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The vaccinia virus (VV) E3L gene is responsible for providing interferon (IFN) resistance and a broad host
range to VV in cell culture. The E3L gene product contains two distinct domains. A conserved carboxy-terminal
domain, which is required for the IFN resistance and broad host range of the virus, has been shown to bind
double-stranded RNA (dsRNA) and inhibit the antiviral dsRNA-dependent protein kinase, PKR. The amino-
terminal domain, while conserved among orthopoxviruses, is dispensable in cell culture. To study the role of
E3L in whole-animal infections, WR strain VV recombinants either lacking E3L (VVDE3L) or expressing an
amino-terminal (VVE3LD83N) or carboxy-terminal (VVE3LD26C) truncation of E3L were constructed.
Whereas wild-type VV had a 50% lethal dose of approximately 104 PFU after intranasal infection, and elicited
severe weight loss and morbidity, VVDE3L was apathogenic, leading to no death, weight loss, or morbidity.
VVDE3L was also apathogenic after intracranial injection. Although the amino-terminal domain of E3L is
dispensable for infection of cells in culture, both the amino- and carboxy-terminal domains of E3L were
required for full pathogenesis in intranasal infections. These results demonstrate that the entire E3L gene is
required for pathogenesis in the mouse model.

Vaccinia virus (VV) is the prototypical large double-
stranded DNA virus, encoding approximately 190 genes. VV
has been extensively studied as a safe alternative for a vaccine
or gene therapy delivery vector (28, 29, 32, 43). One advantage
is the ability to easily construct VV recombinants that express
multiple foreign genes (9, 47). VV infection has been widely
characterized in human subjects due to its widespread use as
the smallpox vaccine (18). One important element of VV char-
acterization is to study genes involved in pathogenesis, and
those that influence the host range phenotype of the virus are
logical candidates. Many VV genes initially considered nones-
sential have now been shown to be involved in host defense
evasion (17, 41) or the well-documented poxvirus inhibition of
the immune response (4, 25, 31) in whole-animal models.
Some examples include the myxomavirus tumor necrosis factor
alpha and gamma interferon (IFN-g) receptors (26, 45), VV
C4b-binding protein homologue (20), VV-encoded serpins
(40), and a VV-encoded CC chemokine-binding protein (39).

E3L, one of the key IFN resistance genes encoded by VV, is
required for VV replication in a wide range of host cells (2).
However, until the present study, its in vivo importance had
not been investigated. The E3L gene encodes a 190-amino-
acid protein with a highly conserved carboxy-terminal double-
stranded RNA-binding domain (dsRBD). E3L is a member of
a large family of double-stranded RNA (dsRNA)-binding pro-
teins which function, in vitro, to specifically bind dsRNA (but
not single-stranded RNA or DNA) in a sequence-independent
manner (1, 6). Other family members containing this con-

served domain include both viral and cellular proteins. Several
such members have been identified and extensively studied in
vitro: the dsRNA-dependent protein kinase, PKR (8, 12, 24,
27, 30), group C rotavirus p8 (16, 21), Drosophila Staufen (5,
42), and Xenopus laevis RNA-binding protein A (36, 42).

The dsRBD of VV E3L has been shown to be required for
both the IFN-resistant properties and the broad-host-range
phenotype of VV (7). Many viruses synthesize dsRNA during
replication or, in the case of VV, likely during convergent
transcription at late times postinfection. dsRNA is a potent
activator of two cellular IFN-inducible antiviral enzymes: PKR
and 29-59 oligoadenylate (29-59A) synthetase. PKR becomes
activated upon interaction with dsRNA and is able to phos-
phorylate the eukaryotic protein synthesis initiation factor 2
(eIF-2) on its small (a) subunit, initiating an inhibition of
protein synthesis within the infected cell (37, 48). 29-59A syn-
thetase also becomes activated by dsRNA, which in turn acti-
vates a latent endoribonuclease (RNase L), which then targets
and cleaves cellular rRNA (15) and likely mRNA, halting
protein synthesis within the cell. E3L inhibits the activation of
PKR (8) and 29-59A synthetase (34), restoring function to the
translational apparatus, thereby facilitating virus replication
within the infected cell. This inhibition is dependent on the
ability of E3L to bind dsRNA (7).

