JACS

OURNAL OF THE AMERICAN CHEMICAL SOCIETY

Subscriber access provided by American Chemical Society

Article

The Dynamics of the B-A Transition of Natural DNA Double Helices
Davis Jose, and Dietmar Porschke
J. Am. Chem. Soc., 2005, 127 (46), 16120-16128+ DOI: 10.1021/ja053691d « Publication Date (Web): 01 November 2005
Downloaded from http://pubs.acs.org on March 25, 2009

More About This Article

Additional resources and features associated with this article are available within the HTML version:

. Supporting Information

. Links to the 1 articles that cite this article, as of the time of this article download
. Access to high resolution figures

. Links to articles and content related to this article

. Copyright permission to reproduce figures and/or text from this article

View the Full Text HTML

ACS Publications

High quality. High impact. Journal of the American Chemical Society is published by the American Chemical
Society. 1155 Sixteenth Street N.W., Washington, DC 20036


http://pubs.acs.org/doi/full/10.1021/ja053691d

A\C\S

ARTICLES

Published on Web 11/01/2005

—A Transition of Natural DNA Double
Helices

The Dynamics of the B

Davis Jose and Dietmar Porschke*

Contribution from the Max Planck Institut fBiophysikalische Chemie,
37077 Gdtingen, Germany

Received June 6, 2005; E-mail: dpoersc@gwdg.de

Abstract: The dynamics of the B—A transition of DNA double helices with different GC contents and various
chain lengths has been characterized by an electric field pulse technique. The field-induced B—A reaction
is separated from orientation effects using the magic angle technique. Amplitudes reflecting the B—A reaction
are observed selectively in the limited range of ethanol contents, where CD spectra demonstrate the B—A
transition. The maximum amplitude appears at 1—2% higher ethanol content than the center of the B—A
transition observed by CD because electric field pulses induce a relatively large perturbation from the A-
toward the B-form. The relaxation curves measured after pulse termination reflect a spectrum of up to
three relaxation processes. For DNA's with ~50% GC, the main part of the amplitude (~75%) is associated
with time constants of ~2 us, and another major component appears with time constants of 50—100 us.
These relaxation effects have been observed for DNA samples with 859, 2629, 7160, and 48501 bp. The
time constant associated with the main amplitude increases with decreasing GC content from ~2 us at
50% GC to ~3 us at 41% GC and ~10 us at 0% GC at the center of the B—A transition. Model calculations
on the kinetics of cooperative linear Ising lattices predict the appearance of a distinct maximum of the
mean relaxation time at the center of the transition. The absence of such maximum in our experimental
data indicates a low cooperativity of the B—A transition with a nucleation parameter of ~0.1. The rate of
the B—A transition is lower by ~3 orders of magnitude than that predicted by molecular dynamics simulations.

Introduction recently first result® were obtained for the case of poly[d{A

T)]. This model polymer was selected because itsAB
transition is much narrower than that of natural DNA. Thus, a
given perturbation by a change of an external parameter may
generate relatively large relaxation amplitudes. Using the electric
field pulse techniqué$l’ it was possible for the first time to
resolve this reaction. The observed time constants in the range
around 1Qus are in stark contrast with predictions by molecular
dynamics simulations. On the basis of the available force-fields,
many different groupg$-24 predicted that the BA transition

is complete within a few nanoseconds.

The discrepancy raises questions both on the molecular
ynamics simulations and on the experimental data. In the
present investigation, we will not discuss any potential problems

The B—A transition of DNA double helices has been
characterized initially by X-ray analysis of DNA fibets* Over
the years, the information on B- and A-structures was extended
by the determination of many crystal structures with high
resolution®® Analysis of proteir-nucleic acid complexes
revealed that the standard B-form of DNA is converted to A-type
structures upon binding of proteins in many cds&sand, thus,
confirmed the biological relevance of the-B\ transition. The
equilibrium transition between the B- and the A-form of DNA
has also been studied extensively in solufibit* However, the
dynamics of this transition has not been characterized, until very d
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associated with the simulations, but try to extend the experi-
mental evidence and eliminate any arguments against the
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poly[d(A—T)] double helices are special and not representative
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of natural DNA. Thus, experimental data on the dynamics of detector response with a numerical convolution proceéfure.

the B—A transition of natural DNA samples with a mixed When relaxation curves show a broad distribution of time constants

composition of base pairs are required. The/Btransition of and/or the time constants cannot be separated with sufficient accuracy,

these DNA'’s is not as narrow because the affinity toward the it is useful to characterize the relaxation process by its integral time

A-form is dependent on the GC content; GC-rich sequences constant

have a higher tendency to form the A-structure than do AT-

rich sequence¥. For this reason, the reaction amplitudes Ti = z Ty X AJA

induced in DNA’s with mixed sequences by a given perturbation

are smaller, and the sensitivity had to be increased for wherezr, andA, are the time constant and the amplitude of titie

measurements of sufficient accuracy. By selection of optimal relaxation process, respectivel; is the total relaxation amplitude.

experimental conditions, we managed to get data for various Ethanol contents are given in volume %. The ethanol content of

natural DNA samples. The results demonstrate that the mainS°Utions subjected to degassing for field jump experiments was

features of the BA dynamics in natural DNA are similar to dgtermmed by density measurements using a DMAGO density meter
. . . with a DMA602 cell (Anton Paar, Graz, Austria).

