Reverse Banding on Chromosomes Produced by a Guanosine-

Cytosine Specific DNA Binding Antibiotic: Olivomycin

Abstract. Characteristic reverse fluorescent banding patterns (R bands) on hu-
man, bovine, and mouse metaphase chromosomes are produced by treating chromo-
some preparations directly with olivomycin. With the DNA in solution, the repeating
polymer poly[d(G-C)] - poly[d(G-C)] (where G is guanine and C is cytosine) en-
hanced the fluorescence of olivomycin, while the antibiotic fluorescence was not af-
fected by the alternating polynucleotide poly[d(A-T)] - poly[d(A-T)] (where A is ade-
nine and T is thymine). Calf thymus DNA, with an intermediate G-C content of about
40 percent, showed a smaller fluorescence enhancement in the presence of olivo-
mycin as was observed for the synthetic polynucleotide poly[d(G-C)] - poly
[d(G-C)]. The closely related antibiotic chromomycin Az showed the same results
as were obtained with olivomycin either in the solution interaction with specif-
ic DNA’s or with the metaphase chromosome preparations. The production of R
bands by these G-C—specific DNA binding antibiotics lends credence to the sugges-
tion that the arrangement of the nucleotide sequences along the chromosome is a
primary determinant for the appearance of fluorescent bands.

The discovery that certain DNA-bind-
ing fluorochromes produce specific band-
ing patterns on chromosomes (/) led to in-
vestigations searching for other DNA-
binding agents having such specificity (2,
3). Fluorescent labels found to date show
a great affinity for sequences rich in A-T
(adenine-thymine) base pairs and result
in the production of Q bands (3-5). If the
base composition around the inter-
calation or binding site of the fluoro-
chrome is to be the primary determinant
for the appearance of bands (3, 4, 6), it
should be possible to find compounds
which will bind specifically to G-C (gua-
nine-cytosine) base pairs, show en-
hanced fluorescent intensity in the pres-
ence of DNA with high G-C content, and
also produce a reverse fluorescent band-
ing pattern on chromosomes (R bands).
Here we report the discovery of a group
of DNA-binding agents which exhibit
those characteristics: the chromomycin-
like antibiotics olivomycin, chromomy-
cin A;, and mithramycin (7).

Olivomycin, chromomycin A;, and
mithramycin are chemically similar com-
pounds; they contain a central chromo-
phore to which five different carbohy-
drate moieties are attached (see the struc-
ture of olivomycin in Fig. 1). These
closely related antibiotics have essen-
tially identical mechanisms of action; all
form stable complexes with DNA in vi-
tro (8). Direct interaction of these drugs
with DNA was shown by cosedimenta-
tion with DNA (9), and by a shift to long-
er wavelength in the absorption spec-
trum of the antibiotic on addition of
DNA in the presence of divalent cations,
such as Mg?* (10, 11). The chromomy-
cin-like antibiotics require native DNA
for complex formation (12, 13). In addi-
tion, the number of binding sites of these
antibiotics rises with increasing G-C con-
tent of the DNA. The mode of binding of
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this class of antibiotics to DNA has not
been described in molecular terms, al-
though the small conformational changes
observed upon binding of these antibiot-
ics to DNA negates the intercalation
model of interaction (/4).

The fluorescence intensity of olivomy-
cin and chromomycin A, in the presence
of several DNA’s was measured on a
Turner 430 spectrofluorometer. Olivomy-
cin, in the presence of Mg?*, exhibits an
excitation maximum at 405 nm and an
emission maximum at 525 nm. In the
presence of DNA, small spectral shifts
are observed for both the absorption
(maximum at 440 nm) and emission
spectra (maximum at 532 nm). Figure 2
shows that olivomycin’s fluorescence is
not affected by the repeating polymer
poly[d(A-T)] - poly[d(A-T)]. A similar re-
sult was obtained for the interaction of
chromomycin A, with this polymer. This
finding is in agreement with the lack of
binding of chromomycin to this polymer
(13) and the absence of inhibition of tran-
scription of poly[d(A-T)] - poly[d(A-T)]
in the presence of this antibiotic (/7). In

Fig. 1. The structure of olivomycin.

