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ZNF750 is a nuclear transcription factor that activates skin differentiation and has tumor suppressor roles in
several cancers. Unusually, ZNF750 has only a single zinc-finger (ZNF) domain, Z*, with an amino acid sequence
that differs markedly from the CCHH family consensus. Because of its sequence differences Z* is classified as
degenerate, presumed to have lost the ability to bind the zinc ion required for folding. AlphaFold predicts an
irregular structure for Z* with low confidence. Low confidence predictions are often inferred to be intrinsically
disordered regions of proteins, which would be the case if Z* did not bind Zn?". We use NMR and CD spec-
troscopy to show that a 25-51 segment of ZNF750 corresponding to the Z* domain folds into a well-defined
antiparallel ppa tertiary structure with a pM dissociation constant for Zn?* and a thermal stability >80 °C. Of
three alternative Zn?" ligand sets, Z* uses a CCHC rather than the expected CCHH ligating motif. The switch in
the last ligand maintains the folding topology and hydrophobic core of the classical ZNF motif. CCHC ZNFs are
typically associated with protein—protein interactions, raising the possibility that ZNF750 interacts with DNA
through other proteins rather than directly. The structure of Z* provides context for understanding the function
of the domain and its cancer-associated mutations. We expect other ZNFs currently classified as degenerate could
be CCHC-type structures like Z*.

Introduction

Transcription factors are sequence-specific DNA-binding proteins
that control the transformation of genetic information from DNA to
RNA. They account for ~8% of human genes (Lambert et al., 2018) and
are extremely important in biology and health since they determine
what, when, where, how much, and for how long genes are expressed.
Nearly half of human transcription factors have small zinc-finger (ZNF)
domains, typically in multiple copies (Emerson et al., 2009). The ZNF
domains usually adopt an antiparallel ppa folding motif upon binding
divalent zinc (Zn?"). In transcription factors, ZNFs are typically used as
nucleotide recognition modules that enable site-specific binding to
double-stranded DNA (dsDNA).

ZNF750 is a 723 a.a. nuclear transcription factor that mediates skin
differentiation (Boxer et al., 2014; Sen et al., 2012; Cohen et al., 2012;
Zarnegar et al., 2012). Altered epidermal differentiation is a feature of
>100 skin diseases, although the etiology is poorly understood at a
mechanistic and molecular level (Cohen et al., 2012; Lopez-Pajares
et al., 2013; Wikramanayake et al., 2014). The ZNF750 gene was first

discovered due to an autosomal dominant frameshift mutation within its
only putative CCHH ZNF domain (Birnbaum et al., 2006), the subject of
this work that we will henceforth call Z*. The mutation occurred in a
family that presented with seborrhea-like dermatosis with non-arthritic
psoriasiform elements (SLDP), suggesting ZNF750 might play a role in
genetic skin disease (Birnbaum et al., 2006). This was subsequently
confirmed by mutations in the promoter for ZNF750 that cause familial
psoriasis (Birnbaum et al., 2011; Yang et al., 2008). ZNF750 is expressed
in keratinocytes but not fibroblasts (Cohen et al., 2012; Birnbaum et al.,
2006). Based on mass spectrometry and ChIP-seq data, ZNF750 is
thought to have dual roles in epithelial homeostasis and skin differen-
tiation (Boxer et al., 2014; Sen et al., 2012; Cohen et al., 2012). In
concert with the chromatin regulator KDM1A, ZNF750 inhibits pro-
genitor genes that regulate the proliferation of self-renewing keratino-
cytes. With the pluripotency transcription factor KLF4 (Kriippel-like
factor 4), ZNF750 activates genes that control skin differentiation. The
keratinocyte-differentiation function of ZNF750 has recently been
shown to be involved in the epidermal inflammatory response, through
its interaction with the S/T-kinase IRAK2 in psoriatic epidermis but not
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in healthy skin. Thus, ZNF750 could affect the severity of skin diseases
(Shao et al., 2021).

Over the last few years it has become evident that in addition to skin
differentiation ZNF750 has roles in oral (Xu et al., 2022) and esophageal
(Takahashi et al., 2022) squamous cell carcinoma, melanoma (Du et al.,
2020), ocular sebaceous carcinoma (North, 2021), prostate (Montanaro
et al., 2023), and breast cancers (Butera et al., 2020; An et al., 2022;
Cassandri et al.,, 2020). A common mechanistic theme linking the
involvement of ZNF750 in pathologies as varied as skin disease and
cancers is that the transcription factor regulates cell differentiation.
ZNF750 acts as a tumor suppressor by inhibiting cancer stem cells, with
additional roles in regulating tumor growth, cell migration, and adhe-
sion (Xu et al., 2022). When ZNF750 is mutated or expressed at low
levels, it no longer acts as a tumor suppressor and cancer cells proliferate
(Cassandri et al., 2017).

Classical biological approaches have shed considerable light on the
function of ZNF750. However important open questions remain about
the transcription factor that lend themselves to structural biology.
ZNF750 has a single putative CCHH zinc-finger domain Z* (Fig. 1A),
from which the transcription factor derives its name (Cohen et al.,
2012). The CCHH designation (sometimes also called C2H2) gives the
Cys, Cys, His, His order of Zn?"-ligands in the amino acid sequence. The
vast majority of transcription factors have at least two or more CCHH
ZNF domains, since a single copy is typically insufficient for sequence-
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specific DNA binding (Lee et al., 1991; Omichinski et al., 1997; Klug,
2010). Another unusual feature of the Z* domain is an amino acid
sequence that differs considerably from the ZNF consensus.

