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Mammalian cells have established mechanisms to reduce the abundance of mRNAs that harbor a nonsense
codon and prematurely terminate translation. In the case of the human triosephosphate isomerase (TPI gene),
nonsense codons located less than 50 to 55 bp upstream of intron 6, the 3'-most intron, fail to mediate mRNA
decay. With the aim of understanding the feature(s) of TPI intron 6 that confer function in positioning the
boundary between nonsense codons that do and do not mediate decay, the effects of deleting or duplicating
introns have been assessed. The results demonstrate that TPI intron 6 functions to position the boundary
because it is the 3’-most intron. Since decay takes place after pre-mRNA splicing, it is conceivable that removal
of the 3’-most intron from pre-mRNA “marks” the 3’-most exon-exon junction of product mRNA so that only
nonsense codons located more than 50 to 55 nucleotides upstream of the “mark” mediate mRNA decay. Decay
may be elicited by the failure of translating ribosomes to translate sufficiently close to the mark or, more likely,
the scanning or looping out of some component(s) of the translation termination complex to the mark. In
support of scanning, a nonsense codon does not elicit decay if some of the introns that normally reside
downstream of the nonsense codon are deleted so the nonsense codon is located (i) too far away from a
downstream intron, suggesting that all exon-exon junctions may be marked, and (ii) too far away from a
downstream failsafe sequence that appears to function on behalf of intron 6, i.e., when intron 6 fails to leave
a mark. Notably, the proposed scanning complex may have a greater unwinding capability than the complex
that scans for a translation initiation codon since a hairpin structure strong enough to block translation
initiation when inserted into the 5’ untranslated region does not block nonsense-mediated decay when inserted

into exon 6 between a nonsense codon residing in exon 6 and intron 6.

For all organisms that have been studied, the abundance of
mRNAs harboring a nonsense codon generated by either a
frameshift or a nonsense mutation is generally no more than 20
to 25% of normal (for reviews, see references 22, 23, 30, and
36). In the case of mammalian cells, exceptions to this gener-
alization arise when nonsense codon recognition is prevented
by inhibitors of translation such as (i) a suppressor tRNA (3,
21), (ii) ribosome-binding drugs, including anisomysin, cyclo-
heximide, emetine, puromycin, or pactamycin (8, 26, 34); (iii)
a secondary structure within the 5’ untranslated region that
blocks translation initiation (3); or (iv) polio virus infection,
which inactivates cap-dependent translation (8). Exceptions
also arise for nonsense codons followed by an in-frame trans-
lation reinitiation site (47) or residing within the distal end of
the translational reading frame (reviewed in references 22 and
23).

For mRNA encoding human triosephosphate isomerase
(TPI), the boundary between distal nonsense codons that do
and do not reduce mRNA abundance resides between codons
192 and 195 of exon 6, i.e., between 52 and 43 nucleotides (nt)
upstream of the 3’-most exon-exon junction, and appears to be
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determined by the position of the 3'-most intron, intron 6,
within pre-mRNA (10). Nonsense codons upstream of the
boundary result in the decay of nucleus-associated mRNA so
that the levels of nuclear mRNA and, as a consequence, cyto-
plasmic mRNA are 20 to 25% of normal; nonsense codons
downstream of the boundary fail to elicit mRNA decay (4, 12).
Moving intron 6 of the TPI gene downstream by 33 bp results
in a corresponding movement of the boundary within mRNA
(10). Furthermore, a nonsense codon residing 4 bp upstream
of intron 6 can be converted from the type that has no effect on
mRNA abundance to the type that reduces mRNA abundance
with an insertion that increases the distance between the non-
sense codon and the intron to 61 bp; an insertion that increases
the distance to only 42 bp is of no consequence to mRNA
abundance (10). Similar data have recently been obtained for
B-globin RNA (48).

It has been difficult to determine if TPI intron 6 positions the
boundary between the two types of nonsense codons in a
mechanism that depends on intron 6 splicing. The finding that
deletion of the intron 6 splice sites has little effect on decay
elicited by a nonsense codon at position 189 of exon 6 (12)
indicates that either the splice sites are dispensable for intron
6-mediated decay or another cis-acting sequence is capable of
effectively mediating decay in the absence of the splice sites. In
fact, evidence that another sequence mediates decay, albeit not
as efficiently as a spliceable intron 6, does exist: when all of
intron 6 is deleted, a boundary is still evident in roughly the
same position as when intron 6 is present, although the differ-
ence in the extent to which nonsense codons on either side of
the boundary affect mRNA abundance is decreased (10). A
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comparable result exists for B-globin RNA: the 3'-most intron
of B-globin RNA normally positions the boundary between
nonsense codons that do and do not reduce mRNA abun-
dance, but the intron can be deleted without significant con-
sequence to either the position of the boundary or the extent
to which mRNA abundance is decreased (48). Most simply
interpreted, these results indicate that a B-globin RNA se-
quence other than the new 3’-most intron positions the bound-
ary in the absence of the 3'-most intron. This sequence, which
resides, at least in part, within the penultimate exon of B-globin
mRNA may provide a failsafe mechanism in the case that the
3’-most intron fails to function properly in the nonsense-me-
diated decay mechanism (48). Nevertheless, we cannot rule out
the possibility for TPT RNA that deletion of the 3'-most intron
generates a new 3’-most intron that functions differently than
the usual 3’-most intron in nonsense-mediated decay. Data
indicate that TPI intron 2, when positioned with or without
splice sites in the place of TPI intron 6, functions indistinguish-
ably from intron 6 in the extent to which nonsense codons
mediate decay (10). The penultimate intron of the mouse ma-
jor urinary protein (MUP) gene also appears to function in the
place of TPI intron 6 in nonsense-mediated decay (49). While
it may be that any intron can functionally substitute for intron
6 as the boundary determinant, it is also possible that the
cis-acting sequence known to function on behalf of intron 6 in
a failsafe capacity is functioning as the boundary determinant.

The importance of an exon-exon junction downstream of a
nonsense codon for the reduction in mRNA abundance is
corroborated by studies of the mouse T-cell receptor B
(TCR-B) gene (9). These studies demonstrated that deleting
the three introns that normally reside downstream of a non-
sense codon within exon 3 almost completely abrogates the
nonsense-mediated reduction in mRNA abundance. In the
absence of the three introns, the boundary between nonsense
codons that do and do not effectively reduce mRNA abun-
dance resides between 2 and 10 bp upstream of the new 3'-
most intron, intron 2. It was not determined if the new 3’-most
intron positions the boundary, and it is unclear why the bound-
ary is characterized by a different distance from the 3’-most
intron than the boundary for either the TPI gene or the B-glo-
bin gene (48). The nonsense codon residing 2 bp upstream of
TCR-B intron 2 could be converted to the type that effectively
reduces mRNA abundance by reinserting all three TCR-B
introns downstream of the nonsense codon. Which of the three
introns function(s) to reduce mRNA abundance was not de-
termined. Insertion of the same three introns downstream of
the normal termination codon also resulted in a reduction in
mRNA abundance, indicating that the normal termination
codon does not normally mediate a reduction in mRNA abun-
dance because it resides within the final exon. In contrast to
results with the TPI gene, deleting the splice sites of the 3'-
most TCR- intron almost completely abrogates the reduction
in mRNA abundance mediated by a nonsense codon within the
penultimate exon (9). Therefore, a cis-acting sequence compa-
rable to that of TPI RNA that functions in the absence of a
spliceable 3'-most intron either does not exist or does not
function as effectively for TCR-B RNA.

