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ABSTRACT We propose a model for DNA polymerase
fidelity in which free energy differences, AAG, between
matched and mismatched nucleotides are magnified at the
enzyme's active site. Both hydrogen bonding and stacking
components of the interaction energy are amplified, with the
most profound effect being on the magnitude of hydrogen-
bonding interactions. Magnification in AAG values follows
from the exclusion of water around base pairs in the active site
deft of the enzyme. After showing that base-pair dissociation
energies calculated from hydrogen-bonding and base-stacking
interactions in vacuo are greatly reduced by water, it is
proposed that water removal results in a proportional resto-
ration of these contributions to base pairing. Assuming 40%
exclusion of surrounding water, one predicts magnified values
of AAG sufficient to account for polymerase insertion and
proofreading fidelity, thereby avoiding the need to postulate
additional active site constraints in order to select or reject
nucleotides.

The high degree of replication fidelity exhibited by DNA
polymerase has been interpreted to mean that these enzymes
must be involved in selecting correct nucleotides for insertion
into DNA (for a review, see ref. 1). Nucleotide selection
could be imposed by change in enzyme conformation or
active-site architecture, which greatly inhibits formation of
phosphodiester bonds whenever a mismatched base is resi-
dent on the polymerase-DNA complex. The rationale for
requiring polymerase base selection is that free energy
differences between base mispairs observed in aqueous
solution are between 1 and 3 kcal-mol', a range that can only
provide 5- to 150-fold discrimination against insertion of a
wrong nucleotide (1). However, DNA polymerase insertion
accuracies have been measured to be in the range of l0o- to
10-5 in vitro (1), requiring free energy differences over twice
as large as those measured in water.
We offer a physical explanation for the fidelity of DNA

polymerases during the nucleotide insertion step, in which
base-pairing free-energy differences are magnified several-
fold in the environment of the active site as a result of water
exclusion. There is no requirement to postulate that
polymerases must undergo conformational changes to inhibit
insertion ofmismatched nucleotides. In this model, control of
fidelity would then depend primarily on an enhanced mag-
nitude of intrinsic hydrogen-bonding and base-stacking in-
teractions between dNTP substrate and DNA primer-tem-
plate molecules as water is excluded at the enzyme's active
site.

MODEL
Consider the idea that the relative insertion (I) of two
nucleotides, W (wrong) and R (right), competing at a template

site bound to DNA polymerase, depends primarily on the
difference between the corresponding free energies (AGw and
AGR) evaluated at the polymerase surface, p.

AAGp = (AGw - AGR)P = RT ln(IR/IW)P [1]

We intend to show that AAGP is significantly greater in
magnitude than the corresponding free-energy difference in
water, AAGH2O = (AGw - AGR)H20, when the active-site
region of the enzyme excludes water around base-paired
nucleotides. Although we are focusing on polymerase inser-
tion fidelity, the same type of base-pairing free-energy
magnification applies to proofreading by 3' exonuclease
activities (2, 3). Proofreading exonucleases may excise pre-
viously inserted nucleotides that are melted out at primer
termini. The relative stabilities of 3' termini, as defined by the
ratio of melted-to-annealed states, are proportional to AAGp
values at the nuclease active site.
We begin by noting that, for stacked nearest-neighbor

doublets of base pairs in DNA, the following data are
available: (i) empirical values of melting temperature (Tm)
obtained from melting profiles of native DNA polymers in
aqueous solution (4, 5); (ii) theoretical values of dissociation
energy calculated from base-stacking and hydrogen-bonding
interactions in vacuum (6, 7). It has already been pointed out
that Tm correlates with the stacking component of dissocia-
tion energy (4). The strong correlation suggests that Tm values
measured in water and base stacking enthalpies calculated in
vacuum may be related as follows:

Tm= T' + a'AHv, [2]

where Tm is the melting temperature ofeach dinucleotide pair
(within a polymer), AHM is the corresponding base-stacking
component of dissociation energy (in vacuum), a' is a factor
representing the influence of the medium on intrinsic base-
stacking interactions, and T' is a constant term (independent
of base composition and sequence), which includes contri-
butions of the medium and sugar-phosphate backbone inter-
actions.
To assess the contribution to Tm from hydrogen bonding,

we add another term to Eq. 2 as follows:

Tm = Tm + asAH + ahh, [3]

where AHI is the hydrogen-bonding component of dissocia-
tion energy (in vacuum) and a' represents the influence ofthe
medium on the strength of this component. We then re-
arrange Eq. 3 into the form of a straight line:

(Tm - Tm)/Avh = ao(AHvs/AHj + a', [4]

and use literature values of Tm (4), AHv (5, 6), and AHI~ (7) to
determine the value of To that leads to the best correlation
between (Tm - Tm)/Afjh and AHv/AHv. Trying various
values of To, we find that the correlation coefficient is
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maximum (0.982) near Tm = 273 K (00C) and falls off
monotonically on either side. For Tm = 273 K, the line
obtained by a least-squares fit (Fig. 1) yields as = 9.0 K
kcalP1 mol and ah = 0.0. Accordingly, forDNA in water, T
is very close to the melting temperature of ice and there is no
apparent contribution to Tm from hydrogen bonding between
bases.
Having evaluated the parameters in Eq. 3, we can now

relate the dissociation energy in solution to the dissociation
energy in vacuum. The dissociation energy in solution is

AH = TmAS, [5]

where AS is the average entropy increase per mol ofbase pair
upon melting DNA. By combining Eqs. 3 and 5, we see that
the energy required to dissociate DNA base pairs in aqueous
medium is

AH = TAS + gAHv +3AH, [6]

where 3 = aWAS and Wh3= AS are dimensionless constants
for the medium. Taking AS to be 24 ± 2 calrmol-l K-' (4) and
using the previously evaluated parameters (Tm = 273 K, as
= 9.0 K kcalP' mol, ah = 0), we find (3 = 0.22 and A, = 0,
while TIAS = 6.55 kcal'mol'. Thus, as shown in Fig. 2, the
relationship between enthalpy changes in water and vacuum
is

AHH2O = 6.55 + 0.22 AH; kcal mol-'. [7]

These results indicate that water reduces the intrinsic base-
stacking component to 0.22 of its vacuum value and the
hydrogen-bonding component to 0 (within experimental er-
ror). Accordingly, hydrogen bonding makes nb net enthalpy
contribution to helix-coil transitions in water, confirming the
earlier predictions of DeVoe and Tinoco (8). The quantity
6.55 kcal mol-1 is a contribution to the dissociation energy
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FiG. 2. Relationship between heats of dissociation (Al) for
stacked DNA base pairs in water and in vacuum. Values ofAH per

mol of stacked base pair are shown for each nearest-neighbor doublet
of base pairs of type i1 (e), i@ (W), andi$ (a); where R = purine,

Y = pyrimidine, and arrows indicate the 5' -.3' direction. The AH
values in water are determined as equal to T.AS, where Tm is the
melting temperature (in K) for each doublet, evaluated from melting
proffies ofknownDNA polymers (4), and AS = 24 ± 2 cal mol-l K-1,
the average entropy increase upon melting 1 mol ofbase pair. The AH
values for stacking in vacuum (AHM) are computed theoretically,
using an optimized potential function for the calculation of nucleic
acid interaction energies (6). The line corresponds to Eq. 7, with the
intercept equal to (273 K)-(24 cal mol-l K'1) = 6.55 kcal mol-1, and
slope = 0.22.

not found in vacuum. Being T'AS, it represents the energy
required to melt the ice-like structure of surrounding water to
allow dissociated base pairs their required number ofdegrees
of freedom.* This is commonly referred to as the "hydro-
phobic" contribution to dissociation energy.

Central to our model, on going from water to a protein
environment, (, and 3h in Eq. 5 are replaced by new values
(as and p3h) characteristic of the protein. Thus, the dissocia-
tion energy for DNA base pairs in a protein cleft is

AHp = 6.55 + /3SAH' + PhAH' kcal-mol-1, [8]

AH,hs
hh

FIG. 1. Relationship between empirical melting temperatures for
stacked DNA base pairs in water and theoretical dissociation
energies in vacuum, plotted according to Eq. 4 with Tm set equal to
the melting temperature of water. Tm is the melting temperature for
each doublet as determined from melting profiles ofknown polymers
at 0.02 M ionic strength (4). Ah is the theoretically computed

hydrogen-bonding contribution to the dissociation energy per mol of
base pair (7) and AH v is the stacking component for the dinucleotide
pair (6). Values are shown for each nearest-neighbor doublet of base

pairs of type iR (.), iY (C), and VA (a); where R = purine, Y =

YY JR RY
pyrinmidine, and arrows indicate the 5' -- 3' direction. The line

corresponds to Eq. 4 with intercept ah = 0 and slope a: = 9.0 K
kcal mol'1.

