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Historical Development and Perspectives
of the Series
Metal Ions in Life Sciences’

It is an old wisdom that metals are indispensable for life. Indeed, several of
them, like sodium, potassium, and calcium, are easily discovered in living matter.
However, the role of metals and their impact on life remained largely hidden
until inorganic chemistry and coordination chemistry experienced a pronounced
revival in the 1950s. The experimental and theoretical tools created in this period
and their application to biochemical problems led to the development of the
field or discipline now known as Bioinorganic Chemistry, Inorganic Biochemistry,
or more recently also often addressed as Biological Inorganic Chemistry.

By 1970 Bioinorganic Chemistry was established and further promoted by the
book series Metal lons in Biological Systems founded in 1973 (edited by H. S,
who was soon joined by A. S.) and published by Marcel Dekker, Inc., New York,
for more than 30 years. After this company ceased to be a family endeavor and
its acquisition by another company, we decided, after having edited 44 volumes
of the MIBS series (the last two together with R. K. O. S.) to launch a new and
broader minded series to cover today’s needs in the Life Sciences. Therefore, the
Sigels new series is entitled

Metal Ions in Life Sciences.

After publication of 16 volumes (since 2006) with various publishers during the
past 10 years, we are happy to join forces now in this still growing endeavor with
Walter de Gruyter GmbH, Berlin, Germany, a most experienced Publisher in
the Sciences.

The development of Biological Inorganic Chemistry during the past 40 years
was and still is driven by several factors; among these are (i) attempts to reveal
the interplay between metal ions and hormones or vitamins, etc., (ii) efforts
regarding the understanding of accumulation, transport, metabolism and toxic-
ity of metal ions, (iii) the development and application of metal-based drugs,

* Reproduced with some alterations by permission of John Wiley & Sons, Ltd., Chiches-
ter, UK (copyright 2006) from pages v and vi of Volume 1 of the series Metal Ions in Life
Sciences (MILS-1).

printed on 2/13/2023 2:45 AMvia . All use subject to https://ww.ebsco. confterms-of-use



EBSCChost -

viii PERSPECTIVES OF THE SERIES

(iv) biomimetic syntheses with the aim to understand biological processes as well
as to create efficient catalysts, (v) the determination of high-resolution structures
of proteins, nucleic acids, and other biomolecules, (vi) the utilization of powerful
spectroscopic tools allowing studies of structures and dynamics, and (vii), more
recently, the widespread use of macromolecular engineering to create new bio-
logically relevant structures at will. All this and more is reflected in the volumes
of the series Metal Ions in Life Sciences.

The importance of metal ions to the vital functions of living organisms, hence,
to their health and well-being, is nowadays well accepted. However, in spite of all
the progress made, we are still only at the brink of understanding these processes.
Therefore, the series Metal Ions in Life Sciences links coordination chemistry
and biochemistry in their widest sense. Despite the evident expectation that a
great deal of future outstanding discoveries will be made in the interdisciplinary
areas of science, there are still “language” barriers between the historically sepa-
rate spheres of chemistry, biology, medicine, and physics. Thus, it is one of the
aims of this series to catalyze mutual “understanding”.

It is our hope that Metal Ions in Life Sciences continues to prove a stimulus
for new activities in the fascinating “field” of Biological Inorganic Chemistry. If
so, it will well serve its purpose and be a rewarding result for the efforts spent
by the authors.

Astrid Sigel and Helmut Sigel
Department of Chemistry, Inorganic Chemistry
University of Basel, CH-4056 Basel, Switzerland

Roland K. O. Sigel
Department of Chemistry
University of Ziirich, CH-8057 Ziirich, Switzerland

October 2005
and September 2016
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Preface to Volume 17

Lead: Its Effects on Environment and Health

Owing to its abundance on earth and its multiple uses by humans, lead is a major
toxicant that threatened human health for millenia and continues to do so. There
is no safe level of exposure, necessitating a nuanced approach to its control in
food. Turnover in soft tissues is within days, but lead accumulates in bone with
a half-life of about 30 years, though it can be mobilized under physiological
conditions of bone resorption. Children suffer irreversible neurological deficits.
In adults chronic exposure leads to elevated blood pressure, development of can-
cers, and, as suggested more recently, neurodegeneration. Except for its action in
o-aminolevulinate dehydrogenase, its molecular toxicology remains largely specu-
lative in terms of specific targets. One major molecular mechanism seems to be
the replacement of zinc by lead in zinc proteins with functional consequences. All
this and more is indicated in Chapter 1, The Bioinorganic Chemistry of Lead in
the Context of Its Toxicity, and discussed in detail in the 15 chapters to follow.
Compared to other metals Pb is rather immobile in the environment, but still
its biogeochemical cycling is greatly perturbed by human activities. Chapter 2
deals with the distribution of Pb in crustal materials and the connected natural
and anthropogenic processes that contribute to the metal's mobilization in the
biosphere. Important in this context are its high volatility, low melting point,
and large radius. Its chemical speciation in aqueous systems contributes to its
redistribution. Certainly, anthropogenic inputs began already in antiquity, but
accelerated during the industrial revolution, which sparked increases in mining
and fossil fuel combustion. Its global cycling and tracking of water mass circula-
tion in the ocean is discussed. The methods for the determination of lead in
environmental samples are explained in Chapter 3, where also sample prepara-
tion, speciation for differentiation, as well as applications of its isotope-selective
determinations are described. In Chapter 4 the encapsulation technology as a
potential breakthrough solution for a recyclable removal of lead from industrial
wastewater is summarized. — At sites more strongly impacted by mining and

Metal Ions in Life Sciences, Volume 17 Edited by Astrid Sigel, Helmut Sigel, and Roland K. O. Sigel
© Walter de Gruyter GmbH, Berlin, Germany 2017, www.mils-WdG.com
DOI 10.1515/9783110434330-202
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urbanization, Pb is found at high nano to low micromolar concentrations in sur-
face waters, yet it can even be higher in soils and sediments. Chapter 5 surveys
the responses of microorganisms to lead exposure, which can range from resis-
tant to highly sensitive. These varying levels of toxicity are to be attributed to
the cellular handling of Pb. — Naturally, Human Biomonitoring of Lead Exposure
(Chapter 6) is an important task: The predominant sample matrices considered
include blood and bone, as well as urine, hair, nail, and saliva. The so-called
“biomarkers of effect” used for diagnostic strategies are also pointed out.

Structural information on the interaction between lead ion and its targeting
biological substances is important for various reasons, including the successful
treating of lead poisoning which is a present-day problem. Thus, Chapter 7 pro-
vides solid state structures of lead complexes with (i) amino acids and small pep-
tides, (ii) proteins, (iii) nucleic acid constituents, (iv) nucleic acids, (v) simple sac-
charides, and (vi) other biorelevant molecules, including lead-detoxification agents.
As described in Chapter 8, the mostly hemidirected lead(II) complexes of amino
acids and peptides have a moderate stability owing to the sterical effect of the 6s
lone pair; e.g., a second tridentate ligand, as it occurs in a (NH,,COO ,S")-
coordination of penicillamine, is not able to coordinate. At high ligand excess,
however, coordination of three sulfur donors to lead(II) is found with thiolate-
containing amino acids and oligopeptides. High-basicity oxygens of hydroxam-
ates, hydroxypyronates, and hydroxypyridinoates are also effective lead-binding
donors, though it may be noted that the corresponding thio derivatives are sig-
nificantly better ligands for lead than their parent oxo molecules, but polymers
with poor water solubility are formed in most cases.

Metallothioneins are involved in homeostatic metal response for the essential
metals zinc and copper, as well as in the detoxification of heavy metals. In Chap-
ter 9 efforts are made to understand the role of metallothioneins regarding the
metabolism of lead and in Chapter 10 attempts are provided to understand the
biological chemistry of lead using a synthetic biology approach by focusing on
thiolate-rich sites that are found in metalloregulatory proteins in which Pb often
prefers a hemidirected Pb(II)(SR)3 coordination sphere, regardless of the pro-
tein fold (a-helices, B-sheet or loop regions). This insight allows to reveal funda-
mental concepts on how metals behave in biological systems.

As summarized in Chapter 11, the coordination chemistry of lead(II) is compli-
cated due to its varying coordination numbers (4 to 10), as well as by the 65>
electron lone pair, which, with CN = 4, can shield one side of the Pb*" coordina-
tion sphere. The chapter focuses on complexes formed with nucleotides and their
constituents and derivatives, that is, on complexes formed with hydroxy groups,
sugar residues, nucleobases, and phosphates. Such Pb>* complexes are compared
as far as possible with those of Ca2+, FeH, Cu2+, Zn2+, and Cd*" to reveal in
this way the special properties of Pb>" for which the hard-soft rule fails. For
example, the affinities of Pb>" towards S donor sites are difficult to generalize:
On the one hand Pb°" forms very stable complexes with nucleoside 5'-O-thio-
monophosphates, however, on the other hand, once a sulfur atom replaces one of
the terminal oxygen atoms in the phosphodiester linkage, macrochelate formation
of the phosphate-bound Pb>" occurs with the O and not with the S site. For some
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of the purine-nucleotides macrochelate formation takes place by the interactions
of the phosphate-coordinated Pb> ", e.g., with the guanine N7/(C6)O site.

As pointed out in Chapter 12, lead(II) is not associated naturally with nucleic
acids, but it has been applied together with DNA and RNA in various contexts.
Pb’" is a hydrolytic metal ion with excellence in catalyzing phosphodiester
cleavages and thus, has potential for probing secondary structures and metal ion
binding sites. The structures of tRNAPhe, RNAse P, the HIV-1 dimerization-
initiation site, and the leadzyme are discussed in detail. It is emphasized that
derivatives of two lead(II)-dependent DNAzymes have been applied to detect
lead(II) in the lower nanomolar range not only in the test tube, but also in body
fluids. Due to the toxicity of lead(II) for living beings this is a highly active
research field.

Chapter 13 summarizes historical and current views on lead toxicity. It also
addresses the development and evolution of exposure prevention policies, and
one learns about the progress that has been made through regulations and guide-
lines to reduce exposure and prevent lead toxicity. As stated in Chapter 14, the
use of alkyl lead derivatives as anti-knock agents in gasoline can be considered
as one of the main pollution disasters of the 20" century because of both the
global character of the pollution emitted and the seriousness of the impact on
human health. Alkyl lead derivatives by themselves cannot be considered to be
persistent pollutants because they readily degrade. However, the inorganic lead
they produced has been deposited all over the globe, including remote sites such
as polar areas. Whereas the residence time of lead in the atmosphere is short,
the very long permanence of inorganic lead in soils is striking and resuspension
is a permanent source of toxic lead.

“Lead Toxicity in Plants” (Chapter 15) looks critically at the relevance of lead
toxicity and the proposed mechanisms of Pb> " -induced stress in algae and higher
plants. Previous studies suggest three main mechanisms of toxicity of Pb>": inhi-
bition of photosynthesis, oxidative stress, and "genotoxicity" including DNA
damage and defects in mitosis. Considering the applied concentration ranges in
these studies it is argued that likely the defects in mitosis are the environmentally
most relevant effects; inhibition of photosynthetic light reactions is far less effi-
cient with Pb>* compared to other metal ions, so this Pb> " toxicity seems envi-
ronmentally not relevant. — For humans it holds: While essential metals have
physiological roles, there are no health benefits from lead intake. In Chapter 16
the sources of lead exposure, the absorption, distribution, and elimination of
lead from the human body, as well as molecular mechanisms of lead-induced
toxicity are discussed. The effects on the nervous system, kidney, immune system,
blood, reproductive system, and bones are highlighted.

To concude, this volume devoted solely to lead is rich on specific information,
but it provides also basic insights that should help to promote further our under-
standing of the unique role which this toxic metal plays in the environment and
in human health.

Astrid Sigel
Helmut Sigel
Roland K. O. Sigel
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Abstract: Owing to its abundance on earth and its multiple uses by humans, lead (Pb) is a
major toxicant that has threatened human health for millennia and continues to do so. There
is no safe level of exposure, necessitating a nuanced approach to its control in the food we
consume, the water we drink, and the air we breathe. Turnover in soft tissues is within days.
In contrast, lead accumulates in bone and turns over with a half-life of about 30 years, though
it can be mobilized from bone under physiological and pathophysiological conditions of bone
resorption. Children are particularly vulnerable to lead exposure and suffer irreversible neuro-
logical deficits affecting learning ability and behavior. In adults, chronic effects of exposure to
lead include elevated blood pressure, development of cancers, and, as suggested more recently,
neurodegeneration. Some pathways of systemic and cellular metabolism of Pb(II) are known.
However, except for its action in 6-aminolevulinate dehydratase, its molecular toxicology re-
mains largely speculative in terms of specific targets. One major molecular mechanism seems
to be the replacement of zinc with lead in zinc proteins with functional consequences. Calcium
binding proteins are also being discussed as possible targets. However, the affinities of lead
for calcium sites in proteins are orders of magnitude lower than those for zinc sites. Therefore,
it remains to be shown whether lead at the concentrations occurring in tissues can replace
calcium in proteins in vivo. Despite humans having recognized the hazards of lead exposure
for a very long time, uncertainties remain as to the threshold for adverse effects on our health
and the low levels of exposure during our lives as a risk factor for chronic disease.

Keywords: calcium - lead - protein interactions - toxicity - zinc

1. INTRODUCTION

The chemical symbol for lead is Pb derived from the Latin word plumbum. The
root of the word is all too familiar to us in the noun and verb “plumbing”.
Literature searches on lead face the unique challenge that they also retrieve
entries for the verb “to lead”. As a consequence, one obtains datasets that are
difficult to curate, and given the very extensive literature on this metal, it be-
comes a daunting task to sift through the information.

The toxicity of inorganic and organic lead compounds is the main focus of the
biomedical literature. However, a thorough overview would be incomplete with-
out mentioning that at least two groups of established investigators in the field
of trace element research reported beneficial effects of lead in the diet of rats.
In one study, the natural lead content in the diet was lowered to 200 pg/kg.
Addition of lead at a dose of 1.0-2.5 mg/kg then induced a consistent growth
response [1]. Another group observed that lowering the natural lead content
in the diet to 10-30 pg/kg resulted in growth depression in several subsequent
generations. The investigations were reported in a series of publications [2]. The
interpretation of these findings is uncertain. It has not been clarified whether
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additional methodological issues need to be considered, inadvertent changes in
the diet caused these effects or other factors necessary for growth were affected
indirectly. The initial presentation of these observations in this article should not
distract from its main theme, namely the toxicity of lead.

Lead can be measured in the human body at levels that are higher than those
of some essential metal ions, such as molybdenum, manganese or even copper
[3]- What are the consequences of its presence? This article will focus on this
question and discuss the effects of lead on humans, though the ecotoxicology of
lead is important for virtually all living organisms. Many different disciplines
come to bear on defining the effects of lead on humans, e.g., chemistry, biochem-
istry, toxicology, nutrition, epidemiology, clinical investigations, neurobiology,
etc. This chapter attempts to transcend disciplines, lay the foundation for the
discussions in this book, and provide a scientific basis for addressing the lingering
question whether or not some more general ailments and disorders are due to
inadvertent exposure and accumulation of metals with high toxicity in our organs
during our lifetime.

2. LEAD CHEMISTRY WITH REGARD TO BIOCHEMISTRY

Metals with significant toxicity, namely cadmium (Cd), mercury (Hg), thallium
(T1), and lead (Pb), cluster in one area of the periodic system of the elements
(Figure 1). The closest nutritionally essential element is zinc (Zn) in the same d-
group with Cd and Hg. Diagonally across the p-group elements, the metalloids
separate metals from non-metals, most of the latter being essential. One chemical
property that the elements with high toxicity share is their thiophilicity, i.e., a
high affinity for the sulfur donor atoms of ligands. The solubility constants (-log K)
of their sulfides are: CdS: 27; HgS: 52; T1,S: 22; PbS: 28-29. For bismuth (Bi), it
is even higher: Bi,S;: 96. For comparison, the value for ZnS is 25. Yet, in spite
of similar affinities of cadmium and lead for sulfur, their toxic effects in humans
are dissimilar [4]. When comparing the affinities of cadmium and lead for ligand
donors relative to those of the transition metals and zinc in the Irving-Williams
series, the order is Cd < Pb < Zn for nitrogen coordination environments, Cd <
Zn < Pb for oxygen coordination environment, and Zn < Cd < Pb for sulfur
coordination environments [5]. Hence, among the three metals, lead is the pre-
ferred metal in oxygen and sulfur coordination environments. This feature is
important for the following discussion of lead interactions with the oxygen do-
nor-rich sites of calcium in proteins and with the sulfur donor-rich sites of zinc
in proteins.

Among the three common valence states of lead (0 (elemental lead), II, and
IV), valence state 1I is the one mostly relevant for biology. The solution chemis-
try of Pb(II) is illustrated with a Pourbaix diagram (Figure 2). It demonstrates
that Pb°", the plumbous ion, is not very soluble at physiological pH. It forms
Pb(OH)" with a pK, of 7.9 in dilute solutions and the polynuclear species
[Pb,(OH),]*" in more concentrated solutions. At higher pH values, additional
polynuclear species are formed: [Pbs(OH),]°" and [PbgO(OH)¢]* ", i.e., HOPbO™
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group 11 12 13 14 15 16 17
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d-group Ag (Cd| n |sn|sb|Te| 1

Au Hg Tl |Pb| 8i | po | At

Figure 1. Metals with high toxicity in the periodic system of the elements. Cadmium and
mercury, together with zinc in group 12, and thallium and lead following mercury in the
same period, form a cluster of metal ions with high toxicity. Metalloids are shown in
italics.

1.0
Pb(OH),
05 |
Pb2*
> L
% o | Pb(OH),c)
(7, ]
s ! al
i
05 |
i Pb(c)
-10 —H—tt
2 4 6 8 10 12
pH

Figure 2. Pourbaix diagram of lead (in the absence of anions with [Pb2+][0[al =10 uM at
25°C). The circle emphasizes the existence of three species, Pb>*, Pb(OH),, and metallic
Pb close to pH 7.0. From http://www.cs.mcgill.ca/~rwest/link-suggestion/wpcd_2008-09_
augmented/images/257/25713.png.htm, released into the public domain.

(“plumbite”). Pb> " is weakly hydrated because of its low charge density [6]. The
presence of other anions influences solubility, in particular carbonate and its pH
dependence, and the anions that determine salinity: chloride and sulfate. The
solubility products are pKy = 4.8 for lead chloride, 8 for the sulfate, 10.5 for the
oxalate, 13.5 for the carbonate, 15.5 for the hydroxide, 28 for the sulfide, and
43.5 for the phosphate. The values for different phosphates range from 10" M
for PbHPO, to 107’ M for Pbs(PO,);OH [7]. Only lead acetate, nitrate, and
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chlorate/perchlorate have high solubility in water. Because of the solubility of
the different salts, the lead salt employed in investigations needs to be specified.
Pb>" has relatively fast ligand exchange. This fact has adduced to the notion
that lead metabolism is under thermodynamic rather than kinetic control.

In the biological scientific literature, authors usually refer to “lead” in their
articles, a term that refers to the element in chemistry. For all purposes, “lead”
is the lead(II) ion in biology. Lead(II) in biology does not participate directly
in redox reactions. Therefore, lead causing lipid peroxidation and affecting the
formation of reactive species in cells must be an indirect action mediated by bind-
ing of lead to biological molecules and either activating a process producing react-
ive species or inhibiting redox enzymes that normally quench reactive species.

Information about the coordination chemistry of lead in solution is rather
scarce [6] — even more so with regard to its complexation in biological fluids and
in cells. The ionic radius (1.19) is similar to that of Ba’" but larger than those
of Ca”™" (0.99) and Zn*" (0.74). Tt is dependent on the coordination number,
though, and can vary from 1.00 (CN =4) to 1.30 (CN = 8) [6]. One factor in the
geometry of lead coordination is that Pb>" is stereochemically active, resulting
in preferred geometries. This property distinguishes it from Zn’" and Ca’" and
is perhaps the single most important issue why coordination environments differ
when lead binds in zinc or calcium sites with functional consequences. Whereas
a holodirected binding is typical for lead with high coordination numbers, a hemi-
directed binding occurs at low coordination numbers. In the latter case, the li-
gands are all on one side leaving one lone electron pair on the opposite site [8].

3. HISTORY AND MANUFACTURING OF
LEAD-CONTAINING MATERIALS

Compared to mercury, cadmium, or thallium, lead is a more significant issue in
toxicology. Because of its relative abundance on earth and its industrial applica-
tions, a particularly problematic relationship with humans and other living orga-
nisms developed. Human activities increased lead in the environment from its
early uses [9]. The geological record demonstrates an at least 100-fold increase
from an original value of 0.4 ng Pb/m’ soil. In densely populated and industrial-
ized areas, it is now 500 to 10,000 ng Pb/m’ [10, 11]. In 2012, the worldwide
production of lead reached 10 million tonnes [12]. Lead ends up in the environ-
ment and in organisms despite efforts in recycling. The effectiveness of human
measures to eliminate some sources of lead emissions into the environment is
illustrated by the reduction of blood lead levels (BLL) in children (1-5 years) in
the US from 15 pg/dL in 1976-1980 to 1.84 ug/dL in 2009-2010 when a ban of
leaded gasoline came into effect in 1978 [13]. While industrial hygiene has im-
proved drastically in developed countries, serious issues of pollution remain. Al-
though our knowledge of the toxicity of lead has a very long history, regrettably,
human exposure to lead continues to be an issue. As of this writing, the role of
lead in the water crisis at Flint near Detroit, M1, is being discussed. In some
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households, lead levels were found to be up to 1000 times higher than the US
legal limit of 15 ppb.

Sources of available lead are metallurgical processes such as cupellation —
treatment of ores at high temperatures to separate noble metals from base met-
als such as lead — and smelting — treatment of ores at high temperatures in the
presence of a reducing agent. The main uses are in acid batteries, lead pipes,
roofing and building flashings, ammunition, weights, solders, and radiation
shields.

Lead poisoning also is known as saturnism or plumbism. For the poisoning
from paint it is known as painter’s colic. A historic record over 6000 years de-
scribes lead poisoning in humans [14, 15]. The role of lead in the death of the
famous such as Benjamin Franklin or Caravaggio leaves a testimony of the dan-
gers of exposure. The Romans boiled grape juice (vinum mustum) in lead con-
tainers to produce a syrup called defrutum, which was concentrated further to
obtain sapa. These syrups contained lead acetate (“lead sugar”), which was used
to sweeten wine and to preserve fruits. It was also used medically in Goulard’s
exctract as an astringent and has been used in cosmetics. With regard to bevera-
ges contaminated with lead, the literature, including the classic literature, is re-
plete with episodes. For example “Devonshire (or Devon) colic” was described
to occur with severe abdominal pain. In 1767, Sir George Baker, a physician of
king George III of England, discussed eruditely lead poisoning as the probable
cause of this ailment as lead vessels were used for making cider or the cider was
adulterated with lead sugar as a means to stop fermentation or to sweeten the
cider [16]. The “colic of Poitou” is a similar episode attributed to adulterated
wine in France. The French physician Louis Tanquerel des Planches (1810-1863)
is credited with comprehensively documenting lead poisoning as an occupational
illness and describing the neurotoxic effects of lead as “encéphalopathie satur-
nine” [17].

More recent episodes are well publicized together with fierce and bitter de-
bates juxtaposing commercial interests and scientific findings. Lead additives
were patented in the 1920s to boost the octane rating of gasoline and thus in-
creasing fuel efficiency and the performance of engines. Using the lead-based
anti-knocking agent tetraethyl lead (TEL), Pb(C,Hs),, an organic form of lead,
in the combustion releases lead chloride or lead bromide formed due to other
additives serving as lead scavengers. While TEL additives were discontinued in
the US from 1978, they continued to be used in some countries and phasing out
took several decades, even in Europe. Leaded gasoline is still being used in some
countries. Concomitantly with the ban of TEL, BLL levels decreased from
16 ug/dL in 1976 to only 3 ug/dL in 1991 in the US [18]. Correlations of the
lower BLL and an increase in IQ as well as less violent crime have been reported
after TEL addition to gasoline was discontinued. However, the presence of lead
in areas of heavy car traffic continues to be a source of exposure.

Lead compounds are used as pigments in paints. While saturnism has been
reported to be the cause of disease or even death in some of the greatest artists
[19], it is a much wider problem for those working with and being exposed
to lead-based paint. The three major pigments in paints are white lead
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(PbCOs3) from the mineral hydrocerrussite, which is basic lead carbonate
(2PbCO3 - Pb(OH),), red lead (Pbs;O,), which is Pb,PbOy,, i.e., lead(II)plum-
bate(IV), and used as an anticorrosion paint, and chrome yellow (PbCrQOy,). Lead
paints were also banned in the US in 1978. Their use in a significant number of
countries continues to be a public health issue.

Lead is also used in the manufacturing of some crystal glass, in glazings of
glass, ceramics and pottery, and in some grades of pewter. Lead becomes avail-
able from these materials when they are used with acidic drinks or food. Lead
nanoparticles are a recent area of manufacturing lead-containing materials for
various applications, and pose a potentially new threat to our health.

4. SAFE LEVELS OF EXPOSURES?

Average BLL are 1.6 ug/dL for adults and 1.9 pg/dL for children in the US popu-
lation. In 2012, the Centers for Disease Control and Prevention (CDC) lowered
blood lead levels of concern from 10 pug/dL to =5 pg/dL for children aged 1-5 to
identify children and environments with lead-exposure hazards because cogni-
tion and behavior are affected negatively even at previously accepted BLL [20].
The CDC also stipulated that the recommendations ought to be updated every
four years. Significantly, the effects of lead on cognitive deficits were non-linear
with a greater loss of IQ at lower exposures [21].

The US Environmental Protection Agency (EPA) concludes that there is no
safe exposure limit, i.e., there is no RfD (reference dose), the maximum accept-
able oral dose of a toxic substance, for lead.

5. REGULATORY LEVELS FOR LEAD
IN WATER, FOOD, AND AIR

5.1. Lead in Water

In the US, the limit of lead in water is set at 15 ug/L (ppb). For comparison, the
limit for nickel is 20 ppb. The limit for lead is 3 times higher than that for cadmi-
um (5 ppb) or mercury and thallium (2 ppb) set by the US EPA. In the UK, the
drinking water inspectorate works with a standard of 10 ppb [22].

5.2. Lead in Food

A panel of the European Food Safety Authority (EFSA) dealing with contami-
nants in the food chain summarized that the average consumption of lead in
food is between 0.36 to 1.24 ug/kg body weight per day (up to 2.43 for high
consumers, 0.21 to 0.94 for infants, and 0.80 to 3.10 (up to 5.51) for high consum-
ers) [23]. It defined benchmark dose levels that increase the risk for certain
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diseases at certain blood lead levels corresponding to daily intakes: a 1 % in-
crease of development of neurotoxicity 12 (0.50) and systolic blood pressure
36 (1.50), and a 10 % increase of chronic kidney disease 15 (0.63). The panel
recommended that efforts should be made to reduce lead exposure from both
dietary and non-dietary sources. It identified cereals, leafy vegetables, and tap
water as the major sources of ingested lead in Europe.

5.3. Lead in Air

The lead concentrations in urban and industrial areas are 2.5-50 mmol/m’
against a background of <0.04 mmol/m’ [24]. The National Institute for Occupa-
tional Safety and Health (NIOSH) considers 50 ug/m3 over eight hours as the
recommended exposure limit but cautions that some investigations suggest that
this limit is too high [25]. Aside from exposure at the workplace, one source of
lead exposure is inhaled cigarette smoke. Tobacco in different brands of ciga-
rettes contains between 0.38 and 1.16 ug lead per cigarette [26].

It is estimated that 40 % of the lead burden stems from water and food ingest-
ed while the remainder is from inhalation. Uptake of lead compounds by inhala-
tion is about 10 times more efficient than uptake by ingestion. Percutaneous
absorption can be another source of exposure, in particular for organic lead
compounds. Children are more susceptible to lead poisoning than adults with
apparently irreversible neurodevelopmental changes. Children have an increased
intestinal absorption of lead and a higher mobile pool of lead because they store
less lead in bone.

6. TRANSPORT IN BLOOD AND CELLULAR UPTAKE

The transporters on intestinal epithelial cells involved in uptake of lead at the
apical site and in the release into blood at the basolateral site are not known
with certainty [27]. Divalent metal transporter (DMT-1)-dependent and DMT-1-
independent pathways have been described. The absorption is variable, usually
<10 % but higher in children, and it increases after fasting and under conditions
of iron deficiency when DMT-1 is up-regulated. In biological monitoring, BLL
indicates acute exposure and is important for estimating the risk for a negative
outcome on health. In blood, 99 % of lead is in erythrocytes. Uptake into the
erythrocytes is mediated by anion exchange and calcium channels. Efflux also
occurs through passive diffusion, and via the ATP-dependent calcium transport-
er. The remainder of lead is rather loosely associated with albumin and other
blood proteins such as transferrin.

In erythrocytes and other tissues, lead inhibits the zinc enzyme d-aminolevulin-
ic acid dehydratase (ALAD), also known as porphobilinogen synthase, the sec-
ond enzyme in the pathway of porphyrin synthesis [28, 29]. Other enzymes in
the heme biosynthetic pathway are also inhibited, mainly coproporphyrinogen
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oxidase and ferrochelatase, which inserts iron into protoporphyrin IX to form
the heme group. In lead poisoning, the consequences of this inhibition are small
erythrocytes and iron deficiency (microcytic anemia), and zinc instead of iron
bound to protoporphyrin IX forming a fluorescent compound. However, there
are other perturbations of iron metabolism that lead to the formation of zinc
protoporphyrin IX (ZPP) and hence its determination is not specific for lead
poisoning. ALAD is the single most important molecular target identified for
the toxicity of lead. Lead binds 25 times stronger than zinc with a K; value of
70 fM (pH 7.2, 37 °C, for the common 1-1 allele, ALAD1) [30]. A polymorphism
in the enzyme affects lead binding and is responsible for different sensitivity of
individuals to lead. Individuals with the minor allele (1-2 heterozygotes and 2-2
homozygotes), which contains an asparagine instead of a lysine at position 59,
have higher BLL, and due to the apparently higher affinity of ALAD?2 for lead
seem to be protected against the hematopoietic effects of lead [31, 32]. Other
polymorphisms associated with the toxicokinetics of lead are in the hemochro-
matosis (HFE) gene and in the vitamin D receptor [33, 34]. Variations in yet
other genes, including those of metallothioneins, affect lead distribution and the
susceptibility to lead-induced organ damage [35].

In erythrocytes, 12-26 % of lead was found to be associated with the magnesi-
um enzyme pyrimidine 5'-nucleotidase type 1. Lead binds at a position where
normally a magnesium-bound water molecule resides [36, 37].

In cells, uptake of lead is thought to involve DMT-1 and Ca®" channels [27].
Membrane transporters are selectivity filters that determine which substances
gain access into cells. Lead may compete with or block the transport of other
metal ions and substances via membrane transporters.

7. LEAD TOXICITY
7.1. Symptoms of Lead Poisoning

The effects of lead poisoning include primarily the nervous and hematopoietic
systems and the kidney. Pathology of the heart, skeleton (bones), intestine, and
reproductive system are also described. Symptoms of acute poisoning include
abdominal pain, confusion, headache and in cases of severe intoxication, sei-
zures, coma, and death. In a about 70 % of patients, a blue Burton(ian) line on
the gums can be detected. It is due to lead sulfide formed from sulfide produced
by the oral flora. Other clinical signs of chronic lead poisoning are lead colic,
anemia, renal tubulopathies, and motor neuropathies. The symptomatology of
acute and chronic lead poisoning has been described in considerable detail [24].

7.2. Chelation Therapy

Decorporation of lead under acute or chronic conditions of lead intoxication
can be performed by oral or parenteral chelation therapy. CaNa,EDTA and
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2,3-mercaptopropanol (British anti-Lewisite, BAL) are used for intravenous in-
jections whereas D-penicillamine and meso-dimercaptosuccinic acid (DMSA)
are used in oral treatments. There is an extensive clinical literature on the chelat-
ing agents to be used depending on BLL and the symptoms of lead poisoning,
and the ensuring treatment regime and clinical monitoring of the poisoning dur-
ing chelation therapy (see also Chapter 8).

7.3. Lead Distribution in the Human Body

For the metabolism of lead, it is characteristic that the half-life in soft tissues is
about a month and that lead accumulates in bone with a very long half-life of
about 30 years (Figure 3). This turnover is quite different from that of cadmium,
which accumulates over time in organs such as the liver. Lead is excreted pre-
dominantly through feces. BLL is a measure for acute exposure to lead. Blood
concentrations of lead are on average higher than those of essential elements
such as manganese, cobalt, and molybdenum, and the overall amount of lead in
a human body is even higher than that of copper [38]. Bone lead level is a
measure of chronic exposure and the history of exposure. About 90 % of lead is
stored in bone, where it is incorporated into hydroxyapatite with very high stabil-
ity. Control subjects have bone lead levels of about 10 pug/g, whereas subjects
occupationally exposed to lead as smelter workers have average lead concentra-
tions of about 106 pug/g in finger bones, which is as high as the concentration of
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Figure 3. Systemic lead metabolism. The scheme shows the distribution of lead after
intestinal uptake in humans (not shown are uptake through the lung, enterohepatic circu-
lation with bile, and the major route of excretion through feces).
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zine (53-190 pg/g) in the bone [39-41]. Lead can be mobilized from bone under
the many conditions that cause bone resorption under control of the hormones
regulating calcium metabolism. The release of lead from bone is significant dur-
ing lactation and in ageing, and under pathological conditions such as osteoporo-
sis. Depending on particle size, uptake in the lungs can bring lead directly into
the blood and to the heart. Organic compounds such as TEL are taken up
through the skin. The intestinal absorption of lead is higher during periods of
fasting. Both synergistic and antagonistic interactions with arsenic and cadmium
have been reported [42]. There are age-specific effects, e.g., the young and the
elderly being more vulnerable to lead intoxication, and there are gender-specific
effects (see above).

7.4. Target Organs for Lead Toxicity

Lead has a broad spectrum of toxicity on target organs [42]. Its effect on the
hematopoietic system provides one pathway for development of diseases. Causa-
tion during chronic exposure is more difficult to prove. Inorganic lead com-
pounds are classified as probably carcinogenic to humans (group 2A) [43].

7.4.1. Nervous System

The effects of lead on the nervous system are one of the hallmarks of poisoning,
not only on the central nervous system but also on the neuromuscular junction
with manifestation of the clinical sign of wrist and ankle drop. Lead is thought
to cross the blood brain barrier as Pb(OH)™ [44]. In addition to psychiatric
disease and schizophrenia, lead is now thought to be a factor in neurodegenera-
tion in both Alzheimer’s and Parkinson’s disease [45-48]. The molecular mecha-
nisms of the toxic effects of lead on the nervous system are largely unknown.
The substitution of lead for zinc in zinc finger proteins has been discussed as one
aspect of its molecular toxicology [49]. In animal models, exposure of embryos
to 10 ppb lead results in changes of the expression of genes involved in neurode-
velopment and associated with Alzheimer’s disease in the adult brain [50]. As a
strong binder and one that alters coordination geometry, one can readily envis-
age that lead induces protein misfolding. Misfolded proteins serve as seeds for
further aggregation in forming amyloid deposits. Together with the effects on
brain function and behaviour in children, the possible involvement in neurode-
generation emphasizes the need to revisit guidelines for exposure and to consider
further measures for prevention and control of lead in the environment.

7.4.2. Kidneys
Lead exposure affects the proximal tubules and can lead to fibrosis of cells of

glomerular and the interstitial capillaries. A direct consequence may be an ele-
vated blood pressure. Worthy of note is the observation that lead exposure af-
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fects the renin-angiotensin system [51]. Furthermore, in workers exposed to lead
with a mean BLL of 48 pug/dL, a lower urinary excretion of 6-keto prostaglandin
la (a vasodilatator) and a higher excretion of thromboxane B2 (a vasoconstric-
tor) were observed above a BLL threshold of 35 ug/dL [52]. In middle-aged and
elderly individuals in the Normative Aging Study, decline of renal function was
associated with both bone lead levels and BLL in diabetic and hypertensive
patients, providing further indications for the health risks associated with lead
intoxication [53].

7.4.3.  Cardiovascular System

Exposure to lead leads to hypertension. A systematic review supported a causal
relationship between lead exposure and blood pressure; however the evidence
for a role in cardiovascular outcomes was deemed suggestive but insufficient to
suggest causality about ten years ago [54].

7.4.4. Immune System

Both humoral and cellular immune functions are affected in lead poisoning. The
extensive role of zinc in the immune system offers a mechanistic aspect of how
lead could interfere with zinc-dependent functions [55].

7.4.5. Reproductive System

Lead poisoning has a negative effect on spermatogenesis and therefore the lead
burden is associated with male infertility [42]. In females, placental transfer of
lead and transfer of lead into the milk during lactation pose risks to the develop-
ing embryo and to the nursed child [42].

8. CELLULAR AND MOLECULAR ACTIONS

8.1. Subcellular Distribution of Lead and Lead-Binding Proteins

Once in the cell, lead takes several pathways (Figure 4). Some lead is thought to
be bound to glutathione complexes with the composition Pb(GS), and Pb(GS);,
though information about the low molecular weight pool of lead in vivo is scarce
[27]. Lead and bismuth are deposited in nuclear inclusion bodies [56]. Nuclear
inclusion bodies in renal tubular cells occur in cases of lead intoxication [57].
Nuclear and cytoplasmic inclusion bodies can be detected in many other cells
after lead exposure. A recently investigated pathway of how bismuth is deposited
as an insoluble sulfide likely applies to lead deposition [58]. The pathway in-
volves transport of metal glutathione complexes via multidrug resistance-associ-
ated proteins (MRP) into lysosomes, where the metal sulfide is formed, followed
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Figure 4. Cellular lead metabolism. The figure shows how lead is bound, transported,
and distributed in the cell without emphasizing all the possible interactions discussed to
explain its molecular toxicity (drawn with Servier Medical Art software).

by translocation to the nucleus as an inclusion body. ATP-dependent MRP trans-
port also exports the metal glutathione complex from cells. Metallothionein
(MT) participates in the formation of inclusion bodies because mice with a dou-
ble knock-out for both MT-1 and MT-2 are hypersensitive to lead toxicity and
kidney carcinogenesis [59, 60].

Metallothionein binds lead in vitro but how it contributes to lead binding in
vivo is not clear [61]. In addition to its role in the formation of inclusion bodies,
the observation that mutation(s) in the human MT-2 gene affect the lead body
burden supports the notion that MT participates in lead metabolism [62]. MT-3,
also known as neuronal growth inhibitory factor, binds seven Pb”>* ions in three
different populations, and with regard to both the apoprotein (thionein) and the
MT with seven zinc ions is thermodynamically favorable. Lead binds one order
of magnitude stronger than zinc at pH 6.0 — similar to the difference between
lead and zinc binding to other mammalian MTs at pH 7.0 [44].

A rather extensive literature exists about lead binding to proteins. Lead is
being used in heavy atom derivatives of proteins in order to solve 3D structures
by X-ray diffraction. The majority of sites in 48 proteins investigated have 2-5
ligands, but some have up to 9 ligands [27]. Oxygen ligands make up 79 % of
the ligands (Glu: 38.4 %; Asp: 20.3 %; water 20.3 %), sulfur ligands 7 %, and
nitrogen ligands only 5 %. It is not clear whether these percentages are repre-
sentative of the situation in vivo. The relatively high affinity of lead to proteins
encouraged many model studies in bioinorganic chemistry. Yet, proof that the
interactions investigated in vitro indeed are physiologically relevant is mostly
lacking.
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Lead can replace other metal ions in metalloproteins or bind opportunistically
at other sites that do not bind native metal ions. A toxic action is not necessarily
linked to an inhibition of a process. In vitro, lead activates several enzymes or
changes their catalytic specificity. For example, lead carboxypeptidase hydrolyses
esters but not p 5ptldes [63]. Lead also inhibits carboxypeptidase A with a Kj
value of 4.8x10° M (pH 7.5, 25°C, 0.5 M NaCl) when it binds close to the zinc
site [64]. In present day terminology, activation is a gain of function, and it has
been discovered in another aspect of how lead may express is toxicity. Lead
induces catalytic activity when binding to specific sequences of mammalian 5S
rRNA and forming a leadzyme [65].

Genuine lead-binding proteins have been characterized only in bacteria. A few
remarks on bacteria are worthwhile though the topic seems not to be relevant for
this article with the exception that bacteria are living in a parasitic or commensal
relationship with us. Therefore, how microorganisms handle lead may have yet
to be discovered consequences. Bacteria demonstrate that mechanisms have
evolved to deal with the toxicity of lead. For example, Cupriavidus metallidurans
has a lead resistance operon encoding a regulator (PbrR), an efflux pump
ATPase (PbrA), an uptake protein (PbrT), a phosphatase (PbrB/C) and a lead-
binding protein (PbrD) [27]. In essence, some lead is transported into the cell
and the lead sensor then activates the expression of the transport protein and
the exporter. Phosphate produced by the phosphatase precipitates lead in the
periplasmic space. Such a mechanism is not known for humans. However, one
could draw a parallel in the way lead is rendered innocuous by phosphate precip-
itation in bacteria and how sulfide precipitation detoxifies lead when inclusion
bodies form in humans. When applying a metallomics approach, in which metal-
loproteins and their associated metals were screened in the microorganism Pyro-
coccus furiosus, lead was found associated with 34 proteins [66]. Four metallo-
proteins contained substoichiometric amounts of lead. One protein was identi-
fied as a zinc proteinase and the other one as an iron pyrophosphatase.

The interaction of lead with zinc and calcium proteins as major targets has
received particular attention and detailed scrutiny. In an attempt to link overall
toxicology and molecular properties of lead binding to proteins, it was suggested
that the binding affinities of lead measured in vitro are physiologically significant
[67]. The parameters to consider when drawing this conclusion are the cellular
free calcium concentrations (at resting levels about 107 M) and the cellular free
zinc concentrations (at resting levels about 107 M) Accordingly, lead is expect-
ed to bind to zinc or calcium sites if it has at least the same affinity as these
metal ions and its free (available) concentrations are higher than the free con-
centrations of these metal ions. If the affinity of lead is higher, it could bind at
about the same or lower free lead ion concentrations. Free lead concentrations,
however, are not known.

8.2. Zinc Proteins

For some zinc proteins, the affinity for lead is higher than that for the native
metal ion zinc. The connection between properties of an isolated protein and
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toxicology is established for ALAD, which binds lead stronger than zinc and
out-competes Zn by a factor 500:1 [30]. ALAD has a unique ZnS; catalytic site
(S = sulfur donor of cysteine) with hemidirected binding of the ligands [27]. Thus,
there is a correlation of in vivo and in vitro data. For zinc finger proteins, there
are no in vivo data. Among the latter, lead affinities range from 107 to 107 M
for consensus sequences, but only ZnS, coordination environments prefer lead
over zinc by a factor of 43. For the other coordination environments, ZnS3;N and
ZnS,N, (N =nitrogen donor of histidine), zinc is preferred with competition
factors of 0.1 and 0.04 [67]. Because of the lack of biological assays and the limits
of analytical techniques, the interaction in vivo is unknown. Functional effects
are believed to be related to the fact that lead does not provide properly folded
sites [68]. In other words, making lead fingers from zinc fingers results in broken
fingers.