The presence of Cys and His residues that can chelate Zn? is not
sufficient to specify a ZNF domain. ZNF750 has 15 Cys and 22 His res-
idues. Clearly, the protein would not function properly if all the po-
tential ligands bound Zn?* non-selectively. Rather, ZNF domains have
amino acid preferences beyond the requirement of Cys/His ligands to
bind Zn?** (Miller et al., 1985; Berg and Shi, 1996). These preferences
vary for different ZNF families described by the order of metal-chelating
ligands, such as CCCC, CCHC, and CCCH. The families are associated
with distinct functions such as DNA, RNA, protein, or lipid binding (Berg
and Shi, 1996; Michalek et al., 2011; Fu and Blackshear, 2017; Wang
et al., 2021; Ravasi et al., 2003). For the classical DNA-binding CCHH
ZNFs of transcription factors, the consensus sequence is (€2)-X-C-Xz.5-C-
X3-(Q)-Xs5-y-Xo-H-X3.5-H (Fig. 1B). Here, Q is the aromatic residues Y or
F, y is a hydrophobic residue, X is any residue, and the subscripts
indicate the spacing between residues (Berg and Shi, 1996; Michalek
et al., 2011). The conserved hydrophobic and aromatic residues (shown
in pink and purple in Fig. 1B-C) are required to form a small hydro-
phobic core (Miller et al., 1985). The spacing between metal ligands is
important in accommodating the antiparallel ffa secondary structure
motif, as well as for satisfying functional requirements (Fig. 1D-E). The
“finger region” refers to the 12-residue segment between the second Cys

Fig. 1. Sequence properties of ZNF750 and its Z*
domain. (A) Domain diagram for ZNF750 adapted
from (Montanaro et al., 2023). Z*, the ZNF domain
that is the subject of this study; NLS, nuclear locali-
zation signal; PLNLS, domain containing the given
723 amino acid sequence thought to be important in
mediating protein-protein interactions for ZNF750
(Boxer et al., 2014). (B) The consensus sequence of a
NLS CCHH ZNF determines its (C) Zn?* coordination, (D)
secondary structure, and (E) ppa folding motif. In B
and C, Q represents the aromatic residues Y or F, y
hydrophobic residues, and X is any residue. (F)
Sequence of the N-terminus of ZNF750. The first 30
residues have a high proportion of basic amino acids
(light blue) some of which correspond to an NLS
sequence (underlined). The sequence of the putative
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and the first His ligand for Zn>* (Fig. 1C), that determines the dsDNA-
binding specificity of CCHH-type ZNFs (Branden and Tooze, 1998).
Mutations altering the spacing between the Zn?"-chelating residues
in CCHH-type ZNFs, or replacing conserved aromatic/hydrophobic
residues, can destabilize the structure or abrogate Zn?'-binding
(Lachenmann et al., 2004; Parraga et al., 1990). The UniProt database
(The_UniProt_Consortium, 2023) designates the domain boundaries for
Z*, the putative CCHH-type ZNF in ZNF750, as residues 25-46 (Fig. 1F).
With this domain assignment, the ‘finger region’ of Z* would have an 8
rather than the consensus 12-residues spacing, and none of the aromatic
or hydrophobic residues that typically stabilize the ffa-fold. Due to the
differences from consensus the UniProt database classifies Z* as
‘degenerate’, signifying the domain has probably lost its ability to bind
Zn?t (The_UniProt_Consortium, 2023; Aceituno-Valenzuela et al.,
2020). The premiere method for protein structure prediction, AlphaFold
(Jumper et al., 2021; Lewis and The, 2023), only models about 12
a-helical residues of the 723 a.a. protein with high confidence and
predicts an irregular structure for the Z* domain with low confidence
(PDB code AF_AFQ32MQOF1). Clearly the folding state of Z*, whether
the domain is a genuine ZNF, or an intrinsically disordered region
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without the ability to bind Zn?*, is critical for understanding the
structure and function of ZNF750 — a transcription factor that derives its
name from its sole ZNF domain. We therefore investigated the structure
of Z* by nuclear magnetic resonance (NMR).

Results
The Z* domain folds in the presence of Zn>*

Anticipating the Z* domain may not be a CCHH-type ZNF because of
the resulting unfavorable 8-residue spacing between the second and
third Zn?*-ligands, we synthesized a slightly longer fragment of ZNF750
running from residues 25-51 (Fig. 1F). The longer fragment included
C49, which could give a conventional 12-residue finger spacing if the
second and third Zn?* ligands were C30 and H43 (Fig. 1F). However,
this would result in a CCHC rather than a CCHH ZNF, with C49 as the
fourth ligand. A third possibility with the inclusion of C49 was a CCCC-
type ZNF, since these are generally the least constrained in terms of
sequence and ligand-spacing requirements. The three alternative types
of Zn?*-ligand sets for the 25-51 fragment of ZNF750 are shown in
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Fig. 2. The Z* domain binds Zn2" to form a stable folded structure. (A) CD spectra in the absence of 7Zn?* (red) and in the presence of the metal at different
temperatures. Note that the CD spectrum does not revert to that of the unfolded domain even at 82 °C. (B) Zn?* binding curve for Z* in the presence of 22 mM EGTA.
The data were fit to a sigmoidal curve, giving a Kq of 4.0 & 0.4 x 1012 M, and a Hill coefficient of 1.2 4 0.1. (C) Downfield region of the 'H NMR spectrum of Z* in
the absence (black) and presence of Zn?" (purple). Assignments are given for some of the dispersed NMR resonances characteristic of folded structure. (D) Same as C
except with the C34A, H39A mutant of Z* used to verify the Zn?*-chelating residues determined from the NMR structure.
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Fig. 1G.

Circular dichroism (CD) and NMR spectra of the synthetic 25-51
fragment of ZNF750 showed clear evidence for protein folding in the
presence of a 1.2 M excess of Zn>* (Fig. 2). The CD spectrum is typical of
an unfolded polypeptide in the absence of the metal but when Zn*" is
added matches that of folded ZNF domains (Tremblay et al., 2016;
Simpson et al., 2003), with a mixture of a-helix and p-sheet secondary
structure (Fig. 2A). Consistently, addition of Zn?*" leads to increased
chemical shift dispersion in the NMR spectrum, and enhanced amide
proton signals due to reduced solvent exchange, indicating the domain
adopts a stable tertiary structure (Fig. 2C). The free and Zn?*-bound
peptide are in slow exchange on the NMR timescale, with an increase in
the intensity of NMR signals from the folded peptide at the expense of
those from the unfolded peptide when Zn*? is added (Matousek and
Alexandrescu, 2004).

