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Translation of the upstream open reading frame (uORF) in the 5’ leader segment of the Neurospora crassa
arg-2 mRNA causes reduced initiation at a downstream start codon when arginine is plentiful. Previous ex-
amination of this translational attenuation mechanism using a primer-extension inhibition (toeprint) assay in
a homologous N. crassa cell-free translation system showed that arginine causes ribosomes to stall at the uORF
termination codon. This stalling apparently regulates translation by preventing trailing scanning ribosomes
from reaching the downstream start codon. Here we provide evidence that neither the distance between the
uOREF stop codon and the downstream initiation codon nor the nature of the stop codon used to terminate
translation of the uORF-encoded arginine attenuator peptide (AAP) is important for regulation. Furthermore,
translation of the AAP coding region regulates synthesis of the firefly luciferase polypeptide when it is fused
directly at the N terminus of that polypeptide. In this case, the elongating ribosome stalls in response to Arg
soon after it translates the AAP coding region. Regulation by this eukaryotic leader peptide thus appears to be
exerted through a novel mechanism of cis-acting translational control.

Short peptide coding regions in the 5’ leaders of prokaryotic
mRNAs (leader peptides) and eukaryotic mRNAs (upstream
open reading frames [uORFs]) can serve critical regulatory
functions. For example, analyses of evolutionarily conserved
mechanisms regulating bacterial amino acid biosynthetic gene
expression revealed the phenomenon of transcription attenu-
ation, in which the movement of ribosomes over specific leader
peptide coding sequences regulates operon expression (14).
Studies of fungal genes involved in multiple-pathway control of
amino acid biosynthesis, particularly those of Saccharomyces
cerevisiae GCN4, have revealed the importance of multiple,
cis-acting uORFs in the gene’s mRNA 5’ leader and of mod-
ulating the activity of #rans-acting translation factors in regu-
lation (10).

The Neurospora crassa arg-2 gene was one of the first amino
acid biosynthetic genes to be identified (22). It encodes the
small subunit of arginine-specific carbamoyl phosphate synthe-
tase. It is unique among N. crassa Arg biosynthetic genes in that
it is negatively regulated by the concentration of Arg in the cell
(4). The arg-2 mRNA contains a uORF specifying a 24-residue
peptide (20). The uORF encoding this peptide, henceforth
called the arg-2 arginine attenuator peptide (AAP) because of
its involvement in Arg-specific translational regulation, is evo-
lutionarily conserved; similar AAP sequences are encoded by
uOREFs in all of the other fungal genes specifying this enzyme
that have been characterized so far (1, 21, 27).

Elimination of the uOREF initiation codon in the N. crassa
arg-2 or the homologous S. cerevisiae CPAI transcripts shows
that uOREF translation is crucial for Arg-specific regulation in
vivo (9, 19, 27). In N. crassa, the arg-2 uORF reduces transla-
tion of ARG2 in vivo by reducing the average number of ri-
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bosomes associated with the arg-2 mRNA when Arg is plentiful
in the growth medium (18). Arg-specific translational regula-
tion mediated by the arg-2 uORF has been reconstituted in
vitro by using a homologous cell-free translation system (25). A
primer extension inhibition assay that allowed mapping of ri-
bosomes on RNA at positions corresponding to rate-limiting
steps in translation has been developed (26). Through high-
resolution mapping of primer extension products, this toeprint
assay enabled the localization of ribosomes on RNAs that are
engaged in initiation with AUG codons in their P sites and
ribosomes engaged in termination with termination codons in
their A sites. Ribosome movement that was slowed during elon-
gation by limitation for specific amino acids became stalled
with codons for the limiting amino acid in their A sites (26).

Toeprint assays indicate that a high level of Arg causes
ribosomes translating the arg-2 uORF to stall with its termina-
tion codon in the ribosomal A site (26). This primary event of
Arg-regulated stalling of ribosomes is hypothesized to result in
Arg-specific negative regulation because the stalled ribosomes
block ribosomal scanning from the 5’ end of the mRNA and
therefore block trailing ribosomes from reaching the down-
stream initiation codon. Whether termination is required for
Arg-regulated ribosome stalling remains an important ques-
tion that is not answered by these studies.

Amino acid residues in the arg-2 uORF peptide critical for
its function in Arg-specific regulation have been identified. For
example, changing Asp-12 of the uORF coding region product
to Asn (D12N) eliminates Arg-specific translational control in
vivo (9) and in vitro (25, 26). In parallel fashion, mutation of
the corresponding Asp residue in the S. cerevisiae CPA1 uORF
product eliminates Arg-specific regulation in vivo (5, 27). Oth-
er mutations in the N. crassa and S. cerevisiae uORFs that
change the predicted amino acid sequence in the evolutionarily
conserved region of the uORF peptide also reduce or elimi-
nate Arg-specific translational control (19, 26, 27). When test-
ed in the N. crassa cell-free system, loss of regulation is asso-
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FIG. 1. The 5’ leader regions of arg-2-LUC genes used in this study (see also Table 1). (A) Sequences of wild-type and mutant templates in which the AAP is
encoded by a uORF. The sequence shown begins with the T7 RNA polymerase-binding site and ends within the LUC coding region (26). The amino acid sequences
of the arg-2 AAP and the N terminus of LUC are indicated. Point mutations are shown below the wild-type sequence. The endpoints of deletion mutations that shorten
the intercistronic region are indicated by the boxed nucleotides. All deletions share the 3" endpoint, which is indicated by a horizontal arrow above the sequence. The
extent of each deletion is indicated (e.g., A71 removes the greatest number of nucleotides, leaving 5'-CC-3’ between the uORF termination and LUC initiation codons).
The sequence for which the reverse complement was synthesized and used as primer ZW4 for toeprint analysis is indicated by a horizontal arrow below the sequence.
(B) Sequences of templates containing wild-type and mutant AAP-LUC fusion genes. The sequence shown begins with the T7 RNA polymerase-binding site and ends
within the LUC coding region; the amino acid sequence of the N terminus of the AAP-LUC fusion polypeptide is indicated. Point mutations are shown below the
wild-type sequence. The mutation indicated by 1 improves the initiation context for uORF translation. The fs mutation is a —1 frameshift in which the first nucleotide

