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Zinc-mediated multimerization of the N-terminal
CCHC zinc finger domain of BCL11B: a key
to stability and a potential therapeutic target

Anne Susemihl,ab Felix Nagel,a Piotr Grabarczyk,b Christian Andreas Schmidtb and
Mihaela Delcea *a

The transcription factor B cell lymphoma/leukemia 11B (BCL11B) homomultimerizes via its N-terminal

CCHC-type zinc finger domain. Our previous findings revealed that BCL11B forms tetramers, rather than

the initially predicted dimers. This requires a deeper understanding of the nature of these higher-order

interactions. Here, we present a comprehensive biophysical characterization of the wild-type domain

and selected mutants, with a focus on their dependency on Zn2+ for structure, stability, and multi-

merization. The mutations were selected to probe the role of hydrophobic interactions (I70A), and to

alter the zinc coordination sphere to CCCC (H76C), or the more common C2H2 motif (C81H). Size

exclusion chromatography showed higher-order complexes with Zn2+, and circular dichroism spectro-

scopy revealed a typical zinc finger fold. Both complex size and secondary structure were reversibly

altered by Zn2+ removal and re-addition. Melting temperature analysis showed that Zn2+-bound species

are more stable, with tetrameric complexes exhibiting higher thermal stability than dimers. Isothermal

titration calorimetry indicated that tetrameric species have higher affinities to Zn2+ than dimers. The I70A

mutation, located outside the canonical zinc coordination sphere, affected zinc binding affinity and

multimerization. Substitution with Co2+, monitored by UV-vis spectroscopy, confirmed the tetrahedral

coordination geometry and revealed differences in half-lives among the variants. These findings

emphasize the central role of Zn2+, suggesting a cooperative effect between hydrophobic interactions,

multimerization, and zinc binding stability. The dynamic and reversible nature of Zn2+-mediated folding

and assembly highlights this domain as a potential therapeutic target. Our study provides a foundation

for future strategies that aim to target the degradation of BCL11B.

Introduction

Zinc finger domains represent some of the most common DNA
binding motifs in eukaryotic transcription factors, occupying
a central role in gene regulation.1–4 The first identified zinc
finger was the transcription factor IIIa in Xenopus laevis in the
late 1980s.1 Since then, the number of identified zinc finger
proteins has increased drastically, with an estimated 5% of
genes being zinc finger proteins encoded in the human
genome.5,6 Structurally, zinc fingers are characterized by their
central zinc ion (Zn2+), which is classically coordinated by
histidine and cysteine residues.7–9 The zinc finger motif
C2H2, coordinating the Zn2+ with each two histidine and two
cysteine residues, is the most frequently and best described
zinc finger motif.10 Another motif is the CCHC zinc finger, with

three coordinating cysteine and one histidine residue. Both
motifs are structurally very similar, but the latter is less freq-
uently described and studied.11,12

Being relevant in gene regulation, a plethora of zinc finger
proteins are linked to different diseases, especially involved in
cancer onset and progression and all principal pathways of
cancer progression, carcinogenesis to metastasis formation.13–15

The structural and functional significance of zinc finger domains
render them attractive targets in the development of new ther-
apeutics, especially with metal-based compounds. Cobalt inhibi-
tors, such as Co(III)–Schiff-base complexes ([Co(III)SB(Im)2]), have
been developed, with an inhibiting effect on Krüppel-like tran-
scription factors. They have been shown to have therapeutic
potential in psoriasis, herpes, and sexually transmitted
diseases.16 Zinc finger proteins can act as tumor suppressors
and/or oncogenes.4,14,17–19

A protein that functions as both an oncogene and a tumor
suppressor is the Krüppel-like transcription factor B cell lym-
phoma/leukemia 11B (BCL11B).20–22 BCL11B plays a role in the
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differentiation of CD4+ CD8� T helper cells and CD4� CD8+
cytotoxic T cells; its involvement in NK cells has also been
described.23–26 Post-translational modifications play a decisive
role in its function. While SUMOylation enables the recruit-
ment of co-activator p300 and activated target genes such as
Id2, phosphorylation impairs BCL11B’s interaction with the
NuRD complex, thereby facilitating p300 recruitment and con-
verting BCL11B from a repressor to an activator. Additionally,
SUMOylation can promote the degradation of BCL11B
and therefore, decrease the expression of T cell associated
genes.27 Human genetic studies suggest the role of BCL11B
as a tumor suppressor in T cells. Chromosomal rearrangements
resulting in a loss of function, were identified in B10% of the
studied T-ALL cases.28 A role in skin cancer is also discussed29

and overexpression of BCL11B was reported in all stages of
mycosis fungoides (MF). Treatment with interferon was shown
to reduce BCL11B expression and enhance cell death.30

