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Abstract It is shown that NMR titrations can be used on a
quantitative basis to derive binding constants and binding modes
of ds-DNA ligand complexes from several signals. The results are
partially at variance with literature conclusions; they can be inter-
preted by additive and independent contributions of electrostatic
interactions between DNA phosphate and ammonium centers in
the side chain of the ligands, and of very weak stacking contribu-
tions of the indole rings. While gramine and tryptamine are found
to intercalate, tryptophane-containing peptides do so only, if the
tryptophane is flanked by at least two lysine units.
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1. Introduction

The interaction strength and modes of complexes between
nucleic acids and natural as well as synthetic ligands is of
obvious significance [1] in biological and medicinal chemistry,
and has been analyzed with many physical techniques [2]. The
binding modes of several biologically important indole deriva-
tives to DNA have been studied and summarized in particular
by Heléne et al [3]. Tryptophane (1d) or indole (1a) alone do
not seem to intercalate even with single-stranded DNA, which
generally is observed to be a much stronger binder for such
small aromatic rings than the double-stranded polymer [3].
However, the naturally occuring amines tryptamine (1¢) and
gramine (1b) and the di- and tripeptides of tryptophane with
neutral amino acids are believed to intercalate [3€]. Preliminary
results in our laboratory concerning the peptides were not in
line with this, and led us to apply NMR methods to such
complexes. Furthermore, we hoped to obtain by NMR conclu-
sive results also with respect to the binding of tryptophane-
containing peptides to ds-DNA, for which Heléne et al. [4],
mostly on the basis of fiuorescence titrations, described 2 step
equilibria involving primarily electrostatic groove binding
or/and weak intercalation in the second step, characterized by
binding constants (for K,) around or below 1 M™'.

The change of NMR shifts upon complexation in suitable
host compounds has been an invaluable tool in the develop-
ment of supramolecular chemistry [5]. The concentration de-
pendence of the shift changes allows not only to extract binding
constants K by appropriate non-linear fitting methods, but also
to evaluate the intrinsic complexation induced shift (CIS) for
100% complexation, which can shed light on the geometry of
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the complexes. The major advantage of NMR as compared to
other methods, such as optical spectroscopy, is that several
independent signals can be analyzed at the same time, thereby
providing more reliable information on both binding affinity
and binding modes. In view of these advantages it is surprising
that NMR titrations have scarcely been used for the analysis
of DNA-ligand complexes. Although NMR has been applied
to DNA complexes already in 1972 by Gabbay et al. [6], it
became clear that the conclusions from this early work with
respect to the claimed intercalation of phenyl derivatives are
questionable [7]. Later, Wilson et al. [8] have shown that true
intercalators exhibit shielding effects, by the anisotropy of the
nucleobases, of up to 1 ppm [9] in some cases, and simultaneous
line broadening. In the course of the present study we show for
the first time that both NMR shifts and line width can be used
in a quantitative way for titrations of many ligands even to
native calf thymus (CT) DNA.

2. Materials and methods

Calf thymus DNA was purchased from Aldrich and used as sodium
salt. It was sonicated according to literature procedures. Solutions were
made in D,O containing 20 mM sodium phosphate, and the pD was
adjusted to a value of 7.4. In the cases of L-tryptophane (1d) and
gramine (1b), stock solutions were prepared in DMSO-d, because of
solubility problems. Titrations were performed in those cases with a
constant DMSO content of 10 vol%. This does not influence the stabil-
ity and conformation of the used duplex in a significant way, as was
checked by UV melting studies.

L-Tryptophane and gramine were purchased from Aldrich, tryptam-
ine hydrochloride from Fluka, the peptides Trp-Ala and Trp-Gly-Gly
from Sigma, Lys-Trp, Lys-Trp-Lys and Lys-Gly-Trp-Lys as acetates
from Bachem,; these were used without further purification.

'H-NMR spectra were recorded with a Bruker AM400 (Trp-Ala) or
DRX500 spectrometer system (in all other cases). Chemical shifts were
measured with respect to an external reference (DSS in D,0).

Non-linear fitting of the results were executed with the program
SIGMAPLOT 5.0 from Jandel Scientific using equations described
earlier [10]. The equations for the simulation of the Scatchard plots
without and with cooperativity are also described in literature [11].