of the Gln codon bridging the AAP and LUC coding sequences is deleted.

ciated with reduced stalling at the uORF termination codon
(26).

In the present study, we investigated the requirements for
N. crassa arg-2 uORF function in translational regulation by
using the N. crassa cell-free translation system. We first exam-
ined the effects of shortening the distance between the uORF
termination codon and the downstream initiation codon. Sub-
sequently, we changed the uORF termination codon, which is
normally UAA, to UAG and UGA, to determine whether Arg-
specific stalling at the termination codon is codon specific.
Finally, to test whether negative translational regulation by Arg
requires the uORF termination codon and a downstream ini-
tiation codon, we fused functional wild-type AAP and non-
functional mutant AAP peptides directly to the luciferase
(LUC) reporter at the LUC N terminus. The results obtained
indicate that AAP-mediated, Arg-specific stalling of ribosomes
occurs immediately following AAP translation. Translation of
the AAP results in a situation in which the movement of ribo-
somes involved in either termination or elongation is stalled in
response to Arg. While stalling requires a specific nascent pep-
tide sequence, it does not appear to require specific RNA se-
quences distal to the AAP coding region. The results indicate
that the nascent peptide encoded by the arg-2 uORF modu-
lates the expression of a downstream gene product by affecting
ribosome movement. The regulation of movement of ribo-
somes involved in either termination or elongation reveals a
novel form of eukaryotic translational control.

MATERIALS AND METHODS

Construction of templates for RNA synthesis. Plasmids were designed to pro-
duce capped and polyadenylated synthetic RNA encoding firefly LUC with wild-
type or mutant arg-2 sequences in the RNA 5’ leader region (Fig. 1 and Table 1).

Mutations were introduced into this region by PCR with mutagenic primers
(Table 1) by using procedures described previously (9). PCR products were
ligated into the pHLUC+NFS4 vector (Table 1) (25). A plasmid designed to
produce capped and polyadenylated synthetic RNA which lacked arg-2 se-
quences and that encoded sea pansy LUC was constructed by replacing the firefly
LUC coding region of pHLUC+NFS4 with the sea pansy LUC coding region of
pRL-CMV (Promega).

Cell-free translation of RNA and analyses of translation products. Plasmid
DNA templates were purified by equilibrium centrifugation and linearized with
Ppul0l. Capped, polyadenylated RNA was synthesized with T7 RNA polymerase
from linearized plasmid DNA templates, and the yield of RNA was quantified as
described previously (25). The preparation of cell translation extracts from
N. crassa and the reaction conditions for in vitro translation were as described
previously (25, 26).

Translation was halted by freezing reaction mixtures in liquid nitrogen, and
aliquots of the ice-thawed mixtures (5 pl) were used for luciferase assays. Lu-
minometric measurements of enzyme activity were performed for 10 s after a
programmed 2-s delay. For measurement of firefly LUC enzyme production only,
the luciferase assay system (Promega) was used. For measurement of firefly and
sea pansy LUC enzymes produced in the same reaction mixture (dual assay), an
aliquot of translation mixture added to 50 wl of luciferase assay reagent II
(Promega) and the firefly LUC enzyme was measured. Then, 50 pl of Stop & Glo
reagent (Promega) was added manually and the sea pansy enzyme was measured.

For [*°S]Met labeling of polypeptides, N. crassa extracts were treated with
micrococcal nuclease (25). Quantitation of radiolabeled polypeptides was ac-
complished by using IPLab Gel and a Molecular Dynamics Phosphorimager to
analyze the translation products that were resolved by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE).

Primer extension inhibition (toeprint) assays. The primer extension assays
were accomplished as described previously by using primer ZW4 (26); 8 ul of
sample instead of 4 wl was loaded onto each gel lane. The gels were dried and
exposed to screens of a Molecular Dynamics Phosphorimager for approximately
24 h. All toeprint data shown are representative of multiple experiments.

