
MOLECULAR PHARMACOLOGY, 8, 104-109

Copyright �) 1972 by Academic Press, Inc.

SHORT Co�1�IuNncAT1ox

Binding and Circular Dichroism Studies on Interactions of Lysergic

Acid Diethylamide with Deoxyribonucleic Acid

C. A. BUSH,’ A. PESCE,2 M. (�AIzuTnS,’ ANI) V. NAIR3

Chemistry Department, Illinois Institute of Technology; Departments of Medicine, Michael Reese Hospital

and Medical Center and University of Chicago, Pritzker School of Medicine: and Institute of Psychiatry,

Michael Reese Hospital, and Department of Pharmacology, Chicago Medical School, Chicago, Illinois

60612

(Received June 28, 1971)

5�TMMA1tY

lime iimteractions of d- and 1-lysergic acid dietlmylamide (LSD) mvith DNA ms-crc studied by

nmeanns of equilibrium dialysis and circular dichroism. There was no signmificant difference

between the binidinig of d- and l-LSD to DNA. Circular dichroism data do not favor inter-
calation, and it is suggested that LSD is probably bound outside the DNA helix, perhaps
to the phosphate groups of DNA by some ionic mecimanisni.

Fhere is conisiderable controversy regard-

ing the teratogenmic anid nnutagenic properties

of lysergic acid diethylamide (1-4). The
evidence that tine drug produces embryonic
malformations and chromosomal damage in

human users and animals is inconclusive.
Elsewhere (5, 6) we have reported onn time

cytogenet.ic effects of LSD4 (100 pg/kg) on

mother rats, their embryos, and mature
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offsprinmg \sim(’nn time drug msas giveni early inn
pregnancy (ge�tationm day 4 or 5). Exposure

to LSD elicited nmo statistically significant
alterations inn time distrihutionn of chromosome
number (aneuploidy, diploidy, or poiy-

ploidy) anmd no significant inicrease inn struc-

tural clmromosomal aberrations inn the cells

from time pregnant anninnals or their offspring.
In anotimer study (7), pregnmanmt rats were

given LSD (100 jig/kg) at different periods
during gestat.ionm annd mvere allowed to deliver
and raise t.lmeir offsprinmg. We did nmot observe
amy gross malformations in time progenny, nor
did we mote anmy inmcreased inicidenice in
resorptionm, fetal deatim, or snnall fetuses.
Homsever, time incidence of inmfanmt deatims msas
iimcrea-sed inn all the drug-exposed groups. A

significanmt suppression of tue nnou’mal de-
velopmental increase in body weigimt annd of
time ontogeniesis of certainn biocimennical sys-

tenns inn brain and liver ms-as also observed in

time drug-exposed annimals.

Similar controversy also surrounds studies
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FIG. 1. Absorption spectra of d-J1SD (_�...)

and d-LSD bound to DNA (---)
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of DNA and LSD at the molecular level.

Fluorescence studies have been interpreted
as evidence for strong binding and initercala-

tion (8, 9). Modification of time circular
dichroism bands by added LSD was also
interpreted by Wagner (10) as evidence for

intercalation. On the other hand, Brady
et at. (11), in timeir studies of circular di-
chroisnm, found no effect of LSD on DNA
conformations. In addition, viscosity

measurements of closed circular DNA as a

function of added LSD failed to shomv the
behavior characteristic of intercalating drugs

(12).

Our experiments were designed to annswer
the following questions. (a) Does LSD bind

to DNA, and are there differences between
the d- and i-forms 111 this regard? It inas
been suggested in popular literature (13)

that l-LSD complexes witin DNA while time
psycimotomimetic d-form does not, implicat-

ing l-LSD as time mutagenic agent. We have

discovered some anomalies in the fluores-

cence metimod which nnay be connmected witin
pimotodegradation observed by Smit and

Borst (12). Therefore we cimose equilibrium
dialysis for the binding studies. (b) Under

conditionns of biniding, does inntercalat.ion
occur? Tlmis question nnay be ansmm-ered by
studying the circular dichroism banmds of time
LSD clmromoplmore. The effects of the DNA

