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Abstract

Differentiation of binding accurate DNA replication polymerases over error prone DNA lesion
bypass polymerases is essential for the proper maintenance of the genome. The hyperthermophilic
archaeal organism, Sulfolobus solfataricus (Sso), contains both a B-family replication (Dpol) and
a Y-family repair (Dpo4) polymerase and serves as a model system for understanding molecular
mechanisms and assemblies for DNA replication and repair protein complexes. Protein
crosslinking, isothermal titration calorimetry, and analytical ultracentrifugation have confirmed a
previously unrecognized dimeric Dpo4 complex bound to DNA. Binding discrimination between
these polymerases on model DNA templates is complicated by the fact that multiple oligomeric
species are influenced by concentration and temperature. Temperature dependent fluorescence
anisotropy equilibrium binding experiments were used to separate discrete binding events for
formation of trimeric Dpol and dimeric Dpo4 complexes on DNA. The associated equilibria are
found to be temperature dependent, generally leading to improved binding at higher temperatures
for both polymerases. At high temperatures, DNA binding by Dpol monomer is favored over
Dpo4 monomer, but binding of Dpo1l trimer is even more strongly favored over Dpo4 dimer, thus
providing thermodynamic selection. Greater processivities of nucleotide incorporation for trimeric
Dpol and dimeric Dpo4 are also observed at higher temperatures, providing biochemical
validation for the influence of tightly bound oligomeric polymerases. These results separate,
quantify, and confirm individual and sequential processes leading to formation of oligomeric
Dpol and Dpo4 assemblies on DNA and provide for a concentration and temperature dependent
discrimination of binding undamaged DNA templates at physiological temperatures.
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Simulation data for concentration and temperature dependent assembly of Dpol and Dpo4 on DNA. Tables S1 and S2 contain the
thermodynamic parameters for Dpol and Dpo4 binding to DNA, respectively. Figure S1 (AUC data of Dpol and Dpo4 alone), Figure
S2 (AU-FDS temperature dependent data of Dpol and Dpo4 bound to DNA), Figure S3 (examples of anisotropy fits), Figure S4
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Dpo4 binding to DNA), Figure S6 (Dpol polymerization rate at different temperatures), and Figure S7 (Dpo4 processivity at different
temperatures) are available. This material is available free of charge via the Internet at http://pubs.acs.org.
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INTRODUCTION

Over the past two decades, a multitude of DNA polymerases have been discovered and
classified into at least six separate families (1). Many organisms have multiple DNA
polymerases with humans having fifteen (2). Most traditional B-family DNA polymerases
are involved in faithful copying of our genome, while Y-family DNA polymerases have
more flexible active sites allowing for synthesis across locations of DNA damage in an
effort to maintain uninterrupted DNA synthesis during replication. Binding and recognition
of normal or damaged DNA bases require that each DNA polymerase has a precise
specificity with the appropriate DNA template to maintain fidelity of replication or repair
directed by interacting proteins at the replication fork. Specificity is increased through
interactions with shared accessory proteins for DNA replication and repair polymerases at
the site of catalysis. Alternatively, the repeated shuttling between polymerization and
exonuclease states of B-family DNA polymerases at sites of damage (3) may locally
destabilize binding, allowing a Y-family polymerase to bind more specifically to bypass the
lesion. Therefore, a question arises as to how each polymerase is regulated with regards to
binding the correct DNA substrate.

DNA polymerases Klenow (4), T4 gp43 (5), human pol B (6, 7), and African swine fever
virus polymerase X (8) have all been found to form 2:1 complexes with DNA (9). Other
DNA polymerases appear at the replication fork as multimers during DNA replication
through interactions with their accessory proteins (10). Interestingly, DNA replication
polymerases have also been found to exchange freely from solution during active
replication, suggesting that either direct interactions between polymerases or indirect
interactions through accessory proteins provide mechanisms for switching enzymes at the
site of catalysis (11, 12). Therefore, it is likely that the high concentration of DNA
polymerases within or around replisome complexes is a common mechanism for coordinated
DNA synthesis, increased kinetics, and coupled replication and repair to maintain the
genomic integrity of the cell.

DNA replication in archaea serves as an important and relevant model system for detailing
the molecular mechanisms of DNA polymerases homologous to their eukaryotic
counterparts (13-15). Contained within the archaeal Suffolobus solfataricus genome are
DNA polymerases from both the B-family replication (Dpol) and Y-family lesion bypass
(Dpo4) families. Both individual DNA polymerases have been structurally characterized
(16-18), have similar specificities for DNA (19, 20), and robust kinetics (21-23), but differ
in their fidelities for nucleotide incorporations (21, 24-26). Dpo4’s lower fidelity, as well as
the ability for Su/folobus to survive in the absence of this protein (27), highlights a
nonessential role in DNA replication. Direct interaction between Dpol and Dpo4 has also
been noted and is thought to be important for uninterrupted lesion bypass during DNA
replication (28). We have also shown that Dpol can form a trimeric complex in the presence
of DNA (20), suggesting that homo and heteroligomeric DNA polymerase complexes exist.

Quantification of binding various DNA polymerases to DNA has been examined using a
number of techniques to characterize this single binding event. The resulting temperature
dependent thermodynamic binding parameters can provide insight into the specificity of the
binding process through determination of the heat capacity change (4C%) (29, 30).
Although a strongly negative 4C?, has been shown to be the thermodynamic signature of
sequence-specific binding (30), the non-sequence specific binding to primer template DNA
by the A-family DNA polymerases from Thermus aquaticus (Taq) (31) and Escherichia coli
(Klenow) (32) is also associated with large and negative A4, values (29, 33-35). Even
though there is no sequence specificity, the negative AC? is consistent with the high
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structural complementarity (29) of the DNA polymerase binding to the primer template
junction, visualized in a variety of crystal structures (18, 36, 37). The inherent
thermostability of proteins from Sso (where the growth temperature is ~75 °C) allows us to
fully investigate the energetic constraints of DNA polymerase binding to DNA. Access to
this broad temperature range results in a more complete thermodynamic characterization of
the differences in binding B and Y-family polymerases to an undamaged DNA primer-
template. These thermodynamic differences can be evaluated directly by determining the
affinities (K}), free energies (4G, heat capacity changes (4C%), and stoichiometries (n)
for binding each polymerase.

Here, we use chemical crosslinking, isothermal calorimetry (ITC), and analytical
ultracentrifugation (AUC) to show that Dpo4, like Dpol, can also form an oligomeric
complex on DNA. Using AUC, we have found both a strong concentration dependent and
modest temperature dependent shift in the reaction boundaries, highlighting changes in
Dpo4 monomer-dimer and Dpol monomer-trimer equilibria. Temperature dependent
equilibrium fluorescent anisotropy binding experiments were used to separate the free
energy (4G9 of binding either monomer or higher order oligomeric DNA polymerases
(Dpol or Dpo4) states. For both polymerases, we have detected an initial higher affinity
monomeric binding site followed by sequential binding of additional polymerase molecules
to form either trimeric Dpol or dimeric Dpo4 complexes on DNA.

Separation and quantification of these individual binding events reveal that a Dpol
monomer binds to DNA with only slightly greater affinity than Dpo4 up to 50 °C. This
binding affinity difference is exaggerated at the highest temperatures, suggesting that
binding of Dpol to undamaged DNA templates is favored at physiological growth
conditions for Sso. The free energy associated with trimer Dpol binding to DNA is
significantly more favorable than that associated with dimer Dpo4 DNA binding, and this
difference increases strongly with increasing temperature. Enzymatic evidence showing
greater processivities for Dpol and Dpo4 at higher temperatures and protein concentrations
is used to explain the role of temperature and oligomeric state in promoting DNA
polymerase assembly, stability, and kinetics at the replication fork. Collectively our results
indicate that the binding specificities of multiple oligomeric archaeal DNA polymerases are
regulated by changes in cellular concentrations and temperature for efficient DNA binding
recognition and synthesis.