To assess the stability of the Zn?>*-bound Z* domain at pH 7, we
varied the temperature from 21 to 82 °C in 4-degree increments. For
clarity, data are only shown at three representative temperatures in
Fig. 2A. With increasing temperature, the CD spectra show a linear in-
crease in ellipticity at 208 nm and a decrease at 195 nm, which likely
represents a pre-denaturation transition rather than the sigmoidal
transition typical of protein unfolding. The overall CD spectrum remains
characteristic of a folded polypeptide up to 82 °C and very different from
that of the unfolded domain in the absence of Zn?". We repeated the

Journal of Structural Biology: X 8 (2023) 100093

temperature experiment at pH 5.8, reasoning more acidic conditions
could destabilize metal binding. However, we obtained similar results
with Z* remaining folded up to 90 °C. We conclude that the Zn?**-bound
Z* domain is highly stable to thermal unfolding.

To assess metal binding affinity we carried out a competition
experiment with the metal chelator EGTA (Ivanova et al., 2008). The use
of the competing chelator was necessary because Z* binds Zn?' too
strongly to measure affinity directly. The binding data gives a K4 of 4 x
10712 M for Zn*2 at pH 7.0 (Fig. 2B). This value is within the range for
ZNFs, that typically have Kq < 10" M but in some cases as small as 1018
M (Kluska et al., 2018; Neuhaus, 2022; Padjasek et al., 2020).

In summary, the present results show that Z* is a genuine rather than
degenerate ZNF. Upon binding Zn?* with a pM affinity, the domain folds
into a well-defined tertiary structure, with a thermal stability>80-90 °C.

Z* has a typical ZNF ppa fold

The Z* domain in the presence of Zn?* gives excellent NMR data
(Fig. 3). Each amino acid gives a single set of NMR resonances unlike
other ZNF domains that exhibit spectral heterogeneity near histidines,
due to interchange between aromatic ring N2 and Nel atom coordi-
nation of Zn?t (Matousek and Alexandrescu, 2004; Ramboarina et al.,
1999). We were able to obtain virtually complete NMR assignments of
Z* using standard 2D TOCSY, NOESY (Fig. 3A), DQF-COSY, and E-COSY

Fig. 3. Representative 2D-NMR data for the Z*
domain. (A) Superposition of TOCSY (red) and
NOESY (black) spectra, illustrating sequential
walks used to obtain NMR assignments between
residues M44 to F32 (purple) and C30 to Y25
(green), interrupted by P31. Blue labels indicate
TOCSY Hy-Ha crosspeaks, pink labels are side-
chain crosspeaks. The group of peaks connected
by a dashed gray line marked H,0O at 4.93 ppm,
are due rapid magnetization exchange between
amide protons and water during the 70 ms TOCSY

mixing time. (B) Fingerprint region of a natural-
abundance 'H-'3C HSQC spectrum. Blue labels

'H (ppm)

indicate 'Ho-'3Ca  crosspeaks. (C) Natural-
abundance 'H-'°N sofast-HMQC spectrum. Blue
labels indicate backbone 'H-1°N correlations. Pink
labels indicate correlations from sidechain -NH,
groups, and from the backbone C-terminal amide
blocking group (CO-NHy).
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experiments, together with natural abundance 3C-HSQC (Fig. 3B) and
15N-sofast HMQC (Fig. 3C) spectra. The NMR chemical shifts, together
with short-range backbone NOE patterns, enabled us to calculate
(Cheung et al., 2010; Shen and Bax, 2013) the secondary structure of Z*
shown in Fig. 4. The calculated pfa secondary structure is typical for a
ZNF domain (Berg, 1988). We used the Talos-N program to predict S?
order parameters from the chemical shifts of Z*. The $2 order parameter
ranges from 1 for rigid sites to O for sites with unrestricted flexibility.
Except for the last two residues in the sequence, all S2 values for the Z*
domain were above 0.7. The muted flexibility of Z* is consistent with its
high thermal stability.

The NMR structure of Z* demonstrates a CCHC metal binding site

The pBpa secondary structure of Z* (Fig. 4) would seem to preclude a
CCHH-type ZNF structure, since this would place the putative ligands
C30 in the p-hairpin turn and H39 at the beginning of the a-helix, on
opposite ends of the molecule. The preeminent structure prediction al-
gorithm AlphaFold (Lewis and The, 2023; Callaway, 2022; Service,
2021) sheds little light on the matter, as it predicts irregular structure for
the Z* domain with a low confidence pLDDT score (Fig. 5A). Sequence
conservation within Z* is high (Birnbaum et al., 2006), and did not allow
us to distinguish between the three alternative sets of chelating residues.
To determine the correct metal ligands and fold for Z*, we calculated its
solution NMR structure using the experimental data in Table 1.

In the NMR structure calculations, we took great care not to bias the
structures by introducing incorrect restraints between the potential
ligating residues and Zn?*. We calculated an initial set of NMR struc-
tures using only dihedral and intra-protein distance restraints. The
initial structures showed residues C27, C30, H43 and C49 were in
proximity and poised to ligate Zn?*. By contrast residues C34 and H39
were too far to participate in metal binding. Once correct ligands were
identified from the initial structures, distance restraints to the Zn** atom
were included in the final set of NMR structure calculations (Fig. 5 B-D).
As an additional check of correct ligand assignments, we used 1D NMR
to demonstrate that the variant Z*(C34A, H39A), missing the cysteine
and histidine not involved in ligation, retains the ability to fold with
Zn?* (Fig. 1D).

A ribbon diagram for the NMR structure of Z* closest to the ensemble
average is shown in Fig. 5B. The set of 20 lowest energy structures with
no violations is displayed in Fig. 5C. The Z* structure is superposed with
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the Xfin-31 classical CCHH ZNF in Fig. 5D. The two structures are
remarkably close with a backbone RMSD of 1.1 A. Comparison to other
ZNF structures (Fig. 6A) gave similar results with a range of RMSDs
between 0.8 and 1.5 A.

