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ABSTRACT. The denaturationrenaturation thermal hysteresis was used to investigate the kinetics of the
helix—coil equilibrium of four 22-base pair homopurinbomopyrimidine duplex oligonucleotides with
fractional GC base pair contenfd.c) between 0.14 and 0.5. In 20 mM NaCl and 20 mM Tris-HCI at

pH 7.0 and at hydrostatic pressures up to 200 MPa, a two-state bimolecular reaction mechanism adequately
described the observed kinetics. At 1 MPa and@7the rate constant for helix formatiok, increased

by a factor of 210, and the reverse rate constiant, decreased by a factor of 420 upon increading

from 0.14 to 0.5. The activation energies for formation of the duplexes were negative and relatively
insensitive tdfc.c. The pressure-induced change in the rate constants is related to the activation volume
of the reaction step. Pressure cauket become larger, and the magnitude of the chandg imith
pressure increases the lower fae value. Thus, wheffc.c = 0.14, the activation volume for forward
reaction, AV#;, equals—20 mL/mol, while wherfe.c = 0.5, AV¥; = —6.7 mL/mol. The rate constant for
strand separatiork_;, decreases at high pressure. The activation volume for thisAYép, varies from

17 to 1.6 mL/mol wherfc.c = 0.14 and 0.5, respectively. TheV for helix formation calculated from

the activation parameters changed frer23 mL/mol wherfe.c = 0.14 to—5.8 mL/mol wherfg.c = 0.5.

From extrapolation, it is estimated that the molar volume change for formatiornr@fb@se pairs in
homopurine-homopyrimidine sequences is approximately 0 mL/mol. Parameters calculated from kinetics
of other two duplex molecules, whdg.c = 0.23 and 0.32, lie between these extremes.

The formation of double-stranded nucleic acids from two relative importance of water molecules in the stabilization
complementary strands is a spontaneous process involvingof the two conformations.

formation of many structurally specific interactions between  Despite the presumed existence of several reaction steps,
the single strands and a large number of reaction steps.ransitions leading to helical structures can be treated to a
Among the fundamental reaction steps are conformational very good approximation as a bimolecular reaction between
changes that bring the structures of the two single strandsthe complementary strands. In a previous publication, we
into the proper orientation for base pairing and the redistribu- have reported the effect of hydrostatic pressure on the kinetics
tion of a large number of water molecules. Water molecules of the interaction between a duplex and a single-stranded
that form hydrogen bonds with the bases of single-strandedgligonucleotide in forming a triple-stranded species (Lin &
DNA must be removed prior to formation of the interstrand Macgregor, 1996). The kinetics were monitored via the
hydrogen bonds. Presumably, the inherent structural andthermal hysteresis between the denaturation and renaturation
physical differences between double- and single-strandedcurves, and the transition was modeled as a single-step
DNA will cause other water molecules to redistribute as well. pjomolecular mechanism. Pressure causes the rate of helix
If these water molecules undergo a density change, hydro-formation (the forward reaction) to increase; the activation
static pressure will influence the position of equilibrium yolume is negative. Increased base stacking in the single-
between the single- and double-stranded states due to thetrand at elevated pressures may be responsible for this effect.
dependence of DNA duplex stability on the extent of The reverse rate constant (helix denaturation) decreased with
hydration. pressure, indicating that the activation volume for this step
The majority of the research directed at studying the role is positive. This result was interpreted as arising from the
of hydration in the stability of DNA has been directed at lack of hydration of the transition state due to the inacces-
the equilibrium properties of single-stranded and duplex sibility of the major groove or the bases of the third strand
forms (Buckinet al., 1989; Chalikiaret al., 1994; Hawley until the complex is completely dissociated.
& MacLeod, 1973, 1977; Nordmeier, 1992; Rentzepetis Our interpretation of the results for the triplex duplex
al., 1992a, 1993; Wu & Macgregor, 1993a,b, 1995). How- + single strand equilibrium suggested that the duplex to
ever, understanding how hydration influences the kinetics single strand equilibrium should exhibit the same general
of the reaction steps leading to the duplex or single-strandedtrend; i.e. the rate of helix formation should increase with
forms will provide more detailed knowledge concerning the pressure, and the rate of helix denaturation should decrease
with pressure. However, the magnitude of the pressure effect
* This work was supported in part by a grant from the National should be Iess_because of the greater solvent accessibility
Science and Engineering Research Council. of the grooves in the duplex molecule. We report here the
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Table 1: Summary of the Kinetic Parameters for the He@oil Equilibrium of Four 22-Base Pair DNA Duplexes with Different Fractions of

