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stability and DNA-binding
properties of short peptides with hybrid metal
coordination motifs†
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Joshua S. Figueroa and F. Akif Tezcan*

Given the prevalent role of a-helical motifs on protein surfaces in mediating protein–protein and protein–

DNA interactions, there have been significant efforts to develop strategies to induce a-helicity in short,

unstructured peptides to interrogate such interactions. Toward this goal, we have recently introduced

hybrid metal coordination motifs (HCMs). HCMs combine a natural metal-binding amino acid side chain

and a synthetic chelating group that are appropriately positioned in a peptide sequence to stabilize an a-

helical conformation upon metal coordination. Here, we present a series of short peptides modified with

HCMs consisting of a His and a phenanthroline group at i and i + 7 positions that can induce a-helicity in

a metal-tunable fashion as well as direct the formation of discrete dimeric architectures for recognition

of biological targets. We show that the induction of a-helicity can be further modulated by secondary

sphere interactions between amino acids at the i + 4 position and the HCM. A frequently cited drawback

of the use of peptides as therapeutics is their propensity to be quickly digested by proteases; here, we

observe an enhancement of up to �100-fold in the half-lives of the metal-bound HCM-peptides in the

presence of trypsin. Finally, we show that an HCM-bearing peptide sequence, which contains the DNA-

recognition domain of a bZIP protein but is devoid of the obligate dimerization domain, can dimerize

with the proper geometry and in an a-helical conformation to bind a cognate DNA sequence with high

affinities (Kd $ 65 nM), again in a metal-tunable manner.
Introduction

Protein–protein1–4 and protein–DNA5–8 interactions are commonly
mediated by a-helical domains on protein surfaces.9,10 Due to the
prevalence of such a-helical interaction motifs, there has been
considerable interest in designing small, synthetic systems that
maintain or mimic the a-helical periodicity of such motifs and
therefore can recapitulate their binding and recognition proper-
ties.11–13One route toward this goal has been the design of entirely
non-biological systems such as synthetic helix mimics14,15 or fol-
damers with incorporated b-amino acids.16,17 Another route is to
design natural peptides with a propensity to form a-helical
structures. Although they have the ideal size to be effective ther-
apeutic agents and interact with an extended region on a protein
or DNA surface,18 short peptides are oen unstructured and
prone to proteolytic digestion;19 these drawbacks have led to the
pursuit of diverse strategies to stabilize peptides in a-helical
conformations such as: covalent20–28 or metal-mediated29–32

stapling of helical turns, utilization of hydrogen-bond
University of California, San Diego, 9500

ucsd.edu

(ESI) available: Experimental details,
0826g

hemistry 2016
surrogates,33,34 incorporation of salt bridges in i and i + 4 posi-
tions,35 or inclusion of a-amino acids with restricted conforma-
tional availability.36

As an alternative approach for helix induction in peptides,
we have introduced hybrid metal coordination motifs (HCMs)
that consist of a natural metal-binding side chain and a non-
natural metal-chelating ligand, placed at i and i + 7 posi-
tions.37,38 Our motivation was that HCMs would not only impart
a-helicity through metal-mediated crosslinking across two helix
turns (Fig. 1a), but they would also provide stable coordination
motifs whose metal binding properties can be modulated
through the choice of metal, chelating ligand or the solution
pH. This modularity can in turn be exploited for the incorpo-
ration of metal-based functions (e.g., luminescence and catal-
ysis)39 or metal-mediated oligomerization (as we demonstrate in
this report).

