second
group, made‘un of CMT, IMT, and AZT, also contain other
functionalities which can react with other parts of the RNA..
INT and CMT are alkylating reagents and will react in the
dark with the N7 of guanine or the‘N3 of adenine. The hy-
drolysis of IMT or CMT to HMT competes with the alkylation.
At 0°, all of the psoralen has eithef 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 slizhtly reactive, despite the presence of potentially
reactive purinesv(see also Chanter 7). AZT cdntains a vnhen-
vlazide group which, ubon excitation at 450-500 nm, decom-
poées to a ﬁighly reactive nitréné Which can insert into any
C-H bond. The electronic transitions of fhe psoralen and:
DhenyléZide chromophores do not oVerlap»so eithéf one can be
selectively excited without‘destroyingvthe other.

In lanes 3 and 12, the reaction of HMT with Drosophila

5S RNA is shown (Figure 2). Two majér and one minor band
can be seen in addition to the normal 5S band. These addit-
ional bands revpresent molecﬁles containing different cross-
links. It is possible that the minor band actually contains
two crosslinks (those found in the major bands). None of |
the psoralen derivatives of the first group yield crosslinké
other than those found in these threé bands. 8-MOP and AZT

(when reacted only at 36C nm so the azido group is not ac-
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Figure 2: [MMobility of crosslinked 55 RNA. - Drosophila mel-

anogaster 55 RNA was crosslinked with the compounds shown
and then run on a 12% polyabrylamide, 7 M urea gel at high
temperature. The xylene cvanol marker dye migratéd through
the gel twice. The compounds used, the length of irradia-
tion, and concent:atibns are listed below.

Time of Irradiation

Lane Comvound Concentration (Mg/ml) 360 ézlniSB nm
1 ANG no 20 -
2 8-NOP ' . Lo 120 -
3 HMT 20 - 30 -
4 AMT 100 | 30 -
5 | puX 100 120 -
6 CEeT 100 1200 -
7 AZT © 4o S 20 -
8 ALT s 20 20
9 AZT 40 - 20

10 AZT B0 20 20

11 HEP . 100 - 120 -

12 HNT | 30 20 -

13 IMT 30 20 -

14 AMT 30 | 20 -
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tivated, lane 7) give the major crosslinks, albeit at reduc-

ed yield. ANG and HEP samples do not show any change from
control samples. The positively chafged derivatives show
two tyves of behavior. EMX yieldé a small amount of one of
the major crosslinks while the remainder of the 5S has a
small but noticeable retardation in mobilitv. This is
caused simply by the neutralization of thé phosphate nega-'
tive charges by the FMX bound. PMT, on the other hand,
vields none of the major crosslinks aﬁd has a more.pronoun-
ced effect on the mobility of the 5S band. Clearly, there
aré at least a few FMT molecules hound to each 55 as mono-
adducts. There is also a smali'amount of material which
doés not enter the gel. This same phenbmena is observed
with AMT at low doses (lane 14). At higher doses (lane 4),
none of the.materiél enters the gel. Because of the siie.of
55 RNA, it seems uniikely that a simblé crosslink would ore-
venf'entrance intb the gel. Mdre likelv, two or more 5S RFNA
molecules are crosslinked together. The vnositive charge of
the AMT (or PMT) neutralizes the normally revulsive interac-
tion between phosnhates ahd facilitates close approach. In-
deed, Rabin and Crothers (unnublishea results) have found
that.'using AMT, the stems of two. 55 molecules can stack on
each other and be covalently linked.

When AZT is irradiated only at 488 nm, no crosslinks
are observed. If éll 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 360 nm is subsequently reacted at 488 nm, no new
crosslinks.ére observed, but the pre-existing ones increase
slightly in {ntensity. If IMT is reacted thermally, unbound
drug removed, and irradiated at 360 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 Acids: Anomolous mo-

bility of psoralen crosslinked DNA (Cech, 1981) and RNA (Wo-
. 1llenzein aﬁd Cantor, 1082) in gel electrovhoresis has been
observed vreviously. Cech found that the mobility of cross-
linked DNA was devendent on the number of crosslinks, the |
size of the DNA, and the pér éent agarose in theAalkaline
gels. In heavily crosslinked samvles, the abparént molecu-
lar weightvof all sizes of DNA was aonroximately 1.35-1.53
times that of uncrosslinked DNA and Wasvindependent of agar-
ose concentration. Because the vsoralen holds together com-
plementary strands even in the absence of base-pairing, the
crosslinked DNA should have twice the molecular weight of
single stranded DNA. FIn heavily crosslinked samples, the
DNA is constrained to a much smaller volume than normal.
The size of the loops caused by unvaired bhases is very small "
comvared to the total length of DNA thus it can migrate |
through'the vores in the gel hore easily than a single-stra-
nded molecule of equivalent molecular weight. In samples

which have only a single crosslink, the behavior is more
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complex. "DNA_up to about 2 kilias an appafent molecular
weight of 2.0%t0.1 times the single stranded molecular .
weight. This result shows that a single crosslink has no
épnreciable 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 DNAAsize has
anproached the pore éize of the gel. Many of the pores
vresent in the gel are simvly too small for the DNA to ﬁass
through. A similar phenomenon was observed by M{ckle et al.
(1077) for relaxed circular DNA. At approximately 18 kb,
the circular DNA.could not enter agarose gels. This con-
trasts with the results of Roberts and Friedlos (1682) who
found that large DNA crosélinked by cisnlatin migrated in an
alkaline sucrose gradient just as would be expected fér its
molecular weight. When there ié either a large vpore rela-
tive to the size of the DNA}(Cech. 1981) 6r there is no
pore, even for very large DNAs (Roberts and Friedlos, 1082),
no alteration in mobility dccurs,

At first glance, it would appear that a contradiction
arises when it is stated that.‘in some situations, crosé-
linked DNA has the same volume or avparent molecular weizht
as normal DNA while, at other,times, there is a large difo
erence in the effective volume. In.fact. the dynamic nature -
vor randomly coiled DNA readily accounts for this. Whenever
uncrosslinked DNA encounters the gel iattice.'it can eaéily
change its shape 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, arisineg from single stranded RNA, cannot as easily
deform and thus cannot migrate as readily.

Wollenzein and Cantor (1982) took advantage of these
gross changes in mobility to Separate‘different‘crosslinked
structures in 16S RNA. The relation between loop size and
mobiiity is very com@lex and will reguire much more anaiysis
hefore the migration of a given crosslink.can he predicted..
Intuitively, larger loovps should cause larger mobility
changes. The léngfhs of the tailé 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 iﬁ a pore
tqo gmall for it to vass through.

' All of the studies mentioned thus far have used condit-
ions so extreme (alkali or 98% formamide) that no base-vair-
ing could pdssibly exist. When crosslinké are run under
milder conditions (e. g. 7 M urea), great care must be taken
in ihternreting the bresence'of'secondafy structure. Even
uncrosslinked secondary structure can exist in the standard
7 M urea polvacryvlamide gel (Frank:et al., 1981). The fact
that a crosslink can stabilize a normally unstable helix has
-been used to ad?antage in isolating and analyzing cross- |
linked fragments (4wieb and Brimacombe, 1980; Turner et al.,
1682; Chapter 6). In chapter 6 and Zwieb and Brimacombe
(1980), crosslinks were used to stabilize helices in‘miid
conditions and then fragments were isolated by electrophor-

esing in denaturing conditions. Turner et al. (1982) found
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that vsoralen 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 byv crosslinks became
denatured and migrated more slowlyrin the gel.

‘The effect of psoralen monoadduéts on mobility is much
simpler. An HMT monoadduct attached to short oligonucleo-
tides retards the mdbility by the equivalent of two nucleo-
- tides (Chapter 5). Longer pieces of RNA afe similarly re-
tarded (3achellerie and Hearst, 1082). Presumably this
occurs because of hydrovhobic interactions between the HNT
and the gel lattice., Positively charged derivatives'would
furthrer Slow down any RNA fragment.

While the above data show that the positions of cross-
1inks cannot be nredicted based on mobilities in a éel. it
is clear that different crosslirks can be'resolved5 Thus,
with oroper choice of acrylamide concentration and care ﬁo
ensure denaturing conditions, crosslinking within anv RNA
by any reagent, vsoralen or otherwise, can be assaved.

Crosslinking Properties of Different Psoralen Derivatives:

As shown in Figure 2, it is clear that HMT is the best

crosslinking agent for Drosovhila 535 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 zenerated bv various de-

rivatives approaches that of HMT in some cases, no other
derivative which reacts solely through the normally reactive
double honds produces any different crosslinks. Even when
AZT is reacted through its azido zroun and unreacted mater-
1a1 removed, the same pattern of crosslinks emergeq. “Since
the azido group should be virtually non-specific in what it
reacts with, this suzgests that there are a small number of
available intercalation sites and it is thé nature of these
sites thét determine where crosslinking éan occur, - One
would exnect'any simple intercalator to bind to these same
sites; so, in order for a different intercalative crosslink-
er to generate ﬁew crosslinks, it woulcd have to have some
other base specificity.

IMT.is”the only other deri?ative with a différent base
specificity and, indeed, it produces one new crosslink. Be-
~cause it is so specific in its reaction, it must intercalate
first and then react once bourd. It should be of interest
to determine where reaction is occurring hecause single-
stranded guanines are most susceptible to'alkylafion while
intercalation is svecific for double-stranded regions. It
is not obvious from the secondary structure shown in Chantér
5 where such a crosslink might occur.

Clearly, some substituents céuse a profound decrease in
crosslinking. Destroyihg the linearity of the heterocvcle,
as in ANG, comrletely abolishes crosslinking. It is possi-

ble that tertiary structure in some molecule might produée a
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sité that is.crosslinkable,_;iisgs RNA is certainly not one
of these. introduction of a positively'charqed group at the
L' position increases solubility and the amocunt of monoaddi-
tion but drastically reduces crosslinking., DMonoaddition of
AMT and PMT occurs at a high rate as evidenced by the retar-
dation of the main band of 5S. HoWever. the interactign be-
tween the Dositively'charged nitrogen and thé‘phosnhate
group must be sufficient to pull the psoraleﬁ éway from the
oppoéite side of the helix and vorevent crosslinking. The
diameter of the A/%orm helix is so large that any skewing of
fﬁe psbralen prevents simultaneous alienment of the 4*, §°
and 3, 4 double bonds. The B form helix is not as wide so
crosslinking of DNA should not bé as severely affected.
.Having the positive charge at the 5 vosition (as in PMX) low-
ers the amount of monoadditidn but allows crosslinkinz to
occur more feadily. 30th of these Suggesf’that the interac-
tion between the nifrogen and phosvphate ié not as strong in
PMX as»in AMT and PMT. |

While no other'studiéS'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 products formed. Trimethylnsbr-
alen derivatives have very lafge photobreakdown rates when
compéred to 8-methoxy compounds (Isaacs et al., 1982), Even
more striking is the effect of the u-methyi group on the |

types of monoadducts created. Derivatives containing this

group form very small amounts of coumarin adduct (2-3%) in
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DNA while derivatives lacking it have up to 20% coumarin

adduct. ©Once again, this seems to be dictated by the struc-
ture of the intercalaﬁion complex. Similar changes iﬁ the
amount of coumarin adduct are observed using HMT in differ-
ent RNA conformations. In DNA, the 4-methyl group must
force the psoralen far enough away ffom the 5, 6 bond of the
pyrimidine to inhibit reaction.

The assay déscribed in this chapter provides a way to
reliably test compounds for crosslinking ability; and, even
more importantly, to determine if crosslinks are produced ih
different locations. Before investing a good deal of time
in analyzing the secondary structure of an RNA by crosslink-
inz. it is certainly advantagedus to‘know if any crosslinks
are, in faét, being zenerated and whether they are the same

as any which have been vpreviously identified.
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Chapter Five:

Secondary Structure of Drosorhila melanogaster

55 RNA by Psoralen Crosslinking

INTRODUCTION
Since the discovery of 55 RNA as a ribosomal combénent

(Rosset and Monier, 1063). considerable work has been done
on this molecule (reviewed by Monier, 1974; Erdmann, 1076).
Although mére than 50 pfokaryotic and eukaryotic 5S RNAs'
have been sequenced (Erdmann, 1980), the secondary structure
'of the 120 nucleotide long RNA is still the subject of con-
.troversy. The specific fﬁnction of 8S XNA also remains oven
to question. Activityv of reconstituted 50S ribosomal sub-
units in E. coli is dependent upon the onreserce of 55 RNA
(Dohme and Nierhaus, 1976), but.deletions and changes in the
sequencestiil allow protein svnthesis to éccur. albeit_at‘a
‘reduced rate (Pace et al., 1082). 1In addition, thefe is
suggestive evidence that SS RNA may be involved invdifferent
aspects df ribosomal fuhctions, but none of the evidence at
oresent seems tb be conclusive (Erdmarn, 1076).

| Unlike transfer RNA, for.which the correct secondary
structure was inferred from the first primary structure
(Holleyv et al.._1065). no definite secondary structure has
vet been assigned to 55 RNA. The onlv common feature

among the models provosed to date is the presence of a sfem
formed by the pairing of the 3' and the 5' ends of the mole-

cule. A model which relies on the 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 55 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 spectros¢o§y data, which suggest

that some 60% of the bases are paired in 55 RNA, have led
Luomav& Marshall (i978a;b) to probose another model very
similar to the "cloverleaf” st:ucture'of'tRNA. ‘Other
techniques havé also been employed to study single-strandedi'

regions of the molecule.and to determine the number and

~ type of base-pairs (Monier, 19743 Erdmann, 1976). These

data are of limited usefulness, however. More detailed

information about specific intramolecular interactions is

‘needed.

