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Introduction

Poisoning by heavy metal ions (e.g. AsIII, PbII, CdII, and
HgII) is known to occur worldwide, with about 5 % of the
children in the United States estimated to be affected by
lead poisoning.[1] Millions of people in South Asian coun-
tries are affected by arsenic poisoning through drinking
ground water (>10 mg L�1 ACHTUNGTRENNUNG(10 ppb)).[2] The World Health Or-
ganization (WHO) has estimated that 1 out of 10 deaths in
Bangladesh could be from arsenic-triggered cancers.[2a]

Heavy metal ion toxicity may arise from the production of
highly reactive oxygen species (ROS),[3] the reaction with

the sulfhydryl group of cysteines[4] at the actives site of
many enzymes[5] and subsequent inhibition of enzymatic ac-
tivity,[5b,c,6] inhibition of DNA repair enzymes,[7] apoptosis,[8]

or perturbation of DNA methylation.[9] Owing to their ubiq-
uities in the environment, most organisms, from bacteria to
humans, have evolved several heavy metals detoxification
pathways. For example, the arsenic resistance (ars) operon
of the Escherichia coli conjugal plasmid R773 encodes 5
structural genes, arsRDABC, for arsenic detoxification.[10]

Arsenic is bioavailable in two oxidation states: AsO4
3� (ar-

senate, AsV) and AsO2
� (arsenite, AsIII). Arsenate is trans-

ported to the cells via the phosphate transport system, prob-
ably due to the similar structure with phosphate, whereas ar-
senite is acquired through aquaglyceroporins (GlpF in
E.coli, Aqp7 & Aqp9 in mammals).[11] AsV is reduced to the
more toxic AsIII by arsenic reductase (ArsC) prior to extru-
sion or sequestration. The extrusion of reduced AsIII can
either occur by efflux via an arsenite carrier protein or se-
questration as thiol conjugates within the cell organ-
elles.[11, 12] ArsD is an arsenic metallochaperone that delivers
AsIII to ArsA. ArsA (an ATPase) forms a complex with
ArsB yielding an ArsAB extrusion pump that catalyzes the
ATP-driven AsIII efflux.[13] In eukaryotic cells, a transmem-
brane protein, MRP1, serves this function.[14]

Similarly, to survive the toxic effects of PbII, the bacterial
species Ralstonia metallidurans CH34 utilizes a MerR family
protein, PbrR. The lead resistance operon (pbr) of R. metal-
lidurans encodes structural resistance genes: pbrT (PbII

uptake), pbrA (ATPase dependent efflux), pbrB, pbrC, and

Abstract: The toxicity of heavy metals,
which is associated with the high affini-
ty of the metals for thiolate rich pro-
teins, constitutes a problem worldwide.
However, despite this tremendous tox-
icity concern, the binding mode of AsIII

and PbII to proteins is poorly under-
stood. To clarify the requirements for
toxic metal binding to metalloregulato-
ry sensor proteins such as AsIII in
ArsR/ArsD and PbII in PbrR or replac-
ing ZnII in d-aminolevulinc acid dehy-
dratase (ALAD), we have employed
computational and experimental meth-
ods examining the binding of these
heavy metals to designed peptide

models. The computational results
show that the mode of coordination of
AsIII and PbII is greatly influenced by
the steric bulk within the second coor-
dination environment of the metal. The
proposed basis of this selectivity is the
large size of the ion and, most impor-
tant, the influence of the stereochemi-
cally active lone pair in hemidirected
complexes of the metal ion as being
crucial. The experimental data show

that switching a bulky leucine layer
above the metal binding site by a
smaller alanine residue enhances the
PbII binding affinity by a factor of five,
thus supporting experimentally the hy-
pothesis of lone pair steric hindrance.
These complementary approaches
demonstrate the potential importance
of a stereochemically active lone pair
as a metal recognition mode in proteins
and, specifically, how the second coor-
dination sphere environment affects
the affinity and selectivity of protein
targets by certain toxic ions.

Keywords: arsenic · heavy metal
toxicity · lead · lone pairs · selective
binding

[a] Dr. G. Zampella, Dr. L. De Gioia
Department of Biotechnology and Biosciences
Universit� degli Studi di Milano-Bicocca
Piazza della Scienza 2, 20126, Milano (Italy)
Tel: (+39) 02-64483416
Fax: (+39) 02-64483478
address:
E-mail : giuseppe.zampella@unimib.it

[b] Dr. K. P. Neupane, Prof. Dr. V. L. Pecoraro
Department of Chemistry
University of Michigan
Ann Arbor, MI 48109 (USA)
Tel.: (+1) 734-763-1519
Fax: (+1) 734-936-7628
address:
E-mail : vlpec@umich.edu

Supporting information for this article is available on the WWW
under http://dx.doi.org/10.1002/chem.201102786.

� 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Chem. Eur. J. 2012, 18, 2040 – 20502040



pbrD (PbII sequestration).[15] Recent spectroscopic studies
by He and co-workers[16] showed the specificity and selectiv-
ity of PbII binding with the PbrR2 protein (also called
pbrR691) from Cupriavidus metallidurans CH34 which was
over-expressed in E. coli. This protein binds PbII almost 103-
fold more selectively than other metal ions such as HgII,
CdII, ZnII, CoII, NiII, CuI, AgI. The HgII-binding MerR pro-
tein utilizes three conserved cysteine residues for the selec-
tive binding of HgII in a trigonal planar geometry.[17] A se-
quence alignment of MerR and PbrR691 shows that these
three cysteine residues are highly conserved in PbrR691 for
PbII binding.[18] It is well known that soft metal ions such as
AsIII, PbII, HgII, and CdII have high affinity for sulfur con-
taining molecules like cysteine,[19] glutathione, and metallo-
thionein.[20] It is not surprising that all heavy metal ions
have high affinity with cysteine, but how these proteins se-
lectively bind one ion from another is not fully understood.
There is still a debate as to whether protein folding imposes
unusual coordination geometries on the metals which enable
the metalloregulatory proteins to differentiate ions or
whether metal binding geometry preference controls the
protein folding. It has been speculated that the ligand pre-
organization is the deciding factor for the metal recogni-
tion.[18]

Recent EXAFS spectroscopic studies for arsenic[21] and
lead[22] bound to regulatory proteins, ArsC and PbrR691 re-
spectively, reveal that AsIII and PbII are coordinated in hemi-
directed trigonal-pyramidal geometries. Depending on its
coordination number, PbII can have a hemidirected (ligands
directed only over part of the surface) or a holodirected (li-
gands directed throughout the surface) geometry.[23] PbII

compounds are hemidirected in low coordination numbers
(2–4) and holodirected in high coordination number (9–
10).[23] Since both AsIII and PbII have stereochemically active
lone pairs, they can adopt unique coordination geometries
compared with other metal ions.[24] The preference of trigo-
nal-pyramidal thiolate structures by AsIII with small mole-
cules[24e, 25] and in proteins[26] is further proven by a recent
crystal structure of the designed three-stranded coiled coil
[As ACHTUNGTRENNUNG(CSL9C)3] by Touw et al.[26, 27] Crystal structures of ArsD
and ArsR have not yet been reported to explain the exact
mode of As coordination, however, an exo conformation
(shown in Scheme 1)* of AsS3 was speculated based on the
crystal structure of synthetic small molecules with aromatic
rings or chelated alkyl dithiolates.[25] In contrast, Johnson

and co-workers (using small molecules)[28] and Pecoraro and
co-workers (using designed 3-strand coiled coil peptides)[27]

discovered that the orientation of the lone pair could influ-
ence the AsIII to adopt an endo conformation. The [As-ACHTUNGTRENNUNG(CSL9C)3] [PDB code 2JGO] was the first example that di-
rectly mimicked the coordination environment of AsIII in
ArsR and ArsD. Therefore, we believe that arsenic may be
bound in an endo fashion in both ArsR and ArsD proteins.