Our early studies focused on the surface modication of
a folded, a-helical protein (cyt cb562) with i/i + 7 HCMs that
consisted of a His residue and the non-natural chelates 8-
hydroxyquinoline (Quin), 1,10-phenanthroline (Phen) or
2,20:60,20 0-terpyridine (Tpy).37,38 These studies showed that metal
coordination by these HCM motifs imparted signicant chem-
ical and thermal stability to cyt cb562 (due to helix crosslinking)
in a way that could be tuned through the choice of the metal
Chem. Sci., 2016, 7, 5453–5461 | 5453
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Fig. 1 Design of peptides P1–P7. (a) Cartoon showing the proposed mode of helix induction by metal binding to the HCM. The peptides include
two pairs of salt bridging side chains (cyan), the HCM motif with His at position i and Cys-Phen at position i + 7 (green), and various amino acids
incorporated at the i + 4 position (red). (b) Sequences of P1–P7.
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ion. It was also demonstrated that the oligomerization state and
geometry of HCM-modied cyt cb562 could be controlled
through the preferred coordination geometry of a metal ion.
Notably, the addition of NiII to a His–Quin HCM-modied cyt
cb562 at a 1 : 2 metal : protein stoichiometry led to the formation
of a V-shaped protein dimer (see Fig. 4).37 This discrete protein
arrangement was dictated by the octahedral coordination
geometry of the Ni:(HCM)2 moiety, wherein the two Quin
functionalities adopted the preferred cis orientation. A struc-
tural superposition of the surface helices in this dimer revealed
a very close match (rmsd ¼ 1.6 Å) with the a-helical DNA-
binding domains of the homo-dimeric bZIP proteins (Fig. 4b)
(PDB ID: 1JNM), suggesting that HCMs could direct the
formation of helical, dimeric protein/peptide scaffolds that are
structurally poised to recognize biological targets without the
need for engineering extensive protein surfaces or peripheral
oligomerization domains.

More recently, we expanded our work from protein scaf-
folds to peptides and demonstrated that His–Quin HCMs
could induce substantial helicity in short (10-amino acid)
unstructured peptides in a metal-tunable fashion, while
allowing the simultaneous generation of metal-based lumi-
nescence.39 In the current report, we build further upon this
work by examining (1) whether His–Phen HCMs are also
capable of helix induction in small peptides in order to expand
the possible peptide-HCM ligand set, (2) the effects of
secondary elements such as the identity of the i + 4 residue on
HCM-mediated helix induction, and (3) the protection of
HCM-stabilized peptides from proteolysis. Furthermore,
motivated by our observations on the HCM-induced formation
of discrete V-shaped protein dimers, we investigate (4) the
ability of an HCM-bearing peptide scaffold to form a-helical
dimers for selective DNA recognition and binding. Our nd-
ings highlight the remarkable modularity and versatility of
HCMs in controlling the architecture and the biological
recognition properties of small peptides.
5454 | Chem. Sci., 2016, 7, 5453–5461
Results and discussion
Design of HCM-peptides

A family of 20 amino-acid-long peptides (P1–P7; Fig. 1) were
synthesized to test the ability of the His–Phen HCMs to induce
metal-dependent a-helicity and examine the structural effects of
secondary interactions between the HCM moiety and the side
chain at i + 4 position. These Ala-rich peptides were obtained by
solid-state synthesis and contain an amidated C-terminus and
an acylated N-terminus. A His and a Cys residue were placed at
positions 12 (i) and 19 (i + 7), respectively, and Cys 19 was post-
synthetically modied with 5-iodoacetamido-1,10-phenanthro-
line (I-Phen) to form the desired tridentate His–Phen HCM (see
Fig. S1† for peptide characterization). In this arrangement, the
large aromatic Phen moiety spans directly over the side chain at
the i + 4 position (position 16), suggesting that metal binding
and helix induction by the HCM could be modulated through
the interactions between Phen and the i + 4 residue. Thus,
peptides P1 and P3–P7 were varied in terms of the amino acid
functionalities at the i + 4 position (Fig. 2). In P2, His was
replaced with Ala to generate a control peptide lacking
a complete HCM. All sequences contained two Glu/Lys pairs to
render helix formation more favourable through additional salt
bridging interactions and to increase peptide solubility.
Metal-binding properties of HCM-peptides

Employing the parent peptide P1, we rst determined the
binding affinity of the His–Phen HCM for the late-rst row
transition metal ions CoII, NiII, CuII, and ZnII. Due to the ex-
pected high metal binding affinities, we used ethylene glycol
tetraacetic acid (EGTA) and nitrilotriacetic acid (NTA) as
competing ligands in our titrations (see ESI, Table S1†). Metal
binding was monitored by the shi of the Phen p–p* absorp-
tion band from 264 nm to 276 nm (Fig. S2†). In the case of all
metal ions, metal binding curves were best t with a two-step
equilibrium model that takes into account 1 : 1 HCM : metal
This journal is © The Royal Society of Chemistry 2016
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Fig. 2 (a) CD spectra showing the induction of helicity upon addition
of variousmetal ions. (b) Model showing an Ile residue at the i+ 4 (pink)
position in contact distance with the Phen functionality in the metal-
bound HCM. (c) Molar ellipticity of peptide variants (metal-free, bound
to Ni, or in the presence of TFE) monitored at 222 nm.
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(H : M) binding as well as the subsequent metal-mediated
peptide dimerization (H : M : H) event (see Fig. S3, Schemes S2
and S3†). The dissociation constants of the metal–HCM
complexes (Kd,M) range from 30 nM for CoII to 600 fM for CuII