3. Results and discussion

Fig. 2 demonstrates that the presence of up to 5 mM soni-
cated CT DNA (base pair concentration) leads with some po-
tential intercalators like tryptophane (1d) or the dipeptide Lys-
Trp (2¢) only to shielding effects of up to 0.06 ppm, and to a
maximal line broadening of 3-5 Hz. Similar results are obtained
with e.g. the peptides 2a and 2b, and with many other ligands
like phenyl compounds, which are known not to intercalate. In
sharp contrast, one observes shielding on al// indole protons
with the indole derivatives tryptamine (1¢) and gramine (1b),
but also with the tripeptide Lys-Trp-Lys (2d), and the tetrapep-
tide Lys-Gly-Trp-Lys (2e); simultancously these signals are
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Fig. 1. Structures of ligands.

broadened to up to 25 Hz, or 15 Hz with 5 mM DNA (Fig. 2).
Remarkably, the a-CH protons at the N-terminal lysine resi-
dues in the tri- and tetrapeptide show deshielding by up to 0.2
ppm, without line broadening beyond 5 Hz. This behaviour is
atypical for compounds which in this case bind definitely by
intercalation; a similar influence of the groove environment on
the protonation state of the N-terminal part of DNA bound
peptides is also observed for non-intercalating (2a) and (2b)
(0.05 and 0.09 ppm, respectively) with and without a lysine unit
(see Fig. 1). A significant lower downfield shift (0.08 ppm,
compared to 2d and 2e) has upon interaction of Lys-Trp-Lys
and single stranded poly(A) been reported by Helene [3e], and
has been attributed to a pK change for the a-NH, of the lysine
unit from around 8 up to 8.5.

Evaluation of the NMR shifts according to established pro-
cedures [10] by non-linear least square fitting yielded for the
first time gratifying consistent values for the equilibrium con-
stants K derived from up to 6 different signals (Fig. 3). The K
and CIS values were derived on the basis of a 4: 1 stochiometry

SC lr" H2
A 6 N2 Wi

P HS
., H7
14 | H6
3.6 Hz
without DNA
Lys-Trp : no intercalation

with ds - DNA

CIS <= 0.06 ppm
'\/))L Ju 5.1 Hz

counting 4 base pairs per ligand at ‘saturation’, in adherence
to the nearest neighbour exclusion principle [12]. The K values
decrease by a factor of 2-3 if other models, based on a non-
cooperative binding of the ligand to the base pairs or the phos-
phates were used (stochiometries then bp/ligand = 2/1 or 1/2,
respectively; Fig. 3). Noticably, the CIS values change only by
less than 10% on the average with the calculational model.

It also was possible for the first time to determine the binding
affinity of a groove binder via NMR titration using the
downfield shift described above (Fig. 4). Scatchard plots for 2d
instead of non-linear fitting showed, in contradiction to the
results by Heléne [3e] with related compounds, a strong curva-
ture at very low values for r (ca. 0.1; Fig. 5) which indicates
‘neighbour exclusion’ and a large negative cooperativity. Be-
cause of the small number of experimental points the values for
the formal association constant K, the exclusion parameter »
and the cooperativity factor w were not fitted. They could,
however, at least roughly be estimated by comparison with
theoretically derived Scatchard plots [7a,11,12] as being in the
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Fig. 2. (a) '"H-NMR spectra of the indole part of ligand 2¢ (non-intercalating) (a) without DNA; [2¢] = 0.42 mM (b) with sonicated CT-DNA;
[2¢] = 0.23 mM/7.5 mM; (W), = half-height width of the H2 signal; in [Hz]). (b) "H-NMR spectra of the indole part of ligands 2d (intercalating) (a)
without DNA; [2d] = 0.86 mM (b) with sonicated CT-DNA; [2d] = 0.47 mM/[bp] = 4.0 mM; (W,,, = as in Fig. 2a: complexation degree calculated

on the basis of next neighbour exclusion principle ([bp)/[ligand] = 4/1)).
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Fig. 3. Plots for determination of the formal association constant K: between ligand 2d and sonicated CT-DNA for five different protons of the indole
part and the a-CH of the N-terminal lysine on the basis of next neighbour exclusion/without neighbour exclusion/with independent behavior of each
phosphate. Sequence of protons (from upper left to lower right plot): H7/H4/H2/H5/H6/a-CH (numbering scheme see Fig. 1); measuring conditions
see Table 1. CIS = complexation induced shift (for 100% complexation, from line fit), in [ppm].

range of r = 0.0-0.3 (Fig. 5). The intercept gives a constant of
K =293, comparable to the value obtained for the model with-
out neighbour exclusion (Fig. 3). For the exclusion parameter
n it is reasonable to assume a value =4, which is in the range
of ‘nearest neighbour exclusion’ model or a little above (on the
basis of DNA phosphate concentration). According to theory,
it is necessary to add a cooperativity term when there is a
contribution of electrostatic interactions. The factor w was then

estimated to be <0.5 (Fig. 5). The curvature itself indicates as
usual the mode of cooperativity.

