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Abstract

The insertion of a DNA base moiety at the end of a DNA duplex to form a Watson-Crick or wobble
pair during DNA annealing or replication is a step of fundamental biological importance. Therefore,
we investigated the energetics of a formation of the terminal GeC, GT and GeA base pairs in DNA
containing a 5’-dangling G adjacent to the base insertion point using differential scanning calorimetry
(DSC) and computer simulations. The energies calculated along classical molecular dynamics
trajectories in aqueous solution were analyzed in the framework of linear-response approximation
(LRA) to obtain relative free energies for the base insertion and their electrostatic, van der Waals
and preorganization components. Using the generic set of LRA parameters the calculated free
energies disfavored the mispair formation by 2.5 (GeC -> G¢T) and 1.7 (G+C -> G+A) kcal/mol, in
reasonable agreement with the experimental free energy differences of 1.8 and 1.4 kcal/mol,
respectively. The calculated preorganization components of these free energies of 0.6 (G¢C -> GeT)
and —0.1 (GC -> G+A) kcal/mol show that electrostatic preorganization, which is an important source
of DNA replication fidelity, plays lesser role in the mispair destabilization in the absence of DNA
polymerase.
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1. Introduction

The detailed knowledge of factors determining the structure and stability of DNA in aqueous
solution is important for understanding and control of the transcription, replication,
recombination, and preservation of genetic information 1. DNA stability can be quantitatively
characterized by the free-energy change for the formation (folding) of DNA duplex from two
single-stranded DNAs, or equivalently by the free-energy change for the reverse process, called
DNA melting or denaturation.

The stability of a DNA duplex with N base pairs can be decomposed into the free energy for
the formation of the nucleus of the first M base pairs, AGpyc = AGpye 1 + AGpye 2 + ...+
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AGpye,m, plus the sum of N-M contributions of inserting the base at the end of the growing
duplex, AGjps j, i=1,...,N-M. The magnitude of AG;j,s; which depends on the DNA sequence
and ionic strength 2, is determined by a delicate balance of the hydrogen bonding, stacking,
torsional, and solvation free energies 1:375.

The formation of the nucleus of the first M = 3 — 5 base pairs represents the rate-limiting step
in DNA folding 1. The nucleus promotes formation of adjacent base pairs so that AGijpsi<0
and AGjps i << AGpyc,j., Which constitutes the cooperativity of the folding process 6. Since the
stacking of adjacent base pairs, being a short range interaction -8, is already present for M =
2 the cooperativity of DNA annealing cannot be directly attributed to DNA stacking
interactions, but rather to the coupling among base stacking, base pairing, and DNA solvation
in the framework of the dynamics of a solvated short-length DNA. One possible contribution
lies in the preorganized electrostatics, whereby already formed base pairs, deoxyribose rings
and phosphodiester bridges have dipoles oriented in directions that promote formation of
adjacent base pairs. Although this contribution is explicitly determined by evaluating charge-
charge interactions in the studied system (see eq 5.4d in section 2.2.), the structural
underpinning of electrostatic preorganization may include van der Waals interactions and the
hydrophobic effect. The electrostatic preorganization concept %19, which was initially
advanced by likening enzyme active site to a ‘supersolvent’ 11, is the main factor in the catalytic
rate-enhancement of many enzymes %1214 and represents an important contribution to DNA
replication fidelity achieved by DNA polymerases 1°:16,

To evaluate the contribution of electrostatic preorganization to DNA stability we performed a
series of molecular dynamics (MD) simulations to determine AGjys using an LRA/a method
15:17, which combines the electrostatic and preorganization terms of Warshel’s linear-
response approximation (LRA) 18:19 with the van der Waals energy component of the linear-
interaction energy (LIE) method of Aqvist and coworkers 20. We also assessed the reliability
of our LRA/a calculations by determining the corresponding AGips values using the differential
scanning calorimetry (DSC). Although DSC experiments do not provide AGjyg directly, the
experimental difference in melting free energies of duplex DNAs with and without the terminal
base in one of its strands can be converted to AG;jps using a thermodynamic cycle (Figure 1).
Abasic sites induce significant sequence-dependent reduction in thermal and thermodynamic
stability of DNA 21723 while retaining the overall B-DNA conformation. 24=26 To work with
a consistent data set, experimental duplex stability parameters AG, AH and AS need to be
extrapolated to a common reference temperature by taking into account their temperature
dependences reflected in changes of the heat capacity ACp27~32, This extrapolation can be
rigorously achieved only for thermodynamic data obtained by calorimetric measurements 33,

In this study, we used DSC to monitor the denaturation of DNA duplexes with
5’GGCGCATCAGC

3’ - BGCGTAGTCG sequences. These sequences contained the terminal Watson-Crick (B =
C) or wobble (B =T) base pairs, or an abasic site (B =0), and included 5’ dangling G nucleotide.
The dangling nucleotide was included to model the product of the DNA polymerization
reaction in the absence of the protein.34 This model provides an important reference state for
the proofreading selectivity of DNA polymerases. 35 We determined complete thermodynamic
stability profiles and described the nature of the helix-to-coil transitions of these model
oligonucleotides.