In the present study, we have attempted to get direct
information about the secondary structure of 5S RNA by

crosslihking with HMT. Three other crosslinking studies

have already been done on 5S RNA from Escherichia coli.
Ohe study was with a derivafive of psoraleh. 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 speéificity 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 modifi-
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. 417-436. |
MATERIALS AND METHODS

(a) Purification and labelling of 55 RNA
i) 58 RNA from Drosophila embryos
' Dechorionated Drosophila embryos (20 to 25 g) were
homozenized in 250 ml of 200 mM sodium acetate (oH 5.u).
RNA_was extracted with phenol.in the presence of 0.5%
(w/v) sodium dodecyl sulfate at 0°C (Brown & Littna, 1964).
After precipitation with ethanol, RNA was dissolved in
1.2 M NaCl, 50 mM ammonium acetate (pH 5.3), 5 mM MgCl,
and.kept overnight at 0°C. Cold precipitated high mclecular
weight RNA was removed by centrifugation and the super-
natant was diluted to 100 mM NaCl. Whatman DEs2 cellulose
was added and washed several times with 100 mM NaCl, 50 mM
ammonium acetate (pH 5.3), S5 mM MgClz. RNA was then
eluted bylraieing fhe salt concentration to 1.2 M NaCl
with a yield of 800 0.D. units at 260 nm. 5S RNA,
accounting for 20% of this preparation, was purified
through two‘cycles of Sephadex G100 chromatography (Wegnez
et al., 1978). |
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(ii) 5'-End labeling of 5S RNA

55 RNA (500 #4g) was first devhosvhorvlated in 2C041
of 50 mM Tris-HC1l (pH 9.0) with 1.2 units of calf alkaline
| phOSphatése (Boehringer) at 37° for 30 min. The RNA was
extracted twice with phenol, then purified on a 12.4% (w/v)
polvacrylamide/8 M urea gel polvmerized in 40 mb Tris-acetate
buffer (oH 8.3). The full length 5S RNA band was excised,
eluted with 0.3 M NaCi and ppecinithted with ethano?.
Phosnhoryiation of 55 RNA (2.4g) was carried out in 50 »1
of 50 mM Tris-HCl (oH 9.5), 10 mM MgCl,, 5 mM dithiothreitol
containing 150 4Ci [#-72PIATP (Amersham: 3000 Ci/mmol) and
1 unit of T, vpolvnucleotide kinase (Bthringe;). The inc-
ubatioﬁ was carried out at 37° for 30 min and was termin-
‘ated by éxtraciion with phenol. Purification of full length
32p.5S RKA on a '12.4% polvacrylamide/8 W urea gel orovided
approximately 1€7 cts/ min of activitv. |
(iii) SS RNA labeling from cell culture

55 RNA uniformly labeled with J2P was prevared by a

modification of the method of Jordan et al. (1%76).

Actively Efowing KC Drosopnila cells (Echalier & Oharessian,
1¢7C) were transferred from compléte hedium to low phdsphate
medium (obtained from‘the cell culture facility, University
of California, SanvFrancisco) and allowed to grow 24 h at |
25°C, 32P in the form of orthovnhosphate (Amersham; & mCi/
ﬁmol) was'then added to a concentration of 0.1 mCi/ml aﬁd
the cells were harvested after U48-72 h of egrowth. RNA

was extracted by the sodium dodecyl sulfate/cold phenol
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method of Brown & Littna (1964) and loaded on a non-

denaturing 12.4% polyacrylamide gel in 40 mM-Tris-
acetate buffer (pH 8.3) (Benhamou et al., 1977). The
5S RNA band was eluted With a small volume of 0.3 M NaCl
and precipitated with ethanoi. Typically, 100 ml cultures
yield 1.5 x 108 to 4.0 x 108 cts/min of 5S RNA.
(b) Partial digestion of 5S RNA

Partial digestions of 55 RNA with T; ribonuciease
-were.performed at 0 to 4°C in different sélt concentra-
Ations.' After the digestion (3 to 5 min), 5S RNA was
extracted with phenol, precipitated with ethanol,
dissolved in 20 to 40 M1 of 40 mM-Tris-acetate (pH 8.3), 8 WM
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 thgn.stained
with ethidium bromide (1 4g/ml) and/or autoradiographed.

' (¢) Crosslinking

The 5S RNA was dissolved in 0.4 ml of 5 mM NaCl, .2 mM-
Tris«HCl1 (pH 7.5), 0.02 mM EDTA. [JHJHMT (3.7 x 107 cts/min
per .4g, a'generous gift of Steve Isaacs) was synthesized
according to Isaacs et-al. (1982)'and added at concentra-
tions of up to BO/ﬁg/hl. depending on the level of incorpor-
ation deéired. The solution was irradiated in 1.5 ml Eppen-
dorf tubes. Two or 3 cycles of 5 min irradiations sepa:ated
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 M1 of T, RNase (Sankyo;
5000 units/ml, 50 mM Tris, pH 7.5). The digestion was for
2 h at 37°, After digestion, 5.%1 of 7 M urea, 1 i EDTA,
0.05% bromophenol blue, 0.05% xvlene cyanol, 50 mM Tris-
borate (pH &.3) was added. The samvle was loadéd into a 0.8
cm well in a 20% polyacrylamide gel (20% acrylamide, .6% Dbis
aérylamide. 7 M urea, 50 mM Tris-borate, 1 mM EDTA; 0.05 cm
x 12 cm x 40 cm) and run at 1000 to 1500 V until the dye
markers.were separated by 11 cm. After autoradidgranhy, the
fragments of interest were cut from the gel, eluted in 1 ml
of 0.3 M NaC1l, dial#zed against HZO, lvopholyzed, and resus-

pended in 10 -*1 of H, 0. The crosslinks were then reversed

2
with a.6‘W hand-held, Rayonet short-wave UV lamp. The lamo
was at a'distanée of 5 cm ffom the sample. Crosslihks in
dilute solution aré 50% revefsed in 20 min. The reversed
fragments were run on a 20% gel and isolated as described
above. Base compvositions of thé isolated fragments were.
done by further digestion with RNa.se"T2 (Sigma; 10 41 of
2000 u enzvme/ml in 50 mM sodium acetate, ©oH 4.5; 16 h at
37°) or RNase A (Sigma; 10 41 of 16 mg enzvme/ml in 50 mM
Tris,.nH 7.5; 2 h at 37°). The products were then analvzed
by paper electronhéresis as described in chapter 2.
‘RESULTS
The 5S RNA which was crosslinked in this study was bure

and homogeneous. Purification on the non-denaturing gel

vields a sharp band. Under tnhe same conditions, E, coli 5S
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Figure l: 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 S. cerevisiae 55 RNA has a homogeneous structure
in these conditions. The two dimensional fingerprints ob-
tained after RNase T; and RNase A digestion are identical té
those published by Benhamou et al. (1977). Samples run
under denaturing conditions show that there are no nicks
(experiments not shown). _ -

.The amount of HMT incorporated into 55 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 55 RNA was determined by partial
hydrolysis experiments.

Drosophila 5S KNA is cut after residues 37 and 89 when

subjected to a mild Ty RNase digestion (Benhamou et al., 1977.
With the conditions we used forrpartial hydrolysis, only 3
bands are detected (Fig. 3(a)). TheAslowly moving band cor-
responds to intact 5S RNA while thevother"two bands result
from a single cleaVage; When 5S RNA.labeled at thé 5' end is
uséd, only the two 310wly moving bands can be seen by auto-
radiography (experiment not shown).i These two bands corres-
pond to intact 5S RNA and fragment 1-88. The presence of HMT
in the ihcubation mixture does not change the digestion fat-
tern of Fig.~3(b). Additional bands are seen when ethidium

bromide is present (Fig. 3(c¢)). These are caused by the
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Figure 2: Relative rates of HMT incorporation into 55 RNA
as a function of temperature fqr: 'S5 mM NaCl (0——0), 100 mM
NaCl ("—=1), and 5 mM NegCl,, 5 m¥ NaCl (x—). A1l samplos
contained 20 .4g/ml 55 RiNA, 1 “g/ml HMT, 2 mM Tris-HC1l (oH
.7.5), 0.2 m¥ EDTA and were irfadiated for 2 min., Samvples
"were extracted twice with phenol, ethanol precipitated.twice

and then counted.
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Figure 3: Partial RNase digestion of Drosorhila 55 RNA. 55
RNA (7 :*g) was nvdrolyzed with 5 units of T, RNase in 401
of 200 mM I’\ié.Cl. 20 mM.Mg(CZHBOZ)Z, 50 mM Tris-HC1l (oH 7.5%),
at 0-4° for 5 min (a). In.(b). the digestion was done under
identical conditions except that HMT (30-“g/ml) was added.

In (¢), ethidium bromide (30;2g/m1) was added.
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the same crosslinks are produced in low salt and in Mg

_ -131-
the cleavage after G37. The same vnattern is also observed

with and without Mz2% and over a wide range of Na't concen-
trations. This indicates that the secondaryv structure is
stable even at very low salt concentrations. The fact that
2* ig
shown in Figure 4. Migration of RNA in denaturing gels is
retarded by the presence of crosslinked looné (see ghapters
L aﬁd 6 for further discussion)., While the vield of crdss~
links varies in the two salt conditions, tﬁe vattern of

bands is the same.

The types of HWMT adducts which are formed uvon irradia-

tion can be easilv determined by paver electrophoresis.

Studies with model compounds (chapters 2 and 3) as well as
empirical calculations (Sommer, 1979) have been used to det-
ermine the mobilities of all vossible monoadducts and cross-

links. A T, RNase digestion of 55 RNA reacted with _ JHIHNT

" is shown in Figure 5. One major veak is observed after a 15

éecond'irradiation. This has been aséigned to the monoadd-
uct of uridine. TWo small peaks_can also be seen near the
origin. The smaller one is probably a breakdown vroduct of
HMT that is not removed in the DufifiCation. The other peak
is a monéadduct of cvtidine. After 15 min, two peaks that
migrate faster than UMP are seen, :These are isomers of a
crosslink between two uridines. Part of the slowest moving
peak_attribgtedvto the uridine monoadduct may be a uridine—
cytidine crosslink. It comigrates with one of the isomers.

Polyacrvlamide sequencing gels were used to analvze the
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Figure 4: Production of crosslinks in Na® and Mg2+. Two ex-

_posures of the same 20% polyacrylamide gel are shown. Both
filmé are overexvosed in oréer»to show minor crbsslinks mofe
clearlv, 55 RNA which_is incubated in the presence 6f zoi§
.“g/ml HKT but with no irradiation migrates as a singlebbaﬁd
(0'). Varying irradiation times are shown for Na+ buffer

(5 mhi aCl, 1 m¥ Tris-HCl, oH 7.5, 0.1 mh EDTA) and for Mgt
puffer (200 md NaCl, 20 hM ME(CZHBOZ)Z, 50 mM Tris-HCl, pH
7.5%
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Figure 5: Paoer electroohore51s analvs1s of a T, RNase hy-

drolvsate of Drosonhlla 32 P-SS RNA Wthh has been reacued

wlth 3H-HMT. The RNA was irradiated for 15 s (#——e) or 15
min (®--=) in the presénce of 5 4g/ml HMT. After the vaper
dried} 0.5 cm sliges~wefevcut,and counted.v:Arrowslindicate
the locétiénvof the'BZP-mononuclebtideS'while-thevcompiete

3H profile is shown.
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HMT photoadducts after total T, RNase digestion of 5S RNA.

As shown in Fizure 6, exactly the same pattern of oligonucl-
eotides was obtained when the 5S 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 length distribution.of fragments is that exvected. The
faint, slowly moving bands in laneé-A to C probably result
1from incomnlete_digestion. Severallnew bands avpear when 5S
RNA is irradiated in the presence of HMT. .The 3y orofilé
from the [ JH]HMT in lane D is shown in Fizure 7. Most of
the hands runnihz slower than the longest unmodified oligo-
nucleotides are exvected to be crosslinks.

Attempts to analvze the intact crosslinks met with 1ih-
itéd success. The number of nossible crosslinks is large
and minor contaminants can cause errors in the exnectedvbase
compositions. To avoid these problems, the crosslinks were
reversed prior to analysis. Reversal of cyclobutane-type
compounds has been obsérved Dreviously with psoralen adducts
(Musajo et al., 1967; Rabin and Crotheré, 1070).v After the
crosslink between oligonucleotides ﬁas been reversed, they
can be separated ahd analyvzed indépendently. _The length and
base compositions uniquely determine the fragments involved
in the crosslinks.

Crosslink 4A (XL4A, Fig. 6) is the easiest to analyze.
Upon reversal, bands corresponding to lengths of 8 (XL QA-A)
and 9 (XL4A;B) bases are observed (Fig. 8). There is only

one oligonucleotide corresvonding to each of these lengths
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~ Length 5,Sy 5 953 55 Modified
Markers HMT hv HMT Frugments

hu

, ACCAUACCACG—H—-‘W

AAUACAUCG-9——}-{
 AAAUUAAG—8—
 aucaccgBPB—
" UACUUAG T~ 7—
AACACCG B
- CCAACG}_ e
- yucuce! 6— {

(2) UUG Uég 3—

(126 -1—
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Figure 6: Autoradiogram of T, RNase digesfion of 32P-5S RNA
Samples were run on a 20% polyacrylamide gel after digestion
and a) no treatment, b) addition of 20.1g/ml HMT, c) lobmin
irradiation, d) addition of 20 .4g/ml HMT and 10 min irradia-
tion. The column af left shows the length and sequence of

the T, fragmenté as well as the positions of the bromovhenol
blue (3PB) and xylehe cyanol (XC) dye markers. The column

at right shows the positions of the crosslirks described in

the text.
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Figure 7: 3-H incorvoration into Tl RNase oligonucledtides._
vLane d frdm Figure 6 was cut into 0.2 cm slices. The RNA
was eluted in 0.3 M NaCl overnieht and then counted. Arrows
indicate the positions of the unmodified nligonucleotides.
the crosslinks described in the text are labeled XLl-4 while

the other peaks are lettered and identified in Table II.
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Fizure.gz Reversal of crosslinks with short wave UV light.
Crosslinks wére reversed as described in Materials and Meth-
ods. Crosslink 1, crosslink 4A, and crosslink 4B are shown.
The 1énes at the far left and right contain the complete
digest as length mafkers. The reversal vroducts from each

crosslink are lettered and identified in Table I.



