
1674–1686 Nucleic Acids Research, 2023, Vol. 51, No. 4 Published online 20 January 2023
https://doi.org/10.1093/nar/gkac1274

Allosteric autoregulation of DNA binding via a
DNA-mimicking protein domain: a biophysical study
of ZNF410–DNA interaction using small angle X-ray
scattering
Gundeep Kaur1,†, Ren Ren1,†, Michal Hammel2, John R. Horton1, Jie Yang1, Yu Cao1,
Chenxi He3, Fei Lan3, Xianjiang Lan4,5, Gerd A. Blobel5,6, Robert M. Blumenthal7,
Xing Zhang1,* and Xiaodong Cheng 1,*

1Department of Epigenetics and Molecular Carcinogenesis, University of Texas MD Anderson Cancer Center,
Houston, TX 77030, USA, 2Molecular Biophysics and Integrated Bioimaging, Lawrence Berkeley National
Laboratory, Berkeley, CA, USA, 3Shanghai Key Laboratory of Medical Epigenetics, International Laboratory of
Medical Epigenetics and Metabolism, Ministry of Science and Technology, Institutes of Biomedical Sciences, Fudan
University and Key Laboratory of Carcinogenesis and Cancer Invasion, Ministry of Education, Liver Cancer Institute,
Zhongshan Hospital, Fudan University, Shanghai 200032, China, 4Department of Systems Biology for Medicine,
School of Basic Medical Sciences; Department of Liver Surgery and Transplantation, Liver Cancer Institute,
Zhongshan Hospital, Fudan University, Shanghai 200032, China, 5Division of Hematology, the Children’s Hospital of
Philadelphia, Philadelphia, PA 19104, USA, 6Perelman School of Medicine, University of Pennsylvania, Philadelphia,
PA 19104, USA and 7Department of Medical Microbiology and Immunology, and Program in Bioinformatics, The
University of Toledo College of Medicine and Life Sciences, Toledo, OH 43614, USA

Received August 16, 2022; Revised December 19, 2022; Editorial Decision December 21, 2022; Accepted December 27, 2022

ABSTRACT

ZNF410 is a highly-conserved transcription factor, re-
markable in that it recognizes a 15-base pair DNA el-
ement but has just a single responsive target gene
in mammalian erythroid cells. ZNF410 includes a tan-
dem array of five zinc-fingers (ZFs), surrounded by
uncharacterized N- and C-terminal regions. Unex-
pectedly, full-length ZNF410 has reduced DNA bind-
ing affinity, compared to that of the isolated DNA
binding ZF array, both in vitro and in cells. AlphaFold
predicts a partially-folded N-terminal subdomain that
includes a 30-residue long helix, preceded by a hair-
pin loop rich in acidic (aspartate/glutamate) and
serine/threonine residues. This hairpin loop is pre-
dicted by AlphaFold to lie against the DNA binding
interface of the ZF array. In solution, ZNF410 is a
monomer and binds to DNA with 1:1 stoichiometry.
Surprisingly, the single best-fit model for the experi-
mental small angle X-ray scattering profile, in the ab-
sence of DNA, is the original AlphaFold model with
the N-terminal long-helix and the hairpin loop occu-

pying the ZF DNA binding surface. For DNA binding,
the hairpin loop presumably must be displaced. After
combining biophysical, biochemical, bioinformatic
and artificial intelligence-based AlphaFold analyses,
we suggest that the hairpin loop mimics the structure
and electrostatics of DNA, and provides an additional
mechanism, supplementary to sequence specificity,
of regulating ZNF410 DNA binding.

INTRODUCTION

DNA recognition by transcription factors is essential for
appropriate expression of genes in any living organism (1).
These DNA binding proteins exert their effects by bind-
ing at appropriate genomic locations on the double helix.
Zinc finger (ZF) proteins, containing Cys2-His2 (C2H2)-
coordinated zinc ligands, probably comprise the largest
family of regulatory proteins in mammals (2,3). Two recent
studies identified ZNF410, also known as another partner
for tumor suppressor ARF (APA-1) (4), as the DNA bind-
ing protein that activates a single gene, CHD4, via bind-
ing to its promoter and regulatory enhancer regions (5,6).
CHD4, in turn, is a component of the nucleosome remod-
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eling and deacetylase complex (NuRD (7)), that is required
for the silencing of the fetal type globin genes.

ZNF410 isoform b is a 478-amino-acid protein contain-
ing five C2H2 zinc fingers, flanked by N-terminal (NT) and
C-terminal (CT) regions of unknown function (Figure 1A).
ZNF410 is made in multiple isoforms (Figure S1), adding
to the apparent complexity of its functioning. [In this study,
we used only isoform b or its truncations.] ZNF410 is highly
conserved among mammals (Figure S2), and more gen-
erally among vertebrates (Figure S3). Its DNA sequence
specificity also appears to be highly conserved, as the char-
acteristic densely clustered ZNF410 binding ‘boxes’ (5,6)
occur upstream of the genes for CHD4 orthologs across the
vertebrates (interestingly, always in the same orientation;
Figure S3C).

We previously characterized the crystal structure of
ZNF410’s five tandem ZFs, in complex with a 17-base pair
oligonucleotide taken from the consensus sequence of the
CHD4 promoter and enhancer (5). Besides the DNA bind-
ing domain, many transcription factors contain an acti-
vation domain, an oligomerization (dimerization) domain,
and/or a ligand binding domain, e.g. NF-�B (8–10), p53
(11,12) and nuclear receptors (13–15). Usually, these do-
mains are connected by disordered linkers.

Here, we study the solution behavior of full-length
ZNF410, in the presence and absence of DNA, using
small angle X-ray scattering (SAXS). SAXS is emerging
as a powerful tool for structural characterization of bio-
logical macromolecules in solution, particularly for disor-
dered linkers and dynamic complexes involving protein-
protein and protein-nucleic acid interactions (16–19). We
observed that ZNF410 is primarily a monomeric pro-
tein, which adopts a range of conformations in solu-
tion. Upon binding DNA, ZNF410 undergoes signif-
icant conformational changes in solution, thus modu-
lating its ability to form a stable ZNF410/DNA com-
plex. The wide range of conformational states adopted
by ZNF410 can be attributed to the extended regions
of intrinsic disorder that connect functional domains. We
report here that one of these AlphaFold-predicted do-
mains contains an apparently DNA-mimicking hairpin
loop, enriched in acidic (aspartate/glutamate) and hydroxyl
(serine/threonine) residues, that appears to regulate the
ability of the ZF array to bind DNA via a cis-acting al-
losteric mechanism.

