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We describe a method for multiplex detection of mutations in which the solid-phase minisequencing principle is

applied to an oligonucleotide array format. The mutations are detected by extending immobilized primers that

anneal to their template sequences immediately adjacent to the mutant nucleotide positions with single labeled

dideoxynucleoside triphosphates using a DNA polymerase. The arrays were prepared by coupling one primer

per mutation to be detected on a small glass area. Genomic fragments spanning nine disease mutations, which

were selected as targets for the assay, were amplified in multiplex PCR reactions and used as templates for the

minisequencing reactions on the primer array. The genotypes of homozygous and heterozygous genomic DNA

samples were unequivocally defined at each analyzed nucleotide position by the highly specific primer extension

reaction. In a comparison to hybridization with immobilized allele-specific probes in the same assay format, the

power of discrimination between homozygous and heterozygous genotypes was one order of magnitude higher

using the minisequencing method. Therefore, single-nucleotide primer extension is a promising principle for

future high-throughput mutation detection and genotyping using high density DNA-chip technology.

Th e Hum an Gen om e Project will gen erate a n ucleo-

tide sequen ce of th e gen om e with in a few years.

Detailed in form ation of all h um an gen es will speed

up th e iden tification of m utation s th at eith er cause

in h erited disorders or predispose to m ultifactorial

d iseases. Con seq u en t ly, m ore efficien t m eth od s

with th e capacity to an alyze in terin d ividu al se-

quen ce variat ion on a large scale will be required. A

prom isin g approach toward cost-efficien t DNA di-

agn ostics an d com parative sequen ce an alysis is to

use arrays of oligon ucleotides (DNA ch ips) as solid

su p p ort in m in iatu rized assays (fo r review, see

South ern 1996). Th e con cept of oligon ucleotide ar-

rays was origin ally in troduced for de n ovo n ucleo-

t ide sequen cin g by h ybrid izat ion (Kh rapko et al.

1991). Soph ist icated tech n ology h as been devel-

op ed for th e p rod u ct ion of h igh -d en sity o ligo-

n ucleot ide arrays (Fodor et al. 1991; Pease et al.

1994; McGall et al. 1996), an d system s for fluores-

cen ce detection an d data an alysis for th is assay for-

m at are also u n d er d evelop m en t (Sch en a et al.

1995).

Desp it e t h e im p ressive t ech n o lo gy t h a t is

em ergin g for h ybrid ization to oligon ucleotide ar-

rays, a problem origin atin g from th e in h eren t prop-

ert ies of th e n ucleic acid h ybridization reaction it-

self is a lim itin g factor in th ese m eth ods, part icu-

la r ly w h e n sin g le -n u c le o t id e v a r ia t io n s a r e

an alyzed. Th e efficien cy of h ybridization an d th e

th erm al stability of h ybrids form ed between th e tar-

get n ucleic acid an d a sh ort oligon ucleotide probe

depen d stron gly on th e n ucleotide sequen ce of th e

probe an d th e strin gen cy of th e reaction con dit ion s

(Con n er et al. 1983). Moreover, th e degree of desta-

bilization of th e h ybrid m olecule by a m ism atch ed

n u cleot ide at on e posit ion is depen den t on th e

flan kin g n ucleotide sequen ce. Con sequen tly, it is

an im possible task to design a sin gle set of h ybrid-

ization con dit ion s th at would provide optim al sig-

n al in ten sit ies an d discrim in ation of a large n um ber

of sequen ce varian ts sim ultan eously. In th e an alyses

of h um an gen om ic DNA th is problem is accen tu-

ated because a variable n ucleotide m ay be presen t

eith er in h eterozygous or h om ozygous form . In con -

ven tion al reverse blot assays for detection of several

m utation s sim ultan eously th e difficu lty of design -

in g un iversal h ybridization con dit ion s can be cir-
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cum ven ted by carefu l adjustm en t of th e len gth , po-

larity, an d posit ion of th e m ism atch ed n ucleotide of

th e oligon ucleotide probes (Saiki et al. 1989). Th e

h igh -den sity Gen eCh ip (Affym etrix) tech n ology is

based on h ybridization arrays carryin g probes of all

possible sequen ce com bin ation s or ‘‘t iled’’ arrays

scan n in g th e seq u en ce flan kin g th e sit e o f th e

n ucleotide variat ion (Ch ee et al. 1996; Cron in et al.

