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Abstract

The three-dimensional organization of the genome is closely related to its function-
ing. Interactions between parts of the genome located at large distances from each
other have been detected within the chromosomes of different organisms, which led
to the discovery of topologically associated domains (TADs). Methods that reveal
such interactions between chromosomal loci imply detection of both protein-protein
and protein-DNA interactions. We investigated the possibility of involvement of
the direct DNA-DNA interactions in the structural and functional organization
of Drosophila melanogaster chromosomal 87A7 locus, containing genes Asp70Aa
and Asp70Ab, with the sequence analysis method. Our results indicate that the func-
tional organization of 87A7 locus may involve different elements: chromosomal
DNA fragments that attach chromosomes to the nuclear envelope, short polypurine/
polypyrimidine tracts, insulators and their proteins. The combination of interactions
of these elements may cause different functional states of 87A7 locus.

Keywords
hsp70 Genes, DNA-DNA Interactions, Insulators, Nuclear Envelope, TADs

1. Introduction

In recent years, great interest is attracted to interactions of different genomic regions of
interphase chromosomes, which are located at large distances from each other (based
on the linear dimensions of the chromosomal DNA) [1] [2] [3] [4] [5]. Physically sepa-
rated chromosomal loci more frequently communicate with each other within certain
domains, which are called “topological domains” [2] or “topologically associated do-
mains”—TADs [6] with chromatin looping out of DNA region located in between.
These domains persist in interphase chromosomes of different cell types; they are evo-

lutionarily conserved on syntenic chromosomal regions of different organisms. The av-
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erage size of topological domains was originally designated as 800 kb in the chromo-
somes of mouse and human embryonic stem cells [2]. Later [4] with the help of the
Hi-C method with higher resolution (1 kb), the average size of these domains in human
chromosomes was reduced to 185 kb. Similar domains with an average length of 60 kb
are discovered in D. melanogaster chromosomes [3].

TADs were identified using various modifications of the 3C-method (Chromosome
Conformation Capture). Formaldehyde fixation of protein-protein and protein-DNA
interactions is one of the first steps of the method [1] [2] [3] [4] [5] as well as salt and
EDTA treatment of cell nucleus that may distort the picture of the existing interactions.
It is not surprising therefore that substantial part of the identified interactions refers to
the enhancer-promoter interactions (related to the pattern of expressed genes), and in-
teractions with the participation of insulator proteins.

However, one cannot exclude the involvement of direct DNA-DNA interactions in
the structural and functional organization of chromosomes [7] [8]. Short polypurine/
polypyrimidine tracts (9 - 10 bp), capable of forming the triple-helix DNA structure
(H-form DNA) are possible participants of this process. Triplex DNA structures are
revealed by immunocytochemistry in different types of chromosomes (interphase, me-
taphase, meiotic, polytene), they are usually detected in the intergenic regions and in-
trons of different genes. Polypurine/polypyrimidine 9 - 10 bp long but no longer tracts
are of very weak recombinogenity (for details see [8]). When complementary polypu-
rine and polypyrimidine tracts are located at a distance from each other, their interac-
tion (formation of the H-form DNA) leads to looping out of nucleotide chain located in
between. This was shown in in vitro experiments using both synthetic oligonucleotides
[9] [10] [11], and the human alpha-1-antitrypsin gene [12], and while bioinformatic
essays [7] [8]. It should be noted that the protein-coding and non-coding sequences
(satellite DNA and repeats of LINE and SINE type) can form loop structures with fun-
damentally similar mechanism [8].

The question that still needs to be elucidated is how the “borders” between the adja-
cent TADs (including the nucleotide sequences of the chromosome regions) are orga-
nized [5]. However, based on the definition of TADs (see above) the “border” is the one
to ensure cooperation between genomic regions inside the domain and to prevent (re-
duce the probability of) cross-domain interactions. This assumption applies to the
function of insulators as well.

Earlier [13] [14] using transgenic system of D. melanogaster yellow and white genes,
we have shown that the nuclear envelope DNA attachment sites (neDNA) are capable
of reporter genes’ protection from the Position Effect Variegation (PEV), and the abili-
ty is improved in the presence of Wari insulator. If only one of the transgenes (white
gene + Wari) is flanked by neDNA, it appears to be better protected against PEV. In
other words, the insulator “works” well between the two neDNA fragments, while it has
slight effect through the neDNA fragment. Interestingly, neDNA is evolutionarily con-
served [15] [16]. These point nuclear envelope chromosomal attachment sites may also
form looped chromatin structures [17] [18]. The neDNA fragment (EnvM4), used in
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our transgenic experiments, possess extremely conserved motif (AAAGA),. DNA mo-
tifs (GAGA), responsible for the attachment to the nuclear envelope, were revealed
within the LADs (Lamina Associated Domains) [19]. However, it should be noted that
represented consensus contains AAAGA motifs as well. The most common feature of
these two types of DNA motifs is the presence of polypurine tandem copies.

TADs are not detected both in mitotic chromosomes [20] and in the inactivated
X-chromosome [6]. Perhaps one reason for identifying no TADs in mitotic chromo-
somes is the absence of the one of the components involved in the formation of TADs
borders at metaphase stage. That component turns to be the nuclear envelope/nuclear
lamina, the one to attach interphase chromosomes at various sites. Concerning inacti-
vated (compactisied) X-chromosome, identifying no TADs may be of the same cause as
the compaction of chromosomes is accompanied by a change in the pattern of its inte-
raction with the nuclear envelope/nuclear lamina.

Despite the identification of TADs in many organisms and many studies in this
field, much remains unclear. The data on TADs give mostly a general idea about the
interactions between the different sections of DNA. A detailed study of the nucleotide
sequences, transcription, epigenetic status as well as higher levels of chromatin or-
ganization can help to create a complete picture of the processes taking place in the
genome.

This study is devoted to D. melanogaster heat shock genes (Asp70) locus. These genes
encode proteins of Asp70 family performing the protective functions of the cell, pre-
venting denaturation and aggregation of proteins. It is known that heat shock genes are
expressed regardless of the surrounding chromatin [21]. We explored the question of a
possible mechanism for the establishment of an independent expression domain of heat
shock genes at the level of the loop chromatin organization with the involvement of:
neDNA (nucleotide motifs—nuclear envelope attachment “markers” (AAAGA), and
(GAGA),), short “complementary” polypurine/polypyrimidine tracts as well as insula-
tors of the locus (scs/scs’-elements) and their proteins (BEAF32 and Zw5)). This paper
presents an analysis of the nucleotide sequences of the locus and the attempt to com-

pare it with the available experimental data.

