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. D~ 5~~In recent years the anti—psychotic and other neurological
effects of the tranquilizing phenothiazines have been well described .
As a class, they serve a variety of needs and their potent tranquil—
izing activities render them exceeding’y valuable in the treatment of
mental disorders. Widespread research has provided an excellent
data base for further neuroleptic studies. At Edgewood, such studies
have been directed toward the discovery of new and potent neurological
incapacitating agents to temporarily render soldiers mentally incapahie
of waging warfare. Several phenothiazines such as 2—nitro—10-g3— 14—,_. (2—hydroxyethyl)—1—p iperazinylj propyl~ phenothiazine dimaleate (I)
were found to be sufficiently potent to produce these effects. Their

~~~ incapacitating activities are described elsewhere (2)~
C-’ In searching for new biologically active compounds an under—
LU standing of the mechanism of biological action is most important , for

such information can lead directly to the design of drugs and agents

~~~ L.L~ of superior activity. Furthermore , a knowledge of in vivo inter—
actions of such compounds with tissues is imperative when considering
them for human use. Such is the case for the studies described herein
where strong and specific interactions are observed between incapacit—
ating phenothiazines and tissue components.

Binding of phenothiazines to nuclear components is generally,
but not universally recognized . For example , phenothiazine dyes such
as methylene blue, çj~~onin and toluidine blue have long been used as
histological staing ’~~’ for cell nuclei, 

and the common staining
patterns are reported to arise from dye—nucleic acid complexes, but
no biological responses have been ascribed to these interactions .
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More recently it has been reported that compounds such as chioro—
promazine, a tranquilizing phenothiazine, do (4—6) and do not~

7’8~bind to DNA. A summary of the available literature, however, provides
adequate assurance that such binding does, indeed , occur .

The nature of the binding of such compounds to nucleic acids,
although partially described for some phenothiazine—type compounds ,
is still vague and the biological implications of such binding pro-
cesses are virtually unknown. Numerous interactions of phenothia—
zines with cellular membranes have been reported to occur and many
attempts have been made to relate their tranquilizing activities to
these interactions. It is likely that some of the responses elicited
by these drugs do arise as a result of such interactions.

In the present study, it is noted that the strongest and most
obvious interactions between incapacitating phenothiazines and human
cells growing in cultur~ apparently occur with unbound RNA, such as
messenger, ribosornal and transfer RNA . Accordingly, such incapacit-
ating phenothiazines might be expected to interfere with the
communicative processes that are mediated by these substances. In
view of the reports (9

~ that the quality and quantity of such RNA
varies during nervous transmission following stimulation of the cell,
interference of these processes might also be expected after treat-
ment with incapacitating phenothiazines.

EXPERIMENTAL

2—Nitro—1O{3—f4— (2—hydroxyethy l)—1—piperazinylj propyl)
phenothiazine dimaleate, I; l0— (3— [4— (2—hydroxyethyl)—1—piperazinylj
propyl) phenothiazine—2—carbonitrile dimaleate, II; 2—(2—dicyanoe—
thenyl)—1 0—~3— L4—(2—hydroxyethyl)—1—piperazinyl7 propyl} phenothiaz—
m e  dimaleate, III; and 2’-(2—nitroethenyl)—10~.3—[4—(2—hydroxyethyl)
—1--piperazinyij propyl} phenothiazine dimaleate , IV were synthesized
in our laboratories. Their synthesis and properties are described by
Bossle et al.~

2)
~ All nucleic acids were purchased from Miles

Laboratories, Kankakee, IL 60901. All polymers were purchased from
Schwartz/Mann, Orangeburg, NY 10962. Nucleic acid and polymer con-
centrations are expressed as molarity of phosphate groups.

