coli exogenous suppressor tRNA has been shown to be
functional (Yamamoto et al., 1971).

The mechanism(s) of inhibition of ovalbumin synthesis
and the accumulation of other protein(s) under the influ-
ence of hepatoma tRNA is obscure: studies with an isolated
protein synthesizing system might provide an insight. It
would also be of interest to use purified novel isoacceptor
tRNAs from Novikoff hepatoma (Baliga et al., 1969) in
ovalbumin synthesis to ascertain whether they simulate the
effects of the total population of tRNAs from that source.
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Recognition of the 3’ Terminus of 2’-O-Aminoacyl Transfer
Ribonucleic Acid by the Acceptor Site of Ribosomal

Peptidyltransferase®

David Ringer, Kevin Quiggle, and Stanislav Chladek*

ABSTRACT: The interaction of the 3’ terminus of 2’- and
3’-0-aminoacyl-tRNA with the peptidyltransferase A site
of Escherichia coli ribosomes has been studied using the
following aminoacyl oligonucleotides as models of the 3’

terminus of AA-tRNA: C-A-Phe, C-A(2’Phe)H, C-
A(2'H)Phe, C-A(2’Phe)Me, C-A(2’Me)Phe, C-
A(2’Gly)H, and C-A(2’H)Gly. The transfer of Ac-

['*C]Phe from the Ac-['*C]Phe-tRNA . poly(U) - 70S
ribosome complex to puromycin (1074 and 1073 M) was in-
hibited by C-A-Phe, C-A(2'Phe)H, C-A(2'H)Phe, C-
A(2’Gly)H, and C-A(2’H)Gly. Kinetic analysis of the inhi-
bition of Ac-[!*C]Phe-puromycin formation by C-

It was predicted by Zamecnik (1962) that 2’-O-aminoa-
cyl-tRNA may be formed by enzymic aminoacylation of
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A(2’Phe)H failed to show simple competitive inhibition.
Binding of C-A-C-C-A-['4C]Phe to 70S ribosomes in the
presence of an excess of deacylated tRNA was also inhibit-
ed by C-A-Phe, C-A(2'Phe)H, C-A(2’H)Phe, C-A(2’
Phe)Me, and C-A(2’Me)Phe. It appears that the acceptor
site of peptidyltransferase can recognize the 3’ terminus of
either 2’- or 3’-O-AA-tRNA, with preference for the 2’ iso-
mer. It therefore follows that 2-O-AA-tRNA may be
bound to ribosomes prior to peptide bond formation and
that 3-O-AA-tRNA, which is used exclusively by peptidyl-
transferase as an acceptor, is supplied by 2’ — 3’ transacy-
lation occurring at the peptidyltransferase A site.

tRNA and that 3’-0-aminoacyl-tRNA might be used in
later stages of protein biosynthesis. Studies of Wolfenden es
al. (1964), McLaughlin and Ingram (1965), and Griffin et
al. (1966) have demonstrated the extremely rapid 2" = 3’
isomerization of the aminoacyl group on the terminal aden-
osine unit of tRNA. The finding of Nathans and Neidle
(1963) that puromycin, a nonisomerizable analog of 3'-O-
aminoacyl-tRNA, inhibits polypeptide synthesis, whereas
its 2’ isomer is inactive, has often been referred to by vari-
ous authors as proof that only 3’-0O-aminoacyl-tRNA can
participate in protein synthesis at the ribosomal level. In-
deed, Phe-tRNA-C-C-3'-dA (the 2’ ester)! prepared by
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Sprinz! and Cramer (1973) did not appear to participate in
poly(U)-dependent polyphenylalanine synthesis, and this
was interpreted by the authors to be a result of the inability
of Phe-tRNA-C-C-3’-dA to undergo the necessary 2’ — 3’
transacylation.

By utilizing relatively simple nonisomerizable nucleoside
and oligonucleotide models of the acceptor terminus of 3’-
O-aminoacyl-tRNA and its 2’ isomer, we were able to dem-
onstrate that 3’-O-aminoacyl esters act as acceptors at the
peptidyltransferase center whereas the 2’-O-aminoacy! es-
ters are inactive (Chladek er al., 1973, 1974). A similar ob-
servation was made independently by Hussain and Ofen-
gand (1973). Also, since there is evidence that the 3’ termi-
ni of aminoacyl- or peptidyl-tRNAs are essential for inter-
action with the peptidyltransferase sites (Rychlik er al.,
1967: Monro et al., 1969; Celma et al., 1970), it was con-
cluded that 3’-O-aminoacyl-tRNA is used exclusively by
peptidyltransferase as an acceptor substrate (Hussain and
Ofengand, 1973; Chlddek et al, 1973, 1974). The 2’-O-
aminoacyl-tRNA is formed by the AA-tRNA synthetase
reaction (Ofengand and Chen, 1972; Sprinzl and Cramer,
1973; Ofengand et al., 1974) and thus 2’ — 3’ transacyla-
tion must occur after enzymic aminoacylation but before
peptide bond formation. As a part of our study of the in-
volvement of the 3’ terminus of AA-tRNA in the various
stages of protein biosynthesis, we were interested to learn if
such migration is a part of the ribosomal mechanism, and it
is thus necessary to determine whether or not the 3’ termi-
nus of 2’-0-aminoacyl-tRNA can be recognized by the pep-
tidyltransferase A site. In this paper we report that the ac-
ceptor terminus of 2’-O-aminoacyl-tRNA can indeed be
recognized by the acceptor site of peptidyltransferase. A
preliminary report of part of this work has appeared (Ring-
er and Chlddek, 1974a).

