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A crude ribosomal wash containing the initiation factors of protein synthesis
was isolated from mouse neuroblastoma cells 8 h after infection with Semliki
Forest virus (SFV). The activity of this wash was compared with that of a wash
from control cells in a cell-free protein-synthesizing "pH5" system, with early
SFV mRNA (42S), late SFV mRNA (26S), encephalomyocarditis virus (EMC)
mRNA, or neuroblastoma polyadenylated mRNA templates. A pronounced loss
of activity (±80%) of the crude ribosomal wash from infected cells was observed
with host mRNA (neuroblastoma polyadenylated mRNA) and early SFV mRNA,
messengers which contain a cap structure at the 5' terminus. However, these
washes were only slightly less active in systems programmed with (noncapped)
EMC mRNA and late SFV mRNA. Although late SFV mRNA (26S) is capped,
the synthesis of late (= structural) proteins in infected lysates was insensitive to
inhibition by cap analogs. Purified initiation factors eIF-4B (Mr, 80,000) and cap-
binding protein (Mr, 24,000) from reticulocytes (but none of the others) were able
to restore the activity of infected factors to about 90% of control levels in systems
programmed with early SFV mRNA and host mRNA. These observations indi-
cate that infection-exposed crude initiation factors have a decreased level of eIF-
4B and cap-binding protein activity. However, after partial purification of these
and other initiation factors from infected and control cells, we found no significant
difference in activity when model assay systems were used. Furthermore, both
eIF-4B and cap-binding protein from infected cells were able to restore the
activity of these infection-exposed factors to the same level obtained when these
factors isolated from control cells or reticulocytes were added. A possible mech-
anism for the shutoff of host cell protein synthesis is discussed.

The mechanism of host shutoff in virus-in-
fected eucaryotic cells is still a matter of contro-
versy (for a review see reference 3). However,
some of the evidence accumulated in recent
years points towards altered or inactivated ini-
tiation factors in infected cells (12, 13, 15, 22, 31).
In extracts of reovirus-infected L-cells (26) and
poliovirus-infected HeLa cells (31), capped
mRNA's are translated at reduced efficiencies
as compared with control extracts. The transla-
tion of capped mRNA's in poliovirus-infected
HeLa cell extracts can be stimulated by the
addition of eIF-4B from reticulocytes (22). Later,
it was postulated that a contaminating protein
with an Mr of 24,000 (restoring factor; cap-bind-
ing protein) was the active component in this
eIF-4B preparation (31). However, Helentjaris
et al. (12) showed that eIF-3, not eIF-4B, was
inactivated, but these authors could not rule out
the possibility that the 24,000-dalton protein was
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the inactivated component in their eIF-3 prep-
aration. A later report by Trachsel et al. (31)
indeed demonstrated that most of the cap-bind-
ing protein cosedimented with eIF-3 in low-salt
sucrose gradients.

Semliki Forest virus (SFV) causes the shutoff
of host protein synthesis in mammalian cells (11,
16). Both the 42S viral mRNA, which is utilized
as an early mRNA for the synthesis of nonstruc-
tural proteins (14, 35), and the subgenomic 26S
mRNA, which encodes for the structural pro-
teins later in infection (14, 29), appear to be
capped (21). Despite the fact that, late in infec-
tion, 50% of the mRNA population is still of
cellular origin (32, 36), only virus-encoded pro-
teins are synthesized in such cells. It was sug-
gested (32, 36) that the host mRNA's are out-
competed by the late viral mRNA's because of
the higher affinity of the viral mRNA's for the
protein-synthesizing machinery. In such a
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model, inactivation of one or more initiation
factors would not be an absolute prerequisite for
the shutoff of host cell protein synthesis.
This paper describes the effect of the infection

of neuroblastoma cells by SFV on the activity of
initiation factors of protein synthesis. We have
isolated a crude initiation factor preparation
from such cells, which were inactive in transla-
tion assays with early SFV mRNA and host
mRNA but active with late SFV mRNA. Both
purified initiation factors eIF-4B (virtually free
of cap-binding protein) and cap-binding protein
from reticulocytes were able to restore the activ-
ity of this inactivated initiation factor prepara-
tion. These findings imply that protein synthesis
with capped mRNA's is inhibited in infected
cells and that the dependence on the 5' cap
structure of the recognition of late viral mRNA's
appears to be less stringent. Indeed, preliminary
experiments indicate that the synthesis of struc-
tural proteins in infected lysates is relatively
insensitive to cap analogs, in comparison with
the synthesis of host proteins.

