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Abstract

Artificially engineered ribozymes can be used to
specifically regulate expression of target genes. Such
ribozymes can be synthesized chemically and
delivered into the cell exogeneously. Alternatively,
ribozymes can be produced by the cell endogenously,
after introduction of the artificial gene into the cellular
genome. In the latter case, the design of the artificial
gene defines the ribozyme properties, such as:
expression level, intracellular localization, folding and
association with proteins. Generally speaking, design
of the expression vector is critical to obtain active
ribozyme molecules. This paper first describes factors
that are known or predicted to affect ribozyme activity
in the cell, then reviews various expression systems
that have been specifically developed for ribozymes.
Lastly, a recently developed ribozyme system termed
snorbozymes (small nucleolar RNA:ribozyme hybrids)
will be discussed. This powerful test system has
generated several important observations that are
likely to affect the future development of ribozyme
technology.

Introduction

Since their initial discovery in 1982, many types of
ribozymes have been characterized (see 1 and 39 for
reviews). From the point of view of gene therapy, the most
interesting are the hammerhead and the hairpin ribozymes.
These ribozymes are relatively small (about 50 bases),
and ribozyme-substrate recognition occurs through simple
Watson-Crick pairing. It is therefore very easy to engineer
new molecules that will cleave specifically any desired
target RNA (2). These artificial ribozymes are potentially
valuable tools for inactivating specific genes and RNA
viruses.

Artificial ribozymes work well in the test tube, and the
kinetics and mechanism of the cleavage reaction have been
characterized in great detail (see 3 for a review). Despite
many attempts to use ribozymes in cells, these attempts
have resulted in mixed success, and the resultant activities
obtained were often low (4 and references therein). Until
very recently, however, there were no in vivo experimental
systems where ribozyme activity could be accurately
measured.

The first step towards improving ribozymes resides in
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the characterization of the parameters that can influence
the efficiency of the reaction. Such parameters have been
described in detail for the in vitro reaction, but have only
begun to be unraveled in vivo. They include ribozyme
concentration, secondary and tertiary structure and
intracellular localization. A second problem lies in the
development of cassettes for expressing ribozymes in vivo.
Indeed, the design of the expression system influences all
of the parameters cited above, and the creation of adequate
expression systems is therefore a major challenge toward
obtaining ribozymes that are highly active in vivo.

The first part of this paper reviews the parameters that
are known to influence ribozyme activity, and will tentatively
assess the relative importance of each of these in vivo.
The second part describes and discusses attributes of
various expression systems currently available. The last
section focuses upon a recently described experimental
system that allows high ribozyme activity in vivo along with
its accurate measurement. The consequences of this work
for future ribozyme development will be discussed.

Parameters that Affect Ribozyme Activity

Many ribozymes has been extensively studied in vitro, and
the parameters that affect the cleavage reaction are well
known (see 3 for a review). Some of the factors, such as
temperature, pH, or Mg2* concentration, are very general,
and these cannot be controlled by the investigator doing
ribozyme experiments in vivo. It is worth noting, however,
that different types of ribozymes do not have identical
requirements. Other factors, such as the length and
sequence of the regions that base-pair with the substrate
depend on the particular ribozyme motif and the target
RNA. In vitro work with hammerhead ribozymes and short
substrate molecules has shown that above a certain
stability threshold of the ribozyme/substrate complex,
usually reached with 10-12 base-pairs of binding sequence,
the rate of binding of the ribozyme to its substrate is
maximal. Further increase in the length of complementarity,
e.g., to 16-20 base pairs, has no effect on the rate of
binding, but decreases the rate of ribozyme recycling by
slowing down the release of the cleaved products from the
ribozyme (5, 6). Interestingly, addition of cellular RNA
binding proteins such as hnRNPA1 does not change this
optimal window of base-pairs, although it does affect the
rates of the various reaction steps (7). This suggests that
this amount of base-pairing may represent the optimum in
vivo as well. Recently, it has been found that the rate of
the cleavage step itself can be affected by the region that
base pairs with the substrate. Indeed, both a short helix |
(5 base-pairs), and the sequence A2.1-U2.2 in stem | were
found to increase the rate of the cleavage step about 10
fold (8, 9, numbering as in 10).