In general, the role of the lone pair for protein recogni-
tion of PbII or AsIII has not been considered. Recently, Ray-
mond and co-workers have explored stereognostic recogni-
tion of oxo anion of uranyl,[29] vanadyl,[30] and osmyl[31] by
using appended H-bond donors in synthetic chelators. In
our case, by analogy, one can imagine two distinctly differ-
ent processes whereby the lone pair could influence metal
affinity at a site. The first is in a stereognostic sense in
which the lone pair might serve as a hydrogen bond accept-
or with a second coordination sphere residue. This interac-
tion would be stabilizing for the ion at this binding site. Al-
ternatively, a large, diffuse lone pair could suffer from steric
clashes with bulky hydrophobic residues that are proximal
to the metal binding site. This type of interaction would be
destabilizing.

A recent analysis of the X-ray crystal structures of the
apo and AsIII bound forms of CSL9C directly addressed this
latter point.[32a] It was found in the apo protein that the leu-
cine layer on the side of the cysteines which would allow
complexation of AsIII as the exo isomer (5 position of the se-
quence) was well packed, leaving little room for the lone
pair of this ion. In contrast, the layer of leucines at position
12 were oriented in such a way as to leave a pocket that
could accommodate the AsIII lone pair if the ion bound in
the endo conformation. The metalated AsIIIACHTUNGTRENNUNG(CSL9C)3 adopt-

Scheme 1.

[*] An exo coordination mode occurs when the b-carbon of cysteine is
located below the plane of the three bound sulfur atoms with respect
to the position of the metal as shown in Scheme 1. The endo confor-
mation orients both the b-carbon and the toxic ion on the same side
of the three atom sulfur plane. This designation can be applied to
each b-carbon such that an individual coordination environment may
be referred to as endo, endo, exo when two b-carbons are on the
same side of the 3 atom sulfur plane as AsIII and one carbon is on the
opposite face. In a simplified nomenclature, one may refer to the ion
as being exo or endo when the majority of carbon atoms match the
specific designation. Thus for the example given, one would call the
AsIII orientation endo since two of the three b-carbon atoms are in
the endo conformation.
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ed the endo structure with the lone pair oriented toward the
C-termini of the helices exploiting this preassembled cavity.
In related studies, it was demonstrated that CdII, which is
thought to form a mixture of trigonal planar CdIIS3 and 4-
coordinate, pseudotetrahedral exo CdS3 ACHTUNGTRENNUNG(OH2) with
TRIL16C could be biased to form exclusively exo CdIIS3-ACHTUNGTRENNUNG(OH2) if the leucine in the 12th position was altered to the
less sterically demanding alanine residue.[55,57] In contrast,
the substitution of d-leucine for l-leucine at the 12th posi-
tion of the sequence (TRIL12dLL16C) caused bound CdII

to adopt exclusively a trigonal planar structure.[32b] These ob-
servations suggest that metal binding to the CoilSer and
TRI designed peptides may be controlled by modifying the
second coordination sphere environment.

In this article we adopt an experimental and computation-
al strategy to assess the viability of the lone pair steric hin-
drance hypothesis in order to understand the role of the
second sphere coordination environment on metal binding
affinities of PbII and AsIII in detail. These studies were per-
formed utilizing three stranded coiled coil peptide families
TRI and Coil Ser. The sequences of the specific peptides are
provided in Table 1. We find that steric factors significantly
influence metal ion stability and preferred coordination geo-
metries.

Experimental Section

Materials and methods : Fmoc (N-a-(9-Fluorenyl methyloxycarbonyl))
protected amino acids, MBHA Rink Amide resin, N-hydroxybenzotri-ACHTUNGTRENNUNGazole (HOBt) and 2-(1H-benzotriazole-1-yl)-1,1,3,3-tetramethyluronium
hexafluorophosphate (HBTU) were purchased from AnaSpec, diisopro-
pylethylamine (DIPEA), acetic anhydride, pyridine were purchase from
Aldrich, and N-methylpyrrolidinone (NMP) was supplied from Fisher
Scientific. N-terminus of all amino acids were protected by Fmoc where-
as side group are protected as follows: CysACHTUNGTRENNUNG(Trt), GluACHTUNGTRENNUNG(OtBu), Lys ACHTUNGTRENNUNG(Boc),
Trp ACHTUNGTRENNUNG(Boc). There were no side protecting group for Ala and Leu. All
chemicals were used as received without any further purification.

Peptide synthesis and purification : All peptides were synthesized on an
Applied Biosystems 433A peptide synthesizer by using standard Fmoc/
tBu-based protection strategies on Rink Amide MBHA resin (0.25
mmole scale) with HBTU/HOBt/DIEPA coupling methods,[33] and puri-
fied and characterized as described previously.[34]

Electronic absorption and CD spectroscopic studies : All UV/Vis absorp-
tion measurements were carried out on Cary 100 using quartz cuvette

(1 cm path lengths), 100 mm Tris.HCl
buffer at pH 8.0. All reagents or
buffer solutions were degassed with
argon for at least 30 min before the
preparation of any solution. The stock
solution concentrations were deter-
mined by using Ellman�s test.[35] A
60 mm peptide monomer (20 um pep-
tide trimer) was prepared and 1/
3 equiv of PbACHTUNGTRENNUNG(NO3)2 per monomer was
added to the peptide solution at
pH 8.0. The pH of the metallopeptides
was readjusted by the addition of
small aliquots of dil. HCl or NaOH.
The spectra were recorded in the
range of 200 nm to 450 nm. Metal
binding titrations of the peptides were

carried out by adding small aliquots of Pb ACHTUNGTRENNUNG(NO3)2 into a peptide solution
(3.0 mL; 60 mm monomer) in 100 mm TrisHCl buffer at pH 8.0. The ab-
sorbance due to the peptide was subtracted from each spectrum so that
the observed spectrum is due to the formation of metallopeptide only.
The binding constant was calculated by fitting the data to a 1:1 binding
model (trimer/metal ion) as previously reported by Matzapetakis et al.[36]

