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Faithful transfer of genetic information from one generation to 
its offspring is crucial for the survival of any living species, 
Genomic integrity relies greatly upon the ability of DNA 
polymerases to efficiently catalyze selective DNA synthesis in a 
template-directed manner,11J Despite enormous efforts in struc­
tural and functional studies, the complex mechanisms by which 
DNA polymerases ensure selective DNA synthesis are not fully 
understoodp,3J Recently, we introduced a functional strategy to 
monitor enzyme interactions that act on the sugar moiety of an 
incoming triphosphate within the nucleotide binding pocket of 
the Klenow fragment (Kf) of Escherischia coli DNA polymerase I 
(exo- mutant).14J We found that the nucleotide insertion 
selectivity of Kf- is increased approximately hundredfold when 
modified sugars 1 b, c (Scheme 1) are employed. This result 
strongly suggests the involvement of steric constraints, which 
act on the 2'-deoxyribose of an incoming nucleoside triphos­
phate in Kf- selectivity processes. 
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Scheme 1. Thymidine analogues used as steric probes in functional DNA 
polymerase studies. 

Further, new valuable insights into selective Kf- interactions 
with the sugar backbone in the minor groove were obtained 
through site-specific incorporation of thymidines 2 a - d into 
primer template substrates.15J Herein, we investigate the inter­
play of Kf- with the 2'-deoxyribose moiety of the coding 
nucleotide by using steric probes 2 a - d in functional enzyme 
investigations. This is a particularly intriguing topic since 
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structural investigations strongly suggest the occurrence of 
large conformational changes within several DNA polymerases 
from an 'open' to a 'closed' conformation prior to phospho­
diester bond formation. These conformational changes are 
triggered by 2'-deoxyribonucleotide-S'-triphosphate (dNTP) 
binding.12a-c. 3dJ Editing of nascent nucleotide base pair geometry 
during these transitions is believed to be a crucial determinant of 
DNA polymerase selectivity. In analogy to our previous findings, 
one might assume that DNA polymerases tighten their grip on 
the substrate through enzyme - sugar interactions with the 
template nucleotide and thus increase enzyme selectivity. 

In order to monitor DNA polymerase interactions with the 
sugar moiety of the coding nucleotide, we applied synthetic 
DNA substrates with 4'-alkylated nucleotide residues 2b-d at 
specific sites (Scheme 1).15J 2a-d serve as substrates in com­
parative gel-based primer extension assays, which were de­
signed in such a way that the thymidine residue 2 a - d in the 
template strand is located adjacent to the 3'-primer end 
(Scheme 2). 

19nt primer r dNTP 

5'_32p-GTG GTGCGA AAT nc TGAC 
3'-CAC CAC GCT n A AAG ACTGT*C TGT ACT GTC TGC GTG 

36nt template 

Scheme 2. DNA primer template substrates used in these studies. T*=2a-d; 
dNTP = 2' -deoxyribonucleotide-5' -triphosphate; nt = nucleotide. 

We first investigated Kf--catalyzed canonical base pair for­
mation opposite unmodified and modified thymidine residues. 
Figure 1 shows the pattern of insertion when varied concen­
trations of dATP are employed. Nucleotide insertion is exhibited 
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Figure 1. dATP insertion opposite 2a-d catalyzed by Kt-. DNA sequences are 
depicted in Scheme 2. For further details see the Experimental Section. 

opposite modified thymidine moieties even at low dATP 
concentrations. Quantification of the insertion reactions that 
resulted when previously described single-nucleotide insertion 
assays were conducted under steady-state and single-complet­
ed-hit conditionsl6J revealed that nucleotide insertion by Kf­
opposite 4'-methylated thymidine template 2 b occurred with 
a high efficiency (maximum reaction rate/Michaelis constant; 
V ma/KM) comparable to insertion opposite unmodified thymidine 
2 a (Table 1). Bulkier ethyl and ipropyl groups cause less efficient 
insertion opposite the modified residues. However, the differ­
ences between Kf- insertion abilities for various 4'-groups are 
less pronounced than those observed in experiments that 
employed substrate modifications mounted at the sugar 
residues of nucleoside triphosphates 1 b - d,l4J 

Template KM [flMJ Vmax Efficiencylhl 
nucleotide [min-' x 1O-3J [M-' min-' x 103J 

2a 0.0049 ± 0.0009 43±4 8800 
2b 0.0019 ± 0.0003 16±1 8400 
2e 0.020 ± 0.005 45±1 2300 
2d 0.022 ± 0.008 19±3 860 

[a] The data presented are averages of duplicate or triplicate experiments. 
[b] Efficiency = Vma,lKM' 

