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Norwalk Virus Genome Cloning and Characterization

X1 JIANG, DAviD Y. GRAHAM, KENING WANG,* MARY K. EsTESt

Major epidemic outbreaks of acute gastroenteritis result from infections with Norwalk
or Norwalk-like viruses. Virus purified from stool specimens of volunteers experimen-
tally infected with Norwalk virus was used to construct recombinant complementary
DNA (cDNA) and derive clones representing most of the viral genome. The specificity
of the clones was shown by their hybridization with post- (but not pre-) infection stool
samples from volunteers infected with Norwalk virus and with purified Norwalk virus.
A correlation was observed between the appearance of hybridization signals in stool
samplesanddmwnlsympnomsofamugastmeumusmvoluntms Hybridization
assays between overlapping clones, restriction enzyme analyses, and partial nucleotide
sequence information of the clones indicated that Norwalk virus contains a single-
stranded RNA genome of positive sense, with a polyadenylated tail at the 3’ end and

a size of at least 7.5 kilobases. A consensus amino acid

motif typical of viral

RNA-dependent RNA polymerases was identified in one of the Norwalk virus clones.
The availability of Norwalk-specific cDNA and the new sequence information of the
v:ralgenomeshouldpermltdlcdcvelopmcntofscnmuvcdmgnosucamys and studies

of the molecular biology of the virus.

CUTE GASTROENTERITIS IS ONE OF
Athc most common illnesses in the
United States (1, 2), with a large
number (up to 42% of outbreaks) of cases
estimated to be caused by Norwalk or Nor-
walk-like viruses (3). Both water- and food-
borne transmissions of Norwalk virus have
been documented, and particularly large ep-
idemic outbreaks of illness have occurred
after consumption of contaminated shellfish
including clams, oysters, and cockles (4-10).
Norwalk virus was discovered in 1973,
but knowledge about the virus has remained
limited because it has not been possible to
propagate the virus in cell culture and suit-
able animal models have not been found (2).
Human stool samples obtained from out-
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breaks and from human volunteer studies
have been the only source of virus. More-
over, the concentration of virus in stool is
usually so low that virus detection by rou-
tine electron microscopy is not possible (11~
13). Current methods of Norwalk virus de-
tection include immune electron microscopy
and other immunologic methods such as
radioimmunoassays (RIAs) or biotin-avidin
enzyme-linked immunosorbent assays (ELI-
SAs), which use sera from humans in acute
and convalescent phases. To date, because of
cither insufficient quantities or unusual
properties of the viral antigen, no hyperim-
mune serum from animals has been success-
fully prepared. Preliminary biophysical char-
acterization of virions has indicated that
particles contain one polypeptide (14), but
efforts to characterize the viral genome have
failed. Therefore, these viruses have re-
mained unclassified and difficult to study.
Molecular cloning was seen as an approach
to overcome these problems.

To permit better diagnosis and molecular
characterization of Norwalk virus, we con-
structed a cDNA library derived from nu-

Fig. 1. Electron micrograph of Norwalk virus

particles after CsCl ient purification. Virus
was visualized by staining with 1% ammonium
molybdate. Scale bar, 50 nm.

cleic acid extracted from virions purified
from stool samples obtained from volun-
teers. Norwalk virus (8FIIa) was adminis-
tered orally to adult volunteers (15, 16).
Stool samples collected after infection were
examined for Norwalk virus by either RIAs
or direct or immune electron microscopy.
Stools from two patients containing the
highest amount of Norwalk virus were used
as the source of virus for cloning. Norwalk
virus was purified by methods used previ-
ously for preparation of hepatitis A and
rotaviruses from stool, with some modifica-
tions (17, 18). Basically, stools containing
Norwalk virus were treated with Genetron
(1,1,2-trichloro-1,2 2-trifluoroethane) to re-
move lipid and water-insoluble materials. Virus
in the aqueous phase was then centrifuged
through a 40% sucrose cushion, and the result-
ant pellets were suspended, sonicated, and
loaded in a CsCl gradient for isopycnic centrif-
ugation. Approximately 10° physical particles
of virus of relatively high purity (Fig. 1) were
obtained from 500 g of stool.

