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Characterizing Pressure Effects on Winding of the DNA Double Helix
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In order to characterize pressure effects on DNA topological conformations in terms of supercoiling, DNA topo-
isomerase- and ligase-induced supercoiling assays were applied to analyze several DNA samples from different sources
(DNA of bacteriophage ¢$X174 RFI, plasmid pBR322, and pUC19). Pressure generally enhanced winding of the DNA
double helix. The results were analyzed with respect to the linking number, the rotation angle, and the torsional energy
factor (K). K describes the energy cost of increasing DNA linking by one unit; it appeared to decrease linearly with pres-
sure elevations up to at least 180 MPa, which suggested a volume shrinkage with DNA supercoiling.

The involvement of DNA supercoiling in critical cellular
processes such as gene replication, transcription, and recombi-
nation has been extensively studied.! Closed-circular DNA
duplexes in the cell are negatively supercoiled and the magni-
tude of DNA supercoiling is predominantly controlled by a
unique class of topoisomerases. The extent of DNA supercoil-
ing is also regulated by numerous other factors (e.g., proteins
and small chemical substances) through binding-induced alter-
ations in the DNA structure or through interactions with topoi-
somerases to affect their activities.”* The topological confor-
mation of DNA (supercoiling) also changes in response to per-
turbations in environmental conditions (e.g., changes in tem-
perature, ionic concentration, or osmotic stress).> 13

Increasing the temperature,>®'®!" lowering the ionic
strength,”!"13!% or reducing the water activity® have all been
reported to induce unwinding of the DNA double helix in vit-
ro. Experimental and theoretical studies have indicated that
changes in DNA supercoiling may be associated with alter-
ations in the physical properties of supercoiled DNA, e.g.,
changes in the persistent length and/or effective diameter, and
in the secondary structure (for review see Ref. 15).

Recently we provided the first evidence of in vitro pressure-
induced winding of plasmid DNA helix by gel migration anal-
ysis of topoisomerase I-catalyzed unwinding of pBR322
DNA.'® The physiological implications of this finding were
verified by analysis of effects at various pressures within the
natural range on the earth (below 120 MPa). The pressure
range applied here is significantly lower than the high level
(e.g., 600 MPa) previously used to observe structural transi-
tions of oligonucleotide duplexes.”'® The finding of in vitro
pressure-induced increase in plasmid DNA supercoiling sug-
gests that the flexibility of DNA high-order structure should be
taken into account when considering the effects of pressure on
various DNA-related cellular processes.

Our approach to examining the effects of elevated pressure
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on DNA supercoiling was based on measurement of the equi-
librium distribution of DNA linking numbers determined from
supercoiling assays catalyzed by topoisomerase I or T4 DNA
ligase.>*!%!° Wang and Vinograd first determined the distribu-
tion of DNA topoisomers and measured the free energy of su-
percoiling.>® A series of DNA topoisomers differing by one Lk
unit can be resolved by measuring their electrophoretic mobili-
ty in agarose gel.'” The production of a number of DNA topoi-
somers reflects the effects of thermal fluctuations in the con-
formation of DNA molecules during the closure of nick.” The
method has been widely applied to investigate responses of su-
perhelical conformations of a number of DNA molecules to
various environments or exposure to chemical reagents and
proteins.

In this work, we studied the topoisomer distributions of sev-
eral DNA molecules in light of the hydrostatic pressure that is
applied to supercoiling assays with topoisomerase I or T4
DNA ligase. It was found that DNA supercoiling was progres-
sively increased while the torsional free energy factor K ap-
peared to be decreased under elevated pressure. Origins for
the plasticity of the high-order structure of DNA under pres-
sure were discussed.

