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Abstract 

Sodium-23 spin-lattice relaxation rate (the reciprocal relaxation time) measurements have been used to study 

the intercalation of 9-aminoacridine in calf thymus DNA. The results are analyzed by a two state model based 

on the counterion condensation theory and a theory for the quadrupolar relaxation of counterions in 

polyelectrolyte solutions. It is shown that change of the solvent from H,O to D,O has a negligible effect on the 

intercalation process. Furthermore, an attempt is made to analyze the dependence of the ‘Li spin-lattice 

relation rate on intercalation of 9-aminoacridine in LiDNA. It is shown that both quadrupolar and dipolar 

mechanisms contribute to the bound ‘Li relation rate, and that both these contributions are reduced upon 

intercalation of 9-aminoacridine. 
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1. Introduction 

A large variety of organic molecules containing 
a planar part bind strongly to DNA by inserting 
the planar part in between adjacent stacked base 

pairs in the double helix structure of DNA. This 

process is called intercalation, and was first de- 

scribed by Lerman [l]. 
The classic intercalation process results in an 

extension of the helix, whereby the average phos- 

phate to phosphate distance is increased. This 

* To whom correspondence should be addressed. 

results in an overall decrease of the DNA charge 
density. Furthermore, positive charges on the in- 
tercalator neutralize some of the anionic charge of 
DNA which also reduces the charge density. 

In solutions of DNA and a simple counterion 
(e.g. 23Na and ‘Li) some of the counterions are 

associated (called bound) to DNA, whereby the 
helix structure is stabilized. It has been shown that 
the NMR relaxation rates of 23Na+ counterions 
bound to DNA are significantly enhanced com- 

pared to the relaxation rates of Na’ in solutions 

without DNA [2,3]. This is due to effects pro- 

duced by the electric field of the DNA polyion. 
These effects include motional effects and effects 
on the local field gradients around the quadrupo- 
lar relaxing 23Na+. Intercalation reduces the bound 
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relaxation rate due to the reduction of the charge 
density, which reduces the average field produced 

by the DNA polyion. Furthermore, the charge 
density reduction results in a release of bound 
Naf to the bulk re ion of the solution char- 

acterized by a smaller 
4, 

Na relaxation rate. Conse- 

quently, the intercalation process strongly reduces 
the average relaxation rate of 23Nat in DNA 

solutions. 
This effect was first observed by Mariam et al. 

[4]. They observed a dramatic decrease of the 23Na 
line width upon addition of ethidium bromide to 
NaDNA. Recently, we introduced 23Na spin- 
lattice relaxation rate measurements in the study 

of intercalation in NaDNA [5]. It was shown that 

the 23Na spin-lattice relaxation rate (R,) is a 
sensitive parameter for the investigation of inter- 

calation. The intercalation of a series of deriva- 

tives of 9-aminoacridine was studied by such mea- 

surements [5,6]. The observed decrease of R, upon 
intercalation was analyzed by a simple model [5] 

based on a combined use of the counterion con- 
densation theory [7] and the theory for the 
quadrupolar relaxation of counter-ions in polyelec- 

trolyte solutions, introduced by Van der Klink et 
al. [S]. 

In this study we have investigated the intercala- 

tion of 9-aminoacridine in solutions of calf thymus 
NaDNA in both H,O and D,O by 23Na-R, mea- 

surements in order to obtain information on the 

effect of solvent change on the intercalation pro- 
cess. For the analysis of the 23Na-R, studies we 
have introduced a revised model. 

The applicability of 23Na-R, measurements as 
a method to study the binding of intercalators to 

DNA has urged us to measure the spin-lattice 

relaxation rates of other types of monovalent 
counterions. In this study we report the effect of 
intercalation of 9-aminoacridine in LiDNA on the 

‘Li spin-lattice relaxation rate. The relaxation of 
‘Li+ is caused by both quadrupolar and dipolar 
interactions [9,10]. The separation of the ‘H-7Li 

dipolar contribution from other relaxation contri- 

butions is performed by measuring the relaxation 
rate in both H,O and 40 as the dipolar contri- 
bution from the ‘H-‘Li interaction is replaced by 
the much less effective 2D-7Li dipolar interaction 
in D,O. Consequently, all ‘Li-R, measurements in 

this study have been performed in both H,O and 

D,O. 