Consistent with our studies demonstrating that a nonsense
codon within TPI and B-globin mRNAs mediates decay only if
located more than 50 to 55 nt upstream of the 3'-most exon-
exon junction, a normal termination codon need not reside
within the final exon in order to preclude its functioning in
nonsense mRNA decay. This is exemplified by the MUP gene
(5). Normally, MUP mRNA translation terminates within the
penultimate exon, exon 6. However, the normal termination
codon does not elicit nonsense-mediated decay since the
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boundary between nonsense codons that do and do not reduce
mRNA abundance resides within exon 5 (5). Notably, a differ-
ent scenario would be predicted from data for the TCR- gene
(9): the boundary would reside within MUP exon 6, and the
normal termination codon would mediate a reduction in MUP
mRNA abundance. Discrepancies between predictions made
from studies of either the TPI or B-globin gene and the TCR-3
gene illustrate the need to assess other exon-intron arrange-
ments for the location of the boundary and the identification of
cis-acting sequences that position the boundary.

With the goals of understanding (i) what determines
whether or not an intron functions as a boundary determinant
and (ii) the positional requirements of a nonsense codon, in-
cluding a normal termination codon, that make it ineffective in
mediating a reduction in mRNA abundance, different non-
sense codons within TPI alleles having various exon-intron
arrangements were assayed for an effect on mRNA produc-
tion. The assays were designed so as not to be confounded by
the cis-acting sequence that can function on behalf of intron 6.
Data indicate that at least one intron is required for nonsense-
mediated mRNA decay. Furthermore, TPI intron 6 normally
functions to position the boundary between nonsense codons
that do and do not reduce TPI mRNA abundance solely be-
cause it is the 3’-most intron. When TPI intron 6 is deleted
(10), a sequence other than the new 3’-most exon-exon junc-
tion most likely positions the boundary, possibly as a failsafe
mechanism in case the 3’-most intron fails to function in this
capacity, as has been shown for B-globin RNA (48). Data
suggest that there must be either an intron or the failsafe
sequence residing at least 50 to 55 nt but not too far down-
stream of a nonsense codon or the nonsense codon will fail to
elicit decay. These data indicate that a complex may assemble
as a consequence of translation termination, begin scanning 50
to 55 nt downstream of the termination site, and scan only a
limited distance for a downstream exon-exon junction or fail-
safe sequence. Evidence for scanning a limited distance down-
stream of a translation termination event has also been re-
ported for S. cerevisiae (37). Our finding of what appears to be
a limit to scanning for mammalian cells suggests that every
exon-exon junction, not just the 3'-most junction, has the po-
tential to function in nonsense-mediated decay. Models for
nonsense-mediated mRNA decay are presented in view of
these data and the finding that a hairpin structure of sufficient
strength to block translation initiation when inserted into the
5" TPI untranslated region does not block decay when inserted
into exon 6, between a nonsense codon within exon 6 and
intron 6.

MATERIALS AND METHODS

DNA mutag is and pl id constructions. All products of PCR and oli-
gonucleotide-directed mutagenesis were characterized by DNA sequencing prior
to expression in mammalian cells.

(i) Deleting TPI introns 1 through 6 or 1 through 5. pmCMV-
TPINorm, A(introns1-6) and meMv_TPIIS‘)'l‘cr. A(introns1-6) were generated by re-
placing the intron-containing 3.0-kbp Ncol-Ncol fragment that extends from
exon 1 into exon 7 with the corresponding intronless 1.13-kbp Ncol-Ncol frag-
ment from pMT_TPINorm. A(introns1-6) and pMT_TPIIS‘)'l‘cr. A(introns1-6) (28, 29)
Analogously, pmCMV-TPINorm. A(introns1=5) 4 pmCMV-TPI!89Ter Aintrons1-5)
were generated by replacing the 3.0-kbp fragment with the corresponding 2.01-
kbp Ncol-Ncol fragments of pMT-TPINor™ Alintronsl=5) (79) and pMT-
TPI!89Ter. Alintrons1=5) " yegpectively. pMT-TPI!89Ter Alintrons1=5) \aq constructed
by substituting the 674-bp Eagl-Mscl fragment of pMT-TPINorm. Alintronsi=5) (¢
extends from exon 1 into exon 7 with the corresponding mutagenized fragment.
pmCMV-TPI23Ter Alintrons1=5) wag oenerated by ligating the 3.44-kbp Ncol-PstI
fragment from pmCMYV-TPINorm: &ntronsi=5) “\which extends from 3'-flanking
DNA through the pUC13 vector and mCMYV promoter to the initiation codon of
TPI exon 1; the 105-bp Ncol-Eagl fragment from pMT-TPI?*™®", which extends
from the initiation codon to the Eagl site of exon 1 and harbors codon 23; and
the 2.0-kbp Eagl-PstI fragment from pmCMV-TPINorm. A(introns1=5)
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(ii) Inserting an extra copy of TPI intron 6 into the Klenow-filled EcoRI site
of TPI exon 7. PCR-produced TPI intron 6 was prepared as described earlier (10)
and inserted in both orientations into the Klenow-filled EcoRI site of the 2.78-
kbp XholI-Ncol fragment that extends from TPI intron 1 into TPI exon 7. This
fragment had been cloned into the X%ol and Klenow-filled BamHI sites of
pGEM7-Zf(+). Derivatives of pMT-TPIN"™, pMT-TPI'Ter, pMT-TPI'>Ter,
PMT-TPI?%Ter and pMT-TPI>'#T" were generated by substituting the 372-bp
MscI-AvrIl fragment that extends from exon 6 into exon 7 with the corresponding
fragment that harbors the PCR-produced intron. In order to construct deriva-
tives of pMT-TPIZ7""| the 2.09-kbp PstI-Pst1 fragment from the pMT-TPI
construct harboring the extra copy of TPI intron 6 was inserted into the PstI site
of pBluescriptKS(—). After introducing the 237Ter mutation in vitro by using the
antisense oligonucleotide 5'-AATTCGGGCTAGAGGGAAGCAC-3' (nucleo-
tides corresponding to the mutagenized codon are underlined, and the muta-
genic nucleotide is italicized), the pMT-TPI?*7 derivative was generated by sub-
stituting the 1.96-kbp PstI-PstI fragment of pMT-TPIN"™ with the corresponding
fragment that harbors the PCR-produced intron.