Human dipoid fibroblasts (derived from embryonic skin) were
purchased from MLcrobiological Associates, Inc., Bethesda , MD 20014
after the fourth through the twentieth subcultivations . No primary
cultures were performed in our Laboratory . The cells were received
in plastic tissue culture bottles and released by the addition of a
0.25% solution of trypsin (Microbiological Associates, Inc., 1:250
t rvps in _conc.) in Earle ’s minimum essential medium (MEM) for further
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culture. The trypsinized cells were diluted in Hank ’s MEM with 10% fet-
al calf serum (Microbiological Associates , Inc.) to approximately 10~cells/mi and replanted in 25 cc plastic bottles. The cells were in-
cubated at 37°C. After 2 days and thereafter twice weekly, the medium
was replaced with Earle ’s MEM containing 10% fetal calf serum . In 5
to 7 days the cells were confluent. During culture the pH was
monitored h~’ visual observation of the phenol red indicator in the
medium.

To all Hank ’s or Earle ’s MEM was added 1% of a 200 mM solution
of L—glutamine (100 x concentrated) and 1% of a penicillin—strep—
tomycin mixture containing 5000 units each per ml (Microbiological
Associates , r u e . ) .

The assoe i~i t  i~~n constants between I t o  IV and salmon sperm DNA
were measured by spectroscopv and equilibrium dialysis. Because of
the tendency of these compounds to slowly precipitate in the pre—
ence of phosphate butter, equilibrium dialysis ex p e r i m e n t s  were
performed in water. The p 11 in the d ia ly s i s  ce l ls  was approx imate ly
6 .3  In these e x per im en t s  t h e  ~henothiazine c o n c e n t r a t i o n s  were
var ied from 2 . 5  x 10~~ M to l0~~~M and the  concen t r a t i on  of DN A was
main ta ined  .it  10—

~ >t .  Th e c o n c e n t rat i o n  of I in the d i a l y s i s  cell
( reagen t  s ide)  was m on i t o r e d  by i t s  325 nm band (E nax = 7 , 000) , and
II at  320 urn (E m~1x = 2 , 500) . Su i t ab le  b lanks  were emp loyed .  Wate r
so lu t ions  of compounds  I to IV obeyed Beer ’ s Law. Much d i f f i c u l t y
was encoun te red  in these  meas4lr ements , however , because of compound
in t e r a c t  j e l l s  w i t h  the  ~I ia lys is  eel Is and membr an e s

To measure  assoc ia t ion  c o n s t a n ts  of compounds I to IV spectra l ly ,
a ser ies  of spec t ra  were ob ta ined  in var ious concen t r a t i ons  of the
particular nuc le i c  acid or pol ymer under study. The coinpouu dswer e
dissolved in 0.05 M , phi 7 . 4  sodium phosphate  b u f f e r  c o n t a i n i n g  i o 3
M salmon sperm DNA and the spectra were determined . Subsequent spect-
ra at  lower DN:\ c o n c e n t r a t i o n s  were ob ta ined  by se r ia l ly d i l u t i n g
w i t h  aqueous s o l u t i o n s  of t he  p h e n o th i a~’ines.

RESULTS

1. I n ter a c t i o n s  w i t h  N u c l e i c  A e i t h .

The a b s o r p t i o n  spectra  of I in 0.05 M , pH 7 . 4  :;odium phosphate
b u f f e r  c o n t a i n i n g  w i r i o & i ~; q u an t i t i e s  of salmo n sperm DNA are i ll u s t ra t-
ed in F ig .  1. The 415 nm band gradual l y d i s appea r s  w i t h  inc reas ing
DNA c o n c e n t r a t i o n  is is rep laced  by a new broad hand tha t  approaches
525 nrn .  The la t t e r  absorp t ion  imp . ir t s  a br i ght  pu rp le color to t i le
so lu t ion .

1
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Essentially the same types of absorption spectra were observed
for II, III, and IV. The spectral data together with appropriate
association constants ire summarized in Table I.

