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Discrimination between matched or mismatched nucleotides by Scheme 1. Primers and Template for Incorporation and Extension
the DNA polymerase domains takes place during both the incor- Studies
poration opposite a template nucleobase and the strand extension I

steps. It appears that for most DNA polymerases, especially those i 2 0

lacking proofreading activity, the structural requirements are more “2")1)—9 HZ"&:N HZN)S—N

stringent during extension of a newly synthesized unnatural base "Y" "\\]/b N{N‘

pair? In this paper, we describe the ability ofaq DNA dR drR 4R

polymerases to incorporate and efficiently continue DNA synthesis 12,4-Oxadiazole-  12.4-Oxadiazole-  12.4-Triazole-

beyond the oxadiazole carboxamide nucleobakesd 2. S-carboxamide (1) 3-carboxamide (2) 3-carboxamide (3)
Our understanding of DNA polymerase recognition and fidelity dR = deoxyribose

has been substantially augmented by a number of studies utilizing
nucleoside mimics as probes of specificity.Exploration of DNA
polymerase recognition of unnatural nucleosides has been critical
for identification of orthogonal nucleobase pairs for expansion of
the genetic codé® Degenerate recognition of certain nucleobase
analogues by DNA polymerases has also served as the basis fo

23-nt Primer  5'-[Cy5]-TAATACGACTCACTATAGGGAGA

24-nt Primer  5'-[Cy5-TAATACGACTCACTATAGGGAGAAz
28-nt Template 3. ATTATGCTGAGTGATATCCCTCTNGTCA
Az=1,20r3; N=dA, T, dG, ordC

Table 1. Single Base Incorporation Kinetics: Extension beyond

development of random mutagenesis methodologigsHow- the Unnatural Base at the Primer Terminus
ever, successful uses of modified nucleoside triphosphates as an Voo K. Vol
orthogonal or mutagenic substrate have been greatly hindered due e base pair (pmol/U=min) (M) (x1079)
to the inability of many families of DNA polymerases to extend 4cTP AA 0.026£ 0.004 131 56 020
beyond most nonstandard nucleobases in a DNA stt&h@ur- dCTP GT 0.554+ 0.084 242+ 90 299
rently, there is essentially no clear structural and mechanistic dcTP LA 1.96+ 0.08 1.43+0.34 1370
information that can be used to predict the relative efficiencies of ~ dCTP 1T 9.18+0.83 5.44+1.35 1687
DNA polymerase mediated extension of artificial nucleobases. dcTp LG 10.02-1.01 7.65= 1.94 1309
. . . . dCTP 1:.C 1.77#0.08 1.33+0.36 1330

Oxadiazole carboxamide nucleoside analogues are C-linked j~1p 2A 1.01+ 0.04 1.39+ 0.29 726
deoxyribonucleoside base analogues designed such that they present qctp 2T 7.16+ 0.66 A4.73+ 1.24 1513
heteroatoms (nitrogen or oxygen) on both minor and major groove dCTP 2:G 6.6H 0.57 3.60+ 0.96 1836
sides of the DNA (Scheme 1, panel 1). As highlighted here, the ~dCTP 2:C 0.92£ 0.05 112£033 823
comparison of th&aqDNA polymerase extension of DNA strands gg}-g g¢ O_JSSJ%V_VOOE) 164+ 22 5.61
containing analogue$ and 2 with azole nucleobases represented dcTP 3G 0.126- 0.004 369+ 28 0.34
by 3 suggests that unique geometry and electronic properties of dCTP 3:C 0.052: 0.005 621+ 127 0.08
the oxadiazole nucleobases provide favorable interactions for
successful recognition and extension. primers and the 28-nt templates shown in Scheme 1 were used to

The ability of Tag DNA polymerase to recognize an unnatural determine the kinetic constants for incorporation of the next correct
nucleobase was studied by a single nucleotide, steady-statenucleotide beyond the artificial base. The data in Table 1 demon-
incorporation assay. Nucleotide triphosphates were synthesized asstrate the striking ability offaq DNA polymerase toward primer
described in Wu et @1 to enable the study of the substrate extension beyond the artificial nucleobadesnd?2 with the Viay/
properties of these azole analogues. Primers modified with fluo- K, similar to the values for canonical Watse@rick base pair
rescent dye (Cy5) nucleobase at thaesminal end and the 28-nt  (Supporting Information, Table S2). In comparison, the observed
templates used in these studies are shown in Scheme 1 (panel Il)value for extension beyond G:T mismatch is about 600-fold lower
Briefly, the rate of single nucleotide incorporation was measured than that of the natural match incorporation (Table 1 and Supporting
at different substrate concentrations, and the quantitative analysisinformation). Similarly, theV./Kn, value was more than 7000-
of extension reactions was accomplished through capillary elec- fold lower for an A:A mismatch. Most importantly, there is less

trophoresis using a LIF detector (Supporting Informatitrifhe than 2-fold discrimination in the case of compouhdnd less than
steady-state kinetic constant4,./Km, were obtained by fitting the 3-fold in case of compoun@ for extension beyond all four
data to the MichaelisMenten equation as described earfier. nonstandard opposite natural nucleobase pairs (Table 1). Also, when
To investigate the extension properties beyond these analogueghe reactions were carried out in the presence of all four canonical
in the forward strand, we synthesized primers containirtgrdninal triphosphates, the incorporation was not limited to single nucleotide

azole bases usindag DNA polymerase followed by PAGE incorporation but yielded full-length product (29-nt) (Supporting
purification of the extended oligonucleotide. The 24-nt Cy5-labeled Information Figure S2).
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These results indicate thdt and 2 are recognized without by interactions between tlieheteroatom (N or O) of the oxadiazole
significant discrimination during incorporation after the nonstandard moiety with the phosphodiester linkage and/or thé &dm of the
base pairs, and that the presence of oxadiazole base does not pertuiteoxyribose ring. Another feature of analoguesnd 2 is the
the interactions at the enzyme active site as it translocates beyondC-glycosidic linkage in contrast to the classical N-linkag&;ithe
the artificial base. Extension with all four canonical bases in the consequences on DNA polymerase extension are not clear at this
gel-based assay shows the insignificant level of stalling at the sitestime.
distal to the unnatural base (Supporting Information). This is in  Most importantly, a number of recent studies have described base
contrast to the natural mismatch extensions with Pol | family DNA analogues that are readily incorporated by DNA polymerases as
polymerases, where the rates are affected for up to four basessubstrate triphosphates but lead to chain terminafidost of these
beyond the lesio&> Structural studies on polymerase complex analogues are hydrophobic bases that show enhanced stacking
during mismatch extension indicate participation of electrostatic ability. These results in the context of the data presented here
and steric forces that lead to stalling at and beyond the misrfateh.  highlight that significantly different selection rules are utilized by
Oxadiazole nucleobase seems to satisfy these electrostatic contactBNA polymerases during the incorporation and extension steps to
with the polymerase residues during translocation. At the same time, avoid mismatches, that is, stacking and/or hydrophobic interactions
the relatively small size of these analogues facilitates unhindered likely play a major role during the incorporation step in contrast to
extension. Interestingly, compouBdwhich is structurally similar the steric and electrostatic interactions that contribute significantly
to 1 and2, shows extension kinetics similar to that of the natural to the selection during extension past the base pair.
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