2. Materials and Methods

D. melanogaster chromosomal locus 87A7 contains Asp70Aa and Asp70Ab genes (3R:
11,904,163 .. 12,006,544), length 102,382 bp (FlyBase, release 6,0).

Search for nucleotide sequences able to form three-chain DNA structures was per-
formed according to the following criteria: polypurine/polypyrimidine tracts should be
potentially able to form T(A.T), A(AT), C(GC), and G(GC) triplexes not less than 9 bp
long. To simplify the simulation the search for complementary polypurine/polypyrimidine
tracts was led on the same DNA strand [7] [8]. We used NCBI resources, flybase.org,
including Drosophila Sequence Coordinates Converter
(http://flybase.org/static_pages/downloads/COORD.html) and Vector NTI software.

Juicebox software was also used to analyse Hi-C data.
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3. Results

3.1. General Characteristics of the Region

The chromosomal segment of D. melanogaster chromosome 3 (3R: 11,904,163 ..
12,006,544) is 102,382 bp in length with 17 genes located within (from CG14731 gene
to Ect3 gene) (Figure 1). The research revealed 152 polypyrimidine (Y) tracts and 186
polypurine (R) tracts no less than 9 bp long in the region (maximum size of identified
tracts is 27 bp). Among them 120 polypyrimidine tracts and 135 polypurine tracts are
potentially able to interact with each other with looping out of DNA located in be-
tween. Most of the tracts can possibly interact with a numerous complementary tracts
located in various sites of analyzed region on chromosome 3.

Scale and representation of genes is taken from flybase. Arrows show the direction of
transcription. Localization of the functional areas identified in Asp70 genes locus is
showed with figures: black squares—poly-A/T tracts; triangles—insulators class II
(Su(Hw)); circles—insulators class I (CP190, BEAF32, CTCF); asterisks—(AAAGA),
tracts; rhombi—scs/scs’-elements. The border between physical domains is marked with
vertical dashed lines. Diagonal hatching represents the areas of frequent intra-domain
interactions. Diagonal cells denote regions that are found within the loop for Asp70
genes/one loop for the whole locus and black rectangles denote the bases of these loop
structures respectively.

The insulators of Asp70 genes locus are localized in the area: the region of scs-
element overlaps with the promoter of CG31211 gene (3R: 11,948,272 .. 11,950,063)
and includes Y82-Y84 and R108-R110 tracts, which have 31 complementary tract in the
test region. Another insulator, scs’-element, is located in the area (3R: 11,962,738 ..
11,963,832) overlapping with the promoters of CG3281 and aurora genes. This region
includes tracts R123, R124, and there is only one polypyrimidine tract complementary
to R124 (data not shown). Flybase.org resource shows the localization of two types of
recognition sites for the insulator proteins at the locus. The first are for the insulators
class IL.mEO1 (contain recognition sites for Su(Hw) protein): insulator_II_2339 and in-
sulator_II_2340. The second type of sites are for insulators class L mEQ1 (contain recogni-
tion sites for two of three insulator proteins—CP190, BEAF32 and CTCF): insula-
tor_I_3071, insulator_I_3072, insulator_I_3073, insulator_I_3074 (Table 1, Figure 1).

* <! o *
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< = | I | s — s o L L R R ] < I =1
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Figure 1. Schematic representation of D. melanogaster hsp70 genes locus.
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Table 1. Sequence analysis results for the D. melanogaster hsp70 genes locus (3R: 11,904,163 ..

12,006,544; 102382 bp).

Insulator class_IL.mEO1 (flybase.org)

Insulators Insulator class_I.mE01 (flybase.org)

SCS

>
SCS

Conservative tract of EnvM4 fragment (AAAGA),

(GAGA), tracts

Poly (A/T) tracts

FBsf0000154391 (11,913,012 ..
FBsf0000154392 (12,005,260 ..
FBsf0000158034 (11,949,333 ..
FBsf0000158035 (11,962,949 ..
FBsf0000158036 (11,967,340 ..
FBsf0000158037 (11,974,832 ..

11,948,272 .. 11,950,063

11,962,738 .. 11,963,832

1) 11,938,828 .. 11,938,838
2) 11,998,731 .. 11,998,742
1) 11,920,264 .. 11,920,272
2) 11,923,379 .. 11,923,387
3) 11,937,609 .. 11,937,616
4) 11,937,706 .. 11,937,714
5) 11,947,759 .. 11,947,773
6) 11,947,966 .. 11,947,974
7) 11,971,004 .. 11,971,014
8) 11,973,193 .. 11,973,200
9) 11,980,525 .. 11,980,533
10) 11,985,662 .. 11,985,671
1) 11,904,451 .. 11,904,462
2) 11,907,560 .. 11,907,569
3) 11,919,007 .. 11,919,020
4) 11,929,000 .. 11,929,017
5) 11,941,394 .. 11,941,420
6) 11,948,318 .. 11,948,326
7) 11,954,049 .. 11,954,058
8) 11,988,599 .. 11,988,615
9) 11,990,094 .. 11,990,098
10) 11,990,436 .. 11,990,454
11) 11,992,431 .. 11,992,443
12) 11,996,508 .. 11,996,516
13) 11,997,711 .. 11,997,719
14) 11,999,479 .. 11,999,489
15) 12,004,298 .. 12,004,306
16) 12,004,671 .. 12,004,680
17) 11,911,373 .. 11,911,382
18) 11,911,858 .. 11,911,869
19) 11,916,814 .. 11,916,826
20) 11,917,018 .. 11,917,027
21) 11,919,252 .. 11,919,261
22) 11,928,709 .. 11,928,721
23) 11,937,563 .. 11,937,572
24) 11,939,459 .. 11,939,473
25) 11,939,860 .. 11,939,871
26) 11,941,989 .. 11,941,999
27) 11,948,092 .. 11,948,104
28) 11,951,658 .. 11,951,667
29) 11,988,284 .. 11,988,294
30) 11,991,175 .. 11,991,183
31) 12,000,454 .. 12,000,469

