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ts of zinc binding on structured
and disordered regions in the multidomain STIL
protein†

Hadar Amartely,a Ahuvit David,bc Mai Shamir,a Mario Lebendiker,d Shai Izraelibc

and Assaf Friedler*a

Binding of metal ions is an important regulatory mechanism in proteins. Specifically, Zn2+ binding to

disordered regions commonly induces a disorder to order transition and gain of structure or

oligomerization. Here we show that simultaneous binding of Zn2+ ions has different effects on

structured and disordered domains in the same multidomain protein. The centrosomal STIL protein

bound Zn2+ ions via both its structured N-terminal domain (NTD) and disordered central region (IDR).

Zn2+ binding induced structural rearrangement of the structured NTD but promoted oligomerization of

the IDR. We suggest that by binding Zn2+ STIL acquires a different conformation, which allows its

oligomerization and induces its activity. Sequence alignment of the oligomerization region revealed

a new suggested motif, SxKxS/SxHxS/SxLxS, which may participate in STIL oligomerization. Binding of

the same metal ion through a disordered and a structured domain in the same protein is a property that

may have implications in regulating the protein activity. By doing so, the protein achieves two parallel

outcomes: structural changes and oligomerization that can take place together. Our results describe

a new important role of the delicate interplay between structure and intrinsic disorder in proteins.
Introduction

Binding of metal ions may induce structural changes in
proteins as a means of regulating protein activity.1–3 Metal ions
can also play a role in protein oligomerization.4–6 Binding of
metal ions to disordered proteins may induce a disorder-to-
order transition, stabilizing the active conformation and
enabling the protein to function.7–9 Metal binding can also
induce oligomerization of a disordered protein.10–12 Here we
show that the binding of Zn2+ ions may have different effects on
structured and disordered domains in the same multidomain
protein. Our model protein in this study is STIL (SCL/TAL1
Interrupting Locus) which is a 150 kDa cytosolic protein that
contains 1288 residues.13 STIL plays an essential role in cell
proliferation and survival14–16 and is required for centrosomal
biogenesis and centriolar duplication.17–19 STIL has two func-
tional orthologue proteins, Drosophila ANA-2 and C. elegans SAS-
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tion (ESI) available. See DOI:
5. Both are centrosomal proteins that play a role in centriolar
assembly.20,21 STIL is involved in several types of cancer14,22 and
in autosomal recessive primary microcephaly.23 We have previ-
ously shown that STIL contains an intrinsically disordered
central region that mediates its protein interactions.24–26 In
addition, it contains a structured N-terminal domain, a short
coiled coil domain and a STAN motif27 (Fig. 1A). STIL was also
shown to oligomerize.21,26,28 The STIL orthologues ANA-2 and
SAS-5 also form oligomers and SAS-5 contains an intrinsically
Fig. 1 Structural characterization of STIL NTD: (A) a schematic illus-
tration of the STIL domains. (B) SEC-MALS chromatogram of HLT STIL
NTD – the protein is a monomer. (C) CD spectrum of HLT STIL NTD –
the protein is mainly structured.

This journal is © The Royal Society of Chemistry 2016
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Fig. 2 STIL IDR and NTD are bound to Zn2+ ions. (A) ITC binding curve
illustrating titration of EDTA into holo-HLT STIL NTD. (B) ITC binding
curve illustrating titration of EDTA into multimeric HLT STIL IDR. The
upper panels represent the baseline corrected raw data and the lower
panels show the integrated curve fit to one set of sites.
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disordered region, like STIL.21,29 Here we show that STIL
contains two Zn2+ binding sites: the structured N terminal
domain (NTD) and the intrinsically disordered region (IDR).
Binding of Zn2+ ions had two parallel and different effects on
the two domains: it induced structural changes in the NTD and
oligomerization of the IDR. The oligomerization was critical for
the interaction of STIL with its partner proteins. We conclude
that the presence of a disordered and a structured domain in
the same protein is essential for achieving two outcomes,
structural changes and oligomerization, by binding the same
metal ion.

