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Interdependence of free zinc changes and protein
complex assembly — insights into zinc signal
regulationt

Anna Kocyta, (2 Justyna Adamczyk and Artur Krezel 2 *

Cellular zinc (Zn(1) is bound with proteins that are part of the proteomes of all domains of life. It is
mostly utilized as a catalytic or structural protein cofactor, which results in a vast number of binding
architectures. The Zn(i) ion is also important for the formation of transient protein complexes with a
Zn(i)-dependent quaternary structure that is formed upon cellular zinc signals. The mechanisms by
which proteins associate with and dissociate from Zn(i) and the connection with cellular Zn(i) changes
remain incompletely understood. In this study, we aimed to examine how zinc protein domains with
various Zn(i)-binding architectures are formed under free Zn(i) concentration changes and how
formation of the Zn(i)-dependent assemblies is related to the protein concentration and reactivity.
To accomplish these goals we chose four zinc domains with different Zn(i)-to-protein binding
stoichiometries: classical zinc finger (ZnP), LIM domain (Zn,P), zinc hook (ZnP,) and zinc clasp (ZnP'P?)
folds. Our research demonstrated a lack of changes in the saturation level of intraprotein zinc binding
sites, despite various peptide concentrations, while homo- and heterodimers indicated a concentration-
dependent tendency. In other words, at a certain free Zn(i) concentration, the fraction of a formed dimeric
complex increases or decreases with subunit concentration changes. Secondly, even small or local changes
in free Zn() may significantly affect protein saturation depending on its architecture, function and
subcellular concentration. In our paper, we indicate the importance of interdependence of free Zn(i)
availability and protein subunit concentrations for cellular zinc signal regulation.

The emerging and growing field of metallomics within biological systems results in the need to explore the factors that drive metal-mediated protein complex

formation and functionality to a wider extent. The relevance of Zn(u) ions in proper functioning of the cell is undisputable, but the particular pathways inducing

their regulatory role are not completely elucidated. Our investigation considers the influence of free Zn(u) availability along with protein concentration, which
impinge on the action of the Zn(u)-dependent interactome. We provide a comprehensive view of the regulation of zinc assemblies relevant to understanding the

molecular mechanisms of Zn(u)-involved cellular network driving processes.

Introduction

particular order of interaction, energy-driven conformational
changes, post-translational modifications or chaperone assistance."

Protein complexes are key molecular entities that integrate
multiple gene products to perform cellular functions. Being the
main effectors of multiple processes driving cell homeostasis,
the fundamental challenge is to understand their organization
and distribution within the cell. For proper macromolecular
assembly, they require a set of factors to be accomplished, e.g. a

Department of Chemical Biology, Faculty of Biotechnology, University of Wroctaw,
Joliot-Curie 14a, 50-383 Wroclaw, Poland. E-mail: artur.krezel@uwr.edu.pl

t Electronic supplementary information (ESI) available. See DOI: 10.1039/
¢7mt00301c

120 | Metallomics, 2018, 10, 120-131

To obtain specific macromolecular complexes, a certain avail-
ability and abundance of the substrates is strictly required.
In the case of metalloproteins, besides the protein assembly
components synthesized within the cell, there are metal ions
that can neither be produced nor destroyed under physiological
conditions. It is worth noting that to form a functional metal-
protein assembly within the cell there must be the correct metal
ions and proteins in the correct concentrations at the correct
place and time. Changes in spatiotemporal cellular conditions
impinge on the complex abundance and perturb many processes
in consequence.”

This journal is © The Royal Society of Chemistry 2018
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Zinc (formally Zn(u) in biological systems) is the most
widespread d-block metal ion in all domains of life, performing
an enormous number of biological functions mostly as protein
complexes.® Zinc-binding macromolecules are considered to
represent ~10% of proteins encoded in the human genome.*
Moreover, transients and interfacial interactions are not included
in the estimation.>® In metalloproteins, the Zn(u) coordination
sphere is generated in a large variety of combinations where the
metal ion is bound either solely or in a clustered manner with
various geometries and a range of stoichiometries: equimolar
(znP) or with excess of Zn(u) (Zn,P) or protein (ZnP, or
ZnP'P*P").>” The total Zn(n) concentration in eukaryotic cells is
submillimolar,®® but the loosely bound Zn(u) (mobile pool),
which is also frequently named “available”, “labile” or ‘“free”
Zn(u) (Zn(u)gee), reflects the affinity of Zn(u) towards cellular
protein and varies in mammalian cells from 10~ to 10°° M
based on the tissue, cell type’ "
Depending on the protein architecture, coordination sphere and
a number of stabilizing and destabilizing effects, Zn(u)-to-protein
affinity varies from the pico- to femtomolar range for catalytic
and structural binding sites to moderate nano- or subnanomolar
affinity for proteins that are regulated by Zn(u) changes such as
metal sensors, transcription factors, enzymes or transporting
proteins."*'* Both excessively low and high levels of free Zn(m)
render many metalloproteins dysfunctional and likely result in
cell death.™ Alterations in the steady state of free Zn(u) are also
dictated by the state of the cell, e.g. differentiation, proliferation
or rest.'® Therefore intracellular Zn(n) is restrained by a specia-
lized buffering system consisting of metallothionein/thionein to
prevent its cytotoxicity."” Muffling processes are also involved
and dampen increases in free Zn(u) through time-dependent
effects of binding and flux."®"®

