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The evolutionarily conserved fungal arginine attenuator peptide
(AAP), as a nascent peptide, stalls the translating ribosome in
response to the presence of a high concentration of the amino acid
arginine. Here we examine whether the AAP maintains regulatory
function in fungal, plant, and animal cell-free translation systems
when placed as a domain near the N terminus or internally within
a large polypeptide. Pulse–chase analyses of the radiolabeled
polypeptides synthesized in these systems indicated that wild-type
AAP functions at either position to stall polypeptide synthesis in
response to arginine. Toeprint analyses performed to map the
positions of stalled ribosomes on transcripts introduced into the
fungal system revealed that ribosome stalling required translation
of the AAP coding sequence. The positions of the stalled ribosomes
were consistent with the sizes of the radiolabeled polypeptide
intermediates. These findings demonstrate that an internal
polypeptide domain in a nascent chain can regulate eukaryotic
translational elongation in response to a small molecule. Appar-
ently the peptide-sensing features are conserved in fungal, plant,
and animal ribosomes. These data provide precedents for transla-
tional strategies that would allow domains within nascent
polypeptide chains to modulate gene expression.

Nascent polypeptides can control translation. Signal peptides
that direct polypeptides to the endoplasmic reticulum (ER)

associate with the signal recognition particle to halt translation
elongation until the nascent peptide docks with the ER (1, 2). In
addition, a variety of peptides specified by upstream ORFs
(uORFs) in eukaryotic and prokaryotic mRNAs can stall ribo-
somes involved in translation termination (3–9). Expression of
the small subunit of the arginine-specific carbamoyl phosphate
synthetase, a fungal arginine (Arg) biosynthetic enzyme, is
negatively regulated at the translational level. This is accom-
plished through the synthesis and�or action of the evolutionarily
conserved, uORF-encoded Arg attenuator peptide (AAP). The
nascent AAP normally causes ribosomes to stall at the uORF
termination codon in response to Arg, thereby blocking the
translating ribosome from reaching the initiation codon used for
synthesis of the downstream enzyme (10). Mutations that elim-
inate Arg-specific regulation of Neurospora crassa arg-2 and
Saccharomyces cerevisiae CPA1 change a conserved Asp residue,
at positions 12 and 13 in each AAP, respectively, to Asn (11, 12).
These mutations also abolish each AAP’s capacity to stall
ribosomes in fungal cell-free translation systems (13, 14). Unlike
other uORF-encoded peptides that affect only translation ter-
mination, the AAP amino acid sequence allows Arg-regulated
ribosome stalling when placed within a polypeptide, at its N
terminus (15). Stalling occurs during elongation, immediately
downstream of the AAP coding region, and is independent of the
sequence in the downstream region (16).

Most known nascent peptides that regulate translation are
found encoded as uORFs or as N-terminal leader peptides.
However, an internal polypeptide domain in the prokaryotic
regulatory protein SecM can stall elongation. Studies on pro-
karyotic ribosomes synthesizing SecM indicate that the exit
tunnel acts as a discriminating gate that permits regulation of

polypeptide chain elongation as a consequence of the sequence
of the nascent SecM chain (17–20).

Could a general mechanism governing translation elongation
enable internal domains within a nascent polypeptide chain to
regulate completion of translation in response to a small mol-
ecule and could such a mechanism regulate eukaryotic protein
synthesis? The characteristics of the AAP suggested that it may
provide such functions. To test this possibility, we created large
polypeptide coding sequences with the AAP coding sequence
near the coding sequence for the N terminus or internally within
the coding sequence. To facilitate protein detection, we removed
Met residues from our proteins except at the extreme N termi-
nus. Synthetic transcripts specifying these polypeptides were
used to program fungal, plant, and mammalian cell-free trans-
lation systems. Polypeptide synthesis was monitored by pulse–
chase analyses; the appearance of stalled peptidyl tRNA inter-
mediates was monitored by their ability to be precipitated with
cetyltrimethylammonium bromide (CTAB). The positions of
ribosomes stalled on transcripts during translation were moni-
tored by primer extension inhibition assay. The results of these
studies indicated that an internally localized AAP domain does
cause a translating ribosome to stall in response to Arg. This
establishes that an internal nascent polypeptide domain can
function as a cis-acting regulator of polypeptide elongation by
modulating ribosome translation in response to changes in the
concentration of a small molecule.