(iii) Inserting MUP intron 5 into the filled EcoRI site of TPI exon 7. PCR-
produced MUP intron 5 was generated by using the sense oligonucleotide 5'-T
TGACCTATCCAACTGCAGTAATCAGG-3' and the antisense oligonucleo-
tide 5'-CCTGGAGGCAGCCAGCTGTAGTGTGAGAAC-3'. The PCR product
was digested with PstI and Pvull, each of which cleaves within an underlined
sequence of the oligonucleotide. The PstI end was made blunt with Klenow, and
the resulting full-length intron (159 bp) was inserted in both orientations into the
Klenow-filled EcoRI site of TPI exon 7 as described above for the TPI intron 6
insertions. Derivatives of pMT-TPINC™ pMT-TPI'$Ter, pMT-TPI!*>Ter, pMT-
TPI298Ter . pMT-TPI?'#Ter and pMT-TPI**7"" were generated analogously to
the way corresponding derivatives harboring an extra copy of TPI intron 6 were
generated.

(iv) Moving TPI intron 2 downstream of its normal position in the absence of
introns 3 through 6. pMT-TPI23Ter Alintrons3-0) " \which consists of a TPI allele
harboring a nonsense codon at position 23 and lacking introns 3 to 6, was
generated by replacing the 2.6-kbp Eagl-Mscl fragment of pMT-TPI>3Ter
with the 1.8-kbp Eagl-Mscl fragment of pMT-TPINO™: Alintrons3-6) = y\T.
TPI70-71Ter. Alintrons3-6) - which consists of a TPI allele harboring a nonsense
codon spanning codons 70 and 71 and lacking introns 3 through 6, was generated
by Klenow-filling in the Eagl site that spans codons 21 through 23 within exon 1
of pMT-TPINorm: Alintrons3-6) (78) g create a 4-bp insertion (5'-GGCC-3' on the
sense strand). Subsequently, intron 2 was deleted and an Ecl136II site was
generated within codon 94 of exon 3 of both nonsense-free and nonsense-
containing plasmids. To this end, pBluescriptKS(—) harboring the 2.34-kbp
Kpnl-Kpnl fragment extending from TPI intron 1 into 3’ flanking sequences of
each plasmid was mutagenized by using the antisense oligonucleotide 5'-CATG
CCAGGGACTGATCTCC-3', which deletes intron 2, together with the anti-
sense oligonucleotide 5'-CTGAGAGCTCCAGG-3', which generates the Ecl13611
site. PCR-produced intron 2 (10) was then inserted into the created Ecl13611 site
S0 as to position the intron 46 bp downstream of its normal position, which is 70
bp downstream of the nonsense codon. Subsequently, the 2.24-kbp Kpnl-Kpnl
fragment that extends from intron 1 into 3’ flanking DNA and that harbors the
inserted intron was used to replace the corresponding fragment of pMT-
TPINorm, A(introns3-6) and pMT_TPl7O—7lTer, A(intronsﬁ%—(}).

(v) Inserting a hairpin structure into codon 209 of the TPI gene. The 1.96-kbp
Pst1-Pst] fragment from pMT-TPIN™ that harbored an in vitro-generated in-
sertion of the 6-bp Hpal site within codon 209 (10) was subcloned into the PstI
site of pBluescriptKS(—). The 52-bp HindIII-BamHI fragment containing on
each strand a hairpin structure (hp) having an 18-bp stem (AG = —61 kcal/mol)
was excised from pSP64 - hp7 (20) and inserted into the Hpal site. pmCMV-
TPINorm: hp@codon209 wag oenerated by substituting the 889-bp BstEII-AvrIl frag-
ment that extends from intron 5 into exon 7 with the corresponding fragment
from the pBluescript subclone. pmCMV-TPI!89Ter. hp@codon209 g oenerated
similarly, except the fragment from the pBluescript subclone harbored 189Ter,
which was introduced by oligonucleotide-directed mutagenesis (15).

Cell culture, cell transfection, and RNA purification. Mouse Ltk™ cells and
NIH 3T3 cells were propagated in minimal essential medium containing 10%
fetal calf serum and 5% bovine calf serum. L cells were transiently transfected
with DEAE dextran (4), and NIH 3T3 cells were transiently transfected with
calcium phosphate (2). Total-cell, nuclear, and cytoplasmic RNAs were purified
as previously described (46).

RNA blot hybridization. Total, nuclear, or cytoplasmic RNA (25 pg) was
denatured, electrophoresed in a 1.5% agarose gel, and transferred to a nylon
(Zeta-bind) membrane (12). Blot hybridization was performed by using two
DNA fragments that had been 3?P labeled by random priming (12). MT-TPI or
mCMV-TPI RNA was detected by using a 299-bp Ncol-Ndel fragment that
derived from the 3’ untranslated region of human TPI c¢cDNA. MT-GI or
mCMV-Gl RNA was detected by using a 170-bp Ball-Dral fragment that in-
cluded 158 bp of exon 3 and 3’ flanking sequences from the mouse B-globin gene.
Hybridization and wash conditions allowed for the detection of human but not
mouse TPI RNA (12).
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RESULTS

Deletion of all TPI introns eliminates the nonsense-medi-
ated decay of TPI mRNA. TPI intron 6 clearly plays an impor-
tant role in positioning the boundary between nonsense codons
that do and do not mediate TPI mRNA decay. However,
deletion of the intron splice sites or deletion of the entire
intron does not eliminate either the boundary or decay, pre-
sumably because of the function of another cis-acting se-
quence. In order to extend these results, the effect on non-
sense-mediated decay of deleting all six introns was examined.
Introns 1 through 6 were deleted in the context of alleles that
were either nonsense-free (Norm) or harbored a nonsense
codon at position 189 (189Ter) within exon 6. Each of the TPI
alleles was transiently introduced into mouse NIH 3T3 cells in
the form of a pmCMV-TPI plasmid, from which TPI gene
transcription is driven by the mouse cytomegalovirus (mCMV)
promoter (see Fig. 1). In order to control for variations in the
efficiencies of cell transfection and RNA recovery, pmCMV-
Gl, which contains a B-globin gene similarly driven by the
mCMYV promoter, was simultaneously introduced. Cells were
harvested after 48 h, and the amounts of mCMV-TPI and
mCMV-Gl mRNAs in total RNA were quantitated by using
Northern blot hybridization. For each transfection, the amount
of mCMV-TPI mRNA was normalized to the amount of
mCMV-Gl mRNA and presented as a percentage of the nor-
malized amount of the corresponding nonsense-free mRNA,
which was considered to be 100.