All CD experiments were carried out on an Aviv model 202 circular di-
chroism spectrometer, equipped with an automated titration assembly.
CD spectra of peptides and metallopeptides were recorded in 10 mm Tris
buffer (pH 8.0) at 25 8C. Mean residue ellipticities, [q], were calculated
using the equation [q] =qobs/ ACHTUNGTRENNUNG(10 Lcn), where qobsd is the ellipticity mea-
sured in millidegrees, l is the cell path length in centimeters, c is the
molar concentration of peptide, and n is the number of residues in the
peptide. To examine the unfolding of the peptide by GdnHCl, two stock
solutions containing 10 mm peptide monomer in 10 mm Tris.HCl buffer
(pH 8.0) were prepared, one with 8.5m GdnHCl (15 mL, final GdnHCl
concentration ca. 7.6m) and one without (2 mL). The solutions were
mixed in various proportions to produce samples with different Gdn.HCl
concentrations, and after equilibration for 2 min, the ellipticity at 222 nm
was measured. Percentage helicity was calculated by assuming ellipticity
of a 100 % helical peptide [q]222 =�35,500 deg cm2 dmol�1.[37]

Fluorescence spectroscopy : Fluorescence quenching experiments were
carried out on a Fluorimax-2 Spectrophotometer with an excitation
wavelength set at 280 nm and emission range from 295 to 450 nm. The
excitation and emission bandwidth were adjusted to 10 nm. The fluores-
cence spectra were recorded in 10 mm TrisHCl buffer (pH 7.5) using a
1 cm path length fluorescent quartz cuvette. PbII quenching studies was
performed by adding 0.1 equiv of a concentrated solution of Pb ACHTUNGTRENNUNG(NO3)2

(0.5 to 1 mL at each addition) to a 90 nm peptide mono ACHTUNGTRENNUNGmer (30 nm pep-
tide trimer, 3 mL) and stirred for 3 min followed by a 2 min equilibration
time. All fluorescence intensities were normalized so that 100 normalized
unit of fluorescence intensity corresponds to 30 nm of unquenched pep-
tide trimer. Then the fluorescence quenching was measured. The binding
constants were calculated using a nonlinear least-squares fit to Equa-
tion (1)[38] assuming a 1:1 peptide trimer/metal binding model: PbII +

3PeptideQ[Pb ACHTUNGTRENNUNG(Peptide)3].

I ¼ IML � 100ð Þ
2KCL

� �

KCL þKCM þ 1ð Þ �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

KCL þ KCM þ 1ð Þ2 � 4K2CLMM

� �q� �
þ 100

ð1Þ

in which, I is the observed fluorescence intensity, IML is the limiting value
below which the fluorescence will not decrease due to the saturation, K
is the PbII binding constant, CL and CM are the total molar concentration
of peptide and added metal ions respectively.
207Pb NMR spectroscopy: All NMR samples were prepared by dissolving
approximately 25 mg of the pure lyophilized and degassed peptide in
500 mL of 10% D2O/90 %H2O under a nitrogen atmosphere. The peptide
concentration was determined by using Ellman�s test.[35] Metallopeptides
were prepared by the addition of a calculated amount of isotopically en-

Table 1. Peptide Sequences used in this study.

Peptide Sequence
ooooabcdefg abcdefg abcdefg abcdefg

CoilSer
CSL9C
CSL16C
CSL12AL16C
TRI
TRIL16C
TRIL12AL16C
TRIL2WL16C
TRIL2WL12AL16C
ACA

Ac-E WEALEKK LAALESK LQALEEK LEALEHG-NH2
Ac-E WEALEKK CAALESK LQALEEK LEALEHG-NH2
Ac-E WEALEKK LAALESK CQALEEK LEALEHG-NH2
Ac-E WEALEKK LAAAESK CQALEEK LEALEHG-NH2
Ac-G LKALEEK LKALEEK LKALEEK LKALEEK G-NH2

Ac-G LKALEEK LKALEEK CKALEEK LKALEEK G-NH2

Ac-G LKALEEK LKAAEEK CKALEEK LKALEEK G-NH2

Ac-G WKALEEK LKALEEK CKALEEK LKALEEK G-NH2

Ac-G WKALEEK LKAAEEK CKALEEK LKALEEK G-NH2

oooooALAAACAALA
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riched 207Pb ACHTUNGTRENNUNG(NO3)2 (92.4 %, Oak Ridge National Laboratory, TN). The
pH of the metallopeptide solutions were adjusted by the addition of
KOH/D2O and HCl/D2O. All 207Pb NMR spectra were recorded at a fre-
quency of 104.31 MHz on a Varian 500 MHz spectrometer at room tem-
perature (25 8C) using 608 pulses, a 20 ms relaxation delay, and a 20 ms
acquisition time (spectral width 166.6 KHz). A linear prediction was per-
formed to remove the noise, and the real FID was determined before the
data processing. After zero-filling, the data (16 K data points) were pro-
cessed with an exponential line broadening of 200–250 Hz using the soft-
ware MestRe-C.[39] The 207Pb NMR chemical shifts are reported down-
field from tetramethyllead (d =0 ppm; toluene) using 1.0m Pb ACHTUNGTRENNUNG(NO3)2 salt
(natural) as an external standard (d =�2990 ppm, D2O, 25 8C; relative to
PbMe4). Therefore, the reported 207Pb signals are the results of observed
signals plus d =2990 ppm.

Computational methods : DFT has been employed to investigate the co-
ordination properties of the AsIII and PbII ions in a trigonal pyramidal
sulfur environment. The design of simplified models of the [AsIII-ACHTUNGTRENNUNG(CSL9C)3] and [PbII ACHTUNGTRENNUNG(CSL9C)3]

� systems for DFT calculations was driven
by the kind of processes occurring within the three-strand coiled coil that
were investigated in this study: preference for endo or exo coordination
of AsIII and PbII ions. Due to the very large size of the systems, (762
atoms, excluding ions and water molecules), a simplified peptide model
had to be used to perform QM calculations. In particular, the side chains
of the coordinating core portion -ALEKKCAALE- in the X-ray [AsIII-ACHTUNGTRENNUNG(CSL9C)3] structure have been replaced with ALAAACAALA (here-
after referred to as ACA). In this way the features of the original coiled
coil which are relevant for the purposes of the present study have been
preserved. In fact, the charged side chains of E and K residues in CSL9C
are oriented outside the peptide envelope and are important for inter-
coil interactions and aggregation.[27] Therefore, the substitutions E,K!A
are not expected to affect the structural properties of regions embedded
inside the coiled coil, where ion coordination occurs. Peptidic ends have
been kept neutrally charged (i.e., N-terminal=H2N-; C-terminal=

HOOC-) in order to prevent artificial interactions between opposite
charged regions. Moreover, alanine side-chains are known to favor the
alpha-helix conformation and, therefore, the introduced substitutions are
not expected to affect the outer framework of the coiled coil. The select-
ed model preserves the chemical features of the first coordination sphere
of AsIII and PbII ions, and includes all Leu residues that might be in-
volved in secondary bond interactions.

