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ABSTRACT

Although dideoxy terminated sequencing of RNA, using
reverse transcriptase and oligodeoxynucleotide
primers, is now a well established method, the
accuracy is limited by sequence ambiguities due to
unspecific chain termination events. A protocol is
described which circumvents these ambiguities by
using fluorescence labels tagged to dideoxy-
nucleotides. Only chain terminations caused by
dideoxynucleotides were detected while premature
terminated ¢cDNA’s remain undetectable. In addition,
the remaining multiple signals at nucleotide positions
can be assigned to sequence heterogeneities within the
RNA sequence to be determined.

INTRODUCTION

Direct sequencing of RNA with the chain termination method
(1), using reverse transcriptase, specific oligodeoxynucleotides,
and dideoxynucleotides (2,3), has become a well established
method. Its fast and easy protocol has made 1t very useful for
routine analysis. However, since inaccuracies are mherent to any
sequencing protocol, chain termination sequencing has to
encounter two major types of strong secondary structure problems
which lead to ambigusties in sequence determination, band
compressions and premature chain terminations.

Band compressions are caused by secondary structures within
the cDNA, evident as discontinuities in band spacing, sometimes
together with rearrangement of fragment order. These artifacts
are generated by intermolecular base pairings of the cDNA
molecules which affect their electrophoretic mobuility. The more
rigid structures even withstand denaturing conditions in
sequencing gels contaiing urea and separations carried out at
high temperatures (4). The secondary structures can be weakened
by substituting dITP for dGTP (5) or substituting dGTP or dATP
by their c’-deaza analogs (7,6). Another approach employs a
sequencing gel containing 98% formaldehyde to increase the
denaturing conditions (8).

Premature chain terminations are caused by secondary
structures or by modified nucleotides within the RNA template
giving additional cDNA molecules with free 3'-hydroxyl groups
evident as bands in all lanes. They are interpreted as positions
where the dissociation rate of the enzyme template complex is
increased (9,10,11). Several investigations have been reported
to date to alleviate this problem. These include the prevention

of premature chain terminations by the addition of T4 gene 32
protein to sequencing reactions (12), by treatment of RNA
templates with methyl mercury (13,14), and by reverse
transcription at elevated temperatures (8,15). Another approach
uses tailing of the cDNA molecules with free 3'-hydroxyl groups
with a successive chase of increasing deoxynucleotide
concentrations using reverse transcriptase (2,16) or terminal
deoxynucleotide transferase (17).

Self-replicating RNA molecules, as replicated by QB-replicase
(18,19,20) are quite difficult to sequence. One has to deal with
an ensemble of closely related RNA'’s, a subtly structured mutant
distribution centered around one or several master sequences (21).
Such a distribution of sequences, if stationary, is called a
quasispecies (22,23,24). The latter, is characterized by an average
sequence, which, in most cases, 1s homologous to the sequence
of the highest populated RNA, i.e., the master sequence. The
melting curves of self-replicating RNA’s show sharp single
melting transitions at high temperatures up to 76°C in a 50%
formamide solution containing 0.1 XSSC (see experimental),
indicating a highly cooperative melting of secondary and tertiary
structures (25). In pure water they would have melting points
above 100°C. Sequence determinations also have been performed
by the two dimensional gel electrophoresis method (26,27,28)
and enzymatic base specific cleavage (29,30). These methods are
either laborious or require multiple analysis for a high degree
of accuracy. Another approach uses QS-replicase and a-labelled
3’-deoxynucleotides (31) which are not commercially available
and therefore must be synthesized using large amounts of
radioactivity. By adopting chain termination sequencing for fast
routine determinations of the average sequence of the
quasispecies, one encounters several regions with extensive
premature chain terminations caused by their very tight structures.
These artifacts can not be removed to a satisfactory extent by
the methods mentioned above. Several sequence runs are usually
necessary to obtain accurate data, nevertheless some regions
remain unreadable.

