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ABSTRACT

Zfp206 (also named as Zscan10) belongs to the sub-
family of C,H, zinc finger transcription factors,
which is characterized by the N-terminal SCAN
domain. The SCAN domain mediates self-
association and association between the members
of SCAN family transcription factors, but the struc-
tural basis and selectivity determinants for complex
formation is unknown. Zfp206 is important for main-
taining the pluripotency of embryonic stem cells
presumably by combinatorial assembly of itself or
other SCAN family members on enhancer regions.
To gain insights into the folding topology and se-
lectivity determinants for SCAN dimerization, we
solved the 1.85A crystal structure of the SCAN
domain of Zfp206. In vitro binding studies using a
panel of 20 SCAN proteins indicate that the SCAN
domain Zfp206 can selectively associate with other
members of SCAN family transcription factors.
Deletion mutations showed that the N-terminal
helix 1 is critical for heterodimerization. Double
mutations and multiple mutations based on the
Zfp206SCAN-Zfp110SCAN model suggested that
domain swapped topology is a possible prefer-
ence for Zfp206SCAN-Zfp110SCAN heterodimer.
Together, we demonstrate that the Zfp206SCAN
constitutes a protein module that enables C,H, tran-
scription factor dimerization in a highly selective
manner using a domain-swapped interface architec-
ture and identify novel partners for Zfp206 during
embryonal development.

INTRODUCTION

Zfp206 is a transcription factor highly expressed in mouse
and human embryonic stem cells (ESCs) but repressed
on differentiation (1-3). Zfp206 is reported to be a regu-
lator of pluripotency and implicated in the maintenance of
the pluripotent state by jointly functioning with other
plurpotency factors such as Sox2 and Oct4 (1-3).
Consistently, ESCs with overexpressed Zfp206 could
resist differentiation. The Zfp206 protein contains 14
C,H, zinc fingers within its C-terminal DNA-binding
domain and one SCAN domain near its N-terminus (1).
The 84 amino acid SCAN domain contains a highly
conserved leucine-rich region and is found near the
N-terminal end of approximately 10% of human C,H,
zinc-finger transcription factors (4). The SCAN domain
was named after the first letter of some the first identified
family members (SREZBP, Ctfin51, AW-1 (ZNF174) and
Number 18) (5,6). The SCAN domain appears an evolu-
tionary invention within the mammalian lineage and shows
a varying degree of gene family expansions in different taxa
(4). For example, the human genome contains 71 SCAN
domain proteins (7), whereas the mouse genome contains
only 40 (8). The primary function of the SCAN domain
appears to mediate self-association and selective associ-
ation with other SCAN family members. Interestingly,
protein modules that mediate the dimerization of C,H,
zinc fingers have independently evolved and underwent
lincage specific expansions in invertebrates (9,10).
Therefore, it is possible that dimerization domains
attached to C,H, zinc fingers are important to expand the
regulatory potential of the otherwise evolutionarily ancient
C,H, DNA-binding domain in a combinatorial fashion.
The selective association of SCAN domain SCAN
domain transcription factors (TFs) can determine which
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gene are bound and regulated and, as a consequence,
execute specific developmental programs. Specifically, a
hypothetical SCAN TF A would specify cell type X when
it pairs with SCAN TF B but would specify cell type Y
when SCAN TF C is expressed provided the domains are
dimerization competent. However, the function of SCAN
TF A would not be affected if a SCAN TF D is expressed,
which is not capable of heterodimer formation. Indeed,
several studies have demonstrated that the dimerization
of SCAN domains is highly selective. Some SCANSs form
exclusive homodimers, while others form homodimers or
heterodimers with a specific subset of family members
(6,11-13). Hence, to understand the regulatory function
of SCAN domains, it is mandatory to know its dimeriza-
tion potential. Ideally, one should be able to predict the
dimerization profile of a SCAN domain by analyzing the
primary sequence.

The previously solved structures of the SCAN domains
of ZNF174 and MZFI1 revealed a domain-swapped
homodimer (14,15). However, the previous structural
data could not unravel a recognition code for SCAN
domain dimerization and did not allow prediction of the
interaction pattern from sequence.

Here, we report the first high-resolution of the SCAN
domain of Zfp206 solved by X-ray crystallography. We
further assessed the heterodimerization potential of
Zfp206SCAN against a panel of 20 SCAN domains
using a maltose-binding protein (MBP) pull-down assay.
We identified Zscan4 and Zfp110 as a novel and selective
interaction partners of Zfp206. Zscan4 is known to
regulate telomere extension and genomic stability in
ESCs (16). Zfpl110 is involved in programmed cell
death in the mouse embryonic neural retina (17). The
interactions between the Zfp206SCAN and other
embryonically expressed SCAN transcription factors
suggest new functions of Zfp206. Given the important
roles of Zfp206 and Zscan4 in ESCs and our demonstra-
tion of a strong dimerization between both proteins, we
suggest a combinatorial action of both proteins analogous
to the Sox-Oct partnerships during lineage commitment
(18). Rational mutations using a Zfp206SCAN—
Zfpl10SCAN fusion protein showed that the N-terminal
helix | takes parts in the heterodimerization and the
domain-swapped topology is likely adopted for a
Zfp206SCAN-Zfp110SCAN heterodimer.

