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Abstract
Analysis of Two Widespread Versions of a Bacterial Replicative DNA Polymerase
by

Joel Michael Guenther

Doctor of Philosophy in Chemistry
University of California, Berkeley

Professor John Kuriyan, Chair

In all known cellular organisms, from the smallest bacteria to the tallest of trees,
DNA stores the instructions for maintenance, growth and — crucially — reproduction
that have allowed life to proliferate to the far reaches of our planet. When a cell divides
to form two equivalent cells, it must first copy its genome using an enzyme known as a
replicative DNA polymerase. This protein functions as part of a replisome, which is a
group of specialized proteins that work in concert to duplicate, faithfully, DNA
molecules numbering several million bases in length. As a graduate student, | studied
the atomic-level structure, biochemical properties and evolution of the replicative
polymerase, and some of its helper proteins, in the replisome of the Gram-negative v-
proteobacterium Escherichia coli. Interestingly, although some replisome proteins are
universally conserved, the replicative polymerases themselves are not, and those from
Bacteria appear, on the basis of sequence and structure, unrelated to those from the
two other domains of life, Eukaryota and Archaea. This lack of homology is evidence of
the convergent evolution of two different types of polymerases and suggests that
bacterial DNA replication may be a promising target for antibiotic development. Within
bacteria, there are two main types of replicative polymerases — the PolC homologs
and the DnaE1-pol homologs. PolC homologs appear to be limited to the low-GC
Gram-positive bacteria that comprise the phyla Firmicutes and Tenericutes, while
nearly all others use a DnaE1-pol.

In this thesis, | align a diverse set of DnaE1-homologs and identify among them
two main versions, one like the polymerase from E. coli (Eco-like) and the other like
that of Thermus aquaticus (Tag-like). Using a second alignment, | observe that the Eco-
like polymerase almost always appears with an editing protein, DnaQ-exonuclease,
which removes mismatch errors during DNA synthesis. Guided by these sequence
data, | analyze previously solved structures of the E. coli and T. aquaticus polymerases
and place the sequence and structure interpretations in the context of known bacterial
phylogeny. Tag-like DnaE1-pol, which is a constitutively active polymerase that
contains DNA-editing exonuclease activity in its PHP domain, is the ancestral version
and, based on its presence in cyanobacteria, likely dates back roughly 3,500 million
years, nearly to the origin of life on Earth. In contrast, Eco-like DnaE1-pol can adopt a
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distorted conformation incompatible with DNA synthesis and has a PHP domain that
lacks editing activity and, instead, binds a DnaQ-exonuclease for editing in trans.
Because mitochondria are descended from an a-proteobacterium, the Eco-like
polymerase predates the emergence of eukaryotes more than 1,500 million years ago.

In addition to identifying the two main types of DnaE1-pol, | describe significant
progress toward crystal structures the E. coli replicative polymerase in complex with
DNA. Furthermore, | demonstrate the precise structural conservation of the PHP
domain in this polymerase by restoring metal binding to it using only three point-
mutations.
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CHAPTER1
Replicative DNA Polymerase Diversity
Across Bacterial Species



1.1 Summary

DNA stores the information of life and is transmitted from one generation to the
next through the action of replicative DNA polymerases. Despite their diversity, these
enzymes are united by (1) their dependence on the helper proteins with which they
form a replisome and (2) a two-metal mechanism for DNA synthesis. Unlike eukaryotes
or Archaea, bacteria use a C-family polymerase as their replicative enzyme. Within the
bacterial replisome, a DNA polymerase lll holoenzyme (pol lll) contains both the
replicative polymerase and an editing exonuclease for error removal. There are two
main types of pol lll, which respectively feature either a PolC or DnaE1-pol homolog as
the replicative polymerase. The latter is more common and appears in many Gram-
positive and nearly all Gram-negative bacteria. Combining sequence analysis with
biochemical data and structure interpretation, this thesis describes the two main
versions of DnaE1-pol (CHAPTER 3). The ancestral (Tag-like) version, represented by
the Thermus aquaticus polymerase, can edit DNA using a metal-binding PHP domain,
while the more recently evolved (Eco-like) version, as exemplified by Escherichia coli
DnaE1-pol, can adopt an inactive conformation and has a non-enzymatic PHP domain
that binds a separate DnaQ-exonuclease for editing DNA in trans.

1.2 Introduction to DNA polymerases and replisomes

Within every cellular organism, there are several different types of DNA
polymerases [1, 2]. Most are specialists that have evolved to overcome specific types
of DNA damage [3-6], and only one or two serve as replicative enzymes [7]. Regardless
of their roles, all DNA-dependent (DNA-directed) DNA polymerases require primer-
template DNA as a substrate and contain a Palm, Thumb and Fingers domain that,
together, form a shape like a cupped right hand (Figure 1-1) [8]. During DNA synthesis
[9], an unpaired base in the template DNA strand and the 3'-end of the primer strand
bind in the active site of a polymerase. Upon further binding of a nucleotide
complementary to the template base, the Fingers and Thumb come together and the
polymerase adopts a closed conformation in which the incoming nucleotide is added
to the 3'-end of the primer via a two-metal catalytic mechanism [8]. In addition to
synthesizing DNA, some high fidelity polymerases, including most replicative enzymes
(this work and [10]), contain an editing 3'-5' exonuclease domain that can remove
mismatches from the primer strand by cleaving nucleotides from its 3'-end. In E. coli,
the editing domain increases the fidelity of the replicative polymerase 25-fold, lowering
the average synthesis error rate to roughly one incorrect nucleotide per 50 million DNA
bases [11].
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Figure 1-1. DNA-dependent polymerases add nucleotides to a primer DNA strand paired with a template.

Schematic representation of a DNA-dependent DNA polymerase synthesizing DNA. The polymerase domains are
represented as globular shapes, the primer and template DNA strands are depicted as linear, and nucleotides
(deoxynucleotide triphosphates, dNTPs) are floating above. All polymerases have a shape akin to that of a cupped right
hand, but an editing domain is most frequently found in replicative polymerases, either as a domain within the
polymerase or as a separate protein that binds to it. Figure adapted from Lore Leighton.

In the iconic DNA double helix, two complementary DNA strands are oriented in
opposite directions [12]. This antiparallel arrangement presents a problem for
replication, because polymerases can only synthesize DNA in one direction (from 5' to
3') [9], and both strands must be completely duplicated before cell division can occur.
In the E. coli replisome, helper proteins solve this problem by linking together three
copies of its DnaE1-pol (Figure 1-2) [13]. One moves in the same direction as the
replication fork while continuously synthesizing a complementary primer strand for the
"leading" DNA template. Since the other, "lagging" template, is oriented in the opposite
direction, the two other polymerases synthesize its complement discontinuously in
segments, generally 1,000 to 2,000 bases in length [14], called Okazaki fragments [15,
16].



Figure 1-2. Replicative DNA polymerases function within a protein ensemble known as a replisome.

Schematic representation of the E. coli replisome synthesizing DNA at a replication fork. Subunits of the DNA polymerase
Il holoenzyme [14] are colored, while the other proteins of the replisome are in grayscale. The a subunits (replicative
polymerase DnaE1-pol) synthesize DNA, while editing & subunits (DnaQ-exonuclease, MutD) remove synthesis errors and
two DNA sliding clamps (dimers of B, DnaN) tether the Core subassemblies to their DNA substrates. Besides arranging
clamps on primed sites, the clamp loader also provides order to the replisome by binding the DnaE1-pol subunits and
the helicase (DnaB). SSB stands for single-stranded DNA binding protein, and interactions been the clamp loader y
subunit and SSB have been omitted for clarity. Figure adapted from Meindert Lamers.

Although the physical linkage of polymerases in the E. coli replisome ensures that
both DNA strands are simultaneously replicated, this creates a secondary problem,
because linked polymerases cannot rotate to accommodate the DNA helix. Instead,
each polymerase unwinds its template strand, which accumulates torsional strain.
Eventually, this forces the polymerase to release the DNA so that it can rotate back into
its preferred helical geometry. To permit this relaxation without halting processive
(continuous) synthesis, each polymerase binds to a DNA sliding clamp [17, 18] that
encircles the newly formed duplex (Figure 1-2).



Along with its polymerase and clamp subunits, the other proteins of the E. coli
replisome (Figure 1-2) are also functionally conserved by all cellular life [7, 10, 14, 19,
20]. These include (1) an editing exonuclease for removal of mismatches that attaches
to each polymerase, a (2) helicase for unwinding DNA into individual strands, which
are, in turn, protected by a coating of (3) single-stranded DNA binding proteins, a (4)
primase for RNA primer synthesis, and a (5) clamp loader that places clamps on
primed sites and whose binding interactions organize the replisome. Interestingly, while
the functions listed above are universally conserved, only the clamp loader and clamp
have homologs across the three domains of life [7]. In contrast, comparison of the
replicative polymerases from Bacteria (C-family) to those in Eukaryota and Archaea (B-
or D-family) leads to the surprising conclusion that these two groups of enzymes may
be an example of convergence from different evolutionary origins [21, 22].

1.3 Two non-homologous superfamilies share a two-
metal mechanism for polymerization

At the most general level, DNA-dependent DNA polymerases can be grouped into
two superfamilies between which there is no apparent sequence homology [1, 2].
Together, the C- and X-family polymerases are members of the Polp-like
nucleotidyltransferase (BNT) superfamily, which also contains many non-polymerase
enzymes [23]. The other superfamily includes the "classical" polymerases [8], so
named because they were the first to be studied structurally. Beyond homologs of the
replicative B-family polymerases from eukaryotes and the replicative B- or D-family
polymerases in archaeans, the classics include members of the A- and Y-families along
with  RNA polymerases, which synthesize RNA based on a DNA template
(transcription), and reverse transcriptases, which make DNA using an RNA template.

Despite no homology between the two superfamilies, superposition of polymerase
structures based on incoming nucleotide position suggests a universally shared two-
metal catalytic mechanism (Figure 1-3c) [8, 24, 25]. In the vicinity of the nucleotide, the
primer DNA strands superimpose, as do the templates, two divalent metal ions (usually
magnesium) and a pair of aspartate residues whose carboxylate head groups bridge
both metals. One of these metals binds to all three members of the nucleotide
triphosphate tail (the triphosphate-binding metal). The other directly facilitates catalysis
(the catalytic metal) by aligning the 3'-hydroxyl of the DNA primer for attack on the a-
phosphate of the nucleotide.
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Figure 1-3. The two non-homologous superfamilies of polymerases share a two-metal catalytic mechanism.

(@) Schematic representations of the Palm domain of human Polp and E. coli Pol Il, respectively, the namesake of the
Polp-like nucleotidyltransferase (BNT) superfamily and a member of the classical polymerase superfamily. Relative to the
positions of the two metals, the B-stands of Pol Il are roughly perpendicular to those of Polp. Using the Lamers et al. [26]
notation for PolB, F: Fingers, T: Thumb, 8: 8 kDa domain, N: N-terminal domain, *: exonuclease domain, P2: 2nd half of
Palm unique to B-family. Circles or spheres: eserine, @aspartate, emetal ion. The two aspartate residues indicated for
Pol Il are the only two specific structural features present in all DNA-dependent DNA polymerases. (b) Corresponding
structure excerpts (PDB 2fms, 3k59). (¢) For the Polp ternary complex, a yellow dashed line () indicates the path of
attack on the a-phosphate of the incoming nucleotide (nonhydrolyzable analog dUpnpp) by the 3’-hydroxyl of the DNA
primer strand. Bond formation cannot occur in the Pol Il ternary complex because the primer lacks a 3'-hydroxyl.

Though the members of the two polymerase-superfamilies all have a general
cupped-hand shape, their only specific universal structures are the two metal-bridging
aspartates. This lack of homology is underscored by the nearly perpendicular
orientation of the B-strands from the classical Palm relative to that of the C- and X-
families (Figure 1-3) [8]. In the classical polymerases, the two aspartates are on
adjacent B-strands, and, as a result, these strands are orthogonal to the plane formed
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by the base of the incoming nucleotide. In the C- and X-family polymerases, however,
the bridging aspartates occupy the same B-strand, which is parallel to the incoming
base. In addition, the C- and X-families strictly conserve a glycine-serine pair (the GS-
motif) and a third aspartate that are absent from the classical superfamily [8]. The third
aspartate, like the two that are universally conserved, directly binds the catalytic metal
ion, and the serine contacts the - and y-phosphates of the incoming nucleotide.

Given the lack of structural homology between the two superfamilies of DNA
polymerases, their mutual use of a two-metal catalytic mechanism is likely a dramatic
example of convergent evolution [1, 21, 27]. Furthermore, absence of structural
homology between the eukaryotic B-family and bacterial C-family replicative
polymerases suggests that DNA replication may pose a valuable target for antibiotics
[28-32].

1.4 The C-family DNA polymerases

1.4.1 Universal and distinguishing features of the two main classes

Found only in bacteria [1, 2], C-family polymerases conserve a set of four principle
domains (Figure 1-4) that are required for DNA synthesis [33]. These include, in
sequential order, a PHP (from Polymerase and Histidinol-Phosphatase [34]), Palm,
Thumb and Fingers. With a lone caveat for the dsDNA-binding HhH (helix-hairpin-helix)
motif near the end of the Fingers, the last two of those domains share no sequence
homology with any other known proteins. Each X-family polymerase contains two HhH
motifs [5], but the regions flanking them are not homologous to any portion of the C-
family polymerases. Among the other principle domains, the Palm does show clear
structural homology [24-26] between the C- and X-families, but only six residues [24]
(including those mentioned in the previous section) are conserved between them. In
contrast, the N-terminal PHP of the C-family polymerases (Figure 1-4, Figure 1-5b)
exhibits a significant structural difference that distinguishes it from canonical PHP
domains, such as the one tethered to the C-terminus of some X-family members. While
the central B-strands in the canonical domains are all parallel, one strand in the C-
family PHP is anti-parallel, an arrangement that has only been shown for one other
PHP protein (Thermotoga maritima tm0559, PDB 2anu). Given the significantly different
structural location and threading of the C-family PHP [24-26, 35] relative to that of the
X-family [36], the distant relatedness of these two families [23, 24], and the absence of
PHP domains from the other members of the Polf-like nucleotidyltransferase
superfamily [23, 37], the presence of PHP domains in the C- and X-family polymerases
is likely an example of convergent evolution.
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Figure 1-4. C-family polymerases conserve four principle domains.

EcoE1(917): residues 1 though 917 of 1160 (PDB: 2hnh) [26]. The PHP domain (blue) is a large, roughly spherical
domain that makes extensive contacts with the Palm (pink) and structurally supports the Thumb (green). The three metal-
binding, catalytic aspartates in the Palm (Figure 1-6) are shown as black sticks, and the two structural arginines that
substitute for PHP metals (Figure 1-7, Table 1-1) are white. Although the guanidino head groups of the arginines are
solvent exposed, they are located in a deep cleft, which places them near the center of the PHP. This cleft starts as a
narrow groove where the Thumb extends upward from the PHP-side of the Palm. In T. aquaticus DnaE1-pol, the PHP
has retained DNA editing activity, and the narrow groove may guide the DNA primer strand toward metal ions in the PHP
cleft (Figure 1-7) for mismatch removal [26].

The C-family is comprised of PolC and DnaE-pol homologs, which are
distinguished by their respective peripheral domains (Figure 1-5b). In the DnaE-pol
homologs, the domains are C-terminal to the Fingers and include, in reverse sequence
order, a peptide motif that binds to the clamp loader [38], a poorly conserved globular
domain that presents the binding peptide, and an OB (oligonucleotide-binding) domain
that sits up on the Fingers and guides the DNA template strand toward the Palm [24].
In contrast, there are no domains after the Fingers of the PolC homologs, which,
instead, begin with a poorly conserved domain of unknown structure and function
followed by an OB domain that forms the tip of the Thumb [25]. Inserted within the
standard PolC PHP domain is a DnaQ-exonuclease that edits the DNA primer strand
by removing mismatches in the 3' to 5' direction [25]. Interestingly, a separate DnaQ-
exonuclease subunit binds to the PHP and performs editing in trans for some DnaE-pol
homologs (see next section).
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Figure 1-5. Diversity of sequence and function are correlated in the C-family polymerases.

(@) A phylogenetic tree of 585 sequences with less than 70% identity displays the known sequence diversity among C-
family polymerases (excluding cyanobacterial split-inteins [39]). Approximate locations of biochemically or structurally (S)
characterized polymerases are indicated (TagE1: T. aquaticus DnaE1-pol, AaeE1: Aquifex aeolicus DnaE1-pol, EcCoE1: E.
coli DnaE1-pol, PaeE1: Pseudomonas aeruginosa DnaE1-pol, CcrE2: Caulobacter crescentus DnaE2-pol, MtbE2:
Mycobacterium tuberculosis DnaE2-pol, BsuE3: Bacillus subtilis DnaE3-pol, SpyES3: Streptococcus pyogenes DnaE3-
pol, GkaC: Geobacillus kaustophilus PolC, SpyC: S. pyogenes PolC). Tag- and Eco-like DnaE1-pol are identified and
described in CHAPTER 3. Tree coloring is based on apparent relatedness to characterized polymerases. (b) Domains are
colored to indicate homology (gray: nonhomologous, T: Thumb, OB: oligonucleotide-binding, DnaQ: exonuclease
homologous to the protein that binds Eco-like DnaE1-pol).

PolC homologs are present in the low-GC Gram-positive bacteria that comprise
the phyla Firmicutes and Tenericutes [39]. Although these species also conserve a
DnaE-pol [40, 41], recent analysis of the Bacillus subtilis replisome [42] suggests that
PolC is likely the sole replicative polymerase in the organisms that contain it. The B.
subtilis PolC synthesizes the complements to both the leading and lagging template
DNA strands, but it cannot initiate replication from sites primed with RNA. Instead, the
slow, error-prone DnaE-pol [43] enables synthesis by the PolC by adding a DNA primer
to the end of the RNA primer generated by the primase. In agreement with the data for
B. subtilis, other bacteria (Streptococcus pyogenes [44] and Staphylococcus aureus
[45]) also use their PolC homolog for leading strand synthesis, and the relatively high
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sequence conservation among known PolC homologs suggests that most, if not all,
are replicative polymerases.

With respect to synthesis rate and fidelity, DnaE-pol homologs [14, 43, 46, 47]
appear far more variable than the PolC [42, 44, 45]. Consistent with this observation,
Zhao et al. [40, 41] recently used sequence alignments to identify three subclasses of
DnaE-pol, which they named DnaE1, DnaE2 and DnaE3, respectively. Using this
nomenclature, the DnaE-pol homologs that have been characterized biochemically as
error-prone belong to either the DnaE2- or DnaE3-pol subclasses. Among these, the
Mycobacterium tuberculosis DnaE2-pol contributes to the emergence of drug
resistance [47], and DnaE2-pol homologs may, in general, be translesion polymerases
whose expression is induced in response to DNA damage [47-49]. The DnaE3-pol
homologs, such as the one in B. subtilis (mentioned above), are almost always the
accompanying DnaE-pol found in PolC-containing species [40, 41]. In addition to
synthesizing DNA primers [42] (a role analogous to that of the B-family Pol1 subunit of
Eukaryotic Pol a [10]), the low fidelity of DnaE3-pol homologs allows them to bypass
DNA lesions [43, 46].

The most well studied C-family member is the high-speed, high-fidelity replicative
polymerase from E. coli. As part of its replisome (Figure 1-2), this DnaE1-pol makes
roughly one error per 50 million bases [11] while synthesizing DNA at nearly 1000
nucleotides per second [14]. Similarly, the DnaE1-based replisomes of Pseudomonas
aeruginosa [50], Aquifex aeolicus [51] and Thermus thermophilus [52] have also been
shown to synthesize DNA rapidly. Since none of these species contain a PolC
homolog, the replisomes of most non-PolC bacteria, including essentially all Gram-
negative species, are probably based on a DnaE1-pol (minor subtypes of replicative C-
family polymerases are mentioned in CHAPTER 3).

The classification of bacteria into those with PolC- or DnaE1-based replisomes is
also consistent with data on the relative susceptibility of different bacterial species to
antibiotics. In 1964, a small molecule was discovered that selectively killed Gram-
positive bacteria [53-55], and, in 1973, Cozzarelli and coworkers [56] used a related
molecule to identify the replicative polymerase (a PolC) in the Gram-positive bacterium
Bacillus subtilis. In contrast, the replicative polymerase (a DnaE1-pol) from E. coli, a
Gram-negative bacterium, was largely unaffected by these molecules.

Despite the discovery of PolC inhibitors nearly a half-century ago, there are still no
antibiotic drugs that target bacterial DNA polymerases, and there are no published
accounts of comparable inhibitors of the DnaE1-pol homologs. The prospects for
antibiotics targeting replication, however, appear good again, as recent years have
witnessed the discovery of new PolC inhibitors [28-31] and the solving of high-
resolution crystal structures of a PolC [25] and two DnaE1-pol homologs [24, 26].
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1.4.2 Structural differences within the DnaE class govern
polymerization and editing

Although Kornberg and colleagues discovered E. coli DNA polymerase Il in 1971
[57, 58], nearly three and a half decades passed before the first structure of the
synthesis subunit from this enzyme was solved [26]. Over the intervening years, this
DnaE1-pol and its replisome became the model system for replicative DNA synthesis
[14], yet the structure still managed to surprise.

C-family C-family
distorted

@ Taq Eco

‘‘‘‘‘‘‘

orientation

<
Taq ) Eco

open distorted

active’ -

Figure 1-6. E. coli DnaE1-pol crystallized with its Palm in a distorted conformation.

(@) Schematic representation of the active C-family polymerase Palm geometry (Taqg: T. aquaticus DnaE1-pol) and the
inactive E. coli DnaE1-pol geometry (Eco). Other domains include F: Fingers, P: PHP, and T: Thumb. Circles or spheres:
eserine, easpartate, earginine, emetal ion. The first two (Fingers-side) B-strands of the Eco Palm are shifted upward,
disrupts the catalytic metal binding site between the aspartate-bearing B-strands. (b) Corresponding excerpted
structures (PDB 2hpi [24], 2hnh [26]).

