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Barcoded NucIeotides** 
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DNA as an information storage system is simple and at the 
same time complex owing to the various different arrange­
ments of the four natural nucleotides.1I1 The DNA synthesis 
by DNA polymerases is intriguing, since these enzymes are 
able to catalyze the elongation of the primer strand by 
recognizing the DNA template and selecting the correspond­
ing nucleotide.l lb.21 This feature can be exploited to diversify 
the four-base-code by substitution of the natural substrates 
with modifi ed analoguesPI Nucleotide analogues equipped 
with various marker groups (e.g. dyes, tags, or spin labelsl41) 
can be employed in DNA polymerase catalyzed reactions to 
increase the application scope of DNA (e.g. sequencing, 
structural characterization, and immobilizationI4d.5 1) . The 
" information" embedded in the marker groups allow con­
clusions to be drawn from the evaluation of the resulting 
signals. A significant gain in information would result by 
embedding a marker that exhibits the properties of a barcode. 
Typically, the barcode label bears no descriptive data but it 
consists of a series of signs which code for the deposited 
information (the term was used in other contexts with DNA 
before).161 For universal adoption the barcode should be 
simple, affixed easi ly, and allow a re liabl e assignment of the 
deposited information . O ligodeoxynucleotides (ODNs) meet 
the requirements of a barcode label to a great extent, since 
they have a simple code and can be distinguished by 
characteristics such as self-assembly and hybridization spe­
cificity. For a simple introduction of these DNA barcode 
labels into DNA, an enzyme-mediated approach utilizing 
ODN-modified nucleotides would be desirable.PI However, 
the acceptance of these modified nucleotides by DNA 
polymerases should be hampered by the steric demand of 
the ODN-modified nucleotides. Herein , we show that despite 
the steric demand the enzymatic synthesis of barcoded DNA 
is feasible by using ODN-modified nucleoside triphosphates 
that are about 40-times larger than the natural nucleotides 
and longer than the di ameter of a DNA polymerase (Fig­
ure 1 A). 
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Figure 1. A) Schematic depiction for the comparison of sizes. dTTP 
versus dT,s'TP compared with KlenTaq DNA polymerase . B) Reaction 
pathway for the synthesi s of ODN-modified dTTP. Yi elds and DNA 
sequences are li sted in Table Sl of the Supporting Informat ion. 
C) Sequences of barcode DNA strands . The numbers indicate the 
nucleotide lengths . 

Herein, we introduce 2' -deoxyribonucleotide analogues, 
containing an ODN at the nucleobase (Figure 1 B), as 
substrates for DNA polymerase mediated reactions. We 
chose the C5 position for pyrimidines and the C7 position 
for 7-deaza-purines to introduce the DNA strand at the 
nucleobase, since modifications at these positions have been 
accepted by DNA polymerases in several cases. I). HI To ODN­
barcode-label nucleotides, an ODN strand was activated with 
a commercial available carboxy modifier at the 5' -end while 
still on solid support and then coupled to the amine­
functiona lized triphosphates (Figure 1 B, see Supporting 
Information) . After deprotection and cleavage from the 
solid support, these ODN-functionalized nucleotides were 
tested in DNA polymerase promoted primer-extension reac­
tions (yields and DNA sequences are listed in Figure 1 C and 
Supporting Information , Table Sl). We examined the accept­
ance of the ODN-modified thymidine analogues by DNA 
polyme rases in primer-extension reactions (Figure 2A for 
Therminalor DNA polymerase, Supporting Information Fig­
ure Sl for KlenTaq DNA polymerase). We used a 23-
nucleotide (nt) primer with a 32P-label at the 5'-end and a 
35-nt templ ate, which contains a single A residue at posi­
tion 27, coding for insertion of a thymidine analogue after 
exte nding the primer by three nucleotides (Figure 2A). 
Incubati on with a DNA polymerase in absence of a thymidine 
analogue resulted in a primer elongation that is predom­
inantly paused at position 27 without generating significant 
amounts of full-length product (Figure 2 A , lane 1), while the 
reaction including a ll four natural deoxynucleoside triphos­
phates (dNTPs) showed full -length product (Figure 2A, 
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Figure 2. A) Partial DNA sequences of primer and template (see 
Supporting Inform ation for more information) and PAGE analysis of 
the primer-extension studies using Therminator DNA polymerase, a 23-
nt prim er, a 3S-nt template, and 10 flM dNTPs. M: DNA marker; 
lane 0 : 5'-32 P-labeled primer only; lane 1: prim er extension performed 
in the presence of dATP, dCTP, and dGTP; lane 2: same as lane 1, but 
in the presence of dTIP ; lane 3: as lane 1, but in the presence of 
dT'TP; lane 4: as lane 1, but in the presence of dT15'TP; lane 5: as 
lane 1, but in the presence of dT" TP; lane 6: as lane 1, but in the 
presence of dT' t>rP. 8) Elongation of one incorporated dT" MP. Left 
s ide: Reaction sequence used in thi s experiment (see Supporting 
Information) . Ri ght side: PAG E analys is of the primer·extension 
studies usi ng KfenTaq DNA polymerase. M: DNA marker; lane 0 : 5'-
32 P·labeled primer only, lane 1: primer-extension reaction I performed 
in the presence of dATP, dCTP, dGTP, and dTIP; lane 2: in the 
presence of dATP, dCTP, dGTP, and dT" TP; lane 3: barcode prim er­
extension reaction perform ed with natural dNTPs and unmodifi ed 
DNA, lane 4: barcode primer-extension reacti on performed wi th natu ­
ral dNTPs and dT" MP modified DNA. 