8.3. Calcium Proteins

Although there are many structures of calcium proteins with lead substituting
for calcium, the limited data available indicate that the affinities of lead for
calcium proteins are not significantly higher than those for calcium. However,
picomolar concentrations of lead activate brain protein kinase C (PKC) [69].
The effect of lead is thought to be a result of binding to the C2 domain of PKC,
where lead binds more tightly than calcium. However, there is also a C1 domain
in these proteins with two zinc ions in S, environments. With the high affinity of
lead for these sites, one wonders what the effect of lead on zinc sites is. Synapto-
tagmin, a protein involved in vesicular exocytosis, also has a C2 domain and the
crystal structure demonstrates that lead binds in one of the positions where calci-
um normally binds. Binding of lead at nanomolar concentrations disrupts the
interaction with its partner syntaxin [70].

In calmodulin, lead can replace calcium in the EF hand sites and bind to an
allosteric site in the linker region. The interactions are only in the micromolar
range of affinities [71]. For example, the affinity of Ca** for the N-terminal EF
hand domain is 11 uM while lead binds < 10-fold stronger; the affinity of Ca**
for the C-terminal EF hand domain is 2 uM while lead binds <3-fold stronger.
The affinity of lead for the additional binding site is only about 2 uM. A compari-
son of calcium and 21 lead-binding sites in protein structures reported in the
Protein Data Bank (RCSB PDB) demonstrates that lead overall has fewer li-
gands than calcium and that the overall charge is less, -2 for lead and -3 for
calcium [72]. Thus, a preference for lead due to a potentially higher coordination
number than calcium does not seem to be realized in biological chemistry as
calcium is already stabilized with regard to magnesium by having relatively high
coordination numbers. Lead also shows a slight preference in binding to Glu
instead of Asp. A preference of lead over calcium binding is not typical for all
calcium-binding sites [71].

In summary, while there is a copious literature on the effects of lead on cellular
calcium, with regard to the much tighter binding of lead to zinc sites, it is not
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clear whether lead concentrations in cells are high enough to compete with cellu-
lar free Ca>* concentrations of about 100 nM at resting levels. Lead concentra-
tions must be at least as high or higher to compete with calcium in calcium-
binding proteins because lead binds only about 3-10 times stronger to some
calcium sites. Interference with calcium sites — and many other sites with relative-
ly low affinity — would be possible, however, if the buffering capacity of high
affinity sites such as that of some zinc binding sites were so low that lead is not
efficiently buffered and reaches rather high cellular concentrations. The argu-
ment based on the affinity of lead for calcium sites in proteins does not consider
the possible interference of lead with calcium in membrane transporters. Pro-
teins that are thought to be responsible for mediating the effects of lead on brain
functions/neurotransmission are the N-methyl-D-aspartate (NMDA) receptor, an
ion channel that also transports Ca’*, and the voltage-gated Ca** channels [21].
On the NMDA receptor, lead may interact with the Zn>" regulatory sites on
the NR2A subunit.

9. GENERAL CONCLUSIONS

The number of investigations on lead seems sheer endless and even reviewing
reviews is a seemingly impossible endeavor. In this personal view, which serves
as an introduction to the topics treated in this book, only a limited number of
references are given, and the reader is referred to comprehensive reviews for
some of the primary literature.

Lead remains a major ecotoxicant and a threat to human health despite having
witnessed a very long history of its toxicity and implementing some necessary
and successful measures to lower the lead burden in the environment, e.g., ban-
ning leaded gasoline and lead-based paints in many countries. Since no exposure
is considered safe, one wonders about the consequences of lead being present
and accumulating in our bodies. For example, there is an association of currently
acceptable BLL and the prevalence of gout and hyperuricemia [73], and there is
renewed interest in a possible causal relationship between lead and chronic dis-
eases such as cancer and neurodegeneration. BLL and its relationship with bone
(tibia) lead levels determined by K-shell X-ray fluorescence as a novel biomarker
of the cumulative dose for environmental or occupational exposure in combina-
tion with evaluation of cognitive performance and clinical parameters of disease
will further our understanding of the role of lead in health and disease [74].
Additional preventative measures to limit exposure seem to be warranted.

It remains a challenge to link the symptoms of toxicity and molecular targets.
In contrast to unraveling the molecular pathways of essential metal ions where
specific proteins and functions have evolved, it turns out to be much more diffi-
cult to identify the targets of toxic metals ions because interactions seem to be
more pleiotropic and binding adventitious. Yet, since lead is a strong binder,
potent effects of lead in experimental systems can be recorded and numerous
interactions with proteins have been characterized. Each metal ion is different
in terms of its toxicokinetics. For strongly interacting lead, “toxicothermodynam-
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ics” is an appropriate term to consider in future investigations. If lead is indeed
under thermodynamic control in biology, it is difficult to envisage how low affini-
ty sites can be populated unless the buffering capacity of high affinity sites is
rather low.

Analytical challenges remain, in particular identifying lead in low abundance
proteins such as zinc finger proteins, many of which are important in develop-
mental processes. Also needed are investigations of lead binding and lead specia-
tion in vivo and examination of lead buffering and the lead buffering capacity
in cells with fluorescent probes such as Leadmium ™. Many experiments suffer
from a lack of defining species and uncertainties regarding the physiological
relevance of the concentrations of lead used. One should keep in mind that
essential metal ions, for which homeostatic mechanisms exist, are also toxic if
their concentrations exceed the metal-buffering capacity of cells.
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BAL British anti-Lewisite, 2,3-mercaptopropanol
BLL blood lead levels

CDC Centers for Disease Control and Prevention
DMT divalent metal transporter
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Abstract: Lead (Pb) is a metal that is not essential for life processes and proves acutely toxic
to most organisms. Compared to other metals Pb is rather immobile in the environment but
still its biogeochemical cycling is greatly perturbed by human activities. In this review we
present a summary of information describing the physical and chemical properties of Pb, its
distribution in crustal materials, and the processes, both natural and anthropogenic, that con-
tribute to the metal’s mobilization in the biosphere. The relatively high volatility of Pb metal,
low melting point, its large ionic radius, and its chemical speciation in aquatic systems contrib-
utes to its redistribution by anthropogenic and natural processes. The biogeochemical cycle of
Pb is significantly altered by anthropogenic inputs. This alteration began in antiquity but accel-
erated during the industrial revolution, which sparked increases in both mining activities and
fossil fuel combustion. Estimates of the flux of Pb to the atmosphere, its deposition and pro-
cessing in soils and freshwater systems are presented. Finally, the basin scale distribution of
dissolved Pb in the ocean is interpreted in light of the chemical speciation and association
with inorganic and organic particulate matter. The utility of stable radiogenic Pb isotopes,
as a complement to concentration data, to trace inputs to the ocean, better understand the
biogeochemical cycling of Pb and track water mass circulation in the ocean is discussed. An
ongoing international survey of trace elements and their isotopes in seawater will undoubtedly
increase our understanding of the deposition, biogeochemical cycling and fate of this infamous
toxic metal.

Keywords: anthropogenic emissions - biogeochemistry - isotopes - lead - marine biogeochemis-
try - Pb - pollution - trace metal

1. INTRODUCTION

Lead (Pb) is broadcast to the biosphere from both natural and anthropogenic
sources. The metal is acutely toxic to living organisms and given that human
activities have greatly increased Pb concentrations in the biosphere [1-4], there
is motivation to characterize sources and subsequent mobility of Pb in the envi-
ronment [5, 6]. Careful measurements of environmental materials in heavily pop-
ulated regions as well as the most remote reaches of the globe indicate that
anthropogenic contamination is systemic and now dominates the biogeochemical
cycle for Pb [1, 2, 7-11].

Total industrial and natural weathering cycle mobilizations of Pb to the bio-
sphere by the end of the 1980’s are estimated to have been 565,000 t/yr and 180 t/
yr respectively, clearly demonstrating the scale of anthropogenic impact [12].
Major, global anthropogenic Pb emissions to the atmosphere are reasonably well
constrained and were 332,350 t/yr in 1983 with more recent estimates for the
mid-1990’s dropping to 119,259 t/yr compared to natural emissions of 12,000 t/yr
[12-15]. Thus the major anthropogenic sources to the atmosphere from non-
ferrous metal production (14,815 t/y) and fossil fuel combustion in stationary
(11,690 t/yr) and mobile (76,635-100,842 t/y) platforms exceed major natural
sources like wind borne dust (3,900 t/yr), volcanic outgassing (3,300 t/yr), and
forest fires (1,900 t/y), by a factor of ~25 [12, 14, 15]. The declining trend in
anthropogenic emissions reflects more stringent regulations on Pb use, especially
reduced manufacture and combustion of leaded gasoline, capture of Pb at point
sources, and more efficient recycling of Pb from consumer goods.

Compared to other metals, Pb is quite particle-reactive and relatively immobile
in soils and freshwater systems with lower dissolved concentrations in river and
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ocean waters compared to its crustal abundance [16, 17]. Atmospheric deposition
and riverine transport ultimately deliver Pb to the ocean, which serves as the
repository for much of the Pb released from natural and anthropogenic sources.
Together, the variety of stable isotopes of Pb and a thorough understanding of
the isotopic composition of crustal components [18], can be used to geochemical-
ly fingerprint and identify natural and anthropogenic sources and sinks, and track
Pb transport and fate in the natural environment [19, 20]. The biogeochemistry
of Pb and the distribution of its isotopes in the ocean is a matter of much interest
for oceanographers given the information that temporally variable natural and
anthropogenic Pb sources can provide on ocean circulation, atmospheric inputs
to the ocean, and particle production, export and recycling in the sea [21-24].
Factors governing the distribution of Pb and its isotopic composition in the major
ocean basins will be discussed here in detail.

2. GEOCHEMISTRY OF LEAD
2.1. Chemical Properties

Lead (Z = 82, atomic weight 207.19), is a member of Group 14 of the periodic
table and is, therefore, most similar in its chemical properties to tin (Sn) and
germanium (Ge) (Table 1) [25]. The metal is bluish-white and lustrous but will
oxidize and tarnish to grey when exposed to the atmosphere. Lead is a dense
metal but is also soft, flexible, and malleable which suit it to a variety of industri-
al applications.

This heavy metal has a stable p-block electron configuration ([Xe] 4f'* 5d'° 6s” 6p?)
and can exist in the +1I and the +1IV oxidation states. The divalent state is most
common in the environment and forms marginally soluble salts with the most

Table 1. Relevant physical and chemical properties of lead.”

Property

Atomic number 82
Atomic weight (g mol )" 207.19
Atomic radius (pm)* 180
Tonic radius of Pb> " (pm)? 133
Electron configuration [Xe] 4™ 5d" 65 6p°
Melting point (°C) 327.5
Boiling point (°C) 1749
Density at 25°C (g cm ) 11.342
Oxidation states +2, +4
Reduction potential (E”) for Pb°" + 2¢” = Pb (V) -1.263
First ionization energy (kJ molfl) 715.6
Second ionization energy (kJ mol ") 1,450.5

“ Adapted from [25].
P180].  c[181].  “[182].
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abundant anions while Pb(IV) is a strong oxidizing agent and comparatively rare
at the Earth’s surface. Lead has a low melting point (327.5°C), a boiling point
of 1749°C, and a density equal to 11.34 g/cmf3 at 20°C. The atomic weight of
Pb is determined by a mixture of four stable isotopes in addition to the metal
having important radioisotopes with environmental science applications (Table 2)
[19, 26, 27]. Oxidation of the metal will occur rapidly in moist air, with Pb becom-
ing increasingly soluble in water in the presence of oxygen.

Table 2. Main stable and radioactive isotopes of lead along with their natural abun-
dance” or half-life.

Mass Half-life Decay Parent Half-life of Parent isotope  Natural

number mode  isotope parent isotope decay constant . abundance
(yr) (™) (%)”

204 stable - - - 1

206 stable - U 4.466x10° 1.552x107"° 24

207 stable - Uy 0.704x10° 9.850x 107"° 23

208 stable - “>Th  1.401x10° 4.948x 107" 52

210 22yr  pa P 4.466x 10° 1.552x107"°

212 1064h B 2Th  1.401x10° 4.948x 107"

214 268 min B~ U 4466x10° 1.552x107"°

“ Half-life of Pb isotopes reported in [183].
” Natural abundance from mole fractions reported in [26].

2.2. Abundance in the Continental Crust

Lead is a rare element in the continental crust with a bulk concentration of 11—
14.8 ppm that is roughly 10-fold higher than its Group 14 neighbors Sn and Ge
[28, 29]. However, it is the most abundant heavy metal partly owing to the radio-
genic nature of its three most abundant isotopes 2%pp, 27pb, and ***Pb, which
result from the decay of primordial uranium and thorium in the crust (Table 2).
The abundance of Pb in different crustal constituents is consequently related to
the compatibility of U and Th in rock types. In its divalent state Pb is both
chalcophilic and lithophilic showing preferential association with sulfur and oxy-
gen respectively. Indeed, the predominant Pb-bearing mineral is galena (PbS)
which is roughly 87 % Pb by mass. Under oxidizing conditions at the Earth’s
surface galena gives way to minerals like anglesite (PbSQOy), cerrussite (PbCO3),
and pyromorphite (Pby(PbCl)(PQOy);). However, galena is the dominant form of
Pb in economically significant ore deposits.

A summary of Pb in crustal materials and soils is presented in Table 3 [25, 29—
31]. The Pb composition of the mantle is relevant given a later discussion of
natural volcanic emissions to the atmosphere and has been estimated to be
185 ppb [32].
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Table 3. The concentration of lead in crustal materials and soils.”

Type of material Lead content (ng g_l)
Crust™ 11
Upper crust 17
Middle crust 15.2
Lower crust 12.5
Granite™ 18,17
Basalt®® 8,6
Shale®* 23,20
Sandstone®* 10, 7
Limestone™* 9,9
Soils (generapd 19
Soils (world) 30
Soils (UK)* 74
Soils (USA)® 12

“ Adapted from [30].

b Composition of the average crust and upper and middle units from [28].

¢ Lower continental crust Pb composition from [29].

¢ Values from [184].  “ Values from [185]. ’ Value from [186].  # Values from [187].

3. MOBILIZATION OF LEAD

3.1. Natural Sources

Natural mobilization of Pb contained in the continental crust and mantle can
occur through volcanic eruptions, physical and chemical weathering of rock or
derived soils, plant exudates and burning of plant biomass, extraterrestrial parti-
cles, sea salt spray, and radioactive decay [14, 15, 25, 33-35]. Global estimates of
natural Pb fluxes must be interpreted with great caution, as the potential for
anthropogenic impact on Pb fluxes is high. Estimates presented in the literature
therefore likely represent maximum natural emissions.

Global estimates of natural Pb emissions to the atmosphere suggest that of the
~12,000 (range 970-23,000) t/yr released, roughly 30 % can be attributed to wind-
borne particles, 25 % from volcanic emissions with the remaining flux coming in
approximately equal amounts from biogenic sources, forest fires, and sea salt
spray [12, 13, 25]. The global volcanic source of Pb is difficult to quantify given
the remote location and stochastic nature of most sources, and the variability in
Pb in erupted material [36, 37]. Antarctic ice cores record atmospheric deposi-
tion of Pb and its isotopic composition over time and indicate that natural sour-
ces show significant temporal variability [38, 39]. Measurements indicate that a
majority of Pb, and its isotopic composition, in the ice record can be accounted
for primarily by long-range transport of quiescent volcanic degassing of Pb with
sea salt spray, terrestrial dust, and other natural sources playing less significant
roles [38], but that terrestrial dust may be more important during cold climate
stands [39].
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Estimates of the natural input of Pb to the oceans from continental runoff,
based on the weathering cycle, are roughly 295,000 t/yr, roughly 25-fold greater
than the natural atmospheric flux [30, 40]. Compilations of Pb abundance in
world river water provide an estimate of the mobility of Pb during chemical and
physical weathering through the comparison of the concentration in waters with
the average crustal concentration (C,/C.). The C,,/C. of Pb is bracketed by that
of germanium and iron, placing Pb among the more immobile elements [16].
This analysis, however, does not account for anthropogenic inputs to the water-
shed and likely underestimates Pb mobility in natural waters. Based on estimates
in the literature and further discussed below, natural sources of Pb to the bio-
sphere have been dramatically eclipsed by anthropogenic sources beginning as
early as 5000 years before present, continuing through the Roman Empire and
reaching a zenith in the 20™ century from industrialization and the burning of
leaded gasoline [3, 25].

3.2. Anthropogenic Sources

Human perturbation of the natural biogeochemical cycle of Pb is dramatic and
pronounced [1, 2, 7-11, 30]. Mobilization of Pb occurs through mining and smelt-
ing of ores, combustion of fossil fuels, and use, recycling and disposal of Pb
containing products (e.g., batteries). With the exception of years characterized
by widespread economic depression in 1930’s and 1940’s and a significant drop
in US production owing to the phase-out of alkyl lead in gasoline in the 1970’s
and 1980’s, there has been a general increase in global Pb production from
~1,000,000 t at the beginning of the 20" century rapidly rising since 2000 to
~5,500,000 t by 2013 (Figure 1). Most recent figures available for 2015 put global
mining production at ~4,700,000t with the great bulk occurring in China
(2,300,000 t), and more minor contributions from Australia (633,000 t), and USA
(385,000 t) [41, 42].

The most significant uses of Pb and Pb alloys in industry are for Pb-acid batter-
ies, ammunition/ballistics, oxides for glass and ceramic hardening, casting metals,
weights and shielding applications [43]. Over the last 20 years, ~80-90 % of Pb
consumed in the USA was used to manufacture lead-acid batteries. This type
of battery enjoys widespread use in starting-lighting-ignition (SLI) batteries for
automobiles and trucks as well heavy industrial vehicles used in the mining,
aviation, and construction industries. In addition, Pb containing uninterruptible
power sources (UPSs), are essential for medical and computing hardware as well
as storage components of load leveling systems associated with commercial pow-
er networks. In summary, while the well documented potential for Pb toxicity in
the ecosystem has led to regulation and declining use as a fuel additive, increased
industrialization in Asia has increased global Pb production.
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Figure 1. World smelter and mine production of lead with time as reported by the U.S.
Geological Survey [188]. World production data were for determined from world smelter
production for the period 1900-54 and for world mine production between 1955-98. Data
were not available for the years 1901-05, 191418, 1926, 1937, and 1940-44.

4. LEAD IN THE ATMOSPHERE

4.1. Sources

As outlined above, anthropogenic emissions of Pb have significantly altered the
global biogeochemical cycle and now dominate the natural fluxes of the metal
to the atmosphere [11, 12, 14, 33], and there exists enough data to reasonably
constrain major sources of Pb to the atmosphere [15, 35, 44, 45]. The most impor-
tant sources estimated for the mid-1990’s include emissions from electricity and
heat production (11,690 t/yr), vehicular traffic (77,000-101,000 t/yr), mining of
Pb (6,357 t/yr), copper (6,333 t/yr), zinc (2,123 t/yr), iron and steel production
(2,926 t/yr), waste disposal (821 t/yr), and cement production (268 t/yr) [14, 15].

Total estimates of the flux of anthropogenic Pb to the atmosphere are approxi-
mately 120,000 t/yr compared to median natural fluxes totaling 12,000 t/yr (Ta-
ble 4) [13, 15]. Anthropogenic contamination can be detected in rain and snow
over urban, rural, and remote regions [25, 46, 47]. Indeed, studies of remote
snow pack and ice core records recovered from glaciers demonstrate increasing
atmospheric transport and deposition of Pb in response to mining activities and
industrial emissions [7, 8, 10, 38, 48-54].
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Table 4. Global anthropogenic and natural emissions of lead in mid-1990’s.”

Anthropogenic Natural”
Source Pb emission Source Pb emission
(ty™) (tyr™)
Fossil fuel combustion 11,690 Volcanoes 3,300
Vehicular traffic 88,739
Non-ferrous metal production 14,815 Biogenic 1,740
Iron and steel production 2,926 Wind-borne dust 3,900
Cement production 268 Terrestrial biomass burning 1,900
Waste disposal 821 Sea-salt spray 1,400
Total 119,259 Total 12,340
1983 emission® 332,350

“ Adapted using data from [15].
" Estimates from [13].
¢ Estimate from [14].

4.2. Deposition and Fate

Lead emissions to the atmosphere are largely from anthropogenic sources and
show higher levels near urban areas with the fluxes being spatially and temporal-
ly variable [13, 25]. Particulate Pb is diverse in size and chemical composition
and is easily dispersed by prevailing winds and subsequently delivered to the
terrestrial and aquatic environment by wet and dry deposition [14, 25, 33]. In-
deed, anthropogenic Pb derived from high temperature processes is largely
present in the submicron size fraction and can be dispersed thousands of kilome-
ters through the atmosphere, polluting even the most remote and otherwise pris-
tine environments. A review of measurements during the height of industrial
emissions (1960-1970) estimated the bulk occurred in the northern hemisphere
with urban areas and rural areas accounting for the majority of emissions and
deposition including significant deposition in downwind rural localities [52].

In remote areas of the globe, wet deposition is most important as precipitation
leads to washout of the small particulates and aerosols that can be transported
long distances in the atmosphere. The Pb associated with these aerosols can be
quite labile. For example, the solubility of Pb aerosols is observed to span a wide
range with 13-90 % of Pb dissolving within 6 h of exposure to seawater [36]. Wet
deposition can account for ~83 % of the depositional flux of Pb to the surface
ocean [36, 55]. Measurement of atmospheric Pb in rain and snow around the
globe indicate that the primary source of Pb to the atmosphere is anthropogenic
and show a pronounced latitudinal gradient in deposition [49, 50, 53, 54, 56-59].
The Pb present in precipitation and bulk aerosol samples is observed to occur
at significant crustal enrichment factors (EFc) where:
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and the Pb concentration ratio to Al in phase x (where x represents an aerosol,
rain or snow sample), is compared to the ratio expected in average continental
crust. An EF¢ greater than 10 is generally accepted as an indication that a signifi-
cant component of the Pb in the sample is of anthropogenic origin. EF for Pb
in atmospheric aerosol samples at the height of leaded gasoline use in the 1970’s
were elevated even in remote locations with values of 2,200 at mid-latitudes in
the North Atlantic to approximately 1,100-2,500 at high latitudes in the Antarc-
tic and South Pole [25, 44, 45, 60]. Given the phase-out of leaded gasoline in
most industrialized nations EF¢ in aerosols has diminished over time with most
recent measurements from samples from the Atlantic Ocean in the range of
1.05-112 [61]. Snows deposited in the French Alps (~45-46° N) in 1998 had EF¢’s
of ~15-200 [59]. Lower EF( values were found in snows collected in 2005 from
the northeastern flank of Mt. Everest (~28°N) with an average of ~3 and as high
as ~15 [49].

Snow records from 1991-1995 in central Greenland have Pb EF:’s of 30-50
with a tendency to higher values (~700) in some samples [56]. Ratios of Pb to
other heavy metals like Cd in Greenland snows sampled in 1990 suggest that
anthropogenic sources in lower latitudes dominate the deposition to this remote
area [53]. At higher latitudes in Antarctic snow (~77°S) EF¢ values have in-
creased since the beginning of the industrial revolution from 3 to mean values
of 56 for the period 1959-1990 [50]. The large range in EF for Pb in the atmo-
sphere reflects varying mixtures of high EF. anthropogenic point source emis-
sions that change in space in time and crustal material from more arid terrestrial
regions. High EF¢ values for Pb in atmospheric aerosol samples and in precipita-
tion, combined with temporal trends in EFc with time in snow and ice, suggest
that the dominant source of atmospherically transported Pb is from anthropo-
genic point sources.

Wet deposition removes a significant fraction of Pb from the atmosphere either
through the solubilization of aerosols in water droplets or the washout of parti-
cles associated with precipitation events. Rainwater Pb concentrations show a
considerable range that is related to air mass trajectory and proximity to anthro-
pogenic point sources. Rainwater Pb concentrations over Europe tend to track
emissions and have declined from maximum values of 12 ug L™ in the mid-
1980’s to ~1-2 ug L™ in 2004 [62]. Similar order Pb concentrations exist in rain-
water over the North Atlantic in the mid-1980’s spanning a wide range from 0.13
to 3.6 ug L™ with EF’s from 150-2,400 [63, 64]. In remote locations in the South
Pacific lower mean Pb concentrations have been measured at American Samoa
(0.02 ug L™) [65], Enewetak Atoll (0.04 ug L") [66], and Paradise Beach (New
Zealand) (0.02 ug L") [67] likely reflecting the predominance of anthropogenic
sources in the northern hemisphere.

The depositional flux of Pb comprising both wet and dry components and has
been monitored through programs and studies (e.g., AMAP, ADIOS, EMEP)
aimed at understanding the temporal and spatial variability in the deposition of
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key pollutants. Most recent estimates in Europe and for the Mediterranean Sea
indicate that fluxes of Pb from the atmosphere over the period 1986-2002
dropped from 400 ng cm™” yr_1 in 1986 to ~100 ng cm™” yr_1 in 2002 with some
regional variability as Pb emissions for Europe during the same time period
dropped from ~80,000 t yr ' to ~1,000 t yr ' [68].

Atmospheric deposition of Pb can be determined using data from snow pits
located either at high latitudes or elevations [49, 50, 56-58]. These fluxes appear
to vary as a function of latitude with the lowest fluxes in Antarctica and the
highest values found at mid-latitudes of the northern hemisphere where point
sources to the atmosphere are concentrated. Snows on Mt. Blanc (45.5°N) pro-
vide an atmospheric Pb flux estimate of 200 ng cm™ yrf1 for the period 1990-
1991, while deposition was lower in 2004-2005 at 0.08 ng cm™” ylf1 on Mt. Ever-
est (28°N) [49]. At higher latitudes the flux of Pb was 0.39 ng cm ™ yr ' in Green-
land for the period 1991-1995 [56] and 0.12 ng cm™ yrﬁ1 in Antarctica between
1983 and 1986 [57]. Therefore, as atmospheric emissions decreased over time, in
response to regulation, depositional fluxes similarly diminished. Still there exists
a latitudinal gradient in deposition, with decreasing Pb fluxes as a function of
distance from mid-latitude, atmospheric point sources.

5. LEAD IN THE TERRESTRIAL AND
FRESHWATER ENVIRONMENT

5.1. Behavior in Soils

The bioavailability, mobility, and transport of Pb present or deposited to the
terrestrial environment ultimately depends on the behavior of the metal in soils.
As chemical and physical weathering form soils from crustal material the Pb
composition should, to a first approximation, represent the Pb content of the
parent rocks (Table 3) [30]. However, as discussed above, significant anthropo-
genic Pb inputs to the atmosphere and natural waters have likely altered soil Pb
content. Soils, freshwater courses, and their sediments represent heterogeneous
systems where chemical reactions can act to modulate the flux of natural and
anthropogenic Pb from the land, via rivers and groundwater, to the ocean. Ulti-
mately the mobility and biological uptake of Pb in freshwater and soil systems
depends on its physical and chemical speciation which is a function of the reduc-
tion-oxidation potential, pH, and the presence of inorganic and organic ligands
and ions in solution [69, 70]. When Pb is introduced to soils, reactions with
soil components tend toward the formation of progressively less soluble forms
although this tendency is less pronounced than is observed for other metals with
smaller atomic radii [71]. Reactive Pb can be incorporated into minerals or
bound to soil surfaces through absorption, co-precipitation, ion exchange, and
complexation reactions [69, 70].

Given the inherent complexity of natural soils [6], much of the information to
follow is derived from experimental work with natural and synthetic soil compo-
nents such as metal oxyhydroxides, clays, and carbonates in isolation or in mix-
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ture [71]. Across environmentally relevant Pb concentrations adsorption tends
to follow either the Freundlich or Langmuir isotherm [72]. Carbonates are
known to play an important role in controlling Pb partitioning as PbCO; can
form readily in soils under oxidizing and slightly acidic to alkaline pH [69]. When
carbonates are not present metal oxides can serve as sites for Pb adsorption.
Experiments with iron oxides and oxyhydroxides [73-75] and Mn oxides indicate
that Pb shows much more affinity for Mn oxides (~40-fold higher) [76] and that
Pb is sparingly soluble in the presences of metal oxides. After an initial fast
adsorption period, the degree of Pb adsorption tended to increase with pH and
experimental temperature and decreased with the initial concentration of soluble
metal and as the material was thermally aged [73].

Organic matter content of soils also plays a role in controlling Pb mobility by
particle surface adsorption or solubilization through coordination and complexa-
tion in solution [77-79]. Experiments with aluminum oxides indicate that Pb is
sorbed quickly to the mineral surface in an initial step forming inner- and outer-
sphere complexes [80], followed by a slower adsorption reaction [81]. While
useful for understanding the short term processes that can govern Pb behavior
in soils, it is likely that experiments with fresh and aged model sediments are
not fully representative of Pb mobility in natural soil-porewater systems.

Experiments with natural soils demonstrate that large ionic radii metals like
Pb are relatively slow to react within the system compared to other metals of
biogeochemical importance, like copper and zinc. The addition of Pb associated
with sewage sludge to various soil types indicated that the adsorption of Pb
increased with increasing temperature, as determined by the fraction of Pb
leached with a H,O,-NH4OAc mixture [82]. Where Pb was introduced to English
soils in a predominantly organic matrix (e.g., sewage sludge), there was an appre-
ciable increase in the retention of Pb, presumably because complexing organics
allowed for increased adsorption [83]. Generally, the forms and availability of
Pb in soils are strongly determined by the origin of the metal and its history
since emission to the atmosphere and/or deposition on land. Available literature
suggests that while Pb is generally less mobile than other smaller ionic radii
metals in soils, reversible adsorption to mineral surfaces can allow Pb to be
mobilized, especially under the low pH conditions that predominate in most
interstitial waters or in environments where anthropogenic contamination and
acidification is significant [84].

5.2. Speciation and Fate in Lakes and Rivers

Mobilization of anthropogenic Pb deposited in the environment has caused
freshwater inventories and concentration of Pb to increase. Lead in freshwater
systems has increased from pre-industrial background concentrations to an aver-
age concentration in world rivers of 0.08 ug L' [17, 85]. Similar to atmospheric
aerosols, rain and snow, the Pb in the suspended particulate phase carried in
world rivers is characterized by high EF., on average ~2 and values as high as
>20 [17]. A portion of the variability between rivers is likely related to the
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Table 5. Dissolved Pb concentration for some major world rivers and estimates of the
average concentration and particulate transport.”
b

River Dissolved Pb concentration
(gL
Africa
Niger 0.04
Europe
Seine at Paris, France 0.22
Harz Mountains, Germany 3.8
Idel River” 0.12
North America
St. Lawrence 0.233
Ottawa 0.105
Mistassini, Canada 0.113
Mackenzie 0.771
Peel, Canada 1.13
Beatton 0.269
Upper Yukon, Canada 0.818
Fraser River, Canada 0.078
Upper Mississippi 0.008
Missouri 0.006
Ohio 0.007
Illinois 0.035
Mississippi at Mouth 0.011-0.0016
South America
Amazon 0.064
Negro 0.170
Solimoes 0.151
Madeira 0.005
Trompetas 0.052
Tapajos 0.061
Asia
Ob 0.011-0.017
Yenisei 0.005-0.006
Lena 0.019
Changjiang 0.054
Huanghe 0.01-4.1
World Average Dissolved Pb Concentration 0.08
Dissolved Riverine Flux (t yr_I ) 3,000
Particulate Riverine Flux (t yrﬁI )° 916,000

“ Adapted from Table 1 in [16].
"¢ Particulate Pb flux associated with suspended material carried by world rivers from
[17].

differences in the Pb content of soils and rock in river catchments, but the
~150 % difference in the suspended particulate Pb concentrations relates to
point source input of anthropogenic, Pb-rich materials. A compilation of dis-
solved and particulate Pb in some world rivers is presented in Table 5 [17, 85].
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The fate of Pb in freshwater is controlled by its chemical speciation [86]. Ther-
modynamic calculations show that under typical conditions in freshwaters that
are in contact with the atmosphere at circumneutral pH (6-8), Pb is largely
present as the Pb(CO3)§’ complex and complexes with SO; and OH™ being
important at lower and higher pH’s respectively [72, 87-89]. Lead tends to be
largely complexed by natural organic matter under normal conditions in oxygen-
ated freshwaters [90, 91] although there is a great variability, some of which may
be analytical, in the extent of Pb complexation [92]. The degree of complexation
with naturally occurring organic ligands depends upon the concentrations and
binding characteristics of dissolved organic carbon (DOC; principally humic
(HA) and fulvic acids (FA)), pH, and competition with other major and trace
cations [72, 93]. Binding of Pb with natural organic ligands from rivers, lakes, and
soil solution has been examined (see e.g., [77, 78, 90, 91, 94-97]). Complexation
decreases free [Pb”* ] so that typically dissolved [Pb” " ]/[Pb] . range from 0.004—
0.005 in rivers [90] to even lower values (<0.001) in lakes with detectable sulfide
[91]. These organic ligands typically have conditional stability constants in the
range log K =8.3-9.4, however, there exists significant variability in the total
concentration and stability of these ligands [86, 92].

Suspended particles serve as important sorption sites for Pb in solution or in
sediments and represent a significant factor controlling Pb fate in freshwater
systems [30, 85, 98-100]. Similar to complexation reactions in solution, the ten-
dency of Pb to adsorb to suspended particles or aquatic sediments will be gov-
erned by pH, ionic strength, and the concentration of competing cations, as well
as the presence of organic and inorganic ligands [72]. The partitioning of Pb
between the dissolved phase and suspended solids, in aquatic sediments and in
soil-solution systems can be described by the distribution coefficient (K4) where

amount sorbed per unit mass

)

a= Py - -
equilibrium dissolved concentration

giving the parameter units of L kg_l. Although somewhat simplistic, using Ky
allows for a prediction of the mobility of Pb in freshwater and freshwater-soil
systems and can easily be incorporated in models of Pb transport, fate, and
bioavailability [101]. There is an astounding range of literature Ky values for Pb
in soil-solution systems ranging from 61-2,305,000 L kg_l, with a median value
of 102,410 L kg . Experiments in the laboratory with a variety of soil compo-
nents find Ky values for kaolinite (2.68 L kgﬁl), mica (0.56 L kgfl), vermiculite
(1179 L kg "), Fe oxide (15.4 L kg "), while higher values are found for humic
acid-rich particles (233 L kg ') and manganese oxide (1,177 L kg™") [102]. The
greatest predictors of K, for Pb in freshwater systems are solution pH and total
Pb concentration, with the adsorption of Pb to solid phases increasing with each
property [85, 100, 101, 103].

Before delivery to the oceans, the flux of particulate and dissolved Pb from
world rivers is modulated during transit through estuaries as more saline waters
are entrained and mixed [104]. The net effect of this mixing is to alter the specia-
tion of Pb given its particle-reactive nature with the metal showing both quasi-
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conservative [105], and non-conservative [106-109], behavior with respect to sa-
linity gradients in the estuaries so that estuaries can behave as both sources and
sinks of Pb.

Studies of Pb behavior in the Wanquan River and the Wenchang/Wenjiao Riv-
er estuaries on Hainan Island (China) demonstrated non-conservative distribu-
tions with dissolved Pb diminishing ~100-fold as salinity increased from ~0 in
the river to >28 [109]. In the Loire River (France) estuary dissolved Pb (range
0.04-0.26 nmol L_l) was removed from the estuary dropping by a factor of ~2 as
salinity increased from 0 to 30 and suspended particulate matter concentrations
decreased [110]. Dissolved Pb was removed in the Penzé River estuary (France)
in the salinity range 0-10 presumably through flocculation with associated Fe and
humic substances [107, 108]. During winter storm activity the estuary behaved
as a source of dissolved Pb when erosion and resuspension mobilized particulate
Pb in the Penzé [108]. Recent compilations calculate global dissolved and partic-
ulate Pb riverine fluxes to the ocean of 3,000 t/yr and 916,000 t/yr, respectively
(Table 5) [17, 85]. Seasonal variability in river flow, anthropogenic point sources,
dissolved and particulate Pb concentrations, the variable source and sink behav-
ior of different estuaries and the dearth of data in time and space for world
rivers require that these estimates remain semi-quantitative [104].

6. LEAD IN OCEAN WATERS
6.1. Distribution

Lead is found at trace concentrations in the ocean at the level of picomoles
(10""* moles) per kilogram [21-23, 104, 111-114]. The distribution of Pb and its
isotopic composition has evolved in space and time reflecting the influence of
anthropogenic activities on the cycling of the metal in the environment [22, 114,
115]. A majority of the Pb present in the oceans is of anthropogenic origin,
principally from the combustion of leaded gasoline in the 20" century by North
American and European nations (Figure 2), and ongoing emissions associated
with mining, smelting, and fossil fuel combustion. Most of this Pb was deposited
as aerosols to the ocean surface and variations in the flux of anthropogenic Pb
have been documented through measurements of seawater [21, 22, 114-120] and
proxy records obtained from calcium carbonate precipitating corals [24]. Chang-
ing inputs to the surface of the major ocean basins are propagated into the
ocean interior to a first approximation by thermocline ventilation and deepwater
formation [117]. Because the residence times of Pb in low productivity surface
waters (~2 years) and in the ocean interior (10-10” years) [121, 122] are relatively
short compared to ocean mixing times, the steady state balance between input
and particle scavenging of Pb means that surface water Pb concentrations track
changes in input [114]. The distribution of dissolved Pb in the oceans continues
to change in response to emissions to the atmosphere from anthropogenic activi-
ties [22, 113, 123]. We consider the distribution of dissolved Pb in the major
ocean basins below.
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U.S. and European gasoline Pb consumption, 1930-1993
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Figure 2. Leaded gasoline consumption for Western European countries and the United
States of America from 1930 to 1993. Reproduced with kind permission from [113]; copy-
right 2014, The Oceanography Society.

Representative depth profiles of dissolved Pb over time in the western North
Atlantic since 1979 until 2011 are shown in Figure 3. In the Atlantic Ocean
dissolved Pb has been measured periodically near Bermuda since 1979 [24, 113,
124-126]. Near the peak of leaded gasoline inputs to the North Atlantic, surface
waters had concentrations of ~160 pmol kgfl, while concentrations were an order
of magnitude lower in samples collected in 2011. In each year maximum dis-
solved concentrations are found in the subsurface (Figure 3). This reflects the
sinking of water masses that were last present at the surface during periods of
higher Pb in the past. Maximum concentrations diminish from ~170 to ~35 pmol
kgf1 and deepen from ~400 m to 1,000-2,000 m over time in concert with de-
creasing anthropogenic leaded gasoline emissions, water mass ventilation and
mixing, and scavenging losses of Pb [113, 126]. Given proximity, prevailing at-
mospheric circulation and the short residence time of Pb-containing aerosols,
anthropogenic inputs from North America and Europe in the 20™ century led
to less acute impacts on distribution of dissolved Pb in the North Pacific [112,
115]. Schaule and Patterson [112] reported upper water column dissolved Pb
concentrations near Hawaii of ~65 pmol kgf1 which by 1999 had decreased to
~30-35 pmol kgf1 [115]. A pronounced zonal gradient exists in the Pacific with
surface waters in the western Pacific significantly higher in dissolved Pb com-
pared to the eastern Pacific which is likely related to Pb input from fossil fuel
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combustion in Asia [123]. Increased industrialization and later phase out of lead-
ed gasoline in the populated centers around the Indian Ocean are likely respon-
sible for elevated dissolved Pb in surface waters there of 40-80 pmol kgfl, but
deepwater in the basin has extremely low values of 2 pmol kg_l. Southern Ocean
waters have low concentrations (5-12 pmol kg_1), suggesting little anthropogenic
impact [113].

The evolving distribution of dissolved Pb in the ocean in space and time re-
flects the largely northern hemisphere anthropogenic point sources and records
the shift from principal sources in North America and Europe in the mid- to
late-20"™ century to Asian dominance in the 21% century.

Pb profiles near Bermuda, Western North Atlantic, 1979-2011
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Figure 3. Concentration of Pb in seawater with versus depth from profiles collected near
Bermuda in the North Atlantic Ocean for the period 1979-2011. Data from [124] (1979
Schaule and Patterson), [24] (1984 MIT), [125] (1989 Veron et al.), [126] (1993-2008
profiles), and [114] (MIT USGT11-10). Reproduced with kind permission from [113];
copyright 2014, The Oceanography Society.
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6.2. Speciation

As in freshwater, the behavior and fate of dissolved Pb in seawater with respect
to biological uptake or sorption to particle surfaces depends on its chemical
speciation. In estuarine systems, as salinity and pH tend to increase toward the
coastal ocean, Pb is predominantly (>95 %) associated with the particulate or
colloidal phase. For the remaining fraction, considered to be in solution, the
inorganic equilibrium speciation of Pb in seawater is dominated by its association
with CI” (46-75 %), CO35 (11-42 %), and OH™ (8-9 %) [89, 127, 128]. When
dissolved organic carbon concentrations are higher, as they are in estuarine and
coastal environments, Pb can be complexed by organic ligands, lowering the
concentration of inorganic Pb complexes (Pb") [129-133].

Organic ligands with conditional stability constants (K,,,;) on the order of
10%°-10'* with respect to the sum of inorganic Pb species (Pb’) were detected
in waters of Narragansett Bay estuary in Rhode Island (USA) by Kozelka and
Bruland [132]. The variation of ligand concentration and affinity in the estuary
is such that ~94 % of dissolved Pb is organically complexed in the upper estuary
at a salinity of 25 but drops to 67 % in the lower bay where salinity is 30. Organic
Pb complexes were similarly important in the San Francisco Bay (USA) (96 %)
[131] and estuaries near Southampton (UK) [130]. In open ocean or other low
DOC environments, the fraction of strong organic Pb complexes decreases with
average values of 70-80 % in waters of the Adriatic Sea, 55-61 % in the Antarc-
tic [134, 135] and 54 % in the North Pacific [136]. Generally, measurements and
thermodynamic equilibrium calculations indicate that a greater fraction of Pb is
present in more labile inorganic complexes or as Pb** extending from the coast-
al zone to open ocean environments.

6.3. Biogeochemical Cycling

Lead’s distribution in the ocean and its principal loss from the system through
burial in marine sediments is driven by particle scavenging reactions, where Pb
is adsorbed to or complexed by particle surfaces [113, 137]. There is no known
biological function for Pb, however, metals like Pb, that can be toxic, are concen-
trated intracellularly by organisms from the seawater in which they grow by
various non-selective uptake mechanisms [72, 138, 139]. Phytoplankton represent
an important class of particles in the marine environment that can impact Pb
distributions by internalizing Pb through surface adsorption of the metal [140].
Zones of high productivity at the ocean margins and in areas of active upwelling
are important sites of Pb removal in the ocean [141]. Active uptake of Pb by
marine microbes is thought to be governed by the free ion activity model
(FIAM), where the bioavailability and intracellular concentration of the metal
is controlled by the free ion (Pb>") or labile inorganic complexes (Pb’) [72].
However, lipophilic organic Pb complexes can passively diffuse into marine phy-
toplankton and organically complexed Pb is demonstrated to adsorb to cell walls,
both of which increase the biological scavenging of Pb from seawater [142-144].
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Radioisotope uptake experiments indicate that a majority of Pb taken up by
the phytoplankton tends to be associated with structural components of cells
(cell walls and plasmalemmae) and is therefore unlikely to be easily assimilated
by organisms feeding on the algae [145]. It is likely that both passive scavenging
and biological uptake in ocean surface waters are important sinks for dissolved
Pb while passive scavenging to particle surfaces and sinking is most important
for removing Pb from the ocean interior to the sediments.

