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I NTRODUCT I ON 

Frog virus 3 (FV 3), the amphibian virus the most extensively analyzed 
belongs to the family Iridoviridae. The study of the multiplication cy
cle of this virus, isolated by Granoff et al (1966), has revealed seve
ral original features such as i) the replication occurs in the nucleus 
and the cytoplasm of the host cell, ii) the RNA polymerase II is requi
red for immediate early transcription, iii) a structural protein is 
necessary as transacting factor (for review, Willis et al, 1985) iv) 
the virus or structural proteins are highly toxic for cells or animals 
(Kirn, 1970; Aubertin et al, 1973; 1976 ;Drillien et al, 1977). As 
expected for a virus with a large genome, its expression is regulated 
at several levels and in this paper, attention will be focused on the 
control of translation and the mechanisms will be discussed. 

INHIBITION OF HOST PROTEIN SYNTHESIS 

Studies of FV 3 effects on cellular protein synthesis have revealed the 
rapid decrease which follows FV 3 infection. 
The first experiments carried out either with inactivated virus parti
cles or under non permissive or restrictive conditions for virus gene 
expression have shown that the inhibition takes place independently of 
virus multiplication. 
The overall results can be summarized as follows: i) the inhibition is 
dependent on the multiplicity of infection ii) cellular mRNAs are not 
degraded but polyribosomes disaggregate iii) the rate of chain elon
gation remains unaffected (Elharrar and Kirn, 1977 ; Guir et al, 1970 ; 

Raghow and Granoff, 1979 ; Zylber-Katz and Weisman, 1975). 
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In fact, proteins solubilized from the virions are sufficient to impair 

the cell translational machinery. The inhibition of protein synthesis 

persists in extracts of cells preincubated with the viral proteins and 

by reconstitution experiments, it was shown that, in these extracts, 
the ribosomal fraction (the ribosomes plus the factors associated with 

them) is defective. Moreover the inhibition can be reproduced by addi

tion of viral proteins to an in vitro translation system, indicating 
that some virus structural proteins may block the translational machi

nery by a direct interaction with one of its components (Cordier et al, 
1981). 

There is no evidence that this inhibition is a necessary step in the 
course of infection to diminish the competition between viral and host 
messages and to facilitate the translation of the former. 

SEQUENTIAL SYNTHESIS OF VIRAL PROTEINS 

Soon after infection, polypeptides, displaying different electrophore

tic mobilities or different rates of synthesis are produced those 
species were assumed to be virus encoded. The general scheme accepted 

for the viral genome to be fully expressed is that it takes place in 

three phases. The classification of the viral polypeptides was based 

either on the time of maximum synthesis (Goorha and Granoff, 1974; 
Willis et al, 1977) or on the time of appearance when a clear sequen

tial induction was noticed (Elliott and Kelly, 1980; Cordier et al, 

1986). 
An illustration of this expression in cascade observed in CHO infected 

cells is given in Fig. 1. 
First immediate early proteins are synthesized right at the beginning 

of infection (pp42K, 16K), then delayed early proteins after 1 h (pp 
90K, 31K) and by 3-4 h late species (pp 48K, 70K, 56K). The cascade may 
even be more complex as by using restrictive growth conditions, either 

supraoptimal temperature or different aminoacids analogs, the number of 
delayed early proteins synthesized was not identical indicating that 

more than a single event is probably necessary for inducing this class 

of molecules (Cordier et al, 1986). Comparison of the synthesis at 29° 
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and 37° shows that once delayed early genes are expressed, the shut off 

of host mRNA translation is complete while at 37°, the synthesis of 
cellular proteins is not totally abolished. 
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Figure 1 Fluorogram of FV 3 infected CHO cell polypeptides synthesi
zed at optimal (29°, samples A) and supraoptimal (37°, sam
§Ses B) temperatures. Proteins were labeled for 30 min with 

5 methionine at the time indicated. Identical fractions of 
cell lysate were analyzed by electrophoresis on a 5D5-poly
acrylamide (12.5 %) gel.C, uninfected cells. Molecular 
weights are indicated in kilodaltons. 