Materials and Methods

Ribosomes were prepared from late log phase Escherich-
ia coli MRE 600 (RNase 17) cells and were washed three
times by ultracentrifugation in 0.5 M NH,CI as described
previously (Chladek er al., 1974). N-Acetyl-['*C]phenyla-
lanyl-tRNA, specific activity of 0.4 nmol of [!“C]pheny-
lalanine/mg of tRNA, was prepared as described (Chlddek
et al., 1974). C-A-C-C-A-['*C]Phe was prepared according
to the method of Pestka er al. (1970) by T, RNase diges-
tion of ['*C]Phe-tRNA, specific activity of 0.4 nmol of
['4C]phenylalanine/mg of tRNA. The chemical synthesis
of 2’- and 3’-O-aminoacyl nucleoside and 2’- and 3’-0-ami-
noacyl dinucleoside phosphates was described (Chlddek er
al., 1974; Chlddek and Zemli¢ka, 1974). C-A(2'Gly)H
(11b) was also synthesized by general methods (Chlddek ez
al., 1974) as follows.

2’-0-(N-Benzyloxycarbonylglycyl)-3'-deoxyadenosine.
The title compound was prepared in 52% yield from 5-O-
p-methoxytritylcordycepin by a method analogous to that
for the N-benzyloxycarbonyl-L-phenylalanyl derivative
(Chladek et al., 1974). A solid compound was obtained by

! Abbreviations used are: Ac-Phe-tRNA, N-acetyl-L-phenylalanyl
transfer ribonucleic acid; Ac-Phe, N-acetyl-L-phenylalanine; A-Phe,
2/(3’)-O-L-phenylalanyladenosine; A(2’Me)Phe, 2’-O-methyl-3’-O-L-
phenylalanyladenosine: A(2’H)Phe, 2’-deoxy-3’-O-L-phenylalanylade-
nosine;  A(2’Phe)Me,  3’-O-methyi-2-O-L-phenylalanyladenosine;
A(2’Phe)H, 3’-deoxy-2’-O-L-phenylalanyladenosine (analogous abbre-
viations are used for the dinucleotide derivatives); tRNA-C-C-3'-dA,
tRNA with 3’-deoxyadenosine incorporated at the 3’ end; AA-tRNA.
aminoacyl transfer ribonucleic acid.

Table I: Inhibition of Poly(U)-Directed Polyphenylalanine
Synthesis by 2’- and 3’-O-L-Phenylalanyl Dinucleoside
Phosphates.®

% Inhibition at Concn of Inhibitor (m)

Inhibitor 1.0 x 1074 5.0 10" 1.0x107
C-A-Phe 86 64 11
C-A(2’H)Phe 66 34 3
C-A(2'Phe)H 41 13 1
C-A(2’Me)Phe 89 39
C-A(2'Phe)Me 88 30

@ The assay for the inhibition of polyphenylalanine syn-
thesis by 2’- and 3’-O-L-phenylalanyl dinucleoside phos-
phates was performed by addition of the inhibitors prior to
addition of ribosomes. Amino acid incorporation in the
absence of inhibitors was 0.5 nmol of [*¢C]phenylalanine/
mg of ribosome per hr. Per cent inhibition is the number of
trichloroacetic acid precipitated polyphenylalanine counts
in the presence of inhibitor compound relative to the num-
ber of CCl13COOH precipitated counts in the absence of
inhibitor. Details of reaction conditions are given under
Materials and Methods.

MeOH-CHCI; trituration. The product was chromato-
graphically uniform (tlc; silica gel; CHCI;-MeOH, 9:1):
mp 171-175°; ultraviolet (uv) (95% EtOH) Aoy (nm) 262
(¢ 14,700); nuclear magnetic resonance (nmr)
(CD3SOCD;), sodium 2,2-dimethyl-2-silapentane-5-sulfo-
nate (external standard) 8.32 (Hg, s, 13, 8.15 (Ha, s, 1),
7.34 (phenyl s, 5), 7.25 (NHay, s, 2), 6.10 (Hy, d, Jy o = 3
Hz, 1), 5.05 (CH; of benzyloxycarbonyl, s 2). Anal. Calcd
for CaoH,NgOs - IH,O (460.44): C, 52.17; H, 5.25; N,
18.25. Found: C, 52.49; H, 4.96; N, 18.43.

