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The ability to analyze multiple polymorphic/ mutation sites rapidly and accurately is pivotal in all areas of

genetic analysis. We have applied single nucleotide primer extension (SNE) for detection of multiple point

mutations in a micro-array format using two-color, fluorescent dye-tagged dideoxynucleoside triphosphate

terminators (ddNTPs). The oligonucleotide primer ending one nucleotide short of the mutation site being

probed is bound to the slide and single-base extended in place with two different Cy5/ Cy3 dye-tagged

terminators using solution-phase, locus-specific, single-stranded complementary templates generated by

PCR from genomic DNA. The composite fluorescence produced contains peaks of distinct wave lengths

corresponding to each Cy dye-tagged terminator incorporated, resulting in a fluorescent ‘fingerprint’ for

each DNA target. DNA polymerase-catalyzed incorporation of Cy dye-tagged dideoxynucleoside

triphosphates was dependent on the particular dyes, the specific ddNTP, the DNA target concentration,

sequence of the template, on-slide temperature cycling and washing conditions. Results from analysis of

mutations in the human hemochromatosis and connexin 26 genes show that this approach has several

advantages over existing methods and is simple, rapid, robust, cost effective and accurate with potential

applications in many areas of genetic analysis. European Journal of Human Genetics (2000) 8, 884–894.
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Introduction
A variety of m olecular alteration s h ave been  im plicated in

leadin g to th e developm en t of h um an  gen etic d iseases an d

m align an cies. Developm en t of rapid , robust , parallel, h igh -

th rough put, cost-effective approach es to m utation  detection

are crit ical to gen eration  of a th orough  m olecular d iagn osis

of life-th reaten in g diseases.
1

In  addit ion , realization  of such

developm en ts will facilitate early diagn osis an d evaluation  of

treatm en t strategies.

A n um ber of approach es h as been  used for m utation

detection .
2

Sin gle-n ucleotide prim er exten sion  (SNE) h as

been  used for detection  of poin t  m utation s.
3

Th e assay is

tem plate-depen den t an d in volves prim er exten sion  by a

radioactive- or dye-labeled dideoxyn ucleotide term in ator

(ddNTP) with  th e tag of th e in corporated base revealin g th e

iden tity of th e tem plate com plem en tary n ucleotide im m e-

diately 3' to th e prim er. Solu tion -ph ase exten sion s followed

by electroph oresis on  gels as well as m icrotiter p late-based

assays h ave been  described.
4–11

A solu tion -ph ase fluorogen ic

PCR 5'-n uclease or TaqMan ™ assay was recen tly reported

usin g seven  differen t dyes for detection  of sin gle-n ucleotide

polym orph ism s (SNPs) in  six PCR products.
12

In  addit ion , a

variety of oth er solu tion -ph ase m utation  detection  sch em es
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h ave been  described wh ich  depen d on  fluorescen t dyes,

en ergy tran sfer an d/or fluorescen ce quen ch in g.
13–17

Ch ip-based exten sion  im proves on  solu tion -ph ase m eth -

ods sin ce prim ers can  be im m obilized in  advan ce on  glass.

Recen tly, a radioactive m eth od for m ultip lex detection  of

m utation s was described in  wh ich  solid-ph ase SNE was

applied to an  oligon ucleotide array form at.
18–20

In  a com par-

ison  with  h ybridization  an d im m obilized allele-specific

probes (ASO), th e power of d iscrim in ation  between  h om o-

zygotes an d h eterozygotes was on e order of m agn itude

h igh er usin g th e SNE m eth od. Use of ASO requires at  least

wild-type an d m utan t probes
21,22

with  an n ealin g an d wash -

in g steps requirin g exten sive em pirical test in g to defin e

con dit ion s for selective rem oval of a sin gle-base m ism atch ed

target . Such  requirem en ts are n ot optim al for production  of

parallel arrays th at  sim ultan eously detect  m ultip le kn own

poin t  m utation s in  d ifferen t gen es. Furth erm ore, curren t

ch ip-based ASO m eth ods u tilize four probes for each  SNP call

an d em ploy ph otolith ograph y to gen erate th e ch ips
23

wh ich

are n ot readily am en able to custom ization  in  a research  or a

clin ical laboratory sett in g. Com puter algorith m s are also

required to m ake defin it ive calls.

Disadvan tages of curren t ch ip-based SNE approach es

in clude use of radioisotopes or an tibody con jugan ts for

detection , an d/or requirem en ts for gen eration  an d/or purifi-

cation  of sin gle-stran ded target  com plem en ts. In  th is report ,

we describe developm en t of an  easy, im plem en table, array-

based assay em ployin g sin gle an d two-color fluorescen ce-

based detection  wh ich  h as advan tages over exist in g SNE

strategies.

M ethods
Leukocyte DNA from  n orm al con trols an d patien ts h arborin g

sin gle-base m utation s in  th e h em och rom atosis (HFE)
24,25

an d

con n exin 26 (CX26)
26,27

gen es was obtain ed, an d all gen o-

types were con firm ed by au tom ated DNA sequen ce

an alysis.

