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ABSTRACT The opening of basepairs plays a key role in DNA replication and transcription, and in the action of DNA repair and
modification enzymes. In this article, we have used proton exchange to define the energetics of the pathways for basepair opening
in two DNA 17-mer duplexes. The rates of exchange of imino protons with solvent protons were measured by NMR spectroscopy
for each DNAduplex, as a function of the concentration of exchange catalyst and of temperature. Themeasurements provided the
rates and the equilibrium constants of the opening reactions for individual basepairs at different temperatures. These temperature
dependences were used to calculate the enthalpies and the free energies of the barrier to opening and of the open state for each
basepair. The results reveal theexistenceof threedistinct patternsof enthalpy changes in theopening reactions. Thepatternsdiffer
from each other in the location of the kinetic opening barrier relative to the open state. Neighboring bases, which are one or more
positions removed from the opening basepair, influence the enthalpic pattern of the opening pathway. The free energies of the
opening barriers are found to be linearly related to the free energies of the open state. This correlation is analyzed in terms of rate-
equilibrium free energy relationships previously observed in other systems, and suggests that the transition state in the opening
reaction is closer to the native closed state of the basepair than to its open state.

INTRODUCTION

Opening of basepairs in DNA is a structural fluctuation

necessary for the biological functioning of the molecule. The

double helix must open and unwind in DNA replication and

transcription, such that the sequence of bases can be copied

into a new DNA molecule or into mRNA. The opening (or

flipping) of basepairs is also necessary for the chemical

modification ofDNAbases and for the repair of damaged ones

(1). For example, DNA methylation by methyltransferases

requires that the target base be flipped out of the double helix

(1). Similarly, repair of base lesions by DNA glycosylases

requires extrusion of the damaged base from the helical stack

and its move into the active site of the enzyme (2). Recently, it

has been proposed that basepair opening processes could

provide a mechanism for recognition of specific base se-

quences by DNAmodification and repair enzymes (1,3,4). In

these proposals, the sequence-specific recognition is thought

to be coupled to the mechanism for flipping out the base. The

target base is selected as having an energetic propensity to

open, or to be opened by the enzyme, which is higher than that

of other bases. In view of these proposals and ofwidely spread

roles of basepair opening reactions in the biological function

of DNA, the molecular and energetic mechanisms by which

DNA basepairs open have been the objects of sustained

interest.

The current understanding of the molecular pathways for

basepair opening in DNA and their energetics is based on

molecular dynamics simulations. These studies have re-

vealed the detailed conformational changes of the basepair

and its neighbors during opening (5–7), the existence of an

energetic coupling between DNA bending and basepair

opening (8,9), energetic preferences for opening into the ma-

jor or the minor groove (10,11), and the influence of enzymes

upon the basepair opening propensities (4,12). However,

experimental evidence on the nature and the energetics of the

opening pathways is scarce. This article attempts to fill this

gap by an experimental investigation using NMR spectros-

copy and imino proton exchange. NMR measurements of

imino proton exchange have been previously used to obtain

the rates of opening of basepairs in a variety of DNA duplexes

(13,14). The results have demonstrated that the opening rates

are strongly dependent on the DNA conformation, e.g.,

B- versus Z-form (15), and base sequence (16–20). The enthalpy

changes in basepair opening have been reported for several

DNA dodecamers by this laboratory (17,18,21). This work

extends these previous investigations by a study of the two

DNA molecules shown in Fig. 1. Each DNA contains 17

basepairs. The sequences of the central 13 bases are the same

as those in two sites from the origin of replication of bacterial

chromosomes (22). The sites are generally abbreviated ac-

cording to their location on the chromosome as L (left) and M
(middle). The same abbreviation is being used henceforth

for the two DNA duplexes investigated. This study pro-

vides a complete characterization of the enthalpy and free

energy changes that are associated with the activation bar-

riers and the equilibria in opening of selected basepairs in

these two DNA 17-mers. The results, together with those

previously reported for DNA dodecamers, provide new

insights into the nature of the basepair opening pathways and

their energetics.
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MATERIALS AND METHODS

DNA samples

Each strand of the DNA molecules of interest was synthesized on

a DNA synthesizer (Applied Biosystems, Foster City, CA) using solid-

support phosphoramidite chemistry. The DNA was purified by reverse-

phase HPLC on a PRP-1 column (Hamilton, Reno, NV) as described (23).

