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ABSTRACT Nucleic acid sequence-based amplification
(NASBA) has proved to be an ultrasensitive method for HIV-1
diagnosis in plasma even in the primary HIV infection stage.
This technique was combined with fluorescence correlation
spectroscopy (FCS) which enables online detection of the
HIV-1 RNA molecules amplified by NASBA. A fluorescently
labeled DNA probe at nanomolar concentration was intro-
duced into the NASBA reaction mixture and hybridizing to a
distinct sequence of the amplified RNA molecule. The specific
hybridization and extension of this probe during amplifica-
tion reaction, resulting in an increase of its diffusion time, was
monitored online by FCS. As a consequence, after having
reached a critical concentration of 0.1-1 nM (threshold for
unaided FCS detection), the number of amplified RNA mol-
ecules in the further course of reaction could be determined.
Evaluation of the hybridization/extension kinetics allowed an
estimation of the initial HIV-1 RNA concentration that was
present at the beginning of amplification. The value of initial
HIV-1 RNA number enables discrimination between positive
and false-positive samples (caused for instance by carryover
contamination)—this possibility of discrimination is an es-
sential necessity for all diagnostic methods using amplifica-
tion systems (PCR as well as NASBA). Quantitation of HIV-1
RNA in plasma by combination of NASBA with FCS may also
be useful in assessing the efficacy of anti-HIV agents, espe-
cially in the early infection stage when standard ELISA
antibody tests often display negative results.

The diagnosis of HIV-1 infection depends on detecting the
presence of virus or a serologic response to the virus (1, 2). The
standard Food and Drug Administration-approved antibody
tests utilize HIV-1 p24 enzyme-linked immunosorbent assays
(ELISA), coupled with Western blot confirmation of sus-
pected positive samples. The ELISA test is inexpensive, ex-
tremely sensitive, and easy to perform, and therefore enables
the screening of large numbers of blood samples. However,
several studies (3-5) have documented HIV-1-infected sub-
jects who were seronegative for 2-36 months prior to sero-
conversion as assayed by the approved ELISAs. This period of
“silent” HIV-1 infection mainly occurs in individuals recently
infected with HIV-1, when antibodies against viral proteins
have not yet developed. This situation can be clarified by
repeating serological testing after certain time steps, by de-
tecting HIV in cultured peripheral blood lymphocytes from
the subject (3-5) or by PCR amplification of HIV-1 DNA in
peripheral blood lymphocytes (6, 7).

Among these, HIV-1 DNA amplification by PCR has been
established as the most sensitive and widely used method
(8-10), allowing quantitation of HIV-1 RNA in plasma by
quantitative competitive PCR (11). It could be shown that the
number of HIV-1 RNA molecules in plasma ranges from 100
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to nearly 22,000 copies per milliliter plasma corresponding to
50-11,000 virions per milliliter (11).

Recently, an alternative method to PCR, the nucleic acid
sequence-based amplification (NASBA), was developed (12—
14). It enables the detection of HIV-1 RNA in plasma up to
100 initial RNA molecules per milliliter plasma by amplifying
RNA target molecules (15). In contrast to PCR, no thermo-
cycling is necessary; the isothermal NASBA amplification is
carried out at only one temperature (usually at 42°C).

The NASBA amplification mechanism can be divided into
anoncyclic and a cyclic phase; in the initial noncyclic phase the
RNA template molecules are reverse transcribed by a reverse
transcriptase, followed by second-strand DNA synthesis and
transcription of the resulting double-stranded DNA by T7
RNA polymerase (the T7 promoter sequence is supplied by the
reverse transcription primer). This leads to antisense RNA
molecules which then are amplified in the cyclic reaction phase
(Fig. 1).

The amplification products can be detected by enzyme-
linked gel assay (ELGA) or by electrochemiluminescence
(ECL), both applying the principle of probe hybridization to
the amplified RNA molecules (16, 17).

