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ABSTRACT

Double minutes (dm) have been isolated from human tumor cells by zonal
centrifugation and by differential pelleting of chromosome suspensions. These
methods allowed collection of dm in sufficient quantity and purity for visualization
with electron microscopy. Ultrastructurally, the chromatin fibers in dm resemble
those in metaphase chromosomes. No evidence of attached membrane fragments
was found. When the two isolation protocols were compared, differential pelleting
was shown to increase purity twofold to 85% dm by mass. The differential pelleting
procedure enables easy collection of dm in sufficient quantity and purity for

chemical analysis.
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Ascertainment of the chemical and biological na-
ture of the nuclear structures from human (2-6,
10, 12-14) and murine (7-9, 11, 14) tumor cells
known as double minutes (dm) has been hampered
by their small size and by the lack of appropriate
technology for their easy isolation. Recently, these
DNA-containing structures seen at metaphase of
the cell cycle have been implicated in the unstable
amplification of cistrons mediating methotrexate
resistance in cultured murine cells (5, 7). There is
widespread speculation that dm may represent
extrachromosomal genetic elements analogous to
well-characterized episomes in prokaryotic sys-
tems, although supportive evidence has not been
reported. Dm vary considerably in number among
cells (2-14). There is evidence to suggest integra-
tion (8) and excision (2) of dm in a fashion remi-
niscent of the prokaryotic system. We report here
the ultrastructural features of dm and a protocol
for their isolation from human carcinoma cell line
SW 613-S 18.
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MATERIALS AND METHODS

Human carcinoma cell line SW 613 was cultured as previously
reported (5). Initially, SW 613 showed a mean of 10 dm/cell. A
variant of this line, § 18, was selected by sequential shakeoff and
replating of mitotic cells for 18 rounds of selection. The variant
showed a mean of 40 dm/cell and an 18-h cell cycle (3). Cells
grown in 490 cm’ roller bottles were synchronized by consecutive
2 mM thymidine blocks followed by incubation of cells in 1077
M colcemid and mechanical shakeoff of mitotic cells. The pro-
cedure resulted in populations of cells which showed 85% mitosis.
Control experiments were carried out with a karyotypically nor-
mal human fibroblast cell line derived from a foreskin biopsy.
Culture conditions, synchronization methods, and chromosome
isolation were identical to those used for cell line SW 613-§ 18.
The control fibroblast line showed no dm in the 1,000 metaphases
screened.

Dm isolation followed published chromosome isolation pro-
cedures (15). This involved hypotonic swelling of mitotic cells
followed by lysis of cells into neutral chromosome isolation
buffer or 50% acetic acid (15). Resulting chromosome suspensions
were fractionated on 20-40% linear sucrose gradients by zonal
centrifugation as reported (15). Gradient fractions were assayed
for dm percentage by comparison of the ethidium bromide-
staining areas of chromosomes and dm in 20 microscope fields
photographed at X 1,000 as previously reported (5).

The differential pelleting procedure involved collection of
chromosome suspensions as above and fractionation as in Fig. 2.
Assay of resulting fractions was as above or as indicated in figure
legends.

Electron microscopy of particles in the 70,000 g pellet followed
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published procedures (16). Dm were pelleted onto copper grids
coated with Formvar film, critical point dried, and examined by
transmission electron microscopy on a Philips 300 electron mi-
croscope (16). Uniform diameter 0.5 um-polystyrene micro-
spheres (Coulter Electronics, Inc., Hialeah, Fla.) were included
in the preparations as an internal size standard.