RESULTS

Effects of reducing the distance between the uORF termi-
nation codon and the downstream initiation codon. Wild-type
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TABLE 1. Firefly luciferase constructs used in this study

Construct 5’ leader structure® Mutagenic primer (sequence)” Template Luciferase activity”
pPR101 Wild type 2.13 £0.14 (4)
pPS101 DI2N 0.98 £ 0.03 (3)
pPR105 A17 FP6 (CACGC CATGG AATGG TGATG GGGTG CG) pPR101 2.11 £ 0.18 (3)
pPR104 A28 FP5 (CACGC CATGG GGTGC GGTGG TGATT GGT) pPR101 1.97 = 0.11 (3)
pPR103 A47 FP4 (CACGC CATGG CGGCT GCTGG GTGAT GAG) pPR101 1.83 = 0.06 (3)
pPR102 A71 FP2 (CACGC CATGG TTATG CGTTA AGGGC TCTCC A) pPR101 229 £ 0.11 (3)
pSF103 DI2N A71 FP2 pPS101 1.02 = 0.10 (2)
pRF102 A71-TGA FP15 (CACGC CATGG TCATG CGTTA AGGGC TCTCC A) pPR101 2.24 £ 0.05 (2)
pSF101 DI12N A71-TGA FP15 pPS101 0.95 £ 0.01 (2)
pRF103 A71-TAG FP16 (CACGC CATGG CTATG CGTTA AGGGC TCTCC A) pPR101 219 = 0.13 (2)
pSF102 DI12N A71-TAG FP16 pPS101 1.02 = 0.04 (2)
pRF107 AAP-LUC FP3 (CACGG TGACC TGTGC GTTAA GGGCT CTCCA) pPR101 ND
pSF104 DI12N AAP-LUC FP3 pPS101 ND
pT1011 1 AAP-LUC pT101¢ ND
pJC1081 DI2N 1 AAP-LUC FP3 pJC108* ND
pPR1071 fs AAP-LUC FP17 (CACGG TGACC TTGCG TTAAG GGCTC TCCA) pPR101 ND

“ The oligonucleotide sequences are shown in the 5’ to 3’ direction. In all cases, mutagenic primers were paired with the forward primer FP1 (5'-CCGCAAGGA
ATGGTGCAT-3"), which binds to the vector immediately upstream of the sequence shown in Fig. 1, to obtain PCR products from the indicated templates. PCR
products were digested with Bg/IT and Ncol (WORF-containing constructs) or Bg/IT and BstEIT (AAP-LUC fusion constructs) for ligation into correspondingly digested
pHLUC+NFS4 vector (25). The Ncol site is at codon 1 and the BstEII site is at codon 2 of the LUC coding region in this vector.

® The ratio of LUC enzyme activity produced after 30 min in reaction mixtures containing 10 pM Arg to that with 500 pM Arg. Values are means * standard
deviations; the numbers of independent experiments analyzed are shown in parentheses. Values for regulation of enzyme synthesis by Arg are given for RNAs
containing a uORF specifying the AAP. Analyses of the regulation of AAP-LUC fusion constructs were not done in this way (ND); they were analyzed as described

in the text.

¢ The arg-2-LUC plasmid with the wild-type uORF in an improved initiation context (25).
4 The arg-2-LUC plasmid with the mutant D12N uORF in an improved initiation context (25).

¢ For details, see legend to Fig. 1.

arg-2 mRNA contains 63 nucleotides (nt) between the uORF
stop codon and the ARG2 initiation codon. The arg-2 uORF
coding sequence and the intercistronic region were placed up-
stream of the sequence coding for firefly LUC (another 10 nt
of intergenic vector sequences are also present) (Fig. 1). This
construct was used to produce capped and polyadenylated
synthetic RNA. In vitro translation of this RNA in the pres-
ence of a high concentration of Arg (500 pM), in contrast to a
low concentration of Arg (10 wM), results in an approximately
twofold reduction in LUC polypeptide synthesis (Table 1) (see
references 25 and 26). The D12N mutation of the AAP coding
sequence (Fig. 1) eliminates the regulatory effect of the AAP
(Table 1) (25, 26).

Primer extension inhibition analyses of RNA containing the
wild-type arg-2 uOREF translated under these conditions have
been described previously in detail (26). The longest primer
extension products (Fig. 2) represent cDNA extended from the
primer to the 5" end of the synthetic RNA. One set of shorter
extension products corresponds to the inhibition of reverse
transcription of the RNA template by ribosomes with initiation
codons in their P sites (ribosomes at the uORF initiation co-
don and ribosomes at the LUC initiation codon are indicated
in Fig. 2). Other shorter extension products correspond to ri-
bosomes with the uORF termination codon in their A sites
(Fig. 2). A comparison of the translation of the arg-2-LUC
RNA containing the full intergenic region in reaction mixtures
containing a low (10 uM) or high (500 wM) concentration of
Arg shows that a high Arg concentration caused a substantial
change in the distribution of ribosomes on the RNA (Fig. 2,
lanes 1 and 2). These Arg-induced changes did not occur when
the D12N mutation was present in the AAP (Fig. 2, lanes 3 and
4). With the wild-type RNA, Arg increased the signal corre-
sponding to ribosomes at the uORF termination codon and
caused a cluster of strong toeprints to appear 21 to 30 nt up-
stream of the termination codon toeprint. This latter cluster of
toeprints appears to represent ribosomes whose movement is
blocked by ribosomes that are stalled at the termination codon
(26). They are likely visible in the toeprint assay because of the
dissociation of ribosomes stalled at the termination codon (26).