Results
Structural characterization of STIL NTD and IDR

The N terminal domain of STIL (residues 2–370) and the central
region of STIL (residues 450–700) were expressed and puried
as HLT-fusion recombinant proteins.24 The structural proper-
ties of these two fragments were studied using SEC and CD
spectroscopy. We have previously shown that HLT STIL 450–700
is intrinsically disordered24 and exists in an equilibrium
between high and low oligomeric states (Fig. S1†). HLT STIL
NTD, which is predicted to be fully structured,24 eluted in SEC as
a monomer as conrmed by SEC-MALS experiments (Fig. 1B).
CD experiments showed that HLT STIL NTD is composed of
secondary structure elements and lacks disordered conforma-
tions (Fig. 1C). Taken together, our results provide experimental
evidence that STIL NTD is a structured monomer while STIL
450–700 is disordered.

Both STIL NTD and IDR bind Zn2+ ions

The amino acid composition of STIL contains a high percentage
of negatively charged residues (Glu and Asp), which are
common in disordered proteins and are known to participate in
metal ion binding.30,31 STIL also has a relatively high proportion
of Cys and His residues, known to participate in metal ion
binding,31 similar to Zn2+ binding proteins (Fig. S2†). Since both
Cys and His are common ligands of so metal ions, we tested
the possibility that STIL is a Zn2+ binding protein. STIL may be
already bound to Zn2+ ions following its expression and thus we
performed atomic absorption (AA) spectroscopy on HLT STIL
NTD and HLT STIL IDR to detect the possible presence of the
metal ions (Table 1). The results suggest a binding stoichiom-
etry of 1 : 1 between HLT STIL NTD and Zn2+ as well as between
the multimeric HLT STIL IDR and Zn2+. The zinc absorbance in
Table 1 Zn2+ concentrations in STIL fragments as measured by atomic

STIL fragment Protein concentration (mM

HLT STIL NTD 20
HLT STIL IDR multimer 6
HLT STIL IDR monomer 3
HLT 6

a Solutions of HLT STIL NTD and multimeric or monomeric HLT STIL IDR
The table presents the absorption of the Zn atom at 213.9 nm (AU) and th

This journal is © The Royal Society of Chemistry 2016
the sample of monomeric STIL IDR was at the sensitivity limit of
the instrument and therefore we concluded that the HLT STIL
IDR monomer was not pre-bound to Zn2+ ions while the mul-
timeric HLT STIL IDR and HLT STIL NTD were pre-bound to
Zn2+ ions. The AA results combined with the SEC results
(Fig. S1†) indicate that HLT STIL IDR exists in an equilibrium
between a monomer that is unbound to Zn2+ ions and a Zn2+

pre-bound multimer. Thus, the IDR was studied in its mono-
meric and multimeric forms. AA studies showed no presence of
other metal ions, including Fe2+, Ni2+, Cu2+ or Ca2+ in the
protein samples. Zn2+ or Ni2+ ions that may be bound by the
His-tag during the purication process were not detected in the
sample of HLT alone. In the case of HLT STIL NTD, addition of
Zn2+ ions was signicantly important to prevent protein
precipitation during the expression (Fig. S3†), suggesting that
Zn2+ is important for the correct folding of the protein.

To characterize the binding of Zn2+ ions to the STIL frag-
ments, we used isothermal titration calorimetry (ITC). Since
HLT STIL NTD and the multimeric HLT STIL IDR are already
pre-bound to Zn2+ ions, we titrated EDTA into the protein to
complex the Zn2+ ions. The addition of EDTA to HLT STIL NTD
and to HLT STIL IDR resulted in the dissociation of Zn2+ ions
from the proteins (Fig. 2A and B). Fitting the curves to one set of
sites revealed a stoichiometry of 1 : 1 between EDTA and the
absorptiona

) AU [Zn2+] (mM)

0.145 � 0.001 18.5 � 0.1
0.023 � 0.002 6.2 � 0.7
0.005 � 0.001 —
Undetectable —

were tested in an atomic absorption spectrophotometer (Perkin Elmer).
e calculated concentrations of the Zn2+ ion in the protein samples.

