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Different DNA polymerases partition differently between replication and repair pathways. In this study we
examine if two Pol I family polymerases from evolutionarily distant organisms also differ in their preferences
for replication versus repair substrates. The DNA binding preferences of Klenow and Klentaq DNA
polymerases, from Escherichia coli and Thermus aquaticus respectively, have been studied using a fluorescence
competition binding assay. Klenow polymerase binds primed-template DNA (the replication substrate) with
up to 50x higher affinity than it binds to nicked DNA, DNA with a 2 base single-stranded gap, blunt-ended
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Taq polymerase DNA, or to a DNA end with a 3’ overhang. In contrast, Klentaq binds all of these DNAs almost identically,
DNA repair indicating that Klenow has a stronger ability to discriminate between replication and repair substrates than

Pol 1 Klentaq. In contrast, both polymerases bind mismatched primed-template and blunt-ended DNA tighter than
Protein-DNA interaction they bind matched primed-template DNA, suggesting that these two proteins may share a similar mechanism
Klenow to identify mismatched DNA, despite the fact that Klentaq has no proofreading ability. In addition, the
Gapped DNA presence or absence of 5'- or 3’-phosphates has slightly different effects on DNA binding by the two

polymerases, but again reinforce Klenow's more effective substrate discrimination capability.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Pol I family DNA polymerases are involved in both replication
and repair activities within the prokaryotic cell. Pol I is an essential
enzyme both in excision repair and in the processing of Okazaki
fragments generated during lagging strand DNA replication [1].
During DNA repair, Pol I plays an important role in the gap filling
synthesis involved in nucleotide excision repair (NER) [1,2]. Both
Klenow and Klentaq completely fill ssDNA gaps of various sizes in
duplex DNA [3,4]. The thermodynamic analysis of Klenow and
Klentaq binding to gapped DNA, however, has not been previously
addressed. In this study we examine these two Pol I polymerases
from evolutionarily distant organisms to ask if they differ in their
preferences for interacting with replication versus repair sub-
strates. The initial binding preferences of the polymerases for
different types of “damaged DNAs” versus primed-template DNA
(the reference replication substrate) should reflect the partition-
ing of the polymerases into repair versus replication pathways in
vivo.

Klenow and Klentagq are the “large fragment domains” of the Pol I
DNA polymerases from Escherichia coli and Thermus aquaticus,
respectively, and both are fully functional DNA polymerases on their
own. Evolutionarily, T. aquaticus is more than a billion years older
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than E. coli, and this study asks if the DNA selectivity of the enzyme
has changed over that evolutionary time. The most obvious
difference between these two polymerases is the presence of 3’
exonuclease activity in Klenow and its absence in Klentaq, despite
the fact that the two proteins retain high structural and sequence
homology [1,5-10]. Herein, we have characterized the interactions
between Klenow or Klentaq and primed-template DNA versus
different damaged DNA substrate analogs. Damaged DNA takes
many forms. In this study we specifically examine gapped DNA,
nicked DNA, and DNA with different DNA end structures that mimic
potential DNA double-strand breaks. The role of the 5'- or 3’-
phosphate in the binding of gapped DNA by both proteins was also
examined.

It is found that Klenow polymerase has the ability to discriminate
between primed-template DNA and different repair substrates
during the initial DNA recognition step, while Klentaq barely
distinguishes among the different potential substrates. Klenow has
not evolved toward a strongly biased preference for one type of
substrate over another, however, but has developed a discriminatory
binding capability that Klentaq does not have.

Interestingly, for primed-template and blunt-ended substrates,
both polymerases bind mismatched DNA about 2-3x tighter than
they bind matched DNA, suggesting that these two proteins may
share a similar mechanism to identify mismatched DNA, despite the
fact that Klentaq has no proofreading ability. Such a capability may be
related to a proposed role of DNA polymerases in protecting DNA
ends after double-strand breaks [11,12].
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2. Materials and methods
2.1. Preparation of oligonucleotides

Oligo-(deoxyribo)-nucleotides were purchased from Integrated
DNA Technologies (Coralville, IA). Oligonucleotide concentrations
were determined by measuring the absorbance at 260 nm and using
extinction coefficients provided by manufacturer. Hairpin DNAs and
gapped DNAs were prepared by self-annealing, by heating at 95 °C for
5min and then slowly cooling to room temperature. The DNA
sequences of constructs used for experiments are shown in Table 1.

