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ABSTRACT

The rate of double strand formation between
procaryotic antisense RNA and complementary RNA in
vitro is known to correlate with the effectiveness of
antisense RNA in vivo. In this work, an in vitro assay
for determining the hybridization rates of a large
number of antisense RNA species was developed. A
set of HIV-1-directed antisense RNAs with the same
5'-end but successively shortened 3'-ends was
produced by alkaline hydrolysis of a 150 nt
HIV-1 -directed antisense transcript. This mixture was
used to determine hybridization rates for individual
chain lengths with a complementary HIV-1 -derived RNA
in vitro. The second order binding rate constants of
individual antisense RNA species differed by more than
a factor of 100, although in some cases, slow-
hybridizing and fast-hybridizing antisense RNAs
differed by only two or three 3'-terminally-located
nucleotides. The results indicated that there was not
a trivial dependence of binding rates on the chain
length of antisense RNAs. Further, the binding rate
constants determined in vitro for individual antisense
RNA species correlated with the extent of inhibition of
HIV-1 replication in vivo.

INTRODUCTION

Antisense nucleic acid-mediated control of gene expression and
viral replication plays an increasingly significant role in vivo and
in tissue culture cells (for review see: 1-3). Relatively short
synthetic and in many cases chemically modified antisense
oligonucleotides have been applied successfully to living cells
(reviewed in:4,5) as well as long antisense RNAs synthesized
in vitro or, in most cases, expressed intracellularly from antisense
genes (reviewed in: 6-8). Despite the great number of
phenomenological descriptions of convincing biological effects
obtained with antisense nucleic acids, unequivocal experimental
evidence for the antisense principle has not been reported as

frequently. In particular for eucaryotic antisense RNAs,

systematic mechanistic analyses of double strand formation with
target RNA in vitro and in vivo are lacking. In contrast to this,
procaryotic antisense RNA-regulated examples have been studied
in more detail. For the antisense RNA-regulated plasmid copy

number in E.coli it has been shown that the kinetic behaviour
of antisense RNA in vitro is in agreement with the effectiveness
in vivo (9). For replication of plasmid Rl, the kinetic situation
for binding of antisense RNA to target RNA appears to reflect
the antisense RNA-mediated control in vivo (10). Further,
structural properties of individual antisense RNAs determine
hybridization kinetics in vitro (11) and are linked with biological
effects, e.g. plasmid copy numbers (reviewed in: 12,13). It is
reasonable to assume that in principle these findings are also
relevant for other antisense RNA-regulated or -inhibited systems,
including eucaryotic ones (14). The biological systems in which
most of the reported studies with antisense RNA have been
conducted include the antisense RNA-mediated inhibition of the
human immunodeficiency virus type 1 (HIV-1) replication
(15-21). For this reason we have started to investigate kinetic
properties in vitro of a HIV-1-directed antisense RNA (aY150)
which was shown earlier to inhibit viral replication (Homann et
al., manuscript in preparation). For a systematic analysis,
individual binding rate constants of successively shortened
antisense RNA species derived from aY150 were measured by
a specific experimental approach developed in this work. The
results showed a surprisingly high variation between second order
binding rate constants ranging from k < 5 x 102 Ms-Is- to k >
1x1i4 M-Is-1 of subsets of antisense RNA, although chain
lengths were similar. Fast- and slow-hybridizing antisense RNAs
were tested for their antiviral activity in a transient HIV-1
replication assay. It was found that the second order binding rate
constants correlated qualitatively with the extent of inhibition of
HIV-1 replication.
The experimental strategy developed in this study to determine

binding rate constants for a large number of different antisense
RNA species contained in a pool of antisense RNAs is applicable
for any sequence of interest and might support the systematic
search for and the identification of kinetic parameters in vitro
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which could serve as indicators for the effectiveness of antisense
RNAs in vivo. For inhibition studies of HIV-1 replication the
results might help in the identification of more potent antisense
RNA species.