Considering the use of ribozymes in cells, the most
important parameter is, perhaps, the effect of the
sequences that surround the ribozyme. Indeed, most of
the in vitro work is performed with very short molecules
that do not contain extra non base-pairing flanking
sequences. In contrast, expression of ribozymes inside
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cells requires additional sequences that are necessary for
the proper processing of the transcript, such as 5' and 3'
untranslated regions, introns and polyA tails. These extra
sequences can diminish ribozyme activity in vitro by as
much as 1000 fold (5, 11). This inhibitory effect is likely to
occur because extra sequences induce the formation of
secondary and tertiary structures that interfere with
ribozyme efficiency. The extent of such an inhibitory effect
in vivo is not known, and may even be less pronounced
than in vitro. Indeed, the cell contains many unwinding
activities, such as hnRNPA1, that are likely to reduce the
stability of inhibitory structures. In any case, results of in
vitro studies demonstrate that it is crucial to design the
ribozyme expression cassette such that the mature
transcript retains maximum activity after folding and binding
to cellular proteins. This can be done by either eliminating
the potentially inhibitory flanking sequences, or by carefully
controlling the structure of the mature transcript and the
proteins it associates with.

It is not known for certain which steps of the ribozyme
reaction are rate limiting in vivo. Recent work suggested
that the cleavage step can occur in vivo at a rate
approaching in vitro values (12, 13). Furthermore, if one
extrapolates from the in vitro situation, it is likely that the
rate limiting step in cells is binding of the ribozyme to its
target, and this seems to be confirmed by recent in vivo
work (13, 14). This implies that the ribozyme should be
present in vivo at the highest possible concentration. Thus,
the expression cassette should provide a high transcription
rate as well as stability of the mature ribozyme transcript.
Another parameter that cannot be mimicked in vitro, but
may have a large influence on the rate of the binding step
is the intracellular localization of the ribozyme. In contrast
to diffusion limited reactions in a test tube, cells are highly
organized. The local concentration of the ribozyme can
therefore vary greatly within the cell, depending on the
cellular compartment it accumulates in. Thus, co-
localization of the ribozyme with its target, or their presence
in the same macro-molecular complex, has recently been
shown to drastically improve ribozyme efficacy in vivo (13,
14). The ribozyme expression cassette should therefore
be carefully designed to maximize intracellular co-
localization of the ribozyme with the target. This can be
accomplished by including sequences that will direct the
ribozyme to the vicinity of the target. The intracellular
localization of the ribozyme and its target can be
determined experimentally. Since biochemical methods do
not provide sufficient resolution, we have appended to this
paper a comprehensive protocol for fluorescence in situ
hybridization of both mammalian and yeast cells.

To summarize, a few key parameters are thought to
determine the ribozyme activity in cells: ribozyme
concentration, activity of the fully folded mature RNP, and
the degree of co-localization of the ribozyme with its target.
These parameters are dependant on the expression
system used to synthesize the ribozyme in vivo. In specific
attempts to address this problem, a number of different
expression cassettes have been designed.

Ribozyme Expression Cassettes
The ribozyme expression cassettes can be classified

according to the promoter used to drive gene expression
and the presence of extra sequences that confer new

properties to the ribozyme transcript. Investigators have
generally used strong promoters to reach the highest
possible ribozyme concentration in the cell (4, 15, 16).
Polymerase Il (pol Il) promoters that are normally involved
in the transcription of mRNAs present two important
advantages. First, their transcripts are targeted to the
cytoplasm, and this might be essential to co-localize with
some targets (4). Second, they can be regulated, which is
particularly important for studying gene function. In this
case, induction of ribozyme expression should be
accompanied by the appearance of the phenotype
expected from the disruption of the function of the targeted
gene, while repression of the ribozyme should revert that
phenotype. On the other hand, pol Il promoters might be
disadvantageous for several reasons. Pol Il transcripts are
processed as mRNAs for eventual translation. In the case
of ribozyme transcripts, this could prevent the ribozyme
from freely diffusing to its target, and might also result in
the production of toxic peptides. Most importantly,
ribozymes expressed from pol Il promoters usually contain
long stretches of extra sequences that can interfere with
proper folding of the catalytic motif.

