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Molecular cytogenetic organization of polytene chromosomes
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The results of the works carried out in the Laboratory of Molecular Cytogenetics
(Institute of Cytology and Genetics of Siberian Branch of the RAS, Novosibirsk) devoted to
the molecular genetic analysis of main units of polytene chromosomes,*! bands, interbands,
and puffs, as well as intercalary and pericentric heterochromatin,*? are summarized. The
results are discussed in terms of the dynamic model of organization of polytene chromo-

somes.
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position effect variegation.

Chromosomes are the material carrier of inheritance.
They are located in nuclei and consist of deoxynucleo-
protein (DNP), which is a DNA molecule bound to
various proteins.

The transcription (reading of information from chro-
mosomes) and replication (duplication of the amount of
DNA) processes occur during the interval between two
cell divisions (interphase). During this period, chromo-
somes are dispersed and indistinguishable; they become
visible only during division, when they are condensed
and inactive. In some tissues, the replication process is
not followed by cell division, and polytenization takes
place, i.e., a considerable multiplication of the number
of chromosomes in one nucleus.

*1 Chromosomes are material carriers of inheritance. A simple
fission of a cell (mitosis) results in a strong compactization of
chromosomes, which become visible to form X-, V-, or dot-
like bodies. Such chromosomes are called mitotic. In some
tissues after the multiple (of the order of 10 cycles) duplication
of the amount of DNA, chromosomes do not diverge and are
not compactified, and the DNA chains are stretched in length
and longitudinally connect with one another to form polytene
chromosomes, which are several hundred times thicker and
longer than mitotic chromosomes. Polytene chromosomes make
it possible to visually observe the work of genes: their activa-
tion, reading RNA duplicates, and inactivation.

*2 Heterochromatin is regions of chromosomes whose proper-
ties differ from other (euchromatin) regions by the late and
long replication. Heterochromatin is in the condensed state (it
is intensely stained) for most of the cell cycle. Heterochromatin
is incompletely polytenized compared to nearby sequences
(underreplicated), which results in breaks. Intercalary (i.e.,
inserted into euchromatin) heterochromatin is presented by
dark compact bands. Heterochromatin surrounding the centro-
mere (i.e., the region of the chromosome to which filaments of
the fission spindle are attached) is called pericentric.

Polytene chromosomes are considered to be the best
model for studying the organization and functioning of
interphase chromosomes. This is primarily associated
with the fact that they contain thousands of longitudi-
nally bound individual interphase chromosomes
(chromatids) and are easily discernible by an optical
microscope. Demonstrating the Jongitudinal differentia-
tion of DNP packing, chromatids form a unique pattern
of dark strips, chromomeres (bands), and light intervals,
interchromomeres (interbands).! The activation of tran-
scription in individual regions of chromosomes results in
the decompactization of the band DNP and formation
of a large light intumescence (puff).

The functional significance of the chromomeric or-
ganization is widely discussed. We suggested a dynamic
model of the chromomeric organization of polytene
chromosomes. The model is based on the fact that
morphological specific features of the structure of
interphase chromosomes are determined by alternating
the regions with different degree of DNP packing, which
in turn correlates with the transcription activity.
Chromomeres are considered as inactive in the tran-
scription of chromosome regions, while interchromomeric
regions (interbands) are considered to be permanently
transcriptible sequences, whose permanent decom-
pactization creates a relatively unchanged pattern of
bands.2—3

The analysis of molecular genetic organization of
Drosophila polytene chromosomes, in other words, the
study of the gene content and molecular structure of
morphological chromosomal structures (bands, inter-
bands, and puffs) is the main subject of the experimental
studies of our laboratory. The most important results
obtained in this field are discussed in detail in several
monographs.6—#
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Fig. 1. Molecular genetic organization of the 9F12 — 10A1—2 region of the X-chromosome of Drosophila: a, genes; b, transcripts;
¢, clones of cDNA; d, fragments containing AC-duplications; e, K1 (light squares) and K2 (dark squares) duplications specific for
the X-chromosome and dispersed (circles) duplications characteristic of the pericentric regions and chromocenter (stars); f, breakage
points of chromosome rearrangements; g, patterns of bands according to EM data; A, physical scale of the region (in kb*$);

i, breakage points of "evolutionary rearrangements” (Ref. 9).

Traditional methods for cytogenetic and molecular
analysis and an original approach suggested for studying
the "artificial” bands, interbands, and puffs appearing in
chromosomes due to transposition*3 in them of DNA
fragments with a known molecular-gene content and
regulated transcription were used in our works. In all
cases, high-quality electron microscopic (EM) analysis,
which allows one to observe thin bands and even details
of large bands, is necessary.

Analysis of bands

Polytene chromosomes of Drosophila are separated
into 102 regions (1—102), and each of the regions is
subdivided into six sections (A—F) inside which bands
are denoted by figures.

The 2B3—7 and 9E—10B regions of the X-chromo-
some of Drosophila were analyzed in detail. The satura-
tion of these chromosome regions with mutations*# and
subsequent relation of genes*? to certain bands confirm
the hypothesis about the polygenic character of bands,

*3 Transposition is a transfer of the DNA fragment over
chromosomes, i.e., "cutting”" from one site and insertion into
another site.

*4 Mutation is an inherited change in the gene: it can exert no
effect on gene function, change it, or completely inactivate the
gene.

*5 Gene is a region of the DNA molecule, a functionally
unfissible unit of hereditary information.

i.e., the possibility of localization of several bound genes
within the same band.

The elucidation and localization of genes and chro-
mosome rearrangements in the region of 9F12—10A7
(the region of the X-chromosome, removed by Dff 1)vE?
deletion*®) and the complete cloning*’ of the DNA of
this region make it possible to construct its molecular-
gene map (Fig. 1). The region contains ~300 kb of
DNA!® located in seven bands and interbands. Twelve
genes are observed in this region by genetic meth-
ods. 11,12

Several types of the molecular-gene organization of
bands have been revealed.

Complex bands. Three genes (v, I(1)104a, and sev)
and two zones of genetically "silent” DNA, in which no
genes were revealed, were found in the 10A1—2 band by
usual genetic methods of saturation with mutations. One
zone of "silent” DNA is localized between the distal*?
point of the LI deletion breakage and v gene, while the
second zone is localized between the I(1)10Aa and
sev genes and occupies the whole medium part of the
band.

*6 Deletion is a loss of the region of a chromosome.

*7 Cloning is the totality of operations on isolation and accu-
mulation of a sufficient amount of a certain DNA sequence in
cells of other organisms, e.g., bacteria.

*8 kb (kilo bases) is a thousand pairs of nucleotides, bp is a
base pair.

*0 Distal means localized farther from the centromere.
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According to the recombination estimations, the size
of the proximal*!® zone is ~67 % of the band length,
i.e., 120 kb according to the molecular-biological data;
the size of the distal zone is 30 kb (17 % of the band);
thus, both "silent” zones contain in aggregate ~84 % of
the DNA of the band.1® It can be assumed that "silent"
regions of the 10A1—2 band contain genes, which are
not revealed by mutagenesis, or these zones are occu-
pied by duplicated DNA sequences, which do not code
mRNA*!! and proteins.

Experiments performed to reveal transcriptionally
active and repeated DNA sequences also elucidated the
molecular-gene structures of the "silent” zones and the
band as a whole. The hybridization of clone DNA
with labeled cDNA*!2 complementary to different
poly(A)*RNA*13 was chosen as a method for determin-
ing the transcription activity of sequences in the band.
Poly(A)*RNA was prepared from Drosophila embryos
and larvae, which were at different stages of develop-
ment, and from individual larval tissues. The maximum
number of the regions homologous to RNA was found in
embryos: at least 16 different regions in the 10A1--2
band manifest the transcription activity. The transcrip-
tion of the other eight fragments of DNA was found in
the analysis of the hybridization with ¢cDNA from third
instar larvae. As a whole, 24 fragments, which code
poly(A)*RNA (see Ref. 13), were found within DNA of
the 10A1—2 band. They are sufficiently uniformly dis-
tributed in "silent” zones: four fragments are in the distal
zone, one fragment probably corresponds to the vermil-
ion gene, and other fragments are distributed in the
"silent” zone of the medium and proximal parts of the
band (see Fig. 1).

No signals exceeding the background hybridization
were found for the hybridization with labeled cDNA
from cells of salivary glands of third instar larvae, de-
spite prolonged exposures. Thus, it is likely that the
sequences of the 10A1—2 band are not transcriptionally
active in cells of salivary glands.13 These data confirm
the previous results, which testify that *H-uridine*!4 js
not incorporated into the 10A1—2 band.14

#10 Proximal means localized closer to the centromere.

*11 mRNA are RNA molecules (a portion of the total RNA
pool of the cell} that do not contain introns (see Note**?);
mRNA are translated on ribosomes, i.e., the polypeptide chain
is synthesized on them as on matrices.

*12 ¢DNA is a DNA molecule synthesized on the matrix of
poly(A)*RNA.

*13 Poly{A)*RNA are mRNA molecules (a portion of the total
RNA pool of the cell) that has a long sequence of residues of
adenylic acid at the 3’-end of the chain.