—_ T = DT DD —

11,913,022)
12,005,270)
11,949,343)
11,962,959)
11,967,350)
11,974,842)
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Continued

Sites with the potential to form single looped

11,938,828 .. 11,949,416) .. ( 11,994,767 .. 11,998,654
structure (with the help of triple-stranded DNA) ( ) ( )

Sites with the potential to form genes Asp70loop (11938916 11,948717) .. (11,967,091 .. 11,967,605)

(with the help of triple-stranded DNA) (11,938,828 .. 11,948,218) .. ( 11,968,206 .. 11,971,622)

TADs localization [3]

Localization of physical Domain ID 748 11,821,528 .. 11,950,027 (Null)
domains (modelling) DomainID 749 11,950,028 .. 12,219,527 (Null)
Areas of intra-domain 11,929,278 .. 11,934,278
interactions 11,959,278 .. 11,969,278
(%5 kb) I T
(experimental data) 11,974,278 .. 11,994,278

The sequence analysis of the region revealed a large number of single GAGA and
AAAGA tracts, but not dimers that are only 10 and 2, respectively (Table 1, Figure 1).
The size of the chromosomal region flanked by the dimers of conservative AAAGA
tract is about 60 kb (Table 1, Figure 1). It should be noted that the area of the locus
bounded with (AAAGA), tracts on both sides lies within an area bounded on both sides
with the insulator protein Su (Hw) binding sites. In turn, the binding sites for insulator
proteins CP190, BEAF32 and CTCEF are located within the area bounded by the tracks
(AAAGA),. Most of the (GAGA), tracts are also located in the same region.

The formation of the DNA loop structures (bending of the DNA molecule) is facili-
tated by poly-A and poly-T tracts [22]. Furthermore, it is shown that poly-A and poly-T
rich DNA regions selectively interact with nuclear envelopes in vitro [23], enrich ge-
nomic regions that interact with nuclear lamina [24]. Sequence analysis of the locus has
revealed 31 poly-A/T tracts in the region (Table 1, Figure 1). Interestingly, (AAAGA),
sites are enriched with poly-A/T tracts (Figure 1).

Accordingly, the detailed analysis of the possibilities for loop structures forming was
carried out in the region flanked by (AAAGA), tracts on both sides. A number of 55
polypyrimidine tracts capable of interacting with 189 polypurine tracts were found in

the region.

3.2. The Whole Area between (AAAGA):: Tracts Can Form a Single Loop
Structure

The first question that we were interested in is whether the entire chromosomal region,
located between the two conservative dimers AAAGA, form a loop by means of three-
stranded DNA structures? It turned out that it is potentially possible, with 11 options of
such loops. Four polypyrimidine and 14 polypurine tracts in the region of about 10.5 kb
long between genes CG14731 and CG31211 (3R: 11,938,828 .. 11,949,416) have com-
plementary polypurine (4) and polypyrimidine (7) tracts in the region of about 4 kb
long between genes mfas and Ect 3 (3R: 11,994,767 .. 11,998,654). The size of these po-
tential loop structures is about 60 kb. Interestingly, the sites with the potential to form

such looped structures are flanked by conservative (AAAGA), as well as they are rich in
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poly-A and poly-T (Table 1, Figure 1).

3.3. hsp70 Genes Can Be Localized in The Loop Structures of Small Size

Genes Asp70Aa and Asp70Ab can be organized in a loop of a smaller size (about 30 kb).
The two looped structures can be formed potentially. The first loop composition: 6
tracts localized between genes CG14731 and CG31211 (11,938,916 .. 11,948,717) are
complementary to 4 tracts in the CG12213 gene (11,967,091 .. 11,967,605). In this
case, genes CG31211, Asp70Aa, hsp70Ab, CG3281, and aurora are found within the
loop. The second loop composition: 11 tracts localized between genes CG14731 and
CG31211 (11,938,828 .. 11,948,218) are complementary to 5 tracts in the CG18347 gene
(11,968,206 .. 11,971,622). Thereby the genes CG31211, Asp70Aa, hsp70Ab, CG3281,
aurora, and CG12213 enter the loop. Since the tracts between the CG14731 and CG31211
genes largely overlap, either one or the other loop can be realized potentially (Figure
1).

Interestingly, polypurine/polypyrimidine tracts located in the 5-region of the locus
also overlap when forming a single loop structure and smaller loops of the analyzed
chromosome segment (Figure 1). It means that the formation of a smaller loop (isola-
tion of genes Asp70Aa and hsp70Ab) is accompanied by the destruction of a larger
loop, and vice versa, the formation of a “big” loop may be accompanied by the destruc-
tion of the “smaller” loop. Perhaps the destruction of the large loop appears as puffing
on the cytological level. Simultaneously scs- and scs’-elements are physically placed in-
side the area of decondensed chromatin. This consequence of our simulation corres-
ponds with some experimental data. First, while heat shock scs- and scs’-elements are
identified within the puff, but not at the borders of condensed and decondensed chro-
matin [25]. Second, conservative AAAGA tracts were found at the band/interband
border on D. melanogaster polythene chromosomes using FISH-analysis (unpublished
data).

3.4. A Possible Mechanism for hsp70 Gene Independent Expression
Domain Formation

It can be assumed that the formation of a domain of active Asp70 genes is implemented
in 2 steps. At the first stage the loop is formed with the participation of polypurine/
polypyrimidine tracts (the formation of two types of loops is possible). BEAF32 and
ZwS5 proteins of scs/scs’-elements participate at the second stage (Figure 2).

Step 1. While formation of the first loop (see above), CG31211, Asp70Aa, hsp70Ab,
CG3281, and aurora genes are found within the loop. When forming the second loop
(see above), CG31211, Asp70Aa, hsp70Ab, CG3281, aurora, and CG12213 genes enter
the loop. Since the tracts between the CG14731 and CG31211 genes largely overlap, ei-
ther one or the other loop can be realized potentially.