Imelix in innducinmg Cottoni effects iii innter-

calated chromopimores is ms-eli known.
(1- aind l-LSD ms-crc obtainmed from the

National Inmstitute of Mental Health (Nair,

IND 4184). DNA was obtainned from Sigma

Chemical Company, and was further pun-
fled by the procedure of Marmun (14) to
yield a high molecular weiglmt compound. The
purity of time LSD was verified by spectro-
pimotofluorometnic analysis (15) . Spectra of
solutions of (1- anmd l-LSD containning various
concenntrationns of DNA ms-crc recorded with

a Cary 15 spectroplnotonm(’ter over time range
of 240-500 urn. Time reactionn mixtune of
Vieldinng and Sterglanz (5) was ennployed,
msimich consisted of the drug inn 0.01 M potas-
sium pimosphate buffer, l)H 6.1, and calf
thvnnus DNA. Fluorescence nmeasurement.s

mvere nmade in a Farrand niark I photo-

fluorometer. Under timese conditions ms-c
nioted severe artifacts front extraneous
quennchunig annd pimotodegradation, nund conse-

(luenitly could niot measure the fluorescenice
yield or imypocliromicity mvitin any degr(’e of
confidence. Our best data (Fig. 1) sinew no

difference betmseein time sj)ectra of LSD inn the

lresence and absentee of DNA. Tine idenntity
of time spectra suggests that LSD is not
intercalated iii time 1)NA molecule. \\e tinen

employed equilibrium dialysis and estimated
LSD by ann cxtractionn procedure. Equi-

libriunn dialysis mvas carried out using

Visking 5/32 dialysis tubing. The inner conn-

l)artnnent contained 1 ml of DNA solution of
the desired coincentration, annd time outer
compartment conntained 9 ml of 0.01 �i

potassium phospimate buffer, pH 6.1. LSD
was added to tine outer compartment, annd

dialysis mvas allomsed to proceed for 24-48 hr
at 4#{176}.DNA then ms-as determined by ab-
sorbance measurements, and LSD, by the
extraction procedure of Axelrod ci a!. (15).

Recoveries of LSD added to the buffer mvere
onm time order of 85 #{182}�. Time data from the

eq uilibniuni dialysis experimeints mvere
plotted accordinig to Klotz et al. (16) (Fig. 2),

aimd time binnding constants were calculated.
Time association constant for bindinmg of

(/-LSD mvas approximateiv 1025 Liter,’ Mole,
and that of l-LS1), 7S0 Liter/ Mole.
Tine difference betmvecn the tms-o mmntlues
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DNA - LSD INTERACTIONS
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FIG. 2. Estimation of binding constant of d-LSD (#{149})and l-LSD (X) to DNA

A is the free ligand concermtration, and r is moles of LSI) bound per mole of nucleot.ide. The lines were

calctnlated by linear regression analysis.

is not statistically significant. Time lomm binmd-

inig constant and time marrow spani of r (moles

of ISD bound per mole of DNA base) ob-
tainned in these experimennts precluded

extrapolation to obtain n, the number of

bindinng sites.
The low binding affinity of the drug for

DNA might imave resulted from an ionic
inmteractionm. To test. timis hypothesis, time

above experimenmts mvere repeated for d-LSD

in the presenmee of 0.2 �t NaCl and 0.01 M

potassium phosphate buffer, pH 6.1. No
binmding ms-as found within the experimenntal
error of the extraction method, also suggest-

inig that the mseak binding was ionic.

Circular dichroism experiments were per-
formed witim a Cary 60 spectropolarimeter

and a 6002 circular dicimroism accessory at
ambient. temperature (19#{176})in cells of 1-cnn

iatim length. Time optical density at 310 nm
of all solutions was approximately 0.5. As a
result of the higim DNA concentration, the
optical densities mvere not recorded at wave-
lengtims lommer thann 295 nm. Botin isomers of
LSD were obt.ainned from the Nationnal

Institute of Mental Health as tartarate
solutions, inn ampoules, containing 200 j�g/
ml. However, we observed some variability

inn tine optical densities of the soiutionns at
�3i0 ron. We cimose aim average value for time

extinmction coefficient of 5.5 ± 0.5 m�i’ cm’,
and used optical densities to determine
concentrations for the circular dichroism
measurements. Therefore, althougim our

values for [0], the molar ellipticity for LSD,
may not be absolute, the data should be
internally compatible.

