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Abstract

Archaeal B-family polymerases drive biotechnology by accepting a wide substrate range of
chemically modified nucleotides. By now no structural data for archaeal B-family DNA poly-
merases in a closed, ternary complex are available, which would be the basis for developing
next generation nucleotides. We present the ternary crystal structures of KOD and 9°N DNA
polymerases complexed with DNA and the incoming dATP. The structures reveal a third
metal ion in the active site, which was so far only observed for the eukaryotic B-family DNA
polymerase & and no other B-family DNA polymerase. The structures reveal a wide inner
channel and numerous interactions with the template strand that provide space for modifica-
tions within the enzyme and may account for the high processivity, respectively. The crystal
structures provide insights into the superiority over other DNA polymerases concerning the
acceptance of modified nucleotides.

Introduction

DNA replication is the key process in all living cells. Even though the composition of the repli-
cation machineries may differ between archaea, eukaryotes and bacteria, all use DNA depen-
dent DNA polymerases (DNA pols) for the replication of the genome. As DNA polymerases
not only accurately duplicate DNA but also show the ability to accept chemically modified
nucleotides, these enzymes are widely used in biotechnological applications like next-genera-
tion sequencing (NGS) [1-6], nucleic acids diagnostics [7-9], DNA conjugation [10-13] and
SELEX [14, 15]. In various studies, it was reported that the archaeal B-family DNA polymer-
ases accept a broader range of modified nucleotide triphosphates as substrate than the bacterial
A-family DNA pols. [16, 17] Thus, B-family DNA pols are the enzymes of choice for important
biotechnological applications like NGS sequencing.[1]

So far, only structural data of viral (RB69 [18, 19], 29 [20]), bacterial (E. coli DNA pol I
[21]) and eukaryotic (yeast DNA pol o [22], 3 [23] and € [24]) B-family DNA pols complexed
with primer, template and incoming dNTP are available. Remarkably, these enzymes differ in
several aspects like in the coordination of the active site metal ions that are essential for cataly-
sis. Therefore, the available data does not allow to predict how archaeal DNA pols bind and
coordinate the triphosphate and metal ions in a ternary state that is poised for catalysis. The
only crystal structures of archaeal DNA pols are apo structures of enzymes from Thermococcus
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kodakaraensis (KOD [25]), Thermococcus sp. 9°N-7 (9°N [26]), Thermococcus litoralis (Deep
Vent [27]), Pyrococcus furiosus (Pfu [28]), Pyrobaculum calidifontis (Pc [29]) and Thermococcus
gorgonarius (TGO [30]) as well as the binary structures of KOD [31], 9°N [31] and Pfu [28]
DNA pols. Due to a missing ternary crystal structure, the viral RB69 was used as a general
model for B-family DNA pols [27, 28] even though the sequence identity with archaeal poly-
merases e.g. 18.1% between KOD and RB69 DNA pols, is low.

We report the first crystal structures of archaeal B-family DNA pols (KOD and 9°N) com-
plexed with primer, template and incoming ANTP in the active site in a state just prior to catal-
ysis. The study provides insights into the active complex of archaeal DNA polymerases for the
first time. This might be important for the development of next generation nucleotides for
future biotechnological applications. Furthermore, the obtained data elucidates similarities
and differences with other B-family DNA pols like DNA pols & and RB69, which adds to the
understanding of the evolutionary relationship within this enzyme family.

Material and methods
Protein purification

KOD DNA pol. For the crystallization experiments the exonuclease deficient mutant
D141A, E143A was used. KOD DNA pol was cloned into a pET24a vector and overexpressed
in E.coli BL21(DE3) using a codon-optimized sequence as described by Bergen et. al. [31] 2L
of LB-Media containing 34 mg/L Kanamycine, were inoculated with each 10 mL overnight
culture. The expression was induced at an ODg of 0.6 using 1 mM IPTG. Cells were har-
vested (4000 rpm and 4°C) at an ODgq of 2.0. The cell pellet was resuspended in approx. 30
mL low salt buffer A (10 mM Tris-HCl pH 8.0, 1 mM DTT, 0.1 mM EDTA, 200 mM Nac(l,
10% Glycerol) and lysed for 1 h at 37°C by adding lysozyme to a final concentration of 1 mg/
mL and PMSF to a final concentration of 1 mM. The lysate was heat denaturated at 75°C for
20 min and the cell debris were pelleted by ultracentrifugation (24 000 rpm, 4°C, 1 h). The
genomic DNA was precipitated using a 5% w/v polyethylenimine solution that was added
dropwise to the supernatant (approx. 400 uL per 40 mL lysate). The supernatant was incubated
for 20 min on ice, followed by pelleting of the DNA (4000 rpm, 20 min). The supernatant was
applied to a 5 mL Hi-Trap ™ Heparin HP column (GE Healthcare) with the low salt buffer
and the proteins were eluted by increasing concentrations of NaCl using the high salt buffer B
(10 mM Tris-HCl pH 7.0, 1 mM DTT, 0.1 mM EDTA, 1 M NaCl, 10% Glycerol) and a step
wise gradient (0% B 10 mL, 0-5% 50 mL, 5% 50 mL, 5-10% 50 mL, 10% 50 mL, 10-20% 300
mL, 20-100% 200 mL at 1 mL/min). Purest fractions, eluting between 10-20% buffer B (as
determined by SDS-PAGE) were pooled and concentrated with repeated resuspending in 10
min intervals at 4000 rpm and 4°C using a 50,000 kDa Vivaspin (Sartorius) to a final volume
of 1 mL. The protein was further purified in four portions a 250 uL by gel filtration chromatog-
raphy using a Superdex 75 16/600 column (GE Healtcare) and the storage buffer (10 mM Tris-
HClpH 7.8, 1 mM DTT, 0.1 mM EDTA, 200 mM NaCl, 10% Glycerol). The purest fractions
(as determined by SDS-PAGE) were pooled and concentrated using a 50,000 kDa Vivaspin
(Sartorius) to a final concentration of 15-20 mg/mL as determined by Bradford-assay and
stored at 4°C.

9°N DNA pol. The exonuclease deficient 9°N DNA polymerase (D141A, E143A) [32] was
purified as described by Bergen et. al. [31]

Activity assay

The enzyme’s polymerase activity was determined by amplifying a 1044 bp long part of the
KOD DNA pol gene using 1x Phusion HF Buffer (New England Biolabs), 0.2 ng/uL template

PLOS ONE | https://doi.org/10.1371/journal.pone.0188005 December 6,2017 2/20


https://doi.org/10.1371/journal.pone.0188005

@° PLOS | ONE

Structures of archaeal B-family DNA polymerases

(pET24a vector with the KOD DNA pol gene), 500 nM forward primer (5’ -d (TTTGCAC
TGGGTCGTGATG)), 500 nM reverse primer (5’ —=d (CAGTTCCAGTGCACCCGGC)), 200 uM
dNTPs, DNA pol (5 1M KOD DNA pol, 5 1M 9°N DNA pol or 2 units Phusion HF (New
England Biolabs, 2000 units/mL)) and 28 pL H,O (S1 Fig). PCR program: 95°C 5 min; 39
repeats of: 95°C 30 sec, 55°C 30 sec, 72°C 60 sec; 72°C 10 min.

Protein crystallography

Primer and template were purchased HPLC purified from Biomers. 2’3 ’-dideoxy-cytidine 5
‘-triphosphate (ddCTP) and 2’-deoxy-adenosine-5’-triphosphate (dATP) were purchased
from Jena Bioscience.

KOD DNA pol. 3.80 pL of the primer (5’ = d (GAC CAC GGC CA), 6 mM) and 3.80 pL
of the template (5’ -d (AAC TGT GGC CGT GGT C), 6 mM) strands were heated to 95°C
and stepwise cooled to 4°C over 30 min. 1.40 uL MgCl, (1M) and 1.40 uL MnCl, (1 M) were
added at a final concentration of 10 mM. For the enzymatic termination of the primer strand,
5.69 uL ddCTP (10 mM) was added followed by the protein, diluted with storage buffer, at a
final concentration of 8.25 mg/mL giving a ratio of protein: DNA:ddCTP of 1:1.2:3. The solu-
tion was incubated at 55°C for 30 min, followed by the addition of 18.98 uL dATP (10 mM)
in a protein:dATP ratio of 1:10. The solution was incubated at 30°C for 45 min and filtered
through a 0.1 pm sterile filter (Ultrafree Centrifugal Filters, Millipore). Crystallization setups
were done using the sitting drop vapor diffusion method with a Gryphon robot (ARI robots)
and commercially available screens. The protein was mixed with the reservoir solution in
ratios of 1:2, 1:1 and 2:1 giving a final drop size of 0.8-0.9 pL. Diffracting crystals grew in the
H?7 condition of the Morpheus MD1-46 screen (Molecular Dimensions) with each 0.2 M of
the amino acids DL-glutamatic acid monohydrate, DL-alanine, glycine, DL-lysine monohy-
drochloride and DL-serine, 0.1 M sodium Hepes/ MOPS buffer pH 7.5 and 50% v/v of a mix-
ture of glycerol (40%) and PEG 4000 (20%). Before freezing crystals were cryoprotected in the
reservoir solution containing 20% ethylene glycol.

Diffracting crystals containing a closed ternary complex could be reproduced in the H7
condition as well as be grown in the A3, A7, C12 and E3 of the Morpheus MD1-46 Screen.

9°N DNA pol. Ternary 9°N crystals were prepared similar to the KOD crystals. The pro-
tein was mixed with the annealed p/t duplex (same sequence as for KOD crystals), ddCTP and
dATP in a ratio of 1:1.2:3:10. MgCl, and MnCl, were added to a final concentration of 10mM
each. After addition of ddCTP and dATP the mixture was incubated for 30min at 30°C each.
The final protein concentration was 8.3mg/ml. After filtration through a 0.1 pum sterile filter
crystallization was performed. Well diffracting crystals grew in condition E10 of the PEG RX
screen (Hampton Research) containing 6% Isopropanol, 0.1M sodium acetate trihydrate pH
4.5 and 26% PEG 550 MME. Before freezing crystals were cryoprotected in the reservoir solu-
tion containing 20% Glycerol. The crystals containing two or three divalent metal ions in the
active site were harvested from the same crystallization drop.