Compared to Xfin-31, which is a CCHH-type ZNF, the final half-turn
of a-helix in Z* is disrupted to allow C49 to become the last ligand in a
tetrahedral CCHC coordination site for Zn** (Fig. 1D). The first ligand,
C27, comes from the Bl strand; the second, C30, from the B-hairpin
reverse turn, and the third, H43, from the middle of the a-helix (Fig. 5A).
These are all features of the classical CCHH ZNF motif (Fig. 1C-E). To a
large extent the backbone structure of the CCHC domain Z*, is very
much like that of a CCHH ZNF except that the last ligand is a cysteine
rather than a histidine. Structural similarity extends to the residue
following the second cysteine ligand, P31, having unusual backbone
dihedral angles (Simpson et al., 2003) that account for most of the de-
viations of Z* from Ramachandran ideality (Table 1). The structural
similarity is even more striking for the sidechains around the Zn*" ion
(Fig. 5D). The first three conserved ligands give an RMSD of 0.36 A over
15 equivalent heavy atoms, compared to 1.08 A for the backbone atoms
between the Z* and Xfin-31 structures. For the non-conserved fourth
ligand, the atoms Ca, Cp, and Sy of C49 in Z* essentially trace the N&1,
Cel, and Ne2 aromatic ring atoms of H23 in Xfin-31 to result in struc-
turally if not chemically nearly equivalent coordination sites (arrow in
Fig. 5D). Of the Cys and His residues not involved in metal coordination
(Fig. 5D), H39 could participate in DNA binding (see below). The
cysteine that does not participate in metal coordination, C34, points to
the interior of the structure with its sulfhydryl group possibly forming a
hydrogen bond with the backbone carbonyl of the last residue before the
start of the a-helix, E36.

The three residues Y25, F32, and L40 (green in Fig. 5C) correspond to
the conserved hydrophobic core at the base of the V-like wedge between
the B-hairpin and a-helix in classical ZNFs. Although, F32 (light green in
Fig. 5C) is strictly not-conserved (Fig. 1B, G), it serves the consensus
structural role (Fig. 1B). In addition to the classic hydrophobic core, Z*
appears to have a second hydrophobic ridge that stabilizes the structure
comprised of residues F28, F41, M44, Y46 and L48 (orange in Fig. 5C).
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Fig. 4. Secondary structure of Z*. The consensus secondary structure is based on NMR short-range NOE distance contacts and chemical shift differences from
random coil values, calculated with the program DANGLE (Cheung et al., 2010). The thickness of the horizontal bars denotes the intensity of backbone NOEs.
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C-term

Fig. 5. Structure of the Z* domain. (A) AlphaFold model for the human ZNF750 protein (PDB CSM accession code AFQ32MQOF1). The position of the Z* domain
from Y25 to N51 is indicated. The model is color-coded according to prediction confidence levels: pLDDT > 90 blue, 90 > pLDDT > 70 cyan, 70 > pLDDT > 50
yellow, 50 < pLDDT orange. (B) Folding topology and Zn**-binding site of the Z* domain based on experimental NMR data (Table 1). The sidechains of Zn>*-
chelating residues are shown, as well as C34 and H49 which do not participate in metal binding. (C) Ensemble of the top NMR structures of Z*. The backbone is
shown in dark blue, sidechains of Zn* ligands in gray, conserved aromatic and hydrophobic residues in green, and additional nonpolar residues that are not part of
the conserved consensus in orange. (D) Superposition of the NMR structure of Z* from this work with the first structure of a ZNF (Lee et al., 1989), the classical CCHH
domain from Xfin-31 (PDB code 1ZNF). Note the similarity in overall structures, and in the positioning of the last ligand (H19 in Xfin-31, C49 in Z*) relative to

the metal.

The structure of Z* provides a context for understanding
sidechains that could be involved in function and cancer-
associated mutations

Given the structure of Z* is so close to that of classical ZNFs, we
superposed it onto the best-available 1.4 A-resolution X-ray structure of
a ZNF-DNA complex (Zandarashvili et al., 2015) to check if the domain
could be compatible with DNA-binding. Indeed, we found that the Z*
structure could be consistent with a DNA-binding site, however, as
described in the Discussion section the presence of only a single ZNF
domain with a CCHC ligand set argue the domain has a protein-binding
rather than DNA-binding function.

In classical CCHH ZNFs, the DNA binding site is formed by residues
—1, 3, and 6, where the numbering corresponds to the start of the a-helix
(Klug, 2010; Wolfe et al., 2000). Note that the X-ray structure of Egr-1

(PDB code 4X9J) has a tandem of three ZNFs bound to DNA. For clarity
only the middle finger is shown in Fig. 6A. The superposition and
sequence rules for ZNFs (Klug, 2010; Wolfe et al., 2000) allow us to
identify putative DNA-ligating residues in Z* as E36 (-1), H39 (3) and
N42 (6) (Fig. 6B). The sidechain of Y46 at the 10 position of Z* also
seems poised for interactions with the base above that recognized by the
6 position (Fig. 6B), a pattern found in some ZNFs with a canonical DNA
binding mode (Wolfe et al., 2000). A common feature of the DNA
recognition motif in canonical ZNFs, is that the residue in position 2
recognizes a base on the noncoding strand (Fig. 6B) to create a 4 base
pair overlapping subsite in transcription factors with multiple tandem
ZNFs (Klug, 2010). In Z*, the 2 position is occupied by S38 the sidechain
of which seems too small to reach the opposite strand. Rather, K37 in the
1 position appears ideally positioned to interact with the noncoding
strand.
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Table 1

Statistics for the 20 best NMR structures of the Z* domain.
NMR restraints (total) 390
Distance (total) 330
Intraresidue NOE (|i-j| = 0) 119
Sequential NOE (|i-j| = 1) 82
Short-range NOE (1<|i-j|<5) 72
Long-range NOE (5<|i-j|) 41
Hydrogen bond (2x) 12
Zinc restraints 4
Dihedral (¢ 23, y 21, y; 16) 60
Restraint violations
> 034 0
> 5° 0

