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Summary

Using the highly AT-specific fluorchrome daunomy-
cin, a longitudinal optical signal called AT queue,
thought to arise from a line-up of the highly AT-rich
scaffold-associated regions (SARs) by the scatfolding,
was identified in native chromosomes. Fluorescence
banding is proposed to result from a differential fold-
ing path of the AT queue during its progression from
telomere to telomere. The AT queue is tightly coiled or
folded in a Q band, the resulting trangverse striations
across the chromatid, which also represent Giemsa
subbands, generating a bright AT-rich signal over the
Q region. The R bands, in contrast, contain a more
central (unfolded) AT queue, yielding an AT-dull signal
overthe Rregions. The AT queue is identified by immu-
nofluorescence against topoisomerase i (topo Il) and
HMG-I/Y as the scaffold of native chromosomes; the
fluorescence signal from both proteins is akin to a de-
tailed Q-type banding pattern. Native chromosomes
appear assembled according to the loop-scatfold
model.

Introduction

Chromosomes bands are variations in the longitudinal
structure of the chromatid revealed by various staining
techniques. Classically, chromosomes appear to be built
of stacked disks, where each disk differs from its nearest
neighbor in gene density, time of replication, base com-
position, repeat sequences content, and chromatin con-
formation (reviewed by Holmquist, 1992; Craig and
Bickmore, 1993). The underlying chromosomal order re-
sponsible for the banding phenomena is not understood.

The major chromosomal bands are the foliowing (Sum-
ner, 1990): C bands represent constitutive centromeric
heterochromatin containing tandemly repeated satellite
DNA and apparently no genes. Giemsa dark (G) bands
are late-replicating facultative heterochromatic bands;
they appear AT-rich and, as a consequence, can also be
revealed with AT-specific DNA fluorochromes such as
quinacrine (Q bands), DAPI, or daunomycin. Only about
20% of the mapped human genes localize to the G/Q
bands; they are essentially devoid of housekeeping genes
and the facultative heterochromatin of the Q bands may
serve to silence many tissue-specific genes. R bands gen-
erally replicate early in the S phase; they stain Giemsa
pale or quinacrine dull (GC-rich). Virtually all the widely

expressed human housekeeping genes map to R bands
(Holmquist, 1992; Craig and Bickmore, 1993).

Despite the routine use of the clinically important chro-
mosomal banding technique, no prevailing and satisfac-
tory model exists that relates chromosome structure to the
banding phenomena. Discussion concerning the banding
phenomena centers around dye accessibility as modified
by proteins, a long-range variation of the base pair compo-
sition along the genome, or both (Sumner, 1990). Dye ac-
cessibility appears to play a minor role in banding using
DNA fluorochromes; all known DNA fluorochromes, such
as ethidium bromide or propidium iodide, that bind DNA
without a sequence preference stain chromosomes quite
homogeneously. If dye accessibility were to play a major
role, general DNA fluorochromes should have been found
with banding properties.

G/Q band DNA was found to be about 3.2% richer in
AT than R-band DNA (Holmquist et al., 1982). This relative
minor variation in base composition along the chromo-
somes can not explain the good Q bands observed with
daunomycin; the fluorescence emission of daunomycin is
quenched almost completely upon binding to DNA having
a AT-base composition between 000—60%, implicating
perhaps only the very AT-rich (>65% AT) DNA in Q band-
ing (Comings and Drets, 1976; Johnston et al., 1978; Com-
ings, 1978). Clearly, the alternating pattern of AT- and
GC-rich bands along the chromosome is unlikely to be
due to a simple linear variation of the base composition
over many megabases of DNA,; the banding phenomena
must have a structural rationale based on chromosome
organization.

