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Mutations in the hydrophobic domain of poliovirus protein 3AB abrogate
its permeabilizing activity
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Abstract Poliovirus protein 3AB contains a predicted amphipa-
thic helix that could lead to pore formation in membranes. We
have introduced various mutations in the hydrophobic domain of
the protein and the membrane-modifying properties of the result-
ing mutants have been analyzed. Expression of wild type 3AB
protein in E. coli increases the influx and efflux of different
molecules such as nucleosides, lactose analogues and antibiotics.
Thus, 3AB expression makes E. coli cells two orders of magnitude
more sensitive to hygromycin B, a non-permeant inhibitor of
translation, and causes a 15-20-fold enhancement in the efflux of
uridine. Changes in membrane permeability take place under
conditions where no cellular lysis is detected and when other
molecules such as P-galactosidase or polyribonucleotides are
kept inside the cell. These membrane modifications can be
blocked to different extents by amino acid substitutions in the
membrane-spanning region of the protein. These results suggest
that poliovirus protein 3AB could possess an intrinsic ability to
form pores in natural membranes, thus allowing the flux of small
hydrophylic molecules through them.
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1. Introduction

Cytolytic animal viruses induce profound modifications in
the morphology, as well as in the metabolism of infected cells
[1]. The molecular basis of these changes, collectively referred
to as the cytopathic effect, remains largely undetermined. Polio-
virus, a member of the picornavirus group, is highly cytolytic
for host cells [2]. Growth of poliovirus in susceptible cells leads
to drastic changes in membrane permeability [3-5]. In sum-
mary, the progressive membrane damage induces a collapse of
the ionic gradients and loss of membrane potential in polio-
virus-infected cells {6]. Not only ions, but also other charged
molecules traverse the cell membrane from about the third hour
after infection {1,7]. The phenomenology of these changes are
similar to those observed with membrane-active toxins [8-9], or
ionophore compounds [10-11], and may reflect the action of a
viral protein with pore-forming activity, the so-called ‘viro-
porins’ or proteins with membrane damaging properties [6].
Despite the importance of characterizing the viral products
involved in cell lysis and their mode of action, no genetic anal-
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yses are available mapping this property, either in picor-
naviruses, or any other animal virus [1,12].

Human immunodeficiency virus (HIV) is perhaps the virus
for which the elucidation of viral proteins toxic for the infected
cells is most advanced [13-14]. The mechanisms underlying
HIV cytopathicity are thought to be related to the modification
of membrane permeability [14-16]. Similarities between some
HIV peptides and membrane-active toxins have already been
noticed, and some of these HIV peptides possess a lytic activity
in both prokaryotic and eukaryotic cells [14,17]. The transmem-
brane domain of gp41 is involved in virus-induced cytopatho-
genicity [13,18]. This region of the glycoprotein may form an
amphipathic helix that could theoretically aggregate to form a
membrane pore [19].

Another viral protein with capacity to modify membrane
permeability is influenza M2 polypeptide [20]. Elegant analyses
with influenza M2 indicate that this protein has ion-channel
activity, although this property has not been linked to the virus
lytic potential.

The cloning and individual expression of poliovirus non-
structural proteins in E. coli led to the identification of two
toxic polypeptides, namely 2B and 3A/3AB [21]. Induction of
synthesis of any of these polypeptides permeabilized prokar-
yotic cells, whereas none of the other poliovirus non-structural
products presented this effect [21]. Polypeptide 3A, or its pre-
cursor 3AB, are known to interact with cellular membranes in
infected human cells [22-23). In addition, 3A possesses a hydro-
phobic stretch of amino acids (aa 59-80), that may form an
amphipathic helix as predicted by computer analysis [5).

The fact that 3A (and 3AB) was highly toxic for E. coli cells
was interpreted as reflecting the intrinsic lytic potential of this
protein [21]. However, we did not discount the possibility that
the simple accumulation of a protein with affinity for mem-
branes leads to an unspecific disagregation of the lipid bilayer.
In contrast with this idea the possibility existed that 3A was a
membrane protein involved in cell lysis and this pore-forming
capacity was dependent on its structure [5,21]. Since mem-
brane-active proteins act on all types of cells, irrespective of
whether they are eukaryotic or prokaryotic [24], the expression
and analysis of their mode of action in E. coli cells constitutes
a powerful model system for this type of studies. Thus, we have
carried out a mutagenesis study on the 3AB gene with the
purpose of analyzing its effect on membrane function. Our
results indicate that the modification of membrane permeability
is an intrinsic characteristic of protein 3AB.