Nucleic acids were extracted from these
purified viruses by proteinase K treatment of
the samples followed by phenol-chloroform
extraction and ethanol precipitation (19).
Because the nature of the viral genome was
unknown, the extracted nucleic acids were
denatured with methylmercuric hydroxide
before cDNA synthesis. Random primed
cDNA was synthesized and a small amount
of cDNA was obtained (19). Direct cloning
of this small amount of cDNA was unsuc-
cessful so a step of amplification of the DNA
was performed by synthesizing more copies
of the DNA with random primers and the
Klenow fragment of DNA polymerase I
before cloning. This cloning method was
developed based on control experiments in
which we amplified a known ¢cDNA frag-
ment of hepatitis A virus (20). The proce-
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dure involved manual cycles of denatur-
ation, addition of random primers and the
Klenow fragment of DNA polymerase I,
reannealing, and elongation (19). With this
procedure, incorporation of labeled nucleo-
tides into product was observed as the num-
ber of cycles of synthesis was increased. The
number of cycles performed was limited to
avoid the synthesis of an excess of smaller
fragments. In the case of Norwalk cDNA,
cight cycles of amplification were performed
and approximately 2.5 pg of DNA were
obtained. This amplified cDNA was cloned
into the plasmid vector pUC13 by blunt-
end ligation and a positive clone (pUCNV-
953) was isolated.

To obtain the positive Norwalk virus
clone, minipreparations of plasmid DNAs
from white colonies of transformed bacteria
containing potential inserts were screened
by agarose gel electrophoresis (19). The
larger clones were digested with restriction
enzymes to release the insert DNA. The
insert DNA was labeled with the Prime-a-
Gene labeling system (Promega) and used to
probe individually paired stool samples (be-
fore and after Norwalk infection) from two
volunteers (Fig. 2A). One clone (pUCNV-
953) reacted with early post- but not with
preinfection stool samples from both volun-
teers.

The results were confirmed with six more
paired stool samples (20). In additional
tests, no signal was observed by dot blot
hybridization of the clone with stools col-
lected before acute illness, strong signals
were observed only with stools from acute
phase, and a weak signal was seen in a stool
collected 4 days after illness from one of
three volunteers (Fig. 2B). This result was

Fig. 3. Dot blot hybridization for
detection of Norwalk viruses in a
CsCl gradient. Partially purified vi-
ruses from stool sam were
mixed with a CsCl solution (refrac-
tive index 1.368) and centrifuged at
35,000 rpm for 24 hours in an
SW50.1 rotor (18). Aliquots of 50
pl from each fraction of the CsCl
gradient were dotted onto a Zeta-
bind filter. Duplicates of filters were
made and hybridized with two ss-
RNA probes made from
pGEMNV-953 (top). The two
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with the viral nucleic acid) and
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viral nucleic acid (20)]. The number of virus particles (8) in cach gradient fraction was determined by
clectron microscopy (bottom). Five squares from each electron microscopic grid were counted and the
average number of viral particles per square was calculated.

consistent with previous RIA tests for viral
antigen detection in which convalescent sera
from volunteers with Norwalk diarrhea
were used and with immune electron mi-
croscopy studies of the samples for viral
particle examination. This result also agrees
with the patterns of virus shedding in stool
in the course of the discase (13). When
RNA transcripts from the pUCNV-953
clone were hybridized with fractions of a
CsCl gradient from the Norwalk virus puri-
fication scheme, an excellent correlation was
observed between hybridization and viral
particle counts as seen with the electron
microscope (Fig. 3). The peaks of the hy-
bridization signals and viral particle counts
both were observed in fractions with a den-
sity of 1.39 to 1.40 g/cm3, which agrees
with previous reports of the biophysical
properties of Norwalk virus (21).. Finally,
the clone was tested by direct hybridization

