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Inhibition of viral gene expression
by human ribonuclease P

DIANE KAWA, 1 JUN WANG,1 YAN YUAN,2 and FENYONG LIU 1

1Program in Infectious Diseases and Immunity, School of Public Health, University of California, Berkeley,
California 94720, USA

2Department of Microbiology, School of Dental Medicine, University of Pennsylvania, Philadelphia,
Pennsylvania 19104, USA

ABSTRACT

External guide sequences (EGSs) are small RNA molecules which consist of a sequence complementary to a target
mRNA and render the target RNA susceptible to degradation by ribonuclease P (RNase P). EGSs were designed to
target the mRNA encoding thymidine kinase (TK) of herpes simplex virus 1 for degradation. These EGSs were shown
to be able to direct human RNase P to cleave the TK mRNA sequence efficiently in vitro. A reduction of about 80% in
the expression level of both TK mRNA and protein was observed in human cells that steadily expressed an EGS, but
not in cells that either did not express the EGS or produced a “disabled” EGS which carried a single nucleotide
mutation that precluded RNase P recognition. Thus, EGSs may represent novel gene-targeting agents for inhibition
of gene expression and antiviral activity.
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INTRODUCTION

Antisense technology has been shown to be a prom-
ising gene targeting approach for use in basic research
and clinical therapeutic applications+ The gene-targeting
agents used can be a conventional antisense oligonu-
cleotide, an antisense catalytic molecule (ribozyme or
DNA enzyme), or an antisense molecule with an addi-
tional (guide) sequence that targets the mRNA for deg-
radation by endogenous RNases such as RNase L and
RNase P (Stein & Cheng, 1993; Maran et al+, 1994;
Poeschla & Wong-Staal, 1994; Yuan & Altman, 1994;
Rossi, 1995; Santoro & Joyce, 1997; Plehn-Dujowich &
Altman, 1998)+ Antisense molecules with guide se-
quences have several unique features as gene target-
ing agents+ It has been shown that targeting of mRNAs
with these molecules for degradation by RNase P and
RNase L results in irreversible cleavage and the cleav-
age can be in a catalytic fashion (Yuan et al+, 1992;
Maran et al+, 1994; Yuan & Altman, 1994)+ Moreover,
this targeting approach uses the cellular endogenous
RNases for degradation of the target mRNA and, there-
fore, assures the stability and efficiency of the targeting
enzymes in the cellular environment+

Ribonuclease P (RNase P) has been found in all
organisms examined and is one of the most abundant,
stable, and efficient enzymes in cells (Altman et al+,
1993; Pace & Brown, 1995)+ Its enzymatic activity is
responsible for the maturation of 59 termini of all tRNAs
which account for about 2% of total cellular RNA (Go-
palan et al+, 1995)+ This enzyme is a ribonucleoprotein
complex and catalyzes a hydrolysis reaction to remove
the leader sequence of precursor tRNA (Altman et al+,
1993; Pace & Brown, 1995)+ RNase P from Escherichia
coli has been extensively studied+ It contains a catalytic
RNA subunit of 377 nt termed M1 RNA and a single
polypeptide of 119 amino acids known as C5 protein
(Altman et al+, 1993; Pace & Brown, 1995)+ In the pres-
ence of a high concentration of Mg21, M1 RNA itself
can hydrolyze tRNA precursors in vitro (Guerrier-Takada
et al+, 1983)+ However, the addition of C5 protein dra-
matically increases the rate of cleavage in vitro and is
required for cleavage in vivo (Guerrier-Takada et al+,
1983)+ Human RNase P also contains an RNA subunit,
H1 RNA, 344 nt in length (Bartkiewicz et al+, 1989)+
However, in the absence of protein factors, H1 RNA
does not exhibit enzymatic activity by itself in vitro (Bart-
kiewicz et al+, 1989; Yuan & Altman, 1995)+

Extensive studies have been carried out to under-
stand how RNase P recognizes its substrates+ It has
been shown that any complex of two RNA molecules
which resembles a tRNA molecule can be recognized
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and cleaved by RNase P and M1 RNA ribozyme
(Fig+ 1A,B) (Forster & Altman, 1990; Yuan et al+, 1992)+
One of the molecules is called the external guide
sequence (EGS) because the EGS guides RNase P
to recognize the site of cleavage (Fig+ 1B)+ In princi-
ple, any RNA sequence can be targeted for RNase P
cleavage by using EGSs to hybridize with the target
RNA and direct RNase P to the site of cleavage+ Sub-
sequent studies have shown that mRNAs encoding
b-galactosidase and chloramphenicol acetyltransfer-
ase (CAT) were cleaved in vitro and in both bacterial
and human cell culture by E. coli and human RNase
P with custom-designed EGSs (Li et al+, 1992; Yuan
et al+, 1992)+ These studies provided the first evi-
dence of targeting cleavage of a specific mRNA by
RNase P both in vitro and in cultured cells+ The EGSs
used to direct human RNase P for targeting cleavage
resembled three-quarters of a tRNA molecule and con-
sisted of two sequence elements: a targeting se-
quence complementary to the mRNA sequence and
a guide sequence which is a portion of natural tRNA
sequence and is required for RNase P recognition
(Fig+ 1B) (Yuan et al+, 1992; Yuan & Altman, 1994)+