Residual restraint violations
Distance (A)

Dihedral (°)

RMS deviations from ideal geometry

0.0685 + 0.0007
0.57 + 0.03

Bonds (A) 0.00474 + 0.00006

Angles (°) 0.655 + 0.004

Improper torsions (°) 0.379 + 0.004

Ramachandran plot PROCHECK statistics

Residues in most favored regions 90 %

Residues in allowed regions 10 %

Residues in generously allowed regions 0%

Residues in disallowed regions 0%

Coordinate rms deviations (A) Backbone (Ca,N,C’) All heavy
NMR ensemble to average 0.25 + 0.11 0.77 £ 0.12
Z* vs PDB 1ZNF 1.08 + 0.03

Z* vs PDB 1A1H: 135-156 1.49 £0.14

Genome-wide association studies (GWAS) of cancer patients have
identified several somatic missense mutations in the ZNF750 tran-
scription factor, with some of these specifically in the Z* domain
(Table 2). The mutations were compiled from the literature (Takahashi
et al., 2022) and from the CBioPortal (Gao et al., 2013) database (http
s://www.cbioportal.org). We caution that the significance of these so-
matic mutations is unknown, since a higher mutation rate due to
impaired DNA repair is a hallmark of cancers in general (Jackson and
Loeb, 1998; Bailey et al., 2021). Of the currently catalogued cancer-
associated mutations in Z*, all involve structural residues rather than
amino acids that could participate in the putative DNA binding site
(Table 2). This includes the C49R mutation that replaces the cysteine we
established in this work as the fourth ligand for Zn?". A large-scale
analysis of CCHH ZNFs found single nucleotide polymorphisms are
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less abundant in DNA-contacting residues, in general (Lockwood et al.,
20142014). In addition to missense mutations, there are frameshift and
nonsense mutations that affect the function of the ZNF750 transcription
factor. In the familial SLDP disease that led to the discovery of the
ZNF750 gene (Birnbaum et al., 2006), an autosomal dominant frame-
shift mutation deletes everything past residue 19 of the 723-residue
protein, including the Z* domain.

Discussion

The Z* domain is classified as degenerate by the UniProt database
because its sequence does not conform to the classical CCHH ZNF
consensus (The_UniProt_Consortium, 2023; Aceituno-Valenzuela et al.,
2020). Besides Z*, we have recently determined that the seventh ZNF
domain of ZNF711, also classified as degenerate (UniProt accession code
Q9Y462), folds in the presence of Zn?* (A.J.R. and A.T.A., in prepara-
tion). We are aware of another two ZNF domains classified as degenerate
by UniProt (accession codes Q9P243 domain 14, P17041 domain 7) that

Table 2
Cancer-associated somatic missense mutations in the Z* domain of ZNF750.

Mutation  ID" or reference Cancer type Site role in
structure
Y25D TCGA-Z6-A8JE Esophageal squamous conserved aromatic
cell
K26E TCGA-D3-A3C7 Cutaneous melanoma a-helix C-cap
F28L TCGA-TN-A7HL Head and neck p-hairpin turn
squamous aromatic
F28Y TCGA-TN-A7HL Head and neck p-hairpin turn
squamous aromatic
P31S TCGA-E7-A677 Bladder urothelial B-hairpin turn
proline
F32L (Takahashi et al., Esophageal squamous conserved aromatic
2022) cell
L401 TCGA-BS-AOUV Uterine endometrioid conserved
hydrophobic
L40V TCGA-DK-A3WW Bladder urothelial conserved
hydrophobic
M44R (Takahashi et al., Esophageal squamous hydrophobic in core
2022) cell
C49R TCGA-BB-7870 Head and neck Loss of 4th Zn?*-

squamous ligand

# Sample IDs are from the CBioPortal (Gao et al., 2013) (https://www.cbiop
ortal.org) for the ZNF750 entry.

Fig. 6. Putative DNA binding site for Z*.
(A) Superposition of Z* (cyan ribbon, white
sidechains) onto the middle ZNF of Egr-1
(green) in complex with its target DNA
(PDB 4X9J). The 1.4 A X-ray structure of
Egr-1 (Zandarashvili et al., 2015) has two
flanking ZNFs in the DNA complex that are
omitted for clarity. The superposition illus-
trates the similarity of the ZNF structures
(RMSD 1.2 A) and the putative DNA-binding
sidechains of Z* (white) relative to the Erg-1
ZNF. (B) Schematic of a possible DNA-
binding residues of Z* based on the ZNF
consensus. In addition to the consensus
residues, Y46 may bind to the coding strand,
and K37 to the noncoding strand. The DNA-
binding site prediction server for ZNFs (http
5' ://zf.princeton.edu) (Persikov and Singh,

2014), suggests the Z* domain has a pref-

erence for the DNA sequence pattern (G/C)

G(C/G), with only the central G of the

triplet exhibiting a strong propensity. The

prediction is in agreement with our NMR structure, since H39 in the 3 position of the Z* binding site would have a strong preference for guanine in the central
position of the DNA triplet (Wolfe et al., 2000). Note, however, that the function of Z* may be protein-binding rather than DNA-binding, as described in the Dis-

cussion section.
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have NMR structures in the Protein Databank (PDB codes 2RV1 and
2EPC). The AlphaFold method that performed the best at the last few
biennial CASP tournaments (Callaway, 2022; Sippl, 1999), predicts at
low confidence a structure for Z* that differs from our experimental
NMR structure (Fig. 5A). About 42% of residues in human proteins are
predicted by AlphaFold at low confidence, defined by a pLDDT score
lower than 70 (Tunyasuvunakool et al., 2021). The inference for these
regions is that they are dynamic, either intrinsically disordered or
becoming structured as part of a complex (Tunyasuvunakool et al.,
2021). If true, AlphaFold would not only predict protein structure but
flexibility. The structure of Z* is extremely stable with a melting point
above 80 °C. S? order parameters calculated from NMR chemical shifts
indicate the structure is rigid except for the last two residues in the
sequence, in agreement with the tight clustering of conformers in the
NMR ensemble. We suspect that the low confidence of the AlphaFold
prediction for Z* has less to do with dynamics than with the unfamil-
iarity of its sequence, making the domain underrepresented in sequence
and structure databases.