Organisms interacting with ocean sediments can influence biogeochemical
cycling of Pb in the ocean by mobilizing or bioconcentrating Pb. While organisms
may not actively take up Pb, filter-feeding organisms such as oysters are at risk
of accumulating dissolved or particulate Pb directly from the water column, in
addition to ingesting Pb from sediment [146]. Additionally, polychaete worms
living in metal-rich sediments can transfer particle-associated Pb to the marine
food web [147], but biomagnification of Pb is not thought to occur [148, 149].

6.4. Lead Isotopes as Tracers of Ocean Processes

In addition to information about ocean processes provided by the distribution
of Pb in the ocean, its isotopic composition can serve as a fingerprint of sources
and sinks, and therefore, Pb isotopes provide an important means to trace Pb in
the environment [19, 150, 151]. Within the marine environment, stable radiogenic
Pb isotopic composition complements Pb concentration data, providing valuable
constraints on the sources of Pb input to the oceans and the marine biogeochemi-
cal cycling of Pb [20].

Here we focus on four stable isotopes of Pb including 29*Pb which is primordi-
al, and the radiogenic isotopes 2%pp, 27Pb, and ***Pb that are most useful in the
environmental sciences [19]. Their relative natural abundance in the crust and
in Pb ores shows great variability given that the radiogenic isotopes 20pp, 27pp,
and *”*Pb result from the decay of 28y, #°U, and *°Th, respectively. During ore
and mineral formation the compatibility of U, Th, and daughter Pb isotopes can
lead to isolation of parent isotopes and Pb which fixes the isotopic ratios found
in different end member Pb sources. The radiogenic Pb in a sample depends on
the time since the accretion of the Earth and the time since ore emplacement as
follows,

206Pb — 206Pb() + 238U[e/1238t0 o e/‘LBm]
207Pb 207Pb0 + 235U[elz35t0 _ 6/1235[]
ZOSPb — 2()8Pb0 + 232U[elz32t0 _ egznt]

where the subscript zero indicates the original isotopic abundance, f, is the age
of the Earth, ¢ is the time since the ore or mineral was emplaced and the 4 term
reflects the respective half-lives of the parent isotopes 2y (1.55 % 107" yrﬁl),
U (9.85x 107 yr '), and **Th (4.95x 10" yr'). The differing source material
and emplacement ages of ores mobilized by human activity generate significant
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variability in ore isotopic ratios which help to fingerprint the source of anthropo-
genic contamination in the environment [18, 20, 152].

Isotopic ratios of Pb measured in seawater can therefore be used to identify
source inputs of Pb via the atmosphere or from terrestrial runoff. For example,
sources of Pb to the North Atlantic from the continents and associated with
transport via trade winds are identified based on 2°pp/27Pb ratios [21]. Isotope-
isotope plots of the 2%°pb/2Pb ratio with ***Pb/**°Pb generates a convenient
graphical tool for identification of Pb sources and determining whether the com-
position is representative of one or a mixture of multiple end members. For
example, “*°Pb/*”’Pb and ***Pb/*”°Pb ratios measured in surface waters of the
central and western North Pacific Ocean indicate Pb inputs from Asian leaded
gasoline, coal-burning power plants, and trash incineration [123, 153]. In the
Atlantic Ocean, decadal time series data reveals precipitous drops in the concen-
tration of Pb measured in the ocean, however, it is the Pb isotope ratios that tell
the story of the decline. Inputs of Pb to the central and western Atlantic were
initially dominated by aerosols resulting from the use of leaded gasoline in the
United States from the 1920s until the product was phased-out over 1970s and
1980s [20, 21, 112]. Subsequently, isotopic ratios of Pb document the geographic
source shift in anthropogenic Pb of the Atlantic Ocean from North America to
Europe [114, 125].

The historical archive of anthropogenic Pb in seawater is extended from de-
cades to centuries by analysis of Pb isotopes in banded corals growing in the
ocean [23, 117, 154-156]. Pb isotope ratios recorded within coral indicate the
time scale of anthropogenic impact on Pb inputs to the ocean. For example, in
Atlantic corals sampled off Bermuda, shifts in Pb isotope ratios from natural Pb
inputs to anthropogenic signals began with the rise of industrialization in the
mid 1800s [23]. Analogous shifts in Pb inputs are observed in corals in the Pacific
Ocean. Industrial and leaded gasoline emissions from Japan dominated Pb inputs
to the western Pacific from the mid 19" century to the 1980s followed by an
increased contribution of Pb inputs from China, indicated by transitions in Pb
isotope ratios measured in coral [154, 156]. Studies of coral records of Pb iso-
topes from the Chagos Archipelago in the Indian Ocean document inputs from
leaded gasoline and coal combustion in India while corals in the western Indian
Ocean near Sumatra indicate that Indonesian leaded gasoline and other anthro-
pogenic sources are the dominant inputs [155]. Further work on calcium carbon-
ate proxy records of seawater Pb isotopic composition will allow a more detailed
historical record of the anthropogenic impact of Pb biogeochemistry in the ocean
to be constructed.

While frequently applied to determining the source of anthropogenic Pb con-
tamination, Pb isotopes can also assist in delineating sources of essential trace
metal nutrients to the ocean. Trace metals such as iron are vital to phytoplankton
growth in the ocean [157-160], which may ultimately influence global climate
[161, 162]. Inputs of trace metals to the ocean that can stimulate phytoplankton
production include atmospheric deposition [163], freshwater inputs from rivers
[16], upwelling along the coast [164-167], and transport of coastal sources to the
open ocean within eddies [168, 169]. Critically, identification of essential trace
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metal inputs is required within large regions of the ocean demonstrating High
Nutrient-Low Chlorophyll (HNLC) conditions, where available nutrients such as
nitrate and phosphate are underutilized by phytoplankton due to Fe limitation.

Measurements of dissolved Pb isotopes in the eastern subarctic North Pacific
HNLC identified distinct ratios between North American river inputs and atmo-
spheric deposition from Asia [170]. HNLC conditions were observed in areas
where Pb isotopic ratios were consistent with the major source of Pb, and associ-
ated Fe, being atmospheric deposition from Asia. In contrast, in areas with iso-
topic compositions heavily influenced by North American river input, HNLC
conditions were alleviated [170] (Figure 4). One implication of this study is that
while atmospheric deposition of trace metals can represent an important, but
ephemeral and stochastic, source of trace metals to remote HNLC regions [163,
171-175], continental freshwater inputs and terrestrially derived continental shelf
inputs [166, 176-178] allow for the alleviation of Fe limitation near the ocean
margins.

The preceding section, while not a comprehensive treatment of applications of
Pb isotopes in studies of marine biogeochemistry, demonstrates their versatility
and utility for identifying sources of contaminant Pb in the ocean and determin-
ing the source of trace metal inputs for phytoplankton.
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Figure 4. “*°Pb/*”’Pb isotope ratios indicative of Pb sources from North America and
terrestrial inputs that act to alleviate HNLC conditions in the Northeast Pacific. In con-
trast, 2°°Pb/2’’Pb ratios observed in Asian sources are associated with HNLC conditions
known to result from a lack of bioavailable Fe.
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7. SUMMARY AND CONCLUSIONS

The degree of anthropogenic mobilization of Pb and its inherent, acute toxicity
to organisms motivate the scientific community to understand source and sink
processes in the environment. Since antiquity humans have altered the biogeo-
chemical cycle of Pb by removing Pb from the crust and mobilizing it in the
biosphere. This mobilization occurs primarily through vehicular fuel combustion,
non-ferrous metal production, and the burning of fossil fuels. Measurements
made on material (both in the dissolved and particulate phase) in the atmos-
phere, as well as in rainwater, soils, sediments, and aquatic environments demon-
strate these anthropogenic activities result in significant enrichment in Pb rela-
tive to its average concentration in the continental crust.

Emissions of Pb to the environment appear to have diminished substantially
in response to increased regulation, especially the phase out of leaded gasoline
in major markets in the 1970s-80s and the implementation of more efficient
point source capture and recycling initiatives. Global Pb production continues to
increase after a plateau and decline late in the last century to ~5,500,000 t/yr in
2013. Over the past decades there has been a shift on the regions of major Pb
production and emissions from Europe and North America to countries in East
Asia. This trend mirrors growing demand for energy and rapid industrialization
in major population centers in this area. One concern, going forward, is that
emissions in Asia are roughly double those of the next nearest continent (Eu-
rope) and, although data is sparse, appear to be increasing with time. Whether
or not global emissions of Pb will increase in response to continued industrializa-
tion of the great population centers in Asia remains to be seen, but should be a
focus of monitoring efforts [42].

Radiogenic isotopes of Pb represent a valuable source of information for trac-
ing sources of contaminant Pb in the environment, determining the source of
nutrients available to microbes in natural waters, and tracking large scale move-
ments and mixing of water masses in the ocean. The study of Pb isotopes in the
environment unite a diverse research community of scientists including chemical
and physical oceanographers, biogeochemists, geo- and cosmochemists, environ-
mental scientists, contaminant researchers and ecotoxicolgists, ecologists, and cli-
mate scientists. As global efforts, including the multi-decadal international GEO-
TRACES program [179], to determine Pb and its isotopic composition in envi-
ronmental samples continue, we can expect to develop a refined understanding
of Pb’s mobilization, impact on biological systems, and its fate in the biosphere.
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Abstract: A survey of the methods for the determination of lead in environmental samples
is given. These are mainly based on sensitive atomic spectrometry, but alternatives, such as
electrochemical and separation methods are also possible. Discussed are also sample prepara-
tion and speciation for differentiation between different organometallic forms as well as appli-
cations of isotope-selective determinations.

Keywords: atomic spectroscopy - electrochemical methods - lead isotopes - test kit - tetraalkyl
lead - X-ray fluorescence

1. INTRODUCTION

Lead was used widely and continues to be employed for certain applications.
The term plumbing derives from its domestic use in piping for water supplies, a
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technique which was introduced by the Romans. But even if the actual pipes are
not made from lead, the metal may still be present in water service lines of
current buildings as part of the solder used for joining of tubings or even in
chrome-plated faucets made from brass, which often include a small fraction of
lead to render it easier for machining. Lead has also been widely employed as
pigment for painting. Red lead, Pb;Oy, has been in use for rust proofing of iron
objects and white lead, 2PbCOj; - Pb(OH),, has been used widely especially for
the painting of wooden buildings. Chrome yellow, PbCrOy, is the original pig-
ment that lent its characteristic golden yellow color to school buses in the US
and Canada and to the post offices in large parts of Europe. The metal is used
in roofing and guttering especially to make water proof sealings at corners such
as around chimneys. It is being used for applications where its high density is
desired, such as in diving weights, sinkers for fishing tackle, and as shot for
hunting. It is used for shielding against X-rays and radioactivity. It is present in
glazed ceramics and leaded crystal. It is used in lead acid batteries, especially for
motor vehicles. It was used extensively in petrol in the form of tetraalkyl lead
as anti-knock agent and as part of the solder used in electronic equipment.

On the other hand lead has been found to be highly toxic. The Romans used
lead acetate as a kind of artificial sweetener, but its toxic nature has long been
established since. Among other problems its effects on the central nervous sys-
tem of children are most pronounced. It has even been suggested that the crime
rate in the US, which peaked in about 1990 and has been falling since, correlates
with the peak use of lead in petrol approximately 20 years earlier [1]. While it
was already reported in the New York Times on April 22, 1925, that the use of
lead in petrol is a hazard, the general awareness of lead being an environmental
and hygienic problem only dates back to the 1970s when generally environmental
issues started to be considered. The loss of the freighter Cavtat in the Adriatic
Sea in 1974, which carried a large number of barrels containing tetraethyl lead,
has been cited as being instrumental in raising the awareness in particular of the
environmental hazard of organic lead compounds [2, 3].

The recognition of its toxicity led to a reduction of the use of lead. It is no
longer used for water piping or domestic paint. Lead acid batteries are recycled.
Leaded petrol was phased-out from the 1970s, even though the initial reason for
this was its incompatibility with the catalysts installed in new cars to reduce
emission of unburnt hydrocarbons, CO, and NO,. Except for a few isolated coun-
tries and some special aviation fuel, lead is now no longer used in petrol. In 2003
the European Union put in force the RoHS (Restriction of Hazardous Substan-
ces) directive, which bans the use of lead in solder for commercial electronic
equipment. However, its extensive prior use means that lead is still a substantial
menace. Old buildings contain lead-based paint and pipings. Soil around domes-
tic buildings and vegetables grown in this soil may therefore show high levels of
lead contamination. The wide use also required lead processing factories and
smelters, which have now largely been closed down, but airborne pollution
caused significant persistent soil contamination over wide areas surrounding
these sites. US Today identified about 400 such locations in the US [4]. According
to the US EPA (Environmental Protection Agency) lead is the most common
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inorganic contaminant at polluted sites in the US. Similarly, mining towns are
affected, and the pollution of the landscape in such areas has been found to
affect not just humans but also wildlife. While organic lead compounds are mo-
bile, and the rise and fall in the use of leaded petrol can also be tracked by
determining organic lead compounds in vintage wines [5], inorganic lead is per-
sistent as the predominant Pb(II) species are mostly water-insoluble. In central
areas of large cities with a high volume of road traffic many tons of lead were
deposited as dust or via rainfall over the years in which leaded petrol was in use.
In the US 5 million tons of lead have been spread in this way, and the soil in
inner cities like Sydney in Australia are still found to contain up to 1400 mg of
lead per kg even though leaded petrol was phased-out more than 20 years ago
[6]. Children playing in the grounds of affected properties are at risk. Highly
problematic are also the open fire methods employed in some developing coun-
tries for recycling electronic waste.

Given the persistent risks from lead pollution, reliable lead analysis is highly
important. At the time of writing two cases involving lead analysis were widely
reported in the press. Old water piping is still a problem as highlighted by the
Flint water crisis in 2015. Flint is a city of about 100,000 inhabitants in Michigan
which were exposed to excessive lead levels in the municipal water supply. Con-
troversial analytical results were part of the ensuing scandal. Also in 2015 Nestlé
had to recall a large number of packages of instant noodles produced in India
due to alleged contamination with lead. The company however, disputed the
analytical results presented by the authorities [7]. The on-going interest in lead
analysis is also reflected by the high rate of publications in the scientific literature
concerning the determination of lead in different kinds of samples or the devel-
opment of new methods, which numbers about 50 per month (as shown by a
keyword search on the Web of Science). Most commonly atomic spectroscopic
methods are used, which have the required sensitivity for the often relatively low
concentrations to be determined. Alternatives based on electrochemical methods
such as polarography, or separation methods such as ion-chromatography, capil-
lary electrophoresis or even gas-chromatography exist, but generally tend to be
less sensitive than the atomic spectrometric methods and are therefore not rou-
tinely employed. Chemical sensors for lead have also been proposed, but tend
to lack sufficient specificity. Environmental samples usually require extensive
pretreatment before quantification can take place. Specification analysis is some-
times needed for environmental studies and special insights can be gained with
isotope analysis.

2. SAMPLING

The most simple sampling procedure applies of course to the collection of aque-
ous specimens. These usually only need to be acidified to prevent precipitation
as Pb(OH), during storage. If necessary, filtration is carried out with membrane
filters, usually with 0.45 um pore size. When sampling at depths in water bodies
is required, this is achieved with special sampling devices that open at desired
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levels. For solid samples, e.g., of soils or sediments, care has to be taken to obtain
representative samples. As most quantification methods require the sample to be
present in liquid form solid samples usually need to be subjected to dissolution
or extraction procedures.

Dissolution is first attempted in acids and often this is carried out aided by
addition of energy in the form of heat or microwaves. The use of hydrofluoric
acid is required for samples containing silicates and some minerals need to be
subjected to fusion procedures (dissolution in molten salts). Plant material may
be decomposed with ashing procedures such as combustion in closed containers
to avoid sample loss.

For the determination of organolead compounds solvent extraction is used.
Besides the classical operation with separating funnels a number of newer
methods which are more easily automated and require less solvents are available.
Most notable is solid phase extraction (SPE) which is based on cartridges con-
taining solid lipophilic materials which trap analytes when the aqueous sample
is passed through. The species of interest are then flushed from the cartridge
with a small amount of organic solvent prior to quantification. Many of the new
developments have focussed on miniaturization to allow working with smaller
sample volumes (a comprehensive overview on extraction methods for organo-
metallic species has been prepared by Moreda-Pifieiro et al. [8]). The extraction
procedures do not only separate the analytes from the matrix, but can also be
employed to achieve a preconcentration so that the demands on the detection
limit of the quantification method is relaxed.

Figure 1. Determination of Pb, besides Cu and Cd, in a sample (solid line) and a blank
(broken line) by stripping voltammetry, which gave identical results for Pb due to a con-
tamination of the reagents at approximately 10~ M Pb. Reprinted with permission from
G. W. Ewing, J. Chem. Ed. 1973, 50, p. A131; copyright 1973, American Chemical Society.
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As the concentrations of interest are generally at the trace level, proper sam-
pling procedures are essential in order to prevent contamination. This is particu-
larly important when ambient environmental background levels are to be deter-
mined. Sampling from boats may need to be carried out from the bow and
against the direction of the wind [9]. Containers made from high density poly-
ethylene are generally used for storage, never glass. These have to be subjected
to an acid-based precleaning procedure [9]. High purity acids and other reagents
have to be employed. For the most demanding applications so-called “electronic”
or “semiconductor” grade acids, which are produced for the semiconductor in-
dustry, are required. In the laboratory, samples for trace analysis have to be
handled on clean benches (under filtered clean air). In the early days of trace
metal analysis these requirements were not fully understood and it has been said
that much of the environmental data for lead determined prior to about 1975 is
not valid due to contamination [10]. This problem is illustrated in Figure 1.

3. SPECTROPHOTOMETRY

Spectrophotometric measurements, i.e., molecular absorption spectrometry, by
adding an appropriate color-forming reagent are usually the simplest methods
because of the comparatively low cost of the spectrometers. The most common
spectrophotometric method employs dithizone as reagent and involves an extrac-
tion procedure with an organic solvent in order to achieve selectivity, and quanti-
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Figure 2. Test kit for lead as sold in hardware shops.
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fication at 520 nm [11]. Simple colorimetric test Kkits, i.e., methods where a color
change is observed by the naked eye, are also available. Such a test kit is shown
in Figure 2. These are sold at hardware shops primarily to home owners who
wish to test their painting for the presence of lead. They are based on sulfide or
rhodizonate as color-forming reagents and contain the reagents in liquid form or
are based on a self-contained test device in which a tube containing the reagents
is crushed to release the reagents onto a cotton bud which is then used to directly
sample the suspected surface.

4. X-RAY FLUORESCENCE

X-ray fluorescence (XRF) [12] has the significant advantage that no sample
preparation is necessary, i.e., it is possible to directly analyze solid samples, such
as paint and soil. In X-ray fluorescence element-characteristic X-rays are quanti-
fied. Excitation is achieved by irradiation with X-rays, hence the name, but it is
also possible to employ the gamma rays of a radioactive isotope source such as
"7Cd. In one possible method of detection based on semiconductors, namely
energy dispersive detection, a spectrum is acquired with a multichannel analyzer
which bins the signals according to their peak heights. As can be seen in Figure 3,
such instruments can be very compact and battery operated. They are more
sensitive and reliable than the colorimetric test kits and this type of instrument
is therefore in common use by authorities or companies specializing in remedia-
tion of homes or other contaminated sites.

5. ELECTROCHEMICAL METHODS

Several electrochemical methods are available [13], of which polarography has
been the most commonly employed technique. This is based on the use of a
mercury electrode on which the dissolved analyte ion is reduced. The resulting
current is proportional to the concentration. Anodic stripping voltammetry is a
technique derived from polarography in which the analyte is first deposited in
the metallic form by reduction, followed by re-dissolution by oxidation. The first
step leads to an effective preconcentration and the current is measured in the
second step. Impressive limits of detection (LOD) in the ppt range are possible
employing comparatively simple and inexpensive instruments. Such high sensitiv-
ity is otherwise only possible with the much more complex and costly atomic
spectroscopic instruments as discussed below. Mercury has generally been em-
ployed as electrode material, as the kinetic hindrance of the reduction of water
on this metal allows the reduction of heavy metals at negative potentials at which
otherwise hydrogen evolution would interfere. Furthermore, the renewal of the
electrode surface is readily possible, simply by letting a drop of the liquid metal
flow from a capillary. However, due to the toxicity of mercury the method is
loosing popularity. The Minamata convention on the ban of the use of mercury
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Figure 3. A portable XRF analyzer employed for soil testing. Reprinted with permission;
copyright Thermo Fisher Scientific.

signed in 2013 by 128 countries still permits its use in the laboratory, but the use
of mercury in polarography has already been banned in Sweden. For this reason
alternatives have been extensively researched in recent years. In particular bare
or bismuth-coated screen printed carbon electrodes provide a simple replace-
ment. These electrodes can be produced cheaply, so that single use is possible,
and are commercially available from several small producers, but have not been
adopted widely.

Also possible is the determination of lead ions in solution by potentiometry
with ion-selective electrodes. These are either based on crystalline membranes
made from pressed PbS or on membranes of plasticized PVC containing an iono-
phore. Such electrodes have LODs of about 10° M and are a simple and inex-
pensive. A special feature of potentiometry with ion-selective electrodes is the
fact that only free, but not complexed, lead ions are measured. Careful attention
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Figure 4. S,S-Methylenebis(N,N-diisobutyldithiocarbamate), an ionophore for lead em-
ployed in ion selective electrodes.

has to be paid to their selectivity, as for example Cd*"isa significant interferent
for crystalline membrane-based electrodes. Typical applications are the analysis
of 2plating baths. A commercially available ionophore which selectively binds
Pb"" in PVC-based membranes, and thus leads to the creation of an electrode
potential in dependence on the lead concentration in the sample solution, is
shown in Figure 4.

When the concentrations are high, lead may also be determined by the electro-
chemical method of electrogravimetry, in which the amount of lead deposited
from the sample is determined by weighing, or the related technique of coulome-
try, where the charge required for complete electrolysis of the lead contained in
the sample is determined. Both techniques are relatively time-consuming, and in
the case of electrogravimetry it entails significant manual labor, but have the
advantage of higher accuracy and precision than other methods.

6. ATOMIC SPECTROSCOPY

Despite their comparatively high cost, most commonly used in practice are the
atomic spectroscopic methods. These techniques have very good sensitivity, are
robust and are much less prone to interference than most other methods. Atomic
absorption spectrometry (AAS) instruments (see Figure 5) are based on absorb-
ance measurements on the free and neutral atoms in the gas phase. The method
relies on hollow cathode lamps as light sources, which contain the same metal
as the analyte in order to produce matching wavelengths, so that a high reliability
is assured. Monochromators are still required to suppress unwanted wavelengths.
Most commonly the atomizer consists of a flame into which the samples are
introduced as an aerosol. These instruments are widely available. Limits of de-
tection of about 10 ppb are obtained with this method [12]. Lower detection
limits of about 0.05 ppb are possible by the more elaborate graphite furnace
atomizer, where a small aliquot of the sample is heated electrothermally [12]. A
further atomizer variant is the hydride generation technique suitable for el-
ements which form volatile hydrides when sodium borohydride is added to the
sample. This is a relatively simple method in that the gaseous hydrides are simply
atomized in a resistively heated quartz tube and which generally gives very good
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Figure 5. Principle of atomic absorption spectrometry.

detection limits. However the sensitivity of this method for lead, while better
than with the most widely used flame AAS, is relatively poor compared to other
hydride forming elements such as arsenic [13] with a reported limit of detection
for lead of 0.1 ppb [14].

Also common in laboratories for trace analysis of metals are spectrometers
employing an inductively coupled plasma (ICP) into which the samples are also
introduced as aerosol. These are available in two variants, either based on optical
emission spectrometry (ICP-OES) or on mass spectrometry (ICP-MS). The lat-
ter is possible as at the high temperature of the plasma (up to about 10,000 °C)
the analyte species are not only converted to free elements, but also ionized.
These instruments are more expensive in capital outlay and running costs than
the AAS instruments, in particular the ICP-MS, but have the advantage of multi-
element analysis, in case other analytes besides lead are to be determined. The
detection limit for lead obtained with the ICP-OES of about 4 ppm [12] is rela-
tively modest, but with 0.02 ppb excellent for the ICP-MS.

7. SPECIATION

Speciation analysis, i.e., the distinction and quantification of different forms of
lead, is important for lead-containing organometallic species. This mainly con-
cerns studies of the environmental fate of the tetraalkyl lead compounds that
used to be added to petrol, which was a highly important topic 20-25 years ago
but is obviously less relevant now. The main compound which used to be added
to petrol was tetraethyl lead, but tetramethyl, and mixed ethyl-methyl com-
pounds were also employed [15]. Their degradation products include singly or
doubly charged species such as Et;Pb™* and Et,Pb>*. The speciation of the neu-
tral and charged compounds is generally based on a so-called hyphenated
method which combines separation by gas chromatography with sensitive quanti-
fication by one of the atomic spectroscopic methods. To allow the separation by
gas chromatography the ionic compounds are rendered neutral and volatile by
propylation or butylation, rather than methylation or ethylation, to still allow
the distinction of all possible species. Hydrogenation is not suitable for this pur-
pose as the dialkyl lead species reportedly do not form hydrides [16].

A different form of speciation analysis is the differentiation between isotopes
of lead. This can be achieved by inorganic mass-spectrometry such as ICP-MS.
The use of laser ablation ICP-MS or SIMS (secondary ion mass spectrometry)
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allows the analysis of small amounts of solid materials. In these methods tiny
amounts of sample are vaporized either with high energy laser pulses or by
sputtering with an ion beam. Lead has 4 stable isotopes, namely 204Pb, 206Pb,
*7ppb, *°*Pb. The latter three are the products of the radioactive decay of 8,
U, and **Th, respectively. This means that different sources of lead have
different isotopic compositions, which allows the determination of the source of
lead samples. A possible application of this is the verification of paintings of the
old masters based on the analysis of the white pigment consisting of white lead
[17]. Lead isotope analysis is also important in the dating of geological speci-
mens, in the so-called uranium-lead dating method. Due to the long half-lives of
the parent elements the determination of the isotopic ratios of the precursor
element and the product allows the dating of rocks up to 100s of millions of
years old. Often the mineral zircon is employed for this purpose as in its crystalli-
zation lead is strongly excluded while uranium is admitted into its crystal struc-
ture. Thus, it usually does not contain any naturally occurring lead, but only that

roduced b;l the radioactive decay. The determination of both, the ratio of %pp/
U and *° Pb/235U, allows a verification of an absence of contamination or loss
of either of lead or uranium as both measurements should give identical results.

ABBREVIATIONS

AAS atomic absorption spectrometry or spectrometer
EPA Environmental Protection Agency

ICP inductively-coupled plasma spectrometry or spectrometer
LOD limit of detection

MS mass spectrometry or spectrometer

OES optical emission spectroscopy or spectrometer
PVC poly(vinyl chloride)

RoHS restriction of hazardous substances

SIMS secondary ion mass spectrometry

SPE solid phase extraction

XRF X-ray fluorescence
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Abstract: Ground and especially drinking water could be contaminated by heavy metal ions
such as lead and chromium, or the metalloid arsenic, discarded from industrial wastewater.
These heavy metal ions are regarded as highly toxic pollutants which could cause a wide range
of health problems in case of a long-term accumulation in the body. Thus, there have been
many efforts to reduce the concentration of lead ions in effluent wastewater. They have includ-
ed the establishment of stringent permissible discharge levels and management policies, the
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application of various pollution-control technologies, and the development of adsorbent mate-
rials for lead reduction. According to Science [1] encapsulation, developed approximately 65
years ago, has been defined as a major interdisciplinary research technology. Encapsulation
has been used to deliver almost everything from advanced drugs to unique consumer sensory
experiences. In this chapter we review the art of encapsulation technology as a potential break-
through solution for a recyclable removal system for lead ions. Moreover, in order to provide
the readers with a comprehensive and in-depth understanding of recent developments and
innovative applications in this field, we highlight some remarkable advantages of encapsula-
tion for heavy metal remove, such as simplicity of preparation, applicability for a wide range
of selective extractants, large special interfacial area, ability for concentration of metal ions
from dilute solutions, and less leakage of harmful components to the environment.

Keywords: alginate - biochar - carbon nanotubes - core-in-hematite shell capsule - encapsula-
tion - industrial wastewater - lead

1. LEAD ION SEPARATION FROM WASTEWATER

Industrial development has always been connected to the growth of civilization,
being difficult to imagine a modern society without the benefits of the products
and sevices derived from it. Nevertheless, this industralization has led to an over-
exploitation of natural resources increasing the aquatic enviromental pollution.
Amoung such pollutants, heavy metals have received special attention due to
their high toxicity or carcinogenicity, long persistence, bioaccumulation in living
organisms, and the risk that these substances generate for human health even at
low concentration in water. Thus, heavy metal pollution has become one of the
most serious enviromental problems today [2].

Lead, a well-known toxic heavy metal, has been widely used in many industrial
processes and discharged into water or wastewater systems without proper treat-
ment. Therefore, there have been many efforts to reduce the concentration of
lead ions (Pb>") in effluent wastewater [3]. The efforts have included the estab-
lishment of stringent permissible discharge levels and management policies, the
application of various pollution-control technologies, and the development of
adsorbent materials for lead reduction [4]. Technologies developed or applied in
order to remove Pb>" from aqueous solutions include chemical precipitation,
electrodialysis, reverse osmosis, adsorption on organic and inorganic materials,
aluminium and iron coagulation, electrocoagulation, filtration, ultrafiltration,
solvent extraction, ion exchange, and biomass [5, 6].

At low metal concentrations, the practical application of numerous methods
can be ineffective, economically unfavorable or technically complicated. Solvent
extraction, ion exchange, and zero-valent iron (Fe’) particles are currently the
major industrial-scale techniques used for that purpose. However, they present
limitations when applied to aqueous effluent treatments. In the case of solvent
extraction, multistage cycles of extraction and back-extraction and the use of
organic solvents are required to attain a favorable separation. On the other hand,
ion exchange resins have low selectivity in the extraction of metal ions and are
highly saturated with ions different to those of interest, thus decreasing the yield.
Even highly selective chelating ion exchange resins have slow kinetics in ion
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removal [7-9]. In case of using the zero-valent iron particles, nanoscale Fe’

(NZVI) has been developed, tested and applied as an ideal candidate for in situ
remediation of metal ions. However, due to the high surface energies and intrin-
sic magnetic interactions, bare NZVI particles tend to either be oxidized by
surrounding media (e.g., dissolved dioxygen) or agglomerated into larger parti-
cles in the micro- to millimeter scale or flocs, resulting in loss of surface area,
mobility, and reactivity [10]. Furthermore, it is not easy to recycle nanoparticles
after application, which requires replenishment of the lost Fe” and increases the
cost of operation [3, 11].

In order to overcome these limitations, an inexpensive and environmentally
friendly adsorbent with high removal efficiency for lead is needed. Considering
recent results presented in the literature, encapsulation is one of the smartest,
innovative, and breakthrough technologies for lead removal from industrial
wastewater. According to Yoshizawa et al. [12] and Zhang et al. [13] encapsula-
tion is a great technique for heavy metal remove/separation, due to some re-
markable advantages, such as simplicity of preparation, applicability for a wide
range of selective extractants, large special interfacial area, ability for concentra-
tion of metal ions from dilute solutions, and less leakage of harmful components
to the environment.

2. ENCAPSUALTION TECHNOLOGY

Nanocapsules (10-1000 nm), microcapsules (1-1000 um), and millicapsules (big-
ger than 1 mm) are particles which contain an active agent (core, fill, internal
phase) surrounded by a coating or shell, as it is shown in Figure 1a [14, 15].
The first encapsulation process was invented in 1953 by Green and Schleicher
[16] working in the laboratories of the National Cash Register Company, Dayton,
USA, as a way to encapsulate leuco-dyes for carbonless copy paper [17]. Since

a) b)
Household &
Active agent Personal care
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Core ¥ Agriculture Medicine
Fill
Textile Appﬁcatlon Food
-\—\_.—-—/
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frting treatment industry
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Figure 1. Encapsulation technology capsule scheme (a), and capsule applications (b).
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Figure 2. Trends in scientific articles versus patent documents on encapsulation. Repro-
duced with permission from [18], copyright 2015 Walter de Gruyter GmbH, Berlin.

then numerous methods have been investigated for encapsulation of extractants,
including in situ polymerization, interfacial polymerization, interfacial polycon-
densation, gelation solvent evaporation, and suspension polymerization. Encap-
sulation is a knowledge-intensive and dynamic research field with an increasing
growth of publications. Trends in patent versus non-patent literature on microen-
capsulation illustrate the growth of basic research (scientific articles), as well as
a fast growth of industrial research, represented in waves of patented inventions
(Figure 2) [18].

During the last 65 years nano-, micro-, and milli-capsules have been applied
in many fields such as medicine, foods, pharmaceuticals, textiles, agriculture,
house and personal care products (Figure 1b) [19]. Microcapsules have recently
found a new application in the separation and recovery of the following metals:
Fe’" [20], Ag™ [21], Zn®", Cu®*, Mn®*, Co>*, and Ni** [22].

In the following sections we discuss the development and characterization of
capsules for lead(I) removal and we demonstrate their outstanding water decon-
tamination efficiency.

3. ALGINATE-BASED CAPSULES

Alginate (alginic acid) is a constituent of brown seaweed and has a characteristic
structure that consists of two uronic acids, -d-mannuronic acid and a-/-guluronic
acid. In the presence of divalent cations, alginic acid forms stable gels as metals
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interact ionically with blocks of uronic acid residues, resulting in the formation
of a three-dimensional network that is usually described by the ‘egg-box’ model.
According to this model proposed by Morris et al. [23] polyguluronic chains in
alginate form electronegative cavities to host divalent cations. In the proposed
model, the M> " coordinates in a cavity created by a pair of guluronate sequences
along alginate chains where several oxygen atoms are possibly involved in the
coordination with the metal cation [24].

The major difficulties in understanding the metal binding of most natural bio-
polymers, including alginate, results from their (1) polyelectrolytic properties —
at circumneutral pH, the carboxylic sites of alginic acid are ionized, thereby
creating an electric field which increases complex stability; (2) polyfunctionali-
ty — a diversity in the chemical nature and the resulting electronic and steric
environment of the coordinating sites; and (3) capacity to change their three-
dimensional conformation. The relative importance of each of these effects de-
pends mainly on the physicochemical properties of the external medium includ-
ing the pH, the ionic strength, and the metal-to-alginate (or metal-to-carboxylic
site) ratio. All three effects result in a decreasing metal affinity with increasing
metal loading of the biopolymer. Nonetheless, few studies have attempted to
separate the effects due to intrinsic chemical binding from the electrostatic or
macromolecular (i.e., conformational) contributions. For the most part, metal
binding studies have been performed at high metal concentrations (typically mM
[25]), in acidic pH (typically between pH 2.0 and pH 4.0 [25]), and at high algin-
ate concentrations (typically between 1 and 5 g L' [26, 27]). Quantitative infor-
mation corresponding to low metal-to-alginate ratios, low Pb concentrations, cir-
cumneutral pH values, and lower ionic strengths are missing from the literature,
despite their obvious environmental and biological relevance.

The conformation of alginate depends on its hydration, the formation of hy-
drogen bonds or metallic bridges, and the relative proportion of its principal
constituents (i.e., B-d-mannuronic acid/a-/-guluronic acid ratio) [28]. Alginate is
by far the most extensively used biopolymer for immobilization and microencap-
sulation owing to its non-toxicity, biodegradability, ease of usage, and low cost
[29, 30]. Particularly, it has a high affinity and binding capacity for metal ions
and has already been employed as heavy metal sorbent [31, 32]. Alginate en-
trapped cells and metal hydroxides have also been used to treat pollutions of
heavy metals, organics, and nitrogen compounds [33-35]. As it is described
above, the major gelation mechanism in alginate is crosslinking of the polysac-
charide carboxyl groups by positively charged metal cations. Thus, alginate may
be used to eliminate metal ions from an effluent via two possible mechanisms
[36-38]:

e it can serve as the chelating agent itself — in this case the alginate is an
active encapsulated agent;

e it can immobilize other types of heavy metal adsorbents — in this case the
alginate forms a microcapsule wall.
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3.1.  Non-crosslinked Alginate Capsules

Recently, Nussinovitch and Dagan [38] from the Hebrew University of Jerusa-
lem, Israel, published a very interesting paper concerning alginate—gellan liquid-
core capsules with a non-crosslinked alginate fluidic core surrounded by a gellan
membrane for the removal of heavy metal cations from water. The liquid-core
capsules are liquids encapsulated in a spherical polymer wall; they have been
used in many research fields, including biotechnology, food, and medicine [39].

According to Nussinovitch and Dagan [38], while the literature includes re-
ports of using crosslinked alginate for heavy metal removal, the use of non-
crosslinked alginate for Pb>* removal from wastewater has not been mentioned
at all. Previously produced liquid-core capsules have consisted mainly of either
an alginate membrane or a gellan membrane, but not both together, and the
alginate has never been used in its non-crosslinked form. Lim and Sun [40] were
the first to describe a method for producing poly-L-lysine—alginate liquid-core
microcapsules to encapsulate pancreatic islets. They suspended the cells in a
sodium-alginate solution and formed small spherical calcium-alginate beads by
crosslinking with calcium ions, and then reacted them with poly-L-lysine to create
a poly-L-lysine—alginate membrane around the bead. In the final stage, the bead’s
core, composed of a calcium-alginate gel, was solubilized, thus forming liquid-
core capsules containing cells. Liquid-core capsules with a gellan membrane have
also been produced [39]: A mixture of CaCl,, starch and a model drug was
dropped into a 0.5 % (w/w) gellan solution. The gellan gel membrane in that
case was created by interaction between the gellan solution and the calcium
cations that served as the crosslinkers.

As illustrated in Figure 3, Nussinovitch and Dagan [38] fabricated the capsules
in a one-step procedure by dropping a mixture of 3 % (w/w) sodium alginate
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Figure 3. Schematic illustration of the preparation and application of alginate-gellan
capsules.
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including 5 % (w/w) (0.5 M) MgCl, salt into a 0.5 % (w/w) gellan solution. The
wall of the gellan capsules was formed by reducing the electrostatic repulsion
between gellan polysaccharides, allowing the positively charged magnesium to
interact with the carboxyl group of the gellan. The authors reported [38] that
the obtained capsules were extremely efficient at adsorbing lead cations (267 mg
Pb2+/g dry alginate) at 25°C and pH 5.5. Moreover, the obtained results showed
that the metal adsorption by the capsules occurred in two stages:

e the first fast step — during which over 80 % of the Pb>" are adsorbed
within the first 60 min (220 mg/g);

e the second slower step — during which the remaining 20 % of the Pb>" are
adsorbed over 180 min (47 mg/g) until the maximal lead-cation adsorption
was reached.

According to the authors [38], the first adsorption stage included higher con-
centrations of non-crosslinked gum and lead cations, leading to overly rapid
gelling kinetics that favored a spontaneous crosslinking reaction. Later, a slower
crosslinking stage occurred due to diffusion via the already formed inner gel,
and therefore increased resistance to lead cation diffusion and a slower rate were
noted. Similar phenomena have been previously described by Nussinovitch et al.
[41] in a publication related to an effect of the hydrocolloid and minerals content
on the mechanical properties of alginate gels. Unfortunately, further deep inves-
tigations showed that the fabricated alginate—gellan capsules exhibited very poor
mechanical properties; they were very weak and brittle. For this reason, in order
to improve the mechanical properties of the microcapsules, during the next ex-
periments the authors added surfactant lecithin to the MgCl,/gellan solution. By
using this protocol the wall thickness of the microcapsule containing lecithin was
reduced as a result of the better wetting ability of the gellan solution due to the
reduction in surface tension, resulting in a membrane with less gellan polymer.
A similar reduction in capsule wall thickness by the addition of surfactant has
been previously reported by Bremond and coworkers [42]. By applying this pro-
cedure for the preparation of the alginate—gellan capsules, Nussinovitch and Da-
gan [38] not only improved their mechanical properties but the capsules also had
better adsorption attributes (316 mg Pb“/g dry alginate versus 267 mg Pb2+/g
dry alginate without lecithin), most likely due to the thinner membrane and
enhanced mass transfer. Additional tests performed by the investigators [38]
showed that the alginate—gellan capsules were able to adsorb other heavy metal
cations — copper, cadmium, and nickel. Adsorption efficiencies were 219, 197,
and 65 mg/g, respectively, and were correlated with the cation’s affinity to algin-
ate. In order to investigate the regeneration of the capsules for subsequent reuse,
which is of great importance both economically and environmentally, the authors
exposed the Pb2+—alginate—gellan capsules to highly concentrated strong acid
(HNO3) for 24 h, in order to replace the adsorbed metal cations with protons.
The obtained results demonstrated that the fabricated alginate—gellan capsules
could undergo three regeneration cycles before becoming damaged.
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3.2. Crosslinked Alginate Capsules

3.2.1. Crosslinked Alginate Capsules Containing a Biochar
as the Lead(ll) Adsorbent

The research interests of Do and Lee from the University of Ulsan, Republic of
Korea, have also been focused on the preparation and characterization of smart
capsules based on alginate for lead(IT) removal from wastewater [9]. In contrary
to Nussinovitch and Dagan, these authors formed biochar-alginate capsules in
which the alginate served as a crosslinked polymer to create the microcapsule
walls and the biochar as the chelating agent.

Biochar has a large specific surface area, microporous structure, active func-
tional groups, and high pH, which may be good for its use as a surface sorbent
[43]. If converted from agricultural residues such as poultry waste, it can have a
large adsorption capacity for lead removal from wastewater.

Lu and coworkers [44] evaluated the application potential of biochar as a cost-
effective and environment-friendly sorbent material for removing heavy metal
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Figure 4. Schematic illustration of the lead adsorption mechanism on biochar including
(1) metal exchange with Ca>* and Mg®*, attributing to co-precipitation and innersphere
complexation with complexed humic matter and mineral oxides of biochar; (2) surface
complexation with free carboxyl and hydroxyl functional groups, and innersphere com-
plexation with the free hydroxyl of mineral oxides and other surface precipitation;
(3) others, like innersphere complexation with the free hydroxyl of mineral oxides and
other surface precipitation.
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ions with Pb®" as the representative, in aqueous solutions at different initial
pH values Varyin§ from 2.0 to 5.0. The authors comprehensively investigated
mechanisms of Pb” " sorption by biochar by using different approaches, including
isotherm and kinetics models, desorption studies, and instrumental analysis, such
as X-ray diffraction, Fourier transform infrared spectroscopy, and scanning elec-
tron microscopy with energy dispersive X-ray spectroscopy. Besides, the authors
reported that during the Pb>* sorption, a certain amount of Ca’*, Mg2+, K",
and Na™ was released from the biochar, likely due to electrostatic cation ex-
change, or metal exchange reactions for surface innersphere complex or co-pre-
cipitation.

