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ABSTBACT
In vitro amplification of genomic DNA and total RNA, as well as recombinant DNA, using one
fluorescently labelled and one unlabelled primer during amplification, together with on-line
analysis of the products on the EMBL fluorescent DNA sequencer, is described. Further is
reported direct sequencing of fluorescently labelled amplified probes by solid-phase chemical
degradation, without subcloning and purification steps involved. At present up to 350 bases in
4 hours are determined with this technique. The fluorescent dye and its bond to the
oligonucleotide are stable during the amplification cycles, and do not interfere with the
enzymatic polymerization. High sensitivity of the detection device, down to 10-18 moles,
corresponding to less than 106 molecules makes possible analyses of the non-radioactive
amplified probes after only 10 amplification cycles, starting with about 5x104 copies of
recombinant DNA.

INTRODUCTION
Two of the important recent developments in molecular biology techniques - in vitro
amplification of DNA fragments via polymerase chain reaction (PCR) (1,2,3) and on-line
DNA sequencing using fluorescent labels (4,5,6) - have found an increasing number of
applications. Amplification of DNA is used in clinical diagnostics of sickle-cell anemia (7), 0-
thalassemia (8), hemophilia A (9) and Duchenne muscular dystrophy (10), in forensic
analysis (11), DNA fingerprinting (12) and study of DNA-protein interactions (13).
Automated fluorescent DNA sequencers have increased the reliability and speed in obtaining
sequence data. Many aspects of the sequencing method have been adapted to non-radioactive
sequencing, including the enzymatic technique (14), double stranded sequencing (15),
chemical degradation (16) and investigation of the kinetics of DNA polymerases (17).

Several strategies to sequence PCR products directly using radioactivity have been
reported. They involve the use of a third sequencing primer between the flanking PCR primers
(8) or asymetric amounts of PCR primers (18,19) to generate single stranded DNA suitable
for dideoxy sequencing with T7- or Taq-Polymerase. In chemical methods end-labelled
primers for Maxam-Gilbert degradation (20) and a-thiotriphosphates for PCR (21) have

been used. All the reported direct sequencing methods require purification steps after product

© I R L Press

Nucleic Acids ResearchVolume 17 Number 7 1989

2517



Nucleic Acids Research

amplification to remove impurities, primarily excess oligonucleotide primers and

unincorporated deoxynucleotides, before sequencing reactions are carried out.

In this paper we describe in vitro amplification of genomic DNA and total RNA, as well as

recombinant DNA, using one fluorescently labelled and one unlabelled primer during

amplification, together with on-line analysis of the products using our fluorescent DNA

sequencer. We further report direct sequencing of fluorescently labelled PCR products by

solid-phase chemical degradation, without subcloning and purification steps involved.

EXPEREMENTAL
Materials

Genomic DNA and total RNA were purified from human placenta as described (22,23) in

collaboration with W. Pyorin (German Cancer Research Center, Heidelberg). Taq Polymerase,
T7 DNA polyrnerase and nucleotides were from Pharmacia PL. Restriction enzymes were from

Boehringer Mannheim. Oligonucleotides complementary to human P450arom cDNA (24)

together with universal and reverse M13 sequencing primers were synthesized on a multiple
DNA synthesizer developed at EMBL (25), allowing simultaneous synthesis of ten or more

oligonucleotides. The following primers were used (fluorescent label is indicated by an

asteristik *):

ARO1 5--TTGGTCATGCGCAAcGXCTTAGGA-3'
ARO2 5-TAC1TrCAGCCAfTTGGCT I I GGG-3
ARO3 5-TATGCTCTCAACACACTGTCCTT-3
ARO4 5

ARO4* 5*GTGTTCAGACACCTGTCTSA3C1TCUGGGGTAA GATCATCCAGCATGT3

UNISEQ 5-CGTTGTAMACGACGGCCAG-3'
UNISEQ* 5-*CGTTGTAAACGACGGCCAG-3'
REVSEO 5-AACAGCTATGACCATG-3'
REVSEQ* 5-*MCAGCTATGACCATG-3'
Fluorescent oligonucleotides were prepared by labelling with fluorescein as described

(5). Primers ARO4* and ARO4, fluorescently labelled respective unlabelled, were used in the

same experiments for control. For PCR amplifications we used a thermal cycler constructed at

EMBL. The orientation of the PCR primers and an internal Xhol restriction site are shown in

Fig.1.