The generalized gradient approximated (GGA) B-P86 functional[40] has
been selected for its widespread use in computational investigations of
bio-inorganic systems and for its capability, when coupled to the Resolu-
tion of Identity method,[41] of significantly reducing computational costs
without reducing accuracy. Two basis sets have been used to study the
peptide systems:

1) Triple-z valence plus a double polarization function (TZVPP) on As,
Pb, and S atoms (i.e., all atoms defining the first coordination sphere of
the cation). In Pb containing structures a relativistic effective-core poten-
tial (RECP: ecp-78-mwb; 78 core electrons; lmax =3 has been used to
model the inner and inert core electrons of Pb, whereas the TZVPP basis
set has been used for Pb valence electrons. 2) Double-z plus a polariza-
tion functions (DZP) for all C, O, N, and H atoms, which form the re-
mainder of the peptide envelope.

The dual quality basis set choice is motivated by the large size of the pep-
tide systems, which feature up to 364 atoms and 3669 contracted basis
functions for the SCF calculations. In addition, a DZP basis set is known
to be an acceptable compromise between accuracy and efficiency.[42] Sol-
vent contributions to the energy difference between the endo
and the exo coordination modes have not been taken into ac-
count. In fact, the AsIII system has a neutral global charge
and there are no charged amino acids outside the first coordi-
nation sphere. Concerning the PbII system, even though it is
anionic, it should be noted that the negative charge is spread
over a wide molecular volume. More importantly, the hydro-
phobic nature of the coiled coil inner environment should ex-
clude the presence of water molecules from the region where
metal coordination takes place. This assumption is confirmed

by the X-ray structures of the apo and metalated forms of these pep-
tides.[27, 32] No atom of the model has been constrained or fixed to its ini-
tial X-ray position during the energy minimization process. Small models
(vide infra) have been optimized using a triple-z basis set plus a double
polarization function (TZVPP).

Results
Spectroscopic studies

PbII-thiolate charge-transfer complexes: Each peptide was
synthesized in good yield using standard solid-phase peptide
synthesis followed by HPLC purification and lyophiliza-
tion.[43] Addition of 1.0 equivalent of Pb ACHTUNGTRENNUNG(NO3)2 to monosub-
stituted TRI peptides (100 mm Tris buffer, pH 8.0) gave rise
to several well-resolved bands due to the ligand-to-metal
charge-transfer (LMCT) excitations [S(3p)!Pb(6p)(II) tran-
sitions].[36,44] The bands around approximately 345 nm and
two prominent shoulders at approximately 278 nm and
235 nm are consistent with the general absorption profiles
for PbS3 geometry in the Pb-bound TRI peptide family and
related PbII protein complexes.[36] All metallopeptides stud-
ied in this paper, [Pb ACHTUNGTRENNUNG(TRIL16C)3]

� , [Pb(TRIL12AL16C)3]
� ,

[Pb(TRIL2WL16C)3]
� , and [Pb(TRIL2WL12AL16C)3]

�

produced similar LMCT bands at pH 8.0 (100 mm TrisHCl
buffer) indicating a similar PbS3 coordination environment
(Figure 1, Table 2).[36,44a] The metal binding stoichiometry of
TRIL12AL16C was monitored by the addition of a small
aliquots of Pb ACHTUNGTRENNUNG(NO3)2 into a 60 mm solution of TRI-
L12AL16C (20 mm trimer) in TrisHCl buffer at pH 8.0. From

Table 2. UV/Vis data of Pb–Pep3.

Metallopeptides l [nm] (e [m�1 cm�1])[a]

[Pb ACHTUNGTRENNUNG(TRIL16C)3]
�

[Pb(TRIL12AL16C)3]
�

[Pb(TRIL2WL16C)3]
�

[Pb(TRIL2WL12AL16C)3]
�

348 (4200)p; 275 (18 020)s; 240 (30 300)s; 217 (44 400)p

340 (4650)p; 275 (18 670)s; 235 (33 650)s; 217 (42 200)p

345 (3740)p; 275 (15 750)s; 225 (29 935)p

340 (3940)p; 275 (15 800)s; 230 (36 535)p

[a] p=peak, s = shoulder.

Figure 1. UV/Vis spectra of [Pb ACHTUNGTRENNUNG(TRIL16C)3]
� (solid line), [Pb(TRI-

L12AL16C)3]
� (dotted line), [Pb(TRIL2WL16C)3]

� (dashed line), and
[Pb(TRIL2WL12AL16C)3]

� (dashed–dotted line) at pH 8.0 in 100 mm

Tris-HCl buffer (20 mm PbACHTUNGTRENNUNG(NO3)2 was added to the 60 mm peptide mono-
mer solution).
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titration experiments, it was observed that the addition of 1
equivalent of PbII affords complete coordination of PbII to
TRIL12AL16C peptide trimer indicating 1:1 PbII/trimer stoi-
chiometries. The titration curves were fit to a 1:1 metal/
trimer binding model[36] and the fit yielded the binding con-
stants Ka of (5.6�1) �108

m
�1 (see Figure S1). In a previous

study by Matzapetakis, about a 40 fold lower PbII binding
constant was estimated for TRIL16C (Ka =1.2 � 107

m
�1)

using UV/Vis spectroscopy.[45] These values were known to
be at the edge of the sensitivity for determination of accu-
rate binding constants so establish the binding constants pre-
cisely, we utilized the more sensitive Trp fluorescence
quenching experiments described here (vide infra).

Circular dichroism spectroscopy : The impact of replacing a
leucine by alanine at the 12th position of TRIL16C (TRI-
L12AL16C) has previously been described[46] whereas the
peptides with tryptophan substituted in the 2nd position are
newly reported. These tryptophan containing constructs
more closely resemble the CoilSer peptide family whose cys-
teine substituted derivatives are known to bind AsIII, PbII,
CdII and HgII, in a similar manner as the TRI pep-
tides.[27,34, 47] Analysis of the CD spectra indicate that the
structures of TRIL16C and TRIL2WL16C are similar,[37]

that both peptides are nearly fully folded (Figure S2) and
that TRIL2WL12AL16C is similarly stable based on guani-
dinium hydrochloride (GdnHCl) denaturation titrations
which exhibit well-defined unfolding transition at
[Gdn.HCl]1/2 �2.5 m by TRIL2WL16C versus [GdnHCl]1/2

�1.0 m for TRIL12AL16C and TRIL2WL12AL16C. As pre-
viously reported, the Leu!Ala substitution destabilized the
peptide folding; however, the substitution of Leu at the 2nd
position by a Trp does not significantly destabilize the pep-
tide folding/stability. Therefore, we were able to incorporate
Trp into the TRI peptide in order to complete Trp quench-
ing experiments.

