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Puromycin oligonucleotides reveal steric
restrictions for ribosome entry and
multiple modes of translation inhibition
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ABSTRACT

Peptidyl transferase inhibitors have generally been studied using simple systems and remain largely unexamined in

in vitro translation extracts. Here, we investigate the potency, product distribution, and mechanism of various
puromycin—oligonucleotide conjugates (1 to 44 nt with 3 "-puromycin) in a reticulocyte lysate cell-free translation
system. Surprisingly, the potency  decreases as the chain length of the oligonucleotide is increased in this series, and
only very short puromycin conjugates function efficiently (IC 50 < 50 wM). This observation stands in contrast with
work on isolated large ribosomal subunits, which indicates that many of the puromycin—oligonucleotide conjugates

we studied should have higher affinity for the peptidyl transferase center than puromycin itself. Two tRNA Ala_derived
minihelices containing puromycin provide an exception to the size trend, and are the only constructs longer than 4 nt

with any appreciable potency (IC 5o = 40-56 wM). However, the puromycin minihelices inhibit translation by seques-
tering one or more soluble translation factors, and do not appear to participate in detectable peptide bond formation

with the nascent chain. In contrast, puromycin and other short derivatives act in a factor-independent fashion at the
peptidyl transferase center and readily become conjugated to the nascent protein chain. However, even for the short
derivatives, much of the translation inhibition occurs without peptide bond formation between puromycin and the
nascent chain, a revision of the classical model for puromycin function. This peptide bond-independent mode is likely

a combination of multiple effects including inhibition of initiation and failure to properly recycle translation complexes

that have reacted with puromycin.

Keywords: eukaryotes; in vitro translation; mRNA display; protein synthesis inhibitors; reticulocyte lysate;
ribosomes

INTRODUCTION for puromycin supports only a single mode of action,
covalent attachment to the nascent chain.

In vitro studies with the drug have largely utilized
the “fragment reaction,” in which peptidyl transferase
activity of isolated 50S subunits is measured by the
formation of N-formyl-[3*S]Met-puromycin (f-Met-puro-
mycin) from a fragment of N-formyl-Met-tRNAY*®* and
puromycin (Monro & Marcker, 1967). Much of what we
know about the catalytic activity of the ribosome has
been derived from this simple assay (Noller et al., 1992;
Samaha et al., 1995; Green & Noller, 1996). However,
the reaction is conducted under conditions that are rel-
atively nonphysiological (30% ethanol, 400 mM K*, and
0-4°C incubation temperature) and the effect of other
critical components such as the template, small ribo-
somal subunit, and soluble translation factors cannot

Reprlnt requests to: Richard W. Roberts, Division of Chemlstry be measured. as they are absent. Thus, the potency of
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Puromycin has played an important role in our under-
standing of the ribosome and protein synthesis. It has
been known for more than 40 years that the molecule
is a universal protein synthesis inhibitor that acts as a
structural analog of an aminoacyl-tRNA (aa-tRNA;
Scheme 1; Yarmolinsky & de la Haba, 1959). Nathans
(1964) went on to demonstrate that the ribosome mis-
takenly inserts puromycin in place of aa-tRNA, result-
ing in truncated proteins containing the drug at their
C-terminus. A later examination of this mechanism con-
cluded that puromycin inhibits translation solely through
C-terminal labeling of peptides and not through addi-
tional pathways (Smith et al., 1965). This classic model
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SCHEME 1. Puromycin versus aminoacyl-tRNA.

To account for these shortcomings, some modifica-
tions have been made to more fully recapitulate the
protein synthesis machinery. Addition of the small sub-
unit and poly (U)-mRNA followed by P-site charging with
N-acetyl-Phe-tRNAP"® (Ac-Phe-tRNAP"®) pushes the
equilibrium towards subunit association, which allows
peptidyl transferase to be carried out in the absence of
alcohol (Chladek et al., 1973). However, these adapta-
tions still require salt-washed ribosomes, relatively high
concentrations of NH,Cl and MgCl, to promote subunit
assembly in the absence of initiation factors (Chladek
etal., 1973), and fail to yield long polypeptide—puromycin
complexes (>12-15 amino acids in the Escherichia
coli cell-free poly(A) system; Smith et al., 1965). Thus,
even these modifications result in systems that are
biochemically removed from the complete translation
apparatus. To date, the majority of studies with trans-
lation inhibitors have been conducted using either the
classical fragment reaction or a version of the f-Met-
tRNA*A-U-G+70S or Ac-Phe-tRNA<poly (U)70S system
(Odom & Hardesty, 1992; Welch et al., 1995; Micheli-
naki et al., 1996; Green et al., 1998).

Interest in puromycin and puromycin conjugates has
recently increased due to new methods for synthesiz-
ing molecular libraries (Nemoto et al., 1997; Roberts &
Szostak, 1997), photo-crosslinking reagents for the ribo-
some (Green et al., 1998), peptidyl transferase inhibi-
tors (Welch et al., 1995; Nissen et al., 2000), and in
vitro synthesis of proteins containing specific labels or
tags (Miyamoto-Sato et al., 2000). Optimization of each
of these processes requires that we understand how
puromycin conjugates enter the ribosome in cis (when
they are tethered to the mRNA in the decoding site) or
in trans when these molecules enter the ribosome from
solution.

Considerable effort has recently gone into under-
standing the cis reaction to facilitate the synthesis of
the mMRNA—peptide fusions for mRNA-display selection

891

experiments (Liu et al., 2000). Interestingly, the trans
reaction between puromycin conjugates and the ribo-
some remains relatively uncharacterized in complete
translation systems, and basic features, such as elon-
gation factor dependence, remain unexplored. We were
therefore curious to examine the ability of trans sub-
strates to enter the ribosome and inhibit protein syn-
thesis in a complete translation system. A deeper
understanding of the trans reaction would be helpful
in (1) synthesizing more efficient translation inhibitors,
(2) creating better ribosome crosslinking reagents, and
(3) using the ribosome to generate a protein tagged at
its C-terminus.

Here, we have examined the effect of puromycin and
puromycin—oligonucleotide conjugates on translation by
constructing a series of oligonucleotides bearing puro-
mycin at their 3’ end. We then assayed their ability to
inhibit translation of rabbit globin mRNA in rabbit retic-
ulocyte translation extracts. Our results differ markedly
from previous work with isolated large subunits or whole
ribosomes charged with artificial templates. The data
provide new insights into the action of puromycin and
identify constraints on the design of puromycin-based
translation inhibitors that can function in a physiologi-
cally relevant context.