*14 Incorporation of 3H-uridine is the method for revealing
transcriptionally active regions of chromosomes, i.e., regions of
RNA. synthesis. After incubation of the salivary gland in a
solution containing 3H-uridine, the gland is used for obtaining
a preparation of chromosomes that is covered with the pho-
toemulsion. After autoradiography (see Note*26) and develop-
ment of the photoemulsion, aggregates of silver grains are seen
only above the regions of chromosomes in which 3H-uridine
has been incorporated.

The 901 clone was isolated from the library of
cDNA.*I3 [t is mapped*16 at the 135 kb position on the
physical map, and its size is 1.3 kb (see Fig. 1, ¢). It was
sequenced,*!” and an open reading frame (ORF),*!8
which contains several AUG codons*!? coding me-
thionine, was found within this sequence. The first of
them is at position 67 from the beginning of the se-
quenced fragment; the second methionine codon is lo-
cated at a distance of 22 amino acid residues from the
first one toward the C-end of the polypeptide. The
sequence, which surrounds the first methionine codon
(AAATATG),!3 is in good accordance with the canoni-
cal sequence, which surrounds the site*?0 of initiation of
translation for Drosophila (C/A AA A/C ATG).Y5 The
second methionine codon is in the context (GGAAATG),
which corresponds less to the canonical site of initiation
of translation. The absence of the poly(A)-sequence in
the sequenced fragment testifies that the ¢9971 clone is
incomplete.13

The possible product of the translation of the long
reading frame exhibits a substantial homology to protein
products, which are coded by the Delta and Serrate
genes of Drosophila. The presence of several repeated
units 30 to 40 amino acid residues in length is the
characteristic feature of these polypeptides. The re-
peated units are homologous to the amino acid sequence
in the protein of the epidermal growth factor (EGF) of
mammals. Each of repeated units is characterized by six
invariant cysteine residues at a certain distance from one
another. Eight repeated units homologous to EGF are
localized in the central part of polypeptide, which is
coded by the ¢901 clone {Fig. 2). It is likely that this
sequence is the signal polypeptide, which is usually
present in secretory and membrane proteins.!6:17

In addition to genes and transcriptionally active re-
gions of DNA, repeated sequences of different types are
revealed in the composition of the 10A1—2 band. The
presence of two variants of repeated K1 and K2 ele-
ments® is of interest. The K1 repeat has three localiza-
tion sites within the 10A1—2 band, while the K2 dupli-
cation has at least two sites. Both these duplication are

*15 ¢DNA library is the totality of incorporated, e.g., in plas-
mids, cDNA molecules synthesized on the total poly(A)"RNA
from some tissue; organ, or organism as a whole.

*16 Mapping is the determination of the localization of some
DNA sequence or gene on the chromosome map or on the
gene map.

*17 Sequencing is the totality of operations for reading the
primary sequence of DNA

*18 Open reading frame (ORF) is the region of the DNA
molecule that codes amino acids arranged between two stop
codons.

+19 AUG is the triplet coding the amino acid methionine, from
which the synthesis of any protein begins.

*20 Site is a "place”. It is a rather broad term that denotes
inclusively some DNA sequence (the site of initiation of
transcription), the arrangement of the sequence or gene on the
chromosome (the site of localization), and the localization of
the incorporation {the site of incorporation) of the transposon
(see Note*25),
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Fig. 2. Repeats of amino acids, which are homological to the domain in the protein
of the epidermal growth factor of mammals, in the composition of the ¢901 clone.
One incomplete and seven complete repeats are shown (Ref. 14).

mainly localized in the immediate vicinity of genes and
transcriptionally active fragments of DNA. In addition
to the 10A1—2 band, they are found in several sites, but
only in the X-chromosome. These repeats are conserva-
tive to some extent, because they are found in the
X-chromosome of the relative D. simulans species and
not revealed in genomes of more alienated species (for
example, D. virilis, D. repleta, D. funebris, and
D. pseudoobscura). One can believe that the absence of
the interlinear polymorphism in the chromosomal lo-
calization of X-specific repeats testifies in favor of the
structural functional role of these elements, for exam-
ple, in the dose compensation*2! (see Ref. 18) and
primary sex determination!® and spermatogenesis,2? be-
cause the X-chromosome plays a specific role in all
processes mentioned.

The M203.5, M193, and M325 DNA fragments from
the 10A1—2 band are homologous to several regions of
the second, third, and especially, the fourth chromosome,
they are in situ hybridized*?? by bases of all chromosome
arms.? Some other repeats are also found (see Fig. 1).
One block of the poly(dA-—dC) - poly(dG—dT) homo-
polymer repeat falls on approximately 15 kb of DNA in
the band.?

The results of various experiments show that gene
units inside the band are not connected functionally to
one another and to the material of two adjacent inter-
bands, because, first, the separation of these genes from
one another and from the interband material by chromo-
somal rearrangements does not give the mutant pheno-
type*2 (see Ref. 11); second, the experiments on projec-
tion of the gene activity on the blastoderm*24 map show
that genes of the same band function independently;2!

*21 Pose compensation is the phenomenon of equalizing activ-
ities of the single male X-chromosome and two female
X-chromosomes: for Drosophila it is performed due to duplica-
tion of the activity of the male chromosome, and for mammals
it is performed due to inactivation of one of the female
chromosomes.

*22 In situ hybridization (hybridization "in the site”) is the
method that makes it possible to determine the exact localiza-
tion of the DNA fragment on the chromosome, either the
tissue or organ where RNA or the protein function.

*23 Phemotype is the totality of external properties of an
organism.

*24 Blastoderm is the one layer of cells that forms the blastula,
the embryo at the earliest stage of development.

third, the experiments on in situ hybridization of DNA
clones from the 10A1—2 band from D. melanogaster to
chromosomes of other species reveal that they are pre-
sent at least in two bands localized in different regions of
X-chromosomes?%23 of Drosophila of the virilis, funebris,
and repleta groups. The main part of the DNA band
(140 kb of 180) exists as a single block in the same order
as that of D. melanogaster (cf. Figs. 1 and 3). Since all
DNA sequences from the 10A1—2 band, including those
from its "silent” zones, exhibit hybridization signals on
chromosomes from D. virilis, one may draw a conclu-
sion that they are rather evolutionary conservative and
did not undergo elimination as insignificant sequences.

Thus, it can be assumed that the large 10A1-2 band
of D. melanogaster appeared due to the fusion of two
different bands inherent to ancestors and modern spe-
cies analyzed. It cannot be denied that this band existed
in ancestors and remained unchanged in D. melanogaster,
and its division into two parts occurred in the evolution
branch, which then gave other species.

The fact that some species have two individual bands,
which enter the composition of the same band in other
species, testifies that different DNA sequences of the
given band can function independently.’

The 9F12 band contains three genes, which are
responsible for flying ability (7/G), female fertility
(fs(1)BP2), and viability (/(1)9Fe).12

The 2B3—35 band contains at least three genes: sta,
BR-C, and dor. The activation of the BR-C gene results
in the formation of the 2B3—35 puff from the proximal
part of the band (see below). The molecular cloning
followed by mapping of cDNA and mobile P-element,
which causes the mutation of dor, shows that this gene is
covered (at least partially) by the PI154 deletion, which
removes 30 kb of the proximal edge of the 2B3—35 band.
Thus, at least three genes are in the 2B3—35 band.

Simple bands. A close correspondence between the
numbers of bands and genes is observed in several
regions, for example, three genes (slm, ms(1)BP6, and
I(1)104c) are mapped in the 10A3—5 region, which
contains two bands. The I 1)9Fg and [(1)]0Ad and
I(1) 104e genes are found in the regions of the 9F13 and
10A6—7 bands, respectively. The Afw gene is localized
in the 2B6 band.

"Artificial” bands. An ingenious approach to the
study of the band organization is provided by the
transformational method. The use of this method makes
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it possible to insert DNA sequences with known mo-
lecular-gene characteristics into the genome. Insertion
sites of the structure studied can be revealed by in sifu
hybridization, and then electron microscopy allows one
to understand what morphological structure (bands or
interbands) has been formed. Thus, bands or interbands
that appeared due to gene manipulations, which are not
found in native polytene chromosomes, can be called
artificial bands.24:25

Different DNA fragments are in composition of trans-
forming structures (transposons*?%): the mobile P-ele-
ment, which provides insertion; marker genes (rosy,
Adh, etc.), which allow one to judge whether insertion
has occurred or not; DNA of genes, whose expression is
under study; genes of heat shock proteins, which are
immediately activated at high temperature or under
other stress factors.

According to the data of EM analysis, one new band
formed from DNA of transposon is formed in 10 of 13
transformed regions studied.26 DNA sequences of these
"artificial" bands retain functional activity: marker genes
exhibit normal functioning, and heat shock genes are
easily activated to form a puff.

The transcription of DNA of one of the genes from
the transposon (for example, for induction of the heat
shock gene or transcription of the P-element) results in
the division of the band and the formation of the puff
and interband from the corresponding part of the
band.24—27

These facts allow us to draw the following conclu-
stons:

1. Since a single band is formed from heterogeneous
(in a functional sense) DNA, it is evident that all DNA
undergo continuous compactization without the forma-
tion of the band-interband pattern. This means that the
arrangement of the gene in the neighboring interband
and band is not necessary, as has been assumed for the
Notch gene,?8 i.e., bands are not related functionally to
interbands, and there is no basis to speak about the
cytogenetic unit "band + interband”.