1996; Kozal et al. 1996). To facilitate th e detection

of h eterozygous n ucleotide variat ion s, a referen ce

target sequen ce is in cluded in each h ybridization

reaction an d th e in terpretation of th e resu lt is based

on th e rat ios between th e h ybrid izat ion sign als

from th e referen ce an d th e test targets with each

probe (Hacia et al. 1996). Th e n ecessity of usin g

DNA ch ips com posed of ten s of oligon ucleot ide

probes per an alyzed n ucleotide posit ion an d refer-

en ce target sequen ces h as led to a com plex setup of

assays, an d requires m ath em atical algorith m s for in -

terpretation of th e data.

We h ave developed a m eth od, den oted solid-

p h a se m in iseq u en cin g, fo r d e t ec t in g sin gle -

n ucleotide variat ion s (Syvän en et al. 1990, 1993). In

th is m eth od a detection prim er an n eals to th e target

n u cleic acid im m ed iately ad jacen t to a variable

n ucleotide posit ion . A DNA polym erase is used to

specifically exten d th e 38 en d of th e prim er with a

labeled n ucleot ide an alog com plem en tary to th e

n ucleotide at th e variable site. An advan tage of m in -

isequen cin g, com pared to h ybridization with oligo-

n ucleotide probes, is th at all variable n ucleotides are

iden tified with optim al discrim in ation at th e sam e

reaction con dit ion s. Based on our previous experi-

en ce of applyin g th e m in isequen cin g prin cip le for

th e detection of m utation s an d polym orph ism s (Sy-

vän en et al. 1993; Pastin en et al. 1996; Sh um aker et

al. 1996), we reason th at th e m in isequen cin g ap-

proach is m ore straigh t forward an d specific for

m ult ip lex m utat ion detect ion on oligon ucleotide

a rrays t h an h yb r id iza t io n w it h a lle le-sp ecific

probes.

Here we describe a solid-ph ase m in isequen cin g

assay for n in e disease-causin g m utation s in an oli-

gon ucleotide array form at. Th e m utation s were se-

lected as targets because th ey occur with a h igh fre-

quen cy in th e Fin n ish population an d population -

b ased screen in g fo r t h em wo u ld b e clin ica lly

relevan t. Five of th e m utation s cause severe reces-

sive disorders [in fan tile n euron al ceroid lipofuscin o-

sis (INCL; Vesa et al. 1995), aspartylglucosam in uria

(AGU; Ikon en et al. 1991), gyrate at roph y (GA;

Mitch ell et al. 1989) an d n on ketotic h yperglycin -

em ia (NKH; Kure et al. 1992)] belon gin g to th e

‘‘Fin n ish disease h eritage,’’ (for review, see Pelton en

et al. 1995) an d occur with a com bin ed population

frequen cy of carriers of ∼ 0.05. Th ree m utation s in

th e low-den sity lipoprotein receptor (LDLR) gen e

(Aalto-Set älä et al. 1989; Koivisto et al. 1991, 1995)

th at cause fam ilial h yperch olesterolem ia (FH) with

th e estim ated prevalen ce of 1 in 500, both in Fin -

lan d an d worldwide, were also in clu ded in th e

pan el. Togeth er, th ese eigh t m utation s accoun t for

70%–100% of th e kn own cases of th ese five disor-

ders in Fin lan d. Th e well-kn own blood coagulation

factor V Leid en m u tat ion (Bert in a et al. 1994),

wh ich predisposes to ven ous th rom bosis an d occurs

with an allele frequen cy of 0.05 in Western popula-

t ion s, was also in corporated in to our set of an alyzed

m utation s.

Our resu lts sh ow th at sin gle-n ucleotide prim er

exten sion is an excellen t reaction prin cip le for m ul-

t ip lex detection of m utation s. Each of th e n in e m u-

tation s con stitu tin g both sin gle-n ucleotide tran si-

t ion s an d tran sversion s, as well as a large (9.5 kb)

an d a sm all (7 bp) deletion , were dist in guish ed un -

equivocally in h eterozygous an d h om ozygous pa-

tien t sam ples. Wh en com pared to h ybridization us-

in g allele-specific oligon ucleotide probes perform ed

in th e sam e array form at, th e power of discrim in at-

in g between gen otypes was at least on e order of

m agn itude h igh er.

