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ABSTRACT
Oriented DNA films prepared by the wet-spinning technique

have been complexed with several ligands: the anthracycline an-
tibiotic violamycin BI, the dipeptide L-carnosine, and the oligo-
peptide antibiotic netropsin. The formation of the DNA-ligand
complexes is accompanied by dramatic changes of the conformatio-
nal flexibility of DNA. The B-A transition which occurs usually
between 80% and 70% relative humidity (RH) is more or less sup-
pressed by the ligands. Violamycin BI at a total ligand per DNA
base pair ratio, r , of '0.03 and L-carnosine at rt X' 1.5 inhi-
bit the B-A transition of "'18 and "'0.25 base pairs per ligand
molecule, respectively. Netropsin at rt = 0.2 induces a very
stable B-DNA even at rather low RH (23 %). The total hydration
of this complex is significantly higher than for a drug-free DNA
film. Netropsin-DNA complexes at r of 0.02 and 0.01 result in
an inhibition of "45 base pairs pe4 drug molecule with respect
to the B-A transition.

INTRODUCTION
It is well known that DNA exists in several defined fami-

lies of structures, among them the B and the A family (1). The
transition between these two families is a cooperative process
regulated by the water activity. In films or fibers the B-A
transition usually occurs when the relative humidity (RH) the
film is exposed to drops from high values (85-96%) to medium
values (80-70%). The B-A transition can be inhibited by insuf-
ficient milieu conditions, e.g., type of cations, salt concen-
tration etc. (2-4) or by the interaction of DNA with ligands
(5-8a). Then, the DNA exists at medium RH values in a less-defi-
ned dehydrated form within the B family designated as C-DNA (3).
In DNA-ligand complexes a mixture of C and A forms of DNA may
exist at medium RH in dependence of the ligand-DNA base pair
ratio (5,6). The study of DNA-ligand complexes with respect to

C IRL Press Umited, Oxford, England.

Nucleic Acids ResearchVolume 12 Number 23 1984

9165



Nucleic Acids Research

the effectiveness of different ligands to suppress the B-A
transition can give information about the distortion of the
conformational flexibility of DNA by the ligands.

Two methods have been used to investigate the conformatio-
nal transitions of DNA-ligand complexes in the solid or gel-like
state in the form of fibers or films, namely X-ray fiber dif-
fraction (6,9) and infrared linear dichroism (IR LD) (5,7,8,8a,
10). From IR LD the geometry of the DNA phosphate group can be
obtained which is characterized by the two angles e00 defining
the angle between the DNA helix axis and the .2 03 line and
the angle %OPO defining the 02-P-03 bisector of the (O2-P-03)
unit of the DNA phosphate group, respectively (11,10). The dif-
ferent DNA conformations (B, A, C, Z) can be discriminated by
the values of the phosphate angles 0. and Ep obtained from
IR LD as was shown by several investigators (10-14).

Based upon oriented films obtained by the wet-spinning me-
thod (15-17) we have prepared DNA films as well as DNA-ligand
films suitable for infrared spectroscopy. The technique of pre-
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Figure 1. Chemical structure of the three ligands violamycin BI
(three components), L-carnosine and netropsin.
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paration of the films and of their transfer on infrared trans-
parent material has been described elsewhere (18). We have stu-
died changes of the phosphate geometry of DNA, characterized by
the two phosphate angles %0 and OIO', in dependence of the RH
of DNA and DNA complexes with several ligands, the dipeptide
L-carnosine, the anthracycline antibiotic violamycin BI, and the
oligopeptide antibiotic netropsin. Their chemical structures are
shown in Fig. 1. The results demonstrate dramatic differences of
the ligand-induced reduction of the conformational flexibility
of DNA in these three ligand complexes.

MATERIALS AND METHODS
Calf thymus DNA was from Sigma Chem. Corp. (USA). Netropsin

and violamycin BI were isolated in the ZIMET Jena (GDR) and were
kindly provided to us by Drs. H. Thrum and D. Strauss, respecti-
vely. L-carnosine ( 1-alanyl-L-histidine) was from Sigma Chem.
Corp. (USA).