In the studies reported here, we show that targeting
cleavage by endogenous RNase P can be used to in-
hibit expression of a viral gene in human cells by de-
pleting its mRNA+ The mRNA that encodes thymidine
kinase (TK) of human herpes simplex virus 1 (HSV-1)
was used as the target+ The TK gene has been exten-
sively studied and its activity can easily be assayed
(Roizman & Sears, 1996)+ EGSs were designed and
shown in vitro to target the TK sequence for cleavage
by RNase P+ Furthermore, when an EGS was ex-
pressed in human cells that were infected with HSV-1,
a reduction of about 80% in the expression level of TK
mRNA and protein was observed+ A reduction of less
than 10% was detected in cells that either did not ex-
press the EGS or expressed one that contained a mu-

tation known to preclude RNase P recognition+ These
results demonstrate the feasibility of utilizing EGSs as
novel gene-targeting agents for specific inhibition of
viral gene expression and antiviral therapy+

RESULTS

Design of EGSs and in vitro studies
of their targeting activity

Since most mRNA species inside cells are usually as-
sociated with proteins and are present in a highly or-
ganized and folded conformation, it is critical to choose
a targeting region that is accessible to binding of EGSs
in order to achieve efficient targeting+ In vivo mapping
with dimethyl sulphate (DMS) has been extensively used
to determine the accessibility of mRNA and structure of
RNAs in cells (Climie & Friesen, 1988; Ares & Igel,
1990; Liu & Altman, 1995; Zaug & Cech, 1995)+ Using
this method, we mapped the region around the trans-
lation initiation site of TK mRNA because this region is
supposed to be accessible to ribosome binding (Liu &
Altman, 1995)+ A position 29 nt downstream from the
TK translational initiation codon was chosen as the
cleavage site for human RNase P+ This site appeared
to be one of the regions most accessible to DMS mod-
ification (data not shown, Liu & Altman, 1995)+ More-
over, its flanking sequence exhibited several sequence
features that need to be present in order to interact with
an EGS and RNase P to achieve efficient cleavage+
These necessities are that (1) the nucleotides 39 and 59
adjacent to the site of cleavage are a guanosine and a
pyrimidine, respectively; and (2) a uracyl is 8 nt down-
stream from this cleavage site (Yuan & Altman, 1994;
Yuan et al+, 1992)+ The interactions of these sequence
elements with the EGS facilitate the formation of the
mRNA–EGS complex into a tRNA-like structure while

FIGURE 1. Schematic representation of substrates for RNase P+ A: Natural substrate (ptRNA)+ B: A hybridized complex of
a target RNA (e+g+ mRNA) and an EGS that resembles the structure of a tRNA+ C, D, E: Complexes between TK mRNA
sequence and EGS TK104, TK109 and TK112, respectively+ The sequence of these EGSs equivalent to the tRNA sequence
(i+e+ T-stem and loop, anticodon stem and loop, and variable region) was derived from tRNAser+ Only the exact sequence of
the TK mRNA around the targeting site was shown and italicized+ The EGS sequence was shown in bold type+ The design
and construction of these EGSs can be found in Materials and Methods+
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those with RNase P are critical for recognition and cleav-
age by the enzyme (Yuan & Altman, 1994)+

Three EGSs were designed based on the sequence
of tRNAser and constructed (Fig+ 1C–E) as described
previously (Yuan & Altman, 1994; Yuan et al+, 1992)+
EGS TK104 (Fig+ 1C) resembles a three-quarters
tRNAser structure (Fig+ 1B) (Yuan et al+, 1992); EGS
TK109 (Fig+ 1D) was constructed from TK104 by intro-
ducing a point mutation (from C to G) at a highly con-
served position in the T-loop+ This cytosine was found
in the sequences of all known natural tRNAs (Sprinzl
et al+, 1991) and in substrates selected to be efficiently
cleaved by human RNase P in simulated evolution in
vitro experiments (Yuan & Altman, 1994)+ These obser-
vations suggested that this nucleotide may be impor-
tant for the interaction between the tRNA domains and
human RNase P+ Finally, EGS TK112 (Fig+ 1E) was
constructed from TK104 by deleting the anticodon do-
main+ Previous studies have shown that deletion of the
anticodon stem and loop improved EGS activity to tar-
get CAT mRNA for cleavage by human RNase P (Yuan
& Altman, 1994)+ The DNA sequences coding for the
EGSs were generated by polymerase chain reaction
(PCR) using tRNAser as the template and primers that