Materials and Methods
Constructs. The plasmids used are listed in Table 1. They were
derived from previous constructs by using described procedures
(21). Site-specific mutagenesis was used to remove every ATG
codon (except for the nine at the N termini) in the three forward
reading frames (Fig. 5, which is published as supporting infor-
mation on the PNAS web site). The rabbit �-globin domain used
was obtained by PCR from plasmid pSP� (22) (from U. L.
RajBhandary, Massachusetts Institute of Technology, Cam-
bridge). Plasmid DNA templates were purified by equilibrium
centrifugation (23) or by Promega Wizard midi-prep; templates
were linearized with EcoRI.

Preparation of RNA and Cell-Free Translation. Capped polyadenyl-
ated RNA was synthesized with T7 RNA polymerase from
linearized plasmid DNA templates, and the yield of RNA was
quantified as described (23). The reaction conditions for in vitro
translation using N. crassa extracts were as described (16).
Micrococcal-nuclease-treated wheat germ extract and reticulo-
cyte lysate were obtained from Promega and used according to
the supplier’s directions except as noted. Translation reaction
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mixtures were programmed at a final concentration of 6 ng��l
RNA; [35S]Met was used at a final concentration of 0.5 �Ci��l.

Primer Extension Inhibition (Toeprint) Assays. Toeprint assays were
accomplished as described (13) by using primers FP93 (CTGGC
GACGT AATCC ACG) and FP94 (CTTGT CCAGG GAGGC
GTG); 8 �l of sample instead of 4 �l was loaded onto each gel
lane. The gels were dried and exposed to screens of a Molecular
Dynamics PhosphorImager for �24 h. All toeprinting data
shown were representative of multiple experiments.

Results
Pulse–Chase Analyses of Radiolabeled Polypeptide Synthesis. We
examined whether the AAP caused stalling as an internal
polypeptide domain by performing pulse–chase experiments
with mRNAs encoding fused polypeptide sequences in cell-free
translation systems. Synthetic mRNAs were prepared that spec-
ified polypeptides containing a string of nine methionine resi-
dues at their N termini and no internally positioned methionine
residues (Figs. 1A and 5). These polypeptides contained a
domain from rabbit �-globin and a domain from firefly lucif-
erase (LUC) or contained duplicated LUC domains. AAP
domains were placed at two positions in each polypeptide: near
the N terminus, following the nine Met residues (residues 12–33)
and internally, between the globin and LUC domains (residues

101–123) or between the duplicated LUC domains (residues
131–153). We constructed all possible combinations containing
the wild-type AAP (designated AAPw) sequence, or a nonfunc-
tional AAP sequence (AAPm, in which the critical residue
corresponding to arg-2 AAP Asp-12 was substituted by Asn) at
N termini and internal positions.

Synthetic mRNAs were used to program cell-free translation
extracts containing [35S]Met, Arg at low (10 �M) or high (2,000
�M) concentrations, and the other amino acids at fixed concen-
trations. Because Met codons were only located at the N termini
coding regions, radiolabeled translation products would contain
isotope only at their N termini. In our pulse–chase experiments,
edeine was added to extracts after 2 min of incubation to block
subsequent rounds of translation initiation during prolonged
incubation. Nascent polypeptide N termini were thus labeled to
high specific activity with [35S]Met during incubation before
edeine addition. Polypeptide chain elongation progress was
monitored by SDS�PAGE; this revealed the length of radiola-
beled translation products as a function of time.

