Downloaded by University of Science and Technology of China on 23 December 2012
Published on 07 November 2012 on http://pubs.rsc.org | doi:10.1039/C20B26551F

Organic &

Biomolecular

Chemistry

Cite this: Org. Biomol. Chem., 2013, 11,
344

Received 6th August 2012,
Accepted 7th November 2012

DOI: 10.1039/c20b26551f

RSCPublishing

pH-tuned metal coordination and peroxidase activity of
a peptide dendrimer enzyme model with a
Fe(n)bipyridine at its coret

Piero Geotti-Bianchini, Tamis Darbre* and Jean-Louis Reymond*

Peptide dendrimer BP1 was obtained by double thioether bond formation between 5,5'-bis(bromo-
methyl)-2,2'-bipyridine and two equivalents of peptide dendrimer N1 (Ac-Glu-Ser)g(Dap-Glu-Ala)s(Dap-
Amb-Tyr),Dap-Cys-Asp-NH, (Dap = branching 2,3-diaminopropanoic acid, Amb = 4-aminomethyl-benzoic
acid). At pH 4.0 BP1 bound Fe(i) to form the expected tris-coordinated complex [Fe"(BP1)5] (K; = 2.1 x
10"> M~3). At pH 6.5 a monocoordinated complex [Fe'(BP1)] was formed instead (K¢ = 2.1 x 10° M™")
due to electrostatic repulsion between the polyanionic dendrimer branches, as confirmed by the behav-
ior of three analogues where glutamates were partially or completely replaced by neutral glutamines or
positive lysines. [Fe'(BP1)] catalyzed the oxidation of o-phenylenediamine with H,0, with enzyme-like
kinetics (keat = 1.0 min™", Ky = 1.5 MM, Keat/Kuncat = 90 000) and multiple turnover, while Fe?* or
[Fe(bipy)s]** were inactive. The labile coordination positions allowing coordination to H,O, and to the
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Introduction

Dendrimers are regularly branched, tree-like macromolecules
that can be assembled from a variety of dendron building
blocks. While dendrimers are conformationally flexible, their
branched topology enforces a roughly globular shape leading
to microenvironments near the dendrimer core and multi-
valency at the dendrimer periphery, which can be exploited to
design functional systems in biology and in catalysis." In the
case of catalysis, microenvironment effects may enhance or
modify the reactivity of key catalytic groups at the dendrimer
core and enable substrate concentration or binding.> On the
other hand, the multivalent display of functional groups at the
dendrimer periphery may lead to enhanced catalytic potency
and/or selectivity by cooperativity, e.g. enhanced enantio-
selectivity of tetravalent dendritic (Co)Salen complexes for
epoxidation,® or increased activity for phosphate hydrolysis by
multivalent dendritic zinc containing dendrimers.* Dendritic
multivalent display also increases the molecular weight of
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substrate are likely responsible for the enhanced peroxidase activity of the metallopeptide dendrimer.

small molecule catalysts and has been used to facilitate cata-
lyst recycling.’

Peptide dendrimers developed in our group display func-
tional amino acid side chains at their core, within the
branches and at the dendrimer periphery in an “apple-tree”
configuration favorable to design dendritic models for
drug delivery and antimicrobial
agents.® In particular, enzyme models for esterases displaying
cooperativity between protonated and deprotonated histidine
residues’ and a model with a single catalytic site® showed a
high rate enhancement for ester hydrolysis. Aldolase mimics
with multiple proline residues were also developed.’

enzymes, glycoproteins,

Here we report the synthesis of a peptide dendrimer with a
2,2"-bipyridine group in the core able to form a 1:1 complex
with Fe(u), [Fe"(BP1)], at pH 6.5 and a 3:1 complex,
[Fe'(BP1);], at pH 4. The iron coordination is most likely
tuned by the accumulation of negative charges in the dendri-
mer periphery due to deprotonation of side-chain carboxylic
functions.

Dendrimer [Fe"(BP1)] catalyzes the oxidation of chromo-
genic o-phenylenediamine with hydrogen peroxide (Fig. 1).

In our first attempt to develop peptide dendrimers as
ligands for metals, combinatorial libraries were screened with
aquocobalamin.'® This approach led us to characterize peptide
dendrimer N1 (Scheme 1) as a ligand to vitamin B,,. Cobalt
coordination by the cysteine residue at the dendrimer N1 core
was accelerated by the presence of the multiple anionic gluta-
mate residues in the outer dendrimer branches. Analogs of

This journal is © The Royal Society of Chemistry 2013
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Fig. 1 A metallopeptide dendrimer peroxidase enzyme model (see also
Scheme 1 for complete structural formula of peptide dendrimer BP1). Mono-
dentate ligand L = H,O or amino acid side chains such as carboxylate from
glutamate.
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[Fe"(BP1)] —— quinonoid dyes

dendrimer N1 with cationic residues in the outer dendrimer
branches did not bind to vitamin By,."* A similar charge effect
was observed for Fe(u) binding to second generation peptide
dendrimers carrying a bipyridine ligand at the dendrimer
focal point (bipy-dendrimers)."” Thus, bipy-dendrimers with
multiple glutamates in their periphery showed strong binding
to Fe(un) and formed tricoordinated complexes, while bipy-
dendrimers with arginine residues in their branches did not
bind at all. Such control of metal coordination to bipyridine by
remote charges had not been reported before despite the
extensive metal coordination chemistry of bipyridines with
various metal ions to form supramolecular assemblies,"™
bipyridine containing dendrimers'* and peptide-appended
bipyridine complexes."