The amino terminus of E3L, however, is not required for
PKR inhibition in vitro (7) or for IFN resistance or for a broad
host range in cell culture (38). An amino-terminal deletion
mutant of E3L (E3LD83N) that encodes a stable protein that
retains its ability to bind dsRNA has been shown to function-
ally replace E3L in a VV infection. Virus expressing E3LD83N
is IFN resistant and has broad-host-range characteristics in
both single-cycle and multicycle (plaque formation) assays (7,
38). Since the amino terminus of E3L is not essential for the
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cell culture viability of VV, but the protein sequence is highly
conserved among E3L genes in distantly related poxviruses
(13), we hypothesized that this domain may represent a non-
essential region of the E3L gene that may, in fact, be required
for viral pathogenesis in an animal model. The aims of this
study included determination of whether E3L is indeed impor-
tant for VV infection in a mouse model and, more specifically,
to determine whether both the amino- and carboxy-terminal
domains are required.

MATERIALS AND METHODS

Plasmid construction. Plasmids pMP-E3L and pMPE3LDgpt are described in
reference 19. Chang and Jacobs made the D83N mutant as follows. The AatII
(blunt-ended)-SalI fragment of E3L (positions 84 to 190) was subcloned into
pGEM3-5T vector (6), and the gene was subsequently cloned into the
pMPE3LDGPT recombination plasmid. The resultant plasmid, pMPD83N, con-
tains sequences homologous to the flanking regions of the VV E3L gene as well
as encoding the E. coli gpt selection gene, which allows a virus that has taken up
the plasmid to replicate in the presence of mycophenolic acid. pMPD26C was
made using whole-plasmid PCR of pMPE3L using divergent primers to delete
amino acids known to be required for dsRNA binding.

Cell culture. RK13 cells were cultured in minimal essential medium (MEM;
Gibco, BRL) containing 5% fetal bovine serum (FBS), 50 mg of gentamicin per
ml, and 0.1 mM nonessential amino acid solution (MEM5%; Gibco, BRL). Cells
were incubated at 37°C with 5% CO2. BHK-21 cells were cultured in MEM
(Gibco, BRL) containing 10% FBS and 50 mg of gentamicin per ml and incu-
bated at 37°C with 5% CO2. HeLa S3 cells (American Type Culture Collection)
were cultured in Dulbecco modified Eagle medium (Gibco, BRL) with 5% FBS
and incubated at 37°C with 5% CO2.

Virus amplification. The WR strain of VV was used for these studies. Infec-
tions of cell monolayers were performed after removing culture media in 100-ml
volumes and incubating cells at 37°C and 5% CO2 for 1 h while rocking inter-
mittently. Culture medium was replaced on the monolayer following infection.
VV and VVE3LD83N were amplified in RK13 cell monolayers, and VVDE3L
and VVE3LD26C were amplified in BHK-21 cell monolayers in order to achieve
maximum virus titer. Plaque formation was not visible in BHK cell monolayers
without X-Gal (5-bromo-4-chloro-3-indolyl-b-D-galactopyranoside) staining. For
titer determination, virus stocks were serially diluted in 1 mM Tris (pH 8.8), and
plaque assays for all viruses were performed on RK13 cell monolayers; 24 to 30 h
postinfection (hpi), the monolayers were stained with crystal violet (0.5% in 20%
ethanol).

IVRs. VVDE3L was used as the parent virus for insertion of E3L mutants. In
this virus, the E3L gene was removed from the WR strain of VV and replaced
with the lacZ gene. In vivo recombinations (IVRs) were performed essentially as
described elsewhere (19). Briefly, subconfluent RK13 cell monolayers were in-
fected with VVDE3L at a multiplicity of infection of 5 and simultaneously
transfected with 1 mg of the plasmid containing an E3L mutant using Lipofectace
(Gibco, BRL). At 30 hpi, the cells were harvested and the resultant recombinant
virus was subjected to mycophenolic acid selection. Plaques were identified by a
blue color when stained with X-Gal substrate. The IVR and the selection process
were performed in BHK-21 cells for the D26C mutant due to the increased
permissivity for viral replication in BHK-21 cells. The final resolution was per-
formed in RK13 cells. Viruses were then amplified in RK13 cells for future
infections and viral DNA sequencing. VVDE3L and VVE3LD26C were ampli-
fied in BHK-21 cells due to the ability to achieve higher virus titers. Wild-type
E3L revertant viruses were made by in vivo recombination of plasmid pMPE3L
with each of VVDE3L, VVE3LD83N, and VVE3LD26C.