2.2. Preparation of Klenow and Klentaq polymerases

Klenow Fragment (KLN) was purified as described previously
[13,14]. The Klenow clone used in this study contains the D424A
mutation (Klenow exo-) and was provided by Catherine Joyce of Yale
University. This mutant significantly decreases the 3’-5’exonuclease
activity, but DNA binding to the proofreading site remains intact [15].

2.3. Fluorescence anisotropy competition experiments

Competition assays were used to study the binding affinity of
Klenow and Klentaq to different DNA constructs, as described in detail
previously [16,17]. Briefly, a competition assay is initiated by mixing
1 nM rhodamineX-labeled 13/20mer DNA with polymerase at a
concentration equal to or slightly higher than the Kd. 13/20mer is
labeled at the 5’ end of the primer (i.e. at the blunt-end of the
construct). As demonstrated previously, the fluorophore does not
affect binding of the polymerase, and polymerase binding only alters
anisotropy not steady-state fluorescence [14,16,17]. Unlabeled com-
petitor DNA is then titrated into the mixture, while maintaining the
labeled DNA and the polymerase at constant concentrations. The
anisotropy decreases as the unlabeled DNA competes with labeled
DNA to bind the protein. See reference [17] for a detailed discussion of
the competitive binding assay and requisite controls. In this study,
competition assays were performed at 25 °C with and without 5 mM
MgCl, in 10 mM Tris, pH 7.9, and in 50 mM KClI for Klentaq and
150 mM Kl for Klenow.

Competition curves are then fit to the equation:

AA = {AA:( /K1) /(1 + [I]/Ki + E; /Kd)} (1)
where AA is the change in fluorescence anisotropy, AAy is the total

change in anisotropy, [I] is the total competitor DNA concentration at
each point during the titration, K; is the inhibition constant for the

Table 1
Sequences of DNA constructs used in this study.

13/20 5'-TCGCAGCCGTCCA-3'
3" -AGCGTCGGCAGGTTCCCAAA-5'
hp39 AAGGCTACCTGCATGA-3'

[AGCCGATGGACGTACTACCCCCC*5’
hp57 [AACGGCTATGCTCACCGCCACTACGCAAACC—3'
GAGCCGATACGAGTGGCGGTGATGCG-5"
hp46 [AAGGCTACCTGCATGATAATTGG—B '
[
[

AGCCGATGGACGTACTATTAACC-5"

hp39m AAGGCTACCTGCA®C-3"
AGCCGATGGACGT e ACCCCCC-5"

hp46m AAGGCTACCTGCATGATAAT -3
AGCCGATGGACGTACTATTApcc—5"

nick 5’ -GCGTGTGAGGAGTACCTCACACGCCACGCT
CTGAGGATGACCTCAGAGCGTG-3'

gap2 5 -GCGTGTGAGGAGTACCTCACACGCCACGCT

CTGAGGATGACCTCAGAGCG-3'
5"-GCCAGTCGAGTACGACTGGCAATATATATT
CGGAGACAGCATGAGCTGTCTCCG-3'

gap10

competitive DNA binding, Et is the total polymerase concentration,
and Kd is the dissociation constant for polymerase DNA binding to the
fluorescent 13/20mer DNA. Ep is kept constant along with the
concentration of fluorescent 13/20mer DNA by including these
components at constant concentration in the solution with the
competitor DNA. All competition experiments were replicated at
least three times. Nonlinear regression was performed using the
program Kaleidagraph (Synergy Software).