MATERIALS AND METHODS
Molecular biology

pDEST-HisMBP-Zfp206SCAN expression vector was
constructed as described previously (19). An analogous
strategy was used to generate additional SCAN
domains. In brief, GATEWAY BP cloning (Invitrogen)
was used to produce DNA fragments coding for the
mouse SCAN domains of Zscan4, Zfpll0, Zfpl67,
ZNF75, MZF1, ZNF24, Z{p213, ZNF165, ZNF174,
Zfp192, ZNF193, ZNF19, ZNF390, ZNF394, ZNF435,
ZNF452,  Zfp4d5, Ztp449 and  Zfp496  (see
Supplementary Table 1 for cloning primers and identifiers
of the polymerase chain reaction (PCR) templates).

To produce a form of SCAN proteins fused to a MBP
tag, SCAN domains were transferred into pDEST-
HisMBP (20) expression vector by GATEWAY LR
(Invitrogen) following the manufacturers’ instructions.

Chimeric proteins were produced as follows. A DNA
fragment of Zfp206 SCAN (amino acids 36-128) was
amplified from the full-length Zfp206 cDNA (IMAGE:
30006755) by PCR using the primers 5-GGGGACAAG
TTTGTACAAAAAAGCAGGCTTCGAAAACCTGTA
TTTTCAGGGCAGGCCTAGGCCTGAGGTGGCC-¥
and 5-GGGGACCACTTTGTACAAGAAAGCTGGG
TTTTACATGTGGCTGATGTCTCTGGG-3'. DNA
fragment of Zfpl10 SCAN (amino acids 154-247) was
amplified from the full-length Zfp110 cDNA (IMAGE:
3500984) using the primers 5-GGGGACAAGTTTGTA
CAAAAAAGCAGGCTTCGAAAACCTGTATTTTCA
GGGCCGTTTGACTGACACTGAAGCT-3 and 5-GG
GGACCACTTTGTACAAGAAAGCTGGGTTTTAAT
CGTCCTTAGACACCGAGGT-3. The two PCR
products were linked by a linker sequence 5-CCCAGA
GACATCAGCCACATGGGTGGTTCCGGTCGTTTG
ACTGACACTGAAGCT-3' to produce a PCR product
of Zfp206SCAN-Zfpl10SCAN connected by a linker.
The PCR product was cloned into the Gateway entry
vector pDONR221 (Invitrogen). The DNA sequence of
Zfp206SCAN-Zfpl I0SCAN in the produced entry
vector pENTR-Zfp206SCAN-Zfp110SCAN was con-
firmed by sequencing. By LR reaction (Invitrogen), the
Zfp206SCAN-Zfpl I0SCAN insert was cloned into the
destination vector pTH27. The final expression vector
was named as pTH27-Zfp206SCAN-Zfp 10SCAN.

Deletion mutations of Zfp206SCAN-Z{pl10SCAN
were created using standard PCR amplifications. All
point mutations of Zfp206SCAN-Zfpl110SCAN in this
study were created using the standard PCR-based muta-
genesis  method  (QuikChange II  Site-Directed
Mutagenesis Kit, Stratagene) (see Supplementary Tables
2 and 3 for mutagenesis primers) and verified by DNA
sequencing.

Protein expression and purification

The procedure for the expression and purification of
Zfp206SCAN protein and other factors was carried out
as described previously (19). In brief, the pDEST-HisMBP
expression plasmids with different SCAN domain inserts
were transformed into Escherichia coli BL21 (DE3) cells
(Invitrogen). Ten milliliters of overnight culture of the
cells was inoculated into 250ml Terrific Broth (TB)
medium supplemented with 100 pg/ml ampicillin. The
cells were then grown at 37°C until OD600 reached 0.6.
Isopropyl B-D-1-thiogalactopyranoside (IPTG) was added
into the culture with a final concentration of 0.5mM to
induce the expression of MBP-fused SCAN proteins.
After induction, the cells were cultured overnight at
18°C. The harvested cells were lysed in buffer containing
50 mM Hepes, pH 7.3, 200mM NaCl, 1 mM EDTA and
10mM 2-mercaptoethanol. The MBP-fused SCAN
proteins were purified by using amylose-resin (New
England Biolabs (NEB)) and column chromatography as
described previously (19).
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The pTH27-Zfp206SCAN-Z{pl10SCAN expression
plasmid (21) was transformed into E. coli BL21
(DE3) cells (Invitrogen). Two hundred milliliters of over-
night culture of the cells transformed with pTH27-
Ztp206SCAN-Zfp110SCAN expression plasmid was used
to inoculate 6 ITB medium with 100 pg/ml ampicillin. The
cells were then grown at 37°C until OD600 reached 0.7. To
induce protein expression, IPTG was added into the culture
with a final concentration of 0.5 mM. The cells were further
grown overnight at 20°C. The harvested cells were lysed in
buffer containing 50 mM Tris—Cl, pH 8.0, 150 mM NacCl,
30mM imidazole and 10mM 2-mercaptoethanol. The
initial purification was conducted by using affinity tech-
nique with Ni-NTA™ (Invitrogen). Subsequent purification
of Ztp206SCAN-Zfpl110SCAN protein-included cation-
exchange chromatography using Resource S resin (GE
Healthcare) and gel filtration using a Sephacryl S75 16/60
column (GE Healthcare). The purified Zfp206SCAN-
Zfpl110SCAN protein were pooled and stored in appropri-
ate buffer for further experiments.

All deletion mutated and point mutated Zfp206SCAN-
Zfpl110SCAN proteins were purified by the same proced-
ure as described for the wild-type protein.

