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The non-classical zinc finger protein, Neural Zinc Finger Factor-
1, contains six Cys,His,Cys domains. All three cysteines and
the second histidine directly bind Zn(II). Using a combination
of mutagenesis, metal coordination and DNA binding studies,
we report that the first histidine is involved in a functionally
important hydrogen bonding interaction.

Zinc finger (ZF) proteins are zinc co-factored metalloproteins that are
critical for a myriad of biological processes, most notably
transcriptional regulation." ? There are at least fourteen distinct
classes of ZFs.> All ZFs contain one or more discrete ZF domains
that include cysteines and/or histidines, which serve as ligands for
zinc coordination.” * > One ZF family, collectively known as the
‘CCHHC’ type ZF family, is unique in that it contains five potential
zinc ligands: Cys,His,Cys within each ZF domain.' Three members
of this family have been identified to date: Neural Zinc Finger
Factor-1 (NZF-1), Myelin Transcription Factor 1 (MyT1) and
Suppression of Tumorgenicity 18 (ST18).°® NZF-1 and MyT1 are
essential for the development of the central nervous system where
they function to control the development of neurons and
oligodendrocytes via regulation of the B-retinoic acid receptor
&7 STI8 is
associated with controlling tumour development, although its

(BRAR) and the proteolipid protein, respectively.

specific role in this process has not yet been established.’
All CCHHC family ZFs contain multiple, highly homologous,
CCHHC domains arranged in clusters (Fig. 1a)." A bona fide DNA
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target has only been identified for the cluster of NZF-1 made up of
ZF domains #2 and #3 (named NZF-1-F2F3).% '© We have shown
that the few non-conserved amino acid residues present in NZF-1-
F2F3 are critical for sequence specific DNA binding."' This model of
DNA recognition contrasts the paradigm for classical ZFs: classical
ZF's utilize a Cys,His, ligand set for Zn(II) coordination and there are
only a few additional conserved amino acids that are critical for the
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Fig. 1 (a) Cartoon depicting the arrangement of the ZF domains of NZF-1
with NZF-1-F2F3 boxed. (b) Alignment of ZF domains of NZF-1-F2 and
NZF-1-F3 with conserved CCHHC residues shown in purple and non-
conserved residues denoted in black. (¢) NMR structure of NZF-1-F2, with
metal coordinating ligands in cyan (PDBID: 1PXE). (d) A zoomed in view of
the local structure surrounding the non-coordinating histidines found in NZF-
1-F2 (PDBID: 1PXE) and MyT1-F5 (PDBID: 2JYD). (e¢) Zoomed in view of
the predicted structure of NZF-1-F3 centred at the non-coordinating histidine.
All structures were generated using PyMOL .
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Fig. 2 (a) Cartoon of ZF titrations. (b) Plot of the change in the absorption
spectrum between 500-800 nm as Co(Il) and Zn(II) are titrated with 25
uM H515Q. (c) Plot of the absorbance at 679 nm as a function of added
Co(II) (blue) or Zn(Il) (red). The solid line represents non-linear least
squares fits to 1:1 and competitive binding equilibria, respectively.

fold and function of the protein." '3

Although the CCHHC ZFs Zn(II)
coordinating ligands per domain (3 Cys, 2 His; Fig. 1b), studies have

have five potential
shown that only four ligands directly coordinate Zn(II) (Fig 1c).
These ligands are the three cysteines and the second conserved
histidine resulting in a CCHC ligand set."*'® The role of the first
conserved (non-Zn(Il)-coordinating) histidine is not understood. The
NMR structure of just finger 2 of NZF-1 (NZF-1-F2) has been
reported and the non-coordinating histidine appears to be involved in
a pi-stacking interaction with a tyrosine residue to stabilize the fold
around the zinc ion such that the protein can bind to DNA (Fig. ld).15
However, we found that when this histidine is mutated to a
phenyalanine in a functional construct of NZF-1 (NZF-1-F2F3),
DNA binding was completely abolished, indicating that the role of
the histidine is not a simple pi-stacking interaction.'!' Moreover, in
the structure of F5 of MyT1, which has 80% sequence homology to
F2 of NZF-1, the histidine and tyrosine are not oriented in a position
that allows for pi-stacking (Fig. 1d)."* "7 Both structures, NZF-1-F2
and MyT1-F5, lack significant secondary structure and principally
fold into a series of flexible loops. Circular dichroism studies on
different ZFs of this family confirm these results.'" '* Thus, the
differences in orientations between the histidine and tyrosine residues
observed in the two NMR structures indicate that the overall folds of
these domains are highly flexible.