The N-terminal zinc finger domain (ZF0) of BCL11B is involved
in protein–protein interactions, and enables the self-association of
proteins to homomultimers.31 Crucially, our previous research32

demonstrated that this atypical CCHC domain forms larger com-
plexes than previously anticipated, specifically tetramers, instead of
the commonly assumed dimers.31 This observation was indepen-
dently supported by another group, who reported tetramer for-
mation for the highly homologous BCL11A.33 Additionally, the ZF1
(residues 221–251) seems to promote dimerization.34

Given these unexpected higher-order assemblies, there was a
clear need for further understanding of the nature of these
protein–protein interactions. Especially in the context of T-ALL,
a difficult-to-treat cancer type,35 the zinc finger mediated multi-
merization might be of great importance. Targeted degradation
of BCL11B could be a promising therapeutic strategy. There-
fore, a deeper understanding of this small N-terminal zinc
finger domain (BCL11B42–94) is an important step towards
developing new approaches for targeted degradation.

Here, we report a comprehensive study of the N-terminal
BCL11B CCHC zinc finger domain regarding its zinc ion binding
properties and the influence of Zn2+ on the complex size, structure,
and stability. Through a detailed investigation utilizing size exclu-
sion chromatography, circular dichroism spectroscopy, isothermal
titration calorimetry, and UV-vis measurements, we aim to lay the
groundwork and deepen the understanding of the multimerization
process and to potentially enable future drug targeting strategies.

Materials and methods

Chemicals were purchased from Sigma-Aldrich (Taufkirchen,
Germany), unless stated otherwise. Prior to use, all buffers were
filtered through 0.22 mm nitrocellulose membranes (GVS, San-
ford, USA) and degassed using an ultrasonic bath (Elmasonic
S30H, Elma, Singen, Germany).

Protein expression and purification

The small zinc finger domain BCL11B42–94 was purified as pre-
viously described.36 In brief, BCL11B42–94 WT in a customized

vector provided via VECTORBUILDER (Vectorbuilder Inc., Santa
Clara, CA, USA) was equipped with a fluorescent CyPet-tag, a
hexahistidine (His6)-tag, a tobacco etch virus (TEV) cleaving site
and an ampicillin (Amp) resistance. The integrated restriction
enzyme sites KpnI and XhoI were used to prepare the mutants.
Mutant DNA was ordered as gBlocks (Integrated DNA Techno-
logies, Leuven, Belgium), and digested with the respective
restriction enzymes. Following the manual’s instructions for
T4 ligase (Carl Roth, Karlsruhe, Germany), the prepared mutant
DNA was ligated to the digested vector DNA and used for
transformation according to the manufacturer’s instructions
(New England Biolabs, Frankfurt am Main, Germany). Over-
expression was carried out in E. coli NiCo21 cells in terrific
broth (TB) medium supplemented with 100 mg mL�1 ampicil-
lin. The cultures were grown at 37 1C and 110 rpm until an
optical density OD600 = 2. After induction with 1 mM isopropyl-
b-D-thiogalactopyranoside (IPTG) the cultures were grown at
16 1C for 18 h and harvested by centrifugation. The bacterial
pellets were frozen at �80 1C until further use.

The pellets were resuspended in equilibration buffer con-
taining 20 mM Hepes pH 7.4, 150 mM NaCl, 1 mM dithiothreitol
(DTT) and lysed by pulsed sonication using a Branson Digital
Sonifier SFX 250 (Emerson, Dietzenbach, Germany) with four
cycles, a total time of 2 min, 0.5 s on/off, and 40% amplitude.
Centrifugation and filtration were used to clear the lysate prior to
purification via immobilized metal ion chromatography (IMAC)
using an ÄKTApure platform (Cytiva, Freiburg, Germany). The
lysate was loaded at 2 mL min�1 onto four connected HisTrap
excel 5 mL columns equilibrated with equilibration buffer. The
loaded columns were washed extensively with equilibration buf-
fer, and 5% elution buffer at 5 mL min�1 (20 mM Hepes pH 7.4,
150 mM NaCl, 250 mM imidazole, 1 mM DTT) in order to remove
impurities. The fluorescently tagged protein was eluted with 100%
elution buffer at 2 mL min�1 and fractions were collected.