XLU4A-C

0.34(0)

4.61(5)

Table I:+ Base Compositions of Crosslinked 01izonuclgotides
Fragment Experimental (theoretical) Base Compositions Length Inférred Position
v ' From Sequence in 53 RKNA
. C A —G_ U U Gel _— e
XL1-A  0.99(1) 0.00(0) 1.05(1) 1.95(2) o0,00(0) &4 CUUG o407
XL1-B 1.08(1) 0.00(0) 0.97(1) 1.10(1) -0.85(1) 6 CU*UG 9L-07
XL1-C  1.11(1) 1.80(2) 1.23(1) 2.87(3) o0.00(0) 7 UACUUAG  76-82
XL1-D 1.24(1) 1.,95(2) 0.97(1) 1.07(2) 0.86(1) 8 UACUU*AG  76-82
XL1-E 1.65(2) 3.96(4) 1,12(1) 2.26(2) 0.00(0) 9 AAUACAUCG 22-30
XL1-F.  0,68(0) 4.33(5) 0.90(1) 1.16(1) 0.92(1) 10 AAAU*UAAG  bo-56
XLU4A-A 0.00(0) -4.96(5) 1.21(1) 1.84(2) 0.00(0) 8 - AAAUUAAG  40-586
xLuA-B v1,85(2),_3.?1(4) 1.11(1) 2,33(2) o0.00(0) 9 AAUACAUCG  22-30
1,00(1) 0.07(1) 1,08(1) 10  AAAUXUAAG 49-56
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Table II: Assignment of Modified Nucleotides

Peak Percent Lengthl! Length ° Assigned Number of Posit-
of Total According According Length HMTs per 1ion in

3H to 32P/3H to Gel Fraement 5S RNA
A 1.48 - 6 L 1 94-a77?
B 1.27 - 6 - - 2
C 13.51 6.39 8 6 1 322377
D 5,83 - 8 - - ?
F 8.39 - 10 8 1 149-56"
G 5.06 - 1 o 1 22-30
H 5,60 6.63 13 8 2 49-56
XL 1 17.65  11.00 12 e 1 76-82

B | 9407
XL 2 3.24 13.59 15 6+7 1 3237
. m o B  Lo-Lg?
XL 3 1.84 14.85 . 16  3+11 1 8-18
| 111-113?
XL LA 8.27 16.12 19  8+a 1 22-30
. . ‘ Lbo-56
AL 43 11.43 9,84 20 8+9 7 22-30
: Lo-56
XL 4C - 9.55 8,40 21 8+9 2 22-30
bo-56

lThe length according to 32P/3H was calculated by setting the
length of XL 1 to 11 and comparing all to it. In all cases,
fragments were assumed‘to have one HMT. _



/
in the molecule. These oligégﬁgi;otides occur between
22-30 and 49-56., The base composition is exactly that ex-
vected (Table 1). There are also two slower moving bands
running as 10 (XL4A-C) and 11 (XL4A-D). The base compo-
sition of XL4A-C corresponds to thé octamer seen above,

but with a monoadduct still rémaining. XL4A-D could not

be obtained in suffidient quantity to énalyze.varesumably
it corresponds to the monoadduct of the nonamer. In
preparations with a high incofboration of HMT, one or-two
Bands (XL4B and XL4C; Fig. 6) are observed running slightly
slower than crosslink 4A, Reversal vields the same frag-
.ments seen in the main band (Fig. 8). Based on the ratib of
34 to 32P, these have been assigned to the same crosslink
with an additional monoadduct (Table 2); Some fainter bands
running much slower on the gel havé also béen attributed

to this crosslink (XL4D and XL4E;  Eig. 6); They probably
result from an incomplete Tl digestioh_caused byvthe bound
HMT. | -

Reversal of crosslink 1 (XL1; Fig. 6) yields fragments
corresponding to.lengths 4 (XL1-A) and 7 (XL1-C). The base
compositions (Table 1) éhqw_that»these are the oligzonucleo=’
tides occurring between O4-97 and 76e82. Once again, bands
corresvonding to oligonucleotides st111 containing'a mono-
adduct are observed (XL1-B and XL1-D). Two additional
pands can also be seen (Fig. 8). The base compositions
show. these to be the octamer (XL1l-E) and nonamerf(XLl-F)

seen in crosslink 4. These fragments appear because the
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- octamer with two monoadducts and the nonamer with one

monoadduct run very close to crosslink 1., After irradia-
tion with 260 nm light, the monoadducts are lost and the
bands migrate faster. Crosslink 2 (XL2; Fig. 6) was more
difficult to analyze because of the low yield. Uvon
reversal (not shown), fragments corresvonding to lenzths
of 6 and 7 hases are observed., There were not enough counts
to anéiyze the bése comvositions. |

An additional crosslink (XL3; Fig. 6) is also present.
Uvon reversal, a band corresvonding to a length of 11 is
seen. The length of the total crosslink shbuld_be 1L or'15
bases, based on its mosition. No band of length 3 or 4 is
seen, however, Since it would only have 30%.of the radio-
activity of the long fragment, this is not surprisine.
Because there is oniy one fragment 11 bases long in the mol-
ecule, the crosslink probably occurs between fragmént £-18

and a tri- or tetranucleotide.

‘ DISCUSSION.
(a) Reaction of HMT with 5S RNA
The ability of HMT +to intercélate and react with 53
RNA_is highly_denendent on temperature and the oresence
of Mg2" (Fig. 2). As also observed with DNA (Hyde &
Hearst, 1978) and other RNAs (Chapter 3), Mg®' sharoly
reduces the.uptake of HMT by 5S RNA. This may be explained
by the strong stabilization of the double-stranded regions

which prevents the HMT from intercalating. The fact that
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the incorporation of HMT into 55 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 fragménts in bands A to'H»
(Fig. 7) have not been determined. Most of these are
monoadducts, but it has not been possible'to purify them
fdf:more detailed study; They are nof present in as large
quaﬁtities as the crosslinks.

In any attempt to determiﬁe the secondary structure
of RNA molecules, a critical examination of the experimental
conditions should be done to ascertain their influence on
thé;RNA conformation. As seen in figure 4, the same cross-

2* and at low salt. In order fp

‘links are formed with Mg
see the effects on the secondafy'structure-of the optimal
conditions for HMT uptake by 5S RNA.(4°C3 low salt concen-
tratién.hﬁo Mg2+). we made a partial digestion of SS'RNA

in those conditions. Partial enzymatic digestions are
assumed to attack éxpoSed single-stranded regions preferen-
tially, This is probably true for first'clea;ages, but |
subsequent cleavages may be thé result of an altered
Structu;e caused by first cuts; Figure 3 shows that on;y
one cut, after G8§, occuré in 55 RNA following Ty partial
hydrolysis when the high ionic buffer (200 mM-NaCl, 20 mM

Mg(CyH303)2) described by Vigne & Jordan (1977) is used..



. -148-
Benhamou et al. (1977) observed two cleavages. We

observe the second cleavage (after G37) at a much lower
level. 'While the cleavagé at G37 cannot be seen in
Figure 3(a) or (b), it can be seen when T, 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. 3(b)). This proves that no
important rearrangement of the secondary structure of
5S RNA occurs after HMT intercalation., Ethidium bromide,
when present, induces a cleavage after G37 (Fig. 3(5));
Both drugs unwind DNA to the same degree but ethidium
has a much larger association constant (Wiesehahn & Hearst,
1978). The large amount of bound drug must induce én
expansion of'the 5S RNA which allows'better access to G37.
Decreasing the ionic strength.]even.in the absence of
Mg2+. does not change the partial hydrolysis pattern. Werv
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 G37.
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This is a very strong argument in favor of a stable secondary

structure of Drosophila 55 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 factlthat
each modified fragment is found even at levels of much less
than one HMT per 55 molecule shows that they,are not the re-
sﬁlt 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-
poration suggests that the;cfosslinking is not occurring in
just a smali.part:df the population of conformétions. but is,
in fact, occurring in the principal species in solution.

The-presence»ofla’crosslihk does not prove that the in-
volvedfregions'are‘base-paired in the normal Watson-Crick
sense. It does, however, showfthat:the regions are very
close because the»HMT is very small. Studies on the struc-
ture of adducts.prbduced.in DNA (Straub et al., 1981) and in
- RNA (chapter 2) have'shown_that‘only‘one orientation of the
HMT in the helix leads to reaction; For g.crosslink to
occur, the base on the opposite strand must also be in the
proper orientation. Staqking or base-pairing in-secondéry.
and some types of tertiary structure would allow the corréct

orientation.
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(c) Secondary structure of 55 RNA

Two crosslinks have been demonstrated unequivocally in

Drosophila 55 RNA, i.e. crosslinks between fragments 76-82

and 94-97 (XL1l; 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 fér predicting the strength of base pairs (Tinoco
et al., 1973;'Borer eﬁ 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 elemenis
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 XL3. In XL2, the crosslink
occurs between a hexanucleotide and a heptanucleotide.
There is a heptamer (fragment 42-48) opposite the hexamer |
32-37 in the model shown in Figure 9; A crosslink
involving C44 or C4é with U33 can be postulated. The
low yield of this crosslink would be explained by the
weaker reactivity 6f cytidine (chépteriz). Because the
composition of these fragments was not determined, it is
possible that an unreversed HMT could‘make the fragments
appear longer. The low yiéld also mékes it impbssible to'
rule out partial digestion of one or both fragments. Tﬁe
position of the intact crqsélink and the J%P/3H ratio

(Table 2) indicate the length must be about 13 bases.
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Figure 9: Frroposed secondary structure of Drosophila melan-

ogaster 55 RNA. The solid circles show the positions of the
crosslinks identified conclusively (XLl and XL4) while the
dashed circles show the crosslinks identified tentatively

(XL3 and _XI.-Z).. -
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Upon reversal, XL3 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
[ 3H]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. Thié 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
hypothesis: only one L 3H]HMT phbtoadduct is present in
XL3 because of the 32P/3H ratio. The model we propose in
Figure 9 helps in fredicfing a‘crosslink_with the trimer
111-113. ‘Once again, this-wduldvbé a U-C crosslink,.
accounting for the low yield observed. v

- It can be argued that the crosslinks we.were able;tév
detect do not necessarily occur in $S RNA molecules sharing
the same secondary stfucturefw However, the fact that the"
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
model shdwn 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 number but also introduces a bulge. The
rules for predicting secondary structure}seem to favor ‘
this structure but are nbt;sufficiently refined to answer

this question definitely. There are experimentél obser-
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vations which bear on this point. GU41 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 digeétion'of yeast and Hela 5S‘RNA with TZ RNAse
have produced cleavages after G41, but these cleavages
occur only after a cut has been made at G377t6 open up
the loop. Interactions with.other componehts in the
ribosome, as suggested by studies with E. coli 55 RNA~
(Larrinua & Delihas, 1979), may alter the coriformation
of this region in vivo. Obviously, more expefimental
evidence is needed., It has been suggested that bases
14, 15 can pair with 64, 65. This is strongly supported
by phylogenetic coﬁpafisons (Peattie et al., 1981).

It is also possible to draw a different structure
for the area around crosslink 1. Because we only determined
the-Ti fragments being base-paired and not'the specific
bases, an_alternative‘scheme»which would crosslink U80
with U96 is possible. In this case, A8l and G82 would be
paired to U96 and ﬁ95.' Although this Would replace a GC
péir with a GU pair, twd bulges would be replaced by'aA
single internal loop. As shown in Table 3, 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 5S RNA,
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The secondary structure proposed here is easily

generalized to other eukaryotes (Saccharomyces cerevisiae
for example, Fig. 10). The stabilities of the various

regions for S. cerevisiae and HelLa 5S RNA are given in

Table 3. .It is also possible to generalize the modellto

prokaryotes (Fox & Woése, 1975: Vigne & Jordan, 1977).

- In this case, the helix which pairs the regions around 70
and 105 is presént but its stability varies considerably.
In thermophilic.bécteria, the base pairing is very strong,
while in more temperate species, the base“paifing is

~weak (Stahl et al., 1981).

| (c) Validity of the model

Any proposed'secondary structure must, of course, be -
compatible with all the available information.. Mosp.éf
the studieé oﬁySS RNA have dealt with E. coli. Becausé of
the differences between prokaryotic-and eukaryotic 5S RNA _
it is sometimés difficult to use datauconcerning_Eivgg;;v
5S RNA to discuss the validity of models proposed for eu-
karyotic'5SvRNA, The following data, most‘dealing~with
eukaryotic 5S RNA} argue in favor of the model presented
here (Fig. 9). |
| " The model presenfed 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'baserairs between ﬁéses
22-24 and 51;53 are presént in some, but not all, eukaryotes.