Structure refinement. Data for the project was collected at the beamlines PXI and PXIII
at the Swiss Light Source (SLS), Paul-Scherrer Institute, Villigen, Switzerland. Data reduction
was performed with the XDS package [33] and structures were solved by molecular replace-
ment with PHENIX using the binary KOD exo™ [31] and binary 9°N exo™ [31] structures.
Refinement was performed with PHENIX [34] and model rebuilding was done with COOT.
[35] In iterative rounds of refinement and model building geometry was validated using the
MolProbity Server.[36, 37] In the KOD and 9°N models the C-terminal amino acids were not
modelled due to missing electron density. Side chains with weak electron density were not
deleted but modelled in a common rotamer conformation and high B-factors demonstrate
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their flexibility. The restraint file for the ligand DTP was generated using the Grade webserver.
[38] Figures were generated with PyMOL.[39] The figures showing the inner channels of the
DNA pols (S9 Fig) were generated using Chimera.[40] For comparison of enzymes, the com-
plete complexes were superposed in PyMOL. To determine rmsd values only Co atoms were
superposed in PYMOL with the default values (e.g. outlier rejection cutoff in RMS = 2, outlier
rejection cycles = 5). Data collection and refinement statistics are summarized in S1 Table.

Results

Approach to obtain crystals of ternary complexes of DNA pol, primer/
template, and dNTP

In order to obtain a closed, ternary structure of KOD and 9°N DNA pols, the approach used
for generating the binary complex [31] was partially changed. First, to minimize the impurity
of the DNA pols by truncated enzyme, we adopted the gradient of the cation-exchange chro-
matography run used for KOD DNA pol and decreased the volume per size-exclusion chroma-
tography run from 1 mL to 250 pL for KOD and 9°N DNA pols. Second, the DNA sequence
used for crystallization was changed and the 5’-Cy5 dye of the template was not used, to avoid
any kind of perturbation by the dye. Third, the primer was terminated by the addition of
ddCTP to the protein-DNA solution, to allow the later binding of a natural dATP in the active
site [41, 42]. Here, the protein-DNA and the ddCTP/ dATP were incubated with 10 mM
MgCl, and 10 mM MnCl, at elevated temperature and time to insure a full incorporation of
the ddCTP as well as a closure of the enzyme. We used MgCl, and MnCl, simultaneously, as
MgCl, only did not lead to the crystallization of ternary complexes.

Crystal structure of KOD DNA polymerase

We crystallized both, KOD DNA pol and 9°N DNA pol in a closed ternary complex. The
structures were solved using molecular replacement and the binary KOD exo™ [31] and binary
9°N exo” [31] DNA pol structures as models, respectively. As both DNA pols are similar in
sequence (sequence identity 27.4%) and structure (RMSD of 0.689 over 599 Co atoms) we
describe the KOD DNA pol structure in the following and only mention the 9°N DNA pol
structure in cases of significant differences. The domain organization of KOD DNA pol is sim-
ilar to DNA pol & [23] (overall RMSD = 1.712 over 516 Co atoms), showing interactions of the
primer strand with the palm, thumb, finger and exonuclease domain (Fig 1).

The palm domain of KOD DNA pol is structurally highly related to DNA pol §’s palm
domain (RMSD of palm domain = 1.031 over 135 Co atoms) with the same structural elements
of two long and one short o-helix as well as a six-stranded B-sheet (Fig 1) [23]. The N-terminal
domain interacts with the last resolved nucleotide of the single stranded template. The finger
domain of KOD DNA pol is structurally related to the finger domain of DNA pol 8, both
showing two o helices which extend by approx. 40 A, whereas RB69 DNA pol exhibits a longer
finger domain which extends by approx. 60 A and includes an additionally short o-helix [18].
In comparison to the binary structure of KOD DNA pol, the finger domain shows a closed
conformation, indicated by a rotation of the two a-helices by approx. 24° (Fig 2A). Thereby,
the amino acids interacting with the JATP move 2.8-6.6 A (S2 Fig, measured from the Co.
atoms), packing against the nascent base pair forming the active complex.

The DNA duplex in KOD DNA pol adopts B-conformation, with only the 3’-primer nucle-
otide having C3’-endo conformation [43], which is in contrast to A-family DNA pols like
KlenTaq [44], T7 DNA pol [45] and Bacillus fragment (BF) DNA pol [46], where the DNA
close to the active site adopts A-form.
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Fig 1. Comparison of the B-family DNA pols KOD and &. The domains are color coded as followed: the N-
terminal (blue), exonuclease (magenta), finger (yellow), palm (cyan) and thumb (green) domain. The p/t
complex is shown in grey. The polymerase active site and the exonuclease active site are indicated by arrows.
The bound dNTP as well as the metal ions are shown as sticks and spheres, respectively.

https://doi.org/10.1371/journal.pone.0188005.g001

The exonuclease domain of B-family DNA pols exhibits a 8-hairpin, which is proposed to
facilitate strand separation by keeping the template strand in place while the primer strand
swings into the exonuclease active site, thus maintaining the DNA pol stably bound to the
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Fig 2. Overview of the closed ternary complex of KOD pol. (A) The ternary complex is color coded as seen in Fig
1, the finger domain of the ternary complex (yellow) is closed by approximately 24° compared to the finger domain
(orange) of the superimposed binary KOD complex (grey). (B) The electron density of the primer/template is shown
at 1 o as a blue mesh, the omit map at 3 o of the dATP is shown as a pink mesh, the electron density of the Mg®* and
the two Mn?* ions is shown as a blue mesh at 1 o with the anomalous signal at 3 ¢ as a green mesh for the two Mn2*
ions. (C) The electron density for the finger domain at 1 o is shown as a blue mesh.

https://doi.org/10.1371/journal.pone.0188005.9002

DNA template strand during execution of exonuclease activity. [47] For RB69 DNA pol it was
shown that this B-hairpin plays a direct role in facilitating the movement of the primer strand
to the exonuclease active site [47]. The structure of KOD DNA pol reveals that the B-hairpin is
shorter than in RB69 DNA pol (12 and 18 amino acids, respectively) but has approximately
the same length as observed for DNA pol § (12 and 13 amino acids, respectively) (53 Fig).
However, the loop connecting the B-hairpin to the exonuclease domain is reduced in KOD
DNA pol compared to DNA pol , leading to an overall shorter exonuclease domain. Thus, the
B-hairpin in KOD DNA pol is located further away from the template strand, not undergoing
interactions with the DNA.

KOD DNA pol has conserved sequence patches with DNA pol 8 and RB69 DNA pol for the
polymerase active site, the minor groove sensing residues, the palm residues interacting with
the 5” template and the triphosphate binding pocket (54 Fig). Additionally, KOD DNA pol
shares highly conserved sequence patches in the exonuclease, finger and N-terminal domain
as well as the third metal binding site with DNA pol & (54 Fig).

Active site coordination

KOD DNA pol binds the incoming dATP in a pocket formed by the palm and closed finger
domain. The dATP adopts C3’ endo conformation and packs with its sugar against Y409,
where the C2’ atom is closest to the aromatic ring of Y409, which explains the discrimination
against ribo nucleotides [48]. The purine-pyrimidine base-pair stacks against S492 and N491
(Fig 3A), which are conserved in DNA pol & and RB69 DNA pol (54 Fig). The dATP makes
further contacts with the conserved amino acid side chains of N491, K487, R460 and water
mediated to Q483 (Fig 3A) of the finger domain. Additionally, KOD DNA pol forms water
mediated interactions with the dATP via Q461 and K464 (Fig 3A), which are not conserved
among the B-family polymerases. All of these interactions form hydrogen bonds to phosphate
groups, where N491 and K487 interact with the 3-phosphate, R460, Q483, Q461 and K464
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Fig 3. KOD DNA pol’s active site with bound dATP. (A) The metal ions are coordinated by residues of the
palm domain (cyan). Metal ion A (Mg?*, green) is coordinated by two water molecules, D542, the a-phosphate
of dATP (pink) and D404. Metal ion B (Mn?*, purple) is coordinated by the a-, B- and y- phosphate, D404,
F405 and D542. Metal ion C (Mn?*, purple) is coordinated by the y-phosphate, E580, F405, D404 and three
water molecules, whereof one molecule is coordinated by E578, one by E580 and one by K464 (yellow) of the
finger domain. The dATP makes further direct contacts with conserved residues of the finger domain (yellow),
N491, K487 and R460 as well as water mediated contacts to Q483 and K464. Additionally, a water mediated
interaction with the not conserved Q461 (yellow) can be formed. (B, C) DNA pols’ protein surface is shown in
grey, the template in blue, the primer in bright blue, the bound adenosine triphosphate in pink with the N7
atom indicated as a blue sphere; (B) KOD DNA pol shows the N7 atom pointing towards a wide open crevice
between the finger (yellow), palm and exonuclease domain; (C) KlenTag DNA pol shows the N7 atom pointing
towards the O-helix of the finger domain (yellow) and the thumb domain, the crevice overall being narrower
compared to KOD DNA pol.

https://doi.org/10.1371/journal.pone.0188005.9003

with the y-phosphate and K487 additionally with the o-phosphate. N491 can also form a
hydrogen bond to the 3>~-OH group of dATP. This formed pocket closes tightly around the tri-
phosphate of the dATP, however leaving the Hoogsteen side with the N7 atom accessible to
the solution (Fig 3B).

The structure exhibits three metal ions at the active site (Mg** in position A, Mn*" in posi-
tion B and C; Fig 3), which are coordinated by the enzyme and the triphosphate. The presence
of the two manganese ions was determined by the anomalous signal (Fig 2B). The metal ions
in position A and B are observed in other DNA polymerases like KlenTaq [49], RB69 [19] and
T7 [45], where metal ion A is assumed to lower the pKa of the 3’OH group for the nucleophilic
attack and B to facilitate the pyrophosphate leaving [50]. Also the octahedral coordination of
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metal ion A and B (Fig 3) is analogous to the observed coordination in various other DNA
polymerases [50]. The third metal ion in position C however, was so far only observed in DNA
pol 8 (S5 Fig). In KOD DNA pol, the third ion is coordinated by the y-phosphate, D404, E580
and three water molecules, whereof one water molecule is coordinated by E580, one by K464
and one by E578 in an octahedral manner (Fig 3).