contained the sequences complementary to the target-
ing region of TK mRNA+ These DNA sequences were
inserted in a plasmid vector and under the control of
the promoter for T7 RNA polymerase+ EGS RNAs were
synthesized in vitro from these EGS DNA sequences
by T7 RNA polymerase and subsequently incubated
with TK mRNA substrates and human RNase P+ Two
RNA substrates were used: tk46 and tk450 which con-
tain a 46- and 450-nt-long TK mRNA sequence, re-
spectively+ Cleavage of these two substrates by RNase
P yielded cleavage products of 21 and 25 nt, and 150
and 300 nt, respectively (Fig+ 2)+ In the absence of EGS
RNAs (Fig+ 2, lanes 1 and 5), no cleavage of TK mRNA
sequence was observed+Among the three EGSs tested,
cleavage of the TK mRNA substrates by human RNase
P was most efficient in the presence of TK112 (Fig+ 2,
lanes 4 and 8)+ In contrast, cleavage of the same sub-
strates was hardly detected in the presence of TK109
(Fig+ 2, lanes 2 and 6)+ The cleavage efficiency with
TK112 is at least twofold higher than that with TK104
and at least 20 times higher than that with TK109
(Fig+ 2, lanes 5–9; data not shown)+ These results are
consistent with the previous observations that deletion
of the anticodon domain significantly increases the

FIGURE 2. Cleavage of TK mRNA sequence of 46 (A) and 450 nt (B) by human RNase P in the presence of different EGSs+
No RNase P was added to the reaction mixture in lanes 1 and 5+ In (B), 20 nM (lanes 6, 8, and 9) and 2 nM of the EGS
(lane 7) were incubated with [32P]-labeled TK RNA substrate (20 nM) and human RNase P (2 units) at 37 8C in a volume
of 10 ml for 45 min in buffer A (50 mM Tris, pH 7+4, 100 mM NH4Cl, and 10 mM MgCl2) (Yuan et al+, 1992)+ Experimental
details can be found in Materials and Methods+
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cleavage efficiency by RNase P (Yuan & Altman, 1994)+
In addition, the highly conserved cytosine in the T-loop
is important for recognition by RNase P and mutation
of this nucleotide will probably disrupt the interaction
(Kahle et al+, 1990; Nolan et al+, 1993; Liu & Altman,
1994; Yuan & Altman, 1994)+

Experiments were carried out to further determine
whether the differential cleavage efficiencies observed
with TK104 and TK109 are possibly due to their differ-
ent binding affinities to the TK mRNA sequence+ The
binding between the EGS and substrate tk46 was as-
sayed in the absence of human RNase P and the EGS-
tk46 complexes were separated in polyacrylamide gels
under nondenaturing conditions+ Similar amounts of
complexes formed by these EGSs and TK mRNA se-
quence were observed when the same amounts of
EGSs were used (data not shown)+ Further detailed
assays using different concentrations of the EGSs and
TK sequences indicated that the binding affinity of TK109
to substrate tk46, measured as the dissociation con-
stant (Kd), is similar to that of TK104 (data not shown)+
Meanwhile, very small amounts of cleavage products
were observed in the presence of TK109 even under
high concentrations of RNase P and prolonged incu-
bation period (Fig+ 2, lanes 2 and 6; data not shown)+
These observations indicated that the T-loop mutation
does not significantly affect the binding affinity between
TK109 and TK mRNA sequence but disrupts the rec-
ognition of EGS-TK mRNA complex by RNase P+ Thus,
TK109 may be used as a control for the antisense
effect in our experiments in cultured cells (see below)+

Expression of EGS in human cell culture

The DNA sequences coding for TK104, TK109, and
TK112 were subcloned and placed under the control
of the promoter for small nuclear U6 RNA+ This pro-
moter is transcribed by RNA polymerase III and its
transcripts are highly expressed and primarily present
in the nucleus, where RNase P is localized (Das
et al+, 1988; Yuan et al+, 1992; Liu & Altman, 1995;
Bertrand et al+, 1997; Good et al+, 1997)+ To construct
cell lines that express EGSs, human 143tk2 cells were
cotransfected with each of these three EGS DNA con-
structs and a plasmid containing a neomycin resis-
tance gene+ These cells were then selected in culture
medium that contained neomycin and cells that ex-
hibited neomycin resistance were cloned+ The pres-
ence of EGS genes in these constructed cell lines
was confirmed by detecting the EGS RNA transcript
(Fig+ 3)+ An additional cell line was also constructed
which expressed an EGS, CAT101, that targeted the
CAT mRNA (Yuan et al+, 1992)+ No cleavage of tk46
substrate by RNase P was observed in vitro in the
presence of CAT101 (data not shown; see Fig+ 4,
lane 3)+ This cell line was used to determine whether
EGS RNA with an incorrect targeting sequence can

direct human RNase P to cleave TK mRNA in tissue
culture (see below)+ The level of EGS RNA expres-
sion in each individual cell clone was determined with
an RNase protection assay+ The same amount (2 mg)
of RNA fractions was used and Fig+ 3 shows the re-
sult from TK104-expressing cells with an RNA probe
complementary to the 71-nt-long TK104 sequence
(Fig+ 1C)+ This EGS was expressed exclusively in the
nuclei as it was only detected from the nuclear but