G-C Base Pairs

fraction Tm? In (kl)b In (kfl)b AHyy AV* A\Flb A\/*flb E*]_ E*fl
duplex G-C (°C) (M~1s™ (s (kcal/mol)  (mL/mol) (mL/mol) (mL/mol) (kcal/mol)  (kcal/mol)
R1-Y1 0.5 56.8 10.8 -9.9 —200 -5.8 —-6.7 1.6 —94 82
R2-Y2 0.32 49.5 7.42 —-6.9 —170 -5.9 -8.0 0.40 —96 72
R3Y3 0.23 46.1 6.90 -5.2 —180 -19 -13 15 —72 92
R4-Y4 0.14 43.1 5.45 —-41 —170 —23 -20 17 —80 82

aThe values given here are estimated to have the following erfigfs:0.3°C; In(k;) and Ink-1), +0.2; AHy, +30 kcal/mol;AV, £10%;AV*;

andAVF_;, £15%; andE*; andE*_;, £10%. ° At atmospheric pressure and 320 K (42). The data are reported at this temperature to facilitate
comparison of the different sequences. The temperaturdC4A®as chosen because it is near Weof three of the oligonucleotides and thus
requires the least extrapolatiofi.Volume change for helix formation, calculated using the Claperyon equafigidel = T,AV/AH.

R1:Y1 5'd [AGAGGAGGAGAAGAAGAGGAGA] 3 1.45+ N
foc=0.5 3'd [TCTCCTCCTCTTCTTCTCCTCT] 5 }
14 3 sl s s
R2:Y2 5'd [AAAGGAGGAGAAGAAGAAARAA] 3! ‘ A@;ﬁﬁ%
- C)
foc=10.32 3'd [TTTCCTCCTCTTCTTCTTTTTT] 5! £ j ,,\54..-’
é 1.35- i L& O
N pray ®
R3:Y3 5'd [AAAGGAGGAAAAAAAGAAAAAA] 3! < | Pl
Soc=0.23 3'd[TTTCCTCCTTTTTTTCTTTTTT] S % j ALK'\ ..'
'g 1.3 | A\A .,.,o,
AN
R4:Y4 5'd [AAAGGAAAAAAAAAAGAAAAAA] 3! 2 S
L)
Joc=0.14 3'd[TTTCCTTTTTTTTTTCTTTTTT]S 125, «Ayﬁfy
Ficure 1: Names, fractional €& base pair contents, and sequences ___Ma 1
of the four duplex 22-mers used in these experiments. 1
12
30 35 40 45 50 55

from 14 to 50% GC base pairs. The kinetics of the hetix
coil equilibrium were determined by measuring the thermal
hysteresis in the UV denaturatienenaturation curves. As
was observed for the triplexduplex equilibrium, the kinetics
were adequately described by a single-step bimolecular

Temperature (°C)

FiGURE 2: Representative denaturatiorenaturation hysteresis data.
This figure shows the raw denaturatio®)(and renaturationA)
curves for the R4¥4 duplex in 20 mM NaCl and 20 mM Tris-
HCI at pH 7.0 and 100 MPa and a heatirgpoling rate 0f+0.35
°C/min.

