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Abstract: DNA polymerases have the venerable task of maintaining genome stability during DNA replication
and repair. Errors, nonetheless, occur with error propensities that are polymerase specific. For example,
DNA polymerase 4 (pol 1) generates single-base deletions through template-strand slippage within short
repetitive DNA regions much more readily than does the closely related polymerase 3 (pol ). Here we
present in silico evidence to help interpret pol A's greater tendency for deletion errors than pol § by its
more favorable protein/DNA electrostatic interactions immediately around the extrahelical nucleotide on
the template strand. Our molecular dynamics and free energy analyses suggest that pol 1 provides greater
stabilization to misaligned DNA than aligned DNA. Our study of several pol A mutants of Lys544 (Ala, Phe,
Glu) probes the interactions between the extrahelical nucleotide and the adjacent Lys544 to show that the
charge of the 544 residue controls stabilization of the DNA misalignment. In addition, we identify other
thumb residues (Arg538, Lys521, Arg517, and Arg514) that play coordinating roles in stabilizing pol 1's
interactions with misaligned DNA. Interestingly, their aggregate stabilization effect is more important than
that of any one component residue, in contrast to aligned DNA systems, as we determined from mutations
of these key residues and energetic analyses. No such comparable network of stabilizing misaligned DNA
exists in pol 5. Evolutionary needs for DNA repair on substrates with minimal base-pairing, such as those
encountered by pol 4 in the non-homologous end-joining pathway, may have been solved by a greater
tolerance to deletion errors. Other base-flipping proteins share similar binding properties and motions for

extrahelical nucleotides.

1. Introduction

Since the genome is the master regulator of an organism,
any modification to it can be very serious. Indeed, some changes
are potentially more damaging than others. In particular,
insertion or deletion errors within protein-coding regions of the
genome, or frameshift mutations, have the potential to ater the
reading frame for protein trandation and thus can lead to
changes in amino acid composition as well as truncated proteins.
The human genome contains many microsatellite or simple
sequence repeats that are hot spots for insertion/deletion errors.
Polymorphisms within these regions increase phenotype vari-
ability and have been found to determine susceptibilities to
disease and drug response. Microsatellite instability is a feature
of several cancers. Numerous neurological conditions such as
Alzheimer’s disease, Huntington's disease, and Friedreich’'s
ataxia are associated with specific trinucleotide repeat expan-
sions! Intrinsic properties of repetitive DNA, such as non-B-
DNA structure formation and base stacking, contribute to its
mutability.?

Although DNA polymerases function to replicate and repair
DNA, they can themselves introduce various errors. Some
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polymerases make more insertion/deletion errors than others.®
Often there is a trade-off between the ability to tackle complex
breaks and lesions and the propensity to generate errors. For
example, low-fidelity DNA polymerase u (pol «) operates within
the non-homologous end-joining (NHEJ) pathway to fill in gaps
between two different ends of DNA without any base-pairing
overlap between the strands.* Error-prone Y-family polymerases
are capable of bypassing bulky lesions such as benzo[a]pyrene
DNA adducts that stall high-fidelity polymerases.® Understand-
ing what features are responsible for creating certain errors is
important both to comprehend the underlying mechanism and
to assess possible pharmacological interventions to control the
process and limit the generation of the most dangerous types
of errors.

All DNA polymerases catalyze a nucleotidyl transfer reaction
and are shaped like a hand with fingers, pam, and thumb
subdomains® (Figure 1). X-family mammalian DNA poly-
merases 5 (pol ) and A (pol A) have an additional 8-kDa domain
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Figure 1. The pol A/misaligned DNA/dTTP ternary system poised for a deletion error. (a) Solvated and (b) unsolvated views of the complex. (c) Stereo
image of DNA pairing in the active site and Lys544/DNA interactions. T, DNA template strand (orange); P, DNA primer strand (red). (d) Pol 1 residues
directly interacting with the extrahelical nucleotide. The positions and interactions of these residues resemble a conserved motif found in base-flipping
enzymes.®? See text for more details. (€) DNA sequence modeled in all systems. Numbers shown are used for referencing the DNA bases in the text.

with 5’-deoxyribose-5-phosphate lyase function.”® Pol 1 also
has an N-terminal BRCT domain, attached through a serine/
proline linker region to its hand-shaped polymerase domain,
for mediating interactions with other proteins.®>*° Both pol j
and pol A lack a proofreading domain for editing DNA
replication errors. In mammalian cells, these polymerases fill
short gaps in DNA within the base excision repair (BER)
pathway;™~*° pol 1 is thought to operate in a back-up capacity
to pol B within BER. Pol A aso participatesin NHEJ,**~*° which
is an error-prone pathway for double-strand break repair.
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Although pol f is thought to be the predominant cause of
deletion errors within the BER pathway,?® experimental data
indicate that pol 4 has a much higher intrinsic tendency for
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deletions.®* DNA pols A and 3 produce single-base deletions
through classical DNA template-strand slippage.>2? In the DNA
dlippage mechanism, deletion errors result from the extension
of misaligned repetitive DNA.?® In addition to mononucleotide
repeats, repetitive DNA regions can include di-, tri-, and other
nucleotide sequence repeats. Pol 5 has been shown to make
deletion errors consistent with DNA slippage within di- and
tetranucl eotide microsatel lite repeat sequences.® Insertion errors
can aso occur through DNA dlippage, arising from primer strand
misalignments; however, these mistakes are generaly less
common than deletion errors in both pol 4 and pol 3.2%%°

In addition to DNA dlippage, experimental and structural
studies suggest that deletions can occur through dNTP-stabilized
misalignment and misinsertion-mediated misalignment mech-
anisms,?®%” particularly in nonrepetitive DNA sequences. These
mechanisms differ in the stage where DNA misalignment occurs
in relation to the chemical reaction. In dNTP-stabilized mis-
alignment, the misalignment occurs prior to the chemical
reaction if the nucleotide can correctly pair with the next
available template base. In misinsertion-mediated misalignment,
an incorrect nucleotide is first incorporated into the DNA, and
then a misalignment occurs if the incorrect nucleotide can
properly base-pair with the next available template base.