RESULTS AND DISCUSSION

Puromycin versus 30P

We began our experiments by comparing translation
inhibition by two substrates, puromycin and 30P
(p(dA),,dCdC-P), a 30mer DNA oligonucleotide con-
taining puromycin at the 3’ end. Previously, we had
used 30P to tether puromycin to mRNAs for the syn-
thesis of MRNA—peptide fusions (Roberts & Szostak,
1997). When attached to the mRNA template, 30P can
act as an efficient peptide acceptor (Roberts & Szostak,
1997; Liu et al., 2000). The design of 30P was based
on previous work with isolated large subunits, which
indicated that molecules containing a penultimate cyt-
idine nucleotide adjacent to the aminoacyl nucleotide
should be better acceptors than puromycin alone (re-
viewed in Krayevsky & Kukhanova, 1979). For exam-
ple, 2'(3")-O-glycyladenosine (A-Gly) has little acceptor
activity, whereas (1) addition of ribocytidine (C-A-Gly)
gives a compound with similar activity to puromycin
(Rychlik et al., 1967) and (2) CA-Phe has a lower K,
than A-Phe (Bhuta et al., 1981). Under fragment con-
ditions, 4-thio-dT-C-puromycin has a lower K, (10 uM;
Green et al., 1998) than puromycin itself (K, = 740 uM;
Welch et al., 1995). Taken together, these data support
the notion that an oligonucleotide with dC-puromycin at
its 3' end should have higher acceptor activity than
puromycin alone. However, preliminary experiments in-
dicated that 30P showed little ability to inhibit transla-
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tion oract as an acceptor when co-incubated with fusion
templates (R.W. Roberts, unpubl. observation).

IC50 of puromycin and puromycin—
oligonucleotide conjugates

We developed an in vitro translation assay to quantify
the potency of puromycin and other putative inhibitors
such as 30P. In the assay, a translation reaction is
performed for 1 h using rabbit globin mMRNA at ~60 nM
(total template concentration; the template is a mixture
of @- and B-globin mRNAS) in rabbit reticulocyte lysate.
Each reaction differs only in the amount of inhibitor that
is added at the beginning of the reaction. We then
assay the reactions by tricine-SDS PAGE (Schagger &
Jagow, 1987), TCA precipitation, or other methods to
determine the amount of globin translation product. This
analysis results in a sigmoidal curve, and we term the
midpoint (the concentration of drug required to give a
50% decrease in globin synthesis relative to a no-
inhibitor control) the 1Csp.

A
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ICs5o determinations for puromycin and for 30P are
shown in Figure 1. Several features can be seen in the
gel analysis. First, globin synthesis decreases as the
amount of puromycin is increased from 25 nM to 75 uM,
resulting in an ICgq of 1.8 uM (Fig. 1A,C). Our value
agrees reasonably well with previous work showing
an ICs, value of 2.8 uM in rabbit reticulocyte lysate
(Hengesh & Morris, 1973). Our ICs, is >10- to 50-fold
lower than the published K, or K, values for puromycin
measured with mammalian ribosomes (Graifer et al.,
1990; Lorsch & Herschlag, 1999). For example, Lorsch
and Herschlag (1999) measured a K,,, of 60—100 uM for
puromycin with rabbit reticulocyte ribosomes. Our lower
apparent value is consistent with entry of puromycin at
multiple sites in the protein chain, for example, any one
of the 144 or 148 codons (including stop) in rabbit a- or
B-globin (Fersht, 1985). The published K, values thus
provide support that we are measuring a composite of
multiple mechanistic steps in our ICgo experiments.

A second feature observed for both inhibitors is the
apparent lack of low molecular weight, truncated pro-
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tein as the drug concentration is increased, even at the
highest puromycin concentrations in this assay. As the
puromycin concentration is increased, a gradual de-
crease in the amount of the globin band is seen, with
most of the remaining protein appearing as full-length
globin. The fact that puromycin does not chase the
protein into lower molecular weight species implies two
possible mechanisms for its action: (1) that puromycin
entry and peptide bond formation occur only at the
termination step and not during elongation or (2) that
puromycin entry results in fragments too small to be
resolved by PAGE techniques (e.g., Met-puromycin).

Analysis of the longer 30P oligonucleotide showed
very weak inhibition with an ICsq ~ 100 uM, more than
50-fold weaker than puromycin (Fig. 1B,C). In these
experiments, the oligonucleotide phosphate concentra-
tion is significant compared to the divalent cation con-
centration in the translation extract (3 mM PO; vs.
0.5 mM Mg?"). Indeed, the ICs, for an identical oligo-
nucleotide lacking puromycin (30A, Table 1) was found
to be >200 uM. Therefore, it appears that inhibition
from 30P occurs from a combination of the action of
puromycin as well as the high concentration of oligo-
nucleotide in the translation reaction. This result indi-
cates that the trans reaction is likely to be insignificant
for mRNA—puromycin conjugates, as these are typi-
cally used at 100 nM to 1 uM concentrations (Liu et al.,
2000).

Comparing puromycin to 30P suggested that increas-
ing the size of the puromycin conjugate decreases its

TABLE 1. ICs values for puromycin and puromycin oligonucleotide
conjugates.

Inhibitor ICs0 (M)
Linear conjugates
Puromycin (P) 1.8
r2P (prC-P) 9
2P (pdC-P) 10
3P (dCdC-P) 11
4P (dAdCdC-P) 33
5P [(dA),dCdC-P] 130
10P [(dA);dCdC-P] 230
15P [(dA)12dCdC-P] 150
30P [p(dA),7dCdC-P] 94
tRNA mimics
RNA 12-P 56
Ala-minihelix-P 40
Oligonucleotides
5A [(dA),dCdCdA] >400
10A [(dA)7dCdCdA] 1,100
30A [(dA),7dCdCdA] >200
Ala-minihelix 83
Puromycin derivatives
Biotin-puromycin 54
Biotin-2P [biotin-dC-puromycin] 11
Fluorescein-puromycin 120
N-trifluoroacetyl-puromycin >250
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potency. Further, addition of the —dAdCdC — sequence
adjacent to puromycin did not enhance its efficacy as
an inhibitor. We therefore constructed a series of pu-
romycin conjugates ranging from 1 to 44 nt to examine
these issues in more detail. Regarding size, we con-
structed a series of puromycin—DNA oligonucleotides
with chain lengths of 2 (2P), 3 (3P), 4 (4P), 5 (5P), 10
(10P), and 15 (15P) nucleotides, in addition to puro-
mycin and 30P (Table 1). Regarding compatibility with
the acceptor site, we constructed a ribo-version of 2P
(prC-P = r2P) and two puromycin—RNA mimics of
aa-tRNA.