In species which do not have these additional base-pairs,
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Figure 10: Proposed secondary structure of Saccharomvces

cerevisiae 55 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 ardund 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 fhe |
two most accessible regions and the small size of the loop

causes it to be the most strained part of the molecule, so

it is understandable that the first cut is made here. The

positions of 19 cleavages have been examined for Drosophila
55 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 ﬁo longerm
be stabievand could eésily be-chewedvaway by Tl;, In fact,:
very mild digestion with Tl shows that the first cut is
made after c88 ‘with lesser cuttlng occurrlng at G87 and
G89. No initial cutting is made after G85 (Fig. 11). Of _
the remaining i? cleavages, onlj thrée'are in fegions thatr
are not predicted to be either sihgie-stranded or bulged.
These three, after GlB u8o and G110, are made only after
exten31ve cleavages in other parts of the molecule. In
fact, the enzymatlc cuts are remarkably good at predlcting—
the ends of helices and bulges. More recent work in which
care wés taken to examine only initial cutting (Douﬁhwaiﬁe
& Garrett, 1981; Troutt et al;. 1982), shows fhaﬁ all bf
the’primaﬁy cuts agree with this secondary-struéture.5 Ih

addition, studies using cobra venom ribonuclease (double
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Figure 11: Partial enzymatic digestion of 55 RNA. 3'[32P]
55 RNA was.digested ﬁnder mild conditions such that each
molecule would have one orAless cleavages. Lanes i. 2, 3,
and S werevdohe under denaturing conditions so a sequence
ladder was geherated. "Reactions wére done as suggested by
the supplier (PL Biochemicéls). Lane 1 contains bands cor-
responding to G (T, RNase), lane 2 contains A (U2 ]Nase) ,
.lane 3 contains A and U (Fhv M RNase) and lahe 5 has U and
C (B. cereus RNase). Lanes b and 6 contained iO nz/ml
pancreatic RNase, 0.1 ¥ Tris-HC1l (pH 7.5), 10 mM EDTA and
were digested for 30 min at 0° and 37°, resvectivelv. Lane
7 cbntained 20 units/hl T, RNase, 0.1 M Tris-HCl (pH 7.5),
10 mii EDTA and.was digested for 30 min at 0°. The vrincipal
cut in lane 7 is after G88 while thé orincipal resolved cut
in lane 4 is after C102. Both are ﬁredicted to be single-
stranded in Figure 10. Numbering of the the G's is shown

adjacent to lane 1 for convenience.,.
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strand specific) also support this model.

Chemical modification of exposed guanines with
kethoxal haé been done for T. utilis 5S RNA (Nishikawa
& Takemura, 1978). All of the strongly reacting sites
fell within single-stranded regions predicted by our

model. Laser raman studies on S. cerevisiae 55 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 38 base-pairs are

observed (Fig. 10). Infrared spectroscopy (Stulz et al.,

1981) and NMR (Luoma et al., 1980) also indicate there are
35-40 base pairs in this 5S molecule.

' Three crosslinking studies have been done with E. coli

55 RNA. Rabin and Crothers (1979) found a crosslink in

the stem region using a psoralen derivative, AMT. Wagner

and Garrett (1978) found a similar crosslink using 1,4
phenyldiglyoxal. 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 structurﬁl hétero-
geneify. While 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 sécondary structures have been used to estimate the
stability of the model (Table 3). Both of these methods
have their drawbacks when used to analyze a large molecule
(relative to the model compounds used) like 55 RNA with
unknown tertiary structure. The values obtained are a
first approximation of the stability. Unlike other models,
the model proposed here has approximétely'the same stability
among all eukaryotic species (Table 3). All of the fegibns
are also independently stable. o

Melting studies have been done on S. cerevisiae 55 RNA

(Maruyama et al., 1979; Luoma et al., 1980) but the results
dovnot'agree with each other.. Maruyama et\ai.(i9?9) foﬁnd
that all helices melted cooperatively. Since the 3 regions
in this modél are all of approximately the same stability;
this can be undefstood. Other modelsrdo'not pfediét this
behavior. Luoma ef 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 émbiguity.
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Table ITI: Stability of Drosophila melanogaster, Hela, and

Saccharomyces cerevisiae 55 RNA

Stability (in kcal/mole)

Thermodynamic?’ _ Empirica12
Model Region D.m., Hela S.c. D,m, Hela 3S.c.
This work Stem 18,2 15.% 16.1 18,9 15,9 15.%

Hairpin 40 arm 20.0 10,0 10.3 20.7 18.3 13.2

Hairpin 90 arm 11.6 16.4 15.3 5.9 5.7 15,3

(Alternatel) (12.5)(14.6) (5.9) (L.3)
Total 49,8 50.0 41.7 41.4 36.2 L40.3
Vione and Stem 18,2 15.5 16.1 18.9 15.9 15.5

Jordan Hairnin Lo arm 14.6 14.8 5.2 18.5 16.4 - 8.8
(1077)  Hairpin 90 arm 6.2 - 6.3 3.1 L,0 3.2 3.7
Total 39.0 36.6 24.4  37.3 31.8 24.3

Luoma and . Stem. 24.7 24.3 17.9  22.7 21;2” 16.0
Marsﬁall Hairpin 40 arm 1.8 7}0 ‘+3.9' 2.1 3.7 +0.1
(1978a) Hairpiﬁ 65 arm 1.3 6.0 1.1 +2.4 7.6 2.5
| Halrplr 90 arm 0.5 6.1:' 7.2 +2,2 +1.0 - 6.4
Total 28.3 43.4 22,3 16.7 27.5 20.b4

lcalculated from data given by TanCO et al. (1973), Borer
et al. (1974), and Gralla and Crothers (1973).

2Calculated from data given bv Ninio (1979).

3See text for description of" alternate base- nalrlng scheme
for the region around base 90. :
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Small angle X-ray scattering measurements have provided

avmodel for the gross shape of 5S RNA (dsterberg et al.,
1976; Muller et al., 198l1). An elongated, Y-shaped molecule
with an axial ratio of 511 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 modei can be formuiated with any degree of confidence.
(f) 5S RNA in ribosome

It is ﬁossible to overinterpret the results of studies
on 55 RNA in solution when theorizing on structﬁré in'tﬁe
ribosome. Unlike tRNA, 55 RNA does not normally function
free in solution. Studies of 55 RNA in the ribosome are
more difficult btecause much of the molecule is not in con-
tact with solution; The high salt needed-to maihtain
ribosomal structure and the large number of proteins both
serve to inhibit intercalation of HMT. 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

INTRUDUCTION
The secondary structure of E. coli 16S RNA has been

speculated on evef since the first, partiai sequences were
deterﬁined (Fellner et al., 1970). Real progress was not
made until the complete sequeﬁce of the RNA was unequivocal-
-1y determined (Brosius et al., l978; Carbon et al., 1979). |
Once the sequence was established, chemical modification and
enzymatic digestion data (reviewed by Noller znd Woese,
1981) could'ba used with‘greater confidence. Availability
of the small subunit RNA sequences of gélmgxg chloroplasts
(Schwarz & Kossel, 1980), P. vulgaris (Carbon et al., 1981),

S. cerevigiae (Ruptsov et al., 1980), X. laevis (Salim &

Maden, 1981) and various mitochondria (Eperon et al., 19R0;
Van Etten et al., 1980; Sor & Fukuhéra. 1980) has made bphyl-
ocgenetic comparisons possible. On the basis of this data,.
Noller & Woese (1981) and Stiegler et al., (1981) have pro-
posed a general secondary structure model for all small sub-
unit RNAs. Zwieb et al. (1981) have also provnosed a general
model based on this evidence as well as UV crosslinking
(Zwieb & Brimacombe, 1980) and denaturation studies (Ross &
Brimacombe, 1979; Glotz & Brimacombe. 1680). 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

microscovy yields results that, in many instances, cannot be
easily incorporated into the other models (Wollenzein et al;
1979; Wollenzein & Cantor, 1082). Because of the low reso-
lution of the electron microscope, the unambiguous place-
ment of the crdSslinks is not possible. Tt is clear that

psoralen crosslinking is generating new information, so this

'study has been undertaken to obtain more detailed localiza-

tion of crosslinks and thus abmore complete picture of the
16S RNA secondary structure.

A technique, based on that of Zwieb & Brimacombe (1980)
has been develoved which allows resolution to at least tl%
hases. Because psoralen reacts with only a certain class
of sités and only a,few éecondary sfructures can he drawn
for any given fragments, actualvresolution is generall# to
the exact nucleotides crosslinked. | |

The function of certain regions in 16S RNA is alreadyv
known. 3Bases 1373-1401 are involved'in'binding tRNA to the.
P site (Tlaylor et al., 1981) and bases 1534-1540 bind mRNA
(Shine & Dalgarno, 1975; Steitz & Jakes, 1975). Other reg-
ions have been implicated in other functibns. 'Correlation_
of the data generated'by psoralen crosslinking with other
results enables ué to formulate detailed mechanisms for the
way in which.ribosomés carry out’protein synthesis. While
some aspects of these mechanisms are purely sveculative, |
predictions made can be tested to zain further insight into

ribosomal functioning.
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MATERIALS AND METHODS

. coli MRE 600 cells wefe grown as by Traub et al.
(1971). Frozen cells (1 g) were suspended in 10 ml of 50 m
sodium acetate (pH 5.0) and 10 mi¥ 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 504g/ml and homogenization continued until the
solution was no longer viscous. An equal volume of redis-.
tilled vhenol was added. Phenol extraction was repeated at
least three more times (until the waterFDhenol interface was
clear). The solution Was made .2 i NaCl and ethanol vrecip-
itated at -20° twice. The precipitated RNA was dissolvéd in
a minimum volume of .1 MM LiCl, 10 mM EDTA, C.5% SDS, 10 mM
Tris base (LZS). Approkimately 5 mg was vlaced on 1op of a
15-30% sucrose gradient 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 RNA were resolved by
pumping the solution through a’Beckﬁan Analytical Optical
Unit (254 nm). 16S RNA fractions were combined according to
purity and precipitated. When neéeSsary. the centrifugation
was repeated in order to get pure 16S RNA. The 5S/tRNA band
was sometimes-obscﬁfed by residualvVRC.

Purity and intactness of the RNA was examined by gel
electrophoresis in 4% polyacrylamide (20:1, w/w, acrylaﬁide
to bis-acryiamide). 7 M urea gels buffered with 50 mM Tris-

‘borate (pH 8.3), and 10 mM EDTA. Polymefization was cata-
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lyzed by .075 g ammonium persulfate and 50.1 TENED 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 TMA I buffer (10 mM MgClp, 100 mM NHLCI,
10 mM Tris-HCl, pH 7.2, 14 mM B-mercaptoethanol). Cross-
linkinez was done in the apparatus descfibed previously
(Thompson et al., 1981) at 10°, Three édditions of HMT were
made from a stock solution in DMSO (2'mg/m1). Each addition
made the aqueous solution 20 4g/ml in HMT and additions were
separated by 10 min. This protocol p?odﬁced anvaverage of
3-5 HMTs per 16S molecule. After bhenol extraction and eth-
anol precipitation, the ENA was redissolved in 50 mM Tris-

HC1 (pH 8.5), 10 mk MgClp at a concentration of 10 ODgéQ/mi,
This was digested for 2 hr at 37° with 100 u/nl T, RNase
(Sigma). This was pﬁenol extracted and ethanol precipitai-
ed. | |

The digested RNA was then'separéted by two different
methods. Method one involved running the RNA thréugh an
REC-5 column (O.Q x 20 cm; Astro Enterprises) and eluting
.with 80 ml of a 0.1 to 2 M KC1 grédient. The XC1l solutions
also contained 2 vasodium thiosulfaté, 10 mM EDTA, .06%
sodium azide, and 10 mM Tris-HC1 (bH 6.8). One ml frac-
tions were collected and ethanol prec{pitated. Later frac-
tions required dialysis to remove excess KC1 before preéin-
itation. MNethod two involved running the RNA through a BND

cellulose column (0.5 ml, Sigma) with a 15 ml 0% DMSO, 0.3 M
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NaCl to 25% DMSC, 0.65 N NaCl gradient for elution.

The purified, precipitated RNA was redissolved in.25/ﬁl
of 50 mM Tris-HCl (pH 8.5), 10 mM NMzClpz, 13 mM B-mercanto-
ethanol, 2 mM sperminevand labelled with 0.5 mCi of [¥-32P7
ATE (ICN, crude) and 2 units of polvnucleotide kinase over-
night at 37°. The sample was then made 1 M in urea,vheated
at 90-959'for 1 min, fast cooled on ice and loaded onto a
.08 x 15 x 40 cm 12% polyacrylamide gel (made like the 4%
zel described earlier excevt no urea was preseht). This gel
was run at room temperature until the bromovhenol blue had
migrated off the gel (about 7 hr at 800 V). The upper glass
rlate was removed and the gel covered with plastic wrap.

The lane(s) containing the RNA was cut using a razdr blade
and a straight edge. The lower 30 cm waé nlaced oﬁ a 34 x
.43 cm platef Afﬁer removal of the plastic wrap, a 20% poly-
acrylamide (30:1, acrylamide to biS){'7 MAurea gel was voly=-
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 bv éxposure to a 40 W germicidal
lamp at a distance df about 10 cm fér 2 hr. After reversal,
fragments of interest were cut from the the gel and eluted
in 20041 of LES buffer for 6-16 hours twice. ' Ten micro-
grams of tRNA was added and the samnles ethanol orecipitated

The RNA was run on another 20% polyacrylamide, 7 M urea gel
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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 enzvmatically. Digestions
were carried out at 55° for 15 min in 10 41 which contained
20 mM sodium citrate, 1 mM EDTA, and 2 Mg carrier tRNA. 1In
addition, the RNase T, (G specific), U, (A specific), and
Phy ¥ (A and U specific) contained 7 M hrea while the B;
cereus (U and C specific) did not. The U2 reaction was buf-
fered at oH 3.5 énd the others at pH 5.0. Phy M and B. cer-
eus wefe purchased from P. L. Biochemicals aﬁd used as des-
cribed. T, and Up were purchased from Sigma and diSsolQed
in stock solutions at 50 u/ml. One microliter of the stock
solution was heéded for each digestion. After reaction, the
samples were ruﬁvon 20% polyacrylamide zels dnd autoradio-

granrhad using Dupont Lightening Plus intensifying screens.