The addition of Arg reduced the toeprint at the LUC initi-
ation codon, consistent with the reduced translation of LUC as
determined by a luciferase assay and with the model in which
increased stalling of ribosomes at the uORF termination co-
don decreases ribosomal access to the downstream initiation
codon (Fig. 2, lanes 1 and 2). The addition of Arg also reduced
the toeprint corresponding to ribosomes at the uORF initia-
tion codon. This decreased signal likely arises as a consequence
of the primer extension assay and does not represent reduced
binding at this site, for reasons discussed previously (26).

To examine whether the sequence or the distance between
the uORF and the downstream start codon were important for
regulation, a series of constructs (Fig. 1) were made in which
there were progressive deletions of the region between the
uORF termination codon and the downstream LUC initiation
codon. Translation of RNA containing deletions of 17, 28, 47,
or 71 nt of the 73-nt intercistronic region present in the original
construct were examined by luciferase and toeprint assays.
Progressive deletion of the intercistronic region had negligible
effects on Arg-specific regulation as determined by luciferase
activity and toeprint analyses. Translation of LUC in all cases
was reduced approximately twofold by a high concentration of
Arg under standard assay conditions, similar to the regulation
observed with the full-length intercistronic region (Table 1).
Toeprint analyses showed that the Arg-specific effects on ribo-
somes translating the uORF were similar in every case (Fig. 2).
For all of the mutant mRNAs tested, the addition of Arg in-
creased the toeprint signals corresponding to the uOREF ter-
mination codon (asterisks), and the appearance of the cluster
of toeprints 21 to 30 nt upstream of the toeprint corresponding
to the termination codon (brackets), as is observed for the
wild-type mRNA. There were few qualitative differences in
these signals of each mutant, except for the shortened distance
between these signals, as predicted for the size of the deletion.

Consistent with reduced synthesis of LUC, a decrease in the
signal corresponding to ribosomes at the LUC initiation codon
was observed for most constructs. However, RNA constructs
containing the largest deletion, in which only 2 nt separate the
uORF termination codon and the LUC initiation codon, did
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FIG. 2. Effects of shortening the distance between the uORF termination codon and the downstream LUC initiation codon on Arg-specific regulation. Equal
amounts of synthetic RNA transcripts (120 ng) were translated in 20-pl reaction mixtures for 20 min at 25°C. Reaction mixtures contained 10 uM (—) or 500 pM (+)
Arg and a 10 pM concentration of each of the other 19 amino acids. The transcripts examined are indicated at the top of the lanes. After 20 min of translation, the
translation mixtures were toeprinted with primer ZW4 and analyzed next to dideoxynucleotide sequences of the corresponding DNA template. The nucleotide
complementary to the dideoxynucleotide added to each reaction mixture is indicated above the corresponding lane so that the sequence of each template can be directly
deduced; the 5'-to-3’ sequence reads from top to bottom. The asterisks indicate the positions of premature transcription termination products corresponding to
ribosomes at the uORF termination codon; brackets indicate ribosomes stalled behind those at the termination codon. The closed arrowheads indicate ribosomes at
the uORF initiation codon; the open arrowheads indicate ribosomes at the LUC initiation codon. wt, wild-type.

not show a reduced toeprint signal at the LUC initiation codon
under high-Arg-concentration conditions (Fig. 2, lanes 5 and
6). The reason for this difference is unknown, but it might arise
because ribosomes at the nearby termination codon were con-
tributing to the signal at this position.

Effects of altering the uORF termination codon. The uORF
termination codon, UAA, appears to be the most frequently
used in N. crassa (6). To test whether this specific termination
codon was important for Arg-specific regulation, plasmids
were constructed to produce synthetic RNA in which the wild-
type or D12N mutant uORFs were terminated with UAA,
UAG, or UGA codons. With the wild-type uORF, all three
termination codons showed similar levels of Arg-specific reg-
ulation as determined by luciferase activity assays (Table 1,
constructs pPR102, pRF102, and pRF103). Comparisons of
toeprint assays of each RNA translated in reaction mixtures
containing either low or high Arg concentrations indicated that
the behaviors of ribosomes at each of these termination codons
were indistinguishable (Fig. 3). Regardless of which uORF
termination codon was present, the D12N mutant uORF con-
ferred no Arg-specific regulation (Table 1 and Fig. 3). There-
fore, while the sequence of the uORF coding region is impor-

tant for regulation, the type of termination codon used to stop
uOREF translation did not appear to be important.

Effects of fusing the arg-2 uORF peptide directly to LUC.
The experiments described above indicate that the function of
the arg-2 uORF in regulation was retained regardless of the
distance between its termination codon and the downstream
initiation codon and regardless of which termination codon
was used to terminate uORF translation. Therefore, we next
investigated whether the termination of uORF peptide synthe-
sis followed by the initiation of new polypeptide synthesis at
a downstream start codon was necessary for AAP-mediated
translational regulation. Constructs were made in which the
normal LUC initiation codon was eliminated and the wild-type
AAP coding region was fused directly to the LUC coding re-
gion. In such constructs, the AAP initiation codon would be
responsible for initiating translation of an AAP-LUC fusion
polypeptide.