Oligon ucleotides

Two sets of oligon ucleotides (Table 1, sets A an d B) were

syn th esized usin g stan dard ph osph oram idite ch em istry an d

purified by HPLC. Oligon ucleotides to be at tach ed to th e

glass surface (prim er probes) were syn th esized with  a

5'-am in o group followed by a polyeth ylen e glycol (PEG)

spacer as described previously.
18–20

To con form  to th e evolv-

in g n om en clature for surface h ybridization , we refer to such

m olecules as probes.

Table 1 Reagents for array-bound SNE

PCR Primers PCR product Array-bound SNE primer probes

Locus (F=forward; R=reverse) length (bp) (S=sense strand; AS=antisense strand)

H63D HLD-H - Set A F: ACA TGG TTA AGG CCT GTT GC 208 S: XXX-CAG CTG TTC GTG TTC TAT GAT
R: GCC ACA TCT GGC TTG AAA TT AS: XXX-GGC TCC ACA CGG CGA CTC TCA T

C282Y HLA-H - Set A F: TGG CAA GGG TAA ACA GAT CC 389 S: XXX-GGG GAA GAG CAG AGA TAT ACG T
R: CTC AGG CAC TCC TCT CAA CC AS: XXX-CAG GCC TGG GTG CTC CAC CTG G

H63D HLA-H Set B F: CAG CTG TTC GTG TTC TAT GAT 48 S: as above
R: TCG GGG CTC CAC ACG GCG ACT AS: as above

C282Y HLA-H - Set B F: GGG GAA GAG CAG AGA TAT ACG T 54 S: as above
R: GGG CTG ATC CAG GCC TGG GTG AS: as above

CX26 - SET A F: GCATTCGTCTTTTCCAGAGC 850
R: GGCCTACAGGGGTTTCAAAT

35delG CX26 S: XXX-ACG CTG CAG ACG ATC CTG GGG G
AS: XXX-GTG GAG TGT TTG TTC ACA CCC CC

167delT CX26 S: XXX-AGG CCG ACT TTG TCT GCA ACA CCC
AS: XXX-CAC ACG TTC TTG CAG CCT GGC TGC

35delG CX26 - Set B F: ACG CTG CAG ACG ATC CTG GGG G 46 S: as above
R: GTG GAG TGT TTG TTC ACA CCC CC AS: as above

167delT CX26 - Set B F: AGG CCG ACT TTG TCT GCA ACA CCC 49 S: as above
R: CAC ACG TTC TTG CAG CCT GGC TGC AS: as above

Expected extension SNE oligo targets Array-bound SNE control probe: target
(Probe)

G SNE-C: AGC CGA CTG AGA TA 5’-XXX-AGA GAG ACT GAC TAT CTC AGT C-3’
A SNE-T: ACG TGA CTG AGA TA ||| ||| ||| |
C SNE-G: ACG GGA CTG AGA TA (target) 3’-ATA GAG TCA G CGCA-5’
T SNE-A: ACG AGA CTG AGA TA T

A, G, C, T SNE-N: ACG NGA CTG AGA TA* G
A
N

XXX=Aminolinker; *Can be used with any ddNTP extension since a mixture of all four nucleotides (N) was used during synthesis at this site.
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SNE con trol

Five oligon ucleotide targets (14 m ers) (Table 1) each  com -

plem en tary to 10 n t at  th e 3' en d of a boun d SNE oligon ucleo-

tide con trol prim er probe (22 m er) were used as a posit ive

target  con trol for successfu l exten sion s on  th e arrays. Th e five

targets con tain ed eith er A, C, G, T or all four n ucleotides

located on e n ucleotide beyon d th e 3' n ucleotide of th e

boun d probe, th ereby facilitat in g array-boun d probe SNE

with  ddTTP, ddGTP, ddCTP, ddATP or all four ddNTPs,

respectively. For exam ple, sequen ce of th e target  oligon ucleo-

tide in  solu tion  con tain ed A at  th is site to m on itor for array-

boun d ddTTP exten sion s. Targets also con tain ed a 3 n t

overh an g beyon d th e site of th e boun d prim er target/d irected

sin gle n ucleotide exten sion . Target  SNE con trols (12 n g) are

m ixed with  PCR products from  gen om ic DNA prior to SNE to

assess probe attach m en ts as well as exten sion s with  each

particu lar term in ator.

Prepara t ion of slides Glass slides were clean ed essen tially

as described (h ttp :/ / cm gm .stan ford.edu/pbrown /protocols

.h tm l).