RESULTS

In the zonal centrifugation procedure, dm mi-
grated to a region of 22-25% sucrose which corre-
sponded to an approximate sedimentation coeffi-
cient of 5 X 10* s. The maximum enrichment of
dm by zonal centrifugation was 43% dm by mass.
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FIGURE 1 Sucrose gradient fractionation of mitotic
cells containing dm. The 20-40% (wt/vol) linear sucrose
gradient (1 M hexylene glycol, 0.5 mM CaCl,, 0.1 mM
PIPES, pH 6.8) was loaded dynamically with mitotic
lysate as reported (15). Centrifugation was performed
for 1 h at 3,000 rpm in a Sorvall RC-2B ultracentrifuge
equipped with zonal rate controller and a SZ-14 zonal
rotor. The gradient was fractionated statically into 20-ml
aliquots. Sucrose percentage (@) was monitored by re-
fractive index. DNA (W) was assayed by the diamino-
benzoic acid assay (17). Dm mass percentage (1) was
assayed by photographic comparisons of 20 microscope
fields enlarged to X 8,000 final magnification. (4) Quan-
titation of a typical sucrose gradient. Dm appeared in
fractions 34-45 with the highest proportion in fraction
41 (43% dm). (B-E) Micrographs of ethidium bromide-
staining particles pelleted from indicated fractions onto
round coverslips. B is an unfractionated metaphase
showing chromosomes and dm. C is from gradient frac-
tion 5 and shows C-group human chromosomes. D is
from fraction 17 and shows smaller G- and F-group
human chromosomes. E is from fraction 41 and shows
dm. Bar, 10 um.
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Contaminating ethidium bromide-staining parti-
cles were primarily F- and G-group chromosomes.

In the differential pelleting protocol in Fig. 2,
the initial centrifugation at low speed removed
interphase nuclei and intact mitotic figures. The
second centrifugation step at 16,300 g pelleted
chromosomes. The final high speed centrifugation
at 70,000 g pelleted dm. The 70,000 g pellet was
found to contain 85% dm by mass. Under these
conditions, one third of the particles remained in
typical double form and two thirds were present
as single particles as in Fig. 3 (1,318 particles
scored). Contamination of the 70,000 g pellet was
monitored in 30 fields in a preparation containing
an average of 1,000 dm/field when photographed
at X 1,000. The results were: two A-group chro-
mosomes, 35 C-group chromosomes, two D-group
chromosomes, two E-group chromosomes, 21 F-
group chromosomes and 13 G-group chromo-
somes. Comparison of these results with unfrac-
tionated metaphase cells as in Fig. 3 indicated an
enrichment for dm of 100-fold. In parallel control
experiments with karyotypically normal human
fibroblasts, the 70,000 g pellet was free of ethidium
bromide-staining material.

The characteristically double particles observed
in light micrographs showed ultrastructural fea-
tures similar to mammalian chromosomes pre-
pared by the same procedures (16). As expected
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FiGURE 2 Differential pelleting protocol used for the
isolation of dm from human carcinoma cell line SW 613-
S 18. About 107 mitotic cells were lysed as reported into
5 ml of chromosome isolation buffer (15). Mitotic lysate
was then layered onto 20% (wt/vol) sucrose for the first
step which pellets nuclei and intact metaphase figures.
The 650 g supernate was decanted, diluted 1:1 (vol/vol)
with buffer and centrifuged as indicated. The first two
centrifugation steps were performed in an HB-4 rotor in
a RC-2B ultracentrifuge. The final pelleting was done
with an SW 27 rotor in an L5-65 ultracentrifuge.



FIiGURE 3 Micrograph of isolated dm from human car-
cinoma cell line SW 613-S 18. 4 shows an ethidium
bromide-stained unfractionated metaphase cell. Particles
from the 16,300 g supernate were pelleted onto copper
grids coated with Formvar film and stained with ethid-
ium bromide for light microscope evaluation (B). Similar
grids were examined by transmission electron micros-
copy as in Fig. 4. The field shown contains numerous
ethidium bromide-staining particles which are either
double (dm) or single (sm). One human C-group chro-
mosome is noted in this field. Bar, 10 um.