MATERIALS AND METHODS

Recombinant proteins expression and purification

The DNA fragments coding for the full length (FL) human
ZNF410 (NP 001229855.1; residues 1–478; pXC2179), and
four different subsections: NT (residues 1–216; pXC2288),
ZF (residues 217–366; pXC2180), NT-ZF (residues 1–366;
pXC2218), ZF-CT (residues 217–478; pXC2217), were lig-
ated into pGEX-6P-1 vector with a GST fusion tag. The
plasmids were transformed into Escherichia coli strain
BL21-Codon-plus (DE3)-RIL (Stratagene). Bacteria were
grown in Lysogeny broth (LB) in a shaker at 37◦C until
reaching the log phase (A600 nm between 0.4 and 0.5), at
which time the shaker temperature was set to 16◦C and 25

�M ZnCl2 (final concentration) was added to the cell cul-
ture to ensure Zn incorporation into the ZF domains. When
the A600 nm reached ∼0.8, protein expression was induced by
the addition of 0.2 mM (final concentration) isopropyl-�-D-
thiogalactopyranoside (IPTG), with subsequent growth for
20 h at 16◦C. The ZF, NT-ZT, ZF-CT and FL proteins were
purified as described, via a three-column chromatography
protocol (5).

To purify NT, cells were collected by centrifugation and
the pellet was suspended in lysis buffer [20 mM Tris–
HCl, pH 7.5, 500 mM NaCl, 5% glycerol, 0.5 mM tris(2-
carboxyethl)phosphine (TCEP)]. Cells were lysed by son-
ication, and debris was removed by centrifugation for 30
min at 47 000 × g. The supernatant was loaded onto a 5
ml GSTrap column (GE Healthcare). The resin was washed
with lysis buffer, and bound protein was eluted with elution
buffer (100 mM Tris–HCl, pH 8.0, 500 mM NaCl, 5% glyc-
erol, 0.5 mM TCEP and 20 mM reduced form glutathione).
The GST fusions were digested with PreScission protease
(produced in-house) to remove the GST fusion tag. The
cleaved protein was loaded onto a 5 ml HiTrap-Q-HP col-
umn (GE Healthcare). The protein was eluted by an NaCl
gradient from 0.1 to 1 M in 20 mM Tris–HCl, pH 8.0,
5% glycerol and 0.5 mM TCEP. The peak fractions were
pooled, and loaded onto the GSTrap column again to re-
move free GST. The flowthrough sample was concentrated,
and loaded onto a HiLoad 16/60 Superdex S200 column
(GE Healthcare) equilibrated with 20 mM Tris–HCl, pH
7.5, 150 mM NaCl, 5% glycerol and 0.5 mM TCEP. The
protein was frozen and stored at −80◦C prior to use.

Mutagenesis

We generated seven substitutions of hydroxyl residues
(S148D, S154D, S155D, S157D, T158E, S160D and S161D)
within the hairpin-loop in the context of the full length (FL,
pXC2319) or NT-ZF fragment (pXC2312) of ZNF410. The
first substitution, S148D (pXC2330), was introduced by
one-step PCR-based mutagenesis (Table S1). We introduced
the other six mutations (S154D, S155D, S157D, T158E,
S160D and S161D) on top of the S148D mutant, using a
two-step PCR amplification procedure. In the first step, two
fragments overlapping at the region to be altered were gen-
erated using a pair of primers (Table S1). In the second
step, the two fragments containing the S/T-to-D/E substi-
tutions were used as the templates with the 5’ forward and
the 3’ reverse primer pair to generate the final mutant con-
structs. For the D/E-to-A substitutions at acidic residues
D143, E144, E146 and D147, the same two-step PCR am-
plification procedure was adopted, via two fragments over-
lapping at the targeted region using a pair of primers (Table
S1). All mutants were confirmed by sequencing, and cloned
into pGEX-6P-1 vector with an N-terminal GST tag.

The expression and purification procedures for ZNF410
from the mutants were similar to those of WT protein, as
described (5), with two modifications. First, the cell lysate
was treated with 0.1% (w/v) polyethylenimine instead of
0.3% (w/v). Second, the mutant protein was eluted from a 5-
mL HiTrap-SP-HP (GE Healthcare) cation exchange chro-
matography column, instead of an anion exchange column,
by a NaCl gradient from 0.1 to 1 M in 20 mM Tris–HCl,
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Figure 1. Structure prediction of full length human ZNF410. (A) Schematic of ZNF410 comprising three regions: N-terminal (NT; green), a tandem of
five zinc fingers (ZF; blue) and C-terminal (CT; magenta). (B) PONDR prediction shows two ordered regions of residues 100–200 and the central ZF
domain. (C) The crystal structure of five ZFs (residues 217–366) in complex with DNA (PDB 6WMI). (D) AlphaFold prediction of ZNF410 structure in
the absence of DNA. NT, ZF and CT are represented in green, blue and magenta respectively. The secondary structural elements of the NT domain are
labeled (helices �A and �B and strands �1–�4). (E) Superposition of AlphaFold model and experimentally determined structure of the ZF-DNA complex
(PDB 6WMI). (F) Surface representation of the 30-residue-long helix (�B) and its preceding loop (L4B), occupying the DNA binding surface of the ZF
domain. (G) Cartoon representation of ordered regions in ZNF410, represented as in (A, D, E and F) in green, blue and magenta. Five ordered ZFs are
numbered. The green colored N-terminal domain occupied the DNA binding surface in the absence of DNA.

pH 7.0, 5% glycerol and 0.5 mM TCEP. From the sizing col-
umn, the majority of mutant protein eluted early, as aggre-
gates, but a smaller monomer peak eluted in later fractions
and was collected for DNA binding assays.

DNA binding assays

Fluorescence polarization (FP) was used to measure the
binding affinity, using a Synergy 4 Microplate Reader
(BioTek). Aliquots (5 nM) of 6-carboxy-fluorescein (FAM)-
labeled DNA duplex (FAM-5′-CAC ATC CCA TAA TAA
TG-3′ and 3′-GTG TAG GGT ATT ATT AC-5′) were incu-
bated with varied amounts of proteins (0 to 2.5 �M) in 20
mM Tris–HCl, pH 7.5, 300 mM NaCl, 5% glycerol and 0.5
mM TCEP for 10 min at room temperature. The data were
processed using Graphpad Prism (version 9.0) with equa-
tion [mP] = [maximum mP] × [C] / (KD +[C]) + [baseline
mP], in which mP is millipolarization and [C] is protein con-
centration. The KD value for each protein–DNA interaction
was derived from two replicated experiments.

