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The RNA polymerase of giardiavirus (GLV) is synthesized as a fusion protein through a —1 ribosomal
frameshift in a region where gag and pol open reading frames (ORFs) overlap. A heptamer, CCCUUUA, and
a potential pseudoknot found in the overlap were predicted to be required for the frameshift. A 68-nucleotide
(nt) ¢cDNA fragment containing these elements was inserted between the GLV 5’ 631-nt ¢cDNA and the
out-of-frame luciferase gene that required a —1 frameshift within the 68-nt fragment for expression. Giardia
lamblia trophozoites transfected with the transcript of this construct showed a frameshift frequency at 1.7%,
coinciding with the polymerase-to-capsid protein ratio in GLV. The heptamer is required for the frameshift but
can be replaced with other sequences of the same motif. Mutations placing stop codons in the 0 or —1 frame,
located directly before or after the heptamer, implicated the latter as the site for the —1 frameshift. Shortening
or destroying the putative stem decreased the frameshift efficiency threefold; the efficiency was fully recovered
by mutations to restore the stem. Deleting 18 nt from the 3’ end of the 68-nt fragment, which formed the second
stem in the putative pseudoknot, had no effect on the frequency of the frameshift. Chemical probing of the RNA
secondary structure in the frameshift region showed that bases resistant to chemical modification were
clustered in the putative stem structures, thus confirming the presence of the postulated stem-loop, while all
the bases in the loop were chemically modified, thus ruling out their capability of forming a pseudoknot. These
results confirmed the conclusion based on data from the mutation study that there is but a simple stem-loop
downstream from the heptamer. Together, they constitute the structural elements for a —1 ribosomal frame-

shift in the GLV transcript.

Although faithful reading of open reading frames (ORFs) in
mRNA is most critical for the production of functional pro-
teins, programmed ribosomal frameshifts have been increas-
ingly reported as the means of regulating gene expression (2,
11, 13). An efficient —1 ribosomal frameshift is one of such
examples of a programmed posttranscriptional regulation of
gene expression. In response to certain specific structural sig-
nals in the mRNA, the ribosomes are induced to slip back 1
nucleotide (nt) at a fixed frequency, move into the —1 reading
frame at a specific site in the mRNA, and continue translating
the rest of the mRNA in the —1 frame (19, 20).

Many viruses are known to depend on this mechanism of —1
ribosomal frameshift to generate the RNA polymerase gene
(pol) product in the form of a fusion protein (Gag-Pol) with
the capsid protein (Gag) at its N terminus and polymerase
(Pol) at its C terminus (2). The production of Gag and Gag-Pol
at a fixed ratio during translation enables the inclusion of RNA
polymerase in the assembled virus particles at a constant level
(42). This inclusion, in turn, makes it possible for continuous
replication and transcription of the viral genome inside viral
particles within the infected cells.

The —1 ribosomal frameshift was first observed in the ret-
rovirus Rous sarcoma virus, in which the viral polymerase was
translated from two overlapping gag and pol ORFs requiring a
—1 ribosomal frameshift within the overlapping region (20).
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This phenomenon of the —1 ribosomal frameshift has since
been observed among translations of gene transcripts from a
large number of viruses (2), certain Escherichia coli genetic
insertion elements (11), and a conventional cellular dnaX gene
from E. coli (35, 36). The structural motifs in mRNA that are
important for an efficient —1 ribosomal frameshift have been
characterized in several viral systems primarily by in vitro
translation assays (2, 7, 13). Two structural components have
been confirmed to induce such activity. A homopolymeric
“slippery” heptamer sequence (X XXY YYZ) is required,
where XXX can be any three identical nucleotides, YYY can
be either AAA or UUU, and Z canbe A, U, or C (4, 8, 9). The
second component consists of a stem-loop or a pseudoknot,
which is defined as two intertwined stem-loops where a region
in the first loop forms base pairs with a downstream sequence
to produce a second stem (32). A pseudoknot is essential for
the —1 ribosomal frameshift in infectious bronchitis virus
(IBV) (3, 5), human coronavirus (16), and yeast killer virus
(ScV/L-A) (7). However, among other viruses including hu-
man immunodeficiency virus (HIV) (29), human T-cell leuke-
mia virus type 2 (10), human astrovirus serotype 1 (23), potato
leaf roll virus (30), and red clover necrotic mosaic virus (21), a
pseudoknot is apparently not essential for the —1 ribosomal
frameshift. All that is required is a slippery heptamer and a
stem-loop located a few nucleotides downstream from it.
Giardiavirus (GLV) is a small (36-nm diameter) icosahedral
virus of the Totiviridae family that specifically infects the tro-
phozoites of Giardia lamblia, an anaerobic protozoan that
causes diarrhea and malnutrition in human (26, 38, 39). Its
6,277-nt double-stranded RNA genome contains gag and pol-
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like ORFs that overlap by 220 nt and are separated by a —1
frameshift (40). Immunostudies with antipeptide sera targeted
to regions in the respective ORFs indicated that the 100-kDa
capsid protein is encoded by ORF1. They also showed that the
N terminus of the 190-kDa GLV minor protein is encoded by
ORF1 while its C terminus has all the consensus sequence
motifs of the RNA-dependent RNA polymerase (RDRP) fam-
ily. The 190-kDa protein is therefore most probably a Gag-Pol
fusion protein produced by a —1 ribosomal frameshift that is
predicted to occur in the 220-nt overlapping region (40).
Within this region, we found a putative slippery heptamer,
CCCUUUA, at nt 2836 to 2842 and a downstream stem-loop
structure at nt 2848 to 2876 as predicted by MFOLD (25). A
potential second stem could be also formed between the
GAUC at nt 2860 to 2863 in the loop and the downstream
GAUC at nt 2885 to 2888 (see Fig. 1), resulting in a
pseudoknot (32). Together, they were predicted to constitute
the structural requirements for the ribosomal —1 frameshift
that lead to the formation of the GLV Gag-Pol fusion protein
(40).

