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ABSTRACT 12 independently replicatable nucleobases joined in six base pairs
. by mutually independent hydrogen bonding patterns (ig.
Mammalian DNA polymerases o and g, the Klenow  previous work in these and other laboratories has yielded

fragment of Escherichia coli DNA polymerase | and implementations of all six hydrogen bonding pattefiss)(
HIV-1 reverse transcriptase (RT) were examined for Further, individual RNA and DNA polymerases have been found
their ability to incorporate components of an expanded that catalyze template-directed incorporation of several non-stan-
genetic alphabet in different forms. Experiments were dard base pairs into duplex DNA-Q). However, DNA
performed with templates containing 2 '-deoxyxantho-  polymerases involved in DNA transactions in mammals have so
sine (dX) or 2 '-deoxy-7-deazaxanthosine (¢ 7dX), both far rejected non-standard base pairs.
able to adopt a hydrogen bonding acceptor—donor—ac- As non-standard nucleobases are accepted by at least some
ceptor pattern on a purine nucleus (puADA). Thus polymerases, these bases must be intrinsically able to form
these heterocycles are able to form a non-standard Watson—Crick base pairs during a polymerization reaction, just as
nucleobase pair with 2,4-diaminopyrimidine (pyDAD) they contribute to the overall duplex stability in complementary
that fits the Watson—Crick geometry, but is joined by a oligonucleotide strands4(L0). The polymerases that do not
non-standard hydrogen bonding pattern. HIV-1 RT accept non-standard nucleobases must, therefore, recognize som
incorporated d(pyDAD)TP opposite dX with a high structural feature of the non-standard nucleobases incidental to
efficiency that was largely independent of pH. Specific their ability to form a competent Watson—Crick structure.
incorporation opposite ¢ “dX was significantly lower Recent studies in these laboratories have focused on the
and also independent of pH. Mammalian DNA polymer- non-standard base pair between xanthosine (trivially designated
ases o and & from calf thymus and the Klenow fragment X), which presents a hydrogen bond ‘acceptor—donor—acceptor’
from E.coli DNA polymerase | failed to incorporate (PUADA) pattern to the complementary non-standard base
d(pyDAD)TP opposite ¢ ‘dX. 2,4-diaminopyrimidine (presenting a ‘donor—acceptor—donor’
hydrogen bonding pattern), designated here pyl\DNe have
INTRODUCTION shown that the Klenow fragment of DNA polymerase | accepts

dX as a nucleoside triphosphate opposite d(pyDAD) in the

Nucleobases in oligonucleotide strands form Watson—Crick batamplate, while human immunodeficiency virus type | (HIV-1)
pairs following two rules of complementarity: (i) a large purineeverse transcriptase (RT) accepts dX and d(pyDAD) both in the
from one strand pairs with a small pyrimidine from the other; (ijemplate and as a triphosphate. The efficiency of incorporation of
hydrogen bond donors (NH groups) from one base are matchais non-standard base pair was generally lower, however,
with hydrogen bond acceptors (lone pairs of electrons on oxygeampared with the incorporation of standard nucleobases.
or nitrogen) from the other. In DNA, for example, cytosinefurther, with a 5 of 5.7 when free in solutiori{), xanthosine
implementing a hydrogen bond donor—acceptor—acceptor pattésnfar more acidic as a heterocycle than standard nucleobases.
(pyDAA), pairs as the small component with guanine, a largé/hile its K5 should be higher when incorporated into an
component implementing the hydrogen bond acceptor—donosligonucleotide, this acidity might also prove to be a problematical
donor pattern (puADD). aspect of the non-standard nucleobase.

Some time ago we pointed out that standard nucleobaseJo explore this idea '2leoxyN1-methyloxoformycin B,
exploit only part of the potential of the Watson—Crick formalisnirivially designated o, was examined. The nucleoside bearing
(1. When fully exploited the Watson—Crick formalism permitsthis heterocycle also presents a pu(ADA) hydrogen bonding
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Figure 1. Six base pairs that meet the constraints imposed by the Watson—Crick base pairing geometry.
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Figure 2. Three implementations of the ‘acceptor—donor—acceptor’ hydrogen bond pattern on variants of xanthosine.