(Tables 1 and S2†), the affinities roughly following the Irving-
Williams series: CoII < NiII < CuII [ ZnII, which was also
observed in the case of His–Phen HCMs placed on the cyt cb562
surface and His–Quin HCMs (also tridentate) incorporated into
10-residue long peptides.37–39 The dissociation constants corre-
sponding to the metal-mediated dimerization event (Kd,dimer)
are all in the micromolar regime (1–200 mM), again similar to
Table 1 Dissociation constants and extents of helicity for peptide–met
helicity, and additional figures can be found in the ESI. The helicity of the
expected helical signal

Metal Kd, His–Phen HCM (M) Kd, free Phen1 (M)

Metal-free N/A N/A
CoII 3(2) � 10�8 8.0 � 10�8

NiII 3(2) � 10�11 3.9 � 10�8

CuII 6(5) � 10�13 2.5 � 10�9

ZnII 1.7(7) � 10�8 3.7 � 10�7

This journal is © The Royal Society of Chemistry 2016
the dimerization constants of His–Phen modied cyt cb562 and
His–Quin modied peptides.37–39 Importantly, the Kd,M values
are �3-fold (for CoII) to >3 orders of magnitude (for CuII) higher
than those determined for the free Phen ligand,40 and up to 6
orders of magnitude higher than those for i/i + 4 bis-His motifs
incorporated into short peptides.32,41 Electrospray ionisation
mass spectrometry (ESI-MS) measurements were carried out on
HCM-bearing peptides aer incubation with 1 or 2 equiv. of
CoII, NiII, CuII, or ZnII. These measurements show the
predominant formation of singly-metallated peptides (Fig. S4
and Table S3†); in the cases of CoII or ZnII, which display lower
affinities for the His–Phen HCMs, metal-free peptides were also
detected along with the singly metallated species. Conversely,
no metallated peptide masses were detected with a control
peptide lacking the Phen group (P4bare) (Fig. S5 and Table S4†).
These observations conrm the formation of the desired His–
Phen tridentate HCM and its ability to anchor various transition
metal ions with high affinity.

Metal-dependent a-helix induction in HCM-peptides

Circular dichroism (CD) spectroscopy was used to examine the
secondary structure of P1–P7 for determining the extent of
metal-mediated a-helix induction and the structural inuence
of the i + 4 sidechain (Fig. 1b and 2, Table 1). In these experi-
ments, we used a low concentration of peptide (�15 mM) and
a molar excess of at least 3-fold CoII, NiII, CuII, and ZnII so as to
ensure the formation of monomeric, fully metalated peptides
and to prevent metal-induced dimerization. The CD signal was
measured between 190 and 260 nm at 4 and 25 �C, with atten-
tion to the emergence of double minima at 208 and 222 nm
indicative of an a-helical structure.42 Methods of calculating
helix percentages of short peptides can be unreliable.33 There-
fore, we also measured the CD spectra of the peptides in 60%
triuoroethanol (TFE), a known a-helix inducer,43 and used
these spectra as being representative of maximal helicity that
could be attained for each peptide (Fig. S6–S7 and Table S5†).

Several pertinent observations were made: (1) metal-medi-
ated helix induction was observed in all peptides except the
control peptide P2, indicating that the metal-bound His–Phen
HCM indeed stabilizes an a-helical structure by crosslinking
two turns of the helix. (2) Subtle differences in HCM coordina-
tion can have substantial effects on peptide structure. In all
HCM-containing peptides utilizing Phen as a chelate, NiII

binding induced themost helicity, CuII the least, CoII and ZnII to
intermediate extents. Interestingly, this trend is quite distinct
al complexes. Discussion of binding models, formulas for calculating
metal-free peptide was measured in 60% TFE to obtain the maximum