Chem. Sci., 2016, 7, 4140–4147 | 4141
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Fig. 3 Protease digestion of HLT STIL NTD and HLT STIL IDR: SDS-
PAGE gel of HLT STIL IDR with and without ZnCl2 at several concen-
trations of proteinase K (A) or subtilisin (B); SDS-PAGE gel of HLT STIL
NTD with and without ZnCl2 at several concentrations of proteinase K
(C) or trypsin (D).
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proteins, which is equal to the EDTA : Zn2+ ratio (Table 2).
Residual apo-STIL IDR or NTD that may exist in the samples
would affect only the stoichiometry of the binding and not any
of the thermodynamic parameters calculated from the ITC. We
conclude that Zn2+ is bound to both the STIL NTD and IDR
through one binding site in each domain. The thermodynamic
parameters calculated from the t are shown in Table 2 and
represent the binding of EDTA to the Zn2+ ions that are released
from the protein. While the changes in enthalpy and the
changes in Gibbs free energy are very similar for the NTD and
IDR, the changes in entropy (�2.6 cal mol�1 K�1 for the NTD
and �8.67 cal mol�1 K�1 for the IDR) and the affinities were
different (Kd of 0.12 � 0.02 mM for the NTD and 0.8� 0.1 mM for
the IDR). Titration of EDTA into free Zn2+ ions under the same
experimental conditions revealed a Kd of 0.043 mM (data not
shown). We calculated the Kd of Zn2+ binding to the STIL frag-
ments using eqn (1)–(3) and found that the STIL NTD binds
Zn2+ with a Kd of 0.36 mM and the STIL IDR binds Zn2+ with a Kd

of 0.05 mM. This indicates that the STIL IDR binds Zn2+ 7 times
more strongly than the STIL NTD. The higher change in entropy
observed for the IDR may indicate that more signicant
conformational changes occur in the disordered STIL IDR
compared to the structured STIL NTD. Other events coupled to
the binding, such as proton exchange, may also contribute to
this higher DS.
Structural changes of STIL NTD and IDR induced by Zn2+

binding

To study the possible conformational changes of the two STIL
fragments upon Zn2+ binding we used limited proteolysis.32,33

HLT STIL NTD was rst treated with EDTA to generate the apo-
protein. Apo-HLT STIL NTD andmonomeric HLT STIL IDR were
incubated with subtilisin, chymotrypsin or proteinase K, in the
presence or absence of ZnCl2 (Fig. 3). HLT STIL IDR was cleaved
by most of the protease concentrations in the absence of ZnCl2
but was not cleaved in the presence of ZnCl2 (Fig. 3A and B).
HLT STIL NTD was also cleaved by most of the protease
concentrations in the absence of ZnCl2 but was not cleaved at
the lower protease concentrations in the presence of ZnCl2
(Fig. 3C and D). ZnCl2 had no effect on the digestion of oval-
bumin, indicating that its presence does not directly affect the
activity of the proteases (Fig. S4†). Overall, the results indicate
that HLT STIL NTD and HLT STIL IDR acquire a conformation
that is more resistant to proteases in the presence of Zn2+ ions.
This shielded conformation can be due to structural changes to
a more compact form or due to oligomerization of the protein.
Tryptophan uorescence spectra of the STIL NTD (containing
Table 2 Thermodynamic parameters calculated from the ITC dataa

Fragment No. of sites Kd (mM) DH

NTD 0.74 � 0.01 0.12 � 0.02 �9
IDR 0.91 � 0.02 0.8 � 0.1 �10

a The thermodynamic parameters represent the binding of EDTA to Zn2+

4142 | Chem. Sci., 2016, 7, 4140–4147
four Trp residues) and the STIL IDR (containing one Trp
residue) in the presence or absence of Zn2+ ions also reveal
structural changes between the apo and holo proteins, which
can be due to structural rearrangements or oligomerization
(Fig. S5†).

To follow possible structural changes caused by Zn2+ binding
we used CD spectroscopy. The CD spectrum of HLT STIL NTD
aer EDTA addition shows a shi of the major peak from 210
nm towards 215 nm, representing the increase in the b sheet
content aer EDTA addition. This indicates a change in the
secondary structure between the apo and the holo STIL NTD
(Fig. 4A). A similar structural change was observed aer heating
the protein to 60 �C, which is an alternative way of releasing
Zn2+ ions from the binding Cys residues due to oxidation of the
thiols.34 On the contrary, removal of Zn2+ ions did not change
the secondary structure of the IDR fragment: the CD spectrum
of the monomeric protein which was unbound to Zn2+ ions was
similar to the CD spectrum of the Zn2+ pre-bound multimeric
protein (Fig. 4B). Near-UV CD experiments also support struc-
tural changes in the STIL NTD in the presence of Zn2+ ions
(Fig. S6†). Removing the Zn2+ ions by adding EDTA resulted in
changes in the spectrum, mainly in the 270–280 nm region
corresponding to the aromatic side chains. This reects differ-
ences between the tertiary structures of the apo and holo STIL
NTD.
(kcal mol�1) DS (cal mol�1 K�1) DG (kcal mol�1)