Programming N. crassa extracts with mRNA specifying
polypeptides containing AAPm domains at two locations showed
that neither stalled polypeptide synthesis (Fig. 1 B and C). In
either low or high Arg, full-length polypeptide synthesis was
essentially complete by 6 min, and no major intermediate length
polypeptide was detected (the tRNA was removed from the
nascent peptide as a consequence of the analysis procedure). In
contrast, with mRNA containing two AAPw encoding regions,
two intermediates in polypeptide synthesis were observed in the
presence of high Arg (Fig. 1E). The smaller (labeled N) migrated
with a size consistent with it being a product of stalling after
synthesis of the N-terminal AAP; the larger (labeled I) migrated
with a size corresponding to a product formed by translational
stalling after synthesis of the internal AAP. Synthesis of the
full-length polypeptide (labeled F) was substantially delayed in
high Arg, also indicative of translational stalling. Each wild-type
AAP independently elicited stalling as determined by pulse–
chase analyses with constructs containing a single AAPw and a
single AAPm (Fig. 6, which is published as supporting informa-
tion on the PNAS web site). The AAPw near the N terminus did

Table 1. Constructs used

Construct Structure

pGL201 Met9-AAPw-globin-AAPw-LUC
pGL202 Met9-AAPm-globin-AAPw-LUC
pGL203 Met9-AAPw-globin-AAPm-LUC
pGL204 Met9-AAPm-globin-AAPm-LUC
pLL301 Met9-AAPw-LUC-AAPw-LUC
pLL302 Met9-AAPm-LUC-AAPw-LUC
pLL303 Met9-AAPw-LUC-AAPm-LUC
pLL304 Met9-AAPm-LUC-AAPm-LUC

Fig. 1. Polypeptide synthesis time course in N. crassa cell-free extracts. (A) The Met9-AAP-globin-AAP-LUC construct used (DNA sequence in Fig. 5A). Asterisks
indicate where wild-type AAP Asp codons were changed to Asn. Arrowhead N, the C terminus of the Met9-AAP polypeptide-intermediate; arrowhead I, the C
terminus of the Met9-AAP-globin-AAP intermediate; arrowhead F, the C terminus of the completed polypeptide. Unique restriction enzyme sites are indicated.
Transcripts specifying Met9-AAPm-LUC-AAPm-LUC (B and C) or Met9-AAPw-LUC-AAPw-LUC (D and E) were translated in extracts in low (B and D) or high (C and
E) Arg (see text). Edeine was added at 2 min (arrow), and 10-�l aliquots of extracts were removed at the indicated time points for analysis by SDS�PAGE (21).
Arrowhead N, the intermediate Met9-AAP; arrowhead I, the polypeptide-intermediate Met9-AAP-globin-AAP; arrowhead F, the full-length polypeptide.
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not stall polypeptide synthesis in low Arg; the internal AAPw

caused some stalling in low Arg but substantially more stalling
in high Arg (Fig. 1D).

Polypeptide Synthesis Appears to Resume After Stalling. If the short
radiolabeled products are intermediates resulting from stalled
translation, they should be present as peptidyl tRNAs. Also, if
they are intermediates, then the radiolabeled methionine they
contain should be quantitatively recovered in full-length
polypeptide at later time points in pulse–chase experiments.
Therefore, we performed experiments with longer incubation
periods and removed samples at different time points for direct
analysis by SDS�PAGE (Fig. 2A) and after precipitation with
CTAB (Fig. 2B). CTAB selectively precipitates peptidyl tRNA
(24). The radiolabeled polypeptides identified as intermediates
of stalled translation (N and I) were selectively enriched by
precipitation with CTAB compared to the levels of full-length
polypeptide product (F) detected (compare Fig. 2 A and B). This
indicates that the intermediates were peptidyl tRNAs, confirm-
ing that the shorter translation products are intermediates
resulting from stalled polypeptide synthesis. Quantitative anal-
ysis of radiolabel in the major translation products observed
between 3- and 30-min incubation (data from the experiment in
Fig. 2 A and an independent replicate) showed radiolabel con-
servation consistent with the conversion of the small N-terminal
product to a full-length polypeptide, with transient accumulation
of a labeled intermediate resulting from stalled translation
following the internal AAP coding region (Fig. 2C). These
experiments indicate that the stalled products are true interme-
diates, and that ribosomes resume chain elongation after stalling.