Calculated helicity (at 25 �C) Percent of maximum helicity

17% 30%
38% 69%
43% 77%
18% 32%
34% 62%

Chem. Sci., 2016, 7, 5453–5461 | 5455
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from that observed for the peptides bearing His–Quin HCMs,
where CuII binding yielded the most helicity and NiII frequently
the least.39 Although Phen and Quin are both planar bidentate
ligands with similar bite angles, they differ in terms of the size
of the aromatic moiety, composition of the donor atoms (N/N vs.
N/O), and, potentially in the charge of the ligand upon metal
coordination (0 vs. �1). These differences could result in Phen
and Quin ligands directing the formation of alternate cross-
linking geometries, which would change the effective length of
the metal crosslink across i and i + 7 positions, and thereby
modulate the structure of the metal-bound peptide backbone
(vide infra). (3) Peptides P3, P4, and P5, which bear bulky,
hydrophobic side chains (Ile, Arg and Trp) in the i + 4 position,
display considerable helicity (47–65% at 25 �C with respect to
TFE-containing samples) even in the absence of metal binding
(Fig. 2 and Table S5†). Baldwin and others have previously
documented the a-helix stabilizing effect of hydrophobic
interactions between side chains in i and i + 4 positions as well
as in i and i + 3 positions.44–46 It appears that this effect is
amplied in the case of HCM-peptides due to the extensive
Phen aromatic system and large hydrophobic side chains at i + 4
(i � 3 with respect to Phen). It is possible to envision how these
bulky, hydrophobic amino acid side chains could stabilize the
formation of a hydrophobic “pocket” formed by HCM-metal
coordination (Fig. S6†). In contrast, peptide P1 with the small
Ala side chain, P6 with the negatively charged Asp or P7 with the
Pro residue, a known helix breaker,47 possess considerably less
helicities (30–36% at 25 �C with respect to TFE-containing
samples, Table S5†). (4) The increase in a-helicity upon NiII

addition is sizeable in all cases (except P2), ranging from +47%
(from 30% to 77% vs. TFE) for P1 to +12% (from 36% to 48% vs.
TFE) for P7. The highest absolute helicity, �90%, is observed in
the case of P3. In contrast, CuII coordination can actually lead to
a-helix destabilization in some cases, for example, by as much
as �10% in P3 and P7 (Fig. S7 and Table S5†).

Density functional theory (DFT) calculations were performed
with simplied models (4-methylimidazole, Phen or Quin con-
taining 5-formamyl substitution and aquo ligands) in order to
better understand how inner-sphere metal coordination
geometries could affect helix induction in His–Phen and His–
Quin HCMs (Fig. S8–S14†). On previous a-helical protein
systems, NiII was found to provide the highest stabilizing effect
with both the His–Quin37 and His–Phen HCMs,38 and CuII the
least, in agreement with the results presented here. The DFT
calculations (OLYP functional) indicate that NiII forms the ex-
pected octahedral geometries with the fac orientation of the 4-
methylimidazole and the Quin or Phen chelates (Fig. S9 and
S10†). This orientation places the peptide attachment points of
the imidazole (the methyl group) and the Phen or Quin func-
tionalities (the amine group) at a distance of 9.3 or 8.9 Å,
respectively (Fig. S8–S10†). These distances agree well with the
corresponding distance of 9.5 Å observed in the crystal structure
of the Ni-bound His–Quin motif on the helical surface of cyt
cb562,37 and suggest an optimal helix induction effect for the NiII/
His–Phen combination. Compared to NiII, CuII coordination
forces the HCM functionalities into a much more planar
orientation, leading to an increase in the distance of their
5456 | Chem. Sci., 2016, 7, 5453–5461
peptide attachment points to 11.6 Å (for His–Phen) and 11.0 Å
(for His–Quin) (Fig. S11 and S12†); these crosslinking distances
are likely incompatible with a helical peptide fold. While these
CuII–HCM geometries are in accord with the helix-destabilizing
effect of CuII in the present work, they are inconsistent with its
helix-stabilizing effect in the case of the His–Quin peptide
system.39 Additional DFT calculations, in which the phenolate
group of Quin (pKa of the free ligand z 9.9) was not deproto-
nated, favour a signicantly more non-planar orientation of the
imidazole and Quin ligands with CuII coordination, while no
signicant changes are observed in the case of NiII coordination
(Fig. S8, S13 and S14†). While it is tempting to suggest that the
protonation/deprotonation of the Quin hydroxyl group may be
the underlying cause for the contrasting effects of CuII with His–
Quin and His–Phen HCMs, the contributing factors to helix
formation are likely very complex and their delineation will
require extensive quantum mechanics/molecular mechanics
(QM/MM) calculations that take into account both the metal
coordination geometry and the structure of the peptide.