Trp fluorescence quenching and binding constants : The pres-
ence of Trp in these peptides allowed us to determine the
relative metal binding affinity by using Trp fluorescence
quenching. Trp quenching is due to the non-radiative energy
transfer from the excited state of Trp to the ligand field
manifold of the bound PbII. The fluorescence spectra of
90 nm peptide monomer solution (30 nm trimer) in 10 mm

TrisHCl buffer at pH 7.5 shows a broad emission band with
the maximum fluorescence centered at around 350 nm
(Figure 2). The fluorescence intensity decreases upon the
addition of small aliquots of PbACHTUNGTRENNUNG(NO3)2 and become saturat-
ed after the addition of 1 equivalent of PbII per trimer of
peptide. The binding constant was determined by fitting the
data in Equation (1) (Experimental Section). The binding
constant of PbII for CSL12AL16C (Ka =1.1 ACHTUNGTRENNUNG(0.2) � 109

m
�1) is

approximately 4–5-fold higher than that of CSL9C (Ka =2.1-ACHTUNGTRENNUNG(0.4) � 108
m
�1) and CSL16C (Ka = 3.1 ACHTUNGTRENNUNG(0.6) � 108

m
�1). Similar-

ly, TRIL2WL12AL16C (Ka =8.1(1) �108
m
�1) has around 5-

fold higher affinity than that of TRIL2WL16C (Ka =

1.7 ACHTUNGTRENNUNG(0.6) �108
m
�1) (Table 3, Figure S3).

207Pb NMR spectroscopy : The higher binding affinity and
the selective binding of PbII with the a site (a sites are the
first residue of each heptad and d sites are the fourth, the
sulfur atoms in an a site are oriented towards the interior of
the coiled coil and preorganized for metal binding whereas
the sulfur atoms in d sites are more aligned with the helical
interface) peptide with a hole above is further assessed by
207Pb NMR spectroscopy. Previously, we reported
207Pb NMR in a homoleptic thiol environment of a designed
protein,[34] in glutathione and in zinc fingers.[48] As shown in
Figure 3 (spectra A and B), both [Pb ACHTUNGTRENNUNG(CSL9C)3]

� and
[Pb(TRIL12AL16C)3]

� display a sharp Pb-NMR signal at
d= 5630 and d=5538 ppm respectively which are character-
istic Pb-signals for a PbS3 environment in the a site and a
site with a hole above the metal binding site.[34] The chemi-
cal shift observed for [Pb ACHTUNGTRENNUNG(CSL9C)3]

� is similar with that of
Pb ACHTUNGTRENNUNG(CSL16C)3

� (d= 5612 ppm).[34] When 1 equivalent of Pb-ACHTUNGTRENNUNG(NO3)2 was added to the mixture of CSL9C and TRI-
L12AL16C, two peaks with different intensities are ob-
served. The peak at d= 5630 ppm corresponds CSL9C (a
site) and the peak at d=5538 ppm corresponds for TRI-
L12AL16C (a site with a hole above). As shown in Fig-
ure 3 C, only about 33 % of PbII binds with CSL9C and
about 66 % PbII binds with TRIL12AL16C. After the addi-
tion of another equivalent (2 equivalent in total) of PbII, the
Pb-signal for both sites increases and become virtually equal
intensity (Figure 3 D).

Figure 2. Change in fluorescence intensity upon binding of PbII to the
peptide CSL9C (filled circle), CSL16C (open circle), and CSL12AL16C
(open square), (30 nm trimer). The Trp was excited at 280 nm and the
fluorescence quenching was traced at 350 nm. The curves represent the
best fit to the Equation (1) by a nonlinear least-squares analysis using
ORIGIN software. Inset: fluorescence quenching spectra for the addition
of PbII to CSL12AL16C.

Table 3. PbII binding constants obtained from the tryptophan fluores-
cence quenching experiments for the peptides with or without a hole
above the metal binding site.

Peptide PbII Binding constant (Ka) [m�1]

CSL9C 1.1 ACHTUNGTRENNUNG(0.2) � 109

CSL16C 3.1 ACHTUNGTRENNUNG(0.6) � 108

CSL12AL16C 1.1 ACHTUNGTRENNUNG(0.2) � 109

TRIL2WL16C 1.7 ACHTUNGTRENNUNG(0.6) � 108

TRIL2WL12AL16C 8.1(1) � 108
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Computational studies

AsIII coordination : The first step of our computational study
was the validation of the adopted model (referred to as
[AsIII ACHTUNGTRENNUNG(ACA)3] in the following, see Computational Methods)
and level of theory used to describe the experimental [AsIII-ACHTUNGTRENNUNG(CSL9C)3] system. The DFT optimized structure of an [AsIII-ACHTUNGTRENNUNG(ACA)3] model characterized by endo coordination of the
AsIII ion, as observed in [AsIII ACHTUNGTRENNUNG(CSL9C)3], is very similar to
the corresponding experimental structure (RMSD computed
on heavy atoms common to X-ray and DFT systems =

0.095 nm; Figure 4). In particular, a very good matching be-
tween the DFT and X-ray AsIII coordination environment
was observed (average DFT As�S bond distance=2.289 �
versus 2.28 � in the X-ray structure; average S-As-S angle =

958 versus 908 in the X-ray structure).
After validation of the computational protocol, we have

studied [AsIII ACHTUNGTRENNUNG(ACA)3] structures in which the AsIII ion binds
in a fashion different from that observed in the [AsIII-

ACHTUNGTRENNUNG(CSL9C)3] X-ray structure (Scheme 1). It must be noted
that in the configurations labeled b, the cysteine side chains
involved in AsIII binding have a conformation which is
known to be disfavored.[43] Nonetheless, the exo and endo b
configurations are relevant in the context of the present in-
vestigation since they feature a different orientation of the
AsIII lone pair with respect to the endo a (which corresponds
to the X-ray structure) and exo a configurations (Scheme 1).

It turned out that both [AsIII ACHTUNGTRENNUNG(ACA)3] models character-
ized by the endo b or exo a configurations are 4.5 kcal mol�1

higher in energy relative to the structure observed experi-
mentally. In addition, it is worth noting that the [AsIII-ACHTUNGTRENNUNG(ACA)3] optimization started from the exo a configuration
converged to an optimum geometry in which two out of
three cysteine residues bind
AsIII in an endo fashion
(Figure 5 and Figure S4).

DFT optimization of a [AsIII-ACHTUNGTRENNUNG(ACA)3] model featuring the
exo b configuration resulted in
large and unrealistic distortion
of the structure, mainly due to
strong repulsion between the
AsIII lone pair and the leucine
layer located at the C terminus
of the coiled coil.

To evaluate quantitatively
the role played by the leucine
residues on the binding mode
of the AsIII lone pair in [AsIII-ACHTUNGTRENNUNG(ACA)3], we have studied a [AsIII ACHTUNGTRENNUNG(ACA)3] variant in which
the Leu residue closer to the N-terminus of the ALAAA-
CAALA peptide (corresponding to the residue forming the
leucine 5 layer in [AsIII ACHTUNGTRENNUNG(CSL9C)3]), has been replaced with
Ala. It turned out that in the L!A system the favored
structure is characterized by exo a coordination of the AsIII

ion, which becomes 4.9 kcal mol�1 lower in energy than the
endo a coordination mode.

