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Abstract

DNA-dependent DNA polymerase is the enzyme responsible for carrying out DNA
replication. DNA polymerase regulates the faithful transmission of an organism’s genetic
material, and performs various tasks involved in correcting errors that occur during the process
of DNA replication. Extensive genetic and biochemical research has been done to characterize
the general mechanism of DNA replication and the factors that govern its fidelity, and yet the
mechanistic details of this fidelity, how a correct deoxynucleotide is selected for by the enzyme
for incorporation, and an incorrect one is excluded, is yet to be determined. Structural studies of
various DNA polymerases and their complexes with DNA have provided a great deal of insight
into how catalysis in nucleotide incorporation occurs, and has also provided empirical models of
how fidelity is brought about in these enzymes during DNA replication.
This thesis describes ongoing work to elucidate the mechanism of high-fidelity
nucleotide incorporation during DNA replication by an A-family DNA polymerase, employing
biochemical and structural studies to dissect, step-by-step, the structural changes that occur
during nucleotide binding and phosphodiester bond formation between the incoming nucleotide
and the growing primer strand. Time-resolved X-ray crystallography is used to monitor and
study in real-time, at atomic resolution, the mechanism of nucleotide incorporation in crystallo.
This method has been successful in studying the mechanistic details of several enzymes and we
show here that it can be used to directly observe and monitor the sequential structural changes in
DNA polymerase and its bound substrate DNA that are brought about by nucleotide binding to
the DNA polymerase active site.
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Chapter 1
Introduction
1.1 DNA Polymerases and DNA Replication
DNA constitutes the genetic material in all kingdoms of life (Bacteria, Archaea and
Eukaryotes). The genomes of any such organisms are DNA molecules comprised of four
nitrogenous bases. The purines, Adenine and Guanine base-pair with their pyrimidine
counterparts, Thymine and Cytosine, respectively. This base-pairing rule was initially suggested
by Watson and Crick to allow a DNA molecule to direct the synthesis of a new DNA molecule
identical to the first. This is what we now call DNA replication.
DNA replication is ubiquitous to all organisms with DNA genomes. The faithful
transmission of genetic material through successive generations is an evolutionary imperative for
the continuation of any species. Errors made during this process can lead to mutations that may or
may not be phenotypic. A single change in one of nucleotides coding for a gene could prove
inconsequential, or could lead to altered protein products or changes in gene expression and
regulation. The latter often leads to genomic instability, disruption of metabolic and gene
regulatory pathways, and the prevalence of disease states: most notably Cancer and other
neoplastic syndromes.
For this faithful transmission of the genetic material to occur during DNA replication
organisms must rely on sophisticated proteins, enzymes, that can match the speed of cell division
for a particular cell-type or organism whilst maintaining a high degree of fidelity. These enzymes
are DNA polymerases, enzymes that are capable of synthesizing new DNA molecules under the
direction of a parent DNA molecule [1, 2].
DNA polymerases not only replicate genomic DNA, but have evolved to perform much
more sophisticated tasks in order to repair genomes and maintain genomic stability. As such,
there is a direct correlation between genome complexity and the number, and multisubunit
characteristics of DNA polymerases (Fig. 1). Essentially, the more complex the genome of an
organism, the larger the number of DNA polymerases encoded within it to carry out highly
specialized tasks.
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Figure 1. Number of Replicative DNA Polymerases with Increasing Genome Complexity.

1.2 DNA Polymerase Structure, Function and Organization
DNA polymerases can be classified as replicative or repair enzymes with only a few
exceptions that perform both tasks [3, 4] and are grouped into seven different families (A-D, X,
Y, and RT) based on sequence homology and structural similarities [5] (Table 1). The evolution
of specialized DNA polymerases is directly correlated with genome complexity, wherein simple
bacteriophages contain a single replicative DNA polymerase and higher eukaryotes contain at
least 15 different DNA polymerases that participate in replication and repair.
There is a clear relationship between DNA polymerase structure and function, and
common structural elements conserved across all known DNA polymerases exist [6, 7]. The
overall structure of a DNA polymerase resembles a human right hand that consists of 3 domains:
palm, fingers, and thumb. When the DNA polymerase holoenzyme binds to duplex
primer/template DNA and dNTP, a conformational change in the DNA polymerase and the
duplex DNA leads to the assembly of an active site. The fingers domain interacts with the
incoming dNTP and single-stranded DNA and forms a closure around the substrates in the activesite to facilitate Watson-Crick base-pairing [8, 9], and the thumb domain binds to double-stranded
DNA. The palm domain contains catalytic residues that bind divalent metal ions
2

Table 1. Representative DNA polymerases and their functions from the seven families.
Family

DNA Polymerase

Main Functions

Taxonomy

A

T5 DNAP
T7 DNAP
E. coli DNAP I
B. stearothermophilus
T. aquaticus DNAP I
DNAP γ

Replication
Replication
Replication, repair

Viral
Viral
Bacterial

Replication
Replication in mitochondria

Bacterial
Eukaryotic

DNAP θ

Replication of cross links, base-excision repair

Eukaryotic

DNAP υ
T4 DNAP
RB69 DNAP
HSV-I DNAP
φ29 DNAP
E. coli DNAP II
DNAP BI
DNAP BIII
DNAP α
DNAP δ
DNAP ε
DNAP ζ
E. coli DNAP III
B. subtilis DNAP III
B. subtilis DNAP E
T. aquaticus DNAP III
DNAP D
ASFV DNAP
B. subtilis DNAP X
T. thermophilus DNAP X
T. aquaticus DNAP X
M. mazei DNAP X
DNAP β
DNAP λ
DNAP μ
E. coli DNAP IV
E. coli DNAP V
S. solfataricus Dpo4 DNAP
DNAP η
DNAP κ
DNAP ι
Reverse Transcriptase
Telomerase

Repair
Replication
Replication
Replication
Replication
Repair
Replication
Repair, base-excision (BER)
Replication priming
Lagging strand replication, repair
Leading strand replication, repair
Extension in translesion synthesis (TLS)
Replication
Replication
Replication
Replication
Replication
Repair
Repair
Repair
Repair
Repair
Repair, base-excision
Repair, BER, DSB, TLS
Repair, IgG recombinational
Repair, TLS
Repair, TLS
Repair, TLS
Repair, TLS
Repair, TLS
Repair, TLS
RNA-dependent DNA synthesis
Replication of chromosome ends

Eukaryotic
Viral
Viral
Viral
Viral
Bacterial
Archaeal
Archaeal
Eukaryotic
Eukaryotic
Eukaryotic
Eukaryotic
Bacterial
Bacterial
Bacterial
Bacterial
Archaeal
Viral
Bacterial
Bacterial
Bacterial
Archaeal
Eukaryotic
Eukaryotic
Eukaryotic
Bacterial
Bacterial
Archaeal
Eukaryotic
Eukaryotic
Eukaryotic
Viral
Eukaryotic

B

C

D
X

Y

RT
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required for the phosphoryl transfer reaction in which a dNMP is attached to the 3’-OH group of
the growing DNA strand and pyrophosphate is released.
Several DNA polymerases also contain 3’-5’ and/or 5’-3’ exonuclease activities through
a structurally conserved exonuclease domain [10] which provides such a polymerase with
essentially two active-sites that are in careful equilibrium. The existence of exonuclease activity
provides high-fidelity replication (Table 2). Upon correct binding of duplex DNA to the DNA
polymerase, both active sites have been shown to interact initially with the duplex DNA in the
open conformation. It is believed that once correct Watson-Crick base-pairing is verified through
closure of the O-helix of the fingers subdomain on the substrates, the exonuclease active-site
ceases to interact with the DNA substrate. However, once an incorrect nucleotide is incorporated,
the newly synthesized DNA is released from the polymerase active-site and is bound by the
exonuclease active-site for hydrolysis of the incorrect base.

Table 2. Fidelity of DNA synthesis
Mechanism

Fidelity

Spontaneous base-pairing
Exonuclease-deficient DNA polymerase
DNA polymerase with 3'-5' exonuclease activity
DNA polymerase with 3'-5' exonuclease activity and auxiliary proteins
DNA polymerase with 3'-5' exonuclease activity, auxiliary proteins and postreplication mismatch repair

10-1
10-1 to 10-4
10-5 to 10-6
10-7 to 10-8
10-9 to 10-10

Family A DNA polymerases are perhaps the most well-studied family of replicative and
repair DNA polymerases after the discovery of the prototypical DNA polymerase I from E. coli
in 1958 by Arthur Kornberg [11]. Over the years, as more and more DNA polymerases were
discovered, the need to systematically characterize and classify them due to their differences
resulted in a framework that utilized amino acid sequence homology and structural similarities to
group these enzymes in classes distinct from each other but highly conserved within the
constituents of each class.
These DNA polymerases shared common structural and functional organizations. The
quintessential family A DNA polymerase I from E. coli and other members of this family were
organized in three functional domains: an N-terminal domain containing 5’-3’ exonuclease
4

activity, a central domain containing 3’-5’ exonuclease proofreading activity, and a C-terminal
domain containing the polymerase activity [12]. This, coupled with amino acid sequence
homology for these conserved motifs, is the fundamental characteristic for this family of DNA
polymerases which included viruses, bacteria, and the eukaryotic mitochondrial DNA
polymerase γ.
Family B DNA polymerases, using the same scheme for family A DNA polymerases, are
homologous to E. coli DNA polymerase II. This second E. coli DNA polymerase was discovered
a decade after its predecessor by genetic and biochemical characterization of a mutant strain of
E. coli (PolA1) that had significantly reduced levels of DNA polymerase I but was still capable
of growth. This new DNA polymerase retains 3’-5’ exonuclease activity, but the responsible
domain is spatially organized in a different manner relative to its counterpart in family A
polymerases [13] (Fig. 2). Interestingly, this polymerase performs a host of functions not
possible with its predecessor. Its gene expression level, or amount of protein product, is induced
sevenfold in response to DNA damage [14]. It was genetically mapped and identified as the E.
coli dinA gene, one of many confirmed genes induced during the SOS response to DNA damage
[15]. Such a mechanism is often prevalent when E. coli cells are exposed to ultraviolet (UV)
radiation. Based on this evidence and subsequent studies it was established that E. coli DNA
polymerase II was also responsible for error-free replication restart in lesion bypass; a situation
where DNA replication is blocked due template DNA damage [16].
This family of DNA polymerases grew to encompass replicative and repair DNA
polymerases from viruses, bacteria, and archaea as well as the major eukaryotic multi-subunit
replicative and repair DNA polymerases α, δ, ε, and ζ which are responsible for priming of DNA
replication, lagging strand replication and repair, leading strand replication and repair, and
translesion DNA synthesis (TLS), respectively.