Consistent with previous demonstrations that used other
promoters to drive TPI gene expression in cells other than NIH
3T3 cells (see, e.g., references 3 and 10), a nonsense codon at
position 189 (189Ter) within exon 6 of a construct harboring
the usual intron configuration reduced the abundance of
mCMV-TPI mRNA in total-cell RNA to 21% of normal (Fig.
1A). Deletion of all TPI gene introns [A(introns1-6)] reduced
the level of nonsense-free mRNA to 7% of normal (Fig. 1A),
a finding consistent with previous indications that introns are
required for efficient formation of TPI RNA 3’ ends (28, 29),
if not other processes. Deletion of all TPI gene introns in cis to
189Ter also resulted in an mRNA level that was 7% of normal
(Fig. 1A), indicating that the nonsense codon was ineffective in
mediating a reduction in mRNA abundance. Notably, the fail-
ure of 189Ter to reduce mRNA abundance is not attributable
to a complete block in mRNA export to the cytoplasm (Fig.
1B), where nonsense codon recognition is known to take place.
Possibly, the small amount of mRNA that is exported to the
cytoplasm may be metabolized in such a way that it bypasses
the nonsense-mediated pathway. As one example, the mRNA
may not be translated. We deem it unlikely that the deletion of
all introns reduces mRNA abundance to a level that precludes
our detecting decay. Reinsertion of intron 6 into the intron-less
constructs [A(introns1-5)] increased the level of nonsense-free
mRNA in total-cell RNA to 26% of normal (Fig. 1A) and
restored most, but not all, of the 189Ter-mediated reduction in
mRNA abundance that characterizes total-cell RNA (Fig. 1A),
cytoplasmic RNA (Fig. 1B), and nuclear RNA (Fig. 1C). These
data indicate that a minimum of one intron is required for
nonsense-mediated decay. At least when this intron is intron 6,
decay is less effective than when all introns are present.

Inserting a copy of the 3'-most TPI intron, intron 6, into TPI
exon 7 moves the boundary between nonsense codons that do
and do not reduce TPI mRNA abundance from within exon 6
to within the new penultimate exon. The boundary between
nonsense codons that do and do not reduce TPI mRNA abun-
dance normally resides within TPI exon 6 and appears to be a
fixed distance upstream of the 3’-most exon-exon junction (10).
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FIG. 1. The nonsense-mediated reduction in TPI mRNA abundance is elim-
inated by deleting all six TPI introns and is restored by reinserting TPI intron 6.
NIH 3T3 cells were transfected with the reference pmCMV-Gl construct and the
pmCMV-TPI construct specified above each lane, where Ter indicates a non-
sense codon and A specifies deletion of the designated introns. RNA was purified
from total-cell (A), cytoplasmic (B), or nuclear (C) fractions with guanidine
isothiocyanate and by cesium chloride centrifugation (12, 46), and 25 pg was
analyzed by blot hybridization to DNA fragments 3°P labeled by random priming.
TPI RNA was detected with a 299-bp NdeI-Ncol fragment that derives from the
3" untranslated region of human TPI ¢cDNA, and B-globin RNA was detected
with a 170-bp Ball-Dral fragment that includes 158 bp of exon 3 from the mouse
gmaior-globin gene (11). Hybridization was quantitated with a PhosphorTmager.
The level of mRNA from each mCMV-TPI allele was normalized to the level of
mCMV-Gl mRNA in order to control for variations in the efficiencies of cell
transfection and RNA recovery. Normalized values for mCMV-TPI mRNAs that
derived from constructs harboring a nonsense codon at position 189 and a
deletion of either introns 1 through 6 or introns 1 through 5 [189Ter, A(introns
1-6), or 189Ter, A(introns 1-5), respectively] were then calculated as a percent-
age of the corresponding construct harboring a nonsense-free sequence [Norm,
A(introns 1-6), or Norm, A(introns 1-5), respectively]. Values shown are an
average of the values obtained from two independently performed transfections,
which did not differ by more than 7%.

For example, moving intron 6 to a position that is 33 bp
downstream of its usual position within the TPI gene results in
a comparable movement of the boundary (10). Notably, exper-
iments of this type require that a series of nonsense codons be
generated and analyzed in cis to the variously positioned in-
tron. When the present studies were initiated, this type of
experiment had been done only for the TPI gene and only by
repositioning or deleting intron 6.

In order to learn more about how TPI intron 6 influences the
boundary, an extra copy of intron 6 (128 bp) was generated by
PCR and inserted into the EcoRI site of exon 7, which is
located 91 bp downstream of the normally positioned intron 6
(Fig. 2). The intron was inserted into an allele that was non-
sense-free or harbored a nonsense codon upstream of the
insertion site at position 189, 195, 198, or 208 within exon 6 or
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position 214 or 237 within exon 7. In theory, one or both copies
of intron 6 could function to position the boundary.

Consistent with previous demonstrations with L cells (4, 10),
a TPI gene driven by the mouse metallothionein (MT) pro-
moter and harboring 189Ter in the context of the usual intron
configuration reduced the abundance of MT-TPI mRNA in
mouse NIH 3T3 cells to 16% of normal (Fig. 2). This is be-
cause the boundary between nonsense codons that do and do
not reduce TPI mRNA abundance normally resides between
codons 192 and 195, i.e., between 52 and 43 nt upstream of the
usual 3'-most exon-exon junction (10). Inserting an extra copy
of intron 6 into exon 7 moved the boundary from within exon
6 to within the new penultimate exon, i.e., between codons 214
and 237, which reside 77 and 8 nt upstream of the new 3'-most
exon-exon junction (Fig. 2, XS TPI intron 6). These results
demonstrate that the boundary is determined by the inserted
copy and not the usual copy of intron 6, proving that it is the
context of an intron within pre-mRNA rather than some fea-
ture of the intron per se that engenders intron function as a
boundary determinant.

Inserting a copy of MUP intron 5 into TPI exon 7 also moves
the boundary between nonsense codons that do and do not
reduce TPI mRNA abundance from within exon 6 to within the
new penultimate exon. If any intron could function as a bound-
ary determinant provided it were appropriately located within
pre-mRNA, then an internal intron from another gene would
function in place of the extra copy of TPI intron 6 to position
the boundary within the new penultimate exon. Notably, this
approach of testing for intron function is far superior to the
previous approach of substituting intron 6 with the intron in
question (12), since this approach is not confounded by con-
tributions that derive from sequences that function as a puta-
tive failsafe determinant in the absence of intron 6. To test if
an internal intron can function as a determinant, the penulti-
mate intron, intron 5, of the mouse MUP gene was inserted in
either orientation into the filled EcoRI site within TPI exon 7
of nonsense-free or nonsense-containing MT-TPI alleles (Fig.
3). The nonsense codons tested reside at position 189, 195, 208,
214, or 237.