In the theoretical part of this study, the MD and LRA/a. 15 19 calculations were applied to
5’GGCGCATCAGC

determine the relative stability of 3> - BGCGTAGTCG, B =0, C, A or T, DNA duplexes. The
LRA/a method has been employed because it allows for assessment of the influence of
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preorganized electrostatics on the DNA duplex stability. Additionally, the LRA/a can provide
the electrostatic and van der Waals free-energy components for this stabilization. 36

On the other hand, the LRA/a is an empirical method, the accuracy of which relies on the
parameters a and . These parameters may differ for structurally dissimilar ligands and/or for
different host molecules. 37 In this light it is important that using the generic LRA/o parameters
optimized for calculations of solvation free energies of small polar molecules 1° revealed good
agreement with AGjns determined experimentally. Nevertheless, to further improve the
accuracy of the LRA/a method and to extend its applicability to simulations of nucleic acids,
we adjusted its empirical a and B parameters by minimizing the root mean square difference
between the calculated and the experimental results.

2. Methods

2.1 Experimental Materials and Methods

Materials—Oligonucleotides used in this work were synthesized and purified by Invitrogen
(Germany). The concentrations of single stranded oligonucleotides were determined by
measuring absorbance at 260 nm and 25 °C (Cary Bio 100 UV spectrophotometer;Varian,
Australia) using the extinction coefficients that had been calculated according to the nearest
neighbor procedure. 3 We used the following extinction coefficients (M~cm™1): 102600 for
5’-GGCGCATCAGC-3’ and 89900 (B = C), 92300 (B =T), 83800 (B = 0) for the
complementary 5’-GCTGATGCGB-3’ strands. B = 0 represents the tetrahydrofuran analog of
the abasic site. Biochemical studies show that DNA containing this tetrahydrofuran derivative
retains its activity for DNA polymerases 39 and for apurinic/apyrimidinic endonucleases*0
thus confirming its value as a model for recognition patterns associated with the natural abasic
site. Buffer solutions (10 mM phosphate, [NaCl] = 100 mM, [EDTA] = 1 mM, adjusted to pH

7.0) containing equimolar amounts of the complementary single-stranded oligomers were
5’GGCGCATCAGC

mixed to obtain the corresponding 3> - BGCGTAGTCG duplex solutions. The 1:1
stechiometry of formation was for all studied duplexes verified by Job plots. 41 The duplex
solutions were extensively dialyzed against the appropriate buffer (see above) and degassed at
room temperature (~25 °C) for 20 min before conducting any calorimetric experiments.

Differential scanning calorimetry (DSC)—DSC measurements were performed with a
Nano-Il1 DSC scanning calorimeter (CSC, UT, USA). For each duplex (~0.24 mM) the first
DSC scan was performed at a heating rate of 0.25 °C min~1, Since essentially the same
thermograms were obtained by repetitive experiments at a heating rate of 1 °C min™1, the
observed transitions may be considered as equilibrium processes. The DSC thermograms are
presented as ACp = Cp 5 - Cp ap Versus T curves (Cp » = partial molar heat capacity of DNA
obtained from the raw signal corrected for the buffer contribution and normalized per mole of
duplex contained in the measuring cell; Cp ag = partial molar heat capacity of the native
(AB duplex) state extrapolated over the measured temperature range). To determine complete
thermodynamic stability profiles of the model oligonucleotides the DSC thermograms were
analyzed in a model-independent way. In addition, model-dependent analysis of DSC data was
performed to get a deeper insight into the nature of helix-to-coil transitions for the studied
oligonucleotides.

Model-independent analysis—Heat capacity of denaturation, ACp p, was determined as
a difference in the pre- and post-transition baselines extrapolated to a reference temperature
which was for comparative purposes chosen as the melting temperature, Ty, obtained by
model-dependent analysis of DSC data (see below). The enthalpy of denaturation at T,

AHp 1, Was calculated by integration of the area enclosed by the ACp versus T curve, the pre-
and post-transition baselines and Ty,. Assumptions that ACp p is temperature independent
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quantity and that AHp 1, and ACp p are not functions of DNA concentration and thus equal
to their values in the standard state (AHp 1y = AHp 1m° and ACp p = ACp p°) enabled the
calculation of standard Gibbs free energy of denaturation, AGp°®, as a function of T from the
integrated Gibbs-Helmholtz equation:

AGZ =AG;[771 (T
[Tw)+AH,, [1
— T/Tul+ACS, [T
= Tm - TIH(T/T,,,)] (1)