2. All genes, which are taken from different bands
and present in the transposon, are compacted in one
band. Therefore, there are no special mechanisms of
compactization of different genes or specific sites for
each gene, which restrict this process.

3. All these facts testify that bands are neither units
of gene function nor compactization units.

Analysis of interbands

It is established by the autoradiographic*?® studying
the transcription that *H-uridine is incorporated into all

*25 Transposon is a fragment of a DNA molecule that can
move in the genome, ie., be cut from one site and incorporat-
ed into another site.

*26 Autoradiography is the reduction of silver grains under the
action of B~-irradiation of tritium.

regions of polytene chromosomes, which exhibit decom-
pactization of chromatin, including puffs, duffuse bands,
and probably interbands.!¥ These data are confirmed by
the results of EM autoradiography.?®

The high resolution achieved when antibodies to mo-
lecular DNA/RNA hybrids are used allowed one to ob-
serve distinctly the transcription activity in some inter-
bands that is visible with an electron microscope:
1E1—2/1E3—4, 21D1-2/21D3, 21D3/21D4,
21D4/21E1—2, and 100B3/100B4—5. These interbands
are transcripted at all studied stages of development: from
the third instar larvae to four- to six-hour pre-pupa.3?

The activation of small genes, which are in composi-
tion of transposons based on the P-element, can serve as
a transcriptional model for interbands, because the acti-
vation of bands ~1 kb in length (Sgs7, Aspl8.5) results in
chromosomes, whose structures are morphologically in-
discernible from interbands. The activation of longer
fragments (>3 kb) results in the formation of a puff.
After the insertion*?7 of the P-element into the 10A1—2
band, the latter is decomposed into two parts with an
interband between them, which is probably caused by
the transcription of DNA of the P-element.23

Electron microscopy reveals the tetramer of the pry-1
plasmid*?® (54 kb), in which each monomer containing
DNA of the ry and w genes is restricted by DNA of the
P-element and bound to the next monomer by DNA of
the pBR322 plasmid, as the diffuse chromatin complex
consisting of four loosened bands and interbands. It is
likely that this structure is caused by alternating of
compacted DNA of the inactive ry gene and decondensed
DNA of the transcriptionally active P-element.?5

The sequence of DNA from the transposon, which is
inserted into the interband, can be used as a probe in
screening*? genome libraries prepared from transformed
lines, which allows one to clone DNA of the interband.
DNA of the interband has primarily been isolated and
sequenced using this approach.3! The analysis of the
sequence of 1289 bp in length shows two overlapped
ORF 354 and 555 bp long. The longer frame contains
the insertion site of the P-element localized, according
to EM analysis, in the middle of the interband.32

The analysis of the sequences of nucleotides, which
compose these two reading frames, testifies that none of
them begins from the ATG-codon. The comparison
between the frequencies of using codons in these reading
frames and mean frequencies of codons, which have
experimentally been determined for proteins of
D. melanogaster,33 shows that they differ substantially.32
All this can mean that both reading frames in inter-
banded DNA are not functional, although the possibility

*27 Insertion means inclusion or incorporation.

*23 Plasmid is a small ring DNA molecule containing genes of
antibiotic sensitivity and capable of autonomic replication in
cells of bacteria.

*29 Screeming is the totality of operations for isolating the
clone containing a certain DNA sequence from the library.
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GCCCCGCAACATTTTTATTGTTCCGTAGATTACAACACATAGGARAACGCGAGAAGAGCT
GAAAAATTTTCGTTATCGAGGAGGAGAGTGCGCTTCACACCCGAAATATCAGTATACTGAT
GTGACAAAATGCAAAAGTAGCACAGATACAAATGCAGATAGGGATACTCTTCTCGCAGTC
TTCGAAAAAGAAGGCGTCTGGAAGGEGATCGACTGGAAGGGECAGTGTCGGTTTGTTTGT
GGAATGCCGTTTTGTAAGTTTCTTATGCATGCGACTTCAAACATAGTTCGGCATCGAAAC
TTTCTAGCACACCGACACACATACGAACGCGATCCAGCCGACACACACACACACACGLAC
GCAGCCACACACTTAAGCGACTTTCGAAAGGTACAACTTTTTACGAAGTCGCTGCCTCGG
cCGCTGTGCAGCCCACGCCACTGCCGCLGcCGCTGTcGCTGCCTCTGTEGXETTCGK%T‘
CCAACGCCAAGATGAAAQAEQQQQQCAAAAGAAAAGAAATATTCATTCA TABAATTTCA
1AGCTGCAGCCGCATGGTTGTGCCGCTCTCGCTGCTCTiGCTTTTCGCGCAACAAACCGG
AACGAGAAACACATAAATATAAAAGTGTGAACATTGGCGCACATATAAAAACTTAAAACT
TAACTTAACTTGAGCAACATGAACAATAACACCGGAAGCGETTCCAGCGAAGAGGTTCCA
AGGAGAGCAGACACAACCGCATTCCAGAAAGTTTAAATAACGCTGGAAGGAGGGGGAAAG
TGGARAACTAAACTCGAACTCGAACTCAGTGTGCCAGTGTATGTGTGIGGAATCCAGAAG
AGGAAGAAGCAGCAGCAGCAGAATAAGCAGCGAATAGAAAATATGTCTTCAAACTGGTTT
TTCGETTTTTAGACTGTCGTCGTCGGCCAATCGGGTTCCATTGACATCCGARCGAAAAAA
ATAATGCCTAACCTTCGATGGGAACACTCGTAAGTCGEAATTCGAAGTCCGCCATGCACA
CACAACGCCGTTTATTGGCTGAAATTGGATGC TGTGTGTATGTGCGGTTATTTAGAAATT
CGAAATTGAATTTCAGCGTATGCGCGGCCACCCAGAAATTCAAATTAAAATTTTCAAGCG
CGAGCCATACGACCGAGCGTAAATTTTTGAGACCCGTTTCATTCTTCCCGACTCGACGAT
CCTAACCTTCACTGAGAACAGGAGTTAGCCAGCCAGAACGCGATTGGAACGATCGGACGE
ACACTAGTCGCCCGCCAATACAAGCGCAC

Fig. 4. DNA nucleotide sequence from the region of the interband of the 61C7/C8 line
of flies Oregon-R. Open reading frames are designated by points I and 2. The insertion
site of the P-transposon in the Adh"6IC line (triangles) and the octamer that is repeated
during this process (wavy line) are indicated. Restriction*3! sites: P, Pstl; R, EcoRI;

S, SalGI (Ref. 34).

1 — e N
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e 6 5[] [ —C
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ORF2
(555 bp) OREL
(354 bp)

Fig. 5. Structure of the DNA sequence from the 61C7/C8 interband: I, regions containing direct and inverted repeats; 2, regions of
possible formation of ZDNA,; 3, regions of probable attachment of topoisomerase I1; 4, possible sites of autonomic DNA replication
(ARS); 5, regions of probable attachment to the nuclear matrix (T-SAR-boxes); 6, insertion site of transposon in the Adh*6/€ [ine.

ORF1 and ORF?2 are taken from Ref. 34.

that they belong to exons*3 of some gene cannot be
excluded.

Some peculiarities can be mentioned in addition to
other specific features of the fragment of interbanded
DNA (Fig. 4).

#30 Exons are regions of the coding region of a gene that
remains when introns (see Note*42) are cut from mRNA after
transcription.

*31 Restriction is the enzymatic reaction of recognition of
specific DNA sequences (4 to 7 bp) and the two-strand break-
age of the DNA filament inside this sequence or in its vicinity.

1. The sequence is not found anywhere else in the
genome, Le., it is unique.

2. An enrichment in AT-pairs is observed: although
for the whole sequence the mean content of AT-pairs is
33.4 %, i.e., it is close to that found for D. melanogaster
(52.2 %),33 regions of DNA 12 bp long and longer are
also found, in which the content of AT-pairs is more
than 80 %.

3. No substantial homology between sequences of
nucleotides from the interband and no other homology
known in the database are revealed.
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4. Repeats from 8 to 50 bp long with a degree of
homology between repeated units of 40 % and higher
are found (Fig. 3).

5. The homopurine/homopyrimidine tracts, whose
existence assumes the formation of the Z-form of DNA
and some possibly functional (regulatory) sequences (see
Fig. 5), are found.

6. DNA of the interband is homologous to the
sequences that bind proteins of the nuclear matrix*32
(MAR) in cells of the reinoculated culture of Kc cells of
Drosophila, and the interband can be the matrix-bound
region of the chromosome.34

The method of the P-element-mediated enhancer
trapping (regions that enhance gene transcription) was
used to elucidate the possible functional role of inter-
bands. The removal of the transposon containing termi-
nal fragments of the P-element between which the lacZ
genes from E. coli and Adh and ry from D. melanogaster
are inserted was activated in the Drosophila genome.
When the transposon is inserted into the enhancer re-
gion, it is expected that it enhances the action of the
weak promoter*33 at the 5'-end of the P-element, and
this switches on the expression*3* of the /acZ gene
localized below. The activity of the latter is revealed by
the staining reaction between B-galactosidase (the en-
zyme coded by this gene) and a substrate.33 In two lines
(12 and 41), the lacZ gene functioned in the majority of
tissues of embryos, larvae (including salivary glands),
and imago (adult flies); and it functioned only in em-
bryos in two other lines (2 and 3). After revealing the
region of the transposon insertion by in situ hybridiza-
tion and EM-mapping of chromosome regions, it turned
out that there are insertions in interbands in the
85D9—10 and 86B4—6 regions in lines 2 and 12, re-
spectively. The correlation found between the constancy
of the transcription activity of the lacZ gene in line 12
and decompactization of DNP of the interband can
testify that the permanently functioning enhancer exists
in this interband.?’