Cytidylyl(3'-5")-2’-0-glycyl-3'-deoxyadenosine  (11b).
The title compound was prepared by condensation of 2/-O-
(N-benzyloxycarbonylglycyl)-3/-deoxyadenosine with N4
dimethylaminomethylene-2’,5’-di-O-tetrahydropyranylcyti-
dine 3’-phosphate, followed by deblocking of the fully pro-
tected intermediate as described (Chlddek er al., 1974).
The yield of the N-benzyloxycarbonyl derivative of C-
A(2’Gly)H (IIb) was 11% and this intermediate was char-
acterized by the usual methods (Chlddek et al., 1974). The
title compound was obtained in 68% yield by hydrogenolysis
(Chladek et al., 1974) and was characterized by tic, paper
chromatography, electrophoresis, positive reaction with nin-
hydrin spray, and alkaline hydrolysis to C-3’-dA and gly-
cine. Degradation by pancreatic ribonuclease gave 9% of
the 2/ — 5 isomer and Cp/3’-dA = 0.76; uv (0.0! N HCI)
Amax (nm) 267; Amin (nm) 231; 250/260 = 0.72; 280/260 =
0.77;290/260 = 0.48.

Assay of Poly(U)-Directed Polyphenylalanine Synthe-
sis. Poly(U)-directed polyphenylalanine synthesis was as-
sayed by a modified method of Wood and Berg (1962).
Each reaction mixture contained in 0.18 ml: 0.033 M Tris-
HCI (pH 7.4), 0.125 M KCI, 0.008 M MgCl,, 0.001 M
ATP, 0.0002 M GTP, 0.002 M glutathione, 0.1 mg of
tRNA, 100 uM 20 amino acids including [!*C]phenylalan-
ine (specific activity equal to 10 Ci/mol), 0.01 mg of
poly(U), 0.02 ml of crude S-150 supernatant containing all
necessary synthesizing enzymes, and varying amounts of in-
hibitor compounds as described below (Table I). Reactions
were initiated by the addition of 4.0 4,6 units of ribosomes
and incubated for 30 min at 37°. Reactions were terminat-
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ed by chilling, a 0.1-ml aliquot of each reaction mixture was
pipeted onto a Whatman No. 3MM filter paper disk, and
the amount of trichloroacetic acid precipitable material was
determined as described by Bollam (1968). The degree of
inhibition obtained is expressed as the percentage of trichio-
roacetic acid precipitated counts lost in the presence of in-
hibitor compounds relative to counts precipitated in inhibi-
tor (ree controls.

Inhibition of Ac-['"*ClPhe-Puromycin Formation. The
inhibition of Ac[!*C]Phe-puromycin formation from Ac-
['*C]Phe-tRNA and puromycin on 70S ribosomes by 2/-
and 3’-0-1.-aminoacyl dinucleoside phosphates and 2’- and
3’-0-1.-aminoacy! nucleosides was performed as reported
previously (Ringer and Chladek, 1974a). A typical reaction
mixture of 0.1 ml contained: 0.05 M Tris-HCI (pH 7.4),
0.10 M NH4Cl, 0.01 M MgCls, 10 ug of poly(U), 0.1 A0
unit of N-acetyl-['*C]phenylalanyl-tRNA, either 1.0 X
10™% or 1.0 X 107 M puromycin, and inhibitor compounds
I-111 at concentrations indicated in the figures. Reactions
were initiated by the addition of 4.0 4560 units of ribosomes
and then incubated for 30 min at 37°. Reaction mixtures in
which 2’- and 3’-O-1.-aminoacyl dinucleoside phosphates
had been used as inhibitors were terminated by the addition
of 0.1 ml of 0.1 M Be(NO3); and 0.3 M NaOAc (pH 5.5)
saturated with MgSQ,, and Ac-['*C]Phe-puromycin was
extracted with 1.5 ml of ethyl acetate, as described by
Monro er al. (1968). The radioactivity of 1.0-ml aliquots of
the ethyl acetate extract was measured in 10 ml of 2 4.5 g
of 2,5-diphenyloxazole/100 mg of 1.4-bis[2-(4-methyl-5-
phenyloxazolyl)]benzene/0.25 I. of 2-methoxycthanol/l. of
toluene scintillation mixture. Reactions in which 2’- and
3’-0-1.-aminoacyl nucleosides had been used as inhibitors
were terminated and ethyl acetate extraction performed by
a procedure modified from the method of Hussain and Of-
engand {1972). These reactions were terminated with 0.1
ml of 0.4 N NaOH and the mixture incubated at 37° for 30
min to saponify any ester bonds. Two volumes of saturated
MgSO. were then added, and the assay of Ac-['*C]Phe-
puromycin formation was performed as described above.
The degree of inhibition is reported as per cent inhibition,
calculated as the difference in ethyl acetate extracted
counts between inhibitor-frec control reactions and reac-
tions to which the inhibitors were added, divided by the
counts in inhibitor-free control reactions.