Electrophoretic mobility shift assay (EMSA) was per-
formed by incubating 0.1 �M ZF and varied amount of
NT (serial 2× dilution of 2.5 �M) and 5 nM (FAM)-labeled
DNA in 20 mM Tris–HCl, pH 7.5, 300 mM NaCl, 5% glyc-

erol and 0.5 mM TCEP for 10 min at room temperature.
Aliquots of 10 �l of reactions were loaded onto an 8% na-
tive 1× TBE polyacrylamide gel and run at 200 V for 30 min
in 0.5× TBE buffer. The gel was imaged using a ChemiDoc
Imaging System (BIO-RAD).

PONDR analysis

The amino acid sequence of human ZNF410 was retrieved
from Uniprot (Q86VK4) and given as input in FASTA for-
mat for analysis at the PONDR-VLXT (20) webserver, to
predict the propensity for intrinsic disorder in ZNF410.

SEC-SAXS data collection and processing

The protein samples of ZNF410 FL, NT-ZF and ZF-CT
were concentrated respectively to 4, 5 and 13 mg/ml. The
complex samples were prepared by incubating protein with
DNA at a 1:1 molar ratio. SEC-SAXS data were collected at
the SIBYLS beamline 12.3.1 at the Advanced Light Source
(21). X-ray wavelength was set to � = 1.127 Å, and the sam-
ple to detector distance was 2100 mm, resulting in scatter-
ing vectors (q) ranging from 0.01 to 0.4 Å−1. A total of
60 �l of purified proteins, with and without DNA respec-
tively, were prepared in running buffer (20 mM Tris pH
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7.5, 250 mM NaCl, 0.1% �-mercaptoethanol). The Shodex
KW803 column was equilibrated with running buffer, with
a flow rate of 0.5 ml/min. A 55 �l volume of each sam-
ple was injected into the SEC column, and 3 s X-ray ex-
posures were recorded continuously for 30 min. SCÅTTER
(https://bl1231.als.lbl.gov/scatter/) was used for buffer sub-
traction. The subtracted curves were merged and used for
Guinier analysis, Dimensionless Kratky plots, and comput-
ing P(r) plots. The P(r) plots were normalized based to unity
at their maxima (22). MW was calculated using SAXSMoW
2.0 (built-in ATSAS package), which applies a correction
factor to the Porod volume (23). This method has a ∼10–
12% error rate.

Solution structure modeling

The AlphaFold protein structure database (24) was used
to predict the model of the full length ZNF410. The crys-
tal structure of the zinc fingers ZF1–ZF5 in complex with
17-bp DNA (PDB ID: 6WMI) was superposed and com-
pared to the predicted model. The AlphaFold model was
used as a template to perform rigid body modeling. Mini-
mal molecular dynamic simulations were performed on the
flexible regions within the structure so as to explore the
conformational space adopted by FL and individual con-
structs of ZNF140 using BILBOMD (25). In BILBOMD
every ∼100 ps one conformational state is stored for fur-
ther SAXS fitting. We record 10 000 conformers in to-
tal, varying in Rg and Dmax values for consequent SAXS
fitting and multistate validation (26). Because of the dy-
namic and flexible character of ZNF410, a minimal en-
semble search method was used to identify the multi-state
model (27) required to best fit the experimental data. The
scattering profile from all 10 000 models was first computed
and subsequent genetic algorithm-selection operators were
performed to shortlist the best models. The experimental
scattering profiles from each construct were then compared
with the theoretical scattering profile of the shortlisted best
atomistic models generated by BILBOMD, using FOXS
followed by multistate model selection by MULTIFOXS
(27).

SEC-MALS

Eluent was subsequently split 3 to 1 between the SAXS
line and a series of UV absorbance determinations at 280
and 260 nm, MALS, quasi-elastic light scattering (QELS),
and refractometer detector. MALS experiments were per-
formed using an 18-angle DAWN HELEOS II light scatter-
ing detector connected in tandem to an Optilab refractive
index concentration detector (Wyatt Technology). System
normalization and calibration were performed with bovine
serum albumin using a 45 �l sample at 10 mg/ml in the
same SEC running buffer, and a dn/dc value of 0.19. The
light scattering experiments were used to perform analytical
scale chromatographic separations for MW determination
of the principal peaks in the SEC analysis. UV, MALS, and
differential refractive index data were analyzed using Wyatt
Astra 7 software to monitor the homogeneity of the sample
across the elution peak.

ChIP-peak calling and motif analysis

We analyzed the available ChIP-seq data (GSE154960) pub-
lished previously for HA-ZF1-5 and HA-ZNF410-FL, each
expressed in HUDEP-2 cells (5). Files in FASTQ format
were trimmed by trim galore (v0.4.4 dev), and mapped to
the human reference genome (hg38) using Bowtie (v1.2.2)
(28). Peaks were identified by MACS2 (v2.1.2) (29), and
heatmaps were generated by deeptools (v3.3.0) (30) and
pheatmap (v1.0.12). Motifs were scanned, allowing up
to two mismatches to ‘CATCCCATAATA’ by scanMo-
tifGenomeWide.pl (homer2 v4.10.1) (31).

RESULTS

ZNF410 is predicted to contain three ordered regions

To investigate the solution features of ZNF410, we first
performed analysis using predictor of natural disordered
regions (PONDR) (20), which predicts that two short
stretches within residues 100–200 and in the central ZF do-
main are ordered (PONDR score close to 0; Figure 1B). The
boundaries of the central ZF domain correspond well with
the fragment we previously used for crystallographic study
(Figure 1C) (5). During the course of our current study, Al-
phaFold (24) released protein structure predictions for the
human proteome, including human ZNF410 (Figure 1D),
which is predicted to contain three folded domain struc-
tures: N-terminal residues 73–193, the central ZF domain,
and C-terminal residues 438–478. The AlphaFold model
has a very low model confidence (pLDDT < 50 in a scale of
100) for both N- and C-terminal domains, but higher confi-
dence (between 70 and 90) for the ZF domain. Interestingly,
superimposition of the AlphaFold ZF model onto that of
our experimentally-determined ZF-DNA complex resulted
in root-mean-square (rms) deviations of <0.8 Å over 140
residues (Figure 1E); though we do not think that the ZF
array would have the same conformation in the absence of
DNA. An earlier solution NMR study revealed relative ori-
entation and mobilities of each finger within a three-finger
array (32), and comparison of X-ray structure of DNA-
bound zinc fingers and solution NMR structure of DNA-
free zinc fingers revealed that the flexibility of the linker be-
tween the two fingers in the absence of DNA may allow tan-
dem ZF arrays to sample a great number of conformations
(see figure 4H of reference (33)).