We describe here the coupling of NASBA amplification with
detection by fluorescence correlation spectroscopy (FCS)
resulting in a major improvement of NASBA technology. A
third, fluorescently labeled primer was introduced into the
amplification reaction, binding at a distinct position of the
amplified RNA molecule (Fig. 2). The hybridization and
extension of this probe during amplification was monitored
online by measuring the increase of its diffusion time (FCS).

MATERIALS AND METHODS

Materials. The components for RNA isolation and NASBA
were obtained from Organon Teknika—-Cappel. The
N, N, N',N'-tetramethyl-5-carboxyrhodamine (TMR) labeled
probe gagl was synthesized by NAPS (Gottingen, Germany).
The ELGA detection system and HIV-1 RNA (18) stock
solution (HXB2) were purchased from Organon Teknika—
Cappel. The plastic sheets containing 96 reaction vessels (Fig.
3) were manufactured in the Feinmechanikwerkstatt of Max
Planck Institute for Biophysical Chemistry; each vessel has a
volume of 40 ul and a wall thickness of 40 wm. The plasma was
obtained from the Klinikum of University of Gottingen; it was
tested to be hepatitis B and C, cytomegalovirus, and HIV-1
negative.

Simulation of HIV-1 Infection. To simulate HIV-1 infection,
1 ml of plasma was spiked with different amounts (1000, 2000,
5000, and 20000 molecules) of genomic HIV-1 RNA (HXB?2).

Abbreviations: FCS, fluorescence correlation spectroscopy; NASBA,
nucleic acid sequence-based amplification; ELGA, enzyme-linked gel
assay; TMR, N,N,N’, N'-tetramethyl-5-carboxyrhodamine.
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Fic. 1. Amplification cycle of NASBA reaction; a stretch of HIV-1 RNA genome (HXB2) is amplified via a noncyclic and cyclic phase.

Introducing fluorescently labeled probe gagl resulted in a shorter amplification product (108 b RNA) additional to the normal 145 b RNA product.

Lysis buffer (9 ml) [5.25 M guanidinethiocyanate/50 mM Tris,
pH 6.4/20 mM EDTA/1.3% (wt/vol) Triton X-100] was added.

Isolation of Nucleic Acids from Plasma. Nucleic acids were
bound to activated silica (50 ul suspension, 1 mg/ml) which
was added to the lysis mixture (19). After washing and drying
the silica, the nucleic acids were eluted with 50 wl elution
buffer (1 mM Tris, pH 8.5) and stored at —70°C.

NASBA Amplification of Isolated HIV-1 RNA. Typical re-
actions were performed in a 20 ul volume containing 40 mM
Tris (pH 8.5), 12 mM MgCl,, 42 mM KCl, 5 mM DTT, 15%
(vol/vol) dimethyl sulfoxide, 1 mM each dNTP, 2 mM each
NTP, 0.1 unit RNase H, 0.1 ug/ul BSA, 40 units T7 RNA
polymerase, 8 units avian myeloblastosis virus reverse tran-
scriptase, 0.2 uM primer 1, 2, and 5 ul of isolated nucleic acid
(containing 100, 200, 500, 2000 molecules of HIV-1 RNA
molecules); in negative control reactions these 5 ul of isolated
nucleic acids were replaced by 5 ul of double distilled water.
The amplification primer sequences are located within the gag
region of the HIV-1 genome (Fig. 2). They display the
following sequences: primer 1, 5'-AAT TCT AAT ACG ACT