MBP pull-down assay

Twenty micrograms of MBP or MBP-SCAN proteins
(2mg/ml) were used for each binding reaction and
incubated with 100pug of purified and tag-free
Zfp206SCAN (5mg/ml) in 250 pl binding buffer (50 mM
Tris—HCI, pH 7.5, 100 mM NaCl, 1 mM dithiothreitol and
0.1% Triton X-100) overnight at 25°C. Then 10ul of
amylose beads was added into the respective reaction
and incubated for another 3hr at 4°C. After extensive
washing with the binding buffer for three times, the
proteins were eluted with the sodium dodecyl sulfate
(SDS) loading buffer and analyzed by SDS-polyacryl-
amide gel electrophoresis (SDS-PAGE). The identity of
Zfp206SCAN protein pulled down was confirmed by
mass spectrometry. Intriguingly, Zfp206SCAN was
found to be capable of heterodimer formation and did
so in a highly selective fashion.

Immunoprecipitation

Immunoprecipitation was performed using Pierce
Crosslink IP kit (#26147) according to manufacturer’s
protocol. Briefly, 10pg of antibody was coupled and
crosslinked to protein A/G plus agarose resin. A total of
1 x 10® mouse ESCs were rinsed with phosphate-buffered
saline, scraped and lysed in immunoprecipitate lysis buffer
(0.025M Tris, 0.15M NaCl, 0.001 M EDTA, 1% NP-40
and 5% glycerol supplemented with 1x EDTA-free
protease inhibitor, Roche) for an hour at 4°C. Lysate
was centrifuged at 10 000 g (13 000 rpm) for 15min. The
supernatant was collected and subjected to Protein assay
(Bio-rad). One milligram of whole cell protein lysate was
incubated with the crosslinked antibody overnight at 4°C.
Immunoprecipitated proteins were washed, eluted and
resolved using 12% SDS-PAGE. Protein of interest was
then detected by the corresponding antibody in western
analysis. Immunoprecipitation and western analysis were
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performed using anti-Z{p206 antibody (1:1000 (1)) and
anti-Zfp110 antibody (1:500; Abcam #ab68789).

Crystallization of Zfp206SCAN and preparation of heavy
atom derivative

Crystallization of Zfp206SCAN and preparation of heavy
atom derivative were done as described previously (19).
In brief, crystal hits of Zfp206SCAN were obtained by
high-throughput crystallization screen and manually
optimized in a hanging-drop setting. The better crystals
were obtained with 15 mg/ml of Zfp206 protein under the
condition of 0.3M ammonium sulfate, 0.1 M Tris—Cl,
pH 8.6 and 25% PEG 3350 with 25mM ethylenediam-
inetetraacetic acid disodium salt dehydrate. Mercury
derivative crystals were prepared by soaking crystals in a
reservoir solution containing 10mM HgCl,. Finally,
crystals were transferred to a reservoir solutions containing
10% glycerol and flash frozen directly in liquid nitrogen.

X-ray data collection, processing and structure solution

A native data set at 1.85 A resolution and a mercury de-
rivative data at 2.2 A resolution were collected on the X29
beamline at the Macromolecular Crystallography
Research Resource (PXRR, USA). All data set were pro-
cessed using the HKL-2000 software (22) (Table 1). Five
heavy atom sites of Zfp206SCAN were found by SOLVE/
PHENIX (23) at a resolution range of 50-2.2A. The
Single anomalous dispersion (SAD) phases were
calculated in AUTOSOL/PHENIX (24). The model
derived from the data of mercury derivative crystals was
used as an initial model for molecular replacement using
the higher resolution native dataset of Zfp206SCAN by
AUTOMR in PHENIX. An initial model was automatic-
ally built using AUTOBUILD in PHENIX. The model
was manually built into 2Fo-Fc and Fo-Fc maps in
COOT (25). The refinement was carried out using
PHENIX.REFINE (26). Translation/Libration/Screw
(TLS) refinement was applied in the last steps of the re-
finement. PyMol (27) (http://www.pymol.org) was used
for generating molecular figures and structural analysis.

Model for Zfp206SCAN-Zfp110SCAN heterodimer

Currently, a 3D structure is unavailable for Zfp110SCAN.
We built a three-dimensional model for Zfpl10SCAN
using homology modeling software, MODELLER (28).
Zfp206SCAN was used as a structural template for
modeling. The accurate alignment between query and
template protein is important for homology modeling.
We performed the pairwise alignment between
Zfpl10SCAN and Zfp206SCAN using CLUSTALW
software (29). The sequence identity between the two
domains is 42.7%. We generated 20 homology models,
and the model with lowest energy was selected as a final
model for further analysis. To assess the quality of the
model to check whether the model has any local or
global error, we utilized HARMONY server, which
assesses the compatibility of an amino acid sequence
with a proposed three-dimensional structure (30).

We employed two steps to create Zfp206SCAN-
Zfpl10SCAN  heterodimer. In the first step,
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Table 1. Crystallographic data collection and refinement statistics

Parameter Native Hg
Crystal data
Space group . 1422 1422
Cell dimensions (A)
a 67.565 67.776
c 87.544 87.456
Diffraction data®
Wavelength (A) 1.08 1
Resolution (A) 50-1.85 (1.92-1.85) 50-2.2 (2.28-2.2)
Rinerge” (%) 4.5 (46.8) 8.5 (61.5)
I/1 47.5 (6.0) 41.1 (6.7)
Completeness (%) 100 (100) 100 (100)
Redundancy of data 15.2 (14.1) 29.9 (27.5)
Phasing statistics
Riso 322
No. sites 4
Rcullis (acentric/centric) 0.673/0.339

Structure refinement
Resolution (A)
No. reflections

Rwork/Rcfrcc (0/0)

