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As first shown by Zamecnik ef ol.,’ the initial step in 
protein biosynthesis involves the activation of individual 

transfer RKA’s with their respective amino acids. This 
transformation is mediated for each (RNA by a cognate 
aminoacyl-(RNA synthetase (l&e) and results in the 

formation of an activated ester a~ the 3’terminus of the 
[RNA (Fig. 1: eqn I). The kmetics of the aminoacylation 

reactions have been studied in great detail and the 
mechanism has been a matter of considerable con- 
troversy and uncertainty.L’ Also ambiguous is the initial 
site of (RNA aminoacylation. Although the aminoacy- 

lation of a (RNA by its cognate aminoacyl-(RNA 
synthetase has been thought IO involve the USC of only a 

single (Y- or 3’-) OH group at the 3’terminus of (RNA 
(eqn I). the two positional isomers of aminoacyl-(RNA 

are believed to equilibrate rapidly in solution.” thus 
complicating attempts to determine the initial position of 

aminoacylation. 
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Fig. I Cloverleaf represcnlalion of E. cob IRNA~. The an- 
bcodon friple~ is underkd. 
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The biosynthesis of polypeptides of defined sequence 
depends upon the availability of amin~c~taled (RNA’s 
as weli as an appropriate messenger RNA (mRNA). 

ribosomes, GTP, Mg”, severaf protein factors and pro- 
bably ATP. Protein biosynthesis begins with the as- 
sembly of an initiation complex; in a prokaryotic system 
such as Eschetichia co/i this involves the initiation factor 

f3-dependent binding of a 30s ribosomal subunit to the 
initiation site on the mRNA. The formation of this 

complex is stimulated by the presence of factor fl, a 
protein of molecular wright 900% as is the subsequent 
binding to the subunit of N.formylatcd methionyl- 

IRS&“’ from a factor f2 - GTP - N - formylmethionyl - 
tRSA:*’ complex. The complete initiation complex, 

containing the MS ribotomal subunit. mRKA and N- 
form~lmethionyl (RNA?, as well ar fl, f!. f3 and GTP. 
then associates with the 50s ribosomal subunit with the 

concomitant release of initiation factors and hydrolysis 
of GTP. The P(peptidyl)-\ite of the resulting functional 
70s ribosomal complex is occupied by K-for- 

m)Imethionyl-tR?lAY. the anti&on of whrch (Fig. I) i\ 
hydrogen-bonded to the complementary initiator codon 

triplet (A&G) in the RNA via Watson-Crick base pairing. 
The ktcond mRNA codon specifies the anticodon of rhe 

aminoacyl-tRNA which then fills the ribosomal 
Acaminoacyl)-site: actual introduction of that aminoacyl- 
(RNA into the ribosomal site is mediated by elongation 
factor Tu (EF-Tu). which forms a ternary complex with 

the aminoacyl-tR~A and GTP. In analogy with the 

~ntr~uction of ~-formylmethionyl-tRN~~~’ into the P- 
site. as the ~~-Tu.G.rP-aminoac~l.tRNA complex is 

bund to the ribosome hydrolysis of GTP occurs and the 
factor is released from the ribosome as EF-TuGDP.” “* 

The introduction of an aminoacyl-(RN.4 into the A-site 
permits the formation of a peptidc bond between the 

aminoacyl moieties of the two ribosome-bound tRSA’s. 
Thi\ t~n~f~~rmation is believed to involve nucleophilic 

addition of the amino group of the A-site tRNA to the 
activated ester of S-formylmcthionyl~tRSA~ and is 
effected by peptidyl tMSfCraSc. u-hich is part of the .COS 
subunit. As shown m Scheme I. completion of the rcac- 

+A second clonpalion factor. EF-Ts, is used lo re-generate 
EF-Tu%TP from EF-l’uXiI)P. 

(ion yields (RNA?’ in the ribosomal P-site and N- 
f(~rmy~mclhil)nylaminc~cy~-1R~A in the A-site.“.‘” 

Although pcptide bond formation itself does not in- 
volve the hydrolyses of ATP or GTP, the subsequent 

translocation step does. In addition to GTP. translocation 
requires elongation factor G and results in release of 

(RNA? and movement of the mRK.4 relative to the 

ribosome. At the conclusion of this step. the peptidyl- 
tRNA has been moved from the A-cite to the P-site and 
the next codon is posttioned at the ribosomal A-site, 

where it will direct the binding of the appropriate 
aminoacyl-tRNA and lead to formation of an additional 
peptide bond. Since each of the 64 possible codons 
specifies no more than one (RNA isoacccptor, sequential 

translation of adjacent mRNA codons defmes exactly the 
sequence of amino acids in the resulting protein.” ‘.’ 

An increasing number of studies have been concerned 

with the mechanisms of the individual transformations 
which comprise protein biosynthesis; definition of the 
pathways utilized ha> been accomplished in part through 
the use of synthetic analogs of normal components of the 

protein-biosynthcsizing system. One aspect of protein 
synthesis which has not been studied in detail is the I?- 
or 3’-1 posttion of the aminocyl Ipcptidyi) moiety of 

(RNA during each of the partial reactions. Although the 
amino acid is thought IO equilibrate rapidly between the 

vicinal hydroxyl groups in solution, it is not unreasonable 
IO acticipatc that at least some of the individual reactions 
may require a single positional isomer of aminoacyl 

(~ptidy~)-(RNA, if only to enhance the specificity and 
facility of such transformations. 

On the basis of expected differences in chemical rcac- 
livily” ” of the 2’- and 3’-OH groups of adenosine. 
7Amecnik suggested that from a chemical point of view 

the 2’.OH group of tht 3’-terminal nucteoside of tRNA 

would be the more likely point of attachment of the 
amino acid during aminocylation.” Also indicated wa\ the 

likelihood of subsequent acyl migration between the 
vicmal hydroxyl groups and the probability that the 3’6 
aminoacyl isomer would be more stable thcrmodynami- 
tally. Early studies of the initial position of (RNA amino- 

A 

Scheme I. 
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acylation. as well as the distribution of positional isomers 

at equilibrium. were carried out using toluene - p - 
sulfonyl chloride. Ia 7 3dihydropyran” _. and 2 - cyano- 

cthylphosphatcm as trapping agents. All three studies 

@Ve products derived predominantly from the 3’ - 0 - 
aminoacyl isomer of tRNA. although it is difficult IO 
exclude the possibility that the observed isomer dis- 
tributions may have been influenced by rapid migration 

of the aminoacyl moiety between the 2’- and 3’positions 
or by differences in reactivity of the two hydroxyl 

groups. 
In 1973. three laboratories reported the preparation of 

[RNA’s modified at the 3’terminus such that the 

adenosine moiety had been replaced with a nucleoside 

analog containing only a single 2’- or 3’-hydroxyl 
group.““” By the use of isomeric analogs, e.g. ?‘- and 
3’-deoxyadenosine. it was possible to prepare the cor- 
responding isomeric tRNA’s (2 and 3). the aminoacylated 

forms of which could not undergo isomeriration between 
the 2’. and Y-positions. Although the 1RSA.s terminating 

in 2’- and 3’0methyladenosine (4 and 5) were poor 
substrates for the cognate aminoacyl-tRh’A synthctase 
activities..“.” the other modified [RNA’s promised to be 

more useful. Modified yeast tRNAPk species 3. e.g.. was 
found to be the sole substrate for the homologous 

phenylalanyl-tRh’A synthetase. The K, for aminoacy- 

latton of the modified [RNA was the same as that 
measured for the corresponding unmodified species 
(?.grM) and the associated V,. values were similar 
(0.28 pmoles min ’ for 1 r.s 0. I8 pmoles min ’ for 3)” 

consistent with the interpretation that yeast tRlr;A’” is 

normally aminoacylated on the 2’.OH group. The 
isomeric IRNA~ Spa& 2 wa!, not a SuhShte for 

aminoacylation by the yeast phenglalanyl-tRNA synthc- 
tase, but was shown to k a competitive inhibitor of the 
aminoacylation of unmodified [RNA- with an apparent 

K, of 2.16 PM.” Thus. these early results suggested 
strongly the probable utilitv of such modified tRNA’s in 
studies of positional specificity during protein hiosy n- 
thesis. 

As illustrated in Scheme 2. the modified [RNA’s of 

interest may be obtained by enzyme-mediated recon- 
srruction of abbreviated tRNA (tRNA_C-C,,,,) with the 
appropriate nuclcosldc phosphates Since the (‘-C-A 
sequence is common to the 3’-terminus of all tRNA’s. the 

modification procedure is applicable to unfractionated 

mixtures of [RNA’s, as well as single. purihed species. 

The abbreviated [RNA itself is accessible from intact 

IRKA by chemical or enzymatic removal of the 3’- 

termmal adenosinc moiety. It has been shown. for exam- 

ple, that treatment of ribonucleoside Y-phosphates 
successively with periodate and a primary amine under 
appropriate reaction conditions results in o-elimination 
of the phosphate moiety from the initially formed 

dialdehydc.” J presumably via an tmin? or enamine.- 

Application of this methodology to tRNA results m the 
elimination of tRNA-C-C,,” ” which can be converted 

IO tRNA-C-C,,,, by additional treatment with alkaline 
phosphatase. This procedure has the advantage that it 

results in the removal of a single nucleotide from [RNA: 
since the @elimination has been of considerable me- 

chanistic interest.“-W the optimal conditions for the 
transformation have also been studied in great detail. 

One may note. however, that the utility of this method is 
limited by the presence in [RNA’s of modified 

nucleosidcs with additional cis-diol moieties”-” and 
more generally by the observed loss of amino acid 

acceptor activity upon treatment of certain tRNA’s with 

periodate.“.” 

Alternatively. the adcnosinc moiety may be removed 
from the terminus of tRh’A by controlled digestion with 
venom exonuclease.” Although the removal of nucleo- 
tides does not occur to the same extent for all [RNA’s 

the progress of the hydrolysis for a given species can be 
determined by monitoring the loss of amino acid ac- 

ceptor acttvity and degradation can thereby be limited 

largely to the single stranded CC-A wquence. Since 
CTP(ATP): tRNA nucleotidyltransferasc is responsible 
for the addition of this sequence to SeVd tRSA’s after 
transcriptionW “ and is also capable of repairing partially 
degraded IRSA’S.‘” the cnrymc can hc used to convert 

the mixture of [RNA’s which result\ from venom treat- 
ment to tRNA-C-C,*, by replacement of missing cyti- 

dine moieties. For example. by careful optimization of 

the venom exonuclease treatment of unfractionated E. 
co/i tRIGA. it was possible to prepare tRNAX-C,,,, 

which had no phenylalaninc acceptor activity and which 
could be reconstituted with [‘HI-ATP to the extent of 

80-100% of the theoretical value (Fig. 2)” The recon- 

stituted [RNA could be aminoacylated with pheny- 
lalanine at the same rate and to the same extent as 
unmoditicd [RNA. Similar procedures have been utilized 

for the conversion of purified yeast IRNA~” and 
tRKAT’f to the corresponding abbreviated tRNA’s. and 

Scheme ?. 
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Fig. 2. Rccoostitutioo with CTP and (‘Hj-ATP of sampks of unfractionat~ E. cofi tRNA treated with venom 
cxonuckasc for 30 0.40 (A), 50 (8). 60 (0). 70 (0) and 80 43) min. A conrrol was carried out in the absence 

of [RNA (3). 

Fip. 3. Gel ekctropboresis of E c&i tRNA* and tRNA,- after digestion with venom exonuckw. The digestion 
was carried out using 1.0 Am uoit of purified tRNA in SO gl of Ttis-W buffer at 37” for 20 min in the presence of 
varying amOunts of venom exonuckasc. Aliquotr of each reaction mixture were applied to individual channels. 
which coot&cd tR&A-“# (A); IRNA”‘* digested with S IHI. 10 (0 or ?_I, tDfr&lml of nuckasc; tRKA,Y” El; 

tR?IA,“” digested uith 5 $0. 10 ((2. or 25 (if) #g/ml of nuckasc. 
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also for tRNA*” and tRNArY”’ from E. coli For the latter 
two species. the extent of degradation by venom exo- 
nuckase was also monitored by polyacrylamide gel elec- 
trophoresis (Fig. 3); reconstitution of lhe abbreviated 
tRI4A’s with ATP in the presence of CTP(ATP):tRNA 
nucleot~ylt~ns~erase was shown to give functional 
FRNA’s:’ 

lWORtocpwpILFCM’BEE1;91)po1lliE 
iwxIwR1uctMII OF Uuih-c-C~ 

Scheme 2 illustrates the methods which have been 
utilized for the preparation of modified tRNA’s from 
(RNA-CC,. One of these involves the incubation of 
FRNA-C-C,, with ~P(ATP):tRNA nucfcotidyltrans- 
ferast ;rnd an appropriate ATP :tnaiog. Preparation of 
the analogs of interest (I-III) was accomplished slart- 
ing from the respective nucfeosidts which were phos- 
phoryfated with pyrophosphoryf chloride.” labelled by 
exchange with ‘H&I where necessary.“ and converted to 
the respective nuclcoside S’di and triphosphates via the 
5’-phosphorimidatolidaFes.U~” 

The incorporation of modified nucfeotides onto 
FRNA-C-C,, proceeds much fess quickly than incor- 
poration of the normal substrate, but a reasonable level 
of mcorpuration can generally be achieved after an 
extended period of incubation. CTPFATP): FRNA 
nucleotidyftransferase preparations from different sour- 
ces have different specific activities and suhstrzte ~;pec- 
ificitics and these must be considered when selecting an 
entymc for (RNA reconstruction. For example. the in- 
corporation of 2’. and 3’.dcoxyadenosine ?‘-triphos 
phates onto tRNA-C-C,,r could not be effected with the 
CTPFATP): IRKA nucleotidyit~nsferase activities from 
E. coli?‘+.* rabbit live? or rabit muscle,* but the yeast 
enzyme did catalyze the incorporation of both 2’- and 
3’deoxyadenosine S’-triphosphates.“‘: In the presence 
of the yeast enzyme, the deoxynucleotides were incor- 
porated onto abbreviated IRNA derived from E. coli. 
yeast and calf liver in 45-&S% yields;‘l.Y.W virtually all of 
the (RNA isoacccptors from these three species could be 
modified in this fashion.“.- While the CfP(ATP):tRNA 
nucleotidyltransfera~ from E. edi did not utilize 2’ or 
3’deoxyadenosine S’-triphosphatcs as substrates, 2’ - 
amino - 2’ - deoxyadenosine and 3’ - amino - 3’ - deoxy” 
adenosine 5’ . triphosphates were utilized by the enzyme 
(and incorporated to the extent of 25-MO/c):“,” as were 
the isomeric 2 and ~-(~mcthyladenosine 5’-triphos- 
phates.” The falter two nucfeotides were incorporated 
onto tRh’A-C-C,, in yields of 30 and 37%. respectively. 
and were al\o found to be competitive inhibitors of the 
inco~~tion of ATP FK, measured 3s 70&f) with 
apparent K,‘s of 1OO~,M.” 