1,4-phenylene d iisot hiocyanat e (PDC) m odifica t ion and

deposit ion of oligonucleot ide probes on slides PDC m od-

ification  was as described previously.
28

Poly-l-lysin e slides

were m odified by treatm en t with  0.2% (w/v) PDC (Sigm a, St

Louis, MO, USA) in  10% (v/v) pyridin e/dim eth ylform am ide

(Fish er, Pit tsburgh , PA, USA) for 2 h  at  room  tem perature an d

th en  wash ed with  HPLC-grade m eth an ol an d aceton e. After

dryin g at  110°C for 5 m in , th e PDC support  was ready for

attach m en t. Th e am in o-m odified oligon ucleotides at

100 pm ol/µl were m ixed 1:1 with  Micro-Spott in g solu tion

(TeleCh em  In tern ation al In c, Sun n yvale, CA, USA) an d

arrayed m an ually or robotically with  our in -h ouse con -

structed arrayer
29

on  to th e glass supports. Rem ain in g

reactive groups on  slides were blocked by in cubation  in  1 M

Tris-HCl (pH 7.5) for 1 h , rin sed in  1 M NaCl an d th en  wash ed

th ree t im es in  ddH2O, twice at  room  tem perature, followed

by a fin al wash  at  55°C for 15 m in . Slides were dried  by

cen trifugation  at  500 rpm  for 2 m in  in  a table-top  cen trifuge

(Sorval, Newtown , CT, USA, m odel RT 6000B) usin g a m icro-

t iter cen trifuge p late h older.

Gen eration  of PCR products (targets) an d array-boun d

sin gle co lor prim er ex ten sion s

Prim ers were in it ially p icked th at  gen erated PCR products of

th e followin g len gth s: 208 bp for detection  of H63D an d

389 bp for detection  of C282Y in  th e HFE gen e; an d 850 bp

for th e en tire CX 26 gen e wh ich  can  be used as target  tem plate

for detection  of both  35delG an d 167delT m utation s in  th at

gen e. PCR was perform ed in  50 µl con tain in g 50 m M KCl,

10 m M Tris-HCl (pH 8.3), 1.5 m M MgCl2, 200 µM each  of dATP,

dCTP an d dGTP, 80 µM dTTP, 20 µM dUTP, 100 n g gen om ic

DNA, 100 n g each  prim er, 1.44 Un its Am pliTaq DNA poly-

m erase (Perkin  Elm er, Applied Biosystem s, Foster City, CA,

USA) an d 1.44 un its of TaqStart  an tibody (Clon tech , Palo

Alto, CA, USA). PCR for th e two m utation s in  th e HFE gen e

was m ultip lexed with  th e four prim ers for H63D an d C282Y,

wh ile PCR of th e CX 26 gen e was don e separately. Followin g

PCR am plification , products were treated with  a m ixture of

0.02 U/µl sh rim p alkalin e ph osph atase (SAP) (Am ersh am –

Ph arm acia Biotech , Arlin gton  Heigh ts, IL, USA), 0.4 U/µl E.

coli exon uclease I (Exo I) (Epicen ter In c, Madison , WI, USA),

an d 0.02 U/µl u racylglycosylase (UDG) (Am ersh am –Ph arm a-

cia Biotech ) for 60 m in  at  37°C an d th en  h eat  in activated at

95°C for 10 m in . Th is treatm en t degrades dNTPs to n ucleo-

sides, d igests un in corporated prim ers an d cleaves th e PCR

products at  dU-con tain in g sites.
30

Fragm en tation  can  also be

accom plish ed by DNase I treatm en t (1 U for 15 m in  at  room

tem perature an d th en  h eat  in activated at  65°C for 15 m in ) of

PCR product gen erated in  th e absen ce of dUTP usin g 200 µM

dTTP. Fragm en ted DNA (100 n g) was th en  m ixed with

Th erm oSequen ase buffer (Am ersh am –Ph arm acia Biotech )

an d 25 n g of SNE con trol oligon ucleotide (Table 1) in  a 40 µl

reaction , h eated to 95°C for 10 m in , cen trifuged, cooled on

ice an d p ipetted  on  to th e array. Th e solu tion  was in cubated

for 5 m in  at  room  tem perature to facilitate probe/ target

an n ealin g, an d th en  10 µl of a m ixture con tain in g 1 µl of

40 µM n on -com petit ive ddNTPs, 1 µl of 40 µM Cy5 ddNTP,

6.4 un its Th erm oSequen ase (Am ersh am –Ph arm acia Biotech ),

in  1X Th erm oSequen ase buffer was added to th e array. Th e

array was fitted  with  a cover slip  an d in cubated for 20 m in  at

48°C. After in cubation  th e array was wash ed in  55°C ddH2O

for 5 m in , dried  an d th en  scan n ed.