As these three metal ions were not only found in reproduced crystals of KOD DNA pol but
also in different crystallization conditions (data not shown), we assumed that this feature may
be characteristic for archeal DNA polymerases. In addition, we obtained a structure of 9°N
DNA pol in complex with dATP and also three metal ions bound in the active site (S6 Fig).
The three metal ions show the same coordination as observed for KOD DNA pol (S6B Fig),
with Mg”* occupying the third metal binding site in 9°N DNA pol. Additionally, we also
obtained a closed structure of 9°N DNA pol with a bound dATP, a Mg** in position A and a
Mn?" in position B (S6C Fig), missing the third metal ion.

Comparison of DNA interactions

KOD DNA pol accepts a wide range of modified nucleotides [12, 16, 17, 51-56] and shows high
processivity among archeal DNA pols (> 300 bases) [57]. Interactions with the DNA substrate
might be the causative. Thus, we assigned and compared the protein-DNA interactions for
RB69, KlenTaq and KOD DNA pols and DNA pol § (Fig 4 and S7 Fig). To account for the
strength of the interaction, we separated the hydrogen bonds in direct strong bonds (2.2-3.2 A,
white) and direct weak bonds (> 3.2-4.0 A, grey). Additionally, indirect hydrogen bonds which
are formed via one water molecule were assigned (strong 2.2-3.2 A and weak > 3.2-4.0 A).

Inspecting the interactions between the protein and the primer sugar-phosphate backbone,
the DNA pols structures of RB69, KlenTaq and KOD DNA pols and DNA pol & show no sig-
nificant difference in the number and pattern of interactions. However, in case of the template
sugar phosphate backbone, KlenTaq DNA pol (PDB ID: 3RTV) has various direct interactions
with the 5” template region (t to t-5) (S7 Fig). Here, KOD, RB69 DNA pols (PDB ID: 3NCI)
and DNA pol & (PDB ID: 3IAY) have fewer direct interactions. DNA pol § and RB69 DNA pol
form various water mediated hydrogen bonds (Fig 4 and S7 Fig). At the 3’ template region (t-6
to t-10) KlenTaq, RB69 and 8 DNA pols undergo fewer direct interactions (4, 5 and 3, respec-
tively) with the template backbone compared to KOD DNA pol, which has direct hydrogen
bonds to every phosphate group. In total KOD DNA pol forms 10 direct hydrogen bonds to
the 3’ template region (Fig 4).

In comparison to KlenTaq DNA pol and DNA pol §, KOD and RB69 DNA pols form the
fewest interactions to the nucleobases, with only 7 and 10 direct and water mediated hydrogen
bonds, respectively. Both, KlenTaq DNA pol and DNA pol & show about twice the interactions
(21 and 17, respectively) with the nucleobases compared to KOD DNA pol. Out of these inter-
actions, DNA pol 8 and KlenTaq DNA pol form not only minor groove interactions but also
protein interactions with the major groove of the bound DNA. In case of DNA pol §, K444 of
the B-hairpin and Q586 of the palm domain form the major groove interactions. Both interac-
tions are not found in KOD DNA pol due to a shorter B-hairpin and a serine (S389) residue at
position Q586 of DNA pol &. For KlenTaq DNA pol, the interactions with the nascent major
groove may proceed by R660, which vary depending on the nature of the incoming nucleotide.
[49] Additionally, R587 was shown to change its conformation and positions itself in the
major groove to form interactions with modified nucleotides [58], which could also apply for
R677 pointing into the major groove at the template site.

The number of interactions with the oxygens of the sugar heterocycle moieties does not dif-
fer significantly between the four DNA pols.
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Fig 4. Interaction pattern of KOD DNA pol, according to the strength of the interaction. The interactions
between the enzyme and the respective dNTP as well as between the enzyme and the template/ primer strand
were assigned according to their strengths (see legend) (A) The interaction between the protein and the template
and primer strand are shown. (B) The interactions with the dATP are shown, the stacking between Y409 and the
sugar moiety is indicated by a dashed line.

https://doi.org/10.1371/journal.pone.0188005.g004

Inspecting the binding of the triphosphates in the active sites of the four DNA pols (Fig 4B
and S7 Fig), reveals overall a very similar binding pattern. All dNTPs have interactions with a
lysine residue for the a- and y-phosphate as well as with an arginine residue for the y-phos-
phate. Noticeable, KOD DNA pol can form the most water mediated interactions with the y-
phosphate of the bound dATP (Fig 4B), whereas the other interactions are equal to RB69,
KlenTaq and DNA pol 8. However, KlenTaq DNA pol is the only polymerase that has an inter-
action with the nucleobase (S7 Fig). [49] Thereby, KlenTaq DNA pol, also forms a very narrow
pocket surrounding the dATP (Fig 3C), which leads to the positioning of the N7 atom close to
the finger and thumb domain.

In comparison to the A-family DNA pol KlenTagq, the B-family DNA pols KOD, RB69 and
d structures exhibit a long crevice with an electro positive potential, stretching from the DNA
binding region at the thumb domain upwards along the B-hairpin and the palm domain, to the
N-terminal domain (Fig 5 and S8 Fig). Due to the larger B-hairpin in DNA pol 3 and DNA pol
RB69, the formed crevice is narrower compared to KOD DNA pol. In the B-family DNA pols,
this electro positive charged crevice between the -hairpin and the N-terminal domain, could
interact with the 5 single stranded template overhang and thus further stabilize the melted
DNA, which is not possible for KlenTaq DNA pol, due to the short and narrow DNA binding
crevice. Additionally, in archaeal B-family DNA polymerases this crevice is supposed to bind
the 5 single stranded template for uracil recognition.[59, 60]
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B-hairpin

¢
o
° pol
j active site

active site
180°

exonuclease

KOD DNA pol KlenTaq DNA pol

Fig 5. Electropotential map of KOD and KTQ DNA pols. The electropotential is shown from +6 (red) to -6
(blue) kgT/e (T =310 K). The primer is shown in pink, the template in violet and the dNTP is shown as yellow
sticks. KOD DNA pol exhibits a long crevice between the thumb and palm domain reaching up along the 8-
hairpin to the N-terminal domain, in which the single stranded template may bind. This crevice is missing in
KlenTaqg DNA pol, where the single stranded template leaves the polymerase between the thumb and finger
domain.

https://doi.org/10.1371/journal.pone.0188005.g005

Channel volume in the DNA pol structures

To estimate the channel volume that is accessible within the enzyme and that could be used for
diffusion of the triphosphate and the leaving pyrophosphate as well as for modifications
attached to nucleobases, we used the 3V algorithm [61]. The radii of the large and small sphere
were set to 7.0 A and 2.7 A, respectively, as this turned out to be the radii best suited for the
investigated DNA pols. KOD DNA pol has two channels within the enzyme (Fig 6), the larger
one (green, 3939 A®) reaching from the B-hairpin and between the palm and the tip of the
thumb domain along the DNA strand to the nucleobase of the triphosphate. The smaller chan-
nel (yellow, 1301 A”) spans from the phosphate groups of the bound triphosphate and between
the finger and palm domain to the outside of the protein. These channels are also found in
DNA pol § with 2009 A® and 2874 A* as well as in RB69 DNA pol with 4354 A* and 2898 A,
respectively (S9 Fig). For RB69 DNA pol the channel between the 3-hairpin and N-terminal
domain exhibits an “outer” channel (S9 Fig) which is not directly located at the DNA and is
therefore hardly accessible for modifications. This “outer” channel occupies the electropositive
crevice in which the single stranded template may bind, thereby enlarging the calculated chan-
nel volume.

In contrast, KlenTaq DNA pol has one major channel (3118 A®) stretching from the tip of
the thumb domain along between the finger and thumb to the O-helix and the bound triphos-
phate (Fig 6). This channel is similar to the channel in the B-family DNA pols, reaching from
the B-hairpin to the triphosphate. We were unable to calculate a second channel for KlenTaq
DNA pol with the used radii. However, a narrow channel also exists in KlenTaq DNA pol,
reaching from the triphosphate, underneath the O-helix to the palm domain (Fig 6C).
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Discussion
Metal ion binding at the active site

The universal paradigm of DNA pols utilizing two metal ions for catalyzing the nucleotidyl
transfer has been accepted for many decades [50, 62]. It has been proven for different DNA
pol families as well as for different kingdoms of life [18, 19, 24, 45, 49]. Recent crystal struc-
tures of eukaryotic DNA pols from the B- (DNA pol & [23]), X- (DNA pol B [63-65]) and Y-
family (DNA pol n [66-68]) revealed a third metal ion in the polymerase active site. For DNA
pols n and B this third metal ion is transiently coordinated by non-bridging oxygens of the o-
and B-phosphates during and after product formation, respectively. In DNA pol n, the third
metal ion seems to facilitate product formation by lowering the energy barrier of the transition
state [66-68] whereas in DNA pol B, this metal ion seems to facilitate the reverse reaction, pyr-
ophosphorolysis. [63] In A- and B-family DNA pols, a conserved lysine residue is placed in the
vicinity where the third metal ion binds in DNA pols 1 and B.[69] This lysine is thought to be
crucial for the protonation during the nucleotidyl transfer [69] but it may also serve in the
same way as the third metal ion in the X- and Y-family. Thus, in DNA pol & the third metal
ion is found at a different position in the active site.[23] The ion is present prior to catalysis in
the active complex and is coordinated by the y-phosphate of the incoming triphosphate, the
enzyme (E802, D608) and three water molecules.[23] Here, the third metal ion is believed to
affect the incorporation of either right or wrong nucleotides, thereby modulating the catalytic
efficiency. This third metal ion is also present in the complexes of KOD and 9°N DNA pols,
which show a similar coordination as observed in DNA pol 8 (S5 Fig). The metal coordinating

