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Answers to these issues do not simply interest basic
scientists because clinical applications depend heavily on
knowledge of RME. For example, Wilson et al. (10) have
used the highly efficient hepatic uptake of ASOR for
liver-directed gene therapy, whereby exogenous DNA
linked to ASOR is endocytosed and in some hepatocytes
incorporated into the genome. How DNA is sometimes
spared lysosomal degradation is as yet unknown; en-
hancing the efficiency of endocytic delivery to the
nucleus will clearly increase the effectiveness of this
therapy. A second example is targeted drug delivery. By
linking cytotoxic agents, such as diphtheria toxin, to
tissue-specific ligands to generate ‘“magic bullets,”
cytoreductive treatment of malignancies arising from
that tissue can be enhanced. Understanding the events
regulating segregation of cytotoxic ligand from the
receptor and, in this case, entry of the toxin or drug into
the cytoplasmic space will facilitate the design of more
effective therapeutic agents. Third, RME plays a key role
in the pathological uptake of selected viruses and
microbiological toxins. A better understanding of en-
docytic sorting events may enable the development of
inhibitors of the infectious process. The current study
adds to the substantial insights into the push-and-pull of
endocytic sorting, which have been gained in only a few
recent years. Further advances in our understanding of
intracellular membrane trafficking are eagerly antici-
pated.
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THE SELF-SUSTAINED SEQUENCE REPLICATION
AMPLIFICATION SYSTEM -MOVE OVER, PCR

Gingeras TR, Prodanovich P, Latimer T, Guatelli JC,
Richman DD, Barringer KJ. Detection of human im-
munodeficiency virus type I in AIDS patients using
amplification-mediated hybridization analyses: Repro-
ducibility and quantitative limitations. J Infect Dis
1991;164:1066-1074.

ABSTRACT

Mutations at amino acid positions 67, 70, 215, and 219
in the human immunodeficiency virus type 1 (HIV-1)
pol gene correlate with the emergence of resistance to
zidovudine (AZT). These four positions were monitored
in viral RNA extracted from infected peripheral blood
mononuclear cells (PBMC) and viral stocks obtained
after coculture with uninfected lymphocytes. Ge-
notype determinations were made using the self-
sustained sequence replication (3SR) and differential
bead-based sandwich hybridization (BBSH) assay. The
hybridization results obtained by 3SR and BBSH
analyses were verified by dideoxynucleotide se-
quencing of the 3SR products. Correlation of 3SR and
BBSH with the polymerase chain reaction and
Southern hybridization analyses of the PBMC and
corresponding viral isolates indicated that PBMC and
corresponding HIV-1 isolates may differ in their geno-
types at the monitored amino acid positions, variations
from the wild-type nucleotide sequence may occur
proximal to the codons being monitored, and viral
isolates possessing the same genotypes at the four
monitored amino acid positions showed a threefold
variation in their ID,, measurements.

COMMENTS

The introduction of the polymerase chain reaction
(PCR) revolutionized molecular biology research. PCR
amplification consists of multiple cycles of DNA repli-
cation directed by target-specific oligonucleotide
primers. Each cycle is separated by a short period of
heating (92° to 97° C) to permit strand separation of the
newly synthesized DNA for further replication. This
powerful technique has enabled even nonmolecular
biologists to detect, isolate and determine the nucleotide
sequence of RNA or DNA of interest. PCR’s ability to
amplify minute quantities of a nucleic acid sequence has
also made it useful in clinical medicine as a diagnostic
tool —for example, to identify human immunodeficiency
virus (HIV) or hepatitis C infection. However, PCR does
have several inherent drawbacks. PCR requires the use
of expensive thermal cycling equipment and heat-stable
DNA polymerases. In addition, PCR amplification only
works with DNA; thus any RNA sample must first be
converted to complementary DNA in a separate step
before it can be amplified by PCR. Finally, the use of
PCR as a clinical diagnostic tool has been limited by
complications related to patent rights. Recently, several
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isothermal amplification methods have been developed
that not only avoid these problems but also have some
unique advantages over PCR. One such technique is the
self-sustained sequence replication (SSSR) reaction (1)
used in this study by Gingeras et al. However, other
systems including the QB replicase system (2), strand
displacement amplification (3) and a modified strand
displacement amplification (4) have also been described.

The SSSR reaction is a modification of the previously
described transcription-based amplification system (5),
which is a thermal cycling-based technique. Both of
these systems are modeled after the general scheme
employed during retrovirus replication. The ability of
the SSSR reaction to proceed isothermally is dependent
on the combined activity of three enzymes: avian

myeloblastosis virus (AMV) reverse transcriptase, T7
RNA polymerase and ribonuclease H (RNase H).