CACTAT AGG GTG CTATGT CACTTC CCCTTG GTT
CTC TCA-3’ (antisense NT 1471-1499 of HXB2, T7 promoter
sequence is underlined); and primer 2, 5'-AGT GGG GGG
ACA TCA AGC AGC CAT GCA AA-3' (sense NT 1358-
1386 of HXB2). To the reaction mixture 1 ul of TMR-labeled
probe gagl was added (final concentration: 4.5 nM): gagl,
5'-TMR-GAG ACC ATC AAT GAG GAA GCT GCA GAA
TGG GAT-3' (sense NT 1395-1427 of HXB2). These final
amplification mixes (each 21 ul) were transduced into the
vessels of the plastic sheet, the sheet was sealed, turned around,
and fixed on the thermoblock of the FCS detecting unit (Fig.
4) which was prethermostated at exactly 42°C. In a typical
experiment, 10 amplification reactions were carried out in
parallel (negative control reactions included). Prior denatur-
ation of primers with HIV-1 RNA target was not necessary;
the amplification was carried out for 70 min. The diffusion time
of fluorescently labeled probe gagl (proportional to its rate of
hybridization/extension during the amplification reaction),
was monitored online by FCS.

Quantitation of Probe Extension by Applied Biosystems 672
GENESCAN Software. To determine the extension rate of probe
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1261 TAGTAGAAGA GAAGGCTTTC AGCCCAGAAG TGATACCCAT GTTTTCAGCA TTATCAGAAG

Primer 2

1321 GAGCCACCCC ACAAGATTTA AACACCATGC TAAACACAGT GGGGGGACAT CAAGCAGCCA

probe gagl

T
1381 TGCAAATGTT AAAAGAGACC ATCAATGAGG AAGCTGCAGA ATGGGATAGA GTGCATCCAG

1441 TGCATGCAGG GCCTATTGCA CCAGGCCAGA TGAGAGAACC AAGGGGAAGT GACATAGCAG

Primer 1 \

1501 GAACTACTAG TACCCTTCAG GAACAAATAG GATGGATGAC AAATAATCCA CCTATCCCAG

FiG. 2. Part of HIV-1 genome (HXB2, displayed as desoxyribo-
nucleotides); the sequence amplified by NASBA primers 1 and 2 is
marked by bold letters. The binding site of probe gagl within this
amplified region and binding sites of primers 1 and 2 are displayed by
arTows.

gagl after the completion of amplification reaction, a 8 ul
aliquot of the reaction mixture was loaded on a 8% denatur-
ating polyacrylamide gel; the gel was run in an Applied
Biosystems model 373A DNA sequencer for 6 h at 30 W. The
fluorescence intensities of extended and nonextended probe
gagl were quantified by Applied Biosystems 672 GENESCAN
software (see Fig. 7).

Detection of Amplified RNA (145 bases) by ELGA. The
NASBA-amplified RNA (145 bp) was in solution and was
hybridized to a horseradish peroxidase-conjugated oligonucle-
otide probe (sense NT 1395-1427 of HXB2); the hybridization
product was run on a native PAGE containing 0.004% dextran
sulfate (see Fig. 8). The band of the horseradish peroxidase
probe hybridized to the amplified RNA was stained with
tetramethylbenzidine and peroxide (20).

Online Detection of Probe gagl Diffusion Time by FCS
During NASBA. FCS is a special case of fluctuation correlation
techniques, where the laser-induced fluorescence out of a very
small probe volume is autocorrelated in time (21-23). There-
fore, a noninvasive determination of molecular dynamics in the
single molecule range can be carried out, yielding chemical
reaction constants or diffusion coefficients (24-26). In our
case, the volume element was defined by a laser beam [Lexel
Argon Ion (Waldbroon, Germany), 514 nm at 0.1 mW] focused
by a water-immersion microscope objective (Zeiss Plan
Neofluar 40%0.9) to an open focal light cell of ~10~1 liter
volume (27, 28).

