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The 200,000-dalton polyprotein encoded by the bottom component RNA of cowpea mosaic virus was
synthesized in rabbit reticulocyte lysates, and this in vitro-synthesized protein was isolated from the lysate
reaction mixture by sucrose density gradient centrifugation. Incubation of the isolated polyprotein with buffer
caused no change in the protein, but incubation with reticulocyte lysates or with fractionated lysate proteins
resulted in cleavage of the protein into the expected cleavage products (32,000- and 170,000-dalton proteins).
This finding indicated that reticulocytes contain a proteolytic activity that is needed for the primary cleavage
reaction. A cleavage assay in which we used partially purified preparations showed that cleavage was an
ATP-dependent reaction.

The synthesis of the proteins of animal picornaviruses and
plant comoviruses involves extensive series of proteolytic
reactions. Translation products are first cleaved at the nas-
cent chain stage to produce primary cleavage products.
These initial cleavages are referred to as the primary cleav-
ages. Many of the primary cleavage products are intermedi-
ate proteins which must undergo additional cleavages, the
secondary cleavages, to form stable viral structural and
nonstructural proteins. In the case of the picornaviruses, a
final maturation cleavage occurs after encapsidation of the
virion RNA. It is known that virus-encoded proteases are
responsible for at least some of the secondary cleavage
reactions. For example, proteins p22 and P3-7c of enceph-
alomyocarditis virus and poliovirus, respectively, catalyze
cleavage of viral capsid protein precursors into capsid pro-
teins (9, 14). The cleavage sites and the mechanism used for
generating these viral enzymes are known (5, 13, 15, 20).
Very little is known about the primary cleavage reactions

and about the enzymes involved in these reactions. The
results of inhibitor studies have suggested that primary
cleavage reactions are catalyzed by cellular enzymes (2, 11,
23). However, no direct evidence for this has been reported
thus far.

In this paper we show that the large 200,000-dalton (200K)
polyprotein synthesized from the bottom component RNA
(B-RNA) of cowpea mosaic virus (CPMV) could be specifi-
cally cleaved to form two smaller proteins by a proteolytic
activity present in rabbit reticulocyte lysates. The same
cleavage could also be obtained with fractionated reticulo-
cyte proteins.
CPMV, which is similar to the picornaviruses in many

aspects, is the type member of the plant comovirus group.
The viral genome consists of two single-stranded RNA
molecules which are encapsidated in separate isometric
particles (middle and bottom components) (1, 25). The two
genomic RNAs, middle component RNA and B-RNA, are
3,481 and 5,889 nucleotides long, respectively (12, 26). Both
RNAs are polyadenylated and have a genome-linked protein
at their 5' termini (3, 4). The B-RNA can replicate indepen-
dently in cowpea mesophyll protoplasts, causing formation
of eight virus-specific proteins (7, 19). In rabbit reticulocyte
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lysates B-RNA can be translated into a 200K polyprotein
which is cleaved during synthesis to produce a 32K protein
and a 170K protein (17). The 170K protein, in turn, is
cleaved to form either of two pairs of proteins, a 11OK-60K
pair and a 87K-84K pair (18). An important characteristic of
the cleavage of the 200K polyprotein in the reticulocyte
lysate is that the reaction requires the reducing agent dithio-
threitol (DTT) (17). In the absence of DTT, the cleavage
reaction does not take place, and the protein accumulates in
the lysate reaction mixture. However, the polyprotein is
readily cleaved once DTT is added.

MATERIALS AND METHODS

Virus and yiral RNA. The conditions used for growing
CPMV and for preparing the B-RNA have been described
previously (18).

Preparation of the 200K polyprotein. The B-RNA-encoded
200K polyprotein was synthesized in rabbit reticulocyte
lysates which were obtained from Green Hectares, Oregon,
Wis. The conditions used for protein synthesis have been
described previously (18, 21), except that DTT was omitted
from the reaction mixture. Translation was at 30'C for 45
min. After translation, the reaction mixture (100 ,ul) was
diluted with 2 volumes of buffer A (20 mM Tris acetate, pH
7.6, 80 mM potassium acetate, 0.6 mM magnesium acetate,
0.3 mM DTT) and applied to a 10 to 40% sucrose density
gradient prepared in the same buffer. The gradient was
centrifuged in a Beckman type SW28 rotor at 27,000 rpm for
36 h and was then divided into 1-ml fractions. Fractions
containing the polyprotein were identified by scintillation
counting and by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis. The 200K protein-containing fractions were
stored at -80°C.

