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xii1.

DEFINTTTONS

The P-slte is that site on the ribosome which

blnds pept,idyl-tRNA during pept'ide bond formation.

The P'-site is that part of the P-sÍte whlch

bind,s the terminal cpcpe-pept,ide of peptídyl-tR}üA.

The A-site is that' site on the riþosorne which

blnds aminoacyl-tRNA during peptide bond formation.

The À¡-site is that part of tÏ¡e A-sit'e which

bÍnds the terminal cpcpA-amino acid of the amínoacyl-

tRNTÀ.



Bap-Pan-Phe 5 ¡ -0- (N-brornoace tyl-p-aminopheny 1-
phosphoryl) -3 | -IJ- (r,-phenylaLanyl) -
Pan

(grac-l-phe) -ttì.i{A 2' (3' ) -O- (N-bromoacetyl-I--phenylalanyl) -
TRNA.

þovine serum albumi-n

benzyl

CpCpA-L-ï-eu

5 ' -O- (cyanoethyl-phosphoryl) -3 ' -N-
(r,-phenylalanyD-Pan

cytidyl- (3' -5 r ) -cytidyl- (3 t -5 ¡ ) -
2 t (3t) -0-1,-1eucyI-adenosine

åII other aminoacl-l-oligonucleotides ment'ioned in the
text, are sjrnilarly abbrevi.ated.

Ir-L-Phe

Ap-Pan-GlY

Ac-L-Phe-tru{.q

BSA

Bzl

CNEt-p-Pan-L-Phe

DTE

EDTA

EEDQ

f}4et-tFtl¡À

Im-benzyI-T--His

NH,S

Pan

PEI

PNPC

POPOP

PPO

xiv.

AEBREVIAT{gN.q,

2' (3 t ) -o- (r,-phenylalanyl) -adenos Íne

adenyl- ( g' -5 | ) -Pan-ely

2, (3t ) -O- (N-acetyl-ï--phenylal"arryl) -
tRI'IA

dithioerythritol
ethy lene-diam Íne- tetra-acetíc ac icl

N-ethoxycarbony 1 - 2 -ethroxy - I' 2 -
dihyclroquinoline

2 t (3, ) -O- (n-formyl-L-methÍony1) -
tRt{Ar

j¡n id.azo Le-benzy 1- L-h is tid ine

N-hydro>q¡s uc c j-n j.m ide

puromycin amj-nonucleoside

polyethylen j-inine

p-n itrophenY I carbamYl

1, 4-bis 2- (S-phenyloxazolYl)
benzene

215 - d.iphenyJ.oxazole



p-Pan-L-Phe

TCA

t. l. C.

trÍs

xv"

5 | .-O -irhospho ry l-Pan-L-Phe

tri.chl-oro-acetic acid

thin layer chromatography

tr i s (hydroxyme thy I ) am-i-nomethane
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Êulll-E*

The work descrÍbed in this 'bhesÍs involves several

dif{=erent ap¡rroaches r,¡hich airned to elucÍdate the

compositj.on and mechanism of action of rÍbosomal

pepÈidyl tre.nsferase frorn Ë. cq.Lj. and rat, liver, ancl

to study the interactj-ons occurring betueen the tRlñA

subst,rates and. the active centre of 'b.he erìzyme.

Firstly, analogues of the 3r-end of aminoacyl-

tRl{Jt were syniùeslsed by couplíng various amino acids or

their derivatives to the 3r-amino group, ancl nucleot-ides

to the 5'-hydrox.yl gi:oup of purornycj-n aminonucleoside

(nan), itself an analogue of 3r-termj.naÌ adenosine of

LIìNA, These analogues were t}¡en tested- for their

ability to act as acceptor su]:sLra{:es in the fragrnent,

reaction of I'lonro and I'{arclcer, (tgíl) and. the Àc-L-[tn]nrre

transfer reaction¡' i.€" the ribosome (8. col.i or rat liver)

catalysed trans fer of Ac-t- [ 
3ri 

]efre f rom A.c-L- [3H lrrr*-tzu.Et

to puromyci.n or its analogue in the presence of poly (u).

The major conclusions vrere:

(a) For both types of riTrosorne, analogn-res wÍth a

hyclrophobic amino acid. acted as better acceptors ùhan

those with less hyclrophobic groups, which indicates the

presence of a hyd.rophobic binding pocket' in the Ar-site.

(b) The hydrophobic pocket is of restricted size,

since analogrues rvith bu1)q¡ hydrophobic amino acid's (e.9.

lrp) exhÍbited lorver acceptor activity than those witÌ¡

smaller hydrophobic amino acj-Cs (e.çt. Phe) "
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(c) The Ar-.site is stereo-specj-fi"c, since Pan-D-Phe

h¿rd a very .lov¡ acceptor act.ivity comp¿l::ed. Lo Pan*L-Phe"

(d) Of the four nucleo'E:Ldes trj-ed., only the acldition

of 3 t -Ct4P to the 5r-hydroxyl grotlp of aminoacyl-Pau allov¡ed

retention of maximal acceptor activÍ'ty, , indicat.j.ng that a

binding sj.te for the penultimate CMP of aminoa.cyl-i:Ri'[A is

present on the ribosome.,

(e) In these sirnple assay systems, bhe hydrophobic

binding site predominates over the CMP bind.ing siÈe.

(f) Rat, l"iver rj-bosones were generally less stringent

than those of E. coli in their requj"rement's for high

acceptor act.j-vity in these assay systems.

(g) Ribosomes froln both sources exhÍbiteci. a greater

stringency in their ¡ei¿uÍrements for acceptor suJ:st'rate

activity in the fragrnent reaction than in the À.c-L-¡3H1fft*

transfer assay.

Secondly, attempts v¡ere made to find evidence of an

acyl-ribosome intermecliate during peptide bond formation

on E. coli" ribosomes. Presence Of such an intermed.iate

would indicate a double-displacement mechanj-sm for

peptidyl transferase in which the pept.ide is t::ansferred.

from pepÈidyl-tR}.IA to aminoacyl-tRtdA' via a covalent

peptidyl-ribosome intermed iate.

Í\vo approaches vJere used:

(a) Exchange of Ac-I,-[3n]rcu from cpL¡f¡fcf:A,-
2

(Àc-L-['tl]r,eu) to either tP.l{A or C¡:Cp-\. Formation of
e?

Ac-I¡-['H ] feu-tRNA or C¡É¡râ- (Rc-f,- [-H J Leu) would j.ndicate

the format,ion of the acyl-ribosome intermediate, allovring
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CpApCpC1r\ to diffuse out of the P-sÍte atrd the second

donor rno-lecule to bind and, react with the intennediate

(assumi-ng alI reactj.ons are reversible).

(b) Af ter j-ncubation of CpÞ"pCpcplr- (Àc-L- [3n 1i,eu)

with ribosornes, the ribosornes were precipitated under

varying condit.ions and counted to find. if any radioactivity

had become covalenÈIy bound to ribosomal components.

In both cases, oo react,j-on products v¡ere found, and'

thus there was no evidence for the intermediate' During

the course of these experiments, the effect of a wide

variation in conditions on the binding of cps.pCfrCp.\-
?(Rc-r,-["t't]leu) to the Pr-site of peptidyl transferase

was investigated. The result's showed that' P'-sit'e

binding is only slighL1y affected^ by a wide range of K*
J.J-

and Mg- eoncentratíons and pH vaLues, and that P¡-site

binding occurs equalty as weJl with ethanol as rnethanol.

ThÍrdly, the chernically reactlve puromycin analogue

Bap-Pan-Phe, whÍch has been shorvn to be an affinity labeÌ

of E. co-t.i peptidyl t,ransferase (uarris g! g¿', L973i

Greenwell et ÊI., :..974) was used to affinity label rat

liver ribosomal peptidyl transferase. Although covalent'

binding did. occur, it, was mainly non-specific, as shown by

the following:
(a) Approxirnatety 40 affinity Label molecules were

bound to each ribosome.

(b) Puromycin only part'ially protec'Eed' peptidyl

transferase frotn the,inactivation caused by the covalent

bind.ing of the affínÍty label to the active site.
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(c) This part,ial purornycin protection dicl not recluce

the extent of labellinq (i.e" 40 rnolecules) of the tolal

ribosorne or the labelling of ribosomal RI{.2r.

(d) rhe Ki of Bap-Pan-Phe r¿ith rat liver ribosomes

-? -4(4 x l"o-" u) an<1 polysomes (1,0 x 10- ' M) lndÍcated that

the affinÍty lahe} has poor affinity for rat lÍver

ribosomes (c.fo I(Íl -.- 4.0 x tO-6 U for purcrnycin with rat

liver polysomes). Thus high concentrations of Bap-Pan-'Phe

,$rere required. to obtain significanL bindi"ng to the active

centre of pept,idyt transferase, resu-lting in a verl¡ hÍgh

Level of non-specific lai:elling which mad'e id"ent'ification

of any specific labe}líng virtually impossiJcle.

These experiments showed t'hat Bap-Pan-Phe is an

unsuitable affiníty Laþel for rat l-iver peptidyl

transferase, and no specifically labelled colnponent could

be identified. However, the results sþo.lec1 that no

specific tabelting occurred on ribosomal RlüL, whereas

23g RNA from E" coli rjJcosomes is specifically labelled by

Bap-pan-phe (Harris gt gI", L973; Greenwell et 41", L974).

FlnaIIy, the sÍte of attachment of Bap-Pan-Phe to the

23S Rl',TÀ of E. col.i ribosomes vras identified as a cytidine

residue by affinity labelling ribosomes grolvn in the

presence of each of the ¡3H¡nucteosides, digesting the

affinity tabellecl [3ä]nnn to mononucleotides with ribo-

nucleases T, plus r, and identÍfying the products by

paper electroPhoresis.

A pentanucleotide fragnrent containing the affinity

laþe1-CMp was sequenced using the follot^¡ing method:



}(X"

(a) Riboson¡es \^Iere affiniùy labetled and the affinity

labelled rlbosomal RI'üA i-so1ated.

(b) The affinÍby la}:elted Rl{'\ was reacted \¡tith

Biotin-I{FIS to form Biot,in-affinit'y l-abe1-RÏtl4'.

(c) Ribonuclease I{ or Tl vtere used to digest' the

biotin-af f inity label-RN*..

(d) The digests vrere reactecl with avrdin to form the

vetry strong avidÍn:biotin-affinity IabeI-Rt[A.. fragiment complex"

(e) A phosphocellul"ose column lras used to isolat'e the

complex, whÍch binds because of the basic properti-es of

avidin, white other Rl{A fragments are e}utecl.

(f) The com^olex was dissociated by irreversibì-y

denaturing the avidin with 70% formic acid"

(g) Further purification of the biotin-affinity

taþel-23S Rl{A fragrnent was obtained by electrophoresis on

DEAË-cellulose paper.

(h) The pure biotin-afflnity label-Rl.lÄ. fragiment was

compleÈely digested by ribonucleases Tt Plus TZ to

mononucleotides which were identified by paper

electro.ohores Ís .

The ribonuclease À product' was ident'ified as

C(affinity labe1)fCp, which must be preceed'ed by a

pyrimÍdine nucleot,ide. The ribonuclease T, fragment was

ldent,ified as upc(affinity label)pcPGP, which must be

proceeded. by GMP, thus giving a final pentanucleotÍd.e

sequence of GpUpC(affinity label)pCpcp. the unusual

feature of tl¡ese experjments was that only one sequence

was found,, although Greenwell et al" , Ãgl +) found t]¡¡o
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specÍfic affinity label molecules were bound per 23$ RIG"

molecule. The reason for this seemÍng discrepancy is not

yet known.
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INTRODUCTTON



TNTI{ODUCTTON

The rlbosome ls a very complex cellular st,lrrcture

whlcb in the case of tliert, of g. cqll contains 54 prot'eins

as d.etermined. by trvo-dj¡nensional polyacryfarnÍd.e gel

electrophoresis (Wtttniann, 1974) and 3 RNA species

(designated 5$, L6S, and 23S according to theír sedl-

mentation properties). The rj.bosome consists of two

sgbunits, with the larger (50S) sgbunit containing 34

proteins, 5s RNA and 23S RI{A species, and the smaller

(3OS) sulrunit, containing 21 proteins and the 16s RNA

specíes, HoÌrever, one protein ís conìmon t'o both subunit's,

thus maklng the total number of proteins 54. (Wittmann,

LgT 4) . AIso, proteln L, has now been sÏ¡own to be a

complex of L,ro anð- Lr/I.r, (Pet'Lersson et ê-1. , 197 6) ' and'

Ll *u o12 are ídent.lcal except for the N-acetylatÍon of

the N-terrnlnal serine of \. Thus there are really only

52 dlfferent protej-ns in the E. coli ribosome. Tlte

smaller (4OS) mammalian subunit cont,ains 30 proteins and'

one (fAS) rul¡r specles, while the larger (60S) ma¡i¡rnal1an

subunit contains 40 proteins and tv¡o (5S, 2BS) Rt{À

species (eerry, Lg67; sherton and vüool, L972) '
The principle function of the ribosome is protein

synthesls, which involves a nurn]cer of reactions, all of

whlch take place on the ribosome. These reactlons

Ínclude¡
(a) binding of messenger RNA (mRt'IA),

(b) binding of fl4et-tRNA (prokaryote system) or

Met-tRt'IA (eukaryot'e) r
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(c) associatj.on of the t¡¡¡o sr¡bunit,s,

(d) decoding of mRldÀ accornpanled, by the binding

of arninoacyl-tR.I'üà,

(e) pept,Íd.e boncl formation,

(f ) translocat,lon,
(g) tenninat,ion,

and finally
(h) d.j.ssociatlon of the ribosomal subunit,s.

Pepticle bond fornrat,ion (see revlew by Llarris and

Pestka, 1977 ) occurs at a catalyt,ic centre called. pept'ldyl

transferase (Monro e! al. ' 1969). This enzyme, which Ís

exclusively located on the larger subunit of þoth

prokaryot,ic (Monro et aI. , 1969) and. eukaryotic (Vaøquez

et, aI. . L969; Thompson and I'lo1dave, ]-97 4) rlbosornes'

cat.alyses the transfer of tÏ¡e nascent' chain from the

pept,idyl-t^RìqA þound to the P-site to lùe amj-noacyl-t'Rl{A

bound to the A-site (Flg L), witt¡ the resultant, fonrrat,Lon

of a nel,ìr peptide bond (etlen ancl zarnecnÍk, L962i Nathans,

L964 a, b).

The work descrlbed. j.n this thesis lnvolves a study

of the reglon at, or near, the cat,alytlc centre of

peptldyl t,ransferase which aims to:

(a) ld.entify some of the components of the rlbosome

that make up ttrls catalytic centre by the technique of

affini.ty lalrelling,
(b) study tl e lnteract,lons occurring betxveen

sr¡Jrstrates and the enzlTne during pept.lde bond formation

through the use of analogues of the 3'-terminus of

aminoacyl-tRlt\,



FIG. 1 : Diagrammat,ic representation of an

E. colj ribosome just prlor to peptide bond'

formation.
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(c) study the fine detaÍIs of the mechanism of
pepti"de boncl formation by trying to find evidence for
an acyl-enzynìe Ínterrnedj.ate on the actlve ribosome, and

(d) compa.re the active cer:tres of bact,eriar (g. çorl=)
and ma¡nmalian (rat liver) pept,idyl transferases.

The urtimat,e aim of this research v¡as to further the

trnd.erstanding of protein synthesj-s at the molecul-ar Level

in both eukaryotes and proliarryotes. The eluc-tdation of
the differences between bacterial and rnammalian riJcosomes

may read to the rational d.esign of select,Íve antiÌ:io'Lics

and other therapeutj.c chemicals in the future,
The followi.ng introductÍon wiLl give a brief review

of the literature on E. coli pept,id.yl t,ransferase, witkr

part,icular ernphasis on the substrate specificity of the

Ar- and Pr- si-tes, and the affinity labelling of the

enzyme.

1. Assays for Pept,idyl Transferase.

A variety of assays are conìrnonly used to measure

peptidyl transferase activity, includ.ing

(a) the fragment reaction of Monro and Marcker,,

(L967), usj.ng washed ribosomes, buffer, salts, 30% methanol

or ethanol, puromycln (or its analogue) and. a low molecul-ar

weight, fragment of the 3'- end. of Ac-t-[3u ] aminoacyl-tRtüA-,

Sacc¿- (Ac-L- [3r¡ ]amino acid.) , withr the resultant, formatlon
?

of Ac-L-["f¡]amlnoacyl - puromycln (or its analogiue),

(b) the ribosome catalysed transfer of Ac-L-Fhe

from Ac-L-Phe-tRttA, to acceptor substrate ln tÌ¡e presence

of ribosomes and poly(U) (nyctrltlc g! g!. , L967; Rychlik

g! al. . 11969), '
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(c) as for (b), but, wfth poly-L-Lys-tfu$ ancl poly (a)

(Ryclrlik g! qI. , J"969; Rlnger and chladek, L97 4 a),

(d) ttre accep'Þor substrate Índuced. release of
pept.ldes froin l.La, ] pept.idyl-tRiùq fonned on ribosomes

with natural mRI{A (Cannon, L968; Harrls e_! g!., L971),

and (e) the reactlon of [3H ]puromycin with .oeptidyl

-tRI{A on polysomes (Pestka, t97 2 a and b,' Vanin g! 4. ,

L97 4) .

2. o

Pept,idyl transferaÉe requfres suitaþle divalent and

rnonovalent. cations for act,lvity (tqad.en and l.{onro, 1968,'

Pestka, ].972 a,bi Pestka et g¿. , L972). Tbre most

effective dlvalent catlon used 1s ttg+d-, although it can

be replaced by Ca++ in some assay systerns. Either ¡ü' *tt4

or K* can satj.sfy the monovalent. catj-on requlretnents.

Res,oonse to pH value is simÍIar in most, assays, with

peptfdyl transferase act,ivity progresslvely inhibÍted'

below pH 8.5 (¡viaden and Monro,1968; Pestk+ 1972 a,bi

Pestka g! gf . , L972) . Ítrls ind'icat'es fl¡at a group witTt

a pKa of approximately 7.5 (e.g. hisÈidlne) may be necessal1

for catalysis or the blnding of substrates to the ribosome.

3. StnrcturaJ freinents for Donor SuÌ¡strate Actívitv on

Per¡tidv1 Trans ferase.

The Pt-slte is responslble for bindlng the 3'-ter¡ni-nal

end. of peptldyl-tRNA during protein slmthesls. some of

t}.e stnrctural reguÍrements for donor sr:J¡strate act'ivity

have been Ínvestlgated, and. the resuLts have led to tt¡e

proposat of cert,ain binding pockets.
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(a) I{yêFophoh,ic slle

The donor act,ivity of varlous N-¿\c-aminoacyl-tR}üA and.

dÍpepùldyl -tRN\ molecules v¡as stud.ied by lulao. (1"973), vrho

found that aminoacid.s or dipept,ld,es witì high hydrophobicity

(e.g. L,-Ireu and l-phe) !úere transferred. to puromycin faster

than those with low hydrophobicity (e.9. L-Pro). SÍmíLarly,

donor substrate activity stud'Les by l"lonro e! g¿., (tg0e)

and lulercer and symons, (197 2) found that, t-t¡e af f ínity of

amlnoacy} side-cT¡alns for tl:e P'-slte decreased. fn the

orrder L-I4et > l-Leu ) L-Phe, wtrile Gly was not bound. to the

site. Thus a bind.j"ng site for hyclrophobic amino aclds

appears to be present ln the Pt-slte.

(b) liy¡lrophilic éLEe

This site was suggested by the hi.gh donor acLivÍty

of (ttp) 
xcpcp^tr- 

(Ac-L-Arg) when cornpared to the Ac-Gly-

otJ.go*nucleotides (l"lonro gË ê1., 1968) . Sir:ce nucleotlde

seguences 5'-distal to the ternrinal CtrrCpA have IÍt'tle

effect on donor actÍvity' (Monro g! al. , J-968), thls

activi.ty difference must, be d.ue to the amino acíd moiety.

The posj-tively charged amlno acid. may bind t'o a carbo>q¡l

or phosphate group j-n the Pr-site.

(c) Adenlne slte

Cerna et gf. . (L974) and' KrayerÆlqf gf aI.. (1975)

found that tÌ¡e activity of donor substrates of the type

pN- (f-,-S,tet) decreased. in tj¡e ord.er A > I ) G, while tt¡e

C and. U d.erivatlves were lnactlve. fk¡e 3¡-termlnal

adenlne of peptidyl-"RNÀ may be hy<lrogen-bonded to a

uracil !n 23S Rl{A. This RN.4 specles has been implicated

|n tJre P¡-slte of peptidyl transferelse since Cerna et aI.,
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(fglg) have shown tirat T, ribonuclease ùreabnent inactivates

pept.lclyl transferase and. the bind.ing ability of the d.onor

slte, but, does not, affect the acceptor site, while 23S RI{A

has been lal¡el-Ied by several affinlty-label-llng derlvatives

of the type x-i{-substitui:ed-L-Phe-tzuIÀ (v¡here the sulostituent:

contains an affinity lal¡elling groupi see section 6 belov¡) "

(d) gpçp_ ålte
Ëince donor actlvity 1n the fragment reaction decreases

dramatically j.n the order CXÉpA-L-fIlet' )> Cpn-l-$"Iet >>

p,à-I'-fl4et, (Monro g! af., L96B; Krayevslcy e! g!., 1976),

sltes must exj.s'L for the bÍnd,ing of the two 3r-terminal

cytidyJ-Íc acid residues of tRl{A. Nucleotid.e seguences

5t-distal to Èhe terminal pcpcgq þave lltt1e effect' on

d.onor activity (t¿onro et gf., 1968).

(e) Igsce-r$-=:pep!fee--s.ite

A bloclced <-amino group is essential for hlgh

d,onor act,ivity (monro et, aI.. L968,' Mao,L973), ind'i-cating

that peptldyl-tRNA is recognised and' ,oreferred by the

Pt-site. AIso, the nascent peptid.e 1s protecLed by the

rlbosome against protease dlgestion (¡4alkin and Rich,L967),

whlch indj-cates the presence of a nascent peptlde sj.te.

A model of the Pt-site Ïras been proposed from much

of the above data by Harris and Symons, (L973).

4o StrrrcturaL Recru iro-rnents for Acceptor Subs trate

Actlvitv on PepUtdvl Transfgç4g.

The Ar-site is responslble for the binding of the

3 | -terminal end of aminoacyl-ttu\A d-urÍng pepLide bond'

formatíon. Íhe substrate speclficity of tt¡is site has

been extensively studied uslng aminoacyl-nucLeoside
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derlvatives or puromycin analogues to define the structural

requirements. Puromycin ls a structural and functional

analogue of tìe 3'-termj.nus of aminoacyl-tRNA (YarmolÍnsky

and d.e la Haba, 1959) which blnds to the A'-site and accepts

the peptlde from peptidyl-tRi{A (ttathans , L964 a, b) . These

studiesr ês with the P'-s1te, have led to the proposal of

binding pockets and recognltion sites within the A'-site.

(a) RecognitÍon of the 2t- and 3r-isomers of

arn ino acv I- tRNA_ana Iocrue s.

The 2r-isomer of puromycin has been shown to be

lnactive in inhibiting protein synthesis (Nathans and.

Neidle, 1963; Nathans, 1964 a) . SÍmilarly, Chlade]< et aI.,

(L97 4) have shorvn that tl¡e non-isomerizable 3!-0-ami.noacyl

derivatÍves cpA (2' -O-methyl) -f,-phe, CP (2' -deo>qf)A-1,-phe,

and. A (2' -O-methyl) -L'-Phe acted. as acceptor substrates,

whlle the 2 | -o-aminoacyl derÍvaLives Cpo. (3' -O-methyl) -L-phe,

cp ( g' -deoxy) A-i,-Pt¡e, and. A ( 3' -O-methyl) -f,-phe were inactive

aS acceptors of Ac-L¡-Phe from Ac-L-Phe-tRt{4. Hot{ever, these

sa¡ne 2!-0-anrinoacyl derlvatlves dÍd bind strongly to the

A'-slte, ês shown by their inhibitlon of C¡¡,ApCpcpA-L-Phe

binding (Rínger et al. ' 1975) . AIso, when t'he complete

tR¡ú\ molecule was present (e.g. tRl{A-Ctrfp(3' -deoxy)A-I-'-Phe),

the derivative dj.d have accept'or activity, alttrough

apprecialrly less tÏ¡an with tl¡e naturally occurring tzuüA-

cIÉpA-t-Phe (chinali e! al. , 197 4) . To explain this

activity, Chinall et gl., J97 4) proposed that, the amino

group of bottr the 2r- and 3r- isomers can occupy the same

position to act, as acceptor molecules 1n peptid.e bond

formation, a proposal which necessltates some distortion
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of the normaL angles of the aminoacyL groups v¡ith the

.cibose ring (Sundaralingam and Arora, L972; Yathindra

ancf Sundaralingam, I973¡ Mathieson, 1965; Saenger and

Suck, I97L). Slnnons et. aÌ., (1977) have proposed an equal

or more plaus.iJcle mod.el where no distortj"on Ís requíred,

ancl the amino group of Èhe 2 r -isomer can at,tack from one

sid.e of the carÈoxy1 group, and that, of the 3r-isomer from

tï¡e other.