RESULTS AND DISCUSSION

Design of the Assay

Th e key steps of th e solid-ph ase m in isequen cin g

m eth od for detectin g m ultip le m utation s in an oli-

gon ucleotide array form at (Fig. 1) were optim ized in

prelim in ary experim en ts. Th e protocol, given in

Materials an d Meth ods, rep resen ts th e resu lt of

th ese experim en ts. On e m in isequen cin g prim er per

m utation to be detected was im m obilized in 3 2 3

arrays on a 0.36-cm 2 area on glass m icroscope slides.

Th e prim ers were coupled to th e glass surface by

m ediat ion of a 58-am in o grou p (Sou th ern et al.

1992; Lam ture et al. 1994) to leave th e 38 en d free to

be exten ded in th e m in isequen cin g reaction . Th e

couplin g efficien cy was foun d to be m axim al after

in cubation for 5–6 h r (∼ 0.1–0.8 pm ole of prim er/

m m 2), an d n o loss of oligon ucleotide from th e glass

surface was observed after 16 h r in cubation periods.

To be m ore accessible for an n ealin g to th e tem plate,

th e prim ers con tain ed 15 T residues in th eir 58 en ds

(Guo et al. 1994). Nin e gen om ic fragm en ts span -

n in g th e disease-causin g m utation s were am plified

in m ultip lex PCRs. Th e m ultip lex PCRs were opti-

m ized (Ch am berlain an d Ch am berlain 1994) to
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yield a sim ilar am oun t of each product th at ran ged

from 73 to 235 bp in size.

To ch oose th e optim al DNA polym erase en zym e

for th e m in isequen cin g on prim er array, we com -

pared th e AMV an d RetroTh erm reverse tran scrip ta-

ses an d th e Tth , T7, Th erm oSequen ase, TaqEXPRESS

an d DyNASeq DNA polym erases for th eir ability to

p erfo rm seq u en ce-sp ecific in corp orat ion of 33P-

labeled dideoxyn ucleoside triph osph ates (ddNTPs).

Two DNA polym erases th at h ave been en gin eered

for cyclic San ger sequen cin g, th e Th erm o Sequen ase

(Tabor an d Rich ardson 1995) an d th e n ovel Dy-

NASeq en zym e origin at in g from Therm us brocki-

anus, perform ed with th e h igh est specificity in our

assay. Th e average ratios between th e correctly in -

corporated n ucleotide an d m isin corporated n ucleo-

tides usin g th ese two en zym es were as h igh as 65

an d 87, respectively, wh ich was ∼ 10 tim es h igh er

th an with an y of th e oth er en zym es. Based on th ese

resu lts, th e DyNASeq en zym e was used in th e sub-

sequen t experim en ts.

Comparison of Oligonucleotide Hybridization and

Minisequencing

For com parin g th e specificity to d ist in gu ish be-

tween differen t gen otypes by m in isequen cin g reac-

t ion to th at of th e h ybridization with allele-specific

probes, we an alyzed PCR products of ∼ 100 bp in size

from th e PPT an d FV gen es usin g both m eth ods in

th e sam e assay form at. Th e sam ples were eith er h o-

m ozygous or h eterozygous for th e n ucleotide at th e

m utan t (INCLFin or FVLeiden ) posit ion . For th e h y-

brid izat ion we im m obilized double sets of allele-

specific probes, of 15 an d 20 bases in len gth , on th e

glass slides. Th e h ybridization probes carried a tail

of 15 T residues in th eir 58 en ds (Guo et al. 1994),

an d th e m u tan t n u cleo t id e was locat ed in th e

m iddle of th e probe (Pease et al. 1994) to provide

optim al h ybridization efficien cy an d discrim in ation

between th e sequen ce varian ts. Moreover, to per-

form a fair com parison , we em ployed th ree sets of

wash in g con dit ion s of in creasin g strin gen cy an d

an alyzed both sin gle-stran ded DNA an d RNA tem -

plates.