Fluorescent molecules in solution traversing this cell were
excited for a short time (in the order of 0.1-1 ms) given by the
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F1G. 3. Plastic sheet with 96 reaction vessels and the two parts of
the heating block in which the NASBA reactions with online FCS
detection were carried out.
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4 —>
Heating Block, xy-Adjustment

FiG.4. FCS detection unit. The plastic sheet was fixed on a heating
block at 42°C. Ten samples were subjected to FCS laser beam one after
another, which generated the volume element within these vessel
(Inset) at a distance of 200 wm from the objective. The heating block
was moved by computer, thus ensuring reproducible measurements.
Fluorescence intensities of probe gagl within the volume element were
processed online by PC correlator card leading to autocorrealation
curves.

diffusion coefficients. Slight changes in the diffusion coeffi-
cient thus could be measured.

Fig. 4 shows the experimental setup. The laser beam was
focused in the sample where the reaction took place. The
outcoming fluorescence light was collected by the same ob-
jective, laser scattering was blocked by a dichroic mirror,
proper bandpass filters [Omega Optics (Vermont); 565 DF
45), and a pinhole in image space (27, 29). Fluorescence was
detected by a SPAD (EG & G-Chemie, Steinheim, Germany;
SPCM 200) and signal autocorrelation was carried out by PC
with a digital correlator card (ALV-5000 Fa.Peters, Langen,
Germany). The thermoblock contained 96 sample vessels
covered with water for immersion optics.

RESULTS

Human plasma was spiked with different amounts of HIV-1
RNA (HXB2) to simulate HIV infection (1000, 2000, 5000,
and 20000 molecules RNA per ml of plasma). The mixtures
were lysed with 5.25 M guanidinethiocyanate, the nucleic acids
were isolated by binding at activated silica and subjected to
NASBA procedure. NASBA was performed as described by
van Gemen et al. (15) but differing in the following aspects.

(i) A fluorescently labeled DNA probe (gagl) was intro-
duced into the standard reaction mixture (15) hybridizing at a
specific sequence of the amplified 145 bases long RNA mol-
ecule (Fig. 1). As a consequence, this DNA probe was elon-
gated by avian myeloblastosis virus reverse transcriptase,
finally resulting in a double-stranded DNA molecule of 130 bp
(the original double-stranded DNA amplification product
generated by primer 1 and 2 has a length of 167 bp, see Fig. 1).

(i1) All components of NASBA reaction (DNA probe gagl
and enzymes included) were mixed together on ice without
prior denaturation of primers with RNA template at 65°C; the
denaturation step could be omitted without any influences on
reaction specificity.

(iif) In a typical experiment, 10 NASBA reactions (negative
controls included) were performed in parallel in a plastic sheet
with 96 reaction vessels (Fig. 3); after being filled, these vessels
were sealed and the reaction was triggered by fixing the plastic
sheet on a prethermostated block at exactly 42°C.

(iv) In standard NASBA procedures, the amplified RNA is
detected and quantified by solution hybridization techniques
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after completion of the reaction (ELGA, ECL) (14-16). These
techniques require opening of the test tubes where amplifica-
tion reaction was performed, resulting in a release of ampli-
fication products—one of the major sources for carryover
contaminations. Using FCS detection from outside the sealed
plastic sheet, we could minimize the risk of contamination
(Fig. 4). When the amplification was finished after 70 min,
sheets were discarded without opening (exceptions were made,
when amplification products were characterized by other
techniques like GENESCAN or ELGA).

Development and Optimization of the FCS-NASBA Detec-
tion Unit. The experimental set-up for the online detection of
amplified RNA is illustrated in Fig. 4. With an objective
working distance of ~200 um and water-like optical proper-
ties, the very thin plastic vessel wall (=40 um; Fig. 3) was no
significant obstacle for the focused laser beam; the FCS
volume element (volume, 10~ liter) could easily be placed
inside the vessels, where the reaction took place.

The correlation data collection for each vessel took 30 s per
time step, which might be reduced in the future below 10 s.