To verify this assumption, a 68-bp cDNA fragment from nt
2828 to 2895 of the GLV genome containing the two postu-
lated frameshift structural motifs was inserted in front of an
out-of-frame luciferase gene in a GLV-based viral vector,
pCo631-luc (44). This construct requires a —1 frameshift within
the 68-nt region for luciferase expression, and the efficiency of
the —1 ribosomal frameshift can then be determined by mon-
itoring the luciferase activity in transfected, GLV-infected Gi-
ardia trophozoites. We made a large number of mutants with
site-directed mutations in the 68-nt region to examine the
function of the postulated heptamer and the putative down-
stream pseudoknot. RNA bases in this putative frameshift re-
gion were also probed by chemical modifications to reveal the
secondary structures in this region. Results from these two
lines of studies helped to delineate the structural requirements
for inducing a —1 ribosomal frameshift in the GLV transcript.

MATERIALS AND METHODS

Construction of the recombinant cDNA plasmids. Based on the GLV genome
sequence (GenBank accession number L13218), three primers, each having a
HindIII site (underlined) at the 5" end, were synthesized; fs1, TGGCAAGCTT
TGGTACTCAGACAG; fs2, AAAGCTTTGTGTAGGATCCC; and fs3, AAA
GCTTCTGTGTAGGATCCC. Using pGEM-GLV, which contains the full-
length GLV ¢cDNA (44), as the template, fs1 and fs2 were included in PCR for
synthesis of the 68-nt cDNA fragment (nt 2828 to 2895), whereas fs1 and fs3 were
used for synthesizing the same cDNA fragment with an extra G added to the 3’
end (a 69-nt cDNA fragment). The 68- and 69-nt PCR fragments were then each
inserted into the HindIII-restricted pC631-luc vector (44) between the 5’ 631-nt
GLV cDNA and the full-length luciferase gene to constitute pC631(68)luc or
pC631(69)luc. The orientation and the fidelity of each fragment were determined
by DNA sequencing. The ORFs in both fragments are fused with that of the 5’
631-nt GLV cDNA. However, the luciferase gene in pC631(68)luc is out of frame
and requires a —1 frameshift for its expression, whereas the pC631(69)luc is an
in-frame construct.

In vitro site-directed mutag is of the recombinant pl id. Site-directed
mutagenesis was performed with QuickChange as directed by the manufacturer
(Life Technologies BRL). For each mutation, two complementary oligonucleo-
tide primers were synthesized with the intended mutation introduced in the
midportion of each primer. The PCR-synthesized mutant DNA fragment was
amplified in E. coli DH5« cells and purified. Each specific mutation was verified
by directly sequencing the cloned mutant plasmid.

In vitro synthesis of chimeric RNA. Wild-type and mutant plasmids were each
restricted with Nrul at the 3’ end of the GLV ¢DNA. In vitro transcription of
each linearized plasmid with T7 RNA polymerase was performed in a 20-ul
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reaction mixture containing 0.5 wg of linearized plasmid DNA as described by
the manufacturer (Ambion). The RNA thus synthesized was purified by LiCl
precipitation and examined by electrophoresis in a 1.0% agarose-formaldehyde
gel for integrity. The concentration of each RNA sample was estimated by
measuring its absorption at 260 nm in a Beckman DU?7 spectrophotometer.

Transfection of G. lamblia trophozoites and luciferase assay. In vitro culture
of GLV-infected G. lamblia WB trophozoites (WBI) was maintained as de-
scribed previously (38). Serial passages of the in vitro culture were performed at
an inoculation ratio of 1:13 every 3 days into fresh medium to maintain a
continuous logarithmic cell growth. Transfection of Giardia trophozoites with
RNA was performed by electroporation, and assay of the luciferase activity in the
lysate of transfectants was performed as previously described (45).

Probing the RNA structure by chemical modification and primer extension.
The RNA molecule used for chemical probing was the in vitro transcript of
pC631(68)luc. It was prepared using a T7 RNA polymerase kit (MegaScript from
Ambion) and the NruI-restricted pC631(68)luc as template. The RNA was quan-
tified by spectrophotometry, and its integrity was checked by electrophoresis on
a 1% agarose—formaldehyde gel. Approximately 5 pg of the in vitro-synthesized
RNA was used in each reaction mixture containing either 0.5% dimethyl sulfate
(DMS), 21 mg of 1-cyclohexyl-3-(2-morpholinoethyl)-carbodiimide (CMCT) per
ml, or 3.5 mg of kethoxal (KE) per ml as previously described (12). Prior to the
probing analysis, the RNA was heated at 70°C for 15 min and cooled slowly to
room temperature over a 45-min period in a 200-ul nondenaturing probing
buffer, HMK (80 mM HEPES-KOH [pH 7.8], 10 mM MgCl,, 270 mM KCl). The
reaction mixtures were incubated at 37°C for 0, 10, and 20 min. The reactions
with the DMS and CMCT modifications were terminated by adding 75 pl of the
stop buffer (1 M Tris-acetate [pH 7.5], 1 M B-mercaptoethanol, 1.5 M sodium
acetate, 0. mM EDTA). The KE modification was stabilized by adding 0.5
volume of 250 mM potassium borate (pH 7.0). Chemically modified RNA was
precipitated by adding 3 volumes of 100% ethanol.