The free 2|-hydroxyl on the termlnaÌ adenosine does

seern essent,ial for high acceptor act,ivity, sÍnce (2t-deoxy)

A-ïr.Phe has negllgible activity (Rychli:< eç gl., 1969¡

Cerna $ al., l97O), while the bl-ocking of the 2r-hydroxl'I

by methylation decreases, but d.oes not completely abolÍsh,

the acceptor activity (Ctrla¿et eL a!., 1974). Ît has been

suggested by Chladek et aI. r(I974) that, the 2¡-0-aminoacyl-

tRl{A isorner is the form in which elongat,i-on factor Tu (EF-Tu)

presents the amj.noacyl-tRl{A to '¿he ribosome, and a subsequent

transfer of the amino acid from the 2' to the 3 ¡ -posít,ion

occurs while bound. to the ribosome. Symons et 31., 1.1977)

have proposecl that tl¡is 2t to 3r -transfer cannot occur wiLh

uncoded aminoacyl-tRlfA rnolecules incorrectly bound to the

A-site, and thus a fail-safe mechanism Ís proviCed to prevent

incorrect insertion of uncoded. amÍno acids into proteins.

The above results suggest tÌrat, altJrough both the

2t and 3 r -isorners of aminoaclrl-tRNÂ, can bind to ttre A-site'

the 3r -isomer Ís tÌ¡e exclusive or strongly preferred one

involved. in peptide bond formation.

(b) Hydrophobic site.

The presence of . a hyd.rophobic site Ín the A.t -site

which binds aromatic and the more hydropttobic amino acids

of aminoacyl-tRldfl has been suggested b.y the results of a
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number of workers using aminoacyl-nucleoside derivatives

or puromycin analogues (Rychlix q! gI. , L969i Cerna É aJ,",

IqTA; Rychlik gg g]., L97O,' Gottikh e! 3I.o LSTQ¡

Harrís gþ aI. o L97L; VanÍn g! aI. ' 1974; lìj'nger and'

Chladeh Lg7 4 â¿ b,' ( see also Chapter fwo) . In general, they

found ttiat the more hydrophobic the aminoacyl side-chaj-n

(e,g. L-"Pile and, to a lesser extent, l,-fyr, S-benzyl-L-Cys,

O-benzyl-L-Ser, irn-benzyl-L-lij"s, and' L-l'Iet), the better

the acceptor substrate activity (and hence the binding

to the A¡-site). The less hydrophobic derlvatives showed

apprecÍably less activity with a t,rend totrard decreasing

activity with decreasing hlrdrophobicity (e.9" L-Leu >

L'-Val > L-Àla > GIY) .

The size of the hydropbobic site appears to be

Ijmited, since the hydrophobi-c, but bulky, amino acíd

derivallves s-benzyl-Ï.-cys, o-benzyl-L,-Ser, im-benzyt-L-

Hls, and the amj"no açid I'-Trp have much lower acceptor

activity than the smaLler hydrophobic amino acíd, L-trhe,

lndicating that there may be steric hj.ndrance to the

Iarger groups. This speciflclty for L-Phe is most

apparent in the fragment, reactj-on assays (see ChapterÍlso,).

gupport for tt¡e hydrophobÍc slte was also suppu.ed by

Pestka * 4., (19?O) and Lessard and Pestka, (L972) ,

who found that CpApCpCpt\-L-Phe was bound to rlbosomes to

a greater extent than tÏ¡e lr-Val, L-t'iet, and L-Leu derÍvatives,

and. that the affintty of aminoacyl-trÍnucLeotides for the

At-slte decreased ln the oxler CpCpa-f,-Phe ) -L-Leu >

-L-LYs ) -L"-ÀIa) -L;GIu.
The reason for the preference of L,-Phe derlvatives
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above othrer hydrophobic groups is not apparent" The

suggestion of Krayevslqr e! 91., (1975), that the ami.noacyl

R group could. unlo.ue1y affect the confonnat'ion of puroinycin

and related molecules is unltrltely in view of the extended'

nature of the puromycin molecule and the amínoacyl-esters

of nucleosides as determined by X-ray analysis (Sundaralingam

and Arora,L972¡ Yathindra and Sundaralingam, L973,' Mathieson,

1965; Saenger and Suck, 1971). This X-ray data also does

not support the proposals of lntramolecular stacking of the

benzene rlng of an amino acld with the adenine ring of the

nucleoside (Sltmons et aI., L969; Raacke,LSTL¡ Ariatti and

Hawtrey, L975).

(c) Hvdrorrh ilic site.

The hÍgh acceptor act,ivlty of A-I-rLys compared. to

that, of related uncharged analogues (e.9. A-L-Va], A-L-I€u,

A-L-ÀIa, and A-Gly) Ied. to the proposal for a hydrophilic

site (nycritft et aI., 1970). Support for this site 1s

found fn the strong binding of CpCpA-L-Lys when compared to

CpCpA-I-Ser, -L-AIa, and. -L-Glu (Lessard and Pestka, 1972).

Presurnably this site binds the aminoacyl side cÌ¡aj-ns of

L-Arg- and IFLys-tP.l{4, possibly by Íoni.c lnteractions with

a carbo>q¡l or phosphate group ln the Ar -sfte.

(d) Ad,en slte.

The activity of analogues of the type N-L-Phe (where

N is a nucleoside) d.ecreased, in the order À>>I)>C, while

the G and. U d.erivatives were inactive (Cerna eL al. , 1970).

This indicates that there is a bind.ing sit'e for the

terminal adenosine of ami.noacyl-tRt{4. Sr¡bstitutlons 1n

the rlbose rlng of adenosine have shou¡n that tl.e 5r-
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hydroxymethyl group and the oxygen of the ring are not

required for acceptor substrate acti-vÍty (Duquet,{:e e! 9}.,

Lg74). Cleavage of the ribose ring bet¡¡reen the 2t and. 3l

positions did reduce, but did not compJ-et'ely destroy,

accep'bor activity (chalad ek gL È-! " , 197 3 ) .

lfl¡e roLe of the cu-amlno group of adeuosine in t-he

bind.ing to tÏ¡e A'-slt,e has been invest,igated (Zem1j-cka

g! g!. , Lg75), and alL analogues tested. had a hiqh acceptor

activity. I{owever, a decrease in activity coincident wj-th

a decrease in the electron donating propert,ies of the

subst,ituent attached to the C'-carbon was noted (-Ì{II2,

-Ì¡(cH3)2 > -scH3 > -ocH3 > -I1)' whictr led to the proposal

that thís d.ecrease in activity may be due to the resultant

decrease in electron density of the purine ring, rohich in

turn reduces interactf.ons bebreen the ring and some group

on tt¡e ribosome. The hlgh acti"viÈy of all these cu-

substLtuted analogues does not support the suggest,ion

of Harris É 4., (19?3) and. Greenvrell 9! al. ' 
(L974) t'hat

tÏ¡e 3.-terminal adenosine of amLnoacyl-tRl{A base-pairs t'¡1tÏ¡

a urid.ine on the 235 or 5S ribosomal Rl{A.

(e)@.
Sr-sul¡stitution of Pan-Gly or A-Gly wltTr Cp leads to

a large increase 5-n acceptor act,ivÍty, but' substitut'ion with

Gp, Up or Ap gives no increase in activity (Rychlik É 9I',

Lg67; Harrj-s et gf., I97L¡ Vanín eg aè., t974¡ see also

Chapter T'vuo). Thus a relat,ively specific binding site for

the penulti-mate nucleotide, cp, of aminoacyl-tRldA must

exist. in the A¡-síte. It also appears llkely that a

blndlng site for the'*rtu nucleotj.cle (cp) from the
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3'-tenninus of aminoacyl-tRl{A exists, slnce CpPan-GIy a.nd

CpA-GIy had .lorv acceptor activity in releasing peptldes

from pept,idyl-tRl'IÀ, while Takanamf , (1964) found. that.

varj.ous (Np)*cpcpA-amino acids had high puromycin-like

activity. Àlso, Scolnik et eJ., (1970) observed that CpctrA,

possibly by binding to the Ar-site, allowecl nucleophilic

aLtack by ethanol on fl'4et-tRtrlA to form flvlet-C-ethyl ester,

while CtrA, ApCpA, G¡>CpA, and UpCp,A s¡ere l-ess tban 5?á as

active as cpCpA. Bindlng assays have provided more direct

evlclence for a CpCp site. Thus, A-I¡-Ser vtas bound verY

poorly to E.gg!! ribosomes, whereas CpCpA-l'-Ser bound

st,rongly (pestka g! al. , t97O). SÍmilarly, the binding

of puromycin was just, detecÈable (Fernandez-Munoz and

Vazquez, L973), but C¡fpA-lFPhe was bound. strongly (I-essa¡¡d,

and, Pestka, Lg72).

A model of the Ar-síte, drawn from much of the above

data, has been proposed. by HarrÍs and. Symons (L973b).

5. On the sm of PeotÍde Bond. Forma t i on

There are two possjJcilit,íes for the reactj.on iîechanlsm

durj-ng peptide bond format,ion on the riþosome. In the first,

a single-displacement mechanism, the pepticlyl group is

transferred directty from peptidyl-tRNA to aminoacyl-tRNe'

without covalent, interact,ion with the enzyrne,' i.e. pept,idyl

transferase only provides a suitable environment, for the

reaction to occur efficiently. This reactj-on can be

represented as

pept,idyl-tRñ\ + aminoacyt-tRxa €ibosÆ IRI{A + pept'idyl-

I aminoacYl -tRl{A..

In the second possibility, a double-displacement mechanj.sm,
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peptidyl t,ransferase transfers the pept,iclyl chaln to

aminoacyl-tRt$. via a covalen'L peptidyl--ribosome intermediate"

The two partial reactions can be represented. as

peptidyl-tRNA + rlboso¡¡s == eRNrA + pept'idyl -rl-bosome

peptldyl-ribosome + aminoacyl-tRlJA <= ribosome + peptidyl-

arnS-noacyl-tRlüA.

Atthough very l1tt.Ie is known about, the actual mechanisn

of peptidyl transfer, a grovrÍng body of evidence supports the

double-di.splacement mechanism for the other known transferase

react,ions (Spector, L973) . Chymotrypsin, rvhich catalyses

ester and peptide hyclro-lysis (i.e. the reverse of peptidyl

transferase), has been shown to form a covalently bound

acyl-enzpe intermediate which has, in fact, been isolated

and the site of attacTrment id.ent,ified (¡tcþonald and Ba}ls,

195?). Thus it seems posslbLe tbat' pepticlyl t,ransferase

may also act, via the doulrle-displacenrent mechanism, although

no definitive evidence exists for eitiler mechanism (see also

Chapter lhree) "

6. affinitv labell incr of PeptÍclv I Transferase.

The technique of affinity labellÍng (Baker, L967 ¡

shaw, LgToi Knowles, 1972) has been successfully used to

ident,Ífi' t}¡e ribosomal components constj.tut,ing the Pr-site,

the A'-site and, the chloramphenicol bind.ing site (pellegrini

and Cantor, Lg77). Ctrloramphenicol is an inhibltor of

proteln synthesis which is thought to bind' at or near the

Ar-site (Pestka, 1971). [h¡e affinity label]ing of peptídyl

transferase has been colfcentrated on ttre Pt-Slte because of

the ease of synthesis of reactlve peptidyl-t'nNe analogues

by blockÍng the "¿-amino group of aminoacyl-tRNA with a
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rcìact.j"ve mo"iety. The affirri.Ly labels v¡hic;h have been

used, and the ribosomai coraponents to wl:ich tìrey become

covalent,ly attachecl, are listecl in TaloJ.es 1 and 2.

å.s cau be seen, nrost of the analogtres are d.erj-vatives

of L*Phe-tIltR., and are directecl. torvards the Pr-site

because of the bloclied ot-am.ì"no group. Usíng the numbering

system for ribosomal pr:oteÍns devised by Wittmann, (L97 4) ,

the cornponents most often labelled by these P'-sÍte

affÍnity labels \Alere LZ, ,27 and 23 S Rl{A. Ot}rer corn-

ponent,s IabelIed. by at least one analogue v\?ere LLL, Ltd/t7,

LLs, 
"16, 

L1g, LZo, Lz4' Lza/Zl, and Llz/13. Qf tlre

affinity l-abets attached to 23 S RI{A', only the slte of

attachrnent of (N-gr¡rc-L,-Phe)-trWn has been sequenced

(yulc.tolca e-q gI. , Lg77), the sequence being lpupupupupApcp
t

(v¡here Ä is the nucleoside to whichr the affinity labe1 is

attached). Atttrough approximately 40?á of the 23 s Rl{A

molecule has been sequenced (Branlant, et 9I", 1"975,'

BranLant et gI", ]-976 arT¡), the labe}Ied sequence does
?not appear in that porti-on of the 23 S RN¿\" Holvever,

once the complete sequence is knorvn, that, par! of the

23 Ê RAIä. labelled by (N-erÀc-L-Fhe)-tnm. will be Ídent'ifiecl.

Eilat g! 4., ( L97 4 a) have mapped the peptide

groove using affinity label-s of the structure (¡q-erac-

lcfy ],r-L-Phe)--'Rl'lA ( i.e. t]¡e dÍstance betr'¡een the

3 t terminus of tj¡e tRt'rA and tt¡e reactive brornine

increased as n increases). rf n = o' the major

protein labelled r^¡as L2. As n increased, the labelling

of IJ^ decreased' rvhile that of L.,' Íncreased, reaching
2 ' ¿t

a maxi¡num at n = 4 or 5. Although the extent' of

laþelting of Lr, d,ecreased. as n Íncreased from 6 to 18,

it st.ill remained the major protein Lal¡elled, i-nd'Ícating



TabIe 1:

trans ferase.

Àffinity labell-ing of peptidYÌ



TABLE 1. AFFTNITY LABELL ING OF PEPTIDYL TRANSFERASE

Reference

I
o

R2

Peptidyt-tRNA analogues
TS

¡l
tRNA.C-CH

I
Rt

Ribosomal
labelted (50S)

o
ll

-NH-C-

R
1

D"2

cH2ø CH
2
Br L2, L27, LL4-L7 Oen et al., (f973)

Pellegrin-i et âI. , ,l974)

ø CH Br LL6, L27, L2
(forced into A site)

Eilat et â1. , (L97 4)
CH

2 2

cH2ø

o
il(efy¡rr-C-CHrBr L2, L26-27 , L32-33,

L24
Eilat et â1', (L974a)

CH

CH

ø CH Br 235 rRNA

235 rRNA

Breitmeyer and NoIler (L976)
2 2

2ø
CH

2
I Yukioka et al., (f975)

Yukioka et il. , Q976)

cH2ø CH 2T
L2, L20 Bispink and }latthaei (1973)

cH2ø CII
2

o

ìJO2

N ? Lll, LlB, L27 Hsi-unq et â1. , (1974)



TABLE I (cont'd)

CH 2ø
cH2-NH N

3
LIl, L18 Hsiung and Cantor (I974\

NO
2

o
ll Barta et al., (1975)

cH2ø CH CH CH 23S rRNA
2 2 2

cH2ø N rRNA Girshovich et aI., (L974)
3

2

cH2ø CH CH zcEz-

o
il
c 235 rRNA Kuechler et âr'' (1976)

2

cH2ø CH-CH,t'
N

3
235 rRì{A Sonenberg et âI., (I975)

NH (tBoc)

o
il Bispink and l4atthaei (f973)

c|r2ø C-COC H
5

235 rRi.TA

I

l,¡

2

2

cH2ø o l.fO
2

L27 , L15, L2, L16 Bauer et al., (1975)
Col Iatã--eE-aI . , ,l97 6)
Czerni f oEõky et a! . , (197 4 j



TABLE I (cont'd).

.zcïzCH

CH

2
CI Bochkareva et aI., (f973)

Budker et at,l(L972)
Knorre TigfrlcH2ø (cH2\ 

4
N 235 rRi\A

CH 2 2
CI

CH CH SCH N
3

23S rRNA sonenberg et â1., (1976)
2 2 3

CH CH SCH o L27 | L15 Hauptmann et aI., (1974)
2 2 3 2

CH CH SCH CH Br L2, L27 Sopori et al. ; (L974)
2 2 3 2



TABLE I (cont'd).

L6, L2

23S rRNA

Rz

NH-C-CH^BT
ll¿

Rt

3

3

H

R

H

c-cH^gz
o

o
-o

I O-CH

o
I

P
I
o

H

â1. , (L97 4)
7 1gtz)

Greenwell et
Harris et ãf

Pongs (L974)

no"
zSNn

(ctt

R3
2

R2

A
2)3

RlO CH

o
lt

-c-cH-cH
I

NH-

ReferencePuromycin analoguesII Ribosomal comPonents



Taþte 2z AffinitY labellÍng of the

chloramphenicol binding site.



TABLE 2. AFFINITY LAB ELLING OF THE CTILORAMPHENICOL BIND]NG SITE

Sonenberg * â1., (1973)

Bald et â1., í972)
Pongs-ãt-al., (1973)
eongs ãñd-Messer, (1976)

I

IR

CH

CH

2

2

Br L2, L27

LL6, L24

Ribosomal components
labelted (50S)

ReferencesChloramphenicol analogues

o

2
NO

I
2

ll
NHC-R

I

cH-cH-cH
¡l
OH OH
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that, Lr, 1s probably an elongaùecl protein. When n ) 5,

LZZ/33 became Lal:el-Ied., reaching a maxj:num wl:en n = B,

whlLe further increased n above I causecl a dec::ease in

Iabe}ling of LgZ/gg and. an increase in LZA.Iabellíng which

reachecl a maximum at n = 18. UsÍng these resulLs, Ei-lat

g! al., (1974a) were al¡Ie to give a diagrammat,ic represent-

ation of the peptide giroove simllar to that, described by

Vanin, (tgll ) shown in Fig. 2.

The two photoaffinity Labelling analogues of peptidyl

-tRI{A used by Hsiung and. Cantor , (L97 4) and ËIsiung gg gl.,

(L974) l¡rere found. t,o label protefns Ltt and LtU, which musi:

also be part of, or close to, the Pr-síte.

OnIy a small nurù¡er of affinity labels have so far

been successfulJ-y used to probe the Ar-sÍte. l{hen

(n-Brac-L,-Phe)-tRliA was forced lnto t'he A'--qÍte by the

addition of unaminoacylated tR\14, a marked Íncrease in the

labelllng of proteín LrU occurred. (utlat 9! 9I., 1974a).

Reconst.itution studj-es by Moore gþ 9f ., (f gZS) found that'

L16 r.t essential for pept,ldyl t,ransferase activity.

Chloramphenicol binding 1s also dependent, on LrU (Nierhaus

and Nierhaus, !973), and the affinity Iabelling analogr-re of

cTrloramphenicol, iodamphenicol, labelled' LrU and I'rn (gald

g! gl. , L972¡ Pongs et gI. ,7973; Pongs ancl I'lesser, L976).

Bauer et al., (1975) bave pginted out that non-enz1'mic

binding of (N-pNpC-lrPhe)-tRl[A to ribosomes caused sígnifi-

cant labelling of L16, while none r¡¡as labelled duri-ng

enzymic binding to the P-site' Presumably, the labelling

of LL6 r." due to the bind.ing of (i'l-pltlpC-i,-Phe) -tRl'trF. to

the A-si'te under non-enzlrnic conditions. These resul-t's



FIG. 2z Model of the actÍve centre of peptidyt

transferase (vanin, L977).
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lnd.icate ttrat, prot,ein LrU 1s at or near the À'-sj.te of
pept,idyl trans ferase.

The react,ive pur o mycin analog:ue, iodoacetyl ,-

puromycl"n, labelled Lø (pongs , 197 4) . The presence of

this protein near the À!-site is also im*o-licated by the

experiments of Ðietrich g! al., (L974) and. Nierhaus

g! gI., ß974), where an interB.ependence of proteins L!6,

L6, and L* for peptidyl transferase and. chloramphenicol

inT¡ibitory act5.vlty was shown. The presence of 23S RIüA in

or near the Ar-slte was indicated by its label}ing by the

puromycin analogue¿ Ba.o-Pan-L-Phe. Ttris analogue specific-

atly bound to the A¡-sj-te and coulf still act, as an acceptor

sulrstrate during peptlde bond format,ion rvhj.le covalently

bound to the 23S RIìA (Harrls eb gÀ., L973¡ Greenv¡elL et 4.,
L974). .

Thus the above data ind.icat,es that the Ar -slte of

pept,Ídyl transferase is composed. of 23S Rt{A and proteins

L6, LrU and Posstb1Y ,24.

7 . Model of--ÞÞq Active Cent,re of Pept,1<X}Ll-E-ragsferas-e,

Using similar data to that summarísed' in TabLes 1 and

2, and that d.escriþed above, Vanin, (tgll ) has proposed a

model, modified from that, of Cantor et 4., (797 4) , f.ot

the active centre of pept,íd.yl t,ransferase (rig.2). Thls

\^ras onÌ:¡ a schemat'ic representation, and, for simplicity,

tbose proteins for whj.ch no evj,dence for an elongated.

stnrcture existed. were representecl as spheres.

The P'-site was sTrown as being composed of 235 RIIA

and proteins LZ, L4, L11, L1g, LZO and' Lrr, most of which

have been lal¡elled by various peptidyl-tll*\A analogues

(see Tab1e 1). The elongatlon of protelns Llt and' L*
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r¡¡as based on the immuno-eLect,ron mLcroscopy data of

Ttschendorf gÈ qI. , (tg7S) and of LrO on the dat'a of

San Jose g! g!., (rS70¡ . The incluslon of Ln was based

on the experj¡nents of Witt¡nann et, gI., (1-973) who found

that mutatj.ons in I'4 resulted in a recluct,j.on in peptidyl

transferase activity. The arlîangement, of proteins in the

^oepÈÍde 
groove was based. on the data of EÍIat -qt q-I., (1974a)

as described above (section 6) . The large variat,ion j-n -s:Lze

of the affinity labelling rnolecules which labelled Lrt

(n = 3 to 18) indicates that thls protei.n is possibly also

elongated. Since Lrn rvas labelled. by both the pept'idy1 -
tRt{?i analogue, (N-grac-lofy jrr-r,-nfre)-tatur (Eilat * È1.,

L97 4a) and tl¡e chlorarnphenicol analog;ue, iodamphenicoÌ

(gala gjg al. t L972¡ Pongs et aI., L97 3;. Pongs and Messer,

L976), it seems probaþIe that, it, too, is elongated. Also,

sínce r,t* UinAs to 55 RNA (eray g! al. , 1972¡ Horne and

Erd¡nann, 1972), and L, stimutat'es the binding of the 55,

RNA - protein complex to 23Ð RNA (cray et a1., 1972) ' it'

appears that 55 Rt{A may be near pept,idyl- transferase.

However, d.ue to the elongated nature of many of the

ribosomal proteins, it is not, possible to localise with

certainty any two components by reference to a third.

The Àr-site in thís model consist,s of 23S RI{^\, L6'

OtO and. I'rnt as d.fscussed above. The presence of 23S zu\A

in both the Ar- and P¡- sites, ês shown by its labelling

by various affinity labels, is also supported by the fact

that the protej.ns LZ, L4, L6, L16, LrO and l,rn (al} of

vrtrLch have been affinity labelled - see Table 1) bind to

23S RI{A (Garret,t et g¿., L974). Ifr particular, both the

5t- and 3t- ends of the Rl{A molecule may be involved, since
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ênd Lz+L, bind.s tov¡ard the 3¡-end (splerer g! aI.,

T:inds close to the St-end (granlant et 91,,

Le1 6)

1976c) of 23S

RNA"

B. LocalisaLion of Pe'ptidy -l lransferase on tlee 50S

RÍbgs_omal Subunit.

