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Electrophoretically Uniform Fluorescent Dyes for 
Automated DNA Sequencing 

Michael L. Metzker," Jing Lu, Richard A. Gibbs 

A class of dyes, BODlPY fluorophores, has been identified for automated DNA sequencing 
that has improved spectral characteristics compared with conventional fluorescein and 
rhodamine dyes. Single and double BODIPY dye primers were characterized in com- 
mercially available DNA sequencers and showed uniform electrophoretic mobilities and 
high fluorescence intensities. The improved physical properties of BODIPY dye primers 
were demonstrated by direct base-calling from the unprocessed fluorescent signals and 
improved heterozygote analyses of mixed-base populations. The high sensitivity of 
BODIPY dye primers requires at least 33 percent less reagent consumed per reaction than 
conventional dye primers, which should affect the costs of large genome-sequencing 
efforts. 

Fanlilies of fluorescent dyes form the  basis 
of multicomponent D N A  detection assays. 
In  automated D N A  sequencing, up to  four 
dyes are attached to oligonucleotides ( 1 )  
that are enzymatically extended by D N A  
polylnerase to generate a set of nested frag- 
ments. D N A  seauence data are obtained 
after electrophoretic separation of the  D N A  
and excitation, detection, and processing of 
the  raw fluorescent signal by a computer. 
T h e  generation and interoretation of these " 

luixed fluorescent signals are therefore the  
central elenlents of current D N A  sequenc- 
ing technology. 

Dyes suitable for high-thro~lghput ge- 
nome-scale D N A  sequencing require the 
colnbined properties of physical stability, 
~n in in~a l ly  overlapping eluission spectra, 
high fluorescence intensity, and uniforlll 
electrophoretic n~obilities. Although physi- 
cally stable, the  currently available set of 
fluorescein and rhoda~nine dyes do  not 
meet the renlaining criteria i n d  require 
both chemical and software corrections to 
produce optimal data ( 1 ) .  

Four spectrally resolvable dipyrro- 
metheneboron difluoride (BODIPY) dyes 
have been identified (Fig. 1 )  that show 

cornbination of these four BODIPY dye 
prinlers yielded high-quality sequencing 
data when analyzed with mobility software 
correction; however, the  spacing pattern of 
the  BODIPY dye primer set was further 
improved in the beginning of the  sequenc- 
ing nln  when n o  software correction was 
applied at all (4). F ~ ~ r t h e r  evaluation of 
other BODIPY-linker combinations vielded 
a n  optimal dye primer set (5). Thus, a set of 
four BODIPY-llnker constructs was identi- 
fied that generated excellent sequence data 
when analyzed without mobility correction 
and gave a n  indisting~~ishable spacing pat- 
tern cornpared with software-corrected con- 
ventional seauencinp reactions. 

Cornparison of normalized, overlapping 
e~nission spectra revealed that the band- 
widths of the  BODIPY dye primer set are 
narrower than their resoective convention- 
al dye primer counterparts (6), resulting in 
lower noise cross-talk between the instru- 
ment's collection filters (Fig. 4).  T h e  signal 
strellgth of BODIPY dyes, measured by flu- 
orescence spectroscopy and an  ABI 373A 

- 
~lniform electrophoretic properties under a 
variety of polyacrylamide gel conditions. 
Initiallv, the substitution of a BODIPY- n , , 
labeled universal sequencing prirner (Fig. 
2A)  for the  same orimer labeled with the  BODIPY 5031512 BODIPY 5231547 

corresponding fluorescein or rhodamine dye 
(2 )  generated terrllination reactions prod- 
ucts that nligrated approximately '/4 to 1 
base faster by gel electrophoresis (Fig. 3, A 
and B). Substitution of BODIPY dyes la- 
beled with various linker-arm nlodifications 
(Fig. 2A)  revealed the  optillla1 configura- 
tions that luirnicked the h nobility pattern of 
software-corrected fluorescein or  rhoda- 
mine dye pri~ners (Fig. 3, A and C) (3). T h e  

Department of Molecular and Human Genet~cs, Bayor 
Coecle of Med~cne, Houston, M 77030, USA. 
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BODIPY 5641570 BODIPY 5811591 

Fig. 1. Chemical structures of four BODIPY dyes 
for automated DNA sequencing. BODIPY dyes 
(4,4-difiuoro-4-bora-31~,4a-diaza-s-indacene-3- 
propionic acid) are indicated followed by their 
approximate absorpt~on/em~ss~on maxima. 
BODIPY 503/512 (5,7-d~methyl-BODIPY), 
BODIPY 523/547 (5-phenyl-BODIPY). BODIPY 
564/570 (5-styryl-BODIPY). and BODIPY 581 /591 
[5-(4-phenyl-1 ,3-butadieny1)-BODIPY], 
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instrument, gave results comparable to 
those for the four conventional dyes (7). 