The circular dichroism curves for LSD
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FIG. 3. Ellipticity per mole of LSD for the drug

and its complexes with DNA (S ni�iI in residues) in

aqueous 0.01 .1! phosphate, pH 6.0

(-), d-LSD; #{149}-S, complex of d-LSI)
(106 hiM) with DNA; - - -, d-LST) curve added to

that of 1)NA; ---. , l-LSD; O-O, complex of 1-

LSD (85 �M) with 1)NA; - - - . l-LSD curve added

to that of DNA.

and LSD-DNA mixtures are simown in 1”ig.

3. The ellipticities are reported per mole of
LSD in all curves. Equilibrium dialysis
experiments indicate that 73 % of d-LSD

and 70 % of l-LSD were bounnd to DNA
under the conditions used. The circular
dichroism for DNA was also measured and
added to the LSD curve for comparisonm
mvith the mixture. Time curve in timis regionm
is in agreement with that reported previously

by Sarkar et al. (17).

The circular dichroism curves of both the
d- and i-isomers of LSD show sinigle hanids

centered at 317 nm with a molar ellipticity
of approximately 1.0 ± 0.08 m�v’ cm’.

Comparison of the l-LSD-DNA mixture
curve with the sum of the curves for l-LSD

and DNA reveals their near identity (Fig.
3). The curve for the d-isomer was depressed
on binding. However, the nearly structure-
less nature of the difference curve suggests

that this depression may he artifact.ual
rather than attributable to hiimdinmg.

Inn order to test time hypothesis that LSI)

is intercalated into DNA on binding, ms-c
estimated the magnitude of the circular

dichroism exI)ected to be induced inn the
LSI) absorptionn regionm by intercalation.
Certain dye molecules are knmomvnn to form

intimate and specific complexes with DNA,

causing large circular dichroic bands as ms-elI
as certainn modifications of its biological

activity. II1or example, actinmonnycin D, mvhen
bouind to DNA at iniglm PolYmer phospimate

to dye ratios, innduces cinaniges inn the bands
inn the actinomycin absorptionn region at. 460

imni (18). At phosphate to dye ratios of 15,
bands of [0] � 25,000 are observed (18).
Similar results are obtainmed for acridine
orannge-DNA (19) and ethidium bromide-
DNA complexes. Altimough these dyes binmd
mucim more strongly to DNA timan does

LSD, time pimysical situationn should be conm-

1)arable for higim pimosphate to drug ratios.
At. sucim higim phosphate to dye ratios tine

dye simould be distributed sparsely alonig the
DNA, and circular dichroism induced in time
intercalated dye would result from miter-

action of tine dye chromopimore ms-ith DNA
chromopinores. When more dye is bound,
dye-dye interactions become importannt anmd

lan’ger Cottoni effects are observed. The
circular dichroism induced in intercalated

dyes results from a coupled oscillator effect

betweenm time dyes annd time absorption hannds

of time nucleic acid base chromophore. This
effect is anmalogous to that of interacting
cii romopinores at different wavelengths seeim
jim oligonnucleotides of different. bases (20).
Sinmce the circular dichroism depend�n on tine

oscillator strength of the bound dye, much

snnaller hands should be iniduced inn LSD,

since it. Imas a mucim lomver extinnctioni co-

efficient timan acridine orange or actino-
mvcinm. mm fact (see APPENDIX), unider certainm

assumptions the ratio of time induced circular
dichroisnn bands sinould approximate the
ratio of the extinctioni coefficients, �

I��or the extinctionm coefficieimt of actino-

mycin, ms-c take 23 X 10� from the ms-ork of

Yamaoka anmd Ziffer (15). Timese conmsidera-
tionis suggest that. time inntercalation of LSI)
should inmduce baimds of 101 � 6000. If, mm
contrast to a.ssumptions made in time

APPENDIX, the 260 mm bands of DNA are

most effective in coupling, the effect inn LSI)
sinould be even larger. Clearly time effects mse
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observed are either nmil or quite small com-

pared to those expected for intercalation.
Circular dichroism experiments of Wagner

(10) on time Cotton effects inn the DNA
absorption region (240-280 nm) have led to
conclusions quite different from ours. Onn time
other imanmd, the equilibrium dialysis experi-
ments reported mere suggest that the experi-
mental conmditions of Wagner would produce
very little binding of LSD to DNA. More-
over, a recent study of time circular di-
chroism bands in tine DNA region casts

doubt onn time validity of Wagner’s results

(11).
It is concluded from these studies that (a)

there is nmo signmiflcanmt differenmce betmveenm tine

binding of d- and l-LSD to DNA and (b)

time LSD is not intercalated but is probably
bound outside the DNA helix, perhaps to

the pimosphate groups of the DNA by some
ionic mecimanism.