2. Experimental 

Four types of 10e3 A4 PIPES-buffers were used 

in this study: a NaPIPES-buffer in both H,O and 
D,O (abbreviated NaPIPES(H,O) and NaPIPES 

(D,O)) and LiPIPES buffers in the same solvents 
denoted likewise. The buffers contained 1O-4 M 

EDTA and were adjusted to neutral by addition 
of either NaOH/NaOD or LiOH/LiOD. The 
concentration of Li+ and Naf in the buffers has 

been measured to be approximately 2 mM. 
Calf thymus NaDNA (Sigma Type 1) was first 

dissolved in NaPIPES(H,O) (3.5 mg/ml) by mag- 

netic stirring at 0-4°C for 48 h, and then filtered 

through 0.45 pm Sartorius cellulose acetate mem- 

branes. Portions of 10 ml solution were sonicated 

for 10 x 10 s at 0-4°C. The average molecular 
weight of the sonicated DNA has been estimated 

to (l-2) x lo6 Da by gelelectrophoresis. The DNA 
was dialyzed several times against NaPIPES(H,O) 

at 4’C followed by precipitation with ethanol at 
- 10” C. The DNA was then washed in ethanol 
and air-dried overnight. The dry DNA samples 

were then redissolved for 48 h at 4’ C in either 

NaPIPES(H,O) or NaPIPES(D,O) followed by 

filtration through 0.45 pm Sartorius cellulose 
acetate membranes to obtain both the normal 

NaDNA and NaDNA samples in the deuterated 
solvent from the same preparation. 

LiDNA was prepared from sonicated NaDNA 

by dialysing against LiPIPES(H,O). After the di- 
alysis, the LiDNA was ethanol precipitated, wash- 

ed and redissolved in either LiPlPES(H,O) or 

LiPIPES(D,O) by a procedure similar to the one 
used for NaDNA. 

DNA concentrations, [PI, expressed in terms of 

nucleotide equivalents per liter were determined 
spectrophotometrically {cl60 = 6600 M-’ cm-‘) 

on a Shimadzu UV-160 spectrophotometer. All 

the DNA samples displayed a A,,,/A,,, ratio 
between 1.87 and 1.90. Phenol extraction followed 
by ether extraction and ethanol precipitation per- 

formed on a NaDNA sample to remove traces of 
protein before dialysis did not change this ratio. 
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Neither had it any effect on the results of the 
types of titrations performed. The hyperchromic- 

ity of all the DNA-samples was measured by 
alkaline denaturation and shown to be in an 
acceptable range (27-30s). 

The sodium concentration, [Na’], was mea- 

sured from the NMR spectrum by comparing with 

the signal from a calibrated capillary reference 

containing the ion and a shift reagent (240 mM 

NaCl and 60 mM DyCl,). Prior to measurements 
of the signal intensity, the DNA samples were 

diluted 2-3 times with 100 mM MgSO, to exclude 
Naf from the bound state. The signal/noise (S/N) 

ratio of the signal from the DNA sample was 
thereby improved considerably. Careful calibra- 

tion of the intensity measurements showed that 
the uncertainties on the [Na+] determinations were 
less than 5%. A similar method has been used to 
determine [Li+] in LiDNA solutions by use of 7Li 

NMR spectra. The uncertainties of the [Li+] de- 

terminations are generally higher than the uncer- 

tainty on the [Na+] determinations, but are less 
than 8%. 

9-Aminoacridine hydrochloride (Aldrich) was 

used without further purification. Stock solutions 
were prepared by dissolving 9-aminoacridine in 

either H,O or D,O. The concentrations were de- 

termined by UV spectroscopy (edO, = 10100 cm-’ 

M-l). 
All DNA samples for NMR were made 4 mM 

by diluting with either distilled H,O (DNA in 

H,O-buffer) or D,O (DNA in D,O-buffer). The 

intercalator titrations were performed by adding 
successive aliquots of the 9-aminoacridine stock 
solutions in either H,O or D,O directly to the 

DNA sample in the NMR tube. The concentra- 

tion of the 9-aminoacridine solution was adjusted 

so that the sample volume increased by less than 
10% during the titrations. It has been shown that 

increasing the sample volume by 20% with water 
does not change the spin-lattice relaxation time 
T, significantly [5]. Titrations with the counterions 
(in the form of NaCl or LiCl solutions) were 

performed by a similar procedure. 
All ‘Li and 23Na NMR measurements were 

performed in 10 mm tubes on a Bruker AC-250 

spectrometer. The temperature was 300 K unless 
otherwise stated. The inversion recovery (180 ’ -7- 

90 ‘-aqc) pulse sequence was used for the T, mea- 
surements with 15 different values of 7 for each 

experiment. Each 23Na spectrum was the result of 
the accumulation of 320 scans, while ‘Li spectra 
were obtained from only 1 scan. The use of only 1 

scan for ‘Li spectra in the inversion recovery 
experiments was necessary due to the slow relaxa- 

tion of ‘Li and proper consideration of the sample 

stability. The T, values were obtained by a three- 

parameter linear least-squares fitting procedure. 
Each TI value is the average of at least 2 measure- 

ments. 