3. Results

Most of the DNA molecules used in this study to explore the binding
preferences by Klenow and Klentaq have stable terminal hairpin
structures flanking the duplex region to prevent blunt-end binding of
the polymerase on one or both sides. Hp39 is a primed-template hairpin
DNA, which is used throughout as the “reference DNA”, representing a
“normal” replication-type substrate. The different DNA substrates that
are compared to the binding of Hp39 in this study include: 1) nicked
DNA, 2) DNA with a 2-base single-stranded gap, 3) DNA with a 10-base
gap, 4) blunt-end DNA, 5) blunt-end DNA with 3-mismatched bases at
the end, 6) ptDNA with 3-mismatched bases at the primed-template
junction, and 7) DNA with a 3’ overhang instead of a 5’ overhang. In
addition to these comparisons, the effects of 5’ or 3’-phosphorylation
within gapped and nicked DNA were also investigated.

3.1. Gap and nick binding

Fig. 1 shows representative competition curves for the binding of
Klenow and Klentaq to different DNA substrates at 25 °C. Curves are fit
with Eq. (1) from Materials and methods to obtain Kd values for each
type of DNA construct. It is immediately obvious from Fig. 1 that the
affinities of Klenow for the different DNA constructs vary quite a bit,
while the affinities of Klentaq for the different constructs are quite
similar. Fig. 2B shows the free energies of binding of each of the
constructs. In Fig. 2B, it can be seen that Hp39, the reference ptDNA
substrate, binds tightest to Klenow, and that the nicked DNA binds the
weakest. Both gapped DNAs also bind more weakly to Klenow than
does the ptDNA, but as the gap length increases, the binding affinity to
Klenow increases. In contrast, Fig. 2B shows that Klentaq polymerase
binds ptDNA, gapped-DNA and nicked-DNA all with similar binding
affinities.

Fig. 2C illustrates the results as AAG values, where each DNA
construct is directly compared to the Hp39 reference ptDNA. All
subsequent figures will utilize this same AAG format, always using Hp39
ptDNA as the reference against which all other DNA substrates are
compared. Fig. 2 thus shows that Klenow polymerase readily distin-
guishes these different DNA constructs, while Klentaq polymerase
cannot really distinguish among them. If gapped DNA is representative
of a repair-type substrate and ptDNA represents a replication-type
substrate, these data indicate that Klenow both distinguishes between
replication and repair substrates, and prefers replication-type substrates
by up to 2.4 kcal/mole. Translating the AAG values in Fig. 2C into relative
affinity differences (e.g. KE®PNA/K4i) indicates that Klenow's affinity for
ptDNA is 50x greater than its affinity for nicked-DNA, 25x greater than
its affinity for gap2-DNA, and 4x greater than its affinity for gap10-DNA,
while the AAG values for Klentaq binding show its negligible affinity
difference among these different DNAs. All relative binding relation-
ships are the same in experiments done in the absence of Mg*?
(data not shown). Klenow's increase in affinity as the gap length
increases indicates that gaps slightly longer than 10 bases will likely
appear equivalent to ptDNA for Klenow.

Another aspect of Figs. 1 and 2, which we have also noted in
previous studies, is that they show how readily the fluorescence
anisotropy assay detects even very small differences in binding free
energies among different substrates [16,17]. For example, the widely
spaced titration curves illustrated for Klenow binding to different DNA
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Fig. 1. Equilibrium competition titrations for binding of Klenow (KLN, panel A) and
Klentaq (KTQ, panel B) to different DNA structures. In both panels, primed-template
DNA (Hp39) is shown with diamonds, gap10 DNA is shown with circles, and nicked
DNA is shown with squares. Klenow titrations were performed at 25 °C in 10 mM Tris,
5 mM MgCl, and 150 mM KCl at pH 7.9. Klentaq titrations were performed at 25 °C in
10 mM Tris, 5 mM MgCl, and 50 mM KCl at pH 7.9. In order to plot each set of titrations
on the same plot, only part of the collected data is shown for some of the constructs.
Lines show the fit to Eq. (1) as described in Materials and methods.

constructs in Fig. 1A span a free energy range of 2.4 kcal/mole
(as shown in Fig. 2), while the still resolvable different titration curves
for Klentaq binding to different DNAs in Fig. 1B span a range of
<0.15 kcal/mole.