As predicted [59], E. coli DnaE1-pol was clearly [26] homologous to the X-family
polymerases, but its three catalytic aspartate residues were not properly positioned
(Figure 1-6) for DNA synthesis (Figure 1-3). An apparent rotational-sliding motion [26]
between the Fingers- and PHP-sides of the Palm had moved the third aspartate out of
position, thus abrogating binding of the catalytic metal ion. Underscoring the
significance of this distortion, a simultaneously published structure of the T. aquaticus
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DnaE1-pol [24] featured a Palm in which the three conserved aspartates both adopted
the expected geometry and, together, bound a magnesium ion (Figure 1-6).

PHP metal-binding residues

PDB Topo 1 2 3 4 5 6 7 8 9 Me1 Me2 Me3

Consensus H H D/H H E H C/H D/N H Zn

Eco DnaE1 2hnh  1-anti Ry, Hy, Dig Fu D Hgs Gisa Doy Rogs  Rogs Rio -
SmPHP Y n H10 n n H44 n n n n H203 Zn Zn -
4mPHP n.a. " Ho " " Hy, " " Cy " H,; n.a. n.a. n.a.
5mPHP n.a. " Ho " " H,, Eg " Cy " H,,; n.a. n.a. na.

Taqg DnaE1 2hpi  1-anti Hy; Hyz Dy Hp Enn Hgs Ciss Doy Hpyw Zn Zn -

Gka PolC 3f2d  1-anti Hgs Haug Dass Hago Eags Heoo Cero N7as Hzs 2N Mn Mn
Dra PolX 2w9m all-par Hgss, Hizn Dagg Hsew Eagr Hiuss Hiuss Dsig Hsis 2N Zn Zn
Eco YcdX 1m68 all-par H, Hy Hys Hiy Ez;zs Higy Hizgy Digy Hiugs  Zn Zn Zn
Tth ppPHP 2yxo all-par Hs H; Hy3 Hiys Egy Higs Hisa Doy Hog  Zn Fe Fe
Tmatm0559 2anu 1-anti Hy; Hys Dy Huis Eg; Higs Hisg Digs Higs  Zn Zn Zn

Table 1-1. E. coli DnaE1-pol conserves only four of nine PHP metal-binding residues.

Structurally (¢¢CHAPTER 2) and biochemical (CHAPTER 3) analyzed PHP metal binding mutants generated of
EcoE1(917) (Figure 1-4) are indicated in bold. PDB refers to the PDB code for the given structures. Topo indicates the B-
sheet topology of the PHP domains, which are generally assumed to have an all-parallel B-strand arrangement (all-par)
with the exception of the C-family polymerases and tm0559 that, instead, have one antiparallel B-strand (1-anti).
Numbers 7 through 9 are the nine PHP metal-binding residue positions. Me1, Me2 and Me3 are the three canonical PHP
metal binding sites. Structural data for 4mPHP and 5mPHP are not available (n.a.). Eco: E. coli, Taq: T. aquaticus, Gka:
G. kaustophilus, Dra: Deinococcus radiodurans, Tth: T. thermophilus, Tma: Thermotoga maritima.

In addition to the unexpected Palm distortion, E. coli DnaE1-pol also had a
significantly different PHP domain than that of the T. aquaticus polymerase. While the
latter contained all nine canonical metal-binding residues (Table 1-1) and crystallized
with two zinc ions bound in its PHP cleft (Figure 1-7), E. coli DnaE1-pol, as predicted
[34], did not conserve several residues of the PHP motif and appeared incapable of
metal binding. In place of the metals observed in the T. aquaticus DnaE1-pol
structures, the head groups from two arginines are hydrogen bonded to the metal-
binding residues that were still conserved by the PHP of E. coli EcoE1-pol (Figure 1-7).

Later crystallization efforts [35] revealed that, like its close homolog in T.
thermophilus [60], the PHP domain of T. aquaticus DnaE1-pol is an active nuclease.
Since E. coli DnaE1-pol was known to bind a DnaQ-exonuclease [14, 61, 62], some
speculation occurred regarding the possibility that Thermophilus replisomes might
contain both an in cis DNA editing activity within their DnaE1-pol and an in trans
activity from a DnaQ-exonuclease [24, 35, 60].
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Figure 1-7. Two arginine residues replaced metals in the PHP domain of E. coli DhaE1-pol.

PHP cleft structures of T. aquaticus and E. coli DnaE1-pol. Black dashed lines correspond to liganding interactions with a
zinc ion (<3 ,&), and gray dashed lines indicate hydrogen bonding (<3.9 A). (Taq) [24] (PDB 2hpi) Black spheres: two zinc
ions, red spheres: two ordered waters. Although the T. aquaticus DnaE1-pol structure is missing the third canonical PHP
metal, an ordered water is bound in roughly the expected position for this metal (Figure 2-1). The zinc ion in the first
metal position (upper) has four ligands — two His, one Asp and an ordered water. The zinc ion in the second metal
position (middle) has five ligands — two histidines, one aspartate, one glutamate and the ordered water (lower) that
replaced the third metal. (Eco) [26] (PDB 2hnh) Five non-canonical residues are labeled (Table 1-1). The E. coli DnaE1-
pol PHP cleft did not contain any metals, and, instead, the positively charged guanidino groups from two arginine
residues (Arg10, Arg203) substituted for the two zincs seen in T. aquaticus DnaE1-pol. Four ordered waters and a
phosphate ion that hydrogen bond to the two arginines in E. coli DnaE1-pol have been omitted for clarity.

1.4.3 Divergence within DnaE1-pol analyzed in this dissertation

To examine the Palm distortion of E. coli DnaE1-pol and the evolution of DNA
editing in DnaE1-based replisomes, bioinformatic, structural and biochemical analyses
were performed as described in CHAPTER 3. Briefly, | used sequence alignments to
identify (Eco-like) motifs within E. coli DnaE1-pol and DnaQ-exonuclease that are
characteristic of their homologs in a-, - and y-proteobacteria. In contrast, most other
DnaE1-pol featured an alternative set of (Tag-like) motifs similar to those found in the
T. aquaticus polymerase. | found no alternative sequence conservation among in the
DnaQ-exonuclease homologs outside a-, - and y-proteobacteria.

Based on the alignments, | concluded that Eco- and Tag-like sequence motifs
define the two main subtypes of DnaE1-pol. Considering the motifs in the context of
the available structures, Eco-like DnaE1-pol generally conserve both an arginine
residue (equivalent to Eco-Arg10), which replaces the middle PHP metal, and three
Palm residues (equivalent to Eco-Phe402, Val552 and Phe554) that facilitate Palm
distortion. Since DnaQ-exonuclease homologs containing a polymerase-binding tail
[62] were only found in species with an Eco-like DnaE1-pol, | concluded that nearly all
DnaE1-based replisomes derive their editing activity either from a PHP domain or a
DnaQ-exonuclease. The taxonomic distribution of the two DnaE1-pol subtypes also
allowed me to hypothesize the order and timing of their evolution. Before an a-
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proteobacterium became the first mitochondrion more than 1,500 million years ago,
the Eco-like polymerase had already diverged from the Tag-like subtype, which, itself,
likely predates the emergence of cyanobacteria more than 3,500 million years ago
(Figure 1-8) [63].

Taq-like Core Eco-like Core
DnaE1-pol pol+exo

cyanobacteria o-proteobacteria
>3,500 million years >1,500 million years

Figure 1-8. The Eco-like pol lll Core evolved from a Taq-like ancestor more than 1,500 million years ago.

The ancestral Tag-like pol lll Core is a single DnaE1-pol that is a constitutively active polymerase and contains a metal-
binding PHP domain with 3'-5' exonuclease for editing (*) the DNA primer strand. In contrast, the Eco-like Core consists
of three proteins: (1) a DnaE1-pol that lacks PHP metal binding and can adopt a distorted, inactive conformation, (2) an
editing (*) DnaQ-exonuclease, and (3, not shown) a small protein (6, HolE) that stabilizes the DnaQ (structure: Figure
3-10) [64, 65]. Ages of the Tag- and Eco-like Cores are based on their presence in modern-day cyanobacteria and a-
proteobacteria, respectively [63].

Continuing the analysis of Eco-like DnaE1-pol, | present biochemical and
bioinformatic data in CHAPTER 3 that are consistent with allosteric communication
between the Palm domain and DnaQ-exonuclease subunit. In CHAPTER 2, |
demonstrate that the PHP domain of E. coli DnaE1-pol is structurally highly conserved
by restoring metal binding to it using only three point-mutations. Finally, | present
advances toward DNA-bound structures of the E. coli polymerase in CHAPTER 4.

1.5 Conclusion

To pass information from one generation to the next, all cellular organisms rely on
replicative polymerases that duplicate genomic DNA as part of a protein ensemble
known as a replisome. Although few replisome proteins are conserved across the three
domains of life, the functions they perform are, nevertheless, universal. Remarkably,
the replicative polymerases, themselves, are not among the conserved proteins, and
they instead belong to one of either two nonhomologous superfamilies. Eukaryota and
Archaea use B- or D-family polymerases, which are members of the "classical"
polymerase superfamily. In contrast, recent crystal structures of three C-family
polymerases [24-26] show that the bacterial replicative enzymes belong to the Polp-like
nucleotidyltransferase (BNT) superfamily [23].
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The C-family structures also served to highlight a division within in the DnaE1-pol
homologs, which are the replicative polymerases from most known bacteria. Based on
my analysis in CHAPTER 3, there appear to be two main subtypes of DnaE1-pol.
Members of the Eco-like subtype are close homologs of the E. coli polymerase, which
lacks PHP metal binding and contains a Palm that may adopt a distorted, inactive
conformation. Compensating for their lack of PHP exonuclease activity, the Eco-like
polymerases bind a DnaQ-exonuclease, which edits DNA in trans. The Taqg-like DnaE1-
pol homologs are more closely related to the T. aquaticus enzyme, which is a
constitutively active polymerase whose metal-binding PHP domain edits DNA. Based
on the phylogeny of the present-day bacteria that contain them, both the Tag- and
Eco-like DnaE1-pol likely have ancient origins. The Eco-like polymerase predates the
appearance of the first mitochondrion from an a-proteobacterium more than 1,500
million years ago, and the ancestral, Tag-like polymerase dates back over 3,500 million
years to before the first cyanobacterium.
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CHAPTER 2

Restored PHP Metal Binding
Demonstrates Structural Conservation of
the E. coli Replicative DNA Polymerase
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2.1 Summary

Replisomes copy DNA with high fidelity, in part, by removing errors from the newly
synthesized strand during polymerization. In many bacterial replisomes, this editing
activity resides in the PHP domain [60] of the replicative polymerase (the o subunit of
the DNA polymerase Ill holoenzyme) [40, 41]. The PHP domain of the Escherichia coli
polymerase, however, lost metal binding more than 1,500 million years ago (CHAPTER
3) and therefore lacks editing activity. Nevertheless, the available crystal structures [26]
of this polymerase suggest that the backbone of its PHP is highly conserved.
Demonstrating the precise structural conservation of this domain, | present a crystal
structure at 3.0-A resolution of a triple point-mutant of the E. coli polymerase with
restored PHP metal binding. X-ray fluorescence data collected on this mutant, in
solution, suggests that the two metal-ions detected in the crystal structure are both
zinc (and not manganese, iron or nickel). Given the strict distance and geometry
requirements for zinc ligation, the restoration of metal binding to the E. coli replicative
polymerase demonstrates the precise structural conservation of its PHP and suggests
a central role for this domain in all bacterial replisomes.

2.2 Introduction

The C-family polymerases are found only in bacteria, which require these enzymes
for DNA replication. Consequently, C-family members may prove to be an attractive
target for antibiotic development [28-32]. In this context, both the universal and
dissimilar features (Figure 1-5b) of PHP domains (Polymerase and Histidinol-
Phosphatase [34]) from C-family members are largely uncharted terrain. Aside from the
identification of DNA-editing exonuclease activity in Thermus thermophilus DnaE1-pol
[60], C-family PHP domains have received little attention, and analysis of the E. coli
DnaE1-pol PHP has been limited to noting that it structurally supports the Thumb
(Figure 1-4) [26], lacks metal binding [24, 34], and binds the DNA-editing protein DnaQ-
exonuclease [61].

PHP domains are o/p-barrels, similar to triosephosphate isomerase (TIM), but
comprised of only seven B-strands (Ba), [66] instead of eight. Canonical PHP domains
catalyze the hydrolysis of phosphate moieties using a trinuclear metal center that is
supported by nine amino acid residues. There are two types of PHP domains — those
with an all-parallel B-strand arrangement and those with six parallel strands and one
inverted, antiparallel strand (Table 1-1). The PHP domains of C-family polymerases are
of the single-inversion type [24-26], as is the PHP in the protein tm0559 from
Thermotoga maritima (PDB 2anu). All other PHP domains, including the ones
occasionally fused to an X-family polymerase [36], are assumed to contain the all-
parallel arrangement.
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Because E. coli DnaE1-pol conserves less than half of the nine residues in the
canonical PHP motif (Table 1-1), its PHP domain possesses neither metal binding
(Figure 1-7) nor known enzymatic activity [26]. Despite its functional degeneracy, the
overall architecture of this PHP closely resembles that of the metal-binding PHP
domains from Thermus aquaticus DnaE1-pol [24] (PDB 2hpi) and Geobacillus
kaustophilus PolC [25] (PDB 3f2d). The apparent structural conservation of the PHP in
E. coli DnaE1-pol despite its loss of editing activity suggests the possibility of a
universal, non-enzymatic role for the PHP domain found in each C-family polymerase.

To gauge the structural conservation of the PHP in E. coli DnaE1-pol, | supervised
the solving of a crystal structure of 3mPHP, a triple point-mutant (Arg10His, Phe44His,
Arg203His) of the crystallization construct EcoE1(917) (E. coli DnaE1-pol residues 1
through 917 of 1160). The three mutations correspond to canonical PHP metal binding
residues, all of which are found in T. aquaticus DnaE1-pol and G. kaustophilus PolC
(Table 1-1).

2.3 Materials & Methods

Work performed by Jordan Anaya, an undergraduate student, occurred under my
supervision.

2.3.1 Polymerase cloning, expression and purification

Using standard restriction enzyme techniques, Xiaoxian Cao cloned the
EcoE1(917) construct used by Lamers et al. [26] into the vector pET-28a-PP, which
differs from the standard pET-28a (Novagen) by the replacement of a thrombin
cleavage sequence with a PreScission Protease cleavage sequence immediately
following the N-terminal His6-tag.

For constructs bearing point-mutations (3m-, 4m- and 5mPHP), J.A. performed
mutagenesis with reagents equivalent to those of the QuikChange XL Site-Directed
Mutagenesis Kit (Agilent Technologies).

J.A. expressed and purified 3m, 4m- and 5mPHP and determined protein
concentrations by absorption at 280 nm based on theoretical molar extinction
coefficients.

The T7 Express 1 (New England BiolLabs) strain of phage-resistant E. coli served
as the expression host for the three constructs, and growths occurred in culture flasks
within incubator shakers. Cells were transformed by electroporation using a Gene
Pulser Il with a Pulse Controller Plus module (Bio-Rad), and, following a 1-h outgrowth
at 37 °C with 400 pL unmodified Terrific Broth, selection for positive transformants
occurred on agar plates containing 50 pyg/mL kanamycin. After overnight growth for
approximately 18 h, colonies were scraped from the plates en masse, resuspended at
37 °C in media consisting of phosphate-buffered Terrific Broth with 50 pg/mL
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kanamycin, and grown to an optical density of roughly 1.0 (measured at 600 nm). At
this point, 1-mL aliquots were taken to make -80 °C glycerol cell stocks before the
cultures were diluted 1:1 with either room temperature (22 °C) or 4 °C media and
moved to either 30° or 16 to 20 °C, respectively. Expression was induced by the
addition of 1 mM IPTG once the cultures regrew to an optical density of 0.75 to 1.0.
Expression of 3mPHP was conducted for either 3 h at 30 °C or roughly 18 h (overnight)
at the lower temperatures. 4m- and 5mPHP did not express at 30 °C, so expression
was performed exclusively at the lower temperatures for these polymerases.

J.A. prepared glycerol cell stocks by mixing 1 mL of cells, at an optical density of
roughly 1.0, with 0.5 mL of 50% glycerol in a 2.0-mL tube. These samples were flash
frozen in liquid nitrogen prior to long-term storage at -80 °C. Subsequent expressions
were initiated by plating scrapings from the -80 °C stocks in lieu of repeat
transformations.

Note that the following polymerase purification protocol has been updated as
described in CHAPTER 4 for increased yield, purity and efficiency, but this updated
version will not yield zinc-containing 3mPHP.

Following expression, 3mPHP cells were harvested by centrifugation, and the cells
were resuspended in 25 mL of buffer 1-500-25 (10% glycerol, 500 mM NaCl, 5 mM
BME, 25 mM imidazole pH 8) per 1 L of 30 °C expression culture. For delayed
purifications, the resuspended cells were flash frozen in liquid nitrogen and
immediately moved to -80 °C for storage. When continuing directly to purification, the
resuspended cells were lysed using an EmulsiFlex-C50 (Avestin) cell disruptor with an
additional 50 mL of buffer [-500-25, followed by centrifugation for 40 min at 40,000 g
and 4 °C to pellet the insoluble fraction. The supernatant was then filtered to 0.45 pm,
loaded onto a 35-mL Ni Sepharose 6 Fast Flow (GE Healthcare) column, and washed
with buffer 1-500-25. With the polymerase still bound, the column was equilibrated in
buffer p-A (10% glycerol, 20 mM HEPES pH 7.5, 5 mM BME). The polymerase was
eluted from the Ni column by buffer 1-0-500 (10% glycerol, 500 mM imidazole pH 8),
loaded onto a 50-mL Heparin Sepharose 6 Fast Flow column (GE Healthcare), and
eluted using a gradient from 0 to 40% buffer B-B (B-A plus 1 M NaCl) in 4 column
volumes. Since the majority of the peak from the heparin column was contaminated
with C-terminal degradation products of 3mPHP, only a small portion of the high-salt
end of the peak was collected. This pool was digested with a version of the human
rhinovirus 3C protease (HRV 3C) equivalent to PreScission Protease during an
overnight dialysis with buffer B-A to a NaCl concentration of 100 mM. The dialyzed,
digested sample was passed through the 35-mL Ni column, and the flow through was
collected on a 5-mL HiTrap Q HP column (GE Healthcare). 3mPHP was eluted from the
Q column using a 12 to 45% buffer B-B gradient over 16 column volumes, and the
main peak was collected and concentrated to 6 mL using a Centriprep YM-50
concentrator (Millipore). The concentrated sample was run through a 16/60 HiLoad
Superdex 200 prep grad size exclusion column (GE Healthcare) with isocratic elution in
the buffer HKD (10 mM HEPES pH 7.5, 20 mM K glutamate, 10 mM DTT), and the peak
was collected and concentrated using a YM-50 concentrator to 50.5 mg/mL.
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4mPHP was purified using the same columns and gradients as 3mPHP but with
slightly different buffers. In place of buffers [-500-25 and 1-0-500, the buffers used were
PI-500-25 (I-500-25 plus 25 mM Na/K PO, pH 8.5) and PI-0-500 (I-0-25 plus 25 mM
Na/K PO, pH 8.5), respectively. Buffers B-A and B-B were replaced, respectively, by
buffer T-A (B-A with HEPES replaced by 20 mM Tris pH 7.5) and buffer T-B (same as j-
B with HEPES replaced by 20 mM Tris pH 7.5). The final buffer, HKD, was unchanged,
and the endpoint 4mPHP concentration was 42.0 mg/mL.

5mPHP had very poor affinity for the heparin column, so this step was eliminated.
The buffers used for 5mPHP were the same as those for 4mPHP with the exception of
the final buffer, which was changed to HKD+ (K glutamate concentration increased to
30 mM, 5% glycerol added). 5SmPHP was concentrated to 25.3 mg/mL.

2.3.2 Crystallization
J.A. conducted protein crystallization trials.

3mPHP crystallized in essentially the same condition as EcoE1(917) [26] (protein:
10 mg/mL, buffer HKD; well solution: 50 mM HEPES pH 7.5, 370 mM NaH,PO,, 14%
PEG 3350). Crystallizations were set manually in hanging-drop vapor diffusion format
above a reservoir of 400 pL well solution on siliconized glass cover slides using drops
of 1+1+0.2 yL protein plus well solution plus diluted seed crystals of 3mPHP. Crystals
were transferred to a cryoprotectant solution (well solution plus 15% glycerol and 2.5%
higher PEG 3350) for flash freezing and storage in liquid nitrogen prior to data
collection.

In addition to manual screening around the EcoE1(917) condition, 4mPHP and
5mPHP were subjected to extensive sitting-drop vapor diffusion crystallization trials at
100+100 nL (protein plus well solution) against commercial screens (e.g. the Index,
PEG/lon, and Natrix screens from Hampton Research and the JCSG+ and PACT
screens from Qiagen) using a Phoenix crystallization robot (Art Robbins Instruments) in
3x 96-well Intelli-Plate crystallization trays (Art Robbins Instruments).

Misshapen spheres that may have contained 4mPHP appeared in a 100+100 nL
protein to well solution drop (protein: 10 mg/mL, buffer HKD plus 1 mM ZnCl,; well
solution: PACT #94: 0.2 M Na/K PO,, 0.1 M bis-tris propane pH 8.5, 20% PEG 3350).