Step 2: When forming the hinge structure at step 1, scs- and scs’-elements become
sufficiently closer to each other (small distance apart in the nuclear volume). Perhaps it

improves the conditions for interaction of BEAF32 and Zw5 proteins, which is shown
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Hsp70Ab Hsp70Aa

CG3281

scs'

aur

Cad87A

L& ©G18347

CG14731 4 CG12213 CG18347 CG14731

Hsp70Aa

Hsp70Al Hsp70Aa

CG3281 CG31211

(BEAF32) scs'

aur
(BEAF32) scs' scs (Zu5)

Cad87A

—J
CG14731 CG12213 CG18347 rrPErY CG18347

Figure 2. Schematic representation of the two variants of loop structures for 4sp70 genes that can
be formed with the participation of triple-stranded DNA.

in vitro and vivo [26]. A loop within the loop is formed (Figure 2). This results in
CG31211, CG3281, and aurora genes inactivation because BEAF32 protein binding
site, which specifically binds to scs’-element, overlaps with DREF transcription factor
binding site in promoters of CG3281 and aurora genes [27]. Similar reason may proba-
bly underlie CG31211 gene inactivation, as scs-element specifically binded by Zw5 pro-
tein overlaps with the promoter of the gene. Thus, in the first loop formed with polypu-
rine/polypyrimidine tracts only Asp70Aa and Asp70Ab genes can be in the active state.
In the second loop formed with polypurine/polypyrimidine tracts inactivation of CG31211,
CG3281, and aurora genes can be reached by the same means. Isolation of gene CG12213
from Asp70Aa and Asp70Ab genes may be due to the fact that it is situated between the
bases of the loops formed by a) triplex DNA structures, b) BEAF32 and Zw5 proteins
(Figure 2).

3.5. Loops and TADs of 87A7 Locus

To analyze Drosophila TADs we used data by Sexton et al [3]. It turned out that 87A7
locus comprises two physical domains. The boundary between them is located up-
stream to genes Asp70Aa and Asp70Ab and falls into both “small” chromatin loops and
“big” one formed by DNA-DNA interactions as well. Hi-C (TADs) data shows that the
areas of frequent intra-domain interactions are localized within Asp70Aa and Asp70Ab
genes loop (regardless of the loop formation variant), at insulators class . mEO1 and scs’

region. Another area, characterized by increased frequency of contacts, is localized in
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the big loop, the formation of which involves conservative tracts (AAAGA),.

4. Discussion

4.1. Chromosomal Domain of 87A7 Locus

The results of our study show that the short polypurine/polypyrimidine tracts may be
involved in the loop organization of D. melanogaster chromosomal locus for Asp70
genes. Tracts (AAAGA), appeared to be the most significant nucleotide sequences to
determine the domain at 87A7 locus. These tandem tracts are of extremely high evolu-
tionary conservation, are localized mainly in the intergenic regions [16] of the genomes
of various organisms (including D. melanogaster) and at the borders of the band/inter-
band on polythene chromosomes of Drosophila (unpublished data).

The entire locus region located between two (AAAGA), tracts can be arranged into
loops with the help of complementary polypurine/polypyrimidine tracts (Figure 1,
Figure 2). Moreover, this area has the potential to form a large number of smaller loops
with the participation of complementary polypurine/polypyrimidine tracts. For its size
(approximately 60 kb) and a large number of potential intra-domain interactions (135
of 186 polypurine tracts have complementary polypyrimidine tracts (72.6%), in turn,
120 of 152 polypyrimidine tracts have complementary polypurine tracts (78.9%)), these
domains may correspond to TADs of Drosophila chromosomes. We assume that TAD
may correspond to the area of interphase chromosome located between the two sites
that anchor interphase chromosomes to the nuclear envelope (in this particular case—
between two evolutionarily conserved dimers AAAGA).

The comparison of our data (Table 1 and Figure 1) with the data of Sexton et al [3]
shows that there are two physical domains in the investigated locus, the boundary be-
tween which is localized within the region of “small” loops (“functional” domain of
hsp70 genes). Both physical domains, comprising locus 87A7, have the “inactive do-
main” status. Explanation of this is the fact that Drosophila embryonic cells used for
the experiment [3] have inactive heat shock genes, ie. in the compact state, which may
limit their interaction with the neighboring regions. In addition, the compact state of
this region can inhibit interactions of flanking areas. It should be noted that chroma-
tin architecture of a specific locus as well as its functional state, can be tissue- and
stage-specific, therefore, this specificity should be taken into account when interpreting
results.

According to Hi-C [3] two of three areas of frequent intra-domain interactions
(TADs) at the 87A7 locus are located within the region bounded by a conservative
tracts (AAAGA), on both sides. More frequent interactions occur between sites that
may be involved in the formation of both “large” and “small” loops of chromatin in
the locus, with the help of direct DNA-DNA interactions. That is, the increased fre-
quency of contacts is observed in the areas of chromatin, organized in loops. These
data are also consistent with the fact that TAD may correspond to the interphase
chromosome region located between the two sites of its “anchoring” to the nuclear

envelope.
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4.2. Functional Domain for hsp70 Genes

A large number of differentially expressed genes is localized between conservative
(AAAGA), tracts of 87A7 locus (Figure 1). In the formation of the functional domain
of Asp70 genes about 30 kb long the short polypurine/polypyrimidine tracts as well as
insulators (scs/scs’-elements), and their proteins (BEAF32, Zw5), may be involved.
Perhaps, the “big” loop (60 kb) and “small” loop (30 kb) are the alternative states of
chromatin in 87A7 locus, because polypurine/polypyrimidine tracts involved in the
formation of both loops overlap with each other in the 5’-region of the locus.

It is not excluded that the insulators most fully perform the functional domain for-
mation within these chromosomal domains and their “work” outside these domains
may be impeded. This assumption is confirmed by our experimental data with double-
gene transgenic system (Drosophila yellow and white genes). We have shown that
neDNA fragments (EnvM4) when flanking the two reporter genes are able to protect
them from the PEV in the host chromosomes of D. melanogaster. The maximum pro-
tective effect was observed in the presence of insulator Wari located in the 3’-region of
white gene. When neDNA flank only one of the reporter genes (white + Wari), this
very gene is protected against PEV to a greater extent than other gene (yellow) not
flanked by neDNA fragments [13] [28].

