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In silico analysis of metal coordination geometry in arsenic,
beryllium, and lead bound structures
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Metal toxicity is a potential hazard to health and toxic effects of metals have been implicated in
many diseases. Understanding the interaction of toxic metals becomes vital to prevent hazards
following its association in living systems. Coordination chemistry helps in predicting the metal
environments like coordinating residues, coordination space, metal coordination geometry, etc. Our
work aimed at predicting the coordination of toxic metals arsenic, lead, and beryllium. In this work,
we analyzed coordination for each metal from a set of arsenic, beryllium and lead bound structures
which were retrieved from the Protein Data Bank. The structures were validated using B-factor and
occupancy of the coordinating residues towards the metals. Coordination patterns such as chelate
residues, chelate length, geometry, coordination number and structural architecture were predicted.
Coordination geometry of the metals was exposed beyond the coordination space with their coordi-
nation number ranging from 2 to 11. Analysis of metal environment revealed the acidic amino acids
aspartic acid, glutamic acid, and the basic amino acids lysine, histidine, and cysteine to be predomi-
nant in coordinating with the metals. Chelate patterns like DDVMITAK, DWNVTVK, ESGKNSS
for beryllium, CCCSK, DSDWD for lead and FLICVI and LKHHKEE for arsenic were predicted to
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be common through extended coordination space. The distinct molecular geometries such as pentag-
onal bipyramid and square planar were observed only in lead bound structures but not in beryllium
and arsenic bound structures. Beryllium had a larger influence than arsenic and lead, based on con-
formational changes owing to the presence of the metals. Our coordination study puts forth several
propositions based on the metal environment that would help in designing chelation strategies.

Keywords: Coordination geometry; Beryllium; Lead; Arsenic; Chelate

1. Introduction

Metal intoxication, particularly carcinogenicity, neurotoxicity and genotoxicity are widely
known. Some metals have high affinity for thiol-containing enzymes and proteins, which
are responsible for normal cellular defense mechanism. Growth factor receptors, G-proteins,
MAP kinases and transcription factors are some of the signaling components affected by
toxic metals [1]. Long-term exposure to these metals could lead to apoptosis. The carcino-
genicity of toxic metals is well documented, but in a scattered fashion. Trace amount of
these elements entering the body via various routes can induce genetic and epigenetic
alteration in different cancer-related genes of somatic and stem cells [1, 2]. Arsenic, lead,
beryllium, cadmium, mercury, and their compounds are reported as being highly toxic and
therefore not essential for nutrition. The toxic effects of these metals may be mediated or
enhanced by interactions or deficiencies of nutritionally essential metals such as calcium,
iron, zinc, and selenium [3–7].

This study focuses on the binding patterns of the carcinogenic metals, arsenic, beryllium
and lead which have not been well discussed. Arsenic exerts its toxicity by inactivating up
to 200 enzymes, especially those involved in cellular energy pathways and in DNA synthe-
sis and repair. Inorganic arsenic is considered the most potential human carcinogen and
humans are exposed to it from soil, water, air and food. There are no evidence-based treat-
ment regimens to treat chronic arsenic poisoning but antioxidants have been advocated,
though benefit is not proven [8, 9]. Lead is a widespread toxic metal which causes potential
danger to human health. Recent epidemiological and experimental study on inorganic lead
compounds confirms its increased risks of tumorigenesis. Probable mechanisms of lead
carcinogenicity include direct DNA damage, clastogenicity, or inhibition of DNA synthesis
or repair and altered gene expression [10, 11]. Beryllium has been identified as a human
carcinogen on the basis of animal and epidemiological studies. Beryllium induces morpho-
logical transformation and enhances viral transformation of mammalian cells and also it
decreases fidelity of DNA synthesis [12–14].