2.3.3 Structure determination

J.A. generated diffraction from a single crystal using synchrotron radiation and
collected data in frames of 1° oscillation per 20 sec exposure (Table 2-1). Meindert
Lamers performed data reduction using HLK2000 [67] (HKL Research) and iMosflm
[68], molecular replacement with Phaser [69] using the lower resolution ECoE1(917)
structure (PDB 2hqa) as the input model, and refinement with phenix.refine [70]. M.L.
carried out manual model building in Coot [71, 72].
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2.3.4 X-ray fluorescence scanning

J.A. and | collected data at the Lawrence Berkeley National Laboratory, Advanced
Light Source (ALS), Howard Hughes Medical Institute (HHMI) beamline 8.2.1. The 1-
mM zinc standard was a standard crystallization loop coated with a ZnCl, solution and
allowed to dry, and the 3mPHP sample was a similar loop holding a droplet of 3mPHP
stock solution. Scans were collected in 1-eV steps using 2-sec exposures. Scans were
individually baseline-corrected by subtracting the average intensity of the first 10
points from all points in the scan. | generated trend lines to the data using the
“Weighted” algorithm with a smoothing factor of 40% in KaleidaGraph 4 (Synergy
Software).

2.3.5 Molecular models and in silico mutagenesis

PyMOL 1.3 [73] (Schrédinger) was used to prepare all structure-based figures and
to generate the Asp69Gilu in silico mutants of 3mPHP (Figure 2-2).

2.3.6 Tryptophan fluorescence microscopy

J.A. captured tryptophan fluorescence images and accompanying visible light
images using a PRS-1000 Protein Review Station microscope (Korima).

2.4 Results & Discussion

2.4.1 Extra electron density appeared in the structure of SmPHP

Crystals of 3mPHP grew under the same conditions as EcoE1(917), were
morphologically indistinguishably, and shared the same space group (P2,2,2,). The
phases for 3mPHP were solved by molecular replacement using the lower, rather than
the higher, resolution EcoE1(917) structure (PDB code 2hqa) because its unit cell
dimensions were a better match (higher = 2hnh: 82.6, 92.6, 130.2 A; lower = 2hqa:
83.1, 98.5, 139.5 A; 3mPHP: 82.4, 99.0, 140.1 A, Table 2-1). Globally, there were no
significant conformational differences between EcoE1(917) and 3mPHP (data not
shown), so manual intervention was only performed during the building of the PHP
domain of 3mPHP. Upon completion, this domain (residues 5 through 270) had a
RMSD of 0.339 A (1512 atoms) and 0.309 A (1568 atoms) relative to PHP domains in
the high and low resolution ECoE1(917) structures [26].
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Data Collection

Beamline ALS 8.2.2
Wavelength (A) 1.000
Space group P2,2,2,

Unit cell (&)
Resolution (A)

82.4 99.0 140.1 90 90 90
71-3.0 (3.15-3.0)

Rimerge 14.5 (75.2)
I/ol 11.3(1.9)
Completeness (%) 99.7 (100.0)
Multiplicity 5.4 (5.6)
Refinement
Resolution (A) 71-3.0
No. reflections 23834
test set 5%
Rwork/Rfree 19.9/25.4
Monomers/a.u. 1
No. TLS domains 5
No. atoms 7183
protein 7148
waters 18
ligands 17
RMSD length 0.003
RMSD angle 0.752

Table 2-1. Crystals of 3SmPHP and EcoE1(917) share a space group and similar cell dimensions.

3mPHP crystal structure: data collection and refinement.

After a round of refinement, difference density maps revealed peaks of 4.5 and 5.5
o (Figure 2-1a) in the PHP cleft of 3mPHP. Based on their intensity and roughly
spherical shape, the peaks did not appear to correspond to water or any of the
components of the crystallization mother liquor. The peaks were also in positions
corresponding to the two PHP metal sites that were shared by the T. aquaticus DnaE1-
pol (Figure 1-7) [24] and G. kaustophilus PolC structures (Figure 2-1a) [25] (PDB 2hpi
and 3f2d, respectively).

Because X-ray diffraction data for 3mPHP was only collected at a single
wavelength, they could not be used to identify the species that gave rise to the extra
density in the PHP cleft. To evaluate the possibility that the cleft density corresponded
to bound metals, | performed X-ray wavelength scans, and, near the inflection point for
zinc, | observed fluorescence peaks of similar shape, position and intensity for a
solution of 3mPHP (50.5 mg/mL, 0.49 mM) and a 1-mM zinc standard (Figure 2-1c).
This result is consistent with zinc binding by 3mPHP and does not support the
presence of manganese, iron or nickel.

22



2.4.2 3mPHP binds two zinc ions with near-canonical geometry

Since the electron density peaks in the PHP cleft of 3mPHP likely both correspond
to zinc ions, all three of the histidine point mutations appear to contribute to zinc
binding (Figure 2-1a), as do several other residues at positions corresponding to the
PHP motif. The Arg203His mutation created a pocket in the 3mPHP cleft, and, together
with Phe44His, His203 ligated to one of the two zinc ions. Including an interaction with
a bound phosphate (not shown), this zinc had roughly the same tetrahedral geometry
observed for the corresponding zinc in the T. aquaticus and G. kaustophilus
polymerase structures (Figure 1-7, Figure 2-1).

The third mutation, Arg10His, opened another pocket within the PHP cleft and
participated in the binding of a second zinc ion (Figure 2-1a). The coordination of this
metal, however, differed from that seen in the other polymerases, because, at a
distance of 3.5 A, the canonical residue, Asp201, at PHP position-8 was roughly 1.5 A
beyond optimal ligation range (Figure 2-1b) [74, 75]. As a result, the second zinc
contacted only three protein side chains and one of oxygen atom from the bound
phosphate.

In addition to lacking an interaction with Asp201, the second zinc also binds to the
non-canonical residue, Asp69, at position-5 in the PHP motif (Figure 2-1a, Figure 2-2).
The standard residue at this position is a glutamate, and, because the side chain of
aspartate is shorter by one carbon than that of glutamate, binding by Asp69 may have
pulled the zinc away from canonical Asp201 on the other side of the PHP cleft.

Comparing the T. aquaticus DnaE1-pol and G. kaustophilus PolC structures to that
of 3mPHP shows that its second PHP metal is slightly closer to motif position-5
(Asp69) than the corresponding metal bound to the other two polymerases (Figure 2-2).
The cross-cleft distance between the a-carbons of position-5 and -8, however, are
nearly identical in the structures of T. aquaticus DnaE1-pol, G. kaustophilus PolC, and
3mPHP (Figure 2-2), which suggests that adding an additional Asp69Glu point-
mutation to 3mPHP may restore canonical metal binding at the second PHP site.

Interestingly, although it has regained metal binding, the cross-cleft distance in
3mPHP is also the same, to within a tenth of an angstrom, as that of the wild type E.
coli polymerase (position-5 to -8 o-carbon distance, 10.5 A for both). Because
hydrogen bonds are generally longer than liganding interactions with zinc, Asp69 may
be necessary to accommodate the structural arginine (Arg10) at the second metal
position in the wild type cleft (Figure 1-7). Were residue 69, instead, the canonical
glutamate, it would likely suffer a major steric clash with Arg10. More importantly, the
preservation of the wild type cross-cleft distance by 3mPHP, despite the restoration of
metal binding, demonstrates that the wild type domain is the product of exacting
structural conservation in the absence of enzymatic activity.
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Figure 2-1. 3mPHP bound zinc ions at two of the three canonical PHP sites.

(@) PHP clefts of 3mPHP and G. kaustophilus (PDB undeposited and 3f2d, respectively). Cyan mesh: anomalous
difference electron density contoured at 3.5 o, black spheres: zinc ions, purple spheres: manganese ions, black dashed
lines: bonds to metals, white dashed line: 3.5 A distance. A phosphate bound to the metals in each structure was
removed for clarity. (b) Interatomic distances observed for monodentate ligation of five-coordinate zinc by aspartate side
chains (average: 2.17 + 0.17, bonds analyzed: 255) [74, 75]. (c) X-ray fluorescence of a zinc standard compared to a
3mPHP solution. Inset: Theoretical f” scattering factors for manganese, iron, nickel and zinc [76-78] relative to the energy
(dashed line, 12.4 keV = 1 A wavelength) used for 3mPHP structure determination.
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Figure 2-2. Adding Asp69GIlu to 3mPHP may complete canonical coordination of the second zinc.

Using the a-carbons of PHP motif position-1, -2, -5 and -8 to superimpose the binding sites for the second PHP metal
(spheres) in 3mPHP, T. aquaticus DnaE1-pol (Tag, PDB 2hpi) and G. kaustophilus PolC (Gka, PDB 3f2d) shows that the
metal is exceptionally close to position-5 (and further from position-8) in 3mPHP. For comparison, the 3mPHP metal is
included in the structures of Taq and Gka, and their metals are included for 3mPHP. Because the superimposed a-
carbon positions are nearly identical in all the high-resolution C-family polymerase structures (upper left), an Asp69Giu
mutation in 3mPHP might reposition the metal and restore binding with Asp201.

2.4.3 Additional PHP mutations impede crystallization

Building upon 3mPHP, | supervised the preparation of two mutant polymerases
(4m- and 5mPHP, respectively, Table 1-1) in which all nine positions in the PHP metal-
binding motif contained residues capable of metal ligation. Neither mutant yielded
crystals in the standard EcoE1(917) condition, so an attempt was made to find
alternative conditions for these polymerases. From this effort, one drop of 4mPHP with
ZnCl, produced 10 to 20 small (perhaps 10 um), misshapen spheres, which appeared
to contain protein on the basis of their tryptophan fluorescence (Figure 2-3). These
objects could not be reproduced.
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Figure 2-3. Tryptophan fluorescence suggests that the spheres contained protein.

Visible and tryptophan fluorescence (ultraviolet, UV) images of a crystallization trial of 4mPHP.

Since these crystallization attempts were made, | have developed techniques to
monomerize both 4m- and 5mPHP (CHAPTER 4), which tend to form high molecular
weight aggregates under conditions suitable for the storage of EcoE1(917) and
3mPHP. Furthermore, | demonstrated that maximal stabilization of 4mPHP occurred at
substantially lower zinc concentrations (2.5 to 10 pyM, CHAPTER 3) than | had
previously used (up to 1 mM). Both of these technical advances may assist future
crystallization efforts.

2.4.4 Why retain a PHP cleft that lacks metal binding?

In nature, there are several pairs of homologous proteins in which one binds a
metal ion while the other has replaced the ion with a positively charged amino acid.
Examples include both familiar enzymes, such as thrombin [79-81], pyruvate kinase
[81, 82], ferritin [83-85] and tyrosyl-tRNA synthetase [86-89], and also more exotic
proteins like snake venom myotoxins [90-95]. Among these, the venom phospholipase
A, homologs are the only proteins that, like the E. coli DnaE1-pol PHP, appear to have
lost catalytic activity. In all others, the metal and the positively charged amino acid
serve the same catalytic roles in their respective homologs. In the venom, however, the
non-metal-binding protein has a different function than the conventional homologs, so
it is subject to different evolutionary pressures. A similar scenario may also exist for the
non-metal-binding PHP domain in E. coli DnaE1-pol.

Looking beyond the C-family polymerases, the ribonuclease P protein Ph1877p
from Pyrococcus horikoshii OT3 [66, 96] contains a PHP domain that lacks metal
binding. Despite this loss of function, Ph1877p has been retained because it is one of
five proteins that stabilize a catalytic RNA. The existence of this structurally divergent
PHP domain, which lacks a cleft formed by the C-terminal ends of its B-barrel, shows
that sites compatible with metal binding may be completely lost from PHP domains
without selective pressure to retain them. Thus, precise structural conservation of the
PHP domain of E. coli DnaE1-pol, despite its lack of metal binding, suggests either
recent loss of binding or intense selective pressure for maintenance of the PHP cleft.
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In CHAPTER 3 (Figure 3-7), | show that the E. coli polymerase is representative of a
subtype of DnaE1-pol (Eco-like) that evolved from an ancestral subtype, exemplified by
the T. aquaticus polymerase (Tag-like), more than 1,500 million years ago. Given its
ancient nature, the structure of the PHP cleft in E. coli DnaE1-pol was probably
conserved because it is important for the proper functioning of this enzyme.

Assuming that the C-family polymerase PHP domain plays a structural role in
catalysis, the conservative replacement of metals by arginines would probably be
favored over more heavily mutated PHP domains. As my data in CHAPTER 3 show, E.
coli DnaE1-pol is highly sensitive to perturbations of its PHP, as evidenced by the
significantly decreased polymerization rates and stabilities of the metal-binding
mutants (3m-, 4m- and 5mPHP) relative to EcCoE1(917).

When replicating genomic DNA, the E. coli polymerase functions as part of a
replisome (Figure 1-2) [14], and its PHP domain serves as the binding site for the
editing subunit, DnaQ-exonuclease [61, 62]. In the model proposed by Lamers et al.
[26] for E. coli DnaE1-pol binding by DnaQ-exonuclease, this editing subunit is
positioned over the "groove" that stretches from the base of the Thumb into the PHP
cleft (Figure 1-4). In polymerases like T. aquaticus DnaE1-pol, the groove may serve as
the binding site for the DNA primer strand as it is edited in the metal-binding PHP cleft,
and, if Lamers et al. [26] are correct, the corresponding groove and cleft on E. coli
DnaE1-pol could similarly direct the primer to the DnaQ-exonuclease. Evans et al. [25]
proposed a similar model for PolC homologs (in which a DnaQ-exonuclease is inserted
into the PHP domain, Figure 1-5b) based on their structures of the G. kaustophilus
polymerase, such a conserved role for the PHP cleft would make it essential for faithful
DNA replication.

2.5 Conclusion

As demonstrated by X-ray crystallography, three point-mutations were sufficient to
restore metal binding to the PHP domain of E. coli DnaE1-pol. This result demonstrates
an extraordinarily high degree of structural conservation for the PHP despite its ancient
loss of editing exonuclease activity. Since such conservation is not an obligate
property of PHP domains, the domain in E. coli DnaE1-pol is likely the product of
intense selective pressure for its structural roles in the stability and activity of the
polymerase (CHAPTER 3). Furthermore, as the binding site for a DnaQ-exonuclease,
this PHP may also have importance in the context of DNA editing.

More broadly, the PHP domain of E. coli DnaE1-pol appears to be part of a larger
evolutionary trend among DNA polymerases toward the accumulation of inactivated
domains. While the replicative polymerases of bacteria and eukaryotes all contain or
recruit an editing exonuclease (CHAPTER 1 and [10]), many also feature inactivated
exonuclease domains. Four multi-subunit B-family polymerases function at the
eukaryotic replication fork [10], and among them are several examples of inactivated

27



domains. In total, the four polymerases contain six inactivated exonucleases (three
domains within synthesis subunits and three calcineurin-like domains in separate
subunits [34, 97]), four inactivated uracil binding domains (one per catalytic subunit
[98]), and also an inactivated, but otherwise fully intact, polymerase domain (C-terminal
within the synthesis subunit of Pol ¢ [99]). Although inactivated polymerases may be
generally rare, a family of highly conserved pseudo-polymerases was recently
discovered in Archaea [100], and a polymerase homolog, ImuB [48], in Mycobacterium
tuberculosis similarly lacks catalytic residues and is co-expressed with an error-prone
DnaE2-pol.

Similar to that of the PHP in E. coli DnaE1-pol, the stories of other inactivated
polymerase-associated domains will almost certainly be ones of stabilization and
protein-protein interaction [97]. Accordingly, a rich understanding of DNA replication
will require structural analysis of active polymerases in complex with their non-
enzymatic partners.
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CHAPTER 3

Coevolution and Structural Coupling of
DNA Synthesis and Editing in Divergent
Bacterial Replisomes
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3.1 Summary

Using sequence alignments, | identify the two main versions, respectively exhibited
by Escherichia coli and Thermus aquaticus, of the DnaE1-based replisome found in
most bacterial species. In the more ancient replisome, a Tag-like DnaE1-pol (a subunit)
[40, 41] constitutes the entire DNA polymerase Il 'Core' and both synthesizes and
edits DNA in cis. The Eco-like pol Ill Core (Figure 1-2) [14], which is found in a-, - and
y-proteobacteria, contains a DnaE1-pol that diverged from a Tag-like ancestor when its
PHP domain lost DNA editing activity and bound a DnaQ-exonuclease (¢ subunit,
MutD) for editing in trans. Interpreting the available high-resolution structures of C-
family polymerases [24-26], | propose that a three-residue motif in the Palm of E. coli
DnaE1-pol may facilitate its observed inactive conformation, which | define based on
distortion of the aspartate triad required for DNA synthesis and burial of an arginine
residue crucial for DNA proofreading. Building on these interpretations, Statistical
Coupling Analysis (SCA) [101] suggests the possibility of allostery between synthesis
and editing in both Tag- and Eco-like pol Il Cores, which is consistent with the
diminished rate of DNA synthesis for PHP point-mutants of E. coli DnaE1-pol.

3.2 Introduction

In 1964, Roy-Burman and Sen [55] working in Calcutta, India, showed that the
growth of some Gram-positive bacteria could be selectively inhibited by a small
molecule at 0.5 pM — a concentration 2,000 to 4,000 times lower than that affecting
Gram-negative species. Unbeknownst to them [54], this was the first evidence for the
most major schism within bacterial replisomes, the division between PolC- and DnaE1-
based pol Ill. Over the next 10 years, Kornberg [57, 58], Cozzarelli [56] and their
respective colleagues discovered pol Ill and demonstrated differences between
versions found in Gram-negative and -positive species. Prominent among the
differences was the susceptibility of Gram-positive pol lll to another antimicrobial small
molecule, which allowed the Cozzarelli group to prove that pol lll was the replicative
polymerase in Bacillus subtilis [53].

Since then, researchers have come to learn that the enzymes inhibited by the two
molecules are PolC homologs and that they are the pol Ill a subunits of the low-GC
Gram-positive bacteria comprising the phyla Firmicutes and Tenericutes [39].
Essentially all other bacteria, both Gram-positive and -negative, use a pol Ill based on
a DnaE1-pol homolog. Consequently, these are the polymerases that replicate the
genomes of the most diverse and abundant species on Earth [102, 103].

The first crystal structures of the DnaE1-pol subunits of pol Il from E. coli [26]
(residues 1 through 917 of 1160, EcoE1(917)) and T. aquaticus [24] threw into stark
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relief the differences in their PHP (Polymerase and Histidinol-Phosphatase [34]) and
Palm domains. Consistent with the possession of both DNA editing and synthesis
activities, the T. aquaticus DnaE1-pol bound metals to its PHP domain (Table 1-1,
Figure 1-7) [60], and, in its Palm, the three catalytically important aspartates bound a
magnesium ion in a manner consistent with the two-metal catalytic mechanism (Figure
3-2) conserved by [104-106] members of the PolB-like nucleotidyltransferase
superfamily (BNT) [23]. These enzymes, which include the C- [24] and X-family [106]
DNA polymerases, use three aspartate residues to bind directly to the catalytic metal
that coordinates the primer DNA strand 3'-hydroxyl and the a-phosphate that it attacks
during covalent bond formation to the incoming nucleotide [105] (Figure 3-2b).

In contrast, the E. coli polymerase appeared unfit for either editing or synthesis
based on its non-metal-binding PHP (Table 1-1, Figure 1-7) and a Palm presenting its
aspartate residues in an extended, obtuse triangular, arrangement (Figure 3-2).
Although the loss of PHP metal binding was predicted [34], the Palm distortion of E.
coli DnaE1-pol came as a surprise because it is one of the fastest known polymerases,
synthesizing DNA at 750 bases per second in the context of its replisome [14].

By drawing connections between structure, sequence and biochemical data, |
present definitions of two contrasting and widely abundant subtypes of pol lll, as
distinguished by the coevolution of DNA synthesis and editing activities within their
respective Cores. Comparing the distribution of these two subtypes to the known
phylogeny of bacteria [102], | show that the more recently evolved (Eco-like) pol Il
subtype, such as is found in E. coli, possesses a Core [14] containing a DnaE1-pol and
a DnaQ-exonuclease. Respectively, these two enzymes perform DNA synthesis and
error removal in trans. In contrast, the ancestral (Tag-like) pol Il subtype, an example of
which is found in T. aquaticus, has a Core consisting of only a single DnaE1-pol that
combines synthesis and editing activities in cis. This finding directly contradicts
previous speculation regarding of the possibility of multiple editing exonuclease
activities in pol lll from T. aquaticus and related species [24, 35, 60].

Encouraged by the apparent coevolution between the Palm and PHP domains of
DnaE1-pol homologs and their DnaQ-exonuclease partners, | and a coworker, Brian
Kelch, perform preliminary biochemical and bioinformatics analyses, the results of
which are consistent with communication between DNA synthesis and editing in both
Eco- and Tag-like pol Ill Cores. This is of particular interest with respect to E. coli
DnaE1-pol, which synthesizes longer stretches of DNA in the presence of its partner
DnaQ-exonuclease [107]. In this case, binding of the exonuclease might allosterically
bias the polymerase toward an active conformation and away from the distorted state
observed in crystal structures.

This chapter is organized in the following way. After the Materials & Methods, the
Results & Discussion is divided into five parts. Part A — PHP & Palm — identifies three
Eco-like Palm residues that coevolved with the loss of PHP metal binding in the
DnaE1-pol homologs from a-, - and y-proteobacteria. In Part B — Palm Distortion, |
propose how the three Eco-like Palm may residues contribute to the distorted
conformation observed for E. coli DnaE1-pol. Conservation of an Eco-like DnaQ-
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exonuclease within a-, - and y-proteobacteria is presented in Part C — DnaQ-
exonuclease — along with a phylogenetic tree and timeline for the evolution of DnaE1-
based pol lll. Part D — Allostery & Bioinformatics — contains Statistical Coupling
Analysis that suggests the possibility of allostery within the Eco-like pol lll Core. This is
consistent with synthesis and stability data for E. coli DnaE1-pol presented in Part E —
Allostery & Biochemistry. Finally, the above results are briefly summarized in the
Conclusion.