those of poly[d(A-T)], but that there is some difference in

detail, revealing a special signature of GC base pairsintha B Results

dynamics. Search for Optimal Conditions. The possibilities to induce

Materials and Methods the B—A reaction at a sufficient time resolution are limited. To
the best of our knowledge, the electric field pulse technique is

from the plasmid pVH51, kindly provided by Wolfgang Hillen. The the only _One that can be used (1) to ‘f"pp'y sufﬁmen_tly Iarge
plasmid DNA pF012 was obtained from Plasmid Factory, Bielefeld; perturpatlons anq (2) to follow the reaCt'o_n at the requweq time
this plasmid DNA was linearized by EcoRI and contained 7160 bp in r_esolutlon. The first attemp't’sto C_haraCter'Ze the BA transi-
the linear form. A plasmid DNA sample derived from pUC18 covered tion of natural DNA by this technique were not successful. Now
the sequence between the EcoRI and Hindlll restriction sites and, thus,we continue our efforts by careful optimization of reaction
contained 2629 bpl-DNA (48501 bp) was obtained from Fermentas. conditions, using the experience obtained with the model system
DNA samples subjected to digestion by restriction nucleases were poly[d(A—T)].
purified by phenol extraction. Poly[d(AT)] with an average chain Studies of the B-A reactionin solutionare restricted to low
length of 1600 bp and salmon testes DNA with an average chain length g1t concentrations because reduction of the water activity by
of 8000 bp Were.Obtained from Sigma. The poly[e{A)] Samp'? WiFh ethanol induces precipitation at higher salt. Thus, there are
an average Cha'r.' Iength of 100 bp was generated by sonication anOlhardly any degrees of freedom in the solution parameters, and
subsequent fractionation on a sephacryl S500 column. Chain lengths _ . . .

the only chance remaining for signal improvement is careful

were determined by gel electrophoresis. All DNA samples were dialyzed . . .
extensively first agairtsL M NaCl, 1 mM cacodylate pH 7, 1 mM selection of the parameters of optical detection. The standard

EDTA, and finally against 25@M NaCl, 250xM cacodylate pH 7, difference spectrum observed during the-A transition of
and 50uM EDTA. The GC content is 52.6, 49.4, 47.8, and 50.1% for natural DNA shows maximal values of absorbance decrease
the DNA’s with 859, 2629, 7160, and 48501 bp, respectively. The GC around 245 nm and of absorbance increase around 265 nm. The
content of salmon testes DNA is 41.1%. DNA concentrations are given other wavelength ranges seem to be without interest; wave-
in monomer units. lengths below 240 nm are not useful because light sources of
The samples were subjected to electric field pulses using a generatorgfficiently high intensity are not available in this range, whereas
originally constructed by Gnhager?® Parts of this pulse generator changes appear to be too smalliat 280 nm. However, a
were a_dapted o reduce perturbations and optimize operation. T.he OIDtIF:alchange of the presentation from the standdysbluteto relative
detection system was reconstructed for optimal signal-to-noise ratio bsorban han (cf. Figure 1) reveals that the ra
and clean measurements under magic angle conditiéh&or most abso a, cec a.ges C - Flgure eveals that the range
of the measurements, we used a cell machined from macrolon with an 290 M iS of particular interest. Although the absolute changes
optical path-length of 2 cm and Pt electrodes at a distance of 5.5 mm. &€ small in this range, the relative changes are clearly higher
The magic angle was calibrated by dichroism measurements using athan in other wavelength ranges. Obviously higher concentra-
sonicated DNA sample at angular orientations of the polarizer in the tions are required for measurementstat 290 nm, but these
range from—10 to 100 with respect to the field vector. The resulting  concentrations are still in a range around 100 and remain
data were fitted to the expected standard dependence, providing theguite low compared to the requirements of other techniques.
value for the magic angle at an accuracy4e3.1". The magic angle For optimal results, we want to maximize the amplitude of
technique, which is crucial for the present study, has been discusseding g—a reaction, but at the same time, we have to avoid any
extensively, both in genefdf” and with special emphasis to measure- |\ vanted side reaction. It is known that electric field pulses
ments of the B-A transition®® - . . .

. ) . . . may induce denaturation of DNA double helices. Detailed
Transients were fitted by a combined linear (amplitudes) and . . . .
nonlinear (time constants) least-squares fitting procedure. Convolution StUd"_as of th_'s_ reaction demonstrated that DN_A _denaturat'on
with a limited bandwidth of the detector was included either by e€mains negligible below thresholds of the electric field strength,
representing the detector response by an exponential and applicatiotvhich are dependent on the DNA chain length and the ionic
of analytical convolution equatio?fsor by using the directly measured ~ conditions3® We have checked the thresholds for our samples

under the conditions used for the studies of thefBtransition.