Materials and Methods

Enzymes, DNA and Chemicals. Wheat germ DNA to-
poisomerase 1 was purchased from Promega Japan (Tokyo).
T4 DNA ligase was purchased from Life Technol. Oriental
(Tokyo). The highly negatively supercoiled DNA of pBR322,
pUC19, and $X174RFI were purchased from Boehringer Man-
nheim (Germany), Takara Shuzo (Ohtsu), and Life Tech. Ori-
ental, respectively. Singly nicked DNA was obtained by limit-
ed digestion of closed-circle DNA with DNase I (Life Tech.)
(2.5 X 1076 unit/uL) at 14 °C. Linear DNA was obtained by
complete digestion of closed-circular DNA molecules by se-
lected type II endonucleases at a single site. Nicked/linear
DNA was purified by extraction with phenol/chloroform fol-
lowed by ethanol precipitation. Crystallized phenol was ob-
tained from Wako Chemical Co. (Osaka) and was equilibrated
with 10 mM (M=mol dm?) 2-amino-2-(hydroxymethyl)-1,3-
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propanediol hydrochloride (Tris-HCI) (pH 8.0). The heavy
mineral oil used (Sigma; St. Louis, MO, USA) was free of pro-
teases and nucleases. Other chemicals were obtained from
Wako Chemical Co. or Nacalai Tesque (Kyoto).

DNA Relaxation Assay Using Topoisomerase 1. The
standard relaxation assay was conducted in 30 pL of 50 mM
Tris-HCI, pH 8.0, 50 mM NaCl, and 10 mM MgCl,, and 5%
glycerol. Equilibrium distributions of topoisomers were ob-
tained by incubation of supercoiled/nicked DNA (0.4 pg) with
wheat germ topoisomerase I (5 U) at 20 °C and under defined
hydrostatic pressures for 24 h. The relaxation reaction was
stopped by phenol/chloroform extraction. DNA was recovered
by precipitation with 70% cool ethanol and re-suspended in a
gel loading buffer {10 mM Tris-HCI, pH 8.0, 2 mM [ethylene-
dinitrilo]tetraacetic acid (EDTA), 50% glycerol and 0.02%
3’,3” 5’5”-tetrabromophenolsulfonephthalein ~ (bromophenol
blue)}.

Ligation of Nicked/Lineralized DNA. The type II re-
striction endonucleases used to generate cohesive ends of lin-
ear DNA of pBR322, pUCI119, and $X174 RFI were EcoRI
(Toyobo, Osaka), Hind Il (New England Biolabs., Beverly,
MA, USA), and Pst I (Life Tech. Oriental), respectively. Puri-
fied nicked or linear DNA was resuspended in 10 mM Tris-
HCI (pH 8.0, 0.1 mM EDTA). The ligation reaction mediated
by T4 DNA ligase (1 weiss unit) which required Mg** was
conducted in 30 pL of buffer (50 mM Tris-HCI, pH 7.6, 10
mM MgCl,, 1 mM adenosine 5’-triphosphate (ATP), 1 mM
1,4-dimercapto-2,3-butanediol (DTT) and 5% polyethylene
glycol (average molecular weight = 8000). The reaction mix-
ture was incubated at 20 °C under defined pressures for 20-24
h. Reactions were terminated by the addition of concentrated
EDTA to a final concentration of 20 mM. Topoisomer prod-
ucts were purified by phenol/chloroform extraction and etha-
nol precipitation.

One and Two-Dimensional Electrophoretic Analysis of
Topoisomers. Topoisomer products were separated by one
and two-dimensional electrophoresis with 0.8 or 1% agarose
gel. The buffer for the first dimension was TBE (89 mM Tris-
borate, pH 8.1, 1 mM EDTA). Electrophoresis was run at 2-3
V/cm and at 21 = 1 °C for 12-18 h. After electrophoresis,
agarose gels were stained with 0.5 pg/mL of 2,7-diamino-10-
ethyl-9-phenylphenanthridinium bromide (ethidium bromide)
for 2 h and destained for another 30 min prior to being photo-
graphed. In order to differentiate positive and negative topo-
isomer products unambiguously, two-dimensional electro-
phoresis was also applied. The TBE buffer used for the second
dimension contained 3 pg/mL chloroquine. After the run in
the first dimension each agarose gel was rotated by 90° and in-
cubated with 3 pg/mL (7-chloro-4-quinolinyl)-N',N'-diethyl-
1,4-pentanediamine (chloroquine) in TBE buffer prior to elec-
trophoresis in the second dimension. After electrophoresis,
gels containing chloroquine were washed with purified water
then stained with ethidium bromide. Agarose gels were photo-
graphed under short wave UV-illumination using a Polaroid
667. Photos were scanned and analyzed using NIH Image 1.61
software.

