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INTRODUCTION 

Replication of mouse hepatitis virus is initiated by translation and processing of the 
gene I polyprotein. The increasing complexity of this pattern of replicase protein expression 
is becoming apparent. MHV-A59 encodes approximately 800 kDa of polypeptide within the 
two overlapping open reading frames of gene I. In addition, at least one proteinase activity 
encoded by gene I has been identified l ,2 and two more are predicted, along with putative 
polymerase, helicase, NTP binding and possibly growth factor like proteins3-5. Only the first 
380 kDa of protein products ofMHV gene 1 ORF la have been described and characterized 
as to the pattern of expression and processing in virus infected cells6. Specifically, proteins 
of N-p28-65-290-C constitute the initial translation products of this region. The cleavage 
between p28 and p65 has been best described, both in vitro and in virus-infected cells7. As 
of yet no specific functions have been ascribed to any of these proteins. Thus a great deal 
remains to be learned about the processing pattern and functions of MHV gene I encoded 
proteins. 

Based on sequence analysis and demonstrated activity of an ORF I a encoded 
proteinase, it is assumed that most or all of the processing of the gene I polyprotein is effected 
by viral proteinases. Thus, one of the tools which has been extensively used in the 
investigation of gene I expression is the addition of proteinase inhibitors to in vitro or 
intracellular translation reactions, in order to determine the effect on polyprotein expression 
and to determine the specificity of proteolytic events involved in maturation of gene I 
products. The processing of the N-terminal protein p28 was defined based on the inhibition 
of appearance in the presence ofleupeptin or ZnCll Subsequently, the cleavage of the p290 
protein into p50 and p240 in cells was also defined in part by to its inhibition in the presence 
of leupeptin 7. 

Leupeptin is an amino acid aldehyde (N-acetyl-Ieu-Ieu-arg-aldehyde), which inhibits 
most cysteine and trypsin-like serine proteinases9. Leupeptin acts by forming a stable, 

Corona- and Related Viruses, Edited by P. J. Talbot and G. A. Levy 
Plenum Press, New York, 1995 391 



392 M. R. Denison et al. 

noncleavable tetrahedral intermediate in the substrate binding region of the proteinase. 
However leupeptin is a reversible inhibitor, and is also degradable, so we have sought more 
stable, irreversible inhibitors of specific serine and cysteine proteinase inhibitors to allow 
more careful dissection of the proteolytic pathway of the gene 1 polyprotein. One such agent 
which will be described in this paper is e64 (L-trans epoxysuccinyl-Ieucylamido( 4-
guanidino)butane), a specific inhibitor of cysteine (thiol) proteinases such as calpain, 
cathepsin B and papain 10. E64 irreversibly binds the thiol group of cysteine catalytic residues, 
thereby inactivating the proteinase molecule. Thus e64 is considered an excellent active site 
titrant for studies of cysteine proteinases. We have utilized e64d, the uncharged diethyl ester 
derivative of e64, because of its excellent cell penetrability. This agent has previously been 
used to describe inhibition ofL proteinase of the picornavirus, foot and mouth disease virus 
(FMDV) II. Leupeptin and e64d both can penetrate cells, and both are very non toxic to cell 
mono layers and to mice, and thus make excellent agents to study effects on virus protein 
processing in virus infected cells or intact animals. 

During studies of polyprotein processing in MHV-AS9 infected DBT cells 12, we 
observed that addition of either leupeptin or e64d to media at early times of infection resulted 
in significantly decreased viral syncytia formation. If the inhibitor is added early enough, 
the yield of viral nonstructural proteins at 8-10 hours is markedly decreased (Denison, 
unpublished data). The present studies are predicated on that observation and the hypothesis 
that the presence of proteinase inhibitors diminishes virus replication by acting at the level 
of inhibition of gene I polyprotein processing, an essential step in virus replication. We here 
show that both leupeptin and e64d inhibit MHV-AS9 virus replication in DBT cells. 
Leupeptin and e64d both result in diminished viral RNA synthesis and infectious virus, even 
when added at relatively late times post infection. Thus polyprotein processing appears to 
be required throughout infection in order for ongoing RNA synthesis to occur. 