Three different AAP-LUC fusion constructs containing the
wild-type AAP sequence were examined (Fig. 1B). The first
contained the AAP initiation codon in its wild-type context,
which is relatively inefficient at capturing ribosomes to initiate
translation. The second contained the AAP initiation codon in
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FIG. 3. Effects of terminating uORF peptide synthesis with each of the three
termination codons, UAA (lanes 1 to 4), UAG (lanes 5 to 8), and UGA (lanes
9 to 12), on Arg-specific regulation. Equal amounts of synthetic RNA transcripts
(120 ng) were translated in 20-pl reaction mixtures for 20 min at 25°C. Reaction
mixtures contained 10 pM (—) or 500 pM (+) Arg and a 10 wM concentration
of each of the other 19 amino acids; they were analyzed by toeprinting as
described in the legend to Fig. 2. The RNAs are from A71 deletion constructs
containing either the wild-type (wt) or D12N mutant uORFs terminated with
UAA, UAG, or UGA codons (Fig. 1 and Table 1) as indicated at the top of the
lanes. Dideoxynucleotide sequencing reactions for the pPR102 template contain-
ing the wild-type uORF terminated with UAA are shown on the left (lanes C’,
T', A’, and G'). Arrows indicate the positions of premature transcription termi-
nation products corresponding to ribosomes bound at the uORF initiation codon
(AUG Ap) and the uORF termination codon (Termy 4p); brackets indicate the
positions of ribosomes stalled behind those at the termination codon.

an improved initiation context that is relatively efficient at
capturing ribosomes to initiate translation (25, 26). The final
construct contained AAP and LUC coding regions deliberately
fused out-of-frame with respect to each other, so that, in con-
trast to the first two constructs, the LUC polypeptide will not
be produced by initiation at the AAP initiation codon.
Evidence that these constructs produced fusion polypeptides
as predicted was obtained by programming micrococcal nucle-
ase-treated N. crassa translation reaction mixtures with equal
amounts of each of the RNAs encoding the fusions and exam-
ining [*>S]methionine incorporation into translation products
(Fig. 4). RNA encoding normal firefly LUC polypeptide pro-
duced a major translation product whose migration in SDS-
PAGE was consistent with its predicted size of 551 residues
(Fig. 4, lane 2). RNA encoding the AAP-LUC fusion polypep-
tide in its normal initiation context produced a major transla-
tion product whose migration in SDS-PAGE was consistent
with its predicted size of 574 residues (Fig. 4, lane 3). Improv-
ing the AAP-LUC translation initiation context increased the
level of the fusion polypeptide (Fig. 4, lane 4). RNA in which
the AAP coding region was fused out-of-frame with the LUC
coding region did not produce this large fusion polypeptide
(Fig. 4, lane 5), as expected. Consistent with these results,
measurements of LUC production by enzyme assay showed
that, after 30 min of translation, improving the AAP initiation
codon increased the level of LUC translation approximately
4-fold and frameshifting reduced the level of LUC translation
more than 50-fold (data not shown). These results indicated
that, in RNAs encoding AAP-LUC fusion polypeptides, the
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AAP initiation codon was primarily responsible for initiating
translation of active LUC enzyme in vitro.

We examined the effect of adding 10 or 500 pM Arg to trans-
lation reaction mixtures on the synthesis of wild-type AAP-LUC
or mutant D12N AAP-LUC fusion polypeptides. Each reac-
tion mixture contained a second capped and polyadenylated
RNA specifying sea pansy LUC as an internal control. This
RNA lacked arg-2 regulatory sequences. Sea pansy LUC is
smaller (311 amino acids) (Fig. 4, lane 6) than the firefly en-
zyme, and it uses a different substrate to produce light.

The rates of production of sea pansy LUC were similar in all
reaction mixtures (Fig. 5). This indicated that translation of
this RNA was unaffected by these levels of Arg. Analyses of the
time course of LUC production (Fig. 5) revealed that, in mix-
tures containing low or high Arg concentrations, the appear-
ance of completed functional sea pansy enzyme synthesis pre-
ceded the appearance of firefly enzyme synthesis, consistent
with its smaller size. Therefore, excluding protein folding con-
siderations, on the basis of the differences in the sizes of the
sea pansy and firefly LUC enzymes and the rates of first ap-
pearance of functional enzymes, the elongation rate in the
reaction mixtures under these conditions can be estimated to
be approximately 1 amino acid per s, comparable to that of
other eukaryotic cell-free systems (8). In contrast, translation
of LUC from RNA encoding the wild-type AAP fused to LUC
but not the D12N mutant AAP fused to LUC was reduced
under high concentrations of Arg (Fig. 5). This indicated that
the wild-type AAP at the N terminus of a fusion polypeptide
functioned to reduce translation and therefore that it func-
tioned in the absence of a termination codon and a down-
stream initiation codon. In addition, this Arg-responsive AAP
activity was cis-acting: while it affected translation of RNA en-
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FIG. 4. Analyses of [*>S]methionine-labeled polypeptides produced by trans-
lation of synthetic RNA transcripts in N. crassa cell extracts. Micrococcal nucle-
ase-treated N. crassa extracts (20 ul containing 2 pCi of [**S]methionine) were
programmed with 120 ng of the indicated RNAs and incubated for 30 min at
25°C. Reactions were stopped by immersing the tube in liquid nitrogen and
examined by SDS-PAGE in 10% polyacrylamide gels. Radiolabeled translation
products were visualized by phosphorimaging; the positions of molecular mass
markers (in kilodaltons) visualized by staining with Coomassie blue are indicated
on the left. Lanes: 1, reaction mixture with no added RNA; 2, with RNA en-
coding firefly LUC; 3, with RNA encoding the AAP-LUC fusion polypeptide in
the wild-type initiation context; 4, with RNA encoding the AAP-LUC fusion
polypeptide in the improved initiation context; 5, with RNA encoding the AAP
coding region frameshifted (fs) with respect to the LUC coding region; 6, with
RNA encoding sea pansy (sp) LUC.
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FIG. 5. Time courses of translation of RNAs encoding AAP-LUC, D12N AAP-LUC, and sea pansy LUC enzymes in reaction mixtures containing 10 or 500 n.M
Arg. Translation in reaction mixtures (120 pl) was initiated by using a mixture of RNAs: 150 ng of RNA encoding the wild-type AAP-LUC fusion and 36 ng of RNA
encoding sea pansy LUC (A) or 150 ng of RNA encoding the D12N AAP-LUC fusion and 36 ng of RNA encoding sea pansy LUC (B). Reaction mixtures were
incubated at 25°C and contained either 10 or 500 pM Arg and a 10 uM concentration of each of the other 19 amino acids. Firefly LUC production (in reaction mixtures
containing 10 [O] or 500 [¢] M Arg) and sea pansy LUC production (in reaction mixtures containing 10 [(J] or 500 [X] uM Arg) were determined by using the dual