Since the observed helix-to-coil transition is an equilibrium process one can express the
standard Gibbs free energy of denaturation at Try, AGp 1r,°, that corresponds to the AB <> A +
B reaction performed in the 1 M standard state as: AGp t° = -RTIn(C1/2), where Cy
represents the total molar concentration of DNA expressed in moles of duplex per liter. The
corresponding standard thermodynamic quantities (AGp°, AHp® and ASp°) as functions of
temperature were calculated from equation 1, from the Kirchhoff’s law AHp® = AHp Ti° +
ACp p°(T - Tyy) and from the general relation ASp°® = (AHp® - AGp°)/T. The obtained
thermodynamic parameters for denaturation of the model duplexes (B = C, T, 0) were used for
calculation of the corresponding differential parameters AAGg_,x, AAHg_,x, AASg_,x and
AACpp_x (x=C, T, 0). Since the first term of equation 1 cancels out when AA values are
calculated, these differential parameters depend on the choice of neither the standard state nor
the type of chemical process and can be directly compared to the complementary theoretical
data. Moreover, as these differential parameters depend only on AHp and ACp p determined
directly from experimental DSC data they can be considered as model-independent quantities.

Model-dependent analysis—The monitored DNA denaturation can be described in a
simplest way in terms of a reversible two state process in which DNA molecule can exist either
in native duplex AB macro state or in denatured single strand A, B macro state. Such process
can be presented as: AB <> A + B. According to this model one can express partial molar
enthalpy of DNA, Hy, in terms of the corresponding contributions Hag, Hp and Hg that
characterize species AB, A and B as: Hy = Hag + ap(Ha + Hg — Hag), where ap represents a
fraction of DNA molecules in the denatured state. The relative partial molar enthalpy, AH, can
be expressed as 42

AH=H, - H,,=¢,(H,+H, - H,,)=a,AH,=a,AH’ @)

where AHp is defined as the enthalpy change accompanying the transition of 1 mole of the
native AB duplex into the denatured single strands A and B. We considered AHp, to be
independent on concentration and thus equal to its value in the standard state (AHp = AHpR®).
The model function that describes the measured relative partial molar heat capacity of the DNA,

ACp, can be derived from the first partial derivative of equation 2 with respect to T at constant
pressure, 27:28,33,43-46

AC,=a,ACS, +(a,/IT), AH®

P.D

According to AB « A + B model ap and (0 ap/ 0 T)p can be at any temperature expressed
analytically in terms of parameters AHp ti°, ACp p° and Ty, (temperature at which ap = 0.5)
by combination of equation 1, equation AHp® = AHp 1n° + ACp p°(T = Tyy) and relation
AGp° = —RTIn[aD?C+/(1-0p)].4% For this reason, the model-dependent values of AHp T°,
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ACp p° and Ty, can be obtained from the model function (equation 3) fitting to the experimental
DSC thermograms using the Levenberg-Marquardt non-linear 2 regression procedure. 47

2.2 LRA/a Calculations

The insertion free-energy, AGins, could be calculated by running long MD simulations on the
DNA duplex (state A in Figure 1) and counting number of occurrences of opening of the
terminal base pair to form state B (Figure 1). However, such direct approach would require
sampling of very long MD trajectories. Perhaps more importantly, the free energy obtained in
this way would lack information about its components, including the electrostatic
preorganization. Thus, we determined AG;j, for the terminal GeB base pair by combining
thermodynamic cycles in Figure 1 and Figure 2 as

AGim (B)=AGD(N
- 1) - AG,(N)
=AG2S,(B)
~ AG,,(B) @

where AGY (B) and  AG%

solv

(B) represent the solvation free energy of the base B in hydrated

double or single-stranded environment. Magnitudes of AG™S (B) and  AGSS, (B) were
calculated using the LRA/a method; the nucleobase B is in its terminology referred to as a

probe region. 1°

The LRA/a solvation free energy of the nucleobase B in the solvent S (either hydrated DNA
duplex - DS or hydrated single stranded DNA - SS) is calculated as the sum of electrostatic

(AGS (B)), van der Waals (AG®  (B)) and preorganization (AG®,(B)) contributions!5:19

vdW

AGS

solv

(B)=AGS (B)+AG® (B)+AGS (B) (50)

PRE

AGLBY=B(UL(B))

(5b)
AGY,, B)=a(U3, (B)) (50)
AGS, (B)=B(US(B)), (50)

s ; S .
where <U1;‘s (B)>Q dng <U.W(B)>Q represent the average electrostatic and van der Waals
interaction energy between the probe region and its surrounding calculated on a MD trajectory
simulated using the fully charged probe. o and g denote the LRA/a empirical parameters and

(U;Y (B)>0 presents the average electrostatic interaction energy between the probe region and
its surrounding calculated on a MD (ensemble) generated using the uncharged probe
(nucleobase B).
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The linear response part of the LRA/a. expression (i.e. the sum of eq. 5b and 5d for f= 0.5) can
be derived by approximating the potential energy for a charging process in solution by the
intersection of two parabolas of equal curvature 19:19:20:48 or by expanding the free-energy
perturbation formula for two infinitesimally close states by Taylor series 2049, The van der
Waals term (eq. 5.4c) represents an approximation to the solvation free energy of an uncharged
probe 15:19 that was conveniently chosen to be the same as the corresponding term in the LIE
method 20. Thus, it is only the presence of the preorganization term (eq. 5d) that distinguishes
the LRA/o. method from the linear interaction energy (LIE) method of Aqvist and coworkers
20,1t has been argued that the preorganization term is not necessary in calculations of ligand-
protein dissociation constants since its effect can be simply represented by an increased value
of the coefficient B 50, but this conclusion may not be valid for all combinations of ligands
and enzyme active sites. Indeed, the preorganization term did show important contribution to
binding fidelity of DNA polymerases p 15 and T7 16.