assuming that TmAS is the same as in water, since dissociated
base pairs are still released into water and require the same
number of degrees of freedom. The important issue is to
arrive at reasonable estimates of Pi, and (h at enzyme active
sites. For conditins intermediate between water and vacu-
um, (,3 lies between 0.22 and 1, while 1h lies between 0 and
1. For simplicity, we suggest that /3, and ph are linearly
related to the degree bf exclusion of water around base pairs
in the active site; Then, iff is the fraction of water excluded,
8s = 0.22 + 0.78f and Ah = f, approximately. Accordingly,
Eq. 8 becomes

AHp = 6.55 + (0.22 + 0.78f)AHs + fAbNh kcal-mol[1. [9]

In the backbone ofDNA, each nucleotide has six single bonds about
which rotation can occur (one C-C, two C-O, two O-P, and one
C-N). Upon dissociation ofbase pairs, each single bond except the
C-N glycosidic bond acquires 3 degrees offreedom (equivalent to
the three staggered configurations in ethane). The C-N bond
acquires 2 degrees of freedom corresponding to anti and syn
conformations in the case of purine nucleotides only. Accordingly,
for each dissociated base pair there are 2.(35)2 degrees of freedom.
Assuming each associated base pair has only 1 degree of freedom
for a fixed DNA conformation, the corresponding entropy change
upon dissociation is AS = R In (2.310) = 23.2 cal-mol-lK1, in
agreement with the assigned value 24 ± 2 cal mol K-1.

273 *tAS (cal/mol)

Slope. 0.22
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Let us now examine the free-energy difference between
right and wrong nucleotides, AAGP defined by Eq. 1, in terms
of AHp given by Eq. 9. Since AGp = AHp - TAS, then at
constant T and AS,

AAGp = AAHp = (0.22 + 0.78f)AAHv + fAAHvh. [10]

The corresponding free-energy difference in water, equiva-
lent to setting f = 0, is

AAGH2O = 0.22AAHv. [11]

Thus, on going from water to protein, the free energy
difference between right and wrong nucleotides is predicted
to be amplified by the factor,

A =1 + 3.5f + 4.5f [12]
AAG2Q, A&AHS

Consider a protein cleft that excludes 40% of the water in
contact with base pairs. In this case (f = 0.4), the amplifi-
cation factor becomes

A AGp - 2. 4 + 1 .8 (A II A1 [13
AAGH20 AAHS

Even if there is no difference in hydrogen bonding between
right and wrong nucleotides, this factor will be 2.4. If
hydrogen-bonding and stacking differences in vacuum are

equal, the amplification factor will increase to 4.2.

DISCUSSION

The model presented here is based on correlations between
empirical values ofbase-pair dissociation energy in water and
theoretical values in vacuum (Fig. 2). The correlations
indicate that the energies required to dissociate base-stacking
and hydrogen-bonding interactions in vacuum are markedly
diminished in the presence of water. The base-stacking
component is reduced to a fraction (0.22) of its value in
vacuum, while the hydrogen-bonding component approaches
0. On the other hand, water introduces a constant hydropho-
bic contribution of 6.55 kcal mol-1 to the dissociation energy
of base pairs.
The apparent suppression of intrinsic base-base interac-

tions in water may be the result of strong water-base
interactions. Water may interact with bases through its strong
dipole character and associated hydrogen-bonding capabili-
ty. Since hydrogen bonding is mainly a dipole-dipole inter-
action (7), while intrinsic base stacking is mainly an induced-
dipole-induced-dipole interaction (6), it is reasonable for
water to diminish base-base hydrogen bonding more than
stacking.
We suggest that in the active site of polymerase, intrinsic

interactions between base pairs are partially restored by the
exclusion of water. This could happen if the protein does not
interact with DNA bases in the same way as water does. For
example, the protein might interact only with the sugar-
phosphate backbone on the narrow-groove side, so as to pull
the DNA into a cleft and partially free the bases from water.
If the protein does not interact significantly with the bases
themselves, base-base interactions may be restored to values
intermediate between vacuum and water. The implication of
this model is that stacking and hydrogen-bonding interactions
are in essence amplified in the active site of the enzyme, as
a consequence of water expulsion, and that the resultant
amplification of free-energy differences is sufficient to ac-
count for the fidelity of DNA replication.
The model is applicable to studies on the relative incor-

poration of base analogues by DNA polymerase. Eq. 13
predicts that, even if the difference in hydrogen bonding

