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SUMMARY 

Human astroviruses use a (-1) ribosomal frameshift mechanism to regulate expres
sion of the viral RNA-dependent RNA polymerase gene. To evaluate the efficiency of the 
astrovirus frameshift signal in cell culture, different regions of the frameshift signal were 
cloned into the rhesus rotavirus VP4 gene and expressed in an infection-transfection tran
sient expression cell culture system. The various astrovirus-VP4 constructs were trans
fected into BHK-21 cells infected with a recombinant vaccinia virus that expresses T7 
RNA polymerase (vTF7-3 ). All constructs contain a T7 promoter, a picornavirus internal 
ribosome entry site, and a T7 terminator. Frameshifted and non-frameshifted proteins 
were distinguished by immunoprecipitation with monoclonal antibodies specific for either 
the VP4 amino- or carboxy-terminus. Frameshifting efficiency was calculated as the ratio 
of radioactive counts in the frameshifted protein to the total counts in both the fra
meshifted and nonframeshifted proteins as determined by Phosphorimager analysis. We 
found the efficiency of astrovirus frameshifting in intact cells to be 25-28%, significantly 
greater than the 5-7% efficiency reported previously in a cell-free uncoupled translation 
system. Since the transfected plasmid is expressed in the cytoplasm in the infection-trans
fection system, the frameshifting efficiency determined by this assay may be a more accu
rate reflection of the level of frameshifting for this RNA virus in which transcription and 
translation are likely coupled in the cytoplasm of infected cells. This hypothesis is sup
ported by the observation that the level of astrovirus frameshifting is increased three-fold 
when evaluated in a cell-free coupled transcription-translation system. These studies also 
confirm in intact cells what was previously determined in cell-free studies: the shifty hep
tamer is an absolute requirement for astrovirus ribosomal frameshifting, but deletion of se-
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quences downstream of the stem-loop that are potentially involved in pseudoknot forma
tion does not affect the efficiency of frameshifting. 

INTRODUCTION 

Human astroviruses are small (28--32 nm) nonenveloped particles that display a 
characteristic five- to six-point star-like morphology. Astroviruses were first described in 
1975 as a human pathogen in outbreaks of gastroenteritis among newborns (Appleton and 
Higgins, 1975; Madeley and Cosgrove, 1975). Human astroviruses have been associated 
with acute gastroenteritis in young children (Cruz et al., 1992; Herrmann et al., 1991 ), 
nursing home patients (Oshiro et al., 1981 ), immunocompromised individuals (Cox et at., 
1994; Grohmann et at., 1993 ), and otherwise healthy adults and children exposed to food 
or water contaminated with the virus (Oishi et at., 1994 ). 

The human astrovirus genome consists of single-stranded plus-sense RNA, approxi
mately 6,800 nucleotides (nt) in length. Recent analysis of the complete genomic se
quence from two strains of human astrovirus serotype I and one strain of serotype 2, as 
well as expression studies, have led to the classification of human and morphologically 
similar animal astroviruses into their own viral family, the Astroviridae (Jiang et al., 1993; 
Lewis et al., 1994; Matsui et al., 1993; Monroe et al., 1995; Willcocks and Carter, 1993). 
The viral genome contains three long open reading frames (ORFs), referred to as I a, I b, 
and 2 (Fig. I). ORF2, at the 3'-end, encodes a viral .structural protein(s) that is expressed 
from a subgenomic RNA (Lewis et at., 1994; Willcocks and Carter, 1993 ). ORF I a, the 
most 5' ORF, and ORF1b, the adjacent downstream ORF, encode motifs suggestive of 
nonstructural proteins such as a 3C-Iike serine protease and a viral RNA-dependent RNA 
polymerase (RDRP), respectively (Jacks and Varmus, 1985; Jiang et al., 1993; Lewis et 
al., 1994; Willcocks et al., 1994). 