3.3 Materials & Methods

3.3.1 Selection of DnaE1-pol sequences

Using the PSI-BLAST [108] module of the Bioinformatics Toolkit [109] at the Max-
Planck Institute for Developmental Biology, Tubingen, Germany, Brian Kelch initiated a
query with the E. coli DnaE1-pol sequence and retrieved the sequences of 500
apparently homologous polymerases with less than 90% identity. From these, he
manually removed the sequences that appeared to correspond to more distantly
related, non-replicative homologs (e.g. DnaE2-pol and DnaE3-pol) by performing a
sequence alignment, generating a phylogenetic tree using PHYLIP-NEIGHBOR [110],
and deleting those sequences that failed to clade with known DnaE1-pol homologs.
B.K. used this curated sequence set as the starting point for Statistical Coupling
Analysis (defined later in Materials & Methods). Although a DnaE3-pol usually
complements PolC, a DnaE1-pol is sometimes present, instead [40, 41], and B.K.
included representatives of these homologs in the set used for Statistical Coupling
Analysis.

B.K. manually selected a subset of roughly 50 DnaE1-pol sequences from those
used for Statistical Coupling Analysis. From these, | chose 47 homolog sequences for
more in-depth analysis.

3.3.2 Sequence alignments and phylogenetic trees

Brian Kelch used MUSCLE [111-113] (MUItiple Sequence Comparison by Log-
Expectation) version 3.6 for preparation of the input alignments for Statistical Coupling
Analysis.

| used MAFFT (Multiple Alignment by Fast Fourier Transform) L-INS-i version 6.8x
[114-116] for sequence alignment and Jalview [117, 118] to sort alignments based on
phylogenetic trees, for minor manual alignment adjustments, and for figure preparation.

For publication, | generated phylogenetic trees using the MAFFT web server [119]
with the NJ (Neighbor Joining) [120] method on all ungapped sites, the WAG (Whelan
And Goldman) [121] substitution model, and estimation of heterogeneity among sites.
FigTree [122] was my program of choice for tree figure preparation.
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3.3.3 Identification of characteristic Eco-like and non-Eco-like
residues

The Two Sample Logo web server [123, 124] was used for quantitatively identifying
residues specific to either Eco-like or non-Eco-like DnaE1-pol, DnaQ-exonuclease and
the DNA sliding clamp. Provided with a sequence alignment that has been split into an
ingroup (Positive Sample) and outgroup (Negative Sample), Two Sample Logo
identifies the statistically significant residue differences between the two groups.
DnaE1-pol and DnaQ-exonuclease from representative a-, - and y-proteobacteria
were used as the Eco-like (Positive Sample) sequences and homologous proteins from
other bacteria were used as the non-Eco-like (Negative Sample) sequences.

3.3.4 Statistical Coupling Analysis

Brian Kelch performed Statistical Coupling Analysis (brief description in Part D —
Allostery & Bioinformatics) [101, 125, 126] using the Gerstein lab coevolution web
server [127, 128], supplemental data processing in MATLAB (MathWorks), and heat
map generation in HippoDraw [129]. For intermolecular Statistical Coupling Analysis,
similar to that performed on histidine kinase / response regulator pairs [130-133], B.K.
concatenated the sequences for two subunits into a single sequence (e.g. DnaE1-pol
plus DnaQ-exonuclease) for each species prior to alignment and submission to the
Gerstein server.

3.3.5 Modeling a Taq-like active conformation for E. coli DnaE1-pol

Meindert Lamers aligned the E. coli and T. aquaticus DnaE1-pol sequences with
manual adjustment. With this alignment and the apo-structure of T. aquaticus DnaE1-
pol (PDB 2hpi) [24] as inputs, M.L. used Modeller [134, 135] to model a Taqg-like, active
conformation for E. coli DnaE1-pol. To further the comparison of his model to the
higher resolution EcoE1(917) structure, M.L. used the Yale Morphing Server [136] to
generate an energy-minimized pathway between the structure and the model.

Using the input files from M.L., | produced 100 (data not shown) additional Tag-like
models for E. coli DnaE1-pol, and | visually compared the position of Phe402 (Figure
3-3) in these models to that in the model from M.L. In 79 of my models, Phe402 had
rotated into a position that | considered comparable to M.L. model position, while 17
models included what | interpreted as an unrotated Phe402 in a position like that
observed in the EcoE1(917) structures. The four remaining models showed Phe402 in
an intermediate position. Because the Phe402 rotation appeared in a significant
majority of the models, | used the original model generated by M.L. for my structure
analyses.

3.3.6 Polymerase cloning, expression and purification

As mentioned in CHAPTER 2, EcoE1(917) was cloned into pET-28a-PP, which was
modified from the standard pET-28 by replacement of the thrombin cleavage site with
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a PreScission Protease-compatible sequence. This EcoE1(917) with an N-terminal
His6-tag was purified using the 3mPHP protocol from CHAPTER 2 with minor
variations.

Protein concentrations were determined by absorption at 280 nm based on their
theoretical molar extinction coefficients.

Following EcoE1(917) expression for 19.5 h (overnight) at 18 °C, the host cells were
harvested and resuspended in buffer PI-500-25 (10% glycerol, 25 mM Na/K PO, pH
8.5, 500 mM NaCl, 5 mM BME, 25 mM imidazole pH 8). The cells were flash frozen in
liquid nitrogen and stored at -80 °C. Polymerase purification was begun by partially
thawing the stock of frozen, resuspended cells in a 30 °C water bath for 30 min. The
thawed cells were lysed using an EmulsiFlex-C50 (Avestin) cell disruptor, and, after
centrifugation and filtration, the pH of the supernatant was increased to 8.9 by the
addition of 0.5 M tribasic Na/K PO, (stock pH 11.75). The sample was loaded onto 2x
in-series 5-mL HisTrap HP columns (GE Healthcare) that had been equilibrated in
buffer PI-500-0 (same as PI-500-25 without imidazole) with 4% buffer PI-40-500 (same
as PI-500-25 with the NaCl concentration reduced to 40 mM and the imidazole
concentration increased to 500 mM). After elution of the unbound sample components,
the column was equilibrated in buffer p-A while EcoE1(917) was still bound. The
polymerase was eluted off the column using buffer PI-40-500, directly collected on 2x
in-series 5-mL HiTrap Q HP columns (GE Healthcare), and eluted from these columns
using a gradient from 12 to 45% B-B in 12 combined-column volumes. Only the early
portion of the main eluate peak was pooled, because the latter portion contained high
levels of proteolytically degraded EcoE1(917). The pool was dialyzed overnight against
buffer B-A to a NaCl concentration of roughly 100 mM in the presence of 400 uL of
roughly 8-mg/mL human rhinovirus 3C protease (HRV 3C) equivalent to PreScission
Protease. After dialysis, the sample was run over a 5-mL HisTrap HP column, and the
flow through was collected on a 5-mL HiTrap Q HP column. The polymerase was
eluted from the Q column using 100% buffer p-B and concentrated to roughly 6 mL
using a Centriprep YM-30 concentrator (Millipore). The concentrated sample was
loaded on a 16/60 HiLoad Superdex 200 prep grad size exclusion column (GE
Healthcare) and isocratically eluted in the buffer TK100D (10 mM TAPS pH 8.5, 100
mM K glutamate, 10 mM DTT). The peak was concentrated to 40.8 mg/mL EcoE1(917).

Using the protocol described in CHAPTER 2, 3mPHP was expressed overnight
(18.5 h) at 16 °C, and the host cells were harvested by centrifugation. Resuspension
was performed in buffer PI-500-0 (10% glycerol, 25 mM Na/K PO, pH 8.5, 500 mM
NaCl, 5 mM BME), and the cells were lysed using an EmulsiFlex-C50 (Avestin) cell
disruptor with an additional 50 mL PI-500-0, followed by centrifugation for 40 min at
40,000 g and 4 °C to pellet the insoluble fraction. The supernatant was filtered to 5 pm
and then to 0.45 pm after which its pH was raised to roughly 9 with the addition of
approximately 50 mL of 0.5 M tribasic Na/K PO,. An aliquot from a 2 M imidazole
solution at pH 8 was added to the supernatant for a final concentration of 40 mM
imidazole. This sample was loaded on 2x in-series 5-mL HisTrap HP columns (GE
Healthcare), washed with a buffer containing 20 mM imidazole (96% buffer PI-500-0
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plus 4% PI-0-500, which is PI-500-0 without NaCl and plus 500 mM imidazole). After
washing, the column with the polymerase still bound was equilibrated in buffer -A
(10% glycerol, 20 mM HEPES pH 7.5, 5 mM BME) followed by elution with PI-0-500.
The eluate was loaded on a 5-mL HiTrap Q column (GE Healthcare) and eluted using a
gradient from 12 to 45% buffer f-B (same as B-A plus 1 M NaCl) in 12 column volumes.
The early portion of the elution peak was pooled and dialyzed overnight against buffer
B-A to a NaCl concentration of roughly 100 mM in the presence of 400 uL of roughly 8
mg/mL human rhinovirus 3C protease (HRV 3C) equivalent to PreScission Protease.
After dialysis, the sample was rerun over 2x in-series 5-mL HisTrap HP columns, and
the flow through was collected on a 5-mL HiTrap Q HP column. The polymerase was
eluted from the Q column using 100% buffer p-B and concentrated to roughly 6 mL
using a Centriprep YM-30 concentrator (Millipore). The concentrated sample was
loaded on a 16/60 HiLoad Superdex 200 prep grad size exclusion column (GE
Healthcare) and isocratically eluted in the buffer HK100D (10 mM HEPES pH 7.5, 100
mM K glutamate, 10 mM DTT). Note that the presence of chelators, glutamate and
DTT, in this buffer strip bound metals from 3mPHP, thus delivering it in an apo, metal-
free form. The peak was concentrated to 43.1 mg/mL 3mPHP.

Jordan Anaya prepared 4mPHP and 5mPHP as described in CHAPTER 2.

3.3.7 DNA polymerization assay

DNA polymerization was monitored by fluorescence intensity using a slightly
modified version of the standard PicoGreen-based quench assay [137-139] in 96-well
format. The substrate was a DNA primer-template complex generated by annealing
two oligomers:

Tem50 3- CCCTGCGTGCGCCGTAAGTTCCTGAATCCAGACATAAATAGATGGGTGTT -5
Pri23 5- GGGACGCACGCGGCATTCAAGGA -3

F=F_ -Ae"

Equation 3-1. Exponential fit of DNA polymerization data.

Fluorescence, F', was monitored as a function of time, . KaleidaGraph fit the three other parameters. F. is the

fluorescence at time infinity (i.e. the fluorescence were the reaction to reach completion). A is the fluorescence
amplitude increase from reaction initiation to completion. The parameter of interest, &, is the reaction constant, which is
proportional to the rate of DNA polymerization.

Time point samples were taken until the reactions essentially reached completion.
After quenching the last sample, 90 min were allowed for fluorescence development
before data acquisition on a PerkinElmer Victor3 fluorescence plate reader using a
535/30 nm excitation filter, 595/60 nm emission filter, and an averaging time of 1 sec.
To achieve stable readings, samples were scanned 9 times, and the last 5 reads were
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used for curve fitting. Rate constants were fit in KaleidaGraph using a standard
exponential function, Equation 3-1.

3.3.8 Denaturant melts

An individual sample (1 mL) was prepared for each data point, and all samples
were allowed to equilibrate at 25 °C overnight (roughly 18 h). Samples were held in a 4-
mL Hellma quartz cuvette during analysis. Circular dichroism was measured in kinetic
mode on a Circular Dichroism Spec 410 (AVIV Biomedical) at 226 nm using 60
separate 1-sec reads. The reads for each sample were averaged and normalized by
conversion into units of mean residue ellipticity using Equation 3-2.

After circular dichroism analysis, a FluoroMax-3 (Jorbin Yvon Horiba) was used to
assay tryptophan fluorescence. Excitation occurred at 280 nm (slit width 2 nm), and
emission scans were collected from 295 to 397 nm (slit width 4 nm) in 2 nm increments
with 0.5 s of integration time. Each scan was reduced to its center of mass using
Equation 3-3.

Wy
Ol=——
[ ] 10/cN

Equation 3-2. Conversion of circular dichroism signal to mean residue ellipticity.

[@] is the mean residue ellipticity, which is a function of circular dichroism signal, W, divided by path length in cm, f,
molar protein concentration, ¢, and the number of amino acid residues in the protein, N .

(A ==—
YF,

i
i=1

Equation 3-3. Scan center of mass determination.

(A) is the scan center of mass (i.e. the fluorescence emission intensity-weighted average scan wavelength). Fl is the
fluorescence intensity corresponding to wavelength )\.i [140].

Increasing GdneHCI caused a non-linear shift of the scan centers of mass toward
longer wavelengths. To simplify curve fitting, the points corresponding to the highest
GdneHCI concentration (3 M) samples were omitted during data analysis. In
KaleidaGraph 4 (Synergy Software), | separately fit the circular dichroism and
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tryptophan fluorescence data to a standard denaturant melt equation (Equation 3-4)
[141] with variables for the native state baseline, unfolding transition and denatured
state baseline.

m([D]-c,,)
oy + By[D]+ (a, + B,[Dhe =T
5= m([D]-c,,)
l+e &7

Equation 3-4. Raw denaturant melt curve fitting.

S is the protein signal, from either circular dichroism or tryptophan fluorescence analysis, as a function of [D],
denaturant concentration. ), and O}, are the signals of the native and denatured states, respectively, of the protein in
the absence of denaturant. /3N and /3D are the slopes of the baselines for the native and denatured states, respectively.
m is the slope of the unfolding transition. R and T are the ideal gas constant and temperature, respectively. The
parameter of interest, €, , is the denaturant concentration at which the folded and unfolded states of a protein are
equally populated at equilibrium.

To overlay the circular dichroism and fluorescence data, the output from fitting the
raw denaturant melt data was normalized using Equation 3-5(4), which was generated
by inserting the native and denatured baseline equations into the definition of the
fraction denatured (Equation 3-5).

Sy =38
I = SNN— S, (1)
Sy =ay + By D] (2)
Sp =ap + [y D] (3)
oy + Py[D]-S
Jo = o BDI-(a, + BID]) @

Equation 3-5. Normalization of denaturant melt data.

(1) is the definition of the fraction of denatured protein, fD, in terms of the observed signal, S, and the signal baselines
for the native, SN, and denatured, SD, states of the protein. (2) and (3) are the equations for the folded and denatured

baselines, respectively. Generated by inserting equations (2) and (38) into (1), equation (4) gives the fraction denatured,
fD , as a function of the observed signal. All symbols not defined here are the same as in Equation 3-4.
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1
S = —m([D]-c,,)

l+e X7

Equation 3-6. Normalized denaturant melt curve fitting.

For normalized denaturant melt data, the fitting equation is simpler because the lower (native) and upper (denatured)
baselines are 0 and 1, respectively. The symbols used are the same as in Equation 3-4.

The normalized denaturant melt data was fit in KaleidaGraph using a simplified
version (Equation 3-6) of the raw denaturant melt equation (Equation 3-4).

3.3.9 Temperature melts

Samples (1.5 mL) were individually subjected to temperature titrations with 1 °C
intervals separated by 1 min equilibration periods. Data collection occurred in a sealed
4-mL Hellma quartz cuvette using a FluoroMax-3 (Jorbin Yvon Horiba) fluorometer with
a Wavelength Electronics Model LFI-3751 temperature controller. Excitation occurred
at 280 nm (slit width 3.5 nm), and emission scans were collected from 295 to 397 nm
(slit width 7 nm) in 2 nm increments with 0.5 s of integration time and converted into
scan centers of mass using Equation 3-3.

KaleidaGraph was used for curve fitting to a standard temperature melt equation
with variables for the native state baseline, unfolding transition and denatured state
baseline (Equation 3-7).

m(T-T,,)
g = ay + BT +(a, + e
- m([D]1-T,,)
l+e *

Equation 3-7. Raw temperature melt curve fitting.

The constant of interest, Tm , is the melting temperature. All other symbols are the same as those used in Equation 3-4.

To overlay multiple temperature melts, the output from the fitting of the raw
temperature melt data was normalized using Equation 3-8(3).

As with the normalized denaturant melt data, the normalized temperature-melt data
were fit using a simplified version (Equation 3-9) of the corresponding raw data
equation (Equation 3-7).
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Sp =0p+ppT (2)
oy +PyT -3
fD = T T 3)
ay + BT —(a, + 1)

Equation 3-8. Normalization of temperature melt data.

(1) and (2) are the equations for the folded and denatured baselines, respectively. Generated by inserting equations (1)
and (2) into Equation 3-5(1), equation (3) gives the fraction denatured, fD, as a function of the observed signal. All
symbols not defined here are the same used in Equation 3-7.

1

S = -m(T-T,)
l+e X7

Equation 3-9. Normalized temperature melt curve fitting.

For normalized temperature melt data, the fitting equation is simplified because the lower (native) and upper (denatured)
baselines are 0 and 1, respectively. The symbols used are the same as in Equation 3-7.

3.3.10 Temperature shift assay for metal binding

The effects of zinc concentration on the melting temperatures of the mutant
polymerases was used to determine their binding affinities for zinc. To compensate for
a general decrease in melting temperature with increasing zinc concentration, an extra
linear term was added to the standard hyperbolic equation for ligand binding to yield
Equation 3-10.

Al M]
L =———+m|[M]+T ,
K, +[M] ’

Equation 3-10. Apparent dissociation constant from melting temperature shift.

Melting temperature of the polymerase construct, Tm, is a function of the divalent metal (zinc) concentration, [M]
KaleidaGraph fit the other terms, which include: A, the amplitude of the maximum increase in melting temperature upon
metal binding; Kd, the apparent dissociation constant for the protein+metal complex; m , the slope term compensating
for decreasing melting temperature with increasing metal concentration; and Tm’o, the melting temperature in the
absence of divalent metal.
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3.4 Results & Discussion

3.4.1 Part A — PHP & Palm

3.4.1.1 Coevolution of PHP metal binding with a Palm motif in DnaE1-pol

In 1998, when Aravind and Koonin [34] discovered the PHP domain using
sequence alignments, they noted that E. coli and other species of the phylum
Proteobacteria contained a DnaE1-pol that appeared to lack conserved metal-binding
residues. This was later proven for the E. coli polymerase by X-ray crystallography [26],
which revealed a PHP domain in which two arginine residues (Arg10, Arg203) had
structurally replaced metal ions (Figure 1-7).

In the years since the discovery of the PHP domain, the number of sequenced
bacterial genomes greatly expanded, and, from these, my colleague, Brian Kelch,
aligned a set of roughly 500 DnaE1-pol (sequence selection, Materials & Methods) with
less than 90% sequence identity.

Refining the distribution observed by Aravind and Koonin [34], this alignment
suggested that loss of PHP metal binding exists mostly in DnaE1-pol homologs from
the classes o-, - and y-proteobacteria (Figure 3-1). In these polymerases, the nine-
residue PHP metal-binding motif was very poorly conserved, and, at PHP position-1,
an arginine was often present. In E. coli DnaE1-pol, this residue (Arg10) replaces the
second PHP metal (Figure 1-7).

Based on the presence of an Arg10-equivalent almost exclusively in a-, - and y-
proteobacteria, | hypothesized that their DnaE1-pol homologs might form an Eco-like
(similar to E. coli) clade that is distinct from the other, non-Eco-like homologs, which
are often Tag-like (similar to the T. aquaticus polymerase). To detect, quickly and
unambiguously, Eco-like residues in the DnaE1-pol homologs from a-, p- and jy-
proteobacteria, | used the program Two Sample Logo (Materials & Methods) [123, 124],
which identifies the most significant residue differences between two groups of
sequences that have been aligned together.

In the Fingers and Palm, | observed positions that, like Arg10 versus the canonical,
metal-binding histidine residue, are often different in a-, - and y-proteobacteria (Figure
3-1). Among these, | was particularly interested in a three-residue Palm motif (in E. coli:
Phed402, Val552, Phe554) because its close proximity to the catalytic aspartates
(Asp401, Asp403, Asp555) hinted that it might play a role in Palm distortion (Figure
3-2).
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Figure 3-1. Three Palm residues in DnaE1-pol coevolved with PHP metal binding.

Alignment of DnaE1-pol sequences, designated by Genlinfo Identifier (Gl) number [142, 143], genus and species. Column
labels at top give the E. coli polymerase residues (*Eco-like Arg10 or PHP motif position-1, eecoevolved three-residue
Palm motif). At bottom, the nine residues of the metal-binding PHP motif (Table 1-1) are in bold along with five strictly
conserved Palm residues, including the catalytic aspartate triad.

3.4.2 Part B — Palm Distortion

3.4.2.1 E. coli DnaE1-pol was inactivated by a rotational-sliding motion within its
Palm

To better understand the distorted, inactive Palm conformation of E. coli DnaE1-
pol, my colleague, Meindert Lamers, modeled a Tag-like, active conformation for this
polymerase using Modeller [134, 135] (Figure 3-2) and sampled an energy-minimized
pathway for a hypothetical inactive-to-active conformational change between the
higher resolution EcoE1(917) structure (PDB 2hnh) and the active model using the Yale
Morphing Server [136] (Supplemental Movie 1).

Lamers et al. [26] observed a "buckling" of the B-sheet that spanned the
EcoE1(917) Palm as part of a 20° "twisting apart" of the two aspartate-bearing B-
strands. The active model reversed this twisting and brought the three catalytic
aspartates into a geometry compatible with the two-metal mechanism for DNA
polymerases (Figure 3-2). Along the interface between the aspartate-bearing p-strands,
this repositioning was accompanied by a two-residue register-shift and an increase in
the number of interstrand hydrogen-bonds from three to five. More generally, morphing
between the structure and active model predicted a rotational-sliding motion of the
Fingers- and PHP-sides of the Palm relative to each other along the interface between
the aspartate-bearing p-strands (Figure 3-2).
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Figure 3-2. E. coli DnaE1-pol Palm distortion involves a register shift between the aspartate-bearing strands.