FIGURE 3. Detection of the expression of EGS TK104 from human
cultured cells by RNase protection analyses+RNase protection analy-
ses were carried out using RNA isolated from the nuclei of parental
human 143tk2 cells (lane 1) and three cloned cell lines that ex-
pressed TK104 (lanes 2–4) and from the cytoplasm of one cloned
cell line (lane 5)+ 2 mg of either nuclei or cytoplasmic RNA was used
in each lane+ 59 end-[32P]-labeled fragments obtained from diges-
tion of pUC19 DNA with MspI were also separated on the same gel
and the positions of the three fragments of 141, 110, and 67 nt were
shown at the right as size markers+ The RNA probe contained a
sequence complementary to TK104+ Products of the RNase protec-
tion assay were separated in 8% polyacrylamide gels that contained
8M urea and the gels were then subjected to autoradiography+

1400 D. Kawa et al.

 on February 14, 2006 www.rnajournal.orgDownloaded from 

http://www.rnajournal.org


not cytoplasmic RNA fractions (Fig+ 3, lanes 4 and 5)+
Similar results were observed with cell clones which
expressed TK109 and TK112 (data not shown)+ The
different level of TK104 RNA expression in each in-
dividual clone (e+g+ clones 41, 42, and 43) (Fig+ 3,
lanes 2–4) is presumably due to random incorpora-
tion of the EGS gene into the host chromosome, and
its expression is influenced by the flanking sequence
in the insertion site (Sambrook et al+, 1989)+ The na-
ture of the doubled bands of TK104 RNA and of TK109
and TK112 (data not shown) is unknown+ Primer ex-
tension experiments with reverse transcriptase to map
the 59 terminus of TK104 showed that the extension
terminated prematurely before it reached the 59 end
(data not shown)+ This observation suggested that
some unknown modifications (e+g+ modified nucleo-
tides) at this region of the EGS blocks the reverse
transcription+ Alternatively, the nature of the doubled
bands may possibly be attributed to the heterogene-
ity of the 39 termini of these transcripts or yet other
unknown modification of EGS RNAs in the cultured
cells+

To determine whether the EGSs expressed in cul-
tured cells were still active to direct RNase P to cleave
TK mRNA, total RNAs were isolated from the EGS-
expressing cells and incubated with substrate tk46 and
human RNase P in vitro+ Cleavage of tk46 was ob-

served in RNAs from cells that expressed TK112 and
TK104 (Fig+ 4, lanes 5 and 6) but not from those that
did not express an EGS or expressed CAT101 or TK109
(Fig+ 4, lanes 2–4)+ Cleavage products generated in
the presence of these cellular RNA fractions comi-
grated with those generated in the presence of TK104
synthesized in vitro (Fig+ 4, lane 1), suggesting that the
cleavage occurred at the same position+ Among cells
that expressed TK104, TK109 and TK112, RNA iso-
lated from TK112-expressing cells exhibited the high-
est targeting efficiency while that from TK109-expressing
cells exhibited the lowest+ These data were in agree-
ment with those when EGSs synthesized in vitro were
used (Fig+ 2)+

Inhibition of TK expression
in EGS-expressing cells

To investigate whether EGSs expressed in the cell lines
can inhibit viral TK expression, the cells were infected
with HSV-1 at MOI (multiplicity of infection) of 0+1–0+5,
which resembles that in natural infection+Total RNA and
protein fractions were isolated from cells that were har-
vested at 6 and 9 h postinfection, respectively+At these
time points, TK mRNA and protein expression reached
optimal levels (Roizman & Sears, 1996)+ The expres-
sion level of TK mRNA was determined by an RNase
protection assay with an RNA probe (TK probe) which
contained a 87-nt sequence complementary to the 59 TK
mRNAsequence+An RNAprobe (a47 probe) which con-
tained a 181-nt sequence complementary to the over-
lapping region of a47,Us10, and Us11 mRNAs was used
to determine the levels of these mRNAs+ The expres-
sion levels of the latter RNAs were used as the inter-
nal control for quantitation of expression of TK mRNA+
Figure 5A shows the result of an RNase protection ex-
periment with both TK and a47 probes and Figure 5B
summarizes the results obtained from four different
experiments+Cells that expressed TK112 and TK104 ex-
hibited a significant reduction in the level of TK mRNA
expression (80 6 7% and 50 6 7%, respectively) al-
though cells that expressed TK109 only exhibited a
reduction of 8 6 5%+ No reduction in the expression
level of TK mRNA was observed in cells that expressed
CAT101 (Fig+ 5A, lane 3; 5B)+ These results suggested
that the significant reduction of TK mRNA expression in
cells that expressed TK112 and TK104 was due to the
targeting cleavage by RNase P+ The low level of inhi-
bition observed in TK109-expressing cells was pre-
sumably due to the antisense effects of the EGS+ No
products of the cleavage of the TK mRNA were de-
tected in our RNase protection assays presumably be-
cause these RNAs, which lack either a cap structure or
a poly(A) sequence, are rapidly degraded by intracel-
lular RNases (Sambrook et al+, 1989)+