Sequence analysis of human astrovirus serotypes I (Lewis et at. , 1994; Willcocks et 
al. , 1994), and 2 (Jiang et al., 1993) led to the hypothesis that the astrovirus RDRP is 
likely expressed by a (-I) ribosomal frameshift, a mechanism of regulation at the level of 
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Figure I. Astrovirus genomic organization. The key cis-acting elements of the astrovirus frameshift signal con
tained in the 70-nt overlap between ORFI a and ORFI b are shown in detail. 
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translation. ( -1) ribosomal frameshifting was first described for eukaryotes in 1985 as the 
means by which the Rous sarcoma virus pol gene is expressed (Jiang et a!., 1993; Lewis et 
a!., 1994; Willcocks et a!., 1994 ). Since then, ( -1) ribosomal frameshifting has been dem
onstrated for other viruses including several retroviruses as well as coronaviruses (infec
tious bronchitis virus and mouse hepatitis virus), and torovirus (Berne virus) (Bredenbeek 
et al., 1990; Brierley, 1995; Brierley et al., 1987; Jacks, 1990). There are two basic se
quence requirements for (-I) ribosomal frameshifting: a shifty heptamer with the consen
sus sequence X XXY YYZ, followed by a downstream RNA secondary structure in the 
form of a stem-loop or a more complex pseudoknot (Brierley, 1995; Jacks, 1990). 

(-I) ribosomal frameshifting was proposed as the mechanism for regulating the as
trovirus RDRP for the following reasons: I) the first potential start codon in ORF I b is lo
cated 455 nt into the ORF and is in a suboptimal context for initiation based on Kozak's 
rules, 2) the 70 nt astrovirus ORFla/lb overlap region contains the two cis-acting signals 
required for ribosomal frameshifting-a shifty heptamer with the sequence A AAA AAC 
(nt 2794-2800), followed 6 nt downstream by a stem-loop structure with a 14 nt GC-rich 
stem and I 0 nt loop (Fig. I), and 3) both the shifty hepatmer and stem-loop are completely 
conserved among astrovirus serotypes I, 2, and 5, the only serotypes sequenced in this re
gion (Lewis et al., 1994). 

Previous studies performed in uncoupled in vitro systems determined the efficiency 
of astrovirus ribosomal frameshifting to be 5-7%. This means that the ribosome shifts 
from the (0)-frame to the ( -l )-frame approximately once in every 17 times it encounters 
the frameshift signal (Lewis and Matsui, 1995; Marczinke et al., 1994 ). It was also dem
onstrated in these cell-free studies that the shifty heptamer and stem-loop are required to 
induce efficient frameshifting, but pseudoknot formation is not necessary (Marczinke et 
a!., 1994 ). The current studies were conducted in intact cells to determine whether addi
tional controls may affect the efficiency of astrovirus frameshifting and the requirement 
for a pseudoknot. 
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Figure 2. Strategy to examine astrovirus ribosomal frameshifting. 
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STRATEGY TO EVALUATE ASTROVIRUS RIBOSOMAL 
FRAME SHIFTING 

The astrovirus ribosomal frameshift signal was examined in a heterologous context 
by cloning cDNAs representing various regions of the astrovirus genome into a foreign 
gene, such that the amino-terminus of the foreign gene is translated in the (0)-frame and 
the carboxy-terminus in the (-I)-frame (Fig. 2) (Lewis and Matsui, 1995). We selected the 
gene that encodes the rhesus rotavirus (RRV) outer capsid spike protein, VP4, as the for
eign gene due to the availability of monoclonal antibodies (MAb) specific for both the 
amino- and carboxy-termini of VP4 (MAbs 7A12 and HS2 kindly provided by Dr. H.B. 
Greenberg). The MAbs were used to distinguish frameshifted from non-frameshifted as
trovirus-rotavirus chimeric proteins by radioimmunoprecipitation. This strategy was nec
essary since no serological reagents specific for astrovirus proteins encoded by ORFs Ia 
and I b are currently available. 

The VP4 gene and the VP4 gene containing an astrovirus insert were cloned into the 
pTM I vector (kindly provided by Dr. B. Moss). A T7 promoter and terminator as well as a 
picornavirus internal ribosome entry site (IRES) that eliminates the need for an mRNA 
cap are incorporated into this vector (Moss et a!., 1990). The heterologous astrovirus-rota
virus frameshift constructs A and B contain an astrovirus insert of 367 nt and 191 nt, re
spectively. Both constructs include the shifty heptamer, stem-loop, and downstream 
sequences potentially involved in pseudoknot formation (Fig. 2). The astrovirus insert in 
construct C ( 179 nt) contains the shifty heptamer and stem-loop domain, without the 
downstream potential pseudoknot sequence. In construct Cm, the 37 nt astrovirus insert is 
limited to sequence from the shifty heptamer through the stem-loop. The 313 nt insert in 
construct D contains the stem-loop and the downstream potential pseudoknot forming re
gion, but the shifty heptamer is deleted. 