Results of analysis for 87A7 locus loop chromatin organization can logically explain
some experimental facts. Firstly, scs/scs’-elements are not able to protect the transgene
from PEV when integrated into heterochromatin [29]. This may be due to the fact that
transgenic systems are artificial, and may not contain the required set of chromosomal
elements in the structure, ensuring the formation of a transgene independent expres-
sion domain. In addition, sites of integration are not native for the transgene and can-
not contain, for example, complementary polypurine/polypyrimidine tracts necessary
for the formation of the loop structures. Thus, according to the simulation for loop or-
ganization of chromatin locus 87A7 results, chromosomal binding sites with the nuc-
lear envelope, short complementary polypurine/polypyrimidine tracts as well as scs/
scs’-insulators and their proteins (Zw5, BEAF32)—the total of 3 elements may be in-
volved in the formation of the independent expression domain of Asp70 genes. In the
case of experimental transgenic system (yellow and white genes), only 2 elements—
chromosome to nuclear envelope attachment sites and insulator Wari—are involved in
the formation of the independent transgenes’ expression domain [13] [14] [28].

Secondly, scs/scs’-elements are not localized at the puff boundaries but inside it upon
heat shock [25]. The results of our analysis indicate that the “small” loop (Asp70 genes)
is formed within the “big” expanded loop (puff??) upon activation of heat shock genes.
This assumption is confirmed by the fact that (AAAGA), conservative tract was de-
tected by FISH data at the band/interband borders on polythene chromosomes of D.
melanogaster (unpublished data). The barrier function of scs/scs’-elements is also ques-
tionable because scs/scs’-elements overlap with promoters of neighboring genes: scs-
element includes CG31211 gene promoter, scs’-element—promoters of CG3281 and

aurora genes (FlyBase database). In particular, BEAF32 (insulator protein) and DREF
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(transcriptional activator) proteins have a lot of interaction sites on the chromosome of
Drosophila, and approximately in 50% of cases they overlap [30] [31]. Their competi-
tive relationships for the DNA binding sites have been shown as well [27]. Perhaps, the
overlapping of insulator protein and transcriptional activator protein sites of the adja-
cent genes is one of the functional mechanisms of gene Asp70 isolation. The mechanism
might be based on the relationship between the insulator protein and the transcription

activator protein in the same way as “repressor-activator” attitude.

5. Conclusion

On the model of D. melanogaster chromosomal 87A7 locus, it was demonstrated that
various elements could be involved in the structural and functional organization of
chromosomes. They are short polypurine/polypyrimidine tracts, insulators and their
proteins, regions that attach chromosomes to the nuclear envelope, ie. not only DNA-
protein but DNA-DNA interactions as well. Combinatorics of the interaction of these
elements can determine alternative states of chromosomal locus and genes belonging to
this locus. Moreover, the same structural and functional status of chromosomal locus
can be accomplished by several embodiments of DNA-DNA interactions that may un-
derlie self-regulation of the locus and in a wider sense—“stability” of the genetic sys-

tem.
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Abstract

Aquaporin-0 (AQPO) contributes to the nurturing and cleaning of the eye lens of
waste products. It is a tetrameric protein composed of four identical monomers, each
of which has its own water pore. AQP0O water conduction is regulated by pH, Ca**
concentration, and the phosphorylation of serine residues at the C-terminal. High
cellular Ca®* concentration enhances the binding of Calmodulin (CaM), a Ca*" de-
pendent protein, to AQPO from cytoplasm. This study focuses on determining the
differences between the AQP0-CaM and the open AQPO systems, by using Molecular
Dynamics (MD) methods. The water conduction energy profiles are measured with
two separate MD simulation techniques revealed two distinct channel profiles for the
AQP0-CaM combined model. While the CaM bound channels’ energy barriers ex-
ceed the 6 kcal/mol, the no CaM bound AQPO energy profile stays below 3 kcal/mol.
The structural analysis of these different pores during the free equilibrations also
supported this conclusion with distinct pore diameters. Unlike the previous report,
this study observed Phe75 and His66 taking role in stabilizing the CSII restriction
site in CaM bound AQPO.

Keywords

Aquaporin-0, Calmodulin, Water Channel, MD Simulations

1. Introduction

When Peter Agre discovered the first water-conducting channel in human red blood
cells, denoted CHIP28 at the time of identification, genomic sequencing revealed that it
belonged to the MIP family, which derives its name from the Major Intrinsic Protein,
found in lens fiber cell [1] [2]. Once the water-channel function of CHIP28 was deter-

mined, the MIP family was renamed the aquaporin family; CHIP28 was renamed Aq-

*These authors contributed equally to this work.

DOI: 10.4236/cmb.2016.64006 December 20, 2016



http://www.scirp.org/journal/cmb
http://dx.doi.org/10.4236/cmb.2016.64006
http://www.scirp.org
http://dx.doi.org/10.4236/cmb.2016.64006
http://creativecommons.org/licenses/by/4.0/

L. K. Balcziak et al.

uaporin-1, and MIP was renamed AQPO [2]. Proteins homologous to these water
channels are found in all domains of life, which have since been grouped into approx-
imately 30 subfamilies through phylogenetic analysis [3]. In humans, there are 13 iso-
forms (AQP0-AQP12), expressed in a tissue-specific manner [1] [2] [4] [5] [6]. The
properties of each aquaporin (selectivity and permeability) correspond to its molecular
form.

The general structure for an aquaporin is a homotetramer. Each monomer is made
up of 6 alpha-helices that form a barrel-shaped pore, 3 extracellular loops (A, C, and E),
2 intracellular loops (B and D), and cytoplasmic C and N termini [2] [4]. Two restric-
tion sites regulate the channel. It selects against hydronium ions with highly conserved
NPA motifs (Asn-Pro-Ala) located on loops B and E, which form a constriction [4] [7]
[8] [9] [10]. The pore restricts larger solutes through the ar/R constriction site, also
known as construction site I, composed of four residues including arginine and aro-
matic amino acids. The pore diameter at the ar/R constriction site creates an opening 3
A wide in water-selective aquaporins, allowing water in, but excluding larger solutes [7]
(8] [11] [12].

