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The formation of interphase chromosomes is a multi-level process in which DNA is compacted several thousand-
fold by association with histones and non-histone proteins. The first step of compaction includes the formation of 
nucleosomes – the basic repeating units of chromatin. Further packaging occurs due to DNA binding to histone H1 
and non-histone proteins involved in enhancer-promoter and insulator interactions. Under these conditions, the 
genome retains its functionality due to the dynamic and uneven DNA compaction along the chromatin fiber. Since 
the DNA compaction level affects the transcription activity of a certain genomic region, it is important to under-
stand the interplay between the factors acting at different levels of the packaging process. Drosophila polytene 
chromosomes are an excellent model system for studying the molecular mechanisms that determine DNA compac-
tion degree. The unevenness of DNA packaging along the chromatin fiber is easily observed along these chromo-
somes due to their large size and specific banding pattern. The purpose of this study was to figure out the role of 
two non-histone regulatory proteins, ADF1 and BEAF-32, in the DNA packaging process from nucleosome position-
ing to the establishment of the final chromosome structure. We studied the impact of mutations that affect ADF1 
and BEAF-32 binding sites on the formation of 61C7/C8 interband – one of the decompacted regions of Drosophila 
polytene chromosomes. We show that such mutations led to the collapse of an interband, which was accompanied 
with increased nucleosome stability. We also find that ADF1 and BEAF-32 binding sites are essential for the rescue 
of lethality caused by the null allele of bantam microRNA gene located in the region 61C7/C8. 
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Формирование интерфазной хромосомы представляет собой многоуровневый процесс, в результате кото-
рого ДНК упаковывается в тысячи раз. На первом этапе упаковки образуются нуклеосомы – базовые повто-
ряющиеся единицы хроматина. Дальнейшая упаковка происходит за счет связывания ДНК с гистоном Н1 и 
негистоновыми белками, участвующими в ближних и дальних энхансер-промоторных и инсуляторных взаи-
модействиях. При этом функциональность генома сохраняется за счет динамичной и неравномерной упа-
ковки ДНК вдоль хромосомы, что проявляется уже на нуклеосомном уровне. Несмотря на долгую историю 
изучения процесса упаковки ДНК в интерфазном ядре, до сих пор до конца не ясно, от чего зависит степень 
упаковки разных участков ДНК и какое влияние оказывают друг на друга разные уровни упаковки. Превос-
ходной модельной системой для изучения молекулярных механизмов, определяющих степень упаковки 
ДНК, являются политенные хромосомы слюнных желез личинок дрозофилы. За счет больших размеров и 
характерного диск/междискового рисунка они позволяют легко наблюдать неравномерность упаковки ДНК 
вдоль хромосом. В настоящей работе мы исследовали, какую роль играют негистоновые регуляторные бел-
ки ADF1 и BEAF-32 в позиционировании нуклеосом и формировании междиска 61С7/С8 – одного из деком-
пактных районов политенных хромосом. ADF1 – специфический транскрипционный фактор, а BEAF-32 – ин-
суляторный белок, ассоциированный с междисками. С использованием трансгенных линий мы показали, что 
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мутации сайтов связывания ADF1 или BEAF-32 приводят к тому, что трансген теряет способность формиро-
вать междиск в новом генетическом окружении. Кроме того, мутации нарушают нуклеосомную организацию 
трансгена, характеризующуюся повышением стабильности нуклеосом. Мы обнаружили, что сайты связыва-
ния ADF1 и BEAF-32 необходимы для спасения нуль-аллеля bantam – жизненно важного гена микроРНК, рас-
положенного в районе 61С7/С8. Таким образом, мы можем проследить связь между степенью упаковки ДНК, 
нуклеосомной организацией и функцией конкретного участка интерфазной хромосомы.
Ключевые слова: дрозофила; нуклеосома; политенная хромосома; междиск; транскрипция.

