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1. Introduction

During the course of investigation on the confor-
mation of intact and moedified tRNA molecules [1]
we have observed that ethidium bromide (EB) was
readily reduced by sodium borohydride, NaBH, . Si-
milar observations have been reported by Wintermeyer
and Zachau [2]. Sodium borohydride is a selective
reducing agent for some atypical bases of tRNA [3]
and has allowed the introduction of an intramolecular
fluorescent probe into a number of E.coli tRNA [4].
EB is an intercalating dye which has revealed to be of
value in the study of nucleic acid conformation (see
review in [5] ). It interacts with these polymers in two
ways: EB intercalates between the bases levels of
standard Watson—Crick double helices with high
affinity; the EB cation also binds with tow affinity to
the negatively charged phosphate of single stranded
or double-stranded polynucleotides. We have observed
that reduced ethidium Et*®¢ does not interact with
nucleic acids. This reaction seems to be useful in the
purification of covalently closed circular DNA.

Based on PMR spectroscopy we have established
the structure of the reduced form of EB. This lead.
us to a reexamination of the PMR datas of Kreishman
et al. for EB in aqueous solution [6] . These authors
report the formation of an EB complex at high con-
centration in this medium. We have proposed a
model for such stacked EB complex.

North-Holland Publishing Company — Amsterdam

& (M em)

s800 |
5080 |

$000|

3000|

20061

1000 |

400 500 600 nm

Fig. 1. Absorption spectra of various EB concentrations in

aqueous solution 1) 103M;2)2% 1073 M; 35 X 1079 M;

4)1072 M;5) 10" M. The quartz cuvettes were of 0.5 mm
optical length except for 5 where it was of 10 pm.

2. Experimental

2.1.

Ethidium bromide was kindly given to us by
Dr. Cobb of the Boots and Pure Drug Co. (Notting-
ham, England). Sodium borohydride was from Merck
Sharp and Dohme.
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Fig. 3. Proposed structure for the stacked complex between
two EB molecules.

2.2,

Absorption spectra were measured with a Cary
model 17 spectrophotometer and fluorescence studies
were performed with a Jobin Yvon spectrofluorimeter.

The PMR spectra were recorded on a Varian HA 100
spectrometer at a probe temperature of 30 £ 1° with
hexamethyldisiloxane (HMDS) as internal lack signal.
Concentration of samples were 0.04 M dissoived in
DMSO dé6. Double resonance and tickling experiments
were performed with a Hewlett—Packard 200 AB low
frequency generator,

2.3.

Two sets of conditions were used tc reduce EB.
The products obtained were identical.

2.3.1.

With dilute aquecus EB solution a slight molar ex-
cess of a freshly prepared NaBH, salution (10~ to
10~ M) was added in the dark.

2.3.2.

For PMR studies, large quantities of purified Etted
were prepared with a method described for the reduc-
tion of quinolinium salts [7] : under nitrogen, in the
dark and at 0°, 500 mg of EB in 10 ml absolute
methanol were added to 220 mg NaBH,. After 24 hr
stirring, methanol was removed by evaporation in
vacuum and 15 ml of 3% sodium hydroxide solution
were added. After several extractions with ether, the
phases were washed with water and dried over anhy-
drous sodium sulfate. Solvent was evaporated. The
precipitate was recrystallized in ether to yield a light
brown powder.

3. Results and discussion
3.1. Ethium bromide stacked complex
Optical measurements of EB in water confirm the
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formation of an EB complex at high concentration
first observed by Kreishman [6]. Fig.1 shows the
absorption spectrum of various EB concentrations in
water. There are clearly two isosbestic points (at
392 and 505 nm) indicating the presence of two
spectroscopically distinet species.

The absorption changes in this type of interaction
are very similar to those observed in the presence of
nucleic acids. This allows us by extrapolation to
infinite concentration of EB to approximate the
equilibrium constant in the formation of EB—EB
complexes to about 30 + 10 M™? (assuming the
complex is dimeric).

Due to the high concentrations used in PMR
studies such complex makes spectrum assignment
difficult even at 220 MHz. In order to avoid such in-
convenience we have studied the PMR spectrum of
EB (0.04 M) in DMSO d6 where EB remains as
monomer. We find complete assignment of the spec-
trum (by irradiation of H, for the assignment of the
signal corresponding to H; and Hy and then by tickling
on the four bands situated downfield to assign H, and
H, o) (fig.2). The chemical shifts (§) and coupling
consiants are as listed in table 1.

As was reported earlier [6] an important upfield
shift of proton H; was observed because of its situa-
tion in the diamagnetic region of the phenyl. The
deshielding of the peri proton H; and H, o is explained
by the paramagnetic effect of the ring current of the
phenanthridine. The presence of a charged nitrogen
adjacent to cycle B shifts H, to lower field compared
to Hg.

The considerable downfield shift of proton H, and
H,;, in the monomeric form of EB enables us to re-
interpret Kreishman data: with increasing EB concen-
trations, protons H, and H,, are considerably up-
shifted although the spectra of other protons were
only slightly modified. We therefore propose struc-
ture A (fig.3) for the complex between EB molecules.