MATERIALS AND METHODS
Virus growth and cell culture. Subconfluent

monolayer cultures ofmouse neuroblastoma cells were
grown in roller bottles (850 cm2; Falcon Plastics, cat-
alog no. 3027) in 80 ml of minimal essential medium
supplemented with 10% fetal calf serum per bottle.
For the preparation of initiation factors from infected
cells, 50 PFU of wild-type SFV per cell, grown and
isolated as described previously (33), were added. After
1 h, the inoculum (15 ml per bottle) was removed, and
fresh medium was added (50 ml of minimal essential
medium supplemented with 3% fetal calf serum). At 8
h postinfection, the cells were washed twice with 10
ml of ice-cold phosphate-buffered saline, harvested,
and lysed by the method of Skup and Millward (25).

Protein synthesis in intact cells. Protein synthe-
sis in SFV or mock-infected neuroblastoma cells grown
on small tissue culture dishes (10 cm2; Lux Plastics)
was determined as described previously (33). At var-
ious time intervals, the cells were pulse-labeled for 1
h with 25 juCi of [3S]methionine (1,000 Ci/mmol; New
England Nuclear Corp.). The cells were lysed in 150
,ul of sodium dodecyl sulfate sample buffer by the
method of Laemmli (18), and methionine incorpora-
tion into protein was measured by counting 10-Ad sam-
ples after hot trichloroacetic acid precipitation. Prod-
uct analysis was performed on 12.5% polyacrylamide
gels by the method of Laemmli (18). Fluorography
was carried out as described by Bonner and Laskey
(7).
Preparation ofmRNA. Neuroblastoma polyaden-

ylated [poly(A)] mRNA was prepared by standard
procedures by oligodeoxythymidylic acid cellulose
chromatography (17). SFV 42S mRNA was isolated as
described earlier (33). Encephalomyocarditis virus
(EMC) RNA was a kind gift from D. P. Leader.

For the preparation of late SFV mRNA (26S), neu-
roblastoma cells were infected with SFV and lysed

after 8 h postinfection in a solution containing 20 mM
Tris-hydrochloride (pH 7.4), 1 mM EDTA, 10 mM
NaCl, 2 mM Mg(OAc)2, 0.5% (vol/vol) Triton X-100,
0.5% (wt/vol) 1,5-naphthalene disulfonate, and 1 ,ug of
cycloheximide per ml.
At 15 min before cell lysis, 100 tsg of cycloheximide

per ml was added to the medium. Cell debris and
nuclei were removed by low-speed centrifugation (5
min, 1,000 x g), and the supernatant was brought to
100 mM KOAc and 4 mM Mg(OAc)2 (final concentra-
tions) and layered onto two sucrose cushions (1.0 and
1.5 M, respectively, in 20 mM Tris-hydrochloride [pH
7.4]-120 mM KOAc-4 mM Mg(OAc)2-7 mM 2-mer-
captoethanol-0.5% [wt/vol] 1,5-naphthalene disulfon-
ate-1 ,ug of cycloheximide per ml). Centrifugation was
at 18,000 rpm for 18 h at 4°C in a Beckman SW28
rotor.
The polysomes were suspended in buffer (20 mM

Tris-hydrochloride [pH 7.41-100 mM KOAc-4 mM
Mg(OAc)2-7 mM 2-mercaptoethanol) and immedi-
ately brought to 0.5% lithium dodecyl sulfate. RNA
was deproteinized twice with a phenol-chloroform
mixture (1:1). The aqueous phase, containing rRNA
and late SFV mRNA, was applied onto a 15 to 30%
(wt/vol) sucrose gradient as described by Pettersson
et al. (21). Fractions (1 ml) containing 26S SFV RNA
(contaminated with 28S rRNA) were collected and
freed from rRNA on an oligodeoxythymidylic acid
cellulose column (17). 26S mRNA was precipitated
twice with ethanol and dissolved in water at 2 mg/ml.

Purification of initiation factors of protein
synthesis. (i) Rabbit reticulocytes. Highly pure
initiation factors from reticulocytes were obtained as
described previously (5, 28, 30).

(ii) Mouse neuroblastoma. The neuroblastoma
lysates of approximately 36 g of cells (80 ml) were
centrifuged in a Beckman 6OTi rotor for 18 h at 30,000
rpm to collect the ribosomes. The supernatant (Sloo)
was used as a source of eIF-4A, since the factor occurs
predominantly (90%) in this fraction in reticulocytes
(30). The remaining factors (except eIF-1) were par-
tially purified from the ribosomal pellet by standard
procedures described extensively in the literature (5,
28, 30, 31). A summary of the procedures followed is
presented below (see Fig. 4).