pattern (Fig2), but has alg; of 9.2 (L2). No polymerase was group. Each of these differences could also account for the ability
found to be able to synthesize a base pair betwaeand of HIV-1 RT to accept dX but notrd

d(pyDAD), either when was in the template or when it was The 2-deoxy-7-deazaxanthosine’dX) (Fig. 2) nucleoside
presented as the triphospha®. (However, dt has other also implements the pu(ADA) hydrogen bonding pattern found
differences that distinguish it from dX. First, it is a C-glycosidein dX and dt Like drt, ¢/dX is missing the lone pair of electrons
the heterocyclic base being joined to thalébxysugar by a at N-7 through replacement of N-7 with a CH group, but does not
carbon—carbon bond. This was known to exert a small bbave a bulky methyl group at this position. Further, the
significant (13-fold) effect on incorporation with some polymer- nucleobase has &pvalue of 7.2 14), presumably correspon-
ases 13). Further, dtis modified at the N-7 position, replacing ding to deprotonation at N-3. We report here the enzymology of
the lone pair of electrons in xanthosine at this position by a methyle py(DAD)-¢dX base pair.
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MATERIALS AND METHODS DTT, 0.1 mg/ml BSA. The amount of enzyme used was 0.1 U
Klenow fragment and HIV-1 RT, 0.11 U DNA polymerasand
0.04 U DNA polymerase The reactions were started by adding

2,4-Diamino-5-B-p-ribofuranosyl)pyrimidine (pyDAD) was syn- the enzyme and incubated for 15 min af@7and finally
thesized using the route of Chktral (3). This compound was duenched by addingB of a mixture of stop/loading dye (New
converted to the'2leoxygenated nucleoside analog as described fngland Biolabs), which contains 0.3% xylene cyanol, 0.3%
Piccirilli et al (4). The triphosphate d(pyDAD)TP was synthesized?’omphenol blue and 0.37% Na EDTA, pH 8.0. The samples
by a published procedures). 5-Dimethoxytrityl-2-deoxyxantho-  Were heated (20 min, 96) and aliquots (fil) were loaded onto
sine with both heterocyclic ring oxygens protectasir@gophenyl- @ 17% polyacrylamide gel containing 7 M urea. Following
ethyl ethers was prepared by the procedure of Van Aeeschbt ~ €lectrophoresis (constant power 25 W) the gels were fixed (12%
(16) and converted to the phosphoramidite following a standafd€OH, 10% HOAc, diluted with water), dried and autoradio-
method (7). 2-Deoxy-7-deazaxanthosin€ @) was synthesized 9graphed. Radioactivity was quantified using a Phosphorimager
as 7-deazazleoxy(4,4dimethoxytrityl)xanthosine aH-phosph- (Molecular Dynamics), with 3 h exposures and the ImageQuant

onate as recently describetis), Standard dNTPs were from Program from Molecular Dynamics. To determine the amount of
Pharmacia. specific formation of the non-standard base pairs the amount of

full-length product was quantified, divided by the total amount of
radioactivity in the lane and expressed as a percentage. To correci
for non-specific misincorporation of standard nucleobases opposite
The oligonucleotide bearing-@eoxyxanthosine was prepared bythe non-standard nucleotides the amount of misincorporation of
solid phase synthesis (Applied Biosystems) fromptogano-  natural dNTPs, determined in a control experiment, was subtracted.
ethyl-protected phosphoramidite, purified by the trityl-on procedure,

deprotected and purified again by HPLIO)( The oligonucleotide

bearing édX was synthesized by Dr L.Arnold (Czech AcademyRESULTS

of Chemistry and Biochemistry, Prague) using H-phosphonate

technology. No evidence could be obtained for incorporati
: , poration of d(pyDAD)TP
The primer (SGCATGGATCCCACTGCACTCCAGGG-3 apposite édX in a template when Klenow fragment of DNA

was synthesized by Microsynth (Windisch, Switzerland) anfoymerase | fronk.coliwas incubated at pH 7.5. Oligonucleo-
purified by PAGE. Labelling of the primer at theefid with tidey products indicating extension of ghe primegrJ past the
Redivue {-*P]JATP (Amersham) was performed using T4p,qn standard base were found both in the presence and absenc
polynucleotide kinase (Life Technologies). of d(pyDAD)TP. It is possible that the Klenow fragment

) ] misincorporates dGTP oppositdd¥ (Fig. 3, lanes 5-7).
Nucleic acid substrates However, the principal product is shorter than the full-length

The primer was annealed with a templateAGCCCqCCCCCC- product by one _base. Why this- 1 product is fo.rm(_ad Is not
CTGGAGTGCAGTGGGATCCATGC-3, where q is either dX known. It may arise from the DNA polymerase skipping over the
or ¢/dX, in 500pl total buffer containing 50 pmol template and non-standard nucleobase or may be a response of the DNA