Sequencing of virus mutants. DNA was extracted from virally infected cells
following three rounds of freezing (280°C) and thawing (37°C), followed by 30-s
sonication. Cell debris was removed by centrifugation at 700 3 g for 10 min.
Nucleic acid was obtained by phenol-chloroform-isoamyl alcohol extraction of
the supernatant followed by chloroform-isoamyl alcohol extraction, ethanol pre-
cipitation, and solubilization in 10 mM Tris (pH 8.0)–0.1 mM EDTA. PCR was
performed using convergent primers matching E3L flanking sequences. The
PCR product was then gel purified, and the DNA was extracted from the band
of interest and subjected to nucleotide sequencing.

Mice and in vivo infections. C57BL/6 breeders were obtained from Charles
River, and pathogen-free colonies were maintained at the Arizona State Uni-
versity Animal Resource Center. Both male and female animals between the
ages of 4 and 6 weeks were used for experiments. Each cage contained seven to

nine mice with approximately equal average age and weight and equal numbers
of each sex, all between the ages of 4 and 6 weeks. A separate cage was used for
each experimental condition (dose of each virus). An anesthetic cocktail con-
taining xylazine (7.5 mg/ml; Phoenix Pharmaceuticals, St. Joseph, Mo.),
acepromazine maleate (2.5 mg/ml), and ketamine (37.5 mg/ml; Fort Dodge
Laboratories, Fort Dodge, Iowa) was prepared. Approximately 1 ml of cocktail
was injected intramuscularly per g of body weight. Following anesthesia, virus
was administered intranasally in 10-ml doses with a Rainin pipetman loaded with
a gel loading tip. Mice were observed daily for mortality to assess the 50% lethal
dose (LD50) (33). Intracranial injections on anesthetized animals were per-
formed with 10 ml of virus, using a 27-gauge hypodermic needle and 1-ml syringe.

Weight loss. Weight loss was determined by weighing each mouse every day or
on alternate days postinfection. The percent weight gain or loss over time was
determined by averaging the weights per cage at each time point divided by the
initial average weight. Standard error was calculated for each dose to determine
dose dependence.

Tissue distribution. Animals were infected intranasally as described above
with either 4 3 105 PFU of wild-type VV or 8 3 106 PFU of VVDE3L. On
alternate days beginning with 2 days postinfection, two animals were sacrificed by
halothane overdose and then immediately dissected. The organs removed (liver,
spleen, blood, lungs, brain, and nasal cavity) were immediately frozen in liquid
nitrogen and stored at 280°C until the end of the time course. A 10% homog-
enate was prepared for each weighed organ by adding MEM5% with 23 gen-
tamicin in a cleaned Dounce homogenizer. The nasal samples required the
addition of approximately 0.1 g of sterilized sand (La Jolla Shores, Calif.) to
thoroughly homogenize tissue. All homogenates were subjected to two rounds of
freezing (280°C)-thawing for 30 min on ice and then quick-thawing (37°C).
Following the final thaw, samples were sonicated for 30 s and then subjected to
a 10-min spin at 700 3 g at 4°C to remove cell debris. Controls for determining
the limit of detection in each tissue were performed simultaneously by adding
known amounts of wild-type VV to tissue homogenates prior to the freeze-thaw
steps. After spinning, supernatants were retained and dilutions were performed
for all samples and then used for plaque assays on RK13 cells.

Plaque assays for tissue distribution studies were performed using 100 ml of the
prepared dilutions (neat, 1:10, 1:100, and 1:1,000) to infect 70% confluent RK13
cells in 24-well tissue culture plates (BD). Twenty-four hours postinfection, all
monolayers were stained with crystal violet to determine titer (PFU per gram of
tissue).