We note that in the AlphaFold model the N-terminal
30-residue-long helix (residues 164–193, named as �B) and
its preceding loop (named as Loop-4B between strand �4
and �B) occupy the DNA binding surface of the ZF do-
main (Figure 1F). This intramolecular interaction could
stabilize the ZF domain, but would have to be removed
to allow DNA binding. Similarly, the corresponding long
�B helix predicted for Bos taurus and mouse ZNF410 or-
thologs would block DNA binding (Figure S4). Taken to-
gether, the predictions of PONDR and AlphaFold suggest
that ZNF410 has two disordered regions: the extreme N-
terminal residues 1-70, and residues 367–437 connecting the
ZF and C-terminal domains (Figure 1G). We note that the
respective maximum dimensions, measured from the exist-
ing ZF-DNA complex structure (PDB 6WMI) and the Al-
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Figure 2. ZF1-5 has stronger DNA binding in the absence of the N-terminal domain. (A) An 18% SDS-PAGE gel of Bio-RAD stain-free imaging showing
the recombinant protein samples used in this study. (B) Fluorescence polarization assay of recombinant ZNF410 protein segments with and without N-
or C-terminal additions. Data represent the mean ± SD of three independent determinations (N = 3). (C) Unique binding sites of HA-ZF1-5 and HA-
ZNF410 FL in HUDEP-2 cells. Heatmaps of the signal intensities of the HA-ZF1-5 (left column), HA-ZNF410 FL (middle) and endogenous ZNF410
(right) ChIP-seq peaks in HUDEP-2 cells (GSE154960). At the far left is an indication of binding motif occurrence. (D) The corresponding H3K27ac
mark in primary human erythroblasts. Note that HUDEP-2 cells exhibit similar gene expression patterns to human HSPC-derived erythroid cells (primary
erythroblasts) (59).

A B C D

Figure 3. ZNF410 is monomer in solution in the presence and absence of DNA. (A) Overlay of profiles from size exclusion chromatography (SEC) of
ZNF410 FL in the presence (blue line) and absence of DNA (magenta line). (B–D) Guinier plots from the measured scattering intensity I(q) as a function
of the scattering vector q in the low-q regions.

phaFold model of ZNF410 full-length protein, are ∼58 Å
and ∼130 Å (Figure 1C and D).

The N-terminal region of ZNF410 reduces the ZF DNA bind-
ing affinity

To further investigate the ZNF410 features outside of the
ZF domain in solution, we purified ZNF410 full-length
(FL, 1–478) and the two fragments containing the N-

terminal residues 1–366 (NT-ZF) or C-terminal residues
217–478 (ZF-CT) (Figure 2A). All three recombinant pro-
teins contain the DNA binding ZF domain (residues 217–
366). Next, we quantified and compared the DNA bind-
ing affinities of the isolated DNA binding ZF domain with
that of three longer fragments, containing either N- or C-
terminal addition or both (FL), by fluorescence polariza-
tion (34). The DNA binding ZF domain and ZF-CT gave a
similar dissociation constant (KD) of ∼50–80 nM, whereas
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Figure 4. SAXS data analysis from three ZNF410 protein samples (FL, NT-ZF, ZF-CT) in the absence and presence of a 17-bp DNA duplex. (A–C)
Experimental scattering intensity profiles. Magenta, samples without DNA; blue, with DNA. (D–F) Dimensionless Kratky plots. Note the shifts of profiles
from unfolded to partially folded sates induced by DNA. For a reference point, a bell-shaped peak is commonly observed for a globular system at Y axis
of ∼1.1 (or q*Rg ∼√

3). (G–I) Normalized pair-wise distribution function. P(r) plots computed from the indirect Fourier transformation of measured
SAXS data in the absence (magenta) and presence of DNA (blue). The P(r) plots are normalized to unity at their maxima. Arrows indicate Dmax values or
possible multi-domain linked by disordered loops. (J) A cartoon showing the transition from unfolded state to partially folded state upon DNA binding.

the NT-ZF and FL exhibited significantly weaker DNA
binding (∼5–8×; KD ∼0.4–0.5 �M) under the same con-
ditions (Figure 2B). These binding data suggest that the
CT region is largely dispensable and does not contribute to
the DNA binding, at least in vitro. On the other hand, the
presence of the NT region restricts DNA binding, possibly
by competing for the DNA binding surface of the ZFs, as
hinted by the AlphaFold prediction (Figure 1E).

At the CHD4 regulatory region, forcibly expressed ZF
domain (HA-ZF1-5) displayed a binding pattern similar
to that of overexpressed HA-ZNF410 FL (5). In addi-
tion, overexpressed HA-ZF1–5 was capable of compet-
ing with endogenous ZNF410 for chromatin binding at
the CHD4 regulatory regions. To explore whether the iso-
lated ZF domain has altered chromatin binding properties
in intact cells, we interrogated genome-wide binding pro-
files of overexpressed HA-tagged ZNF410 FL and HA-
ZF1-5 in HUDEP-2 human erythroid precursor cells (5)
(GSE154960). We thus detected 25 de novo peaks in cells
overexpressing HA-ZF1-5, and 95 de novo peaks in cells
overexpressing HA-ZNF410 FL (Figure 2C). Unexpect-
edly, there were only four shared de novo peaks between the
two constructs, three of which contained the ZNF410 bind-
ing motif. Further motif analysis showed that 17 out of the
21 uniquely gained HA-ZF1-5 peaks (81%) harbor at least
one binding motif, while only 8 out of 91 (9%) uniquely
gained HA-ZNF410 FL peaks contained the motif (Fig-
ure 2C). This suggests that HA-ZF-associated peaks were
mainly dependent on the ZF–DNA interaction. The new

sites occupied by ZNF410 FL might in part be due to over-
expression and/or facilitated by portions of ZNF410 out-
side the ZF domain and, by inference, not always involve di-
rect DNA binding. However, significantly, even for the four
shared de novo peaks, the signal densities from HA-ZF1–5
cells were visually larger than those from HA-ZNF410 FL
cells (Figure 2C), suggesting stronger binding affinity of the
isolated ZF domain in the absence of the NT and CT re-
gions.