MATERIALS AND METHODS
Plasmids for in vitro synthesis of antisense RNAs and target
RNA
The HIV-1-directed antisense RNAs were transcribed in vitro
from plasmid pBS150 which contains two stretches of HIV-1
sequences (17 nts, pos.5807-5823; 93 nts, pos.5598-5506; ref.
22) in antisense orientientation with respect to a T7 promoter.
The pBS150-derived antisense RNA axY150 contains additional
polylinker sequences at its 5'-end (32 nts) and at its 3'-end (5
nts). The RNA strand containing complementary sequences to
aY150 was transcribed in vitro from plasmid pRC-SR6 by using
T7 polymerase. This sense-transcript contains a 562 nucleotide
H1V-1 sequence (clone BH10, pos. 5366-5928; ref. 22) excised
from plasmid pSR6 (23) and polylinker sequences at its 5'-end
(74 nts) and at its 3'-end (6 nts).

In vitro transcription of RNA
T7 polymerase was used for in vitro transcription of aY150 and
SR6 RNAs. Four mg of linearized template DNA (XhwI for
aY150 and NotI for SR6) were incubated in a reaction mixture
containing 18 mM Na2HPO4, 2 mM NaH2PO4, 5 mM NaCl,
20 mM dithiothreitol, 8 mM MgCl2, 4 mM spermidine, and 1

mM nucleotidetriphosphates in a total volume of200 pl. Reactions
were started by adding 20 U of T7 polymerase and stopped after
a 2 hrs incubation at 37°C by adding 300 II 17 mM MgSO4 and
20 U DNaseI. After a further incubation for 20 min at 37°C 750
jl 3 M sodium acetate were added and RNAs were precipitated
with ethanol at 0°C. The pellet was dissolved in 10 mM
Tris/HCL pH 8.0, 1 mM EDTA and the RNAs were further
purified by gelfiltration (Sephadex G-50, Pharmacia). The
recovery ranged between 40 yg and 50 Itg RNA. The templates
for the smaller cY150-derived antisense RNA species with chain
lengths of 60, 67, 76, 82, 88, and 95 nucleotides were generated
by PCR according to ref. 24 with an unique 5'-primer containing
the T7 promoter sequence (5' CCGGATCCAAGCTTTAATA-
CGACTCACTATAGGG 3') and 3'-primers (20mers) such that
in vitro transcription of RNA terminates at the correct 3'-position.
The PCR products were used for in vitro transcription without
further subcloning.

32P-labelling of RNAs
The 5'-ends of in vitro transcribed RNAs (10 ng) were 32p_
labelled by dephosphorylation with calf intestine phosphatase and
subsequent rephosphorylation with 5 yCi of [-y-32P]-ATP (10.0
mCi/ml, 6000 Ci/mmol) and polynucleotide kinase as described
(25).

Alkaline hydrolysis of aY150-derived antisense RNA
For the production of a random mixture of successively shortened
antisense RNAs a modification of an established protocol for
aLkaline hydrolysis was used (26). Briefly, 10 ng of 5'-end
labelled aY150 RNA dissolved in 20 yl TE-buffer were added
to 500 .tl 500 mM NaHCO3 and heated to 960C for 10 minutes.
Hydrolysis was stopped by chilling the reaction mixture and
RNAs were desalted by gel filtration (Sephadex G-50, Pharmacia)
with a buffer containing lOmM Tris/HCl pH8.0 and 1 mM

EDTA. In order to make native and unique folding of RNA
species possible which does not necessarily happen during the
quick chilling on ice water the desalted mixture of RNAs was
incubated at 75°C for 10 minutes and cooled down slowly to
37°C for renaturation.