MUP intron 5 inserted in the proper orientation functioned
just like the extra copy of TPI intron 6 (Fig. 2) by moving the
boundary between nonsense codons that do and do not reduce
TPI mRNA abundance to between codons 214 and 237 (Fig. 3,
XS MUP intron 5 @; sequence analysis of PCR-amplified
MT-TPI cDNA [data not shown]). In contrast, MUP intron 5
inserted in the opposite orientation failed to move the bound-
ary from its usual position as indicated by the failure of 195Ter
to mediate a reduction in mRNA abundance (Fig. 3, XS MUP
intron 5 ©). Notably, the intron inserted in the opposite ori-
entation was not removed by splicing as indicated by the pro-
duction of mRNA that includes the 159-nt inverted intron.
Considering these results, any intron from any gene might
function as a boundary determinant when properly positioned
within TPI RNA.

In the absence of TPI introns 3 through 6, a nonsense codon
within exon 2 located less than 50 to 55 bp upstream of intron
2 fails to reduce TPI mRNA abundance. An obvious contextual
feature in common to the boundary determinants of the nor-
mal TPI gene and the derivative TPI genes harboring an in-
serted copy of either TPI intron 6 or MUP intron 5 is residence
as the 3’-most intron. However, the idea that the boundary
within TPI mRNA is always predicted by the position of the
3’-most intron is confounded by the finding that deletion of
TPI intron 6 does not appreciably affect the boundary (10).
This result suggests that a sequence comparable to the failsafe
exonic sequence within 3-globin mRNA (48), rather than in-
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FIG. 2. Inserting an extra copy of TPI intron 6 into TPI exon 7 moves the boundary between nonsense codons that do and do not reduce TPI mRNA abundance
to the new penultimate exon, indicating that the intron functions in a context-dependent manner to position the boundary. NIH 3T3 cells were transfected, and total-cell
RNA was purified and analyzed as described in the legend to Fig. 1. Transfecting plasmids consisted of the reference pMT-Gl construct and the pMT-TPI construct
specified above each lane. Constructs with an extra (XS) copy of TPI intron 6 harbored the XS intron at the EcoRI site of TPI exon 7, which is designated with an
asterisk in the diagram of the MT-TPI gene. The normalized value for MT-TPI mRNA harboring 189Ter and the usual intron arrangement was then calculated as a
percentage of MT-TPIN™ mRNA (Norm), which was considered to be 100. Similarly, normalized values for MT-TPI mRNAs that derived from constructs harboring
two copies of intron 6 were calculated as a percentage of MT-TPINorm. XS TPLintron 6 ;RN A (Norm, XS TPI intron 6). Values are representative of three independently
performed experiments and did not differ by more than 6%. Notably, both copies of intron 6 were efficiently and accurately spliced from pre-mRNA as indicated by
sequencing products of reverse transcriptase-PCR products that extended from exon 6 through exon 7 (data not shown).

tron 5, i.e., the 3’-most intron in the absence of intron 6,
positions the boundary in the absence of intron 6.

In order to determine if the deletion of intron 6 generally
precludes the 3'-most intron from positioning the boundary,
TPI intron 2 was made the 3’-most intron by deleting TPI
introns 3 through 6. Introns 3 through 6 were deleted in the
context of a nonsense-free allele and an allele that harbors a
nonsense codon within exon 2. The nonsense codon, generated
by a frameshift mutation within exon 1, spans codons 70 and 71
and resides within exon 2, 24 bp upstream of intron 2.

In the context of the full-length TPI gene, 70-71Ter reduced
the abundance of TPI mRNA to 21% of normal (Fig. 4), which
is expected given the presence of the downstream introns.
However, 70-71Ter had essentially no effect on mRNA abun-
dance when introns 3 through 6 were deleted (Fig. 4). Consid-
ering that a nonsense codon must reside more than 43 nt
upstream of the usual 3’-most exon-exon junction in order to
reduce TPI mRNA abundance, 70-71Ter may not reduce
mRNA abundance in the absence of introns 3 through 6 be-
cause it resides only 24 nt upstream of the new 3’'-most exon-
exon junction, i.e., the junction generated by the removal of
intron 2. Alternatively, the new 3’-most exon-exon junction
may not be appropriately located for function in nonsense-
mediated decay. For example, it may reside too far from the
RNA 3’ end, which could also explain why TPI intron 5 does
not function as would be expected of a boundary determinant
in the absence of TPI intron 6 (10). Interestingly, whatever
cis-acting failsafe sequence localizes the boundary to within

exon 6 when intron 6 is the sole intron deleted must not
function when introns 3 through 6 are deleted. Otherwise,
70-71Ter would reduce mRNA abundance in the absence of
introns 3 through 6.

In order to determine if 70-71Ter fails to elicit a reduction
in mRNA abundance in the absence of introns 3 through 6
because it resides too close to intron 2, intron 2 was moved
downstream by 46 bp in the context of the nonsense-free and
70-71Ter alleles. In so doing, the intron was moved to reside
70 bp downstream of codons 70 and 71, which is a distance that
would be predicted to allow for nonsense-mediated decay pro-
vided intron 2 were to function comparably to intron 6 as a
boundary determinant in the absence of introns 3 through 6.
Results demonstrated that 70-71Ter did effectively reduce
mRNA abundance when intron 2 was moved (Fig. 4). These
findings, taken together with data shown in the earlier figures
and data demonstrating that deletion of TPI intron 6 fails to
move the boundary between nonsense codons that do and do
not mediate mRNA decay, are consistent with the concept that
a nonsense codon located less than 50 to 55 nt upstream of any
3’-most exon-exon junction of TPI mRNA will fail to mediate
mRNA decay provided the nonsense codon resides a sufficient
distance upstream of the failsafe sequence that functions on
behalf of intron 6.

Indications that an intron must reside a minimum distance
downstream of a nonsense codon or the nonsense codon will
not mediate a reduction in mRNA abundance. The mechanism
by which nonsense codons reduce the abundance of nucleus-
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associated mRNA is best characterized for TPI mRNA. All
data indicate that nonsense codons function in cis to reduce
TPI mRNA abundance by reducing the half-life of newly syn-
thesized mRNA before it is released from an association with
nuclei into the cytoplasm (4). mRNA decay could take place
either during or just after mRNA transit across the nuclear
pore complex (reviewed in references 22 to 24). Once released
into the cytoplasm, TPI mRNA becomes associated with poly-
somes but is immune to further nonsense-mediated decay (12,
38). Data also indicate that decay is triggered by nonsense
codon recognition after splicing (4, 46) in a mechanism that is
indistinguishable from cytoplasmic translation (3, 47).