B

N-terminal
X

exonuclease

second channel

template

Fig 6. The channel volumes for KOD and KlenTaq DNA pols. The channel volumes were calculated with 3V algorithm for KOD (A and B) and
KlenTag (C and D) DNA pols, respectively. The protein is shown as grey surface, the primer in cyan and the template in blue. The bound dNTP is
shown in magenta. A and C show the location within the enzyme, B and D the channels with respect to the DNA and triphosphate.

https://doi.org/10.1371/journal.pone.0188005.9006
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amino acid side chains in KOD DNA pol (D404, E580) adopt a slightly different conformation
compared to DNA pol § (D608, E802) (S5 Fig), which may be due to the high B-factors
observed for the metal ions bound in position A and C (43.3 and 40.7, respectively; metal ion B
20.2) in DNA pol 9, indicating high flexibility. The presence or absence of a third metal ion in
some B-family DNA pols, may point to different modes of catalysis and/or discrimination. So
far, the discrete role of the third metal ion in DNA pols 3, KOD, and 9°N is unclear, but may
point to an evolutionary relationship between these B-family polymerases.[70]

A third metal ion, occupying a different place than the metal ion C in DNA pols KOD and
J, has also been found in one crystal structure of RB69 DNA pol, however, this third metal ion
seems not to be involved in catalysis, due to the missing interaction with the dNTP.[71]

As we also obtained a 9°N DNA pol structure with only the two core metal ions (A and B),
the coordination of the third metal ion might be weaker and is not essential for the closure of
the finger domain and binding of the ANTP in the active site. Similar observations were made
for metal ion A in A- and B-family DNA pols [24, 72] This may be due to water coordination
of metal ions A and C compared to the exhaustively enzyme- and dNTP-coordinated metal
ion B and in addition due to the missing 3’OH group in some structures. However, as shown
for DNA pol , the nucleotidyl transfer can also proceed without a third metal ion.[23]

Comparison to other DNA polymerases

The B-family DNA pols RB69, 8 and KOD share high sequence similarity in the palm domain,
the 5’-template interacting region, the sugar binding pocket and the metal coordinating resi-
due region (D404 and D542) as well as in the minor groove sensing residue region. Addition-
ally, DNA pols KOD and 8 share conserved residues in the metal coordinating region of the
third metal ion (E578) and an o-helix of the palm domain. The finger domain of the B-family
polymerases exhibits conserved residues that interact with the triphosphate (K487, R460,
K464) as well as the nascent base pair (5492, N491). The finger domain of KOD DNA pol is
structurally closely related to the finger domain of DNA pol & as both consist of two a-helices.
The O-helix in KOD DNA pol (termed according to 9°N DNA pol [26]), which is the analogue
to the O-helix in the A-family DNA pols, shows high sequence identity with the P-helix in
DNA pol § (54 Fig). Furthermore, KOD and 8 DNA pols show high sequence similarity in the
exonuclease domain as well as in a patch in the N-terminal domain. Overall, the B-family
DNA pols show high similarity in catalytically essential regions, but the high sequence conser-
vation especially in the finger domain and the same metal coordination in the active site espe-
cially point to a close relationship between KOD DNA pol and DNA pol 8. Due to the simpler
finger domain compared to RB69, KOD and DNA pol § exhibit a broader gap between palm
and finger domain, through which the pyrophosphate may diffuse [19, 23].

In case of DNA-protein interactions KOD DNA pol differs from other DNA pols, as it
exhibits more interactions with the 3’-template region compared to DNA pols §, RB69 and
KTQ. These direct strong hydrogen bonds may contribute to a good stabilization of the tem-
plate strand and the bound DNA duplex and may thereby account for the high processivity of
KOD DNA pol.[57] Additionally, all B-family DNA pols exhibit a crevice with an electroposi-
tive potential between the B-hairpin and the N-terminal domain, which may interact with the
single stranded template, and thereby further stabilize the enzyme binding to the DNA strand.
This might further contribute to the protein’s proficiencies in processivity.

B-family polymerases and their application in biotechnology

As the incorporation of modified triphosphates is crucial for various biochemical approaches
like next generation sequencing [2] the ability of thermostable A- and B-family DNA pols to
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incorporate modified nucleotides was extensively studied. It was shown that B-family DNA
pols accept nucleotides with the modification pointing into the major groove (C5 for pyrimi-
dines and 7-deaza for purines) often better than the A-family DNA pols.[12, 16, 17, 51-56]
The B-family DNA pols exhibit broader substrate tolerance [16, 17] and incorporate multiple
modified nucleotides [51, 52, 54] into the nascent DNA strand. So far, all structural knowledge
concerning the incorporation of C5 modified pyrimidine and 7-deaza modified purine dNTPs
is derived from the A-family DNA pol KlenTaq.[42, 58, 73-75] These structures revealed cer-
tain aspects: DNA adopting A-form close to the active site, the small channel between the
thumb and finger domain as well as amino acid side chains that can form interactions with the
major groove of the DNA.[49, 58] The interaction via R660 with the nascent major groove
seems to be specific for dGTP in KlenTaq DNA pol. [49] In comparison, the DNA in KOD
DNA pol adopts B-form, which leads to a wider major groove compared to A-form DNA.[76]
KOD DNA pol also has two large channels between its thumb and palm domain, where modi-
fications attached at the nucleobase could be accommodated (S10 Fig). Additionally, in the
KOD DNA pol structure no major groove interacting amino acid side chains are visible. KOD
DNA pol does not exhibit an arginine residue that is analogous to R660 in KlenTaq DNA pol.
Furthermore, the arginine residues in KOD DNA pol, which interact with the primer strand
close to the active site (R606, R613) do not position into the major groove, as this would most
likely need significant conformational changes. Only R668 of the thumb domain may interact
with modifications positioned in the major groove.

Opverall, the missing major groove interacting amino acids, the wider major groove in B-
form DNA, the larger channels in KOD DNA pol as well as the shape of the pocket formed
around the bound dATP with its good solvent accessibility of the N7 atom (Fig 3B), provide
more space for accommodating nucleotide modifications than in the A-family DNA pols. This
might be causative for the superiority of archaeal B-family DNA pols in processing modified
nucleotides.

The proficient acceptance of modified nucleotides by DNA pols from archaea resulted in the
use of a 9°N DNA pol mutant A485L in next generation sequencing.[1] The A485 is embedded
in the O-helix of the finger domain, pointing towards the I-helix residues M329, Glu330 and
1333 of the N-terminal domain. Thereby, the A485L mutation may cause hydrophobic interac-
tions with the neighboring o-helix that could affect the closure of the finger domain.

Accession numbers

RCSB Protein Data Bank. Coordinate and structure factors for the KOD DNA pol have
been deposited with the accession code SOMF, for the 9°N DNA pol with three metal ions in
the active site with the accession code 50MQ and for 9°N with two metal ions in the active site
with the accession code 50MV.

SBGrid Data Bank. Raw crystallographic data were deposited with the SBGrid data bank
as doi:10.15785/SBGRID/462 for the KOD DNA pol, as doi:10.15785/SBGRID/479 for the 9°N
DNA pol with three metal ions in the active site and as doi:10.15785/SBGRID/480 for the 9°N
DNA pol with two metal ions in the active site.

Supporting information

S1 Table. Data processing and refinement statistics.
(PDF)

S1 Fig. Activity assay of 9°N and KOD DNA pol. The activity of the enzymes was determined
by amplifying a 1044 bp long part of the KOD DNA pol gene using 1x Phusion HF Buffer
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(New England Biolabs), 0.2 ng/uL template (pET24a vector with the KOD DNA pol gene), 500
nM forward primer (5°-d(TTTGCACTGGGTCGTGATG)), 500 nM reverse primer (5-d
(CAGTTCCAGTGCACCCGGQ)), 200 uM dNTPs and DNA pol (5 nM KOD DNA pol, 5 nM
9°N DNA pol or 2 units Phusion HF (New England Biolabs, 2000 units/mL)), 28 uL H,O; lane
1: 9°N DNA pol, lane 2: KOD DNA pol, lane 3: Phusion DNA pol, lane 4: without polymerase,
lane 5: 1 kbp DNA ladder.

(PDF)

S2 Fig. Movement of amino acids interacting with the incoming dATP between the open
and closed conformation. The finger domain of the binary (black) and ternary (white) com-
plex were superimposed, showing the movement of the amino acids interacting with the tri-
phosphate measured from the Co-atom (shown as sphere) of the respective amino acid and
given in A, Q483 (green), R460 (yellow), Q461 (blue), K464 (cyan), K487 (pink) and N491
(orange), the dATP of the ternary complex is shown as grey stick with grey surface. Due to the
rotation of the finger domain the amino acids located closer to the tip of the finger domain
undergo a bigger movement upon binding of the dATP, see D472 (white) with a movement of
the Co-atom of 14.6 A.

(PDF)

S3 Fig. Position of the B-hairpin in DNA pols KOD, RB69 and §. After superimposition of
the polymerases, the B-hairpins of DNA pols KOD, RB69 and 8 are shown in grey, purple and
red, respectively. The DNA is shown in grey, purple and red, respectively. For orientation, the
domains of DNA pol KOD are shown color-coded in transparent.

(PDF)

$4 Fig. Sequence comparison of DNA pols KOD, 6 and RB69. KOD DNA pol is shown as a
grey surface with the bound DNA in pink. The amino acids which are identical between DNA
pols KOD (1% row) and & (2™ row) are highlighted in blue. Sequence patches of high identity
according to sequence alignments using PROMALSS3D between DNA pols KOD, § and RB69
(3" row) are shown for the different domains alongside the figures with blue letters indicating
identical amino acids and orange letters indicating homologue amino acids. The residues needed
for metal coordination in the exonuclease and polymerase active site are highlighted by grey boxes.
(PDF)

S5 Fig. Active site of DNA pol 8. (A) The three Ca®* ions (green) in the active site of DNA pol
d are coordinated by residues of the palm domain (cyan). Metal ion A is coordinated by the o-
phosphate of the dATP (pink), two water molecules and D764. Metal ion B is coordinated by
the o, B- and y-phosphate, D764, D608 and F609. Metal ion C is coordinated by the y-phos-
phate, D608, E802 and three water molecules. One water molecule is coordinated by E800.