Inhibition of C-A-C-C-A-['*C|Phe Binding 16 Ribo-
sonies. The binding of C-A-C-C-A-["*C]Phe to ribosomes
in the presence of deacylated tRNA was performed basical-
ly as described by Hishizawa and Pestka (1971). Inhibition
of C-A-C-C-A-['%C]Phe binding to ribosomes by 2’- and
3’-O-1.-phenylalanyl dinuclcoside phosphates was measured
in the following mixture (0.1 ml final reaction volume in-
cluding ribosomes): 0.05 m Tris-HCI (pH 7.4), 0.40 M KCl,
0.04 M MgCl,, 50 ug of tRNA, 1.3 pmol of C-A-C-C-A-
['*C]Phe, and inhibitor compounds at the concentrations
given (sce Figure 4). Reaction mixtures were initiated by
addition of 4.6 A, units of ribosomes, incubated for 30
min at 24°, then terminated by the addition of 3 m! of cold
buffer containing 0.05 M Tris-HCI (pH 7.4), 0.40 M KCl,
and 0.04 M MgCls. The ribosome - C-A-C-C-A-['*C]Phe
complex was isolated by filtration through HAWP-Milli-
porc membranes which were washed with buffer (3 X 3 ml)
and dried, and the amount of radioactivity was determined
by liquid scintillation counting as described for polyphen-
ylalanine synthesis. The inhibition of C-A-C-C-A-['4*C]Phe
binding was determined as the difference in the ribosome -
516 1975
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C-A-C-C-A-["*C]Phe complex retained on the Millipore
membrane in the absence of inhibitor compound and that
retained in the presence of inhibitor. This difference was
then expressed as a percentage of the radioactivity bound to
the ribosomes in the absence of inhibitor.

Results

Poly(uridylic acid) directed synthesis of polyphenylalan-
ine has been routinely used as a cell-free protein synthesiz-
ing system to measure general ribosomal function. We have
used this system to determine the effect of 2’- and 3'-O-1.-
phenylalanyl dinucleoside phosphates (Il and 111) on the ri-
bosomal incorporation of free phenylalanine into polyphen-
ylalanine (results in Table I). As can be seen, both 2’- and
3’-O-L-phenylalanyl dinucleoside phosphates are effective
inhibitors of polyphenylalanine synthesis. Relative to C-A-
Phe (I), an analog of the 3’ terminus of Phe-tRNA, C-
A(2’Me)Phe (Illc) and C-A(2’Phe)Me (Ilc) were better

HOCHg ¢ HOCHz ¢ HOCH2
,/o:Y "ol "o
0 OH o OH 0 OH
i ]
HO - P:0 HO-P-0 HO-P=0
OCH2 A OCHg A OCH2 A
T o o o
o o R, ORy Rz0 R
o '
Phe, H
I Oo;R=H; Ra=Phe M a, Ri=H,; Rz=Phe

b, R=H; Ra=Gly
¢; Ri=0CHj;R;=Phe

b, Ri=H; Ra=Gly
¢, Ry=OCH3; Ry=Phe

inhibitors of ribosomal phenylalanine incorporation while
C-A(2’H)Phe (I1la) and C-A(2’Phe)H (1la) appeared to
be somewhat weaker inhibitors than C-A-Phe (I).

The peptidyltransferase activity of these 2’- and 3-O-1 -
phenylalanyl dinucleoside phosphates has been previously
investigated (Chiddek er a/., 1974), and it was found that
while C-A-Phe (1), C-A(2’Me)Phe (lllc), and C-
A(2’H)Phe (I11a) were active as peptidyltransferase accep-
tors, C-A(2’Phe)Me (lIc) and C-A(2'Phe)H (1la) were in-
active. In addition, both the 2’- and 3’-O-glycyl derivatives,
C-A(2’H)Gly (111b) and C-A(2’Gly)H (llb), show only
slight acceptor activity (Ringer and Chladek, 1974b, and
unpublished results). While the inhibitory ability of C-A-
Phe (1), C-A(2’H)Phe (Illa), and C-A(2’Mc)Phe (lllc) in
polyphenylalanine synthesis can be at least partially attrib-
uted to their puromycin-like acceptor activity, the ability of
2’-0-aminoacyl esters I to act as inhibitors had to be fur-
ther investigated in less complex systems.

In order to further elucidate the nature of the inhibitory
effect of 2’-O-aminoacyl dinucleoside phosphates (1) on
protein biosynthesis, their ability to influence ribosomal
peptidyltransferase-mediated Ac-['*C]Phe-puromycin for-
mation in the Ac-Phe-tRNA - poly(U) - 708 ribosome com-
plex was examined.