Since extraneous nucfease activities in the 
CTP(ATP):FRNA nucleotidyftransferase preparations 
would degrade the abbreviated FRNA’s during the rtia- 
tively long period of incubation required for recon- 
struction with ATP analogs, the purity of the 
CTP(ATP) : (RNA nucleotidyltwnsfcrase preparations 
utilized in such experiments has been a matter of special 
concern. Several procedures have been reported for 
puri~cation of the E co&“,“-” ” and yeastW.” enzymes, 
although none have dealt with the question of extraneous 
activities which could damage (RNA’s during prolonged 
incubations Recently, Chinault et al.‘? have described 
the pu~~cation of the E coii enzyme by ~monium 
sulfate fractionation and successive chromat~~~phies on 
Sephadex A-25 and DEAEceffulose. This procedure 

gave an enzyme having a specific activity comparable to 
those of preparations reported previously and lacking 
nuclease activities sufficient IO degrade FRNA-C-C,,. as 
judged by the absence of radioactive breakdown 
products formed during the incubation of [“PI-FRNA” 
with the preparation. 

Preparation of yeast CTP(ATP): (RNA nucleotidyl- 
transferase in a state of purity useful for the modification 
of unf~ctionated (RNA’s has been accomplished by 
ammonium sulfate fractionation of the crude cell extract, 
followed hy chromatography on DPAP-tcflufose and then 
on phosphocellulose. Reconstruction of purified tRNA’s 
can be effected after additional purification of Ihc en- 
zyme by chro~t~aphy on hydroxylapatite and Se- 
phadex G-IOO.“ or hy the method of Stcrnhach er dl.” 

Another method for the preparation of modified tRIGA’s 
from IRK A-CX’,,, utilizes polynucleotide phosphorylasc 
to catalyze the condensation with nucleoside Ydiphos- 
phates. Although nuclcoside ~‘diphosphates 
having 3’-OH groups are polymerized by the enzyme, 
Gilham et al. have demonstrated that single additions of 
such ribonucleotidcs to a variety of substrates can be 
achieved by blocking the hydroxyl groups as the 2‘(3’) - 
0 - (I - methoxyethyl) derivatives (II):y-” a related 
procedure has been developed using 2’(3’) - 0 - isovaleryl 
derivatives of nucfeotides.gL’ Application of the former 
methodology to the construction of (RNA species 2-5 
was carried out using ~lynucieotide phosphoryla~ from 
Micrococcus lureus. Incorporation of 2’ and Ydeoxy- 
adenosine Y-diphosphates (II and Ill, R - H) proceeded 
to the extent of 4%$ although the yield of the former was 
increased to 36% in the presence of ?FX methanol. After 
incubation with ~lynuclcotide phosphorylase and suitable 
deblocking. nucleoside 5’.diphosphate ii (R - OCH,) gave 
tRNA terminating in 2’-O~methyfadenosine in 55% yield, 
while the incorporation of III (R - M’H,) was found IO be 
17%.” 

improvements in the latter method of FRSA recon- 
struction may be possible by taking advantage of recent 
developments in the area. These include the isolation by 
Warn ef ui. of an enry me activity- from E. c-o/i 8 which, 
in the presence of Mn”, catalyzes the addition of a 
single deoxyribonucleotide onto primers consisting of 
oligodeoxyribonucfeotides.“~ Also of interest in this 
context is the work of Sninsky et CJ/.“‘ u hich has resulted 
in a method for the incorporation of single ribonucleo- 
tides onto primers in high yield by suppressing unwanted 
phosphorofysis of the primers during the addition. 

There was no special advantage associated with the 
use of polynucfeotide phosphorylase. rather than 
CTPFATP): (RNA nuclcot~yltransferase, for the pre- 
paration of tRNA’s terminating in 2’ and 3’ - deoxy- 
adenosine or 2’. and 3 - 0 - methyladenosine. As 
discussed below, however. the technique utilizing poly- 
nucfeotide ph~~sph(~ryfase was itfso appficahle IO the 
direct preparation of FRNA terminating in 2’ - deoxy _ 3’ - 
0 - phenyfafanyladenosine? and thus facilitated the 
preparation of isomeric phenylalanyl-tRNh’s (7 and 8, 
R = CHLH,). 

Although the reconstruction of (RNA-C-C,, with 
anatogs of ATP does not proceed to completion. purifi- 
cation of the modified tRNA’s can be accomplished by 
either of two methods, as shown in Scheme 2. 0ne of 
these involved treatment of the FRNA’s with periodate, 
which effected oxidation of the 3’.terminal nucleosides in 
the remaining tRh’A-C-C,,‘s; conversion of the ris-diol 
moieties in these tRh’A’s to the corresponding dialdt- 
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hydcs caused these spccics IO be retained during sub- 
sequent chromatography on aminocthylcellulosc.~ The 
deleterious ctiec~s of periodate noted earlier could be 
avoided by separation of the modified IRNA’s and 
unreactcd tRNA-C-& on DBAE (N - [N’ - (m - 
dihydroxyborylphcnyl) - succinamyljaminocthyl) - ccl- 
lulosCb’” This support retains the latter species selcc- 
tively by virtue of interaction with the vicinal glycol 
~unct~~na~ity of the Y-terminal cytidinc moiety. By elu- 
tion with appropriate buffer solutions, it was also pos- 
sible to separate the modified and abbreviated tRNA’s 
derived from isoacceptors containing nucfcoside Q 
(which have one and two ckdiol moieties, respectively; 
Fig. 4).* 

Studies of the physical and biochemical properties of a 
number of aminoacyl-tRNA synthetases, of aminoacyl. 
IRNA synthetase recognition sites within the cognate 
tRNA molecules. and more generally of the aminoacy- 
lation process itself, suggest the probability of 
differences in the mechanisms of aminoacy~ation of 
individu~ tRNA’s.“‘.* Although the individu~ positionaf 
isomers of aminoacyl*tR~A are thought to cquilihratc at a 
rate well in excess of those of the partial reactions of 
protein biosynthcsis.‘0~4 so that the initial position of 
aminoacylation would probably have little effect on sub- 
sequent processes. utilization of a single (Y or 3WH 
group in tRNA for aminoacylation would seem not 
unlikely in that it could serve to enhance the specificity 
of tRNA-aminoacyl-tRNA synthetasc interaction. 
Therefore, the choice of initial position of tRNA 
aminoacylation is of interest as a characteristic of 
individual enzymes and possibility as an aid in the iden- 
tification of common tRKA-aminoacyl-tRNA synthctase 
recognition patterns among certain tR?IA’s. To the extent 
that the amin~cy~tion of tRNA species 1 and 3 can k 
considered analogous IO the aminoacyfation of the respec- 
tive species 1. study of the former two should help to define 
the initial position of aminoacylation of individual tRSA 
isoacceptors and identify tRSA’s whose aminoacylation 
occurs in related fashion. 

Subsequent to the finding that yeast tRNA*- ter- 
minating in 3’ - dcoxyadenosine (31, hut not 2’ - dcoxy- 
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Fig. 4. Chromalography of unfracrionalcd calf liver IRNA’s on i)HAEctllulou lo &XI vpararion of 1hc rR?;A’s 
coruaining mulupk cir-dtol groups. The tRNA uu applied to the column in 50 mhi morphdine-HCI buffer. pft 8.7. 
c[~nI~ning I M E;aCl and 0.1 M M&3, and sashed uith the same buffer until no more [RNA was clutcd from the 
column. Transfer RtiA’s con~inin6 multiple cir&ol groups were rhen sashed from Ihc column with !OmM sodium 

ails-mo~holinokIbanesulfonaIe huffcr, pH 5.5. containing I h4 SaO. 

adcnosinc (2). was aminoacylatcd by yeast phenyfafanyf- 
tRN A synthetase,” analogous results were obtained hy 
Fraser and Rich using E. co& (RNA* tcrmi~ting in 3’ - 
dcu~yadenl)sine (IO)” and by Ofengand et 01.“ for E. +-o/i, 
ycasfandrat liver tRNAWand E ~olifRNA~~species(ll) 

which had hecn treated successively with sodium 
periodate and then with sodium hnohydridc. 

In 1975. Cramer and his coworkers reported on tftc 
aminoacyfation of four additional purified yeast tRNA 

species terminating in 2’ and 3’deoxyadcnosine.Q While 
the modified tRNA” and (RNA” species having a free 
2’.OW group were the exclusive substrates for the cog 

nate aminoacyf-(RNA synthetases. as had been observed 
for yeast tRNA I+“. seryf-tRNA synthetase aminoacyfated 
only tRNA*’ spccics 2 and the tyrocyf-(RNA synthetase 

utilized tRKA7”‘s 2 and 3. Further studies with modified 

(RNA’s have been concerned with the position of 

aminoacyfation of the remaining tRNA isoacceptors. 
‘Thus Sprind and Cramer described the aminoacyfation 

of partially modified E. co/i tRNA. which had been 

reconstructed with 2’ or 3’-dcoxyadcnosine after removal 
of the 3’.terminal adcnosinc moiety by successive 
treatments with periodate, fysine and alkaline phospha- 

tase.t” in a related study. Fraser and Rich prepared E. 
rofi (RNA’s tcrminati~~ in 2’ . amino - 2’ - dcoxy- 
adcnosinc (9) and ~-amin~~-3’~coxyadcn~~~ine (10) and 

measured the amino acid acceptance of each with I9 
amino acids.*’ 

Perhaps the most comprehensive study of the position 
of amin~cyfation of individual modified (RNA 
isoacccptors was reported by Hccht and his cowork. 
crs.“pe ‘Ikcy prepared modified E Coli. yeast and calf 
fivcr tR?IA’s from the corresponding abbreviated 

tRNA’s. the fatter of which has hecn obtained hy treat. 
mcnt of the unmoditicd species with venom cxonucfcasc. 

+It IS prohahlp worth noring rhaf aflcr thIs frealmcnl rccon- 
‘ruuclion of the abbrc&Icd [RNA’s with ATP rcsulled in incor- 
porauoo of 7% of the Iheoretical amounl of the nucleoIidc and 
restoration of only 62% of royal amino acid acceptor activity. 
*rIh a dl~pro~rti~~fc lots of certain tsoacccpforr. This would 
teem to indtcaIc at least some IRNA destrucrion during the 
preparation of tR.VA-C-&,, and possibly additional difiicultics 
in reconstitution of some isoacccptor aciivrticr wifh ATP and 
CTP~ATPI:IRNA nuckotidyltransfcrasc 

V’(i N’T 

followed by in~uhation with CTP and CTP(ATPf: IRK A 
nucfcotidyftransfcrasc. Prior to reconstnrction of the 
abbreviated tRNA’s, they were shown not IO bc damaged 
by virtue of their ability to incorporate an equivalent of 

ATP in the absence of CTP, and by the full restoration 
of amino acid acceptor activity to the reconstituted 
species. Reconstruction of the tRNA-C4&‘s was car- 
ried out with ?- and 3’dATP in the presence of yeast 
CTP(ATP): (RNA nucfeotidyft~nsfera~ and each was 

purified c~omato~~hic~fy on DEAEceffufosc and 

DBAEceffufosc, as discussed above. 
Aminoacyfation of each of the modified tRNA’s deriv- 

ed from E. coil, yeast and calf liver [RNA’s was mcasur- 
cd as a function of time for each of 20amino acids. using 
homologous aminoa~yf-tRNA synthetasc preparations. 
Several of the aminoacyfation curves obtained arc shown 

in Figs. S-f? and the extents of aminoacyfation of 
individual modified (RNA’s after 30 min arc summarkcd 
in Table I. relative to the corresponding unmodified 
tRNA’s. As shown in Fig. 5, for example. after 30 min 

the E. coli gfutamyf-tRNA synthetase had aminoacyfatcd 
the modi~cd IRNA”” tspcctes 3) having a t’-OH group to 

the extent of 91% relative to unm~i~ed tRNA“b. hut the 
isomcric species (2) was not utifircd as a substrate. The 
same was afso true for the 15. cull, yeast and calf liver 
(Kg. 6) vafyf-tRh’A syntfretascs and for the arginyf-. 
isofeucyf-. fcucyf- and phenyf~anyf-tR~A synthctasc\ 
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big 5. Aminoacylatmn of E. co/i IRNA”* spec~r I (0). 2 (AI 
and 3 (Vt. relative IO a control lacking IRNA (8). in the presence 

of E. co/i aminoacyl.tRNA synthetases ---- II’ . 