To improve the emission intensity, we 
constructed doubly labeled dye primers and 
evaluated them for fluorescence energy 
transfer (ET). To achieve efficient ET and 
maximal signal, we systematically substitut- 
ed oligonucleotides with the acceptor dye at 
base increments away from either a 5-car- 
boxyfluorescein (FAM) donor (0 to 3 bases 
apart) or a BODIPY 5031512 donor (1 to 10 
bases apart) (8). We observed that ET effi- 
ciency decreased with increasing distance 
and decreased with decreasing spectral 
overlap between donor and acceptor dyes 
(9). 

A 3-base separation between either the 
FAM donor (FET-3) or the BODIPY 5031 
512 donor (BET-3) (Fig. 2B), and acceptor 
dyes was observed to give the greatest signal 
enhancement for BODIPY 5641570 and 
BODIPY 5811591 dyes, consistent with 
FAM-TAMRA (F3T) and FAM-ROX 
(F3R) dye pairs (10). BET3 dye primers, 
however, showed considerably greater ET 
efficiencies (I I)  and signal enhancements 
over FET-3 dye primers (4). This observa- 
tion was unexpected because FAM showed 
a greater spectral overlap with BODIPY 
dyes than BODIPY 5031512. BET-3- 
BODIPY 5641570 and BET-3-BODIPY 

B 
R1 R2 

I I BET-613 HY-rc~,-ACGITGTAAAACGACGGCCAGT 
BoDlW 

Fig. 2. Modifications of the universal (U) sequenc- 
ing primer at the 5' end. (A) Single dye-labeled 
primers. R865 (U-CA, designated universal prim- 
er; C, linker, R930 (U+'-CJ; and R931 (U+'-Cd. 
IBI Double dve-labeled ~rimers. Because different 

581159 1 primers had signal enhancements 
of 180% and 360% over the single BODIPY 
primers (7) and ET efficiencies greater than 
98%. 

BET-3-BODIPY 5231547, however, 
showed a gradual instability in denaturing, 
but not native gels compared with the sin- 
gle dye primer (4). A 6- to 10-base separa- 
tion between the BODIPY donor and ac- 
ceptor dyes corrected this phenomenon. 
Mixing experiments revealed that the mo- 
bility of BET termination reactions in- 
creased gradually with increased distance 
between donor and acceptor dyes (4). The 
combination of BET-6- and BET3 dye 

A 
JOE - - -  

a 1  r a n  l a  annm I 

primers showed the least mobility discrep- 
ancy, which was adjusted by shortening the 
BET3 linker arm (Fig. 2B) to generate 
uniformly spaced termination reactions 
without software correction (12). BET-6- 
BODIPY 50315 12 and BET-6-BODIPY 
5231547 showed similar signal intensities 
compared with the single dye primers, and 
the latter BET-6 primer had an ET efficien- 
cy of 98%. The normalized, overlapping 
spectral profiles of BET-613 dye primers 
were indistinguishable from the single 
BODIPY dye primer spectra shown in Fig. 
4, consistent with efficient ET (4). Overall, 
the strong signal enhancement of the weak- 

BODlW BODlW 
5231547 5&u5m 

Fig. 3. Single BODIPY-labeled sub- 
stitution experiment. DNA sequenc- 
ing reactions were generated by Bst 
solid-phase sequencing (15) with the 
R865 primer labeled with FAM, 
TAMRA, and ROX plus (A) JOE, (6) 
BODIPY 5231547, or (C) R931 prim- 
er labeled with BODIPY 523/547. 
The 373A raw files were analyzed 
(23) with the DP6%{M13RPl) mobil- 
ity-correction file. 

Fig. 4. Normalized emission spectra 
of four conventional dye primers and 
BODIPY dye primers. 

. , 
protecting Goups blodk the linker-arm amines, t , r a ~  B i 
BET primers were first labeled internally with 
BODIPY 503/512. After removal of the mono- 
methoxytrityl group, BET primers were end-la- 
beled with the BODIPY dye set. For BODIPY 503/ 
51 2 and BODIPY 523/547 acceptor dyes, n = 6, 
R1 = CH,, and R2 = (CH,),NHBODIPY 503/512. 
For BODIPY 564/570 and BODIPY 581/591 ac- 
ceptor dyes, n = 3, R1 = (CH,),NHBODIPY 503/ 
51 2, and R2 = CH,. P- 

. - . -  t .  
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er fluorescent dyes colnpared u ~ t h  the ah- 
sence of significant enhancelnents of the 
normally stronger fluorescent dyes produceii 
a set of four dye prlmers with roughly hal- 
anced signal ~ n t e ~ ~ s i t l e s .  