It j.s lnterest,ing to note that the proteins L6, L1l,

L15, LzO, and. tr, have all been ident.lfled as being at., or

near, the interface of tire two subunit,s (morrison gþ g].,

1973; Stoffler, 1974) i 1.e. on the surface of the 50S

subunit, to which the 30!l subunÍt, becomes associat,ed. This

suggests that, peptidyl transferase and the aminoacyl- ancl

peptidyl-ttu\A moJ-ecules may be sandruiched. betr¡¡een the tt¡o

ribosoma] subunit,s d.uring pept,ide bond formation.

Antibodj-es to purlfíed ribosomal proteins have been

used to localise by inununo-electron microscopy those proteÍns

on the intact ribosorne (Stoffler, 7974¡ Stoffler and

Wlttmann, t977) " This work has resulted. j-n the localj.sation

of proteins on a three-dimenslonal mod.el of the 50S subunit

(fig 3.; Stoffler and Wittmann, L977). Subsequent,ly, the

positioning of various active centres (e.9. peptidyl

transferase) has been attempted. Hov¡ever, a dlfffculty in

the exact positioning of the act,ive centres exists, since

many of the ribosomal proteins are elongated (see above,

sect,ion 7), and thus tJ¡e active centre of th¡ose proteÍns

wlth catalyt,le activity rnay be 6ome distance from the site

to which the ant,ibod,les blnd. However, it seems from

Flg. 3 that there are two possibilities for the site of

pept.ldyl transferase. Tl:e first,, whÍch is favoured by

Stoffler and. rdittmann, (1977), is a si-t'e on the right'-hand

"ru
sLde of the 'rseat¡r in the reglon of I'r, and. Lrr.



FIG. 3¿ Frontal vier^¡ of a model of the 50 S

rÍbosomal subunit,, shovring the positions of various

ribosomal protelns located by jmrnuno-electron

microscopy (Stoff1er and VfÍttmann, 1977).
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R.J. Harris (personal communication) favours a site on

the upper front of the rrseatl in the region of L11,

L1B, and. LrO, and throug'h which the elongated LU may

also pass. Further experiments wiIl no doubt

differentiat,e bet¡r'een these two possibil"it'ies'

9. M ansferasp.-.

Infornation available on peptidyl transferase of

mammalian ribosomes j.s considerably less than that, from

E. geli. only pretiminary physical data (number ancl size

of protein and RNA components) on the ribosome, the

production of ant,iþoclies to purified proteins and v¡hoIe

subunits, and comparat.ive stud.ies betrueen the ribosomes

of different speci-es have been recorded (wool and

Stoffler, L974; WooI, 1977). Limit'ed at't.empts at the

affinity tabelting of peptidyl transferase irave been

made (staht 4 gÀ. t L974¡ Minks et, aI', L975) using

BrAc-puromycin and BrAc-Pan. The 605 subunit' was

Iabelled somewhat nonspecifically, although proteins

LZ. and, Lrn vtere pred.ominantly l-abelled' Further

comparisons betrveen rat lj"ver and E. coli ribosomes

are discussed in Chapters Tluo and Four.



CHAPîER TVIO

A CO}IPARIÊON OF TFIE ACCEPTOR-SUBSTRATE SPECIFTCTTY

OF PEPTIDYL TRANSFERASE TN BACTERIAL AND MAMMALIAN

RTBOSOMES USTNG TN .A.NÂ.I,OGTTES
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A ColiltÄRrsoN oF TI{}t ACCIIPTOR-SLÍBSIRATtr S PIÎC IF TC TTY

OF IrI;pTIDYl, 1R\NSFER¡r,9.tl II.I BAC'IBRL\L AND ¡.,I4Ì"1T,{Â T,TÀl\I

RTBOçOMES USING PUROMYCïI{ AN\LOGUES

Prevlous l{orkers in this Laboratory have used. various

3r-il-amÍnoacyl and. 5r-C-nucleotidyl analogues of puroinycin

as acceptor substrates for pept,idyt transferase in cornplex

bacterial and. manrmalian celL-free systems (s1'mons gþ al.,

L969,. Harris et, gÀ., 1971,) , and the results have allowed

a description of some of the structural requiremenLs for

acceptor su.bstrate activíty (see Introd.uction, section. 4).

The experjments described. in thls chapter extend this v¡ork

to a stud.y of the acceptor substrate activity of puromycin

analogues in trvo simpler and more defj-ned cell--free systems;

the release of Ac-I¡-Phe from Àc-L-Phe-tRI{4. in the presence

of rlbosomes and poly(U), and the fragment reaction of Monro

and Marcker, (1967). Ttre ai¡ns of this work are three-fol-d..

Firstlyr r¡rê wish'to extend, our understandj-ng of the st,ruct-

ural requirement,s for activity of lov¡-molecular-weight,

acceptor substrates by using these simpler systems, so that

the results can be Ínter¡:reted. rnore directly in terms of t'he

act,lve cent,re of peptidyl transferase, since the more coi'nplex

systems also j-nvolve interactions elsenqhere on the ribosome.

Secondly, by comparing the actj.vity of bacterlal and.

mammalÍan ribosomes, it Ís hoped that a molecular explana-

tÍon of the differentlal action on peptÍdyl transferase of

such antibiotics as chlorarnphenicol will eventually be

obtained. Thirdly, the data will provide more informat.ion

for the design of potential affinity labelling compounds of
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pept,idyl t::ans ferase.

In order t,o allow meaningful comparÍsons of the actual

data obtained, the accept,or activity of each analogiue has been

expressed. relat,ive to that, of puromycin measured under the

same cond.itions. Further, sínce changes in the j-onic cond.i-

t,ions, pH, etc. , of the assay medium are like1y to cause

some variation in the actual resurt,s obt,ained, smal1 differ-
ences ï¡etween the acceptor act,ivity of analogues are not,

consid.ered signÍficant,. Analogues have therefore been

grouped dependi-ng on thelr activity into those with hígh

activity (> 50% of that, of puromycin), moderate activity
(25 sji/" of that of puromycin) , lov¡ act,ivity (5 24?L of
that, of puromycin) , and negligible act,ivity (< 5% of that
of puromycin).

The work described Ín ttris chapter was begun d.uring

my B.Sc. (Hons.) and. completed, during my Ph.D. r.or

contpleteness, all results obt,ained have been included. in
this thesis.

MATERTAI,S AND IV1ETTIODS

MaterÍals

Purornycin dihydrochlorj.d,e (neutralised. with Trls base

before use) rdas obtaÍned from Nutritional Biochernieals

Coryoratj.on. Puromycin aminonucleoside (ean) was a

generous gift from tåe American Cyanamid. Company. A1I

Puromycin analogues l¡rere prepared by elther Dr.R.H.Symons,

Mr.E.F.Vanin or myself as described. by Harrls et al. . (L972),

and, were checked for purity by paper, or thin-layer,

chromatography prior to use. Poly (u) was obtained from
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SÍgma Chemical Co. and. B. Sg1:! B tRI'lJ\, f [3n]phenylalanine

(specific acr,ivj.ty 51 Ci/nrnole) and 
"t'*]leucine 

(specific

activity 54 Ci/mmole) from Schwarz Bioresearch Inc.

Scintillation fluid was prepared by dissol.ving 3.5 g PPO

ancl 0"35 g POPOP in 1.0 I toluene.

Buffer solutions were as foLlows. Buffer À: 10 mM

Tris-FICI, pH 7.4¡ 25 nM KCl, O.25 M sucrose' 4 mM MgË12,

3 mM dithio-erythritol. Buffer B: as for buffer A but wlth

L"O M sucrose. Buffer C¡ 50 mM Tris-HCl, pH 7.4, 0"5 t'l

Kgl, ß% (v/vl glycerol, 2 mM t'l'gcIZ. Buffer D ¡ 50 mM

Tris-HCI, pH 7.2, 0.5 M KCJ, 2 mM mgClZ, l" mM puromycin.

Buffer E¡ 50 mM Tris-HCl, pH 7.4, 2 mM Mgc12, L0 nM KCI"

PreÞaration of Ribosomes.

Ribosomes from E. co_li MRE 600 were prepared. essent-

ially as described by Staehelln g! gl. , (L969). except

that, the ribosomes v¡ere washed tr¡uice by centrÍfugation

ln concentrated sart buffer (0.5 M M4 cl). Ribosomes

were stored under liguid nltrogen j-n a buffer containÍng

0.1 M NH4 Cl, 10 mM magnesium acetate, 0.5 mM EDTA, 20 mM

Tris-acetate, pH ?.5 (2oo c).

Rat lfver ribosomes were prepared using an unpublished

method kindly provid.ed, by $. Pestka and T. Hishizawa. Lj"vers

from starved rats were cooled in ice, washed wÍth buffer À,

mlnced wittr scissors and then homogenised in a Potter-

Elvehjem homogenlser using 2 mI of buffer A per g of liver.

The homogenate was centrifuged at 6,000 rev. /mì'n" for L0 mirr

at 4oc, tl¡e superna¡ant, poured through cheesecloth, O.O5

volurnes of Lo% (w/v) sodium ö-eoxycholate, pH 8.0 added,

and the mixture stlrred for 30 min at 4oc,. Samples (7.5 ml)
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of the superRatant vlere layered over 2.0 mI of bttffer B

in Beclcman Tl 50 polycarbonate tul¡es which \rere then

cent,rifuged. at 40, OOO rev/min for 3 h at O 4oc. The

brown pellets were rinsed. with bnffer A and allov¡ed to

resuspend. overnight at ooc in buffer D (1 mI per tube). The

solut,ion was cent.rifuged at B, OOO rev. /mj,n. for 10 m.i"n and

the supernatant was ttren incubated for 30 min at, 3OoC to

remove nascent pept,ides. The solution was dilutecl wj.th 5

volumes of buffer C and the ribosomes centrifuged through

buffer B as before. The pellets were resuspended over-

night, in buffer C (1 mI per tube), the solution clarj.f ied

by cent,rj.fugation and the supernatant diluted. 6 tj¡nes rvith

buffer C. Ribosomes were co.ll,ected. by centrifugation at'

5OTOOO rev. /min. for t h, resuspended overnight, in buffer IJ

(1 mI per tu.ire) at QoC and the solution clarified i¡y lov¡

speed centrifugation before storage in liquj-d nitrogen.

Ribosome concent,rati-ons v,rere determined at 260 nm

using 
^l%"* = r45 for E. cori ribosomes (nirr 9! 9f.,

1,969) and 140 for rat llver ribosomes (Petermann, 197L) "

PreÞara ion of Ðonor Sujcs trates

CpApCpcFür- (Ac-I- [3n ]r-eu) (specific activity 20.6

Cí,/rnmot) and. Ac-L-[ 3n]pfre-tRl{A (specific activit'y 20.2

Ci,/rnrnol-) were prepared essentially by the methocl of Mollro,

(Lg]I) and stored in 0.1 mM sod.iwtr acetate, 0.1 mM EDTA,

pH 5.0, under tiquÍd nit,rogen or at -15oC. Concentrations

of these compounds were estimated by drying aliquots ont'o

Whatman Gt/C glass-fibre d.iscs which were counte¿ j-n

toluene scintillation fluid. at an efficj-ency of approx-

imately !3%. The efficiency vtas determined by firsLly count-

ing a known amount of [ 
3if ] toluene standard in triton,/

toluene scintillation fluid to find the effÍciency of

counting in that, medium, and then comparing the counts/min.
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oÏ-rtained v¡lren the sarne amount of Cpå-pcpcpà-(ac-l-[3u]i-eu)

was e-i,ther d.issolvecl in triton,/toluene scintillation fluÍd.

ancl coun'Led or dried on a Ct/C gJ.ass-fibre filter d.isc

whÍch was then placed into toluene scintillation fl.u.io

and counted.

Assay of Acceptor Act,ivity of Puromycin Analogues with

E oli RiÌ:osomes.

Assay for acceotor activÍty of 3r-N-Aminoacyl-puromycin-

aminonucl-e oside Ànaloques.

(a) Fraqment React-ioq. The method of l.lonro and

Marker, (1967), as ¡nodified by l{ercer and Si'ymons, (L972),

was used. The reaetion mixture cont,ained in 0. 17 mI: 0. 18 mg

ribosomes, o"6'l pmoJ- cp¡r,fcpctrA-(A.c-r,-[3u]reu), 300, 100 or

10 pM puromycin or its analogue, 14 nurl MqClZ, 0n24 M KCl,,

43 mM Tris-HCI, pH 7.2, 18 ml\l NH4C1, 30% (v/v) methanoL"

The reaction was started. by the adclit,ion of methanol (Ooe)

and incubatj.on \^ras at OoC. The reaction was stoppecl with

O.1O ml of 0.2 M NaH2PO4,pH 5.5, ancl the prod.uct extracted

into l-.0 mI ethyl acet,at,e (teder ancl Bursztyn, L966),

samples of which (0.5 m]) were mixed with 2"0 mI of

scintillation fluid and. counted in a Packard. liquid

scintitfation spect,rometer. Count,j.ng efficiency $ras 2g%

as determined with " [3H]toluene internal stand.ard. The

quantity of fragiment u=.O **" sufficient to give approxl-

mately 43OO counts,/min j-n the 0.5 mI sample of ethyl

acetate if IOO% conversion had been achieved.. ID practÍce,

IOOO counts,/min or less were extracted because the incuba-

tion tjmes of 10 30 min hrere chosen to represent init,ial

Iinear rates (see Results). The efficÍencies of extraction

into etlryl acetate, under pept,idyl transferase assay condi-

tions, of the N-acetyl-L-phenylalanine derivatives of

puromycin and. several puromycin analogues \¡¡ere checkecl by
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absorbance measurements! puromycin, 94%¡ pan-L-Trp, 97%¡

Fan-L-VaI, 98%¡ Pan-L-Àla, 87%. The differ.ences are too
small to affect the qualltat,Íve concluslons derived, from

the results of the assayso

(b) Ac-L- i3nlpr," Transfer Assay. The react,ion mixture

was the same as that used for the fragment reaction except

that, methanol was absent,, t"l¡e donor substrate was 0.86 pmol
2

Ac-L-[-H]ene-tRlIA and 10 lrg poly (U) vras present. The re-
action was started, by the addition of ribosomes and the

mlxture incubated at 37oC. The reaction was stopped. and

the produet, assayed as d.escribed, for the fragment reaction.

Complete conversion of the substrate would. have given approxÍ-

mately 5300 counts,/mln; tt¡ls estimat,e does not, all,ow for
hydrolysis of tt¡e substrate under assay cond.iLions.

èqseyq- _f_o_r Àcce,otoLAqqi\Iity of 5 I -O-Phosphoryl and

5r-O-Nucleotidyl Analogues of Pan-Gly and Pan-L-Phe.

Reaction mixÈures and incubatÍons for the fragiment,

react,ion and for reaction with Ac-L-[3H]pte-tRt¡A were as

described above. Hovrever, tÌ¡e charged phosphate groups

prevent, extractlon of the product into ethyl acetate so

an alternative paper chromatography assay was developed.

The ethanol precipitation of unreacted fragment, as des-

cribecl by Rychlik et, gI., (1970) was ineff icient under

our conditions and resulted i.n very high levels of radj.o-

actlvity in control reactlons.

The reactÍon was terminated by the additlon of 25 ¡rI

of. 75% concentrated NH4OH in ethanol, and tåe mÍxture

lncubated at, 37oc for 10 min. to ammonolyse tn. 13H]acetyl-

amlno acld from unreact,ed, fragment or tRl{4. Samples of

O.15 ml were drled on !{hatman No. 1 chromatography paper
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and subjected to ascending chromatography with a solvenl:

of acetonitrile - bu'banone fornric acid- water (10 ¡ 10 3

1 : L, þr voÌ. ). Under these conditions, the label]ed.

reaction products remain at the origin while tfre [3u]acety]-
amino acid and Íts amide moved with Èhe solvent front. The

origin of the chromatograrn was then cut outo dried. and

counted in 2.5 m} scÍntÍIlat,lon fluid. The puromycin

control,s were assayed in the same way, except, that, the

product, was ext,racted j.nto ethyl acetate, 0,5 mI of which

was drled on WhaLman No. I chromatography paper and counted"

Less than 5?å of the rad,j.oactivity in tne [3H]acetyl-
arninoacyl puromycin was eluted from the paper into the

scÍntillation fluid,; the prod,ucts of the puromycin controls

and the test, react,i-on mixtures were therefore counted und.er

the same cond.ltions.

Rat Li.ver Ribosor¡tes.

(a) Fraqment React,ion. The reaction mixture was

essentlally that of Monro ar¡d Marcker, (1967), as modified

by S. Pestka (unpublished), and contained. ín 0.05 mI:

O.1O mg ribosomes , o.67 pmol cpApcpctrA- (Ac-l'- [3n ]r.eo) ,

3OO, 1OO, or 1O pM puromycin or its analogue, 40 mM MECL.'

o.4 M l(cl, 50 mM Tris-HCI, pH 7.2, 30% F/v) meLhanol.

Incubatlon was at ooc and products $¡ere assayed as des-

cribed for p, coll ribosomes, except that O.25 ml of

0.2 M NaHrPOnr pH 5.5, blas added to stop the react'fon with

aminoacyl analogues and 0.05 rnl of the reactlon mixture

$ras used for paper chromat'ography with the nucleotidyl

analogues.
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(b) fer .A"ss . The reaction
mixture was the sarne as that for the fragment, reaction
except' that, methanol was absent,, the donor substrate was

0.86 pmol Ac-L- ¡3n1nf,"-tR\E and 10pg poly (U) and B nù4

dithioerythritol were present,. TncubatÍon was at, 3ZoC

and. products were assayed as above.

RESULTS JITÐ DTSCUSSTO¡]

Acceptor Subst rate ¿\ctivÍty of Puromvcln Änalocrues fn The

Frasment Reaction, Vlith N-Ace tyL-L- [3u] r,..r"ine-

Pentanucleo_tide As Donor Substratg.

(a) Activitv of 3r I Analocrue e

The results obtained withr E. coli and rat liver
ribosomes are shown in Table 3, and are expressed. for
eactr analogiue as a percentage of the acceptor activity
of puromycin at tåe same concentration. l,he tjme course

of reaction with each analogue was checked. to ensure tiat
only initial rates vrere measured. The most noticeeible

feature is t-he complete lack of, or neglÍgÍ)ole, acceptor

actívÍty wlth E. colj, ribosomes of alI analogTues, other

than Pan-Ir-Phe, at. the concent,rations tesi-ed. This

contraets with our prevj-ous results with more complex

systems .(sl.rnons g! 4. ' L969; Harris gÞ 4., I97L)

vrhere neafly all analogues with a single benzene ring
shovied. high acceptor act,j-vity relative to that of puronrlrcj¡.

On the olJrer Ïrand, wítÏ¡ rat llver rlbosomes, all analogues

wlth a single benzene ring showed. lorv to mod,erate act,lvlty,

except for Pan-IrPhe which showed high activity. These

rat liver results are qualitat,ively si¡nilar to those report,ed



Tab1e 3; Acceptor subs te activitv of

3r-N-amÍnoacvl ana es of puronrvcin in

the fra nt Íon with E. coli- and

-€g!.Àlver ribosomes.

AlL compounds were t,ested at the

concentrati"ons shov¡n as described in

Materials and. Methods, and. Ltre initial

rates of reaction for each compound

expressed relative to that obtaÍned

with puromycin at the same concen-

tration. All values are the average

of at least, t:wo separate experiments,

each of which was done in duplicate.
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)ry us for more cornplex rabbit reticulocyte systerns (Harris

s! a-!., I97L). In the fragnrent reaction, therefore, the

st,ructural- requirements for acceptor suÏ:strate activÍty
with E. colj. ribosomes are much more strinç¡ent than in tåe

other systems studíed..

It is ini:erest,i-ng to note the l-orv but significant

activiÈy of Pan-D-Pl:e with rat, liver ribosomesi some

actÍvity rvith this anal-ogue has been noted with other

systems (narris e_! aI.. Lg'lL). the less hydrophobic,

non-aromatic analogues and the doub.le-ringed Pan-L-Trp

shorved negligib)-e acceptor activity with both types of

ribosomes. In aII the rvork reported here, the pentanucl-eo-

tide fragment was used as donor substrate. Sirnilar results
(not given) vrere o]¡tained using the chemically prepared.

trinucleotÍde donor substrates (Mercer and Symons, I972)

cpcpA-2 ¡ (3 t ) - [3n]ac-L-leu and. t]re correspondÍng

Lr-phenyJ-alanyl derivative.
(b) .t_ f 5l -Substituted, Deriva

Pan-L'-Phe and Pan-Gly.

The results obtained with E. colj and rat, Iiver

rj-boso¡res are given in lal¡le 4 and clearly show that

Cp-Pan-L-Phe was the only analogue whi-ch gave significant,

acceptor act,ivi-ty relat,ive to puromycin and then only

with !. coli ribosomes. This analogir.re had lolv actj-vity

with rat liver ribosomes while all other analogiues had

much lower or negligible acÈì-vity with botÏ¡ types of

ribosomes. The very high activity of the 5r-O-cytidylyl

derivative of puromycin as an inhibitor of pept,ide bond

formation in a rabbit reticulocyte cell-free system has



Tablg 4: Acceptor substrate activitv of

5 ¡ -o-phospÏ¡ory] and 5r-O-nucleotidyl

analogues of Pan-Gly and Pan-L-Phe

in fra t rea t,io

and rat liver ribosomes.

See Table 3 for experimental details.
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been report,eit by l{engesch and. I"lorris, (197I). For j!. ,cgl_i

ribosornes, the low to negligÍ1cle acce¡ttor ac-E,ivity of
Cp-i:an-Gly, p-Pan-L-Phe, and Ct[ðt-p-Pan-L-Phe ind.ica'tes

tha'b both the 5r-0-cyt,1dyì-y1 and the L-phenylalanyl portions

must, be in tt¡e sarne molecule for high activity. FurtÌrer,

for both classes of ríbosomes, the high act,ivÍty shor"rn by

Pan-L-Phe (fable 3) was substantial-l-y recluced by the ad.clj-t,ion

of a 5r-C-phosphoq¿l or 5|-O-cyanoethyl phosphoryl group

(table 4) .

Ttre results of Tal¡le 4 contrast also witÌr previous

result,s reported by us (Sy'nons g! êI., L969,. HarrÍs et ÊÀ",

].97t) for more complex E. coLt ancl rabbit reticulocyte
systens nhere Cp-Pan-Gly gave rnoderate to hígh activÍty

relative to purornycin. Cp-Pan-L-i¡he and. CITEtÊp-Pan-Lr"Phe

l,Jere not tested. in our ,r:revious rvork but our preparation

of the latter was approximately 50i/. as effective as

puromycin in inhibit,ing a Bac.i--r-1gS;- amyloliquefac j-ens

cell-free amino' acid incorporation systern (J.L.McInnes

and. B.K.I.{ay, unptùlished results). In addition, 5t-0-

cyanoel-hyI-puromycin gave an inÌribitory effec'L equal to

that, of purornycin on a poly (U)-Airected E.gIÅ
polyþhenylalanine-synthesj-zj,ng systern (Smith et, aI,, L965).

Thus, tåe results given here for the fragment, react,lon have

shov¡n veqf stringent, structural requÍrernents for acceptor

substrate activity, relatÍve to the systems stud.fed. earLier.