To avoid the inhibitory effect of the extra sequences,
several strategies have been designed to generate
ribozymes with well defined flanking sequences. Promoters
naturally involved in the synthesis of small RNAs, like
tRNAs and snRNAs, have been utilized (4, 5, 17-21).
Indeed, these promoters have well defined transcription
termination signals, and thus can transcribe short artificial
sequences. Specifically, both pol Il promoters such as U1
snRNA (4, 5, 20), and pol lll promoters including U6 snRNA,
tRNAs and the adenoviral VAI gene have been utilized (17-
19). Other methods have been used to avoid extra
sequences in the ribozyme transcript. For instance, it is
possible to include additional, self-cleaving ribozymes on
each side of the therapeutic sequence, such that a short
molecule is released upon maturation of the primary
transcript (22). Another possibility is to use the RNA
polymerase of the phage T7 in mammalian cells (23).
Whatever the method used to generate a short ribozyme
transcript, the problem common to each of these systems
is that the resulting ribozymes are often unstable in cells
and do not accumulate to high levels (4, 5).

To simultaneously avoid the inhibitory effects of
flanking sequences, and meet the requirement for RNA
stability, carrier RNAs have been developed. The general
idea is to include the ribozyme in a larger transcript, i.e.
the carrier RNA, which is chosen such that the resulting
transcript is stable and adopts a secondary structure that
does not inhibit ribozyme activity. It seems that natural
ribozymes, such as the ones recently discovered in the
parasitic nematode Schistosome mansoni, follow this
principle (24). In these unusual transcripts, the
hammerhead is transcribed by RNA pol I, but embedded
in a larger sequence with a 5' end very similar to tRNAs.
As these transcripts are both active in cis and in trans
reactions, one might conclude that these extra sequences
do not interfere with catalysis. Thus, such carrier molecules
could be used to improve the effectiveness of therapeutic
ribozymes in vivo. Other natural RNA molecules have been
modified for use as carriers (4, 5, 17, 18, 20, 21, 25, 26).
This has been done by substituting a region of the RNA
known to be accessible to hybridization or to be involved
in RNA-RNA interactions with a ribozyme. For instance,
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the 5' end of the U1 snRNA is known to accessible to
hybridization and to base pair with the 5' splice site in the
context of the native snRNP particle. Replacing this short
sequence with a ribozyme yields a hybrid molecule which
is active in vivo (5). Alternatively, carrier RNAs that are
completely artificial have also been created by designing
the mature transcript such that an artificial secondary
structure will form which both exposes the ribozyme and
stabilizes the transcript (27).

In addition to the selection of the promoter and suitable
stabilizing sequences, recent reports highlight the benefits
of fusing the ribozymes to sequences that can enhance its
co-localization and its interaction with the target RNA. This
was first done by using viral encapsidation signals (14,
28), and more recently with a snoRNA (13, see below). In
the former system, two retroviruses are used. One serves
as a substrate, while the other expresses a ribozyme
targeted against it. In the first version of this system, the
substrate virus contained the LacZ gene (14). Co-
expression of these two viruses into packaging cells greatly
reduced the resulting titer of LacZ viruses, as compared to
the titer obtained with an inactive ribozyme control. In
contrast, the ribozyme was unable to efficiently block
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Figure 1. The snorbozyme carrier system. The

aim of the snorbozyme system was to

demonstrate that small trans-acting catalytic

RNAs (e.g. a hammerhead ribozyme) can

destroy target RNAs in vivo with 100% efficiency

(see text). The system features U3 small

nucleolar RNA as a carrier of both ribozyme and

target sequences (hence, the name of the

system: snoRNA+ribozyme). A. U3 is a highly

conserved snoRNA required for cleavage of the

precursor and production of mature rRNAs in

P | B eukaryotes. The U3 elements essential for

‘ ‘) snorbozyme design are: 1) the TMG cap, which

R ’, protects the molecule at the 5' side; 2) the

=l B - universal box C/D motif, which protects RNA at

the 3' end, and also confers nucleolar

localization, and; 3) a segment containing

conserved boxes A and A" which are normally

involved in direct interaction with pre-rRNA. B.