5

Figure 2. Domain Organization of Families A and B DNA Polymerase. The figure shows the
relative locations of the Exonuclease domain in prototypical A and B family DNA polymerases A)
T7 and B) RB69, respectively. The exonuclease domain is shown in red, the thumb domain in
orange, the fingers domain in yellow, and the palm domain in blue. The exonuclease domain in T7
DNA polymerase is located away from the polymerase active site, whereas in RB69 it is nestled
between the thumb and fingers domains, providing for a drastic difference in proof-reading
capabilities by both polymerases, where polymerase-exonuclease switching is more energy
consuming for T7 DNA polymerase. In A) E. coli Thioredoxin, T7 DNA polymerase processivity
factor is shown in magenta and in B) spacers in the RB69 DNA polymerase are shown in green.
Primer-template duplex shown in red and blue, respectively.
Multisubunit characteristics of DNA polymerases are not exclusive to the eukaryotic
enzymes. Arthur Kornberg, along with two other labs, isolated a replicative DNA polymerase III
from E. coli mutant strain Pol A that was found to be very inefficient in DNA replication in vitro
compared to DNA polymerase I. However, a crude extract of that same mutant was much more
efficient in DNA replication in vitro. This suggested that a more complex form of this DNA
polymerase exists. Subsequent isolation of this complex proved that it contained 10 subunits,
6

including a clamp loader and sliding clamp that increase the processivity of this polymerase [17].
Upon further investigation it was found that this DNA polymerase III holoenzyme was the major
DNA replication complex in E. coli responsible for leading and lagging strand chromosomal
DNA replication. No 3’-5’ exonuclease activity was encoded by the catalytic subunit of E. coli
DNA polymerase III (α subunit), it was instead encoded by an accessory subunit (ε) within the
holoenzyme [18]. Thus emerged Family C DNA polymerases; multisubunit enzymes, exclusive
to bacteria, that perform editing and proofreading by an accessory subunit rather than the
catalytic DNA polymerase subunit.
Archaea are the only known species characterized thus far that are shown to contain what
are called Family D DNA polymerases [18]. This DNA polymerase D is a heterodimer
composed of a large DP2 and small DP1 subunits. The large subunit (DP2) is the catalytic
subunit while the small (DP1) subunit acts as an accessory factor, and their interaction has been
shown to be a prerequisite for optimal 3’-5’ exonuclease activity [19]. Further studies have
shown that the small subunit possessed an intrinsic proofreading activity and was homologous to
the small accessory subunits of eukaryotic family B DNA polymerases α, δ and ε [20].
Family X DNA polymerases are fascinating in that they are the only class of DNA
polymerases that exist in viruses, bacteria, archaea and eukaryotes, and are exclusively repair
enzymes [21]. They are not limited to only one DNA repair pathway, as is the case for family Y
DNA polymerases discussed below. Because these enzymes participate in a multitude of DNA
repair pathways, it appears that they share distinct homologies and organizations within a certain
kingdom of life, but have stark variations in domain organization between various kingdoms
[22]. The unifying structural theme of this family of DNA polymerases is the pol-X polymerase
domain. In eukaryotes, DNA polymerase β (Pol β) contains an N-terminal 5’-deoxyribose 5’phosphate lyase (dRP-lyase) domain that contains a Helix-hairpin-Helix (HhH) motif which
interacts with DNA downstream of a gap (abasic site, etc.) and aids in the removal of 5’-terminal
abasic sugars from damaged DNA [23]. Its function lies in base-excision repair (BER) of
damaged DNA. Bacteria and archaea have a Pol β-like domain fused at its C-terminus to a
phosphodiesterase domain, also known as polymerase histidinol phosphatase (PHP) [24]. This
domain contains an intrinsic 3’-5’ exonuclease activity residing within it that allows the removal
of single-stranded 3’-termini in gapped DNA. Taken together with the Pol β-like domain,
7

bacteria and archaea are capable of not only base-excision repair but also non-homologous end
joining (NHEJ) in the repair of damaged DNA[25].
Excluding Pol β, all other eukaryotic family X DNA polymerases (λ, μ, TdT, etc.)
possess a BRCT domain fused to the N-terminus of a Pol β-like domain [26]. The BRCT domain
is the C-terminal fragment of BRCA1 (breast cancer susceptibility protein-1) that mediates
protein-protein and protein-DNA interactions [27]. The interactions mediated by this domain
allow these eukaryotic repair polymerases to not only perform base-excision repair but also
perform double-strand break (DSB) repair and immunoglobulin V(D)J recombinational repair.
Only Pol λ is capable of performing translesion DNA synthesis (TLS) in addition to the other
repair functions [28].
Translesion DNA synthesis, as its name implies, is a bypass strategy that allows DNA
synthesis or replication across damaged sites in DNA. During DNA replication when a DNA
polymerase encounters a site containing a lesion (thymine dimers, bulky base adducts) or an
abasic site, events are triggered to try and correct the damage to the site by base-excision,
nucleotide-excision, or mismatch repair, or the more laborious homologous recombination and
non-homologous end joining. In some situations the damage cannot be repaired and the site must
be bypassed in order to continue DNA replication and sustain genome stability [29]. This
induces the TLS response which, owing to its function and the situation at hand, is a last resort
when it comes to salvaging DNA replication. This response is carried out by the highly
specialized, but often error-prone, family Y DNA polymerases [30].
Family Y DNA polymerases exclusively carry out translesion synthesis and are
restricted to a last resort approach due to their considerably lower fidelity because of the absence
of 3’-5’ exonuclease activity when compared to their replicative counterparts [31]. Because of
the nature of this repair route, their low fidelity provides for flexibility in bypassing lesions. A
structural basis for this low-fidelity exists based on the crystal structures of archaeal DNA
polymerases Dbh and Dpo4 [32]. It was found that, while the palm domain was nearly identical
to its counterparts in other families, the fingers domain appears in the closed conformation
regardless of the presence or absence of any substrate. Just as interesting was the finding that the
enzyme made minimal, non-specific contacts with its substrate [33]. These translesion
polymerases take one of two routes, error-free and error-prone bypass, in their function
8

depending on the lesion encountered and the polymerase used. Lesions induced by UV
irradiation are corrected in an error-free bypass by pol η but pol ι will introduce mutations at this
site [34].
The last family in this enzyme class is the reverse transcriptase (RT) family of DNA
polymerases. These RNA-directed DNA polymerases only exist in retroviruses and humans, and
are quite distinct in their function [35]. Retroviruses are so called due to the requirement that
their RNA genomes be transformed by reverse transcription into double-stranded DNA; a
prerequisite for integration into a host genome. The most prominent of these RT’s are HIV-I
reverse transcriptase and human Telomerase, which is responsible for the addition of 6
nucleotide repeats to the 3’-end (Telomeres) of chromosomes, thereby slowing the loss of
genetic information that occurs during chromosome replication[36].
HIV-I RT is an asymmetric dimer composed of subunits p66 and p51 that are derived
from proteolytic cleavage of precursor proteins in the virus genome. The p51 subunit is in fact
derived from proteolytic cleavage of the full length p66 subunit at its RNase H-containing Cterminus [37]. This RT possesses both a DNA polymerase domain and an RNase H domain that
are separated by a 100 amino acid residue connector domain in the p66 subunit of the
asymmetric dimer. The RNase H domain is responsible for the removal of RNA primers from
RNA:DNA hybrids that are used to prime the reverse transcription reaction for the production of
complementary DNA (cDNA) to the viral genes [38]. RNase H is not exclusive to reverse
transcriptases and is often found in many DNA polymerases to specifically carry out primer
removal [39]. The DNA polymerase is similar to its counterparts in other families with respect to
the three domains (fingers, palm and thumb), however the truncated p51 subunit, despite having
an intact DNA polymerase domain, has these three domains spatially rearranged to prevent
extensive interaction with substrate [40].
Human Telomerase (hTERT) is a ribonucleoprotein complex capable of adding 6nucleotide repeats of 5’-TTAGGG-3’ (telomeres) to the 3’ ends of human chromosomes, and is
composed of two molecules each of telomerase reverse transcriptase (TERT), telomerase RNA
(TERC), and dyskerin protein which is required for correct processing of TERC [41]. The TERC
templating region contains the sequence 3'-CAAUCCCAAUC-5' which allows telomerase to
bind the first few nucleotides of the template to the last telomere sequence on the chromosome
9

and reverse transcribe to obtain a new telomere repeat at the 3’-end of the chromosome. It then
translocates this TERC:cDNA hybrid and realigns the new 3'-end telomere to the template and
repeats the process. DNA polymerase then fills the gaps in the lagging strand [42].

1.3 Mechanism of Nucleotide Incorporation, Fidelity and the Fingers Domain O-helix
DNA polymerase fidelity results in the accurate replication of a DNA template and is a
requirement to prevent, or at least reduce, mutations in the newly synthesized DNA strand by
misincorporation. The mechanism of nucleotide incorporation follows 5 steps (Fig. 3) [43-45].
First, a binary complex is formed by the binding of DNA polymerase to its substrate doublestranded DNA. Second, a correct incoming deoxyribonucleoside triphosphate (dNTP) binds to the
binary complex, forming a ternary complex that includes two divalent metal ions which mediate
formation of a pentacovalent coordination complex between the triphosphate moiety of the
incoming nucleotide, two carboxylate-donating Asp residues, and the 3’-oxyanion of the primers
3’-terminus. Third, a subsequent conformational change occurs in the newly formed ternary
complex from open to closed conformation, which is followed by a fourth, chemistry, step leading
to phosphodiester bond formation between the α-phosphate of the incoming dNTP and the 3’oxyanion at the 3’-end of the growing primer strand. In the fifth step, inorganic pyrophosphate is
released as a byproduct, and the polymerase reverts to the open conformation to facilitate
translocation to the new templating base. At the end of this nucleotide addition cycle, postreplication proofreading occurs prior to the subsequent cycle. Fidelity of nucleotide incorporation
is largely affected by the degree of discrimination during nucleotide binding, conformational
change and the chemistry step [46].