Introduction
Eukaryotic DNA is organized in a compact nucleoprotein 
complex called chromatin. Nucleosomes is the basic unit of 
chromatin and consists of 147 bp of DNA wrapped around a 
histone octamere. Nucleosome arrays form a so-called “10- nm 
fibril” which is further folded into higher order chromatin 
structures by histone H1 and a large number of functionally 
different non-histone proteins. The resulting structure con-
stitutes an eukaryotic chromosome. Despite the long history 
of chromosome formation, mutual influence between the 
different  DNA compaction levels is still unclear. On the one 
hand, nucleosome positioning determines the availability of 
DNA for the binding of non-histone proteins that regulate 
transcription and replication. On the other hand, non-histone 
proteins affect nucleosome positioning: they can destroy a 
nucleosome by displacing histone octamer or recruit ATP-de-
pendent remodeling complexes that move the nucleosomes 
along the chromosomes. Moreover, nucleosome arrays are 
thought to self-organize against the potential barrier intro-
duced by DNA-bound non-histone protein complexes due to 
the steric exclusions between adjacent nucleosome particles 
(Chereji et al., 2016; Chereji, Clark, 2018).

Drosophila polytene chromosomes provide a convenient 
model of interphase chromatin and allow to study the interplay 
between DNA compaction, chromatin structure, and transcrip-
tion activity. Polytene chromosomes are formed in salivary 
glands of third instar larvae in the process of endoreplication 
and display a characteristic repetitive pattern of densely com-
pacted bands interleaving with decompacted regions, called 
interbands. The compaction level of a given DNA region is 
determined by its function and the corresponding chromatin 
state. Interbands are formed by open chromatin and usually 
contain gene promoters, enhancers and insulators. Further-
more, interbands coincide with the nucleosome-free regions 
or contain weakly positioned nucleosomes (Zhimulev et al., 
2014). These features make interbands a unique tool for study-
ing the role of non-histone regulatory proteins in nucleosome 
positioning and the formation of chromomeric pattern of 
interphase chromosomes.

Here, we study the role of two regulatory non-histone pro-
teins – ADF1 and BEAF-32 – in the nucleosome positioning 
and interband formation in the region 61С7/С8 of polytene 
chromosomes. This region was chosen because the DNA 
sequence sufficient to establish and maintain the decom-
pacted state of the 61С7/С8 interband was determined earlier 
(Semeshin et al., 2008). Interband 61С7/С8 encompasses a 
bantam miRNA gene and regulatory elements controlling 
its expression, including ADF1 and BEAF-32 binding sites 
(Brennecke et al., 2003). ADF1 is a transcription factor and 
BEAF-32 is an insulator protein that is also associated with 
the transcription activation. Both of the proteins are involved 
in the establishment and maintenance of local chromatin state 

(Jiang et al., 2009; Orsi et al., 2014). Previously, we showed 
that ADF1 and BEAF-32 localized to the 61C7/C8 interband 
in salivary gland polytene chromosomes (Berkaeva et al., 
2009). BEAF-32 is known as an interband-specific protein 
(Zhimulev et al., 2014) and its binding to DNA is crucial 
for the polytene chromosome structure (Gilbert et al., 2006). 
Mapping of nucleosomes in Drosophila cell cultures suggests 
that binding of BEAF-32 to DNA causes the formation of po-
tential barriers that determine the positioning of neighboring 
nucleosomes (Chereji et al., 2016).

We found that ADF1 and BEAF-32 binding sites were in-
dispensable for 61C7/C8 interband formation. Although the 
mutations of both binding sites caused the interband disap-
pearance, the associated changes in nucleosomal organization 
were distinct. Therefore, different molecular mechanisms 
underlying those changes were proposed. Additionally, we 
report here that ADF1 and BEAF-32 play an essential role in 
the regulation of bantam expression.

Materials and methods
Fly stocks. To obtain transgenic flies, we used a stock with an 
attP-site located in the 10A1-2 region of the X chromosome 
(Andreenkov et al., 2016). Transgenic stock “4.7” carried 
an insertion of the original unmutated “4.7” fragment, stock 
“ADF” contained the insertion of the “4.7” fragment with 
mutated ADF-1 binding site, and “BEAF” contained the in-
sertion of the “4.7” fragment with mutated BEAF-32 binding  
site.

All transgenic flies had y1 and Df(1)w 67c23 mutations in the 
X chromosome and a lethal deletion ban∆1 maintained against 
TM6B balancer.