contrast, a strong enhancement of the oli-
vomycin (or chromomycin A;) fluores-
cence is observed in the presence of the
alternating  polynucleotide poly[d(G-
O)] - poly[d(G-C)]. This result is com-
parable to the 100 percent inhibition of
transcription of poly(dG) - poly(dC) ob-
served in the presence of chromomycin
Aj (13). Calf thymus DNA, with an inter-
mediate G-C content (42 percent)
showed a fluorescence enhancement in
the presence of olivomycin (or chro-
momycin Aj;), but the increase in fluores-
cence was less than that observed in the
presence of poly[d(G-C)] - poly[d(G-C)].
This finding agrees with the lesser num-
ber of binding sites of calf thymus DNA
for chromomycin A, as compared to
poly[d(G-C)] - poly[d(G-C)] (I3).

Characteristic fluorescence patterns of
metaphase chromosomes treated with
olivomycin were observed. The banding
patterns on chromosomes were pro-
duced by directly staining the slides with
the antibiotics. Routinely air-dried
chromosome preparations from short-
term cultures of human and bovine lym-
phocytes were used. A well-defined yel-
low fluorescent banding pattern along
the human chromosomes appeared to be
similar to both the reverse bandings (R
bands) obtained by the R staining meth-
od (15), and the ‘“‘reversed’’ banding pat-
tern produced by acridine orange (/6).
The bright fluorescent bands produced
by olivomycin correspond to the dark
staining bands obtained from the re-
verse-staining Giemsa method or the
bright yellow bands obtained from the re-
verse fluorescent banding technique in
which acridine orange is used. These two
R banding techniques require prior treat-
ment of the chromosome preparation in a
hot phosphate buffer (approximately
86°C) before staining is carried out. The
R bands on human chromosomes treated
with olivomycin are obtained by simply
treating the slide of the chromosome
preparation in an olivomycin solution for
20 minutes at room temperature. The
staining solution consisted of 1 mg of oli-
vomycin per milliliter in phosphate buf-
fer at a pH of 6.8. The slide was then
washed in two changes of buffer solution
for a total of 2 minutes and mounted with
the same buffer (pH = 6.8). Preparations
were examined with a Zeiss WL fluores-
cent microscope equipped with a dark-
field condenser for transmitted illumina-
tion. The light source was a d-c powered
HBO W/2 mercury burner. A BG-12 exci-
tation filter was used and the barrier fil-
ter was set at No. 50.

Characteristic R banding patterns on
the human chromosome were clearly ob-
served. These bands faded quickly under

SCIENCE, VOL. 195



3
3 Poly [d(G—C)]epoly[d(G—C)]~
g2
3 ~Calf thymus
©
21 —
® Poly [d(A—T)]epoly[d(A-T)]
&
0

Fig. 2. Relative fluorescence of
olivomycin in the presence of
varying concentrations of DNA.
Excitation wavelength is 440 nm;
emissions wavelength, 532 nm.
The olivomycin concentration
was 5 x 10-°M, and the DNA
concentrations are expressed in
nucleotide phosphorus. Experi-
ments were carried out in 0.01M
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the fluorescent microscope, possibly
through the photodecomposition of the
antibiotic. However, each individual
chromosome can be identified by the R
banding pattern along the chromosomes
(Fig. 3). The distal long arm of the Y
chromosome showed negative fluores-
cence. In addition, certain chromosomal
regions, for example, the short arm of
chromosome 22, showed variable bright
fluorescent intensity between the homo-
logs in every cell examined (Fig. 3). The
same variant chromosomes were also
identified by the acridine orange R band-
ing technique. Thus, the banding pat-
terns along the chromosomes and the
variable fluorescent regions on specific
chromosomes of man revealed by the oli-
vomycin were in general the same as ob-
tained by the acridine orange R banding
procedure. This similarity was also con-
firmed by using the bovine chromosome
preparation. All centromeric hetero-
chromatin regions of the chromosomes

NaPO, (pH 6.8), 0.001M MgCl,,

107*  and 0.1 mM EDTA.

with the exception of the X chromo-
somes in the cow demonstrated bright
fluorescence with the olivomycin band-
ing procedure (Fig. 4). A similar finding
was reported previously when the con-
ventional acridine orange R banding tech-
nique was used (/7).