Quantitation of Amplified RNA. Fig. 5 shows a typical time
course of correlation curve shifting due to hybridization/
extension of probe gagl (5000 initial target RNA molecules).
Every single curve can be characterized by their t — 0
amplitude and by the time 74 where the amplitude has dropped
to one-half of the starting value. The inverse of the first yields
the average number of molecules in the observed volume; the
second defines the average diffusion time.

To determine the exact rate of hybridized/extended probe,
the autocorrelation curves had to be evaluated quantitatively.
The theoretical description of autocorrelation curves for dif-
fusional systems with two components is approximately given by:

v am sl
N\T+ @/ 1+ @/m)

G(t) = [1]

where N is the average number of molecules in the fixed open
volume element, 71 and 7, are diffusion times for two molecule
species (species 1, free probe gagl; species 2, hybridized/
extended probe gagl), respectively. Both the bound and the
extended probe were treated as one species, since the hybrid
(probe gagl-145 base RNA) and the 130-bp extension product
resulting from this hybrid (Fig. 1) exhibited nearly the same
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F1G. 5. Shift of autocorrelation curves in course of the NASBA
reaction: ——, 10 min; eee, 20 min, *---, 35 min; + - -, 50 min; and - - -,
60 min after starting NASBA. The shift represents an increase of probe
gagl diffusion time caused by hybridization/extension (initial HIV-1
RNA number, 5000 molecules per ml plasma).
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diffusion times and therefore could not be distinguished. Y is
the fraction of species 2.

Knowing the diffusion time 7, for free probe (Y = 0), the
correlation curves (Fig. 5) were fitted with Eq. 1, yielding the
kinetics of fraction Y (Fig. 6).

By looking at the kinetics of probe hybridization/extension,
the initial number of RNA molecules could be estimated. The
kinetic curve (Fig. 6) was shifted toward longer incubation
times when less RNA template molecules were present at the
beginning of amplification reaction. In case of false-positive
samples, only a few template molecules are provided by
contamination, resulting in a large shift of the kinetic curve
toward longer incubation times—a clear discrimination be-
tween them and positive samples is possible.

For direct quantitative analysis, an important facet of diag-
nostic tests, the initial number of RNA molecules per sample
can be determined as follows. The time dependence of am-
plification product concentration for NASBA reactions is
approximately described by an exponential function: P(¢) = Py
exp(kt), where k is a rate constant representative of amplifi-
cation mechanism. The logarithm of the number of molecules
contained in the sample volume appears to be a linear function
of incubation time necessary to yield a definite fraction of primer
binding (see Fig. 6 Inset). In this plot, the ordinate intercept
implies this chosen final fraction, so that a standard dilution series
allows quantitation of the initial target concentration.

Quantitation of Probe gagl Extension by GENESCAN Soft-
ware. Typical NASBA reactions were carried out for 70 min.
The values of probe extension at this time were calculated by
Applied Biosystems GENESCAN software (Fig. 7) and compared
with those, obtained by FCS (Table 1). Only slight differences
between both methods could be observed, confirming the FCS
results. In certain cases, the FCS values might be slightly
higher, because additionally to extension also probe hybrid-
ization is detected.

Identification of Amplified RNA by ELGA. As an additional
control, the amplification products were detected by ELGA
(Fig. 8). As expected, not only the main product (145-base
RNA) was observed, but also a smaller RNA (108 bases),
which had its origin in the hybridization of probe gagl to the
145-base RNA (Fig. 1). This fact proves that (i) the presence
of probe gagl does not affect the specificity of NASBA
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Fic. 6. Rate of hybridization/extension of probe gagl versus
NASBA incubation time (in percent): [J, negative control; O, false-
positive sample; B, 1000 initial HIV-1 RNA molecules per milliliter
plasma; e, 2000 molecules; ¥, 5000 molecules; A, 20,000 molecules.
(Inset) Incubation time necessary for defined fraction of detected
target as a function of initial concentration, the principle of quanti-
tation standard by FCS.
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extended probe
gagl

free probe gagl

1 2 3

Fic. 7. Quantitation of probe extension by Applied Biosystems
GENESCAN software: Lanes 1 and 2: 8 ul of NASBA mixture after
70-min incubation (20,000 initial HI'V-1 RNA molecules); upper band,
extended probe gagl; lower band, nonextended probe. Lane 3: 8 ul of
negative control after 70 min (nonextended probe gagl). The profile
of fluorescence intensity of lane 1 is displayed on the left side; the
values of extension were calculated by peak-integration.

reaction at all, and (if) probe gagl is specifically extended and
processed during NASBA.