In the previous examples, Fe(n) coordination was deter-
mined by the nature of the amino acids in the peptide dendri-
mers, which determined the charge density. We hypothesized
that the coordination control could also be possible with the
same peptide dendrimer by modulating the pH. The degree of
protonation of glutamate side chains should enable us to
design a monocoordinated bipyridine metal complex, which is
otherwise not possible since bipyridines normally form 1:3

This journal is © The Royal Society of Chemistry 2013
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Scheme 1 Synthesis of bipyridine peptide dendrimer BP1. The branching
diamino acid (@) is (S)-2,3-diaminopropanoic acid (Dap). Amb = 4-aminomethyl-
benzoic acid. Py = 5-methyl-2-pyridyl. The C-terminus at Asp is CONHs.

complexes with Fe(u). Such a monocoordinated Fe(u)-bipyri-
dine complex might display catalytic properties enabled by the
availability of free coordination sites at the metal center.

The experiments below show that Fe(u) coordination to
bipyridine can be directed towards the 1:1 complex by placing
the bipyridine at the core of a peptide dendrimer bearing
multiple anionic glutamate residues in the outer dendrimer
branches at pH 6.5. Gradual removal of negative charge either
by lowering the pH to 4.0 or by substituting neutral asparagine
residues for the anionic glutamates leads to the stereoselective
formation of 1:3 complexes, while complexation is substan-
tially weakened when cationic residues are introduced. The
metallopeptide dendrimer [Fe"(BP1)] acts as a peroxidase
enzyme model by catalyzing the oxidation of o-phenylenedi-
amine with hydrogen peroxide with multiple turnover.

Results and discussion
Design and synthesis of bipyridine peptide dendrimers

Our first study of bipyridine containing peptide dendrimers
used the building block 5-(fluorenylmethyloxycarbonyl)amino-
5'-carboxy-2,2'-bipyridine for the synthesis of second gen-
eration peptide dendrimers with bipyridine in the focal point
by solid phase peptide synthesis (SPPS). In order to create
larger structures, we turned our attention to a convergent syn-
thesis based on the thioether ligation, an approach which
proved highly efficient for the assembly of protein-sized cata-
Iytic peptide dendrimers.”” In this process peptide dendrimers
with a cysteine residue at their core are ligated by thioether
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Table 1 Synthesis of bipyridine peptide dendrimers

View Article Online

Table 2 Complexation studies

Cpd Sequence® Yield/mg® (%) MS calc./obs.
N1  (AcES)s(BEA),(BXY),BCD 210 (24) 4297.1/4297.0
N2 (AcQS)g(BEA),(BXY),BCD 44 (5) 4289.3/4289.0
N3 (AcQS)s(BQA),(BXY),BCD 25 (3.6) 4285.4/4286.6
N4 (ACKS)s(BEA)4(BXY),BCD 92 (8.6) 4289.6/4289.0
BP1  [(ACES)s(BEA),(BXY),BC(SPy-)D], 20 3 (49) 8774.5/8774.0
BP2 [(AcQS)g(BEA),(BXY),BC(SPy-)D], 2.4 (6) 8758.7/8758.5
BP3 [(AcQS)s(BQA)4(BXY),BC(SPy-)D], 5.6 (16) 8750.9/8750.8
BP4  [(AcKS)g(BEA),(BXY),BC(SPy-)D], 19 4(28) 8759.4/8759.0

“X = = 4-aminomethyl-benzoic acid, B = branching (s )23 -diamino-
propionic acid, Py = 5 methyl -2- pyrldyl the C-terminus at D is CONH,,
see also Scheme 1. Yields given for isolated material after preparative
RP-HPLC, from SPPS for N1-N4 and for the ligation reaction for
BP1-BP4.

bond formation to four or eight chloroacetyl groups at the
N-termini of another dendrimer. Similarly, we envisioned the
double ligation of peptide dendrimer N1 via its reactive core
cysteine residue to 5,5'-bis(bromomethyl)-2,2"-bipyridine 1 to
form the corresponding dendritic bipyridine BP1 (Scheme 1).
In this dendrimer the disubstituted bipyridine ligand would
be buried within the peptide dendrimer core and would not
“stick out” (as could occur with our previous bipy-dendri-
mers'> or with linear peptides and proteins'® all forming
trimers), thus offering an optimal situation to control its metal
coordination chemistry using the peptide dendrimer peri-
phery. To this goal, the synthesis was also carried out with
peptide dendrimers N2-N4 in which the anionic glutamates in
the G2 and G3 branches of N1 were changed to neutral gluta-
mines (N2, N3) or cationic lysine residues (N4).