It is expected that the level of TK protein should
decrease in EGS-expressing cells because of the de-

FIGURE 4. Cleavage of TK mRNA sequence of 46 nt by human
RNase P in the presence of TK104 RNA synthesized in vitro (1,
lane 1), and RNA fractions isolated from the parental 143tk2 cells (P,
lane 2) and cells that expressed EGS CAT101, TK109, TK112, and
TK104, respectively (lanes 3–6)+ Cleavage products in lanes 5–6
comigrated with those in lane 1+ 20 nM TK104 or 1 mg of cellular RNA
and [32P]-labeled TK RNA substrate (20 nM) were incubated with
human RNase P (2 units) at 37 8C in a volume of 10 ml for 45 min in
buffer A (50 mM Tris, pH 7+4, 100 mM NH4Cl, and 10 mM MgCl2)
(Yuan et al+, 1992)+ Experimental details can be found in Materials
and Methods+
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creased level of TK mRNA+ Protein extracts were iso-
lated from cells either mock infected or infected with
HSV-1+ Viral proteins were separated electrophoreti-
cally in SDS–polyacrylamide gels and electrically trans-
ferred to two identical membranes+ One of these
membranes was stained with an anti-TK antibody (anti-
TK) (Liu & Summers, 1988) and the other was stained
with a monoclonal antibody against the HSV-1 capsid
protein ICP35 (anti-ICP35) (Liu & Roizman, 1993)
(Fig+ 6A)+ The latter is used to detect the expression
of ICP35, which serves as an internal control for the
quantitation of TK protein expression+ By using a che-
miluminescent substrate for the antibody staining, the
expression of TK and ICP35 proteins was quantitated
(Fig+ 6A)+ The results are summarized in Figure 6B+ A
reduction of 75 6 7% and 50 6 5% in the expression
level of TK protein was observed in cells that ex-

pressed TK112 and TK104, respectively+ In contrast,
a reduction of only 5 6 3% was found in TK109-
expressing cells+ No reduction in the level of TK pro-
tein expression was observed in cells that expressed
CAT101+ The low level of reduction in the expression
level of TK protein observed in cells that expressed
TK109 was plausibly attributed to the antisense ef-
fect of the EGS+

DISCUSSION

Ribozymes and conventional antisense molecules have
been shown to be promising antiviral agents for inhi-
bition of viral gene expression and replication (Stein
& Cheng, 1993; Rossi, 1995; Poeschla & Wong-
Staal, 1994)+ Clinical trials are currently being carried
out to use antisense molecules and ribozymes for

FIGURE 5. Levels of expression of TK mRNA as determined by an
RNase protection assay (A) and schematic representation of TK
mRNA expression in EGS-expressing cells (B)+ RNase protection
assays were performed as described previously (Liu & Altman, 1995;
Yuan et al+, 1992)+ Total RNA was isolated from parental human
143tk2 cells (P; lanes 1 and 2) or from cell lines expressing EGS
CAT101 (CAT101; lane 3), TK109 (TK109, lane 4), TK112 (TK112,
lane 5) and TK104 (TK104, lane 6)+ The cells were either mock-
infected (lane 1) or infected with HSV-1 (lanes 2–6)+ The two probes
were designated “TK probe” and “a47 probe”, respectively+ The pro-
tected products corresponding to TK mRNA (TK mRNA) and the
overlapping transcripts of a47, Us10, and Us11 mRNA (a47 mRNA)
were about 90 and 180 nt long, respectively+ Values in (B) are aver-
ages of results from four independent experiments and standard
deviations from the mean are given by error bars+ RNA probes were
used in great excess of the detected RNA species+
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therapy for HIV and human cytomegalovirus (HCMV)
infections+ Ribozyme technology represents an attrac-
tive approach for gene inactivation because it exhib-
its most of the properties of the conventional antisense
targeting method and, in addition, catalytic and ir-
reversible cleavage of the target RNA+ Much is known
about how to construct ribozymes that exhibit highly
functional activity in vitro+ However, the intracellular
efficacy of these gene-targeting agents is primarily
dictated by their stability, catalytic activity, localiza-
tion, and delivery in the cellular environment and,
therefore, does not always correlate with their in vitro
catalytic efficiency+ EGS-directed cleavage by RNase
P also leads to catalytic and irreversible cleavage of
the target mRNA (Yuan et al+, 1992; Yuan & Altman,
1994)+ The EGS approach is unique in using endog-
enous RNase P as the targeting enzyme and there-
fore obviates the concerns for its stability, activity,
localization, and delivery in cells+