Rg. 6. Aminoacylarion of calf hvcr IRS.~‘*‘S I (0). 2 (A) and 3 
(V). relative IO a control wnhou~ [RNA (I). using a calf liver 

aminoacylrRSA synthetase preparatron. 

from all three species. Also specific for cognate IRKA’s 
having a free 2’-OH group on the 3’tcrminal nuclcoside 

were E. co/i and yeast methionyl-[RNA synthetascs. On 
the assumption that aminoacylation of the unmodified 

[RNA’s proceeds in the same fashion as that observed 
for the corresponding modified IRNA species. 2 and 3. 

these results indicate that all of the aminoacyl-tRNA 
syntktases discussed above normally aminoacylatc their 
cognate tRNA’s on the 2’-OH group. 

Figure 7 depicts the aminoacylation of yeast IRNA”” 
species I-3. Although tRNA”” species 3 was not a 
substrate for the prolyl-tRNA synthctase. after 
30 min tRNAR” species 2 was arninoacylated IO essen- 
tially the same extent as the corresponding unmodified 
tRNA.+ The same positional specificity was observed for 
E. co/i tRNAR” and for tRNAti (Fig. 8). tRNA”“. 

+‘Tk slightly greater extent of arninoacylation of certam of rhe 
modified ~RtiA’s. as compared with rhe respecrivc unmcdihed 
species. can probably be attrrbuted IO removal of some IRKA 
specks during the modihcatlon procedures. rcsulrmg us the en- 
richment of other tRNA isoacceptors. 
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Frg. 7. Amrnoacylarion of yeast IRK AD” spccres I (0). 2 (A) and 3 
(Vt. relative IO a control without IRNA (Wt. by a yeas1 ammoacyl. 

IRKA synrherase preparation. 
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Fig g Amrnoacylatron of E CO/I (upper panel) and yeas1 flower 
panel) rRh’AU’ s I (0). 2 (A) and 3 (V). relative IO controls 
lacking IRSA (8). in the presence of homologous aminoacyl- 

IRSA synthefa.us 

tRNA”“. tRNA”‘, tRNA’” and [RNA”’ from E. co/i. 

yeast and calf liver (Tables 2-4). 
Certain aminoacyl-tRNA synthctascs utilized both 

modified [RNA species 2 and 3, although generally at 

different rates. ‘This is illustrated for yeast tyrosyl-tRNA 

synthetase in Fig. 9, and was observed for the cor- 
responding E. co/i and calf liver activating enzymes as 
well. The same was also true for the asparaginyl-tRh’A 
synthetases from all three species and for the cysteinyl- 
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Tabk I. Percent aminoacylation of modified IRNA species 2 and 3 rclalwe IO unmodified IRSA 

:: :011 
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[RNA synthetases from E. co/i and yeast and the yeast 

aspartyl-[RNA synthetase. 
That the observed aminoacylation of both isomeric 

[RNA’s was not due to the presence of multiple [RNA 

species having the same accccptor activity but different 
positional specificities can be shown at least for yeast 

and calf liver [RNA”’ and for yeast tRNA”” and 
tRNA”‘, since species 2 and 3 derived from each were 

aminoacylated to approximately the same extent as the 
respective unmodified [RNA’s, While there is no con- 
clusive evidence for the existence of more than one 

aminoacyl-tRNA synthetase activity corresponding to 
any amino acid in the organisms studied. it is diflicult to 
exclude the possibility that the aminoacylation of both 

isomers (2 and 3) derived from a single [RNA isoacceptor 
is effected by different enzymes; in fact such isomeric 
tRNA’s could be used in assays to determine the possible 
existence of multiple aminoacyl-tRNA synthetase ac- 
tivities after (partial) fractionation of the latter. 

The effect of variable amounts of aminoacyl-tRNA 
synthetases on the relative rates of aminoacylation of 
modified and unmodified [RNA’s is illustrated in Fig. 9 

for yeast [RNA’” species 1-3. At the lowest concen- 
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Table 3. Initial site of ammoacylation of ycasl [RNA 

1'1, 

Tabk 4 Imual JIIC of aminoacylatlon of calf libcr IRSA 

I*. : 

tration of added tyrosyl-[RNA synthetase (0.4 4; upper 

panel). tRNA’“‘s I and 3 were fully aminoacylated after 

IS min. while species 2 was activated to the extent of 
only 14-l% after Mmin. However, as the amount of 

added tyrosyl-tRNA synthetase was increased (2 and 

104; lower panel). all three tRNA species were 
aminoacylated to approximately the same extent within 
3Omin. Thus the relative extent of aminoacylation 
of tRNA species 2 in this system, relative to I and 
3, depended in a significant way on the amount of 

tyrosyl-tRNA synthetase present in the incubation mix- 

ture. Similar observations have been made for the 
aminoacylation of yeast tKNA”” and II seems not 
unlikely that more concentrated aminoacyl-tKNA 
synthetasc preparations (e.g. the E. coli and calf liver 
aspartyl-. calf liver cysteinyl- and yeast isoleucyl-[RNA 
synthctaxs) might effect the aminoacylation of both 
modified IKNA’s (2 and 3) derived from certain 
additional IRK A isoacceptors. This is illustrated in 
Fig. IO for the modified IRNA’s structurally related IO 
yeast IRNA~. Species 3 was utilized to essentially lhc 
same extent as unmodified [RNA after a 30 min incu- 
bation period. Although aminoacylation of the isomeric 
tRNA species 2 was only 5% complete within M min. the 
extent of aminoacylation of 2 increased steadily during 
that period of lime. Proper designation of the initial Site 
of aminoacylation. then. would be easier IO specify in 
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Fig. 9. Aminoacylation of yeast tRKAT” species I (0). 2 (A) and 
3 (VI. retawe IO a control wrhout IRSA CD) in rhc presence of 
04pl (upper panel) and ! JLI (loucr panel1 of a 
yeas1 aminoacyl-tRNA synthctasc prcparafion. Also shown in lhc 
lower panel arc ~hc results obtained for 2 (A) and 3 (7) with IO rrl 

of enrymc. 

. 

. 
. . 

Fig. IO Aminoacylation of yea51 IRNA”’ species I (0). 2 (A) 
and 3 (V). relative IO a control run without IRSA (8). by the 

homologous aminoacyl-tRNA synthctaw. 

terms of the K, and V,, for aminoacylation of each of 
the modified [RNA’s, 

The observation that certain aminoacyl-tRNA synthe- 
tases utilized the cognate tRNA species 2 and 3 as 
substrates may be interpreted to mean either that the 
cnzymc does not normally discriminate between the OH 
groups on the 3’-terminal adcnosine moiety of the tKNA 
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or else that one OH is normally aminoacylated but in its 

absence the alternate position may be utilized (albeit. 

most likely at a diminished rate). If the latter were 
correct, and the relative rates of aminoacylation of 2 and 

3 did accurately reflect the position at which species 1 

was normally aminoacylattd, then the initial position of 
aminoacylation of certain additional tRNA isoacceptors 
could be specified. One would conclude, for example, 
that E. coli and yeast Fyrosyl-tRNA synthetases nor- 
mally aminoacylated Fheir cognalc tRNA’s at the ?- 
position, since tRbA““s 3 from both species were act- 

ivated more quickly than 2, and that the alternate (3’.) 
position was utilized for E. coli and yeast tRNA*‘” and 

tRNA‘ “, as well as for yeast tRNA”“. One should note, 
however, that these conclusions are based on the as- 
sumption that reconstruction of unfractionated tRNA-C- 
CoH gave equal amounls of the isomeric IRNA isoac- 

ccptors of interest. That this assumption may be tenuous 
is illustrated by the finding that. unlike E. co/i and yeast 

tRNA*“. calf liver tR?;AA” species 3 was activated 

more quickly than 2. 
As shown in Figs. It and 12. one (RNA species for 

which the initial position of amin~cylation has changed 
during evolution is tryptophan. Thus, while E. coii 

tRNA”’ 3 was a substrate for E. coli Fryptophanyl-(RNA 

synthetasc. u’qW incubation of modified yeast tRNA”“‘s 

with a homologous aminoacyl-tRNA synthetase pre- 

paration resulted in the activation of species 2. but not 
3.W-‘” and species 2 was also observed to be the sole 
suhstrate in the calf liver system. More rcccnt experi- 
ments utilizing partially fractionated E. co/i tRNA”’ 

species 2 and 3 have shown that both can be utilized by 

. . 

s * . 

*. 
* 
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. 

Fig. 1 I. Aminoacyiatioo of E co/i tRYA”* species f (8). 2 (A) 
and 3 (t), relative IO a control lacking MNA (8). by an E CC& 
aminoacyl-tJWA ~ynfhetav prcp~aricjn tn lhc presence of ATP 
(upper panel) and 3’ . dcoxyadcnosinc Y - trtphosphafc (lower 

panel). 

. 

Fig. I?. .~mi~acy~tion of tca..~ IRSA’” spccics 1 I#, 2 (A) 
and 3 (Ft. rtlarive to 3 controt without tRSA R). in ihe presence 

of yeast aminoac$t.tRN.4 \)nthetaset. 

E. co/i tryptophanyl-tRNA synthetase, although 

aminoacylation of 3 was clearly more facile.“ The 

successful heterologous aminoacylations of both E. co/i 
and yeast tRNA”“s have been reported” and it will be 

of interest to carry out the aminoacylations of E. co/i 
and yeast tRNA*‘? species 2 and 3 with the hctcrologous 
aminoacyl-FRNA synthetases since the results may help 

10 indicate whether specificity for the initial position of 

aminoacylation is determined by the structures of the 
tRNA”“s or the tryptophanyl-tRNA synthctases. 

The results outlined in Tables l-4 are those of Hccht 
and his coworkers;*“’ comparison with those of other 
workers 1% insitructive. Sprinrl and Cramer. e.g.. reported 
that E. cofi threonyl-tRNA synrhetase utilized ex- 

clusivclg modified [RNA 3.” This was not in agreement 
with the assignment of positional specificity made by 

Hccht and (‘hinault.” who observed exclusive 
aminoacylation of E. co/i tRNA_ species 2. but rein- 

vestigation at C.iotFingen has now verified species 2 as the 
sole substrate for E. co/i threonyl-tRNA synthetasc.” 

Sprind and Cramer also found that E. ro!i (RNA”‘” 

species 3 was a substrate for the cognate aminoacyl- 
tRNA synthetasc. but did not detecr the addittonal 

aminoacy~ation of the isomeric (RNA”‘” species 2. as 
reported by Hecht et al.” Presumably, the failure to 

observe aminoacylation of species 2 may have been due 
to an insufficient amount of asparaginyl-tRKA synthc- 

tase. as discussed above. 
Fraser and Rich studied the aminoacylation of E. coli 

IRNA’s terminating in 2’ . amino - 2’ - deoxyadenosine 
and 3’ - amino - 3’ - dcoxyadenosine. to give the 2’ and 3’ 
- N . aminoacyl derivatives, respectively.” Interpretation 
of the results of Fhcse experiments is comphcated by the 

fact that, in principle, aminoacylation of a single 
modified (RNA qwies (9 or 101 could occur tither hy 
direct aminoacylation on the 2’(3’)-amino moiety of the 
Fermind nucleoside or by amiooacylation of the adjacent 
hydroxyt group, followed by int~molecu~ aminoacyl 
Fwnsfer to the vicinal amino group. Therefore. the ex- 

perimenlal observation that both isomers (9 and fOj 
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derived from several tRNA isoacceptors were substrates 
for the cognate aminoacyl-tRNA synthetases (Table 5) 
can be interpreted in at least two ways. One possibility 
would be that the aminoacyl-tRNA synthetases in ques- 
tion utilized exclusively the OH (or NH,) oietics on the 

%I substrate tKNA’s but had a relatively I degree of 
positional specificity, so that 9 and 10 wcrc both 

aminoacylated. Alternatively, the observed aminoacy- 
lation could be attributed to an ~inoacyl-~NA synthe- 
tase which was specific for a given position on the 
3’.terminal adcnosine moiety, but which was capable of 
acylating either an OH or NH: group at that position. 
Clearly, any combination of these two possibilities could 

also have given the observed results. 
la spite of the ambiguity inherent in the use of analogs 

9 and 10, a great deal of useful information has been 
accessible by comparison of the results obtained with 
these species and with tRNA’s 2 and 3. For example, 
tRNAW and tRNA’“’ species 9, but not 10, were sub- 

strates for the respective aminoacyl-tRNA synthetascs, 
enzymes which also activated tRNA= and tRNA’“’ 
species 2 (but not 3). This suggested strongly that the 

more facile process for the am~~cylatjon of 9 and 10 

involved initial acylation on oxygen. Furthermore, in- 

vestigation of tRNAy” species 9 and 10 revealed that 

while the ultimate extent of aminoacylation of the two 

did not differ markedly, the rate of aminoacylation of the 
latter (having a 2’-OH group) was much greater, and 
similar to that of unmodified tRNA*‘. This was con- 

sistent with the exclusive aminoacylation of tRNA”’ 

Table 5. Relative amounts of amino acid added to tRNA’s 9 and 
IO. cxprcsscd as the percentage of total base-stabk amino acid” 

,.. : 

species 3 (as compared with 2) by the same enzyme and 
suggested that the more rapid aminoacylation of 10 was 

due to acylation on the 2’-OH group of that analog, while 
the slower activation of 9 involved direct 2’ - N - acyla- 

tion (a process not possible in the corresponding tRNA 
species 3). This interpretation was reinforced by the 
finding that E. coli prolyl-tRNA synthetase, which ac- 
tivates tRNAR” 2, but not 3, aminoacylated tRNAR” 
species 9 at a much greater rate than 10. 