No. atoms
Protein 690
Water 25
Average isotropic (or equivalent) B-factors
Macromolecule 45.135
Main chain (85 residues) 40.857
Side chain (74 residues) 49.290
Solvent 41.21
R.m.s deviations from ideal
Bond lengths (A) 0.008
Bond angles (°) 0.984
Ramachandran analysis (%)
Favored 97.5
Additionally allowed 2.5
Disallowed 0

47.4-1.85 (1.97-1.85)
8692
20.3/23.5 (20.5/26.3)

“Values in parentheses are for the highest resolution shell.

mecrgc = Y Zi |Li(hkl) — <I(hkl)> |/Z,; X; Ti(hkl), where Ii(hkl) and <I(hkl)> are the intensity of measurement i
and the mean intensity for the reflection with indices /hk/, respectively.
“Ruork = Skl Fovsl — K1 Fcacl [/ Znial | Fobsll; Revee = Zpract [ Fobsl — kI Featcl )/ Znkictl| Fowsll; #kICT —test set.

Zfp206SCAN model was superimposed on top of
Zfpl110SCAN homodimer using LSQMAN program
(31). Zfp206SCAN homodimer consists of two identical
subunits namely chain A and chain B. LSQMAN program
superimposed Zfpl10SCAN model on top of chain B
of Zfp206SCAN. In the second step, chain B of
Zfp206SCAN was removed from the superimposed coord-
inates. This gave us a heterodimer complex containing
Zfpl10SCAN and Zfp206SCAN. Molecular dynamics
(MD) simulations were performed to analyze the stability
of the model (32) (see Supplementary Method).

RESULTS
Overall structure of Zfp206SCAN

The 1.85A structure of Zfp206SCAN was solved by mo-
lecular replacement using a lower resolution model derived
from the data of a mercury-derived Zfp206SCAN crystal,
and the structure was finally refined with a Rp. value of
23.5% including data to 1.85 A resolution (Table 1). The
backbone dihedrals are found in ‘allowed’ regions of

Ramachandran space. The deviations between the bond
distances in the model and ‘ideal’ bond distances is small
(0.008 A) and so are the bond angle deviations (0.984°).
Except for the C-terminal eight residues ‘VPRDISHM’,
all the other amino acids are visible in the electron density
map. Zfp206SCAN is a domain-swapped antiparallel
homodimer arranged around a crystallographic 2-fold
axis with five o helices in each monomer (Figure 1A). The
loop between helix 2 and helix 3 connects the two
subdomains in each monomer. Helix 2 and helix 3 form
the core of the dimer interface with helix 2 packing
against helices 3 and helix 5 of the opposing monomer
and vice versa. The amino-terminal helix 1 provides add-
itional dimer contact with helix 3 of the other monomer
(Figure 1B). However, helix 4 does not contribute to the
dimer interface contacts (Figure 1A). The dimer interface
contains several polar interactions (Figure 1B), but the
majority of the contact interface is composed of hydropho-
bic amino acids (Figure 1C). The electron density is very
clear at most regions of the model enabling unbiased
modeling, and the dimer interface, in particular, is very
well defined (Figure 1B and C) (33).
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Figure 1. Overall structure of Zfp206SCAN. (A) The Zfp206SCAN domain-swapped dimer is formed by packing helix H2 of one monomer (green)
against helices H3 and helix H5 of the opposing monomer (orange). (B) The (2Fo-Fc) map of the dimer interface involving residues Argl3 and Arg31
in molecule 1 and GIn56 and Glu50 (as indicated in Figure 2A) in molecule 2 of Zfp206SCAN contacted by hydrogen bond. The electron density
(2F,-F,) is displayed at the 0.50 level. (C) The (2Fo-Fc) map of the dimer interface involving residues Ile48 and Leu49 in molecule 1 and Cys34, Ile48

and Leu49 of molecule 2 (as indicated in Figure 2A).

Selective dimerizations of Zfp206SCAN with other SCAN
domains of family members

Next, we asked whether the Zfp206SCAN is able to form
heterodimers with other SCAN family members. To this
end, we performed multiple sequence alignments using
CLUSTAL W (34) and selected 20 SCAN domains
(details of functions shown in Supplementary Table 4)
TFs based on the distances to Zfp206 on a phylogenetic
tree based on multiple sequence alignments of 52 SCAN
domain for interaction studies (Figure 2A and
Supplementary Figure 1). We expressed and purified
those 20 SCAN family members with N-terminal MBP
tags and conducted MBP pull-down assays to identify
partners of the Zfp206SCAN. Zfp206SCAN was purified
from MBP-Z{p206SCAN by TEV digestion to remove
MBP tag. MBP-Z{p206SCAN is a dimer in solution
(Supplementary Figure 2). To increase the chance of
heterodimer formation, excess tag-free Zfp206SCAN
(100 pg) was mixed with MBP-SCAN proteins (20 pg).
Higher incubation temperature (25°C) other than 4°C
was chosen to favor the formation of heterodimers. In
the previous study (35), high concentration and tempera-
ture were adopted for heterodimerization of SCAN
domains in pull-down assay too. Zfp206SCAN was
pulled down by MBP-fused SCAN domains of
ZSCAN4, Zfp110, Zfpl67, ZNF24, ZNF75 and MZF1
(Figure 2B). However, the SCAN domains of ZNF165,
ZNF174, Zfp192, ZNF193, ZNF197, ZNF390, ZNF394,
ZNF435, ZNF452, Zfp44s, Zfp449 and Zfp496 did not
interact with Zfp206SCAN at all (Figure 2B). This

suggests that the Zfp206SCAN selectively interacts with
a subset of SCAN domains amongst the 20 selected can-
didates. In addition, this indicates that ZSCAN4, Zfp110,
Zfpl67, ZNF24, ZNF75 and MZF1 have the potential to
be novel biological partners for Zfp206. The binding was
also observed between Zfp206SCAN and MBP-
Zfp206SCAN, which further supports the homo-
dimerization of the SCAN domain of Zfp206.