With the aim of further studying factors affecting AsIII co-
ordination geometry, we have also studied smaller model
systems. The DFT structures of [AsIII ACHTUNGTRENNUNG(CH3S)3], which is the

simplest conceivable model of
the [AsIII-(Cys)3] coordination
environment observed in
[AsIII ACHTUNGTRENNUNG(CSL9C)3], are shown in
Figure 6. The [AsIII ACHTUNGTRENNUNG(CH3S)3]
isomers differ for the relative
orientation of the methyl
groups. We observe that the
isomer featuring three axial
methyl groups does not corre-
spond to an energy minimum,
whereas the rotamer featuring
one exo and two endo methyl
groups is the lowest energy
structure of the set.Figure 4. a) Side view and b) top-down view of the [AsIII ACHTUNGTRENNUNG(ACA)3] optimized structure (opaque) overlaid with

the corresponding region of [AsIII ACHTUNGTRENNUNG(CSL9C)]3 (transparent).

Figure 5. AsIII coordination en-
vironment of the [AsIII ACHTUNGTRENNUNG(ACA)3]
complex, as obtained after
DFT optimization started from
a structure featuring the exo a
coordination geometry.

Figure 3. 207Pb NMR Spectra of PbII bound peptides showing the selective
binding of PbII to the peptide with a hole above the metal binding site.
a) [Pb ACHTUNGTRENNUNG(CSL9C)3]

� . b) [Pb(TRIL12AL16C)3]
� . c) Equimolar ratio of

CSL9C and TRIL12AL16C with 1 equivalent of Pb ACHTUNGTRENNUNG(NO3)2. d) Equimolar
ratio of CSL9C and TRIL12AL16C with 2 equivalent of Pb ACHTUNGTRENNUNG(NO3)2. The
concentration of metallopeptides used is approximately 5 mm. All spectra
were recorded at room temperature (25 8C) for 2 h by using isotopically
enriched Pb ACHTUNGTRENNUNG(NO3)2 (pH (7.45�0.05)).
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PbII coordination : The same
computational protocol used
for the AsIII-containing sys-
tems has been used to investi-
gate the [PbII ACHTUNGTRENNUNG(ACA)3]

� model.
DFT results indicate that the
structure characterized by the
endo a coordination mode is
preferred over the exo a confi-
guration by 3.3 kcal mol�1

(Figure 7).
The mean value of the Pb�S

bond distances is 2.715 � both
in the endo a and exo a config-
urations which compares to
2.64 � for model compounds
and EXAFS data on PbII

bound to TRI peptides.[36, 49]

The mean value of the S-Pb-S
valence angle in the [PbII-ACHTUNGTRENNUNG(ACA)3]

� endo a configuration
is 948, whereas in the exo a

form the corresponding angle is 988. Notably, differently
from the corresponding AsIII system, during optimization of
the exo a isomer, no rearrangement of the cysteine side
chains from exo to endo orientation was observed. DFT op-
timization of [PbII ACHTUNGTRENNUNG(ACA)3]

� structures characterized by the
endo b or exo b configurations (see Scheme 1) led to large
distortions of the coiled coil structure (data not shown).

In order to evaluate the role of the leucine side chains on
the PbII coordination mode in [PbII ACHTUNGTRENNUNG(ACA)3]

� quantitatively,
we have also studied a [PbII ACHTUNGTRENNUNG(ACA)3]

� variant in which the
Leu residue which is closer to the N-terminus of the
ALAAACAALA peptide was replaced with Ala. In the
L!A variant the only stable low energy structures corre-
spond to the exo a and endo b configurations (Figure 8; see
Scheme 1 for exo and endo labeling). In these two struc-
tures, which differ by less than 0.4 kcal mol�1 (in favor of the
former), the stereochemically active lone pair of PbII is di-
rected toward the N-terminus of the three-stranded coiled
coil.

In analogy with the AsIII models, the small [PbII ACHTUNGTRENNUNG(CH3S)3]
�

system has been investigated to explore which coordination
mode is preferred by the [PbII-S3]

� moiety in absence of the
peptide environment. The DFT optimized structures and rel-
ative stability of [PbII ACHTUNGTRENNUNG(CH3S)3]

� isomers are shown in
Figure 9. It turned out that isomers characterized by exo or-
ientation of the methyl groups are favored, with the isomer
featuring all exo methyl groups corresponding to the lowest
energy structure.

Discussion

The present investigation was specifically aimed at evaluat-
ing the importance of the second sphere coordination envi-
ronment of AsIII and PbII, bound to the cysteine residues, for
defining the recognition of these ions within designed three
stranded coiled coil peptides.[27,34] More generally our study
is a contribution to highlight and rationalize further subtle
factors affecting the coordination geometry of heavy main
group elements in proteins and supramolecular systems.
Indeed, in the process of developing new supramolecular co-
ordination compounds, Johnson and collaborators have al-
ready thoroughly explored the role played by weak attrac-
tive forces, such as As···p interactions and secondary bond-

ing interactions, in trigonal-
pyramidal AsIII complexes,[28b]

demonstrating that such inter-
actions can dramatically affect
the coordination geometry of
AsIII in thiolate complexe-
s.[28a,50] In particular, while exo-
hedral coordination is general-
ly observed in AsIII com-
pounds, the intramolecular
As···p interactions in As2(L)3

and As2(L)2Cl2 complexes in
which L is an aromatic ligand
was shown to induce endohe-
dral directionality of the AsIII

stereochemically active lone
Figure 7. DFT optimized geometries of [PbIIACHTUNGTRENNUNG(ACA)3]

� isomers characterized by endo a (left) and exo a (right)
PbII coordination environment.

Figure 8. Exo a (left) and endo b (right) configurations in the optimized
[PbII ACHTUNGTRENNUNG(ACA)3]

� structure in which Leu residues have been replaced with
Ala.

Figure 6. Computed energy
differences (kcal mol�1) and
structures of [AsIII ACHTUNGTRENNUNG(CH3S)3]
isomers.
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pair.[51] The nature and
strength of the interaction be-
tween the stereochemically
active lone pairs of AsIII (and
other heavier main group ele-
ments) with aromatic rings was
also studied using quantum
chemical methods.[28b, 52] More-
over, secondary bonding inter-
actions between main group
elements and heteroatoms
such as O, N, S or halogens
have also been shown to affect
coordination geometry.[53]

Unlike these supramolecular
systems, p or secondary bond-
ing interactions cannot take
place in the hydrophobic inner
core of the [AsIII ACHTUNGTRENNUNG(CSL9C)3]
and [PbII ACHTUNGTRENNUNG(CSL9C)3]

� systems.
Nevertheless, using X-ray crys-
tallography, AsIII was proven
to be coordinated in an endo-
hedral fashion in such peptide
systems, leading to the propos-
al that the steric repulsion be-

tween the stereochemically active lone pair of AsIII or PbII

and the bulky side chain of a layer of leucine residues can
affect the ion coordination geometry.[27, 32,34] Furthermore, it
is reasonable that such steric encumbrance could serve as a
contributing factor to heavy metal recognition in proteins.
As determined in these studies, the binding constant
(Table 3) of PbII for CSL12AL16C is about 4–5 fold higher
than that of CSL9C and CSL16C. Similarly, TRIL2W-
L12AL16C has about 5 fold higher affinity than that of
TRIL2WL16C. The enhanced stability constant of PbII to
TRIL12AL16C as compared with TRIL16C is consistent
with the easier accommodation of the stereochemically
active lone pair of PbII into the vacant hole above the cys-
teine layer (Figure 10).