The astrovirus frameshift constructs (A, B, Cm, and D) and the VP4 construct with 
no insert were expressed in either an uncoupled or coupled transcription-translation cell
free system, as well as in cell culture using an infection-transfection transient expression 
assay. The lysates were immunoprecipitated with MAbs specific for either the amino ter
minus (7 A 12) or carboxy terminus (HS2) of VP4. Thus if translation of the astrovirus-ro
tavirus construct terminates at the astrovirus (0)-frame stop codon, MAb 7 A 12 
immunoprecipitates a ca. 40 kDa truncated protein that contains the amino terminus of 
VP4. If a ( -1) ribosomal frameshift occurs, a chimeric protein of ca. 100 kDa is produced 
and its amino- and carboxy-termini are detected by MAbs 7A12 and HS2, respectively. 
The efficiency of frameshifting was based on Phosphorimager (Molecular Dynamics) 
analysis of immunoprecipitation of radio labeled translation products and calculated as the 
ratio of radioactive counts in the frameshifted protein to total counts in both the fra
meshifted and nonframeshifted protein. 

INFECTION-TRANSFECTION TRANSIENT EXPRESSION ASSAY 

To evaluate the efficiency of astrovirus frameshifting in intact cells, we used the het
erologous astrovirus-rotavirus constructs in an infection-transfection transient expression 
assay (Elroy-Stein eta!., 1989). Baby hamster kidney cells (BHK-21) were infected with a 
recombinant vaccinia virus (vTF3-7) that expresses T7 RNA polymerase. The infected 
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Figure 3. lmmunoprecipitations with MAb 7 A 12, specific for the amino-terminus of VP4. lmmunoprecipitated 
lysates from cells mock transfected (-)or transfected with the astrovirus frameshift constructs (A, B, C, Cm, and 
D) as well as VP4 with no insert (RV) are shown. 

cells were subsequently mock-transfected, or transfected with the astrovirus frameshift 
constructs or VP4 containing no insert. 

Cell lysates were immunoprecipitated with the amino-terminal-specific MAb 7Al2 
(Fig. 3 ). For all the astrovirus frameshift constructs, a ca. 40 kDa truncated nonfra
meshifted protein was detected when translation stopped at the (0)-frame termination co
don. In addition, a ca. 100 kDa astrovirus-rotavirus chimeric frameshifted protein was 
immunoprecipitated with MAb 7 A 12 from the lysates of cells transfected with constructs 
A. B. C, and Cm indicating that a ( -1) ribosomal frameshift had occurred. Of note, only 
the ca. 40 kDa nonframeshifted protein was detected in 1ysates from cells transfected with 
construct D. No proteins were immunoprecipitated in 1ysates from mock-transfected cells. 
When the carboxy-terminal-specific MAb HS2 was used for immunoprecipitation, a ca. 
I 00 kDa frameshifted protein was detected in the lysates from cells transfected with con
structs A, B, C, and Cm, thus verifying the carboxy-terminus as VP4 (Fig. 4). No protein 
was detected in the lysates from mock-transfected cells or cells transfected with construct 
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Figure 4. lmmunoprecipitations with MAb HS2, specific for the carboxy-terminus of VP4. lmmunoprecipitated 
lysates from cells mock transfected (-) or transfected with the astrovirus frameshift constructs (A, B. C, Cm, and 
D) as well as VP4 with no insert (RV) are shown. 
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D, indicating the shifty heptamer is required for efficient astrovirus ribosomal frameshift
ing in intact cells. Both the amino- and carboxy-terminal-specific MAbs immunoprecipi
tated the 87 kDa VP4 protein from cells transfected with the VP4 construct lacking an 
astrovirus insert. These findings corroborate the observations of prior studies of astrovirus 
ribosomal frameshifting in cell-free systems (Lewis and Matsui, 1995; Marczinke et al., 
1994 ). 