The only discrepancies noted between the results ob- 
tained with E. ofi tRNA terminating in 2’0’) - deoxy- 

adenosine and those terminating in 2’13’) - amino _ 2‘43’) - 
deoxyadenosine involved tRNA*‘” and tRKA’“. lsomeric 
tRYA’s 2 and 3 derived from both isoacceptors were 

found to be substrates for the corresponding aminoacyl- 

tRNA synthetases. Although Fraser and Rich found that 
tRNA*” species 9 and tRNA*” species 10 were the 

predominant substrates for their respective cognate 
synthetasts some aminoacylation of the isomeric species 

were also obtained in each case (Table 5). so the results 
arc not inconsistent with those determined for tRNA 
species 2 and 3. in fact, the general agreement of the 

results obtained for the two types of analogs supports 
the belief that the initial position of aminoacylation of 
such species is probably the same as that of the cor- 

responding unmodified tRNA’s. 
The aminoacyl-tRNA synthetases utilized for most of 

the experiments described above were generally un- 
fractionated or partially fractionated preparations, which 
may have contained additional extraneous activities. 

Since the addition of ATP or ATP analogs to tRNA-C- 
C,*, by the CTPt ATP): tRNA nucleotidyltransferase is a 

reversible process, and since the aminoacylation of IRNA 
must be run in the presence of ATP, contamination of 

the aminoacyl-tRNA synthctase preparations by the 
CTP(ATP): tRNA nuclcotidyltrdnsferase couid con- 

ceivably convert modified tRNA species (e.g. 2 or 3) to 
tRNA species 1 (eqn 2). Control experiments. as well as 

the exclusive aminoacylation of single isomers of most 
tRNA’?* suggested that this was not occurring to a 

detectable extent under the conditions utilized for 

aminoacylation of the modified tRYA’s. To verify the 
results obtained with the modified tRNA’s. additional 

aminoacylations were carried out using deoxyadenosine 
5’-triphosphates as the energy source in the aminoacy- 
lation cxperiments.ls W” Hecht and Chinault,‘” e.g., 

retested each modified E. coli tRNA which had behaved 
as a substrate in the initial aminoacylation experiment, 
using as an energy source the deoxynucleoside 5’ - 
triphosphate co~esp~)ndin~ to the deoxynucleotide at the 
~-te~inus of that tRNA. As shown in Fig. I I for E. cob 
tRNA’“, the aminoacyiation of tRNA”’ species 3 pro- 
ceeded equally as well, relative to species 1, in the 
presence of ATP or 3’ - deoxyadenosine 5’ - triphos- 
phate. thus verifying that the observed aminoacylation of 
tRNA’” 3 was not due to the process outlined in eqn (2). 

All of the results presented in Table I for the modifkd E. 
co/i tRNA’s were confirmed qualitatively in the same 
fashion. as was much of the data obtained with modified 
yeast and calf liver tR!SA’s. 

C““,%,,P: tRNA 

tPNA-CCdA - 
n”cltor~ 4 
IranSiCraSC 

2 or3 

synir&t;lsc 
rRNA-CCO, - l - - ---, tUNAGAg, :21 

excet.\ATP 
1 
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The aminoacylation results given in Table I indicate 

Fhe extent of aminoacylation after Mmin. Although in 

most cases the data provide a reasonable approximation 

of the relative rates of aminoacylation of [RNA species 
1-3, in several instances the experimental conditions 

required to activate the modified FRNA’s to a reasonable 
extent within Mmin were such that aminoacylation of 
the corresponding unm(~i~ed species was complete 
within a few minutes. Incubation of some of these moditi- 
ed FHNA’s for an additional period of time resulted in 

further aminoacylafion. suggesting that their much lower 
rate of activation simply reflected an inherent property 
of these m~ified species. However, further incubation 

of other modified (RNA isoacceptors did not result in an 
increase in the cxtenf of aminoacylation, an observation 
for which several explanations are possible. It has been 

noted. for example, that individual FRNA isoacceptor 

activities have different susccptihilifics both to venom 
exonucleasc and to nuclcase activities associated with 

unf~cti~~nated amin~cyl-FR~A synthetase preparations, 

so that inc~mplefe aminoacylati[~n may have been due to 
dispro~~ionatc loss of certain amino acid acceptor ac- 

tivities during the modification or aminoacylation pro- 
cedures. 

As a result of the aminoacylation studies described 
above, it seems reasonable to assert that most, if nut all, 

(RNA’s are initially aminoacylated on a single, preferred 

f?’ or 3’1 OH group hy their cognate aminoacyl-tRNA 
synthetases, The utilization of a single OH group per se 

is not surprising, since it could increase the specificity of 
(RNA-aminoacyl-[RNA synthetasc interaction and 
thereby help to suppress misacylations. However. this 

function could be accomodated within a system in which 
the initial position of aminoacylation for any given FRNA 

had been selected at random. since the isomeri~tion of 
the aminoacyl moiety between the ? and 3’.positions of 

(RNA is probably faster Fhan the subsequent partial 
reacrions of protein biosynthesis. Therefore. the finding 

that there has been virtually complete maintenance of 
positional specificity during evolution, althou~ other 
changes analogous to that ohservcd for (RNA’* could 

have occurred. sug.gc~tc that some selective advantage is 
derived from the aminoacylation of one particular OH 

group. or from some other process which this maintenance 
of specificity rctlects. 

sX~O%TMrtY cYx;Srrmr4 MAY rXJPfMS TlIE 
NXkwArtO?4 OF NrSn‘h’C7JoML. plunX&s 

Woesc er al.“ have discussed the appearance of cer- 
Fain regularities in the arrangement of the genetic code 
which minimize the consequences of DNA mutations. 

Codons assigned to the same amino acid, for example, 
tend IO differ from each other in only one of the three 

codon positions (the third or “wobble” position”). so 

that mutations in that position can still result in insertion 

of the same amino acid into protein during translation. In 

addition. they noted that the second of the three dcoxy- 
~~nucleoFides in the codon, the co~cs~~in~ ri- 
bonucleotide of which would probably hydrogen bond 

Fhe most securely to its complementary ribonucleotide at 
the level of codon-anti&on interaction. seemed IO be 

the most essential for determining the character of the 
amino acid inserted into a growing polypeptidc. As is 
illustrated in Fig. 13, e.g.. the prescncc of uridine in the 

second position of the codon virtually assures the ap 
pearancc of a non-polar amino acid in the protein which 

results from translation of the corresponding mRKA, 

since all of the codon triplcfs having U in 
the second position specify hydrophobic amino acids. 

Even if C is misread as “C”. or if there is a U -+C 
mutation at this position. the resulting amino acid will be 

hydrophobic or neutral (“amhi~alent”~~i.“ Thus a me- 
chanism is provided to minimize the possibility that 

DNA mutations, or errors caused by misreading during 
transcription or translation. would result in a protein 

having a hydrophilic amino acid in a position inFended 
for a hydrophobic (or neulral) species. 

In the sense FhaF hydrophobic and neutral amino acids 
may k regarded as “inside” residues of proteins,? 

whtch contrihutc more directly to protein structure than 

IO function, one might anticipate Fhat a low level of 
translational errors (e.g. introduced via tKNA misacy- 

lations) would be acceptable for such amino acids, 
provided that the substitutions involved other amino 

acids of similar polarity. Since certain non-co~ate 
tRSAA’s can compete with the cognare tRNA for its 

aminoacyl-(RNA synthctase.’ w this could be accom- 
plished convcnienFly hy providing (RNA’s and 

aminoacyl-FRNA cynthetases of a common type for ac- 
tivation of such non-polar amino acids. Thus the existing 

‘*mechanism” for ensuring the insertion of a non-polar 
amino acid info a protein by virtue of the relative 
posirions of such species in the genetic c&c would be 

reinforced by the presence of a “class” or “family’* of 

[RNA’s and aminoacyl-tRKA synthefases which effected 
amino acid activation by a related mechanism. We 
denote this process “secondary cognition” and anticipate 

that it would reinforce the primary rec(~~nition me- 

chanisms for suppressing (RNA misacylation and help to 
assure that any amino actd substituti~)ns in proteins 

would occur with hy far the greatest frequency among 
the same type of amino acid. 
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The misactivation of several IRK AA’s has been studied 
in some detail. II was shown. c.g.. (ha1 the heterologous 
aminoacylation of unfractionatcd E. co/i (RNA’s with an 
unfractionated aminoacyl-1RNA symhetase preparation 
from N. C&SO resulted in three times more pheny- 
IaIanyl-1RNA than was produced with 1h& E. coli en- 
ryme; identified among the products were phenylalanyl- 
(RNA”” and phenylalanyl-tRNAU.” W Ebel (1 al. es- 
rahlished a se1 of cxperimenlal conditions which afford 
increased levels of misacylation and they have shown 
that (he extent of misacylation increases a1 higher 
Mg”/ATP levels and in (he presence of added dimethyl- 
sulfoxide.‘.“’ In the absence of dimethylsulfoxide. the 
valyl-(RNA synthetase from E. coli utihzized as sub- 
Wales yeast IRNA’~. 1RNA’*. lRNA”“. (RNA’* and 
[RNA”-. while the corresponding yeast enzyme 
aminoacylated the tRNA isoacceptors specific for valine, 
mcthioninc. alanine. proline, isoleucine. thrconine. 
leucinc and phenylalaninc. Similar rcsuhs were obtained 
by Yams er a/.: both laboratories also appreciated the 
related nature of the amino acids involved and both 
pos1ulated (he existence of “families” of (RNA’s and 
aminoacyl-tRNA synlhelases. One may nole Ihal the- 
products of misacylation in the experiments described 
above were derived exclusively from those (RNA’s 
whose codons contained U or C in (he second position. 
Even under experimenlal conditions which included 
dimelhylsulfoxide and resulted in almost total loss of 
isoacceptor specificity, the most facile misacylations 
were those within the same two codons groups. Analo- 
gous misacylations uere observed among some rRh’A 
isoacceptors whose colons contamed purines in the sc- 
cond position. 

If secondary cognition were operative in the sense 
outline above, then (RNA’s related IO each other in their 
mechanism of aminoacylation would be expecred IO have 
a common nucleotide in the second posi1ion of (he 

HWHT 

anticodon by vimre of IRK arrangement of amino acid 
codons in the genetic code. Under such circumstances, it 
would no1 be surprising if these nucleotides also par- 
ticipated in the aminoacylation process in some cases, 
thus further limiting the activation of a [RNA IO those 
amino acids having similar polarity IO that of the cognate 
species. In this regard, it is of interest that a C+ U 
mutation in the second position of the anticodon of E. 
co/i (RNA”” greatly decreased i1s rate of aclivation by 
the cognate aminoacyl-(RNA synlhetase.r-‘m Yaniv er 
al.“’ showed that the (RNA’” of the E. co/i JU” 
mutation. which had a C + U mu1a1ion in rhe second 
position of the anticodon and therefore responded IO the 
codon LAG. could no1 lx activated by the tryplo- 
phanyl-(RNA synthetax but was aminoacylated with 
glummine by the glu1aminyLtRNA synthetase. This 
result was later confirmed by Seno, who effected the 
same modification ciu bisulfite 1rcatment of E co/i 
tRNA’“.“’ II should be noted, however, that active 
participation of the second base of the an1icodon in the 
aminoacylation process is probably not general since. 
e.g., seryl-1KNA synthc1ase recognizes tRNA* species 
with quite different an1icodons.“’ 

Although aspecls of the secondary cognition process 
have been noted previously, as indica1ed above, much 
stronger evidence for the functional nature of this 
process may be inferred from the observation (Table 6) 
that all (RNA isoacceptors specified by codons whose 
second base is U are initially aminoacylated exclusively 
on the 2’-OH group. while 1hosc having C as the second 
base are aminoacylated exclusively on the 3’-OH group. 
I1 seems reasonable to suggest that the use of a single 
OH group for IRSA aminoacylation enhances (RNA- 
aminoacyl-(RNA synthetase interaction. (hereby facili- 
tating aminoacylation and helping IO suppress misacy- 
lations. while the particular paltern of tRNA acylation 
no1ed above for ccrlain nonpolar amino acids may reflec1 
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the existence of common mechanisms for the aminoacy- 

IaIion of such 1Rh’A.s lie., tlruclurally related 

ammoacyl-IRh’A synthetase acIive sites). 