EXPERIMENTAL PROCEEDURES

Materials

Oligonucleotide substrates including the 37 nucleotide (nt) DNA hairpin, 5’-fluorescein or
5’-Cy3 labeled DNA were purchased from Integrated DNA technologies (IDT, Coralville,
IA). The sequence of the 37 nucleotide DNA hairpin was 5’-
TTTTTTTTTTCCCGGGCCGGCGTTTCGCCGGCCCGGG, which included a 12 base-pair
duplex region, a three residue loop, and a ten residue single strand template. DNA was
dissolved in annealing buffer [20 mM HEPES (pH 7) and 200 mM NaCl], heated to 95 °C
for 15 minutes, and then cooled to room temperature by turning off the hot plate overnight.
M13mp18 was purchased from USB Corporation (Cleveland, OH). All radiochemicals were
purchased from MP Biochemicals (Santa Ana, CA) or Perkin Elmer (Waltham, MA).
Commercial enzymes were from NEB (Ipswich, MA). All other chemicals were analytical
grade or better.

Dpol and Dpo4 were purified as described (17, 20) except for a few modifications. The
exonuclease deficient version of Dpol (D231A/D318A) was recloned into pET30a (Ndell
Xhol) to introduce a stop codon and remove the C-terminal His tag. Both polymerases were
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expressed using an autoinduction protocol (38) using Rosetta 2 cells (Stratagene). Cells were
lysed by sonication and heat treated at 70 °C for 30 minutes followed by centrifugation. The
Dpol lysate was purified using a HiTrap MonoQ, heparin, and Superdex-200 gel filtration
columns. The wild-type untagged Dpo4 lysate was purified using a HiTrap MonoQ, heparin,
and hydroxylapatite (Sigma-Aldrich) columns (17).

Crosslinking Studies

Dpo4 was dialyzed in crosslinking buffer [50 mM HEPES (pH 7.0), 150 mM NacCl, 10 mM
EDTA] and reduced using 10 mM tris(2-carboxyethyl)phosphine hydrochloride (TCEP-
HCI) (Thermo Scientific, Rockford, IL). Dpo4 (8 LM) was then either incubated alone or
with 10 M DNA 37 nucleotide hairpin for 5 minutes at room temperature. Chemical
crosslinking experiments were initiated with 0.33 mM 1,11-bis-maleimidotriethyleneglycol
[BM(PEG)3] or ethylene glycol bis[succinimidylsuccinate] [EGS] (Pierce, Rockford, IL)
targeting free cysteines or free amines, respectively, in close proximity. The reaction was
then incubated for 15 minutes at 22 °C. Products were separated on an 8% SDS-PAGE gel
and stained with coomassie dye.

Isothermal Titration Calorimetry (ITC)

Prior to analysis, titrants and analytes were dialyzed against Buffer A [20 mM HEPES-
NaOH (pH 7), 150 mM NacCl, 5% Glycerol, 10 mM Mg(OAc),, 0.2 mM DTT], filtered by
centrifuge tube filters (0.22 M, SPIN-X, Corning Inc., NY), and degassed. Isothermal
titration calorimetry was performed using a VP-ITC (MicroCal Inc., Northampton, MA) as
described previously (20). Titrations were performed by titrating 400 .M 37-nt hairpin
(primer template) (5-8 L aliquots) into 25 M Dpo4 at 15 oC or 60 °C. The heats of the
reaction were corrected for the heat of dilution by subtracting the signal after reaching
saturation. All data were fit using Origin 7.0 (MicroCal) according to the following

1/2

} (@)

equation:

where Vjis the volume of the cell, AH? is the enthalpy of binding per mole of ligand, /MJ;
is the concentration of DNA including both bound and free fractions, K} is the association
constant, /L ]is the total ligand (Dpo4) concentration, and 7 is the stoichiometry of the
reaction (20, 39).

o 2
Q:(n[M],AH Vo) {1+ (L, 1 [(1+ [, 1 )_4[L],

2 n[M], nKJM], |\" " alM], " nK M) n[M],

Analytical ultracentrifugation (AUC)-Sedimentation velocity experiments

Sedimentation velocity experiments were performed using an Optima XL1I analytical
ultracentrifuge (Beckman Coulter, Fullerton, CA) equipped with a prototype fluorescence
optical system (Aviv Biomedical). Samples of protein alone or with (50 nM) fluorescein
labeled 37-nt hairpin (primer-template) DNA in Buffer A were loaded into ultracentrifuge
cells at various concentrations (0, 10, 50, 100, 200, 500, 1000, 2000, 5000, and 10000 nM)
into a double-sector charcoal-epon centerpiece in either a 4- or 8-hole titanium rotor and
subjected to an angular velocity of 45,000 rpm with the temperature at 10, 20, or 30 °C.
Absorbance or fluorescence scans as a function of radial position were collected by scanning
at 280 nm (protein alone) or at 488 nm (protein with fluorescein DNA) at 20-um radial
increments, averaging 3 revolutions/scan. Sedimentation velocity boundaries were analyzed
in the least squares sedimentation coefficient distribution (/s-g*(s)) model using program
SEDFIT (version 12.1) (40). The sedimentation coefficient, s, is given by Svedberg’s
equation:
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M,.D,(1-vp)
s= RT )
where My is the molecular weight, D;is the diffusion coefficient, © is the partial specific
volume, p is the solvent density, Ris the universal gas constant, and 7 is temperature.
Observed weight average sedimentation coefficients were converted to szp, (standard
conditions of 20 °C in water) accounting for partial specific volumes, buffer densities, and
viscosities, calculated using SEDNTERP (41, 42).

Fluorescence anisotropy, equilibrium binding, and thermodynamic parameters

A 5’ Cy3-labeled 37-nt hairpin primer template DNA construct, described previously (20),
was used in the fluorescence anisotropy experiments. Titrations were performed in Buffer A
using a fixed concentration of DNA (4 nM) and varying concentrations of protein (0-20
LM). Anisotropy measurements were performed using a FluoroMax-3 spectrofluorimeter
(HORIBA Jobin Yvon) equipped with automated polarizers and regulated with a
thermostated cuvette holder. The DNA and protein were allowed to equilibrate at each
temperature for at least 30 minutes prior to measuring the anisotropy. Titrations at higher
temperatures (>45 °C) were performed in a capped cuvette to limit concentration changes
due to evaporation. Fluorescence was excited at 550 nm, and the emission with various
combinations of polarizers was monitored at 564 nm during a 5 sec integration time. The
fluorescence anisotropy, r, was calculated automatically by the instrumental software using
the equation:

_ Ivv _GI\'H
r= (©))
I,,+21,,

where /is the polarized fluorescence intensity with subscripts Vand A identifying either
vertical or horizontal polarized light, respectively. The G-factor is a correction for the
difference in sensitivities of detection for horizontal and vertically polarized light. In all
titrations, protein was titrated into DNA. After each addition, the protein was equilibrated
until no further change in anisotropy was detected, generally 1 minute. The fluorescence
intensity of Cy3 is known to change with temperature (43). Therefore, the slits were

adjusted accordingly at each temperature to give a total fluorescence signal of approximately
108 counts per second (CPS) for each titration. As a control for specific binding, the absolute
fluorescence intensity at 564 nm did not change significantly with addition of a high
concentration of either Dpol or Dpo4 measured at the beginning and end of the experiment.

Anisotropy data were fit to either a single

_AX[P]
"I Ka+P]

or sequential binding sites equation

_ALXIP] Asx [P
“Ky+lP) Kay+rprt ©

where A is the change in anisotropy, Pis either Dpol or Dpo4 concentration, Ky is the
dissociation constant for each binding event (subscript Z or 2), and n is the stoichiometry (2
for Dpol and 1 for Dpo4). At least three independent titrations were performed at each
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temperature to obtain average Kz and Ky parameters. Ky; and Kgowere used to directly
calculate free energy change (A G°) for monomer:

AG’=-RTInK, (6)

and oilgomer (Dpo1l trimer or Dpo4 dimer):

AG°=—RTInK —nRTInK, (7)
where R is the universal gas constant and T is temperature.