Partial purification of the cleavage enzyme. A 35-ml portion
of rabbit reticulocyte lysate was diluted with an equal
volume of buffer B (100 mM Tris acetate, pH 7.6, 50 mM
potassium acetate, 10 mM DTT, 20% glycerol), and the
diluted lysate solution was centrifuged in a Beckman type
Ti7O rotor at 45,000 rpm for 2 h. The resulting supernatant
was fractionated by ammonium sulfate precipitation. Pro-
teins precipitated between 50 and 60% saturation were
collected, and the protein precipitate was dissolved in 1.5 ml
of buffer C (20 mM Tris hydrochloride, pH 7.6, 50 mM KCI,
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FIG. 1. Effects of dilution on the cleavage of CPMV proteins. (A) The conditions used for protein synthesis have been described
previously (18, 21), except that no DTT was added to the reaction mixture and translation was for 45 min. After translation the reaction
mixture was adjusted to 5 mM DTT and 1.6 mM ATP, divided into 5-LI portions, and diluted 0- to 80-fold with a blank lysate translation
solution. The diluted solutions were overlaid with mineral oil (to prevent evaporation) and were incubated at 30(C for 2 h. At the end of
incubation, a sufficient amount of blank lysate was added to each solution to make all solutions equal in volume. Lane a, Sample withdrawn
after 45 min of translation; lanes b through e, samples diluted 0-, 10-, 40-, and 80-fold, respectively. (B) The conditions used for translation
and for sample treatment were the same as those described above for panel A, except that a dilution buffer containing 20 mM Tris acetate,
80 mnM potassium acetate, 0.6 mM magnesium acetate, 5 mM DTT, and 1.6 mM ATP was used to dilute the translation mixture. Lane f,
Sample withdrawn after 45 min of translation; lanes g through k, samples diluted 0-, 5-, 10-, 20-, and 40-fold, respectively. (C) Translation
carried out in the presence of 5 mM DTT for 60 min. The same dilution buffer that was used in the experiment shown in panel B was used
to dilute the reaction mixture. Diluted samples were incubated for 5 h. Lanes a through g, Samples diluted 0-, 10-, 20-, 40-, 80-, 150-, and
200-fold, respectively.

1 mM EDTA, 10 mM mercaptoethanol, 10%, glycerol). The
solution was applied to a Sephadex G-150 column (2.5 by 90
cm) which was equilibrated in the same buffer. The column
was eluted at a flow rate of approximately 20 ml/h, and 3-ml
fractions were collected. Fractions containing cleavage ac-

tivity were pooled, and ammonium sulfate was added to 70%
saturation. The suspension was centrifuged, and the protein
precipitate was dissolved in 1.5 ml of buffer C. The solution
was dialyzed against buffer C and applied to a DEAE-
cellulose column (1.5 by 45 cm) which was equilibrated with
the same buffer. The column was washed with buffer C (at a

flow rate of 3 ml/h) until the absorbance reached a basal
level. A 0.05 to 0.5 M NaCI gradient having a total volume of
200 ml was applied, and fractions (approximately 2.5 ml)
were collected. After gradient elution, the column was
further eluted with about 30 ml of 1 M NaCl. Fractions from
each UV-absorbing peak were pooled, and proteins were

precipitated with ammonium sulfate. The protein precipi-
tates were dissolved in buffer A, and the solutions were

dialyzed against buffer A. The dialyzed solutions were

stored at -80°C.
Cleavage assay. A typical cleavage assay mixture (25 p.l)

contained 10 ,lI of the 200K polyprotein substrate isolated
from sucrose density gradients, 10 ,ul of enzyme solution (or
10 ,ul of buffer for the control samples), 5 mM DTT, 1.6 mM
ATP, and 0.01 mg of bovine serum albumin. (The gradient
fractions used in the assay contained almost no reticulocyte
proteins; therefore, bovine serum albumin was added to the

assay solutions as a carrier protein to keep the 200K protein
in solution.) The assay solutions were incubated at 30°C for
5 h.

Electrophoresis. Protein samples were analyzed on 7.5%
sodium dodecyl sulfate-polyacrylamide gels. The conditions
used for gel electrophoresis have been described previously
(18, 21). Viral protein bands were detected by fluorography.

RESULTS
Effect of dilution on cleavage of the 200K polyprotein.