Figure 1a,b and Table 11-A indicate that both 2’- and 3’-
nonisomerizable aminoacy! esters Il and III are inhibitors
of Ac-['*C]Phe-puromycin formation (1.0 X 107% ™M pu-
romycin). As can be seen from Table 11-A, 2’-O-aminoacyl
derivatives always displayed higher inhibitory activities
than their 3’ counterparts I11. The activities of the 2-O-
aminoacy! esters 11 are comparable to that of C-A-Phe (1)
which can exist as either a 2’ or 3" isomer. The different
shape of the C-A-Phe (I) curve may imply that both C-A-
Phe (1) and puromycin react with Ac-['*C]Phe-tRNA, C-
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Table II: Summary of Data of Figures 1, 2, and 4 Showing
Concentrations of Aminoacyl Oligonucleotides I-III at
Which 50% Inhibition Occurs in the Systems A, Ac-[1¢C]-
Phe-Puromycin Formation at 10-% M Puromycin; B, Ac-
[*#C]Phe-Puromycin Formation at 10-5 M Puromycin; and
C, C-A-C-C-A-[2*C]Phe Ribosomal Binding.

Compound A B C
C-A-Phe, 1 2.5 x 1070 2.5 x 10~
C-A(2’Phe)H, Ila 42x10"° 3.4x10% 2,5x10™
C-A(2'Gly)H, IIb 5.6 X107 4.0x107?
C-A(2'Phe)Me, IIc 3.3 x 107%° 8.3 x 1073
C-A(2’H)Phe, Ola 1.2x10% 35x10% 3.2x10"
C-A(2'H)Gly, IIIb 2.5x 10" 2.2x10%
C-A(2'Me)Phe, IlIc 7.5 x 107 4.6 x 10°?

a Data from Ringer and Chladek (1974a).

A-Phe (I) being an excellent acceptor (Chlidek er al,
1974).

Inhibition experiments with aminoacyl dinucleoside
phosphates Ila, IIb, I1Ta, and I1Ib at 10=° M concentration
of puromycin were also performed (Figure 2 and Table I1-
B) and the results appear to agree with the general trend
observed at 10~* M puromycin concentration. Both C-
A(2’Phe)H (Ila) and C-A(2’Gly)H (IIb) displayed roughly
equal activity. The curve for C-A(2’H)Phe (Il1a) reflects
its significant ability to compete with puromycin for an
available donor (Ringer and Chlddek, 1974b). A similar
shape of the curve was observed for C-A-Phe (I) at 107* M
puromycin concentration (Figure 1a).

In order to examine the nature of the inhibitory effect of
C-A(2’Phe)H (IIa) on Ac-Phe-puromycin formation, a ki-
netic analysis was performed under conditions similar to
those used by Pestka (1970). A Lineweaver-Burk plot (Fig-
ure 3) shows that C-A(2’Phe)H does not demonstrate sim-
ple competitive inhibition with puromycin. Instead, a more
complex inhibition resulting in mixed kinetics is observed.

To further investigate the interaction of 2’- and 3’-O-L-
phenylalanyl dinucleoside phosphates with the peptidyl-
transferase A site, their ability to inhibit C-A-C-C-A-Phe
binding to ribosomes was investigated. The binding system
employed deacylated tRNA, which has been previously
shown to stimulate the binding of C-A-C-C-A-Phe to both
708 ribosomes (Pestka, 1969) and 50S subunits (Hishiazwa
and Pestka, 1971). The deacylated tRNA should also direct
binding of C-A-C-C-A-Phe to the peptidyltransferase A
site (Watanabe, 1972).

Binding of C-A-C-C-A-['*C]Phe to 70S ribosomes is in-
hibited by chloramphenicol and sparsomycin (at antibiotic
concentrations of 10~ M the observed inhibitions of C-A-
C-C-A-["*C]Phe binding to ribosomes were 68 and 75%, re-
spectively), and these levels of inhibition are in agreement
with previous reports on the 50S system (Hishizawa and
Pestka, 1971). A check for formation of ['“C]Phe-puromy-
cin in the presence of 1.0 X 1073 M puromycin was also
conducted in an effort to detect the presence of reactable
C-A-C-C-A-['*C]Phe bound to the P site. Ethyl acetate ex-
traction of the alkalized reaction mixture (Pestka, 1970)
showed that no ['*C]Phe-puromycin formation had oc-
curred under binding-reaction conditions.

Figure 4a,b and Table II show that in addition to C-A-
Phe (1), the nonisomerizable 2’- and 3’-O-L-phenylalanyl
dinucleoside phosphates (Ila, Ilc, IIla, and Illc) were able
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FIGURE 1: The inhibition of Ac-Phe-puromycin formation in the pres-
ence of 2’- and 3’-O-aminoacyl dinucleoside phosphates. Compounds
I-1H were present at concentrations indicated on the abscissa and pu-
romycin concentration was 1.0 X 10~4 M. Ribosomes were added last
to initiate the reactions. Details of the reaction procedure and condi-
tions are given in the Materials and Methods section. Per cent inhibi-
tion represents the difference in ethyl acetate extracted Ac-['4C]Phe-
puromycin counts in the presence and in the absence of inhibitor, rela-
tive to the amount of Ac-['*C]Phe-puromycin formed without inhibitor
present. Ac[!*C]Phe-puromycin (100%) formed was equal to 1650
cpm: (a) (A) C-A(2’Phe)H (Ila); (0) C-A(2'H)Phe (1lia); (@) C-A-
Phe (I) (replotted from Ringer and Chlddek, 1974a); (b) (O) C-
A(2’Gly)H (I1b); (m) C-A(2'H)Gly (I1Ib).