A B
Patient pucC
stool sample  Hybridization Patient 353
Testclone 1b 2b 1a 2a temperatur 1 2 3 DNA
Bl A TP R PR TP
(+]
oUC-27 - @ 50;, DNase RNase
b 000
: 3 '
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- 650 ¥ e ‘ . o . ‘
o
puc-13 = S 50
- 65°

Fig. 2. (A) Hybridization of stool samples with *2P-

labeled insert DNA for screening positive Norwalk
¢DNA clones. Nucleic acids from paired stools from two
volunteers taken before (1b and 2b), and 48 hours after
(1a and 2a) infection with Norwalk virus were dotted on

pUCNV-953

Zetabind filters. Replicate strips were prepared and hy-
bridized individually with each clone. One clone
(pPUCNV-953), which reacted only with stool samples

after (but not before) Norwalk infection, was considered
potentially positive and was chosen for further characterization. (B) Dot blot hybridization of clone
pUCNV-953 with three sets of stool samples collected at different times after infection of three
volunteers. Nucleic acids isolated from the stools were dotted onto a Zetabind filter before or after
treatment with RNase or DNase. As a positive control, double-stranded homologous cDNA (pUCNV-
953) was applied to the filter after receiving the same treatments as the stool samples. Lanes B, before
symptoms; lanes A, acute phasc; and lanes P, postacute phase.
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with highly purified Norwalk virus particles
after electrophoresis on an agarose gel. A
single hybridization band was observed with
Norwalk virus but not with hepatitis A virus
and rotavirus (20). Sequence analysis of the
pUCNV-953 cDNA showed that this frag-
ment contains 512 bp and a potential open
reading frame. No significant nucleotide or
deduced amino acid sequence homology
was found by comparison with other se-
quences in GenBank (22).

To obtain clones representing the entire
genome of Norwalk virus, we constructed
two additional cDNA libraries using pUC13
and Lambda-ZAPII vectors (Stratagene)
from a second cDNA synthesis performed
without the amplification step. More than
400 positive clones were identified by colo-
ny hybridization with probes made from the
original clone (pPUCNV-953) and from sub-
sequent positive clones. A schematic of the
first positive clone and four large overlap-
ping clones identified from cross-hybridiza-
tion and restriction mapping analyses is
shown (Fig. 4). Overlapping regions of the
clones were confirmed with clones isolated
in the Lambda-ZAPII library. A polyaden-
ylated [poly(A)] tail (~80 bp) was found
at the 3’ end of clone pUCNV-4145. At
the 5’ end, clone pUCNV-5101 was the
longest of all the clones identified. More
than 30 clones were identified from the
libraries by means of a 600-bp fragment
from the 5’ end of pUCNV-5101 as probe.
Sequence analyses have shown these clones
contain either the same 5’ end or they are
one or two bases shorter than clone
pUCNV-5101. When the viral RNA was
hybridized with the probes, a band of
approximately 7.5 kb was identified on a
native agarose gel as previously described
(20, 23). This result agreed with our esti-
mated size of the viral genome based on
restriction mapping of the clones.

The Norwalk virus cDNAs were used to
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Fig. 4. Schematic di of Nor- 1kb

walk cDNA clones. pUCNV-953

was the first positive clone identi-

3

fied. Overlapping clones were de-
termined by restriction enzyme
analyses and partial sequencing of
the clones. AAA indicates the
poly(A) tail at the 3’ end of the
viral genome.