Y-family Dpo4, known for translesion bypass, frequently
causes single-base deletions using the dNTP-stabilized misalign-
ment mechanism on both lesioned®®2° and nonlesioned®!?
DNA; this mechanism may be preferred because Dpo4d’s
spacious active site easily accommodates two template bases.
In many DNA polymerases, DNA lesions stimulate insertion
and deletion errors.® Both pol A and pol 3 make deletions when
they encounter an abasic site.**3* During BER of oxidative
damagewithin CAGrepests, pol A cantrigger repeat expansion,® 37
which has relevance to the progression of Huntington’s disease
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as well as a number of other neurodegenerative disorders. Pol
u, another X-family polymerase, utilizes a DNA dlippage
mechanism to bypass several different lesions.3%°

In pol B, like many other DNA polymerases, deletion errors
increase with the length of the repetitive DNA region.® Several
factors are hypothesized to account for this trend, such as
substantial protein/DNA contacts and minor groove interactions
upstream of the active site that restrict the geometry of the DNA
and prevent misalignments.** Within long, repetitive regions,
the probability also increases that the misalignment will be
located farther away from the polymerase active site where less-
restrictive polymerase/DNA interactions may exist. Misalign-
ments within lengthy repetitive regions are a so better stabilized
by an abundance of surrounding correct base pairs.*** Within
repetitive sequences, single-stranded structures such as hairpins
can aso form, which stabilize misalignments.>*® The greater
the stability of the misalignment, the less likely it will be
corrected by a proofreading domain.*** However, for pol A,
the tendency to generate a single-base deletion error is equally
as high in atwo-base repeat asin afive-base repeat of identical
bases.* This suggests that pol A's tracking mechanism is
particularly weak when compared to those of some other
polymerases. A structural, energetic, and functional analysis of
this polymerase in comparison to other enzymes may yield
important insights regarding how fidelity is maintained during
replication of repetitive DNA.

Both experimental and computational studies show that, upon
pol A's binding a correct incoming nuclectide, large DNA
template-strand shifting normally occurs from the inactive to
active positions as anormal component of its catalytic cycle.**2
Aswe proposed with the Kunkel group, this DNA motion likely
provides an opportunity for the DNA to slip or misalign.*>*
In pol 8, much smaller DNA motions and large-scale subdomain
motions occur upon binding the correct incoming nucleotide
that transition the polymerase/DNA complex from an open to
a closed state.**>! In contrast, pol 4 is in a closed protein
subdomain conformation both before and after correct nucleotide
binding.*? In both enzymes, a series of active-site residues,
acting as “gate-keepers’, regulate the transition from inactive
to active states through side-chain rearrangements.>**? Our
simulations have revealed that incorrect nucleotide insertion by
these polymerases is rendered less favorable by the formation
of more disordered active sites.>*>*
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Mutation studies of both pol 4 and pol S implicate an
analogous arginine residue in the thumb as an important fidelity
regulator. The increased rates of single-base deletion errors
found in pol 1 Arg517Ala/Lys® and pol 8 Arg283AlalLys
mutants®® suggest that the wild-type arginine residues hamper
DNA misalignments that lead to deletion errors. Indeed, our
simulations of several Arg517 pol A mutants (Ala, Lys, His,
Glu, Met, GIn) bound to properly aligned DNA show increased
DNA template-strand shifting between active and inactive
positions compared to the wild-type enzyme.*>~** The extent
of the motion in these mutants depends on the size and charge
of the mutant residue, with the Lys mutant showing the least
and the Met mutant showing the greatest amount of DNA
motion. The X-ray crystal structure, obtained by the Kunkel
group, of the pol 1 Arg517Ala mutant also suggests DNA
template-strand flexibility since two positions of the DNA
template strand are resolved.*® Alterations in the hydrogen-
bonding network of Arg517 were aso found to increase DNA
motion in simulations of pol 4 bound to mismatches.>®

Recently, pol A was crystallized by the Kunkel group, bound
to “slipped” or misaligned DNA with arepeat consisting of two
identical template-strand bases both before and after correct
nucleotide insertion, representing important steps in the genera-
tion of adeletion error.®® In these structures, one template-strand
residue, located two base pairs upstream from the active site, is
extrahelical and interacts with the thumb subdomain as shown
in Figure 1. Aside from this DNA template-strand distortion,
the rest of the polymerase/DNA complex overlays well with
X-ray crystal structures of pol A bound to normally aligned DNA
and the correct incoming nucleotide. This structural similarity
corresponds with kinetics data that suggest, intriguingly, that
pol A utilizes misaligned DNA as efficiently as properly aligned
DNA for catalyzing the nucleotidyl transfer reaction.®® Such
structures of deletion error intermediates also underscore pol
A’slimited base-pairing requirements for chemistry since correct
pairing of only the nascent and adjacent primer terminus base
pairs produces a chemically competent complex.

Understanding how pol A stabilizes misaligned DNA and
utilizes this substrate to perform correct nucleotide insertion on
the atomic level is key to understanding this polymerase’s
tendency for making deletion errors. In addition, a detailed
comparison with pol 5 can help researchers interpret pol 5's
reduced ability to generate deletion errors and preferred deletions
on longer repetitive runs. More generally, this knowledge could
aid our understanding of the interactions that occur when
polymerases make deletion errors on repetitive DNA. Thistype
of DNA is common in both coding and noncoding regions of
the human genome, and mutations in these regions can lead to
cancer and many neurological disorders.

Toward these ends, we utilize a molecular modeling and
dynamics simulation approach to sample the motions and
energetics of severa polymerase/DNA complexes over atime
frame of several nanoseconds. Such biomolecular simulations
have yielded important insights into the behavior of awide range
of systems.>”*® Nonetheless, biomolecular simulations are
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Figure 2. Positively charged residuesin pol 4's thumb (Lys544, Lys521,
Arg538, Arg517, and Arg514) that together allow tight binding of misaligned
DNA.

subject to many well-recognized inherent limitations such as
force-field uncertainties, solvent approximations, limited sam-
pling, and finite size effects. Like other standard and widely
accepted force fields, CHARMM?®*®° js subject to these general
approximations. In particular, the force field's treatment of
divalent ions, which are modeled on the basis of van der Waals
(described by the phenomenological Lennard-Jones potential)
and Coulombic interactions,® % may translate into shorter
ligand/ion distances than those observed in high-resolution X-ray
crystal structures. Inclusion of divalent ions like Mg?" in
polymerase models is necessary since they play important roles
in both the preparation and evolution of the “two-metal-ion”
nucleotidyl transfer mechanism.®® Since our study focuses on
general trendsin Mg?" ion coordination and the possible long-
range effects of the ions on DNA and protein rearrangements,
and it involves systematic comparisons of the trends among
closely related systems, these divalent ion force-field limitations
are acceptable. When analyzing biomolecular simulation data,
comparison of results for closely related systems is useful to
detect any simulation-dependent artifacts. General trends are
also typically more informative than detailed quantitative
analyses. Ultimately, the best validation of modeling and
simulation work is derived from the predictive power of its
findings as supported by subsequent experimental data.

In this work, we describe analyses based on several simula-
tions of wild-type and mutant forms of pol A bound to
misaligned DNA to elucidate the factors that determine this
enzyme' s propensity for generating deletion errors. We find that
a significant factor is the number of points of contact between
pol A’sthumb and the DNA closest to the extrahelical nucleotide
that stabilize misaligned DNA (see positions of residues in
Figure 2). Interestingly, these residues (Lys544, Arg538, Lys521,

(58) Schlick, T.; Collepardo-Guevara, R.; Halvorsen, L. A.; Jung, S;; Xiao,
X. Q. Rev. Biophys.,, in press.

