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ABSTRACT

In arthropods, zinc finger-associated domains
(ZADs) are found at the N-termini of many DNA-
binding proteins with tandem arrays of Cys2-His2
zinc fingers (ZAD-C2H2 proteins). ZAD-C2H2 pro-
teins undergo fast evolutionary lineage-specific ex-
pansion and functional diversification. Here, we
show that all ZADs from Drosophila melanogaster
form homodimers, but only certain ZADs with high
homology can also heterodimerize. CG2712, for ex-
ample, is unable to heterodimerize with its paralog,
the previously characterized insulator protein Zw5,
with which it shares 46% homology. We obtained a
crystal structure of CG2712 protein’s ZAD domain
that, in spite of a low sequence homology, has sim-
ilar spatial organization with the only known ZAD
structure (from Grauzone protein). Steric clashes
prevented the formation of heterodimers between
Grauzone and CG2712 ZADs. Using detailed struc-
tural analysis, site-directed mutagenesis, and molec-
ular dynamics simulations, we demonstrated that
rapid evolutionary acquisition of interaction speci-
ficity was mediated by the more energy-favorable
formation of homodimers in comparison to het-
erodimers, and that this specificity was achieved by
multiple amino acid substitutions resulting in the for-
mation or breaking of stabilizing interactions. We
speculate that specific homodimerization of ZAD-

C2H2 proteins is important for their architectural role
in genome organization.

INTRODUCTION

Proteins with tandem arrays of Cys2-His2 zinc fingers
(C2H2 proteins) comprise the largest family of transcrip-
tion factors in higher eukaryotes (1). A unique feature
of C2H2 proteins is their specific binding to long (1240
bp) DNA sequences, which distinguishes this class of pro-
teins from other transcription factors (2,3). A zinc finger-
associated domain (ZAD) is found at the N-termini of many
C2H2 zinc-finger transcription factors in arthropods (4). In
Drosophila melanogaster, 98 of a putative 326 C2H2 pro-
teins have an N-terminal ZAD (5).

Expansion of ZADs in arthropods is a result of gene
duplications persisting through positive evolutionary selec-
tion; therefore, domains can be clustered on the basis of
their amino acid sequence similarity (4). Seven paralogous
groups were identified in Drosophila and grouped into four
larger clades, with the similarity within paralogous groups
varying from 85% to only 20% in distant clusters (4,5).

Most ZAD-C2H?2 proteins are involved in regulation of
gene expression. The Zipic, Sry 8§, Pita, Piragua and ZwS5
proteins are important during development, and most of
their binding sites are in promoter regions (6-10). Among
the ZAD-C2H2 proteins, the most well studied is motif 1
binding protein (M1BP), which binds to the core promoter
sequences of >2000 Drosophila genes (11). In particular,
M1BP was shown to recruit TATA-binding protein-related
factor 2 (TRF2) to promoters of genes encoding riboso-
mal proteins (12). Some other ZAD-C2H2 proteins have
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more specific or redundant roles in transcription regulation.
For example, ZAD and Architectural Function 1 protein
(ZAF1) binds to nearly 90 promoters in embryos, but has
redundant functions in gene regulation (13). Grauzone is
expressed at all stages of Drosophila development, but is
only strongly required for activity of the promoter of the
cortex gene involved in meiosis in oocytes (14,15). The pro-
teins Quib, Séance, and Molten defective are responsible for
the activity of promoters of the genes involved in steroid
hormone biosynthesis (16,17).

The ability to organize chromatin loops and display
insulator/architectural properties was demonstrated for
several ZAD-C2H?2 proteins. The Zw5 protein was origi-
nally identified as a key factor of the scs insulator at the
boundary of the hsp70 cluster (18,19) and can effectively
support long-range interaction between its binding sites
(20). The Pita protein functions in cooperation with dCTCF
and Su(Hw) in organization of insulator/boundary ele-
ments in the bithorax complex (21,22). In transgenic lines,
the ZAF1 protein can form a chromatin loop that isolates
the eye enhancer from the white gene (13). In all cases, the
homodimerization activity of ZADs was critical for chro-
matin loop formation that either blocks or supports long-
distance enhancer—promoter interactions (10,13).

To date, the only structurally characterized ZAD, from
the Grauzone protein, was shown to be a homodimer that
adopted a unique fold with four conserved cysteines coor-
dinating zinc ions in each monomer and contained a large
amphipathic a-helix involved in a specific interaction with
another monomer (23). Several other ZADs have been con-
firmed to also form homodimers (7,10,24,25). The ZADs
of three proteins (Pita, Zw5 and ZIPIC) are able to form
homodimers, but fail to effectively heterodimerize. As a
consequence, hetero-pairs of these proteins do not support
long-distance interactions in transgenic model systems (10).
These results allow us to assume that most of the ZAD-
C2H2 proteins have similar architectural properties that are
based on the predominant ability of ZADs to form homod-
imers, but not heterodimers.

In this study, we investigated the prevalence of cognate
Z.ADs being able to heterodimerize. We performed analyses
of dimerization between ZAD paralogs within clusters with
the highest sequence homology. Finally, to investigate struc-
tural determinants of dimerization specificity of ZADs that
evolved after gene duplication events, we obtained a crystal
structure of the ZAD from the CG2712 protein, a paralog of
the well-studied Zw5 protein, together with molecular mod-
eling and subsequent analysis of other dimers of ZADs.

MATERIALS AND METHODS
Phylogenetic analysis

Primary processing and multiple sequence alignment were
performed in ClustalW (26). After multiple alignments of
all 98 ZAD sequences from D. melanogaster, the sequences
were manually trimmed on both sides (Supplementary Fig-
ure S1). Evolutionary analyses were conducted with MEGA
X (27). The evolutionary distances were computed using
the Dayhoff matrix-based method (28). All positions with
<20% site coverage were eliminated; thus, there were a to-
tal of 83 positions remained in the final dataset. The vari-

ation rate among sites was modeled with a gamma distri-
bution (shape parameter = 2.6, determined using the max-
imum likelihood approach). The phylogenetic tree was re-
constructed using the neighbor-joining method. The per-
centage of replicate trees, in which the associated sequences
are clustered together, was determined using the bootstrap
test (1000 replicates). The tree was visualized and annotated
with the number of exons in ZADs using the ggtree R pack-
age (29). Sequence logo was created using WebLogo (30).

Plasmids and cloning

CG2712 [1-90] was cloned in frame with a TEV-cleavable
GST-tag in the modified vector pGEX-4T1 (GE Health-
care). For in vitro experiments, protein fragments were
PCR-amplified using corresponding primers (Supplemen-
tary Table S1) from fly cDNA and subcloned into modified
pGEX-4T1 (GE Healthcare), pMAL-C5X (New England
Biolabs), or a vector derived from pACYC and pET28a(+)
(Novagen) bearing a p15A replication origin, kanamycin re-
sistance gene, and pET28a(+) MCS. For yeast two-hybrid
assays, cDNAs encoding ZADs were amplified using the
corresponding primers (see Supplementary Table S1) and
fused with the DNA-binding or activation domain of GAL4
in the corresponding pGBT9 and pGAD424 vectors (Clon-
tech). We also used a modified pGBT9 vector in which
ZADs were cloned at the N-terminus of the GAL4 DNA-
binding domain. PCR-directed mutagenesis was used to
generate constructs with mutant ZADs using mutagenic
primers (Supplementary Table S1).