Protein synthesis in cell-free systems. (i) Neu-
roblastoma lysates. Neuroblastoma lysates were
prepared as described previously for L-cell lysates (25).
Incubation mixtures contained (per 25 pl) 6.25 pl of
crude lysate, 0.05 U of creatine kinase, 100mM KOAc,
1.5 mM Mg(OAc)2, 1 mM dithiothreitol, 100 yM
spermine (HCl)4, 1 mM ATP(Tris)3, 0.4 mM GTP-
(Tris)3, 5mM creatine phosphate. (Tris)2, 19 unlabeled
amino acids (50 ,uM each), and 0.2 AM [3S]methionine
(1,000 Ci/mmol), either in the absence or presence of
1 liM edeine (34). Incorporation of [3S]methionine
into protein was measured after 45 min at 37°C by hot
trichloroacetic acid precipitation of 5-pl samples (1).

(ii) "pH5"' systems. Protein synthesis was deter-
mined in a fractionated pH5 system as described pre-
viously (30, 33). A typical assay mixture of 25 1p
contained 20 mM HEPES (N-2-hydroxyethylpipera-
zine-N'-2-ethanesulfonic acid (pH 7.6), 1 mM
ATP(Tris)3, 0.4 mM GTP(Tris)3, 1 mM dithiothreitol,
5 mM creatine phosphate(Tris)2, 0.05 U of creatine
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kinase, 2 mM Mg(OAc)2, 120 mM KOAc, 100 itM
spermine- (HCI)4, 0.2 ,uM [3S]methionine (1,000 Ci/
mmol), 19 unlabeled amino acids (50 ,uM each), 2.5 Mg
of pH5 enzymes, 20 ,ug of crude initiation factor frac-
tion A (0 to 40% ammonium sulfate fraction [23]), 30
,ug of fraction BC (40 to 70% ammonium sulfate frac-
tion [23]) from either uninfected or infected neuro-
blastoma cells, 0.08 unit of absorbance at 260 nm of
40S subunits (from rat liver) and 0.15 unit of absorb-
ance at 260 nm of 60S subunits (from rat liver) plus
either 2 Mug of SFV 42S mRNA, 2 Mig of SFV 26S
mRNA, 1 yg ofEMC mRNA, or 1 jig of neuroblastoma
poly(A) mRNA. Incorporation of [3S]methionine into
protein was measured after 45 min at 37°C by hot
trichloroacetic acid precipitation of 5-pd samples.
Other assay systems. To compare the activity of

one specific initiation factor isolated from infected and
uninfected cells, different assay systems were used.

(i) eIF-2. This factor was tested in the assay for
ternary complex formation with Met-tRNAf and GTP
as described by Thomas et al. (30). One unit of activity
of eIF-2 was the amount of protein that bound 1 pmol
of [3H]Met-tRNAf.

(ii) eIF-3, -4A, and -4B. These factors were as-
sayed in a cell-free protein-synthesizing system as
described previously (30). One unit of activity of these
initiation factors was the amount of protein which
stimulated the incorporation of 1 pmol of [3S]methi-
onine into proteins under the direction of neuroblas-
toma poly(A) mRNA.

(iii) Cap-binding protein. This factor was assayed
in a pH5 system to which crude initiation factors
(fractions A and BC) from infected cells were added
(see above). One unit of activity was the amount of
protein which stimulated the incorporation of 1 pmol
of [35S]methionine into proteins with neuroblastoma
poly(A) mRNA as a messenger.

(iv) eIF-4C and -5. These factors were tested in an
assay system for the formation of [3H]methionyl pur-
omycin as described by Thomas et al. (30). One unit
of activity was the amount of protein which stimulated
the formation of 1 pmol of [3H]methionyl puromycin.

(v) Restoring assay. In this assay, factor prepa-
rations were tested for stimulatory activity in pH5
systems with infection-exposed washes and with neu-
roblastoma poly(A) mRNA or early SFV mRNA as a
template.
Nomenclature. Initiation factors are named as

agreed at the International Conference of Protein
synthesis held in Bethesda, Md., in October 1976 (2).
Cap-binding protein refers to the protein ofMr 24,000
(27).