Figure 3. Sequence of Events During Nucleotide Incorporation. See text for details.
10

The binding of an incoming nucleotide to a binary complex in itself is an intricate network
of thermodynamic, kinetic and geometric parameters that must all be satisfied before a nucleotide
is accepted to undergo catalysis. In general, an incoming nucleotide must form the proper
hydrogen bonds with the templating base and base stack properly with neighboring nucleotides
[47]. These first two criteria are required to obtain a proper geometry of the incoming nucleotides
triphosphate moiety in a catalytically-ready state [48]. Proper base pairing is energetically
favorable due to entropic contributions by freed water molecules and the low energetic cost of
hydrogen bond formation. However, base pairing is not required for efficient dNTP incorporation
for some DNA polymerases [49], but does significantly increase fidelity by serving as an initial
checkpoint for correct base pair geometry [50]. Base pairing with an incorrect nucleotide will
likely change hydrogen bonding and base stacking patterns, as is the case with Hoogsteen basepairs, which would in turn force the incoming nucleotides triphosphate moiety to adopt an
incorrect geometry that is not conducive to catalysis [51].
Enthalpic and entropic contributions to free energy change by binding of correct versus
incorrect nucleotide to the polymerase active site have been shown to contribute to fidelity but are
not large enough to explain the differential fidelity of various polymerases [52]. Combining free
energy change produced through exclusion of water with the free energy change obtained by
geometric constraints of the polymerase active site provides approximately 1-3 kcal/mol that are
primarily contributed through base pair hydrogen bonds and reduction of solvation around an
incoming nucleotide[53]. This alone does not explain the high selectivity of several polymerases
for the correct over incorrect nucleotide that in some instances was as much as tenfold higher[54].
Base stacking in nucleotide selectivity has garnered many proponents based on evidence
that it is perhaps a much more discriminatory step compared to hydrogen bonding in base pairs.
Base stacking is a stabilizing force in duplex DNA and contributes heavily to helix stability [55].
Studies using nucleotide analogs lacking hydrogen bonding capabilities but retaining base
stacking properties show that these analogs, which have similar geometries to their natural
counterparts, can be incorporated by some DNA polymerases[56], albeit with significantly
reduced fidelity[57], indicating that while hydrogen bonds are critical to polymerase fidelity, base
stacking that provides proper geometry is much more discriminatory in the proper alignment with
active site residues for catalysis[58].
11

Many polymerases exploit base stacking as a major mechanism of nucleotide selectivity.
This is a characteristic of many family A polymerases known as “base flipping” where an
evolutionarily conserved Tyr residue (E. coli Klenow 766; Bacillus 714; Taq 671) mimics and
takes the position of the 5’-nucleobase adjacent to the first templating base thereby “flipping” the
displaced 5’-nucleobase out of the helix and mediating proper base stacking with the templating
base[59]. Similarly, a conserved Phe residue in these polymerases stacks against, and stabilizes,
the incoming nucleotide’s nucleobase to facilitate proper geometry [60]. Studies of mutant
Klenow polymerases containing “non-stacking” amino acid residues in place of Tyr766 showed a
significant decrease in fidelity [61]. This indicated that base stacking plays an important role in
the binding and stabilization of the incoming nucleotide.
Hydrogen bonding and base stacking, taken together, serve as an initial checkpoint in the
fidelity of nucleotide incorporation. However, the free energy of binding correct versus incorrect
nucleotide contributed by these interactions as stated previously does not provide a universal
mechanism for the differential fidelity of various polymerases and therefore, while appealing, is
unlikely to be the rate-limiting step in nucleotide incorporation [62]. Kinetic studies performed to
examine the differential binding of correct and incorrect nucleotides by Klenow polymerase, T7
DNA polymerase and the Klenow fragment of Taq DNA polymerase (KlenTaq), have shown
affinities on average 200 to 400 times greater for the binding of the correct nucleotide compared
to the incorrect nucleotide (Kd’s of 20μM and 4-8mM, respectively)[63-65], and have also shown
that Klenow polymerase, compared to its counterparts, has much lower overall fidelity due to lack
in initial selectivity with Kd’s of 5uM and 12uM for the binding of correct and incorrect
nucleotides, respectively[66].
These results prompted the proposal of two models to explain the potential mechanisms
underlying the significant differences in fidelity. An “induced-fit” model posits that polymerase
fidelity would be the result of conformational coupling in which the free energy change from
correct nucleotide binding is used to drive a rate-limiting conformational change in the
polymerase that precedes the chemistry step [67]. Nucleotide selection in this model would be a
two-step process in which ground state binding of the correct nucleotide, which would be more
favorable compared to the incorrect one, is followed by the formation of a catalyticallycompetent ternary complex driven by the favorable energy produced from ground state binding.
12

The second “rate-limiting transition state” model posits that polymerase fidelity is attributed to a
rate-limiting chemistry step in which the free energy change in the formation of transition state
species of correct and incorrect nucleotides dictates whether the polymerase will proceed in the
chemistry step or revert back to an open conformation and release the nucleotide[68]. In this
model, binding of the correct nucleotide is followed by a rapid conformational change and a
subsequent slower chemistry step. Evidence in support of both models exists and it appears that
different polymerases, or perhaps different families, adopt different mechanisms for fidelity [69,
70].
The chemistry step during nucleotide incorporation (nucleotidyl transfer) is responsible
for the formation of a phosphodiester bond between the incoming nucleotide and the 3’-end of the
growing primer strand. During this step a pentacovalent transition state intermediate is formed by
a bidentate interaction of the β- and γ-phosphates of the incoming nucleotide with a divalent
(binding, B) metal ion that is also coordinated to oxyanions in the carboxylates of catalytic
residues and the α-phosphate, and a divalent (catalytic, A) metal ion that coordinates oxyanions
from the same catalytic residues to the α-phosphate and the 3’-oxyanion from the 3’-end of the
primer (Fig. 4)[71].
Conforming to a two-metal-ion-dependent phosphoryl transfer mechanism, the reaction
occurs through activation of the 3’-hydroxyl by metal A which then allows the resultant 3’oxyanion to act as a nucleophile and attack the α-phosphate. This step causes a negative charge
buildup on the leaving oxygen which is then stabilized by metal B that also chelates the β γphosphate leaving group. Thus, both metals are required to stabilize the structure and charge of
the pentacovalent transition state [72]. It should be noted that evidence is accumulating in support
of 3’-oxyanion activation using water molecules observed in several crystal structures [73]. It
should also be noted that some enzymes require three carboxylate-containing catalytic residues
whereas others also utilize a glutamate residue for carboxylate group availability [74].
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Figure 4. The Two-Metal Ion Mechanism of DNA Polymerase. The two conserved aspartates
have the E. coli DNA polymerase I numbers. The active site features two metal ions that stabilize
the resulting pentacoordinated transition state. Metal ion A activates the primer’s 3′-OH for attack
on the α-phosphate of the dNTP. Metal ion B plays the dual role of stabilizing the negative charge
that builds up on the leaving oxygen and chelating the β- and γ-phosphates. Source reference 72.
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1.4 Structural Biology of Family A DNA Polymerases
The first solved crystal structure of a DNA polymerase was that of the Klenow (large)
fragment of E. coli DNA polymerase I [75], making it a structural template to which all
subsequent structures could be aligned and compared. Since then, a plethora of DNA polymerases
from various organisms, belonging to different families, were crystallized and their structures
solved. This led to an abundance of structural evidence that provided a better understanding of the
structure-function relationship both within and between families of DNA polymerases. A
biochemical understanding of the different functions several polymerases perform also provided
empirical rules that aided in the successful crystallization of protein-nucleic acid complexes.
Family A DNA polymerases were, for many years, the major focus of structure-function
relationship studies. Not surprisingly, the number of crystal structures for this family of
polymerases in the Protein Data Bank (PDB) makes up approximately a third of available DNA
polymerase structures. The accumulation of structures of the apoenzyme, and complexes with
DNA (binary) and nucleotides or their analogs (ternary), has shown marked structural changes
that accompany the different states of the enzyme [76].
As mentioned previously, the domain organization of DNA polymerases includes a palm,
fingers, and thumb domain that serve individual and coordinated functions in DNA binding and
binary complex formation, and the subsequent nucleotide (or analog) binding and ternary
complex formation leading to catalysis. The interaction and spatial arrangement of these three
domains forms a DNA-binding crevice that allows double-stranded DNA to bind and
subsequently become stabilized by a network of interactions with amino acid residues from each
of these domains. The base of this crevice is the palm domain which contains three acidic residues
responsible for catalysis through their carboxylates, while the upper edges of the crevice are made
up of the thumb and fingers domains that stabilize the DNA substrate and interact with the
growing primer strand, respectively.
The fingers domain in family A polymerases carries an O-helix (Fig. 5), so designated
based on the original structure of E. coli DNA polymerase I, which is largely responsible for the
high fidelity in this family of polymerases. In the open conformation of the binary complex the Ohelix of the fingers domain is seen rotated outwards by approximately 46o, similar to the apo form
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of the enzyme, and showing a conserved Tyr residue stacking against the 5’-templating base and
mediating “base flipping” of the neighboring 5’-nucleobase of the template strand[77]. This
stacking is said to facilitate better base pairing with the incoming nucleotide.
As the incoming nucleotide binds to form a ternary complex, the O-helix rotates inwards
by approximately 40o to form a complete active site that now includes a network of residues
afforded by the O-helix that further interact with, and stabilize, the incoming nucleotide [77].
Three distinct networks of amino acid motifs (A, B and C) are characteristic of the polA family,
with motif B encoding the O-helix. Evidence suggests that the movement of the O-helix, due to
its extent, is likely the rate-limiting step for catalysis in this family of polymerases, as such a large
conformational change is likely to be energetically costly.

Figure 5. Crystal Structure of the Closed Ternary Complex of KlenTaq DNA Polymerase. In
A, the O-helix of the fingers domain (magenta) is shown in the closed conformation due to the
presence of a dideoxynucleotide at the active site. In B, a close up view of the O-helix with the
open (red) and closed (magenta) conformations superimposed.
However, very recent using FRET analysis to study catalysis in KlenTaq DNA
polymerase suggests that closure of the O-helix is in fact not the rate-limiting step, but precedes
such a step, which is believed to be the chemistry step [78]. Thus, two lines of evidence now
support both models for fidelity by family A polymerases and conclusive evidence to support or
negate either is yet to be found.
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After nucleotidyl transfer, two events must occur; pyrophosphate release and the opening
of the O-helix. It is not clear which comes first, and whether either event provides some intrinsic
energy for the other to occur. Once a nucleotide is incorporated the polymerase must translocate
to the next templating nucleobase but it is not yet clear whether it can do so in a sliding fashion
with the O-helix in the closed conformation, or whether it needs to revert to the open
conformation, and whether reversion also requires it to physically dissociate from its substrate,
translocate and re-form the binary complex. One would assume that for subsequent nucleotide
incorporation, the O-helix must first revert to the open conformation to allow for the
aforementioned steps in nucleotide binding to occur prior to catalysis, but whether or not this is
required for translocation is not well understood. If this is the case then translocation, whether by
sliding onto the next templating nucleobase, or physically dissociating and re-associating with its
substrate DNA, must be a costly energy-driven process. The origin of such energy should be
investigated along with contributions, if any, made by pyrophosphate release.