The first clues that the Z* domain is a functional ZNF came from
experiments demonstrating the double-mutants ZNF750(C27A, C30A),
ZNF750(H39A, H43A), and the quadruple mutant ZNF750(C27A, C30A,
H39A, H43A) abrogated the ability of the transcription factor to induce
late terminal epidermal differentiation through its induction of the
expression of the KLF4 transcription factor (Boxer et al., 2014; Sen et al.,
2012). Mutagenesis can lead to ambiguous results since a missense
mutation can affect structural or functional parts of a protein. Because of
the assumption of a CCHH ZNF, and because the putative ligating resi-
dues were mutated in pairs, the mutagenesis experiments missed that
the Z* domain has a CCHC (C27, C30, H43, C49) rather than the ex-
pected CCHH coordination site. The CCHH arrangement (C27, C30,
H39, H43) is disfavored by the prohibitively short 8-residue spacing
between the second and third ligands (Fig. 1F, 5B).

There are two conceivable ways a ZNF domain could fold despite
sequence differences from consensus. The first is a rearrangement of the
structure to preserve the character of the metal binding site. The second
is to allow differences in the Zn?" ligands, while preserving the folding
motif. The second alternative is used by the Z* domain. Similarly, two
previously described examples of degenerate ZNFs with structures in the
PDB (codes 2RV1 and 2EPC), both have the prototypical ppa fold. This
suggests selective pressure to maintain the fpo structural motif, deter-
mined by the spacing between the Zn?" ligands and the conserved po-
sitions forming the hydrophobic core. By contrast constraints on the
identity of the Zn%* binding ligands appear laxer, as long as the ppa-fold
foundation for the coordination site is preserved. From a structural point
of view, the Z* domain is just like a classical CCHH-type ZNF, except that
the last Zn?" ligand histidine ligand is replaced by a cysteine (Fig. 5D).
The Zn?*-ligating residues are on the opposite side of the o-helix that
would determine the DNA binding-site of a CCHH-type ZNFs (Fig. 6B).
In Z*, neither Zn?*-binding affinity (Fig. 2B) nor stability (Fig. 2A) are
perceptibly affected by the switch of the last ligand from a histidine to a
cysteine. This suggests that the association of CCHH-type ZNFs with
DNA-binding functions is due to gene duplication and divergent evolu-
tion. The structure and stability properties of the ZNF folding motif
appear equally well supported whether a histidine or cysteine is the last
ligand for Zn2".

As Z* is a CCHC-type ZNF it is useful to distinguish between two
types of families that have this set of metal-binding ligands. One CCHC
family has the sequence spacing C-X3-C-X4-H-X4-C. This family typically
functions as an RNA-binding module in RNA metabolism processes
(Michalek et al., 2011; Wang et al., 2021; Aceituno-Valenzuela et al.,
2020). Member of the family usually have a ‘zinc knuckle’ structure,
where the short four-residue segment between the second cysteine and
histidine ligands, truncates the ‘finger’ to a knuckle. We think it is useful
to distinguish this knuckle-CCHC family from the finger-CCHC family
exemplified by the Z* domain, since the latter have structures very
similar to the classical ZNFs. Besides Z*, other examples of finger-CCHC

Journal of Structural Biology: X 8 (2023) 100093

domains exist in the proteins NEMO (Cordier et al., 2008), Fog, MOZ, U-
shaped (Matthews et al., 2000), and BLC11A (Grabarczyk et al., 2018;
Shen et al., 2021).

All examples of the CCHC-finger motif currently described in the
literature function in protein—protein rather than protein-DNA in-
teractions (Cordier et al., 2008; Matthews et al., 2000; Grabarczyk et al.,
2018; Shen et al., 2021). A possible exception is the seventh domain of
ZNF32, currently classified as degenerate but with an unpublished
CCHC structure from a Structural Genomics group (PDB 2EPC). Unfor-
tunately, there is no information on the function of this domain and
whether it binds proteins or DNA. In some cases such as BLC11A, CCHC
domains occur together with CCHH domains in transcription factors,
with the latter used for DNA-binding and the former for protein in-
teractions (Grabarczyk et al., 2018; Shen et al., 2021). We anticipate
substantially more CCHC-fingers remain to be discovered and compiled
a list of examples in Table 3. These include domains currently classified
as degenerate CCHH ZNFs where a cysteine could replace the missing
last histidine, as well as domains where a potential fourth ligand is
present in the sequence downstream of the assigned domain boundary.
Ideally, the folding status and DNA or protein-binding functions of these
domains would be established experimentally since there are relatively
few characterized examples of CCHC fingers to date, and some of the
putative examples in Table 3 have alternative sets of potential ligands.

ZNF750 is an extremely rare and unusual example of a transcription
factor with a single ZNF domain. We are aware of only one other such
example, the single ZNF domain from the GAGA transcription factor that
is a CCHH rather than a CCHC domain (Omichinski et al., 1997). With
the GAGA transcription factor, NMR structural studies showed that two
basic regions from the N-terminus of the protein adopt a-helical struc-
tures that augment the site-specific DNA binding modulated by the
single ZNF domain (Omichinski et al., 1997). Like the GAGA tran-
scription factor, ZNF750 has basic regions upstream of the Z* domain
(light blue in Fig. 1F). In ZNF750 the N-terminal basic region includes
the sequence RKPKK (underlined in Fig. 1F) that is a signature nuclear
localization signal (NLS). However, there are additional NLS motifs at
the C-terminus of ZNF750 (Fig. 1A), and it was shown that the N-ter-
minal NLS was dispensable for nuclear localization (Cohen et al., 2012).
The N-terminal basic region could thus be part of an extended DNA-
binding site that includes the Z* domain, like in the GAGA transcrip-
tion factor. Alternatively, immunoprecipitation and mutagenesis studies
showed that ZNF750 interacts with the chromatin regulatory proteins

Table 3
Examples of potential CCHC ZNFs currently annotated as degenerate CCHH
domains.