The dCTP makes direct interactions with the conserved finger domain residues (yellow) N705,
K701 and R674 as well as water mediated interactions with K678. (B) Superimposition of the
metal coordination in KOD DNA pol (dATP, waters and metal ions are shown in transparent)
and pol 8. The coordinating amino acid side chains are colored in blue for KOD DNA pol and
cyan for pol 8, showing the slightly different conformations of D404 and E580 for KOD DNA
pol compared to D608 and E802 for DNA pol &.

(PDF)

S6 Fig. Polymerase active site of 9°N DNA pol with bound dATP. (A) The metal ions are
coordinated by residues of the palm domain (cyan). Metal ion A (Mg>*, green) is coordinated
by two water molecules, D542, the o-phosphate of the dATP (pink) and D404. Metal ion B
(Mn*", purple) is coordinated by the a-, B- and y-phosphate, D404, F405 and D542. Metal ion
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C (Mg**, green) is coordinated by the y-phosphate, E580, F405, D404 and three water mole-
cules, whereof one molecule is coordinated by E578 and the other by K464 of the finger
domain (yellow). The dATP makes further direct contacts with conserved residues of the fin-
ger domain (yellow), N491, K487 and R460 as well as a water mediated contact to K464. (B)
Superimposition of the metal coordination in KOD DNA pol (shown in transparent grey) and
9°N DNA pol. The coordinating amino acid side chains show the exact same coordination in
both polymerases. (C) Superimposition of the two 9°N structures with three metal ions
(dATP, waters and metal ions are shown in transparent, amino acids are shown in cyan) and
with two metal ions (amino acids are shown in grey). The side chains of E580 and E578 that
coordinate the third metal ion adopt different conformations in absence of the third ion.
(PDF)

S7 Fig. Interaction patterns of DNA pol 6 (PDB ID: 3IAY), RB69 DNA pol (PDB ID:
3NCI) and KlenTaq DNA pol (PDB ID: 3RTV). The interactions between the enzyme and
the respective ANTP as well as between the enzyme and the template/ primer strand were
assigned according to their strengths (see legend). Stacking interactions with the ANTP are
shown as black dashes.

(PDF)

S8 Fig. Electropotential map of DNA pols 6 and RB69. The electropotential is shown from
+6 (red) to -6 (blue) kgT/e (T = 310 K). The primer is shown in pink, the template in violet
and the dANTP as yellow sticks. DNA pols 6 and RB69 exhibit a positively charged crevice
reaching from the thumb domain along the palm and B-hairpin upwards to the N-terminal
domain. In the crevice between the N-terminal and exonuclease domain, the single stranded
template may bind. Additionally, DNA pol & shows two positively charged patches at the exo-
nuclease and thumb domain.

(PDF)

S9 Fig. Channel volumes of DNA pols é and RB69. The channel volumes were calculated
with 3V algorithm for DNA pols 8 (A and B) and RB69 (C and D). The protein is shown as
grey surface, the primer in cyan and the template in blue. The bound dNTP is shown in
magenta. A and C show the location within the enzyme, B and D the channels in respect to the
DNA and triphosphate. For RB69 DNA pol the channel between the 3-hairpin and the N-ter-
minal domain shows an additional “outer” channel, which is not directly located at the DNA
and can thereby not be used for the positioning of modifications. The “outer” channel occupies
the electronegative crevice in which the single stranded template is may bind.

(PDF)

$10 Fig. Modelling of a modified nucleotide into KOD DNA pol. The 7-(N-(10-hydroxyde-
canoyl)-aminopentinyl)-7-deaza-2-dATP (dATP*) (PDB Code: 0L3) was modelled into the
active site of KOD DNA pol. The nucleotide moiety of the dATP* was superimposed with the
dATP of the KOD DNA pol structure and the linker was modelled in two conformations
(green and pink sticks) into the free space within the enzyme using COOT [2]. (A) View onto
the Hoogsteen side of the dATP* showing the linker modelled in green pointing towards the
finger and palm domain. (B) Rotation of approx. 130° showing the linker modelled in pink
pointing towards the thumb domain and the B-hairpin.

(PDF)

Acknowledgments

We thank the staff at the Paul-Scherrer Institute in Villigen, Switzerland for the great support
at the beamlines.

PLOS ONE | https://doi.org/10.1371/journal.pone.0188005 December 6,2017 15/20


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0188005.s008
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0188005.s009
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0188005.s010
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0188005.s011
https://doi.org/10.1371/journal.pone.0188005

@° PLOS | ONE

Structures of archaeal B-family DNA polymerases

Author Contributions

Conceptualization: Heike M. Kropp, Karin Betz, Kay Diederichs, Andreas Marx.
Data curation: Karin Betz, Kay Diederichs, Andreas Marx.

Formal analysis: Kay Diederichs.

Investigation: Heike M. Kropp, Karin Betz, Johannes Wirth.

Resources: Andreas Marx.

Software: Kay Diederichs.

Supervision: Karin Betz, Kay Diederichs, Andreas Marx.

Validation: Heike M. Kropp.

Writing - original draft: Heike M. Kropp, Karin Betz, Andreas Marx.

Writing - review & editing: Heike M. Kropp, Karin Betz, Kay Diederichs, Andreas Marx.

References

1. Bentley DR, Balasubramanian S, Swerdlow HP, Smith GP, Milton J, Brown CG, et al. Accurate whole
human genome sequencing using reversible terminator chemistry. Nature. 2008; 456(7218):53-9.
http://www.nature.com/nature/journal/v456/n7218/suppinfo/nature07517_S1.html. https://doi.org/10.
1038/nature07517 PMID: 18987734

2. Metzker ML. Sequencing technologies—the next generation. Nat Rev Genet. 2010; 11(1):31—46.
https://doi.org/10.1038/nrg2626 PMID: 19997069

3. TanlL,LiuY,YangQ, Li X, Wu X-Y, Gong B, et al. Design and synthesis of fluorescence-labeled nucleo-
tide with a cleavable azo linker for DNA sequencing. Chem Commun 2016; 52(5):954—7. https://doi.org/
10.1039/C5CC09131D PMID: 26587573

4. Fuller CW, Kumar S, Porel M, Chien M, Bibillo A, Stranges PB, et al. Real-time single-molecule elec-
tronic DNA sequencing by synthesis using polymer-tagged nucleotides on a nanopore array. Proc Natl
Acad Sci. 2016; 113(19):5233-8. https://doi.org/10.1073/pnas.1601782113 PMID: 27091962

5. JuJ,KimDH, BiL, Meng Q, Bai X, Li Z, et al. Four-color DNA sequencing by synthesis using cleavable
fluorescent nucleotide reversible terminators. Proc Natl Acad Sci. 2006; 103(52):19635—40. https://doi.
org/10.1073/pnas.0609513103 PMID: 17170132

6. GuoJ, XuN, LiZ, Zhang S, Wu J, Kim DH, et al. Four-color DNA sequencing with 3'-O-modified nucleo-
tide reversible terminators and chemically cleavable fluorescent dideoxynucleotides. Proc Natl Acad
Sci. 2008; 105(27):9145-50. https://doi.org/10.1073/pnas.0804023105 PMID: 18591653

7. Ostergaard ME, Kumar P, Baral B, Guenther DC, Anderson BA, Ytreberg FM, et al. C5-Functionalized
DNA, LNA, and a-L-LNA: Positional Control of Polarity-Sensitive Fluorophores Leads to Improved
SNP-Typing. Chem—Eur J 2011; 17(11):3157-65. https://doi.org/10.1002/chem.201002109 PMID:
21328492

8. VergaD, Welter M, Steck AL, Marx A. DNA polymerase-catalyzed incorporation of nucleotides modified
with a G-quadruplex-derived DNAzyme. Chem Commun 2015; 51(34):7379-81. hitps://doi.org/10.
1039/C5CC01387A PMID: 25825211

9. Baccaro A, Steck A-L, Marx A. Barcoded Nucleotides. Angew Chem, Int Ed 2012; 51(1):254—7. https:/
doi.org/10.1002/anie.201105717 PMID: 22083884

10. BuBkamp H, Batroff E, Niederwieser A, Abdel-Rahman OS, Winter RF, Wittmann V, et al. Efficient
labelling of enzymatically synthesized vinyl-modified DNA by an inverse-electron-demand Diels-Alder
reaction. Chem Commun. 2014; 50(74):10827-9. https://doi.org/10.1039/C4CC04332D PMID:
25089682

11. Balintova J, Spacek J, Pohl R, Brazdova M, Havran L, Fojta M, et al. Azidophenyl as a click-transform-
able redox label of DNA suitable for electrochemical detection of DNA-protein interactions. Chem Sci
2015; 6(1):575-87. https://doi.org/10.1039/c4sc01906g PMID: 28970873

12. Ren X, Gerowska M, EI-Sagheer AH, Brown T. Enzymatic incorporation and fluorescent labelling of
cyclooctyne-modified deoxyuridine triphosphates in DNA. Bioorg Med Chem 2014; 22(16):4384-90.
http://dx.doi.org/10.1016/j.bmc.2014.05.050 PMID: 24953951