The DNA fragment with 859 bp was prepared by Haelll digestion

(25) Porschke, DBiophys. Chem1985 22, 237—247. i i iti
(26) Grinhagen, H. H. Ph.D. Thesis, University of Braunschweig, Germany, ln_ ger_uaral, we used pU|S(_aS_ for induction of the Btransition
1974, with field strengths remaining-5 kV/cm below the threshold

(27) Porschke, D. IrProtein Ligand Interactions: Hydrodynamics and Calo- i H iald-i i
rimetry: A Practical ApproachHarding, S. E.. Chowdhry. B. Z, Eds. for denaturation. Thus, any residual field-induced denaturation

Oxford University Press: Oxford, UK, 2001; pp 19221.
(28) Diekmann, S.; Hillen, W.; Morgeneyer, B.; Wells, R. D.; Porschke, D. (29) Porschke, D.; Jung, M.. Biomol. Struct. Dyn1985 2, 1173-1184.
Biophys. Chem1982 15, 263-270. (30) Diekmann, S.; Porschke, Biophys. Chem1982 16, 261—267.
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Figure 1. Relative absorbance difference spectra of plasmid DNA (2629 bp) as a function of the ethanol content (v/v). The spectrum measured at 62.88%
is subtracted from the spectra measured at higher ethanol content and then divided by the spectrum measured at°62.88%MaNacCl, 75uM Na

cacodylate, 1M EDTA).
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Figure 2. Transients of the electric dichroismlip, black line, left scale) and of the field-induced-B reaction Qlss, blue line, right scale); = 0 of the
time axis has been fixed to pulse termination. Least-squares fits of the magic angle decay curve by two and three exponentials are shown in red and green

respectively {1 = 1.87us, A1 = 29.5 mV,7, = 45us,A, = 13 mV, andr; = 1

Tus, A1 =28.8mV,r, =31.5us, A =122 mV,73= 1.3 msAz = 2.4

mV). Plasmid DNA with 2629 bp in 7aM NaCl, 754M Na cacodylate, 1M EDTA, 8 °C, 75.77% EtOH, electric field pulse 27 kV/cm for 20us.

should be negligible under our experimental conditions. More-
over, if there should be some residual denaturation, its effect
on the dynamics of the BA transition is expected to be hardly
detectable because the cooperative length of thé Bransi-
tion3! is much shorter than that of the helix-coil transitién.
Relaxation Data for Plasmid and 4 DNA. Electric field
jump experiments using a plasmid DNA with 2629 bp confirm

(31) Ivanov, V. L.; Krylov, D. Y.Methods Enzymoll992 211, 111-127.
(32) Poland, D.; Scheraga, H. Aheory of Helix-Coil Transitions in Biopoly-
mers Academic Press: New York, 1970.
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the expectation described above and reveal effects at the magic
angle that can be characterized at a sufficient accuracy. The
electric field pulses induce an increase of the light intensity at
wavelengths around 300 nm (Figure 2), demonstrating a reaction
from the A- to the B-form under the field pulses. The spectrum
of time constants found in the magic angle decay curves is
clearly different from that observed in the decay of the dichroism
and, thus, confirms that separation of chemical and physical
effects is successful. The amplitudes observed under magic angle
conditions show a clear maximum at an ethanol content of
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of 27.3 kV/icm appeared at 74.8%. The spectrum of time

o777 the maximum of the field jump amplitudes induced by pulses
N
lL» constants associated with the magic angle rise and decay curves

-5

; is very similar to that observed for the plasmid DNA with 2629
-10 - bp. The relaxation time constants associated with the dominant
; part of the amplitudes observed for the rise and the decay curves
15 - (Figure 4) are identical at73% ethanol, which is again close
AAJc 1 1 to the center of the equilibrium transition. Another set of field
20 4 jump data was obtained for a plasmid DNA with 7160 bp, which
] showed results very similar (cf. Figure 4) to those observed for
25 i the DNAs with 2629 and 48501 bp.

1 DNA Restriction Fragment with 859 Base Pairs.The
-30 - analysis of the B-A dynamics in natural DNA is facilitated by
DNA samples with a particularly narrow-BA transition. Hillen
S — et al3® reported such a narrow transition for a restriction
60 65 70 75 80 85 90 fragment with 95 bp. We have used a longer restriction fragment
‘ ' _ % Et_OH _ with 859 bp because reaction amplitudes induced by electric
Figure 3. Magic angle amplitudesAss/c induced at 296 nm for the plasmid  fje|d pulses are expected to be more extensive for longer DNA's.
DNA with 2629 bp by electric field pulses of 34.5 kV/cm as a function of 248 led a field-ind di f
the ethanol content (in v/v %). Th&Ass/c values are given in absorbance Measurements at 248 nm rgvea edarne ) ."n uF:e 'ncrealse o
units normalized by the nucleotide concentratiofVs uM NaCl, 75uM the absorbance under magic angle conditions in the restricted
Na cacodylate, 15M EDTA, 8 °C, 80uM plasmid DNA). The continuous  range of ethanol contents from 72 to 77% ethanol. The
line represents a fit by a Gaussian with a center at 75.84% ethanol v/v and maximum amplitude appeared at 74.5% ethanol. The transients
a width of 4.74. . . . e
require two exponentials for satisfactory fitting. Most of the
amplitude observed in the field free state is represented by the