Sites of RNA modification were mapped by primer extension using the reverse
transcriptase Superscript (Life Technologies BRL) with radiolabeled oligonucle-
otides targeted to the region either 22 nt downstream from stem-loop 1 or 31 nt
downstream from stem-loop 2 (see Fig. 4). Briefly, **P-end-labeled primers were
annealed to approximately 1 pg of the chemically modified RNA by incubating
the mixture for 15 min at 75°C followed by 10 min on ice. Primer extension was
carried out at 50°C for 1 h as specified by the manufacturer. Reaction products
were analyzed on a 10% denaturing acrylamide gel along with sequencing lad-
ders prepared by the fmol cycle-sequencing system (Promega).

RESULTS

In vivo efficiency of the —1 ribosomal frameshift mediated
by the 68-nt fragment in the ORF overlapping region of GLV
mRNA. The RNA transcript of pC631(68)luc or pC631(69)luc
was introduced into Giardia WBI trophozoites by electropora-
tion, and the luciferase activity in the cell lysates of the two
transfectants was monitored. Since the in vitro transcript from
pC631(69)luc contained only one continuous OREF, the lucif-
erase activity found in the lysate of its transfectant, which
demonstrated a specific activity of 408,890 = 71,250 relative
light units (RLU)/25 pg of protein in repeated independent
experiments, is defined as 100% luciferase expression (Table
1). In comparison, the luciferase activity in the lysate of Giar-
dia trophozoites transfected with the in vitro transcript of
pC631(68)luc was 6,768 + 608 RLU/25 g of protein and
constituted 1.7% of that of the in-frame construct pC631(69)
luc (Table 1). Since luciferase expression in the pC631(68)luc
transcript transfectant relies on the —1 ribosomal frameshift in
the 68-nt overlapping region, the results indicate that this 68-nt
fragment in mRNA is indeed capable of causing —1 ribosomal
frameshift at a frequency of 1.7%.

Identification of the site for the —1 ribosomal frameshift. If
the postulated heptamer CCCUUUA is indeed one of the
structural elements causing the frameshift, then it would also
be the site of the frameshift as predicted by the widely accepted
simultaneous-slippage model (19). By site-directed mutagene-
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TABLE 1. Luciferase activities of Giardia cells transfected with various mutant transcripts
Mutation (R]}S/Czigergseog‘cpﬁzigm)” % of wild-type activity Remarks
Ab
pC631(69)luc 408,890 =+ 71,250 100 Positive control
pC631(68)luc 6,768 * 608 1.7 +0.2 Wild type
pC631(69R )luc 555 =270 0.13 = 0.06 Negative control
BC
pC631(68)luc 6,768 * 608 100 Wild type
pC631(69R)luc 555 =270 82 x40 Negative control
Stop codons before the heptamer
GCCluaa (2831-2833) 582 + 115 8.6 = 1.7 0 frame stop codon
CAU/uaa (2833-2835) 3,641 = 677 53.8 £1.0 —1 frame stop codon
Stop codons after the heptamer
UCC/Uaa (2843-2845) 2,558 + 569 378 £ 8.4 0 frame stop codon
GAU/uaa (2846-2848) 3,526 = 406 52.1 £6.0 0 frame stop codon
CGA/uGA (2845-2847) 1,211 = 420 17.9 + 6.2 —1 frame stop codon
UCC/Uaa (2887-2889) 650 = 338 9.6 £5.0 —1 frame stop codon
AUA/uaA (2879-2881) 3,878 = 213 573 +3.1 0 frame stop codon
ACA/uaA (2891-2893) 4,893 + 271 723 £4.0 0 frame stop codon
Other heptamers
CCCl/uuu (2836-2838) 8,890 + 724 131.2 = 10.7 Change to another heptamer
CCCUUUA/uuuuuuu (2836-2842) 29,366 * 2,748 433.9 £ 40.6 Change to another heptamer
Putative pseudoknot
GAUC/ctag (2885-2888) 4,792 = 169 70.8 = 2.5 Disrupted putative pseudoknot
18-nt deletion (2878-2895) 6,348 + 1,002 93.8 = 14.8 Disrupted putative pseudoknot
Stem-loop region
AUUA/tagt (2868-2871) 2,829 + 399 418 =59 Shortened stem
CGUG/gcge (2849-2852) 2,585 + 521 38277 Shortened stem
CGCG/gugc (2872-2875) 2,186 + 271 323 +4.0 Shortened stem
CGUG/gcge (2849-2852)-CGCG/guge 6,937 + 596 102.5 = 8.8 Restored stem
(2872-2875)
30-nt deletion (2848-2877) 5,787 + 582 85.5 + 8.6 Deleted stem

“ Each value represents an average of luciferase activities obtained from at least three independent transfection experiments. Wild type and mutants were each

transfected in triplicate in each experiment.

b Luciferase expression caused by the wild-type 68-nt fragment is compared with that of the in-frame construct pC631(69)luc, which is defined as 100% expression.
¢ Luciferase expression from various mutants is compared with that of pC631(68)luc, which represents 100% of wild-type frameshift frequency.