Out of the 13 human isoforms of aquaporin channels, 9 are expressed in the human
eye [13]. In the lens fiber, there is a unique isoform that is of special interest. AQPO,
which is expressed solely in the mammalian lens fiber, accounts for more than 60 per-
cent by weight of its plasma membrane proteins. Functioning as a junction as well as an
aquaporin, AQPO is crucial for maintenance of the structural integrity of cortical fiber
cells, resulting in lens transparency, allowing for light to be focused on the retina.

There are two forms of AQPO present in a lens. The open configuration functions as
a water channel, contributing to the microcirculation of water that nurtures and cleans
the lens of waste products [14] [15] [16] [17]. As the fiber cell matures, AQPO is modified
into the closed configuration. The C-terminal is cleaved through post-transcriptional
modification, which causes two AQPO links to form an intercellular adhesion junction
called a thin lens junction [2] [10] [18]-[22]. These modifications include phosphoryla-
tion at the calmodulin-binding domain [23]. While the absence of AQPO from the lens
does not prevent interlocking protrusions of young fiber cells, it did cause the loss of
function of these protrusions to maintain the structural integrity of the fiber cells, lead-
ing to cell separation and cataract formation [13]. A number of mutations in AQPO
contribute to congenital cataracts in humans and mice by interfering with the protein’s
ability to maintain osmotic balance [24] [25] [26] [27]. Hence, determining the struc-
ture of AQPO has clinical relevance to cataract formation.

The water permeability of AQPO is 40 times lower compared to AQP1 [10] [28]. This
has been attributed to two unique tyrosine residues (Tyr149 and Tyr23). The NPA site
in AQPO is also narrower than in AQPI, resulting from a substitution of Leul51 to
Phel41 in loop B [10]. AQPO channels are regulated by external pH [28] [29] [30], ex-
ternal and internal concentration of calcium ions (Ca**) [28] [29] [30], and phosphory-
lation. Protonation and deprotonation of His40 has been shown to be caused by the pH

regulation of AQPO [3]. The optimal pH for AQPO water conduction is at 6.5: an in-
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crease in pH from 6.5 to 7.2 decreases water permeability by half [28] [29] [30]. Cal-
modulin is a universal regulatory protein that mediates the effects of Ca’>* concentration
on the water permeability of AQPO through allosteric modulation [28]-[36]. Calmodu-
lin (CaM) is a small protein (16.7 kDa) with a C-lobe and an N-lobe connected by a
flexible linkage [37] [38] [39] [40]. The binding of four Ca** ions to CaM exposes hy-
drophobic regions that can interact with hydrophobic regions of target proteins [33]
[34] [35]. Recent research on the pseudoatomic model suggests that one CaM can coo-
peratively bind non-canonically to two open configuration AQP0O monomers and allos-
terically inhibit the channel by narrowing constriction site IT (CSII), a feature absent in
other AQPs [32] [36]. CSII is a located on the cytoplasmic half of the pore and involves
Tyr149 extending into the pore and interacting with His66 and Phe75 [10]. The pH and
Ca’" concentration vary inside the layers of the lens, so regulation by these properties
may be physiologically significant [3]. The modifications that affect responsiveness of
the fiber cell include phosphorylation at the CaM-binding domain [23]. An anchoring
protein, AKAP2 positions protein kinase A, which phosphorylates AQPO at Ser235 in
the CaM binding site in order to prevent CaM modulation. This may be done in order
to preserve fluid circulation in the middle of the lens [23] [41]. Another study found
when either Ser235 or Ser231 was phosphorylated, as it is in posttranslational modifica-
tion, binding affinity is reduced for dansyl-CaM in a bovine model [34].

Previous dynamic simulations suggested that CaM binding to an AQPO tetramer re-
duced the dynamics of all AQPO channels [36]. Permeability assays carried out on oo-
cytes expressing wild type AQPO showed that when cytoplasmic Ca®" increased from 0
to 1.8 mM, water permeability decreases by a factor of 0.4 [28]-[36]. Another study
showed that calcium and protons can regulate AQPO via single-monomer regulation, as
well as in a cooperative fashion. The non-canonical double binding of CaM suggests
that the regulation of Ca*" is through cooperative modulation: the CaM molecule link-
ing the two AQPO bound monomers to each other [42]. This leads to the question of
whether the dynamic restriction of AQPO is the only mechanism through which CaM-Ca®**
regulates AQPO’s permeability to water. In this study, we applied various Molecular
Dynamics Simulation techniques to investigate the structural and energetic variations

among the AQP0 monomers with and without CaM binding.

2. Methods

Molecular visualization programs VMD 1.9.1 [43] and CHARMM?36 [44] were used for
modeling and visualization. MD Simulations were performed via NAMD2.0 [45], on
local CPU and GPU clusters, the University of lowa HPC facility, and the University of
Texas TACC. Two separate tetrameric models were built with free-AQPO0: (PDB ID:
2B6P [22]) and CaM-bound AQPO (PDB ID: 3]J41 [42]). In each model, hydrogen atoms
were added to the backbone of an AQPO tetramer by VMD psfgen. Then the AQPO te-
tramer was embedded in 1-palmitoyl-2-oleoyl-sn-glycerol-3-phosphocholine (POPC)
bilayer of 150 A x 150 A by VMD membrane builder, solvated in TIP3 water molecules
using VMD solvate and neutralized with NaCl by VMD autoionize. The final CaM bound
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AQPO0 model had 386,322 atoms, and the open AQPO simulation model has 284,903
atoms. Both systems were minimized for 2000 steps, and equilibrated for 30 ns before
the production runs.

Steered molecular dynamic simulation (SMD) was used to study water conduction
energy profile, transport dynamics, as well as determination of the critical residues in
the AQPO pathway. An extracellular water molecule approximately 5 A away from the
opening was aligned with the center z-axis of each channel. In other words, SMD was
conducted with four water molecules in a free-AQPO or a CaM-bound AQP0 model.
The water molecules were pulled along the z-axis with a force constant of 1.5 kcal/mol/
A% and a constant velocity of 5.0 A/ns to AQPO pore. All of the simulations were carried
out in a periodic cell of 150 x 150 x 170 A, at 310 K, and 1 atm. Z-coordinate and force
were recorded every 100 fs. The center of mass of a water molecule was defined as the
center of mass of the oxygen atom. Instantaneous force was calculated using the equa-
tion: F = z; + vt — z, where z, is initial position of the center of mass, v is pulling veloci-
ty, tis time and z if position of the center of mass at the point of measurement. Work is
the product of the average force between two consecutive data point and the distance
between these two data point. The energy profile of each water molecule was calculated
based on Jarzynsky’s equality [46]: exp(—fBW) = exp(—pAG), where = 1/k;T, k; is the
Boltzmann constant and T is temperature. In addition, RMSD was used to keep track of
the dynamics of critical residues at constriction site I and constriction site II, especially
Tyr149. VMD was used to study water conduction pathway and conformational changes
of critical residues.