In contrast, zinc signals (free Zn(u) changes) fulfill a dynamic
role in communication between cells and in the conversion of the
extracellular stimuli to intracellular responses, thereby gaining
amplification of the signal.?®*' Moreover, intracellular free Zn(x)
fluctuations have an impact on both functioning of genomic
components, such as the transcription factor MTF-1, which
changes the transcription rates of numerous genes,”>*’ and
much faster, protein-based pathways. It has been shown that
an increase in cytosolic free Zn(u) upon extracellular stimulation
occurs within minutes by an apparent release of Zn(u) called a
“zinc wave” from the endoplasmic reticulum (ER) or Golgi** and
this Zn(m) release has downstream effects on cell signaling.>*°
An important component of Zn(u) action in cells is the ability to
inhibit protein tyrosine phosphatase activity,>” resulting in acti-
vation of kinase-dependent signaling pathways.”**° Free Zn(u)
fluctuations can also be driven by the release of Zn(u) ions into
the extracellular space, which modulates the process of synaptic
transmission in the central nervous system,**' enables the
egg-to-embryo transition with the so-called “zinc sparks’*? or
suppresses insulin secretion from pancreatic B-cells.*®

Apart from the exact local free Zn(u) concentration, there is
an exact protein abundance within a cell needed to form bio-
logically active zinc complexes. Nevertheless, the quantitative
knowledge of the zinc proteome has not been fully considered yet.

and subcellular localization.'?
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Even though absolute abundances of protein are deposited, the
local protein concentrations may differ by ranges of magnitude.
Cellular reaction rates have been additionally increased by
reduction of dimensionality through membrane surfaces, where
many cellular machineries carry out their function.***> Lipid
rafts as regions of membranes with a distinct, characteristic
structural composition appear to act as platforms to recruit and
colocalize proteins involved in intracellular signaling pathways,
such as Src family kinases, G proteins, growth factor receptors,
mitogen-activated protein kinases (MAPK) and the protein kinase
C family, facilitating their interaction®®*” or other cellular pro-
cesses, such as membrane trafficking, cell adhesion or cytoskeletal
rearrangement.*® Dynamic partitioning into rafts increases specific
interprotein collision rates, and microdomains can readily operate
as protein concentrators or isolators, but significant constraints on
size and mobility appear.*®

Regulation of Zn(u) ion fluctuations with the participation of
many proteins is a key molecular function of Zn(u)-dependent
machinery in biology, which impinges on their impact on
cellular homeostasis and human health. Proteins can adopt
various architectures of zinc binding, which can be either intra-
or intermolecular.”'* In consequence, Zn(u)-to-protein binding
occurs not only equimolarly, but also two or more Zn(u) ions
can coordinate to one protein molecule and, conversely, one
Zn(n) ion can be bound to one or more protein molecules.>®
The arising questions that we want to address here are: (i) how
is the various stoichiometry of complex assembly connected
with dynamic changes in available Zn(u) under physiological
conditions, (ii) does protein saturation with Zn(u) depend on its
concentration, and (iii) how are those factors connected with
each other? At present, there is no available systematic research
investigating the level of zinc protein assembly in light of the
complexes’ stoichiometry and the access to free Zn(u) ions as
well as protein cellular concentrations. Here, we provide new
experimental insights into the interdependence between the
parameters affecting zinc protein complex formation regarding
different stoichiometries, protein subunit levels and free
Zn(u) status.

Experimental
Materials

All chemicals were of the highest purity from Sigma-Aldrich,
Bio-Rad, Carl Roth GmbH, New England Biolabs, Avantor Perfor-
mance Materials, and Iris Biotech GmbH. All buffers used in the
study were incubated with the metal-chelating resin Chelex 100
(Bio-Rad) prior to use.

Peptide synthesis and concentration determination

The peptides used in the study - LIM (LIM domain of PDLIM1
protein), ZF (11th zinc finger of ZF133 protein), HK (minimal
hook domain from Rad50), CD4 (cytoplasmic tail of cluster
of differentiation 4), Lck (N-terminal domain of lymphocyte-
specific protein tyrosine kinase) - were synthesized on a solid
phase (SPPS) using a Liberty 1 microwave-assisted synthesizer

Metallomics, 2018, 10, 120-131 | 121
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(CEM) as described before (see Table S1 in the ESIt for amino
acid sequences).** > Peptides were either acetylated (LIM) or
N-terminally labeled with dansyl (ZF133, HK), FAM (CD4) or
TAMRA (Lck) moieties. It should be noted that the Trp residue
was placed at the C-terminus of HK and at the 14th position of
the ZF as a Lys to Trp substitution in order to sense as a FRET
donor.*>** Modified peptides were cleaved using TFA-based
mixtures with thiol protectants. Cleaved peptide crudes were
purified on HPLC (Dionex Ultimate 3000) on a Phenomenex C18
column using a gradient of 0.1% TFA in water and ACN. The
identity of peptides was finally confirmed by mass spectrometry
using an API 2000 Applied Biosystems instrument. The concen-
tration of peptides was estimated by measuring the thiolate or
Zn(u) content at pH 7.4 using the DTNB, PAR or Zincon assays with
a molar absorption coefficient of 14150 M~ em™ " at 412 nm,**
70500 M~ ' cm ™! at 492 nm® or 24200 M~ ! cm ™! at 618 nm,**
respectively. In addition, the concentration of modified peptides
was determined by measuring FAM group absorbance at 492 nm
in 0.1 M NaOH (¢=79000 M " cm™ ") or TAMRA group absorbance
at 555 nm in 6 M GdnHCI at pH 8.0 (¢ = 65000 M~ * cm™').*’