The counterions were replaced with Na1 ions by repeated centrifugation

through Centricon YM-3 tubes (Amicon, Bedford, MA) using 0.5 M NaCl.

The DNA was desalted by repeated centrifugation against water. Each DNA

duplex was annealed by equilibrating the corresponding two oligonucleo-

tides in a water bath at 80�C for 30 min, followed by slow cooling down. The

DNA concentrations were determined using extinction coefficients calcu-

lated as described by Cantor and co-workers (24): 336 OD units/mmole for

duplex L and 329 OD units/mmole for duplex M. Accordingly, the DNA

concentrations in the samples used for NMR were 1.7 mM for duplex L and

2.0 mM for duplexM, in 0.1 MNaCl with 1 mMEDTA at pH between 8 and

9. The samples also contained 1 mM triethanolamine, which was used to

determine the pH of the sample directly inside the NMR tube, at each

temperature of interest, as we have described (20). For proton exchange

measurements, increasing concentrations of ammonia were obtained by

adding to the DNA sample small aliquots of stock ammonia solutions (0.5–5

M) in 0.1 M NaCl with 1 mM EDTA at pH 8.5. The final concentration of

ammonia in the sample was measured by 14N NMR using a Varian VXR-

400 NMR spectrometer operating at 9.4 T, as we have described (20). The

concentration of ammonia base at each temperature was calculated from the

total ammonia concentration (C0) and the pH as

½B� ¼ C0 3
10

�pK

10
�pH

1 10
�pK; (1)

where the pK value of ammonia at each temperature was used (25).

NMR experiments

The NMR experiments were performed on a Varian INOVA 500 spec-

trometer operating at 11.75 T. One-dimensional NMR spectra were obtained

using the Jump-and-Return pulse sequence (26). The proton exchange rates

were measured by transfer of magnetization from water, as described

previously (14,27). Twenty-five values of the exchange delay in the range

from 2 to 600 ms were used in each experiment, and the observation was

with the Jump-and-Return pulse sequence.

Imino proton exchange in DNA

Characterization of basepair opening processes in DNA relies upon the

exchange properties of imino protons, i.e., N1H in guanines and N3H in

thymines. The current model for exchange of these protons is a two-state

model in which the base (or the basepair) undergoes a local conformational

change from a closed to an open state. The exchange occurs from the open

state. This state is exchange competent because the imino proton is

accessible to proton acceptors present in solution, and its hydrogen bond is

transiently broken (28,29). The exchange rate observed experimentally

depends upon the concentration of proton acceptor B as (28)

kex ¼ kop
k0 1 u 3 kB 3 ½B�

kcl 1 k0 1 u 3 kB 3 ½B�; (2)

where kop and kcl are the rates of opening and closing of the corresponding

basepair; k0 is the rate of exchange of the imino proton from the open state of

the basepair in the absence of the proton acceptor; kB is the rate constant for

transfer of the proton to the acceptor in isolated nucleotides; and u is a factor

that accounts for differences in the rate of proton transfer between isolated

nucleotides and open DNA basepairs, e.g., restricted accessibility of the

acceptor to the imino proton in the open base. As Eq. 2 shows, the limiting

value of the exchange rate at high concentrations of proton acceptor (i.e.,

k0 1 u3 kB 3 [B]� kcl or EX1 regime of exchange) is the rate of opening

of the corresponding basepair.

In this work, we have used ammonia base as the proton acceptor in imino

proton exchange. Previous studies have shown that, due to its small size and

lack of charge, ammonia is the proton acceptor of choice for investigation of

basepair opening in DNA (13,29). The rates of opening and closing of each

basepair were obtained by fitting the experimentally measured exchange rate

as a function of the concentration of ammonia base to Eq. 2. The rate

constants kB for transfer of the imino proton from thymine or guanine to

ammonia base have been calculated previously as a function of temperature

(17). The results have shown that the rate constants are nearly temperature-

independent, in agreement with experiments on isolated mononucleotides

(30). For example, for the temperature range used in this work (namely,

10–35�C), they range from 4.03 108 to 4.33 108 M�1 s�1 for thymine, and

from 8.8 3 108 to 1.2 3 109 M�1 s�1 for guanine (17). The factor u was

assumed to have a value of 1 and to be independent of temperature (29). The

equilibrium constant for the opening reaction was calculated from the

opening and closing rates as

Kop ¼
kop
kcl

: (3)