The wet-spinning method and equipment used to prepare high-
ly oriented DNA films have been described elsewhere (15-17), as
well as the transfer of thin oriented films on infrared transpa-
rent materials and the preparation of DNA-ligand complexes (18).
The DNA complexes with L-carnosine, violamycin BI and with ne-
tropsin at rt = 0.2 were prepared by bathing the DNA film in a
solution of the ligand in 80% ethanol. The DNA-netropsin comple-
xes with rt = 0.02 and 0.01 were prepared by dropping an appro-
priate amount of the drug dissolved in 80% ethanol directly on
the oriented DNA film. The IR LD spectra have been recorded in
dependence of the relative humidity (RH) by a Fourier-transform
infrared spectrophotometer Digilab FTS-14 and an infrared gra-
ting spectrophotometer Perkin-Elmer 325, both equipped with a
wire-grid polarizer. Details of measurement and calculation of
the DNA phosphate angles are described elsewhere (10).

The DNA-ligand films were checked by X-ray fiber diffrac-
tion. The salt content of the films was determined gravimetri-
cally to be 3.5% NaCl. The ligand per base pair input ratio, rt,
was determined by different methods. By estimation of a weak
infrared band at 1025 cm 1 of violamycin BI (W. Pohle, private
communication), the rt of its DNA complex was obtained to 0.03
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(+ 0.01). For the DNA-netropsin complexes, we obtained rt spec-
trophotometrically (19). Finally, rt of the L-carnosine - DNA
complex was determined colorimetrically to be 1.5 (+ 0.2) taking
into account the hydration of DNA at ambient RH (20).

RESULTS
The phosphate angles %0 and OO which describe the geome-

try of the P02 groups of DNA with respect to the helix axis are
plotted versus the relative humidity (RH) in Fig. 2. The results
of drug-free calf thymus DNA are presented in Fig. 2a. We found
previously %0 X 550 and O X" 640 for B-DNA, and %0o X 64° and

OPOp X, 470 for A-DNA, respectively (10). For C-DNA, Brahms et al.
found "X 48° and 3 OPO 670 (13); we obtained 9 X0 490 and
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Figure 2. Phosphate angles 900 and 9OPO of DNA obtained from
infrared linear dichroism (cf. text) as a function of RH, the
relative humidity. (a) Calf thymus DNA; (b) DNA-violamycin BI
complex, r = 0.03; (c) DNA-L-carnosine complex, rt = 1.5; (d)
DNA-netroplin complex, r = 0.2; (e) DNA-netropsin complex, rt =
0.02; (f) DNA-netropsin complex, rt = 0.01.
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OPO X, 630 (10). Inspection of Fig. 2a shows a good coincidence
of the experimental values of uncomplexed DNA with those expec-

ted for a B-A transition of DNA. The amount of C-DNA at lower RH
may be negligible since %o does not drop significantly beneath
640, and 0OPO does not rise significantly beyond 47°.

In contrast, the same plots of 0 and p versus RH of
the three ligand-DNA complexes show the absence of a well-defi-
ned B-A transition (Fig. 2, b-f). At medium RH, DNA complexes
with L-carnosine and violamycin BI (Fig. 2, c and b) result in
values of the phosphate angles which are in between those of A-
DNA and C-DNA; this holds also for the netropsin complex with
rt = 0.02 and 0.01 (Fig. 2, e and f). The data of netropsin-
DNA with rt = 0.2, however, indicate the existence of a B-like
DNA to 100% even at medium and low RH values (Fig. 2d). No con-
tribution was found of either C-DNA or A-DNA.