Pelham reported that diluting 200K protein-containing retic-
ulocyte lysate reaction mixtures 10-fold with a blank lysate
solution caused no change in the rate of cleavage of the
polyprotein, but that similar dilution with buffer inhibited
cleavage (17). This suggests that the primary cleavage reac-
tion is catalyzed by a reticulocyte enzyme.
As a first step in investigating the primary cleavage

reaction, we expanded the dilution experiment of Pelham.
The 200K polyprotein was synthesized in the reticulocyte
lysate in the absence of DTT, and then the reaction mixtures
were serially diluted either with a blank lysate translation
solution or with a dilution buffer. (Both the blank lysate
solution and the dilution buffer contained 20 mM Tris acetate
[pH 7.6], 80 mM potassium acetate, 0.6 mM magnesium
acetate, 5 mM DTT, and 1.6 mM ATP.) The diluted reaction
mixtures were incubated for 1 or 2 h to allow cleavage to
occur, and then the samples were analyzed on a slab gel.
Figure 1A shows that diluting the protein synthesis reaction
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mixtures 10- to 80-fold with the lysate solution had no effect
on cleavage of the polyprotein (Fig. 1A, lanes b through e).
On the other hand, as shown by the gel patterns in Fig. lB,
a gradual decrease in the cleavage of the polyprotein was
observed when the reaction mixtures were diluted with
buffer (Fig. 1B, lanes g through k). The protein profiles show
that in the undiluted control sample (lane g) the 200K
polyprotein was almost completely cleaved to the 32K and
170K products after incubation with 5 mM DTT. However,
in the diluted samples, increasing amounts of uncleaved
200K protein and decreasing amounts of the cleavage prod-
ucts were observed as dilution was increased from 5- to
40-fold (lanes h through k).
We have shown previously that a secondary cleavage

reaction (cleavage of the 170K protein to form the 87K-84K
protein pair) is not affected by buffer dilution (18). In the
present study we performed a similar dilution experiment as
a positive control. Protein synthesis reaction mixtures were
incubated for 1 h in the presence of DTT. Under such
conditions the predominant products were the 170K and 32K
proteins. The reaction mixtures were then diluted with
buffer, and the diluted solutions were incubated for 5 h to
allow cleavages to occur. The gel patterns in Fig. 1C show
that formation of the 87K-84K protein pair was not affected
at all by dilution of the reaction mixture with buffer, even
when the mixture was diluted 200-fold. (This insensitivity of
the cleavage reaction to buffer dilution suggests that the
reaction is an autocatalytic reaction. On the other hand,
formation of the 11OK-60K pair was sensitive to buffer
dilution. Thus, either a cellular enzyme or a virus-encoded
enzyme must be responsible for the latter cleavage reaction.)
The results described above indicated that cleavage of the

200K protein is not a process mediated by a virus-encoded
protein or a process that occurs autocatalytically, but is a
process which is catalyzed by a reticulocyte factor.

Cleavage of the 200K protein by a reticulocyte factor. In
order to directly demonstrate that a reticulocyte factor is
involved in the primary cleavage reaction, we synthesized
the 200K protein and isolated the protein by sucrose density
gradient centrifugation. The isolated protein was incubated
with either dilution buffer or with the blank lysate translation
solution (Fig. 2). The protein profiles in Fig. 2 show that the
200K polyprotein remained uncleaved when it was incubated
with buffer (Fig. 2, lanes a and c), but was cleaved to form
the 32K and 170K proteins after it was incubated with the
lysate solution (lanes b and d). This result directly demon-
strated that a reticulocyte factor, presumably a protease, is
needed for the primary cleavage reaction.

Partial purification of the cleavage activity. Cleavage of the
isolated 200K protein could also be demonstrated with
fractionated lysate components. Assays performed with
different ammonium sulfate-precipitated fractions indicated
that the cleavage activity existed predominantly in the 50 to
60% fraction (Fig. 3A, lane b). Some activity also existed in
the 40 to 50% fraction (lane a), but no activity was found in
the 60 to 70%; fraction (lane c) or in the fractions containing
higher concentrations. Separation of the proteins present in
the 50 to 60% saturation fraction on a Sephadex G-150
column resulted in resolution of the precipitated proteins
into two major peaks. The first peak eluted at the void
volume, and it contained the cleavage activity. The second
peak contained the hemoglobin. Further fractionation of the
materials recovered from the Sephadex column on a DEAE-
cellulose column resulted in additional separation of the
isolated proteins. The elution profile is shown in Fig. 3B. A
cleavage assay of the pooled fractions from each peak
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FIG. 2. Cleavage of isolated 200K polyprotein with unfraction-

ated reticulocyte lysates. The conditions used for isolating the
polyprotein and for cleavage assays are described in Materials and
Methods. Lanes a and c. Polyprot6in from two different gradient
fractions incubated with the dilution buffer, lanes b and d, the same
two fractions incubated with the blank lysate trainslation solution.