The structural higher order subunit of metaphase chro-
mosomes is a chromatin loop containing roughly 75 kb
of DNA in human chromosomes; the loops are tethered,
forming a network termed chromosomal scaffolding
(Laemmili et al., 1977). The major scaffold protein is SC1
(Lewis and Laemmli, 1982), a protein later identified as
topoisomerase 1l (topo i) (Earnshaw and Heck, 1985;
Gasser et al., 1986). DNA elements termed scaffold-
associated regions (SARs) are candidate elements for de-
fining the base of chromatin loops. SARs are highly AT-rich
(>65%) stretches of several hundred base pairs that were
originally identified in Drosophila (Mirkovitch et al., 1984).
Since then, SARs have been characterized in several or-
ganisms, including human and yeast (reviewed by Gasser
and Laemmli, 1987; Garrard, 1990; Laemmili et al., 1992).
A number of proteins bind SARs highly selectively, such
as topo |l, histone H1, and HMG-I/Y (Adachi et al., 1989;
Sperry et al., 1989; Izaurralde et al., 1989; Zhao et al.,
1993). SARs (sometimes called MARS) contain numerous
A tracts (AT-rich sequences containing short homopoly-
meric runs of dA-dT base pairs) and the specific interac-
tion is not mediated by a precise base sequence but by
the non-B structural features of DNA, such as the narrow
minor groove of the A tracts, DNA bends and/or propensity
to unwind (Kés et al., 1989; Homberger, 1989; Adachi et
al., 1989; Bode et al., 1992)
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Figure 1. Selective Staining of Loops: Dauno-
mycin and YOYO/MG

(a) Schematic of the protocols to stain selec-
ey {6 5ase 6 6Gay 6f ihe chirGmann 106ps.
Detection of the loop body is indirect; general
staining of the chromatin loops with YOYO-1
is followed by quenching of the emission from
the highly AT-rich SAR with MG. Daunomycin
or the specific antibodies aTopo Il or acHMG-
I/Y are used to stain the loop base. Selective
staining of the bases of the loops generates a
detailed Q pattern; selective staining of the
loop body (YOYO/MG) yields the complemen-
tary R pattern.

(b) Capillaries filled with a variety of daunomy-
cin-DNA complexes (1 pg/pl) as indicated
wererecorded witha 1 x objective with the con-
focal microscope using the GHS filter. The
number in parenthesis represents the residual

quenched fluorescence emission completely titrated with excess DNA duplex as determined by fluorometry (see text). The residual fluorescence
of the histone SAR fragment (0.14) is several fold greater then that of bulk saimon sperm DNA (0.03).

The scaffolding and loop organization of DNA was origi-
nally observed by electron microscopy in histone-depleted
metaphase chromosomes as a residual metaphase-
shaped structure (Paulson and Laemmli, 1977; Laemmli
et al., 1977). Subsequent studies confirmed the organiza-
tional principle of loops in progressively more native un-
folded chromosomes by thin sectioning (Marsden and
Laemmli, 1979), spreading techniques (Earnshaw and
Laemmili, 1983), and immunofluorescence with antibodies
against topo Il (Earnshaw and Heck, 1985; Gasser et al.,
1986; Boy de la Tour and Laemmli, 1988). In chromosomes
unfolded by exposure to low salt or partial extraction of
histone H1, the scaffolding is observed as a central longitu-
dinal region due to the peripheral spreading of the unrav-
eled chromatin loops as well as the longitudinal uncoiling
of the scaffolding. Possibly, as a final level of organization,
the scaffolding is mirror-symmetrically helically coiled to
yield compact sister chromatids (Boy de la Tour and Laem-
mli, 1988).

In attempts to understand the organization of the scaf-
folding in intact chromosomes, we discovered the struc-
tural basis for chromosome bands. They are proposed to
be generated by an organized queue (or line-up) of the
most highly AT-rich (>65%) DNA sequences, called the
AT queue. Our experiments identify the AT queue as
the scaffold that appears to mediate the line-up of the
highly AT-rich SARs.

Results

Packaging of Chromosomal Loops: Feasibility

and Tools

Is it reasonable to study the packaging of chromatin loops
in native chromosomes by confocal microscopy? Assum-
ing a DNA loop size of 100 kb and a length packing ratio
of 36 for the 30 nm chromatin fiber, a loop would approxi-
mate a rod-shaped structure with a length of about 500
nm and a width of about 60 nm. These rods are expected
to have biochemical polarity provided by the highly AT-rich
(>65%) SARs and the scaffold proteins at the bases of the

loops. We used the following tools to detect loop polarity.