1.5 Time-resolved X-ray crystallography for studies in enzymology
Time-resolved X-ray crystallography using Laue diffraction was established as an
empirical method in the study of structural changes in proteins in the late 1970’s. This was
possible due to the high solvent content often found in protein crystals which allowed the
induction of significant, biologically relevant structural changes [79]. The first example to employ
this technique was a study on muscle twitching mediated by myosin contractions [80]. It allowed
researchers to study differences in the intensities of X-ray reflections as a function of time on a
millisecond time scale. Data would then be complemented with spectroscopic methods and
existing biochemical evidence to establish a correlation with a working model. The method,
however, was impractical due to severe limitations that preclude its use as a primary tool in in
crystallo mechanistic enzymology.
The method was limited by the requirement of the use of high intensity, polychromatic
synchrotron radiation for rapid data collection from protein crystals [81]. The reason for the
success of this method is also one that hinders it. Such high intensity synchrotron radiation, while
allowing rapid data collection, also causes tremendous radiation damage to the protein crystal that
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quickly “dies” [82]. Another limitation to this approach was the localized application of these
polychromatic X-rays. In this scenario the protein crystal is stationary with no mechanical
movement that allows rotation upon any one axis which results in much more rapid decay of the
protein crystal due to highly concentrated radiation damage.
The different kinetic constants for a particular protein and their correlation with structural
changes often require modifications to a time-resolved Laue diffraction experiment. A typical
time-resolved Laue diffraction experiment hinges on two steps: reaction initiation and monitoring
of reaction progression. Both steps pose their own challenges and ultimately affect protein- and
crystal-dependent diffraction quality.
Reaction initiation may be as simple as diffusion of a substrate into a protein crystal or
may prove to be an elaborate, intricate scheme requiring specialized reagents and equipment. The
initiation must be rapid and uniform throughout the protein crystal without causing damage to
protein molecules or disrupting the crystal lattice [83]. Rapid initiation of the reaction is necessary
to avoid the convolution of the time-course of catalysis with that of initiating the reaction.
Similarly, the initiation must be uniform throughout the protein crystal to avoid initial spatial
gradients where a fraction of protein molecules in the crystal are undergoing catalysis while
others await interaction with the substrate. Both criteria are paramount to obtaining isomorphic
diffraction patterns and minimizing damage and perturbation of the crystal lattice.
Reaction initiation can be triggered by a multitude of methods. The most direct method is
soaking of a protein crystal in a solution containing substrate, activator or co-factor which
diffuses into the crystal to interact with the protein molecules [84]. Provided that a crystal is of
diffraction quality and common dimensions (i.e. not excessively large and within 300μm)
substrate diffusion can uniformly occur on a time-scale of seconds. It may be longer for larger
crystals, solutions of high viscosity, and interactions with other agents. Again, such aspects
depend on the nature of the protein under study. If catalysis occurs rapidly and reaction
intermediates are short-lived, simple diffusion of substrate would be impractical as reaction
intermediates may progress to their respective products even before diffraction studies begin [85].
To overcome obstacles concerning the rate of catalysis it is possible to exploit the
physico-chemical properties of the enzyme such as withholding necessary metal-ions,
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manipulation of pH, salts, precipitants and temperature and later introducing them to initiate the
reaction. Several DNA polymerases have been crystallized in an inactive form by exploiting the
fact that they are able to accept metal ions of similar geometry and atomic radius which were not
conducive to catalysis, such as Ca2+ and Zn2+, and then rapidly exchange these for the endogenous
metal ion for catalysis to occur [86]. Similarly, as was shown for RNase A, the first example of
exploiting temperature in reaction initiation, in very low temperatures (212K) RNase A will not
bind substrate or inhibitor despite its presence in the protein crystal. However, when the
temperature is raised to 228K the enzyme rapidly binds substrate to undergo catalysis [87].
With the emergence of more advanced synthetic technologies, it was possible, based on a
previous understanding of the interactions between substrate and protein, to synthesize substrate
analogs in an active form that can still interact with their target proteins but cannot undergo
catalysis until triggered by altering physico-chemical parameters or excitation by some agent. An
example of this is reaction initiation in crystals of Ha-Ras p21 in complex with caged GTP [88].
This GTP analog contains a 2-nitrophenylethyl protecting group on the γ-phosphate of GTP that
renders this “caged” analog inactive until such time as the protecting group is removed. Because
this GTPase activity renders short-lived reaction intermediates, it was necessary to utilize a
strategy where GTP hydrolysis of this caged analog can be triggered immediately during data
collection. As such, the photolabile 2-nitrophenylethyl group on the analog in the p21-caged GTP
complex was cleaved by light pulses to release active GTP that was immediately hydrolyzed by
the GTPase activity of the p21 protein. This strategy allowed the study of the structural changes
accompanying GTP hydrolysis by p21 oncogene to produce GDP. It is also possible to utilize
photo-excitation to activate naturally photosensitive enzymes such as heme proteins [89]. In this
example, complexes of carbon monoxide with heme proteins are prepared in a reversibly inactive
photosensitive state and the reaction is initiated by light pulses.
Even with such controlled reaction initiation, data collection and exposure times were
lengthy. Hours, and even days, were necessary to obtain complete data sets. This aspect in itself
proved to be another obstacle for monitoring reaction progression in protein crystals during X-ray
diffraction. The assumption that a uniform saturation of protein molecules with substrate, coupled
with rapid initiation, would provide an isomorphic population of protein molecules behaving
similarly in a crystal lattice is more often than not invalid. Structural changes in one protein
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molecule do not necessarily favor or induce a similar structural change in neighboring protein
molecules primarily due to large solvent content that provides some flexibility in crystal packing.
It is more likely that protein molecules behave independently of one another [90]. This can lead to
incomplete occupancy and less than uniform distribution of the substrate that was initially
believed to have saturated all protein molecules in the crystal. Thus, a polymorphic population of
protein molecules with slightly different tertiary structures may arise and the total structure factor
of any one reflection will be a weighted vector sum of each conformations structure factor based
on its fractional occupancy. However, over time, this population will evolve to an isomorphic one
depending on the individual proteins rate constant and the concentration of substrate diffused into
the protein crystal.
Another limitation, and perhaps the most important, is that the aforementioned methods
will likely only yield reaction intermediates and structural changes involved in catalysis while
providing very little, if any, structural information for events preceding catalysis (e.g. substrate
binding-induced structural changes). Thus, to increase the probability of success in any timeresolved X-ray crystallography experiment, it is imperative that a candidate protein be crystallized
and its structure solved in the open, intermediate-trapped, and closed conformations. These initial
static structures are often simple to obtain, provided that the protein is amenable to crystallization
in these states. This would simplify analysis of any discrete intermediates and structural changes
that occur as the protein changes conformation.
Technologies and techniques pertinent to the method have advanced significantly to
ameliorate many of the aforementioned obstacles. The advent of more powerful “home-source”
X-ray generators with rotating anodes, improved beam-line synchrotron sources, microfocus
beams with diameters in the 100um range, and new photodetectors coupled to high performance
computing has led to millisecond exposure times and rapid data processing with minimal crystal
damage. A complete dataset of diffraction patterns for a single crystal can be completed in mere
minutes rather than days. Such short exposure times significantly reduce signal to noise ratio in
data processing, and the possibility of reaction completion prior to complete dataset collection.
Many contemporary examples of the method provide insight into the advanced techniques
to manipulate the entire course of the reaction and eventually obtain a rather complete profile of
all structural changes that occur in the crystal to show the mechanistic details of substrate binding,
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reaction intermediate formation (including short-lived species), and product formation[91]. One
such example is the “Soak-trigger-freeze” or “Soak-freeze” method which our lab uses
extensively and is a fundamental part of the work presented in this thesis. The method exploits the
kinetics of an enzyme, through alterations in the physico-chemical environment, by either soaking
preformed crystals of the candidate enzyme in solutions with low pH, salts, etc., or by
equilibration of the crystal in temperatures that would reduce the catalytic rate of an enzyme by
several orders of magnitude. These pre-equilibrated crystals are then soaked in similar solutions
containing the desired substrate followed by flash-freezing, or trapping, in liquid nitrogen of
individual crystals at various time-points. Each crystal is then diffracted and the structure solved
by molecular replacement using the open, intermediate-trapped or closed conformation structures
and a complete reaction profile is built in this manner.

1.6 Specific aims of this work
This work aims to investigate several questions pertaining to the structure and function of
family A DNA polymerase using a structural biology approach. In the process of doing so, a
refinement of various techniques will be investigated to address the feasibility of using X-ray
crystallography in the study of structural and biochemical aspects of enzymology.
Specifically, this work will investigate the mechanism of catalysis of family A
polymerases by dissecting the structural changes that accompany two of the steps affecting
fidelity in these polymerases. That of nucleotide binding, and the chemistry step in
phosphodiester bond formation between incoming nucleotide and the primers’ 3’-end. The goal
is to evaluate how crucial a role the O-helix plays in determining fidelity to conclude whether it
is the major determinant of fidelity during nucleotide binding or the chemistry step, and
ultimately how pyrophosphate release contribution, if any, affects O-helix conformational
changes.
These questions will be addressed using time-resolved X-ray crystallography of the
Klenow fragment of Thermus aquaticus DNA polymerase (KlenTaq). Given the parameters
affecting the use of time-resolved X-ray crystallography, KlenTaq appears to be an ideal
candidate in that its rate of catalysis at room temperature in crystallo is slow enough to allow
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direct observation, and crystallographic “snapshots”, of the interactions mediated by residues in
its active with both double-stranded DNA and incoming nucleotide. For the same reasons, a
direct observation of the contributions of the O-helix will be possible due to the large
conformational changes in the fingers domain that follow nucleotide binding but precede the
chemistry step. Observation at atomic level resolution of phosphodiester bond formation in
conjunction with the movement of, and interactions with, the O-helix will likely answer the
question of whether fidelity is due to an “induced fit” or “chemistry” rate-limiting step for this
family of DNA polymerases.
Following the same scheme, a direct observation of events following phosphoryl transfer
will certainly provide snapshots of any microstates, or rapid conformational changes that precede
pyrophosphate release or O-helix opening, thereby providing direct evidence of whether or not
pyrophosphate release somehow prompts O-helix opening, or whether the O-helix opens to allow
pyrophosphate release. Finding the answer to this question will prompt further investigation into
whether O-helix opening is an energy driven process and, potentially, allow observation of any
translocation events that occur for subsequent incoming nucleotides to be incorporated.
If this in crystallo primer-extension is successful, then this methodology of “soak-freeze”
time-resolved X-ray crystallography will also prove to have the potential of becoming a
generally applicable route to the study of in crystallo mechanistic enzymology, provided that
previously mentioned criteria are met.
The significance of this work is paramount to a mechanistic and structural understanding
of the contribution of DNA polymerases in human health and disease. Mammalian DNA
polymerases have been implicated in various cancers and neurodegenerative disorders [92].
Mutations in such polymerases cause their malfunction and rational drug-design has not yet
yielded chemotherapeutic agents that specifically target only malfunctioning polymerases,
leading to increased cytotoxicity on wild-type enzymes that results in further genomic instability.
Similarly, antiviral agents directed towards viral polymerases in infections are not specific
enough and act on mammalian polymerases which leads to phenotypic side-effects similar to
those of chemotherapeutic agents [93]. This work will contribute a great deal to structure-based
drug design that can exploit mechanistic and structural differences between wild-type and mutant
DNA polymerases to increase drug specificity and reduce unwanted cytotoxicity.
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Chapter 2
Materials and Methods
2.1 Materials
All oligonucleotides used in crystallization were purchased from Integrated DNA
Technologies (Carlsbad, CA), PAGE and HPLC purified. Oligonucleotides used in cloning and
site-directed mutagenesis were purchased from the Nucleic Acid Facility (The Pennsylvania State
University, University Park, PA). Enzymes used in molecular biology were purchased from New
England Biolabs (Ipswich, MA). E. coli strains used for cloning and protein expression were
purchased from Novagen (Darmstadt, Germany). In-Fusion Cloning kit was purchased from
Clonetech (Mountain View, CA). Columns and resins used in protein purification were purchased
from GE Healthcare Bio-Sciences Corp. and BioRad (Piscataway, NJ and Hercules, CA,
respectively). Vivaspin centrifugal concentrators were purchased from Vivaproducts (Littleton,
MA). Growth media, antibiotics, and other chemicals were purchased from VWR (Radnor, PA).
Commercial crystallization screens and reagents were purchased from Hampton Research (Aliso
Viejo, CA). All other reagents were of the highest grade available.