Methods
1. PCR with unlabelled oligonucleotides
About 5gg of total RNA from human placenta were used for first strand synthesis with 0.1tM
of ARO3 or ARO4, 20 units AMV reverse transcriptase (Life sciences), 1Ox reaction buffer in
a total volume of 2011. Reaction was for 45 min at 420 C.
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Fig.1 Diagrammatic representation of part of human P450arom gene locus with locations and
directions of PCR primers and internal Xhol restriction site used in the experiments (ARO -
unlabelled primer, ARO* - fluorescently labelled primer).

For in vitro amplification by PCR 10gg RNase A, 1Ox PCR buffer (670mM Tris-HCI pH

8.8, 67mM MgCI2 ,166mM (NH4)2S04, 1OOmM f-mercaptoethanol, 67mM EDTA,

1.7mg/mi BSA), 250jM dNTP, 10% DMSO, 1% gelatine, O.1gM of the opposite primer AR01

or AR02 and 2,5 units Taq polymerase were added to a total volume of 100l. The solution was

overlaid with 100Oi mineral oil (Sigma) and subjected to 36 cycles (one cycle consisting of 1

min denaturing at 940 C, 2 min annealing at 400 C and 3 min polymerisation at 720 C). Final

polymerisation step after the 36th cycle was for 10 min at 720 C. The products were

precipitated, kinased and ligated into Smal cut dephosphorylated Bluescript KS+ vector

(Stratagene). Positive clones were isolated and sequenced by double stranded dideoxy method

with T7 Polymerase.
In vitro amplification using 1lgg human placenta DNA and the same conditions as

described above were performed with primer pairs AROI & AR03, AROI & AR04, AR02 &

AR03, AR02 & AR04. Amplification products were analysed on ethidium bromide stained

agarose gels.
2. PCR with fluorescently labelled oligonucleotides
About O.1g±M of fluorescently labelled oligonucleotides were used for PCR in equimolar

amounts to an unlabelled primer in the following combinations, using the same conditions as

described above: AR01 & AR04*, AR02 & AR04*. PCR was performed on genomic DNA as well

as on total RNA. The first strand was synthesized with AR04*. For amplification of

recombinant DNA we used 1 ng from the clones , as described above under 1, and primers

UNISEQ & REVSEQ*. Aliquots of all PCR samples were precipitated and assayed with several

suitable restriction enzymes. 10% of the crude amplification products were analyzed on

ethidium bromide stained agarose gels and 0.2% on the EMBL automated sequencer (see
below).
3. Detection range with fluorescent labelled PCR products
1 Ong/gl respective lOpg/il were used for PCR as described previously with labelled

universal and reverse primer. 5g1 aliquots were taken after 10, 15, 20 and 25 cycles,

respectively, and analysed on the automated sequencer.

4. Solid phase chemical degradation of fluorescently labelled PCR products
Chemical degradation of fluorescently labelled PCR samples has been performed essentially as

described (16) with slightly modified reaction times, using Hybond M & G paper
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FIg.2 PCR with fluorescently labelled oligonucleotides.
(a): Ethidium bromide stained 2% agarose gel of PCR products after electrophoresis as
described in materials and methods. 10% of each assay was loaded. Lane 1: PCR from 1ng
plasmid Bluescript KS+ with primers UNISEQ & REVSEQ*. Lane 2: PCR from 1ng plasmid
bsARO13R. Lane 3: PCR from lgg human placenta DNA with primers ARO2 & ARO4*. Lane 4:
PCR from 5tg human placenta total RNA with primers ARO1 & ARO4*.
(b): Partial raw data output from a 5% polyacrylamide gel of PCR products analyzed on the
automated DNA sequencer. Lane 1 - 4 : 0.2% of PCR products loaded, corresponding to Fig.2a.
Lane 5: 2% of PCR shown in lane 4 were restriction-digested with Xhol, 10% of this assay
were loaded.