2. Materials and methods

2.1. Bacterial strains and plasmids
Cloning and expression of the 3AB gene was carried out in
BL21(DE3) cells [25]. All 3AB genes were cloned into plasmid pET11B.
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This plasmid has a /ac operator downstream of the T7 promoter to
control the basal level of expression [26]. After addition of IPTG,
cellular RNA and protein synthesis can be blocked by rifampicin with-
out affecting expression of the recombinant gene. Some of the experi-
ments were carried out with bacteria BL21(DE3)pLysS. These bacteria
contain a plasmid conferring chloramphenicol resistance and also en-
coding for T7 lysozyme which is a natural inhibitor of the T7 RNA
polymerase.

2.2. Construction of poliovirus 34 B mutants

Cloning and expression of the wild type 3AB gene in pET11B (plas-
mid pT7lac3AB) has been described before [27]. This vector expresses
the genuine 3AB poliovirus protein plus an additional methionine at the
N-terminus. Amino acid substitutions at positions 62 and 75-76 of the
3AB gene were carried out according to the method of Higuchi et al.
[28]. Firstly, two DNA fragments were synthesized by PCR amplifica-
tion (PCR A, and A,). These fragments hybridize to each other in a
region of 10-12 nt and already contain the desired mutation. These
DNA fragments were gel-purified and, after reannealing, were used as
template for a second PCR amplification (PCR B). PCR A, was made
by using oligonucleotides 5’-3A [29] and the corresponding A, oligonu-
cleotide. Oligonucleotide 3’-3B {29] and the corresponding A, oligonu-
cleotide, were used for PCRA,. PCR A, and A, were carried out using
as template pT7lac3AB-HindIII digested DNA. PCR B was carried out
with oligonucleotides 5’-3A and 3’-3B. The sequences of oligonucleo-
tides A, and A, are:Oligo A, Lys®, ACC GCT TGA AGC TTT GTC
ATT GCC GC; Oligo A, Lys®, AAT GAC AAA GCT TCA AGC GGT
GAC A; Oligo A, Glu”/Phe” ATG ACA TAG AAT TCT CCA GCC
ACT G; Oligo A, Glu™/Phe™, GTG GCT GGA GAA TTC TAT GTC
ATG T.

After PCR B, amplified fragments were digested with Ndel and Bc/l
and ligated to pET11B digested with Ndel and BamHI. PCR reaction
conditions were: 50 mM KCl, 1.5 mM MgCl,, 0.01% gelatin (w/v), 10
mM Tris-HCI, pH 8.0, containing 200 uM each dNTP, 1-4 pg/ml of
template DNA, 0.5 uM of each primer and 0.05 units/ml of Taq DNA
polymerase. Reactions A, and A, were done for 20 cycles (1 min at 94°,
1 min at 37° and 1 min at 72°, last cycle 10 min at 72°). PCR B took
place for 17 cycles (first 5 cycles as shown above and the last 12 cycles
were | min at 94°, 45 s at 50° and 1 min at 72°, last cycle 10 min at
72°). Amino acid substitution at position 97 (lysine to arginine) was
made by PCR amplification with oligonucleotides 5-3A and 3’-3B,
using pT7-VPgl5 as template DNA [30]. Construction of His” and
Phe®® mutants will be described elsewhere. In all cases, the 3AB genes
were completely sequenced by the dideoxy method (Sequenase, U.S.
Biochemical Corp.).