Table I

S

/
(Cii. ) N NCR Cii OH

2 3 \ J  2 2

Compound DNA Association*A max (Buffer), A max (DNA) ,Number R nm nm Constant , 1/mole

I —NO2 435 525 550

II —c :~ — 358 , 430 170

III —CH=C(CN)2 450 570 3000

IV —CH=CHNO2 430 530 3100

*Determined by measurement of the DNA—phcnothia. ne charge—transfer
absorption ma:~imurn.

In addition to the spectral. measurements, association constants
were also obtained by equilibrium dialysis measurements. The values
for compounds I to IV were all in the range of 3000 1/mole and are con-
sidered approximate owing to the experimental difficulties described .

Upon the introduction of sodium chloride (0.1 M to 0.5 M) to
solutions of I, II, III, or IV containing DNA or RNA , the A max (DNA)
bands progressively decreased in intensity and were replaced by the
A max (Buffer) bands which correspond to the unbound forms (Table I).
Essentially the same behavior was observed when the phenothiazine—
nucleic acid solutions were heated above 60°C; the A max (DNA) bands

:1
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progressively disappeared and were replaced by the A max (Buffer)
bands corresponding to the unbound forms .

The A max values recorded in Table I were also observed when
these phenothiazines were treated with a 16s + 23s ribosomal RNA
mixture or transfer RNA . both isolated from E. coli K— 12 MO (Miles
Laboratories, Kankakee , IL). Attempts to reproduce similar bands
by the addition of numerous substances to these phenothiazine solut-
ions failed . They were only seen in the presence of double—stranded
nucleic acids or double—stranded synthetic polymers .

2. Interactions with Double—Stranded Polymers.

The interaction of I with the following polymers were examined :
polyadenylic acid (poly A), polycytidvlic acid (poly C), polyguanylic
acid (poly C) and polyuridylic acid (poly U). Equimolar quantities
(3 x iO~~ M) of pol v A and poi y U were dissolved ~ iI 0.05 M , pH 7.4
sodium phosphate buffer. A similar solution was prepared us ing  poi y
C and polv C. The solutions were heated to 60°C for 10 m m .  and then
gradually cooled to room temperature to form the respective poiy A —

poly U and poly C — poly C hyb r i d s .  The spectrum of I (2 x 10~~ M)
was then measure:I in polymer  s o l u t i o n s  ranging f rom 8.7 x l0~~ M to
7 . 5  x 1O~~ M . In the presence of poly  C — poly C , I exh ib i t s
bathochrornic and hvpochromic changes. Although it retained the
cha rac t e r i s t i c  ye l low color , j .ts absorption maximum shifted from 435
nm to 453 nm wi th  a decrease in molar absorptivitv . In the presence
of poly A — pol~ U , however , solutions of I were purple and its
spectrum exhibited the same 525 nrn band as observed in the presence
of nucleic acids (rig 1). Measurement of absorhance as a function of
polymer concentration allowed the calculation of an association
constant for this interaction . A value of approximately 330 1/mole
was obtained .

Compounds I and II bind strongly to both poiy A — poly U and
pol y C - polv  C as evidenced by the spectra l  changes of both , and
by the formation of immediate and intense precipitates when added to
e i t h e r  of the  d o u b l e — s t r a n d e d  pol ymers in b u f f e r .

3. I n t e r a c t i o n s  W i t h  S i n g l e — S t r a n d e d  Polymers .

—4Table 2 con tains  spectra l da t a  of 5 x 10 M of I in the  presence
of 5 x i~~~3 >1 poly A , poly C , and h r 3 M poly U and po lv  C In w a ter ,
and 2 x lO s’ M of the  d o u b l e — s t r a n d e d  pol ymers po lv  A — pol y 1’ and
pol y C — pol~ C in 0.05 M sodium phosphate buffer. It is n o t e w o r t hy
tha t the i n t e r a c t i o ns  of these polymers with I result in bathochromic

a
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sh i f t s  in each instance.  None was shifted sufficiently, however, to
produce the purp le  color seen w i t h  ‘I in poiy A — poly U solut ions .
Addition of sodium chloride (0.1 M to 0.5 H) to the aqueous (I) —

polymer solutions caused precipitation of the phenothiazine comp lexes
with poiy A , poly C and poly U.  Pre2i p it a t i o n  did not occur when
sodium chloride was added to the (1)-poly C solut ion and the spectral
changes of I caused by poiy C were reversed . The spectral changes of
I in both poly C — pol y C and polv A — pol y U were readily reversed
by the addition of 0.1 H to 0.5 N sodium chloride.