3. Theoretical background 

In this work we have used Manning’s counter- 
ion condensation theory [7] in order to interpret 
the experimental results. Although approximative, 

this theory has shown to be quite successful in 
rationalizing the distribution of monovalent coun- 

terions in DNA solutions [2,11,12]. The counter- 
ion distribution is described by a two site model in 

which counterions are assumed to be either kept 

close to the polyion by a delocalized binding (de- 
noted bound state), or in a free state unperturbed 
by the polyion. The relaxation of the counterions 

in each state is assumed to be described by a 
single relaxation rate. If the exchange rate be- 
tween the sites is sufficiently fast, the observed 

relaxation rate is given by: 

R,=R,+ &-R,)([Pl/[M+l)a (1) 

where R, and R, represents the relaxation rate in 
the bound and free state. Manning’s [7] degree of 
condensation given as bound counterion charge 

per polyion charge is denoted by a, while [P] and 

[Mf] are the concentrations of DNA and counter- 

ions respectively. 
An important result of the condensation theory 

is that the degree of condensation of the counter- 
ions is independent of the concentration of the ion 
at concentrations lower than approximately 1 M, 
but a function of the charge density, A, of the 

polyion. For a monovalent counterion a is given 

by: 

a=l-l/X (2) 
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where A is given by: 

X = (ae’)/( d&T) (3) 

E is the dielectricity constant of the solvent, k the 

Boltzmann constant, T the absolute temperature, 
e the elementary charge, LY the degree of ioniza- 
tion, and b is the average intercharge distance in 
DNA. 

The classic intercalation process is assumed to 
reduce the charge density by two effects. Firstly, 

intercalation results in an extension of the helix 
with an amount X. Secondly, the positive charges 
on the intercalator will reduce the overall anionic 
charge of the polyion. These two effects combined 

produce a significant decrease of the charge den- 

sity of the polyion upon intercalation. If we as- 
sume a linear decrease of the anionic charge of the 

polyion and a linear increase of the helix exten- 

sion upon addition of intercalator, the intercala- 
tion will reduce A according to the expression: 

A = e2(%-Ti) 

rkT( b, + rXpi) 

q is the number of neutralized anionic charges on 

DNA per bound intercalator, a, and bO are the 
degree of ionization and the average intercharge 

distance in DNA before addition of intercalator, 
respectively, pi = [I],/[I] is the fraction of bound 
intercalator, [I] is the total concentration of inter- 

calator and [Ilb the concentration of intercalated 

intercalators and r = [I]/[P]. 
The smaller value of A will reduce the observed 

relaxation rate R, as a consequence of two effects. 
Firstly, the degree of condensation, a, is reduced 

according to eq. (2) followed by a release of 
counter ions from the bound to the free state. 

Secondly, the relaxation rate, R,, for the remain- 
ing bound counter-ions will decrease due to the 
smaller average field on the DNA strain after 
intercalation. Both of these effects will reduce the 

the relaxation rate, R,, but the latter has been 
shown to be the most important one [5]. 

To describe the dependence of the bound re- 

laxation rate upon intercalation is a formidable 
task, and no satisfactory theory exist at the mo- 
ment. Correspondingly we use as an approxima- 

tion the only theory with the necessary simplicity 

to be of practical use. This is the relaxation theory 
for quadrupolar relaxed counterions in polyelec- 

trolyte solutions introduced by van der Klink et 

al. [8]. Although approximative [13-151, it will be 
shown that adopting results from this theory 
parameters describing the intercalation can be ob- 

tained. A discussion of the interpretation of these 
parameters and the limitation in the use of the 

whole model will be given below. 

Van der Klink et al.‘s theory [8] yields the 
following expression for the bound relaxation rate 
as a function of the charge density of the polyion: 

R, = CA2 (5) 

where C is a constant independent of the interca- 

lation, and where X is given by eq. (4). Combina- 

tion of eqs. (1) (2) and (5) yields the following 
approximative expression for the observed 

quadrupolar relaxation rate of the bound counter- 
ions in DNA solutions 

R, = R, + (CA* - R,)(CPl/[M+])(l - l/X) (6) 

If the relaxation in the bound state is not 
caused exclusively by the quadrupolar interactions 
like in the case of 7Li, the following expression 
can be used to calculate the relaxation rate of the 

bound state: 

Rb = Rf + tR, - Rf)([“+l/[Pl)/(l - 1/x) 

(7) 

In this equation it has been assumed that the 
counterion distribution can be described by the 
condensation theory. 

4. Results and discussion 

4.1 Exchange rate and motional conditions in 

NaDNA solutions 

The conditions used in this work to study the 
relaxation behaviour of 23Naf in NaDNA solu- 

tions yield 23Na NMR signals in both NaPIPES 

(H,O) and NaPIPES(D,O) that deviates from 
Lorentzian line shapes, but only to a minor extent. 
This indicates a deviation from the extreme nar- 

rowing conditions [16]. The relaxation in the free 
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state is assumed to be identical to the relaxation 
of 23Na+ in a solution of a simple electrolyte, in 
which extreme narrowing conditions are fulfilled. 
Deviation from Lorentzian line shapes in DNA is 
therefore caused by non extreme narrowing condi- 
tions in the bound state. The spin-lattice relaxa- 
tion measurements do not exhibit any deviation 
from exponential relaxations, as the inversion re- 
covery data can be fitted nicely to single exponen- 
tial decays. These observations imply that the 
relaxation measurements on *‘Na’ in this work 
must have been performed under conditions out- 
side, but close to the extreme narrowing limit 
probably in the intermediate narrowing range [17- 
191. 