Control “yw” flies had wild-type chromosomes except for 
the X which carried y1 and Df(1)w 67c23 mutations.

Mutations in protein binding sites. The DNA fragment 
sufficient to form the 61С7/С8 interband was 4709 bp in length 
(3L: 637635-642343, release = r6.23) and was named as the 
“4.7” fragment. It encompassed ADF1 and BEAF-32 binding 
sites, bantam miRNA hairpin and two putative promoters of 
the bantam gene (Fig. 1). 

ADF1 binding site in the “4.7” fragment consisted of three 
motifs which corresponded to the consensus (England et al., 
1992). Two overlapping motifs were removed by Sal I-SphI 
excision and the third one was disrupted by replacing 7 nu-
cleotides with a stretch of As. Shown below is a portion of the 
“4.7” fragment that includes the ADF1 binding site:
…ATGcgacttcaaacatagttcggcatcgaaactttctagcacaccga 
cacacatacgaacgcgatccagccgacacacacacacacacgcacgcagc 
cacacacttaagcgactttcgaaaggtacaactttttacgaagtcgctgcct 
cggccgctgtgcagccgacgccactgccgctgccgctgtcgctgcctctg  
TCGACTTCGAATTCCAACGCCAAGATGAAAGATC 
GGCGCAAAAGAAAAGAAATATTCATTCAGTA 
AAATTTGATAGCTGCAAAAAAAAGCCGCATGG…
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The first nucleotide of the sequence above is 3L: 639461 
(Drosophila genome release r6.23). The nucleotides included 
in the consensus motifs are underlined, deleted nucleotides 
are shown in lowercase, and inserted nucleotides are shown 
in bold.

BEAF-32 binding sites are characterized by the presence 
of CGATA motifs that are positioned in a certain way (Jiang 
et al., 2009). Two CGATA motifs on the forward and reverse 
DNA strands were deleted by ClaI excision:

GAATATCGATatgatatcgatGGGA
The first nucleotide of the sequence above is 3L: 641006 

(release r6.23). Only forward DNA strand is presented. For-
ward and reverse CGATA motifs are underlined and deleted 
nucleotides are shown in lowercase.

Original “4.7” fragment and the mutated variants were 
cloned into pUni-mod vector (Andreenkov et al., 2016) using 
KpnI and Not I restriction sites. The constructs obtained were 
used to create transgenic flies.

Cytology. Squashed preparations of the salivary gland 
polytene chromosomes were made by the standard technique 
and analyzed by phase-contrast microscopy, as described 
earlier (Zhimulev et al., 1982).

Nucleosome profiling. To study the nucleosome posi-
tioning, 100 pairs of salivary glands of third-instar larvae were 
extracted in PBS and then treated with 700 units of MNase 
(BioLabs; M0247S) at +25 °C for 3 min. Under those condi-
tions, mono-, di- and tri-nucleosomes were obtained. Thus, 
the nucleosomes with different sensitivity to MNase hydro-
lysis (Chereji et al., 2016) were in our nucleosomal profile. 
Nucleosomal DNA was isolated by phenol extraction. Mono-
nucleosomal DNA was eluted from 1.5 % agarose gel using a 
DNA gel extraction kit (BioSilica) and analyzed by Real-Time 
PCR with a set of primers spanning the entire “4.7” fragment. 
The concentration of DNA was determined using the method 
of calibration curves. To establish calibration curves, genomic 
DNA was isolated from the brain ganglia of the same larvae 
that were used for salivary gland isolation. The copy number 
of DNA along the entire chromosome is the same in diploid 
brain ganglia, while in salivary glands different parts of the 
same chromosome can be polytenized to a different extent. An 
amplicon from the hsp26 locus corresponding to a precisely 
positioned nucleosome (Thomas, Elgin, 1988) was used as 
an internal control to take into account the pipetting errors. 

Nucleosome stability was assessed as the ratio of nucleosomal 
DNA to the genomic DNA isolated from salivary glands not 
treated with MNase.