Thermodynamic parameters were extracted from the temperature dependence of the Gibbs-
Helmbholtz plot from a multiparametric fit according to the following equations

AG’=AH’~TAS°=AC® [(T—TH)—Tln (Tl)] ®)

N

AH°=AC%(T-T,) (9

o 0 T
AS°=ACSIn (T—) (10)

where AGP is the standard free energy change, AAY is the change in enthalpy, and AS?is

the change in entropy, using a constant heat capacity ( AC}) at each temperature, 7. T is the
temperature in which AAH° =0, Tgis the temperature where 745°=0.

The binding data were also fit to a van’t Hoff plot of /7K, versus 1000/T according to the

following equation
ACC (T T
= () (7) 1]

where Ky, is the apparent equilibrium constant and A is the universal gas constant.

Buried Surface Area Calculations

Solvent accessible surface areas for Dpo4 bound to DNA (PDB ID: 2RDJ) (44) were
calculated for buried nonpolar (AAp) and polar (AAy) surface areas using a 1.4 A probe

radius as described (45). The heat capacity change ACf,A associated with binding was
calculated from a surface area-based model according to Spolar et a/ (46).

AC3 (calmol™ K™1)=—(0.32)A4,,+(0.19)A4, (12)

Polymerase/DNA binding simulations

The cumulative binding data for Dpol and Dpo4 were fit and modeled according to the
minimal kinetic scheme outlined in Figure 6A & B using a simulation with Berkeley
Madonna (University of California, Berkeley) (see Supporting Information for a full
description of the parameters and equations used).
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DNA polymerase processivity

Processivity experiments for Dpol and Dpo4 were performed and analyzed as previously
described (20) but at additional temperatures. 5’-32P end-labeling of a DNA primer was
performed using Optikinase (USB) and 32P -ATP according to manufacturer’s directions.
Primed M13mp18 DNA template (40 nM) was preincubated with various concentrations of
Dpol or Dpo4 (as indicated in the Figure legends) at the experimental temperatures in
Buffer A, and the reaction was initiated with the addition of dNTPs (0.1 mM each) and/or 30
g single strand salmon sperm DNA (Invitrogen, Carlsbad, CA). One volume of stop
solution [50 mM NaOH, 1 mM EDTA, 3% (w/v) Ficoll (Type 400, Pharmacia), 0.05 % (w/
v) bromocresol green, 0.04 % (w/v) xylene cyanol] was added to terminate the processivity
reactions after 60 minutes for 40 °C, 30 minutes for 50 °C, and 10 minutes for 60 or 70 °C
reactions. Aliquots were run on an alkaline agarose gel (0.8% agarose, 50 mM NaOH, 1 mM
EDTA) or denaturing 20% PAGE gel, dried and imaged using a Storm Phosphorimager (GE
Healthsciences). Quantification of the mean band lengths was performed using ImageQuant
software (v5.0) compared with a 32P end labeled 1kb ladder (Invitrogen).

RESULTS

Detection of dimeric Dpo4

After purifying Dpo4, we noticed a small amount of protein consistent with a covalent dimer
on SDS-PAGE gels, especially under non-reducing conditions. We investigated the validity
of a possible Dpo4 dimer using protein cross-linking. Chemical crosslinkers, BM(PEG)3,
which targets native reduced cysteines, or EGS, which targets free amines in close proximity
(<18 A), were both used to capture a dimer in solution. Dpo4 contains a single native
cysteine residue (C31) which allows for the possibility of inferring information about the
structure of a crosslinked species. Using the thiol-thiol crosslinker [BM(PEG3)], we were
able to crosslink a dimeric Dpo4 both in the absence and presence of DNA (Figure 1A, lanes
2 and 3). There is no significant difference in the amount of crosslinked Dpo4 complex in
the presence of DNA. Therefore, a monomer-dimer equilibrium exists both on and off DNA.
Unreduced Dpo4 loaded onto the SDS-PAGE gel also shows a small quantity of dimeric
product suggesting that a disulfide bond can form between subunits without added
crosslinker (Figure 1, lane 4). Reduction of this disulfide bond with TCEP reduces the
fraction of dimer in favor of monomer (Figure 1, lane 1). We were also able to detect an
equivalent reduced dimeric Dpo4 species using an amino-amino crosslinker (EGS) which
crosslinks lysine residues in an interface (data not shown). These crosslinking results
suggest that dimeric Dpo4 complexes can exist in solution and that at least one conformation
positions the single cysteine residue at the protein-protein interface, similar to that observed
in an x-ray structure of Dpo4 bound to DNA (Figure 1B) (47).

Stoichiometry of Dpo4 binding to DNA by isothermal titration calorimetry

In order to verify that a dimeric Dpo4 complex can exist on DNA over a broad temperature
range, we used ITC to quantify the thermodynamics and stoichiometry of binding at 15 °C
and 60 °C (Figure 2). At 15 °C, binding is primarily entropically driven, and a fit of the
binding isotherm to Equation 1 gave the following values: Kj;,= 6.5+ 0.6 x 10° M™%
AH°;70=8.1+0.2 kcal mol™2, and 7= 0.64 + 0.01. The resulting AG%7¢is -7.7 kcal
mol~1 and the calculated entropic contribution ( 74.5,7¢) is 15.7 kcal mol™L. At 60 °C the
binding is primarily enthalpically driven, and a fit of the binding isotherm to Equation 1
gave Kzpp=2.2+0.5x 108 M1 AH%70=-8.0 + 0.5 kcal mol™2, and /7= 0.66 + 0.01. The
resulting AG?r¢is —9.7 kcal mol~1 and the calculated 74S,7¢is 1.7 kcal mol™2.,
Importantly, the stoichiometries at 15 °C and 60 °C are similar and are consistent with more
than one molecule of Dpo4 bound to DNA. A dimer was also seen using chemical
crosslinking. Although the titrations appear to go to completion, the stoichiometries do not
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saturate to 7= 0.5 (two Dpo4 molecules per DNA) indicating that the dimeric Dpo4
complex is in equilibrium with monomer-DNA complex under these conditions.

Analytical velocity sedimentation detects the formation of oligomeric Dpol and Dpo4
complexes with DNA

Analytical ultracentrifugation (AUC) sedimentation velocity experiments were performed
with either protein alone (Dpol or Dpo4) at 10, 20 or 30 °C to monitor the concentration and
any temperature dependent equilibria. For either Dpol or Dpo4 alone, there was an increase
in the peak position of the sedimentation reaction boundary, /s-g*(s), with concentration (1
or 10 uM), as expected at each temperature based on 280 nm detection. The sedimentation
reaction boundaries were corrected for changes in the diffusion coefficient with temperature
to give the sedimentation coefficient, sy 4, and represent solution equilibrium distribution
values for each experimental condition. Increasing the concentration of Dpo4 from 1 to 10
M did not change the sy, values significantly. At constant concentrations of Dpo1l or
Dpo4, the weight average szp,, value shifts slightly larger with increasing temperature
(Figure S1 of Supporting Information). Analysis of the reaction boundaries for 10 uM Dpol
resulted in weight average sz, distribution values of 4.19 + 0.01, 4.29 + 0.01, and 4.32
0.01 for 10, 20, and 30 °C, respectively. Similarly, analysis of the reaction boundaries for 10
M Dpo4 resulted in weight average szg , distribution values of 2.52 + 0.01, 2.55 + 0.01,
and 2.59 + 0.01 for 10, 20, and 30 °C, respectively. Increasing sz, values are consistent
with a shift in the equilibrium towards formation of larger species. For protein alone (Dpol
or Dpo4), these changes in sz, are only slightly significant over this limited temperature
range.