sis, we placed stop codon UAA in 0 frame at nt 2831 to 2833,
2843 to 2845, 2846 to 2848, 2879 to 2881, or 2891 to 2893 in
pC631(68)luc (Fig. 1). If the —1 ribosomal frameshift indeed
occurs on top of the heptamer, the first UAA upstream from it
in the 0 frame is expected to disrupt luciferase expression
whereas the other four downstream stop codons in the 0 frame
will no longer be read as stop codons and should not signifi-
cantly affect luciferase expression. Our data derived from cor-
responding transfectants of the mutant transcripts (Fig. 2) in-
dicate that the first UAA caused a precipitous drop in
luciferase expression to 8.6% = 1.7% of the wild-type fre-
quency of the frameshift or 0.15% of the expression by the
in-frame construct pC631(69)luc, while the other four 0 frame
stop codons downstream of the heptamer showed luciferase
expression at 37.8% = 8.4%, 52.1% * 6.0%, 57.3% = 3.1%,
and 72.3% = 4.0% of the wild-type frameshift frequency (Fig.
2; Table 1). A negative-control pC631(69R)luc, which has the
69-nt fragment reversed and thus lacks the structural features
of the 69-nt fragment, showed 8.2% = 4.0% of the wild-type
frameshift frequency or 0.13% = 0.06% of the in-frame ex-
pression. This value is thus regarded as the noise or back-
ground in our assay system.

We further examined the question in an opposite way. When
a stop codon is introduced into the —1 frame, one would
expect that codons placed upstream from the site of frameshift
will cause little disruption whereas those placed downstream
from the shift will have a significant effect. Figure 2 indicates
that UAA at nt 2833 to 2835 upstream from the heptamer has
a frequency 53.8% = 1.0% of that of the wild-type frameshift
whereas a UGA at nt 2845 to 2847 and a UAA at nt 2887 to
2889, both downstream from the heptamer, lead to 17.9% =
6.2% and 9.6% * 5.0% frequencies, i.e., nearly the back-
ground level of the frameshift (see Table 1).

Data from Fig. 2 and Table 1 thus provide a strong indica-
tion that a —1 ribosomal frameshift may indeed occur at the
putative slippery heptamer site CCCUUUA between nt 2836
and 2842 in GLV mRNA. To find if the sequence of this
particular heptamer is unique in causing a —1 translation
frameshift in Giardia, we replaced it with a slippery heptamer
UUUUUUA identified previously in HIV (19) and an engi-
neered UUUUUUU which showed excellent frameshifting ac-
tivity in vitro in a previous study (4). Giardia trophozoites
transfected with each of the mutant transcripts indicated that
UUUUUA and UUUUUUU led to 131.2% = 10.7% and
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FIG. 1. The two overlapping ORFs in GLV mRNA. The shaded
putative structures required for the —1 ribosomal frameshift, which is
The stem-loop secondary structure is predicted by MFOLD. The two
of an RNA pseudoknot structure.

433.9% =+ 40.6% of the wild-type frequency of frameshift,
respectively, both of which significantly exceeded the effect
from the original heptamer in GLV mRNA. Thus, heptamers
functioning well in causing —1 ribosomal frameshift in mam-
malian cells also worked well in Giardia trophozoites. The
advantage in retaining a less efficient slippery heptamer in the
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box represents the 68-nt region within the 220-nt overlap containing the
detailed below. The underlined heptamer is the putative slippery sequence.
GAUC regions (linked by dashed lines) may be involved in the formation

mRNA by GLV is not entirely clear. One possible explanation
is the need for a rigid molar ratio between the RDRP and the
capsid protein in the viral particles for stable maintenance of
the virus inside Giardia cells, such as that observed in yeast
killer virus (9).

While the CCCUUUA sequence identified in GLV mRNA
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FIG. 2. Mutational analysis via generation of stop codons in different reading frames at different locations to identify the slippery site of —1
ribosomal frameshift. The putative slippery heptamer CCCUUUA sequence is underlined. The predicted peptide sequences in the 0 and —1
frames are shown in the one-letter amino acid code. Individual termination codons in either the 0 frame or the —1 frame are created by
site-directed mutagenesis. The luciferase activities expressed in the mutant transcript transfectants were determined from three independent
experiments, with data within 10% of experimental error. The frequencies of the —1 ribosomal frameshift relative to the wild-type frequency
(100%) in the mutant transfectants are each shown at the corresponding position of the termination codon (see Table 1 for actual data).



10616 LI ET AL.

J. VIROL.

102.5%

38.2%
32.3%

v 120.0%
S = 100.0%
Z & 100.0%
c £
S & 80.0%
S ™ e
o
L (_u s
- § 60.0%
z 9
= 8 40.0%
$E
20.Oc707
0.0% -

FIG. 3. Alteration of the putative stem-loop structure downstream from the slippery site by site-directed mutagenesis and assay of the effect
from the alteration on the —1 ribosomal frameshift. The five transcripts used for transfecting Giardia trophozoites are as follows: 1, wild type; 2,
the AUUA/uagu mutant at nt 2868 to 2871 that shortens the stem from its top by 4 bp and enlarges the loop from 11 to 19 nt without altering
its distance from the slippery heptamer; 3, the CGUG/gcge mutant at nt 2849 to 2852 that shortens the stem from its bottom by 5 bp and increases
its distance from the slippery heptamer from 5 to 10 nt without altering the loop; 4, the CGUG/gcge mutant at nt 2872 to 2875 that shortens the
stem from its bottom by 5 bp and increases its distance from the slippery heptamer to 10 nt without altering its loop structure; and 5, the double
mutant of CGUC/gcge (nt 2849 to 2852) and CGCG/guge (nt 2872 to 2875) that restored the wild-type stem structure with altered nucleotide
sequence. The upper panel presents relative frequencies of the —1 ribosomal frameshift derived from luciferase expression in mutant transcript-
transfected Giardia trophozoites in triplicate experiments (see Table 1 for actual data).