T h e  sensitivity of the colnplete BET-613 
primer set was exarnined hy serial dilutions 
of D N A  ternplate u ~ t h  an  ABI 377A D N A  
sequencer on a single gel, and sufficient 
signal n7as correctly analyzed even ~ ~ i t l 1  a 
16-fold reiiuction of concentration (4).  
This increased sensitivity of BET-613 dye 
primers nom7 enahles the direct loading of 
sequencing reactlolls onto  gels without a 
lahorious concentration step. 

T h e  unprocessed flllorescent signals gen- 
erated from BET-613 sequencing reactions 
demonstrate the benefits of the ~lniform 111o- 
bility, properly balanced signal outputs, and 
improved spectral purity. T h e  ran7 data from 
BET-613 reactions generate a D N A  sequenc- 
ing pattern that isvisually interpretable anii 
agrees u~ell  u ~ i t h  the corresponding analyzed 
data (Fig. i A ) .  III contrast, no  discer~~ihle 
sequence pattern could he detected from the 
unprocessed signals of conventional prirners. 
Comparative studies of conventional, single 
BODIPY, and BET-613 dye prirners are ~111- 

der way to examine these benefits in relation 
to improved base-calling and readle~lgth in 
large-scale sequenci~lg (4).  

Automated D N A  sequencing has heen 
routinely used for identifying heterozygoslty 
(1 3). Analyses of mixed-hase poplllations, 
however, can he problematic hecause of 
spacing errors or signal intensity di f fere~~ces  
from fluorescein and rhodarnine dyes. T o  
sirnlllate heterozygous populations, two dif- 
ferent lnolecl~lar clones containing a 1121- 
base pair (hp)  insert from the protease- 
reverse transcriptase region of human irn- 
munodeficiency vlrus-type 1 (HIV-1) u7ere 
quantitated (14) and lnixed (50:50), ampli- 
fled by polymerase chain reaction (PCR) ,  
and directly sequenced with custom BET- 
613 dye primers (15) and Thermo Seque- 
nase (1 6 )  (Fig. 5B). Our  data sho\v that the  
mixed base is hoth positionally and quanti- 
tatively Inore accurately d e f i ~ ~ e d  by the 
BET-613 dye prilner system than the con- 
ventional dye primer reactions. 

Overall, the  four BODIPY f l~~orophores  
n7e identified have overcome the  prohlelns 
presented hy conventional and other ET 
dye prilners (10).  Other  BODIPY dyes were 
examined, but were excluded from Fig. 1 
because the  maximum \vavelength ( X  max- 
imum) of the  dyes did not sufficiently over- 
lap with the  bandwidth of the  ABI 373A 
instrument's filter (12, 17).  T h e  second- 
ge~leration 377A D N A  sequencer, howev- 
er, uses a spectrograph to resolve the fluo- 
rescent light into discrete wavelength pat- 
terns that are detected by a charge-coupled 
device ( C C D ) .  Thus, the  optimization of 
the  X maximum of any dye set to the ap- 

propriate C C D  pixels is no~7,7 lnade possihle 
by software manlpulat~on. 

Both single and douhle BODIPY-labeleii 
prirners should prove useful in other multi- 
colnpc~nent genetic an,llyses, including se- 
quencing hy  hybridization (18),  in sit11 hy- 
hridization, multiplex PCR (19),  sizing of 
D N A  fragments, multiplex analyses of re- 
striction f r ag lne~~t  length polyrnorphisllls 
and variable number of tandem repeats, and 
T A Q M A N  assays (20). Moreover, laheling 
strategies to directl\l svnthesize BODIPY sin- , , 

gle and douhle dye primers (that is, pl~os- 
~horamidi te  chernistrv) sho~lld sirn~>llf\r and 

L ,  

standardize the construction of fluorescent 
primers and probes. T h e  identification of the 
BODIPY iiye set should affect routine genet- 
ic analyses anii large-scale secll~encing efforts. 
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100% B, 18 min; and 100% B, 5 min, BET primers: 
3056 B, 5 m n ;  30% B to 100% B,  40 m n ;  and 1 0056 
B, 5 m n  at a flow rate of 1 0 mI/mn. 

22. M L. Metzker et a/. , Nucleic Acids Res. 22 4259 
(1 994). 

23. React~ons were run on a 4.75% polyacb~lam~de gel 
and analyzed by the verson 2.1.0 analysis software 
program w~ th  the AB150 base caller. 
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