Protein” UniProt ID Domain Limits Potential Zinc Ligands”
PRDM6-1 QINQX0 473-495 C475, C478, H491, C493
PRDM6-4 QINQX0 557-579 C559, €562, H575, C582°
ZFAT-2 Q9P243 116-141 C118, C121, H134, C136
ZFHX4-15 Q86UP3 2267-2291 C2269, C2272, H2285, C2290
ZFHX4-19 Q86UP3 3354-3378 C3356, C3359, H3372, C3377
ZFP57-7 QO9NU63 356-378 C358, C361, H374, @“'
ZN131-4 P52739 356-381 C358, C361, H374, C378
ZN292-8 060281 1375-1397 C1377, C1380, H1393, C1400¢
ZN423-1 Q2M1K9 67-93 C69, C72, H85, C90°
ZN675-3 Q8TD23 200-222 €202, C205, H218, C224°
ZN746-1 Q6NUN9 453-478 C455, C458, H471, C475

# The number following the protein is the degenerate ZNF domain number
assigned by UniProt.

Y The underlined residue is a putative fourth Zn?" ligand that we identified in
the sequence.

¢ The putative fourth ligand is downstream of the domain boundary specified
by UniProt.

d Alternatively, H388 or H389 could be the fourth ligand for this domain,
giving a CCHH-type ZNF.

¢ Alternatively, H88 could be the fourth ligand for this domain, giving a
CCHH-type ZNF.
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KDM1A, RCORI1, CTPB1 and CTPB1, through two PLNLS amino acid
sequence motifs in the 504-563 region (Fig. 1A) of the protein (Boxer
et al., 2014). Moreover, mutagenesis of the PLNLS motifs affected DNA-
binding (Boxer et al., 2014). The chromatin regulatory proteins that
interact with ZNF750 are transcriptional regulators with inherent DNA-
binding functions. Thus, it is possible ZNF750 does not bind DNA on its
own but only as part of heterooligomeric complexes that extend the
binding site beyond that provided by Z* alone.

Conversely, ZNF750 may not contact DNA at all but form protein
interactions with other transcription regulators that bind DNA. The
primary evidence that supports ZNF750 binding to DNA is ChIP-Seq data
demonstrating that a segment of the ZNF750 transcription factor near
the Z* domain interacts with the progenitor genes it represses and the
differentiation genes it activates through a 5-CCNNAGGC-3' DNA
consensus sequence (Boxer et al., 2014). Significantly, the quadruple
ZNF750 (C27A, C30A, H39A, H43A) mutant described previously
decreased DNA binding in the ChIP-Seq assay as well as binding to the
proteins KLF4 and RCO1 (Boxer et al., 2014). The ChIP-Seq method uses
formaldehyde crosslinking and immunoprecipitation of the target pro-
tein, together with DNA sequencing, for genome-wide profiling of pro-
tein DNA binding-sites (Park, 2009). Since formaldehyde crosslinking is
nonspecific, there is a possibility the assay could identify a protein that
does not interact with given DNA sequences directly but through other
proteins or complexes (Narlikar and Jothi, 2012; Hoffman et al., 2015).

Factors that suggest a role in protein rather than DNA-binding for Z*
include (i) that it occurs as a single ZNF in the ZNF750 transcription
factor, and (ii) is a CCHC-type domain, a family so far associated with
protein-protein interactions. A domain similar to Z* with only three
sequence differences (N35L, F41Y, G47S) and hence probably highly
similar structural properties, is present in the ZNF750 paralog PRR35
(proline-rich protein 35, UniProt accession code POCG20). Alignment
gives 77% sequence identity between residues 5-56 of ZNF750 and
residues 17-68 of PRR35. Beyond the N-terminal basic region and the Z*
domain (Fig. 1F), the sequences of the two proteins are dissimilar. The
function of PRR35 is unknown. A family of small proline-rich proteins is
involved in keratinocyte differentiation (Zabini et al., 2023) but it is
unclear if PRR35 is related to these. Since the first ~60 residues of
ZNF750 and PRR35 are highly homologous, these segments either both
bind similar DNA sequences through the Z*-ZNF and the conserved N-
terminal basic regions, or alternatively these segments both bind similar
client proteins rather than DNA.

Taken together, the structure of Z* sheds new light on the role of this
domain in the function of the ZNF750 transcription factor. We estab-
lished in this work that ZNF750 contains a stable, folded, genuine ZNF
domain, Z*. At the same time, the CCHC ligand set for Z* suggests the
domain may bind proteins rather than DNA. The functional role of
ZNF750 may be more akin to general transcription factors like TFIIB
(Buratowski and Zhou, 1993). Clearly more information is needed on the
structural properties of the full-length ZNF750 protein and its binding
partners. Given the many unusual features of this transcription factor we
expect these mechanistic aspects will need more experimental data to
establish functions unequivocally.

Experimental procedures
Materials

The 27-residue peptides Z* and Z*(C34A, H39A), corresponding to
the fragment 25-51 of human ZNF750 (UniProt Q32MQO0), were syn-
thesized by AAPPTec (Louisville, KY). Both peptides had their termini
blocked by N-acetylation and C-amidation, were >90% pure by HPLC,
and had molecular weights by mass spectrometry within 3 Daltons of
those theoretically expected. ZnSO4-H0 (purity of >99.9%) was from
Sigma (St. Louis, MO).
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Optical spectroscopy and Zn>* affinity

Z* concentrations were determined via a BCA assay (Walker and
Walker, 2002) according to the manufacturer’s instructions (Thermo
Fisher Scientific; Waltham, MA) on an Ultrospec 8000 UV-Vis spectro-
photometer (Thermo Fisher). Concentrations from the BCA assay were
used to determine molar extinction coefficients at 280 nm of 2,954 M~!
em™! for unfolded Z* in the absence of Zn?*, and 2,978 M~! em™! for
folded Z* in the presence of a 1:1.25 ratio of Zn*".