The equilibrium constants (Table 1), evaluated at minimal
ionic strength, roughly agree with literature data [3e] as far as
these are available. The K value derived from the N-terminal
lysine a-CH proton, which is located closer to the groove than
to the base pairs, together with always observed fit to a simple
1:1 equilibrium strongly suggests that these peptides bind to
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DNA not in 2 discrete modes, characterized by 2 K values as
described by Heléne et al. [4] for a related tetrapeptide. The free
energies of complexation AG also support a complex stabiliza-
tion by the simultaneous but independent contribution of both
electrostatic groove, and intercalative binding. If one attributes
the often found [5b,c] value of the 5 kJ/mol and salt bridge to
the interaction of one excess positive charge present in the
lysine residues (as the terminal “NH; and COO™ charges may

2b
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Fig. 4. Plots for determination of the formal association constant X
between ligands 2b and 2¢ and sonicated CT-DNA using the a-CH
proton of the N-terminal amino acids on the basis of independent
binding of each phosphate;for conditions see Table 1; CIS: see Fig. 3.
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cancel), one has to assume a more-or-less negligible stacking
contribution of the indole ring. This small value is significantly
lower than for related weak intercalators of the naphthalene or
quinoline type [13]. The weak stacking interaction of the indole
ring is not high enough to destack the nucleobases, if there is
no simultaneous help from at least 2 basic amino acid residues.
This contrasts to the minimal requirements we found for the
above-mentioned naphthalene-type intercalators [13] where one
charge in the side chain is sufficient. Our findings are at vari-
ance with the conclusions of Heléne [3] and Gabbay [6b] et al.,
claiming tryptophane intercalation into ds-DNA of dipeptides
and tripeptides possessing no, or only one charge. Noticeably,
the constants extracted by Heléne et al. [4] for the second
(intercalation) step are of the same, almost negligible, size as
ours, which would explain why one needed the extremely sensi-
tive fluorescence method to detect them. The observed CIS
values are in magnitude and sign similar to other intercalators,
and are in line with normal intercalation modes.

A possible explanation for the differences in CIS values with
1b and Ic in contrast to 2d and 2e could be the existence of a
second, non-intercalating binding mode being in fast exchange
with the intercalative mode. Although this mechanism, sug-
gested by one referee, cannot entirely dismissed, we favour
another rationalization based on the substantial difference in
the conformational freedom of the indole ring which is much
more limited in the peptides by the need of two flanking basic
aminoacid residues with a moreover more restricted mobility
due to the linking amide bonds. The size and limited flexibility
of the peptides may lead here to preferred intercalation from
the major groove, leading to less deep intercalation compared
to the amines 1b and 1lc.

The line width W, also increases as the shifts do with in-
creasing DNA concentrations (see Fig. 2). The overlapping
signals make it possible to reach the non-linear part of the
corresponding titration curve only in few cases (Fig. 6). The K
value derived from curve fitting of the line width is not far from
the one obtained from the shift changes (Fig. 3), in particular
if one corrects for the small line broadening which is also
produced by pure groove binders. Thus, the change in line
width may also be used for DNA titrations, in spite of the
difficulties in determining half-widths of broad and overlapping
signals. That the origin of the line broadening is the slow tum-
bling rate of the bound ligand is obvious from the very similar
line width for all protons at or close to the intercalating aro-
matic unit. If exchange processes being slow on the NMR time
scale would be responsible one would expect a dependence of
W,,, on the CIS values, which is not seen. The results demon-
strate that W, values can be used efficiently to establish inter-
calation. One can even calculate the ‘intrinsic’ final line width
also in the often occurring situation of heavy overlap by meas-
uring W, at lower degrees of complexation (and hence less
overlap), by dividing the experimentally observed W, by the
mole fraction of complexed ligand, as long as one knows the
equilibrium constant K from other sources.

4. Conclusions

We have demonstrated that NMR shift titrations can, on the
basis of analyzing up to 6 different signals, provide accurate
binding constants and intrinsic shift values characterizing the
binding geometry, using for the first time a large biopolymer
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Fig. 5. Scatchard plots for ligand 2d and sonicated CT-DNA (a) simu-
lated with neighbour exclusion: (1) with r = 8; (2) with a = 4; (3) with
n = 3; (4) with n = 2; (b) simulated with neighbour exclusion and coop-
erativity: (1) withn = 8 and w = 0.1; (2) withn = 4 and w = 0.1; (3) with
n=4 and w=0.9; (4) with n=2 and w = 0.1; (¢) calculated using
experimental data for 2d; K estimated for the linear part of the plot:
K=293 M.

such as calf thymus DNA as host structure. The CIS values as
well as the line width are reliable indicators of intercalation.
The W,,, values can be measured at low degrees of complexa-
tion and then converted to the intrinsic values on the basis of
known equilibrium constants. The perfect fit of the titration
curves with the tri- and tetrapeptide containing two lysine res-
idues to a model with neighbour exclusion (stochiometry bp/
ligand = 4/1), including signals from protons remote or close to
the groove, as well as the observed association constants are in
line with a simple binding mechanism, in which both electro-
static groove binding with 5 kJ/mol and charge [5b], and stack-
ing with about 1-2 kJ for the indole unit contribute as additive