AAP-Mediated Ribosome Stalling Is Observed by Using a Toeprint
Assay. A primer extension inhibition (toeprint) assay (25) was
used to directly map the positions of the stalled ribosomes. The
purpose was to verify that the translation intermediates observed
by [35S]Met labeling arose from ribosome stalling as a conse-
quence of synthesizing each AAPw sequence. Previous studies
showed that the ribosome involved in elongation that had
synthesized an N-terminal AAPw stalled on the mRNA when the
final codon of the AAP coding sequence occupied the P site of
the translating ribosome (15, 16). Therefore, ribosomes stalled
by the N-terminal AAPw or by the internal AAPw would be

expected to generate toeprint signals in a region starting �16 nt
from the AAP coding region’s final GCG (Ala)-codon (15, 16).

The results of toeprint analyses of translation reactions that
were programmed with transcripts containing N-terminal and
internal AAPw domains (Fig. 3) showed that ribosomes under-
went Arg-dependent stalling at either position but not in reac-
tions programmed with AAPm-encoding mRNAs. The toeprint
data indicate that stalling caused by translation of the AAP
coding region increases as the Arg concentration is increased.
Pulse–chase experiments of radiolabeled polypeptides and toe-
print analyses of extracts treated with edeine indicate that
increasing the Arg concentration increases the intermediate’s
half-life (data not shown), consistent with the increased signal
observed in these experiments.

Mapping the positions of the toeprint bands arising as a
consequence of Arg-mediated regulation by AAPw domains
revealed that the ribosomes stalled in a region beginning �16 nt
from each AAP’s final GCG codon. Stalling of ribosomes
mediated by the internal AAP appeared to occur within a
narrower region downstream of the final AAP codon than
observed for the AAP near the N terminus. Although the reason
for this difference is not known, these data are consistent with
a model that stalling begins when the final amino acid-specifying
codon of the AAP is in the ribosome P site, as is observed when
the AAP is encoded as a uORF. Irrespective of how precisely the
position of the AAP coding region can be placed with regard to
the translating ribosome, it is clear from the toeprint data that
translation of the AAP sequence causes ribosomes to stall on the
mRNA at sites consistent with those expected from the sizes of
the nascent polypeptide intermediates observed accumulating in
high Arg in [35S]Met pulse–chase experiments (Figs. 1 and 2).

AAP Can Act in Different Contexts and Can Regulate Polypeptide
Synthesis in Heterologous Systems. Might the nascent globin do-
main, chosen for the experiments described above because it
naturally lacks in-frame Met codons (26), coincidentally provide
a special sequence context that allows internal stalling (4)? To
test this possibility, we replaced the globin domain with a LUC
domain and repeated the above experiments (Fig. 4A). Pulse-
labeling experiments using N. crassa extracts showed that AAPw
but not AAPm functioned to stall ribosomes in response to Arg
when placed at the N terminus or internally in the LUC
polypeptide (data not shown). Thus, the internal AAP sequence

Fig. 2. CTAB precipitation of peptidyl tRNA from translation extracts and quantitative analysis of polypeptide intermediates and products. N. crassa extracts
(150 �l) were programmed with Met9-AAPw-globin-AAPw-LUC mRNA and incubated with high Arg, as described in Fig. 1. Edeine was added at 2 min and 10-�l
aliquots removed at the indicated time points for analyses. (A) Total translation product analysis. (B) CTAB-precipitated translation product analysis. Arrowheads
are as in Fig. 1. (C) Quantitative analysis of translation products obtained from data in A and an independent experimental replicate. The radiolabel in bands
N, I, and F was determined by using IMAGEQUANT 5.1 (Molecular Dynamics). The amount of radiolabel in band F at 30 min in each experiment was normalized to
100%, and the radiolabel in each band at each time point was calculated as a fraction of this value. White, radiolabel in intermediate N; gray, radiolabel in
intermediate I; black, radiolabel in full-length polypeptide F. The total (not normalized) radiolabel in bands N, I, and F at 3 min was 88% of the amount
at 30 min.
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appears to function independently of the proximal nascent chain
sequence.