More recently automated sequencing of nucleic acids has been
introduced with fluorescent labels either tagged to a primer
(32,33) or to the dideoxynucleotide (6). Sequencing with
fluorescent dideoxynucleoside triphosphates (F-ddNTP) has the
advantage of detecting only the molecules with F-ddNTP at their
3’ ends, while molecules with free 3’ hydroxyl groups remain
undetectable. Therefore, sequencing with F-ddNTP should be
ideal for routine analysis of RNA-molecules.
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EXPERIMENTAL
Materials

Deoxynucleotides and dideoxynucleotides were obtained from
Du Pont or Pharmacia, c’-deaza-dGTP, c’-deaza-dATP, and
fluorescent labelled dideoxynucleotides (F-ddNTP’s) were from
Du Pont, glycogen was from Boehringer, and all other chemicals
employed were of the highest grade available. Solutions used for
RNA analysis were prepared with HPLC—quality water (J.T.
Baker) and sterile filtered. Radiochemicals were from Amersham
(Braunschweig, FRG). Reverse transcriptase from avian
myeloblastosis virus (16,000 units/ml) and terminal
deoxynucleotide transferase (TdT) were purchased from Genofit
(Heidelberg, FRG). Holo QB-replicase (34,35) and poly(A)
polymerase (36) were prepared as described. A mixture of 23S
rRNA and 16S rRNA from Escherichia coli was obtained from
Boehringer and was used without further purification. Yeast 5.8S
rRNA from Saccharomyces cerevisiae was prepared as described
(37). MDV, (38) was a kind gift from C. H. Biebricher. EBV,
was derived during exponential phase cultivation (39) of MDV,
1n the presence of high ethidium bromide concentrations (40).
The phasing primers 5’OH-(dT),(dGdG and 5'OH-(dT),(dAdA
were purchased from Pharmacia and used without further
purification. Universal primers for 16S rRNA sequencing (15)
were synthesized on a Gene Assembler Plus (Pharmacia LKB)
The deblocked oligodeoxynucleotides were desalted by gel
filtration using a NAP 10 column (Pharmacia), dried in vacuo
and dissolved in water. They were used without further
purification.

Methods

Growth and purification of self-replicating molecules. A
replication mix containing 500 ul 50 mM Tris-HC1 (pH 7.5),
10% (vol/vol) glycerol, 100 mM NaCl, 10 mM MgCl,, 500 uM
NTP each, 15 uM ethidium bromide and 0.5 uM Holo Q-
replicase were noculated with self-replicating RNA-molecules
and incubated at 30°C for | hour. After addition of 20 ul 500
mM EDTA Na-salt (pH 8 0), the replicase was denatured by
intensive mixing for one minute with 500 ul chloroform/isocamyl
alcohol (24: 1, vol/vol) and the phases separated by short
centrifugation. The replicase remains as a turbid suspension
between the two phases. The upper phase was carefully removed,
mixed with 1 volume (250 ul) 7.5 M ammonium acetate, followed
by 3 volumes (2.25 ml) ethanol to precipitate the RNA The
precipitate was pelleted by centrifugation for 30 munutes at
12,000 x g, and the resulting supernatant was carefully decanted.
The final pellet was resuspended in 1 ml 70% ethanol, followed
by centrifugation for 10 minutes at 12,000 g and dissolved in
50 ul water. For separation into single strands, the RNA solution
was diluted to 0.1 g/l in 50% formamide containing 0.1 X SSC
(15 mM NaCl, 1.5 mM sodium citrate at pH 7.0), heated to
100°C for 2 minutes and immediately chilled to —70°C. After
rapid thawing the solution was loaded onto a 9% polyacrylamude
gel (30 : 0.8, acrylamide : bis; dimensions 20 cmXx40 cm
X3 mm) containing 50 mM Tris-Borate (pH 8.3), and 1 mM
MgCl,. The gel was prerun for 1 hour at 10 watts constant
power. The prerun was interupted, 10 minutes before loading,
to load 100 ul 90% formamide containing 0.1% xylene cyanol
blue. After loading of the sample, electrophoresis was performed
at 10 watts constant power until the dye had migrated to the
muddle of the gel. The RNA bands were located by their UV
shadow, cut out and electroeluted (41) into an 1on exchange
column filled with 100 mg Quiagen (Diagen, Diisseldorf). The

RNA was eluted from the column with 1 ml elution buffer
containing 50 mM MOPS-NaOH (pH 7.0), 2 M urea, 1.05 M
NaCl, and 15% (vol/vol) ethanol, followed by precipitation with
1 ml isopropanol, and subsequently pelleted for 1 hour at
32,000xg. The pellet was washed with 500 ul 70% ethanol,
centrifuged, and finally dissolved in 50 pl water.

Polyadenylanon. Polyadenylation of EBV, single strands and
5.8S rRNA was conducted as described (36). Chloroform
denaturing of the poly(A)-polymerase, by mixing with 100 ul
chloroform/isoarmy] alcohol (24 : 1), was performed as described
above and the solution was desalted by gel filtration using a
NAP-5 column (Pharmacia LKB) or by ethanol precipitation.
Finally the polyadenylated RNA was dissolved in 25 ul water
resulting 1n a final concentration of 4 uM.