RESULTS
Protein synthesis in neuroblastoma cells

after infection with SFV. Infection with SFV
results within 3 to 5 h in the shutoff of host
protein synthesis in most cell lines studied (11,
16). The aim of this investigation was to deter-
mine whether such a shutoff is caused by an
alteration or inactivation of one or more of the
protein factors engaged in initiation of protein
synthesis. For this purpose, the precise moment
at which the shutoff occurs in the cell line stud-

ied (neuroblastoma cells from mice) had to be
determined. Therefore, we observed cellular pro-
tein synthesis after infection with SFV and an-
alyzed the proteins produced (Fig. 1). It is clear
that at 3 h postinfection, total protein synthesis
started to decline (Fig. 1A). At 4 h postinfection,
the first viral structural proteins could be de-
tected. Later in infection, a gradual suppression
of host protein synthesis was observed; this sup-
pression was virtually complete after 8 h, at
which point the only proteins synthesized were
of viral origin (p97, p62, El, and capsid protein,
see Fig. 1B). An infection time of 8 h should
therefore be sufficient for the detection of any
virus-induced change in messenger specificity
and activity of the initiation factors of protein
synthesis.
Activity of crude ribosomal washes from

infected cells. Crude ribosomal washes from
control cells and from cells infected with SFV
were prepared as described above. The washes
were fractionated with ammonium sulfate in A
and BC fractions as described previously (23).
The dependence on these washes in a standard
pH5 system for protein synthesis programmed
with either neuroblastoma poly(A) mRNA, early
SFV mRNA (42S), late SFV mRNA (26S), or
EMC mRNA was determined (Table 1). It is
clear that the transition from control to infec-
tion-exposed washes resulted in a severe inhibi-
tion of protein synthesis with host mRNA and
early SFV mRNA [neuroblastoma poly(A)

2] A1

x17
.1

E
CL
c
m

-c
-5

79

B

W-4 - p97

;; --p62
10 -E
--W

...... NW*_ C

10 0 3 4 6 8
hrs post-infection

FIG. 1. Protein synthesis in SFV-infected neuro-
blastoma cells. Dishes containing approximately 8
x 105 cells were infected with SFV (multiplicity of
infection, 600 PFU per cell) and pulse-labeled with
[35S]methionine as described in the text. (A) Protein
synthesis was monitored during infection by measur-
ing [35S]methionine incorporation into protein. (B) A
50-M1 amount of cell lysate at each point of infection
was analyzed on 12.5% sodium dodecyl sulfate gels.
The figure is an 18-h autoradiogram of the dried gel.
The arrows mark the position of the viral (precursor)
proteins (10).

J. VIROL.
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TABLE 1. Effect ofwashes from infected cells on
protein synthesis inpH5 systems directed with

different mRNA'sa
[t3S]methionine incor-
poration (cpm) in:

mRNA Washes ~~~~~%inhi-mFUNA Washes Wash.es bition
from con- fromt
trol cells cell

Earbly SFV (42S) 138,714 40,215 71
LAte SFV (26S) 150,583 135,985 10
EMC 196,675 164,695 16
Host neuroblastoma 84,855 9,429 89

poly(A)
A 1-pg amount of neuroblastoma total poly(A)

mRNA, 1 Ag of EMC viral mRNA, 2 pg of late SFV
268 mRNA, or 2 jg of SFV 42S mRNA was translated
in the pH5 system (25 id) with 20 Ag of fraction A and
30 pg of fraction BC from both infected and control
cells (see text). Total protein synthesis was determined
in 5-pl samples as described in the text.

mRNA and 42S mRNA], whereas systems pro-
grammed with EMC mRNA and late SFV
mRNA (268) showed little effect.
These findings also indicate that the alteration

in the protein-synthesizing machinery which re-
sulted in the shutoff of host and early viral
mRNA translation occurred at the level of the
initiation factors. Furthermore, these findings
are in agreement with the generally accepted
notion that 42S mRNA does not serve as a
template for the synthesis of structural proteins
(14), but is only translated at the early stages of
infection, when no change in the specificity of
initiation factors has yet occurred.

It is also noteworthy that the translation of
late SFV mRNA, which is capped (21; data not
shown), was equally unaffected by the transition
from control to infection-exposed factors as was
noncapped EMC RNA.