Umbrella sampling was used to investigate the energy profile of a water molecule in
an AQPO channel. The simulation was carried out for 4 channels simultaneously with a
simulation window size of 0.5 A. First, a water molecule approximately 5 A directly
above each channel was fixed using VMD md/ff, and then the systems were minimized for
2000 steps. After that, these water molecules were constrained in z-coordinate, the coor-
dinate along the longitude of the channel, with a force constant of 10 (kcal/mol/A?). The
simulation was conducted at 310 K and 1 atm for 450 ps with data recorded every 500
fs, which resulted in 900 data points. The first 300 data points were used for equilibra-
tion and the next 600 data points were used for analysis. The initial position of the wa-
ter molecule was defined as the fixed position of oxygen during minimization.

HOLE [47] was used to analyze the channels of AQPO to confirm the results of the
free energy profiles obtained with SMD and Umbrella sampling. The HOLE software
creates a visual output and coordinates of the radius of the channel for each monomer.
A HOLE profile and visualization was created for each individual monomer, one for the
open conformation and another for the closed conformation after over 50 ns of MD
simulations. In the end 8 outputs were created. This allowed for the comparison of the
channel dynamics when CaM was bound versus when the channel was in an open con-
formation. Comparisons of the HOLE pathways and SMD trajectories were created by
superimposing the channels with their alpha-carbons onto one another using the RMSD

tool on VMD for alignment.
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RMSD values of the side chains were gathered from the VMD software RMSD Tra-
Jectory Tool Data acquired from equilibration of the two models was used for the
analysis. Both of the models were equilibrated and had 200 usable DCD frames over the

span of 30 nanoseconds per model.

3. Results and Discussion

3.1. AQP0-Cam System Has Two Distinct Water Conduction Energy
Profiles

The various MD simulations applied to CaM bound and unbound AQPO tetramers re-
vealed three unique energy profiles for water conduction. The first representing the
four channels in free-AQPO, the second representing the two channels that were not
covered by CaM in CaM-bound AQPO, and the final energy profile representing the
two channels that were bound by CaM. For convenience, these three energy profiles are
denoted open, closed-open, and closed-closed, respectively. Each of the energy profiles
has three prominent peaks.

Figure 1 highlights both models used in the simulations. Figure 1—LEFT is the

Figure 1. (Top Left) AQPO tetramer in the open conformation with no CaM attached to the pro-
tein. (Top Right) AQPO tetramer bound to two CaM. In the closed configuration each CaM is
aligned with one of the AQPO pores. In order to simplify the image, the lipids and water mole-
cules are not shown. (Bottom) Top down perspective of the closed configuration with CaM. In
this study, the monomers in dark blue are named as closed-closed, and those in cyan are closed-
open.
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AQPO tetramer in the open conformation without CaM. Figure 1—RIGHT shows the
two CaM units are bound to the bottom portion of the tetramer. CaM is highlighted in
dark blue ribbon below the tetramer, facing outwards towards the intracellular region.

The radius of the open monomer is always at a value above 1 A (see Figure 2). In
contrast with the closed-open and the closed-closed monomers, the channel is very
clear and permeable to water. The only slight point of constriction is along Z coordi-
nate 3.53 where the radius dips down to a value of 1.001 angstroms for a short section.
This corresponds to a group of residues that constitute the ar/R site (includes His172,
Alal81, and Argl87). The degree of constriction along the initial portion of the channel
depends on how close His172 is to Alal81 and Argl87. His172 is in a vertical confor-
mation with the channel, allowing water to pass through. Further down the channel,
the radius near CSII is at 1.30 angstroms. The residues Tyr149, Phe75, and His66 pro-
vide enough room for passage of water molecules to occur.

Next we investigate the changes that occur to the tetramer when two CaM molecules
bind to it. The combined use of SMD trajectories and HOLE visuals shows that the path
the water molecules take doesn’t change for any of the four monomers when CaM is
bound to AQPO versus when the tetramer is in the open conformation. All of the HOLE
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Figure 2. Measured energy profiles for water conduction, and the pore radius calculations (Right) along with the
HOLE visualization of the open conformation of an AQP0 monomer with no CaM bound to the system (Left). The
black solid line represents the pore radius. The blue-dashed and red-dotted lines represent SMD and umbrella
sampling free energy calculations along the pore, respectively.
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plots reveal the same pathway. However, the overall conductivity decreases due to the
smaller channel radius and less total channel volume. This decrease in conductivity oc-
curs at the second constriction site (CSII), as well as the ar/R site.

Figure 3 shows the major points of constriction along the monomer when it is
bound directly to CaM. The radius decreases significantly at several points along the
channel. HOLE analysis and radius data give the radius at CSII as only 0.97 A. At this
point in the channel residues Try149, Phe75, and His66 all come together in close
proximity to restrict the passage of water. However, the most significant point of con-
striction in the channel occurs near residues Alal81, Argl87, His172, and Met183. The
channel radius decreases to 0.665 Angstroms. This small radius is partly due to His172
being in a horizontal conformation, and the constriction of the ar/R site.

Since only half of the channel is directly bound to CaM, we wanted to see whether or
not there are any allosteric changes to the shapes of the two closed-open monomers. To
date, there hasn’t been much insight into whether or not the closed-open monomers
differ from the closed-closed monomers. Our investigation shows that the closed-open
monomers are very restrictive to the passage of water in both the SMD simulations as
well as equilibration of the protein along the initial portion of the channel. When com-
paring between the closed-open and the open conformation, the data makes it clear that
there is less permeability in the closed-open, with a higher energy barrier existing along
the ar/R site in the closed-open conformation.