In th e h ybridization experim en ts th e best dis-

crim in at ion between th e gen otypes at both an a-

lyzed n ucleotide posit ion s was obtain ed usin g RNA

as tem plate (Table 1). Th e resu lts of th e h ybridiza-

t ion experim en ts with probes for on ly two m uta-

t ion s illustrate th e difficu lty of design in g optim al

allele-specific probes an d un iversal reaction con di-

t ion s sim ultan eously to an alyze m ore th an on e vari-

able n ucleotide. At th e site of th e PPT m utation , th e

15-m er probes perform ed better th an th e 20-m er

probes. Th e 20-m er FV probes discrim in ated better

between th e gen otypes th an th e 15-m er FV probes

wh en RNA served as tem plate, wh ereas th e 15-m ers

were better for discrim in atin g between th e gen o-

types in a DNA tem plate. Th ese resu lts are in agree-

m en t with th e lower G-C con ten t of th e FV probes

th an th at of th e PPT probes, an d with th e fact th at

th e FV m utation is a G 8 A tran sit ion .

In view of resu lts in th e literature (Guo et al.

1994; Lam ture et al. 1994; Cron in et al. 1996), th e

ratios th at we obtain ed between th e h ybridization

sign als with th e m atch ed an d m ism atch ed probes at

th e h om ozygous n ucleotide posit ion s were accept-

able, part icu larly with th e 20-m er FV probes an d th e

15-m er PPT probes usin g RNA tem plates. However,

th e correspon din g ratios between correctly in corpo-

rated an d m isin corporated n ucleotides in th e m in -

isequen cin g reaction s were sign ifican tly h igh er, as

can be seen by com parin g th e best resu lts obtain ed

by both m eth ods, wh ich are h igh ligh ted in Table 1.

Th e ratio between th e h ybridization sign als of th e

probe for th e n orm al an d th e m utan t allele deviated

m ore from th e expected ratio of 1 th an th e corre-

spon din g ratio between th e in corporated ddNTPs in

th e m in isequen cin g reaction . Th is was attribu table

to th e differen t th erm al stabilit ies of th e h ybrids

with th e allele-specific probes at th e h eterozygous

n ucleotide posit ion s (Table 1). Con sequen tly, th e

Figure 1 Steps of minisequencing on a primer array.
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power of discrim in atin g between gen otypes was as

m uch as 27 tim es h igh er at th e site of th e PPT m u-

tation an d n in e tim es h igh er at th e site of th e FV

m utation usin g th e m in isequen cin g m eth od th an

with allele-specific h ybridization probes (Table 1).

Multiplex Genotyping by Minisequencing

Sam ples from patien ts (h om ozygotes) an d disease

gen e carriers (h eterozygotes) at each of th e n in e

sites were an alyzed by th e m ultip lex m in isequen c-

in g m eth od. Figure 2 sh ows th e resu lt obtain ed in

eigh t sam ples, as visualized by scan n in g th e prim er

arrays by th e ph osph orim agin g device. In each of

th e seven h eterozygous sam ples an d in th e com -

poun d h eterozygous GA sam ple, th e sign als corre-

spon din g to both th e n orm al an d m utan t n ucleo-

tides are clearly visible in th e correct posit ion s on

th e array. A sin gle sign al defin in g a n ucleotide in

h om ozygous form is seen in all oth er posit ion s. At

each of th e n in e m utan t sites h igh sign als from cor-

rectly in corporated n ucleotides, as com pared to th e

average m isin corporat ion , illu strate th e excellen t

specificity of th e m in isequen cin g reaction (Fig. 3a).

In m ost cases, th e ratio between th e sign al for th e

n orm al n ucleotide an d th at for th e m utan t n ucleo-

tide differed by two orders of m agn itude between

h om ozygous an d h eterozygous sam ples (Fig. 3b).

Th us, th e gen otype of each sam ple is un equivocally

defin ed by th e m in isequen cin g assay at each an a-

lyzed n ucleotide posit ion .

