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Abstract—CTCF belongs to a large family of transcription factors with clusters of C2H2-type zinc finger
domains (C2H2 proteins) and is a main architectural protein in mammals. Human CTCF has a homodi-
merizing unstructured domain at the N-terminus which is involved in long-distance interactions. To test the
presence of similar N-terminal domains in other human C2H2 proteins, a yeast two-hybrid system was used.
In total, the ability of unstructured N-terminal domains to homodimerize was investigated for six human
C2H2 proteins with an expression profile similar to CTCF. The data indicate the lack of the homodimeriza-
tion ability of these domains. On the other hand, three C2H2 proteins containing the structured domain
DUF3669 at the N-terminus demonstrated homo- and heterodimerization activity.
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CTCF, the most studied mammalian architectural
protein, consists of unstructured terminal regions and
a cluster of 11 C2H2-type zinc fingers (C2H2
domains) located in the central part [1]. In human
CTCF, C2H2 domains 3–7 are responsible for spe-
cific binding to the 15-bp consensus sequence [2]. The
cluster of C2H2 domains is the only conserved part of
the CTCF protein, which has a high level of homology
in most vertebrates, insects, and some nematodes [3].
Proteins with clusters of five or more C2H2 domains
(C2H2 proteins) are capable of specific recognition of
extended DNA sequences and, in different taxa, con-
stitute a significant part of DNA-binding transcription
factors, the functions of which is still poorly under-
stood [1, 4].

Among approximately 170 C2H2 proteins of Dro-
sophila, many perform an architectural function, sup-
porting long- distance interactions. The majority of
them, in addition to the cluster of C2H2 domains,
have structured domains at the N-terminus, which are
capable of specific homodimerization [5]. It was
shown that homodimerization of N-domains in such
proteins is necessary to maintain long-distance inter-
actions [4, 6]. We assume that the proportion of mam-
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malian C2H2 proteins that perform an architectural
function is much larger than it is currently believed
and that the mechanism for maintaining long-dis-
tance interactions does not fundamentally differ
between mammals and insects. However, only a rela-
tively small part of mammalian C2H2 proteins contain
structured N-terminal SCAN or BTB domains, which
are capable of homodimerization [4]. BTB domains
form predominantly stable homodimers [7], whereas
SCAN domains are capable of homodimerization and
selective heterodimerization [8]. Another poorly stud-
ied domain, DUF3669, was selectively shown to be
capable of homo- and heterodimerization [9].

The absence of the characterized  dimerizing
N-terminal domains in mammalian C2H2 proteins
can be explained by the ability of unstructured
domains to oligomerize, as we showed for the main
human architectural protein CTCF and its ortho-
logues [10]. To test this hypothesis, six C2H2 proteins
whose expression pattern is similar to that of the
CTCF protein were selected (Fig. 1). The analysis also
included three C2H2 proteins with an N-terminal
DUF3669 domain, for a more complete characteriza-
tion of the dimerizing ability of this domain (Fig. 2a).

The ability of the N-terminal domains to undergo
homodimerization was studied in a yeast two-hybrid
system. Earlier, this method made it possible to iden-
tify the ability for homodimerization of the unstruc-
tured N-terminal region of the CTCF protein in dif-
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Fig. 1. Investigation of the ability for homodimerization of
the N-terminal regions of C2H2-containing human pro-
teins in a yeast two-hybrid system. To test the ability for
homodimerization, the ability of yeast co-expressing an
N-terminal region linked to the GAL4 DNA-binding
domain (BD) or the GAL4 activation domain (AD) to
grow on a selective medium was observed. On the scheme,
the domain structure of the proteins, the investigated
region is indicated with a thick line, and the corresponding
numbers of amino acid residues are indicated underneath.
Below are the results of experiments with the yeast two-
hybrid system, where signs + and – denote the presence or
absence of interaction between the corresponding con-
structs. The ability for homodimerization of the N-termi-
nus of the human CTCF protein (1–264 a.a.) was used as
a positive control, and testing for the presence of interac-
tion only with the activatory (AD) or DNA-binding (BD)
domain of the GAL4 protein served as a negative control.
Designations: KRAB—Krüppel-associated box domain,
ZnF C2H2—C2H2-type zinc finger domain.
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ferent animal species [10]. In contrast to the unstruc-
tured N-terminal domain of human CTCF, the
dimerization of which served as a positive control in
this experiment, interactions between the N-terminal
regions of proteins ZNF84, ZNF200, ZNF280A,
ZNF382, ZNF668, as well as CTCFL, a paralog of
CTCF, were found (Fig. 1). The last result is of partic-
ular interest, because CTCFL has significant similar-
ity to CTCF in the structure of zinc fingers and can
bind to its sites; however, it is expressed predominantly
in mammalian testes [11]. It is assumed that CTCFL is
involved in the regulation of the architectural func-
tions of CTCF, replacing it in certain cases at sites and
thereby disrupting the formation of chromatin loops.

In humans, seven proteins with the DUF3669
domain were predicted; however, only three of them
(ZNF282, ZNF398, and ZNF777) have a cluster of
five or more C2H2-type zinc fingers at the C terminus
(Fig. 2a, left). These proteins are located in the same
cluster in the genome of humans and many animal
species, and the amino acid sequence of the DUF3669
domain of these proteins in humans has a high degree
of homology (Fig. 2b). In addition to the high degree
of similarity, in the yeast two-hybrid system, the
DUF3669 domain of all C2H2 proteins studied in this
work is capable of not only homo- but also heterodi-
merization (Fig. 2a, right).