3.2. Effect of 3'-phosphorylation on binding of Pol I polymerases to a
10-base gap

Depending on how a DNA gap or break is generated, the 3’ end of the
DNA may or may not be extendable by polymerase. To gain
an understanding of the binding of gapped DNA with a nonextendable
3’-terminus, we determined the binding affinities of Klenow and Klentaq
for gap10-DNA with a 3’-phosphate within the gap, in the presence and
absence of magnesium (Fig. 3). The 3’-phosphate decreases the binding
affinity of gap10 by Klenow in the presence (AAG of 0.9 kcal/mol) and
absence of magnesium (AAG of 1.5 kcal/mol). This makes reasonable
physiological sense, since the polymerase cannot extend this DNA
until the phosphate is removed. In contrast, however, addition of the
3’-phosphate only slightly decreases the binding affinity of gap10 by
Klentaq (Fig. 3), again suggesting that Klenow has an enhanced ability to
discriminate among these different DNA structures relative to Klentaq.

It has previously been shown that removing the 3’-OH from the
primer (replacing it with a 3’-H) did not affect the binding strength of
Klenow to primed-template DNA [18]. This result provided
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Fig. 2. Affinities of Klenow (KLN) and Klentaq (KTQ) for primed-templates, nicks, and
gaps. Panel A shows schematics of the DNA constructs (DNA sequences are given in
Table 1). Panel B shows the AG of binding for each construct. Error bars are the standard
deviations on three titrations. Panel C shows the relative difference in binding free
energy for each DNA construct, using the ptDNA (Hp39) as a reference: so for example,
AAGick = AGnpick — AGpipna- Positive AAG values indicate that the compared construct
binds more weakly than ptDNA.
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Fig. 3. The effect of 3’-phosphorylation on the binding of a 10-base gap to Klenow (KLN)
and Klentaq (KTQ) polymerases in the presence and absence of Mg™ 2. Data are shown
as AAG values compared to the same DNA without a 3’-phophate: AAG = AGyith-3p —
AGpo-31p. Positive AAG values indicate weaker binding of the phosphorylated gapped
DNA.
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experimental evidence that the 3’-OH does not contribute to the
initial binding free energy, while our results show that a 3’-phosphate
decreases the binding affinity of Klenow for gap10. The inhibition by
3’-phosphate may be due to steric conflict within the active site.
Previous studies showed that the three catalytically important
carboxylates (Asp 882, Glu 883 and Asp 705 in Klenow; Asp 785,
Glu 786 and Asp 610 in Klentaq) are 2-3 A away from the 3’ terminus
of the primer strand in the binary complex with DNA [10], but
addition of phosphate group to the primer terminus will add about
4A.

3.3. 5’-phosphate effect on binding of gapped DNAs to Pol I DNA
polymerases

The 5’ end of DNA in vivo is frequently phosphorylated, hence we
also evaluated how the presence or absence of 5’-phosphorylation
within gapped and nicked DNA might alter binding affinity. For longer
gaps, the 5’ side of the gap will be too far away to even interact with
the polymerase, but for nicks and these shorter gaps, the 5’ side of the
gap could easily be within interaction distance. Joyce and associates
have shown that for ptDNA constructs where the 5’ overhang is very
short (1-2 bases), that 5’-phosphorylation of the overhang can
tighten binding affinity to Klenow by about 1 kcal/mole [19].

Fig. 4 shows small but differing 5’-phosphorylation effects on the
binding of Klenow versus Klentaq. The addition of a 5’-phosphate
enhanced the binding of Klenow to the nicked DNA, but not to gapped
DNA. In contrast, 5’-phosphorylation shows a small unfavorable effect
on binding of gapped DNA by Klentagq. Interestingly, the effects of 5’-
phosphorylation on gapped DNA binding of both polymerases differs
from its effect on the binding of eukaryotic Pol 3 polymerase, where
5’-phosphorylation moderately increases binding affinity for longer
gaps, but not for shorter gaps [20,21].