Figure 2 demonstrates that the inhibitory ef-
fect with early SFV mRNA and host mRNA is
mainly localized in ammonium sulfate fraction
A, since fraction A from infected cells is only
25% as active as its counterpart from noninfected
cells (Fig. 2A). The loss of activity of fraction
BC was much less severe and was apparent only
when large amounts of this fraction were added
to the assay system (Fig. 2B).
These results appear to be in line with the

literature, since the three factors which have
been implicated in host shutoff, eIF-3 (12), eIF-
4B and cap-binding protein (31) all precipitated
in fraction A.
Synthesis of viral structural proteins is

cap analog insensitive. The results of the
previous section are in agreement with reports
from other groups on the shutoff of host protein

0-40%fractwg) 40-70%fractiong)

FIG. 2. Stimulatory effect of crude ribosomal
washes from infected and control cells on protein
synthesis in pH5 systems. Increasing amounts of 0 to
40% fraction A (A) or 40 to 70% fraction BC (B) were
added to the assay mixtures as indicated. [35SJme-
thionine incorporation into protein in pH5 systems
programmed with 2 pg ofSFV42S mRNA was deter-
mined as described in the text. (A) Addition of 30 pg
of the 40 to 70% fraction from control cells. Symbols:
0, 0 to 40% fraction from infected cells; 0, 0 to 40%
fraction from control cells. (B) Addition of 20 pg of
the 0 to 40% fraction from control cells. Symbols A, 40
to 70% fraction from infected cells; A, 40 to 70%
fraction from control cells.

synthesis by infecting viruses (22, 25, 31; see
above). In these cases, it was suggested that viral
infection results in a shift to cap-independent
protein synthesis. However, whereas the rele-
vance ofa redirection ofthe protein-synthesizing
machinery towards noncapped messengers is ob-
vious for the viruses studied, which are repro-
duced by using noncapped mRNA's, the situa-
tion with SFV appears to be more complex, since
both the viral 42S mRNA and the subgenomic
26S mRNA, when isolated from infected cells,
appear to be capped (21).
However, the possibility remains that the cap-

structure is dispensable for efficient translation
of the 26S mRNA. To further explore this hy-
pothesis, we determined the effect of cap ana-
logs, such as m7GpppGm, on the synthesis of
SFV capsid protein in a lysate prepared approx-
imately 4 h after infection. At this stage, host
protein synthesis was not shut off completely
(Fig. 1), which enabled us to compare the effect
of the cap analogs on the production of host and
viral structural proteins (Fig. 3). Indeed, no in-
hibition of the cap analogs of the synthesis of
capsid protein (as determined by immunoprecip-
itation) was observed. However, the translation
of the host mRNA's was almost completely in-
hibited by the addition of cap analogs. There-
fore, the cap structures on the mRNA's which
serve as templates for SFV viral structural pro-
teins do not appear to be essential for efficient
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translation. Such a messenger would be rela-
tively unaffected by a shift to cap-independent
protein snthesis, which would result from a de-

0
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0.
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c

m7 GpppGm (pM)

FIG. 3. Effect of m7GpppGm on protein synthesis
in an infected lysate. Neuroblastoma lysate was pre-
pared from infected cells 4 h postinfection. Protein
synthesis was determined as described in the text.
Totalprotein synthesis was measured in 5-tIl samples.
The amount of SFV capsid protein synthesized was

determined by immunoprecipitation in 10-tl samples
as described previously (33). Symbols: *, capsid pro-
tein synthesis (percentage ofincorporation relative to
the value obtained in the absence of m7GpppGm;
6,176 cpm = 100%); 0, total protein synthesis (per-
centage of incorporation relative to the value ob-
tained in the absence of m7GpppGm; 35,310 cpm =

100%). Values obtained in control experiments in the
presence ofedeine (an inhibitor ofinitiation ofprotein
synthesis [341) were subtracted (i.e., capsid protein
synthesis, 6,096 cpm; total protein synthesis, 41,564
cpm).

crease in the activity of cap-specific initiation
factors.

Activity of the infected ribosomal wash
can be restored with purified eIF-4B and
cap-binding protein from rabbit reticulo-
cytes. The evidence presented so far indicates
that, in infected cells, initiation of protein syn-

thesis with host mRNA and early SFV mRNA
is blocked. Table 1 and Fig. 2 suggest that this
block is caused by the inactivation of one or

more initiation factors. Therefore, we deter-
mined whether the addition of any of the puri-
fied factors from rabbit reticulocytes to the in-
fected system (restoring assay) resulted in relief
of inhibition (Table 2). Only the addition of eIF-
4B and cap-binding protein resulted in signifi-
cant stimulation of protein synthesis with
washes from infected cells with both early SFV
mRNA and poly(A) RNA from neuroblastoma
cells (4.3- and 5.6-fold, respectively, provided
that both factors were added). Stimulation by
eIF-4B was more pronounced than that ob-
served upon the addition of cap-binding protein.
This most likely represented a true eIF-4B ef-
fect, since our eIF-4B preparations contained
less than 1% cap-binding protein (see below).
Stimulation by these factors in the control sys-

tems was rather small [1.1-fold for early SFV
mRNA and 2.0-fold for neuroblastoma poly(A)
RNA]. Additions of eIF-1, -2, -3, -4A, -4C, and
-5 (both separate and combined) had no appre-

ciable effect on the activity of the washes from
infected cells.