Assay for selective identification of fast-hybridizing antisense
RNAs-analysis of hybridization products
The stepwise experimental procedure is schematically shown in
Figure 1. First, one ng of hydrolyzed 5'-labelled aYl50 RNA
corresponding to 2 x 10-14 moles of starting 5'-labelled cYl150
RNA (1 x 10-9 M) was mixed with 500 ng unlabelled target
RNA SR6 (2.2 x 10-12 moles, 1.1x 10-7 M) at a final volume
of 20 Al and at 37°C in a solution containing 100 mM NaCl,
20 mM Tris/HCl pH 7.4 and 10 mM MgCl2. After certain time
points of incubation, 3 ml aliquots were withdrawn and
transferred into a precooled (0°C) Eppendorf tube containing 40
yd stop buffer (20 mM Tris/HCl pH 8.0, 10 mM EDTA, 0.5%
SDS, 7 M urea, 0.04% bromphenolblue, 0.04% xylenecyanol).
Educts and products of the hybridization reaction were separated
on 1.2% agarose gels in 89 mM Tris-borate buffer pH 8.3
containing 1 mM EDTA. Agarose slices containing educts and
products repectively were excised and RNAs were eluted by
centrifuigation of the frozen and thawed (-70°C/37°C) gel slizes.
RNAs were precipitated with ethanol, redissolved with stop buffer
(see above) and analyzed by electrophoresis under denaturing
conditions in 10% polyacrylamide gels containing 7 M urea in
89 mM Tris-borate pH 8.3. Gels were fixed in an aqueous
solution containing 10% methanol and 10% acetic acid, dried
and exposed to X-ray fim or to image plate analysis for further
computer-supported quantitative analysis.

Determination of hybridization rates for individual antisense
RNA species
For quantitative analysis of band intensities of dried
polyacrylamide gels, a self-constructed image plate scanner (27)
with a linear characteristic vs 32P radioactivity was used. Gels
were scanned with 37.5 Amx37.5 ,um pixelsize. Each lane of
the gel was analyzed individually. The data for each band were
integrated along a direction perpendicular to the direction of
migration. The resulting profiles of intensity against migration
distance were displayed using a programme which allowed
subtraction of background and integration of the individual peaks.
Maximal values for each band were taken as a measure for the
band intensities. For bands representing certain antisense RNA
species at different time points of the hybridization reaction band
intensities were plotted against the time axis and a curve for an
exponential decay (I=IOxe-kt) was fitted by non linear
regression using the programme 'GRAFIT' (Erithacus Software,
London, UK). The error range for k was derived from the fitting
algorithmn as the standard deviation of k.

Computer-calculated RNA structures
The secondary structures of RNAs were calculated with the
programme Heidelberg Unix Sequence Analysis Resources
(HUSAR) which makes use of the secondary structure prediction
algorithmn developed by Zuker and Stiegler (28).

HIV-1 inhibition studies
For measurements of antisense RNA-mediated inhibition of
HIV-1 replication, in vitro synthesized RNAs (120 ng) and
infectious proviral HIV-1 DNA (pNL4-3, 40 ng) respectively,
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Figure 1. Schematic depiction of in vitro selection and identification of fast-
hybridizing antisense RNAs.

were cotransfected by calciumphosphate co-precipitation (29) into
human SW480 cells (30) which were grown semi-confluent in
48 well plates. One day after transfection 1 x 105 MT-4 cells
were added and the final volume was adjusted to 1 ml. Virus
replication was measured 4 days after transfection with dilutions
of cell-free culture supernatants by a commercial HIV-1 antigen
ELISA (Organon, Holland) as described in detail elsewhere (15).
As a control in vitro synthesized CAT-coding RNA was used
which had been shown before to have no effect on HIV-1

replication (23).

This assay leads to results similar to those obtained with an
earlier described co-microinjection assay (15,23) except that the
error range is significantly smaller for the latter assay.