Detection limits were determined for each tissue by addition of 10, 100, 1,000,
or 10,000 PFU of wild-type virus to uninfected control tissue homogenates.
Controls were performed in triplicate, and limits of detection were assessed
(brain, 5,000 PFU; nasal turbinate, 2,000 PFU; lung, 2,000 PFU; and spleen, 104

PFU). Limits of detection were based on the fold decrease in plaques observed

FIG. 1. Virus constructs. Wild-type VV encodes the E3L gene prod-
ucts, p20 and p25. The functional domains of E3L are shown: the con-
served dsRBD (dsRNA-BD); sequences homologous to a known Z-
DNA-binding domain (Z-DNA BD); a putative nuclear localization
signal (NLS); and sequences reported to be involved in interaction
with PKR. For these experiments the E3L gene was deleted from the
WR strain of VV, and the lacZ gene encoding b-galactosidase was
inserted (VVDE3L). Two viruses, E3LD26C and E3LD83N, were con-
structed from VVDE3L by IVR with truncated versions of E3L. Re-
vertants encoding wild-type E3L were reconstructed for all mutants.
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compared to the known input virus (brain, 50-fold; nasal turbinate, 20-fold; lung,
20-fold; and spleen, 100-fold). Reported viral titers (Fig. 4) take into account the
limit of detection; thus, plaque counts were multiplied by the absolute value of
the fold decrease observed in controls.

RESULTS

E3L is a virulence gene. The WR strain of VV was originally
derived from serial passage in mouse brain and thus is a highly
virulent strain with which to perform pathogenesis studies (18).
To study the role of the E3L gene in virulence, wild-type WR
strain VV was compared with a WR strain from which E3L was
deleted and replaced with a gene encoding b-galactosidase
(VVDE3L) (Fig. 1). WR strain VVDE3L was phenotypically
indistinguishable in cells in culture from the previously char-
acterized Copenhagen strain VVDE3L, in that both viruses
were IFN sensitive and failed to replicate in HeLa cells (data
not shown). Intranasal infections of C57BL/6 mice were per-
formed with 10 ml of wild-type VV or VVDE3L at various
dilutions as described in Materials and Methods. Animals were
observed for 14 days postinfection, at which time it was clear
that the surviving animals were thriving and no longer ap-
peared sick. Mortality was noted for each dilution of each
virus. Percent survival for each virus is shown in Fig. 2A.
Animals infected with wild-type VV showed 100% mortality at
doses of $104 PFU; the LD50 is less than 103 PFU (33). We
routinely obtained an LD50 of approximately 104 PFU after
intranasal infection (data not shown). The wild-type VV-in-
fected mice showed distinct signs of illness, including ruffled
fur (Fig. 2D) and lack of activity. On the other hand, VVDE3L-
infected mice were indistinguishable from uninfected animals
(Fig. 2B and C). No morbidity or mortality was observed at the
highest attainable dose of VVDE3L, 106 PFU. In other exper-
iments, no animals infected with up to 4 3 106 PFU of
VVDE3L have died (data not shown). Clearly, the E3L gene is
required for VV pathogenesis in this animal model.

Weight loss is dose dependent. Individual mice were
weighed on alternate days following intranasal infection in
order to monitor the degree of sickness. Weight loss has been
consistently used to measure pathogenesis and directly corre-

lates with fever in poxvirus infections in animals (3). Weight
loss was determined for mice infected with each dilution of
wild-type VV (Fig. 3). Weight loss after intranasal infections
with the WR strain of VV exhibited dose dependence. Weight
gain rather than loss was seen for uninfected animals as well as
VVDE3L-infected animals, indicating that the virus is unable
to cause detectable pathogenesis in the absence of the E3L
gene (Fig. 3). These results are consistent with the absence of
morbidity and mortality (Fig. 2) observed in VVDE3L- com-
pared to wild-type-infected animals.

Viral spread. To determine the mechanism of pathogenesis,
we determined virus spread and replication in various tis-
sues. Mice were infected intranasally with wild-type VV or
VVDE3L. Two animals were sacrificed in each group on alter-
nate days postinfection, and the spleen, lungs, brain, and nasal
cavities were removed and immediately snap-frozen. Samples

FIG. 2. E3L is a virulence gene. Four- to six-week-old C57BL/6 mice were infected intranasally with the indicated dose of either wild-type VV
(A) or VVDE3L (B), and percent survival was determined. Mice were infected intranasally with 4 3 106 PFU of VVDE3L (C) or wild-type VV
(D) and photographed on day 4 postinfection. Ruffled fur is observed in the wild-type VV-infected animal, while the VVDE3L-infected animal has
smooth fur like that of an uninfected animal (not shown).