We already have shown the site selectivity of PbII between
a peptide with an a site with a hole vs a d site using the pep-
tide Grand-L12AL16CL26C (see Table 1 for the location of
a and d sites in each peptide).[34] Furthermore, 207Pb-NMR
experiments for TRIL12C +TRIL12AL16C show when a
half equivalent of PbII was added, it completely binds to the
a site with a hole, and addition of a second half equivalent
goes in the d site (after the a site with a hole is saturated).[54]

Site selectivity was independently assessed for competition
with a site peptides using 207Pb NMR (Figure 3) by generat-
ing a mixture between a regular a site peptide and an a site
peptide with a hole above the sulfur layer. Addition of 1
equivalent of 207PbII to 1 equivalent of (CSL9C)3 yielded a
single resonance at d=5630 ppm for [Pb ACHTUNGTRENNUNG(CSL9C)3]

� . Using
the same stoichiometry, a significant upfield shift (d=

5538 ppm) was observed when [Pb(TRIL12AL16C)3]
� was

examined. As previous studies have shown that combina-

tions of two different TRI peptides with a site cysteines
form statistical mixtures of 3-stranded coiled coils,[47] we
have chosen the CoilSer (CS) and TRI peptides for these
studies as the formation of heteromeric 3-stranded coiled
coils are avoided when these peptides are mixed. When
equimolar solution of (CSL9C)3 and (TRIL12AL16C)3 was
probed using enough 207PbII to fill only half of the available
protein binding sites, a mixture of these two resonances was
observed (Figure 3 C); however, the spectrum shows a
marked preference (>5-fold at equilibrium) for PbII com-
plexation to the peptide containing the alanine layer. When
sufficient PbII was added to fill all available protein binding
sites, equivalent signals for both complexes were obtained.
These experiments indicate that PbII preferentially binds
with the site in which the lone pair can be accommodated
without steric encumbrance. One might expect similar be-
havior for AsIII, although such measurements have not been
completed due to the slow kinetics of binding which make
stability constant determination difficult.

Metal ions that do not have a lone pair, such as CdII, but
which have a fourth ligand that occupies the space where
the lone pair would be found also exhibit site selectivity. We
have shown that analogous behavior by coordinating one
exogenous water molecule yielding a fully 4-coordinated
species in TRIL12AL16C, in contrast to a mixture of 3 and
4-coordinate species in TRIL16C, which does not feature a
hole above the metal binding site.[55] This Cd�O bond length
is estimated to be approximately 2.45 �. Penicilamine, when
incorporated in the 16 position (TRIL16Pen), causes a
change in the packing of the leucine layer in the 12 position
that completely blocks the fourth water ligand from binding
to CdII.[55, 56] This observation led to the successful prepara-
tion of heterochromic peptides that contained two CdII ions
with the first Cd in a fully four coordinate environment and
the second in a fully three coordinate environment.[57] It was
also shown that there was a >10-fold preference for CdII to
enter the four coordinate site rather than the three coordi-
nate position. These observations emphasize the importance
of the fourth polyhedral position when a ligand is bound.
The work presented here with PbII demonstrates that a simi-
lar selectivity is operative when a stereochemically active

Figure 10. Schematic diagram showing how the substitution of a Leu
layer at position 12 by Ala (Leu!Ala) creates a hole above the cysteine
layer. a) Leucine side chain and PbII lone pair steric encumbrance tilts
the plane so that lone pair can fit within the three stranded coiled coil
(3SCC). b) Leu!Ala substitution added a space to accommodate a lone
pair of PbII. The vertical lines represent the peptide backbone of 3SCC.

Figure 9. Lowest energy struc-
tures of [PbIIACHTUNGTRENNUNG(CH3S)3]

� . Ener-
gies are expressed in kcal
mol�1.
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lone pair is present, even if an additional ligand does not
occupy the physical space.

The data presented above demonstrate that whether one
considers a lone pair (AsIII, PbII) or a small ligand (water on
CdII) the second coordination sphere surrounding the ion
can define the coordination preference. The 207Pb NMR data
convincingly demonstrate the affinity ordering a site with a
hole >d site >a site for PbII; however, the data do not dem-
onstrate conclusively that the origin of this preference is the
accommodation of the lone pair/size of the metal. To test
the hypothesis that the interaction between the AsIII or PbII

lone pair with the leucine residues in CSL9C is a key factor
that affects coordination geometry further, we have carried
out a DFT investigation of complexes between AsIII or PbII

and a computational model of the peptide CSL9C
(ALAAACAALA; referred to as ACA). In addition, we ex-
amined a variant in which the Leu residue closer to the pep-
tide N-terminal has been replaced with Ala.

The structure of the computational [AsIII ACHTUNGTRENNUNG(ACA)3] model
is a parallel three-stranded coiled coil which, similarly to the
experimental [AsIII ACHTUNGTRENNUNG(CSL9C)3] system, features two layers of
leucine residues. The orientation of the leucine residues in
the two layers (referred to as layers 5 and 12 for consistency
with previous works) differ, with those in layer 5 more di-
rected toward the center of the coiled coil than those in
layer 12.

AsIII binding in [AsIIIACHTUNGTRENNUNG(ACA)3] and related systems can be
characterized either by endohedral or exohedral coordina-
tion geometry. Indeed, depending from the cysteine side
chains orientation, two endo and two exo binding modes
might be envisioned. However, it turned out that lowest
energy structures always corresponded to the a endo or exo
forms (see Scheme 1), which are characterized by side chain
orientation of the cysteine residues observed in analogous
protein systems.[43]

The computed energy difference observed comparing dif-
ferent AsIII coordination geometries in [AsIII ACHTUNGTRENNUNG(ACA)3] is con-
sistent with the experimental observation indicating endo
coordination in [AsIII ACHTUNGTRENNUNG(CSL9C)3]. An iso-energy mapping sur-
face for the appropriate AsIIIs,p orbitals in the lowest energy
endo configuration is shown as Figure S4. Interestingly,
while there are not evident stabilizing factors which favor
the AsIII endo form in [AsIII ACHTUNGTRENNUNG(ACA)3], some unfavorable in-
teractions affecting the exo form are present, due to the pe-
culiar environment of the coiled coil core. In particular, the
preference for endo coordination stems from the collision of
the stereochemically active AsIII lone-pair onto the leucine
layer at the peptide N-terminus (Leu 5 in [AsIII ACHTUNGTRENNUNG(CSL9C)3]),
which occurs only when the AsIII-S3 moiety has an exo confi-
guration. Such an unfavorable interaction is so pronounced
that during DFT optimization the AsIII�S3 fragment rotates
around an axis which passes through two of the sulfur atoms
forming the first coordination sphere of the ion. Neverthe-
less, such a rearrangement cannot fully relieve the repulsion
between the lone pair and the leucine layer.