Expression, purification, and reconstitution of human MT2a

Human metallothionein, isoform 2a (MT) was prepared and
reconstituted as described previously with some minor changes.***°
Briefly, MT was expressed in BL21(DE3)pLysS E. coli cells as an
intein fusion protein by the induction of 0.1 mM IPTG. Protein
fusion was initially purified from bacteria cell extract using
chitin resin and subsequently cleaved by 100 mM DTT. Eluted
fractions of supernatant were acidified and purified using an
SEC-70 column (Bio-Rad) equilibrated with 10 mM HCI to obtain
apo-protein (T, thionein). Zinc MT2a reconstitution was per-
formed by mixing T solution with 10 eq. of ZnSO, in the presence
of 2 mM TCEP under anaerobic conditions and the pH was
adjusted to 8.6 followed by purification on an SEC70 column
equilibrated with 20 mM Tris-HC1.**"*°

Metal buffers used for the Zn(u) competition

To determine the free Zn(u) range, denoted here as pZn
(—log[Zn(11)]free), in which zinc domains fold, all peptides were
incubated with competing chelators (complexones). In the case
of the zinc finger, LIM and zinc hook domain, 1 mM EDTA and
HEDTA were used to match their high stability. Tables S2-S4
(ESIT) show initial and corrected (see below) pZn values of each
sample before and after incubation with different peptide
concentrations (0.5, 1, 3 and 10 uM for ZF, 5, 10, 15 and 20 uM
for the LIM domain, and 0.5, 1, 5 and 10 uM for ZH). For the
zine clasp (0.1, 0.25, 0.5 and 1 pM), the free Zn(u) buffering
range was extended to EGTA, which competes for Zn(u) less
strongly than EDTA and HEDTA (Table S5, ESIt).>"> Briefly,
1 mM concentration of an appropriate chelator (EDTA, HEDTA,
EGTA) was used with various concentrations of ZnSO,
(0.025-0.9 mM) in 50 mM HEPES, 100 mM NacCl, and 50 uM
TCEP at pH 7.4 to maintain the free Zn(u) concentration in the
range of 6.2 x 107 "°t0 6.3 x 10~ '° M. The sets of all peptides in
metal buffers were equilibrated for 24 h prior to measurements
to ensure that equilibration was reached.

122 | Metallomics, 2018, 10, 120-131
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CD and fluorometric-monitored Zn(u) binding study

Circular dichroic (CD) spectra of equilibrated LIM samples at
200-260 nm were recorded on a Jasco 1100 spectropolarimeter
at 25 °C in 1 em quartz cuvette. Ellipticity values at 220 nm were
taken for further data processing.*’ In the case of ZF or HK
peptides, Zn(u) binding was monitored fluorometrically in the
range of 315-550 nm at 25 °C using a Jobin Yvon FluoroMax-3
spectrofluorometer (Horiba) when samples were excited at
280 nm."*** Intensity at 354 nm (donor maximum) was taken
for data analysis to avoid inaccuracy of ratio analysis, as was
recently pointed out.*® The formation of the clasp domain was
monitored for an equimolar mixture of Lck and CD4 peptide.
Samples were excited at 492 nm and fluorescence was moni-
tored in the range of 498-650 nm. In this case, the intensity of
the donor at 525 nm was also taken for Zn(u) binding analysis.
Experiments were performed in triplicate.

Zn(u) transfer from MT to CD4 and Lck peptide mixture

Purified reduced thionein (T) and Zn(u)}-loaded metallothionein 2a
(MT) were mixed in 50 mM HEPES, 100 mM NaCl, and 0.3 mM
TCEP at pH 7.4 to prepare a set of buffers with various T/(T + MT)
ratios. The T concentration varied within a range of 0-3 pM while
MT remained constant at 2.5 uM. CD4 and Lck peptides were
added at equimolar concentrations of 0.25 pM, 0.5 pM and 1 pM
each and equilibrated for 12 h. FRET between FAM and TAMRA
was measured as described above by exciting the sample at 492 nm.

Results

To investigate the dependence of the Zn(u) binding mode and
protein concentration on the level of saturation of zinc domains,
we selected four structurally different domains to work with. The
choice of zinc protein assemblies was dictated by parameters critical
for monitoring their formation and concentration-dependent
studies. To examine how Zn(u)}-mediated protein folding is affected
by changes in free Zn(u), small and stable zinc domains with a
well-characterized structure and stoichiometry were chosen, where
more than one Zn(u) ion is bound to the protein or when more
than one protein molecule is coordinated with Zn(u) with the
comparison of the most prevalent equimolar domains (Fig. 1). The
first and most widespread zinc domain in biology that we aimed
to analyze was a classical (Bfo) zinc finger (ZF), which forms
ZnP stoichiometry (Fig. 1a).”>** Another selected motif was the
LIM (Lin11, Isl-1 & Mec-3) domain from the PDLIM1 protein—an
example of a double zinc finger domain that binds two Zn(u) ions
(zn,P) (Fig. 1b).*' The third and fourth zinc domains of our choice,
characterized by completely different architecture, were the homo-
dimeric zinc hook domain (ZH) from the Rad50 protein formed on
the interface of the protein (ZnP,, Fig. 1c) and the heterodimeric
zinc clasp domain (ZC) where Zn(u) is co-coordinated with CD4
and Lck proteins (ZnP'P?, Fig. 1d).>*>°

Zn(u) binding and domain formation

Selected and synthesized peptides were briefly characterized in
terms of Zn(u) binding and spectral changes upon complexation

This journal is © The Royal Society of Chemistry 2018
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Zinc finger (ZnP)
c)

Zinc hook (ZnP,)

Zinc clasp (ZnP'P?)