Partial purification and activity compar-
ison of the initiation factors from infected
and control cells. eIF-4B and cap-binding pro-

tein, which are both implicated in the recogni-
tion of capped mRNA's (20, 24, 31), stimulated
the activity of the infected ribosomal wash (Ta-
ble 2). The failure of these washes to support
the translation of neuroblastoma poly(A)

TABLE 2. Restoration of activity in washes from infected cells by purified initiation factors from rabbit
reticulocytesa

Radioactivity (cpm) with the following additions:

mRNA Crude initiation fac- eIF-1, -2,
mRNA tors from: None eIF-4B CBP eIF-4B + -3, -4A,

CBP -4C, and
-5

SFV Uninfected cells 261,167 273,000 321,801 285,755 ND
Infected cells 62,398 158,951 152,969 258,986 65,328

Neuroblastoma poly(A) Uninfected cells 33,041 59,392 46,314 67,054 ND
Infected cells 9,152 35,578 16,970 51,264 11,696

aPure initiation factors of protein synthesis from rabbit reticulocytes were added as indicated to control and
infected pH5 systems (25 pl) programmed with either 2 ,ug of SFV mRNA or 1 jig of neuroblastoma poly(A)
mRNA (see Table 1, footnote a, and text). [3S]methionine incorporation into protein was measured in counts
per minute as described in the text. The following amounts (in micrograms) of factors were added: eIF-1, 0.6;
eIF-2, 1.4; eIF-3, 3.5; eIF-4A, 2.0; eIF-4B, 2.0; cap-binding protein, 0.12; eIF-4C, 0.1; and eIF-5, 0.3. Blank
incorporations obtained in the absence of exogeneous mRNA were subtracted. CBP, Cap-binding protein; ND,
not determined.

J. VIROL.
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mRNA and early SFV mRNA was most likely
caused, therefore, by the inactivation of these
factors in infected cells. On the other hand, it is
possible that no direct inactivation occurred, but
rather that an inhibitor(s) was formed which
specifically blocked the action of eIF-4B and
cap-binding protein. To discriminate between
these two possibilities, we set out to purify these
(and other) initiation factors from both infected
and control cells. Standard procedures (5, 28, 30,
31) were used in abbreviated forn to yield par-
tially pure factor preparations with a low degree
of cross-contamination.
A flow scheme of the procedure followed is

shown in Fig. 4. Details are given above and in
the legend to Fig. 4. The resulting preparations,
with approximate purities between 1 and 10%,
were tested in standardized assay systems (see
above) derived from rabbit reticulocytes. Each
factor from control cells was compared with its
infected counterpart for both specific activity
and total yield (Fig. 4). No significant difference

between infected and control factors could be
demonstrated, although the yields of eIF-2 and
eIF-5 from infected cells appeared to be some-
what low. However, for reasons as yet obscure,
about 60% of the total eIF-2 and eIF-5 activity
precipitated in the 0 to 40% ammonium sulfate
fraction from infected washes, a phenomenon
not observed with control washes. The total
yield, therefore, of eIF-2 plus eIF-5 from infected
cells was approximately equal to that obtained
from control cells.
An example of the specific activity determi-

nations is presented in Fig. 5, in which the
dependence of the assay systems on the most
relevant factors is shown: eIF-4B (Fig. 5A) and
cap-binding protein (Fig. 5B). It is clear that
factors from control and infected cells triggered
the same responses in the test systems in both
cases. Obviously, the factors themselves were
not inactivated in infected cells, but rather an
inhibitory component specifically blocked their
action (see below). Apparently this component