.Acceptor S_ubsErat,e Àct,jJi-bv -Of PuronÏcin Ana1gflres In TtIe

ec-rJ3li]pte Transfer Assay usino .A.c-L- [3u ]prr"-truü\ As

Substrat,e P enc

(a) Activitr¡ of 3 r inoacvl Ànalocmes a

The system used here is more complex than the fragment
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react,ion since it, depend.s on the bind.ing of the

macrornolecule, nc-r-fH ]rhe-tzuta, to the ril¡osomes to

act as donor su]cstrate under the influence of another

macrc,rnolecule, poly (u). The results obtained are sbov¡n

1n lable 5, Pan-L-Phe e>chibited the highest, activity

relative to puronycin wi'bh both types of ribosomes,

especially at the higher concenLrations used wj.th E. c.oli

ribosornes v¡here act,ivity si:nilar to that of puromycin was

obtaj-ned- AIl other analogues con'taining a Jrenzene ring

(including Pan-Ð-ptre)r ês r^¡el1 as Pan-I'-r/alr showed. low

to moderate act,ivÌ'Ey, with some exceptions, for several

analogiues at 10ptl4 with Ð. coli rü>osomes. Pan-I-r-Trp, with

its d.ouble ring syste¡n, and. Pan-L-l-iet, sT¡owed lov¡ to almost

rrroderate activity only witTr rat liver ril¡osones. The

remalning less hydrophobj-c derivaÈives showed. negliglble

act,lvity wÍth p. coli riì¡osomes and. Iovr activity with rat,

Iiver ribosoroes.

Of interest Ís t]le lor¡r activity of Pan-L-Ílrr relative

to Pan-L-Phe and. purotnyci-n, although the differences are

not as marked. as those obtained ín tÏ¡e fraganent, reaction

(table 3). Overall, the results of Taþle 5 ind.j-caùe that

in this a.c-f,-fff ]nfre transfer systetn, tT¡e structural rs.-¡u'ire-

ments for acceptor substrate activity are much less st'rin-

gent than in the case of tÏ¡e fragment' reaction.

Àn irnportanÇ and unusual, feaiure of this assay system

r+Íth g" ggfi rÍbosomes 1s demonstrated ln FÍ9. 4. where the

extent of reaction for several analogpes relat,ive to

puromycin (taken as loo% at 40 min) is plotted against

tj¡ne of inculcation" , Íhe extent, of reaction for purolnycin,



Table 5: Àcceptor subs te activitv of
3r-N-aminoacvl ana of r¡uromvcÍn in
the Ac-r.,- [3slpne trans fer assav system

ith E ti ibosomes.

See Table 3 for experimental details.
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FIG. 4 z Time course of Ac-I-.[3Hlpfr. transfer

Ac-L- 3

E. coli ribosomes

ino acids on

a

AII acceptor subst,rates vrere tested at 3 x tO-4 ¡t

as descrÍbed in Materials and Methods. For each

time poÍnt, the counts,/rnÍn obtained in the product

v¡ere expressed. as a percentage of the counts,/min

obtaÍned. in the product with puromycin after 40 min

incubation, whÍch was taken as IOO% (about 3000

counts,/min).
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Pan-Ir-Phe, Pan-Bzl.-L-€ys and Pan-L-Îyr reached., or tenrled

to reach, a plateau after about 20 rnin, whereas for Pan-

Bzl-L-Ser, Pan-L-VaI, and. Pan-L'-Ireu, the react,ion wês rrlorê

or less linear for 40 min. The pJ-ateau v¡ith purornycÍn

corresponds to approxirnat,ely 6O?t" conversion and probably

represenLs exhaust.ion of tJ:e subst,ra'be, tire remainder

havíng been lost, by hydrolysls. Iu the absence of kinetÌc

pararne{:ers of the various analogues, we have not at,tempted.

to explain the different tjme courses. Hovrever, the results

emphasize tl¡e irnportance of measurlng initial rates for

com.oar-tng t}te acceptor substrate act,ivity of varíous

analogiues. The slower reacti.on catalysed by rat, liver

ribosornes was in all cases linear up to 20 min.

(b) Act,ivitv of 5r-C-Subs tituLed Derívatives of

Pan-I¡-Phe and Pan-Gly,

As shown in 'Iable 6, only Cp-Pan-L-Phe shov¡ed hÍgh

accepùor act,ivity relative to purornycin, rvhile all other

analogues showed either low or negliglble actfvity at

both concentrations tested. The results vrith these

analogues are therefore veqf sirnilar to {:hose obt'ained.

r¡ltl: the fragiment react,ion (ta¡le 4) , and. emphas j-ze that'

the only acceptabte substj-tution on tJ-e 5 | -hydro:cyl of

Pan-I-,-Phe for ttre retention of high accept'or acti.vity is

tjrat, of the c1't,idyly1 group.

In contrast, to a previ.ous report (Siler and. Mo1d'ave,

Lg6g) , tl¡e rat, liver ribosomes used. here v¡ith 40 mlvl Mg C L
catalysecl peptide bond formation without tlhe rreed for addeô

supernatant, factors. Thris con,f irms the results of

Rahamj¡noff et 4., (.J972) v¡ho shor'¡ed tåat reticulocyte



TqÞ!e-6-: Acceptor substrate actÍvitv of

5 | -0-phos ptron¡I and 5r-0 -nucLeoti-dvl

ana es of Pan-G Iv and Pan- Ln

the f 
3slpn* t fer assav svs tem

with E. coli and rat liver ribosomes.

See Table 3 f,or experj¡nental det'ails.
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ribosomes bound. Ac-L-Phe-tRl'IÀ non-enzyrnatically and that,

pepbide bond. forrnation occlrrred wÍth a MSÛI, concentration

of 10mt{ witt¡out the need for transLocat.ion"

General Conclusions

Various 3 | -N-arninoacyl and. 5r-O-nucleotidyl derirrat,ives

of puromycin were used. as aeceptor sr¡bst,ra'tes for rÍbosornal

peptidyl transferase in tr+o sirnule cell-free systetns,' the

release of Ac-L-Phe from Ac-L-Phe-tR\L\, and. the fragarent

react,lon of Monro and l"Iarc}"er, (1967). Both E. cotJ and

raL lj.ver rj-bosomes were used. in this study to al-Low

comparlson of the bj.nd.ing requirements of each t'ype of

rlbosome under similar conditions. The acceptor ac'bivity

of each analog'ue has been ex,oressed relat,ive to that of

puromycin rneasured under the same cond.itions, and. analogßres

Trave been grouped., depend.lng on tÌ:ej-r act'ivity, into high

( > 50% of that, of purornycj-n), modera'be (25 - 50% of. that'

of puromycin), low (S 24% of t'lrat of puromycin) and'

negrigible act,ivlty ( < 5% of that of puromycin).

The result*s presented here indicate that the condj-ti-ons

of tt'e fragment, react,ion Srnpose fairly severe ljrnitations

on the stnrctural requÍrements for activity, relatj-ve to

those of tJ:e Ac-l,-[3H1nfre-tR]î.¡\ assay. This effect, is more

pronounced. wi-tl: p. col-{ riþosomes, where, out of the 2L

analogues tested., only Pan-L-Phe and' Cp-Pan-L-Phe gave

high actlvity comparable to tjrat of purotnycin, while all

other analogues gave neglígible activítr\f, even at' the

highest concentrat'i-on used' (3 x to-4i¿). rn contrast, in
2

the Àc-t-["H]efre-tnfn, assay, there was lov¡ to moclerateactivity

vlÍth a nurnber of the more hyd.rophobic aminoacyl analogrres
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of purornycin (e.g- Pan-I.,-Í\rr, -0-Benzyl-L-Ser, -S-Berrzyl-I.-

Cys. -Irn-Benzyl-ï,-His)ranc1 lov¡ aclivity wÌth some of the

5 t -O-derivatives (e.g. pPan-L-Phe, cyanoeti:y1-pPan-i''-Phe) '

Sj¡nilarl-y, wíth rat liver ribosomes there was a moclest'

enhancemer:t of activiÈy for many of the poorer analog'ues

above tnal Seen in -bhe fragnent reac'Lion. Generall1', there-

fore, the specificity pattern of the Ac-L-[3if ]ehe-ilUÊ assay

tend.s tolvards Lhe þroader patterns of t-ne more comple;<

E. gÅå and. rabbit reticulocyte systerns used. in earlier

rvorlc (Syrno¡s ei: aI., !969; HarrÍs et ê1., I97I), where

all aminoacyl analogUes containing a single benzene ring

(and also Cp-Pan-GIy) gave moderate to high activiby.

when comparing rat liver with s. coli ribosones, an

obvious featrrre is tTre generally higher act'ivity of tJre

trydro¡rhobic purorOycin analogues with lj:¡e eukaryot'e

ríbosomes in both assay systems. This suggests that' tþe

rat l-iver rl-bosornes have a higher intrinsic affinitl' for

{J¡e compounds, such that, thre working concentration of

even the less actÍve analogUes comes closer to sat'urat'j'ng

the binding site" witfr the nucleotidyl analogues, both

types of rilcosome show qui{:e si¡nilar specificlty patterns

and favour Cp-Pan-L-Phe, the analogUe most' resenblj-ng bhe

3 | -ternrinus of I.-Phe-tRlG,, although tl.is compound hacl 10w

reactivity on rat liver riþosomes ín the fragment react'ion

assay. Botl¡ rj-bosome types in both assay syst'ems d'iffer

from the more complex systems referred' to above, in that

the present, $¡ork revealed. very ]ittle actÍvity v¡itÌr cp-Pan-

Gly.

If one consid.ers overall the abÍlity of tåe amino-acyJ--

puromycin analogues to undergo peptidyl- t'ransfer in the
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diverse systems d.escrlbed. here and, earlier (S1.mons ei; aI.,
1969,. Harris et Ê1., L97I), it is clear that, the more

rrstripped dov¡n'r a system is, relat,ive to natural potlrpel:ti-de

synthesis, then the rnore st,ri-ngent are its specificity

requirements relatj-ve Lo puromycin. Thfs is presurnably a

measure of the increasingly dominant cont,rol by the loeal

interact,ions at. the puronrycin bind.ing site of the rate-
det,errninÍng step as the other cornponents and. in'beract,ions

are rernoved.. On tl¡e assumpt,Íon ttrat the rates largely

reflect t}re abiLity of the analogues to bind. to the

enzlrne, Èhe present measurements witT¡ simpler systems

provlde further support, for the two proposed. binding sites

wÍtÏ¡Ín the acceptor site of the rÍbosome (narris ,g! .4.,
197L,' Harrls and Symons, 1973; and. references therej-n);

tt¡at is, a hydro.oholoic bínd.ing site for aromat-tc 3r-arninoacyl

side chains, and a more specific bind.ing site for the

3 | -penult-i¡nate CIvIP resid.ue of aminoacyl-tR¡;lA.

The fragment, react,Íon systerns, simplest, and. most,

strÍngent, illustrate that tfre hydrophobic site j.s of

restricted. sÍze, because activity is optimal witÏ¡ puromycin

and. Pan-i--Phe, and lower with the very hydrophobic but, larger

Pan-L-Trp, Pan-Bz1-L-Ser and Pan-BzI-L'4ys. Although Pan-

L-Tlrr is sterically a close analogue of puromycin, Ít, has

low activÍty which can be explained by the hydropbilic

nature of tb¡e phenol group.

In botÏ¡ assay systems used here, bind.ing to the proposed

CI'IP site was not sufficd-ent, to allorv acceptor activitr¡'

slnce Cp-Pan-GIy was inactj-ve, whereas Cp-Pan-L,-Phe and

Pan-I-,-Phe usually had high activity, results which suggest
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a dominat,ing effect, of the hyd.rophobic bind.ing site.
In concl-usion, the variat,lon of acceptor act,Ívity of

tåe puromycin analogues in the assay systems used here

furtt¡er emphasizes the ljmitation of experiments i_4 vit,ro,
partÍcu1arly with regard. to extrapolatÍon of results to
the sj.tuation in vivq. Hovrever, surveys of this type are

essential to further our ur:d.erstand.ing of the mechanism

of act.ion of peptÍdyl transferase, and also of those

ant,iblotics and. otT¡er compounds whích affect, ttris reaction
(Harris and. Symons, L973).
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ATTE}IPTS TO FII\-D AN R]BOSO}{JT I\ITE IT.IED ú\TE

DURïIITG PEPTïDE BOI'ID FORMATïOÌü Ot{ E. COLT- RTBOSot'tllS

TNTRODUCTION

Altliough the sequence of events occurring durlng

protein synthesis on ribosomes 1s now welL kno',vn, the

actuaL fj-ne details of t-hre transfer of the peptlde from

peptidyl-tRl.r,A to aminoacyl-tRt{A is not c}ear. Thus it. is

not knov¡n if tJre carboxyl grotip of tJ-e donor molecuLe reacts

directLy with the o(-amino group of the acceptor mo.lecule,

with tl¡e ribosome only acting indirectly by providing a

suitable environment for tÌ¡e reactÍon to occur efflciently,

or whether tJre rÍbosome is dírectly involved. by formlng a

covalently bound. acyl-enzyme intermedj.ate which subsequently

reacts with the acceptor suJrst,rate. The formatlon of an

acyl-enzyme intermed.iate would. not be surl>risitg, since

chymotrypsin, v¡hj-ch catalyses the reverse reaction. (i.e.

peptide hyd.rolysis), has been shov¡n to form such an

intermedj-ate during catalysis (Gutfreund. and. Sturtevant,

1956; Ba1ls and lVoods, 1956; Dixon and Neurath 1957 ¡

McDonald and. Ba11s, 1957). The aj¡i of the worl< descrjjced

in this chapter was to flnd evÍdence for an acyl-ribosoine

intermedlate using two different approaches:

(1) exchange of Ac-L- [3H]leu frorn cpa¡ÉpcpA-(ac-I'. [3s]i-eu)

to eitåer tRt{A or C¡É¡r\ (See Figr 5 for possible reactions)

(,J.F.8. Mercer, t97A, unpublished.), or

(2) isolation of the Ac-L-[3u]fær, - ribosome intermecliate.

The ratlonal-e for these t*¡o approaches is based on the

assrrnrption that j.f the acyl-rÍbosome intermediate exists,



FI9. 5: Schematj.c represent,ation of possible

reactl.ons occurring in the Pt-slge (In the

al¡sence of At-site substrates) whÍch woul.d

lndicate the formation of a peptidyl-ribosome

intermed.iate during peptlde bond format,lon on

the rlbosome.

react,ive nucJ.eophlle (e.gi. serÍne) .
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then the sequence of events shown 1n Fig. 5 may occur. Tf

the approaches used here prove unsuccessful, the presence of

such an intermediate ís st.ill not, elirninated, since the

intermediate may only exist, t,ransiently and be ext,remely

unstable, thus making it impossible to observe under the

condÍt,lons used.

l'lhTERTÀLS AlilD METiIODS

Materials.

Puromycin dihydrochloride (neut,ral"ised with Tris base

before use) and puromycin aminonucleoside (ean) were

obtained from Nutritional Biochemical-s Corporation. E. co.IÍ

B LRI'{,A was obtained from Schv¡arz Bioresearch Inc., EEDQ

from Aldrich Chemlcal Co., and 3-phenyl-propion-ic acid

from Fluka AG Chemische Fabrik. Sigma Ctremícal Co. supplied

ribonuclease lrr poly (u), BSA, and ct¡loramphenlcol.

Sparsomycin was obtained from Up John, and PEI chromato-

graphy sheets (ptastic backed) from Macherey-Nagel Co.

Yeast RIrIA was Ísolated by Dr. R.H. Symons, and. all organic

soJvents were red.istilled prior to use, All t..1.c. Wôs done

on Merck Kieselget EZSE silica sheet,s (p1ast,ic backed) "

Toluene scintillatlon flui-d \¡tas prepared. by d.issolving 3.5 g

PPO and. 0.35 g PoPoP in 1.0 I toluene. TtiËon/t'oìuene

scintillation ftuid contained, triton X-100 ,/ toluene

scintillation fluÍd (f z 2 by vol.).

Prepara tion of R ornes.

Rj.bosomes from E. col1 MRE 600 were prepared as

d.escribed, in Chapter,Tv¡o.
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Preparation of Donor Subst,¡:at.es.

Donor substrates were prepared as described on Chapter

I\,ro. Any higher molecular weight. material contam-inating

the penLanucleotíd.e fragment was removed by stepwise

chromatography on a small ÐEAE-Sephadex column prepared

in a pasteur pj.pette. The column !úas hrashed with 0.1 M

t,riethyl-ammonium formate, pH 5.0, and the pentanucleotide

fragment was then elutecl with 0.6 M triethy-l-ammonium

formate, pH 5.0, and freeze-dried,. The purified sample

vJas stored in 0,1 mM sodium acetate, 0.1 mM EDTA, pH 5.0.

E. g9-l¿ B tRlrn (unaminoacyrated) ( i; *Ji-" ois*ut.a

with 30 pg ribonuclease T, in 0.5 ml of 20 mM Tris-acetate

pH ?"5, 1 mM EDTA at 37oc for 3 h" Ribonuclease T,

d.igestÍon results in tl¡e range of fragments from Ínternal"

digesLion as well as the 3¡-terminal fragment,s (whlch vatT

in size and. structure depend,i.ng on the tRNè' molecule from

which they originate. ) A column of DEAE-Sephad.ex (Zl cm

high, 30 c.c. bed volume) r¡Ias prepared washed with 1M

NaCI, 50 mM ammonj.um acetate, pH 5.2, 5 M urea, and,

equitlbrated witì O.OZ M NaCI, 50 mM ammonirrrn acetate,

pH 5.2, 5 M urea. The dlgested Rl{A was applied t'o the

column, and the RIrIA fragments $rere eluted with 600 ml of

a linear grad.i.ent of O.OZ - 1.0 M NaCl contaíning 50 mM

ammonium acetate, pH 5.2, 5 M urea. Using a flow rate of

O.42 ml/min, 3 mI fractions btere colLected. fhe A,UO of tlte

eluate was continually record,ed on a Uvicord U.V. Absorp-

tlonmet,er, and. g dist,inguishable peaks of A2OO material were

obtained. (¡'19. 6) .

The fractions in each peak htere combined, diluted with

10 volumes O.O2 M NH4HCO3, and each peak applied' to a DEAE-



FfG. 6¡ Separation of oligonucleotides

resulting from ribonuclease T1 digestÍon of

tRNA on a DEAE-sephadex column at pH 5.2.

See Materials and Mett¡ods for experímental

d.etaiIs.
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cellulose column (6"5 cm high, 13 cc bed volume) which had

been washed with 1"0 M NH4FICO3 and equilibrated with 0.02 M

NH4HCO3. The NaCl and urea were re¡noved with O.OZ M NH4IÍCO3,

and. the Rl{l¡, fragments r^Iere eluted with 0.5 M NH4IICO3.

Triethylamine was added to forrn the trieÈhylammonium sa1t,,

and the so.l,ution was evaporated to dryness. The residue

vras red.issoLved in 0.1 mM EDTA, 0.1 mM sodium acetate, pH 5"0.

The purity and constj"tuents of each peak vtere checl<ed by

t.Ì.c. on PEI paper with 0.5 M NH4IlcO3 as solvent, and by

high voltage paper electrophoresis on vJhatman 3 MM paper in

5% aceEic acid, 0.6% triethylamj.ne, O.1 miq EDTA, pH 3.5,

at 53 volts,/cm for 45 min. The results, shown in rig. 7,

indicate that the first tl,lo peaks eluted, from the DEAE-

sephadex column contained only GMP. Possibly thre fÍrst

peak was cyclic-GMP which hydrolysed d,uri"ng further isolation

to form GMP. The third peak from the colurnn contained d.inu-

cleot,Ídes, the fourth contained trinucleotides, e{-c. The

smallest 3'-terminal fragment, CIfpA, has the same charge

as the lnternal dinucleotides XpGp at, pH 5.2 (where tÏ¡e two

phosphat,e groups give each of tÌ¡e molecules a charge of - 2) ,

and thus would co-chromatograph with the dinucleotides.

It was nort necessary to separate CpC¡rA from the

dinucleotÍde contaminants, and here use vras made of the

lack of a 3t-phosphate on tl¡e terminal fragment. At, a

higher pH, êoÇ[. 7o2, the second. hyd,roxyl on t'he 3r-phosphate

becomes ionized, giving the d.inucleotides an extra negat,ive

charge. Hovrever, the 3t-terminal fragment,, with¡ no such

phosphate group, retains the same charge as at pH 5.2. Thus

the 3'-terrrrj-nal C¡Ép.A, vtas separated f rom the contaminating

dlnuCleotides on a second DEAE-Sephadex column as above,

except that thre pH was kept at 7,2 wj.th 25 nM lris-HCl instead



FIG. 7 ¿ Characterlsation of oligonucleot'ides

obt,ained from the DEAE-,gephadex column strown ín

Fig.6.

A¡ Thin layer chromatography on PEI paper

using 0.6 M ffi+ffio3 as solvent.

B¡ Electrophoresis on Vlhatman 3 I'4yi paper in

5% acetic acid, O.6% triethYlamlne,

0.1 mtl EDTA, pH 3.5 at 53 vo1ts,/cm for

45 min.

In both experiments, spots vtere located by viewlng

under a U.V. Iight.
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of the ammonj-um acetate, pH 5.2" The ArUO elution proflle is

shohrn in Fig. 8. Ignoring tl"re pea)<s appearing at t'he void.

volume, the C¡ÆpA vrotlÌd be the fastest, moving nucl"eot,.ide

material. Thus the leading shoulder of nucleotide material

vras tal<en (as shown in Fig. B), and desalted on DEAE-cel-lu1ose

and. dried as described above. The final residue was re-

dissol"ved. in 0.1 nt"l sod.ium acetate, 0.1 iTM EDTA, plï 5.0.

This solution was taken as tJre source of CpCpÀ in subsequen'Þ,

work, although unfortunat.ely it was not, in large enough amounts

or pure enough to fully charact,erj"se and guantitate" Howevero

5 pI of this c:rude solution inhiblted P síte bincling of the

donor subst,rate upApcppA- (Ac-r,- l3u lr-eu) by 2g%, indicat,ing

that some of ttre material was entering the P site.

Preparat n of 3-Phenvl-p ionvl-Pan a

Pan (25 pmole), 50 pmole EEDQ (coupling agent'), and'

5O ¡rmole 3-phenyl-propionic acÍd were dissolved together in

0.3 mI ethranol and. i-ncubated at 37o C for t h. The reaction

mixture was then applied, to 5 x B cm sheets of plast,ic-backed

Merck KÍeselg.l F25¿ and chromatographed with ethanol:

chloroform (1:9, v/v). The lowest band (Rf. = 0.6) $ras

eluted from the silica with ethanol ¡ chloroform (1:1, v,/v),

and the eluate was filtered to remove remaining silica. The

solvent v¡as removed. by evaporation, and the solute was dis-

solved. in 2.0 mI ethanol. Ttre yield of chromatographically

pure product was 2O.7 pmole (83?/" with respect to Pan),

carculated' from E*M = I'B'5 at '\max = 27o FIITI'

l-on o t Reacti 1- ro l" a

The fragment reaction of Monro and. MarcJ<er, (tgOl ) as

modified by Mercer and, Symons (1972) was used. The reaction

mixture contained in 0.L7 ml ¿ L4 mM MgC12, O.24 M KCl,



FIG. B 3 Separat,ion of 3r -terminal- f ragments from

other oligonucleotides on a ÐEAE-sephadex column at
pH 7.2. See Materials and MstÏ¡od.s for experimental

details. The material used. as a c¡rrde solution

of CpCpA 1s indicated by l--{ .
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43 trM TrÍs-HCl, pFI 7 .2, 18 mM NI{4C1, 30?i (v/v) methanol,

O .L2 rnt4 puronycin, 0 " 18 mg ribosomes, and. either 0, 0 . 3'/ ,

L"85, or 3"7 mM 3-phenyl-proplonyl-Pan. After Íncubating

the reaction mixture for 30 mÍn at OoC, tÏ¡e reaction was

stopl:ed wÍth tÏ¡e ad"ditlon of 0.1"0 mI O.2 M NaI{2PO4,pH 5.5,

saturated, with MESO.. Ílre product, was extracted with 1.0 ml

ethyl acetate, and 0 " 5 ml of the ethyl acetate l.ayer was

d.issolved ín 2.0 mI toluene sclntJ-Ilant, for measurement of

radloactivj.ty, which 1s a measurernent, of the amount of
?Ac-t- ["H]f,eu-puromycin formed in each reaction mixture.

I
P -site nind.inq Assay.

The standard reaction mi-xture was modified from that of

Celma e! a1., (1970) and contained. in 0.15 ml¡ 50 mIvI

magnesium acetaÈe, 0.2 M ICI, 50 mM TrÍs-HCl, pH 7"2r 50:/o

(v/v) methanol, O.67 pmole cpApcpc¡x,- (ac-u [3H ]f.eu) , and.