The bases of chromatin loops can be detected using
either the highly AT-specific DNA fluorochrome daunomy-
cin or specific antisera against scaffold proteins (see Fig-
ure 1a). Daunomycin is ideally suited to “image” the highly
AT-rich SARs as the daunomycin fluorescence is almost
completely quenched upon binding to DNA having an
A+T-base composition from 0%-60%. In contrast, this
signal is only partially quenched upon binding to DNA with
a very high A+T (>65%) content (Comings and Drets,
1976; Johnston et al., 1978). We have confirmed these
observations quantitatively by fluorometry as described
by Comings and Drets (1976) and semiquantitatively by
examination of capillaries, filled with a number of different
DNA-daunomycin complexes, withthe helpofa 1 x objec-
tive in the confocal fluorescence microscope (see Figure
1b for details). A strong residual signal (45%-55%) is ob-
tained by fluorometry if daunomycin is titrated to comple-
tion (excess DNA) with the synthetic duplexes poly(dA-
dT), poly(dA)- poly(dT) or poly(di) - poly(dC). in contrast, the
residual signal is very weak (1%-2%) upon titration with
poly(dC-dG), poly (dG)-poly(dC), an isolated non-SAR
(39% A+T) fragment or bulk salmon sperm DNA. Im-
portantly, the residual emission of daunomycin titrated
with the histone SAR (74% A+T) levels off at about 10%-
15%, significantly above the value measured for bulk
DNA. These observations are confirmed (semiquantita-
tively) by examination of the capillaries (Figure 1b), which
also reveal the poor residual signal from the daunomycin
complexes with the duplexes poly(dA-dC) and poly(dA-
dG). Consequently, if SARs are organized by the scaffold
into a line-up, the AT queue, then a localized signal rein-
forcement will result. The term AT queue is used to de-
scribe the brightest optical daunomycin signal.

We used the following indirect procedure to detect the
chromatin loop body (see Figure 1a). The asymmetric cya-
nine dye YOYO-1 (YOYO) is a general DNA fluorochrome
that stains loops (the base and the body) and chromo-
somes (see below) quite homogeneously. We have used
the nonfluorescent dye methyl green (MG) to highlight the
loop body. MG preferentially interacts with AT-rich DNA
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Figure 4. Complementarity at the Subband Level of Q6: Each AT Coil Is Flanked by GC-Rich Q Loops

The largest Q6 band is examined in detail. The mode! predicts an alternating pattern (subband) in Q regions consisting of the AT coils and the
Q loops. The former is highlighted by daunomycin, the latter by YOYO/MG. This figure shows the daunomycin-stained Q6 band {(0° projection)
on the left; it contains six AT coils as indicated with arrowheads and the numbers 1-6 and five Q loops are expected (see arrows labeled a—e).
The complementary daunomycin and YOYO/MG images can be phased using R4 and R5.

A number of projections (0°, 44°, 55°) of the Q loops (YOYO/MG) are shown to indicate the three-dimensionality of the subbands. The paths
of the AT coils around the Q loops on one of the chromatids are indicated with arcs. Two of the projections are shown twice allow the addition
of labels. Note in the 0° projection, the mirror-symmetry positioning of the Q loops and the intimate interaction of sister chromatids via loops.

Scale bar, 2 um.

MG, the R1 band is highlighted. That is, the secondary
constriction at R1 is filled up toward the chromosomal pe-
riphery (the loops) and the flanking Q regions are trimmed
down, quenched by MG (Figure 3b).

Complementarity at the Subband Level: Each AT
Coil Is Flanked by GC-Rich Q Loops
The perfect complementarity between the main R and Q
bands is a direct consequence of the differential coiling
of the AT queue (see model in Figure 8b). A further predic-
tion is that complementarity should extend down to the
subband level. Figure 4 shows the Q6 region of chromo-
some 1 stained either with daunomycin or with YOYO/
MG. Q6 contains six AT coils (indicated by the numbered
arrowheads in Figure 4), which can be revealed by dauno-
mycin staining. Five interband densities are expected be-
tween the AT coils; they should be highlighted in reversed
contrast by YOYO/MG. This is indeed observed: the Q6
region of the YOYO/MG-stained chromosome reveals five
densities (Q loops) between the AT coils (indicated by
arrows and the letters a—e in Figure 4). This assignment
is unambiguous, since it is possible to put these images
in register using the flanking complementary R4 region
as a phasing signal.

A number of rotational views are also shown in Figure
4 (two of the views are shown twice to allow the addition

of labels). If the different rotational views are carefully ex-
amined, the five Q loop densities of Q6 can be seen to be
symmetrically positioned on both chromatids. The groove
and path of the AT queue, whose signal was quenched
by MG, also is clearly noticeable. It is possible to “stitch”
the six AT queue coils around the five Q loops with little
ambiguity. This is indicated for each projection in Figure
4 by curved thin arrowheads on one of the chromatids.
The position of the AT queue can be deduced from the
peripheral and helical aspect of the grooves (which are
mirror-symmetrical on both chromatids) and by the central
“holes” between the chromatids.