.7 � 0.1 �2.6 �9.0 � 0.1

.3 � 0.3 �8.67 �7.8 � 0.3

ions in each experiment.

This journal is © The Royal Society of Chemistry 2016
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Fig. 4 Structural changes in STIL fragments induced by binding of
Zn2+ ions: (A) CD spectra of HLT STIL NTD at 10 �C and at 60 �C and
with addition of EDTA. (B) CD spectra of pre-bound Zn2+ multimeric
HLT STIL IDR and Zn2+-freemonomeric HLT STIL IDR. (C) SECMALS of
HLT STIL NTD alone and with EDTA addition. (D) Hydrodynamic radius
of multimeric HLT STIL IDR before and after EDTA addition, as
measured using DLS.

Fig. 5 Binding of the STIL IDR to STIL and CHFR derived peptide
arrays: binding of HLT STIL IDR to an array of peptides derived from the
STIL IDR in the presence of EDTA (A) or ZnCl2 (B); binding of HLT STIL
IDR to an array of CHFR derived peptides in the presence of EDTA (C)
or ZnCl2 (D). Each dark spot indicates binding between the STIL
fragment and the corresponding peptide.
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To study oligomerization changes that may be induced by
Zn2+ binding we used static and dynamic light scattering. SEC-
MALS measurements of HLT STIL NTD revealed that the
observed mass of the protein before and aer EDTA treatment
was the same (58 � 2 kDa), in agreement with the calculated
mass of the monomer (55 kDa). This indicates that the STIL
NTD is monomeric and oligomerization did not occur (Fig. 4C).
The elution volume of HLT STIL NTD with EDTA was slightly
lower than that of free STIL NTD, indicating a minor change in
the structure of the protein to a more extended conformation.
We conclude that Zn2+ binding induces structural changes in
the STIL NTD to a more compact form. We used DLS to measure
the hydrodynamic radius of multimeric STIL IDR (which is pre-
bound to Zn2+ ions) before and aer the addition of EDTA
(Fig. 4D). A signicant decrease in the radius of HLT STIL IDR
aer EDTA addition was observed, from a radius of 137� 35 nm
of the oligomer to a radius of 22 � 4 nm of the EDTA treated
protein. We conclude that the presence of Zn2+ ions induces
oligomerization of the STIL IDR. Taken together, our results
indicate that binding of Zn2+ ions induces structural changes in
the structured STIL NTD and oligomerization of the STIL IDR.
Identication of the oligomerization sites within STIL IDR

To characterize the oligomerization sites within the STIL IDR,
we used peptide array screening. We designed an array of partly
overlapping peptides derived from the STIL IDR (residues 370–
700) and screened it for binding HLT STIL IDR itself in the
presence of ZnCl2 or EDTA. HLT STIL IDR bound several
peptides derived from the STIL IDR only in the presence of
ZnCl2, while it did not bind the peptides in the presence of
EDTA (Fig. 5A and B). The binding peptides may represent the
oligomerization sites within the STIL IDR (Fig. S7†) or indicate
intramolecular interactions within this domain. Most of the
This journal is © The Royal Society of Chemistry 2016
binding peptides contain a high proportion of Zn2+ binding
residues (Cys, His, Glu or Asp), as detailed in ESI Table S1.† This
observation further supports our conclusion that Zn2+ ions
mediate STIL oligomerization. Alignment of the peptide
sequences did not reveal known bindingmotifs. However, using
the Block Maker tool35 we identied a newmotif of 5 residues in
most of the sequences. This motif contains Ser residues at the
termini and a positive residue (His or Lys) or Leu residue in the
middle: SxKxS/SxHxS or SxLxS (Table S1†). This motif as well as
the Zn2+ binding residues are spread throughout the entire IDR
sequence (Fig. S8†). HLT STIL NTD did not bind any peptides on
an array derived from the STIL NTD, supporting the nding that
this domain does not oligomerize (Fig. S9A and B†).