RESULIS

A schematic of the methodologyvuséd to form and analyze
crosslinks is shown in Figure 1. Croéslinking was done in
reconstitution buffer at low leveis_of HNT reaction in order
to attain the moét biologically relevant conformation. HMT
has been shown_to'have.a minimél effect on RNA structure.
when added at these low doses, 3-5 HMTs per 16S (Thompson et
al., 1981; Thompson et al.,-1082). The crosslinked andfun--
crosslinked.lés melfed at exactly the same température in

reconstitution buffer. The psoralen sample had about 10%
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Figure 1l: Schematic diagram of methods used to analyze

crosslinks..
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less hyperchromicity and also renatured much more quickly

(results not shown). When examined at lower ionic stréngth.
the crosslinked sample melted at lower temperatures, sugges-
ting that a different structure was more stable. The cross-
linked samvle was locked in the reconstitution conformation
and could not change as easilv as the uncrosslinked sample.

Zwieb and 3rimacombe (1980) have used a similar two
dimensional gel technique to examine UV induced crosslinks.
In the first dimension gel, any vre-existing secondary
structure is stable because therebare‘no denaturénts and the
gels are run at room temperature. The only fragments which
will have structure are snanbaék hairpins and covalent cross
links. PFPrior to loading on the gel, all intermolecular sec-
ondary structure is destfoyed bv heating.and rapid cooling.
This broduées a more uniform vopulation of molecules.. ThéV
secbnd dimensioﬁ'contains molecules with no secondarv struc-
ture because it contains 7 M urea and is run hot. Most mol-
ecules are unaffected because they contained no secondary
structure in the first dimension and thus run as a diagonal.
Hairpin loops actually run slightly faster in the second
dimension because their radius decreases somewhat. Coval-
ently qrosslinked molecules, however, are severely retarded
iﬁ the second dimehsion. After melting, crosslinks have four
ends an are forced to move fhrough the gel in a snread out,
octopus-like conformation (Zwieb and Brimacombe, 1980).f

As shown in Figure 2, the only bands which appear abo?e

the diagonal are caused by crosslinking, In 2D gels which
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Figure 2: Autoradiograms of two-dimensional gels. A) 2D
gel of uﬁcrosslinked 16S RNA, Heavy T, digestion results in
very little large material near the top of the gel. Thev"‘"
marks the position of xylene cyanolﬂ B) 2D gel of cross-
linked_léSvRNA.-'Tﬁis.sample was treated exactly as that in
A excépt it wés crosslinked as described in Materials and
Vethods. Discreté off diagonal spots result from heavy T
digestion. C) 2D géi of fraction from RFC-5 column. Note
the two diagdnals.:both of which are heavier near the bottom
of tne gel. D) 2D gel of fraction from BND cellulose column
The family of dark, off diagonal spots near the center are

all GPs 1116 x 1183. Other fractioné yield gels with a much

different 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 4o sequence., In or=-
der to circumvent both these probléms. the Tl digesté of
crosslinked RNA was first run through either a RFC~5 or BND
cellulose cbiumn. Fractions from these columns were then.
labelled and analyzed bv the 2D gel system. This protocol
has the double advantage of reducingbcross-contamination of
crosslinked bands and also providing better incorporation of
[f -32P7aTP. | |

| The basis for RFC-5 separation of crosslinks is not en-
tirely clear. What is observed is the nresence of two diag-
onals. The lower diagonal ébrresponds to the normal single |
stranded materiél while the upper, steeper diagonal consists
entirely of crosslinkéd méterial; When a 0.1 to 2.0 ¥ XC1
gradient was-used for elution, the most useful fractions for
analysis céme off the column at .45-.80 M KCl. Later fraé-
tionS'tended to contain material too large for analysis.
This can be recombined, redigested,-and run on the column
again,

BND cellulose separates prinéipally on the basisvof
secondary structure (Sedat et al., 1967). Before adding RNA
to the column; it'was heated and quick cooled to minimize
non-crosslinked secondary struéture. The'profile of a tyvoi-
cal column eluent is shown in Figure 3. It is quite cléar
that the OD'and 3H (from JH-HMT) peaks do not coincide.

This is as exnected. Most RNA has little secondary struc-
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Figure 3: Elution profile of BND cellulose column. 3H_ari-
‘sing from [JHTHNT is plotted versus fraction for a BND cell-
ulose coiumn run as described in Materials and Methods (»ﬂ);

Relative 0Dz, of selected fractions is also shown (X--X).
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ture and elutes early. The later maxima in OD (fractions 45

to 65) probably result from the vresence of hairvin loowvs.
The 3H_peak elutes more slowly because the crosslinks stab-
ilize the secondary structure to the denaturing effect of
DMSC. The second JH peak contained a great deal of cross-
linked hairvin loops while the earlier ’H peak tended to
contain more longer'fange crosslinks with less complementar-
it#. There were significant ambunts of hairpin structures
also, though. Fractions beyond fraction 7¢ were‘also col-
lected but JH counts drovped quickly bevond this. 'Thiévmat-'
erial tended to be very large but could be redigested as
before. |

The crosslinks 5btained varies tremendously with.the
lavel of T, digestion. If the samples are heavily dizested
as in Figure 2b (note the lack of material near the ton of
the diagonal), a small sétvof crosslinks is found. Light
digestion results in more crosslinks which are less well re-
solved.v If the full'rénge of‘crosslinks is to be found,
sevéral different digestions musf bé done. |

In order for the two dimensional gel system described
here to separate cfdsslinked énd anroéslinked material, the
fragments must eaqh have a minimum iehgth of apvroximatelyv |
15 nucleotides. Complete digestioh with any RNase would
make the fragments 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 Tl 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-diagonal spots vro-
duced even when using a crosslinking reagent as svecific as
psoralen becomes overwhelming. To compound this even fur-
ther, it was observed that manv spots can reverse to yield
exaétly the same pair of fragments. This avppears to be pri-
marily a problem in the running of the firét dimension gel.

To reduce the number of off-diagonal bands, first dime-
nsion gels containing a short 4% polvacrylamide, 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 el to use is thus depehdenf uvon the seriousness of
the multiple spot phenomenon..

After photoreversal of the crosslink and elution from
the gel, fragments were separated on a 20% poiyacrylamide,
7 M urea gel. In some cases a single band waé observed. ‘If
the mobility of this band changed distinctly éfter reversal
(Rf in 2nd dimension gel and separation zel were compared),
the band was classified as a hairbin loop and sequenced.
then two bands were found, both were sequenced. Frequently,
more than two bands were found. ﬁnfortunately. relative
intensities of labelling cannot be used to match pairs of
bands bécause the halves of crosslinks aré not necessarily
labelled equally. The 5' terminal bases are usually différ-

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-
guencing techniques can be emploved in determining their
nositidns in 16S RNA. Many fragments were sequenced simul-
taneously so the less time consuming method of partial enz-
ymatic digestion waé chosen over cﬁemical cleavage. The
sequence of 16S RNA is already %nown (Brosius et al., 1978)
so ambiguitiies in enzymatic cuts are easily resolved. _The
prositions of the 5' and 3' baSes in the 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 overlapnping fragments allow an

even finer resolution of the crosslink position.

DISCUSSION

Reactivity of Psoralen

In order to best assign the locations of crosslinks
withih the observed fragmenis; avknowledge of the specif{c-
ity of reaction of HMT is necessary. Reaction of different
nsoralens with various RNAs (Bachellerie et al., 1981;
Thompson et al., 1982) and DNAs (Straub et al., 1981: Kanne
ét al., 1982) has demonstrated that uridine and thymine are
the preferred sites for photoreaction. There are oﬁly a few
studies in which the position of psoralen has been mapped'td
high resolution (Rabin and Crothers, lé?O:_ThOmpson et al.,
1081; Bachellerie and Hearst, 1982; Youvan and Hearst, 1982;

Turner et al., 1982). These studies indicate that the most
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Table I: Locations of Crosslinked Oligonucleotides

FRAGMENT 1 | FRAGMENT 2

5' Ends 3' Endg - 5' Epnds 3' Ends
Confirmatory Crosslinks

238 289 - -

435 481 - S - | -

576, 592 616 617 645, 650, 655
99k 1015 1016 1043
1317, 1335 1361 1362 1379, 1385
1280 - 1316 | 1317 1361
1234 - 1255 1280 1304

Discriminatory Crosslinks

1100 1127 1167, 1179 1206, 1215
1167, 1179 1206, 1215 e o
7 46" 918 941

New Crosslinks

327 360 | 1317 1343

618 . 6bs 1405, 1418 1432, 1453

955 ‘ 976 | . 1lbkog 1514

. . . s S el e P
This croslink oligonucleotide is tentative. See Discussion.

Multiple 5° and 3' ends are’ found because most crosslinks
have been sequenced more than once with different termani
rresent in the different off diagonal spots.
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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
vairs, or at the end of runs of uridine. Certainly, there
are non-Watson-Crick vairing schemes which could be cfoss-
linked. Such structures may be inhérently less reactive be-
cause of the rigidity which they impose on nearby helices.
In tRNA, the melting of the tertiary structure greatly en-
hanced psoralenvreaction (Bachellerie and Hearst, 1982).

An entirely different tyve of tertiary interaction has
beeﬁ observed in tRNA (Kim et al., 1974). Coaxial stacking
of helibes appears to be a major structural feature in tRNA
and has also been proposed as én important feature of large
ribosomal RNAs (Noller et al., 1981). Such structures may
be reactive if they can be unwound sufficiently to allow
stacking of the psoralen between helices. The non-contin- -
uous Dhosbhodiester baékbone should allow unwinding to occur
more easily. . |

Nomenclature

The homenclature used to describe the crosslinks found
is an extension of-tﬁat used by Néller et al. (1981) and
Wollenzein and Cantor (1982). Noller et al. use the svmbol
"/" to mean "is base paired to". Because psoralen cross-
linked nucleotides are not base paired to each other but
rather to aqjacent residues, we shall dse-the symbol "x" to
denote "is crosslinked to". Wollenzein and Cantor have

adooted a prefix to signify that their psoralen crosslinks



-187- :
(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 stfucture models will be called, for simplicity,
the American model (Noller and Woése, 1981), the German mod-
el (Zwieb et al., 1981), and the French model (Stieéler et |
al., 1981). |

Method of Crosslink Assignment

Assignment of cfosslinks to specific bases in the fol-
lowing section has been done with a number of criteria in
mind. First, and most obvious, is that the crosslink must
‘occur within the isolated fragments. Possib]e secondary
structures btween”fhe two fragments were then determined by
hand. These possibilities were discriminated on the basis
of phylogenetic conservation and the presence of suitable
psoralen cfosslinkihg sites. Crosslihking sites were assum-
ed to be between uridines only. Whilé psoralen can certain-
v 1y react with cytidine and even.purines to some extent (Chaf
pter 2), reaction With po1ymers hés.shbwn uridine to befthe_'
preferred site. vHot spots for monoéddition and crosslinking
(Youvan and Hearst, 1982; Thompson:et al., 1981) have all
been at uridine. To some extent, looking for uridine-uri-
dine crosslinks and_then using these to_pfove the specific-
ity of psoralen is a circular arguﬁent.  However, the great

ease in finding such sites argues in favor of this bias.
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Phvlogenetic comparisons were made using the best

alignments available in the literature. The secondary
structure alignments of Zwieb et al. (1981) and Stiegler et
al. (1981) were found to be the most uséful while the vri-
mary structure alignment of Kuntzel and Kochel (1981) was
also helnful. The assignﬁents below are senarated irto
three categories: confirmatory cfosslinks which are vresent
in all models, discriminatory crosslinks present in some
models, and new crosslinks. |

Confirmatory Crosslinks

GPs 594 x 645: This crosslink confirms the nresence of 588~

617/623-651. While the preseﬁce of the helical structure is
definité, the resolution of the crosslink does not allbw an
unambiguous assignment because there are two other 1ikely
crosslinkineg sites in the secondary structure shown in Fig-
ure 4. Also possible are GPs 598 x 641 and GFs 603 x 635.

" The secondary structure drawn.is vresent in all three mod-

els in -the literaturé; A UV—inducedvcrosslink was also

‘found'in this region (Zwieb and Brihacombe, 1981).

Grs 1351 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 helidal region has alsovbeen crosslinked by UV

light (Z2wieb and Brimacombe, 1981).

GPs 252 x 273: 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 vsoralen can easily intercal-
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Figure 4: Sequences of confirmatory crosslinks arranged in
proposed secondary structures. The entire fragments of
crosslinks présent in publishéd structure models are shown.

Arrows markAthe_Iocations of observed T1 cuts.
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ate. The secondary structure voroposed in all three models

is identical in this region excevt for an additional G-U
pair in the American model. The crosslink is isolated as a
single fragment despite the presence of accessible gzuanines

ir- the hairpin loovp.

GPs 458 x 473: This fragment was also isolated as a‘single
fragment. The three.¢onsecutive uridines oppésite a G-U
vair are ideal for prosslinking. This helix is well conser-
ved in_éll species which have not deleted the region and has
beer shown to be near the bound mRNA (Wagner et al., 1076).
This same psoralen crosslink has also been.mapped by Turner
et al. (1982) by a slightiy different gel technique.

GPs 1007 x 1023: This crosslinking‘site is ideal for inter=-

~calation of.psoralen. It contains a run of four uridines
with a G-U pair at the endbof'thé-helix;  This helix isv
present in all models and is supported by‘compensting base
changes in other‘species. | |

GEs 1240 x 1298: This crosslinking.site is at the base of

an extended helix present in all three models. There are
two votential psoralen sites within the proposed helix which
are virtually identical and thus: cannot be distinguished;

' GPs 1308 x 1330: The hairpin stem proven by this crosslink

is present in all models. The only uridine-ufidine cross-
link vossible involves the terminal uridine on one strand
with the first uridine bevond 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 hellx recessary and nearly as much stabilization by
stacking would be zained. Stacking from the terminal base
pair would be normal and some would also be gaired from the
next unnaired residues. [Nucleotide 1378 was previously ob-

served to be a hot spot for monoaddition hv Youvan and

Hearst (1782).