FUTURE PROSPECTS

Already in its p resen t form , th e m in isequen cin g

prim er array can be used as a specific an d cost-

effective altern ative in th e screen in g of relevan t m u-

tation s in th e Fin n ish population , wh ere typically

on ly on e or a few m utation s accoun t for th e vast

m ajority of th e disease alleles. However, to develop

h igh -th rough put DNA ch ips for solid-ph ase m in -

isequen cin g assays, som e tech n ical issues are to be

addressed. Tech n ology for preparin g arrays with a

h igh den sity of prim ers will be required. Th e presen t

tech n ology for in situ preparation of h igh -den sity

oligon ucleotide arrays (Fodor et al. 1991; South ern

et al. 1992) is n ot applicable for our m eth od, as th e

syn th esis proceeds in th e 38 → 58 direction an d does

Table 1. Genotyping the PPT and FV Genes by ASO Hybridizat ion and Minisequencing on
Oligonucleot ide Arrays

Probes and
primers

Ratio between signals from normal and mutant allelesa

Power
of discrimination
between genotypesb

homozygous positions
PPT (T/ T) FV (G/ G)

heterozygous positions
PPT (T/ A) FV (G/ A)

ASOc M Sd ASOc M Sd ASOc M Sd

DNA target
PPT 15-mer 1.8 — 1.6 — 1.1

20-mer 1.0 157 0.84 1.1 1.2 142
FV 15-mer 11 — 4.4 — 2.5

20-mer 2.4 85 1.4 1.5 1.7 57
RNA target
PPT 15-mer 7.4 — 1.4 — 5.3

20-mer 1.0 114 0.54 2.3 1.9 49
FV 15-mer 8.0 — 28 — 1.2

20-mer 14 49 2.3 5.1 6.1 8

The best results obtained by both methods are highlighted by bold numbers; (—) Not done.
aMean values of four separate experiments.
bCalculated by dividing the ratio between signals from the normal and mutant alleles obtained at a homozygous position with the

corresponding ratio obtained at a heterozygous position.
cWashing conditions of increasing stringency (0.75, 0.15, and additionally 0.03 M NaCl for the RNA hybridizations) were employed

for the posthybridization washes at 22°C of the ASO probe arrays. In most cases the best result was obtained at 0.15 M NaCl, but the

FV 15-mers performed better at 0.03 M with RNA as template. These results are given here.
d(MS) minisequencing. The DyNAseq DNA polymerase was used in the reaction with DNA as template, and the RetroTherm reverse

transcriptase was used with RNA as template.
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n ot leave th e 38 en d free for exten sion . High -den sity

arrays h ave also been produced by ch em ical cou-

plin g of NH2-m odified cDNAs as m in iaturized spots

on an activated glass surface usin g h igh -capacity

prin tin g robotics (Sch en a et al. 1996). Arrays pre-

pared by th is tech n ology could be used for h igh -

th rough put gen otypin g by m in isequen cin g, as our

m eth od, in prin cip le, requires on ly a sin gle prim er

per variable n ucleotide, in stead of m ultip le probes

per m utation as in th e h ybridization m eth ods. Th e

use of a sin gle prim er per an alyzed n ucleotide posi-

t ion requires ddNTPs differen tially labeled with four

fluoroph ores. Fluorescen t ddNTPs h ave been sh own

to be feasible as labels in m in isequen cin g assays

(Pastin en et al. 1996; Sh um aker et al. 1996; Tully et

al. 1996), an d custom -built sen sit ive fluorescen ce

scan n ers with th e ability to detect m ultip le fluoro-

ph ores at differen t wavelen gth s h ave been devised

recen tly (Sch en a et al. 1996; Speich er et al. 1996).

Despite th e proceedin g tech n ical developm en t re-

lated to m in iaturized arrays for gen otypin g, a great

ch allen ge for th e assays still lies in th e sam ple prepa-

ration . At presen t, am plification of DNA tem plates

by PCR lim its th e n um ber of gen om ic fragm en ts

th at can be an alyzed efficien tly. Meth ods are re-

quired by wh ich a sign ifican tly larger n um ber of

fragm en ts can be am plified or in wh ich an am plifi-

cation step is avoided. Wh en th e ubiquitous prob-

lem of sam ple preparation h as been solved, m in -

iseq u en cin g m igh t be th e react ion p rin cip le of

ch oice for th e im plem en tation of h igh -th rough put

gen otypin g on m in iaturized arrays in practice.

METHODS

DNA Samples

Blood sam ples from patien ts an d h ealth y carriers with previ-

ously ch aracterized m utation s were collected in accordan ce

with th e Helsin ki Declaration . Th e DNA was prepared from

th e blood sam ples by a stan dard m eth od (Bell et al. 1981).