conforms to the generally accepted structural rule for a slip-
pery heptamer (4, 8, 9), alteration of individual nucleotides in
the heptamer invariably reduces the frequency of the frame-
shift but never abolishes it. For instance, CCCUAUA led to
60% of the wild-type frameshift frequency whereas UCCUU
UA, CCCAUUA, and CCCUUUG led to 78, 85, and 98% of
the frameshift frequency, respectively (data not shown). Thus,
although some of the heptamers may be more slippery for the
ribosome than are the others, depending on the nucleotide
sequences, there may not be an absolutely non-slippery hep-
tamer. Initiation of a ribosomal frameshift may be dependent
primarily on the presence of a ribosome-blocking secondary
structure downstream from the heptamer.

A simple stem-loop structure, but not a pseudoknot, consti-
tutes the second structural element for the —1 ribosomal
frameshift on GLV mRNA. The heptamer and a putative
pseudoknot-like structure were previously identified within the
overlapping region between gag and pol ORFs in GLV mRNA
(Fig. 1) (40). To verify whether the putative second stem for-
mation between the two GAUC tetranucleotides at nt 2860 to
2863 and 2885 to 2888 in the 68-nt region is essential for the
frameshift (Fig. 1), we altered the sequence at nt 2860 to 2863
from GAUC to CUAG to eliminate the possible pseudoknot
formation from the transcript. The resulting mutant retained
70.8% = 2.5% of the wild-type frameshift frequency, suggest-
ing that the putative pseudoknot structure is not essential for
the frameshift. To further confirm this conclusion, an 18-nt
deletion from the 3’ end of the 68-nt fragment was performed
on the encoding cDNA, which also removed the downstream
GAUC tetranucleotide involved in the putative pseudoknot
formation. The transfectant containing such a mutant mRNA

demonstrated 93.8% * 14.8% of the wild-type frameshift fre-
quency (Table 1). It is thus clear that neither the pseudoknot
structure nor the 3’-end 18 nt of the 68-nt fragment is needed
for the occurrence of the —1 ribosomal frameshift. The 50-nt
fragment from nt 2828 to 2877 in GLV mRNA thus contains
both the essential and sufficient structural elements for the
frameshift.

To examine if the loop in the putative stem-loop between nt
2848 and 2876 (Fig. 1) can form a second stem with the down-
stream sequences elsewhere within the 220-nt ORF overlap
outside of the 68-nt fragment that were replaced by the lucif-
erase sequence in our construct, we replaced the 68-nt insert in
pC631(68)luc with a fragment including a 215-nt fragment
from this 220-nt overlap. The frameshift frequency was the
same as in pC631(68)luc (data not shown). It is therefore most
likely that all the structural elements required for inducing the
—1 ribosomal frameshift are contained within the 50-nt frag-
ment.

Mutations that shorten the stem in the putative stem-loop
in the 68-nt overlapping region decrease the efficiency of the
—1 ribosomal frameshift. A putative stem-loop at nt 2848 to
2876, consisting of a 9-bp stem and a loop of 11 nt, is the only
secondary structure predicted by MFOLD (25) in the 68-nt
RNA fragment (Fig. 1). To investigate the functional impor-
tance of this structure, mutations to shorten the stem were
performed on the encoding cDNA. Firstly, AUUA at nt 2868
to 2871 from the top part of the stem was replaced with
UAGU, resulting in a shortened stem from 9 to 5 bp and an
enlarged loop from 11 to 19 nt (Fig. 3, structure 2). The in vivo
luciferase activity derived from this mutant mRNA amounted
to 41.8% = 5.9% of the wild-type frequency of the frameshift.
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FIG. 4. RNA secondary structure predicted by MFOLD on deletion of the first stem-loop structure between nt 2848 and 2876 (stem-loop 1).
A 30-bp fragment from nt 2848 to 2877 in the 68-nt region was deleted by site-directed mutagenesis, thus removing stem-loop 1 predicted by
MFOLD. The downstream second stem-loop structure predicted between nt 2880 and 2907 (stem-loop 2) in the deletion mutant including the first
luciferase codon AUG at the base of the stem contains a 7-bp stem and is 7 nt downstream from the slippery site. The relative frequency of the
—1 ribosomal frameshift is not significantly changed from that of the wild type in the mutant transcript transfectant (see Table 1 for actual data).
Bold type represents the sequence from GLV mRNA, whereas normal type represents the sequence from the luciferase mRNA.

When the tetranucleotide CGUG (nt 2849 to 2852) at the
bottom of the stem was changed to GCGC, resulting in reduc-
ing the stem to 4 bp and lengthening its distance to the slippery
heptamer from 5 to 10 nt, the frameshift frequency was re-
duced to 38.2% = 7.7% of the wild-type frequency (Fig. 3,
structure 3). Similarly, a mutation from CGCG (nt 2872 to
2875) at the bottom of the stem to GUGC, resulting in a 4-bp
stem 10 nt away from the heptamer, changed the frameshift
efficiency to 32.3% = 4.0% of the wild-type frequency (Fig. 3,
structure 4). The length of the stem is thus playing an impor-
tant role in maintaining the efficiency of frameshift. A decrease
from 9 to 5 bp results in a two-third loss of the efficiency.
However, a comparison of the results in Fig. 3 indicates that
the distance between the stem-loop and the slippery heptamer
is of somewhat less importance. There is only a moderate effect
on the efficiency of frameshift when it is increased from 5 to 10
nt. Restoration of the stem back to 9 bp through a combination
of the two previous mutations resulted in a wild-type frame-
shift frequency at 102.5% = 8.8% (Fig. 3, structure 5). These
data demonstrate the important role of the stem-loop structure
in causing the frameshift whereas the actual nucleotide se-
quences in the stem structure are apparently less important.
Further, our earlier alteration of the loop sequence at nt 2860
to 2863 from GAUC to CUAG, which resulted in a 70.8% =
2.5% frameshift efficiency compared to the wild type, sug-
gested a lack of importance of the actual nucleotide sequence

of the loop as well. We thus conclude that it is the stem-loop
secondary structure per se that plays an important function in
inducing the frameshift (Table 1).