to inhibit C-A-C-C-A-['*C]Phe binding to the ribosomes.
C-A-Phe (I) C-A(2'Phe)H (Ila), and C-A(2'H)Phe (11la)
had similar inhibitory activities, with maximum inhibitions
of 75%, whereas C-A(2’Me)Phe (I1lc) and C-A(2’Phe)Me
(llc) demonstrated stronger affinity for the ribosomal A
site.

Studies of the inhibition of Ac-Phe-puromycin forma-
tion by the 2’- and 3’-O-L-aminoacyl nucleoside deriva-
tives, A-Phe, A(2’Phe)H, A(2’H)Phe, A(2’Phe)Me, and
A(2'Me)Phe, were conducted at 1.0 X 10~> M puromycin
concentration in order to allow for more sensitive measure-
ment of inhibition by the weakly bound aminoacyl nucleos-
ides. As can be seen in Figure 3, all nucleosides tested were
inhibitors of Ac-Phe-puromycin formation. The order of
their inhibitory activities was similar to the order of their
acceptor activities in the peptidyltransferase reaction (ac-
ceptor activities in decreasing order: A-Phe, A(2'Me)Phe,
A(2'H)Phe, A(2’Phe)Me, and A(2’Phe)H; Chladek er al.,
1974). It is surprising that A(2’H)Phe is a good inhibitor,
even though it is known to be a very poor acceptor (Rychlik
et al., 1969). At the present time it is difficult to understand
the biological significance of this finding, considering the
517
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FIGURE 2: The inhibition of Ac-Phe-puromycin formation in the pres-
ence of C-A(2'Phe)H (lla), C-A(2'Gly)H (IIb), C-A(2’H)Phe (I11a),
and C-A(2’H)Gly (11ib). Reactions were performed as in Figure | ex-
cept that the puromyein concentration was 1.0 X 107% M. Per cent in-
hibition represents the difference in the amount of Ac-Phe-puromycin
formed in the presence and absence of inhibitor compound: (0) C-
A(2'H)Phe (1l1a); (@) C-A(2’Phe)H (Ila); (a) C-A(2’H)Gly (IIb);
(a) C-A(2'Gly)H (HIb).

fact that extremely high concentrations of nucleoside inhib-
itors had to be used in order to achieve any measurable in-
hibition. The 2’- and 3’-O-L-phenylalanyl nucleosides
A(Phe), A(2'Phe)H, A(2'Phe)Me, A(2’H)Phe, and
A(2’Me)Phe were also examined as inhibitors of C-A-C-
C-A-["4C]Phe binding, and they showed little or no inhibi-
tion of binding (data not shown).

Discussion

We found that both 2’ and 3’-nonisomerizable aminoacyl
derivatives of dinucleoside phosphates Illa, Illc, Ila, and
[Ic inhibit poly(U) dependent incorporation of phenylala-
nine into polypeptide, although only the 3’ esters Illa and
IHIc are acceptors of the peptide chain in the peptidyltrans-
ferase reaction (Chlddek et al., 1974). In principle, inhibi-
tors having a structural resemblance to the acceptor termi-
nus of AA-tRNA may function in several distinct steps of
protein biosynthesis, e.g., enzymic charging of tRNA, bind-
ing to the A site of ribosomes, and the peptidyltransferase
reaction. Thus, more simplified systems were employed in
order to determine the precise target of the particular inhib-
itor.

In the first system, transfer of the Ac-Phe residue from
the Ac-Phe-tRNA . poly(U) - 70S ribosome complex to pu-
romycin is strongly inhibited by both the 2’- and 3’-O-ami-
noacyl esters 1la, lIb, Ilc, Illa, and Illc (see also Ringer
and Chlddek, 1974a), whereas the 3’-O-glycy!l derivative
C-A(2’H)Gly (Illb) is less effective. Since the 3’-O-ami-
noacyl oligonucleotides III can act as acceptors (Chlidek e¢
al., 1974), and since increasing the concentration of puro-
mycin overcomes the inhibitory effect of the 2’ esters C-
A(2’Phe)H (Ila) and C-A(2’Phe)Me (ll¢), we assume that
both the 2’- and 3’-0-aminoacyl oligonucleotides 11 and III
act at the A site of peptidyitransferase (Ringer and Chla-
dek, 1974a).