Primers

On e PCR prim er of each pair con tain ed th e T7 RNA polym er-

ase p rom otor seq u en ce (TTCTAATACGACTCACTATAGG-

GAGA) in its 58 en d, an d th e 58 en d of th e oth er PCR prim er

was m odified with a biotin residue (RPN 2012; Am ersh am ,

Bucks, UK) durin g its syn th esis (Table 2). Th e m in isequen cin g

prim ers an d th e allele-specific oligon ucleotides (ASOs) con -

tain ed 15 T residues as a spacer sequen ce 58 of th e gen e-

specific sequen ce an d a 58-am in o group added durin g th eir

syn th esis (Am in olin k 2, Applied Biosystem s, Foster City, CA).

Table 2 gives th e sequen ces of th e PCR an d m in isequen cin g

prim ers. Th e sequen ce of th e 15-m er ASO probes for detectin g

th e INCLFin m utation was ACTGCCC(T/A)CCTACGG (with

th e site of th e m utation sh own in paren th eses) an d th at of th e

20-m er probes was CCACTGCCC(T/A)CCTACGGAAT. Th e se-

quen ce of th e 15-m er ASO probes for th e FVLeiden m utation

was GACAGGC(G/ A)AGGAATA, an d th at o f th e 20-m er

p robes was CTGGACAGGC(G/ A)AGGAATACA. All o ligo-

n ucleotides were syn th esized on an Applied Biosystem s 392

DNA syn th esizer.

Oligonucleotide Arrays

Prin ted m icroscope glass slides (Erie Scien tific, Portsm outh ,

NH), con tain in g eigh t circu lar wells of 10 m m in diam eter

lin ed by a Teflon coatin g, were used in th e m in isequen cin g

reaction s, an d slides with th ree wells of 14 m m in diam eter

were used in th e ASO h ybridization s. Th e glass slides were

wash ed usin g a detergen t , rin sed with dist illed water an d

eth an ol, dried at 80°C for 5 m in , an d placed in a m ixture

con tain in g 80 m l of dry xylen e, 32 m l of 96% 3-glycidoxy-

propyltrim eth oxy silan e (Aldrich , Stein h eim , Germ an y), an d

160 µ l of 99% N-eth yldiisopropylam in (Aldrich ) at 80°C for

16 h r. Th e slides were th en rin sed in eth ylacetate an d dried at

80°C for 30 m in (Lam ture et al. 1994; Sh um aker et al. 1996).

Th e oligon ucleotides carryin g a 58-am in o group were applied

on to th e epoxide-activated glass surface of th e wells m an ually

with th e aid of a m odel array below each well. On e-h alf m i-

croliter of a 80 µ M prim er solu tion in 0.1 M NaOH was applied

Figure 2 Image obtained from the analysis of eight
samples carrying heterozygous mutat ions by min-
isequencing on a primer array. The minisequencing
primers for detecting nine mutations were immobi-
lized on the arrays in the following order: (Top row, left

to right), INCLFin, AGUFin, and FVLeiden; (middle row),
FHHki, FHNK,and FHTku; (bottom row) GA1, GA2, and
NKH1. The [33P]ddNTP included in the minisequencing
reactions is indicated at the top; the genotypes of the
samples with the [33P]ddNTP expected to be incorpo-
rated at the site of the mutation are given at left .
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per spot of th e array. Th e im m obilization reaction was al-

lowed to proceed in a h um id ch am ber at 37°C for 16 h r. Th e

slides were subsequen tly wash ed in dist illed water an d stored

at 4°C un til use.