15 pmol labelled primer in 1.8 mM Tris=HCl, pH 7.0, 0.5 mmPolymerase to a mismatch in the template—primer complex.
MgCl, 23 mM NaCl by heating the mixture a{t°85for 1’5 min Similar production ofi— 1 product has been observed with other

followed by subsequent slow cooling to room temperature overdpsuccessiul fill-in experiments using Klenow fragméya In
period of 1 h, any case, a quantitative analysis using a Phosphorimager shows

that at most 1% of the longest product is derived from specific
incorporation of d(pyDAD)TP opposit€aX in the template
DNA polymerases under these conditions.

HIV-1 RT, overexpressed using the plasmid pJSEadherichia _ Similarly, neither calf thymus DNA polymerasasnor €

coli, was purified by a published procedué)( Calf thymus  incorporated d(pyDAD)TP oppositédX in a template at pH 6.5.
DNA po|ymerasew and £ were purified according to the Less m|_S|nC0rp0rat|0n was Obse_rved Wlth these DNA pOlymer-
methods of Podust al (21) and Weiseet al (22) respectively. ases (Fig3, lanes 8-13), consistent with the overall higher
Enzymatic activity was determined as described in these referendigiglity of these polymerases in gener8). (The quantitative

The Klenow fragment of DNA p0|ymerase | was from Boeh.analysis yle|d§ﬂ.5% SpeCifiC formation of the non-standard base
ringer Mannheim. pair for DNA polymerase and[11.9% for DNA polymerase,

within the experimental error. These mammalian DNA polymer-
ases also yielded full-length product missing the final base.
When HIV-1 RT was incubated with (pyDAD)TP and a
Incorporation of a non-standard base opposite the complementsegnplate containing’dX and d(pyDAD)TP at pH 7.2 (Fig,
non-standard base was performed in a total volumedfiging lanes 2—4) full-length product was observed in excess of that
0.15 pmol labelled and annealed primer and all required dNTHermed when d(pyDAD)TP was omitted. This suggested that
at a final concentration of BVl each. Reaction buffers contain the (pyDAD)TP was successfully incorporated opposifeXc
following: for HIV-1 RT, 50 mM Tris—HCI, pH 7.2 (unless However, the efficiency of incorporation of d(pyDAD)TP was
otherwise stated), 5 mM Mg£ 1100 mM KCI, 1 mM DTT, 0.5 much lower than that observed with an analogous template
mM EDTA; for DNA polymerases ands from calf thymus, 50 containing dX instead of'dX (Fig. 4a). Furthermore, evidence
mM Tris—HCI, pH 6.5, 1. mM DTT, 0.25 mg/ml BSA, for Klenow for misincorporation of dGTP oppositédX could be seen.
fragment of DNA polymerase |, 50 mM Tris—HCI, pH 7.5, 1 mMQuantitative analysis shows that onl§% of the amount of

Synthesis of non-standard nucleobases

Oligonucleotides

Assays to detect incorporation of the bases
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Figure 3. Primer extension by mutants of HIV-1 RT, Klenow fragment and imenrt i pyOAD} TR
mammalian DNA polymerases and €. Deoxynucleoside triphosphates h
present are indicated below, where K stands for d(pyDAD)TP. Deoxynucleo-
side triphosphates (8V) were incubated at 3T for 15 min with 0.15 pmol
primer—template complex containing tHeX nucleobase in the template and  Primar: &  GCATEEATCCCACTRCACTORAGGS 3'
0.1 U HIV-1 RT and Klenow fragment, 0.11 U DNA polymerasd 0.04 U Tampinte : ¥ CGTADCTAGSETEACETGABTCOOCOMG T 0} COGEA &
DNA polymerase in a final volume of 24ll.
A i . pH Bz E.B TI 7.5 ()]
full-length product derives from the incorporation of - I 1] T T ¥ I
d(pyDAD)TP opposite @X in the template. Bimia
Templates containing dX successfully direct incorporation ¢ ;
d(pyDAD)TP at pH 7.2 when HIV-1 RT is the catalyst. Remarka g B | s e
bly, very little (if qny) misinqorporation is observed opposite q>< g e s s o o ow ae a am a
when HIV-1 RT is used (Figla). The pH dependence of this a - W e N G o -
incorporationwasthenstudi_ed (Fg) with atemplat_ec_ontaining gy DaDy = T e - e a8 mam - -
dX and d(pyDAD)TP to be incorporated. A quantitative analysi = 8 s 2 9 B S o=
shows that the amount of full-length product increasé8+gld - > & g aamBhaB
with increasing pH over the range 6.8-8.0 @#ig. The maximum & - = = & a - =a@Fss
amount of full-length product formed under these conditions we & - e wmee W e W e W -
[B0% at pH 7.5 and then drops(6% at pH 8.0. However, @
virtually all of the increase in the synthesis of full-length produc erimsr @ i - e -
is due to increased activity of the enzyrm@-fold) at higher pH. LA BB L 1
Slight misincorporation of standard nucleobases opposite dX w 5 & 6 & @ 6 @6 & 6 6
observed, but only at pH 8.0. T ; T ; T U A
Incorporation of d(pyDAD)TP oppositédX in the template N