We also tried to co-express and purify Zfp206SCAN
(with C-terminal His-tag)-Zfpl110SCAN (with C-terminal
Strep-tag) heterodimer, which was cloned in pCOLA
plasmid. The complex was first purified by Ni-NTA
affinity column and then by streptactin beads. After two
steps  of affinity  purifications,  Zfp206SCAN-
Zfp110SCAN heterodimer was purified (Supplementary
Figure 3).

Domain-swapped topology is a possible preference of
Zfp206SCAN-Zfp110SCAN heterodimer

Next, we wanted to understand the structural basis for
the selective heterodimerization of Zfp206 and Zfpl10.
To this end, we generated a structural model of
Zfpl10SCAN, a homodimer, using MODELLER (28)
based on the atomic coordinates of Zfp206SCAN
homodimer. We then superimposed one single chain of
Zfpl110SCAN on one chain of Zfp206SCAN to create
the model of Zfp206SCAN-Zfpl10SCAN heterodimer.
Next, we performed MD simulations to confirm the sta-
bility and the molecular contacts of the heterodimer
model. In our model, Zfp206SCAN-Zfpl10SCAN
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Figure 2. In vitro MBP pull-down assay of Zfp206SCAN and other SCAN domains. (A) Multiple sequence alignments of the SCAN domains used
in MBP pull-down assay. Secondary structure elements of SCAN domains are shown under the alignments as orange blocks. Arrows are for polar
interface residues, and dots are for hydrophobic residues seen in the structure of the Zfp206SCAN homodimer. The numbers are shown above the
alignment mark residues with the conserved portion of the SCAN domain for easier comparison. The red arrows and dots are the mutated residues
described in the later study (Figure 4). (B) Pull-down of non-tagged Zfp206SCAN using amylose beads pre-coated with recombinant MBP or
MBP-SCAN fusion proteins. The prey proteins were detected by SDS-PAGE and Coomassie stain, and identified to be Zfp206SCAN by mass
spectrometry. The upper bands in lanes 9 and 10 are the dimer of MBP167SCAN. The additional bands seen in lanes 14, 15, 32, 39 and 43 are

non-specific proteins produced during purification.

heterodimer resembles Zfp206SCAN homodimer with a
domain-swapped topology (Figure 3A). The interface
interactions to stabilize the Zfp206SCAN-Zfp110SCAN
heterodimer involve a certain number of hydrophobic
interactions and hydrogen bonds (Figure 3B). Next, we
attempted to introduce interface mutations to selectively
disrupt homodimer or heterodimer formation.

Construction of Zfp206SCAN-Z{fp110SCAN heterodimer
connected by a linker

Next, we wanted to further study the basis for the selective
heterodimerization of Zfp206 and Zfpll0. The
Zfp206SCAN protein could be expressed and purified
from E. coli in a soluble form as shown in the SDS-
PAGE analysis (Figure 3C). When analyzed by size-exclu-
sion chromatography, the Zfp206SCAN eclutes as a single
symmetric peak reminiscent of the molecular weight of the
dimeric form of the protein (21 kDa, Figure 2E). Likewise,
the purified Zfp1 10SCAN elutes at a size corresponding to
a homodimeric form (Figure 3C and D). We next asked

whether the homodimers are preferentially formed when
the Zfp206SCAN and Zfpl110SCAN are mixed. However,
we are unable to distinguish homodimers and hetero-
dimers in size-exclusion chromatograms. Therefore, we
resorted to the stochiometric analysis of a
Zfp206SCAN-Zfp110SCAN fusion protein.

To design the fusion protein, we connected the
Zfp206SCAN and Zfpl10SCAN with a flexible 21
amino acid linker that would permit the formation of
either intramolecular or intermolecular complex
(Figure 4A). By size-exclusion analysis, we observed a
single peak reminiscent of the theoretical molecular
weight of a single Zfp206SCAN-Zfpl10SCAN fusion
protein of 23 kDa forming an intramolecular heterodimer
(Figure 4A—C). This peak perfectly superimposes with a
peak obtained from unlinked homodimers of the
Zfp206SCAN. Because both of Zfp206SCAN and
Zfpl10SCAN can self-associate in the absence of a
linker, the absence of an intermolecular interaction
between fusion proteins strongly suggests that
heterodimeric interactions are preferred between the



Zfp206SCAN
Zfp110SCAN

Nucleic Acids Research, 2012, Vol. 40, No. 17 8727

Zfp206 homodimer ’
670KD: i
a Zfptighomodimer ‘
150 158 KDa
2
E 100+
50 44K0)
o L

] 2‘0 4‘0 Gb Sb 160 1‘20 14‘0

Volume (ml)

Figure 3. Model for Zfp206SCAN-Zfpl10SCAN heterodimer. (A) Model for Zfp206SCAN-Zfpl10SCAN created by superimposing Zfpl [0SCAN
monomer on Zfp206SCAN molecule of the homodimer followed by MD simulations. In the model, the Zfp206SCAN monomer is presented in red
and the Zfpl 10SCAN monomer is presented in blue. (B) Based on the model of Zfp206SCAN and Zfpl10SCAN heterodimer, interface residues
(shown in green) including Arg 13, Arg 31, Ile 48 and Leu 49 in Zfp206SCAN monomer and Cys 34, Leu 38 and Leu 49 in Zfpl I0SCAN were
chosen for mutations to disrupt interactions between the two monomers. (C—-D) Homodimerization of Zfp206SCAN and Zfp110SCAN. (C) Fifteen
percent SDS-PAGE showing purified Zfp206 in lane 2 and Zfpl10 in lane 3 and molecular weight standards in lane 1 in kilo Daltons.
(D) Size-exclusion chromatogram showing that the Zfp206SCAN as well as the Zfpl I0SCAN elute as a single symmetric peaks corresponding to
the molecular weight of the homodimeric forms of the proteins (21 and 24.8 kDa). The cartoons represent the protein conformations.