Next, we examined whether these de novo peaks are as-
sociated with open chromatin, as indicated by histone H3
lysine 27 acetylation (H3K27ac). Notably, the 21 gained
peaks upon HA-ZF1-5 expression were only marginally as-
sociated with H3K27ac signals, whereas almost all of the 91
gained peaks during HA-ZNF410 FL expression were lo-
cated in H3K27ac-marked regions (Figure 2D). This result
implies that HA-ZNF410 FL was likely recruited to these
open chromatin regions by interactions outside of the ZF
DNA binding domain. Together, these observations suggest
that the ZNF410 domains outside of ZF (i) have negative ef-
fects on binding DNA properly in the genome, and (ii) they
are involved in additional interactions for chromatin target-
ing.

ZNF410 is monomer in solution

To further characterize ZNF410 in solution, we performed
synchrotron-based small-angle X-ray scattering (SAXS) ex-
periments (35) on the three protein segments in the absence
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and presence of DNA (total of six samples) (Table 1). We
used the same 17-bp double-stranded oligonucleotide as
was used in the co-crystallization (5). All samples were sub-
jected to size-exclusion chromatography coupled with mul-
tiangle light scattering (SEC-MALS) (36). The same frac-
tions eluted from the size exclusion chromatography were
simultaneously examined by SAXS. The shift in the max-
ima of the peak fraction of the protein and DNA mixtures
relative to the elution volume of individual components
suggests the formation of protein–DNA complexes (Figure
3A). Standard analysis tools (see Materials and Methods)
were used to obtain model-independent parameters (Table
1), including the absolute masses of the ZNF410 proteins
and their complexes with DNA. As a positive control, the
unbound DNA has the exact molecular weight, maximum
dimension (Dmax) and radius of gyration (Rg) as expected
for a 17-bp oligo (Table 1 and Figure S5).

The molecular weights obtained from SEC-MALS and
SAXS analyses for each construct (FL, NT-ZF and ZF-CT)
are in close agreement with the expected molecular weight
of monomers, and show that all the constructs bind DNA
in 1:1 stoichiometry (Table 1). We note that the measured
MWs of protein–DNA complexes are close to the calculated
(expected) values, whereas the MW of protein alone (for all
three fragments) are larger than the calculated numbers by
a few Da. This could result from the larger conformational
variation of proteins in the absence of DNA (see next sec-
tion), and the methods used for estimation might not fully
account for the dynamics. Furthermore, the Guinier plot
analysis for all constructs (with and without DNA) shows
nearly a linear relationship of measured scattering intensity
as a function of the scattering vector (q) in the low-q regions
(Figure 3B–D), suggesting that each sample was essentially
monodisperse (free from aggregation, dissociation or inter-
particle interactions). This also indicates that neither the N-
nor C-terminal domains mediate multimerization or aggre-
gation of ZNF410.

ZNF410 has high conformational flexibility in the absence of
DNA

The SAXS curves from the absorption peak region from the
SEC column were buffer subtracted and averaged, to ob-
tain a scattering curve for each sample (Figure 4A-C). To
check the flexibility of each sample, we generated a dimen-
sionless Kratky plot (Figure 4D–F), and made the following
observations. First, the Kratky plots do not exhibit a ‘bell-
shape’ peak at low-q, as is typical for samples having well-
ordered globular shapes, generally having a characteristic
peak at Y-axis ∼1.1 and X-axis

√
3 (35,37). All six samples

have pronounced flexibility, as indicated by the Kratky plots
failing to converge to the X-axis in the high-q region. Sec-
ond, the FL and NT-ZF samples (magenta colors in Figure
4D, E) have similar Kratky profiles with diffuse scattering
at high-q, suggesting a mixture of high conformational flex-
ibility and long disordered regions (38). Third, the ZF-CT
profile shows a classic hyperbolic plateau (magenta in Fig-
ure 4F), suggesting an unfolded state for ZF-CT in the ab-
sence of DNA. Fourth, we note that all three protein sam-
ples reached a plateau with the Y-axis of ∼1.1 at low-q, sug-
gesting that the samples are not in a fully extended confor-

mation. The AlphaFold model predicts inter-domain inter-
actions between the NT (helix �B and the loop-L4B) and
the ZF domain (Figure 1F), potentially stabilizing part of
the protein. However, such intra-molecular interaction will
not occur for the ZF-CT fragment (which lacks the NT re-
gion).

Binding to DNA induces conformational changes in ZNF410

Binding DNA by all three protein samples resulted in the
appearance of the bell-like features in the Kratky plot (blue
lines in Figure 4D–F), indicating increase of a folded por-
tion as described in the preceding section. There were also
bell-like peaks shifting right into the higher-q region and
upwards at Y-axis between 1.5 and 2.0 (red dashed lines
in Figure 4D–F), indicating the existence of flexible link-
ers or extended loops between the compacted domains. It
is evident from the pair distribution functions [P(r)] that
FL and NT-ZF are each two-domain proteins connected
by flexible linkers (magenta lines in Figure 4G, H). In the
presence of DNA, extended tails on the P(r) plot show a
slower approach to the X-axis, suggesting an increase in the
Dmax values (blue lines in Figure 4G, H). Coincidentally,
the maximum dimension predicted by the AlphaFold model
of ZNF410 (∼130 Å in Figures 1D and S4) is between the
DNA-free (122 Å) and DNA-bound forms (142 Å in Fig-
ure 4G). This is consistent with DNA binding by the ZF
presumably displacing the NT domain from the DNA bind-
ing ZF surface (Figure 1F), and making the DNA-bound
molecule slightly larger (Figure 4J).

For the NT-ZF fragment, the maximum dimension in the
absence of DNA is shorter than the FL protein (107 Å ver-
sus 123 Å), as expected since it is missing the CT portion.
However, upon binding to DNA, the maximum dimension
becomes the same for the NT-ZF and FL proteins (141 Å
versus 142 Å) (Figure 4H), suggesting that the carboxyl re-
gion might become ordered and fold back onto the rest of
the protein, and thus does not contribute to the overall ar-
rangement. The binding of DNA to unfolded ZF-CT re-
sults in a conformational change of five individual ZF units,
which bind to a single piece of DNA, thus helping to at-
tain substantial structure by folding the protein (Figure 4F).
Like the two other tested proteins, the observed Dmax in-
creases to 119 Å in the DNA-bound form, from 95 Å in the
DNA-free form (Figure 4I).