To cleave both the fluorescent- and the His6-tag, the protein
was incubated with TEV protease in a ratio 1 : 100 (w/w pro-
tease : protein) and dialyzed against equilibration buffer at 4 1C
for 16 h. The solution was loaded onto one HisTrap excel 5 mL
column equilibrated with equilibration buffer at 2 mL min�1.
The flow-through, containing BCL11B42–94 species, was col-
lected, and the tags were eluted with 100% elution buffer.
Ensuring the purity of BCL11B42–94 WT and respective mutants,
the proteins were analyzed with reducing 16% tricine SDS-
PAGE and analytical size exclusion chromatography.

For experiments with metal ion free protein, BCL11B42–94

was dialyzed at 4 1C overnight against 10 mM glycine pH 2.5,
150 mM tris(2-carboxyethyl)phosphine (TCEP) before dialyzing
overnight against the respective measurement buffer at 4 1C.
For BCL11B42–94 H76C, the protein was incubated with a
10-times excess of N,N,N0,N0-tetrakis(2-pyridinylmethyl)-1,2-
ethanediamine (TPEN) for 48 h at 37 1C, then dialyzed over-
night against the respective measurement buffer at 4 1C.

Size exclusion chromatography

Analytical size exclusion chromatography (SEC) was carried out
on an ÄKTAmicro platform (GE Healthcare, Freiburg, Germany)
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equipped with a Superdex 200 Increase 3.2/300 column. Appar-
ent sizes were determined through a calibration standard curve
(Fig. S1) using protein standards provided by the manufacturer.

Circular dichroism spectroscopy

Circular dichroism (CD) spectroscopy spectra of 250 mg mL�1

protein in 10 mM Tris pH 7.4, 150 mM NaF, 150 mM TCEP were
each recorded at 25 1C in a 1 mm path-length quartz glass
cuvette (Hellma, Müllheim, Germany) using a Chirascan V100
Circular Dichroism Spectrometer (Applied Photophysics Ltd,
Leatherhead, UK). Three repeats were measured from 190 to
250 nm and a bandwidth of 1 nm and averaged. The pH value of
the buffer was adjusted using sulfuric acid to ensure chloride free
conditions. The respective metal ions (Co2+ and Zn2+) were each
added as CoSO4, and ZnSO4 ensuring a 2-fold excess to saturate
the zinc finger domains. Deconvolution of the spectra was carried
out using the online platform https://bestsel.elte.hu/.37

Isothermal titration calorimetry

Isothermal titration calorimetry (ITC) experiments were carried
out using a MicroCal PEAQ-ITC (Malvern Panalytical, Kassel,
Germany). 20 mM of BCL11B42–94 species were placed in the
sample cell and 200 mM of the respective metal ion solution
(CoSO4, ZnSO4) in the syringe. Titrations were carried out at
25 1C with 30 injections of 1 mL for 2 s, 60 s initial delay, 150 s
spacing and a stirring speed of 750 rpm. The feedback mode
was set to high, and the reference power to 3 mcal s�1. Evalua-
tion of the data was carried out using the MicroCal PEAQ-ITC
Analysis Software Version 1.21 (Malvern Panalytical).

UV-vis spectroscopy

Metal ion titrations of the BCL11B42–94 WT and mutants were
carried out using an UV-vis spectrometer Specord 50Plus (Ana-
lytik Jena, Jena, Germany) at 25 1C. To 4–8 mM of BCL11B42–94

species (in 20 mM MES pH 6.5, 150 mM NaCl, 150 mM TCEP),
CoSO4 or ZnSO4 were each added in 0.4–0.8 mM steps until at
least two-times excess. UV-vis spectra were recorded from 500 to
800 nm in 0.1 nm steps and a scanning speed of 1 nm s�1. For
data evaluation, the spectra were blank-, volume-, and baseline
corrected. The spectra were smoothed using a Savitzky–Golay
filter and a window size of 50. To determine the affinity of the
BCL11B42–94 to Co2+, the fraction bound portion fb was calcu-
lated for the absorption at 652 nm (eqn (1)):

fb ¼
Ax � Amin

Amax � Amin
(1)