Yeast two-hybrid assay

The yeast two-hybrid assay was performed as previously
described (10). Briefly, for growth assays, plasmids were
transformed into yeast strain pJ69—4A by the lithium ac-
etate method, following standard Clontech protocol, and
plated on media without tryptophan and leucine. After 2
days of growth at 30°C, the cells were plated on selective
media without tryptophan, leucine, histidine, and adenine,
and their growth was compared after 2-3 days. Each assay
was repeated three times.

Protein expression and purification

E.coli BL21(DE)3 containing plasmid expressing CG2712
[1-90] with TEV-cleavable GST were grown at 37°C in 3
1 of LB media containing 0.2 mM ZnSO, until an optical
density of 0.6 was reached, then cooled to 18°C and in-
duced with 1 mM IPTG overnight at +18°C. Cells were pel-
leted, resuspended in degassed lysis buffer A [20 mM Tris
(pH 7.4), 150 mM NaCl, 20 mM KCI, 5 mM MgSOy, 0.1
mM ZnCl,, 10% w/w glycerol, 0.1% NP40, 1 mM dithio-
threitol (DTT)] containing protease inhibitors, sonicated,
centrifuged at 20 000 x g for 1 h and applied to 4 ml of
pre-equilibrated glutathione-resin (Pierce). The resin was
washed with lysis buffer containing 500 mM NaCl and sub-
jected to TEV cleavage overnight at 4°C at constant rota-
tion in degassed buffer containing 20 mM Tris (pH 8.0),
200 mM NaCl, 5 mM sodium citrate, 0.01 mM ZnCl, and
I mM DTT. Flowthrough containing cleaved protein was



collected and the buffer was changed to degassed 20 mM
Tris (pH 7.4), 50 mM NacCl, 0.1 mM ZnCl, and | mM DTT
using a HiPrep DeSalting column (GE Healthcare) ap-
plied to SOURCEI15Q resin (GE Healthcare). Flowthrough
was collected, adjusted to 100 mM NaCl, and concen-
trated using Amicon concentrators. MBP-pulldown was
performed with Immobilized Amylose resin (New England
Biolabs) in buffer A containing 5 mM DTT. BL21 cells
co-transformed with plasmids expressing MBP-fused and
6xHis-Thioredoxin-fused ZADs were grown in LB media
to an Agy of 1.0 at 37°C and then induced with 1 mM
IPTG at 18°C overnight. ZnCl, was added to final con-
centration 100 wM before induction. Cells were disrupted
by sonication, centrifuged, applied to resin for 10 min at
+4°C, after that resin was washed four times with buffer A
containing 500 mM NaCl and bound proteins were eluted
with 50 mM maltose, 100 mM Tris, pH 8.0, 100 mM NaCl
for 15 min. 6xHis-pulldown was performed similarly with
Zn-1DA resin (Cube Biotech) in buffer B (50 mM HEPES-
KOH, pH 7.6, with 500 mM NaCl, 5 mM MgCl,, 0.1
mM ZnCl,, 20 mM imidazole, 5% glycerol, 0.1% NP-40,
and 5 mM B-mercaptoethanol) containing 1 mM PMSF
and Calbiochem Complete Protease Inhibitor Cocktail VII
(5 pl/ml), washed four times with buffer B containing
30 mM imidazole and proteins were eluted with buffer C
(50 mM HEPES-KOH, pH 7.6, with 500 mM NaCl, 250
mM imidazole and 5 mM B-mercaptoethanol) (20 min at
+4°C). Chemical cross-linking was carried out for 10 min at
room temperature in buffer B containing 20 mM HEPES—
KOH, pH 7.7; 150 mM NacCl, 20 mM imidazole, 1 mM B-
mercaptoethanol. Prior to cross-linking, protein concentra-
tion was adjusted to 10 wM for at least 1 h. Reaction was
quenched with 50 mM Tris—HCI (pH 6.8), and samples were
resolved using SDS-PAGE followed by silver-staining.

Crystallization and data collection

An initial 96-well format crystallization screening of
CG2712[1-90] was performed with a robotic crystallization
system (Rigaku, USA) and commercially available crystal-
lization screens (Hampton Research, USA) using the sitting
drop vapor diffusion method at 15°C. The protein concen-
tration was 7 mg/ml in the following buffer: 20 mM Tris
pH 7.4, 100 mM NaCl, ] mM DTT and 1 mM ZnCl,. The
drop volume was 0.02 wl with 50:50 protein to precipitant
ratio. Optimization of initial conditions was made by the
hanging drop vapor diffusion method in a 24-well plate with
3 pl drop volume (50:50 ratio). The best crystals were ob-
tained in a crystallization condition containing 0.1 M 2-(N-
morpholino)ethanesulfonic acid (pH 6.5) and 1.3 M mag-
nesium sulfate. Crystals suitable for data collection were
grown within 10 days.

Immediately before data collection, crystals of CG2712
were briefly soaked in mother liquor containing 25% glyc-
erol as a cryoprotectant. Crystals were then flash-cooled
to 100 K in liquid nitrogen. The X-ray diffraction data
were collected at the BL41XU beamline of the Spring8 syn-
chrotron (Harima Science Garden, Japan) equipped with
a Pilatus detector. The data were indexed, integrated, and
scaled using iMosflm (31). Based on the L-test (32) the
data was not twinned. The program Pointless (33) suggested
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the P4,2,2 space group. The data collection and processing
statistics are summarized in Supplementary Table S2.

Structure solution and refinement

Despite the presence of a homologous Grauzone ZAD
structure, all attempts to use molecular replacement failed.
Thus, the structure of 2712 was solved by the SAD method
using the Zn?* ions as anomalous scatterers. The location
of the Zn>* ions was deduced with Phenix.hyss (34). Phaser
(35) was used to phase the data. Subsequently, Parrot (36)
was used for density modification and to solve phase ambi-
guity. The initial model was automatically built with Bucca-
neer (37). Some structure features, such as loops connecting
secondary structure elements and the four cysteine residues
coordinating each zinc ion, were built manually during the
refinement.

The data set collected at remote wavelength (Supple-
mentary Table S2) was used for structure refinement. Re-
finement was carried out with the REFMACS program of
the CCP4 suite (38). TLS was introduced together with
isotropic B-factor refinement. The visual inspection of elec-
tron density maps and the manual rebuilding of the model
were carried out with the COOT interactive graphics pro-
gram (39). The resolution was successively increased to 2.0
A. In the final model, the asymmetric unit contains two in-
dependent copies of the protein (chain A and B) as well as
145 water molecules, two zinc ions, and one molecule of
glycerol from cryo-solution. Nine (seven for chain B) N-
terminal and eight C-terminal amino acids of each chain
have no electron density due to their high mobility. Region
39-42 of chain B has a very weak electron density, possibly
for the same reason. The structure refinement statistics are
provided in Supplementary Table S2.