RESULTS

The NMR resonances of imino protons (i.e., N1H in guanines

and N3H in thymines) in the two DNA 17-mer investigated

are shown in Fig. 2. Their assignments to individual protons

were obtained previously by our laboratory using 1H-1H

NOESY experiments. These NOESY experiments have also

indicated that the conformation of the two DNA duplexes is

in the B-form family (31).

The rates of exchange of imino protons with solvent

protons were measured as a function of the concentration of

ammonia base at six temperatures in the range from 10 to

35�C. The dependence of the exchange rates on ammonia-

base concentration is illustrated in Fig. 3 for the imino proton

of AT8 basepair in duplex L. The figure also shows the fits of

the exchange rate as function of ammonia base concentration

to Eq. 2. These fits were used to obtain the opening rate kop
and the opening equilibrium constant Kop for individual

basepairs (Materials and Methods). The values of kop and Kop

in the two DNA duplexes are given in Tables S1–S4 in

Supplementary Material. The values at 20�C have also been

reported in a recent publication from our laboratory (32). For

GC/CG basepairs at 20�C, most opening rates are ;20 s�1,

whereas the opening equilibrium constants are ;(1–2) 3

FIGURE 1 The base sequences of the two DNA duplexes investigated.

The opening reactions of the basepairs shown in boldface have been char-

acterized in this article.
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10�7. For AT/TA basepairs, the opening rates range from 16

to 240 s�1, and the equilibrium constants range from 28 3

10�7 to 3403 10�7. These ranges are typical for the opening

rates and equilibrium constants previously observed in DNA

duplexes of various base sequences (13,18,20,29,33).

Characterization of the pathways for basepair opening and

their energetics requires determination of both the rates and

the equilibrium constants of the opening reactions as a func-

tion of temperature. In turn, this requires the full definition of

the dependence of the exchange rates on ammonia concen-

tration (Eq. 2) at each temperature. We were able to obtain

the complete dependence of the exchange rates on ammonia

concentration for 14 basepairs of the two duplexes for at least

four temperatures (Tables S1–S4 in Supplementary Mate-

rial). These basepairs are indicated in boldface in Fig. 1. For

the other basepairs, the full dependence of the exchange rates

on ammonia concentration could not be defined, for two

reasons. First, at some temperatures and/or ammonia base

concentrations, the imino proton resonances of the corre-

sponding basepairs are not resolved in the NMR spectra (for

example, resonances from T9 and T13, and resonances from

T5 and T7 in duplex L; Fig. 2). Second, for some imino

protons, the exchange rates increase rapidly upon raising the

temperature and/or the ammonia concentration (for example,

T13 in duplex M and the guanine imino protons from the two

terminal GC/CG basepairs in both duplexes; data not shown).

At the highest temperatures and ammonia concentrations of

interest, the exchange rates become too fast to be measured

accurately in experiments of transfer of magnetization from

water (kex . ;100 s�1; for example, T8 imino proton in

duplex L at 35�C; Fig. 3). Thus, the opening rates for these

basepairs could not be measured.

The energetic parameters of the opening reactions for the

basepairs shown in boldface in Fig. 1 were obtained from the

temperature dependence of the opening rates and equilibrium

constants, kop and Kop, respectively. The temperature depen-

dence of the opening rates was analyzed on the basis of the

transition-state theory using the equation (34)

kopðTÞ ¼ k
0

opðTÞ 3 exp �
DG

z0

op ðTÞ
RT

 !