Is the ability of AAPw to cause stalling limited to fungal
ribosomes? To test this, we programmed wheat germ extracts
and rabbit reticulocyte lysates with transcripts specifying dual
LUC domains and performed pulse–chase analyses of the
[35S]Met products obtained in reaction mixtures containing low
or high Arg (Fig. 4). AAPw caused Arg-regulated stalling in both
systems, whether at the N-terminal or internal position. AAPm
did not cause stalling at either position, and stalling at the
internal AAPw in low Arg was not detectable. The nascent
wild-type AAP thus can function within ribosomes from fungi,
plants, and animals and cause them to stall in response to Arg.

Discussion
Several lines of evidence support the conclusion that the AAP
can function as an internal nascent peptide domain that causes
regulated stalling of eukaryotic ribosomes in response to Arg.
Pulse–chase analysis of the polypeptide products obtained dur-
ing cell-free translation directly indicated that the AAP causes
a regulated pause in polypeptide synthesis (Figs. 1 and 4). The
shorter polypeptides that transiently accumulated as a conse-

quence of AAP-mediated stalling appeared to be intermediates
in polypeptide synthesis. The shorter polypeptides were present
in the reaction mixture in the form of peptidyl tRNA (Fig. 2),
which is appropriate if they are translation intermediates. Fur-
thermore, these shorter peptidyl tRNAs appeared to be authen-
tic intermediates, because their radiolabeling was quantitatively
chased into full-length polypeptides. This would not occur if the
shorter peptidyl tRNA intermediates were released from the
ribosome, as happens in another nascent peptide-mediated
stalling event, at a termination codon (27).

We previously established that the amino acid sequence of the
AAP, not the sequence of its coding region, was responsible for
regulation, and that regulation was effected by a high concen-
tration of Arg, not aminoacylated Arg-tRNAArg (10, 13–16).
Here we provide evidence that the AAP was a portable signal
that caused stalling when placed either upstream or downstream
of two different domains (derived from rabbit �-globin or firefly
LUC). Importantly, the AAP sequence functioned in each
position to pause polypeptide synthesis in response to Arg in
cell-free translation systems derived from N. crassa, wheat germ,
and rabbit reticulocytes. Mutation of the critical Asp-12 residue
of the AAP to Asn eliminated stalling during synthesis of the

Fig. 3. Toeprint analysis of ribosome stalling at AAP domains in Met9-AAP-globin-AAP-LUC mRNA. Separate gels and primers were used for analyses of stalling
at the N-terminal (Upper) and internal (Lower) AAP domains for optimal resolution. N-terminal and internal AAP domains are indicated as wild-type (AAPw) or
mutated (AAPm) above or below the corresponding lanes. Transcripts were translated in 20-�l reaction mixtures containing 10, 500, 2,000, or 5,000 �M Arg as
indicated and 10 �M of the other amino acids and analyzed as described (13, 25). (Left) Sequencing reactions for the Met9-AAPw-globin-AAPw-LUC template.
The sequence can be directly read 5� to 3� from top to bottom. Controls: Products obtained from primer extension of RNA (18 ng) in the absence of extract (�EXT)
and from an extract not programmed with RNA (�RNA). Primers FP94 and FP93 (Fig. 5A) were used for the experiments shown (Upper and Lower, respectively).
The open circle indicates the mRNA 5� end; the arrow indicates the position of ribosomes at the first Met (start) codon. Translation of the nine contiguous Met
codons was slow, as evidenced by the toeprints of ribosomes in this region. Asterisks mark each AAP’s final GCG codons, which lie �16 nt upstream of the toeprints
corresponding to the stall sites associated with the production of polypeptide intermediates N and I (indicated); toeprints that represent translational stalling
after the Met9-AAP coding region are indicated with a bracket.
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nascent polypeptide in each system tested, indicating that the
nascent polypeptide and Arg were acting similarly in each system
to cause stalling.