The fraction of A-DNA at medium RH values, fA can be esti-

Table 1. Characterization of DNA-ligand films by infrared linear
dichroism. r is the total input ratio of ligand per DNA base
pair. Oran& 0 are the DNA phosphate angles as obtained from
the infrared ligSr dichroism of the antisymmetric and symmetric
PO2 stretching vibration of DNA at 60% RH, respectively. The
angles are accurate within 1.50. f. is the fraction of DNA which
does not adopt the A form at 60% of lower values of RH and is
obtained from the phosphate angle OPO of the DNA-ligand com-
plexes by linear interpolation with respect to the values of
the same angles of B- and A-DNA, respectively. n. is the number
of DNA base pairs involved in the loss of conforlational flexi-
bility of DNA induced by one ligand molecule.

Ligand rt (00 (OPO fi ni
(0) (0) (%) (b.p.)

L-carnosine 1.5 57 53 35 0.25
(+0.2) (+0.05)

violamycin BI 0.03 56 56 53 18

(+0.01) (+ 8)
netropsin 0.20 54 65 100 > 5

(+0.02)
netropsin 0.02 54 61 86 43

netropsin 0.01 55 57 47 47
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Figure 3. Infrared spectrum of (a) B-DNA, oriented film at 96%
RH, (b) A-DNA, the same film at 59% RH, and (c) the netropsin-
DNA complex, r = 0.2, at 59% RH, from top to bottom. The arrows
indicate infra$ed bands indicative of B-DNA and A-DNA, respecti-
vely.

mated from the values of OPO by linear interpolation (7). The
corresponding values of drug-free DNA at 96% and 59% RH were
assumed to represent the B and A form of DNA, respectively.
Then, the fraction fi of DNA which lost the conformational fle-
xibility to adopt the A form is given by fi = (1 -fA) We ob-
tain fA = 65% (fi = 35%) for DNA-carnosine and fA = 47 (fi =

53%) for DNA-violamycin BI (Tab. 1). The number n. of DNA base
pairs which are restricted in their conformational flexibility
by one ligand molecule can be obtained from fi by the simple re-
lation ni = fi / rt. The results are sulmmarized in Tab. 1.

Independent of the results of IR LD, the fraction of A-DNA
can be estimated independently either from the intensity ratio
of bands at 835 cm 1 and 860 cm 1 (8a), assigned to B- and A-DNA
respectively (21,22), or from the intensity of a band at 1185
cm 1 which is indicative of A-DNA (23). The results are less
precise than the linear interpolation of OPO values but confirm
the IR LD results. Especially for the netropsin complex at rt =
0.2, all three methods indicate the absence of A-DNA at 59% RH
where the A or C form of DNA should be established (Fig. 3).
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DISCUSSION
L-Carnosine and violamycin BI affect the conformational flexibi-
lity of DNA very differently

As was shown in a previous communication (6) peptides have
a moderate effect on the suppression of the B-A transition of
DNA films. The dipeptide L-carnosine suppresses the B-A transi-
tion by fi = 35% at an extremely high input ratio of rt = 1.5.
This is equivalent to the restriction of only 0.25 DNA base
pairs per dipeptide molecule (Tab. 1). Obviously, there is no
long-range effect of the bound dipeptide. The electrostatic at-

traction between DNA phosphates and the dipeptide is apparently
screened by counterions reducing the influence on the DNA con-

formational flexibility.
In contrast, violamycin BI has a tremendeous effect on the

suppression of the B-A transition of DNA. Despite the very small
input ratio of rt = 0.03, the B-A transition is suppressed for

fi = 53% of the DNA in the complex which corresponds to an inhi-
bition of ni = 18 DNA base pairs by one drug molecule (Tab. 1).
Violamycin BI (24) is a mixture of three anthracycline antibio-
tics (W. Koch, private communication) (Fig. 1) and intercalates
between DNA base pairs in solution (25,26). The binding site of
anthracyclines covers 3-4 DNA base pairs (27). The high value
of ni = 18 + 8 indicates a strong suppression of the conforma-
tional flexibility of DNA by the drug. On each side of the
bound drug are =7 additional base pairs restricted in their fle-
xibility to adopt the A form. This long-range effect on the DNA
conformation may be important for a better knowledge of the mo-
lecular mechanism of action of intercalating drugs. The film of
the DNA-violamycin BI complex was dichroic in visible light
when observed through a polarizer. This finding is indicative at
least of a highly ordered perpendicular arrangement of the drug
chromophore with respect to the helix axis of DNA as expected
for an intercalated drug, but does not conclusively proof in-
tercalation.
Netropsin at high concentration prevents B-DNA from collapse
even under conditions of substantial dehydration