luciferase assay as described in Materials and Methods. RLU, relative light units.

coding the firefly enzyme, it did not affect translation of RNA
encoding sea pansy LUC in the same reaction mixtures.

The effect of Arg on the translation of RNA specifying the
AAP-LUC fusion was qualitatively different from its effect
when the RNA specified the AAP as a uORF product and
LUC as a separate, downstream coding region product with its
own translation initiation site (Fig. 6). Arg substantially de-
layed the first appearance of enzymatically active AAP-LUC
fusion polypeptide and subsequently lowered the rate of accu-
mulation of LUC (Fig. 6A). In parallel reactions, Arg did not
delay the first appearance of enzymatically active LUC when
the AAP was present as a uORF product but subsequently
lowered the rate of accumulation of LUC (Fig. 6B). This delay
in the synthesis of LUC in translation reaction mixtures con-
taining a high instead of a low concentration of Arg and pro-
grammed with RNA specifying the AAP at the N terminus of
LUC but not RNA specifying the AAP as a separate reading
frame product upstream of LUC was highly reproducible, and
the length of this delay was extended when translation reaction
mixtures were incubated at lower temperatures (data not
shown). These differences were also apparent when fusion and
uOREF constructs containing the AAP in an improved initiation
context were compared (data not shown). In these cases, the
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magnitude of the regulatory effect of Arg increased (data not
shown), consistent with the model for regulation in which Arg-
stalled ribosomes impede trailing ribosome traffic.

Toeprint analyses were used to examine the effects of Arg on
the translation of RNAs specifying the wild-type AAP-LUC
and the D12N AAP-LUC polypeptides following initiation
at AUG codons in improved and wild-type initiation contexts
(Fig. 7). The RNA coding for AAP-LUC in the wild-type ini-
tiation context was toeprinted in the absence of extract (Fig. 7,
lane 9) as a control. As expected, the primer extension product
was predominantly cDNA fully extended to the 5’ end of the
RNA template. Also as expected, when toeprint signals from
an extract lacking RNA coding for AAP-LUC were examined,
near-negligible quantities of primer extension products were
observed (Fig. 7, lane 10). Analyses of the wild-type AAP-
LUC-specifying RNA translated in translation mixtures con-
taining a low rather than a high Arg concentration (Fig. 7,
compare lanes 5 and 6) revealed that a high concentration of
Arg substantially increased the intensity of a series of toeprints.
One of these corresponded to ribosomes translating the first
codon following the AAP coding sequence (as borne out by
experiments with the translation inhibitor puromycin as de-
scribed below). Thus, this stall site in the fusion polypeptide
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FIG. 6. Time courses of translation of RNAs encoding the wild-type AAP as an N-terminal domain and as a uORF product. Reaction conditions were as described
in the legend to Fig. 5. (A) Results with 150 ng of RNA encoding the wild-type AAP-LUC fusion and 36 ng of RNA encoding sea pansy LUC; (B) results with 150
ng of RNA encoding the wild-type AAP as a uORF region and LUC as a separate downstream coding region with its own initiation codon and 36 ng of RNA encoding
sea pansy LUC. The inset in panel A shows the combined data for translation of the internal control sea pansy LUC RNA in the four reaction mixtures plotted in panels
A and B. Firefly LUC production (in reaction mixtures containing 10 [O] or 500 [¢] uM Arg) and sea pansy LUC production were determined by using the dual

luciferase assay as described in Materials and Methods. RLU, relative light units.
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FIG. 7. Effects of mutations on Arg-specific regulation of AAP-LUC fusion
constructs. Equal amounts of synthetic RNA transcripts (120 ng) were translated
in reaction mixtures and analyzed by toeprinting as described in the legend to
Fig. 2. The transcripts encoded the wild-type (wt) AAP-LUC fusion or the D12N
mutant AAP-LUC fusion as indicated in either the wild-type or improved (1)
initiation contexts. Dideoxynucleotide sequencing reactions for the template
containing the wild-type AAP-LUC fusion are shown on the left (lanes C', T', A’,
and G'). The products obtained from primer extension of pure AAP-LUC RNA
(18 ng) in the absence of translation reaction mixture (—EXT; lane 9) and from
a translation reaction mixture not programmed with RNA (—RNA; lane 10) are
shown for comparison. The arrow indicates the position of the premature tran-
scription termination products corresponding to ribosomes bound at the AAP
initiation codon (AUG »p). The arrowhead indicates the position of premature
termination products corresponding to ribosomes stalled in the presence of a
high level of Arg at the codon immediately following the 24 codons of the AAP.
The bracket indicates the position of premature termination products corre-
sponding to ribosomes stalled in the presence of a high level of Arg in the LUC
coding region.

