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Considering the complex biological quandaries of the tightly woven
networks of biological macromolecules, we present an optimized
zinc clasp-based toolset from the CD4 co-receptor and Lck protein
tyrosine kinase complex for selective, tight and fully reversible
protein heterodimerization (logK;, = 18.6). We demonstrated its
utility on CD4-tagged proteins with capture from bacterial lysate
and constructed molecular baits using a new small-molecule tether.

Essential cellular processes require sets of interactions between
hundreds of proteins organized through the course of evolution
in time and space to gain as much specificity as possible to
maximize the functionality and precision of such interactions."
To tether biomolecules, small inducers serve as a template where
increased effective molarity of a protein causes chemically induced
proximity of the two previously dispersed biomolecules.** Classifi-
cation of small-molecule tethers is mostly based on the inducer
design and the scaffold to be assembled where bifunctional, intact
or sensitizing, photocaged precursor poles provide on-demand
targeting (PROTACs, T-REX, coumermycin with bacterial DNA
gyrase B subunits, methotrexate with dihydrofolate reductase and
rapamycin or FKBP and mTOR4).>>” Scaffolding approaches have
been applied to multi-functional biological processes: activa-
tion of transduction or cascade pathways, transcriptional and
post-translational control of proteins, proximity sensing, bio-
screening and protein nanostructural assembly.®** All of the
chemically induced dimerization systems have been struggling
with such factors as reversibility, binding equilibria, kinetics,
and off-target interactions, as well as size and complexity.
Frequently it renders the system inapplicable.>"*'*

Chemical inducers of protein interactions vital for many
types of actions in the cell are zinc ions (Zn(u)) with a unique
combination of properties: high Lewis acidity, high thermo-
dynamic stability, flexible coordination geometry, redox inactivity,
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rapid substitution rates and a low surface area of protein-
protein interaction.”™® It makes them suitable for both transient
and permanent interactions utilized in structure stabilization,
oligomerization, catalysis, triggering conformational changes and
cellular signaling.'”° Strict control of cellular zinc availability
(pM to nM range) makes it suitable in dimerization system
engineering and an attractive goal for biotechnology, synthetic,
chemical and molecular biology.>* Current de novo or bio-
inspired toolsets based on metal-mediated interactions still
struggle with specificity or demonstrate too low affinity towards
metal ions to be applied as universal systems, which is the main
obstacle for all dimerization systems to date.>*™*

Cell surface receptor proteins interact with several hundred
protein partners, many of which are involved in human dys-
functioning. The cluster of differentiation family of co-receptors
constituting part of a wide range of signaling pathways provides
targets for immunophenotyping of cells.*® The cytosolic C-terminal
tail of the CD4 receptor forms a unique zinc-mediated interaction
(zinc clasp) with an N-terminal fragment of non-receptor protein
tyrosine kinase (Lck) critical for the initial stage of T cell activation.
In this study we used a zinc clasp domain to develop a Zn(u)-
mediated protein heterodimerization system (Fig. 1A). NMR struc-
tural studies demonstrate that the interfacial zinc clasp scaffold is
formed by tetrahedral co-coordination of Zn(um) by two cysteine
residues from Lck (C*° and C**) and two from CD4 (C*** and C**),
Fig. 1A.*” Apart from the energetic cost derived from metal binding,
the zinc clasp complex is mostly stabilized by a hydrophobic
interface placed in a core between helices (Fig. 1B).>” High content
of acidic and basic residues (Lck and CD4, respectively) enables
polar interactions to occur with contribution to the total free energy
of metal center formation. Moreover, additional Zn(u)-coordinating
residues (C**%, H***, H*°) may affect the specificity of zinc clasp
domain assembly (Fig. 1A). The factor of free Zn(u) and protein
subunit concentration should be considered in ternary complex
formation, which has been reported for a zinc clasp domain.*®
Biophysical studies performed to date show that short model
peptides from Lck and CD4 tend to form both homo- and hetero-
dimeric species typically for short CXXC-containing motifs.>">°
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® 000
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D)  CD4 length shortening:
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CDdhelix (432-454)
CD4wt  (421-454) i

> Alanine point mutations:
mutCD4His  (H*9A)
mutCD4HisHis (H4%24A, H44A)
mutCDA4CysHis (C#22A, H#49A)