revealed that fraction II (Fig. 3A, lane e), but not any other
fraction (lanes d, f g, and h), possessed the cleavage
activity. The minor protein bands in lane f were probably
nonspecific cleavage pioducts caused by other reticulocyte
proteases that were concentrated in the eluted fraction.
Requirement of AtP for the cleavage reaction. Pelham

reported that addition of glucose 6-phosphate to the reticu-
locyte lysate reaction mixture prevented cleavage of the
200K protein (17). This suggests that the cleavage reaction is
an ATP-dependent reaction. It is known that rabbit
reticulocytes contain a nonlysosornal, ATP-dependent pro-
tein degradation system (for a review, see reference 10). This
proteolytic system, which can be stimulated by ubiquitin,
appears to be responsible for selective degradation of abnor-
mal polypeptides. In this degradation system, ATP seems to
serve at least the following two distinct functions: (i) it is
required for the formation of covalent linkage between
ubiquitin and substrate proteins in order to enhance the
susceptibility of the substrate proteins to reticulocyte
proteases (10), and (ii) it is involved in an unidentified
reaction step which is independent of ubiquitin (24).
By using the preparations obtained from the DEAE-

cellulose column as enzyme sources, we determined that
cleavage of the 200K protein is an ATP-dependent reaction.
Furthermore, we found that under the assay conditions used
in this study cleavage was not stimulated by ubiquitin (Fig.
4). Figure 4, lanes a through d, contained samples which
contained, respectively. 0, 20, 100, and 2(00 [Lg of ubiquitin
per ml with no ATP added; lanes e through h contained the
same samples but with ATP. The protein profiles indicate
that cleavage could occur only in the presence of ATP and
that no increase in cleavage was observed with increasing
ubiquitin concentrations.

DISCUSSION
Identification of the primary cleavage enzyme. Our results

demonstrate that cleavage of the CPMV 200K polyprotein
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cleavage enzyme should be an important and interesting
pursuit. What is this enzyme that causes cleavage of only
one peptide bond on a large 200K protein molecule? Is this
enzyme involved in cleaving any of the picornavirus precur-
sor proteins which have been shown to be actively processed
in the reticulocyte lysate (16, 21, 22)? What is the relation-
ship of this enzyme, if any, to the reticulocyte ATP-
dependent protein degradation system? Purification and fur-
ther characterization of the cleavage activity will be neces-
sary to answer these and other related questions.

It should be pointed out that since the viral proteins
synthesized in CPMV-infected cowpea protoplasts and in
reticulocyte lysates are similar (6, 8), it is reasonable to
assume that a corresponding cleavage enzyme exists in plant
cells. Identification of this plant enzyme should also be a
meaningful problem.
Requirement of DTT for isolating reactive 200K molecules.

An important factor that contributed to the demonstration of
reticulocyte cleavage activity is the DTT dependence of the
cleavage reaction. By omitting DTT from the lysate protein
synthesis reaction mixture we were able to synthesize
uncleaved 200K protein molecules. However, we found that
in order to isolate reactive 200K protein molecules it was
necessary to include a low concentration (0.3 mM) ofDTT in
the sucrose density gradient solution, because otherwise the
isolated polyprotein was not cleavable. This DTT require-
ment may be explained as follows. In a non-DTT-sup-
plemented translation reaction mixture some of the synthe-
sized 200K protein molecules are maintained in a native or
near-native conformation by low levels of reducing agents
present in the reticulocyte lysate. However, in a DTT-free
gradient the endogenous reducing agents are separated from
the polyprotein, and this causes irreversible denaturation of
the polyprotein.

200K
170K
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FIG. 3. Cleavage of isolated 200K polyprotein with fractionated
lysate components. (A) Lanes a through c, Polyprotein incubated
with reticulocyte proteins derived from 40 to 50% (lane a), 50 to 60%
(lane b), and 60 to 70% (lane c) ammorlium sulfate-saturated
fractions; lanes d through h, polyprotein incubated separately with
fractions I through V eluted from a DEAE-cellulose column. (B)
DEAE-cellulose elution profile. The chromatography conditions
used are described in Materials and Methods.

requires a cellular factor. These results represent the first
direct evidence for involvement of a cellular protein in a
primary cleavage reaction. At the present time, the identity
of the primary cleavage enzyme has not been determined for
any viral system. Therefore, identification of the 200K
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FIG. 4. Requirement of ATP for the cleavage reaction. DEAE-

cellulose fraction ll was used as the enzyme source. Lanes a

through d, Samples incubated with, respectively, 0, 20, 100, and 200
,ug of ubiquitin per ml (ubiquitin was a gift from Hans-Christian
Thogersen of the laboratory of Aaron Klg; lanes e through h, same
as lanes a through d, respectively, except that 1.6 mM ATP was
included in the samples.
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Furthermore, it should be pointed out that in some severe
cases omission of DTT from the gradients resulted in com-
plete precipitation of the polyprotein during centrifugation.
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