Limited RNase cleavage of RNA
For RNase mapping, the 5 '-ends of RNAs were 32P-labelled by
dephosphorylation with calf intestine phosphatase and subsequent
rephosphorylation with [-y-32P]-ATP and polynucleotide kinase
as described (25). The cleavage reactions were performed in 100
mM NaCl, 20 mM Tris/HCl pH 7.4, 10 mM MgCl2 with the
following enzyme concentration: RNase Ti, 10 U/ml
(Boehringer, Mannheim). The reactions were stopped by adding
the sample volume stop buffer (20mM Tris/HCl pH 8.0, 10 mM
EDTA, 0.5% SDS, 7 M urea) and chilling on ice. Cleavage
products were separated on denaturing polyacrylamide gels (10%)
buffered with 89 mM Tris -borate pH 8.3, 2.5 mM EDTA and
7 M urea.

RESULTS
Assay for identifying antisense RNAs with different
hybridization rates
The antisense RNA used in this study (aY150) was directed
against exons coding for Tat and Rev and was previously shown
to be able to inhibit viral replication (unpublished) in an assay
which was used earlier to measure inhibitory effects of in vitro-
synthesized HIV-l-directed antisense RNAs (23). In order to
systematically analyze possible variations in hybridization rates
of a set of aYl5O-derived RNAs which differ in length and, most
probably, also in structure we performed the assay which is
schematically depicted in Figure 1. A ladder of successively
shortened 5'-labelled aYI50-derived antisense RNAs was
produced by alkaline hydrolysis of 5'-end labelled aY150 RNA
(see lane: 0' educts in Figure 2). The resulting mixture of
antisense RNAs was incubated with a 110-fold molar excess of
complementary unlabelled SR6 RNA in a physiological buffer
at 37°C. This excess of SR6 RNA over 32P-labelled antisense
RNAs was chosen for several reasons: Firstly, it allowed the
determination of rate constants according to pseudo first order
kinetics. Under those conditions the hybridization rate is not
dependent on the concentrations of 32P-labelled antisense RNA
species, i.e. differences in initial concentrations of antisense
RNAs do not affect the determination of second order rate
constants. Secondly, formation of a defined heteroduplex RNA
was favoured versus other possible reactions of labelled antisense
RNAs which were observed at equimolar concentrations of
aY150 and SR6 RNA (Homann et al., unpublished). Lastly,
competition among antisense RNAs for complementary RNA
strands which could influence the selective determination of k
values for individual antisense RNA species was excluded.
The course of the overall hybridization reaction was monitored

by separating educts and products by agarosegel electrophoresis.
The 32P-labelled antisense RNAs which were equal to or smaller
than 150 nts could be clearly distinguished on agarose gels from
product bands, i.e. heteroduplex RNA consisting of one antisense
RNA strand and a 562 nts complementary RNA. In order to select
and identify individual antisense RNA species contained in early-
appearing products of the overall reaction, i.e. fast-hybridizing
antisense RNAs, educt bands and product bands were cut out
of the agarose gel, RNAs were eluted and analyzed by
polyacrylamidegel electrophoresis under denaturing conditions.
We did not observe a dependence of elution efficiencies from



1384 Nucleic Acids Research, 1993, Vol. 21, No. 6

agarose gels on RNA lengths, however, the elution efficiencies
measured for educts, i.e. single-stranded RNAs were significantly
greater than those for the double-stranded products. Since the
elution efficiency in neither case was dependent on the relative
amounts ofRNA contined in the eluted bands, the determinaion
of k values was not affected.

Detenmination of rate constants for individua antisense RNA
species
Presumably, many successive and perhaps easily reversible steps
take place between antisense RNA and target RNA before duplex
RNAs are formed completely. Since the melting points of the
resulting long RNA double strands are high under physiological
experimental conditions used in this work, the backward reaction
is neglected in the analysis. Therefore, the simplified scheme for
the overall hybridization reaction between antisense RNA species
(aRNA) and sense RNA (sRNA) can be described as:

cvRNAi + sRNA - dsRNA
The initial rate of hybridization can be calculated as:

vi = k2i X [aRNAi] X (sRNA] (eq. 1)

Since the unlabelled sRNA is in large excess over aRNA and,
hence, can be regarded as constant during the reaction, [sRNA]
can be included in the rate constant k2,:

vi = k,i x [cxRNAJ] with k1i = k2ix [sRNA] (eq. 2)
This is the equation for a reaction of first order for which kii
can be calculated from the time dependence of the binding of
aRNAi to sRNA:

[aRNA;]t= [oiRNAioxe-kiit (eq. 3)

and kli can be calculated from a computer fit to the data
obtained. The value of k2i can be calculated from the
relationship: k1i = [sRNA]xk2i
The band pattern of educts and products separated by

electrophoresis with 10% polyacrylamide gels under denaturing
conditions clearly demonstrates that disappearing educt bands,
i.e. antisense RNA species, correspond to appearing product
bands (Figure 2). Further, there are groups of fast-hybridizing
antisense RNA species as well as visibly slow-hybridizing species.
For example, fast-hybridizing antisense RNAs range in size
between 65 and 78 nts and also occur at 57 nts, 97 nts and 110 nts.
Bands containing educts and products of typical hybridization

reactions were quantified by using image plate detection and
computer-based quantification as described in Materials and
Methods. For a more detailed analysis we chose the size range
of 57 to 99 where individual bands could be assigned and
differences in hybridization rates were significant. The time-
dependent change of educt- and product-signals derived from a
representative gel analysis showed that educts in certain size
ranges (e.g. 66 to 77 nts) hybridize significantly faster (k =
1 x 104M'-s'-) than those RNA species from other size ranges
(e.g. 58-63 or 80-84, Figure 3). For individual anisense RNA
species rate constants for the hybridization reaction were
calculated by using a fitted curve for the time-dependent decrease
of educts (Figure 3). The value for k was calculated for the full
length aY15O RNA on the basis of image plate analysis (k =
1.17x 104 M1-s1-) and compared to values for k detennined
according to established protocols (k = 1.30x 104 M-Ist-, ref.
31) or to densitometric analysis of band intensities with
autoradiographs of polyacrylamide gels (k = 1.56x 104 M-'s-1,

Flgure 2. Experimntal identification of fast-hybridizing atY150-derived antisense
RNAs by electrophoresis with 10% polyacrylamide gels under denaturing
conditions according to the scheme shown in Figure 1. Samples were withdrawn
from the hybridization reaction mixture at the time points indicated.

data not shown). The k value determined by densitometric
analysis of autoradiographs with dried polyacrylamidegels is
somewhat greater which is due to the overestimation of
differences of band intensities by this method. Since the
hybridization rate constant for full length aYY50 RNA which
had been determined recently to k = 1.30x104 0.lOx104
M'-s1- (32) is in agreement with the binding rate constant for
aY150 RNA as determined in this work (k = 1.17x104
[M-Is-1]), we conclude that k values determined by the assay
described here are valid.

Binding rate constants and RNA structures
The binding rate constants measured in this work for successively
shortened antisense RNAs were compared with the total free
energies, the free energy per length, and the computer-predicted
secondary structures for each individual molecule (Figure 4).
These data do not suggest a correlation between k and any of
the structural parameters. The differences between the free
energies for the slow-hybridizing antisense RNA species, i.e.
-0.29 to -0.25 kcal/nt for the 60mer, 82mer and 95mer and
the corresponding parameters for the fast-hybridizing species do
not seem to be significant. However, the sensitivity of individual
shortened RNAs against RNaseTl indicates that small k values
might correlate with a reduced RNase sensitivity except for the

82mer which will be discussed later (Figure 4A).
Previously perfomed extensive experimental structure analysis

ofaY.150 did not support the predicted secondary structure shown
in Figure 4B (Homann et al., manuscript in preparation). In
general, mapping of a given RNA molecule by limited cleavage
experiments with structure-specific RNases does not enable one
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Figure 3. Second order rate constants (k) of the hybridization reaction between cY150-derived antisense RNA species ranging in lengths between 57 and 99 nucleotides
(x-axis) and a transcript containing 562 nts of complementary sequence.