2.3. Permeability changes

Changes in permeability to hygromycin B, lysozyme, ONPG (o-
nitrophenyl-§-p-galactopyranoside) and uridine were assayed as de-
scribed before [21] with the following changes. For measuring ONPG
entry, E. coli cells were induced with 1 mM IPTG alone. The reaction
took place for 15 min at 30°C. Data (absorbance at 420 nm) were
normalized to the total B-galactosidase activity found in every 3AB
mutant. To estimate the inhibitory effect of hygromycin B, cells were
induced in M9 medium with 1 mM IPTG. Thirty min later, rifampicin
(150 ug/ml) was added. Hygromycin B (2 mM) was added 35 min after
induction. One hour after IPTG addition, cells were labeled with
[*S]methionine and extracts were submitted to SDS-PAGE as de-
scribed before [21]. Permeabilization to intracellular T7 lysozyme was
evaluated by estimating the cell lysis induced after exit of the bacteri-
olytic enzyme from the cytoplasm to the periplasmic space. To this end,
BL21(DE3) pLysS cells were induced with 1 mM IPTG and rifampicin
150 ug/ml, was added after 30 min of induction. The decrease in absorb-
ance at 660 nm was used to estimate cell lysis.

2.4. Membrane association of 34 B mutants

Cells were induced with 1 mM IPTG and rifampicin, 150 zg/ml, was
added after 20 min of induction. Recombinant proteins were labeled
with [**S}methionine (1 £Ci/ml) from 35 to 60 min post-induction. Cells
were washed twice with 50 mM Tris-HCl, pH 7.6, 100 mM NacCl.
Approximately, 20 ml of initial culture were resuspended in 0.5 ml of
buffer A (50 mM Tris-HCI, pH 7.6, 100 mM NaCl, 1 mM EDTA,
I mM DTT, 1| mM PMSF, 5% glycerol). Cells were lysed at 4°C with
a sonicator (three bursts at 18 microns) and membrane-bound proteins
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were sedimented by ultracentrifugation (100,000 X g for 30 min). Equiv-
alent amounts of soluble (S phase) and insoluble (P phase) proteins
were analyzed by SDS-PAGE. To study the effect of chaotropic agents
the initial pellet was resuspended in buffer A plus either 5 M guanidine
or 8 M urea and kept at 4°C for 60 min. Soluble protein after
100,000 x g centrifugation was measured by estimating the soluble radi-
oactivity.

3. Results

3.1. Characteristics of poliovirus 3AB protein and description of
the mutants generated

Poliovirus polypeptide 3AB is the precursor of the genome-
bound VPg protein (3B = VPg) and the 3A protein. The 3A
moiety is a basic protein that contains a hydrophobic stretch
of amino acids between positions 59-80 (Fig. 1). The Kyte and
Doolittle (KD) hydrophobicity plot indicates that this protein
domain might interact with membranes. Computer analyses of
this 3A domain suggest that it may adopt an amphipathic
a-helix conformation. Thus, the protein could be interacting
with the lipids of the membrane by one side of this a-helix,
whereas the hydrophilic surface may face the cytoplasm or
form part of the lumen of a membrane pore. If either 3AB
protein, or its cleavage product 3A, had pore-forming activity,
this function might be abolished by abrogating the interaction
of the polypeptide with cellular membranes. Therefore, we de-
cided to mutagenize this hydrophobic region in order to desta-
bilize the association of 3AB with membranes. Charged amino
acids were introduced at positions 62 (isoleucine to lysine),
75-76 (valine to glutamic acid, valine to phenylalanine) and 77
(tyrosine to histidine) of the 3AB gene. As controls, two muta-
tions in the VPg moiety were used. Replacement of tyrosine by
phenylalanine at position 90 has been shown to produce non-
functional viruses, probably due to the inability of the VPg
protein to be nucleotidylated [30]. Amino acid subtitution at
position 97 (lysine to arginine) gives rise to a virus with a
growth rate indistinguisable from the wild type poliovirus !
Mahoney strain [30]. All the 3AB mutants depicted in Fig. 1
were cloned in pET1lb vectors [31] and expressed in
BL21(DE3) E. coli cells.

3.2. Expression of 3AB mutants in E. coli cells

Expression of the 3AB proteins mutated in the hydrophobic
region follows a different pattern as compared to wild type one,
since they are synthesized at higher levels over longer periods
of time (Fig. 2A). Thus, the total amount of Glu’>/Phe’ and
Lys* mutant proteins after 2 h of induction was over 10-fold
higher than in wild type bacteria. These results suggest that the
simple over-expression and accumulation of 3AB in E. coli cells
is not necessarily toxic.