Insertion of the catalytic sequence in the 5'

portion of U3 in place of boxes A/A' results in

RNAstability, nucleolar localization and

accessibility for direct RNA-RNA interaction. C.

Insertion of the ribozyme target into the 5' portion

of U3 provides a double-benefit. First, cleavage

in this region results in accumulation of an RNA

product which is stable in vivo due to the

presence of the box C/D motif. This allows

accurate quantitation of both substrate and

product molecules. Secondly, as a consquence

of endogenous exonucleolytic cleavage, the

final product which accumulates in vivo is

smaller than that generated in vitro. Thus, the

authentic in vivo cleavage product can be easily
distinguished from artifacts.

Larger product

S
Smaller product

translation of LacZ mRNAs in the co-infected cells. Thus,
co-packaging of the two viral RNAs in the same virion
facilitated the destruction of LacZ viral RNA by the
ribozyme. In a second version of this system (28), the
substrate virus expressed a hygromycin resistance
encoding transcript, while the ribozyme containing virus
expressed a neomycin resistance transcript. Co-
transfection of these two viral genomes in both packaging
and non-packaging cells yielded very few Hygro and Neo
doubly resistant clones, as compared to the number of
clones obtained with a disabled ribozyme. This activity was
further dependant upon the packaging sequence y+,
demonstrating that this sequence was able to mediate
ribozymef/target interactions in the cell. Importantly, these
interactions take place in the absence of viral proteins and
hence in the absence of packaging. Since the y+ sequence
is known to mediate not only packaging, but also viral RNA
dimerization via auto-complementary stem-loops (29), it
is likely that this mechanism facilitated ribozyme activity in
vivo.

In the future, one might predict that new generations
of ribozyme expression cassettes will not only produce a
ribozyme that is stable, active when folded, and properly
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localized, but will also exploit the concept of protein assisted
RNA catalysis (7). Indeed, some RNA-binding proteins
enhance ribozyme activity by accelerating the rate of
binding to the substrate. Inclusion of these proteins in the
RNP formed by the ribozyme in the cell may therefore
increase their activity.

Snorbozymes: A Powerful System for Expressing
and Studying Ribozymes

As described above, several factors are thought to affect
activity of ribozymes in vivo. These include: 1) stability and
abundance of ribozyme molecules; 2) physical accessibility
of the relevant ribozyme and target segments for RNA-
RNA interaction, and; 3) precise co-localization of the
ribozyme with its target RNA inside the cell. Recently, a
novel ribozyme expression system has been described,
the snorbozymes (from snoRNA+ribozyme: 13). This new
system is easy to manipulate, and permits simple, reliable,
sensitive and accurate measurements of the ribozyme
cleavage activity.

The major component of the reported snorbozyme
system is a snoRNA, U3. SnoRNAs are a large group of
RNAs that localize in the nucleolus of eukaryotic cells, and
are intimately involved in the complex events of ribosome
synthesis (reviewed in 30-32). Several snoRNAs are
required for cleavage of the long ribosomal RNA precursor,
while many others were shown to be required for site-
specific modifications of rRNA nucleotides. U3 belongs to
the so called box C/D snoRNAs, which are mainly involved
in 2'-O-methylation of rRNA nucleotides. U3, however, does
not seem to be involved in the rRNA nucleotide modification
events, but plays a critical role in the early cleavage events
of pre-rRNA precursor.