¼ k
0

opðTÞ 3 exp �
DH

z0

op

RT
1

DS
z0

op

R

 !
; (4)

where DGz0
op , DH

z0
op , and DSz0op are the free energy, enthalpy,

and entropy changes in the activation process; T is the ab-

solute temperature; R is the universal gas constant; and k0op is
the pre-exponential factor defining the maximum rate of the

reaction in the absence of an activation barrier. The pre-

exponential factor was assumed to be that of Eyring’s theory

(34),

k0opðTÞ ¼
k 3 k 3 T

h
; (5)

where k is Boltzmann’s constant, h is Planck’s constant, and

k is the transmission coefficient (assumed to be 1). To insure

that the values of the energetic parameters are free of statis-

tical compensation effects, we have used the M-linear regres-

sion algorithm introduced by Krug and co-workers (35). In

this algorithm, Eq. 4 is modified as

ln
kopðTÞ
T

¼ ln
k 3 k

h
�
DG

z0

op ðThmÞ
R 3 Thm

�
DH

z0

op

R
3

1

T
� 1

Thm

� �
;

(6)

where Thm is the harmonic mean of the experimental tem-

peratures Ti (Thm ¼ 6 3
�
+6

i¼1
ð1=TiÞ

��1¼ 295.4 K). The

opening rates kop were fitted as a function of T�1 � T�1
hm

� �
to

Eq. 6. Representative examples of these fits are shown in Fig.

4, and all the fits are reported in Figs. S1 and S2 in Supple-

mentary Material. The values of the activation parameters

DHz0
op and DGz0

op obtained from these fits are summarized in

Tables 1 and 2, respectively.

FIGURE 2 NMR resonances of imino protons of the two DNA duplexes

investigated in 0.01 M phosphate buffer containing 0.1 M NaCl, and 1 mM

EDTA, in 90%H2O/10%D2O at pH 7.5 and at 20�C.

FIGURE 3 Dependence of the exchange rate of T8 imino proton in duplex

L on ammonia-base concentration at the temperatures investigated. The

curves represent nonlinear least-squares fits to Eq. 2.
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The temperature dependence of the opening equilibrium

constants Kop was analyzed on the basis of van’t Hoff’s

equation,

lnKopðTÞ ¼ �
DG

0

opðTÞ
R 3 T

¼ �
DH

0

op

R
3

1

T
1

DS
0

op

R
; (7)

where DG0
op, DH

0
op, and DS0op are the standard free energy,

enthalpy, and entropy changes for the opening equilibria.

The experimental Kop values were fitted to the following

modified van’t Hoff equation, according to the M-linear

regression algorithm (35):

lnKopðTÞ ¼ �
DG0

opðThmÞ
R 3 Thm

�
DH0

op

R
3

1

T
� 1

Thm

� �
: (8)

Representative examples for these fits are shown in Fig. 4,

and all the fits are reported in Figs. S3 and S4 in Supple-

mentary Material. The values of DH0
op and DG0

op obtained

from these fits are summarized in Tables 1 and 2.

DISCUSSION

The results presented in Table 1 show that the enthalpy

changes in basepair opening span large ranges of values. For

the activation enthalpies the range is;20 kcal/mol, from 8 to

29 kcal/mol. Similarly, the enthalpy changes for the opening

equilibria span ;16 kcal/mol, from 10 to 26 kcal/mol. The

values are not directly correlated with the nature of the base-

pair. For example, for GC/CG basepairs, the enthalpy changes

in opening equilibria are ;25 kcal/mol for GC3 in the two

duplexes, and;12 kcal/mol for CG6 in duplex L and CG11 in

duplex M. This finding suggests that the enthalpy changes

are strongly influenced by the surrounding base sequence.

Closer analysis of the results presented in Table 1 reveals

that the patterns of enthalpy changes along the opening path-

ways differ between various basepairs. For some basepairs,

such as CG6, TA10, TA11, TA14, and TA15 in duplex L, and

CG11 in duplex M, the enthalpy of the activated state is

higher than that of the open state (Fig. 5 A). In contrast, for

other basepairs, namely, AT4 and AT8 in duplex L and TA10

in duplex M, the enthalpy of the activated state is less than

that of the open state (Fig. 5 C). Furthermore, for several

basepairs, such as GC3 and AT12 in duplex L, and GC3, TA9,

and TA15 in duplex M, the enthalpy of the open state does

not differ significantly from that of the activated state (Fig. 5

B). These results clearly demonstrate that the pathways for

basepair opening in DNA are not unique. They differ from

each other in the relative magnitude of the activation and

equilibrium enthalpy changes. These differences affect how

the enthalpy of the open state compares with the enthalpy of

the barrier to opening.

