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Is an Electronic Shield at the Molecular Origin of Lead Poisoning?
A Computational Modeling Experiment™**

Christophe Gourlaouen and Olivier Parisel*

As a very malleable metal characterized by a very low melting
point, lead has been used, pure or as salts, since the Bronze
Agelll Nowadays, the global production of lead is still
increasing and amounts to several billion tons per year,
essentially devoted to batteries, glasses, ceramics, or elec-
tronics.

Lead has become the pollutant metal that is the most
widely scattered in the world,™ its toxic effects and disastrous
influences on public health have been known since antiqg-
uity.®¥ This pollution became explosive in the Industrial
Revolution. In the 1920s, it was (re)discovered that Pb(Et),
had powerful antidetonant properties when admixed with
gasoline. This has resulted in a large-scale global dissemina-
tion® as attested to by Greenland’s ices."!

The massive use of lead in industry, together with the
variety and the seriousness of its effects on human health,
especially that of children,"” have justified investigating the
relationships between lead exposure and a large number of
clinical symptoms (lead poisoning or saturnism). However,
few works have been devoted to how lead poisoning acts at
the molecular level. It is, however, known that lead, and its
derivatives, target many parts of the human organism!'” as
they follow the biochannels devoted to calcium, zinc,
magnesium, or iron.'"1?l The current detoxication therapies
rely on chelators such as ethylenediaminetetraacetate, 2,3-
dimercaptopropanol, meso-2,3-dimercaptosuccinic acid, or
penicillamine.!"® These agents suffer, however, the drawback
of lacking selectivity towards Pb*". Moreover, side effects
such as redeposition from a targeted organ to another are
known to occur.!'"! In line with our previous investigations on
Pb** compounds,™” we herein use quantum chemistry (den-
sity functional theory (DFT) computations that rely on
relativistic pseudopotentials to account for the relativistic
effects lead is subject to) to track the structural changes
induced upon exchanging native Ca™ or Zn" cations for Pb*"
cations in models of two well-known targeted proteins:
calmodulin and d-aminolevulinic acid dehydratase (ALAD).
Ca’", Zn*', and Pb*" ions have different ionic radii #(M) (M =
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metal, Table 1 and Table 2)!"% and electronic configurations:
[Ar]4s’, [Ar]3d"°4s’, and [Xe]4f#5d%6s*6p°, respectively.
Pb" complexes thus exhibit a metallic lone pair with either a
holo- or a hemidirected character (Figure 1).['7

Calmodulin is a Ca"-binding protein involved in processes
such as cell mitosis and growth, neurotransmission, and
regulation of the calcium pump.'® It is subject to Pb**
substitution.®?! It has four identical sites to which four
Ca®* cations bind sequentially (PDB code: 1CLL).*%! They

Table 1: Structural parameters (bond lengths [A]; valence angles [°]) for
the model of calmodulin before and after substitution by a Pb*" cation.!

Parameter M = Ca?' M = Pb?*
r(M) 0.99 1.19
M-Q' 2.51 2.64
M-0? 2.59 2.38
M-O? 2.49 2.69
M-O* 2.47 3.06
M-O° 2.51 3.13
M-O¢ 2.38 2.49
M-O’ 2.48 2.78
Q'-M-0’ 165.9 149.5
0°-M-0? 85.4 81.7
0O%M-0O* 51.7 51.5
0*M-0O* 79.9 68.0
0*M-0° 82.7 68.0
0%-M-0° 91.5 85.9
04%M-C' 95.7 107.6
c'-M-0* 90.9 89.8
Q[ 360.8 351.3
V(Pb) [A%] 17.2 23.4

[a] An ideal pentagonal-bipyramidal structure would have an axial angle
for 0,-M-O; amounting to 180.0° and a sum over the equatorial valence
angles (Q=0,M-C, + C-M-O, + O,M-Os + Os-M-Og) amounting to
360°. See reference [32] for details concerning V(Pb).

Table 2: Structural parameters for the model of 8-ALAD before and after
substitution by a Pb*" cation.?!

M=Zn** M=Pb*"

r(M) 0.74 1.19 N

d(M-S) 2.35 2.79 3—4\;&
d(M-B) 3.59 431 /S %
d(M-N) 2.09 335 cHcmn—zd TN
O(S-M-S) 109.2°  90.6° ° \ N /™ /B :
Q(M-S;) 327.6°  271.8°

V(Pb) [A’]  20.1 34.4

S =N
T\>

[a] © is the average of the (S-M-S) valence angles. € is the sum of these
three angles: a value of 360° would indicate local planarity (D).
Distances are in A. See reference [32] for details concerning V(Pb).
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Figure 1. The two structural families of Pb" complexes: a) holodirected
and b) hemidirected.!'”!