characterize the viral genome. The pUCNV-
953 ¢cDNA was subcloned into the tran-
scription vector pGEM-3Zf(+) and single-
stranded RNA (ssRNA) probes were
generated by in vitro transcription with SP6
and T7 polymerases (Promega) (24). When
two opposite-sense sSRNA probes were hy-
bridized with the viral nucleic acid separate-
ly, only one strand reacted with the virus,
indicating that the viral genome is single-
stranded (20). A long open reading frame
was found in one of the two strands of the
DNA insert in pUCNV-953. The ssRNA

pUCNV953
AAA pUCNV4145
pUCNV4095
pUCNV5030
pUCNVS5101

probe with the same sequence as this coding
strand did not react with the viral nucleic
acid but the complementary ssRNA probe
did react in the hybridization tests. These
results, together with the finding that ribo-
nuclease (RNase) [but not deoxyribonu-
clease (DNase)] treatment of Norwalk viral
nucleic acid removed hybridization signals
(Fig. 2B), indicate that Norwalk virus con-
tains a positive sense, ssSRNA genome.
Partial DNA sequencing of the clones has
shown that a putative open reading frame is
present in the DNA sequence of each clone.

cat ttt gat gca gat tat aca gca tgg gac tca aca caa aat aga caa att atg aca gaa tcc ttc tcc att atg
R DR D R PR e D S ST R 0 W R R T ML T e i o 8 s
tcg cgc ctt acg gec tca cca gaa ttg gec gag gtt gtg gec caa gat ttg cta gea cca tct gag atg gat gta

g B Lo R P Bl R ENY N8 b L L AR BB CD Y
ggt gat tat gtc atc agg gtc aaa gag ggg ctg cca tct gga ttc cca tgt act tcc cag gtg aac agc ata aat

¢ p Y V. I B ¥ K _E & L P .85 6 F P C T S .0 .V N 8 1 ¥
cac tgg ata att act ctc tgt gca ctg tct gag gcc act ggt tta tca cct gat gtg gtg caa tcc atg tca tat

B S SN R S SN E DR N S ST VR e L R Dy TN T S e Y
ttc tca ttt tat ggt gat gat gag att gtg tca act gac ata gat ttt gac cca gcc cgc ctc act caa att ctc
(R PR SR i R e R S s N IR Tl TR T TR R T N et e SR S
aag gaa

K- E
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Fig. 5. Norwalk virus encodes an RNA-dependent RNA pol

rase sequence. The sequence of a

portion of clone pUCNV-4095 (A) was derived by the dideoxy method (Sequenase, version 2.0, U.S.

Biochemical Corporation). The deduced amino acid sequence of this portion (NV) is comparcd with
consensus amino acid residues (B) thought to encode putative RNA-dependent RNA polymerases of
hepatitis E virus (HEV), hepatitis C virus (HCV), hepatitis A virus (HAV), Japanesc encephalitis virus

(JE), poliovirus (POLIO),

foot-and-mouth disease virus (FMD), encephalomyocarditis virus (EMC),

Sindbis virus (SNBV), tobacco mosaic virus (TMV), alfalfa mosaic virus (AMV), brome mosaic virus
(BMYV), and cowpea mosaic virus (CpMV). Sequences for viruses other than NV are from figure 3 of
(26). No comparison is shown for caliciviruses because the needed sequence information for

caliciviruses is not available.
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A long open reading frame with an amino
acid sequence motif that is present in all
positive-strand RNA viruses was identified
in clone pUCNV-4095. This amino acid
motif is believed to encode the RNA-depen-
dent RNA polymerase. When the motifs
were aligned, the Norwalk virus protein
showed the highest similarity with the po-
lymerases of viruses in the picornavirus fam-
ily compared to other groups of viruses (Fig.
5). No other homology has been found
between the available sequence and other
sequences currently in the nucleic acid data-
base.