How, then, could an intron that is removed during the pro-
cess of mMRNA formation influence the metabolism of the fully
spliced product? Conceivably, the presence of an intron within
pre-mRNA could affect mRNP structure, i.e., one or more
“marks” may be deposited on the mRNA at the position where
the intron resided within pre-mRNA. In one possible scenario,
once translation initiates on a nucleus-associated mRNA, if
translating ribosomes fail to approximate the 3’-most exon-
exon junction, then the mRNA is degraded (Fig. 5, model 1).
Notably, decay is not elicited merely by the failure of translat-
ing ribosomes to approximate the junction, since a block in
translation initiation abrogates decay (reviewed in references
22 and 23). As another possible scenario, after translation
initiates and subsequently terminates, some component(s) of
the termination complex may loop out or scan the mRNA
downstream of the termination site. If the 3’-most exon-exon
junction resides a sufficient distance (i.e., ~50 nt or more)
downstream of the termination site, then the mRNA is de-
graded when either the looped-out complex or the “scanner”
reaches the junction (Fig. 5, model 2). Evidence for a scanner

derives from the finding that reinitiation downstream of a
nonsense codon abrogates decay (47), which indicates that
something involved in the decay process senses what resides
downstream of the nonsense codon. Evidence for a scanner
having limits to the distance that can be scanned derives from
the finding that 70-71Ter fails to elicit nonsense-mediated
mRNA decay in the absence of introns 3 through 6. This
finding suggests that something involved in the decay process
recognizes neither the new 3’'-most exon-exon junction, be-
cause the junction is too close to the nonsense codon, nor the
failsafe sequence that functions on behalf of intron 6, because
the sequence is too far from the nonsense codon.

Additional evidence for a scanner would derive from finding
that a nonsense codon requires an intron located a minimum
distance downstream in order to elicit a reduction in mRNA
abundance. To test for such evidence, the effects on TPI
mRNA abundance of 23Ter within exon 1 and 189Ter within
exon 6 were determined in the absence of introns 1 through 5
(Fig. 6). In the context of a full-length allele, each nonsense
codon reduces mRNA abundance to ~25% of normal (see,
e.g., reference 47; Fig. 1 for 189Ter). In the absence of introns
1 through 5, 23Ter resides 559 bp upstream of the sole intron,
intron 6, while 189Ter remains 61 bp upstream of intron 6. In
the absence of the introns, the level of mRNA harboring 23Ter
was 95% the level of mRNA that derives from the correspond-
ing nonsense-free allele (Fig. 6), indicating that the nonsense
codon was ineffective in mediating mRNA decay. In contrast,
the level of mRNA harboring 189Ter was 45% the level of
mRNA that derives from the corresponding nonsense-free al-
lele (Fig. 6; see also Fig. 1), indicating that the nonsense codon
still functions, albeit incompletely, in nonsense-mediated
mRNA decay. These results reveal that the nonsense-mediated
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decay of TPI mRNA is optimal when (i) the mRNA derives
from an allele harboring one or more introns in addition to the
intron that positions the boundary and (ii) an intron resides a
minimum distance downstream of the nonsense codon. We
conclude that the need for either an intron or a failsafe se-
quence to be located a minimum distance downstream of the
nonsense codon supports model 2 (Fig. 5), in which a complex
scans downstream of the nonsense codon in order to elicit
nonsense-mediated mRNA decay. It also indicates that exon-
exon junctions in addition to the 3’-most junction may be
“marked.”

A hairpin structure between codon 189 and intron 6 of the
TPI gene is inconsequential to the reduction in mRNA abun-
dance mediated by 189Ter. One candidate for the scanner
would be the complex of eIF-2-GTP-Met-tRNAM®' and the
40S ribosome, which is known to scan mRNAs of Saccharomy-
ces cerevisiae for at least 400 nt downstream of a translation
termination event in search of a reinitiation site (16-18). Since
reinitiation downstream of a nonsense codon within exon 1 has
been demonstrated for TPI mRNA (47), it is possible that a
comparable complex also scans TPI mRNA downstream of a
nonsense codon within exons 2, 3, 4, 5, or 6.

If model 2 (Fig. 5) is true, and the scanner consists only of
the complex that scans for the initiation codon, then nonsense-
mediated decay would be blocked by a secondary RNA struc-
ture of sufficient strength to block the scanner from reaching
the junction of a downstream exon-exon junction. One such
RNA structure is the hairpin (AG = —61 kcal/mol) that has
been shown to be of sufficient strength to block translation
initiation when inserted into the 5" untranslated region of the

TPI gene (3). To test the nature of the putative scanner, the
hairpin (Fig. 7A) was inserted into codon 209 of exon 6 within
an allele that was either nonsense-free or harbored 189Ter so
the stem of the hairpin resides 11 bp upstream of intron 6 (Fig.
7B). The insertion did not preclude the reduction in mCMV-
TPI mRNA abundance mediated by 189Ter (Fig. 7B). This
result may indicate that any scanner involved in nonsense-
mediated decay has an unwinding capability larger than that of
the complex that scans for the initiation codon. Alternatively,
the mark at the exon 6-exon 7 junction may encompass the
hairpin so as to elicit decay regardless of the hairpin. Attempts
to differentiate between these possibilities by (i) inserting the
hairpin within exon 1, downstream of a nonsense codon within
exon 1, or (ii) inserting a stronger hairpin (AG = —72 kcal/
mol) within codon 209 of exon 6, downstream of 189Ter, failed
because each hairpin precluded the production of a detectable
level of mRNA, even when the construct was nonsense-free
(38a).

DISCUSSION

Generally, a nonsense codon reduces the abundance of TPI
mRNA provided TPI pre-mRNA harbors an intron located at
least ~50 nt but less than 550 nt downstream of the nonsense
codon. All cells appear to have mechanisms to reduce the
abundance of mRNAs that prematurely terminate translation,
undoubtedly because the translation of these mRNAs could
result in the production of truncated proteins that are delete-
rious to cell viability (reviewed in references 22, 23, and 36).
We show here that the mechanism for human TPI mRNA
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FIG. 5. Possible mechanisms by which nonsense codons mediate the decay of TPI mRNA. Each model pertains to newly synthesized, nucleus-associated mRNA,
the species that undergoes nonsense-mediated decay. The two models differ at Step 3. According to model 1, once translation initiates on TPI mRNA, if translating
ribosomes fail to approximate the junction of the last two exons, then the mRNA is degraded. According to model 2, which seems more likely than model 1, once
translation initiates and subsequently terminates ~50 nt or more upstream of the junction of the last two exons, then a complex that could involve a 40S ribosome,
elF-2-GTP-Met-tRNAM®!, and/or, possibly, other component(s) of the translation termination complex, such as the mammalian homolog to S. cerevisiae Upflp (shown
as the filled circle), could scan the mRNA downstream of the termination site. If the scanner reaches the junction of the last two exons or, possibly, any downstream
exon-exon junction or the failsafe sequence that functions on behalf of intron 6, then the mRNA is degraded. Translation elongation, i.e., peptide bond formation, is
not required for nonsense-mediated decay (47). AUG, initiation codon; ter, premature termination codon; UGA, normal termination codon; 40S and 60S, ribosome
subunits. We believe the models for TPI mRNA can be generalized to other mRNAs. To do so, the exon 6—exon 7 junction would be substituted with the 3'-most
exon-exon junction and UGA would be substituted with the normal termination codon. Furthermore, the consideration that all exon-exon junctions would be marked

and the existence of a failsafe sequence would also pertain.