In order to examine the exchange rate, we have 
measured R, for 23Naf as a function of the 
temperature in the range 280-310 K in both 
NaDNA in NaPIPES(H,O) and NaPIPES(D,O). 
Plots of ln(R,) as a function of the inverse tem- 
perature l/T (Arrhenius plots) are linear with 
positive slopes (data not shown) in agreement with 
fast exchange between the two sites [20]. 

4.2 Counterion concentration dependency of R, 

Prior to intercalation experiments on NaDNA 
we have measured the observed relaxation rate of 
23Nac in solutions of NaDNA in both NaPIPES 
(H,O) and NaPIPES(D,O) as a function of the 
Na+ concentration, [Na+]. The result is repre- 
sented in Fig. 1, where the observed spin-lattice 
relaxation rate is shown as a function of [P]/ 
[Na+]. A linear dependency between R, and [PI/ 
[Na+l is expected on the basis of Manning’s con- 
densation theory [7]. This follows from the as- 
sumptions that R,, R, and the degree of con- 
densation, a, are independent of INa+] (eq. 2). 
Anderson et al. [2] have verified these assumptions 
at low ionic strengths. 

In Fig. 1 approximate linear trends call be 
observed for both types of solutions over the 
entire range of [P]/[Na+] ratios examined. A slight 
deviation from linearity may be inferred in both 
cases. Such deviations are often observed [11,12] 
and are probably caused by small deviations from 
extreme narrowing conditions in both solutions 
[12] or a slight protein contamination of the DNA 

01 02 03 Oi 05 0.6 07 08 

Fig. 1. The observed spin-lattice relaxation rate of 23Na+ at 

300 K in solutions of NaDNA in NaPIPES(H,O) (m, [P] = 4.0 

mM and [Na+ ]‘/[P] =1.2) and NaPIPES(D20) (0, [P] = 4.0 

mM and [Na+]‘/IP] =1.3) as a function of the [PlANa’] 

ratio. The dotted lines represent the best linear lines through 

the experimental points below [P]/[Na' ] = 0.45. 

[ll]. The uncertainty on [P]/[Na+] is considerable 
at the high values. This makes it even more un- 
justified to conclude that the small deviations are 
due to breakdown of the applicability of the con- 
densation theory. 

From the ordinate intercepts in Fig. 1 R, can 
be obtained. Likewise, estimates for R, can be 
calculated from the slopes by use of the R, values 
and Manning’s estimate for the degree of con- 
densation (a = 0.76) (eq. 1). These estimates have 
been calculated for both solutions by performing 
linear least squares fitting of the data points below 
[P]/[Na+] = 0.45. The results are shown in Table 
1 together with the ratio of R, and R,. 

Table 1 

Sodium-23 ion relaxation rates measured at 300 K 

Buffer 
$) (Rsf-;) 

RJR,= Rrb 

(s-l) 

NaPIPES(H,O) 118 18.0 6.6 16.8 

NaPIPES(D,O) 131 21.3 6.2 20.5 

’ Obtained from the Na+ titrations of NaDNA represented in 

Fig. 1. 

b Measured on Na’ in buffers without DNA. 
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The relaxation rate of 23Naf at 300 K is seen 

to increase 6-7 times from the free to the bound 

state (Table 1). Also included in Table 1 are the 
spin-lattice relaxation rates of 23Na+ in the 
buffers without DNA. The R, values obtained 

from the ordinate intercepts in Fig. 1 are slightly 
larger than the relaxation rates measured on the 
buffers. Minor differences are often [2,11,12], but 
not always [21] observed, when R, in DNA solu- 
tions is estimated from R,-[P]/[Na] plots. We 

have chosen to use the R, values measured in the 

buffers without DNA in our calculations, since 
this value is supposed to be the most accurate 

determined one. The results of the performed 
calculations have a negligible dependence of which 
R, estimate is used. 

4.3 Intercalation in NaDNA 

The spin-lattice relaxation rate has been mea- 

sured as a function of the amount of 9- 
atninoacridine added to a solution of NaDNA in 
NaPIPES(H,O). The results are shown in Fig. 2. 
Precipitation occurs at intercalator/DNA nucleo- 

tide ratios (r) higher than approximately 0.25. 
A non-linear decrease of R, as a function of r 

R,ls-’ 1 
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Fig. 2. The observed spin-lattice relaxation rate of “Na+ at 

300 K in a solution of NaDNA in NaPIPES(H,O) ([PI = 4.0 
mM, [Na+ ]/[P] = 1.2) as a function of r, the ratio of 9- 

aminoacridine to DNA nucleotide equivalents. The solid line 

represents the result of fitting the experimental points below 

0.21 to eq. (6). The dotted line represents the free relaxation 

rate RF (16.8 s-l) measured on *‘Na+ in NaPIPES(H,O) 

without DNA. 

is observed and a least squares fit of the data to 

the eq. (6) with X given by eq. (4) has been 

performed. The parameters C and x were allowed 
to vary, while all other parameters were kept con- 
stant in the iterations. 