Regardless, taken together with our previous studies on His–
Quin systems,39 these observations on His–Phen peptides
highlight the modularity of HCMs in controlling peptide
structure through the choice of the metal ion and the metal
chelating functionality as well as through the amino acid side
chains that make secondary contacts with the HCM motif.
Thermal and proteolytic stability of HCM-peptides

We next examined whether His–Phen HCMs confer stability
onto the peptide scaffolds upon metal coordination. Thermal
unfolding of P1–P7 was monitored by the disappearance of the
CD signal at 222 nm as the temperature was raised from 10–90
�C (Fig. S15†). As expected from their short sequences, all
peptides display relatively low thermal denaturation points
(Tm)48 and shallow denaturation transitions, indicative of low
cooperativity.49 In general, the trends seen in the metal-medi-
ated a-helix induction are also observed in the thermal stabili-
ties of the peptides, with NiII binding providing the greatest
stabilization and CuII the least. In accordance with their highest
helical contents, NiII-bound P1, P3, P4 and P5 possess the
highest Tm values, ranging from 28 �C for P4 and P5 to 39 �C for
P3. The largest metal-induced increases in Tm are seen for P1
(up to +15 �C for NiII) which is consistent with the greatest
induction of helicity for this peptide. The control peptide P2
does not display any metal-dependent changes in stability,
consistent with the lack of an HCM (Fig. S15, Tables S6 and
S7†).

Perhaps a more practically relevant measure of peptide
stability is resistance to proteolytic cleavage. A commonly cited
drawback to using peptides for biological targeting is their
propensity to be quickly digested in the presence of proteases.50

Since it has been established that proteases bind their
substrates in an unfolded, extended fashion, one way of pro-
tecting the peptide backbone is by promoting a stable, folded
peptide structure.50 In order to measure the ability of the HCM
to confer protease resistance, we chose P3 as a test case because
it possessed the highest extent of helicity in the presence of NiII
This journal is © The Royal Society of Chemistry 2016
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among all peptides. We incubated bothmetal-bound andmetal-
free P3 (1.5 mM) with trypsin (0.3 mg mL�1 or 12.9 mM), which
specically cleaves peptides on the carboxy end of Lys or Arg
residues,51 of which there are two in P3 (Lys6 and Lys11). The
extent of digestion at 4 �C was determined at various time
points by HPLC (Fig. 3 and Table 2, see also Fig. S16 and S17†)
through monitoring the decrease in the intensity of the intact
peptide peak. The cleavage products were identied by addi-
tional LC-MS experiments (Fig. S18†). Under pseudo-rst order
reaction rate kinetics, apo-P3 was efficiently digested by trypsin
with a kdigest ¼ 1.6 � 10�3 s�1; the proteolytic digestion reached
completion aer approx. 1 h (Fig. 3 and Table 2). Upon metal
binding, P3 becomes considerably more resistant to digestion,
following the same trend (NiII > CoII z ZnII > CuII) observed for
helix induction. In fact, NiII-bound P3 is cleaved by only 15% at
150 min, with kdigest ¼ 1.7 � 10�5 s�1, nearly 100-fold slower
than the apo-peptide. As a comparison, a half-life enhancement
of 82-fold was reported for the chymotryptic digestion of a 36-
residue peptide that was stabilized through two i/i + 4 covalent
staples near its N- and C-termini.52 CoII- and ZnII-bound P3 are
�30-40-fold more resistant to cleavage, and CuII enhances
proteolytic stability by only �8-fold, consistent with its inability
to induce signicant a-helicity. At 25 �C, the digestion rates are
uniformly faster for all species and follow the same trends
Fig. 3 Kinetics of the tryptic digestion of P3 in the presence or
absence of NiII. Additional relevant data (effects of other metal ions,
LC-MS analysis) are shown in Fig. S16–S18.†