corresponded in position, relative to the AAP coding se-
quence, to the uORF termination codon. This toeprint site was
followed closely by another Arg-induced cluster of toeprints
corresponding to ribosomes stalled in the nearby, downstream
LUC coding region. The D12N mutation eliminated these Arg-
specific effects on toeprints (Fig. 7, compare lanes 7 and 8).
These data indicate that AAP-mediated stalling can occur at
one or more sites immediately distal to the AAP coding region.

Improving the context of the initiation codon for AAP-LUC
fusion polypeptide would be expected to increase translation
by the more efficient capturing of scanning ribosomes. Consis-
tent with this, we observed increased LUC translation from
this RNA as determined by enzyme assay, as described above.
Improving the initiation context also increased the toeprint
signal corresponding to ribosomes initiating synthesis of the
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AAP-LUC polypeptide. This effect was observed for RNAs en-
coding both wild-type and D12N mutant fusions (Fig. 7, lanes
1 to 4). Addition of Arg reduced the toeprint corresponding to
ribosomes at the wild-type AAP-LUC initiation codon in ei-
ther context but not the D12N AAP-LUC initiation codon.
This decreased signal in the wild-type cases may be a conse-
quence of the assay procedure (26).

To verify that the Arg-specific toeprints corresponded to
ribosomes, we examined the effect of puromycin, which re-
leases ribosomes from mRNA, on these signals (Fig. 8). Trans-
lation reaction mixtures containing RNA encoding the wild-
type AAP-LUC and either low or high concentrations of Arg
were incubated for 20 min. Then, either water (negative con-
trol) or puromycin was added and the mixtures were incubated
for an additional 5 min. Puromycin caused the loss of Arg-
regulated toeprints (Fig. 8, lane 4), indicating that these signals
corresponded to ribosomes. Puromycin did not release ribo-
somes from the AAP-LUC initiation codon as judged by toe-
printing; this lack of an effect of puromycin on toeprints cor-
responding to initiation codons was observed previously (26).
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4
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FIG. 8. Effects of puromycin on Arg-specific regulation of AAP-LUC fusion
constructs. Equal amounts of synthetic RNA transcripts (120 ng) were translated
in reaction mixtures and analyzed by toeprinting as described in the legend to
Fig. 2. The transcripts encoded either the D12N mutant AAP-LUC fusion or the
wild-type (wt) AAP-LUC fusion as indicated. Puromycin (Pur) was added where
indicated, as described in the text. Dideoxynucleotide sequencing reactions for
the template containing the wild-type AAP-LUC fusion are shown on the left
(lanes C’, T’, A’, and G’). The arrow indicates the position of the premature
transcription termination products corresponding to ribosomes bound at the
AAP initiation codon (AUG, »p). The arrowhead indicates the position of pre-
mature termination products corresponding to ribosomes stalled in the presence
of a high level of Arg at the codon immediately following the 24 codons of the
AAP. The bracket indicates the position of premature termination products
corresponding to ribosomes stalled in the presence of a high level of Arg in the
LUC coding region.
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The toeprint pattern obtained from RNA coding for wild-type
AAP-LUC with puromycin resembled the pattern obtained
from RNA coding for D12N AAP-LUC in the absence of drug
in that no stalled ribosomes are detected in the region down-
stream of the AAP region. This indicates that the toeprint
assay is detecting ribosomes stalling in response to Arg that is
specific to ribosomes which have synthesized the wild-type
AAP.

DISCUSSION

The leader region of the N. crassa arg-2 mRNA contains a
24-residue, evolutionarily conserved uORF encoding the AAP.
Translation of the AAP coding region appears necessary for
Arg-regulated stalling of ribosomes. We observed that trans-
lational control through the AAP is cis-acting and does not
appear to absolutely require specific downstream translational
events to occur. Shortening the distance between the uORF
termination codon and the downstream LUC initiation codon
did not affect Arg-regulated stalling at the uORF termination
codon or the extent of negative regulation conferred on trans-
lation initiated at the LUC initiation codon. Changing the
uORF termination codon from UAA to UAG or UGA did not
affect regulation. Indeed, negative translational regulation was
observed when the AAP coding region was fused in-frame
directly to the LUC coding region. The data suggest that the
nascent AAP acts in cis within the ribosome that has translated
it to cause stalling regardless of whether the ribosome is sub-
sequently engaged in termination or elongation.