Real-Time PCR data were quantified as follows. The con-
centrations of mononucleosomal (MAmplicon) and untreated 
DNA (UAmplicon) for each amplicon were normalized by the 
concentrations of the hsp26 amplicon in mononucleosomal 
(Mhsp26) and untreated DNA (Uhsp26), respectively:

MAmplicon1 = M A1
hsp26    

; 
UAmplicon1

Uhsp26
 = U A1

hsp26    
. 

  Mhsp26    

The normalized concentration data for mono-nucleosomes 
were divided by the normalized concentration for untreated 
DNA to determine the representation of the amplicon in mono-
nucleosome fraction:

M A1
hsp26    

U A1
hsp26    

 = M1.
        

Some of the amplicons demonstrated nearly zero representa-
tion (for example, see Fig. 3, amplicons # 8, 9). This indicated 
that the underlying sequence was not fully protected from 
MNase hydrolysis. However, it cannot be excluded that the 
nucleosome is only slightly shifted relative to the amplicon, 
therefore one of the primers does not fit into the nucleosomal 
DNA.

All experiments were performed as two biological repeats, 
each consisted of three technical replicas. The representation 
data obtained in different transgenic flies were compared 
separately for each amplicon. The significance of differences 
was assessed using Student’s criterion. The nucleosomal pro-
files of transgenes were studied in ban∆1 deletion background 
to eliminate the possible contribution of the native 61C7/C8 
interband in the 3L chromosome (Brennecke et al., 2003).

Results and discussion
ADF1 and BEAF-32 binding sites are important for 
inter band formation. The 4.7 kb DNA fragment from the 
61C7/C8 region (hereinafter referred to as the “4.7” frag-
ment) is able to form the interband when relocated into a 
new genomic position (Semeshin et al., 2008). This means 
that all the factors determining the interband formation are 
within this piece of DNA. We propose that the initial step 
of the interband formation involves DNA binding by some 
regulatory proteins which further recruit chromatin remodel-
ing complexes capable of establishing and maintening the 
“open” chromatin structure. Putative binding sites for several 
proteins were identified within the “4.7” sequence, but only 
ADF1 and BEAF-32 were precisely mapped to the 61C7/C8 
interband in salivary glands (Berkaeva et al., 2009). Therefore 
we asked whether these proteins may have a role in interband 
formation. We used transgenic assays to answer this ques-
tion. The original “4.7” fragment and its modifications with 
disrupted ADF1 and BEAF-32 binding sites were inserted in 
the10А1-2 region which forms a thick band in the X polytene 
chromosome (Fig. 2, upper panel). All the transgenes were 
inserted exactly in the same position using phiC31-mediated 
attP-attB recombination system. In doing so, we were able 
distinguish the effects of mutations from the influence of 
genomic environment.

Fig. 1. Molecular and genetic organization of the 61С7/С8 region of 
3L- chromosome. 
Position of the “4.7” fragment on the genetic map is marked with a dark gray 
rectangle. Ovals “A” and “B” indicate ADF1 and BEAF-32 binding sites, respec-
tively. Curved arrows denote putative promoters of the bantam gene (Bren-
necke et al., 2003; Qian et al., 2011). A thick black arrow indicates the position 
of bantam miRNA hairpin. White rectangle in the upper part of the figure in-
dicates banΔ1 deletion.
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Cytological analysis of polytene chromosome squashed 
preparations showed that insertion of the original “4.7” frag-
ment caused the formation of an ectopic interband that split the 
10A1-2 band (see Fig. 2). It is worth noting that the insertion 
of the transgene was located on the very edge of the thick 
10A1-2 band. Thus, the observed splitting of a thin gray band 
from the distal part of the original 10A1-2 band indicated that 
the ectopic interband was formed by the transgene material. It 
should be noted that no 10A1-2 band splitting was observed in 
the polytene chromosomes of original flies with the attP site in 
10A1-2 region (see Fig. 2). Similarly, the mutated variants of 
the “4.7” fragment with disrupted ADF1 or BEAF-32 binding 
sites were unable to split the 10A1-2 band (see Fig. 2).