In a final experiment to verify the essential role played by the
stem-loop in causing the frameshift, we deleted the sequence
from nt 2848 to 2877 that contains the entire stem-loop struc-
ture. Surprisingly, the expression of luciferase amounted to
85.5% = 8.6% of the wild-type frameshift frequency. Subse-
quent analysis by the MFOLD program revealed that, seren-
dipitously, a new stem-loop is formed between nucleotides at
the 3’ end of the 68-nt fragment and the 5’ terminus of the
luciferase mRNA. It has a 6-bp stem and a 14-nt loop located
4 nt downstream from the first stem-loop (Fig. 4). On deletion

of the wild-type stem-loop, the downstream stem-loop acquires

an additional 1 bp at the bottom of the stem to form a 7-bp
stem that is 7 nt downstream from the slippery heptamer (Fig.
4). This distance is within the functional range that we found
with our mutants in Fig. 3 (structures 3 and 4). The functional
competence of this serendipitous stem-loop, which was an ar-
tifact in the chimeric mRNA from pC631(68)luc, nevertheless
confirms our conclusion that it is the structure of the stem-
loop, and not the sequence therein, that is important in induc-
ing the frameshift.

For the sake of clarity, the actual luciferase activities ex-

pressed by transfectants from all the in vivo mutational analysis
discussed above are summarized in Table 1.
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FIG. 5. Chemical probings of the pC631(68)luc transcript and structural analysis of the 68-nt frameshift region by primer extension. Chemical
modifications of A and C (by DMS), U (by CMCT), and G (by KE) were monitored by reverse transcription using end-labeled primers
complementary to the nucleotides either 22 nt downstream of the last residue of stem-loop 1 (A) or 31 nt downstream of the last U residue of
stem-loop 2 (B). The durations of incubation in each chemical reaction are indicated in minutes above each lane of gel electrophoresis. The left
side of the gel labeled CUAG at the top represents the corresponding sequencing ladder of the cDNA. Arrows indicate transcriptional stops from
primer extension representing the chemically modified bases in the treated RNA molecule, which migrate at a distance 1 nt short of that in the

corresponding DNA ladder.

Probing the secondary structures in the 68-nt region by
chemical modifications. In an attempt to verify the actual sec-
ondary structures in the 68-nt RNA fragment under native
conditions, we made a 4.6-kb T7 RNA polymerase transcript
from pC631(68)luc linearized by Nrul. We treated this RNA,
containing the GLV 5’ 631-nt RNA, the 68-nt frameshift re-
gion, and the entire coding region of the luciferase, with KE,
DMS, or CMCT to modify the unpaired bases that are acces-
sible to alkylation by these agents. KE modifies unpaired G
residues at the N-1 position. DMS methylates unpaired A
residues at N-1 and, much more weakly, the unpaired C resi-
dues at N-3, whereas CMCT modifies the N-3 group of un-
paired U residues and the N-1 group of unpaired G residues
(12). The bases thus modified can no longer be recognized by
reverse transcriptase in a primer extension reaction, and each
can be identified as a reverse transcriptase stop in subsequent
gel electrophoresis (27, 33). A modified base in RNA can be
thus readily identified. The oligonucleotide terminating at the
modified base moves 1 nt ahead of the corresponding DNA

ladder, because primer extension stops immediately before the
modified base. Thus, we can expect relatively few stops in
stems where the bases are aligned in Watson-Crick pairs and
much more stops in loops and unpaired regions free of base-
base interaction. The radiolabeled stops often differ in their
intensities, presumably due to a partial dissociation among
some of the Watson-Crick pairings during the incubation pe-
riod of chemical probing. The relatively poor efficiency in DMS
modification of unpaired C residues also makes unlabeled C’s
less meaningful in data interpretation.

Results from a chemical probing and primer extension ex-
periment on the in vitro transcript of pC631(68)luc are shown
in Fig. 5. When the chemically modified region involving the
heptamer and the first putative stem-loop (stem-loop 1) was
examined by primer extension (Fig. SA), bases in the heptamer
and its immediate surrounding areas all showed up as tran-
scriptional stops, suggesting that they were all chemically mod-
ified. In the region of loop 1, essentially all of the nucleotides
were also modified (Fig. 5A). This finding, suggesting that all
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the bases in the heptamer and loop 1 are unpaired, provides
the most direct evidence verifying the secondary structure pre-
dicted by MFOLD (Fig. 1). It also rules out the potential
involvement of GAUC (nt 2860 to 2863) in loop 1 in forming
a pseudoknot as originally postulated in Fig. 1. Regions pre-
dicted to form stem 1 (nt 2848 to 2856 and 2868 to 2876) were
found largely free of chemical modification except for G-2854,
A-2855, and UUA (nt 2869 to 2871), which all form the weaker
G-U or A-U pairs in the postulated stem structure, raising the
possibility that these base pairs may become partially dissoci-
ated during the chemical probing reactions (24). G-2850,
G-2852, and G-2875 in stem 1 became lightly labeled after
prolonged treatment with KE, which could be attributed to
partial denaturation of the stem structure on incubation.
Taken together, the results lend strong support to our conclu-
sion from the MFOLD program and the mutational analysis of
the predicted secondary structure of stem-loop 1.