None of these molecules inhibited translation as ef-
fectively as puromycin. Generally, the 1Cgy values in-
crease as the chain length is increased (Table 1;
Fig. 1D). For example, addition of 1 nt decreases the
IC50 of puromycin by fivefold (compare puromycin vs.
2P or r2P, Table 1). The sugar moiety at the penulti-
mate nucleotide makes little difference, as the potency
of r2P and 2P are nearly identical, in line with previous
work on the Ac-Phe-tRNAe<poly(U)70S translation sys-
tem (Bhuta et al.,, 1981). The ICs, values increase
steadily from chains of 1 to 5 nt. Above 5 nt, puromycin
conjugates give similar weak inhibition, with ICs, val-
ues ranging from 90 to 230 uM. The worst inhibitor is
(dA),dCdC-P (10P), which has an ICsq value of 230 uM,
similar to some oligonucleotides that lack puromycin
entirely.

The data present a puzzle as to why the larger oli-
gonucleotides are unable to act as effective inhibitors.
The functional portion of all the molecules in the series
is identical, the 3’ puromycin moiety. However, the po-
tency of each ranges over more than 100-fold. Gener-
ally, the data support a model where size is a critical
feature, suggesting that larger molecules are poor in-
hibitors due to difficulty entering the ribosome. Large
molecules such as 30P are thus unable to enter the
ribosome readily in a passive fashion. This hypothesis
poses a problem, as aa-tRNAs ranging from 75 to 90 nt
efficiently act as substrates in protein synthesis. How-
ever, aa-tRNAs enter the ribosome as a ternary com-
plex with elongation factor (EF-Tu in bacteria and eEF1A
in eukaryotes) and GTP. We therefore tested whether
puromycin conjugates that resembled aa-tRNAs would
have greater efficacy as inhibitors.

Previously, two alanylated tRNA*2-derived RNAs (de-
noted RNA 12 and Ala-minihelix) have been shown to
bind bacterial EF-Tu with nanomolar affinity (Ky = 4.5—
29 nM; Nazarenko & Uhlenbeck, 1995). In addition, the
Ala-minihelix has been shown to be as effective as
Ala-tRNAM as an acceptor substrate in the bacterial
fragment reaction (Sardesai et al.,, 1999). We con-
structed two puromycin—minihelix analogs of these se-
guences, RNA 12-P and Ala-minihelix-P (Fig. 2), and
examined their activity in our translation assay.

Both RNA 12-P and Ala-minihelix-P are modest in-
hibitors of translation, with ICs, values of 56 and 40 uM,
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FIGURE 2. Secondary structure of tRNA mimics containing puro-
mycin. Both RNA 12-P (A) and Ala-minihelix-P (B) were derived from
E. coli tRNAM2 (Nazarenko & Uhlenbeck, 1995).

respectively (Table 1). These values are more than 20-
fold weaker than puromycin, but they are better than
the longer oligonucleotide conjugates 10P and 30P by
two- to fourfold, respectively. Interestingly, an Ala-
minihelix lacking puromycin entirely (Ala-minihelix (3’
adenosine), Table 1) gave an ICsy of 83 uM, much
better than any of the other simple oligonucleotides
tested.

Elongation factor dependence

The relatively strong inhibition by the puromycin-free
Ala-minihelix implied that these compounds might in-
hibit translation by sequestering soluble translation
factors. We generated a ribosome-depleted lysate
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(see Materials and Methods) to test the role of soluble
translation factors on the function of RNA 12-P, Ala-
minihelix-P, and other puromycin conjugates. We added
this ribosome-depleted fraction back to our normal trans-
lation reactions and assayed the translation of globin.
If inhibitors act by sequestering soluble translation fac-
tors, then translation should be at least partially re-
stored if more factors are added to the lysate. Inhibitors
that work in a factor-independent fashion should be
unaffected and inhibitors that require translation fac-
tors should become more potent.

Increasing amounts of ribosome-free lysate (relative
to the amount of native lysate) had little or no effect on
puromycin, 5P, or the 30P conjugates within experi-
mental error (Fig. 3). However, the added extract helped
to recover translation in the presence of RNA 12-P and
Ala-minihelix-P (Fig. 3). At the highest level of enrich-
ment (80%), translation was restored 34% and 50% in
the presence of RNA 12-P and Ala-minihelix-P, respec-
tively. This is a notable response, as the extent of trans-
lation was fairly constant for puromycin, 5P, and 30P
despite the increasing amounts of ribosome-depleted
lysate. These results are consistent with a model where
RNA 12-P and Ala-minihelix-P act by sequestering trans-
lation factors. These data also present the first clear
evidence that puromycin and simple puromycin conju-
gates function in a translation factor-independent fash-
ion in an intact translation system.

The most likely candidate for interaction with the
aa-tRNA*2 mimics, RNA 12-P and Ala-minihelix-P, is
elongation factor 1A (eEF1A). Both Ala-tRNA*2-deriva-
tives, RNA 12 and Ala-minihelix, bind eEF1A with low
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FIGURE 3. Effect of ribosome-depleted lysate on puromycin oligo-
nucleotide-inhibited translation reactions. Addition of ribosome-
depleted lysate does not change the amount of globin product
significantly for reactions inhibited by puromycin, 5P, or 30P, but
restores translation for both RNA 12-P and Ala-minihelix-P. The per-
cent enrichment is given by the ratio of ribosome-depleted lysate to
native lysate used in the reaction. The drug concentrations for each
reaction are: puromycin (3.8 wM), 5P (76 uM), 30P (56 ©M), RNA
12-P (46 M), and Ala-minihelix-P (46 ©M). The values are the per-
cent of translation compared to a no-drug control.
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nanomolar affinity (K, = 29 and 84 nM, respectively;
Dreher et al., 1999). The three differences between
these compounds and our analogs are (1) the amide
linkage attaching the amino acid to the ribose, (2) the
o-methyl tyrosine side chain, and (3) the N6-dimethyl
moiety. The side chain likely has little effect on elonga-
tion factor binding, as many unnatural hydrophobic
amino acids may be inserted into proteins in both bac-
teria (Ellman et al.,, 1991) and in eukaryotes (Doug-
herty, 2000). The amide linkage and N6-dimethyl
adenosine in our tRNA mimics may result in somewhat
reduced affinity for the elongation factor (Baksht et al.,
1976).