Lane finding Primers. F-ddNTP’s were attached to primers using
reverse transcriptase or TdT. Twelve units AMV reverse
transcriptase, 0.4 OD poly(rA), 0.75 nmole (dT),o, and 1 nmole
F-ddTTP in 20 u1 50 mM Tris-HCI (pH 8.3), 40 mM KCl, 10%
(wt/vol) glycerol, 6 mM MgCl, were incubated for 1 hour at
38°C and finally stopped with 80 1 2.5 mM EDTA Na-salt (pH
8.0). Twenty units TdT, 0.75 nmole oligodeoxynucleotide, and
1 nmole F-ddGTP in TdT-Mg-buffer containing 140 mM K-
Cacodylate (pH 7 2), 30 mM Tris base, 4 mM MgCl,, and 0 1
mM DTT were incubated for 3 hours at 38°C and finally stopped
with 60 ul 2.5 mM EDTA. The solutions were treated with
chloroform/isoamyl alcohol (24 : 1) and desalted by gel filtration
as descnbed above. The appropriate concentration for lane finding
was determined by a test run in the Genesis™ 2000 automatic
fluorescence detector (Du Pont, Bad Homburg).

Reverse Transcription Reactions. 8 pmole polyadenylated RNA
(4 ug 23S/16S rRNA) and 75 pmole (25 pmole) primer in 5 ul
water were annealed by heating to 95°C for 3 minutes and chilling
immediately on ice.

Reverse transcriptions using F-ddNTP’s were performed as
followed. In the four reaction scheme 5 ul hybndisation solution,
5 ul 5 X AMV-buffer (250 mM Tris-HCI, 50% (vol/vol) glycerol,
200 mM KCl, 36 mM MgCl,, and 2.5 units/ul reverse
transcriptase), and 10 ul water were combined. Four 4 ul aliquots
were mixed with 1 ul of AINTP/dANTP-mixture (AM8: 125 uM
c’-deaza-dATP, 500 uM dCTP, c’-deaza-dGTP, dTTP, and
15.6 uM ddATP, or CM20: 125 uM dCTP , 500 uM c’-deaza-
dATP, c’-deaza-dGTP, dTTP, and 6.3 uM ddCTP, or GM20:
125 uM c’-deaza-dGTP, 500 uM c’-deaza-dATP, dCTP, dTTP,
and 6.3 uM ddGTP, or TM8: 125 uM dTTP, 500 uM c’-deaza-
dATP, dCTP, ¢’-deaza-dGTP, and 15.6 yuM ddTTP.). In the
one reaction scheme, 5 ul hybridisation solution, 5 ul 5 X AMV
buffer, 10 ul water and 5 ul ANTP/dANTP mixture (250 uM
dNTP each, 31 uM F-ddATP and F-ddTTP, and 12.5 uM F-
ddCTP and F-ddGTP.) were combined. Solutions were incubated
at 42°C for 15 minutes, reactions were stopped by addition of
1 volume (5 or 25 ul) stop buffer (§ M ammonium acetate, 15
mM EDTA Na-Salt, and 0.2 ug/ul glycogen at pH 6.0) and
precipitated by the addition of 3 volumes (30 or 150 ul) ethanol
to remove nonincorporated nucleotides. After an additional wash
with 500 ul 70% ethanol, the pellets were dissolved in 0.6 pul
90% formamide (vol/vol) containing 10 mM EDTA Na-salt (pH
8.0), 3% ficoll (wt/vol) and a fluorescent-labelled 11-mer
(15-mer). The sample was then heated to 95°C for 2 minutes
and 0.5 ul were loaded onto a 6% (wt/vol) polyacrylamide gel
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(19 : 1 acrylamide : bis, 20 cm by 40 cm by 0.3 mm) containing
8 M urea, 100 mM Tris-Borate (pH 8.3), and 1 mM EDTA Na-
salt (pH 8.0). The gel was prerun for 1 hour at 20 watts constant
power and electrophoresis was performed for several hours at
20 watts of constant power in a Genesis™ 2000 sequencer,
equipped with an additional alumina plate, mounted onto the glass
plate containing the mirror to prevent temperature gradients
within the gel. The time courses of the fluorescence signals of
each lane were stored. Interpretation of the raw data of one
reaction scheme was done with the Base Caller 3.01 software
(Du Pont, Bad Homburg). Certain ambiguities, if present, were
interpreted by a successive control reading. Interpretation of the
raw data from the four reaction scheme was performed manually.
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Fig.1 Autoradiograms from RNA sequencings using labelled deoxynucleotides.
(a): Sequencing of 16S rRNA primed with primer C (15) extending from position
1392 10 1406 in the E. coli 16S rRNA. The numbers indicate the nucleotide position
on the RNA. Nucleotide 1300 corresponds to nucleotide 92 read from the
sequencing gel. (b): Sequencing of EBV, plus strand primed with
5'-(dT);gdGdG. The sequence reads from 15 to 89 corresponding to bases 13
to 87 on the sequencing gel.
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Thirty minutes segments of the raw data were printed, stacked,
and aligned. The stacks were put onto a transilluminator to give
an overlay of the four time courses from which the fragment order
could be read immediately.