(@) Schematic representation of the active C-family polymerase Palm geometry (Tag/Gka), the inactive E. coli DnaE1-pol
geometry (Eco), and X-family member Polf in its active geometry. Using the Lamers et al. [26] notation, F: Fingers, P:
PHP, T: Thumb, 8: 8 kDa domain, Taq: T. aquaticus DnaE1-pol, Gka: Geobacillus kaustophilus PolC. Circles or spheres:
eserine, easpartate, @arginine, emetal ion. Despite the other repeated domain names (Fingers, Thumb), the C- and X-
family polymerases do not share structural homolog outside their Palms. The first two (Fingers-side) p-strands of the Eco
Palm are shifted upward, which disrupts the catalytic metal binding site between the aspartate-bearing p-strands.
Dashed lines indicated insertions that distinguish the C-family Paim from the simpler, contiguous X-family Palm. (b)
Corresponding excerpted structures (PDB 2hpi [24], 2hnh [26], 2fms [105], 3fd2 [25]), a model of E. coli DnaE1-pol in a
Tag-like active conformation, and the Polf active site showing both the triphosphate-binding metal (left) and catalytic
metal (right), which simultaneously binds all three catalytic aspartate residues. A yellow dashed line (') indicates the path
of attack on the a-phosphate of the incoming nucleotide (nonhydrolyzable analog dUpnpp) by the 3’-hydroxyl of the DNA
primer strand. For the E. coli Palm inactive-to-active transition, see Supplemental Movie 1.
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3.4.2.2 Roles for Arg362 and Phe402 in proofreading and Palm distortion

Beneath the surface of the Palm, the model for active E. coli DnaE1-pol predicts
numerous changes to its hydrophobic core, and chief among these is a movement of
Phe402 within the Fingers-side of the Palm (Figure 3-3). In addition to being highlighted
by Lamers et al. [26] as making important contacts in support of the distorted
conformation, Phe402 is one of the three residues of the Eco-like Palm motif found in
a-, - and y-proteobacteria. In the E. coli DnaE1-pol crystal structures, Phe402 shares
prominent T-stacking (edge-face) interactions on the Fingers-side of the Palm with two
other phenylalanine residues (Phe341 and Phe391, Figure 3-3b) that are highly
conserved among all DnaE1-pol homologs. In the modeled active conformation,
however, the favorable T-stacking interactions between the three phenylalanines are
missing, which suggests that E. coli DnaE1-pol might be biased toward Palm distortion
in the absence of its partner proteins and DNA.

In Tag-like DnaE1-pol, Phe402 is replaced by an isoleucine residue, which results
in significantly different packing within the Fingers-side of the Palm. While Phe402 lies
flat beneath the B-sheet of the Palm, the isoleucine in T. aquaticus DnaE1-pol (Tag-
lle464) stands upright, perpendicular beneath the plane of the B-sheet. The vertical
orientation of this isoleucine residue allows the B-strand bearing the glycine-serine (GS-
motif) to pack more closely against the two-aspartate B-strand than is permitted by the
broad repose of Phe402 in E. coli DnaE1-pol (Figure 3-3b). A similarly broad
conformation for isoleucine is highly unlikely, because, as a B-branched amino acid, it
has only a limited set of available rotamers. Indeed, none of the nine backbone
independent isoleucine conformations (rotamers, >99.9% cumulative prevalence) in the
PyMOL database [73] are comparable to Phe402 in the EcoE1(917) structures.
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Figure 3-3. Phe402 stabilizes Palm distortion while proofreading Arg362 is buried and cannot bind DNA.

(@) Schematics comparing the Fingers-side of the Palms from polymerases T. aquaticus DnaE1-pol (Taq) / G.
kaustophilus PolC (Gka) and E. coli DnaE1-pol (Eco). Circles: eserine, ®@aspartate, earginine. (b) Isolated Fingers-side
Palm structures and a Tag-like model for the active conformation of Eco. Residues represented as sticks only are
colored as in part (a), and hydrophobic residues within the interiors of the polymerases are indicated as both sticks and
spheres. In the Gka structure, a portion of the 3'-base of the DNA primer, the incoming nucleotide and the triphosphate-
binding metal have been included as points of reference. Two catalytic aspartate residues (Eco-Asp401 and Asp403) are
adjacent to Eco-Phe402 and to the corresponding isoleucine residues in Tag and Gka. Gka-Arg893 forms one hydrogen
bond each (yellow dashed line, ) with the template, primer and incoming nucleotide. See also: Supplemental Movie 2.

The interface between the two B-strands of the Fingers-side of the Palm and the
rotation of Phe402 are of particular importance for Arg362, which is strictly conserved
by C-family polymerases. In the Geobacillus kaustophilus PolC structures [25], the
corresponding arginine makes hydrogen bonds with the base at the 3'-end of the DNA
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primer strand, its partner in the template (Figure 3-3b), and also the ribose oxygen of
the incoming nucleotide. In the X-family polymerase Poli, a similarly located arginine
(human Arg517, PDB 1xsn) hydrogen bonds to the corresponding template base and is
crucial for fidelity [144, 145]. |, therefore, suspect that the Arg362-equivalent in C-
family polymerases plays a key role in fidelity by proofreading for proper base pairing.
In T. aquaticus DnaE1-pol and G. kaustophilus PolC, the arginine is surface exposed
(Figure 3-3b) and supported by hydrogen bonds with two other residues that are also
conserved, a tyrosine (Tag-Tyr821, Eco-Tyr764) and a non-metal-binding aspartate
(Tag-Asp467, Eco-Asp405, asparagine in PolC homologs). In the structures of E. coli
DnaE1-pol, however, Arg362 is buried deep within the Palm and unavailable to
hydrogen bond with DNA (Figure 3-3b). In the active E. coli DnaE1-pol model, Arg362
occupies the expected position for proofreading, and its former burial site is filled by
Phe402 (Figure 3-3b).

The repositioning of Phe402 and Arg362 in the active model suggests a possible
connection between proofreading and Palm distortion in Eco-like DnaE1-pol. By
extension, the formation of hydrogen bonds by Arg362 to correctly base-paired DNA in
the active Palm conformation might counteract T-stacking by Phe402 with its partner
phenylalanines in the inactive, distorted conformation. So long as a correct base-pair
were present, the Arg362 interactions could prevail, and the polymerase would remain
active, synthesizing DNA at a fast rate. If the polymerase were to add an incorrect base
(or if no DNA were present, like in the structures), T-stacking by Phe402 would be
unopposed, and the polymerase could enter the distorted conformation. In addition to
halting polymerization, the loss of hydrogen bonds to Arg362 would likely decrease the
affinity of the Palm for DNA, which could either dissociate or melt into single strands
and be edited by the DnaQ-exonuclease subunit. After mismatch removal, correct base
pairing could once again occur, and the polymerase would reset into the active
conformation and resume synthesis upon DNA binding by Arg362.

3.4.2.3 Val552 and Phe554 form a smooth surface that facilitates Palm distortion

In contrast with the many Palm residues repositioned in the model for active E. coli
DnaE1-pol, Phe554 stands out for its near total lack of movement. Identified both by
Lamers et al. [26] as an important stabilizer of the inactive conformation and by
sequence alignment as an Eco-like member of the coevolved Palm motif (Figure 3-1),
Phe554 maintains its position beneath the catalytic aspartate triad and stays in contact
with Val552 (also of the Palm motif). By packing closely together on the PHP-side of
the Palm, the Val552:Phe554 pair forms a smooth surface along which the Fingers-side
of the Palm slides in the inactive-to-active morph (Figure 3-4).

Both the valine and phenylalanine are limited to a small nhumber of possible
conformational rotamers within the Palm of E. coli DnaE1-pol. Like isoleucine (see
previous section), valine is a B-branched amino acid, and none of the rotamers in the
PyMOL library (not shown) would allow Val552 to break contact with Phe554. Although
phenylalanine generally has more conformational freedom than valine, when generated
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in PyMOL, the Phe554 rotamers appeared either to pack closely against Val552 or to
suffer massive steric clashes with other Palm residues (not shown).

Eco Eco open active (model)
distorted

Gka closed active Taq open active (model)

AT
i

Figure 3-4. A smooth surface in E. coli DnaE1-pol blocks stabilizing cross-Palm intercalation.

Schematics, structures and models of a Palm region from three C-family polymerases (Gka: G. kaustophilus PolC
structure (PDB 3f2d), Taq: a Leu615 rotamer model of T. aquaticus DnaE1-pol (generated in PyMOL from PDB 2hpi),
Eco: E. coli DnaE1-pol structure (PDB 2hnh) and model). The region shown here is similar to the Polp ternary complex at
the lower right of Figure 3-2b. In the schematics, the three catalytically important aspartate residues are shown as red
circles. In the structures and models, the aspartates are red sticks, and three buried hydrophobic residues are sticks with
transparent spheres. See also: Supplemental Movie 3.

On the basis of the above modeling, | conclude that the smooth surface generated
by Val552:Phe554 is likely a permanent feature of the PHP-side of the Palm in E. coli
DnaE1-pol and, also, that this surface may be an important factor in Palm distortion.
Since the Palm motifs of PolC and Taqg-like DnaE1-pol homologs contain a leucine in
place of Val552 (Tag-Leu615:Met617, Gka-Leu1095:Leu1097), | speculated that the
conformational flexibility of this leucine might help explain why Palm distortion was not
observed for T. aquaticus DnaE1-pol in the absence of DNA.

Unlike Val552:Phe554, the pair of leucine residues on the PHP-side of the Palm in
G. kaustophilus PolC do not form a smooth surface. Instead, they are spread apart,
and an isoleucine from the Fingers-side (Gka-1le872, also conserved as leucine and
methionine in PolC homologs) has inserted between them (Figure 3-4). This cross-Palm
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intercalation may protect the polymerase from distortion like that observed for E. coli
DnaE1-pol. Along with an additional (sixth) cross-Palm hydrogen bond (Figure 3-2), the
cross-Palm intercalation also brings the aspartate triad into an even tighter
arrangement than in the T. aquaticus DnaE1-pol structures (Figure 3-4). | suspect that
this tight arrangement of the aspartate triad may be a general feature of the "closed"
conformation for C-family polymerases in ternary complex with DNA and incoming
nucleotide.

The available ternary structure of T. aquaticus DnaE1-pol [35] lacks sufficient
resolution to assay cross-Palm intercalation, and, based on comparison to G.
kaustophilus PolC, Evans et al. suggested that this DnaE1-pol structure is unlikely to
represent a fully closed conformation. For these reasons, | chose to analyze the high
resolution, DNA-free structure (PDB 2hpi) of T. aquaticus DnaE1-pol for compatibility
with cross-Palm intercalation.

As evidenced by the simultaneous binding of a magnesium ion to all three catalytic
aspartates (Figure 3-2), the high-resolution structure of T. aquaticus DnaE1-pol (PDB
2hpi) represents an active conformation, but, in comparison with the available ternary
structure of this polymerase [35], it also represents an "open" conformation. If the
closed conformation of T. aquaticus DnaE1-pol were similar to that of G. kaustophilus
PolC, then a tyrosine on the Fingers-side of its Palm (Tag-Tyr402, conserved across
DnaE1-pol homologs) would suffer a steric clash with Tag-Leu615 of the PHP-side
pair. However replacing this clashing leucine, in PyMOL, with the most common
leucine rotamer (62.5% prevalence) spreads apart the PHP-side pair (Tag-
Leu615:Met617, Figure 3-4) and opens a gap for cross-Palm intercalation by the
tyrosine. In this way, the leucine residue corresponding to Val552 in the Palm motifs of
both G. kaustophilus PolC and T. aquaticus DnaE1-pol may serve to protect these
polymerases from inactivation by an Eco-like Palm distortion.

Returning to E. coli DnaE1-pol, although it has a Fingers-side tyrosine (Tyr340), this
residue appears unable to intercalate into the PHP-side of Palm because it is blocked
by Val552, both in the crystal structures and in the model for a Taqg-like open-active
conformation (Figure 3-4). Although | have not attempted to model a ternary complex
of this polymerase, | expect this state to resemble that of G. kaustophilus PolC. In such
a closed conformation, the Val552:Phe554 pair will likely maintain its smooth surface
on the PHP-side of the Palm, thus continuing to block intercalation by the Fingers-side
tyrosine. This would leave the E. coli polymerase susceptible to distortion, perhaps in
response to proofreading of a mismatch by Arg362, as described in the previous
section.
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3.4.3 Part C — DnaQ-exonuclease

3.4.3.1 Coevolution of DNA synthesis and editing activities within the pol lll Core

Having identified apparent coevolution between loss of PHP metal binding and a
predisposition toward Palm distortion in Eco-like polymerases, | turned my attention to
homologs of DnaQ-exonuclease, which is the editing subunit of the E. coli pol Ill Core.
In this subunit, exonuclease activity resides in the globular, N-terminal domain [146],
and, preceded by a flexible linker [147], the C-terminal region binds to the PHP domain
of DnaE1-pol [61, 62].

To gauge the likelihood that Eco- and Tag-like pol lll Cores contain a DnaQ-
exonuclease, | gathered those proteins homologous to the E. coli editing subunit from
the species represented in a subset of the DnaE1-pol alignment. This was complicated
by the presence of DEDDh 3'-5' exonuclease domains [148, 149] similar to DnaQ-
exonuclease in other proteins such as REX, RNase T, PolC, a UvrC-like excinuclease
and DinG- or UvrD-like helicases. To avoid these, | limited my selection to proteins in
which the exonuclease domain was the only region functionally annotated in the
National Center for Biotechnology Information (NCBI) Protein database [143]. At least
one DnaQ-exonuclease meeting my criteria was found in each member of a- - and y-
proteobacteria, but outside this clade, several bacterial species contained no such
homolog and may, therefore, depend on DNA editing activity from a Taqg-like DnaE1-
pol or some other, unidentified, source.

Aligning the DnaQ-exonuclease sequences (Figure 3-5), | noticed strong
conservation of an Eco-like C-terminal tail in one DnaQ-exonuclease homolog from
each member of a- p- and y-proteobacteria and no such tail and generally poor
conservation of the N-terminal exonuclease domain of the homologs from other
species. These findings suggest that a DnaQ-exonuclease providing in trans DNA
editing is almost exclusively found in conjunction with an Eco-like DnaE1-pol homolog.
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Figure 3-5. a-, - and y-proteobacteria conserved a DnaQ-exonuclease.

Sequence alignment of DnaQ-exonucleases (three with biochemically determined DnaE1-pol binding affinity: elow [51],
eehigh [14, 50]) from the bacteria represented in the DnaE1-pol alignment (Figure 3-1). Column labels at top give the E.
coli DnaQ-exonuclease residues (eeetwo C-tail residues (His225 [150], Trp241 [151]) biochemically shown to be
important for DnaE1-pol binding.) At bottom, four of the catalytic residues common to the DEDDh superfamily [148, 149]
are in bold.

In addition to the E. coli subunits, a stable polymerase+exonuclease
(DnaE1+DnaQ) complex was observed for another y-proteobacterium, Pseudomonas
aeruginosa [50], which has a DnaQ-exonuclease with a C-terminal tail (Figure 3-5) that
conserves three residues commonly found in the editing subunits from of a- - and y-
proteobacteria. Of these residues, His225 [150] and Trp241 [151] were shown to be
important for DnaE1-pol binding in E. coli. More distantly related, the two DnaQ-
exonuclease homologs from Aquifex aeolicus lack C-terminal tails, and the one that
was tested biochemically showed low affinity [51] for the Taqg-like DnaE1-pol (Figure
3-1) from this species.

My DnaQ-exonuclease sequence observations are also consistent with analysis
performed earlier by Daniel H. Haft at the J. Craig Venter Institute (JCVI). Using the
protein homology search tool HHpred [109, 152, 153], | compared the sequence of E.
coli DnaQ-exonuclease to roughly 120,000 multiple sequence alignments represented
in condensed form as Hidden Markov Model protein signatures. Among these, the
TIGRFAMs [154, 155] entry TIGR01406 (dnaQ_proteo) [156], generated by Haft, was
the highest scoring and possessed roughly the same features as the Eco-like DnaQ-
exonuclease homologs in my alignment, including a C-terminal tail with residues
implicated in DnaE1-pol binding. In defining TIGR01406, Haft mentioned that this
signature identified the pol Ill editing subunits from most Proteobacteria while
excluding other homologous proteins. Note, however, that the NCBI Conserved
Domains Database [157] includes an outdated version of TIGR01406 [158], so
dnaQ_proteo annotation (and annotation based on other insufficiently restrictive
signatures such as c¢d06130 (DNA_pol_lll_epsilon_like) [159] and cd06131
(DNA_pol_lll_epsilon_Ecoli_like) [160]) is not necessarily indicative of an Eco-like DnaQ-
exonuclease.
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Figure 3-6. A DnaQ-exonuclease coevolved with Eco-like DnaE1-pol.

A tree constructed from my DnaE1-pol alignment (Figure 3-1) is shown three times with different node (line) coloring-
schemes. A GenlInfo Identifier (Gl) number [142, 143] labels each sequence, and abbreviations indicate four species (Pae:
P. aeruginosa, Eco: E. coli, Taq: T. aquaticus, Aae, A. aeolicus). Two clades, corresponding to (1) a-, - and y-
proteobacteria and (2) Taq and Aae, are shaded consistently between the three versions of the tree.
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Considering the features of the DnaE1-pol and DnaQ-exonuclease homologs, two
complementary themes emerge (Figure 3-6). Firstly, a strong correlation exists between
the Eco-like motif that appears to facilitate Palm distortion, loss of PHP metal binding,
and the presence of an Eco-like DnaQ-exonuclease. This suggests that the Eco-like
homologs might conserve an inactivation mechanism linked to DNA editing. Secondly,
there is an even stronger anti-correlation between the existence of an Eco-like DnaQ-
exonuclease and PHP metal binding. Taken together, these trends suggest that there
are two widespread versions of DnaE1-based pol Ill. One subtype, as found in T.
aquaticus, contains a Core comprised of only a DnaE1-pol homolog, and this single
protein contains both DNA synthesis and editing activities in cis. The other subtype,
which exists in E. coli, contains a DnaE1-pol whose Palm can be distorted and whose
PHP lost metal binding and gained a tightly bound DnaQ-exonuclease to provide
editing activity in trans.

3.4.3.2 Eco-like DnaE1-pol evolved from a Taq-like ancestor over 1,500 million
years ago

The taxonomic distribution of Eco- and Tag-like DnaE1-pol subtypes allows me
hypothesize their order of evolution and relative ages (Figure 3-7). Because Eco-like pol
lll is only found in a-, f- and y-proteobacteria, this subtype is likely derived from the
Tag-like version, which is found in nearly all other species that contain a DnaE1-pol.
Furthermore, PHP domains generally feature metal binding [34], as is the case for the
Tag-like, but not the Eco-like, polymerase.

Because modern cyanobacteria contain a Tag-like DnaE1-pol, their ancestors likely
did as well. Since the earliest evidence for cyanobacteria (stromatolites and
microfossils) dates back roughly 3,500 million years [161-165], Tag-like DnaE1-pol is
almost certainly at least as ancient.

For the Eco-like pol Ill Core, a minimum age can be inferred from the evolution of
eukaryotic mitochondria, which are descended from an a-proteobacterial ancestor
[166-169]. Like current a-, f- and y-proteobacteria (Figure 3-6), the forerunner of
present-day mitochondria probably contained an Eco-like pol lll Core, whose minimum
age would then be 1,500 million years, based on the oldest fossils [170] widely
accepted as eukaryotes [171]. However, since structures corresponding to
mitochondria were not identified in these specimens, a dissenting argument could
possibly be made that these were evidence of an intermediate form and not a true
eukaryote. In that case, the earliest fossil evidence for plants, 1,200 million years
before the present [172], gives a highly conservative minimum age for the Eco-like pol
[l subtype.
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Figure 3-7. The Eco-like pol lll Core evolved from a Taq-like ancestor more than 1,500 million years ago.

Timeline [63] for DnaE1-based pol lll evolution relative to the history of life on Earth [63, 102]. Current cyanobacteria
feature a Tag-like DnaE1-pol, and a-proteobacteria have a pol lll Core containing an Eco-like DnaE1-pol and DnaQ-
exonuclease (Figure 3-6).

In addition to the Eco- and Tag-like DnaE1-pol homologs, my sequence analysis
also revealed several apparently rare versions of the pol Ill Core. These include PolC
homologs (within the classes Clostridia and Negativicutes of the phylum Firmicutes)
that, similar to the Tag-like Core, lack a DnaQ-exonuclease domain and might
therefore use a PHP domain for editing. | also found examples of DnaE1-pol with an N-
terminal DnaQ-exonuclease fusion (within the classes Flavobacteria and
Shingobacteria of the phylum Bacteroidetes) that appear likely perform editing in these
polymerases, most of which lack PHP metal binding. In cyanobacteria, DnaE1-pol
often appears as a split-intein [39], and, although | did not include these polymerases
in my analysis, other researchers have reported that these combine to form a standard
DnaE1-pol. Also, there are several examples of non-Eco-like DnaE1-pol that have lost
PHP metal binding (Figure 3-6). Since these species do not contain an Eco-like DnaQ-
exonuclease, it is unclear how or if error removal is performed by pol lll in these
species.
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3.4.4 Part D — Allostery & Bioinformatics

3.4.4.1 Coupled and conserved residues span the PHP and Palm of DnaE1-pol

Allostery is the process by which an event occurring at one site in a protein causes
an effect elsewhere in that protein [173]. Using Statistical Coupling Analysis, which is
all-against-all check for sequence correlations in a group of homologous proteins,
researchers have identified paths of intramolecular allosteric communication through a
variety of proteins [125, 126, 174-178]. Brian Kelch applied this technique using the
Gerstein method [127], which differs from that of its developers, Ranganathan and
colleagues, in that the results from multiple residue-pair perturbations are combined
into one score for each pair of residue positions (a site-pair).