The primary step in the regulation of viral polypeptide synthesis is at 
the level of transcription. The transcription of the immediate early 
messages takes place in the absence of protein synthesis (Willis and 
Granoff, 1978; Lopez et al, 1986). Upon removal of the inhibitor of 
protein synthesis, the appearance of delayed early polypeptides is de
pendent on the presence of functional immediate early proteins and 
transcription of delayed early genes (Elliott and Kelly, 1980). To pro
duce the late proteins, functional early polypeptides and additional 
transcription are necessary. Furthermore, DNA replication has certainly 
an influence on late viral protein synthesis but it is not clear whe-
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ther it has only an effect on the quantity (Goorha et al, 1981 ; Martin 
et al, 1981) or is necessary for late protein synthesis (Elliott and 
Kelly, 1980; Chinchar and Granoff, 1984). There is no definite expla
nation for these differences but they more likely reflect a variability 
in the requirement for the transcription of late genes not for the 
translation of late message per se. 
Nevertheless, evidence for a translational control of the different 
classes of RNA molecules have been presented. 
Although the transcription of immediate early and delayed early genes 
continues concomitantly with that of late genes, their translation 
products are not any more detected, suggesting that a post transcrip
tional event may be responsible for this shut off (Goorha et al, 1979). 
Indirect evidence for a participation of viral proteins in these con
trols have been obtained by using either amino acid analogs to impair 
their biological activities or inhibitors of protein synthesis added at 
different time of infection. 
On the other hand, it appears that late mRNAs are poorly translated in 
vitro; a factor present only in infected cells is necessary for an 
efficient translation of these species (Raghow and Granoff, 1983) whe
ther some RNAs are totally dependent on viral factors to be translated 
is not excluded as late transcripts can be detected by nothern blot 
analysis while when added to a cell free translation system, no trans
lation products can be obtained (Tondre et al, 1988). 

FUNCTIONAL DOMAINS IN mRNAs 

Our recent studies on the organization of the viral genome and trans
criptional mapping have elicited two facts which may be related to the 
regulation of the translation of FV 3 messages (Mesnard et al, 1988). 
First, by northern blot analysis, the transcripts of two immediate 
early genes (p46 located in Sal IF and p42B located in Hind IIIF) were 
found to have slightly different sizes at the beginning and at late 
time of infection. The determination of the extremities of the molecu
les by Sl mapping, has shown that only the 5' ends were modified. While 
these immediate early transcripts were efficiently translated in a 
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reticulocyte lysate, no translation products of the late transcripts 
could be revealed. This suggests that, in these cases, the modified 
leader regions impair the message activity of the transcripts. 
Second, transcripts complementary to the 5' end of the immediate early 
message encoded by gene p42 (located in Sal IF) are synthesized at late 
time of infection. Although these late transcripts may serve as messa
ges (sequence data show that there is an ORF in this region), they are 
produced in larger amount than those transcribed from the immediate 
early strand. So, one would expect if a hybrid is formed between these 
two molecules, that the expression of the immediate early gene can be 
greatly diminished if not abolished. 
Thus, these observations point to a control of immediate early gene ex
pression which could take place, for the genes analyzed, via a modifi
cation of the transcription pattern. 

Several genes have now been sequenced and the 5' end of the transcripts 
localized by nuclease mapping. Does the examination of the sequence da
ta reveal differences which could be linked to the translational con
trol of the messages? According to the scanning hypothesis, the 405 
ribosomal subunit proceeds from the 5' terminal cap structure and ini
tiates translation a the first AUG codon encountered; if the flanking 
sequences around the AUG codon are not ideal (consensus sequence 
ACCAUGG), the ribosome will migrate downstream to the next AUG and will 
initiate there (Kozak, 1981). Do we find variations in the leader re
gion which may influence this initiation step? Differences in the 
internal methylation of the three classes of FV 3 messages were repor
ted but all have the cap structure (Raghow and Granoff, 1979). For the 
four immediate early mRNAs, the open reading frame starts at the first 
AUG codon. The flanking sequences established for FV 3 messages are 
given in Fig 2. An A (the most usual case) occurs three residues before 
the AUG codon and G or A follows it (except for P18). In most cases the 
sequence is optimal with respect to the nucleotides in position - 3 and 