The same mutants were also cloned and expressed in BL21
(DE3)pLysS E. coli cells. Fig. 2A (lower panel) shows that the
expression of wild type 3AB in this system is only observed
during the early times of induction, whereas the expression of
the mutants in 3A continues even after three hours, further
corroborating the idea that these mutant 3AB proteins are not
toxic for E. coli cells. Amino acid substitutions in 3B do not
cause any difference in the level of synthesis of the recombinant
proteins. The conclusion from these findings is that a single
amino acid substitution in the hydrophobic domain drastically
affects the levels of gene expression in this system. The mech-
anism by which these mutations modulate expression is
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Fig. 1. Schematic representation of the 3AB poliovirus protein. The KD hydrophobicity plot [48] of the 3AB poliovirus protein (poliovirus type 1,
Mahoney Strain) is depicted. The wild type amino acid sequence of 3AB around the highly hydrophobic region is represented. The predicted
transmembrane domain (hydrophobic region from amino acids 59-80) and the glutamine/glycine cleavage site located between the 3A and 3B proteins
are shown with bold characters. Amino acid subtitutions in the mutants used in this work are also depicted.

unknown, but must rely on intrinsic activities of the viral pro-
tein that are abolished by modifications of the hydrophobic
domain.

3.3. Lytic properties of 3AB mutants

The expression of poliovirus 3AB in BL21(DE3) pLysS cells
induces rapid lysis of E. coli as determined by a drastic drop
in the absorbance at 660 nm (A4) of induced cultures (Fig.
3A). This reduction is not observed with cells that express the
different 3A mutants, whereas mutations in 3B has no effect on
the lytic activity of the protein. Mutation at position 62 (Ile to
Lys) confers some reduction in the lytic potential of 3AB, but
changing the two valines at positions 75 and 76 to Glu and Phe
respectively, completely suppresses the lytic activity of 3AB.

3.4. Permeabilizing effects of 34 B mutants

To directly measure membrane permeability changes in cells
synthesizing the different 3AB proteins, we first tested the entry
of ONPG into cells. Note that experiments shown in Fig. 3B
and 3C were done with BL21(DE3) cells. These cells do not
contain T7 lysozyme and therefore, no cell-wall degradation
and the concomitant lysis is expected after expression of wild
type 3AB. When 3AB was synthesized, cells showed a 3-fold
increase in the entry of ONPG compared to control cells (Fig.
3B), despite the fact that the lac permease can greatly concen-
trate ONPG in the cytoplasm of E. coli [32]. This increase does
not appear in either Glu”>/Phe’® or His”’ mutants and takes
place to an intermediate extent when Lys®> mutant protein is
expressed.

In the experiment shown in Fig. 3C, cells were loaded with
radioactive uridine and the radioactivity released to the

medium was measured. An estimation from this experiment
shows that uridine leaks out from E. coli cells expressing wild
type 3AB protein, 15-20 times faster than in either control, or
Glu’*/Phe’™ mutant-expressing cells. Mutants His”’ and Lys®
showed a faster leakage of uridine above control bacteria, but
still much slower than the efflux measured from wild type
bacteria. The released uridine was not TCA-precipitable (Re-
sults not shown), suggesting that radioactivity comes from the
cellular pool of free-uridine, rather than from the one incorpo-
rated in RNA molecules. In addition, the exit of S-galactosidase
activity was measured in parallel with the experiment shown in
Fig 3C. Release of S-galactosidase at zero time was 1% of the
total activity, and kept constant until 3 hours of induction
(Data not shown). These results suggest that no detectable lysis
takes place during the experiment, at least to account for the
release of uridine observed (about 20% after 2 hours of induc-
tion). Therefore, by the time uridine is rapidly leaking out from
cells, membrane integrity is still good enough to keep large
macromolecules such as §-galactosidase or polyribonucleotides
inside the cell. This fact suggests that the observed fluxes are
taking place through discrete units (e.g. pores), that allow the
passage of some molecules, but not others.