where Ax is the absorption at a specific Co2+ concentration, Amin

is the minimum absorption, and Amax is the maximum absorp-
tion. The displayed fraction bound fb data were fitted to
Morrison’s quadratic equation (eqn (2)):38

fb ¼
Pþ I þ KDð Þ �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Pþ I þ KDð Þ2�4PI

q

2P
(2)

where P is the protein concentration, I is the metal ion
concentration, and KD is the dissociation constant. For the
determination of the dissociation rate of the BCL11B42–94(Co2+)

complex, a 10-fold excess of Zn2+ was added to the cobalt
saturated zinc finger domain and the absorption at 652 nm
was observed over time. Eqn (3) was used to fit the experimental
data and determine koff, with absorption At at time t, initial
absorption A0, c as baseline absorption after dissociation is
completed, and koff as dissociation rate constant with eqn (3):

At = A0e�kofft + c (3)

Dissociation rate constants were displayed as half-lives
determined with eqn (4):

t1=2 ¼
lnð2Þ
koff

(4)

Results and discussion

Following up on our previous findings that wild-type (WT)
BCL11B42–94 forms tetramers and some mutants show the
formation of only dimers,32 we aimed to characterize the WT
zinc finger domain and some selected mutants regarding their
structural dependence on zinc and their zinc binding proper-
ties. In our published molecular dynamics simulations data
that revealed the tetrameric zinc finger complex (Fig. 1A), we
used a shortened sequence (Fig. 1B, purple), removing the very
flexible N- and C-termini. The experiments presented here were
carried out using a longer sequence, yielding the BCL11B42–94

zinc finger domain (Fig. 1B, black). We focused on the WT
domain and three selected mutants (Fig. 1, colored). BCL11B42–94

WT is a CCHC type zinc finger domain, as well as I70A (Fig. 1,
red), which is located in the hydrophobic interface of two
b-dimers,32 whereas C81H (Fig. 1, blue) renders a C2H2 zinc
finger, and H76C (Fig. 1, yellow) a CCCC zinc finger motif.

Fig. 1 Structure and sequence of BCL11B42–94 wild-type and mutants. (A)
Model structure of tetrameric BCL11B42–94.38 A monomer of the N-
terminal BCL11B zinc finger domain is depicted in purple, with mutations
highlighted in red (I70A), yellow (H76C), and blue (C81H). Zinc ions are
colored in metallic blue, and the other monomers of the tetramer are
depicted in gray. (B) Sequence of the used BCL11B42–94 domain in
experiments (black), and in MD simulations38 (purple). Mutations are
colored accordingly. (C) Reducing tricine SDS-PAGE of the WT and
mutants. Lane L corresponds to Ladder.
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Reducing tricine SDS-PAGE verified purity and the existence of
monomers under reducing conditions (Fig. 1C). The fainter
band observed for H76C can be attributed to the reduced
concentration of the mutant. The purification yield of H76C
was low compared to the other three species (data not shown).

Zn2+ dictates the multimerization state and proper folding of
BCL11B42–94

To gain insights into the size of the zinc finger complex of
BCL11B42–94 WT and mutants in the presence and in the
absence of Zn2+, we used analytical size exclusion chromato-
graphy (Fig. 2A–D and Fig. S1). The chromatograms revealed
that all the examined species showed the formation of larger
complexes in the presence of zinc (solid lines) and decreased
complex sizes in its absence (dashed lines). With the addition
of Zn2+, or Co2+ (data not shown), the previous complex size
could be restored (dotted lines).

As published previously,32 we found here that the WT
(Fig. 2A) and C81H (Fig. 2B) form larger complexes than I70A
(Fig. 2C). It appears that H76C (Fig. 2D) is of similar size to
I70A. Using a calibration curve (Fig. S1), the calculated complex
sizes for all four examined species very roughly exhibit a 2 : 1
ratio each when measured with Zn2+ (following expression, with
added Zn2+) and in the absence of ions.

The precise molecular weight determination using this
column proved challenging. The proteins consistently eluted
at the column’s lower size exclusion limit. The column’s
reduced bed volume resulted in a significant correlation
between even minute variations in elution volume and sub-
stantial changes in the calculated molecular weight. Despite
this limitation, it is noteworthy that zinc-free WT and C81H
complexes appeared to be the same size as zinc-bound I70A and

H76C complexes, indicating dimer formation even in the
absence of zinc for these variants (Fig. S1).