MATERIALS AND METHODS 

Virus stocks, cells, and proteinase inhibitors. Stocks of MHV-AS9 were plaque 
purified times three and passaged at low MOl prior to use. DBT cells were used for virus 
growth, isolation, infected celllysates and plaque assayl2. Cells were maintained in DMEM 
10% fetal calf serum (FCS) and infections were performed in DMEM 2% FCS. Leupeptin 
was obtained from Sigma, and was dissolved in water at stock concentrations of200mM and 
used at final concentrations of 2mM. E64d was originally obtained from Phil Sonnett at the 
USDA. Subsequently e64d was obtained from Matreya Inc. E64d was dissolved in DMSO 
at a stock concentration of 100mg/ml and used at concentrations of SOO Ilg/ml in DMEM 
2% FCS. 

Plaque assays. Plaque assays were performed on confluent mono layers ofDBT cells 
in six-well plates. Cells were infected for 30 minutes at 37°C with virus from media 
supernatants diluted in gel saline, followed by media/agar overlay for 24-30 hours and 
subsequent addition of agar containing 0.02% neutral red for 6-12 hours with counting of 
clear plaques. All plaque assays were performed in duplicate and the experiments were 
repeated twice. 

Determination of infectious virus and cytopathic effect. Confluent mono layers of 
DBT cells in 60mm petri dishes were infected with MHV-A59 at an MOl of 20 PFU/cell in 
DMEM 2% FCS for 30 min. at 37° C. Plates were rinsed with Tris-saline pH 7.4 three times 
prior to addition of overlay media. For assays of infectious virus, mono layers were overlayed 
with 2ml of media and 100111 aliquots were removed at the time points indicated in the 
individual experiments. For assay of proteinase inhibitors, leupeptin (2mM) or e64d 
(500Ilg/ml) was added to the media I hour pj. Monolayers were carefully observed by two 
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independent observers who were blinded to each other, and estimates were made of the 
percent involvement of each monolayer by virus-induced syncytiae prior to determination 
of supernatant virus titers. 

Determination of viral RNA synthesis. Infection was initiated exactly as described 
above. Actinomycin D was added to the media at a final concentration of IOllg/ml at 4 hours 
p.i. when determinations of RNA synthesis were to be made at 8-9 hrs p.i. [3H] uri dine (NEN) 
was added at a final concentration of 200IlCi/ml at times indicated in the presence of 
leupeptin (2mM) or e64d (50011g/ml) added as shown in individual experiments. At the end 
of the labeling period, plates were washed on ice with PBS times three, lysed in hypotonic 
solution containing 1 % SDS, and lysates were passed through a 23 gauge needle. Aliquots 
were taken for determination ofTCA insoluble radioactivity, and were always performed in 
triplicate. 

RESUL TS AND DISCUSSION 

Leupeptin Inhibition of Virus Titer and RNA Synthesis 

We first investigated the effect of leupeptin on MHV-A59 virus replication in single 
cycle growth experiments in DBT cells by adding leupeptin at 1 hour p.i. to the overlying 
media, with or without supplementation every three hours throughout the infectious cycle 
(Figure 1). 

Visually, we observed a delay in the appearance of viral syncytia in the leupeptin
treated cells. When virus titer was determined at the various time points, the eclipse phase 
of virus replication was markedly affected at all concentrations ofleupeptin, with a delay of 
4-6 hours, compared with the control infection, before increases in supernatant virus titers 
were observed. Virus titers in leupeptin-treated cells were diminished at all times points 
compared with controls, with the most marked reduction measured in those cells treated with 
2mM leupeptin and supplemented every 3 hours, where 2.8 log reductions in virus titer were 
noted at 12 hours post infection. 

We next investigated the importance of time of addition of leupeptin on replication 
inhibition. In the single-cycle growth experiments, leupeptin was added 1 hour after 
infection, and the results were therefore consistent with inhibition of an event occurring after 
binding and entry (Figure 2). Therefore we sought to determine whether leupeptin resulted 
in inhibition of viral RNA synthesis as a marker of inhibition of maturation of proteins 
expressed from gene 1. DBT cells were infected with MHV-A59 and 2mM leupeptin was 
added at various times from -1 hr to 8 hrs after infection. In parallel experiments we measured 
either virus titer at 8 hours after infection or uptake of [3H]uridine into actinomycin D 
resistant RNA at 8 to 9 hours after infection. When leupeptin was added at or before 2 hrs 
pj., there was a greater than 90% reduction in supernatant virus titer measured at 9 hrs pi. 
The titer was substantially decreased when leupeptin was added as late as 7 hrs pj., 
suggesting interference with an ongoing intracellular process, such as protein translation, 
processing or RNA synthesis. 