Analysis of puffs

The chromosome regions from which puffs are formed
should be localized exactly for better understanding
mechanisms of activation of banded DNA in the in-
duction of the transcription leading to the formation of
local decompactization of DNP, ie., puffing. The EM
analysis made it possible to map 37 regions of polytene

chromosomes of Drosophila melanogaster in which ~50
puffs are localized. The further experiments on studying
different stages of the puff formation allowed one to
divide all puffs into four types according to the number
of bands (1, 2, 3, or 4) involved in the process of DNA
decompactization in the puff formation. The number of
puffs of each type was 19, 23, 7, and 2, respectively. The
cases when only a part of the band is activated is
observed.38:37 All these data testify that many large puffs
are morphologically and genetically complex forma-
tions.

It is known that the activity of puffs of Drosophila at
the end of the third instar larval age and of pre-pupa
changes subsequently, i.e., each puff is formed exactly at
a certain time and in a certain sequence, and the whole
cascade is induced by the steroid hormone ecdysterone.3%
Thus, it is easy to imagine that mutations in genes
localized in one of the puffs and induced during the
first minutes of contact of cells with the hormone can
stop or considerably change the development of the
whole cascade.

The 2B1—10 region of the X-chromosome of Dro-
sophila containing the early, i.e., one of the first to
appear in the cascade, ecdysterone 2B3—5 puff was
saturated with mutations to find three genes: BR-C, hfw,
and dor. The mutation distortions of these genes result
in the changes or complete halt of the development of
the cascade of puffs induced by the hormone.39—44

The whole region of the genome ~300 kb in size
containing these three genes was cloned.45—47 The analy-
sis of localization of chromosome rearrangements, which
restrict the BR-C gene on the genetic, cytogenetic, and
molecular maps, shows that the molecular boundaries of
the BR-C gene correspond exactly to the cytological
boundaries of the chromosome region from which the
early ecdysterone-induced 2B3—5 puff is developed.46

Muitiple distortions of larva and adult organs related
to loosing the sensitivity of cells to the hormone are
developed in homozygotes*3> with respect to mutations
of the BR-C gene.

1. Cuticular cells (cuticle is the external shell) of
gynandromorphous*3% larvae, in which mutations of the
BR-C gene are in the hemizygotic*?7 state, do not under
go sclerotization (hardening), while other cells react
normally to the hormone and are sclerotized.48 Cells of
mutants with respect to the BR-C gene are not histolized
(do not disappear) in vitro in response to ecdysterone.4?
Larval salivary glands of homozygotes with respect to
the rbp-allels*38 of the Br-C gene are not histolized after

*32 Nuclear matrix is the "framework” of the nucleus, specific
protein fibrils, which maintain the spatial organization of the
nucleus and, hence, allow its normal functioning.

*33 Promoter is the region of the DNA molecule (~40 bp) at
the 5’-boundary of the gene specifically recognized by the
RNA-polymerase, enzyme that performs transcription.

*34 Gene expression is the functioning, manifestation of the
gene, i.e., the existence of some external property determined
by one or another gene.

*35 Homozygote is a cell or organism containing two similar allels
(see Note *3%) in the given locus of homological chromosomes.
*36 Gynandromorph is an individuum containing groups of
cells, tissues, or organs with the chromosomal set of different
sexes.

*37 Hemizygotic gene is a gene presented in the genotype as
the only specimen.

*38 Allel is an alternative form of a gene characterized by a
nucleotide sequence that is inherent only in this allel.
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npr3, 5, 6, 7. DRI)P154

Ip 3* K1) 2Bc? [(D2Bd e+
br6 Ip 13*
br28%
T(1:2)br4
In(DHw49%
br rbp I(1)2Bc I(1)2Bd

Fig. 6. Complementation map for some mutations and chro-
mosome rearrangements that damage the BR-C gene. Com-
ments are given in the text.

the pupa ecdysis and can be found even in very late
pupae. 30

2. No ecdysterone-induced puffs, including the
2B3-—5 puff, are developed in homozygotes with respect
to the strongest allels of the BR-C gene (npr5 and npr6).
However, the 2B3—5 puff is not active at the proper
time. The pattern of puff induction is unchanged when
ecdysterone is added in vitro to the system.40

3. It is shown at the molecular level that the product
of the BR-C gene controls the activity of genes localized
in other puffs, in particular, in intermoulting, ecdyster-
one-repressed,51—54 and early>® and later ecdysterone-
induced puffs.53,54,56 A trans-regulatory effect of the
BR-C gene on the expression of the LSP2 and FBPI
genes induced by ecdysterone in adipose bodies of larvae
is found.57

These data testify that the BR-C gene is the key in
the development of the cascade of the gene activity
induced by ecdysterone.

Various mutations induced by ethylmethanesulfonate,
X-ray irradiation, and insertions of the P-element were
obtained in the region of the 2B3—5 puff. These genetic
experiments revealed complicated complementation in-
terrelations. 34258 The complementation map*3 of some
mutations {mainly of mutations induced by insertions or
related to chromosome rearrangements) is shown in
Fig. 6. Mutations induced in the system of the P—M
hybrid disgenesis are denoted by stars. Two stars indicate
hypomorphous mutations, which decrease the viability
only in the heterozygote**® with deletions or "long”
non-complementing allels. Therefore, their position in
the complementation map is arbitrary (the detailed map
has previously been described in Refs. 42, 5§, and 59).
Some mutations are mapped in the physical
map46,47,53,i60—'64 (Fig. 7).

Mutations, which reveal the br phenotype, are local-
ized in the interval between the point of the In(1)Hw**
inversion break and the br28 mutation (Fig. 7, e), i.e.,

*39 Complementation map is the scheme of interaction between
different allels of one gene in the heterozygote (see Note*40).
*40 Heterozygote is a cell or organism containing two different
allels in a given locus of homological chromosomes.

they are at the position of 110 to 200 kb in the map.
Mutation damages, which result in lethality, have the
same wide localization within the gene (Fig. 7, g).
In(1) Hw? breaks DNA from the left side of the first
exon. This break is not lethal. All other chromosome
rearrangements that distort the integrity of DNA be-
tween the first exon and the last domain Zn-finger 3
(z3-domain) are lethal in the homozygote. However,
they reveal a peculiar behavior in the heterozygote with
In(1)Hw*. Heterozygotes with respect to this inversion
and rearrangements, which break the gene between the
first and second exons (from #r%6 to br%), are almost
completely viable (which is shown by hatching in Fig. 7,
g). Heterozygotes between P3 and P13 mutations (see
hatching in Fig. 7, g) induced by insertions of the P-
element into the exon, which is localized above the
crusted exon (5, see Fig. 7, b), and the In(l)Hw#*
inversion are also viable. Heterozygotes with respect to
the inversion and rearrangements, which damage the
crusted exon and exons with z-domains (apr7 and
Df(1)P154), are completely lethal (dark rectangles in
Fig. 7, g). This probably means that the lethality ap-
pears due only to the distortion of the crusted exon and
z-exons at one chromosome and some sequences at the
5’-end of the gene in another chromosome.

The nonlethal phenotype rbp (Fig. 7, f), the absence
of visible phenotypes for hypomorphs*#! (Fig. 7, 4), and
the br phenotype (see Fig. 7, e), which is caused by
In(1)Hw*, are related to insertions of mobile elements
to the fourth exon, which is more distal than the medul-
lar exon, to the intron**2 (rbp™), or to the region above
its transcripted part (In(1)Hw®*) with damages of the
gene. Thus, one can draw a conclusion that there is no
correlation between the localization of mutations and
their belonging to one or ancther complementation
group.

Mutations, which result in sterility, are localized at
both ends of the physical map. For example, 7p(1;3)sta
is sterile in the homozygote. Females that are heterozy-
gous with respect to this transposition or Df(1)S5t490
deletion and any mutations localized at the right (Fig. 7,
d) are also sterile, except Tp{1;3)sta/npr7 and
Df(1)5t490/npr7, which are partially fertile.
Df(1)5t490/T(1;2)br? females are also partially fertile. It
is likely that eggs in ovaries of sterile females are devel-
oped normally, but the females do not lay them.>® Thus,
the fertility function is localized at the 95—210 kb
position on the physical map of DNA. Since the breaks
of DNA by the T(1;3)sta or Df(1)5t490 transpositions
also exert an effect on fertility, some portion of the

*4l Hypomorph is a mutation that is manifested only in the
heterozygote with deletion, i.e., when one copy of the mutant
gene is present in the genome.

*42 Introms are the regions of the coding part of the gene that
do not code information and are cut from mRNA after tran-
scription; and the remaining regions are called exons (see
Note*30y,
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. BR-C gene should be localized to the left of their break
points.