FIG. 3. VVDE3L does not induce weight loss. Animals were infect-
ed as described for Fig. 1 and weighed at the indicated times. Average
percentage of initial weight for four to six animals infected with each
dose of virus is plotted versus time (days postinfection). wt, wild type.
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were later homogenized as described in Materials and Meth-
ods, and virus titers in each tissue were determined by plaque
assay. High titers of virus in the lungs and nasal turbinates were
observed in wild-type VV-infected mice by 2 days postinfection
(Fig. 4A). Virus could be detected in the spleens and brains of
infected animals by 4 days postinfection. All animals died by 8
days postinfection. Low levels of virus could be detected in the
nose and lungs of animals infected with VVDE3L at 2 days
postinfection. The infection appeared to be completely re-
solved by 6 days postinfection (Fig. 4B). At no time was virus
detected in the spleens or brains of animals infected with
VVDE3L. These results suggest that only wild-type virus ex-
hibited evidence of a productive systemic infection.

Neurovirulence. To assess neurovirulence directly, intracra-
ial infections were performed with wild-type VV and VVDE3L
(Fig. 5A). Increasing doses of each virus in a total volume of 10
ml were administered to the brains of 4- to 6-week-old mice.
The intracranial LD50 for wild-type VV was found to be 10 to
100 PFU, consistent with previous findings by Turner (44). As
Fig. 5A demonstrates, the intracranial LD50 for VVDE3L is
greater than 104 PFU, as no animals died even at this dose;

moreover, animals infected intracranially with up to 107 PFU
of VVDE3L have all survived (data not shown). Weight loss
following injection with 103 PFU of each virus was assessed.
Animals infected with wild-type VV lost weight following in-
fection, whereas only a transient, marginal weight loss was ob-
served in animals infected with VVDE3L (Fig. 5B). Taken
together, these results demonstrate that VVDE3L does not
cause disease even when injected directly into the central ner-
vous system.

Full-length E3L is required for pathogenesis. Intranasal in-
fections were performed with various dilutions of wild-type
VV, VVDE3L, VVE3LD26C, and VVE3LD83N. Pathogenesis
for VVE3LD26C (Fig. 6) was indistinguishable from that for
VVDE3L (Fig. 2), in that infection with up to 4 3 106 PFU did
not kill infected animals. This was not unexpected, given the
dominant role of the dsRBD of E3L in viral replication and
IFN resistance in cell culture infections (7, 19). Surprisingly,
VVE3LD83N was much less pathogenic than wild-type VV:
only mice infected with very high doses (4 3 107 PFU) of
VVE3LD83N died (Fig. 6). Mice infected with lower doses (as
low as to 4 3 105 PFU) exhibited symptoms of pathogenesis

FIG. 4. Viral spread. Nasal turbinates (na), lungs (lg), brain (br), and spleen (sp) were harvested from infected pairs of mice on alternate days
after intranasal infection (4 3 105 PFU of wild-type VV [A] or 4 3 106 PFU of VVDE3L [B]). Organs were homogenized, and then plaque assays
were performed to determine titers of detectable viable virus expressed as PFU per gram of tissue. Average titers are plotted. Limits of detection
are indicated for each tissue (dashed lines). Most mice infected with wild-type VV did not survive to day 8; thus, tissues were not sampled on that
day.
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(unlike VVDE3L or VVE3LD26C), such as ruffled fur, weight
loss, and lack of activity; however, the mice recovered by the
end of the experiment. The calculated intranasal LD50 for
VVE3LD83N was approximately 4 3 107 PFU. This finding
demonstrates that wild-type VV is greater than 1,000-fold
more lethal to mice than the amino-terminal deletion mutant
VVE3LD83N.

To ensure that the loss of pathogenesis detected with our
engineered mutants of E3L was not due to spurious mutations
inadvertently introduced into the virus during mutant con-
struction, revertant viruses were constructed by replacing the
mutant E3L gene with a wild-type allele (Fig. 6). All wild-type
revertants were able to fully restore wild-type virulence as
assessed by mortality following intranasal infections.