By far, the highest score in the Statistical Coupling Analysis (1.81) belonged to a
pair that included the phenylalanine residue involved in burying the proofreading
arginine (Figure 3-3) in E. coli DnaE1-pol (Phe402:Gly365), and a pair containing the
other two residues of the Eco-like Palm motif (Val552:Phe554) likewise had an
extraordinarily high score (1.36). Also consistent with the analysis described above, but
no less remarkable, was the high coupling of PHP metal-binding motif positions, at
least one of which was present in 15 of the top 50 highest scoring pairs.

Plotting a selection of the highest scoring site-pairs as a heat map (Figure 3-8)
showed a high density of coevolving residues in the PHP and Palm domains. A lower
density also appeared in the Fingers along with two sites in the oligonucleotide-binding
domain. There were essentially no coupled residues in the C-terminal portion of the
Fingers (referred to as the B-binding domain by Bailey et al. [24] and duplex-binding
domain by Evans et al. [25]) or the remainder of the polymerase C-terminal tail. On the
whole, strongly coupled site-pairs appeared in all regions within DnaE1-pol for which
there was a relatively high degree of conservation among the homologs in the
alignment.

To identify those coupled residues most likely to participate in allostery, a
hierarchical clustering algorithm [125] was employed that groups coupled positions
that exhibit similar scores and patterns. This analysis revealed multiple clusters whose
members included residues in the PHP cleft, in the Palm near the catalytic aspartates,
and at several points within the Fingers (Figure 3-9a). Combining the two strongest
clusters of coupled residues with those residues conserved with greater than 96%
identity, a path appears that stretches for roughly 40 A between the aspartate triad in
the Palm and Arg10 in the PHP cleft (Figure 3-9).

Because the Statistical Coupling Analysis was based on both Tag- and Eco-like
DnaE1-pol homologs, the path between the PHP and Palm might indicate a general
capacity for interdomain allostery in DnaE1-pol homologs. In a Tag-like DnaE1-pol,
allosteric communication between the Palm and PHP could be analogous to
movements occurring within other polymerases upon switching of DNA between their
synthesis and editing active sites (e.g. the Klenow fragment of E. coli Pol | [179-181]).
Despite the lack of a metal-binding PHP domain, interdomain allostery might serve a
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similar function in an Eco-like DnaE1-pol homolog, because its PHP domain is
probably the binding site for a editing DnaQ-exonuclease subunit [61].
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Figure 3-8. Evolutionarily coupled residues occur in the principle domains of DnaE1-pol.

Heat map showing site-pairs with Statistical Coupling Analysis scores in the top 55% of the observed range.
At left and bottom, the polymerase domains are indicated as in Figure 1-4 (T: Thumb, OB: oligonucleotide binding).
Figure adapted from Brian Kelch and used with permission.
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i Potential allostery within DnakE1-pol
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Figure 3-9. Statistical Coupling Analysis suggests PHP-Palm allostery in DnaE1-pol.

Conserved (=96% identity, yellow spheres) and coupled residues (Statistical Coupling Analysis clusters 1 and 2, blue
spheres) form a path across DnaE1-pol from the catalytic aspartates in the Palm (red spheres) to Eco-like residue Arg10
(purple spheres) in the PHP (structure: PDB 2hnh). See also: Supplemental Movies 4 and 5.

3.4.4.2 Conservation within Eco-like DnaQ-exonuclease dominates coupling to
DnaE1-pol

To extend Statistical Coupling Analysis for interprotein studies, the DnaE1-pol and
DnaQ-exonuclease were combined to yield a hybrid sequence for a total of
approximately 250 species. The hybrids included both Eco-like homologs, in which the
two proteins may bind each other tightly [14, 50] and also Tag-like homologs, for which
there is scant biochemical data in support of polymerase-exonuclease (DnaE1-DnaQ)
binding [51] and poor DnaQ-exonuclease conservation (Figure 3-5).

In addition to recapitulating coupling within DnaE1-pol, high scores resulted for
positions within DnaQ-exonuclease, and, in stunning fashion, the highly coupled
positions within each subunit also coupled strongly between the two (Figure 3-10a).
Applying the hierarchical clustering algorithm, the positions identified in the polymerase
(not shown) were largely the same as for the analysis of this subunit alone. In DnaQ-
exonuclease, the clustered positions were abundant throughout the protein, with the
exception of a small region distal to the enzyme active site (Figure 3-10a).
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S D C-tail

Figure 3-10. Intermolecular coupling analysis identified residues conserved by Eco-like DnaQ-exonuclease.

Structure of E. coli DnaQ-exonuclease in complex with HOT [182], the bacteriophage homolog of the 6 subunit of pol lll
(PDB 1j53: DnaQ, 2ido(B): HOT, dTMP: monophosphate product of editing reaction, DEDDh: the five residue active-site
motif [149]). The DnaQ-exonuclease structure contains residues 7-180 and is therefore missing the 63-residue C-tail that
binds DnaE1-pol. (@) Mapping the high-scoring cluster (blue spheres) from the polymerase-exonuclease intermolecular
Statistical Coupling Analysis onto DnaQ-exonuclease shows a high density of positions near the enzyme active site. (b)
Overlaying the residues (purple spheres) conserved by =90% of a set of 72 Eco-like DnaE1-pol homologs with less than
70% global sequence identity shows that high conservation among these homologs accounts for most of the positions in
the coevolved cluster.

To better interpret the significance of the DnaQ-exonuclease coupling data, |
aligned a set of 72 Eco-like homologs with less than 70% global identity. Even within
this highly diverse set, there was considerable sequence conservation, and
comparison of those residues with 90% or higher identity to the positions from the
coupling analysis revealed that the clustered positions were often highly conserved
within the Eco-like homologs (Figure 3-10b). These conserved residues likely
contribute to a variety of functions, potentially including allostery with DnaE1-pol. While
some DnaQ-exonuclease surface residues probably contact the polymerase, others
bind DNA for editing, and additional residues might be involved in allosteric
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communication between these functions. In the absence of a polymerase+exonuclease
(DnaE1+DnaQ) co-crystal structure, however, the participants in these functions remain
a tantalizingly unknown, as does the mechanism by which DnaQ-exonuclease
increases the length of the DNA fragments processively synthesized by the pol lli
holoenzyme [107].

3.4.4.3 DnaE1-pol and the DNA sliding clamp are evolutionarily coupled

Another pol Il subunit that binds to DnaE1-pol is the DNA sliding clamp (DnaN, the
B subunit, Figure 1-2), which is essential for processive DNA synthesis [14]. Following
the procedure used to assay coupling between the polymerase and exonuclease, a set
of roughly 125 DnaE1-pol+clamp hybrid sequences was generated for intermolecular
Statistical Coupling Analysis.

In addition to DnaE1-pol intramolecular coupling, the polymerase-clamp analysis
yielded coupled positions within the clamp and between it and the polymerase.
Interestingly, when the hierarchical clustering algorithm was applied, most of the
positions identified in the clamp were in close proximity to the conserved binding site
for the five-to-six-residue peptide (B-binding motif) shared by DnaE1-pol, the clamp
loader, and other polymerases [183, 184] (Figure 3-11a). This may be indicative of a
larger binding surface on the clamp for DnaE1-pol, perhaps, perhaps similar in size to
that of the error-prone, translesion synthesis (TLS) polymerase Pol IV [185].

Within the DnaE1-pol portion of the coupled cluster, the most prominent positions
were, again, those seen for the polymerase alone (not shown). Because many of these
positions contain residues that distinguish between Eco- and Tag-like DnaE1-pol, this
finding suggests the possibility that there may be corresponding subtypes of the
clamp. Further support for the existence of an Eco-like clamp comes from the locations
of the most highly conserved (65% or greater identity, see Materials & Methods)
residues that are unique to the clamp homologs from a-, - and y-proteobacteria
(Figure 3-11b). Most of these residues are also near the peptide-binding site and
several correspond to positions in the coupled clusters. Given the substantially lower
conservation of the clamp, however, evidence for subtypes of this protein is much less
robust than for the polymerase and exonuclease.
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Figure 3-11. Conserved and coevolved residues cluster near the peptide binding-site on the clamp.

Structure of the E. coli clamp bound to a C-terminal peptide from DnaE1-pol (PDB 3d1if). (@) Residues at positions
corresponding to the strongest coupling cluster in the DnaE1-pol+clamp intermolecular Statistical Coupling Analysis are
indicated as blue spheres. To compensate for much weaker conservation of the clamp than was observed for DnaE1-pol
or Eco-like DnaQ-exonuclease, identity as low as 80% was used for selecting conserved residues (yellow spheres). (b)
Residues with 65% or greater identity that are specific to the clamp homologs from a-, - and y-proteobacteria are
shown as purple spheres.

One potential source of differences between Eco- and Tag-like clamp subtypes
could be the Eco-like DnaQ-exonuclease homologs. Although the E. coli clamp and
DnaQ-exonuclease do not form a stable complex [186], Lamers et al. [26] suggest that
the two probably contact each other while bound to the polymerase. Similarly, Evans et
al. [25] depict apparent interaction of the DnaQ-exonuclease domain of G. kaustophilus
PolC with a bound clamp. Because Tag-like DnaE1-pol homologs lack a partner DnaQ-
exonuclease, they might interact differently their clamps, perhaps binding them more
tightly than would an Eco-like polymerase on its own. Consistent with this hypothesis,
preliminary small angle X-ray scattering (SAXS) data (Meindert Lamers, personal
communication) show that the addition of E. coli DnaQ-exonuclease to a
polymerase+clamp complex reduces its radius of gyration.
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3.4.5 Part E — Allostery & Biochemistry

3.4.5.1 PHP mutations decrease polymerase activity

To evaluate the compatibility of E. coli DnaE1-pol with allostery, | used the mutants
described in CHAPTER 2 (Table 1-1) as a proxy for physical perturbations of the PHP
domain that might occur during allosteric communication between it and the Palm.
Starting from the crystallization construct EcoE1(917) (residues 1 through 917 of 1160),
the least heavily mutated protein was 3mPHP in which three non-metal-binding
residues were reverted to the canonical histidines (Arg10His, Phe44His, Arg203His).
The other two mutants (4m- and 5mPHP) had four and five point mutations,
respectively, which collectively restored metal-binding residues to all nine positions in
the PHP motif. For this assay, 3mPHP was purified in the presence of chelators to
remove bound zinc (Materials & Methods).

Consistent with PHP-Palm allostery, DNA polymerization rates of the E. coli
DnaE1-pol constructs decreased as the number of point mutations in the PHP domain
was increased (Figure 3-12). Although the 50 to 60% decreases in polymerization rate
were small, they were nevertheless significant (Figure 1-7, Figure 2-1).

4.510°7 Y ey =3 Reaction components
S b 0.25 uM pol
B ,;; - 7.5 nMP-TDNA
N /; 50 uM each dNTP
o 3.5 105 P 15% glycerol
23 P ~ 1.00 20 mMHEPESpH7.5
c Y/ o 1 | 100 mM NaCl
o b / > 0.2 mg/mL BSA
g " ® 0.5 053051 5,4, 3 mmmgch
8 25107/ s - 0.1 mM TCEP
a ’ =

Quench components

20 mM HEPES pH 7.5
917 3m 4m 5m 10 mM EDTA
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Figure 3-12. PHP mutations slow polymerization by DnaE1-pol.

Production of dsDNA monitored by the intercalating dye PicoGreen. Inset: Relative rates of DNA polymerization (917:
EcoE1(917), 3m, 4m and 5m: 3m-, 4m- and 5mPHP, respectively).

Although slowing DNA synthesis by mutation of the EcoE1(917) PHP cleft does not
prove the existence of allostery, it does show that changes to the PHP can affect the
Palm. If binding of the DnaQ-exonuclease subunit to the PHP domain [61] changed the
polymerase in a way favored the active Palm conformation, this would provide an
allosteric explanation for the ability of the E. coli DnaQ-exonuclease to stimulate DNA
synthesis [14, 107].
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3.4.5.2 Zinc modulates polymerase stability

Since allostery [173] and protein folding [187] are both forms of information transfer
within proteins, | analyzed the unfolding of constructs derived from E. coli DnaE1-pol
as a means toward understanding the potential for allosteric regulation of DNA
synthesis by this polymerase.

In the presence of GdneHCI, both the crystallization construct, ECOE1(917), and its
triple point mutant, 3mPHP, unfolded via a two-state mechanism (Figure 3-13a). For
these denaturation experiments, the two constructs were purified using protocols that
minimized divalent metal binding (Materials & Methods), and, as monitored by circular
dichroism and tryptophan fluorescence (Figure 3-13b), both had low, yet significantly
different c,, values (vs. GdneHCI: EcoE1(917): 659 + 6 mM, 3mPHP: 559 + 3 mM). In
comparison to EcoE1(917), the lower c,, for 3mPHP is consistent with the removal of
the two structural arginine residues (Arg10 and Arg203) from its PHP cleft (Figure 1-7).

Using temperature melts, | showed that increasing the number of point mutations
in the PHP domain (Table 1-1) progressively destabilized the polymerase (Figure
3-14a). EcoE1(917) was the most stable (T,, = 46.0 °C), while 3mPHP (T, = 43.9 °C)
and 4mPHP (T, = 40.4 °C) were considerably less stable under these conditions.
Although the melting temperature for 5SmPHP (T,, = 39.4 °C) was only 1 °C lower than
that of 4mPHP, this difference was significant, and the unfolding transition of 5SmPHP
was considerably broader than that of the other constructs (Figure 3-14a).

Adding zinc to my samples, | showed that this divalent metal globally stabilized
two of the PHP mutants (Figure 3-14b). The constructs 3m- and 4mPHP both
experienced large increases in their melting temperatures, whereas EcoE1(917) and
5mPHP both melted at lower temperatures as the zinc concentration was increased.
Using a binding equation with a linear term to compensate for lower melting
temperatures at the highest zinc concentrations (Equation 3-10), | determined apparent
zinc dissociation constants for 3m- (K; = 0.29 + 0.02 yM) and 4mPHP (K, = 2.1 + 0.3
pM). Although not commonly used for metal binding, my temperature-shift assay is
similar to Differential Scanning Fluorimetry, which has recently taken precedence in the
field of high-throughput screening for receptor-ligand interactions [188, 189].

The apparent affinities of 3m- and 4mPHP for zinc are much weaker than those of
naturally occurring zinc metalloproteins (typical dissociation constants: 1 to 100
picomolar [190]), but the continued appearance of only single unfolding transitions
(Figure 3-14a), despite significantly different melting temperatures for the constructs in
the presence of zinc, further supports the conclusion that they all unfold cooperatively.
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Figure 3-13. EcoE1(917) and 3mPHP show apparent two-state unfolding.

(@) Raw circular dichroism (CD) data and (b) normalized circular dichroism and tryptophan fluorescence data for chemical
denaturation of the E. coli DnaE1-pol crystallization construct (EcoE1(917)) and a triple point mutant of this construct
(BmPHP).

Although the Palm sites have evolved to bind magnesium with octahedral
geometry (Figure 3-2), many similar sites in other proteins have zinc dissociation
constants comparable to [191-193] the calculated values for 3m- and 4mPHP. Zinc
ions are also often bound by cysteine residues [194, 195], and five of the 10 cysteines
in EcoE1(917) are surface exposed (Figure 4-14), which makes them prone to
intermolecular disulfide formation, and perhaps especially vulnerable to zinc binding.
Consequently, the destabilization of EcCoE1(917) and 5mPHP upon the addition of zinc
and the more gradual loss of stability by 3m- and 4mPHP at higher zinc concentrations
(Figure 3-14b) might be attributable to spurious binding of the metal by the catalytic
aspartate triad in the Palm or by any of the 10 cysteine residues present in the
constructs.

Though my denaturation experiments do not prove the existence of allostery, the
cooperative unfolding of EcoE1(917) appears compatible with allosteric
communication. By definition, a protein that folds via a cooperative, two-state
mechanism [196] must pass through a transition state in which information is
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simultaneously transmitted to all of its parts. Although cooperative folding is certainly
not a prerequisite for allostery, latent allosteric networks may be a general feature of
proteins with two-state folding mechanisms. This necessitates the assumption that
those residues transferring information during a cooperative folding transition are likely
to maintain their contacts in the folded state, and through these, facilitate allostery.
Since the four constructs tested all exhibit two-state unfolding, E. coli DnaE1-pol might
be equipped to respond, allosterically, to the binding of its DnaQ-exonuclease.
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Figure 3-14. Two PHP mutants of E. coli DnaE1-pol bind zinc.

(@) Normalized thermal denaturation traces for E. coli DnaE1-pol constructs as monitored by tryptophan fluorescence. (b)
Melting temperature, determined as in part (a) versus zinc concentration. Two constructs, 3m- and 4mPHP, bind zinc
with the indicated apparent affinities.

Looking beyond allostery, the cooperative unfolding of ECoE1(917) is remarkable
given its evolutionarily distinct domains (PHP, Palm and Fingers) and size in excess of
100 kDa. Surveying the literature, most proteins that fold and unfold via a two-state
mechanism are small (generally not much more than 100 residues or roughly 10 kDa)
and consist of a single domain [197-201]. Cooperative unfolding, however, has also
been demonstrated for some multi-domain proteins near 50 kDa [202-204], and since
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some of these did not refold after denaturation, comparable studies would be
necessary to determine if ECOE1(917) can fold cooperatively in vitro.

Interestingly, the largest protein for which | found suggestion of two-state unfolding
was the crystallization construct of G. kaustophilus PolC [25]. Evans et al. [25] mutated
two of the residues in the PHP motif this protein and mentioned (but did not include
data showing) that the mutants had the same thermal denaturation properties and level
of polymerase activity observed for the crystallization construct. Such results are quite
different from those for ECoE1(917), which, as shown above, became a slower, less
stable polymerase upon mutation of its PHP. Also different for the two polymerases,
removal of the DnaQ-exonuclease domain from G. kaustophilus PolC increased its
DNA synthesis rate, while, in my studies (not shown) of EcCoE1(917) and in published
analysis of full-length E. coli polymerase [107], addition of the DnaQ-exonuclease
subunit stimulated DNA synthesis.

3.5 Conclusion

Using sequence alignments and structural analysis, | have identified and
characterized the two main subtypes of DnaE1-pol (Figure 3-15). The ancestral, Tag-
like subtype likely dates back to before the appearance of cyanobacteria, more than
3,500 million years ago (Figure 3-7), and is a constitutively active polymerase that both
synthesizes and, using its metal-binding PHP domain, edits DNA to remove mismatch
errors. In contrast, the Eco-like subtype of DnaE1-pol has a Palm that can adopt a
distorted, inactive conformation, and its non-metal-binding PHP domain lacks editing
activity. In the absence of in cis editing, the Eco-like PHP binds to a DnaQ-
exonuclease that edits DNA in trans. Because this polymerase-exonuclease pair is
found only in a-, - and y-proteobacteria, a minimum age of 1,500 million years can be
estimated for the Eco-like subtype based on the emergence of mitochondria, which are
descended from an a-proteobacterium.

In addition, the results from Statistical Coupling Analysis and biochemical
experiments suggest the possibility of PHP-Palm allostery in both Tag- and Eco-like
DnaE1-pol, along with the potential for communication with the DnaQ-exonuclease by
the Eco-like polymerase. Such intersubunit allostery would be a compelling explanation
for the ability of DnaQ-exonuclease to boost DNA synthesis [14, 107], and PHP-Palm
allostery, in general, might be a component of the mechanism by which the Palm
domain of DnaE1-pol releases its grasp on the DNA primer strand to permit mismatch
removal, either by an editing PHP domain or DnaQ-exonuclease subunit.

Beyond the pol Il Core, Statistical Coupling Analysis suggests that the Eco- vs.
Tag-like distinction may extend to other pol lll subunits and other proteins that bind to
them. Besides DnaE1-pol+clamp coupling mentioned in this chapter, unpublished data
from Brian Kelch suggests coevolution of DnaE1-pol Pol Il and Pol IV, but not Pol V or
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the t subunit of the clamp loader, despite its binding site at the C-terminus of DnaE1-
pol.

DnaE1-pol lll Core

2 main sub-types

Eco-like
DnaE1-pol
Taq-like Core
DnaE1-pol
@ Eco-like Core

DnaQ-exo

DNA-sliding- O
O™

pol+exo

Tag-like
Core+clamp+DNA Core+clamp+DNA

Figure 3-15. The two main subtypes of DnaE1-based pol Ill have different Cores.

Schematic showing the Tag- and Eco-like pol Il Cores binding to the clamp and DNA. The Tag-like Core consists of a
single DnaE1-pol that contains both DNA synthesis and editing (*) activities in cis. The Eco-like Core contains a DnaE1-
pol that lacks editing activity and, instead, binds a DnaQ-exonuclease, which performs editing in trans.