PLOS ONE | https://doi.org/10.1371/journal.pone.0188005 December 6,2017 16/20


http://www.nature.com/nature/journal/v456/n7218/suppinfo/nature07517_S1.html
https://doi.org/10.1038/nature07517
https://doi.org/10.1038/nature07517
http://www.ncbi.nlm.nih.gov/pubmed/18987734
https://doi.org/10.1038/nrg2626
http://www.ncbi.nlm.nih.gov/pubmed/19997069
https://doi.org/10.1039/C5CC09131D
https://doi.org/10.1039/C5CC09131D
http://www.ncbi.nlm.nih.gov/pubmed/26587573
https://doi.org/10.1073/pnas.1601782113
http://www.ncbi.nlm.nih.gov/pubmed/27091962
https://doi.org/10.1073/pnas.0609513103
https://doi.org/10.1073/pnas.0609513103
http://www.ncbi.nlm.nih.gov/pubmed/17170132
https://doi.org/10.1073/pnas.0804023105
http://www.ncbi.nlm.nih.gov/pubmed/18591653
https://doi.org/10.1002/chem.201002109
http://www.ncbi.nlm.nih.gov/pubmed/21328492
https://doi.org/10.1039/C5CC01387A
https://doi.org/10.1039/C5CC01387A
http://www.ncbi.nlm.nih.gov/pubmed/25825211
https://doi.org/10.1002/anie.201105717
https://doi.org/10.1002/anie.201105717
http://www.ncbi.nlm.nih.gov/pubmed/22083884
https://doi.org/10.1039/C4CC04332D
http://www.ncbi.nlm.nih.gov/pubmed/25089682
https://doi.org/10.1039/c4sc01906g
http://www.ncbi.nlm.nih.gov/pubmed/28970873
http://dx.doi.org/10.1016/j.bmc.2014.05.050
http://www.ncbi.nlm.nih.gov/pubmed/24953951
https://doi.org/10.1371/journal.pone.0188005

@° PLOS | ONE

Structures of archaeal B-family DNA polymerases

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

Banerjee A, Grazon C, Nadal B, Pons T, Krishnan Y, Dubertret B. Fast, Efficient, and Stable Conjuga-
tion of Multiple DNA Strands on Colloidal Quantum Dots. Bioconjugate Chem. 2015; 26(8):1582-9.
https://doi.org/10.1021/acs.bioconjchem.5b00221 PMID: 25992903

Darmostuk M, Rimpelova S, Gbelcova H, Ruml T. Current approaches in SELEX: An update to aptamer
selection technology. Biotechnol Adv. 2015. http://dx.doi.org/10.1016/j.biotechadv.2015.02.008

Sefah K, Yang Z, Bradley KM, Hoshika S, Jiménez E, Zhang L, et al. In vitro selection with artificial
expanded genetic information systems. Proc Natl Acad Sci. 2014; 111(4):1449-54. https://doi.org/10.
1073/pnas.1311778111 PMID: 24379378

Mehedi Masud M, Ozaki-Nakamura A, Kuwahara M, Ozaki H, Sawai H. Modified DNA Bearing 5(Meth-
oxycarbonylmethyl)-2'-deoxyuridine: Preparation by PCR with Thermophilic DNA Polymerase and
Postsynthetic Derivatization. ChemBioChem. 2003; 4(7):584—8. https://doi.org/10.1002/cbic.
200200539 PMID: 12851926

Kuwahara M, Nagashima J-i, Hasegawa M, Tamura T, Kitagata R, Hanawa K, et al. Systematic charac-
terization of 2’-deoxynucleoside- 5'-triphosphate analogs as substrates for DNA polymerases by poly-
merase chain reaction and kinetic studies on enzymatic production of modified DNA. Nucleic Acids Res
2006; 34(19):5383-94. https://doi.org/10.1093/nar/gkl637 PubMed PMID: PMC1636466. PMID:
17012278

Wang J, Sattar AKMA, Wang CC, Karam JD, Konigsberg WH, Steitz TA. Crystal Structure of a pol a
Family Replication DNA Polymerase from Bacteriophage RB69. Cell. 1997; 89(7):1087-99. hitps://doi.
org/10.1016/S0092-8674(00)80296-2 PMID: 9215631

Wang M, Xia S, Blaha G, Steitz TA, Konigsberg WH, Wang J. Insights into Base Selectivity from the 1.8
A Resolution Structure of an RB69 DNA Polymerase Ternary Complex. Biochemistry. 2011; 50(4):581—
90. https://doi.org/10.1021/bi101192f PMID: 21158418

Berman AJ, Kamtekar S, Goodman JL, Lazaro JM, de Vega M, Blanco L, et al. Structures of phi29 DNA
polymerase complexed with substrate: the mechanism of translocation in B-family polymerases.
EMBO. 2007; 26(14):3494-505. https://doi.org/10.1038/sj.emboj.7601780 PMID: 17611604

Wang F, Yang W. Structural Insight into Translesion Synthesis by DNA Pol I. Cell. 2009; 139(7):1279-
89. http://dx.doi.org/10.1016/j.cell.2009.11.043 PMID: 20064374

Perera RL, Torella R, Klinge S, Kilkenny ML, Maman JD, Pellegrini L. Mechanism for priming DNA syn-
thesis by yeast DNA Polymerase a. eLife. 2013; 2:e00482. https://doi.org/10.7554/eLife.00482 PMID:
23599895

Swan MK, Johnson RE, Prakash L, Prakash S, Aggarwal AK. Structural basis of high-fidelity DNA syn-
thesis by yeast DNA polymerase [delta]. Nat Struct Mol Biol. 2009; 16(9):979-86. http://www.nature.
com/nsmb/journal/v16/n9/suppinfo/nsmb.1663_S1.html. https://doi.org/10.1038/nsmb.1663 PMID:
19718023

Hogg M, Osterman P, Bylund GO, Ganai RA, Lundstrém E-B, Sauer-Eriksson AE, et al. Structural
basis for processive DNA synthesis by yeast DNA polymerase €. Nat Struct Mol Biol. 2014; 21(1):49—
55. https://doi.org/10.1038/nsmb.2712 http://www.nature.com/nsmb/journal/v21/n1/abs/nsmb.2712.
html#supplementary-information. PMID: 24292646

Hashimoto H, Nishioka M, Fujiwara S, Takagi M, Imanaka T, Inoue T, et al. Crystal structure of DNA
polymerase from hyperthermophilic archaeon Pyrococcus kodakaraensis KOD1. J Mol Biol. 2001; 306
(8):469-77. http://dx.doi.org/10.1006/jmbi.2000.4403 PMID: 11178906

Rodriguez AC, Park H-W, Mao C, Beese LS. Crystal structure of a pol a family DNA polymerase from
the hyperthermophilic archaeon Thermococcus sp. 9°N-7. J Mol Biol. 2000; 299(2):447—-62. https://doi.
org/10.1006/jmbi.2000.3728 PMID: 10860752

Hikida Y, Kimoto M, Hirao |, Yokoyama S. Crystal structure of Deep Vent DNA polymerase. Biochem
Biophys Res Commun. 2017; 483(1):52-7. https://doi.org/10.1016/j.bbrc.2017.01.007 PMID:
28063932

Wynne SA, Pinheiro VB, Holliger P, Leslie AGW. Structures of an Apo and a Binary Complex of an
Evolved Archeal B Family DNA Polymerase Capable of Synthesising Highly Cy-Dye Labelled DNA.
PLOS ONE. 2013; 8(8):70892. https://doi.org/10.1371/journal.pone.0070892 PMID: 23940661

Guo J, Zhang W, Coker AR, Wood SP, Cooper JB, Ahmad S, et al. Structure of the family B DNA poly-
merase from the hyperthermophilic archaeon Pyrobaculum calidifontis. Acta Crystallogr, Sect D: Biol
Crystallogr 2017; 73(5). https://doi.org/10.1107/S2059798317004090 PMID: 28471366

Hopfner K-P, Eichinger A, Engh RA, Laue F, Ankenbauer W, Huber R, et al. Crystal structure of a ther-
mostable type B DNA polymerase from Thermococcus gorgonarius. Proc Natl Acad Sci. 1999; 96
(7):3600-5. https://doi.org/10.1073/pnas.96.7.3600 PMID: 10097083

Bergen K, Betz K, Welte W, Diederichs K, Marx A. Structures of KOD and 9°N DNA Polymerases Com-
plexed with Primer Template Duplex. ChemBioChem. 2013; 14(9):1058-62. https://doi.org/10.1002/
cbic.201300175 PMID: 23733496

PLOS ONE | https://doi.org/10.1371/journal.pone.0188005 December 6,2017 17/20


https://doi.org/10.1021/acs.bioconjchem.5b00221
http://www.ncbi.nlm.nih.gov/pubmed/25992903
http://dx.doi.org/10.1016/j.biotechadv.2015.02.008
https://doi.org/10.1073/pnas.1311778111
https://doi.org/10.1073/pnas.1311778111
http://www.ncbi.nlm.nih.gov/pubmed/24379378
https://doi.org/10.1002/cbic.200200539
https://doi.org/10.1002/cbic.200200539
http://www.ncbi.nlm.nih.gov/pubmed/12851926
https://doi.org/10.1093/nar/gkl637
http://www.ncbi.nlm.nih.gov/pubmed/17012278
https://doi.org/10.1016/S0092-8674(00)80296-2
https://doi.org/10.1016/S0092-8674(00)80296-2
http://www.ncbi.nlm.nih.gov/pubmed/9215631
https://doi.org/10.1021/bi101192f
http://www.ncbi.nlm.nih.gov/pubmed/21158418
https://doi.org/10.1038/sj.emboj.7601780
http://www.ncbi.nlm.nih.gov/pubmed/17611604
http://dx.doi.org/10.1016/j.cell.2009.11.043
http://www.ncbi.nlm.nih.gov/pubmed/20064374
https://doi.org/10.7554/eLife.00482
http://www.ncbi.nlm.nih.gov/pubmed/23599895
http://www.nature.com/nsmb/journal/v16/n9/suppinfo/nsmb.1663_S1.html
http://www.nature.com/nsmb/journal/v16/n9/suppinfo/nsmb.1663_S1.html
https://doi.org/10.1038/nsmb.1663
http://www.ncbi.nlm.nih.gov/pubmed/19718023
https://doi.org/10.1038/nsmb.2712
http://www.nature.com/nsmb/journal/v21/n1/abs/nsmb.2712.html#supplementary-information
http://www.nature.com/nsmb/journal/v21/n1/abs/nsmb.2712.html#supplementary-information
http://www.ncbi.nlm.nih.gov/pubmed/24292646
http://dx.doi.org/10.1006/jmbi.2000.4403
http://www.ncbi.nlm.nih.gov/pubmed/11178906
https://doi.org/10.1006/jmbi.2000.3728
https://doi.org/10.1006/jmbi.2000.3728
http://www.ncbi.nlm.nih.gov/pubmed/10860752
https://doi.org/10.1016/j.bbrc.2017.01.007
http://www.ncbi.nlm.nih.gov/pubmed/28063932
https://doi.org/10.1371/journal.pone.0070892
http://www.ncbi.nlm.nih.gov/pubmed/23940661
https://doi.org/10.1107/S2059798317004090
http://www.ncbi.nlm.nih.gov/pubmed/28471366
https://doi.org/10.1073/pnas.96.7.3600
http://www.ncbi.nlm.nih.gov/pubmed/10097083
https://doi.org/10.1002/cbic.201300175
https://doi.org/10.1002/cbic.201300175
http://www.ncbi.nlm.nih.gov/pubmed/23733496
https://doi.org/10.1371/journal.pone.0188005

@° PLOS | ONE

Structures of archaeal B-family DNA polymerases

32.