9-Aminoacridine is known to be a strong inter- 

calator with a binding constant above lo4 M-’ at 

low ionic strength [5,6]. By use of Scatchard’s 
equation corrected for the neighbour exclusion 
principle [22] the ratio of bound to free intercala- 

tor molecules can be estimated. This has been 

done, and it was found that the ratio was greater 

than 50, even up to r = 0.25. Thus, we assumed 

that all the added intercalators actually do inter- 
calate properly (pi = 1). Since 9-aminoacridine is 
used in the form of the hydrochloride q = 1. The 
native B form of DNA is assumed to be dominant 

in aqueous solutions at low ionic strength. This 

implies that the average intercharge distance, b,, 

is 1.7 A. DNA is fully neutralized at pH = 7.0 and 

the degree of ionization (Y,, is therefore equal to 1. 
Titrations were carried out at 300 K. At this 
temperature the relative permittivity of H,O is 

77.82. [P] and [Na+] were determined as described 
above, giving a [P]/[Na+] ratio of 0.83. 

The fitting procedure yielded the estimates for 

C and x shown in Table 2. The last two points 

were omitted in the final fitting as this improved 
the fit considerably. The solid line in Fig. 2 repre- 

senting the result of the fitting shows that the 

titration points in the range O-O.21 can be fitted 
reasonably to eq. (6). 

The reasonable fit should be interpreted with 

great care due to the weakness of the relaxation 
theory used. In particular it must be noted that 

the succes of eq. (6) in explaining the decrease in 

R, shows that eq. (5) when combined with other 

elements of the model seems to be a fairly good 
approximative description of the relationship be- 
tween the bound relaxation rate and the charge 
density under these circumstances. This seems to 

be in accord with the results of Van Dijk et al. [23] 
in a study on sodium ion and solvent relaxation in 
aqueous solution of DNA. 

These considerations are important for the in- 

terpretation of the obtained estimates for C and 
X. The obtained C value was used to calculate the 
value of the bound relaxation rate before addition 
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Table 2 

Estimates for x, C and f7: obtained from fitting of the results 

of the 9-aminoacridine titrations of NaDNA to eq.(6) 

Buffer 

NaPIPES(H,O) 
NaPIPES(H,O) 

NaPIPES(D,O) 

r range 

o-o.25 

o-0.05 

o-0.05 

x c Rob 

(A) (s-l) 

4.4 6.7 118 
3.8 6.5 115 

3.9 7.2 128 

of intercalator, Rt, from eq. (5) with A given by 
eq. (3). The calculated value of Rt is given in 
Table 2. Excellent agreement exists between the 
estimate for Ri obtained from the 9-aminoacri- 
dine titration and the value for R, (115 s-l) 
obtained from the Na+ titration of NaDNA in 
NaPIPES(H,O) in Fig. 1. This shows that C has a 

negligible dependence on the intercalation as as- 

sumed (see theoretical background). 
Although introduced in the model as a helix 

extension in the expression for the charge density 
the obtained estimate for x should be interpreted 

with great care. From the x value obtained, it is 

tempting to take x as the actual size of the exten- 
sion induced by the intercalator as the obtained 
value of 4.4 A seems reasonable, when compared 

to estimates obtained by other methods (2.0-5.Ow 
[24-271). This is problematic, due to the lack of 

sound theory relating the effects of intercalation 
to the reduction of the bound relaxation rate 
discussed above. We shall therefore in this context 
use x only as an empirical parameter describing 
the effects of intercalation, and not particular 

relate it to the induced helix extension. In this 
framework the x-values can be used qualitatively 

to compare intercalation of different intercalators 

under the same experimental conditions or inter- 
calation of the same intercalator under different 
experimental conditions. 

4.4 Solvents effects on the 23Na-NMR measurements 

on NaDNA 

The intercalation of 9-aminoacridine in DNA 
in both NaPIPES(H 0) and NaPIPES(D1O) has 
been folIowed by ‘jNa-R, measurements. The 

curves have been fitted to eq. (6) using the same 
values of the parameters as described above, but 

with the exceptions that E, was set to the value of 
the relative permittivity of D,O at 300 K (77.53) 
and R, to 20.5 SC’ (Table 1) for NaDNA in 
NaPIPES(D,O). 