(59) MacKerell, A., Jr.; Banavdi, N. K. J. Comput. Chem. 2000, 21, 105~
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Swaminathan, S.; Karplus, M. J. Comput. Chem. 1983, 4, 187-217.
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Table 1. Summary of Ternary Polymerase/Misaligned DNA/dTTP Complexes Analyzed

system length of simulation (ns) initial DNA position® DNA change
WT® pol 1 20 active no major motion, but small fluctuationsin T7
K544A pol 1 20 active no major motion, but larger T7 fluctuations than WT pol 4
K544F pol 1 20 active small kink in DNA backbone around T7
K544E pol 4 20 active T7 rotates to intrahelical position; loss of stacking interactions between T6 and T8
R517A pol 1 20 active loss of stacking interactions between T6 and T8
K521A pol 4 20 active loss of stacking interactions between T6 and T8
R538A pol 1 20 active small fluctuations toward inactive DNA position®
WT pol g 10 active small rotation in DNA backbone near T7

@ For pol 4, active DNA position corresponds to that in PDB entry 1XSN. For pol 3, active DNA position corresponds to that in PDB entry 1BPY.
P WT, wild-type. € For pol 4, inactive DNA position corresponds to that in PDB entry 1XSL.

Arg517) function as a group, almost like a movable clamp, and
replacement of one residue with aanine does not destroy the
overal function of the complex. It also appears that Arg514,
which stacks with the templating base, may provide further DNA
stabilization in the active site. Moreover, energetic analyses of
both misaligned and aligned DNA complexes revea that this
cooperative residue effect on DNA binding does not occur when
the DNA is aligned. The significance of this proposed effect is
further supported by a separate analysis we conducted, showing
a greater binding free energy for pol A bound to misaligned
DNA compared to aligned DNA. For comparison, we also
anayze simulations of pol 8 bound to misaligned DNA modeled
from the pol A X-ray crysta structure. Together, our studies
reveal that thumb/DNA interactions present in pol 4, but absent
inpol 3, dlow pol A to stabilize misalignments close to its active
site to help explain the different substrate specificities of these
enzymes. Remarkably, pol 4 stabilizes misaligned DNA better
than aligned DNA. We &aso raise interesting mechanistic
similaritiesin binding misaligned DNA for base-flipping in pol
A with other types of proteins.

2. Computational Methods

2.1. Initial Models: Wild-Type Pol 4 and Pol g Plus Pol 4
Lysb44Ala, Lysb44Phe, Lys544Glu, Lysb21Ala, Arg517Ala,
and Arg538Ala Mutants. As shown in Table 1, seven initial pol
A models are prepared, based on the X-ray crystal pol A/DNA/ITTP
ternary complex in which the primer-template is misaligned and
poised for a deletion error (PDB entry 2BCV). To assess the effects
of size and charge of Lys544, located in the thumb loop containing
[-strand 8, on the stabilization of the misaligned DNA structure,
we mutated Lys544 to alanine (Ala), phenylalanine (Phe), or
glutamate (Glu), respectively, in three models. The effects of other
nearby positively charged residues (i.e,, Lys521, Arg517, and
Arg538) are also probed by mutating these residues to aanine in
three other models. The last pol A model is left unchanged to serve
as our control.

In al pol A models (see the wild-type system shown in Figure
1), the sodium ion in the catalytic ion position is changed to
magnesium, the hypothesized species of the divalent ion required
for DNA polymerase activity. Protein residues 1—12 and all other
atoms not resolved in the X-ray crystal structure are also added.
To correct the primer terminus, which contained the unreactive 3'-
deoxycytidine 5-monophosphate nucleotide, an oxygen atom is
added to the 3’ carbon and an oxygen atom is removed from the 2’
carbon so that the natural 2’-deoxycytidine 5-monophosphate (dC)
nucleotide is formed. The overall geometry of our modeled wild-
type pol A active site remains very similar to the crystal structure
geometry following 20 ns of simulation (Figure S1 in the Supporting
Information).

To interpret the lower deletion error rates of pol 3 on an atomic
level, we modeled pol 3 bound to misaligned DNA. This model is
built from the X-ray crystal structure of the pol S/DNA/dUMPNPP

ternary complex (PDB entry 2FMS). The DNA and dUMPNPP in
the pol 5 complex are replaced with the misaligned DNA and dTTP
in the pol 2 models after superimposing the pol 5 protein C, atoms
onto those of pol A. Missing pol 3 residues 1—9 and all other atoms
not resolved in the X-ray crystal structure are built.

In all pol A complexes, optimized periodic boundary conditions
in a cubic cell are introduced using the PBCAID program.®® The
smallest image distance between the solute, the protein complex,
and the faces of the periodic cubic cell is 10 A. The pol A model
was solvated in a water box using the VMD program.®” We
modeled all systems in a neutral form with an 150 mM ionic
strength by using the Delphi package®® to cal culate the electrostatic
potential of al bulk water (TIP3 model) oxygen atoms. Those water
oxygen atoms with minimal electrostatic potentia are replaced with
Na*, and those with maximal €lectrostatic potential are replaced
with CI~. In placing the ions, a separation of at least 8 A was
maintained between the Na" and Cl~ ions and between the ions
and protein or DNA atoms.

As shown by the model of the wild-type pol 4 system in Figure
1, all pol A models contain approximately 37 837 atoms, 330
crystallographically resolved water molecules, 10 260 bulk water
molecules, two Mg?" ions, an incoming nucleotide, and 34 Na'
and 23 Cl~ counterions. The final dimensions of the box are 68.96
A x 73.02 A x 69.12 A.

For pol 3, the model is slightly larger in size, with 42 780 atoms,
292 crystallographically resolved water molecules, 11 897 bulk
water molecules, two Mg?" ions, an incoming nucleotide, and 40
Na* and 27 CI~ counterions. The simulation box dimensions are
7141 A x 7467 A x 7359 A,

2.2. Minimization, Equilibration, and Dynamics Protocal. All
pol 2 and pol S model systems are energy minimized and
equilibrated using the CHARMM program®* with the all-atom
CHARMM protein and nucleic acid force field.>>%° First, each
system is minimized with fixed positions for al protein and nucleic
heavy atoms except those from the added residues using SD for
5000 steps followed by ABNR for 10 000 steps. Three cycles of
further minimization are carried out for 10 000 steps using SD
followed by 20 000 steps of ABNR. During these minimizations,
the CI~, Na', and water relax around the protein/DNA complex.
The equilibration process is started with a 30 ps simulation at 300
K using single-time-step Langevin dynamics and keeping the
constraints used in the previous minimization step. The SHAKE
algorithm is employed to constrain the bonds involving hydrogen
atoms. Thisisfollowed by unconstrained minimization using 10 000
steps of SD followed by 20 000 steps of ABNR and a further 30
ps of equilibration at 300 K.

(66) Qian, X.; Strahs, D.; Schlick, T. J. Comput. Chem. 2001, 22, 1843~
1850.