DISCUSSION

In this report we have demonstrated the importance of the
E3L gene of VV to pathogenesis in a mouse model. When
administered intranasally, wild-type VV is at least 10,000-fold
more virulent than VVDE3L. In fact, no morbidity or mortality
was detected at the highest attainable dose of the virus. The
WR strain is a highly neurovirulent strain of VV, and replica-
tion in the central nervous system is likely the cause of death
(18). Wild-type VV spread systemically, ultimately leading to
infection of the brain, whereas VVDE3L was found only in the

respiratory tract, indicating that virus deleted for E3L does not
induce a systemic infection in mice. To directly assess neuro-
virulence, VVDE3L was administered directly to the brain via
intracranial injections. These experiments demonstrated that
E3L is required for viral pathogenesis in the brain. To deter-
mine whether both the amino- and carboxy-terminal domains
of E3L were required for pathogenesis, an amino-terminal
deletion mutant (VVE3LD83N) as well as a carboxy-terminal
deletion mutant (VVE3LD26C) were constructed and used for
intranasal infections. The results of these experiments demon-
strate that while the amino terminus is dispensable for sup-
porting replication in cells in culture, both the carboxy-termi-
nal dsRBD and the amino terminus of E3L are required for
full viral pathogenesis.

Wild-type VV (WR) infections of C57BL/6 mice by the
intranasal route had an LD50 of approximately 104 PFU. This
is consistent with the results found by Turner (44) as well as the
results of Williamson et al. (49) for BALB/c mice. VVDE3L
did not result in mortality, and thus the LD50 is greater than
107 PFU. In fact, the animals appeared active and healthy and
showed no visible signs of illness. These results clearly dem-
onstrate that the E3L gene product is a virulence factor in vivo.
This was not unexpected given the dramatic difference between
wild-type VV and VVDE3L in IFN resistance and host range
in cells in culture. It remains unclear whether it is the inability
of VVDE3L to replicate in some cells in a mouse in the ab-
sence of IFN or the sensitivity of this virus to IFN that is
responsible for the lack of pathogenesis in the mouse model.

The reduction in virulence is observed not only in lethality of
the virus but also in weight loss. Weight loss has been corre-
lated directly with fever and is a reliable method of determin-
ing relative pathogenesis (3). Our studies have demonstrated
dose-dependent weight loss with wild-type VV. On the con-
trary, VVDE3L-infected animals did not lose weight (Fig. 3).
Viral spread was dramatically different between wild-type VV
and VVDE3L. VVDE3L-infected animals cleared the virus by
6 days postinfection, and it did not appear to spread beyond a
respiratory infection. In wild-type VV-infected animals, high
titers of replication competent virus were isolated from the
nose and lungs throughout the course of infection. Virus was
isolated consistently from the brains of wild-type VV-infected

FIG. 6. Both carboxy- and amino-terminal domains of E3L are
required for pathogenesis. Four- to six-week-old c57BL/6 mice were
infected intranasally with 10 ml of virus with increasing doses of wild-
type VV (wtVV), VVE3LD26C, VVE3LD83N, or a wild-type revertant
of VVE3LD83N (VVE3LD83N-wtREV), and percent survival was de-
termined.

FIG. 5. Neurovirulence. Intracranial injections were performed with
10 ml of increasing doses of wild-type VV and VVDE3L. (A) Percent
survival plotted against increasing doses of virus; (B) weights on alter-
nate days postinfection. Too few VV-infected mice were alive after day
6 postinfection for weights to be sampled at this dose.

854 BRANDT AND JACOBS J. VIROL.



mice but never from those of VVDE3L-infected animals (Fig.
4). The direct question was then raised: Is the E3L gene prod-
uct required for neurovirulence? Intracranial infection with
wild-type VV resulted in an LD50 of between 10 and 100 PFU,
comparable to the results of Turner (44). VVDE3L, however,
was attenuated at least 40,000-fold by the intracranial route of
inoculation. In these studies, pathogenesis was not detected in
VVDE3L at any dose tested, up to 4 3 106 PFU.

Our working model, based on results from cells in culture, to
describe the mechanism by which E3L provides IFN resistance
to VV is an intracellular one. E3L is made early during VV
infection and is available to bind viral dsRNA that results from
the absence of precise late transcription termination. In this
regard, E3L inhibits the dsRNA-dependent activation of the
IFN-induced antiviral enzymes PKR and 29-59A synthetase,
allowing protein synthesis in the cell to proceed normally and
ultimately providing a means for productive viral replication
(10, 34).