have been modeled by means of a heptacoordinated Ca®"
cation, binding one acetate residue, three acetic groups, one
water molecule, and one amide function from the backbone.
The resulting geometry is close to a holodirected pentagonal
bipyramid (Figure 2, left). The substitution of Ca" by Pb*"
induces structural distortions (Figure 2, right), but the coor-
dination number at the cation does not change. The spatial
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Figure 2. Bioinspired models of metallated sites of calmodulin (left:
native Ca"; right: Pb?" substituted). The systems carry one positive net
charge.

expansion of the site clearly increases. In the Ca" complex, all
Ca—O bond lengths are between 2.4 A and 2.5 A (Table 1),
but between 2.3 A and 3.2 A in the Pb" complex. One acetic
acid (Pb-O*: 3.06 A) and one acetate (Pb-O’: 3.13 A) barely
bind to the metal cation. The substitution does not imply any
departure from an ideal equatorial plane: Q decreases by only
9.5° (Table 1). The axial O'-M-O’ angle is reduced in the Pb"
complex. This is owing to the emergence of the 6s* lone pair,
which induces a slightly hemidirected character (Figure 3,
top). The electron localization function (ELF) analysis
reveals that V(Pb) increases from 17.2 to 23.4 Al upon
relaxation and is populated by 2.41 electrons, indicating a
moderate charge transfer of 0.41 from the ligands to the 6p
shell of the cation.

The conservation of the general shape upon substitution,
together with that of the coordination number at the cation,
might explain why Pb*" activates calmodulin as Ca>" does:
both Ca’" and Pb*" can accommodate high coordination
numbers, which can be achieved for only very few structural
arrangements. This result is in line with the experimental fact
that neither a complete reorganization of the protein nor a
full inhibition of the biochemical activity has been observed
for calmodulin upon substitution by Pb*".

8-ALAD, a Zn" protein also called porphobilinogen
synthase, plays a fundamental role in heme biosynthesis: it
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Figure 3. ELF function localization domains (17=0.85). The V(X,H)
basins are shown in turquoise, the lone pair basins in red, the core
basins in magenta, and the disynaptic valence basins in green. The 6s
shell, essentially the 6s? lone pair, is represented by the large shaded
yellow V(Pb) basin. Top: bioinspired calmodulin model for the Ca"
(left) and Pb" (right) complexes. Bottom: bioinspired ALAD model for
the Zn" (left) and Pb" (right) complexes.

converts two molecules of 6-aminolevulinic acid (ALA) into
porphobilinogen. Inhibiting §-ALAD one way or another
thus induces anemia. It also induces, consequently, the
accumulation of ALA, which is a neurotoxin. d-ALAD is
one of the most deeply investigated lead targets by physical
chemistry.'>>21 The structure of the Zn" native site is
tetrahedral (PDB code: 1E51),”** a commonly encountered
coordination for Zn>", but exhibits an atypical Cys, environ-
ment.””) ALAD has been the subject of bioinspired modeling
by a tris(2-mercapto-1-phenylimidazolyl)hydroborato ligand
(Tm™):B%3U the [(Tm™)Zn]" complex is very similar!'! to the
native site and mimics its structural rigidity. In the simplified
model used here (see structure in Table 2), the phenyl
moieties have been replaced by hydrogen atoms; the Zn**
ion binds three sulfur atoms from three S-deprotonated 2-
mercapto-imidazole moieties that mimic those of cysteine
residues. Bridging the imidazole moieties by a boron atom
ensures the formation of a cage structure. Acetonitrile mimics
the native substrate.

Substitution by the Pb*" cation induces strong distortions
(Table 2). The Pb—S bond lengths (2.79 A), although quite
short, are increased by about 0.4 A with respect to the initial
Zn—S bond lengths. This value compares fairly well with that
reported for a number of PbS; models (2.64 A) and with that
reported for [(Tm")Pb][CIO,] (2.67 or 2.69 A)*¥
[(Tm™)Pb]* (2.7 A), or Pb"~ALAD (2.8 A).?>* The torsion
of the cycles (the Pb-S-N-B dihedral angle) increases by about
14°, and the M—B distance increases by about 0.7 A upon
substitution. The mean S-M-S valence angle (©, Table 2)
decreases by about 20° and €, the sum of the S-M-S angles,
plummets by more than 50°: the substitution thus enhances
the trigonal-pyramidal character at the metal cation. Simul-
taneously, the cation-acetonitrile bond breaks: the Pb—N
bond length increases to 3.35 A, much larger than the sum of
the covalent radii of the two atoms (2.17 A), whereas in the
Zn" complex, it amounts to 2.01 A. Although this complex is
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tetracoordinated, tetrahedral, and holodirected, the Pb!
analogue clearly appears tricoordinated, hemidirected, and
trigonal pyramidal.