Several criteria must be satisfied if successful tar-
geting with the EGS technology is to be achieved+
Among these are high efficiency of cleavage, se-
quence specificity of the EGS, and efficient delivery
of the reagents+ We have constructed EGSs that tar-
get HSV-1 TK mRNA and have shown that these
EGSs directed human RNase P to cleave TK mRNA
sequence efficiently in vitro+ Moreover, we have shown
that these EGSs were expressed stably in human
cell culture and a reduction of about 80% in the TK
expression level was achieved with a designed EGS+
A reduction of less than 10% in the TK expression
level was observed in cells that expressed TK109+
EGS TK109 bound efficiently to TK mRNA but con-
tained a single point mutation that disrupted RNase
P recognition+ No reduction was observed in cells
that expressed EGS CAT101 that targeted another
mRNA+ These results suggest that the overall ob-
served inhibition with TK112 and TK104 was primar-

FIGURE 6. Levels of expression of TK protein as determined by
Western blot analysis with a chemiluminescent substrate (A) and
schematic representation of TK protein expression in EGS-expressing
cells (B)+ Protein samples were isolated from cells that expressed
specified EGSs, then separated in two identical SDS–polyacrylamide
gels and transferred electrically to two identical membranes+ Lane
assignments are the same as in Fig+ 5A+ One membrane was al-
lowed to react with a monoclonal antibody (Anti-ICP35) against HSV-1
(F) ICP35 protein and the other was stained with the polyclonal
antibody (Anti-TK) against HSV-1(F) TK protein+ The values in (B)
are averages of results from four independent experiments and stan-
dard deviations from the mean are given by error bars+ Both anti-
bodies were used in great excess of the detected antigens+
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ily due to targeted cleavage by RNase P as opposed
to the antisense effect or other nonspecific effects of
the EGSs+ The extent of inhibition of TK gene expres-
sion observed in cells containing TK112 is similar to
that seen when the M1GS ribozyme was introduced
into mammalian cells via a retroviral vector and used
to cleave TK mRNA (Liu & Altman, 1995)+ These stud-
ies demonstrate that the efficiency of target cleavage
directed by TK112 and human RNase P is comparable
to that achieved with the M1GS ribozyme+ Another re-
cent study has also shown that the EGS-directed tar-
geting approach is extremely effective in inhibiting
replication and gene expression of influenza virus
(Plehn-Dujowich & Altman, 1998)+

Our results also show that the designed EGS is highly
sequence-specific+ Efficient cleavage of TK mRNA by
human RNase P was observed in vitro with the EGSs
(i+e+ TK104 and TK112) that target TK mRNA but not
with CAT101+ Moreover, a significant reduction of the
TK expression was observed in cells that expressed
TK112 and TK104 but not CAT101+ Two types of inter-
action between the EGS and target mRNA govern the
specificity of the EGS targeting approach (Yuan et al+,
1992; Yuan & Altman, 1994)+ One is the Watson–Crick
base pairing interaction between the antisense domain
of the EGS and the target mRNA+ The other type of
interaction is between the RNase P recognition domain
(e+g+ T-loop and stem) and the mRNA+ This interaction
facilitates the folding of the EGS–mRNA complex into a
tRNA-like molecule and stabilizes the mRNA–EGS com-
plex+ Manipulation of this latter interaction would make
the EGS technology potentially more sequence spe-
cific than the conventional antisense approach+

EGSs introduced into human cells were stably ex-
pressed and localized primarily in the nuclei along with
RNase P+ The expression cassette we used to produce
these EGSs is the promoter for small nuclear U6 RNA
(Das et al+, 1988; Yuan et al+, 1992)+ This promoter has
been used extensively to express functional RNAs and
ribozymes for gene targeting applications and the tran-
script from this promoter is quite stable and primarily
localized in the nuclei (Yuan et al+, 1992; Liu & Altman,
1995; Bertrand et al+, 1997; Good et al+, 1997)+ In ad-
dition, the efficient delivery and proper localization of
the EGS may be mediated by cellular tRNA-binding
proteins+ These proteins could interact with the tRNA-
like domains of the EGS and target the EGS to the
nuclear compartment that contains RNase P+

A recent study has shown that the EGS-directed tar-
geting approach can effectively abolish replication and
production of influenza virus in tissue culture (Plehn-
Dujowich &Altman, 1998)+Although the activity of TK has
been shown to be important for HSV replication and re-
activation in vivo in sensory neurons, this enzyme is dis-
pensable for viral replication in tissue culture (Roizman
& Sears, 1996)+ Therefore, the level of HSV replication
in the EGS-expressing cells in our studies is not affected+