Hygromycin B has been one of the most utilized ‘non-per-
meant inhibitors’ [33]. Fig. 4 shows that translation in E. coli
cells that express 3AB is completely inhibited by this aminogly-
coside antibiotic, an effect that is not observed in control cells
that do not express any protein [21]. Entry of hygromycin B
into cells that express the different 3AB mutants occurs at
different extents, depending on the degree of membrane perme-
abilization caused by the protein. Thus, mutant Glu’>/Phe’® is
almost unable to permeabilize cells to hygromycin B (15% inhi-



J. Lama, L. Carrasco! FEBS Letters 367 (1995) 5-11

A

3AB—[

BL21 (DE3) CELLS

BL21 (DE3) plysS CELLS

Glu75 ,
WILD TYPE Phe76 Lys62 Arg97 Phe90  His77
Time (h) 1 3 123123 1231231723

I

0 min 120 min

Fig. 2. Expression of wild type and mutant 3AB proteins. Panel A: BL21(DE3) cells (upper panel) or BL21(DE3)pLysS cells (lower panel) containing
pT7lac3AB plasmids encoding different 3AB mutants, were induced and labeled with [*Slmethionine at different times post-induction. Synthesized
proteins were analyzed by SDS-PAGE in a 20% acrylamide gel. Gels were then submitted to fluorography. When pLysS cells were used, 150 yg/ml
rifampicin were added after 30 min of induction. Panel B: total protein synthesis was analyzed by coomassie blue staining of polyacrylamide gels.
BL21(DE3) cells were induced and lysed before (0 min) or 120 min after IPTG addition. Arrows mark the position of recombinant proteins.

bition; compare lanes | to 2, Fig. 4). Even though cells that
express the Lys®> mutant are more sensitive to hygromycin
(80% inhibition; see lanes 7 and 8), a precise estimation indi-
cated that mutant Lys® was still about 100 times more resistant
to hygromycin B inhibition, than bacteria expressing wild type
protein (Data not shown).

3.5. Association of 3AB with membranes

To further understand the loss of pore-forming activity in
some of the 3AB mutants, the association of these proteins with
cellular membranes was analyzed. Wild type 3AB protein accu-
mulated in the insoluble fraction (Fig. 5A) and no soluble
protein was detected in the soluble phase, even after longer
exposures of the gel (Results not shown). Nevertheless, a small
fraction of the 3A mutant proteins remained soluble after
100,000 x g centrifugation (see lanes 3, 5 and 7, Fig. 5A). VPg
mutant proteins behave as wild type protein and were only
found in the insoluble fraction. Further evidence supporting the
association of wild type 3AB with membranes was obtained by
immunogold labeling with anti 3A antibodies of purified mem-
branes from bacteria expressing the 3AB protein (data not
shown). Over-expression of recombinant proteins in E. coli
commonly gives rise to formation of insoluble inclusion bodies
that co-purify with cellular membranes. These aggregates can
be solubilized by chaotropic reagents [34]. To ascertain whether
the insoluble proteins were really membrane-associated pro-
teins, the effect of 5 M guanidine and 8 M urea on the solubility
of these proteins was tested. Fig. 5B shows that treatment with
5 M guanidine solubilizes about 80% of the Glu”*/Phe’® mutant
protein. Similar results were obtained with the His”” mutant and

to a lesser extent, with the Lys® mutant. However, less than
20% of the wild type or VPg mutant proteins can be solubilized
by the same procedure. Treatment with 8 M urea produces
similar results, although this reagent was slightly less effective.
These data suggest that those 3AB proteins containing muta-
tions in the hydrophobic domain probably accumulate as inclu-
sion bodies, while wild type protein tightly binds to E. coli
membranes. Therefore, the loss of pore-forming activity in the
3A mutants could be explained as the inability of these proteins
to associate correctly with membranes.

4. Discussion

The finding that poliovirus protein 3A (or 3AB) permeabil-
izes E. coli cells [21] opened the possibility of carrying out
genetic studies in this system. Our present results show that
3AB is a lytic protein and that changes in its primary sequence
that alter its association with membranes lead to a loss of the
permeabilizing activity. With regards to the mechanism of 3AB
action, we have shown that permeabilty changes in both direc-
tions (influx and efflux) to different small molecules (lactose
analogues, lysozyme, nucleosides, non-permeant inhibitors) are
taking place, at a time when other bigger molecules are effec-
tively excluded by the plasma membrane. This mechanism re-
sembles the action of other membrane-active proteins, includ-
ing colicins and phage TS proteins [9]. These findings suggest
that 3AB protein may permeabilize membranes by formation
of discrete units which permit the flux of some molecules but
not others. To date, our attempts to demonstrate the existence
of pore-like structures by electron microscopy have failed.