DBT cell morphology, cell replication, and protein and RNA synthesis were unaf
fected by the presence of up to 10mM leupeptin, indicating that the effect on MHV-A59 
replication was not due to cellular cytotoxicity( data not shown). There did not appear to be 
any direct antiviral effect of leupeptin on the virus, since incubation of stock virus with 
leupeptin did not reduce measurable virus titer. Leupeptin also did not interfere with 
maturation cleavage of the spike (S) surface glycoprotein. No increase in infectious virus 
particles was observed when MHV grown in the presence of leupeptin was incubated with 
trypsin at 37°C for up to two hours. These data strongly suggest that early proteolytic events, 
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Figure 1. InhibitIOn of MHV-A59 replIcatIOn by leupeptlll. InfectIOns were performed as descnbed III Mate
nals and Methods Monolayers ofDBT cells were mfected with MHV-AS9 at an MOl of 10 PFU/ml Leupeptm 
was mltIally added at I hrp I to all plates except the control (no leu). For those plates which were supplemented, 
leupeptm was added at 3 hour mtervals directly to the media. Samples were obtamed at the tImes mdlcated 
and tIter was determmed by plaque assay on DBT cell mono layers 

possibly those important for ORF la processing, may be the site of leupeptin-mediated 
inhibition of MHV replication. 

The results of the parallel experiment, in which viral RNA was labeled with [3H] 
uridine in the presence of actinomycin D, are shown in Figure 2. The results are surprisingly 
similar to those found when measuring infectious virus titer. When leupeptin was added 
before 2 hrs pi, viral RNA synthesis at late times was at or below the level of mock-infected 
control cells in the presence of actinomycin, or essentially absent. Also similar to the virus 
titer experiment, addition of leupeptin up to 7 hrs p.i. resulted in a significant reduction in 
viral RNA synthesis at 8 to 9 hours. Together, the results of these experiments indicate that 
an ongoing intracelluar viral replication event is inhibited by leupeptin, and that the 
inhibition manifests as diminished RNA synthesis with concomitant reduction in virus titer. 

E64d Inhibition of MHV -A59 RNA Synthesis and Replication 

Because leupeptin is a reversible inhibitor, and because of its broad specificity for 
both cysteine and serine proteinases, it is not possible to state whether the need for 
supplementation and the decreasing inhibition when added at late times of infection is due 
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Figure 2. Leupeptm mhlbltlon of MHV-AS9 rephcatlOn and RNA synthesIs A) ViruS titer at 9 hours p I 
Leupeptm was added at the times p I mdlCated, except for the control, to which no leupeptm was added. 
Supernatant ViruS was harvested at 9 hours post mfectlOn and tltered on DBT cells B) IncorporatIOn of 
eH]undme mto viral RNA Leupeptm was added at the times p I mdlcated Actmomycm D was added to ViruS 
mfected mono layers at 4 hrs p I and eH]undme was added from 8-9 hrs pi, followed by cell lYSIS and 
measurement ofTCA msoluble radIOactiVity "Unmf' mdlcates unmfected cells m the presence of actmomycm 
D and "no leu" mdlcates mfected cells m the presence of actmomycm D but m the absence of leupeptm 

to reversibility of inhibition or synthesis of new proteinase molecules. Thus we investigated 
the inhibition of replication with e64d, the specific, irreversible cysteine proteinase inhibitor. 
This was potentially a good agent because all of the known or predicted gene I-encoded 
proteinases are thought to possess cysteine catalytic residues. In addition, its irreversible 
inhibition is such that binding to a molecule of proteinase eliminates that molecule. Therefore 
any late resumption of replication can be attributed the activity of newly available proteinase. 
Finally, it has been shown that e64d inhibits at least one cleavage in the gene I polyprotein, 
at the carboxy terminus of p6SI3. We first repeated the single cycle growth experiments with 
SOO/-lg/ml of e64d during MHV-AS9 infection ofDBT cells, and visually estimated percent 
involvement in syncytiae prior to titering supernatant virus at various time points from 0 to 
24 hours (Figure 3). 

E64d added at 1 hour pj. completely blocked virus replication as measured both by 
titer and visible cytopathic effect when compared to control. At 10 hours post infection, there 
were no syncytia visible in the e64d treated plates, and virus titer was diminished greater 
than 6 logs compared to the control. E64d was added at only one time, 1 hr pj.; thus it was 
interesting that replication as measured by both titer and syncytia estimates recommenced 
after a 12-16 hour lag. This indicated both that the cell monolayer was not adversely affected 
by the e64d and that the inhibitor was exhausted, possibly by a combination of degradation 
and binding to proteinase. These results were entirely consonant with those observed with 
leupeptin, but the inhibition was much more complete. 