A CItEMtCAI. PQcmfWAmM MECHA%lsH Ls 
PQsntATZP m CoUWCr MLu(‘YLAnws 

Von der Haar and Cramer have suggested a more 

explicit role for the individual (2’ and 3’) hydroxyl groups 
of IRNA in correcting misacylaIions.‘W They noted 
iniIially that in the presence of yeast isoleucyl-IRK A 
synthetasc. valine was Iransferred IO IRKA” termmating 
m 3’.dcoxyadenosine.“’ Baldwin and Hergm had pre- 

v~ously shown Ihat Ihc valyladcnylaIe (IV. R 7 

(CH,),CH) underwent net hydrolysis in the presence of 
E. co/i isoleucyl-IRNA synthetase and unmodified 
IRKA”. although no valyl-[RNA” was detected during 

the course of the experiment so IhaI hydrolysis of the 
valyladenylate could have occurred via a “kinetic 

proofreading”‘“’ lo) process prior lo formation of valyl- 
lRh’A’* or else hy isoleucyl-IRNA synthetasc-catalyzed 
dcacylation of the misacylated species. The results ob 

tained with the modified IRNA”’ species 3, and the 
subsequent observation that IRNA’~ species IO was also 
misacylated with valine by the isoleucyl-tRNA synthe- 

tase. suggested IO von dcr Haar and Cramer that mIsacy- 
IaIion of unmodified IRNA with valine was cor- 

recIed’Ob ‘Op rather than prevenIcd, and IhaI Ihe presence 
of boIh hydroxyl groups might he necessary IO permit 

correction of misacylalions. Several experimenls were 

carried out IO test this hypothesis. For example, since a 
molecule of ATP is consumed in the aminoacylation of 
each molecule of IRKA. Ihc extent of deacylation of 
several [RNA’s could be followed convcnienlly by 

measuring the amount of ATP consumed in reacylation of 

the dcacylated [RNA’s, Also measured was Ihc AMP-PPi- 
independent rate of hydrolysis of preaminoacylatcd 

tRNA’s by Ihe cognaIe aminoacyl-IRNA synthetascs. 

In support of the hypothesis Ihat both OH groups on 
tRh’ A are requisite IO enzymc-calalyzed deacylation. 
these experiments indicaIed significant deacylation by 

the cognaIe aminoacyl-IRNA synthctases of yeast 
rR?JAPk. IRSA’ti and IRNA”. but not of the cor- 
responding aminoacyl-IRh’A’s lerminaling in ?‘(3’)- 

deoxyadenosinc. The same effect was noted for deacy- 
IaIion of preaminoacylated IRKA” species 6 and 7 (R = 
seryl) in the absence of AYP and PPi. ahhough not for 

ATP consumption during the aminoacylafion of IKSA~’ 
1 and 2. These observations prompted von der Haar and 

Cramer IO posIulaIe a general “chemical proofreading” 
mechanism whereby each of Ihe IWO OH groups on the 
3’.terminal nucleoside of [RNA corresponds IO one of IWO 
sites: an aminoacylating site identical with the initial 
position of aminocylation and a hydrolyzing site. Release 
of initially aminoacylaIed IRK A from the aminoacyl-tRh’.A 

syntheIasc would permit rapid isomcrizaIion of the 

aminoacyl moiety between the aminoacylating and 
hydrolyzing sites (i.e.. the vicinal OH groups) and sub 
sequent recapture of Ihc aminoacyl-[RNA with the 
aminoacyl group in the hydrolgring siIe would result in 
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rapid hydrolysis of the amino acid and cvenIual 
reaminoacylaIion, presumably with the cognate amino 

acid. The overall effect would thus be the same as that 

suggested by Yarus”“ and Schimmel’“.‘” and their 
coworkers in their work on aminoacyl - IRNA - catalyzed 

deacylations of misacylatcd IKNA’s and consistent with 
Ihc kinetic scheme described by FershI and KacIhner”* for 
dissociation of the threonyladenylate by valyl-IRNA 
synrherase from Bocillvs stearothemwphilus in Ihe 

presence of homologous IRSA’~. Cited in support of this 

postulate was the observation Ihat unmodified IRMA’“. 
which was believed not IO have a unique accepting site on 

the basis of studies with IRKA’” species 2 and 3. was not 
dcacylaIcd by the tyrosyl-IRSA cynthctase. 

Calendar and Berg”’ srudied the suhs~n~c specificity 

of the Iyrosyl-IRSA synthetases from E. c-o/i and B. 
suhrilis and demonstrated that a number of unusual 

subsuates were converted IO the corresponding 

aminoacyladenylates (IV) and IhaI some were also 
transferred IO the homologous tRh’A”“s. While this 
behavior is not inconsistent with the inIerpreIation that 

such misacylaIions occurred because of a deficient 
“chemical proofreading” system. it may simply reflect an 

inherent deficiency in substraIe specificity of certain 
tyrosyl-IRNA synthetases in the initial aminoacylation 

process, which would parallel their demonstrared lack of 
positional specificity and hydrolytic capacity and suggest 

that these particular activating enzymes may be rela- 
tively atypical species and should not be used as a basis 

for generalization. II would help to establish a causal 
relationship between lack of a unique accepting siIe and 

consequent absence of hydrolytic capacity if it could be 
shown thaI yeasI IRNA*“. IRNA”’ and IRKA’“. none 
of which has a unique accepling siIc. also fail IO deacy- 

IaIc in the presence of Iheir cognate aminoacyl-IRNA 
synthetases. since none of these species is known IO be 

prone IO misacylations. Another useful experimenl 
would involve a “chemically aminoacylatcd” sample of 

IRN A& terminating in 2’ - deoxy - 3’ - 0 - I. - pheny- 
lalanyladenosine (7. R = (‘,H,CH:“l. According IO 
the postulate of von der Haar and c’ramer.‘ly this species 

has the aminoacyl moiely in the “hydrolyzing site” and 

would be expecIcd IO undergo rapid deacylation in the 
presence of homologous phenylalanyl-IRNA synIheIase. 

in addition IO modified [RNA’s IerminaIing in 2’- and 
3’-deoxyadenosine. von dcr Haar and Cramer also 
studied IRNA’s IcrminaIing in formycin (12).‘” Although 

these IRNA’s have vicinal OH groups at their .I’-Icrmini. 
in mosI cases the corresponding aminoacylated species 
were found not lo be subslralcs for deacylation by their 
cognate aminoacyl-tRh’A synthetascs. Presumably. the 

lack of dcacylation may be artributed to aherations of 
the sugar pucker of formycin as compared with 
adenosine”’ (and hence change in Ihc positions of the 2’- 

and 3’-OH groups) or IO conformational changes in the 

acceptor slcms of the IRNA’s resulIing from differences 
in the preferred glycosyl Iorsion angles and base stacking 
properties of the IWO heterocycks. In facI. it is difficuh 
IO exclude the possibility Ihat altcrdtions in nucleoside 
conformaIion. and not the absence of the second hy- 
droxyl group. account for the differences in the rate of 
deacylation of 2 and 3 as compared wiIh 1. In Ihis 
context, the conclusions that can properly be drawn from 
the deacylation cIudies at prcsenI may be summarized as 
f0ll0ws: 

I. The presence of a vicinal hydroxyl moiety at the 
3’Icrminus of an aminoacyl-IRNA is a necessary. but not 
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sufficient. condition IO permit its dcacylation by the 
cognate aminoacyl-tRNA synthetase. 

2. For whatever reason(s), the structural features 
required IO facilitate activation of a tRNA by an 
aminoacyl-tRNA synthetax may no1 be the same as 
~bose required for deacylation by the same enzyme. 

If “chemical proofreading” were IO function as en- 
visioned IO correct tRNA misacylations, then the deacy- 
lation of a misacylated IRNA by its cognate aminoacyl- 
tRNA synthetasc would have to proceed at a greater rate 
than deacylation of the same species which was properly 
arninoacylated. The aminoacyl-tRNA synthetase-ca- 
talyzed deacylation of aminoacyl-tRNA has been studied 
previously in three laboratories as a possible correction 
mechanism for IRNA mi~cylation;“-‘l”‘.“’ ‘Ii the most 
compelling evidence was reported by Fkl et 01.“’ As 
shown in Table 7.” no consistent pattern was noted 
between the presence of a cognate or non-cognate amino 
acid on a tRNA and the enzymecatalyred rate of 
hydrolysis of that amino acid from the IRNA. This 
observation led Ebel and his coworkers IO conclude that 
the correction of misacylations is not a general function 
of aminoacyl-tRNA synthetases. One may note further 
that for “chemical proofreading” to function in uiuo as 
described, the postulated reassociation of the misacy- 
latcd IRNA and aminoacyl-tRNA synthetase’@’ would 
have IO occur in the presence of elongation factor Tu. 
which binds strongly to free aminoacyl-tRNA”’ I” and is 
present in E. coli at concentrations approximately equal 
IO those of tRNA.‘?D In fact, in their work on “kinetic 
proofreading” Hopfield et u/.‘~ were able IO suppress 
aminoacyl-tRNA synthctase-catalyzed dcacylation of 
aminoacyl-tRNA by adding EF-TuGTP to the incu- 
bation mixture used for tRNA aminoacylation. 

In contrast IO the diversity in the initial positions of 
aminoacylation of different IKKA isoacccptors from a 
single source, for individual isoacccptor activities there 
has been a general conservation of the initial position of 
aminoacylation during the evolution from a prokaryotic 
IO mammalian organism. Aside from the change in 
specificity for tRNA”‘. and the failure IO detect 
aminoacylation of the modified tRNA species 3 derived 
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from E. coli tRNA*‘O and calf liver tRNA”’ and 
tRKA”“, no differences were found in the initial position 
of tRNA aminoacylation for 15 co/i, yeast or calf liver. It 
is not unlikely that the use of a particular (2’ or 3’-) 
position for the aminoacylation of a single isoacceptor in 
both prokaryotic and eukaryotic species reflects the 
development of certain discrete types of aminoacyl- 
tRNA synthctase active sites. .Woreover, the data in 
Table 6 and misacylation data described above suggest 

that the IRNA’s corresponding to certain structurally 
related amino acids may be aminoacylated by common 
mechanisms. The potential of this “secondary cognition” 
system for suppressing the synthesis of non-functional 
proteins may itself have provided sufficient pressure to 
effect the maintenance of positional specificity during 
evolution. 

Regardless of the specific choice of initial position of 
aminoacylation, the utilization of a single OH group for 
aminoacylation would certainly be expected IO increase 
the potential specificity of tRNA-aminoacyl-tRNA 
synthetase interaction. thereby minimizing misacylations. 
It is also possible that the IWO OH groups at the 3’- 
terminus of tRSA have more specialized editing func- 
tions and that the hydroxyl group not utilized for 
aminoacylation is the “hydrolyzing site” in a “chemical 
proofreading” scheme. 

Isomeric aminoacyl-IKNA’s 
Since the partial reactions of protein biosynthesis 

subsequent to aminoacylation all involve the utilization 
of aminoacylated IRNA’s. the availability of isomeric 
aminoacyl-IRNA’s (7 and 8) is clearly a prerequisite for 
rhc determination of positional specificity of the 
aminoacyl moiety during such transformation. However, 
prior IO the finding”.“-“.‘I that both modified tRNA’s 
(e.g. 2 and 3) derived from certain E. coli, yeast and calf 
liver tRNA isoacceptors were substrates for their cog- 
nate aminoacyl-tRNA synthetase activities, it was pos- 
sible IO obtain only a single isomer of any mod&d 
aminoacyl-IRNA (e.g. 7 or 8) by enzymatic aminoacy- 
lation. Therefore. almost all of the experiments reported 
for modified aminoacyl-tRNA’s have utilized only a 
single isomer; direct comparison between isomeric 
aminoacyl-IRNA’s has been reported only once.” 

The availability of IRNA species 7 and 8 derived from 
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E. coli rRh’A^“. (RNA”“. rRh’At” and possibly (RNA’” 
should facilitate the determination of the positional 
specificity for the aminoacyl moiety during elongation 

factor Tu binding, ribosomal A- and P-site binding, etc. 
However, isomeric aminoacyl-fRNA’s derived from the 
remaining 16 or 17 (RNA isoacceptorr are not accessible 
by enzymatic aminoacylation: unfortunately, these in- 
clude species for which synthetic messenger RNA’s are 
readily available (e.g. tRNAK (~lyu~dylic acid) and 
(RNA”’ (~iy~enyli~ acid)) and those isoacceptors 
which can be employed for both A-site and P-site studies 
(tRNA”*’ and (RNA““). Hopefully. some of these 
(RNA’s may become available in the future via “chemi- 
cal aminoacylalion”.” which was cmploycd for the pre- 
paration of phcnylalanyl-(RNA species 7. 

“Chemical aminoacylafion” refers to the process 
whereby a prcaminoacylated nucleofide is incorporated 
cnzymatically onto (RNA-C-C,,,,. Although aminoacy- 
lafed nucleoside 5’.friphosphafcs have not been found to 
be substrates for CTPf ATP): (RNA nucleofidyltrans- 
ferase. at least one aminoacylated nucleotidc (2’ - deoxy - 
3’ - 0 - phenylalanyladenosine 5’ - diphosphatc) was 

incorporated onto abbreviated (RNA by the action of 
~ir?[~~.~ccus iuteus ~lynu~leotide ph~)sphorylase (eqn 
3).“” Since the possible utility of this procedure was 
suggested by the work of Kaufmann and Liftauer,” 
which showed that phosphorolysis of E. co/i valyl-(RNA 
with F. c-4 polynuclcotide phosphorylasc resulted in the 

release of !‘(3’) - 0 - valyladenosinc S’diphosphafe. it 

seems not unreasonable to anticipate that amino acids 
other than phenylalanine can also be introduced in 
the rcversc reaction via “chemical aminoacylation”.” “I 

Of more serious concern at present than the substrate 

specificity of polynucleotide phosphorylase are certain 
technical limitations of the ‘*chemical aminoacylation” 
procedure which must be overcome before it can be 

considered to be of general utility. These include the 

slow rate of inco~oration of aminoacylated nuckotides 
onto tRNA-C-C~,,r and the difficulty in separating large 
amounts of unreacfcd tRNA-C-C,,, from the limited 
amounts of many of the aminoacylated (RNA’s which 
would be produced by the present procedure. Morcovcr, 
the length of the incubation period cannot be increased 
to compensate for the rate of incorporation, since Ihe 
prcaminoacylatcd nuclcofidcs hydrolyze under the reac- 
tion conditions and the resulting dcacylated nuclcotides 
are better substrates for polynucleotide phosphorylasc 
(and would give tRKA species 2 or 3. which would be 

.-- 
+‘fhe ?J-protcctmg group uoutd k chosen such that 11 could k 

rcmoscd from aminoacyl.;Rh’.4 without cffecfrng dcacylation or 
ofher m~ificaf~n of fhar spccic~. 