The starting dendrimer N1 and its analogs N2-N4 were syn-
thesized by SPPS as previously described.’*” The bis(bromo-
methyl)-2,2"-bipyridine 1 was prepared adapting a literature
procedure.'® The dendrimers were then ligated to bipyridine 1
under an inert atmosphere in aqueous DMF using diisopropyl-
ethylamine as a base, which yielded the expected disubstituted
bispyridine products BP1-BP4 after acidification and purifi-
cation by preparative reverse-phase HPLC (Table 1).

pH-dependent formation of Ni(u) and Fe(u) complexes

The aqueous metal complexation behavior of the bipyridine
peptide dendrimer ligands BP1-BP4 was characterized by
spectrophotometric titration with Ni(u) (as NiCl,-6H,0) and Fe(ir)
(as Fe(NH,),(SO,),-6H,0) following the shift of the n-n*
absorption band of the bipyridyl moiety upon metal binding.
The titrations were performed at pH 4.0 and pH 6.5 to study
the effect of the ionization state of the carboxyl groups on
metal binding.

In the case of Ni(u), which is known to bind two bipyridines
as a square planar complex [Ni(bipy),]** with a binding con-
stant of 7 x 10" M%7 titrations gave clear isosbestic points
and a 2:1 ligand: metal stoichiometry for all four ligands
BP1-BP4 at both pH 4.0 and pH 6.5 (Table 2, Fig. S16-S19%).
The binding constants were all in the order of 10'* M2, which
is comparable to that of the parent bipyridine complex.
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pH 4.0 pH 6.5
Ligand Metal n®  pytofy (M) n* fntofy M
BP1 Ni*t 2 1.04 +0.50 x 10"® 2 1.01+0.76 x 10*°
BP2 Ni*t 2 22+1.0x10" 2 24+13x10"
BP3 Ni*t 2 2.05+0.74x 10" 2 59+35x10"
BP4 Ni*t 2 1.05+0.30 x 10° 2 5.4 +3.8x10°
BP1 Fe** 3 2.1+1.6 x10" 1 2.11+0.73x10°
BP2 Fe?* 3 82+24x10° 2 nd.
BP3 Fe*' 3 49+3.1x10" 3 81+32x10"
BP4 Fe**  1°  Very low 1 1.03+0.22x10°
BP4-BP12:1¢ Fe** n.d. n.d. 3 1.06+0.60 x 10"°

ngand/metal binding stoichiometry determined from the UV-vis
titration. ”No isosbestic points observed: formation of at least two
different complexes, fitting not possible. ¢ Very weak binding. ¢ Mixture
of the peptide dendrimer ligands BP4 and BP1 at 2:1 molar ratio.
n.d. = not determined.

The situation was much more differentiated with Fe(n),
which normally binds three bipyridines to form a chiral octa-
hedral complex [Fe(bipy);]*" with a binding constant of 3 x
10" M~."7 Complexes with one or two bipyridine ligands are
normally not observed in solution because the third binding
constant of 2,2-bipyridine to Fe(u) is around five orders of
magnitude higher than the first or second binding constants.
Reported monobipyridine-Fe(n) complexes rely on steric hin-
drance of the metal center with large hydrophobic groups in
order to prevent the formation of complexes with three bipyri-
dine ligands and the few known examples of monobipyridine-
iron(u) complexes are reported to be rather unstable'® or to
readily react with nucleophiles such as water, acetonitrile and
pyridine.'® In our case the charges in the dendrimer prevent
the complexation with a second bipy ligand and stable mono-
bipy complexes are formed in aqueous media. Thus, the com-
plexation ability of Fe(un) by the dendritic bipyridines BP1-BP4
was dependent not only on the ligand but also on the pH
value (Table 2).

Ligand BP1, which carries 24 glutamate residues in the
outer dendrimer branches, formed the expected 1:3 complex
[Fe"(BP1);] with a binding constant of 2.1 x 10'> M~ at the
acidic value of pH 4.0. Formation of the 1:3 metal-ligand
complex was evidenced by formation of a pink solution and by
the appearance of the characteristic metal-to-ligand charge
transfer (MLCT) band in the visible region (Amax = 534 nm).