Table 2 Kinetic parameters for the tryptic digestion of P3 under
various conditions

Metal Rate (s�1)
Half-life
(min)

Enhancement over
metal-free HCM

4 �C
Metal-free:P3bare 2.0(1) � 10�3 6 0.8
NiII:P3bare 1.7(3) � 10�3 7 0.9
Metal-free 1.6(2) � 10�3 7 1
NiII 1.7(2) � 10�5 700 96.7
CuII 1.9(2) � 10�4 60 8.4
ZnII 4.1(6) � 10�5 280 38.8

25 �C
Metal-free 5.0(6) � 10�3 2 1
NiII 1.1(1) � 10�4 106 53
CuII 2.3(2) � 10�3 5 2.5

This journal is © The Royal Society of Chemistry 2016
(Table 2), but the overall stabilization effect of metal binding is
dampened as expected from lower absolute helicities combined
with elevated enzymatic activity at this temperature. Stabiliza-
tion by NiII coordination at 25 �C is now 45-fold over the apo-
peptide and that by CuII binding only 2-fold. As a control, we
used a variant of P3 (P3bare) that was not labelled with Phen at
Cys19, and therefore is devoid of the HCM and incapable of
metal-mediated a-helix induction. In the absence of any metal
or in the presence of NiII, P3bare was cleaved by trypsin with
essentially the same kinetics as apo-P3 (Table 2 and Fig. S17†).
These observations conrm that the metal-bound HCM is
necessary for increased resistance to digestion and that the
observed stabilization effects are not due to a possible inhibi-
tion of trypsin due to free metal ions.
DNA binding and recognition by HCM-peptides

Having established the metal coordination and tunable a-helix
induction properties of HCM-peptides, we next investigated
whether they could be leveraged for binding and recognition of
biomolecular targets, specically DNA. As a model, we chose
basic leucine zipper (bZIP) proteins which are dimeric gene
transcription factors that consist of a dimerization domain
characterized by a heptad repeat of leucine residues and a DNA
binding domain (basic domain) containing basic and hydro-
phobic residues.6 Extensive structural and biochemical studies
have revealed that in the activated (DNA-bound) dimeric form of
bZIP proteins, the basic domains assume an a-helical confor-
mation and adopt a distinct scissor-shaped geometry, which
allows them to form extensive interactions with two adjacent
DNAmajor grooves.6 The a-helix induction in the basic domains
(which are not appreciably helical in isolation),53 their dimer-
ization54 and their proper orientation55 were found to be crucial
for efficient and specic DNA binding.56 In earlier studies, we
observed that NiII coordination by His–Quin HCMs can direct
the formation of protein dimers with a discrete, rigid V-shaped
architecture that closely resembles the orientation of the basic
domains of bZIP proteins (Fig. 4a and b).37 We thus reasoned
that HCMs could provide a means to regulate DNA binding by
peptide sequences simultaneously through metal-tunable a-
helix induction and through metal-directed dimerization and
orientation.

We designed the 33-residue peptide P8 based on GCN4,
a bZIP protein that specically binds the CRE DNA sequence.57

The P8 sequence contains the N-terminal cap of GCN4 (Asp1 to
Leu5, in our numbering) and the entire 16-residue long basic
domain of GCN4 (Lys6 to Lys21) without alteration. It also
contains the 4-residue long linker region and an 8-residue
portion of the dimerization domain, which provides an exten-
sion of sufficient length for the insertion of an i/i + 7 His–Phen
HCM. To install the HCM, the last residue of the linker region
(Met25) was converted into a Cys for the attachment of Phen
and Val32 into His. Additionally, Leu28 and Asp29 in the i + 3
and i + 4 positions were converted into Ala to prevent any
possible clashes of the side chains with the HCM motif.

Using CD spectroscopy, we rst conrmed that P8 undergoes
a metal-induced increase in helicity, following the same trend
Chem. Sci., 2016, 7, 5453–5461 | 5457
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Fig. 4 Design of the DNA-binding peptide P8. (a) The V-shaped cyt cb562 dimer dictated by NiII coordination to the His/Quin HCMs (green) (PDB
ID: 3L1M). Adapted from ref. 39. (b) Backbone superposition of the Helix3 domains of HCM-modified cyt cb562 (black) onto the basic domain of
Jun bZip homodimer (magenta) complexed with cAMP responsive element (CRE) (brown) (PDB ID ¼ 1JNM). (c) Overall architecture and
structural components of P8, and its proposed Ni-induced dimerization geometry based on the structural model in (b).