Neuroblastoma lysate
100,000 x g

Source C I CI C I C I CI C I C I C I

Spec.Act. U/mg 35 37 0 0 5.6 6.2 157 187 350 350 6400 6200 1020 1420 19 20

Total Act. U 57 69 0 0 1.6 2.3 2100 1700 150 50A 2800 800i 2280 2180 160 130

FIG. 4. Purification and activity comparison of initiation factors from control and infected neuroblastoma
cells. The neuroblastoma lysates from infected and control cells (both 80 ml) were prepared as described in
the text. The scheme shows the purification steps which were performed to acquire partially pure factors. All
techniques have been extensively described in the literature (5, 28, 30, 31). Column sizes were adapted to the
small amount of material used. The factors eIF-4B and eIF-2 plus elF-5 were step-eluted from the phospho-
cellulose columns at 400 and 750 mM KCI, respectively, in standard phosphate buffer (5). Initiation factor
eIF-4A was step-eluted from the DEAE-cellulose column at 400 mM KCl in standard Tris buffer (5). After
sodium dodecyl sulfategel electrophoresis and activity tests (see text), each factor waspooled and concentrated
by ammonium sulfate precipitation. Protein concentrations were estimated by the methods of Layne (19) or
Bradford (8). The specific activity of each factor was determined in model systems (see text) at suboptimal
amounts ofadded factor. The asterisks indicate values where the losses of eIF-2 and eIF-5 were attributed to
the fact that these factors partially precipitated only in fraction A of washes from infected cells (see text). C,
Control cells; I, infected cells, CBP, cap-binding protein.
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FIG. 5. Comparison of the activities ofeIF-4B and
cap-binding protein (CBP) from infected and control
neuroblastoma cells. (A) Increasing amounts of eLF-
4B were added to the assay system for eIF-4B (de-
scribed in the text). [35S]methionine incorporation
into protein was measured as described in the text.
Symbols: 0, eIF-4B from infected cells; 0, eIF-4B
from control cells. (B) Increasing amounts of cap-
binding protein were added to the restoring assay
system (described in the text). Symbols: 0, cap-bind-
ingprotein from infected cells; 0, cap-bindingprotein
from control cells. Both assay systems were pro-
grammed with 1 pg ofneuroblastomapoly(A) mRNA;
5-pJ samples from 25-IL reaction mixtures were
counted.

was lost upon purification.
Is cap-binding protein the active compo-

nent in eIF-4B preparations? Trachsel et al.
(31) have isolated from reticulocytes a factor
which restored vesicular stomatitis virus
mRNA-dependent protein synthesis in lysates
from poliovirus-infected HeLa cells to control
levels. This factor copurified with cap-binding
protein. It has been suggested that cap-binding
protein might be the active component in eIF-
4B preparations (12, 31). The stimulatory effect
of eIF-4B on protein synthesis with infected
washes could, therefore, be due to contamination
of this factor by cap-binding protein. Such a
contamination has been demonstrated for other
eIF-4B preparations (6, 27).
However, Table 3 and Fig. 6 show the results

of an experiment from which a number of argu-
ments can be derived against an exclusive role
for cap-binding protein in the restoring of the
infected washes. In this experiment, we per-
formed a gel analysis of the eIF-4B and cap-
binding protein preparations from reticulocytes
and from infected and control neuroblastomas,
and we determined their specific activities in
both the eIF-4B and restoring assays.

Figure 6, lanes 1 through 3, shows a gel anal-
ysis of eIF-4B from reticulocytes and neuroblas-
tomas. No protein of Mr 24,000 was discernible.

TABLE 3. Specific activities of cap-binding protein
and eIF-4B from reticulocytes and from control and
infected neuroblastoma cells as determined by the

eIF-4B assay and the restoring assay"

Approx Sp act in Sp act in
Factor purity (%) eIF-4B as- restoring

say assay

eIF-4B (ret) 80 2,142 106
eIF-4B (NU) 2.0 1,500 135
eIF-4B (NI) 2.0 1,250 140
CBP (ret) 90 0 398
CBP (NU) 1.3 554 431
CBP (NI) 1.3 723 477

'The specific activities of eIF-4B and cap-binding
protein (CBP) from different sources were measured
in the model assay systems for eIF-4B and cap-binding
protein (see text and legends to Fig. 4 and 5). To
determine the purity of each factor, 12.5% sodium
dodecyl sulfate gels (see Fig. 6) were scanned on a
densitometer. The specific activities are expressed in
units relative to the values obtained with 100% pure
factor (see text). NU, Neuroblastoma uninfected; NI,
neuroblastoma infected; ret, reticulocyte.

1 2 3
.-

FIG. 6. Gel analysis of cap-binding protein and
eIF-4B fr-om reticulocytes and fr-om control and in-
fected neuroblastoma cells. Lane 1, 2.5 ptg of eIF-4B
fr-om reticulocytes; lane 2, 30 pg of eIF-4B fr-om un-
infected neuroblastoma cells; lane 3, 30 pg of e1F-4B
fr-om infected neuroblastoma cells; lane 4, 1.8 pg of
cap-binding protein fr-om reticulocytes; lane 5, 60 ptg
of cap-binding protein fr-om uninfected neuroblas-
toma cells; lane 6, 60 pg of cap-binding protein fnom
infected neuroblastoma cells.