We also examined the region in the transcript which encom-
passes the 3’ end of the 68-nt fragment and the 5" end of the
luciferase mRNA in search of the serendipitous stem-loop
structure (stem-loop 2) predicted from MFOLD and the mu-
tational analysis (Fig. 4). Results from primer extension pre-
sented in Fig. 5B show that all the bases in the predicted loop
2 region were modified except for the three C’s at nt 2888 to

2889 and 2899. However, bases in the postulated stem 2 struc-
ture remained largely unmodified, except for G-2985, 2 U’s at
nt 2901 to 2902, A-2905, and U-2906, all of which are involved
in A-U or G-U pairings (Fig. 6). The tetranucleotide GAUC
(nt 2885 to 2888), which was originally assumed to be a part of
the pseudoknot structure (Fig. 1), has the G and U residues
chemically modified. However, since the first two nucleotides,
GA, in the tetranucleotide are actually included in the stem 2
structure and unpaired C is usually poorly modified by DMS,
the present results are more consistent with the inclusion of
this tetranucleotide in the stem-loop 2 structure rather than in
a pseudoknot formation (see Discussion). Overall, data from
chemical probing have verified the presence of the artifact
stem-loop 2 in the chimeric mRNA transcribed from pC631
(68)luc.

DISCUSSION

A programmed — 1 ribosomal frameshift is adopted by many
small RNA viruses to generate viral RNA polymerase (Gag-
Pol) as fusion protein with the capsid protein (Gag) at its N
terminus and RDRP at the C terminus (reviewed in reference
2). Not only does this strategy ensure that Gag and Gag-Pol
proteins are synthesized at a fixed ratio during translation, but



10620 LI ET AL.
l'.l v
»A G‘
U« Y
»A_ loopl »c ACp«
2858™ G A A<
"G-pAe
A\ U loop2 A<«
»Amye 2858 o Ge289s
- 2888
ol T
stem] U=A A=U=
G=C »G™" U«
U=G- G=C stem2
2828 2838 28489 C 4 GTC 2908
I{\GCGCCAUCC(EUUUAUCCGA\ - CAA V) U-A<G|GAAGA
Akiciaik o U§ CALATY

FIG. 6. Summary of the results of primer extension on chemically
modified RNA presented in Fig. 5. For the 68-nt frameshift region in
GLV mRNA and the downstream 17-nt sequence of the luciferase
mRNA, bases clearly modified by various chemicals are shown by large
arrowheads. Chemical modifications becoming only gradually detect-
able with incubation time are indicated by small arrowheads. The
numbers indicate the nucleotide positions relative to the 5" end of
GLV RNA. Bold type represents the sequence in GLV mRNA,
whereas normal type indicates the sequence in luciferase mRNA.

also the presence of the Gag domain in the fusion protein
provides a recognition signal for the RNA polymerase to be
incorporated into the newly assembled virus at a fixed ratio
(31). GLV apparently also uses the same strategy, which has an
estimated ratio of about 1 in 60 between the Gag-Pol fusion
protein and the Gag protein in sodium dodecyl sulfate-poly-
acylanide gel electophoresis of purified GLV particles (40),
which is in close agreement with the 1.7% frameshift frequency
estimated from the present study. Among the viruses that
depend on the —1 ribosomal frameshift for a well-balanced
viral protein synthesis, their transcripts have the common
structural elements of the slippery heptamer but differ in the
structure of a second requirement. Some viruses, such as IBV
(3, 5) and ScV/L-A (7), need the structure of a pseudoknot,
while others, such as HIV (29, 43), require only a simple
stem-loop. Our studies showed that the —1 ribosomal frame-
shift in GLV transcript translation also requires a slippery
heptamer where the actual frameshift takes place but that only
a simple downstream stem-loop, rather than a pseudoknot, is
required for inducing the shift. This conclusion has been sup-
ported by two original observations from the mutational stud-
ies. First, a mutation changing nt 2860 to 2863 in loop 1, the
tetranucleotide postulated to be involved in a pseudoknot for-
mation (Fig. 1), from GAUC to CUAG did not significantly
affect the frequency of the frameshift (Table 1). This suggests
that the tetranucleotide is not involved in forming a
pseudoknot that plays an important role in inducing ribosomal
frameshift. Second, there is support from the MFOLD identi-
fication of stem-loop 2 in the chimeric mRNA (Fig. 4), which
is formed serendipitously by joining the 5’ luciferase sequence
with the 3" end of the 68-nt fragment. This postulated artifact
stem-loop can function at 86% of the wild-type efficiency when
brought into the proximity of the heptamer by deleting stem-
loop 1 (Fig. 4; Table 1). Since stem-loop 2 contains a loop
sequence that cannot form a predicted pseudoknot with the
rest of the sequences of the mRNA, a pseudoknot is again
ruled out as a requirement for the frameshift. The presence of
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stem-loops 1 and 2 in the chimeric mRNA was subsequently
confirmed by the data from chemical probing and primer ex-
tension experiments (Fig. 5). The extensive chemical modifi-
cations of essentially all the bases in the two loop regions also
indicate that neither loop forms a pseudoknot with another
sequence in the mRNA under the native in vitro conditions.
There is thus little doubt that no pseudoknot is present in the
region where frameshift takes place and that there is no need
of for pseudoknot to cause the frameshift.