75.8% (Figure 3). Thus, the-BA amplitudes are observed in SIvE i
the same range of ethanol contents, where thé Bransition fast process with time constants in the range from 24s.3As

is found by other methods. However, a more detailed examina-ShOW” in Figure 5, the time constants associated with the main

tion demonstrates a noticeable difference. When the CD band@MPlitudes do not show much variation upon changes of the
at 268 nm is used as a measure of theMBequilibrium, the ethanol content. Furthermore, these time constants are very

center of the B-A transition is observed at an ethanol content Similar—within experimental accuraeyfor the rise and the
of 73.9%. Thus, the maximum of the field jump amplitudes decay process, indicating that the extent of perturbation is

appears at a higher ethanol content than that corresponding td€latively small.
the midpoint of the equilibrium transition. This shift of the ~ Another set of data was obtained by measurements at 265
maximum amplitude is expected because the electric field pulsesnm, where electric field pulses induce a decrease in the magic
induce a relatively large perturbation of the equilibrium from angle absorbance within the-B\ transition range. The tran-
the A- toward the B-form. Identical values for the ethanol Sients are very similar again, but there is a trend to somewhat
content at these points are expected only in the limit of very shorter time constants at 248 nm compared to those at 265 nm.
low extents of perturbation. The difference is relatively small and close to the current level
The decay of the magic angle effect, observed after pulse of experimental uncertainty. Thus, it is not clear yet whether
termination, requires at least two exponentials for a satisfactory there is uneven weighting of the relaxation spectrum at different
fit. In some cases, fits are improved by a third exponential (cf. Wavelengths.
Figure 2). We cannot distinguish whether the relaxation response Salmon Testes DNA.AIl the data described above were
reflects a continuous spectrum of time constants for théAB obtained for DNA’s with a GC content very close to 50%. To
reaction or separate normal modes of this reaction. The risetest for a dependence on the GC content in natural DNA, we
curves, observed in the presence of the electric field pulse, have analyzed salmon testes DNA. The chain length distribution
usually require two exponentials for a satisfactory fit. The time of the commercially available sample is relatively broad.
constant of the process reflecting almost all of the rise amplitude However, the data obtained for DNA's with 50% GC demon-
shows a clear increase with the ethanol content, whereas thestrate that the BA time constants are not dependent on the
time constants associated with the dominant part of the chain length in the range from 859 to 48501 bp. The relaxation
amplitude for the decay curves are almost independent of thetransients induced by electric field pulses in salmon testes DNA
ethanol content (Figure 4). The time constants associated withare very similar to those found for the other DNA samples. A
the main components of the rise and the decay curves aredifference was observed for the time constant associated with
identical at~73.8% ethanol (cf. Figure 4), which is close to the main amplitude in the transients recorded after pulse
the center of the BA equilibrium indicated by CD data. At termination; this decay time constant wa$8 us for salmon
this center, the rates for forward and backward reactions aretestes DNA, whereas DNA samples with 50% GC showed
expected to be identical, provided that the perturbation by the values of~2 us for the corresponding process (cf. Figure 4).
electric field on these rates can be neglected. The difference is relatively small, but combined with the data
As a test for a potential chain length dependence, a sampleobtained for poly[d(A-T)], we find a continuous increase of
of A DNA with a chain length of 48501 bp was analyzed under this decay time constant with decreasing GC content.
closely corresponding conditions. In this case, the center of the
B—A transition was observed by CD at 73.7% ethanol, whereas (33) Hillen, W.; Wells, R. D.Nucleic Acids Resl98Q 8, 5427-5443.
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Figure 4. Time constants of natural DNA associated with the main amplitudes of the relaxation effects observed in the field free state (empty symbols) and
under the influence of electric fields (filled symbols) as a function of the ethanol content (VAGQ; BuM NaCl, 75uM Na cacodylate, 1M EDTA.
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Figure 5. Magic angle time constants associated with the main amplitude Figure 6. Field-induced change of the absorbaride at 302 nm in poly-
of the 859 bp fragment measured at 248 nm as a function of the ethanol [d(A—T)] at different angular orientationg of the polarized light with

content in % units (v/v) at field strength= 0 (O) and atE = 34.5 kV/cm

(®). 8°C, 75uM NaCl, 75uM Na cacodylate, 1M EDTA.

Poly[d(A—T)]. The first experimental data on the—8
dynamic$® were obtained for poly[d(AT)] at wavelengths
around the absorbance maximufn=t 248 and 280 nm) using

respect to the field vector. The transientgat= 55 is the average of five
shots; the transientAE;—AEss and AEgo—AEss are single shots and are
corrected by the transient gt = 55. The transienfEss requires at least
three exponentials for satisfactory fittingy (& 12.2us, 12 = 124 us, 13 =
1.6 ms,A1 = 74.1%,A; = 23.0%,As = 2.9%): 8°C, 70.68% EtOH vlv,
160uM poly[d(A—T)], 75uM NaCl, 75uM Na cacodylate, pH 7, 1M
EDTA, field pulse= 34.5 kV/cm.

a relatively low concentration of the polymer. The wavelength

ranged > 290 nm proves to be particularly attractive also for
measurements with poly[d(AT)] because the absorbance

T)] can be studied with increased accuracy. The time constants
(cf. Figure 7) observed at a polymer concentration of &80

increases upon the reaction from the B- to the A-form by factors are in close agreement with those obtained previdbsy a
of more than 3. Under these conditions, the amplitudes due topolymer concentration of 8.xM. These experimental data
the B—A transition are much higher than the dichroism clearly show the absence of a dependence on the polymer

amplitudes (Figure 6), and the-B\ transients are of clearly

concentration, as expected for an intramolecular reaction.