Fig. 1 Structures of zinc protein domains examined in this work: classical
zinc finger (PDB: 1VA3), LIM domain of PDLIM1 protein (PDB: 1X62),
minimal hook domain of Rad50 protein (PDB: 1L.8D) and zinc clasp domain
being a complex of CD4 (P) and Lck (P?) (PDB: 1Q68).

to apply them to a systematic stability study. LIM peptide,
without any fluorescent modification, was titrated spectro-
polarimetrically to examine the dynamic range of spectral
changes associated with domain formation. Fig. 2a shows CD
spectra of 5 uM metal-free and fully saturated LIM peptide at a
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Fig. 2 Changes in the CD and fluorescence spectra of the LIM and ZH
domains upon Zn(i1) complexation. CD spectra of 5 uM Zn(i)-free (blue line)
and fully saturated (red line) of the LIM domain (a) and emission spectra of
the 5 pM zinc hook (ZH) domain with N- and C-terminally labeled dansyl
(354 nm) and tryptophan (540 nm) residues (b). Arrows indicate changes in
the spectra during the Zn(i)-dependent study of domain formation. The
asterisk indicates the second-order scattering interference.
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Zn(n)-to-peptide ratio of 2: 1, which indicates significant changes
in peptide conformation. Metal-coupled folding of the zinc hook
domain with dansyl and tryptophan residues results in FRET,
which was monitored fluorometrically. Fig. 2b demonstrates
spectra of metal-free and fully saturated HK peptide at a
Zn(n)-to-peptide molar ratio of 1:2. The decrease in intensity
of the Trp emission band at 354 nm is observed while the dansyl
band at 540 nm increases, which indicates intramolecular FRET
between Dns and Trp residues. The obtained results are con-
sistent with previously published data.’™** A similar approach
for ZF peptide with the same set of fluorogenic residues, but
differently placed, shows comparable changes in band inten-
sities, which confirms stable domain formation as indicated by
Lakowicz and co-workers (Fig. S1, ESIT).”” Saturation occurs at a
1:1 molar ratio of Zn(u) and ZF peptide. The formation of the
clasp domain was monitored by intermolecular FRET between
FAM and TAMRA. Fig. S2 (ESIt) shows fluorescence spectra of
an equimolar (1 uM:1 pM) mixture of CD4 and Lck peptides
without and with a Zn(u) ion at the saturation point that occurs
at a Zn(u)-CD4-Lck molar ratio of 1:1:1. The spectra demon-
strate a significant decrease in the fluorescence intensity of the
FAM and TAMRA bands at 525 and 573 nm; however, the
normalization of the intensities at 525 nm clearly shows gain
of the fluorescence at 573 nm. The weak increase in TAMRA
intensity is typical for low donor and acceptor concentrations
and has been described previously.>®>° However, strong inten-
sity changes at 525 nm allow quantitative monitoring of Zn(u)
binding and domain formation.

Domain formation in free Zn(u)-controlled media

The results obtained for selected zinc domains show that they
bind Zn(u) with high affinity at pH 7.4, although the stoichio-
metry of the formed complexes differs. In the next step of the
study, peptides at various concentrations were incubated with
metal buffer components to determine half saturation points
(the point where half of the complex is present, also named
the inflection point or pZn®?®) and quantitatively examine the
relationship between the amount of formed complex and free
zinc status. For each zinc domain, the experimental concen-
tration was set individually taking into consideration the used
methodology. The peptide subunits’ solubility and fluorophores’
non-specific interactions as well as the linearity of the fluores-
cence response were considered to obtain the most accurate
readouts. The lowest concentration range was used in the case of
the clasp domain due to non-specific interactions above 1 uM of
reactants.

CD ellipticities and fluorescence intensities obtained for
each domain at a certain concentration in sets of metal buffers
(raw data in Tables S2-S5, ESIt) were first normalized to the
0-1 range of molar fraction of the complex and then fitted
to the logarithmic version of the Hill equation as described
elsewhere.”® Then, initial pZn values of metal buffers were
corrected for the amount of Zn(u) transferred from metal buffer
components to the peptide after equilibration based on frac-
tional saturation of a particular domain. Initial and corrected
pZn values are presented in Tables S6-S9 (ESIt). Due to the low