requires the presence of at least one intron within TPI pre-
mRNA (Fig. 1). In theory, an intron may be required for the
mRNA (i) to acquire an mRNP structure that is conducive to
nonsense-mediated decay (see below), (ii) to be properly com-
partmentalized within the cell so as to be accessible to decay,
(iii) to be produced in sufficient quantity so as to be targeted
for decay, or (iv) in any combination of these possibilities.
Since the nonsense-mediated decay of TPI mRNA is nucleus
associated (4, 12), accessibility to decay may reflect how nu-
clear mRNA is exported to the cytoplasm. For example, it may
be that TPI mRNA produced from an intron-less gene is im-
mune to nonsense-mediated decay because it is not translated,
either during export or ever. Countering the idea that mRNA
from an intron-less gene is never translated, however, is the
existence of commercially available cDNA expression vectors
(e.g., pFlag-CMV-2 from Kodak) that are intron-less and suc-
cessful in directing protein synthesis, at least in the case of
some cDNAs. The idea that mRNA may require a particular
nuclear history in order to be subject to nonsense-mediated
decay is corroborated by the intron requirement and the find-
ing that the presumed failsafe sequence that functions on be-
half of intron 6 does not function in the absence of all introns,
i.e., does not function with 189Ter to mediate decay (Fig. 1).

Introns are removed by the process of splicing, and it is
reasonable to assume that the intron requirement of nonsense-
mediated decay may reflect a splicing requirement. In fact, the
splice sites of the 3’-most intron of the TCR-B gene have been

shown to be critical for the reduction in mRNA abundance
brought about by a nonsense codon in the penultimate exon
(9). The situation is more complicated in the case of the TPI
gene, where deletion of the splice sites of intron 6, the 3'-most
intron, is of little consequence to nonsense-mediated decay
(10). We propose that the failsafe sequence that functions in
decay in the absence of the intron 6 splice sites (10) is exonic,
as has been recently shown for B-globin RNA (48).

When an extra copy of TPI intron 6 or a copy of MUP intron
5 is inserted into TPI exon 7, each inserted copy functions to
position the boundary between nonsense codons that do and
do not reduce mRNA abundance (Fig. 2 and 3). Since MUP
intron 5 is normally a penultimate intron, this result indicates
that context engenders the function of the boundary determi-
nant to the intron. Therefore, there is apparently nothing in-
herently different between a boundary-determining intron and
other introns aside from being 3’-most and residing 3’ of a
failsafe sequence.

Results described here and elsewhere (10) for the TPI gene
demonstrate for several different introns at several different
positions that mRNA harboring a nonsense codon less than
~52 nt upstream of the 3’'-most exon-exon junction fails to be
subject to nonsense-mediated decay. The same conclusion can
be drawn from our recent studies of the -globin gene (48). As
would be predicted from this conclusion, the normal termina-
tion codon of MUP mRNA, which resides within the penulti-
mate exon, 20 nt upstream of the 3'-most exon-exon junction,
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does not mediate decay since the boundary between nonsense
codons that do and do not reduce MUP mRNA abundance
resides within the third-to-last exon (5).

Since the reduction in mRNA abundance mediated by two
cis-residing nonsense codons is the same as that mediated by a
single nonsense codon (11a; see, e.g., Fig. 4, in which 70-71Ter
is in frame with other nonsense codons because it is the con-
sequence of a frameshift mutation) and since the vast majority
of intron-containing genes that have been examined are sub-
ject to nonsense-mediated decay (reviewed in references 22
and 23), the normal termination codon of the majority of
intron-containing genes must not trigger nonsense-mediated
decay. Nature seems to have ensured this for most genes by
positioning the termination codon within the last exon, so that
there are no downstream introns (19). For those genes pro-
ducing mRNAs that normally terminate translation within an
exon other than the last exon, results obtained for TPI, B-glo-
bin, and MUP genes indicate that the distance between the
normal termination codon and the 3’-most exon-exon junction
must be short enough to obviate nonsense-mediated decay. A
striking indication that this hypothesis is valid and can gener-
ally be applied to genes as a way to predict which termination
codons reduce mRNA abundance derives from a search of
available gene sequences. A survey of 1,500 genes from species
as diverse as fungi, plants, insects, and mammals demonstrated
that the normal termination codon of product mRNAs from all
but two (i.e., 98%) of the 101 genes found to have one or more
3’ untranslated exons resides less than 50 nt upstream of the
3’-most exon-exon junction (27). As with every generalization,
there will likely be exceptions. Possibly, the TCR-3 gene is an
exception (27) since a nonsense codon located only 8 nt up-
stream of a 3’-most exon-exon junction within TCR- mRNA

has been reported to mediate a reduction in mRNA abun-
dance (9). Notably, a nonsense codon fails to mediate decay if
the closest downstream exon-exon junction is too far away
(Fig. 6; see below).

Models for how an intron within pre-mRNA can influence
the metabolism of nonsense-containing mRNA: components of
the nuclear splicing complex may be exported to the cytoplasm
on spliced mRNA and may interact with components of the
cytoplasmic translation complex. All data indicate that the
nonsense-mediated decay of TPI mRNA involves nonsense
codon recognition after splicing (3, 46) by a mechanism that is
indistinguishable from cytoplasmic translation (3, 47). For ex-
ample, nonsense codons interrupted by an intron within TPI
pre-mRNA are capable of effectively mediating decay (46), a
finding that has also been demonstrated for immunoglobulin
mRNA (14) and TCR-B RNA (9). Since a suppressor tRNA
abrogates the nonsense-mediated reduction in TPI mRNA
abundance (3), as well as TCR-B mRNA abundance (21), a
nonsense codon interrupted by an intron would probably not
be recognized until after intron removal (46). Consistent with
this idea, when the splicing pathway of TPI pre-mRNA is
altered so that exon skipping takes place part of the time, only
alternatively spliced mRNA that maintains the nonsense-con-
taining exon after splicing is subject to nonsense-mediated
decay. Also consistent with nonsense codon recognition after
splicing, the nucleus-associated species that undergoes decay is
fully spliced (4).