higher quality than any other transients observed for this reaction Furthermore, the data indicate that the observed time constants

in previous experiments. Thus, the-B. reaction of poly[d(A-

16124 J. AM. CHEM. SOC. = VOL. 127, NO. 46, 2005

are not affected by aggregation effects. Finally, the transients
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Figure 7. Time constants of poly[d(AT)] associated with the main Figure 9. Integral time constants for magic angle ri®) @nd dichroism
amplitudes of the relaxation effects observed in the field free state (empty rise (x) of poly[d(A—T)] with ~100 bp as a function of the electric field
symbols) and under the influence of electric fields (filled symbols, 34.5 strength: 70.60% ethanol (v/iv),°€, 75uM NaCl, 75uM Na cacodylate,

kV/cm) as a function of the ethanol content (v/v):°@, 75uM NacCl, 75 15uM EDTA, 34.5 kV/cm.
uM Na cacodylate, 1M EDTA.
18 ——————t obtained from samples of different chain lengths. When the
1 1 chain length of the polymer is reduced, the rotation time
16+ e constants are decreased considerably, but the reaction time
14_‘ / ] constants remain almost constant. This is reflected in the integral
| time constants of the rise curves measured for a polyfdij
12 /l - sample with~100 bp, where the time constants for the-B
1 1 reaction are larger by factors of3 than those of the dichroism
T 107 / ] (cf. Figure 9).
[us] 8- 74 /T\l/ i Thus, field-induced orientation is faster than field-induced
| 1 ] reaction for samples with a relatively low chain length. The
6 T/%/l/% I E opposite relation is observed for DNA samples with high chain
1 I 1 lengths, as should be expected from the strong decrease in the
4'_ e - ] rate of rotational diffusion with increasing chain length. This
P { i general trend is also reflected in the reaction time constants
1 1 compiled in Figures 4 and 7. For samples with a relatively low
0 T T T T chain length, like poly[d(A-T)] and 2686 bp plasmid DNA,

. . —
690 695 700 705 70 715 720 the rise time constants are smaller than the decay constants at
% EtOH low degrees of the B-A transition. For samples with higher

Figure 8. Integral time constants for magic angle ri® @nd dichroism — chain |engths, the rise time constants remain larger than the

rise (x) of poly[d(A—T)] as a function of the ethanol content in % units . "

(VIv): 8°C, 754M NaCl, 754M Na cacodylate, 1&M EDTA, 34.5 kV/ decay time constants even at low degrees of theABransition.

cm. This seems to be due to the fact that the orientation of long

molecules and, thus, the full rise of their dipole takes more time.

in Figure 6 with their dominant reaction amplitude and the small A Relaxation Effect Outside the B-A Transition Range.

dichroism amplitude reconfirm the successful separation of The absorbance at wavelengthsiof> 290 nm indicates the

reaction effects from orientation processes by the magic angleB—A transition with a particularly high sensitivity. Apparently,

technique. this high sensitivity results from*<—n transitions contributing
The case of poly[d(A-T)] has also been used to obtain more in this wavelength range, which reflect changes in the environ-

information about the mechanism of the field-induced reaction. ment, such as solvation, more directly thah—s-transitions.

In our first report!> we presented evidence for field-induced Thus, the absorbance at> 290 nm may also reflect more

stretching as the major force driving the reaction from the A- subtle changes of the helix structure than theMBtransition.

to the B-form. We have now compared the spectra of time Indeed, we find a relatively small but nevertheless reproducible

constants observed for the#B transients and for the dichroism  relaxation effect outside the range of ethanol contents for the

rise. At 70.32% ethanol, the integral time constants for these B—A transition. This effect is reflected by a background

processes are identical within experimental accuracy (cf. Figureamplitude appearing in the plots of the-B amplitudes as a

8). However, at lower ethanol contents the>R reaction tends function of the ethanol content measured a 290 nm (Figure

to be faster than the dichroism rise, and at higher ethanol 3). This background amplitude was not observed in the

contents the opposite relation is observed (cf. Figure 8). measurements of the-BA transition atA = 248 and 280 nm.
More information on the relation between the time constants A detailed description of the new relaxation effect is in

of the A—B reaction and the molecular orientation can be preparation.
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Discussion chain growth, whereas the slower processes are probably
associated with nucleation. The combined set of time constants
measured for the natural DNA’s with chain lengths 2629, 7160,
and 48501 bp shows a shallow maximum in the range ef 74
75% ethanol content (Figure-4tlose to the center of the-BA
transition. The data measured for the sample with 859 bp are
consistent with this set, but were not included in Figure 4
because of their higher error level (cf. Figure 5).