Disceriminatory Crosslinks

GPs. 1116 x 1183: The German model contains no sites of pot-

ential crosslinking that would generate the observed frag-
ments while the newest version of fhe American model (H.
Noller, personal communication) and the French model’have
two each. The most likely site in the Americén model (Fig-
ure 5) involves the terminal uridine in a helix with a ina
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 séme mitochondria but con-
served in other smnecies. A very similar base pairing scheme
is preéent in the French model. bIn‘this model, GPs 1115 x
1183 would involve the terminal uridine in a helix with the
first uridine beyondlthe helix. This tyve of crossliﬁk has
benn proven for GPs 956 x 1506 and is likely for GPs 1308 x
1330. The other vossible crosslink would arise if the hel-
.ices formed by 1118-1124/1149-1155 and 1063-1067/1184-1103
stacked on each other. The terminal uridines would then be
suitably positioned for crossiinking. These four crosslinks
cannot be distinguished on the basis of the croSslinking

data available.
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Figure 5: Sequences and secondary structures of discrimina-
'tory crosslinks. Arrows show the positions of Ti cuts.
Three nucleotides have been added to the observed fragments

of GFsl4 x 921 in order to show the entire helical stem.
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GPs 14 x 921: This crosslink must be classified as tenta-

tive because of problems in identifving one strand.  The-se~
~quence for 918-9%41 is definite, however, 7-46 could not be
read clearly enough to be sure of its unicueness. Since
nucleotides 920 and 921 are the orly uridines in the first
sequence, one of them is most likely involved in the cross-
link. If 17-20/ 915;918, 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 in early electron microscopic work (Wollenzein
et al., 1979) and erroneously classified with EPs 530 x 1540
The latter crosslink has been-coﬁfirmed with a more rigorous
polarity assignment recently (Wollenzein and Cantor, 1982)
so the presence of this crossiink_does_not contradiét the

original work.

.GPs 1189 x 1202: The helical region idenfified by.thié
crosslirk was bresent in two stretches in the original Amer-
‘ican model but has since beén deleted (H. Noller, nersonal
communication). It was_ndt present at all in the French or
German models. If GPs 1189 x 1202 is to occur simultaneous-
ly with 1116 x 1183, the helices in the original American
model neéd to be shortened aé shown in Figure S.b

New Crosslinks

GPs 358 x 1330: “hile there are two stretches of complimen-

tarity between the crosslinked fragments found (330-3&0/1333
1343 and 357-362/1325-1330), only one of these is conserved

in other species as well (Fizure 6). In this region, there
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3581330 -
Prokaryotes
E. coli Z. mays {chloroplas!)
1'3'30
AGCAG-UGAAG AGCAG - CAUGA
Uu-A UeG
6-C G°U,'27°
360— G- C—G 330-G-C
GeoU G .CG
AUAAG-CAGCU G-C .
UAUA-UCAAC
Cc : .
kcol kcal
(-9.8 ——m,, ) (-||.6———"“.,le )
Eukaryotes
S. cerevisige X. loevié
"? ? 1590
)
UAACG-.UUCAA UAACG - CAUGA
G-C G-C
Goy—=C 370-G -
G-Cpa_ . © GeU
_A Ufusso v AU
370— A -U ¢ A-U
U-A GGACU -AUUAA
UGGGA - UAAUG 1580
kcol kcat
.(v 9.0 mole ) (-14.2 mole )
Mitochondria
Human Yeast
170 770
| |
GCAGU-GAAGG GAGGAA - UAUGA
G- C u- A
A-V A - UU
AUU°G U- A
180—AC- G Ue G
C.GTSO G C
U-Ay Go U
CGAUU- AuUCA UAACA:- UAAAG
xcal
(-5.5 m=) (-5.622

mole
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Figure §i' Phylogeneticvc0nsefvation of-GP37358 X 1330.
The homologous secondary structures for 6 species of small
subunit RNAs are shown. Base changes in going from thev}
species on the left to the one on the right are shown by .

arrows.
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is only one likely crosslinking site. 1In the American and
German models, both of thesevregions'are involved in other .
interactions. In the French model, one of the regions 1is
involved in another interaction. This crosslink had been
observed previously in the electron microscope and mapped as
EPs 353 x 1344 (Cantpr'et al., 1980).

- In order to conserve this interaction in Z. mavs chlor-
orlasts, 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 pvairs are voresent so this structure ié'actually
more stable thaﬁ in E. coli. Similar struétures can be
drawn for the homologous regions in eukaryotic RNAs. In mi-
tochondria, however, only very weak interactions are found.
Human.and yeast mitochondria are only stable by 5.5 and 5.6
kcal/mole while no reasonable structure at all is present in
mouse mitochondria, Secondary structure calculations were
done bv the method of Tinoco et al. (1973) usiné the most
recent values available (I. Tinoco, Jr.; personal‘COmmunica-
~ tion). |

It does not seem likely that coaxial stacking WOuld
generate this interaction. 368-379/384f393 has a suitably
placed terminal uridine but there is no structure between_
1317 and 1343 with a terminal uridine excevot for 1301-1305/
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 Ty fragments have ailowed the
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mavping of this crosslink to high resolution. There is only
one good crosslinking site in the secondary structure shown
- (Figure 7). A similar structure is vresent in Z. mays chlo-
‘roplasts. Cne base is bulged but additional G-C nairs more
than make up for this. Deciding which structures are homol-
ogous 1is difficuli in eukaryotes.v Most of the additional
sequences which haveAbeen inserted in 18S RNA.are added be-
tween bases 400 and 64C of E. coli. - Because of this, no
region is strictly homologousvto bases 620-626. There is
no such difficulty with the other crosslinked fragment.
When the inserted sequence is scanned feor complémentarity
.with thé known homologous region, one stretch can be found
that has good base pairing. This is shown in Figure 7.
Finding the avpropriate secondary structures fof mitochon-
drial RNAs is much simpler. Homologous regidns_for both
crosslinked strands have been deleted. This crosslink may
corresnond to Feature X foqnd by eleCtroﬁ microscopy and
mapped at EPs 740 x 137C (Wéllenzein~et al., 1079),

GFs 956 x 1506: This crosslink is the most accuratelv known

of those described. ©Not only were the fragments in Table I
found; but, using a technique involving complete Tl'diges-
tion followed by running in a 2D gel system similar to that
described by Turner et al. (1982), the exact T, 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'sma11 sub-

unit RNAs, the mSAmgA hairpin structure. The very high de-
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Figure 73 Phyloge-netic cons'ervation of GFs 625 x 1420,
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gree of conservation of the interaction is shown in Figure 8

———

indicates that this helix is truly present in vivo and is
not an artifact caused b# the crosslinking or the conditions
used. The significance of this structure will be discussed
later. This feature was mapoed by elecfron microscopy as
EPs 970 x 1530 and was the most prévalent ¢rosslink found
(WOllenzéin et al., 1979).

Dvnamics of Lonz Range Crosslirks

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 eéuilibrium in the conditions used. Tn the fun-
ctioning ribosome, such conformational swifches are probablyv
used to produce the vhysical moyemenf necessafy in transla-
tion. Evidence for swiiches has been found by Glotz et al.
(1081). Psdralen may react ﬁarticularly well with this tyre
of struétural_feature because, bv necessity, the helicés
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, GPs 1189 x 1202 and GFs
1116 x 1183 are in a region which there is evidence that
large conformational changes occur (Glotz etral., 1081),

The data frOm'crosslinking and denaturation studies cou1d
not all be incorporated into é single secondary model. When
our.data is combined with that of Glotz et al.,(1981), it is

quite avparent that large conformational changes are requir-
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Figure 8: PFPhylogenetic conservation of GPs 056 x 1506.
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ed to explain it. One possible set of structures is shown
in Figure 9. |

| Possibly linked to this structural change is the cross-
link GPs_358 X 1330. This crosslink is between regiohs sim=-
ilar to those in one interaction postulated by Glotz et al.
(1081). The two interactions could easily co-exist and pro-
vide a stable link between the two regions of‘the RNA; Ex-
tensiveconformational changes can he drawn which combine the
déta of all three models as well as the evidence presented
‘here. Whether the chanées'are as extensive as depiéted in
'Fiéure 0 are very much in question. If the helices are as
extended és nictured, tovological vroblems could arise be-
cause moré than a full helical turn would be introduced.
GPs 1308 x 1350 must also be in dynamié equilibrium bédause
it obviously could not cb—exist'with GPs 358 X 1330Q

GPs 625 x 1420 also appears to be in-a nelix which un-"

dergoes'conformational change. The formation of the helix
shown in Figures 7 would require'the Opening of two other:
helices. The conformational change may be facilitated by
the binding of protein S8. S8 has heen shown to stronzly
vrotect 587-603/636-651 when bound (Ungewickall et al.,
1975)vand also induces a large conformational change when
bound (Nomura et al., 1970). This change could very well be -
the bringing together of the regions around 620 and 1420. |
.SB does not necessarily havelfo bind directly to the regién
around 1420; instead, this interaction could be mediated by

another protein.
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Figure 93 Pbssible conformational changes in 16S RNA,

A) Long rangevinteractiohs shown.are'supﬁortea by three dif-
ferent psoralen\crosslinks (boxed)'ahd one interactidn found
by Glotz et al. (19081), 387-400/1053-1067. 1131-1144/1301-
1317 is ﬁot present_in aﬁy of the currentAmodels but similar
structures can bevdrawn fof other spécies. B) Short range
.interactions.shown are from themﬁewest version of the Amer-

ican model (H. Noller, personal communication).
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Additional evidence for this conformational switch can

be dedgced from the work of Stark et al. (1982). They have
studied. the effect of deletion mutations on the processing
and function of E. coli 16S RNA. One of these mutations, a
single base deletion at position 6i5, has a prbfqund effect.
Very little of this RNA 1is proceséed correctly or inéorpor_
ated into 30S subunits. While this base is not directly in-
volved in the long range interaction described, it would
have an effect on the equilibrium of 612-617/623-628% 620~
626/1420-1426. The stability of the first nelix and hairpin
loop is 12.0 kcal/mole while the second helix is 11.8_kcal/ H
mole. Omitting base 615 doesinot changg-the stability of

~ the second nelix but the first structure is then only stable
ov 10.4 kcél/hole. Instead of being more stable, it is con-
sidefably weaker than the second helix after deletion. The
short range'ihteraction mayvbe‘required fbr correct nrocess-
ing while the long range interaction would form with only a
smallvinoﬁt nf energy at some other point in the ribdsomal
cvcle. The same tvpe of finely tuned equilibrium can be
seen in Z. mavs chloréplasts. The homologous helices have
stabilities of 14.6 and 14.1 kcal/hole; Eukaryotes behave

similarly with S, cerevisiae having stabilities of 7.4 and

7.2 kcal/mole and X. laevis héving stabilities of 8.7 and
7.8 kcal/mole. While the seauence and stabilites of these
helices in the four species vary widely, the trend of thé
short range interaction being slightly stronger than the

long range interaction is uniform.
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In the above analysis, igé German secondary structure
model has been used in all cases. The stabilities were cal-
culated for the entire helix, including the hairvin loon,
from where the disruption caused by the long range interac-
tion would occur. Additionél stability caused by repiring
of the other two sequences involved in the short range in-
teractions has not been included because there is no infor-
mation on this. Disruption of the 1400-1430/1470-1401 helix
nas not been calculated either. This contribution is small |

hecause, of the seven base nairs needed to be broken for Z.

ccli, four are G-U pairs and two are A-U pairs. Whether

tais structure is vresent as drawn in the German model is
also subject to debate. |

The helix crossiinked by GPs 936 x 7506 would also need
vto.be in dynamic equilibrium. It would require the unpair-'
inr of the hiaﬁly conserved méAméA.hairpiﬁ loop, a structure
found in all small subunit ?NAS that qave been even uartlal-
ly seaquenced. That this hellx should open is not surprising
in view of the results of Van Charldorv et al, (1981). They
. found that the presence of the four methyl groups destabil-
ized the helix because of the greater energy'requifed to un-
étack them fbr placement in a hairpin loop compared to un-
modified adenines. This destabilization would not be pres-
ent in 950-956/1507-1513 because this helix would not intro-

6

duce a loop hence the two m2Asvcould effectively stack.

Functional Implications of Crosslinks

mRNA Binding: The role of 16S RNA in recognizing and bind-
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ing mRNA in the initiation complex has been well established
for several vears (Shine and Daigarno. 1975; Steitz and
Jakes. 1075). In eukarvotes, however, the sequence which
has been implicatsd in mRNA binding has been deleted. Be-
cause both eukaryotic and prokaryotic small subunits nerform
essentially the same function, thére should be some ddmpen-
sating interaction between 18S RNA and mRNA. ‘There are no
apparent similarities in either the vprimary or secondary
structure of eukaryotic'mRNAs that would provide a basis for
this. | |

GPS 956 x 1506 brings together two highly conserved‘rea
gions in £, coli 165 RNA, The same interaction occurs in
eukarvotes and thus brings this region spatially close to
where mRNA recognition occurs'in orokaryotes. In prokarv-
ofes and eukaryoteé, there are a number of modified bases
locatad in bbth these parts of the RNA, As mentioned earli-
er, the two mgAs sérve to facilitate the opening of the

hairpin loop. In E. coli, there are a sz,and a moC present

in the rezion 550 bases from the 3' end. In eukarvotes,
these have been replaced by the hynermodified base amfi

This nucleotide is perfectly suited to assist in.mRNA recog-
nition.