More specific information on complex assembly can be obtained by examining the reaction
boundaries for titration of each polymerase with a constant concentration (50 nM) of
fluorescent hairpin primer-template DNA using analytical ultracentrifugation fluorescence-
detected sedimentation (AU-FDS) (48). By monitoring the reaction boundaries of
fluorescent DNA in the AUC velocity experiments, we are able to examine a much greater
dynamic range of protein concentrations (50 — 5000 nM) than with absorbance alone.
Titration of Dpol at 10, 20, and 30 °C shows a clear increase in the s, distributions and
boundaries with concentration, consistent with the detection of multiple protein bound DNA
complexes (Figure 3 A-C). Here, discrete sz, populations for monomeric and trimeric
Dpol can be identified. Interestingly, the sz, reaction boundaries at identical
concentrations of Dpol bound to DNA shift towards larger species with increasing
temperature more significantly than for the free protein alone. For example, specifically
examining 100 nM Dpol across the three temperatures, the weight average sy, values
increase with increasing temperature: 4.66 + 0.03, 4.77 £ 0.01, to 4.86 + 0.01 at 10, 20, and
30 °C, respectively (Figure S2A of Supporting Information). At 1 .M Dpol, the weight
average Szp values increase from 5.71 £ 0.01, 5.89 + 0.01, to 6.04 + 0.01 at the same
temperatures, respectively (Figure 2B of Supporting Information).

Titration of Dpo4 on fluorescent hairpin primer-template DNA using AU-FDS also shows
an increase in the s, boundaries at each temperature (Figure 3 D-F) consistent with
populations consisting of both monomeric and dimeric Dpo4-DNA complexes. Binding of
Dpo4 to DNA does not appear to occur until the Dpo4 concentration exceeds 100 nM at 10,
20, or 30 °C. Moreover, the reaction boundary continually shifts to larger species between
500 — 5000 nM. Similar to the behavior of Dpol, the reaction boundaries at constant
concentrations of Dpo4 measured at 10, 20, and 30 °C also increase or shift to slightly larger
weight-average complexes more significantly than protein alone. Examination of 5 uM
Dpo4 across the three temperature ranges (10, 20, and 30 °C) shows that the weight average
So0,wvalues increase from 3.79 + 0.02, 3.84 + 0.01, to 4.12 + 0.01, respectively (Figure S2D
of Supporting Information). The equilibrium shift in the sedimentation coefficients with
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temperature can be most clearly seen at 100 nM Dpo4 (Figure S2C of Supporting
Information) where initial binding is only observed at 30 °C. This observation agrees well
with the fluorescence anisotropy data below which measures a K; value of 0.130 £ 0.004
LM at 33 °C but has larger K,; values at lower temperatures (Table 1).

Temperature dependent separation of polymerase binding events using fluorescence

anisotropy

In order to investigate further the individual binding events of Dpol or Dpo4 on DNA, we
used fluorescence anisotropy to evaluate the constants for the monomeric (Ky;) and
subsequent oligomeric (Ky) binding steps over a range of temperatures. The melting
temperature (Ty,) of the DNA primer template hairpin was measured from a shift in the UV
absorbance and found to be 88 °C (data not shown), which is well above our experimental
temperature range. Protein was titrated into low concentrations of a Cy3 labeled DNA
primer template hairpin and the increase in fluorescence anisotropy due to binding was
monitored (Figure 4). The increase in anisotropy as a function of Dpol concentration was fit
to either a single (Equation 4) or a sequential binding (Equation 5) model (Figure 4 A&B
and Figure S3A of Supporting Information). The second and third individual binding events
for Dpol cannot be separated from our EMSA or ITC data (20) (and manuscript in
preparation); therefore, simultaneous or cooperative binding is hypothesized. The increase in
anisotropy as a function of Dpo4 concentration was also fit to either Equation 4 or 5.
Equation 5 provided the best fit of the data for Dpo4 (Figure 4 C&D and Figure S3B of
Supporting Information). The fits to these individual equations to the data are consistent
with stoichiometric values and processes measured by ITC, chemical crosslinking, AUC,
EMSA, and gel filtration (20). The differences in the individual Kyvalues (1 & 2) for each
DNA polymerase are greater than 10-fold (Table 1) and generally decrease concurrently
with temperature up to 50 °C. Kgp, fit from the anisotropy experiments, is the intrinsic
constant for binding of one of the two monomers in the second step, while K2 represents
the constant for simultaneous binding of both Dpol monomers in the second “step” to form
the trimeric Dpol1-DNA complex.

The temperature dependences of the monomeric and trimeric binding equilibria for Dpol to
DNA are plotted in a Gibbs-Helmholtz plot (AG° vs. T) (Figure 5A) or a van’t Hoff plot
(/nKvs. 1000/T) (Figure 5B), and reported in Table S1 of Supporting Information. Analysis
by these two methods allows for easy visualization of any nonlinearity in the temperature
dependence of binding for each molecular event. The overall free energy for trimeric Dpol
binding to DNA is the sum of the free energies for the first and second binding steps, where
the second “step” represents the simultaneous or cooperative binding of two additional
monomers to the monomeric Dpol-DNA complex (described in Table 2). The free energy
minima for monomeric and trimeric Dpol binding both occur at ~61 °C. The predicted
critical temperatures for 74 (where AH=0) and 75 (where 745=0) are 36 °C and 60 °C
for monomeric and 41 °C and 60 °C for trimeric Dpol, respectively. 7 represents the
temperature where K is at a maximum, and 7grepresents the temperature where AG is
most favorable. This binding behavior is indicative of a temperature dependent binding
enthalpy (44°) with fitted heat capacity changes (4 ;) (Equation 8) for monomer and
trimeric Dpo1 binding equal to —0.43 + 0.07 cal mol~1 K1 and —=1.02 + 0.12 cal mol™1 K71,
respectively (Table S1 of Supporting Information). The parallel large decreases in AA° and
TAS° with temperature are compensatory, resulting in smaller changes in AG?, and are
generally characteristic of sequence specific DNA binding proteins (Figure S4 A&B of
Supporting Information) (29, 30, 49). It seems possible that Dpol and the DNA at the
primer-template junction achieve a degree of structural complementarity comparable to that
in sequence-specific protein-DNA interfaces, thus making a significant contribution to the
large negative A C?, Subsequent structural specific binding of two additional molecules of
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Dpol at that site completes the trimeric Dpo1-DNA complex as identified previously by
DNA footprinting (20).

Dpo4 also shows a nonlinear temperature dependence of binding for both the monomer and
dimer, as visualized in a Gibbs-Helmholtz plot (Figure 5C) or van’t Hoff plot (Figure 5D),
and reported in Table S2 of Supporting Information. The free energy minima for monomeric
and dimeric Dpo4 assemblies occur at ~49 °C, and 51 °C, respectively. The predicted
critical temperatures for 7 and 7gare 34 °C and 49 °C for monomeric and 39 °C and 55 °C
for dimeric Dpo4, respectively. The temperature at which Dpo4 binding shifts from
primarily entropically driven to enthalpically driven occurs in the range of 35 °C to 40 °C
and is consistent with the ITC results from Figure 2. This binding behavior is also indicative
of a temperature dependent A AP with fitted A%, values (Equation 8) for monomer and
dimeric Dpo4 binding of —0.68 % 0.09 cal mol™1 K™ and -1.22 + 0.15 cal mol1 K1,
respectively. Again, parallel changes in AHand 745 with temperature are indicative of
temperature dependent enthalpy/entropy compensation (Figure S4 C&D of Supporting
Information).

Calculated AC, values from burial of nonpolar and polar surfaces upon Dpo4-DNA
complex formation

The burial of polar and nonpolar surface areas upon binding has been used as a predictive
measure relating structural details to thermodynamic parameters. Heat capacity data for the
transfer of small molecule model hydrocarbons and amides from the liquid state to the

aqueous solution were used to obtain an empirical relationship for the calculation of AC)**
(see Equation 12) from computed values of changes in nonpolar and polar surfaces upon
protein folding or protein-ligand interaction (46, 50). For the folding of many proteins and
the interaction of proteins with small ligands, there has been adequate agreement between
the experimentally observed A Cp values and those predicted from burial of surface area.
However, for association of macromolecules and some protein-folding reactions, there are
many additional solution factors that contribute to the strongly negative observed AC),

values. A significant source of the discrepancy between AC?,and AC;,> values is the
restriction of configurational (conformational-vibrational) degrees of freedom upon
association (35, 51-55).