The decay time constants observed for DNA samples with
~50% GC are very similar over a wide range of different chain
lengths. Thus, the clear increase in the decay time constants
observed for the case of salmon testes DNA-Bus is due to
the change in the GC content frorb0 to 41.1%. A dependence
quite convenient for this purpose, but restricts the reaction Of the B-A dynamics on the GC c_o_ntent is expected b_ecause
conditions to low salt because otherwise aggregation and/or it is known that CC/GG contacts facilitate the B to A transitién.

precipitation cannot be avoided. Furthermore, the restriction to ~ The time constant for poly[d(AT)] associated with the main
low salt, the absence of any sufficiently large temperature Portion of the amplitude is about 13 at the center of its BA
dependence, and a relatively high rate of theMBreaction transition. This is about a factor of 5 higher than the corre-
impose limits with respect to the technique. Currently, the SPonding time constant observed for DNA samples wifi0%
electric field jump technique appears to be the only one that GC. However, the center of the-BA transition for poly[d(A—
can be used reasonab|y well for this analysis. T)] is at ~69% ethanol and for DNA with-50% GC at~73.5%

Our present set of experimental data demonstrates that theethqnol. Although there is atren_d toward reduced time constants
B—A dynamics of natural DNA with mixed GC/AT base pairs &t higher ethanol content, the time constants for polytelt
is similar to that observed previously for poly[d¢A)]. In all remain higher by a factor of3 in the ethanol range around
cases investigated up to now, we observed a relaxation responsé3-5%. where data have been measured for both types of
with at least two time constants, and in some cases, a third onePClymers. Thus, the different affinity of AT and GC base pairs
is required for satisfactory fitting. Thus, the- reaction may ~ toward the A-form is reflected in the -BA dynamics by an
be reflected by a broad spectrum of time constants rather thanincrease of the decay time constants with decreasing GC content.
a limited number of normal modes. A broad spectrum may be ~ Effect of Electric Fields on the B-A Reaction. The
expected because we have studied polymers with chain lengthxperimental data clearly show that the electric field pulses
much above the cooperative length. Even if we neglect long- induce a reaction from the A- toward the B-form. Because
range effects, resulting, for example, from changes of the €lectric fields drive reactions toward the state associated with a

contour length during the reaction, the coupling of many higher dipole momert the experiments indicate that the dipole
individual B—A reaction steps in sequences of B- and A- moment of the B-form is higher than that of the A-form. This
structures of different lengths may lead to a relatively broad is consistent with the fact that the contour length of B-DNA is
spectrum of time constants. In the following, we do not discuss higher than that of the A-form and that the magnitude of dipoles
this problem any further and simplify our discussion by measured for DNA double helices increases strongly with their
assigning major and minor relaxation responses based on thédength®* Thus, the A~B reaction seems to be driven by “dipolar
amplitudes obtained from least-squares fits of the experimentalstretching”. However, the field-induced reaction may also be
transients by sums of exponentials. driven by a dissociation field effect. This effect detected by
A distinctive feature of our experimental data results from Wien* and its theoretical basis developed by Ons#geads
the fact that the electric field pulses induce large perturbations t0 dissociation of ion pairs and is known to be particularly
in most cases. This is indicated by the large amplitudes recordedeXtensive in  polyelectrolyte¥:® In general, field-induced
at the magic angle and by the clear difference between the dissociation of ions is expected to favor the state with a lower
relaxation transients observed under electric field pulses from degree of electrostatic repulsion, which is the B-form with a
those in the field free state. The electric field pulses induce large SPacing of 3.4 A between adjacent base pairs compare@ ®
changes of at least one of the rate parameters, which is ther for the A-form. The dissociation field effect is expected to
reflected by changes of the relaxation time constant(s). In the b€ @ linear function of the electric field strength, but this is
present case, large perturbations may also affect the result byalso expected for field-induced stretching because the dipoles
inducing different degrees of contributions from nucleation are usually saturated under the conditions of the present
processes. Finally, the orientation of the polymer molecules into €Xperiments. In agreement with these expectations, the reciprocal
the direction of the electric field may affect the force and, thus, fise time constants increase linearly with the field strergth.
the extent of perturbation experienced by these molecules (see In most cases, electric field pulses accelerate reactions, but
below). in the present case, some time constants observed under electric
Because of these special problems associated with thefield pulses are larger than those found at zero field strength,
interpretation of the data measured under electric field pulses,
we discuss first the results obtained at zero electric field strength. (34) gri]%‘ﬂ]“"l"ggvzsl-g Hillen, W.; Jung, M.; Wells, R. D.; Porschke Ebphys.
In all cases of natural DNA’s with-50% GC, we observed a  (35) wien, M. Physik. Zeitschrif.931, 32, 545-547.
fast process representing75% of the amplitude with time  (36) Onsager, LJ. Chem. Phys1934 2, 599-615.

)
L X X (37) Wissbrun, K. F.; Patterson, A. Polym. Sci1958 33, 235-247.
constants arounds. It is likely that this process reflects mainly  (38) Manning, G. SBiophys. Chem1977, 9, 189-192.