At pH 4.0, the majority of the 24 glutamate side chains of
BP1 are expected to be in the uncharged, protonated state. At
pH 6.5, by contrast, titration of BP1 with Fe(u) indicated the
formation of a 1: 1 complex [Fe"(BP1)] with a binding constant
of 2.1 x 10°> M~ (Fig. 2). The absence of the 1:3 complex was
also indicated by the fact that the solution remained colorless,
and by the absence of the characteristic MLCT band. At pH 6.5
the 24 glutamate side chains in BP1 are expected to be largely
in the anionic, deprotonated state. Repulsion between like
charges in the dendritic branches of BP1 probably prevents the
formation of the 1:3 complex of Fe(n) with the bipyridine
groups at the dendrimer core by overriding its normally

This journal is © The Royal Society of Chemistry 2013
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Fig. 2 Spectrophotometric titrations of BP1, 50 uM, with Fe() in AcONa buffer, pH 4.0 (a) and in HEPES buffer, pH 6.5 (b). Insets with fitting of the normalized titra-
tion curves. y (y = (A — Ag)/ (A — Ap)) is the fraction of a metal bound ligand, the dotted lines represent the confidence interval for the calculated titration curves

(solid lines).

observed binding cooperativity. The coordination sphere can
then be saturated by iron complexation with amino acid side
chains, such as carboxylates from glutamate residues, and/or
water molecules. The formation of the 1:1 rather than 1:3
Fe'-BP1 complex at pH 6.5 was apparently due to thermo-
dynamic rather than kinetic factors, as evidenced by the dis-
appearance of the MLCT band characteristic of the 1:3
complex upon raising the pH of a solution of [Fe"(BP1);] from
pH 3.5 to pH 6.5, and its reappearance upon reacidification of
the same solution (Fig. S247). The protonation state of BP1 was
further investigated by a pH titration in the absence and in the
presence of Fe(u) (Fig. S251). The apparent pK, showed a shift
to higher values in the presence of Fe(u), suggesting that proto-
nation of glutamate side chains in the dendrimer BP1 is
modulated by metal complexation.

A somewhat similar situation was observed with ligand
BP2, which has the same structure as BP1, except that 16 of
the 24 glutamate residues present in the G3 branches have
been mutated to glutamine residues with a polar but non-
ionizable carboxamide side chain, while 8 ionizable gluta-
mates are retained in the G2 branches. Ligand BP2 formed the
[Fe"(BP2);] complex at pH 4.0 with a binding constant of 8.2 x
10" M. However titration of BP2 with Fe(n) at pH 6.5 did not
give an isosbestic point and the characteristic MLCT band of
the 1:3 complex was not visible (Fig. S20t). This suggests that
binding of Fe(u) to BP2 at pH 6.5 results in the formation of a
mixture of products and shows that the negative charges
accumulating in BP2 at pH 6.5 by deprotonation of the eight
ionizable glutamate side chains in the G2 branches of BP2 are
also capable of perturbing coordination of the core bipyridine
ligand to Fe(u) as observed in BP1.

The effect of the glutamate side chain ionization on the
coordination properties of BP1 and BP2 with Fe(u) at pH 6.5
was confirmed by the observation that ligand BP3, in which all
24 glutamates of BP1 have been mutated to non-ionizable,

This journal is © The Royal Society of Chemistry 2013

neutral glutamine residues, formed the expected 1:3 complex
[Fe"(BP3);] at both pH values, with binding constants 5 x 10"°
M~ at pH 4.0 and 8 x 10" M~ at pH 6.5 (Fig. S211). The
coordination chemistry of the bipyridine ligand at the dendri-
mer core with Fe(u) was also affected by the presence of mul-
tiple positive charges in the form of the 16 positively charged
lysine side chains in dendrimer BP4. At pH 6.5, where these
positive charges are partly compensated by the presence of
eight anionic glutamate side chains in the G2 branches, Fe(u)
formed the 1:1 complex [Fe"(BP4)] as observed with BP1 at
that pH value. At pH 4.0 however, under which conditions the
eight glutamate side chains are expected to occur as
uncharged carboxylic acids and ligand BP4 carries a much
larger net positive charge, Fe(u) binding was almost completely
inhibited, with only weak binding consistent with formation
of the 1: 1 complex [Fe''(BP4)] (Fig. S227).

While both BP1 and BP4 formed 1:1 complexes with Fe(n)
at pH 6.5, titration of a 1:2 mixture of BP1 and BP4 resulted
in the formation of the 1:3 complex [Fe"(BP4),(BP1)] (binding
constant 1.1 x 10"> M~>) with its characteristic pink color and
an MLCT band as observed for the titration with the glutamine
containing ligand BP3. Complex [Fe'(BP4),(BP1)] was appar-
ently a single species as evidenced by HPLC analysis
(Fig. S277). This showed that BP1 and BP4 were indeed capable
of forming a 1:3 complex with Fe(u), and confirmed that for-
mation of the 1:1 complexes observed in the Fe(u) titrations
with the pure ligands was caused by repulsion among like
charges in the dendrimer branches.