We presently favor a model where RNA 12-P and
Ala-minihelix-P act by sequestering eEF1A for two
reasons: (1) inhibition occurs as the concentration of
RNA-12-P or Ala-minihelix-P becomes comparable to
the endogenous eEF1A concentration (~20 uM) and
(2) this concentration is approximately 1,000-fold higher
than the reported Kys for alanyl-RNA 12 and -Ala-
minihelix with eEF1A (Nazarenko & Uhlenbeck, 1995;
Dreher et al., 1999). In this scenario, addition of mini-
helix titrates away the available pool of elongation fac-
tor until translation is entirely shut down.

Product distribution

The ICsy analysis using short tricine-SDS gels re-
vealed a lack of low molecular weight protein products
for puromycin or any of the puromycin derivatives
(Fig. 1). These observations were somewhat un-
expected, as it seemed puromycin should be able to
enter the ribosome and become attached to the na-
scent chain at any time during elongation (Nathans,
1964; Smith et al., 1965). We were therefore curious
(1) whether puromycin entry occurred to a significant
extent and (2) whether our various conjugates differed
in their ability to enter the ribosome.

We first analyzed the extent and distribution of prod-
ucts by constructing biotinylated versions of several
puromycin conjugates. The four biotinylated puromy-
cin conjugates tested include: (1) biotin—puromycin,
(2) biotin—dC-P (biotin-2P), (3) biotin—-RNA 12-P
(biotin-dT at position 11, see Fig. 2,) and (4) biotin—Ala-
minihelix-P (biotin-dT at position 13, see Fig. 2). We
reasoned that any [3®S]Met-labeled peptide that be-
came attached to these analogs, from one amino acid
(initiator [**S]Met) to full-length globin, could be easily
detected by purification on streptavidin or monomeric
avidin (see Materials and Methods) followed by scintil-
lation counting or SDS-PAGE analysis.

Two of the derivatives, biotin-2P (Fig. 4A,B) and biotin-
RNA 12-P (data not shown), retain essentially the same
ICso as their parent compounds. However, these two
biotin conjugates appear to act in decidedly different
ways. Purification on streptavidin showed that [**S]Met
is not incorporated into biotin-RNA 12-P, indicating that
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FIGURE 4. Translation inhibition and product formation for biotin-
2P. A: Structure of biotin-2P. B: Translation inhibition with increasing
amounts of biotin-2P assayed by tricine-SDS-PAGE. Biotin-2P shows
a similar ICgo to r2P or 2P, 11 uM versus 9-10 uM (Table 1).
C: Incorporation of [**S]Met-labeled fragments from the translation
reaction assayed by monoavidin capture with biotin-2P. Significant
amounts of [*®*S]Met-translation products become attached to biotin-2P
compared to globin synthesis in the no-drug control (as TCA precip-
itable counts).

this compound does not participate in peptide bond
formation despite the fact that it can act as an inhibitor
(data not shown). Our assay does not address whether
the RNA 12-P<eEF1A«GTP ternary complex makes its
way to the ribosome and is subsequently rejected dur-
ing ribosomal substrate proofreading. Biotin-2P is at-
tached to significant amounts of nascent peptide
(Fig. 4C). This attachment occurs in a concentration
dependent fashion, with a maximum at 35 uM of the
conjugate. Even under optimal conditions, the amount
of protein that is attached to puromycin is less than
40% of the total amount of protein made in the absence
of drug (TCA-precipitated globin; Fig. 4C). High-
resolution tricine-SDS-PAGE analysis further supports
these observations, as lower molecular weight prod-
ucts are observed with puromycin and 5P, but not with
RNA 12-P despite nearly complete inhibition of globin
synthesis (data not shown).
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The attachment of biotin-2P to the nascent peptide
provided an excellent means to determine where pu-
romycin entered the ribosome during elongation. After
translation in the presence of biotin-2P, we purified the
[®®S]Met-adducts using monomeric avidin—agarose
(Pierce; Kynioin = 1078 M), released the products, and
analyzed the fragments by tricine-SDS-PAGE. This gel
identifies three discrete product bands (Fig. 5). The
highest molecular weight band is close to the full-
length material (a-globin = 15.5 kDa; B-globin = 16
kDa), whereas the lower molecular weight bands ap-
pear to correspond to globin fragments of approxi-
mately 6 and 13 kDa (Fig. 5). Biotin-2P concentrations
up to 35 uM provide a concomitant increase in the
amount of globin-biotin-2P complex (Fig. 5A). Increas-
ing concentrations also shift the product distributions of
the three protein bands. Between 0.7 and 35 uM, the
amount of the 6- and 13-kDa bands increases relative
to the full-length product (Fig. 5B). At 0.7 uM biotin-2P,
the full-length product constitutes ~50% of the total
counts, whereas at 35 uM, the 6-kDa, 13-kDa, and
full-length bands have nearly equal intensity. The shift
to lower molecular weight biotin-2P-globin fragments is
fully consistent with increased ribosome entry at high
drug concentrations.

It is important to note that quantification of protein—
puromycin complexes in our assay is dependent on the
presence of the [**S]Met-label within the complex. How-
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ever, initiator [*°S]Met is readily removed by a methi-
onine aminopeptidase (MetAP; Varshavsky, 1996).
Therefore, short peptide—puromycin complexes with-
out the internal methionine (internal methionine is res-
idue 32 in a-globin and 55 in B-globin) may not be
detected in our radioassays. An exception to this is
[*®S]Met-puromycin, which is not recognized by deg-
radation machinery in reticulocyte lysate. Other than
MetAP, no other degradation activity is expected to oc-
cur with our products (Varshavsky, 1996).

Interestingly, neither biotin-puromycin (ICso = 54 uM,
Table 1) nor biotin-Ala-minihelix-P (data not shown) func-
tion efficiently as translation inhibitors, indicating that
attachment of biotin interferes with their function. Ad-
dition of biotin to Ala-minihelix-P may block elongation
factor binding and relieve eEF1A-mediated inhibition.
The poor function for biotin—puromycin is more puz-
zling. Addition of the 5’-biotin-phosphate moiety to pu-
romycin may interfere with A-site binding. In line with
this observation, fluorescein—puromycin (5'-fluorescein-
phosphate moiety) also functions very poorly as a trans-
lation inhibitor, with an I1Csy of 120 uM (Table 1).
Whatever the origin, the poor potency of 5’-biotin-
puromycin and 5’-fluorescein-puromycin provide a clear
design constraint, namely that fluorescent and affinity
tag labels should be appended to the 5’ end of a dC-P
or rC-P dinucleotide to maximize their incorporation
into nascent chains.
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biotin-2P T 1
(uh) - - 07 7 35
globin + + 0+ + o+
kDa 75—
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15 - BEXEERS —16 to biotin-2P. Fragments were captured af-
10—] 13 ter translation with monomeric avidin, re-
631 " B - 6 leased, and analyzed (see Materials and
' i Methods). Three distinct globin products
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weights of 6, 13, and 16 kDa. Increasing
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Puromycin entry may occur
at ribosome pause sites

The monomeric avidin capture experiments demon-
strate that three [*®S]Met-puromycin-containing pro-
tein fragments are generated using biotin-2P. These
data indicate that puromycin entry occurs preferentially
at relatively few positions. Mechanistically, these pref-
erences could occur if (1) ribosomes were paused at
these sites or (2) these positions were hyperreactive to
puromycin. Our results cannot distinguish these two
models, but there is presently no data to indicate that
certain codons are hyperreactive to puromycin.