The removal of such toxic metals from the biological host involves different methods of
chelation that employ synthetic, chemical and peptide chelators. The study of toxic metal
association with functionally vital biomolecules will eventually produce significant results
on the donor type, geometry and structure of residues that favor such coordination. These
results when combined with chelation therapy produce new insights into designing effective
peptide chelators. Many studies have employed coordination chemistry in designing effec-
tive chelators for toxic metal chelation [15–18]. Coordination geometries of metals have
been analyzed to understand the physiochemical properties of metal complexes with ligands
and also in solvatochromism studies. However, this paper focuses on studying coordination
geometry to gain insight into effective chelate strategies [19, 20]. Our earlier work on cad-
mium coordination provides useful information in chelate patterns and geometry that can be
employed in cadmium chelation [21]. To understand arsenic, beryllium and lead in biologi-
cal samples and to support chelator design, the present study is aimed at determining the
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coordination geometry of the carcinogenic metals. The study was carried out on the basis of
the work describing geometry of metal ion-binding sites within proteins by Rulisek and
Vondrasek [22] and Harding [23]. This coordination study gives an account of the residue,
residue position and donor atom distance that gives insight on the choice of chelators. We
also examined bond lengths and coordination numbers, B-factor (displacement parameter
sometimes referred as “temperature factor”) and relative occupancies of metal ions [24].

2. Materials and methods

2.1. Protein data-set

A search was made across the Protein Data Bank (PDB) to identify all possible protein
structures bound with arsenic, lead, and beryllium ions. Only X-ray crystallographic struc-
tures of proteins were considered for the study, NMR models and DNA-associated proteins
were excluded for the analysis. The crystal structures of the metal bound proteins required
for the study were retrieved from the PDB [25]. The data-set was made non-redundant by
culling the structures using PISCES [26] such that no two sequences shared >40% sequence
identity, to avoid data redundancy due to structurally identical proteins. The other threshold
parameters included resolution between 0 and 3 Å, a maximum R value of 0.3, chain length
from 40 to 5000 residues. The structures were culled by entries and further culled by chains
within entries. Only a single polypeptide chain from each structure was considered for anal-
ysis to avoid repetition of data due to homodomain structures. The resultant structures were
then subjected to analysis in this study.

2.2. Analysis of the metal coordination sites

The metal coordination number (cn) is a key determinant of the structure and properties of
metal complexes [27]. The coordination groups were derived on the basis of the work done
by Jesu Jaya Sudan and Sudandiradoss [21] and Harding [23]. The metal coordination
groups of the three metals i.e. arsenic, beryllium and lead were predicted using ANAMBS
[28], a standalone tool that predicts the microenvironment of metals within the protein. The
coordination distance cut-off was set to 3 Å to identify residues within the first shell of the
coordination sphere [29] as residues within the 3 Å cut-off distance were considered coordi-
nating with the metal [24]. The specificity and frequency of amino acids coordinating with
the metals were predicted. The inter-atomic distances of metal and the coordinating atoms
were calculated as a factor of their affinity towards the metal. Metal coordination with alter-
native conformers was ignored. For structures with multiple ions, the first ion according to
the PDB residue numbering was taken as the reference. The coordination group also gives
an account of the non-residues, namely the number of solvents and ligands within the coor-
dination sphere of the metal. The table also includes the functional folds of the structures
predicted from CATH and SCOP databases [30].

2.3. Correlation of B-factors

Validation of metal sites requires inspection of occupancy, B values, geometry, bond
distances, etc. [21, 22]. Evaluation of the value of B for the metal and the average B-factor
for the donors is useful in identifying a metal atom and its environment. B-factors lower
than 2.0 were considered flawed and thus were ignored. The B-factor for a metal–ion
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environment was calculated as the mean B-factor for all atoms located within 3 Å of the
metal ion of interest [24]. Metal sites were also validated using the occupancy assigned to
metal and donor. Occupancies falling outside the range of 0.1–1 were ignored.