to derive an exact model. However, RNase cleavage patterns may
indicate similarities or differences between given RNA molecules.
The results of RNaseTl cleavage reactions with the 60mer,
67mer, 76mer, 82mer, 88mer, 95mer, and cxY150 respectively,
indicate differences in the 3' portion of the slow-hybridizing
95mer versus the 76mer (fast), 88mer (fast) and ctY150 (fast)
which also seem to exist versus the fast 67mer (Figure 5). The
60mer, however, lacks this sequence and the 82mer (slow) seems
to show the double band labeled in Figure 5, even though
significantly weaker than the fast-hybridizing species. Thus, one
might conclude that the local structures of the sequences in the
range of positions 60 to 70 have an effect on the binding rate
constants in vitro.

Correlation between binding rate constants and the extent of
inhibition in vivo
In order to investigate whether the binding rate constants were
correlated with the biological effectiveness, we co-transfected in
vitro synthesized fast- and slow-hybridizing antisense RNA
species with infectious proviral HIV-1 DNA into human cells
and measured the resulting production of HIV-l (Figure 6). Three
out of three fast-hybridizing antisense RNAs (67mer, 76mer and
88mer) led to strong inhibition of HIV-l replication and two out
of three slow-hybridizing antisense RNAs (60mer and 95mer)
led to a reduced or no significant inhibition respectively. These
results indicate that there is a qualitative correlation between the
k values and the inhibitory effectiveness for the caY150-derived
antisense RNAs. Possible reasons for the strong inhibition
mediated by the 'slow' 82mer will be discussed later. Future
experiments should investigate whether there is also a quantitative
correlation between both parameters. It is somewhat surprising
that the extent of inhibition in vivo mediated by the full length
antisense RNA oaY150 is smaller than that of the fast-hybridizing
67mer, 76mer and 88mer respectively. However, we cannot
exclude that the significant difference in chain length between
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Flgure 5. RNaseTl mapping of aY150 and aYl50-derived shortened species.
A structral difference in the 5' portion of the RNAs is indicated by a differentally
appearing double band (pos. 66 and 67) and one single band (pos. 64) labelled
by arrows. The double band is clearly visible for all fast-hybridizing RNAs, i.e.
the 67mer, 76mer, 88mer and aYl50 repectively. To a minor extent the
RNaseTl-produced double band is also visible for the slow-hybridizing 82mer.
Position 64 of the slow-hybridizing 95mer seems to be particularly sensitive to
RNaseTl.

aY150 on the one hand and the 67mer, 76mer, and 88 mer on
the other hand contributes to this observation.

DISCUSSION
In this work an in vitro assay is described in which individual
binding rate constants for a series of antisense RNAs to target
RNA could be determined in parallel. Measurements with a set
of HIV-1-directed antisense RNAs showed that subsets of
antisense RNAs with the same 5'-end but differing in their 3'-ends
differ in their hybridization rates with the complementary RNA.
A simple length-dependent change of k values was not observed
but, groups of fast-hybridizing antisense RNA species with k
values in the range of 1 x 104 [M-Is-'] (66-77, Figure 3) and
3 x 103 [M-Is-1] (85-92, Figure 3) on the one hand and slow-
hybridizing ones (k < 5x 102 [M-Is]-l Figure 3) on the other
hand were detected.
The hybridization rate for aYl150 (k = 1.3x104 M's-) is

smaller by more than one order of magnitude when compared
to naturally occuring antisense RNAs with similar lengths (ca
3-l1Ox 10 [M-Is-1], summarized in ref. 32). The difference
between the binding rate constants determined for fast-hybridizing
antisense RNAs in this work and the binding rates for naturally
occuring antisense RNAs indicate that further enhancement of

82mer

76mer

67mer

60mer

IO() 200() 30)0
relative antigen
concentration

Figure 6. Replication of HIV-1 in the presence of selected fast- and slow-
hybridizing antisense RNAs derived from aYl50. The bars indicate the mean
of two series of five individual transfection experiments each.