33.

34.

35.

36.

37.

38.

39.
40.

41.

42,

43.

44.

45.

46.

47.

48.

49.

50.

51.

Southworth MW, Kong H, Kucera RB, Ware J, Jannasch HW, Perler FB. Cloning of thermostable DNA
polymerases from hyperthermophilic marine Archaea with emphasis on Thermococcus sp. 9 degrees
N-7 and mutations affecting 3’-5’ exonuclease activity. Proc Natl Acad Sci 1996; 93(11):5281-5.
PubMed PMID: PMC39236. PMID: 8643567

Kabsch W. XDS. Acta Crystallogr, Sect D: Biol Crystallogr. 2010; 66(Pt 2):125-32. https://doi.org/10.
1107/S0907444909047337 PubMed PMID: PMC2815665. PMID: 20124692

Adams PD, Afonine PV, Bunkoczi G, Chen VB, Davis IW, Echols N, et al. PHENIX: a comprehensive
Python-based system for macromolecular structure solution. Acta Crystallogr, Sect D: Biol Crystallogr.
2010; 66(2):213-21. https://doi.org/10.1107/S0907444909052925 PMID: 20124702

Emsley P, Lohkamp B, Scott WG, Cowtan K. Features and development of Coot. Acta Crystallogr, Sect
D: Biol Crystallogr. 2010; 66(4):486-501. https://doi.org/10.1107/S0907444910007493 PMID:
20383002

Davis IW, Leaver-Fay A, Chen VB, Block JN, Kapral GJ, Wang X, et al. MolProbity: all-atom contacts
and structure validation for proteins and nucleic acids. Nucleic Acids Res 2007; 35(Web Server issue):
W375-W83. https://doi.org/10.1093/nar/gkm216 PubMed PMID: PMC1933162. PMID: 17452350

Chen VB, Arendall WB Ill, Headd JJ, Keedy DA, Immormino RM, Kapral GJ, et al. MolProbity: all-atom
structure validation for macromolecular crystallography. Acta Crystallogr, Sect D: Biol Crystallogr.
2010; 66(1):12-21. https://doi.org/10.1107/S0907444909042073 PMID: 20057044

Smart OS, Womack TO, Sharff A, Flensburg C, Keller P, Paciorek W, et al. grade, version 1212, Cam-
bridge, United Kingdom, Global Phasing Ltd, http://wwwglobalphasingcom. 2011.

The PyMOL Molecular Graphics System, Version 1.8: Schrddinger, LLC.

Pettersen EF, Goddard TD, Huang CC, Couch GS, Greenblatt DM, Meng EC, et al. UCSF Chimera—A
visualization system for exploratory research and analysis. J Comput Chem 2004; 25(13):1605—-12.
https://doi.org/10.1002/jcc.20084 PMID: 15264254

Burak MJ, Guja KE, Hambardjieva E, Derkunt B, Garcia-Diaz M. A fidelity mechanism in DNA polymer-
ase lambda promotes error-free bypass of 8-oxo-dG. EMBO J 2016; 35(18):2045-59. https://doi.org/
10.15252/embj.201694332 PMID: 27481934

Bergen K, Steck A-L, Stritt S, Baccaro A, Welte W, Diederichs K, et al. Structures of KlenTag DNA
Polymerase Caught While Incorporating C5-Modified Pyrimidine and C7-Modified 7-Deazapurine
Nucleoside Triphosphates. J Am Chem Soc. 2012; 134(29):11840-3. https://doi.org/10.1021/
ja3017889 PMID: 22475415

Zheng G, Lu X-J, Olson WK. Web 3DNA—a web server for the analysis, reconstruction, and visualiza-
tion of three-dimensional nucleic-acid structures. Nucleic Acids Res. 2009; 37(suppl_2):W240-W6.
https://doi.org/10.1093/nar/gkp358 PMID: 19474339

Li Y, Korolev S, Waksman G. Crystal structures of open and closed forms of binary and ternary com-
plexes of the large fragment of Thermus aquaticus DNA polymerase |: structural basis for nucleotide
incorporation. EMBO. 1998; 17(24):7514-25. https://doi.org/10.1093/emboj/17.24.7514 PubMed
PMID: PMC1171095. PMID: 9857206

Doublie S, Tabor S, Long AM, Richardson CC, Ellenberger T. Crystal structure of a bacteriophage T7
DNA replication complex at 2.2 A resolution. Nature. 1998; 391. https://doi.org/10.1038/34593 PMID:
9440688

Johnson SJ, Taylor JS, Beese LS. Processive DNA synthesis observed in a polymerase crystal sug-
gests a mechanism for the prevention of frameshift mutations. Proc Natl Acad Sci. 2003; 100(7):3895—
900. https://doi.org/10.1073/pnas.0630532100 PubMed PMID: PMC153019. PMID: 12649320

Hogg M, Aller P, Konigsberg W, Wallace SS, Doublié S. Structural and Biochemical Investigation of the
Role in Proofreading of a § Hairpin Loop Found in the Exonuclease Domain of a Replicative DNA Poly-
merase of the B Family. J Biol Chem 2007; 282(2):1432—44. https://doi.org/10.1074/jbc.M605675200
PMID: 17098747

Brown JA, Suo Z. Unlocking the Sugar “Steric Gate” of DNA Polymerases. Biochemistry. 2011; 50
(7):1135-42. https://doi.org/10.1021/bi101915z PMID: 21226515

LiY, Waksman G. Crystal structures of a ddATP-, ddTTP-, ddCTP, and ddGTP- trapped ternary com-
plex of Klentaq1: Insights into nucleotide incorporation and selectivity. Protein Sci 2001; 10(6):1225-33.
PubMed PMID: PMC2374014. https://doi.org/10.1110/ps.250101 PMID: 11369861

Steitz TA, Steitz JA. A general two-metal-ion mechanism for catalytic RNA. Proc Natl Acad Sci. 1993;
90. https://doi.org/10.1073/pnas.90.14.6498

Held HA, Benner SA. Challenging artificial genetic systems: thymidine analogs with 5-position sulfur
functionality. Nucleic Acids Res 2002; 30(17):3857—69. PubMed PMID: PMC137422. PMID: 12202771

PLOS ONE | https://doi.org/10.1371/journal.pone.0188005 December 6,2017 18/20


http://www.ncbi.nlm.nih.gov/pubmed/8643567
https://doi.org/10.1107/S0907444909047337
https://doi.org/10.1107/S0907444909047337
http://www.ncbi.nlm.nih.gov/pubmed/20124692
https://doi.org/10.1107/S0907444909052925
http://www.ncbi.nlm.nih.gov/pubmed/20124702
https://doi.org/10.1107/S0907444910007493
http://www.ncbi.nlm.nih.gov/pubmed/20383002
https://doi.org/10.1093/nar/gkm216
http://www.ncbi.nlm.nih.gov/pubmed/17452350
https://doi.org/10.1107/S0907444909042073
http://www.ncbi.nlm.nih.gov/pubmed/20057044
http://wwwglobalphasingcom
https://doi.org/10.1002/jcc.20084
http://www.ncbi.nlm.nih.gov/pubmed/15264254
https://doi.org/10.15252/embj.201694332
https://doi.org/10.15252/embj.201694332
http://www.ncbi.nlm.nih.gov/pubmed/27481934
https://doi.org/10.1021/ja3017889
https://doi.org/10.1021/ja3017889
http://www.ncbi.nlm.nih.gov/pubmed/22475415
https://doi.org/10.1093/nar/gkp358
http://www.ncbi.nlm.nih.gov/pubmed/19474339
https://doi.org/10.1093/emboj/17.24.7514
http://www.ncbi.nlm.nih.gov/pubmed/9857206
https://doi.org/10.1038/34593
http://www.ncbi.nlm.nih.gov/pubmed/9440688
https://doi.org/10.1073/pnas.0630532100
http://www.ncbi.nlm.nih.gov/pubmed/12649320
https://doi.org/10.1074/jbc.M605675200
http://www.ncbi.nlm.nih.gov/pubmed/17098747
https://doi.org/10.1021/bi101915z
http://www.ncbi.nlm.nih.gov/pubmed/21226515
https://doi.org/10.1110/ps.250101
http://www.ncbi.nlm.nih.gov/pubmed/11369861
https://doi.org/10.1073/pnas.90.14.6498
http://www.ncbi.nlm.nih.gov/pubmed/12202771
https://doi.org/10.1371/journal.pone.0188005

@° PLOS | ONE

Structures of archaeal B-family DNA polymerases

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

Jager S, Rasched G, Kornreich-Leshem H, Engeser M, Thum O, Famulok M. A Versatile Toolbox for
Variable DNA Functionalization at High Density. J Am Chem Soc. 2005; 127(43):15071-82. https://doi.
org/10.1021/ja051725b PMID: 16248646

Mackova M, Bohacova S, Perlikova P, PostovaSlavétinska L, Hocek M. Polymerase Synthesis and
Restriction Enzyme Cleavage of DNA Containing 7-Substituted 7-Deazaguanine Nucleobases. Chem-
BioChem. 2015; 16(15):2225-36. https://doi.org/10.1002/cbic.201500315 PMID: 26382079