Careful inspection of the sequences of F2 and F3 of NZF-1
revealed that the tyrosine residue that sometimes appears to pi-stack
with the non-coordinating histidine is absent in F3. An arginine is
found in place of this residue. To better understand the interactions
taking place in F3, a model of NZF-1-F3 was generated in PyMOL
with the NZF-1-F2 structure as a scaffold (Fig le; ESIT)." Arginine
residues often participate in hydrogen bonding interactions, but are
not involved in pi stacking interactions.”’ Thus, the non-coordinating
histidine may participate in hydrogen bonding, rather than pi-
stacking, as histidine can form hydrogen bonds with either tyrosine
or arginine but can only form pi stacking interactions with tyrosine.

Mutants of NZF-1-F2F3 were prepared to assess the role of
hydrogen bonding in function (ESI, Fig. S1t). The non-
coordinating histidines from F2 (H515) and F3 (H559) of NZF-1
were mutated to glutamine producing three mutants: NZF-1-F2F3-
H515Q, NZF-1-F2F3-H559Q, and NZF-1-F2F3-H515/559Q (called
H515Q, H559Q and H515/559Q). The mutations are designed to
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retain hydrogen-bonding interactions, but disrupt pi-stacking.

To determine whether the mutants bound Zn(II), optical
titrations using Co(II) as a spectroscopic probe for Zn(II) were
performed (ESIf). This is a common strategy used to investigate
metal ion coordination to ZF sites.”’  Co(Il), like Zn(Il), can
coordinate cysteine and histidine ligands in a tetrahedral geometry
but has the advantage of having a partially filled d-shell (d) which
allows for optically observable d-d transitions. The optical spectrum
for a Cys,HisCys site is expected to exhibit transitions between 550
— 750 nm."?* All three mutant peptides were titrated with Co(II) and
the expected d-d bands were observed (Fig. 2; Fig. S2t). The
intensity of the d-d transitions became saturated after 2 equivalents
of Co(Il) were added, indicating the expected 2:1 Co(Il):peptide
binding stoichiometry. No intermediate spectra were observed
during the course of the titrations, which suggests that both ZFs
within each domain bind to Co(II) with equal affinity. The data were
fit to a 1:1 binding equilibrium, treating the two sites equally.”
Upper limit dissociation constants (Kgs) of 6.9 +0.3x 107,52+ 1.2
x 107, and 3.9 + 1.0 x 107 M were determined for Co(Il) binding to
H515Q, H559Q, and H515/559Q, respectively. To determine the
affinities of the peptides for Zn(II), solutions of the peptides with 20
excess molar equivalents of Co(Il) were titrated with Zn(II) and the
decrease in the d-d absorbance bands monitored. These data were fit
a competitive binding model”> ** and upper limit Kgs for Zn of 3.0 £
0.9 x 107,51 + 21 x 10", and 1.2 = 0.6 x 10" M were
determined for H515Q, H559Q, and H515/559Q, respectively. These
Kgs are in the same range as those reported for other wild type (WT)
and mutant NZF-1 constructs indicating that the mutations have not
affected the peptides’ ability to bind metal ions (Table S1%).%

The Co(Il)-peptides were further characterized by X-band
Electron paramagnetic resonance (EPR) spectroscopy at 12 K (ESIt).
Co(II)-WT exhibited a broad spectrum indicative of high spin Co(II).
Rhombic symmetry was observed with g values of 5.36, 2.96, and
2.31 (Fig. 3a). No observable hyperfine splitting was noted. The
spectrum is consistent with spectra reported for other tetrahedral
Co(Il) coordination complexes.26'2° The EPR spectrum of
H515/559Q was identical to that of the WT peptide (Fig. S3at),
suggesting that the mutations did not affect the geometry at the metal
centres. The EPR spectrum of a previously reported mutant in which
the metal coordinating histidine had been mutated such that the non-
coordinating histidine now bound Co(II) (named NZF-1-F2F3-
H523/567F)"! was also recorded to determine how switching the
coordinating ligands affects the metal centre. The spectrum showed
only slight differences, indicating that NZF-1 forms high-spin Co(II)
species when four coordinating ligands are present (Fig. S3bt).