Metallomics, 2018, 10, 120-131 | 123
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concentration of CD4 and Lck peptides, correction of initial
pZn values was not necessary and was omitted in this case.
Fig. 3 shows dependence of zinc domain saturation plotted
against pZn values with appropriate Hill’s fits for all studied
zinc architectures regarding the concentration changes. The
four isotherms obtained overlap regardless of peptide concen-
tration with the averaged half saturation point at 13.28 £ 0.02
and 14.20 £ 0.02 for the ZF and LIM domains, respectively
(Fig. 3a and b). Metal-coupled folding of interprotein domains
(zinc hook and zinc clasp) occur in a significantly different
manner compared with ZF and LIM. Their equilibration with
various zinc buffers results in differences of a complex fraction
at the same pZn when peptides differ in the concentration values
between each other. Fig. 3¢ and d show that pZn at inflection
points shifts when the concentration of domain components
increases from 13.00 to 14.30 and from 11.80 to 12.87 for ZH and
ZC, respectively. Fig. 4 demonstrates the relationship between
pZn®® and concentration of four of the peptides displayed as
—log([peptide]). For intraprotein metal binding modes ZnP (ZF)
and Zn,P (LIM), the interdependence clearly shows a lack of
domain saturation difference regardless of its total concen-
tration (Fig. 4a and b). In contrast, interfacial zinc binding sites
ZnP, (ZH) and ZnP'P> (ZC) show a linear function between
pZn®® and —log([peptide]) values in the applied experimental
range (Fig. 4c and d).

Clasp domain formation in metallothionein buffer

It has been shown above that the Zn(u)-dependent formation of
the zinc clasp assembly is closely related to heterodimer compo-
nent concentration. In the next step of the study, we examined

124 | Metallomics, 2018, 10, 120-131

ZF133, (b) LIM, (c) zinc hook and (d) zinc clasp domains at various peptide

how this domain is formed in the presence of metallothionein
(MT), which functions as a key player in cellular zinc home-
ostasis,®® and how this formation depends on the presence or
lack of thionein (apo-form). For that purpose 0.25, 0.5 and 1 uM
zinc clasp components (CD4 and Lck peptides) were incubated
with MT and amounts of T in the range of 0 to 0.5 of T/(T + MT)
for 12 h. After this period, fluorescence at 525 nm was recorded
and normalized to the fraction of the folded clasp domain. Fig. 5
shows normalized results for ZC domain formation in the
changing T/(T + MT) ratio and domain concentration. With
100% of MT (no thionein present) the complex is mostly folded
regardless of concentration; however, 100% was obtained only
for the highest ZC concentration. The addition of thionein to
a T/(T + MT) ratio of ~0.3, which is the reference value for
various tissues,®! causes a decrease in the zinc clasp fraction to
~80% when both components are used at 1 UM concentration
(CD4 + Lck). A four times lower concentration of CD4 and
Lck peptides (0.25 pM) results in the formation of only 65% of
the domain under the same ratio of T/(T/MT). Interestingly, a
decreased concentration of clasp domain components results in
incomplete complex formation, even in the absence of thionein.

Discussion
General considerations

The first mathematical representation of chemical reactions
was posited more than 150 years ago by Guldberg and Waage.®*
Since that time, the canonical law of mass action has stated
consistently that the velocity of the reaction is proportional to
the product of the reactants. The proportionality of the reaction

This journal is © The Royal Society of Chemistry 2018
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rate with the concentration of substrates comes from the higher
encounter probability, leading to extensive complex formation.
Consequently, the affinity concept, although subconsciously
intuitive, is directly derived from the law of mass action as
well. This conjecture furthermore describes the chemical reac-
tion in the equilibrium state, where the concentrations of the
chemicals involved bear a constant relationship to each other,
which is described by an equilibrium constant (see below)
that is valuable to compare the molecular complex affinities.
While applied in a wide range of scientific areas, even to
describe chaos and complicated oscillations, applications of
the law of mass action in modeling of biological systems can be
an extreme idealization, especially in terms of defining the
parameters particularly sensitive or influential to the system,

This journal is © The Royal Society of Chemistry 2018

but not in terms of the definition of the law itself. The
numerous tightly intermingled forces, factors and spatial aspects
lead to the use of power-law formulations to model most of the
biological systems to date,*® such as the Hill equation applied in
this study. However, the foundation for a general modeling
framework in biology, which will help uncover the structure of
the regulatory functioning of cellular systems and their position
in state space, is beyond the capacity of today’s science.

Proteins are nature’s most widespread and versatile building
blocks, maintaining dynamicity of complex cellular systems
through a set of non-covalent interactions modulating the
prevalence of essential assemblies. Cellular utilization of metal
ion coordination in a protein interface design is derived from
its wide availability in the early evolution stage, small inter-
action surface ensuring proteins’ proximity during optimiza-
tion and additional gain of orientation specificity, which led to
30-40% of all proteins being associated transiently or perma-
nently with metal ions.*®* The construction of functional metal
centers embraces the exquisite tuning of metal selectivity and
reactivity through a combination of interactions® as well as
complex geometries with various binding architectures, which
led to diversification of affinities providing different rates of
their saturation under cellular conditions.

Although the position of Zn(u) in intraprotein assemblies as
a structural and catalytic site is well established, the recogni-
tion of interprotein zinc sites is more sophisticated and thus
escapes detection or focused attention. Zn(u)-stabilized perma-
nent or transient interprotein interactions enable multisubunit
complexes involved in cellular signaling to adopt distinct
conformations in response to stimuli and perform challenging
chemical reactions in consequence. Although obeying the law
of mass action for zinc proteins is indisputable, we aimed to
put it in the cellular context, where Zn(11) seems to play the role
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of a limitation factor demonstrated in its strict cellular buffering
and where concentrations of proteins undergo alterations as
well. To examine the role of parameters influential for Zn(u)
complex formation (Zn(u) and protein concentration), we aimed
to determine the assembly metalation rate in four examples of
inter- and intraprotein Zn(u) complexes.