Oligomerization of STIL IDR is required for the interaction
with CHFR

We tested whether the Zn2+ binding is required for the inter-
actions of STIL with its partner proteins, using the tumor
suppressor CHFR as a model.24 An array of partly overlapping
peptides derived from CHFR was designed and screened for
binding with HLT STIL IDR and HLT STIL NTD in the presence
of ZnCl2 or EDTA (Fig. 5C and D, S9C and S9D†). The results
show that while the STIL IDR mediates the interaction of the
protein with the CHFR peptides, the NTD does not bind CHFR
peptides. Binding of HLT STIL IDR to the peptides was detected
in the presence of Zn2+ ions while in the presence of EDTA
almost no binding was observed. We conclude that oligomeri-
zation of STIL, induced by Zn2+ ions, is crucial for the STIL–
CHFR interaction. The oligomerization may mediate the inter-
action with CHFR or other target proteins by exposing specic
motifs required for the interaction. The Zn2+ ions may also serve
as a direct mediator of the interaction between the STIL and
CHFR peptides. It could be that both mechanisms take place in
parallel. The HLT alone did not bind the peptide arrays in the
presence of ZnCl2 (Fig. S9E and F†).

Discussion

Zn2+ binding to disordered regions was shown to induce
a disorder to order transition and gain of structure in many
cases36–38 or lead to oligomerization, mainly aggregation, of
Chem. Sci., 2016, 7, 4140–4147 | 4143
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Fig. 6 A proposed mechanism for binding of Zn2+ ions to STIL:
binding of Zn2+ ions induces structural changes in the STIL NTD (the
blue circle changes into a star) and oligomerization of the STIL IDR
(yellow ribbon) in parallel and allows protein activity.
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IDPs.11,12,39 Here we show that binding of Zn2+ ions induces
different effects on structured and disordered domains in the
same protein: while binding of Zn2+ induced structural changes
in the structured STIL NTD, it did not induce structural rear-
rangement or gain of structure of the disordered domain of
STIL. Rather, it led to oligomerization of the disordered
domain. The disordered region preserves its disordered
features upon binding the Zn2+ ion ligand and oligomerizes to
form an active protein. This oligomerization is reversible, as
shown by the DLS studies (Fig. 4D) and may be a part of the
regulation of the full length protein. Since the oligomerization
of the STIL IDR is critical for its protein interactions, it may
mediate the interaction with the target proteins by exposing
specic motifs required for the interaction. Many centrosomal
proteins act as oligomeric complexes that are crucial for cen-
trosomal processes and functions.20,40,41 STIL may also act as an
oligomeric complex in the centriole. Binding of Zn2+ ions can be
one of the mechanisms to control its oligomerization.

The STIL IDR oligomerization sites, as revealed by the
peptide array screening, contain a high proportion of Zn2+

binding residues, Cys and His, at different positions in the IDR
sequence (Fig. S8†). These together create the binding site of the
Zn2+ ion. The Zn2+ binding site may be composed of residues
from different IDR domains that are sequentially distant. Using
this mechanism Zn2+ binding can bring these regions close
together and, if they are from different monomers, directly
mediate the oligomerization. Since the STIL IDR binds Zn2+

ions in a stoichiometry of 1 : 1 (Table 1), it is likely that not all of
the Cys and His residues participate in the Zn2+ binding. In
addition, alignment of the peptide sequences revealed a new
suggested motif for oligomerization: SxKxS/SxHxS or SxLxS
(Table S1†). This motif resembles the SxxxS phosphorylation
motif42 although here we used non-phosphorylated proteins or
peptides. Since the STIL IDR contains several phosphorylation
sites that mediate interactions of STIL,25 phosphorylation
together with the oligomerization may play a part in the regu-
lation of the protein. Binding of Zn2+ ions may induce confor-
mational rearrangement of the STIL IDR, leading to exposure of
this motif and enabling the oligomerization. The binding
affinity of the STIL NTD and STIL IDR to Zn2+ ions, as revealed
by the ITC experiments, is relatively strong compared to the
binding affinities of Zn2+ ions to other Zn2+-binding proteins.
Zn2+ binding to other proteins has a range of Kd between sub-
micromolar to micromolar. BSA binds Zn2+ with a Kd of 1 mM,43