Table 2

ABSORPTION MAXIMA OF 1a IN POLYMER SOLUTIONS

Polymer A max , nm

Sodium Phosphate Bufferb 435

Pol y AC 
455

Poly GC 
460

Poly 0
d 

445

Poly 460

Poly A — Poly ~
e 

525

Poly C — Poly C
e 

453

a 10-4 bConC . of I was 5 x N in all experiments; 0.05 H, pH 7.4;
c
5 x ~~~ M; d 10—3 M; 

e2 ~ ~~~~~~~~~ M.

4. In te rac t ions  wi th  Huma n F i b r o h i a st s  Crowing In V i t r o .

Various concentra t ions  of I and II were added to f resh sub—
cultivations of human fibroblasts in p las t ic  cell cu l tu re  bot t les
and the cells were allowed to divide at 37°C for 3 days before
observation . At this time , the tops were removed from the culture
bottles and the microscope objective was immersed directly into the
nutrient medium. Growth was normal at concentrations of both at and
below 5 x 10 6 H, but abnormal at io 5 M (Plate 1).

Compound I could not be visuall y detected at concentrations
lower than i0 6 M. As viewed by light microscopy, cells grown in
i05 M of I were weakly stained in granules within the cytop lasm
but not within the nucleus. By fluorescence microscopy only a dim

6
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orange field could be seen, nevertheless , extensive uptake of I
was observed within the nucleoli. Because of its poor staining
properties and low quantum yield , I was not an effective reagent to
study the pattern of phenothiazine uptake by fibroblasts in culture.

Upon examination of II by fluorescence microscopy art intense
uptake of reagent in ~raniilar bodies outside the nuclei was seen . In
living cells , II was not observed inside the nuclei. The nucleoli ,
loci of high RNA concentration , however , were intensely stained .
Destruction of the living cells by lysis or drying caused the nuclei
to become stained more strongly than any other cell structures.

In aqueous phosphate buffer II fluoresces slightly (A max = 520
nm). In the presence of 5 x N salmon sperm DNA an enhanced
yellow—green I Lt ort�scence was observed at the same emission maximum .
The fluroescent yield of LI  was n e i t h e r  enhanced nor quenched by
the addition of iO~~ po lv A — polv 1 , however , an equivalent
quant ity of DNA did produce enhancement. Fluorimetric measurement of
the increase in fluorescent yield of II in various concentrations of
salmon sperm DNA in ().005 M , p It 7.4 sodium phosphate buffer produced
an association constant of appro ximar€�lv 550 1/mole .

In addition to the  spectra 1 measurements an association constant
between IL and s,tim n ~,perm Li:-~;\ .-:as a

1 so obtained by equ~ libriiim
dialysis. This value , 3000 I/mole at p11 6 , 25° c, i~ considered
approximate owing to experim *ntal difficulties described herein.

DISCUSSION

When solutions of nucleic acids are treated with I, a striking
purp le color forms concurrently with strong and specific binding .
This coloration apparentl y arises from a charge—transfer complex be-
tween I and the double—stranded regions of nucleic acids and is
readily measured b’.~ a newly formed absorption maximum at 525 nm.
Corresponding  hands arose f rom II , III , and IV upon interaction with
DNA or RNA including microsomal and transfer RNA. In each instance
the charge—transfer hands disappeared when the nucleic acids were —

melted by heating to 60°C or by the addition of organic solvents.