Zfp206SCAN and the Zfpl10SCAN, while homodimers
would be formed only in the absence of a
heterodimerization  partner.  The  Zfp206-Zfpl10
heterodimer shows a-helical characters in CD spectra
(Supplementary Figure 4A). By contrast, an analogous
chimeric Zfp206SCAN-ZNF174SCAN fusion protein
eluted at a volume suggesting a molecular weight higher
than 46 kDa (Figure 4A). This molecular weight suggests
intermolecular interactions reminiscent of a homodimeric
interaction in the absence of a linker. Consistently,
Zfp206SCAN and the ZNF174SCAN were found to not
interact in our pull-down assay (Figure 2B). Thus, our size
exclusion-based assay allows us to robustly distinguish
between SCAN homodimers and heterodimers and
verifies that Zfp206 and Zfpll0 form heterodimers,
whereas Zfp206 and ZNF174 do not.

The amino-terminal helix 1 plays a role in
heterodimerization of Zfp206SCAN and Zfpl110SCAN

The amino-terminal helix 1 of the SCAN domain shows
the most diverse sequence and a variable pattern of hydro-
phobic residues (Figure 2A). Hence, helix1 is a candidate
to encode selectivity determinants that underlie dimeriza-
tion preferences of SCAN domains (36). Therefore, we
decided to investigate the role of amino-terminal helix 1

for the dimerization of Zfp206SCAN and Zfp110SCAN.
As indicated before, ZNF174SCAN did not interact with
Zfp206SCAN, so we swapped the helix | of Zfpl I0SCAN
with the helix 1 of ZNF174SCAN and constructed a
chimeric pr206fo}3110/H1174 protein. Interestingly,
Zfp206-Zfpl10/H1'"* resulted in an intermolecular
homodimer (Figure 4D) and some large partially
unfolded products (Figure 4D and Supplementary
Figure 4B) indicated by size-exclusion chromatography,
suggesting the disruption of Zfp206-Zfpl110 heterodimer
in the presence of H1'7*. Next, helix 1 of ZNF174SCAN
was swapped with the helix 1 of ZfPIIOSCAN to con-
struct a chimeric ZNF174/H1"'""SCAN  protein.
The ZNF174/H1'"'°SCAN exhibited an enhanced ability
to interact with Zfp206SCAN when compared with
wild-type ZNF174SCAN (Supplementary Figure 5D,
and Supplementary Figure 5A shows the control
for heterodimer.). In addition, deletion of the helix 1
of Zfp206SCAN and Zfpl10SCAN, respectively,
resulted in the formation of intermolecular homodimers
of Zfp206SCAN-Zfp110SCAN AH1 and
Zfp206SCANAHI1-Zfpl110SCAN (peak 1 shown in
Supplementary Figure 5B and C).

To further dissect determinants for the selective dimer-
ization, we chose to mutate two charged residues
(Zfp206SCANRI13AR31A) and two other hydrophobic
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Figure 4. Role of the amino-terminal helix 1 for Zfp206SCAN and Zfpll0SCAN heterodimerization and mutations based on the
Zfp206SCAN-Zfpl 10SCAN heterodimer. (A) The intramolecular linker-mediated Zfp206-Zfp110 heterodimer elutes at the volume corresponding
to the theoretical molecular weight of a monomeric fusion protein 23 KDa, which is virtually identical with the elution profile of un-connected
Zfp206SCAN homodimer (21 KDa). Oppositely, the Zfp206-ZNF174 elutes at the volume corresponding to a higher molecular weight indicating the
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Figure 5. Zfp206 interacts with Zfpl10 in vivo. (A) Anti-Zfpl10
antibody was used to immunoprecipitate (IP) Zfp110 and the co-IP
products were analyzed by western blot (WB) with an anti-Zfp206
antibody to test whether Zfp110 interact with Zfp206. Vice versa, (B)
anti-Zfp206 antibody was used to immunoprecipitate Zfp206, and co-IP
products were analyzed by WB with an anti-Zfp110 antibody to check
whether Zfp206 interacts with Zfp110.

residues (Zfp206SCANI48AL49A) of the dimer inter-
face based on our heterodimer models (Figure 3).
Individual point mutations did not result in the disruption
of the interaction between Zfp206SCAN-Zfpl110SCAN
(data not shown). However, double mutants
Zfp206SCANI48AL49A and Zfp206SCANRI3AR3IA
lead to the formation of a heterogencous elution profile
with intermolecular complexes indicating a loss of a stable
intramolecular complex as proxy for a heterodimer
(Supplementary Figure 6B and C, and Supplementary
Figure 6A is shown as a control for heterodimer).
Furthermore, combining all four  mutations
(Zfp206SCANI48AL49AR31ARI3A) revealed one peak
at the position of dimerization of Zfp206SCAN—
Zfpl110SCAN protein by gel filtration (Figure 4E) and
some large partially unfolded products (Figure 4E and
Supplementary Figure 4C). Likewise, mutations on cor-
responding Zfpl10SCAN interface residues (Zfp110SCA
NC34AL38AL49A and Zfpl10SCANESOAQS6A) also
resulted in upper shifted peak compared with the chroma-
tography of the native Zfp206SCAN-Zfpl10SCAN
(Figure 4F and Supplementary Figure 6D).