The general strategy for SSSR amplification of an
RNA target sequence is illustrated in Figure 1. After an
initial denaturation of 65° C, AMV reverse transcriptase,
RNase H, T7 RNA polymerase, dGTP, dATP, dTTP,
dCTP, GTP, ATP, UTP, CTP and two synthetic oligo-
nucleotide primers (referred to here as primer A and
primer B) are added to the sample and incubated at 37°
to 42° C for 1 hr. Primer A consists of 15 to 30 base pairs,
which are complementary and specific for the 3’ end of
the target sequence. Incorporated at the 5' end of this
primer are an additional 25 base pairs that contain the
recognition and initiation site for T7 RNA polymerase.
Primer B consists of 15 to 30 base pairs specific for the
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5" end of the target sequence, although it is possible to
include a T'7 RNA polymerase recognition sequence at
the 5’ end of this primer as well.

As shown in Figure 1 (step 1 and 2), the target specific
sequence of primer A anneals to the RNA of interest and
is extended as DNA by the activity of AMV reverse
transcriptase. The RNA strand of this RNA-DNA duplex
is subsequently degraded by the activity of RNase H
(step 3). Primer B is then able to anneal to the 3’ end of
the resulting single-stranded DNA and is extended by
the DNA-dependent DNA polymerase activity of AMV
reverse transcriptase (steps 4 and 5). This creates the
double-stranded DNA recognition site required by T7
RNA polymerase. The actual amplification of the target
sequence occurs in step 6 as T7 RNA polymerase
generates 10 to 1,000 antisense RNA copies (step 7) from
each double-stranded DNA template. Primer B anneals
to each of these RNA copies and is extended as DNA by
AMV reverse transcriptase (steps 8 and 9). RNase H
digests the RNA of the RNA-DNA duplex formed, and
primer A anneals to the resulting single-stranded DNA
(steps 10 and 11). The DNA polymerase activity of AMV
reverse transcriptase extends the primer A and the DNA
strand containing primer B to full length to again create
a double-stranded DNA containing the T7 RNA poly-
merase recognition site (step 11). The antisense RNA
copies generated are then available for subsequent cycles
of DNA extension, RNA degradation and T7 RNA
amplification (steps 7 to 11). This protocol can also be
modified to amplify a DNA target, as was done in this
study. The reaction mixture, without enzymes, is heated
at 100° C for 5 min and annealed at 42° C. AMV reverse
transcriptase is added and incubated for 10 min (anal-
ogous to step 1) before a second denaturation and
annealing step. This additional denaturation step pro-
duces the single-stranded DNA that would have been
formed by the activity of RNase H during RNA ampli-
fication. All three enzymes are then added, and the
reaction proceeds as described above from step 4.

Depending on the efficiency of the reaction, between
10%-fold and 107-fold amplification of the target se-
quence is expected after a 1- to 2-hour incubation. The
amplified product is primarily single-stranded antisense
RNA, although small amounts of DNA-RNA hybrid and
double-stranded DNA are also produced (1).

The SSSR reaction has several advantages over PCR.
It does not require thermal cycling equipment and,
unlike PCR, genomic DNA will not be inadvertently
amplified in an attempt to amplify RNA. As in this
article, the products of the SSSR reaction can also be
used directly for sequencing (without subcloning) be-
cause they are primarily single stranded and antisense.
The SSSR reaction can be used to generate results
comparable to those yielded by PCR even in very
complex applications, such as the one described in this
article. However, by far the greatest advantage of the
SSSR reaction over PCR is its ease of use. This makes it
eminently practical for mass screening of samples for
RNA or DNA of interest. One could perform a simple
preparation to isolate DNA or RNA from patients’
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samples, heat them, add all of the necessary reagents
and then incubate them for 1 or 2 hr. The resulting am-
plified product could then be detected with any number
of existing methods, including the bead-based sandwich
hybridization assay (5) used in this article. For example,
SSSR could be very useful in screening serum samples
for hepatitis C RNA or hepatitis B DNA. Because SSSR
amplification is not a patented process, it could be
adapted for use as a clinical diagnostic test as well.

Despite of all of these advantages, this method does
have some disadvantages that are likely to keep it from
replacing the PCR in many applications. The low
temperature of the SSSR reaction may reduce the
specificity of the oligonucleotide primers. Also, the
length of the primers needed to include the target
specific sequence and the T7 RNA polymerase recog-
nition site make them expensive to synthesize. Finally,
the length of the target segment that can be amplified is
also limited in this system.

In summary, the SSSR system is a simple and
powerful technique that may replace PCR in many
applications and may be especially useful in screening
large numbers of samples for RNA or DNA sequences of
interest.
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