Tw o-color array-boun d prim er ex ten sion s

More recen tly, we h ave gen erated m uch  sh orter PCR products

by ch oosin g prim er pairs im m ediately flan kin g th e m utation

site bein g in terrogated (Table 1, set  B). Th is resu lts in  m uch

sm aller PCR products (45–50 bp) an d elim in ates th e n eed for

dU-m ediated cleavage step  with  UDG. PCR was perform ed in

a 50 µl reaction  con tain in g 50 m M KCl, 10 m M Tris-HCl

(pH 8.3), 2.0 m M MgCl2, 200 µM each  dNTP, 100 n g DNA,

100 n g each  prim er, 1.44 un its Am pliTaq DNA polym erase

an d 1.44 un its of TaqStart  an tibody. PCR for m on itorin g th e

two m utation s in  th e HFE gen e was m ultip lexed usin g four

prim ers flan kin g th e H63D an d C282Y m utation s. PCRs for

CX-26 m utation s were don e separately because of proxim ity

of th e two m utation s wh ich , if m ultip lexed, could  resu lt  in

gen eration  of a lon ger PCR product by usin g on e forward an d

on e reverse prim er from  th e two sites bein g probed for th e

m utation s. Con dit ion s for PCR for HFE an d CX26 m utation s

were 95°C for 5 m in  followed by 10 cycles at  94°C for 15 s,

70°C for 5 s decreasin g th e tem perature 1°C per cycle to 60°C,

th en  72°C for 10 s followed by 22 cycles at  94°C for 15 s, 60°C

for 5 s an d 72°C for 10 s. Th is protocol elim in ates form ation

of prim er dim ers th at  can  co-m igrate with  th e desired PCR

products m akin g quan titat ion  difficult . Prim er dim er form a-

tion  was m on itored by run n in g a PCR reaction  in  th e absen ce

of gen om ic DNA. Th e PCR reaction  was treated with  a
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m ixture of SAP an d ExoI for 60 m in  at  37°C an d h eat

in activated at  95°C for 10 m in .

Two-color SNE experim en ts usin g th e sm aller PCR prod-

ucts were perform ed as follows: 30 n g of PCR product was

m ixed with  Th erm oSequen ase buffer, 12 n g of SNE con trol

oligon ucleotide, 1 µl of 40 µM n on -com petit ive ddNTP, 1 µl of

40 µM Cy5 ddNTP, 4 µl of 40 µM Cy3 ddNTP for ddG an d

ddTTP or a fin al con cen tration  of 7.5 µM ddCTP or 16 µM

ddATP, 1 µl of 10 µg/µl BSA, 25 µl 2 3 Self-Seal Reagen t (MJ

Research , In c., Walth am , MA, USA) an d 32 un its Th erm oSe-

quen ase in  a 50 µl reaction . Th e reaction  m ixture was

pipetted  on  to th e array an d covered with  a cover slip . Th e

array was th en  p laced on  to th e h eatin g block of a Perkin -

Elm er 9600 Th erm ocycler an d SNE perform ed usin g a PCR

cyclin g protocol. On -slide tem perature cyclin g was don e as

follows: 96°C for 15 s, 50°C for 10 s, an d 72°C for 20 m in  for

four cycles, after wh ich  th e slide was p laced in  a slide h older

in  a 62°C ddH2O bath  for 5 m in . Slides were dried  an d th en

scan n ed.

Scan Array 3000 protocols an d settin gs

A Scan Array 3000 (GSI Lum on ics In c, Watertown , MA, USA)

was used to m on itor Cy5 as well as Cy3 fluorescen ce usin g a

laser power sett in g of 100% an d PMT value of 100%.

Exten sion  sign als for Cy5-tagged term in ator are som etim es

off-scale on  th e scan n er n ecessitat in g a decreased sett in g for

th e laser from  100 to 75% in  order to obtain  data wh ich  is on

th e lin ear portion  of scan n er respon se (0–65000 gray scale

un its, lin earity of scan n er respon se for Cy 5-term in ator is

between  approxim ately 5–5000 attom oles deposited  in  spot

area of about 1 3 10
6 µ2

). Cy3 exten sion s were 2- to 3-fold

less th an  Cy5 usin g about 1 µM term in ator fin al con cen tra-

t ion s. Scan s of a d ilu tion  series of th e 2 dye-tagged term i-

n ators at  100% sett in gs for laser an d ph otom ultip lier as a

fun ction  of at tom oles of each  dye deposited  sh ows about a

2.7-fold  h igh er readin g for th e sam e am oun t of term in ator

wh en  com parin g Cy5 to Cy3 (data n ot sh own ). Th is is

con sisten t  with  a h igh er m olar extin ction  coefficien t an d/or

quan tum  yield  for Cy5 com pared with  Cy3. In  fact , th e rat io

of m olar extin ction  coefficien ts for Cy5/Cy3-boun d protein

con jugates is 250 000/150 000 or 1.67, an d th e rat io of

quan tum  yields is 0.28/0.15 or 1.87.
31

Th e product of th ese

two ratios is 3.13 wh ich  approxim ates observed differen ces in

Cy5/Cy3 fluorescen ce wh en  spott in g equim olar am oun ts of

th e two dyes on  arrays.

Source of dye-labeled  d ideoxynucleot ides Nucleotides lab-

eled with  Cy3 an d Cy5 dyes (Am ersh am –Ph arm acia Biotech )

were prepared usin g C5 (pyrim idin e) or C7 (purin e) m odified

n ucleotides.
32

Results
Multiplex , sin gle-co lor SNE

Th e basic strategy for array-boun d SNE is sh own  in  Figure 1.