The solid lines in Fig. 3 represent the result of 

these fittings, and the obtained values of x, C and 
RE are given in Table 2. As seen in Fig. 3, there is 
good agreement between the experimental data 

and the curves obtained by the fitting procedures 
for the titrations of NaDNA in both NaPIPES 

(H,O) and NaPIPES(D,O). The obtained esti- 
mates for x in the two buffers are close to each 
other and not significantly different (Table 2). 
Thus, we conclude that the intercalation process is 
unaffected by the change of solvent from H,O to 
D,O. Furthermore, by comparing these values with 
x-estimates obtained at 285 K, we have shown 

that the x-values are only slightly dependent of 
the temperature of the experiment. Thus the inter- 
calation process does not seem to have significant 

temperature dependence in the range examined. 
The estimate for Ri in NaPIPES(H,O) and 

NaPIPES(D,O) obtained from the fittings (Table 

2) is in excellent agreement with the values ob- 
tained from Table 1. The value for RE in 
NaPIPES(D,O) is larger than the value in 

R,[S”l 

Fig. 3. The observed spin-lattice relaxation rate of 23Na+ at 

300 K in solutions of NaDNA in NaPIPES(H,O) (@) and 

NaPIPES(D,O) (m) ([PI = 4.0 mM [Na+]/[P] =1.2 in both 

solutions) as a function of r the ratio of 9-aminoacridme 10 

DNA nucleotide equivalents. Solid lines represent the result of 

fitting the experimental points to eq. (6). The dotted lines 

represent the best linear lines through the first 4 points, and 
are included to stress the small deviations from Linearity. 
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NaPIPES(H,O). This is due to the higher viscosity 
of D,O compared to H,O. 

4.5 Exchange rate and motional conditions in 
LiDNA solutions 

The observed spin-lattice relaxation of ‘Lit in 
LiDNA solutions in both LiPIPES(H,O) and 
LiPIPES(D,O) exhibits a single exponential decay. 
Consequently, the relaxation can be characterized 
by a single relaxation rate R,. We have measured 
this relaxation rate as a function of the tempera- 
ture in the range 280-310 K for LiDNA in both 
LiPIPES(H,O) and LiPIPES(D,O). The plots of 
ln(R,) as a function of l/T have both positive 
slopes (data not shown), and we therefore assume 
fast exchange between the two states in the solu- 
tions of LiDNA in both types of buffer. 

Lithium-7 has a complicated relaxation be- 
haviour with contributions from both quadrupolar 
and dipolar relaxation. The line shapes of the 
observed ‘Li signals from LiDNA in the two 
buffers deviate both slightly from exponential 
spin-spin relaxation behaviour. This is probably 
caused mainly by non-extreme narrowing condi- 
tions for quadrupolar relaxation in the bound 
state, since this relaxation mechanism is assumed 
to be dominant in both buffers. 

4.6 Dependence of R, on counterion concentration 
in LiDNA solutions 

The applicability of Manning’s condensation 
theory in LiDNA solutions was examined by 
titrating solutions of LiDNA in both LiPIPES 
(H,O) and LiPIPES(D,O) with LiCl solutions. 
The results of these titrations are shown in Fig. 4, 
where the observed spin-lattice relaxation rate is 
plotted as a function of [P]/[Li+]. An approxi- 
mate linearity exists between [P]/[Li+] and R, in 
both solutions over the entire range of [P]/[Li+] 
ratios studied (the small curvatures in both plots 
are ascribed to the same effects as in the case of 
23Na). This is in agreement with the Manning’s 
condensation theory. 

Equation (1) and Manning’s estimate for the 
degree of condensation in DNA solutions contain- 
ing monovalent counterions, 0.76, can be used to 

R,lS”) 
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Fig. 4. The observed spin-lattice relaxation rate of ‘Li+ at 300 

K in solutions of LiDNA in LiPIPES(H,O) (I) and 

LiPIPES(D,O) (0) ([PI = 4.0 mM and [Li’]‘/IP] = 1.2 in both 

solutions) as a function of the [P]/[Li+ ]. The dotted lines 

represent the best linear tines through the data points below 

[P]/[Li + ] = 0.4. 

obtain estimates for R, and R, from the titration 
curve in Fig. 4 by a procedure similar to the one 
used for sodium. The values of R, and R, are 
given in Table 3 and show that the bound relaxa- 
tion rate in LiPIPES(H,O) is significantly larger 
than the corresponding value of the relaxation rate 
in LiPIPES(D,O). This indicates that at least the 
‘H-7Li dipolar interactions in LiPIPES(H,O) 
contribute significantly to the relaxation rate in 
the bound state. A quantitative analysis of this 
effect is made below. The estimates for R, ob- 
tained from the R,-[P]/[Li+] plots are only 
slightly larger than the relaxation rates measured 

Table 3 

Lithium-7 ion relaxation rates measured at 300 K 

Buffer Rb 

(A) 

Rfa 
(s-1) Y 

(S- 1 

LiPIPES(H,O) 0.243 0.058 0.057 

LiPIPES(D,O) 0.202 0.032 0.029 

a Obtained from Li+ titrations of LiDNA represented in Fig. 
4. 