Interpretation of the Relaxation Effects. The reaction from
the standard B-form of double helices to the A-form is induced
by reduction of the water activityt2-14 In vivo, this type of
effect is associated with binding of proteins to DNA. Compila-
tions of crystal structures clearly demonstrate that the structure
of DNA fragments is shifted toward the A-form in many
proteir—-DNA complexes.~11 Because the kinetics of protein
binding to DNA usually is relatively complex, it is hardly
possible to separate the-\ transition from the other steps of
protein binding by any experimental technique. Thus, the
conditions of the B-A transition must be simplified for a
separate analysis of the-B\ reaction. Addition of ethanol is
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particularly at high ethanol contents (cf. Figures 4 and 7). This
effect may be due to a field-induced decrease of the rate constant
for the reaction from the B- to the A-form. However, we have

to consider another interpretation, as well, which is suggested
by a comparison of the rise curves measured for the reaction at
the magic angle with those recorded for the molecular orientation
(Figure 8). Over a wide range of conditions, the time constants
for the magic angle rise curves are very similar to the time r'x
constants of the dichroism rise curves. For the interpretation of
this result, it should be noted that the transients measured at
the magic angle clearly reflect the time course and the extent
of the B—A reaction. Nevertheless, it may happen that the time
constant of the B'A reaction is determined by the orientation.
This type of coupling appears to be very plausible for the case
of dipolar stretching. The dipolar stretching force increases with - s D S
increasing field strength. The effective field strength experienced 00 02 04 06 08 10 12 14 16 18 20
by individual DNA molecules depends on their orientation with s

respect to the field vector. Thus, the field strength acting on Figure 10. Mean relaxation time* according to Schwar? for a linear
these molecules is expected to increase with an increasing degretsing model as a function of the chain growth parametéor different
of orientation. Under these conditions, the response observed2lues of the cooperativity: (=) 107 (---) 10°7% (- - ) 0.1 (-----)
at the magic angle may be slow, even if the reaction itself is

mined by a relatively slow rotation of the molecules into the ransition in double helical DNA, the reaction parameters are
direction of the field vector. A comparison of the rise time  eypected to be different. However, the formal reaction schemes
constants found for the reaction and for the dichroism at high are identical, and thus, general features of the reactions should
ethanol contents (Figure 8) suggests that the time constants folhe equivalent.

the reaction in the presence of the electric field are indeed  The first detailed model on the kinetics of the linear Ising
determined by molecular rotation in the case of chain lengths nodel was developed by Schwdfzwho derived a simple

=859 bp. ~ expression for the mean relaxation tinte
In summary, we must expect a rather complex composition

of different effects acting in the presence of electric field pulses. 1 V4 4o

Because the time constants obtained from the rise curves of o~ ki(s—1) ]

the dichroism and the magic angle effect are almost identical
for the DNA samples with chain lengths859 bp, we must where ¢ is the nucleation parametes, the chain growth
expect close coupling of orientation and reaction in these casesparameter, ang; the rate constant for helix growth. Using the
However, rotational diffusion is strongly accelerated at lower parameters known far-helix coil transitions of polypeptides,
chain lengths. Thus, orientation and reaction are not coupledthis equation predicts a distinct maximum of the mean relaxation
anymore in the rise curves of poly[d{A)] samples with chain time at the center of the-helix coil transition. This maximum
lengths<120 bp. In these cases, the time constants of the magichas also been observed in experiméhta.the case of the BA
angle rise curves are clearly larger than the time constants oftransition, there is no indication of a distinct maximum of the
the dichroism rise (Figure 9) and, thus, are determined by the relaxation time at the transition midpoint. Thus, we have to
rate of the B-A reaction. check where this difference comes from. A comparison of the
Coupling of orientation with reaction processes may affect helix coil parameters shows that the helix coil transition is
and even may determine the time course of magic angle risemuch more cooperative than the-B transition. A simple
curves, but this type of coupling cannot occur in the absence calculation of the relaxation time* as a function ofs for
of electric fields. The decay curves measured at the magic angledifferent nucleation parametets (Figure 10) shows that the
cannot be influenced by rotational processes because there isnaximum is reduced very much atvalues around 0.1. The
no vectorial driving force in the absence of the electric field magnitude of the nucleation parameteior the B—A transition
anymore. The molecules are still partly oriented, when the is not known exactly, but the cooperative length has been
electric fieldE is turned off, but the reaction of each molecule estimated! to be in the range of 1830 base pairs. According
is independent of its orientation &= 0. to the linear Ising model, the cooperative length corresponds
Comparison of Experimental Data with Results from to 140, and thus, the estimated cooperative lengths cor-
Model Calculations. The B—A transition of DNA double respond to nucleation parameters of 4@ 1073, Our kinetic
helices is a reaction with many equivalent reaction steps of the data for natural DNA indicate that the nucleation parameter is
base pairs that are coupled with each other in a cooperativein the range around 10. A relatively low cooperativity is also
manner. The thermodynamics and kinetics of this type of indicated by the observation of coexisting A- and B-forms in
reaction are described by the linear Ising modérthis model short oligomer double helicé8#2We note that the maximum
has been analyzed mainly with reference to tkaelix coil
transitions of polypeptides. Because the elementary reactiongj% ggm:g g%&‘géﬁ%éﬁféﬁég@% 84, 615623,