The films of a DNA-netropsin-complex at rt = 0.2 is in a

B-like conformation independent of variation of the RH between
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96% and 23% (Fig. 2d). The B form of DNA usually collapses under
conditions of dehydration and adopts the A or C form. Netropsin
is known to bind preferentially in the small groove of AT-rich
regions of B-DNA by a non-intercalative mechanism via hydrogen
bonds (19). From solution studies is known that netropsin spans
4-5 base pairs of DNA (19,28). Thus, rt = 0.2 is equivalent to
saturation of all DNA binding sites. In this "saturated" complex
the infrared spectrum at 59% RH indicates the complete absence
of A-DNA (Fig. 3). Our results agree with previous findings that
netropsin stabilizes B-DNA (19) even reverting A-DNA (29) and
Z-DNA (30) back to B-DNA. Similarly, the L-arginine-DNA complex
at rt = 0.9 exists only in the B form even at very low RH values
as found recently by X-ray fiber diffraction (6). This points to
structural similarity; both netropsin and arginine have a posi-
tively charged guanidinium group at their end. The water spine
found to exist in the small groove of B-DNA (31) is replaced by
the ligand (netropsin or arginine) which explains the unusual
stability of the B form in these complexes against dehydration
(6).
45 base pairs of DNA are restricted by one netropsin molecule

The complete suppression of any B-A or B-C transition in
films of the "saturated" DNA-netropsin complex (rt = 0.2) per-
mits the calculation only of the lower limit of the number of
restricted base pairs, ni, which is 5 (Tab. 1). Lower input ra-
tios, however, result in dichroic spectra which indicate a par-
tial B-A transition (Fig. 2, e and f). From the experimental va-
lues of gopo (Tab. 1) we obtain by linear interpolation with re-
spect to the values of OO of uncomplexed DNA inhibited frac-
tions of fi= 86% and 47% for rt = 0.02 and 0.01, respectively.
These values result in the restriction of the conformational
flexibility of DNA of a segment of 45 + 2 base pairs by one ne-
tropsin molecule. Subtracting the 4-5 base pairs covered by
bound netropsin (19,28) we obtain a long-range effect of ne-

tropsin affecting 20 base pairs on each side of the bound drug.
This extremely large effect is paralleled by findings in a so-

lution study of the DNA interaction with distamycin A (32),
which structure is similar to netropsin, where one drug mole-
cule was found to affect the conformational behavior of a 30
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Figure 4. Hydration of DNA filmn obtained from the infrared
absorption of water at \'3400 cm , AN3400 in dependence of the
relative humidity, RH. Open circles: DNA; black circles:
DNA-netropsin complex with rt = 0.2.

Figure 5. Position of the antisymmetric stretching vibration,
va (PO ), of the DNA phosphate groups as a function of the rela-

tive humidity, RH. Open circles: DNA; black circles: DNA-
netropsin complex with rt = 0.2.

base pair segment of DNA. One may speculate that processes in
the course of gene expression or gene regulation which rely on
the conformational flexibility of small DNA segments are heavily
interfered by drugs like netropsin and distamycin A.
Hydration of DNA in the saturated netropsin complex is increased

The hydration of DNA films can be easily monitored by the
intensity of the water stretching vibration band at 3400 cm 1