Structure analysis and validation

The visual inspection of the structure model was carried
out with the COOT (39), Pymol (The PyMOL Molecu-
lar Graphics System, Schrodinger, LLC) and Chimera (40)
software. The structure comparison and superposition were
made using the PDBeFOLD program (41). The contacts
were analyzed using the PDBePISA (42) and WHATIF
(43). The dimeric interfaces were visualized with LigPlot
(44).

Molecular dynamics simulations

Molecular dynamics (MD) simulations were performed
with NAMD 2.11 software (45) and CHARMM36 force
field (46). For the preparation of the model systems and fur-
ther analysis of MD trajectories, VMD software (47) was
used.

The X-ray structure of the CG2712 monomer was used as
a template for the Zw5 and dv2712 monomers, which were
modeled with Modeller (48). The Rosetta online server (49)
was used to build models of CG2712-DV2712, CG2712-
Zw5 and Zw5-7ZwS5.

Molecular dynamics (MD) simulations were performed
in two variants: unconstrained MD to analyze the main
interaction, and steered MD (SMD) to estimate the work
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needed to disrupt the dimers, as a reflection of the free en-
ergy of dimerization. For all unconstrained MD simula-
tions, a TIP3P water box was added with boundaries in at
least 10 A from protein atoms, and for steered molecular
dynamics (SMD) simulations, to assure adequate space for
separation of monomers, water molecules were added with
boundaries of at least 30 A. Sodium and chloride ions were
added to a final ion concentration of 0.15 M. MD runs were
performed with the following conditions: NPT ensemble,
298 K, 1 atm, periodical boundary conditions, 1 fs time-
step. All systems were subjected to two 5000 step minimiza-
tions: with protein C* atoms fixed, and full optimization.
Then 5 ns MD simulations were performed to optimize wa-
ter boxes. Unconstrained MD productive runs were 300 ns,
extended to 500 ns for the Zw5-Zw5 dimer due to RMSD
increase.

Following analysis of unconstrained MD, SMD simu-
lations were preceded by 50 ns (500 ns for the Zw5-Zw5
dimer) unconstrained MD trajectories of corresponding
systems. In SMD simulations, rupturing force was applied
to the center of mass (COM) of C* atoms of each monomer
with a constant pullmg ve1001ty of 0.5 A/ns The force
constant was adjusted in series of test runs and set to 1
kcal/mol- A2, Test runs demonstrated that for CG2712—
CG2712 and Zw5-Zw5 dimers, binding of monomers is so
strong that COM separation was achieved at the cost of de-
struction of the main a-helix. To avoid this, additional con-
straints were applied to maintain the secondary structure of
the helices. For further details, see Supplementary Data.

RESULTS
Only highly homologous ZADs can heterodimerize

ZADs in arthropods underwent lineage-specific expansion
through the process of gene duplication. To determine
how common it is for ZADs to form homo- but not
heterodimers, we studied the interaction between ZADs
that have the maximum homology in their amino acid se-
quences. We used several phylogenetic approaches to search
the paralogous clusters of ZAD-containing proteins. To
ensure the most proper clustering, we monitored the in-
tegrity of some paralogous groups that are encoded by
gene clusters (e.g. CG9797 [M1BP], CG9793, CG11762,
CG8145 and CG8159) and the categorization of paralo-
gous ZADs within one cluster to either the one-exon or the
two-exon group (Supplementary Figure S2), which was pro-
posed to be the important subdivision principle (4). Some
paralogous ZADs that do not reside within the same ge-
nomic cluster (for example, Pita-CG31457-CG31365) are
most likely retrocopies, which explains why only one of
these proteins could have an intron within the ZAD. The
best results were obtained using phylogenetic analysis based
on the Dayhoff protein amino acid replacement matrices
(PAM (50)), which suggested that all of the ZADs can be
grouped into three clades originating from the most an-
cient duplications, in accordance with a previous report (5).
We found five distinct paralogous clusters (Figure 1A, Sup-
plementary Figure S2) containing ZADs with homology
>45% (the percentage of identical and similar residues),
while in other clusters sequence homology does not exceed
30%.

To study interactions between Drosophila ZADs, we
used the yeast two-hybrid system that previously showed
effectiveness in testing dimeric interactions between the
ZADs of Pita, Zw5 and ZIPIC (10). Most of possible
pairs of ZADs from five distant clusters mentioned above
were selected and tested for homo- and heterodimerization
(Figure 1A and B, Supplementary Table S3 and Supple-
mentary Figure S3). In total 25 ZADs were included in
the analysis. As shown in Figure 1A, most of the tested
pairs of ZADs with higher than 51% homology interact
with each other (the only exceptions are CG17568-Wek,
CG8159-CG11762 and CG10274-CG7386, which have 55—
62% homology), whereas CG3282(Grau)-CG11695 and
CG3282(Grau)-CG15073 are the only domains with se-
quence similarity below 51% (49% and 48%, respectively)
that are able to heterodimerize. Thus, using a threshold
of 45%, we found most of the potentially heterodimeriz-
ing domains. The analysis demonstrated that 16 of the 98
Drosophila ZADs belonging to 4 out of 5 paralogous clus-
ters (Figure 1A) have heterodimerization partners compris-
ing 13 heterodimerizing pairs. Another 31 tested pairs of
ZADs from these clusters with sequence similarity in range
30-62% were found to form only homodimers (Figure 1C,
Supplementary Figure S3). We did not observe formation
of heterodimers between ZADs from different clusters.

We performed analysis of conservation between DNA-
binding residues within zinc-fingers of ZAD-C2H2 pro-
teins from paralogous clusters containing heterodimeriz-
ing ZADs. No obvious correlation was found between
the ability of ZADs to heterodimerize and conservation
of DNA-binding position within zinc-fingers of corre-
sponding proteins (Supplementary Figure S4). Only pro-
teins CG10270-CG10269-CG10274-CG7386 from highly
homologous cluster have almost identical zinc-fingers and
probably functionally substitute each other. Thus, much
likely most proteins with heterodimerizing ZADs have dif-
ferent DNA-recognition patterns.

Selective homodimerization of ZADs of the Zw5 and
CG2712 proteins is preserved in cognate Drosophila species