(67) Humphrey, W.; Dalke, A.; Schulten, K. J. Mol. Graph. 1996, 14, 33—
38

(68) Klépper, I.; Hagstrom, R.; Fine, R.; Sharp, K.; Honig, B. Proteins
1986, 1, 47-59.
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Production dynamics are performed using the NAMD program®®
with the CHARMM force field.>>%° First, the energy in each system
is minimized using the Powell conjugate gradient algorithm.
Systems are then equilibrated for 100 ps at constant pressure and
temperature. Pressure is maintained at 1 atm using the Langevin
piston method,”® with a piston period of 100 fs, a damping time
constant of 50 fs, and piston temperature of 300 K. Temperature
coupling was enforced by velocity reassignment every 2 ps. The
water and ions are further energy minimized and equilibrated at
constant volume and temperature for 30 ps at 300 K while holding
al protein and DNA heavy atoms fixed. This is followed by
minimization and 30 ps of dynamics at 300 K on the entire system.
Production dynamics are then performed at constant temperature
and volume. The temperature is maintained at 300 K using weakly
coupled Langevin dynamics of non-hydrogen atoms with damping
coefficient y = 10 ps* used for al simulations performed; bonds
to all hydrogen atoms are kept rigid using SHAKE,” permitting a
time step of 2 fs. The system is simulated in periodic boundary
conditions, with full electrostatics computed using the PME
method”® with grid spacing on the order of 1 A or less. Short-
range nonbonded terms are evaluated every step using a12 A cutoff
for van der Waals interactions and a smooth switching function.
The total simulation length for all pol 1 systems and the pol
system is 20 and 10 ns, respectively.

Simulations using the NAMD package were run on local and
NCSA SGI Altix 3700 Intel Itanium 2 processor shared-memory
systems running the Linux operating system.

2.3. Electrostatic Potential Surface Calculations. The equili-
brated models of wild-type pol 2 and pol 3 bound to misaligned
DNA are used for caculations of the thumb subdomain electrostatic
potential with the QNIFFT program.”>" The parameters used
include a macromolecul e dielectric constant of 2, a solvent dielectric
constant of 78.357, a1.4 A water probe, a2 A ion exclusion radius,
and a 150 mM salt concentration. The CHARMM force field was
used to generate radius and charge data. To calculate the potentials,
we used a focusing procedure with our polymerase/DNA/ATTP
systems positioned ina65 A x 65 A x 65 A cubic lattice. In each
initial calculation, our pol 5 or pol A system occupied 19—23% of
the lattice, corresponding to 0.2 grid per A. Following two or three
rounds of focusing, each system occupied ~94—99% of the lattice,
corresponding to 0.86 or 0.96 grid per A. These calculations could
help elucidate environmental differences in the polymerase thumb
binding region for the extrahelical nucleotide in the misaligned DNA
substrate.

2.4. MM-PBSA Calculations. We use the molecular mechanics
Poisson—Boltzmann surface area (MM-PBSA) method”™ "8 to
compute the relative binding free energy (AAG) of aligned and
misaligned DNA in pol 1. This method for computing free energies
is essentially a postprocessing technique for our 20 ns molecular
dynamics (MD) simulations of pol A/aligned DNA and /misaligned
DNA trgjectories that requires removal of waters, ions, and the
incoming nucleotide. All calculations are performed using the c35b2

(69) Phillips, J. C.; Braun, R.; Wang, W.; Gumbart, J.; Tajkhorshid, E.;
Villa, E.; Chipot, C.; Skeel, R. D.; Kale, L.; Schulten, K. J. Comput.
Chem. 2005, 26, 1781-1802.

(70) Feller, S. E.; Zhang, Y .; Pastor, R. W.; Brooks, B. R. J. Chem. Phys.
1995, 103, 4613-4621.

(71) Ryckaert, J.-P.; Ciccotti, G.; Berendsen, H. J. C. J. Comput. Phys.
1977, 23, 327-341.

(72) Darden, T. A.; York, D. M.; Pedersen, L. G. J. Chem. Phys. 1993,
98, 10089-10092.

(73) Sharp, K. A.; Honig, B.; Harvey, S. C. Biochemistry 1990, 29, 340—
346.

(74) Chin, K.; Sharp, K. A.; Honig, B.; Pyle, A. M. Nat. Sruct. Biol. 1999,
6, 1055-1061.

(75) Chong, L. T.; Duan, Y.; Wang, L.; Massova, |.; Kollman, P. A. Proc.
Natl. Acad. Sci. U.SA. 1999, 96, 14330-14335.

(76) Massova, |.; Kollman, P. A. J. Am. Chem. Soc. 1999, 121, 8133-
8143.

(77) Gorfe, A. A.; Jelesarov, |. Biochemistry 2003, 42, 11568-11576.

(78) Adcock, S. T.; McCammon, J. A. Chem. Rev. 2006, 106, 1589-1615.
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version of the CHARMM program® with the CHARMM force
field.>>%° Full details for the pol A/aligned DNA simulation can be
found in ref 42.

Inthe MM-PBSA approach, the binding free energy is calculated
from the free energy difference between the polymerase/DNA
complex and the two unbound components of the complex. The
free energy of the complex, protein, and DNA is calculated
separately according to

G=Euu t Ggy — TS e

where Eyy isthe molecular mechanical energy, Gg,y isthe solvation
energy, and —TS is the solute entropic contribution. Eyy is the
sum of theinterna (e.g., bonds, angles, dihedrals), van der Waals,
and electrostatic components. Ggyy iS the sum of the hydrophobic
energy (Gnp) and the electrostatic solvation energy (Geg). The
nonpolar contribution to the solvation free energy is calculated from
Gnp = y(SASA) + 8, where y = 0.00542 kcal/A2, f = 0.92 kcal/
mol, and SASA is the solvent-accessible surface area, which is
determined using a water probe radius equal to 1.4 A. The polar
contribution to the solvation free energy (Ggg) is determined by
solving the finite-difference Poisson—Boltzmann equation using the
PBEQ module in CHARMM ;" these cal cul ations were run at 300
K with a solute dielectric constant of 1.0, solvent dielectric constant
of 80, reference gas-phase dielectric constant of 1.0, water probe
radius of 1.4 A, monovalent salt concentration of 0.15 M, and ion
exclusion radius of 2 A. A two-step focusing procedure was used
with an initial grid spacing of 0.4 A and afinal grid spacing of 0.1
A. A maximum of 1000 iterations were used for each calculation.
The entropy was approximated from quasiharmonic analysis of the
MD trajectories using the VIBRAN module in CHARMM 8081

Once the free energy of each species is calculated, we compute
the binding free energy (AG) from

AGy;q = G(complex) — G(protein) — G(DNA)  (2)

and the relative binding free energy (AAG) for the misaligned DNA
complex versus the aligned DNA complex from

AAG; ¢ = AG;d[misaligned DNA complex] —
AGy;4aigned DNA complex] (3)