Fig.1 (A) Zinc clasp scaffold structure with tetrahedral Zn(i) (blue)
co-coordination by cysteine residues from CD4 and Lck (PDB: 1Q68).
(B) Sequences of wild-type CD4 and Lck peptides. Zn(i)-binding motifs are
underlined. Circles indicate amino acid residues responsible for heterodimeric
interface interaction (PDBePISA web server).° (C) Graphical representation of
Zn(i)-mediated, reversible, Point of Interest (POI) heterodimerization with Lck
and CD4RARH tags. (D) CD4 peptide models used within the study.

Therefore we rationally optimized the CD4 cytoplasmic tail to gain
heterodimer selectivity with high femtomolar affinity towards
Zn(u) to underpin the need to establish new routes for protein
engineering, molecular biology, nanotechnology, etc. (Fig. 1C).
Here, we tested three length variants of CD4 to examine the
propensity to form monomeric and dimeric species in solution
(Fig. 1D and Table S1, ESIt). Peptides were titrated with Zn(u) to
monitor changes of LMCT (ligand-to-metal charge transfer) in
the UV spectral range, and their affinities for Zn(u) were
examined with a chromophoric PAR probe, which competes
for Zn(u) with subnanomolar affinity (Fig. S1 and Table S4,
ESIT).*"?> CD4short, CD4helix and Lck form Zn(u)-mediated
homodimers, which are too weak to outcompete Zn(u), in
contrast to monomeric Zn(CD4wt). Competition of their equimolar
mixtures with PAR for Zn(u) indicated the highest affinity of
Zn(CD4wt)(Lck) heterodimer with the sharpest inflection point at
a peptide-to-Zn(u) molar ratio of 2.0. Because the predomination of
heterodimer formation increases with CD4 peptide length, we
implemented alanine point mutations of cysteine and histidine
residues (beyond the CXC motif) to CD4wt for specificity increase
and heterodimer stabilization (Fig. 1D and Table S1, ESIY).
Substitution of H**® (CD4RCRH) does not affect monomeric
complex formation significantly, while lowered stability of the
Zn(CD4RCRA) complex has been indicated (Fig. S1, ESIt). Only
CD4RARH peptide forms a homodimeric complex along with the
lowest affinity for Zn(u). This peptide also demonstrates the
highest tendency to form a heterodimeric complex when mixed
equimolarly with Lck. Heterodimer conditional binding constant
of this complex (K;,) determined from PAR competition is
5 x 10'® M~ at pH 7.4 (Table S4, ESI). To examine heterodimeric
species formation more efficiently, spectroscopic analysis with
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Fig. 2 Heterodimerization, stability, and selectivity of enhanced zinc clasp
motif. (A) Spectroscopic reverse titration of Co(Lck), complex (grey) with
CD4short (black) and CD4RARH (red) peptides. Absorption changes at
820 nm in terms of peptide-to-Co(i) molar ratio (inset). (B) Ellipticity
changes of CD4RARH at 203 nm as a function of Zn(i), Ca(n), Mg(i) shown
in red, grey, and black, respectively. (C) Size exclusion chromatograms of
CD4RARH, Lck and their Zn(i)-mediated hetero-complex. (D) SEC-monitored
CD4RARH(Clover) and Lck(mRuby?2) complex formation in the Zn(i)-buffered
media. (E) FRET-normalized isotherms of the Zn(CD4RARH(Clover))-
(Lck(TAMRA)) formation (blue) and Zn(CD4RARH(Clover))(Lck(mRuby?2)) (red)
as a function of free Zn(i) (pZn = —loglZn(i)ltee) cONcentration. 44/4, ratios were
normalized according to the previously published method.2° (F) CD-monitored
isotherms of the ZN(CD4RARH), (220 nm) and Zn(CD4RARH)(Lck) (202 nm)
formation (grey and red) from equimolar mixture of peptides in a range of free
Zn(i) concentration.