’ Measured on Lit in buffers without DNA. 
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on the DNA free buffers as observed for sodium aminoacridine, the result of which is shown in Fig. 
(Table 3). 5. 

4.7 Intercalation in LiDNA 

The contribution from the different relaxation 

mechanisms to the observed spin-lattice selaxa- 
tion rate of ‘Li+ in the free state may be sep- 
arated by the following procedure: The relaxation 
rates of 7Li+ at a concentration of 5 mM in 

LiPIPES(H,O) and LiPIPES(D,O) (model systems 
for the free state) at 300 K are 0.0575 s-l and 
0.029 s-l, respectively (Table 3). These rates are 
in reasonable agreement with rates measured in 
LiCl solutions under similar conditions [9,10]. In 
these solutions extreme narrowing conditions 

apply. It is assumed that only quadrupolar and 
solvent-lithium dipolar interactions (‘H-7Li in 
LiPIPES(H,O) and 2D-7Li in LiPIPES(D,O)) 
contribute to the observed relaxation rate (omit- 

ting terms describing the 7Li-7Li interactions due 
to the low concentration of Li+). Then according 

to Hertz et al. [lo] the following expressions apply 
for the observed relaxation rates of ‘Li+ in H,O 
and D,O: 

These calculations were based on eq. (7) with h 
given by eq. (4). [Li+]/[P] ratios of 1.2 were found 
in the solutions of LiDNA in both LiPIPES(H,O) 
and LiPIPES(D,O). The reduction of the charge 
density due to intercalation in LiDNA is assumed 
to be similar to the situation in NaDNA. Conse- 

quently, pi0 and q have been set equal to 1.0 and 
x to 3.9 A. The results of calculations of the 
bound relaxation based upon this assumption are 
shown in Fig. 6. 

The calculated values of the bound relaxation 

rate are given as a function of r. The relaxation 
rates of the bound state are seen to be signifi- 
cantly larger in LiPIPES(H,O) than in LiPIPES 
(D20) over the entire range of I values examined. 

This indicates that ‘H-‘Li dipolar interactions 
contribute significantly to the relaxation of ‘Li in 

the bound state in solutions of LiDNA in Li- 
PIPES(H,O) over the entire range of r-values 
studied. Furthermore, the almost parallel linear 
dependencies in Fig. 6 show that the ‘H-‘Li 

R,IS-‘I 

MH,O) = R,, + R, (8) 
t 

018 1 
R,(D,O) = @,,a + Rs> (9) 

where R,, represents the ‘H-‘Li dipolar and R, 

the quadrupolar contribution to the observed re- 
laxation rate in H,O, 1 is the ratio of the effective 

viscosities around Li+ in D,O and H,O and can 
be estimated to be 1.15 [lo], and S is the ratio of 

the squares of the magnetic moments of ‘D and 

‘H. 
Use of eqn. (8) and (9) yields: R, = 0.023 S-I 

and R,,= 0.034 s-‘, which implies that the major 

contribution (60%) to the relaxation rate in the 
free state in LiPIPES(H,O) is due to the ‘H-‘Li 

dipolar relaxation. 
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The separation of the different contributions to 
the relaxation rate in the bound state is somewhat 
more complex. Initially, we have calculated esti- 
mates for this rate by using the observed relaxa- 
tion rate obtained during titrations of LiDNA in 

both LiPIPES(H,O) and LiPIPES(D,O) with 9- 

‘r 
001 0.02 0.03 0.w 0.05 

Fig. 5. The observed spin-lattice relaxation rate of ‘Li+ at 3CG 
K in solutions of LiDNA in LiPIPES(H,O) (B), dala from two 
experiments and LiPIPES(D,O) (0) ([PI = 4.0 mM and 
jLi+ J/[P] = 1.2 in both solutions) as a function of r. Solid lines 
represent the best linear lines through the experimental points. 
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Fig. 6. The bound relaxation rates of ‘Li+ at 300 I< in solutions 
of LiDNA in LiPIPES(H20) (I) and LiPIPES(D,O) (0) calcu- 
lated from the observed rates in Fig. 6 as described in the text 
as a function of r. Solid lines represent the best linear lines 

through the experimental points. 

dipolar contribution is only slightly affected by 

the intercalation process. 
A more quantitative analysis requires sep- 

aration of the different contributions in a way 

similar to the one used for the free state. However, 
it is more complicated in the bound state since 

more than two relaxation mechanisms may con- 
tribute to the observed relaxation rate. This is due 

to the fact that the concentration of Li+ in the 
volume of the bound state according to Manning’s 
theory may be so high that 7Li-7Li and 31P-7Li 

interactions might be significant, Accordingly, the 
observed bound relaxation rate in LiPIPES(H,O) 
is described by the following equation: 

R,(H,O) = Rid + R”4 + R; (10) 

where Rt represents the contribution from all 
other mechanisms than ‘H-‘Li dipolar and 

quadrupolar interaction. The bound relaxation rate 
R b in LiPIPES(D,O) is assumed to be given by: 

R,(D,O) = S,( R&S + R”g + R;) (11) 

where lb has been taken equal to 1.11 based upon 
the viscosity correction factor obtained from the 
bound relaxation rates of 23Na+ in H,O and D,O. 