J. Lama, L. Carrascol FEBS Letters 367 (1995) 5-11 9

A

w
O

140 100
4 <> 20 Wild type
& 2 Arg 97

~ 120 > a 9

8 w 8019 < Phe 90

@ 100 Control o E ~ {54

E: Glu75 o &

80 Phe76 s & © P

5 s W 8

N His 77 2 £ 2 101

- 2 40 B> ®

E Lys 62 -E 'S E Lys 62

S 40 ys ) G .

b ‘- 51 His 77
| Phe 90 2 20 = Glu7s

20 Arg 97 Z phe 76
1 wild type e} No protein
0 — T T d 0 0+ v
0 60 120 180 240 ' 0 60 120 180
Time (min) Time (min)

Fig. 3. Modification of membrane permeability to lysozyme, ONPG and [*H]uridine. Panel A: BL21(DE3)-pLysS cells expressing the different 3AB
mutants were induced with 1 mM IPTG at zero time. Thirty min later, rifampicin (150 gg/ml) was added to the cultures. The number of cells in the
cultures were estimated by measuring A.,. Control cells contain the parental plasmid pET11B and express no recombinant protein. Panel B:
BL21(DE3) cells were induced and 90 min after IPTG addition, the entry of ONPG was measured as described in section 2. ONPG entry is shown
as the percentage of the total f-galactosidase activity. The mean value + S.E.M from five independent experiments is shown. Panel C: BL21(DE3)
cells were preloaded for 2 hours with 2 #Ci/ml [*H]uridine. Excess uridine was removed by washing with M9 medium at 4°C. At zero time, | mM
IPTG was added. Uridine release was estimated by measuring the radioactivity remaining in the medium after centrifugation to remove cells. 100%
represents the radioactivity accumulated in cells before addition of IPTG. Cells containing pET11B plasmid without insert are indicated as ‘no
protein’. Leakage of #-galactosidase during the experiment was always lower than one percent of the total activity.

Nevertheless, this failure should not be strange. Such structures
should probably have dimensions close of below the resolution
limits of electron microscopy. In fact, similar attempts to iden-
tify pore-like structures formed by proteins that permeabilize
the membranes of phage-infected bacteria have also been un-
successful [36]. Otherwise, electrophysiological measurements
with 3AB protein inserted into liposomes will be required to
further confirm these results.

Although we have shown that poliovirus protein 3AB is
endowed with permeabilizing activity in E. coli cells, it is still
far from proven that this protein is responsible for the cytolytic
effects of poliovirus. Regarding this possibility, Morace et al.
[37] have shown that cytopathic strains of hepatitis A virus,
another picornavirus, have acquired mutations in the 3A gene,
suggesting a potential role for this protein in the generation of
the cytopathic effect induced by picornaviruses. To find out
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Fig. 4. Effect of hygromycin B on translation of 3AB proteins. BL21(DE3) cells containing each 3AB expressing plasmid were induced with 1 mM
IPTG. Rifampicin was added 30 min later to block cellular protein synthesis. After 35 min of induction, either growth medium (-) or 2 mM
hygromycin B (+) was added. At 60 min post-induction proteins were labeled with [**S]methionine for 10 min and analyzed by SDS-PAGE. The gel
was submitted to fluorography and exposed to X-ray films.
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Fig. 5. Membrane-association of 3AB recombinant proteins. Panel A: BL21(DE3) cells containing pT7lac3AB plasmids to express either wild type
or mutant 3AB proteins were induced, labeled with [**S}methionine and lysed as described in section 2. Soluble (S) and insoluble (P) protein were
separated by centrifugation at 100,000 x g. Recombinant proteins were analyzed by SDS-PAGE. The gel was submitted to fluorography and exposed
to X-ray films. Panel B: effect of chaotropic agents on the solubility of 3AB proteins. Insoluble protein after centrifugation at 100,000 x g was
resuspended in buffer A plus either 5 M guanidine or 8 M urea. After 60 min at 4°C, soluble protein was estimated by measuring the percentage

of radioactivity still soluble after another 100,000 x g centrifugation.