The existence of different opening pathways has been

previously inferred from molecular dynamics simulations of

opening processes. Most studies to-date have calculated the

free energy changes in the system as the base breaks away

from its paired state and becomes accessible to solvent

(4,6,7,11). The base sequences investigated consist of re-

peating dinucleotide motifs, which often are recognition sites

for DNA C5-methyltransferases, e.g., d(GCGC) (4,6,7), or

purine tracts, e.g., (dA)n or d(GA)n (10,11). Different free

energy profiles were obtained for AT and GC basepairs in

FIGURE 4 Illustration of the dependence of the opening rates (upper
panel) and equilibrium constants for opening (lower panel) on temperature.

Circles represent results for GC3 in the M duplex, and squares represent

results for AT8 in the L duplex. The lines are linear fits to Eq. 6 (upper panel)
and Eq. 8 (lower panel).

TABLE 1 Enthalpy changes (kcal/mol) in basepair opening

reactions in the two DNA duplexes investigated

L Duplex M Duplex

Position Basepair DHz0
op DH0

op Basepair DHz0
op DH0

op

3 GC 25 6 2 25 6 2 GC 26.1 6 0.8 26 6 2

4 AT 13 6 3 19.3 6 0.3

5

6 CG 21 6 1 12 6 1

7

8 AT 13 6 1 22.9 6 0.7

9 TA 17 6 1 16.7 6 0.4

10 TA 29.1 6 0.6 24.2 6 0.9 TA 8 6 1 14.0 6 0.8

11 TA 24 6 1 19.2 6 0.2 CG 22 6 2 10 6 2

12 AT 21.6 6 0.6 22.9 6 0.8

13

14 TA 28.4 6 0.8 24 6 1

15 TA 29 6 1 24.0 6 0.1 TA 18 6 3 18 6 4
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various surrounding sequences. These results support our

finding that different pathways for basepair opening are

accessible in DNA. A recent theoretical study has used

transition-path sampling to describe the kinetic pathway for

flipping of the terminal cytosine in the short DNA duplex

d(CGC)/d(GCG) (36). The results identify the transition state

as the state in which the Watson-Crick hydrogen bonds are

broken and the stacking energies are comparable to the

thermal energy. No changes in the interaction energies were

observed in going from the transition to the fully open state.

This behavior parallels the enthalpy changes that we ob-

served for GC3 and AT12 in duplex L, and GC3, TA9, and

TA15 in duplex M (Fig. 5 B).
Our present investigation does not allow us to describe the

molecular mechanisms responsible for the different pathways

of opening that we observed. Nevertheless, based on the mo-

lecular dynamics results discussed above, we may expect the

opening pathway of a given basepair to be influenced by the

nature and orientation of its nearest neighbors. This expec-

tation is supported by our results for several basepairs. For

example, the pathway for opening CG6 in duplex L is similar

to that for opening CG11 in duplex M (i.e., DHz0
op.DH0

op, Fig.

5 and Table 1). These two basepairs have the same nearest-

neighbor base context, i.e., 59-AGA-39/59-TCT-39. Similarly,

TA10 and TA14 in duplex L are located in the sequence

context 59-TTT-39/59-AAA-39, and for both, DHz0
op.DH0

op.

For other basepairs, however, the two nearest neighbors do not

fully determine the pattern of enthalpy changes during opening.

For example, AT8 and AT12 in duplex L are both located in the

59-ATA-39/59-TAT-39 context. Yet,DHz0
op,DH0

op for AT8, and

DHz0
op � DH0

op for AT12. Different pathways for opening are

also observed for the TA basepairs in the 15th positions of the

two duplexes, despite the fact that both basepairs are located in

the context 59-TTG-39/59-CAA-39 (Fig. 5). These findings

suggest that bases beyond the nearest neighbors can also

influence the pattern of enthalpy changes during opening of

a given basepair. A mechanism by which this could happen is

revealed by results of computational studies (6,7). The results

show that, after escaping from their paired states, the bases do

not move away from the helix, on a pathway perpendicular to

the helix axis. Instead, they turn out-of-plane and follow the

directions of the grooves where they contact sites on the DNA,

which are up to three positions removed from the open base-

pair. These contacts are close enough that hydrogen bonds,

direct or water-mediated, can form between the open base and

neighboring basepairs. Although short-lived, such contacts

TABLE 2 Free energy changes (kcal/mol) in basepair opening reactions in the two DNA duplexes investigated at Thm 5 295.4 K