From a comparison of the inhibitory activities of 2’- and
3’-O-glycyl derivatives IIb and IlIb, it is clear that the 2’
ester C-A(2'Gly)H (IIb) is a better inhibitor than its 3’
counterpart C-A(2’H)Gly (IIIb). Since both compounds
are only weak acceptors in the peptidyltransferase reaction
(Ringer and Chlddek, 1974b, and unpublished results),
their inhibitory properties largely reflect their binding af-
finities to the peptidyltransferase A site, indicating a great-
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FIGURE 3: Lineweaver-Burk plot of the effect of C-A(2’Phe)H (lla)
on the rate of Ac-[!*C]Phe-puromycin formation as a function of pu-
romycin concentration. The reaction conditions for measuring the inhi-
bition of Ac-['*C]Phe-puromycin formation were those described
under Materials and Methods with the exceptions that the puromycin
concentration was varied as indicated on the abscissa (5.0 X 107° to
5.0 X 107% M) and C-A(2’Phe)H when present was at either 2.6 X
1073 or 7.3 X 107° M. It was ascertained that the formation of Ac-
{"*C]Phe-puromycin in the presence of 1.0 X 10™* M puromycin was
linear for 12 min at 30°. Reactions were incubated for 10 min at 30°:
(®) no C-A(2’Phe)H; (m) 2.6 X 107* M C-A(2’Phe)H; (A) 7.3 X 1077
M C-A(2’Phe)H.

er binding affinity for the 2’ isomer C-A(2'Gly)H (IIb). Al-
though a direct comparison of the inhibitory activities of 2’-
and 3-0-L-phenylalanyl derivatives I1a and Illa is compli-
cated by the significant acceptor activity of the 3’ isomer
I11a, especially at low (10~3 M) puromycin concentration,
the same general trend is observed.

Comparison of the inhibitory activities of the 3’-O-ami-
noacyl esters C-A(2’H)Phe (I11a) and C-A(2'H)Gly (111b)
shows that the L-phenylalanyl derivative I11la is a better in-
hibitor than the glycyl derivative 111b. This may be expect-
ed in light of the fact that 2’(3’)-O-aminoacyladenosines
with aromatic amino acids are better acceptors in the pepti-
dyltransferase reaction (undoubtedly acting as 3’ isomers)
than analogous derivatives with aliphatic amino acids, with
the glycyl derivatives being the least active (Rychlik er al.,
1970a, and references therein). Surprisingly, no such trend
was observed with the 2’-O-aminoacyl esters C-A(2’Phe)H
(ITa) and C-A(2’Gly)H (lIIb); both Ila and IIb displayed
roughly the same activity. This finding could mean that the
aminoacy! portions of 2’- and 3’-0-aminoacyl oligonucleo-
tides I1 and 1II act at spatially separated, mutually exclu-
sive loci of the peptidyltransferase A site (*2’- and 3’-O-
aminoacyl loci”). The mixed type of kinetics obtained for
the inhibition of Ac-Phe-puromycin formation by C-
A(2’Phe)H (lla) seems to support this interpretation. These
results are strikingly similar to the results of Goldberg and
Mitsugi (1967), who have observed mixed kinetics for the
inhibition of Ac-Phe-puromycin formation by chloram-
phenicol, another peptidyltransferase A site inhibitor (Ni-
erhaus and Nierhaus, 1973). Goldberg and Mitsugi (1967)
interpreted these findings to be a consequence of allosteric
inhibition (see also Celma et al., 1970; Lessard and Pestka,
1972).

In order to obtain proof that the 2’-O-esters la and llc
interfere with the binding function of the peptidyltransfer-
ase A site, we investigated the effect of the inhibitors Ila,
[Ic, 1l1a, and I1lc on the binding of C-A-C-C-A-Phe to 70S
ribosomes (Pestka, 1969). The binding of C-A-C-C-A-Phe
to the A site of peptidyltransferase is directed by an excess



PEPTIDYLTRANSFERASE

1007,
S
= xC-A-(2'H)Phe
& c C-A-(2'Phe)H
T ¢ C-A-Phe
z
-
2
w
Q
x
w
a
-3

1004,
z J
=}
F 809
o C-A-(2Me)Phe C-A-Phe
I
=
-
z
w
O
o4
w
a

INHIBITOR CONC. (M)

FIGURE 4: Inhibition of C-A-C-C-A-['*C]Phe binding to ribosomes by
2’- and 3’-O-L-phenylalanyl dinucleoside phosphates. Details of the
assay conditions are given under Materials and Methods. Per cent inhi-
bition is the difference in ribosome - C-A-C-C-A-[!4C}Phe complex re-
tained on the Millipore membrane in the absence and in the presence
of inhibitor, relative to the amount bound in the absence of inhibitor.
Zero per cent inhibition equals 0.6 pmol of C-A-C-C-A-['*C]Phe
bound to ribosomes: (a) (X) C-A(2’H)Phe (Illa); (O) C-A(2’Phe)H
(Ila); (@) C-A-Phe (I); (b) (a) C-A(2’Me)Phe (lllc); (a) C-A(2'-
Phe)Me (llc); (@) C-A-Phe (I).