In contrast, there is support for pausing at discrete
locations within the message (Wolin & Walter, 1988).
Wolin and Walter (1988) found that eukaryotic ribo-
somes (wheat or rabbit) pause at two internal positions
(on glycine residues 77 and 159) and at the start and
terminus of the preprolactin mRNA. In our sequences,
[B-globin contains glycines at positions 47 and 120, and
a-globin contains glycine at positions 52 and 60. These
glycines could be the source of pausing in our tem-
plates. It is not clear why pausing would occur at these
positions as opposed to other glycines in the open read-
ing frames, in line with Wolin and Walter’s observa-
tions. We note that in 8-globin mRNA, Gly47 and Gly120
occur in the same sequence context, directly after a
phenylalanine residue. Our biotin-capture assay may
therefore provide a technically straightforward way to
assay discrete ribosome pause sites.

Preincubation and carboxy-
peptidase analysis

Puromycin added at the start of the reaction (at con-
centrations several-fold higher than the ribosome con-
centration) may inhibit the formation of an initiation
complex by binding in the A- or P-sites and perturb the
assembly of an initiation complex. Formation of Met-
puromycin or short peptide—puromycin fragments (not
bearing the internal [3*S]Met) would also be an expla-
nation for the complete loss of translation at high pu-
romycin concentrations. Both of these predictions could
not be resolved simply by SDS-PAGE analysis as car-
ried out in Figure 1. Instead, preincubation of lysate
reactions with template prior to addition of puromycin
could indicate whether A- or P-site binding or some other
binding mode predominates. Further, the examination
of puromycin potency with template preincubation could
clarify whether the production of Met-puromycin or short
protein—puromycin complexes is the principal action of
puromycin. We therefore preincubated our translation
reactions for 30 s, 1 min, or 5 min prior to addition of
biotin-2P, and determined the ICsq and product distri-
butions. Reaction products were purified on streptavidin-
agarose and quantitated by scintillation counting (see
Materials and Methods).
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Reactions with biotin-2P concentrations =35 uM for
all preincubation times indicate that the amount of
both free and bound globin remains nearly unchanged
(compare no preincubation with 1-min preincubation,
Fig. 6A,B). We observe nearly equivalent ICgy values
for biotin-2P whether the drug is added at the begin-
ning of translation (ICso = 11 uM) or after translation

no preincubation

Translation (% control) X>
on
o

007 07 7 35 140
biotin-2P (M)

100 A 1 min
80
60
40

20 A

Translation (% control) TJ

gor oy 7 35 140
biotin-2P (uM)

120

100:
BD:
60 -
40
20 -
0-

Translation (% control) ()

0 005 01 2 10
puromycin (L)

FIGURE 6. Analysis of puromycin-conjugated globin (1) by strepta-
vidin-capture of biotin-2P and (2) carboxypeptidase Y treatment. Trans-
lation reactions were preincubated at 30 °C for 0 min (A) and 1 min
(B) prior to addition of the inhibitor, biotin-2P. The inhibition profiles
for all cases, given by the globin translation (solid), are the same
within experimental error. The amount of globin fragment attached to
biotin-2P (shaded) increases only for the high concentration sample
(140 uM). C: Globin fragments containing a C-terminal puromycin
are carboxypeptidase Y-resistant. Graph of the total globin made
(solid) and carboxypeptidase Y-resistant globin (shaded) as a func-
tion of puromycin concentrations. The synthesis of puromycin-reacted
globin products shows an optimum at ~2 M for puromycin.
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has had time to commence on all templates (ICso =
16 wM). This suggests that inhibition results from
biotin-2P occupation of regions not sensitive to initi-
ation complex formation and/or a mechanism that in-
hibits ribosome recycling. The observation that
maximum complex formation occurs at ~35 uM con-
centration is qualitatively similar to the concentration
optimum of 20 uM for crosslinking, obtained with
4-thioT-rC-puromycin on bacterial ribosomes (Green
et al., 1998).

At very high drug concentrations (e.g., =140 uM), 1-
and 5-min preincubations result in a four- to fivefold
increase in the amount of globin attached to biotin-2P,
respectively (Fig. 6B, 5-min preincubation not shown).
The increase in biotin-2P—globin products likely repre-
sents the fraction of templates that initiate translation in
the first 1 to 5 min. The large excess of biotin-2P present
then results in attachment of the drug to the majority of
the nascent chains. Further rounds of translation are
possibly arrested by biotin-2P blocking initiation, inhi-
bition of ribosome recycling, or inactivation of 60S sub-
units from obstruction of the exit tunnel with peptide—
puromycin—oligonucleotide conjugates.

Our data do not support the notion that the majority
of inhibition results from production of Met-puromycin,
as preincubation has little effect on the amount of
[®*S]Met material isolated. Additionally, no Met-
puromycin is detected in lysate reactions using the
cation-exchange TLC assay developed previously to
study the formation of Met-puromycin (Lorsch & Her-
schlag, 1999; data not shown). Finally, we observe no
significant shift in the 1Cgy value with preincubation,
as would be expected if the majority of puromycin entry
occurred in the first few codons. Overall, these analy-
ses are consistent with the conclusion that short
peptide—puromycin conjugates are not produced in sig-
nificant quantity in our reactions.