mechanism. The trend predicted from the effect of pressure
on the triplex-duplex equilibrium was borne out; namely, heating and cooling rates. Besides the kinetics analysis
pressure affects the kinetics of duplex equilibrium to a described below, the helixcoil transition was characterized
smaller extent than the triplex equilibrium. By varying the by the helix-coil transition temperaturel,,, which is the
base composition, we also report that the magnitude of thetemperature at the midpoint of the transition. We have
influence of pressure decreases with increasing €ntent. described our method for calculating tfg, in previous
publications (Wu & Macgregor, 1993a,b, 1995; Najaf-Zadeh
MATERIALS AND METHODS et al, 1995). For mechanical reasons, the lowest pressure

The eight synthetic 22-base oligonucleotides shown in for which we report data is 1 MPa and not atmospheric
Figure 1 were purified using thin-layer chromatography pressurg_(o_.l M_Pa). This small overpressure does not affect
(Chouet al,, 1989). All other reagents were used without the equilibrium in a detectable manner.
further purification. The concentrations were calculated RESULTS
according to the method described in Fasman (1975).

Equimolar amounts of the two complementary duplex- In solutions containing 20 mM NacCl and 20 mM Tris-
forming strands were mixed in 20 mM NaCl and 20 mM HCI at pH 7.0, the four duplex molecules shown in Figure
Tris-HCI at pH 7.0. The concentration of the duplex was 1 displayed helixcoil transitions with midpoints T,)
4.5uM (or 100uM base pair). None of the concentrations ranging from 43°C for R4:Y4 (14% GC) to 56.8°C for

are corrected for compression at high pressure, which is onR1:Y1 (50% GC) (see Table 1). The transitions were
the order of 7% at 200 MPa. reversible, and th&,, values increased with pressure as has

The helix—coil transition was followed by observing the been observed for DNA molecules with other base composi-
increase in UV absorbance upon strand separation. We haveions and sequences. However, as discussed below, the effect
previously described the details of the instrument used in of pressure decreases with increasin@C @ontent.
these studies (Wu & Macgregor, 1993a,b). Within the high-  The kinetics of the helixcoil equilibrium were determined
pressure cell, the sample is contained in a 0.5 cm path lengthby measuring the thermal hysteresis of the UV melting
cuvette in the optical path of a spectrophotometer. The ratecurves. A representative denaturaticenaturation curve
of temperature change wa€.35°C min* for the heating is shown in Figure 2. The method for analyzing the kinetics
and cooling curves, respectively. Throughout the range of from these curves is described in Réags al. (1992) and
heating and cooling rates for which we obtain useful Lin and Macgregor (1996). A single-step bimolecular model
hysteresis data, the rate constants are independant of thadequately fit the observed kinetids.

1 Abbreviations: Tris-HCI, tris(hydroxymethyl)aminomethane hy-

k1
S§ + ss, == duplex 1
drochloride; bp, base pair(s). S 2 ko1 P (1)
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Ficure 3: In(k;) (®) and Ink-;) (O) at 47 °C vs the fraction of Ficure 4: Activation volume of helix formatiodV*; (®) and the
G-C base pairs. The units fég are M1 s71, and the units fok_; activation volume of helix denaturatiokVv*_; (O) vs the fraction
are st of G-C base pairs.