2.4. Metal influence on protein structures

Metals associated with proteins often play a role in stabilizing protein structures or act as
cofactors in catalyzing chemical reactions. This is widely observed in essential metals like
zinc, magnesium, sodium, etc. Similarly, toxic metals that bind to proteins in vivo exert an
effect on the protein structure. In order to predict the influence of arsenic, beryllium, and
lead on the protein structure, the metal ions were removed and subsequently subjected to an
energy minimization for 200 steps of steepest descent by applying GROMOS96 force field
included in the SwissPDBviewer [31]. As an estimation of the atomic displacement, the phi
and psi angles of the residues within the first shell of the coordination sphere before and
after metal removal were predicted and plotted. The average angular deviation of alpha
helices and beta sheets of the coordinating residues were analyzed. The extent of deviation
reports the degree to which the metal influences structural alterations in proteins.

2.5. Pattern analysis beyond coordination distance

Residues beyond the first shell distance have a large structural impact in deciding the
geometry of residues that coordinate with the metal. Such residues are conserved among
sequences. To explore the sequence conservation among the residues beyond the coordina-
tion distance, we predicted all residues within 5 Å from the metal. This was done using
ANAMBS [28] by setting the cut-off to a distance of 5 Å. The solvents, ligands, and alter-
native conformers were ignored for conservation analysis. For any conserved residues, the
position with respect to the first shell residue, its frequency, and conservation within the
coordination sphere were analyzed.

3. Results and discussion

All the structures required for this study were retrieved from the PDB and were culled at
40% sequence identity. About 166 structures were subjected to culling with PISCES [26].
The culled data-set resulted in a set of 16 arsenic bound structures, 38 beryllium bound
structures, and 28 lead bound structures. Although the data-set considered for the analysis is
much smaller, the diversity of protein structures sharing a sequence identity of <40% makes
the results more specific for an individual protein. However, the structures were validated
with the B-factors of metal and metal environment. The results are presented and discussed
for the structures that are in agreement with the prescribed range of B values.

3.1. Validation by B-factor and occupancy

B-factor which is normally defined as the vibration parameter was predicted for all
coordinating atoms and metals [32]. A plot indicating the correlation of metal B-factor with
B-factor of coordinating residues is given in figure 1. The B-factors for beryllium and its
coordinating residues show a very good correlation of 0.97. This shows that beryllium and
the coordinating atoms are in good agreement within the crystal structure. However, the
plots of lead and arsenic have a large scatter and show correlations of 0.71 and 0.68,
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respectively, indicating that the atomic conformation within the crystal structure is less
ordered which may arise from weaker bonds. Beryllium, due to its intact structure and the
closeness with the nucleus, shows stronger bonding and thus has less scatter [33]. In a
similar manner, the occupancy indicating the space occupied by an atom was evaluated.
Beryllium and its coordinating atoms had an occupancy of 1 which was in par with the
B-factors. For all the metals and the coordinating residue atoms, the B-factor and occupancy
were well within the desired range and hence coordination patterns derived from these
structures can prove significant.

3.2. Coordination geometries of arsenic, beryllium, and lead

The metal coordination group analyzed for the three metals gives the details of the chelate
loop, its length, the coordination number that includes residues, solvents and ligands.
Metals associate with proteins through the side chain or the backbone atoms of specific
amino acids. Different metals show different level of specificity for the atom types [34].
The type and number of donors contributing to the metal coordination give insight to the
coordination geometry of the metal. Table 1 shows the values of coordination groups pre-
dicted for arsenic, beryllium and lead within the cut-off distance of 3 Å. Structures that have
no observable interactions are not shown in table 1. The metals had their own selectivity
for the chelate loops though not much variation was observed among the chelate of a
specific metal. The coordination data predicted from the arsenic, beryllium, and lead bound
structures are shown in table 1.