?This represents ahout 3.1 and 3ff‘Z. respectively. of (he 
pknyf~anyf.rR~A’s added IO the incubafwn mixture. 

even more difficult to separate from 7 and 8 than (RNA- 

C-Co,,). Possible improvements in the “chemical 

aminoacylation” procedure might include recent 
modifications in the methodology for oligonucleofide 
synthesis” ” or the use of 5-acyfated aminoacyl- 
adcnosine 5’-diphosphates. which would hydrolyze less 

quickly and permit a much longer period of incubation 
for incorporation of the nucleotide onto tRNA-C-C,,.t 
That such N-acylated species can act as substrates for 

~lynucle~~t~ phosphorylase may be judged from the 
observation that the E co& enzyme mediated the 

phosphorolysis of Ncarbobenzyloxyvalyf-(RNA and N- 
acetylphenylalanyl-(RNA in the presence of phosphate 
or arsenate.‘.” 

Another approach to the production of isomeric 
aminoacyl-(RNA’s might involve the use of (RNA’s 

terminating in some nuckoside other than 2’ or 3’- 
deoxyadenosine. For example, Fravr and Rich demon- 

strafed that certain (RNA isoacceptors were substrates 

for their cognate aminoacyl-(RNA synthetase activities 
as both the 2’ - amino - 2’ - deoxyadenosine and 3’ - 
amino - 3’ - deoxyadenosine derivatives (9 and 10, 
respectively).” Althou~ at least six isomeric E. coli 

amin~cyl-tRNA*s were accessible by direct aminoacy- 

lation of 9 and IO. the analogs tested exhibited unusual 
behavior in some of the partial reactions of protein 
biosynthesis and may therefore be of limited utility in 

defining the positional specificity for unmodified 

aminoacyl-(RNA’s in these transformations. 
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As discussed above. aminoacyl-(RNA forms a ternary 
complex with EF-Tu and GTP. The aminoacyl-(RNA is 
subsequently transferred to the ribosomal A-site. with 

concomitant hydrolysis of GTP and release of EF- 
Tu-GDP. Measurement of the interaction of elon~tion 

factor and aminoacyl-(RNA can therefore be carried out 
either at the level of ternary complex formation or less 

directly in terms of EF-Tudependent binding to the 

tibosome. Ternary complex formation has been 
measured by the use of a nitrocellulose filter binding 

assay, which is based on the observation that the EF- 
Tu.GTP complex is retamed by the filter. while the 
aminoacyl-tRNA.GTP complex is not.“‘.“’ Unfortuna- 

tely, the physical basis of the binding which makes this 

assay possible is not well understood and it is not clear 
that the results obtained with aminoacyl-tRNA’s 7 and 8 
would necessartly reflect the actual interaction of those 

species with EF-TuGTP. The ternary complex may also 
be detected by gel filtration using Sephadex G-100, al- 
though complex formation is reversible and the Ka is 

such that relatively large amounts of material are 

required to permit chromatographic separation of EF- 
TuGTP and aminoacyl-(RNA-ELTuGTP without dis- 
sociation of the latter.” 

Although the extent of binding of individual isomeric 
aminoacyl-tRh’A’s to EF-Tu.GTP has been determined 
only recenlfy,“’ the factordependent binding of certain 
positionally defined species to the ribosomal A-site was 
reported by Cramer and his coworkers. For example, 
Chinah er o!.‘~ studied the binding of yeast phenylafanyl- 

(RNA species 6 and 8 to E. coli ribosomes. They found 
that the binding of both species depended on the 
presence of added EF-T and that both were bound to a 
similar extent (16.8 pmoks of 8 was bound to 45 pmoles 
of ribosomes. vs 19.0 pmoles of 6$). Presumably due IO 



tk unavailability of yeast phenylalanyl-IRK A 7, which 

would have the phenylalanyl moiety in the 3’-position. 
Ik same workers also mcasurcd the riksomal A-site 

binding of yeast pknylalanyl-tRNA 10 and found little 
stimulation by EF-T. Gn tk basic of these results it was 

suggested that IRNA’s having the aminoacyl moiety at 
tk Y-position were ok substrates for the elongation 
factor.‘“.‘” Consistent with this suggettion was tk ob- 

servation by Chladek and Ringer’>.‘” that the “tRNA 
fragmcnls” cytidylyl - (3’+5’) - ?(3’) - 0 - pknylalany- 

ladcnosine and cytidylyl - (3’ -+ 5’) - 2’ - 0 - phenylalanyl - 
3’ - deoxyadcnosik. but not cytidylyl - (3’+5’) - 2’ - 
dcoxy - 3’ - 0 - pknylalanyladenosinc, effected dis- 

sociation of EF-TuGTP. ostensibly via the formation of 
unstable “Icrnary complexes”. 

Prior IO these studies. however, Fraser and Kich had 

reported the results of their work with E. c-o/i phenyl- 
alanyl-IRNA 10.” These authors found that after prein- 

cuhation of homologous ribosomcs with polyuridylic 
acid. E. coli N-acetylphenylalanyl-tRNAPW and crude E. 

coli initiation factors to form a ribosomal complex hav- 

ing the unmodified IRNA in the ribosomal P-site. ad- 
ditional incubation with phenylalanyl-tRNA 10 and EF- 

Tu resulted in the formation of 95% of the theoretical 

amount of K-aceIylpknylalanyIphcnylalanine. The effi- 
cient formation of dipcptide was a direct implication that 

phcnylalanyl-IRKA species 10 had ken bound IO the 
ribosomal A-site. Also in apparent conflict with ok 

findings of Cramer et al. was a study by Hecht et 01.” 
which compared directly the binding of E. coli pheny- 
lalanyl-IRNA’s 6-8 to E co/i ribosomes. One of the 

experiments reported involved the incubation of equi- 

molar amounls of [‘HI-phenylalanyl-tRNA 6 and un- 
lakled phenylalanyl-IRNA’s 6. 7 or 8 in an EF-Tu- 

dependent system containing a limiting amount of ri- 

bosomes. Each of the three unlabeled species inhibited 
A-site binding of [‘HI-phcnylalanyl-tRNA 6 IO the extent 

of 50%. suggesting strongly that each was bound by the 
elongation factor. 

Although the experiments described above gave 
results which seem inconsistent, Iwo observations can k 

made regarding the implications of these studies for the 

interaction of EF-TuGTP and unmodified aminoacyl- 
[RNA. ‘The first is that all but one of these studies have 

employed assays aI Ik ribosomal level. so that the 
results may also reflect processes subsequent IO ternary 

complex formation. Therefore, the finding thaI an 
aminoacyl-IRNA is bound IO tk ribosomal A-site in an 
EF-Tu-dependent system (or inhibits the binding of 

another aminoacyl-IRNA) would seem IO k a direct 
implication that it interacts with EF-TuGTP to some 
extent. but may not provide a quantitative measure of 
the extent of interaction. On Ik other hand. failure lo 
observe ribosomal binding of an aminoacyl-IHNA may 
imply lack of ternary complex formation or a deficiency 
in a subsequent step. The other observation is that it may 
not k reasonable IO expect all IRNA analogs having an 
aminoacyl moiety in the same positionally defined site to 
khave similarly in EF-Tudependent ribosomal binding 
assays (i.e. some modified IRKA’s may k much ktter 
analogs of unmodified IRKA’s than orhers). 

That some of tk results dcscrikd above may reflect 
processes at the ribosomal level (in addition IO ternary 
complex formation) may k inferred from an extenston 
of one of tk cxpcrimenIs described above. In addition to 
measuring the inhibition of binding of [‘Hl-phenylalanyl- 
rRNA 6 by unlakled phcnylalanyl-[RNA’S 68 in an 

EF-Tudepcndent assay system, Hccht et 01. also re- 

peated tk experiment at 10 mM M8’ concentration in 
tk absence of EF-Tu.” Each of the unlabeled species 
also effected 50% inhibition of binding in this assay, 
consistent with Ik interpretation that tRKA species 6-8 

are all bound by tk elongation factor, but that the 

observed extent of inhibition was mediated at tk level 
of A-site binding. 

Baksht et al.“’ have recently reported on tk A-site 

binding of yeast pknylalanyl-IRKA species 6, 8 and 10 
in a heterologous eukaryotic system containing rabbit 

rcticulocytc ribosomes and tk appropriate eukaryotic 

elongation factor (EF-I) from rat liver. At 6mM hid’ 
concentration. tk use of approximately equimolar 
amounts of phenylalanyl-[RNA’s and ribosomes resulted 

in only a small stimulation of the binding of 1RNA.s 8 
and 10. relative IO controls which lacked EF-I. For all of 

the IRNA’s tested, tk small binding increment obtained 
in the presence of tk factor reflected tk fact that 

relatively good binding was obtained in tk absence of 

the factor. This was especially true for phenylalanyl- 
IRNA species 10, which was bound to at least lwicc tk 
extent of unmodified pknylalanyl-IRliA (6) in tk ab- 
sence of the factor. At 20 mM Mg” concentration in the 

absence of EF-I, phenylalanyl-IRNA’s 6, 8 and 10 
were bound rapidly and IO roughly the same extent. 

Thus the differences reported for the factor-dependent 
A-site binding of phcnylalanyl-IRNA species 10 may 
derive from differences in experimental conditions. es- 
pecially as regards Md’ concentrations. As mentioned 

earlier, an unfortunate consequence of this variable k- 
havior is that it may k difficult to decide which of the 
results determined for IRKA’s 9 and 10 are analogous to 

those which obIain for unmodified aminoacyl-IRNA’s. 

Tk suggestion that not all modified tRYA’s containing 
a common aminoacyl moiety In the same positionally 

defined site need khave similarly in a given assay 
system can k illustrated for phcnylalanyl-IRNA species 

11. This species, which is believed IO have tk aminoacyl 

moiety in the same position as phcnylalanyl-[RNA 8. has 
ken studied extensively and shown neither IO form a 

ternary complex with EF-TuGTP”’ nor to undergo ri- 
bosomal binding under reasonable conditions.‘% ‘I’ “’ 
Moreover, as a further indication that the comparison of 

positionally defined. but nonisomeric IRNA’s (e.g. 8 and 
10) may give misleading results, Sprinzl and Cramer have 

recently shown that isomeric phcnylanyl-IRK A’s 9 and 
10 are both inactive as substrates for elongation factor 

Tu and thar neither undergoes factor-dependent ribo- 
somal binding IO E. co/i ribosomes.“ 

The question of which positional isomer of IRNA is 
the preferred substrate for EF-Tu has recently ken 
resolved by Hcchr ef 01.‘~’ The extent of aminoacyl - 
[RNA - EF-TuGTP interaction was measured initially 
by means of a new assay, which was based on tk 
observation thaI the factor binds specifically IO 
aminoacylated IRNA’s (as compared wiIh N-acylated 
aminoacyl-tRNA or deacylated IRNA’s”“~) and thereby 
diminishes the rate of chemical deacylation of those 
IRNA’s.“‘.“’ This is illustrated in Fig. I4 for E. co/i [‘HI 
- phenylalanyl - IRNA. In the absence of tk elongarion 
factor. or in the presence of EF-TuGDP. deacylation 
was essenrially complete within I h at pH 7.5. However. 
the addition of 0.66 equivalent of EF-TuGTP sub- 
stantially diminished the rate of chemical hydrolysis and 
the addition of more factor IO Ihe incubation mixture 
further reduced Ihe rate of deacylation. Figure I5 shows 
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Fig. I!. Ikacyfarion of [‘H].~Rin}-1~tRNA 6 In the ah\enct t---t 
and presence (- toft.3molarequir.ofEF-Tu~C1?‘P.andol[’H~ 
areinyl.tRSA 8 in the &cncc t---t and presence t-t of I.1 

cqui\ of Ihe factor 

the dcacylatton of unmodified E. coli arginyl-(RNA in 
the absence of EF-Tu*(iTP and in rhe presence of five 
different concent~tions of the elongation factor. As is 
evident from F2g. 15, arginyl-tRNA underwent more 
facile chemical dcacylation than phenylalanyl-tRNA. but 
was also protected from deacylation more effectively. 
Recause rhe rate of deacylation of a modified aminoacyl- 
(RNA in the presence and absence of EF-TuGTP is 
only meaningful in comparison with the results obtained 

for the corresponding unmodified aminoacyl-IRNA. and 

since the individual unmodified species exhibited 
variable behavior with respect to rate of deacylation and 

ternary complex formation, [he study of each isoac- 

ceptor activity involved the simultaneous measurement 

of four deacylation curves. 
The results for a typical deacylation experiment are 

shown in Fig. IS for arginyl-tRSA’a 6 and 8. In the 

presence of an approximately cquimolar amount of EF- 
TuGTP. the deacylation of arginyl-tRXA species 8 

proceeded to the extent of 34% in Wmin. while that of 
unmodified arginyl-tRSA (6) was only 17% complete 

under the same conditions. In the absence of the factor, 
deacylation of arginyl-tRNA was SO% complete within 