where sg and ss refer to the two complementary single- activation volume of helix formation and denaturation. The
strandsk; is the forward rate constant, akd; is the reverse  value of this parameter is related to the difference in the
rate constant. Measurement of a thermal hysteresis atmolar volume of the transition state and either the duplex or
constant pressure yields the temperature dependence of theingle-stranded form. Negative activation volumes imply
two rate constants, and from these data, the activationthat the apparent molar volume of the transition state is
energies for the forward and reverse reactions can besmaller than the initial state; the opposite is true when the
calculated. By repeating the process of measuring theactivation volume is positive.
thermal hysteresis throughout a range of constant pressures, For all four duplexes, formation of the helix is ac-
we can obtain the activation volumes of the equilibrium at companied by a negative activation volume; these results
constant temperatures. are summarized in Table 1 and Figure 4. The valu&\sf
The composition dependence of the forward rate constant,at 47°C ranges from-6.7 mL/mol wherfc.c = 0.5 to—20
ki, at atmospheric pressure is shown in Figure 3 and in TablemL/mol whenfe.c = 0.14. These numbers imply that the
1. The data have been normalized to°47 (320 K) using transition state leading to helix formation is smaller than that
the activation energies; we have done this with all of the of the two strandsi.e. Vss + Vs, > AV#, whereVss and
parameters to facilitate comparison of the values. The rateV,s, are the apparent molar volumes of the two strands.
constants increase approximately 200-fold for these 22-baseExperimentally, this finding means that helix formation is
oligonucleotides as the fractionatGcontent{s.c) increases  accelerated by elevated pressure.
from 0.14 to 0.5. Parallel to this, the activation energy  The reverse reactiong. denaturation, exhibits the opposite
changes a small amount from80 to —94 kcal/mol. behavior, the activation volume is positive for all four
Negative activation energies are often observed in complexessequences investigated (Table 1 and Figure 4). The trend
arising from base pairing interactions of nucleic acids. Itis in the change ofAV*_; with sequence is opposite of that
a consequence of the instability of the nucleation complex observed forAV*. Thus, at 320 KAV*_; = 1.6 mL/mol
formed initially between the two strands. This behavior is when fg.c is 0.5 and 17 mL/mol whefi.c is 0.14. The
also observed in the kinetics of triple-helix formation. positive magnitude oAV*_; means that this reaction step is
Figure 3 also shows the dependence of the reverse rateslowed by elevating the pressure; the apparent molar volume
constantk_3, upon the fraction of & base pairs in these of the transition state is larger than the molar volume of the
22-mers at atmospheric pressure and normalized t0C47  duplex,i.e. Vaupex < AVF_1.
k-1 decreases by a factor of 420fag increases from 0.14 Viewed another way, the changesAV*_; andAV*; with
t0 0.50. Thus, the increased thermal stability of the duplexessequence are similar; as thfg.c increases, these two
with higher GC content is reflected in the forward and parameters approach zero and the kinetics of helix formation
reverse rate constants. The activation energy for the reverseand denaturation becomes less sensitive to pressure. This
step equals approximately 80 kcal/mol; it is independent of trend is also reflected in the equilibrium values for the
the base composition to a first approximation (Table 1).  transition. As shown in Figure 5 (see also Table 1), the
From the two activation energies, we calculated the molar volume change approaches zero with increakiig
enthalpy change of the helix formation reactiaxt,; = This is apparently a characteristic of@and AG sequences
E*; — Ef_1. As shown in Table 1, a lowefe.c decreases  because it runs counter to what we observed for the effect
the magnitude oAH,4. Thus, at atmospheric pressure, when of pressure on the equilibrium properties of poly[d(G-C)]
fe.c is 0.5, AH,y equals—200 kcal/mol, and wheffs.c is (Najaf-Zadeh & Macgregor, 1995). ThAV for this
0.14,AH,4 is —170 kcal/mol. These values are similar to alternating polymer equals4.8 mL/mol (for helix forma-
those reported by Rentzepeeisal. (1992b) from the analysis  tion). This value was determined at 188, the helix-coil
of the UV transitions of a 25-bp duplex. transition temperature of the polymer in 52 mM NaCl;
We monitored the thermal hysteresis at several pressureshowever, even extrapolating back to 4C, the AV of
usually up to 200 MPa (0.1 MP& 1 bar= 0.987 atm). poly[d(G-C)] is approximately-3.9 mL/mol. This is much
From the rate constants at a given temperature measured akarger than we would have predicted on the basis of the data
a function of hydrostatic pressure, we have calculated the presented here. Thus, we hypothesize that the effect is due
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25 DISCUSSION