At least two models are suggested by these data that could
account for how the AAP causes stalled polypeptide synthesis.
The AAP and Arg might act in concert to constrain the
movement of the nascent peptide in the ribosome tunnel.
Elongation would slow or pause, because the inability of the
peptide to move in the tunnel would slow peptidyl transferase
activity or translocation of the peptide in the translating ribo-
some. Normal translation would resume when the constraints on
AAP movement in the tunnel ceased. Alternatively, AAP and
Arg might directly affect peptidyl transferase activity by inter-
fering with this domain of the ribosome.

The toeprinting data obtained with a variety of AAP se-
quences in different contexts, including the internal domain
context examined here, indicate that stalling occurs when the
AAP’s C-terminal residue is at or near the ribosomal P site. The
critical Asp-12 and -13 residues of the N. crassa and S. cerevisiae
AAPs, established from both in vivo and in vitro studies to be
critical for regulation, would each be located in the ribosome
tunnel �12 aa from the residue at the P site. Interestingly, amino
acids in the polypeptide chain that are critical for stalling
prokaryotic ribosomes during the synthesis of SecM and TnaC
are also located in the ribosome tunnel �12 residues from the P
site. This region of the nascent polypeptide appears to interact
with ribosomal protein L22 in the tunnel at a constriction point
that has been called a ‘‘discriminating gate’’ (17, 18, 28). These
data suggest that the eukaryotic ribosome has a similar ‘‘con-
striction gate’’ in its tunnel.

An observation that still requires explanation is that toeprints
appear in a relatively wide region when the AAP is near the N
terminus (Fig. 3), whereas the stalled radiolabeled polypeptide
product appears to be a relatively discrete species (Figs. 1 and 2).

Direct comparisons of different AAP-containing mRNAs trans-
lated in N. crassa and S. cerevisiae cell-free systems showed that
the most 5�-proximal toeprint could correspond to ribosomes
with the final codon of the AAP in the ribosome P site, as
observed here, and that the distribution of 3�-distal toeprints was
extract-dependent (14). One possible explanation that could
account for these data is that additional factors are recruited to
the stalled ribosome, and these factors result in additional
toeprints 3�-distal to the ribosome.

How Arg interacts with the nascent peptide and�or the
translational machinery to cause stalling remains unclear. Stud-
ies on the Escherichia coli leader peptide TnaC, which causes
prokaryotic ribosomes to stall in response to tryptophan, indi-
cate that free tryptophan exerts its stalling action by occupying
the ribosomal A site (29). Replacement of the stop codon (at
which TnaC normally causes regulated stalling in response to
Trp) with a Trp codon causes constitutive stalling. The amino-
acylated tRNA appears to place Trp in the proper spot to exert
its regulatory effect. Therefore we placed an Arg codon directly
after the AAP and tested whether the direct placement of Arg
into the A site by aminoacylated arginyl tRNA caused stalling
when the AAP was in the P site (data not shown). We observed
no effect on stalling in the N. crassa system (i.e., stalling still
required high Arg). Thus, Arg and AAP do not appear to act in
a manner analogous to Trp and TnaC in causing stalling.

The demonstration that the AAP functions as an internal
domain to regulate elongation in response to Arg establishes that
such domains can provide a means of controlling translational
elongation. There are no previous examples of the regulation of
elongation by internal nascent polypeptide domains acting in
concert with small molecules in either eukaryotes or pro-
karyotes, although such regulation by uORF-encoded nascent
peptides is well established (3–9).