For further analysis of the mechanisms underlying the loss
of heterodimerization ability between highly homologous
ZADs of paralogs, we focused on the ZADs of the CG2712
and Zw5 proteins, which are encoded by genes organized
in one cluster. CG2712 and Zw5 are conserved among
Drosophila species, suggesting that their duplication oc-
curred before the evolution of the genus Drosophila. The
ZADs of the Zw5 orthologs from D. melanogaster and
D. virilis (GJ18900, hereafter dvZw5) share 84% identi-
cal residues (90% homology). The ZADs of the CG2712
orthologs (GJ19263 in D. virilis, hereafter dv2712) are
less conserved, with only 45% identical and 55% homolo-
gous residues (Figure 2A and B). Overall sequence identity
among these four domains is only 24%. We studied ability
of these ZADs to heterodimerize using pulldown and yeast
two-hybrid assays. Results shown in Figure 2C revealed
that both CG2712 and Zw5 from D. melanogaster specif-
ically interact with corresponding D. virilis orthologues in
a yeast two-hybrid assay, but do not display formation of
heterodimers. In pulldown assays, which were performed
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Figure 1. (A) Clusters of zinc finger-associated domains of Drosophila melanogaster containing highly homologous paralogs tested for ability to het-
erodimerize using a yeast two-hybrid assay. Heterodimerizing pairs within clusters are shown by green connectors. Domains that were not tested are
colored grey. Bootstrap values of confidence are shown at the branching points. The levels of homology between the most similar pairs are shown at the
right. The complete phylogenetic tree is shown in Supplementary Figure S2, corresponding sequence alignment in Supplementary Figure S1. Complete
results of testing the binary interactions are shown in Supplementary Table S3 and Supplementary Figure S3. Cluster numbering corresponds to the num-
bering in Supplementary Table S3. (B) The scheme of Yeast two-hybrid assay. BD stands for GAL4 DNA-binding domain, AD— GAL4 activation domain.
Interaction between tested proteins leads to activation of HIS3 gene, which permits yeast growth on -His media. The example —His plates of heterodimer-
izing and non-heterodimerizing ZAD pairs are shown in the right. (C) The diagram showing the number of Drosophila ZADs found to have/do not have

heterodimerization partner.

at much higher protein concentrations, some heterodimers
were formed, but a strong preference for homodimers was
clear (Figure 2D). These results suggested the potential for
heterodimer formation at high protein concentrations, but a
preference for homodimers. In general, MBP-pulldown as-
says were found to be less specific than yeast two-hybrid as-
says due to the much higher protein concentration in bac-
teria cells compared to yeast cells, in which less-efficient
interactions with higher dissociation rates were observed.
6xHis pulldowns were found to be nonspecific, since many
ZADs tend to bind to metal-chelating resins; thus, 6xHis
pulldowns were used only as protein expression controls. We
tested the ability of CG2712 ZAD to heterodimerize with
ZADs from other paralogous clusters in a MBP-pulldown
assay, which revealed a very low presence of heterodimers
(Figure 2E).

Thus, CG2712 ZAD can effectively dimerize with its or-
tholog dv2712, but not with the paralogs Zw5 and dvZws5,
despite the fact that these pairs have comparable sequence
similarity.

Spatial structure of the CG2712 ZAD is highly similar to that
of the Grauzone ZAD despite a low sequence similarity

To understand the mechanisms underlying the predom-
inance of homodimerization of ZADs from Zw5 and
CG2712, we obtained a crystal structure of CG2712 ZAD
at 2.0 A resolution (Figure 3A). An asymmetric unit of the
crystal contained two monomers of CG2712 that form a
dumbbell-like homodimer (Figure 3B). The monomer pos-
sesses two a-helices—a short a1 (residues 42-51) and a long
C-terminal a2 (66-91)—as well as a B-sheet composed of
two strands, B1 (residues 31-33) and B2 (residues 37-40).
The zinc ion, which plays a structural role knotting the
N-terminal loop (residues 10-22), the loop region between
two a-helices, and C-terminal a2, is coordinated via four
cysteine residues invariant among all the ZADs (Supple-
mentary Figure S1). In addition to zinc coordination, the
CG2712 monomer fold is strengthened by a number of in-
teractions, which can be classified as: (a) between the a1 and
a2 helices, (b) between the looped regions near zinc ions and
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Figure 2. Specificity of homodimerization retained between CG2712 and Zw5 orthologs. (A) Multiple sequence alignment of CG2712 and ZwS5 zinc finger-
associated domains (ZADs) from Drosophila melanogaster (dm) and D. virilis (dv). Identical residues are shown in red; conserved are in yellow, invariant
cysteines are in cyan. (B) Percentage of conserved/identical residues in ZADs of CG2712 and Zw5 from D. melanogaster and D. virilis. (C) Testing of
heterodimerization ability of dm/dv CG2712 and Zw5 ZADs in a yeast two-hybrid assay. The dvZw5 ZAD demonstrated strong self-activation properties
when fused to Gal4 DNA-binding domain and was omitted for clarity. AD/BD denotes activation and DNA-binding domains of GAL4. (D) Testing of
heterodimerization ability of dm/dv CG2712 and Zw5 ZADs in MBP or 6xHis-pulldown assay after co-expression in bacteria. The experiment scheme is
shown on top. Small cartoons on the right show the positions of MBP-fused ZADs (MBP is 46kDa) and Thioredoxin-6xHis-fused ZADs (Thioredoxin-
6xHis is 17kDa). On the scheme thioredoxin was not shown for clarity. Upper panels show results of interaction for MBP-fused D. virilis 2712 and ZwS5
ZADs, bottom panels — for MBP-fused ZADs from D. melanogaster 2712 and Zw5. (E) Results of testing of heterodimerization ability between ZADs of
CG2712 and proteins from other paralogous clusters in MBP or 6xHis-pulldown assay after co-expression in bacteria. Designations are as in panel D.

(c) between the C-terminal o2 helix and the looped region
preceding the short a1 helix. Interface (a) is formed by hy-
drogen bonding between residues Y48, K80, and R81 and
is strengthened by hydrophobic interactions of 142, 1.73,
145, 146 and L77. Interface (b) is strengthened by hydro-
gen bonding of R15, L25, P62, H64 and 165 and by hy-
drophobic interactions via C14, C24, P26, H64, 165, and
C66. Finally, interface (c) contains only hydrophobic inter-
actions between D33, P34, 135, L77 and E78 (Figures 3A
and 5A). Noteworthy, the last interface exists only in case
of one monomer from the asymmetric unit, which makes
doubtful its significance for proper domain folding.
Comparison with the only known structure of ZAD,
Grauzone (PDB ID: IPZW), revealed that in spite of a very
low sequence homology between these ZADs (25%), their

monomeric structures are similar (Figure 3A), with a corre-
sponding RMSD between 1.6 and 3.0 A? (the range corre-
sponds to differences between the two CG2712 monomers
from the asymmetric unit of the crystal). The relatively high
RMSD is a consequence of the different conformations of
the looped regions, as the positions and orientations of all
a-helices almost coincide. In contrast to the CG2712 crys-
tal structure, a B-sheet in the Grauzone ZAD is located in
a different region preceding the a2 helix. The distribution
of the residues involved in the monomer folding and dimer
formation of Grauzone and CG2712 ZADs is shown in the
Supplementary Figure S5.