The effect of hydrostatic pressure on a reaction manifests
itself in terms of the position of the equilibrium and the rate
of the reaction. The molar volume changé/, is a measure
of the pressure effect on the former, and the activation
volumes AV¥; andAV*_;, provide a measure of the influence
of pressure on the latter. At the pressures employed in our
experiments, molecules and ions retain their ambient pressure
volume due to their very low compressibility. This implies
that pressure effects arise from changes in the intermolecular
interactions and to a lesser extent by intramolecular confor-
mational changes. Whatever the molecular process, however,
upon the application of hydrostatic pressure, the net result
must be a net increase in the density of the entire system.
For biological molecules, this includes water and salt in
addition to the protein or DNA. In agueous solution, water
is responsible for the greatest number of interactions with
DNA. Each base has many water molecules associated in
inner and outer hydration layers, and relatively minor changes
in the density of these hydrating water molecules can have

20

—AV (mL/mol)

0 T T T T T
00 01 02 03 04 05

fraction GC base pairs

Ficure 5: Molar volume change for helix formation\V, vs the
fraction of GC base pairs.

to differences in solvent interactions with homopurine
homopyrimidine molecules relative to the interactions with
alternating sequences.

We calculated the molar volume change two ways, using "' ="~ ~ 4 .
the activation volumes €. AV = AV¥;, — AV*_,) and using a significant impact on the total de.nsn.y of the system.
the Claperyon equation T¢/dP = TmAV/AH, whereTy, is 'Molar vglume chang_es and activation volumes can be
the temperature at the midpoint of the denaturation transi- €ither positive or negative. Structural changes that lead to
tion). The AV values calculated in these two ways agree energetically more favorable interactions between the_ DNA
reasonably well with each other. It is also encouraging that @hd water will cause a decrease in the average distance
the values follow the same trend for the different duplexes. between the water molecules and DNA and hence an increase
The AV values calculated from the activation volumes are in the density of the system. The clearest example of this
systematically larger than those found using the Claperyon effept is the_electrostrlctlon of water molequles around ions;
equation. In the absence of other data, it is difficult to ascribe the interaction between the permanent dipole of water and
this difference to any particular factor. This discrepancy the electrostatic charge of the ion results in the waters of
could arise from factors such as the enthalpies employed inhydration being significantly more dense than bulk water.
the Claperyon equation or the limitations of the kinetic model Similar but smaller effects are observed in the hydration
we used. The helixcoil equilibrium is definitely not a layers surrounding partial charges. Molecular processes that
single-step bimolecular reaction; however, the kinetics of this /€ad to volume decreases such as conformational changes
reaction can usually be accurately modeled with this mech-and ionization become more favorable with increasing
anism. Perhaps the difference between the Mbvalues ~ Pressure, and these processes will have negative molar
is a reflection of this, similar to the apparent negative volume change. Similarly, if the transition state pfareactlon
activation energies of the forward reaction. Thévalues  Step has a smaller molar volume than the initial state, the
of helix formation for the four duplexes appear to be activation volume is negative and the reaction step will be
reasonable in light of the other molar volume changes for accelerated by pressure. Con_versely,_ conformational or other
other DNA sequences. The magnitude\d decreases with changes that lead to weakgr interactions between the solute
increasing GC content, implying that the molar volume and water generally.result in increases in the volume of the
change for the formation of the duplex ddBd(Cy2) must system. Such reactions are less favorable or are slowed by
be zero or positive. We have attempted to estimateAs ~ high pressure.
by assuming that the net volume change is a function only We have measured the thermal hysteresis between the
of the fraction of GC base pairs and that there is no denaturation and renaturation of four different 22-bp duplex
contribution arising from the different base stacking environ- oligonucleotides with different base compositions at pressures
ments in the duplexes. Given these assumptions, we estimat®etween 1 and 200 MPa (0.1 MPal bar= 0.987 atm).
the AV of formation for d(G,)-d(C,) to be 0 mL/mol on The data presented here show that pressure influences the
the basis of either the kinetics or equilibrium data. Due to position of the helix-coil equilibrium and the rate of
the propensity of molecules containing several consecutive denaturation and renaturation. For all four duplexes, the
guanines to self-associate into tetraplex structures, it will be overall trends observed were the same. The molar volume
difficult to verify this result by a direct measurement of the change for helix formationAV, and the activation volume
AV. If this approximation can be extrapolated to the for helix formation,AV*, are negative, and the activation
polymer, these data allow us to compare the volume changesvolume for helix denaturationAV*_,, is positive. The
for the four simplest polymers. Thus, the difference between activation energiesz*; and E*-;, were negative for helix
the AV of poly(dA)-poly(dT) and poly[d(A-T)] AAV = 2.1 formation and positive for denaturation.