The fine banding structure of the Q loops is very repro-
ducible and their relative size and spacing are always
maintained: thus, Q loop a is large, the next one down,
b, is small, ¢ is larger and is generally in close contact
(fused) with its sister and so on. These size differences
are related to the spacing of the AT queue. The large
distance between AT coils 1 (from the top) and 2 (the next
one down) results in the large Q loop a; similarly, the close
juxtaposition of AT coils 2 and 3 (sometimes too close to
be unambiguously identified) results in the much smaliler
Q loop b. The size order of Q loops a~e can be seen in
the Q6 regions of all YOYO/MG-stained chromosomes
shown in this report (see Figures 3a, 5a, and 5b). The
demonstration of an alternating and complementary three
dimensional substructure in the Q region strongly supports
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« HMG-17Y

« Topo Il + Dauno

Chromosomes were immunostained for topo Il and daunomycin (a and b) as well as for HMG-)/Y and propidium iodide (c). The daunomycin and
propidium iodide signal (red) are shown separately and merge with the green (resulting yellow) antibody signal (FITC-conjugated secondary
antibody). Both proteins, which bind SARs preferentially in vitro, localize to the AT queue of native chromosomes, resulting in a detailed Q-banding
pattern. Q bands are generally brighter for either protein and the individual AT coils are highlighted in several regions. The fluorescent signal for
either protein is more central in the R region following the AT queue as well as its R blip (see, 8.g., R1 and R7). The topo |l signal of the short
arm (a) as well as the HMG-I/Y signal of Q4 (c) are shown unmerged in black and white (insert) to allow examination of details and the positive

topo ! signal at the centromeric R5 region. Scale bar, 5 um.

la Tour and Laemmli, 1988). Recently, we demonstrated a
direct involvement of topo |l in a late stage of chromosome
condensation (Adachi et al., 1991), in line with earlier ge-
netic data in yeast that revealed an essential function for
topo Il in the segregation of intertwined daughter chromo-
somes as well as in condensation (Uemura and Yanagida,
1984; Holm et al., 1985). Topo Il specifically binds and
aggregates SAR sequences by a cooperative interaction
(Adachi et al., 1989), and detailed topo Il cleavage studies
in nuclei or in cells identified SARs (under certain experi-
mental conditions) as prominent sites of topo Il cleavage
(Kas et al., 1993).

Figures 6a and 6b show the topo H (green) signal merged
with the daunomycin (red) signal (also shown separately).
The topo Il image displays, both in its general and detailed
features, a Q banding pattern: the topo Il signal is generally
strong in Q regions and lighter and more central (fading)
in the R regions. The coiled nature of the scaffolding re-
vealed by the topo II signal and observed previously in
slightly expanded HelL.a chromosome (Boy de la Tour and
Laemmili, 1988) also is evident in many regions of this
native-~compact chromosome. This is best seen in the in-
sert of Figure 6a, which displays the topo Il signal in black
and white. It is possible to count with confidence the num-
ber of topo |l coils or striations in some regions (Figures
6a and 6b); the Q4 band contains four topo Il densities,
while five to six topo Il densities can be counted in the
Q6 band (note that occasional specks derived from the
secondary fluorescent antibody can render this interpreta-

tion difficult). Several details of the R regions are also of
interest. R1 (the secondary constriction) near the telomere
of the long arm contains a dot-like (R blip) topo |l signal
on both chromatids, which colocalizes precisely with the
daunomycin image. The R blip can also be noted along
the AT queue in R4, R5, and R7 as topo il- and daunomy-
cin-positive signals. Note that the structural features dis-
cussed here are always observed on both chromatids,
which rules out spurious signals.