Another method to identify puromycin-labeled pro-
tein is carboxypeptidase analysis, which was originally
used to demonstrate puromycin attachment to nascent
protein chains (Nathans, 1964). After carboxypepti-
dase Y (CPY) digestion of puromycin-treated transla-
tion reactions, very little CPY-resistant protein was
detected (Fig. 6C). Indeed, CPY-resistant protein is de-
tected above the no-drug control only when the drug
concentration approaches the 1Cs, value of the com-
pound (2 uM for puromycin). This data confirms that
puromycin is able to enter the ribosome and become
attached to the nascent protein. However, the amount
of CPY-resistant product (12% of the no-drug control)
is minimal (Fig. 6C), and resembles the fraction of glo-
bin that becomes attached to biotin-2P (Fig. 6A,B).
These experiments further support the multiple-mode
hypothesis for puromycin action: (1) bonding to the
C-terminus of a nascent protein and (2) through a mech-
anism that does not result in covalent attachment to
protein.
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Role of the free amine

Puromycin is produced by Streptomyces alboniger de-
spite the organism’s sensitivity to the drug (Porter et al.,
1952). S. alboniger inhibits the lethality of the drug by
N-acetylation of the reactive amino group, thereby elim-
inating its acceptor activity in protein synthesis (Pérez-
Gonzalez et al., 1983). We constructed an N-acetylated
version of puromycin (N-trifluoroacetyl-puromycin) and
measured the ICs value to see if this modification elim-
inated activity of the drug. For example, if the acety-
lated version could bind the P-site, it might inhibit
translation at high concentrations. Our results demon-
strate that the N-acetylated puromycin molecule is vir-
tually inactive in blocking protein synthesis in reticulocyte
lysate (ICso > 250 uM; Table 1). The free amine group
on puromycin is thus essential for both the peptide-
bond-dependent and peptide-bond-independent action
of puromycin.

Revised model for puromycin action:
Multiple modes of inhibition

Broadly, we observe two modes of puromycin action:
(1) a covalent attachment mode and (2) a noncovalent
mode. The covalent mode represents the classical ac-
tivity of puromycin, peptide bonding to the C-terminus
of the nascent chain (Nathans, 1964; Smith et al., 1965).
This model implies that the number of moles of globin
made in the absence of drug should equal the total
moles of free globin plus puromycin-bound globin when
the drug is present. Our observations differ from this
prediction (Figs. 4-7).

The noncovalent mode is evident from the summa-
tion of free [3°S]Met-globin and [**S]Met-globin bound
to biotin-2P, which does not nearly equal the amount of
protein synthesis in a no-drug control at drug concen-
trations =35 uM (Fig. 7). The noncovalent mode can
be broken down into a combination of multiple effects
including: (1) inhibition of ribosome recycling, (2) inhi-
bition of an initiation- or translation-competent com-
plex, and (3) sequestration of soluble factors (tRNA
mimics only; Fig. 8).

Inhibition of ribosome recycling could result from a
combination of events including (1) failure of puromycin-
reacted ribosomes to be recognized by the normal re-
cycling apparatus or (2) inactivation of the large subunit
from congestion in the exit tunnel/P-site with a peptide—
puromycin-oligonucleotide conjugate, preventing fur-
ther rounds of translation.

Size, rather than affinity, determines
potency of puromycin conjugates

We observe that the efficacy of our puromycin conju-
gates depends primarily on their size, rather than their
affinity for the ribosome. Overall, larger derivatives show
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weaker potency as inhibitors, with some functioning
only a few-fold better than oligonucleotides lacking
puromycin.

This finding is in stark contrast to studies on isolated
bacterial 50S subunits. For example, the overall affinity
of 2'(3")-O-aminoacyl! derivatives of CA are consider-
ably greater than that of the analogous adenosine deriv-
atives. Previous work demonstrates that 4-thio-dT-rC-P
has a K, value of 10 uM with bacterial ribosomes
(Green et al., 1998), as compared with a K, of 740 uM
for puromycin itself (Welch et al., 1995) under the frag-
ment assay conditions. However, our data show that
the 2P conjugates (prC-P and pdC-P) are five times
less potent than puromycin (Table 1). Certainly this
result is not intuitive, as the dC (analogous to the pen-
ultimate C in tRNA) is expected to Watson—Crick base
pair in the A-loop (Green et al., 1998; Nissen et al.,
2000), and is therefore expected to be a better accep-
tor than puromycin alone. The presence of yet another
base should contribute to the free energy of stabiliza-
tion through base stacking in the A-loop (Nissen et al.,
2000). Our results demonstrate that addition of another
dC to make dCdC-P (3P) decreases rather than im-
proves the potency of the inhibitor (Table 1). Thus, the
efficacy of our puromycin conjugates does not show
correlation with expected A-site affinity.

The present literature would also predict that adding
nucleotides to the 5’ end of our conjugates would have
no effect on acceptor activity. This prediction also dif-
fers from our observations. For example, CCA-Phe and
CACCA-Phe bind equivalently to bacterial ribosomes
(Lessard & Pestka, 1972; Bhuta et al., 1982). In con-
trast, we observe that adding nucleotides beyond
dCdC-P diminishes the ICs, for the conjugates signifi-
cantly (Table 1). For example, addition of dA to give
dAdCdC-P (4P) results in a 3-fold loss of activity rela-
tive to 3P and a compound that is 18-fold worse than
puromycin (Table 1).

Our results lead us to conclude that entry into the
A-site, rather than affinity for the ribosome, is the pri-
mary determinant of activity in the series of molecules
we have investigated. Puromycin-conjugate function ap-
parently is determined by how efficiently they are able
to enter or leak into the ribosome. The path puromycin
conjugates must traverse to act as substrates appears
to allow only relatively small molecules to enter in a
factor-independent fashion.

CONCLUSIONS

Our experiments demonstrate that puromycin and its
derivatives may inhibit translation in multiple ways. First,
small puromycin derivatives can enter the peptidyl trans-
ferase center and become attached to the nascent pro-
tein chain in a factor-independent fashion. Derivatives
that resemble tRNA can inhibit translation by seques-
tering soluble factors, likely eEF1A. Puromycin attach-
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ment occurs predominantly at discrete locations within
the template and near the end of the open reading
frame. Second, our data indicate that puromycin can
function in a peptide-bond-independent mode. This in-
hibition is likely due to a combination of puromycin bind-
ing that blocks initiation, failure of ribosomes to recycle
properly, or some other nonproductive mode.

Our results have both practical and broader implica-
tions. First, these data should aid in the design and
testing of efficient peptidyl transferase inhibitors as well
as the synthesis of protein—puromycin conjugates in
vitro. Entry of biotin-2P at discrete locations along the
message may provide a fast, simple means to assay
translational pausing within a particular template.
Biotin-2P may also find use in cellular labeling experi-
ments, to tag portions of cells that are actively synthe-
sizing proteins for fluorescence in situ detection (B. Hay,
pers. comm.). Finally, our data demonstrate striking dif-
ferences in peptidyl transferase inhibitor potency when
minimal translation systems are compared to those that
are physiologically more complete.