The LRA/o. method does not include explicit van der Waals preorganization term because it is
impossible to carry out MD simulations with the whole van der Waals term turned off.
Simulations carried out with only the London term absent would, apart from their unphysical
nature, likely bring no qualitatively new contributions that could not be obtained by simple
readjustment of the coefficient a. Similarly, a more reasonable option of adding van der Waals
term sampled on the state with zero charges would likely not improve the performance of the
method 1°. Nevertheless, steric and dispersion forces are implicitly included in the electrostatic
preorganization via the generation of the statistical ensemble used for averaging electrostatic
energies in equation 5.4d.

It should be noted that the LRA approximation, despite its acronym implying a broad reach,
represents a specialized version of the time-independent linear response theory °1 - specific to
ligand, substrate or transition state binding and electron transfer processes 48:52. The linear
response theory of hydration of ions 37:537°° established that upon the process of solute (B)
charging in water or other polar solvents approximately half of the potential energy gained

from the charge dipole interaction (< U}?s (B)>Q) is spent on reorienting the water dipoles. 9:°6
For example, the water hydrogen bonded pattern has to be broken in order to form good
hydrogen bonds with the charged solute. This finding is reflected in the value of 0.5 chosen
for the LRA/a B parameter. The generic value of 0.56 (optimized for hydration free energies

of imidazole, difluorotoluene and protonated cytosine) was used for the empirical a. parameter.
15

Since both AG2S (B) and  AG®S, (B) terms can be decomposed into three contributions
according to eq 5, also their difference representing AGj,s can be subjected to such
decomposition, that is

AGins(B)=AGE (B)+AG'™™(B)

ms ms

+AGERE(B) (6a)

mns

where

ES = DS SS
AGE (B)=AGP5(B) — AGSS(B) (6b)

ms

NG (B)=AG™S (B) - AG*S (B)

ins vdW (GC)
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AGPRE(B)
=AG? (B)

PRE

SS
—AG,,.(B) (6d)

PRE

Hydrated single stranded DNA is very flexible, thus proper sampling of its configuration space
would be computationally extremely demanding. To avoid this problem, a thermodynamic
cycle was devised, which approximates the nucleobase B embedded in the hydrated single
stranded DNA with the same base included in a hydrated nucleoside. 57 This reference system
is denoted here dN. In order to retain the stacking interaction to the neighboring nucleobase,
we used a hydrated dinucleoside monophosphate 3’-BG as an alternative reference system,
and denoted it as dNpN.

Free energy is a state function. Its difference is therefore dependent only on the choice of the
initial and final states. Thus, the difference in free-energy of DNA duplex annealing contributed
by the formation of terminal Watson-Crick (G+C) and wobble (G+X) base pairs can be
calculated as 34

AAGX_,C =AG s (C) — AGjy5(X) (7a)

and analogous expressions can be formulated for its electrostatic, van der Waals and
preorganization components

ES _ ES ES
AAGXH( _AGin.s'(C) - AC;ins()() (7b)
vdW __ vdW vdW
AAGXﬁ('_AGins © - AGms (X) (7c)
PRE
AAGPRE
=AGIRE(C) — AGERE(X) (7d)

2.3 Simulation Conditions

The configurational ensembles for the evaluation of free energies were generated from
molecular dynamics (MD) trajectories using the AMBERS58 force field implemented in the
program Q59. The simulated solute molecules were immersed in a sphere (24 A radius) of
TIP3P water molecules subjected to the surface-constraint all-atom solvent (SCAAS) type
boundary conditions 60:61 as implemented in the program Q 59. These constraints were
designed to mimic infinite aqueous solution. Thus, the spherical models (water droplets) do
not require large dimensions of the simulated systems (in comparison to simulation boxes
utilizing periodic boundary conditions) to produce stable and realistic free energies.

The simulations of the DNA duplexes were initiated using DNA geometry from X-ray structure
of a ternary complex of DNA polymerase 3 (pdb code 1BPY; the structure is predominantly
in the B-form which is retained during our simulations) 62, which was modified by removing
all the protein, dCTP substrate, water and metal atoms. We also removed all DNA atoms
upstream from guanine nucleotide that forms Watson-Crick base pair with dCTP, and, for
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simulations of the mispairs, manually mutated the 3’ terminal base of the primer strand to T
5’GGCGCATCAGC

or A. These modifications resulted in the 3 — BGCGTAGTCG DNA sequence, where B stands
for the C, T or A nucleotides (Figure 3). DNA atoms protruding beyond the sphere boundaries
were restrained to their coordinates in the 1BPY crystal structure using harmonic restraints.
Nonbonding interactions of these atoms were turned off. Nonbonding interactions between
other atoms inside the simulation sphere were subjected to a 10 A cutoff. The local-reaction
field (LRF) method was used to treat long-range electrostatic interactions for distances beyond
this cutoff. 18:61 Non-bonding interactions of atoms forming the probe region, which was
defined as nucleobase of B, were explicitly evaluated for all distances.