+ 4, but not for the two late mRNAs. 
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LEADER 
GENE A/GCCATGG LENGTH 

>-
-' ATCATGG 146 a: P 46 c - - - - - -
'" 
'" P 42 AACATGG 32 ... - - - - -
c 

ACAATGA 42 0 P 42 B 

'" 2 P 18 ACAATGC 19 
! 

P 70 GACATGT 16 

P 48 GAAATGT 10 

'" 
CTTATGA 64 

... .. GCAATGT 84 -' 

AAGATGT , 73 

Figure 2 Comparison of the sequences around the codon which starts 
the ORF or the ATG codons located upstream, to the consensus 
sequence. The position of the ATG codons versus the 5' end 
is given in the right column (published sequences: P18, 
Willis et al 1984 ; P42 = ICR 489, Beckman et al, 1988). 

In the case of the P48 late message which encodes the major capsid 
protein (48Kda or 55Kda depending on publications), an ORF begins with 
the fourth AUG (calculated protein, 44Kda) but a small ORF starts with 
the first AUG (coding capacity, 16 Kda) and overlaps the long ORF. Can 
ribosomal frameshifting be excluded? Signals recognized at the frame
shifting sites have been reported for retroviruses (Jacks et al, 1987) 
and coronaviruses (Brierley et al, 1987). A combination of these ele
ments, a sequence TTTA preceding a moderately stable (.6.G: - 14.8 
Kcal/mole) stem loop are located upstream the stop codon TGA of the 
first ORF. Whether this signal is used to produce ribosome slipping 
from the small ORF into the - 1 frame (the long ORF) has not to been 
investigated. However frameshifting would be an inefficient mechanism 
to generate the most abundant protein at late time of infection, except 
if a factor favors the event. The other mechanisms, internal initiation 
at the 4th AUG or scanning through the leader to the 4th AUG codon can
not be rejected, both may require a viral protein for a proper initia

tion. 
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Secondary structure in the messages, particularly in the leader region, 
may have various effect. Although, theoretically, a structure may ser
ve to determine which AUG will initiate translation, the most documen
ted effect for such structures is a decrease in the translational effi-
ciency. One 
late messages. 
40S ribosomal 
Nevertheless, 

or several inverted repeats are found in the 5' region of 
However the hairpins never exced - 25 Kcal/mole and the 

subunits may be able to melt such a secondary structure. 
in vivo, the ionic environment (concentration of monova-

lent ions is increased at late time of infection, unpublished data) or 
the interaction with a factor could stabilize the structure. 
An other domain of the mRNAs which has to be considered is the 3' ter
minus. The untranslated region is never long (40-100 nucleotides). The 
most characteristic feature is the hyphenated dyad symmetry which pre
cedes the 3'end, recalling the structure present at the end of proka
ryotic messages. By analogy, we have suggested that this structure may 
be a signal for transcription termination. However, FV 3 messages lack 
poly A at 3'end (Willis and Granoff, 1976), and the inverted repeat may 
allow an intramolecular pairing which could protect the RNA from an 
exonucleolytic attack. The stability of the hairpin varies for the dif
ferent mRNA species (~G = - 10.6 to - 28.6 Kcal/mole), but the less 
stable structures are not found for a given class of molecules. One may 
wonder whether the differences are a reflect of the half life of the 
messages or not. 
The available data allow some speculation on the eventual involvement 
of certain sequences in the control of gene expression and particularly 
of translation. The number of genes sequenced is limited (6) and addi
tional informations are awaited in order to extend the comparison and 
to design experiments probing the mechanism of translational control. 
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