Clearly this model is at least partially inconsistent with the
results reported here. Although the carboxy-terminal dsRBD
is required for viral pathogenesis, these in vivo experiments
have also demonstrated an important role for the amino ter-
minus of E3L, which is not necessary to satisfy the above
model. The amino terminus of E3L is not dispensable for in
vivo infections. In fact, there is at least a 1,000-fold decrease in
virulence in a virus expressing the amino-terminal deletion of
E3L. This is likely not due to a second-site mutation in the
virus, since we were able to reconstitute wild-type E3L from
VVE3LD83N via a second recombination event and restore
full virulence to the virus (Fig. 6).

The E3L gene product of VV has two distinct domains: a
conserved carboxy-terminal dsRBD and a conserved amino-
terminal domain. Previous studies have shown that the car-
boxy-terminal domain of E3L is required for replication in
HeLa cells and is also required for replication in the presence
of IFN (6, 7, 38, 46). This work also demonstrated that the
amino terminus of E3L, despite its conservation among dis-
tantly related poxviruses, is nonessential for replication in
HeLa cells and nonessential for viral growth in the presence of
IFN. Thus, the work described here is the first to suggest a role
for the amino terminus of the E3L gene during virus infection.

The amino terminus of the E3L gene has also been shown to
be necessary for counteracting the effects of mammalian PKR
expression in the heterologous yeast system (35). Expression of
PKR in yeast leads to eIF-2a phosphorylation and a slow-
growth phenotype. Expression of E3L can reverse the slow-
growth phenotype induced by PKR expression. In yeast, both
the amino-terminal and carboxy-terminal domains are re-
quired for rescue of eIF-2a phosphorylation and the slow-
growth phenotype mediated by PKR.

While the amino terminus is not required to support rep-
lication in animal cells in culture, it is required to fully sup-
press PKR in VV-infected HeLa cells (J. O. Langland and
B. L. Jacobs, unpublished data). Infection of HeLa cells with
VVDE3L leads to PKR activation and eIF-2a phosphorylation
by 3 to 6 hpi, with a concomitant inhibition of both viral and
host-protein synthesis. Infection with amino-terminal mutants
of E3L suppresses eIF-2a phosphorylation at early but not late
times postinfection (9 to 12 hpi). Despite this late phosphor-
ylation of eIF-2a, protein synthesis continues unabated, and

virus replicates normally in these cells. It is at present unclear
whether eIF-2a phosphorylation in some cells is responsible
for the inhibition of pathogenesis described in this report for
mice infected with VVE3LD83N.

The amino terminus of E3L shares sequence similarity with
two known cellular proteins, an RNA-specific adenosine de-
aminase, ADAR (22), and the murine tumor stroma and acti-
vated macrophage protein, DLM-1 (11). Both cellular proteins
can be induced by treatment with IFN. The E3L homologous
domain on ADAR (Za domain) has been shown to bind to
Z-DNA (23). The amino-terminal domain of E3L can also
bind Z-DNA (A. Herbert and A. Rich, personal communica-
tion).

Several other biochemical characteristics have been mapped
to the amino-terminal domain of E3L. Genetic screens have
suggested that the amino terminus of E3L interacts directly
with PKR (35). A mutation that prevented interaction in a
yeast two-hybrid assay also failed to rescue yeast from the
slow-growth phenotype mediated by PKR. The amino termi-
nus has also been shown to be necessary for nuclear localiza-
tion of E3L (7, 50). Wild-type E3L-encoded proteins can be
found in both the nucleus and cytoplasm of infected cells. In
fact, the E3L-encoded proteins are the only VV proteins
known to localize to the nucleus (50). Amino-terminal mutants
of E3L do not migrate to the nucleus but are present predom-
inantly in a perinuclear location in infected cells (8). Finally,
the amino terminus has been shown to be necessary for for-
mation of oligomeric complexes larger than dimers (14). It is at
present unclear which of the four biochemical characteristics
that map to the amino terminus, Z-DNA binding, nuclear
localization, PKR interaction, and higher-order oligomer for-
mation, are important for pathogenesis.

The study of the pathogenesis determinants of VV is impor-
tant if this virus is to be used for vaccine or gene delivery
purposes. The E3L gene can be considered a virulence gene,
since it is not absolutely required for replication in cells in
culture (2) but is required for pathogenesis in mice. This is
especially true of the amino terminus of E3L. Thus, E3L can be
added to the list of genes, including the genes for thymidine
kinase (17), the virokines (41), and complement control factor
(39), which might be mutated to alter pathogenesis of vaccine
or gene delivery vectors.
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