The 5’-phosphate effects on the affinity of both polymerases for
gapped DNA were also examined in the absence of magnesium (data not
shown) and the results were nearly identical for Klentaq, and slightly
dampened for Klenow (nicked DNA bound 0.35 kcal/mole tighter to
Klenow in the absence of magnesium). This relative insensitivity of
either polymerase to the presence or absence of Mg 2 again contrasts
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Fig. 4. The effect of 5’'-phosphorylation on the binding of nicks and gaps to Klenow
(KLN) and Klentaq (KTQ) polymerases. Schematics of DNA constructs are shown in the
top panel. Data are shown as AAG values compared to the same DNA without a 5'-
phophate: AAG = AGyith-5p — AGno-s5/p. Negative values indicate stronger binding and
positive AAG values indicate weaker binding of the phosphorylated DNA relative to the
unphosphorylated DNA.

with Pol B, where Mg ™2 and 5’-phosphorylation have antagonistic
effects on binding affinity of that polymerase to gapped DNA [20].

It is also notable that the effects of 5’- and 3’-phosphorylation of a
10 base gap on the binding of Klentaq are almost identical, in contrast
to the somewhat different effects that phosphorylating opposite sides
of the gap has on Klenow. This could indicate that Klentaq binds
equivalently to either side of the gap (and thus is similarly inhibited
by phosphorylating either side of the gap), while Klenow binds
preferentially to the productive 3’-side of the gap. The data on the
binding of the two polymerases to DNA end-structures with 5’ versus
3’ overhangs, which is presented below, also supports this possibility.

3.4. Binding of different DNA end-structures by Klenow and Klentaq

Fig. 5 shows the affinity differences between ptDNA and the
binding of two different unproductive DNA end-structures to Klenow
and Klentag. Pol I polymerases have been suggested to act in
protecting DNA ends after double-strand breaks [11,12]. Fig. 5
shows again that Klenow discriminates against the non-replicative
structures more effectively than Klentaq does. In fact, if two-stranded
constructs are used instead of hairpin constructs, the difference in
affinity between ptDNA binding and blunt-end binding is even
smaller for Klentaq (<0.3 kcal/mole), whereas it remains larger for
Klenow [16]. However, the differences in affinities between the
replicative DNA structures and the blunt-ended or inverted-template-
primer DNA structures are not large for either polymerase
(<1.1 kcal/mole for Klenow, <0.6 kcal/mole for Klentaq): a result
that certainly supports a protective end-binding capability for both
polymerases.

3.5. Binding of mismatched DNA end-structures by Klenow and Klentaq

Fig. 6 shows the binding of Klenow and Klentaq to DNA constructs
with mismatched ends. Our laboratory and others have collected a
large body of data on the binding of Klenow and Klentaq to different
DNAs, but no laboratory has previously characterized a duplex DNA
that binds with higher affinity than the “normal” primed-template
substrate (although single-stranded DNA, under high salt concentra-
tions, will bind more tightly than ptDNA). In Klenow, mismatches at
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Fig. 5. Binding of different DNA end-structures by Klenow and Klentaq polymerases.
The top panel shows schematics of the different DNA structures. Data are shown as AAG
values relative to binding of ptDNA (Hp39): AAG = AGstrycturea — AGpipna. Positive AAG
values indicate weaker binding of the compared DNA relative to ptDNA binding.


image of Fig.�4
image of Fig.�5

192 Y. Yang, V.. LiCata / Biophysical Chemistry 159 (2011) 188-193

the 3’ primer terminus favors the partitioning of the binding to the
exo site [22,23], and three consecutive mismatches at the 3’ primer
terminus cause Klenow to bind almost entirely in the editing mode
[22,23]. Thus, when binding to Klenow, duplex DNAs containing three
consecutive mismatches will bind with the duplex pulled open and
the 3’ end of the primer pulled down into the exonuclease active site.
The only existing protein-DNA co-crystal of Klenow polymerase
shows the DNA binding in this “editing mode” orientation [6,8].