To assess the efficacy of the EGS technology for inhi-
bition of HSV replication in tissue culture, EGSs can be
constructed to target viral mRNAs that encode proteins
essential for viral replication, such as ICP4, the viral ma-
jor transcriptional activator (Kawa, D & Liu, F+, unpubl+)+
These studies will further facilitate the development of
EGSs as novel gene-targeting agents for treatment and
studies of human herpesviruses+

MATERIALS AND METHODS

Viruses, cells and antibodies

HSV-1 (F), a prototype of human herpes simplex virus 1, was
a gift from Dr+ Bernard Roizman of the University of Chicago
(Ejercito et al+, 1968)+ The human 143tk2 cells and Vero
(African green monkey kidney) cells (gifts from Dr+ Bernard
Roizman and Dr+ Bill Summers of Yale Medical School) were
maintained and propagated in Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 10% fetal bovine se-
rum+ The anti-rabbit polyclonal antibody against HSV-1 (F)
thymidine kinase was a gift from Dr+ Bill Summers (Liu &
Summers, 1988) and the anti-mouse monoclonal antibody
MCA406 against HSV-1 ICP35 protein (Liu & Roizman, 1993)
was purchased from Bioproduct for Sciences Inc+ (Indianap-
olis, Indiana)+ The anti-rabbit or anti-mouse IgG conjugated
with horseradish peroxidase was purchased from Vector Lab-
oratories, Inc+ and Bio-Rad, Inc+, respectively+

Construction of plasmids, EGS RNAs and RNA
substrates for studies in vitro

pTK101 was constructed in which the HSV-1(F) TK encoding
sequence (BamH I–Sma I fragment) was inserted into vector
pBluescript (Strategene, Inc+) and driven by the promoter of
bacteriophage T7 RNA polymerase+ DNA template coding for
substrate tk46 was constructed by annealing oligonucleotide
OliT7 (59-TAATACGACTCACTATAG-39) with oligonucleotide
OliTK46 (59-ACCGCGCAGCCTGGTCGAACGCAGACGCG
TGTTGATGGCAGGGGTCTATAGTGAGTCGTATTA-39)+ The
DNA sequences coding for the EGSs were synthesized by
PCR, using DNA that encoded yeast tRNAser as a template
(Drainas et al+, 1989), and were cloned under the control of
the T7 RNA polymerase promoter+ All oligonucleotides used
as PCR primers were synthesized in a DNA synthesizer+ To
construct pTK104, the 59 and 39 primers were oligo1 (59-GT
TAACGTCGGACAGACTC-39) and oligo2 (59-AAGCTTTAA
ACGTCTGCGGCAGGATTTG-39), respectively+ pTK109 and
pTK112 were constructed by PCR with pTK104 as the tem-
plate+ To construct pTK109, the 59 and 39 primers were oli-
goT7 (59-TAATACGACTCACTATAG-39) and oligo3 (59-CTTT
AAACGTCTGCGGCAGGATTTCAACCTGCGCG-39), res-
pectively+ To construct pTK112, the 59 and 39 primers were
oligo4 (59-GTTAACGTCGGTGCGGTCTCC-39) and oligo2, re-
spectively+ pCAT that encoded EGS CAT101 was constructed
as described previously (Yuan et al+, 1992)+ Plasmids pTK115,
pTK126, and pTK127 were constructed by inserting the se-
quence coding for TK104, TK109, and TK112, respectively,
into plasmid pmU6 (2315/1)+ pmU6 (2315/1) contained the
promoter for small nuclear U6 RNA and a signal for termina-
tion of transcription (T cluster) by RNA polymerase III (Das
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et al+, 1988; Yuan et al+, 1992)+ pTK116 was derived from
pGEM7Z (Promega, Inc+) in which a neomycin resistance
gene driven by the SV40 promoter was inserted+ Plasmids
pTK129 and pTK141 were constructed by placing the 87-nt-
long Bgl I I–Mlu I fragment from pTK101 and the 181-nt-long
BamH I–Acc I fragment from pRB4059, respectively, under
the control of bacteriophage T3 RNA polymerase promoter+
These two fragments correspond to the sequences encoding
the 59 sequence of TK mRNA and the overlapping transcripts
for HSV-1 a47, Us10, and Us11 genes, respectively (Mc-
Geoch, 1989)+

RNase P assay and in vitro studies

Human RNase P was prepared from HeLa cellular extracts as
described previously (Bartkiewicz et al+, 1989; Yuan et al+,
1992)+ EGS RNAs and the TK mRNA substrates (i+e+ tk46 and
tk450) were synthesized in vitro by either T7 or T3 RNA poly-
merase (Promega, Inc+,Madison,Wisconsin) following manu-
facture’s recommendations and further purified on 8% urea/
polyacrylamide gels+ Subsequently, the EGS RNAs (20 nM
from those synthesized in vitro or 1 mg from those isolated from
cells) and [32P]-labeled TK RNA substrate (20 nM) were incu-
bated with human RNase P (2 units)+ The cleavage reactions
were carried out at 37 8C in a volume of 10 ml for 45 min in buffer
A(50 mMTris,pH 7+4,100 mM NH4Cl,and 10 mM MgCl2) (Yuan
et al+, 1992)+Cleavage products were separated in denaturing
gel and subjected to either autoradiography with a Kodak film
or quantitated with a STORM phosphorimager (Molecular Dy-
namics, Sunnyvale, California)+