0.5 mg rj"bosomes. After incubat.ion at ooC for 30 min, the

rj.bosomes (wh.ich are precipitated by 50?å methanol) were

colLected. by lolv speed cent,rifugation at OoC, anfl O. 1 mI

of the supernatant was d.issolved. ln 0.6 ml EriEon,/toluene

scint,illatlon fluid,.

A cont,rol minus ribosomes assay was tal<en as beÍng

equlvalent, to the situation where no donor substrate was

bound. to the rlbosomes. The % reduct,ion 1n the counts,/nrin

presenL when ribosomes hrere includ.ed was talcen as tr}:e %

bound to the ribosomes.

To optimise cond.Ítions for the binding of donor substrate

to ribosomes, the donor fragrnent was incubated with ribosornes

und.er varying cond.j.tions. The ranges of cond.ltions used

were ¡ 5 300 mM'magnesium acetate,' 0 0.5 M I(CI;

50 ril"l Tris - HCl, pH 7.2, B, 9, or sodium hyd.rogen maleate,
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pH 6, or sod.lwn citrate,/Nari{POnr pH 3, 4o 5; SClr/n (v/v)

methanol, ethanolr oË acetone,' O - O,5 mg/ml tRh-t\; O or 0,2

mg,/mt poly (U); and O or l-.26 ml'l 3-phenyJ.-propionlrl-Pan"

The particr.rlar conditions usecf in a given e)ipel:iment are

d.esc::ibect in the legends to Fig" L0 "

-ïo
3acti

and tRl'lÀ.

The s'band.ard reaction mi-xture contair-)ed in 0.C5 ml- .

10 nM magnesium acetate,. 0.2 Il. IGt; 50 nrl4 Tris-licl,

pH 7.2¡ i"B nù,1 NH4CI ì 0.67 pmote CÉpCpCFA-(l*c-i-- [3H]feu);

2,5 1r'g E. g.!L B tRl'iÀ; 0.13 mg ribosomes ¡ 50% k/v)

meùhanol. Control reactions cont,a-inecl no ríbosomes. After

incr¡bation at roorn temperatu-re for 0.5 2 h, 40 pI of each

incubatíon mj.x was chromatographed by descending chrorna-

tography at 40 C on a st.rip of Dg¡\E-ceLlulose paper, using

0.2 M I-,iCl, O.O2 M tríethylanunon-ì-um acetate, FH 5.0, 5 mM

EDTÀ\ as Solvent,, for 3 h. under ttrese conditions,

Cp¡p¿Étr4-(ac-U-[3n]f.reu) movecl 7 - B ctnr vlith litt]e or

no material remaÍning at the origÍn, while Ac-I,- [3U]f,.u -

tRlBì. remained. at t-h¡e origin (See Fig. 9) . When ribosoraes

vJere present in the chromatographed solut,ions, no change

in moþility of eittrer suJ¡strate v¡as observed, nor \i¡as there

any increase in the amount of radioactivÍty at the origin

of the Cp¡rÉpCpA-(Ac-f- [3filLeu) chromatogram. Thus in a]l

assays for exchange, tT¡e chromat'ograITls were dried, and the

area at the origin was cut out and counted in 2 m1 toLuene

scÍntillation fluid for the presence of any Àc-1,- [3U]f.eu-

!RNA. In an atteirpt to observe an exchange, th¡e conditions

were varied v¿ithin the ranges described. above in the Pt-site

btnding assaYs.



FIG. 9: Chromatographic mobility of CpApCpCpe-
22

(ac-r,- ['H]Leu) (a-a ) and Ac-L- [-g]pr¡e-tRNA

( r-t ) . Samples htere subjected to descending

chromatography for 3 h at, 4oc on DBAE-cellulose

paper using 0.2 M LiCl, 0.02 M triethylammonium

acetate, pH 5.0, SmM EÐTA as solvent. The

chromatogra¡n was dried, cut into 1 cm strips

and cotrnted i-n 2 mI toluene scintillabion fluid.
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Ass For t,ion Between L- 3

gr¡q_gpg.p}.

The stand.ard incubation mlx contained. in 0.05 mls 40 mM

Tris-acetate, pH 7.6¡ 30 mM magnesium acetate; 0.3 M KC];

50% F/v) methanol,' 0,18 mg ribosomes'. 0.67 pmole UpåÉpCpA.-
?(¿,c-r,-["u]teu); and L ¡rI crud,e cpcpA prepared as described

above. After incubation at Ooc for t h, tt¡e mixture was

electrophoresed for 90 min at 60 voLts/cln on Whatman 3 l\ît-l

chromaÈography paper in 10% acetic acid, pH 2.4. Under these

conditj-ons, Uph¡É¡Êp¡t- (Ac*¡- [3r¡]Leu) would. not have any

charge, and, would remain at, the origin, while cFpA- (ec-l-
a
["HJt-eu) would, have a charge of + L. Thus the appearance of

radioactive material which moved toward the cathode would

ind.icate that exchange had taken place. The elect,rophoreto=

gra¡n !ùas dried and cut, into 1 cm strips whÍch were counted, ln

2 ml toluene scint,illation fluid. In an attempt to find an.

exchange reactÍon, conditions were waried. over tt¡e folloiving

ranges z 4 - 300 rnl'l magneslum acetate; 40 nM Tris-acetate,

pH 7, 8, 9, or sodium hydrogen maleate, pH 6, or sod.ium

cltrate / narHPonr pH 3, 4, 5,' 50% (v/v) metJranol-, ethanol,

or acetone,' 2 - 400 mM XCI; 0 or L.26 mM 3-Phenyl-propionyl-

Pan.

Àttempted, Isolation of an Ac-r.,-[3n]r..o -ribos Intermediate.

The standard incubation mlx contained in 0.15 ml : 0.4 M

KCI; 20 mM magnesium acetate; 20 mM Trls-acetate, pH 7.6,'

33% (v/v) metltanoli O.Lg mg E. ggl¿ ribosomes; 0.67 pmole

cpA¡É¡ÉpA-(Ac-r[3n]r-eu) . Control reaction mixes cont'aj-ned'

no ribosomes. After 20 min lncubation at Oo C, the products

were assayed by tvuo different mett¡od,s.

(a) Total precipltation of riþosomes.

Àfter incubatlon, 50 pI of 10 mg/mL yeast Rl.TÀ was ad.ded to
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the míxture, and. the incuþatj-on lmmediately stopped with

1"0 rnl cold 20:¿ TCÀ. The mixture was left, at 0o for 30 min,

after ruhich tire prescipitated macromolecules (proteir: and

RNA) were colLected. on Wt¡atman CF/i¡,, glass-fibre filter dlscs.

The filter d.fscs were washed. with 4 x 5 ml coi-d 5% lCA and,

2 x 2 m-l cold ether, dried, and. counted in 2.0 mI toluene

scfnt,iLtation fluid.. Any radiact,Ívity above t,hat in cont,rol

ex¡reriments would. ind.icate the presence of a covalent,ly

bound acyl-enzyme intermediate.

(b) Separate preci-pitation of RlrA and pi:otein from

incubated ribosomes.

After íncubation, 50 pI of L0 mg/ml yeast RId"\ was added,

and the incubation was stopped, by adding 0"4 ml 0"3 ivl

magnesium acetate in glacial acetic acÍd. After 30 mÍn at

Ooc, the RlüA precipitate was collected by centrifugat,ion at

1?rOoO g for t h at, 4oc. The supernatant, (containing

ribosornal protej-ns) was poured off and stored. at ooc. The

RIïA pellet was resuspended ín 0.3 M mag¡nesium acetat'e in

glacial acetic acid. at OoC, and. the precipitate was collected

on Gf,/A fll-ter d.iscs und.er red.uced pressure. The discs were

washed wlth 3 x 2 mL cold O.2 M magnesium acetate in 67%

acetic acÍd, 33?/o HrO (by vol. ), and tÏ¡en rinsed. with eold.

ether. After dq¡ing, tt¡e filters were counted ln 2 mI

toluene sclntillat,ion fluid..

The ribosomal proteins in the supernatant of the acetic

acid extraction were precipitated, after ad.dit,ion of 20 ¡rI

20 mg/mL BSA as carrier protein, witJr 2.0 mI 20% M^. After

30 mÍn at OoC, the protein precipltate vJas collected on

cr/A glass-fj-bre fllter discs and washed. with 5 x 5.0 mI

5% W and 2 x 2.0 ml cold. ether. The fllters were d.ried

and counted in 2.0 ml toluene scl-ntll'Iatlon fluld'.
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Vari-atlons from the standard incubat,ion mi¡c l¡rere !

20 mM glycine -HCl, pH 3, or sodium acetate-acetic acid,

pH 4 or 5, or sodíum cacod.ylate-HC1, pH 6 or 7, instead of

Trls-acetate, pH 7.6¡ and additfon of either L.25 mM

3-pireny)--propionyl-Pan, L.25 mlvl puromycin, 1.0 mM chl,oram-

phenicol, or 0,1- mM sparsomycin (i.e. Ar-sÍte specific

substrates).

RESULTS ÀND DISCUSSTON

The flrst experirrrents i.tof.r.a optj-rnÍzatÍon of tt¡e

Pr-site þinding of the donor substrate CP.pCpCpA-(Ac-f,*
2

['U ]t eu) so that the ma:..imum opportunity was given for any

formation of the aminoacy]-ribosome intermediate. The

Pr-site binding assay described. in Methods is a d.ifference

ês-s¿y which does represent donor substrate bincling, since

the addition of 1.0 mM spiromycin, a known inhibitor of,

donor subst,rate binding to the P'-site (oleinick and

Corcoran, L97C; Pestka, L974; lai et aI., I974), reduced.

the counts,/min present in the ribosome pe1let by 7 O%"

The optimization results are shown in Fig. L0.

lncreasing the ltg# concentration from O.OO5 l,l to O.O5 M

resulted. in an increase in fragment bj-nding from L7% Eo

34%. Further increasing the ug# concentration to 0.3 M

had litt,le effect on the binding. Increasing the K+

concent,ration from 0 to 0"02 M lncreased the binding from

24% to 34%. Further increasing the Kf concentration resul-t-

ed in a decrease in the amount of fragrnent bound to the

to the ribosomes : at 0.2 M x+ Ít had dropped. to 2B%o

v¡hlle at 0.42 l'4 it wás L5%. However, it appears that

á wlde range of K* concentratlons had. only



FTG. l-0: lrhe effect of varying Mg#, x+ and pH

and the addÍtion of tRI{A on the binding of

cÉpcppA- (Ac-i,- [3n] Leu) to the P ' -s ite ot'

peptldyl t,ransferêsêo The st'andard react'ion

mixture described in MaterÍals and Methods was

used except for the component under st'udy. The

% of cpApcpcpA- (ec-r [3H] r,eu) bound. to the

ribosome was determined' as described ln

Materials and. Methods.
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a small effect on Pr -site binding of the donor fragrnent. At
pU levels betr¡¡een 3 and 7, the arnc¡unt of binding rerneined.

essentj-ally constant, at betr¡,een 332å and. 39%. Horvever, êil

higher pl{ values, the }evel of bindj-ng decreased until, a{-

pFI 9, onl-1r L2% rem¿ined bouncl. This decrease at high pH

values may also be partly d.ue to hydrol.ysÍs of the clonor

fragment. J\t, OoC, tRl.-lA Ìrad no effect on Þ'-site binding of
cpApcpcpn-(Äc-L- [3ta]r,eu). However, at 37oc, binding of
fragment was red.uced. by 507á at, the higher concentrat,ions

of tzu{A. Ttre amount bouncl to r.ibosornes ir¡ the absence of
Liì]rA at 37oc was lower than at, Ooc. At Ooc. it appears

that tRNA could- not enter the P'-site v¡Íth any effÍciency,

and tllus subsequent experiments with tRlrEr lvere done at, a

higher temperature. Ethanol was found. to promot,e bincling

of fragrnent sj.milarly to methanol. Hor^¡ever, acetone

precipitated tl¡e fragment,, wtrich prevented j.ts testing in

the Fr-sÍte bj.nding assay.

In general, a wide variat,ion in conditions had minj¡ral"

ef fect on P' -slte bincling of cpApcpcpg- (ac-r,- ¡3H]t eu) .

Variat,ions in concentratj.ons of Ug# from O.O2 M to 0.3 M¿

in K+ from O.OL M to O"42 M, or varying the pH in the range

3 to 8 only gave a change in t-h¡e % bÍnding from 26% to 39?',.

Tlrus a wid.e range of conditions can be used to try to find

those condÍtions stabilising the peptidyl"-rj.bosome inter-

rnediate with a minimal effect. on the level of binding of

donor fragiment to the Pr-site of the riJcosorne.

gynthes j-s and Properties of 3-Phenyl ionvl-Pan a

It is possible tha{: the À'-site of pepticlyl transferase

may have to be occupled. before any reaction can occur
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between the donor subst,rate and the ribosome to form the

aeyl-enzyrne intermeclj.ate. To check tiris possibi-1ity, it,

hras desiraþIe to have an analogue of aminoacyl-tRNlÀ which

would bincl efficiently to the Ar-slte, yet, not accept the
2

Ac-L-["H]leu from the donor substrate. one possible

analogue was 3-phenyl-propionyl-Pan, which is a structuraL

analogiue of the ant,ibiotic puromyci-n and. which does not

cont,aj.n theot-l{i{, group of puromycin that accepts the donc,r

substrate during peptid.e bond formation. To test its

ability to enter the Ar-site, 3-phenyl-propionyÌ-Pan was

used as an ínhibiLor of the fragrment, react,ion of Monro and

Irlarcker, (L967 ) as descríbed in Methods, and tbe results are

shown in Fig. 1l-. The graph shows that at 1.75 mM,

3-phenyl-propionyl-Pan caused a 50% inhibition of the

fragment reaction usihg 0.35 nrl,l puromycin. Thus,

3-phenyl-propionyl-Pan effectively bind,s t,o the Ar-site

and. inhibits the fragrnent assay. If puromycÍn was replaced

by 3-phenyl-propionyl-Pan in the fragntent reaction, Do

product at all was obtained,; 1.e. no peptide bond form-

ation occurred. Thus 3-phenyl-propionyl-Pan enters tìe

A,r-site, but, as expected, ca.nnot accept Ac-L- [3u]r,eu.

Exchanqe of Ac -L- [3Hlr,"r, from coApCpA- (ac-i- 3slr,o,r) t-o tRt'IA

Init,iaL experiments to find eviclence for an acyl-enzyme

intermediate involved attempts to find exchange of ec-r,-[3H]

Leu between CpApCÉpA and tRIIA (see Fig. 5). First'Iy, it

was necessat1f to devlse an assay method which couLd

efficiently separate cpApcFtrA-(Ac-r [3H]Leu) from any
?

Ac-I¡-[-H]f,eu-tRNA which may be formed', and pnAE-cellulose

paper chromatography as d.escribed in Me'bhods above

successfully dld tltis.



FIG. L1¡ Inhiþition of the fragrment react,Íon by

3-phenyl-propionyl-Pan. fhe % inhlbÍtion of t-tre

fragment reaction by varÍous concentrations of

3-phenyl-propionyl-Pan was determined as described

i.n Materi.als and Methods.
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rn all exclrange assays under the various condit,ions

describecl Ín i'iettrods, a bacligrouncl level of zo counts/min

waìs found at the origj.n, ',vhich r¡as also present in ¡ninus

ribosome control assays,- ine. no exchange had- tal<en place"
a

Ac-

cpcp4"

Since unanrinoacylatecl tRNA did. not appear to be an

effici-ent inhibitor of the p'r -s-tte binding of cpÈ,pcñpÀ-
2(ec-f,- ["n]f-eu), particular]y at 1ower temperatures (rrig.10) ,

j-t was thought, that, a small 3'-terminal fragment, of tRIrrA,

may be more efficÍent aL hinding to the pr -síte of the

ribosome. Thus c¡É¡rA was partiarry purified as d.escribed

in Method.s, ancJ used in the exchange assay in place of
TRNIA.

To essay for any exchange of Ac-L-[3u]r*., which may have

occurred. between UpA¡fpCpÀ and CpCtriA, high volt,age paper

elect,rophoresis at pH 2.4 was used as d.escrj-becl in Method.s.

using the various conditions described in lrrethodsr the

raclj.oactive profile of the electrophoretograrn remainecl the

same in arl cases (rig. LZ), incrud.Írrg cont,ror reactions

which did. not cont,ain ribosonres. No significant new

radioact,ive peak appeared under any of the conditions used,

once more indicat,ing no exchange had occurred.

ïso tion of an 3
i-ate

Due to the failure to observe any exchange reacticn, a

ne!ìr approach involving an attempt to isolate the pept,iciyl-

ribosome complex was tried as described in l.lethods. The

rationale behind these experiments was first.Iy to incubate

the d,onor sr¡Jrstrate cpApcpcpA- (Ac-L- [3HJleu) vrith ribosomes

L-



FTG. ]-2z Electrophoresis of UpApcpcPA- (ec-l-

[3uJletr) and reaction mixes used' to assay for

ribosome catalysed excÏrange of Ac-L- [3tt]rcu

from upapcpctrÀ-(ac-r,- [3H]leu¡ to cpcpÀ as

described in Mat'eríals and Method,s. Samples

were electrophoresed' on Whatman 3 MM paper in

10% acetic acid, pH 2.4, for 90 min' at 60

volt,s,/cm. The electrophoretogram was d'rj'ed, cut

into 1 cm strips, and counted in 2 ml toluene-

scintillation fluid,
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su.ch that a snia1l proportion of ti:e Ac-L-[3*]t,etr míght be

covaleut,ly aLtached to tlhe ri,bosorne if the intermediat'e

does exist. Lf, the ribosotnes are tben ,olaced j-n an

environment v¿Ìiere t}.ey are inst,ant,ly denatured, the acyi-

protein or acyl-RI{A complex may remain int,act and thus allow

its detection. This type of approach was used by Bal1s and

Wood., (1956) to isolate the acyl-enzyr e interrnediat'e of

chyrnotryps j.n.

Once again, hov¡ever, under aII conditj-ons used', (as

described in Methods), no radj-oactivity became associated'

v¡j,th Lhe ribosome. Neíther the precipitated" totaf ribosomes

nor the separately precipltated ribosonral proteins or RI{A

were laþelled to any significant, extent. Various anti-

blo.bics (e.g. puromycin, chlorarnphenicol, and sparsomycin)

and 3-phenyl-propionyl-Pan were used. in these experiments

ín the hope tkrat the binding of the-se molecules to the

Ar -site rnay enhance formation of the Íntermediate. llowever'

all" had no effect.

Thus aII three approaches used. to find. evidence for a

peptidyl-ribosome intermediate \^tere unsuccessful. Holvever,

this in no way proves tùat the j.ntermediate does not exist.

It may be that it only exists transiently, and. may be very

unstable, such tÏ¡at ttrese experiments could never observe

its presenceo

General Conclusions

The experj¡nents descrÍbed. above have not provid'ed any

evj.dence for an acyl-ribosome j-nternred'iate occurring d'uring

peptide bond formation. Desplte a r,vÍde variat'ion 1n the

condltlons used 1n fåe experj¡rents (e.g. 5 3OO rnt{ Mg#,
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l-

O - 0.5 Þ1 I-, pH 3 9) and the addition of compoun¿s

whj-ch could possibly enhance the formation of such an

lntermedlate (e.g. methanol, ethanol, P9IY (U), and' \¡arious

antibiolics or theÍr analogues which blnd to the A¡-site),

neither the exchange of Ac-L- [3n]f*r, betvseen tr,tro different

P.-site suþst,rates nor the isolatfon of the acyl-ribosome

complex was observed.
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J-!FtrJ:I'{I'1Y ï.R.BËLLING OF R¡rT LTVER RIBOSO} ES BY BA.P-PÄIV-PI{E

ÏNTRO])UCTÏO\T

Previous work by Harris e! .11., (L973) and. Greenvrell

e,! e.f " , (I97 4) in this Laboratory shovrecl that the chemically

reactive analogue of purornycj-n. Bap-Pan-Phe, blnds covalenl:Iy

to E. çolt ribosomes in the actÍve sÍte of pept.j-d.y} trans-
ferase. fhj-s covalent attachrnent, was found to be specific

for 23s- Rlç\. This chapter describes work done to fj.nd. Íf
tl:e same analogue lrras also an affinÍty label of rat, L-ì-ver

ribosoraal pept,iclyl trar:sferase, ancl if so, to id.ent.i.f1r 'Lhe

compouents of the ribosorne rvhÍch v¡ere bound. to the affÍnity
Iabe1.

MàTERTÀL9 AT.Ð I\IETI.TCDS

llgterigÞ.
2

["u]purornycj-n (Specifíc aci:ivity 3.7 Cí/m mol) was

obt,aj-necl from The RadÍochemj.cal- Centre, ê.mersham, England.

Sigma ChernLcal Co. supplied. DTE and L-Phe.

Buffer solut.ions r¡rere as follows:

Solut,ion A: O.2 14 sucrîose, 0.L M NH4C1, 5 ml{ magnesiun

acetate, 1 rnt"l DTE, 20 nM TrLs-HCl, pH -l .5.

Solutj.on B: as in solution A except with 0.7 M sucrose.

Solution C: as Ín solut,ion A except, lvith 2 M sucrose.

So1ut,ion D: 10 mM Tris-acetate, ptl 7.2¡ 5 mtl magneslurn

acetate, 50 rnlul KCl.

Prep-aratiorn of Rat ,Liv_er Ribqsornes.

Ribosomes vrere prepared as d.escribed in Chapter T"r,ro.



Pre¡:aration of Donor Substrates.

The clonor suþstrate CpApCi:CpA- (¡rc-t- [

preparecl as describecl in Chapter T\¡o.

3r: 
]r,..r)
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\¡IaS

Àct'ivitv of Rat T,iver Ribosomes -

The reaction mixture vlcìs essentially that of Monro

and l4arcker, (1967 ) as mod'ified by Greenwel-I et gI,,

(L974), and contaj-ned. in 0.05 ml : 0.05 mg riirosomes,

O.67 pmole cpApCpcp¡r- (.ac-r'- [3n ]rcu) , 2 mM puromycin,

40 mM magnesiurn acetate, 0.4 M KCL, 50 mM Tris-ÍIC-l,

pH. 7.2, 3oi1 (v/v) methanol. Àfter i.ncuba'Lion at Ooc

for O - 40 mi.n, reactlons $¡ere stopped' wlth 5 pl 3t'I NaOH,

and. the mixtures incutrated at 374 c for 15 min t,o

hydroJ.yse any Ac-L,-[3Hlrc.r-methyl ester which fornrs

during the assay. Then 0.1 mI 0.2 M NaHrPOn, pH 5.5,

saturated with Mg SOn was addecl, and the reactlon produc!

extracted into 2 mI toluene scíntillant' / eütyl- acet'ate

(4 : 1 by vol. ) by vortexing. The samples were then

counted, j-n a Packard liquid scint,illation spect'rometer.

Effect, of Ribosome Concentration on the Fragrnen t Reaction

The react,ion mixLures and assay methods l/¡ere the

same as d,escribed for the activity measuremenÈ above,

except that O, 0.01, O.O2, 0.05, or 0.1 mg ribosomes

vrere used., and samples were incubatecl at Oo c for 30 min.

PreÞetration of Affi nitv Label

BotÏ¡ [32" ] - Iabelled and. non-radioactive Bap-Pan-Phe

were prepared bY Dr.

by Greenwe]l g! gI.,
R.H. Symons essentj-a1Iy as described

(r974).
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i\ff inity Lah¡elIìnq of RÍbosoines, ancl Protectj-on ]:y

Pq qqgyc.!n.