the rate of double strand formation between HIV-1-directed
antisense RNA and target RNA might be achievable. Thus,
kinetic analyses of antisense RNA target RNA interactions could
be specifically meaningful for further systematic improvements
of the antiviral effectiveness of HIV-l-directed antisense RNAs
and might be valuable in general for the design of effective
antisense constructs.
The transitions from slow-hybridizing to fast-hybridizing

antisense RNA species (e.g. pos. 62/65 in Figures 1 and 2) and
vice versa (e.g. pos. 78/81 in Figure 2) were found to happen
in a small size range. Thus, the question arises whether major
structural changes at these chain lengths are linked with the
change of k values. For example it is conceivable that the
structures of antisense RNAs ranging in length between 66 and
77 share common properties in the sense of similar kinetic
characteristics concerning double strand formation, whereas
antisense RNAs between 85 and 92 nts in length differ
significantly in this respect. For this reason we calculated the
k values for all antisense RNAs ranging from 57 to 99 nucleotides
on the basis of educt-decrease and compared these with computer-
predicted secondary structures calculated according to (28) and
corresponding stability parameters for the folded molecules
(Figure 4). However, the results do not indicate a correlation
between k values and the predicted structural parameters or
corresponding AG values respectively. Since computer-aided
secondary structure prediction is still not very reliable, we started
to compare structures of fast-hybridizing antisense RNAs with
slow-hybridizing antisense RNAs experimentally. Limited
RNAseT1 cleavage reactions with the antisense RNA species
listed in Figure 4A indicated that there was a structural difference
in the 3' portion of the slow-hybridizing 95mer versus the other
antisense RNAs (Figure 5). For the small and slow 60mer but
not the 95mer we cannot exclude that the size of the antisense
sequence is too small for efficient inhibition in vivo. One
exception seems to be the slow-hybridizing 82mer which led to
significant inhibition of HIV-1 replication (Figure 6). In contrast
to this, there is only minor experimental evidence for structural
differences between the slow 82mer and the fast-hybridizing
species which might explain the strong in vivo effects of the 82mer
(Figure 5) although the binding rate constant in vitro was small.
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However, it is known and it can be seen in Figure 5 that in vitro
transcription ofRNA leads to considerable amounts of shortened
and extended transcripts (at least up to three nucleotides). In
particular, preparations of the 82mer also contain fast-hybridizing
species. For example, the 79mer and 80mer as well as the 84mer
and 85mer contained in 82mer preparations might be sufficient
to inhibit HIV-1 replication. The experimental conditions for
determining HIV-1 replication were chosen such that a further
comparison of the antiviral effectiveness of the inhibitory
antisense RNA species (82mer versus 67mer, 76mer, and 88mer)
was not possible.

Future work should be focused on two questions: What is the
molecular (structural) basis for the relatively high k values of
fast-hybridizing antisense RNAs versus the k values for slow-
hybridizing antisense RNAs? Are k values for individual antisense
RNAs correlated with the inhibitory effectiveness in living cells?
Quantitative results could be achived in the case of HIV-1 by
use of the microinjection technique (33).

In general, it is not clear whether the experimental conditions
for studying RNA/RNA interactions in vitro, even though
performed at physiological ion strength and at 37°C reflect the
situation in vivo. For example in living cells, factors which bind
to RNA might influence the free energy of individual molecules
or the activation energy of the binding reaction, the structures,
and the interactions between antisense RNA and target RNA
respectively (34,35). However, for naturally occuring antisense
RNA-regulated and well-studied procaryotic systems it has been
shown that kinetic analyses support the understanding of the
function of antisense RNA. The same view might be true for
the eucaryotic example described in this work.
The in vitro selection of fast-hybridizing antisense RNAs

extends those in vitro systems by which a given pool of
therapeutically or biologically interesting and/or relevant
macromolecules such as polypeptides or nucleic acids can be
selected for desired properties. In this view, the approach
decribed here might be improved if it was possible to increase
the number of individual species in the starting pool and to select
with more than one selection step.
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