Although the buried surface area for Dpol binding to DNA cannot be determined directly
due to the lack of an appropriate crystal structure, 3437 A2 of surface area are buried when a
Dpo4 monomer binds to primer template DNA (44). The changes in polar (4A,) and
nonpolar (4A,) solvent accessible surface area upon Dpo4 binding to DNA are —1753 A2

and -1683 A2, respectively. From these values, we calculate a AC;* value of -0.29 cal
mol~1 K1 at 25 °C for monomeric Dpo4 binding to DNA from surface area contributions
alone. As noted above, although the burial of nonpolar (4A,;) or polar (4A,) surface areas
is often considered the most important factor contributing to A C?, other factors such as
electrostatics, solvation, protonation, conformational strain, thermal or vibrational
fluctuations, and linked equilibria can often have much larger contributions to AC?,
accounting for deviation from the experimental value (56).

Modeling temperature dependent binding populations of Dpol and Dpo4

Using a sequential assembly scheme with a cooperativity parameter for Dpol or with no
cooperativity parameter for Dpo4, and the parameters from the anisotropy experiments, we
are able to model the relative populations of monomer or oligomer for Dpol or Dpo4 bound
to DNA as a function of temperature (Figure 7 and Supporting Information). Using this
analysis, there is both a concentration and temperature dependent effect on the formation of
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monomeric or oligomeric Dpol or Dpo4. Below 400 nM, there is preferential binding of a
monomeric Dpol and Dpo4 to DNA. In the range between 400 — 2000 nM, there is a mixed
population of monomer and oligomeric Dpol or Dpo4 complexes with DNA. At
concentrations greater than 2 wM, there is preferential binding of trimeric Dpol and dimeric
Dpo4. In this analysis, it is also clear that the assemblies and populations are influenced by
temperature. For Dpol, there is an increase in affinity for both the first and second binding
events up to 50 °C. Above 50 °C, there is a slight decrease in the second binding step in
favor of the first. A similar trend occurs for Dpo4 with the cutoff being around 45 °C. More
than 50% of the Dpol population exists in a trimeric state at concentrations greater than 1.5
M while a Dpo4 concentration of 3 M is required for 50% dimer.

Dpol and Dpo4 Processivities Increase with Temperature and Concentration

To provide a biochemical explanation for the different binding specificities for DNA
polymerases across a variety of temperatures, we assayed the temperature dependent
polymerization processivity for Dpol and Dpo4. Processivity is a measure of the stability of
an enzyme substrate complex during successive catalytic steps. Processive DNA
polymerases have a higher rate constant for the catalytic step of DNA synthesis (4}, than
for dissociation from the template (&) (57). The ratio between these kinetic parameters
determines the processivity value. The processivity for Dpo4 has been measured previously
over a limited concentration range of 0.5 — 200 nM representing primarily monomer, and
although there is a slight increase in processivity with concentration, it was concluded that
Dpo4 is essentially a distributive enzyme with processivity value of 1 to 2 nucleotides (17).
Interestingly, in processivity reactions where the concentration of Dpo4 was in 20-fold
excess to DNA, products of over a hundred nucleotides in length were synthesized,
suggesting that polymerase interactions may modestly increase processivity. Another report
of processivity when DNA template was in excess to Dpo4 (35 nM) gave a value of 16 at 37
°C (23). More strikingly, we have previously measured a large increase in processivity for
Dpol when it is in the trimeric conformation over that of the monomeric form (20).

We have performed additional DNA polymerization experiments at various temperatures
(40, 50, 60 and 70 °C) to determine if higher temperatures promote greater rates or
processivities for Dpol due to increased binding specificity. Both kinetic and processivity
experiments were performed at either 200 nM or 2.0 LM Dpol to represent contributions
from primarily monomeric or trimeric species, respectively (Figure 8A). We chose 40 °C
over room temperature experiments due to slower rates of synthesis that would limit
detection. The DNA synthesis rate for trimeric Dpo1 at 40, 50, 60, and 70 °C was measured
to be 36 + 3, 209 + 4, 447 £ 30, and 529 + 35 bp/min, respectively, and always greater than
monomeric Dpol rate at 36 + 12, 76 + 14, 366 + 45, and 400 + 55 bp/min, respectively,
(Figure S6 of Supporting Information). Processivity experiments were initiated with the
simultaneous addition of dNTPs and a high concentration of unlabeled DNA trap.
Polymerase molecules that dissociate from the prebound radioactive primer-M13 template
will be captured by binding to a cold DNA substrate and no longer contribute to the signal
for the experiment. The concentration of trap required to be effective at all polymerase
concentrations was determined empirically by titrating trap until no further increase in
processivity was noted (data not shown). Reactions were incubated for different times at
each temperature depending on the rate of synthesis. Dpol processivity at 200 nM
(representing monomer) increased slightly with increasing temperature from 41 + 12, 62 +
14, 187 + 45, and 220 + 56 nucleotides at 40, 50, 60, and 70 °C, respectively, (Figure 8B).
The processivity at 2 wM (representing trimer) increased more dramatically from 98 + 2,
493 £ 5,933 £ 39, to 1191 + 52 nucleotides at 40, 50, 60, and 70 °C, respectively (Figure
8B). At temperatures greater than or equal to 50 °C, the processivity of the trimeric state of
Dpol is much greater than that of the monomeric complex and reflects a change in the

Biochemistry. Author manuscript; available in PMC 2013 September 18.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Linetal.

Page 12

specificity of binding DNA consistent with the fluorescence anisotropy data presented
above.

For Dpo4, processivities also increase with increasing enzyme concentration at a variety of
temperatures (Figure 9) but to a lesser extent than for Dpol. As for Dpo1l, the Dpo4
processivity increases slightly at 200 nM (representing monomer) and more dramatically at
5 1M (representing dimer) with increasing temperature (Figure S7 of Supporting
Information). This is not only visualized by longer products separated on the gel, but also
more radioactivity seen in the wells at the higher concentrations or temperatures.
Interestingly at both monomeric and dimeric Dpo4 concentrations, there is an apparent
decrease in processivity when going from 60 to 70 °C consistent with decreased specificity
of binding measured for Dpo4 at those temperatures using fluorescence anisotropy (Figure
5C). Similar to Dpo1, the processivity values increase when dimeric Dpo4 concentrations
are used compared with monomeric Dpo4 concentrations at all temperatures.

DISCUSSION

Using chemical crosslinking, isothermal titration calorimetry, analytical ultracentrifugation,
and fluorescence anisotropy, we have been able to identify, separate, and quantify multiple
binding events for DNA replication (Dpol) and repair polymerases (Dpo4) to DNA that lead
to different specificities and activities with temperature. Consistent with our previous report
(20), Dpol forms a concentration dependent trimer at all temperatures. Unexpectedly, Dpo4
behaves similarly, forming a dimeric complex that becomes more favored at higher
temperatures. For both Dpol and Dpo4, the affinities of monomeric and subsequent
oligomeric binding generally increase as the temperature approaches the physiological
range. The changes in polymerase equilibria with concentration and temperature can be
clearly visualized using analytical ultracentrifugation even over a limited temperature range
(10 — 30 °C). Comparison of monomeric polymerase binding to DNA shows that the
differentially stronger affinity of Dpol than Dpo4 becomes even more exaggerated as
physiological temperatures (75 °C) are approached, providing for thermodynamic selection
of a DNA replication polymerase on undamaged templates. These thermodynamic results
are reflected in the enzymatic behaviors, in that we measured a greater processivity for
nucleotide incorporation at higher temperatures and oligomeric states for both DNA
polymerases. The equilibrium microenvironment in the cell or more importantly at the
replication fork will direct binding and association of a variety of DNA polymerase
complexes to promote efficient DNA replication in the presence of any damage.