CD data were collected using an Applied Photophysics Chirascan
V100 Spectrometer (Surrey, UK) using a 1 mm cuvette. The Z* con-
centration was 124 pM in 10 mM NaPO4 buffer, pH 7. CD spectra were
collected between 190 and 250 nm, using a 1 nm bandwidth, a 1 nm step
size, and 5 s/point data averaging for an approximate total scan time of
5 min. Thermal melt experiments were collected from 20 °C to 96 °C in
4-degree increments, with the same parameters except using 0.75 s/
point data averaging, for a total scan time of 72 s.

For Zn?*-binding experiments 22 mM EGTA together with ZnSO,4
concentrations of 0.1—200 pM were added to 133 uM Z*. The fraction of
Zn?*-bound protein, ®, was calculated from

([©]i — [©]in)

® = (lfin — [©)inn)

€8]

where [©]i is the measured ellipticity at 200 nm for a given Zn?* con-
centration, and [@]int and [@]fin are the plateau values for free and
fully-bound Z*, respectively (Imanishi et al., 2010). Free Zn®* concen-
trations were calculated with the WEBMACX program (Ivanova et al.,
2008; MaxChelator). The binding data were modeled according to a
sigmoidal function:

® = Dfrec + (Pbound — Peree)/A+([Z0* ree/Ka)™) (2)

where the fitted parameters were the dissociation constant Ky, the
Hill coefficient n, and the plateau fraction bound values (®) at low and
high [Zn2+]free concentrations (Fig. 2B).

NMR spectroscopy

To establish folding in the presence of Zn®* (Fig. 2C, D), 1D 'HNMR
experiments with 0.5 mM samples of Z* and Z*(C34A, H39A) were done
at 27 °C on a Bruker Avance 500 MHz spectrometer. PFG-diffusion ex-
periments established that the Zn?"-bound Z* domain had an Ry, of 8.1
+ 1.2 10\, consistent with a monomer (Whitehead et al., 2022).

All 2D NMR experiments used for assignments and structure calcu-
lations were done at 15 °C on a Bruker Avance 600 MHz instrument
equipped with a TCI cryogenic probe, that is part of the Francis Bitter
Magnet Lab of MIT. A sample for 2D NMR experiments in H,O had 1.5
mM Z* and 2.4 mM ZnSOy, in 10 mM NaPQ4 buffer. For experiments in
D50 the sample had 3.0 mM Z*, 4.8 mM ZnSO4, and 20 mM NaPQ4
buffer. Both samples had a pH of 5.9. The experiments recorded on the
H,0 sample included 70 ms mixing time TOCSY (mlevgpphw5), 200 ms
mixing time NOESY (noesygpphw5), and a natural abundance °N-sofast-
HMQC (sfhmgqcf3gpph). The names in parentheses are the Bruker pulse
programs for the experiments. Experiments on the D;0O sample included
50 and 200 ms mixing time NOESY, DQF-COSY (cosydfph), ECOSY
(ecos3nph), and natural abundance 13C-HSQC (hsqcetgpsi2). Most of the
assignments were obtained from a sequential walk using the NOESY and
TOCSY spectra recorded in HyO (Fig. 3A). The natural abundance
'H-13C HSQC spectrum (Fig. 3B) proved particularly useful to confirm
'H aliphatic assignments and to extend these to the bonded carbon
resonances. The 15N—sofalst—HMQC experiment (Fig. 3C) was used to
extend amide proton assignments to their bonded nitrogens. Experi-
ments in D;0 were used for aromatic assignments, and to observe Ha
resonances without interference from solvent. The extent of assigned
resonances was 'H (93%), 3¢ (83%, excluding C’), and BN (77%).
Stereospecific assignments were obtained from ECOSY and short mixing
time (50 ms) NOESY experiments (Matousek and Alexandrescu, 2004).
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Cp shifts for all four cysteine residues were in a range between 30.1 and
30.7 ppm, indicating they were all in a reduced state (Schulte et al.,
2020).

NMR structure calculations

The restraints used for NMR structure calculations are summarized in
Table I. Distance restraints were obtained from NOESY crosspeak in-
tensities calculated with the program CcpNmr Analysis 2.5 (Vranken
et al., 2005). Torsional restraints were calculated from 'Hy; 'Ho '3Ca,
13Gp, and '°N chemical shifts using the program TALOS-N (Shen and
Bax, 2015). To identify the Zn?" ligands an initial set of 20 lowest energy
structures without violations was calculated from a starting set of 100
random conformation with the program XPLOR-NIH (Schwieters et al.,
2003). These initial structures showed an anti-parallel ppo structure
where C27, C30, H43, and C49 were poised to bind Zn?" but C34 and
H39 were too far to participate in the coordination site. Based on these
initial structures, distance constraints were included between Zn?* and
the aforementioned ligands, and hydrogen bond (H-bond) restraints
were included for amide protons protected from solvent exchange.

Two distance restraints were used per H-bond (1.5-2.5 A for NH-O
and 2.5-3.5 A for N-O) to enforce linearity. An additional seven dis-
tance restraints were included between the protein and the Zn?" atom:
2.33-2.37 A for Zn®"-Sy and rz;.cp = 3.25-3.51 A for Zn?*-Sy, for each
of the three cysteines. An ambiguous restraint of 1.0-3.1 A was set be-
tween Zn?* and either the N&1 or Ne2 atom of H43. In all the final
structures the Zn" was bonded to the Ne2 atom of H43. With all metal
restraints removed, the structures retained the ppa fold, and gave an all-
atom RMSD to the final structures of 0.37 = 0.05 A. Thus, the Z*
structure is not constrained by the Zn?* contacts alone but by the totality
of dihedral and distance restraints.

Database accession numbers

NMR assignments and chemical shift values for the Z* domain were
deposited in the BMRB under accession code 51951. Coordinates for the
20 lowest energy structures with no violations, together with the NOE
distance and dihedral restraints used for NMR structure calculations,
were deposited in the PDB under accession code 8SXM.
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