2.2 Cloning and site-directed mutagenesis of KlenTaq DNA Polymerase
The gene for the Klenow fragment of Thermus aquaticus (KlenTaq) DNA polymerase
(281-832) was cloned by PCR amplification of the coding sequence from genomic DNA using the
forward primer 5’-CGC GCA TAT GTC CAC GAG TTC GGC CTT CTG G -3’ and the
reverse primer 5’- GCT CGA ATT CAC TCC TTG GCG GAG AGC CAG -3’ that contain
coding sequences (underlined) for NdeI and EcoRI, respectively. The PCR product was subjected
to agarose-gel electrophoresis on a 1% (w/v) agarose gel, digested with NdeI and EcoRI, and
ligated using T4 DNA Ligase into T7 expression vector pET21a(+) that was linearized using the
same restriction endonucleases. One-fifth of the ligation reaction was transformed into
chemically-competent E. coli Mach T1 cells using standard methods, and plated on LB-agar
plates containing 100ug/mL Ampicillin that were subsequently incubated overnight at 37oC. The
presence of the desired insert was screened by Colony PCR using a vector-specific forward
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primer (T7 Promoter) and insert-specific reverse primer (above). Positive clones were verified by
DNA sequencing.
To delete the N-terminal 292 amino acid residues (ΔN292), the original clone was mutated
using inverse PCR site-directed mutagenesis with the forward primer 5’- GCC CTG GAG GAG
GCC CC-3’ and reverse primer 5’- CAT ATG TAT ATC TCC TTC TTA AAG TTA AAC-3’
that have been 5’-phosphorylated using T4 Polynucleotide Kinase. The resultant PCR product
was digested with 5U of DpnI restriction endonuclease at 37oC for 2 hours and ligated using 10U
of T4 DNA Ligase at room temperature. One-fifth of the ligation reaction was transformed into
highly chemically-competent E. coli Mach T1 cells using standard methods, and plated on LBagar plates containing 100ug/mL Ampicillin that were subsequently incubated overnight at 37oC.
Clones were verified by DNA sequencing.
The ΔN292 truncated mutant was further subcloned into a Bacteriophage λ-derived
expression vector containing both PL and PR promoters in tandem, and the temperature-sensitive
cI857/ind+ Lambda repressor. Using In-fusion cloning, the truncated variant was PCR amplified
using the forward primer 5’- CTG GAG ACT GCC ATG GCC CTG GAG GAG GCC CCC T-3’
and reverse primer 5’- ATG AGA AAC CTC AGT TCA CTC CTT GGC GGA GAG C-3’
containing 5’-extensions (underlined) that were homologous to the multiple cloning site
downstream of the Lambda PL promoter. The PCR product was resolved on a 1% (w/v) agarose
gel and subsequently treated with DpnI as above. The vector was linearized by PCR amplification
with the following forward primer 5’- ACT GAG GTT TCT CAT GTT GG-3’ and reverse primer
5’- CAT GGC AGT CTC CAG TTT G-3’, DpnI digested as above, and spin-column purified
prior to use in the In-fusion cloning reaction. The In-fusion cloning reaction was performed
according to manufacturer recommendations and transformed into chemically-competent E. coli
Mach T1 cells that were subsequently plated onto LB-Ampicillin plates and incubated overnight
at 30oC. The presence of the desired insert was screened by Colony PCR using a vector-specific
forward primer homologous to the PL promoter and insert-specific reverse primer (above).
Positive clones were verified by DNA sequencing.
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2.3 Expression and Purification of KlenTaq DNA Polymerase
Plasmid expression vectors encoding either KlenTaq or KlenTaqΔN292 DNA Polymerase
were transformed into chemically competent E. coli BL21(DE3) which were then plated onto LBagar plates containing 100ug/mL Ampicillin and incubated overnight at 37oC. Isolated colonies
were used to inoculate 2x5mL LB-Ampicillin media and then allowed to grow overnight in a
shaking incubator at 37oC with rotation at 180RPM.
The following morning a 1:300 dilution of the pre-induction cultures (2x5mL) was made
in 2x4L baffled flasks each containing 1.5L of autoinduction media [23g of NZCYM/L adjusted
to pH 7.6 with 5M NaOH] supplemented with (final concentrations) 1mM MgSO4, 1x Metal Mix,
1x 5052, 1x NPS, 500μg/mL Amp. Flasks were incubated at 37oC with shaking at 180RPM until
turbid (~3-4hrs) and transferred to a 22oC shaking incubator set at 180RPM for 24hrs. The
cultures were then harvested by centrifugation at 5,000xg for 15min at 4oC.
Cell pellets were frozen at -80oC for 2 hours and then thawed on ice by resuspension in
lysis buffer [50 ml TGED+0.1 M NaCl with 5mM β-ME and 1mM PMSF]. After resuspension to
near homogeneity the lysate was sonicated using a Misonix Sonicator 3000 at power level 6.5 for
6 rounds of 15sec sonication with 15sec rests on ice. The resultant lysate was centrifuged at
30,000xg for 40min at 4oC. The supernatant was transferred to fresh 50mL round-bottom
centrifuge tubes and heat-treated at 80oC for 45min with mixing at regular intervals, and then
centrifuged at 30,000xg for 40min at 4oC. The resultant supernatant was precipitated drop-wise at
4oC with 0.3% Polyethyleneimine (PEI) with mixing and centrifuged at 30,000xg for 40min at
4oC. The supernatant was transferred to fresh tubes and centrifuged again to remove residual PEI.
The final supernatant was filtered through a 0.22μm syringe filter in preparation for
chromatography on Heparin-Sepharose.
A 5mL HiTrap Heparin HP column was equilibrated with 5CV of cell lysis buffer [50 ml
TGED+0.1 M NaCl with 5mM βME and 1mM PMSF] on an AKTA FPLC and the filtered
protein solution (~40mL) was loaded onto the column using a 50mL superloop at 1mL/min. The
column was washed with 10CV of TGED+0.2M NaCl and the flowthrough collected. KlenTaq
was eluted by applying a 20CV linear gradient of 200-600mM NaCl. Fractions containing
KlenTaq were identified on a 10% SDS-PAGE gel, pooled and diluted to a conductivity of 20mM
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NaCl in TGED, and applied to a 5mL HiTrap Q HP column equilibrated with lysis buffer as
above except that it contained 20mM NaCl. The column was washed with 10CV of the same
buffer and KlenTaq was eluted with a linear gradient from 20mM-300mM NaCl.
Fractions containing KlenTaq were identified by 10% SDS-PAGE, pooled and
concentrated to 1mL, and applied to a HiLoad 16/60 Superdex 200 gel-filtration column
equilibrated with storage buffer [20 mM Tris HCl pH 7.5, 150 mM NaCl, 1 mM EDTA, 1 mM βME]. Fractions containing >99% pure KlenTaq were concentrated to 30mg/mL using a Vivaspin
15 10,000 Da MWCO centrifugal filter, flash-frozen in liquid nitrogen and stored at -80oC.

2.4 Crystallization of Dideoxy-terminated Active Ternary Complexes
Active Dideoxy-terminated ternary complexes of KlenTaq:DNA:ddNTP were formed by
incubation of 7.5mg/mL (~0.1mM) of KlenTaq DNA polymerase with 1.5 molar excess of duplex
primer-template DNA and 5 molar excess of ddNTP’s, in the presence of 20mM MgCl2. Duplex
primer-template DNA was formed by annealing template and primer oligonucleotides in a 1:1
molar ratio, heating to 95oC followed by slowly cooling to room temperature using a thermal
cycler.
For crystallization of the dideoxycytidine-terminated ternary complex (KTQGGddC), the
ternary complex contained the primer 5’- GACCACGGCGC -3’ and the template 5’AAAGGGCGCCGTGGTC -3’ and ddCTP. The complex was crystallized by mixing 1:1 with a
reservoir buffer containing 100mM Tris-HCl (pH 8.0), 200mM Mg(HCOO-)2, and 12-26% PEG
8000 using hanging-drop vapor diffusion. Sizeable crystals appear after 5 days of room
temperature incubation and reach maximum size in 1-2 weeks. Alternatively, crystals could be
obtained using reservoir buffers containing 50mM Tris-HCl (pH 9), 200mM NH4Cl, 10mM
CaCl2, 26% PEG 4000 or 50mM Sodium Cacodylate (pH 6.5), 200mM NH4OAc, 10mM
Mg(OAc)2, 26% PEG 8000.
Crystallization of the dideoxyguanosine-terminated ternary complex (KTQCGddG) utilized
the same primer as above with the template 5’- AAAGCGCGCCGTGGTC -3’ and ddGTP, and
was crystallized by mixing 1:1 with a reservoir buffer containing 100mM Tris-HCl (pH 8.0),
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200mM Mg(HCOO-)2, and 12-26% PEG 8000 using hanging-drop vapor diffusion. Crystals
appear within 1 week when incubated at room temperature and reach maximum size in 2-3 weeks.
For closed complexes, crystals were cryoprotected sequentially in their respective mother
liquors containing increasing concentrations of PEG 8000 and/or glycerol (to 20%) followed by
flash-freezing in liquid nitrogen prior to X-ray diffraction studies.

2.5 X-ray Diffraction and Structure Determination
The diffraction data for the dideoxycytidine-terminated ternary complex and the derivative
open complex was collected at the Macromolecular Diffraction facility at the Cornell High
Energy Synchrotron Source (MacCHESS) using both A1 and F1 beamlines (Cornell University,
Ithaca, NY). A second dataset using the same conditions was collected at the X-ray
Crystallography Facility (Pennsylvania State University, University Park, PA) using a Rigaku
Microfocus Micromax 007 X-ray generator and Saturn 944+ CCD detector. All data was
processed using HKL2000.
The closed ternary complex of the large fragment of Thermus aquaticus DNA polymerase
(PDB ID: 3KTQ) was used as a search model in molecular replacement to solve the structure of
the dideoxycytidine-terminated ternary complex. Similarly, the open binary complex of the large
fragment of Thermus aquaticus DNA polymerase (PDB ID: 2KTQ) was used as a search model in
molecular replacement to solve the structure of the derived open complex. In both cases PHENIX
was used in density map generation, molecular replacement and refinement in conjunction with
Coot.

2.6 Time-course Experiments for Nucleotide Binding and Catalysis
Crystals of open binary complexes were prepared by soaking closed ternary complex
crystals in their respective mother liquors overnight or longer (as long as one month) to soak out
nucleotides, followed by cryoprotection as above and flash-freezing in liquid nitrogen.
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In time-course experiments, crystals of dideoxycytidine-terminated open binary
complexes were washed extensively in mother liquor followed by sequential cryoprotection, as
for the closed complexes, however a duplicate solution for the final step of cryoprotection
containing 5mM dCTP was used for time-soak experiments. Here, crystals were soaked for 1 and
5 minutes, and multiples of 5 minutes, up to 1 hour, and then immediately flash-frozen in liquid
nitrogen.