Fluorescence anisotropy (FA) of the mutants with fRAR DNA,
which is NZF-1’s physiological target, and a random segment of
DNA was performed to measure the effects of the mutations on DNA
binding (ESI¥)'" 2* H515Q and H559Q bound the BRAR DNA
specifically with Kgs of 3.0 + 0.2 x 10° M and 3.7 + 0.3 x 10° M,
respectively; whereas, the double mutant, H515/559Q, did not bind
to DNA with measurable affinity (Table S1, Fig. 3b). In comparison,
WT binds BRAR DNA with an affinity of 1.4+ 0.2 x 10° M."!

(@

Peptide & 8 &

WT 5.36 2.97 2.31
H515/559Q 5.36 2.3 2.30
H523/567F 5.41 2.33 2.33

AAnisotropy
o
3

1000 2000 3000 4000 5000
[Protein] (M)

1000

2000 3000

Gauss
Fig. 3 (a) EPR spectrum of Co(II)NZF-1-F2F3, table of g values for WT

and variants (inset). (b) Comparison of anisotropy as H515Q (blue),
H559Q (green), and H515/559Q (red) are titrated with BRAR.
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There are several possible interpretations of these results. One
explanation is that for the single ZF domain mutants, only the non-
mutated domain is binding DNA and by inference when both
domains are mutated no binding would be observed. There are some
examples of single ZF domains that can bind to DNA or RNA
targets.***? These single ZFs typically exhibit Kys in the micromolar
regime.*? To investigate this, a single ZF domain of NZF-1, NZF-1-
F2, was prepared using published protocols'® and DNA binding was
measured. NZF-1-F2 did not bind to either the BRAR or the random
DNA (data not shown). Thus, the explanation that mutation of a
single ZF domain merely abrogates binding from that mutated
domain was ruled out.

A second explanation is that hydrogen bonding is but one of
several properties required for proper fold and function of NZF-1-
F2F3. To further understand the structural consequences of the H to
Q mutants, the structures of the mutant ZFs were generated in
PyMOL using the NZF-1-F2 structure as a scaffold (ESIt)." These
structures were compared to the structures of WT NZF-1-F2 and the
modelled structure of NZF-1-F3. The likelihood of H-bonding
interactions between H and Y (for WT F2), Q and Y (for the F2
mutant, H515Q), H and R (for WT F3), or between Q and R (for the
F3 mutant, H559Q) were determined by estimating the bond
distances between the potential hydrogen bond donor and acceptor
atoms (Fig. 4). For F2 and H515Q, the H/Q likely serves as the H-
bond acceptor while Y serves as the H-bond donor. The closest
calculated bond distances for these constructs are 4.5 and 4.6 A,
respectively. These distances are too long for a H-bond interaction to
occur.”® For WT F3 and H559Q, where H/Q serves as the H-bond
donor and R as the acceptor, these distances are 2.8 and 3.1 A, which
are typical distances for a hydrogen bonding interactions.”® This
analysis suggests that hydrogen bonding is important for the fold and
function of F3, but not for F2. The DNA binding results can be
interpreted to support this conclusion. For F2, where hydrogen
bonding does not appear to be important for function, the H to Q
mutation disrupted another key feature that is important for fold and
function, thus explaining the decrease in affinity of the mutant for
DNA. For F3, where H-bonding appears to be important, the
mutation of H to Q (H559Q) retains the hydrogen bond, but DNA
binding is still negatively impacted. This can be explained by the
observation that Q does not completely mimic the hydrogen bonding
of the native H. The acceptor atoms of H and Q (N and O,
respectively) are not only in different orientations, but could be
accepting the H-bond from different amides on the donor arginine
(Fig. 4). Therefore, we propose that these differences in WT and
mutant F3 affect folding and DNA binding. Alternatively, Y520 and
R564 could directly contact DNA, thus any mutation would result in
loss of binding.

Taken together, these results underscore the complexity of the
DNA binding interactions mediated by NZF-1. The published
structures of single ZF domains contain minimal secondary structure
and how these structures change upon DNA binding is not known.

(a) NZF1F2 (b) NzF-1-¥3
R564
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Fig. 4 Close up of (a) F2: H515 and Y52; (b) F3: H559 and R564; (c)

H515Q and Y520; (d) H559Q and R564. Distances of potential H bond
shown adjacent to bond (shown in green).
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Attempts to obtain the structure of NZF-1-F2F3 bound to its DNA
partner are currently in progress in our lab to further unravel the
complex zinc mediated NZF-1/DNA recognition event.

This work was supported by NSF (SLIM: CHE-0747863, CHE-
1306208) and NIH, NINDS (ANB:F31NS074768). Thanks to David
Goldberg and Alison McQuilken (JHU) for EPR assistance and Holly
Cymet of Stevenson Univ. for the NZF-1-F2 construct.
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