An auto-inhibitory model of the N-terminal helix of ZNF410
in the absence of DNA

Using the AlphaFold model (after virtually incorporat-
ing a zinc ion into each finger), we used a molecular
dynamics-based conformational sampling method, BIL-
BOMD (25), to model the population of different confor-
mations adopted by ZNF410. To reduce the number of vari-
ables, we kept the three structured domains constant, and
allowed the long loops to be flexible. BILBOMD generated
10 000 conformational models for each construct (FL, NT-
ZF and ZF-CT) with varying values of Rg and Dmax (Fig-
ure 5A, Supplementary Figures S5A and S6A). Multi-state
modeling with SAXS profiles (MultiFoXS) (27) suggests
that FL exists in two states (Supplementary Figure S6B),
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Table 1. Biophysical parameters derived from SAXS and MALS data

Instrument = ALS beamline 12.3.1; q range = 0.01–0.35 (Å−1); exposure time = 3 s; temperature = 20◦C

Parameters Full length (FL) NT + ZF ZF + CT DNA

No DNA + DNA No DNA + DNA No DNA + DNA
Concentration (mg/ml) 4 4 5 5 13 13 5

(�M) ∼77 ∼124 ∼448 ∼454
MW (kDa) Calculated

(monomer)
52 63 40 51 29 40 11.1

SEC-MALS 56 63 46 52 33 40 11.2
SAXS MoW 55.9 64 43.7 53.8 31.7 38.1 10.8

Porod volume (Å3) 105 839 117 525 78 713 94 146 55 180 70 985 15 604
Dmax (Å) 122 142 107 141 95 119 58

Low-q range (Å−1) used for
Guinier analysis

0.02–0.04 0.02–0.03 0.01–0.05 0.01–0.03 0.02–0.05 0.01–0.04 0.02–0.07

I(0) (Å) from Guinier 8.41 21.81 4.72 30.28 9.79 130.50 25.90
from P(r) 8.41 21.81 4.72 30.28 9.78 130.50 25.91

Rg (Å) from Guinier 38.54 43.80 31.95 40.60 29.71 30.72 18.33
from P(r) 38.69 43.85 31.11 40.62 29.71 30.89 18.38

Values of Rg and I(0) parameters were estimated from Guinier plot and P(r) plot analyses.

A B C
D

GFE

Figure 5. Rigid body modeling of NT-ZF. (A) Plot of Rg versus Dmax values for all 10 000 models obtained in MD conformational sampling. The starting
AlphaFold model is indicated by an orange dot and the best fit model is in a cyan dot. (B) MULTIFOXS analysis suggests that NT-ZF exists in a single
state. (C, D) Fitting of experimental X-ray scattering profile (magenta dots) to the calculated scattering (black line) of the best-fit model (panel D) in the
absence of DNA. (E) The fitting of experimental X-ray scattering profile (blue dots) to the calculated scattering (black line) of the fitting model in the
presence of DNA. (F) One example of DNA bound NT-ZF model. (G) A sampling of DNA bound NT-ZF models with varied conformations of NT; the
DNA helical axis is perpendicular to the page.

NT-ZF in one state (Figure 5B) and ZF-CT in at least two
states (Supplementary Figure S7B). Surprisingly, the single
best-fit model for NT-ZF, as compared to the experimental
scattering profile with � 2 = 1.02 (Figure 5C), is the original
AlphaFold model with the NT long-helix �B and loop-L4B
occupying the ZF DNA binding interface (Figure 5D) with
a calculated Rg = 32 Å and Dmax = 107 Å. Significantly,
these calculated numbers from the model are in nearly per-
fect agreement with the experimental parameters (Rg = 32
Å and Dmax = 108 Å) (Table 1).

Addition of the CT residues, in the context of FL or
ZF-CT, introduced flexibility, due to the CT loop adopt-
ing a large range of conformational spaces (from compact

to extended). Fitting the scattering profile of the two-state
model (FL and ZF-CT) with the experimental scattering
profile yields a fit with � 2 = 2.38 and 3.07 respectively,
which is considered a good fit given the high signal-to-noise
ratio for these data (Supplementary Figures S6C, D and
S7C, D).

Release of auto-inhibitory loop upon DNA binding

To evaluate the DNA-bound conformations of ZNF410,
we manually modeled the DNA into the AlphaFold model
(Figure 1E), and removed the NT helix �B and its asso-
ciated loop-L4B from a steric clash with the DNA. Anal-
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ysis of the best fit model for the FL suggests that DNA
binding results in the transition of FL from two states to
a single state, with the calculated profile of the model fitting
the experimental data with � 2 = 1.43 (Supplementary Fig-
ure S6E, F). The same model of the displaced N-terminal
helix applies to the NT-ZF fragment, with the model Rg
value (39.5 Å) matching the experimental Rg (40.6 Å) with
a � 2 = 1.45 (Figure 5E, F). The fragment ZF-CT still exists
in multiple states (Supplementary Figure S7E, F).

The acidic asp/glu-rich hairpin loop mimics DNA

We note that the loop-L4B contains seven acidic residues
(four aspartates and three glutamates), comprising a third
of its 21 residues (Figure 6A). The loop appears to adopt a
hairpin-like structure, and can fold onto the DNA binding
surface of the ZFs, with the loop’s negatively-charged sur-
face complementing the positively-charged surface of the
ZF array (Figure 6B, C). We suspect that the hairpin loop
mimics DNA structurally and electrostatically, as known
DNA-mimicry proteins do (39–41). These DNA-mimicking
proteins, using electrostatic mimicry of DNA phosphates by
protein sidechain carboxyl groups (39), modulate the activ-
ities of proteins as diverse as CRISPR-Cas9 (42), BRCA2
(43) and NF-�B (44), but usually the mimicry proteins act
in trans. In the case of ZNF410, the isolated NT region
(residues 1–216), as expected, does not bind DNA (Fig-
ure 7A). However, when added in trans it also does not
prevent DNA from binding to the ZF array (Figure 7B).
Interestingly in this regard, the hairpin loop-containing
N-terminal fragment (BAG62922) and ZF-containing C-
terminal fragments (NP 001229857.1 or EAW81139.1) are
also expressed as different isoforms of human ZNF410
(Supplementary Figure S1A). It is possible that these two
ZNF410 isoforms containing ZFs but not the hairpin loop
can bind DNA unconstrained by the allosteric control de-
scribed here.