of deacylated tRNA (Pestka, 1969; Watanabe, 1972). As
can be seen from the results, the binding of C-A-C-C-A-
Phe is strongly inhibited by the nonisomerizable models Ila,
IIc, Ila, and Illc as well as by C-A-Phe (I).2

Unlike the marked differences in activities between the 2’
and 3’ isomers observed in the inhibition of Ac-Phe-puro-
mycin formation, there are comparatively small differences
in inhibition of C-A-C-C-A-Phe binding. This possibly re-
flects the greater binding affinity of C-A-C-C-A-Phe for
the ribosome compared to that of puromycin. Another pos-
sibility, that C-A-C-C-A-Phe may bind to ribosomes as ei-
ther the 2’ or 3’ isomer, cannot as yet be ruled out. In that
case, differences in the inhibitory effects of the 2’ or 3/ iso-
mers might be obscured. The system employing puromycin
may therefore be more sensitive to the differences in the af-
finities of the 2’ and 3’ isomers.

We conclude that the 2’-O-aminoacy! oligonucleotides
with the terminal sequence of tRNA are bound to the pepti-
dyltransferase A site. On the basis of the structural resem-
blance of compounds II to the acceptor end of 2’-0-aminoa-
cyl-tRNA, we suggest that the same may hold true for the
3’ terminus of 2’-O-aminoacyl-tRNA.

Although the final verdict has to await direct evidence of

2 Inhibition of C-A-C-C-A-Phe binding to 70S ribosomes by puro-
mycin in the absence of deacylated tRNA has been shown by Lessard
and Pestka (1972).
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FIGURE 5. The inhibition of Ac-Phe puromycin formation in the pres-
ence of 2’- and 3-O-aminoacyl nucleosides. Compounds A-Phe,
A(2'Me)Phe, A(2’H)Phe, A(2'Phe)H, and A(2’Phe)Me were assayed
for inhibitory activity at the concentrations indicated in the figure.
Reaction conditions were the same as those described in Figure 1 ex-
cept that the puromycin concentration was lowered to 1.0 X 1073 M.
Per cent inhibition refers to the difference in the amount of Ac-Phe-
puromycin formed in the presence and absence of the inhibitor com-
pound: (O) A-Phe; (a) A(2’Me)Phe; (O) A(2’H)Phe; (@) A(2’Phe)H;
and (@) A(2’Phe)Me.

the binding of 2’- and 3’-O-aminoacyl oligonucleotides to
the peptidyltransferase A site, it seems reasonable to as-
sume that the acceptor terminus of 2’-0O-aminoacyl-tRNA
may be bound to the peptidyltransferase A site at least as
tightly as the acceptor terminus of 3’-O-aminoacyl-tRNA.,
Furthermore, as was recently found by Chinali ez al. (1974;
personal communication of A Parmeggiani), the Phe-
tRNA-C-C-3’-dA (2’ ester) can be bound to ribosomes in
the presence of the elongation factor EF-T, and GTP.

On thjs basis, we are tempted to suggest that 2’-O-ami-
noacyl-tRNA may be bound to the ribosomal A site in the
step preceding peptide bond formation. The binding of the
aminoacyl portion of 2’-0-aminoacyl-tRNA might occur at
the 2’-O-aminoacyl locus of the peptidyltransferase A site
(vide supra). The *“‘correct” 3’ isomer for the subsequent
peptide forming step is then supplied by 2 — 3’ transacyla-
tion which occurs at the peptidyltransferase A site. The
transacylation step might be concerted with GTP hydroly-
sis, which is known to occur during enzymic binding of AA-
tRNA (Lipmann, 1969).

It was observed by Pestka (1967) that the ester bond of
AA-tRNA is considerably stabilized toward hydrolysis
while AA-tRNA is bound to ribosomes. Since it is well
known that activation of this ester bond is partly due to hy-
drogen bonding from the neighboring hydroxyl group
(Bruice and Fife, 1962; Rammler and Khorana, 1963;
Chladek et al., 1970), it may be assumed that this hydroxyl
group is bound to the peptidyltransferase A site locus and
the particular isomer of AA-tRNA is thus prevented from
migration or hydrolysis (see also Rychlik er al., 1969). It
then follows that an “isomerase’ enzymic activity of the
peptidyltransferase A site may be necessary to catalyze the
required 2’ — 3’ transacylation even though such acyl mi-
gration is extremely fast in solution.

Added in Proof

After this paper was submitted, the report of Chinali er
al. (1974) appeared showing that Phe-tRNA-3'dA (2’

3 The existence of a specific 2’ — 3’ or 3’ — 2’ isomerase in cells was
first postulated by Wolfenden et al. (1964).
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ester) can function as a peptidyltransferase acceptor sub-
strate, albeit at a much slower rate than Phe-tRNA. While
this finding supports our contention that the 3’ terminus of
2’-AA-tRNA can be accommodated by the A site of pepti-
dyltransferase, it is in conflict with previous suggestions
that only 3-AA-tRNA acts as an acceptor in the peptidyl-
transferase reaction.
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