Action foci**? of the /t76 mutation of the allel of the
{(1)2Bc complementation group were localized on the
map of blastodermal primordia, using the gynandro-
morph method and fate mapping*** (see Ref. 67). Two
foci are found: one is in the front part of the blastoderm
in the zone from which the front section of the nervous
systemm and the head are developed; and the second
focus is revealed in the blastodermal primordium from
which the abdomen and the genital imaginal disk are
developed.68

To elucidate the reasons for the sterility related to
mutations of the BR-C gene, ovaries from
y npr® w/yT In(1)Hw*w larvae were transplanted to
larvae of the same age of Fs(I)KI1237 females
heterozygotus in sterility mutation. Own ovaries of fe-
males of the latter type are underdeveloped, because the
development was ceased at the stage of vitellogenesis.*43
If transplanted ovaries were adnated to oviducts of re-
cipients, female-recipients became fertile, and their prog-
eny had genotypes*#® of the donors. Mutants of BR-C
normally synthesize vitelline proteins, which enter com-
position of eggs. Thus, the function of donor ovaries
remain normal after grafting to a recipient. This means
that mutations of the BR-C gene exert no direct effect
on ovaries.%

The complex organization of the transcription of the
BR-C gene means that there is a complex organization
controlling this process. In fact, it turned. out that
ecdysterone induces normal development of the puff in
the 2B3—5 region of chromosomes of salivary glands
with Df{pn7b, Df{DBr?, and T(1;2)br* rearrangements
or in females homozygous with respect to br® and Hw?%
inversions (see Refs. 39 and 46). Break points of these
rearrangements are mapped at positions between 113.7
and 148 kb (see Fig. 7, g). Thus, despite the fact that
chromosome rearrangements remove the 5 -region of a
gene, including the first exon, all sequences necessary
for reception of the signal of the ecdysterone-receptor
complex and forming the puff remain in the residual
part of the gene. Therefore, we assumed4® that the
element that controls the transcription and induction of
the puff by the ecdysterone in cells of salivary glands
should be between the 5% break point and the second
exon (148—160 kb). From the viewpoint of the authors
of Ref 65, two promotors localized at the 165 and

#43 Action focus is the tissue or organ in which the gene
functions.

*44 Tate map is the scheme that shows the tissue or organ that
should be developed from one or another region of the blasto-
derm.

*45 ViteHogenesis is the stage of development of the egg at
which its fast growth and accumulation of nutrients in the form
of a vitellus occur.

+46 Genotype is the totality of genetic information about the
organism; the genetic structure of the species according to the
genes studied.

167 kb positions should exist. However, to provide vi-
ability and normal development, the whole gene should
be transcribed, and hence, the regulatory zone should be
above the first exon. This region can be localized be-
tween Tp(1;2)sta and Dff1)St490 break points from the
distal side of the gene and the first exon, i.e., between 99
and 190 kb.46 Viewpoints about localization of the pro-
moter at the 102—115 kb33:63 or 120 kb%5 positions are
known.

Finally, one can postulate the existence of the third
regulatory element (3, see Fig. 7, @), which is necessary
for the complete gene functioning. The breakage of
the DNA region by the Tp(l;2)sta and Df(1)5t490
chromosome rearrangements results in the female fertil-
ity. The proximal boundary of this regulatory zone
coincides with break points of these rearrangements, and
the distal boundary is at the left, but it is vet not
mapped.

It has been mentioned above that mutations of the
BR-C locus exert a strong effect on the development of
puffing in cells of salivary glands.

It has reecently been shown that salivary glands of
homozygotes with respect to the rbp-allel of the BR-C
gene are not histolized during metamorphosis.5?
Ecdysterone-induced puffs are absent for 0-hour pre-
pupa homozygous with respect to this allel. No ecdyster-
one-induced puffs are found in salivary glands of pre-
pupa including 24-hour pre-pupa.’®

It is likely that the tight localization of three genes,
BR-C, hfw {(swi), and dor, involved in processes of
ecdysterone induction is evolutionary conservative. The
in situ hybridization of chromosomes of eight distant
species was performed using labeled DNA clones of
D. melanogaster containing fragments of these genes.
For D. funebris, hydei, repleta, mercatorum, paranaensis,
and D. virilis, all clones were hybridized with the region
of the same puff at the very end of the X-chromosome,
the labeled region of D. kanekoi is also localized in the
puff but further from the telomere,*” and in
D. pseudoobscura this puff is mapped in the proximal
region of the X-chromosome. For all species, the mor-
phology of the puff, in which BR-C, dor, and hfiv genes
are arranged, strongly resembles the morphology of the
2B3—S5 in D. melanogaster.™t

Intercalary heterochromatin

It is likely that the compacted material of polytene
chromosomes, which form bands, is not functionally
homogeneous. It can decompacted to form puffs at
various stages of ontogenesis. At the same time, in
chromosomes of salivary glands the regions of the
intercalary heterochromatin (JHC)"?~7 are observed,
which resemble in properties the regions of pericentric
heterochromatin found in mitotic and polytene chromo-

#47 Telomere is the terminal region of the chromosome.
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somes (see below). The regions of IHC are presented by
dark compact bands in which DNA is lately replicated
and incompletely polytenized compared to adjacent se-
quences. Breaks (so-called weak points) appear in them
due to the incomplete replication. These regions un-
dergo ectopic (nonhomological) pairing between one
another and regions of the pericentric heterochromatin.”

It has previously been assumed that the specific
features of THC listed above exist due to a large
accumulation of DNA in bands of this type. However,
study of the distribution of the amount of DNA in the
regions of polytene chromosomes followed by analysis of
specific frequencies of appearance of one or another
property per DNA mass unit show that the properties of
THC are determined by the specific character of its
structure.”6

It could also be expected that the manifestation of
similar properties by different IHC bands is caused by
the resemblance in the primary DNA structure in these
bands. However, no satellite DNA** typical of the
regions of the pericentric heterochromatin was found in
the THC regions. Moreover, in some bands the DNA
sequences, whose functions are known, are localized,
and these sequences differ. The cluster of histone genes
is localized in one of the THC regions, the cluster of the
ribosome 5S RNA is in the second region, and the gene
of the early embryo development, bithorax, is found in
the third region. The data presented allow one to assume
that the resemblance in behavior of IHC regions can be
related to the presence of similar proteins in them.
These can be proteins involved in the supercompac-
tization of some regions of chromosomes, whose func-
tioning is not necessary during the most period of the
development.”

The change in the frequency of appearance of THC
properties affected by modificators of the position effect
variegation (see below), in particular, when the hetro-
chromatinic Y-chromosome is removed from the genome,
can favor this assumption. Frequencies of breaks in IHC
regions increase considerably for X0 males, which indi-
cates an increase in the degree of underreplication.” It
can be assumed by analogy to phenomena of the posi-
tion effect variegation that special proteins localized in
the regions of the pericentric and intercalary hetero-
chromatin are involved in processes of compactization
of chromatin. When the Y-chromosome is removed
from the genome, a considerable portion of a substrate
for binding these proteins disappears, while the other
proteins are redistributed between IHC regions. This
results in an increase in the level of compactization,
and, hence, the degree of underreplication in IHC in-
creases as well.

#48 Gatellite DNA is the non-coding region of the DNA
molecule, which consists of the long (several kb) tandem
duplication of short (5 to 10 bp) nucleotide sequences.

Pericentric heterochromatin

A chromosome can be divided into two parts, whose
properties differ distinctly: euchromatin and heterochro-
matin. The latter is replicated later and longer, exists in
a compact state for most of the cell cycle, is stained
more intensely, and is exclusively depleted in genes and
enriched in repeats, mainly, in satellites.

Heterochromatin, which surrounds the centromere
(see Note*2), is called pericentric heterochromatin and
comprises from 1/4 to 1/2 of the lengths of different
arms. For example, the whole Y-chromosome consists
of heterochromatin.

Two types of pericentric heterochromatin are distin-
guished in polytene chromosomes: the tightly com-
pacted a-heterochromatin and more loosened diffuse
B-heterochromatin. a-Heterochromatin is enriched in
satellite sequences, and B-heterochromatin is enriched
in mobile elements, which are often immobilized (cf.
Ref. 7).

The results of the molecular analysis of one of clones
of 2846 bp in size isolated from the long arm of the
Y-chromosome of Drosophila are presented below. The
determination of the nucleotide sequence and the compu-
tational simulation of the data show that the clone
contains the DNA fragment 1176 bp long restricted by
terminal inverted repeats 37 bp long, which are flanked
by direct repeats 6 bp long. This fragment, which we call
the "element 1360", is enriched in AT and saturated with
short direct and inverted repeats with different degrees
of homology, regulatory sequences necessary for
transcription, and sequences with potentials for forming
the Z-form of DNA and autonomic replication. The
in situ hybridization method shows that this element
exhibits the localization in euchromatic arms of chro-
mosomes, which varies in various lines. This makes it
possible to consider this element to be a new, unusually
short labile element. In addition, it is localized over the
whole length of the fourth chromosome and in all
pericentric regions: in the B-heterochromatinic and
nearby euchromatinic parts of chromosomes. Thus,
B-heterochromatin of almost all chromosomes is en-
riched in DNA of the "element 1360".7%

It is known that pericentric heterochromatin in
polytene chromosomes is underreplicated. The level of
its underreplication can vary in various tissues.