This change is related to the localization of the lone pair of
the Pb*" cation as clearly seen by the ELF analysis (Figure 3,
bottom). Before substitution, the lone pair of the acetonitrile
ligand points towards the acceptor Zn>' cation, whereas
afterwards, it faces that of the Pb®" cation. A competition is
thus triggered between the repulsion of these two lone pairs
and the electrostatic attraction between the polar acetonitrile
and the cationic charge. Here, the second effect is not efficient
enough as the fourth ligand no longer binds. The ELF analysis
also shows that V(Pb) is populated by 2.85 electrons. Its
volume has increased from 20.1 to 34.4 A%, This latter value is
significantly larger than that observed for calmodulin: a
strong directionality of the lone pair has appeared.

Such drastic changes could explain why the Pb*" cation
inactivates 8-ALAD. Upon substitution, the thiophilicity of
the Pb*" cation acts as the driving force: the less donating
ligand, acetonitrile, which is a model of the native substrate, is
expelled from the first coordination sphere of the metal cation
for the Pb*" lone pair to become hemidirected. Upon
substitution, V(N) of the acetonitrile ligand increases from
37.7 to 44.3 A3 As anticipated from ALAD mutants®* and
deduced from X-ray measurements,*! the Pb** cation tends
to avoid four coordination: it remains tricoordinated
(Figure 3) and its lone pair acts as a strong electronic shield
repelling the extra nucleophilic ligand.

In conclusion, based on scalar relativistic pseudopotential
DFT calculations and analyses performed on two models of
proteins targeted by lead, the substitution of Zn" and Ca" by
the Pb*" cation has been investigated. In the case of ALAD,
the substitution induces a drastic reorganization at the metal
center: the model of the native substrate is expelled and
strong structural distortions are observed. From the topolog-
ical point of view, the initial holodirected, tetrahedral,
tetracoordinated site evolves into a tricoordinated, hemi-
directed, trigonal site. Such a dramatic effect is expected to
disrupt the natural function of the metallated domain, which
could induce a complete inhibition. In the case of calmodulin,
things are more subtle. Although some distortions appear
upon the substitution, less pronounced changes than in
ALAD occur. The native holodirected structure becomes
rather hemidirected. The resulting perturbation on the
protein may not be strong enough to fully inhibit its
biochemical activity. Additional computations performed on
a set of model structures®®! support the previous conclusions:
sulfur-rich Zn" sites behave roughly as ALAD and are
dramatically affected by the Pb*" cation, whereas Ca" sites
behave as calmodulin. It is therefore expected that the
solution to saturnism may not rely on a single compound as a
distinction should be made between Zn"- and Ca-native
proteins. Surprisingly, the fact that Pb" complexes can be
classified as hemi- or holodirected according to the direc-
tional or nondirectional character of the 6s” lone pair seems to
have always been considered as anecdotic even though it
could indeed be a key feature to design future Pb*'-
sequestering ligands. From the clear-cut insight obtained
above, one can expect that novel, efficient agents should
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exhibit appendages: 1) putting the Pb** cation in a tricoordi-
nated sulfur-rich environment to ensure thiophilicity, and
2) stabilizing the 6s lone pair, the expansion of which seems
to be the driving force for the structural distortions encoun-
tered. From this point of view, improvable precursors could be
endogenous chelators™ or decorporating substances encoun-
tered in phytochelation processes.?”!

Computational Section

Computations: All calculations were performed by using the Gaus-
sian03 packagel® within the DFT framework (B3LYP). The standard
6-31 + G** basis sets were used for B, C, H, O, S, and N atoms. In
previous work, we have compared the performance of using all-
electron (AE) relativistic four-component calculations or scalar
relativistic pseudopotentials calculations,"™ and we have retained
the SDD pseudopotentials,”” coupled to double-zeta basis sets
obtained from the (4s,4p,1d)/[2s.2p,1d] (Pb*"), (4s,4p)/[2s.2p] (Ca>"),
and (4s,2p)/[3s,.2p] (Zn*") contractions.

Analysis: The electronic densities were investigated by means of
the topological analysis of the ELF function®®®* by using the TopMod
package.l***!! Within this framework, space is partitioned into basins
of attractors, each of them having a chemically relevant meaning.
These basins are classified as: 1) core basins C(X) surrounding nuclei
X, which are usually representative of electrons not involved in the
chemical bonding (nonvalence and internal-shell electrons) and
2) valence basins, which are characterized by their synaptic order,
namely the number of core basins with which they share a common
boundary. The valence basin V(X) is monosynaptic and corresponds
to lone-pair or nonbonding regions. The V(X,Y) basin is disynaptic: it
binds the core basins of two nuclei X and Y and, thus, corresponds to a
bonding region between X and Y.
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