from previous anaphase cytology and cytochemi-
cal staining of dm in SW 613 (4), the dm showed
no evidence of centromeric constrictions or mem-
brane fragments often observed at chromosomal
telomeres. Chromatin fibers similar to those of
metaphase chromosomes are evident in dm as in
Fig. 4. In some cases, the two single particle halves
may be connected by similar fibers. The hetero-
geneity in size of dm in light micrographs is also
noted in electron micrographs of isolated dm from
cell line SW 613-S 18. It is presently unclear
whether the sizes of dm represent a continuous
distribution or whether dm are present in discreet
multimers of some unit size. Dm are ~0.5 pm in
size (diameter of the single minute) by comparison
with the microspheres included in the preparation.

DISCUSSION

Dm in this variant cell line have been shown to
contain semi-conservatively replicating DNA (3,

R
FIGURE 4 Transmission electron micrographs of un-
stained chromosomes and dm from human carcinoma
cell line SW 613-S 18. (4) A 0.5-um polystyrene micro-
sphere is noted on the left and a dm pair appears to the
right. (B) Fibers of chromatin interconnect the singlet
halves of a dm. (C) Larger dm appearing without inter-
connecting fibers. (D) A human G-group chromosome.
(E) A human C-group chromosome adjacent to a dm.
Bar, 1 pm.

5). Dm-DNA from SW 613-8 18 replicates only at
S phase of the cell cycle, not at G1, G2, or mitosis
(3). In this line, dm-DNA replicates throughout
the S phase in distinction from the simultaneous
replication of all dm early in S phase in other
systems (8). Although the ultrastructural similari-
ties intimate the presence of proteins, no direct
data are available. Photographic measurements of
dm and normal human chromosomes indicate that
dm are, on the average, ~3% the size of normal
human G-group chromosomes, or ~107"° g DNA.
This is on the order of size of an Escherichia coli
genome and should contain ~10° kb DNA. At
most, dm-DNA from SW 613-S 18 might encode
~10° genes/dm. In a murine system (7), there is
evidence that dm-DNA may code for dihydrofo-
late reductase. This suggests dm-DNA contains
structural genes in some systems. In SW 613-S 18,
it is not known whether dm-DNA is transcribed
or whether the dm-DNA base sequence is even-
tually represented in a translated mRNA as pro-
tein.

The unequal segregation of dm at anaphase
leads to a random distribution of dm to daughter
cells in SW 613 (3-5). Characteristically, the cells
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contain dm in numbers ranging from zero to over
1,000 dm/cell in the same cell population (3). This
cytological variability predicts a parallel variabil-
ity of phenotype among cells in which dm-DNA
codes for specific cell products. The variability in
number of dm among cells of SW 613-8 18 is
consistent with absence of centromeres (3-5). Clus-
ters of dm contained in a matrix suspected to be
RNA (4, 9) and adherence of these clusters as the
chromosomes segregate at anaphase suggest a
mechanism for the random distribution of dm to
daughter cells at cell division (4). The relationship
between dm clusters and the micronuclei seen at
interphase in the cells of SW 613-S 18 is not clear.

Direct preparations of tumor cells from patients
before chemotheraputic intervention have shown
dm (12), an indication that dm are not artifacts of
cell culture or the direct result of theraputic regi-
men. Although reports of tumors containing dm
show a distinctive bias toward tumors of neuro-
genic origin, this association must be evaluated for
possible ascertainment bias as dm have also been
reported in diverse other tumor types and in leu-
kemia (3, 5). The association of cellular resistance
to methotrexate with dm (7) makes isolation and
chemical investigation of dm of possible clinical
interest. The isolation protocol reported here en-
abled the ultrastructural study of dm with the
result that dm appear smaller in size, but ultra-
structurally similar to chromosomes in the orga-
nization of fibers in each. In addition, the simple
differential pelleting procedure resulting in 100-
fold enrichment for dm should allow chemical
work on dm which was previously not feasible for
lack of an appropriate, high-yield isolation pro-
cedure.
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