The efficiency of (-I) ribosomal frameshifting induced by the astrovirus-rotavirus 
heterologous constructs A, B, C, and Cm, was calculated to be 25-28%. Since Cm con
tains only the shifty heptamer and the stem-loop (37 nt ofastrovirus sequence), the poten
tial downstream pseudoknot-forming sequences, as well as regions distal to the stem-loop, 
are not required for frameshifting in intact cells. A pseudoknot structure is also not re
quired for (-I) ribosomal frameshifting in at least two retroviruses, HIV -I and HTL V-II 
(Falk et al., 1993; Parkin et al., 1992; Reil et al., 1993; Wilson et al., 1988). 

The level of frameshifting induced by the astrovirus frameshift constructs in intact 
cells is four- to five-times higher than reported previously from uncoupled cell-free stud
ies for astrovirus (Lewis and Matsui, 1995; Marczinke et al., 1994). This increase in the 
efficiency of frameshifting in intact cells when compared to uncoupled cell-free systems 
has not been demonstrated in other viruses that use a (-I) ribosomal frameshift to regulate 
synthesis of the viral polymerase gene. For the avian corona virus, infectious bronchitis vi
rus, and the torovirus, Berne virus, the level of frameshifting found in cells was identical 
to that determined in an uncoupled cell-free system (Brierley et al., 1989; Snijder et al., 
1990), whereas for HIV -I, the efficiency of frameshifting was slightly lower in cells 
(Parkin et al., 1992; Reil et al., 1993; Wilson et al., 1988). Since the level of astrovirus 
frameshifting is markedly increased in the infection-transfection system, constructs A and 
Cm were examined in an uncoupled cell-free system to determine if any features of the 
pTM I vector have an effect on the level of frameshifting. The efficiency of frameshifting 
for constructs A and Cm was 4-5% (data not shown), comparable to the 5-7% reported 
previously (Lewis and Matsui, 1995; Marczinke et al., 1994 ). This result indicates that the 
pTM I vector does not have an effect on frameshifting efficiency and that other factors 
may be contributory. 

COUPLED TRANSCRIPTION AND TRANSLATION IN A 
CELL-FREE ASSAY 

The coupling of transcription and translation in the infection-transfection transient 
expression system may be a factor that influences the efficiency of ribosomal frameshift
ing. To examine this possibility, constructs A and Cm were tested in a coupled cell-free 
system (data not shown). The efficiency of frameshifting was 15-16%, approximately 
three-fold higher than that found in the uncoupled cell-free system but still less than the 
25-28% observed in intact cells. The mechanism by which the coupling of transcription 
and translation affects frameshifting is not known but may more closely reflect conditions 
in the cytoplasm during replication of an RNA virus such as astrovirus. 

The coupling of transcription and translation can only partially explain the higher level 
of frameshifting observed in the infection-transfection system. Other variables that exist be
tween the cell-free and cell culture studies may also have an effect. For example, the tempera
ture at which the assays were performed varies between the cell-free studies (30°C) and in the 
infection-transfection system (37°C). The temperature difference may influence the efficiency 
of ribosomal frameshifting by affecting subtle RNA interactions. Another variable may be 
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that certain trans-acting factors, provided by the host BHK-21 cells or the virus, are involved 
in frameshifting. However, such cellular or viral trans-acting factors have not been identified 
for any frameshift system to date. Finally, the recombinant vaccinia virus probably does not 
enhance or diminish the efficiency of ribosomal frameshifting. In studies of Berne virus using 
a similar infection-transfection system the level of frameshifting in both the uncoupled cell
free assay and the cell culture system, was identical (Snijder et al., 1990). 

CONCLUSIONS 

We demonstrated a four- to five-fold increase in the level of astrovirus frameshifting 
in intact cells using a vaccinia virus infection-transfection assay, compared to uncoupled 
cell-free systems (Lewis and Matsui, 1995; Marczinke et al., 1994). This finding has not 
been described for any other viral frameshift system. The increased level of frameshifting 
in intact cells may have important implications regarding the viral replication cycle, in
cluding viral protein synthesis and processing, as well as viral pathogenesis in vivo. De
tailed analysis of ribosomal frameshifting in astrovirus-infected cells awaits the 
development of astrovirus-specific reagents. Until such reagents become available, the in
fection-transfection transient expression assay appears to be a promising system for study
ing astrovirus frameshifting in cell culture. 
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