(42) Ivanov, V. |.; Minchenkova, L. E.; Burckhardt, G.; Birch-Hirschfeld, E.;
(39) Ising, E.Z. Physik1925 31, 253-258. Fritsche, H.; Zimmer, CBiophys. J.1996 71, 3344-3349.
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value of the time constants for poly[d{AT)] at zero field measurements to higher salt concentration, but this has not been
strength appears at an ethanol content close to that found at thgossible yet because of technical problems (cf. above).
center of the B-A transition. Probably, the cooperativity is Another process that may slowdown the-B reaction is

higher in the case of poly[d(AT)], but a final conclusion in aggregation. As a very sensitive indicator for aggregation, we
this respect is not possible yet because the experimental accuracjiave measured the time constants of dichroism decay. These
is not sufficiently high. decay time constants, obtained over the full range of thé\B
The absence of a clear maximum in the= f(ethanol) transition of a poly[d(A-T)] sample with 70 bp, did not show
dependence in natural DNA samples may be partly due to aany evidence for aggregatidh.
heterogeneity in the distribution of base pairs, resulting in a A strong argument for the conclusion that our data reflect
broadened BA transition. For a more direct comparison the B—A dynamics without serious interference by any side
between the B-A kinetics of AT and GC base pairs, it would  effect is the close relation to previously published data on very
be useful to study double helices formed from GC homopoly- similar processes in nucleic acids. The-B transition can be
mers. Unfortunately, there is too much conformational hetero- considered as a stacking rearrangement. This type of reaction
geneity in GC polymers, preventing a straightforward analysis has been studied under various conditions, including high salt
of their B—A kinetics. Poly[d(G-C)], the direct analogue to  concentrations. The time constants for stacking rearrange-
poly[d(A—T)], shows a B-A transition, but it is coupled with ment$647 in single-stranded oligo- and polynucleotides were
a B—Z transition?3 The other candidate poly(d&ply(dC) is found in the range up te-1 us, clearly demonstrating the
well-known to be a difficult case because of its strong tendency existence of activation barriers. This result was not commonly
for aggregation. This aggregation is enhanced under the condi-expected, as shown by the example of the oscillating dimer
tions of the B-A transition* model#84°which implied the absence of activation barriers. The
Because thex-helix coil transition is one of the key steps information on stacking rearrangements has been extended,
for protein folding, the dynamics of this transition has been meanwhile, by cases of hairpin loop¥$lwhere several residues
analyzed for various reaction conditions. For example, Craig are rearranged together with time constants up to 4€90In
and Crother® presented numerical simulations for very large summary, the time constants observed for theABtransition
perturbations. They found a reaction progress curve of sigmoidal are in the expected time domain.
shape for a very large perturbation from the completely helical ~ General Conclusions. Our present experimental results
state. Response curves of sigmoidal shape were also found foirdemonstrate that the-BA reaction of natural DNA is slower
the field-induced reaction from the A- to the B-fodhThis by about 3 orders of magnitude than predicted by molecular
shape was interpret&das evidence for a two-step reaction, dynamicst® 24 For DNA samples with 50% GC, a spectrum of
where the first step, representing the rise of the dipole, is time constants is observed with the main amplitude-atus
required for induction of the second step corresponding to the and with minor amplitudes at 50100us, showing the existence
A—B reaction. The simulations indicate that the sigmoidal shape of activation barriers in the transition, in contrast with inter-
may not reflect the dipole rise but may be due to the-B\ pretation8® of crystal structures claiming the absence of
reaction itself. activation barriers. Our time constants are consistent with
Slowdown of the B-A Reaction due to Special Reaction previous experimental défe’50-51 obtained for various el-
Conditions? Because of the limitations discussed above, the ementary steps of base stacking and for conformation changes
B—A reaction could be studied only under special solvent in hairpin loops. The different affinity of AT and GC sequences
conditions at a low salt concentration. The-B transition was to the A-form is reflected by the fact that the time constant
induced by electric field pulses, which perturb the ion atmo- associated with the main amplitude increases frethus at
sphere around the polymer, and thus, the kinetics of ion 50% GC to 3us at 41% GC and te-10 us at 0% GC at the
equilibration is essential. Binding of ions is expected to be center of the transition. The time constant associated with the
diffusion controlled, when the mode of binding corresponds to main amplitude shows a relatively small dependence on the
that of an ion atmosphere. In agreement with this expectation, degree of transition, indicating a low cooperativity of the 8
the time constants of monovalent ion binding to double helical transition with a nucleation parameter eD.1.
DNA, derived from polarization time constariswere found . ) .
to be around 10 ns down to the range of low salt concentrations Acknowledgment. The technical assistance of rgen
used in the present investigation. Thus, binding of monovalent Wawrzinek is gratefully acknowledged.

ions is much faster than the-BA\ reaction and is not rate- Supporting Information Available: Complete ref 10. This

limiting. o material is available free of charge via the Internet at
Nevertheless, itis possible that the-B dynamics is affected  http://pubs.acs.org.

by electrostatic repulsion between the phosphate charges. An
argument against this possibility is the observation that thé B JA053691D
dynamics of poly[d(A-T)] remained constatit within experi-

(46) Porschke, DMol. Biol. Biochem. Biophysl977 24, 191-218.

. . : 6)
mental accuracy, when the ion concentration was increased from(47) Porschke, DBiopolymers197§ 17, 315-323.

; B (48) Davis, R. C.; Tinoco, I., JiBiopolymersl968 6, 223-242.
0.18 to 0.7 mM. Obviously, it would be useful to extend the (49) Glaubiger, D.; Lloyd, D. A.; Tinoco, |. JBiopolymersl968 6, 409-414.
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