As illustrated in Figure 4, Pb>* sorption may involve the electrostatic attrac-
tion, innersphere surface complex formation with free and complexed carboxyl,
alcoholic hydroxyl or phenolic hydroxyl groups in humic substances (such as
—COOH, -COOM, —-R-OH, -R-O-M, where M represents the central metal at-
oms), or hydroxyl groups on the edges of clay minerals and oxides (such Al/Fe/
Mn-OH, Al/Fe/Mn-O-M), as well as co-precipitation or surface precipitation.
Some alkali or alkaline earth metals (such as Ca2+, Mg”, K*, Na+) in the
original biochar, retained through electrostatic effects, innersphere complexes
with carboxyl and hydroxyl groups as well as precipitation, can be replaced by
Pb>" in solution during the sorption ]Zarocess. However, some biochar forms are
not sufficient to efficiently remove Pb> ", and it is not easy to collect and recover
it in powder form. For this reason, in order to produce the biochar-alginate
capsules for Pb>* removal from aqueous solution, Do and Lee [9] have com-
bined the biochar with sodium alginate (Figure 5).

As illustrated in Figure 5, for the preparation of the capsules the authors [9]
dropped a solution containing 5 % (w/v) of biochar, 1% (w/v) of CaCl,, and
0.15% (w/v) of xanthan gum into a 0.6 % (w/v) of sodium alginate solution
containing 0.1 % (v/v) Tween 20 surfactant. During the experiment a magnetic

e ‘. ey as a——

kel 2 g 2 e

. ] LR o Wy Pata
Lead(ll) adsorption ‘.:.".'r s
= 5" e, O
Biochar & C«:t-i’j'i’2 Lead(ll) desorption el %
solution = S RO
n' - -' . s :P‘
/"‘..: :. :':_.‘( My Ve we, : g

e % ".."'.-“‘-'_ "4 AT
. ’." . - E

Non-crosslinked biochar -
@
. . . 2.2
Crosslinked alginate with Ca g
alginate -
. / 5
solution =1

Figure 5. Schematic illustration of the preparation and application of biochar—alginate
capsules.
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stirrer was used in order to avoid aggregation of the prepared capsules, as well
as the xanthan gum Tween 20 was used to create clean spherical capsules.

The surface morphology of the biochar-alginate capsule was studied by the
authors [9] using scanning electron microscopy, and their specific surface areas
were measured using a Brunauer-Emmett-Teller analyzer. Reported results
showed that the obtained capsules were almost spherical in shape with a diame-
ter of 3 + 0.2 mm and with a surface area of the capsules, of 314.54 mz/g. This
high surface area of the biochar-alginate capsules permits adsorption of a large
amount of contaminant and leads to a high adsorption capacity of Pb>* from
aqueous solution. Indeed, the authors reported that 236 mg of Pb’" was ad-
sorbed from the water solution by 1g of the capsules during 120 min at pH 5.

The presented results have similar values as those reported by Nussinovitch
and Dagan [38] about the alginate—-gellan without lecithin capsules (236 mg
Pb2+/g dry capsules); however, it is important to mention that the capsules pro-
duced by Do and Lee [9] contain biochar as adsorbent, which is cheaper than the
alginate-adsorbent gel used by Nussinovitch and Dagan [38]. The regeneration
performance determined by analyzing the Pb>* desorption capacity of the Pb-
loaded biochar-alginate capsules after the removal of lead(II) cations by adsorp-
tion showed that the capsules can be reused up to 10 times [9]. The biochar—
alginate capsules maintained almost 70 % of the initial adsorption capacity even
after being regenerated 10 times, while the capsules obtained by Nussinovitch
and Dagan could be regenerated only 3 times [38]. When the low costs needed
to develop the biochar-alginate capsules and the high regeneration feasibility of
the adsorbent capsules are taken into consideration, the biochar—alginate cap-
sules are expected to have extensive applicability for the treatment of lead-con-
taminated water as a low-cost adsorbent that effectively removes Pb>" ions.

3.2.2. Crosslinked Alginate Capsules Containing Zero-valent
Iron Particles as the Lead(Il) Adsorbent

Another excellent example of microcapsule shells formed by the crosslinked
alginate for lead(II) removal was reported by the research group of J. D. Gu
from the University of Hong Kong, China [45]. The authors have developed a
new type of microcapsule spheres based on an alginate-crosslinked polymer in
which NZVI — as an active chelating agent — were immobilized (Figure 6).
During this study, the researchers controlled both the size and shape of micro-
capsules by a water/oil microemulsion system. The investigators reported that
the spherical M-NZVIs had particle diameters, which varied from several hun-
dred nanometers to several micrometers. By using Fourier transform infrared
spectroscopy, the authors [45] were able to indicate that alginate adsorbed onto
NZVI via both carboxyl groups and oxygen atoms to form bindings. Moreover,
due to the protection of alginate, the M-NZVI had good stability against oxida-
tion. Under the conditions of 0.5 g L™ of M—-NZV1, 88 % of Pb(II) was removed
from a solution containing 300.0 mg L™ of Pb(II). The removal of Pb(II) was
found to be closely related to the solution pH, and the optimal solution pH
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Crosslinked alginate polymer
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Figure 6. Schematic illustration of alginate-zero-valent iron capsules.

range was determined to be between 4.0-6.0. According to published data, the
M-NZVI could be reused at least 4 times when the initial concentration of Pb(II)
is below 200.0 mg L. The results reported by Luo and coworkers [45] are very
useful for further design and improvement of efficient treatment processes for
the removal of Pb(II) from wastewater and source water. In addition, successful
encapsulation of N-ZVT is expected to lead to the development of more effective
and robust environmental remediation technologies, involving co-encapsulation
of nanoparticles, microorganisms, and/or enzymes.

4. CARBON NANOTUBES CORE-IN-HEMATITE CAPSULES

As mentioned above, among various candidates, hierarchically structured metal
oxide materials have been widely used as removal agents for various heavy metal
ions and their removal capacity was found to be relatively reliable. In the case
of metal oxide species, the removal mechanism for heavy metal ions is thought
to be the formation of a strong bond between metal ions and metal oxide surfa-
ces. This strong complex formation is advantageous for complete removal of
heavy metal ions but it presents a drawback if one wants to design a reusable
agent by reviving the reaction site for heavy metal ions. Precisely, because the
removal mechanism is based on strong complex formation between metal ions
and oxide surfaces, recycling of these removal agents has proved to be difficult.
It still remains a great challenge to regenerate the active surface after a metal
ion complexion reaction. If one could build a recyclable agent for removal of
heavy metal ions this would be a very beneficial way to reduce the cost for
purification of water and an environment-friendly way for using the material at
the same time. Offering a potential solution, Choi and coworkers [46] demon-
strated a recyclable removal agent for lead(II) ions by fabricating a core-in-shell
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Figure 7. Schematic illustration of the preparation and application of carbon nanotube
core-in-hematite capsules.

structure based on a core of carbon nanotubes (CNT) and an iron oxide (hema-
tite) microcapsule structure (shell) — a structure they refer to as CNT core-in-
hematite shell capsule (Figure 7).

Since their discovery in 1991, CNTs have been the subject of extensive re-
search due to their unique structure-dependent properties [47]. CNTs have been
widely investigated for use in various fields including composites, electrochemi-
cal devices, field-emission devices, and nanoscale electronic devices [48-50]. For
advanced applications, functionalization and assembly of CNTs into desired na-
nostructures are priorities. As one of the novel assembly techniques for CNTs,
a CNT-based hollow capsule structure has been the subject of extensive research
in recent years. There are a number of methods for integration of CNTs into a
capsule structure. These include non-covalent self-assembly of CNTs, or the use
of a sacrificial template such as polymer colloids or emulsions [51]. Such systems
open up new ways to assemble CNTs for the creation of more complicated struc-
tures. However, real applications of these CNT-based capsules have not been
reported. Recently, core-in-shell capsule structures equipped with a solid core in
their cavity have attracted considerable attention as a new class of hierarchically
structured materials due to their unique structure, which is characterized by an
interstitial space between the core and shell. These structures have great poten-
tial for application in various fields including chemical reactors, chemical sensors,
catalysts, batteries, drug carriers, and encapsulation. Because the possibility of
such applications is due to the cores within the capsules, control of both the
properties (functionalization) and structure of core materials is also of interest
for many applications.
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By unsing a layer-by-layer technique, Choi and coworkers [46] fabricated he-
matite (a-Fe,O3) microcapsules, whose average sizes of the CNT core and hema-
tite shell were 290 and 980 nm, respectively; however, according to the authors,
the size could be controlled by changing the species of CNT. The authors report-
ed that the individual CNTs conglomerated and formed a core inside the capsule
upon exposure to high temperature (approximately 600 °C), while they scattered
when subjected to mild sonication at low pH 1. It is important to underline that
when the same calcination process was carried out by the researchers on the
particles with CNT layers without an iron oxide shell, conglomerates of CNTs
did not form. According to Choi et al. [46] this result suggests that the presence
of a robust, spherical outer shell was crucial for the successful formation of CNT
cores. Moreover the authors discovered that the assembly/disassembly of CNTs
within the capsule was reversible and could be repeated by alternate heating and
sonication.

In order to demonstrate the feasibility of using the capsules for lead(I) remov-
al from wastewater, the researchers first performed acid post-treatment of the
carbon nanotubes because most of the functional groups on the capsules became
chemically inert after calcination, and then they dispersed them in Pb** aqueous
solution. The results obtained showed that most of the lead ions were rapidly
removed within 10 min when the CNT core-in-hematite shell capsules were add-
ed to the lead(II) ion solution. The removal capacity was 46.6 mg/g. According
to the authors this Pb>* removal by CNT core-in-hematite shell capsules was
attributed to the high surface area of the CNTs. To confirm this hypothesis, the
authors performed additional experiments, in which CNT core-only structures
were prepared by dissolution of the hematite capsule and exposure to metal ion
solutions at identical concentrations. The surface areas of the CNT core-only
structures were lower than those of the CNT core-in-hematite capsule (98 + 2
and 125 +1 mz/g for the former and latter, respectively). Thus, the CNT cores
in hematite capsules had a greater chance to adsorb Pb>" ions than the core-
only structures. Indeed, the removal ability of the CNT core particles without
hematite shells was not impressive due to the decrease in the CNT surface areas
that resulted from massive aggregation of each CNT core. Reported results indi-
cated that the hematite shell of core-in-shell structures prevents aggregation and
outflow of CNTs, thus enhancing the ability to remove lead(II) ions using an
environmentally friendly method.

Construction of a recyclable agent for the removal of heavy metal ions should
involve reversible desorption of adsorbed metal ions by external stimuli. To in-
vestigate the desorption abilities of studied core-in-shell capsules, Choi and co-
workers [46] measured the concentration of lead(II) ions released from the cap-
sules at various pH values (1-5). The authors demonstrated that in the case of
hematite capsules with CNT cores, the adsorbed lead ions were easily desorbed
from the capsules within a short period of time at low pH. Thus, the capsules
showed excellent removal ability and recyclability having also use for many po-
tential applications including chemical sensors, microreactors, catalysts, and drug
carriers.
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5. POLYMER SWELLING CAPSULES

The research group of Chu from the School of Chemical Engineering at the
Sichuan University, China, has developed novel smart responsive microcapsules
capable to recognize Pb>" jons and self-regulatively they adjust their conforma-
tion of the wall material [52]. By using an oil-in-water-in-oil double emulsion
method, the authors prepared crosslinked poly(N-isopropylacrylamide-co-ben-
z0-18-crown-6-acrylamide) (P(NIPAM-co-BCAm)) microcapsules (Figure 8).
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Figure 8. Schematic illustration of the proposed lead ion-recognizable smart microcap-
sules with a crosslinked P(NIPAM-co-BCAm) wall. The volume phase transition tempera-
ture (VPTT) of the P(NIPAM-co-BCAm) microcapsule shifts from VPTT, to VPTT,
when the crown ether unit in the P(NIPAM-co-BCAm) wall recognizes Pb”* ions. When
the environmental temperature (T,) is located between VPTT, and VPTT,, the proposed
microcapsule exhibits an isothermal and significant swelling by recognizing Pb*" ions and
a reversible shrinking by removing the lead ion from the crown ether.

As schematically illustrated in Figure 8, the wall of the proposed microcapsule
was made of a crosslinked P(NIPAM-co-BCAm) hydrogel, in which the ion-
recognizable crown ether 18-crown-6 (18C6) serves as an ion signal-sensing re-
ceptor and the thermo-responsive poly(N-isopropylacrylamide) (PNIPAM) acts
as an actuator. The crown ether 18C6 is a well-known host molecule in supramo-
lecular “host—guest” systems to selectively recognize potassium ion by forming
a stable “host-guest” complex. It has been reported that when the pendant 18-
crown-6 receptors capture specific ions such as K™, the lower critical solution
temperature of the linear P(NIPAM-co-B18C6Am) copolymers shift to higher
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temperature due to the enhancement of hydrophilicity of the copolymer when
specific ions are captured [53-55].

Moreover, it has been reported that the grafted P(NIPAM-co-B18C6Am) co-
polymers and crosslinked P(NIPAM-co-B18C6Am) hydrogels could respond
more significantly by recognizing some heavy metal ions such as lead(II) [56,
57] than by recognizing potassium ions. When the BCAm receptors in the cross-
linked P(NIPAM-co-BCAm) hydrogels or microgels capture lead(Il) ions [57],
the volume phase transition temperature (VPTT) of crosslinked P(NIPAM-co-
BCAm) hydrogels or microgels shifts from a lower value (VPTT, in Figure 8) to
a higher one (VPTT,, in Figure 8). As a result, when the environmental tempera-
ture (T, in Figure 8) is located between VPTT, and VPTT),, the proposed micro-
capsules could exhibit isothermal and significant swelling by recognizing special
heavy metal ions such as lead(II) ions, and reversible shrinking by removing the
heavy metal ions from the crown ethers.

Pi and coworkers [52] reported that by recognizing special heavy metal ions,
the microcapsule illustrated in Figure 8 exhibits an isothermal and significant
swelling, i.e., the crosslinked polymeric network of the microcapsule membrane
changes isothermally from a shrunken state to a swollen state. As a result, the
permeability of substances diffusing through the microcapsule membrane in-
creases. Such a self-regulated smart conformational change behavior triggered
by ion recognition is reversible. The authors have investigated lead(II) as the
model heavy metal ion, and sodium, potassium, and calcium ions as reference
ions because they are important for chemical signals in biomembranes. The ob-
tained results clearly demonstrate that developed microcapsules can selectively
recognize lead(Il) ions very well by the BCAm units in the P(NIPAM-co-
BCAm) membranes, but they cannot recognize either sodium, potassium or cal-
cium ions selectively. The stable “host-guest” BCAm/Pb> " complexes in the
P(NIPAM-co-BCAm) membrane cause a positive shift of the VPTT of cross-
linked P(NIPAM-co-BCAm) hydrogel to a higher temperature, and the repul-
sion among the charged BCAm/Pb> " complexes and the osmotic pressure within
the P(NIPAM-co-BCAm) walls results in the swelling of the microcapsules.

6. GENERAL CONCLUSIONS

Numerous materials are in various stages of research and development, each
possessing unique functionalities that are potentially applicable to the remedia-
tion of industrial wastewater, groundwater, surface water, and drinking water.
The main goal for most of these investigations is to develop low-cost and envi-
ronmentally friendly materials for removal of heavy metals from water. To date,
smart capsules are widely explored in China as support for highly efficient ad-
sorbents for lead(II) removal from water/wastewater. Encapsulation is a great
technique for heavy metal removal/separation and exhibits various advantages:
simplicity of preparation, applicability for a wide range of selective extractants,
a large special interfacial area, the ability for concentration of metal ions from
dilute solutions, and less leakage of harmful components to the environment.
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Nevertheless, to further promote the practical application of capsules in the
abatement of heavy metal pollution, there still exist some technical bottlenecks
which need to be solved. For instance, new cheap polymers for microcapsule
walls have to be developed. In addition, how to separate the exhausted capsules
from water/wastewater efficiently and at a low cost still remains an interesting
but challenging task.
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ABBREVIATIONS AND DEFINITIONS

18C6 18-crown-6 ether

BCAm benzo-18-crown-6-acrylamide

CNT carbon nanotube

M-NZVI nanoscale zero-valent iron particles

NZVI nanoscale zero-valent iron

P(NIPAM-co-BCAm) poly(N-isopropylacrylamide-co-benzo-18-crown-6-
acrylamide)

PNIPAM poly(N-isopropylacrylamide)

VPTT volume phase transition temperature

REFERENCES

1. J. Zhang, R. J. Coulston, S. T. Jones, J. Geng, O. A. Scherman, C. Abell, Science
2012, 335, 690-694.

2. S. K. Srivastava, M. Guix, O. G. Schmidt, Nano Lett. 2016, 16, 817-821.

3. A. Heidari, H. Younesi, Z. Mehraban, H. Heikkinen, Int. J. Biol. Macromol. 2013,

61, 251-263.
4. J. Goel, K. Kadirvelu, C. Rajagopal, V. K. Garg, J. Hazard. Mater. 2005, 125, 211-
220.
5. Y. Qi, M. Jiang, Y.-L. Cui, L. Zhao, X. Zhou, Nanoscale Res. Lett. 2015, 10, 408.
6. O.S. Amuda, A. A. Giwa, I. A. Bello, Biochem. Eng. J. 2007, 36, 174-181.
7. H. Lu, W. Zhang, Y. Yang, X. Huang, S. Wang, R. Qiu, Water Res. 2012, 46, 854-862.
8. S. Lacour, J. C. Bollinger, B. Serpaud, P. Chantron, R. Arcos, Anal. Chim. Acta 2001,

428, 121-132.
9. X.-H. Do, B.-K. Lee, J. Environ. Manag. 2013, 131, 375-382.
10. F. He, D. Zhao, Environ. Sci. Technol. 2005, 39, 3314-3320.
11. S. Venkateswarlu, M. Yoon, ACS Appl. Mat. Interfaces 2015, 7, 25362-25372.

printed on 2/13/2023 2:45 AMvia . All use subject to https://ww.ebsco. confterms-of-use



EBSCChost -

SMART CAPSULES FOR LEAD REMOVAL 77

12

13

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.
24.

25.
26.

27.
28.

29.

30.

31.
32.

33.

34.
3s.
36.
37.
38.
39.
40.
41.
42.

43.

. H. Yoshizawa, Y. Uemura, Y. Kawano, Y. Hatate, J. Chem. Eng. Jpn. 1993, 26, 198-
204.

. L. Zhang, D. Wu, B. Zhu, Y. Yang, L. Wang, J. Chem. Eng. Data 2011, 56, 2280-

2289.

B. Tylkowski, M. Pregowska, E. Jamowska, R. Garcia-Valls, M. Giamberini, Eur.

Polym. J. 2009, 45, 1420-1432.

K. B. d. S. Lobato, K. Paese, J. C. Forgearini, S. S. Guterres, A. Jablonski, A. d. O.

Rios, Food Chem. 2013, 141, 3906-3912.

B. Green, L. Schleicher, Manifold Record Material, in http://www.freepatentsonline.

com/2730456.html, Ed. NCRCO, United States, 1956.

L. Marteaux, in Microencapsulation Innovative Applications, Eds M. Giamberini, S.

Fernandez Prieto, B. Tylkowski, DeGruyter, Berlin, 2015, pp. 187-216.

B. Boh Podgornik, M. Staresini¢, in Microencapsulation Innovative Applications, Eds

M. Giamberini, S. Fernandez Prieto, B. Tylkowski, DeGruyter, Berlin, 2015, pp. 37—

69.

M. Giamberini, S. Fernandez Prieto, B. Tylkowski, Microencapsulation, Innovative

Applications, DeGruyter, Berlin, 2015, pp 220.

B. Ding, X. Zhang, K. Hayat, S. Xia, C. Jia, M. Xie, C. Liu, J. Food Eng. 2011, 102,

202-208.

M. Outokesh, Y. Niibori, H. Mimura, S. J. Ahmadi, Ind. Eng. Chem. Res. 2008, 47,

6742-6752.

K. Radhakrishnan, L. Sethuraman, R. Panjanathan, A. Natarajan, V. Solaiappan, W.

R. Thilagaraj, Desalination and Water Treatment 2016, 57, 3572-3587.

E. R. Morris, D. A. Rees, D. Thom, J. Boyd, Carbohydr. Res. 1978, 66, 145-154.

S. K. Papageorgiou, E. P. Kouvelos, E. P. Favvas, A. A. Sapalidis, G. E. Romanos, F.

K. Katsaros, Carbohydr. Res. 2010, 345, 469-473.

M. Fukushima, K. Tatsumi, S. Wada, Anal. Sci. 2001, 17, 663-666.

P. Lodeiro, B. Cordero, Z. Grille, R. Herrero, M. E. Sastre de Vicente, Biotechnol.

Bioeng. 2004, 88, 237-247.

O. Raize, Y. Argaman, S. Yannai, Biotechnol. Bioeng. 2004, 87, 451-458.

C. Lamelas, F. Avaltroni, M. Benedetti, K. J. Wilkinson, V. 1. Slaveykova, Bio-

macromolecules 2005, 6, 2756-2764.

D.-G. Ahn, J. Lee, S.-Y. Park, Y.-J. Kwark, K. Y. Lee, ACS Appl. Mater. Interfaces

2014, 6, 22069-22077.

M. C. Jonathan, G. Bosch, H. A. Schols, H. Gruppen, J. Agric. Food. Chem. 2013, 61,

553-560.

C. Gok, S. Aytas, J. Hazard. Mater. 2009, 168, 369-375.

S.-F. Lim, Y.-M. Zheng, S.-W. Zou, J. P. Chen, Environ. Sci. Technol. 2008, 42, 2551—

2556.

C. Escudero, N. Fiol, I. Villaescusa, J.-C. Bollinger, J. Hazard. Mater. 2009, 164, 533—

541.

S. Onal, S. H. Baysal, G. Ozdemir, J. Hazard. Mater. 2007, 146, 417-420.

S. L. Zala, J. Ayyer, A. J. Desai, World J. Microbiol. Biotechnol. 20, 661-665.

W. Plazinski, Environ. Sci. Pollut. Res. 2012, 19, 3516-3524.

Y.-L. Lai, M. Thirumavalavan, J.-F. Lee, Toxicol. Environ. Chem. 2010, 92, 697-705.

A. Nussinovitch, O. Dagan, J. Hazard. Mater. 2015, 299, 122-131.

A. Schiitzendiibel, A. Polle, J. Exp. Bot. 2002, 53, 1351-1365.

F. Lim, A. M. Sun, Science 1980, 210, 908-910.

A. Nussinovitch, I. J. Kopelman, S. Mizrahi, Food Hydrocolloids 1990, 4, 257-265.

N. Bremond, E. Santanach-Carreras, L. Y. Chu, J. Bibette, Soft Matter 2010, 6, 2484—

2488.

J. Paul Chen, M. Lin, Water Res. 2001, 35, 2385-2394.

printed on 2/13/2023 2:45 AMvia . All use subject to https://ww.ebsco. confterms-of-use



EBSCChost -

78

44
45

46.
47.
48.
49.
50.
51.
52.

53.
54.

S5.

56.

57.

TYLKOWSKI and JASTRZAB

H. Lu, W. Zhang, Y. Yang, X. Huang, S. Wang, R. Qiu, Water Res. 2012, 46, 854-862.
S. Luo, T. Lu, L. Peng, J. Shao, Q. Zeng, J.-D. Gu, J. Mater. Chem. A 2014, 2, 15463—
15472.

W. S. Choi, H. M. Yang, H. Y. Koo, H.-J. Lee, Y. B. Lee, T. S. Bae, I. C. Jeon, Adv.
Funct. Mater. 2010, 20, 820-825.

S. Iijima, Nature 1991, 354, 56-58.

R. H. Baughman, Science 2000, 290, 1310-1311.

M. Daniel, S. Leland, S. Kyeong-Sik, C. Chi On, D. Bruce, Translat. Mater. Res. 2015,
2, 015001.

A. Bachtold, P. Hadley, T. Nakanishi, C. Dekker, Science 2001, 294, 1317-1320.

M. Sano, A. Kamino, J. Okamura, S. Shinkai, Nano Lett. 2002, 2, 531-533.

S.-W. Pi, X.-J. Ju, H.-G. Wu, R. Xie, L.-Y. Chu, J. Colloid Interface Sci. 2010, 349, 512—
518.

M. Irie, Y. Misumi, T. Tanaka, Polymer 1993, 34, 4531-4535.

Z. Liu, X. J. Ju, Y. H. Huang, R. Xie, W. Wang, K. R. Lee, L. Y. Chu, J. Membrane
Sci. 2016, 497, 328-338.

H. R. Yu, J. Q. Hu, X. H. Lu, X. J. Ju, Z. Liu, R. Xie, W. Wang, L. Y. Chu, J. Phys.
Chem. B 2015, 119, 1696-1705.

T. Ito, T. Hioki, T. Yamaguchi, T. Shinbo, S. I. Nakao, S. Kimura, J. Am. Chem. Soc.
2002, 124, 7840-7846.

X. J. Ju, S. B. Zhang, M. Y. Zhou, R. Xie, L. Yang, L. Y. Chu, J. Hazard. Mater. 2009,
167, 114-118.

printed on 2/13/2023 2:45 AMvia . All use subject to https://ww.ebsco. confterms-of-use



5

Lead Speciation in Microorganisms

Theodora J. Stewart

King’s College London, Division of Diabetes and Nutritional Sciences,
Franklin-Wilkins Bldg., 150 Stamford St., London SE1 9NH, UK
<theodora.stewart@kcl.ac.uk>

ABSTRACT 80
1. INTRODUCTION 80
1.1. A Shift from Extra- to Intracellular Metal Speciation 80
1.2. Intracellular Metal Speciation 80
2. INTRACELLULAR METAL SPECIATION TECHNIQUES 81
2.1. Non-destructive Techniques 82
2.1.1. X-Ray Absorption Spectroscopy 82
2.1.2. Resonant X-Ray Emission Spectroscopy 83
2.1.3. X-Ray Diffraction 84
2.1.4. Scanning Transmission X-Ray Microscopy 84
2.2. Destructive Techniques 84

2.2.1. High Performance Liquid Chromatography-Inductively
Coupled Plasma-Mass Spectrometry 85

2.2.2.  Gel Electrophoresis-Laser Ablation Inductively

Coupled Plasma-Mass Spectrometry 85
2.2.3. Electrospray Ionization-Mass Spectrometry 86
3. INTRACELLULAR METAL LOCALIZATION TECHNIQUES 86
3.1. Synchrotron X-ray Fluorescence 86
3.2. Secondary Ion Mass Spectrometry 86
3.3. Lead-Specific Probes and Sensors 87
4. LEAD SPECIATION IN MICROORGANISMS 88
4.1. Bacteria 88
4.2. Fungi 89
43. Algae 90
5. REMAINING QUESTIONS AND FUTURE DIRECTIONS 92

Metal Ions in Life Sciences, Volume 17 Edited by Astrid Sigel, Helmut Sigel, and Roland K. O. Sigel
© Walter de Gruyter GmbH, Berlin, Germany 2017, www.mils-WdG.com
DOI 10.1515/9783110434330-005

Met. lons Life Sci. 2017, 17, 79-97

EBSCChost - printed on 2/13/2023 2:45 AMvia . All use subject to https://ww.ebsco.conlterns-of-use



EBSCChost -

80 STEWART

ACKNOWLEDGMENT 93
ABBREVIATIONS 93
REFERENCES 94

Abstract: The biogeochemical cycles of lead (Pb) have been largely affected by anthropogenic
activities as a result of its high natural abundance and use over the centuries [1]. At sites more
strongly impacted by urbanization [2] and mining [3], Pb is found at high nano to low micromo-
lar concentrations in surface waters, and can be significantly higher in soil and sediment [4].
Microorganisms are found everywhere and their responses to Pb exposure can range from resist-
ant to highly sensitive [5, 6]. These varying levels of toxicity can be attributed to the cellular
handling of Pb, making it important to understand the role of intracellular Pb speciation for
more accurate toxicity predictions.

Keywords: detoxification - intracellular speciation - lead - metal speciation - microorganisms

1. INTRODUCTION
1.1. A Shift from Extra- to Intracellular Metal Speciation

Over 40 years ago, Zitko et al. were one of the first to demonstrate that the
external free metal ion was a better predictor of metal toxicity in an organism
than the total dissolved concentration [7]. This seemingly simple observation
highlighted the importance of metal speciation. As a result of decades of scientif-
ic work, we now have a large data set relating to metal complexation equilibria
[8]. These results helped form conceptual equilibrium-based metal speciation
models, such as the Free Ion Activity Model (FIAM) [9] and subsequently the
Biotic Ligand Model (BLM) [10].

However, this great scientific effort has also revealed the complexity in predict-
ing metal toxicity from external metal speciation. Species-specific responses oc-
cur in part from different intracellular detoxification mechanisms and toxic
modes of action [11]. In many metal toxicity studies a target binding site on the
surface of an organism is considered. However, to more accurately predict metal
toxicity, we must proceed further and consider subcellular targets. To which bio-
molecules are metals bound? Where are they localized? What are the molecular
mechanisms behind disruption of vital cellular processes leading to measured
effects? As eloquently expressed by Lucia Banci and the late Ivano Bertini, the
question remains if we can ultimately place the correct metal, with the correct
biomolecule, in the correct subcellular location, at the correct time [12]. This
seemingly simple idea is clearly a non-trivial task, but one with immense scientif-
ic significance and one that requires a shift of focus from extracellular to intracel-
lular metal speciation.

1.2. Intracellular Metal Speciation

Metal speciation within the cell is ultimately a question of identifying to which
ligand or biomolecule a metal is bound, which includes determining a metals
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valence or spin state. Under certain circumstances, information on the oxidation
state for redox active metals or the local chemical environment surrounding a
metal at the atomic scale for non-redox active metals may suffice, depending on
the scientific question. However, often identification of the metal complexing
ligand or of entire biomolecules is desired, requiring a host of complimentary
methods. It is important to note that the subcellular localization of a metal alone
should not be considered metal speciation and rather falls under the category of
subcellular metal distribution. Although subcellular metal distribution itself does
not provide direct information on speciation, the ability to localize specific metal
species is invaluable when addressing the role of metal chemistry in cellular
processes.

Pb can form strong complexes through coordination with both oxygen and
sulfur [13] originating from both inorganic and organic ligands. For microorga-
nisms, these species include oxides, polyphosphates, sulfides, and mercaptans,
both originating from small peptides and larger proteins. The Pb>" ion is the
biologically active form normally accumulated. However, as discussed below,
certain microorganisms appear to biotransform Pb>" into volatile methylated
compounds.

Intracellular metal species determine their biological effects. This concept
holds true for both essential and non-essential metals in all organisms. In the
case of non-essential metals like Pb, effects typically correspond to the total
intracellular metal content: the greater the metal uptake, the greater the adverse
biological effect. However, the threshold amount that an organism accumulates
before such effects are observed for a given biological endpoint can vary greatly
between species. The types of intracellular Pb species, their relative amounts,
subcellular localization and even temporal dynamics are important factors.
Therefore, to gain a greater mechanistic understanding of detoxification process-
es and toxic modes of action at the sub-cellular level, quantification and localiza-
tion of specific Pb species is critical.

In this chapter, techniques for the speciation of metals at the atomic and mo-
lecular scales are introduced, as well as for the localization of specific metal
species. Although many associate microorganisms with prokaryotes, intracellular
Pb speciation is discussed for a range of microorganisms that include bacteria,
fungi and algae within the context of detoxification strategies. The chapter is
concluded with extending the discussion to future trends in intracellular metal
speciation determination for a better integration of intracellular metal speciation
and biological effects.

2. INTRACELLULAR METAL SPECIATION TECHNIQUES

The identification, quantification, and localization of specific non-essential metal
species within a cell are challenging. Non-essential metals can be present in low
amounts, which can be an analytical obstacle with respect to limits of detection.
To overcome this limitation, intracellular contents can be extracted, isolated and
concentrated to identify and quantify metal complexes. Because this process in-

printed on 2/13/2023 2:45 AMvia . All use subject to https://ww.ebsco. confterms-of-use



EBSCChost -

82 STEWART

Figure 1. Comparison of metal speciation techniques as a function of detection limit and
spatial resolution. Values taken from [25] and [38] are approximations, as detection limits
are dictated by metal and beam line optics for synchrotron-based techniques.

volves the physical disruption of an organism, one must be aware of the poten-
tial redistribution of metals. Techniques should be metal-specific, ideally non-
destructive, and have low limits of detection that reveal not only the local coordi-
nation environment, but also identify the biological ligand or biomolecule to
which the metal of interest is bound. However, there is no silver bullet for intra-
cellular metal speciation, and a host of complimentary techniques are required
to achieve such a comprehensive picture (Figure 1). Techniques are broadly cate-
gorized as non-destructive, in the sense that analyses are conducted on intact
cells, and destructive, which first require the extraction of intracellular contents
prior to analysis. Techniques are presented within the broader context of intra-
cellular metal speciation, but all are applicable to Pb speciation.

2.1. Non-destructive Techniques

The intracellular domain of all living organisms is a highly complex environment
and characterized by a continuity of dynamic pathways and processes. Whether
it be for the maintenance of essential metal homeostasis or the detoxification of
non-essential metals, the dynamics, localization, and concentration of metal spe-
cies are crucial for the optimal functioning of an organism. To accurately identify,
quantify and locate specific intracellular metal species, it is important to mitigate
any physical disruption to this environment. In this section, a selection of syn-
chrotron based spectroscopy methods are presented, which are suitable for non-
invasive metal speciation.

2.1.1. X-Ray Absorption Spectroscopy

X-ray absorption spectroscopy (XAS) allows for the determination of metal spe-
ciation in hydrated biological samples both in bulk as well as at the subcellular
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level with ~100 nm scale resolution [14]. In XAS, elemental speciation is ob-
tained when the energy from a monochromatic X-ray beam corresponds to the
binding energy of an inner shell electron of a specific element of interest, produc-
ing an element-specific feature called an absorption edge. The region around
this absorption edge is referred to as the X-ray absorption near edge structure
(XANES) and can provide information on the oxidation state and molecular
geometry of a specific metal complex. When the incident energy is sufficiently
high, a core electron is ejected and the ejected photoelectron wave is scattered
by surrounding atoms producing an extended X-ray absorption fine structure
(EXAFS). The EXAFS provides information on the identity of neighboring
atoms, coordination geometry and bond distances. XAS can be measured in
transmission mode but can also be performed in fluorescence mode, utilizing
radiative decay of the excited states, which is proportional to the absorption
coefficient. This strategy enhances sensitivity, as measurements are collected out-
side the direct beam path and almost all background counts are eliminated.
Therefore, XAS in fluorescence mode is ideal for dilute samples, which is often
the case for non-essential metals in microorganisms.

Microorganisms must be measured in either a frozen hydrated state or careful-
ly dried and stored to prevent oxidation of redox-active metal complexes. X-
ray spectroscopy cannot be performed on hydrated living organisms at ambient
temperature due to radiation damage caused by the X-ray beam. XAS can be
performed as a bulk technique, providing information on the local coordination
environment surrounding a specific metal without the spatial localization of
these metal species. In this case, the signal obtained from the bulk sample is
assumed to be representative of the average metal speciation (dominated by the
major species) within a single microorganism. Both micro- and nano-XAS can
also be performed on specimens and provide additional insight on spatial locali-
zation with resolutions down to approximately 100 nm [15]. However, reducing
the beam size to obtain better spatial resolution also reduces the signal intensity
measured. In all types of XAS, relative amounts of metal species can be quanti-
fied by implementing fitting procedures with known biologically relevant metal
standards.

One main caveat of XAS is the near impossibility of distinguishing between
different types of ligand donors that lie next to each other in the periodic table
(O versus N). It is an additional challenge to determine differences in elements
present in the second coordination shell (Pb-O-S versus Pb-O-P) [16]. These
challenges are exacerbated for Pb, which often forms complexes with distorted
geometries because of an inert pair of electrons [17]. Together, these factors
make it challenging to proceed beyond direct coordination towards ligand identi-
fication [18]. However, to have a mechanistic understanding of the biological
effects of Pb in microorganisms, it is important to obtain such information.

2.1.2. Resonant X-Ray Emission Spectroscopy

Some of the limitations associated with XAS spectral resolution can be ad-
dressed with resonant X-ray emission spectroscopy (RXES). RXES is often re-
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ferred to as a photon-in/photon—out process, where an incoming photon is ab-
sorbed that is in resonance with a specific absorption edge. An excited intermedi-
ate state is produced that contains a core hole. The subsequent photon emission
results in a final state, which possesses a higher energy relative to the initial state
and contains a core hole with a longer lifetime relative to XAS. This phenom-
enon decreases the core hole broadening of spectral lines and increases spectral
resolution. Thus, RXES combines both XAS and X-ray emission spectroscopy
(XES). RXES is a widely used tool to probe the electronic structure of matter
[19], but has only recently found application in the biological field [16, 20]. In
an RXES experiment, highly resolved spectra of metal complexes are obtained
by combining both XAS and XES, producing planes analogous to a metal-ligand
fingerprint. Discernment between different types of oxygen and sulfur ligand
bound Pb complexes becomes possible [16]. This degree of detailed metal specia-
tion is not possible with XAS or any other technique [20].

2.1.3.  X-Ray Diffraction

X-ray diffraction (XRD) is useful for the study of crystalline structures, as each
structure produces a characteristic diffraction pattern analogous to a fingerprint.
Within the intracellular domain, this technique can be particularly helpful in
identifying intracellular metal precipitates. In addition, XRD and EXAFS go
hand-in-hand, where the geometry obtained from XRD measurements is re-
quired to begin iterative calculations in EXAFS, and EXAFS can be helpful in
confirming structures obtained from XRD [14].

2.1.4. Scanning Transmission X-Ray Microscopy

One promising technique utilizing XAS is scanning transmission X-ray microsco-
py (STXM). In STXM, a sample is scanned across a focused X-ray beam and
can be measured in both transmission and fluorescence modes. Both imaging
and spectroscopy are possible at the nano scale [21]. An additional advantage is
the ability to probe elements, such as carbon, nitrogen, oxygen and sulfur, which
can provide insight into the composition of proteins, polysaccharides, or lipids
[22] surrounding a metal. Due to typically low concentrations of intracellular
trace metals, analysis is often limited to the XANES region and can only be
applied to the EXAFS region when the required signal-to-noise ratio is met [15].
Therefore, oxidation states of the metal of interest can be easily obtained, where-
as neighboring atoms, coordination geometry, and bond distances become more
challenging to deduce. STXM imaging has been reviewed [21].

2.2. Destructive Techniques

X-ray spectroscopic techniques are powerful in describing the atomic environ-
ment surrounding a metal, however it is also of interest to identify the biomole-
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cule to which a metal is bound. To achieve this, molecular and elemental mass
spectrometry (MS) are useful approaches. However, unlike in the intact cell
analysis previously described, MS is normally performed on isolated cellular
fractions. It should be noted that complexes, which are chemically labile run the
risk of metal redistribution during cellular fractionation and separation. Metal
speciation work often uses hyphenated analytical techniques that include some
type of liquid chromatography (LC) or gel/capillary electrophoresis (GE or CE)
for the separation of biomolecules, molecular MS for the identification of bio-
molecules, and inductively coupled plasma mass spectrometry (ICP-MS) for the
identification and quantification of metals or elements such as sulfur. A selection
of techniques is presented, which are suitable for the identification and quantifi-
cation of metal bound biomolecules in microorganisms. However, these tech-
niques are by no means limited to those described in the following sections.
Comprehensive reviews of bioinorganic analytical techniques can be found else-
where [23-25].

2.2.1. High Performance Liquid Chromatography-Inductively
Coupled Plasma-Mass Spectrometry

The use of HPLC-ICP-MS is a commonly used technique for the determination
of metal species in isolated fractions. It is versatile, able to accommodate a range
of analytes, and HPLC can be easily coupled to ICP-MS [26]. Biomolecules are
fractionated based on polarity, charge, or size, and multi-elemental quantification
of metals in these fractions are carried out using ICP-MS. Particularly useful for
single cell analysis is the use of nano-HPLC-ICP-MS, which significantly reduces
the volume of sample required. Electrospray ionization-mass spectrometry (ESI-
MS) can be used in parallel to identify biomolecules present in the respective
fractions. Together, these two techniques offer the most robust approach for the
in vitro identification of metal complexes in the pM to nM range [24].

2.2.2.  Gel Electrophoresis-Laser Ablation Inductively
Coupled Plasma-Mass Spectrometry

Although recent published work in laser ablation (LA) ICP-MS reported resolu-
tion down to 1 um [27], spatial resolutions of LA ICP-MS are generally in the
range of 5um, limiting its use in smaller microorganisms [25]. However, LA
ICP-MS can be used to analyze bands and spots obtained from 1D and 2D gel-
electrophoresis gels. GE, more commonly operated in 2D, is routinely utilized
for protein separation and can be used to separate metal complexes when under
non-denaturing conditions [28]. By coupling GE with LA ICP-MS, metals are
quantified in specific bands or spots. When used in combination with molecular
MS for protein identification, the speciation of protein bound metals can be
achieved [29]. GE-LA ICP-MS was shown to be particularly useful in identifying
increased metal-protein complexes formed as a result of metal stress [30]. The
reader is directed to a comprehensive review for more information [31].
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2.2.3.  Electrospray lonization-Mass Spectrometry

Electrospray ionization-mass spectrometry (ESI-MS) is a sensitive soft ioniza-
tion technique that allows for the identification of large biomolecules with little
or no fragmentation. Additionally advantageous is that metal complexes can also
be transferred to the gas-phase [32]. By using nano-ESI-MS, significantly lower
concentration and sample volume is required, and increased tolerance to sol-
vents and salt contamination is achieved [23]. This technique was used to identify
the stoichiometry of Pb-phytochelatin complexes (Pb-PC) in vitro and indicated
likely competition of Zn and Cu for M-PC complex formation [33].

3. INTRACELLULAR METAL LOCALIZATION TECHNIQUES

Determination of intracellular metal species in microorganisms is most valuable
when these species can be spatially located within the subcellular domain. To
obtain meaningful spatial localization of metal species in microorganisms, resolu-
tion should be <1 um. In achieving this minimum resolution, one can probe
organelles such as the nucleus, lysosomes, vesicles, and the mitochondrial net-
work [14]. Incoming monochromatic X-ray beams can now be focused down to
spot sizes between 150-300 nm to obtain metal speciation information at intra-
cellularly relevant spatial scales [34].

3.1. Synchrotron X-ray Fluorescence

In synchrotron X-ray fluorescence (SXRF) characteristic photons are emitted
from the absorption and relaxation process described in XAS. With SXRF one
can easily identify and quantify elements at 100 nm spatial resolutions, making
this technique valuable in probing subcellular metal localization. With SXREF,
attogram levels of transition metals are detected and multiple elements can be
simultaneously mapped for co-localization studies [35]. Spatial resolutions down
to approximately 30 nm are now being reported in the literature [36]. Work with
SXREF has been typically conducted in 2D. Although challenging, translation to
3D is possible with XRF tomography. For example, de Jonge et al. successfully
mapped the 3D distribution of ten trace elements in the diatom Cyclotella me-
neghiniana with 400 nm spatial resolution [37].