The regulatory function of the AAP to stall ribosomes was
examined in two ways: by examining the kinetics of Arg-spe-
cific regulation in the V. crassa cell-free translation system and
by mapping the positions of ribosomes on RNA in this system
by using a primer extension inhibition (toeprint) assay. When
the AAP is encoded by a uORF, the time of initial appearance
of functional LUC enzyme (whose synthesis is initiated from a
downstream start codon) is the same regardless of whether the
reaction mixture contains a low or high concentration of Arg
(Fig. 6B). The negative effect of Arg becomes apparent only
later, when it reduces the rate of LUC enzyme accumulation.
These data are consistent with the proposed model for regu-
lation (26) mediated by the arg-2 uORF in which some of the
first scanning ribosomal subunits loaded on the mRNA leak
past the codon initiating AAP and initiate instead at the LUC
coding region regardless of whether the level of Arg is high or
low. In this model, the time at which the first functional LUC
polypeptide is translated from such an mRNA pool is not
affected by Arg, but Arg reduces LUC polypeptide synthesis
subsequently.

In contrast to the situation in which the AAP is encoded by
auORF, for RNA encoding the AAP-LUC fusion polypeptide,
ribosomes initiating at the AAP codon are directly responsible
for LUC synthesis, as judged by analysis of radiolabeled LUC
polypeptide and LUC enzyme activity produced from such
RNAs. Thus, all of the ribosomes that initiate LUC synthesis
necessarily begin at the AAP start codon. Since each of these
ribosomes must translate the AAP, they will be subject to
AAP-mediated, Arg-specific ribosome stalling. Therefore, it
would be predicted that the time of the first appearance of
AAP-LUC fusion polypeptide would be delayed by Arg. This is
what is observed (Fig. 6A).

The toeprint data (Fig. 2 and 3) indicate that translation of
the wild-type AAP causes ribosomes engaged at termination
codons to stall, which has parallels with other uORFs whose
peptide coding sequences are important for controlling trans-
lation (2, 17, 26). In addition, the AAP also causes ribosomes
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engaged in elongation to stall (Fig. 7 and 8). The data indicate
that stalling can occur in a short region of RNA following the
AAP coding region. Previous considerations of how the move-
ment of eukaryotic ribosomes involved in elongation is trans-
lationally controlled have focused on the physical structure of
the RNA or on the limitation for charged tRNA. Secondary
structures in the RNA have been implicated in the blockade of
scanning 40S ribosomal subunits (12) and in the slowing of
translating 80S ribosomes (23). The presence of pseudoknots
or rare codons in the RNA are implicated in ribosome frame-
shifting (7). It has been hypothesized that rare codons affect
ribosome stalling and allow time for the correct folding of
nascent domains of a protein containing multiple domains (11,
13, 23).

The relative importance of different cis-acting sequences for
N. crassa arg-2 AAP-mediated regulation deduced by using a
cell-free translation system from Neurospora correlates with
observations on CPA1 regulatory sequence effects on reporter
gene expression in vivo in S. cerevisiae (5). In these studies, the
activity of the enzyme encoded by the reporter B-galactosidase
gene was used to measure regulation; neither the distribution
of ribosomes on RNA nor the levels of RNA were measured.
Therefore, it was not possible to assess the relative contribu-
tions of Arg-specific translational control and Arg-specific ef-
fects on CPAI transcription and CPAI transcript stability (3).
Nevertheless, these observations on regulation in vivo are en-
tirely consistent with observations on regulation in the cell-free
translation system. Changing the distance between the CPAI
uORF termination codon and the downstream initiation codon
did not alter Arg-specific regulation (5). When the full-length
CPAI-encoded AAP was fused directly to the B-galactosidase
reporter gene product, Arg-specific regulation was retained
(5). These results are also consistent with the in vitro studies
on N. crassa arg-2, although, in addition to the caveats listed
above, a deliberately frameshifted construct was not tested in
vivo to rule out the possibility that another initiation codon
than that predicted was used for translation of the functional
reporter.

The results presented here indicate that the movement of
ribosomes involved in termination or elongation can be regu-
lated by the nascent peptide being produced. The strong con-
servation of the AAP amino acid sequence among different
fungi, with nucleotide differences in the coding region primar-
ily in silent positions, and the demonstrated importance of the
evolutionarily conserved peptide sequence for the regulatory
function of stalling ribosomes in the Neurospora system indi-
cate a primary role for the nascent peptide. Specific RNA se-
quences may also contribute to this regulatory process by other
means than their capacity to encode polypeptide sequence. No
evidence that identifies such sequences has as yet been ob-
tained.

The observation that translation of the AAP can regulate the
movement of ribosomes involved in elongation provides evi-
dence for a novel form of eukaryotic translational control. In
bacterial systems, there are precedents for the stalling of ribo-
somes involved in elongation mediated by nascent peptides
(17). Nascent peptides can also have other effects on ribosomes
involved in elongation: ribosome jumping in the translation of
T4 gene 60 requires a 16-residue region of the nascent peptide
(15). In eukaryotes, N-terminal nascent peptide domains can
interact with the signal recognition particle (24), which halts
ribosome movement until docking with membrane of the en-
doplasmic reticulum. Interestingly, recent evidence shows that
the nascent signal polypeptide interacts with the ribosome be-
fore it exits the ribosome (16).

Taken together, all of the available data indicate that trans-
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lation of the AAP is an evolutionarily conserved event of pri-
mary importance for regulation. AAP-mediated translational
regulation represents an unusual instance in which a nascent
peptide appears to regulate the movement of ribosomes.
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