MATERIALS AND METHODS

Reagents

Puromycin hydrochloride and d-biotin were obtained from
Sigma Chemical Co. (St. Louis, Missouri). Rabbit reticulocyte
Red Nova® lysate was purchased from Novagen (Madison,
Wisconsin). Rabbit globin mMRNA was obtained from Life Tech-
nologies Gibco BRL (Rockville, Maryland) and Novagen.
L-[®5S]methionine (1,175 Ci/mmol) was obtained from NEN
Life Science Products (Boston, Massachusetts). Carboxypep-
tidase Y and Immunopure® immobilized monomeric avidin
and streptavidin-agarose were from Pierce (Rockford, llli-
nois). GF/A glass microfiber filters were from Whatman. Poly-
gram IONEX-25 SA-Na cation exchange TLC plates were
purchased from Alltech (Deerfield, Illinois). Microcon YM-3
(3,000 MW cut-off) centrifugal filter columns were obtained
from Millipore (Bedford, Massachusetts).

Oligonucleotides

RNA and DNA oligonucleotides and puromycin—oligonucleo-
tide conjugates were synthesized using standard phosphor-
amidite chemistry at the California Institute of Technology
oligonucleotide synthesis facility. Puromycin-CPG was ob-
tained from Glen Research (Sterling, Virginia). Oligonucleo-
tides were synthesized with the 5'-trityl intact, desalted via
OPC cartridge chromatography (Glen Research; DNA oligo-
nucleotides only), cleaved, and evaporated to dryness. 5'-
biotin phosphoramidite and biotin-dT (Glen Research) were
used to make the biotin—puromycin conjugates. The dried
samples were resuspended and desalted by sephadex chro-
matography. The puromycin—oligonucleotides pC-P (r2P),
pdC-P (2P), biotin-dC-P (biotin-2P), dCdC-P (3P), dAdCdC-P
(4P), and (dA),dCdC-P (5P) were desalted on Sephadex G-10
(Sigma), all others were desalted on Sephadex G-25 (Sigma).
Urea PAGE analysis confirmed that each oligonucleotide was
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FIGURE 7. Quantitation of free globin, biotin-2P conjugated globin,
and the amount of protein synthesis inhibition. Plot of the amount of
globin (solid), biotin-2P conjugated globin (shaded), and the amount
of translation inhibition (open) as a function of biotin-2P concentra-
tion. The free globin protein product falls steadily above 7 uM biotin-
2P, whereas the amount of puromycin-reacted product shows an
optimum around 35 uM of the drug. The sum of the two globin
fractions does not equal 100% above 7 uM of biotin-2P.

a single species. Short oligonucleotides display anomalously
slow electrophoretic mobility due to the positively charged
puromycin. The RNA r2P was deprotected with 1 M tetra-
butylammonium fluoride (TBAF) in tetrahydrofuran (THF; Al-
drich) according to the method described in Usman et al.
(1987) and purified to homogeneity using HPLC with a Di-
onex DNAPac PA-100 semipreparative column (9 X 250 mm)
with buffer A (10 mM NH4OAc, pH 5.5, + 10% acetonitrile)
and buffer B (200 mM NH4OAc, pH 5.5, + 10% acetonitrile);
a linear gradient of 90% buffer B in 20 min was used with a
flow rate of 1.5 mL/min. The RNAs Ala-minihelix-P and RNA
12-P (including biotinylated derivatives) were deprotected with
N-methylpyrrolidinone (Aldrich), anhydrous triethylamine (Al-
drich), and anhydrous triethylamine-hydrogen fluoride (Aldrich)
as described in Wincott et al. (1995) and purified by 20%
denaturing PAGE. Puromycin and puromycin—oligonucleotides
concentrations were determined with the following extinction
coefficients (M~*cm™1) at 260 nm: puromycin (e = 11,790),
r2P (e = 18,920), d2P (e = 19,100), 3P (e = 26,210), 4P (e =
41,200), 5P (e = 52,200), 10P (e = 112,200), 15P (e = 172,200),
30P (e = 352,200), Ala-minihelix-P (¢ = 324,100), and RNA
12-P (e = 409,700).

IC5o determination

Translation reactions containing [3°*S]Met were mixed in batch
on ice and added in aliquots to microcentrifuge tubes con-
taining an appropriate amount of puromycin, puromycin con-
jugate, or oligonucleotide dried in vacuo. Typically, a 20-uL
translation mixture consisted of 0.8 uL of 2.5 M KCI, 0.4 uL of
25 mM MgOAc, 1.6 uL of 12.5X translation mixture without
methionine, (25 mM dithiothreitol (DTT), 250 mM HEPES,
pH 7.6, 100 mM creatine phosphate, and 312.5 uM of 19
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amino acids, except methionine; Novagen), 3.6 uL of nuclease-
free water, 0.6 uL (6.1 «Ci) of [3°S]Met (1,175 Ci/mmol), 8 uL
of Red Nova nuclease-treated lysate (Novagen), and 5 uL of
0.05 wg/pL globin mRNA (Gibco). Inhibitor, lysate prepara-
tion (including all components except template), and globin
MRNA were mixed simultaneously and incubated at 30 °C for
60 min. For some assays (e.g., detection of small protein
fragments and biotin-capture experiments; see below) the
amount of [33S]Met (1,175 Ci/mmol) in a 20-uL reaction was
increased to 4.2 ulL (43 nCi) and no nuclease-free water was
added. Then 2 uL of each reaction were combined with 8 uL
of tricine loading buffer (80 mM Tris-Cl, pH 6.8, 200 mM DTT,
24% (v/v) glycerol, 8% sodium dodecyl sulfate (SDS), and
0.02% (w/v) Coomassie blue G-250), heated to 90°C for
5 min, and applied entirely to a 4% stacking portion of a 16%
tricine-SDS-polyacrylamide gel containing 20% (v/v) glycerol
(Schagger & Jagow, 1987; 30 mA for 1 h 30 min). Gels were
fixed in 10% acetic acid (v/v) and 50% (v/v) methanol, dried,
exposed overnight on a Phosphorimager screen, and ana-
lyzed using a Storm Phosphorimager (Molecular Dynamics).
ICso determination for N-trifluoroacetyl-puromycin was con-
ducted as above, except the inhibitor was initially dissolved in
dimethyl sulfoxide (DMSO) and the final DMSO concentra-
tion in each translation reaction was 5% (v/v). Fluorescein—
puromycin (dissolved in 3 mM Na,CO3/NaHCO3) was added
in aliquots to lysate preparations as described above, except
1 wpl of 0.25 ug/uL globin mRNA (Novagen) and additional
nuclease-treated water was used in each 20-uL reaction.