The relationship between intra- and interprotein complexes
and free metal concentration

Taking into consideration the factor of Zn(u)-dependent
changes in zinc domain formation, it is clearly seen that the
intraprotein zinc complexes (classical zinc finger and LIM
domain) demonstrate high similarity. However, the distinction
can be seen in the case of the ZF complex, where the inflection
points correspond exceptionally to a logarithmic value of its
dissociation constants (—log Ky4) defined in eqn (1) and (2) due
to its ZnP stoichiometry. Nevertheless, when the stoichiometry
of the assembly under examination is different from 1:1, such
as for the LIM domain with Zn,P stoichiometry, that depen-
dence is no longer valid (eqn (3) and (4)). Regarding the affinity
of the individual Zn(u) towards its site within the LIM domain,
the dissociation constant is non-distinguishable for both
zinc sites and is 14.2 (—logKy) for each (K4 = Kgp),"* but if
the definition is consistent with the law of mass action, the
dissociation constant (—logKy) of the Zn,P complex will be
28.4 (Kq1 % Kgp). It is worth noting that this simplification is
frequently used for zinc sites that bind more than one metal ion
per protein and may lead to misunderstanding and cumulative
errors.

Zn()free + P S ZnP (1)
o a0l §
ZZI’I(II)free + P s Zn,P (3)

K((thQP) _ ([Zn(ll)}ﬂcc)z[P] (4)

[an P}

Metal-coupled folding of interprotein domains occurs in a
significantly different manner when compared with ZF and
LIM, showing strict concentration dependence of the protein
subunits. It is worth noting that despite the variation in pZn®>
when the concentration of peptides is changing, the dissocia-
tion constants (K4) of the ZH and ZC complexes remain con-
stant in agreement with the law of mass action (eqn (5)-(8)).
The Zn(u)-dependent behavior of the zinc clasp is comparable
to the zinc hook domain formation, but the functional pZn
range is slightly shifted for the examined concentration range.
Although the zinc clasp system indicates the same ternary
binding mode as ZH, it should be underlined that ZC is a
heterodimer (ZnP'P?) and the definition of its formation/
dissociation equilibrium is quite different (eqn (7) and (8)).
Within this approach, equal concentrations of CD4 (P') and Lck
(P?) were used, but it is worth being aware of their variation
in cellular conditions and the limitation of the formed
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heterodimer fraction by the particular protein component of
the system.

ZNn(1gee + 2P < ZnP, (5)
ntr) [ZH(II)] ree[P]2
KSZ 72 — [Zn}f)z] (6)
ZNn(gree + P* + P* & ZnP'P? (7)
nP! P2 Zn(11)];;.. [P!] [P?
K(Z P'P ) _ [ ( [%]Itlpl[}ﬂﬂ [ } (8)

Demonstration of the strict dependence of Zn(u) status on the
level of a functional complex in view of the protein architecture,
according to the fundamental chemical principle, has a cellular
impact on the proper functioning of the zinc metalloproteome.
The relatively low concentration of available Zn(u), which is
buffered under cellular conditions, makes it a limiting factor
following the equilibrium state of the Zn(un) complex system.
Even distinct free Zn(u) fluctuations may alter the outcome of the
assembly, regardless of the binding stoichiometry. The promi-
nent factor that can attenuate alteration of the metalation
process is the affinity of the zinc binding site, discussed in more
detail below. It is also important to be aware of both the metal
binding mode and the definition of the dissociation constant
used in its determination to valuably compare the Zn(u) complex
affinities as long as the experimental conditions significantly
diminish the Ky values as well.

Impact of the metal binding mode and protein concentration
on zinc protein complex assembly

The influence of Zn(u) ions on zinc protein assembly formation
indicates independence of the stoichiometry of investigated
zinc binding sites (Fig. 6a). Nevertheless, the core point is that
regulation of Zn(u) interprotein saturation is not only driven by
changes in free Zn(u) but is also closely related to fluctuations
in the protein subunit concentration (Fig. 6b), which makes it
an additional factor differentiating the intra- and interprotein

a) [Protein] = constant b) [Zn(11)]f,ee = cOnstant
Zn(1N)] fee complex [Protein] interprotein complex
formation formation
no change in intraprotein
complex formation
\ complex interprotein complex
dissociation \' dissociation