Figure 1. Correlation between B-factors – Beryllium shows a higher correlation between metal and the coordinating
atom B-factors than arsenic and lead.
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3.2.1. Residue coordination with arsenic. Arsenic was analyzed in its +3 oxidation state.
In most of the structures, arsenic association was observed to be merely due to the influence
of buffer. However, the major concern was to predict the coordination of arsenic irrespec-
tive of its role in the proteins to which it is bound. In most structures, arsenic was located
at the surface of the protein. However, in the zinc-binding region of D-lyxose isomerase
(PDB ID 2Y0O) arsenic coordinates with zinc through the oxygen of water forming a
Zn–O–As bond. No other non-protein ligands apart from Zn were noted among the arsenic
bound structures. The Zn–O–As coordination illustrates the chelation ability of Zn when
supplemented with arsenic [17]. For arsenic, the chelate loops were largely single residue
when coordination number was 1. The increase in coordination number was largely associ-
ated with solvents as a factor of space filling or charge balancing around the metal ion. The
highest coordination number (cn) observed with arsenic bound structures was 4, constituting
two donors and two solvent molecules within the coordination sphere. No non-protein
ligand atoms coordinate with the ion. The analysis of the structures showed arsenic to coor-
dinate more frequently with sulfur of cysteine within the first shell through a single bond
and with oxygens of two waters giving the appearance of a bent molecular geometry.
Arsenic interacts with cysteine thiolate with an average distance of 2.62 Å. An important
mechanism of arsenic-induced disorders is its ability to bind with sulfydryl (–SH) contain-
ing molecules [17]. However, the trigonal geometry of arsenic via thiolates of three cyste-
ines reported by Shi et al. [35] was not observed among the arsenic bound structures as
there was only a single cysteine residue within a distance of 3 Å from the metal. Even if
present in a sequence order, the residue was not close enough to coordinate with the metal.
In the absence of cysteine residues, we observed the metal to coordinate with the charged
and polar residues, aspartate, glutamate, and threonine, respectively, as in case of 2O6W
and 2GBM given in table 1. The coordination number, position of arsenic, and the donor
types from the observed structures suggest that arsenic may not have any structural
influence on the protein. Also, the coordination residues followed no specific secondary
structural patterns and were noted to coordinate with residues of sheets, helices, and coils.

3.2.2. Residue coordination with beryllium. Since the configuration of beryllium does
not allow it to remain a single ion [33], the coordination of beryllium was studied in
monoanionic species as beryllium trifluoride (BeF3

−). Other forms of beryllium, namely
beryllium difluoride and beryllium tetrafluoride, were excluded for the study due to a lim-
ited data-set. The coordination study of beryllium bound structures reported the metal to be
largely associated with single donor atoms; however, the coordination number varied
between structures and ranged up to 4. Structures having a coordination number >1 were
noted to be due to solvent and non-protein ligand atoms at the vicinity of the metal ion.
The beryllium structures also showed similar chelate results as observed with arsenic. The
length of the chelate for all beryllium coordination was observed to be 1 due to a single
donor within the cut-off distance. Residues like aspartic acid, lysine, and arginine were pre-
dominant in coordinating with the metal. Beryllium trifluoride forms coordination with both
the delta oxygens (δ1 and δ2) of aspartic acid. It was noted that beryllium also uses nitro-
gens as electron donors to form complexes. The delta nitrogens of histidine and arginine
and the zeta nitrogen of lysine coordinate with the metal ion. The average metal–atom dis-
tances for the coordinating residues were predicted to be 2.263 Å for aspartic acid, 2.883 Å
for nitrogen of arginine, 2.677 Å for nitrogen of lysine, and 2.551 Å for nitrogen of
histidine. The average value of the individual metal–atom distances of aspartic acid was
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observed to be 2.59 Å for gamma carbon, 1.84 Å for δ1, and 2.41 Å for δ2 oxygens, respec-
tively. The closeness of delta oxygen of aspartic acid is probably due to electron sharing by
the oxygen of the carboxylate. On analyzing the secondary structural patterns of the chelate
residues, we observed that aspartic acids prefer sheet and lysines prefer helix structures to
coordinate with the metal. Residues at the coils were less frequent in the coordination
group.