The modifications present on am¥ allow it to make spe-
cific interactions with the m’G cap structure found at the
5' end of all eukaryotic mRNAs. .The negative charge delo-
calized on the carboxylic acid group of am? can stabilize

the nositive charge delocalized on the imidizole hitrogens.
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Simultaneously, the amino grouv of am¥ can interact with one

of the negatively charged phosphate grouvs. Preliminary
evidgncelsuggests that exogenously added am? can inhibit
translation (Chapter 7) as efficiently as exogenously added
m7GTP (Hickey et al., 1977) which lends additional support
to the imporiance of:this interaction. A more detailed des-
cription of this interaction and additional evidence for it
are presenﬁed in Chavter 7.

This interaction may also be involved in more complex
infersubunit contacts. Azad (1979) has proposed an interac=-
tion between 55 RNA and the same rézion_of 16S RNA (1509-
1517) that vairs with the region near m2Gm>C. 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_naifing of 55 and 185 RNA in solution has been
observed (Cakden et al., 1976). The in vitro complex formed

between D, melanogaster 18S and 55 RNAs can be crosslinked

by HMT and large amounts of 5S co-vurify with D. melanogas-

ter 185 RNA even after two rounds of sucrose gradient cen-
trifugation usinglthe purification protocol'described'in the
Materials and Methods section. Tﬁe fact that 30S subunits
which contain the'95641506 crosslink are less able to form
7035 ribosomes than other crosslinked subunits (Thammana et
al., 1979) further surcgests that 5S pairs with 16S through
this intéraction.

fow the two 1ohg range and the short range interactions

miecht alternate through the ribosomal cycle is not clear,
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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.

Proofreading and tRNA Bindinz: The total, error rate in

translation is simply a sum of the error rates of its.com-
ponent reactions. The theoretical and practical problems
involved in the analysis of t}anslational fidelity are re-
viewed by Kurland (1980) and Yarus (197§). Best estimates
nlace the total error rate from all factors at one misincor-
voration per 10“ émino acids. The only step in translation
‘whicH cannot be expected to easily yvield this level of dis-
crimination is tRNA binding via the codon-anticodon interac-
tion. The difference in bindineg energies of partially de-

| generate anticodoﬁé is far too small to expect such accurate
reading. To account for this, a number of models have heen
presented,ball of which involve reading the anticodon twice
to multiply small differences in binding. The lack of ex-
perimental data has, up until now, brevented formulation of
a detailed physical model of this proéess which satisfactor-
ily accounts for what little is known.

No part of 16S RNA has beén associated with a proof-
reading function. .Several proteins, however, arevknown’to
be involved in regulating translational fidelity. Elonza-
tion facfor Tu, S4, S5, S11, S12, and S17 have all been.
shown to prdfounly 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
that it might have a role in proofreading and tRNA binding,
The region near 1420 has been implicated in binding of tRNA
to the P site (Tavlor et al., 1981) and the region near 625
is part of the S8 (a tRNA binding Drotein) bindineg site.
Both regions are highly variable as would be exvected for a
proofreading_functioﬁ. The proofreading procéss reauires
energy and each species-will have different requirements-for
optimizing the advantages of increased accuracy with the
disadvantages of energy loss. Thus, proofreadihg should be
different even among élosely.related species with even lar-
ger differences upon going from mitochondria to prokaryotes 
to éukaryotes. The region of E. coli 16S RNA around 580-660
varies considerabiy ambné nfokarvotes and has veen deleted
entirely by. mitochondria. .Virtually éll of the nucleotides
which have been inserted into euxarvotic 18S RNA are found
in this region. A similar behavior is seen around 1420C.
Mifochohdria have shortened that helical stem whilé eukary-
otes have expanded it._' |

_Intuitively, one would exvect eukaryotes to require the
lowest error rate and hence devote more of the 18S RNA to
that task. Eukaryotes syvnthesize many more proteins than
prokaryotes and are thus more sensitive to error-induced
damage. Mitochondria, on the other hand, are almost free of
prdofreading constraints. All Droteins'synthésized are mul;
tiple cony and only a few different ones are made. Ihdeed,

all proteins 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., 1980) so it would no<
be survrising 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 which detect only one or é few different
misincorporated amino acids in a protein (Edeimann & Gall=-
ant, 1977). Even these studies have to be viswed criticallwv
because E. coli ribosomes can reject nascent pevtides which
contain an error (Caplan & Menninger, IQ?9).~'These oligo-
‘veptides are broken down rapidly in the cell so are diffi-
cult to gquantitatively measure,.

Lake (1979) has vrovosed a detailed model for what he
terms the R (recoanition) site of tRMA binding. The anti-
Jcodon.is read once in the R site. A conformational change
in the tRNA occurs tb 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 305 subunit is the location of
several tRNA binding (including SS),and proofreading vro-
teins there. For the reasons mentioned earlier; the cyclic
interaction of 612;617/623-628:?6205626/1420-1426 appears to
be ideally suited for involvement in the process of moving a
tRNA from the R site to the A site. |

Lake (1981) proposes that the conformational change

which brings the tRNA to the A site would occur solely in
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the tRMNA with the only tRNA contact to the ribosomal complex

being at the’anticodon. This seems unlikely not only be-
cause of the weakness of some codon-anticodon interaétions,
tut also because of the ease with which the process could be
short-circuited. If the tRNA in the vrocess of switching
were to come off the mirLA, there WOuid be.nothing to rrevent
a new tRNA which had not undergone the initial screening at»
the R site from taking its place and moving inﬁo the A site.
It is more likely that there are mulfiple tRNA-protein and
+RNA-rRNA contact points which ensure that the bound tRNA
has all the important features of the cognate aminoacyl
tRNA. In this way, other conformational changes in the rib-
csome could be tightly coupled to tRNA movement.

2f-Tu, which has been shown to recognize the 3' end of
aminoacyl tRNA before binding the ribosome (reviewed by
Welssbach, 1980),and the tRNA bihdine prbteins on the extér-
ior of the 3083 subunit would make contact with tRNA bouné to
the R site. It would not be surprisirg if rRNA were also
invoived. The high variability of fhe 588-617/623-651 reg-
ion suggests that it would not be directly involvéd in +RNA
pinding. There are, however, two nearby sequences of CGAA
that are highly conserved. Both»of these stretches, located
at 726-729 and 764-767 in E. coli, are presenf ih all prdk-
arvotes and eukaryotes and at least one is vrresent 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 solution, there is strong evidence
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that binding of a codon to tRNA makes this region more acc-

essible (reviewed by Kim, 1978) and thus able to bind to 16S
RNA or 55 RNA. Such an interaction would destroy contact
between the D and TY loovs of tRNA, also freeing other se-
auences for interaction. The conserved YGG sequence in the
D loop could also be involved in interactioﬁs in the R site
or it might remain free to allow specific binding to the A
~ site upon switching.

There is a strongly conserved sequence in 16S RNA which
would allow vairing of the YGG sequence in the A site and
subseguently in the r site. The seauence CCGmquCCG (1300-
1405 in E. coli) is vresent in all prokarvotes and eukary-
otes and some mitochondria. In the A site, 1399-1401 woulcd
pair with the exvosed YGG while the F site tRNA fGG could
pair with 1403-1405.

This hypothesis is based vpartly on the data of Cfengand
et al. (1982); They found a modified base in the anticodon
loop of a P.site tRNA could crosslink to C-1400. This
crosslinking was doné with an empty.A site so C-1400 would
be available. Wﬁen the proper codon was supplied for the
tRNA (Ofengand and Liou, 1981), cfosslinking was abolished.
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 closé because Johnsoﬁ et
al. (1982) found that the distance between the s*U 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
lenzths because the anticodon loops and 3' ends also nave to
be auite clbse.

In order for the D loops to pair with 168 RNA as des-
cribed, the tRNA would have to undergo a conformational
change. ‘The D and Tv loops would have'already separated in
~ the R site. The D loop and sfem would also have tovtwist
slightly and move toward ihe_énticodon loop. In such a con-
forrmation, 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 if is on the 5' side of the 16S RNA, A diagram
of how this might happen is shown in Figufe 10. .The mRNA is
“necessarily kinked so the anticodon loops can basevpair to
ad jacent cbdons on the mRNA. The same typé of kink is nec-
essary in the 15S RNA. There is a larger distance allowable:
between the D loops because the base paired regions are sep-
arated by an unpaired, modified nucléotide. The base and
sugar methylations might somehow stébilize this kink.

Except for a few mitochohdrial tRNAs and tRNAs involved
in cell wall svnthesis, thé sequehce GG is present in the
same location in the D loop. The base 5' to this is usually
a C, D, or U but oécasionally an A. The pairing of G-1401
or G-1405 with this variable base holds additiénal.potential
- for distinguishing between different tRNAs. The structﬁre
of G-C, G-U; G-D, and G-A pairs are all different and may

change the orientation of a tRNA enough that, devending on
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Fizure 10: Fossible structure of two tRNAs interacting with

both mRNA and 16S RMA in the A and F sites of the ribosbme;
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the remainder of the structure, it could stabilize cognate

and destabilize non-cognate tRNAs.

Translocation and Elongation: Very little 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 fibosome is presented not
as a definitive statément on how the ribosomeAworks-but as a
way of accounting fof 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 avpears to be nara-
mount. The distance which mRNA moves is determined by the
£8NA (Thach and Thach, 1971; Guota et al., 1971). Johnson
et al. (1982) have‘also proposed that the energy for trans-
lpcation comes from energy stored when the A site tRNA is
tightly packed adjacent to the P'sife 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 vart of
the tRNA binding sites are localized on the 30S subunits so
16S RNA could certainly play a major role.

Brimacombe (1980), while not setting forth a specific

model, proposed that 39-47/393-402 + 1055-1065/1186-1195 —
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385-399/1052-1067 might somehow be involved in transloca-
tion. There is no direct evidence. for Brimacombe's proposal
but this seems to be exactly the tyve of cyclic, long range
interaction necessary 1f translocation is to procéed as des-
cribed above. The interactions shown in Figure 9 are cer-
tainly'intricate'enoggh to lock the P site'tRNA in pléce.
At the opposite end of the 30S subunit, similar'interactions
would have to occur to lock the A site tRNA in place, These
couid include 950-956/1507-1513 and other interactions such
as EPs 450 x 1540, EPs 510 x 1540, or ZPs O x 1540 which
have been mapped by electron microscopy (Wollenzein et al.,
1979; 4ollenzein and Cantor, 1982) but not xnown to high
enough resolution to describe in detail.

A chart showing our pronosed model for the elongation
process is shown in Figure 1l. The key features and abbrev-

iations used are explained in the figure legend. The role

of elongation factors and conformational changes are shown

with the occupancy of each tRNA binding site after each

~ event is listed.

When EF-G *GTP binds to the prefranslocation ribosome,
it destabilizes the long range interactions and causes the
short range base paifing of Figure 9B to occur. This vpro-
vides an escape route for the P site tRNA. This tRNA is
ranidly expelled from the P site because of electrostatic
repulsion from the A~stie'tRNA. The A site tRNA moves to
theiP site simultaneously because 6f the much greater affin-

ity of peptidyl tRNAs for the P site. After tRNA movement,
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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 subunit. It separates the R and A
sitesvand is aSsociaied,with‘the following, aﬁd possibly
othef. transitions in secondary structure:

Gate 1 (closed) T Gate 1 (open): |
950-956/1507-1513 = 946-955/1225-1235 + 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 described‘in Figure 9.

.

Gate 2 (closed) == Gate 2 (open) |

Figure 9A == Figure 9B
3) The movement of the aminoacyl tRNA from the R site to the
A sites -

AA-tRNA (R site) “7AA-tRNA (A site)

612-617/623-628 — 620-626/1420-1426
During the next step (tRNA expulsion), the reversal of this
structural change in the 16S RNA occurs, leaving the amino-
acyl tRNA in the A siteaand generating an empty R site.

In the above figure, four sites of tRNA binding are
postulated. The R (recdgnition) site-corresponds; in prin-.
ciple, to that described by Lakev(i981). The'physical att- -
ributes and position are not necessarily the same, however..

The A and P sites are as usually proposed. The DA(discharge)‘
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site corresponds to the E 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, @ refers to a closed gate, a blank space
to an open gate, and ansnto positions of the CCG sequences in
the 165 RNA which base pair with the D loop of the tRNA (see

Discussion).
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,EF-G-GDP dissociafes from tiizg{bosome, catalyzed by GTF hy-
drolysis. The stabilization by EF:G of short range interac-
tions is no longer a factor as to_which conformation is fav-
ored so the interdomain interactions shown in Figure QA are
re-established. |

Evidence for a D site and tRNA binding to it after the
F site is described by Rheinberger et al. (1081) (the E.site
has‘been renamed the D site for écronymic reasons). The
nresence of the deacylated tRNA in the D site accelerates
the binding of the aminoacyl tRNA<EF-Tus.GTF ternary complex
to the ribosome. This occﬁrs‘after an initial reading of
the anticodon of’the'incoming-tRNA, Once the anticodon has
been interpreted as correct,; EF-Tu.GTP binds with high af-
finity to the short range interactions near the 4 site (046-
055/1225-1235 + 1506-1515/1520-1529) and allows the R site
tRNA to move into the A site. 1In the preéence of EF-Tu,
this movement is irreversible Without added energy and pfd—
vides the non-equilibrium situation necessary for true nrcof
feading'to occur (Yarus, 1979; Kurland, 1980). Once in
nlace, the tRNA anticodon is reread. If still deemed corr-
ect, 2F-Tu-GDP dissociates from the ribosome with hydrolysis
of GTF. This allows the long range interactions to reform
(950-956/150751513) 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 availabie on elongation at oresent. For

instance, while four tRNA binding sites are_propoéed, only 2



-225-
or 3 are occupied at any one time. This agrees with the

data of Rheinberger et al. (1981) who found 2 to 2.5 tRNAs
bound during translation., 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 inp&t is used solely' to drivé dissociation.
The factors simply favor one direction in a conformational
equilibrium. Non-enzymatic'translation is possibles hecause
the same conformational equilibrium would be preséht”in.the
absence of factbrs but wéuld simply occur at a slower rate.