Expected array-boun d exten sion s ( + ) with  each  of th e four

ddNTPs are seen  on  array-boun d sen se an d an tisen se oligop-

robes for th e 16 possible 2-allele com bin ation s (Figure 2,

pan el A). We first  explored m ultip lexin g so th at  sim ultan eous

PCR an d SNE usin g Cy5-tagged term in ators could  be im ple-

m en ted for detection  of two differen t m utation s on  th e sam e

array. Expected ddNTP exten sion s for all n in e possible

gen otypes at  th e two loci in  th e HFE gen e usin g array-boun d

sen se an d an tisen se prim ers are sh own  in  Figure 2, pan el B.

Multip lex PCR of h um an  gen om ic DNA to screen  for th e two

ch an ges causin g h em och rom atosis (HFE)
24,25

is sh own  in

Figure 2, pan el C. PCR reaction s con tain ed two separate

prim er pairs (total of four in  on e reaction ) wh ich  resu lted  in

sim ultan eous PCR of th e two differen t HFE region s. Th e PCR

products were th en  in terrogated for th e two m utation s

(H63D an d C282Y) each  of wh ich  resu lts in  an  am in o acid

ch an ge. Th e array con tain ed H63D an d C282Y sen se an d

an tisen se boun d prim ers as well as an  SNE-boun d con trol

oligon ucleotide prim er. Th e SNE con trol ligh ts up  on  all

arrays sin ce it  represen ts an  oligoprim er th at  can  be exten ded

by all four dye-tagged ddNTPs wh en  an n ealed to its target

com plem en t oligon ucleotide added to th e PCR target  solu-

t ion  just  prior to SNE. Expected exten sion s (black circles) are

sh own  in  diagram  form  on  th e left  in  pan el C. Exten sion  on

th e array was don e with  Cy5-ddGTP providin g a posit ive

sign al for H63D an tisen se an d C282Y sen se rows on  th e array.

Gen otype of th e patien t , determ in ed by DNA sequen ce

an alysis was h om ozygous n orm al at  th e H63D (C on  th e

sen se stran d) an d h eterozygous at  th e C282Y loci (G an d A on

th e sen se stran d). Average florescen ce in ten sit ies of th e row

of four spots for each  prim er are in  paren th eses. Th ese resu lts

sh ow robust  sign als usin g Cy5-ddGTP exten sion  for both

H63D (n orm al/n orm al) as well as for C282Y (n orm al/

m utan t), con sisten t  with  presen ce of a n orm al allele at  both

loci. Sin ce both  sen se an d an tisen se SNE prim ers are array

boun d, h eterozygote detection  usin g th e sam e dye for all four

ddNTPs requires a secon d separate array exten sion  with  on e

of th e th ree rem ain in g ddNTPs.

We n ext typed five differen t gen om ic DNA sam ples for th e

sam e two m utation s an d com pared th ose resu lts with  th at

expected from  DNA an alysis. Expected an d observed resu lts

are sh own  in  Table 2 for Cy5-ddGTP array-boun d exten sion s

from  five differen t in dividuals (eg sam ples 001 to 005).

Multip lex PCRs were don e with  two sets of prim er pairs in

five separate reaction s, on e of each  of th e two loci in  th e five

in dividuals, an d PCR products were in cubated on  five

separate arrays to sim ultan eously assess th ese HFE gen otypes.

Averages for th e scan n in g of th e four quadruplicate spots

represen tin g sen se an d an tisen se prim er registers at  th e H63D

an d C282Y loci are sh own  with  resu lts at  each  of th e four

spots. An  SNE con trol is also in cluded in  quadruplicate on

each  array th at  exten ded with  an y dye-tagged term in ator.

Com parison  of sign als at  th e sen se an d an tisen se registers for

th e two HFE sites sh ows correct  exten sion s for all five

in dividuals ch aracterized by a 5–10-fold  sign al to n oise rat io

(eg posit ive/n egative average sign als at  sen se an d an tisen se
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registers) for in dividuals with  N/N gen otypes at  eith er

locus.

Tw o-color SNE

Two-color m ultip lex exten sion s with  Cy5-ddCTP an d

Cy3-ddTTP are sh own  in  Figure 3. In  th is experim en t we

sim ultan eously probed on  th e sam e array for two com m on

sin gle-n ucleotide deletion s in  th e con n exin 26 (CX26)

gen e
26,27

usin g a m ixture of Cy5-ddCTP an d Cy3-ddTTP.

Again , sign als are seen  for both  dyes at  th e proper array

registers. Sign als for Cy3 exten sion s were 2- to 3-fold  lower

th an  Cy5.