Since decay is restricted to newly synthesized mRNA that
copurifies with nuclei, we have proposed that nonsense codon
recognition takes place in the cytoplasm, on an mRNA that has
yet to be released from an association with nuclei (reviewed in
references 22 to 24). Recognition and decay may take place
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either while the mRNA is in transit across the nuclear pore or
after transit but prior to release from an association with the
cytoplasmic side of the pore or nuclear envelope. Nevertheless,
we are left with the intriguing dilemma of understanding how
intron 6, which is removed during the process of splicing, could
position the boundary between nonsense codons that do and
do not reduce TPI mRNA half-life, i.e., could affect the me-
tabolism of the fully spliced product.

It is conceivable that nonsense codon recognition within TPI
mRNA may be linked to the position of the exon 6-exon 7
junction by an interaction in the cytoplasm between compo-
nents of the translation complex and components of the splic-
ing complex that remain associated with the spliced product.
Our finding that a nonsense codon located immediately down-
stream of the initiation codon is capable of mediating TPI
mRNA decay indicates that peptide bond formation is not
required for decay (47). Therefore, at least one intron, trans-
lation initiation, and translation termination are required for
decay, but translation elongation is not. Nonsense-mediated
decay may be elicited by the failure of translating ribosomes to
reach the exon 6-exon 7 junction (Fig. 5, model 1). Alterna-
tively, nonsense-mediated decay may be elicited when one or
more component(s) of the translation termination complex, as
a so-called “scanner,” reach the exon 6-exon 7 junction (Fig. 5,
model 2) or, possibly, any downstream exon-exon junction or
the failsafe sequence that functions on behalf of intron 6. In
support of the scanning model, model 2, a newly discovered
type of stabilizing element inserted between a termination
codon and a downstream destabilizing element can prevent
nonsense-mediated decay in S. cerevisiae (37), as can the pres-
ence of a translation reinitiation site in S. cerevisiae as well as

in mammals (35, 37, 47). Also, the RNA binding and ATPase-
helicase activities of S. cerevisiae Upflp, the human homolog of
which also functions in nonsense-mediated decay in mamma-
lian cells (1, 31, 39), are not needed in S. cerevisiae for en-
hancing translation termination but are needed to degrade
nonsense-containing transcripts (42, 43). Also in support of
scanning, we have found that a nonsense codon is ineffective in
eliciting decay if the next downstream intron is located 559 bp
away, in contrast to a nonsense codon that is followed by an
intron located only 61 bp away (Fig. 6). Also in support of
scanning, a nonsense codon is ineffective in eliciting decay if
located less than 50 to 55 nt from the only downstream intron
and too far upstream of the proposed failsafe sequence (Fig.
4). These findings indicate that for mammalian cells (i) there is
a limit to the distance that can be scanned, i.e., there is a limit
to the distance between a termination codon and a down-
stream exon-exon junction or failsafe sequence for nonsense-
mediated decay, much as there is an ~200-nt limit to the
distance between a termination codon and a downstream de-
stabilizing element in order for nonsense-mediated decay in S.
cerevisiae (37) and (ii) all exon-exon junctions within an mRNA
that derives from a multi-intron gene may be “marked” with a
remnant(s) of the splicing machine that functions in nonsense-
mediated decay. If all exon-exon junctions are marked, then
nonsense codons located less than ~50 nt upstream of the
3’-most exon-exon junction may fail to elicit decay because
scanning begins downstream of the only downstream mark.
Since there is no correlation between the efficiency with which
a nonsense codon mediates decay and the number of exon-
exon junctions that reside downstream of the nonsense codon
(reviewed in references 22 and 23), we imagine that the inter-
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action of the scanner with a properly positioned downstream
junction must be efficient.

Data indicate that a hairpin structure of sufficient strength to
block translation initiation (i.e., strong enough to block scan-
ning by eIF-2-GTP-Met-tRNAM¢! bound to a 40S ribosome for
an initiation codon) does not block nonsense-mediated decay
when inserted into exon 6, between a nonsense codon within
exon 6 and the exon 6—exon 7 junction (Fig. 7). Provided that
scanning takes place and that the hairpin is accessible to the
scanner, this finding indicates that any scanner must have a
greater RNA unwinding capability than the complex that scans
for the initiation codon. A greater unwinding capability may be
conferred by one or more factors that associate as a conse-
quence of translation termination (Fig. 5, filled circle). A can-
didate for such a factor could be the mammalian homolog to S.
cerevisiae Upf1p, a factor involved in nonsense-mediated decay
in S. cerevisiae that is characterized by RNA binding and he-
licase activities (44).

While this study was undergoing review, Ruiz-Echevarria et
al. (37) reported that the termination of translation at uORF4
of S. cerevisiae GCN4, which blocks ribosomes from reinitiating
at downstream initiation sites, does not prevent nonsense-me-
diated decay. Since decay in S. cerevisiae is dependent on a
destabilizing element that resides downstream of the nonsense
codon and appears to function analogously to an exon-exon
junction or the failsafe sequence of TPI RNA, the scanner may
be distinct from the complex that reinitiates translation. Alter-
natively, the scanner could be the complex that reinitiates
translation but either does not have to be capable of reinitia-
tion or does not have to reinitiate efficiently in order to func-
tion in nonsense-mediated decay.

Since data implicate nuclear splicing as an effector of cyto-
plasmic translation, it is notable that certain splicing factors,
including hnRNPA1 and SRp20, shuttle between the nucleus
and the cytoplasm of mammalian cells (7, 32). Both proteins
function in splice-site selection in vitro and in vivo (6 [and
references therein], 13, 25, 45), and hnRNPA1 has been found
in association with cytoplasmic mRNA (32, 33). Although
there is no direct evidence for the presence of any splicing
factor on exported mRNP, indirect evidence is provided by the
finding that Ct-hrp36, a relative of human hnRNPA and -B
proteins found in the insect Chironomus tentans, is incorpo-
rated into nascent pre-mRNP complexes, subsequently trans-
ported as a complex with mRNA through the nuclear pore to
the cytoplasm, and found in polysomes (41). Therefore, Ct-
hrp36 is an example of a factor that loads onto pre-mRNA,
possibly as a component of the splicing complex, and could
interact with the translation complex, as a component of cyto-
plasmic messenger ribonucleoprotein (mRNP).

Future studies that aim to define the role of trans-acting
factors, including components of mRNP, will be required to
resolve the mechanism by which introns within pre-mRNA
function in the nonsense-mediated decay of mRNA.
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