3.2.3. Residue coordination with lead. Lead was analyzed in its +2 oxidation state.
Unlike arsenic and beryllium, lead showed preference for multiple donors with solvents as
part of the coordination sphere. However, solvents were rare and apart from 2FJ9 no other
structures showed lead coordination with non-protein ligand atoms. The highest coordina-
tion number was 6 with five donor atoms within the first shell. Lead(II) forms stable
complexes with both soft and hard donors. Under similar coordination environments, the
affinity of Pb(II) towards sulfur-based ligands tends to be higher compared to harder
oxygen-donor and nitrogen-donor ligands [36]. However, we noted only a few structures
with Pb–S coordination through cysteine residues and more complexes with nitrogen and
oxygen electron-donating compounds through aspartic acid, glutamic acid, and histidine. In
cysteine-based coordination, as much as three residues coordinated with the metal through
the gamma sulfur as observed in 1QNV. Though histidine and arginine possess strong elec-
tron donors, only a few structures show coordination with these residues. The distance
between the metal and coordinating atoms were predicted to be 2.62 Å for delta oxygen of
aspartic acid, 2.69 Å for epsilon oxygen of glutamic acid, 2.79 Å for gamma sulfur of cys-
teine and 2.57 Å for epsilon amino groups of histidine. In spite of its preference for acidic
aminoacids, the coordination distance was noted to be unbiased with other residues. The
closer distance of Pb with gamma sulfur of cysteine reveals its affinity for the soft ligand
over the other donors [36]. The secondary structural features of the coordinating patterns
indicated that all the single-residue chelates occur in the helical region of the protein,
whereas multiple donors were located at the sheet or coil regions. This indicates that lead
coordination with multiple donors prefers a linear arrangement of the residues. There was
no symmetry observed between the residue distances even between identical chelates like
the DDD patterns. The chelates were noted to be specific in their arrangement and
positions. However, the most common and preferred chelate patterns indicated aspartates to
co-occur with aspartates and cysteines with other cysteines. Patterns involving three
residues namely histidine, aspartate, and glutamate were also preferred.

3.3. Influence of structural folds in arsenic, beryllium and lead bound proteins

The folds or architectures of the structures were identified from CATH and SCOP databases
[30] and used to predict any influence of structural folds in metal coordination. Structures
belonging to different functional folds like orthogonal bundle, alpha–beta barrel, 2-layer
sandwich, 3-layer sandwich and many other folds were observed. Most of the arsenic bound
proteins were uncharacterized, though structural folds like orthogonal bundle, roll, cytidine
deaminase and alpha–beta complex were noted to coordinate with the metal. However,
these folds did not show any specificity for the chelate residues. In lead bound structures,
the alpha–beta barrel and orthogonal bundle were predominant. Similar to arsenic, there
was no fold specificity observed among the chelate residues. Most of the beryllium bound
structures belonged to the orthogonal bundle and 3-layer sandwich motif. All beryllium
coordination shows single residue chelate except ATP-dependent RNA helicase (PDB ID
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3PEY), which shows two donor residues within the coordination sphere. The 3-layer
sandwich motif favored coordination with the metal through aspartic acid, preferably
located in the sheet. Likewise, orthogonal bundles show preference over aspartic acid and
lysine with the residues mostly located in a helix. Secondary structural preferences of the
chelate residues were observed to be helices and sheets. Residues of turns are observed
when the chelate length is >1.