The fact that the square planar nickel complex with two
ligands is unaffected by pH compared to the octahedral iron
complex with three dendritic ligands is likely due to the higher
accumulation of negative charges at basic pH in the Fe(u)
complex and by the preferred complex geometries. The three
dendritic moieties around the Fe(u) are closer to each other
than the two dendrimers around the Ni(u). Therefore the 2: 1

Org. Biomol. Chem., 2013, 11, 344-352 | 347


http://dx.doi.org/10.1039/c2ob26551f

Downloaded by University of Science and Technology of China on 23 December 2012

Published on 07 November 2012 on http://pubs.rsc.org | doi:10.1039/C20B26551F

coordination and the square planar geometry are less sensitive
to the charge accumulation effects compared to the 3:1
coordination with octahedral geometry.

NMR and CD experiments

Further characterization of the ligands and their Fe(u) com-
plexes was obtained by 'H NMR and CD spectroscopy.
Diffusion coefficients obtained by "H NMR diffusion experi-
ments at pH 4.0 and pH 6.5 revealed an increase in size for the
polyglutamate containing ligand BP1, no change for the gluta-
mine containing ligand BP3, and a decrease in size for ligand
BP4 (Table 3). The pH dependent size variations for BP1 and
BP4 correlate well with the deprotonation of the glutamic acid
side chains inducing an increase in the number of negative
charges for BP1, and a partial neutralization of the positive
charges of the lysine side chains for BP4.

The complexes [Fe"(BP1),] at pH 4.0 and [Fe"(BP3),] at both

pH 4.0 and 6.5 gave 'H NMR spectra with sharp peaks

Table 3 Hydrodynamic radii of the dendrimer ligands and of their 3:1
Fe(i) complexes

DiGDb rhrarhE

Compound c(mM) pH® EqFe(n) (107 m*s™") (nm)

BP1 090 4.0 — 1.19+0.030  1.71+0.04
BP1 0.85 6.5 — 0.94+0.035  2.14 +0.06
BP3 027 40 — 1.23+0.032  1.66 + 0.04
BP3 027 65 — 1.21 + 0.078 1.7 +0.1
BP4 0.85 40 — 1.10 £ 0.024  1.84+0.04
BP4 0.85 6.5 — 1.15+0.034  1.76 + 0.05
[Fe"(BP1);] 0.90 4.0 0.30 0.91+0.029  2.23+0.07
[Fe"(BP3),] 0.27 4.0 0.28 1.00 + 0.11 2.0 +0.2
[Fe"(BP3),] 0.27 6.5 0.28 1.08 + 0.10 1.9+0.2
2BP4 + BP1 0.65 6.5 — 0.87 +0.032  2.34+0.09
[Fe"(BP4),(BP1)] 0.66 6.5 0.29 0.85+0.024  2.40 +0.07

“pH values were adjusted by addition of 0.1-0.3 M NaOD. ” Diffusion
coefficients obtained by NMR diffusion experiments in D,O at 30 °C.
“Hydrodynamic radii were calculated from the diffusion coefficients
using the Stokes-Einstein relationship ry, = kgT/(671D).
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indicative of the low spin state of the Fe(u) in the three fold
coordinated complexes, in agreement with the spectrophoto-
metric titrations. Formation of these 1:3 complexes only
induced a small increase in the hydrodynamic radii compared
to the free ligands in spite of the change in molecular mass
from ~8800 to 25 000, probably due to a more compact space-
filling arrangement of the ligands within the metal complexes
compared to the free dendrimers. Most likely the free ligands
do not have the same shape and rigidity as their 3:1 Fe(u)
complexes: the latter are roughly spherical and quite rigid due
to the octahedral symmetry of the bipyridyl cores around the
metal center, while the former have two roughly conical
domains hinging on a small, rigid core. The dendrimers’ radii
at different pH values are better comparable because the den-
drimer shape should be similar.>® No NMR data could be
acquired for the high-spin monocoordinated complexes
[Fe'(BP1)] and [Fe"'(BP4)]. The mixed complex [Fe''(BP4),(BP1)]
at pH 6.5 had a size comparable to that of the mixture of the
ligands before addition of Fe(u), suggesting a pre-aggregation
of the ligands directed by electrostatic interactions before
complexation.

CD spectra of the 1:3 complexes [Fe'(BP1);], [Fe"(BP3);]
and [Fe"(BP4),(BP1)] showed intense signals at 275-350 nm
(bipy n—n* band) and at 450-600 nm (MLCT band), with a
Cotton effect pattern which indicates a strong prevalence of
the A-isomer at the metal center (Fig. 3, Table 4). While prefer-
ence for the A-isomer over the A-isomer has been reported
with other Fe(u) complexes of bipyridine-derived peptide
ligands made of all v residues,*" the Cotton effect was particu-
larly strong with the complexes [Fe''(BP1);] and [Fe'(BP4),-
(BP1)], suggesting that the A-isomer formed almost
exclusively.