Several features made U3 especially attractive for
developing a ribozyme carrier system (Figure 1; see 33).
First of all, the size of this RNA is relatively small (333 nt),
and its secondary structure is well established (34).
Importantly, it is known that a substantial portion of the
molecule is available for direct RNA-RNA interaction, i.e.
a segment in the 5' region of the molecule encompassing
conserved boxes A and A’. At the 5' side, this segment of
U3 is protected from exonucleases by a trimethyl guanosine
structure (TMG cap). At the 3' side, it is stabilized by the
box C/D motif, composed of box C’ (U3 analog of box C)
and box D juxtaposed against each other by adjacent
stems. In vivo, the box C/D motif is most likely associated
with a protein (s) that protects the entire portion between
boxes from exonucleolytic degradation (see 35, and
references therein). It has been demonstrated that, in
addition to providing a stabilizing function, box C/D motif
also secures nucleolar localization of the corresponding
snoRNA (ibid.). Taken together, these features made it
possible to use U3 as both ribozyme carrier and ribozyme
target. Indeed, RNA fragments corresponding to a ribozyme
or a target, placed in U3 instead of the box A/A’ element,
should be metabolically stable and available for RNA-RNA
interaction. U3 derivatives carrying ribozyme or target
RNAs should also co-localize in a relatively small sub-
cellular compartment.

The use of U3 derivatives as targets provides an
additional benefit. Thus, when cleavage of the RNA target
occurs at the 5' segment of U3 derivative, the box C/D
motif should still protect RNA sequences locked between

boxes C’ and D, and this should result in vivo in
accumulation of a metabolically stable product. (Figure 1).
The product of the ribozyme cleavage reaction that
accumulates in vivo should therefore differ from the one
obtained in vitro: in vivo, intracellular exonucleases remove
a protruding 5' portion from the initial product. This way, an
authentic in vivo cleavage can be easily distinguished from
any artifactual in vitro events, such as cleavage during the
RNA isolation/purification procedure. The ability to measure
the level of the cleaved substrate also makes in vivo kinetic
studies much more accurate and sensitive.

Several important observations were made during the

initial testing of the U3-snorbozyme system in
Saccharomyces cerevisiae (see 13). First of all, the system
behaved as predicted, i.e.: 1) the catalytic and target RNAs
were stable; 2) both molecules co-localized in the
nucleolus; 3) co-expression of ribozyme and target resulted
in cleavage of the target, and; 4) a stable, exonucleolytically
trimmed byproduct accumulated. Secondly, and most
importantly, it was demonstrated that a highly efficient
cleavage of the target molecule is possible. Thus, during
co-expression of the target and catalytic molecules from
low-copy plasmids, ~60% of the target RNA was cleaved.
After over-expression of the catalyst from a multi-copy
plasmid and optimization of the ribozyme structure, almost
100% of the target molecule was specifically converted
into the product.
These results opened the doors to novel directions in
ribozyme technologies. Precision and simplicity of the
snorbozyme system provides a valuable mean for
conducting accurate and detailed studies of ribozyme
kinetics inside the cell. Thus, preliminary kinetic estimations
suggested that the critical step for efficient cleavage is the
interaction between ribozyme and target, rather than the
cleavage itself (13). Undoubtedly, such studies will help to
improve and optimize ribozyme performance in vivo.

The snorbozyme system demonstrated that snoRNAs
can serve as reliable and efficient carriers of catalytic RNAs
to the nucleolus. This creates the potential for targeting
nucleolar RNAs, such as rRNA, and various snoRNAs (it
has been estimated that yeast contain ~100 and humans
~200 different snoRNA species; see 30, 31). Remarkably,
other types of RNA molecules also reside in the nucleolus
(reviewed in 36). The list of such RNAs, transiently or
abnormally present in the nucleolus, includes: various
mRNAs, RNA component of telomerase, signal recognition
particle RNA, U6 spliceosomal RNA and RNA components
of MRP and RNAse P ribonucleoproteins. Even some viral
RNAs were detected in the nucleolus. In addition, in animal
and plant cells, U3 snoRNA has also been found in coiled
bodies, and box C/D motif was demonstrated to be
sufficient for targeting snoRNAs to this compartment, as
well as to the nucleolus (35). These latter findings extend
the number of potential snorbozyme targets to all
spliceosomal RNAs, which are known to transiently reside
in coiled bodies. Thus, the possibility exists that many
eukaryotic RNAs can be targeted with snoRNA-carried
ribozymes.