(Amersham). About 10% of the unpurified PCR product were applied to the carrier. For

degradation of genomic DNA fragments the following reaction conditions were used:

G : 1% DMS in 50mM ammonium formate buffer pH 3.5 for 2 min

A+G : 66% formic acid for 20 min

T>Pu : 0.1mM potassium permanganate for 5 min

C : 4M hydroxylamine pH 6 for 10 min
After piperldine reaction and lyophilization the samples were dissolved in lop1 50% of

aqueous formamide. This procedure allowed us to resolve up to 350 bases.
. Sauenr- determination and detection of amplfed DNA fragments
The sequenoe of the fluorocently iabelld PCR products derived from total RNA, genomic DNA

and recombinant DNA was determined on-line in the EMBL automated DNA sequencing system
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Fig.3 Sensitivity test for PCR, using fluorescently labelled primers for amplification.
(a): Partial raw data output from 5% polyacrylamide gel. Starting material for PCR was
5x107 copies (=10-16 moles) of plasmid Bluescript KS+ and primers UNISEQ & REVSEQ*.
Lane 1: 5% of PCR assayed after 10 amplification cycles. Lane 2: 5% of PCR assayed after
additional 5 cycles (in total 15 cycles).
(b): Starting material 5x104 copies (=10-19 moles) of plasmid Bluescript KS+ and
primers UNISEQ* & REVSEQ*. 5% of the PCR assay was loaded after 10 amplification cycles,
corresponding to approximately 5x107 copies detected on the gel.

described previously (5,14). About 20% of each sequencing reaction product were run on a
7% polyacrylamide gel containing 8M urea. Products of the in vitro DNA amplification were

detected on-line in the same device.

REStJLTS
As shown in Fig. 1, using two unlabelled oligonucleotides for priming we amplified the

expected fragments with AROI & ARO3 (300 bp), AROI & ARO4 (396 bp) and ARO2 & ARO4

(220 bp) from total RNA, with ARO2 & ARO4 (220 bp) from genomic DNA (data not shown.).
With the fluorescently labelled primer ARO4*, we obtained products according to the expected
length from both the total RNA and genomic DNA (Fig.2a). Amplification of recombinant
Bluescript clone bsARO13R with REVSEQ* & UNISEQ primer resulted in the expected 496 bp
product. When compared to control experiments with unlabelled oligonucleotides no

difference in length or yield of DNA was observed, (data not shown), implying that in vitro

DNA amplification with fluorescently labelled oligonucleotides is as efficient as amplifidation
with unlabelled primers. Analyzing the PCR products on a 5% polyacrylamide gel the peaks
were found in the positions corresponding to the expected molecular weights of the fragments

2521

"P



Nucleic Acids Research

a

T Pu

G

tf < < | ~~~~~~~~~A+ G

C A G A A G T G T A A C G A G G A T G G C T

T> Pu

A+G

C A G A A G T G T A A C G A G G A T G G C T

T> Pu

G

c

A+G

G CGCAAA G CC TT AG AA GA T G A T GT A T T C G A T G G C

2522



Nucleic Acids Research

(Fig.2b). This indicates that the fluorescent dye and its bond to the oligonucleotide were stable
during repeated cycles of denaturation, annealing and polymerization, and did not interfere
with the extension by polymerization. In no experiments did we observe products longer than
the expected full length product.

With primers purified on a gel, lanes 1 and 2 in Fig.2b show two peaks per lane, one
corresponding to the unincorporated labelled primer excess and the other to the full length
amplification product. Lanes 3 and 4 in Fig.2b display results obtained in amplifications with
gel purified labelled primer, while the unlabelled primer was not gel purified. The presence
of shorter fragments produced by the amplification is evident from the presence of smaller
secondary peaks preceding the main peak corresponding to the full length product. The higher
resolution of fluorescent analysis on polyacrylamide gels as compared to the separation of the
same sample on agarose gels in Fig.2a, is obvious. The presence of shorter fragments in the
final product does not interfere with further analysis, e.g. direct sequencing or restriction
digest, because all fragments have in common the labelled 5' end.

An aliquot of 5% of the ethanol precipitated amplification product from ARO1 & ARO4*
was digested with Xhol, and 1/10th of the amount was analysed on the automated sequencer.
The result was the expected 300 bp fragment (Fig.2b, lane 5), as compared to the 396 bp
fragment uncut control (Fig.2b lane 4). The sequence of the restriction site was confirmed by
direct sequencing at that position (data not shown).

Fig.3 demonstrates the sensitivity with which the fluorescently labelled PCR products
are detected on the automated device. Fig.3a shows amplification products after 10 and 15
cycles, starting with approximately 107 copies of Bluescript KS+ plasmid DNA. Numerical
integration of both peaks showed, that 5 cycles PCR yielded an amplification of about 30 fold.
The high sensitivity of the sequencer (14), down to 10-18 moles, enables us to detect at least
106 copies. Starting with about 5x104 copies for PCR the amplification results in 5x107
copies after 10 cycles . These amounts are clearly detected as a peak (Fig.3b).