We next examined the effect of e64d on viral RNA synthesis, in order to assess the 
degree of inhibition and to determine the role of time of addition (Figure 4). Similar to 
leupeptin, e64d had no effect on cellular RNA synthesis in the absence of actinomycin d at 
8 hours after addition, which was consistent with experience with other cell types II. 

In contrast, the addition of e64d (SOO/-lg/ml) at any time from -1 to 7 hours pj. resulted 
in complete ablation of viral RNA synthesis as measured by actinomycin D resistant [3H] 
uridine incorporation at 8-9 hrs pi. These results show that e64d can inhibit new RNA 
synthesis for more than 9 hours when added at the beginning of infection, and also 
demonstrate that the half-life of that inhibition is short, likely less than 1 hour. This was 
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Figure 3. InhibitIOn of MHV-AS9 VI
rus replicatIOn by e64d Smgle cycle 
growth ofMHV-AS9 m DBT cells was 
determmed The monolayer was m
fected at an MOl of 20 m absence pro
temase mhlbltor (Control), or e64d 
(SOO).lg/ml m DMSO) The percent m
volvement of the monolayer m viral 
syncytia was determmed as descnbed 
m the Matenals and Methods Ahquots 
of overlymg media were taken at the 
time pomts mdlcated and titer deter
mmed. The log titer IS to the left of the 
figure and the %syncytla to the nght 

consistent with the results obtained with leupeptin, but was more rapid acting and complete 
when added at late times of infection. 

Requirement for Continuous Proteolytic Processing in MHV Replication 

Both Jeupeptin and e64d have been used to inhibit processing of the gene J poJypro
tein. We here demonstrate that the addition of either of these agents to virus infected cells 

Incorporation 8-9 hrs pi 
3 H uridine cpm 

-1 0 1 2 4 6 7 
E64d addition (hrs pi) 

Figure 4. Time of addition of e64d and InhibitIOn 
of RNA syntheSIS 60mm plates of confluent DBT 
cells were mfected at an MOl of20 Actmomycm 
D (lO).lg/ml) was added to all mfected cells and 
one umnfected plate at 4 hrs p I E64d was added 
to the media of mfected cells at the times mdlcated 
from -1 hr to 7 hrs pi, It was added to the 
unmfected cell control at 1 hr after mock mfec
tlon No e64d was added to the mfected control. 
[3Hlundme was added at 200).lCl/ml at 8 hrs p.l. 
and cells were lysed at 9 hrs p I after a one hour 
labelmg penod TCA msolub1e mcorporatlOn mto 
RNA was detennmed 
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mhlblts new viral RNA synthesIs, and therefore output ViruS titer The effect on titer more 
Impressive at early times ofmfectlOn, whereas even at late times of addition, RNA synthesIs 
measured shortly after additIOn IS already dlmllllshed E64d mhlblted ViruS replicatIOn to a 
greater extent than leupeptm (50 vs 28 log reduction at 8-10 hrs), and also demonstrated a 
longer duratIOn ofmhlbltIon (up to 16 hrs) E64d also more completely mhlblted new Viral 
RNA syntheSIS (>90%) at late times ofmfectlOn (7 hrs pi) than leupeptm 

Together the results obtamed With leupeptm and e64d suggest a model m which 
contmued protem and expressIOn and processmg, IS reqUired for Viral RNA syntheSIS to 
occur, and that mterference With processmg allows rapid depletion of the protems mvolved 
m the RNA syntheSIS activIties It has been preVIOusly demonstrated than ongomg protem 
syntheSIS IS necessary for coronavlrus RNA synthesIs 14, and our data show that processmg 
IS reqUired as well Early mhlbltIon of proteolYSIS may result m markedly dlmmlshed RNA 
templates for transcnptIon, protem syntheSIS, and packagmg mto progeny Vlflons Our 
results further suggest that some of the protems mvolved m RNA syntheSIS, whether 
polymerases directly or protemases more mdlrectly, have a short half-life of actlVlty dunng 
replicatIOn, rather than bemg contmuously available throughout mfectlOn once translated 
and processed As the entire scheme of gene 1 polyprotem processmg becomes apparent, 
these protemase mhlbltors will allow us to assess speCifically which proteolytiC events are 
reqUired for ongomg RNA syntheSIS 
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