Fig. 5 (a) Induction of helicity uponmetal binding in P8. (b) Ni-binding
titration of P8 monitored by changes in the absorption spectrum of
Phen at 280 nm. The dotted black line indicates saturation of binding
at 0.5 equiv. of NiII per P8, while the small absorbance change in the
shaded area is attributed to a transient tris-Phen species. (c) Sedi-
mentation velocity data for P8 in the presence of different amounts of
NiII determined by AUC.
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(NiII > ZnII > CuII) observed in P1–P7 (Fig. 5a). As before, this
effect is eliminated in P8bare, which lacks the Phen functionality
(Fig. S19†). Titrations of metal ions into a 15 mM solution of P8
indicated that the maximal helicity (measured by CD at 222 nm)
and the formation of fully metallated HCMs (measured by UV-
vis, lmax at 276 nm) are achieved at a ratio of approximately 0.4–
0.5 NiII:P8, indicating the formation of the desired metal-
directed peptide dimers (NiII:P82) (Fig. 5b, S20 and S21†). We
note that it is possible that the NiII:P83 complex may also be
present in solution through the [Ni(phen)3]

2+ coordination
mode, which could account for the inection point in Fig. 5b to
be below 0.5. In order to more directly measure the formation of
the metal-directed P8 dimers, we conducted analytical ultra-
centrifugation (AUC) experiments. Metal-free P8 exhibits
a maximal sedimentation coefficient at 0.75 S. The sedimenta-
tion peak shis to 0.8 S upon addition of 0.25 equiv. of NiII and
reaches a maximum of 0.95 S at 0.5 equiv. of NiII, again
consistent with the Ni:P82 stoichiometry. Addition of any
further NiII leads to the enrichment of the solution with fully
metallated P8 species (Ni:P8) which cannot dimerize, leading to
the shi of the sedimentation peak to lower values (Fig. 5c).

In order to probe interactions of P8 with DNA (i.e., the CRE
sequence), which should lead to increased helicity in the basic
domain through structural templating, we carried out CD
experiments (Fig. S22†). These experiments were conducted
with sufficiently high P8 concentrations (5 mM) to ensure the
formation of the metal-mediated P8 dimer. The addition of an
equimolar amount of double-stranded (ds) CRE led to a signif-
icant increase in the helicity of apo-P8 (at both 4 and 25 �C). The
addition of 0.5 equiv. of NiII or CuII to the peptide–DNA solution
led to a further increase in helicity, indicative of the formation
of quaternary M:P82:CRE complex. At 4 �C, the NiII-bound P8–
DNA adduct displayed a higher helicity compared to the CuII-
bound form, although at 25 �C, this difference was minimized.
While this observation is surprising in the light of our previous
nding that NiII is a considerably better helix inducer than CuII
5458 | Chem. Sci., 2016, 7, 5453–5461 This journal is © The Royal Society of Chemistry 2016
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Fig. 7 Scheme for the possible modes of P8 binding to DNA. In this
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for peptides with His–Phen HCMs, it suggests that there is
indeed an interplay between DNA-binding interactions and
metal-mediated peptide dimerization/helix induction.

In order to quantitatively characterize P8–DNA interactions
and to determine their specicity and metal-dependence, we
conducted gel-shi assays with radiolabeled DNA sequences.
Due to the expected dissociation constants of basic domain-
CRE interactions in the nM range,53 we used low concentrations
of ds-DNA (2 nM) and P8 (1–500 nM), in addition to 0.5 equiv. of
MII (with respect to P8 concentration). Based on the affinities of
the His–Phen HCM's for various metal ions (in the nM range)
and the metal-mediated dimerization constants (in the mM
Fig. 6 Electrophoretic mobility shift assay for monitoring P8-CRE
binding in the absence (a) and the presence (b) of 0.5 equiv. of NiII.
Lane Q contains CRE without any added peptide; DNA concentration
is kept constant at 1 nMwhile the P8 concentrations varies: (A) 1 nM, (B)
2 nM, (C) 5 nM, (D) 10 nM, (E) 15 nM, (F) 20 nM, (G) 25 nM, (H) 30 nM, (I)
40 nM, (J) 50 nM, (K) 75 nM, (L) 100 nM, (M) 150 nM, (N) 200 nM, (O) 250
nM, (P) 500 nM. The intensities of the radioactively labelled CRE bands
were measured by phosphorimaging. (c) Effects of different metal ions
(0.5 equiv.) on CRE binding by P8, determined by electrophoretic
mobility shift assays. See Fig. S23 and S24† for additional data. (d) DNA
sequence specificity of P8 binding.

case, the DNA can act as a template for dimerization.