mL/mol) has a different sigh and a magnitude of half of that
of the difference im\V for poly(dG)poly(dC) and poly[d(G-
C)] (AAV = —3.9 mL/mol). The disparity in theAAV

The rate and extent of the helixoil equilibrium are a

function of several factors, including chain length, base

composition, sequence complexity, and solvent conditions

values underscores the dependence of the volume parametersuch as the salt concentration. The rate constants we have

on the composition and sequence of DNA.

found appear to be consistent with rate constants from other
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studies; however, it is difficult to assess the level of for denaturation of the duplex is more than 100-fold smaller.
gquantitative agreement because of the variety of experimentalThese values are consistent with the greater stability of the
conditions, oligonucleotide lengths, and sequences used induplex molecules and with the estimates cfdehke and

previous investigations of helixcoil kinetics. At 320 K, Eigen (1971) of the relative magnitude of the rate constants
we found that, as thie.c increases, the forward rate constant, of the duplex and triplex transitions.
ki, increases and the reverse rate constlnt, becomes The activation volumes for the forward reactioh\(*;)

smaller (Table 1). This is consistent with the observed of the duplexes we studied fall betweei6.7 and—20 mL/
increase in stability of the four oligonucleotides. These two mol, becoming more negative &sc decreases. That they
trends become much smaller upon comparison of the rateare negative means that the reaction is accelerated by
constants at thé,, of each duplex. At their respectivig;’s, pressurej.e. the volume of the transition state leading from
In(k,) varies from 7.05 to 6.31 and k(;) changes from-5.4 the single-strands to the duplex molecule is less than the
to —5.9 asfe.c changes from 0.14 to 0.5. Thus, at similar volume of the isolated strands. As with the activation energy
points in the helix-coil transition equilibrium, the forward  for helix formation, the value oAV#, includes the assump-
and reverse rate constants are weakly dependent on bastons of the single-step bimolecular mechanism, the most
composition. significant being that the formation of a helix nucleation
Values of the forward rate constant have been reportedcomplex and the helix propagation steps can be adequately
for several different oligoribonucleotide and oligodeoxyri- described by a single parameter. While this is phenomeno-
bonucleotide duplexes under similar experimental conditions. logically valid insofar as the kinetics are accurately described

The value of Ink;) has been reported to be 13.8 foy-4; by this mechanism, we cannot make any statements concern-
(Parschke & Eigen, 1971), 13.3 for d(GGAATTCC) (Braun- ing the contribution of the individual steps of this process.
lin & Bloomfield, 1991), and 14.3 for d(GCATGC) (Wil- For AVF_;, the values are positive for all duplexes,