Lysate enrichment assay

Ribosome-depleted rabbit reticulocyte lysate was prepared
by ultracentrifugation of 80 wL/rotor tube of Red Nova lysate
at 95,000 rpm for 30 min at 4°C in a Beckman Airfuge®
Ultracentrifuge (A-100 rotor with 5 X 20 mm tubes). Lysate
preparation (15 L) and template (5 uL of 0.05 ug/uL globin
mMRNA) were mixed simultaneously in microcentrifuge tubes
containing puromycin and puromycin—oligonucleotides dried
in vacuo. A typical 20-uL reaction mixture contained the fol-
lowing: 0.8 uL of 2.5 M KCI, 0.4 uL of 25 mM MgOAc, 1.6 uL
of 12.5X translation mixture without methionine, 0.6 wlL of
[*°S]Met (1,175 Ci/mmol), 6.8 uL of Red Nova nuclease-
treated lysate plus 0, 1.4, 2.7, or 5.3 uL of ribosome-depleted
lysate and 5.3, 4.0, 2.6, or 0 uL of nuclease-free water for 0,
20, 40, and ~80% enrichment (relative to the amount of na-
tive lysate/reaction), respectively. The samples were ana-
lyzed as described above for ICsq determination.

TLC assay for detection of Met-puromycin

The standard assay as described for ICsq determination was
carried out except 45 uCi of [®°S]Met was used in each
translation mix. After incubation, aliquots (1 uL) were spotted
onto Polygram IONEX-25 SA-Na cation exchange TLC plates
(9 X 11 cm) and developed in 2 M ammonium acetate, pH 5.2,
plus 10% acetonitrile as described in Lorsch and Herschlag
(1999). The plates were dried, exposed overnight on a
Phosphorimager screen, and analyzed on a Storm Phosphor-
Imager. The position of 4P was determined through UV-
shadow of the sample TLC plate and the position of
[*°S]Met-tRNA is assumed from an equivalent experiment
described in Lorsch and Herschlag (1999).
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FIGURE 8. Revised model for the action of puromycin—oligonucleotides. Puromycin—oligonucleotides may function in a
peptide-bond-dependent mode, attaching to the nascent peptide to give puromycin-bound protein products. These same
puromycin—oligonucleotides may also act in a peptide-bond-independent fashion that represents a composite of different
mechanisms including: (1) inhibition of translation initiation by binding in the A- or P-sites, (2) inhibition of ribosome recycling,
and (3) sequestering soluble translation factors (tRNA mimics only).

Monomeric avidin and streptavidin capture
of biotinylated puromycin conjugates

Biotin-RNA 12-P (biotin-dT at position 11 in Fig. 3), biotin-
Ala-minihelix-P (biotin-dT at position 13 in Fig. 3), or biotin-2P
was evaporated to dryness in microcentrifuge tubes followed
by simultaneous addition of 15 uL of lysate preparation (com-
ponents are the same as for ICsy determination, but with
43 uCi of [®5S]Met/reaction) and 5 uL of 0.05 ug/uL globin
MRNA. The reactions were incubated at 30 °C for 60 min. For
the monoavidin-agarose experiments [50% slurry (v/v)], the
high affinity biotin-binding sites were blocked with a solution
of 2 mM d-biotin in phosphate buffered saline (PBS; 137 mM
NaCl, 2.7 mM KClI, 4.3 mM Na,HPO4¢7H,0, 1.4 mM KH,PO,,
and 0.1% Triton X-100) followed by removal of d-biotin from
low affinity biotin-binding sites using 0.1 M glycine, pH 2.8,
(0.1% Triton X-100) according to the manufacturer’s instruc-
tions. Typically, 0.6 mL of the monoavidin—agarose 50% slurry
(v/v) was preblocked as described above, washed three times
with PBS, and resuspended in 1 mL of PBS. Aliquots of this
suspension (125 ul) were combined with 7.5 uL of the re-
action lysate mixture and 0.575 mL of PBS for each reaction.
The samples were rotated at 4 °C for 1.5 h and then washed
with PBS until the cpm of [3°S]Met were <1000 in the wash.
The biotin-immobilized molecules were eluted with 2 mM
d-biotin in PBS and concentrated to <20 uL in YM-3 Micro-
con centrifugal filters. Tricine loading buffer (20 uL) was added
to the concentrated samples and applied to a 4/16% tricine-
SDS-polyacrylamide gel (30 mA, 5 h). For streptavidin-capture

experiments, 0.6 mL of streptavidin—agarose [50% slurry (v/v)]
were washed three times with PBS and resuspended in 1 mL
of PBS. To 100 ulL of this suspension, 3 uL of the reaction
lysate and 0.4 mL of PBS were added. The samples were
rotated at 4 °C for 3 h and washed with PBS until the cpm of
[3S]Met were <500 in the wash. The amount of immobilized
[3®S]Met-protein—puromycin conjugate was determined by
scintillation counting of the streptavidin-agarose beads. An
incorporation assay was used to determine the amount of
globin synthesized (no inhibitor control) in an equivalent vol-
ume of lysate. After incubation, 3 uL of the lysate reaction
was mixed with 150 uL of 1 N NaOH/2% H,0, and incubated
at 37°C for 10 min to hydrolyze the charged tRNAs. Then
1.35 mL of 25% trichloroacetic acid (TCA)/2% casamino acids
was added to the samples, vortexed, and put on ice for 10 min.
The samples were filtered on GF/A filters (presoaked in 5%
TCA), washed three times with 4.5 mL of cold 5% TCA, dried
under high heat, and scintillation counted to determine the
amount of [3°S]Met-globin.

Preincubation assay with biotin-2P

Lysate preparation (15 uL, prepared as described above with
43 uCi [3°S]Met/reaction) and globin mRNA (1 uL of 0.25 ug/
uL; Novagen) were preincubated at 30°C for 0, 1, or 5 min.
After addition of biotin-2P (3 wL aliquots) and nuclease-free
water (1 wl), the reactions were incubated at 30°C for an
additional 60 min. Analysis of the translation reactions via
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streptavidin-agarose capture was carried out exactly as de-
scribed above.

Carboxypeptidase Y assay

Translation reactions were prepared and treated as described
for 1Cs, determination (43 uCi [3°S]Met/reaction). A portion
of each lysate reaction (2.5 uL) was resuspended in 23 uL of
0.1 M sodium acetate, pH 5.0, and carboxypeptidase Y (15 uL
of 1 mg/mL in 0.05 M sodium citrate, pH 5.3) was added,
followed by incubation at 37 °C for 14 h. After incubation, the
samples were concentrated to <5 ul, and 10 uL of tricine
loading buffer was added. The samples were analyzed using
4/16% tricine-SDS-PAGE as described above.
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