The yeast S.cerevisiae, as the best characterized
eukaryotic organism, offers enormous potential for
characterizing and improving ribozymes in vivo. Particularly
attractive in this respect is the possibility of using genetic
approaches in yeast. Numerous attempts to recruit
S.cerevisiae for ribozyme studies did not produce the



desired results, however. Inactivation of gene expression
in yeast using ribozymes either occurs with very low
efficiency, or requires special culturing conditions (see 37
and references therein). Results obtained with
snorbozymes disprove pessimistic opinions that
S.cerevisiaeis an inappropriate host organism for ribozyme
studies, and opened new perspectives for employing this
valuable species.

Most importantly, the use of snorbozymes in yeast
confirmed a long-awaited prediction that trans-acting
ribozymes can be used in vivo to efficiently destroy target
molecules. The results obtained with the snorbozymes
demonstrated that the conditions known to affect the activity
of trans-ribozymes in vivo, such as a high concentration of
ribozyme molecules, a structure of the ribozyme carrier
that is compatible with ribozyme activity, and the co-
localization of ribozyme with its target RNAs, are also
sufficient for achieving a high efficiency of ribozyme
cleavage. This important outcome allows rationalization of
the rules for the general design of a highly efficient ribozyme
carrier. Such molecule should contain a simple RNA
stabilizing element(s), and a localization signal(s) identical
to that of the targeted RNA. The catalytic RNA segment
should substitute a carrier’s portion that is normally involved
in RNA-RNA interactions. We strongly believe that by
following this design, efficient cleavage of any RNA will
become a routine task.

Protocols

1. In Situ Hybridization of Mammalian Cells (RNA and
Oligonucleotide Probes)

General Considerations
In situ hybridization is a powerful technique that can be
very informative. It should however be carefully controlled
since it can lead to artifacts. One of the most important
aspects is fixation. Formaldehyde is widely used as a
fixative. Ideally, fixation should be strong enough to prevent
loss of material during the hybridization and washing steps,
but mild enough to allow the probe to penetrate everywhere
in the cell. For this reason, DNA oligonucleotides are among
the best probes available. They are short (a 50 base probe
is 50 times smaller than the Fab fragment of an antibody),
which means that they penetrate very well into cells. They
can be washed under mild conditions compatible with th
retention of intra-cellular RNA. Short RNA probes (50-100
nt) are similar to oligonucleotides, but they necessitate
more stringent washing conditions, and some cellular RNA
may be lost at this step since the formaldehyde fixation is
not resistant to high temperatures. The only advantage of
RNA probes versus oligonucleotides is their lower cost. If
RNA probes are chosen, transcripts longer than 200
nucleotides should be avoided.

When performing in situ hybridization for the first time
it is often desirable to monitor RNA loss during the
procedure by staining the slides with propidium iodide.

Fixation

Mammalian cells are grown directly onto cover slips,
washed once in 1X PBS (100 mM Na,HPO,, 20 mM
KH,PO,, 137 mM NaCl, 27 mM KCI, pH 7.4), and fixed for
10 min at room temperature in 4% formaldehyde (40%
liquid stock purchased from Electron Microscopy Science),
10% acetic acid, 1X PBS.
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Remark: The presence of acetic acid improves detection
of nuclear RNA. It can be replaced by triton extraction prior
to fixation. Neither of these treatments is necessary when
short (50 bases) oligonucleotides probes are used (30 min
fixation in 4% formaldehyde, 1X PBS is sufficient in this
case), or when one wants to detect cytoplasmic RNAs.

After 2 washes in PBS, cells are permeabilized by treatment
with 70% ethanol for at least overnight at 4°C.

Remark: Cover slips can be stored for weeks at this stage.