IncuJ:at,ions contained in 0.05 ml. : 0"1 2 rnt"I Bap-

Pan-Fhe, 40 n'M nagnesium acetate, 0"3 l'1 KCI, 40 rfll''l

NarCOa ad.justecl to pH 8.8 with NaHCO3, and 0"25 mg

rat liver rj,bosomes, l{here indicatecl, 3 ml4 puromycin

was al-so adcled.. After L8 h at, 27o Ç, the ribosornes hrere

precipitated at OoC by a solutj.on containing 40 mM

magnesium acet.ate, 0.4 M KCl, 50 mM Tris-acetate, pH 7.2,

and. 30% methanol (v/v). The ribosomes vrerîe coltected by

lovl-speed cent,rifugat,ion, and resuspended. in 0.05 ml 50 mM

Tris-IICI, pH 7.4, 2 nM magnesium acetate, 10 mM i(CL. The

precipitation cycle r,ras repeated a further 3 tiures, and

the ribosomes were then test,ed for activity j-n the fragment

reaction as clescribed. aboveo

Ki of Bap-Pan-Phe in the Fracrnent ReactÍon

The reactÍon mixture containecl in 0.05 mI

magnesÍum acetate, 0.4 l',1 I<CI. 50 mM Tris-ilcl,
(v/v) nrethanol, 0.1 mg ribosomes, either 5 x

: 40 ¡ruY

pÈI 7.2, 30/"

-^10 'M or
-q -ç, -<5 x lo-rl"t purornycÍn, and either 2 x 10-1"1, 5 x lo-rM,

l-o-4!t, 2 x 1o-4i¿, 5 x 1o-41t, or 1o-3tl Bap-pan-phe. The

react,lons $¡ere assayed. as described above for the fragrment,

reaction, and the results expressed. in a Dixon ploi;,

(Dixon, 1953). when the graphs "t + ( # ) agai.nsÈ

concentration of Bap-Pan-Phe at both puromycj"n concen-

t,rations have been drawn, the Ki of Bap-Pan-Phe can be

found from the point of intersect,ion of the two lines

correspond.ing to the two dif ferent purornycin concentrations.

Attern'ot,ed Trans fe r of Àc-L- [3ul r.".. f,rom C:oAr¡Cr¡Crr\-

(ae-¡,- [3u'l ) to Àffinítv Labell R i l'rosomc s

Ribosomes were incubated wità Bap-Pan-Phe and washed by
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precipitation as described above. The transfer react,j-on

mix cont,ained in 0.075 ml ¿ 40 nM magnesium acetaLe,

0"4 M KCI, 50 mM Tris-acetate, pH 7,2, 60% methanol (v/v),

6 pmote CpApCpCpA- (Ac-r* [3n]r.eu) , and. O.OZ mg af f inity-
]abelled ribosorTìês,: After 3.îrat, 37oC, 0.02 m} 20 mg/ml

BSA was added., and the macromolecules were precipit,ated

witt¡ 2 ml cold tO% (w/v) TcA. After 30 min at OoCn the

preclpit,ate was collected by low speed. centrifugation.

The pellet. was washed. by red.issolving in 0. L5 mI 0 " 1 N

NaOH, and then reprecipitating with 10% TCA. This

wasiring was repeat,ed a further three times, the

final pellet was dissolved in 0 r2 mI NCg. solubiliser in

2 mI toluene scintil-lation f1uid., and the final mixture

$ras counted for bound radioact,ivity rvíth a cottnt'ing

efficiency of 25% (determined by counting a knor,¡n amount

of [3u]toluene sLand.ard under identical cond.itions).

IdentifÍcation of Rlbosomal Components LabeÌled with

Bap-Pan-Phe.
aa

Ribosornes were affinity labelled with ["p]Bap-Pan-Phe

and r^¡ashed. as d.escribed above except on a four times

larger scale. ÀIiquot,s (10 pl) of the affinity labelled

ribosomes were t,aken for dete¡rnÍnations of (1) È260, to

calculate tìe rj.bosome concentrat.ion, (2) peptidyl

transferase actlvi.ty (fragment reaction, as d.escribecl

above) to find the extent, of affinity labelJ.lng, and

(3) radioactivity, by di.ssolving Èhe sample j.n 2 mI

tctton/toluene scint,illation fluid to calcul-ate the

stolchlometry of labelling.
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The rernaining [3t*] affinity labetled. ribr:somes rnlere

fract,ionated j.nto protein and rRNA as follovrs to allot¡

detenninaÈj.on of the dist,ribut,ion of affiniby Jabel. The

rlbosomes were mixed with I25 pmole unt.reaLed rì"bosomes,

and.2 volumes of 0.3 I'1 magnesium aceÈate in glacj.a1 acetic

acÍc1 was added to precipitate RIüA (fale.schmid,t and ï-littmann,

]g72). After l" h at, OoC, the precÍpitate was collected

by centri-fugat,ion at 17,OOO q for 45 min at, Aac, The

supernatant, which contained ribo.soinal proteins, btas

poured into tubes and storecl at, 4oC., v¡hile the Rl{.{ pellet

was resuspend.ed in 0.2 mI 50 mM Tris-i{cl" pH 7 "4, 2 nM

magnesium acet,ate, 10 mM KCl. The RNA was again pre-

ci¡:itated ancl coll"ected as above, and the supernatant dis-

carded. Excess liquj-d was removed from the pe1let wÍtir a

strip of Whatman 3 MM chromatography papetî' the pellet,

vras resuspend.ed in 0.2 mI 0.5 M Tris base (to neutralfse

excess acetj.c acid), and the Rl{^A. was jr'runed.j-ately p::e-

cipitated wfth 0.5 ml cold. ethanol. After L6 h at -15oC,

the RI{lÀ was collected by centrifugaËÍon at 12r 000 g for

30 min at 4oc, the supernatant was discarded, and the

peÌlet, dried u-¡rder vacuurno The resj-due was dissol-ved in

0.05 mI 0.1 rM EDTfi, pH 6og¿ and 5 pl alÍquots werîe

taken for e-ither (1) LZOO readings to compare the amount

of RN?r in various samples, or (2) measuring the radio-

act.ivity bound to Rl{À follov¡ing solubilisÍng in 0.5 mI

EríEon,/toluene scintillation f luid.

Ribosomal proteins, cont,ained, in the supernat,ant from

the first acet,ic acid precipitation abbve, I¡rere precip-

it,ated wit] 2.O ml cold 20% TC¡\. After 30 min at OoC,

the precipitate was collected by low speed centrifugation.
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The supernatant was discard.ed, and the pelret, was iuashed

with 1.0 mI ethanol,/ebher (f ; l by vol. ). The pelJ.et

!^/as recentrifuged, at row speed, the supernatant, poured,

of.f, and, excess li.quld removed. from the pellet, by a st,rip
of tühatman 3 MM chrornatography paper. The pellet, was

redj.ssolved. in 0.1 mM EDTÀ, pH 6.9, and. 5 ¡rl aliquoÈs

hrere dissolved. 1n 0.5 ml ErlEcsn/toluene scintlllation
flu1d for measurement of rad.ioactivity bound to the

proteins.

P re!_a_ra t iorl_o E _P c lys olrìe s .

Polysomes were prepared from rat l"j.ver essent,ially

as described by Pestka g! a_I. , (1972). Lj.vers fro¡¡

overnÍght, starved rats hrere rinsed three t,imes in 0.85%

(w/v) NaCl, mj.nced with scissors, and. homogeniseci. ín a

Potter-E1vehJem glass homogeniser using 3.0 ml of solution
A per g of lÍver. The Ï¡omogenate was centrÍfuged at,

15, O0O g for 15 min at 4oC. To the supernatant was

added. IO% (vt/v) sod.lum deoxycholate 1n 50 mM Tris-Hcl,
pH B.Q to give a fj.na1 concentratÍon of L"3% deoxycholate.

Àliquots (5.5 mI) of the solution were layered onto 2"0 ml

solut.Íon B which had, been layered onto,2.0 mI solution C

in L0 ml Beclcmann TÍ 50 polycarbonate tul¡es. The tubes

vlere centrifuged. at 90, OOO g for I h at 4oC. The super-

natants were discarded, the polysome pellets !{ere each

rinsed with 2.0 mI solution Ð, the lfquid removed., and

the pellets then suspended in 0.25 mI solution Ð. The

solutions v¡ere combined and cleared of any aggregated,

material by centrlfugation at,12rOOO g for L5 mln at AoC.

The supernatant, containing polysomes¿ wês stored in liquid
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nÍt,rogen" Assunring that at 260 ruT¡, the ribosome d.at,a of
A 1n"* = L4O (Petermann, Lg7t) is also applÍcable to
polysornes (since by far the majority of any ilZOO readings

wouJd be due to ribosomal RNA), a yield of 66 mg of
poly.sornes was obtained from 34 g of rat, liver.

The polysomes hrere analysed. on 15 30% sucrose

gradlents by layering 0.56 mg polysomes onto ttre graclients

whj.ch \^rere then centr-i"fuged at, 40,000 revs,/min in a SW 4L

rotor for 45 mj.n. Tì're grad.ients were then anallzsecl on an

Isco fractionator to give the profÍIes shov¡n Ín FÍ9. 13,

which show that polysomes containing up to L4 r.tbosomes

may be present in the sample.

Act,iviti¡ Àssay for Polvsomes

The assay, whictr measure" I3t]puromlrcin-peptid.e formation,

was essentj,ally that of Pestka et 4., (tO7Z¡ . The

incubat,ion mfx contaj-ned in O.1 ml : 5 mM magnesium ace'h,ate,

o.5 M Kct, 50 mM Tris-acetate, pH'l .2r 6.5 x to-6 l¿ [3t¡]-
purornyci.n (spec. âct. 595 nÊ"/ m mol ), 0.16 mg polysomes.

Àfter incubat,ion at 37oC for 1 min, Lhe reaction was

stopped by the add.it,ion of 2.O ml cotd ]-O% (w/v) TCA.

The mixture was teft at OoC for 30 min, and, the precipitate

bras collected. on What¡nan GE/e filter dj-scs, washed. with

3 x 5oO ml cold 5% TCA, and. stirred. in 1% (v/v) HCI in

eLhanol. The filters hrere tÏ¡en dried, and the radloactivity

measured by adding 2.0 mI toluene sclntillat,ion fluid. and

countlng"

Kin For Puromycip On Ppl¡¡so¡tes.

The reaet.ion mi;ctures cont,ained. fn 0.1 ml : 5 mM

magnesium acetate, 0.5 M KCl, 50 mM Tris-acetate, pH 7.2,

O.24 mg polysornes, and. elther 6.25 x 10-6 ¡t, 3.725 x 10-6 M,



FIG. 1.3_i Sucrose gradi.ant of rat lj-ver polysomes.

polysomes, prepared as described in Materlals and.

Methods, were cent,rlfuged in a L5 30% sucrose

gradlant and the, gradiant was then fract'ionated

as described 1n Materials and Methods.
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1"25 x 10 M-6 or 6"25 x to-? t-l

58.

[3n J-p.lromycín (spec.a act,

and595 nci/mrnol. ) . The reactÍorrs vtere assayed. as above,

the results expressed, as a dou]¡le reciprocal plot of
11
V vs gd

I(Í of Bao-Pan-Phe On lvsomes a

The reaction mi;rture contalned in 0.1 ml :0"5 M NCl,

5 mM magnesium acetate, 50 mM TrÍs-acetate, pH '1 n2, 0.16 mg

polysomes, eitùer 6"25 x 10-6 u or 6.25 x to-? tl [3n]-
puromycln (spec. act' 595mCi,/r'nmol.), and eit'Ìrer 2 x 1o-4t.'t,

-A -q -5 -5lO--M, 5 x 1o-" M, 2 x Lo - M, or 10 - M' Bap-Pan-Phe.

Determination of [3H]puromycin-pept,ide format,ion was carried

out as d.escribed above for the polysome assay. The results

vrere expressed. in a Ðixon plot, (DÍxon, 1953).

RESULTS AND DTSCUSSTON

Peptidvl Transferase Act,ivity of Rat, Liver Ribosomes

The pept.idyl transferase act.ivity of rat liver

rÍbosomes was assayed using the fragment, assay, whích

is based on tÏ¡e format,ion of Ac-L- [3H]leu-puromycÍn from

the react,ion between puromycin and the donor subst'rate

cpþrpcpcpA-(Ac-r[3H]r.eu) in ttre presence of ethanol (to

promote P-site binding on the rÍbosome) " The act,ivíty

nas essentÍally linear up to the maxima] lncubatlon tj-me

(40 min) and. rlbosome concentration (O.t mg) tested

(tr'Íg. 14). All further v¡ork described in tt¡is chapter

involved. incubation ti.mes or ribosome concentrations within

thls linear range. ,



FIc. L4¿ The effect of tj¡ne of incubation (A) and

ribosome concent,rat,ion (B) on the extent of peptidyl

transferase activity as measured by the fragment

reaction. the format,ion of Ac-r,- [3H]i,"u - puromycin

vras rneasured as descrÍbed in Materials and Methods.
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The preclpitatlon meLhod, used for washing Bap-)?an-phe

t,reated E. qolj ¡:lbosomes (HarrÍs et al., L973; Greenwell

et, al", 1974) caused extensive (almost 100%) inactivation

of rat liver pept,idyl transferase as measured by the

fragiment reaction. I{oweverr âo a}ternat,ive washlng meLhod.

using fragiment, reactÍon condÍtions (SOy. Iv/vl methanol and

appropriate sal"ts as described in Method.s) vüas found. to

give quant,itative preci.pÍtation of ribosomes with no loss

of activity.
Extent, of Affinity Labellinq of Peptid.yl Transfer¿rse by

Bap-Pan:-Phe, anq Protegti.on bl¡_Purgr-nvçig.

Àffinity labelling by Bap-Pan-Phe can occur either

specifically at peptidyl transferase following bindÍng

to the act,Íve site, or non-specifically to any reactive

group on the ribosome. Î.he addition of puromycin during

afflnit-y labelling would decrease the former (by direct

compei;ÍtÍon for peptidyl transferase) but, have little or

no effecL on the latter. Determination of the extent of

affinÍty label-I.tng of peptidyl transferase can be

conveniently follov'¡ed by ttre fragment assay. In simple

termsn an affinity label covalenÈIy bound to the act,-ive

centre of peptidyl transferase prevents the entry of

puromycin and thus lowers o"o13"]teu-puromycin fornrati,:lnn

The results of tre.¡tment of rat l1ver ribosomes with

Bap-Pan-Phe both Ín the absence or presence of puromycin

are shown in Table 7. Although treatment of the ribosomes

with the affinity label caused. inhÍbit'íon of peptidyl

t,ransferase activity, protection against this inactj-vatÍon

bras only obtained at high concentratlons of puromycin;



Table 7 c The extent of affinity labeIling of rat
Liver rÍbosomes (%) at various concentrat,ions of

Bap-Pan-Phe ln the presence or absence of

puromycin, measured by the l-oss of act,ivity
of peptidyl transferase in the fragment reaction

as desc¡:Lbed in Materlals and. Methods.



ConcentratLon of Bap-Pan-Phe (mU)

0.1 0.5 I 2

No puromycin

3 mM puromycfn

% protection by
puromycln 50 22

22

11

40

31

65

55

78

72

15 I
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ênÇ. 3 mM puromycin gave 50% protect,lon from the in-
activation (22%) achieved by 0.1 mM Bap-Pan-Phe, but

only B% protection when 2 mM Bap-Pan-Phe was used.

(78% inactivat,lon). AIso, compared to the resul-'b.s of

Greenwell et gf., (tgl+) witJr g. c.ol¿ rÍbosomes, flve

times higher concentrations of Bap-Pan-Phe vÍere necessalaz

to produce sj¡nllar inactivation of peptÍdyl transferase

with rat liver ribosomes. This poorer reactlon rate,

t,ogether with tt¡e inability of puromycin to effect,ÍveJ-y

protect against, inactÍrrat,lon, suggesÈed that Bap-Pan-Phe

may be inhiþ1t,ing peptidyl transferase non-specÍficalIy"

To test if non-specific inhibit'ion of pept'idy1 trans-

ferase by Bap-Pan-Phe was occuring, tvuo experiment,s wer:e

done. Any affinity LabeL covalently bound to the Ar-site

should act as an acceptor substrate (fig. 15) . Ind.eed.,

Harris * gI,, (197 3) and creenwell e! il. , (197 4) have

shown that Bap-Pan-Phe, covalent,ly bouncl to E. 99Àå

peptÍdyl transferase, will act as an acceptor subst,rate.

Therefore, affinity labelled rat liver ribosomes were

incubated with the d.onor fragment Cp\pCpCpA.=(Ac-L- [3H]i=rr)

under fragment, reaction condj-tions. No Àc-L- [3nJleu w.rs

transferred to rlbosome - bound affinity label. This

lndicê.tes that little, lf any, Bap-Pan-Phe 1s correctly

bound to the Ar-slte of rat liver peptidyl transferêsêo

Secondly, the Ki for Bap-Pan-Phe was d'etermined' in the

fragment reaction as described in Methods. The extremely

poor lnhibltion by Bap-Pan-Phe made an accurate value for

the Ki lmposslble to obtain. Howeverr êo approximate KÍ



FIG. L5: Schematic representation of the reactlon

occurring between CpApcpcpa-(Ac-L- [3H]leu) In the

Pt-sÍte and covalently bound. Bap-Pan-Phe in t'he

Ar-sÍte of peptidyl transferase.
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-3of 4x 1,0 M was obtafned. (data not. shown), thus

dernonstrat,lng a very Lovr affinity of Bap-pan-phe for
pept,ldyl transferase. The above results show that
Bap-Pan-Phe ls a poor affinity label for the Àr-site of
rat liver peptidyl transferaseo

The Ribosomal Compqnents la.belled. With [32p]Bap-Pan-Phe.

The lac]< of specì.ficity of Bap-Pan-Phê v¡as further
emphasised. by the use of [32n]affinity label, which gave

a stoÍchiometry of approximately 40 affÍnity label moLe-

cules bound. per ribosome. No protect.ive effect. of
puromycin on this labelling was detected. Of the t,ot,al

bound rad,ioactive labeI, 93% was attached to ribosomal

proteins. The small amount of affinity l-abel attached

to RÌ{A was due to non-specific labelllng, since affinity

IabelJ"ing in the presence of puromycin gave no reductÍon

in the leve1 of binding of P2"lBap-Pan-Phe to the Rtr14.

ThÍs contrasts with the speclfic (puromycin protectable)

labell.ing of E. coll 23S rRNA by this sa¡ne affinity label
(Harris et alo, 1973; Greenwell et gI., L974). Due to

the low affinity (high Ki) of Bap-Pan-Phe, it was

necessary to use hlgh concentrations of the affinity label

to ensure a hlgh level of binding t'o peptidyl transferase.

Ttrerefore a high level of non-specific protein labelling

was unavoid,able.

Krn of Puromyc in and Ki of Bao-Pan-Phe with Rat LÍver

Polysomes.

Pestka et, al. , (1972) shor^red that puromycin had a

much higher (approx.. 100 tlmes) affinity for mammalian

polysomes than for rj.bosomes. It was anticipaLed, that,

J.f Bap-Pan-Phe had. a similar large lncrease in affinlty
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for rat Lj"ver polysomes compared. to salt-washed ribosomes,

then affinitl' ]abeIllng mighÈ be more speclfic; Í"e. it,

shouLd be possible to use lorver concentrat,j-ons of Bap-Pan-

Phe and therefore lncrease tl.e ratio of specÍfÍc to non-

specific labe1ling. Subsequent, identification of specifically

Labelled species may then be possible.

The iniÈial characterj-sation of the [3n]puromyci-n

medj.ated. peptid.e release assay usÍng rat liver polysomes

containing nascent pept,idyl-tRl[\ shor^red that, ].3.1 pmol / mJ,n

of peptidyl- [3H]puromycin was formed per mg of polysomes,

which compares favourably vrith the resul-ts of Pestka gþ 3I.,
(L972) for si¡n1lar levels of polysolnes. The I(m for

puromycin deduced. from the double-reciprocal plot as shown

in Fj-g. 16 was 4.0 x 10-6 M, which also compared favourably

with the value obtained by PesÈka qt aI., (L972). Thus

the polysomes hlere functionally active. !üith Bap-Pan-Phe

added to the assay system, a Dixon plot (l'ig. L7) gave a

Ki of 1o0 x 1O-4 t'i, which indlcated a 40 fold increased'

affinlty of Bap-pan-Phe for polysomes coml:ared to salt-

washed rÍbosomes (xi of 4 x ro-3 t't). Llowever, ttre Kl

also ind,icated that Bap-Pan-Phe has 25 t'imes less affiníty

for polysomes than does puromycin. Thus the specificity

of labelling may stIlI have been a problem in tl¡e react,ion

between Bap-Pan-Phe and. polysomes. In addÍtlon, during

the slorv affinity tabeÌl-inq process there should be a

rapid formation of a peptide bond betlueen tlte nascent,

peptides of tt¡e polysomes and the ot-amino group of Bap-

Pan-Phe. This loss of tÏ¡e nascent peptides may convert,

the polysomes to a 'state in whlch the affinlty of pept,idyl



FIG. 16: The I(m for puromycin of rat liver
polysomes. The concentration of [3H ¡pr-,romycin

vüas varied. in the peptide release assay as described

in Materlals and. Methods, and. the formation of
2peptidyl - ['HJpuromycin expressed as a d.or¡ble

reciprocal plot.
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FIG. 17..¡ The Ki of Bap-Pan-Phe in tj¡e peptide

release assay using rat llver polysomes and.
2
["u]puromycln. The extent of inhibit,ion by

varlous concentrat,ions of Bap-Pan-Phe of tt¡e

formation of peptidyr - [3HJpuromycin (us.ing

-'l6.25 x Lo-' M and. 6.25 x to-6 l¿ [3HJpuromycin)

was measured as d.escribed in Materials and

Methods, and the result,s expressed as a

DÍxon plot,.
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transferase for Bap-pan-phe fs red.uced to t_hat, of
isolaLed ribosomes (as observed in the fragment, assay) e

rn view of these potentiar pro)rlems, no further experj-ments

vrere attempted with rat, Iiver polysomes.

General us Íons

The results in this chapLer indicate that Bap-pan-phe

has a poor afflnity for bott¡ rat, liver ribosomes (Xi ot
-? _a4 x 10 " M) and polysomes (f1 of 1.0 x 1O-* M). The low

afflnity is possibly the nrajor factor contribut,Íng to
the poor affinity labelling observed with Bap-pan-phe.

Although Bap-Pan-phe at high concentrations does covalently
blnd to the ri-bosomes, the binding is extensive (a^oprox.

40 affínity l-abels per ribosome), and specifj.c (i.e.
puromycin protectable) bind.ing coul-d not be detected on

elther ribosomal RNA or proteins. Thls 1s in contrast,

to the situat,ion with E. col¿ rlbosomes, where the react,ion

between Bap-Pan-Phe and. 23 S RNA was hÍgh1y specific
(Harris e! al., 1973; Greenwell et, g!., Lg74), thus

showfng that, Ínherent. d.ifferences exist between mammalian

and bacteri-al ri"bosomes.

These result,s demonstrate the problems associated

wlth affinity labelllng when using smarr molecular weight,

molecules, as also found by Vanln, (J-977). The relatively
low affinity of these afflnity labels for rj-bosomes

(compared. to the high affÍnÍty of the tR¡üA derivatives
used, as affinity labels by most researchers) results in
much higher levels of non-speciflc l-abell-ing because of
the hlgh concentratÍons needed. for a significant, level of
speciflc afflnlty labelling. This hlgh non-specific
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tabelling makes ident,ificat,ion of the specific slte of

attachment on the rlbosome extremely dlfficult, unless

the speciflcally labelJ.ed, component(s) can be easily

Ldent.ifled; ê.Ç[o when the majority of the specific

label Is associaÈed wlth a slngle ribosomal component,

while the non-speciflc label j-s spread. over many com-

ponentsr oE when the speciflc label is associated with

rRI{A and the non-epeclfic label with proteÍns (Harrls

g9 31., L97 3,. Greenwell et gl., \97 4) .



CHAP'TER FTVE

SEOUENCE AT THE SITE OF ATTACHI\4ENT OF AN ÀFFTNTTY

I,ABEL DERI\¿A TÏ\IE OF PUROMYCIN ON 23S R}IA OF

E. COLI R]BOSO}4ES
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SlIOTIENCE AT T}18 STTE F ATTACIIMENT O}' AN AFFTNo ITY LABEL

VATIVE RO}lYCTN 235 OFE COLT IBOS

ÏNTRODUCTTON

The puromycin analog'ue, Bap_pan_phe, acts as an

affinity laber in covalently binding to the actÍve cent,re
of å: qolj ribosomal pepLidyl transferase (uarris et af.,
197 3,. GreenwelÌ et gI. , I97 4). Specif ic labelling of the
23s RNA was found, rvith two affinity laber molecul-es bound.

per 23s RNA molecule when 1oo?/" inact,ivati_on (as measured by
the fragment reaction) of peptidyl transferase occurred. In
additi.on, there was extensÍve non-specific l-abeLl_ing of
riboso¡nar proteins (up to 25 morecures of affj_nj-ty Label
per 70S rjl¡osome) .