CG2712 has an extensive dimerization interface (Fig-
ure 3C), which covers approximately 18% of the total sol-
vent accessible area of each monomer and mostly involves



Nucleic Acids Research, 2021, Vol. 49, No. 4 2381

_.CG2712 monomer B
- _.Grauzone monomer

D

40 50 60 70 80 20
L] oo o e %00 oo o0
k% % k% hk ok * kkk ek dk kkk kkk Kk Kk kk
CG2712 --LCRVCHTASPRCLPLFKPLEDPISGKPATLESIESYCSGLEIEEAELFLPHHECPDCVAKLRLSLEFKREVHRMDRELROS -
L 10 20 20 490 g £0 10 B0
0o (] o0 eeo L]
Fkkk F*kkk *% * %%k Kk kk kk kk %
Grauzone MDICELCLRGVSGAQMCLQIFPVDSGESK--VEEVERQHFWFEVEPNDEIS-KVECNVCWTQVSEFHQEYVBIQEAQVEYATTS
N
p1 al p2 a2
Monomer fold stabilization: Dimerization:
o pl i * i
® polar interactions * polar interactions
% salt bridges
F G 140
2 1201
8 100
-
¥ 804
]
£ 60
2
T 40
2 —— CG2712-CG2712
& 204 —— CG2712-Zw5
—— Zw5-Zw5
03 —— CG2712-4v2712
20 ¥ . . . .
0 20 40 60 80 100
Time, ns
= L 2 s
Dimer Monomer

Figure 3. Crystal structure of CG2712 ZAD is highly similar to that of Grauzone ZAD. (A) The crystal structure of CG2712 ZAD monomer. Residues
stabilizing the monomer are colored blue for hydrogen bonds, orange for hydrophobic interactions and cyan for invariant cysteine residues. The zinc ion is
colored in magenta. The superposed Grauzone monomer is colored in gray and is semi-transparent for clarity. (B) Overlay of CG2712 and Grauzone ZAD
homodimers. Superposition was made using one of the monomers. Dimers are colored by chain, with the Grauzone dimer depicted as semi-transparent.
Zinc ions are in magenta and green for CG2712 and Grauzone ZADs, accordingly. (C) Dimeric interface of the CG2712 ZAD homodimer. Side chains
of the residues involved in the interface are shown as wire and are colored as blue for hydrogen bonds, black for salt bridges, and orange for hydrophobic
interactions. (D) Dimeric interface of Grauzone ZAD homodimer. Color scheme and orientation of the molecule is similar to panel C. (E) Amino acid
alignment of Grauzone and CG2712 ZADs (color scheme is similar to Figure 2A). Blue asterisks show residues involved in polar interactions between
monomers, black — residues involved in salt bridges, while orange asterisks mark residues forming hydrophobic contacts according to molecular dynamics
simulation (CG2712) or crystal structure analysis (Grauzone). Circles show interactions stabilizing the corresponding monomer. Color scheme is the same
as for asterisks. (F) Residues conserved between CG2712 and Grauzone ZADs depicted on the crystal structure of CG2712 ZAD. Color scheme is similar
to Figure 2A. (G) Results of steered molecular dynamics simulation showing the energy required for dimer dissociation as a function of time.
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residues from both a-helices. The interface is strengthened
by hydrophobic interactions via residues V16, H18, L46,
L52, Le6l, P62, K72, L73, L75, F79, V83, M86 and L90 of
each monomer. The corresponding energy gain upon dimer
formation (-18.2 kcal/mol) is comparable to that of Grau-
zone (—19.5 kcal/mol). However, the CG2712 interface is
additionally fastened by five salt bridges and two hydrogen
bonds, versus only four hydrogen bonds for Grauzone (Sup-
plementary Table S4). Detailed analysis of the interfaces of
both ZADs revealed that they differ significantly by loca-
tion and type of interacting amino acids (Figure 3C and
D) and are primarily composed of non-conserved residues
(Figure 3E and F). Only the three residues forming the hy-
drophobic interface are conserved or semi-conserved be-
tween CG2712 and Grauzone, namely V16 (L6 in Grau-
zone), F79 (F66) and V83 (170) (Figure 3E). Additionally,
in contrast to the RS residue of Grauzone, which forms a
direct hydrogen bond to Q74 of the adjacent monomer, the
corresponding R15 of CG2712 is not hydrogen-bonded to
D87 (Q74 in Grauzone) directly. However, the latter bond
is formed via an intermediate water molecule found in the
crystal structure of CG2712 ZAD.

Thus, in spite of the similar monomeric structures
of CG2712 and Grauzone ZADs, discrepancies in the
dimerization mechanism, involving almost completely non-
conserved amino acids forming the interface, lead to the in-
ability of these domains to form heterodimers due, at least in
part, to steric hindrances. Accordingly, the presence of het-
erodimers between CG2712 and Grauzone or ZADs from
distant clusters is negligible even in pulldown assays (Figure
2E).

Structural basis for the dimerization specificity of highly ho-
mologous ZADs

The CG2712 ZAD crystal structure demonstrates no signifi-
cant steric hindrances preventing CG2712-Zw5 heterodimer-
ization. Taking into account the results of the structural
comparison between Grauzone and CG2712 dimers, we
aimed to examine the heterodimerization potential of par-
ticular ZADs with high homology: CG2712 and ZwS from
D. melanogaster as well as the CG2712 ortholog from D. vir-
ilis. Sequence homologies between these domains are 46%
for CG2712 and Zw5 and 55% for CG2712 and dv2712. The
ZwS5 ortholog from D. virilis (dvZwS5) has an almost identi-
cal sequence to ZwS5, with a few substitutions in loops; thus,
this domain thus provides no extra information on struc-
tural aspects of dimerization specificity and was excluded
from further analysis. In sum, we focused on a comparative
analysis of CG2712-CG2712, Zw5-Zw5, CG2712-Zw5 and
CG2712-dv2712 ZAD dimers.

A common mechanism to gain specificity is the pres-
ence of steric clashes between residues on an interface,
which hamper dimerization. Homology modeling of all
heterodimers was conducted, with thorough inspection
for possible steric hindrances. This revealed the follow-
ing eventual clashes between side chains in the CG2712-
Zw5 dimeric interface: M86 (CG2712)-T16 (ZwS5), M16-
S86, L75-Q75, S76-A76 and L52-184. The latter clash also
breaks two hydrogen bonds between the side chain of H84
and the main chain oxygen of S50 in the CG2712 ho-

modimer. L75 resides at the center of a2 and clash with
the Q75 of the adjacent subunit. However, some of these
residues of CG2712 ZAD are conserved in dv2712, which is
able to form heterodimers with CG2712. Moreover, in co-
expression assays followed by pulldown, a small portion of
CG2712-Zw5 and dv2712-ZwS5 heterodimers was detected
together with major portions of their corresponding ho-
modimers (Figure 2D and Supplementary Figure S6A).
These findings indicate that clashes found with homology
modeling might not cause an inability to heterodimerize.

Molecular dynamics simulation revealed higher stability of
homodimers compared to heterodimers. To further shed
light on the occurrence of heterodimerization, we used
protein—protein docking followed by MD simulation to
model the structure of a Zw5 homodimer (Supplementary
Figure S7), as well as CG2712-Zw5 and CG2712-dv2712
heterodimers. Additionally, the CG2712 homodimer was
also treated with the same procedure based on its crystal
structure in order to assess the accuracy of this approach
and to allow proper comparison.

MD simulations of the CG2712 ZAD homodimer
demonstrated its stability through the trajectory (Supple-
mentary Figure S7), including all of the secondary structure
elements. Dimerization interface analysis along the MD tra-
jectory revealed no major discrepancies with the crystal
structure of CG2712. The model inherited all the polar and
hydrophobic interactions within the dimeric interface (Sup-
plementary Table S5) and showed additional interactions
along the MD trajectory, thus provides the applicability of
such an approach to model other dimers.