Tw o-color SNE using short  PCR product s, increased

Cy3-ddNTPs concent ra t ion, and  on-slide t em pera t ure

cycling We n ext design ed prim ers to gen erate m uch  sm aller

PCR products (40–60 bp) in  order to elim in ate requirem en ts

for fragm en tation  of PCR fragm en ts prior to array-boun d

SNE. In  addit ion , con cen tration  of th e Cy3 ddNTPs was

in creased in to an  effort  to m axim ize SNE with  th ese term i-

n ators. Fin ally, an  on -slide tem perature cyclin g approach  was

also em ployed in  an  effort  to furth er in crease array-boun d

exten sion s for both  Cy5 an d Cy3 ddNTPs. Robust  sign als are

n ow eviden t for both  Cy5 an d Cy3 exten sion s with out th e

n eed for PCR fragm en tation  (Figure 4). In  th is experim en t th e

ratio of con cen tration s for Cy3/Cy5 term in ators was about

20/1 (16 µM com pared with  0.75 µM). On -slide tem perature

cyclin g also appears to in crease exten sion s for both  dye-

tagged term in ators.

Figure 1 Strategy for array-bound SNE. Sense and antisense oligonucleotide probes containing 5' spacer and aminogroup are
attached to amino-silanized polylysine-PDC treated glass slide following manual or robotic deposition (A and B). PCR targets are
generated from genomic DNA and treated with Exo I and SAP (C). (Longer PCR products are synthesized in the presence of dUTP
and subsequently cleaved with UDG). PCR targets are then placed on a slide containing the bound oligoprobes and SNE performed
(D). After annealing of the complementary PCR target strand to the bound oligoprobes (E), a single dye terminator extension occurs
(F) which is then monitored by scanning (G) giving rise to a specific pattern of fluorescence (H).
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Expected two-color SNE exten sion s based on  DNA

sequen ce an alysis were observed for th e two loci in terrogated

allowin g un am biguous typin g of N/M at  C282Y an d N/N at

H63D. For exam ple, at  th e C282Y locus, exten sion  occurred

with  Cy3-ddATP on  th e sen se stran d boun d prim er in dicat-

in g presen ce of a m utan t allele (G to A on  th e sen se stran d).

In  addit ion , exten sion  occurred with  Cy5-ddCTP on  th e

an tisen se boun d prim er also in dicatin g presen ce of a n orm al

allele (G on  th e sen se stran d). Hen ce, typin g at  th is locus

sh ows h eterozygosity for both  n orm al an d m utan t alleles.

Results for th e H63D locus sh ow presen ce of two n orm al

alleles sin ce exten sion  occurred with  Cy5-ddCTP on  th e

sen se stran d in dicatin g presen ce of on e or two n orm al alleles

(C on  sen se stran d). Hom ozygosity for th e n orm al allele is

in ferred sin ce n o exten sion  with  Cy5-ddCTP is detected on

th e an tisen se stran d boun d prim er. Presen ce of th e m utan t

allele (C to G on  th e sen se stran d) would h ave resu lted  in

exten sion  with  ddCTP on  th e an tisen se boun d prim er. No

exten sion s at  th e H63D locus were expected usin g

Cy3-ddATP an d n on e were observed.

On -slide tem perature cyclin g in creased both  Cy5 an d Cy3

exten sion s com parin g on e again st  th ree cycles. In  th ese

Figure 2 Detection of hemochromatosis mutations using single color SNE. Expected ddNTP extensions ( + ) on array-bound sense
and antisense oligoprobes for each of the 16 possible nucleotide combinations for two alleles are shown in panel A. Expected
extensions on sense (S) and antisense (AS) bound probes for nine possible genotypes in the HFE gene at the C282Y and H63D sites is
shown in panel B. Arrays containing bound sense and antisense primers (Table 1) were extended as described in Methods with
Cy5-ddGTP using two UDG-fragmented PCR products which encompass the sites of two mutations in the HFE gene (H63D and
C282Y) (panel C). The two PCR reactions were multiplexed in the same tube and incubated on the same array. Expected extensions
are indicated (dark circles in panel C) with experimental values shown for fluorescence (FU) representing the average of the four
spots in each row shown in color on array scan.
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Table 2 PCR detection of HFE mutations in five individuals using single color SNE (Cy5-ddGTP extension)

Expected signal Fluorescence units/ spot Average Genotype Pos/ neg ratio

Sample 001
SNE CTR AS s s s s s 3751 3494 3631 4407 3820

N/N 7.6
SNE CTR AS d d d d d 27033 30476 27253 31436 29049
SNE CTR AS d d d d d 24769 24889 22439 19122 22804

N/N 12.33
SNE CTR AS s s s s s 1647 1845 2249 1654 1848

SNE CTR AS d d d d d 9222 9690 6019 4342 7318

{H63D

{C282Y

Sample 002
SNE CTR AS d d d d d 16467 13488 11969 12426 13587

M/N 1.06
SNE CTR AS d d d d d 15776 13649 14766 15072 14815
SNE CTR AS d d d d d 24769 18763 18387 14949 17366

N/N 5.5
SNE CTR AS s s s s s 1647 3000 3393 3138 3177

SNE CTR AS d d d d d 36921 35505 36682 35687 36198

{H63D

{C282Y

Sample 003
SNE CTR AS s s s s s 3751 4148 5526 5132 4935

N/N 8.19
SNE CTR AS d d d d d 42661 44600 40572 34031 40466
SNE CTR AS d d d d d 27040 24823 20519 21992 23593

