
polymerase, ATP sulfurylase, firefly lu- 
w ciferase, and a nucleotide-degrading en- 

zyme (such as apyrase). Repeated cycles of 
deoxynucleotide addition are performed. A A Sequencing Method Based On deoxynucleotide d l  incorporated 
into the growing DNA strand if it is com- 

Real-Time Pyrophosphate plementary strand. The synthesis to the base of DNA in the is accompa- template 
- - - 

Mostafa Ronaghi, Mathias UhlCn, and Pi1  NyrCn* nied by releak of PPi equal in molarit; to 
that of the incorporated deoxynucleotide. 

D NA sequencing is one of the most polymerase reaction, the quantitative con- Thereby, real-ti& signals are-obtained by 
important technologies in bio- version of pyrophosphate to ATP by the enzymatic inorganic pyrophosphate 
science today. Whole-genome ap- sulfurylase, and the subsequent production detection assay (10). In this assay the re- 

proaches (I) and hu- of visible light by fi- leased PPi is converted to ATP by ATP sul- 
man expressed se- fly luciferase. Howev- furylase and the concentration of ATP is 
quence tag (EST) se- SIQQEMCING er, this PPi-based se- then sensed by the luciferase. The amount 
quencing (2) have quencing method is of light produced in the luciferase-cat- 
started to exert pro- not without draw- alyzed reaction can readily be estimated 
found influence on bi- backs: The template by a suitable light-sensitive device such as 
ology and medicine. must be washed thor- a luminometer or a CCD (charge-coupled 
The need for robust, high- throughput oughly between nucleotide additions to re- device) camera. Unincorporated deoxynu- 
methods to replace the elegant Sanger move unincorporated nucleotides. Also, cleotides and the produced ATP are de- 
method, described more than 20 years ago templates not bound to a solid support are graded between each cycle by the nucleo- 
(3), has led to the development of several difficult to sequence, and the addition of tide-degrading enzyme. The nucleotide- 
new principles, such as array methods new enzymes to each cycle of deoxynu- degrading enzyme must possess the fol- 
based on sequencing by hybridization (4). cleotide (dATP, d m ,  dGTP, and dCTP) is lowing properties: First, the enzyme must 
New applications, such as population-based required. hydrolyze all deoxynucleotide triphos- 
biodiversity projects and brute- phate at approximately the same 
force genotyping using single-nu- / I----------- Iterative addition - - - - - - - - - - - - - 

I 
rate. This includes the a-thio- 

cleotide polymorphism, make such I dATP, which is used instead of 
efforts even more urgent, in partic- I 

L - -, ~ A T P  ---+ dmp ---+ d ~ ~ p  --+ d c ~ p  - - - - I dATP to improve the background 
ular, for simple and robust meth- 1 , .  1 2  1 3  1 4  

in sequencing reactions (9). Sec- 
ods for sequencing short "tags" (1 on4 it should also hydrolyze ATP 
to 20 bases) such as ESTs or bial- to prevent the accumulation of 
lelic markers and methods suitable (DNA), + dXTP "-) (DNA),+, + PPI ATP between cycles. Third, the 
for routine diagnostic applications. time for nucleotide degradation 

Sequencing-by-synthesis is sulfurylase by the nucleotide-degrading en- 
based on the detection of nucleo- PPI ) ATP zyme must be slower than nu- 
tide incorporation, using a prim- cleotide incorporation by the 
er-directed polymerase extension. polymerase. Obviously, these two 
The sequence can be deduced it- enzymes compete for the same 
eratively (5). During the last de- ATP b AMP + 2Pi substrate, and it is important that 
cade, many researchers, including the yield of primer-directed incor- 
the groups of Rosenthal (6) ,  poration is as close to 100% as 
Gibbs (7), and Jones (a), de- possible before the nucleotide-de- 
scribed various protocols based grading enzyme can degrade the 
on fluorescently labeled nucleo- Fig. 1. In the new DNA sequencing method, four nucleotldes are nucleotide to a concentration be- 
tides. The level of incorporation added stepwise to the template hybridized to a primer. The PPi re- low the KM for the polymerase. Fi- 
of these fluorescent nucleotides is leased in the DNA polymerase-catalyzed reaction is detected by the nally, the rate of ATP synthesis by 
low, however, as shown by Met- ATP sulfurylase and luciferase in a coupled reaction. The added nu- the sulfurylase should preferably 
zker et a[. (7), and therefore, the cleotides are continuously degraded by a nucleotide-degrading en- be faster than the rate of ATP hy- 
protocols only permit detection Zyme. After the first added nucleotide has been degraded, the next drolysis to obtain ATP concentra- 
of a few bases. nucleotide can be added. As this procedure is repeated, longer tions and light production in pro- 