Z£p206 interacts with Zfp110 in embryonic stem cells

Zfp206 is known to play a role in maintaining
pluripotency (1). Zfpl110 was reported to participate in
apoptosis in the mouse embryonic neural retina (17). To
test the endogenous interaction between Zfp206 and
Zfp110 in the ESCs, we assayed for their interaction via
co-immunoprecipitation. The anti-Zfpl10 antibody was
used to pull down the endogenous Zfpll0 protein.
Anti-Zfp206 antibody was then used to probe the
pull-down products to test whether Zfpl110 interacted
with Zfp206 (Figure 5). In the reciprocal experiment,
anti-Zfp206 antibody was used to immunoprecipitate the
endogenous Zfp206 protein. The pulled down products
were probed with anti-Zfpl10 antibody to examine
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whether Zfp206 interacted with Zfp110 (Figure 5). The
results of both experiments showed that Zfp206
co-immunoprecipitated with Zfp110.

DISCUSSION

Transcription factor proteins often form molecular
complexes on cis-regulatory DNA to combinatorially
regulate the expression of nearby genes. In many cases,
those partnerships are mediated by the DNA-binding
domains through direct protein contacts or via an
indirect, DNA-mediated, crosstalk between the partnering
proteins (37-41). We have previously demonstrated that
subtle modifications at the dimerization interface of TFs
can have profound consequences and dramatically swap
the potential of TFs to trigger cellular specification events
(40). However, some TFs contain additional domains that
can affect their dimerization potential and thereby control
which genes are regulated. Therefore, we decided to study
the SCAN that is found in many transcription factors with
critical roles in early mammalian development.

To shed light on the complex formation of C2H2 zinc
finger proteins, we report the structure of the SCAN
domain of Zfp206 transcription factor to high resolution.
Zfp206SCAN has a domain-swapped topology similar to
two other family members, which were solved by NMR
(14,15) (Figure 6). The presence of the SCAN domain in
Zfp206 transcription factor and the homodimerization of
this SCAN domain suggest that Zfp206 might bind to
DNA as a homodimer. This is consistent with the
finding that Zfp206 binds to a consensus palindrome
motif GCGCATGCGC (3). It is assumed that the
members from the SCAN family of transcription factors
form a transcription network by self-association and se-
lective association with other members mediated by
SCAN domain (11,13,36). The results of our MBP pull-
down assay suggest that Zfp206 can selectively interact
with other SCAN-containing transcriptional regulators
by SCAN-mediated heterodimerization. Zfp206 is
reported to play an important role in maintaining the
pluripotent stage of ESCs (1,3). The newly found biolo-
gical partners for Zfp206 give us more clues about the
functions of this transcription factor. For instance, as
reported, Zscan4 promotes telomere elongation and main-
tains genomic stability in ESCs (16). Zfp206 might collab-
orate with Zscan4 or regulate its functions by
heterodimerization. Another partner ZNF24 (ZNF191)
is known to be necessary for the maintenance of the un-
differentiated stage of neural progenitors (42). This
suggests possible role of Zfp206 in inhibiting neuronal
differentiation and the maintenance of progenitor

Figure 4. Continued

formation of an intermolecular homodimer. The profile of a molecular weight standard is overlaid as green curve. (B) 15% SDS-PAGE gel shows
purified Zfp206-ZNF174 (lane 2) and Zfp206-Zfp110 (lane 4) and molecular standards (lane 1 and 3; weights in kilo Daltons). (C) Elution profile of
the linker mediated intramolecular Zfp206-Zfp110 heterodimer (left) and SDS-PAGE of the eluted fractions (right). (D) Elution profile of the
Zfp206-/Zfp110_H1'™ protein suggesting the formation of an intermolecular homodimer instead of the linker-mediated heterodimer seen in (C).
Cartoon drawing of the various complexes are shown as inset of the chromatograms with the Zfp206SCAN in red, the Zfpl 10SCAN in blue and the
ZNF174SCAN in green. The linker is illustrated with a black line and the helix1 of the ZNF174SCAN that was introduced into the Zfpl 10SCAN is
shown as green bar. (E) Zfp206-4mut-Zfpl10 intermolecular homodimer (Zfp206SCANI48AL49ARI3AR31A-Zfpl10SCAN) and (F)
Zfp206-Zfp110-3mut intermolecular homodimer (Zfp206SCAN-Zfpl10SCANC36AL40ALS51A).
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Figure 6. Structural alignment of Zfp206SCAN homodimer with
ZNF174SCAN homodimer (PDB entry 1Y7Q) and MZFISCAN
homodimer (PDB entry 2F12). The Zfp206SCAN is shown in green;
the ZNF174SCAN is shown in pink and MZFISCAN is shown in
yellow.

characteristics. This is consistent with the finding that
Zfp206 functionally teams up with Sox2 (3), another key
component of maintaining neural progenitor identity (43).
However, till now there is little knowledge about the func-
tions of some other partners indicated in our results, such
as ZNF75, Zfp167 and Zfp213. The interactions of these
transcription factors with Zfp206 might hint at their
possible roles involved in the transcription pathways of
ESCs.