All told, my analysis brings into focus the distinguishing features of two widespread
versions of the bacterial replisome. This knowledge may assist in the development of
novel antibiotics that are selective for species with dissimilar replicative polymerases,
and it confirms the ancient origins of these enzymes. Besides the Eco- and Tag-like
DnaE1-pol described here, | also found two less prevalent replicative polymerase
subtypes that may not yet have been tested biochemically. One is a PolC lacking a
DnaQ-exonuclease domain, the other is a DnaE1-pol with a DnaQ-exonuclease fused
to its N-terminus, and both further demonstrate the evolution of surprisingly diverse
bacterial replicative DNA polymerases from one synthesis and two editing domains.
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CHAPTER4

Crystallization of the Escherichia coli

Replicative Polymerase with Primer-
Template DNA
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4.1 Summary

The recently solved structures of the replicative DNA polymerases from three
bacterial replisomes [24-26, 35] illuminated features common to all C-family
polymerases and others that distinguish the main homolog types — PolC and the Tag-
and Eco-like DnaE1-pol (CHAPTER 3, [40, 41]). Although high-resolution data exists for
a PolC in complex with DNA, there is no comparable data for either subtype of DnaE1-
pol. Toward this end, | present two high-yield, high-purity expression and purification
protocols for Escherichia coli DnaE1-pol; | exploit fluorescence anisotropy to identify
conditions that enhance DNA binding affinity; and | present a protocol for lessening
DNA degradation, as detected by a simple, gel-based assay. Leveraging these
advances, | grow crystals with radiation-sensitive diffraction to 4-A resolution that likely
contain a complex of a truncated form of the E. coli polymerase plus DNA, as
suggested by the properties of similarly grown crystals that showed tryptophan
fluorescence indicative of protein and coloration consistent with the presence of dye-
labeled DNA. As a complement to standard crystallization techniques, | also develop
cysteine mutants of a truncated form of the E. coli polymerase that are suitable for site-
specific attachment of DNA via disulfide exchange or Michael addition reactions.

4.2 Introduction

This chapter is organized in the following way. After the Materials & Methods, the
Results & Discussion are presented in four parts. Part A — Polymerase Handling —
covers protocols for improved purification and monomerization of E. coli DnaE1-pol
constructs and identifies C-terminally truncated constructs suitable for crystallization
trials. In Part B — Polymerase+DNA, | determine buffer conditions that favor DNA
binding while reducing DNA degradation caused by a nuclease contaminant. Crystals
of a polymerase+DNA complex are grown in Part C — Crystallization, and their
diffraction is analyzed. Strategies for sulfur-based protein-DNA crosslinking are
presented, and | generate cysteine mutants of a C-terminal truncation of the E. coli
DnaE1-pol that are compatible with crosslinking in Part D — Crosslinking. Finally,
these results are briefly summarized in the Conclusion.

4.3 Materials & Methods

Under my supervision, Jordan Anaya performed some aspects of the cloning,
protein expression and purification, crystallization trials, and DNA binding experiments
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described herein. Additional cloning was performed by Mary Coons and Tiffany Chou
(moving constructs into the p3AT vector) and also by Caleb Cassidy-Amstutz, Xiaoxian
Cao and Lore Leighton (removal and introduction of cysteine residues by QuikChange
mutagenesis).

4.3.1 Polymerase cloning, expression and purification

Constructs in the pET-28a-PP vector were expressed and purified as described in
CHAPTER 2 and CHAPTER 3 and as outlined in Table 4-1.

Constructs in the p3AT vector cloned using ligation independent cloning (LIC) [205]
and N- and C-terminal tags were added as part of the primers used during the PCR
amplification step. Expression and purification of constructs from the p3AT vector was
performed as for the pET-28a-PP constructs using the steps outlined in Table 4-1.
With the exception of the simplified HisTrap protocol, steps for constructs expressed
from the p3AT vector were identical to those for the pET-28a-PP constructs. Protein
concentrations were determined by absorption at 280 nm based on theoretical molar
extinction coefficients.

4.3.2 Polymerase monomerization assay

Samples were prepared as described in Figure 4-4, spin filtered to remove foreign
objects and large aggregates, and run through a Superdex 200 SMART analytic size-
exclusion column (GE Healthcare).

4.3.3 DNA binding assay

Experiments were performed under the conditions described in Figure 4-6. Binding
was monitored by observing the anisotropy of TAMRA-labeled DNA (Figure 4-1) using
either a Fluoromax-3 fluorometer (HORIBA Jorbin Yvon) or a PerkinElmer Victor3
fluorescence plate reader with a 535/30 nm excitation filter and a 595/60 nm emission
filter. Binding-curves were fit using a standard hyperbolic equation (Equation 4-1) in
KaleidaGraph 4 (Synergy Software). Exponential and linear fitting of dissociation
constant trends was performed in Excel 2008 (Microsoft) using the equations indicated
in Figure 4-6d or a standard linear equation (Figure 4-6e).

Tem50 3- CCCTGCGTGCGCCGTAAGTTCCTGAATCCAGACATAAATAGATGGGTGTT -flill 5
Pri40 5- GGGACGCACGCGGCATTCAAGGACTTAGGTCTGTATTTAT -3

Figure 4-1. Fluorescently labeled DNA used for binding experiments.

The above DNA served as the primer-template for DNA binding experiments. For ssDNA binding, the template
(5pTAMRA-Tem50) labeled with TAMRA on its 5'-end was used in the absence of the primer strand (Pri40).
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Equation 4-1. Anisotropy as a function of polymerase concentration yields DNA dissociation constant.

Anisotropy of the fluorophore attached to the DNA, @, is a function of polymerase concentration, [ pOl]. KaleidaGraph
fit the other terms, which include: A, the amplitude of the maximum increase in anisotropy upon binding; Kd, the
dissociation constant for the polymerase+DNA complex; and @, the anisotropy in the absence of polymerase.

4.3.4 Crystallization trials

Robotic crystallization trials were performed using a Phoenix crystallization robot
(Art Robbins Instruments), commercial screens were purchased from Hampton
Research and Qiagen, and custom screens were prepared using a PerkinElmer
MultiPROBE Il HT liquid handling robot.

Primer-template DNA (purchased from Integrated DNA Technologies, Figure 4-2)
was prepared by dissolving the primer and template strands in water and annealing
them together using a PCR machine programmed to begin a temperature gradient at
95 °C, cooling to 5 °C in 2 to 2.5 minute steps of 5 °C. Annealing was verified by PAGE
(polyacrylamide gel electrophoresis, Figure 4-2) using 18%-acrylamide gels in 1x TBE
buffer (Tris, borate, EDTA). The Cy5-labeled primer-templates (Integrated DNA
Technologies) were a generous gift from Randall McNally.

@ Primer-template sequences @ Annealed primer-templates
15 17 19 21 23

23 19 15 1
I I
3- CCCAGCGAGCGTGCGAACCG -5
5- GGGTCGCTCGCACGC -3
19 15 1
|| I
3- CGACAGGGTAGCATATTTT -5
5 B5- GCTGTCCCATCGTAT -3

Figure 4-2. DNA used in crystallization trials.

Bases colored black were present in all primer-templates, while gray bases were only present in primer-templates with
longer duplex regions. (@) The members of the series of unlabeled primer-templates were named according to the
lengths of the duplex and the 5'-overhang on the template strand (e.g. PT17.5: 17 duplex bases with a 5-base
overhang). The Cyb-labeled series was the fifth series used in crystallization trials, so their names begin with the number
5 (e.g. 5PT19.4: 5th primer-template series, 19 duplex bases with a 4-base overhang). (b) Annealing of the unlabeled
primer-templates was verified by TBE-PAGE.

70



4.3.5 Crystal imaging

Tryptophan fluorescence images and accompanying visible light images were
captured using a PRS-1000 Protein Review Station microscope (Korima). All other
visible light images were recorded using a Nikon microscope and digital camera.

4.3.6 X-ray diffraction

Diffraction from single crystals was generated using synchrotron radiation at the
Lawrence Berkeley National Laboratory, Advanced Light Source (ALS), Howard
Hughes Medical Institute (HHMI) beamlines 8.2.1 and 8.2.2 and collected in frames of
1° oscillation per 20 second exposure.

4.3.7 Disulfide crosslinking assay

Cysteine-incorporation mutants and primer-template DNA were combined under
the conditions indicated in Figure 4-15. After incubation, the samples were diluted with
buffer containing MMTS (methyl-methanethiosulfonate, Thermo Scientific (Pierce)),
which caps unreacted cysteine residues, and aliquots were analyzed by non-reducing
SDS-PAGE (sodium dodecyl sulfate PAGE, Figure 4-15).

7531
3- GGATTATGCACTTCACTCTCTCT; TCTCTCTCT -5
5- CCTAATACGTGAAGTG -3

Figure 4-3. DNA for disulfide crosslinking trials.

Bases colored black were present in all primer-templates, while gray bases were only present in primer-templates with
longer duplex regions. After reacting with cystamine (Figure 4-12a), the orange base contains the disulfide (S-S). A biotin
moiety (biotin) is attached to the blue base for pull downs via the FASTDXL (focused array screening technique for
disulfide X-linking) method of Corn and Berger [206]. These crosslinking primer-templates are referred to by the number
of single-stranded bases between the disulfide-containing base and the first base of the duplex region (e.g. 5¢cPT1:
member of the 5th series of crosslinking primer-templates, 1 single-stranded base between the duplex and the disulfide-
containing base).
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4.4 Results & Discussion

4.4.1 Part A — Polymerase Handling

4.4.1.1 High-yield polymerase purification with N- or C-terminal His6-tags

As a first step toward structural analysis with DNA of E. coli DnaE1-pol, |
developed constructs of this polymerase that could be expressed and purified at high
yield. The first E. coli DnaE1-pol structures were solved [26] (PDB codes 2hnh, 2hga)
using an EcoE1(917) construct prepared without the benefit of expression or
purification tags, and, with reasonable purity, yields were on the order of 1 mg/L cell
culture (Meindert Lamers, personal communication). By adding a cleavable N-terminal
His6-tag (Materials & Methods), however, | increased this yield to 15 mg/L while greatly
enhancing sample purity (purification protocol: Table 4-1).

Although EcoE1(917) is generally well behaved, there are other constructs based
on E. coli DnaE1-pol that | found hard to purify due to extensive C-terminal proteolytic
degradation. Following the suggestion of Debora Makino, | designed a full-length
polymerase construct with a cleavable T7-tag on its N-terminus and a non-cleavable
His6-tag on its C-terminus. Tiago Barros successfully used this construct to purity a
complex of the polymerase plus the clamp, DnaQ-exonuclease and the C-terminal
portion of the t subunit from the clamp loader (personal communication). T.B. also
placed these tags on EcoE1(917), and, with these in place, he was able to prepare
(protocol: Table 4-1) this construct with high purity at a yield greater than 100 mg/L
(personal communication).
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N-His6-PP — C-term truncations N-T7-PP & C-His6 — full length

Step Buffers Step Buffers
1 HisTrap 3x 5-mL PI-500-0 1 HisTrap 3x 5-mL PI-500-0
load in and wash with 4% PI-40-500 load in and wash with 4% PI-500-500
desalt on column with 100% B-A elute with 100% PI-500-500
elute directly onto Q with 100% PI-40-500 2 e PreScission Protease cleavage
2 HiTrap Q 3x 5-mL B-A dialyze to 100 mM NaCl with B-A
180 mL (12 CV) gradient 12-45% B-B 3 HiTrap Q 3x 5-mL B-A
3 e PreScission Protease cleavage 180 mL (12 CV) gradient 12-45% B-B
dialyze to 100 mM NaCl with B-A 4 e Concentrate
4 HisTrap 1x 5-mL B-A 5 S200 16/60 TK100D
capture flow-through directly on Q PI-40-500 6 e Concentrate
5 HiTrap Q 1x 5-mL B-A

elute with 100% B-B

6 e Concentrate
7 S200 16/60 TK100D
8 e Concentrate

stock solution, mL stock solution, mL

10% glycerol 50% 150 10% glycerol 50% 100

25 mM Na/K PO4pH 85 500 37.5 20 mM HEPES pH 7.5 1000 10

500 mM NaCl 5000 75 1000 mM NaCl 5000 100

5 mM BME 14300 0.262 5 mM BME 14300 0.175

add water to 750 add water to 500

stock solution, mL m stock solution, mL
10% glycerol 50% 50 10% glycerol 50% 200

25 mM Na/K PO4pH 85 500 125 20 mM HEPES pH 7.5 1000 20

40 mM NaCl 5000 2 0 mM NaCl 5000 0

500 mM Imidazole pH 8 2000 62.5 5 mM BME 14300 0.350

add water to 250 add waterto 1000

stock solution, mL stock solution, mL
10% glycerol 50% 50 10 mM TAPS pH 8.5 1000 4

25 mM Na/KPO4pH 85 500 125 100 mM K glutamate 2000 20

500 mM NaCl 5000 25 10 mM DTT 2000 2

500 mM Imidazole pH 8 2000 625 add water to 400

add water to 250

Table 4-1. Purification of E. coli DnaE1-pol constructs with either N- or C-terminal His6-tags.

(@) Purification protocols. N-His6-PP — N-terminal His6-tag, cleavable with PreScission Protease (in pET-28a-PP
plasmid, a modified pET-28a vector). This tag is only suitable for purification of C-terminally truncated constructs (e.g.
EcoE1(917), EcoE1(956) and EcoE1(975) and some mutated derivatives thereof). N-T7-PP & C-His6 — N-terminal
T7-tag cleavable with PreScission Protease and a non-cleavable C-terminal His6-tag (in p3AT plasmid, tags added using
PCR primers). This two-tag system is required for full-length polymerase, and, unless experimental conditions will not
tolerate the presence of a C-terminal His6-tag, this system is better for all E. coli DnaE1-pol constructs, because it gives
much higher yields and purities. Full length E. coli DnaE1-pol has fairly high intrinsic affinity for Ni-resin in low ionic
strength buffers, so high concentrations of both NaCl and imidazole are necessary for the efficient elution of this
polymerase from a HisTrap column. Non-column steps (¢) do not require an FPLC. (b) Buffer recipes.
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4.4.1.2 Regeneration of monomeric polymerase from higher-order multimers

Before formulating the storage buffer TK100D (Table 4-1) for E. coli DnaE1-pol
constructs, | used several other buffers that were ultimately not suitable for long-term
sample storage. Although the polymerase samples that were kept in these buffers
appeared to be monomeric during initial size-exclusion chromatography (data not
shown), after concentration and a freeze-thaw cycle, some of the samples appeared to
contain higher molecular weight species (Figure 4-4) that were likely the result of
multimerization and aggregation.

To convert the higher molecular weight species back into monomeric polymerase, |
tested temperature and a series of buffer components by incubating the polymerase
samples under various conditions and then running aliquots from these tests through
an analytical-scale size-exclusion column. Based on the results (Figure 4-4), | chose a
monomerization buffer (bMono: 15% glycerol, 20 mM TAPS pH 8.5, 100 mM NaCl (or
K glutamate [207-210]), 1 mM TCEP and, optionally, 5 mM EDTA) and incubation
conditions suitable for E. coli DnaE1-pol and constructs based upon it (Table 4-2).

Constructs of E. coli DnaE1-pol may tolerate other buffering reagents in addition to
TAPS, but most will not tolerate prolonged exposure to lower pH. Exceptions include
EcoE1(917) and 3mPHP, which are stable down to pH 7.5 (data not shown). NaCl is
preferred for circular dichroism (CD) experiments, because it is less optically active
than K glutamate. Chloride, however, inhibits DNA binding [207-210], so K glutamate is
the preferred monovalent salt for crystallization trials with DNA. Reducing agent is
required when working with E. coli DnaE1-pol constructs containing the full
complement of endogenous cysteine residues, because several of these are liable to
form intermolecular disulfide bonds (Figure 4-14). TCEP is a strong and non-volatile
reducing agent that neither chelates metals nor contains sulfur. Consequently, TCEP is
the reductant of choice for metal binding experiments, and it is likely to be an essential
buffer component when forming polymerase-DNA crosslinks under reducing conditions
via Michael addition (Figure 4-13). Because 3mPHP may copurify with bound metal
ions (CHAPTER 2), and metal-depended nuclease contamination is a known issue for
E. coli DnaE1-pol constructs (Figure 4-7), inclusion of the chelator EDTA is
recommended during monomerization to yield polymerase samples with reduced
nuclease activity and without bound divalent metals. Before performing experiments
(such as crystallization trials with DNA, Figure 4-6b) that require divalents, however, a
compensatory buffer exchange step is necessary to remove the EDTA after
monomerization.
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Figure 4-4. Monomeric polymerase is favored at 15 °C by pH 8.5 and higher monovalent salt and glycerol.

Size-exclusion chromatograms. 5mPHP is EcoE1(917) with five mutations in its PHP domain (CHAPTER 2). Within each
test, the same amount of protein was used for each sample. Note that differences between the y-axis values between
tests are not meaningful. Also, volume is measured from the start of the run and not from the injection point, so the x-
axis values are accordingly larger. (b) Other data, not shown here, indicates that the polymerase constructs are stable at
pH 9.5, but use of such high pH is not recommended because it is likely detrimental to DNA binding (Figure 4-6). (d) The
chromatograms for the glycerol test are normalized to the monomer peak. As a consequence, the samples containing
less monomer appear to contain an excess of the higher molecular weight species.

Overnight incubation at 15 °C served to monomerize most constructs, and shorter
incubation times of only a couple hours at 25 °C were sufficient (data not shown) for
EcoE1(917) and the PHP metal-binding mutant 3mPHP (CHAPTER 2, Table 4-2).

Monomerization DnaE1-pol Monomeric Incubation Incubation
buffer — bMono construct tendency temperature time
EcoE1(917) . o

Standard components 3mPHP high 25°C 1h

15% glycerol ;
20 mM TAPS pH 8.5 E j‘ﬂpﬂ‘sa

100 mM NaCl or K Glu low 15°C overnight (>8 h)
5mPHP
1 mM TCEP
[Cys xL mutants]

Optional components

5 mM EDTA
(2* metal stripping)

Table 4-2. Recommended conditions for monomerization of E. coli DnaE1-pol constructs.

Variations are included for different applications. NaCl is less optically active than K glutamate, so it is suitable for circular
dichroism (CD) experiments. Chloride, however, interferes with DNA binding, so K glutamate should be used for complex
formation (Figure 4-6a) [207-210]. The chelator EDTA can be included if a divalent-metal-free state of a polymerase

construct is desired.
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4.4.1.3 Identification of monomeric C-terminal truncations of E. coli DnaE1-pol

EcoE1(917) crystallizes robustly (Figure 4-8) [26], but, lacking the wild type C-
terminal domains, it cannot bind its clamp [211] or clamp loader [26, 211] and has
decreased DNA binding affinity relative to the full length protein [212]. To improve the
chances of crystallizing a polymerase+DNA complex, | prepared, with the assistance of
Jordan Anaya, full-length E. coli DnaE1-pol and four alternative C-terminal truncation
constructs. These purified to apparent homogeneity (as estimated by Coomassie-
stained SDS-PAGE, not shown), but the longer two truncations formed soluble
aggregates that could not be monomerized (Figure 4-5). The first (EcCoE1(1072)) was
truncated near the end of the oligonucleotide-binding (OB) domain, and the second
(EcoE1(1154)) was missing only the C-terminal peptide motif that binds the clamp
loader [26, 211]. The two shorter constructs (EcoE1(956) and EcoE1(975)), both of
which were truncated before the oligonucleotide-binding domain, and the full-length
polymerase all appeared monomeric and are therefore suitable for crystallization trials.

Polymerase multimeric state

% aggregate ® monomer
E. coli DnaE1-pol construct
100 917 — 2.6 mg/mL, 25°, 18 h, 20 mM HEPES pH 7.5
B 956 — 20 mg/mL, 15°, 2d
B 975 — 20 mg/mL, 15°, 2d
80 1072 — 20 mg/mL, 15°, 2d
1154 — 3.2 mg/mL, 15°, 5 h, 5% glycerol
I 1160 — 3.3 mg/mL, 20°, 13 h, 50 mM K glutamate
60
Shared conditions
20-30 mM TAPS pH 8.5
40 mM K glutamate
mM DTT
mM MES pH 6.5 )
20 P mM MgClz )
Vo g mM EDTA )
(o] __u
1.0 1.2 1.4 1.6 1.8 mL

N N A Hp L
o > S

/\ q:\
B o Bl | Fges | (0B |

Figure 4-5. Two C-terminal truncations of E. coli DnaE1-pol aggregated irreversibly.

Size-exclusion chromatograms. Constructs are indicated by the number of the most C-terminal residue that they include
(e.g. 917: EcoE1(917), 1160: full length). Conditions in parenthesis were not present in the EcoE1(917) or full length
samples. Domain (T: Thumb) boundaries are approximate. Samples contained roughly the same amount of protein, and
peak heights were normalized. Note that the elution volume is measured from the start of the run and not from the
injection point, so the peaks appear to elute at correspondingly later volumes.
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4.4.2 Part B — Polymerase+DNA

4.4.2.1 Buffer conditions favoring DNA binding

To increase the likelihood of crystallizing a polymerase+DNA complex, | surveyed
buffer conditions affecting DNA binding (Figure 4-6) and compared the affinity trends
with the polymerase monomerization data (Figure 4-4) to formulate a buffer (bMono,
Table 4-2) that strikes a compromise between minimizing polymerase aggregation and
facilitating DNA binding. Among the conditions tested, monomerization and DNA
binding have opposing preferences for monovalent salt concentration and pH.
Monomerization requires higher salt and higher pH (Figure 4-4), but DNA binding

increases when both are lower (Figure 4-6).

ol
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o
i
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3 mM SrClz

0 T T ]
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Figure 4-6. Soft anions, lower pH and monovalent salt, and 3 mM divalent metal favor DNA binding.

Raw binding data, as in (@) and (b), based on fluorescence anisotropy of DNA labeled with TAMRA was used to generate
the plots in (c), (d) and (). The protein sample used in (g) was a mixture of cysteine mutants of EcoE1(917). (d) The
higher Kd values for ssDNA, which are in constant ratio with values for primer-template, indicate that the polymerase
preferentially binds primer-template throughout the tested range of K glutamate concentrations.
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Polymerase DNA
binding affinity | ++ relKy 1 ek, 7.5 [ rel Ky 150

e 10% glycerol 10% glycerol 10% glycerol
20 mM HEPES pH 7.5 1 20 mM HEPES pH 8 1.5 20 MM TAPSpH 8.5 2.25
50 mM K glutamate 1 100 mM K glutamate 5 100 mM NaCl 65
oo 3 mM MgCl, 3 mM MgCl, 3 mM MgCl,
ooo 1 mM TCEP 1 mM TCEP 1 mM TCEP

Table 4-3. Minor changes in buffer composition can dramatically affect DNA binding.