Radioactive sequencing using specific labels, was performed
as the four reaction scheme above exept using a 5 X AMV buffer
containing either additional 25 uCi [o>S]dATP (1000 Ci/mmol)
or 10 uCi [&**P]dATP (400 Ci/mmol), different dNTP/ddNTP
mixtures (AAl: 250 uM dCTP, c’-deaza-dGTP and dTTP,
.6 uM ddATP, or CA5: 250 uM c’-deaza-dGTP and dTTP,
60 uM dCTP, 12 uM ddCTP, or GAS: 250 uM dCTP and dTTP,
60 uM c’-deaza-dGTP, 12 uM ddGTP, or TA1: 250 uM dCTP
and c¢’-deaza-dGTP, 60 uM dTTP, 12 uM ddTTP.), chasing the
reactions by addition of 1 ul 250 mM MOPS-Na (pH 6.4), 1
mM dNTP each, and 1 unit/u]l TdT) following a second

b A

NI,
.
J\#

uu\ LS N

1290 1280 1270 1260
Nucleotide Position

Fig.2 Pantial raw data output from a 6% polyacrylamide gel showing the sequence
of 16S rRNA primed with primer C (see fig. 1a). The sequence reads from 1276
to 1250 corresponding to the bases 116 to 142 on the gel. Arrows indicate bases
which were correspondingly detected at the same time, showing a sequence
heterogeneity.
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incubation period at 38°C for 30 minutes, and dissolving the
pellets in 6 ul 90% formamide containing 10 mM EDTA Na-
salt (pH 8.0), 3% ficoll, 0.1% bromophenol blue and 0.1%
xylene cyanol blue. 1.5 ul aliquots of the samples were heated
to 95°C for 2 minutes and loaded onto a 8% (wt/vol) wedge
shaped polyacrylamide gel (19 : 1, acrylamide : bis; dimensions,
60 cmx20 cmx0.2—0.4 mm, top to bottom) and the electro-
phoresis was performed at 30 watts constant power until xylene
cyanol blue reached the end of the gel. Coating of the glass plates
with vy-methacryloxypropyltrimethoxysilane or dichloro-
dimethylsilane, gel drying and autoradiography using Cronex 4
(20X 60 cm unfolded, Du Pont) as X-ray-film were performed
as described (42).

RESULTS

Two types of RNA molecules were studied. The 16S rRNA from
Escherichia coli and 5.8S rRNA from yeast as structural RNA’s
and the plus strand of the self-replicating RNA molecule EBV,.
Sequencing of 16S rRNA, with reverse transcriptase, has become
a routine method and is applied during the phylogenetic analysis
of microorgamisms (15,17). For 16S rRNA, several sequence
heterogeneities due to multiple cistrons are known (43,44). For
the 5.8S rRNA of Yeast no heterogeneities have been reported
thus far. Fig. la, shows the autoradiogram of a sequencing run
of 16S rRNA using labelled deoxynucleotides. Several
ambiguities can be seen. This pattern does not change significantly
when using labelled primers. Usually the template nucleotide will
be assigned to the most prominent band leading to an average
error incidence of 1% (15). It is obvious that the background,
caused by premature terminations, disables the detection of

sequence heterogeneities such as at position 1280 where the weak
band in the A-lane is due to a minor species (43). Using labelled
dideoxynucleotides, the premature chain terminations become
invisible as shown in Fig. 2. The small shoulders preceeding the
peaks are caused by unpurified primers. When primers purified
by gel electrophoresis were used, one symmetrical peak per
nucleotide was obtained. Using the four reaction scheme,
approximately 250 bases could be determined routinely without
any error by a relatively inexpertenced person. Concommittantly
occuring sequence heterogeneities are observable as ser « for
position 1280 of the 16S rRNA in fig. 2. Only at that position
are two peaks (A and G) simultaneously observed.