7-gmm. The somewhat greater protection from dcacy 
lation afforded the unmodified arginyl-(RNA (6) prcsu- 
mably reflected its greater affinity for EF-TuGTP. but 

interpretation of the data was complicated by the finding 
that. as expected,“:.“‘-“’ ‘% chemical dcacylation of 

aminoacyl-tRNA*s termin~~ting in 2’- or Ydeoxy- 

adenosine was inherently less facile than deacylation of 
unmodified aminoacyt-FRNA’s. Therefore the dcacyla- 

tion of arginyl-tRN.4 8 was al\o measured in the absence 
of EF-TuGTP to permit a more complete evaluation of 

the data. There was an additional difficulty in inter- 

pretation of the data in quantitative term\. which was the 
result of the use of unfractionated tRNA’s and 

aminoacyl-tRNA synthetases for the preparation of the 
modified ammoacyl-tRSA species. Specifically, the rc- 

duccd V,, values associated with the aminoacylation of 
many of the modified rRSA’s made them more suscep- 
tible to misacylations than normal tRNA’f”“‘ and each 

aminoacylation carried out in preparation for the deacy- 

lation studies was therefore done in the presence of the 

appropriate radiolabeled amino acid, plus unlabeled 
amino acids corresponding IO the other IRNA isoac 

ceptors present. Although this undoubtedly helped to 

suppress misacylations. and did not interfere with the 
observation of the aminoacyl-(RNA of interest. each of 

the unlabeled amino~icyl-1R~A.s present in the incu- 

bation mixture would also be cxpccted to complete with 

the labeled aminoacy+tR!+A for the limited amount of 
EF-TuGI’P avatlable for ternary complex formation, 

thus altering the apparent kinetics of deacylation.” 
Therefore. while the comparative data ohtaincd 
for the variou\ modified and unmodified tRNA isoac- 

ceptors probably do reflect their relative athnities for the 

elongation factor, a detailed kinetic analysis would be 

most difficult. 
In additton IO arginyl-tRNA‘\ 6 and 8. I4 other IRSA 

isoacccptors were studied in the vame fashion, including 
three ttRN.I\*‘“. (RNA’” and tRNA”‘) for which both 

isomcric aminoacyl-tRKA’s were accessible by cn- 
zymatic aminoac~-~ti0n.l” In each case comparison of 

the deacylation of the corresponding mod&d and un- 

modified tRNA’s uas carried OUI using an amount of 
ELTuGTP which gave reasonable. but not complctc. 
protection of the unmodified species. The results are 
outlined in Tahlc X, in terms of the amount of time 
required for XW deacylation of the modified aminoacyl- 
(RNA’s tn the presence and absence of EF-Tu<;TP. 

Although in some cases the protection from deacylation 
was not great. reflecting the chemical nature of the 
modified (RNA’s and the way in which the assays were 
run. each of the modified (RNA’s was protected from 
deacylation by EF-TuGTP and there was no obvious 
preference for a vingle positional isomer. 
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Fig. 16. Gel filtration on a Sephadex G. IO0 column (1.4 x 108 cm) of E. coli lyrosyl-tRNA rpec~cs 7 (118 pmoles). 
whtch had been preincubated wlrh 324 pmolcr of EF-TuGTP The ternary complex eluted at a volume of 93 ml. 
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To verify the results obtained in the dcacylation 
studies and permit a more quantitative assessment of the 
extent of ternary complex formation with each of the 
positional isomers of the modified aminoacyl-(RNA’s, 
several additional binding experiments were carried out 
and assayed by gel filtration.‘*’ For example, as shown in 
Fig 16 for E. coli tyrosyl-tRNA 7. incubation of several 
modified aminoacyl-fRXA*s (7 or 8) in the presence of 
EF-TuGTP, followed by chromat~~phy on Se- 
phadex G-100, revealed that each had formed a stable 
ternary complex with the factor. The experiments were 
repeated in the same fashion. except that equimolar 
amounts of the conesponding unmodified aminoacyl- 
tRNA’s (6) having a different radiolabel in the aminoacyl 
moiety were also added. Since the incubation mixtures 
contained only about one-half as much EF-TuGTP as 
aminoacyl-tRNA on a molar basis, the relative affinities 
of the modified and unmodified aminoacyl-tRNA’s for 
the elongarion factor could be measured conveniently. 
As shown in Fig. 17. for example, the ternary complex 
formed in the presence of t~ptophanyl-(RNA’s 6 and 7 
contain4 62% of 6 and 38% of 7 while the complex 
formed in the presence of tryptophanyl-(RNA’s 6 and 8 
contained 71% of the unm~i~ed species. For tyrosyl- 
(RNA’s 6 and 7, the resulting complex contained 51% of 
unmodified tyrosyl-IRMA (6) while the complex formed in 
the presence of 6 and 8 consisted of 66% of 6 and 34% of 
8. The competition for a limiting amount of EF-TuJiTP 
was also carried out using equimolar quantiGcs of un- 
modified E. coli alanyl-, arginyl-. lysyl- and phenylalanyl- 
IRNA’s and the single isomers of the respective modified 
aminoacyl.tRNA’s (7 or 8) available via enzymatic ac. 
tivafion. All of the modified species were prrscnt in the 
individual ternary complexes in amounts ranging from 
28% to 50%. 

Sprind and Cramer have recently carried out ex- 
periments to measure the extent of ternary complex 
formation of certain modified aminoacyl-1RNA.s. In 
qualitative agreement with the results reported by Hecht 
er (IL,“’ they have also determined that both isomers (7 and 
8) of tyrosyl-(RNA form ternary complexes with 
ELTuGTP.” 

A 

UBMOMAL It..DtNG WD t’WlTfW B(wD B-ULwAmY 

Although additional work remains to be done on the 

positional specificity of ribosomal A-site binding. on the 
basis of the experiments described above it seems not 
unlikely that both of the positional isomers of aminoacyl- 
(RNA can be bound enzymatically and nonenzymafi- 
tally. One may note. however, that different isomeric 
analogs of ~in~cyl.tRNA (e.g. 7 and 8 vs 9 and 16) 
may be expected to give somewhat different results when 
used to assess positional specificity and the conclusions 
reacbcd on the basis of such studies will be subject IO 

this limitation. If is probably reasonable to suggest that 
the use of the analogs whose behavior most closely paral- 
lekd that of the corresponding unmodified species would 
give the most reliable results. 

The P-site binding of the S.acetylatcd analogs of 
phcnylalanyl-fRF;A’s 6. 8 and 11 was studied by Chinali 
el al.‘s They showed that both modified species were 
bound IO the P-site. although to a slightly lesser extent 
than unmodified N-acefylphenylalanyl-(RNA. and that 
subuquent incubation of the three N-acctylphenylalanyl- 
tRNA-poly U-ribosome complexes with unm~ified 
p~nyl~anyl-IRNA resulted in the same extent of factor- 
dependent binding of phenylalanyl-tR~A to each of the 
three complexes. Similar rtsul& were obtained by Hecht 
et nl.” for K-acetylated phcnyialanyl-IRKA’s 68, when 
these species were compared for their ability to inhihit 
rhe P-site binding of unmodified [‘H)-N-acctylphenyl- 
alanyl-[RNA. The USC of equimolar concentrations of 
the three (unlabeled) potential inhibitors and of [‘HI - N - 
acetylphcnylalanyl-tRNA resulted in 50. 36 and 35% 
inhibition of binding of the latter by the N-acetylated 
species derived from phcnylalanyl-(RNA’s 6, 7 and 8. 
respectively. Thus. while the posirionally defined analogs 
were equally as effective as inhibitors of P-site binding, 
neither was so inhibitory as the respective unmodified 
species. 

The finding that the naturally occurring 3’-h’- 
aminoacylated nucleoside puromycin acted as a potent 
inhibitor of protein biosynthesis by virtue of its behavior 
as a (RNA analog, while its 2’ - N - aminoacyl analog did 
not, led IO the conclusion that the 3’ . 0 . aminoacyl 

big. 17. Gel filtration on a (I.25 x IO! cm) .Sephadcx G-100 column of (A) rryprophanyl-tRKA species 7 (8) and (HJ 
l~pt~phanyl-fR~A cpccicr 8 fml. in the presence of approximately equimolar amounts of unmodiw trypto- 
phanyl-!RNA (6) fa) and limikg amounts of EF-Tu.GTq. The ternary complex eluted at a volume of %-60 mt. 
foilowed hk un~und ~rypf~p~n}l.~R~A (Y. = 84 ml) 7% clutmn volume of aminoac+I-tRKA was also ~~crkd in 
the absence of the o&r components of this system. as were [he valuts for knmoacyl-IRMA \ynfhcra\e 

(V, - 44 ml) and F.F.Tu.GDP (V. r 75 ml). 
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isomer of IRNA was acceptor in the peptidyl transferase 
reaction.“‘.‘” In 1973. Fraser and Rich demonstrated that 
an aminoacyl-IRNA analog having a 3’4erminus similar 
to puromycin (i.e., K-phenylalanyl-tRNA 10) acted as an 
efficient acceptor in the peptidyl transfcrase reaction 
when added to an incubation mixture containing E. co/i 
ribosomes with unmodified Ir;-acetylphcnylalanyl.tRNA 
prebound to the P-site. although the isomer% aminoacyl- 
tRNA analog was not tested in comparison.” Chinah er 
al.‘” later reported the results of experiments utilizing 
phenylalanyl-tRNA’s 8 and I I which have the aminoacyl 
moiety in the Y-position. Surprisingly. obese species also 
acted as acceptors in the peptidyl transferase reaction, 
but at lesser rates than phenylalanyl-tRNA 6. Repetition 
of the experiment in similar fashion with reticutocyte 
ribosomes indicated that phenylalanyl-tRNA 8 was ac- 
tive as an acceptor, although not IO the same extent as 
the corresponding unmodified species (6)“’ In this system. 
phenylalanyl-tRNA 11 was found to be without acceptor 
activity in the peptidyl transferase reaction. Direct com- 
parison of the ability of E. co/i phcnylalanyl-tKNA’s 
6-8 IO acl as acceptors in the formation of a peptide 
bond was carried out by Hecht er 01.” Each of the three 
phenylalanyl-tRNA’s was added to a reaction mixture 
containing unmodified [‘HI - N - acetylphenylalanyl - 
tRNA prebound to E. co/i ribosomes. After an additional 
I5 min of incubation, the three samples were analyzed 
chromatographically for dipeptide formation. As shown 
in Table 9. the modified phenylalanyl-tRNA (7) having a 
3’0aminoacyl moiety accepted 17% of the theoretical 
amount of N-acetylphenylatanine. while the comparable 
figure for the unmodified phenylalanyl-tRIGA (6) was 70%. 
The remaining phenylalanyl-tRNA species (II), having the 
aminoacyl group in the ?-position, did not participate in 
dipeptide formation under the experimental conditions 
employed for the assay. 

The utilization of positionally defined N-acctylpheny- 
lalanyl-tRNA’s as donors in the peptidyl transferase 
reaction has been attempted without success in three 
laboratofies.~‘~‘-I”.“’ Although the lack of activity ob 
served for the N-acetyl derivatives of yeast and E. colt’ 
phenylafanyl-IRKA’s lo?‘“’ is not surprising in view of 
the relative chemical stability of the N-acyl bond bel- 

ween the aminoacyl and tRNA moieties, the results 
obtained with the derivatives of tRNA species 7 and 8 
are more difficult IO interpret. The lack of donor activity 
could be due to insufficient activation of the aminoacyl 
moieties, e.g.. since aminoacylated deoxyribonucleoside 
derivatives are known IO be somewhat less susceptible to 
hydrolysis than the conesponding aminoacylatcd ri- 
bonuclcosides.“’ Alternatively, the modified aminoacyl- 
IRNA’s may bind IO the ribocomal P-site in a fashion 

HECKl 

which is fundamentally different than the binding of Abe 
unmoditied tRN A’s and inappropriate for further par- 
ticipation in peptide bond formation. or there may simply 
be a requirement for the presence of the vicinal 2’(3’)-OH 
group lo facilitate Ibe peplidyllransferase reaction. 
Whatever the reason for the lack of donor activity of 
such modified species. in light of their inability to func- 
tion in this partial reaction it is not surprising that none 
of the modified aminoacyl-tRNA’s studied IO date sup 
ported protein biosynthesis. 