3.2. Secondary lon Mass Spectrometry

The use of secondary ion mass spectrometry (SIMS) is an emerging tool for the
quantification and distribution of ions in biological samples [38]. In SIMS, a
primary ion beam is scanned across a sample, which sputters away the surface,
ejecting both atoms and atomic clusters. These ionized atoms and clusters are the
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secondary ions, which are measured and from which spatial maps are generated.
Measurements are performed under high vacuum, making in vivo measurements
not possible. SIMS can be operated in either static or dynamic mode, which
refers to the intensity of the primary ion beam and the degree of fragmentation
from the sample surface. In static SIMS, a time-of-flight (TOF) mass spectrome-
ter is often used in conjunction with a second ion beam used to sputter the
surface of the sample. After each pulse, secondary ions are measured based upon
their mass-to-charge (m/z) ratio. In TOF-SIMS one is able to simultaneously
map all metal ions as well as other molecular ions. In contrast, dynamic SIMS,
referred to in the literature as NanoSIMS, requires a pre-selection of up to seven
masses. However, better sensitivity is achieved, allowing for spatial resolutions
down to 50 nm [38]. A study using NanoSIMS conducted on Cu uptake in C.
kesslerii indicated possible Cu interaction with phosphate granules, proteins, and
the nucleus [39]. These conclusions were made based upon the co-localization
of ®Cu” and varying intensities of 2¢, 2N, and *'P". Co-localization and
quantification of specific elemental isotopes is possible, but direct identification
of intracellular metal complexes is not achieved with NanoSIMS. One significant
drawback is an inability to resolve subcellular organelle distribution because
organelle membranes have similar structural compositions.

3.3. Lead-Specific Probes and Sensors

Metal-specific probes and sensors can also be employed to localize intracellular
metals. This technique is based upon converting the binding of a specific metal
to a measurable optical signal. Fluorescence-based probes and sensors are the
most prevalent type and include small-molecule sensors, protein-based biosen-
sors, and hybrid probes genetically encoding small-molecule sensors [40]. Each
type has strengths and weaknesses dependent upon the requirement of the sys-
tem being studied: requirement of specificity, dissociation constants, signal inten-
sity, dynamic range, and subcellular localization capabilities [40]. Fluorescence
imaging for Pb2+—specific sensors can, in theory, supply information on the spa-
tial localization and temporal dynamics of the intracellular labile Pb pools, if
such pools even exist. However, despite the existence of Pb2+-specific fluores-
cent probes [41-43], relatively few Pb> " sensors are available for application in
living cells. Leadmium™Green AM is the only known commercially available
probe for detecting nM concentrations of intracellular Pb>" but it also binds to
Cd*>*. However, He et al. synthesized Leadfluor-1 (LF1) utilizing a fluorescein-
type scaffold [44]. This Pb”-speciﬁc sensor is insensitive to Cd*" as well as
other major cations found at uM to mM concentration within the cell and is able
to monitor changes in intracellular Pb°" levels within living mammalian cells.
Recently, a FRET-based Pb>" sensor referred to as Met-lead 1.59, was devel-
oped for use in detecting intracellular Pb [45]. This sensor is based upon the
Pb°" binding domain of PbrR, a bacterial metalloregulatory protein, which is
described in greater detail in the following section.
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4. LEAD SPECIATION IN MICROORGANISMS

Microorganisms have developed mechanisms to prevent metal toxicity and main-
tain physiologically required cellular concentrations of essential metals [46, 47].
In the case of Pb, toxicity can occur from the replacement of essential metals
with Pb, demonstrated by the exchange of Zn from the family of Zn finger
proteins [48]. Lead has also been reported to interfere in electron transfer reac-
tions in mitochondria [49] and chloroplasts [50], affecting respiration and photo-
synthesis [51]. Other physiological disruptions have been observed in algae [52].
In addition to these direct effects, indirect effects can occur through an increase
in metal-induced reactive oxygen species (ROS). These ROS lead to the radical
attack on proteins, lipids, and nucleic acids, which can ultimately lead to cell
death. To avoid such deleterious effects, microorganisms employ several key
detoxification strategies that influence intracellular Pb speciation and ameliorate
toxic effects. Binding to cellular wall components may serve to slow the internali-
zation of Pb. However, once taken up, formation of insoluble Pb precipitates,
vacuolar sequestration, and excretion of Pb are major detoxification mecha-
nisms.

4.1. Bacteria

Bacterial Pb detoxification strategies mainly comprise of intracellular precipita-
tion, efflux, and in some cases the methylation of Pb>" to more volatile organic
lead compounds [5]. Precipitation of Pb with phosphate seems to serve as a
particularly common sequestration mechanism, and the type of lead phosphate
precipitated is often species-specific. For example, Staphylococcus aureus precip-
itates internalized Pb as Pb3(POy), [53], whereas Vibrio harveyi sequesters intra-
cellular Pb as Pby(PO,)s, determined using XRD [54]. Burkholderia cepacia se-
questers Pb as Pbs(PO,);Cl, which was shown using EXAFS [55]. The different
intracellular Pb phosphate species likely arise from different species-specific sub-
cellular processes involved in detoxification. However, there are no known sys-
tematic studies that compare types of phosphate precipitation with different
known detoxification pathways. Intracellular precipitation has also been ob-
served with sulfur. When taking up Pb under phosphate-limiting conditions, PbS
was found in Klebsiella aerogenes NCTC418 [56]. It has also been shown with
XRD that sulfate-reducing bacteria are able to use PbSO, as an electron accep-
tor to form PbS [57].

Metallothioneins (MTs) are low-molecular-weight metal-binding proteins en-
coded by the smt locus and are well known for their essential role in Zn homeo-
stasis [58]. It has been shown that Pb induces smtA expression and MT synthesis
in a handful of bacterial species [59-62], which may also serve as a detoxification
mechanism. However, this does not seem to be a primary Pb detoxification strat-
egy among bacteria.

Bacteria are also able to excrete Pb via established efflux systems. These in-
clude P-type ATPase-mediated transport [63]. CadA from S. aureus, ZntA from
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E. coli, CadA2 from Ps. putida KT2440, and PbrA from Cupriavidus metallidu-
rans CH34 all seem to transport Pb>" out of the cytoplasm into the periplasmic
space [64-67].

C. metallidurans CH34 is a model bacterium often used for metal tolerance
studies and particularly interesting within the context of intracellular Pb specia-
tion and detoxification. The Pbr efflux system removing intracellular Pb”" was
first reported in this bacterium [68], and it is the only system known to combine
both efflux with precipitation in its detoxification strategy against Pb. This efflux
system is encoded by pbr, and includes PbrT, a membrane protein, PbrA, a PIB-
type ATPase, PbrB, a phosphatase membrane protein, PbrC, a putative signal
peptidase, PbrD, a putative intracellular Pb binding protein, and PbrR, a positive
regulator [68]. PbrT is partially responsible for the uptake of Pb>" into the
cytoplasm, whereby it is thought that the PbrD protein binds Pb, making it less
available to sensitive subcellular targets while simultaneously activating PbrA.
PbrA is responsible for the efflux of Pb into the periplasm and works in conjunc-
tion with PbrB, which releases inorganic phosphate into the periplasmic space
and allows for the precipitation of Pb phosphates. This periplasmic precipitation
is thought to prevent re-entry of Pb into the cytosol [65].

Some bacteria have an ability to transform various Pb>* species into methylat-
ed Pb species, which seems to play a role in detoxification [69]. This process is
referred to as biomethylation, but the exact mechanisms have not been unequiv-
ocally established because of the instability of monomethyl lead(IV) as a result
of the labile nature of the methyl-lead linkage [69]. Both tetramethyl (Me,Pb)
and trimethyl (Mes;Pb) lead have been identified as products of microbial bio-
methylation. It was shown that Aeromonas sp. transformed lead acetate into
Me,Pb [70]. Several other types of bacteria showed similar transforming capabili-
ties, but there is also evidence questioning if biomethylation of Pb occurs at all
in the environment [71-74]. Despite these claims, a form of arctic marine bacte-
ria was reported to produce MesPb [75].

4.2. Fungi

Much less is known about Pb detoxification mechanisms in fungi. The work that
has been conducted indicates similar mechanisms of detoxification as seen in
bacteria. In S. cerevisiae, Pb is easily taken up via an unknown transport mecha-
nism, which is independent of cellular metabolism and accumulated in the cyto-
sol. In the cytoplasm, Pb binds to glutathione (GSH) and the ATP-binding cas-
sette transporter cadmium factor 1 transports this complex to the vacuole [76].
The importance of GSH in Pb detoxification was also observed for Schizosaccha-
romyces pombe [77]. Additionally, the copper-transporting ATPase CAD2 ap-
pears to be important for the efflux of Pb- " [78]. Fungi also protect themselves
against Pb toxicity through the precipitation and formation of Pbs(PO,);Cl, de-
termined using XRD, which appear to significantly influence the biogeochemical
cycles of Pb in the environment [79]. Interestingly, the fungus Aspergillus niger
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was shown to solubilize Pbs(PO,4);Cl and subsequently sequestered Pb as oxa-
lates, observed from differences in XRD spectra [80].

4.3. Algae

Algae avoid toxic effects through metal sequestration either by complexation
with phytochelatins (PCs), important peptides in metal detoxification [81, 82], or
through metal immobilization in intracellular precipitates, such as polyphosphate
vacuolar granules [83, 84]. Although not well studied, efflux may be a potential
mechanism of detoxification.

Chlamydomonas reinhardtii is a particularly important model algal species, as
it has been well studied within the context of intracellular metal homeostasis
and tolerance [85]. Rapid induction of PCs in C. reinhardtii was measured upon
both short- and long-term Pb exposures down to 1 nM Pb>* [51]. Several studies
have also shown that Pb induces PCs in other algal species [86, 87]. Yet, Schei-
degger et al. [81] observed that although Pb induced the production of PCs in
C. reinhardtii, the amount was not high enough to bind all intracellular Pb. As no
observable toxic effects were measured, other sequestration processes mitigating
toxicity were assumed to be present. Studies indicate that, in addition to PC
induction, polyphosphate-containing vacuoles appear to serve an important role
in intracellular metal sequestration [83, 84].

Antioxidant mechanisms are also critical in mitigating the indirect effects of
metal toxicity brought upon by ROS. GSH is one of the most abundant cellular
thiols found in millimolar concentrations [51]. In addition to being a precursor
for PC production, GSH plays an integral role in cellular antioxidant responses.
Direct involvement of GSH in metal detoxification in algae has been proposed
[88], but little is known if GSH directly binds intracellular Pb. With respect to
Pb efflux, several metal tolerance proteins (MTPs), related to the family of cat-
ion diffusion facilitator (CDF) transporters involved in the efflux of Zn *, have
been identified in the green algae C. reinhardtii and C. merolae [89]. No known
studies have determined the specific role of these transporters in the efflux of
Pb as a detoxification mechanism in algae. However, as observed in bacteria,
it is plausible that algae may also utilize such Zn>" efflux systems to remove
accumulated Pb.

Recent work [16] was conducted using C. reinhardtii to understand the tempo-
ral evolution of intracellular Pb species, how these species relate to measurable
effects on both growth and photosynthesis, and how extracellular Pb speciation
influences intracellular speciation. Samples analyzed using RXES showed that
when C. reinhardtii was exposed to 0.1 nM Pb> ", sequestration of intracellular
Pb as PbO and Pb;(PO,), occurred within the first five hours (Figure 2a) [16].
Within this time a decrease in PbO and corresponding proportionate increase of
Pbs(PO,), was attributed to Pb redistribution. The exact mechanism is unknown
but likely originated from precipitation with phosphate released from polyphos-
phatase-mediated hydrolysis of inorganic polyphosphate [90] present in elevated
concentrations within vacuoles of C. reinhardtii [91]. Upon longer exposure

printed on 2/13/2023 2:45 AMvia . All use subject to https://ww.ebsco. confterms-of-use



EBSCChost -

LEAD SPECIATION IN MICROORGANISMS 91

1507

~ 1001

% of Pb

o

1507

+~ 1001

% of Pb

il

10 24

Exposure Time (hours)

B3 PbO EE] Pby(PO4), BEE PLATP
[l Po(GSH), EA PbS

Figure 2. Intracellular Pb speciation in C. reinhardtii as a function of exposure time to
(a) 0.1 nM Pb>* and (b) 25nM Pb**. Figure 2a reproduced by permission from [16]
(copyright 2015, American Chemical Society) for comparison with unpublished data in
Figure 2b (T. J. Stewart, unpublished data from the Dissertation [16]) .

times, further redistribution to organic phosphate and tridentate thiol complexa-
tion was measured, likely from thiol-mediated dissolution of inorganic lead phos-
phate precipitates [92]. Relative to inorganic precipitation, less Pb was com-
plexed by thiols. This finding was in contrast to proposed detoxification strate-
gies involving thiol complexation by PCs.

Interestingly, Pb speciation in the exposure solution influences intracellular Pb
speciation. In the same study [16], changing the exposure solution composition
to 25 nM Pb> ", while maintaining a similar total Pb concentration, resulted in
different intracellular species but similar intracellular concentrations (T. J. Stew-
art, unpublished data from the Dissertation [16]) (Figure 2b). Similar thiol com-
plexation was observed, but PbS precipitation was also measured after both 10
and 24 hours of exposure. Only after 24 hours of exposure was Pb complexation
to organic phosphate measured. These results showed that increasing the bio-
availability of Pb did not significantly increase total intracellular Pb content, but
did lead to the formation of different intracellular Pb species.
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The free metal ion is often the species that dictates the concentration of metal-
cell surface complexes, which in turn can influence uptake kinetics, the amount
of accumulated metal, and toxicity [93]. A positive correlation between Pb**
concentration and the internalization flux in the green alga Chlorella vulgaris in
both the presence and absence of labile Pb complexes was observed [94]. With
more Pb> " present in the exposure medium, a faster internalization of Pb would
be expected. This may have caused an initially higher internal Pb concentration
resulting in the measured precipitation of PbS. Formation of PC-coated CdS
nanocrystals has been reported in C. reinhardtii [95] but this is the first known
study to measure PbS in C. reinhardtii. These collective observations indicate
that metal uptake kinetics may dictate intracellular metal speciation and corre-
sponding biological responses. As novel and informative as this study was, infor-
mation regarding the spatial localization of specific Pb complexes was missing.
This lack of spatial resolution makes it challenging to place metal species within
the context of biological responses and highlights the importance of nano scale
spatial visualization of metal species.

5. REMAINING QUESTIONS AND FUTURE DIRECTIONS

The ability to identify Pb species, or any metal species, at the subcellular level is
critical in understanding of how cells handle both essential and non-essential
metals. It is also clear that a multitude of techniques are required to deduce
intracellular metal speciation. A fundamental question thus remains: how does
one correlate these techniques so that a complete picture is achieved? The trend
in correlative microscopy has already been successfully demonstrated in the com-
bination of cryo-fluorescence with cryo-electron microscopy and cryo-fluores-
cence with soft X-ray cryo-microscopy [96, 97]. These pioneering techniques
have allowed us to obtain detailed views of the subcellular structures within a
cell. What is not addressed in these techniques is metal speciation within such
structures.

The direct comparison between complementary speciation techniques is pre-
cisely what is required for the field of intracellular metal speciation. Fluorescent
probes labeling specific subcellular organelles can be used in conjunction with
both SXRF and XAS to directly correlate metal speciation and subcellular locali-
zation [36]. However, this approach has only been utilized in a handful of studies.
The major advantage lies in its compatibility with live cell imaging with minimal
disruption to ion homeostasis [36]. Other beneficial approaches would include
fluorescence microscopy with 3D elemental mapping using SXRF, and the com-
bination of SXRF with phase contrast imaging techniques such as ptychography
[98], where resolutions beyond the limitations of X-ray lenses are obtained by
using diffraction patterns generated from coherently illuminated non-crystalline
samples [99].

The ultimate goal of single cell metal speciation determination would be to
obtain 3D chemical maps of any element of interest. Combining STXM with
tomographic techniques has yielded promising results (Figure 3) [100], but is far
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Figure 3. 3D renderings of protein (green), total Ca (blue), calcite (red), and overlaid
images from a single Synechococcus leopoliensis PCC 7942 bacterium (a). Analysis of 3D
spatial and compositional correlations of Ca®" and organic carbon signals (b, ¢). Repro-
duced by permission from [100]; copyright 2010, Cambridge University Press.

from routine largely due to slow acquisition time leading to radiation damage
[101]. The field of intracellular metal speciation has a multitude of incredibly
promising tools at its fingertips. Through fruitful collaborations with synchrotron
beam line scientists, significant strides can be made in advancing these tech-
niques and our understanding of subcellular metal speciation.
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ABBREVIATIONS

BLM biotic ligand model

CDF cation diffusion facilitator
ESI electrospray ionization
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EXAFS extended X-ray absorption fine structure
FIAM free ion activity model
GE/CE gel electrophoresis/capillary electrophoresis
GSH glutathione
HPLC high performance liquid chromatography
ICP-MS inductively coupled plasma-mass spectrometry
LA laser ablation
LC liquid chromatography
M metal
Me methyl
MS mass spectrometry
MT metallothionein
MTP metal tolerance protein
PC phytochelatin
ROS reactive oxygen species
RXES resonant X-ray emission spectroscopy
SIMS secondary ion mass spectrometry
STXM scanning transmission X-ray microscopy
SXRF synchrotron X-ray fluorescence
TOF time of flight
XANES X-ray absorption near edge structure
XAS X-ray absorption spectroscopy
XES X-ray emission spectroscopy
XRD X-ray diffraction
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Abstract: After a chronic exposure, lead accumulates in the human body, especially in bones
and teeth. Critical effects of lead affect the nervous system, reproduction, fertility as well as
genotoxicity and carcinogenicity [1].

Analyses of lead concentrations in human biological material are performed using inductive-
ly coupled plasma mass spectrometry and atomic absorption spectrometry, but also electro-
chemical methods and X-ray fluorescence spectroscopy. The predominant sample matrices
include blood and bone, as well as urine, hair, nail, and saliva.

To characterize first biological effects, diverse parameters are discussed as “biomarkers of
effect”. These include 6-aminolevulinic acid dehydratase (ALAD) and erythrocyte porphyrins
(EPs) in blood as well as 8-aminolevulinic acid (ALA) in urine and plasma and coproporphy-
rin in urine. However, biomarkers of effect alone are not sufficiently sensitive for an early
detection of a health impairment caused by lead.

In summary, lead in blood is the most prominent and best validated biomarker for a lead
exposure. A recommended diagnostic strategy for revealing lead-induced effects is the deter-
mination of lead in whole blood combined with the analysis of different effect parameters like
ALA and coproporphyrin in urine and ALAD and zinc protoporphyrin (ZPP) in blood.

Keywords: AAS - analysis - biomonitoring - blood - ICP-MS - lead - toxicokinetics - urine

1. INTRODUCTION

Lead exposure results in a lot of adverse effects, of which the hematopoietic
system, the nervous system, the kidneys, the reproductive organs, and the cardio-
vascular system are the most important targets [1-3]. The effects of lead on the
hematopoietic system include both, effects on the erythrocyte production and
on the hemoglobin synthesis. Neurotoxic effects of lead include central nervous
disorders and disorders of the peripheral motor and smooth muscular function.
Moreover, inorganic lead compounds have clastogenic and weak mutagenic po-
tential, both in vitro and in vivo. Lead is assigned as carcinogenic to animals
(carcinogenic group 2) [4]. Lead is a cumulative poison. Even low concentrations
have toxic effects on various organic systems. The mode of action of lead is not
fully confirmed. It is presumed that lead interacts with biological systems either
via its affinity to proteins or via its ability to displace calcium in the organism.
By binding to SH groups, lead can inactivate certain enzymes, for example, o-
aminolevulinic acid dehydratase. The binding of lead to proteins such as Na-K-
ATPase or carboxylic acid anhydrase can also result in changes in the conforma-
tion of the protein structure. The displacement of calcium by lead results in
disturbance of calcium signals and this in turn can cause chronic neurotoxicity
or effects on the cardiovascular function [5].
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Sources of lead intake may be linked to an occupational exposure, but also to
lead water pipes, lead-glazed ceramic pottery, lead-based paint, sport shooting,
etc. In former times, the lead content in gasoline was an important source of
lead exposure [2].

With an ambient monitoring, the lead concentration in air, soil, water, diet,
etc. can be determined. However, biological monitoring can describe the body
burden of the individual considering all exposure routes. For a diagnostic exami-
nation of the internal lead exposure, lead levels in human biological material,
e.g., lead in blood and urine, are analyzed. Since the disturbance of heme synthe-
sis is one of the most sensitive effects of lead in humans, parameters of these
effects can be used as biological effect parameters. The effect of lead exposure
in the human body is characterized by measuring the biological parameters (e.g.,
d-aminolevulinic acid dehydratase (ALAD) and erythrocyte porphyrins (EPs)
in blood; 8-aminolevulinic acid (ALA) in urine and plasma). However, it has to
be considered that these parameters are not specific for a lead exposure alone,
but may also be influenced by secondary factors like drugs, hormones, alcohol,
hepatic damage, etc. [6].

Figure 1 gives an overview about different strategies for lead monitoring. It
demonstrates that biological monitoring is an excellent tool for the toxicological
risk assessment of lead exposure.

Ambient Biolosical Monitori Diagnosis
. . 1010gICa onitorin .
Monitoring 8 & of the patient
External exposure: Internal exposure: Biological effect: Impairment of health,
lead in air, soil, water, diet, ... lead in blood, urine, ALAD, EPs, ZPPs, Disease
bone, ... ALA, ... neurophysiological effects,

toxic effects on behavior, ...

significance for risk assessment is increasing

Figure 1. Lead monitoring strategies for risk assessment.

This chapter presents different biomonitoring strategies as well as analytical
procedures for lead biomonitoring, which are recommended to quantify the bio-
markers of exposure (concentration of lead in human biological material) as well
as biomarkers of effect. Preferably, well-established standard methods of analysis
are presented. In Germany, standard procedures for the biological monitoring
are published by the Working Group “Analyses of Hazardous Substances in
Biological Materials” of the “Commission for the Investigation of Health Haz-
ards of Chemical Compounds in the Work Area” (AibM) [7-10]. An overview
of lead biomonitoring methods is also presented in a compendium of the World
Health Organization [11].
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2. PHARMACOKINETICS

There are numerous studies available on the absorption, distribution, retention
and excretion of lead in the human organism [1, 2, 12, 13].

2.1. Absorption and Distribution

Lead and its compounds are absorbed by the human organism via the lungs
and the gastrointestinal tract. Organic lead compounds, e.g., tetraethyl lead and
tetramethyl lead, can also be resorbed in toxicologically relevant amounts via
the skin. At the workplace, inhalation is the most important route of absorption
for lead and its inorganic compounds. In contrast, ingestions by food and drink-
ing water are generally the most important absorption routes for the general
population. However, special life style factors, e.g., smoking and sport shooting,
can lead to a considerable inhalative exposure of lead [2, 14].

On average 30 % of the inhaled lead is resorbed via the lung. However, the
retention depends on the solubility of the lead compound and the diameter dis-
tribution of the particles. The highest retention of lead particles in the lung has
been found in about 60 % for particle diameters of >1 um and in 40 % for parti-
cle diameters of 0.1 um. About 5-10 % of the ingested lead can be resorbed
gastrointestinally. Under certain workplace situations, about 6 % of a dermal
dose of alkyl lead compounds can be absorbed via the skin [15].

After resorption, lead appears rapidly in blood, where 94-99 % are absorbed
by the red blood cells and only <1-6 % remain in the plasma fraction [16-20].
The association between lead in plasma (Pb-P) and lead in whole blood (Pb-B)
was found to be non-linear, indicating an increase of the Pb-P/Pb-B ratio with
an increase of exposure [17-19, 21]. In vitro experiments demonstrated that the
great majority of lead penetrates the erythrocyte membrane and binds at hemo-
globin (80 %), whereas the minor part (14 %) is absorbed by the red blood cell
membrane [22]. In plasma, the majority of lead is bound to proteins (4.5 % of
blood content) and lipids (1.3 %) and only the minority of lead exists unbound.
Although the red blood cells represent the main compartment of lead in blood,
it is questionable whether this part is sufficiently exchangeable. Thus, the fraction
of lead in plasma is supposed to exchange with the different tissues in the body
[18, 23].

After distribution by blood transport, lead can be stored in different tissues of
the body. One fraction of the tissues can be assigned as soft tissue compartments
with a high lead exchange turnover (e.g., brain, kidney), whereas other tissues
constitute a hard tissue fraction (dense bone, teeth, hair), in which lead is strong-
ly bound and can poorly be extracted. In the steady state, the skeleton contains
approximately 80-90 % of the total body lead burden [23]. The kinetic of lead
in bones depends on the kind of bone compartment. Lead in the trabecular bone
compartment can be extracted and represents the displaceable lead portion in
bones, whereas lead in the cortical bone fraction is strongly bound and therefore
displays a repository of lead. Lead readily passes the placental barrier. Fetal
blood therefore has more or less the same lead concentration as the maternal
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blood [24]. Lead also passes the blood-brain barrier, but is not supposed to
accumulate in the brain.

2.2. Metabolism

After distribution in the organism, tetraethyl lead is metabolized via oxidative
dealkylation to triethyl lead, diethyl lead, and inorganic lead [25, 26]. Oxidative
dealkylation is catalyzed in the endoplasmatic reticulum of the liver cells by
cytochrome P450 [26, 27]. The urine metabolites triethyl and diethyl lead have,
in contrast to tetraethyl lead, ionic character and therefore their distributional
behavior in the organism is different from that of tetraethyl lead. The application
of an analytical procedure to tetramethyl lead-exposed individuals indicates a
similar metabolism of tetramethyl and tetraethyl lead [28-30].

2.3. Elimination

The main elimination route of lead is the urinary passage, which accounts for
75-80 % of the total excretion. The secondary route is the gastrointestinal elimi-
nation pathway. Other elimination routes, e.g., hair, nails and sweat, cover alto-
gether less than 8 % of the total excretion [2]. Additional elimination takes place
within the lactation period by breast milk. In general, the rate of elimination is
very slow. As the various tissues and compartments provide different characteris-
tics of lead storage and exchange, the lead blood level displays multiphase elimi-
nation kinetics. After cessation of lead exposure the blood concentration de-
creases in the first phase with a half-time of 29-36 days [31-33]. Due to counter-
balancing from soft tissues and the different bone compartments, further
compartment elimination processes have to be considered with half-time values
of 1.2 years for a second compartment and 13 years for a third compartment
[31]. In vivo studies on the decrease of the lead concentration in bone demon-
strated half-times of 6-37 years [31, 34, 35].

3. BIOMARKERS OF EXPOSURE
3.1. Review on Probable Biomarkers of Lead Exposure

The incorporated lead was found in several matrices of the human body [36-45].
Data exist for the following parameters: Lead in whole blood, in plasma or se-
rum, in saliva, in urine, in bone, in teeth, in hair, in nails, and in breast milk.

3.1.1. Lead in Blood and Blood Compartments

The determination of lead in whole blood is the most prominent and extensively
applied parameter for the biological exposure monitoring of lead. Macroscopi-
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cally, the parameter provides a high sensitivity for current lead exposure and
depicts an intermediate observation time featured by an elimination half-time of
about one month. Moreover, the parameter is positively and adequately associat-
ed with the external exposure [19, 32, 46]. The crucial advantage of this parame-
ter is its frequent implementation in studies on lead toxicity and thereby high
availability of valid exposure limits and assessment values. Nevertheless, it has to
be pointed out that whole blood is composed of two compartments with different
behavior and lead kinetics. The erythrocyte fraction contains more than 90 % of
the whole blood lead amount, and thus possesses the higher detectability of lead.
However, the lead is absorbed in the red blood cell or adsorbed at the cell
membranes, which results in a low ability to exchange the element with other
tissues. In contrast, blood plasma regularly contains only 1 % of lead (in special
instants up to 6 %), but displays a compartment that enables the exchange of
lead with other compartments and tissues without restriction [17-19, 21, 45, 47].

Whereas no special investigations of erythrocyte lead have been reported, sev-
eral studies presented the levels of plasma lead and their association with other
parameters of internal exposure, particularly with bone lead [17, 36, 47]. Thus,
lead in plasma was supposed to represent the interchangeable and therefore
capable of acting internal lead fraction [36]. The determination of lead in plasma
and serum is challenged by the very low concentration. Contradicting results in
former studies were explained by insufficient analytical techniques and the high
risk of contamination [36, 37]. However, the progress in analytical performance
within the last two decades may have improved the ability to gain valid data for
lead in plasma. Nevertheless, the lack of data inhibits the evaluation of this
parameter to date [37].

3.1.2. Lead in Saliva

Saliva is a biological matrix which is considered as a surrogate of blood levels,
particularly of the plasma compartment [39]. Saliva lead biomonitoring was ap-
plied to occupationally exposed subjects as well as in general populations [48—
54]. Consistently, all studies revealed a correlation between saliva lead and blood
lead only above the current occupational exposure limits. Furthermore, the saliva
lead levels in occupationally not exposed subjects differ distinctly between the
different studies, which may be explained by different saliva sampling techniques
and procedures [39, 51]. In summary, this parameter might be suitable for lead
exposure assessment in principle, but has the disadvantage of its low sensitivity
and the lack of sampling standardization.

3.1.3. Lead in Urine

Another probable biomonitoring parameter is the determination of lead in urine.
This approach is supported by the fact that urinary excretion is the major elimi-
nation route of lead. Moreover, a significant correlation was found between
urine lead and blood lead in both, occupationally exposed employees and indi-
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viduals of the general population without occupational exposure [19, 21, 43, 55—
57]. However, the comparison of both parameters by a linear correlation model
showed high variance and uncertainty in general, which may be explained by
different kinetic behavior of both parameters.

The correlation between urine lead and plasma lead was found to be compa-
rable or slightly stronger than between urine lead and blood lead [19, 21]. Pres-
ently, scientific knowledge on the association between urinary lead levels and
toxic effects is poor, which contradicts the evaluation of health-based exposure
limits for this parameter. Consequently, the use of the parameter for risk assess-
ment of lead exposure is limited.

3.1.4. Lead in Bone

On the one hand, the skeleton contains approximately 80-90 % of the total body
lead burden in the steady state [23]. On the other hand, lead exchange between
bone and the distribution media blood occurs very slowly, which is characterized
by elimination half-times of 6-37 years, depending on the bone compartment
[31, 34, 35, 58]. Consequently, the bone lead level shows the strongest correlation
with the cumulative lead exposure [38, 59]. Nevertheless, the rapid exchange
pool in the trabecular bone compartment is also correlated with the lead blood
concentration during regular exposure situations. In summary, bone lead repre-
sents the cumulative exposure, but is disadvantaged for reflecting fluctuating
acute exposure to lead.

3.1.5. Lead in Other Materials

Data on lead contents also exists for hair of different body regions [49,50,60,61],
teeth [42, 62, 63], finger and toe nails [41, 60, 61, 64], sweat [52], and breast milk
[44]. However, the studies did not reveal any of these parameters as powerful
biomarkers of lead exposure.

Overviews of analytical methods for determining lead in human biological ma-
terial are given in Tables 1 to 3 below. For biomonitoring after occupational as
well as environmental exposure to lead, the quantification of lead in whole blood
has been established as the most suitable parameter to date.

3.2. Pre-analytical Phase

The ubiquitous presence of lead in the environment has to be considered during
the analytical process. There is a contamination risk during the whole process of
sampling and analysis, which has to be minimized by a strict laboratory practice.

As in any trace element analysis, it is of major importance to use reagents of
the highest purity and contaminant-free tips of automatic pipettes, tubes, and
glassware. Plastic tubes used for specimen collection and treatment must be indi-
vidually cleaned with 1 M nitric acid to avoid exogenous contamination. There-
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fore, the tubes are filled with acid and allowed to stand for at least two hours.
Afterwards, they are rinsed two to three times with deionized water and then
with ultrapure water before drying them. The cleaning can be made more effec-
tively by warming the nitric acid [8].

3.3. Analytical Methods for the Determination of Lead

Standard procedures for analyzing lead concentrations in blood and urine are
inductively coupled plasma mass-spectrometry (ICP-MS) and atomic absorption
spectrometry (AAS) [65-67]. Furthermore, electrochemical methods can be ap-
plied. Several factors influence the choice of the analytical method, e.g., the
matrix, the required detection limit as well as the competence of the laboratory
staff.

3.3.1. Inductively Coupled Plasma-Mass Spectrometry

The inductively coupled plasma-mass spectrometry is a multi-element technique
enabling the very sensitive quantification of a number of trace elements in one
analytical run. Briefly, the sample is heated in argon-plasma activated by a high-
voltage field. Thereby, atoms in the sample are ionized. Using an electric field,
the generated ions are extracted from the plasma and accelerated to the analyzer
of the mass spectrometer, where they are separated according to the mass-to-
charge-ratio of the specific isotopes. Sector field as well as quadrupole instru-
ments are suitable for this approach.

With ICP-MS methods, lead in urine and blood after occupational or environ-
mental exposure can be determined sensitively, specifically, and with little effort
of sam@gle preparation. Sample preparation is mostly acidic digestion or dilution.
Triton~ X-100 is added for the solubilization of blood cell membranes and pro-
teins [68]. Detection limits for ICP-MS analysis in blood or urine are reported
in the range from 0.008 ug/L to 1.0 pug/L [8, 68-80] (see Table 1).

The MAK Commission has published a standard procedure for the determina-
tion of lead in urine. Briefly, after UV digestion of the urine samples, a solution
of rhodium and iridium is added as internal standard and the samples are intro-
duced into the quadrupole ICP-MS with a pneumatic nebulizer. Quantification
is carried out using the standard addition procedure. With a detection limit of
0.03 ug/L urine, this method can be applied to the occupational as well as envi-
ronmental exposure range [8]. Besides blood and urine, ICP-MS methods are
presented for other biological materials such as plasma, saliva, hair, and nails
[48, 64, 71, 81].
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Table 1. Lead analysis with ICP in human biological materials.
Analytical method Sample Preparation method LOD Ref.
matrix
ICP-SF-MS blood microwave digestion with 0.1 ug/L [74]
nitric acid
ICP-MS blood acidic dilution with butanol, 0.02 ug/L [70]
nitric acid, and Triton~ X-100
LA-ICP-MS blood drying on filter membrane 0.1 ug/L [73]
ICP-MS blood dilution with Triton” X-100 and ~ 0.008 ug/L  [72]
NH,OH (LOQ)
ICP-MS blood wet digestion with nitric acid and 0.1 ppb [79,
perchloric acid 128]
ICP-MS blood dilution with tetramethylammoni- 4.8 ug/L [68]
um hydroxide, Triton ™ X-100,
ammonium pyrrolidinedithio-
carbamate, and isopropanol
ICP-MS blood dilution with HNO;, Triton” 0.5 ug/L [77]
X-100 as well as Rh and Ir
(as internal standards)
ICP-MS blood dilutio&l with ammonia, 1.0 ug/L [69,
serum Triton~ X-100 and EDTA blood 129]
0.1 ug/L
serum
DRC-ICP-MS blood dilution with ¢-butanol, HCI, 0.38 ug/L [76]
urine and Au
ICP-MS whole dilution with nitric acid, 0.019 ug/L.  [71]
blood, Triton~ X-100 and butanol; (blood),
plasma, 0.028 ng/L
urine, (plasma),
hair hair: mineralization with nitric 0.017 ug/L
acid, d%lution with nitric acid, (urine),
Triton™ X-100 and butanol 0.0003 pg/g
(hair)
ICP-OMS urine UV digestion with HNO5/H,0, 0.03 pug/L [8]
LA-ICP-MS urine drying 0.03 ug/g [75]
creatinine
HR-ICP-MS urine dilution with HNOg3, <8 pglg [80]
In as internal standard
ICP-MS urine dilution with HNO3/HCl 0.03 pg/L [78]
ICP-MS finger mineralization with nitric acid, 0.0003 pg/g  [64]
and toe dilutiog with nitric acid,
nails Triton ™ X-100, and butanol
IH-ETV-ICP-MS  hair IH-ETV 0.04 pg/g [81]
ICP-MS saliva, dilution with ammonia 0.02 pg/L [48]
plasma  Na,EDTA and Triton X-100 saliva
0.03 pg/L
plasma

DRC = dynamic reaction cell; HR = high resolution; ICP = inductively coupled plasma;
IH-ETV = induction heating-electrothermal vaporizer; LA =laser ablation; LOD = limit
of detection; LOQ = limit of quantification; MS = mass spectrometry; QMS = quadrupole
mass spectrometry; SF-MS = sector field mass spectrometry.
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Another standard procedure for a lead quantification is the atomic absorption
spectrometry. Here, the sample is heated by a flame or in a furnace, until the
element atomizes. The atoms absorb light at their resonance line. The attenua-

Table 2. Lead analysis with AAS in human biological materials.

Analytical Sample Preparation method LOD Ref.
method matrix
F-AAS blood complexation with APDC, extraction 15 pg/L [7]
with methyl isobutyl ketone
GF-AAS blood dilution with Triton® X-100, nitric 0.65ug/L  [85]
(EC-THGA) acid and trichloroacetic acid; W, Rh,
and NH,H,PO, as modifiers
GF-AAS blood dilution with diammopnium hydrogen 2.0 ug/L [87]
phosphate and Triton X-100
GF-AAS blood dilutiop with NH,H,PO4 modifier, 10 ug/L [77]
(THGA) Triton ~ X-100 and HNO;
GF-AAS blood,  wet ashing with nitric acid and not [128]
food perchloric acid specified
GF-AAS urine acidification, microwave digestion 0.2 ug/L [84]
with HNO3/HCl, modifier Mg(NO3),
GF-AAS human  digestion with HNO5/H,0, 3.4 ug/L [83]
milk
GF-AAS blood, hair: dilution with HNO;, HCI, 0.8 ug/L [49, 86]
urine, H,O, and microwave digestion
hair, blood, urine, hair, saliva: dilution
saliva with ng@atrix modifier NH4H,PO,,
Triton™ X-100 and nitric acid
GF-AAS blood,  microwave digestion with ~1 ug/L [82]
urine, HNO3/H,0,
scalp
hair
HR-CS AAS tissue, direct solid sampling 0.01 ug/g  [130]
human
hair,
bovine
blood
GF-AAS blood,  microwave digestion with HNO3/ 1.2 ug/L [88]
serum, H,0,, colloidal Pd as modifier
hair
AAS saliva, digestion with HNO; 1.5 ug/L [50, 131]
hair saliva;
0.2 ugl/g
hair

AAS = atomic absorption spectrometry, APDC = ammonium pyrrolidin dithiocarbami-
date, EC-THGA = end-capped transversal heating graphite tubes, F-AAS = flame atomic
absorption spectrometry, GF-AAS = graphite furnace atomic absorption spectrometry,
HR-CS AAS = high-resolution continuum source AAS.
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tion of intensity of the light beam can be measured. Using the AAS procedure,
every element has to be analyzed separately at a special wavelength.

In clinical chemistry, the parameter lead in blood is predominantly chosen and
quantified with graphite furnace atomic absorption spectrometry (GF-AAS),
also known as electrothermal AAS (ET-AAS). In general, blood samples are
directly analyzed after dilution and addition of a matrix-modifier. Solubilizers
(Triton® X-100) or modifiers (e.g., diammonium hydrogen phosphate, Pd compo-
nents) are added to minimize matrix effects. For samples with very low lead
concentrations, a pre-concentration can be achieved by chelation and extraction
with a mixture of organic solvents. Additionally, there are many different
methods for lead determination in urine, hair, saliva, serum, tissue, and human
milk in the literature (for some examples, see Table 2). Flame AAS is still used
in many laboratories because of a good precision at low costs and a high sample
throughput. However, for the determination of low physiological concentrations
like lead in blood, the limit of detection is not sufficient. The detection limits for
AAS methods are in the range of 0.2 to 15 ug/L [7, 50, 77, 79, 82-88]. Thus, for
the quantification of lower lead concentrations, high resolution AAS or the ICP-
MS technique are needed.

3.3.3.  Electrochemical Methods

Voltammetry is described as a very sensitive, but also a very time-consuming ana-
lytical technique [89]. Thus, it is not established for application in routine analytics
[90]. Nevertheless, this thechnique can be applied as an independent reference
procedure for quality control of the mainly applied AAS and ICP-MS-procedures
in environmental as well as occupational-medical samples [9] (Table 3).

In differential pulse anodic stripping voltammetry (DPASYV), lead ions are first
reduced and amalgamated at the working electrode, which is a hanging mercury
drop electrode or a mercury film electrode, during pre-electrolysis at a suitable
applied potential. In the second step, the reduced amalgamated lead is re-oxi-
dized by means of a potential ramp imposed between the working electrode and
a platinum rod electrode [91]. When the specific voltage for lead is reached, the
ions are released (“stripped”) from the electrode and can be measured as cur-
rent. The resulting peak is proportional to the lead concentration of the solution.
The procedure is influenced by water-soluble proteins present in urine samples
because surface active substances may influence the hanging mercury drop.
Therefore, the complete elimination of the biological matrix has to be achieved
with digestion [9, 92]. Additionally, intermetallic interferences may influence the
results. For example, if lead and thallium are present in the same sample, their
peaks are observed at very similar voltages [9]. DPASV procedures have been
applied to analyze lead in blood and urine [9, 91-93] and in human hair [94].
The samples were prepared by digestion with acids.

During potentiometric stripping analysis (PSA), trace elements or ions are
pre-concentrated by potentiostatic deposition on an electrode (e.g., mercury film
on a glassy-carbon electrode). In contrast to DPASV, PSA is not subject to back-
ground interferences from organic electroactive constituents in the sample or to
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Table 3. Analytical procedures using electrochemical methods (stripping voltammetry)
for lead analysis in biological materials.

Analytical Sample Preparation method LOD Ref.
method matrix
DPASV blood digestion with HNO3/H,SOy; 10 pg/L [9]
and acetate buffer and citrate solution blood
urine 3 ug/L urine
DPASV blood digestion with HNO5;/HClO, 0.5 ug/L [93]
ASV blood [132]
DPASV urine microwave digestion with nitric acid; 0.0033 ug/L  [91]
acetate buffer for pH adjustment
DPASV urine digestion with HNOj, acetate buffer not specified [92]
DPASV hair microwave digestion with HNO,/ 0.04 ug/g [94]
H,0,
PSA blood dilution with solution of KCI, HgCl,, 10 pg/L [95]

NiCl,, 2-octanol and Triton~ X-100,
adjustment to pH 1,3-1,4

with 6 M HCl
PSA blood HCI, HgCl, in HCI not specified [93]
PSA blood dissolve in tetramethylammonium 2.5 ug/L [96]

hydroxide, dilution with Hg(II) in
HCI as matrix modifier

PSA blood dilution with 0.5 M HCl 0.1 ug/L [89]
PSA urine HCl 1 nM [97]

DPASV = differential pulse anodic stripping voltammetry, PSA = potentiometric stripping
analysis.

the presence of dissolved oxygen [89]. Blood samples are diluted with HCI be-
cause the hemoglobin as predominant protein of the erythrocytes is soluble only
in hydrochloric acid, but not in nitric or perchloric acid [95]. PSA is used to
analyze lead in whole blood [89, 93, 95, 96] and urine [97].