Clearly mismatched DNA binds to the proofreading site of Klenow
more tightly than matched DNA binds to the polymerization site, but
Fig. 6 unexpectedly shows almost the same enhancement of affinity
when mismatched DNA binds to Klentaq polymerase. In fact, this is the
only non-replicative DNA in this study that Klentaq appears able to
distinguish from ptDNA. Klentaq, however, does not have proofreading
ability, nor an exonuclease site, and has only ever been observed to bind
DNA in the polymerization mode [9,24]. In fact, the key amino acids
identified as being somehow involved in Klenow's proofreading activity
[25] are all missing in Klentaq. Again the free energy differences are
rather small, both Klenow and Klentaq bind the mismatched DNA
<0.7 kcal/mol tighter than the matched DNA, but this difference would
predict that if these two proteins encountered equal concentrations of
matched and mismatched DNA, they would both be 2-3 times more
likely to bind to the mismatched DNA.

4. Discussion

In this study, we have examined the thermodynamics of binding of
two different Pol I DNA polymerases to different replicative or repair-
type DNA substrates, and found that the evolutionarily older
polymerase (Taq) does not really discriminate among the different
potential DNA substrates, while the evolutionarily younger polymer-
ase (E. coli) has the capability of distinguishing among these potential
intracellular binding sites. The polymerase from E. coli generally binds
preferentially to replicative-type substrates (ptDNA>nicks, gaps, or
unusual end-structures), but the preferences are only on the order of
up to 2.4 kcal/mole. This indicates that while the E. coli polymerase

Ll

A ¥
he39  ETTTTTTIIIIIII T iy
pt-DNAA[

’ 5
hP39mE|[|||||||| (HEEEE NN

5,
33
hpas  TTTTTTTTTITITTITTITT]
55
blunt
Y
hpasm ETTTTTTTTTTTTTTTTT 5
s,
B
pt-DNA blunt pt-El)NA blllmt
= 0.2
E
— 0.4 -
S 2 -
- ==
=2 | 064
o =
4 - w
> B KLN
¥ 1.0 (] KTQ

Fig. 6. Binding of mismatched DNA to Klenow and Klentaq polymerasese. The top panel
shows schematics of the different DNA structures. Data are shown as AAG values
relative to the same construct without mismatches: AAG = AGnmismatched — AGmatched-
Negative values indicate tighter binding of the mismatched DNA constructs.

definitely prefers replicative (or long gap) substrates, it does not
effectively (thermodynamically) exclude any of these substrates. The
gradual decrease in the affinity of Klenow for shorter gaps leading to
the nick also makes some sense from a physiological point of view,
since after filling a gap Klenow is likely to dissociate from the nick and
allow ligase to close the nick (alternatively, Klenow also has the
capability to continue forward via displacement synthesis at the nick).

Another conclusion from this data is that the single-stranded portion
of the DNA is more important for Klenow binding than for Klentaq
binding. This fact has been demonstrated in previous studies of primer-
template DNA with different overhang lengths [16,19]. The data in this
study extend these findings to include the single-stranded portion of the
DNA within a gap, which also clearly contributes to the total binding free
energy for Klenow, but not for Klentaq.