lane 2) . By substitution of natural thymidine with one of the 
modified triphosphates (dTTP, dT I5aTP, dT23TP or dT4'TP; 
note: the superscript numbers represent the ODN-labe l 
length ; DNA sequenccs are listed in Figure 1 c and Support­
ing Information, Table Sl) full -length product was obtained 
(Figure 2 A , lanes 3-6). Double bands were observed arising 
from non -templa ted nucleotide addition to the 3'-te rmini of 
the blunt-ended DNA strand, which has been reported 
before.191 As expected, these reaction products migrated 
significa ntly more slowly in de naturing polyacryl amide gel 
electrophoresis (PAGE ) than the unmodified full-length 
reaction product, indicating that the provided bulky nucleo­
tide is incorporated. The lower mobility that increased with 
the size of the label, is explained by the additional bulk of the 
incorpora ted barcode DNA strand . Similar findings of lower 
mobility for modified reaction products have been reported 
before.IIO] 

To eva luate the e ffici ency of incorporation of the modi­
fi ed nucleotides in comparison to the natural nucleotides we 
conducted single-nucleotide incorpora ti on experiments in 
which the modified nucleotides (dT(T P, dT2'TP) directly 
compete for incorporation with their na tural counterparts 
(Supporting Information, Figure S2) . The ratio of unm odified 
versus modified nucleotide incorporation is easily accessible 
by PAGE through the significantl y di ffe rent retenti on times 
ca used by the incorpora ti on of the bul ky modification . This 

setup was previously used for the same purposel8a
] as we ll as to 

study DNA polymerase selectivity.P I[ We found th a t Thermi­
nator DNA polymerase incorporates the investigated nucle­
otides with approximately 6- and 16-fold lower effic iency than 
the natural nucleotide while for KlenTaq DNA p olymerase 
33- and 66-fold lower effi ciencies were observed . The 
observed effici encies compare well to recently studied C5-
modified dTIP analogues. lsal 

We investigated the feasibility of multiple inco rporations 
(Supporting Information, Figure S3). Using dT2!YyP and a 
template coding for the insertion of 46 TMPs in t he primer 
extension reaction , a highly branched reaction product is 
generated with at least 7 modified nucleotides in a row. 
E ncouraged by these resul ts we synthesized dATP, dCTP, and 
dGTP analogues (see Supporting Information) a nd tested 
them as well in the primer extension reaction (Figure S4). All 
the analogues were accepted by Therminalor DNA poly­
merase and the primer was extended to full -length . 

We tested the ability of DNA poly me rases to utilize the 
incorporated barcode DNA strand as a primer in primer 
extension reactions. For this purpose, we performed primer 
extension reactions with natural dNTPs as a control reaction, 
and another reaction with dT23TP instead of dTIP using a 24-
nt primer and a 42-nt templa te coding for the insertion of one 
dTMP. These reaction products were hybridized with a second 
templa te (69-nt) complementary to the incorporate d barcode 
DNA strand and incubated with a DNA polymerase and 
dNTPs for 1 h at 60 °C performing the barcode primer 
extension reaction (Figure 2 B) . We observed comple te dis­
appearance of the initial band (Figure 2 B, lanes 2 a nd 4) and 
the appearance of a new band shifted to lower mobility, 
indicating that the incorporated barcode DNA s trand was 
used as the primer and elongated to a full-length prodpct 
(Figure 2 B, lane 4) . A s expected, in the control reaction with 
natural dNTPs, the mobility of the reaction product after the 
first primer extension was not altered on incubation under the 
same conditions. In addition, we tested the e longation of the 
inco rporated DNA strand by rolling circle amplification l121 

(RCA) in solution and found extension as well (Supporting 
Information, Figure S5). 