Next, we investigated the effect of the sugar modifications on 
Kf- selectivity when non canonical dNTPs were applied as 
substrates.17J Since 2 b has only minor effects on nucleotide 
insertion efficiency, it should be ideally suited to monitor the 
relevant differential interactions that act on the template 
nucleotide present in insertion and misinsertion events. Mis­
insertion studies of dGTP, dCTP, or TIP opposite 2 a or 2 b 
revealed negligible effects of the 4'-modification on Kf-­
catalyzed nucleotide misinsertion (Figure 2, Table 2).[8J These 
findings are in marked contrast to our previous results ob­
tained with 4' -modified triphosphates 1 b - d, in which we 
observed a one hundredfold increase in selectivity caused 
by the 4'-alkylation.[4J Thus, comparison of data obtained 
in this study with data from our recent study indicates that 
different enzyme - substrate interactions act on the sugar 
moieties of triphosphate and template nucleotide residues, 
respectively. 

dNTP: dGTP dCTP TTP 

T*: 2a 2b 2a 2b 2a 2b 
dNTP 
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Figure 2. dNTP misinsertion opposite 2 Q,b catalyzed by Kt-. DNA sequences are 
depicted in Scheme 2. For further details see the Experimental Section. 

Template nucleotide KM [flMJ Vmax Efficiencybl 
[min-' x 1O-3J [M-'min-' x 103J 

dGTP misinsertion: 
2a 1.81 ±0.08 30±2 17 
2b 3.6±Oo4 56±1 16 
dCTP misinsertion: 
2a 57.5 ± 5.8 61±12 1.1 
2b 25.9± 1.7 33±5 1.3 
TIP misinsertion: 
2a 3804± 304 33±2 0.9 
2b 30.9 ± 0.5 24±2 0.8 

raj The data presented are averages of duplicate or triplicate experiments. 
[bJ Efficiency = Vm,,IKM • 
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Crystal structures of DNA polymerases bound to their DNA 

and nucleotide substrates are very useful for the correlation of 
functional data with enzyme structure.l21 No such data is 
available for Kf. Nevertheless, corresponding structures from 

closely related Family A polymerases indicate the occurrence of 
large conformational changes after dNTP binding that are 
believed to be crucial for correct enzyme function. l2a-c, 31 How­

ever, the lack of a significant effect of 4' -methylated probe 2 b on 
Kf- fidelity indicates that enzyme - sugar interactions that act on 

the template nucleotide sugar moiety might play a minor role in 
these selectivity mechanisms in the context of the sequence 
investigated. 

Combined with our previous findings,l41 the functional inves­
tigations presented herein suggest that enzyme - sugar inter­

actions relevant for selectivity processes occur primarily with the 

sugar moiety of the incoming nucleoside triphosphate.l41 These 
observations can be rationalized by a model for Kf- in which 

additional steric strain caused by supplementary small chemical 
modifications to the sugar at the triphosphate cause reduced 

flexibility primarily at the nucleotide binding site of the active 

site. The additional steric strain at this site might decrease 
tolerance for formation of geometrically altered nascent nucleo­

tide pairs and thus increase overall Kf- fidelity. In future, 
comparative investigations of several DNA polymerases from 

different polymerase families might elucidate differences among 

these enzymes and provide further new insights into the origins 
of various DNA polymerase properties and functions, such as 

fidelity. 

Experimental Section 

Single nucleotide insertion and steady-state kinetics assays were 
conducted as described previously.l6) In brief, two equivalents of 
template were annealed with 5'_32P labeled primer in the reaction 
buffer. The mixture was heated to 95°C for 2 min and subsequently 
allowed to cool to room temperature over 1 h. After annealing, the 
appropriate amount of DNA polymerase was added and the solution 
was incubated at 0 °C for 10 min. Reactions were initiated by addition 
of the DNA/enzyme mixture (10!Jl) to an equal amount of dNTP 
solution in the reaction buffer and the mixtures were incubated at 
37°C. Kf- (New England Biolabs) reactions were performed ir:' 
tris(hydroxymethyl)aminomethane (Tris)-HCI (50 mM; pH 7.5), MgCI2 
(10 mM), and DTT (1 mM). Assays included primer (50 nM) and enzyme 
(2 nM). After incubation for the indicated time the reactions were 
quenched by addition of 60!Jl of gel loading buffer (80% 
formamide, ethylenediaminetetraacetate (EDTA; 20 mM)) and sub­
sequently heated to 95°C for 10 min. Reactions were analyzed by 
14% PAGE on a gel that contained urea (8M), transferred to filter 
paper, dried under vacuum, and visualized by autoradiography. 
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Steady-state kinetic data were obtained from single nucleotide 
insertion assays, as described above. Concentrations of nucleotides, 
enzyme concentration, and reaction time were adjusted for different 
reactions in order to allow 20% or less primer extension, which 
ensured single-completed-hit conditions, according to published 
procedures.(6) The reaction mixtures were fractionated by 14% 
denaturing PAGE and the data were quantified by phosphorimager 
analysis. Relative velocity v was calculated from the amount of 
extended product (lex,) and remaining primer (lPrim) as v= le",llprimt, 
where t represents the reaction time. The apparent KM and Vmax 

values were obtained from Hanes-Woolf plots as already de­
scribed.(6) 
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