liamset al., 1989), at temperatures near or at the respective implying that the volume of the transition state for denatur-
helix—coil transition temperatures. The fact that the values ation is larger than the volume of the duplex. The magnitude
of In(ky) for the four duplexes we studied are smaller than of AV¥_, increases with decreasiffigc values. We hypoth-
this is consistent with their increased length and complexity esize that the volume of the transition state for denaturation
relative to the duplexes cited above. Our data were acquiredis larger than the volume of the helix due to the necessity of
at salt concentrations lower than those used in the otherforming an open structure in which the base pairs are no
studies; a lower salt concentration is expected to lead to lowerlonger hydrogen bonded but are not sufficiently separated
values ofk; and larger values ok_; [see for example to allow interactions with water. This putative intermediate
Braunlin and Bloomfield (1991)]. would have a larger volume than the helix and would cause
There is a much larger variation in the rate of helix the rate of denaturation to be suppressed by hydrostatic
denaturationk_; for different duplexes reported in the pressure.
literature. Thus, at temperatures near or atTheln(k-1) The activation volumes for the duplex transitions can also
equals 1 for A-U; (Eigen, 1971), 8.43 for d(GGAATTCC) be compared with those we measured for a related triplex
(Bloomfield, 1991), and 5.35 for d(GCATGC) (Turner, (Lin & Macgregor, 1996). The sign and magnitude/df*;
1989). We have found that k() is between-5.5 and—6.0 are similar for the duplexes and the triplex. For the triplex,
for the four duplexes used in this study. The values we AV*; is —11.8 mL/mol at 32.5°C; the AV*; values of the
measured for the rate of denaturation of the helix are four duplexes are both higher and lower than this at@y
approximately 3 orders of magnitude smaller than the rate suggesting that the molecular events giving rise to the
constant reported for the 14-base pair self-complementaryactivation volume are similar in the two cases. However,
oligoribonucleotide, AU;. The difference between the rates there is a larger difference between the activation volumes
of denaturation of the other duplexes cited above and thosefor denaturation of the duplexes and the triplex. For the
we investigated is larger still. We attribute this difference triplex, AV*_; equals approximately 40 mL/mol, whereas the
to the length of the oligonucleotides we investigated. Due duplexes havé\V*_; values ranging from approximately 0
to the cooperative nature of the heligoil transition, one  to 14 mL/mol (Table 1). The larger magnitude &f*_;
would anticipate a large length effect on the rate of for the triplex with respect to the duplex transition may arise
denaturation. from the greater facility with which the transition state of
At their respective transition temperatures, the values of the duplex can be hydrated. Hydration of the transition state
In(k-;) for the four duplexes show a trend wifh.c that of the triplex during denaturation is impeded by the fact that
agrees with what one might expect, namely that duplexesthe third strand is bound in the major groove of the duplex.
with largerfe.c values have lower denaturation rate constants. The presence of the two duplex strands sterically blocks the
However, given the narrow range of the values, it is doubtful interactions of water with the third strand and the major
that a great deal of significance can be attached to this. Thisgroove of the duplex until the two are completely unbound.
trend is much clearer at the normalization temperature, 320The separation of the two strands of the duplex on the other
K, but this finding is expected because of the greater stability hand can be hydrated from both grooves during denaturation.
of the duplexes with highefi.c values. The greater access of the transition state during denaturation
We can also compare the rate constants for duplex of the duplex leads to the smaller values &% _;. It is
formation with those recently reported for the equilibrium apparent that the propensity of this sort of solvent-inacces-
between the duplex R¥2 and a triplex-forming single-  sible open state to form will decrease with increasing
strand (Rougeet al, 1992; Lin & Macgregor, 1996). With  pressure. The role of this effect in stabilizing DNA helices
respect to the equilibrium triplee duplex+ single strand, at high pressure has been previously proposed by ourselves
the rate constant for formation of the duplex, ‘K2, is and others (Hawley & MacLeod, 1974, 1977; Wu &
approximately 18fold larger, and the reverse rate constant Macgregor, 1993a,b, 1995; Najaf-Zadehal., 1995).
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