Hybridization

Cells are rehydrated for 5 min at room temperature in 2X
SSC (300 mM NaCl, 30 mM sodium citrate, pH 7.0), 50%
formamide. Cells are hybridized overnight at 37°C in 40 ul
of a mixture containing 10% dextran sulfate, 2 mM vanadyl-
ribonucleoside complex, 0.02% RNAse-free BSA, 40 ug
E.colitRNA, 2X SSC, 50% formamide, and 30 ng of probe.

Remark: The amount of probe can be diminished if
background hybridization is observed.

Washing

Cells are washed twice for 30 min at the appropriate
stringency: 2X SSC, 50% formamide, 37°C for
oligonucleotide probes; 0.1X SSC, 50% formamide, 50°C
for RNA probes.

Remark: Washing conditions may be adjusted for each
probe, and can be optimized by Northern blotting. Probes
that are labeled to a high specific activity (see below) tend
to give higher background, but addition of 0.1% NP40 or
0.1% SDS in the washing buffer can diminish this
background.

RNAse Treatment (Optional)

RNAse treatment can remove background binding of the
probes. Itis however better to avoid it when possible, since
it leads to loss of RNA from the cells. In most cases, it is
possible to remove the background by adjusting the
stringency of washing and the amount of probe in the
hybridization mixture.

Antibody Detection (Optional)

Digoxigenin-labeled probes can be detected with sheep
anti-digoxigenin antibodies (1/200, Boehringer Mannheim),
and then with donkey anti-sheep antibodies conjugated to
fluorescein (1/150, Sigma). Slides are incubated for 1 h at
37°C in 2X SSC, 8% formamide, 2 mM vanadyl-
ribonucleoside complex, 0.2% RNAse-free BSA, and
washed twice for 15 min in 2X SSC, 8% formamide at room
temperature.

Remark: Fluorescent antibodies tend to give a high
background, which is efficiently removed by the presence
of 8% formamide in the incubation buffer.

Mounting

Slides are washed in 1X PBS, and mounted in 90%
glycerol, PBS, 1 mg/ml p-phenylendiamine, 0.1 mg/ml
DAPI.
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2. In Situ Hybridization of Yeast Cells (RNA and
Oligonucleotide Probes)

General Considerations

In situ hybridization of yeast cells is almost identical to
mammalian cells, except that the cell wall has to be
removed by spheroplasting the cells prior to hybridization.

Fixation

Yeast are grown in 45 ml cultures in the appropriate media
until they reach early log phase (ODgq, between 0.2 and
0.4). Cells are fixed for 10 min at room temperature by
directly adding to the medium 10 ml of 20% formaldehyde,
50% acetic acid. The fixative is removed by three rounds
of centrifugation (5 min at 3500 rpm and at 4°C), and
resuspended in 10ml of ice-cold buffer B (1.2 M sorbitol,
0.1 M potassium phosphate, pH 7.5).

Remark: As in mammalian cells, acetic acid improves
detection only of nuclear RNA. For oligo probes, it is not
necessary, and cells can be fixed by adding 5 ml of 40%
formaldehyde to the culture medium, and incubating 40
min at room temperature.

Spheroplasting

Cells are resuspended in 1ml of buffer B containing 20
mM Vanadyl-ribonucleoside complex, 28 mM B-
mercaptoethanol, 0.06 mg/ml PMSF, and transferred to a
tube containing 0.1 mg of dried oxalyticase. Spheroplasting
is done by incubating the cells for 8 min at 30°C. Cells are
then centrifugated 2 min at 3500 rpm at 4°C, and washed
once in ice-cold buffer B. Cells are further resuspended in
650 ul of buffer B, and 100 pl is added to poly-lysine coated
cover slips (this is most easily performed in 6 well tissue
culture plates, one cover slip per well). Cells are left to
adhere to the cover slip by incubating them 30 min at 4°C.
3 ml of buffer B is then carefully added to each well,
removed by suction, and replaced by 5 ml of 70% ethanol,
which is incubated at least overnight at -20°C. At this stage,
the cover slips can be stored for weeks at -20°C.

Hybridization and Washing
These steps are the same as for mammalian cells.