Since these calculations are based on our MD trgjectories,
averages are obtained for each free energy term. To monitor the
convergence of the free energy calculations, each half of the 20 ns
simulation was analyzed by 625 frames (every 16 ps). As shown
in Supplementary Table S1 in the Supporting Information, the
computed free energies from both halves are similar and within
the error ranges. Data in Table 2 are from the second half of each
simulation. For the quasiharmonic analysis, atotal of 18 000 frames
were used from each trgjectory, spanning 3—20 nswith 1 psframe

spacing.
3. Results

3.1. Charge of Pol A4's 544 Residue Is Important for
Stabilizing the Extrahelical Template Nucleotide. Our examina
tion of the wild-type pol 4 complex reveds that it contains a
conserved nucleotide binding pocket that shows great similarity
to base-flipping enzymes.®? In this binding motif for extrahelical
nucleotides, a positively charged residue interacts with the DNA
phosphate backbone and a hydrophobic residue lies adjacent to
the nucleotide base. As shown in Figure 1d, pol 1’'s Lys544 in
the thumb satisfies the el ectrostatic requirements of the positively
charged residue by forming several hydrogen bonds to the DNA
phosphate backbone near the extrahelical nucleotide (T7), and
Pro547 is the base-interacting hydrophaobic residue.
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Table 2. Energetic Analysis of the Formation of Pol 2 Complexes
with Aligned DNA and Misaligned DNA®

misaligned DNA aligned DNA
AEge —705.4 (35.1) —599.3 (36.1)
AEygw —163.3(7.1) —146.7 (6.3)
AEmm —868.7 (34.5) —746.0 (36.3)
AGy, —22.8(0.4) —20.2(0.5)
AGpg 13.5(23.7) 61.0 (36.5)
AGgy —9.3(23.8) 40.8 (36.5)
AGgecot —691.9 (42.9) —538.3(48.9)
AGy —878.0 (42.6) —705.2 (49.3)
—TAS 91.2 80.6
AGing —786.8 —624.6

2All results are in kcal/mol. Standard deviations are the values in
parentheses. Definitions. AEge, electrostatic MM energy; AE,qy, van der
Waals MM energy; AEyy, total MM energy (AEge + AEyqw + AEin);
AGy,, nonpolar contribution to the solvation energy; AGps, €lectrostatic
contribution to the solvation energy; AGeyy, total solvation energy
(AGps + AGy); AGgecion, tota electrostatic energy (AEgec + AGeg);
AGyy, total energy without solute entropic contribution (AEwm +
AGgy); —TAS, solute entropic contribution (T = 300 K); AGping, tota
energy with solute entropic contribution (AG,,y — TAS).

Since Lysb44 appears to be a key component of the pol
Almisaligned DNA complex, we elucidate itsrole in the stability
of the complex by comparing wild-type pol A to three Lys544
mutants (Ala, Phe, Glu) bound to misaligned DNA. We chose
these three mutants to examine the effect of size and charge at
this location: Alafor its much smaller size and neutral charge,
Phe for its bulky side chain and neutral charge, and Glu for its
opposite charge to lysine.

For example, a comparison shows that the charge of residue
544 is more important than its size in explaining the resulting
complex’s stability. While the wild-type system does not deviate
significantly from the crystal, the Lys544Glu mutant exhibits
significant rearrangements in both the DNA and the active site.
Some rearrangements also occur in the Ala and Phe mutants.

In al systems, hydrogen-bonding interactions between the
residue at position 544 and T7 form when favorable electrostatic
interactions occur between them. A qualitative comparison of
the strength of these interactions also helps assess how well
the misaligned DNA structure is stabilized. In the wild-type
system, interactions between Lysb44 (positively charged, hy-
drogen bond donor at its terminal e-amino group) and the
thymine base of T7 are always favorable and become even more
so when hydrogen bonds form between Lys544's terminal
e-amino group and the T7:04” and T7:05" atoms (Figure 3a,b)
in addition to Lysb544’ s interactions with the T7:O1P/O2P and
T7:H3 atoms (Figure S2 in the Supporting Information);
Lysb44's side chain rotates to facilitate all these interactions
with the DNA (Figure 3c). Similarly, in the Lys544Ala and
Lys544Phe mutants, electrostatic interactions become much
more favorable when a hydrogen bond forms between T7 and
the backbone oxygen of the residue at position 544 (Figure 4).
However, these interactions are more limited and less frequent
in relation to the wild-type pol 4 system. In the Lys544Glu
mutant, the presence of a negative charge at position 544 |leads
to unfavorable electrostatic interactions between T7 and Glu544,
preventing any hydrogen bond formation (Figure 4).

(79) Im, W.; Beglov, D.; Roux, B. Comput. Phys. Commun. 1998, 111,
59-75.

(80) Janezic, D.; Venerable, R. M.; Brooks, B. R. J. Comput. Chem. 1995,
16, 1554-1566.

(81) Andricioae, |.; Karplus, M. J. Chem. Phys. 2001, 115, 6289-6292.

(82) Estabrook, R. A.; Lipson, R.; Hopkins, B.; Reich, N. J. Biol. Chem.
2004, 279, 31419-31428.

The range of motion of T7 and residue 544 in each of these
systemsis depicted in Figure 5. Even the wild-type pol 4 system
shows oscillations in the position of T7. The largest T7
rearrangement occurs in the Lys544Glu mutant system, in which
the extrahelical residue moves significantly (~14 A, double the
wild-type range) toward reentering the helix; thisis accompanied
by awidening of the spacing between the surrounding T6 and
T8 template bases to accommodate T7 within the helix (Figure
S3 in the Supporting Information). In addition, the T7 base
rotates to the syn conformation, as shown by a change in its
glycosidic torsion angle (y) (Figure S4 in the Supporting
Information). The next largest motion occursin the Lysb44Ala
mutant, but T7 tends to shift in the opposite direction. In the
Lys544Phe system, the DNA kinks more around the extrahelical
nucleotide, as revealed by atightening of the distance between
T7 and T9 backbone atoms (Figure S5 in the Supporting
Information), and T7 oscillates over a small range. Changesin
the hydration pattern around T7 may affect DNA motion in some
of the mutant systems. In particular, replacement of lysine with
alanine creates a more open pocket around T7 that is more
accommodating to water molecules; these additional intervening
water molecules weaken protein/T7 interactions and may
account for the larger T7 range of motion in the Ala mutant
compared to the Phe mutant. Despite these local changes around
T7, the DNA remains in the active position in all systems
(Figure S6 in the Supporting Information).

The mutations of Lys544 and DNA motions discussed above
lead to changes in several active-site residues (see overlaid
residues in Figure S7a in the Supporting Information). In all
Lysb44 mutant systems, 11e492 and Tyr505 flip to their inactive
positions. Phe506 also rearranges to its inactive position in the
Phe and Ala mutants. Even in the wild-type system, the positions
of some active-site residues fluctuate, as indicated by transient
rearrangements in 11e492 and Asn513 (see torsion changes in
Figure S8 in the Supporting Information).

Further transitions toward an inactive state occur in the
Lys544Glu and Lysb44Ala mutants for active-site atoms
involved in the chemical reaction and magnesium ion coordina-
tion. In these mutants, the crucial O3’—P,, distance elongates,
Asp490 rotates, and more water molecules enter the active site
compared to the wild-type and Lys544Phe systems (Figure 6).
The additional water molecules, in particular, serve to distort
the active site from the ideal two-metal-ion arrangement by
blocking the coordination of the primer terminus's O3" atom to
the catalytic ion, which allows the primer terminus to drift away
from the incoming nuclectide. These combined changes hamper
the chemical reaction.