High Pressure Incubations. Manipulations under high
pressure have been described elsewhere.”® A high-pressure ap-
paratus made by Yamamoto Suiatsu Co. (Toyonaka) was used,
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in which the pressure was raised by electric oil pump through
intensifier/separator. The pressure medium in the reaction ves-
sel was water. The temperature in the pressure vessel, where
the polyethylene tube (sterilized) containing the reaction mix-
ture was positioned, could be controlled and monitored in situ.
The top portion of the test tube was filled with heavy mineral
oil to remove air.

Analysis of Data. The model of Wang and Vinograd was
used to quantify pressure effects on DNA supercoiling in terms
of alterations in the linking numbers.>® The distribution of to-
poisomers around the major species can be conveniently repre-
sented by a Gaussian distribution as

Ci/Crm = Aexp [~ iK(i + 2a7)/RT] D,

where i is the linking number difference of a topoisomer with
the major topoisomer (including sign), C; and C, are the
amounts of the ith and major topoisomers, respectively. A is a
coefficient, and @y is the difference between the major peak
position and the center of Gaussian distribution (described in
terms of turns), originating from the winding of the twist angle
upon the ligation reaction. K is a torsional free energy factor
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Fig. 1. Typical quantitative analysis of the equilibrium distri-
bution of topoisomers.
(a) Agarose gel electrophoresis shows the distribution of
topoisomers generated through T4 DNA ligase [-mediated
religation of the singly nicked pBR322 DNA under 0.1 or
120 MPa.
(b) A gel scan of the topoisomer distributions in (a).
(c) A linear regression line plotted to derive parameters of
a Gaussian distribution of topoisomers.
OC denotes open-circular form.
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Scheme 1.

(constant) in a given medium at a defined temperature and
pressure. In practice, we plot —In (C;/C\,)/i as a linear function
of i and derive both the distribution center (@) and the torsion-
al energy factor (K). A typical example is shown in Fig. 1.

Results and Discussion

Topoisomer Distributions under Elevated Pressure.
Eukaryotic DNA topoisomerase I and T4 DNA ligase, which
were used in our supercoiling assay for pressure effects on the
DNA topological structure, introduce DNA topoisomers
through different catalytic routes (Scheme 1). DNA topo-
isomerase catalyzes the unwinding of closed-circular DNA du-
plexes through cycles of transiently nicking one strand of DNA
and rejoining the nick without consumption of additional ener-
gy, whereas T4 DNA ligase utilizes the energy of ATP to ligate
neighboring 5”-P and 3’-OH ends of DNA. Resealing of the

nicked strand results in different linking numbers in the
closed-circular forms created from the correspondingly differ-
ent twisting values of the nicked circular DNA molecules.
First, possible effects of increasing pressure on the enzyme
structure/activity of T4 DNA ligase were examined by compar-
ing the effects of preincubation under elevated (200 MPa) or
under ambient pressure on the enzyme for its relaxation capa-
bility after high pressure release (data not shown), as was done
previously with wheat germ topoisomerase I.!° Similar to
DNA topoisomerase I, no essential discrepancy was found in
the topoisomer distributions of DNA by the pressurized prein-
cubation. Furthermore, we observed that the employment of
elevated pressure on supercoiling assays by the two different
enzymes had equal consequences. It was therefore expected
that the main effects of elevated pressure here were relevant to
DNA topological structures, rather than the activity of a specif-
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Fig. 2. One-dimensional agarose gel electrophoretic analysis
of pressure effects on topoisomer distribution.
(a) Topoisomerase I-mediated relaxation of (X174RFI
DNA molecules singly nicked by DNase 1.
(b) T4 DNA ligase-mediated ligation of linearized pBR322
DNA molecules (by EcoRI restriction endonuclease).
(c) Topoisomerase I-mediated negatively supercoiled
pUC19 DNA molecules.
Conditions for relaxation reactions and electrophoretic
analysis are described in the methods.
OC, L, and SP denote open-circular, linear, and negatively
supercoiled form, respectively.

ic enzyme. We focus our attention on the response of DNA to-
pological structure to pressure increase in the presence of
DNA topoisomerase/ligase in the following discussion.