Peroxidase activity of [Fe"(BP1)]

As a model for a metalloenzyme catalyzed reaction we focused
on the oxidation of chromogenic substrates by hydrogen per-
oxide, a reaction compatible with aqueous conditions and
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Fig. 3 (D spectra of the 3:1 Fe(i) complexes of the dendrimer ligands in the spectral regions of (a) the bipyridyl chromophore (1.« ~ 310 nm) and of (b) the
MLCT chromophore (Amax & 530 nm). Ligands: BP1, 50 uM in AcONa buffer, pH 4.0; BP3, 50 pM in AcONa buffer, pH 4.0; BP3, 50 uM in HEPES buffer, pH 6.5;

2:1 mixture of BP4 and BP1, total concentration 50 uM in HEPES buffer, pH 6.5.
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Table 4 Molar ellipticities of Fe(i) dendrimer complexes®
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MLCT band

bipy n-n* band

BPn’ pH Cotton+* (Ay, [(-)T])d Cotton—"° (A, [OT])d Cotton+* (Ay, [QT])'i Cotton—"° (A, [@T])d
BP1 4.0 555, 8600 484, —7100 296, 20 000 318, —82 000
BP3 4.0 544, 3300 477, -3900 296, 9500 317, -33 000
BP3 6.5 562, 1400 486, —940 295, 7400 317, -13 000
BP4-BP1 2 : 1 Mix® 6.5 557, 7700 479, —6400 296, 20200 319, =74 000

“CD measurements were performed at 25 °C. ” Peptide dendrimer ligand forming a 3: 1 Fe(i1) complex. ° Data refer to the positive (Cotton+) and
negative (Cotton—) maxima for each of the two bands. ¥ Maximum wavelengths (1) are expressed in nanometre, and total molar ellipticities [©y]

are expressed in deg cm® dmol ™. ¢ Refers to the complex [Fe"(BP4),(BP1)].

Table 5 Catalytic parameters for the oxidation of OPD by H,O, with Fe(i)
catalysts?

Catalyst (4.8 uM)  Conversion at 4 h? (uM) TON, ,° TOF, ¢ (h™")
Fe*' aq) 2.6 + 0.9 0.5+0.2 0.25%0.06
[Fe(bipy)s]** 12.0 0.9 25402 0.72+0.04

e 71+ + 1 +£0.
[Fe"'(BP1)J* 171+ 13 36+3  16.1+0.8

“Experiments were performed in duplicate. Conditions: 1.9 mM
substrate (OPD), 3.8 mM H,0,, pH 6.5 (12 mM HEPES buffer), 25 °C.
b The background value for the reaction in the absence of Fe(u) is 5.0 +
0.6 pM. Values for the experiments with Fe' catalysts are background
subtracted. ¢ Turnover number (mol oxidized substrate/mol catalyst) at
the time given. Amounts of the oxidized substrate are background
subtracted. ¢ Turnover frequency (mol oxidized substrate/(mol catalyst
x time)) at the time given. Amounts of the oxidized substrate are
background subtracted. ¢ Results of [Fe"(BP1)] are the average of two
independent experiments, each performed in duplicate.

microtiter plate experiments. The reaction can be catalyzed by
peroxidases such as horseradish peroxidase and serves as a
reporter system in various enzyme assays and immunoassays.
In horseradish peroxidase a porphyrin bound Fe(m) forms a
highly oxidized species (Fe(iv) or Fe(v) porphyrin) which then
oxidizes the dye precursor. Similar oxidation reactions take
place with various Fe(un) complexes (Fenton reaction)**??
including Fe(u) bipyridines. Although the mechanism of these
reactions remains poorly understood, we hypothesized that the
availability of free coordination sites in the mono-bipyridine
complex [Fe"'(BP1)] might favor peroxidase activity by allowing
direct coordination of H,O, and possibly of the substrate to
the metal center. Indeed in this complex four out of six coordi-
nation sites of the metal are occupied by monodentate ligands
(water and/or carboxyl groups from the peptide dendrimer)
and available for rapid exchange with external ligands.

The possible peroxidase reactivity of [Fe"(BP1)] was investi-
gated by screening the oxidation of chromogenic dyes by
hydrogen peroxide in the presence or absence of the metal
complex, using aqueous Fe>" and [Fe(bipy);]>" as controls for
the background activity of Fe(u). The aniline dye precursors
3,3’-diaminobenzidine (DAB) and o-phenylenediamine (OPD)
reacted within minutes in the presence of the metallodendri-
mer [Fe'(BP1)], while almost no reaction took place with Fe**
or [Fe(bipy);]*" under the same conditions. The reaction was
investigated in detail with o-phenylenediamine (OPD) because
the colorimetric signal obtained was more stable (Table 5).

This journal is © The Royal Society of Chemistry 2013

While the reactions with Fe*" and [Fe(bipy);]** were very slow
and stopped after one or two catalyst turnover, the reaction
with [Fe'(BP1)] was catalytic with multiple turnover.>* Catalysis
with [Fe"(BP1)] followed Michaelis-Menten kinetics with
constants keq of 1.0 + 0.1 min™" (kear/kuncar = 90 000) and Ky, =
1.50 = 0.2 mM (Fig. 4).