Zfp110, also known as neurotrophin receptor interact-
ing factor, is reported to be involved in p75(NTR)/
NGF-mediated developmental cell death in the mouse em-
bryonic neural retina. Zfp110 is ubiquitously expressed at
higher and constant levels in the embryo than in the adult.
Overexpressed GFP-Z{p110 alone is primarily located in
nucleus but could trans-localize outside the nucleus on
co-expression of p75NTR (17). The heterodimerization
of Zfp206 and Zfp110 was indicated in our in vitro MBP
pull-down assay and in vivo co-immunoprecipitation ex-
periments. It is possible that Zfpl110 is retained in the
nucleus to conduct functions of gene regulation by inter-
acting with Zfp206 through SCAN dimerization, but not
translocate outside the nucleus to interact with p7SNTR
to induce apoptosis. Apoptosis is known to be associated
with differentiation of ESCs (44). This indicates another
potential function of Zfp206 for maintaining pluripotency
in ESCs.

To study the heterodimerization of Zfp206SCAN
and Zfpl10SCAN, we constructed a fusion protein
Zfp206SCAN-Zfpl10SCAN by connecting the two
monomers with a flexible linker. As shown in the results
of size-exclusion chromatography, the interaction
between Zfp206SCAN and ZfplI0SCAN make this
Zfp206SCAN—-Z{pl 10SCAN protein favor a compact
topology of a heterodimer (23kDa) rather than the

formation of homodimer or multimer. This construct also
facilitated the evaluation of mutation effects on the
heterodimer. A previous study had shown that the
monomer status of the SCAN domain is unfolded.
The SCAN domain is in equilibrium between the
domain-swapped folding status and the unfolded
monomer (12). Domain swapping is a kind of oligomeriza-
tion in which each monomer is interchanged with another
identical partner by interactions that are important for
stabilizing the protein from its unfolded monomeric form
(45). One recent study showed that the overall monomer
topology is a crucial factor that determines the preference
for the domain-swapped topology (46). The sequence align-
ment (Figure 2A) and structural alignment (Figure 6) of
SCAN domains indicate high conservation between each
member. We superimposed the Zfpl10SCAN monomer
on one monomer of Zfp206SCAN to create the
Zfp206SCAN-Zfpl I0SCAN heterodimer. Similar to the
homodimer, the heterodimer interface interactions involve
a number of hydrophobic interactions and hydrogen bonds
(Figure 3B). Based on the analysis of the model interface,
double mutations or multiple mutations on Zfp206SCAN
monomer or comparable Zfpl10SCAN monomer, which
disrupt the intramolecular hydrophobic interactions or
hydrogen bonds between these two monomers, resulted in
the loss of compact topology of the Zfp206SCAN-
Zfpl10SCAN protein, and gave rise to intermolecular
interactions resulting in the formation of Zfp206SCAN-
Zfpl110SCAN intermolecular homodimer. The mutations
not only disrupt the interactions between Zfp206SCAN
and Zfp110SCAN but also prevent the formation of inter-
molecular homodimer. This explains the formation of par-
tially unfolded products due to the flexible SCAN monomer
failing to form homodimer in the linker protein (12). This
composite data thus suggest the possibility of a
domain-swapped topology for
Zfp206SCAN-Zfpl110SCAN heterodimer. Deleting the
N-terminal helix]l of either Zfp206SCAN monomer
(Supplementary Figure 5B) or Zfpl10SCAN monomer
(Supplementary Figure 5C) and swapping amino terminal
helix 1 of Zfp1 10SCAN with that of ZNF174SCAN (Figure
4D), which is not a partner for Zfp206SCAN, resulted in
disruption of the interaction between Zfp206SCAN and
Zfpl10SCAN and the formation of Zfp206SCAN-
Zfpl10SCAN intermolecular homodimer or partially
unfolded products. This indicated that the amino-
terminal helix 1 plays a role in heterodimerization of
Zfp206SCAN and Zfpl 10SCAN. However, there is still a
population of protein with the same character of the native
Zfp206SCAN—-Zfpl110SCAN protein. This is consistent
with our model that other parts of SCAN domain such as
helix 2 and helix 3 also enable heterodimerization. Based on
our model, the N-terminal helix 1 appears to not participate
within the core of the dimer interface. During the initial
studies, we had difficulties in getting soluble
Zfp206SCAN protein without N-terminal helix 1 (data
not shown). It has been demonstrated that N-terminal
motif participates in the initial folding stage of a protein
(47,48). The SCAN monomer is in unfolded state (12).
From energy landscape analysis, it is inferred that the
most favorable mechanism of domain swapping is native
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monomers <> partially folded monomers <« unfolded
monomers <> open-end domain-swapped dimers <>
domain-swapped dimers (49). The intermediate folding
states of SCAN monomers might determine the final
topology of heterodimer. The amino-terminal helix 1 of
SCAN domain shows the most diverse pattern in hydrop-
athy. Hydropathy is an important force for protein folding.
It is possible that difference in N-terminal helix 1 or differ-
ent contacts between helix 1 and other parts of SCAN
domain enable different folding intermediates of the
monomers while they encounter each other. This might
explain the possible route to selective heterodimerization
between SCAN proteins. It is probable that the selectivity
may be determined by combinational features in original
SCAN monomer topology such as hydropathy, hydropho-
bicity, buried surface area or isoelectric effects. However,
only the structural analysis of heterodimeric SCAN
complexes can ultimately resolve the basis for the selective
heterodmierziation between members of the SCAN family.
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