The absence of ectopic interband in 10A1-2 region of the 
polytene chromosomes of “ADF” and “BEAF” flies could be 
caused by a disturbance of the nucleosome positioning in the 
transgenes. It was shown previously that binding of ADF1 to 
the target promoters contributes to the subsequent binding of 
the transcription factor GAGA (GAF) (Talamillo et al., 2004; 
Orsi et al., 2014), which recruits NURF remodeling complex 
(Tsukiyama et al., 1994). It was also shown that depletion 
of NURF subunits leads to a large-scale redistribution of 
nucleosomes and disruption of the chromosome organization 
in Drosophila S2 cells (Moshkin et al., 2012). It was shown 
that BEAF-32 physically interacts with the insulator protein 
CP190 (Vogelmann et al., 2014), which functionally interacts 
with NURF301, a subunit of the NURF complex (Kwon et 
al., 2016). It should be noted that GAF, CP190, NURF, and 
BEAF-32 have been shown to bind the native 61C7/C8 region 
in Drosophila S2 cells (www.modencode.org).

Mutations in the ADF1 and BEAF-32 binding sites lead 
to disturbance of nucleosomal organization. To understand 
the role of nucleosomal organization in the formation of ec-
topic interband, we studied nucleosome profiles of all trans-
genes in larval salivary glands. First of all, we asked whether 
the transposition of “4.7” fragment into the new genomic 
locus was accompanied with perturbation in nucleosomal 
organization. We compared nucleosome profile of the “4.7” 
transgene with the profile of native 61C7/C8 region in the 3L 
chromosome of “yw” larvae. We found that the stability of 
nucleosomes increased in the “4.7” transgene compared to the 
native 61C7/C8 interband (Fig. 3). That was unexpected since 
the “4.7” transgene formed an interband visually indistinguish-
able from the native one (see Fig. 2). Genetic environment 
likely affects the nucleosome positioning in the inserted “4.7” 
fragment, although this impact is not visually manifested at 
the level of DNA packaging.

Next, we compared the nucleosome profile in the “ADF” 
transgene with the profile obtained for the “4.7” fragment. 
Deletion in the “ADF” transgene affects the area overlapped by 
the amplicons 9, 10, 11, so the data for them were unavailable. 
We found that the stability of nucleosomes between the ampli-
cons 12 and 21 increased while the stability of nucleosomes 
at the edges of “ADF” transgene decreased in comparison 
with the “4.7” (see Fig. 3). This is consistent with our idea 
that NURF binding is disrupted in the “ADF” transgene. It 
was previously shown that depletion of NURF subunits in the 
cultured Drosophila cells led to increased nucleosome stabil-
ity at the center of the areas occupied by the complex and to 
decreased nucleosome stability at the edges of those areas. The 

nucleosomes from the periphery seemed to gather at the place 
freed from the NURF complex (Moshkin et al., 2012). This 
is exactly was what we observed for the “ADF” transgene. 

Nucleosome stability also increased in the “BEAF” trans-
gene compared with “4.7” (see Fig. 3), however there was no 
shift of the nucleosomes from the periphery to the center, like 
in “ADF”. Apparently the increase in nucleosome stability in 
this case was caused by the other factors than altered NURF 
binding. One of the explanation is based on the fact that 
BEAF-32 interacts with Chromator protein (Vogelmann et 
al., 2014) which attracts JIL-1 kinase that phosphorylates the 
S10 residue of histone H3. Depletion of JIL-1 or Chromator 
leads to the specific condensation of polytene chromosome 
interbands (Rath et al., 2006). We proposed that mutation of 
BEAF-32 binding site in “BEAF” transgene indirectly caused 
the displacement of JIL-1 and the corresponding decrease in 
H3S10 phosphorylation which might cause perturbation of 
nucleosomal organization. It is important to note that nucleo-
some stability around the mutated BEAF-32 binding site did 
not decrease. Apparently, at least in this case BEAF-32 does 
not set a potential barrier that delimits the phasing of sur-
rounding nucleosomes.