showed only slight pH dependency. WitflX the increase in
enzymatic activity over the pH range 6.2-8.0 is only about &igure 4. pH-dependent primer extension by HIV-1 RT. Deoxynucleoside
factor of two. Quantitative analysis using a Phosphorimag iphosphates present are indicated below, where K stands for d(pyDAD)TP.

. eoxynucleoside triphosphategf) were incubated at 3T for 15 min with
shows for this pH-dependent study that the amount of full-lengt§ 15" pmol primer—template complex containing thedx and b) c’dx
product formed by specific incorporation of d(pyDAD)TP nucleobase in the template and 0.1 U HIV-1 RT in a final volume pf 25

opposite &dX in a template reaches a maximum at pH 7.2 of

[6.5% under these conditions and then drops to a valtle58h

at pH 8.0. amount of full-length product due to misincorporation of standard
Further pH dependence studies were performed at pH valuesotleobases increases with increasing pH. At pH 9.5 full-length

8.0-9.5. Experiments with dX in the template show that thproduct derives only from misincorporation (data not shown).

amount of full-length product due to specific incorporation oBimiliar results were seen whefdX was in the template. The

d(pyDAD)TP decreases with increasing pH. However, thamount of full-length product decreases with increasing pH and
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no specific incorporation of d(pyDAD)TP opposit@X was free in solution and if the only impact of the substitution at
observed over this pH range (data not shown). Needless to sagsition 7 is the shift inky, then ¢dX at pH 8.5 should behave
HIV-1 RT has low catalytic activity under these high pHthe same as dX at pH 7.0, but it does not.

conditions. The remaining possibility is that the DNA polymerase is itself
examining structural features of the nucleobases, presumably in
the major and minor grooves, to discard ‘unnatural’ structures. At
one level this proposal is reasonable. To enforce a Watson—Crick

The standard model of nucleic acid structure, proposed in %eometry the DNA polymerase must interact in some way with
original form over four decades ago by Watson and CHgk ( the nuc_leobases, in e|t_her the major or minor groove. This
invokes the stacking of hydrophobic nucleobases as a centf}jfraction presumes a direct contact between functionality on the
determinant of the stability of the double helix. In its simplesp@Ses and functionality in the protein. This proposal is problem-
form this model suggests that the less hydrophobic a nucleobz&éea!l, however, as different nucleobases present different func-
the less likely itis to be accepted into a duplex structure by a DN#RNality in these grooves and DNA polymerase should have no
polymerase. Naively, this implies that given the choice betwedRrinsic preference for one nucleobase over another, once the
a more acidic nucleobase (in this example dX) and a less acifigcleobase has been accepted by the template. _
nucleobase {dX), both meeting the minimum hydrogen bond- Thus DNA polymerases, if they are fo interact with the

ing requirements, the latter would be more easily accepted thncleobases to enforce a Watson—Crick geometry, must do so by
the former. identifying features in the grooves of duplex oligonucleotides that