2.7 X-ray Diffraction of Nucleotide-soaked Ternary Complexes
Data collection and processing for “time-soak” crystals was performed as above for the
closed and open complexes. However, here time points beyond 20 minutes were first solved using
molecular replacement with both the closed complex and open complexes, individually, in an
effort to characterize preliminary datasets as to whether densities for the incoming nucleotides
exist and any conformational changes in the O-helix.

2.8 Crystallization Screening for Extension-ready Binary and Ternary Complexes
Based on an analysis of published crystallization conditions for KlenTaq DNA
Polymerase in the Protein Data Bank (PDB), a targeted screen was developed to screen buffers
with a pH range of 6-9 containing a variation of acetate and chloride salts of metals utilized by
KlenTaq, and PEG-based precipitants. Here the 20mM MgCl2 used in complex formation was
omitted to investigate the effects of various metals.
Crystallization of binary complexes utilized either primer 5’- GACCACGGCGC -3’ and
template 5’- AAAGCGCGCCGTGGTC -3’ (KTQCG), or primer 5’- GACCACGGCGCA -3’ and
template 5’- AAACTGCGCCGTGGTC -3’ (KTQA-AG) in a 1:1.5 ratio of KlenTaq DNA
Polymerase:dsDNA. Crystals of the binary complex for KTQA-AG were obtained after 3 days
when equilibrated against a buffer reservoir that containing 100mM HEPES, 7.5, 200mM
Mg(HCOO-)2, and 15% PEG 8000.
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Similarly, crystallization of the ternary complexes utilized the same duplex DNA as for
the binary complexes but also included a 5 molar excess of either dGTP or its α-β nonhydrolyzable analog dGpNHpp. Crystals of KTQCG+dGTP were obtained after 2 days when
equilibrated against reservoir buffers in the pH range of 6.5-8.5 containing 200mM Ca(OAc)2,
200mM NH4Cl and 15% PEG 8000. Crystals of KTQA-AG + dGpNHpp were obtained after 1 day
when equilibrated against reservoir buffers in the pH range of 7.5-8.5 containing 200mM
NH4OAc, 200mM Mg(OAc)2, and 15% PEG 8000.

2.9 Optimization of Crystallization Conditions
KTQA-AG + dGpNHpp (KTQA-AG/dGpN) crystallization condition was chosen to be further
optimized using an Additive Screen (Hampton Research). KTQA-AG/dGpN ternary complex was
formed by mixing KlenTaq in storage buffer (7.5mg/mL, 0.1mM) with 1.5 molar excess of the AAG duplex DNA and 5 molar excess of dGpNHpp and incubated at 4degC for 10 minutes. The
ternary complex was mixed 1:1 with a buffer reservoir solution containing 100mM HEPES, pH
7.0, 200mM Mg(OAc)2, 200mM NH4OAc, and 18% PEG 8000, and incubated briefly prior to
additive screening. Crystals appeared within hours to overnight for various conditions.
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Chapter 3
Results
3.1 Cloning, Expression and Purification of KlenTaq DNA Polymerase
Cloning the native gene for Taq DNA polymerase provided an ideal source for
recombinant protein expression, but the lack of any codon optimization significantly reduced
yields of native protein for structural work. The KlenTaqΔ292 construct was significantly less
soluble than the original construct despite the use of a T7 promoter-based expression vector. This
required the coding sequence for KlenTaqΔ292 to be cloned in a Bacteriophage Lambda-derived
expression vector that allowed both temperature- and chemical-induction using Nalidixic Acid
(Figure 6).

Figure 6. Map of Bacteriophage Lambda-derived Expression Vector.
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In order to perform structural studies with KlenTaq DNA polymerase it was necessary to
obtain large quantities of highly pure protein. Using the native source would not be in-line with
these requirements and the necessity for truncated or mutated variants precluded this approach. So
we first sought to clone the Klenow fragment of Taq DNA polymerase first reported by Barnes, et
al. This construct was an N-terminal truncated variant retaining amino acid residues 281-832 and
included a short peptide (MGKRKST) at the N-terminus that was shown to increase solubility and
expression levels during recombinant protein expression in E. coli. This construct was also the
first KlenTaq variant that was crystallized by Waksman, et al, and was shown to be highly
amenable to crystallization under a host of conditions.
Purification of KlenTaq DNA polymerase performed using a combination of heattreatment, precipitation and chromatographic separation (Figure 7). Heat-treatment proved to be a
viable first step in the isolation of KlenTaq, as is the case with purification of most thermostable
proteins. However, while more than 90% of endogenous cellular proteins are often denatured and
removed during this step, approximately 30-60% of the target polymerase activity is also lost
when heated at 80oC for 45 minutes. Some protection is afforded by the fact that KlenTaq is still
bound to DNA during this step which precluded performing Polyethyleneimine (PEI)
precipitation prior to heat treatment. It is also necessary to agitate or mix the lysate during this
heat step at regular intervals to distribute heat evenly throughout the solution and prevent any
localization that may result in excessive heating and denaturation.
PEI precipitation served two functions, the removal of endogenous DNA- and RNAbinding proteins and the removal of DNA bound to target KlenTaq DNA polymerase. The
positively charged PEI polymer interacts with, and subsequently binds, the negatively charged
phosphate backbones of nucleic acids and precipitates them, and their bound proteins, out of
solution. It is empirically determined, batch by batch, the required percentage of PEI to be used to
precipitate proteins and nucleic acids, however in most cases 0.3% was sufficient to remove DNA
from the preparation. Variations in the recovery often exist due to the strength of the binding
interaction between KlenTaq and substrate DNA. To circumvent further loses in recovery, the
lysate is equilibrated to 0.5M NaCl to disrupt any interactions between KlenTaq and DNA. PEI
precipitation is subsequently performed by drop-wise addition to the resultant lysate at 4oC until
the desired 0.3% is reached. A white precipitate gradually forms as the PEI binds to nucleic acids
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and precipitates them out of solution. After a1-hour incubation with mixing at 4oC, the
homogenous lysate is centrifuged at 30,000xg for 45minutes at 4oC, which results in precipitation
of heavy PEI-complexed molecules.

BL21(DE3)/pET21b-KlenTaq LB-Ampicillin culture, overnight at 370C
3L Autoinduction culture containing Ampicillin grown to
mid-log phase (OD600= ~0.5-1.0), transfer to 370C for 24hrs
Sonication and Centrifugation
Heat treatment at 800C
PEI Precipitation
Heparin-Sepharose Chromatography
Q-Sepharose Chromatography
Superdex 200 Size-Exclusion Chromatography
Fractions containing KlenTaq pooled, flash-frozen and stored at -800C
Final yield = ~ 5-10mg KlenTaq/L culture, Purity >99% (SDS-PAGE)

Figure 7. Purification Strategy for KlenTaq DNA Polymerase.

It is often the case, as we and others have observed, that the lysate extracted after
centrifugation usually contains residual PEI that significantly interferes with subsequent
chromatographic separations. More so with chromatography on Heparin-substituted agarose or
sepharose matrices. Strategies we have often used to remove residual PEI after centrifugation
included subsequent centrifugation steps, PEI adsorption to the weak cation-exchanger Bio-Rex
70, and in some cases the omission of the PEI precipitation step and replacement with
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chromatography on Q-sepharose anion-exchange for removal of DNA. Anion-exchange on Qsepharose for this purpose is not quite common but proved to be efficient and inconsequential to
downstream processing.
After removal of residual PEI, we often obtain approximately 40% recovery of KlenTaq
DNA polymerase relative to the starting material. At this point the resultant lysate is diluted to a
conductivity of 100mM NaCl to facilitate adsorption onto Heparin-sepharose as the first
chromatographic step. More than 90% of applied KlenTaq DNA polymerase is retained on the
column, however no binding studies were conducted to explore how this retention is affected by
the amount loaded and the binding capacity of Heparin in mg/mL for KlenTaq. After subsequent
washing at 200mM NaCl most other cellular proteins are eluted. KlenTaq DNA polymerase elutes
at approximately 250mM NaCl during a linear gradient of 200-600mM NaCl (Figure 8).

Figure 8. Elution Profile of KlenTaq DNA Polymerase on Heparin-Sepharose.
A) Chromatogram of elution profile of KlenTaq from Heparin-Sepharose. The major peak eluting
at approximately 240mM NaCl is that of KlenTaq. B) Analysis of peak fractions on 10% SDSPAGE showing more than 95% purity for KlenTaq.
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Interestingly, the eluted fractions of KlenTaq represent more than 95% purity and are
readily crystallizable due to the proteins high propensity for crystallization, but crystallization is
not consistent and rapid degradation occurs if concentrated (~30mg/mL) aliquots are stored at
4oC for more than several weeks. Subsequent mass spectrometric identification of protein species
in the preparation put suspicions of protease contamination at rest but have, however, shown that
the only other existing protein was that of E. coli GTP cyclohydrolase. Thus, a subsequent
chromatographic step was warranted. And seeing as how residual DNA may affect later
crystallization, the approach used utilized strong anion-exchange chromatography on Qsepharose. This would serve to potentially separate monomers of GTP cyclohydrolase while also
binding any residual DNA for removal.
The pooled KlenTaq fractions from Heparin were diluted to a conductivity of 20mM
NaCl and applied to a Q-sepharose column. Proteins were eluted with a linear gradient from 20300mM NaCl and KlenTaq was found to elute at approximately 80mM NaCl. KlenTaq fractions
were pooled, concentrated, and further purified by size-exclusion chromatography on Superdex
200 (Figure 9). Here, KlenTaq was found to elute beginning at 65mL, approximately one-half of
the column volume.
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Figure 9. Elution Profile of KlenTaq DNA Polymerase on Superdex 200.
A) Chromatogram of KlenTaq elution profile from Superdex 200 size-exclusion
chromatography. The major peak eluting at approximately 65mL (½ CV, 120mL) represents
KlenTaq. B) Analysis of the major Superdex 200 peak fraction. The discreet doublet-bands
below the major band are artifacts of excessive heating to denature the sample. Verified by
MS/MS.