The structure of all simulated systems was relaxed in a series of four 10000-and one 20000-
step MD simulations at 5 K with increasing stepsize from 0.01 to 1 fs. Subsequent gradual
heating of the system from 5 to 250 K in a series of five 10000-step MD simulations with 1 fs
stepsize was followed by a 40 ps simulation at 298 K using a 2 fs stepsize. All production
trajectories, the lengths of which were 4 ns, generated constant-temperature ensembles. The
SHAKE algorithm83 was used for bonds involving hydrogen atoms. The structure and
trajectory analyses were carried out using the program VMD 1.8.3. %4 Energies were sampled
every 10 steps. The reported free energies and standard deviations reflect an average over four
independent simulations that differed in their starting geometries, i.e. the total simulation length
of 16 ns.

Sodium cations were added to the simulated system to achieve its electroneutrality. Positions
of all Na* atoms were restrained by a flat-bottom harmonic potential (force constant of 50 kcal
mol~1 A~2) that was zero for the distances less than 20 A from the center of the simulation
sphere. These potentials were applied to prevent the diffusion of the sodium ions towards the
edge of the simulation sphere. No additional restraints were applied. The center of the
simulation sphere was placed in the center of the studied base pair. This selection enclosed the
studied base pair plus another five base pairs downstream inside the simulation sphere.
Phosphate groups that were closer to the sphere boundary than 3 A were made electroneutral
by decreasing the negative charge on the oxygen atoms as described previously. 57

dNpN reference systems for simulations in aqueous solution consisted of 3’-CG, 3’-TG and
3’-AG dideoxyribonucleoside monophosphate monoanions. Each of these dinucleoside
monophosphates contained 3’OH and 5’OH terminal groups and one negatively charged
phosphate group neutralized by Na*. Simulations in water were also carried out for cytidine,
thymidine and adenosine deoxyribonucleosides (dN). In all simulations of dNpN or dN, the
C1’ atom of B was constrained in the center of the simulation sphere using a harmonic potential
defined by a force constant of 50 kcal mol™ A=2 to prevent its diffusion towards the edge of
the simulation sphere.

3. Results and Discussion

Helix-to-coil transitions of the oligonucleotides

The position of the peaks of the DSC thermograms accompanying denaturation of the DNA
duplexes (Figure 4) shows that the duplex with a terminal Watson-Crick base pair (B = C)
exhibits the highest thermal stability (highest Ty,). The Ty,’s for a mismatched duplex (B =T)
and a duplex containing the abasic lesion (B = 0) are similar, but significantly lower than the
T, of the B = C duplex. The two state model (equation 2 and equation 3) describes very well
the transitions of B = C and B = T duplexes (Figure 4). In the case of B = 0 we observed a
slight discrepancy between the model and experimental data.
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Alternatively, the nature of a duplex denaturation process can be examined by comparing a
model-dependent AHp i° (van’t Hoff enthalpy obtained from the model function fitting) with
the corresponding model-independent enthalpy. Their ratio is close to unity if the observed
transition is an equilibrium two state process (AB <> A + B). On the other hand, the value of
the ratio < 1 signifies for the presence of intermediates occurring between pure duplex and
pure single-stranded DNA populations, while the ratio > 1 is indicative of a process involving
double-stranded aggregates. In the case of the model oligonucleotides the AHp 1,°(model-
dependent)/AHp 11°(model-independent) ratio equalsto 1.0 (B=C, B =T) and 1.1 (B = 0).
These ratios and a good agreement between the two-state model and experiment (Figure 4)
indicate that B = C duplex denaturation can be described as a cooperative process, the nature
of which is not changed by the C — T mutation, and is not significantly altered by the
introduction of the abasic C — 0 lesion. These findings are supported by good agreement of
the two-state model with the B = C, B = T and B = 0 UV-melting curves (not shown), which
results in about the same AHp 11,° values as those obtained by model-dependent analysis of
DSC data. Based on the analysis of thermodynamic and structural data for DNA containing
abasic sites by Breslauer and coworkers 22, the observed (two-state) nature of the B=C, B =
T and B = 0 denaturations suggests that the phosphodiester backbone rather than the base-sugar
network, serves as primary propagation path for the communication between the cooperative
DNA melting units.