stoichiometric independence stoichiometric dependence

Fig. 6 Schematic representation of interdependence of free Zn(i) changes
and protein complex assembly regarding zinc complexes’ stoichiometry of
interprotein (ZF133 and LIM) and interprotein (zinc hook and zinc clasp) zinc
domains. Green and red represent the formation and dissociation of Zn(i)-
dependent complexes upon (a) Zn(i)gee coOncentration and (b) protein
subunit changes, maintaining the other parameter constant. The gray area
illustrates constant saturation of intra- and interprotein complexes despite
peptide concentration alterations.
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complexes. This seems reasonable as the formation of the
intermolecular Zn(u) binding site requires association of two
protomers, and larger amounts of the ternary complexes are
formed when the subunit concentration is higher as well. How-
ever, when we observe it from the cellular perspective, a more
interesting view appears. Modulation of the local protein abun-
dance affects the free Zn(u) concentration needed to obtain the
same level of a zinc complex. Thanks to the interdependence of
free Zn(u) status and local protein concentration in complex
formation effectiveness, the cell gains an additional way to mod-
ulate the necessary zinc assembly content. It seems to be especially
advantageous when the spatiotemporal separation of processes is
required, without disturbing the Zn(u) homeostasis within the cell.
One way to increase the local abundance of interacting compo-
nents is by embedding them in the membranes or even in the
membrane platforms with higher specificity to enter, such as lipid
rafts or nanoclusters. It has been shown for the zinc clasp domain
that this interaction contributes to the enrichment of CD4 within
lipid domains, prompting crucial cellular processes, but the role of
Zn(n) has not been established yet.**®”

The extremely high dynamic range of protein abundance
in cells, from less than 50 to more than 10° molecules,®® is
conducive to the potential regulatory role of intermolecular zinc
sites. Moreover, local versus global concentrations of proteins
display great diversity.”® The dynamic characteristic revealed in
spatial distribution impinges on the higher encounter probability
of interprotein interactions on the one hand and diminishes the
Zn(u) ion concentration needed to form functional complexes on
the other, thereby achieving a win-win situation. Although
proteomic abundance profiling approaches have yielded valuable
insights into changes in protein expression lately,”® they mostly
lack the spatial dimension, which makes them useless in the pre-
diction of interfacial zinc interactions. Global dynamic mapping
of protein subcellular localization along with their concentration
has just started to be performed,”* but the high variability of
the investigated systems renders the identification of genuine
organellar transitions difficult.”

Interprotein zinc domain formation in a metallothionein/
thionein buffer system

The main proteins responsible for maintaining the free Zn(u)
concentration in the required cellular ranges, its storage and
redistribution are the family of metallothioneins (MT) capable
of binding up to seven Zn(u) into two clusters.’®”® On the one
hand, metallothionein functions as a storage protein of Zn()
ions, while on the other it regulates the function of zinc proteins,
serving as a donor and acceptor of Zn(u) ions. The flexibility of
Zn(u) in the coordination sphere facilitates the diversification
of Zn(u) ion binding affinities, thus enabling the presence of
partially saturated Zn,_,MT species and wide cellular buffering
properties in a pZn from the nanomolar to picomolar range.*’
The level of the buffered zinc pool is frequently expressed in
the amount of thionein within the T/(T + MT) ratio with the
reference value ~ 0.3 for various tissues.®™’* In our studies, we
successfully utilized the high dynamics of this system and the
quick equilibration of thionein to particular zinc species’ and
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showed that the regulation of Zn(u)-dependent ternary zinc
clasp complex formation is indeed maintained under the
metallothionein buffer environment mimicking the eukaryotic
cellular Zn(u) availability. Re-equilibration of Lck and CD4
peptides with metallothionein displays the connection of func-
tional zinc clasp domain formation with both T/(T + MT) ratios
and peptide mixture concentration. Moreover, the local abun-
dance of interacting interfaces and cellular transience of the
PpZn value mutually modulate the efficiency of functional com-
plex formation. As a result, physiological changes in the T/MT
equilibrium may influence the formation of the ternary zinc
clasp complex of the N-terminal region of kinase Lck with T-cell
CD4 coreceptors and consequently alter the T-cell receptor
activation cascade.”®

Diversification of Zn(u) affinities is related to the regulatory role
of zinc proteins

The zinc homeostatic machinery uses different strategies to
maintain the Zn(u)-to-protein affinity including changes in
binding mode architecture, the presence or lack of stabilizing
interaction in the second coordination sphere, and the metal-
coupled folding process. This maintenance is critical for protein
saturation under physiological conditions, both constant and
transient. High-affinity zinc sites in proteins are mostly structural
and catalytic, such as zinc fingers in transcription factors and
Zn(u) coordinating sites in enzymes at the head. Tightly bound
Zn(u) ensures their constant saturation with it, so as to be
available to perform protein cellular roles. Such proteins cannot
afford to lose their Zn(u), because it would likely cause patho-
logical states of the cell.”” However, within the zinc finger class
of proteins, MTF-1 is an example where binding affinities are
lowered by about 10-50 fold in contrast with the classical
picomolar structural sites, even though the donor atoms are
identical.”® Modulation of protein affinity to Zn(u) is one way
to increase the regulatory role of zinc assembly, affecting its
saturation and functionality in consequence. The indirect regu-
latory mechanisms include phosphorylation by several kinases
or S-nitrosylation of thiols in zinc-sulfur clusters.”® The lower
affinity prevents the Zn(u) from being constantly bound to the
proteins and the Zn(u) ion fluctuations along with protein locali-
zation act as triggers to maintain the functional zinc domain
formation. One may see the diversification of Zn(i)-to-protein
affinities in the case of proteins detecting the zinc signals,
thereby performing transient Zn(u)-dependent activities. The
affinity of Zn(u)-to-protein tyrosine phosphatase (PTP) family
members varies significantly, resulting in different patterns of
reactivity toward free Zn(n) fluctuations.?””*® As a result, some of
the cellular regulatory pathways, dependent on PTP activity, are
not regulated by available Zn(n) in the physiological range.®" The
modulation of zinc protein regulation may also involve its
binding to the active site of the protein or its distinct parts with
a different set of ligands, which has been reported for the
caspases participating in the central cascades of apoptosis
pathways.®>®* A multitude of factors determine Zn () regulation,
including the physicochemical properties of protein, stability of
interaction, on and off kinetics, stoichiometry of complexes,
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metal-to-ligand reactivity and protein structure. It is important to
note that the mechanisms that alter the Zn(u)-to-protein binding
properties mutually influence one another. Transient activation
or deactivation of proteins is a central issue of Zn(u) regulatory
function and zinc signaling. Increasingly, the amount of research
on this topic shows that we are starting to understand the under-
lying principles of Zn(u)-dependent regulation of protein functions,
revealing their great diversity.