Among the seven acidic residues in the human ortholog
loop, four of them (E144, E146, D147 and D159) are pre-
dicted to form salt-bridge electrostatic pairs respectively
with K297 and R301 of ZF3, R327 of ZF4 and R167 of
the helix �B (Figure 6D). In addition, three serine residues
(S148, S160 and S161) are located near R228 of ZF1 and
R265 of ZF2 (Figure 6E). Thus, the hairpin loop appears
capable of interacting with four out of the five ZF units, and
in particular with basic ZF residues important for DNA
phosphate and base-specific interactions (5). This appar-
ent loop-based allosteric control of human ZNF410 is con-
served among vertebrates as distant as fish––of the seven
D/E residues most likely to provide the DNA-mimicking
negative charges in the loop, seven are present in the corre-
sponding but shorter loop of the L. oculatus ortholog (Fig-
ure 6F and Supplementary Figure S3D). Significantly, all
of these interacting residues (seven in the loop, one in �B,
and five among the ZFs) are fully conserved from primate
to amphibian, while the fish ortholog has 10/13 conserved
(Figure 6F and Supplementary Figure S3D). In addition,
the tip of the hairpin loop, S154SEST158, could likely reach
ZF5, meaning that the cis-acting regulatory region would
contact all five ZFs.

Mutagenesis of D/E to A, and S/T to D/E, within the hairpin
loop

A key test of the model that the N-terminal domain’s hair-
pin loop acts as a DNA mimic, limiting DNA binding by the
ZF array, is mutationally altering the charges on the hair-
pin loop. We did this in two ways: first replacing Asp/Glu
with Ala, which per the model should increase DNA bind-
ing by the full-length ZNF410, and second by replacing
Ser/Thr with Asp/Glu, which should decrease DNA bind-
ing (by increasing hairpin loop affinity for the ZF domain).
Indeed, replacing the acidic residues by alanine (abbreviated
as DEAED-to-AAAAA) at residues D143, E144, E146 and
D147, we observed an increased binding affinity by >4× to
that of wild-type and 2× difference from the isolated ZF
DNA binding domain (Figure 7C).

In addition to the negatively charged amino acids, the
hairpin loop also harbors six serine residues and one thre-
onine. Per the DNA-mimicry model, altering these residues
to acidic ones would be expected to increase affinity of
the loop for the positively-charged DNA-binding surface of
the ZFs. Accordingly, we substituted the six serine residues
within the hairpin loop with negatively charged aspar-
tate and the threonine with glutamate. As expected, in-
troducing these new negative charges resulted in further-
reduced DNA binding of >6× from that of the wild-type
or >40× from the isolated ZF DNA binding domain (Fig-
ure 7D). This result is consistent with the model that the
hairpin loop attenuates ZNF410 DNA binding activity by
acting as an inhibitory DNA mimic.

DISCUSSION

Structure and apparent auto-inhibition of ZNF410

Here we used SAXS data to model different conformations
of ZNF410, which harbors a DNA binding domain consist-
ing of five tandem ZF units (5) along with, as predicted by
AlphaFold, an N-terminal four-stranded and two-helix do-
main containing a long helix �B and less-ordered CT region
outside the DNA binding domain. These folded units are
linked by highly flexible and intrinsically disordered loops.
The existence of extended regions of intrinsic disorder is a
common feature for transcription factors (45), needed for
flexibility-associated binding and downstream signaling. In
the case of an array of ZF units (five in ZNF410), the flex-
ibility of the linker between any two fingers may allow the
multi-finger array to sample a variety of conformations in
the absence of DNA (for example, see Figure 4 of (33)).
Upon binding to DNA, it is possible that the specific con-
tacts with the ZF array are formed sequentially, or even uni-
directionally along the DNA, until all five fingers sit along
the major groove of DNA. These substrate DNA-induced
conformational changes could explain the behavior of the
ZF-CT fragment, as observed in many DNA-binding pro-
teins, particularly for sequence-specific recognition (46).

What is somewhat unique to ZNF410 is that the NT do-
main appears to function as a negative auto-regulator of
DNA binding, reducing the ZF DNA binding affinity by
occluding the DNA binding surface (Figure 2B). Transcrip-
tion factors typically bind to thousands of sites genome-
wide and regulate large cohorts of genes. ZNF410 is re-
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Figure 6. A model of DNA-mimic hairpin loop. (A) Sequence of ZNF410 in the secondary structural element of �4-hairpin loop-�B. (B) The hairpin
loop displays an electronegative surface (blue for positive, red for negative and white for neutral). (C) The hairpin loop forms potential interactions with
four out of five ZFs. (D) The hairpin loop forms four pairs of electrostatic interactions. (E) Three serine residues link two arginine residues of ZF1 and
ZF2. (F) Pairwise interactions between hairpin loop (top) and ZFs (bottom). (G) ATF4 and HIC2 control BCL11A expression, and ZNF410 controls
CHD4 expression, which is a component of NuRD. Together, BCL11A and NuRD silence fetal hemoglobin expression. Phosphorylation of either or both
of ATF4 and ZNF410 might activate fetal hemoglobin expression. (H) Sequence alignment of known ATF4 phosphorylation sites (red S/T), ZNF410
hairpin loop and the HIC2 loop inserted between two ZF units.

markable in that it recognizes a 15-bp DNA sequence el-
ement but has only a single responsive target in the mam-
malian genome in erythroid cells (5,6). Clustering of these
elements is part of the answer, but additional mechanism(s),
supplementary to the sequence specificity, must control
ZNF410 DNA binding. Indeed, our in vitro and in-cell
data indicate that the ZF DNA-binding domain exhibits
higher binding affinity for DNA, compared to the full-
length ZNF410 protein. As noted earlier, ZNF410 isoform e
lacks the hairpin loop region (Supplementary Figure S1A),
so the ratio of isoforms b and e being produced may affect
overall ZNF410 activity.