The ability to specifically bind to long DNA motifs
and to undergo homodimerization are the distinctive
properties of architectural proteins of Drosophila. In
mammals, out of ~800 C2H2 proteins, only 84 have
dimerizing SCAN or BTB domains [1]. In our study,
we confirmed and showed that the poorly studied
N-terminal domain DUF3669 is also capable of form-
ing homo- and heterodimers in three human C2H2
proteins. According to the model developed on Dro-
sophila, it is assumed that the majority of C2H2 pro-
teins are involved in the organization of chromosome
architecture. The predominant homodimerization of
the N-terminal domains of C2H2 proteins in Droso-
phila is key in organizing specific long-distance inter-
actions [12]. However, among the human C2H2 pro-
teins, dimerization of N-terminal domains is spread
insignificantly as compared to the analogous proteins
of Drosophila [4]. In addition, the results of our work
do not confirm the assumption that homodimeriza-
tion due to the unstructured N-terminal region is
widespread among the human C2H2 proteins. It is
worth noting that the most studied architectural/insu-
lator protein of Drosophila Su(Hw) at the N terminus
also did not have a domain capable of homodimeriza-
tion [13]. A possible, though poorly studied, mecha-
nism of homodimerization for such proteins may be
the involvement of C2H2 domains themselves in this
process. For example, it was shown that the human
YY1 protein is homodimerized with the involvement
of the C2H2 domains [14]. Thus, further study of the
mechanisms of homodimer formation in human
C2H2 proteins is required.
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Fig. 2. (a) Domain structures of DUF3669-containing proteins (left) and the results obtained in the yeast two-hybrid system
(right). The results are presented similarly to Fig. 1. Designations: AD—activatory domain, BD—DNA-binding domain. (b)
Alignment of amino acid sequences of the DUF3669 domains of human proteins ZNF282, ZNF398, and ZNF777. DUF3669—
domain with unknown function 3669, KRAB—Krüppel-associated box domain, ZnF C2H2—C2H2-type zinc finger domain.

BD
BD-ZNF282

[90−186]

AD-ZNF282
[90−186]

AD-ZNF398
[36−132]

AD-ZNF777
[178−273]AD

− − − −

− + + +

− + + +

− + + +

BD-ZNF398
[36−132]

BD-ZNF777
[178−273]ZnF C2H2

Study 
regionKRABDUF3669

ZNF282
(a)

(b)

ZNF398

ZNF777
FUNDING

The study was supported by the Russian Science Foun-
dation (project no. 19-74-30026).

COMPLIANCE WITH ETHICAL STANDARDS

The authors declare that they have no conflict of inter-
est. This article does not contain any studies involving ani-
mals or human participants performed by any of the
authors.

OPEN ACCESS

This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original
author(s) and the source, provide a link to the Creative Com-
mons license, and indicate if changes were made. The images
or other third party material in this article are included in the
article’s Creative Commons license, unless indicated other-
wise in a credit line to the material. If material is not included
in the article’s Creative Commons license and your intended
use is not permitted by statutory regulation or exceeds the
permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this license, visit
http://creativecommons.org/licenses/by/4.0/.

REFERENCES

1. Maksimenko, O.G., Fursenko, D.V., Belova, E.V.,
et al., Acta Naturae, 2021, vol. 13, no. 1, pp. 80–95.

2. Hashimoto, H., Wang, D., Horton, J.R., et al., Mol.
Cell, 2017, vol. 66, no. 5, pp. 711–720.

3. Heger, P., Marin, B., Bartkuhn, M., et al., Proc. Natl.
Acad. Sci. U. S. A., 2012, vol. 109, no. 43, pp. 17507–
17512.

4. Fedotova, A.A., Bonchuk, A.N., Mogila, V.A., et al.,
Acta Naturae, 2017, vol. 9, рр. 47–58.

5. Bonchuk, A., Boyko, K., Fedotova, A., et al., Nucleic
Acids Res., 2021, vol. 49, no. 4, pp. 2375–2389.

6. Zolotarev, N., Fedotova, A., Kyrchanova, O., et al.,
Nucleic Acids Res., 2016, vol. 44, no. 15, pp. 7228–7241.

7. Stogios, P.J., Downs, G.S., Jauhal, J.J.S., et al., Ge-
nome Biol., 2005, vol. 6, no. 10, pp. 1–18.

8. Liang, Y., Huimei, HongF., Ganesan, P., et al., Nucleic
Acids Res., 2012, vol. 40, no. 17, pp. 8721–8732.

9. Al Chiblak, M., Steinbeck, F., Thiesen, H.J., et al.,
BMC Mol. Cell Biol., 2019, vol. 20, no. 1, pp. 1–23.

10. Bonchuk, A., Kamalyan, S., Mariasina, S., et al., Sci.
Rep., 2020, vol. 10, no. 1, p. 2677.

11. Loukinov, D.I., Pugacheva, E., Vatolin, S., et al., Proc.
Natl. Acad. Sci. U. S. A., 2002, vol. 99, no. 10,
pp. 6806–6811.

12. Maksimenko, O., Kyrchanova, O., Klimenko, N.,
et al., Biochim. Biophys. Acta, Gene Regul. Mech., 2020,
vol. 1863, no. 1, p. 1863.

13. Melnikova, L., Kostyuchenko, M., Molodina, V., et al.,
Open Biol., 2017, vol. 7, no. 10, p. 170150.

14. Li, L., Williams, P., Ren, W., et al., Nat. Chem. Biol.,
2021, vol. 17, no. 2, pp. 161–168.

Translated by M. Batrukova
DOKLADY BIOCHEMISTRY AND BIOPHYSICS  Vol. 499  2021


	REFERENCES

		2021-08-18T13:11:57+0300
	Preflight Ticket Signature