In this structure hydrogens H; and H, are situated
over the pyridinic cycle of the phenanthridine and
therefore considerably upshifted by its ring current.
In structure A both steric hindrance (phenyl) and
electrostatic repulsion of the charged nitrogens are
minimum, in accordance with crystallographic data
[8]. We do not known whether the complex is
exclusively in the dimeric form. However structure A
can be easily extrapolated to greater aggregates.
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Table 1
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Chemical shifts of EB and Etred protons (in ppm, internal reference [IMDS). For ethidium bromide coupling constants are J1,5 =
=95 Hz;)5,4 =1.75 Hz; Jq,0 = 2.5 Hz and Jg,19 = 9.5 Hz.

i 2 4 6 7

8.58 7.48 7.32 6.18
7.22 5.92 5.92 6.28
1.36 1.56 1.40 -0.10

EB (8)
Etred(ﬁ ’)
56

5.24

9 10

7.29 8.52
6.41 7.28
0.88 1.24

5He
7.66
7.12
0.54

NH,
6.00
4.78
1.22

CH,
4.36
3.16
1.20

CH3
1.32
1.04
0.28

It is known that intercalating dyes tend to form
stacked aggregates in aqueous solutions. Proflavine
and Acridine Orange complexes are stable enough to
explain cooperative binding of these dyes to poly
L-glutamic acids [9] and tRNA [10]. [n the case of
EB the phenyl perpendicular to the phenanthridinium
plane imposes an important steric hindrance in the
formation of stacked complexes. This might be a
reason for ils low affinity constant (Le Pecq private
communication), However we have found some
cooperativity in the electrostatic binding of EB to
poly U and tRNA (unpublished results).

3.2. Reduced ethidium (Eted)

Upon addition of sodium borohydride absorption
and fluorescence spectra of EB disappeared and a new
spectra appeared (fig.4). The reduced product was
stable at basic pH and in the dark. When exposed to
light it returned to ethidium. At acidic pH, an irrever-
sible decompaosition occurred.

Etred structure is unambiguously characterised by
its PMR spectrum (fig.5). Comparing it to EB spec-
trum we observed the following internal chemical shifts:

1) the CH,~CHj pattern was considerably upfield
shifted due to the disappearance of the positive charge
on the heterocyclic nitrogen. The methylene protons
were magnetically non equivalent and displayed a mul-
tiplet because of an asymmetric carbon in the § position
[11]:

2) the proton Hg signal was a singlet at 5.24 ppm.
The rather high chemicat shift of this proton was prob-
ably due to the C—N bond and to its position in the
paramagnetic region of the phenyl ring;

3) phenyl protons are slightly upshifted as com-
pared with their position in EB;

4) all hydrogens of cycle A and B except H; are
moved towards high field by 0.9 to 1.6 ppm. This
shift cannot be attributed only to the disappearance
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Fig.4. Absorption and fluorescence spectra of Et™d: ) non

corrected fluorescence spectra (1. excitation A, = 420 nm;

2. emission Nex = 365 nm). Arbitrary units. b) absorption
spectrum of gired Yand EB (---- - ).
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Fig. 6. Proposed conformation for EtT8d,

of the pyridinic ring current (theoretical shifts com-
puted using Pople approximation [12] yields: 0.75
ppm for Hyq and H,, 0.28 ppm for H, and Hyg, 0.65
ppm for H, and H;4). The very important discrepan-
cy between calculated and experimental values are
indicative of a twist between cycle A and B which
increases the +M effect of the two NH, . The upfield
shilt is maximum for H, and H; which are influenced
both by NH, and N—C, Hs groups;

5) in contrast to all other protons the internal
chemical shift of H, was negative (0.10 ppm). This
deshielding is easity explained by its position out
of the diamagnetic region of the substituted phenyl
which brings it back to its normal position.

Thus, the Hg position, the very important
shielding of dihydrophenanthridine hydrogens
(especially H; and H, ) with a concomitant- deshield-
ing of H; brings us to propose conformation B {fig. 6)
for reduced ethidium.

In this conformation, cycle A and B are no more
coplanar and the substituted phenyl has rotated in a
vertical plane over the heterocycle. The intracyclic
nitrogen has a strong sp, character due to the gain
of stability brought by conjugation with cycle B.

No measurable interaction between Et®d and
nucleic acids have been detected by optical method.
Indeed no changes of absorption of fluorescence were
observed upon addition of high concentration of
nucleic acids. Knowing the structure and conforma-
tion of Et*4, this can be well understood. First the
disappearance of the positive charge on the phenan-

thridium nitrogen avoids any electrostatic interactions.

Second the lack of planearity of the phenanthridine
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ring and the steric hindrance due ta the position of the
phenyl residue no longer allow intercalation,

This reaction can be used to remove EB from nucleic
acid solution. It is known that, in the dark, common
nucleic acid bases are not sensitive to sodium borohy-
dride. Only some atypical bases of tRNA are reactive.
Their reduction products have been characterized [3].
In contrast EB reacts with NaBH, readily and quanti-
tatively; it is therefore possible to reduce selectively
EB in solution with nucleic acids. Upon reduction EB
no longer interacts with nucleic acids which can then
be studied on their own, We have taken advantage of
this property in the study of the tertiary structure of
tRNA [1].

EB has been widely used to prepare covalently
closed circular DNA. However in the final step of
the purification, EB extraction by butanol is never
complete. We have shown by alkaline band centrifu-
gation and fluorescence that the NaBH, reduction of
EB causes no nicks on circular DNA and allows com-
plete removal of the dye.
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