The charge—transfer hands were also produced when I and II
interacted with double—stranded poly A — poly U, but not with other
combinations studied. Strong interactions were also observed between
these compounds and pol y C — pol y C but  w i thou t  the c h a r g e —t r a n s f e r
phenomena . When the double—stranded polymers were melted by heat or
by the addition of organic solvents the charge—transfer hand s also

I
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d i sappeared . Throughout  t he se  studies such band s were observed only
-

. In a s soc iat ion  w i t h  the d o u b l e — s t ra nd e d n e s s  nuc le ic  ac ids  or
polyme r models.

The mechanism by which these phenothiazines bind to nucleic
acids and polym ers  appears  s imi lar  to tha t  described for several
nucleic acid hound acridines and other phenothiazines. Noteworthy

~o ~riptions of the complexes of chloropromazine ( 4 ) ,
-:cine (10), proflavin (ii), acrifl avin 02), ethidium

bro..i~de 
(8, 13) and others. Two types of proflavin binding have been

observed using bromine at9ms~cova1entlv attached to poi~’ dA — poly
de is sp in  o r b i t a l  probes  ~I4 ~ a strong internal Interact ion
v i .  Inte r ct l at  ion invo lv in~ over lap  o~ t he  o r h i  t a ls  of t h e  p v r i n i d i n e —
put  inc base pa ir~ w i t h  i hose of t h e  rea~ e n t and 2 ’) a weake r external
p a r t i a l  lv intercala ted i n t e r a c t  ion love L y i n g  some o r b i t a l  o v e r l a p .
and having e lee tros t at  i c inter .I~ I ions wE th  a n e a r b y  p h o s p h a t e  group
( 1 1 )

Both  modes of b i n d i n g  do not  appear to o p e r a t e  between these in—
capac  it at lug  ph em io t l i  i ~ i h ~ and n u c l e i c  ac i ~! - . in each inst mc e , increases
in the ionic strength of the media by the  a d d i t i o n  of sod ium chloride
r e su l t ed  in the d i s a p p e a r a n ce  e t h e  c h a r g e — t r a n s f e r  hand s s u g g e s t i n g
tha t e l e ct r o s t a t i c  i n t e ra ct  ic r ~.-~ ~p~~~h a b lv  b etw een  the  pos i t  i v e l v
charged phenethiaz inc 10— position s i de  c h ai n  and a p h o s p h a t e  gr o u p
of the  n u c l e i c  ac id)  as w e l l  as p a rt i a l  i nt e r c a l a t  ion are t h e  mi in
b i n d i n g  fo rces  ( ty p e  2 ahoveT. F a i l u r e  to achi eve comp l e t e  intercala—

t ier -i is understandable in view of the bond angle of approximately
139 between the henzene ring planes in phenothiazines of this
type ( 15)~

The same behavior was observed when I or II was treated w i t h
poly A — pol y U , demons t r a t i ng  tha t  these i n t e r a c t i o n s  occur s p e c i f i c —
ally , and in all likelihood arise in DNA from th e double—stranded

— reg ions r i ch  in dA—dT and in the corresponding A— fl rich regions of
RNA .

Measurement  of the 525 nm complex hand of I in various concen-
trations of salmon sperm DNA yielded an association constant of
approxi~nately 550 1/mole. By equilibrium dialysis , however , a value
of approximately 3000 1/mole was obtained demonstrating that the 525
nm binding mode contributes only about one—fifth to the overall I —

I)NA i n ter a c t i o n .  Other in te ract ions  of I w i t h  DNA th  ~t contribute
to the overall association constant are probably similar to those
observed between I and var ious s y n t h e t i c  pol ymers.  Among these , st r o ng
i n te r a c t i o n s  were observed between the in c a p a c i t a t i n g  p henot 11ia:~ines

8 
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and po!y C — poly C. Binding to poly A , poly C, poly C and polv U
was also seen and can contribute to overall association constants.
Charge transfer complexes were associated , however , only with inter-.
act ions of these compounds with dotib 1 c—stranded A—U or dA—U T m o i e t i e s
The data are recorded in Tables 1 and 2. The large DNA association
constants recorded in this table for compounds III and IV are note-
worthy. The larger values of these constants correspond to increased
conjugation at the 2— positions of the phenothiazine rings.