ADF1 and BEAF-32 binding sites in bantam regulatory 
region are important for the viability of flies. The nucleo-
somal profile of transgenes was studied at ban∆1 background. 
We noticed that adult flies homozygous for the ban∆1 deletion 
were only recovered in the “4.7” stock. “ADF” and “BEAF” 
flies homozygous for the deletion died at the late pupal stage 
similarly to the flies containing the deletion without any rescue 

10B1-2

10B1-2

attP-10A

”4.7”

”ADF”

”BEAF”

10A1-2

10A1-2

9A1-2

9A1-2

9E1-2

9E1-2

Fig. 2. Morphology of the X chromosome 10A1-2 region in transgenic 
larvae. 
Stock names are indicated at the right upper corner of each panel. The top 
panel shows the chromosome of the original stock with the attP site in 10A1-2 
region. Arrows on the “4.7” panel mark the ectopic interband. Scale bar cor-
responds to 5 µm.
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transgenes. It was shown that despite the large size of ban∆1 
deletion (20 kb), the only essential gene within this deletion 
is bantam. Expression of bantam hairpin under the ubiquitous 
driver control was enough to rescue the lethality (Brennecke et 
al., 2003). The rest of the sequence deleted by ban∆1 seems to 
contain regulatory elements important for spatial and tissue-
specific control of bantam expression (Brennecke et al., 2003; 
Martin et al., 2004; Peng et al., 2009; Oh, Irvine, 2011). The 
late pupal lethality of “ADF” and “BEAF” flies suggested that 
mutations of ADF1 and BEAF-2 binding sites led to bantam 
inactivation in the tissues important for adult fly development.

We would like to dwell in more detail on the mutation of 
the ADF1-binding site. The thing is that the mutation is not a 
point replacement but quite a big deletion which could remove 
more than only ADF-binding site. So we can not exclude the 
possibility that disruption of some other regulatory elements 
could cause bantam inactivation. However it is important to 
mention that our mutation does not destroy the core elements 
of the neighboring DPE-containing promotor (Berkaeva et 
al., 2009). Further experiments with point replacement in 
consensus sequences are needed to assert with the confidence 
that the ADF1-binding disruption is responsible for the effects 
we observe in “ADF” transgenic flies.

Interestingly, bantam was shown to be transcriptionally in-
active in salivary glands (Kwon et al., 2011) – the tissue where 
the disappearance of the interband was observed. Previous 
studies (Zhimulev et al., 2014) suggest that polytene chro-

mosome organization reflects the organization of interphase 
chromosomes in various cell types. So, we hypothesize that 
bantam inactivation caused by mutations in the ADF1 and 
BEAF-32 binding sites is accompanied by altered nucleo - 
some  positioning and chromatin structure not only in salivary 
glands but also in diploid tissues that are essential for the fly 
viability.

Conclusions
In this study, we investigated the role of non-histone regula-
tory proteins ADF1 and BEAF-32 in the positioning of nu-
cleosomes and formation of 61C7/C8 interband – one of the 
decompacted regions of Drosophila polytene chromosomes. 
ADF1 is a specific transcription factor and BEAF-32 is an 
insulator protein associated with interbands. Using transgenic 
flies, we showed that ADF1 and BEAF-32 binding sites were 
indispensable for DNA decompaction in 61C7/C8 interband 
region. In addition, mutations of ADF1 and BEAF-32 bind-
ing sites disrupted nucleosome positioning in the transgenes, 
characterized by an increase of nucleosome stability. We also 
found that ADF1 and BEAF-32 binding sites were required for 
the rescue of null-allele bantam – an essential miRNA gene 
located in 61C7/C8 region. We hope that our findings will be 
useful for further understanding the mechanisms of intercon-
nection between the degree of DNA packing, nucleosome 
organization and genomic functions of the particular regions 
of interphase chromosome.
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Fig. 3. Comparison of the nucleosome profile of 61C7/C8 interband in the control “yw” and transgenic flies. 
Bars indicate the representation of the corresponding amplicon in the nucleosomal DNA. Yellow bars show the nucleosomal profile of the native 61C7/C8 
interband of “yw” flies; gray bars – in the “4.7” transgene, blue bars – in the “BEAF” transgene, and green bars – in “ADF” transgene. The table below the diagram 
contains the probability of a random difference in the representation of amplicons in the indicated genotypes compared to the “4.7” stock. Red color highlights 
the probabilities < 0.05; NA – data not available.
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