PCR

Th e duplex PCRs for th e PPT an d FV gen es were carried out at

a dNTP con cen tration of 0.2 m M, usin g 2.5 un its of Dyn azym e

II DNA polym erase (Fin n zym es, Helsin ki, Fin lan d), 150 n g of

tem plate DNA, 30 pm oles of th e PPT prim ers an d 100 pm oles

of th e FV prim ers in 100 µ l of 1.5 m M MgCl2, 20 m M Tris-HCl

(pH 8.8), 15 m M (NH4)2SO4, 0.1 % Tween 20, an d 0.01% gela-

t in . Th e PCR reaction s for th e ASO h ybridization experim en ts

with DNA as target were carried out iden tically, except th at

t h e d NTP co n cen t ra t io n was 0 .07 m M an d 3 .5 µ Ci o f

[32P]dATP (3000 Ci/m m ole, Am ersh am ) was in cluded in th e

reaction m ixture. Th e m ult ip lex am plificat ion of th e PPT,

AGA, FV, LDLR, OAT, an d GCSP gen es was carried out at a

dNTP con cen tration of 0.7 m M, usin g 10 un its of Dyn azym e II

DNA polym erase, 150 n g of tem plate DNA, 35 pm oles of th e

PPT an d LDLR prim ers; 110 pm oles of th e AGA, FV, an d OAT

prim ers, an d 60 pm oles of GCSP prim ers in 100 µ l of 2.2 m M

MgCl2, 20 m M Tris-HCl (pH 8.8), 15 m M (NH4)2SO4, 0.1%

Tween 20, an d 0.01% gelatin . Th e PCRs were perform ed in a

Program m able Th erm al Con troller (MJ Research , Watertown ,

MA). Th e cyclin g param eters for th e duplex am plification s

were 35 cycles of 1 m in at 95°C, 1 m in at 56°C, an d 1 m in at

72°C. Th e param eters for th e m ultip lex am plification s were

th e sam e, except th at th e exten sion step at 72°C was 3 m in .

All PCRs were in it iated by a h ot start by addin g th e DNA

polym erase at 85°C.

Preparation of Single-Stranded DNA

Th e duplex or m ultip lex PCR products were captured on 1 m g

of avidin -coated polystyren e particles (Idexx Research Prod-

ucts, Westbrook, ME) in 100 µ l of TENT buffer (40 m M Tris-

HCl at pH 7.5, 1 m M EDTA, 50 m M NaCl, 0.1% Tween 20) at

22°C for 30 m in . Th e particles were collected by cen trifigu tion

for 2 m in at 6000g, wash ed on ce with 200 µ l of TENT buffer,

collected again , suspen ded in 25 µ l of TE buffer (10 m M Tris-

HCl, 0.1 m M EDTA at pH 8.0), boiled for 2 m in , an d th e

supern atan t con tain in g th e sin gle-st ran ded DNA (ssDNA)

tem plate was collected.

Preparation of RNA

For th e m in isequen cin g experim en ts with RNA as tem plate,

16µ l of th e duplex or m ultip lex PCR products was used per

tran scrip tion reaction . Th e reaction s were carried out at a NTP

con cen tration of 0.5 m M, usin g 20 un its of T7 RNA polym er-

ase (Ph arm acia Biotech , Uppsala, Sweden ) an d 25 un its of

RNasin en zym e (Prom ega, Madison , WI) in 25 µ l of tran scrip-

t ion buffer (20 m M Tris-HCl at pH 8.0, 6 m M MgCl2, 2 m M

sperm idin e, 10 m M NaCl, 5 m M dith iotreitol). For th e ASO

h ybridization experim en ts, 7.5 µ l of th e duplex PCR products

was used per RNA tran scrip tion reaction con tain in g 0.5 m M of

ATP, CTP an d GTP, 25 µ M of UTP, 25 µ Ci of [32P]UTP (>1000

Ci/m m ole, Am ersh am ), 20 un its of T7 RNA polym erase, an d

20 un its of RNasin in 20 µ l of tran scrip tion buffer. Th e reac-

t ion s were allowed to proceed at 37°C for 60 m in .

Minisequencing Reactions

For an n ealin g of th e ssDNA or RNA to th e oligon ucleotide

Figure 3 Multiplex detection of nine mutations in samples from heterozygous and homozygous individuals. (a)
The signal intensit ies given for the correctly incorporated nucleotide (lightly shaded bars) at each site are the mean
values obtained in 12 samples. The misincorporation signals (dark bars) are the mean value observed in the
minisequencing reactions detecting the three other nucleotides at each site in the same 12 samples. (b) The ratio
between the signal obtained in the minisequencing reaction corresponding to the normal nucleotide and the signal
in the reaction for the mutant nucleotide are plotted on a logarithmic scale for each mutation site. The mutant and
normal nucleotides at each position are indicated below. The lightly shaded bars correspond to homozygous normal
genotypes. The intermediately shaded bars are heterozygous genotypes, and the dark bars are from individuals
homozygous for the mutant allele.
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arrays, 5.3 µ l of th e tem plate was added in a fin al volum e of