(10). The hydration of both drug-free DNA and the "saturated"
DNA-netropsin complex at rt = 0.2 drops monotonously with de-
creasing RH (Fig. 4). The overall hydration of the DNA-netropsin
film, however, is increased by 25-35% with respect to uncomple-
xed DNA throughout the investigated RH interval. This seems
contradictory to the interpretation given above that the substi-
tution of the water spine in the small groove of DNA by netrop-
sin may be responsible for the stabilization of the B form even
down to 23% RH. The complex, on the other hand, is characterized
by a more ample hydration than drug-free DNA (Fig. 4). This re-

sembles the hydration behavior of films and solutions of the
DNA-caffeine complex we studied previously by NMR and infrared
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spectroscopy (33,34). In both cases, the complexation is virtu-
ally accompanied by an increase of the overall water content of
the complex, despite a decrease of the number of water molecules
bound in the first hydration shell which is supported for the
DNA-netropsin complex by recent theoretical calculations (35).
The position of the va(2 ) is regulated by the hydration and
not by the DNA conformation

The strong infrared band at %1225 cm 1 of DNA was assigned
to the antisymmetric stretching vibration, va(PO2 of the Po2
unit (36). The position of this vibration shifts as a function
of RH (37,38). The wavenumber shift can be interpreted as a con-
sequence either of conformational changes of DNA or of hydration
of the phosphate groups of DNA. In both cases the shift would be
controlled by the RH of the DNA film. The wavenumber of uncom-
plexed DNA is characterized by a strong positive shift when RH
of the film is reduced from 96% to 76% followed by a moderate
positive shift when RH is furthermore reduced to 23% (Fig. 5,
open circles). The total shift amounts to 14 cm 1 in the drug-
free DNA. The saturated DNA-netropsin film, on the other hand,
shows a total wavenumber shift of only 9 cm 1 with a linear in-
crease between 96% and 59% RH followed by a plateau (Fig. 5,
black circles). This curve parallels the decrease of hydration
of the complex with decreasing RH (Fig. 4). The strong paralle-
lism of hydration and wavenumber shift of the va(PO2 ) suggests
that the wavenumber shift is regulated primarily by the hydra-
tion of the DNA phosphate groups and not by a conformational
change of DNA. This conclusion is strongly supported by the fact
that the conformation of DNA in the saturated netropsin complex
is B-like over the total investigated range of RH (96-23%) as
demonstrated in Figs. 2 and 3. Nevertheless, the position of the
Va(PO2) shifts by 9 cm1. Our findings contradict the very ear-
ly result of Falk et al. (37) that the hydration of the DNA
phosphates is completed at %60% RH and that the va(PO2 ) does
not shift at higher values of RH. In contrast, we find the major
effect just at values of RH beyond 60% RH (Fig. 5). However,
contrary to previous assumptions (38), the wavenumber of the

Va (PO2 ) cannot be used to determine the conformation of DNA in
films.
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CONCLUSIONS
We want to point out the advantage of the application of

wet-spun DNA films for infrared linear dichroism studies of DNA
as well as DNA-ligand complexes. The DNA films obtained by wet-
spinning have a high degree of orientation, homogeneous thick-
ness and dichroism properties, and can be reproduced with the
same degree of orientation, necessary for parallel studies.

The conformational flexibility of calf thymus DNA in wet-
spun oriented films is affected by different ligands to diffe-
rent extents. The number of DNA base pairs restricted in their
conformational flexibility by one ligand molecule increases
from 0.25 for the dipeptide L-carnosine over 18 (+ 8) for the
anthracycline antibiotic violamycin BI up to 45 (+ 2) for the
oligopeptide antibiotic netropsin. The long-range effect of the
two antibiotics on the conformational flexibility of DNA may be
responsible for their biological activity by interference with
processes during gene expression which rely on conformational
changes of the involved DNA sections.

The "saturated" DNA-netropsin complex is characterized by
a B-like DNA conformation independent of RH. Nevertheless, the
wavenumber of the antisymmetric phosphate vibration shifts as a

function of RH and cannot be used as an indication of the DNA

conformation. The total hydration of this complex is increased
by 25-35% respective to the uncomplexed DNA film despite a most

probable reduction of water in the first shell of hydration of
the complex.
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