3.2 Crystallization of Dideoxy-terminated Active Binary and Ternary Complexes
Crystallization of the dideoxycytidine-terminated complex was performed under three
conditions to evaluate 1) metal ion-dependence of nucleotide binding, 2) number of metal ions
found preceding O-helix closure, and 3) number of metal ions found after O-helix closure. When
the complex was crystallized using buffer containing 100mM Tris-HCl (pH 8.0), 200mM
Mg(HCOO-)2, and 12-26% PEG 8000, several crystals diffracted with resolutions from 2 to 2.5 Å
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(Figure 10) and show a clear density for nucleotide binding but lack any densities for either
binding or catalytic Mg2+ which may warrant several interpretations. One of which is that
nucleotide binding can occur in the absence of a binding metal. This is technically possible as the
binding metal has not been shown to be absolutely essential prior to catalysis, only for proper
geometry, and therefore may not serve a purpose in initial delivery of the nucleotide to the active
site. This phenomenon, at this point in time, does not seem to be an artifact as many KlenTaq
structures in the PDB using the same condition show nucleotide binding without any density for
metal ions. Another more likely explanation is that ion-pairing between formate and magnesium
ions is much stronger, or its dissociation and re-association is faster, than the pairing of acetate
and magnesium ions. In this case Mg2+ ions are rapidly afforded to allow nucleotide binding but
are constantly re-associating with the formate ions thereby diminishing any discernible electron
density for the metal ions around the nucleotide.
This was further examined by replacing formate with acetate in crystallization conditions
using 50mM Sodium Cacodylate (pH 6.5), 200mM NH4OAc, 10mM Mg(OAc)2, and 26% PEG
8000. Crystals obtained in this manner showed a very clear density for both metal ions in closed
ternary complex (Figure 11).
In all cases the percentage of PEG used had to be titrated to account for slight variations in
mechanical handling of the protein drops, temperature variations and condensation in the
surrounding environment. Crystals obtained under these conditions ranged in size from 200μm X
100μm to 750μm X 200μm. In the best circumstances crystals appeared within 2 days and
reached a maximum size by 1 week. It was the norm, however, that sizeable crystals would
appear after 5 days and reach maximum size in 1-2 weeks.
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Figure 10. Crystallization of Dideoxycytidine-terminated Ternary Complex. In A) the
mechanistic strategy exploited to lock the O-helix in the closed conformation to facilitate crystal
packing. The first ddCTP is incorporated and KlenTaq translocates followed by delivery of the
second ddCTP that remains in the active site due to lack of the 3’-OH on the new primer 3’terminus, leading to a closed O-helix. B) through D) crystals obtained using Magnesium Formate,
Magnesium Acetate, and Calcium Acetate, respectively.
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Figure 11. Metal-ion Density in Different Crystallization Conditions. 2Fo-Fc maps, contoured
to 2σ, for structures of crystals obtained using (A) Magnesium Acetate, and (B) Magnesium
Formate, showing a clear density for binding and catalytic metal ions (Arrows) in the Acetate but
not the Formate crystals. Prepared using PyMOL.
In the development of this system it was necessary to modify the sequence of the
templating or adjacent 5’-nucleobase in an effort to control the reaction by having two different
nucleotides, or their analogs, be incorporated at successive steps. In the first systematic variation
the templating deoxyguanosine used as a scaffold in the previous crystallization condition was
replaced with deoxycytidine while the adjacent 5’-dG remained. The purpose here is to allow
KlenTaq to incorporate a single (di)deoxyguanosine opposite the new templating dC, potentially
translocate, and O-helix reverts back to the open conformation (Figure 12).
Crystals resulting from this mechanistic strategy would be in the open conformation and
subsequently allow direct use in nucleotide soaking experiments to monitor structural changes in
nucleotide binding. This was not the case, however, as we have found that this strategy allowed
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free mobility of the O-helix, perhaps due to an active-site sampling function that allows the Ohelix to open and close to “sense” the presence of nucleotides entering the active site. As a result
we often found that crystals obtained in this manner; that would potentially indicate continuous
movement, are often “needle-like” in shape and share a central focal point that serves as an axis of
rotation for crystals clustering in this manner.
Microseeding for this complex was employed in a consecutive manner using seeds
obtained by crushing larger crystals of the previous KTQGGddC complex in an effort to obtain
single, well-isolated, three-dimensional crystals. Our best efforts to obtain single, large crystals
were somewhat disappointing, as the resultant single crystals were, at most, approximately 100250μm in the longest dimension and less than 50μm in width.

Figure 12. Crystallization of Dideoxyguanosine-terminated Ternary Complex. In A) the
mechanistic strategy exploited to allow KlenTaq to incorporate one ddGTP, translocates, and the
O-helix reverts back to the open conformations. In B) and C) crystals of the complex obtained
through conventional crystallization and microseeding against KTQGGddC crystals, respectively.
Crystals obtained through microseeding in C) were further optimized but never resulted in
diffraction quality crystals without an incoming (d)dCTP.
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3.3 Time-resolved X-ray Crystallography of Dideoxy-terminated Binary and Ternary Complexes
Crystals of the dideoxyguanosine-terminated binary complex; those that would have
served as candidates for direct nucleotide soaking, were not conducive to X-ray data collection
due to low diffraction quality imposed by their size. This was circumvented in our work by using
the dideoxycytidine-terminated ternary complex crystals obtained for KTQGGddC and exploiting
the fact that binary, open complexes, could be obtained by “soaking out” the ddCTP present at
their active sites in the ternary complex but unincorporated due to the lack of a 3’-hydroxyl on the
preceding ddCTP that was previously incorporated into the primer strand. The second ddCTP
holds the O-helix in the closed conformation as the polymerase attempts to incorporate it.
When these crystals are soaked in their respective mother liquor, lacking any nucleotides,
or their analogs, unincorporated nucleotides present at the active site slowly diffuse out of the
crystals thereby allowing the O-helix to revert to the open conformation as the active site is
depleted of any substrates. This process was controlled by a host of physico-chemical properties
that affected the length of time it would take for open-complex reversion. In the first reported
instance of this process for KlenTaq, Waksman, et al., found that the open binary complexes
could be obtained after “soaking-out” for a period of 1 month. It was also the case, however, that
an overnight nucleotide-soak of the apoenzyme often yielded complete occupancy in electron
density for nucleotides bound to the active site, suggesting that the length of the process of
soaking nucleotides in or out is variable. It was expected that soaking out may take longer due to
differences in the in crystallo rate of catalysis and conformational change between the two states
and as a result, a few empirical aspects can be gleaned from the work regarding this process.
The major determinant in soaking out of nucleotides appears to be the viscosity of the
resultant crystallization solution. Higher percentages of PEG 8000 (>20%) resulted in a longer
period of incubation to derive the binary open complex primarily due to high viscosity that caused
a slower rate of diffusion coupled with increased dehydration of the crystal which translated to
lower solvent content, increased crystal packing, and ultimately slower conformational change.
When soaking-out experiments were performed with crystals obtained using 10-14% PEG 8000,
the open binary complex could be obtained in a few weeks.
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An equally important determinant for both soaking in and out of nucleotides was the size
of the crystal. Crystals with dimensions of 250μmX100μm, coupled with a low percentage of
PEG, allowed nucleotides to be soaked out in approximately 1 week, whereas the larger crystals,
with dimensions of 750μmX200μm, under the same conditions took significantly longer for
soaking out and binary complex derivation. The smaller aforementioned crystals would have been
ideal for our time-course experiments, but we found that their size often precluded high-resolution
data collection. The smaller crystals routinely diffracted to a resolution of ~3Å at our in-house Xray crystallography facility, and to a resolution of ~2.2Å at MacCHESS. The larger crystals, in
the best instance in our lab, diffracted to ~1.89Å at MacCHESS. Thus, a significant trade-off
often results in our studies.
After a sufficient incubation period to soak out unbound, active site, ddCTP, a subset of
crystals were harvested and cryoprotected for subsequent structure determination of the open
binary complex, and another subset was used in nucleotide soaking experiments to determine the
structural changes that accompany events leading to nucleotide binding and O-helix transition to
the closed conformation. In the open conformation, the characteristic structural hallmarks of this
state were observed with a clear accompanying electron density. Here, the O-helix was in the
open conformation; characterized by a ~40o upward rotation relative to the closed ternary
complex with approximately a ~7Å linear shift in the position of the terminal residue at the tip of
the O-helix (Leu657), accompanied by an inward rotation and downward movement of the
Tyr671 side-chain of the O-helix towards the templating nucleobase, stacking against it, and
displacing the adjacent 5’-nucleobase in the canonical base-flipping mechanism (Figure 13).
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Figure 13. KlenTaq O-helix Movement and Interactions. Shown here is the O-helix of KlenTaq
DNA polymerase with A) the interaction network of O-helix residues with DNA and incoming
nucleotide, and B) the movement of the O-helix during conformational change to highlight the
transition between the open (white) and closed (gray) conformation when an incoming nucleotide
(dark gray) is bound to the active site. See text for detailed explanation. Prepared using PyMOL.
After confirmation that the open binary complex was obtained (Figure 14A), a number of
crystals were cryoprotected as mentioned in the methods section, and then soaked in a final step
in the same cryoprotectant previously used except that it was supplemented with 5mM dCTP.
Individual crystals were flash-frozen in liquid nitrogen at 1 minute, 5 minutes, and multiples of 5
minutes up to 1 hour. Slight variations were observed in the resolutions obtained during
diffraction of these nucleotide-soaked crystals. This was expected due to variations in
conformational changes occurring within the crystals at different time-points that are likely the
result of some heterogeneity in structural changes occurring for different symmetry-related
molecules in the protein population within these crystals. It is also the case that significant
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variations in the sizes of crystals resulted in less than uniform diffusion of dCTP into the crystals
for the same time-points (Figure 15).
Poor data was obtained at 1 minute and it remains unclear what, if any, structural changes
have occurred and requires repetition for verification. At 5 minutes the O-helix appears in the
closed conformation with an unclear, discontinuous electron density, suggesting an averaging of
the diffraction data for both open and closed conformations of the O-helix due to a polymorphic
population, or that the O-helix is still mobile and actively closing down on the nucleotide in the
active site (Figure 14B). Regardless, it can be concluded from this that the first event during
nucleotide binding is the conformational transition in the position of the O-helix, as diffraction
data for this time point also shows the terminal templating nucleobase (flipped out in the open
conformation) as half-way flipped in, and the Tyr671 side-chain in an intermediate position
between its locations in the open and closed conformation with discontinuous density.
At 10 minutes, datasets were collected with crystals of various sizes. In the larger crystals
the O-helix shows a discontinuous density in the closed conformation, as above, with the terminal
templating nucleobase again half-way flipped in with discontinuous density, and the Tyr671 sidechain still in the active site. In the smaller crystals at this time-point, two datasets concurrently
show a clear, continuous density for the O-helix in the closed position, the terminal template
nucleobase flipped-in, and the Tyr671 side-chain still in an intermediate position around the
active site with a discontinuous density of dCTP (Figure 14C).
From our data it appears that at 20 minutes nucleotide binding in crystallo is complete,
showing a clear and continuous density for the O-helix in the closed conformation, the terminal
template nucleobase flipped-in, the Tyr671 side-chain out and away from the active site, and a
clear and continuous density for the bound dCTP (Figure 14D). This suggests that nucleotide
binding and the accompanying structural changes in crystallo are complete somewhere between
10 and 20 minutes in our conditions. Based solely on this data, which indeed requires further
verification, it appears that the sequence of events during nucleotide binding are as follows: as the
incoming nucleotide binds to the active site, the O-helix begins closing with a slight outward and
downward rotation, thereby forcing the Tyr671 side-chain to move away from the template
nucleobase it stacks against, which then allows the template nucleobase to begin flipping inwards
into the double-helix of the substrate DNA.
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Figure 14. Time-Course of Nucleotide Binding and O-helix Conformational Change. 2Fo-Fc
maps, contoured to 2σ, of structures obtained at different time points. On the right side, O-helices
are colored by B-factor to highlight flexibility. See text for details. Prepared using PyMOL.
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This is largely based only on these crystal structures and requires replication to verify the
sequence of events observed here. Nevertheless, the purpose of this experiment was to explore the
feasibility of monitoring nucleotide incorporation in crystallo and evaluate whether the
accompanying structural changes can be observed directly in real-time at atomic resolution.
Towards this goal we believe we have succeeded in the initial characterization of a viable system
that will allow us to truly dissect and visualize the structural and mechanistic changes that occur
during catalysis by a representative of this family of DNA polymerases.