Evidence for Oligomeric Dpol and Dpo4 Complexes Bound to DNA

Identification, isolation, and assembly of the trimeric Dpol complex at the primer template
junction have been discussed previously (20) but is now verified and quantified across a
large temperature range. Similarly, crosslinking and ITC suggest that assembly of a dimeric
Dpo4 is also possible. Using AU-FDS experiments, we were able to directly monitor the
size distribution of polymerase DNA complexes in solution at multiple temperatures.
Interestingly, for both Dpol and Dpo4 bound to DNA, there is a modest but reproducible
shift in the sedimentation boundaries to larger coefficients with increasing temperature.
Unfortunately, analytical ultracentrifugation can only be performed over a limited
temperature range, 10 °C to 30 °C; as these effects may have been greater if higher
temperatures could have been probed. A shift to a larger sz, value in sedimentation
velocity experiments is consistent with a change in the population of complexes towards a
larger average size. The shifts in reaction boundaries occur at lower concentrations for Dpol
than for Dpo4, consistent with the anisotropy result that Dpol has a higher affinity for DNA
than Dpo4 at identical temperatures. Distinct sz, populations are more easily seen for
Dpol, due to large differences in the molecular weight between the complexes of monomer
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and trimer with DNA. For Dpo4, the size difference between monomeric and dimeric bound
states is much less, causing a general broadening of the sy, distribution and discrete sz,
weight average values for each state are not observed. The most obvious temperature
dependent reaction boundary shifts occur at concentrations equal to the dissociation constant
for polymerase binding to DNA (i.e. 100 nM Dpo4 at 30 °C in Figure S2C of Supporting
Information). Shifts in the reaction boundaries of Dpol bound to DNA with increasing
temperature are more subtle, but reproducible, in this experimental range; these shifts are
characterized by better resolution between monomeric and trimeric Dpo1l at 30 °C (Figure
3C). Although only qualitatively, the individual sedimentation boundaries correlate well
with the K7 and K2 binding affinities (K7 and K»in Figure 7) for Dpol and Dpo4 to DNA
measured by fluorescence anisotropy. Sedimentation equilibrium experiments would be
useful in quantifying the actual populations for either Dpol or Dpo4 alone or bound to
DNA, but unfortunately resulted in uninterpretable spectra, probably due to some
precipitation or aggregation during the long times required to attain sedimentation
equilibrium. No loss in spectral signal was detected in the analytical velocity experiments
suggesting that aggregation and precipitation is not an issue for shorter time scales.

Although there are a number of biochemical, kinetic and structural papers involving the
mechanism of action for Dpo4 (17, 18, 23, 24, 44, 58-62), none of them suggest that a
dimeric DNA polymerase complex is the active species. However, we have confirmed Dpo4
binding to DNA as a dimer using chemical crosslinking, the stoichiometry values from ITC,
and analytical ultracentrifugation. The apparent dissociation constants measured by ITC at

15°C (K[[“=1.5 uM) or 60 °C (K"“=0.45 uM) are much larger than expected based on AUC,
fluorescence anisotropy and EMSA results previously published (63-65) and most likely
represent contributions of equilibria from monomer and dimer Dpo4 binding to DNA. The
analytical ultracentrifugation results show that binding begins at a concentration of 100 nM
and then proceeds in a concentration dependent manner towards dimer above 500 nM.
According to the fits of the fluorescence anisotropy experiments, dimer assembly persists
across a range of temperatures. From a variety of Dpo4:DNA X-ray structures, the site size
of Dpo4 on DNA consists of roughly 10 bases of dsSDNA and 4 bases of ssDNA straddling
the primer template junction (18). The DNA hairpin primer-template used in these studies
has a 12 base pair duplex and a 10 base single strand region, thus restricting binding site size
to a single DNA polymerase. The location of the protein crosslink can be pinpointed because
there is only a single native cysteine residue (C31) in Dpo4 but does not exclude other
dimeric Dpo4 structures. Unlike what we observed for Dpol (20), the presence of DNA did
not significantly affect the degree of crosslinking, suggesting that at the concentrations used
for this experiment, Dpo4 can form a dimer in the absence of DNA.

Within the RCSB Protein Data Bank (www.rcsh.org), there exist roughly 100 structures of
Dpo4 both without DNA and bound to various types of DNA templates (damaged and
undamaged). Roughly, one-third of these structures have multiple Dpo4 molecules
interacting in the crystal unit in various conformations. Many of these multimeric structures
show Dpo4 in a conformation that would allow the cysteine residues in the interface to be in
close enough proximity for crosslinking to occur (66—68). The rest of the oligomeric Dpo4
structures are in a variety of alternative dimeric or tetrameric complexes. Additionally, a
number of structures for the analogous Dbh polymerase from Sulfolobus acidocaldarius also
show oligomeric complexes in the crystal unit with the homologous cysteine residue in close
enough proximity for crosslinking (69, 70). Although we cannot be certain of the exact
conformation, we are able to detect and verify a previously unrecognized dimeric Dpo4
complex across all temperature ranges that is consistent with our thermodynamic binding
data. Moreover, the variety of dimeric and tetrameric states of Dpo4 seen by X-ray
crystallography may suggest that the binding equilibria are even more complex than we
include in our model (Figure 7B).
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Thermodynamic differences in binding oligomeric replication and repair polymerases to
primer-template DNA

In fluorescence anisotropy experiments, optimum fits to binding isotherms for the titration
of Dpol or Dpo4 with DNA are obtained using a model for a sequential assembly path
involving two binding events. Information from crosslinking, EMSA, gel filtration, AUC,
and ITC (20) experiments about the initial (monomeric) and final (trimeric for Dpol and
dimeric for Dpo4) forms of polymerase-DNA complexes was essential for differentiating
between single and multiple binding events in the anisotropy experiments. For Dpol and
Dpod4, there is an initial higher affinity binding of one polymerase molecule to DNA. The
binding of the second and third molecule of Dpol to complete the trimer is proposed to
occur cooperatively (20); however since a dimeric Dpol-DNA complex cannot be resolved,
our data are insufficient to separate these secondary binding events. Formation of a Dpo4
dimer proceeds through two sequential binding events. For both Dpol and Dpo4, binding of
additional polymerase molecule(s) to the first is inferred primarily from the limited DNA
template size and the direct contacts found using chemical crosslinking (20). Previous
reports on binding affinity for Dpol (71) and Dpo4 (65) are consistent with our values for
monomeric assembly at room temperature but those studies did not test higher
concentrations required for multimeric assemblies.

A comparison of the DNA binding affinities of monomeric Dpol and Dpo4 shows that
binding affinity is only slightly more favorable for monomeric Dpol across all temperature
ranges but becomes more selective at physiological temperatures (Figure 6 and Figure S5 of
Supporting Information). The free energy change for binding the first molecule of Dpol
decreases steadily with temperature up to at least ~65 °C, where binding is preferred by
about —0.8 kcal mol~1 over Dpo4. Dpo4, on the other hand, has a free energy binding
minimum around 50 °C, disfavoring binding to undamaged DNA in the presence of Dpol.
Dpo4 is smaller, known to have a more open active site than typical B-family polymerases,
exists in two distinct conformations, and has subtle repositioning of active site residues upon
binding (18, 44, 72, 73). The little finger domain and associated linker in particular seem to
be most important for stable binding to DNA. On the other hand, the binding affinity of
Dpol to DNA is more favorable at higher temperature, consistent with formation of a tight
closed conformation on DNA, resulting in greater DNA stabilizing ability/annealing noted
previously (74).

There is a larger differential in the free energies of binding of the oligomeric forms of the
polymerases (trimeric Dpol or dimeric Dpo4) (Figure 6 and Figure S5 of Supporting
Information) than for the monomeric forms. The AG® for formation of a trimeric Dpol
complex is much more favorable than that for formation of a dimeric Dpo4 complex. The
difference in binding energies becomes even more exaggerated at higher temperatures, thus
increasingly favoring the trimeric Dpol complex at physiological temperatures. At 64 °C,
binding of trimeric Dpo1l is enormously favored (by about —9.3 kcal/mol) over dimeric
Dpo4. The slight preference for binding primer-templates by the Dpol monomer (over that
of the Dpo4 monomer) will lead to trimeric Dpol complex formation, thus selecting against
Dpo4 binding.