Affinlty Lal¡elring.of 23 s RNA is not unique to Bap-

Pan-Phe¿ ês various analogues of L-phe-tRNA cont,ainlng
reabtive moeit,ies at,tached. to the o(-amj.no group of L-phe

also bind to 23- RIJA in intact, rlbosomes (see Table 1).
since Èhese anaJ.ognres contained a blocked. o(-amino group,

t'hey wourd most likery enter the p-site of peptidyl
transferase, whereas Bap-pan-phe enters the A,r-si.te
(garris et aI. , I973i Greern+ell et gÀ., Ig74). Only
yukíoka et, al. , (1977'), have sequenced a fragiment of 23s

RI{Àr to which an affinity laber Ís at,tached, namely
**
ÀpupupupupApcp (where À is the alkylated nucleosid.e).

Puroniycin itserf can act as a phoLoaffinity label, with
23s Rì{A being one of the components rabelled (cooperman

l¿! g,]", 1975). However, Bap-Pan-Phe is the only affi.nity
laber reported to date whÍch specificatly enters the À'-site
of peptidyl transferase and coval,ently binds to 23s RNA,, with
part at least, of tt¡e bound afflnlty l"abel acting as an
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acceptor substrate in the f ragrnent reaction (Haruis et a.I.,

1"973i Greenwell et ê1., I974).

The afm of the i+ork described in this chapter was to
isolate fragment(s) of 23S RliA to wbich Bap-Pan-.Phe was

attached, and to obtain the nucleotide sequence of the

fragment(s). Vfhen the complete sequence of 23S RtrTA. be-

comes knovln, tlee síLe of at,taclment of Bap-Pan-Phe, and

hence that portion of 23S Rl{A at or near the At -síte,
could then be accurately iclentified"

MÀTERTÀi..S AND MBTHODS

MaterÍal-s
2

['n ] uridine (a9 ci/'l;rnol. ) vras obLained, from schwarz-
2

Mann, ["n] adenosine (23 Ci,/rnmo1. ) from The Radiochemical

Centre, Àmersham and [3n]guanosine (19.7 ci,/n¡rnol.) and.
2

['H] cytidine (Ze cí/r'nrnol. ) from rCN Pharmaceut,icals"

High specj-fIc activity inorganic [32p]phosphate was

supplied by the Àustralian Atomic Bnergy Commission,

Nev¡ South Wales. Lysozyme (crade 1), biotin, avÍdÍn

and ribonucleases A and. T, hlere obtaÍned frorn Sigma

Chemical Co. Brij 58 was obtained from Atlas Chemical

Industrles "

A partly purified preparatÍon of rj-bonucleases Tt

pfus T, was prepared by the method of Hiramaru 9! 9f.,
(t90e ¡. The N-hydroxysuccj-nimid.e ester of biot,in
(biot,1n - l[HS) $ras prepared by E.F.Vanin followj.ng the

method of Bayer and Wilchek, (tg7A).

The d.onor fragment, sul¡strates Unon"n"pl-(Ac-L- [3nJ-

Iêu) hrere prepared as descrlbed inchapter 1llo.
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Ribosomes

Unlaþelled ribosomes were plîepared from E. -qoti
MRrl 600 as described by Greenwell et, gf ', (t9741 .

2ô
[.*p]Ribosomes were prepared, by mod.ifying the methocl

of Pestka and Hj-nt,ikka, (I97!) for preparing polysomes.

E" cqll I4RE 600 were gro\,Irr in 200 ml of grovrth med.ium

conÈa^i-ning 2Q mt4 KC1, 85 rnl\l NaCl, 18"7 mM MI4CI, 0.1' M

Tris-FICl, ptl 7.4, 10 mM t"tg Son, O.4% (w/v) sucrose, O.4 g

vitamin - free casamino acids, 0.4 g Bactopeptone, ancl

5 nci [32"]phosphate to late log phase (3 h). Approx-

Ímately 75% of tte [32n]phosphate was incorporated into

TClA-Ínsol"uble material. The bacteria were colLected by

centrifugat.ion at 26, OOO g for 5 min at, 40 C and. re-

suspended in 2o4 mI of 252/" fu/v) sucrose in L0 mM Tr:Ls-

HCl, pFI 8.0. Spheroplasts h¡ere then formed by the addit'ion

of 200 pI of 10 mg,/ml lysozyme in 125 mM Tris-HCI, 5 mM

EDTA, pH 8.0, follov¡ed by 400 FrI of 10 mM EI)T¿I' and

incubation at Oo C for 5 min. The reaction was stopped

by the addition of 2OO pl of 1.0 M magnesium acetate, the

spheroplasts utere collected by centrifugation aE 26.000 g

for 5 mj.n and resuspended. in 4 ml of 0.5% Brij 58, 0"05 M

NH4C1, 10 mM magnesium acetate, L0 mM Tris-acetate, pH 7.2,

and lysis allowed to proceed at Oo C for 30 min. A.fter tl¡e

addit,ion of 14 mI of ribosome buffer (10 rnl'{ magnesÍurn

acetate, o.l M NH4cl, 0.5 mM ÐTÀ, 20 nM rris-acetate,

pH 7"5), Cell debrís was removed by centrifugation at

12r0OO g for 10 min and.4.5 mI fractions of the superî-

natant, were layered over 5.0 ml of i-.3 M sucrose, 0.5i"1

NH4ct, 10 mM magneslum acetate, 0.5 mM ÐT4,, 20 miq TrÍs-

acetate, pH 7.5, ln Beckman Ti 50 cent,rifuge tubes. the
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ribosomes were se<limented by centrifugation at 50,000

rev. /mín in a Beckman Ti 50 rotor for l-6 h at 4o c,

resuspended in 400 prl of ribosome buffer and stored. at,

8ooc. up to 9 mg of [32n] riloosomes (4 x 105 countsr/

min/Vg) \^rere prepared by this method"

Ribosomes labelled with [3nJnucfeosides were isolated

in the same hray as tfre [321] ribosomes except, that, the

g. co]-! MRE 600 were grown to late 1og phase (approx-

imately 3 h) in 50 mI of a medium (l,indquist, I97L) of

B mM NaCl, 0.1 M I<CI, 18.7 mM NH4C1, 7 mM KH2PO4, 7.2 ftM

sodium pynrvate, 1 mM t,tg Son, 0.16 nM Na, S04, 1 mM

CaCIr, 0.2 pg/mL Fe SOn, O.2% glucose, 0'1 M Tris-F1cl,

pH 7.4, and 1% vitamin-free casamino acids. After

incubat.ion for t h at 3'lo c, 0.5 pmol [3H]nucreosid.e

(250 pci) was added and shaking continued for a further

2 h before the ribosomes were isolated as descril¡ed. above.

Usually 5 mg of [3n]ribosomes (1r600 counts,/mín/Vù vÍere

obtained,

Svnthesi.s of B an-Pan-Phe and [32p] Bap-Pan-Phe. (rio. 18 ) .

These compounds were prepared by Dr. R.H. Symons

essentially as described by Greenwe1l et al., (I974) with

minor modifications which increased the reliability of

the method and, the yietd of product,s. The intermediate,

5' -o- (p-amÍnophenyJ-phosphoryl) -3' -N- (t-trutytoxycarbonyl-

L-phenyla1anyl) puromycin aminonucleoside, was not

purified from the reaction mixture. Instead, ammonium

ions were removed. from the mixture by tlee addition and

evaporation of excess triethylamine in ethanol, and the

cnrde reactj.on mixture in etÏ¡anol was then reacted d'irectly

wlth excess bromoacet,ic acld. anhydride in acetonitrile.



FIG. L9: Structures of puromycin and the

affinity }abe1 analogue, 5 | -0-(m-bromoacetyl-

p-am j- nopheny I -phos pho ry I ) -3 t 
-I,T- L-phe ny I al any 1

puromycin amino-nucleosÍde (Bap-pan-Phe) .
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work-up of the reaction mlxture after the removar of the
protecting t-butyloxycarbonyl group by treatment with
trifluoroacetic acid. invol-ved precipitation of the
procluct out, of a methanol solution by the addition of
diethyr ether and petroreum ether (creenwell et 3I., Lg74)

foll'ov¡ed by purification of ttre prod.uct by t.l.c. as

earlier described. for [32n]Bap-pan-phe (Greenwell et ar.,
L97 4) 

"

Af f ini LabelLinq of Rijcosomes and Reaction of Etan- Pan-Phe

with Pol cleotídes.
Ribosomes were affinity rabetl-ed. as described by

Greenv¡e1] et gI., (Jgl +) except that volumes of 65 250 pl
cont,ainlng 0.4 - 4 nmores of rlbosomes and 1.2 mM Bap-pan-

Phe were used. Where indicated,, 25 pg of poly(e), poly(C),
poly(G) or poly(u) replaced the ribosomes in the reaction
mlxture. The peptidyr transferase act,ivity of untreated

and affinity labelred ribosomes v¡as assayed. with the

fragment, reaction of t"tonro and Marcker, (rgoz) as mod,ified

by Greenwell g! gI., (1974).

Isolation of Aff i-tv Labelled. RIIA

The Rl{A was j-so}ated from affinity labelled ribosomes

by phenol - SDS extractlon (Greenwel1 et aI., l-g74).

se I) tion Labe

Approxlmately 1.0 mg of afflnity Labell,ed RNÀ (or

biotin-affínity laberl-ed RItrA; see preparation belov¡) in
0.2 ml of 25 mM Trj-s-acetate, O.O5 mM EDTA, pH 7.5, vras

digested with ei.ther 30 pg of T, ribonuclease, 50 ug of
pancreatic rlbonuclease A or both at 3Zo C for L.5 h.

Similarly, RldA, affínity labelled RUA, or bj.otin-
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affinity labelled RNA in 30 nM sodium acetate, pfl 4"5 v¡as

d.igested with l"O mg,/mt of a partially purified preparation

of ribonucleases Ît plus T, at 37o C for 1"0 1.5 h.

Benzovlated. DEAE-ce I lul ose (Bo-cell"ulose) CoI Chroma-

tooraphv "

BD-cellulose columns, 2.5 cm high' were prepared in

pasteur pipet,tes and, washed. with 3 M NaCl followed by

L M triethylammonium acetate, pH 5"0. [32p]Bap-Pan-Phe-

Rt\ïA or Bap-pan-Fhe- [32p]nr6 (digested with ribonucleases

T, etus À) in L.o ml of 1 M triethylammonj-um acetate,

pH 5.0, was applied. to a column, whÍch was sequentially

eluted with 4 ml 1 M trÍethylammonium acetate, pH 5.0i

20 ml L M trietkrylammonium acetate, pH 5.0, 5% ethanol;

and 10 mI I M trietJ:ylammonium acetate, pH 5.0, 50Y.

ethanc;l. Fractions of 1.0 ml were coll,ected' and counted

by Cerenkov radiation. The 1 M t,riethylammonium acetate,

pH 5.0, 50% ethanol fract,ions cont,aíning affinity labelled'

RNA fragiments were pooled and dried on a rotary evaporator.

Preparation of Naphth lene-AcetvI-ce lulose (Mr-cel ulose) .

Thionyt chrloride vras red.istilled from quinoline and'

rinseed oil as descriþed by vogel' (1967a) ' Naphthalene-

acetyl chloride was prepared from 20 g naphthalene acetic

acid and 10 ml redistiLled, thionyl chloride using the

method to prepare benzoyl chloride described bry vogel,

(L967b), except that tþe acid chloride v¡as not purified by

distillation after the reaction was complete'

Dried cellulose povrder (10 g) hras suspended in 250 ml

anhydrous pyridíne Ín a 5OO mI round'-bottomed flask, and

t¡e cnrde naphthaS.ene-acetyl chloride was added with

shaking. The mixture was slowly brought to tl.e boil,
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and. uhen boiled under reflux for t h wi.th occêsÍonal
shaking to prêvent the celLulose frorrr sett,ling on the
bottom of the flasl< and charring. Vfhen cool, the
míxture was slowly poured int,o 3"s I Hzo with stirring.
The precipitat,ed prod.uct was colÌecteci. by fÍltration,
washed twice with 2.O I H2A, and then washed. sequent,ially

with 2.o l, lots of hot ethanol until rit,t,re colour was

extracted into the solvent. Finalry, the prorJuct was

washed with 2 M NaCI i-n 50/. ethanol, follovred, by Z M

NaCl, 2 mM ÐTz\, whj.ch was also used as the storage

solution.

- cel u ch o

ìüA - cel,lulose. coJ_umns, Z.S cm hÍgh, Iorere prepared

in pasteur pÍpettes and washed with 2 tI Nacl folrovred by

10 rnri"l sodium acet,ater pFI 4.5. lt2ojBap-Fan-phe-Rl{A, Bap-
)n

Pan-Phe- ['oP]nNA (each d.igested with rfbonuclease.s tt
plus À), or the semi-purif ied Tr* A fragrnents eluted,

from BD - cellulose columns, in 10 mM sodi.um acetate,
pH 4.5, were applied to the coLurnns. Each column was

sequent,ially eluted wlt-Jl 9 ml 10 nM sodium acet,ate,

pH 4.5; 5 ml 10 mM sodium acet,ate, pH 4.5, lO% ethanoL;

10 mI 10 mM sod.ium acet,ate, pH 4.5, 20% ethanol,. and

finalJ.y, 5 ml 10 mM sodiurn acetate, pH 4.5, 50% etåanol-.

Fractions of 1.0 mI vJere collected, and counted by

Cerenkov radiation. The 10 mM sod.ium acetate, pH 4.5,

50% ethanol fractions containing affinity labelLed RttrA

\^Jere .oooJ-ed., drled on a rotary evaporator, and re-
d.issolved in 0.05 ml 0.1 mM EDT/|, pH 6.8.
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Hiqh Vol.taqe Paper F-ilec'brophoresis.

Hiqh voJ.tage paper elect,rophoresis on either -r¡.lhaL'nan

3 Ml'I paper or D&\lt-cellulose paper was concluct,ed on a
water-cooled plate at 40 - 60 volLs,/crn using the

fo}lov¡ing buffers:
pll I"9¡ 2"5% (by vol.) formic acid, 8.7?/. acet-i-c acid.

pH 3,5; 5% acet,ic acid., 0.6oÁ triethylamine, 0.1 mIvI EDTÌ\.

pH 4.I¡ 2% aceLic acj-d, L.O1yo triethyJ.amine, 0.1 rnl'l ltDT.\.

pH 5.0; 2?/o aceLic acid., 3"5% triethylamine, 0.1 ml"l EDTå".

Preparation of Avidin : BÍotin - Affin-i"tv Label--rRii3r" ancl

ils_-R:LÞonqç.Lqqse P igqs t,e.

ApproxÍrnat,e1y 1 mg of affinity lai:elLed rRi{A v¡as

reacted wiÈh 0.3 mg (0.9 pmol) of biotin-líHS in 0.2 ml-

of 25 mM N-ethylmorpholine acetate, pH B.O, at, room

ternparature for 30 - 60 min. Unreacted biotin-ìüIS was

removed by the following steps. To the reaction mixture

was added 1".0 ml of 0"3 14 sod.iurn phosphate, pFI 6.6, and

then 0"2 mL of 1% cetyltrirnethyl--ammonitrm bromide during

agitation of the solut,Íon. Irf'ber 5 min at room ternpera-

ture and 30 min at OoC, the PJ.{ir precipitate was recovered.

by centrifugatj-on at 4oC. The pe-tlet was dissolved. in

1"0 mf of 20% fu/v) pot,assium acetate and the RNA again

precipitated by the addit,ion of 1.5 mL of ace'Eone (- tsoc)

and. storage at, - 15o C for 15 min. The precipitate was

recovered by centrifugatj-on at 40 C, the pellet, d.issotved

in 0,5 ml O.2 M NaCl, 50 rnl'{ sod.ium acetate, L ml'l EDfl\, pH

5,0, and the Ri{A again precipitated by the ad.d.it,ion of

1.5 ml of cold ethanol 1- tSo C) and stc¡rage overnight

at, - 15oC. After cent,rifugation, the final Rt,L\ pellet

was dissolved in 0.1 mI of 0.1 mt\t ÐTA, pH 6.8, and stored

at - 15o c.
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Approxinraùely 1 mg of bÍobin affln.tty labelled

rRl{.\ v,'as digested with either T, or pancreat,ic ribonuclease

as clescribed above" Then 0.1 mg of avidin in 0,1 mI of

10 nrlul Tris-acetate, 1 rnt'I IIDTÀ, pH 7"5 was add.ecl and the

mi.xture inculcated at 37o c for 15 m-i.n and storecl at -15oc.

Phosohocellulose Chroma raohv of Àvíd.in:Biotin

Affinitv Labe] led rRhIA. Diqests.

Phosphocellulose colurnns, 2.5 cm hfgh, lrere prepared

in pasteur pipettes and. washed wj"th. freshl-y prepared 1.0 M

NH4I-ICO3 follovred by 50 ml'1 I\TH4LICO3, 4 M urea. Ribonuclease

digests ot the avid.in:biotin - aff inity Ìabel- rRldA were

<lilut,ecl j-n 15 vo]. of 50 nù4 I$I4HCO3, 4 M urea, and Lo'¡ded

onto the phosphocellulose columns. Each colu¡nn was then

seguentially eluted wlth 10-rnl 50 ml'l NH4ilCO3' 4 M urea6

7 ml water; 5 ml- O.2 M NH4HCO3; and finally with 5 m-l-

0.5 M M{,HCO.. Fractions of l-.0 ml were collected and+5
counted by Cerenkov radj-at,ion. The avÍdin:]riotin -

affinity labeLled, RI{À fragments in the 0"5 M Ì{H4HCO3

eluate were pooled, trietfiylamÍne was added in excess wit'h

respect, to tl:¡e NH4HCO3 an<l the two pTrases were made miscible

with ethanol. The solut.ion was then taken almost, to dryness

on a rotaq¡ evaporater, and. t'he concentrated soLut'j-on

transferred to a small tr¡be and lyophilized. To ensure

complete removal of tk¡e triethylamrnonium bicarl¡onate,

lyophitj.zation was repeated twice after the ad<lition of

50 ¡-tl of water.

Disrupt of Avidin:Biotin Cornolex bv Fo íc Àcid.

The lyophilized phosphocelluLose eluate was treated

rvitlr 20 ¡rI of 70% formic acid for L0 mín at room temp-

erature (nylatt et a!., L977 ) eo ¡rI of water was then

added and the solution j¡nmeci.iately used fÓr the next

stefr in tÌ¡e purification.
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illectrophoret,ic Purif icat,ion of Bio ini..by Larbel -
Q.Ilgonucleotide.

The biotin - affinity rabelled RI{A fragrnent,s were

further purified by elect,rophoresi.s on DEI\E celìuLose
paper for 4 h at 40 voLts,/cm in pH 1.9 buf fer as

descrjJred above. Tire elect,rophoretogram was rÍnsed in
ethanol, dried and cut, into 1.0 cm strips which were

counted by Cerenkov radiaLion.

Biot,in - affinity rabelred RìüA fragu-nents were eluted.

by soaking the strÍps in 2 M NH4HCO3 at, 40 C for 1 - 2 h,

and. the salt was removed. from the clarifiecl (by centri-
fugation) eluate on 1*¡e roLary evaporaÈor after the

adrfit,ion of excess t,riethylamlne and ethanol. The

residue was d.issolved in 40 ¡rI of 0.1 mM EDTÃ, pI{ 6,8.

Díoestíon of Biot,in-Aff initv Label-ol"i cleotide bv

T Ius T and res is,
The purified bÍot.in -, aff inity labellecl RttA

fragments v¡ere hydrolysed. to mononucleotides by

incubation with rlbonucleases Tt and T, as described

above. The react,ion mi-xture \Á¡as then fractionat,ed by

paper elecLrophoresis on Whatman 3 MI"l paper for 2 h at
47 voLts,/cm in pH 4.1 buffelî as described. above. À

marker solut,ion of 2' (3') ÀMP, CMP, GMp, and. UMp was

always electrophoresed with each sample.

Àssav for Ribosome Bindino o f UpÀpCÉnâ,- (¿,c-1,- [3H lrcrrl .

The stand.ard. reaction mi-xture d.escribed in Chaoter

Three under p-site binding assay was used for Pr-sj,te

bindlng assays . 
'
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RESULTS AND DTSCUSSTON

Electrophoreti.c CharacterÍsat,ion of Ribosome Derived

Àff ínity Labe.lled Nucleotide.

The [32"]affinity laþelled nucleotide resulting fron

the ribonuclease T, and. T, d.igest.ion (see Materials and

Method.s) gave trvo peaks on paper electrophoresis at 1:H 1.9

(Fig. 19 A). The major peak was identified. as the

affinitl' labeLled- nucl-eotide since it reacted with either
acet,ic anhydride or the N-hyd.roxysuccinj¡rid.e ester of
blotin (see below), thus indicating the presence of the

free ot-amino group of the affinity label (r'ig. 18). Tire

minor peak was presumed to be a breakdovrn product of the

affinity labelled nucleotide since it did not have a

reactive amino group.

Reaction of [32p]Ilap-Pan-Phe VJith Polynucleotides ancl

Isolat,ed Ríbosomal- Rl{A.

In an attempt, to id.entify the nucleotid.e to which

the affinity labeL was specificatly bound, L3zr\Bap-Pan-

Phe was reacted with each of poly (A), poly (C), poly (c),

poly (U) and purified ribosomal RllIA under concLitions

described in Materlals and Methods for affinity labelling

of rlbosomes. The Rl.IÀ samples were hydrolysed by ribonu-

cleases T, and T, and. the mononucleotides analysed, by

paper electroptroresis at pFI J-,9 (fig. L9).

There was lj.ttl-e react,lon of the affinity label with

the polynucleotides and, as previously reported by

Greenwell et, 3!., (1974), witt¡ isolated ribosomal Rt\iA

compared to the reaction of tÌ¡e affinity label with 23S

RNA in intact ribosomes. Most, reacti-on occurred with



FIc. 19j Paper electrophoresis at pH L.9 of

l32rl- Bap-Pan-Phe labelled ribosomal Rl{A and.

polynucleotlde species after digestion with

ribonucleases Îa Plus TZ. Details are given

in Materials and Methods. ÍLre percentage of

total nucleotide residues in each react,ion

mixture that reacted with [32nJnup-Pan-Phe

!ì¡ere: isol,ated rRldÀ, O. O31%¡ poly (A) ,

O . o 38%; poly (c) , o .oo4%¡ poly (G) , o .a43%¡

poly (u) , o.7L4%.
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poly (U) and, the least, with poly (C) (I'ig. t9). No

significant peak of rad.ioactivity was found coincident

with the affinity labelled nucleot.id.e derived from intact
ribosomes. Hence, these results further confirm that tl¡e

functional Íntegrity of the rlbosome is necessaqf for tÏ¡e

specific react,ion of Bap-Pan-Phe with 235 RNA (Harris

g! al., L973i Greenwe1l et gI., 1974).

23'S RN¡I.

The approach used. to determine which of the four

nucleo-r-ides of 23S RNA was affinity labeÌIed by Bap-Pan-

Phe was as follorvs. [3n]Ad.enosJ-ne, [3HJgo.rrosine,

[3¡¡Jcytid.ine or [3u]uriaine Labelled. riboso¡nes (see

Materials and Methods) were affinity labelled with Bap-

Pan-Fhe, tlre Ri\A r^¡as isolated, digested to mononucleotides

with ribonucleases Tt and Tr, and the digests fraciionated

by paper electrophoresis at, pH 1,9 and 4.1 (Fig. 20).

Electrophoresis at pH 1.9 allowed separation of the

affinity labelled nucleotide (position ind.icated by

vert,ical arrow, Flg. 20 A, and. B) but did not, separate

all four mononucleot,ides. On the other hand, electro-

phoresis at. pH 4.L separated tLre four mononucleotides

but the affinity labelled nucLeotide was obscured. by

contaminating material (nig. 20 C and D),

With [3uJ aAenos ine or [3H ] gu..ros ine labelled Rlü\,

no radj.oactive peak was found coincident, wittr the marker

[32p]Bap-Pan-Phe-nucleot,id,e (rig. 20 A and B); hence,

affinity Labelling did not occur at, an ANIP or GMP resldue.