Polar (salt bridges, hydrogen bonds) and non-polar (hy-
drophobic) interactions along MD trajectories were further
compared for the dimers analyzed (Table 1 and Supplemen-
tary Figure S8). In all cases, salt bridges were more stable
along the trajectories compared to hydrogen bonds. For the
CG2712 homodimer, a salt bridge between residues R91
and E58 (Figure 5B, Table 1, and Supplementary Table S5)
provides the major contribution to stability. This symmet-
rical interaction was also observed in the crystal structure
and is maintained along the entire MD trajectory (Supple-
mentary Figure S9A). The symmetric solvent-separated ion
pairs D87-R 15 is rather stable along the whole MD trajec-
tory. The two other salt bridges, E78-K72 and E53-R88 ex-
ist only at short span of M D trajectory (Supplementary Fig-
ure S9B-D). The hydrogen bond between the side chains
of both S76 residues is maintained over most of the trajec-
tory. Less stable hydrogen bonds are listed in Supplemen-
tary Table S5. In comparison to the X-ray structure, more
hydrophobic residues are participating in inter-monomer
contacts along MD trajectory, these additional contributors
are F60, R88 and 145 (Supplementary Table S5).

In contrast to CG2712, the Zw5 ZAD homodimer has
less stable salt bridges along the entire trajectory. A salt
bridge R15-D87 (Supplementary Figure S10A) persists for
only one pair of residues, while a bond formed by a vice
versa pair breaks and is replaced by another salt bridge,
D85-R19 (Supplementary Figure S10B), throughout the
trajectory. Another salt bridge, D57-R91 (Supplementary
Figure S10C), is formed along the trajectory and is dis-
rupted later by formation of an E54-R91 salt bridge (Sup-



Table 1. Results of dimerization interface analysis of zinc finger-associated
domain dimers. Data averaged along the MD trajectory are shown. De-
tailed data are summarized in Supplementary Tables S5-S8.

CG2712 ZwSs CG2712—- CG2712-
homodimer* homodimer Zw5 dv2712
Hydrogen bonds S76-S76 M16-T88
S82-V16 S86-T16  S82-T16 R85-V20
K80-S50 S86-R15  K80-T49 KB80-N53
H84-S50 A59-1L90 S50-Q82
Salt bridges R91-E58™  R15-D87""
E78-K72""  D85-R19 E58-R91 E58-R93
D87-R15™  D57-R91  R88-E54 R9I-E60
E53-R88 E54-R91  R91-E54 E53-R95
Relative strength of 100 84 78 98
hydrophobic

*

interactions (%)

Residue numbering is in accordance to Figure 2A.

“Relative to a reference: CG2712 homodimer. Estimated by SMD simula-
tions.

**This interaction is doubled in dimer due to symmetry.

plementary Figure S10D). A number of hydrogen bonds
were detected along a significant part of trajectory, includ-
ing mostly stable bonds S86-T16, S86-R15, and S86-T18
(Supplementary Table S6). The interface is strengthened by
hydrophobic residues listed in Supplementary Table S6.

The CG2712-Zw5 heterodimer has only one salt bridge
that is stable over the trajectory: E58-R91 (hereafter, the
first amino acid corresponds to CG2712), similar to E58-
R91 of the CG2712 homodimer (Supplementary Figure
S11A). Other observed salt bridges were: the most stable
RI1-E54 as well as solvent separated ion pairs - R§8-E54
and D87-R15 (Supplementary Figure S11B). Short-lived
hydrogen bonds were observed during the MD, indicating
their instability along the trajectory (Supplementary Table
S7). Residues strengthening the heterodimeric hydrophobic
core are listed in Supplementary Table S7.

Finally, the CG2712 ZAD residues involved in salt
bridges in the CG2712-dv2712 dimeric interface are ES3,
E58 and R91 (Table 1). Hydrophobic residues of the inter-
face are listed in Supplementary Table S8.

In summary, stability of the dimerization interfaces must
be attributed first to salt bridges and hydrophobic interac-
tions. The polar residues of CG2712 involved in salt bridges
in either homo- or heterodimers include E53 (E54 in Zw5),
ES8, R88, and R91 (RI1 in Zw5). This list is expanded by
conserved L46 (L45 in ZwS5), L52 (L51), P62 (P62), L73
(L73), F79 (F79), V83 (V83) and L90 (L90) stabilizing hy-
drophobic interface. The ZwS5 residues P62 and 165 partici-
pate only in the corresponding homodimerization interface;
their influence on the heterodimerization interface is much
lower. 184 of Zw5 participates in hydrophobic interactions
exclusively within the CG2712-Zw5 heterodimer, while its
counterpart in CG2712, H84, is involved in interface forma-
tion within the homodimer only (Table 1 and Figure 5B).

To obtain a quantitative estimation of dimer stability,
an SMD approach was used. SMD runs of 100 ns al-
low the dimer dissociation process to occur closer to equi-
librium (Figure 3G). The results obtained confirmed that
dimers can be ranked by their stability as follows: CG2712—
CG2712, Zw5-7Zw5 and CG2712-Zw5, with the latter
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dimer being the least stable, with an almost 40 kcal/mol dif-
ference compared to the former.

The structural results indicate that differences in amino
acid sequences between ZwS and CG2712 ZADs do not
block the formation of heterodimers, but rather render it
less stable through a loss of a significant number of stabi-
lizing interactions. More stable hydrogen bonds in homod-
imers could also make heterodimerization less preferable.

Heterodimerizing CG15073 and Grauzone ZADs have sim-
ilar dimerization interfaces. The paralogs CG15073 and
Grauzone provide an opposite example to CG2712/ZwS5,
since the ZADs of these proteins efficiently form het-
erodimers, but do not interact with CG2712 (Figure 4C).
These paralogs have 48% sequence homology (Figure 4A),
which is comparable to the CG2712/ZwS5 pair (46%). Since
the crystal structure of the Grauzone ZAD is known, we
analyzed the pattern of its dimerization interface and com-
pared it with the corresponding residues in CG15073. Most
of the hydrophobic residues at the dimerization interfaces
of the Grauzone and CG15073 ZADs are identical or con-
served (Figure 4A). The hydrogen bonds much likely are
also retained (Q74 is substituted to histidine in CG15073),
and no additional polar interactions stabilize Grauzone ho-
modimers (Supplementary Table S4). Thus, in this case, ho-
modimer seems not to have a significant advantage in en-
ergy efficiency compared to heterodimers, and heterodimers
formation can also be explained by the mechanism pro-
posed for the specificity of CG2712 and Zw5 homodimer-
ization.

Mutagenesis of CG2712 and Zw5 ZADs proves energy ad-
vantages in the formation of homodimers compared to het-
erodimers

In order to confirm the results of in silico analysis and
shift dimerization toward formation of heterodimers, we
used site-directed mutagenesis. We aimed either to lower
the stability of homodimers through removal of stable po-
lar bonds or alteration of hydrophobic interactions (Ta-
bles 1 and 2, Figure 5A and B, and Supplementary Fig-
ure S12), or to fasten a possible heterodimer. The homo-
and heterodimerization were studied using yeast two-hybrid
and MBP-pulldown assays, while stability of dimers was as-
sessed using a chemical cross-linking assay.