The large differences in binding strengths at specific sites as
reflec t ed by the data in Table I permits speculation wi th  respect to
the biological importance of this mode of binding . The cataleptic
activities of compounds I to 11’ together with binding data are pre-
sented in Table 3. It is noted that the cataleptic potency in mice
is  i nve rse  lv proportional t. ~ t h ~ apparent  binding s t r eng th  to the
dA—dT base pairs of DNA 

~~ ~~ Furthermore , the activity essential—
lv disappears when this biJing strength is large as in III and IV.

Table 3

CATALEPTOCENIC POTENCY OF SELECTED PH EN OTHIAZI N E Sa
CD5O in Nl~~~b , c

Compound KDNA , 1/mo l —

I 550

II 0.99 170
0.41

III 28 3000 4.

IV >57 3100
aDat a reprinted from ref . (2) by permission of the authors;

CD50 dosage to induce 50% of the maximum possible catalepsy score in
a group of 6 mice. C

ThC cataleptic potency of I was reported to be
greater th an II in r at s (2 )

When considering that  the overall association constants of these com-
pounds in DNA are approximately equivalent , this data suggests that
the cataleptic potency parallels the extent of binding at the dc—dc
or C—C base pairs in nucleic acids.

The uptake patterns of the incapacitating phenothiacirtes in
living cells are illustrated in Plate I where human fibrob las ts  were

9
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grown in sub-lethal concentrations of II. In these dividing cells
I t was observed to concentra te  in granular  bodies outs ide the nucle i
in loci corresponding to microsome—rich  areas.  Uptake of II by the
nucleoli  is usual ly seen at  h igher  reagent  conce n t r a t i ons .  However ,
de tec tab le  upta ke by nucle i  and cytoplasm did not occur. At cell
death (drying or hypotonic lysis) nuclear uptake of II occurred rapid-
ly with intense staining. Since these compounds penetrate (l the
nuclear envelope in living cells to stain the nucleoli , their
inability to interac t with living nuclear DNA is probably related to
the protection afforded by the strong protein—nucleic acid associat-
ions in native chromatin .

The patterns of the up take  of II by l iv ing cells are compa t ib le
with the chemica~l observations described herein. The strongest in-
terac tions apparently occur between these incapacitating phenothiaz-
ines and s i tes  associated w i t h  microsomal a c t i v i ty  — areas of active
protein and nucleic acid synthesis in dividing cells and thereby the
loci of concentrated unbound RNA .

In view of the observations that unbound nucleic acids bind
tightly to these incapacitating phenothiazines in vivo, interference
with associated metabolic processes such as protein and nucleic acid
synthesis is expected . Simarilv , such interference could result in
the synthesis of faulty proteins or nucleic acids through strong
biading to RNA . Likewise , these compounds should bind strongly to
derepressed areas of nuclear DNA , a process known to result in frame—
shift mutations.

Neuronal s t imula t ion  during nervous transmission is known to
alter the na ture  of the RNA which Is produced during this  process
Incapac i t a t i ng  phenoth iazines  such as those described in t h i s
report would be expected to interact strongly and specifically with
these substances and interfere with the nervous processes with-i which
they are associated . The extent of such interference , although
unknown , could be suffic’~ nt to elicit some of the responses at-
tributed to these compounds.
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hy droxy cthy . I~~I — p i pe r az i n y l7 propv1~- ph en o t h i a z  inc
d imethianesulfonate , II , three days after treatment.
a) 5 X 10 6M of II , h) 1O~~~I of I I .  lôOx by
f luo re scence  m i c r o s c o p y .
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