Thermodynamic stability of the duplexes

The values of AGp°, AHR® and ASp° are strongly temperature-dependent (Figure 5). In a
temperature range of 0 to 60 °C, B = C is the most stable duplex (the highest AGp° value,
Figure 5a) followed by the mismatched B = T duplex and the B = 0 duplex containing the
abasic lesion. The observation that folding of all studied duplexes in the standard state at
physiological temperatures is an enthalpy driven process accompanied by an unfavorable
entropy contribution and negative heat capacity change is a general feature of polymeric and
oligomeric nucleic acids. In this light, AHp® > 0 observed at physiological temperatures can
be qualitatively explained by more energetically favorable (stacking and H-bonding)
interactions formed in the duplex state, in comparison to the single stranded thermally
denatured state. The corresponding ASp° >0 can be explained by an increase in conformational,
translational and rotational freedom of DNA upon denaturation that is accompanied by a release
of a significant amount of counterions. On the other hand, ACp p° > 0 is probably mainly a
consequence of exposure of aromatic surfaces to water upon denaturation 5, although this
contribution to ACp p° is opposed by the simultaneous exposure of polar surface area (e.g.
Watson-Crick face of bases). Although hydration clearly plays a major role in determining
ACp p° values of DNA denaturation its exact origins still remain a matter of debate 65 In this
light, statistical mechanical treatments of explicitly simulated hydration may represent a
promising way to the molecular understanding of ACp p° values accompanying denaturation
of nucleic acids and proteins 8. The average value of ACp p° for denaturation of B=C, B =
T and B = 0 is 0.43 (+0.03) kcal mol™ K™ (or 0.043 (+0.003) kcal (mol of base pairs)
K1), which is consistent with the average ACp p° value accompanying the denaturation of
oligomeric duplexes obtained by DSC, 2° and somewhat lower than the average ACp p°
observed for helix-to-coil transitions of polymeric nucleic acids. 32

The contributions to the thermodynamic stability of the model duplexes can be discussed also
in terms of the corresponding differential parameters AAGg_,x, AAHg_,x, AASg_,x and
AACp g_,x (x=C, T, 0) extrapolated to 25 °C using the equations described in the experimental
materials and methods section (DSC model-independent analysis; see also Figure 4 and Figure
5). The AAGg_,c, AAHg_,c and AASy_,¢ values (Table 1) for contributions of G-C base pair
formation to DNA duplex annealing are in accordance with the duplex stabilizing effects
presented by Vesnaver et al. 22 (AAGq_,7 = —6.5 kcal mol™1, AAHg_,1 =—27.2 kcal mol~ and
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AASq_,1 =—69.2 cal mol™1 K1), Since, in their study, the A-T base pair was formed, the gain
of two hydrogen bonds should result in a less negative AAG value than obtained in our study
(gain of three hydrogen bonds). This apparent discrepancy can be explained by considering
differences in stacking interactions. That is, since their A-T base pair is located in the middle
of the duplex, its two stacking interactions lower AAG and AAH values more than one stacking
interaction in the terminal G-C base pair. Vesnaver et al. 22 also suggested that base pair
formations exert stabilizing influences that cannot be explained by simple nearest neighbor
effects and may be caused by changes in solvation. In this light, the value of AACp g_,c ~ 0
estimated in our work (Table 1) may indicate that the formation of terminal G-C base pair does
not significantly alter the duplex solvation.

Energetic contributions to DNA duplex stability

The calculated average electrostatic, vdW and preorganization interaction energies of the C,
T or A base moieties (denoted as ‘probes’) in a solvated nucleoside, dinucleoside
monophosphate, or DNA environments are presented in Table 2. Regardless of the composition
of the environment, the interaction energy of each probe is dominated by its electrostatic
component, followed by the van der Waals and preorganization energies. The electrostatic
interaction energy of cytosine is always more favorable, in agreement with its larger polarity.
4 On the other hand, van der Waals interactions, which are dominated by the dispersion
attraction, favor thymine and adenine due to their larger polarizability. 67

The average preorganization energies, which reflect interaction of probe with its preorganized
environment (i.e. environment with the geometry and polarization established in the presence
of zero charges on all probe atoms), are presented in the last column of Table 2. If an uncharged
solute B is immersed in water, the solvent dipoles are with respect to it randomly oriented. If
the water and the solute geometries would remain unchanged during the charging process of
the solute (i.e. if this process was instantaneous), the overall charge dipole interaction energy

would be zero (<U25 (B)>0=0). Thus, we can say that polar solvents are not electrostatically
preorganized to accommodate solute molecules. On the other hand, in proteins the binding site
dipoles associated with polar groups and ionized residues may be already partially oriented
towards the bound uncharged ligand B. The analogous instantaneous charging of the bound
ligand may therefore yield favorable electrostatic interactions between the protein and its ligand

(<U‘ZS (B)>0<0), in which case one can claim that proteins are electrostatically preorganized to
accommodate their ligands. Here, although the preorganization concept has been most
frequently invoked for transition states of enzymatic reactions, the term “‘ligand‘ may represent
a substrate, transition state, or an inhibitor. The electrostatic preorganization represents the
main source of the catalytic power of many enzymes 2 although other factors may sometimes
play important role.®8 Its origin can be traced to the process of protein folding, whereby the
protein attains its 3D structure and its dipoles get oriented. 12:13

The calculated preorganization contributions are negligible compared to the sum of
electrostatic and van der Waals energies (Table 2). A positive preorganization energy obtained
for C can be attributed to the base-deoxyribose intramolecular interactions because it has the
same magnitude (1.5 kcal/mol) in both the solvated nucleoside and dinucleoside
monophosphate.