Three different unpurified amplification products were directly sequenced by solid
phase chemical degradation, genomic DNA (Fig.4a), total RNA (Fig.4b) and recombinant DNA
(Fig.4c). Fig.4a and 4b display partial raw data of the same sequence derived from DNA and

Fig.4 Direct fluorescent sequencing from PCR products by solid phase chemical degradation.
(a): Partial raw data output of direct fluorescent sequencing of unpurified PCR product
derived from genomic DNA with primers ARO2 & ARO4*, corresponding to base 90 - 112
after the priming site.
(b): Partial raw data output of the same sequence derived from unpurified PCR of total RNA
with primers AROI & ARO4*.
(c):Partial raw data output of direct fluorescent sequencing of PCR product derived from
recombinant plasmid DNA bsARO13R, corresponding to base 189 - 224 after the priming
site.
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Fig.5 Scheme of the fluorescent DNA fragment analysis.
Via PCR desired DNA or RNA segment is amplified and fluorescently labelled. In the second step
analysis of low amounts of PCR products in several applications is carried out on the EMBL
automated fluorescent sequencer, functioning as a general on-line detector of fluorescently
labelled DNA.

RNA amplification products of different length using identical sequencing reaction conditions.
Although there are artefact signals after each real base in the C track, the sequence is readable

regarding the rules of chemical degradation sequencing, T > Pu, A+G (16). These artifact

signals, which we do not observe in sequencing of recombinant DNA, were found so far in

every sequence of DNA fragments amplified by PCR, without influence on the correct sequence
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reading. The unincorporated labelled primer and its degradation products usually result in

several strong peaks at the beginning of the sequence. The reading starts immediately after

that primer. At present up to 350 bases are determined on our automated system in direct
genomic fluorescent sequencing with solid phase chemical degradation.

DISCUION
Detection of amplification products

In vitro amplification technology has become a powerful tool for fast and precise production of
DNA fragments. The products of the amplification are usually detected on ethidium bromide
stained agarose gels, but for many applications the sensitivity is not high enough and therefore
radioactive probing is necessary to verify the results (10), particularly for allele-specific
genetic diseases. Using fluorescently labelled oligonucleotides for PCR and subsequent analysis
of the products on the EMBL automated fluorescent sequencer we detect the products on-line
with a sensitivity comparable to that of radioactive blots. Using low amounts of uncloned PCR
products it is now possible to analyse the products after only 5 to 15 amplification cycles.
Because of the high sensitivity of the system, we can detect down to 1/200th part of a
restriction enzyme digested PCR product. Hence applications in clinical diagnostics, where

only tiny amounts of starting material are available, become possible, e.g. analysis of
restriction fragment length polymorphisms (RFLPs).

High resolution of polyacrylamide gels gives more accurate information about length and

relative amount of the amplified fragments than separations on agarose gels. This offers the
possibility for detailed studies of the in vitro amplification technique and for improving the
methodology, e.g. to find conditions for precise amplification of longer DNA fragments. With

the EMBL automated device is feasible on-line analysis of fragments up to a few kb in length
on polyacrylamide gels, and of even longer fragments on agarose gels. Up to 40 samples can be
simultaneously analysed.
Direct genomic sequencing

At present the DNA sequencing projects require time and cost intensive subcloning steps.
Amplification of inserts in lambda or plasmid vectors up to 2 kb length by PCR has been
described (3) avoiding the need for subcloning and purification of recombinant DNA from
micro-organisms. We have shown here that fluorescently labelled recombinant DNA obtained
by PCR is suitable for direct sequencing without subcloning. Amplification products are

labelled by primer extension with the respective fluorescently labelled oligonucleotides and

sequenced as described here. Amplification of DNA by PCR with equal amounts of flanking
primers is easy to perform and the DNA fragments obtained in high yield can be sequenced by
solid phase chemical degradation without any purification steps. Many samples are handled

simultaneously and the method can be automated.
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The scheme in Fig.5 summarizes the analysis method combining in vitro amplification
by PCR and fluorescent detection for several applications, e.g. direct genomic sequencing,
restriction analysis and genome mapping. The final products are analysed on the EMBL

automated fluorescent sequencer, which is here used as a general on-line detector of

fluorescently labelled DNA.

We thank Professor L. Philippson for support during the course of the project, and Toby
Gibson for helpful discussion of the manuscript.
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