Taken together, we suggest that a single mutation in the
thumb at position 544 can reduce the likelihood of deletion
errors by changing specific protein/DNA interactions as well
as altering the active-site geometry of the complex in such a
way that the process of extending a DNA misalignment is
hampered. The wild-type Lys544 residue thus appears to have
been evolutionarily adapted to stabilize misaligned DNA well
in pol A's active site.

3.2. The Active Pol 4 Complex Is More Stable When the
Bound DNA Is Misaligned. Intriguingly, we find that the active
pol A/misaligned DNA/dTTP complex is more stable than when
the bound DNA is properly aligned. This results from pol 1's
tighter grip on misaligned DNA through extra points of contact
with the extrahelical nucleotide, mediated by Lys544, and other
synergistic thumb/DNA interactions as shown in Figure 2. We
deduced this effect from additional mutant simulations of other
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Lys544 Interactions in Wild-type Pol A System

Lys544/T7
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Figure 3. Lys544/DNA interactions in pol 1. (a) Electrostatic interaction energy changes between Lys544 and T7. (b) Time evolution of distances
between Lys544 and T7:04’, O%’, and H3 atoms. (c) Change in Lys544’s side chain from the experimentally derived orientation (red) to a new
orientation (green), obtained during the dynamics simulation, that facilitates formation of two additional hydrogen bonds to T7.
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Figure 4. Time evolution of electrostatic interaction energy changes between residue 544 and T7 (a—c) and corresponding distance changes (d—f) in
Lys544 pol 4 mutant systems.
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Template
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Figure 5. Ranges of motion of extrahelical thymine and residues at position 544 in pol 1 wild-type and Lys544 mutant (i.e., Glu, Phe, and Ala) systems,

the latter in the corner insets.

a)

Pol A

c) Pol A K544A |d) Pol A K544F

Figure 6. Active-site geometries of pol 4, pol 5, and all pol A mutant systems as seen in the final snapshot of each system trajectory. Abbreviations used:
Wat, a water molecule; Mg@?™ (A), catalytic ion; Mg?" (B), nucleotide-binding ion.
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positively charged residues in the thumb (Arg517, Lys521,
Arg538), which interact with the DNA, and from energetic
analyses. Additionally, Arg514, which stacks with the templating
base at the gap, contributes to this combined effect by forming
important stabilizing interactions with the active-site DNA. (See
Table S2 in the Supporting Information for a summary of
hydrogen-bonding interactions of these five residues with the
DNA.)

From a structura standpoint, we found that replacement of
only one of these residues with aanine produces some ateration
in the complex but does not destabilize the complex because
of compensatory interactions from the other residues that we
discuss in terms of thumb/DNA interaction energy below. The
stronger binding of misaligned DNA compared to normally
aligned DNA is further emphasized by an examination of
Arg517Ala pol A with both of these DNA types. In the
misaligned DNA system, the DNA does not shift and remains
in the chemically active position (Figure S6 in the Supporting
Information), while in the aligned DNA system, frequent DNA
shifting occurs between active and inactive positions, which we
previously reported.*? Similarly, the misaligned DNA remains
in the active position in the Lys521Ala and Arg538Ala mutants
(Figure S6), a commonality in all our pol A/misaligned DNA
complexes.

Nevertheless, smaller-scale DNA rearrangements within the
active position occur. In the Lysb21Alaand Args17Ala systems,
the increase in DNA spacing around the extrahelical T7 residue
is similar to that in the Lys544Glu mutant (Figure S3 in the
Supporting Information). Moreover, in the Arg538Ala system,
a combination of fluctuations occurs in the templating base at
the gap (T5) and the adjacent template base (T6) that pairs with
the primer terminus (Figure S9a in the Supporting I nformation)
in addition to intermittent movement in the thumb loop
containing S-strand 8 toward the inactive loop position (Figure
S9b,c).

The combined large motions for Arg538Ala lead to more
active-site distortions compared to the other systems (see
positions of residues in Figure S7b in the Supporting Informa-
tion). Thisincludes Tyr505 shifting toward the inactive position,
twisting in the Phe506 side chain, and fluctuations in [1e492's
position; these changes help to elongate the O3’—P, distance
and alter the coordination pattern of the catalytic ion such that
the O3 atom is too distant to coordinate with the ion (Figure
6). The chemical reaction in this mutant is thus significantly
hampered. The active-site geometries in the Argb17Ala and
Lysb21Ala mutants more closely resemble the wild-type system
in that only fluctuations in the position of 11e492 occur.

From our energetic analysis of all wild-type and mutant pol
Almisaligned DNA complexes together with wild-type and
Arg517Alapol A/aigned DNA complexes*? important underly-
ing differences in pol A's handling of misaligned vs aigned
DNA emerge as well as suggestive trends for relative contribu-
tions of specific residues to misaligned DNA binding. These
energetic analyses consist of sampling the interaction energy
between the thumb (residues at positions 544, 538, 521, 517,
and 514) and the adjacent DNA (DNA template-strand nucle-
otides T5—T8) for all systems (Figure 7). We see that
electrostatics are the dominant component of the interaction
energy. The van der Waals interactions are smaller and similar
in al systems, except for the Args17Alalaligned DNA system,
which has less favorable interaction energy than the others.
Interestingly, the wild-type, Lys521Ala, and Arg538Ala pol
Almisaligned DNA systems have more negative electrostatic

13412 J. AM. CHEM. SOC. = VOL. 132, NO. 38, 2010

interaction energy than the wild-type/aligned DNA complex.
In addition, the Arg517Ala/misaligned DNA system has a
similar average electrostatic interaction energy but smaller
fluctuations (standard deviations) than the wild-type/aligned
DNA system. In fact, electrostatic energy fluctuations among
the misaligned DNA complexes are similar and smaller than
for the aligned DNA complexes analyzed; these similar fluctua-
tions suggest that the thumb residues in the misaligned DNA
complexes energetically compensate for one another to ef-
fectively prevent DNA motion to the inactive position. Thisis
in contrast to the much larger fluctuations occurring in the
Arg517Ala/aigned DNA complex, which exhibits 5—7 A in
DNA template-strand motion from the active to inactive DNA
position.**~* Importantly, whole-system energy fluctuationsin
total energy, kinetic energy, and potential energy are very similar
for al systems and constitute between 0.2 and 0.5% of the
average energies, reinforcing the significance of the above
differences.

On the basis of the relative magnitudes of the electrostatic
component of the interaction energy, the contributions of
individual residues to the binding of misaligned DNA can be
ranked as follows: Lys544 > Arg517 > Lys521 > Arg538.
Mutations in Lys544 can be interpreted as having charge-
dependent effects on misaligned DNA binding, since negatively
charged glutamate at position 544 has poorer electrostatic
interactions than systems with an alanine or phenylalanine
residue at this position. Thelarge DNA change in the Lys544Glu
system contributes to reducing this electrostatic interaction.