There could be always some doubt about whether observa-
tions made on a chimeric mRNA can fully represent the —1
ribosomal frameshift occurring during translation of GLV
mRNA in GLV-infected Giardia. The downstream sequences
from the region of frameshift differ widely between the chi-
meric and GLV mRNA. There is no stem-loop 2 structure
predicted within this proximal region in GLV mRNA (data not
shown). The presence of an extra stem-loop 2 in the chimeric
mRNA may amount to a frameshift enhancer element forcing
a translating ribosome to pause and the following ribosome to
stack behind it at the frameshift signal, resulting in an in-
creased amount of time required for ribosome slipping. This
ribosome stacking has been shown to have an effect on pro-
grammed —1 frameshift frequencies (22). However, we do not
think that there is a discrepancy in frameshift frequency be-
tween the chimeric and GLV mRNA because of the estimated
ratio of 2% between the Gag-Pol fusion protein and the Gag
protein in sodium dodecyl sulfate-polyacrylanide gel electro-
phoresis analysis of purified GLV particles (40), which is quite
close to the 1.7% frequency derived from the investigation on
chimeric mRNA. The stoichiometry of Gag and Gag-Pol main-
tained by a 1.7% frameshift frequency also closely agrees with
the prediction that in a small icosahedral virion such as GLV,
RDREP is expected to be packaged with identical capsid sub-
units at a ratio of 1:60 (15).

There is also the possibility that some downstream sequence
in GLV mRNA, which is absent from the chimeric mRNA,
could form a pseudoknot with loop 1 resulting in enhancement
of the frameshift frequency. This enhancing effect could com-
pensate for the enhancement attributed to the artifact stem-
loop 2 in the chimeric mRNA that is absent from GLV mRNA.
Existing evidence does, however, argue against such a possi-
bility; an extension of the 68-nt fragment to a 215-nt portion of
the 220-nt overlapping region between the two ORFs in GLV
mRNA failed to alter the frequency of frameshift in the chi-
meric mRNA transfected Giardia. Formation of a pseudoknot
between loop 1 and its immediate downstream viral sequence
that could enhance the frameshift is therefore unlikely. Al-
though pseudoknot formation between loop 1 and the se-
quences further downstream in the viral mRNA is still possi-
ble, the probability decreases with increasing distance. We
think that our current results obtained from studying the chi-
meric mRNA in Giardia reflect accurately the —1 ribosomal
frameshift on GLV mRNA during its translation.

We also showed in this study that all the necessary structural
features for a —1 ribosomal frameshift in GLV transcript could
be confined within a 50-nt fragment (from nt 2828 to 2877)
(Fig. 1). This short fragment of mRNA contains a CCCUUUA
heptamer, where the actual —1 frameshift takes place, and a
stem-loop 1 5 nt downstream from the heptamer, which pre-
sumably retards the movement of the ribosome during mRNA
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translation and allows a —1-nt slippage of ribosome on the
slippery heptamer site of mRNA (14, 20). The heptamer CCC
UUUA can be replaced with other heptamers, resulting in
changed frameshift frequencies in the deceasing order of UUU
UUUU, UUUUUUC, and CCCUUUA. A similar order of
decreasing frameshift efficiencies was also observed by Brierley
et al. in the IBV system (4), suggesting a hierarchy of efficiency
that is innate to the sequences of these heptamers regardless of
the viruses or the host cells involved.

Studies of the sites of frameshift in plant viruses and retro-
viruses have shown that stop codons located within the frame-
shift region can influence the frameshift efficiency (1, 14, 19,
21, 28). In this work, a termination codon placed before the
heptamer but in the —1 frame showed 53.8% of the wild-type
frameshift frequency. This was consistent with the results ob-
tained by Honda and Nishimura (17), where an upstream stop
codon in the —1 frame before the slippery site suppressed the
frameshift by about 50%. Three stop codons in the 0 frame
downstream from the heptamer also have lower framshift ef-
ficiencies, at 52.1, 57.3, and 72.3% of the wild-type efficiency
respectively (Fig. 2). A plausible explanation for the decreased
frameshift could be attributed to the nonsense-mediated
mRNA decay pathway (6, 34), even though it is not yet known
whether such a pathway exists in a lineage as ancient as Giar-
dia. The repressive effect also appeared to be decreasing as the
stop codons were placed farther away from the heptamer (41).
The stop codon placed at nt 2843 to 2845 in the 0 frame at the
immediate 3’ end of the heptamer (Fig. 2) reduced the ribo-
somal frameshifting to 37.8%. A stop codon placed at the same
location in HIV (18) repressed the frameshift by the pro-
karyote ribosome to a similar extent. Most interestingly, the
recoding event was further depressed when the level of the
peptide release factors (RF) in vivo was increased, directly
linking the decrease in frequency of frameshift with the re-
cruitment of RF by the termination codon (37). It remains to
be determined whether repression of the frameshift is also
mediated by RF in our case.

In summary, we have succeeded in using the experimental
approaches of site-directed mutagenesis and chemical modifi-
cations of mRNA to dissect the structural basis of the pro-
grammed —1 ribosomal frameshift during translation of GLV
mRNA in Giardia. The conclusion, indicating the mere re-
quirement of a heptamer and a downstream stem-loop in the
ORF overlapping region, provides to our knowledge the first
example of such a mechanism of frameshifting among totiviruses.
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