Using the nucleoside model of single-stranded DNA, we obtained insertion free energies (Table
3) that were significantly more negative than experimental AGjps. This discrepancy is likely
due to the absence of the base-stacking and base-phosphate interactions in the nucleoside
model. Indeed, the agreement improved for the dinucleoside monophosphate model, although
C and T bases remained too stable in the duplex environment. Even though this
overstabilization may still reflect the simplified nature of the reference system, it is more likely
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due to our use of generic LRA/o parameters, which were not optimized for the DNA
environment.

Although it is strictly speaking not possible to decompose free energies into additive
contributions from individual molecules or force-field terms, LRA/a approximation allows to
carry out such decomposition with a high rigor (12). The van der Waals term is a major
contributor to the calculated AG;j,s, pointing to dispersion attraction between stacked DNA
bases as important source of the duplex stability. This conclusion is consistent with the results
of previous computational studies, including the decomposition of the free energy change for
the mutation of a terminal base of a DNA duplex to ‘nothing’ 34, and the loss of the helical
structure of DNA duplex in simulations missing London term 69, The electrostatic term also
stabilizes DNA duplex, but more so when a correct Watson-Crick base pair is formed. The
preorganization term is negligible contributor of the stability of the duplex containing the
terminal GT base pair but contributes —0.5 kcal/mol, i.e. about 10% of the free energy of
inserting C or A opposite G. However, even in this most favorable case, the magnitude of
electrostatic preorganization is too small to account for the cooperativity of DNA annealing,
which amounts to —2 to —3 kcal/mol per base-pair step. 7°

The van der Waals components of AGjns show a large dependence on the reference state (Table
3). For example, the insertion of C opposite G yields AGi,,"dW of —4.8 and —2.6 kcal/mol for
the dN and dNpN reference states, respectively. Because the calculated electrostatic and
preorganization components of AG;jys are independent of the reference state, the model-
dependent differences in AGj,s mirror those in the van der Waals term. Since there are no
stacking interactions in the dN model, these differences indicate that stacking interactions in
the 5’-GC, GT, and GA dinucleoside monophosphates are —2.2, —3.1 and —2.8 kcal/mol,
respectively. Of course, accounting for stacking in the reference system is fundamentally
important, which makes the results calculated with the dNpN model more reliable.

The order of stacking free energies is consistent with the differences in the structural flexibility
of the dinucleoside monophosphates obtained by the analysis of histograms of N9-N1 or N9-
N9 distances (cf. Figures 1S, 3S and 6S). Using these histograms, stacking free energies can
be estimated by counting number of configurations with N9-N1(or N9-N9) distances below
and above a reasonable cutoff that separates stacked and unstacked conformations 71, Using 6
A cutoff, the stacking free energies of GC, GT and GA dinucleoside monophosphates were
—1.0, —2.3, and —1.3 kcal/mol, respectively. Interestingly, the unstacked configurations of GT
mostly correspond to T-shaped complexes (Figure 4S). The histogram analysis also showed
that uncharging one of the bases does not significantly affect the stacking propensity of
dinucleoside monophosphates (Figures 2S, 5S and 7S).

Since the differences in AGjps"dW for dN and dNpN reference states are larger (in absolute
value) than stacking free energies determined directly by counting stacked and unstacked
configurations, the coefficient a. used for scaling vdW interactions in the LRA/o approximation
should be decreased to better represent stacking interactions. The least-squares fit of LRA/a
parameters on experimental data provided the lowest RMSD for = 0.34 and a= 0.43 (Figure
6). Our refined LRA/o parameter B = 0.34 is consistent with the value of this parameter (B =
0.43) recommended for use in LIE calculations of protein-ligand binding free energies > and
DNA destabilization by base substitutions 34 because a larger p compensates for the lack of
the electrostatic preorganization term in the LIE method. In addition, the refined o parameter
of 0.43 decreases the magnitude of AG;,s"dW so that the LRA/a stacking free energy estimates
for dinucleoside monophosphates become closer to those obtained by direct counting of stacked
and unstacked configurations, or by quantum mechanical calculations combined with Langevin
dipoles solvation model 4.
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Although the refined LRA/a parameters are important to properly describe stacking
interactions, their effect on the magnitude of the preorganization contributions to base insertion
free energies is within the error bars of the values presented in Table 3, which were obtained
with the generic LRA/a parameters. Similarly, the error cancellation renders the use of perfect
LRA/a parameters less critical for obtaining reasonably accurate predictions of the relative
insertion free energies (eq. 7, Table 4). Thus, the overall DNA duplex stabilization free energies
and their components presented in Table 4 are also relatively unaffected by the choice of LRA/
o parameters or models describing the single-stranded DNA.