Comparison of the Argb17Ala systems reveals why deletion
errors are increased in this mutant. In the aligned DNA system,
less favorable energetic interactions between the DNA and the
thumb and larger fluctuations compared to the wild-type/aligned
DNA system provide a supportive framework for the DNA to
slip into the misaligned DNA position, which is energetically
much more stable and similar to wild-type/aligned DNA
complexes.

Binding free energies lend further evidence for the stronger
binding of misaligned compared to aligned DNA. Using the
MM-PBSA approach as described in Computational Methods
to compute the binding free energies (Table 2), the binding
difference AAGpg = —162.2 kcal/mol indicates stronger
binding of the misaligned DNA compared to the aligned DNA
complex. Interestingly, favorable electrostatic interactions
(AEqec) Within the protein/DNA complex more than compensate
for the energetic penalty paid by the electrostatics of solvation
(AGgg) in both complexes. However, the greater AEqe: in the
misaligned DNA complex compared to the aligned DNA
complex, as aso inferred from our energetic analysis above
(Figures 7 and 8), appears to be the main source of the
misaligned DNA complex’s stronger binding, further substan-
tiating our prior results.

3.3. Pol g Has Fewer Residues To Stabilize the Misaligned
DNA Than in Pol A. Unlike pol A, where severa positively
charged residues are present, only one positively charged protein
residue, Arg299, interacts with the DNA backbone near the
extrahelical thymine (T7) in pol 5. The electrostatic potential
surfaces of the thumb subdomains of pol A and pol 5 reveal
striking differences in the misaligned DNA/thumb interaction
landscapes (Figure 8). Whereas pol 4 has a substantia positively
charged surface for interactions with the DNA near the
extrahelical nucleotide, pol S has a much smaller region in the
vicinity of Arg299, which is adjacent to T7. Thus, differences
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Figure 7. Time evolution of thumb (residues 544, 538, 521, 517, and 514)/DNA (T5—T8) interaction energy divided into van der Waals (VdW) and
electrostatic energy components. Energy averages and standard deviations (SD) are provided.

in electrostatic interactions indicate that pol A has a much Ala307 sometimes form hydrogen bondsto T7 (Figure Slla—c

stronger grip on misaligned DNA compared to pol S. in the Supporting Information). Together, these changes suggest
Still, the pol S/misaligned DNA/dTTP complex appears to that pol S forms a less stable complex with misaligned DNA

be relatively stable, with the active site exhibiting a good than pol 4. The relative stability of pol A’s active site may result

geometry for the chemical reaction (Figure 6). Some rearrange- from Arg283' s strong interactions with the DNA template-strand

ments, however, occur in the thumb and DNA. The loop in the bases in the active site (Figure S11d—f), which are comparable

thumb containing -strand 7 twists to open the area around the to its interactions with normally aligned DNA.

extrahelical nucleotide (T7) (Figure S10a,d in the Supporting

Information), and the DNA template-strand backbone rearranges 4. Discussion

near T7 to alow T7'sthymine base to stack with Arg299 (Figure

9 and Figure S10b in the Supporting Information). This DNA DNA replication on a misaligned template-primer results in

template-strand rearrangement is accompanied by intermittent either adeletion error or an insertion error, unless corrected by

shifts in the T5—T8 template-strand bases dlightly upstream a proofreading domain or the mismatch repair pathway.® Our

(Figure S10c,e). In addition to Arg299, nearby Asn294 and atomic-level modeling of pol 4 and pol § bound to deletion
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b) Pol B

7

ArgZQQ et : :

Figure 8. Electrostatic potential landscapes of thumb/DNA interactions
in () pol A/ and (b) pol S/misaligned DNA systems following equilibration.

Pol 3’s Thumb

Figure 9. Pol f3 interactions with the misaligned DNA are mediated by
stacking interactions between thumb residue Arg299 and T7.

error intermediates reveals distinct differences in how these
enzymes bind misaligned DNA containing a two-base repeat,
which helps interpret their respective tendencies for deletion
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error generation. Our smulated pol A/misaligned DNA structures
and dynamics reveal that pol A binds very tightly to the region
of the DNA template strand between the nascent base pair and
the extrahelical nucleotide, located two bases upstream from
the nascent base pair. These strong interactions stabilize the
extrahelical nucleotide and anchor the DNA in the active
position for the chemical reaction; this in turn accounts for pol
A’s high catalytic efficiency on misaligned substrates and high
propensity for deletion error generation.?>*® The primary
residues involved in the binding (Lys544, Arg538, Lys521, and
Arg517) are all located in pol A's thumb subdomain. Arg514,
also in the thumb, may provide some secondary support through
its stacking interactions with the templating base at the gap.
Our examination of the electrostatic potential landscape of the
thumb near the extrahelical nucleotide suggests that the positive
charge of these residues explains the strong interaction between
pol A and the misaligned DNA.. In contrast, pol 3 bound to the
same DNA substrate has a much less positively charged
electrostatic potential surface in the vicinity of the extrahelical
nucleotide and thus binds the misaligned DNA more weakly.
This weaker interaction helps explain its lower tendency for
deletion errors, especialy within the short repetitive DNA
regions that we have modeled.

Our studies of three Alamutantsin place of Arg517, Lys521,
and Arg538 as well as three Lys544 (Ala, Phe, and Glu) pol 1
mutant systems revea that loss of one of these residue’'s
interactions with the DNA is not critical for the stability of the
complex, with the single exception of Lysb44Glu. Since Lys544
isclosest to T7, itiscrucia for stabilizing the misaligned DNA.
While the Ala and Phe mutants show small DNA changes, the
Glu substitution leads to arotation in the extrahelical nucleotide
toward reentering the helix. Interestingly, in the Lys544Glu,
Argb17Ala, and Lys421Ala systems, a gap is created within
the helix, disrupting stacking interactions between the template-
strand bases flanking T7; this effect further underscores pol 1's
tolerance of DNA rearrangement upstream of the active site.

Together, our mutation studies show that aterations in the
electrostatic environment around the extrahelical nuclectide can
lead to protein and DNA rearrangements that affect the
progression of the chemical reaction. Our energetic analysis of
thumb/DNA interactions allows us to predict the deletion error
tendencies of the various mutants. Generally, systems that
interact with the misaligned DNA most strongly would be
expected to generate the greatest amounts of deletion errors.
This accounts for the higher experimentally determined deletion
error rate of the Arg517Ala mutant®® and the lower error rate
for the Lys544Ala mutant.>® The Lys544Phe mutant, which has
similar energetic properties but better active-site geometry than
the Lysb44Ala mutant, would have a similar or slightly higher
deletion error tendency than the Lysb44Ala mutant, while the
Lys544Glu mutant would have a much lower deletion error rate
because of its poorer thumb/misaligned DNA interactions. The
exception to this trend is Arg538. Although this residue
contributes the least energetically to misaligned DNA binding,
the Argb38Ala system exhibited motions in both the protein
and DNA toward the inactive state, which indicates that an
alanine mutation at this position may reduce the efficiency of
nucleotide insertion on both aligned and misaligned DNA
substrates.