p25 binds Zn2+ with a Kd of 30 mM,9 a-crystallin binds Zn2+ ions
with a Kd of 100 mM5 and the S100B protein binds Zn2+ with a Kd

of 94 nM.44

The binding of Zn2+ ions to the STIL IDR (Kd ¼ 50 nM) was
stronger than the binding of Zn2+ ions to the STIL NTD (Kd ¼
360 nM). This emphasizes the signicance of Zn2+ ions in this
region and highlights the generally important role that the IDR
plays in the protein. The binding of the same metal ion through
a disordered and a structured domain in the same protein is
a property that may have implications in regulating the activity
of the protein. By doing so, the protein achieves two parallel
outcomes: structural changes and oligomerization that can take
place together (Fig. 6).
4144 | Chem. Sci., 2016, 7, 4140–4147
Experimental
Expression and purication of the STIL domains

Preparation of DNA encoding fragments of STIL was performed
as detailed before.24 The proteins were expressed fused to the
HLT tag that contains six His residues, a Lipo-domain for
enhanced solubility and a Tev protease cleavage site for
removing the tag (Fig. S10†). HLT STIL 2–370 (NTD) and HLT
STIL 450–700 (IDR) vectors were transformed into E. coli
BL21(DE3) pLysS cells (Novagen). Expression and purication of
HLT STIL IDR were performed as previously described.24 HLT
STIL NTD transformed bacteria cells were grown at 37 �C in
2xYT medium. At an OD600 nm of 0.2 heat-shock treatment was
performed by adding 0.1% glycerol and 0.1 mM potassium
glutamate and the bacteria were incubated at 42 �C for 20 min.
The temperature was reduced to 37 �C and the bacteria were
grown until an OD600 nm of 0.7. 0.1 mM ZnCl2 and 0.1 mM IPTG
were added to start the induction that was carried out overnight
at 22 �C. The bacteria were harvested, sedimented as pellets and
kept at �80 �C. The bacteria were lysed using a microuidizer
and the soluble fraction was puried using a nickel Sepharose
column. Elution was performed using an imidazole gradient
and the protein was eluted with 25 mM TrisHCl buffer, pH ¼
8.5, 0.5 M NaCl, 5 mM bMe, 10% glycerol and 250 mM imid-
azole. The eluted protein was further puried using size exclu-
sion chromatography with a Sephacryl S100 500 ml column.
Elution was performed with a buffer of 25 mM Hepes, pH ¼ 7,
0.3 M NaCl, 5 mM bMe and 2% glycerol. This buffer was also
used as the storage buffer. The protein purity was conrmed by
Coomassie staining of an SDS-PAGE gel.

SEC and SEC-MALS

45 mMHLT STIL NTD was dissolved in 20 mMHepes buffer, pH
¼ 7, 150 mM NaCl, 2% glycerol and 2 mM bMe and was loaded
on a Superose12 analytical GF column. A Multi Angle Light
Scattering (MALS) miniDAWN TREOS instrument of Wyatt
technology was used to measure the molecular weight of the
protein alone and aer 10 mM EDTA addition and 4 hours of
incubation on ice. HLT STIL IDR was loaded on a Superose12
analytical GF column and eluted with 20 mM Hepes buffer, pH
¼ 7, 300 mM NaCl, 2% glycerol and 2 mM bMe.

Isothermal titration calorimetry (ITC)

ITC measurements were carried out at 10 �C on an isothermal
titration calorimeter (ITC 200, MicroCal). 23 mM HLT STIL NTD
This journal is © The Royal Society of Chemistry 2016
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and 13 mMHLT STIL IDR were dissolved in 13mMHepes buffer,
pH ¼ 7, 150 mM NaCl, 2% glycerol and 2 mM bMe. 100–200 mM
EDTA was dissolved in the same buffer and titrated into the
protein samples. 2 ml of EDTA solution was injected into the
protein sample in 2 s titrations. A 180 s delay between injections
was allowed for equilibration.45 Titration of EDTA into the
buffer solution, titration of EDTA into the HLT solution and
titration of the buffer into the protein solutions were performed
as controls. The ITC data were analyzed with Origin 7.0
soware.