DISCUSSION

The combination with FCS detection proved to be a major
progress in NASBA technology (13, 14, 30): (i) NASBA
products could be detected and quantified online by measuring
the increase in diffusion time of a fluorescently labeled probe
(Figs. 5 and 6); (ii) the use of plastic sheets with 96 reaction
vessels (Fig. 3) enabled parallel screening of samples; (iii)
further characterization of amplification products, which
would require opening of the NASBA reaction vessels, was no
longer necessary—the plastic sheets were discarded after
completion of NASBA, leading to minimization of carryover
contamination risk; (iv) the initial number of template RNA
molecules at the beginning of NASBA reaction could be
estimated by the time-shift of the kinetic curve (Fig. 6)—
identification of false-positive samples was therefore possible;
(v) introducing the fluorescently labeled probe did not result
in a loss of specificity and sensitivity of NASBA [confirmed by
ELGA (16) and GENESCAN software, Figs. 7 and 8]—at least
1000 HIV-1 RNA molecules (HXB2) per milliliter plasma (i.e.,
~10~!8 M) could be detected reproducibly (note that the
sample volume is of the order of magnitude of 10 ul only, which

Table 1.

Proc. Natl. Acad. Sci. USA 93 (1996) 12815
145 b RNA
108 b RNA
ww
free HRP

probe

1 2 3 4

F1G6.8. Characterization of RNA amplification products by ELGA.
Lanes 1 and 2: 3 ul of NASBA negative controls after 70 min (free
horseradish peroxidase oligonucleotide probe). Lanes 3 and 4: 3 ul of
NASBA reaction after 70-min incubation (2000 initial HIV-1 RNA
molecules); two RNA products (108 and 145 bases, see Fig. 1) could
be observed.

then may contain as few as 10 molecules); and (6) the third
primer (gagl) yields high specificity of detection in case of
upgrowth of unspecific RNA.

In the study presented here, we used a combined approach
of probe hybridization and extension; the values obtained by
FCS have been controlled by GENESCAN and eventually oc-
curring unspecific binding of probe (also leading to a positive
FCS signal), would have been detected. Since in more than 50
NASBA tests no unspecific binding could be observed, in
future routine use of the NASBA-FCS technique the extension
of probe might be neglected (e.g., by using a didesoxynucle-
otide at 3’ end of probe). The increase of probe diffusion time
caused only by hybridization to the amplified RNA (26) should
be sufficient for reproducible FCS detection.

The combination of NASBA with FCS presented in this
study should not be restricted only to the detection of HIV-1
RNA in plasma; though HIV is the most popular example of
viral infections, the diagnosis of hepatitis (hepatitis B and C)
is much more challenging (31, 32). The number of infected
subjects all around the world increases from day to day (up to
20% of the individuals in parts of Africa and Asia are infected
with hepatitis B virus), and in contrast to HIV, the infection
is not restricted mainly to risk groups, it concerns the whole
population.

Rate of probe gagl extension after 70-min incubation (in %)

Initial number of HIV-1 RNA molecules per ml plasma

1000 2000 5000 20,000 False-positive sample
Quantitation by
GENESCAN 42 +3 47=*3 31+3 53*3 8§+3
Quantitation by FCS* 415 46 =5 40=+5 54+5 12+5

*Additional to extension also probe hybridization is detected by FCS.
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