Figures 2 and 3 show the typical results of one and two di-
mensional agarose gel electrophoretic analysis of the topoiso-
mer distributions resulting from reactions performed with to-
poisomerase I or ligase under ambient and elevated hydrostatic
pressures. Under normal conditions, the equilibrium distribu-
tion of topoisomer products may be recovered using a Gauss-
ian model.%” If the exposure of DNA to certain substances
(e.g., DNA-binding proteins/ligands) or physical variables
(e.g., temperature, ions, or pressure) gives rise to modifications
in the geometry of the DNA helix, these modifications can be
disclosed by evaluating subsequent alterations in the topo-
isomerase distribution patterns ex situ. Accordingly, progres-
sive increases in the gel migration mobility of the major topo-
isomers of 0X174RFI DNA, as shown in Figs. 2 and 3, indi-
cate that high pressures altered the superhelical conformation.
It appeared that the application of pressure also widened the
topoisomer distribution in some cases of topoisomerase [-me-
diated unwinding of supercoiled DNA.

Negative or positive topoisomers with identical absolute
values of Lk have equal gel mobility in 1-D electrophoresis in
the absence of intercalating drugs or certain divalent metal
ions. Unambiguous discrimination of these topoisomers can
be achieved using two-dimensional electrophoresis, following
reaction with intercalating drug molecules. During 2-D elec-
trophoresis, binding with chloroquine causes topoisomers
originally with positive supercoiling to obtain further positive
superhelicity so that they move faster, while the originally neg-
atively supercoiled forms lose negative superhelicity and move
slower.® Differentiation in the gel mobility of DNA-drug com-
plexes can separate the original negative and positive DNA
onto the two sides of the arch formation. We observed that to-
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poisomer products of $X174RFI DNA resulting either from to-
poisomerase I- or from T4 DNA ligase-mediated relaxation ap-
peared in the right half arch, indicating that the supercoiling
assay conducted under these conditions produced positively
supercoiled products. Furthermore, greater gel mobility was
found for the topoisomers resulting from the pressurized un-
winding, indicating the increased superhelicity of topoisomers
with positive supercoiling.

Effects of Pressure on Linking Number, Rotation Angle,
and Torsional Free Energy Factor. Several experiments,
involving various DNA species, similar to those described
above (Figs. 1a, 2, and 3) were conducted under ambient and
elevated pressures and analyzed by one- or two- dimensional
agarose gel electrophoresis. Alterations in the linking numbers
of major topoisomers were quantified by analysis of the shifts
in topoisomer distribution according to the band-counting
method.'® The corresponding linking number differences,
ALKk, relative to those at 0.1 MPa, in individual gels were plot-
ted against the pressure. As shown in Fig. 4, differences in the
linking numbers (ALk) as a fraction of turns of the distribution
centers were expressed in terms of dependence on hydrostatic
pressure. Assuming a linear relationship between ALk and hy-
drostatic pressure, the slope (S = ALk/AP) can be calculated
and related to variations in the average helix rotation angles (2
(angular degree); £ = 360*S/N. The value of £ reflects the
effect of agents on the helix rotation of DNA molecules (a pos-
itive value indicates winding of the DNA double helix). The
resulting €2 values are displayed in Table 1, together with pre-
viously determined data for comparison. Pressure effects on
winding of the DNA duplex appear to be independent of DNA
species but varied slightly with ionic conditions. Data in Table
1 suggest that a stress of 100 MPa may result in increases in
the DNA supercoiling density by 0.002 for pUC19 DNA (2686
bps), 0.004 for pBR322 DNA (4361 bps), or 0.005 for
X 174RFI DNA (5386 bps) under conditions of 10 mM Mg**
and 50 mM Na* at 20 °C. Overwinding of the DNA double
helix at elevated pressures within the physiological range sug-
gests potential biological effects.

It is generally accepted that K is a constant in a given medi-
um and is independent of the DNA species when the DNA is
longer than 2.5 kb.>%1227 For DNA molecules with fixed
lengths, K appears to vary only with intrinsic properties of the
DNA, such as torsional rigidity, persistent length, and/or effec-
tive diameter. Figure 5 depicts the effect of elevating the pres-
sure on determinations of K, reflecting the free energy of DNA
supercoiling averaged to changes per linking unit. Experimen-
tal errors in the measurement of K are assumed to be less than
10%. Increasing the pressure appeared to lower the value of K
in the presence of topoisomerase I or T4 DNA ligase, in DNA
relaxation reactions.