Analysis of the closed-open conformation of AQPO reveals a distinct contrast with
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Figure 3. Measured energy profiles for water conduction, and the pore radius calculations (Right) along with the HOLE

visualization of the closed-closed conformation of an AQPO monomer (Middle). The ar/R and CSII residues orientations
are shown in the boxes (Left). The black solid line represents the pore radius. The blue-dashed and red-dotted lines
represent SMD and umbrella sampling free energy calculations along the pore, respectively.
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the open conformation. We predicted the closed-open channel would be similar to the
open channel, and it is more permeable at CSII when compared to the closed-closed
conformation. Figure 4 shows that the energy barrier around residues His66, Phe75,
and Tyr149 is around 2.5 kcal per mole, in comparison to the 5 kcals per mole the
closed-closed conformation had at CSII. So it appears that there may indeed be a lesser
degree of allosteric modulation that occurs at CSII in the closed-open conformation.
Since it is not directly covered by calmodulin, there may be less strain on the protein on
the two closed-open conformations, and the residues at CSII may not be brought into
as close of proximity as the closed-closed monomers bound directly to CaM.

During SMD trajectories, it has been noted that His172 serves as a sort of “plug”
when it is oriented horizontally. The water molecule spends a large portion of time
above these residues until the orientation of His172 shifts into a vertical position, al-
lowing for the passage of the water to the rest of the channel. This gating mechanism
is visible in Figure 5. Note how the water molecule is blocked initially, and in the
second conformation the molecule was allowed passage through the ar/R site. In the
closed-closed and the closed-open conformations the radii at this point are 0.665 and
0.95 Angstroms, respectively. The discrepancy between the last two conformations is
due to the fact that His172 was vertical in the closed-open monomer. The fluctuation

between His172 between a horizontal and vertical orientation may have an effect on
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Figure 4. Measured energy profiles for water conduction, and the pore radius calculations (Right) along with the HOLE vi-
sualization of the closed-open conformation of an AQP0O monomer (Middle). The ar/R and CSII residues orientations are
shown in the boxes (Left). The black solid line represents the pore radius. The blue-dashed and red-dotted lines represent
SMD and umbrella sampling free energy calculations along the pore, respectively.
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Horizontal

Figure 5. The dynamic motion of the His172 observed to facilitate the water conduction Steered
Molecular Dynamics. The closed-closed (Top) and closed-open (Bottom) monomers show dis-
tinct difference.

water permeability between the channels and may be the deciding factor in how restric-

tive the monomer is at the ar/R site.

3.2. Multiple Residues Take Part in Stabilizing CSII

Figure 6 highlights RMSD data collected from a 30 ns equilibration in both the closed
and open conformations. Open RMSD values are shown in orange, and closed values
are in blue. The values were taken when compared to the first frame, and the atoms on
the whole residue were averaged. All of the listed residues, Tyr149-His66-Phe75 are
part of CSII. The end result shows that the His66 and Phe75 shifts more on closed con-
figuration to stabilize the CSII site.

However, His172, Argl87, and Alal81, all involved with the ar/R restriction site
showed no difference on RMSD analysis for closed and open models.

Figure 6 shows that that the binding of CaM protein stabilizes the AQPO tetramer
allosterically and results in a shift in position in residues that make up the CSII site of
the channel. This result confirms other studies claiming that the main form of regula-
tion of AQP0 by CaM is done via restriction of CSII [42].

4. Conclusion and Discussion

Our investigation into the AQPO tetramer was meant to expand previous studies done
and to explore the differences between the closed-closed and closed-open conforma-

tions of the protein when CaM is bound. From analysis of HOLE plots and the energy
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Figure 6. The RMSD distributions of the three critical residues in CSII site, Tyr149-Phe75-His66,
during 30 ns equilibration run. Blue line represents the CaM bound AQPO0, Orange line is AQPO
tetramer with no CaM. The coordinates are compared to the first frame, and all four monomers
results were averaged.

profiles, there appears to be a significant difference between the closed-closed and the
closed-open conformation in the channels. Both of these conformations have the same
regions of constriction at CSI (ar/R site), but differential constriction at CSII. Energy
profiles showed that the closed-closed conformation reached a peak of around 5 kcal/
mol at CSII, while the value for CSII for the closed-open conformation was around 2.5.
Both the HOLE plots and the energy profiles show that the different conformations in
the AQP0-CaM complex may be differentially modulated, with the most restriction of
water occurring in the closed-closed conformations.

Something of potential interest is the large energy peaks at the top of the channel
near the ar/R site as opposed to CSII. In all conformations the energy peak is higher at
the ar/R site, even when CaM is bound. The ar/R site appears to have the highest energy
barrier for all channels and conformations.

Analysis of the RMSD fluctuations of the side chains involved in the ar/R site and the
allosterically modulated CSII showed that the binding of CaM didn’t necessarily reduce
the internal thermodynamic fluctuations of side chains in the channel. Two simulations
produced conflicting results, and we cannot determine whether or not CaM stabilizes
the interior of the channel by reducing these fluctuations. Previous literature has sug-
gested that CaM reduces RMSD fluctuations when it is bound. Our findings are incon-
sistent with this assertion. But possible interpretation may be that binding of CaM
causes the side chains involved in CSII to adopt a certain conformation (a closed con-

formation) during the course of equilibration rather than having lower fluctuations.
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Further investigation should be done, especially with longer equilibration periods.

More individual frames should be taken over the course of simulations to produce a
variety of HOLE visuals for comparison. This should paint a more accurate picture of
whether or not there is a clear difference between these two conformations. It would
have also been useful if more SMD trajectories were produced. One problem encoun-
tered was that in a few cases the water molecule would venture off target, even though
the channel was more permeable in the traditional path of water.

In conclusion, the energy profiles show that CSII has a higher energy barrier in
closed-closed as opposed to closed-open. Our preliminary findings indicate that they
may be significantly different. We also note the importance of His66 and Phe75 in re-
gards to the reduced radius at CSII when CaM is bound, while previous literature fo-
cused only on Tyr149. Future investigation should flesh out and fully characterize these
differences, but to date no one has determined if these channels have differential per-
meability. It is assumed that all channels have the same dynamics in the closed AQP0

tetramer.
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