3.4. Structural deviation due to metal coordination

The structural distortions in proteins due to binding of arsenic, beryllium and lead were
predicted as a factor of phi and psi angle displacements of the residues within the coordina-
tion sphere. The empirical distribution of the phi–psi angles across five regions of the
Ramachandran plot for the coordinating residues is plotted in figure 2. The five regions of
Ramachandran plot were defined based on the values given by Deane and Blundell [37].
The regions A, B, and E refer to the alpha helix (φ = −180 to 0, ψ = −120 to 60), beta sheet
(φ = −180 to 0, ψ = 60 to −240), and left-handed alpha helix (φ = 90 to 100, ψ = −20–80),
respectively. Regions C and D refer to the partially allowed region ranging between
φ = −180 and −40, ψ = 0 to −40. In all the metal bound structures, the alpha helical residues

Figure 2. Ramachandran Plot displaying the phi–psi angle displacement.
Notes: (A) Five regions of Ramachandran Plot indicating A – alpha helices, B – beta sheets, C&D – additional
allowed regions E- left handed alpha helices. (B) Plot showing phi–psi angle displacement of lead bound structures
before and after metal removal. Plot of beta sheet residues mostly occurs in the additionally allowed regions. (C)
Plot showing phi–psi angle displacement of beryllium bound structures before and after metal removal. The resi-
dues are confined within the core regions of alpha helices and beta sheets. The differences in the angles pre and
post metal removal is evident. (D) Plot showing phi–psi angle displacement of arsenic bound structures before and
after metal removal.
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were confined with the region in the third quadrant of the plot. In lead and arsenic bound
structures, the beta sheet residues were more scattered. The beryllium bound structures indi-
cated a larger deviation than lead and arsenic. The predicted average deviation of phi–psi
angles for the coordinating residues in the presence and absence of the metals were
1.48oφ−2.10oψ for lead, 1.48oφ/1.04oψ for arsenic, and 3.32oφ/2.23oψ for beryllium. This
higher phi–psi angle deviation in beryllium bound structures indicates the influence of the
metal on the geometry of the residues in comparison with the other metals of this study.
No major structural distortions were observed among the proteins.

3.5. Coordination patterns beyond the first shell

Since the coordination groups within 3 Å of the metal show a limited number of donor
atoms, we increased the coordination distance to 5 Å in order to predict the nature of the
metal environment. The coordination table describing the donor patterns within the
extended coordination sphere for arsenic, lead, and beryllium is provided in supplementary
table S1, see online at http://dx.doi.org/10.1080/00958972.2014.931945. Comparatively, a
higher number of donor atoms for all the metals were observed beyond the first shell. For
arsenic, the donor atoms ranged from two to seven compared to one within 3 Å, for lead it
ranged from one to seven compared to five and for beryllium between one and eleven
compared to one within the first shell. The residue specificities for the individual metals
were analyzed and the predominant residues within 5 Å for all the metals are plotted as a
histogram in figure 3. From figure, it is evident that the extended space is dominated by
charged residues, aspartic acid, glutamic acid, and lysine. The predominance of these
residues within the extended space creates an electrostatic potential that favors metal coordi-
nation. Nevertheless, in arsenic structures, this region was rich in cysteine. The different
residue patterns of the donors within 5 Å for each metal are presented in table 2. Many
dominating sequence patterns were observed in lead and beryllium structures. In spite of

Figure 3. Predominant residues within the extended coordination space.
Notes: The extended coordination space is dominated by aspartic acid, lysine and glutamic acids in beryllium and
lead bound structures. Arsenic is dominated by cysteine and glutamate residues.
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similar number of donors and residue composition, the residue patterns of arsenic bound
structures varied widely due to the fact that it does not represent any functional role within
the protein. However, the metal environment provides useful information for chelation stud-
ies. The geometry of metal coordination from the most common patterns observed in the
extended space was analyzed using PyMOL visualization software [38]. We noted that the
coordination geometry for the three metals was well defined only within the extended
region of the metal coordination space. Figure 4 illustrates the different types of coordina-
tion patterns by lead. Along with aspartates, lead also formed stable associations with cys-
teine which was the next most important among the residues of the extended coordination
space. Different molecular geometries representing tetrahedral in 1QNV [figure 4(A)], linear
as in 1IW7 [figure 4(B)], tetrahedral in 2G0A [figure 4(C)], and pentagonal bipyramidal in
3TWY [figure 4(D)] coordinations of lead are observed [36], however, not in the first shell.
No specific non-protein ligand coordination was noted within the first shell except in 2FJ9,
where Pb coordinates with chlorine at a distance of 1.83 Å. In the extended coordination
space, only two structures showed association with non-protein atoms. The extended space
in beryllium was equally dominated by hydroxyl amino acids along with first shell residues,
lysine and aspartic acid. The beryllium associations with aspartic acids are given in
figure 5. The monodentate coordination extended through the carbonyl oxygen of aspartate
is illustrated using the structures 3NNN [figure 5(A)], 2WF8 [figure 5(B)] and 1KMI
[figure 5(C)]. The extended coordination space in beryllium was equally populated with