It is normal for Drosophila that nurse cells of imago
oocytes are endopolyploid**? and do not contain polytene
chromosomes of the classical type. The formation of
polytene chromosomes in pseudonurse cells of oocytes’?
is one of manifestations of the ofu mutation, which
results in the female sterility. Thus, there is a possibility
to study the structure and functioning of interphase

*49 Endopolyploid is a tissue or organism with several copies of
chromosomal sets (more than two) in nuclei.
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Fig. 8. Molecular cytogenetic map of the region of pericentric heterochromatin of the second chromosome of Drosophila: a, map of
heterochromatinic blocks in mitotic chromosomes; b, chromosome rearrangements and names of clones; ¢, blocks of heterochromatin
(phA—phC) in polytene chromosomes of pseudonurse cells of oru!! mutants,

chromosomes of germ line cells. It turned out that in
polytene chromosomes of this type the manifestation of
properties typical of heterochromatin of salivary glands
(both pericentric and intercalary chromatins) is de-
creased. A considerably larger amount of heterochromatin
is found in pseudonurse cells than in somatic cells of
larval salivary glands, which testifies that the degree of
underreplication is weakened in these regions.8? In addi-
tion, in ITHC regions breakage frequencies and, hence,
the level of underreplication and ectopic conjugation are
considerably lower than in polytene chromosomes of
salivary glands.

The assignment of heterochromatinic blocks in chro-
mosomes of pseudonurse cells to particular arms and
their correspondence to segments of mitotic heterochro-
matin were determined for the second chromosome by
rearrangements with breakage points, which are exactly
mapped relative to heterochromatinic segments in mi-
totic chromosomes (Fig. 8, @), and by in situ hybridiza-
tion of DNA clones from heterochromatin.

It turned out that many heterochromatinic fragments
of mitotic chromosomes can be found in polytene chro-
mosomes of pseudonurse cells (Fig. 8, ¢).

Position effect variegation

Studying euchromatin regions when they are trans-
ferred to regions of pericentric heterochromatin due to
rearrangements is of special interest. In some cases, this
results in the change in the character of functioning of
relocated genes: they are inactivated, i.e., endure the
position effect variegation, because inactivation does not
occur in all cells. We used rearrangements in which the
BR-C gene is inactivated, which is localized in the

2B3—5 puff and initiates the cascade of puff changes in
response to ecdysterone. The manifestation of the mu-
tant BR-C phenotype in cells of salivary glands is in the
absence of hormone-induced puffs (see above). There-
fore, it is possible to compare the genetic activity and
the state of a chromosome in the same cell.

This approach allowed us to obtain direct proofs in
favor of the fact that the genetic inactivation occurs in
parallel to the cytological compactization of the inactivat-
ing region.81:82 The compactization usually starts from
the region of contact with heterochromatin and subse-
quently extends further 83,84

The observation of the discontinuous compactization
was unexpected; in this case, compact (heterochromati-
nized) regions of chromosomes alternate with regions
with the typical pattern of bands and normal genetic
activity.83

The cytological and molecular genetic analysis shows
that genetically inactivated compact regions of chromo-
somes acquire features typical of heterochromatin. They
become lately replicated, and a portion of DNA is
underreplicated, which results in the formation of weak
points (breaks) and ectopic contacts.35:36 The HP1 pro-
tein specific for heterochromatin is revealed in compact
regions of euchromatin and heterochromatin.$7

Like the general manifestation of properties of het-
erochromatin, the position effect variegation in cells of
the embryonic path is considerably weakened. The ab-
sence of the suppression of the 6-PgD gene expression
for the position effect variegation in ovaries of imago is
shown biochemically.88 The compactization of regions
of polytene chromosomes in pseudonurse cells of the
otu!! mutant is also very much weakened. This is ex-
pressed in a drastic decrease in the frequency of abun-
dance of rearranged chromosomes with compacted re-
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Fig. 9. Frequency (f) of the compact state of the region and
length of the compactization of euchromatin in Dp(1;/)1337 (a)
and Dp(1; Dpn2b (b) chromosome rearrangements for the posi-
tion effect variegation in chromosomes of salivary glands (light
columns) and pseudonurse cells of oocytes (dark columns) of
otu!! mutants of D. melanogaster (N indicates chromosomes
with normal morphology).

gions and in a considerable decrease in the length of
compactization compared to those in cells of salivary
glands of the same genotype (Fig. 9).

At least three questions appear in considering any
models of gene inactivation related to the position effect
variegation. 1. Why is the position effect variegation
mosaic, i.e., a certain region of a chromosome is inacti-
vated in one cell and is not inactivated in another cell?
2. What properties of pericentric heterochromatin are
responsible for its ability for supercompactization, and,
in addition, why can it involve euchromatic regions
transferred to its vicinity in supercompactization?
3. Why do regions that are normally euchromatic have
the ability for heterochromatization?

Let us consider the problems listed above in detail.

1. When two chromosome rearrangements (identical
or different), each of which undergoes the position
effect variegation, are introduced into the genome, inac-
tivation processes in them are independent. The fre-
quency of the simultaneous compactization of two
rearrangements in one nucleus is equal to the product of
the individual compactization frequencies of each of
them. The compactization length of euchromatin in one
rearrangement is independent of the degree of compac-

tization of another rearrangement in the same nucleus.
The results obtained testify that the statistical variation
of the concentration of compactifying factors at the
euchromatin—heterochromatin boundary in each nu-
cleus is the basis for initiating compactization. These
data also show that there are no substantial differences
in the concentrations of compactifying factors between
individual nuclei.87

2. Tt becomes clear due to many studies of the
position effect variegation that genetic inactivation is far
from occurring in each chromosome rearrangement that
transfers euchromatin to the vicinity of heterochromatin.”
It is probably related to the fact that heterochromatin is
heterogeneous in its ability to cause compactization. For
example, it has been reported®® that three revertants
were obtained in the chromosome with In()w™4 inver-
sion. These revertants exhibit the position effect variega-
tion despite the fact that the DNA fragment from hetero-
chromatin at least 3 kb in length was transferred along
with the w gene to a new position.

In our work, the revertants were obtained by irradia-
tion of the T(1;2)dor*7 chromosome rearrangement, in
which the 1A—2B fragment of the X-chromosome was
transferred to pericentric heterochromatin of the second
chromosome and was attached to it in the 2B7-—-8
region, which results in the appearance of the position
effect variegation of genes localized more distal than
2B7—8. Of revertants obtained, the rev45 line is of
special interest. In this line, the portion of 2Lh—2Rh
heterochromatin, which has previcusly been in the con-
tact with the 1A—2B fragment, removed to the vicinity
of the 2B7—8 — 7A region. In the rev45 chromosome in
the region of the dor, BR-C, and sta genes (1A—2B7),
no inactivation appears even under the action of modi-
fying agents, which enhance the position effect variega-
tion. The inactivation in the 2B7—8 — 7A fragment
appeared simultaneously (Fig. 10). The lengths of
compactization is extremely long: it covers up to 170
bands (the longest compactization described in the lit-
erature). Nevertheless, it turned out that closest 17 kb of
DNA from the heterochromatinic region found in the
initial T(1;2)dor**7 line are retained in the rev45 line at
the point of the eu-heterochromatin contact as in other
revertants obtained.

Thus, simple neighboring of euchromatin with any
regions of heterochromatin does not result in the com-
pactization. It is also evident that there are some centers
of compactization, which cause the position effect vari-
egation. They can be arranged rather far from the break-
age point of the chromosome rearrangement (in the
given case, >17 kb). Their movement due to new rear-
rangements can drastically change the direction and
intensity of the compactization.99:91

The 1A—2B7 region from the T(I;2)dor®7 rear-
rangement of another revertant, rev60, obtained in the
same experiments relocates to the pericentric region of
the X-chromosome along with the fragment of hetero-
chromatin of the 2R-chromosome. The articulation oc-
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curs in such a way that the su(f) gene is retained between
2R- and X-heterochromatin, and the position effect
variegation in genes in the 1A — 2B7—8 region is not
manifested itself. 3! Irradiation of the rev60 chromosome
results in the formation of two lines in which the
position effect variegation appears again after removing
the region of the chromosome that contains the su(f)
gene. It can be assumed that the induction of the
position effect variegation occurs due to approach of the
1A—2B7 fragment to the inactivation centers localized
in heterochromatin of the X-chromosome (Fig. 11).
Researchers of our laboratory have proposed a model
of the compactization of euchromatin for the position
effect variegation based on the concept about the statisti-
cal distribution of molecules of protein-compactifiers
around centers of the initiation of compactization. The
model is based on two statements: 1. Centers of the
initiation of compactization are present both in euchro-
matin and heterochromatin (Fig. 12). Compactifying
proteins are accumulated in them. The compactization
is revealed only in pericentric heterochromatin (see
Fig. 12, D), if the centers are separated by a region of
euchromatin (it is limited by points) without such centers.
In the case of the direct contact of the centers when
euchromatin (II) is removed, compactifying proteins
from euchromatin form multilamellar complexes with
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and "—" denote the presence or abserice of genetic inactivation
with the position effect variegation, respectively.

proteins of heterochromatin. If the compactifying ability
of such a complex is weak, the compactization is re-
vealed only in heterochromatin (see Fig. 12, 17, a), and
if the ability is strong, there is continuous compactization
{see Fig. 12, II, b) (Ref. 92). 2. Molecules of protein-
compactifiers interact not only with DNA sites in chro-
matin, but also with one another to form a multimeric
complex. The nonuniform center distribution in euchro-
matin can result in long and discrete compactization
with the position effect variegation.??