Cimromosomal damage cain result froni
direct or indirect action of time toxicant,
through many, and complex, causes. The
results of the present study do not support
a direct effect of LSD on cimromosomes, and
are consistent with our earlier observations
(6) in LSD-exposed rat embryos and off-
spring as well as witin those of several other
inmvestigators (4, 21-28). Our results are also

compatible with the conclusions arrived at
recently by Dishotsky et al. (29), after re-

viewing 68 studies directly related to this

topic, that pure LSD in moderate doses does
not cause chromosomal damage and is not a
teratogen.

APPENDIX

In the text, we stated that the ratio of
circular dicimroic bands induced inn differenmt
intercalated dyes, at high pimosphate to dye
ratios, should be tine ratio of the extinctionm
coefficients, Cmax . This statemenmt is based
�n a number of assumptiomns, all of mvimich are
reasonable.

First, ms-c assume that circular dichroic

hands are induced by electric dipole inter-
action betmveen the dye and the DNA bases.

For electrically allowed transitions, we ignore
magnetic coupling effects and static field
effects. Time coupled oscillator formula is
taken from Tinoco (30), wlmose imotation we
follow. For the rotational strenmgth R� of a

For tine presennt argument., conmsider a
sinmgle inmteraction of group i, the dye, mvitin a
single DNA base, group j, which has absorp-
tion hanmds at �b. R1� is the vector distance

betweeni the bound drug and time DNA base
mvhicin couples to it. �i is the electric dipole

transitioni moment.
Noms mve calculate tine ratio of rotational

streimgtins induced in two different bound

drugs [mm-here (A MD) represents actimnomycin

-D

Ra (LSD)

Ra (AMD)

� Vioa;job (LSD) �a (LSD) �

- X !Jioa (LSD)/[vbm p�2 (LSD)]

- � Vioa;job (AMD) v� (AMD) �b �

X thea (AMD)/[vbm - pa2 (AMD)]

(2)

W�e nnoms ask: \Vimat transitions in DNA
couple niost effectively to the bound dye,

time nmearby bands at 260 nm or the strong
bands of the far ultraviolet region? If we

assume that a single transition, b, in the far
ultraviolet dominates the sum, all time fre-
quenncy dependence in the sum over states
of Eq. 2 cancels. If time 260 nm bands are
niore important, the ratio of the frequency

differences in Eq. 2 will be larger than unity,

anmd so this assumpt.ioni places a loss-er limit
on time ratio of time rotationial strenngths.

Next ss.e inntroduce a dipole-dipole ap-

proximat ion for tine imit cruet iomn ennergy,
� ;i�b . This expressionm involves the inter-

uctioim of tine electric transition dipole
momenmt of the bound drug, t�ioa, with some
far ultraviolet. transition moment. of the

DNA bases, �

�ioa;job = R� (thioa�th)ob



R� (LSD) - /2i0(j (LSD) Va (LSD)

R� (AMD) - i4oa (AMD) �a(AMD)

- f(LSD)

f(AMD)
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We must noms decide on time geonmetry of
binding. Geometry dependence appears inn
Eq. 2 in the triple product of R � witlm the

transition moments, and also in time inter-

action energy, wimicin ss�e have now approxi-
mated by a dipole-dipole formula, Eq. 3.
Since there are four differemnt bases inn DNA,
each having a number of far ultraviolet
transitions able to couple with time dye
transition momenits, most differences in tine

geometry of bindinng can probably be

averaged out. Allowing for cancelationi of all
time geonnetric parts of Eq. 2, we arrive at
tine simple result,

Assuming sinuilar absorpt ion bannd sin apes

foi time dyes, we may approximate the ratio
of time oscillaton’ strengtims, f, by the i’atm of
time absorption coefficienmts.
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