While the data clearly indicate that Klenow has a more sophisticated
ability to discriminate among different DNAs than Klentaq does, a key
question in the further interpretation of the data is: how much of this
difference is due to Klenow's proofreading site? The Klenow exo-
mutant used in these studies (and nearly all studies of Klenow in the
past two decades) does not have exonuclease activity, but still binds
DNA in the exonuclease site [15]. The easiest/quickest answer to this
question is the assumption that these differences must simply be due to
the proofreading site, however, all but one set of DNA substrates are
DNAs with fully matched duplex regions, where the partitioning into the
proofreading site will be minimal (between 5 and 15%) [22,26,27,
Brown & LiCata, unpublished]. In addition, the presence or absence of
Mg ™2, which is believed to alter the partitioning into the proofreading
site [23], does not alter most of the quantitative results nor any of the
qualitative results of this study (e.g. the data on 3’-phosphorylated gap
binding in Fig. 3 show the largest Mg "2 effect observed in this study, but
Klenow still shows greater substrate discrimination than Klentaq in
both the presence and absence of Mg™*?2). Despite these arguments,
however, we cannot definitively rule out the potential participation of
the proofreading site in Klenow's greater discrimination among these
substrates.

Related to this discussion of the potential role of the proofreading
site in Klenow, possibly the most unusual result in this study is the
finding that both Klenow and Klentaq bind mismatched DNA more
tightly than matched DNA, and by about the same amount. Yet Klentaq
does not have a proofreading site, nor has it ever been observed to bind
DNA outside the polymerization site. This finding suggests that DNA end
protection is an extremely important function for both polymerases.
Protection of unmatched end structures has been implicated in non-
homologous end-joining [11,12]. We chose to examine DNA with a
three-base mismatch because Klenow is known to bind such a DNA
completely in the editing mode, by pulling the primer strand into the
proofreading site [6,8,22,26,27], whereas the relative partitioning of
editing-mode to polymerization mode binding of 1- and 2-mismatched
DNA to Klenow remains controversial. The topology of binding of
mismatched DNA to Klentaq has not been previously addressed.

The importance of the end-binding/end-protection role of the
polymerases is also supported by the finding that both polymerases
bind quite well to a DNA to an inverted end-structure: an overhanging
primer instead of an overhanging template. Many DNA binding proteins
are known to exhibit “non-specific” binding to DNA ends, but what is
unusual in these results is that the affinities of the polymerases for the
different non-extendable ends are so close to the affinities for the
productive substrates: close enough that competition among all of these
different DNA “targets” for the 400 or so Pol I molecules within a
prokaryotic cell would be very effective.

4.1. Comparisons with other polymerases
The characterization of eukaryotic polymerase Pol > by Bujalowski

and associates constitute the most extensive and detailed thermody-
namic studies of polymerase binding to gapped-DNA carried out in
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any system to date [20,28,29]. Some of the differences between Pol |
and Pol 3 gap binding were discussed above in Results. Bujalowski and
associates have also studied gap binding by Pol X [30], and enzymatic
studies of gap filling activity have been carried out for a number of
DNA polymerases [31-34]. Among all of these studies (present studies
included), one thing is clear: there are no universal rules for
polymerase gap binding. Pol X only functions on gaps where the
single-stranded DNA portion is less than 4 nucleotides long [30]. Both
Pol 3 and Pol N\ processively fill short gaps (less than 5 or 6
nucleotides) with a requirement for a 5’-phosphate at the 5’ end of
the gap [33,34]. Pol o prefers long gaps with >30 nucleotides of
single-stranded DNA in the gap [32-34]. The presence of a 5’'-
phosphate stimulates the extension of the primer by PaePOL when the
gap is more than 2 nucleotides long [32]. For Pol P, the affinity of the
polymerase is not especially dependent on the size of the gap, unless
the gap is 5’-phosphorylated — then longer gap binding will be
enhanced, and 5’-phosphorylation within the gap and the presence of
Mg ™2 are antagonistic for Pol 3 [20].

Attempting to integrate the findings for these different polymerases
quickly leads to the conclusion that characterizing gap binding behavior
in one polymerase has virtually no predictive capability for any other
polymerase. Gap binding characteristics clearly change among
polymerases with different specializations and between prokaryotes
and eukaryotes. In that sense the Klenow/Klentaq pair represents a
unique comparison at the evolutionary onset of gap recognition: a
comparison between two Pol I family polymerases where one has not
yet developed the capability to distinguish gaps from other DNA
structures, and one that is just beginning to make such distinctions.
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