This is not the case. A variety of polymerases acCeptas ~ are constant for all four nucleobases. One such feature exists. In

a complement for (pyDAD)TP more poorly than dX; several déhe minor groove the lone pair of electrons on N-3 of both purines
not accept it at all. Further, incorporation of (pyDAD)TP opposit@Pproximately overlap in space the lone pair of electrons
dX in a template is largely independent of pH over the rang¥esented by the 2-position carbonyl oxygens of both thymine
6.2-9.5. This pH range is expected to span kaeopdX in a  andcytosine. Thusitis conceivable that a DNA polymerase might
template, as thekp of dX free in solutiong.7) is expected to be Present a hydrogen bond donor to this lone pair in all four bases,
increased by 2 to 3Kg units when incorporated into a allowing it to control the geometry of the incoming nucleobase
polyanionic oligonucleotide, according to the observed shift withithout having a preference for one over the other. Several years
7-methyl-2-deoxyguanine and guanylic acid when embedded idd0 Steitz noted that such minor groove ‘scanning’ might be used
a DNA oligonucleotideq4,25). As the X, 0f the nucleobase can Py DNA polymerases to improve their fideli6]. Furthermore,

be further perturbed in the active site of a DNA polymerase, tiBe recently published crystal structure of mammalian DNA
ionization state of dX in a template at the instant when tHeolymerase[3 co-crystallized with template, primer and a
molecular recognition event occurs is not easily known. Howftiphosphate analog identified three amino acid residues that

ever, it is clear that the intrinsic acidicity of dX does not presefiiake contacts with these lone pairg)( _ _
an obvious impediment to its serving as a partner in aThe results reported here are inconsistent with the scanning

DISCUSSION

Watson—Crick base pair. proposal in its broadest form, as a lone pair of electrons at position
Why is ddX accepted less efficiently (or not at all) than itsO-2 in pyrimidines is not an absolute requirement for recognition
analog dX? Three explanations might be considered. by DNA polymerases. The pyDAD nucleobase lacks the

(i) Substitution of N-7 in dX by a CH group iddX might  exoxyclic oxygen and would not be accepted by any polymerase
create structural perturbations that might be invoked to explaihthe lone pair were an absolute specificity determinant. As we
this discrimination againstdX. For example, the conformation have shown here and elsewh@egyDAD is accepted by many
of the base or the sugar might be influenced by this substitutig?Rlymerases, either in the template or as a triphosphate. Further,

(i) Alternatively, the DNA polymerase might actually recog-in its protonated form dX also lacks the lone pair of electrons at
nize the deprotonated form of dX, a form that cannot be attain®3 and yet is also accepted by DNA polymerases, although the
by ¢’dX due to its higherk,. possibility remains that the polymerase is accepting the N-3

(i) The DNA polymerase might itself interact with N-7 in a deprotonated form of the nucleobase, which carries the lone pair.
way that causes it to rejectdX as foreign. This proposal  Explanation (jii) requires, however, a new type of scanning, in
suggests that the DNA polymerase is ‘scanning’ the major grootlee major groove. This scanning is also problematical, as no
of duplex DNA. functional group is consistently presented to the major groove by

Each of these possibilities raises interesting questions concetifie standard nucleobases. For example, thymine presents a
ing the event by which DNA polymerases recognize base paitydrophobic methyl group to one region of the major groove,
Explanation (i) is problematical, because structural differenceytosine presents a hydrogen atom and both purines present a
induced by the N-7 substitution are expected to be subtle. Furtheydrogen bond acceptor, a lone pair of electrons on N-7. These
HIV-1 RT seems to be largely indifferent to subtle structuralunctionalities are different and it is difficult to imagine a DNA
features of the nucleobase. For example, it accepts both DNA gralymerase making a contact with this region of the major groove
RNA as template, which have quite different conformations. without causing it to favor one of the standard bases over any

Explanation (ii) is problematical considering the fact thabther in a way that would diminish faithful reproduction of
incorporation of dX is essentially pH independent. If the DNAnformation in the template.
polymerase indeed prefers a deprotonated form of the nucleobasthe disfavoring of @X is more perplexing in the light of
over the protonated form, one might expect the efficiency dbrmer results showing that Klenow fragment and Taq DNA
incorporation of dX to increase with increasing pH. This is not theolymerase both accept 7-deaza-dGI820), as well as dGTP
case. Further, if the relativiKgpvalues of dX and‘dX in the  substituted at the N-7 position with either a methyl group or
template are the same as the relatkgy@mlues of dX and’dX  cyanoborane 2¢4,30). Because Klenow fragment rejects



d(pyDAD) as the triphosphate, both opposite dX aiaX cits 5
rejection of édX is more difficult to interpret. Nevertheless, ©

Klenow fragment does not seem to require a lone pair of electrons

on N-7 in the major groove for all purines.

These data suggest a paradox in the ‘model’ for the selectivity
of polymerases. The selectivity of individual polymerases (such
as Klenow fragment) with respect to variants of non-standard

nucleobases seems to be unrelated to their selectivity with respgt
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