Table 2. Dominating coordination patterns within 5 Å from the metal.

S. No. Beryllium Lead Arsenic

1 DDIMLTAK AE DEEDGH
2 DDIRVTGHK C ECKIA
3 DDVMITAK CACGKCC EE
4 DDVMITAK CC EKDD
5 DIELTAYK CCCSK FCQKMK
6 DLDGASAKE CRKHED FCVP
7 DLDVTTKE DDDEMKS FLICVI
8 DQRITGYK DDPE FPGDC
9 DWNVTAK DDTKDSD IFLCY
10 DWNVTVK DSDDWD ILCVRD
11 EDINLTGK EEY KC
12 EDWMLTAK EF LHE
13 EHD GTL LKHHKEE
14 ESGKNSS H TD
15 ESGKNSS H VAECK
16 ESGKNSS HEERGY VALCRTW
17 GDKTITGKDND NDEKD
18 H PANGFT
19 KDE QLEH
20 KYRIHG RLE
21 PGKTDNR SD
22 PKR SED
23 PTGKEANRR VKD
24 SGKNSS YLDD
25 SGKQEH
26 SGRR
27 SR
28 TGKEGRR

Notes: The table shows the coordinating patterns of residues predicted within a distance of
5 Å from the metals. Most similar and dominating patterns are indicated as bold letters.
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solvents and non-protein ligands, most of which were Mg2+ ions and ADP. BeF3
− that mim-

ics phosphate is usually used to inhibit the uptake of ATP by the enzyme and hence its
association with ADP in most structures is noted. The complex formed by beryllium fluo-
ride with the phosphate ligands, ADP, and pyrophosphate (PPi), individually forms a biden-
tate complex that possesses a chelating ability [39]. BeF3

− coordinates with ADP in a
tetrahedral geometry through the beta phosphate [40]. Though the BeF3

−–ADP complex
was noted among the structures, the bidentate coordination of BeF3

−–ADP was observed
only in 3TMI [39]. The beryllium bound structures were found to be associated with mag-
nesium ions; however, no bonding between the metals was noted. About 50% of the beryl-
lium bound structures showed magnesium association only in the extended coordination
space and no specific residue patterns were noted [38]. Mg2+ displaces BeF3

− by forming
Mg–ADP complex and is generally used in crystallographic studies. These structures there-
fore do not represent the chelating property of beryllium, but the use of BeF3

− and Mg2+ in
crystallographic studies. The extended space also shows more solvent to as much as six
water molecules, indicating preference for solvent reaction [41]. Unlike the first shell which

Figure 4. Different coordination patterns of lead.
Notes: (A) represents the tetrahedral, (B) shows the linear geometry, (C) represents tetrahedral coordination and
(D) represents the pentagonal bipyramidal geometries of the metal. The coordination of the oxygen atoms and
thiolates are evident. (C) and (D) shows the bidentate coordination of the delta oxygens of aspartic acid.
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was rich in cysteine residues, the extended space in arsenic coordination is predominant in
glutamic acids due to its association with zinc ion within the active site of the protein as
seen in 1Y0R [figure 6(A)] and 2Y0O [figure 6(B)]. The coordination geometry of arsenic
with zinc and the gamma sulfur of cysteines is given in figure 6(C) and (D). Though many
common patterns were noted among the extended space residues, no noticeable sequence
conservation was observed. However, in beryllium, most of the lysine and arginine residues
were associated with glycine. These glycines reduce the steric hindrance around the metal
coordination caused by the large side chains of the neighboring residues. These wide differ-
ences in coordination numbers and patterns between metals are justified by the differences
in their valence shell electrons. However, variations within the same metal ions are largely
due to the structural diversity of the protein folds.