The relative insertion free energies presented in Table 4 represent the magnitude of DNA
stabilization due to replacing wobble G+T or GeA base pairs by a Watson-Crick G+C base pair
at the end of DNA double helix. This stabilization is of fundamental importance for assessing
intrinsic contribution of DNA polymerases to both their dNTP insertion fidelity and
proofreading proficiency. In the case of GedCTP -> GedATP mismatch, the electrostatic
preorganization was calculated to contribute 2.7 kcal/mol of the total 4.6 kcal/mol binding
contribution to the fidelity of DNA replication by T7 DNA polymerase 72, Similarly, earlier
LRA/a binding studies of fidelity of DNA polymerase B have shown significant
preorganization effects 1°, which were attributed by the free energy decomposition to the
interactions between the templating base and the base of the incoming dNTP substrate.
However, since these studies did not consider dNTP binding in the absence of the protein, it
was not possible to convincingly attribute this preorganization to the steric and electrostatic
restrictions placed upon the positioning of the template and dNTP bases by the enzyme active
site. In fact, it could be argued that the template and dNTP base positioning could originate
from stacking interactions with the DNA, or the restrictions imposed by the presence of the
phosphodiester backbone or by strong binding of the triphosphate moiety. This possibilities
have been excluded by the present calculations, which show that in the absence of the
polymerase the preorganization component of the GeC -> GeA mismatch destabilization
actually favors the mismatch by 0.1 kcal/mol (Table 4). Although the preorganization term
does destabilize the GeT mismatch, the amount of this destabilization is relatively small in the
absence of DNA polymerase. These results reinforce the notion that the electrostatic
preorganization of the DNA polymerase active site represents an important contribution to
DNA replication fidelity 17:73,
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Figure 1.

Thermodynamic cycle to determine a base insertion free energy (AGins) from the observed
melting free energies for the full length DNA (AGp(N)) and DNA containing terminal abasic
site (AGp(N-1)).
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Thermodynamic cycle for the calculation of the free energy for the DNA duplex destabilization
due to the creation of a terminal abasic site, AGp(N) - AGp(N-1).
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Figure 3.

Representative structures of the model systems used to calculate DNA melting free energy for
T-G (mispair) vs C-G. Explicit water and Na* counterions are not shown. During the production
MD trajectories, the 5’-dangling guanosine was observed to sample both the stacked and
unstacked configurations while the DNA remained in the B-DNA form.
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Figure 4.

Experimentally monitored helix-to-coil transitions of the oligonucleotides
5’GGCGCATCAGC

3’ ~BGCGTAGTCG (B=C, T, 0).

Panel a: DSC thermograms (symbols; every fourth experimental point) and the best fits of the
model function (lines; see equation 3). The thermodynamic parameters characterizing the
transitions monitored by DSC are presented for B = C, T and 0, respectively: Ty, (°C) = 64.4,
58.6, 57.6; AHp 1 (kcal mol ™) = 76.1(+0.1), 67.2(+1.2), 47.7(+6.4); ACp p (kcal mol L
K1) = 0.43(+0.02), 0.41(+0.00), 0.44(—0.10). The values in the round brackets are the
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differences between the model-dependent (equation 3) and the presented model-independent
thermodynamic parameters.

Panel b: Fraction of the oligonuceotides in the denatured state, ap, calculated either directly
from DSC thermograms (Panel a) as a model-independent AH/AHp ratio (symbols; AH was
obtained by integration of experimental ACp from the reference temperature at which all DNA
molecules exist in the initial (duplex) macrostate (ap = 0) to a given T at which a certain fraction
of DNA molecules exist in the final denatured (single-stranded) macrostate; AHp was
calculated as AHp = AHp 1 + ACp p(T — Tpy), see experimental materials and methods) or as
the model-dependent quantity obtained from the best fit model parameters (lines).
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Figure 5.
Thermodynamic profiles of helix-to-coil transitions of the oligonucleotides
5’GGCGCATCAGC

3’ —= BGCGTAGTCG (B =C, T, or 0) obtained by the model-independent analysis of DSC
thermograms.
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RMSD
[kcal/mol]

Figure 6.
Root mean-square deviation of the calculated and experimental insertion, AGjns(B), as well as

AAGa_,c and AATa_,c DNA duplex stabilization free energies as a function of the LRA/a
empirical parameters o and . The calculated data were obtained using the dNpN reference
state.
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Differential thermodynamic parameters for 3’ — BGCGTAGTCG and 3’ - XGCGTAGTCG, X =C or T, helix-
to-coil transitions obtained from model-independent analysis of DSC data at 25 °C.

B=0 B=0 B=T

X=C X=T X=C
AAGg_x/ kcal molt -3.9+0.8 —2.1+05 -1.8+0.5
AAHg_x/ kcal molt —259+3.2 -20.3+25 5.6 2.0
AASg_,x/ cal mol™t K1 —-739+111 —61.1+8.6 -12.8+6.9
AACpg_x/ keal molt Kt 0.01 +0.08 0.03 + 0.06 —0.02 £ 0.05
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