Formation of both monomeric and oligomeric polymerase-DNA complexes produces large
negative A COp values

Amongst the thermodynamic parameters (AG, AH, AS, ACp, and volume) AC;is one of
the least well known, but potentially the most informative with respect to extracting
molecular information about specificity. Because A C,was first analyzed for protein folding,
the working hypothesis was that the net negative A C, reflected primarily the burial of
nonpolar surface area (46, 50). However, a number of studies on site-specific protein-DNA
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complexes have shown large deficits between the AC,‘!SA values predicted from surface burial
and experimental AC?; values (29, 30, 35, 49, 52-54, 56). In addition to desolvation of
nonpolar surface upon binding, other factors such as restriction of conformational-
vibrational motions of the macromolecules, interfacial waters, and linkage of other binding
equilibria (protonation, cation and anion binding, and conformational changes) contribute to

the protein-DNA binding reaction and can potentially account for the deficit between AC;}SA
and 4C%, (29, 30, 75-82). Although a strongly negative A C°pvalue has generally been
considered a key signature of sequence-specific DNA-protein interactions (29), large
negative values of AC%shave also been observed for the formation of interfaces with high
structural complementarity between DNA polymerases and their primer-template substrates
(31, 32, 83, 84).

In the absence of appropriate monomeric or oligomeric polymerase-DNA structures,
contributions of surface area burial cannot be directly assessed. The only appropriate data
set is for a monomeric Dpo4-DNA structure, which underestimates the contributions of

buried surface area ( AC,**=-0.29 cal mol~' K™") to the experimental value. The AC%
values are similar for monomeric Dpo1l (-0.43 cal mol~! K1) and Dpo4 (-0.68 cal mol™1

K~1) but significantly more negative than the AC§SA value suggesting that other factors in
addition to surface area burial contribute to the experimental A%, values.

Because we have been able to monitor the sequential steps in polymerase binding, we have
also found that the A%, values for assembly of trimeric Dpoland dimeric Dpo4 complexes
are strongly negative, suggesting that structure-specific binding is occurring during
formation of these oligomeric DNA complexes as well. The sign and magnitude of the AC?,
values for formation of Dpol and Dpo4 oligomers are consistent with other specific
dimerization (85) or binary protein binding events (86—-88). No structural information is
available for an oligomeric Dpol complex, nor can we be certain of the molecular
arrangement of a dimeric Dpo4 complex, which makes calculation of buried surface area
difficult. Nevertheless, exclusion of water molecules, favorable surface interactions between
the polymerase molecules, and restriction of configurational freedom within the oligomeric
complex are consistent with the magnitudes for the oligomeric polymerase-DNA A%,
values. Therefore, many of the factors discussed above may contribute to the strongly
negative A CPpvalues observed for the formation of trimeric Dpol and dimeric Dpo4
complexes with primer-template DNA substrates.

Oligomeric DNA Polymerases Have Increased Activities and Processivities

Generally, processivity is thought to be a temperature independent parameter although slight
decreases in processivity with increasing temperature have been noted for the telomerase
enzyme (89). DNA polymerases alone are fairly distributive enzymes unless accompanied
by their respective circular clamp proteins which can increase processivity from less than 20
to greater than 10,000 bases (90). Previously, we found that the processivity of Dpol was
dependent on concentration, such that that trimeric complex had much greater processivity
(~1000 bases) than the monomer at 60 °C (20). We have now shown that the processivity for
both Dpol and Dpo4 increases with temperature. An increase in processivity with
temperature was noted for both monomeric and oligomeric complexes of Dpol and Dpo4
although the effect was more dramatic for the oligomeric states. Trimeric Dpol was 4-5 fold
more processive than monomeric Dpol; dimeric Dpo4 was significantly more processive
than monomeric Dpo4; but the processivity of trimeric Dpol was more than 15-fold greater
than that of dimeric Dpo4 at higher temperatures. Even though Dpo4 is generally considered
to be a distributive enzyme, the increased affinities for binding DNA noted with increasing
temperatures and concentrations also increase the processivity. We reason that for Dpol and
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Dpo4, a more tightly bound monomeric or oligomeric complex promotes greater
processivities at higher temperatures. For Dpol, the affinity for DNA generally increases
with temperature, and formation of a trimeric Dpol reduces the off-rate of the complex from
DNA over monomeric Dpol (20) explaining the larger processivity values. The combination
of higher intrinsic processivity for monomeric Dpol compared with Dpo4, as well as
increased binding affinity at higher temperatures of the Dpol trimer, contribute to the
enzymatic activity resulting in high trimeric Dpol processivity. In fact, phi29 is the only
other characterized DNA polymerase with a greater processivity value and acts analogously
by topologically encircling the DNA template (91, 92).

Increased binding affinity of Dpo4 to DNA also correlates well with increasing processivity
up to 60 °C. At 70 °C, the processivity decreases slightly, consistent with the measured
affinity values. Previously, when high concentrations of Dpo4 were used, an increase in the
length of product synthesized was observed suggesting that either faster repeated binding
was occurring in the absence of trap or cooperation between molecules at higher
concentrations afforded greater processivity (73). The authors implicated the little finger
domain of Dpo4 in maintaining moderate processivity by creating a closed more stable
enzyme complex on DNA. The conformational change of the little finger domain is
considered to be the rate limiting step and occurs both before and after chemistry (23, 93).
Kinetic experiments have shown that of the 7 steps within the catalytic cycle for a single
nucleotide incorporation event, the conformational change step that precedes chemistry is
most affected by temperature increasing 20-fold from 37 to 56 °C (59). Moreover, the little
finger domains are in close proximity with one another in a variety of dimeric and tetrameric
Dpo4 crystal structures including our crosslinking model in Figure 1B, suggesting that
dimerization may stabilize a closed complex, decrease the off-rate, and increase the rate
limiting conformational change step to positively affect processivity.

Clearly, a tightly bound trimeric Dpol complex will increase the speed and processivity of
polymerization and may be utilized in various genomic maintenance applications. At 75 °C,
binding of Dpo4 will be disfavored on undamaged primer-templates where Dpol is directing
synthesis. Selection and increased processivity will also be provided through interactions
with the processivity clamp, SSOPCNA123, but the affinities of Dpol for PCNA2 (94) and
Dpo4 for PCNA1 (95) are very similar (Trakselis, unpublished). Switching from Dpol to
Dpo4 will depend on a change in the thermodynamics of binding either due to polymerase
stalling, repeated shuttling between polymerase and exonuclease sites, detection of DNA
damage, or a change in the local concentrations. In those cases, binding of Dpo4 would
become preferred. It has been recently estimated that the concentration of Dpol is at least an
order of magnitude greater than that of Dpo4 in the cell (63) suggesting that Dpol will be
preferentially bound and will have a significant population of trimer at the replication fork.
Interestingly, mRNA levels of Dpol decrease when cells are exposed to DNA damage in
favor of Dpo4 and another B-family DNA polymerase (Dpo2) (96, 97), suggesting that
equilibrium changes will direct appropriate binding of the required DNA polymerase.

Although the oligomeric state of Dpol modulates both the speed and processivity of
replication, the biological role of a dimeric Dpo4 remains elusive. Due to only slight
increases in biochemical activity, we would predict that a dimeric Dpo4 would not be
essential for cellular catalysis, but rather in either increasing the concentration of DNA
polymerases at sites of DNA damage or stabilizing the closed conformational state
promoting catalysis. Accurate and efficient DNA replication at high temperatures requires
minimal differences in the thermodynamics of DNA polymerase binding to DNA for easy
exchange of enzymes for uninterrupted synthesis. This thermodynamic compensation will be
affected by small changes in the cellular equilibria that direct formation of higher order
protein complexes that promote a variety of genomic maintenance activities. The detection
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of multimeric polymerase complexes for both Dpol and Dpo4 suggests a possible
mechanism for exchange, whereby direct interactions between polymerases maintain high
local concentrations at the replication fork that can thermodynamically switch binding
modes when required.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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ITC
ACO,
ASA
AC,
AA,

AUC
AU-FDS

EMSA
kpoI
Kais

nt

Isothermal titration calorimetry

change in heat capacities

surface area calculated heat capacity

change in polar surface area

change in nonpolar surface area

counts per second

dissociation constant

apparent association constant

free energy

enthalpy

entropy

stoichiometry

analytical ultracentrifugation

analytical ultracentrifugation fluorescence-detected sedimentation
diffusion coefficient

sedimentation coefficient

electrophoretic mobility shift assay

rate constant of synthesis for the next catalytic step
rate constant of dissociation from the template
nucleotide
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Figure 1.