The high mobility group protein HMG-I/Y (not to be con-
fused with HMG-1,2) preferentially binds A tracts in DNA
(Solomon et al., 1986; Reeves and Nissen, 1990; Reeves,
1992). The highly AT-rich SARs contain numerous binding
sites for this protein; band shift studies identified over 15
binding sites on the 657 bp histone SAR (Zhao et al., 1993).
Consistent with these SAR binding studies and with our
model, Disney et al. (1989) reported by immunofluores-
cence the general enrichment of HMG-I/Y in the Q bands
of classically prepared chromosomes. We reexamined
this observation using native Indian muntjac chromo-
somes. Figure 6¢c shows the fluorescence of HMG-I/Y
(green) merged with the total DNA signal (red, propidium
iodide); the general Q pattern of the HMG-I/Y fluorescence
is evident and in agreement with the results of Disney et
al. (1989). Important additional details can be noted: R
regions, which generally stain weakly for HMG-I/Y, never-
theless display a positive track (which includes the R blip)
owing to the association of HMG-I/Y with the central AT
queue. Again, this HMG-I/Y track is more central than the
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Simulation of Q-bands

Figure 7. Simulation of Q Bands

A regular wire spring (1) and one containing a number of uncoiled
gyres (2) were photographed to mimic the path of the AT queue through
the chromosome body. The one-gided upper view of the springs was
obtained by part immersion of the springs into an opaque liquid. Views
3 and 4 are derivatives of view 2, blurred with a Gaussian filter over
3 and 4 pixel in Adobe PhotoShop, respectively.

general DNA stain (shown in red). This is more easily seen
in the black and white insert of Figure 6¢, which displays
the HMG-I/Y signal of the Q4 region unmerged from the
total DNA signal to permit examination of these details.
The Q regions also show substructural details that reflect
the association of HMG-I/Y with the AT coils; it is possible
to count four HMG-I/Y densities in the Q4 band. In sum-
mary, topo Il and HMG-I/Y are scaffold proteins that colo-
calize precisely with the AT queue of native chromosomes,
supporting our hypothesis that the AT queue is generated
by the path of the scaffold.

AT Coils Are Identical to Giemsa Subbands

of Prometaphase Chromosomes and Giemsa
Selectively Stains the Chromosome Scaffold
Classical fluorescence Q-banding techniques do not re-
veal high-resolution subbands (Comings, 1971; Koren-
berg and Engels, 1978; Schweizer, 1981). To highlight
subbands, it is necessary to apply the trypsin—-Giemsa
G-banding procedure to elongated prometaphase chro-
mosomes. This procedure is used as a routine nonfluores-
cent method to type chromosomes. Giemsa stain is a com-
plex mixture of dyes that highlights the G/Q bands by a
poorly understood mechanism (Sumner, 1990). What is
the relationship between the AT coils of native chromo-
somes and the Giemsa subbands? To address this ques-
tion, we compared the published high-resolution G pattern
(about 235 bands with 7.7 Mb/band) of the prometaphase
Indian muntjac chromosome 1 (Sen and Sharma, 1985)
with the daunomycin image of a native metaphase chro-
mosome (Figure 8a). Although some additional details are
revealed by Giemsa, both patterns are strikingly similar
and a one-to-one relationship is evident between the main

Giemsa subbands and the AT coils; for instance, Q6, Q4,
and Q2 have six, four, and two Giemnsa subbands, respec-
tively. Note that while Giemsa bands are classically drawn
in black, the daunomycin AT signal is shown bright in re-
versed contrast (fluorescence emission).

The immunofiuorescence studies reported above relate
the AT queue/AT coil to the scaffoiding region of native
chromosomes. As a consequence, we would expect the
scaffolding of unfolded chromosomes to yield a Giemsa-
positive signai; this is indeed observed. Whiie the classical
G-banding method requires brief exposure to trypsin to
develop the G pattern, this is not necessary 1o highlight the
scaffold of unfolded chromosomes (Saitoh and Laemmii,
1994). The mild trypsin treatment applied to the classically
prepared methanol-acetic acid-fixed chromosomes may
serve to uniold the R and Q loops (see model in Figure
8b), resulting in a duller Giemsa signal in these regions.
The Giemsa-positive signal of the scaffold may arise from
its higher DNA-protein richness.

The experiments reported here establish a simpie and
coherent relationship between chromosome structure and
chromosome bands. The scaffold-SAR regions consisting
of the bases of chromatin loops generate bright-positive
signals for daunomycin, Giemsa, topo lI, and HMG-I/Y. in
contrast, the Q and R loops are duli-negative for daunomy-
cin, topo I, HMG-I/Y and Giemsa. The differential coiling
and folding of the scaffolding through the chromatid yields
the familiar pattern of chromosome bands and subbands.