In order to examine the secondary structure of BCL11B42–94

WT, I70A, H76C, and C81H circular dichroism spectra were
recorded in the presence and in the absence of Zn2+ (Fig. S2).
We already showed that BCL11B42–94 WT exhibits the typical
bba-fold for zinc finger domains in the presence of zinc.32,36

C81H shows the same spectrum with typical a-helical peaks at
208 and 228 nm. CD spectra of the mutants I70A and H76C
already show (partly) unfolded zinc finger domains even in the
presence of zinc, indicated by the peak shift to around 205 nm
and less prominent peaks characteristic of helical folds in
general.39,40 With the removal of the central zinc ions, a
structural change is being observed, indicating the unfolding
of the domains. The peaks observed at 228 nm are no longer
visible, and the peaks at 208/205 nm shift to 200 nm. With the
addition of Zn2+, the native zinc finger fold could be restored in
all BCL11B42–94 species. Both the influence on the complex size
and the secondary structure of the BCL11B42–94 domains of the
absence/presence of Zn2+ are reversible, highlighting the struc-
tural dynamics of the small N-terminal zinc finger domain.

For the WT, I70A, and C81H, the qualitative changes in the
CD spectra when Zn2+ is removed are very prominent. H76C
displays only very slight changes in the secondary structure.
Therefore, secondary structure changes were quantified by
deconvolution (Fig. 3A and Table S1).

The deconvolution data confirm the qualitatively visible
secondary structure changes of the spectra and are similar to
those observed in other zinc finger domains.41–44 With Zn2+, all
four species exhibit a helical content of around 10%, whereas
these values drop to 1–5% when zinc ions are removed. This
was also observed in other zinc finger domains.39,44 Addition-
ally, the parallel sheet content decreases to zero when Zn2+ is

Fig. 2 Zinc dependence of the complex size and secondary structure folding of BCL11B42–94 WT and mutants. (A)–(D) Analytical size exclusion
chromatography data and (E)–(H) circular dichroism spectra of WT (A) and (E), I70A (B) and (F), H76C (C) and (G), and C81H (D) and (H). Solid lines
represent the proteins after expression with coordinated Zn2+. Dashed lines correspond to data after zinc was removed, and dotted lines after Zn2+ was
added again.
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removed, contributing to the observation of the domain’s
unfolding. Overall, we see very similar quantitative data after
deconvolution. With CD spectroscopy we were not able to

distinguish between tetramers or dimers, neither in the quali-
tative, nor in the quantitative data.

The central zinc ion stabilizes the small zinc finger domain
in its structure and also the multimeric complex formation.
When Zn2+ is removed, the well-defined structure cannot be
maintained. The structure is destabilized and the zinc finger
fold collapses into a less ordered form, and therefore also the
multimeric complex, leading to a decrease in complex size. This
observation has been made for other zinc fingers.45

In the case of WT and C81H, it seems like the complex is not
decreased to its monomer (Fig. S1, ref. 32). There might
be several explanations for that. The structure of this small
domain still might be well-ordered enough to enable the
formation of dimer species. However, we also cannot confirm
that the central zinc ions were removed completely, or exclude
that the free cysteines form disulfide bridges, even in the
presence of a reducing agent. For I70A and H76C, the disso-
ciation from dimers to monomers appears to be the case.
The determination of melting points (Fig. 3B and Fig. S3 and
Table S1) using CD spectroscopy revealed stable domains for
all constructs, both in the presence and in the absence of zinc.

Fig. 3 (A) Secondary structure content of BCL11B42–94 WT, I70A, H76C,
and C81H each in the presence (+Zn2+) and in the absence (�Zn2+) of
zinc ions. Deconvolution was carried out using BeStsel.com.36 (B) Melting
temperatures for BCL11B42–94 WT, I70A, H76C, and C81H each
with (+Zn2+) and without (�Zn2+) zinc ions determined using circular
dichroism spectroscopy. Precise values for the secondary structure
content and melting temperatures with standard deviations are displayed
in Table S1.