The influence of the N-terminal leucine layer on the ori-
entation of the stereochemically active AsIII lone-pair, and

consequently for the preference of endo binding mode in
[AsIII ACHTUNGTRENNUNG(CSL9C)3], was further supported by the DFT investi-
gation of the variant in which the N-terminal Leu residue of
the ACA peptide was replaced with Ala. In fact, in the
Leu!Ala variant, exo coordination of the AsIII ion becomes
preferred, due to the possibility of accommodating the AsIII

lone pair within the cavity formed by the Leu!Ala replace-
ment. The closest AsIII�H�C contacts are shown as Fig-
ure S5. In all cases, the interaction is >3.2 �, with two of
the three distances >4 �. It is possible that there is a very
weak stabilizing interaction between the As lone pair and
the shorter distance hydrogen atom on alanine; however, it
is unlikely that this contributes significantly to the preferred
exo configuration. These DFT results show how the coordi-
nation geometry of the AsIII ion in a trigonal sulfur based
environment can be tailored by the second sphere coordina-
tion environment. Exo coordination is preferred when no
bump between the AsIII lone pair and aminoacids side
chains is present, whereas endo orientation can be obtained
when “exo destabilizing” factors are present, as in the case
of the CSL9C system. To enhance the integration in a gener-
al conceptual framework the conclusions obtained from the
DFT investigation of the [AsIII ACHTUNGTRENNUNG(ACA)3] systems, the smaller
[AsIII ACHTUNGTRENNUNG(CH3S)3] complex was also studied by DFT. Two main
factors, in decreasing order of importance, turned out to
affect the AsIII coordination geometry in [AsIII ACHTUNGTRENNUNG(CH3S)3]:
steric interaction between methyl groups and repulsion be-
tween the lone pairs of sulfur atoms. In the lowest energy
[AsIII ACHTUNGTRENNUNG(CH3S)3] isomer (Figure 6), the two methyl groups that
are oriented in an endo fashion contribute to minimize the
CH3-CH3 steric clashing, whereas the repulsive interaction
between the sulfur lone pairs is relieved by the exo orienta-
tion of the remaining methyl group. The isomer character-
ized by endo arrangement of all methyl groups pays a mod-
erate energetic penalty due to the orientation of the lone
pairs of the three sulfur atoms, which points toward the
same region of space. Therefore, even though in the latter
[AsIII ACHTUNGTRENNUNG(CH3S)3] isomer the three methyl groups do not clash,
repulsion among the sulfur lone pairs is maximized. In the
other [AsIII ACHTUNGTRENNUNG(CH3S)3] isomers steric clashing between methyl
groups becomes even more evident, resulting in higher
energy structures. In summary, results obtained studying
[AsIII ACHTUNGTRENNUNG(CH3S)3] show that its conformational properties do
not depend significantly from the AsIII lone pair, but instead
from steric and electronic interactions involving the ligands.
On the other hand, in the [AsIII ACHTUNGTRENNUNG(CSL9C)3] peptide systems
the interaction between the AsIII lone pair and groups out-
side the ion coordination sphere becomes predominant over
inter-ligand interactions.

The effect of the stereochemically active lone pair is even
more evident in the [PbII ACHTUNGTRENNUNG(ACA)3]

� model. In fact, endo
coordination is also preferred in this system due to the pres-
ence of the bulky N-terminal leucine layer, as demonstrated
by the observation that in the [PbII ACHTUNGTRENNUNG(ACA)3]

� variant, in
which the leucine sidechains closer to the N-terminus have
been replaced with alanine residues, the exo binding geome-
try becomes preferred. In this case, the closest contacts be-
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tween the PbII ion and the alanine H-atoms are 3.4 to 3.6 �
(shown in Figure S5) with none of these contacts providing
stabilization to the configuration. The larger diffusion of the
PbII 4p lone pair, relative to the 3p orbital of the AsIII ion,
also affects dramatically the coordination geometry of small
PbII complexes, such as [PbIIACHTUNGTRENNUNG(CH3S)3]

� . Indeed, the effects
of the repulsion between the PbII lone pair and its ligands is
well documented by the observation that compounds with
low coordination number are generally characterized by
hemidirected geometries, in which all ligands are oriented
toward one region of a ideal globe centered on the ion. The
comparison between DFT results obtained investigating
[AsIII ACHTUNGTRENNUNG(CH3S)3] and [PbII ACHTUNGTRENNUNG(CH3S)3]

� reveals that the repulsion
between the lone pair and the ligands in [PbII ACHTUNGTRENNUNG(CH3S)3]

�

overcomes all other effects, such as steric clashing between
the methyl groups and unfavorable electrostatic interaction
among the lone pairs on sulfur atoms, which are operative
both in [AsIII ACHTUNGTRENNUNG(CH3S)3] and [PbII ACHTUNGTRENNUNG(CH3S)3]

� . In other words,
the 6p electrons on PbII are so diffuse that they also repel
groups belonging to the PbII second sphere of coordination,
i.e, methyl groups of thiolate ligands, pushing them toward
the same region of space. To emphasize this point, the
lowest energy [PbII ACHTUNGTRENNUNG(CH3S)3]

� isomer has all methyl group
oriented in an exo fashion.

Conclusion

In this study we utilized computational and spectroscopic
methods to probe PbII binding to designed three-stranded
coiled coil peptides. We also examined the smaller AsIII pep-
tide and small molecule systems using computational meth-
ods to resolve the issue of AsIII coordination in proteins
raised by our lab recently.[27] The data presented here are in
good agreement with the previous studies by us and others.
Both AsIII and PbII bind in trigonal pyramidal coordination
environments within peptidic frameworks using cysteinate–
thiolate ligands. In the presence of steric constraints above
the lone pair, AsIII found in an exo mode is destabilized by
4.5 kcal mol�1 in energy with respect to the endo binding
conformation. This is due to the repulsion between the AsIII

lone pair and the layer of bulky Leu residues above the cys-
teine layer. A 5-fold higher binding affinity of PbII was ob-
served when the steric conflict of Leu was substituted by
Ala. This is because more room is accessible to fit the larger
diffused PbII lone pair. By showing how secondary bonding
interactions (SBIs) and lone pair interaction influence the
coordination geometry and binding affinity of the heavy
metal ions such as AsIII and PbII, we hope to influence the
thinking on how proteins such as ALAD and the metallore-
gulatory protein PbrR691 recognize these main group ions.
In general, this work suggests that both ions, when bound to
sulfur rich sites, prefer environments that can more easily
accommodate the lone pair and can suggest that native pro-
teins that provide this stabilization could have an enhanced
affinity on the order of a factor of five to ten. Both ion size
and lone pair extension of AsIII and PbII contribute to the

ion selectivity. Therefore, this study deepens the understand-
ing of molecular recognition processes involved in human
heavy metal toxicity.
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