between nucleotides competing for insertion is 0, free-energy
differences observed in water will be amplified by a factor of
2.4. This situation may reasonably apply to the incorporation
of 5-substituted pyrimidines. The difference in hydrogen
bonding between uracil and thymine with adenine is probably
near 0 as is the difference between cytosine and 5-
methylcytosine with guanine. The value of AAGH20 for these
homologous pairs can be determined from melting studies of
polymers containing the homologs (9-11). Polymers contain-
ing the methylated pyrimidine (thymine, 5-methylcytosine) in
place of the unmethylated derivative (uracil, cytosine) in-
variably melt at higher temperatures because of higher
intrinsic stacking energy. AAGH20 values can be determined
from the averages of the corresponding homopolymer and
alternating copolymer melting temperatures. The resultant
AAGH2O is 0.24 kcal mol1 between thymine and uracil and
0.186 kcal-mol-1 between 5-methylcytosine and cytosine.
According to Eq. 13, these values are amplified by 2.4, so that
AAGp = 0.58 kcal mol'1 and 0.45 kcal mold, respectively.
Substituting in Eq. 1, we predict the ratio of incorporation of
uracil/thymine to be 0.4 and of 5-methylcytosine/cytosine to
be 2.1, in fairly good agreement with the values (0.54 and
1.85, respectively) observed by Kornberg (12) and coworkers
in a DNA synthesis assay in vitro.
The model predicts an amplification factor >2.4 when

there is a difference in hydrogen bonding in vacuo. Base-
pairing properties of 2-aminopurine, a mutagenic base ana-
logue of adenine, have been analyzed extensively from the
points of view of (i) melting temperature differences for
2-aminopurine-thymine vs. A*T base pairs ofDNA polymers
(13), and (ii) measurements of relative insertion frequencies
of 2-aminopurine, in competition with adenine, opposite
template thymine sites by DNA polymerases (13, 14). Table
1 shows a comparison of the free energy differences between
2-aminopurine-thymine vs. ACT base pairs in water (column 2)
and in the presence ofDNA polymerase (column 3) for each
of the possible nearest-neighbor base-stacking partners. The
ratios (column 4) indicate that free-energy differences have
been amplified in the active site by a factor of 3.7 ± 1.1, in
agreement with our predicted range of 2.4-4.2.

In summary, we suggest that when nucleotides enter the
active site of DNA polymerase, water is displaced. The
removal of water around bases restores intrinsic hydrogen-
bonding and stacking interactions between bases, thereby
amplifying free-energy differences between right and wrong
base pairs. In this manner, a high degree of nucleotide
insertion fidelity can be achieved without nucleotide selec-
tion or rejection either by protein cojiformational changes or
"kinetic proofreading" (15, 16). This concept generally

Table 1. Comparison of free-energy differences for 2-amino-
purine-thymine vs. APT base pairs in water (AAGH2o)
and in the active site of DNA polymerase (AAGP)
for various 5' nearest neighbors

Free-energy difference,
5' nearest kcalmol-1 AAGP/
neighbor* AA&GH2Ot AAGpt AAGH2O

T 0.20 ± 0.05 0.37 ± 0.04 1.9 ± 0.7
C 0.20 ± 0.05 0.98 ± 0.10 4.9 ± 1.9
G 0.40 ± 0.05 1.44 ± 0.15 3.6 ± 0.8
A 0.35 ± 0.05 1.55 ± 0.15 4.4 ± 1.1
Average 0.29 ± 0.05 1.08 ± 0.11 3.7 ± 1.1

*Base preceding 2-aminopurine or adenine on primer strand and
hydrogen-bonded to complementary base on template strand.
tAAGH2O = (AGAPLT - GA.-T)H20 as computed from DNA polymer
melting data (Tm values are in ref. 13). AP, 2-aminopurine.
t*AGp = (AGAJ-T - AGA.T)P as computed from DNA polymerase
catalyzed insertion frequencies (I., values in ref. 13).
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agrees with the recent proposal of Dewar and Storch (17) in
which removal ofwater from the active site is responsible for
both high substrate selectivity and turnover number in
enzymes. However, it should be pointed out that our ap-
proach is basically thermodynamic rather than kinetic. While
defining the free-energy differences between states relevant
to fidelity, we have not defined the pathway between the
states. To describe the pathway, one needs to know the
structure of the enzyme cleft and the manner in which
nucleotides are bound so as to exclude water around bases.
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