Tasara T, Angerer B, Damond M, Winter H, Dérhéfer S, Hibscher U, et al. Incorporation of reporter mol-
ecule-labeled nucleotides by DNA polymerases. II. High-density labeling of natural DNA. Nucleic Acids
Res. 2003; 31(10):2636—46. https://doi.org/10.1093/nar/gkg371 PMID: 12736314

Kaufmann GF, Meijler MM, Sun C, Chen D-W, Kujawa DP, Mee JM, et al. Enzymatic Incorporation of
an Antibody-Activated Blue Fluorophore into DNA. Angew Chem, Int Ed. 2005; 44(14):2144-8. https:/
doi.org/10.1002/anie.200461143 PMID: 15742317

Borsenberger V, Kukwikila M, Howorka S. Synthesis and enzymatic incorporation of modified deoxyuri-
dine triphosphates. Org Biomol Chem 2009; 7(18):3826-35. https://doi.org/10.1039/b906956a PMID:
19707689

Takagi M, Nishioka M, Kakihara H, Kitabayashi M, Inoue H, Kawakami B, et al. Characterization of DNA
polymerase from Pyrococcus sp. strain KOD1 and its application to PCR. Appl Environ Microbiol 1997;
63(11):4504-10. PMID: 9361436

Obeid S, BuBkamp H, Welte W, Diederichs K, Marx A. Interactions of non-polar and "Click-able" nucleo-
tides in the confines of a DNA polymerase active site. Chem Commun 2012; 48(67):8320-2. https://doi.
org/10.1039/C2CC34181F PMID: 22766607

Connolly BA, Fogg MJ, Shuttleworth G, Wilson BT. Uracil recognition by archaeal family B DNA poly-
merases. Biochem Soc Trans 2003; 31(3):699-702. https://doi.org/10.1042/bst0310699

Fogg MJ, Pearl LH, Connolly BA. Structural basis for uracil recognition by archaeal family B DNA poly-
merases. Nat Struct Mol Biol. 2002; 9(12):922-7.

Voss NR, Gerstein M. 3V: cavity, channel and cleft volume calculator and extractor. Nucleic Acids Res
2010; 38(Web Server issue):W555-W62. hitps://doi.org/10.1093/nar/gkq395 PubMed PMID:
PMC2896178. PMID: 20478824

Yang W, Lee JY, Nowotny M. Making and Breaking Nucleic Acids: Two-Mg2+-lon Catalysis and Sub-
strate Specificity. Molecular Cell. 2006; 22(1):5—13. http://dx.doi.org/10.1016/j.molcel.2006.03.013
PMID: 16600865

Freudenthal BD, Beard WA, Shock DD, Wilson SH. Observing a DNA polymerase choose right from
wrong. Cell. 2013; 154. https://doi.org/10.1016/j.cell.2013.05.048 PMID: 23827680

Freudenthal BD, Beard WA, Perera L, Shock DD, Kim T, Schlick T, et al. Uncovering the polymerase-
induced cytotoxicity of an oxidized nucleotide. Nature. 2015; 517(7536):635-9. https://doi.org/10.1038/
nature13886 PMID: 25409153

Vyas R, Reed AJ, Tokarsky EJ, Suo Z. Viewing Human DNA Polymerase B Faithfully and Unfaithfully
Bypass an Oxidative Lesion by Time-Dependent Crystallography. J Am Chem Soc. 2015; 137
(15):5225-30. https://doi.org/10.1021/jacs.5b02109 PMID: 25825995

Gao Y, Yang W. Capture of a third Mg(2)(+) is essential for catalyzing DNA synthesis. Science. 2016;
352. https://doi.org/10.1126/science.aad9633 PMID: 27284197

Yang W, Weng PJ, Gao Y. A new paradigm of DNA synthesis: three-metal-ion catalysis. Cell Biosci
2016; 6(1):51. https://doi.org/10.1186/s13578-016-0118-2 PMID: 27602203

Nakamura T, Zhao Y, Yamagata Y, Hua YJ, Yang W. Watching DNA polymerase eta make a phospho-
diester bond. Nature. 2012; 487. https://doi.org/10.1038/nature11181 PMID: 22785315

Castro C, Smidansky ED, Arnold JJ, Maksimchuk KR, Moustafa |, Uchida A, et al. Nucleic acid polymer-
ases use a general acid for nucleotidyl transfer. Nat Struct Mol Biol. 2009; 16(2):212-8. http://www.
nature.com/nsmb/journal/v16/n2/suppinfo/nsmb.1540_S1.html. https://doi.org/10.1038/nsmb.1540
PMID: 19151724

Forterre P. Why Are There So Many Diverse Replication Machineries? J Mol Biol 2013; 425(23):4714—
26. http://dx.doi.org/10.1016/j.jmb.2013.09.032 PMID: 24075868

Franklin MC, Wang J, Steitz TA. Structure of the Replicating Complex of a Pol a Family DNA Polymer-
ase. Cell. 2001; 105(5):657—67. http://dx.doi.org/10.1016/S0092-8674(01)00367-1 PMID: 11389835

Obeid S, Blatter N, Kranaster R, Schnur A, Diederichs K, Welte W, et al. Replication through an abasic
DNA lesion: structural basis for adenine selectivity. EMBO. 2010; 29(10):1738—47. https://doi.org/10.
1038/emb0j.2010.64 PMID: 20400942

Obeid S, Baccaro A, Welte W, Diederichs K, Marx A. Structural basis for the synthesis of nucleobase
modified DNA by Thermus aquaticus DNA polymerase. Proc Natl Acad Sci. 2010; 107(50):21327-31.
https://doi.org/10.1073/pnas.1013804107 PMID: 21123743

PLOS ONE | https://doi.org/10.1371/journal.pone.0188005 December 6,2017 19/20


https://doi.org/10.1021/ja051725b
https://doi.org/10.1021/ja051725b
http://www.ncbi.nlm.nih.gov/pubmed/16248646
https://doi.org/10.1002/cbic.201500315
http://www.ncbi.nlm.nih.gov/pubmed/26382079
https://doi.org/10.1093/nar/gkg371
http://www.ncbi.nlm.nih.gov/pubmed/12736314
https://doi.org/10.1002/anie.200461143
https://doi.org/10.1002/anie.200461143
http://www.ncbi.nlm.nih.gov/pubmed/15742317
https://doi.org/10.1039/b906956a
http://www.ncbi.nlm.nih.gov/pubmed/19707689
http://www.ncbi.nlm.nih.gov/pubmed/9361436
https://doi.org/10.1039/C2CC34181F
https://doi.org/10.1039/C2CC34181F
http://www.ncbi.nlm.nih.gov/pubmed/22766607
https://doi.org/10.1042/bst0310699
https://doi.org/10.1093/nar/gkq395
http://www.ncbi.nlm.nih.gov/pubmed/20478824
http://dx.doi.org/10.1016/j.molcel.2006.03.013
http://www.ncbi.nlm.nih.gov/pubmed/16600865
https://doi.org/10.1016/j.cell.2013.05.048
http://www.ncbi.nlm.nih.gov/pubmed/23827680
https://doi.org/10.1038/nature13886
https://doi.org/10.1038/nature13886
http://www.ncbi.nlm.nih.gov/pubmed/25409153
https://doi.org/10.1021/jacs.5b02109
http://www.ncbi.nlm.nih.gov/pubmed/25825995
https://doi.org/10.1126/science.aad9633
http://www.ncbi.nlm.nih.gov/pubmed/27284197
https://doi.org/10.1186/s13578-016-0118-2
http://www.ncbi.nlm.nih.gov/pubmed/27602203
https://doi.org/10.1038/nature11181
http://www.ncbi.nlm.nih.gov/pubmed/22785315
http://www.nature.com/nsmb/journal/v16/n2/suppinfo/nsmb.1540_S1.html
http://www.nature.com/nsmb/journal/v16/n2/suppinfo/nsmb.1540_S1.html
https://doi.org/10.1038/nsmb.1540
http://www.ncbi.nlm.nih.gov/pubmed/19151724
http://dx.doi.org/10.1016/j.jmb.2013.09.032
http://www.ncbi.nlm.nih.gov/pubmed/24075868
http://dx.doi.org/10.1016/S0092-8674(01)00367-1
http://www.ncbi.nlm.nih.gov/pubmed/11389835
https://doi.org/10.1038/emboj.2010.64
https://doi.org/10.1038/emboj.2010.64
http://www.ncbi.nlm.nih.gov/pubmed/20400942
https://doi.org/10.1073/pnas.1013804107
http://www.ncbi.nlm.nih.gov/pubmed/21123743
https://doi.org/10.1371/journal.pone.0188005

o ®
@ ’ PLOS | ONE Structures of archaeal B-family DNA polymerases

74. Obeid S, BuBkamp H, Welte W, Diederichs K, Marx A. Snapshot of a DNA Polymerase while Incorpo-
rating Two Consecutive C5-Modified Nucleotides. J Am Chem Soc 2013; 135(42):15667-9. https://doi.
org/10.1021/ja405346s PMID: 24090271

75. Hottin A, Betz K, Diederichs K, Marx A. Structural Basis for the KlenTag DNA Polymerase Catalysed
Incorporation of Alkene- versus Alkyne-Modified Nucleotides. Chem—Eur J. 2017; 23(9):2109-18.
https://doi.org/10.1002/chem.201604515 PMID: 27901305

76. Bloomfield VA, Crothers DM, I., Tinoco J. Nucleic Acids: Structures, Properties, and Functions. Sausa-
lito, CA 94965 USA: University Science Books; 2000.

PLOS ONE | https://doi.org/10.1371/journal.pone.0188005 December 6,2017 20/20


https://doi.org/10.1021/ja405346s
https://doi.org/10.1021/ja405346s
http://www.ncbi.nlm.nih.gov/pubmed/24090271
https://doi.org/10.1002/chem.201604515
http://www.ncbi.nlm.nih.gov/pubmed/27901305
https://doi.org/10.1371/journal.pone.0188005