Cther Methods of Fsoralen Crosslink Mapping: Electron mi-

croscopy has been the most powerful tool for localizing
psoralen crosslinks up until now. This technique is limited
primafily by.resolutioﬁ. Short range crosslinks cannot be
observed at all while longz range crosslinks cannot be mapped
as accurately as described heré. Now that the tyne of site
that psoralen prefers to crosslink is known better, mapping
can be done with somewhat mbre confidence. Other gel tech-
niques have also been used (Thompson et al., 1981; Turner et
al., 1982). While providing valuable information, these
techniques are simply not as versatile As those described
here.

Complete digestion of fragments with Ty provides higher
resolution but short fragmenté are sometimes impossibvle to
place in the sequence. Complete Tl digestion followed by

reversal could be employed in finding GPs 956 x 1506 but
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only hecause -it was present in high yield (Wollenzein et

al., 1979) and contained two relatively long Tl fragments.

CONCLUSIONS

The large number of psoralen'croéslinks which have been
localized in this study clearly shows the usefulness 6f this
tachnique for determining the secondary structure of any
large RNA.. The technique is also simple enough that most
laboratories can readily employ it on any RNA of intsrest.

The resulﬁs presented here, while supporting the gener-
ally accepted models for léS RMA strucfure, also clearly
voint out the‘dynamic nature of the molecule. Only wnen we
can correlate conformational changes with specific events
will we begin to understand the ribosomal machinery. The
value of psoralen crosslinking in future studies is high;
Psoralen'croSslinks precisely those features which ars most’

difficult to observe usine other fechniques.,
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Chapter Seven:

Role of am? in Edkaryotic mRNA Recognition

INTRUDUCTION

' In Chapter 6, the structure and function of prokaryotic
ribosomes were considefed. While there are many similari-
ties between prokaryotic and eukaryotic translation, strik-_
ing differences are also present. Ferhaps the most'obvious-
difference is the manner of mRNA recognition. In prokary-
otes, binding is regulated, et least to sohe extent, by base
pairing of theA5' end of the mRNA.to the 3° endvof the 163
RNA (Shine % Dalzarno, 1975). This interaction does not ex- -
ist in eukaryotes. Instead, there is a m’G cap structure at
the 5' end of the mRNA, This serves the double function of
protecting the mRNA from exonuclease digestion and increas-
ing levels of translation (reviewed byrFilipowicz, 1078,
Bannerjee, 1980).  Speculation thus far on how the cap ac-
complishes increased translational efficiency has centered -
on the role of cap binding proteins. These proteins: bind

specifically to the cap structure and, with Mng and ATP as

cofactors, unwind the secondary-sfructure of the mRNA (Son-

enberg, 1981; Sonenberg et al., 1981).‘ mRNAs with little or
no secondary structure are translated with higher efficiency
(Kozak, 1980). |

While the presence of cap binding proteins can explain
a large part of the increaee in translation associated with

m7G. 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 m’GDE.
Therefore, the m7G must have some role other than simply
promoting the unwinding of secbndary structufe. Based on
psoralen crosslinking results, we have proposéd that the hy-
‘permodified base am  (Figure 1) playé a major role in this
recognition (Chaptervé). Inhibition of in vitro translation
by am in a manner similar to thaf done with m’G (Shafritz
et al., 1976; Hickey et al., 1977; Adams et al., 1978; Hick-
ey et al., 1975; Roman et al., 1976)-was_attempted to verify

this proposal.

WATERIALS AND BETHODS
The hypermodified nucleoside am? was synthesized by
Steve Isaacs of this laboratory in a'procedure which will be
fully described elsewhere with a complete structural charac-
terization of the product. The synthesis started with pro-
tected pseudouridine (Sigma). After specific methylation at
N1, the N3 positioh_was alkylated\with'protected bromohomo-
serine followed by devrotection at all positions. The cdm-
pound used in the translation studies still contained residf
ual protecting groups. The partially devrotected products
could bé separated by reverse phase HFLC buf Were not cﬁar-
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 [JH]leucine from Amersham. Each lysate contained
the components provided by BRL as well as 0.15.4g globin
mRNA and 5C1 of EBHTleucine and was incubated at 30? for

1 hr. Ten microliters of eagh sample was avplied to Whatman
GF/A zlass filters, boiled in 10% trichloroacetic acid for
10 min, washed twice with 10% trichloroacetic acid, twice
with 95% ethandl, and counted in a toluene scintillation

fluid as described in Chapter 2.

RESULTS

The amount of translation observed usinz amY, vseudour-
idine, and uridine as inhibitors is shown in Figure 2. .The
am? used has not been structurglly characterized yet and is
known to contain paftially deprotected impurities so the re-
suits~must be viewed as.pfeliminary.v 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 amf is similar to that observed
for m’GTE (Adams et al., 1978). Eventualiy. it will be pos-
sible to determine which parts of am are necessary for its
activity. Clearlj.'it is not just simply the amino acid
side chain because’even‘y gives some fesidual inhibition..
Efforts are now underway to synthesize and‘test derivatives
bof am which have been only partially deblocked as well as
analogs such as 1,3 dimethylpseudoupidine.' Presumably, the
interaction is not simplyjbetween m’G and amY but also in-

volves proteins which recognize specific aspects of both
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Figure gi’ Concentration dependence of translation inhibit-
idn. The amount of translatioﬁvof globin mRNA is shown for
samples to which various amounts of amV (—), ¥ (0=, or
uridine (@—¥) has been added. These are relative to a con-
- trol in which water was‘added. Samples were also run in the
_abéencé‘of added g£lobin mRNA. Thisvsample (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 samvle in
which addition of exogenous mRNA was omitted. The only
translation which occurs is from pblysomes which had already
formed in the lysate before addition af am . In this system
the concentration of endogenous mRNA is so low that reinit-
iation is unusual. Inhibition of translation by am is |
only 15% while in the ﬁormally initiating system, inhibition

by ‘am at the same concentration was over 95%.

DISCUSSIUN

While we have not yet been able to directly test which
pafts of ‘am are important fcr interactibn. some information
can be gotten indifectly by examination of which parts of
m’G are important in translation inhibition (Roman et al.,
1976; Hickey et al., l977:vAdams et al., 1978). These stud-
ies have used nucleotide analogsvof ﬁ7G to inhibit protein
synthesis or mRNA binding; It was found that 2' or 3' vhos-
phates on m7G.Qas of no importance While'a.S'vphosphate in-
creased inhibition;- A 5' di- or friphosphate was even bet-
ter. The nature of the alkylating group at the 7 position
was unimportant; only the presence.of the positive charge
mattered. The dependence of the inhibitory ability on the
5' phosvhate has been attributed to the cénformational rig-
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 of am¥ could interact with the phosphate charge.
When space filling models of the 5' end of the mRNA and the
region around am? are made, it is clear that the least
strained interactions are made with the # and 3 phosphate
okygens. At the same time, the negative charge delocalized
on the cafboxylic acid group of am? interacts with the posi-‘
tive charge delocalized on the imidizole nitrogens.

Other analogs iﬁdicated 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-
ﬁoval of the 2 amino group or replacementvwith a keto group
has a large effect}on the pK of the N1 hydrogen. The pK's.
of 7-methylguanine, ?-methylxanthine. and 7—mefhylhypoxanth-
ine are 9.9, 8.9, and 7.5, respectively. While the pKs are
nof availabie for all the triphosphate comnounds, they prob-
ably foildw the same trend. ThevpK of m’GTE is 7.1 so it is
clearly sensitive to the pH in fhe range being studied.
While m7GDP will have significant amounts of both charged
and uncharged N1 atoms, m’XDP will have only small amounts
of uncharzed and m’IDP 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 N1 position which is important. It is diffi-.
cult to interpret the pH depeﬁdence of translation to deter-
mine which feature is important because both the m’GTF and

the m’G 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 present. In making this model, only the interactions
contributed by the 5°' end of the mRNA and the rezion around
amY 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
Watsén-Crick base vairing to m’G. This would‘be allowed
~only if the N1 position is uncharged as provosed earlier.
The presence of an N1 methyl group, which abolishes the in-
~hibitory effect, would also prevent base vairing. An amino
nydrogen from amf can hydrogen bond to the imino ﬁitrogen of
the 3' cytidine while one of the cytidine's amino hydrogens
can interact with é phosphate oxygén. At the same time,
this cytidine can effectively stack over the nucleotide adj-
acent to m/G. This base 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 amt.
can stack with m’G. The region includine the N1 methyl, C5,
C6 and the ribose of amY forms a relatively hydrophobiC'sur~
face which would be ideally suited for contact with a vro-
‘tein. Froof of these, or other, interactions will have to
await further experimentation.

The fact that the sequence surrounding amY in eukary-

otes is so highly conserved suggests a functional importance.
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amY has been definitively mapped in D. melanogaster, (You-

van & Hearst, 1981) and X. laevis (Salim & Maden, 1981) but
the T, fragment in which it is located is highly conserved
in all other eukaryotic species examined. (Fuke and Busch,
1976). The secondary structure which brings it in contact
with the 3' end of the 185 RNA is_also highly conserved
(Chapter 6). In prokaryotes, the 3' end of 16S is involved
in mRNA recognition so it should Se gxpected that eukaryotes
would use a similar mechanism. |

There are other, indirect data which support the m’G-
am? interaction. There are three nost-transcrintional mod-
ifications necessary to maké am¥. Pseudouridylétion is an
early, nuclear'étep followed by methylation at N1. Cnly af-
ter transport to the cytoplasm does attachment of the aminc

acid derivative occur (Brand et al., 1978). This means that

6]
[}

3inge or tTrans-

L

the modification 1s not necessary for w»nroce
port and thus is prowvatly functionally important. There is
also a very simildr hypermodified basé nresent relatively
freaquently in prokaryotic tRNAs, anBU or X, This nucleo-’
side differs only in that it is a uridine derivative rather
than pseudouridine; In all prokafyotié tRiAs which have
been found to contain £, the base immediately adjacent to it
on the 5' side hés always been m7G:(Sprinzl & Gauss, 1082),
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 m’G (Chen & Roe, 1978).

While the presence of the am¥-m7G 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 vairing schemes have fluor-

ished so much principally because there is no good, uniform
pairing present, Eukaryotes have simply evolved a different
mechanism for mRNA recdgnition. There is apparently no way
this interaction could be involved in complex regulation of
translation out the strenzth of the 3Shine-Dalgarno pairing

is not related in an obvious way to translational regulation

either.

v
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APPENDIX

While the techniques described in’Chaptef 6 were very
successful in‘analyzing the structure of E. coli 16S RNA,
meaningful results could not be obtained in two very specif-
icvproblems ir the structure of D. melanogaster 18S RNA.

Tﬁe methods used in these~experiménts are described below
because both problemé are potentially solvablé with further
work. 7 | _

Crosslinking of D. melanbgaster 5S ahdIISS RNA in solu-
tion can be done in high yield. If 185 RNA is in excess,
greater than 50% of added 35S can be crosslinked; The two
RNAs can-befpurified as described in Chapters 5 aﬁdlé. Both
hybridization and crosslinking:cah be done in TMA I buffer,
but higher yields are obtained in 0.15 M NaC1l, 10 mM EDTA;
10 mM Tfis.(pH 7.5). Annealing is carried out at 60° for 3
hr; at RNA concentrations greater than lO-OD/hl, For cross-
linking,. the RNA is'dilutedrto 5 0D/ml and 20.4g/ml HMT add-

ed. Lower yields are found wifh AMT, even at 1 mg/ml.
Crosslinking is done at 5-10° for 15 min. The level of in-
termolecular crosslinking can be monitored by using 32p
labelled 55 RNA and running on a 4% polyacrylamide, 7 M urea
gel. |

'Unfortunately, crosslinking of total 18S and 55 RNA
yields too complex a pattern'using the standard 2D gel sys-
tem. DMost 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 canjbe driven.to
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crosslink in the presence of 185 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 eiclusively monoadducts would seem to be a
good solution to this. A slightly different approach, using
32p 1abelled 5S.‘was also unsuccessful because of tﬁe low
specific activity attainable for general labelled RNA;

Site specific crosslinking of D. melanogaster 18S RNA

was also attempted by affinity labelling of am with a psor-
alen derivative. AMT was coupled to an Nehydfbxysuccinimide
ester (S. Isaacs, unpublished results). This was stored at
-20° in dioxane until needed. A 100-fold molar excéss of
the estér was added fo 18S RNA in 50 mM triethanolamine (pH
8.l)lin H5>0. Addition was done at room temperature over 6
hr with constant stirring. Concentrations were such that
the final solution was 50% H,0, 50% dioxane. After reaction
an equal volume of .4 M NaCl was added followed by a 2x vol-
ume of ethanol. Precipitation'was done at -20° overnight.
After precipitation, the RNA was redissolved in .2 M sodium.
vhosphate (pH 3.5);-phenol extracted tWice, and ethahol pfe-
cipitated twice. The RNA was redissolved in TMA I, incuba-
ted at 37° for 30 min, and crosslihked at 5-10° for 20 min.
The RNA was run hot on a 4% polyacrylamide, 7 M urea gel.
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 additionél.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 diagohal spots were obserVed. After reversal, 2-4
bands pervépot were‘present; The psoralen derivative used
was trifunctioml so ﬁp to 3 bandé should be_expectéd. Un-
_fortuﬁately. there were not enough counts.in fhe bands'to

analyze.
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