Figure 5. Different coordination patterns of beryllium.
Notes: The coordination of beryllium is shown in the form of beryllium trifluoride. In (A), (B) and (C) the coordi-
nation of the metal with aspartate oxygen is observed. In (D) the amino and oxygen atoms directed towards the
metal is seen.

Arsenic, beryllium and lead structures 1901

D
ow

nl
oa

de
d 

by
 [

In
st

itu
te

 O
f 

A
tm

os
ph

er
ic

 P
hy

si
cs

] 
at

 1
5:

14
 0

9 
D

ec
em

be
r 

20
14

 



3.6. Propositions derived from the coordination study

The results derived from the coordination analysis of the three metals provide useful insights
into chelation. Analysis of the coordinating residues shows the preference for cysteines,
glutamates, aspartates, and lysines for arsenic. The coordination number of one within the
3 Å metal environment further states the preference of a single donor in arsenic chelation.
A maximum number of seven residues as observed with lead and arsenic in the extended
coordination space indicates an ideal length for defining effective chelators. Similarly, beryl-
lium coordination suggests the use of aspartates as the major donor. The presence of hydroxyl
amino acids like serine and therionine along with the charged residues substantiates the
presence of solvent around the metal center. However, bridging with glutamates, lysines, and
arginines in a chelator length of 11 residues will eventually aid in chelation. The lead
coordination gives clear insight into coordination due to the well-defined coordination geom-
etries. The specific positioning of cysteine in the order of n, n + 2 and aspartates in the order
of n, n + 1/2 in a chelate length of seven would prove significant in chelation.

Figure 6. Different coordination patterns of arsenic.
Notes: The arsenic coordination for some of the chelates predicted within 5 Å of the metal is displayed. (A) and
(B) show the side chains of the acidic and basic aminoacids oriented towards arsenic. In (C) and (D) the cysteine
thiolate coordinates with arsenic.
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4. Conclusion

Arsenic, lead and beryllium are implicated in carcinogenesis and mutagenesis. The associa-
tion of these metals in protein structures is not much elaborated. The coordination analysis
of these metals reported in the study provides better insight into the metal environment.
The coordination patterns derived for arsenic and beryllium indicated single donor coordi-
nation, whereas, coordination number of 3 was observed with lead within the first shell.
Similar to most metals, arsenic, lead, and beryllium also prefer coordination with aspartates
and glutamates, imidazole nitrogens of histidine and sulfur of cysteine. However, according
to analysis made from the coordination study, not only the residues but also the distances
between the metal and residue atom play an important role. This is evident from analysis of
the extended coordination sphere which revealed significant coordinating patterns demon-
strating the dependency of the metal with the residues beyond the first shell. Also, the struc-
tural integrity and spatial positioning of the residues around the metal centers were largely
derived from extended space. In lead bound structures, the clear geometry of metal coordi-
nation is observed with aspartate and cysteine clusters in a spatial positioning of 2 residue
distance. A chelate length of seven residues was preferred as indicated by lead coordination.
Similarly for beryllium, aspartates serve as major donors along with small and hydroxyl
amino acids. Arsenic coordinates with cysteine as single donor within the first shell. No
specific patterns within the extended space were noted. However, basic and non-polar
amino acids were dominant. The coordination data derived from the study also provides the
atomic and molecular details on metal atom interaction like donors, metal–donor distances,
coordination number, residue preferences, and chelate patterns as predicted from the first
shell and extended coordination space. These findings should be pivotal in understanding
the metal environment and aid in designing chelation strategies based on the coordination
pattern.
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