Prolonged exposure of autoradiograms of
methyl-enu-labeled eIF-4B (prepared as de-
scribed previously [5]) revealed a 1% contami-
nation by a protein of Mr 24,000. However, such
a contamination cannot account for the stimu-
latory activity of eIF-4B in the restoring assay
(Fig.n B and Table 2).
eIF-4B from neuroblastomas did not contain

cap-binding protein (Fig. 4); nevertheless, a pos-
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itive effect in the restoring assays was observed
upon the addition of the factor, which was com-
parable to the effect of purified eIF-4B from
reticulocytes.

Furthermore, purified cap-binding protein
from reticulocytes did not stimulate amino acid
incorporation in an eIF-4B assay (data not
shown).

Therefore, we conclude that both eIF-4B and
cap-binding protein are capable of restoring the
activity in ribosomal washes from infected cells,
with eIF-4B being the more active of the two
factors and their effects being additive (see Ta-
ble 2). These observations suggest that the two
factors are different entities. They are, however,
similar in action at the molecular level and are
both capable of promoting a cap-directed initi-
atory event.

DISCUSSION
This study demonstrates that infection ofneu-

roblastoma cells by SFV results in a pronounced
loss of activity in crude ribosomal washes when
tested in a pH5 assay system for protein synthe-
sis with host mRNA and early viral mnRNA
(Table 1 and Fig. 2). Most of the inhibition can
be overcome by the addition of purified eIF-4B
and cap-binding protein from reticulocytes (Ta-
ble 2), factors which have been implicated in the
recognition of the cap structure occurring at the
5' terminus of messengers (20, 24, 31).

Apparently, the shift in initiation factor spec-
ificity which is thought to occur in HeLa cells
upon infection with poliovirus (22) and in L-cells
upon infection with reovirus (26) also takes place
in neuroblastoma cells infected with SFV. This
might be the general mechanism by which most
RNA viruses shut off protein synthesis of their
eucaryotic hosts, even if these viruses are repro-
duced with the aid of capped mRNA's, which is
the case with SFV. Therefore, the relevance of
a shift to cap-independent protein synthesis late
in infection is not immediately obvious.

Nevertheless, the finding that the synthesis of
structural proteins in infected lysates is insensi-
tive to inhibition by cap analogs (Fig. 3) indicate
that such a shift occurs in neuroblastoma cells
infected with SFV. Apparently the cap structure
is not essential for efficient translation of the
26S mRNA. This messenger should possess
other features that promote its recognition by
the protein-synthesizing machinery in infected
cells. The inactivation or blocking of the cap
recognition factors (eIF-4B and cap-binding pro-
tein) would, in this model, result in a preferential
translation of the 26S mRNA and in a shutoff of
host and early viral protein synthesis, since all
mRNA's which depend more strictly on the cap

structure for translation (e.g., host mRNA's and
early SFV mRNA) would be translated at a low
frequency. These results may be in line with the
observations of Chroboczek et al. (9), who re-
ported that the synthesis of brome mosaic virus
structural proteins in wheat germ lysates is rel-
atively insensitive to inhibition by cap analogs,
although all known mRNA's of brome mosaic
virus are capped.
Such a decrease in the dependence on the cap

structure should result in a decreased require-
ment of 26S mRNA for eIF-4B and cap-binding
protein. Indeed, preliminary experiments reveal
a low need for eIF-4B and cap-binding protein
of this mRNA, comparable to that displayed by
EMC RNA and other noncapped mRNA's (4,
20, 22, 31).

It remains unclear by what mechanism the
decrease of the level of eIF-4B and cap-binding
protein activity is brought about. Obviously,
eIF-4B and cap-binding protein isolated from
infected cells have the same biological activity
as the factors isolated from control cells, both in
standard model systems and in the restoring
assay (see Fig. 4, 5, and 6; Table 3). The ribo-
somal washes from infected neuroblastoma cells
must therefore contain some virus-induced com-
ponent(s) antagonistic to cap-binding protein
and eIF-4B, which specifically incapacitates the
protein-synthesizing machinery for proper rec-
ognition of host mRNA and early SFV mRNA.
However, the precise identity and mode of action
of such components remain obscure.
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