Figure 15. Effect of Crystal Size on Reaction in crystallo. The panel shows 2Fo-Fc maps,
contoured to 2σ, for structures solved for a 20 minute soaking for A) 250μm X 50μm and B)
750μm X 100μm crystals showing better density of O-helix, metal ions, and incoming nucleotide
for the smaller crystal. Representative O-helices colored by B-factors on the right-side of the
panel show a marked flexibility for the larger crystal suggesting an intrinsic flexibility due to lessthan uniform diffusion of substrate and/or larger solvent content. Prepared using PyMOL.
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3.4 Crystallization Screening for Extension-ready Binary and Ternary Complexes
The successful observation of structural changes in our initial dideoxy-terminated system
prompted us to further pursue this goal by modifying the system to allow the observation of a
complete cycle of nucleotide addition. To do so, this required crystallizing KlenTaq in an
“Extension-ready” complex; meaning a 3’-hydroxyl on the primers’ 3’-end was required for
further work to study the mechanism of catalysis, or the chemistry step upon completion of
nucleotide binding. No known crystal structures of KlenTaq exist in this state. Available
structures are often dideoxy-terminated for reasons previously discussed.
A KlenTaq-directed crystallization screen was designed to include novel conditions
derived from all published structures of KlenTaq. Multiple strategies were undertaken to screen
for new conditions. Screens were set up to evaluate crystal growth using using conventional
scaffolds. i.e. the CG scaffold used in KTQCGddG, or a 1-base extended scaffold to preclude a
translocation event (A-AG) (Figure 16). Conditions also utilized various divalent metals and
nucleotide analogs to either trap the complex in an inactive state, or lock the O-helix in the closed
conformation. Also, screens were initially set up with microseeds of the dideoxycytidineterminated ternary complex to facilitate rapid screening.
The CG scaffold produced crystals in the pH range of 6.5 to 8.5 when Ca2+ was substituted
for Mg2+ in the presence of dGTP, and as a control, at pH 7.5 using the same metal ion, ddGTP
and dCTP. The 1-base extended A-AG scaffold was capable of producing binary crystals in the
presense of only Mg2+ but these crystals did not show promise in our preliminary results.
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Figure 16. Screening for “Extension-Ready” Crystals. The panel shows crystals obtained for
the various conditions producing extension-ready complexes. In A) & C) crystals obtained for a
binary and ternary complex using the “CG” scaffold in an inactive state, respectively. In B) & D)
a 1-base extended A-AG scaffold is used to produce a binary and ternary complex, respectively.

Using the A-AG scaffold it was possible to obtain crystals using the α-β non-hydrolyzable
dGTP analog dGpNHpp when NH4OAc was used in conjunction with Mg(OAc)2 in the pH ranges
of 6.5 to 9.5. What is particularly interesting about this condition is that crystals appeared within
1 hour. One would assume that this is due to microseeding during screen setup, but this was not
the case when using other scaffolds under the same or different conditions. While small in size
during initial screening, the number of nuclei, and the mechanism utilized to obtain these crystals,
prompted us to further optimize this condition for our work.
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The best condition obtained during screening for dGpNHpp ternary complex was further
optimized using an Additive Screen from Hampton Research. Interestingly, when this secondary
screen was scored (Figure 17), the best conditions were obtained using organics and additives
often used during PCR-based amplification of DNA sequences. This was expected as some of
these additives have been reported to improve PCR-based amplification of DNA sequences by
stabilizing the DNA polymerase, DNA, or the interactions between them.
Diffraction data was collected for dGpNpp ternary complex crystals and the structures
show a clear density for the structural elements characteristic of the closed complex with a
distinct density for the 3’-oxyanion of the primers 3’-end (Fig. 18).

Figure 17. Optimized Conditions for “Extension-ready” dGpNHpp Ternary Complex.
In A) crystals were obtained using conditions above, and B) crystals obtained with 5mM TCEP.
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Figure 18. Crystal Structure of “Extension-ready” dGpNpp Ternary Complex. 2Fo-Fc map,
contoured to 2σ, showing a clear density for the 3’-oxyanion of the primer’s 3’-end and Mg2+
ions. The density for the triphosphate of the incoming nucleotide and that of its nucleobase are
also visibly distinct, but the deoxyribose is not completely discernible. Prepared using PyMOL.
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Chapter 4
Discussion
The focus of this work was to study the mechanism of nucleotide incorporation during
DNA replication and any accompanying structural determinants involved. Initially, our intention
was to use the much more extensively characterized T7 DNA polymerase. This polymerase was
readily available in open and closed form which would have allowed us to monitor the reaction
in crystallo from beginning to end. However, the fact that T7 DNA polymerase was a complex of
bacteriophage T7 gp5 protein and E. coli thioredoxin deterred us from proposing it as a viable
candidate for this study for many reasons. A recombinant form of this enzyme posed several
obstacles for its purification in active form in sufficient quantities suitable for our studies.
In the Johnson, et al. method an exonuclease-deficient recombinant form of T7 gp5, and
a recombinant form of Thioredoxin, were individually expressed in E. coli and the complex is
later formed by combining both lysates in reducing conditions. However, T7 gp5 individually
expressed in E. coli was toxic to cells as it essentially depletes the cells supply of Thioredoxin to
form active T7 DNA polymerase. This problem is compounded by the fact that two forms of the
enzyme are purified in this way, and the second form contains a nick in the thioredoxin binding
domain and does not crystallize. Eventually, from a total culture of 12 liters for both proteins,
and the subsequent chromatographic steps utilized in the purification, an average of 10mg of
purified active complex could be obtained. This was not conducive to our studies as it also was
not readily amenable to crystallization and required several rounds of seeding to obtain
diffraction quality crystals.
We found KlenTaq, also exonuclease-deficient as a result of the N-terminal truncation of
its exonuclease domain, to be much more favorable in our studies but posed one major obstacle.
Of all the published structures and conditions available none could be used to obtain an
“extension-ready” complex for our work. It was highly amenable to crystallization in dideoxyterminated complexes leading to an active ternary complex with the O-helix in the closed
conformation. Even more problematic is the fact that an open complex required incubation of
these crystals in mother liquor lacking any nucleotides, or their analogs, for excessive periods of
time that often took as long as a month to obtain an open complex. It is believed that the O-helix
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position in dideoxy-terminated crystals was largely responsible for crystal growth by mediating
efficient crystal packing after a single nucleotide incorporation event, which some have accepted
to mean that a single translocation event was also required.
We tested this by crystallizing KlenTaq with a template that afforded two adjacent
templating G’s and ddCTP (KTQGGddC), or a templating C followed by a G with either ddGTP or
ddGTP and dCTP(KTQCGddG and KTQCGddGC). Under the same conditions, KTQGGddC readily
gave larger well-formed crystals, whereas KTQCGddG either produced small polymorphic crystals
or none at all. This led us to believe that either a single round of translocation was required or
that the O-helix was not close enough in the “CG” complex to facilitate the closed state that it
requires to facilitate proper crystal packing. So, in subsequent studies we aimed to use a “1-base
extended” primer-template duplex to facilitate proper crystallization. In this complex (KTQAAGdGpNpp)

KlenTaq was crystallized with a primer-template duplex with the initial templating

base (T) was already base paired with an Adenine, leaving a templating C to be used for base
pairing with an incoming dGTP analog, dGpNHpp. The choice of this analog was important in
exploiting this mechanism-based crystallization of KlenTaq. Since the O-helix was required to
be in the closed conformation to facilitate crystal packing and we needed an active, available 3’OH on the primer 3’-end for extension, a dideoxynucleotide was out of the question.
α-β non-hydrolyzable nucleotide analogs, such as dGpNHpp, have long been used to
study O-helix conformational changes and polymerase kinetics. Akin to α-phosphorothioates,
these nucleotide analogs mimic the geometry, binding and chemical characteristics of their
natural counterparts but cannot participate in catalysis, thereby leading to all steps involved in
nucleotide binding and any potential conformational changes but will not allow α-phosphate
transfer of the incoming nucleotide analog to the 3’oxyanion of the primers 3’-end. This leads a
stalled polymerase that, depending on the analog, can have its O-helix in the closed conformation
until such time as that nucleotide is removed.
In the KTQGGddC complex the first ddCTP is incorporated and the second ddCTP comes
in for supposed incorporation but no 3’-OH is available to phosphoryl transfer which allowed the
O-helix to remain in the closed conformation. Using this complex, we soaked out the second
ddCTP to obtain the open conformation, solved its structure, and then soaked in dCTP for
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various time intervals, froze the resultant intermediates, solved their structures, and compared
structural changes that occur during nucleotide binding to the open complex.
During evaluation of these structures we found that crystal packing in the original
KlenTaq variant, the one resulting from truncation of the N-terminal 281 residues and containing
an N-terminal MGKRKST peptide, affected the fingers domain and ultimately impeded proper
movement of the O-helix so we evaluated other candidate truncations available that would assure
us that no symmetry-related molecules would hinder movement of the O-helix and found that a
variant of KlenTaq with the deletion of the N-terminal 292 residues could serve this purpose.
When this variant was made in the original T7-based expression construct it proved to be
much less soluble compared to the original counterpart, and yielded insufficient quantities for
crystallographic studies. This is most likely due to the endogenous sequence of the Taq
polymerase gene that shows inefficient codon usage in E. coli, or leaky expression was not
tolerable by E. coli. To salvage this construct we subcloned the coding sequence of the Δ292 in a
bacteriophage λ-derived expression vector that would maximize the yield of soluble protein
through tighter regulation and late induction of protein expression. Such a system is ideal for
thermostable polymerases as transient thermal induction at 42oC and chemical induction with
Nalidixic acid in recA+ strains, coupled with overnight expression will not be detrimental to the
yield of soluble protein.
As mentioned previously, we showed that an extension-ready complex of KlenTaq DNA
polymerase can be obtained using a 1 base-extended primer-template duplex and an α-β nonhydrolyzable nucleotide analog. Initial results suggest that this complex can readily revert back
to the open form, with respect to O-helix position, by several successive washes of the resultant
crystals in mother liquor lacking any nucleotides or their analogs, followed by a 3-5 day soak.
These initial results will need to be confirmed to ensure that the open complex reversion is due to
the above and not another underlying mechanism that we had not accounted for.
More importantly, we show that time-resolved X-ray crystallography is a viable method
to monitor catalysis in crystallo for this family of DNA polymerases as our results clearly show
observable structural changes occurring in real-time during nucleotide incorporation that can be
used to study and dissect the mechanism of DNA replication.
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