Although none of the modified species acted as donors 
in the peptidyltransferase reaction. Baksht et al.“’ de- 
monstrated that the presence of (glycyl), - [“Cl - pheny- 
lalanyl - IRNA in the P-site of reticulocyte ribosomes 
resulted in a stimulation of subsequent elongation factor- 
dependent A-site binding of yeast phenylalanyl-tKNA IO 
the extent of about 30% after an 8 min incubation period, 
relative IO that obtained in the absence of the peptidyl- 
tRYA. h’o stimulation was observed when the cor- 
responding peptidyl-tRNA derived from phenylalanyl- 
tRNA 8 was used in the same experiment. although it 
should be noted that no direct comparison was made 
using the isomeric fglycyl), - [“Cl - phenylalanyl - tRNA 
structurally related IO pbenylalanyl-tRNA 7. On the basis 
of this finding. and an additional experiment which indi- 
cated that yeast 2’ - 0 - phenylalanyl - tRNA 8 was more 
easily displaced from reticulocyte ribosomes by 
nonaminoacylated IRIU’A”’ than 3’ - N - phenylalanyl - 
IRNA 10. Baksht et al.“’ suggested that the 3’4somcr of 
peptidyl-tRNA is the form utilized in the ribosomal P- 
site. &en the confusion which has arisen in sludics of 
EF-Tu and A-site binding due to the use of single 
isomers of modified tRlr;A’s. and of tRNA’s which were 
positionally defined. but not icomeric. it would seem 
judicious IO suggest that no conclusions be drawn re- 
garding the positional specificity for P-site binding and 
donor capacity in the peptidyl transferasc reaction until 
such time as definitive experiments have been reported. 

tUNA fragment reaction studies 
The earliest experiment relevant IO the question of 

positional specificity of the aminoacyl moiety of tRNA 
during a partial reaction of protein biosynthesis was 
reported by sathans and tieidle.” Using the 
“aminoacyl-tRNA analog” puromycin (V) and its 2’ - N - 
aminoacyl isomer VI, only the former was found IO 
inhibit peptide bond formation when added IO an in rirro 
protein biosynthesizing system. On the basis of this work 
and related experiments which followed, it has long been 
thought lhat the 3’ - 0 - aminoacyl isomer of aminoacyt- 
tHNA is the acceptor in the peptidyl transferase reaction. 
a conclusion that has now been verified with some 

Table 9. Transfer of N~accr~lphcnylalaninc from N.accrylphenglalanyl-IKh’A IO modified pknylalanyl-lR?( A’s 6d 
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the 3’-termini of modified tRNA’s Z-5) is certainly of 

interest, one should not be surprised if the results obtained 

do not parallel findings at the [RNA level. Under such 

circumstances. the modified aminoacylnucleosidcs could 

not be regarded as adequate analogs of amin[~acyl-tR~ A. 

qualifications at the tRNA level. Fragment reaction 

studies were used extensively to probe the nature of the 
peptidyl tfanSfCrdse reaction:‘W.‘n it was shown. e.g., that 

N-acyfated amin~cyl~~nucieoti~s identical with the 
3’-termini of certain tRNA’s could s&ice as “peptidyl” 

donors in a mRNA-i~c~ndent system. providing only 
that high concentrations of the .COS ribosomal subunit 

were employed and that the incubation mixture con- 
tained 30-SO% methanol or ethanol.“‘.” Similarly, a 

number of ?(3’l - 0 - aminoacylated ribonucleoside 

derivatives were found to act as puromycin analogs, 
although most accepted peptidyl moieties efficiently only 

when present at relatively high concent~tions.‘“‘M 

Because these fragment reactions took place only 
under rather special conditions. it was also necessary to 

demonstrate that the results obtained did reflect proces- 
ses normally operative during protein biosynthesis. This 

was done by studying the effects on the isolated system 

of known inhibitors of protein biosynthcsis’~.“~ and by 
showing that the structural requirements for the “tRNA 

fragments” were such that only those species struc- 

turally related to the 3’4cfmini of aminoacyl (peptidyll 
tRNA‘s functioned in the isolated system.“‘ Iy While the 
successful uncoupling of the peptidyl transferase rcac- 

tion from the overall process of protein biosynthesis.‘” 
with the concomitant simplification of the required 

components of the isolated system, was a remarkable 

achievement which facilitated the study of this partial 
reaction. it is less clear to what level of refinement the 

isolated system may he used as a model for the analoa 

gous transformati~~n which occurs during protein 
biosynthesis. 

The di~culty in ~~btainin~ many isomeric aminoacyl- 
tRNA’s for study makes the use of isomeric aminoacyl 

nuclcocides or dinucleoside monophosphates an ostcn 

sibly attractive alternative, since they can be prepared 
synthetically with relative facility. In previous sections it 
was noted that although IRNA’s 2-5 were close strut- 

tural analogs of unmodified tRNA (I). many of the 
modified isoacccptors were much ICS active as sub- 

strates for their cognate amin~~acyl-tR~.4 synthetases 

than the respective unmodified species from which they 
were dcrived.‘P.W This property of the modified tRNA’s 
Wirs even more apparent in EF-‘I‘u and A-site binding 
dudies, in which the type of ~)siti~~n~~lly delined analog 
employed largely determIned the outcome of certain 
experiments.“‘“” As demonstrated amply by Monro and 
others. small fragments of tRh’ A suffice even less well than 
tRSA’s 2-S as analogs of unmodified tRNA and must be 
used at high concentrations or under special conditions to 
function as peptidyl donors or acceptors. Therefore, while 
the study of tRtiA fragments which have been additionally 
modified in the sugar moiety (such that they are identical to 

UmAllO?i FM-NM Ta ASO itlXW%L 
A&t-m BRDIHC 

Ringer and Chladek studied the interaction of cytidylyl 
. (Y-5’) - “(3’) - 0 - phenglalanyladcnosine (VII). 
cytidylyl - (Y-+5*1 - 2’ _ deoxy - 3’ . 0 _ phenylalany- 

ladenosine (VIII) and cytidylyl _ (3-+5’) - 2’ . 0 - pheny- 
lalanyl - 3’ - deoxyadenosine 11x1 with EF-Tu~~TP.‘~~~“ 

Although fragments of tRNA had not previously been 
found to interact with EF-TuCTP. dinucleoside mono- 

phosphate VII was shown to effect dissociation of the 

complex when employed at IO ‘-10 ’ 34 concentration, 
as judged by assay of the incubation mixture on nitro- 
cellulose filters. The same result was obtained at slightly 

higher concentrations using dinuclcoside monophosphate 

IX. but not with the 3’ - 0 - phenylalanyl analog VIII. 
The authors conjectured that dissociation of ELTuGTP 
by VII and IX may have occurred via the intermediary of 

an unstable ternary complex, analogous to the one oh- 
served with aminclacyl-tR~ A. In support of the thesis 

that inte~ction of the aminoacylated dinucleoside 

monophosphates with the EF-Tu-GTP complex was es- 

sentially analogous to the interaction of the complex with 
aminoacyl-tRhi A. it &as -also shown that neither cytidylyl 

- (3’-+5”) - adenosinc nor the N-acetylated derivative of 
VII interacted with EF-TuGTP at any tested conccn- 
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(ration.“’ I” One may note. however. that the amount of 
VII required to effect dtssoctation of 16pmoies of [‘HI- 

FF-TuGTP uas -500 ttmes greater than the amount of 
phenylalanyl-tRSA needed to bmd the same quantity of 

the factor and that compounds VII and IX ab.o dis. 
sociatcd EF-TuGDP. an interaction which I\ without 

precedent at the aminoaryLtR5A level. 
Consistent with results obtained at the (RNA level, 

com~und~ VII-IX were ail found to inhibit the lif-Tu- 
dependent binding of phcnylalan~l-tR~A to the A-site 
of I:. co& rthosomes and the associated hydrolysis of 

GTP: 50% inhibition of binding w;f\ observed at 27, 58 

and 5.8 r.M concentrations of VII. VIII and IX.‘” res- 
pectivcly, and it was stated that “the enzymatic binding 
of Phc-tRKA was inhibited IOx more by C-A(2’-Phc)H 

than by its 3’-isomer; the non-enzymatic binding of Phc- 
(RNA shows a similar pattern of inhibition”.‘” In ano- 

ther recent report from the same laboratory, however. 
values of 3.5, 5.2 and 2.5 plot were given for what would 

seem to be the same factor-dependent interactions and it 

was concluded that “the effect of ail three compounds is 
similar‘*.‘M In the latter report. non-enzymatic ribosomal 

binding of phenylalan~l-tR~A was reported to be in- 
hibited to a si~i~cant extent only by com~unds VII 

and IX. Of the two. 2’ - 0 - phcnylalanyl dinuclcosidc 
monophosphate IX was the better rnhihitor, giving 49% 

inhibition of binding at IO ‘ M concentration vs 19% for 

VII. Inexplicably, the same group had previously re- 
ported that the non-enzymatic ribosomai binding of the 

phenylalanyl ester of the pcntanuclcotide C-AX-C-A 

vIas inhibited equally as well by VII-IX. but more 

strongly by 3’ - 0 - phcnylalanyl derivative X than by its 
isomcric 2’ . 0 - phenylalanyi dinucleoside monophos- 

phate Xl.“’ 

Subscqucnt to the initial experiments with tRtiA 

fragments. which suggested that the 3’ - 0 - aminoacyl 

isomer of tRSA was the acceptor molecule in the pep 
tidy1 transferase reactton. Hussain and Ofengand pro- 

vided additional evidence. They found that the pheny- 
ialanyladenosine analog isolated after pancreatic rt- 
bonuclcasc digestion of phcnyialanyi-tRNA 11, which 

was believed to bc the 2’ . 0 - aminoacyl derivative. did 
not act as an acceptor in the pcptidyl transferace reac- 

tion. hut that a synthetic sample of the ‘came analog 
(presumably a mixture of 2’. and 3’ - 0 - phenylalanyi 

derivatives) did have acceptor activity.“’ These results 

have been extended by f’hlridek et a/., who have assayed 
several amin~cylated nuclcostdes and dinucico~idc 

monop~sphates as polcntiat substrates.“’ ‘” Consistent 
with the results of earlier work. the 3’ - 0 . phenyl- 
alanyl derivatives tested (e.g. VIII and X) were all 
bound to the ribosomal A-site tn the prescncc of polg U 

and accepted N - acctyi - I. - phenylalanme from S - 
acetyl . I . phenylaianyi - IRK.\ which has been pre- 
bound to the P-site. Under the same conditions, none of 

the corresponding 2’ - 0 - phcnylaianyl species had any 

activity. 
Also studied were the effects of scverai aminoacyiated 

dinucicosidc monophosphates as potential inhibitors of 
the pcptidyi transferasc-catalyzed formation of N- 
acetylphenylalanylpuromycin.“‘-I~’ Roth 2’. and 3’ - 0 - 
amino~~cylatcd dinuclcosidc monophosph~jtcs were tested 
and all were found to inhibit the f~~r~ti~~n of N-acetyl- 
phenylalanyipuromyctn, consrstcnt with the authors’ 

Fig. 18. lnhihition of the formation of N~accfylphcn~latanyl- 
puromycin in the preence of IO ‘M puromycm and varying 
concentrations of cytidylyl . (3’+5’) - 2’ - dcoxy . 3’ - 0 - 
phenylatanyladenosine (31 (VIII; C-A(?HtPhe). cyttdylyl-O’+ 
5’) . 2’ . 0 _ phenylalanyl . 3’ . deoxyadcnosinc (0) (IX; C-ACT- 
PhcMJ. cytidylyl _ (3’-4 5’) -2’ I dcoxy 3’ - 0 - glycyladcnosinc 
(A) and cytidylyl - (3’* 5’) . 2’ . 0 - gJycyl 3’ . deoxyadenosinc 
(At. Percent inhibition represents the difference m amount of 
~~acetyip~nyl~anylpuromyc~n formed in rhc presence and ab 

sencc of inhibiior.“’ 

intc~rctation that the ribosomal A-site could bind 
aminoacyfatcd nucleotidcs (and perhaps (RNA’s) with a 

?- or 3’ - 0 - aminoacyl moiety. However. a closer 

inspection of the data (Fig. 18)“’ illustrates the dificul- 
ties inherent in intcrprcting such data and the risk 

involved in extrapolating the results to the (RNA level. 

While both cytidylyl - (3’+5’) . ? - 0 - phcnylaianyl - 3’ - 
deoxyadcnosinc (IX) and the corresponding. 2’ - 0 - 
glycyl dinucleosidc monophosphates were equally as 
inhibitory IO the formation of S-acetyiphcnylalanyl- 

puromycin at all tested concentrations, the shape of the 
jnhibitic~n curve obtained for cytidylyl - (3’+5’) - 2’ - 
dcoxy - 3’ - 0 - phenylalanyladenosine (VIII) was diff- 
erent than those obtained for the 2’ - 0 - aminoacyl 

derivatives. &pending upon the concent~tion chosen 
for comparison, VIII could be considered IO lx more, less 

or equally as inhibitory as the two 2’ - 0 - aminoacylated 
species. While the behavior of VIII in this assay might 

have been attributed to some special property of 3’ - 0 - 
aminoacylatcd dinuclcoside monophosphates. the cor- 
responding 3’ - 0 - glyoyl derivative was also tested and 

found IO be lowest in activity of the four analogs and to 

g~vc an inhibition curve most similar in shape to those of 
the 2’ - 0 - aminoacytated dinucleosidc monophosphates. 

Moreover. in an earlier publication from the same labora- 

tory. I” compound IX was reported IO be more inhibitor 
to ~-acct~lphenyiaiany~puromycin f~~rmation than WIT 

at all tested concentrations. 

.&-Avto~f&mcnrs-I am indebted to my coworker\ for their 
expcrrmcntal contributions IO thi\ work cspcciah) to Us. Fran- 
CIS J Schmtdt. John W. Kotartch. A. C’ratg f’hmault and Ktm H. 
Tan I uould also like IO thank Prol Frtcdrich Cramer for 
discusrmg ~hc results of hi\ work prior to publication. This work 
was supported by rcvzarch grants from the Nattonal Science 
Foundation. 
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