The observed values of the bound relaxation 
rates of ‘Lif in LiDNA in LiPIPES(H,O) and 

LiPIPES(D,O) before addition of intercalator are 
0.236 s-’ and 0.184 s-l, respectively. Use of eqs. 
(10) and (11) then yields: Ri,=0.08 S-I (33%) 
and (Rb, + Rt) = 0.16 s-i (67%). 

Comparing these rates to the ones obtained in 

the free state implies that the ‘H-7Li dipolar rate 
is approximately doubled from the free to the 
bound state. This may be due to a more restrictive 
motional behavior of Li+ in the bound state. If 

other dipolar interaction than ‘H-‘Li is neglected 
(Rt = 0), then the results show that the relaxation 
rate of the quadrupolar mechanism is increased 

4.8 times from the free state to the bound. This is 
comparable to the enhancement obtained for the 
quadrupolar relaxation of 23Na+ in NaDNA solu- 
tions in NaPIPES(H,O) (Table 1). 

Since further relaxation mechanisms may con- 
tribute (Ri + 0), the value of the enhancement 
must be taken as an upper limit for the increase of 
the quadrupolar relaxation rate of ‘Li+ from free 
to bound state. 

A linear least square fit of the experimental 
data revealed the following relation: 

R,(H,O) = (0.24 - 0.76r)s-’ 

R,(D,O) = (0.18 - 068r)s-’ 

Use of these equations combined with eqs. (10) 

and (11) and ct, = 1.11 yield the following expres- 
sions: 

R$( r) = (0.08 - 0.15r)C’ 

R;(r) + R:(r) = (0.16 - 0.61r)s-’ 

According to these calculations the ‘H-‘Li di- 
polar contribution is seen to be slightly reduced 

on intercalation. The effect is small, as Rid is 
reduced by less than 10% at I = 0.05, correspond- 
ing to one intercalated molecule per 10 base pair. 

The dependence of the Ri + Ri upon r repre- 
sents approximately 80% of the totally observed 
reduction in R, on intercalation. The reduction is 
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undoubtedly mainly due to the reduction in the 

quadrupolar relaxation rate (Rb,). If it is assumed 
that Ri = 0, it can be shown that the reduction of 
the quadrupolar relaxation rate of ‘Li+ on interca- 
lation is less effective than the corresponding re- 

duction in the 23Na quadrupolar relaxation rate, 
At r = 0.05 the ‘Li+ R”q rate is reduced to 80% of 
its initial value, whereas the 23Na R”q rate is 
reduced to 70%. On the other hand if it is as- 

sumed, that the reduction of the quadrupolar re- 
laxation rate of ‘Li+ is just as effective as the 

reduction of the rate for 23Na+, it is necessary to 

conclude that Ri # 0. A final evaluation of the 

size of Rb, cannot be performed from the present 
data. We will just point out that the existence of 
such a contribution could at least partly account 

for the slower relative decrease of the observed Rb 
for 7Li+, if it was assumed that Ri is independent 
of the intercalation. 

9-Aminoacridine titrations of LiDNA in the 
two buffers have been carried out at 285 K, and 
analysis identical to the one presented above has. 
been performed. The general conclusions at 300 K 

also apply at 285 K. That is a 30% contribution 

from the dipolar relaxation rate to the bound rate 
before addition of intercalator, and a small de- 

crease of this contribution upon intercalation. 
Likewise, the remaining contribution (70%) is less 
influenced by intercalation than the quadrupolar 

relaxation of 23Na+ as observed at 300 K. Thus, 

the general relaxation behavior of Lit in LiDNA 
solutions seems little affected by temperature. 

Few studies on the interaction of ‘Lif with 
polyions have been published. In a study of Kiel- 
man et al. [28] the relaxation rate of ‘Li+ in 

solutions of polyphosphate at high concentration 
(0.3 M) was shown to be completely governed by 
quadrupolar interactions. Furthermore, it was 

found that the Li’ polyion interaction was quali- 
tatively different from the Na+ polyion interac- 
tion. Particularly, it was found that the data indi- 

cated a small degree (15%) of site binding of Li+ 

to the phosphate groups of the polyion, while the 
major part was free to move in the solution. We 
find no clear evidence for site binding of Lit in 

the present work. Nevertheless, such an effect 
would actually be able to explain the weaker de- 
pendence of the bound quadrupolar relaxation 

rate of Lit upon intercalation, since site bound 

Li+ would tend to screen some of the phosphate 
anionic charges on the DNA polyion. The relative 
decrease in the charge density on intercalation 
would thereby be smaller in LiDNA than in 

NaDNA. 
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