Assaying for the binding between EGSs and TK mRNA
sequence in vitro was performed as described previously
(Yuan & Altman, 1994)+ Briefly, 0+5 nM of TK substrate and
0+5 nM of EGSs were preincubated separately in buffer A at
37 8C for 15 min, mixed and incubated at the same temper-
ature for another 15 min, and subjected to separation in 5%
polyacrylamide gels under nondenaturing conditions (Pyle
et al+, 1990)+ The gels were subjected to autoradiography
with a Kodak film and the amount of the bound complex was
quantitated with a STORM phosphorimager+

Construction of cell lines

Human 143tk2 cells were cotransfected with pTK116 and the
EGS plasmid as specified in Results, with the aid of a mam-
malian transfection kit purchased from Strategene Inc+ (La
Jolla, California)+ At 48 h posttransfection, neomycin (Gibco-
BRL) was added to the culture medium in a final concentra-
tion of 400 mg/ml+ Cells were subsequently selected under
neomycin for two weeks+ Those cells that exhibited resis-
tance to neomycin were cloned and expanded in media that
contain neomycin (Sambrook et al+, 1989)+ Finally, aliquots of
these cells were either frozen for long-term storage in liquid
nitrogen or used for further studies in tissue culture+

Viral infection and isolation of RNA
and protein extracts

A T-25 flask of cells (approximately 106 cells) were either
mock-infected or infected with HSV-1 in an inoculum of 1+5 ml
Medium 199 (M199) (GIBCO) supplemented with 1% fetal

calf serum+ The MOI was as stated in Results+ After 2-h ex-
posure of cells to the virus at 37 8C, the inoculum was re-
placed with DMEM supplemented with 5% fetal bovine serum+
The infected cells were incubated for a certain period time
(as stated in Results) before isolating viral mRNA or protein+
Total cellular RNA was isolated from cells either mock-infected
or infected with HSV-1 as described previously (Jenkins &
Howett, 1984; Liu & Altman, 1995)+ To prepare protein ex-
tracts, cells were harvested, washed twice with phosphate-
buffered saline (PBS), and lysed in the disruption buffer (0+05M
Tris, pH 7+0, 8+5% [v/v] sucrose, 5% [v/v] b-mercaptoethanol,
2% [v/v] sodium dodecyl sulphate)+ The protein samples were
boiled for 1 min before electrophoretic separation in SDS–
polyacrylamide denaturing gels+

RNase protection assay for EGS
and viral mRNA expression

Experiments to isolate both nuclear and cytoplasmic RNA
fractions from EGS-expression cells were carried out as de-
scribed previously (Jenkins & Howett, 1984; Liu & Roizman,
1993)+ The RNA probes used to detect EGS TK104, TK109,
TK112, and CAT101 were synthesized in vitro by T3 RNA
polymerase from EcoR I-linearized plasmids pTK115, pTK125,
pTK126, and pCAT101, respectively+ The RNA probes used
to detect TK mRNA and the transcripts of a47, Us10, and
Us11 genes were synthesized in vitro by T3 RNA polymerase
from Eag I-linearized pTK129 and pTK141, respectively+
RNase protection was performed as described previously
(Liu & Altman, 1995; Yuan et al+, 1992)+ The protected RNA
products were separated in 8% urea/polyacylamide denatur-
ing gels, and quantitated with a Betascope (Betagen) scan-
ner and a STORM phosphorimager+

Electrophoretic separation and staining
of infected cellular polypeptides
with antibodies

The denatured, solubilized polypeptides from cell lysates were
separated on 9% (v/v) SDS–polyacrylamide gels crosslinked
with N,N 0-methylenebisacylamide+ The separated polypep-
tides were transferred electrically to nitrocellulose mem-
branes and reacted in an enzyme-linked immunoassay with
either anti-mouse or anti-rabbit IgG conjugated with horse-
radish peroxidase in addition to the antibodies against HSV-1
TK or ICP35+ The membranes were subsequently either
stained with a color substrate from the peroxidase substrate
kit purchased from Vector Laboratories Inc+ or reacted with a
chemiluminescent substrate with the aid of the LumiGLO che-
miluminescent substrate kit (Kirkegaard & Perry Laborato-
ries Inc+)+ The membranes stained with the chemiluminescent
substrate were subsequently exposed to Kodak films+ Finally,
the amount of TK and ICP35 protein in the membrane was
quantitated by scanning the Kodak films in a densitometer
(Bio-Rad, Inc+)+
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