L Duplex M Duplex

Position Basepair DGz0
op ðThmÞ DG0

opðThmÞ Basepair DGz0
op ðThmÞ DG0

opðThmÞ

3 GC 15.15 6 0.04 8.81 6 0.05 GC 15.24 6 0.02 8.94 6 0.05

4 AT 14.69 6 0.04 7.08 6 0.01

5

6 CG 15.28 6 0.03 9.12 6 0.04

7

8 AT 14.65 6 0.02 6.98 6 0.02

9 TA 14.27 6 0.03 6.64 6 0.01

10 TA 15.40 6 0.01 7.31 6 0.01 TA 14.13 6 0.05 6.49 6 0.03

11 TA 14.84 6 0.02 6.58 6 0.01 CG 15.33 6 0.06 8.94 6 0.06

12 AT 15.02 6 0.01 7.13 6 0.01

13

14 TA 15.08 6 0.02 7.05 6 0.02

15 TA 14.18 6 0.03 6.24 6 0.01 TA 13.97 6 0.06 5.86 6 0.09

FIGURE 5 Schematic representation of the patterns of enthalpy changes

observed in this article.
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profoundly affect the energetic pattern of the opening pathway

(6,7), as observed in this article.

An alternative way to look at the different patterns of

enthalpy changes observed in this work is to express the dif-

ferences between the enthalpies of the opening barrier and

those of the open state as activation enthalpies during the

closing step:

DH
z0

cl ¼ DH
z0

op � DH
0

op: (9)

In these terms, the three patterns of enthalpic changes

shown in Fig. 5 correspond to DHz0
cl . 0 (Fig. 5 A), DHz0

cl ¼
0 (Fig. 5 B), and DHz0

cl , 0 (Fig. 5 C). The closing activation

enthalpies DHz0
cl calculated based on Eq. 9 are plotted

versus opening activation enthalpies DHz0
op in Fig. 6. The

figure also includes results previously obtained by our lab-

oratory for the central six basepairs in the following DNA

dodecamers: [59-d(CGCAAATTTGCG)-39]2 (21), [59-d(CG-

CACATGTGCG)-39]2 (18), [59-d(CGCAGATCTGCG)-39]2
(18), [59-d(CGCGAATTCGCG)-39]2 (17), and [59-d(CGC-

GAATTTGCG)-39]2 (17). The plot indicates the existence of

a linear correlation between DHz0
cl and DHz0

op values. The

correlation is such that, when the activation enthalpy for the

opening step is ;20 kcal/mol, DHz0
cl ; 0, and no further

enthalpy change occurs upon going from the activated to the

open state (Fig. 5 B). When the opening activation enthalpy

exceeds 20 kcal/mol, then DHz0
cl . 0, and the enthalpy of the

open state of the basepair is less than that of the activated

state (Fig. 5 A). In contrast, when the opening activation

enthalpy is ,20 kcal/mol, then DHz0
cl ,0, and a further in-

crease in enthalpy occurs in going from the activated to the

open state (Fig. 5 C). These observations suggest that the

patterns of enthalpy changes observed experimentally are

determined by the height of the enthalpy barrier to opening.

As discussed above, the height of the barrier is, in turn,

influenced by the neighboring bases, one or more positions

away from the opening basepair.