3.3.4. Further Methods

As described before, bone lead features as biomarker for long-term exposure to
lead [58, 98]. Lead concentrations in bones can be measured with X-ray fluores-
cence spectroscopy (XRF). This method depends on the detection of photons
generated in lead by an externally incident beam of radiation. Photon emission
is produced by an incident beam of X-rays or gamma rays interacting with the
atomic electrons of lead, resulting in the emission of characteristic fluorescent
photons [98, 99]. The discrete energy of emitted X-rays is specific for each ele-
ment. This enables the determination of the atomic number as well as the con-
centration of the element by measuring the energy and fluence rate of the X-
rays [58]. In the past, different XRF approaches have been developed, although
the one using 1%9Cd excited K XRF is most widely used [100]. With XREF, analysis
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of lead concentrations in the bones can be carried out in vivo; it is mainly applied
for clinical measurements in the bones of persons occupationally exposed to lead
[100, 101]. The radiation dose has to be kept as low as possible and in every case
within the range of other diagnostic procedures.

3.4. Quality Assurance

To ensure the quality of the analysis, an internal quality control should be per-
formed with each analytical run. Control materials for an internal lead quality
control are commercially available, e.g., certified reference material for trace
elements in urine and whole blood.

An appropriate external quality assessment is necessary to assure the accuracy
and comparability of the results with other laboratories. For external quality
control, participation in a round robin test is a helpful tool. There are various
quality control programs containing lead in blood and urine (see Table 4). One
example is the international program of the German External Quality Assess-
ment Scheme (G-EQUAS), where lead analysis can be tested for the concentra-
tions found in the occupational as well as environmental exposure range [102].
Other prominent international proficiency test programs, which include lead in
blood, are PCI and QMEDQAS from Canada as well as LAMP and a proficien-
cy testing program from the USA (Table 4).

Table 4. Examples for quality control programs for the determination of lead in different
matrices.

Country Program Matrix Reference
Germany G-EQUAS Pb in blood http://www.g-equas.de/
Pb in urine
o-aminolevulinic acid
(ALA)
Canada PCI Pb in blood https://www.inspq.qc.ca/en/
Pb in urine ctg/eqas
QMEQAS  Pb in hair, blood, serum,  https://www.inspq.qc.ca/en/
urine ctg/eqas
USA LAMP Pb in blood http://www.cdc.gov/labstandards/
.. lamp.html
proficiency Pb in blood http://www.wadsworth.org/
S regulatory/clep/pt
program

3.5. Evaluation of Human Biomonitoring

The reference value describes the background levels of lead in the environment
in a reference population which is not occupationally exposed to lead (95th per-
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centile). The Human Biomonitoring Commission of the German Federal Envi-
ronment Agency published reference values (95th percentile of the lead back-
ground exposure) of 70 ug/L for women and 90 ug/L for men (aged 18-69 years)
as well as 35 ug/L for children aged 3-14 years [103]. The MAK Commission
evaluated a reference value for the population of working age (BAR) of 70 ug
lead/L blood for women [4]. The lead concentration is influenced by age, hema-
tocrit, lead concentration in the domestic drinking water, and the consumption
of drinks with a low alcohol concentration. The data are based on the German
Environmental Survey 1998. Compared to the former Environmental Survey
from 1990/92, the lead concentration in blood decreased around 30 % over the
time, e.g., because of reduced concentrations in gasoline [104]. A revision of the
reference values is expected.

For occupational exposure assessment a biological guidance value (BLW) of
300 pg/L blood for men and women older than 45 years is established by the
MAK Commission [105]. This value covers the most toxic effects of lead except
carcinogenicity. For women of child-bearing age, a reference value (BAR) of
70 ug/L should be considered. The European “Scientific Committee on Occupa-
tional Exposure Limits” (SCOEL) recommends a biological limit value of
300 pug/L for lead in blood [3]. The “American Conference of Governmental
Industrial Hygienists” (ACGIH) recommends a Biological Exposure Index of
300 ug lead/L blood. Moreover, they emphasize that women of child-bearing
potential, with lead concentrations in blood exceeding 100 ug/L, are at risk for
delivering a child with elevated blood Pb. These children may encounter an
increased risk of cognitive deficits, if the blood Pb remains elevated. They recom-
mend regular monitoring and appropriate steps for minimizing the child's expo-
sure to environmental lead [106].

4. BIOMARKERS OF EFFECT
4.1. Overview

Long term exposure to lead may cause a disturbance of the porphyrin synthesis.
In the hematopoietic system, d-aminolevulinic acid is generated from the succin-
yl coenzyme A. Influenced by the enzyme 6-aminolevulinic acid dehydratase,
ALA can form porphobilinogen, a basis for heme biosynthesis. Increasing levels
of Pb>" ions may inhibit ALAD [6,107]. This effect may be recognized in hu-
mans by the following parameters:

e  d-aminolevulinic acid dehydratase, erythrocyte porphyrins or zinc proto-
porphyrins in erythrocytes

e O-aminolevulinic acid in urine and plasma

e coproporphyrin in urine

Effect parameters alone are not recommended for the characterization of the
internal lead exposure, either for methodological or practical reasons, or for
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reasons of inadequate sensitivity because the levels of exposure to lead at the
workplace are lower than in former times [90].

4.2. Analytical Methods for Biomarkers of Effect
4.2.1. o-Aminolevulinic Acid Dehydratase

The activity of the enzyme ALAD in blood can be quantified with a standard
procedure of the AibM working group [108]. Therefore, ALAD is incubated
with a maximum of the substrate concentration of ALA. The new generated
porphobilinogen reacts with the modified Ehrlich’s solution, and can be quanti-
fied photometrically at 555 nm against a blank.

4.2.2.  Free Erythrocyte Porphyrins and Zinc Protoporphyrins

Free erythrocyte porphyrins do (contrary to heme) not contain iron, thus they
are referred to as iron “free.” Erythrocytes protoporphyrins are other names for
EPs, because the erythrocytes contain mainly protoporphyrin IX. Predominantly,
EPs are bound to zinc and therefore are called zinc protoporphyrins (ZPP) [109,
110].

In isolated erythrocytes, the free EPs can be quantified with fluorescence spec-
troscopy. The free EPs are extracted with ethyl acetate and acetic acid. After
centrifugation, the EPs are extracted with hydrochloric acid solution. The extinc-
tions of these acidic extracts are analyzed at 405/610 nm against a blank [110].

A hematofluorometer measures the ratio between the amount of ZPP fluores-
cence and the amount of light absorbed by oxyhemoglobin [111,112].

In addition, ZPP and PP can be quantified using high performance liquid chro-
matography (HPLC) methods with fluorescence detection [112-114].

4.2.3. O-Aminolevulinic Acid in Urine and Plasma

In older publications, ALA in urine is analyzed mainly photometrically. Briefly,
ALA is separated from the matrix using ion exchange columns. ALA is eluated
from the cation exchanger with sodium acetate solution and reacts with 2.4-
pentanedione to a pyrrol ring. After adding the Ehrlich’s solution (4-(dimethyl-
amino)-benzaldehyde hydrochloric acid solution), a red dye can be quantified
photometrically at 553 nm [107].

Newer methods use HPLC and liquid chromatography tandem mass spectrom-
etry (LC-MS/MS) procedures for the determination of ALA in urine and plasma.
For the HPLC procedures, ALA in urine is derivated with acetylacetone and
formaldehyde [115-117] or dansyl chloride [118], separated with HPLC and
quantified using fluorescence detection. The LC-MS/MS procedures require a
solid phase extraction and butanol derivatization [119], acidification with trichlo-
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roacetic acid and filtration [120] or dilution with acetonitrile and centrifugation
[121] as sample preparation prior to the analysis.

4.2.4. Coproporphyrin in Urine

The coproporphyrin in urine is extracted with diethyl ether. The organic phase
is washed and re-extracted with a hydrochloric acid solution. The extinctions of
this acidic extract are determined spectrophotometrically at 380, 401, and
421 nm. For quantification, urine is spiked with a reference standard and proc-
essed in the same way as the urine samples [122].

Newer publications describe procedures using HPLC or ultra high perfor-
mance liquid chromatography, which even enable a separation of coproporphy-
rin isomer I and III [123, 124].

4.3. Evaluation of Biological Effect Data

The normal ranges for laboratory parameters of the porphyrin metabolism are
shown in Table 5. An acute lead intoxication may cause a sharp increase in ALA
(>300 wmol/24 h) and coproporphyrin III (total porphyrin up to 15 umol/24 h,
>80 % coproporphyrin) and a minor increase in porphobilinogen in urine. In
erythrocytes, zinc protoporphyrin is increased, while the ALAD activity is
strongly reduced [6,125].

Table 5. Reference ranges for parameters of porphyrin and porphyrin metabolism (ac-
cording to [6]).

Parameter Matrix Reference range
d-aminolevulinic acid dehydratase erythrocytes  varies in wide range
zinc protoporphyrin erythrocytes  0.09-0.15 umol/L blood
0-aminolevulinic acid urine 2-49 umol/24 h
total porphyrin urine <0.12 umol/24 h
thereof coproporphyrin isomer I 17-31 %
thereof coproporphyrin isomer III 69-83 %

A chronic lead intoxication leads to moderate coproporphyrinuria (0.5-
2.0 umol/24 h). The ALA excretion is in the range of 10-50 umol/24 h [6]. The
ALA level in urine will increase, when Pb-B is in excess of 170-340 ug/L blood
[126]. For protoporphyrin (as ZPP), even a minor increase over the reference
range is relevant, while concentrations up to 6 umol/L are characteristic after a
lead intoxication [6]. The activity of ALAD is inhibited by lead to less than 10 %
of the normal activity. Due to the genetic variability, the normal activity of
ALAD in the general population varies over a wide range [6]. Willi et al. [127]
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published a reference range for ALAD of 761-1211 mmol/L/h. In lead-exposed
workers, they found an ALAD concentration of 13-350 mmol/L/h, while blood
lead concentrations are 192-671 ug/L.

5. CONCLUSIONS

The analysis of lead concentrations in biological material is mainly performed
with ICP-MS or AAS. In general, ICP-MS attains higher sensitivity and specifity
than AAS. Additionally, electrochemical methods can be applied, which are spe-
cific and may serve as a reference procedure. XRF techniques are applied to an
in vivo quantification of lead in bones. The predominant sample matrices include
blood and bone, but urine, hair, saliva, and tissue are also analyzed.

For a characterization of biological effects of lead in humans, the determina-
tion of several laboratory parameters in blood and urine (ALAD, ZPP, ALA,
coproporphyrins) is recommended. For their interpretation, the combination
with lead exposure assessment is essential.

ABBREVIATIONS AND DEFINITIONS

AAS atomic absorption spectrometry

ACGIH American Conference of Governmental Industrial Hy-
gienists

AibM Working Group “Analyses of Hazardous Substances in
Biological Materials” of the “Commission for the Investi-
gation of Health Hazards of Chemical Compounds in the
Work Area”

ALA d-aminolevulinic acid

ALAD d-aminolevulinic acid dehydratase

APDC ammonium pyrrolidine dithiocarbamidate

BAR reference value (“Biologischer Arbeitsstoff Referenz-
wert”)

BLW biological guidance value (“Biologischer Leitwert”)

DRC dynamic reaction cell

DPASV differential pulse anodic stripping voltammetry

EC-THGA end-capped transversal heating graphite tubes

EDTA ethylenediamine-N,N’,N",N "-tetraacetate

EP erythrocyte porphyrins

ET-AAS electrothermal atomic absorption spectrometry

ETV-ICP-MS electrothermal vaporization inductively coupled plasma-
mass spectrometry

F-AAS flame atomic absorption spectrometry

G-EQUAS German External Quality Assessment Scheme

GF-AAS graphite furnace atomic absorption spectrometry
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HPLC high performance liquid chromatography

HR-CS AAS high-resolution continuum source AAS

ICP-MS inductively coupled plasma-mass spectrometry

[H-ETV induction heating-electrothermal vaporizer

LA-ICP-MS laser ablation inductively coupled plasma-mass spectrom-
etry

LAMP Lead and Multielement Proficiency Program

LC-MS/MS liquid chromatography tandem mass spectrometry

LOD limit of detection

LOQ limit of quantification

MAK Commission  German Commission for the Investigation of Health Haz-
ards of Chemical Compounds in the Work Area

MS mass spectrometry

PCI Interlaboratory Comparison program for Metals in Bio-
logical Matrices

PSA potentiometric stripping analysis

Pb-P lead concentration in plasma

Pb-B lead concentration in whole blood

QMEQAS Quebec Multielement External Quality Assessment
Scheme

QMS quadrupole mass spectrometry

SCOEL Scientific Committee on Occupational Exposure Limits

SF-MS sector field mass spectrometry

XRF X-ray fluorescence spectroscopy

ZPP zinc protoporphyrins
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Abstract: Structural information on the interaction between lead ion and its targeting biologi-
cal substances is important not only for enriching coordination chemistry of lead but for suc-
cessfully treating lead poisoning that is a present-day problem. This chapter provides structural
data, mainly metal binding sites/modes, observed in crystal structures of lead complexes with
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biorelevant molecules, obtained from the Cambridge Structural Database (the CSD version
5.36 updated to May 2015) and the Protein Data Bank (PDB updated to February 2016).
Ligands include (i) amino acids and small peptides, (ii) proteins, (iii) nucleic acid constituents,
(iv) nucleic acids, (v) simple saccharides, and (vi) other biorelevant molecules involving lead-
detoxification agents. For representative complexes of these ligands, some details on the envi-
ronment of the metal coordination and structural characteristics are described.

Keywords: amino acids - crystal structures - detoxification agents - lead ion - nucleic acids -
nucleic acid constituents - peptides - proteins - saccharides - stereochemically active lone pair
effect

1. INTRODUCTION

Lead poisoning is one of the most common environmental as well as health
problems [1-3]. In order to fully understand its mechanism with the goal of
successfully treating lead poisoning, in addition to improve methods for detecting
lead poisoning, structural information on the interaction between lead ion and its
targeting biological substances is indispensable. In a detailed review by Claudio,
Godwin, and Magyar [1], devoted to the fundamental coordination chemistry,
environmental chemistry, and biochemistry of Pb(II), one of the sections deals
with structural investigations on Pb(II) complexes, where crystal structures of
Pb(II) complexes with small biomolecules (gluconic acid, isoalloxazine, and citric
acid), lead detoxification and related agents, Ca(II)- and Zn(II)-binding proteins,
and tRNA™ were described. Extensive reviews on crystal data of Pb(IV) and
Pb(II) coordination compounds by Holloway and Melnik [4], Shimoni-Livny,
Glusker, and Bock [5], and Godwin et al. [1] revealed some general aspects on
the structural properties of Pb(IV)/Pb(II): (i) The preferred coordination num-
bers for lead were found to be 4 for Pb(IV) and 4 and 6 for Pb(II). (ii) Especially,
Pb(II) is capable of exhibiting variable coordination numbers and geometries;
the geometries are describable in terms of (1) holodirected, in which the bonds
to ligand atoms are distributed throughout the surface of an encompassing globe,
and (2) hemidirected, in which the bonds to ligand atoms are directed throughout
only part of an encompassing globe, i.e., there is an identifiable void in the distri-
bution of bonds to the ligands [5], where the void is occupied by a ‘stereochemi-
cally active’ 6s” lone pair of electrons of Pb(II). (i) All Pb(IV) structures in the
CSD had a holodirected coordination geometry; Pb(II) compounds are hemidi-
rected for low coordination numbers (2-5) and holodirected for high coordination
numbers (9, 10), but for intermediate coordination numbers (6-8), examples of
either type of stereochemistry were found [5].

In this chapter, we provide structural information observed in crystal structures
of lead ion complexes with, among a variety of biomolecules, amino acids and
small peptides, proteins, nucleic acid constituents, nucleic acids, simple carbohy-
drates, and other small biomolecules of special relevance involving lead detoxifi-
cation agents, obtained from the Cambridge Structural Database (the CSD ver-
sion 5.36 updated to May 2015) or the Protein Data Bank (PDB updated to
February 2016), above all focusing on the metal binding sites/modes. Thus, this
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chapter relies heavily on previous reviews [1, 4, 5] and attempts to give an up-
to-data overview of lead interaction with biorelevant molecules in the solid state.

The ionic radius (A) of Pb(IV)/Pb(II) varies depending on the coordination
number: 0.65 and 0.775 for four- and six-coordinated Pb(IV), respectively, and
1.19, 1.29, and 1.40 for six-, eight-, and ten-coordinated Pb(II), respectively [6];
van der Waals radius of Pb is 2.02A [7]; and van der Waals radii (A) of the
ligating atoms are 1.52 for O, 1.55 for N, and 1.80 for S [7]. Based on these
values, in this review, we set our standard values for Pb(Il) separately for a
‘normal’ coordination bond length and for a ‘weak’ interaction: the former is
assumed to be less than 2.9 A for O and N and 3.1 A for S; the latter to be in
the range of 2.9-3.5A for O and N and 3.1-3.8 A for S. In each table in this
chapter, normal coordination bonds and weak interactions are separately listed
(the latter in parenthesis). For each compound, structural data were used from
the original paper or the CIF of the CSD in some cases.

2. AMINO ACID, SMALL-PEPTIDE,
AND PROTEIN COMPLEXES

2.1. Amino Acid Complexes

Amino acids are not only the building blocks of proteins but are also used in
the biosynthesis of other molecules involving porphyrins and neurotransmitters
(such as y-amino-butyric acid, serotonin, dopamine, epinephrine, or norepineph-
rine) and they are among the most common nutritional supplements. Amino
acids contain amine (NH,) and carboxyl (COOH) functional groups along with
a side chain (R) specific to each amino acid with the general formula
H,NCHRCOOH for a-amino acids. At physiological pH (6.7 ~ 7.4), they exist as
zwitterions with the amino group protonated and the carboxyl group deprotonat-
ed. We deal here with the twenty standard a-amino acids, which make up pro-
teins. The twenty amino acids can be classified here for convenience into four
broad groups according to the properties of the side chains: Group / amino acids
with nonpolar and electrically neutral (at pH 7.4) side chains; Group 2, with
polar and neutral side chains; Group 3, with basic polar side chains; and Group 4,
with polar and acidic side chains.

Table 1 lists the total number of so far reported crystal structures of lead
complexes with the twenty standard amino acids including their substituted ones
[8-31] and Table 2 summarizes metal binding sites/modes observed in the indi-
vidual complexes. Among a total of 39 complexes [8-31], only a small number
of crystal structures are available for amino acids whose amino and carboxyl
groups both are free: two complexes [8] for Gly, four [17-19] for Val, one [19]
for Leu, three [18] for Ile, four [18, 23, 24] for Phe, one [27] for Cys, one [18]
for Arg, and one [28] for Asp; all the others are blocked at the amino group but
free at the carboxyl group. No crystal structure of Pb(II) ion is reported for Trp,
Met, Ser, Thr, Asn, Gln, Lys, and His, and their derivatives.
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2.1.1. Group 1 Amino Acids

Group 1 amino acids with nonpolar and electrically neutral (at pH 7.4) side
chains are glycine (Gly), alanine (Ala), valine (Val), leucine (Leu), isoleucine
(Ile), proline (Pro), phenylalanine (Phe), tryptophan (Trp), and methionine
(Met). Among the Group 1 amino acids, a total of 27 crystal structures of Pb(II)
complexes are reported: twelve [8-15] are Gly complexes, one [16] for Ala, four
[17-19] for Val, one [19] for Leu, two [18, 19] for Ile, three [20-22] for Pro, and
four [18, 23-25] for Phe, and none for Trp and Met. In these complexes, when
the amino acid exists as a zwitterionic form, H3N+CHRC007, the carboxylate
group is the only choice for metal binding: this is the case for three complexes
of Val, [Pb(L-Val),(NO3)(H,0),],-(NOs), [17, 18], [Pb(L-Val)(L-Ile)(NO3)
(H20),]-NO3 [18], and {[Pb(L-Val)o]-(ClO4)s-4H,0},, [19]; two for Ile,
[Pb(L-Ile)(L-Val)(NO3)(HZO)Z] . NO3 [18] and Pb(L-Ile)z(NO:;)(Hzo)z] : NO3
[18, 19]; and two for Phe, [Pb(L-Phe),(NO3)(H,0),]-NOj3 [18, 23] and [Pb(L-
Phe),(NO3)(H,0),] - NO5 - H,O [18]. When the protonated ammonium group
loses a proton to give H,NCHRCOO™ [8, 19, 24], the amino group becomes a
possible metal binding site: this is the case for a Leu complex [Pb,(L-Leu —
H),(NOs),],, [19] and a Phe complex [Pb(L-Phe — H),],, [24], where Pb(II) binds
to the primary amine nitrogen and simultaneously to the carboxylate oxygen to
form a five-membered N-M (metal ion)-O (carboxylate) chelate ring. But this
is not always the case: the Pb(II) ion binds solely to the carboxylate oxygens in
two isomeric Gly complexes, [PbX,{Cuys(Gly — H)}],, (X = Cl [8] or Br [8]).

For Pb(II) complexes of Group 1 amino acids whose amino group is singly
substituted (this holds for eight complexes [10-13, 16, 25] excluding two com-
plexes of proline [21, 22]), the secondary amino group —-NH- hardly takes part
in metal coordination: this is the case for four complexes [10-13, 25]), and only
one complex [Pb(pym-L-Ala — H)(ClO,)],, (pymAla — H = N-(2-pyridylmethyl)-
alaninate monoanion) [16] provides a rare example showing Pb(IT)-N bonding
for an amino acid having the -NH- functional group. On the other hand, when
the -NH- group is deprotonated, the resulting -N — entity is always involved in
metal coordination, accompanying the N-M-O (carboxylate) chelation, in two
complexes [Pb(tsGly — 2 H)(H,0)],, (tsGly — 2 H = N-(p-tolylsulfonyl)glycinate
dianion) [10] and [Pb(npsGly — 2H)],, (npsGly — 2 H = N-(2-nitrophenylsulfo-
nyl)glycinate dianion) [13].

For Group 1 amino acids whose amino group is doubly substituted (four gly-
cine complexes [9, 15]), the tertiary amine nitrogen does not participate in metal
coordination in two complexes, [Pb(bphmGly - 2 H)(H,O)] (bphmGly - 2H =
N-bis(phosphonomethyl)glycinate dianion with a-CO; and POsH ) [9] and
[Pb{phm(m)Gly — 3H}(BTS)(H,0)],,- nH,O (phm(m)Gly — 3 H = N-(phospho-
nomethyl)-N-methyl-glycinate trianion with a-CO5 and —PO3", and BTS = 5-sul-
foisophthalate trianion) [15], while interestingly, the same ligand [15] containing
two polymorphic compounds [Pbs;{phm(m)Gly — 3 H},],,- nH,O (monoclinic [14]
and triclinic [14]) carries Pb(II)-N bonding through to form an N-M-O (carbox-
ylate) chelate ring.
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Proline is unique in that its side chain binds to the main chain to form the
pyrrolidine ring. Among three Pb(II)-proline complexes reported [20-22], the
unsubstituted Pro complex, [Pb(L-Pro — 2H)(H,0)],, [20], is noticeable in
that Pb(II) binds, in addition to the carboxylate oxygen, to the deprotonated
secondary amine ring-nitrogen —-N —, forming an N-M-O chelation; on the
other hand, in the other two substituted Pro complexes, [Pb,(phm-DL-Pro —
2H)Cl,],, (phmPro — 2 H = N-phosphomethylprolinate dianion with a-CO; and
-CH,PO;H") [21] and [Pb,O(phm-DL-Pro — 3H),],, (phmPro — 3 H = N-phospho-
methylprolinate trianion with a-CO3 and —CH,PO3") [22], the tertiary amine
ring-nitrogen does not participate in metal coordination and, as expected, the
phosphonate functional group of the substituent does extensively, involving the
O (phosphonate)-M-O (carboxylate) chelation.

2.1.2. Group 2 Amino Acids

Group 2 amino acids with polar and neutral side chains are serine (Ser), threo-
nine (Thr), tyrosine (Tyr), cysteine (Cys), asparagine (Asn), and glutamine
(Gln). Only two complexes are available, one each for Tyr [26] and Cys [27] and
none for others (penicillamine, a dimethyl derivative of cysteine, is separately
dealt with in Section 5). In the polymeric tyrosine complex [Pb(3,5-dinitro-L-
Tyr - 2H)],,- 0.5nH,0 [26], Pb(II) binds to three Tyr molecules in the crystal
lattice: The first ligand binds through both the amino NH, and carboxylate
groups to form the N-M-O chelation, the second one through the other carbox-
ylate oxygen, and the third one through the phenolate oxygen —O ™ attached to
the side chain.

In the polymeric cysteine complex [Pb{Mo,(u-S),0,(L-Cys — 2 H),}],,-2nH,0
[27], the Pb(II) ion bridges between thiolate (-S°) side chain groups of two
cysteine ligands within a sulfur-bridged dinuclear anion [Mo,(u-S),0,(L-Cys —
2H)2]2_ in which two tridentate cysteine ligands are coordinated with the two
Mo(V) atoms each via carboxylate, amino NH,, and thiolate groups, giving a 1D
chain structure.

2.1.3. Group 3 Amino Acids

Group 3 amino acids with basic polar side-chains are lysine (Lys), arginine (Arg),
and histidine (His). Only one complex [27] is available for Arg. [Pb,(L-ArgH);
(NO3)7(H,0)]-3H,0 involves two Pb(II) ions and three protonated arginine
molecules (with 0-CO5, amino -NH3 , and guanidinium -NHC(NH,)(=NH;")
groups): the first Pb(II) binds to two arginine ligands while the second Pb(II) to
only one arginine ligand, each through carboxylate oxygens (bidentate) by form-
ing a four-membered O-M-O chelate ring.
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2.14. Group 4 Amino Acids

Group 4 amino acids with acidic polar side chains are aspartic acid (Asp) (pK, =
3.9 for p-COOH) and glutamic acid (Glu) (pK, = 4.1 for y-COOH). Two com-
plexes [28, 29] are reported for Asp, and five complexes [30, 31] for Glu. In all
of these complexes, in addition to the a-carboxylate oxygens, the deprotonated
[-carboxylate group of Asp or y-carboxylate group of Glu are always involved in
metal binding. In the Asp complex, [Pb(L-Asp — H)(NO3)],, [28], Pb(II) binds to
four crystallographically related monoanionic aspartate molecules (with a-COg,
amino -NH3 , and p-CO53), forming a polymeric structure: two aspartate ligands
through the a-carboxylate group (monodentate for each ligand) and the other
two ligands through the B-carboxylate group (monodentate for one ligand and
bidentate for the other ligand). In the dimerized Asp complex, [Pb,s(Asp-
dimer — H)(H,0),],, [29] (which was prepared under high temperature and basic
conditions), where a secondary amine was formed by the dimerization of aspartic
acid and acts as the ligand (Asp-dimer — H =[N {CH(CO3)CH,CO3}]" =
[[O,C-Aspl-N"-Asp2-CO5]™"), one of the three independent Pb(II) ions binds
to five Asp-dimer ligands through an a-carboxylate oxygen belonging to Aspl;
the second Pb(II) binds to two ligands, one ligand through a [3-carboxylate oxy-
gen of Aspl and the other through four sites, one site being another a-carboxyl-
ate oxygen of Aspl and the remaining three sites belonging to Asp2, that is, an
a-carboxylate oxygen, a 3-carboxylate oxygen, and the deprotonated secondary
amine, thus forming three kinds of chelate rings in the Asp2 fragment; the third
Pb(II), which rides on a two-fold rotation axis, binds to two symmetry-related
ligands each through another a-carboxylate oxygen of Asp2, resulting in the
formation of a polymeric structure of the complex.

In all of the five reported Pb(II) complexes of Glu whose amino group is
substituted, [Pb(ts-DL-Glu — 2 H)(H,0)],, (ts = N-(p-tolylsulfonyl)) [30], [Pb(ts-
DL-Glu - 2H)(bpy or phen)], [30], and [Pb,(bs-L-Glu — 2 H),(bpy or phen),],
(bs = N-benzenesulfonyl) [31], each glutamate dianion (with a-CO5, amino —
NH-, and y-CO5) coordinates to two or more Pb(II) ions via both the a- and
v-carboxylate groups, forming the discrete dimeric [-Pb—{a-CO,-CH(CH,),-
v-CO3}-], structure in [Pb(ts-pDL-Glu — 2 H)(bpy or phen)], or such a structural
framework as a part of the polymeric structure in the other three complexes.

2.1.5. Summary

Among the functional groups of amino acids, the a-carboxyl group, which is
always deprotonated, is involved in metal coordination in all of so far reported
Pb(IT) complexes with the twenty standard amino acids (including the amino
group-substituted ones). The amino group also binds to Pb(Il) in any form of
primary, secondary, or tertiary amines with different degrees of occurrence. For
amino acids having a neutral amino group —-NH,, among the five complexes
reported (Gly [8], Leu [19], Phe [24], Tyr [26], and Cys [27] complexes), Pb(II)-
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N bonding occurs in three complexes [19, 24, 26]. For the neutral secondary
amine -NH-, Pb(II)-N bonding is quite rare, only one complex is available (Ala
[16]) among ten complexes of singly N-substituted amino acids [9-11, 16, 25, 30,
31], whereas the deprotonated —-N - secondary amine always takes part in metal
binding in three complexes (Gly [10, 13] and Asp-dimer [29]). Of the four com-
plexes of doubly N-substituted amino acids, which are all Gly complexes [9, 14,
15], two polymorphic compounds [Pbs;{phm(m)Gly — 3 H},],,- nH,O (monoclinic
[14] and triclinic [14]) are of special interest in that the tertiary amine achieves
Pb(IT)-N bonding. It is noticeable that, whenever Pb(II) binds to an amino group
in any form, Pb(II) simultaneously also binds to the carboxylate oxygen to form
the five-membered N-M-O chelate ring.

Among the four groups of amino acids, of special interest from the viewpoint
of not only coordination chemistry but their possible interactions with metal ions
as amino acid residues of proteins, are those that belong to Groups 2 and 4,
whose side chains contain polar functional groups: -OH of Ser, Thr, and Tyr,
—SH of Cys, and -CONH, of Asn and GlIn in Group 2 amino acids and B-COOH
of Asp and y-COOH of Glu in Group 4 amino acids. Available examples (only
two complexes) show that Pb(II) binds to the hydroxyl group of Tyr [26] and
the sulfhydryl group of Cys [27], both in the deprotonated forms -O ™ and -S
however. On the other hand, in all of two Asp complexes [28, 29] (involving Asp
dimer [29]) and five Glu complexes [30, 31], deprotonated 3- and y-CO; groups
of Asp and Glu, respectively, are always involved in metal coordination.

As expected, in most of Pb(II) complexes with amino acids, Pb(II) exhibits a
‘stereochemically active’ 6s” lone pair effect (ligands are hemidirected) (see Table
2, which lists the coordination geometry for each complex). In only a few com-
plexes (Val [17], Asp-dimer [29], and Glu [30] complexes), the 6s” lone pair on
Pb(II) is ‘stereochemically inactive’ (the ligands are holodirected). In the crystal
lattice, most complexes form polymeric structures (26 complexes) due to the
existence of multiple functional groups on amino acids (including N-substituted
derivatives); some others are monomeric (seven complexes [9, 18, 19, 23, 25]) or
dimeric (four complexes [12, 18, 30]).

2.2. Small-Peptide Complexes

For peptides, possible ligation sites are the amide oxygen and the nitrogen (but
only when deprotonated) within the peptide backbone, polar functional groups
on the side chains of the amino acids belonging to Groups 2 and 4 in Section 2.1,
and the amino terminal nitrogen and the carboxyl terminal oxygens. Table 3 lists
metal binding sites/modes on the peptide ligands [32, 33].

Unfortunately, only two crystal structures of small peptides are available:
[Pb(Gly-L-Glu)(H,0)g5],, - nClO, [32] and a cyclic peptide complex [Pb{cyclo-
(Gly-L-Ser-L-Pro-L-Glu)}(NO3)],, - 2 nH,O [33], both containing Group 2 and/or
Group 4 amino acids (Ser and/or Glu).

In the [Pb(Gly-L-Glu)(H,0)y 5], - nClO4 complex [32], where the GlyGlu mol-
ecule exists as a monovalent anion with both a- and y-carboxyl groups (of Glu)
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Figure 1. A segment of the polymeric structure of the [Pb{cyclo(Gly-L-Ser-L-Pro-L-
Glu)}(NO3)],, complex [33], shown with color-coded atoms (red, oxygen; blue, nitrogen;
grey, carbon; green, hydrogen; purple, lead). The residues bound to the metal ion are
depicted as ‘sticks’ and the metal ion as ‘ball’. The peptide ligand, a marine cyclic tetra-
peptide, binds to three Pb(II) ions, through amide carbonyl and hydroxyl oxygens of Ser,
through y-carboxylate oxygens of Glu, and through an amide carbonyl oxygen of Glu,
respectively. Note that the seven-coordinated Pb(IT) center shows an uncommon holodi-
rected coordination sphere. Similar color codes are also used in subsequent diagrams of
molecular structures.

deprotonated and the amino group (of Gly) protonated, Pb(II) binds to three
symmetry-related peptide molecules (Mol.1, Mol.1’, and Mol.1") through only
carboxylate groups of Glu: through a-CO; (bidentate binding) of Mol.1 and v-
COx3 (bidentate) of Mol.1’ (related to Mol.1 by a twofold screw-axis symmetry),
thus forming the [-Pb—{a-CO3-CH(CH,),-y-CO3}-],, helical structure, and fur-
ther through y-CO; (monodentate) of Mol.1” (related to Mol.1 by a unit-cell
translation), forming the [-Pb—{a-CO3-CH(CH,),-y-CO3}-], dimeric framework,
which is analogous to that observed in N-substituted Glu complexes [Pb,(bs-L-
Glu - 2 H),(bpy/phen),],, [31]. The geometry around the six-coordinated Pb(II)
center appears hemidirected due to its stereochemically active lone pair.
Cyclo(Gly-L-Ser-L-Pro-L-Glu) is a naturally occurring cyclic tetrapeptide,
which was first isolated from the Ruegeria strain of marine bacteria and was
found to possess moderate antibacterial activity against Bacillus subtilis [34].
Figure 1 shows the binding mode of cyclo(Gly-L-Ser-L-Pro-L-Glu) to Pb(II) in
the [Pb{cyclo(Gly-L-Ser-L-Pro-L-Glu)}(NO3)],, - 2 nH,O complex [33]. The Pb(II)
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ion binds to three cyclic peptide molecules (Mol.1, Mol.1’, and Mol.1"”), which
are symmetry-related to each other, through amide carbonyl and hydroxyl oxy-
gens of Ser (of Mol.1), forming a six-membered chelate ring, through y-carboxyl-
ate oxygens (bidentate) of Glu (Mol.1"), and through an amide oxygen of Glu
(Mol.1"). The Pb(II) center in a seven coordination environment shows an un-
common holodirected coordination sphere.

These two peptide complexes, though limited, show that oxygen-containing
functional groups are all involved in Pb(II) bonding: carboxylate groups of the
carboxyl-terminal and the side chain of Glu, the hydroxyl group of Ser, and the
amide oxygen of the main chain. As is mentioned below in Section 2.3, the side
chain of Glu and the main chain carbonyl are involved in Pb(II) binding in
crystal structures of Pb(II)-bound proteins: in fact, Glu is observed as the most
predominant ligand for Pb(II) bonding [35].

2.3. Protein Complexes

Lead is used to prepare heavy atom derivatives of protein and nucleic acid crystals
for use in their structure determination by isomorphous replacement [36] or
anomalous dispersion [37] approaches that can solve the ‘phase problem’ in X-ray
crystallography.

We searched the Protein Data Bank (PDB updated to February 2016) (http:/
www.rcsb.org/pdb/) for Pb(II)/Pb(IV) compounds. A total of 45 Pb(II) structures
were found: 41 protein structures (including three protein/RNA structures) and
four RNA structures. Next we checked the primary literature for these 41 lead-
derivatized protein structures and noticed that, unfortunately, in the majority of
these compounds in which lead was used exclusively for phase determination,
little attention was given to lead binding sites/modes. We deal here with ten
protein crystal structures in which Pb-binding sites/modes are well defined: those
include Ca(ll)-binding proteins [PDB ID: INOY [38], 2V01 [39], 3STWY [40]],
one Zn(II)-binding protein [PDB ID 1QNV] [41], and other proteins [PDB ID:
1QR7 [42], 1IEQN [43], 1HD7 [43], 2GOA [44], 2FJQ [45], 2QDS [46]].

Godwin et al. once reviewed [1] crystal structures of Pb(II) complexes with
Ca(II)-binding proteins (calmodulin [PDB ID 3CLN] [47] and synaptotagmin
[PDB ID 1RSY] [48] and [PDB ID 1DQV] [49]) and those with Zn(II)-binding
proteins (9-aminolevulinate dehydratase [PDB ID 1AWS5] [50] and carboxypep-
tidase A [no PDB ID: not deposited in the PDB] [51]). These crystal structures
along with several Me;Pb(IV) " -derivatized protein crystal structures [52] are
also mentioned here briefly.

For a general review for lead-binding proteins refer to [53] and for lead toxicity
refer to [54].

2.3.1. Calcium-Binding Proteins

Pb(I1) is known [55] that its disruptive effect on transmitter release at synapses
and in neurons is primarily due to inhibition of voltage-gated calcium channels as
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well as its interaction with Ca(II)-binding proteins, including calmodulin (CaM),
synaptotagmin (SYT), or protein kinase C (PKC), which regulate the synaptic
vesicle mobilization, docking, and exocytosis processes.

2.3.1.1. Calmodulin

CaM, a Ca(II)-binding protein, exists in all eukaryotic cells as a major intracellu-
lar Ca(II) ion receptor and mediates a variety of physiological processes in a
calcium-dependent manner [56]. Lead is known to have a very high affinity to-
wards CaM and to displace bound Ca(II) from CaM [57] and it is able to falsely
activate CaM even at low concentrations [58-60] but inhibits it at high concentra-
tions [61, 62]. Pb(I)-CaM may play a role in Pb(II) toxicity [63, 64].

Three crystal structures of the Pb(II)-bound CaM have so far been reported
[PDB ID: 3CLN [47], INOY [38], and 2VO01 [39]]. The crystal structure of the
native mammalian CaM at 2.2 A resolution [PDB ID 3CLN] [47] revealed the
four calcium binding loops in CaM, which have the typical EF-hand conforma-
tion (helix-loop-helix structural motif), and each loop binds a Ca(II) ion (see
Figure 6 in [47]) (for a review on the structure and function of the EF-hand
motif, refer to [65]). The four Ca(II)-binding loops consist of 12-residue seg-
ments. All four Ca(II)-binding sites exhibit seven-fold coordination: the first
Ca(II)-binding ligand in each loop is furnished by an Asp or Asn side chain; the
next five ligands are by three side chains and one carbonyl oxygen atom; a water
molecule completes the coordination shell; the residues at the first, third, and
fifth positions in each loop contribute a carboxylate oxygen atom; the residue at
the seventh position contributes its carbonyl oxygen; the 12™ residue in each
loop is a glutamate that binds to Ca(II) through both carboxylate oxygens. In
loops 2, 3, and 4, the residue in the ninth position are Asp, Ser, and Asn, respec-
tively.

On the other hand, the crystal structure of the Pb(II)-bound CaM at 2.2 A
resolution [no PDB ID] [47], which was prepared by soaking Pb(OAc),, showed
five Pb(I1)-binding sites, two of which correspond to the Ca-binding sites in the
first two Ca(II) binding loops. This means, Ca(II)-binding sites are formed by
Asp20, Asp22, Asp24, Thr26, and Glu31 for Pb-1 in EF-hand-1 while they are
formed by Asp56, Asp58, Asn60, Thr62, and Glu67 for Pb-2 in EF-hand-2. Of
the other three Pb(II) sites, one Pb(II) is bound to side chains from Asp118 and
Aspl122; the other two Pb(II) are coordinated to side chains from Glul4 and
Glu87, respectively [47].

The crystal structure of the Pb(I1l)-bound CaM (from Paramecium tetraurelia)
at 1.75 A resolution [PDB ID 1NOY] [38], prepared by soaking Pb(OAc),, was
determined. Unfortunately, for each of the two independent molecules in the
asymmetric unit, only a portion of the structure could be modeled due to their
structural disordering. A total of 14 Pb(II) sites were found, four of which are
located in the EF-hand loops and seven Pb(II) are scattered around the CaM
surface (see Figure 1c in [66]). In all four metal-binding loops of CaM, the Pb(II)
coordination is essentially identical to that of Ca(II), including the seventh water
ligand to the metal ion (see Figure 5 in [66]). Comparison of the structures of
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Ca(II)-CaM (from Paramecium tetraurelia) at 1.0 A resolution [PDB ID 1EXR]
[67] (see Figure 1a in [66]) and Pb(II)-CaM [PDB ID IN0Y] [38] (see Figure 1b
in [66]) shows close agreement in the C-terminal domain but significant structur-
al differences in the N-terminal domain (but the flexibility of the N-terminal
domain is an intrinsic property of the protein and not an effect specific to Pb(II)-
CaM [38]).

The crystal structure of the Pb(1l)-bound human CaM at 2.15 A resolution,
prepared by soaking PbCl, ([PDB ID 2V01] [39]), revealed a total of eight Pb(II)
ions (see Figure la in [39]), four of which replace Ca(Il) ions in all four EF-
hands in native CaM and one Pb(II) is located close to EF-hand-2, being coordi-
nated by Asp58 and Asp64. The other three Pb(II) ions are scattered around
the CaM surface, interacting with negatively charged CaM surface residues, as is
observed in the Pb—CaM (from Paramecium tetraurelia) structure [38]. The au-
thors suggest [39] that this could be a mechanism for the reported decrease in
CaM activation by Pb at higher concentrations [61, 62] and, since no such Ca
atoms are observed upon crystallization in Ca-containing solutions, the affinity of
Pb for non-EF-hand sites in CaM seems to be higher than that of Ca; thus, the
toxicity-related activation mechanism of CaM by lead may have two aspects: hy-
peractivation at low concentrations of Pb and inactivation at high concentrations.

2.3.1.2. Synaptotagmins
SYTs are synaptic vesicle-associated, phospholipid-binding proteins most com-
monly associated with Ca(II)-dependent exocytotic and Ca(II)-independent en-
docytotic events [68]. SYTs constitute a family of membrane-trafficking proteins
that are characterized by an N-terminal transmembrane region, a variable linker,
and two C-terminal C2 domains (C2A and C2B). The C2A and C2B domains
have similar protein folding to each other (composed of a stable eight-stranded
B-sandwich with flexible loops emerging from the top and bottom) with three
and two Ca(II)-binding sites, respectively, but with different functions (C2A acts
as a Ca(II) sensor). Ca(II) ions bind exclusively to the top loops and the binding
pockets are coordinated by five conserved aspartate residues: three calcium ions
bind to the C2A domain via Aspl72, Aspl78, Asp230, Asp232, Ser235, and
Asp238 (see Figure 6A in [69]), and two calcium ions bind to C2B via Asp303,
Asp309, Asp363, Asp365, and Asp371 (see Figure 6B in [69]) (for review on
details of the structure and function of C2 domains, refer to [70]).

Crystal structures of two synaptotagmins were solved using Me3PbIV(OAc) as
a heavy atom derivative: one is the C2A domain (residues 140-267) of native
rat synaptotagmin-1 (SYT-1) at 1.9 A resolution [PDB ID 1RSY] [48] and the
other is the C2 domain (residues 295-569 including C2A and C2B domains) of
the mouse synaptotagmin-3 (SYT-3) at 3.2 A resolution [PDB ID 1DQV] [49].
SYT-1 functions as the Ca(II) sensor for rapid, synchronous synaptic vesicle exo-
cytosis and is one of the most significant molecular targets for lead [71, 72]. One
of the characteristic properties of SYT-3 is the ability to bind divalent cations
and accessory proteins promiscuously [49].