3. Preparation of Probes for In Situ Hybridization

DNA Oligonucleotide Probes
DNA oligonucleotides are presently the best probes for in
situ hybridization. They are chemically synthesized which
allows for the incorporation of amino-modified nucleotides
(amino-allyl T) at defined positions in the sequence. These
free amines are chemically coupled to fluorophores after
synthesis. The modified Ts should be about 10 bases apart
so0 as not to prevent binding of the probe to its target. The
GC content of the oligo should be around 50%, its length
can be variable, but 50 bases (i.e. 5 flurochromes per
molecule of probe) works well in most cases. The signal
can be further increased by using several different
oligonucleotides against the same RNA.

After synthesis, the oligo should be purified by either
gel electrophoresis or reverse chromatography on C-18
Sep-pack columns (Waters). Oligos are then conjugated
to activated fluorophores as described below.

RNA Probes
RNA probes are synthesized by in vitro transcription with
T3, T7 or Sp6 RNA polymerases. The fluorescent label
can be incorporated during transcription (following
manufacturer instructions), by using nucleotides that are
already coupled to fluorophores. Unfortunately, these
nucleotides are incorporated at a low frequency and the
resulting specific activity of these probes is consequently
sequence dependant and low, i.e. less than 1 molecule of
fluorophore per 100 transcribed bases. Importantly, these
transcription reactions cannot be phenol extracted since
the labeled RNAs partition with the phenolic phase.
Alternatively, the fluorescent label can be chemically
conjugated to the RNA after probe synthesis, and this can
result in specific activities as high as 1 fluorophore per 10
bases transcribed. To accomplish this, RNAs are
synthesized by standard in vitro transcription reactions,
except that UTP is replaced by an equal concentration of
amino-allyl UTP (Sigma), or by a mixture of UTP/amino-
allyl UTP (usually at a 1/1 ratio). Unlike fluorescent
nucleotides, amino-allyl nucleotides are incorporated
almost as well as unmodified UTP. Transcription reactions
are then phenol extracted, RNA is ethanol precipitated,
resuspended in 1X SSC, and unincorporated nucleotides
are removed by two rounds of gel filtration (1X SSC buffered
P30 micro-spin column, BioRad). The RNA s again ethanol
precipitated and resuspended in water.

Remark: It is very important to design RNA probes such
that no polylinker sequences are present in the resulting
transcript since the polylinkers often contain GC rich
stretches that induce cross-hybridization with ribosomal
RNA (38).

Chemical Conjugation of the Amino-Modified Nucleic Acids
with Activated Fluorophores

The nucleic acid to be labeled should be resuspended in
70 pl of 0.1 M NaHCOg buffer, pH 8.8. Different amounts
of material will result in different specific activities of the
probe. 5-10 pg of nucleic acid will yield a high specific
activity (60-80% of the free amine will react), while 50 pg
will yield a lower activity (5-20% of the free amine will be
conjugated). Labeling is initiated by adding 30 pl of DMSO
containing the activated fluorophore. In principle, any amine
reactive compound could be used. In practice, CY3 (1 vial
of monoreactive labelling kit per reaction, Amersham),
works very well as a red fluorophore, and the succinimidyl
ester of Oregon green 488 (1mg of compound per reaction,
Molecular Probes) works well as a green dye. Labeling is
then conducted for 24-48 h in the dark, at room
temperature, with occasional vortexing.

Remark:Any trace of free amine, such as Tris base, should
be removed from the nucleic acid, as it will also react with
the fluorophore.

Unreacted dye is removed by either two rounds of ethanol
precipitation and washing (carrier tRNA can be added if
needed), or by gel filtration through G50 columns. Specific
activity of the probes is calculated by absorption
spectroscopy.

Remark: It is usually desirable to incorporate as many
fluorophores per molecule of probe as possible, but it



should be noted than more than 4-5 molecules of dye per
probe tend to result in a high background during in situ
hybridization.

Further Reading

Rossi, J.J. and Couture, L.A. 1999. Intracellular Ribozyme Applications:
Principles and Protocols. Horizon Scientific Press, Wymondham, UK.
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