Fig. 4 Isothermal titration calorimetry data of BCL11B42–94 (A) WT, (B) I70A, (C) C81H and their interaction with Zn2+. Experimental data were fitted with
a 1 : 1 binding site model. (D) Thermodynamic parameters of BCL11B42–94 variants. (E) Summary of kinetic and thermodynamic parameters determined
using ITC. All values represent mean � standard deviations of at least three independent experiments.
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For the WT, no melting point in the presence of Zn2+ could be
determined in the measured range, whereas we determined
melting temperatures of 65.1 1C, 53.2 1C, and 78.7 1C for I70A,
H76C, and C81H, respectively. Without the stabilizing central
ion, all variants of BCL11B42–94 are less stable than their Zn2+-
stabilized counterparts, exhibiting melting temperatures
around 50–55 1C. We assume that Zn2+ stabilizes the mono-
meric domain itself, and the larger complex formation (tetra-
mer/dimer). In the absence of the stabilizing ion and the
complex dissociated to dimer/monomer size, the stability also
decreases. WT and C81H have higher melting temperatures
compared to I70A and H76C, showing that the tetramer
complex is more stable than the dimer complex. H76C is
slightly more stable with Zn2+ than without, and possesses
the lowest melting temperature among the examined species,
thereby being the least stable. This observation is in line with
the observations we made during the expression and purifica-
tion of this mutant.

Dimeric complexes have lower affinity to metal ions than
tetrameric complexes

Isothermal titration calorimetry experiments with BCL11B42–94

WT, I70A, and C81H were carried out in order to deter-
mine affinities of the interaction with their central zinc ions
(Fig. 4A–C), as well as for the thermodynamic characterization
of the coordination (Fig. 4D). Unfortunately, the mutant H76C
did not result in any binding with either Zn2+ or Co2+, therefore,
the thermodynamic data could not be evaluated. We suspect
the free cysteines are oxidized throughout the experiments or
form disulfide bonds, and therefore are not available for metal
ion coordination. The WT and C81H exhibit similar affinities to
Zn2+, with the WT binding slightly stronger. In contrast, the
dimeric mutant I70A shows lower affinity, even though I70A
has the same CCHC binding motif as the WT. This finding
suggests a cooperative effect between tetramerization and zinc
binding, and the differences may also arise from varieties in the
so-called second coordination sphere.46

The thermodynamic parameters (Fig. 4D and E) reveal
similar reaction enthalpy (DH) and free enthalpy (DG) values.
The coordination of Zn2+ to the BCL11B42–94 is enthalpically
driven, emphasized by the clearly negative enthalpies. The
strongly negative values for the free enthalpy are also typical
for zinc finger domains, as well as slightly negative or positive
entropy values.47,48 With the apparent binding affinity KDapp

being smaller than the used protein concentration, we can only
conclude that KD o 100 nM for each domain, which is in line
with the observed affinities of other zinc fingers to Zn2+.46

Sénèque et al.46 also claim that affinities cannot be determined
by direct titration, and that these are always underestimated
with this approach. The same applies to the determined
thermodynamic parameters. Additionally, the apparent bind-
ing enthalpy here is most likely composed of enthalpy for zinc
binding, the enthalpy for multimer formation, and changes in
enthalpy of buffer protonation.49

Notably, the determined stoichiometry n is not equivalent to
1 for all domains, which would have been expected differently.

It is most likely that during the process of zinc removal dialysis,
the Zn2+ ions were not completely removed. Alternatively,
following their removal, the cysteine residues, which have been
shielded by the bound zinc ions, underwent partial oxidation.50,51

BCL11B42–94 adopts a tetrahedral geometry when coordinating
Co2+

We aimed to compare the affinities of zinc fingers for Co2+ from
ITC with UV-vis measurements, and to gain insights into
dissociation rates of the BCL11B42–94–Co2+ complexes. There-
fore, UV-vis spectra of the BCL11B42–94 zinc finger domains
titrated with Co2+ were recorded (Fig. 5). Analogous to ITC,
affinities of H76C to Co2+ could not be determined. For the
determination of the complex half-lives, the mutants were
directly saturated with Co2+ after zinc removal. The diamag-
netic ion Zn2+ possesses a [Ar]3d10 electron configuration, and
therefore, is spectroscopically silent. In contrast, Co2+ occupies
the same tetrahedral coordination geometry as Zn2+, but allows
for the observation of d–d transitions when coordinated by His/
Cys. Additionally, Co2+ and Zn2+ exhibit almost identical ionic
radii, with values of 0.58 Å and 0.60 Å, respectively.52 Because
Zn2+ is a spectroscopically silent ion in the visible region of the
electromagnetic spectrum, Co2+ was used as a spectroscopic
probe for the zinc site.39,53 The d–d absorption bands ranging
from 500 to 800 nm are indicative of a tetrahedral coordination
geometry for the three zinc fingers with high extinction
coefficients.54,55 Therefore, substituting Zn2+ with Co2+ in the
tested mutations does not affect the structural properties of the
BCL11B42–94 zinc finger domain.