The employment of four chemically related, yet distinguishable,
fluorescent dideoxynucleotides enables the reduction of four
sequencing reactions to one reaction and one lane for separation
of the cDNA fragments (6). Conducting the one reaction scheme,
150 bases downstream from the primer could be read with an
average error rate of 2% after proofreading. Sequencing using
the other 165 rRNA primers gave identical results (data not
shown). In some cases, band compressions of GC regions occured
but these did not effect the accurate determination of the
nucleotide order. In agreement with the results obtained with 16S
rRNA sequencing, the sequence of 5.8S rRNA could be
determined completely with the four reaction scheme in one single
run without any error or ambiguity. Fig. 3 shows the results of
a one reaction scheme sequence protocol. The first nucleotides
could not be assigned because of their weak signals. Starting the
sequence determination 15 bases downstream from the primer,
two errors still remained after proofreading of the automatic raw
data interpretation.

Sequencing of self-replicating RNA-molecules replicated by
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Fig.3 Processed data (base caller 3.01) from a sequencing run of yeast 5 88 rRNA primed with 5'AdT),pdAdA on an 8% polyacrylamide gel, (a) indicates the
published sequence (45. Rubin), (b) the deviauons of the interpretation done by the base caller (Y Cor T, M. A or C, R AorG,N.AorGorCorT)and
(c) the remaining deviations after manual proofreading
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QgB-replicase faces two problems, rigid secondary and tertiary
structures and a heterogenous, closely related population due to
their quasispecies nature. Both lead to multiple signals at a
nucleotide position and cannot certainly be distinguished from
another when using labelled deoxynucleotides or primers.
Sequence determinations of self-replicating RNA’s using the chain
termination method with standard protocols and labelled dNTP’s
or primers gave unsatisfactory results (fig. 1b) compared to the
sequencing of ribosomal RNA (fig. 1a). Premature chain
terminations occur to a very high extent and it is often impossible
to assign the template nucleotide to the most prominent band.
In the best cases about 70% of the sequence can be determined.
The complete sequences can, however, be determined using

C

- |
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labelled dideoxynucleotides together with the four reaction
scheme, as shown in fig. 4, for the sequencing of EBV, plus
strand which could not be resolved when using other labelling
methods. Close inspection of the peaks show triplets, as observed
by one major peak, preceeded by a very small one and followed
by a larger one. It is not known, whether these are caused by
heterogenous 3'-ends or by different secondary structures of one
cDNA fragment. For determination of the average quasispecies
sequence only the major peaks were taken. The 5'-end can not
be resolved, when using labelled primers or deoxynucleotides,
because of the full length cDNA transcripts occuring in every

lane. With fluorescent deoxynucleotides, however, the 5'-end can
be easily resolved (fig. 3, fig 4.).
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Fig.4 Parual raw data output from a 12%
autoradiograph from fig 1b

polyacrylamide gel showing part of the sequence of EBV, & from base 29 to 89 (5'-end), together with the aligned
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DISCUSSION

The use of fluorescent labelled dideoxynucleotides enhances the
dideoxyterminated sequencing of RNA. Previously observed
premature chain terminated cDNA’s with free 3'-OH remain
undetectable when using labelled chain terminating molecules,
leading to a higher degree of accuracy, comparable to
conventional DNA sequencing. Band compressions and rigid
structures causing nearly complete termunation of reverse
transcription (8,46) still may cause uncertainties The use of
c’-deaza analogs of dATP and dGTP depress band compressions
to a very large extent and reverse transcription at elevated
temperatures increases traversions through regions with rigid
structures (8). Nevertheless, the accuracy of sequence
determination in regions leading to these artifacts increases
enormously when using fluorescent chain terminators.

The one reaction scheme provides less information per
sequencing run than the four reaction scheme but its throughput
makes it valuable for routine analysis of easily sequenced
molecules such as ribosomal RNA’s. The four reaction scheme
provides, in addition to the ability to read far more downstream
from the primer, a very high accuracy of nucleotide assignment.
This makes multiple sequencing of the same regon, to alleviate
the determination of ambiguous positions, unnecessary. Therefore
the four reaction scheme is recommended for fast routine
sequence determinations of RNA, especially in the case of
difficult to sequence RNA molecules, e.g. self-replicating RNA
occuring as quasispecies.

Populations of RNA viruses are of quasispecies nature
(47,48,49). cDNA clones derived from such populations may
not be clones of the master sequence and, therefore, give only
limited information about the average sequence. Direct
sequencing of these RNA’s using F-ddNTP’s provides besides
the sequence information, insight into the heterogeneity of such
populations.
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