M/N 7.16
SNE CTR AS s s s s s 1647 3312 3503 3068 3294

SNE CTR AS d d d d d 29189 35627 19891 16362 25267

{H63D

{C282Y

Sample 004
SNE CTR AS d d d d d 26708 22105 21716 17513 22010

M/N 1.04
SNE CTR AS d d d d d 22051 27415 23678 18655 22949
SNE CTR AS d d d d d 21847 20953 22418 23043 22065

M/N 8.2
SNE CTR AS s s s s s 2539 2600 2943 2681 2690

SNE CTR AS d d d d d 25258 27587 31714 21267 26456

{H63D

{C282Y

Sample 005
SNE CTR AS s s s s s 4827 4616 5375 4815 4908

N/N 5.08
SNE CTR AS d d d d d 27599 26525 24890 20857 24967
SNE CTR AS s s s s s 4396 4637 4302 4178 4378

M/M 1.72
SNE CTR AS s s s s s 2608 2382 2708 2379 2519

SNE CTR AS d d d d d 11387 13236 12446 17929 13749

{H63D

{C282Y

Figure 3 Detection of connexin 26 mutations using 2-color SNE. Processed images of scans are shown for Cy5 (left panel), Cy3
(center panel) and overlay of both Cy5 and Cy3 (right panel) SNE extensions on the same array. Note SNE controls (top row and
three spots in left column of each panel in Cy5 and Cy3 scans) extend with both dyes generating a yellow to orange color in the
overlay. Schematic diagram at top illustrates expected results for the overlay. Table on right shows averages for Cy5 and Cy3
extensions for each row; * indicates expected extensions.
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experim en ts, arrays were don e in  parallel on  th e sam e day

usin g Cy5 an d Cy3 exten sion s on  th e sam e array. Th e SNE FU

con trols for Cy5 exten sion s were alm ost iden tical for on e

(56659) an d th ree (57131) cycles, wh ilst  values for Cy5

exten sion s at  on e again st  th ree cycles in creased from  42257

to 52234 for on e locus (H63D) an d from  16161 to 43689 for

th e secon d locus (C282Y). Values for Cy3 exten sion s at

C282Y were 6247 an d 22555 with  SNE FU con trols for Cy3

exten sion s of 25383 an d 40856 at  on e again st  th ree cycles,

respectively.

Discussion
Our strategy for two-color array-based detection  of m utation s

by sin gle-n ucleotide prim er exten sion  offers n um erous

advan tages over exist in g strategies:

Figure 4 Detection of hemochromatosis mutations using 2-color SNE and on-slide temperature cycling. Arrays containing bound
sense and antisense primers were extended as described in Methods with Cy5-ddCTP (0.75 µM ) and Cy3-ddATP (16 µM ) using small
PCR products (40–60 bp, Table 3) which encompass the H63D and C282Y mutations in the HFE gene. The two PCR reactions were
multiplexed in the same tube and incubated on the same array; * expected extensions with the two different dye-tagged terminators
with values for fluorescence (FU) representing the average of the four spots in each row. Scans for Cy5 (panel A) and Cy3 (panel B)
for one cycle (left frames) and three cycles (right frames) of on-slide temperature cycling were as described in Methods. Slides were
scanned and quantitated using a ScanArray 3000. SNE controls (top row and three spots in far left column of each frame in panels A
and B) extend with both ddNTPs.
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(1) Cy5/Cy3 dye-tagged ddNTPs are em ployed in stead of

fluorescein , wh ich  is subject  to ph otobleach in g;
32

(2) on -slide tem perature cyclin g in creases sign al in ten sity

m axim izin g exten sion s for robust  SNE;

(3) use of an  SNE con trol wh ich  exten ds with  an y of th e

term in ators represen ts an  in tern al con trol for at tach -

m en t, an n ealin g an d SNE on  each  array;

(4) prim ers design ed to gen erate 40 to 60 bp PCR products

elim in ate th e n eed for fragm en tation  prior to SNE;

(5) th e assay is robust  an d straigh tforward an d does n ot

require gen eration  or purification  of sin gle-stran ded

targets or an tibody con jugan ts for detection ;

(6) th e en tire assay is greatly sim plified sin ce PCR reaction s

followed by alkalin e ph osph atase an d exon uclease I

digestion  are don e in  th e sam e tube, an d th en  th e

en tire tube con ten ts are d irectly applied  to th e array;

(7) if lon g PCR products are n eeded, dUTP can  be used

durin g PCR followed by UDG cleavage to gen erate

optim al targets for SNE;

(8) th e use of sh ort  PCR products m ay elim in ate m is-

in corporation  due to gen eration  of secon dary struc-

tures in  tem plates wh ich  can  form  in  lon g PCR

products;
33

(9) a d irect  read-out of Cy5/Cy3 fluorescen ce is obtain ed

on  a com m ercially available fluorescen ce scan n er,

sin ce com puter-based algorith m s like th ose for evalua-

t ion  of ASO-based arrays are n ot required because

direct  read-out is apparen t for n orm al an d m utan t

alleles with out use of an tibody con jugan ts or radio-

isotopes; an d

(10) th e system  is readily im plem en table in  research  an d

clin ical laboratories.