391

increments at independent binding sites. Tryptamine and gram-
ine, which contain a supporting positive charge at a location
suitable for simultaneous groove binding therefore intercalate
at low ionic strength, in contrast to the dipeptide Lys-Trp with

Table 1(a)

H-NMR shifts induced by complexation with DNA (CIS) and equilib-
rium constants K*

Gramine Tryptamine Trp Lys-Trp
cis*f K cis® K At v
Trp2 ~0.67 495 -040 302 -001 —~0.042
4 ~0.70 50 -030 316 -0.013 -0.06
5 ~0.63 56 -0.29 359 -0.012 -0.06
6 ~1.30 29 -0.40 294 -0.013 -0.06
7 ~0.73 465 -032 330 -0.013 -0.054
«~CH - - - - P
CH, ~ - - - -0.013
1-Lys ,.-CH -~ - - - +0.08* 63¢
CHy(1) ~0.08%¢ — —0.07%¢ -
CH,(2) ~ - -0.012°¢ - -
CH, ~0.03%¢ — - - -

2CIS in ppm, K in M units; in D,0 at pD = 7.4. [Na-phosphate] = 20
mM; 303 £ 0.1 K, with [gramine] = (.42 mM, [tryptamine] = 0.17 mM,
[trp] = 0.4 mM, [Lys-Trp} = 0.23 mM at the end of titration; CT-DNA
from [bp] = 0 mM up to [bp] = 9.6 mM resp. 10 mM resp. 7 mM resp.
7.5 mM.

"Not determined because of too large overlapping and high mul-
tiplicity.

¢ [ppm)], shift difference observed at highest DNA concentration used.
4[bp] = 9.6 mM.

¢[bp] = 10 mM,

710 vol% DMSO-ds.

£[bp] = 7.5 mM.

Table 1(b)
H-NMR shifts induced by complexation with DNA (CIS) and equilib-
rium constants K*

Lys-Trp-Lys  Lys-Gly-Trp~- Trp-Ala Trp-Gly-Gly
Lys
cis® K cs? K AT ousE
Trp2 -0.22 1.09 -0.10 0.68 -0.004 -0.01
4 -0.26 1.06 -0.12 0.55 -0.01 —-0.008
5 -0.28 1.03 -0.13 0.66 —0.01 —-0.004
6 -0.32 0.90 -0.08 0.68 —0.01 —-0.009
7 -0.23 1.13 -0.10 0.67 —0.01 -0.01
«CH -0.12 - +0.03
+0.05* 0.089*
CH, b P +0.011
1-Lys ,-CH +0.22 1.27 +0.20 0.71
~CH, 0.004  —  (0.00)°
Ala: Gly:
2-Lys ,-CH (0.002)*¢ —  (-0.001)* CH-0.005 CH,+0.009/
+0.03
~CH, {0.00)>¢ (0.00)*¢ CH,; 0.00 +0.009/

+0.009

*CIS in ppm, K in 10 M units; in D,0 at pD = 7.4 [Na-phos-
phate] = 20 mM; 303 + 0.1 K, with [Lys-Trp-Lys] = 0.47 mM, [Lys-
Gly-Trp-Lys] = 0.21 mM, [Trp-Ala] = 0.6 mM, [Trp-Gly-Gly} = 0.46
mM; CT-DNA from [bp] = 0 mM up to [bp] = 4.0 mM resp. 5.1 mM
resp. 3.3 mM resp. 7.1 mM.

®Not determined because of too large overlapping and high multi-
plicity.

¢ [ppm], shift difference observed at highest DNA concentration used.
4[bp] = 4.0 mM.

¢(bp] = 5.1 mM.

f[bp] = 3.3 mM.

£[bp} = 7.1 mM.
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Fig. 6. Plot for the determination of the formal association constant K
for ligand 2d and sonicated CT-DNA using the half-width of the H2
signal of the indole part (see Fig. 1), on the basis of next neighbour
exclusion; W, = half-width values obtained for 100% complexation.

the additional amide function and the peptides without basic
residues. The difference obviously lies in the number and posi-
tion of the positively charged "NH;-groups which only in the
flexible lysine side chain can approach the groove phosphate
groups closely enough for the formation of contact ion pairs.
Amide functions of neutral aminoacids contribute not suffi-
ciently to binding of the very weak intercalator indole.
Similar limitations of a simultaneous full use of contact at
two binding sites, and hence of the full chelate effect have been

J. Sartorius, H.-J. Schneider! FEBS Letters 374 (1995) 387-392

seen in the binding of aromatic anions in azoniacyclophanes as
host compounds. The binding constants in these supramolecu-
lar complexes dropped considerably if the spacing between the
van der Waals and the ionic contact site was insufficient [14].
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