Dynamic character of the organization
of polytene chromosomes

A polytene chromosome as a whole can be consid-
ered as a dynamic formation. Regions of chromosomes
1 to 3 kb in size with short open reading frames are
always in the decompactization state {(interbands) and
arranged in a chromosome at the intervals of 5 to 160
kb (on the average, 30 kb). Regions of chromosomes
between them (bands) are in the state of reversible
compactization and be completely decompactified when
genes, which are contained in them, are activated (the
development of the puff). When only individual regions
inside the band are activated, the band is fissured into
several thinner bands to form decompactified intervals
between them, 193
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Fig. 12. Scheme illustrating the appearance of compactization
with a position effect variegation of the mosaic type: I—7,
compactization centers in euchromatin; §— 10, compactization
centers in heterochromatin (HT is the heterochromatinization
threshold).

The results of experiments with transformants*3 show
that genes entering the composition of the same trans-
poson, which form an entire band, function (and are
decompactified) independently both of one another and
nearby interbands.

The data on the evolutionary separation of regions of
bands and on their independent existence in the other
type also testify that their functioning is not adherent.

It is likely that there is the system of strongly inacti-
vated regions in the genome in addition to regions of
chromosomes with the regular pattern of bands capable
of reversible and irreversible compactization. This is first
pericentric heterochromatin, nearby regions of euchro-
matin inactivated at the position effect variegation, and
intercalary heterochromatin. The genetic compositions
of these regions differ: the regions of pericentric hetero-
chromatin are depleted in genes and enriched in repeats.
Euchromatin contains the usual set of genes. As for the
THC regions, they contain genes (for example, blocks of
repeats of 58 rRNA, genes of histones, and genes of the
early embryonic development, such as Anp or BX-C). It
is assumed that all these genes as well as the whole
regions of pericentric heterochromatin are deeply re-
pressed.5 It is likely that the repression is performed by
special compactifying proteins of the HP1 type?4.

The state of the deep repression probably appears at
the early development. For example, pericentric hetero-

*50 Transformant is an individuum containing an alien DNA
fragment incorporated in its chromosomes by chemical, physi-
cal, or biological manipulations.

chromatin is not revealed by standard C-staining at
initial stages of the embryonic development. The stain-
ing is observed only at the end of fission divisions.? It
turned out that the temperature-sensitive period of the
genetic inactivation and compactization at the position
effect variegation coincides in time with the initial pe-
riod of revealing heterochromatin, 84,96

Thus, the variety of morphological elements in
polytene interphase chromosomes is determined by their
genetic content and the state of their activity, which
correlates with the degree of compactization-decompac-
tization of chromatin.
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preparing the manuscript.

This work was financially supported by the State
Scientific Technical Program "Frontiers in Genetics"
and the Russian Foundation for Basic Research (Project
No. 95-04-12695).

References

1.1. F. Zhimulev and E. S. Belyaeva, Theor. Appl. Genet.,
1975, 45, 335.

2.1. F. Zhimulev and E. S. Belyaeva, Biol. Z, 1985, 104,

633,

3.1. F. Zhimulev, E. S. Belyaeva, and V. F. Semeshin,
Critical. Rev. Biochem., 1981, 1, 303.

4.1. F. Zhimulev, G. V. Pokholkova, A. V. Bgatov,
V. F. Semeshin, G. H. Umbetova, and E. S. Belyaeva,
Mol. Biol. Rep., 1983, 9, 19.

.I. F. Zhimulev and E. S. Belyaeva, Genetica, 1991, 85, 65.
6.1 F. Zhimulev, Politennue khromosomy: morfologiva i struk-

tura [Polytene Chromosomes: Morphology and Structure],
Nauka, Novosibirsk, 1992 (in Russian).

7.1. F. Zhimulev, Geterokhromatin i effekt polozheniya gena
[Heterochromatin and Position Effect Variegation], Nauka,
Novosibirsk, 1993 (in Russian).

8.1. F. Zhimulev, Khromomernaya organizatsiva politennykh
khromosom [ Chromomeric Organization of Polytene Chromo-
somes], Nauka, Novosibirsk, 1994 (in Russian).

9. E. B. Kokoza, Ph. D. (Biol.) Thesis, Institute of Cytology
and Genetics, SB of the RAS, Novosibirsk, 1994 (in
Russian).

10.T. Yu. Kozlova, V. F. Semeshin, I. V. Tretyakova,
E. B. Kokoza, V. Pirotta, V. E. Grafodatskaya, E. S.
Belyaeva, and 1. F. Zhimulev, Genetics, 1994, 136, 1063.

11.1. F. Zhimulev, G. V. Pokholkova, A. V. Bgatov,
V. F. Semeshin, and E. S. Belyaeva, Chromosoma, 1981,
82, 25.

12.1. F. Zhimulev, G. V. Pokholkova, A. V. Bgatov,
G. H. Umbetova, 1. V. Solovjeva, Yu. E. Khudyakov, and
E. S. Belyaeva, Biol. Z, 1987, 106, 699.

13. T. Yu. Kozlova, Ph. D, (Biol.) Thesis, Institute of Cytology
and Genetics, SB of the RAS, Novosibirsk, 1994 (in
Russian).

14.1. F. Zhimulev and E. S. Belyaeva, Chromosoma, 1975, 49,
219.

15. D. R. Cavener, Nucl. Acids Res., 1987, 15, 1353.

16. H. Vassin, K. A. Bremer, and E. Knust, EMBO J., 1987,
6, 3431.

17. R. I. Fleming, T. N. Scottgale, and R. J. Diedrich, Genes
Devel., 1990, 4, 2188.

(9.3



M

olecular cytogenetic organization of chromosomes

Russ. Chem. Bull., Vol. 44, No. 9, September, 1995

1569

18
19
20

21.
22.

23.

24.

25.

26.

27.

28.
29.
30.

31.

32.
33

34.

36.
37.
38.

39.

40.

41.

42.

43.
44.

45.
46,

. R. N. Chattesjee, Chromosoma, 1985, 91, 259.

. H. S. Chandra, Proc. Nat. Acad. Sci. USA, 1985, 82, 1165.
.D. L. Lindsley and K. T. Tokuyasu, in The Genetics and
Biology of Drosophila 24, Eds. M. Ashburmer and T. R. F.
Wright, Academic Press, London, 1980, 226.

A. V. Bgatov, A. A. Zharkikh, and 1. F. Zhimulev, Mol.
Gen. Genet., 1984, 196, 110.

G. H. Umbetova, E. B. Kokoza, and 1. F. Zhimulev, Life
Sci. Adv. (Genet.), 1988, 7, 43.

E. B. Kokoza, T. Yu. Kozlova, G. Kh. Umbetova,
E. B. Dubrovskii, V. Pirrotta, and 1. F. Zhimulev, Genetika,
1990, 26, 1361 [Sov. Genetics, 1990, 26 (Engl. Transl.)].
V. F. Semeshin, E. S. Belyaeva, [. F. Zhimulev, J. T. Lis,
G. Richards, and M. Bourouis, Chromosoma, 1986, 93,
461.

V. F. Semeshin, 8. A. Demakov, J. J. Perez Alonso, E. S.
Belyaeva, and 1. F. Zhimulev, Chromosoma, 1989, 97, 396.
V. F. Semechin, D. Sc. (Biol.) Thesis, Institute of Cytol-
ogy and Genetics, SB of the RAS, Novosibirsk, 1990 (in
Russian).

V. F. Semeshin, V. A. Chernukhin, I. V. Shabel'nikov,
L. V. Omel'vanchuk, and I. F. Zhimulev, Genetika, 1994,
30, 927 [Sov. Genetics, 1994, 30 (Engl. Transl.)].

M. C. Rykowski, S. J. Parmelee, D. A. Agard, and
J. W. Sedat, Cell, 1988, 54, 461.

V. F. Semeshin, I. F. Zhimulev, and E. S. Belyaeva,
Chromosoma, 1979, 73, 163,

I. E. Vlassova, G. H. Umbetova, V. H. Zimmermann,
C. Alonso, E. 8. Belyaeva, and 1. F. Zhimulev, Chromo-
soma, 1985, 91, 251.

S. A. Demakov, V. F. Semeshin, and 1. F. Zhimulev, Dokl.
Akad. Nauk SSSR, 1991, 317, 989 [ Doki. Chem., 1991, 317
(Engl. Transl.)].

S. A. Demakov, V. F. Semeshin, and 1. F. Zhimulev, Mo/,
Gen. Genet., 1993, 238, 437.

M. Ashburner, Drosophila: a Laboratory Handbook, Cold
Spring Harbor Laboratory, New York, 1989, 1331 pp.

S. A. Demakov, Ph. D. (Biol.) Thesis, Institute of Cytology
and Genetics, SB of the RAS, Novosibirsk, 1994 (in
Russian).

.C. J. OKane and W. S. Gehring, Proc. Nat. Acad. Sci.
USA, 1987, 84, 9123.