With increasing Co2+ concentrations and in the saturated
complex, three peaks in the range from 500–800 nm were
observed for WT (Fig. 5A), and I70A (Fig. 5B), whereas two

Fig. 5 UV-vis spectroscopy measurements of BCL11B42–94 (A) WT, (B)
I70A, and (C) C81H. The insets show fraction bound values calculated from
absorption at 652 nm against [Co2+]. (D) Summary of determined binding
affinity constants KD of the BCL11B42–94 Co2+ complexes, and dissociation
rates expressed as half-lives.
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peaks are visible for C81H (Fig. 5C). This is in line with the
proposition of Sivo et al., who suggested that maxima in the
region of 500–700 nm indicate the number of coordinating
cysteine ligands.56 In the order WT, I70A, C81H, a blue-shift in
d–d transition bands is visible, with the observed peaks being
shifted to higher energies as the coordinating cysteine residues
are decreased.57

The determined KD values of WT, I70A, and C81H are very
similar, but differ in comparison with these values obtained
from ITC (Fig. S4) by a magnitude of 10, except for C81H. Here,
the affinity to Co2+ appears to be higher for WT and I70A in
comparison to the ITC experiments. The determined dissocia-
tion rate constants koff are displayed as complex half-lives t1/2

(Fig. 5D) and show that the WT has the highest half-life,
followed by C81H, and I70A. I70A, although endowed with a
CCHC zinc finger motif as the WT, exhibits the shortest half-
life. This suggests that the WT and C81H have more structural
stability through its tetrameric nature and thus, slower disso-
ciation rates for bound ions, and I70A with its dimeric domain
less structural stability of the coordinated metal ion.

Conclusions

In this study, we highlight the influence of Zn2+ on the
structural integrity and stability of the N-terminal zinc finger
domain of BCL11B. The BCL11B42–94 WT and its zinc finger
motif mutant C81H form tetramers in the presence of Zn2+,
whereas the mutants I70A and H76C form dimers. For all tested
variants, the removal of Zn2+ resulted in the destabilization of
the secondary structure of proteins and leads to a decrease in
complex size, but both can be restored with the re-addition of
Zn2+. ITC measurements revealed a higher affinity of the
tetrameric domains WT, and C81H to Co2+ and Zn2+ compared
to the dimeric I70A. Importantly, the reduced zinc binding
affinity observed for the I70A mutant, despite this residue being
outside the direct zinc coordination sphere, provides compel-
ling evidence for a cooperative interplay between BCL11B’s
multimerization state and the stability of its zinc binding. This
finding suggests that the higher-order assembly directly con-
tributes to the stability of the zinc finger’s zinc coordination
and vice versa. BCL11B42–94 WT exhibits the highest melting
temperature and the longest half-life, highlighting its increased
stability compared to its mutants. UV-vis spectroscopy further
confirmed the tetrahedral binding geometry of the zinc fingers
to Co2+, indicating that the structural core motif is preserved
across mutations. Furthermore, the study demonstrated that
d–d transition shifts to higher energy when the number of
cysteine residues is reduced.

Collectively, our findings further emphasize the significance
of the tetrameric zinc finger domain on its structural integrity
and stability and suggest zinc key modulator function of its
functional conformation. Overall, our findings establish that
the central zinc ion is not only critical for the proper folding of
the BCL11B42–94 domain but also for its ability to form higher-
order complexes, which in turn confers greater structural

stability and metal ion affinity. This comprehensive biophysical
characterization lays crucial groundwork for potentially novel
therapeutic approaches targeting BCL11B. Specifically, the
reversible and zinc-dependent multimerization identified in
this study offers a promising avenue for modulating BCL11B
function. However, for these findings to translate into viable
drug discovery strategies, future cellular studies will be essen-
tial to demonstrate the functional consequences of BCL11B
dissociation to either a dimer or a monomer on its expression
levels and overall cellular activity.

At present, we cannot definitively distinguish whether the
degradation of BCL11B42–94 WT is limited to dimer formation
due to residual zinc ions after our removal protocol, or whether
an unfolded domain can provide sufficient structure and
stability to form functional dimers. Addressing this issue will
be a vital further step in harnessing the therapeutic potential of
BCL11B multimerization.
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