Further studies with this cDNA should
now allow specific diagnostic assays to be
developed. Such assays could be based on
detection of Norwalk virus nucleic acid (hy-
bridization or polymerase chain reaction),
or on the production of antibodies to pro-
teins expressed from the cDNAs or to syn-
thetic peptides made based on knowledge of
the genome sequence. Sequencing of the
cDNA clones will further our understanding
of the genome organization of Norwalk
virus and the relatedness of this virus with
other Norwalk-like viruses, caliciviruses, and
hepatitis E virus. The application of similar
methods to other antigenic types among the
Norwalk-like agents and possibly other non-
characterized agents of gastroenteritis
should also permit their molecular charac-
terization (25). The availability of Norwalk-
specific cDNA will facilitate studies of the
molecular biology, immunology, and patho-
genesis of the virus. The development of
vaccines by recombinant DNA technology
against acute epidemic gastroenteritis also
may now be feasible.
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Homologous Recombination and Stable Transfection
in the Parasitic Protozoan Trypanosoma brucei

Mary Gwo-SHU LEE AND Lex H. T. VAN DER PLOEG*

Development of methods for the manipulation of the genomes of parasitic protozoa
will lead to enhanced understanding of parasite biology and host-parasite relation-
ships. Efficient gene transfer and targeted integration by homologous recombination
were achieved in the parasitic protozoan Trypanosoma brucei, the causative agent of
sleeping sickness. An expression vector with the neomycin phosphotransferase gene
(neo), under the control of a procyclic acidic repetitive protein (PARP) gene promoter,
was targeted into an intergenic region in Ba-tubulin—gene tandem array. Sixteen
copies of neo were found in a tandem array in one of the transfectants where the PARP
promoter controlled a-amanitin—resistant transcription of neo, whereas transcription
of tubulin genes remained a-amanitin—sensitive.

RYPANOSOMES ARE MEMBERS OF A

large group of unicellular eukaryotic

flagellates, causative agents of a wide
spectrum of diseases in humans and live-
stock. The study of this group of protozoa
has revealed many aspects of host-parasite
interaction and novel biochemical control
mechanisms, including precursor mRNA
maturation by transsplicing, polycistronic
transcription of protein coding genes, and
RNA editing (7).

Transient expression of foreign genes has
been achieved in several trypanosome spe-
cies (2-6). Stable transfection of the proto-
zoan Leishmania was also reported on the
basis of the expression of neo from extra-
chromosomal elements. We had established
transient DNA transfection of the protozo-
an Trypanosoma brucei by means of a plasmid
construct in which the chloramphenicol ace-
tyl transferase (CAT) gene was expressed
from the promoter of one of the PARP
genes (plasmid BNsp-CAT) (6). Positive
selection was needed to identify trypano-
somes in which exogenous DNA had been
incorporated into chromosomes by targeted
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homologous recombination; therefore, the
PARP promoter was used to direct expres-
sion of neo in the plasmid BNsp-Neo-T in
T. brucei (Fig. 1A). To avoid disruption of
essential trypanosome genes, we targeted
the BNsp-Neo-T plasmid into the intergenic
region of one of the tandem arrays of Ba-
tubulin genes. To mediate the homologous
recombination at the tubulin intergenic re-
gions, we inserted a 639-bp fragment de-
rived from the intergenic region of the Ba-
tubulin genes (a blunt-ended Eco RI-Bgl 11
intergenic region fragment) (Fig. 1B) into
the region immediately downstream of neo.

In Saccharomyces cerevisiae, the introduc-
tion of a double-stranded break in the re-
gion of homology between the transfected
DNA and the target sequences drastically
increases the efficiency of homologous re-
combination (7). Procyclic T. brucei, the
form of the parasite found in its insect
vector, the tsetse fly, was therefore trans-
fected by electroporation with a BNsp-
Neo-T plasmid, that had been linearized at a
unique Mlu I site; this restriction site is
located centrally in the 639-bp Ba-tubulin
intergenic region (see Fig. 1 legend). When
the linearized plasmid was used, G418-re-
sistant trypanosomes could be observed 2
weeks after transfection (in four individual
experiments), whereas cells transfected with
circular plasmids never developed G418 re-
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