Co(u) as a probe for Zn(ir) was employed. Co(CD4)(Lck) complex
formation is associated with a red shift of one from three d-d
components of the *A,-to-"T;(P) transition to 820 nm, without
affecting the coordination number (Fig. 2A).>* Binary and
ternary Co(u) complexes have been indicated for all investigated
peptides with ¢ of d-d bands varying from 160 to 900 M~ ' cm ™"
(Fig. S2, ESIt). Overlaid spectra of Co(Lck), complex titrated
with CD4short and CD4RARH peptides confirm the highest
heterodimer complex stability of CD4RARH. Furthermore,
CD-monitored peptide titrations with Zn(u) specified the most
efficient and selective heterodimerization observed for CDARARH
(Fig. S3, ESIt), which was chosen as the most suitable partner for
Lck heterodimerization. Selectivity towards the metal ion has been
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indicated by CD-monitored titrations with Zn(u), Ca(u) and Mg(u), as
presented in Fig. 2B. CD as well as fluorimetric study of equimolar
CD4RARH and Lck mixture with Cu(i) indicated different behavior
and lack of heterodimer formation (Fig. S4, ESIT).

The enhanced zinc clasp heterodimerization scaffold was
characterized by size exclusion chromatography (SEC) of CDARARH,
Lck and their equimolar mixture with Zn(u), where a shift of
peaks at 11.5 min to 10 min indicates complex formation
(Fig. 2C and Fig. S5, ESIT). To further analyze the equilibria,
fluorescently labeled CD4RARH(Clover) with Lck(mRuby2) or
Lck(TAMRA) was equimolarly mixed in Zn(u)-controlled (buffered)
media (specific amounts of ZnSO, with EGTA, HEDTA and EDTA
chelators) in a range of free Zn(u) concentration ([Zn(u)])ge. from
10" %to ~ 10" M (Tables S2, S3 and Fig. S6, ESI).>* Heterodimer
formation was examined as a function of free Zn(u) concentration
(Fig. 2D) and FRET was monitored to determine the heterodimer
conditional binding constant K;, = [Zn(CD4RARH)(Lck)]/
([Zn(1)]free[ CDARARH][Lck]). The results of normalized fluores-
cence ratios of donor and acceptor indicate that 50% of the
heterodimer is formed at —log[Zn(u)]¢ee (PZn) = 12.0 with Ky, =
4 x 10'® M™? at pH 7.4, with good convergence to the PAR
experiment (Fig. 2E and Table S4, ESIt).>®> When Zn(u)-buffered
media were applied for CD-monitored complex formation of
the unlabeled variants, two separate events were observed with
ellipticity change inflection points at pZn of 12.1 and 8.8
(Fig. 2F). The first isotherm corresponds to the heterodimer
formation and the obtained K;, constant is highly convergent
with that obtained from the FRET study. The second event
has been assigned for Zn(CD4RARH), homodimer formation
(binding constant of 1 x 10™* M), since it is more stable than
Zn(Lck), (see above, Fig. S1 and Table S4, ESIt). The value of
conditional binding constant of the Zn(CD4RARH), complex is
comparable to other ZnL, complexes formed by Zn(u) coordina-
tion to CXXC or CXC peptide sequences that do not form
specific interactions.>* Such a huge difference in the stability of
hetero- and homodimer species makes the homodimer presence
negligible in non-buffered conditions. Results performed in free
Zn(u)-controlled media clearly show the advantage of this system,
where one is able to control protein assembly by changing
Zn(u) availability. If this is not the aim, lack and full saturation
are obtained in the absence and excess of Zn(u) ions in
unbuffered media.

Zinc clasp-based toolset was utilized in approaches related
to protein modification and purification by CD4RARH addition
to the protein of interest (POI), the E3-binding domain of
dihydrolipoamide succinyltransferase (BBL) from E. coli.*® For
this purpose CD4RARH peptide was synthesized as a functional
tag using Dawson resin in the form of Dbz-peptide derivative.?”
POI with N-terminal cysteine was conjugated with CD4ARARH-Dbz
peptide using native chemical ligation (NCL) as presented in
Fig. 3A. Rapid ligation of the mixture in the presence of
4-mercaptophenylacetic acid results in the ligated product,
whose metal-response and heterodimerization properties were
confirmed using CD spectroscopy and SEC (Fig. S7 and S8, ESI¥).