We introduced a number of mutations. (i) ES8S was intro-
duced into CG2712 to break the most stable salt bridge with
RO91. (ii)) To lower the free energy gain of homodimer for-
mation, a non-conserved residue substitution (M86S) was
introduced into CG2712, since this residue has significant
impact on the estimated free energy of homodimer forma-
tion (Supplementary Figure S12B). A similar substitution,
MS2S, was introduced in Zw5, as it lowers free energy gain
according to PDBePISA analysis (Supplementary Figure
S12C). (iii) To fasten heterodimerization, a double mutation
(L75Q/S76A) was introduced into CG2712 to remove the
potential L75-Q75 clash in the heterodimer, and the reverse
mutation, Q75L/A76S, was made in Zw5. From an evolu-
tionary point of view, these substitutions are the most likely
to confer specificity, since they simultaneously change inter-
acting residues in both monomers. This also breaks a hydro-
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Figure 4. Grauzone ZAD forms heterodimers with its paralog, CG15073 ZAD. (A) Sequence alignment of Grauzone and CG15073 ZAD sequences
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co-expression followed by 6xHis-pulldown assay. Designations are as in the Figure 2D.

Table 2. Summary of the impact of amino acid substitutions on homo- and heterodimerization

Effect on
homodimerization Effect on het- Effect on het-
(cross-linking erodimerization erodimerization

Substitution Description assay) (Y2H) (MBP pulldown)
CG2712 V16T S82M H-bond removal (H841), alter homodimeric Weak Weak No
HS841 hydrophobic interface (V16T)
CG2712 E58S Most stable salt bridge removal Strong No Moderate
CG2712 L75Q S76A H-bond removal (S76A). Alter homodimeric No No No

hydrophobic interface (L75Q)
CG2712 M86S Alter homodimeric hydrophobic interface Weak Moderate Moderate
Zw5 D5STE Q75L engineered salt bridge (D57E) Weak No No
AT76S
Zw5 M82S Decrease homodimeric hydrophobic interaction No No No

For details see Supplementary Figure S6.

gen bond between two S76 residues of the CG2712 homod-
imer that was shown to be highly stable according to the
MD simulation (Supplementary Table S5). (iv) A triple mu-
tation, V16T /S82M /HS84I, was introduced into CG2712 to
alter important polar and hydrophobic interactions in the
corresponding homodimeric interface (Table 1 and Figure
5B). (v) The D57E mutation was introduced into Zw5 to al-
low salt-bridge formation with CG2712 in the heterodimer
(Figure 5A).

The effects of all of the substitutions are summarized in
Table 2. From chemical cross-linking assays, it is evident
that the removal of a salt bridge in CG2712 (through the
E58S mutation) had the strongest effect on homodimeriza-
tion, as other substitutions did not significantly affect ho-
modimerization of either CG2712 or ZwS5 (Figure 5C) in
vitro. Removal of the salt bridge increased the efficiency
of heterodimerization in the MBP-pulldown assay in spite
of a significantly lower expression level (Figure SE), likely
because it destabilizes both homo- and heterodimers (ac-
cording to MD simulation), which results in a lower protein
yield.

The most significant impact on heterodimerization was
observed with the 2712M8S mutation in both the yeast two-
hybrid (Figure 5D) and pulldown assays (Figure 5E). Be-
sides ES8S, M86S theoretically has the strongest influence
on CG2712 homodimer stability, altering solvation free en-
ergy and making formation of heterodimers with Zw5 more
energetically favorable (Supplementary Figure S6). M86S
effect on removal of the potential clash of M86 (CG2712)—
T16 (Zw5) seems improbable, since M86 is also absent in
dv2712 (Figure 2A) and V16T has very little effect in com-
bination with S82M /H&841 substitutions.

Other substitutions did not significantly affect either
the homodimerization or heterodimerization of CG2712
(Figure SD): in the yeast two-hybrid assay, only a weak
heterodimerization was observed between 2712V10TS82MH841
and Zw5 (and only when CG2712 was fused to the GAL4-
activation domain, not to the DNA-binding domain), sug-
gesting a cumulative effect of these substitutions. Since
HS841 substitution breaks two H-bonds, this could also
slightly destabilize the homodimer, which is detectable in
the two-hybrid assay.
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In summary, salt-bridge removal has the strongest ef-
fect on homodimerization compared with H-bond re-
moval or altering hydrophobic interactions. Meanwhile,
heterodimerization was affected by mutations in residues
involved in either hydrophobic interactions or salt-bridge
formation.

Chimeric Zw5 ZAD with the «2-helix of CG2712 dimerizes
with ZADs of both Zw5 and CG2712, but fails to form ho-
modimers

Mutagenic analysis revealed the possibility of CG2712-
Zw5 ZAD heterodimer formation and suggested that speci-
ficity is predominantly determined by the energetic favor-
ability of the homodimeric form. To further validate this
hypothesis, we designed chimeric ZADs, swapping the long
a2-helices between CG2712 and ZwS5. We predicted that
such ZADs would not be able to efficiently form homod-
imers, since their a2-helices must interact with the zinc-
coordinating module (including loops) from another pro-
tein. We investigated whether these chimeric ZADs would
be able to heterodimerize with ZADs of both CG2712 and
Zw5 proteins, which would indicate that there is no steric
barrier.

Chimeric ZADs consisting of CG2712 with its a2-helix
replaced with that of Zw5 (2712-Zw5c) and vice versa
(Zw5-2712c) were created (Figure 6A). Their dimerization
specificity was studied using yeast two-hybrid and MBP-
pulldown assays.

Both chimeric Zw5-2712¢ and 2712-Zw5c failed to form
homodimers (Figure 6B and C), which is in accordance with
the model of low free energy gain upon heterodimer forma-
tion between CG2712 and Zw5 and the absence of polar
bonds that can stabilize this interaction. The 2712-Zw5c
ZAD exhibits strong self-activation properties in yeasts
when fused to GAL4 DNA-binding domain. This ZAD
does not interact neither with Zw5/CG2712 nor with Zw5-
2712¢c ZADs and is likely incorrectly folded. In accordance
with the proposed model, the chimeric Zw5-2712¢ ZAD
was able to interact with both CG2712 and Zw5 ZADs (Fig-
ure 6B and D). The fact that it can interact with both pro-
teins further confirms that no steric hindrances prevented
this interaction. Formation of homodimers by CG2712 and
Zw5 is clearly more energy efficient, but since Zw5-2712¢
cannot form homodimers, the intermediate level of en-
ergy efficiency enforced by both polar and non-polar bonds
seems to be sufficient for the detection of heterodimers be-
tween Zw5-2712¢ and both CG2712 and ZwS5. This con-
firms the suggestion that dimerization specificity in ZADs is
a cumulative effect of substitutions stabilizing homodimers
via hydrophobic and polar interactions.