Unfortunately, the original literature of the SY7-1 crystal structure [PDB
ID 1RSY] made no mention about lead binding, but Godwin et al. noted in their
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review [1] that a Pb(IV) ion binds only to the high-affinity calcium-binding site
between two loops, the site corresponding to the Cal site in Figure 6A in [69],
which is made up of P-carboxylate groups of four Asp residues (Aspl72 and
Aspl79 in the loop 1, and Asp230 and Asp232 in the loop 3) in the multinuclear
calcium-binding site of the C2ZA domain.

On the other hand, in the crystal structure of the C2 domain of SYT-3 [PDB
ID 1DQV], three Pb(IV)-binding sites were found, one of which is located at
the same site (the Cal site in Figure 6A in [69]) on the C2A domain as the one
corresponding to the high-affinity Ca(II)-binding site in the CYT-1 structure
[PDB ID 1RSY]. The second site is on a minor Ca(II)-binding site (the Ca2 (or
Ca3) site in Figure 6A in [69]) on the C2A domain and the third site is in Ca(II)-
binding loops of the C2B domain (see Figure 6B in [69]).

2.3.1.3. Protein kinase C

Protein kinase C isozymes (PKCs) constitute a family of Ser- and Thr-specific
protein kinases that control signaling pathways essential for cell proliferation,
differentiation, and survival. All PKCs have a conserved kinase domain at the
carboxyl terminal side and more variable regulatory domains at the amino termi-
nal side. Among these PKC isozymes, Ca(Il)-dependent PKC isozymes (called
conventional PKCs (a, 3, and y)) have the regulatory domain composed of H,N—
pseudosubstrate motif—~C1 domain (diacylglycerol-binding domain)-C2 domain
(Ca(I)-binding domain), among which the C2 domain anchors the parent en-
zyme to lipid membranes in response to binding Ca(II) ions. It has been shown
that the Ca(II)-dependent binding of the protein kinase C-a isozyme (PKC-a)
to membranes presents a high specificity for a short chain lipid 1,2-dicaproyl-sn-
phosphatidyl-L-serine (PtdSer) and this binding is mediated by the C2 domain
(for details of the structure and function of PKCs, refer to [73]). The C2 domain
of conventional PKCs is a well-documented molecular target of lead [72, 74].

Four crystal structures including the C2 domain of rat PKC-a (designated C2a
[40]) (residues 155-293) are available: C2a apo (Ca- and Pb-free) at 1.9 A resolu-
tion [PDB ID 3TWIJ] [40], the binary C20—~Ca(Il) complex at 2.4 A resolution
[no PDB ID] [75], the ternary C2a—Ca(II)-PtdSer complex at 2.6 A resolution
[PDB ID 1DSY] [75], and the binary C20—~Ph(II) complex at 1.5 A resolution,
prepared by soaking Pb(OAc), [PDB ID 3TWY] [40]. NMR and isothermal
titration calorimetry techniques established [40] that C2a binds Pb(1I) with high-
er affinity than its natural cofactor Ca(II) and that there are two Pb(II)-binding
sites on the C2a domain with a 2000-fold difference between the Pb(I1) affinities
of the two sites.

Commonly in these four crystal structures, the C2 domain has an antiparallel
B-sandwich composed of eight 3-strands, a topology being similar to the C2A
domain of synaptotagmin-1 [48]. The two Ca(II) ions (Cal and Ca2) in both the
binary C2a—Ca(II) and ternary C2a—Ca(II)-PtdSer complexes or the two Pb(II)
ions in the C2a~Pb(Il) complex bind in a cavity formed by the first and final
loops of the C2 domain, as a binuclear cluster in which the two Ca(II) are related
to each other by a pseudo-dyad symmetry axis, similar to what had been ob-
served in most C2 structures [76], whereas the two Pb(II) are partly deviated
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from the pseudo-dyad symmetry due to the difference in coordination geom-
etries between the two Pb(II), one being holodirected and the other hemidirected
(as noted below). Non-specific association of Ca(II) or Pb(II) ions with the
charged side chains on the protein surface is not observed. It should be noted
that these Cal and Ca2 sites correspond to the Cal and Ca2 sites in the C2A
domain of synaptotagmin-1 (compare with Figure 6A in [69]). A comparison of
the metal coordination sites between the Ca(II) and the Pb(II) complexes shows
(see Figure 4C in [40]) that the Cal site and the Pbl site (high-affinity site) are
superimposable, thereby containing a total of nine oxygens that coordinate to
Pbl, seven are from the same ligand as those [four Asp side chains 187 (biden-
tate), 193, 246 (bidentate), and 248 and a Trp247 carbonyl] bound to Cal in the
C20~-Ca(II) and C2a-Ca(II)-PtdSer complexes, and the remaining two oxygens
are from two water molecules, adopting the holodirected coordination geometry.

On the other hand, the Pb2 site (low affinity site) is slightly shifted from the
CaZ2 site to lead in the absence of Pb2 bonding to the carbonyl oxygen of Met186,
which is coordinated to Ca2 in the Ca(II) complexes, though six of the eight
oxygen atoms that are coordinated to Pb2 are still from the same ligand as those
[four Asp side chains 187, 246, 248 (bidentate), and 254 (monodentate for Ca2;
bidentate for Pb2)] bound to Ca2 and the remaining two oxygens are from two
water molecules, showing the hemidirected coordination geometry for Pb2 in
contrast to the holodirected one for Ca2. The backbone superposition of apo
C20, C20-Pb(II), and C20—Ca(IT)-PtdSer complexes shows that the binding of
divalent metal ions has little effect on the backbone conformation of the whole
C2 domain (Figure 4A in [40]), and thus the slight movement of the Pb2 site
from the Ca2 site is possibly due to the stereochemically active lone pair effect
of Pb(II) against the carbonyl oxygen of Met186.

2.3.2.  Zinc-Binding Proteins

2.3.2.1. d-Aminolevulinate dehydratase

(ALAD or porphobilinogen synthase PBGS)
ALAD is a zinc-protein that catalyzes the formation of porphobilinogen from
d-aminolevulinic acid (ALA) in the metabolic pathway of the heme biosynthesis.
ALAD is known to be one of the most lead-sensitive enzymes [77]: human
ALAD binds lead tightly with a sub-picomolar inhibition constant, and Zn(II)
and Pb(IT) compete for the same binding site [78].

The crystal structure of the native yeast ALAD enzyme at 2.3 A resolution
[PDB ID 1AWS] [79] revealed the two zinc binding sites (Znl as the major site
and Zn2 as the minor site), where the Znl site is formed by three cysteine
residues (called Cys3: Cys133, Cys135, and Cys143) while the Zn2 site involves
Cys234 and His142 (see Figure 6 in [79]).

On the other hand, the crystal structure of the Pb(II)-bound yeast ALAD at
2.5A resolution [PDB ID 1QNV] [41, 79], prepared by soaking Pb(OAc),,
showed that one of the two lead ions replaces the catalytic Znl ion bound to
the Cys3 site (see Figure 6 in [79] and Figure 7 in [41]). This represents a possible
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mechanism for the neurological symptoms of lead toxicity, that is, the incorpora-
tion of lead into the enzyme reduces the affinity for substrate ALA non-competi-
tively to result in the accumulation of ALA [79]. No apparent Pb(II) binding at
the Zn2 binding site was observed but instead, the minor lead-binding site was
found near the main triple-cysteine site in the active site of the enzyme (see
Figure 7 in [41]). A kinetic study of human ALAD proposed [80] that the chemi-
cally active lone pair effect of Pb(II) could alter the active site environment and
disfavor substrate binding and subsequent catalysis of ALAD. Preference of
Pb(II) toward the Cys3 site in ALAD was later borne out by a model study [81]
showing that lead binds more tightly than zinc (about 500 to 1) to a tris-thiol
ligand tris(mercaptophenylimidazolyl)hydroborate (Tm""), a model ligand for
the Cys3 cite in ALAD, and the structure of [Pb(Tm"™)]" (see Figure 8 in Sec-
tion 5) is very similar to the structure of [Pb(Cys);] formed at the active site of
Pb(II)-ALAD: both possess a trigonal pyramidal geometry with very similar
average Pb-S bond lengths of 2.7 and 2.8 A, respectively.

2.3.2.2. Metallocarboxypeptidases

Carboxypeptidases catalyze the hydrolysis of polypeptides and esters at the C-
terminal peptide or ester bond. Metallocarboxylases, which comprise the largest
class of carboxypeptidases having a single Zn(II) at the active site, can be classi-
fied by their substrate specificities. Carboxypeptidase A (CPA) is specific for
neutral, preferably hydrophobic amino acids. It has been shown [82] that lead
hydroxide [Pb(OH)]™ inhibits the bovine CPA catalysis by binding to the cata-
lytic residue Glu270.

The high-resolution (1.6 A) crystal structure [PDB ID 3CPA] [83] of the native
bovine CPA complexed with the slowly hydrolyzed CPA substrate, Gly-L-Tyr,
revealed a Zn(II) ion at the active site. The Zn(II) ion is five-fold coordinated
by three enzyme residues (His69, Glu72, and His196) and the Gly-L-Tyr peptide
ligand through chelate formation via the carbonyl oxygen and the neutral amino
terminus (see Figure 5 in [83]).

On the other hand, the crystal structure of the Pb(Il)-bound bovine CPA com-
plexed with Gly-L-Tyr at 2.0 A resolution [no PDB ID] [84], prepared by soaking
PbCl,, revealed two Pb(II) ions, one of which binds to a citrate (used in crystalli-
zation) and the other to the catalytic residue Glu270, as suggested [82], but does
not well overlap with the Zn(II)-binding site in the native CPA structure [PDB
ID 3CPA] (see the disposition of Glu270 in Figure 5 in [83]).

The crystal structure of the Pb(1l)-bound PfuCP (a carboxypeptidase from
the hyperthermophilic Archaeon Pyrococcus furiosus) at 3.0 A resolution [PDB
ID 1KAA4] [85], prepared by soaking PbBr,, was determined, in addition to the
apo-PfuCP structure at 2.2 A resolution [PDB ID 1KA2] [85]. PfuCP is an un-
usual metalloprotease in that (i) it misses the HisXXGlu(X);,3_13,His motif
characteristic of classical metallocarboxypeptidases and instead contains the
HisGluXXHis motif, (ii) the Zn(II)-bound form is inactive, while binding of
other metals, such as Mn(II) [85] and Co(II) [86], promotes its catalytic activity,
and (iii) it has a broad substrate specificity that includes basic, aromatic, neutral,
and polar amino acids. The Pb—PfuCP structure revealed a four-fold coordinated
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Pb(II) bound to the two histidine residues (269 and 273 corresponding the
HisGluXXHis motif) and Glu299 at the catalytic site and the fourth ligand is a
water molecule (see Figure 4 in [86]). In the apo-PfuCP structure, the metal ion
occupying the equivalent position is presumed to be a Mg(II) from the crystalli-
zation condition. The origin of the metal-dependent differences in the activities
of PfuCP remains unresolved.

2.3.3.  Other Proteins

2.3.3.1. 3-Deoxy-D-arabino-heptulosonate-7-phosphate synthase (DAHPS)
DAHPS, a metal-activated enzyme, catalyzes the stereospecific condensation of
phosphoenolpyruvate (PEP) and p-erythrose-4-phosphate (E4P) giving rise to
3-deoxy-D-arabino-heptulosonate-7-phosphate (DAHP), the first step in the
common pathway leading to the biosynthesis of aromatic compounds in microor-
ganisms and plants. The identity of the activating metal in vivo remains unclear,
although evidence for both Fe(II) [87] and Cu(II) [88] has been reported. Pb(1I)
activates DAHPS (phenylalanine-regulated form) only poorly (to 3 % of the
level achievable with Mn(II), the most effective metal ion in vitro [87]).

Two crystal structures of the Pb(Il)-bound and the Mn(1l)-bound Escherichia
coli DAHPS (phenylalanine-regulated form) were determined at 2.6 A and 2.0 A
resolution, respectively, where substrate PEP and substrate-analog 2-phospho-
glycolate (PGL) were co-crystalized in both the Pb(II)-DAHPS complex [PDB
ID 1QR7] [42] prepared by soaking Pb(OAc), and the Mn(I1)-DAHPS complex
[PDB ID 1GG1] [89]. A single metal ion, Pb(IT) or Mn(II), was found at the
active site of DAHPS. The coordination sphere of Pb(II) or Mn(II) commonly
includes side-chains of four protein residues (Cys61, His268, Glu302 as bidentate,
and Asp326 as monodentate) and a water molecule, and the sixth site is from PEP
for Pb(II) or PGL for Mn(II) (see Figure 3 in [42] for the Pb(II) complex and
Figure 3 in [89] for the Mn(II) complex). The four protein residues are dispersed
throughout the polypeptide chain and are not part of a localized metal-binding
motif. The most striking differences were the metal-binding modes toward sub-
strate PEP or substrate-analog PGL ligands: the Pb(II) ion approaches the four
atoms (three carbons and one carboxylate oxygen) that comprise the planar part
of PEP, with the approximately equal and rather long interatomic distances (3.6—
3.9A) due to two factors, metal-n-bond conjugation and the inert electron pair
effect, providing the hemidirected coordination geometry (see Figure 5 in [42]); in
contrast, Mn(II) was coordinated to PGL through the carboxylate oxygen with the
usual interatomic distance (2.45A) and it showed the holodirected coordination
geometry (see Figure 4 in [89]). These differences in metal coordination are as-
sumed [42] to be the basis for the striking differences in activation by the most
efficient metal activator Mn(II) and the poorly activating Pb(II).

2.3.3.2. Apurinic/apyrimidinic endonuclease (Apel)
Apel is an essential DNA repair enzyme that initiates the removal of apurinic/
apyrimidinic sites from DNA by hydrolyzing the DNA backbone [43] and it can
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utilize Mg(II) or Mn(II) as a cofactor in catalysis [90]. Apel is not known to be
inhibited by lead.

Two crystal structures of the Pb(I1l)-bound human Apel, each prepared by
soaking Pb(OAc),, were determined, one acidic pH structure at 1.95 A resolu-
tion [PDB ID 1HD7] [43] and one neutral pH structure at 2.20 A resolution
[PDB ID 1E9N] [43]. The low pH structure and the neutral structure contain
one Pb(II) ion and two Pb(II) ions, respectively, both in the active site. One of
the Pb ions in the neutral pH structure superimposes closely on the Pb(1I) ion
in the low pH structure and is four-fold coordinated by the carboxylates of Asp70
(monodentate) and Glu96 (bidentate) and a water molecule, and the second
Pb(II) ion is four-fold coordinated by the side chains of Asp210 (monodentate),
Asn212, and His309 and a water molecule (see Figure 3 in [43]). The two metal
ions are 5.0 A apart. Based on the neutral pH structure and kinetic data, the
two-metal (most probably Mg(I1)) catalytic mechanism is presumed for the phos-
phodiester bond hydrolysis [43].

2.3.3.3. Pyrimidine 5’-nucleotidase type 1 (PSN-1)

P5N-1 catalyzes the Mg(II) ion-dependent dephosphorylation of pyrimidine 5’-
mononucleotides [91]. Human P5N-1 is one of several enzymes readily inhibited
by Pb(II) during lead poisoning [92, 93] and the P5N-1 enzyme deficiency is
either familial or can be acquired through lead poisoning [94, 95].

Five crystal structures of the mouse PSN-1 (mP5N-1) have been reported [44]:
these are (i) native P5N-1 with bound Mg(II) at 2.25A resolution [PDB
ID 2G06], (ii) PSN-1 complexed with a phosphoenzyme intermediate analog at
2.30 A [PDB ID 2G07], (iii) PSN-1 with a product-transition complex analog at
2.35A [PDB ID 2G08], (iv) P5N-1 with a product complex at 2.1 A [PDB
ID 2G09], and (v) Pb(II)-bound P5N-I at 2.35 A prepared by soaking Pb(OAc),
[PDB ID 2GOA].

The Mg(Il)-bound P5N-I structures [PDB ID: 2G06, 2G07, 2G08, and 2G09]
(Figures 4B-4F in [44]) revealed one Mg(Il) in the active site, which is octahe-
drally coordinated by the side-chains of two Asp residues (49 and 238), the
main-chain carbonyl oxygen of Asp51, and two water molecules, and either an
additional water [PDB ID 2GO06] or an oxygen of the phosphate group in the
product complex [PDB ID 2G09] (Figures 4F and 5A in [44]) or fluorine of
phosphate analogs [PDB ID: 2G07and 2G08] in the reaction cycle. The phos-
phate group of the substrate binds within a ‘cationic cavity’ (Figure 5A in [44]),
which is required for the recognition and binding of the phosphate group of
nucleotides.

On the other hand, the Pb(II)-bound P5N-1 structure [PDB ID 2GO0A] re-
vealed one Pb(II) which binds also within the active site of PSN-1 (Figure 4F in
[44]) with partial occupancy (assuming 25 %) but the binding mode of Pb(II)
differs from that of Mg(II) in the Mg(II)-bound P5N-1 structures: the position
of Pb(II) coincides approximately with the position of one of the water molecu-
les that coordinates Mg(II); Pb(II) is not coordinated by the backbone carbonyl
of Asp51 but stabilized by a rather weak interaction with Asp242 [2.8 A]. Impor-
tantly, Pb(II) is clearly located away from the cationic cavity. Based on these
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observations, a mechanism for the PSN-1 inhibition by Pb(II) is proposed [44]:
the Pb(II) inhibition is based on the lowered affinity of the cationic cavity for
the phosphate group (and possibly also on improper positioning of the catalytic
residue Asp49 for in-line attack), since a properly positioned metal ion within
the active site is directly coordinated by the phosphate bound in the cationic
cavity and further stabilizes the negatively charged phosphate through electro-
static interaction. On the other hand, Pb(II) shows a much higher affinity for
the active site than Mg(II) [96]. It thus outcompetes Mg(II) and poisons the
active site of PSN-1 because simultaneous binding of Mg(II) and Pb(II) is not
possible.

2.3.3.4. Acyl-CoA-binding protein (ACBP)

ACBP, an intracellular carrier of acyl-CoA esters, is essential for the fatty acid
metabolism, membrane structure, membrane fusion, and ceramide synthesis [97].
Human ACBP is known to be one of the proteins that binds lead ions with high
affinity in vivo [98].

The high-resolution crystal structure of the Pb(1l)-bound human apo ACBP
at 1.6 A resolution [PDB ID 2FJ9] [45], prepared by soaking Pb(NO53),, revealed
one Pb(II) site (and one Zn(II) site due to ZnSO, used in crystallization). The
Pb(II) ion is bound at a protein-protein contact in a way that it is complexed to
the side chains of Glu69 of a ACBP molecule and Glu6lof a neighboring mole-
cule. These side chains are not near the acyl-CoA binding pocket. The Zn(II)
ion is also bound at a protein-protein contact, complexed to the side chains of
Glul1/His15 and Glul1/His15 of a neighboring molecule, respectively.

2.3.3.5. Ferrochelatase (protoheme ferrolyase)

Ferrochelatase is the terminal enzyme in heme biosynthesis and catalyzes the
insertion of ferrous iron into protoporphyrin IX to form protoheme IX (heme)
[99]. The enzyme is known to be inhibited by a number of divalent cations in-
cluding lead [100].

The crystal structure of the Pb(Il)-bound human ferrochelatase enzyme at
2.3 A resolution [PDB ID 2QD5] [46] has been reported. The crystal was pre-
pared by incubating the enzyme with protoporphyrin IX and Pb(OAc), during
crystallization. The enzyme forms a homodimeric structure (subunits A and B)
in which Pb(II) is inserted into protoporphyrin IX but not into the protein in
each subunit. Unfortunately, the potential lead position could not be refined
suggesting a partially occupied or poorly defined site, so that the lead atom was
modeled with partial occupancy on either side of the protoporphyrin IX, consist-
ent with the known lead-porphyrin compounds [101, 102] in which the lead is
highly disordered and situated out of the mean plane of the porphyrin. The
atomic details of the lead inhibition of ferrochelatase remain to be accurately
described based on higher resolution data.

2.3.3.6. MesPb(IV)*-derivatized proteins
Metal binding properties of trimethyl lead(IV) acetate toward several proteins,
where MesPb(IV) " was used as a first-choice heavy-atom derivative, were re-
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ported [52] by Holden and Rayment: these proteins include insecticyanin from
Manduca sexta L [103], cytochrome c2 from Rhodobacter capsulatus [104], cyto-
chrome c2 from Paracoccus denitrificans [105], apolipophorin-III from Locusta
migratoria [106], the [2 Fe-2S] ferredoxin from Anabaena 7120 [107], the high-
potential iron-sulfur protein ([4 Fe-4 S] ferredoxin) from Ectothiorhodospira ha-
lophila [108], and UDP-Gal-4-epimerase from Escherichia coli [109]. These pro-
teins are not known to be inhibited by lead.

The crystal structure at 2.6 A resolution of insecticyanin [PDB 1D 1Z24] [103],
which plays a key role in the cryptic coloration of the insect [110], revealed that
one MesPb ™ ion is bound to the surface amino acid residue Glu68, in both
subunits, among ten Glu residues per subunit.

In the crystal structure of cytochrome c2 from Rhodobacter capsulatus (including
one heme moiety) at 1.8 A resolution [PDB ID 1C2R] [104], there was only one
Pb(IV)-binding site, which was not located near Glu residues but at the interface
between the two independent cytochrome molecules in the asymmetric unit.

In the crystal structure at 1.7 A resolution of cytochrome c2 from Paracoccus
denitrificans [PDB 1D 1COT] [105], there were four major Pb(IV) binding sites:
one site wedged between the side chain carboxylates of Asp93 and Glu6l, a
second site located between the side chain carboxylates of Asp92 and Glull, a
third site situated between two glutamate residues, Glu51 and Glu73, and a
fourth binding site lying next to the carboxylate side chain of Glu9.

In the Apolipophorin-III structure at 3.0 A resolution [PDB ID 1EAP] [106],
one Me;Pb(IV) ™ was bound only to the side chain of Glu10 in a total of thirteen
Glu residues.

The /2 Fe-2 S] ferredoxin structure at 2.5 A resolution [PDB ID 1FXA] [107]
revealed three Pb(IV)-binding sites: two sites were located between the side
chains of Glu24 and Glu32 in each of the two ferredoxin molecules in the asym-
metric unit. The third Pb(IV) binding site was located between the interface of
the two ferredoxin molecules in the crystal lattice.

The high-potential iron-sulfur protein (HiPIP) structure at 2.5 A resolution
[PDB ID 2HIP] [108] revealed four Pb(IV)-binding sites in one HiPIP molecule
(Mol.1) and only one site (side chain of Aspll) in the other molecule (Mol.2)
in the asymmetric unit: the former four sites in Mol.1 were located at the side
chains of Glul5, Glu27, and Glu32 (in a total of eight Glu residues in a HiPIP
molecule) and the remaining one was near the carbonyl oxygen of Aspl8.

The crystal structure at 2.3 A resolution of UDP-Gal-4-epimerase (from E.
coli) (no PDB ID) [109], which is involved in the conversion of galactose to
glucose, revealed two Pb(IV) binding sites near Glu 320 and Asp271 in the same
monomer within a dimer composed of chemically identical but crystallographi-
cally different subunits.

These studies reveal that there are two metal-binding modes [52]: (i) the
MesPb ™" ion is coordinated by two carboxylate groups that lie in close proximity
or (i) the MesPb ™ site is in a small hydrophobic pocket either within the protein
or formed by protein-protein contacts in the crystal lattice. In general, the occu-
pancy of the former (i) is higher than the latter (ii) and occurs more frequently.
It is emphasized [52] that MesPbOAc fulfills requirements for an ideal heavy
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atom derivative that is soluble in all commonly employed precipitants and dem-
onstrates a limited number of binding sites on the protein, the latter being a
benefit for the structure determination.

2.3.4. Summary

Crystal structures of the lead-bound proteins dealt with here reveal that there
are two modes of metal binding for lead: a site-specific binding (ionic displace-
ment binding [66, 111]) and a site-non-specific binding (involving opportunistic
binding [39, 66, 111] with the charged side chains on the protein surface). The
former case is typically observed for Ca(II)- and Zn(II)-binding proteins, that is,
lead can bind to the calcium- and zinc-binding sites by substituting for Ca(II)
and Zn(II) despite their different size [ionic radii (A) [6]: 1.19, 1.00, and 0.74 for
Pb(II), Ca(Il), and Zn(II), respectively] and this is believed to be the primary
mechanism of lead toxicity. The opportunistic binding of Pb(II) is also noticeable
as a possible mechanism of lead toxicity [66], as demonstrated in a Pb(II)-cal-
modulin (CaM) system, where both the ionic displacement and the opportunistic
bindings coexist in the crystal structure [39] and, in addition, fluorescence and
NMR studies showed [111] that the opportunistic binding has a profound impact
on the conformation and dynamics of the essential molecular recognition sites
of the central helix, providing a structural basis for two biological activities of
lead, initial activation followed by inhibition in response to increasing concentra-
tions of lead [61, 62], as noted above in Section 2.3.1.

Oxygen atoms present the major ligand sites for lead, most frequently from
the carboxylate side chains of Glu and Asp or water, followed by, albeit much
less frequently, the carbonyl of the main chain, and the neutral side chain of Asn
at the active site of Ca(II)-dependent CaM [38, 39] and at the non-active site of
Mg(II)- or Mn(II)-dependent apurinic/apyrimidinic endonuclease (Ape-1) [43]
and that of Thr at the active site of CaM [38, 39]; sulfur acts as the ligand in the
case of displacement of zinc by lead at the zinc-binding sites in §-aminolevulinic
acid dehydratase (ALAD) [79] and at the active site of Fe- or Cu-dependent
3-deoxy-D-arabino-heptulosonate-7-phosphate synthase (DAHPS) [42]; nitrogen
of His presents the minor ligand at the active site of DAHPS [79], at the
active site of carboxypeptidase A [85], and at the nonactive site of Ape-1 [43].
Kirberger and Yang reported [66] that the binding ligand preference for Pb(II)
is in the order of side chain Glu (38.4 %) > side chain Asp (20.3 %) = water
(20.3 %) > sulfur (7.3 %), based on the data analysis of the PDB.

The stereochemically active lone pair effect of Pb(IT) on metal binding/recog-
nition mode in proteins has received attention [80, 112] but X-ray studies of this
topic are still limited. In the Pb(II)-C2a (protein kinase C-a)) structure [40],
holodirected and hemidirected coordination geometries for the two Pb(II) ions
coexist within a single protein molecule: one Pb(II) that occupies the high-affini-
ty site has a holodirected geometry while the other Pb(II) ion that takes the low-
affinity site adopts a hemidirected geometry. In the Pb(II)-DAHPS structure
[42], a Pb(II) ion forms a hemidirected geometry with its lone pair directed to-
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ward a coexisted phosphoenolpyruvate (PEP) substrate, which thereby locates
far from the Pb(II) center, a situation being unfavorable for the catalytic reac-
tion; this structural basis may provide an explanation for the poorly activating
Pb(II) [42, 89].

3. NUCLEIC ACID CONSTITUENT COMPLEXES

There are three potential metal-binding groups on nucleic acids: phosphate, sug-
ar, and base moieties. X-ray studies/data on metal ion interactions with nucleic
acid constituents have been repeatedly reviewed: these include transition/heavy
metal ion complexes [113-123] and alkali/alkaline earth metal ion complexes
[118, 122] of nucleobases, transition/heavy metal ion complexes [113-118, 124—
128] and alkali/alkaline earth metal ion complexes [114, 122, 125, 126, 128] of
nucleosides/nucleotides, and metal ion complexes of double-helical oligonucleoti-
des [126, 128, 129]; in addition, special reviews on metal ion complexes of adeno-
sine 5'-triphosphate (ATP) are available [130, 131].

These studies revealed that the phosphate groups of nucleotides involving oli-
gonucleotides are good ligands for alkali and alkaline earth metal ions as well
as transition and heavy metal ions. Sugar hydroxyl groups are good ligands for
alkali and alkaline earth metal ions but not for transition and heavy metal ions.
Ring nitrogens of bases are good targets for all types of metal ions, particularly
for transition and heavy metal ions. Coordination to the ring nitrogens is favored
over binding to the exocyclic amino and keto groups: the N7 site is the most
preferred metal binding site for purine bases and the N3 site for cytosine. Keto
substituents at O2 of cytosine and O2 and O4 of thymine and uracil are usual
metal binding sites for alkali and alkaline earth metal ions. As a rule, amino
substituents at N6 of adenine, N2 of guanine, and N4 of cytosine become good
ligands only when they are deprotonated, with two exceptions, namely, the N7-
Ru-N6(NH,) chelation in [Ru(9-methyladenine)(trithiacyclononane)(DMSO)]* "
[132] and the K-N2(NH,) bonding or m-interaction with the C2-N2 bond in
[K6(H20)6{Pt(9-methylguanine)(MeNH,),{Pt(CN),4}5], [133]. Nomenclature
and chemical structure of the common nucleotides are presented in Figure 2.
For the conformational terms of the nucleotide structures refer to [134].

Table 4 summarizes metal binding sites/modes observed in crystal structures
of Pb(II) complexes with the common nucleobases and nucleosides including
their substituted ones. Unfortunately, only a limited number of crystal structures
of lead complexes are available with nucleic acid constituents: five complexes for
nucleobases (a hypoxanthine complex [135] and four uracil complexes [136-138],
where these bases are all carboxyl- or acetic acid-functionalized ones), one com-
plex for nucleosides (a sugar-modified guanosine complex [139]) but none for
mononucleotides or oligonucleotides whose residues are less than ten. For short
or small RNA polynucleotides, seven crystal structures of Pb(I) complexes are
reported: three tRNA complexes [140, 141], one leadzyme complex [142], and
three other ribozyme complexes [143-145] but none for a DNA polynucleotide.
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Figure 2. Nomenclature and chemical structures of the common nucleotides. The nucleo-
tides are shown in the syn conformation (to save space) even though they mostly occur
in the anti form.

3.1. Nucleobase and Nucleoside Complexes
3.1.1. Purine Nucleobases

For adenine and guanine bases, no crystal structure of a Pb(II) complex has so
far been reported, and only one example is available solely for hypoxanthine.
In the acetate-functionalized hypoxanthine complex [Pb(Hyp-1-OAc),(H,0),],,
[135], the distorted octahedral Pb(II), which rides on an inversion center, is
bound to four hypoxanthine bases, two of which are through the ring N7 site
and the other two are through the carboxylate oxygen, and two water molecules.
In return, each hypoxanthine base coordinates in a bidentate fashion to two
Pb(II) ions, one through N7 and the other through the acetate oxygen, forming
helical, polymeric molecular chains along the crystallographic two-fold screw
axis. The Pb—O and Pb—N bond lengths are from 2.629(4) to 2.676(4) A, provid-
ing a typical example for a holodirected coordination geometry about the octahe-
dral Pb(II) atom.
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3.1.2. Pyrimidine Nucleobases

Four Pb(II) complexes are reported for carboxyl- or acetate-functionalized ura-
cils [136-138] and none for cytosine and thymine.

The reactions of uracil-5-carboxylic acid, PbCl, and NaOH gave two complexes
[Pb(Ura-5-carboxylato),(H,0)],, [136] and [Pb(Ura-5-carboxylato — H)(H,O)],
[136]. In [Pb(Ura-5-carboxylato),(H,0)],, [136], ignoring weak Pb-O interac-
tions, the Pb(II) ion is seven-coordinated by five Ura-5-carboxylato™ ligands (two
independent molecules Mol.1 and Mol.2 and three symmetry-related Mol.1’ and
Mol.2’ and Mol.2"), through the O4 (keto)-Pb-O (carboxylate) chelation for
Mol.1, the keto O2 for Mol.2, and through three carboxylate oxygens (each
monodentate) for Mol.1’, Mol.2’, and Mol.2”, and by a water ligand completing
the seventh site. The seven normal coordination bonds are in the range of
2.491(3)-2.843(3) A and are distributed roughly in a whole sphere around the
Pb(II) ion, thus forming a holodirected coordination geometry. When three weak
interactions [3.134(3)-3.241(3) A] are considered, alternate carboxylate oxygens
of Mol.1’, Mol.2’, and Mol.2” are further involved in the metal ion coordination.
The ligands Mol.1 and Mol.2 in return coordinate to two and three Pb(II) ions,
respectively, forming a three-dimensional framework in the crystal lattice.

On the other hand, in [Pb(Ura-5-carboxylato — H)(H,O)],, [136], ignoring weak
Pb-O interactions, Pb(Il) is six-coordinated by three Ura-5-carboxylat027 ligands
(Mol.1 and symmetry-related Mol.1’ and Mol.1"”), through the O4 (keto)-Pb-O
(carboxylate) chelation for Mol.1, the deprotonated ring N1 of the base for
Mol.1’, and through two carboxylate oxygens (bidentate) for Mol.1”, and by a
water molecule. The Pb—O bond lengths are in the range of 2.455(6)-2.787(5) A
and there is a void space in one side of the metal coordination sphere. When
three weak interactions [2.915(6)-3.215(7) A] are considered, the keto O2 of
Mol.1’ (forming an N1-Pb-O2 chelation), the keto O2 of Mol.1"”, and carboxyl-
ate oxygen of Mol.1"” are involved in metal coordination to occupy the void
space. In return, the Ura-S-carboxylatoz_ ligand binds to three Pb(I1I) ions when
only normal coordination bonds are considered, or to five Pb(II) ions when
weak interactions are additionally considered, forming a two-dimensional sheet
structure.

In the crystal structure of the Pb(II) complex with uracil-6-carboxylic acid
(orotic acid), [Pb(Ura-6-carboxylato — H)(H,0)],, [137], prepared under alkaline
conditions, the Pb(II) ion is six-coordinated, when weak interactions are ignored,
to the four orotate ligands (Mol.1 and its symmetry-related Mol.1’, Mol.1”, and
Mol.1"”) and to a water molecule: it binds to Mol.1 through the formation of a
five-membered N1 (deprotonated )-Pb-O, (one of the two carboxylate oxygens)
chelate ring, Mol.1’ through the keto O2, and Mol.1” and Mol.1” each through
the keto O4. These six normal coordination bonds locate at one side of the
coordination sphere with their bond distances in the range of 2.429(4)-
2.801(4) A. When weak interactions are considered, the other side is occupied
by two additional atoms (carboxylate Og (the other carboxylate oxygen) of
Mol.1” and carboxylate O, of Mol.1””) with the bond distances of 2.997(4) and
3.064(5) A, respectively. Considering these weak interactions, the orotate ligand
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exhibits a hexametallic coordination mode through chelating and bridging O and
N atoms, constructing a three-dimensional polymer.

In the Pb(IT) complex with 5-fluorouracil-1-acetic acid, [Pb(5-F-Ura-1-OAc),],,
[138], ignoring weak interactions, Pb(II) is coordinated to six oxygen atoms of
five 5-F-Ura-1-OAc™ ligands (Mol.1 and Mol.2 and their symmetry-related
Mol.1’, Mol.2’, and Mol.2"”): it binds to Mol.1 through the carboxylate oxygens
(bidentate), Mol.2 through the carboxylate oxygen O4, Mol.1’ through the car-
boxylate oxygen Op, Mol2’ through the carboxylate Og, and Mol.2” through
the carboxylate Og. The Pb—-O bond lengths are in the range of 2.444(4)-
2.804(4) A and the coordination sphere around the Pb(II) leaves a vacant space,
where the keto O4 of Mol.2"” and the keto O2 of Mol.2" locate with weak Pb—O
interactions of 2.937(4) and 3.174(4) A, respectively. In return, considering these
two weak interactions, the ligands Mol.1 and Mol.2 bind to two and five Pb(II)
ions, respectively, forming a two-dimensional polymeric structure.

3.1.3. Purine Nucleosides

Only one Pb(IT) complex is reported for guanosine [139] and none for adenosine
and inosine. A lipophilic guanosine derivative, 5'-fert-butyl-dimethylsilyl-2',3"-
di-O-isopropylidene guanosine (O2’,03’,05’-substituted Guo) extracts Pb(II)
picrate over K(I) picrate from water into organic solvents with at least a 100:1
extraction selectivity [139]. The crystal structure of the extracted compound,
2[Pb(02',03’,05'-substituted Guo)g], - (picrate)g- (MeCN)yg4- (CHCl3) 44"
18.4 (H,O) [139], shows that the complex contains crystallographically independ-
ent four Pb(II) ions and 32 guanosine ligands, which self-associate to form four
sets of (Guo)g-Pb(II) octamers. Each octamer is constructed by two sets of gua-
nosine-tetramers, where four guanine bases self-associate to form a hydrogen-
bonded, cyclic ‘G-quartet’, and by a Pb(II), which is sandwiched between the
G-quartet layers. In addition, two coaxial (Guo)s-Pb(II) octamers form a
G-quadruplex (see Figure 3), totally two sets of G-quadruplexes in the asymmet-
ric unit.

In each (Guo)g-Pb(II) octamer, the Pb(Il) ion binds to eight guanine bases
(four from one G-quartet and the other four from the other G-quartet) through
the keto O6 of each guanine. The Pb-O6 bond lengths are in the range of
2.526(10)-2.740(12) A for a total of 32 bonds and the coordination geometry
around each of the four Pb(II) ions is a typical holodirected one. A structural
comparison of the (Guo)g-Pb(Il) octamer with an analogous (Guo)g-K(I) octa-
mer formed in [CsK3(02',03’,05'-substituted Guo)q]- (picrate), - (MeCN),
[146] indicates [139], judged by the M-O6 bond length, O6—06 diagonal distance,
and inter-tetramer separation, that the smaller and more highly charged Pb(II)
cation templates a smaller G8 octamer cage than does K(I) (Pb(II) has an ionic
radius of similar to but smaller than that of K(I): 1.29 A of Pb(II) while 1.51 A
of K(I) for the octa-coordinate cations [6]), correlating with NMR data [139,
146] indicating that N2-N7 hydrogen bonds in (Guo)g-Pb(II) are kinetically
more stable than in (Guo)g-K(I). It is known [147] that Pb(II) significantly pro-
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Figure 3. Structure of the lead-filled G-quadruplex, [Pb(O2’,03’,05'-substituted
Guo)g]s " [139], where the G-quadruplex is composed of two coaxial (Guo)s-Pb octamers.
Each Pb(II) ion is bound to eight keto O6 oxygens from eight Guo ligands. The metal
coordination geometry is holodirected.

motes folding of a DNA G-quadruplex, i.e., more than does K(I) (for review on
G-quadruplex nucleic acid structure, refer to [148]). Pb(II) also replaces K(I) in
a K(I)-induced G-quadruplex in a DNA oligonucleotide (termed PS2.M) to gen-
erate a more compact Pb(II)-PS2.M structure [149]. These solid and solution
data provide a rationale for why Pb(II) binds more tightly and more efficiently
to a G-quadruplex than does K(I) [139].

3.1.4. Pyrimidine Nucleosides

None.

3.1.5. Summary

Though only a limited number of crystal structures are available, that is, for
hypoxanthine and uracil bases only, both substituted by a carboxylate functional
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group, and only for the guanosine nucleoside, they show that the preferred met-
al-binding sites observed for other transition and heavy metal ions apply also to
Pb(I1): N7 of the purine base (hypoxanthine) [135], keto O6 of oxopurine (gua-
nine) [139], and keto O2 and O4 of uracil [136, 137]. With the uracil moiety,
Pb(IT) binds to the deprotonated ring nitrogen N1 under alkaline conditions,
accompanying a weak interaction with the keto O2 to form a pseudo four-mem-
bered chelate ring in the uracil-5-carboxylate complex [136] or simultaneous
binding to the carboxylate oxygen to form a five-membered chelate ring in the
uracil-6-carboxylate complex [138]. Structural similarities between the K(I)- and
Pb(II)-G-quadruplexes, but structurally and kinetically more tight binding of the
latter than the former, are suggestive of the ability of Pb(II) to substitute for
K(I) in nucleic acid structures, while it remains to be seen if Pb(II)-binding to
DNA G-quartets has a role in the cause and effect of lead’s genotoxicity [139].
The metal coordination geometry about the Pb(II) center is holodirected in all
six crystal structures.

3.2. Nucleotide and Nucleic Acid Complexes

Unfortunately, no crystal structure of a Pb(II) complex with mononucleotides
(including their di- and triphosphates) and oligonucleotides (composed of less
than ten residues) is available. We describe here a total of seven crystal structures
of Pb(IT)-bound RNA (with more than eleven residues) [140-145], but none of
Pb(II)-bound DNA, which were sought out from the PDB.

3.2.1. RNA Complexes

There is an increasing interest in interactions between metal ions and RNA
because RNA biopolymers can act, in addition to their function as genetic carri-
ers, as rigid structural scaffolds, conformational switches, and catalysts for chemi-
cal reactions, and in these cases, metal ions play a crucial role in RNA function
(for review, refer to [150-164]).

Pb(II) is highly effective in forming oligoadenylic acids from adenosine
5'-phosphorimidazolide, an activated derivative of adenylic acid [165]. Pb(II) is
well known to induce cleavage at specific positions in tRNA and mRNA, and
thereby Pb is commonly used as a chemical probe for RNA structures [164].
Pb(II) can also play a role as a cofactor in the single-stranded DNA-catalyzed,
site-specific cleavage of RNA [166, 167].

RNA sequences are abbreviated as AGCU from 5’- to 3’-ends. When attention
is focused on the particular residues of polynucleotides, they are abbreviated
A13GCyU (suffix denotes sequence numbering taken from the original literature).

3.2.1.1. Transfer RNA (tRNA)

tRNAs are small RNA molecules containing 75 to 95 nucleotides (nt); they help
to decode messenger RNA (mRNA) sequences into proteins. Pb(II) brings about
site-specific cleavage of tRNAs [168].
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Two crystal structures at 3.0 A resolution of Pb(II)-bound yeast tRNA™

(composed of 76 nt) in the monoclinic form, one prepared at pH 5.0 [PDB
ID 1TN1] and the other at pH 7.4 [PDB ID 1TN2] by soaking 1 mM Pb(OAc),
with the Pb(II)/tRNA"" ratio of 5:1, were determined [140]. Three Pb(II) bind-
ing sites (Pb1, Pb2, and Pb3 ions) were revealed (see Figure 3 in [140b]), which
have essentially the same positions at either pH. However, at pH 7.4, sugar-
phosphate backbone cleavage of the tRNA"™ molecule occurred between resi-
dues D7 and Gz, whereas at pH 5.0 the cleavage reaction did not proceed to
any observable extent (D = dihydrouracil and the numerals represent the num-
bering in the sequence of the tRNA [169]). The Pbl ion is bound in the TyC
loop region of the tRNA"" molecule, by replacing the Mg(II) ion in the native
structure [170], to O4 of Usy [Pb-O4 = 2.2 A], N3 of Cg, [2.8 A], and phosphate
oxygen of Gyo [3.4 A]; the Pb2 ion is bound in the extra loop region to O6 of
Gys [2.5 A]; the Pb3 ion is bound to N7 of Y3, (a hypermodified base) [2.4 A] in
the anticodon loop. The Pbl site is close to the major cleavage between D, and
Gqg; the Pb2 site is near the minor cleavage between Gy, and A,3; no sugar-
phosphate backbone cleavage is observed near the Pb3 site. The cleavage mecha-
nism was proposed (Figure 10 in [140b]). The cleavage could occur via a
Pb(OH) " at the Pbl site (Pb-:- 02’ (C;7) = 6.0 A was observed in the crystal)
that abstracts the proton from 2'-OH, thus facilitating nucleophilic attack of the
resulting 2'-O on the phosphorus atom of Gyg; the reaction proceeds through a
pentacovalent phosphorus intermediate to produce a 2',3’-cyclic phosphate at
Cy7 and a free 5'-OH at Gqg, cleaving the chain. Though this mechanism is
similar to that observed for the first step of the reaction in ribonuclease [171,
172], the reaction in tRNA is proposed to proceed via an ‘adjacent’ mechanism
rather than the ‘in-line’ mechanism observed for ribonuclease (for ‘adjacent’ and
‘in-line’ mechanisms, refer to Figures 9 and 10 in [140b]). The pK, of a Pb(II)-
bound water molecule falls around pH 7.4 [173] (that is, physiological pH), thus
facilitating the reaction at pH 7.4 and slowing it substantially at pH 5.0.