V. F. Semeshin, E. M. Baricheva, E. S. Belyaeva, and
1. F. Zhimulev, Chromosoma, 1985, 91, 210.

V. F. Semeshin, E. M. Baricheva, E. S. Belyaeva, and
1. F. Zhimulev, Chromosoma, 1985, 931, 234.

M. Ashburner, C. Chihara, P. Melizer, and G. Richards,
Cold Spring Harbor Symp. Quant. Biol., 1974, 38, 655.

E. S. Belyaeva, M. G. Aizenzon, V. F. Semeshin,
I. Kiss, K. Koczka, E. M. Baricheva, T. D. Gorelova, and
I. F. Zhimulev, Chromosoma, 1980, 81, 281.

E. S. Belvaeva, I. E. Viassova, Z. M. Biyasheva,
V. T. Kakpakov, G. Richards, and 1. F. Zhimulev,
Chromosoma, 1981, 84, 207.

E. S. Belvaeva and 1. F. Zhimulev, Chromosoma, 1982, 86,
251.

E. S. Belyaeva, M. O. Protopopov, E. B. Dubrovsky, and
I. F. Zhimulev, in Ecdysone, Ed. J. Koolman, Georg
Thieme Verlag, Stuttgart—New York, 1989, 368.

Z. M. Biyasheva, E. S. Belyaeva, and [. F. Zhimulev,
Chromosoma, 1985, 92, 351.

I. F. Zhimulev, 1. E. Vlassova, and E. S. Belyaeva,
Chromosoma 1985, 85, 659.

A. T. Chao and G. M. Guild, EMBO J., 1986, 5, 143.

E. S. Belyaeva, M. O. Protopopov, E. M. Baricheva,
V. F. Semeshin, M. L. Izquierdo, and I. F. Zhimulev,
Chromosoma, 1987, 95, 295.

47

48

49.
50.

51
52.
53.

54.
55.

56.
57.
38.
59.
60.
61.
62.
63.
64.
65.
66.

67.
68.

69.
70.

71.

72
73

74
75

76.
77.
78.
79.
80.

81.

82

.M. O. Protopopov, E. S. Belyaeva, 1. V. Tretyakcva, and
1. F. Zhimulev, Dros. Inform. Serv., 1991, 70, 182.

. L Kiss, G. Bencze, A. Fodor, J. Szabad, and J. Fristrom,.
Nature, 1976, 262, 136.

1. Kiss and I. Molnar, J. Insect Physiol., 1980, 26, 391.

L. Restifo and K. White, W. Roux’s Archives Develop. Biol.,
1992, 201, 221.

T. Crowley, P. H. Mathers, and E. M. Meyerowitz, Cell,
1984, 39, 149.

K. Vijay Raghavan, C. Mayeda, and E. M. Meyerowitz,
J. Genet., 1988, 67, 141.

J. Galceran, J. Llanos, J. Sampedro, O. Pongs, and
M. Izqiverdo, Nucl. Acids Res., 1990, 18, 539.

P. S. Guay and G. M. Guild, Genetics, 1991, 129, 169.
E. B. Dubrovsky and 1. F. Zhimulev, Develop. Biol., 1988,
127, 33.

L. Restifo and G. M. Guild, J. Mol Biol, 1986, 18, 517.
J. A. Lepesant, F. Maschat, J. Kejzlarova-Lepesant,
H. Benes, and C. Yanicostas, Arch. Insect Biochem. Physiol.,
1986, 9, 133,

I. V. Solovieva and E. S. Belyaeva Genetika, 1989, 25,
1209 [Sov. Genetics, 1989, 25 (Engl. Transl.)].

O. M. Mazina, E. 5. Belyaeva, and I. F. Zhimulev, Mol
Gen. Genet., 1991, 225, 99.

J. Galceran, C. Gimenes, J.-E. Edstrom, and M. L.
Izqiverdo, Insect Biochem., 1986, 16, 249.

M. Izquierdo, J. Galceran, J. Sampedro, and J. Llanos,
J. Insect Physiol., 1988, 34, 683.

W. C. Omr, V. K. Galanopoulos, C. P. Romano, and
F. C. Kafatos, Genetics, 1989, 122, 847.

J. Sampedro, J. Galceran, and M. lzquierdo, Mol Cell
Biol., 1989, 9, 3588.

L. V. Solov'eva, Genetika, 1992, 28, 63 [Sov. Genetics,
1992, 28 (Engl. Transl)].

P. R. DiBelle, D. A. Whiters, C. A. Bayer, I. W. Fristrom,
and G. M. Guild, Genetics, 1991, 128, 385.

R.-Y. Huang and W. C. Orr, Develop. Genet., 1992, 13,
277.

Y. Hotta and S. Benzer, Nature, 1972, 240, 527.

M. L. Balasov and A. V. Bgatov, Genetika, 1992, 28, 40
[Sov. Genetics, 1992, 28 (Engl. Transl)].

O. M. Mazina and 8. E. Korochkina, Genefika, 1991, 27,
1920 [Sov. Genetics, 1991, 27 (Engl. Transl.)].

I. F. Zhimulev, E. S. Belyaeva, O. M. Mazina, and
M. L. Balasov, Eur. J. Entomol., 1995, 92, in press.

E. B. Kokoza, E. S. Belyaeva, and 1. F. Zhimulev, Genetica,
1992, 87, 79.

. B. P. Kaufmann, Proc. Nat. Acad. Sci. USA, 1939, 25, 571.
. A. A. Prokofeva-Bel'govskaya and V. V. Khvostova, Dokl.

Akad. Nauk SSSR, 1939, 23, 269 {Dokl. Chem., 1939, 23
(Engl. TransL)].

.B. M. Slyzynski, Proc. Roy. Soc. Edink., 1945, 62, 114.

.1 F. Zhimulev, V. F. Semeshim, V. A. Kulichkov, and
E. S. Belyaeva, Chromosoma, 1982, 87, 197.

V. N. Bolshakov, A. A. Zharkikh, and [, F. Zhimulev,
Chromosoma, 1985, 92, 200.

1. F. Zhimulev, E. S. Belyaeva, V. N. Bolshakov, and
N. 1. Mal'ceva, Chromosoma, 1989, 98, 378.

N. G. Kholodilov, V. N. Bolshakov, V. M. Blinov, V. V.
Solovjev, and 1. F. Zhimulev, Chromosoma, 1988, 97, 247.
R. C. King, S. F. Riley, J. D. Cassidy, P. E. White, and
Y. K. Paik, Science, 1981, 212, 441.

N. I. Mal'ceva and . F. Zhimulev, Mol Gen. Genet., 1993,
240, 273.

Y. Schultz, Cold Spring Harbor Symp. Quant. Biol., 1956,
21, 307.

. J. Schultz, Brookhaven Symp. Biol., 1965, 18, 116.



1570

Russ.Chem.Bull., Vol. 44, No. 9, September, 1995

Zhimulev et ai.

83

84
85
86
87
88
89

.1. F. Zhimulev, E. S. Belyaeva, 1. V. Fomina, M. O.
Protopopov, and V. N. Bolshakov, Chromosoma, 1986, 94,
492.

.I. F. Zhimulev, E. S. Belyaeva, A. V. Bgatov, E. M.
Baricheva, and 1. E. Vlassova, Chromosoma, 1988, 96, 255.

.E. S. Belyaeva and 1. F. Zhimulev, Chromosoma, 1991,
100, 453.

.G. H. Umbetova, E. S. Belyaeva, E. M. Baricheva, and
1. F. Zhimulev, Chromosoma, 1991, 101, 55.

.E. S. Belyaeva, O. V. Demakova, G. H. Umbetova, and
1. F. Zhimulev, Chromosoma, 1993, 102, 583.

.S. Y. Slobodyanyuk and O. L. Serov, Mol. Gen. Genet.,
1983, 191, 372.

.K. D. Tartof, C. Hobbs, and M. Jones, Cell, 1984, 376,
869.

90. G. V. Pokholkova, 1. V. Makunin, E. S. Belyaeva, and
1. F. Zhimulev, Dokl. Akad. Nauk, 1993, 329, 369 [Dokl.
Chem., 1993, 329 (Engl. Transl.)].

91. G. V. Pokholkova, I. V. Makunin, E. S. Belyaeva, and
I. F. Zhimulev, Genetics, 1993, 133, 231.

92. M. L. Balasov and I. V. Makunin, Genetika, 1994, 30, 869
[Sov. Genetics, 1994, 30 (Engl. Transl)].

93.1. F. Zhimulev and E. S. Belyaeva, Genetika, 1977, 13,
1398 [Sov. Genetics, 1977, 13 (Engl. Transl.)].

94.T. C. James, J. C. Eissenberg, G. Graig, V. Dietrich,
A. Hobson, and S. C. R. Elgin, Eur. J. Cell Biol., 1989,
50, 170.

95.1. E. Vlassova, A. S. Graphodatsky, E. S. Belyaeva, and
1. F. Zhimulev, Mol. Gen. Genet., 1991, 229, 316.

96. 1. Hartmann-Goldstein, Genet. Res. Camb., 1967, 10, 143.

Received December 21, 1994;
in revised form April 4, 1995