The catalytic reaction of [Fe"(BP1)] implies that the Fe(m)
produced in the oxidation step is reduced back to Fe(u) in the
catalytic cycle, while this is apparently not the case with the
controls Fe** and [Fe(bipy);]*" (Scheme 2). The special mono-
coordinated bipyridine complex probably conveniently modu-
lates the redox potential of the Fe(m)/Fe(u) couple (the
corresponding standard redox potentials for the Fe®'(,q)/Fe*’ 1)
and [Fe(bipy);]**/[Fe(bipy)s]*" are reported to be +771 mV and
+960 mV respectively)*” to allow both for Fe(u) oxidation by H,0,
and for Fe(m) recycling.

The increased activity of modified bipyridine is not trivial.
In a reported peroxidase model, introduction of four peptides
on pentadentate ligands with four pyridine rings gave a penta-
coordinated Fe(u) complex. In contrast to our results, the
peptide moieties reduced the activity of the Fe(u) as a catalyst
for the hydrogen peroxide oxidation of ABTS compared to the
complex without peptides appended to pyridines.*®

Conclusion

The experiments above show that the polyanionic peptide
dendrimer BP1 forms a 1:1 Fe(u) complex featuring a mono-
bipyridine coordination. Control of bipyridine coordination to
Fe(n) in dendrimer BP1 occurs by means of the multiple elec-
trostatic charges of the glutamate residues present in the G2
and G3 branches, as evidenced by the fact that the complex is
formed specifically at pH 6.5, where the side chains are mostly
anionic, while the standard 1: 3 complex [Fe"(BP1),] is formed
(mainly as the A-stereoisomer) at pH 4.0, where the side
chains are mostly in the protonated neutral state. Further evi-
dence for the control of coordination was also provided by the
dendrimer analogs BP2-BP3, bearing a smaller amount of
negative charge in their branches, as well as by the dendrimer
analog BP4, bearing a net positive charge.

The metallopeptide dendrimer [Fe"(BP1)] acts as a peroxi-
dase enzyme model by catalyzing the oxidation of o-phenylene-
diamine with hydrogen peroxide with multiple turnover and
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Fig. 4

1/c(OPD), (mM-)

(a) Oxidation of the activated aromatic substrate OPD by H,O, in the presence of different Fe(i) sources and control experiment in the absence of Fe(i)

sources. Conditions: substrate 1.9 mM, H,0, 3.8 mM, Fe(i)) sources 4.8 uM, in 12 mM aqueous HEPES buffer, pH 6.5, at 25 °C. (b) Double reciprocal plot for OPD oxi-
dation by H,0O, in the presence of [Fe"(BP1)]. Conditions: substrate 0.095-1.9 mM, H,0, 3.8 mM, catalyst 4.8 uM, in 12 mM aqueous HEPES buffer, pH 6.5, at 25 °C.
The black vertical dotted line delimits the linear portion of the graph. The two grey dotted curves represent the confidence interval for the fitting. Both experiments
were followed using a 96-well microplate reader (4 = 425 nm). Absorbance was converted into concentration of the oxidized substrate using a calibration curve,
which was linear in the observed absorbance range. Data for the reaction in the presence of [Fe!(BP1)] are the average of two independent experiments, each per-

formed in duplicate.

keakuncae = 90000, while aqueous Fe®" or its bipyridine
complex [Fe(bipy);]*" are themselves much less active as cata-
lysts. This represents the first example of aqueous catalysis by
a metallopeptide dendrimer.

It should be noted that the possibility to modulate the
coordination of bipyridine between tri-coordination or mono-
coordination within a narrow pH range (4.0-6.5) by embedding
it within a peptide dendrimer structure has not been described
before. Small molecule catalysts lack the ability to modulate
the coordination sphere of metal ions by changing the pH and
their coordination numbers are normally adjusted with the
proper ligands or by steric congestion. In that sense flexible
branched nanostructures such as the bipyridine peptide den-
drimers described here can be seen as attractive structures as
mimics of metalloenzymes.

Experimental section
Synthesis of bipyridine peptide dendrimers

Cysteine-containing peptide dendrimers (N1, N2, N3, N4) were
synthesized on solid-phase employing the Fmoc/tBu strategy
and purified by RP-HPLC. Experimental conditions and
characterization are described in the ESLT

BP1. 5,5"-Bis(bromomethyl)-2,2-bipyridine (1, 1.7 mg,
4.8 pmol) and diisopropylethyl amine (DIEA, 25 pL, 150 pmol)
were dissolved in 0.4 mL DMF under Ar. The resulting solution
was added to N1 (43.3 mg, 10 pmol) in 0.5 mL milliQ H,O
under Ar. A suspension resulted, which gradually turned to a
clear solution. After 2 h the reaction mixture was quenched by
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addition of TFA (20 pL, 200 pmol), the mixture was diluted
with 10 mL H,0 and lyophilized. The crude product was redis-
solved in 10 mL H,O and purified by preparative HPLC to yield
20.3 mg (2.3 pmol, 49%) of the title compound as TFA salt.
MS (ESI-) caled for CseoHs02NoyO162S2: m/z 8774.5, found
8774.0 (M — H]").