A small conversion of adenosine to guanosine and. vjce versa

occurred (as shown in Flg. 20 c and. D) r 1 .5% oÍr[3u]-



FIG. 20¿ Paper elect,rophoresis at pH 1,9

(A and B) and pH 4.L (c and D) of Bap-Pan-trhe-[3n]-

RtiÀ dÍgested wj-th rjþonucleases T, Plus Tr. The

rRI[â, reaction products from the j-ncubatj-on of

Bap-Pan-Phe with ribosomes labelled. with [3nJ-

aCenos ine (o.< ) , [3H J cyt'idine ( r.-r ) ,

[3¡'rJgrrranosine (H ), or [3H]uridine (o--o ),

vlere prepared completely with ribonucleases Tt

and T, and electrophoresed at pH 1.9 and pH 4.I

as described ln t4aterials and Methods. fhe

posit,ions of the marker 2r (3r) mononucleotides

run in each experiment, are given. The vert,ical

arro\^r indj.cates the posit,ion of the affinity

label Ied. mononucleotlde.
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adenosine was converted to [3H]g.r.rrosine while 3.5% of [3n]-

quanosine was converted to PHlaAenosine.

!,¡ith both [3U]cytidine ana [3U]uridine l"abeIled RNA,

a radioactÍve peak appeared coincident, with tire marker

nucleoticle (fig. 20 
^ 

and, B) . Interpretation of thÍs

result was complicated by the extensive inter-conversion
22

of ["uJcl'tiaine ancl ["n]uridineo Thus when ribosomes

were labelled by grovting E. çolj. in the presence of
a
['n]urid"ine, 52",/o of. the radioactivity in the RNA was in

cMp (nig. 20 c) and on Lalcelling witkr[3n]cyt.idi.ne, 34l%

of the radÍoactivity was j-n UI.{P (tr'ig" 20 D). Since onj-y

one peak of affiníty labelled nucleotide was ever found

(by electrophoresis under three different conclitions), it.

$ras most unlilcely that the affinity label was attached

to tr"¡o different nucleotide resid.ues. Hence, the problem

was to determine whether the affinity label rvas attachecl

to CNIP or UI.{P. Attempts to reduce the interconversion

of nucleosicles by reducing the time of labeÌling wi.th
2

["H]nucleosid,e from 2 h to 15 min had little effect.

AddÍtional attempts involving addítion of non-radioactj-ve

urid-i-ne (1 mM) to the growth medium when label.Ling with
2

[-H]cytidíne (initial concentrat,ion 0.01 ml"l) only re-

duced the conversion of cytidÍne to uridine from 34%

to 25%. Si¡nilarfy, the add.ition of non-radioactive

cytid.ine (f m¡,t) only lov¡ered the conversion of uridine

to cyt,ld.ine from 52% Lo 35%.

The solution to the problem was found by comparing

the radioactivity in the affinity labelÌed nucleotide

peak as a percentage of the radioactivity in CI'IP anC

uMP when ej-ther[3H]cytidÍne o. [3H]urid,ine was used' to
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Iabel ribosomes. since the affinity labe.l v¡¿'rs bouncl to

either CIi4P or Ulrltr but not. bo'Eh, tÌ¡en the raclioact.i"r'Ífy of

the affinity labelled [3H]nucteotide wouJd be a constant,

pe::cent.age of the tot¿rl of that par:ticular pyrimidine

nucleot,id.e in the RNA (either CMP or tMP) bu'b not of the

other pyrimid.ine nuc1eotJ.d.e" In the results from three

separate experiments (Table 8), the aff inity l-abelled

nucleotide remained. a reasonably cor:stant pe::centage of

tbe Cl4P radioactivity, irrespective of whether [3u]-
cyt,icline or [3H]uriAine was usecl to ]abe] t]re ribosomes,

but varied appreciably as a percentage of the UMP radj"o-

activity. Thus CIU1P was the affinity label-led, residue.

Purifi-cation of l'raclnrents of 23] RiriA Containincr the

a€.t1 n¡fl_t a¡ef 
"-

The next step was to detennj.ne the nucleotide

sequence arouncl the affinity Ìabelled Cl4P resj-due. The

approach used was to digest affin-tty labelled [32p]Bm¡t

with eÍther pancreatic ribonuclease A, ribonuclease T,

or both, purify the fragment, containing the affinity labe}

and d.etermine it*s seguence. A sample of t'he appropriate

[32nJBap-Pan-Phe-RITA fragment, was always run ln parallel

with other samples as a marker durlng column chromatography

or paper electropbroresis.

The major problem at this stage was to fÍnd a

suitabl,e method to purify the small fragrnent which was

only about, O.I% of the tot.rl ribosomal RlrIA. Init'ia1

purj-fication attempts j-r¡volved chromatography of ribonu-

clease digests of affinity Labellecl RlfA on columns



Tab1e B ¡ Distribution of radloact,ivÍtv in af f initv

labef-nucleotide re.l"at,ive to CMP and Ul{P af_ter

dicr.es.91g4 bX Flbonucleases, T, and T- of rlbosoma-l
-¡............'......'...'..........'.........._ 

a-

Rl{A lal¡e1led, in vi.vo with e l_ther [3rl],-.rttdine ôr

AlI data has been taken from Fig. 20.



ExpÈ.
No.

1o

2.

3.

[3H ]nucleosfd.e
ad.d.ed to
Iabel rRNA

% Counts/mín in affinity
label-nucLeotLde relative to

CMP UMP

% Countsr/mín in
peaks of

qviF UMP

C)rtldine

Urid,ine

clrtidine

UrÍdine

Clrt.idine

Urid.ine

0.17

0. 13

0. 15

0.18

0. 14

0. 15

0.34

0.14

0.38

o.25

0. 35

o.2L

67

trt

7L

58

72

59

33

48

29

42

2B
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containlng hydroptrobic groups (benzoylated D$AËl-celfulose

and naphthalene-acetyl-cellulose) whicÌ: would be expected

to preferen'Lia-lly bind {:he tv¡o hyclrophobic benzene rings

of the affinity label (Fig. 18). In additÍon, further

purificaticn involved electrophoresis on DÐAE-ceJIulose

paper at pI{ 1.9 or 5, of electrop}roresis on whatrtran 3 }o4

paper at, pH 1.9 or 3.5. HOrVeVer, all the above procedures

(descrÍbecf in Materials and Methiods) resulted in an impure

product being obtained., in which the chief contanr'inant

appeared to be an adenosine containj,ng oligonr'rcleo'cj-de

(results not shorvn) .

The purificat,j.on finally usecl is outlÍned in Fì.9. 2l

and was based on suggestíons by Dr" D' Rylatt; full

details are given in Materials and Method's. In the f irst'

step, tlie N-hydroxysuccinimide ester of biot'in (biot'j-n-liHs)

vras reactecl at pH 8.0 rvith the o(-amino group of the

affinity labeL attached. to 23S R\x\. The reaction went t'o

completion, as shown in ¡lig. 22 by the dÍsappearance of

the affinity labe} - Cl'lP peak ancl the appearance of a

less positively charged compound (which was expected

since tTre o(-amino group of Bap-Pan-Phe vlas acylated

during reaction with biot'in-I{Hs) ' After cornpret'e

d.igestion of the biotin-affinity labeltecl RI'TA with

eÍther ribonuclease À or Trr avidin was added to procluce

an avidin:biotÍn-affinity label - RNA fragment; bíotin

binds very t.ightly to avidin with. K. of tO15 ¡'t-1 (Green,

1963). Since avidin j-s a ver1f basic protein (Fraenkel-

conrat et aJ-. , Lg52), it was possibte to provide extensive

purifÍeation of the avidin¡biotin - affinity ]abelled RNA'

fragments by specific adsorptj.on and' elut'ion from phospho-



FTG . 272 Out,Iine of the approach used to

purify the afflnity labelled oligonucleot'ide

fragments obtained from affinity labelled'

ribosomal Rl{A after digest'ion wlth eÍtÏ¡er

ríbonuclease A or Îr. -'AL'-NHZ represents

the affinity lal¡el attached t'o the CMP

resÍclue of 23-g RNA.



RNase A
t-

t

-AL- NHz + Biotin - NHS -AL- NH-Biotin AL- NH-Biotin f other RNA
f ragments

* Av¡d¡n

AL-NH-Biotin:Avidin *

orT,|

23S RNA

Biotin -AL- NMP
+

4 NMPs

other RNA
fragments

Phosphocellulose
column

RNases
t

1 7A% Forrnic acid
t2 DEAE-cellulose

electrophoresis
pH 1'9

ï+r, AL- NH- Biotin AL- NH- Biotin : Avidin



FIc. 222 Reaction of affinity-labelIed RtiIA

with biotin-¡ïHs. Ít'rl Àffiníty labeL-Rt'&' (r----r)
and blotin - [ 

u2" 
J atri.n:-ty rabel-R]Ia (s.+ )

\,{ere prepared and digested. to mononucleotÍdes by

ribonucleases T, Plus TZ as descriþed in Materials

and Methods.

Digests electrophoresed on Whatman 3 MM

paper at pH 1.9 for t h at, 60 vo1ts,/cm.

A:

B: Di.gests electrophoresed on 
"nfhat¡nan 

3 MM

paper at, pH 3.5 for I h at' 60 volts,/cm.
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The resul-ts of step-rvise el-ution of the ribonu-

clease À digestio¡r prod.ucts are given in Table g.

Erution wíth 50 mM NH4I{co3, 4 M urea, followecl by water
and 0.2 M NH,IICO. removed 9g.9% of [3zn]nl{A fragrnents,¿LJ
but, only 37% of. the presumed avid.in:biot,in -[32"]e.p-
Pan-Phe-RlrA frag'nrent,s. The requirecl fraEnents l{ere then

eluted with 0.5 M NH4Hco3. simiLar eluLion profiles vrere

obtained with ribonuclease T, digests" As will. be seen

below, Ít, was important to Ínc1u.de a cont,rol of biotin-
IIHS treated [32pJR]IA d.uring purificat,ri.on of üre ribonu-
clease T, digest,s in ord.er to determj-ne the non-specificI
coupling of biot,j-n to nrrcleotide resiclues"

In tire next, step, ttre biot5-n-affinity labelled RNA

fragments were obtained from the avÍdin¡biot,in fragiments

by irr:eversible denaturation of the avj.dln with ?0%

formi.c acid (Rylatt et af " , L977 ) . The details of the

flnal purification j-nvolving elect,rophoresis on DEAE-

ceLlulose paper at pH 1"9 are described. below"

the Sequence of the uclease A Fraqment.
Electrophoresis on DEAE-cellulose paper at pH 1"9

of the ribonucLease A fragment after the phosphocellulose

column gave the radioact,ive pattern shov¡n in Fig. 23 A.

A single peak of the biotln-affinity label- l3zn]n¡la
fragment co-migrated wlth the control biot,ín- [32n]-

affinity label-RitA fragment, while more tÏran half the

total radioactivity represented contamination material

which remaj.ned at or near the origin. Peak material in
the t¡¡o samples were el-uted and. digested witå ribonucleases

T, plus TZ to give the component, mononucleotid.es which were



Table 9 ¿ Ster¡wise elut,ion of ribonuclease A

diqests of avidi-n sbio{:Ín-af f initv l-PJlÀ from

phosphocellglose"

Ríbonuclease digests of avidin:biotirr- [32p]ruu+. $tere

prepared and fractionated by ste¡:Nvise elution from

phosphocelLulose columns as described in Materials

and. Methods. Fractions of 1.0 mL vrere counted by

Cerenkov radiations. The totat counts,/min eluted

with each eluting solut,ion are expressed as a % of

the total countsr/min eluted which usually varied

betrveen ?O - BO% of the counts,/min applied to each

column.



Counts,/min e.Luted. as % of total eluted

Elut,ing solut,Íon

50 mM NH4HC03,

4 M urea

Water

o.2 vt NH4HCO3

0.5 M NH4HCO3

Avidin¡biotin- [32"]-
affinity label-RlqA.

Avidin : biotin-af f in ity
labet-[t'n] m.n,

31. O

3.3

2"8

62.9

oo?

o.44

0.13

o. 11



FfG. 231 Determj.nation of the sequence of the

affinity Label,led oligonucleoticle fragment

obtaÍned from affiníty labelled ribosornal RNA

after dlgestion wiLh ribonuclease À. Biot,ln-

aff inity lalcel- l32n ] nxe. and biotin- [ 
32pJ-

affinity label-Rt{A fragments from ribonuclease

A digestion were prepared. and. partially purified

by chromatography on phosptrocell-ulose col-umns as

described in Materials and. I"lethods.

À: Biotin*affinity lal¡eI-[t'"]nna'. (o--+ ) ancl

biotin-[32p]affinity label-RNÃ. ( r-r ) fragrments

were electrophoresed on Dl!\E-cellulose at. pH 1.9.

The peak fractions indicated were eluted ancl

digested with riþonuclease T, plus T2 as descrÍbed

in Materials and Methods and the d.igests fractj-onated

as in B.

B: Paper electrophoresis at pH 4.1 of the contponent

nucleot,id.es obtained from t}re purified affinity

Iabelled oligonucleot,ide of A after digestion with

ríbonucleases T, PIus Tr. The posít'ions of tl¡e

marker 2r (3t) mononucleotid.es are given. The

vertÍcal arro$r indicates the positÍon of tl¡e biotin-

af f inity label4l'lP,
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then fract,ionated by paper electrophoresis at pH 4.1"
T\uo maÍn peaks \^rere found (¡.ig. 238), the sLower

of which co-migrated with the singre peak obt,ained from
a cont,ror biotirr- [32e]afflnity label-cMp ma.rker whire the
fast'er moving peak co-mS"grated wj-th cMp. sj"nce ribonuclease
A hydrolyses RrrrA on the 3r-slde of cr4p and LII'rp, i-t was

concruded that the sequence of the ribonucl.ease A frag_
ment of biotin-af finity label-RlsA must, be c (aff i.nity
laber)¡np and tÏ¡at, i-t was derivecr from the sequence

(pyr)Fc(affinity l-abel)pcp. The molar ratio of biotin-
af f inity label-€Mp ¡ CMp was O.7 ¡ 1; varj.ation f rom

the expected, equimorar ratÍo was probably due to slow
breakdown of the affinity label-ct"tp which has been

observed throughout, this work. Further, the attachment
of the affinity laber to cMp must either stericarly
prevent attack by rÍbonuclease A on the 3 | -s j-de of thjs
residue or prevent recoqnit,ion of cÌ4p by the enzyme"

The sequenôe of the ribonuclease A fragment was

confÍrmed in a second. experiment, starting with a diff-
erent, preparation of[32p]rÍbosomes but the same prepa-
ration of affinity 1abel.

S of the J-ease

The radioactive patterns obtained on electrophoresis
on DEAE-cel-IuLose paper at pFI 1.9 of the ribonuclease
*t dÍgests of biot.in-affinity r.abel- L32plnNe, biotin-
[32p]aff inity labet-RNA and. the control- biotin- [32p]n¡qo

after the phosphocetluJose column purification are shown

ln Flg. 24. Since the ribonuclease T, fragment, of



FfG. 242 Electrophoresis on DEAE-cell-ulose at,

pH l-.9 of the ribonucleas" T1 fragments of biotin-

af f inity tabet- [32n]nr,rn ( ) , biotin- [32"]-
aff inity i-abeI-RIIA ( o=+ ), and biotin- [32nJ-

RNA ( r+ ) after purifj-cation by phosphocellulose

chromatography as descril¡ed in I'laterials and Methods.

Peak fractions indicated by the horizontal bar were

eluted and digested with ribonucleases T, Plus Tz

(see Fig. 25).
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biotin-affinity label-Rl&, did not mj-grate as far as the

ribonuclease A fragment, (!'í9" 23 A), it was not clearly

separated from contaminating material which ran at or

near the orÍgin. Hor.rever, material migrat,ing with the

peak of the rÍbonuclease T, fragrment of biot,Ín- [32p]-
affiníty }abeI-RltrA was eluted, hydrolysed with rj.bonu-

clease 1, pJ-us ,Z ancl the d,igests fract,iona'b,ed by paper

electrophoresis at, pH 4.1 (Fig. 25). In the case of the

control biotin- [32pJRtrür. fragiment, AMP was the major

nucleotide withr lesser amounts of CMP, GMP and tlMP

(Fi.g. 258). The' four nucLeotides were aLso present in

the bÍot,in-affinity label- [32"]nsa. fragment in additÍon

to the aff inity label - cl,4P nucleotide (tr'ig. 25 å),

although there was a. low proporation of AltlP present.

The sequence of the T, fragment was derivecl as

follows (table L0 ) . It was asstuned that tÏ¡ere was only

one sequence, whÍch must, be terminated by Gl'lP, and that

atl the minor peak of AMP was derived. from contaminating

materi.al (since it, was tJre major nucleotide present, in

the contror biot,j-n- [32"]RI{4. fragment) . The total

counts,/min in each of tÌ¡e nucleotide peaks of the biot,j,n-

affinity label- [32p]RNå. fragrment were determined (Fig.

25 þ., Table 1O). Next, from Èhe counts,/min in the four

nucleotide peaks of tt¡e control biotin - [3'n]nxu
fragment (Fig. 25 B), the contaminatÍon by cMP' GI{P,

and IJI'IP reLative to Ab4P (taken as 105 counts,/min) ',^ras

calculated, (rable 10). These ffgrures r^rere tl.en su]¡-

tracted to give the corrected countsr/min in each nucleo-



FIG. 252 Ðetermination of the sequence of the

purified affinity labelled oligonucleotide obtained

from affinity labelled RI{A' after digestion with

ribonuclease Tr. Ribonuclease T, fragrments

purified as in Fig. 23 were digested witlt ribo-

nucleases Ta plus *Z and. the mononucleotides

separaùed, by paper electrophoresÍs at pH 4.!. The

posltÍons of the marker'2r (3t) mononucleotides are

gÍven. The vertj.cal arr6t indÍcates the positj.on

of the biotin-affinity Iabel-CMP.

A¡ Biotin-affinity label- ¡32e1nr'ra, ( r--'-'-r )

biotin- l32n]affinity tabel-RIIA' (o-o ).

32B: Biotin- [ eJnxa. (+--a).

and
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Table 10 ¡ Distributi.on of radioEctlvitv ln
nucleotide peaks of Fio. 25 derived from

ribonuc_lease T, diqest,ion of ,puqified
fraqmençs of bio-tin-affinitv }abel- [32p]RN¡\

(nio. 254) and of biotin *[32p] nN¡, (ric¡. 2sÊ\

See Flg. 25 for experi¡nental detalLs.

a



Nucleotide peak
Aff inity

label-CMP Cp Àp Gp Up

TotaL counts,/min

in each peak in

Flg. 254

Total counts,/min

in eacb peak in Fig.

25F relative to Ap

taken as 105

Corrected countsr/mln

in each peak 1n

Fig. 25}r

RatLo of corrected

counts/min relatj-ve

to Gp

197 105 209 227

44 105 50 63

84

84

0

153 0 L59 L64

0.53 0.96 0 1.00 1.03 r
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t,ide pea)< of the biotin-affinÍty label-[32p]axn

fragiment and hence the relative molar amounts of the

four nucleotides (ta¡le 10). C¡,Ip, GMp and. UMp were

present in equimolar amount,s, but the rat,io of the

affinity labeI-CMP was again lovr, presumab].y because

of its instabiLity, as already mentioned. It was

concluded., therefore, that GMp, CMp, U$1p and affini.ty
label-C¡4P were present, j-n equímolar amounts in Lhe

ribonucrease T, fragment of biotin-affinity raber- [32pJ-
RITAO

since d.ata from the ribonucrease A d,erived fragment,

indicated the secluence was (ryr)ËrC(affinity label)pCp

and rÍbonuclease T, hydrolyses RNA on the 3r-sÍde of
cMP, then onJ-y one sêquence, UpC(affinity la_bet)pCpGp,

is pos¡sible from this dat,a. Additi,onally, since th.i-e

sequence does not, appear at the 5 r -end of 23S RIIA

(Branlant q! gl., 1976 a), then it must have been derived.

from the sequence cpupC(affinity label)pCpcp, ThÍs

result v¡as confirmed in three completely separate

experirnents using two d.ifferent preparations of affinity
labeI.

General Discus-sion

The sequence, GpUpCpCpGp, d,oes not, occur in an)'

sequences of E; coli 23S rRNA published. to date although

about 40% of the tot,al sequence is knc¡vrn (Branlant, et gè.,

L975; Branlant, et 3f., L976 a, b, c, d). If this
sequence only occurs once in 23S RNA, then it would

Locate that portion of the 23S Rl{A ¡rhj-ch is in, or close

to, the act,ive cent,re of pept,idyl transferase.
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Thls work has not resolved the sÍte of attach-
ment of tbe affinity labeL to the C!1p resj.d.ue in
rj-bosomal ¡tNA. Since the Bap-pan-phe reaction with
ribosomal RIüA is dependent on the integrity. of the

ribo-so¡ne (Greern^¡elr et ,31., r974i see above aLso) ancl.

slnce there is no specÍfic reaction of Bap-pan-phe with
poly (C), it has not been possible to prepare sufficient,
of the affinity label - qqp for structural analysis.

The resu].ts of Greenwell eË d., OgZA,) shov¡ed that,

tr'¡o molecuLes of Bap-Pan-Phe were bound. to 23s Rt{A Ín
each ribosome when 10O,yo j.nactivation of pept,id.yr trans-
ferase was obtained. Holvever, the present, work has

found only one affinity labell_ed. pentanucleotide

sequence. one explanation is th¡at there are tluo Gpupcpcpcp

sequences of 235 RlfA in the act,ive cent,re of pept,idyl

transferase to whj.ch Bap-pan-phe j.s attached.. Anoürer

possibility is that, tvuo affinity label molecules are

at,tached to the same CMP resi.due, either to d,Ífferent
positions on the cI'tP or as a di¡ner in which the second,

affinity la.bel attaches to t]¡e first, 1n a react,ion be-

tr,¡een the bromoacetyl group of the second affinÍty label
and. the o<-amino group of t}le first,. Di¡ner format,ion

could also explain the very l-or¡ acceptor activity of the

aff inity LabeL bound to the Ar -site of pept,idyl t,ransferase

(narris .* af., L973; Greenwell et. gl., 1974), since 1oss

of tÏ¡e o(-amino group of the first affinity label could

prevent acceptance of N-acetyL-amino acid from donor

substrates in the fragiment reaction. The small amount,
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of acceptor activity found. could be due to either a

smalL proportion of ribosomes to which only one affinity

label irad bound, or even to a low level of acceptor

activity of the djrner bound to the rj-l¡osome.

In orcler to explain the binding of tr,uo molecules of

l3ap-Pan-Phe to 23S RtdA and the low acceptor act,ivity of

bound af finity label, Greenwell et 3I". (.197 4) proposed

that one aff inity IaþeI was bound in the .â,r -site and the

other in the Pr-site. The lo¡,v acceplor activity was

considered to be due to the smal-I proportion of ribo-

somes with af f inity label bound. only in the lLr -s j"te.

Llov¡ever, bindj-ng of thre d.onor substrate, .UpàpCpct¡A-
?(rLc-L-["u]r-eu) to the Pr-site of affiniLy labell.ed

ribosomes as described in MaterÍa1s and Methods (e2%

of ribosomes htere afiinity labelled according to the

fragment, react,ion) showed only a srnall reduct,ion in

blnding (2O%) when compared with the bind.ing to un-

t,reated ribosomes. This indícaLes that there was litt1e,

if any, Bap-Pan-Phe bound to the Pr-site, or that it was

bound in such a way that donor substrate binding was not,

s ignif icanLly af fected.

Conc lud Remarks.

A pentanucleotide fragrnent of 23S RlfA containing

the bound affinity 1abel' Bap-Pan-Phe, has been isolated

and the sequence GpUpC(affinity label)pCpCp obtained.

$lnce two molecules of affinitl' labe1 become bound to

235 RlrIFr when total inactivatj-on of pept'idyl transferase

occurrecl. (creenrvell et' 91., L97 4) , e j.ther troo GpUpCpCpCp

sequences are present, in 23S RtlA or the two affinity
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labe} molecules are bouncl to the same CMtr residue,

ej-ther separately or as a d.j¡ner"
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