Replacing 50 mM K glutamate with 100 mM NaCl while increasing pH from 7.5 to 8.5 would result in a 150-fold increase
in dissociation constant for DNA. eGlycerol can be added to enhance construct monomerization (Figure 4-4) without
affecting DNA binding. ®®Magnesium is included because | was unable to detect DNA binding in the absence of divalent
metal ions (Figure 4-6). eeeF. coli DnaE1-pol constructs are highly redox sensitive, so reducing agent is required. DTT is
also effective, but it can chelate some metals and may therefore interfere with DNA binding (data not shown).

Having tested individual components, | combined the results to estimate the
relative DNA binding affinities for E. coli DnaE1-pol constructs in three different buffers
with varying pH, monovalent salt concentration, and salt identity (Table 4-3). This
illustrates that making a series of relatively minor changes in buffer composition can
dramatically decrease DNA binding affinity. Note that divalent metal ions are absolutely
required for DNA binding (Figure 4-6b), and the optimal concentration is 3 mM.
Considerable flexibility exists, however, with respect to the identity of the divalent
metal, and magnesium, calcium, manganese and strontium appeared to support
binding equally (Figure 4-6c). Note that these binding experiments were performed in
the absence of nucleotide triphosphate, and formation of a ternary complex of
polymerase+DNA+nucleotide may have different metal requirements than formation of
a polymerase+DNA binary complex.

4.4.2.2 Slowing unwanted DNA degradation

Using a gel-based assay, | determined that my polymerase samples caused
extensive DNA degradation over a length of time comparable to a standard
crystallization trial (3 days, Figure 4-7). Pre-treating my samples with 0.5 mM EDTA for
30 min before the addition of divalent metal ions reduced DNA degradation, and
decreasing the incubation temperature from 20 to 15 °C caused a further reduction.

The effectiveness of the EDTA pre-treatment is somewhat surprising, because it
persists even after the addition of excess divalent metal ions (Figure 4-7). This could be
explained, however, if the contaminating nuclease irreversibly denatured upon metal
removal by EDTA or if the nuclease were unable to catalyze DNA degradation using the
metal ions that were subsequently added (magnesium or strontium).
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Figure 4-7. EDTA pre-treatment and lower temperature reduce DNA degradation.

Urea SDS-PAGE and ethidium bromide DNA staining. Decreased upper band intensity indicates degradation of DNA.
Negative control samples (=) contained no protein. EDTA was added to samples at ambient temperature (22 °C) 30 min
before the addition of metal. (@) Three separate preparations of ECOE1(917). (b) C-terminal truncation constructs (Figure
4-5) and full length E. coli DnaE1-pol. A greater amount of DNA degradation was observed for the longer polymerase
constructs. Since the constructs were all purified using an N-terminal His6-tag, the longer constructs were also
substantially less pure. Much higher purity is expected when using constructs containing a C-terminal His6-tag.

4.4.3 Part C — Crystallization

4.4.3.1 Characterization of crystals containing a polymerase+DNA complex

Having identified buffer components compatible with DNA binding (Figure 4-6) and
steps to lower nuclease activity (Figure 4-7), | performed crystallization trials using
EcoE1(917) and primer-template DNA with varying duplex lengths. Many crystals were
observed, and, using the presence of tryptophan fluorescence (protein) and high
birefringence (DNA only) as indicators, | scored these according to their likely contents
(Figure 4-8). Both EcoE1(917) and the primer-templates had a tendency to crystallize
on their own. DNA crystals often appeared in conditions with PCB buffer (sodium
propionate, sodium cacodylate and bis-tris propane) or high concentrations of divalent
metal ions (200 mM calcium or magnesium, well into the inhibitory range for
polymerase binding, Figure 4-6b). Crystals that grew at low pH with PEG 3350 were
often morphologically similar to the initial hits that led to the published EcoE1(917)
structures [26] (PDB codes 2hnh, 2hga) and occasionally appeared in the negative
controls without DNA, so they likely contained only the polymerase.

Among the many crystal hits, only those in one condition (Index E7) did not appear
to be either polymerase or DNA alone (Figure 4-8). Although the well solution for these
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crystals contained magnesium, at 50 mM, this was the lowest concentration at which
divalent metal was found in any of the commercial screens that | used. The crystals
appeared at some point between three and nine days after the start of the trial and
were misshapen spheres that exhibited tryptophan fluorescence (Figure 4-9a) but not
birefringence.

After reproducing the crystals and identifying conditions that consistently produced
single rods (100 x 10 x 10 ym, Figure 4-10), | applied the method of Georgescu et al.
[213] to check for the presence of DNA in the crystals. When using a primer strand
labeled with the blue dye Cy5 on its 5'-end, crystals grew with a blue color that was
consistent with the presence of the dye and, therefore, DNA (Figure 4-9b).

Having found evidence of both protein and DNA within the crystals, | began
collecting X-ray diffraction data on my largest single rods and redoubled my efforts to
grow ones still larger. Using a combination of robotic and manual screening, including
the use of various crystal seeding techniques, | performed more than 50,000
crystallization trials. Among these, one yielded a single crystal (Figure 4-10) that was
substantially larger than the single rods that typically appeared, but this crystal did not
have improved diffraction.

During X-ray analysis, some rods initially produced spots to near 4 A (data not
shown), but these higher resolution reflections disappeared after the first few frames,
likely as the result of radiation damage. Typical diffraction for the rods went to 8 A and
was highly anisotropic (Figure 4-11).

At this point, there are many variables that could still be tested to improve this
crystal form. For instance, the DNA could be modified in many ways, including
increasing the duplex length, varying the 5'-overhang length, attaching different
fluorophores to either the duplex or overhang ends, and adding a 3'-overhang to the
duplex end. With respect to the protein, constructs with differing degrees of C-terminal
truncation or tags on their N- and/or C-termini might make additional contacts within
the crystals and thereby improve their diffraction. In addition, these and other DNA and
polymerase permutations (e.g. homologs from other species) could be included when
screening for as yet unidentified crystal forms.
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Figure 4-8. Initial crystallization trials yielded one hit containing both protein and DNA.

Screening of a complex of ECoE1(917) plus primer-template with varying duplex lengths (15 to 23 bases) and a 5-base
5'-overhang. Negative control (-) samples did not contain DNA. Abbreviations and acronyms — xtal: crystal, NTP:
deoxynucleotide triphosphate, precip: precipitation, Trp fluor: tryptophan fluorescence detected using a UV fluorescence
microscope. Crystals that appeared morphologically similar to those that led to the published EcoE1(917) structures
(PDB 2hnh, 2hqga) were very common also appeared in negative control wells that did not contain DNA. In previous trials,
crystals containing only DNA had very high birefringence (unpublished results). All trials were performed at 20 °C in 96-
well sitting-drop format using 100+100 nL sample plus well solution.

Protein confirmed DNA confirmed

©) Cy5 blue

Initial hit — spheres
/isible

Sample — by robot Sample — by robot

100 nL 100 nL

20 mg/mL EcoE1(917) 17.5 mg/mL EcoE1(917)
1.25x DNA — PT17.5 1.25x DNA — 5PT19.4
3 mM MgCiI2 20 mM MgClz

0.5 mMEDTA 0.5 mMEDTA

10 mM HEPES pH 7 10 mM HEPES pH 7
14.3 mM K glutamate 12,5 mM K glutamate
10 mM DTT 10 mM DTT

Well solution Well solution

100 nL 100 nL

50 mM MgCl2 20 mM K glutamate
0.1 M HEPES pH 7.5 0.1 M MES pH 6.5
30% PEG 550 MME 22.5% PEG 550 MME

Figure 4-9. Crystals contained both protein and DNA.

(@) Visible light and UV fluorescence images of the initial crystals indicate the presence of protein. (b) Visible light image of
improved, blue crystals grown starting from a complex of ECOE1(917) plus primer-template DNA labeled with the blue
dye Cy5 on the 5'-end (duplex end) of the primer DNA strand.
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Largest single crystal
2

Initial hit — spheres Single rod

o

Sample — by robot Sample — by hand Sample — by hand + seeding Sample — by robot

100 nL 10 mg/mL EcoE1(917) 10 mg/mL EcoE1(917) 100 nL
20 mg/mL EcoE1(917) 1.25x DNA — PT17.5 1.25x DNA — PT17.5 17.5 mg/mL EcoE1(917)
1.25x DNA — PT17.5 3x DNA — PT17.5
3 mM MgClI2 Well solution Well solution 20  mM MgCl
0.5 mM EDTA 5 mM MgCl2 5 mM MgClz 0.5 mM EDTA
10 mM HEPES pH 7 0.1 MHEPESpH®6.5 0.1  MHEPESpH®6.5 10 mM HEPES pH 7
14.3 mM K glutamate 30% PEG 550 MME 30% PEG 550 MME 12.5 mM K glutamate
10 mM DTT 10 mM DTT
Well solution Well solution
100 nL 100 nL
50 mM MgClz 80%
0.1 M HEPES pH 7.5 32.5% PEG 550 MME
30% PEG 550 MME 100 mM MES pH 6.5
20 mM K glutamate
20 mM MgCl2
20%

0.2 M NH4 formate pH 6.6
20% w/v PEG 3350

Figure 4-10. Reproduction and enlargement of crystals likely containing a polymerase+DNA complex.

Visible light images. Conditions for trials prepared by hand are approximate. Reducing the magnesium concentration
from 50 to 5 mM in the well solution significantly improved the crystals, and seeding appeared to increase the frequency
of single rod formation. Both the typical single rods and the uniquely large single crystal diffracted to roughly 8 A Al
crystallization trials shown here were performed at 20 °C. Robot trays were sitting-drop; manual trays were hanging-
drop.
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fypical 8-A diffraction

Figure 4-11. Single rods typically diffracted to 8 A
An X-ray diffraction pattern with spots to 8 A.

4.4.4 Part D — Crosslinking

4.4.4.1 Strategies for cysteine-based crosslinking of protein to DNA

In recent years, the pioneering work of Verdine and coworkers has led to numerous
crystal structures of low affinity protein+DNA complexes that were trapped [214-222]
using disulfide crosslinking (Figure 4-12). This method for covalent bond formation
requires DNA containing a disulfide and a protein that has a reactive, surface-exposed
cysteine that can crosslink to that DNA. Generally, some endogenous cysteine
residues must be removed from the protein to prevent unwanted crosslinking.
Afterward, a cysteine residue is introduced into the protein at the desired crosslinking
site. Reversible crosslinking occurs by disulfide exchange when the sulfur atom in a
cysteine residue replaces one of the sulfur atoms in the disulfide attached to the DNA
(Figure 4-12b).

Researchers typically use a convertible base (O6-phenyl-dl, available from Eurofins
MWG Operon) to introduce the disulfide into the DNA by reaction with deprotonated
cystamine (Figure 4-12a). For applications where attachment to the DNA 5'-end is
acceptable (Figure 4-14), such as crosslinking to a polymerase, DNA can be ordered
with a disulfide-containing group directly attached (e.g. 5' Thiol Modifier C6 S-S,
available from Integrated DNA Technologies, Figure 4-12b), thus avoiding the losses of
time and yield associated with performing the cystamine reaction.

86



@ Cys oxidation — disulfide exchange — internal base preparation

convertible base

*HgN
QL 1
(0] (/ g
[\‘fN HoN
<N IN’) ls \LNH
e Tl — e
NN
0
0=p-0 NHo O :o: |
Q, cystamine S
0=P-0
Q,

5’ disulfide
S~S/\/\/\,OH

Figure 4-12. Disulfide exchange: Cysteine-DNA crosslinking under oxidizing conditions.

(@) To attach the disulfide to an internal site within the DNA, it can be synthesized with a convertible base and reacted
with cystamine. (b) A disulfide can also be added to the 5'-end of a DNA strand during its synthesis. Crosslinking by
disulfide exchange occurs when free thiol from a cysteine residue replaces for one of the sulfur atoms in the disulfide
attached to the DNA.

During crosslinking by disulfide exchange, the sulfur atom from a reduced cysteine
residue replaces one of the two sulfurs in the disulfide on the DNA (Figure 4-12b). Note
that, if the cysteine were to replace the other sulfur in the disulfide, crosslinking to the
DNA would not occur, and the protein would, instead, be attached to the other half of
the original disulfide. However, since disulfide exchange is readily reversible, a
crosslinking between protein and bound DNA is favored at equilibrium, because the
small-molecule half of the original disulfide may diffuse away, whereas the DNA
cannot.

The reversibility of the disulfide exchange also allows for tuning of this reaction to
select, at equilibrium, for crosslinks formed as the result of tighter binding between the
protein and DNA. Disulfide crosslinks can be broken by the addition of thiol-containing
reducing agents such as BME or DTT. With increasing reducing agent concentrations,
the formation of protein-DNA disulfides is restricted to crosslinks resulting from tight
binding interactions that hold in close proximity the disulfide on the DNA and a
cysteine on the protein.

In addition to reversible disulfide crosslinking, cysteine residues can also be
irreversibly crosslinked to DNA by Michael addition (Figure 4-13) under reducing
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conditions. This may be beneficial when working with a protein that, like E. coli DnaE1-
pol, is prone to aggregation under oxidizing conditions (data not shown). During
Michael addition, a soft nucleophile attacks the pB-carbon of an a,B-unsaturated
carbonyl, which is a soft electrophile. Because sulfur is the only soft nucleophile found
in proteins, only cysteine residues readily participate in Michael additions, and the
stability of the resulting crosslink permits the storage and crystallization of the resulting
protein+DNA complex in the presence of high concentrations of reducing agent, if
necessary for protein stability.

Preparation of cysteine mutants for crosslinking by Michael addition is the same as
for disulfide crosslinking, and, likewise, DNA can be crosslinked at either an arbitrary
position or its 5'-end. Because Michael additions are not reversible under conditions
generally compatible with protein stability, the efficiency (and therefore selectivity) of
this crosslinking reaction can only be tuned kinetically. Such tuning can be performed
by altering buffer conditions or by using different Michael acceptors. There are two
commonly used acceptors for biological crosslinking applications (maleimide and
(meth)acrylamide, Figure 4-13), and both may be suitable for trapping of protein+DNA
complexes.

Maleimide reacts rapidly with thiols [223, 224] and is commonly used to attach
fluorescence dyes to cysteine residues. As part of the heterobifunctional crosslinker
Sulfo-SMCC  (sulfosuccinimidyl  4-[N-maleimidomethyl]cyclohexane-1-carboxylate,
available from Thermo Scientific, Figure 4-13a), maleimide is commonly used in
nonspecific crosslinking applications such as attaching enzymes to antibodies [225].
DNA can be modified to contain a primary amine (e.g. Int Amino Modifier C6 dT,
available from Integrated DNA Technologies, Figure 4-13a) that will replace the N-
hydroxysuccinimide ester (NHS ester) of Sulfo-SMCC under mildly basic conditions
(PH 7 to 9). This results in a stable intermediate in which the maleimide of SMCC
extends from the site of the reacted primary amine. Upon addition of protein, the
maleimide group can react with a cysteine residue to form a protein-DNA crosslink.

The Sulfo-SMCC strategy presents the advantage of arbitrary positioning the
crosslinking site within the DNA, but the steric bulk of the resulting linker (Figure 4-13a)
may pose problems for some protein+DNA complexes. Furthermore, because the high
reactivity of maleimide toward cysteine can facilitate crosslinking based on only weak
or transient interactions, it may also result in covalent complexes that lack
physiological relevance.
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Figure 4-13. Michael addition: Cysteine-DNA crosslinking under reducing conditions.

Cysteine can crosslink with o,B-unsaturated carbonyls by Michael addition. (@) For crosslinking to internal sites, a Michael
acceptor can be added to DNA by reacting a modified base containing a primary amine with the small molecule Sulfo-
SMCC (Thermo Scientific). The intermediate product formed by this reaction can react with a cysteine residue in a protein
to form a crosslinked complex. (b) DNA can also be synthesized with the Michael acceptor methacrylamide on its 5'-end.

For trapping polymerase+DNA complexes and other applications in which
crosslinking to the DNA 5’-end would be sufficient, DNA containing a methacrylamide
group (5' Acrydite, available from Integrated DNA Technologies, Figure 4-13b) could be
used. Because methacrylamide is a much less reactive Michael acceptor than
maleimide [223, 224], DNA containing Acrydite would not be suitable for very low
affinity complexes, but it would also be less liable to form spurious, non-physiological
crosslinks. Because Acrydite is added during synthesis, DNA with this Michael
acceptor can be prepared faster and at higher yield than via the Sulfo-SMCC protocol.

4.4.4.2 Validation of crosslinking-compatible cysteine mutants of ECoOE1(917)

| initially removed all 10 endogenous cysteine residues (Figure 4-14a) from
EcoE1(917) and used this Cys-free background to generate a series of mutants with
single cysteines introduced at different locations. These constructs were unusable,
however, because they rapidly degraded under crosslinking conditions (Figure 4-15).
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Figure 4-14. Five of 10 cysteine residues were removed from EcoE1(917) to generate a Cys-lite polymerase.

(@) EcoE1(917) contains 10 cysteine residues, some of which are highly reactive (e.g. Cys530, Figure 4-16) and needed
to be removed to prevent protein-protein crosslinking. Because removing all 10 made the protein susceptible to
proteolysis (Figure 4-15), | generated a (b) Cys-lite background construct from which half of the endogenous cysteines
had been removed. (¢) Using this background, | generated two crosslinking mutants with a single cysteine (Arg614Cys,
GInB44Cys) added near the expected path of the template DNA strand. EcCoE1(917) structure: PDB 2hnh, model with
DNA: generated by Tiago Barros (from PDB 2hnh and 3f2d) and used with permission.

- Shared conditions
( ) 1 2 3 4 S 6 7 20 hours @ 25 °C
s - . = 5.4 mg/mL protein — EcoE1(917)-CF-mpD

(52.5 uM protein)
E 0.09 mMMHEPES pH 7.5
0.18 mM MgCI2
9.70 mM Tris pH 8.5
16.67 mM K glutamate
e seee S S <—MPD 067 mMMNCI2
0.27 mM ddATP+ddGTP

- = e E e 50 mMEDTA
= o 3.7 mL reaction volume
: DNA
\ > 5¢cPT1-5¢cPT7
0.9 mg/mL
(54.1 uM)
\

Figure 4-15. Cysteine crosslinking mutants based on the Cys-free background were prone to proteolysis.

Non-reducing SDS-PAGE. EcoE1(917)-CF-mpD (mpD) is a pool of roughly a dozen cysteine incorporation mutants
generated from the Cys-free version of EcoE1(917). Bands below the one corresponding to the unreacted mutants
(«arrow) are indicative of protein degradation. If higher bands had been observed, they might have corresponding to
crosslinking products. Numbers 1 though 7: different disulfide-containing DNA primer-templates (see Materials &
Methods), (-): negative control without DNA.

To overcome construct degradation, | designed a Cys-lite version of ECoE1(917)
from which only half of the endogenous cysteine residues were removed (Figure
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4-14b). Unlike the EcoE1(917) or the Cys-free construct, the Cys-lite polymerase
neither multimerized nor degraded, as verified by non-reducing SDS-PAGE (Figure
4-16), during a 5-day, 4 °C incubation at greater than 40 mg/mL.

Having created a suitable Cys-lite background construct, | designed two
crosslinking mutants, each with a single cysteine (Arg614Cys or GIn644Cys, Figure
4-14c) introduced at the top of its Fingers domain. Based on modeling the DNA from a
structure of Geobacillus kaustophilus PolC into a structure of EcoE1(917) (Figure
4-14c), the introduced cysteines should be close to the path of the single-stranded
DNA template as it approaches the polymerase active site. Together with the studies of
polymerase monomerization and DNA binding described earlier, these mutants set the
stage for covalent crosslinking of the E. coli replicative polymerase to primer-template
DNA.

Cys154Ser Cys804Ala )
Shared mutations
41 mg/mL 44 mg/mL 51 mg/mL  Cys74Ser
Cys247Ser
Cys407Ser
— — Cys627Ser
- — —_—
<« "% €«— ghared conditions

5days @4 °C

10 mM HEPES pH 7
50 mM K glutamate
5 mM EDTA

Figure 4-16. Identification of a reactive cysteine residue in ECOE1(917).

Non-reducing SDS-PAGE. As indicated by the absence of significant bands above or the monomer band («arrow),
adding the Cys530Ser mutation to a mutant from which four cysteines had already been removed resulted in a Cys-lite
construct that suffered neither protein-protein disulfide crosslinking nor rampant degradation. The Cys154Ser and
Cys804Ala constructs both suffered protein-protein crosslinking, as evidenced by multiple dark bands above their
respective monomers («—arrow).

4.5 Conclusion

Using standard crystallization techniques, | grew crystals, which reliably diffracted
to a resolution of 8 A, of what was likely a complex of ECoE1(917) plus primer-template
DNA. Although this diffraction was not sufficient for structure determination, | have
made significant progress toward this aim.

1. | increased the vyield of purified EcoE1(917) 100-fold and eliminated protein
availability as a limiting factor of solving structures of full-length E. coli DnaE1-
pol and other constructs based upon it.
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2. Jordan Anaya and | prepared two additional C-terminal truncation constructs
that, based on previous biochemical data [26], should be able to bind the DNA
sliding clamp for tethering of these constructs to DNA.

3. | identified buffer conditions to maintain E. coli DnaE1-pol constructs in a
monomeric state without sacrificing high DNA binding affinity.

4. | established criteria for distinguishing crystals of protein+DNA complexes from
crystals of either protein or DNA alone.

5. For an EcoE1(917)+DNA complex, | established conditions that give rise to
crystals that could potentially be improved for structure determination.

6. | designed and experimentally validated a Cys-lite construct of ECoE1(917) for
use in covalent trapping of polymerase+DNA complexes.

Taken together, the above advances constitute significant progress toward solving
structures of a bacterial replicative polymerase bound to DNA.
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