Kd of Zn2+–EDTA binding in a free Zn2+ solution was
measured using ITC and is described by equation (1):

Kd
1 ¼ ½EDTA�½Zn2þ�

½ðEDTA� Zn2þÞ� (1)

Kd of Zn2+–EDTA binding in the STIL fragment solution was
measured by ITC and is described by equation (2):

Kd
2 ¼ ½EDTA�½ðSTIL� Zn2þÞ�

½ðEDTA� Zn2þÞ�½STIL� (2)

The Kd of Zn2+–STIL fragment binding was calculated using
eqn (3):

Kd
3 ¼ Kd

1

Kd
2
¼ ½Zn2þ�½STIL�

½ðSTIL� Zn2þÞ� (3)

These calculations are under the assumption that EDTA
binds only Zn2+ and not the protein and that STIL binds Zn2+ in
a stoichiometry of 1 : 1.

Atomic absorption spectroscopy

HLT STIL NTD, HLT STIL IDR multimeric fraction and mono-
meric fraction, and HLT samples were analyzed in an atomic
absorption spectrophotometer 3110 or AAnalyst 400 (Perkin
Elmer), with a Zn lamp at a wavelength of 213.9 nm. Samples
were dissolved in 25 mM Hepes, pH ¼ 7, 300 mM NaCl, 2 mM
bMe and 2% glycerol.

Circular dichroism (CD)

CD spectra of HLT STIL NTD and HLT STIL IDR were recorded
using a J-810 spectropolarimeter (Jasco) in a 0.1 cm quartz
cuvette for far-UV CD spectroscopy, in a spectral range of 195
nm to 260 nm. 16 mMHLT STIL NTD was incubated with 10 mM
EDTA for 8 hours on ice, then dialyzed using 15 mM Hepes
buffer, pH ¼ 7, 150 mM NaCl, 2 mM bMe and 2% glycerol. CD
spectra were recorded at 10 �C for 10 mM protein without EDTA
addition and for the sample aer EDTA treatment. A CD spec-
trum was also recorded for 10 mM protein at 60 �C. 3 mM
monomeric HLT STIL IDR was dissolved in PBS buffer con-
taining 2% glycerol and 2 mM bMe, and CD spectra of the
protein alone and with the addition of ZnCl2 were recorded. A
CD spectrum of 3 mM multimeric HLT STIL IDR dissolved in 20
mM TrisHCL, pH ¼ 7.5, 50 mM Na2SO4, 0.5 mM bMe and 2%
glycerol was also recorded. Near-UV CD spectra, in a spectral
This journal is © The Royal Society of Chemistry 2016
range of 250 nm to 340 nm, were recorded for 145 mMHLT STIL
NTD alone or with addition of 10mM EDTA. The measurements
were performed in 25 mM Hepes buffer, pH ¼ 7, 300 mM NaCl,
5 mM bMe and 5% glycerol.

Dynamic light scattering (DLS)

Multimeric HLT STIL IDR was incubated with 10 mM EDTA for
2 days at 4 �C. DLS measurements were performed using
a Zetasizer Nano-ZS (Malvern instruments) at 10 �C and the
average hydrodynamic radius was calculated by the intensity for
the protein alone and with EDTA addition. The calculation was
performed using the Stokes–Einstein equation:

RH ¼ kT/6phD,

where RH is the hydrodynamic radius, k is Boltzmann's
constant, T is the temperature, h is the viscosity of the sample
and D is the translational diffusion coefficient.46 The calculated
radius is based on the assumption that the particles are
spherical.