Dimeric Dpo4 complex formation. A) Covalent protein crosslinking of Dpo4 in the absence
and presence of DNA hairpin or thiol-thiol crosslinker [BM(PEG)s]. Lane 1: reduced Dpo4,
Lane 2: reduced Dpo4 with crosslinker, Lane 3: reduced Dpo4-DNA complex (37-nt
hairpin) with crosslinker, and Lane 4: unreduced Dpo4. The positions corresponding to
monomer (40 kDa) and dimer (80 kDa) forms of Dpo4 are shown in the right margin. B) X-
ray structure of one possible dimeric Dpo4 conformation found in the crystal unit (PDB ID:
2W9B) consistent with crosslinking at the C31 interface between molecules. Highlighted in
purple and orange surfaces are the little finger domains from each Dpo4 molecule.
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Figure 2.

Stoichiometry and thermodynamics of Dpo4 binding to DNA. ITC titration of 400 uM DNA
hairpin into 25 uM SsoDpo4 at A) 15 °C and B) 60 °C as described in Materials and
Methods. Data were fit using Equation 1 to yield stoichiometries (/) 0.64 £+ 0.01 or 0.66 +
0.01 (DNA:Dpo4), apparent equilibrium association constants (Kzpp) 6.52 £ 0.59 x 10% or
2.23 +0.50 x 10% M, enthalpy changes (A~°;7¢) 8.08 + 0.16 or 8.00 + 0.22 kcal mol~1, and
entropy changes (A45%7¢) 54.6 or 5.1 cal mol~1 K1 at 15 °C and 60 °C, respectively.
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Figure 3.

Solution assembly of oligomeric polymerases on DNA. Analytical ultracentrifugation
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velocity fluorescence detected sedimentation (AU-FDS) experiments showing the /s-g*(s)
distribution profiles as a function of Dpol or Dpo4 concentrations: 0 (-O-, purple) , 10 (-A-,
pink), 50 (-O-, blue), 100 (->-, cyan), 200 (-x-, light green), 500 (-+-, dark green), 1000 (-
A- yellow), 2000 (-@-, orange) and 5000 nM (-H-, brown) at A) and D) 10 °C, B) and E)
20 °C, or C) and F) 30 °C, respectively. Every fifth data point is indicated for simplicity and
all data were fit as described in Materials and Methods. s, positions representing
monomer or trimer Dpol and monomer or dimer Dpo4 are indicated by arrows.

Biochemistry. Author manuscript; available in PMC 2013 September 18.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuey JoyIny vd-HIN

Linetal.

Page 26

A) B) C) D)
> > > 1 > 1
2 a a a
[ o 2 b g o
5 S 08 g o8 =g B 0
g Zos Zos £ ool
o ° o °
o N D04 of=esl &
— s s I cl=12off §
E 028 E 02 E 02 Elxaraf] E
S ﬂ: S S z e 9 S
Z o Z o - , Z o : d z
0 5 10 15 5 0 15 0 5 10 15
[Dpo1] uM [Dpo1] uM [Dpo4] uM [Dpo4] uM
Figure 4.

Quantification of individual binding steps leading to oligomeric polymerase-DNA
complexes. Representative normalized individual equilibrium fluorescence anisotropy
titrations for A) - B) Dpol and C) - D) Dpo4 binding to DNA at low or high temperatures,
respectively. Data are included for both lower 6.8 (-O-, purple), 12.0 (-O-, blue), 17.0 (-,
cyan), 22.1 or 27.3 (-x-, dark green), 32.8 or 32.9 (-+-, light green), 38.0 (-A-, light orange)
and upper temperatures 43.3 (-@-, blue), 48.8 (-M-, dark orange), 53.7 or 53.9 (-@-, pink),
58.9 or 59.7 (-A-, brown), and 63.7 or 65.7 °C (- V-, grey). The individual data points were
fit to Equation 5 to determine K,; and Ko values for Dpo4 or Dpol, respectively. At least
three independent titrations were performed and fit at each temperature and the resulting
values are reported in Table 1.
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Figure 5.

Thermodynamic differences of monomeric and oligomeric Dpol and Dpo4 binding to DNA.
Gibbs-Helmholtz plots of free energy of binding (AG°) for A) monomeric (solid -@-, blue)
or trimeric (dashed -H-, light blue) Dpol and C) monomeric (solid -O-, red) or dimeric
(dashed -0O-, pink) Dpo4 as a function of temperature. Error bars represent the standard error
from multiple experiments at each point. Lines show the fits of the data to Equation 8 giving
AC% (cal mol™t K~1) values of for monomeric (-0.43 + 0.07) and trimeric (~1.45 + 0.14)
Dpol and monomeric (—0.68 + 0.10) and dimeric (-1.22 + 0.15) Dpo4. van’t Hoff plots
highlighting the individual binding states for B) Dpol or D) Dpo4. Lines show the fits to
Equation 11.
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Figure 6.
Gibbs free energy differences (A AG®) between Dpol and Dpo4 monomers (O) or between
trimeric Dpol and dimeric Dpo4 (M) plotted as a function of temperature.
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Figure 7.

Concentration dependent assembly of oligomeric polymerase-DNA complexes. A) Trimeric
Dpol assembly on DNA follows initial higher affinity binding of one molecule (K7)
followed by a second step of cooperative assembly of two additional molecules (K)). B)
Dimeric Dpo4 assembly on DNA that includes two sequential binding events with differing
affinities (K7 and K>). Simulations of the relative populations for monomeric i) Dpol or
Dpo4 (open symbols, representing K7) or ii) trimeric Dpol or dimeric Dpo4 (closed
symbols, representing K») as a function of temperature and concentrations as described in
the Supporting Information. Simulations are shown for 6.8 (purple O or @), 17.0 (cyan O or
W), 27.4 (green O or €), 38.0 (yellow A or A), 48.8 (orange V or ¥), and 58.9 or 59.7
(red N\ or \) °C temperatures.
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Figure 8.

Processivity of Dpol increases with temperature and concentration. A) Dpol processivity
assays were performed at 40, 50, 60, and 70 °C representing monomer (0.2 uM) (left panel)
or trimer (2.0 M) (right panel) concentrations and separated on a denaturing alkaline
agarose gel as described in the Materials and Methods. The inset cartoon describes the
experimental protocol for processivity experiments. Longer reaction times were used for
lower temperatures to compensate for slower polymerase rates. Processivity values were
calculated from DNA size markers and calculated using ImageQuant software.
Quantification of the processivity values (bp) comparing monomeric (200 nM, grey) or
trimeric (2.0 M, black) Dpol at 40, 50, 60, and 70 °C.
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Figure 9.

Processivity of Dpo4 increases with temperature and concentration. Dpo4 processivity
assays were performed at A) 40, B) 50, C) 60, and D) 70 °C for concentrations ranging from
0.05 — 10 .M and separated on a denaturing acrylamide gel. Reactions were initiated with
dNTPs and excess ssDNA trap as described in the Materials and Methods.
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Table 2

Definition of Equilibrium Steps and Polymerase States

Dpol Dpo4
Step? Kapp AC%yapp (CAIMOITTK™)  Kypy  AC%(app (cal mol™ K2
First K, -0.43 K, -0.68
Second (Ky)?2 -1.02 Ks -0.51
Overall?  (K1)(K2)? -1.45 (Ko)(K2) -1.22

a :
As measured from fluorescence anisotropy.

Product of equilibrium constants leading to trimeric Dpol or dimeric Dpo4.
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