Table 3 Apparent dissociation constants for the P8–DNA complex in
the presence of various metal ions

Metal DNA sequence Kd,apparent

NiII SCR >350 nM
NiII CRE 65 � 4 nM
CuII CRE 139 � 7 nM
ZnII CRE 84 � 5 nM

This journal is © The Royal Society of Chemistry 2016
range), we would expect the P8 peptides to be mostly metal-
bound, but in a monomeric state in the absence of DNA
interactions.

As shown in Fig. 6, the binding of P8 to CRE occurs in
a metal-dependent fashion, whereby the nal product has the
desired M:P82:CRE stoichiometry (see also Fig. S23 and S24†).
Interestingly, small amounts of monomeric M:P8:CRE species
are also observed (Fig. 6b), which is consistent with a model
where the monomeric, metal-bound P8 also interacts with CRE,
likely as an intermediate en route to the dimeric P8–DNA
complex (Fig. 7). These observations agree with previous nd-
ings that the dimerization of certain bZIP peptides occurs on
the target DNA, rather than DNA binding by preformed
dimers.58–60 In the absence of metal ions, no DNA binding by P8
is observed. As expected from our structural model, NiII coor-
dination yields the highest affinity (Kd,DNA ¼ 65 nM) for CRE,
followed by ZnII (Kd,DNA ¼ 84 nM) and CuII (Kd,DNA ¼ 139 nM)
(Table 3); this range of affinities compare well with those ob-
tained for other synthetically dimerized bZIP-peptide
constructs.54 Importantly, our results show that peptide–DNA
interactions can be nely-tuned in a way that is dependent on
the choice of the metal ion. Finally, in the presence of NiII, no
binding by P8 to the non-cognate DNA sequence SCR is
observed, conrming the sequence specicity of metal-directed
P8–DNA interactions.
Conclusions

Our results demonstrate the versatility of HCMs in tuning the
structural and biochemical properties of peptides in a metal-
dependent fashion. First, the HCMs offer a readily accessible
and functionally exible alternative to other types of peptide-
Chem. Sci., 2016, 7, 5453–5461 | 5459
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crosslinking or helix induction strategies19 in that they are
reversible and the extent of helix induction is easily tuned
through the choice of metal identity. Helix induction on
peptide–HCM platforms is further augmented by exploiting
secondary interactions of appropriately positioned amino acid
sidechains with the organic component of the HCM. Second,
the resulting increase in stability with respect to chemical or
thermal denaturation or enzymatic hydrolysis is comparable to
that which is achieved by covalent stapling approaches.52 Third,
under proper experimental conditions, HCMs enable the
dimerization of peptides with distinct geometries that are
dictated by the inner-sphere coordination preferences of the
metal ions. In this study, we exploited this feature to demon-
strate the ability of HCM-bearing peptides to recognize and
bind a biological target. Starting with the pioneering work by
Kim,54,61 several synthetic strategies have been developed for the
dimerization of bZIP peptides,55,62–64 including disulde
bonding,54 metal coordination,65–68 and crosslinking with metal-
tunable69 or photo-switchable linkers.70–72 These studies have
collectively shown the importance of the dimeric organization
of the basic domains as well as their proper orientation for DNA
binding and recognition. The HCM-based approach that we
have described here is complementary to these previously
described strategies. Yet, it is also distinct in the sense that the
HCM motif is an integral part of the peptide scaffold due to its
two-point attachment to the backbone, while in all other strat-
egies the dimerization units are attached to the peptide chains
through a single point. As a result, HCMs can simultaneously
induce peptide helicity through metal coordination and lead to
the formation of discrete (i.e., unique) peptide dimerization
geometries, which can be modulated in combination to opti-
mize DNA binding and recognition.
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