~ ~ ~ ~ ~ ~ l ~ ,  et a[. (9) stretches of the template sequence are deduced. dXTP, one of the portion to the amount of PPi re- 
showed that natural nucleotides f''' nuc'eOtides. ( leased. 
can be used to obtain efficient incorpora- Here, we address these problems by a To optimize the assay, several parame- 
tion during a sequencing-by-synthesis pro- modification in which the sequencing cy- ters were tested by using synthetic oligo- 
tocol. The detection was based on the py- cles can be performed without intermedi- nucleotides as template (11). The assay so- 
rophosphate (PPi) released during the DNA ate washing steps. This is achieved by the lution consisted of the template-primer 

addition of a nucleotidedegrading enzyme plus varying amounts of the four enzymes 
The authors are in the Department of Biochem- to obtain a four-enzyme mixture. The prin- (12). The protocol consisted of simply 
istry and Biotechnolog~l The Royal Institute of ciple of pyrosequencing is outlined in Fig. adding a new nucleotide every other 
Technology, SE-10044 Stockholm, Sweden. E-mail: 
paaln@biochem.kth.se 1. The DNA fragment of interest (sequenc- minute in an iterative manner and detect- 

ing primer hybridized to a single-stranded ing the visible light produced. In Fig. 2 
*To whom correspondence should be addressed. DNA template) is incubated with DNA (Left), an example of the results is shown. 
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S C I E N C E ' S  COMPASS 

__.t 

C A C T C C T T A A C C T C C  3 ' -  TlTATAACCTCCA&WAGTlTCATTCTGTCATA- i  5' 

C T C A C C AA lTCCAC C I AAA TA TT C C A C G m A  T C A A A C T A A C  AC A C T A  T 

t t t t t t t t t t t t t t t t t t t t t t t t t t t t t t t  
A C T C A C T C A C T C A C T C  A C T  C A C T C  A C T C A C T  

t t  t t t t t t t t t t t t t t t t t t t t t t t t t t t t t t t t t t t t t t t t t t  t  
AC C T A C C T A C C T A C C T T A C C T  A C C T A C C T A C C T A C C T A C  C T A C C  T 

Fig. 2. Pyrosequencing was performed on a 35-base-long oligonucleotide by the addition of the indicated deoxynucleotide, and the PPi released 
template (Left) and a 130-base-long PCR product (Right).About 2 pmol was detected by the described method. The DNA sequence after the 
of the template-primer was used in the assay. The reaction was started primer is indicated. 

Clear specific signals can be observed 
with low background. Note the higher sig- 
nals obtained at cycles 2 1,23, and 24 when 
two nucleotides were incorporated because 
of the presence of two identical adjacent 
bases in the template. Similar high-quality 
sequencing results were obtained for other 
oligonucleotide templates (13). 

For direct sequencing of polymerase 
chain reaction (PCR) products, single- 
stranded template was obtained by biotin 
capture on magnetic beads (14). In Fig. 2 
(Right), the amount of light produced dur- 
ing approximately 40 subsequent cycles is 
shown. Sequence data covering 34 bases is 
obtained (15), and the signal-to-noise ratio 
remains relatively high even at 40 cycles. 
The low signals in the early cycles (2, 3, 6, 
and 7) show that the misincorporation of 
bases, which would produce PPi and con- 
sequently light, is not a major problem, 
despite the presence of "wrong" noncom- 
plementary nucleotides. The background 
does increase during the later cycles, 
which is not surprising because relatively 
crude enzyme preparations were used in 
this work. Low amounts of contaminating 
enzymes such as exonucleases or kinases 
will give rise to nonsynchronized exten- 
sions on some templates, causing in- 
creased background and lower specific 
signal. Obviously, more work is needed to 
purify these enzymes from present con- 
taminants. In addition, apyrase activity is 
decreased in later cycles, which is because of 
accumulation of intermediate products (such 
as deoxynucleoside diphosphate, or dNDP) 
and eventually undegraded dNTP. Removal 
of these nucleotides by enzymes such as 
nonspecific nucleoside diphosphatases (Id) 
will increase the efficiency of apyrase in 
degradation of nucleoside triphophates and 
thereby allow longer reads. However, it is re- 
assuring that the nonoptimal enzyme mix- 
ture used here allows accurate determination 

of more than 20 bases for many different 
PCR products tested (13). 

An inherent problem with the described 
method is the difficulty in determining the 
number of incorporated nucleotides in ho- 
mopolymeric regions due to the nonlinear 
light response following incorporation of 
more than three or four identical nucleo- 
tides. This can be demonstrated by the rel- 
atively low signal at cycle 16 (Fig. 2, 
Right) when four T bases are incorporated. 
However, this nonlinear response can 
most likely be compensated for by soft- 
ware algorithms. In addition, for most tag- 
sequencing applications, such as brute- 
force EST-sequencing, biallelic marker 
analysis, and confirmatory sequencing, 
this problem is not a major concern, be- 
cause the number of bases, if present, will 
be known. 

With this method, parallel processing of 
large numbers of samples can easily be en- 
visioned with the use of high-density mi- 
crotiter plates and microinjector technology. 
An automated instrument has recentlv 
been developed based on the precise deliv- 
ery of submicroliter volumes of the four 
nucleotides by "ink-jet" technology into a 
microtiter plate coupled with simultaneous 
detection of all samples by a single CCD 
unit (1 7 ) .  Together with a robot (1 7 )  per- 
forming single-strand template preparation 
(from double-stranded PCR products), 
ready for pyrosequencing, it would be pos- 
sible to analyze thousands of samples daily 
with little manual intervention. 
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