Partially limited proteolysis

20 ml of 20 mMHLT STIL NTD was incubated with 10 mM EDTA
for 5 hours on ice followed by overnight dialysis in 20 mM
Hepes buffer, pH¼ 7, 150mMNaCl, 2 mM bMe and 2% glycerol
to remove the EDTA excess. 20 ml of 9 mMmonomeric HLT STIL
IDR was dissolved in 20 mM Hepes buffer, pH ¼ 7, 300 mM
NaCl, 2 mM bMe and 2% glycerol. The proteins were incubated
with 5 ml of subtilisin, chymotrypsin or proteinase K at
increasing concentrations with the presence or absence of 0.3
mM ZnCl2. Aer 30 min at 22 �C the proteolytic reaction was
stopped by adding 6.5 ml of SDS solution, 5.2 mM PMSF and 5.2
mM EDTA. Ovalbumin was also treated with the above prote-
ases in the presence or absence of 0.3 mM ZnCl2, as a control for
ensuring that Zn2+ ions do not affect the activity of the prote-
ases. The cleaved products were run on 12% SDS-PAGE gels.

Fluorescence spectroscopy

Tryptophan uorescence spectra were recorded using an LS45
luminescence spectrophotometer (Perkin Elmer). 2.5 mM
monomeric HLT STIL IDR and 2.5 mMmultimeric HLT STIL IDR
were dissolved in 25 mM Hepes buffer, pH ¼ 7, 150 mM NaCl,
2% glycerol and 2mM bMe. Excitation was performed at 280 nm
and the emission was screened between 300 nm to 430 nm. 0.25
mM HLT STIL NTD was dissolved in the same buffer and uo-
rescence measurements were performed using the same
settings for the NTD sample alone and with addition of 10 mM
EDTA.

Peptide array screening

An array of 94 partly overlapping STIL derived peptides and an
array of 32 partly overlapping CHFR derived peptides were
synthesized by INTAVIS Bioanalytical Instruments AG, Koeln,
Germany. The peptides were acetylated at their N-termini and
attached to a cellulose membrane via their C-termini through
an amide bond. The arrays were washed with TBST (50 mM
Chem. Sci., 2016, 7, 4140–4147 | 4145
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TrisHCl, pH ¼ 7.5, 150 mM NaCl, 0.1% Tween20) containing
2.5% milk. 3–5 mM HLT STIL NTD and monomeric HLT STIL
IDR were dissolved in TrisHCl buffer, pH¼ 7.5, 150 mMNaCl, 5
mM bMe, 2% glycerol, 0.1% Tween20 and 2.5% milk, in the
presence of 0.3 mM ZnCl2 or 10 mM EDTA, and incubated with
the arrays at 4 �C with shaking overnight. Aer washing with
TBST in the presence of 0.3 mM ZnCl2 or 10 mM EDTA, the
arrays were incubated with an anti-His HRP conjugated anti-
body at room temperature for 1 hour and then washed again
with TBST. Immunodetection was performed using chem-
iluminescence with ECL reagents.
Acknowledgements

AF is supported by grants from the Israel Science Foundation
(ISF), the Israel Cancer Research Foundation (ICRF) and by the
Minerva Centre for Bio-Hybrid Complex Systems. HA is sup-
ported by the Dalia and Dan Meydan fellowship for Ph.D.
students. AD is supported by an Eshkol grant from the Israel
Science Ministry. SI is supported by grants from the Israel
Science Foundation and Israel Science Ministry.
References

1 X. Arias-Moreno, O. Abian, S. Vega, J. Sancho and
A. Velazquez-Campoy, Curr. Protein Pept. Sci., 2011, 12,
325–338.

2 H. S. Won, L. Y. Low, R. De Guzman, M. Martinez-Yamout,
U. Jakob and H. Jane Dyson, J. Mol. Biol., 2004, 341, 893–899.

3 T. Yu, G. Wu, H. Yang, J. Wang and S. Yu, Int. J. Biol.
Macromol., 2013, 56, 57–61.

4 M. Tourbez, C. Firanescu, A. Yang, L. Unipan,
P. Duchambon, Y. Blouquit and C. T. Craescu, J. Biol.
Chem., 2004, 279, 47672–47680.

5 S. Karmakar and K. P. Das, Biopolymers, 2011, 95, 105–116.
6 M. C. Mayer, D. Kaden, L. Schauenburg, M. A. Hancock,
P. Voigt, D. Roeser, C. Barucker, M. E. Than, M. Schaefer
and G. Multhaup, J. Biol. Chem., 2014, 289, 19019–19030.

7 A. Chenal, J. C. Karst, A. C. Sotomayor Pérez, A. K. Wozniak,
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