In addition, it has been shown that the
mouse centromeric regions contain re-
petitive DNA that is rich in A-T base
pairs (/8) and these regions would be ex-
pected to stain negatively with a G-C-
specific fluorochrome. It was observed,
indeed, that mouse chromosome prepara-
tions subjected to the olivomycin proce-
dure showed nonfluorescent centromeric
regions.

R bands were also observed on
chromosome preparations treated with
mithramycin and chromomycin A;. How-
ever, the fading of the bands was so rap-
id that to record the bands by microscop-
ic photography was almost impossible.

The simplicity of the R banding proce-

dure with olivomycin and its elimination
of the necessity to treat (and risk destroy-
ing) the chromosome preparations be-
fore staining them makes this procedure
a useful tool for chromosome analysis,
especially if the problem of fading of the
bands can be somehow overcome. Other
excitation sources, such as a xenon lamp
or laser, might reduce fading problems
with these specific fluorochromes.

Several aspects of the use of the chro-
momycin-like antibiotics in producing R
bands are of interest:

1) The selective labeling of chromo-
some DNA with olivomycin and other
chromomycin-like antibiotics clearly dif-
ferentiates specific fluorescent patterns
on different regions of human and bovine
metaphase chromosomes. The character-
istic reverse fluorescent bands produced
by these compounds introduce a new di-
mension not only in analysis and identifi-
cation of chromosomes but also in
searching for further understanding of
the structure and function of these
chromosome regions.

2) Unlike the interaction of other anti-
biotics, such as quinacrine, with DNA,
the interaction of the chromomycin-like
antibiotics with DNA is not affected by
high ionic strength. Flourescence fading
of the bands is still a limitation in the use
of olivomycin, but different excitation
procedures may overcome this.

3) This group of antibiotics might pro-
vide some insight into the mechanism of
chromosome banding. The fluorescence
enhancement of olivomycin (or chro-

Fig. 3 (left). A metaphase spread of a human lymphocyte from a male subject. The characteristic R banding pattern on chromosomes was
produced by staining the slide of the chromosome preparation with olivomycin solution in a concentration of 1 mg/ml. (Olivomycin was dissolved
in Sorrenson’s buffer, a mixture of 0.07M NaPHO, and 0.07M KH,PO, with a pH of 6.8). One homologous chromosome from each pair of auto-
somes and the sex chromosomes were labeled by their designated numbers and by X and Y, respectively. The short arm of a chromosome 22 was
brighter than the short arm of its homologs (indicated by arrows). The distal long arm of the Y chromosome appears to be fluorescent negative.
The exposure time for the negative of the photograph was 2 seconds with Kodak Tri-X Pan film (ASA = 400; x40 planapochromat objective and

%X 10 eyepiece).

Fig. 4 (nght) A metaphase spread of a Iymphocyte from a cow. Distinct bright fluorescence appeared in the centromeric

region of every autosome in the genome. The centromeric regions of the X chromosomes appear to be fluorescent negative. The staining
technique and microscopic photography are as described in Fig. 3.
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momycin A;) in the presence of natural
DNA is best rationalized as an expres-
sion of the degree of binding of these anti-
biotics. The degree of binding is a reflec-
tion of the G+C percentage of the DNA
under observation. This mechanism is
different from the mode of binding of ami-
noacridines (quinacrine) to DNA, where
the binding to DNA is not sequence spe-
cific but the variable quantum efficiency
of fluorescence is a function of the base
composition at the binding site. The pro-
duction of R bands by the G-C-specific
fluorochromes supports the suggestion
that nucleotide sequence arrangement
along the chromosome plays an impor-
tant role in determining the display of flu-
orescent bands (3, 4, 6).

Further qualitative examination of
chromosome banding with these and oth-
er fluorescent probes should provide ad-
ditional information on the mechanism of
chromosome banding, and also may lead
to a better understanding of the structure
and function of chromosomes.