Determining the slope of the resulting regression line in-
volves reconciliation between the effects of various environ-
mental conditions (e.g., pressure, temperature, and ionic
strength and type of ion) on the torsional energies of the DNA.
Assuming a linear relationship between experimental values of
K and the pressure, we can estimate values of (0K/0P)r to be
2.1, 1.4, and 1.8 MPa ™!, corresponding to metal ion concentra-
tions of 50 mM Na™, 10 mM Mg>*, and 50 mM Na* and 10
mM Mg?*, respectively. Several experiments and theoretical
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Fig. 3. Two-dimensional gel electrophoretic analysis of pressure effects on topoisomer distribution.
(a) Topoisomerase I-mediated relaxation of pBR322 DNA.
(b) T4 DNA ligase-mediated ligation of linearized $X174RFI DNA.
(c) Topoisomerase I-mediated relaxation of negatively supercoiled ¢$X174RFI DNA.
Conditions for relaxation reactions and electrophoretic analysis are described in the methods.

OC denotes open-circular form.

simulations have found decreases in the values of K with in-
creases in the temperature'®?*" or the ionic strength.”® Given
the limited range of ionic conditions evaluated in the present
study, further experiments are required to elucidate a relation-
ship between the ionic and hydrostatic conditions with regard
to their effects on topological conformations of DNA. Sepa-
rate analysis of the function of K with the same pressure at dif-
ferent salt concentrations gives comparable values, such as
1237 in the case of 50 mM Na* and 1184 in the case of 10 mM
Mg®* and 50 mM Na’. Alternatively, the observation that the
values of K at identical pressures but under different ionic con-
ditions fluctuate within the same range of experimental uncer-
tainty suggests that the average slope of —1.8 MPa~! may ap-
propriately reflect the relationship between K and P (the line in
Fig. 5). By locating the ordinate of the assumed regression
line in Fig. 5, the averaged value of K at 0.1 MPa was estimat-

ed to be 1207 (an arrow in Fig. 5).
The free energy of DNA supercoiling can be described by
the following equation:>%'>28

AG = KRT(ALK)*/N, (2)

where R is the gas contant. In principle, one may expect that
volume changes upon DNA supercoiling could be derived
from the relationship between the free energy and the pressure,
[0(AG)/dP]r = AV, at a constant temperature for DNA mole-
cules with a given superhelical state. We instead discuss
changes in the values of K in response to pressure in the form
of (0K/dP)t since K reflects the free energy for changing one
linking number unit (i.e., Lk, &= Lk,—;) of a given topoisomer.
In our opinion, this may be an appropriate way to associate the
supercoiling density with the space density of closed-circular
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Fig. 4. Pressure dependence of linking number differences (ALk) of 6X174RFI (a), pBR322 (b), and pUC19 DNA (c),

respectively.

Linking numbers (Lk) were obtained at different metal salt concentrations.

(O) 50 mM NaCl, through topoisomerase [-mediated relaxation.

(O) 10 mM MgCl, through topoisomerase I-mediated relaxation.

(A) 50 mM NaCl + 10 mM, MgCl,, through T4 DNA ligase-mediated ligation.

Other conditions; 50 mM Tris-HCI, (pH 7.5) and 20 °C. 5% Glycerol was added for topoisomerase. 1 mM ATP and ImM DTT
were added for DNA ligase.

Pressure-induced changes in Lk were counted as compared with the reference values at 0.1 MPa. Salt effects on Lk at 0.1 MPa
were not normalized.

Table 1. Variations in the Average Helix Rotation Angles £2 (in 10~ Angular Degree/Base/MPa)
of DNA Molecules Caused by the Application of Hydrostatic Pressure at 20 °C

Salt concentrations

DNA molecules
50 mM NaCl 10 mM MgCl, 10mM MgCl, + 50mM NaCl
pBR322 1.19 1.4 1.79
PUC19 N.D.” 1.3 1.6
¢0X174RF 1 N.D.” 1.4 1.6

Pressure Effects on DNA Super Helix

a) Data extracted from Ref. 16.
b) N.D., not determined.
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Symbols are as in Fig. 4.