Discussion

We have developed new staining techniques aimed at de-
tecting the biochemical-morphological polarity of chroma-
tin loops in native chromosomes (see Figure 1a). Our ap-
proach permits a description of chromosome structure by
an updated scaffold-loop model that satisfactorily incorpo-
rates previous structural and biochemical studies and pro-
vides an explanation for chromosome banding phenom-
ena. The various banding techniques we have used are
proposed to detect the nonrandom assortment of the loops
in chromosomes: selective staining of the bases of the
loops with daunomycin, Giemsa, or scaffold antibodies
generates a detailed Q pattern. In contrast, selective stain-
ing of the loop body (YOYO/MG)yields the complementary
R pattern.

Q Bands and Complementarity Are Generated

by Differential Coiling of the AT Queue

The structure of metaphase chromosomes can be repre-
sented by an unfolded chromatid fiber that contains, ex-
cluding specialized chromosomal regions such as centro-
meres or telomeres, two different loops: the shorter Q
loops and the longer R loops (Figure 8b). This chromatid
fiber contains a central, longitudinal region called the AT
queue arising from a nonrandom arrangement of the
loops: the AT-rich end generally lies on the inside, thus
generating a polar structure. The compact chromosome
is generated by tighter coiling or folding of the chromatid
fiber in Q regions relative to R regions. The resuiting struc-
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Figure 8. Relationship of AT Coils and Giemsa Subbands and the Model

(a) The high-resolution prometaphase G-banding pattern (Sen and Sharma, 1985) of Indian muntjac chromosome 1 is shown on the left with the
standard international nomenclature; Giemsa subbands are in black. On the right, a computer-enhanced daunomycin-stained chromosome 1 is
shown to illustrate the one-to-one relationship of the AT coils (bright) with the Giemsa subbands (dark) in the G map. Some of the major Q and
R bands discussed in the paper are marked to establish the structural corespondents between the map and the image. R regions are known to
be longer (decondensed) in prophase versus metaphase as is also evident in the G map. The daunomycin image was colorized and enhanced
in Photoshop (Adobe) as an RBG picture. A high pass filter was passed (10 pixel) through the red layer, the blue layer was shaded with the emboss
filter (48°, 6 pixel height), and the colors were adjusted using Color Balance.

(b) This extended scaffold~loop model displays the hypothetical chromatid fiber on the left; this fiber serves to explain the more compact metaphase
chromosome on the right. The daunomycin image of chromosomes (AT queue and coil) is approximated by the yellow color and the YOYO/MG
image (Q and R loops) by the green color. The Q and R loops are graphically indicated (highly oversimplified). Loops are not directly observed
but inferred (see text) and the structural relationship of neighboring loops and their packaging mode is not known. Sister chromatids are mirror-
symmetrically drawn; the sister chromatids of real chromosomes are more intimately linked (e.g., [b]). The letters Q and R refer to Q and R regions,
respectively. Many features are oversimplified: the loops are not expected to be linearly arranged and the AT queue is expected to contain a
substructure (see also Discussion): The three dimensional relationships, such as the path of the AT queue in between the AT coils (possibly

discontinuous), have to be studied in more depth. The intimate linking of sister chromatids complicates the three dimensional analysis.

ture explains general banding phenomena as well as the
observed complementary substructural features: aQband
arises from the cross-striations of the AT queue (AT coils).
Selective staining of the AT queue results in a generally
bright optical (yellow-rich) signal over the Q region in which
subbands are “blurred” to generate a band (Figure 8b). In
contrast, the R region, due to the more central position
of the AT queue, appears optically dull (yellow-poor in the
model). It is easy to simulate a Q pattern by visualizing a
spring containing partially uncoiled gyres (Figure 7). Peri-
odic uncoiling yields Q bands represented by the re-
maining tightly juxtaposed coils. This banding pattern ap-
pears enhanced, if optically blurred. Thus, the Q pattern
is due to a periodically strong and dull optical signal along
the chromosome arising from the differential folding path
of the AT queue. If the AT queue is selectively stained
with daunomycin or Giemsa, then Q regions will appear
AT rich or Giemsa positive; in contrast, the R regions will
appear AT poor (i.e., GC rich) or Giemsa negative.
Daunomycin produces a banding pattern by generating

a positive signal in DNA sequences with the highest AT
richness (> 65% AT). It is an ideal and selective stain for
SARs and the physical gathering of SARs by the scaffold,
as well as the relatively large size of these DNA elements,
favors a recognizable signal from the AT queue over that
from bulk DNA. SARs may be described as generally AT-
rich regions stretching from 700 bp to several kb con-
taining many extremely AT-rich islands. Based on numer-
ous SAR mapping-binding studies with both natural and
artificial SARs constructs in several laboratories, we doubt
that it will be possible to find long highly AT-rich (> 65%)
sequences that, operationally, would not behave as SARs
(reviewed by Laemmli et al., 1992); the AT queue signai
must be generated by daunomycin staining of bulk SARs.