J. H. vAN DE SANDE
C. C. LiN, K. F. JORGENSON
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Hyperphenylalanemia: Effect on Brain Polyribosomes
Can Be Partially Reversed by Other Amino Acids

Abstract. The effect of a single injection of phenylalanine (2 mglg of body weight)
on brain polyribosomes, which increases the number of inactive monoribosomes, per-
sists for 2 to 3 hours. A single injection of seven large neutral amino acids after
phenylalanine administration results in a reversal of the effect on brain polyribo-
somes with a resultant decrease in monoribosomes to near normal levels. The other
common amino acids are apparently not limiting during hyperphenylalanemia, be-

cause an injection of these did not increase recovery.

A single injection of phenylalanine
leads to a shift in polyribosome profiles
of mammalian brain tissue and increases
the number of monoribosomes (I-3).
The monoribosomes are apparently in-
active and accumulate as a result of a de-
creased rate of the initiation of protein
synthesis (3). In addition to the effects on
protein metabolism, a state of hyper-
phenylalanemia produces a rapid and ex-
tensive decrease in the intracellular con-
centration of several amino acids in brain
cells both in vivo and in vitro ). The
amino acids which are most affected are
the large neutral amino acids which are

cotransported with phenylalanine. Alter-
ations in the intracellular concentrations
of these amino acids have been sug-
gested as the mechanism by which phe-
nylalanine decreases protein synthesis in
neural tissue (¢, 5). If this amino acid im-
balance is directly responsible for the in-
hibition of neural protein synthesis, then
the administration of the proper amino
acids to hyperphenylalanemic animals
might restore the normal balance and re-
verse the inhibitory effect on neural pro-
tein synthesis.

The injection of neonatal mice with -
phenylalanine (2 mg per gram of body

Fig. 1. Sedimentation profiles of brain poly-
ribosomes isolated after injection of various
amino acids. Noninbred Swiss albino mice (6)
received intraperitoneal injections of phenyl-
alanine as described (3) at a dose of 2 mg/g of
body weight (65 ul/g) from a stock solution
0.1 containing 30 mg of L-phenylalanine per mil-
liliter of saline; control animals received a
comparable amount of saline alone. (A) Saline
was injected 60 minutes before the animals
were killed (the same profile is found if saline
is injected 90 to 180 minutes before killing).
(B) Phenylalanine was injected 60 minutes be-
fore the animals were killed. (C) Phenylala-
nine was injected 120 minutes before the ani-
mals were killed (similar polyribosome pro-
files were observed for at least 180 minutes
after injection with phenylalanine). When two
injections were used, the second injection was
0.1 given 60 minutes after the administration of
phenylalanine. The second injection consisted
of a mixture of the seven large neutral amino
acids (7) (3.75 mg of each amino acid per mil-
liliter of saline, injected at a dose of 0.075 mg
of each amino acid per gram of body weight,
or 20 ul/g). (D) Phenylalanine was injected 60
minutes before a saline injection (20 ul/g); ani-
mals were killed either 30 or 60 minutes later.
(E) Phenylalanine was injected 60 minutes before the seven amino acids were injected; the ani-
mals were killed 30 minutes later. (F) Phenylalanine was injected 60 minutes before the seven
amino acids were injected; animals were killed 60 minutes later. Brain polyribosomes were
isolated as described (3) by homogenizing brains with a motor-driven glass-Teflon homogenizer
in TKM buffer solution (50 mM tris-HCI, pH 7.2; 25 mM KCl; 5 mM MgCl,) containing 1 mg/ml
of bentonite. The resulting homogenate was centrifuged at 8400g for 15 minutes at 4°C. The
supernatant fluid containing the polyribosomes was removed and sodium deoxycholate and
Tween-40 were added to a final concentration of each of 1 percent. The polyribosomes were
then purified by gel filtration through a Sephadex G-200 column (1.1 cm by 10 cm) at 4°C. The
brain polyribosome preparations were then layered (approximately 2.0 Egs, units) on a 5.0-ml
linear (0.7 to 1.5M) sucrose gradient in TKM buffer and centrifuged at 190,000 for 105 minutes
in a Beckman SW 50.1 rotor at 4°C. Duplicate gradients were run for each condition in each
experiment. After centrifugation the sucrose was removed from the top of the gradient by a
peristaltic pump, the optical absorption at 254 nm (E.s,) was continuously monitored with an
ISCO model UA-2 ultraviolet analyzer, and the area under the monoribosome and polyribo-
some region was determined (3).
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