BP2. The reaction of 1 (0.84 mg, 2.3 pmol) and N2 (22.3 mg,
4.7 pmol) yielded 2.4 mg (0.25 pmol, 6.6%) of the title com-
pound as TFA salt. MS (ESI-) caled for CssoHs18N7108014652:
m/z 8758.7, found 8758.9 ([M]").

BP3. The reaction of 1 (1.34 mg, 3.7 pmol) and N3 (34.5 mg,
7.6 pmol) yielded 5.6 mg (0.58 pmol, 17%) of the title com-
pound as TFA salt. MS (MALDI) caled for Csso0Hs26N116013852:
m/z 8750.9, found 8750.9 ([M]").

BP4. The reaction of 1 (2.31 mg, 6.4 pmol) and N4 (77.1 mg,
13.3 pmol) according to the protocol above yielded 19.4 mg
(1.77 pmol, 28%) of the title compound as TFA salt.
MS (MALDI) caled for Cs76Hs5,N1080130S2: m/z 8759.4, found
8761.2 (M + H]").

General procedure for spectrophotometric titrations

1-2 mg of the lyophilized dendrimers were dissolved in
degassed milliQ H,O to obtain solutions at concentrations
around 1 mM. Just before the titrations, aliquots of the stock
solutions were diluted in the appropriate buffer (AcONa
20 mM, pH 4.0, or HEPES 20 mM, pH 6.5) to a concentration
of 25-50 pM and 1.00 mL of the diluted solutions were trans-
ferred into reduced volume 1.00 cm optical path quartz cells.
The metal salts (NiCl,-6H,O or Fe(NH,),(SO,),-6H,0) were

This journal is © The Royal Society of Chemistry 2013
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Scheme 2 Proposed pathway for the catalytic oxidation of the activated aro-
matic substrate ortho-phenylenediamine (OPD) into quinonoid dyes. Hydrogen
peroxide oxidizes Fe(n) in a Fenton-like reaction (a) generating an hydroxyl
radical, which abstracts one hydrogen atom from the substrate (b), forming H,O
and a semiquinonoid radical. The latter is able to reduce back the oxidized Fe(in)
(c) giving an o-quinonimine moiety, which reacts further with OPD forming
quinonoid dyes.

dissolved in milliQ H,O to prepare 1-3 mM solutions. The
cell temperature was thermostated at 25.0 °C. For each experi-
mental point, increasing amounts of the metal solutions were
added to the UV-cells with a syringe, the solutions were mixed
thoroughly and allowed to stand until the equilibrium was
reached (after 50 min for Ni(u) or 60 min for Fe(u), as found in
preliminary tests) before the spectrum was acquired. Addition
of metal solutions continued until no further changes were
observed in the spectra. In the case of experiments involving
Fe(n), all solutions were prepared under argon and septum
stoppered UV cells were employed.

Circular dichroic (CD) measurements

Freshly prepared solutions of 3:1 bipyridine peptide dendri-
mer-Fe(u) complexes (identified by the presence of the
characteristic MLCT visible band in the corresponding spectro-
photometric titration) 25-50 pM in the appropriate buffer
(AcONa buffer, pH 4.0, or HEPES buffer, pH 6.5) were tested,
as well as 50 pM solutions of BP1 in both buffers and of the
1:1 BP1-Fe(u) complex in HEPES buffer. The two buffers were
used as blanks.

Instrumental parameters: 250 < A/nm < 600, scan speed
100 nm min~', step 0.5 nm, band width 1.0 nm, response
1.0 s. Reduced volume 1.0 cm optical path quartz cells

This journal is © The Royal Society of Chemistry 2013
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thermostated at 25.0 °C were employed. 6-8 scans were
recorded and averaged for each sample. After subtraction of
the appropriate blank, circular dichroic signals (AA) were con-
verted into total molar ellipticities ([©r]) and the spectra were
smoothed.

Catalysis experiment

4.0 mM solution of OPD and 1.0 mM, 0.4 mM diluted solu-
tions were prepared in HEPES buffer, pH 6.5 (full details of
the experiment in the ESIT). A 100 pM solution of Fe(u) source
(Fe(NH,4),(SO,4),-6H,0 or one of the complexes) was prepared.
The required amounts of the three substrate solutions and of
HEPES buffer were pipetted into the wells of a microtiter plate
so that one control row and two sample rows of 12 wells each
with 0-200 nmol OPD in 65 (control row) or 60 (sample rows)
pL solution were obtained. 40 pL 10 mM H,O, (freshly pre-
pared by dilution of 30% H,0, with milliQ H,0) were added to
each well and the plate was mixed thoroughly. 5 pL of 100 pM
Fe(n) source solution were rapidly added to the two sample
rows and the plate was mixed thoroughly. The plate was then
kept at 25.0 °C and shaken gently during 4 h, with readings at
A 425 nm every minute.
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