Significance of metallointeractome regulation

The formation of the functional zinc domains is regulated by two
factors in the cellular-like environment: the free Zn(u) availability
and the metal binding protein concentration (Fig. 6). According
to the law of mass action, both of these shift equilibria in the
direction of either domain formation or complex dissociation to
its components depending on the collision rate probability. To
what extent the parameters influence the regulation of zinc
domain formation is mostly dictated by the zinc domain archi-
tecture. Fluctuations in free Zn(u) affect the whole zinc proteome
regardless of the stoichiometry, so long as the range of pZn
fluctuations covers the Zn(u)-to-protein affinity. Setting the
protein affinities in particular ranges for the zinc fluxes to
reach using different strategies of modification of the coordi-
nation and outer spheres is the prominent method for regula-
tion of zinc protein functionality. However, when we examine the
influence of the protein subunit concentration on the interfacial
zinc domain assembly we can see that gaining the additional
parameter regulating the net result of functional protein
complex formation is valuable for the cell. Ternary-manner
interactions through the metal interface possess their Zn(u) in
a different way since the formation of a zinc binding site requires
spatiotemporal association of at least three components, includ-
ing Zn(u). The role of zinc interfaces, differing from most of the
structural and catalytic zinc sites, seems to contribute signifi-
cantly to zinc site regulation thanks to the behavior in a
concentration-dependent manner. Although the number of iden-
tified interfacial zinc sites is not comparable to the intraprotein
zinc domains, the difficulties with their identification, including
the lack of a coordination sphere and geometry prediction,
necessitate further exploration. In contrast, intraprotein zinc
complexes, such as transcription factors (even though their role
may be stated as regulatory as well) are resistant to the protein
concentration-dependent factor, thus maintaining more con-
stant saturation, and the exclusive Zn(i) dependence seems to
be the right choice for their regulation.

To gain even higher specificity of protein-protein inter-
actions, cells willingly reduce the dimensionality by pursuing
the interactions with the involvement of membranes. Lipid
rafts facilitate distinct protein-protein interactions to build
signaling complexes by increasing their local concentration
and the probability of interaction with other molecules from
the network. The role of membrane trafficking as well as the
prominence of Zn(u) ions has been well established in the
regulation of T lymphocytes and the entire immune system.**
The compactly folded zinc clasp domain (examined in this
study), which renders the Lck recruitment enabling further
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phosphorylation events essential to initiate the signal transduc-
tion cascade in early T-cell signaling, contributes to the enrich-
ment of CD4 in lipid rafts. This entails its ability to enhance
receptor tyrosine phosphorylation®” as well as potentially alter-
ing the dose response of T cells to interleukin-7, which indicates
the significance of metallointeractome in the major cellular
processes.®> Another way to increase the specificity of Zn(m)-
dependent interactions is the mediation of free Zn(u) changes
by modification of cysteine residues in the Zn(u)-thiolate coor-
dination environment by oxidative and nitrosative stress.”®
Metallothionein clusters are prone to oxidation, which leads
to Zn() accumulation and neuronal cell death.®® Several phos-
phatases are also redox sensitive and are inhibited by direct
thiol oxidation.®” However, Zn(u) release in oxidative pathways
involves normal physiological functions as well.*® Associations
of redox and zinc signals are thus integrally coupled to cellular
redox potential changes and serve as redox-sensitive switches
for zinc signals.>"”

Conclusions

Overall, our results show that not only the availability of Zn(u)
itself but also the local abundance of proteins from the zinc
interactome network affect the formation of functional Zn(u)
complexes involved in cellular homeostasis. Although the changes
in free Zn(u) concentration influence the formation of com-
plexes with no regard to their stoichiometry, the zinc binding
mode seems to be crucial for the protein subunits’ concentration-
dependent regulation. The important cellular context is that to
gain the same level of intermolecular zinc complex saturation,
a reduced free Zn(u) ion concentration is necessary along with
an increasing amount of protein. The presence of interfacial
Zn(u)-mediated interaction is then controlled in a dual, free
Zn(u) and concentration-dependent manner under a cellular
PZn range entailing major implications for the balance between
health and disease. The high stability of certain zinc assem-
blies, especially zinc fingers, is required to keep them suitably
folded at even a low free Zn(u) concentration, and their suscepti-
bility to oxidation or modification is not dependent on protein
concentration. If the affinity is high enough, those sites remain
saturated, and this state is not dependent on zinc signals.
Interprotein zinc binding sites are more exposed to dissocia-
tion under cellular free Zn(u) changes. This behavior is closely
connected with the function and dynamics of Zn(u)-mediated
complexes.
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