whether 3AB protein is involved in the membrane permeability
changes that take place in infected cells, studies with mammal-
ian cells will be necessary. However, most of the poliovirus 3A
mutants thus far generated are not viable [38], probably due to
the fact that 3AB may play different roles during poliovirus
infection. Recently, poliovirus protein 3AB was found to en-
hance the activity of the viral 3D polymerase in cell-free systems
[39] and this property was involved in the replication of the viral
genomes [40]. 3A-containing polypeptides have been localized
in the membranous vesicles that are induced after infection and
where active genome replication takes place [23]. Nevertheless,
these proteins have never been detected on the cell surface. The
possibility remains that 3AB protein might exert cytopathic
effects despite being localized in cytoplasmic vesicles. Thus,
3A/3AB proteins may form pores in these structures and
thereby increase the cytoplasmic calcium concetration. Such an
increase has been implicated in the cytotoxic effects induced by
rotavirus [41].

Other viral proteins with the capacity to modify membrane
permeability have already been identified. Proteins encoded by
bacteriophages endowed with such activity have long been
known [36]. The ion-channel activity of influenza virus M2
protein has already been indicated. A number of animal virus
proteins have been reported to be involved in cell lysis and
release of virions. Among these are the 6K protein of Semliki
Forest virus [42], the M protein of vesicular stomatitis virus
[43], the Vpu protein of human immunodeficiency virus type 1
[44] and the 11.6K protein of human adenovirus [45]. All these
proteins contain between 50-100 amino acids and are integral
membrane proteins. We believe that these proteins could also
form pores as 3AB protein does. The expression of pore-form-
ing proteins might be a general mechanism used by animal
viruses to kill infected cells and release virions.

Acknowledgments: The expert technical assistance of Mr. M.A. Sanz is
acknowledged. L. Blanco, and 1. Najera are acknowledged by critical



J. Lama, L. Carrasco! FEBS Letters 367 (1995) 5-11

reading of the manuscript. Plan Nacional project number BIO 92-0715,
DGICYT project number PB90-0177 and Fundaciéon Ramoén Areces
are acknowledged for financial support.

References

[1] Carrasco, L., Otero, M.J. and Castrillo, J.L. (1989) Pharmacol.
Ther. 40, 171-212.

[2} Carrasco, L. and Castrillo, J.L. (1987) Mechanisms of Viral Tox-
icity in Animal Cells (Carrasco, L., Ed.) CRC Press, Boca-Raton,
115-146.

[3] Lopez-Rivas, A., Castrillo, J.L. and Carrasco, L. (1987) J. Gen.
Virol. 68, 335-342.

[4] Nair, C.N.(1981) J. Virol. 37, 268-273.

[5] Carrasco, L., Perez, L., Irurzun, A., Lama, J., Martinez-Abarca,
F., Rodrigez, P, Guinea, R., Castrillo, J.L., Sanz, M.A, and
Ayala, M.J. (1993) Regulation of Gene Expression in Animal
Viruses (Carrasco, L., Sonenberg, N. and Wimmer, E. Eds.)
Plenum Press, London, New York. 283-305.

[6] Lacal, J.C. and Carrasco, L. (1982) Eur. J. Biochem. 127, 359-
366.

{7] Carrasco, L. (1978) Nature 272, 694-699.

[8] Bevins, C.L. and Zasloff, M. (1990) Annu. Rev. Biochem. 59,
395414,

[9) Guihard, G., Bénédetti, H., Besnard, M., and Letellier, L. (1993)
J. Biol. Chem. 268, 17775-17780.

[10] Alonso, M.A. and Carrasco, L. (1982) Eur. J. Biochem. 127, 567
569.

[11] Katsu, T., Kuroko, T., Morikawa, T., Sanchika, K., Fujita, Y.,
Yamamura, H. and Uda, M. (1989) Biochim. Biophys. Acta 983,
135141,

[12] Ulug, E.T., Garry, R.F. and Bose Jr., H.R. (1987) Mechanisms of
Viral Toxicity in Animal Cells (Carrasco, L. Ed.) CRC Press Inc.,
Boca Raton, pp. 91-144.

[13] Kowalski, M., Bergeron, L., Dorfman, T., Haseltine, W., and
Sodroski, J. (1991) J. Virol. 65, 281-291.

[14] Miller, M.A., Cloyd, M.W., Liebmann, J., Rinaldo Jr,, C. R,
Islam, K.R., Wang, S.Z.S., Mietzner, T.A. and Montelaro, R.C.
(1993) Virology 196, 89-100.