Fig. 4. Time course of polypeptide synthesis in wheat germ extracts and reticulocyte lysates. (A) The Met9-AAP-LUC-AAP-LUC construct used (DNA sequence
in Fig. 5B). Designations are as in Fig. 1A except that arrowhead I is the C terminus of the Met9-AAP-LUC-AAP intermediate. (B) Wheat germ extracts (150 �l)
or reticulocyte lysates (100 �l) were programmed with the indicated mRNA (W-W, Met9-AAPw-LUC-AAPw-LUC, M-W, Met9-AAPm-LUC-AAPw-LUC; and M-M,
Met9-AAPm-LUC-AAPm-LUC) and incubated at 25°C with either 10 �M or 2,000 �M Arg and 10 �M each of the other amino acids. Edeine was added at 2 min,
and polypeptide products were analyzed as described in Fig. 1, except that reticulocyte samples were incubated in loading buffer at 25°C for 30 min before
SDS�PAGE, and 3 �l of lysate was loaded per lane. F, full-length polypeptide; I, intermediate corresponding to Met9-AAP-LUC-AAP; N, intermediate
corresponding to Met9-AAP.
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How could the regulation of pausing by an internal domain
and a small molecule contribute to the control of gene expres-
sion? Constitutive pausing during polypeptide synthesis has been
proposed to lead to the formation of distinct intermediates that
could contribute to the proper cotranslational binding of cofac-
tors to the nascent polypeptide (30). The nascent polypeptide
sequence at the N terminus of rhodanese may affect release of
nascent chain from the ribosome and thereby affect folding (31);
pause sites are also observed during chloramphenicol acetyl
transferase synthesis, and these can be altered by modifying the
N terminus of the nascent polypeptide (32). The regulated
instability of the Arabidopsis thaliana CGS1 transcript in re-
sponse to the availability of S-adenosyl methionine requires the
synthesis of a specific internal polypeptide domain. Translational
stalling as a consequence of synthesis of this domain is a possible
explanation of this regulatory effect (33, 34). It has long been
known that the occurrence of rare codons in polypeptide coding
sequences slows elongation (35). A translational pause that
occurs when a ribosome encounters a rare codon during the
translation of c-myc mRNA facilitates binding of a factor that
regulates mRNA stability (36). RNA structures such as
pseudoknots can contribute to ribosome-pausing during elon-
gation and thus contribute to programmed frameshifting (37–
39). Thus regulated stalling mediated by internal polypeptide
domains could potentially influence protein folding, mRNA
stability, or frameshifting.

The data obtained concerning the regulation of translation by
the AAP and Arg are consistent with the hypothesis that Arg acts
by binding to the nascent peptide in the ribosomal exit tunnel to
cause a conformational change that controls polypeptide syn-

thesis. Alternatively, Arg might interact with the ribosome or
associated factor to render the ribosome sensitive to the nascent
peptide sequence. As noted above, tryptophan may directly
occupy the ribosome A site to act with the E. coli TnaC peptide
as a regulatory element. Other small molecules are capable of
acting in concert with nascent leader peptides to control trans-
lational events (3–9). The leader peptides specified in bacterial
chloramphenicol acetyl transferase transcripts can bind to and
alter the conformation of 23S rRNA; in the presence of chlor-
amphenicol, their synthesis stalls ribosomes (40). Polyamines act
in concert with a uORF-encoded peptide in the 5� leader of the
transcript specifying mammalian S-adenosyl methionine decar-
boxylase to stall ribosomes at the uORF termination codon,
negatively regulating gene expression (41). Small molecules,
including amino acids, have also been shown to interact directly
with mRNA to exert a regulatory role. Lysine binds to the leader
region of the Bacillus subtilis LysC transcript to regulate trans-
lation (42, 43). S-adenosyl-methionine similarly affects regula-
tion by binding to mRNA (44). Studies on the control of protein
synthesis by small molecules are thus revealing that they can act
in unanticipated ways to control gene expression. The control of
fungal, plant, and animal translation by the AAP and Arg would
seem to provide such an example of how a polypeptide and an
amino acid can affect eukaryotic gene expression.
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