. We investigated whether the ODN-modifi ed nucleotides 
can be used as di agnostic tools for e nzymatic reactions on 
solid supports. Therefore, we evaluated the feasibility for the 
de tection of single nucl eotide variations in the sequence 
context of the B type Raf kin ase (BRAF) gene. The BRAF 
somatic T1 796A mutation is encountered to a high extent in 
malignant me lanomas and human cancers.1131 Ge nome dis­
similarities, such as single nucleotide polymorphisms (SNPs), 
are often responsibl e for a predisposition to the diseasesP3. 141 
and different drug effi cie nci es in certain individualsJlsl For the 
SNP detection system, primer probes were covalently bound 
to an aminopropyl PDITC (l,4-phenylene diisothiocyanate) 
activated glass substra te. 11 61 First single incorporati on of 
ODN-modified nucleotides was performed using a template 
coding for the insertion of a dTMP (Figure 3 A) . Therefore, 
two reaction blocks of nine primer loci were incubated in the 
presence of a DNA polymerase, template, and with dA ISTP or 
dTISaTP. A fter incubation, the slides were washed and 
subsequently incubated wi th Cy3-labeled oligonucleotides 
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Figure 3, Microa rray-based single-nucleotide-va riat ion detection 
system. A) Reacti on sequence performed on DNA microarray. Ri ght 
side: Readout at S32 nm after hybridization with Cy3-labeled oligonu­
cleotide. Reactions were conducted under the sa me condi tions and on 
the sa me slide. B) Signal amplifi cation by rolling circle amplifi cation . 
Top: em ploying a complementary ci rcul ar DNA template. Bottom : 
employing a non-complementary circular DNA template. Ri ght side: 
Readout at 53 2 nm after hybridi zation with Cy3-labeled oligonucleo­
tides. Reactions we re conducted under the same conditions and on 
the sa me slide. 

tha t bind to the oligonucleotide barcode of an incorporated 
dT ,s"MP. Clearly, an inte nse fluorescence signal was only 
detected in cases where the ca nonical dT ,s"MP was incorpo­
rated. To investigate signal amplificat ion we incubated 
barcode-modified DNA complexes with a DNA polymerase 
in the presence of a ci rcular templa te that binds to its 
complementary barcode DNA strand (Figure 3 B) . The cir­
cular template will enable the extension of the complemen­
tary primer strand by mu ltiple copies of the sequence encoded 
in the templ ate by RCA. Subsequent ly, for signal generation 
the slide was incubated wi th Cy3-modi fied oligonucleotides. 
As expected we could observe significa nt signal increase only 
at positions where barcodes compl ementa ry to the circular 
templa te were present. 

Taken together, we in troduce barcode-labeled dNTPs as 
substrates for DNA polymerases. We showed that commer­
cia lly ava ilable DNA polymerases are ab le to process 
modified nucleotides that are up to 40-times larger than the 
natural substrate. The seq uence-specific incorporation of 
barcode-modified nucleotides and the addressabi lity of 
DNA by the simple hybridiza ti on of canonical DNA strands 
has potential fo r numerous applicati ons. This method is very 
adaptable, so different techniques fo r fu rther DNA mani pu­
lat ion and reado ut can be exploited, such as bio tin- st repta­
vidin chemistry,1I6.1 nanopa rti cles,11 71 or branched D NA ampli­
fi ers (e_g. TSA detection kit, bDNA amplifie rrtBI) . The system 
has the potent ial to be expanded to a fo ur-color detection 
system, using nucleoti de analogues ca rry ing unique sequences 
and th e appropriate dye-labeled complementary DNA 
strands. The beneficia l combination of microarray techniques 

and seq uence-specific in trod uction of barcode O D N-labels by 
enzymatic incorporation offers opportuniti es fo r future 
applications. 
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