DNA in an evaluation of the pressure dependence of DNA su-
percoiling. Furthermore, a tentative expression, Av may be in-
troduced to discuss variances in reaction volumes related to
winding of the DNA double helix as expressed by:

Av = (RT/N)(OK/OP)r. 3)

Despite the current state of ignorance of how these changes
occur as pressure increases, putative estimates of volume vari-
ances by increasing unit of linking numbers at 20 °C can be
obtained by inserting the averaged value of (0K/dP)r into Eq.
3. Supposing the identically minimal compressibility of all to-
poisomers, we found that Av is approximately —4.4/N M~! (in
base pairs). Negative values of volume changes upon increas-
ing by one unit of DNA supercoiling appear to be in agreement
with the notion that highly supercoiled DNA is in a more com-
pact and interwound state.”**! Generally, changes in volume
may be attributed to structural changes in the supercoiled DNA
as well as to variations in hydration and counter ion equilibria
accompanied with changes in the winding states of the DNA
helix. Given the current lack of quantitative descriptions of
real volumes of supercoiled DNA at various winding states and
the high sensitivity of the structure of supercoiled DNA to the
environment, it is difficult to ascribe a particular volume
change to a specific process.

The effects of pressure on DNA supercoiling suggest a rela-
tionship with the thermal equilibrium of topoisomer linking
number distributions. At elevations in pressure up to 200 MPa,
the compressibility of DNA molecules is minimal and the sta-
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bility of the stacked structure of the base pairs is generally im-
proved.* For synthetic DNA polymers with a simple repeat-
ing unit of d(A-T), Fourier transform IR spectroscopic signals
were consistent with pressure-induced enhancement in DNA
hydration and base pairing.> It appeared that, under moder-
ately elevated pressure (e.g., < 200 MPa), an increase in the
DNA hydration was involved in the Z-B structural transition of
poly[d(G—C)],*® whereas a further increasing pressure (e.g., up
to 600 MPa), combined with high salt concentration (5 M
NaCl), probably aroused the structural changes in water itself,
which was suggested to be responsible for the B- or A- to -Z
structural transitions of oligonucleotides.'”'® There may be
certain connections between the stabilization of base stacking,
by increasing the pressure, increasing the ionic strength or
lowering the temperature, and the effect of DNA helix winding
parameters, though the mechanisms of the effects of ionic
strength and temperature on DNA supercoiling are not identi-
cal. To determine the origins of thermal fluctuations in K of
supercoiling, Schurr and colleagues proposed a model involv-
ing an equilibrium of different secondary structural intersub-
units with different twisting energy values and torsional rigidi-
ty values.** Tt is possible that the distributions of DNA struc-
tures and energy basins are open to disturbances in other envi-
ronmental factors, and may ultimately be attributed to some
equilibrium based on the reconciliation of changes in these
various environmental parameters. Interactions between DNA
segments that are reflected by the effective helix diameter are
significantly affected by ionic conditions since binding of
counter ions with DNA effectively shields repulsive forces be-
tween contacting segments. High pressure discourages ion
bonding while favoring the exposure of more charged groups
to the solvent in aqueous solutions in order to solvate by more
water (electrostriction effect). The variable pressure depen-
dence of the DNA torsional energy factor under different ionic
conditions implies that pressure effects on DNA supercoiling
may be partly related to electrostatic interactions between
DNA segments and counter ions. There are numerous chal-
lenging problems concerning the exact behavior of DNA struc-
tural parameters, which may be dependent upon ionic and/or
thermal conditions, under the stress of high hydrostatic pres-
sure. The structure and dynamics of nucleic acids, as a special
class of biopolymers, under pressure conditions are far from
fully explored.

The finding that moderately elevated pressure induced over-
winding of the DNA duplex has biological implications for the
environmental adaptations of submarine microorganisms sub-
jected to high pressure and high or low temperatures.**® The
stress of elevated hydrostatic pressure has been found to stabi-
lize the cells and enzymes of some thermophilic organisms
against the negative effects of high temperature.**3**°  Fur-
thermore, taking into account the flexibility of the tertiary
structure of supercoiled DNA may be useful for the emerging
study on gene and cell activity under artificial conditions such
as elevated hydrostatic pressure.*'™
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