Further insight into the energetics of the pathways for

basepair opening is provided by the free energy changes in

the activation steps and in the opening equilibria, which are

shown in Table 2. One notes that the ranges of values for

these opening free energies are narrower than those for

opening enthalpies, namely, ;1.5 kcal/mol for DGz0
op and

;3.5 kcal/mol for DG0
op. This is due to the presence of

enthalpy-entropy compensation in the opening processes, as

previously shown by our laboratory (18,20,21). The activa-

tion free energy changes DGz0
op are plotted versus the equilib-

rium free energy changes DG0
op in Fig. 7. In addition to the

DNA 17-mers investigated in this work, the figure also in-

cludes the corresponding free energy changes for several

DNA dodecamers previously studied by our laboratory,

namely, [59-d(CGCAAATTTGCG)-39]2 (21), [59-d(CGCA-

CATGTGCG)-39]2 (18), [59-d(CGCAGATCTGCG)-39]2 (18),

and [59-d(CGCGAATTCGCG)-39]2 (17). For these dodeca-

mers, the free energy changes were calculated with Eqs. 4

and 7, using the reported kop and Kop values at 25�C. The plot
reveals that the activation free energies DGz0

op are linearly

related to the equilibrium free energy changes DG0
op. In

considering this correlation, it should be noted that the DGz0
op

values calculated based on Eq. 6 are affected by uncertainties

in the value(s) of the pre-exponential factor kop
0. The pre-

exponential factor used in our analysis (Eq. 5) is that of the

original transition-state theory, and corresponds to the fre-

quency of vibration of a single covalent bond (34). The

opening of basepairs in DNA is certainly a more complex

process, involving breakage of hydrogen bonds, perturba-

tions of stacking interactions and of hydration, etc. Hence,

one expects the pre-exponential factor for the opening

reaction to be lower than the k0op value that we assumed, and

FIGURE 6 Correlation between activation enthalpy changes in basepair

opening (DHz0
op ) and in basepair closing (DH

z0
cl ). The results obtained in this

work are shown with solid symbols. Previous results from our laboratory on

several DNA dodecamers described in the text are shown with open

symbols. The line represents a linear fit with the equation DHz0
cl ¼

�ð1461Þ1ð0:7160:05Þ3DHz0
op , and a correlation coefficient of 0.84.

FIGURE 7 Correlation between activation and equilibrium free-energy

changes in basepair opening in the DNA duplexes investigated at 22�C
(shown with solid symbols). The line represents a linear fit to the equation

DGz0
op ¼ ð12:26 0:6Þ1 ð0:3660:08Þ3DG0

op, and a correlation coefficient

of 0.8. Previous results from our laboratory on several DNA dodecamers

described in the text shown with open symbols.
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this would affect the calculated values of DGz0
op (Eq. 6). For

example, a 10-fold decrease in k0op would lower the

activation barrier DGz0
op by 1.4 kcal/mol. Nevertheless, in

the first approximation, we could assume that the deviations

of pre-exponential factors for the basepairs investigated from

the assumed value (Eq. 5) are comparable. In this case, the

DGz0
op values would be affected at similar extents, and the

ordinate intercept of the fitted line in Fig. 7 would be lower,

but its slope would remain the same.

Linear correlations between activation and equilibrium

free energies have been previously observed in a large

variety of chemical and biochemical reactions (37,38).

Leffler (39) first noted these linear correlations for changes

in a chemical reaction induced by variations in structure

(e.g., new substituents) or in the solvent. The changes in the

activation free energy of the reaction are linearly related to

the changes in the free energy difference between reactants

and products. The slope a provides a description of the

transition state: when a is close to 1, the transition state re-

sembles the product, and when a is close to 0, the transition

state resembles the reactant. These rate-equilibrium free

energy relationships have been widely used to characterize

transition states in biochemical reactions, including protein

folding (38,40,41). By the same approach, we could use the

results shown in Fig. 7 to infer about the transition state in

basepair opening in DNA. The slope of DGz0
op versus DG0

op is

a ¼ 0.36 6 0.08. This suggests that the properties of the

transition state are intermediate between the properties of the

closed state and those of the open state, and are likely to be

closer to those of the native closed state.

In summary, in this article we have shown that different

pathways of basepair opening exist in DNA. The pathways

differ from each other in how the enthalpies of the transition

state compare with the enthalpies of the open state. This

energetic variability is determined by the base sequence

context of the opening basepair. Characterization of the con-

formational changes that occur in each pathway awaits future

molecular dynamics studies of basepair opening processes in

DNA of various sequences.

SUPPLEMENTARY MATERIAL

An online supplement to this article can be found by visiting

BJ Online at http://www.biophysj.org.
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