To capture CD4RARH by the Zn(u)-dependent interaction,
molecular baits based on the Lck domain were developed with
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Fig. 3 (A) Scheme of native chemical ligation used for CD4RARH-tagging
of BBL small protein domain. (B) Workflow of Lck-immobilized molecular bait
(yellow), Zn(i)-dependent (grey), fishing with equilibration, binding, washing and
elution steps. (C) HPLC chromatograms of buffer (black) and HCL (blue) elution
samples along with the positive control (unmodified resin). Inset presents
the percentage of CD4RARH (grey) and CD4RARH(BBL) (blue) bound to
Lck-immobilized baits in a variable amount of Zn() (ESIT). (D) Capturing the
reversible, Zn(i)-dependent interaction of Lck and CD4RARH on the solid
support.

SPPS Fmoc synthesis and TFA-resistant TentaGel S NH, resin
(Fig. 3B). Functionalized baits were incubated in HEPES buffer,
supplemented with TCEP and 1.2 equivalents of Zn(u) over
theoretical resin capacity. Peptide on-resin capacity (0.23 +
0.04 mmol g, 90 & 17% synthesis efficiency) was examined by
quantification of released Zn(u) with PAR chromophore after
washing steps and acidification to pH 2 (Scheme S2, ESIY).
Stability of functionalized resin was analytically determined
for 6 months storage at 4 °C. Binding of CD4RARH and
CD4RARH(BBL) was performed with different amount of
Zn(u) and the efficiency was tested by HPLC analysis of eluted
fractions with unmodified resin samples as a control (Fig. 3C).
Zn(u)-buffered media (1 mM HEDTA with 0.8 mM ZnSO,)
indicated 97 and 95% level of CDARARH and CD4RARH(BBL)
binding, stoichiometric amount of Zn(u) (1.2 eq. of ZnSO, over
CD4RARH) resulted in 86% and 87% and the excess of Zn(u)
(1.2 eq. over Lck on-resin capacity) in 12% and 5%. Successful
capture of CD4RARH and CD4RARH(BBL) conjugate to immobilized
Lck showed the potential of the developed system to be used
in both protein heterodimerization assembly and molecular
biology routes.

To investigate kinetic parameters and emphasize specificity
of binding the biolayer interferometry technique was employed
for CDARARH, CD4RARH(BBL), CD4RARH(Clover) and E. coli
lysate with overexpressed CD4RARH(Clover) (Fig. 4A). Biotinylated
Lck domain was synthesized by orthogonal functionalization
(Scheme S1, ESIt) and immobilized on streptavidin biosensors to
analyze the interference pattern of reflected light. The results of
sequential association and dissociation steps are presented as
normalized sensograms in Fig. 4B, where Zn(u)-dependence was
reported by the HCI dissociation step. The specificity of binding
was confirmed on the E. coli bacterial lysate with overexpressed
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Fig. 4 (A) Zn(1)-mediated interaction of CD4RARH-tagged proteins with
Lck monitored by bio-layer interferometry. (A) Graphical depiction of
streptavidin biosensor with immobilized Lck (pink), Zn(i) (blue) and subse-
quently: CD4RARH, CD4RARH(BBL), CD4RARH(Clover) and E. coli lysate with
overexpressed CD4RARH(Clover). (B) Normalized sensograms present binding
kinetics of association and dissociation for indicated in (A) systems.

CD4RARH-Clover. Results were fitted to a 1:2 heterogeneous
model for association (k.,) and dissociation (ko) rate constants
determination (Table S5 and Fig. S9, ESIT). High similarity of
the association kinetics for all CD4RARH-tagged proteins was
indicated. Therefore, the parameters for the dissociation process
show a decreasing tendency with the increase of the conjugate
mass, which is typical for applied technique.

Our study on the zinc clasp-based motif highlights the
utilization of metal-driven interactions to develop reversible
protein heterodimerization systems. Efficient formation of the
compactly folded zinc clasp scaffold providing stability, specificity,
and reversibility has been used to show its potential in protein
modification and purification. Examination of Lck-based molecular
baits indicates suitability of a tool to search for partners in a wide
range of cellular Zn(u)-dependent interaction networks. A novel
protein heterodimerizer enriches and expands the utility of the
metal-based interfaces as well as metal-driven protein-protein
interactions not only in protein engineering but also in molecular
biology and nanotechnology.
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