6.5 µ l of 0.2 M NaCl an d 0.1% Triton X-100 in TE buffer to

each well of th e slide, an d th e reaction was allowed to proceed

un der a coverslip at 30°C for 15 m in . Th e slides were th en

rin sed with th e an n ealin g buffer an d preh eated to 60°C. Eigh t

m icroliters of th e m in isequen cin g reaction m ixture con tain -

in g 0.2 pm ole (0.3 µ Ci) of th e appropriate [33P]ddNTP (1500

Ci/m m ole, AH9530-3, Am ersh am ), 0.2 pm ole of each of th e

correspon din g th ree oth er un labeled ddNTPs, 0.6 un its of Dy-

NASeq DNA polym erase (Fin n zym es) in its buffer (26 m M Tris-

HCl at pH 9.5, 6.5 m M MgCl2, 1.8% Triton X-100) preh eated

to 60°C was added to th e wells carryin g th e an n ealed tem -

plates. Th e reaction s were stopped after 45 sec by wash in g th e

slides vigorously in dist illed water. Th e followin g en zym es

were com pared in m in isequen cin g reaction s with RNA as a

tem plate: AMV reverse tran scrip tase (Prom ega), RetroTh erm

RT (Epicen tre Tech n ologies, Madison , WI), Tth DNA polym er-

ase (Boeh rin ger Man n h eim , Germ an y). Th e Tth DNA poly-

m erase h as reverse tran scrip tase activity in th e presen ce of

Mn Cl2, an d it was used with th e RNA tem plate at th e con di-

t ion s recom m en ded by th e m an ufacturer. With DNA as tem -

plate, T7 DNA polym erase (Ph arm acia Biotech ), Th erm oSe-

quen ase DNA polym erase (Am ersh am ), TaqEXPRESS (GEN-

PAK, Br igh t o n , UK), a n d D yN ASeq D N A p o lym era se

(Fin n zym es) were com pared. In th e reaction s, 0.2 pm ole of

ddNTPs an d 0.6 un it of en zym e at th e buffer con dit ion s rec-

om m en ded by th e supplier were used. Th e reaction tem pera-

ture for th e AMV reverse tran scrip tase an d T7 DNA polym er-

ase was 50°C, an d for th e oth er (th erm ostable) en zym es it was

60°C.

ASO Hybridization Reactions

Th e h ybridization of 6.5 µ l of th e labeled ssDNA or RNA tem -

plates to th e arrays carryin g th e allele-specific probes was per-

form ed in a fin al volum e of 8 µ l, in 0.75 M NaCl, 75 m M

sodium ph osph ate (pH 7.5), 1.25 m M EDTA (52 SPE), an d

0.1% Triton X-100 at 22°C for 30 m in . Th e slides were wash ed

in 52 SPE at 22°C for 10 m in an d exposed to an im agin g plate

an d scan n ed. After scan n in g, th e slides were rewash ed in 12

SPE at 22°C for 10 m in , followed by exposure an d scan n in g.

Th e ASO slides with RNA tem plates were wash ed on ce m ore

with 0.22 SPE at 22°C for 10 m in , exposed, an d scan n ed.

Measurement of the Signals

Th e m in isequen cin g an d ASO slides were exposed to an im -

agin g plate (BAS-MP 2040 S, Fuji, Kan agawa, Japan ) for 30

m in , an d th e p late was scan n ed in a Fu ji BAS 1500 Bio-

im agin g An alyzer. Th e sign als were m easured usin g a Tin a

2.09 software package (Raytest , Strauben h ardt, Germ an y) on a

m icrocom puter by outlin in g each spot (area 2.5 m m 2), deter-

m in in g th e sign al per square m illim eter an d reducin g th e av-

erage backroun d sign al per square m illim eter of th e area of

th e slide with out oligon ucleotides.

ACKNOWLEDGMENTS

We th an k Drs Pert t i Au la, Kim m o Kon tu la, Jaakko Leist i,

Pirkko San tavuori, an d Olli Sim ell for kin dly providin g th e

patien t sam ples an d Drs. Han s Söderlun d an d Lasse Lön n qvist
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