DISCUSSION

Only four zinc-coordinating cysteines and several amino
acids involved in supporting the structure are conserved
between Drosophila ZADs, with the most divergent ZADs
in Drosophila having <18% homology (4). ZADs were
classified as a subgroup of treble-clef zinc fingers, which
are known to have high variation in amino acid sequence
(23,51). According to this, the spatial structures of the

Grauzone and CG2712 ZADs are very similar at the level
of monomers and corresponding dimers, in spite of hav-
ing only 25% identical residues. On the other hand, de-
tails of the dimerization interfaces of these domains differ
significantly, blocking the formation of CG2712-Grauzone
heterodimers and determining the specificity of their inter-
actions. It seems a variety in primary sequence of ZAD
domains, defines, from one hand, secondary structure ele-
ments, and provides, from the other hand, the versatility of
conformations that can be adopted by the flexible linker re-
gions. It affords within a commonly shared scaffold a large
combinatorial space for selecting tunable residue-specific
dimerization capabilities and provides an efficient and ver-
satile platform for fast adaptations.

Our results showed that ZADs are a unique, diverse
group of domains that preferentially homodimerize. We an-
alyzed all pairs of Drosophila ZADs with homology over
45%, and heterodimerization was confirmed for only 13
pairs (16 ZADs, nearly 16% of Drosophila ZADs). We es-
timate that sequence similarity of 45% is a threshold for the
potential ability of ZADs to heterodimerize. However, there
are exceptions: some ZADs with relatively high similarity
(like CG10274 and CG7386, with 61% similarity) lose the
ability to heterodimerize despite being able to dimerize with
another cognate proteins from the same cluster, suggesting
that complex combinatorial interaction patterns could be
formed. Thus, the evolutionary process directly affects the
divergence of ZADs, resulting in a decrease and subsequent
loss of their ability to form heterodimers.

Structure-based mutagenesis and MD simulation pro-
vided insight into the structural basis for the ability of
closely related ZADs to predominantly form homodimers.
We showed that ZADs of CG2712 or its paralog, ZwS5, from
D. melanogaster and their orthologs from D. virilis also pref-
erentially form homodimers. However, CG2712 is unable to
efficiently interact with ZwS5, with which it shares 47% sim-
ilarity, despite the absence of steric hindrances that could
hamper the interaction between these two ZADs. Instead,
most of amino acid differences accumulated in these par-
alogs led to stabilization of the homodimeric state through
a higher free energy gain upon dimer formation, as well
as through a relatively higher number of polar interac-
tions compared to corresponding heterodimers. According
to this mechanism, more evolutionary distant ZADs seem
to exhibit amino acid substitutions that lead to structural
restrictions preventing their heterodimerization.

The diversity of ZADs generates a large group of C2H2
proteins that can specifically homodimerize using these
domains. Heterodimeric interactions appear to transiently
maintain the functions of recently emerged proteins, which
exhibit complementary functions. Each protein’s function
then adapts to new requirements and acquires dimerization
specificity, which in the case of ZADs could be achieved
simply by accumulation of amino acid substitutions sta-
bilizing homodimerization. This cumulative mechanism
demonstrates possibly the fastest way of developing speci-
ficity through the many amino acid substitutions acquired
by rapidly evolving proteins after gene duplications.

The highest number of ZAD proteins is present in in-
sects (many species have 90-150 ZAD proteins), while the
crustaceans studied thus far have less than 10 ZAD pro-
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Figure 6. Chimeric zinc finger-associated domain (ZAD) ZwS5 with a2-helix from CG2712 can dimerize with both CG2712 and Zw5 ZADs. (A) Schematic
representation of protein chimeras Zw5-2712¢ (Zw5 ZAD with a2-helix from CG2712 ZAD) and 2712-Zw5c¢ (CG2712 ZAD with a2-helix from ZAD of
ZwS5). (B) Results of testing of the homo- and heterodimerization abilities of chimeric ZAD Zw5-2712c¢ using a yeast two-hybrid assay. The 2712-Zw5c
ZAD demonstrated strong self-activation properties only when fused to Gal4 DNA-binding domain. Designations are as in Figure 4C. (C) Testing of
homodimerization ability of chimeras in a chemical crosslinking assay. (D) Results of testing of the homo- and heterodimerization abilities of chimeric
ZADs Zw5-2712c¢ and 2712-Zw5c using co-expression in bacteria followed by MBP-pulldown assay. Designations are as in the Figure 2D.

teins (4,5). In vertebrates, only one gene (ZNF276) has been
found that encodes a protein with a domain similar to ZAD
(4). Currently, only one function of ZAD is evident - the
dimerization of C2H2 proteins. This function of ZADs is
necessary for effective binding of ZAD-C2H?2 proteins to
chromatin (13) and the formation of specific long-distance
genomic interactions (10). Some ZADs are likely to be in-
volved in the transport of ZAD-C2H?2 proteins from the cy-
toplasm to the nucleus (52).

Interestingly, some mammalian C2H?2 proteins have a do-
main called SCAN that could perform a homodimeriza-
tion function similar to ZAD. The SCAN domain is found
at the N-termini of 71, 38 and 28 C2H2 proteins in hu-
man, mice, and cows, respectively (53-55). The SCAN do-
main consists of five a-helices that can form an antiparal-
lel homodimer (56). In contrast to ZADs, SCAN domains
have more than 80% similarity in amino acid sequence, in-
dicating that the potential amino acid variations in these
domains are limited to a few structural elements. As a re-
sult, many SCAN domains are apparently capable of form-
ing heterodimers, although this problem is not well stud-
ied (57). Another group of mammalian C2H2 proteins con-
tains N-terminal BTB (bric-a-brac, tramtrack and broad
complex)/POZ (poxvirus and zinc finger) domain that is
a conserved among higher eukaryotes (58,59). The BTB
domains usually form homodimers. However, the crystal

structures of the heterodimers between the BT B-containing
Bcl6, NAC1 and Miz-1 proteins are known. These domains
share over 60% homology and most of contacts between the
heterologous BTB domains are the same as in the case of
their homo-dimers (60).

Most C2H2 proteins in higher eukaryotes do not con-
tain N-terminal dimerization domains like ZAD, SCAN or
BTB. For example, the main mammalian architectural pro-
tein CTCF has long been considered to lack a homodimer-
ization domain (61). However, it has recently been shown
that CTCF from different species has an unstructured N-
terminal domain that is capable of homodimerization (62).
This domain was shown to be important for the activity
of Drosophila CTCF (63). The dimerization domains in
CTCFs from different species lack secondary structure and
sequence similarity, making it impossible to identify such
domains using common bioinformatics approaches. Thus,
there is a possibility that unstructured domains are widely
distributed at the N-terminal ends of C2H2 proteins as
an alternative to structural domains such as ZAD, SCAN
or BTB. Interestingly, in Drosophila, the ZAD-C2H?2 pro-
tein Pita and dCTCF have similar functions in organiz-
ing the boundaries in the bithorax complex and are able
to functionally replace each other (21,22). Thus, different
N-terminal dimerization domains might have similar roles
in the activity of architectural proteins. Further studies are
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necessary to clarify the functional interchangeability of dif-
ferent N-terminal homodimerization domains and the role
of ZAD-C2H2 proteins in the organization of chromosome
architecture and the regulation of transcription.
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