Our resu lts suggest  Cy3 exten sion s are less efficien t th an

Cy5, an d th at  d ifferen t dyes m ay in h ibit  polym erase-cata-

lyzed exten sion  to d ifferen t degrees. Th is con clusion  is

furth er substan tiated by th e m uch  lower level of Cy3

exten sion s com pared with  Cy5 for th e C282Y locus (ie see

Figure 3) wh en  usin g sim ilar ddNTPs con cen tration s on  th e

sam e array. For exam ple, robust  Cy5 exten sion s were eviden t

usin g 0.75 µM ddNTPs, wh ilst  robust  Cy3 exten sion s require a

m uch  h igh er con cen tration  of ddNTPs. Furth erm ore, for Cy3

exten sion s th ere was also a preferen ce for in corporation  of

th e differen t ddNTPs (G > T > C > A, data n ot sh own ). In

addit ion , our resu lts suggest  th at  exten sion  efficien cies vary

with  th e sam e dye-tagged term in ator depen din g on  wh at

locus is bein g in terrogated, suggestin g a preferen ce for

certain  prim er-tem plate con figuration s.

Alth ough  th is approach  is ideal for typin g kn own  SNPs or

m utation s, its u tility defin in g n ew m utation s in  con tin uous

DNA sequen ce an alysis rem ain s un explored. On e of th e

m ajor cost  im plication s of array-based SNE for sequen cin g is

th e cost  of th e array-boun d oligon ucleotide prim ers wh ich

tradit ion ally con tain  a spacer arm  an d an  am in olin k group

an d h ave required HPLC purification . Our recen t experien ces

in dicate th at  HPLC purification  m ay n ot be required for

capture of com plem en tary targets by array-boun d probes

(S McKen zie et al, 1999 un publish ed observation s). In

addit ion , spacer-con tain in g sen se an d an tisen se prim ers

en din g on e n ucleotide sh ort  of th e base bein g in terrogated

an d wh ich  are used for array-boun d SNE can  also be used as

forward an d reverse prim ers in  solu tion -ph ase to gen erate th e

sh ort  PCR products (data n ot sh own ), th ereby m in im izin g

oligon ucleotide cost . Costs could  be decreased furth er by

direct  at tach m en t of spacers to th e array surface in stead of

th e m ore com m on ly used costly spacer syn th esis d irectly on

th e oligon ucleotide prim ers.
34

A two-color array-based

approach  decreases th e n um ber of arrays from  four to two for

typin g un kn own  n ucleotide ch an ges, in  addit ion  to th e

elim in ation  of th e n eed for use of radioisotopes. In  addit ion ,

obvious savin gs are realized wh en  scale up  is ach ieved, sin ce

m axim ization  of th e n um ber of loci to be in terrogated

sim ultan eously usin g a m ulticolor fluorescen ce approach  will

m in im ize th e cost  of h avin g to use m ultip le arrays to obtain

th e sam e in form ation .

Th e developm en t of a robust  four-color SNE protocol

would elim in ate th e n eed to do two in depen den t arrays n ow

required with  a two-color approach  we describe to type each

allele, if th e base ch an ge is n ot kn own . Th is would require

use of four d ifferen t dyes th e spectral properties of wh ich  for

excitat ion  an d em ission  were appropriate to accom plish  th e

four-color sim ultan eous SNE. Such  dye-labeled term in ators

are curren tly used for au tom ated DNA sequen ce an alysis bu t

are n ot com m ercially sold  separately. Exist in g dyes can  be

ch em ically at tach ed to term in ators to gen erate th ese sub-

strates bu t are very costly, th erefore lim itin g th eir use. In

addit ion , with  a sim ultan eous four-color approach  on ly on e

boun d oligon ucleotide prim er would be required to in ter-

rogate each  locus. In  fact , prelim in ary studies sh ow feasibility

for four-color detection  on  arrays usin g arrayed prim er

exten sion  (APEX) m eth odology.
35–40

However, in  cases wh ere

th e n orm al an d m utan t polym orph ic site are kn own , th en

on ly on e two-color array n eeds to be don e to type un am bigu-

ously th e part icu lar site.

In  sum m ary, we describe a two-color array-based approach

to m utation  detection  usin g Cy5-/Cy3-dye labeled ddNTPs

wh ich  h as a n um ber of im portan t  advan tages over exist in g

SNE-based approach es. Multicolor array-boun d SNE will be of

m ajor advan tage provided th at  th e dye-labeled term in ators

becom e com m ercially available at  a reason able cost  an d th at

th e n um ber of sites wh ich  can  be in terrogated on  a sin gle

array is h igh , th ereby m axim izin g allele calls an d m in im izin g

cost .
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