The crystal structure at 5.5 A resolution of Pb(II)-bound yeast tRNA"™ in
the orthorhombic form, prepared by soaking saturated PbCl, at pH 6.5, was
determined [PDB ID 1TRA] [141]. Three Pb(II) ion-binding sites were found
and they are identical to the sites observed in the monoclinic crystals [140]
mentioned above.

3.2.1.2. Leadzymes

The leadzyme is a small RNA motif, derived from in vitro selection, which cata-
lyzes a site-specific, Pb(II)-dependent RNA cleavage reaction [174]. Like natu-
rally occurring ribozymes, the resulting leadzyme cleaves a phosphodiester bond
to give a 5'-hydroxyl and a 2’,3’-cyclic phosphate as products, the latter further
undergoes hydrolysis to yield a 3'-phosphomonoester. The minimal secondary
structure of leadzyme comprises an asymmetric purine-rich internal loop com-
posed of six nucleotides and a helical region on each side of the internal loop; the
cleavage site of the leadzyme is located within a four-nucleotide long asymmetric
internal loop. The targeting of these RNA motifs by lead is considered as a
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possible mechanism for lead-mediated toxicity resulting in cell death, since these
motifs occur with a high frequency in human mRNA sequences [175].

The crystal structure at 2.7 A resolution (space group P6,22) of the Pb(II)-
bound leadzyme, termed ZI14 [174] composed of the combination of two sepa-
rate RNA fragments, 5'-C;sGGACC,3G24A,5G26CCAG3¢-3’ (13 nt; the number-
ing of the residue corresponds to that of tRNAPhC) and 5'-G3yCUG4,GGA-
GUCCy4-3’ (11 nt), prepared by soaking Pb(OAc), (0.05 mM-19 h or 1.0 mM-
2 min), was reported [PDB ID 429D] [142]. The two independent ZI.4 RNA
molecules, Mol.1 and Mol.2, were found in the asymmetric unit. Both molecules
form an A-form RNA duplex with a central asymmetric internal loop
(C23G14A55G56) in which a bulged purine base stack twists away from the helical
stem. Although both molecules share a similar bulged structure, their conforma-
tions differ significantly, primarily in the catalytic core: in Mol.1, the purine rings
of the three ‘flipped-out’ nucleotides GAG are stacked, while in Mol.2, A5 and
G, are stacked, but G,y is not. This unstacking sharply kinks the phosphoribose
backbone at the scissile bond of Mol.2, rendering the C,3—03’'-P-O5’'-G,, phos-
phodiester bond susceptible to cleavage; this does not occur in Mol.1. Mol.1
coordinates to Mg(II) or Ba(II), whereas Mol.2 binds to Pb(II) or Ba(II) but
not to Mg(IT) (Figure 2 in [142]); the Pb(II)-binding site in Mol.2 corresponds
to an equivalent Mg(II) position of the two Mg(II) sites in Mol.1 in the native
structure or occupies essentially the same site as does one of the three Ba(II)
sites in Mol.2 of the Ba(II)-soaked (10 mM-10 min) crystal, indicating that this
site is a dominant metal-binding site in the RNA structure. The Pb(II) ion binds
to G4, through N7 and O6 [with the distances of 3.1 and 3.5 A, respectively] and
to U, through O4 [3.5A] in Mol.2 but it is remote from the cleavage site and
thus metal ions bound at this position may serve a structural role rather than a
catalytic one. Instead, a Ba(II) ion was found near the scissile bond through four
first sphere contacts to N1 of Ays, O2 and ribose 2'-OH of C,;, and C3’-phos-
phate oxygen of G,4. By modeling a Pb(OH) ™ ion in the active site of Mol.2 in
lieu of Ba(II), a plausible scenario for the lead-dependent cleavage mechanism
was presented (see Figure 5 in [142]): Pb(OH) " that coordinates to the 2’-hy-
droxyl of C,; and other ligands could abstract the hydroxyl proton to form the
2'-oxyanion; once activated, the leadzyme nucleophile moves in-line with the 5'-O
leaving group as the C,3 ribose pucker changes to a C3'-endo conformation;
this concomitantly places atom O(P) of the scissile bond into the Pb(H,0)*"
coordination sphere, thereby polarizing the electrophilic phosphorus of G,4, and
dissipating negative charge build-up in the trigonal bipyramidal transition state;
the cleavage products are the 2',3"-cyclic phosphodiester of C,; and the 5'-OH
of Gyy; the former product is further hydrolyzed to generate a final product
3’-phosphomonoester (two-step reaction mechanism similar to that in protein
ribonuclease [171, 172]). The reaction of the first step is proposed to proceed in
an ‘in-line’ mechanism.

Later, high-resolution crystal structures at 1.8 A (space group P6;) of native
(involving Mg(II) only) [PDB ID 1NUIJ] and Sr(II)-soaked (involving Mg(II))
[PDB ID 1NUV] LZ4 leadzymes were determined [176]. Higher resolution data
allowed to adopt the lower symmetry space group P6, that has an exact twofold-

printed on 2/13/2023 2:45 AMvia . All use subject to https://ww.ebsco. confterms-of-use



EBSCChost -

SOLID STATE STRUCTURES OF LEAD COMPLEXES 167

axis symmetry, which was treated with a pseudo-two-fold symmetry in the 2.7 A
resolution structure [142], noted above by adopting the space group P6,22. This
revealed more structural details and presented a further defined model for the
lead-dependent cleavage mechanism, which is essentially the same as that noted
above (see Figure 5 in [176]).

3.2.1.3. RNA dimerization initiation site of the HIV-1 RNA genome

(DIS RNA)
An important step in retroviral replication is dimerization of the genomic RNA
prior to encapsidation; dimerization is initiated by the formation of a transient
‘kissing-loop complex’ that is thought to be subsequently matured into an ex-
tended duplex by the nucleocapsid protein (NCp) [143].

The crystal structure of the Pb(II) complex with the DIS RNA fragment
(subtype-A), a 23-nt RNA fragment, 5'-CUUGCUGAgGoGUGCACA ,CAG-
CAAG-3', at 2.8 A resolution, prepared by soaking Pb(OAc),, was reported
[PDB ID 1Y95] [143]. Thanks to a complementary sequence, the DIS fragment
forms an ‘extended duplex’ with two bulges at the Ag residue for each (a or b)
chain. Two Pb(II) ions were found at ‘Hoogsteen’ sites (forming Goa—A b and
A6a—Gob base-pairings) located around the two bulges (see Figure 6 in [143]).
These two sites correspond to the y and y’ Mg(II)-binding sites among the eight
specific binding sites (see Figure 6 in [143]) in the parent crystal structure of the
DIS RNA fragment [code: ur0005 in the Nucleic Acid Data Base], in which two
partially dehydrated Mg(II) ions are coordinated to Gya and Gob guanine resi-
dues each through N7 and to phosphate oxygens of Aga and Agb in the structur-
ally equivalent y and vy’ sites, respectively, indicating that metal binding at these
sites might be important to promote and stabilize the observed extrahelical con-
formation of these bulges.

3.2.1.4. Ribonuclease P (RNase P) RNA

RNase P is one of the first ribozymes identified [177]. RNase P is a divalent
metal ion (preferably magnesium)-dependent, site-specific endonuclease that
catalyzes the hydrolysis of the phosphodiester bond of pre-tRNA as well as other
RNA substrates, generating products with 5'-monophosphates and 3’-hydroxyls
([178-180] for review). RNase P is a ribonucleoprotein complex containing one
RNA subunit and as few as one protein subunit; in bacteria and in some archaea,
the RNA subunit alone can support catalysis and it consists of two domains: a
specificity domain (S-domain) and a catalytic domain (C-domain).

Two Pb(II)-soaked crystal structures, one of the S-domain RNA [PDB
ID 1INBS] [144] and the other one of the whole RNA [PDB ID 2A64] [145] of
bacterial (Bacillus subtilis) RNase P were reported. Unfortunately, Pb(IT) bind-
ing in the crystal structure of the S-domain RNA (composed of 154 nt) at 3.15 A
resolution is not described [144]. The crystal structure at 3.3 A resolution of the
entire RNase P RNA (composed of 417 nt including both the S- and C-domains),
prepared by soaking Pb(OAc),, revealed two Pb(I1I)-binding sites [145], both of
which are found in the major grooves of helices distorted from the A-RNA
geometry. One Pb(II) site (the site A in Figure 4 in [145]) is formed by consecu-
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tive base pairs Usg—Ajz9, and Gs;—Csg; in the vicinity of the highly conserved
helix P4-stem in the C-domain (for the numbering of the stems, see Figure 1 in
[145]); the P4-stem plays a role, together with the P4/P5 coaxial stem, to recog-
nize the acceptor stem of tRNA, as revealed in the crystal structure of a bacterial
RNase P holoenzyme in complex with tRNA™ [PBD ID 3Q1Q] [181]. This site
overlaps with one of the Os(III) hexamine sites in the Os(III)-soaked RNase P
RNA structure [145] and with the one of the assumed Mg(II) sites [145], suggest-
ing low cation specificity for this site. It is proposed [145] that the primary role
of the metal-binding sites in helix P4 is to screen electronegative repulsion be-
tween the negatively charged tRNA substrate and ribozyme RNAs. The other
Pb(II) site is not mentioned.

3.2.2. DNA Complexes

Although not yet found in nature, a large number of so-called DNAzymes, sin-
gle-stranded small DNAs, which catalyze various chemical reactions in the pres-
ence of different metal ions, have been isolated from in vitro selection [163].
Among these, the first known DNAzyme, termed GR-5, catalyzes the Pb(II)-
dependent cleavage of a single RNA linkage within a DNA substrate at a rate
that is more than 100-fold compared to the uncatalyzed reaction [182]. Other
known Pb(II)-dependent DNAzymes include 8-17 DNAzyme [183-185], and
Mg5 DNAzyme [183, 184]. Unfortunately, no crystal structure of a Pb(II)-bound
DNAzyme is available yet. Most recently, the first crystal structure of a metal-
bound DNAzyme, the Mg(II)- and RNA (substrate)-ligating DNAzyme (termed
9DB1) [PDB ID 5CKK], was reported [186].

3.2.3. Summary

In Section 3.2, X-ray studies have revealed that tRNA [140, 141], leadzymes
[142], DIS RNA [143], and RNase P [144, 145] have specific Pb(II)-binding sites
that utilize both nucleobase and phosphate ligands in intricately folded single-
stranded regions. X-ray crystallography, corroborated by biochemical experi-
ments, has also provided significant insight into the reaction mechanism for
Pb(IT)-mediated RNA cleavage. For the scission to occur, three factors are im-
portant [140]: (i) the pK, value of a Pb(II)-bound water molecule has to have a
value near 7 (physiological pH), (ii) a hydroxyl group of [Pb(OH)]" must be in
the correct orientation at a correct distance from the 2'-OH group which is to
be activated via proton abstraction, and (iii) the cleavage site has to be structur-
ally flexible. In conclusion, cleavages occur only when several necessary condi-
tions are met simultaneously by fortunate circumstances, wherein rigorous ste-
reochemical requirements need to be met after a minimal conformational change
of the bulge region (especially for the sugar pucker of the cleaved residues) so
as to greatly accelerate a specific reaction [140, 143].

Unfortunately, in all seven Pb(II)-bound RNA structures [140-145], the limited
atomic resolution of X-ray data has precluded the detection/identification of any
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other ligand (water molecule or any solvent molecule) bound to Pb(II) as well
as of any stereochemically active lone pair effect of Pb(II), which both could
also affect RNA folding in the crystal lattice.

4. SIMPLE-CARBOHYDRATE COMPLEXES

As simple carbohydrates, we surveyed saccharides that are of special biological
relevance, including monosaccharides (five-membered ribose, ribulose, and xylu-
lose; six-membered glucose, mannose, galactose, fructose and their phosphate
esters), disaccharides (sucrose, maltose, and lactose), and oligosaccharides (a-,
-, and y-cyclodextrins). Among these targeted saccharides, the CSD search pro-
vided four Pb(IT) complexes only for cyclodextrins (CDs): none for a-CD, two
structures [187, 188] for $-CD, and two structures [187, 189] for y-CD, which are
described here. Most recently, a review on crystal structures of metal complexes
based on cyclodextrins, involving Pb(II) complexes, was reported [190]. A D-
gluconate complex of Pb(II) [191] was reviewed by Godwin et al. [1], which is
not duplicated here but its structural data is given in Table 5.

4.1. Cyclodextrins

As shown in Figure 4, cyclodextrins are cyclic saccharides composed of a-1,4-
linked, 6-8 glucose units (a-, B-, and y-CD, respectively), produced mainly from
starch by the catalytic reaction of cyclodextrin glucanotransferase [192]. CDs
have a toroidal shape with a hydrophobic interior and a hydrophilic exterior,
which give CDs the ability to interact with both polar and nonpolar compounds.
Table 5 summarizes metal binding sites/modes observed in crystal structures of
Pb(II/IV) ion complexes with cyclodextrins.

Figure 4. Structure of a-, -, and y-cyclodextrins with the numbering.
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4.1.1. pB-Cyclodextrin

Two crystal structures of a Pb(IV) [187] and a Pb(II) complex [188], which were
prepared under alkaline conditions, are available. Figure 5 shows the [{PbIV
(B-CD - 2H);) - H]> structure (in which one proton is lost from any site of the
[Pb"V(B-CD - 2H);]” entity) in [Li(H,O)]s-[{Pb"(B-CD - 2H)s;} - H]-
5MeOH -34 H,O [187]. The Pb(IV) ion binds to three -CD molecules each
through two deprotonated hydroxyl oxygens O2 and O3 (for the atom number-
ing, see Figure 4) to form a bucket-wheel-shaped M"" (B-CD); motif that has a
C; symmetry with the Pb(IV) atom riding on a threefold rotational axis. The
tris(diolato) bonding to the Pb(IV) center forms a holodirected coordination
geometry with the Pb—-O2 and Pb—O3 bond distances of 2.174(3) and 2.144(3) A,
respectively.

Figure 5. Structure of the [{Pb"(B-CD — 2H)s} — H]>" complex [187] with a Pb"(p-
CD); bucket-wheel motif, viewed along the three-fold symmetry axis running through the
Pb atom. The Pb(IV) atom is bound to three 3-CD ligands, to each ligand through two
deprotonated diol oxygens O2/0O3 to form a five-membered chelate ring. The metal coor-
dination geometry is holodirected, as usually observed for Pb(IV).
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Figure 6 shows the [Pb4(B-CD - 14H),] structure in the Pb(II) complex
[Pbi4(B-CD - 14 H),(H,0)] - (cyclohexanol);-34 H,O [188], where a total of
14 Pb(II) ions are bound to two -CD molecules (Mol.1 and Mol.2) through a
total of 28 deprotonated O2/O3 hydroxyl oxygen atoms to generate a head-to-
head arranged, sandwich-type molecule, connected by a tetradecanuclear metal-
lomacrocycle ring [-Pb1-Pb2-----Pb14-] along the equator. Guest solvents of cy-
clohexanol molecules were trapped in the cavity of the p-CD-based tube (not
shown in the figure). There are two types of Pb atoms: the outer Pb(II) atoms
(Pbl, Pb3, ---, Pbl3 in Table 5) are part of two five-membered chelate rings; on
the other hand, the inner Pb(II) atoms (Pb2, Pb4, ---, Pb14) are bound to four
alcoxide O atoms from four different anhydroglucose units.

It is noticeable that the Pb—O2 bond length is always longer than the Pb-O3
bond length for the outer Pb atoms whereas there is no significant difference
between the Pb—O2 and Pb-O3 bond lengths for the inner Pb atoms: for the
outer Pb atoms, the bond lengths of a total of fourteen Pb—O2 bonds are in the
range of 2.410(7) to 2.576(7) A while those of 14 Pb-O3 bonds are in the range
of 2.228(6) to 2.295(7) A on the other hand, for the inner Pb atoms, each of the
Pb-O2 and Pb-O3 bond lengths for 14 Pb—O bonds are in the range of 2.294(7)
to 2.387(6) and 2.314(6) to 2.414(7) A, respectively (Table 5). In addition, each

Figure 6. Sandwich-type structure in the [Pby4(B-CD - 14 H),(H,0O)] complex [188] (one
water ligand is omitted). A total of 14Pb(II) ions are bound to two (-CD molecules
through a total of 28 deprotonated O2/0O3 diol oxygens. Each Pb(I1I) atom adopts a hemi-
directed coordination geometry. An analogous hexadecanuclear Pb(II)-y-CD complex,
[Pby(y-CD — 16 H),] [188, 189], is reported.
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inner Pb atom weakly interacts with the bridging ether oxygen O1: the Pb-O1
distances are in the range of 3.156 to 3.373 A for Mol.1 and 3.106 to 3.315 A for
Mol.2. One hydroxyl O6 oxygen of glucose, among a total of the fourteen O6
hydroxyls in the dimer molecule, binds to an outer Pb atom of the neighboring
molecule with the bond length of 2.830 A. All of the 14 Pb(II) atoms exhibit a
hemidirected coordination geometry.

4.1.2. y-Cyclodextrin

Two crystal structures of the Pb(II) complexes, [Pbis(y-CD — 16 H),]- 14 H,O
[188] and [Pb4(y-CD - 16 H),] - 20 H,O [189], which were prepared under alka-
line conditions, were reported. The [Pby¢(y-CD - 16 H),] structures of both com-
plexes are essentially the same and are isotypes of the tetradecanuclear Pb(11)-
B-CD complex [188] described above. Thus, the two fully deprotonated y-CD
molecules are connected through a hexadecanuclear metallomacrocycle, forming
a sandwich-type molecular tube. There were no solvents in the cavity of the y-
CD-based tube. Here also, the Pb—O2 bond length is always longer than the Pb—
O3 bond length for the outer Pb atoms whereas there is no significant difference
between the Pb—O2 and Pb-O3 bond lengths for the inner Pb atoms, and each
inner Pb atom interacts weakly with the bridging ether oxygen O1: for the outer
Pb atoms in the [Pbyg(y-CD — 16 H),] - 14 H,O complex [188], the Pb—O2 and
Pb-O3 bond lengths are in the ranges of 2.337(16) to 2.652(15) and 2.211(14) to
2.312(14) A, respectively; for the inner Pb atoms, the Pb—O2 and Pb-O3 bond
lengths are in the ranges of 2.283(13) to 2.437(16) and 2.333(14) to 2.446(14) A,
respectively, and the Pb-O1 distances are in the range of 3.086 to 3.308 A. For
the outer Pb atoms in the [Pb¢(y-CD — 16 H),] - 20 H,O complex [189], the Pb-
02 and Pb-0O3 bond lengths are in the ranges of 2.364(13) to 2.636(15) and
2.213(14) to 2.343(13) A, respectively; for the inner Pb atoms, the Pb-O2 and
Pb-0O3 bond lengths are in the ranges of 2.293(14) to 2.419(14) and 2.329(14) to
2.434(15) A, and the Pb—O1 distances are in the range of 3.100 to 3.273 A. All the
16 Pb(II) atoms exhibit a hemidirected coordination geometry in both complexes.

4.1.3. Summary

Among possible metal-binding sites for cyclodextrins, which are the ether oxygen
O1 that bridges between two glucose units, O2/O3 hydroxyls, ring ether oxygen
05, and hydroxyl O6, the most frequently observed sites are deprotonated O2/
03, followed by bridging ether O1 (weak), and hydroxyl O6 (once). With regard
to the five-membered [-M-O2-C-C-O3-] chelate ring, the Pb—O bond distances
are shorter for Pb(IV) than Pb(II) due to their ionic sizes (0.775 A for sixfold-
coordinated Pb(IV) and 0.96 and 1.19 A for fourfold- and sixfold-coordinated
Pb(11), respectively [6]), and the Pb—O2 and Pb—O3 bond distances are essential-
ly the same for Pb(IV) whereas the former is significantly longer than the latter
for Pb(1I). The coordination geometry about the metal center is holodirected for
a Pb(IV) atom in the B-CD complex [187] while it is hemidirected for all of the
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Pb(II) atoms in the B-CD complex [188] and two y-CD complexes [188, 189].
The diol-O2/03 functional groups self-assemble via metal bonding to generate
supramolecules, a mononuclear M(CD); bucket-wheel molecule in the Pb(IV)-
B-CD complex or a M,,(CD), (n =14 or 16) sandwich-type molecule connected
by a multinuclear metallocycle in the Pb(II)-3-CD and Pb(11)-y-CD complexes.
Cyclodextrins are fascinating ligands for forming well defined, various structural
motifs for CD-based metal complexes, which are ranging from monomeric spe-
cies, dinuclear systems, homo- and heterometallic sandwich-type complexes to
cylindrical, extended structures [190].

5. COMPLEXES OF OTHER BIORELEVANT LIGANDS

As other biorelevant ligands, we searched the CSD for water-soluble vitamins,
natural ionophores, major hormones, major neurotransmitters, and some com-
mon detoxification agents, among which only one vitamin complex [193] and
several complexes of detoxification agents [194-199] were found and are de-
scribed here, along with a related-ligand complex [81]. As common chelating
agents for the treatment of lead poisoning are known [200]: calcium disodium
ethylenediaminetetraacetic acid (CaNa,EDTA), b-penicillamine (DPA), meso-2,3-
dimercaptosuccinic acid (DMSA), sodium-2,3-dimercaptopropane-1-sulfonate
(DMPS), or dimercaprol (BAL). Among these targeted ligands, we found a peni-
cillamine complex [194, 195] and six EDTA complexes [196-199]. Table 6 lists
metal binding sites/modes observed in crystal structures of Pb(II) ion complexes
with biorelevant ligands. Godwin et al. reviewed [1] crystal structures of Pb(II)
complexes with 10-methylisoalloxazine [193] and citric acid [201] as small biomole-
cules and those of D-penicillamine [194], EDTA [196, 197], and ethylene-
diaminetetraacetamide (EDTA-N,) [202], thiohydroxamic acids [203, 204], and
hydroxypyridinethione [205] as detoxification agents or related ligands, which
are updated here by the recent literature and search of the CSD, included in
Table 6, and briefly described here.

5.1. Isoalloxazine

Isoalloxazine is a tricyclic, heterocyclic amino cofactor associated with riboflavin
(vitamin B2) and is active in oxidation-reduction reactions with metal ions such
as Mo and Fe [206]. In the [Pb(10-methylisoalloxazine),(H,0)4] - (ClO4), com-
plex [193], when considering a normal coordination distance, the four-coordinat-
ed Pb(II) ion binds to two flavin ligands each through the ring keto oxygen and
to two water molecules with the Pb—O bond distances in the range of 2.38(2) to
2.69(2) A. When considering a weak interaction, a water molecule and the ring
nitrogen of the same pyrimidine moiety are included in metal bonding (3.21 and
2.99 A, respectively), the latter forming a five-membered [-M-O-C-N-] chelate
ring. The coordination geometry around the Pb center is hemidirected.
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5.2. Citric Acid

Citric acid (2-hydroxypropane-1,2,3-tricarboxylic acid), a tribasic acid, is an in-
termediate in the citric acid cycle (Krebs cycle) in the metabolism of all org-
anisms [207]. Many organisms have evolved primary or secondary membrane
transporters that transport citrate coupled to Na™ or H™ or certain metal ions,
particularly iron, and most bacterial citrate transporters carry free citrate but
some transporters specifically recognize citrate in complexes with divalent metal
ions, involving Pb(II) [208]. Citric acid is well known as an excellent chelating
agent [208]. Three carboxylic groups of citric acid are denoted below in the
deprotonated form as carboxylatel, carboxylate2, and carboxylate3, respectively.

Three Pb(Il)-citrate crystal structures are available: [Pb(citratoH)],-nH,O
[201], [Pbs(citrato),(H,0)],, - 1.5nH,0 [209], and [Na(H,O)s],[Pbs(citrato);(cit-
ratoH)(H,0)s],,- 9.51nH,0 [210]. In the [Pb(citratoH)] complex [201], when ig-
noring weak Pb(II)-O interactions, the seven-coordinated Pb(II) binds to four
doubly-deprotonated citrate ligands (Mol.1, Mol.1’, Mol.1”, and Mol.1”, which
are symmetry-related to each other): Mol.1 through the hydroxyl oxygen and
the carboxylatel oxygen (O,) to form a five-membered [-M-O,-C-C-O(H)-]
chelate ring, Mol.1’ through the carboxylatel oxygen O4, Mol.1” through two
oxygens (O, and Og) of the carboxylate2, and Mol.1” through the carboxylatel
oxygen Og, and the seventh position is occupied by a water molecule. The
Pb(I1)-O bond distances are in the range of 2.395(7)-2.883(1) A with a hemidi-
rected coordination geometry around the Pb center. In return, the citrate ligand
is bound to four Pb(II) atoms: Pbl in an O,0-bidentate mode through the car-
boxylatel O4 and the hydroxyl oxygen, Pb1’ through the carboxylatel O4, Pb1”
through the carboxylate2 oxygens (bidentate), and Pb” through the carboxyl-
atel Og. This Pb(II)—citrate binding mode is termed here as motif 1 [210] in
order to compare with the other six different binding modes, which are described
below.

In the /[Pbjs(citrato),(H,0)] complex [209], three crystallographically inde-
pendent Pb(II) ions exist (Pbl, Pb2, and Pb3) and two citrate ligands (Mol.1 and
Mol.2) with the three carboxyl groups fully deprotonated. Each citrate ligand is
bound to five Pb(II) atoms with different binding motifs. For Mol.1, as Pb(Il)-
citrate binding motif 2, Pbl binds in an O,0,0-tridentate mode through the car-
boxylatel O,4, the hydroxyl oxygen, and the carboxylate3 O4; Pb2 through the
carboxylate3 O,; Pb3 through the carboxylate2 O, and Og; and Pbl’ and Pb3’
each through the monodentate bonding to the carboxylatel Oy and the carboxyl-
ate3 Og, respectively. For Mol.2 [Pb(Il)—citrate binding motif 3], Pbl binds
through the carboxylate3 O,; Pb2 in an O,0-bidentate mode through the car-
boxylate3 O, and the hydroxyl oxygen; Pb3 through the carboxylate2 O, and
Og; and Pb1” and Pb2’ each through the monodentate bonding to the carboxyl-
ate2 Op and carboxylatel O,. The coordination geometry is hemidirected for
Pbl and Pb2.

On the other hand, in the [Pbs(citrato)s(citratoH)(H,0)3;] complex [210], five
crystallographically independent Pb(II) ions exist (Pb1-Pb5) and four citrate
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ligands, three (Mol.1-Mol.3) of which are triply-deprotonated and one (Mol.4)
doubly-deprotonated. Ignoring weak interaction, for Mol.1 [Pb(Il)—citrate bind-
ing motif 4], six Pb atoms bind as follows: Pbl, Pb4, and Pbl’ each through
bidentate bonding to carboxylatel, carboxylate2, and carboxylate3, respectively;
Pb2 bridging between carboxylatel and carboxylate3, Pb3 in a tridentate fashion
through carboxylate2 O, and carboxylate3 Og and the hydroxyl group; and Pb5”
through the carboxylate2 Og. For Mol.2 [Pb(Il)—citrate binding motif 5], three
Pb atoms bind: Pbl and PbS each in a bidentate fashion to carboxylate2 and
carboxylatel, respectively, and Pb2 in a tridentate fashion as the same as Pb3
for Mol.1. For Mol.3 [Pb(Il)—citrate binding motif 6], six Pb atoms bind: Pb2,
Pb4’, and Pb4” each through bidentate bonding to carboxylatel, carboxylate 2,
and carboxylate3, respectively; Pb3 bridging between carboxylatel and carboxyl-
ate3; PbS in a tridentate fashion as the same as Pb3 for Mol.1; and Pb5’ through
the carboxylate2 O,. For Mol.4 [Pb(1l)-citrate binding motif 7], four Pb atoms
bind: Pb3 and Pb3’ each through bidentate bonding to carboxylate3 and carbox-
ylatel, respectively; and each of Pb4 and Pb4’ bridges between carboxylatel and
carboxylate3.

In the three reported Pb(II)—citrate complexes [201, 209, 210], seven metal
binding motifs for citrate are observed, which are different in the ligand dentate
number (the number of metal ions attached) and their binding sites (refer to
Figure 5 in [207], where these seven motifs are schematically drawn). The car-
boxylate and the hydroxyl groups are always involved in metal coordination,
except for one case [210] for the hydroxyl group. The bidentate or tridentate
binding motifs involving the hydroxy! group have received attention in connec-
tion with the citric acid metabolism, that is, metal complexes that have tridentate
binding motifs were not metabolized, whereas metal complexes that bind
through a dicarboxyl but not through the hydroxyl group were metabolized
[211], implying that the hydroxyl group needs to be uncoordinated so that aconi-
tase can recognize the citrate [210].

5.3. D-Penicillamine

D-Penicillamine (DPA) is a dimethyl derivative of D-cysteine and is used as a
chelating agent in the treatment of intoxications with metal compounds, especial-
ly for copper [200]. The crystal structure of [Pb(D-penicillaminato)], was first
reported in 1974 [194] and was later redetermined [195]. As Figure 7 shows, the
D-penicillaminate ligand, with the carboxyl and the sulfhydryl groups doubly
deprotonated, coordinates to the Pb(Il) ion in an N,S,0-tridentate mode. In the
crystal lattice, Pb(IT) further binds to symmetry-related, three DPA ligands: two
ligands through the S atom and one ligand through the carboxylate oxygens
(bidentate), forming a three-dimensional polymeric structure. Taken together,
the Pb(II) atom is six-coordinated with a hemidirected coordination geometry.
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Figure 7. Structure of the [Pb(D-penicillaminato)], complex [194, 195]. The Pb(1I) atom
is bound to four D-penicillaminato ligands, the first ligand through an S(thiolate),O(car-
boxylate),N(amino)-tridentate chelation, the second ligand through a carboxylate oxygen,
and the last two ligands each through a thiolate sulfur. The Pb(II) shows a hemidirected
coordination geometry. Sulfur atoms are drawn in yellow color.

5.4. Ethylenediaminetetraacetic Acid (EDTAH,)

Six Pb(II)-EDTA crystal structures are available: [Pb(EDTAH,)(H,0)],-H,O
[196, 197], X,,[Pb(EDTA)],-ynH,O [X=NH,, y=2.5; X=Na, y=2; X =Cs,
y=35 X=TI, y=3] [198], and K,[Pb(EDTA)]-4H,O [199]. The Pb(II)-
EDTAH, complex [196, 197] involves two crystallographically independent but
structurally equivalent [Pb(EDTAH,)(H,O)] units. In each unit, Pb(II) is capped
by an EDTAH;" ligand through four Pb-O (carboxylate) and two Pb-N (amine)
bonds with normal distances (termed as a 2 N/4 O-hexadentate chelation mode).
In addition, a water molecule and one carboxylate oxygen of the neighboring
molecular unit, which is related to the parent unit by an inversion center, coordi-
nate to the Pb(II) atom with longer bond distances, thus forming a dimeric struc-
ture. The resulting metal coordination geometry is hemidirected for one Pb(II)
atom and holodirected for the other one. Similarly, the other five Pb(II)—EDTA‘F
complexes commonly form EDTA-capped [Pb(EDTA)]* structural units with
the Pb(II) atom coordinated in a 2 N/4 O-hexadentate mode. The NH; and Cs™
salt complexes [198] involve two independent [Pb(EDTA)] structural units, each
of which self-contacts across an inversion center through a long Pb—O bond with
a carboxylate oxygen of a neighboring EDTA molecule to form a dimeric struc-
ture; in addition, these two independent structural units are further connected
in parallel through another long Pb—O bond to result in the formation of a
double-layered polymeric structure. On the other hand, in the TI" and Na™ salt
complexes [198], which contain one independent [Pb(EDTA)] structural unit, a
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dimeric structure having an inversion center also forms in the T1" salt complex
while the Na™ complex has a monomeric structure; an additional intermolecular
Pb-O bond creates a polymeric structure in both complexes. The coordination
geometry around each Pb(II) is hemidirected. No intermolecular Pb—O contact
in the K™ salt complex is mentioned [199].

5.5. Ethylenediaminetetraacetamide (EDTA-N,4)

In the crystal structure of the Pb(II)-EDTA-N; complex [Pb(EDTA-
Ny)]-(NO3), [202], the Pb(II) ion is six-coordinated to both ethylenediamino
nitrogens and all four carbonyl oxygens in the amido functionalities. The metal
coordination geometry is hemidirected.

5.6. Thiohydroxamic Acids

Thiohydroxamic acids are the sulfurous equivalent of the hydroxamic functional-
ity frequently found in naturally occurring iron chelators (refer to [212] for a
review on siderophores) and exhibit high affinity for Pb(II) and excellent selec-
tivity over Zn(II) and Ca(II) [205]. Four Pb(1I)-thiohydroxamate complexes are
reported: [Pb(N-methylbenzothiohydroxamato),],, [203], [Pb(N-methylaceto-
thiohydroxamato),], [203], [Pb(N-cyclohexyl-phenylacetothiohydroxamato),]
[204], and [Pb(N-methyl-3-pyridothiohydroxamato),],, [204]. In the four thiohy-
droxamate complexes, ignoring weak interactions, Pb(II) binds to two thiohy-
droxamate ligands each through an §,0-bidentate mode to form a five-mem-
bered [-M-O-N-C-S-] chelate ring in the first three complexes, and additionally
to a third ligand through the N-hydroxylate oxygen from the symmetry-related
neighboring molecule in the fourth complex. An additional weak interaction is
formed with two, three, or one neighboring thiohydroxamate ligand(s) in the
first, second, and fourth complex, respectively, but none in the third complex,
where the bulkiness of the ligands prevents the metal atom from increasing its
coordination number by intermolecular contacts. In all four complexes, the metal
coordination geometry is hemidirected.

5.7. Hydroxypyridinethione

The structure of the [Pb(diethylcarbamoyl-hydroxypyridinethionato),] complex
[205] is based on a four-coordinated geometry formed by two sets of an S,N-
bidentate chelation mode similar to that observed in the thiohydroxamate struc-
tures. In addition, weak Pb-O interactions occur from ligation by the N-hydroxyl
and carbonyl oxygens of a neighboring molecule, forming a twofold-symmetry
related dimeric structure. The metal coordination geometry is hemidirected.
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5.8. Tris(mercaptophenylimidazolyl)hydroborate (TmF")

Figure 8 shows the [Pb(Tm"™)] " structure in the [Pb(TmPh)L- ClO, complex [81],
where the trigonal pyramidal Pb(II) is capped by the Tm" ligand bound in an
S.,S,S-tridentate mode and the axial position is occupied by the stereochemically
active electron lone pair on Pb(II).

As noted in Section 2.3, the [Pb(Tm"™)]" structure serves as a model for a
[Pb(Cys);] adduct that forms by replacing a native Zn(II) at the active site of d-
aminolevulinate dehydratase [41], a suggested mechanism of lead poisoning.
That is, the stereochemically active Pb(II) lone pair that occupies the vacant
place may prevent the aminolevulinic acid substrate from forming a tetrahedral
species of the type [(Cys)sPb(ALA)], a required intermediate in the proposed
mechanisms of action of ALAD. The authors pointed out [81] that the degree
of the activation of ALA by interaction of the ketone group with the Zn(II)
center is a function of the Lewis acidity of the metal center, which is considerably
greater for a tetrahedral Zn(IT) center than for a trigonal pyramidal Pb(II) cen-
ter, presumably associated with the stereochemically active Pb(II) lone pair
which tempers its electrophilicity.

Figure 8. Structure of the [Pb(Tm"™)]* complex [81], where Tm"™ is a tris-thio ligand
as a model for the Cys3 cite in ALAD [41] (see text). The Pb(II) ion is bound to a
[Tm" h]_ ligand in an S,S,S-tridentate chelation mode. The metal coordination geometry is
hemidirected. Sulfur and boron atoms are drawn yellow and pink in color, respectively.
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5.9. Summary

A still limited number of lead complexes with other biorelevant small molecules
have been reported, the majority of which are those of detoxification agents
and their derivatives. Detoxifying and related ligands exhibit characteristic metal
binding modes/motifs: an S,N,O-tridentate chelation mode for penicillamine, a
2N/40-hexadentate chelation mode for EDTA and EDTA-N,, and an S,0-bi-
dentate chelation mode for thiohydroxamate and hydroxypyridinethione.
EDTA, EDTA-N, and thiohydroxamate and hydroxypyridinethione derivatives
are structurally rigid and are spatially well ‘preorganized’ as chelating agents to
give discrete Pb(II) complexes that have a stereochemically active lone pair on
one side, thus improving solubility, one of the major factors required for a detoxi-
fication agent; this provides a strategy for designing detoxification agents. On
the other hand, citrate, which has one hydroxyl group in addition to three car-
boxylate groups, is so structurally flexible that it is subject to a variety (seven)
of metal binding motifs accompanying the formation of a polymeric structure,
where the hydroxyl group was not deprotonated in any instance and involved in
two types of metal bonding: one O,0,0-tridentate chelation (in motifs 2, 4, 5,
and 6 noted above) and the other O,0-bidentate chelation (in motifs 1 and 3).
The tris(mercaptophenylimidazolyl )hydroborate complex [81] is doubly signifi-
cant in that it displays an §,S,S-tridentate chelation mode and serves as a model
for a [Pb(Cys)s] adduct formed at the active center of d-aminolevulinate dehy-
dratase [41].

6. CONCLUDING REMARKS

In this chapter, we attempted to provide structural information on lead interac-
tions with amino acids and small peptides, proteins, nucleic acid constituents,
nucleic acids, small saccharides, and other biorelevant small molecules, based on
crystal structural data. It is evident that the trends exhibited by Pb(II) in small
molecule structures [1, 4, 5] are also seen/reconfirmed in biological molecules:
(i) commonly observed donor atoms include the relatively hard oxygen and ni-
trogen atoms as well as the softer sulfur atom, consistent with the chemical
nature of Pb(II) as an intermediate acid according to the hard and soft acid-base
rule, and their relative frequency of occurrence is in that order; (ii) Pb(II) adopts
variable coordination numbers (four to eleven) and geometries as a consequence
of the large radius and the possible occurrence of a stereochemically active lone
pair of electrons, which arises from mixing of 6s and 6p orbitals and results in a
hemidirected structure. (iii) Most Pb(II) compounds exhibit a hemidirected metal
coordination geometry.

Somewhat surprisingly, the crystal structures that have so far been reported for
Pb(I1)/Pb(IV) coordination compounds of biomolecules are still quite limited.
Further X-ray studies should be promoted in a more systematic way in order to
accumulate more data with an aim to get trends/rules and with a goal to gain
the whole picture of lead interactions with biomolecules. In this regard, it should
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be emphasized that more attention should be paid to lead-bound crystal struc-
tures of proteins or nucleic acids that are prepared even as heavy-atom deriva-
tives since they are a treasury of potential information on lead interactions with
large molecules of biological origin, and especially, since a high-resolution struc-
ture provides a rare chance to investigate the stereochemically active lone-pair
effect of Pb(II) in such a particular system.

X-ray studies of lead complexes relevant to biological systems are continuously
important in providing structural information inevitable not only for the under-
standing of the mechanism of lead toxicity but also for the successful treatment
of lead poisoning, including the rational design of detoxification agents, a today’s
subject to be tackled. Of course, such studies have to be complemented by solu-
tion studies.

ABBREVIATIONS

Regarding the abbreviations of amino acids and their derivatives, see Tables 1
and 2, respectively.

ACBP acyl-CoA binding protein

ALA d-aminolevulinic acid

ALAD d-aminolevulinate dehydratase

Apel apurinic/apyrimidinic endonuclease

A-RNA double-stranded ribonucleic acid with an A-type conforma-
tion

ATP adenosine 5'-triphosphate

BAL dimercaprol

bpy 2,2'-bipyridine

CaM calmodulin

CIF Crystallographic Information File

citrateH doubly deprotonated citrate dianion

CD cyclodextrin

CD-2H cyclodextrin dianion

CD - 14H cyclodextrin tetradecaanion

CD -16H cyclodextrin hexadecaanion

CPA carboxypeptidase A

CSD Cambridge Structural Database

D dexter (optical isomer named after Latin)

DAHP 3-deoxy-D-arabino-heptulosonate-7-phosphate

DAHPS 3-deoxy-D-arabino-heptulosonate-7-phosphate synthase

DIS RNA RNA dimerization initiation site of the HIV-1 RNA genome

DMPS 2,3-dimercaptopropane-1-sulfonate

DMSA meso-2,3-dimercaptosuccinic acid

DMSO dimethylformamide

DPA D-penicillamine

E4P D-erythrose-4-phosphate
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EDTAH, ethylenediamine-N,N’ ,N” N" -tetraacetic acid

EDTAH, ethylenediaminetetraacetate dianion

EDTA-N, ethylenediaminetetraacetamide

5-F-Ura-1-OAc S-fluorouracil-1-acetate

Gal galactose

GlyGlu glycylglutamate

GlySerProGlu glycylserylprolylglutamyl

GlyTyr glycyltyrosine

Guo guanosine

HiPIP high-potenial iron-sulfur protein

Hyp-1-OAc hypoxanthine-1-acetate

L laevus (optical isomer named after Latin)

M metal ion

mP5N-1 mouse pyrimidine 5'-nucleotidase type 1

mRNA messenger RNA

NCp nucleocapsid protein

nt number of nucleotide units constituting a nucleic acid

OAc acetate

O(P) oxygen atom of the phosphate group

P5N-1 pyrimidine 5'-nucleotidase type 1

PBGS porphobilinogen synthase

PDB Protein Data Bank

PDB ID PDB identification code

PEP phosphoenolpyruvate

PGL 2-phosphoglycolate

PKC protein kinase C

PfuCP carboxypeptidase from the hyperthermophilic Archaeon Py-
rococcus furiosus

phen 1,10-phenanthroline

PS2.M K(I)-induced G-quadruplex in a DNA oligonucleotide

PtdSer 1,2-dicaproyl-sn-phosphatidyl-L-serine

R side chain of amino acid

RNase P ribonuclease P

SYT synaptotagmin

Tm"™" tris(2-mercapto-1-phenylimidazolyl)hydroborate

tRNA transfer RNA

tRNA"™ phenylalanyl transfer ribonucleic acid

UDP uridine 5'-diphosphate

Ura uracil
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