[15] Cloyd, M.W. and Lynn, W.S. (1991) Virology 181, 500-511.

[16] Fermin, C.D. and Garry, R.F. (1992) Virology 191, 941-946,

[17] Centrella, M. and Lucas Lenard, J. (1982) J. Virol. 41, 781-791.

[18] Lee, S.-J., Hu, W., Fisher, A.G., Looney, D.J.,, Kao, V.F,
Mitsuya, H., Ratner, L. and Wong-Staal, F. (1989) AIDS Res.
Hum. Retroviruses 5, 441449,

[19] Venable, R.M., Pastor, R.-W., Brooks, B.R. and Carson, F.W.
(1989) AIDS Res. Hum. Retroviruses 5, 7-22.

11

[20] Pinto, L.H., Holsinger, L.J. and Lamb, R.A. (1992) Cell 69, 517-
528.

[21] Lama, J. and Carrasco, L. (1992) J. Biol. Chem. 267, 15932-15937.

[22] Takegami, T., Kuhn, R.J., Anderson, C.W. and Wimmer, E.
(1983) Proc. Natl. Acad. Sci. USA 80, 7447-7451.

[23] Takegami, T., Semler, B.L., Anderson, C.W. and Wimmer, E.
(1983) Virology 128, 33-47.

[24] Andreu, D., Merrifield, R.B., Steiner, H. and Boman, H.G. (1985)
Biochemistry 24, 1683-1688.

[25] Studier, F.W. and Moffatt, B,A. (1986) J. Mol. Biol. 189, 113-130.

[26] Dubendorff, JW. and Studier, F.W. (1991) J. Mol. Biol. 219,
45-59.

{27] Lama, J. and Carrasco, L. (1992) Biochem. Biophys. Res. Com-
mun. 188, 972-981.

[28] Higuchi, R., Krummel, B. and Saiki, R.K. (1988) Nucleic Acids
Res. 16, 7351-7367.

[29] Lama, J., Guinea, R., Martinez-Abarca, F. and Carrasco, L.
(1992) Gene 117, 185-192.

[30] Kuhn, RJ., Tada, H., Ypma-Wong, M.F., Dunn, J.J., Semler,
B.L. and Wimmer, E. (1988) Proc. Natl. Acad. Sci. USA 85, 519-
523.

[31] Studier, F.W., Rosenberg, A.H. and Dunn, J.J. (1990) Methods
Enzymol. 185, 60-89.

[32] Dilis, S.S., Apperson, A., Schmidt, M.R. and Saier Jr., M.H.
(1980) Microbiol. Rev. 44, 385-418.

[33] Contreras, A. and Carrasco, L. (1979) J. Virol. 29, 114-122.

[34] Schein, C.H.(1991) Curr. Opin. Biotechnol. 2, 746-750.

[35] Kyte, J. and Doolittle, R.F. (1982) J. Mol. Biol. 157, 105-132.

[36] Young, R. (1992) Microbiol. Rev. 56, 430-481.

[37] Morace, G., Pisani, G., Beneduce, F., Divizia, M. and Pana, A.
(1993) Virus Res. 28, 187-194.

[38] Giachetti, C., Hwang, S.-S. and Semler, B.L. (1992) J. Virol. 66,
6045-6057.

[39] Lama, J., Paul, A.V,, Harris, K.S. and Wimmer, E. (1994) J. Biol.
Chem. 269, 66-70.

[40] Lama, J., Sanz, M.A. and Rodriguez, P.L. (1995) J. Biol. Chem.,
in press.

[41] Tiang, P., Hu,Y., Schilling, W., Lindsay, D., Eiden, J. and Estes,
M. (1993) J. Virol. 68, 251-257.

[42] Schlesinger, M.J., London, S.D. and Ryan, C. (1993) Virology
193, 424-432.

[43] Gottlinger, H.G., Dorfman, T., Cohen, E.A. and Haseltine, W.A.
(1993) Proc. Natl. Acad. Sci. USA 90, 7381-7385.

[44] Klimkait, T., Strebel, K., Hoggan, M.D., Martin, M.A., and Oren-
stein, J.M. (1990) J. Virol. 64, 621-629.

[45] Scaria, A., Tollefson, A.E., Saha, S. and Wold, W.S. (1992) Virol-
ogy 191, 743-753.