According to our model, Q regions are subdivided into
a complementary pattern of yellow and green subbands
called the AT coils and the Q loops, respectively. This
subdivision is experimentally reproducible and its analysis
is conveniently facilitated by the fact that a structural fea-
ture noted on one chromatid should always be found,
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3a and 4). We note that, in spite of the dominance of these
R loop signals, it is possible to observe a genuine central
AT queue and positive topo Il and HMG-I/Y signals in RS
(Figures 2b and 6).

Base Composition Variation

Current models base fluorescence banding phenomena
predominantly on a step-wise long-range variation of DNA
base composition along the genome (Holmquist, 1992).
Each step corresponds to an isochore, which is a rather
homogeneous long (up to 200 kb) stretch of DNA classified
into five base composition classes, ranging from 40%-
60% G+C (Bernardi et al., 1988). Although, we do not
rule out base composition variation between the R and
Q regions, it appears impossible to explain daunomycin
banding simply by the extent of this variation. This fluoro-
chrome implicates only the DNA sequences with the high-
est A+T content in banding. Our model proposes that
bands arise from a nonrandom alignment of the DNA se-
quences with the highest AT content into the AT queue
and from the differential folding path of the AT queue itself.
The visual pattern generated by the three dimensional sig-
nature of the AT queue is sufficient to create bands. It is
pleasing to note that the physical gathering into a queue
of the DNA regions with the highest AT content that are
interspersed throughout the genome witl result in loops.
This simple loop model (loops need an organizer) explains
euchromatic bands satisfactorily on purely theoretical
grounds, irrespective of assignments made for the various
chromosomal subelements: the SARs, the scaffold, and
its halo of loops.

The structure of metaphase chromosomes schematized
in our model satisfactorily combines classical cytogenetic
and chromosome structural and biochemical studies. In-
terestingly, euchromatic Q bands appear to be rare or ab-
sent in lower vertebrates, invertebrates, and ptants (Sum-
ner, 1980). Our model can offer a simple explanation:
Q- and G-banding patterns are proposed to arise from a
partial uncoiling of the scaffolding in the R regions yielding
a duller visual signal from this region; the absence of this
longitudinal differentiation will resuit in more homoge-
neously staining chromosomes, although subbands still
may be observed (Figure 7, lanes 1 and 2). The structural-
functional differentiation to an uncoiled R region, which
presumably represents the grouping of the active house-
keeping genes into a more open chromosomal environ-
ment, may have occurred at a later stage of evolution.

Experimental Procedures

Isolation of Metaphase Chromosomes

Indian muntjac DM87 cells were maintained in monolayer cultures
at 37°C in Dulbecco’s modified Eagle’s minimum essential medium
suppiemented with 10% fetal calf serum. Metaphase chromosomes
were isolated in a polyamine—EDTA buffer as described previously
(Lewis and Laemmli, 1982) with the following modifications. Approxi-
mately 50% confluent cells in ten tissue culture dishes (10 cm) were
blocked in metaphase with colcemid at a final concentration of 0.01
ug/mi for 2 hr. Mitotic cells were selectively dislodged from dishes by
gentle shake-off and collected by centrifugation (200 x g for 5 min).
The cells were washed once (200 x g for 3 min) with 10 ml of solution
| (room temperature) containing 7.5 mM Tris-HCI (pH 7.4}, 0.1 mM
spermine, 0.25 mM spermidine, 1 mM EDTA, 40 mM KCI supple-