The absence of a DNA shift toward the inactive position in
the Argb17Ala pol 4 mutant system is surprising, given that
this same mutation destabilizes the template strand when pol 4
is bound to normally aligned DNA, as our prior modeling has
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shown.*>*3 Another examination of six different Arg517 pol 1
mutant systems bound to properly aligned DNA revealed that
both the size and charge of the side chain at position 517 are
important for stabilizing properly aligned DNA.* Clearly, the
stability of the misaligned DNA when bound to the Argb17Ala
mutant indicates that compensating interactions are present. Our
free energy calculations support the stronger binding of mis-
aligned compared to aligned DNA and suggest that the
difference lies in stronger electrostatic interactions within the
misaligned DNA complex. These interactions are mediated by
Arg514, Lys521, Arg538, and Lys544, which render Arg517 a
less critical residue for DNA stabilization. These stronger
interactions with misaligned DNA would also explain why
crystal structures with pol A bound to misaligned DNA have
been obtained at a higher resolution than those bound to properly
aligned DNA %641

These results highlight pol 4's remarkable robustness, which
alows it to be flexible as needed to handle different types of
substrates with high efficiency. Together with this versatility,
however, comes an inherent drawback. Since pol 4 only tracks
the base-pairing geometry of the nascent and primer terminus
base pairs through Arg517/DNA template-strand base interac-
tions, it has a restricted capacity to eliminate deletion errors.
The norma motion of the DNA during pol A's catalytic cycle
further contributes to the difficulty in monitoring the geometry
of the DNA. Its ability to handle unusual substrates, however,
allows pol A to repair double-strand breaks containing jagged
DNA ends with minima base pairing within the NHEJ
pathway.?* Interestingly, a recent study suggests that defectsin
NHEJrepair are alikely source of deletions and other mutations
in breast cancer.®

Our simulation of the pol f/misaligned DNA complex reveals
differences from pol 4 in the arrangement of the DNA template
strand near the extrahelical nucleotide. Pol s extrahelical T7,
located two bases upstream from the nascent base pair, moves
to stack with Arg299 in the thumb, causing alterations in both
the DNA and the adjacent region of the thumb. The few
stabilizing factors for misaligned DNA we identified for pol 5
agree with the experimental observation that misalignments
involving the template strand decrease catalytic efficiency.®
Interestingly, pol f’s efficiency can be restored when the
extrahelical nucleotide is shifted at least five nucleotides
upstream from the active site®® Thus, the position of the
extrahelical nucleotide plays an important rolein pol 5’s deletion
error tendency. Since pol 5 readily makes slippage-mediated
deletion errors on five-nucleotide and longer repeat regions,®-%’
the extrahelical nucleotide may be positioned five nucleotides
or more upstream of the active site, where it is sufficiently
stabilized by the surrounding correct base pairs instead of by
thumb interactions. Like pol 4, pol S is limited to monitoring
the geometry of the nascent and primer terminus base pairs
primarily through Arg283. However, as compared with pol 4,
pol 3’s catalytic cycle demonstrates a lack of large-scale DNA
motion as a result of amore positively charged template-strand
binding groove upstream of the active site,’ and this increases
pol 3’ sfidelity by preventinglargetemplate-strand rearrangements.

When binding repetitive DNA, error rate and structural
data®>® suggest that pol 1 prefers positioning an extrahelical
nucleotide two bases upstream from the active site. The
formation of misalignments close to the polymerase active site
requires strong protein/DNA interactions with the active-site

(83) Stephens, P. J;; et a. Nature 2009, 462, 1005-1010.

DNA as well as around the extrahelical nucleotides, a feature
we find in pol A. Pol 3’'s weaker interactions around the ex-
trahelical residue adapt it better for misalignments within longer
nucleotide runs that can be alternatively stabilized by multiple
correct base pairs surrounding the misalignment. When com-
bined with the different amounts of DNA motion induced upon
binding the correct incoming nucleotide, these factors account
for the significantly lower rates of deletions by pol § compared
to pol A. Interestingly, related pol u easily makes dippage-
mediated deletion errors on two- and three-nucleotide repeats.>”#*
Thus, it may have interactions more like pol A than pol 3.
Indeed, pol u conserves pol A's Arg514 and Arg517 residues
with Arg444 and Argd47; our examination of pol s structure®™
also shows another thumb residue, Arg451, to be located in the
same vicinity as pol 4's Lys521 and Arg538 residues (Figure
S12 in the Supporting Information). Y-family DNA polymerase
Dbh, which aso makes deletions on repetitive DNA through
DNA template-strand slippage, likewise prefers positioning the
extrahelical nucleotide three bases upstream from the active
site.®5 As expected, X-ray crystal structures reveal that this
position is well-stabilized by the C-terminal domain of Dbh.%®
These similarities reinforce our hypotheses regarding pol 1's
versatile ability to stabilize misaligned DNA and hence generate
deletion errors. Of course, these factors are part of a complex
picture that involves other long-range interactions within the
enzyme and with other biomolecules associated with repair. In
fact, other studies have found that residues more distal to the
active site can affect deletion error rates for pol A and pol 1.87~8°

Interesting connections between pol ' s slippage mechanism
and DNA interactions in other base-flipping enzymes can aso
be drawn. For example, the position of T7 in the pol A
Lys544Glu mutant shows remarkable similarity to a crystal
intermediate in the base-flipping of thymine by uracil DNA
glycosylase (UNG).% In the UNG structure, the extrahelical
thymine is in the syn conformation and located in a position
that resembles T7 in the Lys544Glu mutant. The paucity of
protein/nucleotide interactions in both systems permits rotation
of the glycosidic torsion angle from anti to syn. Interestingly,
the syn conformation of an extrahelical uracil has also been
observed in crystal structures of an archaeal B-family DNA
polymerase, which stalls when encountering this base.* MutM,
a bacterial DNA glycosylase, is also known to bind its target,
8-oxoguanine, in its active site in the syn orientation.®? In
addition to UNG, extrahelical intermediates on base-flipping
pathways have been identified for nontarget DNA bases in Of-
alkylguanine-DNA alkyltransferase (AGT) from transition path
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21, 7995-8006.
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sampling of base-flipping®™ and both 8-oxoguanine DNA
glycosylase | (hOGG1)** and MutM®>*® from X-ray crystal-
lographic studies. In these DNA glycosylases and AGT, contacts
with anti vs syn bases and transition of the base to an extrahelica
intermediate position may aid discrimination of target from
nontarget substrates for transition to the active site. In pol 4,
base recognition is less specific, and pol A's partially solvent-
exposed binding pocket for extrahelical nucleotides alows it
to accommodate al four standard bases. Our proposed conserved
extrahelical nucleotide binding motif in pol 4 in Figure 1d
highlights the fundamental nature of these interactions and
motions in a cell’s functioning.
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