Possible role of hairpin loop phosphorylation

The Ser/Thr residues in the hairpin loop are, in theory,
sites of potential protein phosphorylation. Such phospho-
rylation would introduce additional negative charges to the
hairpin loop. The phosphorylation of transcription factors
is a common mechanism used by the cell to link signal-
ing pathways to the control of gene expression (47). Pro-
tein phosphorylation can directly regulate distinct aspects
of transcription factor function, including cellular local-
ization, protein stability, protein-protein interactions and
DNA binding (reviewed in (48,49) and references therein).
Phosphorylation within or near a DNA binding domain in-
troduces a negative charge, which is incompatible with effi-

cient binding of the polyanionic DNA, though in this case
it would perhaps act by increasing binding of the DNA-
mimicking loop to the positively-charged ZF DNA-binding
surface. We thus suggest that phosphorylation of ZNF410,
at the hairpin loop (by yet-to-be determined protein ki-
nases) could attenuate ZNF410 DNA binding activity. Sig-
nificantly, ZNF410 inhibition represents a new strategy for
the treatment of hemoglobinopathies (50,51). Indeed, a re-
cent report that combines shRNA mediated BCL11A de-
pletion with ZNF410 depletion is more potent that either
factor alone (52). Pharmacologic modulation of ZNF410
e.g. by altering its phosphorylation state might be a way to
raise fetal hemoglobin levels in patients with sickle cell dis-
ease or beta-thalassemia (Figure 6G).

At present, there is no evidence that any of the seven S/T
residues in the hairpin loop is actually phosphorylated. Our
substitutions of S/T with D/E were made to test the model
that the ZNF410 hairpin loop acts as an inhibitory DNA
mimic, but the substitutions mimic the effects of protein
phosphorylation and they did decrease DNA binding by
ZNF410 (Figure 7D). For comparison, the phosphoryla-
tion of c-Jun on S/T residues located N-terminal to the ba-
sic leucine-zipper (bZIP) DNA binding domain inhibits the
DNA binding of c-Jun (53). Like c-Jun, the DNA binding
activity of the zinc-finger-containing Wilms’ tumor protein
WT1 is inhibited by phosphorylation of two serine residues
within the zinc-finger region (54). ATF4, another known
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Figure 7. Opposite effects of mutagenesis on DNA binding by removing or introducing acidic residues within the hairpin loop. (A) The isolated NT
fragment (residues 1–216) does not bind to DNA but the NT-ZF fragment (residues 1–366) has reduced DNA binding potential (left) (N = 7). An 18%
SDS-PAGE stain-free gel (right panel) showing the recombinant protein samples used in DNA binding assays. (B) The isolated NT fragment added in trans
does not prevent the DNA from binding to the ZF array. (C) The mutant with four D/E-to-A substitutions (red line) within the hairpin loop increased
DNA binding in the context of full-length ZNF410. (D) The mutant with seven S/T-to-D/E substitutions (black line) within the hairpin loop further
reduced DNA binding in the context of full-length ZNF410 (N = 6). ZF, blue lines and FL, brown lines.

transcription factor indirectly involved in regulating ex-
pression of fetal hemoglobin (55), contains phosphorylated
S/T sites N-terminal to the bZIP DNA binding domain
(56,57). We note that, like the ZNF410 hairpin loop, the
ATF4 phosphorylation sites are located in an acidic envi-
ronment and the corresponding regions of the two proteins
share sequence similarity (Figure 6H). HIC2, another ZF
transcription factor, controls developmental hemoglobin
switching by repressing BCL11A transcription, and con-
tains a 5-ZF DNA binding domain, with an insertion that
is rich in negatively charged glutamate and aspartate be-
tween the first two fingers, which reduced DNA binding
(58).

DNA mimicry by proteins

DNA mimicry by proteins has been studied, for a num-
ber of proteins, in the regulation of enzymatic/binding ac-
tivity on DNA (reviewed by Dryden (39)). Here, we sum-
marize the similarities and differences between the Dryden
model of DNA mimicry and the hairpin-loop we propose
for ZNF410. First, both use electrostatic mimicry of DNA
phosphates by protein sidechain carboxyl groups. Second,
ZNF410 may be subject to posttranslational phosphoryla-
tion by one or more protein kinases, which represents a po-
tential mechanism of regulation. We have no direct evidence
for phosphorylation of the hairpin loop, though our S/T
substitutions with D/E did inhibit DNA binding (Figure
7D). Third, the Dryden model (exemplified by the bacterio-
phage T7 Ocr protein) uses a rigid protein structure func-

tioning in trans, whereas ZNF410 uses a flexible hairpin
loop functioning only in cis. Fourth, the trans interaction
works against several proteins (type I restriction enzymes
in the case of Ocr) that recognize different DNA sequences,
whereas the cis interaction in ZNF410 affects one protein
recognizing one DNA sequence.

Summary

We have used a combination of artificial intelligence-based
AlphaFold analyses, small-angle X-ray scattering, biochem-
istry and bioinformatics to characterize the human tran-
scription factor ZNF410. The results strongly suggest that
this highly conserved protein, which plays a critical role in
erythroid cell development, uses its NT region as a DNA
mimic in order to attenuate accessibility of its DNA bind-
ing region. Unlike most cases of DNA mimicry by pro-
teins (39), in this case the inhibitory polypeptide is part
of the protein being allosterically regulated. The roles of
alternative ZNF410 isoforms, and of possible modifica-
tion by protein kinase(s), remain to be determined. The cis
competition with DNA for DNA binding could tie DNA
binding to specific physiological states (if phosphorylation
is involved, for example), simply reduce ZNF410 bind-
ing to all but the highest-affinity sites, or some combina-
tion of these two possibilities. Our study also demonstrates
that a combination of AlphaFold and SAXS advances
studies of protein dynamics, particularly for the func-
tional domains connected by extended regions of intrinsic
disorder.
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DATA AVAILABILITY

The SAXS experimental data that support the findings
of this study are deposited in SASBDB with accession
codes: SASDQF5 (ZNF410), SASDQG5 (DNA), SAS-
DQH5 (ZNF410 + DNA), SASDQJ5 (NT-ZF), SAS-
DQK5 (NT-ZF + DNA), SASDQL5 (ZF-CT), SASDQM5
(ZF-CT + DNA).

https://www.sasbdb.org/data/SASDQF5/j64atksk7r
https://www.sasbdb.org/data/SASDQG5/aa5tmxufck
https://www.sasbdb.org/data/SASDQH5/yz4s0v6ce4
https://www.sasbdb.org/data/SASDQJ5/mci6edmtp3
https://www.sasbdb.org/data/SASDQK5/54zx4gmvnl
https://www.sasbdb.org/data/SASDQL5/ttlzbup5uo
https://www.sasbdb.org/data/SASDQM5/o6m9jsp4wy
A project summary can be found here: https://www.

sasbdb.org/project/1731/bjh4u9o653

SUPPLEMENTARY DATA

Supplementary Data are available at NAR Online.
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