mented with freshly added 1% thiodiglycol (Pierce), 1% Trasylol
(Bayer), and 0.1mM phenyimethyisulfonyl fiuoride (PMSF). The cell
pellet was resuspended in 5 ml of solution | supplemented as above
and incubated for 10 min at room temperature. After centrifugation
(200 x g, 5 min), the swollen celis were resuspended and lysed in
0.5 ml of solution |l at 4°C by passing them several times through a
26 gauge needle using a 1 ml syringe. Solution Il contains solution |
concentrated twice and supplemented with the following ingredients
(freshly added): 1% thiodiglycol (Pierce), 1% Trasylol (Bayer), 0.1 mM
PMSF, 0.1% digitonin, 0.6% Brij58, and 1 ug/ml each of leupeptin,
chymostatin, pepstatin A, and antipain. Solution |l was supplemented
with 2 mM AMP-PNP (Boehringer) to stabilize chromosomes in later
experiments reported in Figures 3, 4, 5, and Ba. The proteinase inhibi-
tors were prepared as stock solution at 10 mg/ml in DMSO. This cell
lysate was layered (125 ul/gradient) onto four glycerol step gradients
prepared in Eppendorf tubes with the following layers: 100 ul of 70%
and 400 ul of 10% glycerol in solution Il supplemented as above but
without Brij58 and AMP-PNP. The gradient tubes were spun (900 x
9, 5 min) at 4 °C. Chromosomes were collected from the 70% glycerol
interphase, mixed, and stored at —20°C.

Fluorescence Banding of Native Chromosomes

Isolated chromosomes (10 pl) were diluted into 500 pl of HEN buffer
{10 mM HEPES [pH 7.4}, 100 mM NaCl, and 1 mM EDTA) containing
4% formaldehyde (freshiy prepared from paraformaldehyde) and fixed
for 10 min at 4°C. Chromosomes were centrifuged onto a round cov-
erslip (19 mm) as described previously (Boy de la Tour and Laemmii,
1988), and the coverslip was rinsed with phosphate-buffered saline
(PBS, Sambrook et al., 1989). For daunomycin banding, the coversiip
was stained with 250 ug/ml daunomycin (Sigma, stock solution at 5
mg/ml in ethanol) in 0.1M Na phosphate buffer ([pH 6.5] P buffer)
for 30 min at 37°C, rinsed with P buffer, and mounted in 10% PBS
containing 1 mg/ml p-phenylenediamine and 78% glycerol. This
mounting solution stored at —80°C after preparation. For YOYO/MG
banding, the coverslip was first stained with 0.1 uM YOYO-1 (Molecular
Probes, Incorporated, supplied as a 1 mM in DMSO) in P buffer for
30 min at 37°C and rinsed with PBS. Chromosomes were counter-
stained for 30 min in P buffer containing 1% MG (Fluka), from which
methyl violet had been removed by chloroform extraction (Schweizer,
1976). After two rinses in PBS, the coverslip was mounted as above.
Chromosomes were generally exposed during the first staining step
with daunomycin or YOYO-1 to 1 mg/ml RNAase A to reduce back-
ground. For consecutive staining (Figure 5), chromosomes were first
stained with daunomycin as described above. For the second staining
procedure, the coverslip was gently removed, rinsed with PBS, and
the standard YOYO/MG banding was applied. These staining tech-
niques are also suitable for acetic acid-fixed chromosomes (not
shown). The YOYO/MG procedure applied to gels is as follows: di-
gested plasmids (4 pg) were prestained for 30 min in TPE (90 mM
Tris—phosphate [pH 8.0], 2mM EDTA) with 0.6 pM YOYO- 1. Following
electrophoresis in agarose, the gel is examined with a transilluminator
to record all DNA fragments. To quench the emission from the SARs
selectively, the gel is counterstained with 0.001 % MG in TPE for 60
min and rinsed with TPE.

Immunofiuorescence

Fixed chromosomes on coverslips prepared as described above were
treated with 0.5 mg/ml NaBH, in HEN for 10 min, rinsed with HEN
(twice 2 min), and blocked for 30 min with 10% normal goat serum
(Nordic) in HEN. The coverslips were incubated with HEN containing
primary antibody for 1 hr, washed three times for 5 min each with
HEN, and reacted for 1 hr with 50 ug/ml anti-rabbit immunoglobulin G
(IgG)-fluorescein, F(ab’). fragment (Boehringer) in HEN. After washing
with HEN (three times for 5 min), the chromosomes were stained with
daunomycin as described above, or counterstained with 2 ug/mi pro-
pidium iodide (Fluka) in PBS for 5 min prior to mounting. Topo Il was
detected with a polycional antibody to human topo {l (TopoGen, incor-
porated) diluted 1:10. HMG-I/Y was detected with an anti-HMG-i IgG
antibody provided by R. Reeves (Disney et al., 1989) diluted 1:100.

Image Analysis
Slides were examined with the MRC-600 (Bio-Rad) confocal micro-
scope with the standard fluorescence filter sets. The BHS filter was
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